The EMBO Journal Vol.22 No.5 pp. 1199-1209, 2003

Internal initiation drives the synthesis of Ure2
protein lacking the prion domain and affects [URE3]

propagation in yeast cells
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The [URE3] phenotype in Saccharomyces cerevisiae is
caused by the inactive, altered (prion) form of the
Ure2 protein (Ure2p), a regulator of nitrogen ca-
tabolism. Ure2p has two functional domains: an
N-terminal domain necessary and sufficient for prion
propagation and a C-terminal domain responsible for
nitrogen regulation. We show here that the mRNA
encoding Ure2p possesses an IRES (internal ribosome
entry site). Internal initiation leads to the synthesis of
an N-terminally truncated active form of the protein
(amino acids 94-354) lacking the prion-forming
domain. Expression of the truncated Ure2p form
(94-354) mediated by the IRES element cures yeast
cells of the [URE3] phenotype. We assume that the
balance between the full-length and truncated
(94-354) Ure2p forms plays an important role in yeast
cell physiology and differentiation.
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Introduction

The yeast Saccharomyces cerevisiae Ure2p binds the
transcription factor GIn3p and thereby blocks the expres-
sion of genes involved in the assimilation of poor nitrogen
sources, such as arginine, urea, allantoin and ureidosucci-
nate, when rich nitrogen sources such as glutamine,
asparagine or ammonium ion are present in the medium
(for a review see Hofman-Bang, 1999). In its prion-like
[URE3] form, Ure2p does not bind GIn3p, leading to
enhanced transcription of mRNAs coding for permeases
and enzymes involved in alternative nitrogen assimilatory
pathways (for a review, see Wickner et al., 2000). GIn3p
activates (among others) the transcription of the allantoate
permease gene DALS, which allows the uptake of
ureidosuccinic acid (USA), an intermediate in uracil
biosynthesis and which is a poor nitrogen source
(Hofman-Bang, 1999). This enables Aura2 cells, which
are unable to perform the first two steps of pyrimidine
biosynthesis leading to USA formation, to grow by
utilizing ureidosuccinate (in place of uracil) in the
presence of ammonium sulfate. This phenotype is used
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as a measure of [URE3] prion formation (Lacroute, 1971).
The mechanism leading to [URE3] prion de novo forma-
tion is only partially understood. The prion form is able to
convert the native form into inactive protein, and
overproduction of Ure2p increases 20- to 200-fold the
frequency with which a strain becomes [URE3] (Wickner,
1994; Masison and Wickner, 1995; Wickner et al., 2000).

URE?2 deletion analysis has revealed two functional
domains: an N-terminal domain (amino acids 1-65),
which is necessary and sufficient for prion propagation,
and a C-terminal domain (amino acids 66-354) able to
bind GIn3p (Masison and Wickner, 1995; Masison et al.,
1997). The N-terminal part of Ure2p, which is rich in
asparagine and glutamine residues, is responsible for prion
formation and propagation and can form amyloid in vitro
(Wickner et al., 2000). Overexpression of an N-terminally
truncated Ure2p in cells propagating the prion cures yeast
of the [URE3] phenotype, probably by disrupting Ure2p
aggregates (Edskes et al., 1999; Wickner et al., 2000).
However, propagation of [URE3] cannot always be
attributed to the generation of large Ure2p aggregates, as
has been shown recently (Fernandez-Bellot et al., 2002).

Initiation of translation of most eukaryotic cellular
mRNASs involves binding of the mRNA 5’ cap structure to
a group of proteins referred to as the cap-binding complex
or e[F4F (for reviews, see Sachs et al., 1997; Gingras et al.,
1999; Hershey and Merrick, 2000), followed by recruit-
ment of the 40S ribosomal subunit and associated
initiation factors (43S initiation complex) and movement
of the 43S initiation complex along the 5’-untranslated
region (UTR) in search of the initiation codon (scanning).
Functions of the cap-binding complex formed by initiation
factors elF4G, elF4E and elF4A include recognition of the
mRNA 5" cap structure (initiation factor eIF4E), delivery
of an RNA helicase (initiation factor elF4A) to the 5’
mRNA region, and bridging of the mRNA and the
ribosome (initiation factor elF4G via its interaction with
40S-bound elF3) (Gingras et al., 1999).

During the last decade, it has become clear that a
number of viral and eukaryotic cellular mRNAs can be
translated via internal initiation, a process directed by a
specific mRNA region termed an internal ribosome entry
site (IRES). These elements allow direct recruitment of
40S ribosomes to the vicinity of the initiation codon (for
reviews, see Jackson and Kaminski, 1995; Belsham and
Jackson, 2000; Carter et al., 2000; Jackson, 2000; Hellen
and Sarnow, 2001). The subset of initiation factors and
associated proteins required for internal initiation varies
depending on IRES type and structure. Most of the viral
IRES elements do not require either cap-binding factor
elFAE or intact elF4G (Belsham and Sonenberg, 1996;
Belsham and Jackson, 2000; Jackson, 2000). So far, only
recruitment to the IRES element of hepatitis A virus is
known to require intact initiation factor el[F4G (Borman
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and Kean, 1997). In contrast, recruitment of 40S
ribosomes to hepatitis C virus and swine fever virus
IRES-containing mRNAs does not require any of the
initiation factors of the elF4-‘family’ (Pestova et al.,
1998), and cricket paralysis virus IRES-containing mRNA
directs initiation without a requirement for any of the
canonical initiation factors (Wilson et al., 2000).
Translation of some cellular capped mRNAs is initiated
both 5’-end dependently and internally. These mRNAs
carry IRES elements located in the mRNA coding region
(Cornelis et al., 2000; Lauring and Overbaugh, 2000;
Maier et al., 2002), and internal initiation of translation
occurs under physiological conditions when eIF4E activity
is downregulated (Johannes et al., 1999: Carter et al.,
2000; Sachs, 2000). Translation of such mRNAs results in
the production of different protein products, depending on
the initiation pathway utilized.

Little is known about the mechanism of internal
initiation in the yeast S.cerevisiae (Altmann et al., 1990;
lizuka et al., 1994, Paz et al., 1999). Internal initiation of
reporter mRNAs carrying the poliovirus 5-UTR was
stimulated in yeast extracts when eIF4E activity was
limiting (Altmann et al., 1990). Recently, a 148 nucleotide
IRES element located in the 5-UTR of crucifer-infecting
tobamovirus (ctrTMV) coat protein has been shown to be
active in yeast cells (Dorokhov et al., 2002). An IRES
element located in the genome of cricket paralysis virus
has been shown to direct internal initiation when the
intracellular concentration of ternary eIF2-GTP-Met-
tRNA; complex is low (Thompson er al., 2001). Also,
internal initiation has been reported for yeast mRNAs such
as those coding for the transcriptional factors TFIID,
HAP4 and YAPI, and for translation initiation factor
elF4G1 (lizuka et al., 1994; Zhou et al., 2001). Further-
more, an artficial IRES was identified that is activated
substantially when yeast cells enter the diauxic phase or
when they are artificially starved for carbon sources
(Paz et al., 1999).

Here we show that URE2 mRNA possesses an IRES
allowing for cap- and elF4E-independent synthesis of an
N-terminally truncated form of Ure2p (amino acids
94-354), which lacks the prion-forming domain and
affects [URE3] prion propagation in yeast cells. The
activity of the URE2 IRES is increased when elF4E
activity is downregulated. To our knowledge, this is the
first reported case of an IRES located in the coding region
of a yeast mRNA.

Results and discussion

In vivo forms of Ure2p

Several forms of Ure2p can be detected in extracts from
yeast cells grown at different temperatures and analyzed
by immunoblotting with anti-Ure2p antibodies. Among
the detected proteins is a major ~42 kDa product and two
minor bands of 31 and 30 kDa (Figure 1A, lanes 2-5).
These proteins are derived from the URE?2 gene, since they
are not detected in a ure2A strain (Figure 1A, lane 6; strain
CC32). The size of the 42 kDa product corresponds to full-
length Ure2p (Coschigano and Magasanik, 1991; Thual
et al., 1999). The 30 kDa protein co-migrates with the
C-terminal Ure2p domain (amino acids 94-354) translated
in rabbit reticulocyte lysate from in vitro transcribed
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mRNA (Figure 1A, lane 1). The 31 kDa product might be
an abnormally migrating form of the 30 kDa protein;
however, it is not always observed on immunoblots. This
product might represent a phosphorylated form of the
30 kDa protein. Phosphorylation of Ure2p has been
reported by some laboratories (Cardenas et al., 1999;
Hardwick et al., 1999). To verify that the 30 kDa product
starts at Met94, we mutagenized the ATG%* in the URE2
open reading frame (ORF) to CTT and replaced the wild-
type copy of the URE?2 gene with the mutated gene copy in
the yeast genome [strain EFI(CTT); see Table IJ.
Translation of the mutant URE2 mRNA in yeast resulted
in the disappearance of the 30 kDa product (Figure 1A,
right panel, lanes 7 and 8).

We also replaced the two first AUGs in the URE2 ORF
(ATGATG—GGATCC). As expected, the 42 kDa protein
was not expressed, while the 30 kDa product could still be
detected (Figure 1A, lanes 9 and 10). This indicates that
the 30 kDa protein is not a degradation product of the full-
length Ure2p, but derives from initiation of translation of
URE2 mRNA at AUG* either by leaky scanning or by
internal initiation. Since initiation by leaky scanning is 5’-
end- and most probably e[F4E-dependent, whereas inter-
nal initiation is not (Belsham and Jackson, 2000), we
tested the dependence of Ure2p synthesis on eIF4E. The
yeast strain 4-2 has two point mutations in the elF4E
gene, which result in a temperature-sensitive phenotype
(eIF4E-ts). At the non-permissive temperature (37°C),
cap-dependent initiation is severely inhibited in this strain
(Altmann et al., 1989; Altmann and Trachsel, 1997). We
found that accumulation of full-length Ure2p was reduced
in strain 4-2 maintained for several hours at the non-
permissive temperature, while the accumulation of the
30 kDa product was not, and the ratio of 30:42 kDa
product had increased to almost 1:1 (Figure 1A, compare
lanes 4 and 5). It should also be noted that the ratio of full-
length Ure2p to the 30 kDa product detected by
immunoblots might not reflect the real ratio of both
Ure2p forms in vivo, since the polyclonal antibody used
for the detection may recognize the various domains of
Ure2p with different affinity. Interestingly, the amount of
full-length Ure2p seems to decrease when cells shift from
log phase to stationary phase, while the amount of 30 kDa
Ure2p increases (Figure 1A, compare lanes 9 and 11),
indicating that the ratio of these two products might vary
during different stages of cell growth and that the in vivo
physiological response under some conditions might yield
the short form of Ure2p.

Integrity of URE2 mRNA in both CWO4 (wild type)
and 4-2 cells was verified by northern blot analysis
(Figure 1B). We could not detect any minor URE2 mRNA
species that could give rise to 5’-end-dependent translation
of the 30 kDa protein. These findings suggest that
translation of URE2 mRNA at AUG** might be initiated
internally.

The 30 kDa Ure2p protein is active

Truncated Ure2p (amino acids 66-354) was shown earlier
to complement fully the URE?2 gene deletion (Masison and
Wickner, 1995; Masison et al., 1997). We found that a
Aura? strain transformed with a yeast plasmid carrying the
shortened URE2 (94-354) gene version complements the
URE?2 gene deletion, as shown by a lack of growth on
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Fig. 1. Ure2p in vivo synthesis. (A) Top: schematic representation of the URE2 mRNA. Solid lines, untranslated regions; boxes, prion-forming (PFD;
white) and nitrogen repression (gray) domains (Masison and Wickner, 1995; Masison et al., 1997); arrows, translation start sites. Bottom: Ure2p
expression in different yeast strains. CWO4 (lanes 2 and 3), 4-2 (lanes 4 and 5), CC32 (Aure2) (lane 6) and EF1(CTT) (lanes 7 and 8) were grown for
16 h in minimal medium (SD, supplemented with essential amino acids) at 27°C; subsequently, part of the culture was incubated at 37°C for 5 h.
CC32 (Aure2) transformed with pFL39URE2 (lane 9) and pFL39URE2AAAUG!? plasmid (lane 10). CC32 (Aure2) transformed with pFL39URE2
(lane 11) were grown on SD medium for 48 h to early stationary phase, ODggy = 2.0-2.5. Extracts from equal numbers of cells were prepared, and
proteins were separated by SDS-PAGE and blotted to nitrocellulose. The blot was decorated with anti-Ure2p antibodies. Lane 1: the C-terminal
(94-354) fragment was synthesized in vitro in the RRL system. The relative ratio of full-length Ure2p to Ure2p (94-354) was determined densitometri-
cally. (B) Northern blot analysis of URE2 mRNA expressed in yeast strains CWO4 and 4-2. For each lane, 20 pg of total yeast RNA was separated on
a denaturing agarose gel, transferred onto a BrightStart-Plus Nylon membrane (Ambion) and hybridized to a 32P-labeled DNA URE2 ORF probe.
(C) URE2 complementation analysis. Yeast strain CC32 (Aure2) was transformed with plasmid pYeF2L_URE2(94-354) or with vector pYeF2L and
grown either on minimal medium containing 2% galactose, 0.5% ammonium sulfate and USA (15 pg/ml), or on 0.5% ammonium sulfate and uracil
(20 pg/ml).

minimal medium containing USA and ammonium sulfate
[Figure 1C; strain CC32 transformed with plasmid
pYeF2L_URE2(94-354)]. Our results show that Ure2p
(94-354) is active as it prevents ureidosuccinate uptake
and cell growth of the Aura2 strain. The mechanism
underlying nitrogen catabolite repression involves associ-

ation of Ure2p with GIn3p in the cytoplasm, an interaction
that prevents GIn3p from reaching its binding sites in the
nucleus. Sequestering of Gln3p by Ure2p in the cytoplasm
depends on the ratio between GIn3p and Ure2p, and can be
affected by under- or overproduction of Ure2p (Cox et al.,
2000).
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Table I. Strains of S.cerevisiae

Strain Genotype Source
CWO4 MATa, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura3 P.Linder
4-2 MATa, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura3, cdc33::LEU2 <cdc33-4-2; TRP1, ARSCEN> M.Altmann
CC30 MATe, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3 C.Cullin
CC32 MATa, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3, ure2::TRPI C.Cullin
CC34 MATe, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3 [URE3] C.Cullin
EFI1(CTT) MATa ora, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3, URE2-CTT** This work
EF1(CTT)/4-2 MATa, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3, cdc33::LEU2 <CDC33; TRP1, ARSCEN>URE2-CTT**  This work
CC34/wt MATao, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3 cdc33::LEU2 <CDC33; TRP1, ARSCEN> This work
CC34/4-2 MATao, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3 cdc33::LEU2 <cdc33-4-2; TRP1, ARSCEN> This work
CC34/4-4 MATa, ade2-1, leu2-3,112, his3-11,15, trpl-1, ura2::HIS3 cdc33::LEU2 <cdc33-4-4; TRP1, ARSCEN> This work
HM6B p0 Mata; trpl, ura2, karl, canl [ure-o] [rho©] R.Wickner
HM6B/EF1(CTT) Mata; trpl, ura2, karl, canl, [URE3] [cytoduction from EF1(CTT)] This work
HMO6B/CC34/wt Mata; trpl, ura2, karl, canl, [URE3] (cytoduction from CC34/wt) This work
HMO6B/CC34/4-2 Mata; trpl, ura2, karl, canl, [ure-o] (cytoduction from CC34/4-2) This work
HM6B/CC34/4-4  Mata; trpl, ura2, karl, canl, [ure-o] (cytoduction from CC34/4-4) This work

Internal initiation at AUG% on URE2 mRNA in vitro
To explore further the possibility that the 30 kDa Ure2p
(amino acids 94-354) stems from internal initiation at
AUG* of URE2 mRNA, we carried out a series of in vitro
translation experiments using various extracts and in vitro
transcribed URE2 mRNAs. We found that translation of
the URE2 mRNA in rabbit reticulocyte lysate or wheat
germ extract (data not shown) also yielded two proteins of
42 and 30 kDa (Figure 2, lane 1). Translation of mutant
URE2 mRNA carrying the ATG** to CTT substitution
gave rise only to full-length Ure2p (Figure 2, lane 2).
Introduction of a TGA stop codon at position 81 of the
URE?2 OREF abolished the synthesis of full-length Ure2p
and led to the synthesis of a 14 kDa product resulting from
translation of the new upstream ORF (Figure 2, lane 3).
This mutation did not affect the synthesis of the 30 kDa
protein, suggesting that it is not a degradation product of
full-length Ure2p. Possible degradation of full-length
Ure2p was analyzed by time-course experiments in the
rabbit reticulocyte system. Synthesis of the 30 kDa product
did not show a precursor/product relationship with the
42 kDa polypeptide. The ratio of synthesis of these two
proteins was constant with time, even after protein
synthesis had ceased at 60 min (Figure 2B), indicating
that the 30 kDa product (seen in Figure 2A; lanes 1 and 3)
is not a degradation product of full-length Ure2p.

We also tested translation of URE2 mRNA in yeast
translation extracts that are known to be very sensitive to
the presence of hairpin structures in the mRNA 5’-UTR
(Sagliocco et al., 1993). Translation of the URE2 mRNA
carrying a 5-UTR of 204 bp (construct I) in an extract
obtained from wild-type yeast cells yielded hardly any
full-length Ure2p (Figure 2, lane 4). However, the 30 kDa
protein was synthesized. Shortening of the 5-UTR from
204 to 25 bp and addition of a poly(A) tail to the 3’-UTR of
URE2 mRNA strongly enhanced the production of full-
length Ure2p without affecting the synthesis of the 30 kDa
protein (Figure 2, lane 5).

In an extract derived from strain 4-2 (elF4E-ts),
synthesis of the 30 kDa protein (amino acids 94-354)
from construct V was only efficient in the absence of
functional eIF4E (Figure 2, lanes 6 and 7), indicating that
the synthesis of the 30 kDa protein could proceed via an
elF4E-independent pathway (in these experiments, the
activity of endogenous eIF4E was shut off by incubating
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the extracts for 7.5 min at 37°C prior to translation). Ure2p
(1-80) synthesis, which was surprisingly high in the
absence of functional elF4E, was mildly enhanced (~2-
fold) by the addition of eIF4E (Figure 2A; lane 6), which is
to be expected for cap-dependent translation.

URE2 AUG* directs internal initiation in vivo

To probe for the existence of an IRES in the URE2 mRNA
and to measure further its efficiency in vivo, we produced
DNA constructs encoding inducible lacZ mRNAs
(Figure 3A) and transformed them into isogenic yeast
wild-type (CWO4) and eIF4E-ts strain 4-2. Construct I
encoding lacZ mRNA with a 5-UTR derived from the
GALI gene (Mueller et al., 1987) is translated very
efficiently at 27°C, in both wild-type and eIF4E-ts strain
4-2 (Figure 3A). A significant decrease in lacZ expression
of construct I was observed for both strains at 37°C. We
assume that in both strains, eIF4E activity becomes
limiting (due to its inactivation) but the effect is more
pronounced in strain 4-2, as expected. Insertion of a stable
hairpin structure in the 5-UTR (Altmann et al., 1993)
reduces lacZ expression almost completely in both strains
(construct II). To test for internal initiation of the putative
URE?2 IRES, we inserted the URE2 ORF (amino acids
3-353) in-frame with lacZ behind the stable hairpin
structure and compared lacZ expression from constructs
carrying at position 94 either ATG-Met (construct III) or
CCT-Leu (construct IV). Whereas there was almost no
expression from construct IV, a significantly increased
level of B-galactosidase was observed from construct III in
both the wild type and eIF4E-ts strain at the non-
permissive temperature (37°C). The lacZ activity was
significantly higher in strain 4-2 (359 versus 35 U),
indicating that expression driven by Met94 in the URE?2
OREF is eIF4E independent and proceeds in vivo via a cap-
independent mechanism. We also tested the URE2 IRES
(URE2 ORF amino acids 67-122) in a bicistronic
CAT-lacZ construct (construct VI): significantly higher
expression of lacZ was detected at 37°C in strain 4-2 when
compared with cells transformed with the bicistronic
construct devoid of an IRES (188 versus 15 U). Enhanced
translation of construct VI at 37°C was also observed in
wild-type cells, but the effect was less pronounced (45.5 U)
than in the elF4E-deficient strain. In contrast, translation
of the first cistron (CAT) was downregulated 6- to 7-fold
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Fig. 2. (A) Ure2p in vitro synthesis. In vitro transcribed and capped URE2 mRNAs (Komar et al., 1997) were translated in the presence of 0.3 mCi/ml
[**SImethionine (Amersham) in either rabbit reticulocyte lysate or yeast extract (autoradiograms are shown). I, URE2 mRNA with 204 nucleotide
5’-UTR [no poly(A)]; I, URE2 mRNA with ATG**-Met substituted for CTT-Leu, 204 nucleotide 5-UTR [no poly(A)]; IIl, URE2 with TTAS!-Leu
substituted by TGA-Stop, 204 nucleotide 5-UTR [no poly(A)]; IV, URE2 mRNA with short 5-UTR (25 nucleotides) and poly(A) tail; V, URE2
mRNA with TTA3!-Leu substituted by TGA-Stop, short 5-UTR (25 nucleotides) and poly(A) tail. Autoradiograms: rabbit reticulocyte lysate
(lanes 1-3), yeast extracts (lanes 4-7), wild type (lanes 4 and 5) or 4-2 extract (lanes 6 and 7). Lane 6, no eIF4E added; lane 7, 2 pmol eIF4E added.
(B) Time course of Ure2p synthesis in a rabbit reticulocyte lysate cell-free system using Ure2p mRNA construct I. The relative ratio of full-length

Ure2p to Ure2p (94-354) was determined densitometrically.

for both bicistronic constructs (V and VI), indicating that
its translation is cap-dependent. Northern blot analysis of
mRNA from cells transformed with construct III (which
shows the highest level of internal initiation) revealed a
predominant mRNA band of the expected size of ~4.2 kb
in both yeast strains (Figure 3B). No shorter mRNA band
could be detected that would give rise to 5’-end-dependent
translation of the reporter gene. No lacZ activity was
observed when cells expressing construct III were grown
on glucose-containing media, proving cryptic promoters to
be absent in the DNA constructs used (data not shown).
Moreover, after cells were shifted from glucose- to
galactose-containing medium, no lacZ activity was
observed during the first 3 h after the shift, although, the
URE2-lacZ mRNA was readily detected (Figure 3C). It
has been shown previously that translation in yeast is
inhibited rapidly when glucose is replaced with an
alternative carbon source such as galactose, and that this
inhibition is maintained for >2 h (Ashe et al., 2000). Our
results are consistent with these data. The observation that
the expression of lacZ is dependent on the downregulation
of eIFAE activity (taken together with the data on northern
blotting) is consistent with /acZ being expressed from an

IRES-containing mRNA rather than from an mRNA
derived from a cryptic promoter. The absence of lacZ
expression from construct IV carrying the ATG%* to CTT**
substitution in URE?2 indicates that lacZ expression from
the URE2 IRES is, indeed, driven by AUG®*. It should be
noted that the URE2 OREF cloned in front of lacZ carries
seven other AUGs (downstream of AUG®?) that are in-
frame, but do not give rise to lacZ expression.

We conclude from the above data that URE2 mRNA
possesses an IRES, which allows for cap-independent
translation initiation at Met94 of the URE2 ORF.
However, this IRES element promotes translation less
efficiently than the cap-dependent process; downregula-
tion of eIF4E activity enhances IRES-directed translation.
A similar result was obtained previously for the
pl110PTTSERE protein kinase IRES: two PITSLRE protein
kinase isoforms, p110PTTSIRE and p58PITSLRE are translated
from a single transcript by initiation at alternative in-frame
AUG codons. pl10PTTSIRE was shown to be produced by
cap-dependent translation, whereas p58FPITSLRE regulted
from internal initiation of translation. The expression of
p58PITSLRE wag enhanced upon downregulation of eIF4E in
the G,/M phase of the cell cycle (Cornelis et al., 2000).
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Fig. 3. (A) Expression of reporter constructs under the control of the GAL1/10 promoter transformed into wild-type strain CWO4 and strain 4-2. B-gal-
actosidase activity (relative units) was determined following the protocol described in the Clontech Yeast Protocols Handbook after an 18 h induction
of the cells in 2% galactose at the indicated temperature. CAT activity was measured using the FAST CAT Green (deoxy) Chloramphenicol
Acetyltransferase Assay Kit (Molecular Probes). (B) Northern blot analysis of construct Il mRNA expressed in CWO4 and 4-2 yeast strains at 27 and
37°C. For each lane, 15 pg of total yeast RNA was separated on a denaturing agarose gel, transferred onto a BrightStart-Plus Nylon membrane
(Ambion) and hybridized to a 32P-labeled DNA lacZ probe. The first lane on the left shows RNA isolated from non-transformed CWO4 cells. (C) Time
course of P-galactosidase activity (relative units) expressed from constructs Il and IV transformed into strain 4-2. LacZ activities at 27°C
(construct III, plot line 2; construct IV, plot line 3) and 37°C (construct III, plot line 1; construct IV, plot line 4) are shown. Cells were grown on min-
imal SD medium containing 2% glucose fo 18 h, washed with water and then transferred to minimal SD medium with 2% galactose. Sample aliquots
were taken at the indicated times for lacZ activity measurements and RNA isolation. Insert: northern blot analysis of construct III mRNA expressed in

strain 4-2.
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Internal initiation affects [URE3] prion propagation sensitive eIlF4E alleles (4-2 and 4-4) and expressed them
in yeast cells from a centromeric plasmid (Altmann et al., 1989;
Since expression of an N-terminally truncated Ure2p Altmann and Trachsel, 1997) in the [URE3] yeast strain
(amino acids 66-354) can cure yeast cells of the [URE3] CC34 (Fernandez-Bellot et al., 2000), which allows for
phenotype (probably by disrupting Ure2p aggregates; ureidosuccinate uptake in the presence of ammonium

Edskes et al., 1999) and is unable to give rise to [URE3] sulfate (Figure 4A). This cured the cells of the [URE3]
(Masison and Wickner, 1995; Masison et al., 1997), the phenotype, since CC34 strains bearing the eIF4E-ts

IRES found in URE2 mRNA may allow the synthesis of an mutations were not able to grow at 32°C on selective
[URE3]-resistant Ure2p form. To test this possibility, we medium containing USA and ammonium sulfate, while
replaced the genomic elF4E gene by the temperature- they did grow on minimal medium containing uracil and
A CC34lwt CC3dmwt
cc34 cci4
CC3414-2 CC34/4-2
cc3o .
CCa4/44 CC34/a-4
EF1{CTT) EF1(CTTy4-2 EF1(CTT} EF1(CTTy4-2
+ +
NH, , uracil NH, , USA
Y
h
B (P'J"-r.-t'“ir od; c-‘:‘#,
o -
Urazp=s h-.ﬁ,
Ure2p (94-354) = ¥+
-
L ‘
- 3 a4 . "
% full-length Ure2p 85 82 65 61
% Ure2p (34-354) 15 18 35 3§
C HMEBIwt1 HMEB/wi2
HM6Bi4-21 HWE;EH HMEB/4-21
HMEB/EF1 B/ HmeBia22  HmeBEF1T ol HMEBI4-22
(CTT1) ] ; \
HMEB/4-42 HM6BI4-41
NH,", uracil NH,’, USA

Fig. 4. (A) URE2 IRES and [URE3] phenotype: mutations in eIF4E prevent the uptake of ureidosuccinate on ammonium-containing media. Mutation
of AUG to CTT at codon 94 of URE2 [EF1(CTT strain), a derivative of CC30 (Table I)] gives rise de novo to a [URE3] phenotype. Left: SD medium,
containing 0.5% ammonium sulfate and uracil (20 pg/ml). Right: minimal medium containing 0.5% ammonium sulfate and USA (150 pg/ml). eIF4E-
wt and ts mutations 4-2 and 4-4 were introduced into the haploid strain CC34, yielding strains CC34/wt, CC34/4-2 and CC34/4-4; CC30, CC34 and
EF1(CTT) were used as controls (Table I). The ts mutation 4-2 was introduced into haploid strain EF1(CTT), rendering EF1(CTT)/4-2 (Table I).
(B) Ure2p in vivo synthesis: western blot analysis. Cells were grown for 20 h in minimal medium (SD, supplemented with essential amino acids) at
32°C. Extracts from equal numbers of cells were prepared, proteins separated by SDS—PAGE and blotted to nitrocellulose. The blot was decorated
with anti-Ure2p antibodies. The relative ratio of full-length Ure2p to Ure2p (94-354) was determined densitometrically. (C) Cytoduction experiments:
the cytoplasm from CC34/4-2 and CC34/4-4 cannot transmit [URE3], while the cytoplasm from CC34/wt and the EF1(CTT) strain can transform to
the prion phenotype. Growth of cytoductant strains HM6B/wt; HM6B/4-2, HM6B/4-4; HM6B/EF1(CTT) (two clones for each) is shown after the
transfer of cytoplasm from donor strains CC34/wt, CC34/4-2, CC34/4-4 or EF1(CTT). Left: SD medium, containing 0.5% ammonium sulfate and
uracil (20 pg/ml). Right: minimal medium containing 0.5% ammonium sulfate and USA (125 pg/ml). The cytoduction procedure (Wesolowski and
Wickner, 1984; Moriyama et al., 2000) is described in Materials and methods.
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NH," USA

NH:, uracil

Fig. 5. Yeast cell morphology. Yeast strains CC34 (A) and
EF1(CTT) (B) were grown on a solid SD medium. Left: SD medium,
containing 0.5% ammonium sulfate and uracil (20 pg/ml). Right: min-
imal medium, containing 0.5% ammonium sulfate and USA (125 pg/ml).
Cells were scraped off the plate and resuspended in 10 pl of water on
microscope slides. Images were taken using a Zeiss TELAVAL 31 micro-
scope equipped with a Spot Diagnostic Instrument Inc. digital camera at
X40 magnification.

ammonium sulfate (Figure 4A). An isogenic strain carry-
ing the wild-type eIF4E allele on the same plasmid (CC34/
wt) was not able to cure the cells of the [URE3] phenotype.
The altered ratio of full-length Ure2p to Ure2p (94-354) in
4-2 and 4-4 ts strains in comparison with carrying the wild-
type elF4E was demonstrated by western blotting
(Figure 4B).

To test whether eIF4E-ts mutations result in the loss of
[URE3] rather than in loss of the ability to convert USA to
uracil, cytoplasm from CC34/wt, CC34/4-2 and CC34/4-4
was transferred to the [ure-o] [rho®] HM6B strain. The
ability to donate [URE3] with the transfer of cytoplasm is
considered to be one of the characteristic features of prion-
propagating cells (Moriyama et al., 2000). Indeed,
cytoplasm from CC34/4-2 and CC34/4-4 strains could
not transmit [URE3], while cytoplasm from the CC34/wt
strain did (Figure 4C). This shows that HM6B/CC34/4-2
and HM6B/CC34/4-4 mutants have lost the [URE3]
phenotype. We also found that the EFI1(CTT) strain
[URE2 (ATG®* to CTT) mutation integrated in the yeast
genome of strain CC30] gave rise de novo to the [URE3]
prion phenotype (Figure 4C), while the ancestor wild-type
CC30 strain (Fernandez-Bellot et al., 2000) was not able to
grow on USA (Figure 4A). To test whether Ure2p is its
prion form in EF1(CTT) cells, cytoplasm from these cells
was transferred to the [ure-o] [rho®] HMG6B strain.
Cytoplasm from the EF1(CTT) strain was able to donate
[URE3] to recipient [ure-o] cells, as shown by growth on
selective medium containing USA and ammonium sulfate
(Figure 4C). This indicates that Ure2p is present in
EFI1(CTT) cells in its prion form and that in the absence of
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Ure2p (94-354), full-length Ure2p is more prone to
aggregation. In order to rule out the possibility that the
elF4E mutation could have an indirect effect on [URE3]
propagation, we introduced the temperature-sensitive
elF4E allele (4-2) into strain EF1(CTT) [EF1(CTT)/4-2;
Table I]. This did not cure the EF1(CTT) cells of the
[URE3] phenotype (Figure 4A). Strain EF1(CTT)/4-2
grew on a selective medium containing USA and
ammonium sulfate [although at a slower rate in compari-
son with the ancestor EF1(CTT) strain]. Interestingly, both
haploid EF1(CTT) and EF1(CTT)/4-2 strains, but not the
CC34 or CC32 (ure2A) strains, exhibit morphological
abnormalities on a selective medium containing USA and
ammonium sulfate, i.e. filamentous growth (Figure 5B).
These abnormalities are very similar to those observed
under conditions of yeast cell treatment with fusel alcohols
(for references, see Lorenz et al., 2000). Fusel alcohols are
the products of amino acid catabolism under nitrogen-
limiting conditions and are known to promote aberrant
elongated morphology in S.cerevisiae (Lorenz et al.,
2000). Fusel alcohols also have been shown to inhibit
translation initiation rapidly by altering the activity of
translation initiation factor elF2B (Ashe et al., 2001).
Since these morphological changes are not observed in
CC34 [URE3] (Figure 5A) or CC32 ure2A (data not
shown), we propose that Ure2p (94-354) might play an as
yet unknown cellular role.

What is the physiological role of the URE2 mRNA
IRES element?

Proteins whose synthesis is initiated internally are
involved in a variety of processes, including development,
differentiation, stress, growth/cancer and programmed cell
death (reviewed in Carter et al., 2000; Hellen and Sarnow,
2001). The presence of an IRES element in a cellular
mRNA may reflect the need to produce the corresponding
protein at a particular stage of cell growth under conditions
when 5’-end translation is downregulated (Paz et al., 1999;
Van der Velden and Thomas, 1999; Carter et al., 2000). It
is shown here that the mRNA encoding Ure2p possesses
an IRES leading to the synthesis of an N-terminally
truncated and active form of the protein (amino acids
94-354) lacking the prion-forming domain. Our findings
suggest that alteration of eIF4E activity affects the ratio of
full-length to 30 kDa Ure2p and [URE3] prion propagation
in yeast cells. This indicates that yeast cells may have
developed a mechanism to impede or at least alleviate
Ure2p aggregation by producing an N-terminally trun-
cated form of the protein, and that [URE3] propagation
might be regulated by a balance between 5’-end-dependent
and internal initiation mechanisms. Interestingly, it was
found that the activity of URE2 IRES in a bicistronic
construct seems to be significantly higher in stationary
phase when compared with yeast cells at exponential
growth (J.P.G.Ballesta, personal communication). This
observation supports previous findings showing that the
activity of an IRES can be substantially induced when
cells exit the logarithmic growth phase (Paz et al., 1999),
and might indicate that yeast cells in stationary phase
would be less prone to [URE3] propagation. The details of
the mechanism of internal initiation of URE2 mRNA
translation are not known, and further experiments are



required to elucidate the physiological importance of
expressing the truncated form of Ure2p.

We assume, however, that the balance between the full-
length and truncated (94-354) Ure2p forms plays an
important role in yeast cell physiology under vegetative
growth conditions as well as during differentiation and
their switch to invasive (filamentous) growth.

Materials and methods

Yeast strains

Wild-type CWO4 (Coppolecchia et al., 1993) and isogenic 4-2 (Table I)
(Altmann et al., 1989; Altmann and Trachsel, 1997) were used in Ure2p
and lacZ expression experiments and for preparation of cell-free
translation extracts. The EF1(CTT) strain (Table I) was obtained as
follows: ATG-Met94 of the URE2 ORF was switched to CTT-Leu by
PCR (5-GTAAAACGACGGCCAGT-3’ as upstream and 5'-GAATAC-
TCCACGTGACTAAGATCCGAAAATG-3" as downstream primer),
digested with Xhol and Pmll, and cloned into pBIISK+(URE2) (Komar
et al., 1997). The PIMI-Notl fragment of URE2_CTT was cloned into
pFL39URE2 (Komar et al., 1998). The mutated URE2 copy was
introduced into strain CC32 (Table I). [TRP-] colonies were selected.
URE2_CTT integration was verified by PCR of yeast genomic DNA
(5’-GTGTAACTGCAGCCAAATGATGAATAAC-3" as upstream and
5’-CCATACCATGATCGATTAAAGCTGG-3" as downstream primer),
and restriction analysis using Hinfl (ATG to CTT mutation results in
disappearance of the HinfT site). Isogenic CC30 and CC34 [URE3] strains
(Table I) have been described previously (Fernandez-Bellot et al., 2000).
elF4E-ts mutations 4-2 and 4-4 were introduced into the haploid CC34
[URE3] and EFI(CTT) strains by co-transformation of a 4.4 kb
cdc33::LEU2 linear DNA fragment (Altmann ef al., 1987) and plasmids
carrying eIlF4E-ts mutations or the wild-type gene copy. Transformants,
which showed a ts phenotype, were checked for homologous gene
recombination by PCR (5-CATTGCAAGAGGTAGTGTTAATTC-
TGG-3" as upstream and 5-GAGTTGTCGTTTTAACGTCATCCT-
CTC-3’ as downstream primer).

Cytoduction

Cytoduction was conducted essentially as described by Wickner and co-
workers (Wesolowski and Wickner, 1984; Moriyama et al., 2000). The
HMG6B (Mata, trpl, ura2, karl, canl [ure-o]) strain that fails to undergo
karyogamy was kindly provided by Dr Reed Wickner. The recipient cells
were [rho®] (mitochondrial DNA was eliminated by overnight growth of
the cells on YPD medium containing 1 mM ethidium bromide).
Respiratory-deficient cells were screened by replica plating of clones
grown on YPD medium on to YPG plates (1% yeast extract, 2% peptone,
3% glycerol). Clones unable to grow on YPG were [rho®]. EF1(CCT),
CC34/wt, CC34/4-2 and CC34/4-4 (Mato., Table I) were donor strains.
After mating recipient and donor cells on YPD plates for 6-8 h, cells with
donor nuclei were counterselected by plating the mating mixture for
single colonies on appropriate minimal medium; diploids were eliminated
by addition to the minimal medium of L-canavanine sulfate (60 mg/ml).
Respiratory-competent clones (having the recipient genotype) were
screened out by replica plating on YPG plates.

Plasmids

For pET3a_URE2(94-354), DNA encoding Ure2p (amino acids 94-354)
was amplified by PCR (5-ATGAGTCACGTGGAGTATTCC-3’ as
upstream and 5-CCGCGGTGGCGGCCGCT-3" as downstream primer),
digested with BamHI and cloned into pET3a (Stratagene) in which the
Ndel site was filled in with Klenow fragment prior to vector digestion
with BamHI. For pYeF2L_URE2(94-354), DNA encoding Ure2p (amino
acids 94-354) was amplified by PCR (5-CGGGATCCATGAGTCA-
CGTGGAG-3’ as upstream and 5-GCGCCTTAGGTCATTCACCACG-
CAATGCCTTGATG-3" as downstream primer) and subcloned as a
BamHI-BsU361 fragment into pYeF2L under the control of a hybrid
GAL10-CYCI promoter. pBIISK+(URE2) has been described previously
(Komar et al., 1997). For the production of pFL39URE2AAAUG!?
(lacking both AUG codons in the URE2 ORF), DNA encoding Ure2p
was amplified by PCR [5-GCAAATTAAGTTGTACACCAAGGAT-
CCAATAACAACGGCAACCAAGTGTCG-3" as upstream primer,
which replaces AUGAUG by GGATCC (BamHI site) and 5-GCT-
TCGTCCATTTGTAAACTTCTGG-3" as downstream primer]. The PCR
fragment was digested with BsrGI and Ncol, and ligated into

The IRES element in URE2 mRNA

pFL39URE2. The TGA3!-Stop of the URE2 ORF was introduced by
double PCR (Landt er al., 1990) (5-GAATACCTGAGAACAAC-3" as
upstream and 5-GGAAACAGCTATGACCATG-3" as downstream
primer in the first PCR, 5-GTAAAACGACGGCCAGT-3’ as upstream
primer and the first PCR product as downstream primer in the second
PCR). The PCR product was digested with Xhol and EcoRI, and cloned
into pBIISK+.

pSP64(polyA) derivatives carrying wild-type or mutant URE2 were
obtained by PCR (5-GTGTAACTGCAGCCAAATGATGAATAAC-3’
as upstream and 5-GTGAGGATCCTTTGCACTTAATTTTCC-3" as
downstream primer), digested with BamHI and Pstl, and cloned into
pSP64poly(A) vector (Promega). For p281-4-URE2 and p281-4-
URE2_CTT plasmids, DNA encoding Ure2p (amino acids 3-353) was
amplified by PCR (5-AAAAAACTCGAGAATAACAACGGCAACC-3’
as upstream and 5-TTCCGGAATTCTACCACGCAATGCCTTG-3" as
downstream primer), digested with Xhol and EcoRI, and cloned into
p281-4 vector under the control of the GAL1/10 promoter (Altmann et al.,
1993). The reporter plasmid p281-IRES_URE2 bearing a 165 bp
fragment of the URE2 gene (bp 203-368 of the URE2 ORF; amino
acids 67-122) was constructed by PCR amplification of
pBluescriptlISK+(URE2) (linearized with Xmnl) (5-CCAGATCTG-
CCAAAATAATGATAACGAG-3" as upstream and 5-CCGGATCC-
GGCGCAGACCTGTGAGAGAA-3’ as downstream primer). The PCR
fragment was digested with Bg/II and BamHI, and ligated into plasmid
p281 (Mueller et al., 1987). A bicistronic CAT (chloramphenicol
acetyltransferase)-lacZ (B-galactosidase) construct bearing the above-
mentioned URE?2 gene region was produced by subcloning the CAT ORF
as a BamHI fragment into the unique Bg/II site of p281-IRES_URE2
plasmid, resulting in p281-CAT_IRES_URE2.

Miscellaneous

Standard yeast media, cultivation procedures and genetic methods were
used (Sherman et al., 1986; Rose et al., 1990). Yeast were transformed
using the lithium acetate method (Ito et al., 1983). Molecular cloning and
sequencing were performed following general procedures described in
Sambrook et al. (1989). SDS-PAGE was performed according to
Schagger and von Jagow (1987). ‘Rainbow ['“*C]methylated colored
proteins’ (mol. wts 2350—46 000 Da, Amersham) were used as molecular
weight markers. In vitro transcription and translation were performed as
described previously (Altmann et al., 1989; Altmann and Trachsel, 1997;
Komar et al., 1997). Western blotting was done following standard
procedures (Towbin et al., 1979). Extracts for western blotting were
prepared by glass-bead cell disruption in electrophoresis sample buffer
[50 mM Tris—HCI pH 6.8, 4% SDS, 2% mercaptoethanol (v/v), 12%
glycerol (w/v), 0.01% Serva Blue G]. Western blots were decorated with
polyclonal anti-Ure2p rabbit antibodies, diluted 1:5000 in TBS buffer
(10 mM Tris—HCI pH 7.0, 150 mM NaCl) containing 0.5% bovine serum
albumin (BSA) for 1.5 h, decorated with rabbit anti-IgG antibody (Sigma
A-8275) coupled to horseradish peroxidase (1:2500 dilution in TBS, 0.5%
BSA) and stained with ECLplus (Amersham) reagent. Northern blotting
was done as described (Alwine et al., 1977). Yeast genomic DNA was
isolated using the DNA-Pure™ Yeast Genomic Kit from CPG, Inc.
following the manufacturer’s recommendations. Total RNA was prepared
following the method of Chomczynski and Sacchi (1987). The PCR-
amplified 3 kb lacZ fragment (5'-CGCCTTGCAGCACATCC-3" as
upstream and 5-GGTAGCGACCGGCGC-3" as downstream primer)
and 1 kb URE2 fragment (5-CGGCAACCAAGTGTCGAATC-3" as
upstream and 5'-CCTTGATGACCGCGGGTC-3" as downstream primer)
were used for random primed labeling. Ambion Random Primed Strip
Able DNA probe synthesis and removal kit were used for random primed
labeling. RNA electrophoresis was done using a glyoxal-based system
(Ambion kit no. 1946). Ambion RNA Millennium Markers™ were used
as molecular size standards. LacZ activity was measured following the
protocol described in the Clontech Yeast Protocols Handbook using
O-nitrophenyl-f-D-galactopyranoside as a substrate. Cell extracts were
prepared by subsequent cycles of cell freezing in liquid nitrogen and
thawing at 37°C. CAT activity was measured using the FAST CAT Green
(deoxy) Chloramphenicol Acetyltransferase Assay Kit from Molecular
Probes following the manufacturer’s recommendations.
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