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In previous studies, we demonstrated the sufficiency of short
nucleotide sequences to facilitate internal initiation of translation
in mammalian cells. By using a selection methodology, we have
now identified comparable sequences in Saccharomyces cerevisiae.
For these studies, a library of constructs expressing dicistronic
mRNAs with the HIS3 gene as the second cistron and 18 random
nucleotides in the intercistronic region was introduced into a yeast
strain in which the endogenous HIS3 gene was deleted. Untrans-
formed cells or those containing the parent construct failed to
grow on medium lacking histidine. Intercistronic sequences recov-
ered from cells that did grow were evaluated by using various
criteria. Fifty-six of the 18-nt sequences (~1,/400,000) functioned as
synthetic internal ribosome entry sites (IRESes). The 14 most active
sequences allowed growth in the presence of 0.1-0.6 mM 3-amino-
1,2,4-triazole, a competitive inhibitor of the HIS3 gene product. In
addition, eight sequences were identified that were not IRESes, but
that enhanced HIS3 expression by an alternative mechanism that
depended on the 5’ end of the mRNA and appeared to involve
either shunting or reinitiation. Comparisons among the 56 selected
IRESes identified eight significant sequence matches containing up
to 10 nucleotides. Many of the selected sequences also contained
extensive complementary matches to yeast 18S rRNA, some at
overlapping sites. The identification of cis sequences that facilitate
translation initiation in yeast enables detailed biochemical and
genetic analyses of underlying mechanisms and may have practical
applications for bioengineering.

he translation of some eukaryotic mRNAs is initiated in a

cap-independent manner at internal ribosome entry sites
(IRESes) contained within those mRNAs. IRESes were first
discovered in uncapped RNAs from poliovirus (1) and encepha-
lomyocaritis virus (2), and have subsequently been identified in
other viral as well as cellular mRNAs from mammals, insects,
and yeast (3, 4). IRESes appear to be used by some mRNAs to
facilitate translation when initiation by the cap-dependent mech-
anism is less efficient or blocked, for example, during poliovirus
infection (5), during the G,/M phase of the cell cycle (6, 7), and
in dendrites (8). Internal initiation also appears to facilitate the
translation of mRNAs with 5’ leaders that are encumbered by
numerous upstream AUGs or RNA secondary structures (see
refs. 9 and 10).

Naturally occurring and synthetic IRESes comprise a heter-
ogeneous group of sequences that range in length from <10 to
several hundred nucleotides and that appear to vary in their
requirements for primary, secondary, and tertiary structures of
RNA. For example, although secondary or tertiary structures are
important for the activities of some viral IRESes (e.g., refs. 11
and 12), there is little evidence to suggest that comparable RNA
structures occur within cellular IRESes or are required for their
activities (see ref. 10). Rather, the data suggest that the activities
of some cellular IRESes are determined by combined effects of
numerous shorter elements of which they are comprised. For
example, in various studies, discrete 5" and 3’ boundaries could
not be defined for particular IRESes, and, for some IRESes,
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activity was distributed between two or more nonoverlapping
fragments (13-17). In an earlier study, we investigated the
modular composition of a cellular IRES contained within the 5’
leader of the Gtx homeodomain mRNA (18), and more recently,
of an IRES contained within the cold-stress-induced Rbm3
mRNA (unpublished data). For both 5’ leaders, several non-
overlapping fragments were found to function as IRESes when
tested in isolation. Other evidence supporting the notion that
short cis sequences can contribute to IRES activity came from
a selection study in mammalian cells in which we identified two
sequences of 9 and 15 nucleotides having IRES activity from
libraries containing random nucleotide sequences (19).

Although most IR ESes have been identified and characterized
in mammalian cells or cell-free lysates, yeast appears to be ideally
suited for the detailed analyses of IRES cis sequences. For
example, it has been found that starving yeast cells die very
rapidly if all translation is inhibited by using cycloheximide, but
they survive for long periods of time if only cap-dependent
translation is blocked (20). These results suggest that cells can
survive by using a cap-independent mechanism of initiating
translation. Other studies have identified IRESes within the
yeast TFIID and HAP4 mRNAs, which were shown to function
in yeast cell-free lysates (21), and in the YAPI and p150 mRNAs,
which we showed can function in vegetatively growing cells (22).
The ability of yeast cells to initiate translation internally is also
supported by the observations that RNA sequences from various
organisms and sources, including the cricket paralysis virus, can
function as IRESes in yeast (23-25).

The identification and analysis of cis sequences within IR ESes
is critical to understanding the mechanisms by which these
sequences facilitate translation. However, their identification on
an mRNA-by-mRNA basis is labor-intensive. In the present
study, we developed a selection method to identify IRES ele-
ments more efficiently. We used a library of constructs express-
ing dicistronic mRNAs with the HIS3 gene as the second cistron
and 18 random nucleotides (N18) in the intercistronic region.
This library of constructs was introduced into a yeast strain in
which the endogenous HIS3 gene was deleted, and the trans-
formed cells were selected on medium lacking histidine. The
constructs used for these studies were engineered to eliminate
possible sources of false positives, and the selected sequences
were subjected to a series of stringent tests to identify any that
enhanced HIS3 expression by other mechanisms. Based on
various criteria, 56 selected sequences were determined to
function as IRESes. In addition, eight other sequences were
shown to enhance HIS3 expression by a different mechanism that
appeared to involve the 5’ end of the mRNA.

Methods

Construction of Dicistronic Libraries. A library of constructs was
generated in the R/H3 vector, which expresses a dicistronic

Abbreviations: IRES, internal ribosome entry site; 3-AT, 3-amino-1,2,4-triazole; hp, hairpin.
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Fig. 1. IRES selection strategy in yeast. A library of random 18-nt sequences

was generated in the R/H3 parent vector. These constructs were used to
transform HIS3A cells, which were cultured on leu—/his— medium. N18 inserts
were recovered from selected cells and recloned into the parent R/H3 vector,
the promoterless R/H3-ADH vector, or the hairpin-containing R/H3+hp vec-
tor (see text). These constructs were transformed into HIS3A cells and cultured
on leu—/his— medium.

mRNA with the coding regions of the Renilla luciferase and HIS3
genes as the first and second cistrons, respectively (see Fig. 1).
An oligonucleotide containing 18 random nucleotides (N18) was
cloned in the intercistronic region of these constructs. Dicis-
tronic mRNA transcription was driven by the ADH promoter.
The vector also contained the LEU2 gene to allow selection on
medium lacking leucine, and the 2u origin of replication to
maintain the construct as a high copy episome. The ADH
promoter was removed from the R/H3 vector by using the
restriction endonucleases Sphl and Sacl to generate the R/H3-
ADH vector. A hairpin structure with a predicted stability of —50
kcal/mol (14, 22) was introduced into the 5 UTR of the
dicistronic mRNA to generate the R/H3+hp vector.

Transformation and Selection of Cells. Constructs containing 18
random nucleotides in the intercistronic region were trans-
formed into histidine auxotrophic strain no. 4741 (American
Type Culture Collection) in which the endogenous HIS3 gene
was deleted. We refer to this strain as HIS3A. Transformed cells
were plated on medium containing glucose, but lacking leucine
and histidine (Fig. 1). Renilla luciferase activities were deter-
mined as previously described from 0.3 ODggp units of expo-
nentially growing cells (22).

Recovery and Analysis of Selected Sequences. Cells selected on his—
medium were recovered and the intercistronic sequences were
isolated by PCR, cloned into the R/H3 vector, and retested for
IRES activity. To identify non-IRES sequences that enhanced
HIS3 expression by promoting the transcription of monocistronic
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HIS3 transcripts or by mechanisms that depend on the 5" end of
the mRNA, the recovered sequences were also cloned into the
R/H3-ADH vector and into the R/H3+hp vector (Fig. 1). All of
these constructs were individually transformed into the HIS3A
strain and cultured on leu—/his— medium by using glucose as a
carbon source. Total RNA was prepared from transformed cells
and used for both Northern blot analyses (22) and RNase
protection assays (using RPAIII kit; Ambion, Austin, TX).

Sequence analyses were performed by using the FASTA pro-
gram (ref. 26; Genetics Computer Group, version 10.2) to
compare selected sequences to each other with the following
parameters: —WOR = 1; —GAP = 30; —LEN = 6. Two of the
adenosine residues that flank the N18 sequences were included
for these comparisons. The significance of the sequence matches
was evaluated by using the BESTFIT program (Genetics Com-
puter Group, version 10.2). The individual sequences were
compared with a sequence file containing the sequence match of
interest embedded in 1,000 random nucleotides. The resulting
BESTFIT quality scores were compared with those obtained
after randomly shuffling the 1,000-nt sequence file 100-times.
Calculation of significance matches did not include the flanking
adenosines.

Results

To identify IRES elements, we developed the described selec-
tion method which uses constructs based on a Renilla/HIS3
(R/H3) parent vector that encode dicistronic mRNAs with
Renilla luciferase and HIS3 as the first and second cistrons,
respectively (Fig. 1). A library of constructs was generated by
inserting oligonucleotides containing 18 random nucleotides
into the intercistronic region of the R/H3 parent vector. Because
the HIS3 cistron encodes IGP dehydratase, an enzyme required
for histidine biosynthesis, oligonucleotide sequences that permit
the translation of this cistron should enable a histidine auxotro-
phic yeast strain (HIS3A) to grow on medium lacking histidine.
Although this selection method will identify N18 sequences with
IRES activity, cells might also be selected because they grow by
other mechanisms. For example, cell survival might result from
mutations in the vector or in host cells that are independent of
the intercistronic sequences. Alternatively, cell survival might
result from intercistronic sequences that facilitate leaky scan-
ning, reinitiation, shunting, or the production of monocistronic
HIS3 transcripts via promoter or splicing activities. It was
therefore of particular importance to take these possibilities into
consideration in the design of the constructs and of the selection
method.

IRES Selection Vector Designed to Minimize False Positives. In yeast,
transcription begins 40-100 nt downstream of a TATA box or
equivalent promoter sequence (27). To minimize selection for
transcription start sites, we placed the entire N18 sequence less
than 40 nucleotides upstream of the HIS3 initiation codon. In
this configuration, N18-sequences with promoter activity should
generate truncated HIS3 transcripts that lack the HIS3 initiation
codon and fail to produce functional IGP dehydratase enzyme.
To test this aspect of the vector design, we introduced a TATA
box promoter sequence (TATAAA) at the extreme 5" end of the
N18 sequence (Fig. 2, construct R/TATA/H3), and then trans-
formed HIS3A cells with this construct. None of the transformed
cells survived on medium lacking histidine, suggesting that
transcripts produced by intercistronic promoter sequences would
not be translated into a functional gene product.
Monocistronic HIS3 transcripts might also be generated by
N18 sequences that enhance the activity of cryptic transcrip-
tional promoters located 5" of the N18 sequence. To block the
translation of these monocistronic HIS3 transcripts, the nucle-
otide sequence AUG was introduced upstream of the NI18
sequence (Fig. 2) to function as a decoy initiation codon.
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Fig. 2. Control experiments to test N18 intercistronic sequences with po-
tential transcriptional or splicing activities. Schematic representations of di-
cistronic mRNAs containing promoter (TATA), enhancer, (GALT€), and splice
site sequences are indicated. These constructs were transformed into HIS3A
cells and cultured on leu—/his— medium. As mentioned in the text, cells
containing these constructs failed to form colonies.

Ribosomes scanning such a monocistronic HIS3 mRNA should
initiate translation at the upstream AUG and not at the down-
stream HIS3 cistron (28). Any ORF resulting from the upstream
AUG would either overlap and be out-of-frame with the HIS3
cistron or will terminate within the N18 sequence. We tested this
aspect of the vector design by using an 18-nt sequence containing
a known enhancer sequence from the GALI promoter (Fig. 2,
construct R/GALI¢/H3). A construct containing this enhancer
was transformed into HIS3A cells, which were cultured on
medium lacking histidine but containing galactose. None of the
transformed cells survived under these culture conditions, sug-
gesting that intercistronic transcriptional enhancers are not
likely to be selected in this assay.

A third mechanism by which monocistronic HIS3 mRNAs
might be generated is by a splicing mechanism that removes
the Renilla luciferase sequence from the dicistronic mRNA. In
the R/H3 vector, all potential 3’ splice donor sites (YAG) in the
intercistronic region were removed. However, splicing might still
be mediated by splice acceptor sites contained within N18
sequences if the appropriate splice donor and branch point
sequences were present upstream. This possibility appears to be
unlikely, as 5’ splice site/branch point sequences are highly
conserved in S. cerevisiae (29, 30) and sequence analysis of the
Renilla/HIS3 dicistronic mRNA failed to identify any potential
combinations (31) upstream of the intercistronic region. Exper-
imental evidence was also inconsistent with the possibility of
splicing in these constructs. For example, the introduction of a
perfect branch point/3’ splice site into the intercistronic region
of the R/H3 mRNA (Fig. 2, construct R/splice site/H3) did not
enable cells containing this construct to grow on medium lacking
histidine. In addition, cells containing other dicistronic con-
structs, for example, with the B-globin 5" UTR in the intercis-
tronic region did not grow on medium lacking histidine despite
the presence of potential 3’ splice acceptor sites (YAG).

Table 1. Summary of screening data

Identification of 56 IRES Elements and Eight Sequences That Enhance
Translation by an Alternative Mechanism. To identify short IRES
elements, the R/N18/H3 library was transformed into a HIS3A
cell line and cells were selected on leu— /his— medium for up to
4 weeks. Under these same growth conditions, cells transformed
with the parent R/H3 construct failed to survive; however,
~(0.004% of the cells transformed with the library constructs
survived selection (Table 1). Intercistronic sequences were
recovered from selected colonies by PCR. Four-hundred and
twenty-seven PCR products were recovered from 1,017 colonies:
122 contained a single N18 sequence, whereas the other 305
contained multiple N18 sequences that were ligated to each
other in the original cloning. The 122 single N18 sequences were
recloned into the R/H3 vector and retested. Seventy-five of the
122 sequences survived the second round of selection, suggesting
that the other 47 sequences were originally contained within cells
that survived selection on the basis of genomic or vector
mutations.

Although the R/H3 vector was specifically designed to mini-
mize the number of false positives resulting from promoter or
enhancer activity, the 75 selected sequences with single N18
sequences were further evaluated with these possibilities in
mind. Selected sequences were tested in a vector in which the
ADH promoter upstream of the R/H3 dicistronic mRNA was
deleted (R/H3-ADH, Fig. 1). Cells transformed with the parent
promoterless vector (—ADH promoter) did not express the R/H3
dicistronic mRNA or have any detectable Renilla luciferase
activity (data not shown). Eleven of the 75 selected sequences
drove expression of the HIS3 cistron in these constructs (Table
1), suggesting that these sequences might have facilitated the
production of monocistronic HIS3 transcripts by transcriptional
mechanisms.

The remaining 64 sequences recovered from selected cells
were further tested to assess whether any of them enhanced HIS3
expression by mechanisms that were dependent on the 5’ end of
the mRNA for recruitment of the translation machinery. Se-
lected sequences were tested in a vector containing a stable
stem-loop or hairpin (hp) structure in the 5’ UTR of the mRNA
(Fig. 1, construct R/H3+hp). The stem-loop structure appeared
to function as a physical obstruction that reduced translation of
the Renilla luciferase cistron by >99%, presumably by blocking
scanning ribosomes. For 56 of the 64 constructs, the presence of
the stem-loop structure did not reduce HIS3 expression based on
cell growth on his— medium (Table 1). Indeed, cell growth was
enhanced slightly in all cases (data not shown). These results
indicated that the activities of these 56 selected sequences did not
require translation of the first cistron. However, for the other
eight constructs translation of the HIS3 cistron depended on the
5" end of the mRNA for ribosome recruitment (Table 1), as the

Colonies per ug of No. of single Histidine

Construct* Growth condition construct DNA N18 inserts prototrophict
Parent dicistronic R/H3 leu— 5 X 105
R/H3 his—/leu— 0
First round of selection
N18 library R/N18/H3 leu— 4 x 10°
R/N18/H3 his—/leu— 15 (0.00375%) 122/1,017 colonies*
Second round of selection and controls
Selected N18-mers® R/N18'-122/H3 his—/leu— 122 75
-ADH promoter R/N18'-75/H3-ADH his—/leu— 75 11
in hairpin vector  R/N18'-%4/H3 + hp his—/leu— 64 56

*All constructs were transformed into HIS3A strain #4741 (ATCC).

"Number of N18 inserts that rendered HIS3A cells histidine prototrophic.
*Number of single N18 inserts recovered by PCR; the total number of inserts recovered was 427.
5Second round of screening using single N18 sequences recovered from selected cells and recloned into the R/H3 vector.
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Fig. 3. Quantification of IRES activity of the 14 most active N18 IRES
sequences by using 3-AT to inhibit the activity of the HIS3 gene product. A
schematic representation of the dicistronic mRNAs used in this analysis is
indicated. The numbering of the N18 sequences is based on the order in which
they were identified. Constructs were transformed into HIS3A cells and
cultured for up to 2 weeks on leu—/his— medium in the presence of up to
0.8 mM 3-AT.

presence of a stem-loop structure 5’ of the Renilla luciferase
cistron blocked the translation of both cistrons. We will refer to
these eight selected sequences as “cap-dependent” selected
sequences. A list of these cap-dependent sequences can be found
in Table 2, which is published as supporting information on the
PNAS web site, www.pnas.org.

The 14 most active selected sequences, based on cell growth
on his— medium, were subjected to Northern analyses using
RNA prepared from cells transformed with the parent R/H3 or
experimental constructs. All showed multiple bands; similar
results were obtained by using constructs containing the GALI
promoter. These bands are possibly the consequence of prema-
ture termination events occurring within the HIS3 cistron; all
bands hybridized to both Renilla luciferase and HIS3 cistron
probes (data not shown). The possibility of premature termina-
tion events occurring within the second cistron is also consistent
with the results obtained with a similar vector (pMyr-RP) that
differed from the R/H3 vector only in the second cistron
(Photinus luciferase vs. HIS3), but that produced single band on
a Northern blot (22).

Quantification of HIS3 Gene Product. Based on the criteria used in
this study, 56 of the selected sequences (Table 1) appeared to
function as IRESes. A complete list of the selected sequences
can be found in Table 3, which is published as supporting
information on the PNAS web site. Quantitatively, the activities
of the synthetic IRES sequences appeared to vary based on the
time required for transformed HIS3A host cells to form colonies
under selective conditions. Colonies containing the most active
constructs were formed within 5-7 days. Twenty-one constructs
resulted in colony formation within the second week, 14 con-
structs resulted in colony formation within the third week, and
seven constructs resulted in colony formation within the fourth
week. The time required for transformed cells to form colonies
when the selected individual intercistronic sequences were re-
tested was approximately the same as it was in the first round of
selection.

To obtain a relative measure of HIS3 gene expression, cells
transformed with the 14 most active IRES elements were

4460 | www.pnas.org/cgi/doi/10.1073/pnas.0437993100
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Fig. 4. Significant sequence matches contained within N18 IRES sequences.
The numbers to the left of the sequence matches indicate the N18 sequences
in which the matches are contained. Stretches of sequence similarity are
indicated by the shaded nucleotides. Although calculations of significance did
not consider matches to adenosine nucleotides that flank the N18 sequences,
these flanking nucleotides (indicated in italics) are indicated in cases where
they generate a more extensive sequence match. The probability of similar
matches occurring by chance is <0.05 (*) or <0.01 (**) as indicated.

cultured on his— medium in the presence of different concen-
trations of 3-amino-1,2,4-triazole (3-AT), a competitive inhibitor
that specifically blocks the activity of the HIS3 gene product
without affecting the activity of other factors in yeast (see ref.
32). The results showed that cells transformed with the 14 most
active constructs enhanced IGP dehydratase production to
different extents that ranged in resistance from 0.1 to 0.6 mM
3-AT (Fig. 3). The relative activities of these IRES elements
were determined by normalizing the 3-AT resistance to the
activity of the first cistron (Renilla luciferase), which should
reflect mRNA levels. With one exception, the Renilla luciferase
activities obtained for all of the constructs varied <2-fold, and
the normalized IRES activities were very similar to the 3-AT
resistance (Fig. 6, which is published as supporting information
on the PNAS web site).

Sequence Analysis of Selected IRES Elements Identifies Potential
Motifs. Sequence comparisons among the selected N18 IRES
sequences did not identify any sequence that occurred fre-
quently, and that might therefore represent a potential IRES-
motif. However, eight significant sequence matches of up to 10
nucleotides were identified in two or three different selected
sequences (Fig. 4). In contrast, no significant sequence matches
were identified when the cap-dependent N18 sequences were
compared with each other.

We have hypothesized (33) that some IRESes recruit the
translation machinery by directly binding to 40S ribosomal
subunits and that base pairing to 18S rRNA is one mechanism
by which this may occur. We therefore compared the selected
N18 sequences to those contained within yeast 18S rRNA and
identified several extensive complementary matches of up to 12
consecutive nucleotides (Fig. 5). For both the IRESes and
cap-dependent sequences, many of the complementary matches
are to relatively unstructured regions of the 18S rRNA. More-
over, several of the complementary matches are in close prox-
imity to each other and appear to be clustered at particular sites
of the 18S rRNA.

Discussion

Numerous studies indicate that particular cellular IRESes are
composed of shorter elements that can function independently
when tested in isolation. An increased understanding of how
IRESes facilitate translation initiation requires elucidation of
these cis sequences. To expedite the identification of IRES
elements in yeast, we developed a selection method. These

Zhou et al.
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studies used dicistronic mRNAs with a selectable marker (HIS3)
as the second cistron and an 18-nt random sequence in the
intercistronic region. Extensive control experiments were per-
formed to minimize the isolation of non-IRES elements, and
indicated that the identification of such sequences was unlikely.
Moreover, our selection method enabled us to identify non-
IRES elements. Although, as based on various criteria, 56 of the
selected sequences were confirmed to function as IRESes, eight
others enhanced translation by a mechanism that depended on
the 5" end of the mRNA. Sequence analysis of the selected IRES
sequences identified several significant sequence matches among
them. In addition, several of the IRES and cap-dependent
sequences contained extensive complementary matches to yeast
18S rRNA.

In a previous study, we screened mammalian cells containing
libraries of random nucleotide sequences to identify two syn-
thetic IRES elements, of 9 and 15 nucleotides (19). In addition,
Dasgupta et al. (34) identified two other (50-nt) sequences by
using a method that differed primarily in how the constructs were
introduced into cells. For both screens, cells were transfected
with dicistronic constructs encoding two different fluorescent
proteins. The dicistronic vectors were integrated into the cellular
genomes and cells were sorted based on their fluorescence. The
yeast method used here differs from those used in mammalian
cells in the use of a selectable marker. In addition, dicistronic
constructs were maintained in an episomal state in the yeast
method, avoiding variations that might arise after their integra-
tion into different genomic contexts.

Thus far, the identification of common IRES motifs within
naturally occurring mRNAs has been difficult, possibly reflect-
ing the heterogeneity of the component cis sequences. Computer
analysis of the 56 selected IRESes identified here revealed only
eight significant matches; these may represent IRES motifs. A
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larger set of selected IRESes should increase the likelihood of
identifying common elements. The acquisition and analysis of
these sequences is the focus of ongoing studies. Additional
studies will be required to identify the functional nucleotides
within the selected IRES elements. If these functional nucleo-
tides can be identified, any mRNAs containing them can be
recovered and tested to determine whether the presence of such
sequences are predictive of IRES activity.

The rate at which IRESes were recovered in this study was
~1/480,000, which in this study might be affected by the specifics
of our selection vector. For instance, the spacing between the
IRES element and the HIS3 initiation codon might be critical for
activity. Alternatively, particular IRES elements might be steri-
cally masked, for example, by forming stem-loop structures with
other RNA sequences contained within the N18 sequence or
within the dicistronic mRNA.

One plausible explanation for the diversity of IRES sequences
identified is that internal initiation of translation occurs by
multiple mechanisms. The notion of mechanistic diversity is
supported by various findings; for example, different IRESes
vary greatly in their requirements for initiation factors or other
trans-factors (see refs. 4 and 35). The extreme examples appear
to be the hepatitis A virus IRES, which requires all of the same
initiation factors as cap-dependent initiation, and the cricket
paralysis virus IRES, which requires only 40S ribosomal sub-
units. In previous studies, we noted that both cellular and
synthetic IRESes contain numerous short segments with
complementarity to different regions of the 18S rRNA (9, 19,
22). In the case of the Gtx IRES, a fragment of the 5’ leader
containing the 9-nt IRES module was able to base pair to its
rRNA complement within 40S ribosomal subunits (36).

It is possible that internal initiation of translation is enhanced
by any mechanism that increases the local concentration of 40S
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ribosomal subunits in the vicinity of the mRNA (33). We have
previously suggested that direct binding between mRNA se-
quences and 40S ribosomal subunits might be the basis for such
a mechanism and that complementary sequence matches to 18S
rRNA appear to be a defining feature of many cellular IRESes
(33, 37). The three IRES-modules identified in our earlier
studies all contained stretches of 8—11 nt with complementarity
to different regions of 18S rRNA (18, 19). In all three cases, the
complementary nucleotides were shown to function as IRESes
when tested in isolation. In the present study, a number of
complementary matches to 18S rRNA were also identified. It
may be significant that most of these matches were localized
to relatively unstructured regions of the rRNA (see www.rna.
icmb.utexas.edu). In addition, several of the matches were to
overlapping segments of the 18S rRNA, or to segments in close
physical proximity to each other, suggesting that these sites may
represent accessible regions on the surface of the 40S ribosomal
subunit. The notion that base pairing between mRNA cis
sequences and 18S rRNA mediates IRES-activity or shunting
can be directly tested by altering complementary sequences
within either the mRNA or the yeast rRNA, and is the focus of
ongoing studies.

In addition to IRESes, the yeast screen identified eight
cap-dependent sequences that facilitated HIS3 gene expression
in a manner that depended on the translation of the first cistron.
This was shown by the finding that the presence of a hairpin
structure in the 5" UTR of the dicistronic mRNA blocked HIS3
expression. These results are consistent with the notion that the
ribosomes that translated the HIS3 cistron were recruited by the
5" cap structure and reached the HIS3 cistron by a leaky
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scanning, reinitiation, or shunting mechanism (see ref. 38).
Leaky scanning is thought to occur when scanning ribosomes fail
to recognize an initiation codon and initiate translation at a
downstream AUG. Reinitiation occurs when ribosomes that
have terminated translation remain associated with the mRNA
and reinitiate translation at a downstream cistron. Shunting is a
mechanism that enables scanning or translating ribosomes to
bypass segments of the mRNA. The presence of 32 ORFs and the
distance between the initiation codons of the Renilla luciferase
and HIS3 cistrons do not appear to be consistent with leaky
scanning or reinitiation as possible mechanisms. Shunting re-
mains plausible, however. Shunting has been described for
cauliflower mosaic virus and adenovirus RNAs (39, 40). In the
case of adenovirus, segments with complementarity to 18S
rRNA have been implicated in the shunting process (40). We
suggest that the cap-dependent N18 sequences may interact with
and facilitate the shunting of ribosomal subunits that are re-
cruited at the cap. Shunting to the intercistronic region might
also occur from within the 5" UTR, or the first cistron.

The identification in yeast of large numbers of RNA cis
sequences that facilitate internal initiation of translation or
shunting provides reagents that will facilitate both biochemical
and genetic analyses of underlying mechanisms of translation.
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