A 9-nt segment of a cellular mRNA can function as an
internal ribosome entry site (IRES) and when present
in linked multiple copies greatly enhances
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This study addresses the properties of a newly identified internal
ribosome entry site (IRES) contained within the mRNA of the
homeodomain protein Gtx. Sequential deletions of the 5’ untrans-
lated region (UTR) from either end did not define distinct IRES
boundaries; when five nonoverlapping UTR fragments were
tested, four had IRES activity. These observations are consistent
with other cellular IRES analyses suggesting that some cellular
IRESes are composed of segments (IRES modules) that indepen-
dently and combinatorially contribute to overall IRES activity. We
characterize a 9-nt IRES module from the Gtx 5’ UTR that is 100%
complementary to the 185 rRNA at nucleotides 1132-1124. In
previous work, we demonstrated that this mMRNA segment could be
crosslinked to its complement within intact 40S subunits. Here we
show that increasing the number of copies of this IRES module in
the intercistronic region of a dicistronic mRNA strongly enhances
IRES activity in various cell lines. Ten linked copies increased IRES
activity up to 570-fold in Neuro 2a cells. This level of IRES activity
is up to 63-fold greater than that obtained by using the well
characterized encephalomyocarditis virus IRES when tested in the
same assay system. When the number of nucleotides between two
of the 9-nt Gtx IRES modules was increased, the synergy between
them decreased. In light of these findings, we discuss possible
mechanisms of ribosome recruitment by cellular mRNAs, address
the proposed role of higher order RNA structures on cellular IRES
activity, and suggest parallels between IRES modules and tran-
scriptional enhancer elements.

I n eukaryotes, the initiation of mRNA translation is generally
thought to occur by a cap-binding/-scanning mechanism,
although some mRNAs are translated efficiently despite the lack
of a cap structure or a free 5’ end (for reviews, see refs. 1-5). In
some of these cases, sequences contained within the mRNA
directly recruit the translation machinery. These internal ribo-
some entry sites (IRESes) are defined functionally by using
dicistronic mRNAs. A nucleotide sequence functions as an IRES
if, when present in the intercistronic region of a dicistronic
mRNA, it can direct translation of the second cistron in a manner
that is independent of the first cistron. IRESes have been
identified in the 5" UTRs of both cellular and viral mRNAs, but
they have been most extensively characterized in picornaviral
mRNAs as well defined segments of approximately 450 nt (e.g.,
see ref. 6) that have been categorized on the basis of sequence
and structural similarities (reviewed in ref. 7). In contrast, little
is known about the IRESes of cellular mRNAs. For most cellular
IRESes, distinct boundaries have been difficult to determine by
deletion analysis (8—12), and fragments as short as 55 nt have
been shown to have IRES activity (13).

Inasmuch as cellular IRESes contain no obvious sequence
similarity to each other or to picornaviral IRESes, it has been
suggested that they resemble each other in secondary structure
(14). RNA-folding analyses have indicated that some cellular
IRESes may contain a Y-type stem-loop structure followed by
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a stem loop immediately upstream of the initiation codon. This
Y-shaped conformation was predicted to occur within IRESes
from the mRNAs that encode the Ig heavy chain-binding protein
(Bip), fibroblast growth factor-2, and the Antennapaedia gene
product, and this conformation is reportedly similar to one
contained within the IRESes of picornavirus, pestivirus, and
hepatitis C virus (15). RNA conformations, including Y-shaped
secondary structures, have subsequently been predicted to occur
within several other cellular IRESes (e.g., refs. 9, 10, 16, and 17).
In the case of the c-sis nRNA, three independent fragments have
IRES activity, and each of these fragments is proposed to
contain a Y-type stem—loop structure (16).

There is no independent physical evidence demonstrating that
these Y-shaped RNA conformations actually occur, however,
and for many cellular IRESes, the ability to internally initiate
translation is not correlated with the presence of the proposed
secondary structure. For example, 5’ or 3’ deletions of the Bip
(8) IRES still have IRES activity even though these fragments
do not contain the predicted Y-type stem-loop structure. The
lack of correlation between proposed RNA conformations and
IRES activity has also been observed in other studies. For
example, the vascular endothelial growth factor and c-myc
IRESes both contain two nonoverlapping fragments with IRES
activity (9, 10). In addition, the Bip IRES has three nonover-
lapping fragments with IRES activity (8), none of which contain
the proposed Y-type stem-loop structure or at best contain only
part of it.

The published results seem more consistent with the notion
that some cellular IRESes may be composed of numerous short
segments that either have independent IRES activity or that
together affect the overall IRES activity. In the present study, we
provide evidence to support this hypothesis. We show that the
196-nt 5" UTR of the Gtx homeodomain mRNA contains an
IRES, that multiple nonoverlapping fragments of this 5’ UTR
have IRES activity, and that one of these fragments contains a
9-nt segment that can function independently as an IRES.
Multiple copies of this 9-nt sequence increase IRES activity
synergistically. This 9-nt segment is 100% complementary to the
18S rRNA at nucleotides 1132-1124. In an earlier study, we used
photochemical crosslinking to show that this same mRNA
sequence could bind to 40S ribosomal subunits by crosslinking to
its complement within the 18S rRNA (18). We discuss the
possibility that cellular IRESes are modular assemblies consist-
ing of subsequences that can function independently and also
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Fig. 1.

Dicistronic analysis of Gtx IRES activity. (A) A schematic representation of the dicistronic constructs used in this analysis is indicated. Constructs are based

on the RP (Renilla-Photinus) and RPh (Renilla-Photinus hairpin) vectors. Inserts include the full Gtx 5" UTR (Gtx1-196), the EMCV and poliovirus IRESes, and the
B-globin 5" UTR. IRES activities are represented as ratios of Photinus luciferase activity to Renilla luciferase activity after transfection into N2a and C6 cells. Values
represent activities that have been normalized to those of the RPvector. Numbers in parentheses represent SEM. (B) Northern blot of poly(A)* RNA purified from
N2a cells transfected with the Gtx1-196/RP dicistronic construct and probed with a fragment of the Photinus luciferase gene. The positions of the 285 and 18S

rRNAs are indicated.

cooperatively. To facilitate discussion, we refer to these minimal
functional units as IRES modules.

Materials and Methods

Dicistronic mRNA Analyses. Dicistronic constructs used for this
study are based on the pGL3-R2 (RP) and pGL3-R2h (RPh)
dicistronic reporter vectors [kindly provided by Anne E. Willis,
University of Leicester, Leicester, United Kingdom (9)]. These
vectors encode a dicistronic mRNA with the Renilla (sea pansy)
luciferase gene upstream of the Photinus (firefly) luciferase
gene. An SV40 promoter and enhancer drive expression. The
RPhvector contains a 60-bp inverted repeat located 5’ of the first
cistron. The 5" UTR of the Gtx mRNA (19) was synthesized as
two overlapping oligonucleotides, amplified by PCR with pfu
DNA polymerase (Stratagene), and inserted into the intercis-
tronic region as an EcoRI to Ncol fragment immediately up-
stream of the Photinus luciferase initiation codon in both the RP
and RPh vectors. Other inserts were similarly cloned into the
intercistronic region by using the EcoRI and Ncol restriction
sites or by using the Spel and EcoRI restriction sites as indicated
in supplemental Table 1 (see the PNAS web site, www.pnas.org).
The sequence of all constructs was verified. Plasmids containing
the chloramphenicol acetyl transferase (CAT) gene instead of
the Photinus luciferase gene were derived by deleting the lucif-
erase gene and replacing it with the CAT gene by using the Ncol
and BamHI restriction sites (RCh). The CAT gene was from the
pCAT3 control vector (Promega).

Cell lines were obtained from American Type Culture Col-
lection and maintained according to their instructions. Dicis-
tronic reporter constructs were transfected into cells by using
FUGENE 6 (Roche Molecular Chemicals). Transfection efficien-
cies were normalized by cotransfection with the pCMV 3 vector
(CLONTECH). Cells were harvested after 24 h, and luciferase
activity was determined by using the dual reporter assay system
(Promega). p-Galactosidase activity was assayed by using the
Fluoreporter lacZ kit (Molecular Probes), and fluorescence was
measured by using the Millipore Cytofluor 2450 system. CAT
enzyme activity was measured by using N-butyryl CoA according
to technical bulletin no. 84 (Promega).

RNA Analysis. Northern blot analysis was performed as previously
described (20) by using RNA prepared from the neuronal cell
line Neuro 2a (N2a), extracted by the guanidium thiocyanate
method (21). poly(A)™ RNA was selected by using Oligotex
oligo(dT) beads (Qiagen, Chatsworth, CA). Northern blot hy-
bridizations were performed by using Rapid hyb buffer (Amer-
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sham) with a probe containing the entire Photinus luciferase
coding sequence. This probe was obtained by digesting the
dicistronic construct with the Ncol and Sall restriction sites.
Hybridizations were performed at 65°C; wash stringency was
65°C in 0.1X saline sodium citrate.

Results

The 5’ UTR of Gtx mRNA Contains an IRES. The 5" UTR of the Gtx
mRNA is 196 nt long (19) and contains several complementary
sequence matches to 18S rRNA, one of which was the focus of
a previous study (18). We postulated that mRNA sequences such
as these might directly interact with complementary sequences
within the 18S rRNA and lead to translation initiation events. To
test this notion, the Gtx 5’ UTR was tested in the intercistronic
region of a dicistronic mRNA (Gtx1-196/RP, Fig. 14) that
contains the Renilla luciferase coding sequence as the first
cistron and the Photinus luciferase coding sequence as the
second cistron (9). The insertion of the 196-nt Gtx 5" UTR in the
intercistronic region of this dicistronic construct enhanced ex-
pression of the downstream cistron 7.2-fold over background in
the rat neuronal cell line N2a and 8.8-fold in the rat glioma cell
line C6. This IRES activity was approximately 47% of that of the
encephalomyocarditis virus (EMCV) IRES in N2a cells and 84%
of that of EMCYV in C6 cells, when tested in the same vector
system (EMCV/RP). Translation of the B-globin mRNA is very
cap dependent (e.g., refs. 22 and 23), and insertion of the 5’ UTR
of this mRNA between cistrons served as a control with no IRES
activity (B-globin/RP). To show that the enhanced expression of
the second cistron did not depend on the translation of the first
cistron, the translation of the first cistron was inhibited. This was
accomplished by using an equivalent construct that contained an
inverted repeat, with the potential to form a stable hairpin
structure, in the 5’ UTR (Gtx1-196/RPh). When normalized to
the activity of the RP vector, the hairpin structure increased
IRES activity up to 31-fold over background. A Northern blot
analysis using poly(A) " RNA isolated from N2a cells transfected
with the Gtx1-196/RP vector and probed with a Photinus
luciferase fragment showed that the cells expressed only one
detectable mRNA of the correct expected size (Fig. 1B). This
argues against the possibility that enhanced expression of the
downstream Photinus luciferase gene resulted from functionally
monocistronic mRNAs that were generated by unusual splicing
events or RNA fragmentation.

Gtx 5’ UTR Contains Shorter Segments with IRES Activity. The Gtx 5’
UTR was sequentially deleted from both the 5’ and the 3’ end
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Fig. 2. Deletion and fragment analysis of the Gtx 5" UTR after transfection
into N2a cells. (A) A schematic representation of the dicistronic constructs used
in this analysis is indicated. Constructs are based on the RPh vector. Inserts
include the full Gtx 5" UTR (Gtx1-196) and deletions and fragments of this
sequence. The Gtx construct designations indicate the exact nucleotide se-
quence present in each construct. IRES activities are represented as a percent-
age of the activity of the full Gtx 5" UTR. Numbers in parentheses represent
SEM. (B) Analysis of a 9-nt segment of the Gtx 5’ UTR. Construct B-globin/RPh
contains the full 5" UTR of the mouse B-globin mRNA. The activity of construct
BGtx133-141/RPh is normalized to that of the B-globin control construct
Bglobin/RPh.

and was fragmented into five nonoverlapping segments of ap-
proximately 40 nt, each of which was tested for IRES activity
(Fig. 24). To minimize the contribution of the first cistron, the
RPh vector was used for these constructs. The results of these
studies in the N2a cell line indicate that all deletions and
fragments have IRES activity, with the exception of constructs
Gtx120-196/RPh and Gtx167-196/RPh. Deletion of nucleotides
167-196 increased IRES activity to a level greater than that of
the full 5" UTR (see constructs Gtx1-166/RPh and Gtx1-120/
RPh), which may indicate that this sequence inhibits IRES
activity or that the IRES activity of nucleotides 1-166 is affected
by its location relative to the initiation codon. One of the
fragments, contained within construct Gtx120-166/RPh, is of
particular interest, because we have shown previously that this
fragment contains a segment at nucleotides 133-141 of the Gtx
5" UTR that is 100% complementary to the 18S rRNA at
nucleotides 1132-1124. This Gtx sequence was the focus of an
earlier study in which we showed that it could be crosslinked to
its complement within intact 40S subunits (18). To determine
whether IRES activity is associated with the complementary
nucleotides, this sequence was directly tested for IRES activity.
The spacing of these nine nucleotides relative to the initiation
codon was kept the same as in the Gtx120-166/RPh construct
by using a polynucleotide sequence identical to the whole
B-globin 5" UTR (which itself has no detectable IRES activity)
as a filler sequence (Fig. 2B). This precaution was taken to avoid
possible effects on IRES activity that might result by changing
the location of the 9-nt segment relative to the initiation codon.
The IRES activity associated with this 9-nt fragment was 3.4-fold
over the background.
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Linked Copies of the 9-nt IRES Module Appear to Function Synergis-
tically. Dicistronic constructs were generated containing 1, 5, or
10 copies of the 9-nt IRES module, spaced 25 nt upstream of the
initiation codon by using B-globin 5" UTR sequences. Constructs
with 5 or 10 copies of the IRES module were arbitrarily spaced
9 nt apart by using a repeated segment of the B-globin 5" UTR
(designated SI). The results of transfection experiments in N2a
cells indicated that the IRES activity of one copy [(Gtx133-
141)B/RPh] was 2.5-fold over background. The activity of five
linked copies [(Gtx133-141)s(SI)sB/RPh] was 164-fold over
background, and the activity of 10 copies [(Gtx133-
141)40(SI)oB/RPh] was 570-fold over background (Fig. 34). Note
that these IRES activities are normalized to that of the parent
RPh vector. If normalized to the RP vector, the activity of
(Gtx133-141),0(ST)9B/RPh is approximately 6,000-fold over
background. The P:R ratio reflects the absolute increase in
Photinus luciferase activity for all constructs except those that
contain 5 or 10 copies of (Gtx133-141) with spacer SI, in which
the expression of both cistrons increased. The level of Renilla
expression obtained with construct (Gtx133-141);(SI)93/RPh
is approximately 20-fold higher than that of construct RPh. A
Northern blot analysis of mRNAs from N2a cells indicated that
the mRNA levels were not significantly different. It is therefore
unlikely that increased mRNA levels caused increased expres-
sion of the Renilla gene. A similar enhancement of both cistrons
was observed when the Tobacco necrosis virus enhancer was
placed in the 3" UTR of a dicistronic mRNA (24).

Two other spacer sequences and a number of controls were
then tested to distinguish between the effects of the 9-nt IRES
module and the spacer sequence. Other spacer sequences in-
clude a different 9-nt segment of the B-globin 5" UTR (desig-
nated SII) and a 9-nt stretch of poly(A) (designated SIII). IRES
activity increased up to 243-fold over background for constructs
with SII and up to 31-fold for constructs with SIII. In all cases,
increasing the number of copies of the IRES module resulted in
increased IRES activity, but the level of activity was affected
differentially by the different spacer sequences. Different spacer
sequences may affect the higher order structure of the mRNA
and alter the presentation of the IR ES modules to the translation
machinery. Alternatively, some spacer sequences may introduce
nucleotides that contribute to the IRES module or that may
themselves synergize with the IRES modules. Controls indicate
that three different combinations of the spacer sequences them-
selves, (SI/SIII)s, (SIII/SID)s, and (SII/SIII)s, alternating in
position as they do in the experimental constructs, did not
themselves have any detectable IRES activity.

To determine whether the IRES activity obtained with the
(Gtx133-141)9(SI)oB synthetic IRES is independent of the
reporter gene used, the Photinus luciferase gene was replaced
with the CAT gene in construct (Gtx133-141)0(SI)e3/RCh.
After transfection into N2a cells, thin-layer chromatography
(Fig. 3B) and liquid scintillation counting were performed to
determine CAT activity. The results show that CAT activity in
cell lysates transfected with this synthetic IRES is approximately
103-fold greater than that of the EMCV IRES in a construct
containing the same reporter genes (EMCV/RCh), whereas the
activity of a control construct (RCh) was indistinguishable from
background. As in the RPh vector, the (Gtx133-141);¢(SI)of3
synthetic IRES also increased Renilla expression significantly
(6.1-fold) compared with the control RCh construct. The overall
ratio of CAT expression to Renilla luciferase activity for the
synthetic IRES [(Gtx133-141),0(SI)oB] was 10.5-fold greater
than that of the EMCV IRES. This is a high level of IRES
activity, but it is lower (approximately 6-fold) than that obtained
in constructs containing the Photinus luciferase gene as the
second cistron. This may highlight the influence of the reporter
cistron on IRES activity, a feature observed with the EMCV
IRES (25).
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Fig. 3. Dicistronic mRNAs containing synthetic IRESes based on multiple linked copies of nucleotides 133-141 of the Gtx 5" UTR. (A) Schematic representation
of the dicistronic constructs used in this analysis is indicated. Constructs are based on the RPh vector and contain 25 nt of the mouse B-globin 5’ UTR sequence
(B) immediately upstream of the initiation codon, represented as a thick black line. (Inset) One, five, or ten copies of the Gtx IRES module (Gtx133-141) are
indicated as gray bars; constructs with multiple copies are spaced 9 nt apart by one of three spacer sequences, SI, SlI, or SllI, shown as a thick black bar, an open
bar, and a thin line, respectively. Constructs were transfected into N2a cells, and luciferase activities were normalized for transfection efficiency (see Materials
and Methods). Numbers in parentheses represent SEM. (B) Analysis of dicistronic constructs containing the CAT gene as the second cistron. The constructs used
inthis assay are based on the RCh vector. Insertsinclude the EMCV IRES and (Gtx133-141)10(SI)9B. Constructs were transfected into N2a cells and assayed for Renilla
(R) and CAT (C) activities. CAT activities in the table were determined by liquid scintillation assay and, because CAT activity of the RCh vector was indistinguishable
from a negative control, numbers were normalized to the activity of EMCV/RCh. An autoradiogram of a TLC assay of CAT activity is also shown. Lane 1, negative
control; lanes 2-4, transfections with RCh; lanes 5-7, transfections with EMCV/RCh (EMCV); lanes 810, transfections with [Gtx133-141)10(SI)e8/RCh (Gtx(10X)].
Each lane represents an independent transfection. Ch represents '4C chloramphenicol; bCh represents butyrylated '“C chloramphenicol and is the product of CAT
enzyme activity.

The activity of some viral IRESes depends on cell type (26).
Accordingly, to evaluate the activity of the synthetic IRES
(Gtx133-141)9(SI)op, it was tested in a total of 11 cell lines,
representative of several different cell types and compared with
that of the EMCV IRES. Results indicated that in all cell lines
tested, the synthetic IRES was 3.3- (NRK cells) to 63-fold (N2a
cells) more active than that of the EMCV IRES, which was very
weak in some cell lines (Fig. 4). Note that the data are shown on
a logarithmic scale.

To investigate the potential effects of distance between IRES
modules, a series of constructs was generated that contained one
or two copies of the 9-nt IRES module spaced various distances
apart by using multiple copies of the SI spacer sequence in such
a fashion that all constructs were identical in size (Fig. 5). Of
those constructs with two copies of the 9-nt IRES module,
spacing between the modules was varied from 9 nt to 54 nt (Fig.
5). The IRES activity obtained with one copy of the IRES
module increased 2.8-fold when a second copy was introduced 9
nt upstream of the first. This activity decreased to 2.1-fold and
to 1.3-fold as the distance between the IRES modules was
increased to 27 and 54 nt, respectively. These results indicate that
two linked 9-nt IRES modules can interact cooperatively when
spaced less than 27 nt apart.

Discussion

Some viruses and cellular mRNAs use IRESes to initiate
translation in a cap-independent manner, but accumulated ev-
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idence indicates that viral and cellular IRESes may be funda-
mentally distinct. In the present study, we dissected a cellular
IRES contained within the 5" UTR of the Gtx mRNA and
identified a 9-nt sequence that can function independently as an
IRES module. This result and others in the literature (e.g., refs.
8-10) are not consistent with the notion that Y-shaped RNA
conformations are necessarily required for IRES activity in
cellular mRNAs (14) and point to the potential importance of
short nucleotide motifs. Although RNA conformation may be
critical for the activity of some cellular IRESes, as it is in
picornavirus, our results raise the possibility that, in some
instances, RNA secondary structures may simply alter the
accessibility or presentation of individual IRES modules to the
translation machinery. The observation that multiple copies of
nucleotides 133-141 of the Gtx 5" UTR increase IRES activity
cooperatively suggests that the activity of some cellular IRESes
may depend on the strength, number, and spacing of various
individual IRES modules. In addition to the Gtx IRES module,
we have identified IRES modules within the 5’ UTR of the
mRNA that encodes Rbm3, a stress-induced RNA-binding
protein (unpublished data). It is expected that further analysis of
other cellular IRESes will reveal that many of them have a
similar modular composition.

In earlier studies, we showed that a segment of the Gtx 5’ UTR
containing nucleotides 133-144 could directly bind to 40S ribo-
somal subunits by base pairing to the 18S rRNA (18). When
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IRES activities in various cell lines. EMCV/RPh and (Gtx133-141)10(S1)93/RPh were transfected into the cell lines indicated and IRES activity calculated

as the ratio of Photinus to Renilla luciferase activities. These activities were normalized to those obtained with the RPh vector in these same cell lines. Activity
of the EMCV/RPh construct is indicated as a black bar, and that of the (Gtx133-141)10(SI)93/RPh construct is indicated as a gray bar. Vertical lines indicate SEM.
Note that IRES activities are represented on a logarithmic scale. The following cell lines were used in this study: rat glial tumor line C6; human neuroblastoma
SK-N-SH (SK); mouse neuroblastoma N2a; mouse fibroblast B104-1-1 (B104); mouse fibroblast NIH 3T3 (3T3); human epitheloid carcinoma HelLa; mouse
embryonal carcinoma P19; rat normal kidney NRK; human chronic myelogenous leukemia K562; mouse pituitary tumor AtT-20 (AtT20); mouse muscle myoblast

CCqa.

tested in the 5" UTR of a monocistronic reporter construct, this
sequence inhibited translation. Mutations of this nucleotide
sequence that increased the degree of complementarity to the
rRNA decreased the translation of a monocistronic mRNA,
whereas those that decreased complementarity increased trans-
lation (27). In the present study, nucleotides 133-144 of the Gtx
mRNA sequence are shown to function as an IRES module when
tested in the intercistronic region of a dicistronic mRNA. This
same sequence thus appears to have opposite effects on trans-
lation depending on whether it is present in a monocistronic or
in a dicistronic mRNA, which may be explained by differences
in what these assays measure. Very active IRES modules are
likely to be those that recruit the 40S subunit efficiently but still
allow it to detach for protein synthesis to occur. Less active IRES
modules might include those that recruit poorly because of weak
initial interactions with the 40S subunit as well as those that form
very stable interactions that effectively sequester the mRNA.
If base pairing between segments of mRNAs and 18S rRNA
can lead to ribosome recruitment and translation initiation, this
may be related to an earlier observation in which we noted that
large numbers of eukaryotic mRNAs contain segments comple-
mentary to 18S rRNA (20). If particular subsets of these mRNA
sequences function as IRES modules, the implication is that
large numbers of different mRNAs may use these sequences to
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Fig. 5. Effect on IRES activity of varying the spacing between two copies of
the 9-nt Gtx IRES module (Gtx133-141). Constructs containing one or two
copies of the 9-nt IRES module are indicated schematically. Constructs contain
25 nt of the mouse B-globin 5" UTR sequence (B) immediately upstream of the
initiation codon. Spacing between and upstream of the 9-nt IRES modules was
achieved by using a 9-nt spacer sequence (Sl). Spacing between two of the 9-nt
IRES modules was 9, 27, or 54 nt. IRES activity is the ratio of Photinus to Renilla
luciferase activity and is normalized to 100 for the activity of construct
(S1)g(Gtx133-141)18/RP. Numbers in parentheses represent SEM.
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recruit ribosomes. Sequences complementary to 18S rRNA have
also been noted within other cellular IRESes (e.g., refs. 11, 12),
but these sequences have not yet been investigated experimen-
tally. In the case of picornaviral IRESes, they contain an
oligopyrimidine stretch that is complementary to the 3’ end of
the 18S rRNA (reviewed in ref. 28). Although this sequence has
been shown to be important for activity (e.g., refs. 29 and 30), the
ability of this sequence to base pair to the 18S rRNA has not been
shown. Similar sequences do not occur in the IRESes of hepatitis
C, classic swine fever, and bovine diarrhea pestivirus, although
indirect evidence for base pairing interactions between these
IRESes and 18S rRNA comes from reconstitution studies (31,
32).

Complementarity to 18S rRNA is unlikely to be the only
mechanism by which IRES modules can recruit ribosomes. We
expect, for example, that some IRES modules may bind to
ribosomes through interactions with ribosomal proteins or com-
ponents of the translation machinery, such as initiation factors
or other intermediary proteins. An example of this comes from
a recent study (33) in which an RNA translational control
sequence, the iron regulatory element (IRE), was able to
function as an IRES module in the presence of an engineered
intermediary protein. The IRE binds to the iron-regulatory
element-binding protein (IRP-1). By fusing IRP-1 to the C-
terminal region of initiation factor eIF4G, this fusion protein
becomes an intermediary protein that can recruit the preinitia-
tion complex, presumably though an interaction with initiation
factor elF3. This artificial recruitment of the translation ma-
chinery is sufficient to obtain weak but detectable IRES activity
when the IRE is inserted in the intercistronic region of a
dicistronic mRNA.

The ability to internally initiate translation may be used by
some mRNAs under conditions that are not favorable for
cap-dependent translation, such as occur during mitosis or
poliovirus infection (e.g., ref. 34). However, with the exception
of certain viral mRNAs, virtually all eukaryotic mRNAs are
monocistronic and contain a cap structure (1, 35). Thus the
ability to internally initiate translation might just reflect the
ability of a sequence to recruit ribosomes. If this recruitment is
sufficient to enhance translation, these sequences may give some
mRNAs an advantage over others under competitive situations
within the cell. Alternatively, IRES modules in eukaryotic
mRNAs may be mechanistically analogous to the prokaryotic
Shine and Dalgarno sequence (36), albeit combinatorially more
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complex because they are multiple and the complementary
sequences are not fixed in location either within the mRNA or
within the rRNA as they are in their prokaryotic counterparts.

The finding that two, five, and ten copies of the 9-nt Gtx(133-
141) IRES module have a synergistic effect on IRES activity may
have important implications for understanding the evolution of
translational enhancers and regulators and may have parallels
with cis-acting transcriptional enhancers for which similar effects
have been noted: two or more copies of the same or of different
cis-acting transcriptional enhancers have more than an additive
effect on transcription (37). One explanation is that cooperative
interactions between these weak transcription factors may in-
crease the local concentration of these factors. Synergy appears
to result from increased contacts between these protein factors
and the core transcription machinery (reviewed by refs. 38, 39).
Similarly, weak interactions between components of the trans-
lational machinery might be sufficient to explain the synergistic
effects seen in the present work. Alternatively, increased re-
cruitment may lead to higher local concentrations of some of the
initiation factors that might otherwise be limiting for translation.
For example, high levels of eIF4A, which is an RNA helicase,
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might maintain a more open mRNA secondary structure and
allow more efficient translation.

In addition to addressing the basic mechanisms underlying
translation initiation, synthetic IRESes of the type generated in
this study may be of practical use. The most active synthetic
IRESes tested in this study are up to 63-fold more active than the
EMCYV IRES and appear to be much stronger than most or all
of the naturally occurring IRESes that have been characterized
up to this time (26, 40). Consequently, extremely sensitive
reporter assays are now possible, and these IRESes may be
useful to obtain very high levels of protein expression. In
addition, we have shown that it is possible to fine tune the level
of IRES activity by varying the number of linked IRES modules.
The activities and properties of these synthetic IRESes may have
a number of applications for research, biotechnology, diagnosis,
and gene therapy.
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