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ABSTRACT The expression of the GCN4 gene in yeast is
regulated at the translational level: growth of yeast cells under
amino acid starvation conditions results in an increase in the
translational efficiency ofGCN4 mRNA. A sequence within the
5' untranslated region of this mRNA, which contains four small
open reading frames, acts in cis to suppress translation when
growth occurs in rich media. In this report, we have analyzed
the effects on translation of a series of deletion, insertion, and
substitution mutations in the 5' untranslated region of GCN4
mRNA. This analysis showed that at least two distinct cis
elements located within the region of the small upstream open
reading frames are required, in conjunction with trans positive
elements, for the translational activation of GCN4 mRNA. We
propose that the translational efficiency of GCN4 mRNA is
modulated by the rate of translation initiation at the upstream
AUG codons.

The GCN4 gene of Saccharomyces cerevisiae encodes a
protein required for transcriptional activation of a number of
genes involved in amino acid biosynthesis (1, 2). Such
activation possibly results from the specific binding ofGCN4-
encoded protein to the promoter region of co-regulated genes
(3). The expression of GCN4 gene is subject to translational
regulation (4, 5): when yeast cells are grown under amino acid
starvation conditions the translational efficiency of GCN4
mRNA is increased severalfold. The translational repression
of this mRNA in rich medium is attributable at least in part
to a sequence present within its long 5' untranslated region,
which contains four small open reading frames (ORFs) (4, 5).
Translational derepression of the mRNA requires the func-
tion of at least three unlinked positive regulatory genes,
GCNI, GCN2, and GCN3. Mutations in a fourth regulatory
gene, GCD1, result in constitutively derepressed translation
of GCN4 mRNA (6). This system is one of the few clear
examples of gene regulation at the translational level in
eukaryotes, and it offers an opportunity for elucidation of the
mechanisms involved (7). In this report, we analyze in vivo
the effects of deletion, insertion, and substitution mutations
in the 5' untranslated region ofGCN4 mRNA, and thereby we
identify two cis elements that are required for its translational
derepression.

MATERIALS AND METHODS
Strains. The gcdl strain was obtained from Kevin Struhl

and has the genotype a gcdl-l ura3-52 can]. All other yeast
and bacterial strains used have been described previously (2).
Mutant Constructions. The A1 mutation of the GCN4 gene

lacks sequences from position + 166 to position +445 of the
577-nucleotide-long 5' untranslated region (4). Substitution
mutations were generated by insertion of DNA sequences

into the Sst I site of the Al mutation. (The Sst I site was
generated close to the destroyed BstEII site as a result of the
Al construction.) A series of deletion mutations was gener-
ated using the deletion subclones E9, E7, and E5, which were
constructed for sequencing purposes (4). One endpoint of
these BAL-31-generated deletions is within the 5' untrans-
lated region of the GCN4 gene, and the other endpoint is a
HindIII site in the 5' flanking region of the GCN4 gene
(position -552) (4). Fragments bearing these deletions were
inserted into the HindIII-Sma I sites of plasmid pUC18. The
HindIII-EcoRI fragment (the EcoRI site was derived from
the vector) ofeach one of these subclones was used to replace
the HindIII-BstEII fragment of the wild-type gene and
produced deletion mutants Al, A5, and A9. Deletion mutants
A9S and A7S were constructed by inserting the Sau3AI-
BstEII fragment of GCN4 into the Sst I site of subclones E9
and E7 and using the HindIII-EcoRI fragments of the
resulting subclones to replace the HindIII-BstEII fragment of
the wild-type gene. The A13 mutation was generated as
follows: the subcloned Sau3AI-BstEII fragment at the Kpn I
site of pUC18 was used to generate deletion mutations from
the Sau3AI end by BAL-31 digestion, the resulting deletion
mutations were excised by Kpn I digestion of their other end,
and the fragments obtained were introduced into the Sst I site
of the E7 subclone. Thus, the A13 mutation was generated by
replacing the HindIII-BstEII fragment of the wild-type gene
by the HindIII-EcoRI fragment of one of the above resulting
subclones. The right endpoint of the A13 mutant was deter-
mined by DNA sequencing. All of the above described
deletion mutations contain a small sequence derived from the
pUC18 polylinker between the Sma I and the EcoRI sites (15
bases) that did not introduce any AUG codons. Deletion
mutants A33 and A35 were generated by digestion with
BAL-31 in both directions, starting at the BstEII site, and
rejoining the digested molecules. The endpoints of these
deletions were determined by DNA sequencing. Insertion
mutations were generated by introducing various DNA
sequences at the BstEII site of the GCN4 gene.
Plasmid Constructions. All mutant genes were fused in-

frame with the lacZ gene ofEscherichia coli, as described for
the wild-type GCN4 gene (4). In these fusions, the 5' flanking
region of the GCN4 gene extending to nucleotide -552 (the
HindIII site), the 5' untranslated region resulting from each
mutation, and the portion of the GCN4 coding region encod-
ing the 53 amino-terminal amino acids were fused in-frame
with the lacZ gene. The fused sequences were introduced
into the single copy yeast vector YCp5O, which also con-
tained the yeast URA3 gene as a selectable marker.

Translation Assays. The lacZ fusion-containing plasmids
were used to transform a ura3-52 (wt), a gcn2 ura3-52 (gcn2),
and a gcdl ura3-52 (gcdl) strain by standard procedures (8).
Transformed yeast cells were grown in minimal medium
containing all 20 amino acids, and (-galactosidase activity

Abbreviation: ORF, open reading frame.
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was assayed as described by Miller (9). Amino acid starvation
conditions were accomplished by transferring yeast cells
grown under repressing conditions into minimal medium
containing 10 mM 3-amino-1,2,4-triazole, which elicits histi-
dine starvation (10). ,3-Galactosidase activity was assayed
after 4 hr of growth under such derepressing conditions.

RESULTS

Translational Efficiency Assays. In our analysis, transla-
tional efficiencies were calculated by measuring in vivo levels
of -3-galactosidase activity after in-frame fusion of wild-type
GCN4 sequences or mutant derivatives to the coding region
of the E. coli lacZ gene followed by introduction into yeast
cells. The normal sequence of the 5' untranslated region of
GCN4 mRNA is shown in Fig. la. The GCN4-lacZ con-
structs were introduced into both wild-type and mutant yeast
strains. In a gcn2 strain, the wild-type fusion mRNA is
translated at low basal levels under repressing conditions and
no increase in translational efficiency occurs under amino
acid starvation conditions. Thus the gcn2 background is
characterized by the absence ofa positive regulator ofGCN4
mRNA translation (6). In a gcdl strain, the wild-type fusion
mRNA exhibits constitutively high levels of translation (ref.
6 and unpublished results). Thus, the gcdl background is
characterized by the absence of a negative regulator. This
regulator either has a direct effect on the translation ofGCN4
mRNA or it has an indirect effect on translation by suppress-
ing the function of a positive regulator(s). The latter alterna-
tive is supported by our results.

,B Galactosidase activity was measured in transformed
cells grown in medium containing all 20 amino acids (repress-
ing conditions) or in medium eliciting histidine starvation

(derepressing conditions). To limit our attention to transla-
tional regulation, the levels of ,3galactosidase activity were
corrected for the relative increase in fusionmRNA levels under
derepressing conditions and for the variability ofthese levels in
the different genetic backgrounds, as determined byDNARNA
hybridization analysis (data not shown). There was no
observable variation of those levels among the various
mutant GCN4-lacZ mRNAs; the strain and growth condition
variations were very close to those reported elsewhere (6).

Substitution Mutations. It has previously been reported (4)
that deletion mutant Al (see Figs. la and 2b), which lacks all
four small ORFs present in the 5' untranslated region of the
GCN4-lacZ mRNA, is translated at constitutively high levels
in all strain backgrounds. In the first series of mutations
reported here, we substituted the region containing the four
ORFs by inserting into deletion mutant Al three different
sequences (Si, S2, and S3 mutants). S1 contains a 115-base-
pair Alu I fragment derived from the 3' end of a sea urchin
a-tubulin cDNA clone (11) (from codon 427, extending 38
nucleotides into the 3' untranslated sequence) and including
an open reading frame 8 codons long. The substituted
sequence of S1 is shown in Fig. lb. S2 contains the Si
substitution sequence inserted in the reverse orientation,
whereas S3 contains the sequence removed in the Al deletion
inserted in the reverse orientation. The S3 substitution
sequence has two small open reading frames, one consisting
of 12 codons and a second one initiating at the end of this
inverted sequence and terminating further downstream after
8 codons. The substitution mutations are shown schemati-
cally in Fig. 2a. Substitutions using the S1 and S3 sequences,
containing one and two ORFs, respectively, drastically
reduced the translational efficiency of the fusion mRNAs in
all three backgrounds (Table 1). By contrast, the introduction
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FIG. 1. (a) Nucleotide sequence of the 5' untranslated region of GCN4 mRNA (data derived from ref. 3). The positions of the end points

for each deletion constructed are indicated. Initiation codons are indicated by black boxes, whereas termination codons are underlined. The
AUG at position 578 is the start codon of the GCN4 gene. (b) Nucleotide sequence of the a-tubulin cDNA fragment used in the substitution
and insertion mutations (10). Initiation and termination codons are shown as in a.
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FIG. 2. Schematic representation of the mutations constructed in
the 5' untranslated region of the GCN4 gene. (a) Substitution
mutations. The 5' untranslated region in the Al deletion mutant of the
GCN4 gene is shown. S1, S2, and S3 DNA fragments were inserted
at the Sst I site of the Al mutant GCN4 gene. (b) Deletion mutations.
A map of the 5' untranslated region of the wild-type (WT) GCN4 gene

is presented. The numbers indicate the sequence positions of the
sites shown. E9, E7, and E5, end points of deletions generated for
sequencing purposes (3). The extent of each of the deletions is shown
below the map. Area A is defined by the common overlapping
sequence of mutants A5 and A33, whereas area B is defined by the
A13 deletion. (c) Insertion mutations. These mutants were generated
by inserting a DNA fragment (Si) used in the substitution mutations
into the BstEII site of the GCN4 gene in both orientations (Ii and I2).
*, AUG codons; o, termination codons.

of the S2 substitution sequence, which does not contain any

ORF, resulted in 3-galactosidase levels similar to those of the
Al mutant, although somewhat lower in all backgrounds,
probably because of a sequence-specific or length-specific
effect or both. In agreement with evidence from other
eukaryotic systems (12, 13), these results show that the
introduction of small ORFs in the 5' untranslated region leads
to translational repression. Furthermore, these results sup-

port the hypothesis that ORFs account for the negative effect
of the sequence defined by the Al deletion on the translation
ofGCN4 mRNA. Unlike wild-type GCN4 mRNA, neither S1
or S3 substituted mutant mRNAs could be translationally
derepressed, showing that the negative effect of foreign
ORFs on translation cannot be alleviated by amino acid
starvation. Thus translational derepression must depend on

cis sequences present in the Al deleted region.
Deletion Mutations. To define sequences within the Al

deleted region that are responsible for the positive regulation

of translation, a series of deletion mutations was constructed
(Fig. 2b) and the effects of these mutations on translational
efficiency were assayed (Table 1). In agreement with our
previous conclusions, any deletion that removed sequences
including all four ORFs (A9, Al, and A35) resulted in an
elevated constitutive translational efficiency, bypassing the
necessity for the GCN2 function. Deletions of sequences in
area A, which included the two ORFs most proximal to the
protein start (A5, A33), resulted in elevated basal translational
levels in both the wild-type and the gcn2 backgrounds (Table
1). We interpret this to be the direct consequence ofremoving
the negative effects on translation of the two ORFs included
in these deletions.

Furthermore, in such mutants translational derepression
did not occur in either the wild-type or the gcn2 strains,
suggesting that elements within the deleted sequences are
required for translational regulation. The phenotype ofthe A5
deletion persisted even when the deleted region was replaced
by the S2 substitution sequence, which is roughly the same
size, suggesting that this phenotype is not a consequence of
a position effect (data not shown). Finally, the translational
efficiency of both the AS and A33 mutants in the gcdl strain
was decreased by a factor of almost 5, suggesting that the
gcdl background is characterized by the absence of a

negative regulator that results in the constitutive presence of
one or more positive regulators of translation that require
area A for their function.

Deletion of sequences starting from the E7 site and ending
within the 5' most proximal ORF (A13), which covers area B
(Fig. 2b), resulted in a dramatic reduction of the basal levels
of translation, even though the number of ORFs was de-
creased. The extent of translational derepression of this
mutant mRNA was also affected: the translation of A13
increased by a factor of 4, whereas the translation of
wild-type increased by a factor of 10. Deletions in the same

region ending 11 bases from the first AUG (A7S, V9S)
affected the basal levels to a smaller degree but regulation to
the same extent as seen in the A13 mutation (Table 1). These
results suggest that an element within the 17-base-pair se-
quence defined by the Sau3AI site and the right end point of
the A13 deletion has a strong positive effect on basal levels,
whereas a sequence in the overlapping region extending to
position E7 is required to establish the wild-type extent of
translational derepression. Finally, area B has a very strong
effect in the gcdl background; its deletion reduces the
translational efficiency to very low levels despite the pres-
ence of area A. Thus, sequences in region B are required for
GCDI-mediated control. The results of deletions in area B
suggest that positive regulation at this region has a significant
effect on the establishment of wild-type basal levels and the
final derepressed levels of translation.

Insertion Mutations. The third type of mutation that we
analyzed was the insertion offoreignDNA sequences into the
region between the 3' most proximal ORF and the point of
protein start (Fig. 2c). Two insertion mutants were analyzed,
one containing and one lacking an additional small ORF.
Both resulted in reduction of both the basal and the dere-
pressed levels of translation. The insertion mutants were

poorly translated in the gcdl background. In agreement with
our previous observations, the ORF-containing insertion had
a more pronounced effect. It seems that inserted sequences
may directly or indirectly interfere with the function of the
upstream regulatory elements.

DISCUSSION
At least three elements within the 5' untranslated region of
GCN4 mRNA are required in cis for its translational modu-
lation. One element is defined by the Al deleted sequence,

which determines the low basal levels of translation under

a
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Table 1. Normalized levels of (3-galactosidase activity produced by wild-type and mutant GCN4-lacZ fusions in
different strain backgrounds and under different growth conditions

f3-Galactosidase activity, relative units

Strain/ Wild type gcn2 gedi
fusion Description R D D/R R D D/R R D D/R
wt Four normal ORFs 1.0 10.4 10.4 0.2 0.2 1.0 185 171 0.9
Al No ORFs 75 71 0.9 79 46 0.6 167 168 1.0
A9 Extended Al; no ORFs 65 54 0.8 74 49 0.7 163 175 1.1
A35 Extended Al; no ORFs 66 71 1.1 65 41 0.6 83 92 1.1
S2 Tubulin substitution; no ORFs 54 46 0.8 48 33 0.7 58 68 1.2
Si Tubulin substitution; one ORF 0.7 0.7 1.0 0.6 0.6 0.9 0.7 0.8 1.1
S3 Inversion; two ORFs 1.2 1.6 1.3 2.0 1.0 0.5 0.7 0.8 1.2
A5 Deletion, area A; two ORFs 7.5 9.2 1.2 9 5.4 0.6 33 38 1.1
A33 Deletion, area A; two ORFs 8.3 8.8 1.1 10 5.3 0.5 43 41 1.0
A13 Deletion, area B; three ORFs 0.2 0.7 4.0 0.1 0.2 1.7 0.5 0.4 0.8
A7S Deletion, area B; four ORFs 0.7 2.3 3.4 0.3 0.2 0.5 0.6 0.6 1.0
A9S Deletion, area B; four ORFs 0.7 2.4 3.6 0.3 0.3 0.8 0.6 0.5 0.9
Il Tubulin insertion; five ORFs 0.2 0.4 2.1 0.1 0.2 1.6 0.2 0.3 1.5
I2 Tubulin insertion; four ORFs 0.4 1.3 3.0 0.1 0.1 1.2 1.5 1.8 1.2
URA3 Control 1.6 1.5 0.9 1.6 1.3 0.8 1.7 1.8 1.1

/-Galactosidase activity was measured after growth of transformed yeast cells in medium containing all 20 amino acids
(R) or in medium that elicits histidine starvation (D). Levels of 3-galactosidase activity were normalized for levels of each
fusion mRNA in each genetic background and under each growth condition to basal levels of the wild-type GCN4-lacZ
mRNA in the wild-type strain. Actual units of 3-galactosidase activity were divided by a factor of 1.2 to express the wild-type
fusion basal levels as 1. D/R ratios were calculated prior to rounding off numbers. The results using a URA3-lacZ fusion
gene in YCp5O are included as a control. The lower translational levels in the gcn2 background under derepressing conditions
are the consequence of poor growth of this strain under amino acid starvation conditions.

repressing conditions. Our results strongly suggest that the
negative effect of this element is a consequence of the
existence of the four ORFs within it. Substitution of this
region with other foreign sequences containing ORFs result-
ed in basal levels similar to wild type, while substitution with
a sequence lacking ORFs resulted in high translation levels.
Naturally, the foreign ORF-containing sequences did not
restore translational derepression in a wild-type background
and did not allow constitutive derepression of translation in
the gcdl background. These data suggest that specific ele-
ments within the Al deleted region are required for positive
translational regulation of GCN4 mRNA.

Indeed, our analysis of the effects of mutations in the 5'
untranslated region ofGCN4 mRNA identified two elements
acting in cis, which are required for the translational
derepression ofthis mRNA. One element, within area A, may
define a site ofinteraction with trans activators of translation.
In addition, area A has a negative effect on the basal levels
of translation, accounted for by the presence of two small
ORFs within it. A second element, within area B, is required
for the establishment ofappropriate basal levels oftranslation
and partially affects the extent of translational derepression.
The function of both elements is inhibited by downstream
insertions.
Our results suggest that the activity of these cis elements

requires the function of trans positive regulators. Deletion of
area A resulted in reduction by a factor of 5 of the transla-
tional levels in the gcdl strain background, while deletion of
area B drastically suppressed translation of the fusion mRNA
in this background. These results show that a nonfunctional
GCDI gene product results in the activation of one or more
trans activators of translation. Furthermore, the activator(s)
that acts on area B is a prerequisite for the highly derepressed
translational levels in the gcdl background. In a gcn2 gcdl
double mutant strain the levels of translation of the wild-type
fusion mRNA are lower than those in the gcdl strain by a
factor of 3 to 4 (6). These levels are similar to those observed
in the gcdl background with the fusion mRNAs carrying
deletions in area A. These observations suggest that the
GCN2-dependent activator acts primarily in area A. This is

supported by our results showing that the absence of GCN2
enhances the effect of deletions in area B on basal levels of
translation, while there is no additional effect in the absence
of GCN2 on the levels resulting from deletions in area A.
Thus there appear to be at least two distinct positive
regulators of translation, one acting on area B to establish
primarily the basal levels of translation of GCN4 mRNA
(GCDJ dependent) and the other acting on areaA in response
to amino acid starvation (GCN2 dependent).
The modified ribosome scanning hypothesis for translation

initiation in eukaryotes (13) postulates that the rate of
initiation oftranslation in a eukaryotic mRNA depends on the
stability of attachment of 40S ribosomal subunits migrating
down the 5' untranslated region. Based on this hypothesis,
we propose that the basal levels of GCN4 mRNA translation
are determined in part by the interaction of a trans regulator
with area B, resulting in the stabilization of 40S subunits.
Under repressing conditions the association of 40S subunits
with the 5' untranslated region is destabilized because of the
successive rounds of initiation-termination further down-
stream, and thus the final number of subunits reaching the
"real" AUG is diminished. The A13 deletion extends only 17
bases beyond the Sau3AI site, and yet it has a significant
effect on the basal translation levels, compared to the A7S
deletion, indicating that this stabilization could be indirectly
determined by the rate of translation initiation at the first
"false" AUG. It might be relevant that this 5' most proximal
AUG has the optimum sequence context for translation
initiation (14) whereas the other four AUGs have suboptimal
sequence contexts. In this respect, the results with deletion
A7S could be attributed to a change in the flanking sequence
context of this AUG. Under derepressing conditions, there is
an increased stabilization of the 40S subunits, primarily in
area A and partially in area B, accomplished by the increased
activity of trans regulators interacting with these regions,
resulting in an increase in the rate of initiation at the real
AUG. An intriguing and testable possibility is that derepres-
sion is accomplished by an increase in the rate of translation
initiation at the upstream false AUGs, which could increase
the number of 40S subunits remaining attached. In this
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respect, the phenotype of the insertion mutations can be
explained as a result of destabilization of the 40S subunit
because of the additional "foreign" sequence that was
inserted.
Our analysis is not exhaustive, and additional cis regula-

tory elements might be required. Preliminary results indicate
that sequences within the region defined by the BstEII site
and the protein start also have an effect on both basal levels
and regulation, which could explain the lower translational
levels of the A35 deletion mutant in the gedl background as
compared to the levels of the Al and A9 deletion mutants in
the same strain. Additional mutation analysis, including point
mutagenesis within the identified elements, will provide more
information on the mechanisms that regulate expression of
the GCN4 gene at the translational level.
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