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Abstract

A general characteristic of the 3'-untrandated regions (3' UTRS) of plastid mRNAs is an inverted repeat (IR)
sequence that can fold into a stem-loop structure. These stem-loops are RNA 3'-end processing signals and
determinants of mRNA stability, not transcription terminators. Incubation of synthetic RNAs corresponding to the
3' UTRs of Chlamydomonas chloroplast genes atpB and petD with a chloroplast protein extract resulted in the
accumulation of stable processing products. Synthetic RNAs of the petA 3' UTR and the antisense strand of atpB
3' UTR were degraded in the extract. To examine 3’ UTR function in vivo, the atpB 3' UTR was replaced with the
3' UTR sequences of the Chlamydomonas chloroplast genes petD, petD plustrnR, rbcL, petA and E. coli thrA by
biolistic transformation of Chlamydomonaschloroplasts. Each 3' UTR wasinserted in both the sense and antisense
orientations. The accumulation of both total atpB mRNA and ATPase 8-subunit protein in all transformants was
increased compared to a strain in which the atpB 3' UTR had been deleted. However, the level of discrete atpB
transcripts in transformants containing the antisense 3 UTR sequences was reduced to approximately one-half
that of transformants containing the 3 UTRs in the sense orientation. These resultsimply that both the nuclectide
sequences and the stem-loop structures of the 3 UTRs are important for transcript 3'-end processing, and for

accumulation of the mature mRNAS.

Introduction

Chloroplast genes are often organized into clusters
which are transcribed into precursor transcripts that
undergo complex processing events, including spli-
cingand intercistronic cleavages. Most plastid MRNASs
contain inverted repeat (IR) sequences in their 3'-
untrandated regions (UTRs), which are believed to
fold into stem-loop structures. These IR sequences do
not function astranscriptionterminators, but are neces-
sary for maintaining message stability and correct 3'-
end processing [7, 13, 19, 22, 23]. Plastid mRNA 3’
end processing hasbeen modeledin vitro using chloro-
plast protein extracts and synthetic RNAs. Results
from these experiments suggest that like some bacteri-
al mRNASs [12], precursor mRNAS containing stem-
loops with 3 extensions can be processed efficiently

by a 3 —5' exonuclease activity [19, 20]. However,
severa lines of evidence indicate that in chloroplasts,
the exonuclease(s) worksin concert with RNA-binding
proteins (RBPs) [3, 6, 15, 21, 26]. These RBPs may
direct the exonuclease(s) to precursor 3 ends, and/or
stabilize the stem-loop to prevent ‘ breathing’ and sub-
sequent digestion of the body of the transcript. There
isalso evidencefor another 3'-end processing pathway
in which a specific endonuclease cleaves the primary
transcript downstream of the stem-loop, and a 3' —»5
exonucleasetrims the processed intermediate to create
the mature 3' end of the mRNA [6, 22].

The ability to introduce modified genes into the
chloroplast of the green alga Chlamydomonas rein-
hardtii provides the opportunity to analyze the func-
tion of 3 IR sequencesin vivo. When the 3’ IR of the
Chlamydomonas chloroplast atpB gene was deleted,
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no discrete atpB mRNA accumulated [23]. The atpB-
containing transcriptsof thisstrain were heterogeneous
in size, accumulated to reduced levels, and resulted in
decreased protein accumulation and weak phototrophic
growth. The spinach petD 3’ UTR or a polyguanosine
tract can substitute for the atpB 3’ UTR in vivo, appar-
ently by forming structuresthat impede 3’ -5’ exonuc-
lease digestion [4, 23]. It has also been shown that the
nucleotide sequence of the rbcL 3' UTR is important
for the accumulation of a correctly 3'-end-processed
chimeric reporter gene transcript [2].

We have recently tested the abilities of Chlamydo-
monas chloroplast 3' UTRsto function astranscription
termination signals in vivo. The UTRs were inserted
between a promoter and a reporter gene, and the rate
of transcription of the reporter gene was determined.
None of the 3' UTRstested were ableto efficiently ter-
minate transcription [13], providing additional evid-
ence that the 3' ends of chloroplast transcripts are
formed by RNA processing events. In this work we
usein vitro processing and chloroplast transformation
to analyze the function of 3 UTRs in mRNA 3'-end
formation. The 3’ UTR of the atpB gene was replaced
by several 3 UTRs to generate a chimeric atpB tran-
scripts, and the level of accumulation of total tran-
scripts and discrete transcripts with processed 3’ ends
was determined.

Materials and methods
Plasmids

Congtruction of the plasmids pB17BS (atpB ‘wild-
type’) and pA26 have been described [23]. The plas-
mid pA26 contains a deletion immediately down-
stream of the atpB coding region, extending from pos-
ition 1490 (the stop codon is at position 1474, num-
bering as in Woessner et al. [25]) to position 3807,
and the del eted sequences are replaced by a7 bp linker
that includes a Bglll site (Figure 2B). The 3' UTR
sequences of petD, petD-trnR, petA, rbcl, and the
Escherichia coli thr A geneswere previoudy described
[13]. The 3’ UTR sequences were inserted into the
Bglll site of pA26 in both the sense and antisense ori-
entations.

Chloroplast protein extract and in vitro processing

A Chlamydomonaschloroplast protein extract was pre-
pared from cell wall-deficient CC406 cellsasdescribed

by Stern and Kindle [22]. Uniformly *?P-UTP-labeled
RNAs were transcribed from linearized pBluescript
plasmids as described by Lisitsky et al. [8]. The full-
length labeled transcripts were gel-purified and pro-
cessed in a chloroplast protein extract at a ratio of
2 fmol of RNA to 10 ug of proteinat 25 °C [22].

Chloroplast transformation

The nonphotosynthetic Chlamydomonas strain CC373
[17] was transformed to photosynthetic competence
using the DuPont particle delivery system with 2 ug of
the chimeric atpB plasmidsasdescribed by Stern et al.
[23]. Transformants were selected on high-salt min-
imal medium and subcloned to generate homoplasmic
strains.

Isolation of nucleic acids, filter hybridization, and
PCR

RNA and DNA were isolated from cell cultures
grown in 50 ml acetate-containing medium (HSA) as
described by Drager et al. [4]. For RNA filter hybrid-
izations, 15 pg total RNA was fractionated in 0.8%
agarose, 2.2 M formaldehyde gels, transferred onto
Amersham Hybond-N nylon membranes and cross-
linked by UV irradiation. Prehybridization and hybrid-
ization were conducted in 50% formamide, 5x SSC,
10x Denhardt’s solution, 0.1% SDS and 0.1 mg/ml
salmon sperm DNA at 42 °C. The blots were washed
in0.1x SSC, 0.1% SDS at 65°C. RNA dot blotswere
prepared as described by Stern et al. [23], and hybrid-
ized as described above. Hybridization probes were
generated by random priming from double-stranded
DNA fragmentsin the presence of o*?[P]ATP[5]. The
Bglll/EcoRI fragment of pA26, and a 5.8 kb EcoRI
fragment containing the psbA gene were used to gen-
erate atpB and psbA probes, respectively [23]. Hybrid-
ization signals were quantified using the Fuji Imaging
Analyzer. Quantitative data represent the average of
five independent experiments in which the hybridiza-
tion signal of the atpB probe was normalized to that of
the psbA probe of the same blot.

Protein isolation and immunoblots

Total proteins were prepared from the same cell cul-
tures from which RNA and DNA were isolated. Cells
were collected by centrifugation and resuspended in
SDS denaturing sample buffer. Proteins were fraction-
ated by SDS-PAGE (12% polyacrylamide), transferred
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Figure 1. In vitro processing of 3’ UTRs in a chloroplast protein extract. 32P-labeled RNAs synthesized from the cloned 3 UTRS of
the Chlamydomonas chloroplast genes atpB, petA, petD and the antisense strand of atpB as indicated, were incubated in a Chalmydomonas
chloroplast soluble protein extract. Aliquots wereremoved at theindicated times and analyzed by denaturing polyacrylamide gel electrophoresis.
The sizes of the RNA substrates and products, based on markers of known sizes, are shown.

to nitrocellulose membranes and reacted with anti-
seradirected against the chloroplast ATPase 3-subunit
[13, 14] and the D1 protein of photosystem Il [16]
as described in Stern et al. [23]. Antigenic proteins
were visualized using chemiluminescent detection and
guantified by densitometric analysis as described in
Lisitsky et al. [9].

Results
In vitro processing of chloroplast mMRNA 3’ UTRs

Onemodel of 3'-end processing of chloroplast MRNASs
is endonucleolytic cleavage followed by 3'—5' exo-
nuclease trimming of the processed mRNA to gen-
erate the mature 3’ end, that is located at or sever-
al nucleotides downstream of the stem-loop structure
[6, 22]. This mechanism implies that the stem-loop
structure, in concert with protein factors, impedes exo-
nuclease digestion, and is required for the formation
of the mature 3' end. To determine whether 3’ UTR
seguences can impede exonuclease activity and direct
3'-end formation in vitro, synthetic >P-labeled RNAs
corresponding to the 3' UTRs of atpB, petD and petA
wereincubated in achloroplast soluble protein extract.
The atpB and petD 3' UTRs contain IR sequencesthat
potentially can form stable stem-loop structures with
thefreeenergiesof —88and —107 kJ/mol, respectively
[13, 23]. The petA 3" UTR was chosen to represent
genesthat accumulate discrete mRNASsin vivo without
apparent IR sequences [13]. The atpB 3' UTR was
analyzed previoudly in this system, and products accu-

mulated with 3’ ends coincident with the 3' ends of the
mature mRNA [22]. Inthiswork, we analyzed the syn-
thetic RNA transcribed from the antisense strand of the
atpB 3’ UTR to determine whether it is the stem-loop
structure, or the structure plus the correct nucleotide
sequence, that isrequired for 3'-end formationin vitro.
As shown in Figure 1, when the atpB and petD sense
strand 3' UTRs were processed, products of 200 and
300 nt accumulated, respectively. RNase protection
analysis of the petD processing product determined
that the in vitro processing product corresponded to
the 3' end of mature petD mRNA (data not shown).
No stable product accumulated when the petA 3' UTR
or the atpB antisense 3' UTR RNAswereincubated in
the chloroplast extract. Similar results were obtained
for the rbcL 3’ UTR; the sense, but not the antisense
transcripts were processed to stable products (data not
shown). These results demonstrate that both the stem-
loop structure and the correct nucleotide sequence are
required for correct 3'-end processing of chloroplast 3'
UTRsin thisin vitro system.

Testing of modified atpB genesin vivo

To compare the ability of the sense and antisense 3’
UTR sequences to direct 3'-end formation in vivo,
chloroplast transformants were constructed containing
theexperimental 3' UTR sequencesin place of theatpB
3' UTR. Therecipient strain CC373 harborsadeletion
of the atpB-coding region and 3' UTR and is nonpho-
tosynthetic. Photosynthetic coloniesare expected to be
recovered from transformation with the modified atpB
genes even if the introduced sequences do not permit
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Figure 2. Strategy for testing 3 UTR function. A. Map of the
7.6 kb BamHI fragment of the Chlamydomonas chloroplast genome.
A portion of the large inverted repeat of the chloroplast genome is
shown as an open arrow. The inverted repeat of the atpB 3’ UTR
is shown as a stem-loop structure. The extents of the deletions in
the chloroplast genomes of strains CC373 and A26 are indicated.
B. Detailed view of the sequence of the atpB 3’ UTR in A26. The
Bglll site, into which the experimental 3’ UTRs were inserted, is
shown in bold-face type. The endpoints of the deletion in A26 are
indicated by triangles.

the formation of discrete transcripts, because plasmids
that lack the IR (e.g., pA26) are able to transform
CC373 to photosynthetic competence [23].

Maps of the atpB regions of the wild-type and
deleted chloroplast genomesareshownin Figure2,and
plasmids and strains are described in detail in Materi-
alsand methods. Asshown in Figure 2B, aBglll linker
has replaced the atpB 3’ IR in plasmid pA26. The
experimental 3 UTR sequences were inserted into the
Bglll site. These constructs are expected to produce
chimeric transcriptsin vivo containing either the sense
or antisense 3' UTRs of petA, petD, rbcl, petD plus
the downstream trnR gene, or the sense strand of thrA
(Table 1). The E. coli thrA terminator was used as
a non-chloroplast stem-loop structure. Biolistic trans-
formation of CC373 cells with each plasmid resul-
ted in photosynthetic colonies. After several rounds
of subcloning, DNA filter hybridization and PCR ana-
lyses confirmed the identity and homoplasmicity of
the transformants (datanot shown). These strainswere
subsequently used for molecular analysis.

Table 1. Chlamydomonas chloroplast atpB transfor mants.

Transformant 3 UTR Length of insert
(orientation) (bp)
A26 none (N/A) none
D+ petD (sense) 320
D— petD (antisense) 320
Dt+ petD-trnR (sense) 538
Dt— petD-trnR (antisense) 538
A+ petA (sense) 254
A— petA (antisense) 254
R+ rbcL (sense) 437
R— rbcL (antisense) 437
T+ E. coli thrA (sense) 227

Accumulation of atpB mRNA from modified genes

Todeterminethelevel of accumulation of atpB mRNA,
total RNA was fixed to filters using a slot-blot appar-
atus, and identical filters were hybridized with probes
for atpB or psbA. Results from a typical hybridiza-
tion are shown in Figure 3A, and quantification of 5
independent experimentsis shown in Figure 4 (empty
bars). TheatpB transcriptsin A26 accumulated to 30%
of the wild-type level, which is somewhat higher than
the 21% previously reported [23]. Transformants in
which the atpB gene was flanked by petD-trnR (in
either orientation), or by the E. coli threonine attenu-
ator (in the sense orientation) accumulated approxim-
ately wild-type levels of atpB transcripts. Transform-
ants in which atpB was flanked by the other 3' UTRs,
including petA 3' UTR which is not predicted to form
a stable stem-loop structure, accumulated atpB tran-
scripts at 60—75% of the wild-typelevel. These results
show that elementsin these 3' UTRspromoteincreased
atpB transcript accumulation relative to the A26 dele-
tion mutant. Since the 3" UTRs function with similar
efficienciesin the sense and antisense orientations, it is
likely that structural featuresrather than specific nucle-
otide sequences are important for total transcript accu-
mulation under the conditions tested. It is also likely
that a portion of these transcripts are non-functional
because of truncation of the atpB-coding region.

To determine whether the introduced 3' UTRs can
direct 3'-end processing resulting in accumulation of
discrete atpB transcripts, total RNA from each trans-
formant was fractionated in formaldehyde agarose
gels, transferred to nylon filters and hybridized with
probes for atpB and psbA. The results of a represent-
ative filter hybridization are shown in Figure 3B, and
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Figure 3. Accumulation of transcripts from chimeric atpB genes.
A. Total RNA fromtheindicated transformants (5 11g) or yeast tRNA
(10 pg) was fixed to nylon membranes with a slot-blot apparatus
and hybridized with 32P-labeled atpB and psbA probes. B. Tota
RNA (15 p) from the indicated transformants was fractionated in
an agarose gel, transferred onto a nylon membrane and hybridized
sequentially with 32P-labeled atpB and psbA probes.

the average of 5 independent experiments is shown
in Figure 4 (filled bars). Increased levels of discrete
atpB mRNAs, relative to A26, accumulated in all of
the transformants in which atpB was flanked by an
inserted 3' UTR. Transformants containing the sense
orientation of the 3' UTRsaccumulated higher levelsof
discrete atpB transcripts than those in which atpB was
flanked by the antisense sequences. In transformantsin
which atpB was flanked by antisense 3 UTRs, discrete
atpB transcriptswith processed 3’ endsaccumulated to
about 30% of the wild-type level. Additionally, in all
transformants containing a 3' UTR in the sense ori-
entation, the accumulation of discrete atpB transcripts
was very similar to the level of total atpB transcripts
as measured by dot blot analysis. This result suggests
that when the transcript is correctly processed, most,
if not al, of the transcript accumulates as a homo-
geneous population of a single length. However, the
reduced accumulation of discrete atpB transcripts in
strains containing the antisense 3 UTRs implies that
when the primary transcript is incorrectly processed,
the accumulating transcripts are more heterogeneous
in size and have variable 3' ends.
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Figure 4. Quantification of atpB transcript accumulation. Accu-
mulation of total (slot blot) and discrete (filter hybridization) atpB
transcripts in the indicated transformants is displayed as afraction of
the accumulation in wild-type cells. The hybridization signals of slot
blots and filter blots such as those shown in Figure 3 were quantified
using a Fuji Imaging Analyzer, and atpB transcript accumulation
was normalized to psbA transcript accumulation.

Accumulation of the ATPase 3-subunit in the different
transformants

To determine the effects of the inserted 3' UTR
seguences on the accumulation of the ATPase -
subunit, total proteins from each strain were fraction-
ated by SDS-PAGE, transferred to nitrocellulose fil-
ters, and incubated with antisera directed against the
chloroplast ATPase -subunit and the D1 protein of
photosystem 1. A representativeimmunoblot is shown
in Figure 5A. The amount of ATPase 3-subunit protein
was normalized to the amount of the D1 protein, and
the average of 3 independent experimentsis shown in
Figure 5B. As expected, no ATPase /3-subunit accu-
mulated in CC373, and ca. 30% of the wild-type level
accumulated in A26 (Figure 5B). The reduced accu-
mulation of D1 in CC373 may result from areduction
in total chloroplast proteinsin this non-photosynthetic
strain. The ATPase 5-subunit accumulated to at least
70% of the wild-type level in the other transformants.
In some cases in which atpB was flanked by antisense
3 UTRs (i.e. A— and R-), the level of discrete atpB
transcripts but not the AT Pase 3-subunit was signific-
antly reduced. In other strains(i.e. R+ and Dt—), accu-
mulation of the AT Pase 3-subunit was decreased even
though these strains accumulate ca. 75% and 95% of
thewild-typelevel of discrete atpB transcripts, respect-
ively. These results suggest that atpB transcript accu-
mulation and the level of ATPase 3-subunit are not
necessarily related.
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Figure 5. Accumulation of the ATPase 3-subunit. A. Total proteins
from the indicated transformants were fractionated by SDS-PAGE,
transferred to anitrocellulose membrane, and incubated sequentially
with antibodies directed against the ATPase -subunit (top panel)
and the D1 protein of photosystem Il (lower panel). Antigenic pro-
teinswerevisualized by chemiluminescence. B. Densitometric quan-
tification of autoradiograms of immunoblots such as those shown in
A. Accumulation of the ATPase 3-subunit was normalized to D1
protein, and displayed as afraction of the accumulation in wild-type
cells.

Discussion

The mechanisms of chloroplast mMRNA 3'-end form-
ation have been unraveled largely through the use
of in vitro RNA processing systems [6, 19, 23]. In
this work, we have extended the previous analysis
of Chlamydomonas chloroplast atpB mRNA 3'-end
formation by showing that 3' UTR of the petD can
also be processed in vitro. However, processing of the
petA 3' UTR transcript, which does not contain IR
seguences, did not result in accumulation of a product,
even though a petA transcript of discrete size accu-
mulates in vivo [13]. It is likely that either factor(s)
required for transcript processing are missing from the
chloroplast extract, or that the substrate provided does
not formtherequisite structure. AntisenseatpB 3' UTR
RNA, which can form a stem-loop structure similar to
that of the sense strand, was degraded without the accu-
mulation of astable product. Theseresultsdemonstrate
that a stem-loop structureisrequired, but not sufficient
for mRNA 3'-end processing in vitro.

Our studies also address the importance of 3'-end
processing in chloroplast gene expression. Nucleus
encoded mMRNAs, for example, must undergo 3’
cleavage and polyadenylation in order to reach the
cytosol and be efficiently trandated [18, 24]. Elab-
orate mechanisms have also evolved to process the
cell cycle-regulated histone mRNAs at their 3' stem-
loop [10]. Using chloroplast transformation, we have
tested whether the 3' UTRs of the Chlamydomonas
reinhardtii chloroplast petD, petA and rbcL genes, or
the E. coli threonine attenuator, can substitute for the
wild-type atpB 3’ UTR in vivo. Compared to atrans-
formant lacking the atpB 3’ IR (A26), transformants
containing atpB genes flanked by any of the 3' UTRs
in either the sense or antisense orientation, accumu-
lated increased level sof atpB transcriptsand ATPase 3-
subunit. However, there were significant differencesin
the accumulation of discrete atpB transcripts between
transformants harboring the 3’ UTRs in sense or anti-
sense orientations. Transcripts of atpB genes flanked
by the sense orientations of the 3" UTRs tested accu-
mulated almost entirely as homogeneous populations
of discrete RNA molecules. Although the accumu-
lation of total atpB transcripts flanked by the antis-
ense orientations of the 3’ UTRs was similar to that
of transcripts flanked by the sense orientations, the
proportion of transcripts which accumulate as discrete
RNA molecules was reduced by approximately one-
half. The remainder, which was detected by slot-blot
analysis, could either be shorter (and untrandatable)
or longer than the discrete molecules. The exception
to this observation was the antisense orientation of the
petD-trnR sequences, which resulted in accumulation
of the wild-type level of discrete atpB transcript. The
reasonfor thisisnot clear, butitispossiblethat theanti-
sense strand fortuitously contains efficient processing
signals.

Since the chimeric atpB genes are identical except
for the 3" UTR sequences, we interpret our results as
evidencethat theantisense 3' UTRs areless efficient at
forming 3' ends resistant to exonuclease degradation.
Although the antisense UTRs (except petA) contain
inverted repeatsthat can form stem-loop structures, the
nucleotide sequences of the loop and regions flanking
the stem are different. Theseresults, aswell asthose of
Blowers et al. [2], are consistent with the idea that the
loop and/or IR flanking sequences influence the effi-
ciency of 3'-end processing. For example, they may
contain binding site(s) for proteins and/or nucleases
that perform the 3'-end processing of the transcript.
Both Chlamydomonas atpB and spinach petD 3'-end



processing are initiated by specific endonucleolytic
cleavages just downstream of the mature 3' end [6,
22]. Comparisonsof the nucleoti de sequencesof sever-
al Chlamydomonas 3’ UTRsdid not reveal aconsensus
seguence downstream of the inverted repeat, although
few mRNA 3' ends have been mapped precisely in
Chlamydomonas chloroplasts. We note, however, that
the sequence UGUCAU, which isthe site of endonuc-
leolytic cleavage of theatpB 3’ primary transcript [22],
isalso found 10 nucleotides downstream of the mature
3’ end of petD 3 mRNA [13]. In vitro analysis of
atpB transcripts containing mutations in this sequence
demonstrated that in some cases, 3'-end processing
was affected (V. Liveanu, R. Rott and G. Schuster,
unpublished). Therefore, thelack of specific endoribo-
nuclease target site sequences could be one reason for
the inability of the antisense sequences to direct effi-
cient 3'-end processing of the atpB transcript.

The relationship between chloroplast transcript 3'-
end processing and trandation is not yet understood.
It may be that only 3'-end-processed mRNAs which
accumulate as discrete transcripts are efficiently trans-
lated. Alternatively, it is possible that any transcript
which includes a complete coding sequence can be
trand ated regardless of the transcript length and 3'-end
position. Strains A26, R—, R+, Dt— and A— accu-
mulate significantly less ATPase 3-subunit than the
wild-type strain. Because strains R— and A— accu-
mulate only 30% of the wild-type level of discrete
atpB mRNAs, it is possible that the lack of trans-
latable mRNA is limiting ATPase 3-subunit accumu-
lation in these strains. However, strain A26, which
lacks the atpB 3’ IR and does not accumulate dis-
crete mRNAS, accumulates 30% of the wild-typelevel
of the ATPase (3-subunit, although it is possible that
only a subpopulation of transcripts that have 3' ends
at, or near, the normal 3’ end is trandated. Since the
chloroplast ATPase complex is quite stable [11], the
rate of 3-subunit synthesisin these strains may be less
than the level of accumulation. Interestingly, strain
R+ and Dt—, which accumulate 75% and 95% of the
wild-typelevel of discrete atpB mRNAS, respectively,
also showed reduced accumulation of the ATPase 3-
subunit. The reasons for these results remain unclear,
however these data suggest that the structure and/or
sequence of the 3' UTRs may affect trandational effi-
ciency in Chlamydomonas chloroplasts. Association
of unspliced and unprocessed transcriptswith translat-
ing polysomes has been reported in maize chloroplasts
[1], and analysis of the interaction of Chlamydomonas
atpB transcripts containing the inserted 3' UTRs with
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polysomes may address whether 3'-end processing is
required for, or facilitates, trandation of chloroplast
transcripts.
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