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The 39-UTR mediates the cellular localization of an mRNA

encoding a short plasma membrane protein
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ABSTRACT

Cotranslational synthesis of proteins into the endoplasmic reticulum is preceded by targeting of the translating mRNA once a
signal peptide emerges from the ribosome exit tunnel. Many mRNAs, however, are unlikely to be targeted by this process
because they encode proteins that do not contain a signal peptide or because they are too short to be recognized by the signal
recognition particle. Herein we tested the possible involvement of the 39-UTR in the localization of an mRNA that encodes
a very short Saccharomyces cerevisiae protein (Pmp1). We found by ribosome density mapping, sedimentation analysis,
differential centrifugation, and fluorescent in situ hybridization that the 39-UTR is essential for the association of the transcript
with membrane compartments. Fusion of the 39-UTR to heterologous open reading frames conferred on them a sedimentation
and cellular localization pattern resembling that of PMP1. Mutation analysis revealed that a repeating UG-rich sequence within
the 39-UTR is important for membrane association. Taken together, our results reveal an essential role for elements within the
39-UTR in the localization of an mRNA that is likely to be ignored by the standard signal-dependant mechanism.
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INTRODUCTION

Targeting of plasma membrane and secreted proteins to
their final destinations involves an initial step of insertion
into the endoplasmic reticulum (ER) that is directed by the
signal peptide (Hegde and Bernstein 2006). This transport
may occur post-translationally, i.e., after complete trans-
lation of the entire protein. In such a case, the protein is
fully synthesized in the cytosol and is targeted to a trans-
locator complex in the ER membrane (the sec61 complex
and its accessory proteins) (Panzner et al. 1995) with the
assistance of various chaperones (Bukau and Horwich
1998). Alternatively, protein insertion may take place
through a cotranslational mechanism, where the protein
is inserted into the ER while being translated. Such a

mechanism may prevent the premature or ectopic func-
tioning of the synthesized protein.

Translation of proteins that are inserted cotranslationally
begins in the cytosol, where, upon emergence of the signal
peptide from the ribosome, translation is arrested through
binding of the signal recognition particle (SRP) to the
ribosome and the nascent chain (Wolin and Walter 1989,
1993; Mason et al. 2000; Halic et al. 2006). The SRP is then
recognized by the SRP receptor on the ER membrane, and
the ribosome is docked onto the sec61 translocator. At this
stage, translation resumes and the polypeptide is inserted
through the translocator channel (for review, see Pool
2003). As an outcome of the cotranslational process,
mRNAs encoding for proteins that are targeted by this
mechanism are associated with the ER membranes. This
has served as a useful way to identify proteins that are
targeted by this pathway (Diehn et al. 2000, 2006; Lerner
et al. 2003).

An essential step in cotranslational targeting of mRNAs
is the recognition of the signal peptide as it emerges from
the ribosome’s exit tunnel. This necessitates a minimal
length of the encoded protein, which probably differs
between proteins, yet was shown to be of at least 50 amino
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acids (Ibrahimi et al. 1986; Siegel and Walter 1988; Okun
et al. 1990; Jungnickel and Rapoport 1995). This minimal
length is consistent with the size of the ribosome exit tunnel
and the length of the signal peptide. Thus, the requirement
for translation of at least 50 amino acids is probably to
allow for sufficient contact between the protruding signal
peptide and the binding groove of the SRP complex. It is
still unclear by what mechanism mRNAs encoding shorter
plasma membrane polypeptides are targeted to the ER.
Such polypeptides are unlikely to interact sufficiently with
the binding groove and may require regions outside the
coding region for correct targeting.

Elements in noncoding regions are known to be impor-
tant for localization of various mRNAs. Such elements are
more prevalent within the 39-UTR and are usually present
at several positions along the UTR (Chabanon et al. 2004).
They usually serve as binding sites for specific RNA-
binding proteins (RBPs) that interact with specific motor
proteins that transport the mRNA to its destination via the
cellular cytoskeleton (Lopez de Heredia and Jansen 2004).
In some cases, mRNAs may simply diffuse within the cell
and interact with anchoring proteins at their target sites.
This anchoring will lead to a gradual increase in the local
concentration of the mRNA, and thus to an apparent
localization (Forrest and Gavis 2003). In recent years,
39-UTRs of mRNAs encoding for mitochondrial proteins
were shown to have a role in localization (Corral-Debrinski
et al. 2000; Marc et al. 2002; Margeot et al. 2002; Sylvestre
et al. 2003). These observations are surprising in light of
the fact that these mRNAs also encode for functional
mitochondrial targeting sequences, which are sufficient
to target the mRNAs in a cotranslational manner. The
39-UTR may allow for better targeting of the protein
into the mitochondria; indeed, replacement of the 39-
UTR of ATP2 mRNA with a 39-UTR of a cytosolic mRNA
(ADH1) led to the mislocalization of the mRNA and
inefficient translocation of the Atp2 protein (Margeot
et al. 2002).

The Saccharomyces cerevisiae Pmp1 is a small plasma
membrane proteolipid that copurifies with the major
H+-ATPase protein (Pma1) and was shown to enhance
its H+-ATPase activity (Navarre et al. 1992, 1994). It is
encoded by a very short open reading frame (ORF) (41
codons) and has a single trans-membrane domain. Impor-
tantly, its mRNA was shown to be associated with mem-
brane-bound polysomes (Diehn et al. 2000), implying a
cotranslational targeting process.

In this study, we investigated the role of the 39-UTR of
PMP1 in its subcellular localization. We show by sedimen-
tation analysis and fluorescent in situ hybridization (FISH)
that PMP1 transcripts with deletions within the 39-UTR
become mislocalized. Fusion of the 39-UTR to heter-
ologous ORFs conferred to them a sedimentation and
localization pattern similar to that of PMP1. Further
mapping of regions within the 39-UTR revealed elements

in the 39-UTR that are required for its targeting function.
Our results reveal a critical role for the 39-UTR in
localization of an mRNA that encodes for a short plasma
membrane protein.

RESULTS

Velocity sedimentation analysis of PMP1 mRNA
in sucrose gradients

The PMP1 gene contains a short ORF (123 nucleotides
[nt]) encoding for a small plasma membrane protein that is
a regulatory subunit of the plasma membrane H+-ATPase
(Navarre et al. 1994). The PMP1 mRNA was shown to be
membrane-associated (Diehn et al. 2000) and was sug-
gested to contain a relatively long 39-untranslated region
(39-UTR) (z600 nt) (Navarre et al. 1994). To confirm the
length of the PMP1 39-UTR, its mRNA was cleaved by
RNase H and oligodeoxynucleotides (ODN) complemen-
tary to several regions downstream from the stop codon.
The lengths of the reaction products were revealed by
Northern analysis (Supplemental Fig. 1). The 39-UTR of
PMP1 appeared to be z600 nt, and the entire transcript
was z900 nt long. The genomic sequence of S. cerevisiae in
the Saccharomyces Genome Database (SGD) suggests the
presence of a putative short ORF (YCR024C-B) 80 nt
downstream from the PMP1 stop codon. Considering the
length of the PMP1 39-UTR, this putative ORF is included
within it, consistent with recent observations (Fig. 1A;
Miura et al. 2006).

Yeast cells contain another protein (Pmp2p) that is
almost identical to Pmp1p (Navarre et al. 1994). However,
the transcripts of PMP1 and PMP2 are of different lengths
and differ substantially in their UTRs (only 38.8% sequence
identity). Under our hybridization conditions, the PMP1
probe does not cross-react with the PMP2 mRNA, and vice
versa (Supplemental Fig. 1B).

To characterize the ribosomal association of the PMP1
mRNA in cells, we mechanically broke the cells in a lysis
buffer devoid of detergent, removed large complexes by
centrifugation for 5 min at 8000g, and performed velocity
sedimentation analysis in sucrose gradients (Fig. 1B). The
PMP1 transcript appeared to sediment in the heavy region
of the gradient, corresponding to an association with eight
ribosomes or more (Fig. 1B, ii, ‘‘No detergent’’). Such a
high association with ribosomes is unlikely for an ORF of
this size (123 nt) because the ribosome footprint is z40 nt
(Wolin and Walter 1988).

Velocity sedimentation is routinely used to differentiate
complexes based on size rather than density. Since the
PMP1 mRNA is associated with membranes, we hypothe-
sized that the heavy sedimentation was due to its associ-
ation with large ribosome–membrane complexes (e.g.,
microsomes), which led to a dragging of the transcript to
this position. To test this, we used conditions that are used

39-UTR role in PMP1 mRNA localization
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to release membrane-bound polysomes from membranes
(Stoltenburg et al. 1995; Diehn et al. 2000; see also Fig. 5
below). Following the mechanical breakage and removal of
large complexes, extracts were incubated with detergents
(0.2% deoxycholate [DOC] and 0.5% Tween 20) to release
membrane-bound polysomes. The released complexes were
then analyzed by velocity sedimentation. This treatment
did not significantly change the overall OD254 polysomal
profile or the sedimentation pattern of a nonmembrane
mRNA (data not shown), yet led to a strong shift in the
sedimentation of the PMP1 mRNA, with a peak signal in
fraction 9 (Fig. 1B, ii, ‘‘DOC and Tween 20’’). Fraction 9
represents the association with about three ribosomes,
which is a reasonable number for the PMP1 ORF. Thus,
PMP1 is associated with about three ribosomes, yet when
bound to membranes it sediments as a much heavier
complex. Interestingly, a commonly used extraction
procedure (Kuhn et al. 2001; Arava et al. 2003), which
uses 1% Triton X-100 in the lysis buffer, resulted in an
increase in the amount sedimenting in the heavy region of
the gradient (Fig. 1B, ii, ‘‘Triton X100’’). This might be
because cold Triton X-100 is known to stabilize, rather than
dissolve, membrane subdomains known as detergent
insoluble granules (DIGs) or lipid rafts. These stabilized
particles, which in yeast start to assemble in the ER (Bagnat
et al. 2001), might therefore sediment in the heavy region
of the gradient with their associated polysomal mRNAs.
Interestingly, the protein that interacts with Pmp1p
(Pma1p) is a well-established marker of lipid rafts (Bagnat
et al. 2001; Gong and Chang 2001; Malinska et al. 2003).
Consistent with this, Western analyses for fractions
collected along the gradient using various protein markers
revealed that some of the lipid raft markers, Pma1 and
Gas1, sediment in the heavy fractions of the gradient
(Fig. 1C, vi,vii). The heavy sedimentation of lipid rafts
under these experimental conditions is probably because
they are associated with many polysomal mRNAs (not only
PMP1 mRNA), which generates a very large complex.
All further velocity sedimentation in sucrose gradient assays
were performed in the presence of Triton X-100 because of
the higher signals in the heavy fractions compared to those
without detergent.

To exclude the possibility that the sedimentation of
PMP1 was unrelated to ribosomes or to a translational
process, we extracted the cells in a buffer either lacking or
containing EDTA (Supplemental Fig. 2A). The EDTA
treatment led to a strong shift in PMP1 sedimentation, as
most of it sedimented in fractions 5 and 6, and as free of
assembled ribosomes. In addition, cells were subjected to
glucose deprivation for a short period, which is known to
lead to immediate translational arrest (Ashe et al. 2000).
This treatment led to a shift in PMP1 sedimentation to the
lighter fractions, as associated with one ribosome (Supple-
mental Fig. 2B). The results of the EDTA treatment and the
glucose deprivation experiment strongly suggest that the

heavy sedimentation of PMP1 during optimal growth is
related to the overall translation status.

PMP1 with premature stop codons sediments
in heavy fractions

To determine if the sedimentation of PMP1 is dependent
on its own translation, we used a yeast strain with both

FIGURE 1. (Legend on next page)
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PMP1 and PMP2 genes deleted (kindly provided by Andre
Goffeau, Catholic University of Louvain, Belgium) and
transformed it by using either a plasmid expressing the
natural PMP1 ORF or PMP1 with two consecutive stop
codons inserted three codons downstream from the start
codon (pPMP12xstop). Both constructs included the PMP1
promoter and untranslated regions. Sedimentation patterns
of these two plasmid-encoded transcripts were analyzed by
standard polysomal analysis (Fig. 2). Most transcripts of
the normal PMP1 appeared in the heavy fractions, similar
to the transcript expressed from its genomic loci (Fig. 1).
pPMP12xstop also sedimented mainly in the heavy region of
the gradient, similar to pPMP1 sedimentation. Thus, PMP1
mRNA sediments in the heavy region of the gradient even
when its own translation is hindered, provided that the
global translation is not impeded. This is consistent with
the suggestion that the membrane compartments sediment
in the heavy fractions because they are associated with
many polysomal mRNAs; these polysomal mRNAs are
affected by EDTA or glucose treatments, yet are not
affected when only PMP1 mRNA is mutated.

A small peak of pPMP12xstop signal appeared in fractions
7 and 8, in the sedimentation position of mRNAs associ-
ated with a single ribosome. The mutations in pPMP12xstop

were inserted three codons downstream from the start
codon, thereby allowing for translation initiation and
ribosome assembly at the start codon. Therefore, the peaks
in fractions 7 and 8 represent pPMP12xstop transcripts with
a single ribosome. These mRNAs probably escaped the
membrane-targeting process, either due to the higher
expression levels from a plasmid or because translation of
the entire PMP1 protein has some contribution to targeting.

The heavy sedimentation of PMP1 is mediated
by its 39-UTR

To test whether the 39-UTR contributes to the heavy
sedimentation of PMP1, we performed a ribosome density
mapping (RDM) experiment (Arava et al. 2005), in which a
sample of the heavy region of the gradient was collected

and mixed with RNase H and antisense ODN complemen-
tary to the region near the PMP1 stop codon (see the
scheme of the procedure in Fig. 3A). This led to cleavage of
the PMP1 transcript into two fragments of distinct lengths,
a 59 fragment that contained the 59-UTR and the ORF and
a 39 fragment that contained only the 39-UTR. The cleavage
products were then separated on a sucrose gradient, and
Northern analysis with a probe recognizing PMP1 was
performed to determine the sedimentation position of the
cleavage products (Fig. 3B,C).

Following cleavage of PMP1 at z194 nt downstream
from the start codon, the fragment that contained the ORF
sedimented mostly in fractions 11–14, which is consistent
with the association of 2–4 ribosomes, whereas the 39-UTR
fragment sedimented in the heavy region of the gradient
(Fig. 3B, fractions 17–19). To obtain a better resolution of
the sedimentation of the 39-UTR, we repeated the RDM
assay with another ODN and a slightly shorter sedimenta-
tion time (Fig. 3C). Again, the fragment containing the
ORF sedimented in fractions that corresponded to associ-
ation with 2–4 ribosomes, and the 39-UTR fragment
sedimented at the heavy region of the gradient. Similar
results were obtained with cleavage at position 166 (data
not shown).

In each RDM reaction, there appeared to be some
remnants of full-length PMP1 that were not cut by RNase
H and ODN (Fig. 3B,C), probably due to structural
hindrance or the presence of proteins on some transcripts.
The sedimentation position of these full-length mRNAs
served as an ‘‘in-gradient’’ marker for the normal sedi-
mentation of the full-length PMP1. Comparison of the
sedimentation of the cleavage products to the full-length
transcripts revealed that the sedimentation of the fragment

FIGURE 2. Effect of premature stop codons on PMP1 sedimentation.
A yeast strain deleted of PMP1 and PMP2 genes was transformed with
a plasmid expressing the entire PMP1 mRNA (pPMP1) or a plasmid
expressing the same mRNA but with two consecutive stop codons at
the beginning of PMP1 ORF (pPMP12xstop). Cell lysis and polysomal
analysis were performed as in Figure 1, in the presence of Triton
X-100.

FIGURE 1. PMP1 mRNA sedimentation is related to membrane
subdomains. (A) Schematic representation of the PMP1 transcript.
Hatched boxes indicate ORFs, and numbers indicate lengths in
nucleotides. (B) Sedimentation pattern of PMP1 mRNA. Cells grown
in rich media (YPD) to mid-logarithmic phase were harvested and
lysed in a lysis buffer either without any detergent, with deoxycholate
and Tween 20, or with Triton X-100. Complexes were then separated
by velocity sedimentation in 10%–50% linear sucrose gradient. (B, i)
OD254 profile of a representative gradient from which the sedimen-
tation positions of the various polysomal complexes can be deduced.
These profiles looked the same under all treatments (not shown).
(B, ii) Northern analysis for the sedimentation of PMP1 mRNA upon
lysis without detergent, with DOC and Tween 20 or with Triton X-
100. (B, iii) Quantification results of the northern signals. (C) Western
blot analysis for polysomal fractions. Cells treated with lysis buffer
containing Triton X-100 were fractionated as above, and proteins in
each fraction were resolved by PAGE-SDS. Western blot analyses were
performed using the indicated antibodies.

39-UTR role in PMP1 mRNA localization
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that contains the ORF differed from
the full-length transcript, while the 39-
UTR fragment has a sedimentation
pattern identical to the full-length
transcript. From this analysis, we con-
clude that the PMP1 ORF is associated
with 2–4 ribosomes, and its apparent
heavy sedimentation (i.e., membrane
association) occurs only when it is
associated with its 39-UTR.

PMP1 39-UTR affects
the sedimentation of unrelated ORFs

To examine if the PMP1 39-UTR can
affect the sedimentation of heterolo-
gous ORFs, we generated several fusion
constructs in which the 39-UTR of
several unrelated mRNAs was replaced
by the PMP1 39-UTR (Fig. 4). These
mRNAs included FPR1, HSP12,
NCE102, and TAH1, each cloned with
500 nt upstream of its start codon,
presumably containing the promoter
and 59-UTR. As shown in Figure 4, all
fusion transcripts were in heavier com-
plexes than their normal counterparts.
This is easily seen in the strain con-
taining both the normal FPR1 tran-
script and the one fused to the PMP1
39-UTR, which are expressed at similar
levels and are of distinct lengths, and
therefore can be seen on the same
image. The normal FPR1 sediments as
associated with about three ribosomes,
and the fused transcript sediments in
the heavy fractions of the gradient (Fig.
4A). The heavy sedimentation of the
FPR1-PMP1 39-UTR is probably due
to an association with membrane com-
partments since the treatment of the
sample with DOC and Tween 20 led to
a shift in the sedimentation of the
heavy-sedimenting complex to lighter
fractions (Fig. 4B). The analysis of all
other mRNAs revealed in all cases that
transcripts with the PMP1 39-UTR
sedimented significantly heavier than
transcripts with their normal 39-UTRs.
The difference in sedimentation was
not merely due to the difference in the
length of the mRNA, as the transcript
of the NCE102-PMP1 39-UTR is of
similar length to the natural NCE102
(z1100 nt) (Fig. 4C). In all cases, the

FIGURE 3. Sedimentation pattern of the ORF or 39-UTR of PMP1. (A) Scheme of the RDM
procedure aimed at determining the sedimentation of different regions of the mRNA. (A, i)
Yeast cells are collected and separated on a sucrose gradient. (A, ii) The fraction that contained
the majority of the mRNA of interest (heavy fractions in the case of PMP1 mRNA) is isolated.
(A, iii) RNase H and oligodeoxynucleotide (ODN) are added to the sample in order to cleave
the PMP1 mRNA at the site of interest. (A, iv) The cleavage products are separated on a
sucrose gradient, and multiple fractions are collected (six in the scheme). (A, v) The collected
fractions are subjected to Northern blot analysis in order to determine the sedimentation
positions of the cleavage products (that are identified according to their length). Usually not all
transcripts are cleaved by RNase H. These uncleaved transcripts sediment in Step iv at the same
position as in Step i. (B) RDM analysis of PMP1. The heavy fraction of a sucrose gradient was
isolated and subjected to cleavage with RNase H and ODN complementary to the region 194 nt
downstream from the start codon (indicated schematically in the cartoon). Cleavage reactions
were separated on a sucrose gradient, and 19 fractions were collected. The indicated fractions
were subjected to Northern analysis, and the sedimentation position of each cleavage product
was determined using a radioactive probe. Cartoons to the right indicate the migration
position of the two cleavage products and the uncut, full-length transcript. ‘‘Uncut’’ lanes
indicate samples that were collected but were not mixed with RNase H or ODN. ‘‘Cut’’ lanes
indicate samples that were collected and mixed with RNase H and ODN, but were not
separated on a sucrose gradient. (C) RDM analysis is similar to the analysis presented in B, but
with a different ODN added to the cleavage reaction.
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sedimentation of an unrelated mRNA (ADK1) was tested
and was found to be similar (data not shown). Importantly,
Northern blot analyses with a probe recognizing PMP1
confirmed that the mRNAs with the 39-UTR of PMP1
sediment in the same fractions where PMP1 mRNA was
found (Fig. 4). Thus, the PMP1 39-UTR can shift the
sedimentation of unrelated ORFs to a heavy region of the
gradient.

Further establishing the role of the 39-UTR
in membrane association

To substantiate the role of the 39-UTR in membrane
association, we used a protocol that allows for reliable iso-
lation of membrane-bound polysomes (Stoltenburg et al.
1995; Diehn et al. 2000). This method employs several steps
of differential centrifugation to free membrane-bound
polysomes. The membrane-bound polysomes are then
released from the membranes by treatment with DOC
and Tween 20, and the unreleased material is removed by
centrifugation at 20,000g for 20 min. By this method, the
majority of PMP1 transcript, either expressed from its
genomic loci (PMP1) or from a plasmid (pPMP1),
appeared mostly in the fraction of membrane-bound

polysomes (Fig. 5A). However, PMP1 transcript with a
large deletion in its 39-UTR (complete deletion of
YCR024C-B, pD1–347; all numbers are relative to the
PMP1 stop codon) appeared mostly in the free polysome
fraction. The shift to the free polysomes is specific to the
mutated PMP1, as is apparent from the analysis of another
membrane-associated mRNA (GAS1).

Similar analyses for mRNAs in which the PMP1 39-UTR
was fused to an ORF that encoded a cytosolic protein
(FPR1 or TAH1) revealed that the signal for the PMP1 39-
UTR-containing mRNA was mostly in membrane-bound
polysomes, while the normal transcript was with free
polysomes (Fig. 5B). Thus, it was also found to be the case
by this assay that the PMP1 39-UTR is effective when
merged to another ORF.

The membrane distribution of PMP1 mRNA was also
tested by Concanavalin A treatment (Con A) (Fig. 6; Kaiser
et al. 2002). In this treatment, the plasma membrane was
coated by Con A and precipitated by relatively low
centrifugation [3000g, (P3)]. The rest of the membranes
were then precipitated by high-speed centrifugation
[100,000g (P100)] from the soluble material (S100). This
protocol does not require the use of EDTA, therefore poly-
ribosomes are not affected. As can be seen in Figure 6,

FIGURE 4. Sedimentation analysis of PMP1 39-UTR fused to heterologous ORFs. Plasmids expressing the 39-UTR of PMP1 cloned downstream
from the ORFs of (A,B) FPR1, (C) NCE102, (D) HSP12, or (E) TAH1 were transformed into (A,B,E) wild-type cells or into (C,D) deletion strains.
The cells were grown in selective media, subjected to polysomal separation on sucrose gradients, and resolved into 14 fractions. The sedimentation
position of the mRNAs indicated to the right of each panel was determined by Northern analysis. In A and B, the expression levels and lengths of
the mRNAs allowed for simultaneous detection of the fusion and natural transcripts on the same blot. In C–E, the sedimentation of the natural
transcript was determined by similar analysis of wild-type cells. In the quantification graphs for panels A and C–E, the closed circles indicate
signals of the normal transcripts, open circles represent the signals of the fusion transcripts, and triangles connected by dashed lines represent the
sedimentation of the PMP1 transcript. In B, closed squares or circles represent the signals of FPR1-PMP1 39-UTR in the assay without detergent
or with DOC and Tween 20, respectively.

39-UTR role in PMP1 mRNA localization
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PMP1 mRNA fractionated in the P3 and P100 fractions
and not in the S100 fraction. This pattern was similar to
the fractionation of an ER marker (Fig. 6, Sec63-RFP)
and different from a plasma membrane marker (Fig. 6,
Pma1-GFP). This further indicates that PMP1 mRNA is
associated with cellular membranes, most likely the ER.

The 39-UTR is involved in cellular localization

To further test the role of the 39-UTR in the compartmen-
talization of the PMP1 transcript, we analyzed its cellular
localization by FISH. Cells deleted of the PMP1 and PMP2
genes and expressing PMP1 mRNA from a plasmid were
subjected to FISH with a Cy3-labeled ODN complementary
to a region from within the PMP1 ORF (Fig. 7A) or from
within the 39-UTR (Fig. 7B). A clear signal appeared at the
cell periphery, which was absent in the control hybrid-
izations of cells deleted of PMP1 or when a probe
recognizing a mitochondria-localized mRNA was employed
(Fig. 7E,F, respectively). In yeast, a substantial amount of
the cellular ER is localized within the vicinity of the plasma
membrane (hence termed ‘‘cortical ER’’) (Prinz et al. 2000;
Fehrenbacher et al. 2002). The FISH signals may suggest
association of PMP1 mRNA with this compartment.

Importantly, the localization patterns in strains express-
ing PMP1 with a complete deletion of the YCR024C-B
region of the 39-UTR (Fig. 7C), or with partial deletions

within it (Fig. 7D), were mostly cytoplasmic, displaying a
clearly different localization when compared to the full-
length mRNA. Northern blot analysis indicated that these
localization differences cannot be attributed to lower
expression of the modified mRNAs (Fig. 7G). These results
indicate that the 39-UTR of PMP1 is important for the
localization of the transcript to the cell periphery.

FPR1 and TAH1 genes encode cytosolic proteins; there-
fore, their transcripts are expected to be in the cytoplasm
(yet we were unable to obtain satisfactory FISH data for
these). FISH analysis for the localization of FPR1 or TAH1
ORFs linked to PMP1 39-UTR revealed a clear signal for
these fusion transcripts in the cell periphery (Fig. 7H,I).
This suggests that the PMP1 39-UTR can affect the cellular
localization of an unrelated ORF.

Mapping elements within the 39-UTR

To narrow down the region within the PMP1 39-UTR that
is important for its heavy sedimentation, we generated a
series of constructs carrying partial deletions and point
mutations within the 39-UTR. These constructs were
inserted into a yeast strain deleted of the PMP1 and
PMP2 genes, and the sedimentation of the transcript on
sucrose gradients was determined.

The deletions within the 39-UTR included a complete
deletion of YCR024C-B (D1–347; all numbers are relative
to the PMP1 stop codon) and partial internal deletions. In
addition, we flipped the region that contains YCR024C-B,
thus changing the sequence context without affecting the
length. The sedimentation analysis of these mRNAs usually
reveals a bi-modal sedimentation pattern, with mRNAs that
sediment in fractions that correspond to association with
2–4 ribosomes, and mRNAs that sediment in the heavy
fractions, as associated with many ribosomes (more than
eight ribosomes). Based on the results presented in Figures
1–3, we considered PMP1 mRNAs that sedimented in the

FIGURE 5. Effect of the 39-UTR on the sedimentation of mRNAs as
membrane-bound polysomes. (A) Cells expressing PMP1 from its
genomic loci (PMP1), from a plasmid (pPMP1), or PMP1 with a
deletion in its 39-UTR (pD1-347) or point mutations within the 39-
UTR [two (UG) elements within the 39-UTR, ‘‘last 2 (UG)’’] were
subjected to a protocol aimed at separation of free polysomes (FP)
from membrane-bound polysomes (MBP) (Stoltenburg et al. 1995;
Diehn et al. 2000). Equal amounts of unfractionated RNA (Total), FP,
and MBP were resolved in a gel, and the localization of PMP1 mRNA
or the control GAS1 mRNA was determined by hybridization with the
appropriate probes. Histograms present the ratio between signals in
the MBP, and the FP is presented for (closed bars) PMP1 variants and
(open bars) GAS1 mRNA. (B) Cells expressing the fusion mRNAs
FPR1-PMP1 39-UTR or TAH1-PMP1 39-UTR were subjected to
fractionation analysis as in A, and a sample of each fraction was
analyzed by Northern analysis with a probe for (top) FPR1 or (bottom)
TAH1.

FIGURE 6. Fractionation of cellular membranes following Con A
treatment. Yeast cells expressing Pma1-GFP and Sec63-RFP were
converted to spheroplasts, mixed with Con A, and lysed, and Con A
aggregates were collected by centrifugation at 3000g (P3). The
supernatant was subjected to a high-speed centrifugation (100,000g)
and separated into pellet (P100) and supernatant (S100). Protein
samples from each fraction were taken for Western analysis using
antibody to a plasma membrane marker (PMA1-GFP) or ER marker
(Sec63-RFP). RNA samples were taken for Northern analysis using a
probe for PMP1 mRNA or stained with methylene blue to visualize
the rRNA.
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2–4 ribosomes fractions as non-membrane-associated pol-
ysomes (i.e., free polysomes) and the mRNAs that sedi-
mented in the heavy fractions as membrane-associated
polysomes. The analyses presented in Figure 8 revealed
that all deletions led to a decrease in the amount of PMP1
that sedimented in the heavy fractions (fractions 12–14)
and an accumulation of transcripts in the fractions repre-
senting association with two to four ribosomes. It should
be noted that sedimentation profiles may differ slightly
between preparations due to biological or experimental
variation. Because of this variation, the number of ribo-

somes that sediment in a particular fraction may change
from one gradient to another. We therefore determined the
relevant fractions for quantification (i.e., 2–4 ribosomes
and more than eight ribosomes) by examining the OD254

profile of each experiment. Overall, relatively small dele-
tions (pD80–-180 [Fig. 8A, iv], pD177–-347 [Fig. 8A, v],
and pD80–250 or pD247–347 [data not shown]) had milder
effects on the sedimentation, and z20% of the transcripts
shifted from the heavy fraction to fractions representing
association with two to four ribosomes (results are the
averages of three independent experiments). Larger dele-
tions (Fig. 8A, vi, pD80–180 D247–347) and reversal of
YCR024C-B (Fig. 8A, iii) resulted in a much stronger effect
(z40% shift). This deletion analysis indicates that the
apparent heavy sedimentation of the PMP1 transcript is
due to elements spread along the 39-UTR.

To test the role of the putative ORF (YCR024C-B) in the
heavy sedimentation, we inserted two consecutive stop
codons downstream from its start codon. As can be seen,
the effects of these mutations on sedimentation were minor
(Fig. 8B). A similar small effect was observed upon
changing the start codon of this ORF to AGT (data not
shown). These results suggest that translation of this ORF
has little if any role in the sedimentation of PMP1. It
should be noted that recent re-sequencing of all yeast ORFs
revealed a nucleotide deletion at position 144 of YCR024C-
B that led to a frameshift and substantial shortening of the
reading frame (Hu et al. 2007).

The 39-UTR was scanned for the presence of sequence
motifs that might serve as binding sites for trans-acting
factors. A sequence comprised of multiple repeats (four or
more) of UG dinucleotide (UG)n appeared at four sites
along the 39-UTR, starting at positions 83, 261, 350, and
401 downstream from the stop codon. A similar sequence
(UG/AUG/AUG/A) is implicated in the regulation of oskar
mRNA, by serving as binding sites for Bruno (Kim-Ha et al.
1995). In addition, this sequence also appears at multiple
sites within the 39-UTR of the PMP2 mRNA, which also
shows a heavy sedimentation pattern (Supplemental Fig. 1).

We mutated either the first (83 and 261) or the last two
(UG)n sequences (positions 350 and 401) into AC repeats
and tested the effects on PMP1 sedimentation (Fig. 8C).
About 30% of the transcripts shifted their sedimentation
to lighter fractions following mutations in positions 83
and 261, and a much larger change in sedimentation
occurred following the mutation in the (UG)n elements
at positions 350 and 401, with z50% PMP1 transcripts
changing their sedimentation. Mutating only one UG motif
(in position 401) (Fig. 8C) led to a much smaller effect,
consistent with a necessity for multiple elements along the
39-UTR.

To confirm that these mutations affected the mem-
brane association of PMP1, we tested the fraction of
membrane-bound polysomes of the transcript with the
mutated last two UG-repeats by the method described by

FIGURE 7. Cellular localization of PMP1 variants by FISH. Yeast
cells deleted of PMP1 and PMP2 genes were transformed with
plasmids expressing either (A,B) full-length PMP1 transcripts, (C,D)
the indicated deletions from within the 39-UTR, (E) not transformed
with a plasmid, or (H,I) the indicated fusion transcripts. Cells were
subjected to fluorescent in situ hybridization with Cy3 labeled probes
(red) complementary to either (A,C–E) the ORF region of PMP1 or
(B,H,I) its 39-UTR. (F) FISH analysis using a Cy3 labeled probe for an
unrelated mRNA (ATM1). (G) Northern analysis to determine the
steady-state mRNA levels obtained from the different plasmids. (�)
Cells without any plasmid. Cells were costained with DAPI (blue) and
mixed with cells expressing Pma1-GFP as a marker for the plasma
membrane.
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Stoltenburg et al. (1995) (Fig. 5). Indeed, this mutation led
to a significant change in the amount of mRNA that
appeared as membrane-bound, similar to the effect that
occurred after complete deletion of a large region of the 39-
UTR (Fig. 5).

DISCUSSION

In agreement with previous work (Diehn et al. 2000), our
study reveals that the PMP1 mRNA is associated with
membrane compartments, probably the ER. Our data,
obtained by several independent approaches, suggests that
the 39-UTR is essential for this association. First, we
observed that the ORF region of PMP1, when cleaved of
its 39-UTR, sediments as associated with 2–4 ribosomes
and not in a region of the gradient where large membrane-
associated complexes sediment (Fig. 3). Second, PMP1 with
a deletion within its 39-UTR was isolated with cytosolic
polysomes, while the normal PMP1 transcript was highly
associated with membrane-bound polysomes (Fig. 5).
Third, FISH analysis revealed that the PMP1 transcript
was normally associated with the cell periphery, whereas
deletions within the 39-UTR resulted in a diffuse signal

across the cytosol (Fig. 7). Finally, deletions and point
mutations within the 39-UTR led to a significant change in
the sedimentation of the mRNA in a sucrose gradient, but
insertion of two consecutive stop codons into the PMP1
ORF had almost no effect (Figs. 2, 8). Together, these
findings indicate that the PMP1 transcript is localized in a
membrane compartment that is in the cell periphery
(probably the cortical ER), and this localization requires
the 39-UTR. It appears from our data that the membrane
association of PMP1 is not essential for its translation
because PMP1 transcript that is free of membranes (either
because of detergent treatment or mutations in the 39-
UTR) sediments in sucrose gradient as associated with
ribosomes.

The sedimentation analyses of the various PMP1
mutants usually reveal a bi-modal sedimentation pattern,
with mRNAs associated with 2–4 ribosomes, and mem-
brane-associated mRNAs that sediment in the heavy region
of the gradient. The heavy sedimentation of the membrane-
associated transcripts is probably because these specific
membrane compartments are associated with multiple
polysomal mRNAs (PMP1 and probably other mRNAs).
We reason (based on Figs. 1–3) that the PMP1 ORF is

FIGURE 8. Mapping elements within PMP1 39-UTR that are important for its heavy sedimentation. Cells deleted of PMP1 and PMP2 were
transformed with plasmids expressing various PMP1 transcripts. The sedimentation pattern of the various transcripts was determined as
presented in Figure 1. (A) Northern blot results of the full-length transcript (A, i), various deletions, and a flip of the region between nucleotides
80 and 347 (the YCR024C-B region). The histogram presents the quantification results of signals in the fractions that contained (closed bars) two
to four ribosomes and (open bars) eight or more ribosomes from at least three repeated experiments. (B) Insertion of two consecutive stop
codons immediately downstream from the YCR024C-B start codon. (C) Mutagenesis of the UG-repeat into the AC-repeat. The histogram
presents the quantification results of at least two repeats.
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associated with 2–4 ribosomes, and the transcripts that
sediment in this fraction of the gradient were released from
their membrane association due to the mutations in the
39-UTR. It appears from our data that large deletions or
multiple mutations are necessary to confer a strong effect
on sedimentation (i.e., significant shift from the heavy
fractions to the 2–4 ribosome fraction) (Fig. 8). This may
suggest the involvement of multiple binding sites from
throughout the 39-UTR (and probably several trans-fac-
tors) in targeting PMP1 to the membrane compartment.

The best studied pathway for targeting mRNA trans-
lation to the ER is the pathway mediated by the signal
recognition particle (SRP). This targeting pathway involves
the recognition of the nascent signal peptide as it emerges
from the ribosome by the SRP54 subunit of SRP, which
causes translation arrest and shuttling of the mRNA–
ribosome–SRP complex to the SRP receptor at the ER.
Translation then resumes, and the protein integrates into
the ER and is transported to the appropriate compartment.
Various studies attempted to identify the minimal length of
a peptide that is needed to be synthesized in order to allow
for SRP-dependant targeting (Ibrahimi et al. 1986; Siegel
and Walter 1988; Wolin and Walter 1988, 1989; Okun et al.
1990; Wolin and Walter 1993; Jungnickel and Rapoport
1995). While lengths may vary depending on the protein
and the experimental system, it appears that a minimal
length of about 50 amino acids is necessary for proper
targeting (Okun et al. 1990; Jungnickel and Rapoport
1995). PMP1 ORF, however, is only 41 codons long, which
may explain the necessity for an alternative mechanism for
its localization.

The deletion analysis revealed that a large region of the
39-UTR is necessary for full activity (Fig. 8), as is common
for many regulatory elements within the 39-UTR (Chabanon

et al. 2004). This may indicate the presence of multiple sites
for RNA-binding proteins along the 39-UTR, or that a large
structural element is involved. We have identified a
repeating UG-rich sequence that is located at the 39-UTR
of PMP1 and is important for its sedimentation. A similar
sequence is present at the 39-UTR of oskar mRNA and
serves as a binding site for the Bruno protein (Kim-Ha et al.
1995). Interestingly, it was shown recently that a region
containing this sequence (the AB BRE region) is capable of
inducing oligomerization of oskar mRNA into large silenc-
ing complexes, thereby affecting its apparent sedimentation
(Chekulaeva et al. 2006). Although there is no homolog for
Bruno in yeast, it is possible that a related protein binds this
sequence and leads to its heavy sedimentation. While our
data suggest an involvement of specific membrane sub-
domains in the heavy sedimentation, we cannot exclude the
possibility that oligomerization of PMP1 transcript also
contributes to this sedimentation.

We have also identified a repeating UG-rich element in
the 39-UTR of PMP2, another mRNA that sediments in the
heavy region of the gradient, which might suggest the
involvement of this motif in targeting mRNAs encoding
short plasma membrane polypeptides. However, a genome-
wide search for the presence of the sequence UGUGUGUG
(allowing one error) within all the 39-UTRs of S. cerevisiae
(Hurowitz and Brown 2003; Shalgi et al. 2005) identified
more than 200 genes, with no significant enrichment to
any specific group of genes. This indicates that additional
elements are necessary in order to differentiate the PMP
39-UTRs from the rest of the genes. To identify such
elements, we performed an unbiased search for stable
structural elements that contain any conserved sequence
motif in their exposed loop (Robins et al. 2005; Wexler et al.
2007). Windows of 90 nt along the PMP1 39-UTR were

TABLE 1. A list of plasmids used in the study

Laboratory name Name Construct

pA178 pD1–347 PMP1 promoter—PMP1 ORF-PMP1 39UTR D1–347
pA210 pD80–180 PMP1 promoter—PMP1 ORF-PMP1 39UTR D80–180
pA211 pD80–250 PMP1 promoter—PMP1 ORF-PMP1 39UTR D80–250
pA212 pD177–347 PMP1 promoter—PMP1 ORF-PMP1 39UTR D177–347
pA213 pD247–347 PMP1 promoter—PMP1 ORF-PMP1 39UTR D247–347
pA226 pD80–180 D247–347 PMP1 promoter—PMP1 ORF-PMP1 39UTRD80–180 D247–347
pA241 pPMP1-T81-G82 PMP1 promoter—PMP1 ORF-YCRO24C-B ATG to AGT- PMP1 3UTR
pA242 pPMP1 80–347 flip PMP1 promoter—PMP1ORF-YCRO24C-B opposite orientation- PMP1 3UTR
pA262 pPMP1-full-length PMP1 promoter—PMP1 ORF-YCR024C-B-PMP1 39UTR
pA263 pPMP1 2 stops PMP1 promoter—PMP1 with two stop codons after the first three amino

acids—YCR024C-B- PMP1 39UTR
pA268 pPMP1-YCR-24C-b 2 stops PMP1 promoter—PMP1 ORF-YCR024C-b—two stop codons after the first three

amino acids—PMP1 39UTR
pA245 pFPR1-PMP1 FPR1 promoter—FPR1 ORF-PMP1-39UTR
pA246 pNCE102-PMP1 NCE102 promoter—NCE102 ORF-PMP1-39UTR
pA251 pHSP12-PMP1 HSP12 promoter—HSP12 ORF-PMP1-39UTR
pA269 pTAH1-PMP1 TAH1 promoter—TAH1 ORF-PMP1-39UTR
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folded using the Vienna package folding tool (Hofacker
2003), and any 9-mers that appeared in exposed loops of
any of the optimal structures or any of the top suboptimal
structures (with a deviation of up to one kilocalorie from
the minimal free energy [MFE]) were aligned (allowing one
error) with exposed sequences that appear in all other yeast
39-UTR sequences (z6000 39-UTRs) (Shalgi et al. 2005).
The only exposed sequence within a stable hairpin structure
(MFE < 20 Kcal) that was conserved between the 39-UTRs
of PMP1 and PMP2 (and three other genes of an unknown
function) was ‘‘UGUGUGUGA.’’ Moreover, additional
UG-rich subsequences appeared at multiple sites within
the 39-UTRs of PMP1 and PMP2, and the majority of them
were also structurally exposed in MFE-predicted hairpins
(although their structures are less stable than the original,
strict MFE threshold we had applied in the genome-wide
search). Thus, it might be that structure plays an important
role in exposing UG-rich motifs and allowing their inter-
action with specific RNA-binding proteins. It remains to be

determined experimentally whether these structural pre-
dictions are biologically relevant.

Perspective

In the present study, we have used the PMP1 transcript as a
handle to identify unique cellular processes. We identified
that the 39-UTR is sufficient to target PMP1 and other ORFs
to membrane-associated compartments. Involvement of un-
translated regions in membrane targeting might be impor-
tant for mRNAs encoding very short membrane proteins that
cannot be recognized by the SRP, or the recently identified
ER-associated mRNAs encoding for cytosolic proteins, which
do not have a signal peptide (Lerner et al. 2003; Diehn et al.
2006). We have also identified a repetitive sequence that is
involved in PMP1 sedimentation, and we speculate that this
sequence is part of a larger structural element. The protein
factors that are likely to bind this motif, as well as the im-
portance of the structural features, are yet to be determined.

TABLE 2. Yeast strains used in this study

Laboratory name Parental strain Genotype Source

yA1 BY4741 Mat a, his3D1, leu2D0, met15D0, ura3D0
yA133 SEY6210a MATa leu2-3 ura3-52 his3-D200 trp1-D901 lys2-801

suc2-D9 PMA1::GFP::kanMX
Malinska et al. (2003)

yA202 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3

Navarre et al. (1994)

yA232 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pD180–470

This study

yA241 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pD203–303

This study

yA242 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pD203–373

This study

yA243 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pD300–470

This study

yA244 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pD370–470

This study

yA268 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pPMP1 203–470 flip

This study

yA269 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pPMP1-T204-G205

This study

yA270 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pD203–303, D370–470

This study

yA278 BY4741 Mat a; his3D1; leu2D0; met15D0; ura3D0
pNCE102-PMP1

This study

yA280 BY4741 Mat a; his3D1; leu2D0; met15D0; ura3D0
pFPR-PMP1

This study

yA287 BY4741 Mat a; his3D1; leu2D0; met15D0; ura3D0
pHSP12-PMP1

This study

yA310 BY4741 Mat a; his3D1; leu2D0; met15D0; ura3D0
pPMP1 full-length

This study

yA311 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pPMP1 2 stops

This study

yA313 BY4741 Mat a; his3D1; leu2D0; met15D0; ura3D0
pTAH1-PMP1

This study

yA314 W303-1B MATa leu2 his3 ade2 trpl ura3 pmplD::URA3,
pmp2D::HIS3 pPMP1-YCR-24C-b 2 stops

This study
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MATERIALS AND METHODS

Plasmid construction

Each plasmid (Table 1) was created using a PCR amplification
reaction and specific primers, with either genomic DNA or other
plasmids as the template. The PCR products were first cloned
into p-GEM T easy vector (Promega) and then cut with the
appropriate restriction enzymes and ligated into the multi-cloning
site of pRS415 (Sikorski and Hieter 1989). All clones were verified
by sequencing.

Yeast strains and growth conditions

The strain BY4741 was used in all polysomal, RDM, and Western
blot analyses. The various constructs of PMP1 were inserted into
strain W3031b deleted for PMP1 and PMP2 genes (a generous gift
from Andre Goffeau at the Catholic University of Louvain,
Belgium) (Table 2). All plasmid-containing strains were grown
on SD (1.7 g/L Yeast Nitrogen Base, 5 g/L ammonium sulfate,
20 g/L glucose) with the following additions: 350 mg/L threonine,
40 mg/L methionine, 40 mg/L adenine, 50 mg/L lysine, 20 mg/L
histidine, 50 mg/L tryptophan, and 20 mg/L uracil.

Velocity sedimentation analysis

Velocity sedimentation analysis was performed as previously
described with minor modifications (Arava 2003). Briefly, a 50
mL culture of yeast was harvested by centrifugation (4000 rpm, 4
min, 4°C) in the presence of 100 mg/mL cycloheximide. Following
two washes in 4 mL of lysis buffer (20 mM HEPES at pH 7.4,
140 mM KAc, 1.5 mM MgAc, 0.5 mM dithiothreitol, 100 mg/mL
cycloheximide, and 1 mg/mL heparin), cells were resuspended in
400 mL of lysis buffer, transferred to a screw-capped microfuge
tube, supplemented with 1 mL of chilled glass beads, and lysed by
vigorous vortexing using a bead beater (two rounds of 90 sec of
vortexing). Lysate was transferred to a clean microfuge tube and
centrifuged at 8000g for 5 min at 4°C. The supernatant was
transferred to a clean microfuge tube, and one-half was directly
loaded onto an 11 mL 10%–50% sucrose gradient (‘‘No deter-
gent’’). To determine the effect of mem-
brane on sedimentation, the other half was
mixed with sodium deoxycholate to 0.2%
final concentration and incubated on ice
for 5 min, then Tween 20 was added to
0.5% final concentration, and the sample
was incubated for an additional 5 min. The
sample was then centrifuged for 20 min at
20,000g to remove unreleased membrane
complexes, and the supernatant was loaded
onto a sucrose gradient. Analysis in the
presence of Triton X-100 was performed as
described above, except that the lysis buffer
included 1% Triton X-100 and Tris-Cl,
KCl, and MgCl2 were used instead of
HEPES, KAc, and MgAc, respectively
(Arava et al. 2003). Gradients were centri-
fuged in an SW41 rotor (Beckman) at
35,000 rpm for 2.5 h, and the sedimentation

positions of polysomal complexes were determined by monitoring
RNA absorbance at 254 nm.

Western blot analysis and antibodies

Polysomal fractions were collected after centrifugation and pre-
cipitated by the addition of 2 volumes of 100% ethanol. After at
least 30 min of incubation at �20°C, the samples were centrifuged
for 25 min at 14,000g at 4°C, and the pellet was resuspended in 23

SDS sample buffer (4% SDS, 20% glycerol, 4 mM EDTA, 0.2 M
Tris at pH 6.8, 4% b-mercaptoethanol, and 0.2 gr/mL Bromo-
phenol blue), followed by incubation for 30 min at 40°C. The
samples were run on 10% SDS-PAGE gel for 1–1.5 h and
transferred to a nitrocellulose membrane. The membrane was
then blocked with 1% milk in TBS-T and incubated with primary
and secondary antibodies diluted in TBS-T (see Table 3). ECL
reaction was performed using an ECL kit (Biological Industries)
according to the manufacturer’s instructions.

Fractionation by Concanavalin A treatment

Con A fractionation was done as described previously (Kaiser et al.
2002) except that the coated spheroplasts were suspended in a
lysis buffer that is more suitable for RNA assays (20 mM Tris-HCl
at pH 7.4, 140 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT, 0.1 mg/mL
cycloheximide, 1 mg/mL heparin, 1 mM PMSF, 0.5 mg/mL
leupeptin, and 0.7 mg/mL pepstatin).

Fluorescent in situ hybridization

Fluorescent in situ hybridization was performed as previously
described (Chartrand et al. 2000). Briefly, yeast cells were grown
to the mid-log phase and fixed with 4% formaldehyde for 40 min,
and the cell wall was removed by zymolase (25 mg/mL) treatment
for 20 min (until z75% of the cells were spheroplasted). Cells
were then adhered to poly-L-Lysine coated glass slides and stored
in 70% ethanol at �20°C. For hybridization, ODN labeled by Cy3
at its 59-end (30 pM) was added to the slides in 15 mL of
hybridization buffer (10 mM NaHPO4 at pH 7.0, 40% formamide,
23 SSC, 40 mg of salmon sperm DNA, 40 mg of tRNA, 20 mg/mL

TABLE 3. A list of the antibodies used in this study

Name Working dilution Source

Rabbit anti-Aconitase 1:5000 Ophry Pinnes, Hebrew University
Rabbit anti-BiP 1:5000 Ophry Pinnes, Hebrew University
Mouse anti-porin (MAb414) 1:1000 Covance (cat. MMS-120R)
Mouse anti-Flag 1:10,000 Sigma (cat. F 3165)
Rabbit anti-Gas1 1:6000 Laura Popolo, University of Milano
Rabbit anti-Pma1 1:10,000 Ramon Serrano, University of Valencia
Rabbit anti-Sec61 1:500 R.P. Jansen, Munich University
Rabbit anti-Ras2 1:5000 Santa Cruz Biotechnology (cat. Sc-6759)
Mouse anti-GFP 1:5000 MBL (M048-3 Clone 1E4)
Rabbit anti-RFP 1:10,000 MBL (PM005)
Anti-goat IgG 1:10,000 Sigma (cat. A 5420)
Anti-rabbit IgG 1:10,000 Sigma (cat. A 9169)
Anti-mouse IgG 1:10,000 Sigma (cat. A 5906)
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BSA, 40 u/mL RNasin). After an overnight hybridization at 37°C,
slides were washed twice with 23 SSC and 40% formamide for 15
min at 37°C, once with 23 SSC and 0.1% Triton X-100 for 15 min
at room temperature, twice with 13 SSC for 15 min at room
temperature, and finally with PBS. Slides were then mounted
with 1 mg/mL anti-fade solution (p-phenylenediamine; Sigma) con-
taining 1 mg/mL DAPI and imaged in a Leica DM IRE2
fluorescence microscope.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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