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We previously identified an internal ribosome entry site (IRES)
within the 5� leader of the mRNA encoding the Gtx homeodomain
protein and showed that shorter nonoverlapping segments of this
5� leader could enhance the translation of a second cistron in a
dicistronic mRNA. One of these segments was 9 nt in length, and
when multiple copies of this IRES module were linked together,
IRES activity was greatly enhanced. To further expand the poten-
tial uses of these synthetic constructs and facilitate analyses of the
mechanism by which they affect translation, we show here that an
IRES containing five linked copies of the 9-nt sequence can also
enhance translation in the 5� leader of a monocistronic mRNA.
Moreover, a search for interactions of the IRES module with cellular
factors revealed specific binding to 40S ribosomal subunits but not
to other cellular components. Based on the results of earlier studies
suggesting that this sequence could bind to a complementary
segment of 18S rRNA, we tested various sequences for possible
links between the length of the complementary match, their
binding to ribosomes, and their influence on translational effi-
ciency. We found that the length of the complementary match was
directly correlated with the ability of RNA probes to bind to
ribosomes. In addition, translation was maximally enhanced (�8-
fold) by a 7-nt segment of the 9-nt element; the enhancement
declined progressively as the complementary stretches became
progressively longer or shorter. The results suggest that the Gtx
9-nt sequence affects translation efficiency by a mechanism that
involves base pairing to 18S rRNA.

In earlier studies, we identified cis-acting sequences within the
5� leaders of the mRNAs for the homeodomain protein Gtx

and the cold-stress-induced protein Rbm3 that appeared to
function as internal ribosome entry sites (IRESs). When tested
in isolation these relatively short sequences enhanced the trans-
lation of a second cistron in a dicistronic mRNA (1, 2). In
addition, we found that RNA sequences with IRES activity could
be selected from libraries of random 9- to 18-nt sequences (3, 4).
Although in most cases, IRES activity mediated by an individual
IRES element was relatively weak, it could be greatly enhanced
when multiple copies of some of the individual IRES elements
were linked together in tandem (1, 3).

Synthetic IRESs based on the 9-nt Gtx IRES module have
proven to be particularly useful in various vector systems for
generating high levels of expression from multicistronic mRNAs
(e.g., refs. 5–7). Moreover, they are shorter and are more active
than viral IRESs, such as the encephalomyocarditis virus IRES,
that are typically used for these applications, and synthetic IRES
activity can be enhanced or diminished by increasing or decreas-
ing the number of IRES modules.

The question arises whether, in addition to enhancing trans-
lation in a dicistronic context, such constructs would also en-
hance translation in a monocistronic context, i.e., in the 5� leader
of a reporter mRNA. There are a number of reasons prompting
an analysis of this sequence element in a monocistronic context.
For one thing, a monocistronic context provides a better refer-
ence than dicistronic mRNAs for determining whether changes

in protein production occur by mechanisms that alter the rate of
translation or by a non-translational mechanism such as tran-
scription, which can affect protein production by altering mRNA
levels. In addition, in a monocistronic but not in dicistronic
context, mutations that disrupt translational enhancement can
be distinguished from those that actually block translation. A
mutation that blocks translation in the monocistronic context
will reduce translation to a level below that of the control. By
contrast, in a dicistronic mRNA, a similar mutation will only
reduce translation to the level of the control. Finally, for a similar
degree of multimerization, protein production may be more
efficient in monocistronic than in dicistronic constructs, and all
of these properties may prove to be of practical significance.

In the present study, we showed that a synthetic IRES
containing multiple copies of the Gtx 9-nt module enhanced
translation efficiency in a monocistronic context by �3-fold. A
search for trans-acting factors that bind to a single copy of the
9-nt element revealed a specific interaction with 40S ribosomal
subunits but not to other cellular factors. Inasmuch as the 9-nt
sequence is 100% complementary to a segment of 18S rRNA
present in the 40S ribosomal subunit, we performed binding
experiments by using 18-nt RNA probes in which the length of
the 9-nt complementary match was either shortened or length-
ened. The results showed that the relative binding affinities were
directly correlated with the length of the complementary match,
i.e., RNA probes with longer complementary matches bound to
40S ribosomal subunits with more affinity than RNA probes with
shorter complementary matches.

RNA sequences with longer or shorter complementary
matches to 18S rRNA were then tested for activity in transiently
transfected mouse neuroblastoma Neuro 2a (N2a) cells. The
data showed that translational efficiencies were highest with a
complementary matches of seven consecutive nucleotides and
that enhancement of translation was reduced when either shorter
or longer complementary stretches were used. The results of
these studies indicate that multiple copies of the 9-nt Gtx element
can enhance translation by a mechanism that involves base
pairing to a segment of 18S rRNA within intact 40S ribosomal
subunits.

Methods
DNA Constructs. Monocistronic reporter constructs contain the
SV40 promoter, which drives transcription of the Photinus
luciferase cistron. A multiple cloning site (MCS) containing SpeI
and EcoRI restriction endonuclease sites was introduced 5� of the
Photinus luciferase cistron by using HindIII and NcoI restriction
sites. Oligonucleotides containing five linked copies of nucleo-
tides 133–141 of the Gtx 5� leader or mutations of this sequence
were cloned into the 5� UTR of the Photinus luciferase cistron
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as described (1) by using either SpeI or EcoRI, and NcoI
restriction sites. Mutated sequences were substituted into the
full-length Gtx 5� leader by using BseP1 and ApaI restriction
endonuclease sites. Inserts containing mutated Gtx sequences
were generated by using Pfu polymerase amplification and
restricted with these same restriction endonucleases. The MCS
oligonucleotides and 5� leader sequences of the constructs used
in this study are presented in Table 1, which is published as
supporting information on the PNAS web site.

Transfection Analyses. Reporter constructs (0.5 �g) were trans-
fected into mouse N2a cells (1 � 105) by using FuGENE 6
(Roche Applied Science). Transfection efficiencies were nor-
malized by cotransfection with 0.2 �g of a LacZ reporter gene
construct (pCMV�, Clontech). Cells were harvested 24 h post-
transfection, and reporter gene activities were determined (1).
Translation efficiencies were calculated by normalizing the
reporter gene activities to the corresponding mRNA levels,
which were determined by using quantitative RT-PCR.

RNA Transcripts. RNA oligonucleotides obtained from Dharma-
con (Lafayette, CO) were used as RNA probes. The sequences
of the RNA oligonucleotides are listed in Table 2, which is
published as supporting information on the PNAS web site. The
5�-end-radiolabeled RNA oligonucleotide probes were gener-
ated by using T4 polynucleotide kinase. Probes were purified
away from free nucleotides by passage through two consecutive
Microspin G25 columns (Pharmacia).

Electrophoretic Mobility Gel Shift and Nitrocellulose Filter Binding
Assays. Radiolabeled RNA probes were incubated with cell
extracts and electrophoresed on nondenaturing polyacrylamide
gels as described (8, 9). For the filter binding experiments (see
refs. 10 and 11), �15 fmol of radiolabeled RNA probes was
denatured and incubated with puromycin dissociated ribosome
subunits (12) or with purified 40S ribosomal subunits in binding
buffer (13) and incubated at 37°C for 15 min. Samples were
filtered through nitrocellulose membrane (0.45 �m) and washed
several times with cold buffer. Ribosome-bound probe which
was retained by the membrane was quantified by using a
PhosphorImager (Molecular Dynamics). To determine binding
specificity, competitor RNAs were added to the radiolabeled
probe before the denaturation step.

Quantitative RT-PCR. Total RNA was extracted from transfected
cells and 1 �g of RNA was reverse transcribed as described (14).
PCR reactions were performed by using primer sets specific to
the Photinus luciferase coding sequence (5�-TCAAAGAGGC-
GAACTGTGTG-3� and 5�-GGTGTTGGAGCAAGATG-
GAT-3�) and lacZ (5�-GACGTCTCGTTGCTGCATAA-3� and
5�-CAGCAGCAGACCATTTTCAA-3�) gene-specific primers.
Fluorescent dNTPs were incorporated into PCR products by
using SYBR Green PCR Master Mix (Applied Biosystems).
Photinus luciferase and LacZ fluorescent PCR products were
quantified after 15–18 and 17–19 cycles per sample, respectively,
by using the GeneAmp 5700 sequence detector (Applied Bio-
systems). These cycle ranges reflect the cycle numbers at which
these samples reached a predetermined threshold. The concen-
trations of cDNA at these cycle numbers were then determined
by using a standard curve.

Results
The 9-nt Gtx IRES Module Functions as a Translational Enhancer in a
Monocistronic Context. A Photinus luciferase reporter construct
with a synthetic 5� leader sequence containing five linked copies
of the 9-nt Gtx IRES module ((Gtx9-nt)5(SI)5��P) was tested in
transiently transfected N2a cells. Relative translation efficiencies
were estimated by normalizing Photinus luciferase activities to

Photinus luciferase mRNA levels (see Methods) and were com-
pared to those obtained with control constructs lacking the Gtx
sequences. In the Gtx construct, the individual 9-nt elements
were separated from each other by segments of 9 nt taken from
the �-globin 5� UTR (designated SI; ref. 1). This assemblage of
repeats was placed 25 nt upstream of the initiation codon by
using another segment of the �-globin 5� UTR as a spacer (Table
1). These same segments of the �-globin 5� UTR were shown
previously not to affect translation in an IRES assay (1). The
results (Fig. 1) indicated that five linked copies of the Gtx IRES
module in the 5� UTR of a monocistronic mRNA enhanced the
rate of translation by �3-fold when compared to the activities
obtained with a control construct in which the 9-nt Gtx sequences
were mutated to 9-nt stretches of poly(A).

The 9-nt Element Binds Directly to Dissociated Ribosomal Subunits but
Not to Other Cytoplasmic Factors. Electrophoretic mobility shift
assays were performed by using radiolabeled RNA probes
containing the 9-nt Gtx element. In these studies, a radiolabeled
RNA probe containing a single copy of the 9-nt sequence was
incubated with a cytoplasmic extract and electrophoresed on a
nondenaturing gel (Fig. 2A). No difference in the mobility of this
probe was found in the presence or absence of cytoplasmic
factors, suggesting that this sequence does not bind specifically
to cytoplasmic proteins contained within this extract.

The RNA probe containing the single 9-nt element was also
tested for its ability to bind to puromycin dissociated ribosomal
subunits prepared from N2a cells. The radiolabeled RNA probe
was incubated with ribosomes in binding buffer and filtered
through a nitrocellulose membrane under salt conditions that
retain protein but not free RNA. The results (Fig. 2B) showed
that the Gtx probe was able to bind to ribosomes. When repeated
with purified 40S ribosomal subunits, binding was again ob-
served (Fig. 2C). This binding is specific because it was competed
by a 100-fold molar excess of unlabeled probe but not by the same
molar excess of an unlabeled probe containing a scrambled
sequence (Fig. 2C).

Ribosome Binding Is Directly Correlated with the Length of the
Complementary Match to 18S rRNA. To assess the relationship
between the length of the complementary match and ribosome

Fig. 1. Nine-nucleotide IRES module functions as a translational enhancer in
a monocistronic context. A schematic representation of the Photinus lucif-
erase monocistronic constructs is indicated. The 5� leader sequences include
five linked copies of the Gtx 9-nt IRES module, indicated as gray bars, and a
control (SI�SIII) in which the Gtx sequences have been mutated to poly(A),
indicated by thin black lines. Both constructs contain 25 nt of the mouse
�-globin 5� UTR sequence upstream of the Photinus luciferase initiation
codon. These 25 nucleotides are represented by a thick black line. Constructs
were assayed in transiently transfected N2a cells. Translation efficiencies were
determined per unit mRNA and normalized to 1.0 for those obtained with the
control construct containing the SI�SIII sequence. Horizontal lines indicate
SEM.
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binding, the binding affinity of an 18-nt radiolabeled RNA
oligonucleotide probe containing a single copy of the 9-nt
element was compared to the binding obtained with 18-nt probes
that were mutated to increase or decrease the length of the
complementary match to 18S rRNA (Fig. 3). The probe con-
taining the 9-nt translational enhancer was flanked by �-globin
5� leader sequences (SI; see Table 2). In constructs in which the
length of the complementary match was decreased, nucleotides
in the 9-nt Gtx element were mutated to A, whereas in constructs
for which the length of the complementary match was increased,
nucleotides in the flanking sequences were mutated accordingly.
The binding of RNA probes containing longer complementary
stretches showed progressively stronger relative binding affini-
ties, whereas the RNA probes containing shorter complemen-
tary stretches showed progressively weaker relative binding
affinities, indicating that the RNA probes were able to base pair
to a complementary segment of the 18S rRNA within intact 40S
subunits.

Translation Efficiency Is Correlated with an Optimal Size of the
Sequence Complementary to 18S rRNA. The results of the nitrocel-
lulose filter binding experiments suggested that binding affinities
were directly related to the length of the complementary match.
To assess whether these alterations in the relative binding
affinity might affect translation efficiency, we determined the
translation efficiency of constructs containing five linked copies
of the Gtx 9-nt sequence and compared it to translation effi-
ciencies obtained with constructs containing similar sequences
that were mutated to increase or decrease the length of the
complementary match to 18S rRNA (Fig. 4). The sequences
were tested for activity in the 5� UTR of a monocistronic
Photinus luciferase cistron, and translational efficiencies were
determined by normalizing reporter activities to mRNA levels
(see Methods). The control mRNA for these studies (m8) is
identical to the construct containing five copies of the 9-nt Gtx
element ((Gtx9-nt)5(SI)5��P), except that all of the Gtx nucleo-
tides were mutated to A.

The 9-nt Gtx element in construct ((Gtx9-nt)5(SI)5��P) is

complementary to a 9-nt stretch of the 18S rRNA at nucleotides
1123–1131. The nucleotide sequence of the spacer contributes
two additional G-U base pairs to this complementary stretch. In
constructs m1–m15, the same mutations were made to all five
IRES modules (Fig. 4). The results obtained with constructs in
which the complementary stretch was shortened (Fig. 4A)
showed that translation in transiently transfected N2a cells was
maximally enhanced in construct m3 (indicated by *), which
contains a stretch of seven complementary nucleotides. Trans-
lation was less efficiently enhanced when the complementary
stretches were shorter or longer than seven consecutive nucle-
otides (see constructs m2 and m4–m8). When the length of the
complementary match was increased at the 3� end of the 9-nt
sequence (Fig. 4B), the enhancement of translation was lost
when complementarity was increased by three or four nucleo-
tides (e.g., m11 and m12). Mutations that increased comple-
mentarity 5� of the 9-nt sequence had little or no effect on
translation efficiency (m13–m15).

One of the mutations that increased the length of the com-
plementary match to 18S rRNA (m12) introduced potential
AUG initiation codons into the 5� UTR. These AUGs generate
ORFs that overlap the Photinus luciferase reading frame. Inter-
estingly, the presence of these upstream AUGs did not appear to
inhibit translation as might be expected if they were used as an
initiation codons because construct m11 lacks the upstream
AUGs and construct m12 contains them, yet the translation
efficiencies of these constructs are not significantly different
from each other. Note that although the activities of these

Fig. 2. Binding studies with the Gtx 9-nt sequence. (A) Gel mobility-shift
assay. An 18-nt RNA probe containing the 9-nt Gtx sequence element (9-nt
probe) was electrophoresed alone (probe �, extract �) or after incubation in
an N2a cell extract (probe �, extract �), as indicated on the autoradiogram.
(B) Nitrocellulose filter binding assays. The Gtx 9-nt probe was incubated with
increasing concentrations of puromycin-dissociated N2a ribosomes and fil-
tered through a nitrocellulose membrane. (C) Binding of the Gtx 9-nt probe to
isolated 40S ribosomal subunits (4 �g). Binding specificity was tested by
adding a 100-fold molar excess of the unlabeled probe as a specific competitor
and confirmed with the same concentration of a nonspecific competitor,
which was an unlabeled RNA of the same length and base composition as the
Gtx probe but with a scrambled sequence.

Fig. 3. Relative binding affinity of six probes with varying lengths of
complementarity to 18S rRNA. (A) Nitrocellulose filter binding assays of
radiolabeled probes that differ in the length of the complementary match to
18S rRNA after mixing with isolated 40S ribosomal subunits (1 �g) from N2a
cells. Filter-bound radiolabeled RNA oligonucleotides were quantified by
exposure to a phosphor screen developed on a PhosphorImager. (B) Binding
curves for the wild-type 9-nt Gtx element and mutated derivatives that
increase or decrease the length of the complementary match to 18S rRNA.
Binding curves were determined by using nitrocellulose filter binding assays
performed with N2a puromycin dissociated ribosomal subunits.
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constructs is relatively low compared to the other constructs in
Fig. 4, these constructs were translated with an efficiency that is
�50% of that obtained with construct m8. Thus, they are
actually translated relatively efficiently.

Activity of the Gtx 9-nt Element in Its Native Context. To determine
whether alteration of the 9-nt element affects translation when
present in the Gtx 5� leader, we mutated this sequence in this
context (Fig. 5). In constructs m16 to m18, the 9-nt sequence was
mutated to decrease the length of the complementary match as
in constructs m2, m3, and m5 (Fig. 4). The results showed that
disruption of the 9-nt sequence actually enhanced translation by
�3-fold compared to the translation of a construct containing
the wild-type sequence. These data are consistent with those in
Fig. 4A (m1, m2, m3, and m5). When the length of the comple-
mentary match was increased at the 5� or 3� ends, the results were
more variable, perhaps reflecting the disruption of other cis-
acting sequences or structures in the 5� leader (data not shown).

Discussion
In the present study, we found that a synthetic construct con-
taining five linked copies of the 9-nt Gtx IRES module enhanced
translation when tested in the 5� leader of a monocistronic
mRNA. These nine nucleotides are contained within a larger
segment of the 5� leader that was previously shown to be
inhibitory to translation (15). In an earlier study, we showed that
a 40-nt segment of the Gtx 5� leader containing the 9-nt sequence
could be cross-linked to 40S ribosomal subunits via 18S rRNA

(15). However, we did not localize binding sites within the
mRNA sequence. We now show that the 9-nt sequence itself can
bind specifically to 40S ribosomal subunits and demonstrate that
the length of the complementary match is directly correlated
with the ability to bind 40S ribosomal subunits. We found that
the ability of this sequence to enhance translation increases as
the length of the complementary match is decreased to 7 nt, and
then declines with shorter or longer complementary matches.
Mutations of the 9-nt sequence in the context of the full-length
Gtx 5� leader also suggested that this element affects the
translation of the Gtx mRNA by base pairing to 18S rRNA.
Mutations that shortened the complementary match increased
translation efficiency (Fig. 5, m16 and m17). This enhancement
was lost when the match was decreased to 5 nt (m18).

The translation data indicate that the strength of the binding
interaction obtained with seven complementary nucleotides is
optimal for enhancing translation efficiency, suggesting that
shorter complementary matches may fail to efficiently recruit
ribosomes, whereas some longer complementary matches may
bind 40S subunits too strongly (m11 and m12). However, in-
creased matches at the 5� end did not block translation (m14 and
m15). These differences may be due to variables, such as RNA
secondary structures, that differentially affect the presentation
of this sequence in the synthetic IRES.

Direct binding to ribosomes has now been shown to occur for
two eukaryotic messages, Gtx and Rbm3 (8, 15). Some viral
IRESs, including those contained within RNAs from the hep-
atitis C virus, coxsackievirus, classic swine fever virus, bovine
viral diarrhea virus, and cricket paralysis virus also appear to
facilitate translation initiation by mechanisms that involve bind-
ing to 40S subunits (16–19). It has been suggested that various
picornaviral IRESs base pair to 18S rRNA, e.g., the coxsack-
ievirus B3 IRES is thought to bind to 40S subunits via a
complementary segment at the 3� end of the 18S rRNA (19), and
the hepatitis C virus IRES appears to enhance translation by
binding to ribosomal proteins (20).

In addition to the Gtx synthetic IRES reported here, several
cellular and viral IRESs have been tested in a monocistronic
context, and their rates of translation have been compared to
those obtained with control constructs lacking the IRES se-

Fig. 4. Defining the effective boundaries of a minimal IRES module in a
monocistronic mRNA. Constructs are based on the (Gtx9-nt)5(SI)5��P vector. A
schematic representation of the constructs used in this analysis is indicated
showing one Gtx 9-nt sequence (shaded in gray) flanked by two spacer
sequences. Mutations of this sequence in constructs m1–m15 are indicated.
The nucleotides complementary to 18S rRNA (shown below) are indicated in
gray. Note that the same mutations were made to all of the repeated ele-
ments. Constructs were transfected into N2a cells, and relative translation
efficiencies were determined (see Methods). The translation efficiency was
maximally enhanced in construct m3 (indicated by *), which contains a stretch
of seven complementary nucleotides. Numbers in parentheses represent SEM.

Fig. 5. Evaluation of alterations to the 9-nt element in the context of the
full-length Gtx 5� leader. A schematic representation of the Photinus lucif-
erase constructs is indicated. Constructs include the full-length wild-type Gtx
5� leader, replacement of the Gtx module in mutation m16, in which the
complementary match is shortened, and replacement by mutation m17, in
which the complementary match is lengthened. The nucleotides complemen-
tary to 18S rRNA are indicated in gray. Constructs were assayed in transiently
transfected N2a cells. Translation efficiencies were determined per unit mRNA
and indicated as a % change (���) relative to the translation efficiency
obtained with the construct containing the wild-type 5� leader sequence.
Horizontal lines indicate SEM.
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quences; some IRESs enhanced the rate of translation, whereas
others inhibited it (see, e.g., refs. 21 and 22). The ability of an
IRES to enhance or inhibit the rate of translation relative to that
of a capped monocistronic mRNA may be determined by
whether translation is derived from the combined contributions
of the IRES and other elements such as the cap, or whether it
is derived solely from the IRES. In the latter case, the efficiency
of the IRES alone might determine the rate of translation.

The ability of the Gtx 9-nt sequence to affect translation
efficiency may depend on the accessibility of the complementary
sequence within 18S rRNA. This notion is supported by the
location of this site within helix 26, which appears to be accessible
based on current structural models of prokaryotic ribosomes (23,
24). In an earlier study (1), we noted that the activity of a
synthetic IRES containing 10 linked copies of the 9-nt element
varied dramatically depending on the cell type. This raises the
possibility that the accessibility of the complementary nucleo-
tides within the 40S subunit differs in ribosomes from different
cell types, either because of ribosome heterogeneity (see ref. 25)
or because of ribosome binding factors that may include proteins
or other RNAs that mask the binding site.

Although the present results are consistent with the conclu-
sion that the 9-nt Gtx sequence can enhance translation by a
mechanism that involves base pairing interaction to 18S rRNA,
a critical test of this mechanism will require studies showing that
the activity of the Gtx element actually depends on the integrity
of the complementary sequences within the 18S rRNA. This will
involve assessment of the activity of the Gtx sequence in cells in
which the complementary site within the 18S rRNA has been
mutated and comparison with the activity obtained in cells
containing the unmutated RNA.

Multiple copies of the 9-nt Gtx element may enhance trans-
lation initiation by increasing the local concentration of ribo-
somes in the vicinity of the mRNA. This notion is also supported
by the results of an analysis of complementarity in which the 5�
leader sequences from Fig. 4 were tested in the intercistronic
region of a dicistronic vector (data not shown). The results
obtained in dicistronic constructs mirrored those obtained in the

monocistronic vector with one difference: translation was en-
hanced in monocistronic constructs with as few as five comple-
mentary matches; in the dicistronic mRNA, however, elements
shorter than 6 nt did not function as IRESs.

Our analysis of the synthetic construct containing the 9-nt Gtx
element suggests that short sequence elements contained within
natural mRNAs can affect translation efficiency. However, the
9-nt element was only one of several cis-acting sequences shown
to affect the translation of the Gtx mRNA (1). Our examination
of the 5� leader of the Rbm3 mRNA revealed a similar modular
composition (8), as have deletion analyses of many other mRNA
5� leaders (1). These observations are consistent with the notion
that the translation efficiencies of many mRNAs are determined
by the cumulative effects of numerous sequence elements in the
5� leaders that individually have only small effects on translation.

We have found that, in addition to Gtx, a large number of other
eukaryotic mRNAs contain rRNA-like sequences that either
resemble rRNA or are complementary to it (26). These rRNA-
like sequences have been identified both in coding and noncod-
ing segments of mRNAs. We previously suggested that some of
these sequences might affect the translation efficiency of their
host mRNAs by mediating interactions with RNA or protein
ribosomal components. This notion was further elaborated in the
ribosome filter hypothesis (25). This hypothesis suggests that
these interactions may be regulated by factors affecting the
accessibility of the binding sites on the ribosomes, including
ribosome heterogeneity and ribosome binding factors.
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