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AbstractWe have taken advantage of recently sequenced
hemiascomycete fungal genomes to computationally
identify additional genes potentially regulated by up-
stream open reading frames (uORFs). Our approach is
based on the observation that the structure, including
the uORFs, of the post-transcriptionally uORF regu-
lated Saccharomyces cerevisiae genes GCN4 and CPA1 is
conserved in related species. Thirty-eight candidate
genes for which uORFs were found in multiple species
were identified and tested. We determined by 5¢ RACE
that 15 of these 38 genes are transcribed. Most of these
15 genes have only a single uORF in their 5¢ UTR, and
the length of these uORFs range from 3 to 24 codons.
We cloned seven full-length UTR sequences into a
luciferase (LUC) reporter system. Luciferase activity
and mRNA level were compared between the wild-type
UTR construct and a construct where the uORF start
codon was mutated. The translational efficiency index
(TEI) of each construct was calculated to test the pos-
sible regulatory function on translational level. We
hypothesize that uORFs in the UTR of RPC11, TPK1,
FOL1, WSC3, and MKK1 may have translational reg-
ulatory roles while uORFs in the 5¢ UTR of ECM7 and
IMD4 have little effect on translation under the condi-
tions tested.

Keywords Yeast Æ Translation Æ Expression Æ Post-
transcription Æ mRNA

Introduction

The regulatory role of upstream open reading frames
(uORFs) found in the 5¢ UTR of mRNAs have been
shown for both prokaryotes and eukaryotes. In prok-
aryotes, it has long been known that upstream genes in a
polycistronic mRNA can regulate the expression of
downstream genes (Schumperli et al. 1982; Gerstel and
McCarthy 1989). In eukaryotes, uORFs have been
identified in many species including human (mdm-2; bcl-
2; c-mos; ATF4) (Harigai et al. 1996; Steel et al. 1996;
Brown et al. 1999; Vattem and Wek 2004), Neurospora
crassa arg-2 (Wang and Sachs 1997), Aspergillus nidulans
cpcA (Hoffmann et al. 2001), and S. cerevisiae CLN3
(Polymenis and Schmidt 1997). Among these uORF-
containing genes, the best understood regulatory models
are the S. cerevisiae GCN4 and CPA1 genes, having four
small uORFs and one relatively long uORF in respec-
tively in their 5¢ UTR, respectively. In the case of the
GCN4 transcript, four uORFs of 3�4 codons, including
the stop codon, confer translational regulation by
altering the efficiency of translational reinitiation in re-
sponse to amino acid starvation (Hinnebusch 1997).
First, uORF1 is translated, and then the translational
initiation complex continues scanning until reaching an
appropriate ATG where translation is reinitiated. In the
presence of abundant aminoacylated tRNA, the turn-
over rate of eIF2ÆGDP to eIF2ÆGTP is rapid. Thus re-
initiation begins upstream of uORF2, 3, and 4, where
translation of uORF4 leads to translation termination.
In media lacking amino acids, a 4�20-fold increase in
Gcn4p results from a reduced eIF2ÆGDP to eIF2ÆGTP
turnover rate and reinitiation begins downstream of
uORF4, resulting in translation of GCN4. In this dere-
pression transition, the GCN4 mRNA level only in-
creases by a factor of 2, indicating that translational
regulation is the major regulator of Gcn4p levels
(Albrecht et al. 1998).

In the case of CPA1, the single uORF encodes a 25-
amino acid peptide, the arginine attenuator peptide
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(AAP), which can reduce Cpa1p synthesis in response to
arginine surplus (Werner et al. 1987). It has been shown
that the translation of CPA1 does not depend on reini-
tiation as in the case of GCN4, but instead depends on
leaky scanning. Reduced leaky scanning results in
translation of AAP and thus reduces translation of the
main CPA1 ORF (Gaba et al. 2001). Translation of the
CPA1 uORF may also trigger nonsense mediated decay
(NMD) of the transcript (Messenguy et al. 2002).

In Saccharomyces cerevisiae, only 17 genes have been
reported having uORF(s) (Vilela and McCarthy 2003).
The major obstacle in identifying uORF-containing
genes in S. cerevisiae is that for most genes, the 5¢ UTR
length is unknown, and thus it is likely that most uORF
modulated genes are yet undiscovered. It has been pre-
dicted that there may be 200 uORF regulated S. cere-
visiae genes (Vilela et al. 1998).

Conservation of uORFs among related species is an
alternative way to find unknown uORFs. For instance,
the uORFs in the vertebrate ATF4 gene (Vattem and
Wek 2004), and in the fungal GCN4 and CPA1 genes
(supplementary material) have conserved coding se-
quences, lengths, and approximate location relative to the
main translational start codon. Recently, whole genome
sequences of several hemiascomycetous fungal species
have been published, including Saccharomyces paradox-
us, Saccharomyces bayanus, Saccharomyces mikatae,
Saccharomyces kudriavzevii, Saccharomyces kluyveri,
Saccharomyces castelii (Cliften et al. 2003; Kellis et al.
2003), Ashbya gossypii (Dietrich et al. 2004), Candida
glabrata, Kluyveromyces lactis (Dujon et al. 2004), and
Kluyveromyces waltii (Kellis et al. 2004). All these species
share significant protein similarity and extensive synteny.
Using the available whole genome sequence data, we
compared the upstream sequence of known S. cerevisiae
uORF(s) containing gene orthologs from these recently
sequenced species. It is noteworthy that the extent of
conservation of the previously reported uORFs varies
considerably, with the uORFs for GCN4 and CPA1
having broad conservation among species, while other
uORFs are conserved only among the most closely
related species, the sensu stricto group, including S. ce-
revisiae, S. paradoxus, S. bayanus, S. mikatae, and
S. kudriavzevii. We postulate that sequence conservation
can be used to identify additional uORF containing genes
in S. cerevisiae. The existence of conservation suggests a
conserved role of these uORFs among these species.

In this study, we exploit the conservation of uORFs
to find new uORFs in S. cerevisiae using multiple
alignments of the upstream regions from orthologous
genes. For this project we used for a definition of
‘‘uORF’’ an open reading frame encoding at least two
residues, starting with an ATG start codon, present
within the transcribed 5¢ leader sequence, and not
overlapping the protein-coding region by more than one
nucleotide. Whether these candidate uORFs are tran-
scribed was tested by 5¢ RACE and primer extension; a
reporter system is used to identify the potential regula-
tory role of these uORFs.

Materials and methods

Strains and cultures

S. cerevisiae W303-1A (MATa ura3-1 leu2-3,112 trp1-1
can1-100 ade2-1 his3-11,15 [psi+]) was the strain used
in this study. Yeast was cultured in synthetic dropout
media (SD-Trp) at 30�C for plasmid selection. Escheri-
chia coli strain TOP10 (Invitrogen) was used in plasmid
construction. All primers and constructs used in this
study are listed in supplementary material.

Comparative search of uORF

The Saccharomyces sequence data were downloaded
from Saccharomyces Genome Database (SGD) (Cherry
et al. 1997), A. gossypii genome sequence was from AGD
(Dietrich et al. 2004), C. glabrata and K. lactis are from
Génolevures (Dujon et al. 2004; Sherman et al. 2004).
Protein annotation from S. cerevisiae was used as the
dataset to identify orthologous genes from the DNA
sequence of the other species. A perl script was used to
find orthologous genes in these other species using
tblastn (Altschul et al. 1990). In this study it is necessary
to identify corresponding 5¢ UTR region in all species
used, thus only the N-terminal 60 amino acids was used
to identify orthologues. In order to properly align start
codons, and thus properly align the untranslated re-
gions, several relatively stringent criteria were applied:
first, the tblastn alignment need to be >70% identical
on amino acid level; second, the alignment need to ex-
tend more than 80% (48 amino acids); third, the starting
methonine should be at similar positions (1–5 amino
acids difference) between the S. cerevisiae gene and each
orthologue. Only genes with orthologues in at least three
species by these criteria, including S. cerevisiae, were
further analyzed.

Based on this UTR alignment, UTR regions of
30�210 bp (30 bp increments) were extracted from each
corresponding genome and translated in three forward
frames to identify putative uORFs. uORFs were defined
as having a minimal of three codons including the start
and stop codons. The upstream sequence translation
results were clustered by their orthologous relationship.
The four sensu stricto species in addition to S. cerevisiae
(S. paradoxus, S. bayanus, S. mikatae, and S. kudriavz-
evii) were used in this clustering. The data from two
other Saccharomyces species, S. kluyveri, and S. castelii,
as well as with A. gossypii, C. glabrata, K. lactis, and K.
waltii, were used to validate candidate genes. The can-
didate selection process is based on the similarity of
uORF number, length, position, and coding sequence.
We looked for uORFs with lengths differing by no more
than ±3 amino acids, and position differences relative to
the start codon of no more than ±10 bp. To determine
similarity among these uORFs in each cluster, the
translated sequences of these uORFs were aligned. The
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relative position of the starting ATG in each cluster,
relative to the ATG of the main open reading frame, and
the lengths of the uORFs were also determined. For
coding sequence similarity, in the case of long uORFs
(>6 codon), we confirmed that the uORFs were more
than 50% identical. To account for possible sequencing
errors, we allowed one exception, so that, for each
uORF one sensu stricto species might not match the
above criteria. For each n-member orthologue group, in
addition to at least n�1 of the sensu stricto species
containing a conserved uORF by the above criteria, at
least one nonsensu stricto species had a uORF in the
orthologous position, though similarity of the coding
sequence was not required.

5¢ RACE

5¢ RACE for each candidate gene was done using the
SMART-RACE kit (BD Bioscience Clontech). Briefly,
1 lg total RNA purified by RNeasy Mini kit (Qiagen)
from S. cerevisiae was reverse transcribed into cDNA by
5¢ CDS primer (oligo-dT). A special template switching
oligo adapter was added to 3¢ of first strand cDNA. A
gene specific CDS oligo and a universal adapter oligo
were used to amplify a fragment containing 5¢ end
sequence of mRNA. The PCR product was cloned to
pCR2.1-TOPO (Invitrogen) and sequenced (ABI genetic
analyzer 310).

Primer extension

The AMV Primer Extension Kit (Promega) was used.
Following the manufacturer’s protocol, 30 lg total
RNA purified by RNeasy Mini kit (Qiagen) from
S. cerevisiae was reverse transcribed by annealing with
gene specific 32P labeled oligo under 42�C for 30 min.
The extension product was separated on 8% denaturing
polyacrylamide gel containing 7 M urea by electropho-
resis and detected on auto-radiographic film.

Calculation of the AUG context adaptation index
(AUGCAI)

The method and scoring matrix of Miyasaka (1999) was
used to calculate the AUGCAI.

Cloning and site-directed mutagenesis

Standard molecular biology protocols were used in
cloning UTR sequences into BamHI/NdeI linearized
YCpFL¢ vector. After verification by PCR and
sequencing, the site-directed mutagenesis were done by
QuickChange Site-directed mutageneisis kit (Stratagene)
or recombinant PCR (Ho et al. 1989).

Luciferase (LUC) assay

The protocol is adapted from previous reports (Oliveira
et al. 1993) and manufacturer protocols. Briefly, S. ce-
revisiae cells carrying various reporter plasmid con-
structs were harvested from 5 ml SD-Trp culture
(Qbiogene) at OD600=1.0 and washed twice with auto-
claved deionized water. The cells were resuspended in
400 ll extraction buffer (0.1 M KH2PO4, 1 mM DTT,
pH 7.8). About 400 mg of glass beads (425–600 micron,
Sigma) were added and cells were broken by vortexing
four times for 30 s with 30 s interval at 4�C. The cell
extracts were centrifuged at 14,000 rpm for 5 min at
4�C. Each 5 ll of supernatant was added to 50 ll of
LUC reaction solution (Promega). The LUC activities
were measured by luminometer (Turner Biosystem Inc,
Model TD-20/20). The total protein concentration of
cell extracts was measured by Quick Start Bradford
Protein Assay (BioRad) for normalization purpose.

Northern blot

The CDP-star nonradioactive northern kit (Amersham)
was used. Probes matching to the firefly LUC gene
(LUC, GenBank accession number M15077) coding
region and S. cerevisiae ACT1 (GenBank accession
number L00026) were generated from PCR and labeled
according the protocol. The 30 lg total RNA of each
strain purified at the same time of LUC assay were
loaded on 1% formaldehyde agarose gel, and trans-
ferred to nylon membrane which was described
previously (Zhang and Dietrich 2003). The hybridiza-
tion and detection procedure followed manufacturer
protocols.

Results

Identification of potential uORF containing genes

For each species, upstream regions of length 30, 60, 90,
120, 150, 180, and 210 bp were extracted from genes
with orthologues in S. cerevisiae. The number of puta-
tive orthologous gene pairs between S. cerevisiae and the
other sensu stricto species was S. cerevisiae–S. paradoxus
5,272 pairs, S. cerevisiae–S. bayanus 5,031 pairs, S. ce-
revisiae–S. mikatae 4,836 pairs; S. cerevisiae–S. ku-
driavzevii 4,921 pairs; S. cerevisiae–S. castelii 2,944 pairs,
and S. cerevisiae–S. kluyveri 2,642 pairs. The number of
orthologous pairs used in this study is less than the total
number of orthologous pairs, as in some cases alignment
of the start codon was problematic. For S. cerevisiae,
5,542 genes passed the tblastn filter described in the
material and methods section. From these upstream
regions, uORFs were identified. The percentage of genes
containing one or more putative uORF in the upstream
region of each length for each species was calculated. We
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observed that uORFs are present in over 95% of 250 bp
5¢ upstream regions of S. cerevisiae. Since most previ-
ously identified gene transcription start sites (TSS) are
less than 200 bp from the start codon (Hampsey 1998),
and with the high percentage of genes with presumably
spurious potential uORFs when longer upstream regions
were selected, a 210-bp 5¢ upstream region was chosen as
the upper boundary for this comparative uORF analy-
sis. The sensu stricto uORF translation results were
clustered based on orthologous relationship and ex-
tracted upstream sequence length. Each gene cluster
contains at least two sensu stricto species genes in
addition to S. cerevisiae, and each cluster contains at
least one putative uORF. A total of 19 gene clusters
containing uORFs were found using a 30-bp upstream
window, 116 for 60 bp, 445 for 90 bp, 1,012 for 120 bp,
1,676 for 150 bp, 2,354 for 180 bp, and 2,957 for 210 bp
(supplementary material). Alignment of noncoding re-
gions is more difficult than alignment of coding regions
as they are more diverged, and contain more small
insertions/deletions, making precise comparison of up-
stream positions between species difficult. ‘‘Conserva-
tion’’ here is defined as uORFs sharing similar length,
position relative to the main ATG, and amino acid se-
quence; the first two factors were weighted more heavily
than sequence conservation of the translated product.

The primary candidates were validated through com-
paring uORF pattern to the orthologous gene of two
other Saccharomyces species, S. kluyveri and S. castelii,
as well as A. gossypii, C. glabrata, K. lactis, and K. waltii.
For these nonSaccharomyces species, the orthologous
relationship was according to published data (Brachat
et al. 2003; Dietrich et al. 2004; Dujon et al. 2004; Kellis
et al. 2004). In addition to conservation among the sensu
stricto species, for a uORF to be considered a ‘‘good’’
candidate, the length and position of the uORF should
be similar in one of these species. Finally, a total of 38
S. cerevisiae gene candidates were selected according to
the criteria described above (supplementary material).

Experimental verification of candidate genes

We performed 5¢ RACE to determine if the predicted
uORFs are encoded within the 5¢ UTR. For this pur-
pose, gene specific primers, close to the 5¢ end of the
coding region were designed to clone the 5¢ transcript
ends by 5¢ RACE. The cloned 5¢ RACE products of the
candidate genes were sequenced to determine the TSS.
Among the 38 candidates, we successfully cloned the 5¢
end of 22 genes and verified that 15 genes of these 22
have real uORFs on their transcripts. The GenBank
submission numbers are listed in supplementary mate-
rial.

Among these 15 newly verified uORF containing
genes (Table 1, Fig. 1), most of them have only a single
uORF in the 5¢ UTR, with only ARV1, and SLM2
having multiple uORFs. The length of these uORFs
ranges from 3 to 24 codons. The lengths of confirmed 5¢
UTRs ranges from 34 to 248 nucleotides. The distance
from the transcript 5¢ end to the first uORF start codon
varies from 198 nucleotides of WSC3 to 3 nucleotides of
SPE4.

Fig. 1 Graphic presentations of 15 newly found uORF-containing
S. cerevisiae genes. The position and the amino acid sequence of
each uORF are shown drawn to scale. The black arrows indicate
that the uORF is conserved in at least four of the five sensu stricto
species. Gray arrows indicate uORF in S. cerevisiae is not conserved
in two or more of the other sensu stricto species. The dotted line and
the rectangular box below the transcript represent primer extension
products and primer extension primers, respectively. The number
under the primer extension arrow is the observed length (nt) of the
primer extension product and the number in the parenthesis is the
expected size based on the 5¢ RACE results
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For these 15 genes, we performed primer extension
experiments to verify the TSS. Gene specific primers
close to the 5¢ RACE predicted end were synthesized to
carry out reverse transcription using AMV reverse
transcriptase. Among these 15, five genes generated
bands and the molecular marker loading on the same
TBE-Urea PAGE gel to confirm that the band sizes were
similar to the expected sizes based on the 5¢ RACE
(Fig. 2), with two genes primer extension results sug-
gesting a longer 5¢ UTR than that found by 5¢ RACE.
Despite several attempts, primer extension determina-
tion of the TSS was not successful for the ten genes with
putative uORFs but with expression levels reported as
less than 0.7 copies/cell (Holstege et al. 1998). In order
to confirm the reliability of the methods used, we also
tested three previously reported uORF(s)-containing
genes (Vilela and McCarthy 2003) by 5¢ RACE, which
includes GCN4, HAP4, and TIF4631.

Investigation of roles of uORF(s) in gene expression

In order to elucidate the role of the uORFs identified in
this study, a LUC reporter system combined with site-
directed mutagenesis of uORF start codons was used
(Fig. 3a). We focused on seven genes plus GCN4 and
HAP4 as the positive control. Among these seven genes,

in five cases the 5¢ UTR was verified by both 5¢ RACE
and primer extension, the exceptions being MKK1,
which was verified only by 5¢ RACE, and WSC3, which
was verified twice by 5¢ RACE.

In addition to replacing the original 5¢ UTR of LUC
gene of the reporter system with each gene’s full-length
5¢ UTR, we also mutated the start codon of each uORF
by site-directed mutagenesis or recombinant PCR. For
GCN4, a truncated 5¢ UTR containing uORF3 and
uORF4 was also cloned into reporting system (GCN4¢)
and the start codon of uORF4 was mutated in a con-
struct (GCN4*).

The LUC activity and mRNA level were measured
and compared by LUC assay and Northern blot
(Fig. 3b), respectively. The LUC assay was repeated
three times and the Northern Blot twice. The standard
deviation was calculated after normalization with the
vector-only control. The translational efficiency index
(TEI) was used to evaluate the ability of translation
provide with same amount of messenger RNA (Fig. 4).
The TEI of full length GCN4UTR-LUC is 5%, the TEI
of the truncated uORF3-and-4-only GCN4UTR-LUC
(GCN4¢) is 11%, and uORF3-only GCN4UTR-LUC
(GCN4*) is 26% of positive control, consistent with
published data.

The Northern blot result in Fig. 3b provides mRNA
levels of each UTR-LUC gene. After site-directed

Fig. 2 Transcription start site
mapping by primer extension.
The primer extension products
of five candidates gene along
with one positive control,
GCN4, are shown. Lane M U
174 HinfI DNA markers; lane 1
Primer extension reaction;
lane 2 Reaction without RNA
(Negative control). All numbers
shown in figures are length of
single strand DNA (nt)
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mutagenesis of the ATG start codon of each uORF,
most genes have higher mRNA level detected and in-
creased LUC activity. In particular, for the results
shown in Fig. 4, mRNA level and LUC activity can be
classified as follows:

1. FOL1, MKK1, and GCN4. Both mRNA and protein
increased after uORF start codon mutation, but the
protein activities increased more than that of mRNA
level (TEI>1), which indicated both steady state
mRNA level and translation enhanced.

2. ECM7, IMD4, and HAP4. Both mRNA and protein
increased after uORF start codon mutation, while the
TEI was about the same between original and mu-
tated construct.

3. WSC3. The mRNA level is unchanged while protein
activity increased, thus translation is enhanced. This
is similar to the category I.

4. RPC11, TPK1. The mRNA level decreased though
protein level was unchanged (TEI>1).

Discussion

uORF conservation suggests they are functional entities

In this study, we have identified a total of 15 new uORF
containing gene in S. cerevisiae, nearly doubling the
number of published uORFs. The uORFs of these genes

are conserved among the sensu stricto species, and are
conserved in at least one other hemiascomycete. These
uORFs tend to be conserved in fewer species than GCN4
and CPA1. For example, the RPC11 uORF was found
in S. kluyveri, but not in S. castelii (supplementary data).

Analysis of S. cerevisiae upstream sequence and that
of related species indicates that the putative uORF
occurrence rate is quite high particularly for longer
hypothetical UTR’s. However, most of these putative
uORF’s are spurious as they do not fall within the
transcribed regions of the genome. Comparative analysis
was able to exclude many of these spurious potential
uORFs, though likely excluded some real uORFs as
well. Thus it is likely that S. cerevisiae has more uORFs
yet to be discovered. As shown in Table 1, the AUGCAI
of the uORF start codons is similar to that of coding
region start codons of genes expressed at low levels
(Miyasaka 1999; Gaba et al. 2001). An initial analysis of
the uORF start codons revealed no apparent contextual
pattern to distinguish them from coding region start
codons (Table 1).

The primary confirmation of these uORFs involved
determination of the TSS, something not currently
known for most S. cerevisiae genes. A thorough analysis
of TSS in S. cerevisiae would be useful in identifying
more uORF containing genes. Recently, a new whole
genome TSS mapping methodology, 5¢ SAGE, has been
developed (Shiraki et al. 2003; Hashimoto et al. 2004;
Wei et al. 2004), and a similar method has recently been
applied in S. cerevisiae (Zhang and Dietrich 2005). 5¢
SAGE data, combined with sequence comparison of
multiple species, and confirmation by gene specific
RACE and primer extension experiment, has the po-
tential to greatly increase our understanding of the
regulatory potential of uORFs.

5¢ RACE and primer extension verification results are
mostly consistent

We selected 38 candidate genes to verify the predicted
uORF by TSS mapping. Initial mapping of the TSS was
carried out by 5¢ RACE with further verification by
primer extension. For 15 genes, 5¢ RACE confirmed that

Fig. 3 Functional studies of uORF roles by LUC reporter gene
and Northern blot. a YCp22FL1 (YCpFL¢) system (Rajkowitsch et
al. 2004) was used to find potential regulatory function of uORFs.
Full-length uORF containing UTR sequences were cloned into
YCpFL¢ system, containing firefly LUC reporter gene. Site-direct
mutagenesis was used to eliminate the uORF by mutating the ATG
start codon. Each pair of constructs was transformed into S.
cerevisiae W303-1A strain to measure the LUC enzyme activities
and mRNA levels. Cross-hatched boxes indicate uORF; dotted
boxes indicate absence of uORF resulting from mutagenesis of start
codon. TSS Transcription start site; b Northern blot result. The
ACT1 gene was used as internal control in Northern blot. Each
GENE* indicates the uORF start codon in the full length UTR has
been completely mutated except that GCN4* contains truncated
GCN4-UTR with uORF3 ATG intact but uORF4 ATG mutated.
The GCN4¢ construct contains truncated GCN4 UTR with uORF3
and 4 only
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the TSS is upstream of the predicted uORF. Of the
remaining 23 candidate genes, for 16 genes no clear 5¢
RACE results were obtained, and for 7 genes the 5¢
RACE results showed the TSS as downstream of the
start codon of the candidate uORFs. That some of the
candidate uORFs would turn out to be false positives

was anticipated due to the high frequency of start and
stop codons in these A-T rich noncoding regions.
Among these 15 genes with uORFs based on 5¢ RACE,
five were supported by primer extension. The results of
5¢ RACE and primer extension of these five genes were
generally consistent, with primer extension determined
TSS differing from those identified by 5¢ RACE by less
than 20 nt; these discrepancies did not change the con-
clusion that these uORFs exist. The reason for this
discrepancy between primer extension and 5¢ RACE was
unclear, but may be an artifact of the multiple TSS of S.
cerevisiae genes. Most yeast genes have multiple TSS
(Zhang and Dietrich 2005), and both primer extension
and 5¢ RACE potentially may be biased towards dif-
ferent TSS. Previous reports indicate that for the
TIF4631 TSS (Goyer et al. 1993; Zhou et al. 2001) are at
508 bp and 295 bp upstream of main ATG, whereas our
5¢ RACE results only detected a short UTR (�38 nt,
data not shown) not containing a uORF. Our result is
consistent with a more recently report (Verge et al.
2004). This may be a case of 5¢ RACE bias and thus
needs further investigation. It is also possible that our
sequenced 5¢ RACE clones and those of Verge et al. arise
from premature termination of reverse transcription.

Primer extension may be a more reliable approach to
mapping TSS than 5¢ RACE, as it has linear relationship
to the original mRNA population and thus the diversity
of multiple TSS of unequal usage may be better pre-
served than during the exponential amplification phase
of 5¢ RACE. However, primer extension experiments
can only detect genes expressed at relatively high levels.
The nine nondetected candidate genes are expressed at
less than 0.7 copies/cell mRNA (Holstege et al. 1998) in
culture conditions similar to those used in this study.

Some uORFs located on transcripts are within 20 bp
of the TSS

For six of the eight genes not tested by the LUC reporter
system in this study, the distances between the 5¢ end of
transcript and the first uORF ATG is greater than
20 bp. For SPE4 and SPH1, similar to DCD1 (McIn-
tosh and Haynes 1986), the distance from the TSS to the
uORF is 3 bp and 14 bp, respectively. The TSS to start
codon distance necessary for the ATG start codon rec-
ognition by the initiation complex has been shown to be
about 15�20 bp (van den Heuvel et al. 1989). Thus, it is
possible the translational initiation complex does not
recognize these uORFs. Further study is required to
determine if uORFs within the first 20 nucleotides of a
transcript are regulatory.

Primary characterization of uORF roles suggests
the translation attenuation in gene expression

For most published experimental results, the existence of
uORFs results in translation attenuation as long as the

Fig. 4 UTR-LUC constructs have variable mRNA level and LUC
activities. a The LUC activity was normalized relative to the
YCpFL¢ control by total protein concentration of cell lysate. b
ACT1 was used to normalize concentrations to adjust for
differences in total RNA sample loading. UTR-LUC gene
expression was normalized relative to the YCpFL¢ LUC expression
level. c The TEI was calculated with the formula:

TEI ¼ LUCActivityðnormalizedÞ
mRNAdensityðnormalizedÞ � 100: For GCN4, the full length

GCN4 UTR-LUC is shown with a black bar. The truncated
GCN4 uORF3, 4-only—LUC is marked as ‘‘original’’ (GCN4¢ in
Fig. 3). And the mutated version of GCN4¢ containing uORF3-
only (GCN4* in Fig. 3) is marked as ‘‘mutated’’
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ATG start codon is recognized by the scanning ribosome
(Vilela and McCarthy 2003). The initial characterization
of uORF function shows that for several genes (RPC11,
TPK1, FOL1, WSC3, and MKK), the mRNA transla-
tion efficiency increased after the uORF ATG was mu-
tated. This suggests that these uORFs function to
modulate the translation of these genes, possibly
through a leaky scanning mechanism (Kozak 2002). A
leaky scanning mechanism is consistent with the low
AUGCAI values of the majority of the uORFs reported
here.

The interpretation of the role of these uORFs is based
on the assumption that translation occurs through the
general eukaryotic mechanism in which the ribosome
associates with the message in a cap-dependent fashion
and scans to the first start codon (Pestova et al. 2001).
By this model, leaky scanning allows the uORF to be
skipped at some frequency that possibly changes in a
regulated fashion. Alternatively these transcripts may
contain an internal ribosome entry site (IRES) so that
the ribosome would associate with the transcript after
the uORF. In S. cerevisiae there have been several re-
ports of IRES containing genes in including URE2
(Komar et al. 2003), HAP4, TFIID (Iizuka et al. 1994),
YAP1, and TIF4631 (Zhou et al. 2001). It is possible
that one or more of these uORF-containing genes re-
ported here may have an IRES.

One of the genes in this study, RPC11, is an essential
gene in S. cerevisiae (Chedin et al. 1998). The coding
protein, Rpc11p, is a component of RNA polymerase
III. The role Rpc11p is in nascent RNA hydrolysis
coupled with polymerase retraction from the DNA
template (Chedin et al. 1998). In GCN4 translational
regulation, under derepression condition, the accumu-
lation of uncharged tRNA caused by amino acid star-
vation activates Gcn2p, a protein kinase in charge of
eIF2a phosphorylation (Hinnebusch 1997). This event
allows ribosome to regain reinitiation ability more
slowly, thus bypassing uORF3 and uORF4 before re-
initiation at the main GCN4 start codon. As reinitiation,
at least in the case of GCN4, involves levels of charged
tRNAs, it is possible that charged tRNA levels may
provide feedback regulation of RPC11.

WSC3 is a member of a family of genes responsible
for maintaining cell wall integrity. Wsc3p is a stress re-
sponse receptor in the cell membrane. Over-expression
of the WSC genes can inhibit cell growth (Lodder et al.
1999), while the WSC1DWSC2DWSC3D triple mutant
causes a cell lysis defect and heat shock sensitivity
(Verna et al. 1997). The WSC family is believed to be
upstream activator of PKC1-MAPK cascade and RAS-
cAMP pathway (Verna et al. 1997; Wojda et al. 2003).
Interestingly, two other uORF-containing genes, MKK1
and TPK1, are major kinase components of these two
pathways, respectively. The LUC assay and mRNA level
detection of this study shows that for these three genes
TEIs all increased after the uORF ATG was mutated.
That three genes containing uORFs are involved in these

pathways suggests that post-transcriptional regulation
may be important in signal transduction pathways.

Previous work had shown that the uORF(s) of some
genes, including CPA1 and YAP2, act to destabilize
mRNA (Vilela et al. 1999; Ruiz-Echevarria and Peltz
2000; Messenguy et al. 2002). In this study, in compar-
ison to the vector only control (YCpFL¢), we observed
that most candidates had reduced mRNA level of the
LUC gene. We also observed that the UTR-LUC con-
struct transcripts containing the ECM7, IMD4, FOL1,
andMKK1 5¢ leader appeared to be more stable after the
uORF ATG codon was mutated. This suggests uORFs
may have a role in modulating mRNA stability, and
thus influence gene expression. Characterization of the
structure and regulatory capacity of the UTR regions of
genes complements other approaches to investigating
gene regulation. As microarray and proteomics studies
suggest the importance of post-transcriptional regula-
tion for many genes in S. cerevisiae (Washburn et al.
2003), understanding the role of uORFs in translational
regulation is an important component of understanding
overall gene regulation.
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