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Abstract

Tif6p (elF6) is necessary for 60S biogenesis, rRNA maturation and must be released from 60S to permit 80S assembly and translation.
We characterized Tif6p interactors. Tif6p is mostly on 66S-60S pre-ribosomes, partly free. Tif6p complex(es) contain nucleo-ribosomal
factors and Asclp. Surprisingly, Tif6p particle contains the low-abundance endonuclease Sen34p. We analyzed Sen34p role on rRNA/
tRNA synthesis, in vivo. Sen34p depletion impairs tRNA splicing and causes unexpected 80S accumulation. Accordingly, Sen34p over-
expression causes 80S decrease and increased polysomes which suggest increased translational efficiency. With delayed kinetics, Sen34p
depletion impairs rRNA processing. We conclude that Sen34p is absolutely required for tRNA splicing and that it is a rate-limiting ele-
ment for efficient translation. Finally, we confirm that Tif6p accompanies 27S pre-rRNA maturation to 25S rRNA and we suggest that
Sen34p endonuclease in Tif6p complex may affect also rRNA maturation.

© 2005 Elsevier Inc. All rights reserved.
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Ribosomal biogenesis leads to synthesis of mature 60S
and 40S subunits from a common 90S precursor. In
Saccharomyces cerevisiae, the 60S ribosome is formed by
46 proteins, and 3 rRNAs, 5S, 5.8S, and 258S; the 40S sub-
unit is formed by 32 proteins and the 18S rRNA. In the
nucleolus, rDNA is transcribed into rRNA precursors
(pre-TRNAs). RNA polymerase 111 transcribes 5S rRNA
and tRNAs. RNA polymerase I transcribes 35S pre-rRNA
which is further processed by endo- and exo-nucleases to
three mature rRNAs: 5.8S, 25S (60S), and 18S rRNA
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(40S). In synthesis, ribosome maturation requires the
dynamic assembly of pre-ribosomal particles containing
trans-acting factors in ribosome biogenesis, nucleases,
and ribosomal proteins forming complexes at different
stages (reviewed in [1]). Endonucleases are still undefined.
So far, affinity purification of pre-ribosomal particles has
not led to endonuclease enrichment, possibly due to their
rapid off-rate from pre-ribosomes.

Tif6p is the yeast homologue of eukaryotic initiation
factor 6 (elF6), originally described as a cytoplasmic fac-
tor preventing 60S subunit association with 40S [2]. Re-
lease of elF6/Tif6p from 60S requires RACKI1-PKC in
mammals [3] and Efllp in yeasts [4]. In mammals, elF6
is mainly cytoplasmic (p27BBP, [5]) and approximately
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25% in the nucleolus [6]. Unequivocal evidence in yeast
indicates that Tif6p is necessary for 60S biogenesis [6-8].
We decided to gain information on Tif6p nucleolar role,
by analyzing its interactors. Besides ribosomal factors
and four cytoplasmic proteins, we unexpectedly found
Sen34p endonuclease [9]. Earlier biochemical work
showed that Sen34p endonuclease is part of a tRNA splic-
ing holoenzyme [9]. We characterized the role of Sen34p
on RNA metabolism, in vivo.

Here we show that Sen34p depletion causes, in vivo,
tRNA splicing impairment and 80S accumulation accom-
panied by flat polysomes, suggestive of a translational
impairment. Accordingly, but rather surprisingly, Sen34p
overexpression reduces 80S and increases polysomes, sug-
gesting increased initiation of translation in the presence
of excess Sen34p. Finally, Sen34p depletion leads also to
a small impairment in rRNA processing, suggesting that
its presence in the Tif6-66S complex may be associated
to a role in rRNA maturation.

Materials and methods

Yeast manipulation. Standard genetic techniques were used to manip-
ulate yeasts. All strains were derivatives of W303. SEN34 deletion
(sen34::kan M X4) was generated by one-step gene replacement [10] result-
ing in the diploid strain ySP2458. To generate a centromeric plasmid with a
GAL-SEN34 inducible fusion (pSP167), wild type SEN34 was cloned in
YCplac33. The ySP2458 strain was transformed with pSP167 and haploid
segregants carrying both sen34::kanM X4 and GAL-SEN34 (ySP2539) were
recovered upon sporulation and tetrad dissection. Obtained strains were
called GALI1::SEN34. The TAP-tag cassette [11] was inserted in the TIF6
gene. The resulting strain had only tagged Tif6p.

The GST cassette was amplified from pFA6a-His3MX6 [12] and
inserted downstream of GAL1 promoter. Oligonucleotides were designed
to tag the N-terminus of SEN34. The resulting, viable, strain had no
endogenous Sen34p, but only tagged Sen34p.

Antibodies. Nocs antibodies were from Dr. H. Tschochner [13];
MpplOp antibodies from Dr. S. Baserga [14]. Antibodies against GST
were from Massimiliano Pagani (Primm Biotech, Milan, Italy).

Polysome analysis and Western blotting. Yeast strains were grown until
ODygo 0.6 was reached and cycloheximide was added to a final concen-
tration of 100 pg/ml. Polysomal analysis and immunoblotting were per-
formed as in [6]. To visualize ribosomal associations, fractions from
polysomal profiles were analyzed with PAP (Tif6), anti-GST (Sen34p),
and Mpp10. For Noclp and Noc2p co-purification, extracts were purified
by an immobilized calmodulin column. Eluted proteins were blotted with
antibodies against Nocl and Noc2. Detection was performed by chemi-
luminescence (ECL, Amersham).

Purification of complexes and protein identification. Complexes were
purified according to [11], except for yeast grinding in liquid nitrogen and
the lysis buffer (20 mM NaCl, 20 mM Tris—-HCI, pH 7.5, 10% glycerol,
0.1% NP-40, and 1 mM PMSF). Eluted proteins were resolved on
SDS-PAGE and visualized by silver staining. Bands were excised and
digested as described elsewhere [15]. Proteins were unambiguously iden-
tified by searching a comprehensive non-redundant protein database using
ProFound [16].

Pulse-chase and Northern blotting analysis of RNAs. Pulse-chase
labelling of pre-rRNA was performed as in [17]. Northern blotting anal-
ysis was performed as in [18]. For Tif6p-associated pre-rRNA analysis,
Tif6p-TAP was purified from extracts as above. Total RNA and
Tif6p-associated RNAs were separated on agarose-formaldehyde gel and
blotted. Oligonucleotides, 5'-labelled by polynucleotide kinase phosphor-
ylation, were previously described [17,19].

Results
Tifbp complex characterization

Tif6p was fused to a TAP cassette at its C-terminus. The
TIF6-TAP grew as the wt. Western blotting of polysomal
fractions shows that Tif6p co-sediments with free 60S sub-
units and in the hydrosoluble phase. It was absent on
polysomes (Fig. 1A), suggesting that it dissociates from
mature 60S as described in mammals [3]. Next, we purified
Tif6p and identified its interactors by MS. We consistently
found (a) 60S ribosomal proteins, (b) trans-acting factors
involved in 60S biogenesis, (¢) Asclp, (d) eIF3 subunits:
Niplp, Prtlp, and Rpglp, and (e) Sen34p (Table 1). No
90S pre-ribosomal proteins were found. To define if 90S
(40S/60S precursor) factors were sub-stoichiometrically
associated with Tif6p, we performed Western blotting anal-
ysis of purified Tif6p with specific antibodies. Tif6p co-pu-
rified with Noclp and Noc2p, markers of the transition
90S-66S [19], but not with Mpp10p, marker of 90S [14]
(Fig. 1B). Consistently, Tif6p co-purified with 27S and 7S
pre-rRNAs (Fig. 1C), but not with 35S. We unambiguously
conclude that Tifép is present on 66S pre-ribosomes
throughout their maturation to 60S, absent from poly-
somes and 90S pre-ribosomal particle. Also, Tif6p can
interact with cytoplasmic factors.

Tif6p is the first pre-ribosomal particle reported to con-
tain an endonuclease (Sen34p). Sen34p was previously
shown to be part of a tetrameric tRNA processing complex
(composed by Sen54p and Senl5p as adaptors, and Sen2p
and Sen34p as endonucleases) [9]. We did not detect any of
the other three subunits in the Tif6p complex, due either to
the detection limits of MS or to the presence of Sen34p as
an active monomeric endonuclease. The in vivo global role
of Sen34p in RNA maturation is not characterized. This
fact, and its presence on the Tif6p complex led us to study
the effects of Sen34p depletion on tRNA, rRNA matura-
tion, and translation.

Sen34p-depleted cells show impairment of tRNA synthesis
and delay of pre-rRNA maturation

We constructed a conditional GALI::SEN34 strain
expressing a galactose inducible SEN34. In non-permissive
conditions (absence of galactose) this strain is not viable.
Upon partial, progressive Sen34p depletion yeast cells
showed a growth defect (Fig. 2A). FACS analysis showed
that Sen34p depletion was associated with a cell cycle delay
in G1 (Fig. 2B).

Next, we analyzed polysomal profiles in depletion condi-
tions. After Sen34p depletion, cells presented a strong 80S
accumulation (up to fivefold) and a decrease of polysomal
peaks (Fig. 2C, bottom right). These results indicate that in
the absence of Sen34p a block in initiation of translation
occurs (see Discussion).

To analyze the role of Sen34p in tRNA and pre-rRNA
processing, we performed pulse-chase experiments and
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Fig. 1. Tif6p characterization. (A) Polysomal profile of TIF6-TAP strain.
Immunoblotting for Tif6p performed on collected fractions shows its
presence on 60S ribosomal subunits and in the hydrosoluble (*) fraction at
the top of the gradient. (B,C) Tif6p interacts with Noclp and Noc2p, and
is on early 66S. (B) Tif6ép pulldowns from the TIF6-TAP strain and
parental W303 strain (negative control) were immunoblotted for Noclp
and Noc2p. (C) Tif6p associates with 27S and 7S rRNA, but not with 20S.
Total RNA and TAP-purified RNA from W303 parental strain and TIF6-
TAP were probed for 27S and 7S pre-rRNA intermediates (probe 3) and
20S intermediate (probe 1).

Table 1
Tif6p associates with pre-ribosomal particle and with cytoplasmic factors

Proteins References

Ribosomal proteins
Rplllb
Rpll8
Rpl20
Rpl9
Rpll6
Rpll3
Rpl7b
Rpl4b
Rpl5
Rplda
Rpl3

Ribosome biogenesis factors

Loclp Long et al. [23], Harnpicharnchai et al. [24]
Mrtdp Zuk et al. [25], Bassler et al. [26]

Tif6p Basu et al. [8]

Rlp7p Dunbar et al. [27], Gadal et al. [28]
Makl11p Ohtake et al. [29]

Ytmlp Harnpicharnchai et al. [24]

Haslp Harnpicharnchai et al. [24], Fatica et al. [1]
Nuglp Bassler et al. [26]

Dbp9p Daugeron et al. [30]

Nop7p Harnpicharnchai et al. [24]

Noglp Bassler et al. [26]

Noc3p Milkereit et al. [13]

Erblp Pestov et al. [31]

Cytoplasmic proteins

Asclp Chantrel et al. [21]
Niplp Phan et al. [32]
Prtlp Phan et al. [32]
Rpglp Phan et al. [32]

Other proteins
Ssa2p
Sen34p

Bush et al. [33]
Trotta et al. [9]

Northern blotting. In pulse-chase (Fig. 3A) Sen34p-deplet-
ed cells showed a strong delay and reduction in the process-
ing of tRNA (Fig. 3A, lower panel). We also observed a
delay in the processing of 35S and 27S rRNA that caused
a reduction of mature 18S and 25S rRNA (Fig. 3A, upper
panel). These data indicate that Sen34p depletion decreases
the kinetics of tRNA and rRNA maturation.

Steady-state levels of rRNAs and tRNA™" were as-
sessed by Northern hybridization. Data show that after
Sen34p depletion unspliced pre-tRNA™" accumulates.
With a delayed kinetics, accumulation of rRNA mature
forms is also impaired, albeit to a minor extent (Fig. 3B).
In agreement with pulse-chase experiments, these data indi-
cate that tRNA™" production is rapidly blocked upon
Sen34p depletion and that with delayed timing also rRNA
maturation is impaired.

To analyze if Sen34p cosedimented with ribosomes we
constructed a yeast strain carrying an N-terminal tagged
Sen34p protein integrated in the disrupted endogenous
SEN34 gene. Yeasts were viable and no signs of degrada-
tion of tagged protein were found. Polysomal profiles show
that in isotonic buffer conditions Sen34p cosediments with
ribosomes (Fig. 4). Note that Sen34p overexpression alters
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Fig. 2. Sen34p-depleted cells arrest in Gl and accumulate 80S. (A)
GALI::SEN34 strain carrying SEN34 gene under the control of an
inducible promoter, and W303 parental strain were grown in permissive
medium and then shifted in non-permissive medium for the indicated
hours. Growth in arbitrary units. (B) Sen34p-depleted cells arrest in G1.
FACS analysis performed on Sen34p-depleted cells and on W303 parental
strain before and after shift in non-permissive medium. (C) Translational
block after Sen34p depletion. Polysomal profiles from GALI1::SEN34 and
W303 parental strain in permissive medium (YPGal) and after 6 h shift in
non-permissive medium (YPD). Accumulation of 80S and decreased
polysomal area are observed upon Sen34p depletion.

YPGal

80S/polysome ratio (lowering 80S peak as compared to
polysomal area).

Discussion

We show for the first time the effect of Sen34p deple-
tion on polysomal peaks. We unveiled that Sen34p deple-
tion leads to 80S accumulation, which in turn is indicative
of an initiation block. Initiation is a rate-limiting step of
translation, strictly regulated by elFs. An easy interpreta-
tion is that reduction in translation is due to a reduction
in mature tRNA levels which somewhat signals to elFs.
However, most tRNAs including initiator tRNAM¢' are
intronless and they are not directly affected by Sen34p
depletion. Only three classes of tRNAs (Tyr, Trp, and
Phe) are transcribed exclusively from intron-containing
genes and require splicing for maturation. Thus, 80S
accumulation would suggest that a block in tRNA splic-
ing of a subset of tRNAs results in an active pathway
depressing initiation. More polysomes in GST-Sen34p
overexpressors indirectly confirm that Sen34p levels are
important in regulating initiation of translation. A
pathway linking tRNA maturation to control of initia-
tion has not been described and deserves further
characterization.

Tif6p is a conserved trans-acting factor in ribosome bio-
genesis. Its depletion leads to a delay in rRNA maturation
[8], indicating that Tif6p complex hosts endonucleases. The
presence of low-abundance (estimated 100 molecules/cell)
Sen34p endonuclease in the Tif6p particle was intriguing.
So far, trans-acting factors in ribosome biogenesis have
been employed to purify ribosomal particles [1], but no
endonucleases were co-purified, in spite of their (theoreti-
cal) expected presence. The copurification of Sen34p with
Tif6p may be due to the unique structure of this complex
or, alternatively, to the rapid, low temperature purification
procedure we used. We failed to detect Tif6p in pull down
of Sen34p, confirming the lability of the presence of Sen34p
(and other endonucleases) in pre-ribosomal particles. Since
we observed Sen34p in pre-ribosomal Tif6p particle, we
analyzed the effects of its depletion in rRNA synthesis.
Here, we observe, in the absence of Sen34p, a delay in
rRNA processing, consistent with its detection in the Tif6p
complex. The small effect on rRNA synthesis (compared to
tRINA synthesis) of Sen34p depletion can be due to the fact
that, in vivo, Sen34p steady-state levels are more critical for
tRNA synthesis than rRNA synthesis. Alternatively, we
cannot rule out that the rRNA deficit is an indirect effect
of tRNA block (although at the time-points here used
tRNA is still partly formed). We should however note that
in human cells, downregulation of Sen2 and Sen34 im-
paired mRNA splicing [20], demonstrating that this endo-
nuclease is not tRNA specific. In this context, the
absence of reliable in vitro assays for rRNA processing
(compared to tRNA or splicing) is a gap.

Among the interactors of Tif6, we found Asclp and
three elF3 subunits. Asclp is the yeast homolog [21] of
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Fig. 3. Sen34p depletion blocks tRNA processing and delays rRNA maturation. (A) RNA pulse-chase on GAL1::SEN34 and W303 parental strain. Cells
were pulse-labelled for 2 min and then chased for 5, 15, 30, and 60 min. RNA was separated either on agarose-formaldehyde gel (high molecular weight
RNA:s, top) or polyacrylamide-8 M urea gel (low molecular weight RNAs, bottom). Equal c.p.m. loaded in each lane. Note. delay of 35S processing (*),
delay of mature rRNAs (§), and accumulation of unspliced tRNA (<) (B) Steady-state RNAs in Sen34p-depleted cells. Cells were grown in permissive
medium and then shifted in non-permissive medium for 4, 8, and 16 h. RNA separated as in (A) and probed for pre-rRNA processing intermediates and
pre-tRNA™" (indicated on the left of the panel). Note the rapid accumulation of unspliced pre-tRNA" and the reduction of mature rRNA.
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Fig. 4. Sen34p overexpression increases polysomal peaks. Polysomal profiles from wild type (left) and GST-SEN34 strain expressing inducible tagged
Sen34p but not the endogenous protein (right) are shown. Fractions were collected and analyzed for GST-Sen34p (top) and MpplOp (bottom).
Representative results from multiple experiments. Note the localization of GST-Sen34 in polysomal fraction. Sen34p overexpression alters also 80S/
polysome ratio (lowering 80S peak as compared to polysomal area).

RACKI1 that in mammals contribute to eIF6 release from elF3 subunits Prt1p-Rpglp-Niplp are part of a subcom-
60S [3]. Whether Asclp interaction cooperates with Efllp plex [22] stimulating binding of mRNA and tRNA(i)Met
[4] to the release of Tif6p from yeast 60S remains to be  to ribosomes. The role of elF6 in translation should be
studied. experimentally re-evaluated.
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