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Abstract The structure and function of untranslated

mRNA leader sequences and their role in controlling

gene expression remains poorly understood. Previous

research has suggested that the 50 untranslated region

(50UTR) of the Vigna radiata aminocyclopropane-1-

carboxylate synthase synthase (VR-ACS1) gene may

function as a translational enhancer in plants. To test

such hypothesis we compared the translation enhanc-

ing properties of three different 50UTRs; those from

the VR-ACS1, the chlorophyll a/b binding gene from

petunia (Cab22L; a known translational enhancer)

and the Vigna radiata pectinacetylesterase gene

(PAE; used as control). Identical constructs in which

the coding region of the b-glucuronidase (GUS) gene

was fused to each of the three 50UTRs and placed

under the control of the cauliflower mosaic virus 35S

promoter were prepared. Transient expression assays

in tobacco cell cultures and mung bean leaves

showed that the VR-ACS1 and Cab22L 50UTRs

directed higher levels of GUS activity than the PAE

50UTR. Analysis of transgenic Arabidopsis thaliana

seedlings, as well as different tissues from mature

plants, confirmed that while transcript levels were

equivalent for all constructs, the 50UTRs from the

VR-ACS1 and Cab22L genes can increase GUS

activity twofold to fivefold compared to the PAE

50UTR, therefore confirming the translational enhanc-

ing properties of the VR-ACS1 50UTR.
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Abbreviations

Cab22L Chlorophyll a/b binding

CaMV Cauliflower mosaic virus

GUS b-Glucuronidase

MUG 4-Methylumbelliferyl-b-D-glucuronide

PAE Pectinacetylesterase

UTR Untranslated region

VR-ACS1 Vigna radiata aminocyclopropane-1-

carboxylate synthase

Introduction

Due to their extraordinary importance, the mecha-

nisms controlling gene expression in plants have been

the focus of intense research over the past 20 years.

Gene expression can be regulated by transcriptional,
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post-transcriptional and post-translational processes

but most of the research to date has focussed on

understanding transcriptional control mechanisms

through characterization of native plant promoters

(Benfey and Chua 1990; Cazzonelli et al. 2005; Wu

et al. 2003) and engineering of synthetic transcrip-

tional enhancer domains (Cazzonelli and Velten

2008; Venter 2007). Post-transcriptional regulatory

mechanisms such as gene silencing (Baulcombe

2004) and mRNA stability (Narsai et al. 2007) have

been intensely studied over the last decade; however

the role of the 50UTR in controlling translation

efficiency has received relatively little attention in

plants.

Of the three fundamental steps of protein synthesis

(initiation, elongation and termination), it has been

proposed that the initiation step is the most important

control point, and is usually considered the rate-

limiting step of translation (Lodish 1976). While the

30 untranslated and coding regions have the potential

to influence translation (Lodish 1976), it is logical to

correlate translational efficiency with the physical

characteristics of the 50UTR of the mRNA, where

initiation of protein synthesis occurs.

The degree of secondary structure in the mRNA

50UTR is a significant determinant of the rate of

translation, which is thought to be dependent on the

stability and location of such structure (Klaff et al.

1996). A high AU (or low GC) content, which

reduces secondary structure formation, permits better

ribosome scanning of the AUG start codon and

consequently increased translation efficiency (Joshi

et al. 1997). DNA microarrays of mRNAs contained

in polysomal complexes from Arabidopsis thaliana

have shown that genes with high GC content in their

50UTR are generally poorly translated (Kawaguchi

and Bailey-Serres 2005).

The length of the 50UTR has been shown to affect

translation efficiency in plants. Extremely short (\25 nt)

leaders may impair translation fidelity, and in some

cases cause the scanning 40S ribosomal subunit to

skip over the first AUG codon, whereas longer ([175

nt) leader sequences may inhibit ribosome loading,

perhaps due to increased secondary structure. In

general lengths between 50 and 75 nt have been

shown to promote optimal ribosome loading (Futterer

and Hohn 1996; Kawaguchi and Bailey-Serres 2005).

The presence of upstream open reading frames is

known to significantly slow ribosome scanning and

impair translation, while AUG sequence context

(especially the presence of purines at positions -3

and ?4) is associated with increased ribosome

loading and therefore increased translation efficiency

(Joshi et al. 1997; Kawaguchi and Bailey-Serres

2005).

Studies addressing the translational regulation

properties of 50UTRs in plants have been largely

focused on viral leader sequences (Gallie 1993; Gallie

and Walbot 1992; Turner et al. 1999). Some 50UTRs of

plant origin have been shown to influence translation

efficiency such as the 66 bp chlorophyll a/b binding

gene leader sequence from petunia (Cab22L), which

was found to enhance translation by eightfold com-

pared to a 31 nucleotide random leader sequence

(Danthinne and van Emmelo 1990). This increase in

translation was comparable to the 72 bp tobacco

mosaic virus (TMV) X leader sequence, which

enhanced translation by 12-fold (Danthinne and van

Emmelo 1990). In a later study, De Loose et al. (1995)

reported that the Cab22L 50UTR enhances translation

of b-glucuronidase (GUS) transcripts in tobacco calli,

stably transformed tobacco leaves and their progeny as

efficiently as the TMV X leader. The Cab22L 5’UTR

has been utilized as a translation enhancer in a number

of genetic studies (Brummell et al. 2003; Burgess et al.

2002; Fornara et al. 2004; Matsui et al. 2006; O’Keefe

et al. 1994).

The identification and characterization of transla-

tion enhancing 50UTRs derived from plant sources can

prove very useful in the production of genetically

modified (GM) plants. From an energetics perspec-

tive, increased translation efficiency is beneficial to

plants as transcription and nuclear export of mRNAs

are energy consuming processes. Additionally, the use

of plant-derived instead of viral 50UTRs in the

production of GM plants may be perceived as more

suitable by regulatory agencies and enhance public

acceptance of such technologies. For example, the

Cab22L 50UTR is found in a number of genetically

modified crops approved for human consumption in

several countries (Centre for Biosafety Assessment,

Technology and Sustainability, http://www.bats.ch/

gmo-watch/GVO-report140703.pdf).

We have previously described the isolation and

characterization of the aminocyclopropane-1-carbox-

ylate synthase (VR-ACS1) promoter from Vigna

radiata L. (mung bean) (Cazzonelli et al. 2005). In

its original host, the VR-ACS1 gene is strongly
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induced by a number of stimuli including auxin,

wounding and dehydration stress, but shows very

little transcriptional activity under normal physiolog-

ical conditions. Genetically modified Nicotiana

tabacum (tobacco) and Arabidopsis thaliana plants

containing the VR-ACS1 promoter fused to two

different reporter genes showed 4–6 times higher

reporter activity than plants containing the constitu-

tive cauliflower mosaic virus (CaMV) 35S promoter

(Cazzonelli et al. 2005). However, it was observed

that VR-ACS1 and CaMV 35S-driven transcript levels

were similar, leading to the hypothesis that the VR-

ACS1 50UTR could act as a translational enhancer in

plants (Cazzonelli et al. 2005). In this report we show

that the VR-ACS1 50UTR functions as a strong

translational enhancer in plants.

Results and discussion

In order to determine the relative translational effi-

ciency of the VR-ACS1 50UTR we compared it with the

50 leader regions of two other genes, the Vigna radiata

pectinacetylesterase (PAE) (GenBank accession no.

999348) (Breton et al. 1996) and the Petunia 9 hyb-

rida (Mitchell) chlorophyll a/b binding protein

(Cab22L) (Dunsmuir 1985). The Cab22L 50UTR was

chosen due to its proven strong translation enhancing

qualities in transgenic plants (Danthinne and van

Emmelo 1990; Harpster et al. 1988) while the PAE

50UTR was chosen as a negative control since (a) it

comes from the same species as VR-ACS1 and (b)

bioinformatics analyses (Fig. 1a) suggest that it is not

expected to increase translational efficiency. The

Cab22L, VR-ACS1 and PAE 50UTRs are 66, 87 and

96 bp long, respectively. In order to avoid any size

effects between the VR-ACS1 and PAE 50UTRs, the

later was trimmed to exactly 87 bp by excluding the

first 9 nucleotides from its 50 end. The Cab22L 50UTR

falls within the 50–75 bp leader sequence length for

optimal ribosome loading (Futterer and Hohn 1996;

Kawaguchi and Bailey-Serres 2005), while the VR-

ACS1 and PAE 50UTRs are slightly larger than ideal.

Care was taken in designing test constructs to ensure

they were identical except for the three 50UTRs being

studied. A b-glucuronidase gene containing an intron

sequence from the castor bean catalase gene (Ohta et al.

1990) was chosen as reporter gene (iGUS). The

presence of an intron ensures that any protein activity

measured in transient assays can be solely attributed to

expression of the reporter gene in plant cells, which

unlike Agrobacterium, are capable of processing the

intron to allow translation of the mature GUS tran-

script. All constructs contained the iGUS coding region

under the control of the CaMV 35S promoter (Odell

et al. 1985). Each of the 5’UTRs were fused upstream

of the iGUS gene without adding any additional

nucleotides as a result of the cloning strategy.

Fig. 1 The VR-ACS1 50UTR behaves as a translational

enhancer in tobacco and mung bean transient expression

systems. a Comparison of 50UTR sequence features. b Histo-

chemical GUS assays in tobacco cell cultures. c Quantitative

assay of GUS activity in tobacco cell cultures co-bombarded

with test (pGTVm:: 50UTR::iGUS) and normalization

(p35sLuNt) vectors. GUS and LUC activities are referred to

the amount of soluble protein and luciferase used to normalize

the results (nmoles 4MU/min/RLU/sec). Error bars are ±SE of

three independent particle bombardments measured in duplicate.

d Histochemical GUS assays in mung bean leaves. All

histochemical GUS assays were performed in duplicate reveal-

ing similar results
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The AU content of the PAE 50UTR is slightly lower

than the VR-ACS1 and Cab22L 50UTRs (Fig. 1a).

High AU content, also referred to as low GC content

(Kawaguchi and Bailey-Serres 2005), is associated

with reduced secondary structure, favourable ribo-

some scanning and increased translation efficiency

(Joshi et al. 1997). The Cab22L 50UTR, which is

known to enhance translational efficiency, is predicted

to form one small and one large hairpin loop with a

minimum change in Gibbs free energy (DG) value of

-2.80 kcal/mol (RNAfold WebServer, http://rna.tbi.

univie.ac.at/cgi-bin/RNAfold.cgi). Interestingly, the

VR-ACS1 50UTR is not expected to contain any sec-

ondary structure, and the PAE 50UTR is predicted to

form a complex and stable hairpin loop structure with

a DG value of -9.70 (Fig. 1a). The absence of sec-

ondary structure could be indicative of high transla-

tional efficiency, as the tobacco mosaic virus (TMV) X
leader sequence lacks any secondary structure and is

known to act as an effective translational enhancer

(Zaccomer et al. 1995).

The Kozak sequence, which plays a major role in

translation initation and efficiency (Kozak 1989), is

conserved in both the Cab22L and PAE 50UTRs. For

optimal ribosomal recognition of the AUG start

codon, an A or G is present 3 nucleotides upstream of

the start codon, which is followed immediately by a

G nucleotide (Kozak 1989). All constructs in this

study contain the consensus G downstream of the

start codon as part of the iGUS coding sequence,

however, the VR-ACS1 50UTR contains a non-

consensus C at the -3 position. Additionally, CAA

trinucleotides are found in the Cab22L and VR-ACS1

50UTRs, and may play a role in translation efficiency;

a series of CAA motifs present in the TMV X leader

sequence have been shown to recruit trans-acting

factors (Wells et al. 1998) and enhance translation in

plants (Gallie and Walbot 1992; De Amicis et al.

2007).

The relative strengths of the three 50UTRs were

studied by transient expression assays in tobacco cell

cultures. Cell cultures were subjected to particle

bombardment with each of the three constructs

described above, followed by histochemical GUS

staining. Our results repeatedly showed that cultures

bombarded with the VR-ACS1 and Cab22L 50UTRs

exhibited a similar number and intensity of GUS

staining loci, while those bombarded with the PAE

50UTR displayed fewer loci and lower intensity of

GUS staining (Fig. 1b). These studies were confirmed

by more comprehensive quantitative 4-methylumbel-

liferyl-b-D-glucuronide (MUG) assays of transient

GUS activity. In order to compare GUS activity

levels between independent bombardments, tobacco

cell cultures were co-bombarded with a second

construct (p35SLuNt) containing the luciferase

reporter gene under the control of the CaMV 35S

promoter (Cazzonelli et al. 2005). In this way,

b-glucuronidase activity was normalized against

luciferase activity to account for any differences in

efficiency for each bombardment experiment. Quan-

titative MUG assay results correlated closely with the

GUS histochemical observations. The VR-ACS1 and

Cab22L 50UTR constructs directed similar levels of

GUS activity, approximately 2 fold higher than the

PAE 5’UTR construct (Fig. 1c). One of the draw-

backs of transient assays is that it was not possible to

determine whether transcription levels were identical

for all three constructs. However, since the same

promoter and transcription start site was used in all

constructs, it is reasonable to assume that they

resulted in equivalent transcriptional activity. There-

fore, and given that the Cab22L 50UTR functions as a

strong translational enhancer in plants (Danthinne

and van Emmelo 1990; Harpster et al. 1988), it is

reasonable to suggest that the VR-ACS1 50UTR also

acts to enhance translation in a manner comparable to

the Cab22L 50UTR, while the PAE 50UTR does not

present obvious translation enhancing capabilities.

A binary construct containing approximately

2.4 kb of the VR-ACS1 promoter and including the

VR-ACS1 50UTR fused to iGUS (Cazzonelli et al.

2005) was also tested in transient expression assays in

tobacco cell cultures. GUS activity levels directed by

this construct were approximately 2 fold higher than

those observed in either the VR-ACS1 or the Cab22L

50UTR constructs, and more than 4 times higher than

the PAE 50UTR construct (Fig. 1c). These results

agree with our previous study comparing the CaMV

35S and VR-ACS1 promoters in transgenic tobacco

and Arabidopsis lines (Cazzonelli et al. 2005).

Transient expression assays in mung bean leaf

tissues using particle bombardment showed very

similar results to those observed in tobacco cell

cultures. Again, tissues bombarded with the VR-ACS1

and Cab22L 50UTR constructs exhibited similar

numbers and intensity of GUS staining loci, while

PAE–bombarded tissues displayed fewer and less
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intense GUS stained loci (Fig. 1d). The similar

results observed in tobacco and mung bean suggest

that the translation enhancing properties of the VR-

ACS1 50UTR are not due to its use in heterologous

species such as tobacco.

The transcriptional, translational and tissue-spe-

cific properties of the VR-ACS1 50UTR were inves-

tigated in a number of stably transformed Arabidopsis

thaliana lines. For this purpose, the CaMV 35S

promoter:: 50UTR::iGUS expression cassettes were

cloned into a binary vector and used to produce

genetically modified Arabidopsis thaliana lines. At

least five independent transgenic lines were produced

for each construct, and three of these lines containing

a single T-DNA insertion according to segregation

analysis were analysed.

Seeding, root, rosette and cauline leaf tissues were

pooled from five individuals for each line and GUS

activity measured in duplicate using quantitative

MUG assays. Total RNA was extracted from the

same tissue pools, and GUS transcript levels mea-

sured by northern analysis. All transgenic lines

containing the VR-ACS1 and Cab22L 50UTRs con-

sistently displayed twofold to fivefold higher GUS

activity values than the PAE 50UTR lines in all tissues

and developmental stages examined (Fig. 2). These

results are in agreement with the transient expression

studies, where the VR-ACS1 50UTR was shown to

enhance GUS activity levels by 2 fold in tobacco cell

cultures. Transcript levels for all tissues and trans-

genic lines analysed were very similar, proving that

the differences in GUS activity observed were due to

enhanced translation efficiency, and not transcrip-

tional regulation (Fig. 2).

We conclude that the increased levels of GUS

activity directed by the VR-ACS1 and Cab22L 50UTR

constructs are the result of enhanced translational

activity and not due to increased transcript levels. We

do not expect that the longer length of the 87 bp VR-

ACS1 50UTR, compared to the 66 bp Cab22L 50UTR

is likely to contribute to the enhancer properties of

the VR-ACS1 50UTR, as the PAE 50UTR is identical

in length but consistently shows twofold fivefold

lower activity in the various tissues tested. The fact

that the VR-ACS1 50UTR has shown translation

enhancing properties in its own species, mung bean,

as well as in unrelated species such as tobacco and

Arabidopsis suggests that it can retain its properties in

heterologous species. It still needs to be determined

whether regulatory motifs are present within the VR-

ACS1 and Cab22L 50UTR sequences that could play

novel roles in recruiting factors that promote trans-

lation initiation or elongation. The translation

enhancing properties of the VR-ACS1 50UTR will

be valuable for enhancing protein production in a

range of biotechnological applications.

Materials and methods

Vigna radiata (mung bean) plants were grown under

standard glasshouse conditions, and Arabidopsis

thaliana grown under long day conditions (16 h

photoperiod, 21�C). Tobacco cell cultures were

grown as previously described (Cazzonelli et al.

2005).

Polymerase chain reaction (PCR) was performed

using the Elongase proof-reading enzyme (Invitro-

gen) according to Chakravorty and Botella (2007).

PCR products were cloned into pGEM-T Easy

(Promega) or EcoRV digested pBlueScript II

SK ? (pBS). Restriction enzyme digestion and

DNA sequencing confirmed the construction of

intermediate and binary vectors, designed for tran-

sient and stable gene expression, respectively.

The pGTVa (Laurena et al. 2002) vector was used

to construct vectors for transient expression. A 24 bp

region between the CaMV 35S promoter and EcoRI

restriction site was removed to ensure that each

50UTR sequence was cloned immediately down-

stream of the CaMV 35S transcription initiation

site. This was achieved by PCR amplification of the

CaMV 35S promoter using T7-forward and 35S-reverse

(CTCGAATTCTCTCCAAATGAAATG) primers, the

product cloned into pBS, the promoter excised with

XhoI/EcoRI and religated into pGTVa, producing the

vector pGTVm.

The VR-ACS1 50UTR::iGUS fusion was created by

amplification of the iGUS reporter from pIG121 (Akama

et al. 1992) using the forward primer, VRACS1-5UTR1

(TCAATTCCAATAAACTCAACACACTTTTTTAC

ACTCCACACTCTAACCACATACACCATATGGA

TCCCTACAGGGTAAAT), containing 59 bp of the 30

end of the VR-ACS1 50UTR and 21 bp of the 50 end of

iGUS gene and a GUS reverse primer, GUS-3prime

(TTA TCTAGATTAGGTAGCAATTCCCGAGGCT

GTA) containing an XbaI site immediately downstream

of the stop codon. This PCR fragment was cloned into

Transgenic Res (2010) 19:667–674 671
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pBS and a second forward primer, VRACS1-5UTR2

(CCCGAATTCATCCTCTCTCCCACTTACTTCGA

TTTCATCAATTCCAATAAACTCAAC), containing

an EcoRI site, a 20 bp overlap with the 30 end of the

50UTR already cloned and adding the remaining 28 bp to

the 50 end of the VR-ACS1 50UTR sequence, was used

again with the GUS-3prime primer to produce a PCR

product containing the full length VR-ACS1 50UTR

(87 bp) fused with iGUS. The PCR product was

cloned into pBS, subsequently excised with EcoRI/XbaI,

and cloned into pGTVm; creating the vector

pGTVm35S::VR-ACS1 50UTR::iGUS.

For construction of the Cab22L and PAE 50UTR

iGUS fusions a similar strategy was utilized to

amplify the 50UTR-iGUS fusions. The Cab22L

50UTR fusion was created in two steps. Firstly, the

Cab22L 50UTR was amplified with the forward

primer Cab22L-5UTR1 (CTATTACTTCAGCAA

TAACAAAAGAACTCTTTTCTCTTCTTATTAAA

CCATGGATCCCTACAGGGTAAAT) and GUS-

3prime reverse primer, and the product cloned into

pGEM-T Easy. This plasmid was then used as template

for a subsequent PCR, with the forward primer

Cab22L-5UTR2–(CCCGAATTCGACTCGAGCTCA

TTTCTCTATTACTTCAGCAATAACA) and GUS-

30prime primer, and the product cloned into pGEM-T

Easy. The PAE 50UTR1 fusion was created in the

same was as described for Cab22L, the PAE-5UTR1

(AGCTGAAGCATTTTACAGGCCACCATTTTCC

TTGACTACCTTTCACTTACCATTTAAGAATGG

ATCCCTACAGGGTAAAT) forward primer used in

the first PCR, and the PAE-5UTR2 (CCCGAA

TTCTCTTCCTCTGTGAAGACTTGTCGTTAGCT

GAAGCATTTTACAGGC) forward primer in the

second PCR step. The resulting 50UTR::iGUS

fusions were excised from pGEM-T Easy with

EcoRI/XbaI and ligated into pGTVm35S::VR-

ACS1 50UTR::iGUS (replacing the VR-ACS1 50UTR

Fig. 2 The VR-ACS1
50UTR enhances translation

without affecting

transcription. GUS activity

and northern analysis of a 2

week old Arabidopsis

seedlings, b mature rosette

leaves, c cauline leaves and

d root tissues. GUS

activities are expressed in

nmoles 4MU/min/mg of

soluble protein. Error bars

are ±SE of three

independent lines; pooled

tissue from five plants was

measured in duplicate.

Northern analyses show

GUS transcription levels in

Arabidopsis tissues for three

independent lines. 25S

ribosomal probe confirms

equal loading of RNA

samples
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and iGUS gene); thus creating the vectors pGTVm

35S::Cab22L 50UTR::iGUS and pGTVm35S::PAE

50UTR::iGUS.

Binary vectors for stable transformation of Ara-

bidopsis thaliana cv. Columbia were created by

excision of each 35S:: 50UTR::iGUS expression

cassette from pGTVm with HindIII/XbaI, and cloned

into the binary vector pSLJ75515 (Mylne and Botella

1998).

pGTVm35S:: 50UTR::iGUS vectors and a normal-

ization vector, p35SLuNT (Cazzonelli et al. 2005)

were used for transient analysis of gene expression.

Particle bombardment of Nicotiana tabacum

(tobacco) cell cultures and Vigna radiata (mung

bean) leaves was performed as described by Cazzo-

nelli et al. (2005), and stable transformation of

Arabidopsis thaliana as described by Trusov et al.

(2009). Transgenic Arabidopsis lines were selected

by Basta resistance, and GUS histochemical staining

of cauline leaf tissues of more than ten individual T1

transgenic lines was performed to establish a con-

sensus staining pattern, from which three representa-

tive lines for each construct were selected. Single

copy, homozygous lines were identified by segrega-

tion analysis using Basta.

Northern analyses were performed according to

Purnell and Botella (2007) histochemical b-glucu-

ronidase (GUS) assays were performed as described

by Trusov et al. (2008); 4-methylumbelliferyl-b-D-

glucuronide (MUG) assays and luciferase (LUC)

assays were performed as described by Cazzonelli

et al. (2005).
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