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ABSTRACT

Escherichia coli mRNA translation is facilitated by
sequences upstream and downstream of the initiation
codon, called Shine–Dalgarno (SD) and downstream
box (DB) sequences, respectively. In E.coli
enhancing the complementarity between the DB
sequences and the 16S rRNA penultimate stem
resulted in increased protein accumulation without a
significant affect on mRNA stability. The objective of
this study was to test whether enhancing the comple-
mentarity of plastid mRNAs downstream of the AUG
(downstream sequence or DS) with the 16S rRNA
penultimate stem (anti-DS or ADS region) enhances
protein accumulation. The test system was the
tobacco plastid rRNA operon promoter fused with
the E.coli phage T7 gene 10 (T7g10) 5′-untranslated
region (5′-UTR) and DB region. Translation efficiency
was tested by measuring neomycin phosphotrans-
ferase (NPTII) accumulation in tobacco chloroplasts.
We report here that the phage T7g10 5′-UTR and DB
region promotes accumulation of NPTII up to ∼16% of
total soluble leaf protein (TSP). Enhanced mRNA
stability and an improved NPTII yield (∼23% of TSP) was
obtained from a construct in which the T7g10 5′-UTR
was linked with the NPTII coding region via a NheI
site. However, replacing the T7g10 DB region with the
plastid DS sequence reduced NPTII and mRNA levels to
0.16 and 28%, respectively. Reduced NPTII accumu-
lation is in part due to accelerated mRNA turnover.

INTRODUCTION

In Escherichia coli translation is facilitated by mRNA–rRNA
interactions between the Shine–Dalgarno (SD) sequence
upstream of the AUG translation initiation codon and the anti-
Shine–Dalgarno sequence (ASD) at the 3′-end of the small
(16S) rRNA. A second mRNA element is the downstream box
(DB). DB is defined as a 15 nt sequence downstream of the
AUG translational initiation codon complementary to the penulti-
mate stem of the 16S rRNA or the anti-downstream box (ADB)
(nt 1469–1483) (1,2). In E.coli increasing complementarity of the

DB sequence to the 16S rRNA ADB region resulted in a
significant increase in protein accumulation (3,4).

In higher plant plastids mRNA sequences in the 5′-untranslated
region (5′-UTR) were shown to be important for translation.
These sequences are complementary to the 16S rRNA 3′-end
and may be SD-like (GGA) (5) or distinct from SD, such as
RBS1 (AAG) and RBS2 (UGAUGAU) (6). Signals for light-
dependent mRNA translation (7,8) and mRNA stability (9) are
also localized in the 5′-UTR. The sequence context around the
translation initiation codon is conserved (10) and is probably
important for efficient translation. Silent mutations down-
stream of the rbcL AUG dramatically reduced (35-fold) trans-
lation efficiency without an effect on mRNA stability (11).
Since both the 5′-UTR and sequences downstream of AUG
affect protein accumulation they will collectively be referred to
as the translation control region (TCR). Sequences enhancing
translation downstream of the AUG in plastids have been
termed downstream sequences (DS) to distinguish them from
the E.coli DB sequence (11). The role of the 5′-UTR in
regulating translation and mRNA stability is best characterized in
the chloroplasts of the unicellular alga Chlamydomonas (12–14).
General rules deduced from the Chlamydomonas studies may
accelerate the understanding of translational regulation in
higher plants.

To explore the feasibility of using heterologous translation
control signals in combination with plastid promoters we have
fused the strong σ70-type plastid rRNA operon promoter (Prrn)
with the T7 phage gene 10 (T7g10) TCR. The T7g10 TCR was
shown to promote high level protein accumulation in bacteria
(15) and has a well-characterized DB sequence (2). Specifically,
we tested if increasing complementarity between the plastid
16S rRNA penultimate stem (ADS) and sequences down-
stream of the AUG (DS sequence) facilitates enhanced
neomycin phosphotransferase (NPTII) accumulation.

We report here that the phage T7g10 TCR promotes accu-
mulation of NPTII up to ∼16% of total soluble leaf protein
(TSP). Thus, the heterologous phage TCR, when fused to a
strong plastid promoter, is suitable for high level expression of
recombinant proteins in chloroplasts. Enhanced mRNA
stability and an improved NPTII yield (∼23% of TSP) was
obtained from a construct in which the T7g10 5′-UTR was
linked with the NPTII coding region via a NheI site. However,
replacing the T7g10 DB region with the cognate plastid DS
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sequence dramatically reduced NPTII accumulation (to ∼1% of
the T7g10+DB/Ec control) and accelerated mRNA turnover.

MATERIALS AND METHODS

Plasmid construction

Prrn is the σ70-type promoter of the plastid rRNA operon (16,17).
The chimeric Prrn promoters are contained in SacI–NheI frag-
ments in pBSIIKS+ derivatives. The PrrnLT7g10+DB/Ec
cassette (Prrn promoter with the T7g10 leader and E.coli DB)
is carried by plasmid pHK18. The PrrnLT7g10+DS/pt cassette
(Prrn promoter with the T7g10 leader and plastid DS) is carried
by plasmid pHK19. The PrrnLT7g10 cassette (Prrn promoter
with the T7g10 leader and NheI site) is carried by plasmid
pHK20. The promoter fragments were constructed by PCR.
Construction details are available upon request.

In the pHK plasmids listed above the neo coding region from
plasmid pSC1 (18) is expressed in a cassette consisting of the
Prrn promoter fragment and TrbcL (the plastid rbcL gene 3′-UTR)
(19). The Prrn promoter derivative and the neo coding region
are linked via the engineered NheI site. Plastid vectors pHK38,
pHK39 and pHK40 were obtained by cloning the neo gene
from plasmids pHK18, pHK19 and pHK20 as SacI–HindIII
fragments into plastid vector pPRV111A (20).

Plastid transformation and regeneration of transgenic
plants

Transforming DNA (Plasmid Maxi Kit; Qiagen) was intro-
duced into leaf chloroplasts on the surface of tungsten particles
(1 µm) using the Du Pont PDS1000He Biolistic gun. Trans-
plastomic plants were selected on RMOP medium containing
500 mg/l spectinomycin dihydrochloride. A uniform population
of transformed plastid genome copies was confirmed by DNA
gel blot analysis (17). The transgenic plants were grown on MS
(Murashige–Skoog) medium (21) containing 3% sucrose and
0.6% agar under sterile culture conditions.

RNA gel blot analysis

Total cellular RNA was prepared from the leaves of plants
grown in sterile culture (22). The RNA (4 µg/lane) was electro-
phoresed on 1.2% agarose/formaldehyde gels and then trans-
ferred to Hybond N membranes (Amersham) using the
PosiBlot Transfer apparatus (Stratagene). Hybridization to the
probe was carried out in Rapid Hybridization Buffer (Amersham)
overnight at 65°C. Double-stranded DNA probe was prepared
by random primed 32P-labeling. The template for probing neo
was a gel purified NheI–XbaI fragment excised from plasmid
pHK30. The template for probing the tobacco cytoplasmic 25S
rRNA was a PCR fragment amplified from total tobacco
cellular DNA with primers 5′-TCACCTGCCGAATCAAC-
TAGC-3′ and 5′-GACTTCCCTTGCCTACATTG-3′. RNA
hybridization signals were quantified using a Molecular
Dynamics PhosphorImager and normalized to the 25S rRNA
signal.

SDS–PAGE and immunoblot analysis

Leaves for protein extraction were taken from plants grown in
sterile culture. To obtain TSP, leaves (200 mg) from plants
grown in sterile culture were homogenized in 1 ml buffer
containing 50 mM HEPES–KOH pH 7.5, 10 mM potassium

acetate, 5 mM magnesium acetate, 1 mM EDTA, 1 mM dithio-
threitol and 2 mM phenylmethylsulfonyl flouride. The
homogenate was centrifuged to remove the insoluble material.
Protein concentrations were determined with a Bio-Rad
Protein Assay reagent kit (Bradford). The proteins were
separated by SDS–PAGE (15% acrylamide, 6 M urea) (23),
followed by either staining with Coomassie Brilliant Blue
R250 or immunoblotting. For immunoblot analysis protein
was transferred onto nitrocellulose membranes using a semi-
dry transfer apparatus (Bio-Rad). After blocking, the
membrane was incubated with 4000-fold diluted polyclonal
rabbit antiserum raised against NPTII (5Prime→3Prime Inc.).
20 000-fold diluted HRP-conjugated secondary antibody and
ECL chemiluminescence reagent (Amersham) were used for
immunoblot detection on X-ray film (Kodak). NPTII was
quantified on the immunoblots by densitometric analysis with
the DensoSpot program of Alpha Imager 2000 (Alpha
Innotech) by comparison of the experimental samples with a
dilution series of commercial NPTII (5Prime→3Prime Inc.).

RESULTS

Experimental design

In E.coli the DB was defined as a 15 nt sequence downstream
of the AUG translational initiation codon complementary to
the penultimate stem (ADB region) of the 16S rRNA. The
penultimate stem–loop structure of the 16S rRNA is conserved
between E.coli and plastids, although the actual mRNA
sequence is different (Fig. 1; 2,24). The chimeric genes have
the same promoter (Prrn), 5′-UTR (T7g10), coding region
(neo) and 3′-UTR (TrbcL) and differ only with respect to the
neo coding region N-terminus. The design of the three
chimeric promoter/TCR constructs is as follows. In plasmid
pHK38 the Prrn derivative has the phage T7g10 5′-UTR and
DB (Figs 1B and 2A). In plasmid pHK39 the Prrn promoter
derivative has the phage T7g10 5′-UTR and the plastid DS

Figure 1. The E.coli mRNA DB and plastid mRNA DS regions. (A) The 15 nt
ADB regions in the E.coli (Ec) 16S rRNA (nt 1469–1483) (2,45) and the
cognate DS region in the tobacco plastid (pt) 16S rRNA (nt 1416 and 1430)
(46). (B) Complementarity of the mRNA DB and DS regions with the plastid
16S rRNA penultimate stem ADS region. Watson–Crick (lines) and G-U (filled
circles) pairs are marked. Nucleotides corresponding to the NheI site and neo
coding region are in lower case. The numbers of potential pairs formed with the
15 nt DS region are in parentheses.
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sequence. The plastid DS sequence is defined as the sequence
complementary to the tobacco plastid 16S rRNA penultimate
stem corresponding to the E.coli ADB region (ADS sequence;

Figs 1B and 2A). In plasmid pHK40 the Prrn promoter is fused
with the phage T7g10 5′-UTR and the leader is linked to the
neo coding region via a NheI site (Figs 1B and 2A).

Replacement of frequently used codons with rare codons
(1.4/2.1 per 1000 codons) in E.coli mRNAs results in reduced
protein accumulation (25,26). To avoid the potential adverse
effects of introducing rare codons into the neo coding region,
codon usage frequencies were calculated for the chimeric
genes. None of the changes made involved replacing a
frequently used codon with a codon that would be considered
rare by the E.coli criteria (≤4.6 per 1000 codons; Fig. 3).
Codon usage frequencies shown in Figure 3 were calculated
for the highly expressed photosynthetic genes rbcL, psaA,
psaB, psaC, psbA, psbB, psbC, psbD, psbE and psbF (27).

In the plastid transformation vectors the neo genes are
physically linked with the selectable marker aadA and are
flanked by plastid DNA to target insertion of aadA and neo
into the trnV/rps12/7 intergenic region (Fig. 2B). A schematic
map of the promoter regions is depicted in Figure 2C. The neo
genes were introduced into the tobacco plastid genome by
standard protocols and the leaves of transplastomic tobacco
plants were tested for NPTII accumulation.

NPTII accumulation in plastids

NPTII was quantified by immunoblot analysis or staining of
gels with Coomassie Brilliant Blue (Fig. 4A and B). The data
are summarized in Table 1. Surprisingly, NPTII from the
heterologous T7g10 5′-UTR (DB/Ec, Nt-pHK38) and the
T7g10 leader combined with the NheI site (Nt-pHK40) accu-
mulated to very high levels, ∼16 and ∼23% of TSP, respec-
tively. These expression levels are comparable to the most
highly expressed chloroplast proteins such as the Rubisco large
and small subunits (Fig. 4B). This result indicates that highly
efficient translation of NPTII from the neo mRNA occurred
with the heterologous T7g10 5′-UTR combined with the
T7g10 DB (DB/Ec) and the NheI site.

Based on the E.coli studies (2–4), we expected that incorpo-
ration of the plastid DS would further enhance NPTII levels.
However, we found that plants transformed with the construct
having the perfect plastid DS (pHK39) contained NPTII levels
100-fold lower than plants expressing NPTII from the T7g10
TCR (pHK38). This result indicates that, unlike in E.coli (2,4),

Figure 2. Plastid vectors to compare translation efficiency from neo mRNAs
with the E.coli DB and plastid DS regions. (A) DNA sequence of Prrn promoters
with T7g10 leader derivatives. The Prrn promoter region is underlined; the tran-
scription initiation site is marked by a horizontal arrow; the translation initiation
codon (ATG) is in bold; the SD sequence is underlined with a wavy line. The
T7g10 DB (Ec) sequence is shown on top; the sequence with the plastid DS
region (pt) is duplicated in the middle; the sequence with the NheI site is at the
bottom. Plastid and T7g10 sequences are in capital letters; nucleotides added or
modified during construction are in lowercase; gaps are marked with dashes.
(B) The plastid targeting region of the transformation vectors. The spectinomycin
resistance (aadA) and neo genes and plastid genes rrn16, trnV and rps12/7 (46)
are shown. The positions of the neo promoter (Prrn) and 3′-UTR (TrbcL) are
also marked. The wavy line represents 1.0 kb neo mRNA. Abbreviations for
restriction sites: E, EcoRI; S, SacI; N, NheI; X, XbaI; H, HindIII; B, BglII.
Restriction sites removed during plasmid construction are in parentheses.
(C) Listing of plasmids and the schematic map of their promoter and N-terminal
coding regions. For an explanation see (B).

Figure 3. Codon frequency in the neo coding region N-terminus. Values are shown for the Prrn derivatives T7g10+DB/Ec (plasmid pHK38), T7g10+DS/pt
(plasmid pHK39) and T7g10 (plasmid pHK40). Fraction is the relative usage frequency of a specific codon compared to the usage frequency of all codons encoding
the same amino acid. Triplet/1000 is the frequency of occurrence of a certain triplet per 1000 triplets.
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100% complementarity between the mRNA DS and 16S rRNA
ADS region reduces protein accumulation in chloroplasts.

Perfect DS–ADS complementarity destabilizes plastid
mRNAs

Steady-state mRNA levels also affect protein levels, as more
stable mRNAs are available for translation for longer periods
of time. Since the three neo genes are transcribed from the
same promoter (Prrn), differences in steady-state mRNA levels
directly reflect differences in mRNA turnover rates. Therefore,
RNA gel blot analysis was carried out to determine steady-state
neo mRNA levels in the transplastomic lines. Quantification of
the RNA blots revealed significant differences in neo mRNA
accumulation (Fig. 5 and Table 1). Highest levels were found
in the Nt-pHK40 plants (T7g10 leader, NheI site), which were

then used as the reference (100%). The neo mRNA levels were
half as much (∼50%) in plants with the T7g10 DB (Nt-pHK38)
and ∼7-fold less (∼14%) in plants with the perfect plastid DS
(Nt-pHK39). Thus, incorporation of a NheI site slightly
enhanced mRNA stability (Nt-pHK40 plants) while the perfect
plastid DS downstream of the AUG significantly accelerated
neo mRNA turnover (Nt-pHK39 plants).

DISCUSSION

We report here that increasing complementarity between
sequences downstream of the AUG with the 16S rRNA 3′-region
will reduce, rather than enhance, protein accumulation in
chloroplasts. The chimeric neo genes are transcribed from the
same promoter in the transplastomic lines. Thus, differences in
the mRNA levels in the tobacco lines in part are due to differ-
ential mRNA turnover. While increased complementarity
between the mRNA DS region and the 16S rRNA ADS region
destabilized the neo mRNA in tobacco chloroplasts, it had no
effect on mRNA stability in E.coli (2,4). There may be multiple
alternative mechanisms that are the cause of accelerated mRNA
turnover in chloroplasts. An obvious possibility would be
formation of a stable mRNA–rRNA complex that interferes
with translational elongation and ultimately triggers mRNA
degradation. However, at least in E.coli, direct interaction
between the mRNA DB box and 16S rRNA ADB sequence is
unlikely (28). A more likely scenario is accelerated turnover
via the general mRNA degradation pathway. RNA degradation
in chloroplasts is initiated by an endonucleolytic cleavage
followed by polyadenylation and degradation. The majority of
the cleavage sites form in the coding region and near the start
of the 3′-UTR (29,30). In an alternative mechanism, the endo-
nucleolytic cleavage is followed by a 5′→3′ exonuclease
activity (31,32). Furthermore, conformational changes of the
mRNA may expose known cleavage sites in the 5′-UTR
involved in regulating mRNA turnover in response to light and
developmental signals (33,34).

Replacement of DB with DS sequences in the neo constructs
resulted in an ∼4-fold reduction in mRNA levels and ∼100-fold
reduction in tobacco NPTII levels. Therefore, it appears that
accelerated mRNA turnover alone is insufficient to account for
the reduction in NPTII accumulation. Reduced NPTII accumu-
lation may in part be due to differential rates of neo mRNA

Figure 4. NPTII accumulation in tobacco leaves. (A) Immunoblot analysis to
detect NPTII. The amount of TSP (µg) loaded on the SDS–PAGE gel is
indicated above the lane. A NPTII dilution series was electrophoresed on the
same gel. Lanes are marked with the plasmid name used for plant transformation.
A protein sample from wild-type tobacco was also loaded (Wt). (B) Protein gel
(20 µg/lane) stained with Coomassie Brilliant Blue R250. Control, NPTII
(700 ng). The positions of NPTII and the Rubisco large (LSU) and small (SSU)
subunits are marked.

Table 1. Levels of NPTII and neo mRNA

aPlasmid name (for example pHK38), number and letter combination identify
plant lines.
bEc, E.coli; pt, tobacco plastid; –, absent.
cPercent of level in Nt-pHK40 plants.
dAverage of three to six measurements.
ePercent of total soluble cellular protein.

Plant linea DB/DSb neo mRNAc,d NPTII (%)d,e

Nt-pHK38-2E Ec 52.72 ± 21.11 16.39 ± 3.42

Nt-pHK39-3B pt 14.53 ± 1.41 0.16 ± 0.13

Nt-pHK40-12B – 100.00 23.00 ± 5.40

Figure 5. Steady-state levels of neo mRNA in the transplastomic leaves. An
aliquot of 4 µg total cellular RNA was loaded per lane. The blots were probed
for neo (top) and cytoplasmic 25S rRNA (bottom, loading control). The lanes
are designated as in Figure 3.
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translation, as RNA sequences downstream of the AUG were
shown to affect translation efficiency in chloroplasts (11).
Since the NheI site in Nt-pHK40 plants is directly downstream
of the AUG, a region important for translation efficiency, it is
possible that the choice of restriction site at this position is
important for high-level protein expression. Furthermore, the
chimeric neo gene products differ with respect to the amino
acid sequence of their N-terminal regions (Fig. 3). Thus, it is
also possible that differential NPTII levels are due in part to
differential rates of NPTII turnover.

The promoter of the rRNA operon is one of the strongest
plastid promoters (9,35). Products of the operon are non-
translated RNA species. A general approach to obtain protein
expression from the rrn operon promoter has been fusion with
translation control signals of plastid genes (17,36,37). A more
complex approach involves engineering the entire translation
control region including the 5′-UTR and DS sequences (11).
The 23% NPTII reported here is the highest protein level
obtained from a chloroplast transgene transcribed by a plastid
RNA polymerase. Expression of β-glucuronidase at about the
same level (20–30%) was reported from plastid genes tran-
scribed by a nuclear-encoded, plastid-targeted phage T7 RNA
polymerase. However, expression of the phage polymerase
was detrimental to the plants (38).

There is significant interest in applying plant genetic
engineering to the production of pharmaceutical compounds,
vaccines and industrial enzymes (39–41). Thus far there are
only a few examples of expression of economically important
genes in chloroplasts (42–44). Transgenes utilizing the hetero-
logous translation control signals described here are expected
to perform better under field conditions than those utilizing
native plastid signals as they are less likely to compete with
native mRNAs for translation.
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