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Translation in plants is highly cap dependent, and the only plant mRNAs known to naturally lack a cap
structure (m7GpppN) are viral in origin. The genomic RNA of tobacco etch virus (TEV), a potyvirus that
belongs to the picornavirus superfamily, is a polyadenylated mRNA that is naturally uncapped and yet is a
highly competitive mRNA during translation. The 143-nucleotide 5* leader is responsible for conferring
cap-independent translation even on reporter mRNAs. We have carried out a deletion analysis of the TEV 5*
leader to identify the elements responsible for its regulatory function and have identified two centrally located
cap-independent regulatory elements (CIREs) that promote cap-independent translation. The introduction of
a stable stem-loop structure upstream of each element demonstrated that CIRE-1 is less 5* end dependent in
function than CIRE-2. In a dicistronic mRNA, the presence of the TEV 5* leader sequence in the intercistronic
region increased expression of the second cistron, suggesting that the viral sequence can function in a 5*-distal
position. Interestingly, the introduction of a stable stem-loop upstream of the TEV leader sequence or
upstream of either CIRE in dicistronic constructs markedly increased their regulatory function. These data
suggest that the TEV 5* leader contains two elements that together promote internal initiation but that the
function of one element, in particular, is facilitated by proximity to the 5* end.

Virtually all eukaryotic cellular mRNAs contain a 59 cap
structure [m7G(59)ppp(59)N] that is required for maintaining
mRNA integrity and promoting efficient translation. In an
early step during translation initiation, the cap is bound by the
eukaryotic initiation factor 4F (eIF4F), which is composed of
eIF4E, the cap-binding subunit, and eIF4G, a considerably
larger subunit. eIF4G serves as a multiadapter protein that, in
addition to eIF4E, binds eIF4A, eIF3, the poly(A)-binding
protein, and RNA (9, 15, 22, 23, 34, 38). The binding of a 40S
ribosomal subunit to an mRNA is mediated by eIF3. As a
result, the binding of eIF4E to the cap structure and the in-
teraction between eIF4E, eIF4G, and eIF3 direct the binding
of 40S subunits preferentially to the 59 ends of capped mRNAs.

The only known mRNAs that naturally lack a cap are viral in
origin. The picornaviral superfamily includes viruses that infect
animals, e.g., poliovirus and encephalomyocarditis virus, and
those that use plants as their host, e.g., tobacco etch virus
(TEV). Regardless of the difference in host species, the geno-
mic architectures of these viruses are highly similar. In each
case, the single-stranded, positive-sense RNA genome func-
tions as a monocistronic mRNA for a single polyprotein which,
once produced, is processed by virus-encoded proteases into
capsid and noncapsid proteins that are required to carry out
the viral life cycle. Moreover, the viral RNA, which is polyad-
enylated but lacks a 59 cap structure, contains a virus protein
genome (VPg) linked to the 59 terminus (5). However, the VPg
is removed prior to recruitment of the viral RNA into poly-
somes, at least for poliovirus (13, 25, 26, 33). Consequently, it
is the 59 leader sequences of these viral mRNAs that confer on
them the ability to be translated in a cap-independent manner
(3, 11, 17, 30). For poliovirus and encephalomyocarditis virus,
the 59 leader varies in length from 650 to 1,300 nucleotides

(nt), is highly structured, and contains multiple AUGs up-
stream of the initiation codon of the polyprotein-coding region
(reviewed in reference 27). A region within these leaders
serves as an internal ribosome entry site (IRES) that allows
40S ribosomal subunits to bind at or upstream of the true
initiation codon (reviewed in reference 6). 40S subunit binding
to the IRES can be mediated by a proteolytic fragment of
eIF4G that contains the RNA-binding and eIF3 interaction
domains (31, 32). Consequently, the 59 leaders of picornaviral
mRNAs promote cap-independent translation by recruiting
40S subunits via an internal initiation mechanism.

In plants, it follows that those viral mRNAs that naturally
lack a 59 cap structure must be translated through a cap-
independent mechanism. The 59 leaders of several plant viral
mRNAs, including members of the tobamoviral, potyviral, co-
moviral, and luteoviral families, are responsible for conferring
cap-independent translation (3, 11, 16, 37, 39). However,
whether the translation of any plant viral mRNA occurs
through internal initiation has been controversial (2, 39). A
351-nt region upstream of an AUG distal to the first initiation
codon within the cowpea mosaic virus middle component RNA
was reported to allow internal initiation at the distal AUG
(39), although this has been disputed (2). Because both of
these studies used animal cells or lysate for their analyses,
neither could conclude whether internal initiation occurs in
plants. The 59 leader of turnip mosaic potyvirus RNA or the
sequence upstream of the 39-proximal coat protein subgenomic
mRNA of a crucifer-infecting tobamovirus was reported to
allow internal initiation (1, 16); however, the use of capped
mRNAs in plant cells in the former example or uncapped
mRNAs in in vitro translation lysates failed to demonstrate
internal initiation of uncapped mRNAs in vivo.

Previous studies have demonstrated that the TEV 59 leader
mediates cap-independent translation (3) and is functionally
analogous to a cap in that it interacts with the poly(A) tail to
promote efficient translation (11) similar to that observed be-
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tween a cap and a poly(A) tail (10). Precisely how the TEV 59
leader substitutes for the cap to confer cap-independent trans-
lation has not been investigated. In this study, we have identi-
fied the elements within the TEV 59 leader that are required to
direct cap-independent translation. Two distinct cap-indepen-
dent regulatory elements (CIREs) are present within the cen-
tral region of the 143-base leader. The 59-proximal element
(CIRE-1) is more 59 end independent than is the 59-distal
element (CIRE-2), and their combinatorial effects are approx-
imately multiplicative, suggesting that the two elements are not
functionally redundant in promoting cap-independent transla-
tion. Moreover, the TEV leader sequence or each CIRE pro-
moted the translation of a second cistron when the viral leader
sequence was present in the intercistronic region of a dicis-
tronic mRNA. These observations suggest that specific CIREs
are present within the TEV 59 leader and that these CIREs
function optimally in a 59-proximal position but can also pro-
mote translation when positioned internally within a dicis-
tronic mRNA.

MATERIALS AND METHODS

Plasmid and mRNA constructs. The full-length TEV 59 leader and subse-
quences were synthesized by PCR, and each DNA fragment was flanked by a
HindIII and SalI restriction site. Each PCR product was introduced into the
HindIII and SalI restriction sites upstream of the luciferase (luc) gene in the
pT7-luc-A50 construct, a construct that has been described previously (10) to
result in either TEV1–143-luc-A50 (i.e., the full-length TEV leader upstream of
the luc coding region) or the following TEV 59 leader deletion constructs:
TEV1–118-luc-A50, TEV1–65-luc-A50, TEV28–143-luc-A50, TEV28–118-luc-A50,
TEV28–65-luc-A50, TEV66–143-luc-A50, and TEV66–118-luc-A50.

Control leader constructs were designed to contain one or two copies (both in
a forward orientation) of a 60% AT-rich, 72-nt sequence (AATATCTTATTG
CCGGGAAAAGTGTACGTATCACCGTTTGTGTGAACAACGAACTGAA
CTGGCAGACTATAA) introduced into the HindIII and SalI sites of pT7-luc-
A50, resulting in Con72-luc-A50 or Con144-luc-A50 mRNAs. The free energy (DG)
calculated by the fold algorithm for these mRNA leaders is 211.5 kcal/mol,
which is approximately equal to the free energy of the 59 leader of the TEV1–
143-luc-A50 mRNA construct (DG 5 210.7 kcal/mol) (41). A third control
mRNA, Con17-luc-A50, was constructed with the 17-nt 59 leader sequence GCC
TAAGCTTGTCGACC, representing a free energy of 20.9 kcal/mol.

The above control 72-nt sequence was used to replace the 59-terminal 65 nt of
the TEV 59 leader to result in Con72-TEV66–143-luc-A50 mRNA or was used to
replace the 39-terminal 78 nt of the TEV 59 leader to result in TEV1–65-Con72-
luc-A50 mRNA.

Introduction of a stable secondary structure was carried out by inserting a
palindromic sequence (AAGCTTGGGCCCAGATCTACGCGTACGTACGC
GTAGATCTGGGCCCAAGCTT) into the HindIII site 4 nt downstream of the
T7 promoter transcriptional start site, producing a stem-loop (SL) composed
of a 24-bp stem close to the 59 terminus of the TEV-leader mRNA constructs
SL-TEV1–143-luc-A50, SL-TEV1–65-luc-A50, SL-TEV66–143-luc-A50, and SL-
TEV66–118-luc-A50 and the control mRNA constructs SL-Con7-luc-A50, SL-
Con62-luc-A50, and SL-Con134-luc-A50. The calculated free energy of this SL
structure is 242.9 kcal/mol.

Dicistronic constructs were generated by inserting the uidA gene (composed
of the coding region for b-glucuronidase [GUS] and 73 nt of sequence 39 to
the uidA termination codon) upstream of the TEV-luc and control-luc con-
structs, resulting in the following mRNA constructs: GUS-TEV1–143-luc-A50,
GUS-SL-TEV1–143-luc-A50, GUS-TEV1–65-luc-A50, GUS-SL-TEV1–65-luc-A50,
GUS-TEV66–143-luc-A50, GUS-SL-TEV66–143-luc-A50, GUS-Con17-luc-A50,
GUS-SL-Con7-luc-A50, GUS-Con72-luc-A50, GUS-SL-Con62-luc-A50, GUS-
Con144-luc-A50, and GUS-SL-Con134-luc-A50.

In vitro transcription. RNAs were synthesized with template plasmids linear-
ized immediately downstream of the poly(A)50 sequence by NdeI to produce
polyadenylated mRNAs or template plasmids linearized upstream of the poly
(A)50 sequence by BamHI to produce poly(A)2 mRNAs. Uncapped mRNAs
were synthesized in vitro as described previously (40) with 10 mg of template
DNA in a solution consisting of 40 mM Tris-HCl (pH 7.9), 6 mM MgCl2, 2 mM
spermidine, 100 mg of bovine serum albumin/ml, 500 mM (each) ATP, CTP,
UTP, and GTP, 10 mM dithiothreitol, 0.5 U of RNase inhibitor RNasin (Pro-
mega), and 0.5 U of T7 RNA polymerase (New England Biolabs) per ml. Capped
RNAs were synthesized with 8 mg of template in the same reaction mixture as
that described above except that GTP was used at 160 mM and 1 mM m7GpppG
was included in the reaction mixture. Under these conditions more than 95% of
the mRNA is capped.

mRNA delivery to plant protoplasts. Protoplasts were isolated from a carrot
(RCWC) cell suspension (used previously in the analysis of the translational

regulatory function of the TEV 59 leader as well as for other viral translation
studies [11, 12]) by digestion with 0.25% CELF cellulase, 1% cytolase, 0.05%
pectolyase Y23, 0.5% bovine serum albumin, and 7 mM b-mercaptoethanol in
protoplast isolation buffer (12 mM sodium acetate [pH 5.8], 50 mM CaCl2, 0.25
M mannitol) for 90 to 120 min. Protoplasts were washed with protoplast isolation
buffer followed by electroporation buffer (10 mM HEPES [pH 7.2], 130 mM KCl,
10 mM NaCl, 4 mM CaCl2, 0.2 M mannitol) and resuspended in electroporation
buffer to approximately 106 cells/ml. Equal amounts of mRNAs (approximately
2.5 mg) were added to 400 ml of cell suspension immediately before electropo-
ration (250 mF, 300 V, 0.2-mm electrode) with an IBI GeneZapper. The elec-
troporated cells were incubated in protoplast growth medium (MS salts [pH 5.8]
and 30 g of sucrose, 100 mg of myo-inositol, 0.1 mg of 2,4-dichlorophenoxyacetic
acid, 1.3 mg of niacin, 0.25 mg of thiamine, 0.25 mg of pyridoxine, and 0.25 mg
of calcium pentothenate per liter) supplemented with 20% cultured medium
(protoplast growth medium conditioned with carrot cells for 3 days) overnight
prior to the assay for reporter gene activity. For each experiment, an mRNA was
delivered to triplicate samples of protoplasts and each sample was assayed in
duplicate. Each experiment was repeated a minimum of three times. The average
value and standard deviation for the constructs of a typical experiment are
reported. For the monocistronic luc mRNA constructs, capped GUS-A50 mRNA
was codelivered to serve as an internal control. For dicistronic mRNAs, GUS
served as the 59-proximal cistron. Luciferase in vivo activity normalized to GUS
specific activity is reported.

In vitro translation. Equal amounts of mRNA were translated with wheat
germ extract as described by the manufacturer (Promega) except that all amino
acids were unlabeled. The reaction mixtures were incubated for 2 h at 22°C, and
aliquots of 3 ml were assayed. Each mRNA construct was translated in triplicate,
and each in vitro translation was assayed in duplicate for luciferase activity. The
average value and standard deviation for each construct are reported.

Luciferase and GUS assays. Carrot protoplast extracts in luciferase assay
buffer (25 mM Tricine [pH 8], 5 mM MgCl2, 0.1 mM EDTA supplemented with
33.3 mM dithiothreitol, 270 mM coenzyme A, and 500 mM ATP) were assayed
for luciferase activity following injection of 0.5 mM luciferin with a Monolight
2010 luminometer (Analytical Luminescence Laboratory).

GUS activity in a 100-ml reaction mixture was assayed as described previously
(7) with 1 mM 4-methylumbelliferyl-b-D-glucuronide as the substrate. The assay
was performed for 30 min at 37°C, whereupon the reaction was terminated by
addition of 900 ml of 0.2 M NaCO2. The amount of the fluorescent product
produced in each assay was measured in a TKO 100 fluorometer (Hoefer Sci-
entific, Inc.), with excitation at 365 nm and emission at 455 nm.

RESULTS

Identification of the CIREs within the TEV 5* leader. Pre-
vious work demonstrated that the TEV 59 leader enhances the
in vivo translation of reporter mRNAs in a cap-independent
manner (3, 11). Enhancement was observed in tobacco (3), a
host for TEV, and carrot (11), which, as a nonhost, permits the
analysis of the translational regulatory function of the TEV 59
leader independent of any potential host factor influence. To
identify the region within the leader that is responsible for
conferring cap-independent translation, a series of deletions
was introduced throughout the TEV leader sequence and the
resulting mutant leaders were tested for their ability to en-
hance the translation of luciferase (luc) mRNA in vivo follow-
ing mRNA delivery to carrot protoplasts or in vitro by trans-
lating each mRNA in wheat germ lysate. The context of the luc
initiation codon (GUCGACCAUGG, where the underlined
AUG indicates the luc start codon) for all constructs used in
this study was identical. The degree of cap-independent trans-
lation conferred by the full-length construct or each truncated
TEV leader construct was measured relative to a control luc
mRNA that contained a 59 leader of similar length and degree
of secondary structure (as described in Materials and Meth-
ods) but was unrelated in sequence. As previous work demon-
strated that in vivo translation increases moderately as the
length of the 59 leader increases (12), it was necessary to
employ control mRNAs that approximate the length of the TEV
leader in order to establish that the enhancement conferred by
the TEV 59 leader was the result of specific regulation associated
with this viral leader and not a consequence of its length.

The presence of the TEV 59 leader upstream of the luc
coding region (i.e., TEV1–143-luc-A50) resulted in a 189-fold
increase in translation of the uncapped mRNA relative to the
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uncapped control luc mRNA containing a 59 leader of similar
length (i.e., Con144-luc-A50) (Fig. 1), demonstrating that the
increased translation conferred by the TEV leader was not
merely a consequence of its length. Deletion of the 59-ter-
minal 27 nt (i.e., TEV28–143-luc-A50) or 39-terminal 25 nt (i.e.,
TEV1–118-luc-A50) had little effect on the ability of the TEV 59
leader to confer cap-independent translation (Fig. 1). The
TEV leader in which both terminal regions were deleted (i.e.,
TEV28–118-luc-A50) exhibited only a small decrease in its reg-
ulatory function, suggesting that neither terminal region was
essential for the TEV leader-mediated cap-independent
translation. However, deletion of the 39-terminal 78 nt (i.e.,
TEV1–65-luc-A50) did result in a reduction in cap-independent
translation, i.e., TEV1–65-luc-A50 mRNA was translated to an
18-fold-greater degree than the control mRNA, compared to
the 189-fold enhancement associated with the full-length TEV
leader construct, i.e., TEV1–143-luc-A50 (Fig. 1). Similarly, the
deletion of the 59-terminal 65 nt (i.e., TEV66–143-luc-A50) re-
sulted in a reduction in the degree of cap-independent trans-
lation to 19-fold (relative to the control mRNA). It should be
noted that although the separation of the 59 and 39 halves of
the TEV 59 leader resulted in a 10-fold reduction in cap-
independent translation, the TEV1–65 and TEV66–143 subse-
quences still retain substantial regulatory function (18- and
19-fold increases, respectively, in cap-independent translation
relative to the control mRNA) (Fig. 1).

One possible explanation for the reduction of cap-indepen-
dent translation of the TEV1–65-luc-A50 and TEV66–143-luc-
A50 mRNAs could be the change in position with respect to
either the initiation codon or the 59 terminus, respectively. To
test this possibility, a 72-nt control sequence (one of two copies
present in the leader of the Con144-luc-A50 mRNA) was sub-
stituted for the 39-terminal 78 nt of the TEV leader sequence,
resulting in the construct TEV1–65-Con72-luc-A50. Introduction
of this control sequence positioned the TEV1–65 subsequence
relative to the luc initiation codon with approximately the same

spacing as that in the TEV1–143-luc-A50 mRNA construct.
The degree of cap-independent regulatory function from the
TEV1–65-Con72-luc-A50 mRNA was not significantly differ-
ent (23-fold enhancement relative to the control construct,
Con144-luc-A50) (Fig. 1) from that observed for the TEV1–65-
luc-A50 mRNA (18-fold enhancement relative to the control
construct); these data suggest that the change in spacing had
little effect on the regulatory function of the TEV1–65 sub-
sequence. Replacing the 59-terminal 65 nt with the 72-nt con-
trol sequence (i.e., Con72-TEV66–143-luc-A50) positioned the
TEV66–143 subsequence relative to the 59 terminus with ap-
proximately the same spacing as that in the TEV1–143-luc-
A50 mRNA construct. The regulatory function from Con72-
TEV66–143-luc-A50 did not increase relative to that observed
for TEV66–143-luc-A50 (12-fold versus 19-fold, respectively, rel-
ative to the Con144-luc-A50 control mRNA) (Fig. 1), suggesting
that maintaining the spacing of the 59 terminus relative to the
TEV66–143 subsequence is not required for the regulatory func-
tion of this subsequence.

The regulatory elements present within the TEV1–65 and
TEV66–143 subsequences were further delineated following
the deletion of the 59-terminal 27 nt from the TEV1–65-luc-A50
construct (resulting in TEV28–65-luc-A50) or 39-terminal 25 nt
from the TEV66–143-luc-A50 construct (resulting in TEV66–118-
luc-A50). Translation from TEV28–65-luc-A50 mRNA was 10-
fold higher than that from the control mRNA, and translation
from TEV66–118-luc-A50 mRNA was 11-fold higher than that
from the control. Consequently, deletion of the terminal se-
quences reduced cap-independent translation by only a small
extent relative to that observed from the TEV1–65-luc-A50 and
TEV66–143-luc-A50 constructs. These data suggest that a CIRE
resides within the TEV28–65 subsequence (referred to as
CIRE-1) and that a second element is present within the
TEV66–118 subsequence (referred to as CIRE-2). The multi-
plicative effect of the individual contributions of CIRE-1 and
CIRE-2 (i.e., 10-fold 3 11-fold 5 110-fold relative to the

FIG. 1. Identification of the two elements required for cap-independent translation. The full-length TEV 59 leader or various subsequences were introduced
upstream of the luc coding region in a T7 promoter-based construct that permitted the in vitro synthesis of mRNA terminating in a poly(A)50 tail. The region of the
TEV 59 leader present in each construct is indicated by a thick line, and the portion of the TEV leader sequence included in each construct is indicated as a subscript.
The control sequence is indicated by a thin line, and the length of control sequence (Con) included in each construct is indicated as a subscript. Expression from an
mRNA following delivery to carrot protoplasts by electroporation or following translation in wheat germ lysate is shown to the right of each construct. Each uncapped
mRNA construct was delivered to triplicate samples of protoplasts or translated in triplicate in vitro, and each sample was assayed in duplicate. The experiment was
repeated a minimum of three times, and the average value and standard deviation for the constructs of a typical experiment are reported.
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control mRNA) produced a degree of cap-independent trans-
lation that was similar to the actual degree of translation
conferred when both elements were present together in the
TEV28–118-luc-A50 construct (123-fold relative to the control
mRNA), suggesting independence of function. The failure of
the full-length TEV 59 leader or any TEV deletion construct to
enhance translation in vitro (Fig. 1) suggested that CIRE-1 and
CIRE-2 do not function in vitro. The in vitro results are in
good agreement with previous observations with the full-length
TEV 59 leader (11).

CIRE-1 and CIRE-2 promote optimal cap-independent
translation largely through a 5*-end-dependent mechanism.
eIF4F, when bound to a 59 cap structure, directs 40S subunit
binding to the 59 end of a capped mRNA. The absence of a cap
or a reduction in functional eIF4F reduces 59-end-dependent
binding of 40S subunits and increases internal binding in Sac-
charomyces cerevisiae (35). The presence of secondary struc-
ture or RNA-protein complexes positioned close to the 59 cap
structure can function as an effective barrier to 59-end-de-
pendent translation by blocking 40S subunit binding to the
mRNA (19, 20, 24, 28, 29). Secondary structure is less effective
in impeding the translation of uncapped mRNA in yeast be-
cause 40S subunit binding is not directed to the 59 terminus
(35, 36). However, in rabbit reticulocyte lysate, translation of
an uncapped mRNA remains 59 end dependent (4), suggesting
that a difference between yeast and mammalian translation
may exist.

To examine whether the cap-independent translation con-
ferred by the TEV 59 leader requires an unstructured 59 ter-
minus, a stable SL structure (with a calculated free energy of
242.9 kcal/mol) was introduced 4 nt downstream of the 59
terminus of the control and TEV-containing mRNA constructs
used in the previous experiment. Translation of uncapped
mRNAs with or without the SL structure was assayed following
their delivery to carrot protoplasts or in wheat germ lysate. In
the absence of an SL, expression from the constructs contain-
ing the control sequence as the 59 leader increased moderately
with the length of the leader in protoplasts (Fig. 2). Translation

of the SL-Con7-luc-A50 construct (in which the SL was intro-
duced into the control construct Con17-luc-A50) was reduced to
just 13% of that observed for Con17-luc-A50 (Fig. 2). In con-
trast, the introduction of the SL 62 nt upstream of the luc
cistron, i.e., SL-Con62-luc-A50, resulted in a level of translation
that was 40% of that for the corresponding control mRNA
(i.e., Con72-luc-A50) in protoplasts (Fig. 2). Introduction of the
SL 134 nt upstream of the luc cistron had an even smaller effect
on in vivo expression: translation from SL-Con134-luc-A50 was
52% that of Con144-luc-A50. Translation of the same mRNAs
in vitro yielded a similar trend: the presence of the SL 7 nt
upstream of the luc initiation codon reduced translation to 3%
of the control, whereas translation was 41% of the correspond-
ing control when the SL was positioned 134 nt upstream of the
initiation codon (Fig. 2). One exception to the trend observed
in vitro was with the SL-Con62-luc-A50 mRNA construct, which
was translated to just 5% of the corresponding control in vitro
but was translated to 40% of the control in vivo. These results
suggest that the spacing between the secondary structure and
the initiation codon determines the extent of translational re-
pression at the appropriate start codon of uncapped mRNAs.
Moreover, these data demonstrate that although the repressive
effect of an SL on the translation of an uncapped mRNA can
be reduced by increasing the distance between it and the ini-
tiation codon, a difference in the distance required is observed
for translation in vivo versus in vitro.

The same SL was then introduced upstream of the TEV 59
leader in order to examine whether the cap-independent trans-
lation mediated by this leader is 59 end dependent or 59 end
independent. Translation of SL-TEV1–143-luc-A50 in proto-
plasts (in which the SL was introduced into the control
construct TEV1–143-luc-A50) was reduced to just 12% of that
observed for TEV1–143-luc-A50 (Fig. 3). As seen above, trans-
lation from SL-Con134-luc-A50 was 52% of that observed for
the Con144-luc-A50 control construct. Consequently, the re-
pressive effect of the SL when present upstream of the TEV 59
leader was disproportionately greater than what would have
been expected from its position with respect to the luc cistron,

FIG. 2. Analysis of the translational efficiency of uncapped mRNAs with a free or inaccessible 59 terminus. The effect of increasing the length of the 59 leader on
the translational efficiency of an uncapped mRNA with or without an SL present at the 59 terminus was examined in carrot protoplasts and in wheat germ lysate. Control
59 leaders 17, 72, or 144 nt in length were introduced upstream of the luc coding region, and each mRNA was synthesized in vitro to terminate in a poly(A)50 tail. The
144-nt leader contains two copies of the 72-nt sequence present in the 72-nt leader construct. The length of the control sequence (Con) included in each construct is
indicated as a subscript. The 24-bp SL introduced into each construct is indicated diagrammatically. Expression from each mRNA following delivery to carrot
protoplasts by electroporation or following translation in wheat germ lysate is shown to the right of each construct. Each uncapped mRNA construct was delivered to
triplicate samples of protoplasts or translated in triplicate in vitro, and each sample was assayed in duplicate. The experiment was repeated a minimum of three times,
and the average value and standard deviation for the constructs of a typical experiment are reported.
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suggesting that the TEV 59 leader requires an accessible 59
terminus for optimal regulatory function. However, even with
the SL positioned upstream of the TEV 59 leader, translation
was still more than 60-fold greater than that from the Con144-
luc-A50 construct (Fig. 3), suggesting that the TEV 59 leader
retained substantial function even in the absence of a free 59
terminus.

To examine the effect of the SL on cap-independent trans-
lation conferred by each of the two CIREs within the TEV 59
leader, the SL was introduced upstream of each CIRE indi-
vidually. Translation from SL-TEV1–65-luc-A50 (in which the
SL was introduced into the construct TEV1–65-luc-A50, which
contains CIRE-1) in protoplasts was 52% of that observed for
TEV1–65-luc-A50 (Fig. 3). The effect of the SL was similar to its
effect on the control leader of similar length (compare the
degree of repression from SL-Con62-luc-A50 relative to that
from Con72-luc-A50 [Fig. 2]). In contrast, the introduction of
the SL upstream of CIRE-2, i.e., SL-TEV66–143-luc-A50, had a
disproportionately repressive effect in that it reduced transla-
tion to 22% of that observed for TEV66–143-luc-A50 (Fig. 3).
Consequently, the cap-independent translation conferred by
the region of the TEV 59 leader containing CIRE-2 is more 59
end dependent than that conferred by the region containing
CIRE-1. It should be noted that the effect of the SL was
reproducibly greater for the full-length TEV 59 leader than it
was for either CIRE individually, indicating that the two ele-
ments exhibit greater 59 end dependence when together than
when separate. Additionally, it should be noted that the intro-
duction of the SL upstream of either CIRE failed to abolish
entirely the cap-independent translation conferred by either
element, suggesting that although CIRE-2 may be more 59
dependent than CIRE-1, both retain substantial regulatory
function in the absence of a free 59 end.

The poly(A) tail promotes cooperativity between CIRE-1
and CIRE-2. Previous work demonstrated that the TEV 59
leader functionally interacts with the poly(A) tail to promote
cap-independent translation (11). This interaction is analogous
to that observed between a cap and a poly(A) tail (10), sug-
gesting that one or more elements within the TEV 59 leader
are responsible for the functional interaction with the poly(A)

tail. To examine the poly(A) tail dependence of each CIRE
and the degree of 59-end dependence of each CIRE in the
absence of a poly(A) tail, those constructs used in Fig. 3 were
introduced as poly(A)2 mRNAs into carrot protoplasts and
their relative levels of translation were determined (Fig. 4).
The presence of the SL upstream of the full-length TEV 59
leader construct (i.e., SL-TEV1–143-luc) reduced translation to
33% of that observed for TEV1–143-luc (Fig. 4). However, as
noted above, the introduction of the SL upstream of the full-
length TEV 59 leader had a greater repressive effect when the
mRNA was polyadenylated (i.e., SL-TEV1–143-luc translated at
12% of the level observed for TEV1–143-luc [Fig. 3]), suggest-
ing that one functional consequence of the interaction between
the TEV 59 leader and the poly(A) tail is to increase the 59-end
dependence of the full-length TEV 59 leader.

Each CIRE, when tested individually in poly(A)2 mRNAs,
i.e., as either TEV1–65-luc (containing CIRE-1) or TEV66–143-
luc (containing CIRE-2), retained the ability to confer cap-
independent translation (Fig. 4), demonstrating that neither
element is wholly dependent on the poly(A) tail for its func-
tion. As observed for the full-length TEV 59 leader, introduc-
tion of the SL affected the function of each CIRE to a lesser
extent in poly(A)2 mRNAs (Fig. 4) than in polyadenylated
mRNAs (Fig. 3).

The absence of a poly(A) tail also affected the combinatorial
effect of CIRE-1 and CIRE-2 on cap-independent transla-
tion. When mRNA lacked a poly(A) tail, translation from
TEV1–65-luc (containing CIRE-1) and TEV66–143-luc (contain-
ing CIRE-2) was 3.8- and 3.2-fold, respectively, less than that
from TEV1–143-luc (containing both CIRE-1 and CIRE-2), as
calculated from the data in Fig. 4, but was 14.4- and 8.9-fold,
respectively, less than that from TEV1–143-luc-A50 when the
mRNAs were polyadenylated (calculated from the data in Fig.
3). Because separation of the CIREs resulted in a greater loss
of translational efficiency when the mRNA was polyadenyl-
ated, these data suggest that another consequence of the in-
teraction between the TEV 59 leader and the poly(A) tail is to
increase the combinatorial effect of CIRE-1 and CIRE-2 on
cap-independent translation.

FIG. 3. Analysis of the 59-end dependence of the TEV 59 leader and CIRE-1 and CIRE-2. The 59-end dependence of the full-length TEV leader and of each CIRE
individually was examined by introducing each sequence upstream of the luc coding region. Each uncapped mRNA, with or without an SL present at the 59 terminus,
was synthesized in vitro to terminate in a poly(A)50 tail. The region of the TEV 59 leader present in each construct is indicated by a thick line, and the portion of the
TEV leader sequence included in each construct is indicated as a subscript. The 24-bp SL introduced into each construct is indicated diagrammatically. The control
sequence is indicated by a thin line, and the length of the control sequence (Con) included in the control construct is indicated as a subscript. Expression from each
mRNA following delivery to carrot protoplasts by electroporation is shown to the right of each construct.

9084 NIEPEL AND GALLIE J. VIROL.



The TEV 5* leader sequence can increase translation when
positioned internally in a dicistronic construct. To examine
whether the TEV 59 leader sequence can promote the trans-
lation of the second cistron of a dicistronic mRNA when
present in an intercistronic position, a series of dicistronic
constructs in which TEV leader or control sequences were
introduced between the region encoding GUS as the 59-prox-
imal cistron and the luc coding region as the distal cistron were
made (see Fig. 5 and 6 for construct design). In the first series
of constructs to be examined, the control 59-leader sequences
used in Fig. 2 were tested as intercistronic sequences. These
included the control sequence of 17 (i.e., GUS-Con17-luc-A50),

72 (i.e., GUS-Con72-luc-A50), and 144 nt (i.e., GUS-Con144-
luc-A50). An additional 73 nt from the GUS 39-untranslated
region contributed to the intercistronic region of each con-
struct. Each construct was introduced as a capped mRNA into
carrot protoplasts, and the degree of translation from the 59-
distal luc cistron was normalized to the amount of GUS pro-
duced from the 59-proximal cistron. Levels of translation from
these three control mRNAs in carrot protoplasts and in wheat
germ lysate were not significantly different (Fig. 5), suggesting
that the difference in the length of the intercistronic region in
the range represented by these constructs did not influence
initiation at the distal cistron. This is in contrast to the mod-

FIG. 4. The poly(A) tail is required for CIRE-1 and CIRE-2 regulatory function. The regulatory function and 59-end dependence of the full-length TEV 59 leader
and each CIRE individually were examined by introducing each sequence upstream of the luc coding region. Each uncapped mRNA, with or without an SL present
at the 59 terminus, was synthesized in vitro without a poly(A) tail. The region of the TEV 59 leader present in each construct is indicated by a thick line, and the portion
of the TEV leader sequence included in each construct is indicated as a subscript. The 24-bp SL introduced into each construct is indicated diagrammatically. Control
sequence is indicated by a thin line, and the length of the control sequence (Con) included in the control construct is indicated as a subscript. Expression from each
mRNA following delivery to carrot protoplasts by electroporation is shown to the right of each construct.

FIG. 5. The effect of intercistronic length on the translation of the 59-distal cistron in a dicistronic mRNA. Dicistronic mRNAs with GUS as the 59-proximal cistron
and luc as the 59-distal cistron were constructed with intercistronic regions containing control sequence 17, 72, or 144 nt in length. Each capped mRNA construct was
synthesized in vitro to terminate in a poly(A)50 tail. The 144-nt intercistronic region contains two copies of the 72-nt sequence present in the 72-nt intercistronic
construct. The length of the control sequence (Con) included in each construct is indicated as a subscript. The 24-bp SL introduced into each construct is indicated
diagrammatically. Expression from each mRNA following delivery to carrot protoplasts by electroporation or following translation in wheat germ lysate is shown to
the right of each construct. Each mRNA construct was delivered to triplicate samples of protoplasts or translated in triplicate in vitro, and each sample was assayed
in duplicate. The experiment was repeated a minimum of three times. The average value and standard deviation for the constructs of a typical experiment are reported.
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erate increase in translation observed when the length of the 59
leader was increased for a monocistronic mRNA (Fig. 2).

The translational regulation of GCN4 in yeast involves sev-
eral short upstream open reading frames (uORFs) present in
the 59 leader of the mRNA (reviewed in reference 14). Trans-
lation initiation at the main cistron occurs by those 40S ribo-
somal subunits that have resumed scanning following trans-
lational termination of the short uORFs (14). Whether 40S
subunits can resume scanning following translational termina-
tion of a coding region of typical length has not been estab-
lished in plants. However, in order to prevent the possibility of
any 40S subunits reaching the intercistronic region through the
resumption of scanning following translational termination of
the upstream GUS coding region, the SL used in Fig. 2 to 4 was
introduced into the 17-, 72-, and 144-nt control intercistronic
sequences. The 73-nt GUS 39-untranslated region upstream of
the SL provided sufficient distance between the termination
codon of the GUS coding region and the SL so that transla-
tional termination from the 59-proximal cistron would not be
negatively affected (24a). Introduction of the SL 7 nt upstream
of the distal cistron (i.e., GUS-SL-Con7-luc-A50) resulted in a
level of translation that was just 17% of that observed for the
corresponding control (i.e., GUS-Con17-luc-A50) in protoplasts
(Fig. 5). Introduction of the SL into the 72- or 144-nt intercis-
tronic region (i.e., GUS-SL-Con62-luc-A50 or GUS-SL-Con134-
luc-A50, respectively) had no effect on translation from the
distal cistron in vivo, and introduction of the SL into the 144-
nt intercistronic region had no effect in vitro (Fig. 5). The
presence of the SL 62 nt upstream of the luc cistron in the
dicistronic construct (i.e., GUS-SL-Con62-luc-A50) reduced
luc expression in vitro (relative to that for the control GUS-
Con62-luc-A50 construct [Fig. 5]) just as it had when the SL was
positioned the same distance upstream of luc in the analogous
monocistronic construct (i.e., SL-Con62-luc-A50) during in
vitro translation (Fig. 2), confirming that 62 nt between an SL
and an initiation codon is not a sufficiently long distance to
permit optimal expression of the dicistronic construct in vitro.
These data indicate that any ribosomal subunits that may re-

sume scanning from the upstream GUS coding region do not
contribute significantly to the translation of the 59-distal luc
cistron and suggest that the in vivo translation of the distal
cistron in the 72- or 144-nt intercistronic region constructs
results from internal initiation.

The presence of the TEV sequence in the intercistronic
region increased translation from the distal luc cistron 13.4-
fold relative to that from the construct containing the 144-nt
control sequence in the intercistronic region (i.e., GUS-
Con144-luc-A50) in protoplasts (Fig. 6), demonstrating that the
TEV leader sequence can function to promote translation
when in an intercistronic position. As above, an SL was intro-
duced immediately upstream of the TEV sequence to exclude
the possibility of any ribosomal subunits reaching the TEV
leader sequence. Surprisingly, instead of a negative or neutral
effect on luc expression, as observed when the control se-
quence constituted the intercistronic region, the presence of
the SL upstream of the TEV leader sequence in a dicistronic
mRNA resulted in an additional 6.1-fold increase in the trans-
lation of the distal luc cistron (Fig. 6). This increase was spe-
cific to expression from the downstream luc cistron because
expression from the upstream GUS cistron was not signifi-
cantly affected by the introduction of the SL (data not shown).
Consequently, the TEV leader sequence positioned down-
stream of the SL resulted in an 82-fold increase in expression
from the luc cistron relative to that from the GUS-Con144-luc-
A50 control construct (Fig. 6).

Similar results were observed when the region of the TEV
leader sequence containing either CIRE-1 or CIRE-2 was in-
troduced as the intercistronic region (i.e., GUS-TEV1–65-luc-
A50 or GUS-TEV66–143-luc-A50, respectively). The presence of
either CIRE-1 or CIRE-2 in the intercistronic region increased
translation from the 59-distal luc cistron by 3.6- and 11.7-fold,
respectively, relative to that from the GUS-Con144-luc-A50
control construct (Fig. 6). Similar to the results obtained with
the full-length TEV leader, the introduction of the SL up-
stream of either CIRE-1 or CIRE-2 (i.e., GUS-SL-TEV1–65-
luc-A50 or GUS-SL-TEV66–143-luc-A50, respectively) resulted

FIG. 6. The TEV 59 leader can promote translation from an intercistronic position. Dicistronic mRNAs with GUS as the 59-proximal cistron and luc as the 59-distal
cistron were constructed with intercistronic regions containing the full-length TEV leader sequence or each CIRE individually. The region of the TEV leader present
in each construct is indicated by a thick line, and the region of the TEV leader sequence included in each construct is indicated as a subscript. The 24-bp SL introduced
into each construct is indicated diagrammatically. The control sequence is indicated by a thin line, and the length of the control sequence (Con) included in the control
construct is indicated as a subscript. Each capped mRNA construct was synthesized in vitro to terminate in a poly(A)50 tail. Expression from each mRNA following
delivery to carrot protoplasts by electroporation or following translation in wheat germ lysate is shown to the right of each construct. Each mRNA construct was
delivered to triplicate samples of protoplasts or translated in triplicate in vitro, and each sample was assayed in duplicate. The experiment was repeated a minimum
of three times, and the average value and standard deviation for the constructs of a typical experiment are reported.
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in a further 9.7- or 4.0-fold increase, respectively, in the trans-
lation of the distal luc cistron (Fig. 6). Consequently, CIRE-1
or CIRE-2 positioned downstream of the SL resulted in a 35-
or 46-fold increase, respectively, in the expression from the luc
cistron relative to that from the GUS-Con144-luc-A50 control
construct. No SL-associated increase was observed when these
same constructs were translated in vitro, data consistent with
the lack of a TEV leader-mediated enhancement in translation
lysate as observed in Fig. 1. These results suggest that the TEV
leader sequence or the individual CIRE elements can promote
translation when positioned in the intercistronic region and
that the presence of an SL upstream of these elements in a
dicistronic construct assists in maintaining their function as
translational regulators.

DISCUSSION

In the present study, we identified the regulatory elements
within the TEV 59 leader responsible for promoting cap-inde-
pendent translation and determined the extent to which their
function was dependent on proximity to the 59 end. We ob-
served that the TEV 59 leader contained two elements (i.e.,
CIRE-1 and CIRE-2) that were required for cap-independent
translation. The 59-proximal CIRE-1 (present within a 39-nt
region) was less 59 end dependent than the distal CIRE-2
(present within a 53-nt region), suggesting that the two ele-
ments are functionally distinct. Moreover, as the combinatorial
effect of CIRE-1 and CIRE-2 was approximately multiplica-
tive, both elements appear to be required to confer full cap-
independent translation and may be considered as components
of a single regulatory locus.

The TEV 59 leader confers cap-independent translation, in
part, through a functional interaction with the poly(A) tail
(11). Analysis of the function of CIRE-1 and CIRE-2 in
poly(A)1 and poly(A)2 mRNAs suggests that the combinato-
rial effect of CIRE-1 and CIRE-2 is regulated by the presence
of the poly(A) tail. Separation of CIRE-1 and CIRE-2 in
polyadenylated mRNAs resulted in a 9- to 14-fold decrease
in cap-independent translation. In contrast, the separation
of CIRE-1 and CIRE-2 resulted in only a 3- to 4-fold de-
crease in the cap-independent translation of nonpolyadeny-
lated mRNAs. These data suggest that one function of the
poly(A) tail on the expression from TEV mRNA is to increase
the combined effect of CIRE-1 and CIRE-2 in order to pro-
mote cap-independent translation.

The TEV leader sequence (or either CIRE) also promoted
translation of the second cistron of a dicistronic mRNA when
present in the intercistronic region. Interestingly, the introduc-
tion of an SL downstream of the first cistron but immediately
upstream of the TEV leader or either CIRE substantially in-
creased the regulatory ability of the TEV leader sequence
(Fig. 6). As no similar increase was observed when the SL
was introduced upstream of a control sequence of equiva-
lent length, these observations suggest that the SL promoted
the TEV regulatory function. Because the presence of the SL
decreased the regulatory function of the TEV sequence when
the latter was present as the 59 leader of monocistronic
mRNAs, the stimulatory effect of the SL on TEV regulatory
function is specific to the dicistronic constructs. We postulate
that the SL prevented interference with the TEV regulatory
function by ribosomal subunits that may have remained asso-
ciated with the mRNA following translational termination of
the first cistron. Translation of GCN4 mRNA in yeast requires
that 40S subunits resume scanning following translational ter-
mination of the short uORFs in the 59 leader. Such 40S sub-
units are initially incompetent following translation termina-

tion and cannot participate in a subsequent round of initiation
until a new ternary complex, composed of eIF2, Met-tRNAi,
and GTP, has bound (14, 21). As a minimum distance between
a short uORF and the main ORF is necessary, this has been
interpreted to mean that the restoration of translational com-
petence of a 40S subunit by means of binding a new ternary
complex is time dependent. Evidence that ribosomal subunits
remain associated following the translation of a cistron of
normal length has been obtained with electron micrographs of
polysomes (8, 18), but the extent to which these subunits regain
competency for translational initiation while associated with an
mRNA is not known. If, following translational termination of
a full-sized 59-proximal cistron, a 40S subunit is at least as
incompetent for reinitiation as it is following termination from
a minicistron, its scanning through the TEV leader sequence
(as the intercistronic region) may inhibit its ability to recruit
translationally competent 40S subunits and thereby reduce the
extent to which the TEV leader can enhance translation of the
second cistron. Consequently, the introduction of an SL im-
mediately upstream of the TEV leader sequence might stall
incompetent 40S subunits from scanning into the TEV leader
sequence and thereby allow the TEV leader sequence to func-
tion unimpeded to recruit translationally competent 40S sub-
units. Thus, the introduction of an SL upstream of the TEV
leader sequence when present in the intercistronic region of a
dicistronic mRNA would act to increase its function. The in-
hibitory effect of the SL on the TEV sequence when present as
the 59 leader is consistent with this conclusion: the SL would be
expected to reduce but not abolish the regulatory function of
the TEV leader sequence because (i) there is no upstream
cistron from which incompetent 40S subunits may scan and (ii)
the TEV leader exhibits a functional preference for proximity
to a free 59 terminus.

As mentioned above, CIRE-1 is functionally less 59 end
dependent than CIRE-2, suggesting that the two elements are
functionally distinct. The multiplicative increase in cap-inde-
pendent translation when both elements are present suggests a
concerted mechanism to recruit 40S subunits or to stabilize the
association of 40S subunits recruited by one CIRE through
interaction with the other CIRE. 40S subunit recruitment may
involve direct interaction with a CIRE or, alternatively, each
CIRE may serve as a binding site for trans-acting factors that
mediate 40S subunit recruitment. The latter possibility is sup-
ported by the observation that the TEV 59 leader forms specific
complexes with proteins in a gel retardation assay (37a). Such
a trans-acting factor(s) may preferentially associate with a
CIRE when positioned proximal to an accessible 59 end and
may be prevented from binding efficiently to an intercistronic
CIRE if translationally incompetent ribosomal subunits are
transiting between cistrons in a dicistronic mRNA. The in-
creased function of an intercistronic CIRE positioned down-
stream of an SL could be explained if the SL excluded incom-
petent ribosomal subunits and thus permitted more-efficient
trans-acting factor binding. These data suggest that significant
differences between the translational regulatory mechanism of
those members of the picornaviral superfamily that infect
plants and that of those that infect animals exist. Those that
infect animals contain a highly structured 59 leader, which can
be several hundred nucleotides in length, whereas the TEV 59
leader is not long or highly structured. And yet both types of
viral leaders direct 40S subunit binding in the absence of a 59
cap structure. How these different members of the same viral
superfamily achieve the efficient recruitment of the transla-
tional machinery in their respective host species will provide
insight into the similarities and differences in translation in
plants and animals.
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