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The threonine (thr) attenuator with a dyad symmetrical struc- uridine residues were also analyzed, and the results suggested
ture is from the regulatory region of the thr operon of that the variants with the shorter uridine stretch produced

more GUS protein than those with the longer stretch. Trans-Escherichia coli, and encodes RNA with a stem-and-loop
structure followed by a stretch of uridine residues. The thr genic tobacco plants with the thr attenuator and its variants

located between the 35S promoter and GUS coding regionattenuator and its variants were subcloned into the region
between the 35S promoter and b-glucuronidase (GUS) coding were also generated, and their steady state RNAs were

hybridized with 2 radioactive antisense RNA probes whichregion, and the transient expression of GUS gene in tobacco
protoplast was treated as a reporter for gene regulation in bound 5% and 3% of the thr hairpin, respectively. After the
plants. Results from the 14 variants in the stem region of the digestion of S1 nuclease, the amount of the nuclease-resistant

transcript from the protection of the 5% antisense RNA probethr attenuator indicated that both base pairing and sequence
specificity in the G+C-rich region of the stem were important was much more than that from the protection of the 3% probe

in all tested variants. This result suggests that these dyadfor the GUS expression, but 1 base mismatch in the A+U-
symmetries may affect transcription of plant RNA polymeraserich region of stem did not affect the GUS expression in

plants. Seven variants with nested deletion in the stretch of II.

b-globin have been reported to produce attenuated mRNAs
due to the termination within genes (Rougvie and Lis 1988,
Whitelaw and Proudfoot 1986). Therefore, DNA with dyad
symmetry is involved in the regulation of gene expression.

DNA with the dyad symmetry has been found in plant
genomes. It is present in the 5% untranslational region of
gene rbcS (Poulsen et al. 1986), the 3% untranslational region
of gene ids-1 (Okumura et al. 1991), among poly(A) signals
of genes ara and his (Legerton and Yanofsky 1985, Matsui
et al. 1989), and after the poly(A) signals of gene ara
(Matsui et al. 1989). The functions of these dyad symmetries
within genomes are unknown. However, several synthetic
palindromic DNAs were transcribed by purified wheat germ
RNA polymerase II, and results indicate that these dyad
symmetrical DNAs can terminate the transcription in vitro
(Job et al. 1991).

The threonine (thr) attenuator contains a G+C-rich
dyad symmetry followed by a run of deoxythymidine, en-
codes an RNA hairpin with a stretch of uridine, and is from
the regulatory region of the thr operon of E. coli. The effects

Introduction

The primary sequence of DNA can determine the secondary
structures of nucleic acids, and the dyad symmetrical or
palindromic DNA encoding RNA hairpin structures are
prevalent within the prokaryotic and eukaryotic genomes.
The palindromic DNA has been well studied as a termina-
tion signal, and is involved in the attenuation control of
amino acid biosynthetic operons in Escherichia coli (Yanof-
sky 1981, Gardner 1982). In animals, DNA with the in-
verted repeat has been implicated in the transcription
termination of the chicken bH-globin gene (Pribyl and Mar-
tinsen 1988), and DNA encoding an RNA with a hairpin
followed by a uridine-rich region has been noted in the
transcription termination of RNA polymerase II in the
SV40 late gene (Hay et al. 1982). Incorrect transcription also
caused the accumulation of nuclear RNA in cells (Whitelaw
and Proudfoot 1986, Wiest and Hawley 1990). Premature
termination of transcription has been reported, and is an
important method of gene regulation in the case of c-fos
(Bonnieu et al. 1989), c-myc (Bentley and Groudine 1988),
and c-myb (Bender et al. 1987). Also, genes of Hsp70 and
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of the thr attenuator on transcription termination have been
well studied with E. coli (Yang and Gardner 1989), bacterio-
phage (Jeng et al. 1990, 1992, 1997), and chloroplast (Chen
et al. 1995) RNA polymerases. Results from these studies
indicate that the G:C base pairing in the stem region of the
hairpin and a certain length of the polyuridine tract of the
thr RNA hairpin are required for these RNA polymerases to
terminate well. Moreover, not only the base pairing, but
also the sequence by itself in the G+C-rich region of the thr
RNA hairpin are critical in the transcription termination of
bacteriophage RNA polymerases.

The functions of dyad symmetrical DNA in bacteria and
animals have been well documented, but little is known
about its effects in plant. This study is designed to use the
thr attenuator and its variants to study their effects on gene
expression in plants. These variants include point substitu-
tions of dyad symmetry in the G+C-rich region (Lynn et
al. 1987, 1988, Burton 1989) and the A+T-rich region
(Yang and Gardner 1989), as well as a set of nested dele-
tions in the polythymidine tract (Lynn et al. 1988). Results
from this study can be compared with previous studies from
bacteria and bacteriophages with the same DNA dyad
symmetries.

Materials and methods

Plasmid construction

DNA oligonucleotides with sequences 5%-CTAGAGCAAA-
GATGTTTG-3% and 5%-GATCCAAACATCTTTGCT-3%
were chemically synthesized, and inserted into the XbaI and
BamHI sites of pBI221 (Clontech, Palo Alto, CA, USA,
Fig. 1B) to produce plasmid pBI221SI (Fig. 1C).

The 109-bp fragments isolated from the BamHI digestion
of plasmids pTZ19thr (Fig. 1A) and its variants containing
the mutations in the thr attenuator (Jeng et al. 1990) were
cloned into the BamHI site of pBI221 (Fig. 1B) to produce
pBI221thr (structure not shown) and its variants. The 109-
bp fragments from the XbaI digestion of pBI221thr and its
variants were then put into the XbaI site of pBI221SI to
form pBI221SIthr (Fig. 1D) and its variants.

The 104- to 97-bp fragments from plasmids pTZ19T8 to
pTZ19T1 (Jeng et al. 1990) digested by BamHI were cloned
into the BamHI site of pBI221 to produce pBI221T8 to
pBI221T1. The 104- to 97-bp fragments from the pBI221T8
to pBI221T1 treated by XbaI were subcloned into the
corresponding site of pBI221SI, and the final pBI221SIT8 to
pBI221SIT1 were used in this study.

Plasmids for RNA protection assay were constructed as
follows. A HindIII-RsaI fragment (71 bp) from pTZ19thr
(Fig. 1A, Jeng et al. 1990) was cloned into the HindIII and
SmaI digested pTZ18u (Mead et al. 1986) to form
pTZ18HM, which contains a reversed orientation of the
DNA sequence between the 35S promoter and thr attenua-
tor in pBI221SIthr and its variants. The BamHI-BclII frag-
ment (113 bp) from pBI221SI (Fig. 1C) was inserted into the
BamHI sites of pTZ18u in order to form pTZ18BP, which
contains part of the GUS gene in a reversed orientation.

The 2.2-kb fragment isolated from the XbaI and EcoRI
digestion of pBI221SIthr was cloned into the XbaI and

EcoRI sites of pTZ19thr containing T7 promoter (Mead et
al. 1986) to form p19thrGUS, by which the RNA produced
by T7 RNA polymerase was used as a control during the S1
protection assay. All plasmids were purified by CsCl-ethid-
ium bromide isopycnic centrifugation before electroporation
(Maniatis et al. 1982).

Electroporation

The method to isolate protoplast from the leaves of tobacco
(Nicotiana tabacum) has been described (Watanabe et al.
1992, Hung et al. 1993). In order to compare the b-glu-
curonidase (GUS) expression from pBI221SIthr and its vari-
ants quantitatively, plasmid MTC301, which contains the
35S promoter and firefly luciferase (kindly provided by Dr.
Su-May Yu, Institute of Molecular Biology, Academia
Sinica, Taiwan), was treated as an internal control during
electroporation. Isolated protoplast was adjusted by a elec-
troporation solution (0.4 M D-mannitol, 8 mM MES-KOH,
and 5 mM CaCl2) to obtain 2×106 cell ml−1, and treated
with heat shock at 45°C for 5 min. The mixture containing
8 mg of pBI221SIthr or its variants, 8 mg of plasmid

Fig. 1. Schematic representation of DNA templates, RNA tran-
scripts, and RNA probes. Only the T7 promoter and part of 5%
untranslational region of pTZ19thr and the 35S promoter, 5% un-
translational region, and part of b-glucuronidase (GUS) coding
region of pBI series plasmids are shown. Transcription initiation at
the promoter in each template is assigned as position +1. The
position of the thr attenuator (thr) is indicated. A, plasmid
pTZ19thr; B, plasmid pBI221; C, plasmid pBI221SI; D, plasmid
pBI221SIthr. Transcription terminating at the thr attenuator is
indicated as terminated transcript, and reading through thr attenua-
tor is shown as read-through transcript. After the digestion of S1
nuclease the nuclease-resistant regions of transcripts from the hy-
bridization of RNA probes BP and HM are indicated as R1 and
R2, respectively.
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MTC301, 10 mg of calf thymus DNA, and 50 ml of PEG
solution (24% [w/v] polyethylene glycol 4000, 0.4 M D-man-
nitol, 30 mM MgCl2, pH 5.6) was added to 100 ml of
protoplast after the heat shock. Electrophoresis was per-
formed by Baekon 2000 electroporator (Baekon, Inc,
Saratoga, CA) with conditions recommended by the manu-
facturer (2 kV, 22 pulse, 0.4 s burst time, 5 cycles, and 62.5
ms). After centrifugation at 800 g for 5 min, cell pellets were
resuspended in an incubation solution (MS salt, 1% sucrose,
and 0.4 M D-mannitol) at 25°C for 16 h.

GUS assay

The GUS assay procedure was described by Jefferson et al.
(1987) and modified as follows. Protoplast after 16-h incu-
bation was collected by centrifugation at 800 g for 5 min,
and were resuspended in 75 ml of extraction buffer [100 mM
potassium phosphate buffer (pH 7.7), 1 mM EDTA, 8 mM
2-mercaptoethanol, 0.5% Triton X-100, and 10% glycerol].
Cells were broken down by alternate freezing and thawing 3
times, and the supernatant of the cells was collected by
centrifugation at 10000 g for 5 min. Supernatant (50 ml) was
incubated with 150 ml of 4-MUG assay buffer at 37°C
(Jefferson et al. 1987), and 45 ml of this reaction mixture was
taken out at 0-, 10-, 20-, and 40-min time points by the
addition of 1 ml of 0.2 M sodium carbonate. The fluores-
cence of the samples was measured with the excitation
wavelength at 365 nm and emission wavelength at 455 nm
using a Hitachi Spectrofluorometer F2000. A solution of
100 mM 4-methyl umbelliferone (MU) in 0.2 M sodium
carbonate was used to calibrate the fluorescense intensity.

Luciferase assay

The assay method for firefly luciferase was described by Ow
et al. (1987), and the luciferase activity was measured using
the Optocomp 1 Bacterial System (GEM Biomedical Inc.,
Hamden, CT, USA). The average value with standard devi-
ation (SD) from all experiments in this transient expression
study is 15×10696×106 using the above system.

Protein assay

The concentration of protein in each cell extract was mea-
sured by the Coomassie blue binding method (Sedmak and
Grossberg 1977, Spector 1978).

Data calculation

The GUS assays of each sample contain 4 time points. The
slope, with the units of pmol MU min−1, can be obtained
from the linear regression of these 4 points (Jefferson et al.
1987). This GUS result was adjusted by the protein concen-
tration for the amount of cells in each sample and by the
luciferase activity for the efficiency of electroporation, and
the final adjusted data with the unit of pmol MU mg−1

protein min−1 were used in this study. All results were
repeated at least 6 times, and represented as mean9SD.

Production of transgenic plants

The HindIII and EcoRI digestion of pBI221SI containing
the thr attenuator and its variants were inserted into the
pBI121 (Clontech) digested by HindIII and EcoRI.
Agrobacterium tumefaciens strain LBA 4404 cells harboring
the recombinant pBI121 series vectors were used to inocu-
late leaf discs of N. tabacum cv. W38, and transformed
callus tissues were selected by their resistance to karamycin
at 100 mg ml−1 (Horsch et al. 1985). Shoots were regener-
ated from transformed calli, and, after root formation,
plantlets were grown aseptically. The presence of gene con-
structs in transgenic plants was confirmed by Southern blot
analysis and GUS assay.

S1 nuclease protection assay

Transgenic plants with 1 copy of transferred gene were
selected, and the total RNAs of their leaves were isolated as
described (Chomczynski and Sacchi 1987). Using the
HindIII-linearized plasmids pTZ18BP and pTZ18HM, ra-
dioative RNA probes BP and HM were produced by in
vitro transcription with the T7 RNA polymerase in the
presence of [a-35S]CTP, respectively. RNAs of transgenic
plants, in vitro transcripts, and radioactive probes were
treated with RQ-1 DNase (Promega, Madison, WI, USA) at
the final concentration of 0.02 unit ml−1 for 10 min before
hybridization. Hybridization reactions (15 ml) contained 10
mg of RNA from transgenic plants or in vitro transcription,
radioactive RNA probes 1 and 2 (�3×105 cpm each, 20
pmol), 100 mM NaCl, and 50% formamide. The hybridiza-
tion mixture was incubated at 94°C for 5 min, and then at
40°C for 16 h. To the 15 ml-hybridization mixture, 165 ml of
water, 20 ml of 10× S1 reaction buffer [30 mM sodium
acetate (pH 4.5) and 1 mM zinc chloride], 5 ml of yeast
carrier tRNA (10 mg ml−1), and 10 ml of S1 nuclease (20
units ml−1, Promega) were added. After incubation at 37°C
for 60 min, reactions were stopped by adding 150 ml of
phenol/chloroform (1:1). RNA was precipitated with
ethanol and dried under vacuum, and latter analyzed by
electrophoresis on a 6% polyacrylamide gel containing 8 M
urea.

Radioactive gels were displayed on the Molecular Dy-
namics Phosphoimager, and their autoradiographs were
printed out using a Kodat XLS 8600 PS Printer. The
relative radioactivity of RNA bands was quantified using
the Molecular Dynamics Imagequant software.

Results

The prokaryotic GUS gene has been widely used as a
reporter for transcription and translation regulations in
eukaryotic cells. In terms of transient assay, the expression
of a reporter is influenced by the efficiency of the electropo-
ration process. In particular, for the quantitative analysis, a
second reporter gene is required as an internal reference of
electroporation for the comparison among samples. In this
study we used the luciferase gene as the second reporter in
all assays, and found that it was required to obtain repeat-
able results (data not shown). The concentration of protein
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Fig. 2. GUS expressions of pBI221, pBI221SI, and pBI221SIthr.
GUS gene expression of the plasmid pBI221SIthr is treated as the
normalized reference, with a value of 1, for determining the relative
amount of GUS activities. The error bars are indicated as the SD for
at least 6 assays with each construct. The structures of these
plasmids are shown in Fig. 1.

rice and tobacco cell suspensions with the related construc-
tions. Plasmid pBI221SI contains a new ATG start codon
and an extra 10 amino acid codons in front of the original
GUS coding region in pBI221. Although this soybean
conserved sequence, GCAAAGATGT, is apparently differ-
ent from the suggested conserved sequence, GCCGCCPuC-
CATGG, surrounding the start codon in eukaryotes (Kozak
1986, 1987, Joshi et al. 1997) the construction pBI221SI
rather than pBI221 was used in this study.

Variants in the G+C-rich region of the hairpin

Previous studies have shown that some point variants in the
G+C-rich region of the thr attenuator decrease the tran-
scription termination of E. coli (Lynn et al. 1985, 1987,
1988, Burton 1989, Yang and Gardner 1989), bacteriophage
(Jeng et al. 1990, 1992, 1997), and chloroplast (Chen et al.
1995) RNA polymerases. To analyze the effects of these
altered thr attenuators on plant gene expression, variants
containing the transcription-termination structure of the thr
operon regulatory site were cloned into the region between
the 35S promoter and GUS coding region of pBI221SI to
become a pBI221SIthr series (Fig. 1D). These variant DNAs
were then electroporated into the tobacco protoplast, and
the transient expressions of GUS gene were treated as a
reporter for gene regulation in plants. Due to the location of
these dyad symmetries, the expression of GUS gene may be
regulated by both transcription and translation.

The GUS expressions on altered attenuators are presented
in Table 1. The single-position variants (Fig. 3) creating
mismatch in the G+C-rich region (BD10, 138U, 140A,
151A, 153A, and AD1) increased the GUS expression by at
least 2-fold more than the GUS gene with a wild-type thr
attenuator did. This suggests that helix integrity is required
at these positions to diminish gene expression. Helix-stabil-
ity values calculated by the method of Freier et al. (1986)
indicate that the stability of these variants decreased by
5–28% with respect to the structure of the wild-type (Table
1). Therefore, there is no direct correlation with the decrease

was used to normalize the amount of protoplast used among
samples, and this control can eliminate the deviation in
analyses due to the difference from the cell mass used in
each sample.

The construction of pBI221SI

Although the 35S promoter in plasmid pBI221 is a constitu-
tive promoter, the DNA sequence surrounding the ATG,
the start codon, the area of GUS coding region does not
contain the conserved sequence for efficient translation in
eukaryotic cells (Kozak 1986, Joshi et al. 1997). A conserved
sequence, GCAAAGATGTTT, around the start codon of 4
soybean lipoxygenase genes has been reported (Shibata et al.
1987, Yenofsky et al. 1988), and this sequence was inserted
into the XbaI and BamHI sites of pBI221 to produce
pBI221SI (Fig. 1). The GUS expression of pBI221SI was
424984 pmol MU mg−1 protein min−1, which is about
5-fold more than that expressed by pBI221 (Fig. 2). Similar
results were also reported by Kato et al. (1991), and they
showed a 7- to 11-fold more GUS expression than that of

Table 1. GUS expression of thr attenuator variants. a The positions correspond to those in Fig. 3. b DG values (kJ mol−1 at 37°C) were
calculated according to Freier et al. (1986). c The GUS gene expression of the wild-type thr attenuator was treated as the normalized
reference, with a value of 1, for determination of the relative amounts of GUS expression in each experiment as described under ‘Materials
and methods’.

Variant Base pair changePositiona altered DG value (kJ mol−1)b Relative GUS expressionc

Wild-type −96 1.0090.18
2.5490.47−67CG�GG98BC10

138U 100 CG�UG −88 2.5590.87
140A 102 CG�AG −71 4.1690.95

113 CG�CA151A −71 2.2690.53
115 CG�CA153A −67 2.4390.62

2.5690.43−67CG�CC117AD1
BD16 98, 117 CG�GC −96 1.5790.30

1.5090.53−88AU�AA122160A
AU�AC122 −88160C 1.4190.26

122160G AU�AG −88 1.3290.23
131G 93 AU�GU −92 1.6490.27
1316UA 93, 122 AU�UA −96 0.9990.12

0.8190.19−105AU�GC93, 1221316GC
156AC 115, 122 CG�CA −59 2.6590.55

AU�AC
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Fig. 3. The thr attenuator and its variants. The potential RNA
structure encoded by the wild-type thr attenuator is presented. The
nucleotide positions are relative to the transcription initiation site
(+1) of 35S promoter in pBI221SIthr (Fig. 1D). The changed bases
in each variant are indicated (see also Table 1).

wild-type thr attenuator. This may indicate that 1 base
change in the U-rich region of the hairpin does not affect
gene expression in plants.

To test the effect of modifying the run of A residues
preceding the G+C-rich hairpin in the terminator tran-
script (Fig. 3), several variants were assayed. Variant
131G, changing an A:U to a U:G pair (Fig. 3), showed
1.64-fold of GUS expression (Table 1). As mentioned
above, the U:G pair does not create a mismatch in the
stem of the hairpin (Freier et al. 1986). However, both
variants 131G and 138U creating a G:U pair showed
more GUS expression than that of the GUS gene with the
wild-type thr attenuator. It seems that a G:U or U:G pair
in the stem of the hairpin is not sufficient for decreasing
gene expression in plants. Alterations, 1316UA and
1316GC change both the A and U stretches to allow po-
tential base pairing (Fig. 3). Variant 1316UA shows the
same GUS expression as that of the GUS gene with the
wild-type thr attenuator, while 1316GC changing the same
A:U pair to G:C pair slightly decreases GUS expression.

Variants with nested deletion in the polyuridine tract

Lynn et al. (1988) showed that the length of the uridine
tract behind the hairpin affected transcription termination
of E. coli RNA polymerase. These variants with the short-
ened continuous deoxythymidine tract, or their corre-
sponding uridine stretch in RNA, were cloned into
plasmid pBI221SI to form pBI221SIT1 to pBI221SIT8
(Table 2). Variants pBI221SIT8 with 8 uridines after the
G+C-rich region already show 2.54-fold GUS expression
compared to that of the wild-type thr attenuator with 9
uridines. Furthermore, the thr attenuators with less than 8
uridines increase the GUS expression by at least 2.97-fold,
and the shorter the uridine track is in the thr attenuator,
the more GUS product the variants express (Table 2).
This may mean that a long uridine track is required to
reduce the gene expression in the plant.

in GUS expression and the decrease in helix stability, and
similar effects were also noted previously with the bacte-
rial and bacteriophage RNA polymerases on transcription
termination with these same variants (Lynn et al. 1985,
Jeng et al. 1990, 1997).

The compensating variant BD16 changes C:G to G:C
(Fig. 3) and still keeps the hairpin intack. The calculated
stability values for this variant and the wild-type are both
−96 kJ mol−1 (Table 1) but the GUS expressions are
1.57- and 1.00-fold, respectively. Furthermore, according
to free energy suggested by Freier et al. (1986), variant
138U changing a C:G to an U:G pair (Fig. 3) did not
create a mismatch in the stem region (Fig. 3), and shows
2.55-fold GUS expression. In other words, the GUS ex-
pression of 138U with a relative thr hairpin was dramati-
cally increased compared to that of GUS gene with a
wild-type thr attenuator. This further suggests that not
only the stability but also the sequence specificity in the
G+C-rich region of the thr attenuator are required to
eliminate the expression of plant genes. Similar effects
have been observed with bacteriophage RNA polymerases
(Jeng et al. 1990, 1997).

Variants of the A+U-rich region of the hairpin

To determine the effects of changes in the sequence of the
A+T-rich region of the attenuator, variants which encode
both the runs of A and U residues in the transcript were
tested. Some of these variants disrupted each stretch indi-
vidually, whereas others altered both sequences but left
them capable of forming a potential helix between the 2
regions (Fig. 3). Disrupting the U tract (160A, 160C, or
160G) by substituting A, C, or G for U slightly increases
the GUS expression by 1.32- to 1.50-fold compared to
that of the GUS gene with a wild-type thr attenuator
(Table 1). If the SD was taken into consideration, their
expressions were close to that of the GUS gene with the

Table 2. GUS expression of the thr attenuator variants in the
poly(U) track region. a Sequences only show the loop and right
part of the thr hairpin (Fig. 3). The stem region of the hairpin is
underlined. b The GUS expressions of the wild-type thr attenuator
was treated as the normalized reference, with a value of 1, for
determination of the relative amounts of transcript in each experi-
ment as described under ‘Materials and methods’.

RelativeCorresponding sequence in the thrVariant
GUSattenuatora

expressionb

…CUGACAGUGCGGGCUUUUUUUUU… 0.9990.26thr
T8 …CUGACAGUGCGGGCUUUUUUUU… 2.5490.81

…CUGACAGUGCGGGCUUUUUU… 2.9790.45T6
T5 3.3890.42…CUGACAGUGCGGGCUUUUU…

3.6090.83T4 …CUGACAGUGCGGGCUUUU…
…CUGACAGUGCGGGCUUU… 3.3190.85T3

T2 …CUGACAGUGCGGGCUU… 5.3591.11
…CUGACAGUGCGGGCU…T1 12.2092.12
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Fig. 4. Titration of transcript with RNA probes. Using the EcoRI-linearized plasmid p19thrGUS, RNA produced by T7 RNA polymerase
in vitro was hybridized with radioactive antisense probes HM and BP, which hybridized to the 5% and 3% position of the RNA hairpin,
respectively. After the treatment of S1 nuclease, parts of the 92-bp HM and 167-bp BP complementary to the RNA transcripts were
nuclease-resistant, and became 47- and 113-bp probe products R2 and R1, respectively. An autoradiograph was produced from a
Phosphoimager (panel A), and the relative radioactivity of RNA bands was quantified by the Molecular Dynamics Imagequant software
(panel B). Lane 1, 20 pmol; lane 2, 10 pmol; lane 3, 5 pmol; lane 4, 2.5 pmol; lane 5, 1.25 pmol of each radioactive probes BP and HM added.

S1 nuclease protection assay

So far, the effects of the thr attenuator on the GUS gene
expression were analyzed by the transient expression of
b-glucuronidase, whose activity results from the regulation of
both transcription and translation. In order to analyze the
roles of these dyad symmetries in transcription alone, steady
state RNA hybridized with antisense probes were analyzed by
S1 nuclease. These 2 antisense RNA probes, HM and BP,
were produced by T7 RNA polymerase in vitro, and are able
to bind upstream and downstream of the thr hairpin transcript
(Fig. 1D), respectively. Although the sequence and composi-
tion of RNA probes HM and BP are different, both RNA
probes were incubated within the same tube during the S1
nuclease assay. Therefore, it was important to show that both
RNA probes binding with their complementary transcript
have the similar resistance to S1 nuclease, and Fig. 4 did
indicate this result.

First, the optimum condition for the amount of probes used
in the reaction was determined in order to quantify the RNA
transcript by S1 nuclease. Plasmid p19thrGUS (Materials and
methods), like pBI221SIthr, contains the thr attenuator, GUS
coding region, and T7 promoter (Fig. 1D). Using the EcoRI-
linearized plasmid p19thrGUS, RNA produced by T7 RNA

polymerase in vitro included 127 bp terminated and 2.2 kb
read-through transcripts, and was hybridized with radioactive
antisense probes HM and BP, which are able to hybridize the
5% and 3% positions of the RNA hairpin, respectively (Fig. 4A).
After the treatment of S1 nuclease, parts of the 92-bp HM
and 167-bp BP probes complementary to RNA transcripts
were nuclease-resistant, and became 47- and 113-bp probe
products R2 and R1 (Fig. 1D), respectively. Results showed
that 0.2 pmol (0.16 mg) of the RNA transcripts was saturated
with 20 pmol each of probes BP and HM (Fig. 4B). Also, the
radiation value of each band in the gel can be normalized
according to the length and CMP composition of the probe
products (Jeng et al. 1990). The relative molar ratio of probe
products R1 and R2 in lane 1 of Fig. 4A is 0.9:1, which is
close to the estimated ratio of the read-through to the total
RNA produced by T7 RNA polymerase with p19thrGUS as
a template (data not shown). Therefore, probes BP and HM
(20 pmol each) were used and digested by S1 nuclease in the
same tube to determine the amount of RNA transcripts from
transgenic plants. Also, the amount of mRNA within tobacco
cells is less than 10% of the steady state RNA and GUS
mRNA is only part of cellular mRNA; therefore 10 mg of the
total RNA from a transgenic plant should be saturated with
20 pmol of probes BP and HM.

Physiol. Plant. 108, 2000176



The thr attenuator and some of its variants were cloned
into the region between the 35S promoter and GUS coding
region of pBI121, and transgenic plants were generated by
agrobacteria with pBI121 constructs (Horsch et al. 1985).
The steady state RNA isolated from the transgenic plant
was hybridized by the radioactive probes, HM and BP.
After digestion with S1 nuclease, nuclease-resistant R2 from
probe HM indicates the total transcript, and R1 from probe
BP represents the read-through-hairpin transcript produced
by the plant RNA polymerase II from the 35S promoter in
vivo (Fig. 1D). There was no detectable product R1, when
the dyad symmetry is wild-type or variant BD16 (lanes 2
and 4, Fig. 5). However, product R1 was present, when the
dyad symmetry is either variant AD1 or T5 (lanes 1 and 3,
Fig. 5). These may indicate that plant RNA polymerase II
terminated more frequently at the dyad symmetry of the
wild-type and variant BD16 than of variants AD1 and T5.
Indeed, the GUS expressions of the wild-type and BD16
were lower than those of variants AD1 and T5 (Tables 1
and 2). However, since the steady state RNA was measured
within the S1 protection assay, the influence of RNA stabil-
ity cannot be excluded.

Discussion

In this study, dyad symmetries of the thr attenuator and its
variants were inserted between the 35S promoter and GUS
coding region, and the expression of the GUS gene through
DNA electroporation was taken as an indicator of their
effects on gene expression. Since the level of protein expres-
sion is the consequence of both translation and transcription
regulation, the steady state RNA from transgenic plants
with the thr attenuator and its variants were quantified by
S1 nuclease in order to analyze transcription regulation
alone. Results suggested that these dyad symmetries may
affect transcription of plant RNA polymerase II, and may
also influence the stability of RNA. However, since the thr
attenuator is located at the 5% untranslated region (UTR) of
the GUS gene, the involvement of translation control can-
not be excluded.

The function of hairpin structures in the 5% UTR of the
plant nuclear mRNA has been studied by the translational
activity (Kozak 1989, 1994). A hairpin with free energy
−125 kJ mol−1 inhibited translation when it was 12 nucle-
otides (nt) from the 5% end of mRNA, but did not affect
translation when it was 52 nt from the 5% end (Kozak 1989).
This result suggested that ribosome, once bound to mRNA,
had the ability to penetrate the secondary structure (Kozak
1989) and ribosome binding requires mRNA with a rela-
tively long stretch of 5% end without a hairpin structure
(Kozak 1994). According to this conclusion, the thr attenua-
tor within the pBI221SI may not interfere with mRNA from
translation, since the free energy of the wild-type thr attenu-
ator is only −96 kJ mol−1 and located at 80 nt from the 5%
end of GUS mRNA (Fig. 1D).

Also, with the 5% UTR of plant nuclear mRNA the
presence of a hairpin structure helps the recognition of the
start codon, AUG, in a cell-free system using the chloram-
phenicol transferase mRNA (Kozak 1989). However, a hair-
pin structure from the PO149 mRNA of alfafa contains the
start codon as its stem region, and was proposed to repress
translation (Wu et al. 1996). The choice of start codons in
the mRNA of barley yellow dwarf virus encoding overlap-
ping genes is also regulated by the hairpin structure (Dinesh-
Kumar and Miller 1993). It seems that if the location of a
hairpin structure is nearby the start codon, then the hairpin
may be involved in the regulation of translation.

Furthermore, the 5% UTR in the late anther tomato gene
was identified as repressing the expression of the luciferase
reporter gene in both transient experiments and stable trans-
formation, and a hairpin structure participated in this re-
pression. This 5% UTR sequence dramatically decreased
mRNA accumulation but without affecting translation rate
and mRNA stability (Curie and McCormick 1997). This
result agrees with our conclusion that if the position of a
hairpin structure is located between the 5% end and the start
codon of mRNA it may inhibit transcription.

The variability in expression of a transgene among the
transgenic plant population was reported (Hauffe et al.
1993), and also observed in this study (data not shown). In
this study, a transgenic tobacco population was selected by
kanamycin, and further confirmed by Southern blot and
GUS activity analyzes. The antisense RNA probes, HM and

Fig. 5. The S1 nuclease assays of the transgenic plants with the thr
attenuator and its variants. The steady state RNA from the leaves
of transgenic plants grown aseptically was hybridized with RNA
probes HM and BP, which were produced by the in vitro transcrip-
tion of the T7 RNA polymerase using the DNA templates
pTZ18HM and pTZ18BP, respectively. After the digestion of S1
nuclease, the nuclease-resistant products were assayed by polyacry-
lamide gel. Without the digestion of S1 nuclease, the positions of
probes HM and BP from pTZ18HM and pTZ18BP were indicated
as HM and BP, respectively. With the digestion of S1 nuclease, the
nuclease-resistant products from the hybridization of transcripts
with probes HM and BP were indicated as R2 and R1, respectively.
Lane 1, AD1; lane 2, wild-type; lane 3, T5; lane 4, BD16; lane 5,
probe 2 without S1 digestion; lane 6, probe 1 without S1 digestion;
lane 7, probe 2 with S1 digestion; lane 8, probe 1 with S1 digestion.
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BP, separately binding to the upstream and downstream of
the thr attenuator, were digested by S1 nuclease, and the
nuclease-resistant products R1 and R2 were used to estimate
the relative amount of steady state RNA in each individual
transgenic tobacco. Therefore, the variability of the amount
of mRNA among the transgenic plant population should not
affect the ratio of R1 to R2 of a specific transgenic construct.

The steady state RNA of transgenic tobacco was estimated
by antisense RNA probes, and these 2 probes, which are
different in the length and composition, were used in the same
tube during S1 nuclease assay. Therefore, it is important to
confirm that 2 RNA probes, once binding to their comple-
mentary RNA, show the same or similar ability to survive in
the digestion of S1 nuclease. Probes HM and BP were chosen
for the S1 assay (Fig. 4) after several probes were tested (data
not shown).

The thr attenuator has been studied with E. coli and
bacteriophage RNA polymerases, and reported as a transcrip-
tion terminator (Lynn et al. 1985, 1987, Jeng et al. 1990, 1997).
Compared to the wild-type thr attenuator, variants, like
BC10, 140A, 151A, 153A, and AD1, with the mismatch in the
G+C-rich region of the hairpin increased the RNA poly-
merase reading through the thr attenuator hairpin in E. coli
and bacteriophages, and enhanced the GUS protein produc-
tion in plants (Table 1). It seems that the base pairing in the
G+C-rich region is critical for maintaining the function of
the hairpin in both prokaryotic and eukaryotic cells. How-
ever, the predicted hairpin stability (Table 1) did not correlate
with the termination efficiency of E. coli and bacteriophage
RNA polymerases (Lynn et al. 1985, Jeng et al. 1990, 1997),
and neither did GUS gene expression in plants (Table 1).

The studies of the thr variants with nested deletions in the
poly(U) region with E. coli and bacteriophages (Lynn et al.
1988, Jeng et al. 1990, 1997) indicated that the longer the
polyuridine tract, the more the RNA polymerase was termi-
nated by the thr hairpin. Results from the transcription of T7
RNA polymerase showed that T7 RNA polymerase needed
the thr hairpin with at least 5 uridine residues to begin to cease
RNA synthesis, and that 8 or 9 are required for maximal
termination (Jeng et al. 1990). Similar results were also found
in plant gene expression, and hairpins with a longer uridine
tract prevented more GUS from expression than that with a
shorter uridine run (Table 2). These results may indicate that
the poly(U) tract was involved in the gene regulation of both
prokaryotes and plants.

Dyad symmetries are present in many plant genes. In this
paper, the expression of GUS gene by tobacco can be
controlled by the dyad symmetrical DNA structure encoding
a hairpin structure of RNA. The sequence specificity in the
G+C-rich region of the thr hairpin was identified to be an
important factor in terminating bacteriophage RNA poly-
merase (Jeng et al. 1990, 1997) and decreasing the GUS
protein from tobacco, but was not important for the E. coli
RNA polymerase (Lynn et al. 1985). Also, the S1 nuclease
assays of the steady state RNA from transgenic plants showed
that these dyad symmetries affect transcription in plants. The
results from this study enhance the understanding of the roles
and functions of dyad symmetries within the 5% UTR region
of plant genes.
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