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ABSTRACT

The exosome is a conserved multiprotein complex essential for RNA processing and degradation. The
nuclear exosome is a key factor for pre-rRNA processing through the activity of its catalytic subunits, Rrp6
and Rrp44. In Saccharomyces cerevisiae, Rrp6 is exclusively nuclear and has been shown to interact with
exosome cofactors. With the aim of analyzing proteins associated with the nuclear exosome, in this work,
we purified the complex with Rrp6-TAP, identified the co-purified proteins by mass spectrometry, and
found karyopherins to be one of the major groups of proteins enriched in the samples. By investigating the
biological importance of these protein interactions, we identified Srpl, Kap95 and Sxml as the most
important karyopherins for Rrp6 nuclear import and the nuclear localization signals recognized by them.
Based on the results shown here, we propose a model of multiple pathways for the transport of Rrp6 to the

nucleus.

INTRODUCTION

The RNA exosome is a protein complex
involved in processing and degradation of different
classes of RNA in the cell. This complex was first
identified in the yeast Saccharomyces cerevisiae (1)
and later identified in other eukaryotes. The
exosome is not present in bacteria, but has been
identified in archaea, being structurally conserved
throughout evolution (2).

In eukaryotes, the exosome is present in
both nucleus and cytoplasm and its nuclease activity
is provided by two catalytic subunits, Rrp44/Dis3
and Rrp6 (3). In yeast, the difference between the
nuclear and cytoplasmic exosomes is the presence
of the subunit Rrp6 in the nucleus. The exosome
core is composed of nine subunits: six different
subunits each containing an inactive RNase PH

domain (Rrp4l, Rrp42, Rrp43, Rrp45, Rrp46,
Mtr3), and three RNA binding subunits (Rrp4,
Rrp40, Csl4). The catalytically active subunits bind
to opposite sides of the core, Rrp44 is an RNase R-
like with both endonucleolytic and processive 3'-5'
exonucleolytic activities (3-6), whereas Rrp6 shows
a distributive 3'-5' exonucleolytic activity (7).
Nuclear exosome function comprises
processing of ribosomal RNAs (rRNAs), small
nuclear RNAs (sSnRNAs) and small nucleolar RNAs
(snoRNAs), as well as surveillance and degradation
of incorrectly processed RNAs (8). In the pre-rRNA
processing pathway, the exosome is directly
responsible for the degradation of the 5° external
transcribed spacer sequence, 5'-ETS, after cleavage
at site Ao, and for trimming of the internal
transcribed sequence ITS2 segment present in the
intermediate 7S for the generation of the mature
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5.8S rRNA (9). In addition to being important for
the RNA quality control in the nucleus, the exosome
has also been described to be involved in
cytoplasmic mRNA degradation (10,11).

Since the exosome does not show substrate
specificity in vitro, the recruitment of the complex
in vivo might be performed by its cofactors (12).
Interestingly, most of the proteins identified as
nuclear exosome cofactors have been shown to
interact with Rrp6 (13-15). Due to the low
concentration of Rrp6 in the cell, or to its restriction
to the cell nucleus, however, attempts to isolate
nuclear exosome cofactors copurifying with the
exosome when using a core exosome subunit as bait
has been shown to be inefficient (16,17).

A significant amount of information is now
available on the structure and function of the
exosome, but relatively little is known about the
transport of this complex to the nucleus. Protein
transport from cytoplasm to nucleus is primarily
mediated by specific interactions between
karyopherins and signal sequences (NLS; Nuclear
Localization Signal) present in the cargo proteins
(18,19). The first identified sequence was the simian
virus 40 large tumor antigen (SV40TAQ)-like
nuclear localization signal (classical NLS), which is
recognized by karyopherin o (Srpl in yeast) and
transported to the nucleus as a trimeric complex
with the karyopherin B (Kap95 in yeast) and the
cargo protein (19,20). Another nuclear import route
occurs through the recognition of a different NLS in
the cargo by a karyopherin  and the transport of a
heterodimer to the nucleus (21). In Saccharomyces
cerevisiae, there are 14 karyopherins f, ten of which
are involved in transport to the nucleus (importins -
Kap95, Kapl04, Sxml/Kapl08, Mtrl0, Kapll4,
Nmd5, Kapl20/Lph2, Psel/Kapl2l, Kapl22,
Kap123), three are involved in transport to the
cytoplasm (exportins - Csel, Crm1/Xpol, Losl),
and one karyopherin is involved in transport in both
directions, Msn5 (22).

Despite  the  association  described
previously of Rrp6 with Srpl and Kap95 (23-26),
there are no conclusive studies describing the
nuclear import pathway of yeast Rrp6. In this work,
we purified the S. cerevisiae nuclear exosome with
Rrp6-TAP for the identification of proteins
interacting with this complex. One of the major
groups of proteins co-purified with the exosome
was that of the karyopherins/importins. The
presence of different karyopherins associated with
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Rrp6/exosome in our purifications raised the
possibility of multiple pathways for nuclear import
of Rrp6. Here we show the participation of different
karyopherins in the transport of the exosome
subunit Rrp6 to the nucleus and the sequences that
these karyopherins might recognize in Rrp6. The
results shown here provide evidence for alternative
pathways of Rrp6 transport to the cell nucleus.

RESULTS

Purification of the nuclear exosome with Rrp6-
TAP

To identify proteins interacting with the
yeast nuclear exosome (Exol1), we took advantage
of the TAP-tag method (27) using an Rrp6-TAP
fusion. Since Rrp6 expression in yeast cells is lower
than that of the core subunits (16,17; Fig. 1), twenty
liters of culture were used here for the purification
of the exosome with Rrp6-TAP. Despite the
difference in expression levels of the bait proteins,
the bands profile of the proteins co-
immunoprecipitated with Rrp6-TAP was similar to
that of the exosome co-immunoprecipitated with
Rrp43-TAP (16), and all the exosome subunits were
identified in the elution fraction (Fig. 1A). Samples
from the same Rrp6-TAP elution fraction were
analyzed by western blot with antibody against the
CBP portion of the TAP-tag, confirming that Rrp6-
TAP bound efficiently to the IgG-sepharose resin
and was eluted after the cleavage reaction with TEV
protease (Fig. 1B).

For the identification of the proteins co-
immunoprecipitated with Rrp6-TAP, the eluted
fraction was analyzed by mass spectrometry (Suppl.
Table S1). All the exosome subunits were
identified, those that are part of the RNA binding
"cap", Rrp4, Rrp40 and Csl4, the subunits that form
the RNase PH ring, Rrp4l, Rrp45, Rrp46, Rrp43,
Mtr3 and Rrp42, as well as the catalytic subunits,
Rrp44 and Rrp6 (4,28-30). Based on the exosome
structure previously described, Rrp6 and Rrp44 do
not interact directly, but rather bind to opposite
sides of the exosome core (4,28). The presence of
Rrp44 in all the purifications, therefore, indicates
that the exosome obtained here was stable during
the co-immunoprecipitation with Rrp6-TAP.

To confirm that the exosome subunits
eluted from the column were assembled in the
Exoll complex, proteins co-purified with Rrp6
were subjected to gel filtration for the separation of
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complexes from free subunits. The collected
fractions were subsequently analyzed by SDS-
PAGE, showing that the main protein bands were
concentrated between fractions 31 and 39 (Fig. 2B).
Protein identification of the fractions by mass
spectrometry showed that the exosome was eluted
mainly in fractions 29 through 32 (Suppl. Table S2),
corresponding to complexes of 440 to 660 kDa.
These results confirm that the exosome complex
was stable under the conditions used here (Fig. 2C;
Suppl. Fig. S1).

Many fractions in which the exosome was
identified corresponded to complexes with masses
larger than expected (478 kDa), indicating that the
exosome could be associated with additional
proteins. Accordingly, some of the previously
characterized exosome cofactors that had been
shown to bind Rrp6, such as Mpp6 and Mtr4 (26),
were identified in the same fractions in which the
exosome was concentrated (Fig. 2). Additionally,
other proteins were copurified with the exosome,
many of them, chaperones (Suppl. Table S2), which
may interact with the exosome to facilitate the
assembly of this large protein complex (31).
Interestingly, karyopherins were also identified
among the proteins copurified with the exosome
(Fig. 2, Suppl. Table S2).

Karyopherins copurify with Rrp6-TAP

In nine independent experiments of Rrp6-
TAP co-immunoprecipitations, we detected a total
of 298 proteins associated with Rrp6 (Suppl. Table
S1). Gene-ontology (GO) analysis of the proteins
co-precipitated with Rrp6-TAP showed that the
term “Importins/Karyopherins” was significantly
enriched (Fig. 2D). The Karyopherins identified co-
purifying with Rrp6-TAP were Kap95, Srpl,
Kapl14, Kapl123, Sxml, and Csel (Suppl. Table
S1). The interaction of Srpl and Kap95 with Rrp6
had previously been observed in protein purification
experiments (23-26). Interestingly, however, the
interaction of the exosome with the other
karyopherins has not been previously reported.
Kapl1l4 has been shown to be responsible for
nuclear transport of TBP (TATA binding protein),
the transcription factor TFIIB, histones H2A and
H2B, and the cofactor associated with histone,
NAP1 (32-35). Kap123 is involved in nuclear
transport of ribosomal proteins before their
association with the ribosome subunits, and also in
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transport of other proteins associated with
ribosomes, of histones H2A, H2B, H3 and H4, the
histone acetyltransferase complex , SRP protein
(signal recognition particle), and the endonuclease
HO (32,33,36-41). Sxm1l is involved in nuclear
transport of Lhpl chaperone (La protein in
humans), and complements the absence of Kap123
(42). Finally, Csel is an exportin responsible for
transporting SRP1 to the cytoplasm (43).

Since various nuclear import pathways can
be responsible for the transport of proteins to the
nucleus, including the recognition of the cargo
nuclear localization signals by many karyopherins
(32,44,45), the identification of different
karyopherins complexed with the exosome could
suggest multiple nuclear import pathways for the
exosome (46).

Depletion of various karyopherins affect Rrp6
localization

Earlier studies showed the presence of a
classical NLS at the C-terminal region of Rrp6 that
could be recognized by importin o Srpl (47),
suggesting that the transport of Rrp6 to the nucleus
would be performed by the heterodimer
Kap95/Srpl. In order to confirm this hypothesis, we
first tested the effect of inhibition of Srpl
expression on Rrp6 subcellular localization.

A conditional mutant of SRP1
(Asrpl/GAL1::A-SRP1) was transformed with
plasmids coding for either GFP or GFP-Rrp6 for
analysis of Rrp6 localization upon inhibition of
expression of Srpl for 14 hours in glucose. The
results show that GFP-Rrp6 was localized to the
nucleus when cells were incubated in galactose
medium, but after incubation for 14 hours in glucose
medium, a weak protein signal was visualized in the
cytoplasm, although  GFP-Rrp6  remained
concentrated in the nucleus, most probably due to
the low levels of Srpl still present in the cells (Fig.
3A). Control experiment shows GFP in the
cytoplasm of these cells (Suppl. Fig. S2A). Control
western blot showed that A-Srpl expression was
inhibited after 12 hours in glucose, but its levels
decreased significantly only after 15 hours in
glucose (Fig. 4A). Interestingly, the results also
show that the levels of Rrp6 decreased upon
inhibition of A-Srp1 expression, whereas the levels
of GFP alone did not change (Fig. 4A, left panel).
These results confirm the involvement of Srpl in
the Rrp6 nuclear import, and could suggest that
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when not efficiently transported to the nucleus,
Rrp6 may be destabilized.

Kap95 is the yeast ortholog of human
importin B, and has been shown to be important for
the transport of some transcription factors (48). To
analyze the involvement of Kap95 in the nuclear
import of Rrp6, a conditional mutant expressing A-
Kap95 under control of the GAL1l promoter
(Akap95/GALL::A-KAP95) was transformed with
plasmids expressing either GFP or GFP-Rrp6.
Inhibition of Kap95 expression strongly affected
GFP-Rrp6 localization, although this latter protein
remained concentrated in the nucleus (Fig. 3B). Itis
noteworthy that some of the Akap95/GAL1::A-
KAP95 cells showed an elongated form when grown
in glucose medium (Suppl. Fig. S2B), probably due
to the role of Kap95 in the transport of proteins
involved in cell cycle regulation (48). The analysis
of GFP-Rrp6 upon inhibition of Kap95 expression
shows that the levels of Rrp6 also decreased (Fig.
4B), as observed after lowering Srpl levels. The
molecular masses of GFP-Rrp6 and ProtA-Kap95
are similar, and therefore, to better visualize GFP-
Rrp6 band, the gels were also run longer to separate
the bands (Fig. 4B, right panel).

The results showing that lower levels of
Kap95 resulted in a stronger mislocalization of
GFP-Rrp6 than lower levels of Srpl suggest that the
complex Srpl/Kap95 is not the only responsible for
Rrp6 transport, but rather, Kap95 may be involved
in the import of Rrp6 to the nucleus, either on its
own, or associated with other adaptor proteins in
addition to Srp1, as shown for other proteins (45).

To test the hypothesis that more than one
transport pathway might be involved in the nuclear
import of Rrp6, we investigated the subcellular
localization of Rrp6 in mutants of other
karyopherins found to co-purify with Rrp6-TAP:
Kap114, Kap123, and Sxm1l. Upon testing deletion
of KAP114 or KAP123, however, no effect on Rrp6
localization in the cell was detected (data not
shown). These results are interesting because
although the karyopherins Kap95, Srpl, Kapl14
and Kapl23 were co-immunoprecipitated in the
same fraction as the exosome in the gel filtration
chromatography, the individual depletion of Kap95
and Srpl affected partially Rrp6 localization,
whereas deletion of Kapl14 and Kapl123 did not
have any effect, which might suggest that these
latter karyopherins interact with other proteins co-
purifying with Rrp6-TAP.

Nuclear import of Rrp6

Strengthening our hypothesis of alternative
pathways for Rrp6 nuclear import, deletion of the 3-
karyopherin Sxm1/Kap108 gene affected partially
the localization of Rrp6. Sxm1l is not essential for
growth and despite not being described as
temperature sensitive (42), the localization of GFP-
Rrp6 was tested in the deletion strain Asxm1 under
different temperatures, 25°C and 37°C. The results
show that in this strain, although still concentrated
in the nucleus, Rrp6 was detected in the cytoplasm,
and its mislocalization was stronger at 37°C (Fig.
3C). Interestingly, when the cells were shifted to
37°C, the levels of GFP-Rrp6 decreased, what could
be visualized by western blot (Fig. 4C). Because
GFP-Rrp6 expression was lower in this strain
growing at 37°C, gain of the confocal microscope
had to be increased in order to Rrp6 signal be
detected. Importantly, this signal was above
background levels. Control experiment shows that
GFP-Rrp6 remains nuclear in WT cells incubated at
37°C (Suppl. Fig. S2C). The results of Srpl, Kap95
and Sxml, an alpha- and two beta-karyopherins,
affecting the nuclear localization of Rrp6 further
suggest multiple transport pathways for this protein.
Quantification of karyopherin mutant cells clearly
shows the stronger effect of the deletion of SXM1
on GFP-Rrp6 localization (Fig. 4D).

To determine whether Rrp6 could directly
interact with these karyopherins in the absence of
other yeast factors, protein pull-down experiments
were performed using recombinant epitope-tagged
proteins expressed in E. coli. GST or GST-Rrp6
were immobilized in glutathione-sepharose beads
and incubated with extracts of cells expressing
either His-Srpl or His-Kap95. After extensive
washing, proteins were eluted and analyzed by
western blot with antibodies against the tags. The
results show that GST-Rrp6 interacts directly with
His-Srpl and with His-Kap95 (Fig. 4E). Rrp6
interacts more strongly with Srpl than with Kap95,
as deduced by the relative amounts of proteins
recovered in the elution fractions. Importantly,
however, the results shown here confirm that Kap95
can interact with Rrp6 independently of Srpl,
strongly indicating alternative pathways for Rrp6
nuclear import.

Because the effect of Sxml on Rrp6
localization was stronger than that of Kap95, we
also attempted to test Rrp6-Sxml interaction.
However, despite obtaining satisfactory His-Sxm1l
expression levels in E. coli, this protein was mainly
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present in inclusion bodies, and the little soluble
protein was very labile (data not shown), making the
performance of pull-down experiments unviable.

We next analyzed the participation of
additional karyopherins in Rrp6 nuclear import.
Mutants of  karyopherins  were therefore
transformed with the plasmid coding for the GFP-
Rrp6 fusion. Deletion of Kap120 had very small
effect on Rrp6 nuclear accumulation when the cells
were incubated at 25°C (Suppl. Fig. S3). Deletion
of KAP120 did not affect significantly GFP-Rrp6
levels, but when the cells were incubated at 37°C,
GFP-Rrp6 was visualized in an area apparently
larger than the nucleus, which could correspond to
a perinuclear localization of this protein. This
phenotype may be due to a defect in pre-60S
maturation caused by the absence of Rpfl in the
nucleus, which has been shown to be transported by
Kap120 (49). Additionally, deletion of KAP120 has
been shown to cause accumulation of 60S in the
nucleus, with stronger defects when cells were
incubated at 37°C (50).

Deletion of the gene of karyopherin Msn5
resulted in partial mislocalization of Rrp6 (Suppl.
Fig. 3B). When analyzing GFP-Rrp6 expression in
this strain, however, full-length GFP-Rrp6 band
was not visualized on western blots (Suppl. Fig.
3D), even though the GFP-Rrp6 signal was visible
by fluorescence microscopy. The GFP-Rrp6
degradation product visualized on western blots
cannot correspond to GFP alone because of its mass
and its concentration in the nucleus, as visualized by
fluorescence microscopy (Suppl. Fig. 3B). Full-
length GFP-Rrp6 might be present in these cells
below the levels of detection by western blot, but
sufficient for the detection by fluorescence
microscopy. These results of GFP-Rrp6 localization
in Amsn5 cells show that despite being concentrated
in the nucleus, Rrp6 is not stable, suggesting that
nuclear accumulation is not the only important
factor for maintenance of Rrp6 levels.

Kap104 (homolog of human karyopherin
B2/Transportin) has been shown to mediate nuclear
import of Nab2 (a nuclear polyadenylated RNA-
binding protein), Hrpl (subunit of cleavage
complex required for maturation of pre-mRNA 3'
ends), and the transcription factor Tfg2 (51-54).
Kap104 recognizes a multipartite proline—tyrosine
nuclear localization signals (PY-NLS) present in its
cargos. Multipartite PY-NLS share a common C-
terminal (R/H/K)-X(2-5)-P-Y motif within a
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positively charged region of approximately 30
amino acids. The central region can contain a basic
enriched motif or a hydrophobic motif (55).
Interestingly, Rrp6 contains a similar PY-NLS
motif in its sequence (Fig. 6A — NLS2). To test the
involvement of Kapl04 in the transport of Rrp6,
Akapl04 strain was transformed with plasmids
coding for GFP, GFP-Rrp6, or GFP-Nab2, and the
subcellular localization of these proteins was
determined by fluorescence microcospy. Absence
of Kapl104 in cells growing at 37°C caused some
mislocalization of Rrp6, but it remained
concentrated in the nucleus (Fig. 5A). Interestingly,
from a total of 119 cells observed, 16% showed
granules close to the nucleus as well (data not
shown). As expected, absence of Kap104 affected
very strongly the transport of Nab2, used here as a
control (Fig. 5A). Interestingly, upon assessing the
levels of expression of GFP-Rrp6 and GFP-Nab2 in
Akap104 cells, western blots results show that
although GFP-Nab2 levels do not vary when
incubating cells at different temperatures, levels of
GFP-Rrp6 decreased dramatically at 37°C (Fig.
5B).

Combined, the results shown here confirm
the hypothesis that Rrp6 can associate with different
B-importins for its transport to the nucleus.
Accordingly, further analysis of Rrp6 primary
sequence using NLS prediction softwares revealed
a third putative nuclear localization signal in its N-
terminal region (Fig. 6A — NLS1), in addition to the
classical NLS in the C-terminal portion of the
protein, and the PY-NLS pointed out above.

Deletion mutants of Rrp6 show different
subcellular localization profiles

To determine whether the putative NLS at
the N-terminal portion of Rrp6 could be involved in
its nuclear import, we next constructed GFP-fused
Rrp6 deletion mutants lacking one or more putative
NLS (Fig. 6). To analyze the expression levels of
the mutants in Arrp6 strain, the proteins were first
visualized by western blot. Although the expression
levels of the mutants vary, bands corresponding to
the GFP-fused proteins were visualized for all of
them, with the exception of Rrp6ss»73s (Fig. 6B).
Levels of mutants Rrp6i.10s, Rrp61-308, and Rrp6iss-
398 Were similar to that of full-length Rrp6, whereas
mutants Rrp6i.1ss, Rrp6i-619, Rrp6i-693, RIP6iss-iss,
Rrp6e20-733, and Rrp6ss2-s19 showed higher levels
than the full-length protein. To determine whether
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any of the deletion mutants could complement
growth of the temperature-sensitive Arrp6 strain
(56), 4rrp6 cells expressing the deletion mutants
were incubated at either 30°C or 37°C.
Interestingly, mutants Rrp61-610 and Rrp61.s93, Which
lack the C-terminal region of Rrp6, and therefore
the classical NLS (NLS3), did complement growth
at 37°C (Fig. 6C). Remarkably, mutant Rrp6ss2-619,
containing only the exosome interacting domain,
partially complemented growth of Arrp6 at 37°C
(Fig. 6C). These findings suggest that the C-
terminal NLS is not essential for Rrp6 function, and,
consequently, for its subcellular localization.
Surprisingly, mutants Rrp6i.10s, Rrp6i-1ss, and
Rrp61.308, bearing the Rrp47 interacting region, and
mutants Rrp6iss.308 and Rrp6s30-733 negatively
affected growth of Arrp6 (Fig. 6C and data not
shown). Rrp6iss-3s8 might interact with exosome
subunits or exosome cofactors, sequestering these
proteins and causing the negative effects. As
indicated above, Rrp6ss».733 could not be detected by
western blot (Fig. 6B).

The analysis of the subcellular localization
of the GFP-Rrp6 deletion mutants in strain Arrp6 by
fluorescence microscopy showed that the full length
GFP-Rrp6 was concentrated in the cell nucleus (Fig.
7), as expected, confirming that the GFP-fused
protein was functional, as also seen by growth
complementation at 37°C (Fig. 6C). To test the role
of the classical NLS in Rrp6 localization, mutants
Rrp61-106, Rrp6i-185, RrP61-30s, RrP61-619, RrP61-693,
which lack NLS3, were analyzed. Rrp61.106, Rrp6:-
186, Rrp6i.3es, Rrp6is19, Were concentrated in the
nucleus, although significant amounts of the
proteins were present in the cytoplasm. Rrp61-gg3, 0N
the other hand, was present throughout the cells
(Fig. 7). This observation suggests that the putative
NLS elements found in the N-terminal portion of
Rrp6 could be recognized by karyopherins,
allowing the transport of the mutants to the nucleus
(Fig. 7). Alternatively, these mutants could interact
with proteins containing NLS and be transported to
the nucleus as subcomplexes. This might be the case
especially for mutant Rrp61.10s, Which contains only
the three first amino acid residues of putative NLS1
(residues 104-132). Because these five mutants
contain the Rrp47-interacting domain, these results
also suggest that Rrp47 is not sufficient for the
nuclear retention of Rrp6.

Mutants Rrp61s3-38 and Rrp61s3.186, IN Spite
of containing NLS2 at the N-terminus of the
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exoribonuclease domain, were present throughout
the cells (Fig. 7). The signal difference between
these mutants are due to their different levels of
expression. These results indicate that conformation
of the mutant proteins, as well as protein
interactions play a significant role on NLS
recognition. Mutant Rrp6s20.733, containing only the
C-terminal portion of Rrp6 encompassing the
classical NLS, was transported to the nucleus, albeit
with very low efficiency, since the protein was
mainly visualized in the cytoplasm (Fig. 7).
Strikingly, Rrp6ss2-619, @ mutant that does not
contain any NLS, but only the Rrp6 portion
involved in interaction with the exosome core,
although present in the cytoplasm, concentrated in
the nucleus (Fig. 7), further confirming that
alternative pathways might be used for the transport
of Rrp6 through the nuclear pore. These results also
suggest that Rrp6 might interact with other proteins
containing an NLS sequence and be imported to the
nucleus as part of a complex. Based on these results,
the NLS in the C-terminal portion of Rrp6 is
undoubtedly not the only region of the protein
responsible  for its  nuclear localization.
Additionally, there seems to be a correlation
between Rrp6 function and cell form. In the case of
Rrp6 mutants that did not complement growth and
did not localize to the nucleus, the cells seemed
more elongated than normal, suggesting some
impairment of cell division, as has been described
for Drosophila (57). Confirming our observations,
changes in Rrp6 expression have been shown to
cause filamentous growth (58). Arrp6 expressing
mutants Rrp6i-106, Rrp6i-18s, Rrp61-398, RrP6iss-1se,
and Rrp6ss.733 showed the same elongated cell
phenotype as Arrp6 strain, which correlates with the
lack of growth complementation at 37°C (Fig. 6C
and data not shown). Mutants Rrp61-619, Rrp6s-ees,
and Rrp6ss2-619, 0N the other hand, did not show the
elongated phenotype, were expressed at high levels,
complemented growth, and localized to the nucleus,
despite lacking the canonical NLS. The results
shown here strongly indicate that alternative import
pathways are responsible for Rrp6 nuclear
localization.

Sxm1l is involved in Rrp6 nuclear import

Since Rrp6 mutants lacking its canonical C-
terminal NLS were transported to the nucleus and
deletion of SXM1 affected Rrp6 localization (Figs.
7 and 3C, respectively), we tested the localization of
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mutants Rrp6i-10s and Rrp6ssz-19 in Asxml strain.
Rrp61.106, CONtaining Rrp47 interaction domain, was
concentrated in the nucleus in Arrp6, but not in
Asxml (Fig. 8A). Rrp6ss2-619, cONtaining only the
exosome  core-interacting domain, localized
throughout the cell but was more concentrated in the
nucleus in Asxml cells (Fig. 8A). These results
strongly suggest that Sxml participates in Rrp6
nuclear import, either by recognizing the Rrp6
noncanonical NLS, or the NLS of a protein
complexed with Rrp6. Importantly, as pointed out
above, full-length Rrp6 is not stable in Asxm1 cells
at 37°C, whereas the mutants Rrp61-10s and Rrp6sz.-
s10 Were expressed at high levels in Asxm1 cells (Fig.
8B). As in Arrp6 cells, Rrp6ss2.733 Was not detected
by western blot in Asxm1(Fig. 8B).

Rrp47 is not the only factor affecting Rrp6
nuclear retention

Rrp6 has been shown to interact with Rrp47
through its N-terminal domain (59). To determine
whether Rrp47 could influence Rrp6 mutants
localization, full-length Rrp6 and deletion mutants
containing Rrp47-interaction region, Rrp6i-106,
Rrp61-308, Rrp61-619, and Rrp61-693, Were transformed
into Arrp47 cells for analysis. The results show that
localization of full-length GFP-Rrp6 was not
affected by the absence of Rrp47, remaining
exclusively nuclear (Fig. 9). Rrp6 deletion mutants,
on the other hand, were mainly visualized in the
cytoplasm (Fig. 9). These results are very
interesting because although mutants Rrp61-106 and
Rrp61.3s do not contain the canonical C-terminal
NLS, they were present in the nucleus in strain
Arrp6, but remarkably, significantly lower amounts
of these proteins were visible in the nucleus in
Arrpd7 cells (Figs. 7 and 9A). Mutants Rrp6:.619 and
Rrp61.603 Showed similar localization in Arrp6 and
Arrpd7 cells (Figs. 7 and 9).

Similar to what was seen in Arrp6 strain,
Rrp6 mutants showed different levels of expression
in Arrp47 cells. Most of the mutants were expressed
at higher levels than full-length Rrp6 (Fig. 9B).
Interestingly, overexpression of Rrp6 and the
mutants Rrp6isis and Rrpbisss complemented
growth of Arrpd7 cells at 37°C (Fig. 9C).
Combined, these results suggest that Rrp47 plays a
role, but is not the only factor regulating the nuclear
retention of Rrp6.
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DISCUSSION

Previous attempts to purify the exosome
from yeast cells with tagged core subunits resulted
in very little recovery of Rrp6 (16). By using Rrp6
as bait, however, Exol1l complex was purified in a
stable form that could be separated by gel filtration.
In addition, exosome cofactors and karyopherins
were identified that were not present in the complex
isolated with TAP-Rrp43 (16). These results show
that different proteins remain associated with the
exosome depending on the bait used for the
purification, probably because the core exosome
subunits are present both in nucleus and cytoplasm,
whereas Rrp6 is exclusively nuclear.

Among the karyopherins identified with
Exoll were the yeast a-importin Srpl/Kap60 and
the B-importins Kap95, Sxml, Kapll4, and
Kap123. As shown here, lower levels of Srpl or of
Kap95 affect partially the localization of Rrp6,
because in spite of being concentrated in the
nucleus, Rrp6 can also be visualized in the
cytoplasm upon inhibition of expression of these
karyopherins. Kapl14 and Kapl23, on the other
hand, do not affect Rrp6 nuclear localization. Co-
purification of Kap114 and Kap123 with Rrp6-TAP
may therefore be due to the interaction of these
karyopherins with other proteins co-purifying with
Rrp6.

It has been proposed that the complex
Srpl/Kap95 is responsible for the nuclear import of
Rrp6 based on pull-down of Srpl with ProtA-Rrp6
(59), however, as shown here, despite the
copurification of these proteins from yeast cells,
inhibition of expression of Srpl or Kap95 has
different effects on the localization of Rrp6. Srpl
possibly recognizes the classical NLS sequence at
Rrp6 C-terminus, but in its absence, alternative NLS
sequences in the N-terminal portion of Rrp6 may be
recognized by other karyopherins, since Rrp6
partially  localizes to the nucleus in
Asrpl/GAL::SRP1  and  4kap95/GAL::KAP95
strains growing in glucose medium. Importantly,
Rrp6 mutants lacking the canonical C-terminal
NLS, Rrp61619 and Rrp61.693 are not concentrated,
but are transported to the nucleus and complement
growth of Arrp6 cells at the nonpermissive
temperature. Overlapping and redundant import
pathways have been reported for other proteins and
may also occur in the case of Rrp6 (60).
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Confirming this hypothesis, by performing
protein pull-down experiments, we show here that
not only Rrp6 interacts directly with Srpl, but also
with Kap95 in the absence of any other yeast
proteins. To the best of our knowledge, this is the
first time such Rrp6 direct interactions are shown.
Importantly, by binding directly to the f-
karyopherin Kap95, Rrp6 may be transported to the
nucleus independently of the a-karyopherin Srpl.

Upon testing other Kkaryopherins, we
identified the involvement of Sxml in the transport
of Rrp6. The deletion Sxm1 gene strongly affects
Rrp6 localization in the cells, suggesting that
alternative pathways might be used for the transport
of Rrp6 to the nucleus. Confirming that hypothesis,
Rrp61.10s mislocalized in Asxml cells, a very
different phenotype from that observed in Arrp6
strain. Sxm1 might recognize alternative NLS in
Rrp6 sequence, or in proteins interacting with Rrp6.
This hypothesis is supported by the observation that
Rrp6 mutants lacking the canonical NLS still
localize to the nucleus, but not in the absence of
Sxml. In all karyopherin mutants tested here,
despite Rrp6 presence in the cytoplasm in some
cases, the full-length protein was concentrated in
the nucleus. Srpl, Kap95, and Sxml were the
karyopherins that affected Rrp6 more strongly.
Deletion of Msn5 and Kap104 affected mildly Rrp6
localization, whereas Kap120, Kap114, Kap122 and
Kap123 had little or no effect (Fig. 10). These
results strongly support the idea of overlapping
mechanisms for Rrp6 nuclear import.

Rrp6 structure has been determined in the
context of the exosome complex (4,28,61), but the
cell compartment in which its association with the
exosome occurs has not been described.
Considering the structure of Rrp6 when bound to
the exosome core, its N-terminal portion is free to
interact with Rrp47 (61), and possibly, with
karyopherins that might recognize the putative N-
terminal NLS (Fig. 6A). The classical NLS is
positioned in the C-terminal portion of Rrp6, also
exposed in the exosome structure (61).
Alternatively, these NLS could be recognized in
Rrp6 molecules not complexed with the exosome
core.

One possible nuclear import pathway for
Rrp6 is through the recognition of its classical C-
terminal NLS by Srpl/Kap95 heterodimer.
However, as shown here, another pathway involves
the recognition of additional N-terminal NLS in
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Rrp6. We have identified one additional f-
karyopherin involved in Rrp6 nuclear import,
Sxm1l. In the absence of this protein, transport of
full-length Rrp6 is less efficient, whereas mutant
Rrp61.106 iS No longer transported to the nucleus.
Because of Rrp6 interactions with other exosome
subunits, and with exosome co-factors, it may also
be transported in the form of protein subcomplexes.

As shown here, inhibition of Kap95
expression leads to the appearance of abnormal
elongated cells in the culture, similar to Arrp6
strain, or Arrp6 expressing deletion mutants of
Rrp6. Rrp6 has been shown to be involved in
processing of histone mRNAs in yeast, indirectly
affecting cell cycle regulation (62,63). Taken
together, these results suggest that there may be a
cell division impairment in the absence of
functional Rrp6 in the cells, or when Rrp6 is
mislocalized.

Another important observation described
here was that Rrp6 levels decreased in most of the
karyopherin mutants, suggesting that when not
efficiently transported to the nucleus, Rrp6 may be
directed for degradation. Incubation of the deletion
strains 4msn5 and 4kapl04 at 37°C led to very
strong decrease in Rrp6 levels, so that it could no
longer be detected by western blot. These results
suggest that not only the subcellular localization of
Rrp6 affects its levels, but additional factors are
important as well. It is tempting to hypothesize that
Msn5 may be involved in the transport of other
proteins that are important for maintaining Rrp6
levels.

Based on the data shown here, on the direct
interactions between Rrp6 and karyopherins, and on
the sequences of the putative NLS sequences
present in Rrp6, we propose a model according to
which Rrp6 transport to the nucleus can be
facilitated by the o/f dimer Srpl/Kap95
recognizing the cannonical NLS3 at the C-terminal
portion of Rrp6, or by the 3 karyopherins Kap95 and
Sxml recognizing one of the nuclear localization
signals. In addition to these pathways, Rrp6 may be
transported to the nucleus complexed with other
exosome subunits which could be recognized by
Sxml and other [ karyopherin (Fig. 10E).
Importantly, interaction of Rrp6 with the exosome
core or with Rrp47 may be necessary for nuclear
retention and maintainance of Rrp6 stability.
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EXPERIMENTAL PROCEDURES

DNA manipulation and plasmid construction
Plasmids used in this study, described in Table 1,
were constructed according to the cloning
techniques described by Sambrook and Russell
(2001) and sequenced by the Big Dye method
(Perkin-Elmer). Cloning strategies are briefly
described below.

Plasmids expressing Srpl and Kap95 fused to
Protein A were constructed by inserting the PCR-
amplified open reading frames into YCplac33-
GAL-A-RRP43 (67), which was previously
digested to remove the RRP43 coding sequence.
SRP1 fragment was cloned using BamHI and Sall
restriction sites and KAP95 fragment with BamHI
and Pstl restriction sites. In both constructs, the
expression of the fusion proteins was regulated by
the GALL promoter.

Plasmids expressing the GFP fusions in yeast were
constructed by inserting DNA fragments into
pUG34 plasmid (64) using oligonucleotides with
specific restriction sites. An RRP6 fragment was
extracted from pGADC2-RRP6 (11) and inserted
into pUG34 using EcoRI and Sall restriction sites.
Constructs expressing Rrp6 truncated mutants 1—
106, 1-186, 1-398, 1-619, 1-693, 153-398, 153-
186, 532-733, 620-733, and 532-619 (numbers
denote amino acid positions in full-length Rrp6)
were amplified by PCR using specific
oligonucleotides and inserted into pUG34 with the
same restriction enzymes. NAB2 gene was inserted
into pUG34 vector using Spel and Sall restriction
enzymes. Expression of these GFP fusions was
regulated by MET25 promoter. MET-RFP-NOP1
fragment was extracted from pUG36-DsRed-NOP1
(65) and inserted into YCplac111 Sacl and HindlIlI
restriction sites. To construct the plasmid
YCplacl11-GFP-RRP6, fragment MET25-GFP-
RRP6 from pUG34-RRP6 was extracted after
digestion with Sacl and Sall restrictions enzymes
and inserted into YCplac111 plasmid digested with
the same enzymes.

Yeast maintenance, transformation and
sporulation

Yeast genetic techniques were conducted as
described by Guthrie and Fink, 1991. Yeast strains
(Table 2) were maintained in synthetic dropout (SD)
medium complemented with the appropriate amino
acids or nitrogenous bases mix, or synthetic
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complete (SC) medium. Glucose or galactose was
added as carbon source to a final concentration of
2% (w/v), as indicated. Yeast cells were
transformed using the lithium acetate method (68).

Tandem Affinity Purification

RRP6-TAP and empty-TAP purifications were
performed as described previously (16). Briefly, 20
liters of yeast cells expressing Rrp6-TAP-tagged
were grown to an ODgg of 1.0-1.2 in synthetic
complete medium containing glucose as a carbon
source. Cells were harvested by centrifugation,
resuspended in 50 mM Tris-HCI pH8.0, 150 mM
NaCl, 10% glycerol, and 1 mM
phenylmethylsulfonyl fluoride (PMSF),
immediately frozen in liquid Ny, and stored at -
80°C. Cells were lysed by grinding using a ball mill
device (Retsch, Mixer Mill MM 200 or Planetary
Ball Mill PM 100) and centrifuged at 40,000 rpm
for 1 hat 4°C inarotor PSOAT2-716 (Hitachi). The
supernatant was incubated for 2 h at 4°C with IgG-
Sepharose beads (GE Healthcare), followed by
extensive washing with the same buffer. Proteins
were eluted from beads by incubating the resin with
20 U of Tobacco Etch Virus protease (Invitrogen)
for 16 h at 4°C, in the presence of 1mM DTT and
0.5 mM EDTA pH 8.0. Elution fraction from 1gG-
sepharose chromatography was subjected to gel
filtration using a pre-packed glass column
SuperoseTM 6 10/300 GL (GE Healthcare, Cat No
17-5172-01) connected to an AKTA-FPLC (GE
Healthcare, Cat No 18-1900-26) at 0.5 ml/min flow
rate.

Protein digestion and mass spectrometric
identification by LC-MS/MS

For identification of proteins obtained from TAP
purification, elution fraction was resolved by SDS-
PAGE, and bands were removed by cutting gels in
slices, reduced, alkylated, and digested with trypsin
(69). The digested samples were desalted using
Sep-Pak C18 Plus Short Cartridge (WATERS) or
EMD Millipore ZipTip™ Pipet Tips (MILLIPORE)
according to manufacturer instructions. Tryptic
peptides were resuspended in 20 uL. formic acid
(0.1%) and an aliquot (4.5 uL) was injected onto a
QTOF Ultima mass spectrometer (Waters, Milford,
USA) through a coupled nanoUPLC system
(Acquity, Waters, Milford, USA). The peptide
mixture was first desalted into a C18 trap column
(180 pum i.d.x20 mm -Waters, Milford, USA) with
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100% solvent A (0.1% formic acid) at 5 pL/min for
3 min. Peptides were fractionated onto an analytical
C18 column (75 pum i.d.x100 mm) (Waters) in a 20
min gradient (5-40% acetonitrile in 0.1% formic
acid) at a flow rate of 600 nL/min. Spray voltage
was set at 3.2 kV and the instrument was operated
in data dependent mode in which one full MS scan
was acquired in the m/z range of 200-2000
followed by MS/MS acquisition using collision
induced dissociation of the three most intense ions
from the MS scan. The phosphoric acid (0.05% in
acetonitrile) was used as a lock mass and therefore
was continuously sprayed into the ESI source and
detected every 15 seconds. Alternatively, peptides
originated from in-gel digestion were also analyzed
by LC-MS/MS using a Q-Tof PREMIER mass
spectrometer (Waters) as described (70). The raw
data were processed and transformed into pkl
format using ProteinLynx Global Server (Waters)
after lock mass (at m/z 784,823) correction. In
solution digestion was also performed for proteins
both directly eluted from TAP constructs (including
empty vector) and from those eluted from TAP
constructs  followed by  gel filtration
chromatography (71). Glycerol was previously
removed from protein mixtures through acetone
precipitation. Peptide mixture originated from total
TAP eluates were analyzed by LC-MS/MS using
using a Q-Tof PREMIER mass spectrometer
(Waters) as described (16). Tryptic peptides from
gel filtration chromatography eluates were analysed
by LC-MS/MS using a LTQ-Velos Orbitrap
(Thermo) as described (16). Proteins were identified
by searching against a database sequence of
Saccharomyces  cerevisae  (S288c  strain,
downloaded at UNIPROT). Carbamidomethylation
(C) was set as fixed modification while oxidation
(M) as variable modifications. For Q-TOF and
LTQ-Velos Orbitrap mass spectrometry, MS1
tolerance was set of 0.1 -0.5 Da and 10 ppm,
respectively, while, MS2 of 0.1-0.5 Da and 0.5 Da,
respectively. High resolution data was also analyzed
at Proteome Discover 1.4 (Thermo) where a FDR
1% was set. Proteins present in the empty-TAP
purification (negative control) were excluded from
the final list of Rrp6-TAP (interactors detected in all
nine purifications). Functional annotation and GO
enrichment analysis was performed by DAVID
(72,73) with the parameter Ease=0.01.

Protein pull-down and immunoblot analysis

10
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In the pull-down assay, cellular extracts generated
in 20mM Tris/150mM NaCl/ImM EDTA/0.8%
Nonidet/AmM DTT of E. coli cells expressing either
GST or GST-Rrp6 were incubated for 1 hour at 4°C
with 250uL glutathione-sepharose beads (GE
Healthcare) and the unbound material was washed.
Beads where then incubated with cellular extract
containing His-Srpl or His-Kap95, flow through
was collected, and beads were washed with the
same buffer, followed by washing with buffer
containing 250mM NaCl. Bound proteins were
eluted with 50 mMTris pH 8.0/ 10 mM reduced
glutathione.

Immunoblot Experiments

Protein samples were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF)
membranes (GE Healthcare). Membranes were
incubated with primary antibodies against CBP,
GFP (Sigma Aldrich), or Arp2 (Santa Cruz Biotech)
in PBST/nonfat milk. Secondary antibodies used
were anti-rabbit or anti-goat IgG conjugated to
peroxidase (Sigma-Aldrich). Western blots were
developed using Immobilon Western
Chemiluminescent HRP  Substrate (Millipore
Corporation).

Fluorescence microscopy

Cells were fixed in 70% methanol for 15 minutes,
rinsed with cold phosphate-buffered saline (PBS),
and then treated with 1 mg/mL RNase for 30 min.
Nuclei were counterstained in a dye solution
containing 3 mg/ml propidium iodide (PI) for 15
minutes. Cells were observed using a Nikon Eclipse
Ti microscope equipped with filters for green
fluorescence (GFP-3035B-000-ZERO, Semrock)
and red fluorescence (Texas Red BrightLine set;
TXRED4040-B, Semrock). The exposure times
varied from 1 to 3 seconds. Images were processed
and analyzed using the programs Nis Elements
(version 3.07; Nikon) and ImageJ
(http://rsbweb.nih.gov/ij/). Confocal images were
captured in a 1024x1024 pixel format using
a Zeiss LSM 780 confocal laser scanning inverted
microscope (Carl Zeiss, Germany) at Centro de
Facilidades para a Pesquisa (CEFAP-USP). Image
stacks comprised 8 images captured with an alpha
Plan-Apochromat 100x /1.46 Oil DIC M27
objective (Zeiss), applying a zoom factor of 1.5.
Step intervals along the Z-axis ranged from 200 to
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250 nm. Image processing was performed using the
Zen 2011 software (Zeiss, version 11.00.190).

Identification of putative NLS elements

Nuclear import of Rrp6

Examples of monopartite, bipartite and basic
enriched NLS can be found in (19,52,53). NLS1:
104-
NSKSRGSDLQYLGEFSGKNFSPTKRVEKP-

PSORT I Prediction software  132; NLS2: 153-
(http://www.genscript.com/psort/psort2.html), NLS KEKPNALKPLSESLRLVDDDENNPSHYPHPY -
Mapper (74) and NLStradamus (75) were used for ~ 183; NLS3: 697-

the identification of putative NLS elements. RQQKKRRFDPSSSDSNGPRAAKKRRPA-723.
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TABLES

Table 1. Plasmids used in this work.

Nuclear import of Rrp6

Name Description Reference
pGADC - RRP6 AD::RRP6; LEU2; 2mm 11

pUG34 MET25::GFP, HIS3, CEN6 64

puUG36 URA3, CEN6 64

pUG34-ASR1 MET25::GFP-ASR1, HIS3, CEN6 This study
pUG34-H2A MET25::GFP-H2A, HIS3, CEN6 This study
pUG34-GCN4 MET25::GFP-GCN4, HIS3, CEN6 This study
pUG34-NAB?2 MET25::GFP-NAB2, HIS3, CEN6 This study
pUG34-RRP6 MET25::GFP-RRP6, HIS3, CEN6 This study
pUG34-rrp6 (1-106) MET25::GFP-rrp6 1-106, HIS3, CEN6  This study
pUG34-rrp6 (1-398) MET25::GFP-rrp6 1-398, HIS3, CEN6  This study
pUG34-rrp6 (1-619) MET25::GFP-rrp6 1-619, HIS3, CEN6  This study
pUG34-rrp6 (1-693) MET25::GFP-rrp6 1-693, HIS3, CEN6  This study
PUG34-rrp6 (153-308) (o 2oV OFPITRO SSS98, HISS i gy
pUG34-rrp6 (532-733) g"EE,\TlgE’”GFP'”pG 532-733, HIS3, This study
PUG34-rrp6 (620-733) o 20V OFPTTRO 20T HISS, i gy
pUG34-rrp6 (532-619) g'EE,\Tg&:GFP'”pG 532-619, HIS3, This study
pUG36-DsRed-NOP1 MET25::DsRED-NOP1, URA3, CEN6 65

YCplac33 URA3; CEN4 66

YCplac111 LEU2; CEN4 66

YCplac33-GAL-A-RRP43  GALL::ProtA-RRP43, URA3, CEN4 67

YCplac33-GAL-A-SRP1  GAL1::ProtA-SRP1, URA3, CEN4 This study
YCplac33-GAL-A-KAP95  GAL1::ProtA-KAP95, URA3, CEN4 This study
YCplac111-RFP-NOP1 MET25::DsRED-NOP1, LEU2, CEN4  This study
YCplac111-GFP-RRP6 MET25::GFP-RRP6, LEU2, CEN4 This study
pGEX-RRP6 GST::RRP6, AmpR This study
pET28-KAP95 His::KAP95, KanR This study
pET29-SRP1 His::SRP1, KanR This study
pET28-SXM1 His::SXM1, KanR This study
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Table 2. Strains used in this work.

Nuclear import of Rrp6

Strain  Name Genotype Reference
BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0;
FGY-25 KAP95/Akap95 lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; EUROSCARF
YLR347c::kanMX4/YLR347c
YLR347c::kanMX4; his3A1; leu2AO0; lys2A0; ura3A0; .
FGY- ! ! ’ ’ ! This st
GY-53 Akapds Ycplac33-GAL-A-KAP95 s study
BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0;
FGY-97 KAP104/Akap104 lys2D0O/LYS2; MET15/met15A0; ura3A0/ura3A 0; EUROSCARF
YBRO17c::kanMX4/YBRO17c
FGY- CEN.ZI5-3B; CEN.PK; Mat a; ura3-52; his3A1; leu2-3_112;
112 Akap104 trp1-289; YBRO17¢::URA3 EUROSCARF
BY4742; Mat a; his3A1; leu2AO0; lys2A0; ura3A0;
FGY- ’ / ! ! ! ’ EUR ARF
GY-60 Akap114 YGL241w::kanMX4 URGSC
FGY- BY4742; Mat alpha; his3A1; leu2AO0; lys2A0; ura3A0;
7 ’ ’ ’ ’ 7 E R ARF
100 Akap120 YPL125w::kanMX4 UROSC
FGY- BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0;
’ / ! ! ! ’ EUROSCARF
101 Akap122 YGLO16w::kanMX4
BY4742; Mat a; his3A1; leu2AO0; lys2A0; ura3A0;
FGY-61 Akap123 YER110C:-kanMX4 EUROSCARF
FGY- BY4742; Mat a; his3A1; leu2AO0; lys2A0; ura3A0;
’ 7 7 7 7 ’ E R ARF
105 Amsn> YDR335w::kanMX4 UROSC
CEN.RO22-4B; CEN.PK; Mat a; ura3-52; his3A1; leu2-3_112;
FGY-87 ’ ! ’ ’ ! -7 EUR ARF
GY-87 Anmds trp1-289; YJR132w::HIS3 UROSC
MATa; ade2; arg4; leu2-3,112; trp1-289; ura3-52;
FGY-5 RRP6-TAP YOROO1w:TAP EUROSCARF
BY4742; Mat a; his3A1; leu2AO0; lys2A0; ura3A0;
FGY-88 Arrp6 YOR0O1w:kanMXd EUROSCARF
FGY- BY4742; Mat alpha; his3A1; leu2AO0; lys2A0; ura3A0;
209 Arrp47 YOR001w::kanMX4 EUROSCARF
BY4743; Mat a/a; his3A1/his3A1; leu2A0/leu2A0;
FGY-26 SRP1/Asrpl lys2A0/LYS2; MET15/met15A0; ura3A0/ura3A0; EUROSCARF
YNL189w::kanMX4/YNL189w
YNL189w::kanMX4; his3A1; leu2A0; lys2A0; ura3A0; .
FGY-41 Asrpl Yeplac33-GAL-A-SRP1 This study
FGY-86 Asxmi BY4742; Mat a; his3A1; leu2A0; lys2A0; ura3A0; EUROSCARF

YDR395w::kanMX4
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FIGURES LEGENDS

Figure 1. Coimmunoprecipitation of the exosome with Rrp6-TAP. Total extract was incubated with 1gG-
sepharose beads, and proteins were eluted with TEV protease. Samples from total extract (input - In), flow
through (FT), and elution (Elu) were subjected to SDS-PAGE and silver stained (A). The exosome subunits
were identified by mass spectrometry. (B) Western blot of the same samples with anti-CBP. Rrp6-TAP
bound efficiently to the resin and was eluted after cleavage with TEV protease.

Figure 2. Proteins co-purified with Rrp6-TAP were subjected to gel-filtration on superose 6 column for the
separation of the exosome complex. (A) Cromatographic profile of the proteins. Arrows indicate the elution
volumes of the molecular mass controls run through the same column. (B) SDS-PAGE of the fractions
obtained. Fractions were also analyzed by mass spectrometry for the identification of the proteins. (C)
Fractions 29-32 contained, in addition to exosome subunits, some exosome cofactors, karyopherins and
chaperones, grouped in different colors. (D) Proteins copurifying with Rrp6-TAP were classified by Gene
Ontology (GO) using DAVID software. Karyopherins was the second most predominant category of
proteins.

Figure 3. Inhibition of karyopherins expression affects the subcellular localization of GFP-Rrp6. (A) Laser
scanning confocal microscope images show the subcellular localization of GFP-Rrp6 after inhibition of
Srpl expression for 14h in glucose medium in Asrpl/GAL::SRP1 cells. Analysis of GFP-Rrp6 relative to
Pl by using ImageJ is shown on the right. Green lines represent GFP and red lines represent Pl. Localization
of GFP in Asrpl/GAL::SRP1 cells is shown in Suppl. Fig. S2. (B) Analysis of the subcellular localization
of GFP-Rrp6 after inhibition of Kap95 expression for 14h in glucose medium in Akap95/GAL::KAP95 cells.
Analysis of GFP-Rrp6 relative to PI by using ImageJ is shown on the right. (C) Analysis of the subcellular
localization of GFP-Rrp6 in Asxm1 cells growing at 25°C or 37°C. Because GFP-Rrp6 expression is lower
in this strain growing at 37°C, gain of the confocal microscope had to be increased in order for the Rrp6
signal to be detected. Importantly, this signal was above background levels.

Figure 4. Inhibition of karyopherins expression affects the levels of GFP-Rrp6. Western blot of total cell
extract from karyopherins mutants expressing either GFP or GFP-Rrp6, growing in galactose- or glucose-
containing media was performed with antibody against GFP, which also allowed the detection of ProtA-
Srpl and ProtA-Kap95. (A) Asrpl/GAL::A-SRP1 growing in glucose shows the lower levels of ProtA-Srpl
after 12h or 15h in glucose. GFP-Rrp6 also decrease upon inhibition of Srpl expression. (B) Western blot
of total cell extract from Akap95/GAL::A-KAP95 expressing either GFP or GFP-Rrp6 shows the lower
levels of ProtA-Kap95 in glucose. GFP-Rrp6 and ProtA-Kap95 have very similar molecular masses. Longer
run and exposure for separation and visualization of the bands is shown on the right-hand side. (C) Western
blot of total cell extract from Asxml expressing either GFP or GFP-Rrp6, growing at 25°C or 37°C show
that the expression levels of GFP-Rrp6 are lower at 37°C. Western blot with antibody against Arp2 was
used as an internal control. (D) Quantitative analysis of cells expressing GFP-Rrp6. Approximately 100 of
each strain was analyzed by fluorescence microscopy, cells were counted that showed protein localized to
the nucleus (N), present both in nucleus and cytoplasm (N+C), or visible mainly in the cytoplasm (C).
Numbers correspond to the percentage of cells showing each phenotype. (E) Pull-down of Srpl and Kap95
with Rrp6. GST or GST-Rrp6 bound to glutahione-sepharose beads were incubated with His-Srp1, or His-
Kap95-containing extracts. Elution fractions are shown. The same membrane was incubated with antibody
against His-tag, and subsenquently with antibody angainst GST-tag. Figure shown is representative of three
independent experiments.

Figure 5. Deletion of of KAP104 does not affect localization of GFP-Rrp6 at 37°C. (A) Fluorescence
microscopy for the analysis of the subcellular localization of GFP-Rrp6 in Akap104 cells. GFP-Nab2 was
used as a control of a protein affected by the absence of Kap104. Analysis of GFP-Rrp6 and GFP-Nab2
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relative to Pl in Akapl04 cells growing at 37°C by is shown on the right. (B) Western blot of total cell
extract from Akap104 cells expressing GFP-Rrp6 or GFP-Nab2, incubated at 25°C or 37°C was performed
with antibody against GFP. Expression levels of GFP-Rrp6 decreased at 37°C in 4kap120 cells, but not
those of GFP-Nab2. Antibody against Arp2 was used as an internal control.

Figure 6. Expression of Rrp6 deletion mutants in Arrp6. (A) Schematic representation of the deletion
mutants of Rrp6. Rrp47 and core exosome interaction regions, as well as active domains of Rrp6 are
highlighted. Positions of putative NLS are in shown blue. (B) Western blot for the determination of the
expression of the GFP-Rrp6 mutants in Arrp6 strain. Arp2 was used as an internal control. (C) Analysis of
growth of Arrp6 cells expressing either GFP or the different GFP-Rrp6 constructs at 30°C or 37°C. Mutants
lacking canonical NLS, Rrp61.619 and Rrp61-s93, complement growth of Arrp6 at 37°C.

Figure 7. Presence of canonical NLS is not the only determinant of Rrp6 nuclear import. Laser scanning
confocal microscope images show the subcellular localization of the Rrp6 deletion mutants expressed in
Arrp6 cells growing at 25°C. (A) GFP-Rrp6, Rrp61-106, Rrp61-186, Rrp61-308, Rrp61-619, Rrp61-693. (B) Rrp6iss-
398, RIP61s3-186, RIP6620-733, Rrp6saz-619, GFP. Various mutants accumulate in the nucleus, although to different
levels. Quantification is shown on the right. (C) Quantitative analysis of cells expressing GFP-fused Rrp6
mutants. (N), protein concentrated in the nucleus; (N+C) protein present both in nucleus and cytoplasm;
(C), protein visible mainly in the cytoplasm. Numbers correspond to the percentage of cells showing each
phenotype.

Figure 8. Deletion of SXM1 strongly affects the subcellular localization of Rrp6 mutants. (A) Fluorescence
microscopy for the analysis of the subcellular localization of GFP-Rrp6 mutants in Asxm1 cells growing at
25°C. Mutants Rrp61-10s and Rrp6ss2619 Were analyzed in this strain. Quantification is shown on the right.
(B) Western blot for the determination of the expression of the GFP-Rrp6 mutants in Asxm1 strain. Arp2
was used as an internal control. Mutants are expressed in higher levels than full-length Rrp6, and their levels
do not decrease at 37°C. (C) Quantitative analysis of Asxml cells expressing Rrp6 mutants. Quantitative
analysis of cells expressing GFP-fused Rrp6 mutants. (N), protein concentrated in the nucleus; (N+C)
protein present both in nucleus and cytoplasm; (C), protein visible mainly in the cytoplasm. Numbers
correspond to the percentage of cells showing each phenotype.

Figure 9. Analysis of the subcellular localization of Rrp6 or Rrp6 mutants in Arrp47 cells. Fluorescence
microscopy for the analysis of the subcellular localization of GFP-Rrp6, or the mutants containing the
Rrp47-interacting domain Rrp61.10s, Rrp61.30s, Rrp61.619, and Rrp6ieez in Arrp47 cells. Absence of Rrp47
affects localization of these Rrp61-106 and Rrp6i-39s mutants. (B) Analysis of the expression levels of Rrp6
deletion mutants in Arrp47 cells by western blot. Mutants are expressed in higher levels than full-length
Rrp6. Arp2 was used as an internal control. (C) Analysis of growth of Arrp47 cells expressing either GFP
or the different GFP-Rrp6 constructs at 25°C or 37°C. Full-length Rrp6 and mutants Rrp6i1.619 and Rrp6:-
se3 complement growth of Arrp47 at 37°C.

Figure 10. Score chart to summarize the effects of karyopherins depletions (Srpl and Kap95; Gal or Glu)
or deletions (Sxm1, Msn5, Kap104, Nmd5, Kap120, Kapl114, Kap122, Kap123; 25°C or 37°C) on Rrp6
localization (A). (B) Localization of Rrp6 deletion mutants in Arrp6 strain. (C) Localization of Rrp6
deletion mutants in Asxml strain. (D) Localization of Rrp6 deletion mutants in Arrp47 strain. N, nuclear
localization; N>C, mainly nuclear, but also present in cytoplasm; N=C, protein visualized both in nucleus
and cytoplasm; N<C, protein mainly present in cytoplasm. (E) Model of the alternative and overlapping
pathways for the nuclear import of Rrp6. Rrp6 transport to the nucleus can be facilitated by the o/f3 dimer
Srpl/Kap95 recognizing the cannonical NLS3 at the C-terminal portion of Rrp6, or by the 3 importins
Kap95 and Sxml recognizing one of its nuclear localization signals. Alternatively, Rrp6 could be
transported in a subcomplex with the exosome complex or other exosome-interacting proteins.

18

/T0Z ‘9T AInr uo 159nb Ag /610°2q ' mammy/:dny woly pspeojumod


http://www.jbc.org/

Rrp6-TAP Rrp6-TAP

In FT Elu

Rrp6-CBP

Silver staining o-CBP

Figure 1 Gonzales-Zubiate et al.


http://www.jbc.org/

]
o

(280nm)

mAU

gl R P P PR P P P P P P o P ey o P oy PP P P Py P P P P P P P P P P 1o e el - (3 1 (O 19
oo = %o =o ~<_ = i

-

B
Fractions
kDa
97
66
45
30
C /—/—’/,
' Exosome
Exosome subunits cofactors Karyopherins Chaperones
Rips_|[ Rrpas | [ mpps | [Kap9s ] [ ssa1 |[ cdcar
Rrp4 Rrp45 Mtr4 - Ssa2 Hsp82
Rrp40 || Rrpas [[eset | [ ssbr |[ hscez
Rrp4l Mtr3 - Ssel Hsp104
Rrp42 || csi4 [Kap114] [ sse2 |[ st
D Fold Enrichment

Exosome

Importin N-terminal

Heat shock protein 70

tRNA aminoacylation for protein translation
Stress response

Posttranscriptional regulation of gene expression
Translation, ribosomal structure and biogenesis
Protein biosynthesis

Protein folding

RNA degradation

Nucleolus

Nucleotide-binding

rRNA processing

Ribonucleoprotein complex

Figure 2

o

10

15

20

25


http://www.jbc.org/

Asrpl/Gal::A-SRP1/GFP-RRP6

240
00 7 1
a [
—_— 160 [ [
[ /
(U 120 I“ { ( ere
) [ ' —n
| |
30 i i ‘I {
| | |
0 — 1
| |
o J k / |
o 0 80 120 60 200
220
I(\‘"
!
e 200 | ‘I
<t 160 f‘
— |
! - M —
E 20 —1
O -
40 | |
|
. ||
[ 40 80 120 160 200
@ oo
80 120 160 200 240 280
e
— .
- —n
>
o GEP
L0 —n
[V
o
N~ GFP
™ —n
0
0 20 40 0 B0 100 120 140 180

Merge

Figure 3 Gonzales-Zubiate et al.


http://www.jbc.org/

A
Asrpl/Gal::A-SRP1
GFP GFP-Rrp6
kDa 'o 12" 0 12 0 15Ih,GIu
170
1307 = = Rrp6
1007 ~ Srpl
701 P
- et
o~ _
401
" -
359
T — - ArD2 -g
C
Asxml
GFP GFP-Rrp6
kba " o5 37 25 37 °C
170 - S
130 - - « ~ GFP-Rrp6 5
100 g
70 @
2
55 - 8
X
40 -
W — ArD2
E
GST GST-Rrp6
r II Q) |'\
& o o & & {_@Q =
kDa ~2~\% \2\\@’ Q*\% \2\\@ \2\\"9 \2\\@’
170 _ 5@
' 130- . - His-Kap95
a-His 100
70-r - ~His-Srp1
170
130- ._“ L GST-Rp6
100+
agsT O —
55- M e
40-
35+
~GST

Figure 4

Akap95/Gal::A-KAP95

GFP GFP-Rrp6
kDa 0 12 0 12 0 14 h,Glu
i;g: - Rrp6 =

I~ Kap95 |
100 p
70~
55-
40 -
~ GFP
35+
— Arp2
D
GFP-Rrp6 localization
80
70
60 EN+C
50
40
30
20
10
0
Gal GIu Glu 1 25 C
Asrpl/ Akap95/ Asxml
GAL::SRP1 GAL::KAP95

Gonzales-Zubiate et al.


http://www.jbc.org/

A

Akap104/GFP-

o
LL
O
O
2
o
o
L
O
(9\]
o)
©
<
a
LL
O
B
Akapl04/GFP-
Rrp6 Nab2
kba 25 37 25 37 °C
104 - GFP-Rrp6
100 -
‘ —
70 J - GFP-Nab2
55
40 -
-
- P ®

Figure 5

37°C

GFP

— Pl

[ “u GFP
[\ —r

GFP

—P

Gonzales-Zubiate et al.


http://www.jbc.org/

Rrp6 1 E{ Rrp47 Exoribonuclease ]:[ HRDC ]Z[Exosome]:l:l] 733
U A 1 \
5 106 1 ‘9\ 398 439 516532 619 /NLS'
II ,l\‘ \\\ II \\
! [ N ! Y
NLS1 NLS2 NLS3
RP610s 19 §106
Rrp6;.30s) 1E{ HI ] 398
Rrp6 1. 619 1':[ HI ]:[ ]:[ ] 619
Rrp6(1.g03 1 E[ HI }:[ ]:[ ]: 693
Rrp6153.395) 153 l ] 398
RIPB(s32.733) s2( J——p{p 7=
RIP6 520733, 620 cmmmlls 733
R1P6ss2-619) sz ] e
B C
Arrp6
e sc282 .88 o
S & 2 8 &4 &4 B & &
2444888 o 8§ Rrp6
n © © O © © © © O o ©O© O
L 22222222 222 (1-106)
OXXreroooeowow o
kba (1-398)
170 _ )
170 (1-619)
004 "ER (1-693)
70 - W - EN T—— -——t
557 e GFP
40 -
Rrp6
35 - ‘
(153-398)
£ (532-733)
40 4 TAP2(620-733)
(532-619)

Figure 6

37°C

30°C

Gonzales-Zubiate et al.


http://www.jbc.org/

A

Arrp6/GFP-

=
)
O
Q
o
o
9
=)
N
0
@
S
N
c
o
O



http://www.jbc.org/

Arrp6/GFP-

1-106

1-186

1-398

1-619

1-693

153-398

153-186

620-733

532-619

T
N
|
|
| -
|
w
f
I
T
[
| |
-
\
|
[ | o
| |
| |
| |
|
| {
/
| 1
|
A
{
[
[
I
I‘I ‘\I are
(4| -
|
| |
|‘ I‘ﬂ
/ \
W
T
f
[
1
I
|1
1
m
|
‘ !
|
1
|
[
B AN B
" 0 @ n M

Figure 7

Gonzales-Zubiate et al.


http://www.jbc.org/

Asxm1/GFP-Rrp6
200 |m.
A
|
80 I‘\ ‘
0 ’{ t
B J
- 240 I‘f\‘ ‘I‘m\
- ) !
3 160 |ﬂ \ |’ |
a I |
g [ A R
E' | |‘ I‘ |
m a0 J‘If ‘I 1 \'\I
é\ 200
© 160
S
wn 120 f\l GFP
Lov R0 ;/ ‘L -
2 « [
X . /A
Pl GFP- Merge
B C
Asxml
I 1
Rrp6  Rrp6 Rrp6 Asxm1

RIP6 532610y (532-733)  (1-106)

kDa C§< 25 37 25 37 25 37 25 37 °C

130 A -
100 A ——  co—
70 - — - — —

- Arp2

Figure 8 Gonzales-Zubiate et al.


http://www.jbc.org/

>

RIP6 ;603 Rrp6(1.619) Rrp6;.39g) Rrp6;.106) Rrp6

GFP

Arrp47/GFP-Rrp6

9

Arrp4d7

GFP

@]

%,\q,\
GFP
kDa Rrp6
1307 Rrp6;.106)
1007 Rrp6 ;-39
70 A
55 - Rrp61.619)
40 - Rrp6 1693
Rrp6 s3-733)
35
’ Rrp6 g20.733)
Rrp6s32-619)
- Arp2

Figure 9

25°C

37°C

Gonzales-Zubiate et al.


http://www.jbc.org/

Arrp6
N+C
N |[IN>C[N=C|N<C
Gal::Srpl Rrp6
Gal::Kap95 Rrp6(1-106)
Asxm1l Rrp6(1-186)
Amsn5 Rrp6(1-398)
Akap120 Rrp6(1-619)
Akap104 Rrp6(1-693)
Akap122 Rrp6(153-398)
Rrp6(153-186)
Akap123 Rrp6(620-733)
Rrp6(532-619) |
C
Asxml Arrp47
N+ C N+C
N |[N>C|[N=C|[N<C]| N [N>C[N=C[N<C
Rrp6 Rrp6
Rrp6(1-106) Rrp6(1-106)
Rrp6(532-619) Rrp6(1-398)
Rrp6(1-619)
Rrp6(1-693)
E
Exosome
Rrp47
Rrp6  N{ HI =
NLS1 NLS2
\e}
& & &
Figure 10 Gonzales-Zubiate et al.


http://www.jbc.org/

Identification of karyopherinsinvolved in the nuclear import of RNA exosome subunit
Rrp6 in Saccharomyces cerevisiae
Fernando A Gonzales-Zubiate, Ellen K Okuda, Julia PC Da Cunha and Carla Columbano
Oliveira

J. Biol. Chem. published online May 24, 2017

Access the most updated version of this article at doi: 10.1074/jbc.M116.772376

Alerts:
» When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

Supplemental material:
http://www.jbc.org/content/suppl/2017/05/24/M116.772376.DC1

This article cites 0 references, 0 of which can be accessed free at
http://www.jbc.org/content/early/2017/05/24/jbc.M116.772376.full.ntml#ref-list-1

/T0Z ‘9T AInr uo 159nb Ag /610°2q ' mammy/:dny woly pspeojumod


http://www.jbc.org/lookup/doi/10.1074/jbc.M116.772376
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;M116.772376v1&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/early/2017/05/24/jbc.M116.772376
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=early/2017/05/24/jbc&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/early/2017/05/24/jbc.M116.772376
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/suppl/2017/05/24/M116.772376.DC1
http://www.jbc.org/content/early/2017/05/24/jbc.M116.772376.full.html#ref-list-1
http://www.jbc.org/



