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Abstract 

In order to optimise expression of a foreign protein in transgenic plants we investigated the potential 
benefits of including a viral untranslated leader sequence within a plant transformation vector. A vari- 
ety of 5 leaders, including the tobacco mosaic virus (TMV) leader sequence and 31 nucleotides of the 
cauliflower mosaic virus (CaMV) 35S RNA leader, were compared. Viral leader constructs employing 
the 35S promoter and the reporter fl-glucuronidase (GUS) were tested by electroporation into tobacco 
mesophyll protoplasts and against a cointroduced chloramphenicol acetyl transferase (CAT) gene in 
transgenic tobacco leaves. In the transient assay system, GUS activities from the viral leaders were 
compared with those from either a short, random leader or a translational fusion of the CaMV 19S RNA 
ORF VI to GUS. A two- to-three-fold enhanced level of expression resulted when these leaders were 
substituted with either the 35S RNA or the TMV leader sequences. This enhancement was further in- 
creased, to four- to five-fold, by inclusion of four or seven of the bases from the 35S transcription ini- 
tiation site adjacent to the TMV leader. In transgenic tobacco the improved GUS levels were maintained 
from constructs including either the TMV leader (eight-fold) or this sequence with the addition of the 
35S transcription initiation site bases (ten-fold). A comparison of GUS enzyme amounts with GUS 
mRNA amounts, using the CAT gene as an internal standard, revealed that TMV leader-bearing mRNA 
was translated from four- to six-fold more efficiently than the random leader control. 

Introduction 

Optimal expression of foreign genes in transgenic 
eukaryotes requires not only that the coding se- 
quence is under the control of a strong promoter 
[33, 21] but also that the resultant mRNA is ef- 
ficiently translated and is stable. Although a good 

terminator signal can help to ensure message sta- 
bility, other factors within the message can en- 
hance or diminish this effect. In order to ensure 
adequate expression of a transgene, factors within 
both the coding sequence and the 5'-untranslated 
leader must also be addressed. The latter can 
have significance in terms of message stability, 
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export from the nucleus, ribosome recruitment 
and translation initiation [31 ]. 

For 40S ribosome attachment most cytoplas- 
mic mRNAs require a 5' cap (m 7 GpppG) [38] 
and have untranslated leaders of 20 to 100 bases 
[26] which tend to form secondary structures that 
are relatively unstable. The 40S ribosome com- 
plex is believed to scan this leader sequence until 
reaching the most 5' AUG where 80S ribosome 
assembly and translation initiation occur [28], 
although this may depend on the base sequence 
around the AUG [34, 26] and on secondary 
structure [25, 29]. 

In vivo and in vitro studies have revealed that a 
number of viral RNAs are translated at relatively 
high levels. This is primarily a consequence of 
their 5' leaders, as demonstrated by comparisons 
of the translation rates of various heterologous 
mRNAs with substituted leaders [24, 15, 5, 40]. 
To date one of the most effective plant viral lead- 
ers is the 68 base genomic leader sequence of the 
U~ strain ofTMV RNA [15, 41]. Assays in vitro 
of RNA bearing a TMV-derived leader, in wheat 
germ extracts and rabbit reticulocyte lysates, have 
resulted in considerably enhanced expression lev- 
els of CAT, GUS and neomycin phosphotrans- 
ferase (nptll) [14, 39]. Experiments, where lu- 
ciferase, GUS and CAT mRNAs have been 
electroporated into tobacco protoplasts, have 
shown similar or even greater levels of TMV 
leader-associated enhancement [14, 15, 16, 17]. 

With the intention of constructing a vector for 
plant transformation that should ensure efficient 
ribosome recruitment and translation initiation 
by a foreign mRNA, we investigated the effects of 
the TMV leader, as well as other 5' leaders, on 
the expression of a complete reporter gene in plant 
cells. Since TMV RNA is not normally tran- 
scribed from DNA but is replicated by viral rep- 
licase it is not apparent whether this leader may 
permit adequate transcription initiation when in- 
serted into a plant gene. Therefore constructs 
bearing additional bases from the initiation site of 
the promoter were also tested. Our results dem- 
onstrate that the TMV RNA leader sequence can 
enhance levels of a reporter protein when incor- 
porated into the 5' leader of complete plant genes. 

We show that this enhancement is primarily due 
to increased translation of the hybrid mRNA. 

Materials and methods 

Strains, vectors and oligonucleotides 

Escherichia coli host strain 71-18 ( thi-pro- (F' 
pro + lacZ AM15 laclq)) was used for both plas- 
mid and template preparation. The plasmid vec- 
tor pTZ 18R (Pharmacia) was used for all cloning 
steps and the helper phage M 13 KO7 for template 
preparation. Oligonucleotide sequences were ver- 
ified after cloning by dideoxynucleotide sequenc- 
ing. 

Plasmid constructs 

To construct the promoter-untranslated leader 
(UTL) fusions, a Pst I-Eco RV fragment derived 
from pBI120 (M. Bevan, unpublished) and an 
Eco RV-Pst I fragment from pCaP35J [43] were 
cloned into the Pst I site of pTZ 18 to reconstruct 
ca. 940 bp of the original CaMV 35S promoter 
(CabbS strain) [ 10] with the addition of a Stu I 
site around the putative transcription initiation 
site [20]. The promoter was truncated to 526 bp 
by Sph I and Nco I digestion and then religated in 
the presence of a linker which destroyed the Sph I 
and Nco I sites whilst creating unique Sna BI, 
Spe I, Asu II and Hpa I sites. 74 bp and 40 bp 
double-stranded oligonucleotides, designated f~* 
and 35S* respectively, were ligated into the Stu I 
site at + 1 (Fig. 1A and B). To restore the 35S 
transcription initiation site, four and seven bases 
of the 5' end of the 35S untranslated leader, as 
determined by Guilley et aL [20], were reintro- 
duced upstream of f~* by oligonucleotide directed 
mutagenesis (Fig. 1B, f~*+ 4 and f~*+ 7). 

Derivatives of each of the promoter-UTL con- 
structs were prepared containing the GUS cod- 
ing and nopaline synthase (nos) terminator se- 
quences (Fig. 1B). This was achieved by ligating 
Nco I-Asu II and Asu II-Eco RI fragments from 
pRAJ275 (GUS with a Kozak consensus) and 



pBI201.3 (a pUC derivative of pBI101.3) [23], 
respectively, into Nco I-Eco RI-cut vectors. 

The plasmid pJIT75 (P. Mullineaux, unpub- 
lished) is a translational fusion containing the 35S 
promoter (bases -394 to + 3), the CaMV 19S 
leader (bases + 7 to + 21) with the ORF VI ATG 
(at + 13) fused, in frame, to the GUS coding 
sequence (Fig. 1B) with the CaMV 35S polyade- 
nylation signal (equivalent to positions 7435- 
126 in the CaMV genome). The nos terminator 
derivative, pMJD84, was constructed by ligating 
the 35S promoter-GUS KpnI -Sac I  fragment 
from pJIT75 into AccI -Sac I  cut pMJD60 
(Fig. 1B) using T4 DNA polymerase to fill in and 
blunt the linear DNA which was then religated. 
The nos terminator in pMJD85 (Fig. 1B) was 
substituted by the CaMV polyadenylation signal 
by ligating a 730 bp Sac I-Eco RV fragment from 
pJIT75 into Sac I-Eco RI-cut pMJD85 in the 
presence of a Nar I-Eco RI linker to produce 
pMJD88. 

A short, random leader-GUS fusion, in 
pBI221.2, was used as the standard in all experi- 
ments, pBI221.2 is a pUC-based plasmid con- 
taining the 35S promoter ( -831 to + 5) and an 
18 base untranslated leader (Fig. 1B), followed by 
the GUS coding and nos terminator sequences 
[23]. 

All vectors for plant transformation were con- 
structed in the binary vector pBIN19 [4]. The 
CAT gene, included in each of the plant vectors 
as an internal standard, was provided by pJIT54 
(P. Mullineaux, unpublished). To remove un- 
wanted restriction sites from a polylinker within 
the CAT gene, the Kpn I-Sac I and Sac I-Hind III 
CAT gene fragments from pJIT54 were ligated 
together. The Hind III-Eco R1 GUS gene from 
pMJD62 (Fig. 1B) was ligated into pBIN19 to- 
gether with the Kpn I-Hind III fragment carrying 
the CAT gene and a 900 bp Kpn I-Hind III linker 
producing pSFM8, with GUS and CAT genes 
arranged in a back-to-back orientation (Fig. 1C). 
The other plant vectors pSFM9, 10, 11 and 12 
(Fig. 1B), were prepared by ligating the Hind III- 
Eco RI GUS genes from pMJD60, pMJD62, 
pBI221.2 and pMJD85, respectively, with the 
Kpn I-Hind III CAT gene plus a 25 bp Eco RI- 

Kpn I oligonucleotide linker 
pBIN19 (Fig. 1C). 

99 

into Hind III-cut 

DNA preparation for electroporation 

DNA recovered from CsC1 gradients was phe- 
nolchloroform-extracted and reprecipitated be- 
fore being linearized by restriction enzyme diges- 
tion, at a site immediately 3 to the terminator. 
Digestion was in the presence of RNase at 
0.1 mg/ml. Complete digestion and the absence 
of chromosomal DNA and RNA contamination 
were verified by agarose gel electrophoresis. Lin- 
earized plasmid DNA was extracted with phe- 
nolchloroform and ethanol-precipitated before 
being resuspended at 25/~g/ml in 0.7 M mannitol, 
as determined by the absorbance at 260 nm. 

Transient expression in protoplasts 

Leaf mesophyll protoplasts of tobacco (Nicotiana 
tabacum cv. Xanthi) were prepared and cultured 
by the method of Watts et al. [42]. Protoplasts 
(2-5x  105/ml) were electroporated in 0.7M 
mannitot containing 25 #g DNA/ml at 6 °C with 
a single, square voltage pulse, at 500 V/cm, of 
1-3 ms duration. After electroporation, proto- 
plasts were allowed to stand for 10 min, washed 
in 0.7 M mannitol and cultured in a simple me- 
dium supplemented with 50 #g/ml augmentin in 
an illuminated incubator at 26 °C [42]. After 40 h 
the protoplasts were resuspended, washed and 
lysed into GUS extraction buffer [23] using a 
25-26 gauge syringe and centrifuged at 
13000 rpm for 5 min. GUS activities of the su- 
pernatants were determined using 4-methyl- 
umbelliferyl-/~-D-glucuronide (MUG) as sub- 
strate, by the method of Jefferson [23]. 

All data were calculated as GUS activity (pmol 
methylumbelliferone (MU) produced per hour per 
#g protoplast protein) per /~g DNA electropo- 
rated. Three independent electroporation experi- 
ments were carried out each with triplicate 25/~g 
samples for each plasmid tested. Each replicate 
DNA sample was independently linearized and 
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Fig. 1. Construction of viral leader vectors. A. The 35S promoter, truncated to 526 bp, with 5 and 3 multiple cloning sites and 
UTL ligated into previous Stu I site at + 1 [20]: H, Hind III; Sn, Sna BI; Sp, Spe I; A, Asu II; Hp, Hpa I; N, Nco I; P, Pst I; S, 
Sal I; X, Xba I; B, Bam HI; Sm, Sma I; K, Kpn I; Ss, Sst I; E, Eco RI. B. Promoter-leader sequences with UTL and construct 
names. The equivalent map position, relative to the 35S TATA box, of the 5' end of the major native 35S RNA is underlined [20]. 
Base positions are numbered relative to this. The f~* leader is identical to the native U 1 TMV sequence [ 15] except, to create a 
Nco I site, it bears an A to C mutation one bp upstream of the ATG. The t3* + 4 and f~* + 7 leaders contain the first four and first 
seven bases of the 35S untranslated leader, respectively, 5' to the TMV leader sequence fZ*. The 35S leader, designated 35S*, is 
identical to the native sequence as far as + 31, the sequence thereafter is the same as that for f~* to maintain a consensus around 
the AUG initiation codon. The 19S-GU S translational fusion includes 3 codons from the 19S gene VI followed by 13 codons before 
the first ATG of GUS. pBI221.2 contains an 18 base random leader (as communicated by A. Goldsborough). C. pBin-19 based 
vectors for plant transformation: the upper diagram represents the tandemly-arranged GUS and CAT genes in pSFM9, 10, 11 
and 12 and the lower diagram the back to back arrangement in pSFM8, p35S, 35S promoter; pnos, nos promoter; uidA, GUS- 
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the concentration determined. Since G U S  ex- 
pression levels were related to the amount of 
DNA added, G U  S activity curves were produced 
to determine that the assay was not saturated. 

Mean GUS activities for the f~*+4 leader 
ranged from 0.042 to 0.18 nmol M U  per minute 
per mg soluble protein for the three experiments, 
therefore data were calculated as a percentage of 
the mean activity for pBI221.2 (1007o) and sig- 
nificant differences were tested for by analysis of 
variance (anova) and a multiple range test. 

Plant tran~formation 

Plant transformation vectors pSFM8,  9, 10, 11 
and 12 were mobilised to Agrobacterium tumefa- 
ciens LBA4404 by triparental mating [4]. Trans- 
formation of tobacco (Nicotiana tabacum cv. 
S amsum) leaf disc s by Agrobacterium cultures was 
achieved according to the method of Horsch et al. 
[22]. First generation transformed plants were 
maintained in Magenta GA-7 pots on MS me- 
dium containing carbenicillin (200 #g/ml) and 
kanamycin (100 #g/ml), with an 18 h photope- 
riod, at 25 °C. 

Protein extraction and enzyme assays 

Young leaves were ground in liquid nitrogen with 
a pestle and mortar and thawed into GUS ex- 
traction buffer [23] supplemented with 0.5 mM 
leupeptin, in the ratio 1 g tissue/2 ml buffer. In- 
soluble material was removed by centrifugation at 
13 000 rpm for 5 min, at 4 °C, and the super- 
natant was mixed with an equal volume of 1007o 
glycerol prior to storage at - 2 0  ° C. 

GUS activities were determined using the Jef- 
ferson fluorogenic assay protocol [23] with sev- 
eral modifications. Assay buffer (2 mM M U G )  
was dispensed as 100/~1 aliquots to which 10 #1 
of leaf extract were added. At 3 min intervals up 

to 24 min the reactions were stopped by adding 
900 #l 0.2 M Na2CO3. The fuorescence of 100- 
fold dilutions in 0.2 M NaRCO3 were determined 
and points on the linear portion of the rate curve 
were used to calculate the relative GUS activities. 
Mean rates were determined from six indepen- 
dent reactions. 

CAT activities were determined using a fluor 
diffusion assay [35]. Leaf samples were diluted 
1:30 in GUS extraction buffer containing 0.5 mM 
leupeptin and incubated at 65 °C for 15 min, to 
inactivate interfering acylase activity, before add- 
ing chloramphenicol to 0.25 mM. The acetylation 
reaction was initiated by the addition of (acetyl- 
3H)acetyl coenzymeA (10mCi/mmol) (NEN 
Dupont) to 0.2 mM final concentration. The re- 
action was gently overlaid with Econofluor (NEN 
Dupont) and the vials counted sequentially at 
timed intervals in a liquid scintillation counter. 
Mean activities were calculated from five linear 
rate curves. 

RNA preparation and primer extension 

Total RNA was extracted from young leaves as 
described by Prescott and Martin [37] except that 
LiCl-pelleted RNA was redissolved in TE and 
insoluble material was removed by centrifugation 
at 13 000 rpm for 5 min at 4 °C before ethanol 
precipitation. 

Oligonucleotides for the simultaneous primer 
extension of both GUS and CAT mRNA species 
were selected on the basis that the products 
should not comigrate and the Tm values were 
similar: 5' -AGACTGAATGCCCACAGGCC-3 '  
for priming on GUS mRNA and 5 ' -GCCAT- 
TGGGATATATCAACGGT-3 '  for priming on 
CAT mRNA. The oligonucleotide kinasing and 
primer extension reactions were carried out as 
described by Dunsmuir etal. [9], except that 
MuMLV reverse transcriptase was used for the 
latter reaction. Annealing of the primer to RNA 

coding sequence; cat, CAT-coding sequence; nptI l ,  neomycin phosphotransferase II; nos, nos terminator; 35S, CaMV 35S termi- 
nator; the filled arrows represent the left and right T-DNA borders. 
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was carded out, without vanadyl, at 52 °C for 
3h. 

The relative amounts of GUS and CAT primer 
extended products were determined by densito- 
metric measurement of specific band intensities 
on preflashed film using a Molecular Dynamics 
computing densitometer. Data for film density 
within a standard boxed area were compiled from 
tracks within the linear range for film response 
from exposures of replicate gels of duplicate 
primer extension reactions. 

GUS and CAT protein and mRNA levels were 
converted into percentages relative to the mean 
for the pBI221.2 GUS gene transformants for 
duplicate RNA samples and protein extracts from 
each transformant. Statistical analysis was car- 
ried out as described above for the electropora- 
tion experiments. 

Resu l t s  

Efficiency of the TMV and CaMV leaders in tobacco 
protoplasts 

Both the TMV (a single-stranded RNA virus) 
and CaMV (a double-stranded DNA virus) ge- 
nomes are expressed at high levels in the infected 
plant cytoplasm. We wanted to test whether the 
5' leaders of the RNA of these viruses may en- 
hance expression levels in plant cells when incor- 
porated into a foreign reporter gene. 

The first 66 and 31 bases, respectively, of the 
TMV and the CaMV 35S RNA sequences, des- 
ignated f~* and 35S*, were ligated adjacent to the 
35S promoter (Fig. 1B). The leaders were de- 
signed to have an identical sequence around the 
initiating GUS ATG to eliminate differences 
within the sequence necessary for ribosome as- 
sembly. Similarly, the sequence around the GUS 
ATG in the control gene from pBI221.2 does not 
differ at any of the major consensus bases (see 
Fig. 1B) [26, 34]. The constructs were first com- 
pared by electroporation of the linear DNA into 
tobacco mesophyll protoplasts, followed by GU S 
activity assays. The mean results from three ex- 
periments on different batches of protoplasts, 

each experiment using triplicate DNA samples, 
are presented in Fig. 2. In these experiments the 
t)* and 35S* leaders resulted in a 2.6- to 2.8-fold 
greater level of GUS expression than the short, 
random leader in pBI221.2 (Fig. 2). There was no 
significant difference in expression levels between 
the f~* and 35S* leaders. 

For most eucaryotic promoters, including the 
35S, the contribution of the sequence surround- 
ing the transcription initiation site to the levels of 
transcribed RNA is not known. The main con- 
sensus at the cap site is a purine at position + 1 
which is understood to facilitate the addition of 
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Fig. 2. Mean GUS activities in dectroporated protoplasts. 
Data are the percentage means relative to pBI221.2 (100%) 
from three independent experiments with triplicate DNA sam- 
ples. Significant differences were determined using the Stu- 
dent's t test to compute 95 % confidence intervals (error bars). 



a 5' cap [38]. Since it is not apparent whether the 
TMV RNA leader sequence, when inserted di- 
rectly into the putative CaMV 35S cap site [20], 
may influence transcription initiation, constructs 
were prepared containing the 92* sequence 3' to 
either four or seven bases of the original 35S 
leader (Fig. 1B), the fifth and eighth G of the 35S 
leader being substituted by the 5' G of 92*. In 
transient expression assays the inclusion of the 
extra four (92* + 4) or seven (92* + 7) transcription 
initiation site bases was found to result in statis- 
tically significant increases in GUS activity rela- 
tive to 92* alone, of 1.8- and 1.7-fold, respectively 
(Fig. 2). 

Comparison with a translational fusion vector 

As a second control, in addition to pBI221.1, we 
chose to compare a viral translational fusion vec- 
tor, which employed the same promoter and ter- 
minator sequences, with the viral leader con- 
structs. It has been considered that translational 
fusions employing plant initiation codons and 5' 
leaders may facilitate translation initiation, and 
hence expression levels, in transgenic plants [21, 
19]. The fusion comprised the CaMV 19S ORF 
VI leader and amino terminal coding sequence, 
preceding a polylinker which maintained G U  S in 
frame (Fig. 1B). The activity of GUS was not 
expected to be affected by the amino terminal 
extension [23]. In transient expression assays 
GUS levels from the 19S translational fusion 
(Fig. 2) were not significantly greater than those 
for the pBI221.2 GUS gene, possibly endorsing 
the reported efficiency of expression from the lat- 
ter construct [23]. 

It has been suggested that there may be a co- 
operative interaction between the 5' and 3' se- 
quences of a mRNA. Consequently, we tested 
both the 35S* leader and the 19S translational 
fusion, with the CaMV 35S terminator sequence 
in place of the nos terminator. Results from two 
electroporation experiments did not indicate there 
was any specific interaction between either of the 
termination and leader sequences. Furthermore, 
the pooled data failed to show a statistically sig- 
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nificant advantage attributable to either one of the 
terminators (data not shown). 

Efficiency of the viral leaders in transgenic tobacco 

The control GUS gene from pBI221.2 plus the 
viral leader-GUS constructs, 35S*, 92* and 
92*+ 4, were introduced into tobacco in tandem 
with a downstream CAT gene (Fig. 1C). The CAT 
gene, which is also transcribed from the 35S pro- 
moter, was included as an internal standard 
against which GUS message and enzyme levels 
were measured. The mean ratio of GUS to CAT 
enzyme activities for three or more independent 
tobacco transformants was related to the mean 
for four control transformants containing the 
pBI221.2 GUS gene (Table 1, column A). Of the 
24 plants assayed, 6 gave results that were 
strongly at variance from the average (greater than 
five standard deviations from the mean) and 
therefore these data were not included (see Fig. 4 
lanes 8 and 13 which lack significant amounts of 
CAT and GUS primer extended products respec- 
tively). 

The results presented in Table 1 confirmed 
those from the electroporation experiments 
(Fig. 2) showing increased GUS activity levels 
from the viral leader vectors compared to the 
short, random leader derived from pBI221.2 in 
pSFM11. The 35S* leader gave the same 2.8-fold 
increase over the random leader as measured in 
the transient system, however, it was significantly 
less well expressed than both of the TMV leader 
constructs. For the latter constructs the magni- 
tude of the increase was greater than in the tran- 
sient assays, at eight-fold for 92* and almost ten- 
fold for 92"+4 respectively. Under these 
conditions GUS was being expressed to as much 
as 0.2 to 0.6~/o of soluble leaf protein (the range 
for the four pSFM 10 transformants). 

In addition to the tandemly arranged GU S and 
CAT genes, a further construction was introduced 
in which the 92* + 4 construct was arranged in a 
back-to-back orientation with the CAT gene 
(Fig. 1C). Since the promoter arrangement for 
this construct (pSFM8) differs from the tandemly 
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Table 1. Ratio of GUS/CAT enzyme activities, GUS/CAT mRNA amounts and enzyme/mRNA amounts in transgenic tobacco. 
Data are the percentage means calculated relative to the GUS gene from pBI221.2 (100~o). 

Vector UTL A B C 
GU S/CAT GU S/CAT enzyme/mRNA 
enzyme ratio mRNA ratio 

mean SEM mean SEM mean SEM 

pSFM 11 random 100.0 3.6 100.0 2.1 100.0 5.3 
pSFM12 35S* 278.0 64.9 127.2 15.5 226.3 55.2 
pSFM9 fl* 811.3 69.9 204.1 27.0 420.6 36.0 
pSFM10 f~* + 4 976.4 118.1 231.3 40.6 452.4 59.2 
pSFM8 f~* + 4 (456.1) (61.6) (84.3) (9.8) (562.9) (62.6) 

SEM = standard error of the mean, where n = 3 to 7. Results for pSFM8 are in parenthesis since this construct contains a dif- 
ferent promoter arrangement 

arranged genes (pSFM10) a comparison of the 
relative GUS and protein message levels, which 
reflect transcription rates, is not appropriate 
(Table 1, pSFM8 data in parenthesis). However 
it is of interest that the back to back promoter 
arrangement was at least as stable as the tan- 
demly arranged genes since none of the trans- 
genic plants derived from pSFM8 gave results 
that were strongly at variance from the average. 

Analysis of mRNA 

Mapping the 5 termini of the viral RNA leaders 
The viral leader constructs, and also the GUS 

gene derived from pBI221.2 and the CAT inter- 
nal standard, are expressed from the CaMV 35S 
promoter. To determine the 5' termini of the 
mRNA species from these constructs the prod- 
ucts of the GUS- and CAT-specific primer ex- 
tension reactions were electrophoresed alongside 
sequencing reactions in which the same primers 
were hybridised to the corresponding DNA tem- 
plates (Fig. 3). The major 35S RNA transcript 
from the CaMV genome was reported by Guilley 
etal. [20] to initiate at the A in the following 
sequence: AGAGGACACGCTGA (defined as 
+ 1 in Fig. 1). For the viral leader constructs and 

the CAT gene the major primer extension prod- 

Fig. 3. GUS and CAT transcript 5' termini in transgenic tobacco mapped by primer extension analysis. Primer extended prod- 
ucts were electrophoresed alongside sequencing reactions on the corresponding DNA templates, marked A or C, using the same 
GUS or CAT specific primers. The sequences shown extend downstream from the same map position, relative to the 35S TATA 
box, as the major 35S RNA 5' terminus [20]. Major 0"), minor (~,) and faintly visible ("~d bands are marked. (a) f~*-GUS; (b) 
f~* + 4-GUS; (c) 35S*-GUS; (d) pBI221.2 leader-GUS products with 35S*-GUS sequencing reaction; (e) CAT. 
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ucts mapped to the adenine residue two bases 
downstream from this A, at the + 3 position 
(Fig. 3a, b, c and e). However, in each case the 
most distal 5' terminus, represented as a rela- 
tively minor primer extension product, mapped to 
the + 1 position. For the pBI221.2 GUS gene the 
major band mapped to the next purine residue at 
+ 5 (Fig. 3d). It is perhaps significant that the 35S 
promoter in this construct has suffered a G to A 
mutation at position -1 (see Fig. 1B). The fact 
that there are several products for each construct, 
all of which extend to a purine residue, is in ac- 
cordance with previously presented results from 
similar experiments on 35S-derived and other 
plant transcripts [20, 6]. 

Enhanced mRNA levels from the viral leader con- 
structs 
The coextension of the GUS and CAT mRNA 
species by reverse transcriptase, from specific 
primers, was used to quantitate the relative levels 
of the GUS transcripts. An example of the pri- 
mary data is shown in Fig. 4. All GUS or CAT 
specific bands (see Fig. 3) were included in the 
calculation of the total signal intensity which was 
determined by densitometry. The ratio of GU S to 
CAT signal intensity for each transformant (as 

determined by densitometry) was related to the 
mean for the pBI221.2 GUS gene (Table 1, col- 
umn B). The relative mean steady-state levels of 
GUS message from the tandemly arranged 92* 
and 92*+ 4 constructs were significantly greater 
than that for the pBI221.2 gene, at 2.0- and 2.3- 
fold respectively. 

Translational advantage attributable to the TMV 
leaders 
The ratio of enzyme activity to mRNA amount 
was determined for each transformant (Table 1, 
column C). The means, which reflect the relative 
translation rates of the different mRNA species 
compared to the pBI221.2 GUS gene in pSFM 11, 
reveal that the 92* and f2* + 4 messages are trans- 
lated more efficiently than the control random 
leader message, by 4.2- and 4.5-fold. The ratio of 
5.6-fold for the back-to-back 92*+ 4 construct, 
pSFM8, which would be expected to be compa- 
rable to that for pSFM10, confirms the transla- 
tional advantage attributable to the TMV leaders. 

Fold predictions for the viral leader-GUS fusions 
Secondary structure predictions for the expected 
mRNAs were generated using the Wisconsin 
FOLD program [8]. Although different length s of 

Fig. 4. Primer extension analysis of total RNA samples from independent transgenic tobacco plants using GUS and CAT spe- 
cific primers in the same reaction. Lanes 1-3, pSFM8; lanes 4-6, pSFM9; lanes 7-9, pSFM10; lanes 10-12, pSFMll;  lanes 13- 
15, pSFMI2. 
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sequence affect the computer prediction, patterns 
of folding were often maintained, and the FOLDs 
presented here for 103 bases of sequence are 
representative of all three leaders. All fold pre- 
dictions for the f~* leader, when placed 5' to vari- 
ous mRNAs, indicate that at least 44 of the 5' 
bases remain unpaired (Fig. 5a). This is one of the 
features of the TMV leader sequence which is 
thought to promote high expression levels of the 
viral RNA [41, 39]. The fold for the 35S* leader 
showed more unpaired 5' bases than that for the 
pBI221.2 random leader (Fig. 5b and c), however 
the AG value for this construct was slightly 
greater. 

Discussion 

In eukaryotes, apart from the sequence around 
the initiating A U G  [26, 34] and the first tran- 
scribed base [38], there is no widespread con- 
sensus element within the untranslated leader of 
a mRNA which, like the prokaryotic Shine- 
Dalgarno sequence, might facilitate high expres- 
sion levels. Rather it would appear that the con- 
trol of the amount [31] and also pattern [27] of 
translation is primarily achieved through leader 
secondary structure [32], although evidence for 
the existence of regulatory sequences within 
UTLs is increasing [3, 7]. The advantage that 
relatively unstructured viral 5' leaders can confer 

t t t 
Fig. 5. FOLD predictions for RNA 5'-untranslated leaders 
and coding sequences extending 103 bases into the GUS-  
coding sequence. (a) f~*-GUS, AG = - 117 kJ/mol; (b) 35S*- 
GUS,  A G = - 1 3 9 k J / m o l  and (c) pBI221.1 GUS gene, 
AG = - 113 kJ/mol. Large arrows indicate the most distal 5' 
terminus of the mRNA relative to the translation initiation site 
(small arrows). 

on heterologous mRNAs synthesised in vitro has 
already been described. Our results demonstrate 
that this advantage is maintained on transcription 
of the TMV RNA leader from a strong plant pro- 
moter. 

The f~*-GUS construct was identical to the 
native U1 strain TMV leader with the exception 
of an A to C change at -1 with respect to the 
ATG. This change, which affects neither of the 
main consensus bases, at -3  and + 4, has been 
found to have no significant effect on expression 
levels in tobacco [19]. On electroporation into 
tobacco mesophyll protoplasts the ~* construc- 
tion was more strongly expressed than either the 
control random leader gene from pBI221.2 or a 
CaMV 19S leader translational fusion. Another 
viral UTL, derived from potato virus X and which 
shows some homology to the TMV leader, has 
been reported to similarly enhance expression 
levels in a transient assay system [36]. In trans- 
genic tobacco, the enhancement attributable to 
f~* was increased to eight-fold, the significance of 
which is not inconsiderable with respect to opti- 
mising foreign gene expression in plants. 

The importance of the 35S transcription initia- 
tion site was investigated by the construction of 
TMV f~* derivatives bearing either four or seven 
of the 35S RNA leader bases 5' to the f~* se- 
quence. In the transient assay system these con- 
structs were significantly more highly expressed 
than f~*-GUS, and this amounted to a ten-fold 
increase in GUS levels relative to the control ran- 
dom leader gene in whole plants. 

A second viral leader construction, termed 
35S*-GUS, was designed that would maintain 
the 35S RNA sequence adjacent to the promoter. 
This construct included only the first 31 bases of 
the native 600 nucleotide long leader which pre- 
cedes ORF VII in the viral genome. It therefore 
comprised one of two CT-rich regions from the 
native leader followed by an identical sequence, 
around the initiating ATG, to the f~* constructs. 
Rather than promoting expression levels of ORF 
VII, the complete leader, which may form a large 
stem loop structure [11 ], has been found to re- 
duce expression from 8- to 100-fold in protoplasts 
[2, 12, 13 ]. In electroporated protoplasts the 35S* 



leader was found to be equally as efficient as the 
f~* leader. However, in whole plants the con- 
struct did not show the same level of enhance- 
ment attributable to the TMV leaders. 

In order to determine whether the increased 
GUS protein levels may be attributed solely to 
increased translation from the TMV leaders, the 
steady-state levels of the GUS messages were 
measured in the transgenic plants. Results re- 
vealed that the mRNA from both of the TMV 
leader construct was twice as abundant as that 
for the pBI221.2-derived gene. Since the TMV 
RNA leader has not been found to enhance pro- 
tein levels by stabilising a message or reducing 5' 
to 3' exonuclease degradation of a mRNA [39], 
the two-fold increased message level may be a 
more likely consequence of differences in tran- 
scription rate. However the effect of a different 
UTL on the stability of a message must in part 
depend on the intrinsic stability of the original or 
control UTL. 

The most significant effect of the TMV leaders, 
however, was exerted at translation, with the f~* 
and ~* + 4 constructs showing a four- to six-fold 
increase in the protein/mRNA ratio relative to the 
pBI221.2-derived gene. The ratio for ~* + 4-GU S 
is not significantly different to that for ~2*-GUS 
indicating that the 'translatability' of the two mes- 
sages is similar. This may be expected since RNA 
fold predictions for the two constructs indicate 
that the secondary structure of the modified leader 
would be the same as that for ~* (Fig. 5). From 
these predictions it would appear that the TMV 
leader, like the 5' cap and some of the associated 
binding factors, reduces RNA secondary struc- 
ture, thereby rendering the 5' terminus more ac- 
cessible to scanning by the 40S ribosomal sub- 
units. This is supported by the facts that the 5' 
cap has less effect on the TMV leader than other 
leaders [14, 39] and that ~-CAT translation is 
eIF-4E-independent [1]. There is a similarly re- 
duced requirement for certain initiation factors 
for an RNA bearing the alfalfa mosaic virus leader 
[5]. It has also been found that by increasing the 
length of an unstructured leader more 40S ribo- 
somal subunits can accumulate resulting in an 
increased protein yield [30]. In addition, some of 
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this enhancement may be sequence-dependent, a 
fact which, with the identification of a potential 
sequence-specific protein binding factor, has led 
Gallie and Walbot to conclude that there may be 
a core regulatory element within the TMV leader 
[18]. It therefore appears that the translational 
advantage conferred by the TMV leader may be 
attributed not only to the reduction of secondary 
structure at the 5' end of the RNA and its length, 
of 68 nucleotides, but also to the existence of at 
least one initiation factor binding motif within it. 

In conclusion, our results confirm that viral 
leader sequences influence the level of expression 
of an introduced gene in plant cells. Viral leaders 
may be particularly advantageous when introduc- 
ing prokaryotic coding sequences into transgenic 
plants, especially where the RNAs may be less 
stable than GUS,  since the beneficial effects of 
the TMV leader were found to be greater for un- 
stable mRNAs such as the nptlI message [14]. 
Furthermore, under certain stress conditions 
where transcription and/or translation of many 
genes may be repressed, the advantages of an 
unstructured RNA leader may be even more 
marked [27]. 
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