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In a construct containing a GUS reporter gene driven by the 50 regulatory elements from rubi3, expression
was enhanced 4-fold when a 20-nucleotide (nt) GUS 50 untranslated sequence was replaced with 9 nt
sequences derived from rubi30 s second exon. The roles of the sequences immediately upstream from the
GUS translation initiation codon, and their signiﬁcance in gene expression, were investigated. Sequence
analysis suggests that complementarity between sequences immediately 50 of a translation initiation
codon and the rice 17S rRNA may be responsible for the reduction in protein levels from constructs
containing the GUS leader sequence. The results demonstrate an affect sequences immediately upstream
from transgenic coding sequences have on expression, and when using the rubi3 50 regulatory sequence
in particular.
ß 2009 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
Ubiquitin is a highly conserved eukaryotic protein that contains
76 amino acids (aa) and is important for many cellular processes
[1]. The polyubiquitin gene family consists of genes containing
tandem repeats of the 76 aa monomer [1,2]. In plants, many
polyubiquitin genes have been isolated and studied [1,3].
Polyubiquitin gene promoters usually have strong and constitutive, or near-constitutive, expression patterns [4] and thus have a
potential to be widely used in transgene studies in plants, as well as
in crop biotechnology. In monocot transgenic research, the maize
Ubi1 promoter [6] has been widely used to express reporter genes
and other ‘‘useful’’ genes [5]. The high expression capacity of these
promoters is usually attributed to an approximately 1 kb sequence
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immediately 50 of the translational start codon that is spliced out
and not present in the mRNA [3,5] (referred to as a ‘‘50 UTR intron’’).
We recently isolated and characterized the promoter region of a
rice polyubiquitin gene, rubi3, that contained an 808 bp promoter,
a 67 bp 50 UTR (referred to as ‘‘untranslated exon 1’’, or ‘‘exon 1’’),
and an 1140 bp 50 UTR intron [3]. We observed over 20-fold intronmediated enhancement (IME) of the GUS reporter gene expression
in transient assays in rice suspension cells. Modiﬁcations of
nucleotide sequences in exon 2, which contains the translation
start codon and the ﬁrst ubiquitin monomer coding sequence,
further increased expression to 90-fold over the intronless rubi3
promoter [3]. This independent, 4-fold enhancement took place at
the translational level [7].
Many strategies have been used to augment transgene
expression in plants. Among them, certain leader sequences in
front of the AUG translation initiation codon increase efﬁciency of
translation initiation to enhance transgene expression [8,9]. The
best-known instance is the use of the omega enhancer sequence
from the tobacco mosaic virus [10]. Some plant gene sequences
also enhance transgene translation. For example, a 50 UTR sequence
conserved among soybean lipoxygenase genes, when fused with a
b-glucuronidase (GUS) gene under control of the CaMV 35S
promoter, increased GUS activity by 11- and 7-fold in rice and
tobacco, respectively [11]. A similar sequence from the pea
plastocyanin gene, petE, stimulated 5–10-fold higher GUS translation in transgenic tobacco [12]. In addition, translational fusion of a
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ubiquitin monomer coding sequence with a reporter gene also
increased transgene expression [13,14]. In our earlier report, we
demonstrated enhanced GUS expression in rice suspension cells by
translationally fusing the rubi3 ubiquitin monomer coding
sequence (from exon 2) with the GUS coding sequence in place
of the 20 nt GUS non-coding ‘‘leader sequence’’ [3]. The enhancing
effect caused by the ubiquitin monomer fusion was retained
when the monomer sequence was narrowed down to 9 nucleotides, coding for the ﬁrst three amino acid residues of the rubi3
protein. Mutagenesis at the third nucleotide of the AUG codon in
this 9 nucleotide sequence still maintained the enhancing
effect while producing the original GUS protein without any
fusion [3]. This observation prompted us to investigate the roles of
the 9 nt from rubi3 exon 2 and the 20 nt non-coding leader
sequence in GUS expression. This 20 nt leader sequence consists of
14 nt from the original GUS gene and a 6 nt SmaI site coming from
vector pAHC25 [3,6].
In this current study, we reduced the 9 nt from rubi3 exon 2 to 3
and 0 nt in the gene construct in order to determine the minimum
sequence required to maintain enhanced GUS expression. We show
that the leader sequence carried over with the GUS coding
sequence largely suppresses this enhancement. We further
demonstrate that removal of a similar leader sequence from a
GUS construct under control of the maize Ubi1 promoter yields an
approximately 4-fold increase in GUS gene expression. Computational analysis of the 20 nt GUS leader sequence reveals substantial
complementarity with the rice 17S rRNA, and this could be
hindering translation.
2. Materials and methods
2.1. Plasmid constructs
A series of PCRs were performed to make gene constructs for the
experiments. Supplementary Table 1 lists the primers used for the
PCRs. A 368 bp PCR product was ampliﬁed using FusionF and
McsR2 primers with pRESQ4 [3] plasmid DNA as the template. The
PCR product was then cloned in PCR4 TOPOTM (Invitrogen,

Carlsbad, CA, USA). The 272 bp DNA fragment obtained by
digesting the resulting plasmid with BglII and SmaI was ligated
to pRESQ4, which had been digested with the same two enzymes,
to obtain pRESQ2b (Fig. 1).
A 373 bp PCR product obtained by using FusionF and 9aa* PCR
primers and pRESQ36 [3] plasmid DNA as the template was cloned
in PCR4 TOPOTM. The 166 bp fragment from EcoRV and BsMI
enzyme digestions of the resulting plasmid was ligated in EcoRV/
BsMI digested pRESQ36 to get pRESQ85 (Fig. 2).
The 373 and 370 bp PCR products using primers FusionF and
3ntatcR or Resq4 with pRESQ48 [3] plasmid DNA as the template
were cloned in PCR4 TOPOTM. Digestion of the two intermediate
plasmids with BglII and BsMI resulted in 321 and 318 bp
fragments, and these were ligated with pRESQ48 digested with
the same enzymes to obtain pRESQ68 and pRESQ70 plasmids,
respectively (Fig. 3). To make binary vectors for stable transformation, the 4136 or 4127 bp fragments obtained by digesting
pRESQ48 or pRESQ70 with EcoRI enzyme were cloned in EcoRIlinearized pCAMBIA1300 (CAMBIA, Canberra, Australia) binary
vectors to obtain pCAM48 and pCAM70, respectively.
A three-primer PCR technique [15] was used to make the
maize Ubi1-GUS fusion gene construct, pRESQ95, based on
pRESQ29 [3], to eliminate the 37 nt GUS leader sequence. The
two outer primers, Ubizlf and FusionR, were used in combination
with the linking primer, Ubifusion, to make a 1394 bp PCR
product. This PCR product was cloned in PCR4 TOPOTM. The
1008 bp fragment from the NcoI and BsMI digestion of the
resulting plasmid was ligated into NcoI/BsMI digested pRESQ29
to obtain pRESQ95, which contained the maize Ubi1 promoter
and 50 UTR intron directly fused to the ﬁrst ATG of the GUS
coding sequence (Fig. 6).
A 433 bp PCR product obtained by using FusionR and Zerosma
PCR primers and pRESQ70 plasmid DNA as template was cloned in
PCR4 TOPOTM. The 394 bp fragment from XmaI and SnaBI digestion
of the intermediate plasmid was ligated into XmaI/SnaBI digested
pRESQ4 to obtain pRESQ101 (Fig. 7). All the PCR products were
subjected to sequence analysis before being used for gene
construction.

Fig. 1. The effects of the modiﬁed 9 nt rubi3 exon 2 sequences when placed along with the GUS non-coding leader sequence in the rubi3 promoter constructs. Plasmid construct
pRESQ2b was made to have both leader sequences (underlined) from pRESQ48 and pRESQ4. pRESQ4, with a 20 nt GUS leader sequence, and pRESQ48, containing the modiﬁed
9 nt rubi3 exon 2 sequence, were used for comparison. The graph on the right shows GUS activity. Rice suspension cells bombarded with the luciferase gene (LUC)-containing
plasmid pJD313 were used as a control, and the data in the graph was normalized to the LUC activity.
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Fig. 2. The effects of distance between the 50 UTR intron and the GUS coding sequence in rubi3 promoter constructs. Construct pRESQ36 fused the ﬁrst 9 aa (27 nt) from rubi30 s
exon 2 to the GUS protein and had enhanced expression over pRESQ4. Construct pRESQ85 contains the same 27 nt as pRESQ36, except a single nt mutation at the ubiquitin
ATG start codon (underlined). pRESQ4 had 20 nt from the GUS leader sequence (underlined) between the intron and the GUS ATG start codon. Transient MUG assays were
performed with these constructs using rice suspension cells. The data in the graph are normalized to LUC data. The control cells were bombarded with pJD313 only.

2.2. Transient GUS assays
All of the plasmids used for transformation experiments were
puriﬁed using the Qiagen1 plasmid midi kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s procedure. Particle bombardment of various GUS gene constructs on rice suspension cells
was employed to evaluate the expression levels of the constructs.
Culture conditions, bombardment methods, and transient GUS
assays were performed using procedures described previously [3].
In all transient assays, each construct was co-transformed with
pJD313 containing a luciferase gene (LUC) expression cassette to
serve as an internal control for normalizing the GUS data. Controls
were maintained in every experiment, in which suspension cell

were bombarded with gold particles coated with pJD313 plasmid
only. All assays had three replicates for statistical analysis.
2.3. Stable transformation of rice with Agrobacterium tumefaciens
The freeze–thaw method [16] was applied in transformation of
Agrobacterium tumefaciens. The binary vector DNA from pCAM48
and pCAM70 was used to transform the A. tumefaciens strain
EHA105 [17] carrying supervirulent plasmid pTOK47 [18] to yield
EHA105 (pTOK47, pCAM48) and EHA105 (pTOK47, pCAM70),
respectively. Rice (Oryza sativa L. cv. Taipei 309) transformation
was performed using EHA105 (pTOK47, pCAM48) or EHA105
(pTOK47, pCAM70) following the protocol published by CAMBIA

Fig. 3. Transient GUS assays to determine minimum requirement of rubi30 s exon 2 subsequence for expression enhancement. Plasmid constructs (pRESQ48, 68 and 70)
containing various lengths of mutated subsequences from rubi30 s exon 2 were co-transformed with pJD313 containing the LUC gene in rice suspension cells and compared
with pRESQ4. The graph shows data normalized to LUC activity in each of these constructs. The control cells were bombarded with pJD313 only.
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[19]. Calluses induced from mature seeds were infected with
Agrobacterium and selected with hygromycin B (AG Scientiﬁc Inc.,
San Diego, CA, USA). After rooting, the regenerated plants were
transferred to pots and maintained in a greenhouse.
2.4. Northern blot analysis of the transgenic rice lines
Total RNA from the T1 seedlings of various transgenic rice lines
was isolated using Trizol1 reagent (Invitrogen) according to the
manufacturer’s procedure. The ﬁrst leaf of an approximately 4week-old seedling was used for extracting the total RNA. Total RNA
extracted from non-transgenic Taipei 309 seedlings of the same age
was used as a control. Five micrograms of total RNA from each line
were separated in a 1% MOPS–formaldehyde agarose gel [20]. After
electrophoresis, RNA was blotted to the Hybond-N+1 membrane
(Amersham Biosciences, Piscataway, NJ, USA). The blot was probed
with a 759 bp PCR-generated DNA fragment from the GUS coding
sequence with primers GUSF and GUSR (Supplementary Table 1).
DNA probes were labeled with [32P]-dCTP using Prime-It II1 random
priming kit (Stratagene, Cedar Creek, TX, USA) according to the
manufacturer’s protocol. Hybridization and washing of the membrane were performed using procedures provided by Amersham.
The radioactivity was then detected by a StormTM 840 phosphorimager and analyzed with the Image Quant TL version 2005 software
(Amersham). The readings were normalized by the intensity of the
ribosomal RNA bands stained with EdBr.
2.5. Veriﬁcation of intron splicing by RT-PCR
Reverse transcription PCR (RT-PCR) was performed using total
RNA from transgenic rice plant lines containing constructs derived
from either pRESQ4, pRESQ48 or pRESQ70. Genomic DNA from a
pRESQ70 transgenic plant was used to perform PCR as a control to
show the position of the non-spliced product. Total RNA from the
non-transgenic Taipei 309 rice plant was used as a negative control.
RT-PCR was performed with SpliceF and SpliceR primers (Supplementary Table 1) located in the rubi3 exon 1 region and the GUS
coding sequence, respectively, using an RT-PCR kit (Applied
Biosystems, Foster City, CA) and standard conditions. The ampliﬁed
PCR products were sequenced with the SpliceR primer. The resulting
sequence data were compared with the rubi3 intron and ﬂanking
sequences to verify splicing accuracy in these transgenic lines.
2.6. Base-pairing comparison of leader sequences
A computer program ‘‘free2bind’’ written based on an algorithm
described by Starmer et al. [21] was used for analyzing the
complementarity between the 50 UTR sequences of the GUS
transgene mRNAs of various constructs and the rice 17S rRNA [22].
Minimum DGo values were calculated using the free-align and
free-scan programs [21]. These programs combine experimentally
derived thermodynamic parameters with a dynamic programming
algorithm that calculates the minimal free energy for hybridizing
two RNA sequences at a speciﬁc temperature. All the sequencepairing analyses were performed with the temperature setting at
25 8C. The program is accessible on-line at the following URL:
http://www.unc.edu/starmer/free2bind/.
3. Results
3.1. Effects of subsequences from rubi30 s second exon on GUS
expression
Construct pRESQ4 has a 20 nt non-coding leader sequence
immediately upstream from the coding sequence, which was
carried over from plasmid pAHC25 [6] (Fig. 1). Fourteen nt in this

20 nt sequence were from the original E. coli uidA gene 50 UTR [23],
and the remaining is a SmaI restriction sequence [6]. In construct
pRESQ48, we replaced the 20 nt leader sequence from pRESQ4 with
the sequence, ATCCAGATA, which is a mutated version of the ﬁrst 9
nt of the rubi3 coding sequence (from exon 2), where the third base
was changed from ‘G’ to ‘C’ [3]. We observed an increase in
transient GUS expression from pRESQ48 by about 4-fold over
pRESQ4 [3]. The plasmid pRESQ2b was made by placing the above
9 nt sequence in front of the original 20 nt leader sequence in
pRESQ4 (Fig. 1). In transient assays, GUS expression levels from
pRESQ2b were comparable to that from pRESQ4 (Fig. 1). Thus, the
enhancement associated with the 9 nt sequence (as seen in
pRESQ48) was lost when the original 20 nt leader sequence was
between it and the start codon.
3.2. Does the proximity of the translation start codon to the 50 UTR
intron affect GUS expression?
In the above-described experiment, we noticed that the
distances between the 50 UTR intron and the GUS translation
initiation codon in pRESQ4 and pRESQ2b (20 and 29 nt,
respectively) was longer than the one in pRESQ48 (9 nt). We
wondered whether the lower GUS activities from pRESQ4
and pRESQ2b were due to a longer distance between the
intron and the translation initiation codon. To examine this
possibility, we created construct pRESQ85, based on pRESQ36
that we reported previously [3]. Plasmid pRESQ36 is a
translational fusion of the ﬁrst 27 nt from the rubi3 exon 2
coding sequence with the GUS coding sequence. The GUS activity
from construct pRESQ36 was comparable to pRESQ48 in
transient assays [3]. We mutated the ATG at the start of the
27 nt rubi3 coding sequence to ATC in pRESQ36 to create
pRESQ85 (Fig. 2). In transient expression assays, the GUS activity
from pRESQ85 was similar to pRESQ36, and about 4-fold greater
than pRESQ4, indicating that the lower expression from pRESQ4
and pRESQ2b was not caused by the greater distance between
the translation initiation codon and the 50 UTR intron splicing
site (Fig. 2).
3.3. Is the 9 nt from rubi3 exon 2 necessary for the enhanced gene
expression?
In our previous report, we showed that the mutated ﬁrst 9 nt
from rubi3 exon 2, as in pRESQ48, were sufﬁcient to signiﬁcantly
enhance GUS expression levels over pRESQ4 [3]. To study how
many of these 9 nt were necessary for the observed expression
enhancement, we created pRESQ68 and pRESQ70 constructs from
pRESQ48. Construct pRESQ68 had only the ﬁrst 3 nt (ATC) of the
original 9 nt sequence, while all 9 nt were removed to create
pRESQ70, eliminating all untranslated sequence between the rubi3
50 UTR intron and the GUS start codon (Fig. 3, GenBank accession
no. EU503043). Transient GUS assay results from both constructs
were very similar to that of pRESQ48 (Fig. 3), suggesting that none
of the rubi3 coding sequence is necessary for the observed
enhancement.
3.4. Analysis of GUS expression in transgenic rice plants
To further study GUS expression from these constructs at the
whole plant level, 24 transgenic plant lines were generated from
Agrobacterium EHA105 (pTOK47, pCAM70), which contains the
rubi3/GUS reporter gene construct with no UTR between the 50
UTR intron and the GUS start codon. Two transgenic rice plant
lines were also recovered from Agrobacterium strain EHA105
(pTOK47, pCAM48), which contains the rubi3/GUS construct that
contains the sequence, ATCCAGATA, between the 50 UTR intron
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and the GUS start codon. GUS transgene copy number was
determined by RealTime PCR and conﬁrmed by Southern analysis
(data not shown). To study GUS expression at both RNA and GUS
enzyme activity levels, seven T1 plants from line pCAM70E1
were compared with T1 plants from the pCAM48E1 plants.
Additionally, we examined two existing plant lines: one
(pCAM36E1) derived from pRESQ36, which contained the ﬁrst
27 nt from rubi30 s exon 2 between the rubi3 50 UTR intron and the
start codon for GUS (pCAM36 is referred as pJLU6 in [7]), and a
second (pCAM4E1) derived from pRESQ4, which contained the
original 20-nt non-coding GUS leader sequence (pCAM4 is
referred as pJLU2 in [7]). The representative plant lines for each
of these constructs were chosen from a pool of single copy plant
lines that showed similar GUS mRNA levels in an earlier analysis
[7]. The results are presented in Fig. 4A and B. Quantiﬁcation of
GUS mRNA levels by phosphorimaging revealed very similar
expression levels among these lines (Fig. 4A). MUG assays
showed that the GUS activities in plants from constructs based on
pRESQ70, pRESQ48, and pRESQ36 were about 3-fold greater than
that of pRESQ4-derived plants (Fig. 4B). The result is consistent
with our earlier analysis using transient assays and analysis of
transgenic rice plants using constructs derived from pRESQ4 and
pRESQ36 [7]. RT-PCR and subsequent sequence analysis of the
products indicate that the rubi3 50 UTR intron was correctly and
well spliced in transgenic rice plants containing various gene
constructs (Fig. 5) and that the observed difference in GUS
activity was not caused by inefﬁcient splicing. The results further
conﬁrm that the 3–4-fold enhancement of GUS activity from
various constructs with exon 2 sequence modiﬁcations
(pRESQ36, 48 and 70) is translational, as reported earlier [7],
and indicate that the relatively low GUS expression in pRESQ4
was caused by its non-coding leader sequence.
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Fig. 5. Veriﬁcation of intron splicing in transgenic rice plants of various rubi3
promoter constructs. RT-PCR products of total RNA from plants transformed with
pRESQ4, pRESQ48 and pRESQ70, and from a non-transgenic Taipei 309 plant (NT
TP309), were fractionated by electrophoresis on a 1% agarose gel as shown in lanes
2, 4, 5 and 6. PCR with genomic DNA was designed to indicate the size of the product
from non-spliced GUS mRNA (lane 3). Molecular weight standards were loaded in
lane 1 and some are marked on the left. The expected sizes of the PCR products, with
the intron spliced or unspliced, are indicated on the right. Bands below 100 bp in
each lane are primers used in the PCR reactions.

3.5. Removal of the leader sequence from the maize Ubi1 promoter
construct also increased GUS expression
To further examine the hypothesis that the non-coding leader
sequence in pRESQ4 inhibited translation, we created construct
pRESQ95, which is derived from pRESQ29, a maize Ubi1 promoterGUS construct we had used in our previous studies [3]. The GUS
gene in pRESQ29 contains a 37 nt non-coding leader sequence [6],
of which a segment of 20 nt was identical to that in pRESQ4. The
construct pRESQ95 was made identical to pRESQ29 except that the
37 nt leader sequence was completely removed in order to have
the ﬁrst ATG of the GUS coding sequence fused right behind the
maize Ubi1 50 UTR intron, just as in construct pRESQ70 (Fig. 6).
Similar to what we observed in the rubi3 promoter constructs,
when the leader sequence was removed from the maize Ubi1
promoter construct, GUS enzyme activity was increased by about
4-fold (Fig. 6). This result further conﬁrms our observation with
constructs pRESQ4 and pRESQ70, and suggests that the GUS leader
sequence have an inhibitory role on gene expression at the
translational level.
3.6. Complementarity between non-coding leader sequences and the
rice 17S ribosomal RNA negatively correlates with the translational
enhancement

Fig. 4. GUS RNA and protein expression in transgenic plants with various gene
constructs. With a non-transgenic Taipei 309 plant used as a control (TP309), (A)
shows a Northern blot of total RNA, from the same set of transgenic rice plants used
in the MUG assays, hybridized with a GUS gene probe. The number below each lane
represents GUS mRNA amounts as determined by phosphorimaging and normalized
to quantities of the rRNA. (B) GUS enzyme activity in the different transgenic plants.
(C) A list of the original plasmid vectors, their corresponding binary vectors used in
rice transformation, and the relevant transgenic lines analyzed in the experiment.

From the above experiments, and the results reported
previously [3], we conclude that the rubi3 promoter together
with its 50 UTR intron (and likely other plant polyubiquitin
promoters such as the maize Ubi1 with their 50 UTR introns) has a
potential to achieve high levels of transgene expression, but the
expression could be affected by non-coding leader sequences
between the intron and the start codon. As indicated in this report,
the GUS leader sequences used in the study had a substantial
inhibitory effect on gene expression at the translational level. Since
all of our experiments were performed in rice, to further gain
insight into the observed translational inhibition, we compared the
rice 17S ribosomal RNA sequence (GenBank accession no. X00755)
with the non-coding leader sequences used in our constructs, and
calculated the minimum DG8 values for best pairing as determined
by the ‘‘free2bind’’ software [21]. Although each construct has
certain pairing, the constructs pRESQ4 and pRESQ29 showed the
strongest pairing, or lowest DG8 values, between the non-coding
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Fig. 6. Removal of the GUS leader sequence in a maize Ubi1 promoter construct enhanced GUS gene expression. The GUS non-coding leader sequences in plasmid constructs
pRESQ4 and pRESQ29 were removed and fusion constructs pRESQ70 and pRESQ95 were made in a way that the GUS coding sequence was directly fused to the intron 30 splice
site. Each of these constructs was co-bombarded with pJD313 plasmids to the rice suspension cells. The graph shows the GUS enzyme activity of each construct normalized to
LUC activity. The control cells were bombarded with pJD313 only.

Table 1
Correlations among potential base-pairing between the leader sequences and the rice 17S rRNA and transient expression of GUS gene constructs.
Plasmid construct
pRESQ29
pRESQ4
PRESQ101
pRESQ85
pRESQ48

Exon 2 untranslated sequence
GTCGACTCTAGAGGATCCCCGGGTAGGTCAGTCCCTT
CCCGGGTAGGTCAGTCCCTT
CCCGGG
ATCCAGATATTCGTTAAGACCCTCACT
ATCCAGATA

Lowest minimum

DG8 kcal/mol

No. of 17S rRNA sites
with Delta G8 < 13a

Fold change
in expressionb

18.98
18.89
13.17
12.32
10.71

14
8
1
0
0

4
4
0
0
0

a
‘‘No. of 17S rRNA sites with DGo < 13’’ column shows that both pRESQ29 and pRESQ4 have potential to bind to rice 17S rRNA at several locations, in contrast to pRESQ48,
pRESQ85, and pRESQ101. ‘‘Minimum DG8’’ is an indication of how strong the optimal binding between the two RNA molecules is. The lower the value is, the stronger the
binding between the two molecules.
b
Fold change of pRESQ29 is in comparison to pRESQ95 whereas change of pRESQ48, 85, or 101 is relative to pRESQ70. Neither pRESQ95 nor pRESQ70 has exon 2
untranslated sequence.

leader sequences and the 17S rRNA (Table 1). Most strikingly, there
are multiple sites (8 for pRESQ4 or 14 for pRESQ29) in rice 17S
rRNA that could potentially bind to the leader sequences of these
constructs with minimum DG8 values lower than 13 kcal/mol
(Supplementary Table 2), while no such strong binding sites were
found in constructs pRESQ85 and pRESQ48, which have higher GUS
expression.
Analysis of the 20 nt leader sequence present in pRESQ4 using
the ‘‘free2bind’’ software revealed that all 20 nt are involved in a
fair amount of complementarity to certain rice 17S rRNA sequence
fragments with DG8 values lower than 13 kcal/mol (Supplementary Table 2). These 20 nt are also included in the 37 nt leader
sequence in pRESQ29, and are attributed to most of the strong
binding with rice 17S rRNA (Supplementary Table 2).
To further test the hypothesis that binding between the leader
sequences and the 17S rRNA inhibited translation, and to facilitate
cloning of ‘‘useful’’ genes for maximal expression under control of
rubi3 promoter, vector pRESQ101 (GenBank accession no.
EU503042) was constructed based on the knowledge gained from
‘‘free2bind’’ software analysis. In pRESQ101, only the SmaI
restriction site, CCCGGG, from the pRESQ4 leader sequence was

retained and the remaining 14 nt were removed (Fig. 7). By doing
so, pRESQ101 eliminated 7 out of 8 potential strong binding sites
with rice 17S rRNA from pRESQ4 (Table 1). In transient GUS assays,
the reporter gene expression of pRESQ101 was comparable to that
of pRESQ48 and pRESQ70, and about 4-fold higher than pRESQ4
(Fig. 7).
4. Discussion
The rubi3 50 regulatory sequence has comparably strong
activities in both rice and maize cells [26], and its expression is
constitutive [27], suggesting its potential use in plant biotechnology. Our laboratory cloned and reported the rubi3 50 regulatory
sequence, including its promoter and the 50 UTR exon 1 and intron,
and used it as a model system to study IME in monocot plants
[3,7,25,27]. When we included the 50 UTR intron, we observed
approximately 2-fold enhancement of transcription, but over 20fold enhancement of mRNA accumulation in rice suspension cells,
indicating that post-transcriptional events play the most important role in IME [24,25]. In our earlier report [3], we demonstrated
that gene expression is even further enhanced when the ﬁrst 9 nt of
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Fig. 7. GUS activity of construct pRESQ101 in comparison with other constructs. The pRESQ101 has 6 nt (SmaI restriction site) between rubi3 intron and the ATG initiation
codon of the GUS coding sequence. Each of these constructs was co-delivered with pJD313 plasmids to rice suspension cells. The graph shows GUS enzyme activity of each
construct normalized to LUC activity. Control cells were bombarded with pJD313 only.

coding sequence (original or mutated) from rubi3 exon 2 were
fused to the GUS coding sequence (constructs pRESQ42, 46, 47 and
48). In this report, we showed that the observed enhancement is
more likely to be attributable to the removal of the leader sequence
carried over from the original GUS gene construct, and points to
adverse affects leader sequences can have on translation (Fig. 1).
It has been reported that potential base pair formation between
the small ribosomal subunit (depending on the species, this is
either a 17S or an 18S rRNA and the labels are often used
interchangeably) and 50 UTR mRNA leader sequences could affect
translation efﬁciency both positively and negatively [9,28–31]. In
one such report in plants, Akbergenov et al. observed in vitro and in
vivo enhancement of translational efﬁciency of the GUS mRNA
when sequences complementary to the rice 17S rRNA were
introduced into the constructs’ 50 untranslated region [30].
Speciﬁcally, the enhancement was attributed to base-pairing
between the leader sequences and rice 17S rRNA nucleotides
1105–1114 and 1115–1124. While these results may appear to
contradict what we are currently reporting, they do not. The strong
base-pairing between the 17S rRNA and the leader sequences
(present in pRESQ4 and pRESQ29 constructs) that we are
proposing to inhibit translation does not include either of these
two regions (Supplementary Table 2). Furthermore, one region in
rice 17S rRNA that has extensive complentarity with the leader
sequences in pRESQ4 and pRESQ29 is homologous to a region in
the mouse 18S rRNA that has been shown to bind to mRNA [29].
Our data indicate an inverse correlation between complementarity
of the leader sequences with speciﬁc sequences within the rice 17S
rRNA and GUS gene expression, and are consistent with observations in mouse [28,29]. It has been proposed that ribosomal
subunits play a regulatory role by mediating interactions between
mRNAs and components of translational machinery to determine
the translation initiation efﬁciency of individual mRNAs [9].
It is noticeable that in both pRESQ70 and pRESQ95 the ATG
initiation codon in the GUS gene is immediately behind the 30
splicing site of the 50 UTR intron. This is identical to the structural
organization of the native rice rubi3 and maize ubi1 polyubiquitin

genes, and both appear to be in the optimal conformation to lead to
their maximal expression. The highest translational enhancement
could be related to intron splicing [3,25]. Nott et al. [32] observed
that spliced mRNA produced greater quantities of protein per
mRNA molecule than the non-spliced, but otherwise identical,
mRNA in mammalian cells. The phenomenon is correlated to the
enhanced polysome association with the mRNA in cytoplasm, and
can be attributed to shuttling components of exon junction
complex, which accompany the spliced mRNA from nucleus to
cytoplasm. Sanford et al. [33] observed a similar effect and
identiﬁed the shuttling splicing factors that were associated with
actively translating ribosomes and stimulated translation. Even
with gene constructs that contain the GUS leader sequence
(pRESQ4 and its intronless counterpart, pPSRG30), we observed
moderate translational enhancement mediated by intron splicing
in callus and root cells, although the enhancement appeared to be
tissue dependent [7,25]. We have demonstrated that the rubi3
polyubiquitin promoter (with its 50 UTR intron) enhances gene
expression at transcriptional, RNA processing, and translational
levels [7,25]. These results provide insights regarding why
polyubiquitin gene promoters are among the strongest promoters
in plants.
In transgene construction, it is common for 50 UTR sequences to
remain with the original gene during the ligation process. Our
current results indicate that these extra sequences could reduce
translation efﬁciency of the transgene. With modern computational tools such as ‘‘free2bind’’, one could easily predict the
binding of such 50 UTR sequences to that of the small rRNA subunit
and avoid costly mistakes.
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