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Post-transcriptional RNA processing and translational regulations are important steps for gene expression. To analyze 
the 5'UTR of psbA that enhances translation of the sweet protein monellin in chloroplasts, we cloned the monellin 
gene, with and without the psbA 5'UTR, into the chloroplast expression vector for chloroplast transformation. Trans- 
genic plants were identified as being transplastomic via PCR and Southern blot analyses. We also observed non-spe- 
cific recombination during tobacco chloroplast transformation. Analyses of the transcription patterns showed that 
intercistronic cleavage of the psbA mRNA 5' untranslated (UTR) region was functional at the mature stage, with the 
monocistronic mRNA of monellin increasing while its dicistronic mRNA decreased. Moreover, monellin accumulation 
accounted for 2.3% of the total soluble protein at the mature stage, but only 1.3% at the young stage in transplas. 
tomic lines that contained the 5'UTR of psbA. These results suggest that activation of the endonucleolytic cleavage of 
the psbA 5'UTR element depends on chloroplast developmental conditions, and that it enhances the accumulation of 
sweet protein monellin in those chloroplasts. 
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Genetic transformation via the nuclear genome has 
conferred numerous beneficial agronomic traits to 
crop plants (Chung et al., 2003; Park et al., 2003; Lee 
et al., 2004). Several useful vaccine antigens, biomate- 
rials, and biopharmaceuticals also have been pro- 
duced in transgenic plants (Kumar and Daniell, 
2004). The chloroplast transformation method offers 
unique advantages, including high levels of transgene 
expression (Kota et al., 1999), multi-gene engineer- 
ing during a single transformation event (DeCosa et 
al., 2001), transgene containment via maternal inher- 
itance (Daniell, 2002), and a lack of gene silencing 
(DeCosa et al., 2001; Lee et al., 2003). Plants with 
transformed plastid genomes are termed transplas- 
tomic (Maliga, 1993). Such an approach has rapidly 
advanced resulting in the development of chloroplast 
transgenic lines that confer herbicide resistance 
(Daniell et al., 1998) and drought tolerance (Lee et 
al., 2003), and produce therapeutic proteins includ- 
ing human serum albumin (Fernandez-San Millan et 
a[., 2003) and somatotropin (Staub et al., 2000). 
Thus, transgenic chloroplasts are ideal for engineer- 
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ing agronomic traits, serving as bioreactors for the 
production of functional human and animal thera- 
peutic proteins or biomaterials in an environmentally 
friendly manner. 

In the chloroplasts of higher plants, gene expres- 
sion during leaf development is regulated on several 
levels as transcription, RNA processing and stability, 
and translational control (Bock, 2000; Zerges, 2000; 
Hirose and Sugiura, 2004). In particular, post-tran- 
scriptional RNA processing of primary transcripts, 
including endonucleolytic cleavage (Westhoff and 
Herrmann, 1988; Chen and Stern, 1991; Klaff, 1995), 
processing of the 5' and 3' ends (Monde et al., 2000), 
and RNA editing (Maier et al., 1996), is an important 
step in the control of chloroplast gene expression. 
RNA stability and efficient translation are mainly 
mediated via the 5'/3' untranslated regions (UTRs) of 
chloroplast transcripts. The 3'UTRs are involved in 
RNA 3'-end formation and mRNA stability because of 
inverted repeat (IR) sequences that can fold into 
stem-loop structures (Adams and Stern, 1990; Srivas- 
tava et al., 2004). However, those 3'UTRs do not sig- 
nificantly influence translation efficiency (Eibl et al., 
1999). In contrast, 5'UTRs appear to be of crucial 
importance for both mRNA stability and translational 
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efficiency (Alexander et al., 1998; Bruick and May- 
field, 1998; Eib[ et al., 1999; Zou et al., 2003). 

The 5'UTR of psbA was chosen for this experiment 
because it is a well-characterized monocistronic gene 
that has been studied for its processing of polycis- 
tronic transcripts (Sexton et al., 1990; Hirose and 
Sugiura, 1997; Baginsky and Gruissem, 2002; Arai et 
al., 2004) and translational efficiency (Hirose and 
Sugiura, 1996). The 5'UTR of the tobacco chloro- 
plast psbA encodes the D1 protein, a core compo- 
nent of Photosystem II. It includes potential ribosome 
binding sequences (RBS), an AU-box (Agrawal et al., 
2001), an endonucleolytic site, and an upstream 
stem-loop element (Klaff, 1995; Hirose and Sugiura, 
1996). Analyses of psbA 5'UTR stem-loop mutants 
have indicated that the correct primary sequence and 
secondary structure of the stem-loop are required for 
mRNA stabilization and translation (Zou et al., 2003). 
The psbA 5'UTR also mediates light-induced accu- 
mulation of GUS (Staub and Maliga, 1993) and 
enhances translation of GUS compared with the rbcL 
5'UTR in vivo (Eibl et al., 1999). 

Monellin was first purified (Morris and Cagan, 
1972) from the African berry Discoreophyllum cum- 
minsii Diels. On a molar basis, this protein is 100,000 
times sweeter than sucrose (Edens and van der Wel, 
1985), making it attractive to the food and beverage 
industry because of its "natural" and "low-calorie" 
traits. The annual market for high-intensity sweeteners 
in the US is $1 billion (Faus, 2000). Alternative and 
intensely sweet additives also are desirable for dia- 
betic foods. However, despite its initial sweetness, the 
commercial applicability of monellin is very low 
because Discoreophyllum plants are difficult to grow 
naturally and its purification from the 1-cm fruit is 
very cost[,/. In addition, monellin loses its sweetness 
due to unfolding of the tertiary structure when heated 
above 50~ under acidic pH (Jirgensons, 1976). It 
consists of two polypeptides, of 45 and 50 amino 
acid residues, that are associated via noncovalent 
interactions (Bohak and Li, 1976; Ogata et al., 1987). 
These chains, which have been completely sequenced 
by Kohmura et al. (1990), lack disulfide bonds, 
thereby causing this instability during heating. To 
solve this problem, Kim et al. (1989) have used sev- 
eral different linkers to fuse the two chains into a sin- 
gle chain. This redesigned monellin is more stable 
under temperature or pH changes, and re-natures 
easily after heating to 100~ at low pH. 

A single-chain monellin was previously introduced 
via nuclear transformation to enhance the flavor and 
sweetness of tomato and lettuce; however, its expres- 

sion was very low (Penarrubia et al., 1992). Recombi- 
nant single-chain monellin was then purified on a 
large scale from yeast, and compared with the plant- 
derived monellin. Unfortunately, in those efforts, the 
yeast-derived monellin purification began with more 
contaminating yeast protein and the final freeze-dried 
monellin was not of good appearance (Kim and Lim, 
1996). Here, we constructed two kinds of chloroplast 
expression vectors that harbor the single-chain monel- 
lin gene, with and without the 5'UTR of psbA. Our 
main goal in transformation was to determine whether 
the 5'UTR of psbA confers the processing of dicis- 
tronic transcripts and translational efficiency to the 
sweet protein monellin gene in vivo. 

MATERIALS AND METHODS 

Chloroplast Expression Vectors 

We constructed pLDMon (6.2 kb) by inserting the 
single-chain monellin 295-bp EcoRI fragment into the 
multiple cloning site of the pLD vector (Daniell et al., 
1998). For the pLDUTRMon vector, we PCR-ampli- 
fied the 83-bp sequence of the psbA5'UTR without 
the promoter, using tobacco chloroplast DNA as a 
template. Primers included: 5'-TCGCAGGCCTAA- 
AAAGCCT1-CCAI-ITFC-3' and 5'-CCATGGTACGTAGT- 
AAAATCTI-GG1TI-A1TI-A-3' for psbA 5'UTR; and 5'- 
GGAGGGAI-I-FATGGGCGAGTGGGAAA-3' and 5'-TT- 
ATGGTGGTGGGACTGGACCGTT-3' for the single- 
chain monellin. The fusion with single-chain monellin 
was made at the Ncol site placed at the 3' end of the 
psbA5'UTR and then inserted into the pLD vector as 
an EcoRl fragment. 

Bombardment and Regeneration 

Sterile tobacco (Nicotiana tabacum cv. Petit Havana) 
leaves were bombarded using the biolistic device 
(PDS-1000/He; Bio-Rad, USA), as described (Lee et 
al., 2003). They were then cut into small pieces and 
transferred to an RMOP medium (Svab et al., 1990) 
containing spectinomycin (500 mg L-l). After regener- 
ation through second selection, the plants were 
rooted in an MS basal medium containing spectino- 
mycin (500 mg L 1) and transferred to pots in a green- 
house. 

PCR Analysis 

PCRs were conducted with Ex Taq polymerase 
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(Takara, Japan) to identify the putative transgenic plants 
as transplastomic lines, using the following primers: (3P) 
5'-AAAACCCGTCCTCAG1-I-CGGAT]-GCC-3' and (3M) 
5'-CCGCGT1-GTF1-CATCAAGCCTTACGG-3'. All PCR 
reactions were performed at 94~ for 30 s, 65~ for 30 
s, and finally 72~ for 2 min. The PCR products were 
separated on 0.8% agarose gels. 

Southern Blot Analysis 

Total DNA was extracted from the leaves of trans- 
formed and untransformed plants using the DNeasy 
Plant Maxi kit (Qiagen, USA). Total DNA (2 rag) was 
digested with EcoRV and Bglll. DNA fragments were 
separated overnight by electrophoresis (30 V) in a 
0.8% agarose gel, then transferred to nylon mem- 
branes (Hybond-N+; Amersham, UK) under alkaline 
conditions (0.5 N NaOH). DNA fragments were 
revealed by hybridization with ~2P-labeled probes. 
The monellin probe was amplified by PCR with the 
primers described above, while the aadA probe was 
digested by Clal/Notl of pLDMon. The 0.81-kb flank- 
ing probe was digested by BamHI/Bglll of pLDMon. 
Theses probes were labeled with [~2p]CTP by the oli- 
golabeling procedure (Ready-to-go; Amersham) at 
37~ for 1 h. Afterward, the membranes were 
washed with 2X SSC/0.1% SDS and 0.2X SSC/0.1% 
SDS solutions, both at 65~ 

Northern Blot Analysis 

Total RNA was extracted from leaves of transformed 
and untransformed plants (Trizol reagent; Invitrogen, 
USA), then denatured with sample buffer (2.2 M 
formaldehyde, 50% formamide, and 0.5X MOPs 
buffer) for 10 min at 65~ RNAs (3 ~g) were sepa- 
rated over 2 h by electrophoresis (30 V) on 1.5% aga- 
rose/formaldehyde gels in MOPS buffer before being 
transferred to the nylon membranes under 20X SSC. 
The probes were labeled with [32P]CTP using the 
Ready-to-go oligolabeling procedure. Probes for these 
experiments were obtained as described previously 
for the Southern analysis. 

SDS-PAGE and Immunoblot Analysis 

Transformed and untransformed leaves (100 rag) 
were ground in liquid nitrogen and resuspended in 
500 ~L of protein extraction buffer [0.1 M Tris-HCI 
(pH 8.0), 0.01 M MgCI2, 18% sucrose, and 40 mM 2- 
mercaptoethanol]. The protein was quantitated with 
the Bio-Rad (USA) DC protein assay kit (BSA stan- 

daM). Leaf extracts were boiled in 5X SDS-PAGE 
sample buffer [150 mM Tris-HCI (pH 6.8), 30% glyc- 
erol, 1.2% SDS, 1.8% bromophenol blue, and 15% 2- 
mercaptoethanol] and electrophoresed (50 V) in a 
15% polyacrylamide gel. The separated proteins were 
either stained with Coomassie Brilliant Blue G-250 
(0.05% Coomassie Brilliant Blue R-250, 10% glacial 
acetic acid, and 30% methanol) or transferred to a 
PVDF membrane (Bio-Rad) for immunoblotting at 50 
V for 4 h, using a transfer buffer (25 mM Tris-HCl, 
150 mM glycine, and 20% methanol). The primary 
antibody (rabbit polyclonal anti-monellin; Takara, 
Japan) was used at a 1:5000 dilution, followed with 
horseradish peroxidase conjugated rabbit IgG (Pierce, 
USA) at a 1:10000 dilution. Stable peroxide solution 
(SuperSignal West Pico Chemiluminescent Substrate; 
Pierce, USA) was used for detection. 

ELISA Assay 

Total soluble protein (tsp) was collected and quanti- 
tated as described for SDS-PAGE and immunoblot 
assays. They were diluted to 100 ng with a coating 
buffer (0.1 M carbonate/bicarbonate buffer, pH 9.6), 
and loaded into each well (Reacti-Bind 96-Well EIA 
Plates; Pierce). After incubation overnight at 4~ the 
plate was cleansed in washing buffer (PBS with 0.05% 
Tween 20). The remaining absorption sites were 
blocked by adding 300 ~L of blocking buffer (1% BSA 
in PBS/0.05% Tween 20) to each well overnight at 
4~ In addition, 100 ~L per well of the rabbit poly- 
clonal anti-monellin was diluted at 1:1000 with 
blocking buffer (1% BSA in PBS-T). After incubation 
overnight at 4~ the plate was washed as described 
above, and 100 ~L per well of the horseradish perox- 
idase conjugated rabbit IgG, diluted to 1:10000 with 
blocking buffer (1% BSA in PBS-T) was added. After 
incubation for 1 h at 37~ the unbound conjugate 
was released by washing the plate with buffer. Then, 
5 mg of OPD (o-phenylenediamine) was dissolved in 
10 mL of substrate buffer (0.05 M citric acid and 0.05 
M Na-phosphate; pH 5) to a concentration of 0.5 mg 
mL -1, and 2 ~L of 30% H202 was added per mL of 
substrate. To each ELISA well, 100 ~L of OPD sub- 
strate solution was added before incubation for 40 
min. The reaction was stopped by adding 100 t~L of 3 
M sulfuric acid, and the wells were read at 490 nm 
(VICTOR3; Perkin Elmer, USA). 

Analysis of Maternal Inheritance 

We examined maternal inheritance by analyzing 
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antibiotic resistance as described by Staub and Maliga 
(1993). Seedling phenotypes were determined by 
plating surface-sterilized seeds on an MS medium 
containing 500 mg L 1 of spectinomycin. 

RESULTS 

Transplastomic Lines Carrying psbA 5'UTR-monel- 
lin Fusion Gene or monellin Gene 

The single-chain monellin gene (Fig. 1), with 94 
amino acid residues, was engineered by joining the 
C-terminal residue of the B chain (B50E) with the N- 
terminal residue of the A chain (A1R). These chains 
are found in monellin, a sweet protein isolated from 
D. cummins# (Higginbotham, 1979; Kim eta[., 1989; 
Kohmura et al., 1990; Spadaccini et al., 2001). 
Because translation in plastids initiates at methionine, 
we incorporated the translational start codon into the 
monellin coding sequence to produce the engineered 
protein. Two chloroplast transformation vectors were 
designed, with and without psbA 5'UTR (Fig. 2). 
Here, we chose the basic pLD vector, developed by 
Daniell et al. (1998) for chloroplast transformation. In 
the plasmid pLDMon, the aadA gene, which confers 
spectinomycin resistance, and the monellin gene are 
transcribed as a dicistron from the plastid Prrn pro- 
moter. In the pLDUTRMon, the psbA 5'UTR is 
inserted immediately upstream of the monellin cod- 
ing sequence and downstream of the aadA gene, 
using the Ncol site. 

We confirmed integration of the foreign gene cas- 
sette into the chloroplast genome by PCR-screening 
of the primary shoots (data not shown). ]-he strategy 
utilized one primer (3P) that anneals to the native 
chloroplast genome adjacent to the point of integra- 
tion, while a second primer (3M) lands on the aadA 
gene (Lee et al., 2003). This PCR product cannot be 
obtained in untransformed plants. Confirmed trans- 
formants were subjected to a second round of specti- 

BglIl EcoRV Bglll 

�9 3.6 Kb 

�9 / �9 ', 4.5 Kb 
"" EcoRV ~, 

pLDMon ~ 1.6 Kb 
Prrn 3 'psbA 

EcoRV 

p L D U T R M o n  N aadA--~,~*t MON-~I]] 1.7Kb 
Prrn 5'UTR 3 'psbA 

psbA 

Figure 2. Construction of chloroplast expression vectors. 
Regions for homologous recombination are underlined in 
native chloroplast genome. The 295-bp monellin is driven 
by Prm promoter upstream of aadA gene that confers specti- 
nomycin resistance. Numbers on right indicate fragment size 
when native or transgenic chloroplast DNA was digested 
with EcoRV and Bglll. Arrows within boxes show direction of 
transcription, aadA, aminoglycoside 3'-adenylyltransferase; 
Prrn, 16S rRNA promoter; UTR, untranslated 5' region of 
plastid psbA photosynthetic gene. 

nomycin selection to achieve homoplasmy. After 
being rooted in the presence of spectinomycin, they 
were transferred to pots for further characterization. 

Southern blot analysis demonstrated the stable 
maintenance of integrated transgenes in the T1 gener- 
ation (Fig. 3). When the total genomic DNA was 
digested with Bglll and probed with monellin, we 
observed 6.1-kb, 8.0-kb, and 6.2-kb fragments only 
in the transgenic lines (Fig. 3a). Contrary to nuclear 
transformants, one can predict the size of fragments 
detected in chloroplast transgenic lines through 
Southern blot analysis, depending on the restriction 
enzyme used, because the chloroplast genome of 
tobacco has now been sequenced entirely (Shinozaki 
et al., 1986; Wakasugi et al., 1998). Based on this 
logic, the 6.l-kb and 6.2-kb fragments corresponded 
to the detected size, which included the flanked (4.5 
kb) and integrated (1.6 kb of pLDMon or 1.7 kb of 

Native monellin 

Chain A: REIKGYEYQL I~ YVYASDKLFR 2~ ADISEDYKTR 3~ GRKLLRFNGP 4~ VPPP 

Chain B: GEWEIIDIGP I~ FTQNLGKFAV 2~ DEENKIGQYG 3~ RLTFNKVIRP 4~ CMKKTIYEEN 5~ 

Single chain monellin 

GEWEIIDIGP ~0 FTQNLGKFAV 2~ DEENKIGQYG 3~ RLTFNKVIRP 4~ CMKKTIYEENS~ REIKGYEYQL 6~ 
YVYASDKLFR TM ADISEDYKTR 8~ GRKLLRFNGP 9~ VPPP 

Figure 1. Amino acid sequences of native monellin and single-chain monellin. 
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Figure 3. Integration of transgene cassettes into chloroplast 
genome investigated by Southern blot analyses. (a, b) Bglll- 
digested genomic DNA with monellin and flanking 
sequences probe. (c, d) EcoRV-digested genomic DNA with 
monellin and aadA probe. Transgenic plant Lines 3, 4, and 5 
were transformed with pLDMon; Lines 1 and 6 with 
pLDUTRMon, pLDMon as a positive control digested with 
EcoRV. WT, wild-type tobacco plant; aadA, aminoglycoside 
3'-adenylyltransferase; Prrn, 16S rRNA promoter; UTR, 
untranslated 5' region of plastid psbA photosynthetic gene. 

pLDUTRMon) regions. However, 8.0-kb fragments 
also were detected in some of the transgenic plants. 
Such fragments may occur when both flanked sides 
include undesirable foreign DNA or when the rnonel- 
lin gene is integrated into the nuclear genome. There- 
fore, to identify whether these unexpected transgenic 
lines were nuclear transformants, we re-probed the 
blot with the chloroplast flanking sequences (Fig. 3b). 
In that analysis, all transgenic lines appeared to be 
transplastomic. In addition, the lack of a 4.5-kb 
hybridization fragment, which corresponds to the size 
of intact chloroplast flanking sequences digested by 
Bglll, confirmed homoplasmy. 

To verify whether more than one copy of the trans- 
gene cassette was integrated into the plastid genome 
of this line, total genomic DNA was digested with 
EcoRV and hybridization was performed. In those 
digested transgenic lines, 4.9-kb and 5.0-kb fragments 
were detected, indicating that one copy had been 
integrated (Fig. 3c). However, another 1.0-kb frag- 
ment was detected in the same transgenic lines that 
exhibited the 8.0-kb fragments shown in Fig. 3a and 
3b. Because the size of the pLDMon transgene cas- 
sette is 1.6 kb, we could not determine whether two 
copies of the transgene cassette had been integrated. 
Therefore, to investigate differences between the 
detected and the expected fragments, the blot was 
re-probed with the aadA probe. Surprisingly, this 
probe identified only 4.9-kb and 5.0-kb hybridiza- 
tion fragments in the transgenic lines (Fig. 3d). Thus, 
we suggest that the transgenic lines that showed only 
one fragment with the monellin probe when digested 
with EcoRV demonstrated single-copy integration of the 
transgene cassette into the plastid genome. Here, we 
observed non-specific recombination during tobacco 

Figure 4. Chloroplast transgenes are maternally inherited. Seeds derived from either wild-type tobacco plants (a) or transplas- 
tomic lines (b) were plated onto MS medium containing 500 mg L -I spectinomycin dihydrochloride. Resistant seedlings are uni- 
formly green whereas sensitive seedlings are bleached white. 
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chloroplast transformation. 
Seedling tests on the T1 progeny from transgenic 

plants showed stable resistance to up to 500 mg L -1 
spectinomycin, a trait maternally inherited (Fig. 4). 
Resistant seedlings (transplastomic plants) were green, 
whereas the sensitive seedlings (wild-type tobacco) 
were white. Uniform spectinomycin resistance in the 
self-fertile seed progeny also indicated that aadA was 
maintained in plants grown to maturity in the green- 
house. 

Transcription and Translation Is Regulated by the 
psbA 5' UTR 

Transcription patterns were analyzed for the trans- 
gene integrated into the chloroplast genome. Total 
RNAs from young and mature leaves were hybridized 
with 32P-labeled gene probes. Two distinct transcripts 
were detected in transplastomic plants, using the 
monellin probe, whereas no transcript was found in 
the wild-type plants (Fig. 5). The 1500 nt of tran- 
scripts corresponded to the dicistronic mRNA of 
aadA-monellin transcribed from the Prrn promoter. 
Another 700 nt of transcripts were observed only in 
the transplastomy lines with pLDUTRMon, suggesting 
that this transcript could be the monellin monocis- 
tron. The stop codon of the aadA gene used here for 
the chloroplast transformation vector was removed to 
produce a multicistron as the operon. Thus, that 700 
nt of mRNA was supposedly the monocistron cleav- 
age from the aadA-monellin dicistron because the 
psbA mRNA 5' untranslated region includes an endo- 
nucleolytic cleavage site (positions -49 to -48) (Klaff, 
1995). 

In young leaves, the aadA-monellin dicistron was 
detected as a major band, whereas the monellin 
monocistron showed low intensity (Fig. 5b). However, 
the monellin monocistron of transplastomy with 
pLDUTRMon was abundant in mature leaves. Fur- 
thermore, the monellin monocistron of transplastomic 
Line 6-7 was more strongly detected than was the 
aadA-monellin dicistron, indicating processing from 
the dicistron transcribed from the Prm promoter (Fig. 
5c). To identify whether the cleavage was due to the 
psbA mRNA 5' UTR element, another northern blot 
was performed, this time using the aadA probe. Only 
the aadA-monellin dicistron was detected, and degra- 
dation products of the aadA transcript were observed 
in all transplastomic plants, which were abundant in 
transplastomy with pLDUTRMon (Fig. 5b, 5c). When 
the two developmental stages were compared, 2- to 
10-fold higher mRNA levels of the monellin monocis- 

Figure 5. Two distinct transcription patterns from transgenic 
plants at different developmental stages, and accumulation 
of monellin in transgenic chloroplasts. (a) Expected tran- 
scripts of monellin. (b, c) Northern blot analysis was per- 
formed with total RNA extracted from leaves. Three mg 
RNA of each sample was analyzed by hybridization using 
probes shown at right, rRNAs (each top panel) were visual- 
ized by ethidium-bromide staining. Transgenic Lines 3 and 
4, pLDMon; transgenic Lines 1 and 6, pLDUTRMon. North- 
ern blot analysis at (b) young stage and (c) mature stage. 
WT, wild-type tobacco plant; UTR, untranslated 5' region of 
plastid psbA photosynthetic gene. Known or deduced tran- 
script sizes, marked on left, were derived by comparison to 
RNA ladder. Asterisks show in vivo breakdown products of 
23S rRNA. 

tron was observed in mature leaves of transplastomy 
with pLDUTRMon (Fig. 5c). 

Expression of monellin in transgenic plants was 
monitored by immunoblot analysis (Fig. 6). Natural 
rnonellin, used as a positive control, was detected at 
around 5 kDa, corresponding to a molecular mass of 
44 amino acid residues (A chain) and 50 amino acid 
residues (B chain), and binding to the antibody raised 
against it (Kim et al., 1989). Expression of single-chain 
monellin (I I kDa), which corresponded to the sum of 
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Figure 7. ELISA assay of monellin in transgenic chloroplasts 
at different stages. Total soluble protein from transplastomic 
Line 3-1 (with pLDMon) and Line 6-7 (with pLDUTRMon) 
was extracted at young and mature stages. Expression levels 
are indicated as percentage of total soluble proteins. Data 
are mean values of three replicates. Each well contained 100 
ng protein. Rabbit polyclonal anti-monellin antibody was 
diluted at 1:1000. 

Figure 6. Western blot analyses of monellin transgenic chlo- 
roplasts. (a) Total soluble protein from transformed plants 
with pLDMon (Lines 3-1, 3-5, 4-1) and pLDUTRMon (Lines 
1-3, 1-4, 6-7) was extracted at mature stage; 2 t~g protein 
was used for immunoblot analysis. (b) Total soluble protein 
(600 ng) from transformed plants with pLDMon (Line 3-1) 
and pLDUTRMon (Line 6-7) was extracted at young and 
mature stages. Antibodies were used at 1:5000 dilution. 
Molecular mass standards are shown at left. P, 200 ng pure 
natural monellin; WT, wild type; UTR, untranslated 5' 
region of plastid psbA photosynthetic gene. 

the two chains (A and B) of natural monellin, was 
detected only in transgenic lines that harbored the 
5'UTR of psbA. These transgenic lines showed levels 
of expression similar to those for transcription of the 
monellin monocistron (Fig. 6a). Abundant translation 
of monellin was observed in mature leaves of the 
transplastomic line with pLDUTRMon (Fig. 6b). 
Therefore, these results suggest that this translation 
was developmentally regulated by the 5'UTR ofpsbA. 

ELISA assays were performed to monitor the accu- 
mulation of monellin in transplastomic lines at differ- 
ent developmental stages (Fig. 7). The results were 
considered positive at A490. Monellin was expressed in 
all transgenic plants, even though its level of accumu- 
lation varied. In the transplastomic line with pLDUTR- 
Mon, monellin accumulation was up to 2.3% of tsp at 
the mature stage and 1.3% of tsp at the young stage. 
In contrast, the transplastomic line with pLDMon 
showed an accumulation of only as much as 1.5% of 

tsp at the mature stage and 0.8% of tsp at the young 
stage. 

DISCUSSION 

These experiments demonstrate that endonucle- 
olytic cleavage of the psbA 5'UTR element is acti- 
vated by developmental conditions in the tobacco 
chloroplast. This is also the first report of an undesir- 
able DNA fragment being integrated into a chloro- 
plast genome via chloroplast transformation. Eibl et al. 
(1999) observed the loss of integrated transgenes dur- 
ing the procedure for transmission into the T1 genera- 
tion, and suggested that the 90-bp plastome fragment 
between the uidA and the aadA cassettes may serve 
as a homologous sequence for recombination events. 
Homologous recombination occurs occasionally in 
plant cells (Kavanagh et al., 1999; Li and Li, 2004); 
this mechanism also has been studied intensively in 
Chlamydomonas reinhardtii (Gumpel et al., 1994; 
Fujitani and Kobayashi, 2003). However, this phe- 
nomenon is largely unknown in the chloroplasts of 
higher plants, and may be due to intermolecular 
recombination with copies of the wild-type chloro- 
plast genome during segregation. 

Post-transcriptional processing of the monellin 
monocistron was observed from the aadA-monellin 
dicistron in transplastomic Line 6-7 with pLDUTR- 
Mon. This result suggests processing at the 5'UTR 
level, as the additional 700-nt transcripts were found 
only in the transplastomic lines with the construct 
containing the psbA 5'UTR, but not in those trans- 
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formed with the construct that lacked the psbA 
5'UTR. Likewise, when the northern blots were 
hybridized with the monellin probe, the amount of 
monocistronic transcript was dramatically increased in 
transp[astomic Line 6-7 at the mature stage, while 
that of the dicistronic transcript decreased compared 
with Lines 1-3 and 1-4 (Fig. 5). When probed with 
the aadA gene, the aadA transcript was highly suscep- 
tible to degradation. Moreover, aadA monocistron 
transcript was totally absent in pLDMon and was seen 
in pLDUTRMon only when proteded by the psbA 3' 
UTR stabilizing sequences. The correlation found 
between monellin monocistron and protein accumu- 
lation sharply contrasts with reports from several pre- 
vious studies, in which no such relationship was 
observed between transcript abundance and transla- 
tion in transgenic chloroplasts. 

The endonucleolytic and intercistronic cleavage of 
the psbA 5'UTR in vivo first reported here is an 
important step for mRNA stability and translation. 
Most chloroplast genes from higher plants are orga- 
nized in clusters and are primarily co-transcribed as 
polycistronic forms and endonucleolytica[ly processed 
into monocistronic mRNAs, during which some of the 
transcripts are edited and/or spliced (Barkan, 1988; 
Ruf et al., 1994). Among 130 chloroplast genes, 
approximately 76 are transcribed as dicistronic or 
polycistronic transcription units. Most tRNA genes as 
well as five others (ndhF, psbA, psbM, psbN, and rbcL) 
also are transcribed as monocistronic transcription 
units (Sugita and Sugiura, 1996). The endonucle- 
olgic cleavage site (-49/-48) of the psbA 5'UTR has 
been proposed for an in vitro degradation system 
(Klaff, 1995). Hirose and Sugiura (1997) have also 
reported that psaC/ndhD dicistronic mRNA is not 
functional, and that the intercistronic cleavage is a 
prerequisite for both ndhD and psaC translation in 
vitro assays. In contrast, the GUS gene that is inte- 
grated by plastid transformation into the chloroplast 
genome downstream of the rbcL gene is transcribed 
together with rbcL, and the transcript is mainly accu- 
mulated as dicistronic mRNAs from which GUS is 
efficiently translated in tobacco chloroplasts (Staub 
and Maliga, 1995). 

Processing of the psbA 5'UTR occurs just upstream 
of a consensus Shine-Da[gano sequence in Chlamy- 
domonas (Bruick and Mayfield, 1998). It depends 
upon factors that mediate ribosome associations 
(Shen et al., 2001). Moreover, translation of the psbA 
mRNA requires RB 47, the nuclear-encoded poly (A)- 
binding protein in C. reinhardtii (Yohn et al., 1998; 
Kim and Mayfield, 2002), and the 43-kDa protein 

identified as the chloroplast homologue of the Escher- 
ichia coli ribosomal protein SI in spinach (Alexander 
et al., 1998). The psbA 5'UTR enhances translation of 
the foreign genes and mediates light-induced activa- 
tion of translation in transgenic chloroplasts (Eibl et al., 
1999; Fernandez-San Millan et al., 2003; Dhingra et 
al., 2004). Accumulation of monellin in our transplas- 
tomic line with the construct containing the 5'UTR of 
psbA was about 2- to 3-fold higher than from the 
construct without the UTR (Fig. 7). Monellin accumu- 
lation was also higher in the mature stage than in the 
young stage for all transplastomic lines. The GUS 
gene fused to the psbA 5'UTR is expressed at levels 
about 100 times higher than when fused to rbcL and 
the RBS 5'UTR, as seen through in vivo analysis by 
chloroplast transformation (Eibl eta[., 1999). Accu- 
mulation of HSA (Human Serum Albumin) accounts 
for only 0.02% of tsp when the Shine-Dalgarno 
sequence (SD) is used, but may be up to 11.1% oftsp 
when using the psbA 5'UTR in transplastomic 
tobacco plants (Fernandez-San Millan et al., 2003). 
Our results strongly suggest that endonucleolytic acti- 
vation of the psbA 5'UTR enhances translational effi- 
ciency in transgenic chloroplasts, depending on their 
developmental condition. So far, the 5'UTR element 
of psbA is known as an important determinant of 
mRNA stability and translational efficiency, because of 
the secondary structure (Zou et al., 2003) and the 
ribosomal binding regions (Kim et al., 1993; Yohn et 
al., 1998). Here, we demonstrated that endonuc[e- 
olytic activation is part of the mechanism of the psbA 
5'UTR that affects processing and translational effi- 
ciency in tobacco chloroplasts. 
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