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Small cis-Acting Sequences That Specify Secondary Structures
in a Chloroplast mRNA Are Essential for

RNA Stability and Translation
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Boyce Thompson Institute for Plant Research,1 and Division of Biological Sciences2 and
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Nucleus-encoded proteins interact with cis-acting elements in chloroplast transcripts to promote RNA
stability and translation. We have analyzed the structure and function of three such elements within the
Chlamydomonas petD 5* untranslated region; petD encodes subunit IV of the cytochrome b6/f complex. These
elements were delineated by linker-scanning mutagenesis, and RNA secondary structures were investigated by
mapping nuclease-sensitive sites in vitro and by in vivo dimethyl sulfate RNA modification. Element I spans
a maximum of 8 nucleotides (nt) at the 5* end of the mRNA; it is essential for RNA stability and plays a role
in translation. This element appears to form a small stem-loop that may interact with a previously described
nucleus-encoded factor to block 5*33* exoribonucleolytic degradation. Elements II and III, located in the
center and near the 3* end of the 5* untranslated region, respectively, are essential for translation, but
mutations in these elements do not affect mRNA stability. Element II is a maximum of 16 nt in length, does
not form an obvious secondary structure, and appears to bind proteins that protect it from dimethyl sulfate
modification. Element III spans a maximum of 14 nt and appears to form a stem-loop in vivo, based on
dimethyl sulfate modification and the sequences of intragenic suppressors of element III mutations. Further-
more, mutations in element II result in changes in the RNA structure near element III, consistent with a
long-range interaction that may promote translation.

Chloroplasts are photosynthetic organelles that contain their
own DNA and gene expression machinery. Chloroplast genes
are dependent on nucleus-encoded proteins that are imported
into chloroplasts and interact with mRNAs to control RNA
maturation (5, 6, 11, 34, 46), stability (19, 28, 42, 48, 52, 54),
and translation (9, 56, 64, 71). In several cases, these factors
have been shown to be required for the expression of a single
chloroplast gene, acting through the 59 untranslated region
(UTR) (19, 54, 71). Biochemical studies have identified RNA-
binding proteins that associate with 59 UTRs in vitro, and these
proteins have been proposed to have roles in gene expression
(17, 30, 39, 72). In general, these RNA-binding proteins do not
appear to be sequence specific, and their roles in chloroplast
gene expression remain to be confirmed.

Many aspects of chloroplast gene expression reflect their
bacterial ancestry (for a review, see reference 65). A significant
difference, however, is that nucleus-encoded proteins activate
chloroplast translation, whereas Escherichia coli regulatory fac-
tors generally repress translation. Furthermore, while in E. coli
the Shine-Dalgarno (SD) sequence base pairs with 16S rRNA,
many chloroplast transcripts do not contain SD-like sequences.
In most (but see references 32 and 47) cases where SD-like
sequences have been mutated, translation is impaired mildly or
not at all (24, 47, 60). One possibility is that instead of SD
sequences, chloroplast 59 UTRs contain sequence elements
that function as binding sites for gene-specific translational
activators, which interact with ribosomes to initiate translation,

akin to the mechanisms described for yeast mitochondrial
translation (for a review, see reference 13).

To study the mechanisms that govern chloroplast RNA sta-
bility and translation, we have focused on the petD gene, which
encodes subunit IV (SUIV) of the cytochrome b6/f complex.
This thylakoid membrane complex functions in photosynthetic
electron transport, and nuclear and chloroplast mutants that
fail to accumulate SUIV are nonphotosynthetic. petD mRNA
is 900 nucleotides (nt) in length, including a 362-nt-long 59
UTR, and can be transcribed from either the petD promoter or
the upstream petA promoter (see Fig. 1) (68). The mature 59
end of the transcript is generated by RNA processing, an event
that may be required for the accumulation of functional
mRNA. RNA processing is mediated by sequences located
between nt 1 and 25 with respect to the mature RNA 59 end
(60, 62). This part of the 59 UTR, which we have termed
element I, is necessary for the accumulation of the mature
mRNA (61, 68) and is sufficient to stabilize chimeric mRNAs
(60, 61). Molecular genetic data suggest that it interacts with
the product of the nuclear gene MCD1, which stabilizes the
transcript by blocking 59339 exoribonuclease activity (19).

Deletion analysis of the petD 59 UTR identified two addi-
tional elements required for petD expression (61). Elements II
and III were localized to nt 172 through 202 and 312 through
330, respectively. Deletion of either element resulted in chlo-
roplasts that accumulated petD mRNA but not SUIV, suggest-
ing that both elements are essential for translation. Previously,
nucleus-encoded suppressors were identified that overcame an
element III mutation, indicating that nucleus-encoded factors
are involved in SUIV translation initiation (60).

The mechanisms by which nucleus-encoded proteins activate
translation or stabilize mRNAs in chloroplasts are incom-
pletely understood. Relevant cis elements have only been
roughly mapped in chloroplast transcripts, and the questions of
how they provide specificity and interact with nucleus-encoded
proteins have not been addressed. To define the essential nu-
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cleotides in the three petD elements more precisely, we intro-
duced mutations into these regions and tested their effects in
vivo. To investigate the RNA secondary structures, we used
dimethyl sulfate (DMS) to modify petD RNA in vivo and com-
pared these results to RNA modified by DMS or cleaved by
specific ribonucleases in vitro, in the absence of proteins. Fi-
nally, strains with mutations in element III were used to isolate
intragenic suppressors that carry point mutations and support
a role for the proposed element III structure.

MATERIALS AND METHODS

Plasmids and chloroplast transformation. Linker-scanning (LS) mutations
were introduced into the wild-type (WT) Chlamydomonas petD pD501 plasmid
(60) by site-directed mutagenesis by a traditional method (43) or by PCR. pD501
also contained an engineered BglII restriction endonuclease site at the 125
position of petD, plus flanking chloroplast DNA upstream (600 bp) and down-
stream (2 kb) of petD. Mutations in elements I and II were made by traditional
site-directed mutagenesis with antisense primers with the changes indicated (see
Fig. 2 and 3). The tightly linked BglII site at position 125 was used to track the
LS mutation in transformants. The 8-base mutations in element II introduced
NotI sites, while mutations in element III were made by PCR amplification and
introduced either 4-base HaeIII or 6-base NcoI sites.

The LS309, LS313, and LS317 element III mutants were amplified from
pD501 with the sense primer WS13, which anneals at the 59 end between
positions 22 and 124 just upstream of the BglII site, and a downstream antisense
primer that contained both the LS mutation (HaeIII site) and the endogenous
HindIII site at nt 321 to 326 (see Fig. 4A). The BglII-HindIII fragments, which
contained most of the 59 UTR and the LS mutations, were substituted for the
corresponding WT fragments in pD501. LS327 and LS331 of element III were
PCR amplified from pD501 with a sense primer that contained both the endog-
enous HindIII site and LS mutations and the WS4 antisense primer (61), which
anneals downstream of the petD gene. The HindIII-PstI fragments, which con-
tained the LS mutations and the 59 half of the coding region, were substituted for
the corresponding fragment in pD501. LS321 was made by a PCR strategy in
which the endogenous HindIII site was replaced with an NcoI site. First, the
upstream PCR fragment was amplified from pD501 with the sense primer WS13,
which anneals at the petD 59 end, and an antisense primer with the mutations at
nt 321 to 326 (NcoI site), replacing the HindIII site. Next, the downstream PCR
fragment was amplified from pD501 with a sense primer with the same mutations
at nt 321 to 326 and the WS4 antisense primer (61). These intermediate PCR
fragments were fused at the NcoI site, and from this fused clone, the BglII-PstI
fragment, with most of the 59 UTR and the 59 half of the coding region, was
isolated and inserted into the BglII-PstI sites of pD501. All final LS mutant clones
were confirmed by sequencing. To make the petD-aadA transforming plasmid,
the aadA gene cassette (26) was isolated as an EcoRV-SmaI fragment and
inserted into a Klenow-filled HindIII site downstream of petD and trnR (see Fig.
1). The aadA cassette was oriented in tandem with petD.

Mutant petD genes were introduced by particle bombardment (38) into the
nonphotosynthetic Chlamydomonas strain FUD6, which has a 236-bp deletion at
the 59 end of petD (68). Photoautotrophic transformants were streaked for single
colonies on minimal medium (lacking acetate) (29) until homoplasmic strains
were recovered. Plasmids in which the LS mutation compromised petD function
were unable to rescue the mutation in FUD6. These plasmids, bearing the aadA
cassette, were introduced into the WT strain P17. Transformants were initially
selected in low light on TAP medium (containing acetate) (29) supplemented
with 100 mg of spectinomycin per ml. Between 5 and 25% of the primary
transformants contained both the aadA gene and the petD LS mutation. These
cotransformants were subsequently streaked for single colonies on medium with
400 mg of spectinomycin per ml until the strains were homoplasmic for the
introduced LS mutation, as confirmed by PCR, DNA filter hybridizations, and
sequencing. The photosynthetic phenotypes of two independent transformants
for each LS mutation were determined by measuring the chlorophyll fluores-
cence transients of cells grown on TAP medium (74) and by plating strains on
minimal medium to determine acetate dependence.

RNA and protein analyses. Total RNA was isolated from Chlamydomonas
liquid cultures as previously described (21). RNA was separated in 1.2% aga-
rose–3% formaldehyde gels, blotted to GeneScreen membranes (Du Pont), and
crosslinked to the membrane by exposure to ultraviolet light (UV Stratalinker
1800; Stratagene) (15). RNA filters were hybridized (12) with petD and psbA
DNA probes (31). Radioactive bands were visualized and quantified with a
PhosphorImager (Molecular Dynamics). Total proteins were isolated and ana-
lyzed on immunoblots by enhanced chemiluminescence as previously described
(8).

RNA secondary structure analyses. 59-end-labeled petD 59 UTR RNA was
prepared essentially as previously described (66). For transcription templates,
PCR fragments were amplified from WT, LS2, LS197, and LS321 DNAs with a
sense primer (59-CTAATACGACTCACTATAGGGTTTAGCATGTAAACAT
TAG), which anneals at the petD 59 end, and an antisense primer (WS11) (61),
which anneals at the initiation codon, including 5 bases downstream of AUG.

The 59 half of the sense primer contained the T7 promoter (underlined) (4),
which added three Gs to the 59 end of the RNA, while the 39 portion annealed
to petD beginning at nt 11. Because this primer overlaps the LS2 mutation, a
primer with the LS2 sequence and upstream T7 promoter was used for that
template. Two femtomoles (6.6 3 103 cpm) of RNA was treated with 5.0 U of
RNase T1 (Gibco-BRL) in 10 ml of in vitro nuclease digestion buffer (10 mM
HEPES [pH 7.9], 230 mM KCl, 81 mM MgCl2, 0.05 mM EDTA, 41 mM
dithiothreitol, 8% glycerol) for 1 min at 25°C. Reactions were stopped by adding
1 ml of yeast tRNA (10 mg/ml; Sigma), 2 ml of 0.1 M aurintricarboxylic acid, and
1.5 ml of 3 M sodium acetate. Digestion products were ethanol precipitated and
analyzed in either 15 or 4% sequencing gels; they were compared to a nucleotide
ladder generated by boiling 59-end-labeled petD RNA in 135 mM sodium bicar-
bonate, 15 mM sodium carbonate, and 3 mM EDTA for 5 min (1).

In vivo DMS treatments were similar to those described for Tetrahymena (73).
Ten milliliters of Chlamydomonas cells grown in TAP to a density of 2 3 106

cells/ml was centrifuged for 4 min at 1,500 3 g. The cell pellet was resuspended
in 1 ml of DMS buffer (10 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 3 mM CaCl2),
and 5 ml of 7.9 M DMS (Aldrich Chemical Co.) was added. The reaction was
incubated for 5 min at 25°C, then quenched with 50 ml of b-mercaptoethanol.
Cells were collected by centrifugation, and total RNA was extracted as previously
described (21). Twenty-five micrograms of this RNA was used in primer exten-
sion reactions (62) with gel-purified antisense WS5 (62), D246 (59-TTAGATC
TACAGAATTACATTTTACTTCTG), and WS10 (59-TTGAGATCTCTGGA
TCGCTTAAATCAGG) primers. Products were analyzed in 7% sequencing gels
and sized by comparison to corresponding petD sequencing ladders.

RNA was treated with DMS in vitro by adding 75 mg of total RNA extracted
from untreated cells to 200 ml of in vitro nuclease buffer, adding 1 ml of 7.9 M
DMS, incubating for 5 min at 25°C, and then quenching the reaction with 10 ml
of b-mercaptoethanol. RNA was precipitated and washed with ethanol to re-
move the DMS, and 25 mg of RNA was used for the primer extension. The free
energies of RNA secondary structures were estimated with the mFold computer
software (75, 76) with folding conditions of 25°C and 1 M NaCl.

Isolation and analysis of chloroplast-encoded suppressors. A total of 109

viable cells of each nonphotosynthetic LS mutant was plated on minimal medium
and selected for photosynthetic growth under high light (230 microeinsteins/m2/
s). Suppressors (mating type plus [mt1]) were streaked for single colonies on
minimal medium four times and then crossed (29) to WT cells (mt2) to identify
chloroplast suppressors, for which all tetrad progeny were capable of photoau-
totrophic growth. The 59 UTRs from these chloroplast suppressors were PCR
amplified with the sense primer WS12 (31) and the antisense primer WS11 (60),
and the products were cloned and sequenced. To control for mutations arising
during PCR, two independently amplified PCR fragments were sequenced for
each suppressor. For reporter gene constructs, the petD 59 UTRs from LS317
and both suppressors were fused to the DG2 reporter gene which has the
bacterial uidA coding region, encoding b-glucuronidase (GUS), and these con-
structs were introduced into Chlamydomonas chloroplasts as previously de-
scribed (61). Fluorometric GUS activity assays were conducted on homoplasmic
transformants as previously described (61); activities were measured relative to
DG2, which contains the WT petD 59 UTR.

RESULTS

LS mutations reveal short sequences essential for petD RNA
stability and translation. Figure 1 shows a map of the petD
gene with the adjacent petA and trnR genes and a diagram of
the petD 59 UTR, highlighting the three elements roughly
defined by our previous studies. To map these elements pre-
cisely, a series of LS mutations spanning elements I, II, and III
were made by site-directed mutagenesis. Mutated petD genes
and a linked selectable marker conferring antibiotic resistance
were introduced into Chlamydomonas chloroplasts by particle
bombardment (see Materials and Methods). In cases where LS
mutations did not significantly alter petD expression, transfor-
mants were photosynthetic and could be selected on minimal
medium. In cases where petD expression was severely compro-
mised, transformants were selected for antibiotic resistance.
These transformants failed to grow on minimal medium and
displayed high chlorophyll fluorescence. Homoplasmy of the
transformants was confirmed by PCR and DNA filter hybrid-
izations.

For element I, seven LS mutations were made, spanning 24
nt; Fig. 2A shows their DNA sequences and photosynthetic
phenotypes. In addition to the indicated sequence changes, a
BglII site was added at position 125; this change affects neither
petD mRNA abundance nor SUIV accumulation (60). LS mu-
tation 1 (LS1) has a 2-nt mutation beginning at position 21
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with respect to the 59 end of petD mRNA and thus straddles
the 59 processing site. Only two mutants (LS2 and LS6) were
nonphotosynthetic, defining the maximum size of element I as
8 nt.

To determine the size and abundance of petD mRNA in
these strains, total RNA was blotted to filters and hybridized
with a petD probe. Compared to WT cells, a dramatic decrease
in the amount of petD mRNA was observed in LS2 and LS6,
relative to the abundance of the chloroplast psbA transcript,
which encodes the D1 protein of photosystem II (Fig. 2B). LS2
cells accumulated 3% of the WT amount of petD mRNA, while
LS6 cells accumulated consistently less, approximately 1% of
the WT amount. petD mRNA abundance was reduced to 35%
of the WT amount in the adjacent LS10 mutant, but there was
no effect on SUIV accumulation or photosynthetic growth (see
below). Previously, we showed that deleting nt 1 to 270 did not
affect the petD transcription rate but instead caused RNA
instability (61). In addition, the redundant upstream petA pro-
moter was shown to be sufficient to synthesize WT amounts of
petD mRNA in absence of the petD promoter (68). Taken
together, we conclude that petD mRNA decreased in LS2, LS6,
and LS10 due to RNA instability.

To measure SUIV accumulation, total protein was used for
immunoblot analysis with the chloroplast ATP synthase b sub-
unit as a loading control. Figure 2C shows that LS2 and LS6
accumulated no detectable SUIV. When compared to a dilu-
tion series in which 1% of WT SUIV could be detected, no
SUIV was seen in these strains (data not shown). Because LS2
and LS6 accumulate trace amounts of petD mRNA, we ex-
pected that SUIV would be detectable if RNA stability was the
only function of element I. Since SUIV was not detected, our
data suggest that element I also functions in translation initi-
ation.

To analyze element II, nine LS mutations were made in
which a NotI site replaced 8 bp within a previously identified
72-bp region. Figure 3A shows the DNA sequences and pho-
tosynthetic phenotypes of these strains. Two mutants (LS197
and LS205) were nonphotosynthetic, defining the maximum

size of element II as 16 nt. RNA filter hybridizations (Fig. 3B)
showed that all of the LS mutants in this region accumulated
near-WT amounts of petD mRNA. Immunoblot analysis, how-
ever, showed that LS197 and LS205 accumulated no detectable
SUIV (Fig. 3C), even in gels where 1% of the WT level of
SUIV could be detected (data not shown). We conclude that
element II is essential for SUIV translation but plays no obvi-
ous role in mRNA stability.

To analyze element III, six LS mutations were made that
spanned 26 nt. Figure 4A shows the DNA sequences and
photosynthetic phenotypes of these mutants, which carry either
4- or 6-bp changes. Three mutants (LS317, LS321, and LS327)
were nonphotosynthetic, defining the maximum size of ele-
ment III as 14 nt. RNA filter hybridizations (Fig. 4B) showed
that all of these LS mutants accumulated near-WT amounts of
petD mRNA. Immunoblot analyses, however, showed that

FIG. 1. The Chlamydomonas chloroplast petD region. The upper diagram
shows that petD is located between petA and trnR, with known promoters shown
as bent arrows. Shaded boxes indicate transcribed regions. The aadA selectable
marker cassette was inserted into a downstream HindIII site to create some
transformants (see Materials and Methods). The lower diagram shows the three
petD 59 UTR elements studied in this paper. Nucleotide 1 represents the 59 end
of the mature mRNA, whereas the AUG initiation codon starts at position 362.

FIG. 2. Functional analysis of element I. (A) WT sequences of element I and
the seven linker-scanning (LS) mutations, named for the 59-most changed nu-
cleotide. Unchanged nucleotides are shown as dots. The photosynthetic (PS)
phenotypes (1/2) of the transformants are indicated at the right, and the
deduced critical nucleotides of element I are underlined in the WT sequence. (B)
Filter blots of total RNA (10 mg/lane) from the indicated strains were hybridized
with petD or psbA probes. The petD mRNA signal was normalized to psbA; the
WT level was set to 100%. The values shown are averages of three independent
RNA samples. (C) Immunoblots of total proteins from the indicated strains were
challenged with antibodies raised against SUIV or the chloroplast ATP synthase
b subunit (CP-b). To estimate quantity, 10, 50, and 100% of WT protein samples
were included, along with the negative control FUD6, which fails to accumulate
SUIV due to a deletion upstream of petD (68).
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LS317 and LS321 accumulated no detectable SUIV (Figure
4C), even in gels where 1% of the WT level of SUIV could be
detected (data not shown). LS327 accumulated approximately
5% of the WT level of SUIV, a level insufficient to support
photosynthesis (8). We conclude that element III is essential
for SUIV translation and spans up to 14 nt, although the re-
sults with LS327 suggest that changes at the 39 end of element
III have a smaller impact on SUIV translation than changes
elsewhere in element III.

RNA secondary structure analysis predicts a small stem-
loop for element I. It has previously been proposed that RNA
secondary structures play important roles in chloroplast trans-
lation initiation (47, 58), but experimental tests of these hy-
potheses have been limited. To examine petD mRNA second-
ary structures and RNA-protein interactions, we used two
experimental approaches. First, in vitro-synthesized, 59-end-la-
beled petD transcripts were treated with ribonuclease (RNase)
T1, which cleaves single-stranded G residues. In vitro RNase
V1 treatment, which cleaves double-stranded RNA, was also
performed, but the results were inconclusive due to the per-

missiveness of V1 (55). Second, petD RNA was modified in
vivo by treating cells with DMS, which readily crosses cell
membranes and methylates the N-1 position of cytosine and
the N-3 position of adenine residues, if they are not blocked by
base pairing or bound to proteins (51, 73). Residues methyl-
ated by DMS stop primer extension 1 nt downstream of the
methylated site, yielding bands whose intensities correspond to
the amount of methylation. Phenol-extracted total RNA was in
vitro-modified with DMS, thus uncovering the influence of
chloroplast proteins on RNA secondary structure. This ap-
proach has been used to determine the in vivo and in vitro
secondary structures of ribosomal and messenger RNAs from
both prokaryotes (3, 7, 51) and eukaryotes (18, 63, 69, 73).

To study the petD RNA structure around element I, exten-
sion was carried out with a primer which anneals 67 nt down-
stream of the 59 end. As expected, the extension of untreated
RNA yielded a single major product corresponding to the
mature 59 end (Fig. 5A, lane 2). When RNA from DMS-
treated cells was analyzed, the major product also correspond-
ed to the mature 59 end, but numerous bands corresponding to

FIG. 3. Functional analysis of element II. (A) WT and LS mutant sequences, as described in the legend to Fig. 2A. Total RNA (B) and total protein (C) samples
were analyzed as described in the legend to Fig. 2.
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methylation at A and C residues were also detected (Fig. 5A,
lane 3). A4, A7, A11, and A12, which include element I, ex-
hibited very little or no methylation, suggesting they are base
paired or protected by tightly bound protein(s). C14 and A18-
A22 were intermediately methylated, whereas A13, A15, and
A24-A32 were heavily methylated, indicating that they are
single stranded. No difference in the methylation pattern was
observed whether cells were treated with 10, 40, or 160 mM
DMS for 5 min (data not shown). To determine whether bound
proteins affected the methylation pattern, phenol-extracted
RNA was treated with DMS in vitro (Fig. 5A, lane 4). Overall,
methylation was similar within element I, except that A7 and
A11 showed small but reproducible increases in methylation,
whereas methylation decreased at A24-C26. These data would
be consistent with protein binding at A7 and A11 and/or sec-
ondary effects of proteins bound elsewhere.

Two control experiments were carried out to confirm the
significance of the results shown in Fig. 5A; the results of these
experiments are shown in Fig. 5B. First, to show that the
patterns of methylation around element I were due to local
rather than long-range interactions, we took advantage of the
deletion mutant D508, which carries a deletion between posi-
tions 124 and 1273, yielding an accumulating but nontrans-
latable mRNA (60) due to the absence of element II. Around

element I, the in vivo DMS methylation of D508 (Fig. 5B, lane
5) appeared identical to that of WT RNA (Fig. 5B, lane 3),
suggesting that in vivo DMS protection within the first 12 nt is
due either to base pairing or protein binding localized to the
first 24 residues. Second, to show that the lack of methylation
near the RNA 59 end (e.g., A4, C6, and A7) was not due to
their proximity to the transcript terminus, we treated WT RNA
in vitro under denaturing conditions. As shown in Fig. 5B, lane
4, all A and C residues were extensively methylated by DMS,
demonstrating that the lack of methylation under other con-
ditions was not an experimental artifact.

In general, the in vivo DMS data showed potential base
pairing at least among Cs and As in the first 12 nt, whereas the
RNA downstream, at least to position A51, appears to be
largely single stranded (Fig. 5 and data not shown). We used
the computer modeling program mFold (76), which is based on
the algorithm developed by Zuker (75) to predict possible
RNA secondary structures within the first 24 nt. We used 24 nt
because the data with mutant D508 RNA (Fig. 5B) as well as
data from element I reporter gene fusions (61) suggested that
this region is autonomous with respect to RNA structure. Of
the alternative structures that could be predicted, the one best
fitting the data is shown in Fig. 5C and predicts that A4, A11,
and A12 would not be methylated, whereas positions down-
stream of A13 would be methylated. In vitro RNase T1 cleav-
age sites were determined (data not shown) and are repre-
sented by arrowheads in Fig. 5C. With the exception of G5, all
Gs were cleaved and therefore predicted to lie in single-
stranded regions. This is consistent with the proposed struc-
ture, if we assume a G-U base pair within the proposed loop;
such intraloop base pairing is well known (2, 36, 45, 69). An
inconsistency between the DMS data and the proposed struc-
ture is that C6 and A7 should be methylated; however, they are
not. One possible explanation, at least for the in vivo data, is
protein binding.

If the structure shown in Fig. 5C is biologically significant, it
would be expected that LS mutations which affect its function
should alter it. Indeed, LS2 and LS6, which destabilize petD
mRNA (Fig. 2), would not allow the structure to form. In
contrast, LS1, LS14, LS18, and LS22, which do not affect petD
expression, would not alter the structure. LS10 however has an
intermediate effect on petD mRNA accumulation, with 35% of
the WT mRNA amount, yet the structure shown in Fig. 5C
could not form. One possible scenario is that while RNA struc-
ture is compromised in LS10, protein binding, presumably of
the mRNA-stabilizing factor MCD1, is affected only partially.
Alternatively, a different and partially functional structure
might form.

RNA secondary structures and RNA-binding proteins of
translation elements II and III. To assess the potential sec-
ondary structures of elements II and III, an approach similar to
that for element I was used, with in vitro RNase T1 mapping
and DMS modification. For element II, primer extension of
total RNA from untreated WT cells resulted in a variety of
bands due to premature termination (Fig. 6A, lane 2), which is
not uncommon in this type of assay. In contrast, extension of in
vivo-treated RNA (lane 3) resulted in relatively few bands
(e.g., A158-A168 and A214) that were of higher intensity than
the background level seen in lane 2. A priori, this would sug-
gest that element II and its flanking regions were in strong
secondary structures. However, primer extension of in vitro-
treated RNA (lane 4) yielded numerous bands corresponding
to heavily methylated A and C residues, suggesting that much
of this region was single stranded. In addition, G205 within
element II was readily cleaved by RNase T1. Finally, the in
vitro pattern was consistent with a computer-predicted struc-

FIG. 4. Functional analysis of element III. (A) WT and LS mutant se-
quences, as described in the legend to Fig. 2A. A HindIII site used for cloning is
overlined (see Materials and Methods). Total RNA (B) and total protein (C)
samples were analyzed as described in the legend to Fig. 2.
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ture (data not shown). Of particular interest is that one of the
least methylated regions contains element II, namely C197-
A212. In summary, the dramatic differences between the in
vivo (lane 3) and in vitro (lane 4) patterns implicate RNA-
binding proteins as either directly impeding DMS modification
or inducing alternate RNA structures that force double-strand-
ed character.

The analysis of element III is shown in Fig. 6B. Primer
extension of total RNA from untreated WT cells resulted in
faint bands and a few relatively strong bands, due to premature
termination (Fig. 6B, lane 2). Using in vivo DMS-treated RNA
(lane 3), methylation was considerable between A341 and
C372, including the initiation codon at A362, indicating that
this region is largely single stranded. Residues A290-A296,
A308-C311, and A315-A316 were also heavily methylated,
whereas most residues between A320 and C331, which includes
element III, were consistently less methylated (Fig. 6B, lane 3,
and 7B, lanes 3 and 9). The pattern of in vivo methylation
around element III was similar to that of in vitro-treated RNA,
while outside of element III several differences were apparent
(Fig. 6B, lanes 3 and 4). First, A274-A276 and C295-A316 were
much less methylated in vitro, particularly C295-C296. In ad-
dition, A308-C311, A315-A316, A337-A352, and C366 were
less methylated in vitro. The reduced methylation around ele-
ment III is consistent with secondary structure and/or protein
binding, whereas the change between the in vivo- and in vitro-
methylated samples, with the in vitro samples being hypo-
methylated, is most consistent with altered secondary struc-
tures.

For the region around element III, a model containing four
stem-loops could be derived by using mFold with constraints
based upon the RNase T1 (not shown) and in vivo DMS (Fig.
6B) data; this is shown in Fig. 7A. The model proposes that
element III (overlined) (Fig. 7A) exists within a stem-loop, and
that the initiation codon (underlined) is within a single-strand-
ed region. Although U319-A337 is shown as the first pair in the
stem, the partial methylation of A337 suggests that it has some
single-stranded character.

As one approach to test whether this potential secondary
structure is biologically significant, nonfunctional element III
LS mutants were analyzed in vivo with DMS. Figure 7B, lanes
3 to 6, shows that these mutations resulted in altered methyl-
ation patterns, both within and upstream of element III. Some
of the alterations within element III can be ascribed to se-
quence changes; for example, position 323 is A in LS321 but a
nonmethylatable G in the other strains. However, most of the
increase in methylation within element III cannot be explained
in this way, leading to the hypothesis that the LS mutations
destabilize the proposed secondary structure and/or compro-
mise protein binding.

Two types of changes occurred upstream of element III; in
LS317, hypomethylation relative to the WT was seen at A292-
C296 and A308-A309, whereas hypermethylation occurred at
C305-C307 in both LS317 and LS327. Taken together, these

FIG. 5. RNA secondary structure analysis of element I. (A) In vivo (lane 3)
versus in vitro (lane 4) DMS-treated RNA (25 mg) was analyzed by primer
extension with primer WS5 and compared to tRNA (lane 1) and untreated RNA

(lane 2). A diagram orienting element I with the corresponding bands in the gel
is shown at the right, along with the indicated bases, and bands with different
relative levels of in vitro versus in vivo methylation are indicated by asterisks. (B)
In vivo DMS-treated RNA (lane 3) was compared to untreated RNA (lane 2), in
vitro-treated, heat-denatured RNA (lane 4), RNA from the in vivo-treated D508
deletion mutant (lane 5), and tRNA (lane 1). The 249-bp deletion in D508 is
shown at the bottom. (C) Proposed secondary structure for element I, in which
nt 11 to 130 are shown and positions are indicated by superscripts. Element I
is overlined. Residues methylated by DMS in vivo are identified by filled circles
(F), and those cleaved by RNase T1 by arrowheads. The sizes of the symbols
represent the amount of modification or cleavage.
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results imply structural interdependence over a nearly 50-nt
region roughly defined by A290-A337. In stark contrast to the
changes between A290-A337 was the downstream region, in-
cluding the initiation codon, which remained single stranded in

all the LS mutants tested. This suggests that steric blockage of
the initiation codon was not causing the loss of translation.

Because element II and III mutants had similar phenotypes
(Fig. 3 and 4), we considered the possibility that they interact

FIG. 6. In vivo RNA secondary structure analysis of elements II and III. (A) For element II, RNA isolated from DMS-treated cells was analyzed by primer extension
with primer D246 (lane 3) and compared to tRNA (lane 1), untreated RNA (lane 2), or phenol-extracted RNA treated with DMS (lane 4). A diagram orienting element
II is shown at the right. Bands with different relative levels of methylation in vitro and in vivo are indicated by asterisks. (B) A similar experiment for element III was
performed with primer WS10. In addition, the AUG translation initiation codon is shown.
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with each other directly or via possible trans factors. Because
primer extension analysis of element II is technically difficult,
we chose to examine element III structure in two element II
mutants: LS197, in which its sequence is changed, and D508

(Fig. 5B), in which it is deleted. The methylation patterns of
the mutants were compared to those of the WT, as shown in
Fig. 7, lanes 7 to 9. Remarkably, the methylation patterns in
D508 and LS197 around element III did not resemble that of

FIG. 7. Element III in vivo RNA secondary structures in LS mutants and in D508 (Fig. 5A). (A) Predicted RNA secondary structures between nt 264 and 364.
Element III is overlined, nucleotide modifications are described in the legend to Fig. 5C, and the initiation codon is underlined. (B) Primer extension of in vivo
DMS-modified RNA from the WT (lanes 3 and 9) and the indicated mutants (lanes 4 to 8) with primer WS10. The left panel shows the WT and three LS element
III mutants (lanes 4 to 6) and a diagram to orient the fragments. The right panel shows the primer extension of element III with RNA from in vivo DMS-treated D508
(Fig. 5B, lane 5) and LS197 mutants.
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the WT, but instead resembled that of LS327 (Fig. 7, lane 6,
positions 329 and 330 are methylatable Cs in this strain) al-
though the element III sequence is WT in both D508 and
LS197. These data thus suggest an interaction between ele-
ments II and III. Because long-range interactions are difficult
to predict with chemical probing (23), and possible structures
formed by base pairing between element II and element III are
neither consistent with the chemical probing data nor very
strong, precisely defining this interaction will require further
experimentation.

Intragenic mutations can suppress element III mutations.
To gain additional information regarding sequence require-
ments around element III, we took a genetic approach. To do
this, rare photosynthetic revertants were selected from large
numbers of LS317 cells plated on minimal medium. Four spon-
taneous photoautotrophic colonies were obtained, and all were
shown genetically to be due to chloroplast DNA mutations or
reversions (see Materials and Methods). The petD 59 UTR was
amplified and sequenced, and it was found that in one case
(317supG296) the original LS mutation was still present but an
upstream base change had occurred, whereas the other strains
had identical mutations within element III (see below). A basic
molecular analysis of the LS317 suppressors is shown in Fig. 8.
Panel A shows that both LS317 and the suppressors accumu-
late near-WT amounts of petD mRNA, whereas panel B shows
that there was an increase from no detectable SUIV in LS317
to approximately 10 to 25% of the WT amount in the suppres-
sors. We tentatively concluded that the new petD 59 UTR
mutations overcame the original LS317 mutation by increasing
SUIV translation.

As noted above, two sequence classes of LS317 suppressors
were isolated. 317supG296 has a C-to-G transversion at nt
296, 21 nt upstream of the original LS mutation, whereas
317supG320 has a C-to-G transversion at nt 320. To confirm
that these intragenic point mutations, rather than undetect-
ed mutations elsewhere in the chloroplast genome, restored
SUIV accumulation, WT and mutant petD 59 UTRs were fused
to the bacterial uidA coding region and the Chlamydomonas
chloroplast rbcL 39 UTR. These constructs, which also con-
tained a functional atpB gene, were introduced into Chlamy-
domonas chloroplasts of an atpB deletion mutant, and expres-
sion of GUS, the product of uidA, was measured. The results
of fluorometric GUS assays are shown in Fig. 8C and reveal
that GUS activity in both suppressor-uidA fusions was more
than 25 times that of the LS317-uidA fusion and the nontrans-
formed control (note the log scale), yet all transformants ac-
cumulated similar amounts of uidA mRNA (data not shown).
These data confirm that the identified point mutations are
responsible for the suppressor phenotype. Interestingly, the
ratio of GUS activity in WT-uidA versus suppressor-uidA fu-
sions (;50:1) was much greater than the corresponding SUIV
ratio (;4:1) (Fig. 4B). Our prior experience with uidA fusions
leads us to suspect that this is a result of poor translation of the
mutant 59 UTR-uidA fusions. For example, while an AUG-to-
AUU initiation codon mutation in petD reduced SUIV trans-
lation to 10% of the WT amount (8), the same mutant petD 59
UTR fused to uidA produced less than 1% of the WT petD 59
UTR-uidA GUS activity (10).

When the suppressor mutations were viewed in the context
of the predicted element III secondary structure, it can be seen
that the LS317 mutation disrupted the two basal pairs in the
element III stem-loop, resulting in a less stable stem while
favoring an alternative structure predicted by mFold (Fig. 9A).
The C-to-G mutation in 317supG320 could result in a G-U
wobble pair with U336, thus favoring the original structure
while destabilizing the alternative one. Support for this hypoth-

esis comes from the in vivo DMS methylation data shown in
Fig. 9B. For example, C296 is single stranded in the WT (Fig.
9B, lane 3) but base paired in LS317 (lane 4) (see also C295),
consistent with the alternative structure for LS317. C296 re-
verted to single-stranded character in 317supG320, in keeping
with the proposed structures. Potential methylation at some
putatively double-stranded positions (e.g., A295 and A298)
suggests that these structures may not be completely stable,
consistent with the partial translatability of the suppressor 59
UTRs.

317supG296 appeared to be more enigmatic due to its loca-
tion 21 nt upstream of the LS mutation. However, it can be
hypothesized that the C-to-G change at nt 296 would destabi-
lize the alternative structure shown for LS317, and thus pre-
dicts that G296 in 317supG296 would be single stranded, as
compared to the double-stranded C296 in its progenitor. This
could not be directly tested, however, since DMS does not meth-
ylate G residues. We conclude that secondary structures around

FIG. 8. Intragenic suppressors of LS317. Total RNA (A) and total protein
(B) were analyzed as described in the legend to Fig. 2. To help estimate SUIV
accumulation, a dilution series of WT protein was included, along with a nega-
tive control (FUD6). (C) Fluorometric analysis of GUS enzyme activity from
petD-uidA reporter genes. The petD WT, LS317, 317supG296 (supG296), and
317supG320 (supG320) 59 UTRs were translationally fused to the uidA coding
region and introduced into chloroplasts. GUS assays were conducted on these
and a nontransformed control strain (control). GUS activity (in picomoles of
methyumbelliferone/minute/milligram of protein) is presented on a log scale as
the percentage of the WT positive control that has the WT petD 59 UTR, and values
were standardized to total protein. Error bars indicate standard errors of the mean.
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element III are likely to be important for translation, including
the amount of single-stranded character at C295-C296.

DISCUSSION

Here we have defined three petD 59 UTR cis elements in
detail by using LS mutagenesis and genetic suppressors. Ele-
ment I is critical for petD mRNA stability and SUIV transla-
tion, whereas elements II and III function only in translation.
In addition, we made extensive use of chemical (DMS) probing
as a first step in describing their in vivo higher-order structures.
While previous studies of organellar transcripts have largely
relied upon computer folding or in vitro analysis to interpret

mutagenic data and predict essential secondary structures (17,
40, 58, 64, 66, 67), the approaches used in this study have
allowed us to experimentally arrive at structure-function mod-
els that will direct future investigations.

Element I includes a maximum of 8 nt and is located at the
immediate 59 end of mature petD mRNA (Fig. 2A). Element I
mutations reduced petD mRNA accumulation to less than 5%
of the WT amount; based on previous work, we conclude that
this results from RNA destabilization and not a decrease in
transcription (61, 62, 68). Because all the element I LS mutants
accumulated only mature-sized petD mRNA, element I does
not appear to have a direct role in petD 59 end formation.
However, changes of a few nucleotides cannot be ruled out for

FIG. 9. Intragenic suppressors cause changes in the in vivo RNA secondary structure upstream of element III. (A) Possible secondary structures in the petD 59 UTR
nt 264 to 364 regions of the indicated strains. Positions 296 and 317 to 320 (the location of LS317) are boxed, and base changes in suppressors are shown in boldface
type and marked by arrows. Putative intraloop base pairs are marked by dashed lines. (B) Primer extension reactions of unmodified (lane 2) and in vivo DMS-modified
WT RNA (lane 3) were compared to those of RNA from in vivo DMS-treated LS317 (lane 4) and suppressors (lanes 5 and 6). The WT lanes are the same as those
shown in Fig. 7B (lanes 2 and 3) for reference. A diagram orienting element III is shown, with the location of the LS317 mutation indicated by a shaded box and that
of other essential nucleotides by a filled box. Base changes in the suppressors are marked in large boldface letters.
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LS2 and LS6, since the low accumulation of petD mRNA
precluded primer extension analysis (data not shown). This is
in contrast to the DP deletion, which has an 81-bp deletion
upstream of the mature 59 end of petD, causes inefficient pro-
cessing, and results in the accumulation of a dicistronic petA-
petD transcript (62, 68).

The 59 terminal location and RNA stability function of ele-
ment I appears to be typical of organellar mRNAs. For exam-
ple, a deletion of 81 nt near the 59 end of the yeast mitochon-
drial COX3 mRNA caused an 85% decrease in its steady-state
abundance, although the residual message was translatable
(70). Deleting the first 10 nt of the yeast mitochondrial COB
transcript also destabilized it; again, the residual mRNA was
translated (49). Deletions near the 59 ends of Chlamydomonas
chloroplast psbA (47) and psbD (53) mRNAs caused 95 and
100% reductions in RNA accumulation, respectively, and the
reduced psbA mRNA did not appear to be translated (47). We
proposed earlier that petD element I protects the RNA from
59339 exoribonuclease in concert with the product of the
MCD1 gene (19); it is conceivable and likely, in the case of
psbD (53), that the other 59 terminal stability elements have
similar functions.

Like Chlamydomonas psbA, petD mRNA carrying element I
mutations did not appear to be translatable. In repeated ex-
periments, we found that LS2 and LS6 accumulated 1 to 3% of
the WT mRNA level. Since 1 to 3% of WT SUIV was easily
detectable on immunoblots (Fig. 8B), translation appears to be
impaired by these mutations. However, if the RNAs were in-
efficiently translated, SUIV might have been below the level of
detection. Another way of interpreting the data for element I
is to argue that compromised translation leads to RNA insta-
bility. The relationship between the two processes varies in
Chlamydomonas chloroplasts, and mutations that eliminate
translation can result in increased, decreased, or unaltered
accumulation of mRNA (for a review, see reference 57). The
petD element II and element III mutations described here, for
example, completely abolish translation but do not markedly
affect RNA abundance. These observations, however, do not
rule out a causal relationship between impaired translation and
RNA instability in element I mutants.

The in vivo DMS methylation data suggest that element I
exists in a higher-order structure which is confined to the first
24 nt. Differences in the pattern of in vitro versus in vivo DMS
methylation suggest that the structure forms but is less stable in
the absence of proteins. The simplest interpretation of these
results is that element I exists in vivo within the small stem-
loop structure shown in Fig. 5C. The LS10 mutation is pre-
dicted to destabilize this structure and indeed, LS10 accumu-
lated only 35% of the WT amount of petD mRNA. This
observation suggests that the stem-loop structure promotes
RNA stability but may not be essential.

As determined by nuclear magnetic resonance spectroscopy
and chemical probing, stem-loop structures commonly contain
stabilizing tetra- and pentaloops, similar to that proposed for
element I, in which there can be pairing across the loop (2, 7,
35, 36); also included in these examples is the spinach chloro-
plast 5S rRNA (69). Loops commonly contain extruded nucle-
otides that can enable ribonucleoprotein formation for small
RNA elements (44). Similar to petD, E. coli ompA mRNA
harbors a short stem-loop structure at its 59 end. In this case a
stem as short as 4 bp is sufficient to confer RNA stability in
vivo, although its primary sequence appears to be unimportant
(3). In the case of petD, the primary sequence of element I
likely is important, since previous work has shown that the
product of the nuclear MCD1 gene interacts specifically with it

(19). MCD1 itself appears to be a translation factor in addition
to promoting RNA stability (20).

Translation elements II and III are located approximately
150 and 40 nt upstream of the initiation codon, respectively,
and have no obvious complementarity to the 39 end of the
chloroplast 16S rRNA nor homology to other known chloro-
plast translation-activating sequences, such as those in psbC
(71) and psaB (64). Element II was defined by two LS muta-
tions spanning 16 nt, and element III was defined by three LS
mutations spanning 14 nt. Deletions and/or insertions in these
regions were previously shown to block SUIV translation (60).
By analogy to well-characterized translation activation mech-
anisms for yeast mitochondrial mRNAs such as COX2 (27),
COX3 (70), and COB (50, 59), we expect that elements II and
III interact either together or separately with gene-specific
translation activators, which in turn facilitate recognition of the
start codon by ribosomes. In Chlamydomonas as in yeast, nu-
merous nuclear mutants defining gene-specific translation ac-
tivators have been isolated (for a review, see reference 65).
Although SUIV translation-specific mutants have not yet been
isolated, it is unlikely that genetic screens have already iden-
tified all such loci.

For element II, in vitro DMS analysis was consistent with a
computer-predicted stem-loop structure, but this structure was
not consistent with the in vivo RNA structural data, nor was its
importance supported by the phenotypes of relevant LS mu-
tants. The striking reduction in DMS methylation of element II
residues in vivo was consistent with the hypothesis that pro-
teins interact with this element and either bind directly to
element II, cause it to form secondary structures, or both. It
was not possible to determine whether element II mutations
restored methylation by compromising protein binding, since
this region is refractory to primer extension (the data shown in
Fig. 6A could be reproduced but most experiments failed).
Somewhat surprisingly, we found that at least some element II
mutations affect in vivo RNA structure near element III (Fig.
7B, lanes 7 and 8). We cannot rule out, therefore, that element
II LS mutations act indirectly by altering element III struc-
tures. Nonetheless, element II would still be defined as an
essential translation element. This type of long-range interac-
tion would be typical of many functional RNA structures in-
cluding those of introns, rRNAs, and ribozymes.

Element III appears to exist in a stem-loop (Fig. 7A) which
forms in vitro and in vivo. Mutations in the 59 half of this stem
block translation and destabilize the stem in vivo, consistent
with the notion that this structure is necessary for translation.
Although the LS331 mutation alters the sequence of the 39 half
of the stem, it did not affect SUIV accumulation. The sequence
of LS331, however, still allows 5 of 7 bases to pair, giving a
structure with a thermodynamic stability comparable to that of
the WT sequence.

Additional stem-loops upstream of element III were pre-
dicted by computer modeling and shown to be mostly consis-
tent with DMS methylation data. These structures contained
tetra-, penta-, and hexaloops, which are known to be stabilizing
(35, 36). Tetraloops commonly have intraloop pairing of the
first and fourth bases, leaving only two unpaired bases. An
example is the CUUG tetraloop sequence in which the C-G
intraloop base pair forms to stabilize the stem-loop (35). The
closing base pairs of stems, just below the loop, are conserved
and are frequently G-C pairs. Consistent with these tetraloop
features, the predicted small stem-loop immediately upstream
of element III has a G300-C305 closing pair, and C301 in the
loop was only slightly methylated by DMS, suggesting that it
may form an intraloop pair with G304.

Four spontaneous intragenic suppressors of LS317 were iso-
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lated that comprised two different single-base changes. Three
had C-to-G transversions within the LS mutation, while one
had a mutation further upstream. The effects of the LS muta-
tions and suppressors on translation could be rationalized in
terms of competing secondary structures, as shown in Fig. 9
and discussed in the text. Some of the predicted changes are
subtle but mirror the observation that a 5-bp but not a 4-bp
stem is functional in the 59 UTR of yeast mitochondrial COX2
mRNA (22). In general, the single-strandedness of C295 and
C296, which are upstream of element III, correlates with SUIV
translation. A similar phenomenon has been reported for yeast
mitochondrial COX3, where upstream insertions, deletions, or
base changes can suppress a large 59 UTR deletion (14, 70).
We suggest that the LS317 mutation promotes the formation
of an alternative, inhibitory structure (Fig. 9A) which affects
both element III and nt 295 and 296. The suppressor mutations
appear to destabilize the alternative structure, allowing a lim-
ited amount of translation. A similar hypothesis was proposed
for Chlamydomonas chloroplast psbC, based on computer
modeling (58).

Our methylation data suggest that the petD initiation codon
resides in a long single-stranded region. Various models have
been proposed to explain the relationship between RNA sec-
ondary structure at the initiation codon and chloroplast trans-
lation (6, 16, 33, 37, 40, 41, 47, 64, 65). Some models propose
that stem-loop structures at the initiation codon must be de-
stabilized to allow translation (6, 47, 64), while others propose
that the initiation codons reside in relatively unstructured
A1U-rich regions. The data presented here are most consis-
tent with the second model, in which the initiation codon
remains single stranded. We also have provided limited evi-
dence for protein binding sites, especially at element II, sup-
porting the idea that gene-specific translation activators may
facilitate the interaction between the ribosome and mRNA.
Genetic approaches that are feasible in Chlamydomonas should
allow the nature of these interactions to be elucidated and the
nuclear genes encoding these trans-acting factors to be isolat-
ed. Of considerable interest is whether there will be any rela-
tionship to previously characterized yeast mitochondrial pro-
teins of similar function, as has recently been shown in maize
chloroplasts (25).
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