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Summary

The Ski2-Ski36 NL 6., FRPSOH[ DVVLVWV WKH-51% H]JRDREPHV GRQ
cytoplasmic transcripts. Previous reports showed that the BSRPSOH[ LV LQYRIOYHG L
GHJUDGDWLRQ RI P51% LQFOXGLQJ T XQWUDQVODWHG U
Paradoxically, we recently showed that the SKI complex directly interacts with ribosomes
during the co-translational mRNA decay and that this interaction is necessary for its RNA
degradation promoting activity. Here, we characterized a new SKIl-associated factor, Skal,
which antagonizes the SKI-ribosome interaction. We showed that the SKI-Skal-subcomplex
Is specifically involved in the degradation of ribosome-free RNA regions such as long mRNA
1875V DQG F\WRSODVPLF OQF51%V :H SUé&&BnHoDpEXRGHO L
first targets ribosomd-UHH 51% 9 HQ G V-assQcialted/ Yorné NAthen the complex
reaches the mRNA coding sequence, the Skal-SKIl-exosome complex is exchanged for the
SKI-exosome, which interacts directly with ribosomes in order to resume the degradation

process.
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Introduction

RNA degradation is a key component of RNA homeostasis and quality control. During
normalmMRN$ WXUQRYHU FRQWUROOHG GHDEHOQIODHNUDG DWUR C
WKH F\WRSODVPLF H[RQXFOHDE&HJUDGDIWLRZE OL@ DROYILQJ V
exosome (see for review Fromont-Racine and Saveanu, 2014; Parker, 20Q2)W KH -PD MR U

T P51% GHJU paBday,LIRRNA deadenylation is followed by decapping by
Dcpl/Dcp2 with the help of several enhancers of decapping such as Edcl, Edc2, Edc3, Dhhi,
Patl, Scd6 and the Lsm complex. This is followed by mRNA degrada@oKrnl, a co-
translational process (Het al, 2009; Pelechanet al, 2015). The ¥ 1 P51%$V GHJUDGDWL
pathway involves the cytoplasmic exosome composed of ten main factors, including the
catalytically active subunit Dis3 (Allmangt al, 1999). Depending on its localization, the
exosome is assisted by different co-factors. The nuclear exosome associates with the
distributive exoribonuclease Rrp6 as well as Mpp6, Lrpl/Rrp47 and the RNA helicase Mtr4,
which is found within the TRAMP complex (Trf4/5, Airl/2, Mtrdde la Cruzet al, 1998;

Mitchell et al, 2003; Milligan et al, 2008) In the cytoplasmthe exosome is tgeted to
specific substrates by the SKI compleomposed of Ski2, Ski3 and Ski8 (SKIV2L, TTC37
and WDR61, respectively, in human).

The SKI genes were identified 40 years ago by performing a genetic screen with a
yeast strain containing linear doulditanded RNAs encapsulated into virus-like particles
secreting toxic proteins. Mutants having a deleterious phenotype were isolated an8Khlled
for super Kkiller (Tohk et al, 1978). Therefore, the first function reported for 8t€l genes
was in antiviral defense through viral RNA degradation (Widner & Wickner, 1993). Twenty
years later, these genes were shown to be requirrd P51-$9 G HJ U ARGERWINR.Q
Parker, 1998) and to form a compliexvivo (Brown et al, 2000). Native mass spectrometry
analyses revealed that the yeast SKI complex is a heterotetramer formed of one copy of Ski2
and Ski3 and two copies of Ski8 (Synowsky & Heck, 2008). Ski2 is an RNA helicase with a
structure similar to the nuclear Mtr4 helicase. Ski8 contains WD40 repeats while Ski3 is a
tetratricopeptide repeat (TPR)-containing protein, which forms the scaffold of the SKi
complex (Halbaclet al, 2013). Ski2 is thought to be required to unwind RNA and to remove
proteins bound to MRNAs. Ski3 and Ski8 contribute to the structure and activity of the SKiI
complex (Halbachet al 2013). Although Ski7 is not part of the SKI complex, it is also
LQYROYHG LQ YPB&HY U P@&D WooReQal 2000) through bridging the SKI

complex and the exosome (Aradéd al 2001). Interestingly, Skimteracts with the same
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exosome region as thauclear factor Rrp6 (Kowalinslat al, 2016). Recently, structural data
showed that the SKI complex forms a path for the RNA through a central channel of its
helicase, Ski2. RNase protection assays performed with a mixture of the exosome and the SKiI
complex revealed protected fragments with a length compatible with a continuous channel
formed by the SKI and the exosome complexes. It was proposed that the SKI complex
directly delivers single-stranded RNA into the exosome (Hallchl, 2013). Altogether,

these results led to a model in which the cytoplasmic exosome and the SKI complex could be
structurally organized to degrade RNA molecules, in a fashion similar to the proteasome
involved in proein degradation (Halbactt al, 2013).

In addition to its role in the general MRNA degradation pathway, the SKI complex is
also required for cytoplasmic mRNAs surveillance pathways from yeast to humans: Non-Stop
MRNA decay (NSD), No-Go mRNA decay (NGD) and Non-sense mediated mRNA decay
(NMD) (Frischmeyer, 2002; van Hoddt al, 2002; Mitchell & Tollervey, 2003; Doma &
Parker, 2006). Recemh vivo andin vitro experiments have shbQ W KD W TWRGHL $
degradation of MRNAs by the SKI-exosome complex is a co-translational event (Sehmidt
al, 2016) LQ DQDORJ\ WR WKHTWP@1& 165K QB 8D Welargd WK ZD\
al, 2015). This conclusion is supported by a series of observaitja@ffinity purification of a
nascent peptide captured on a ribosome stalled at the end of a non-stop mRNA co-purifies the
ribosome in association with the SKI compléy; a Ski2 affinity purification enriches the
ribosome together with the SKI comple;) these SKI-ribosome complexes are found
associated with most open reading frames, as determined by footprinting experivj¢ngs;
cryo-electron microscopy structure of the SKI-ribosome complex shows that the SKI complex
interacts intimately with the small subunit of the ribosome. Notably, this interaction appears
to be important to activate the Ski2 helicase by changing the conformation of two elements
that autoinhibit the ATPase activity of the SKI complex. The arch domain of Ski2 moves
away from the RNA helicase channel and the N-terminal arm of Ski3 adopts a more open
conformation (Schmidet al, 2016). However, these observations are at odd with previous
reports which showed that the SKI complex is required for the efficient degradation of

1 8 7$Hby the exosome (Anderson & Parker, 1998). Sinf& 7Hare essentially devoid of
ribosomes, this implies that the SKI complex can act as an exosome co-factor without
requiring an association with the ribosomes. In an attempt to solve this paradox, we
investigated the mechanism of action of the SKI complex on ribosome-free RNA regions.

Here, we have identified a new component of the SKI complex that we called Skal for

SKI-Associated component 1. This protein is encodedrkj023W a gene of unknown
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function. We demonstrated that this factor is not involved in the translation-dependent NSD
pathway but rather in the general RNA degradation pathway, specifically in the degradation

of RNA regions devoid of ribosomes. The SRKIND VXEFRPSOH[ LV UHITXLUHG
degradation of mMRNA 9 8 7 fegions and cytoplasmic long non-coding RNAs (IncRNAS).
Interestingly, Skal is dispensable for the efficient degradation of coding mRNA regions or for

the elimination of aberrant transcripts such as non-stop mRNAs. OverexpressSeiA bf
antagonizes the association of the SKI complex with ribosomes, precluding its activity in
degrading ribosome associated RNA regions such as NSD substrates. These results show that,
depending onthe translation status of the RNA region being targeted, the SKI complex
interacts either with the ribosome or Skal. Association of Skal with SKI promotes loading on

ribosome-free51$ 9§ HaQd3Wmulateslegradation by the exosome.
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Results

Skal is a novel factor associated with a subpopulation of the SKI complex

To investigate the mechanism of action of the SKI complex, we performed an affinity
purification using Ski3-TAP as a bait. The proteins associated with Ski3-TAP were separated
on a polyacrylamide gel (Fig 1A) and identified by mass spectrometry (LC-MS/MS). Analysis
of the label-free quantitative MS data, represented by a volcano-plot, showed the enrichment
for three groups of proteins associated with Ski3 (Fig 1B). As expected, the most enriched
proteins relative to the untagged strain control were the bait Ski3-TAP and the two other
subunits of the SKI complex, Ski2 and Ski8. A second group was composed of the six
RNasePH domain proteins of the exosome (Rrp4l, Rrp42, Rrp43, Rrp45, Rrp46, Mtr3, and
the catalytic subunit Dis3) and of its three RNA-binding subunits (Rrp4, Rrp40 and Csl4).
These factors form the 10-subunit cytoplasmic exosome (Fig. 1B, in yellowgt(kiu2006).

Ski7 and a novel factor of unknown function, Ykl023w, were also enriched at a similar level

than the exosome subunits. We named the uncharacterized Ykl023w protein Skal for SKI-
Associated component 1 (Fig 1B). The third group of proteins was mainly related to the
ribosome.

To confirm the physical interaction between Skal and the SKI complex, we performed
affinity purification using a Skal-TAP strain in the same conditions of purification used for
Ski3-TAP (Fig 1C). We tested the functionality of the TAP fusions combining Ski3-TAP or
Skal-TAP with a Dcp2-degron mutant (see below). We observed that Skal-TAP was partially
functional in this assay in contrast to the fully functional Ski3-TAP B\d.). Nevertheless,
the analysis of label-free quantitative MS data revealed that the complex associated with Skal
was highly similar to the SKI complex purification. We again observed an enrichment for
three groups of proteins. The most enriched proteins were Ski2, Ski3, and Ski8, which were
enriched to levels comparable to the Skal-TAP bait. As observed with Ski3-TAP, the second
group of proteins associated with Skal-TAP was mainly related to the exosome and Ski7. The
enrichment for the third group of proteins related to the ribosome was less important than the
one observed with the Ski3-TAP purification.

To better evaluate the relative distribution of Skal and SKI components in the
analyzed complexes, we looked at the relative protein abundance in a wilgeagistrain
(Nagarajet al, 2012). The comparison of the abundance of 4077 proteins revealed that Skal
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and SKI complex were expressed at low levels. In addition, Skal was expressed to a lower
level compared to the components of the SKI and exosome complex&/&igpper panel)
However, despite its lower abundance, Skal was enriched to a level comparalde to th
exosome components after purification of the complex associated with SKiB\(Eigriddle

panel). In addition, the Ski proteins were more enriched in the Skal-TAP than the exosome
(Fig EV2 lower panel). These results suggest that most of the Skal molecules are associated
with the SKI complex. In contrast, only a fraction of the SKI complex was associated with
Skal.

Affinity purification showed that Skal was also associated with the ribosome, yet to a
lesser extent compared to Ski3 (Fig 1B and 1C). To verify this association, we fractionated
cellular extracts from a Skal-TAP strain on a sucrose gradient. The analysis of the fractions
by Western blot revealed that Skal-TAP co-sedimented with the 80S peak, the light
polysomal fractions and lighter fractions, in a region of the gradient where the 40S and 60S
subunits sediment (Fig 1D). For comparison, a similar experiment, performed with the Ski3-
TAP strain showed a greater enrichment of Ski3 in the 80S peak, as previously described (Fig
1D) (Schmidtet al, 2016). These observations are in agreement with the results of affinity
purification showing a stronger association of Ski3-TAP than Skal-TAP with the ribosome.
In order to determine if the weak association of Skal with the 80S ribosome and polysomes
was direct or mRNA-mediated, we performed a RNase treatment of Skal-TAP, Ski3-TAP
cellular extracts before their fractionation on a sucrose gradient (Fig 1E). In addition, we used
Pabl-TAP as a mRNAinding protein control. As expected, RNase treatment resulted in the
disappearance of the polysomes and the accumulation of 80S monosomes. After RNAse
treatment, Ski3-TAP was still associated with the 80S ribosome, as previously shown
(Schmidt et al, 2016), whereas Pabl-TAP, which was distributed all along the sucrose
gradient in absence of RNase, sedimented in the light fractions as a free protein, thus
confirming the efficiency of the RNase treatment. In contrast, Skal-TAP showed a
sedimentation profile different from both Ski3-TAP and Pabl1-TAP profiles. We observed an
enrichment for Skal in the fractions mainly sedimenting around the 40S and 60S peaks but
not within the 80S peak (FiBE).

These results indicated that following RNase treatment, Skal was still associated with
large complexes but not with the 80S ribosome and polysomes, suggesting that the weak
association of Skal-TAP to the ribosome observed in the affinity purification was RNA-
dependent. The presence of Skal-TAP in several fractions of the gradient suggested that Skal

could be associated with different complexes. Altogether, these results suggest that there are
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at least two different SKI complexes with one containing Skal.

6ND LV LQYROYHG LQ P51% 1875 GHJUDGDWLRQ EXW QRW 1

Since Skal physically interacts with the SKI complex, we determined if Skal
participates in the same pathways as the SKI complex. The SKI complex contributes to the
degradation of a number of RNA substrates, including conform mRNAs but also aberrant
ones such as non-stop MRNA® investigate if Skal is also involved in NSD, we tested the
expression of the TAP-Non-Stop and GRRHIS3 reporter genes (Defenouilléseal 2013,;
Kobayashiet al, 2010) in the presence or the absence of Sk@l2A left and right panels).

Both reporters are sensitive to the NSD pathwiédne TAP-Non-Stop reporter gene codes for
Protein A, but lacks a stop codon. The polyA tail is thus translated into aysihe stretch,

which, due to its high electrostatic charge, gets stuck at the ribosome exit tunnel, resulting in
translation stalling. In contrast, the GR2-HIS3 reporter gene carries a ribozyme, which
generates an mMRNA coding for GFP without a stop codon and a polyA tail. As a result,
translation stops only when the ribosome reaches the very end of the transcript. We performed
Western blot analyses with total cellular extracts from Yhal Dor the V N Lmutants and
wild-type strains transformed with plasmids expressing these reporters. As controls, we used
the same reporter genes but with a normal termination codon or without a ribozyme. We did
not observe any aberrant protein accumulation inMhé Dstrain. In contrast, th& N Lstrain
positive control exhibited a strong accumulation of these aberrant polypeptides (Fig 2A).
These results indicated that Skal is not involved in the Non-Stop aberrant mMRNA degradation
pathway.

To test the effect oBKAlremoval on the general mMRNA degradation pathway, we
followed the behavior of the well-characterized repof®&BK1pG expressing a stable
transcript (Anderson & Parker, 1998). This gene is under the control GAhé& promoter,
which is active in the presence of galactose but totally repressed with glucose. Addition of
glucose allows to monitor the rate of degradation of the reporter mMRNA. The stop codon is
followed by a polyG tract which blocks the progression of Xrnl in tie8 7 &llowing the
GHWHFWLR @G HJIUDINGDW L R Fid2BWAhUERBhGILFakkdd \1998). With this
PGK1pGreporter gene, the full-length mRNA is detected as well as a sifi@l7 Bagment
that accumulates as a result of the polyG blocking Xrnl. As previously observed (Anderson &
Parker, 1998), the absence of Ski2 or Ski7 resulted in the accumulation of a $trn5
degradation inHUPHGLDWH LQGLFDW L YHGRIJWKGDWILHIQL EQH QYWH L
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functional SKI complex. Importantly, the absence of Skal resulted in the accumulation of the
same { 8 7 mtermediate fragment (Fig 2C). This result indicates that Skal is involved in the
same general MRNA decay mechanism as the Ski factors concerninfj 8h&gegions.

, /] 6ND LV LQYROYHEGEHILIQDWRMWLRQ P51% SDWKZD\ ZH SI
DEVHQFH RI 6ND FRPELQHG ZLWK PXWDWPEQ$LGIIB JHQHV
pathway should be deleterious for cells. Since the absence of the decapping enzyme Dcp2
severely affects cell growth, we fused a degron sequerig€R2to induce its degradation in
the presence of auxin (IAA). We combined tBiI€EP2 mutant versiorwith a VN Lor'VND -~
mutation. Growth of VN Doi V N Lmutant strains was not affected as compared to a
dcp2degron strain in the presence of auxin. In contrast, the double-mutant strains were
sensitive to auxin (Fig 2D). We observed a synthetic lethality phenotype for cells combining
V N Lafd thedcp2degronmutant, as previously described (Anderson & Parker, 1998).
Although less severe, ¥ N Dariddcp2degrorstrain also showed a marked growth defect.

6ND LV VSHFLILFDOO\ WHEXLUDBGD\R URVpEERRNY Legibng R P H

Since we observed intermediates of degradation accumulating in the absence of Skal
or Ski2 using aPGK1pG reporter gene (Fig 2C), we analyzed the genome-wide effect of
SKAIUHPRYDO 7R GHWHFW DQ\ GHIURDLGIMWLRQ WBWKZD\ LW
LQKLELW WKf £DWRID XRNISIBI&ion, mMRNAs accumulate as decappe
molecules, while the deletion BXCP2 or DCP1severely impairs growth. In order to preserve
more physiological conditions at the time of analysis, we asgtp2degrormutant which,
upon auxin addition, strongly decreases mRNA decapping, protecting mREeksls from
the Xrnl exonucleolytic degradation (see Figyand FigeV3A). We mapped and quantified
51% -4nds genome-wide in a wild-type and in single and double mutant strains combining
thedcp2degrormutant with vV N Dor"V N Lmutations. We used an anchored oligo-dT cDNA-
SULPLQJ VWH S-aNdRRNAIsQddenEiny librafes (see Materials and Methods). Since
WKHY%1$ GHJUDGDWLRQ LQWHUPHGLDWHY DUH SUHGLFWHC
vitro polyadenylation step usinglyA polymerase. RNAs were extracted after two hours of
auxin treatment. Note that the vast majority of the Dcp2 protein was already depleted after
one hour of auxin treatment (FEEV3A). However, we performed RNA analysis after two
hours of treatment in order to allow degradation intermediates to accumulate (see below).
Examining the results with the Integrative Genomics Viewer (IGV) (Robiesai 2011),
one of the most striking phenotype observed with @& S G H J U RiQubM Mnlutaint in
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comparison with thelcp2degronsingle mutant was an accumulation, for many mRNAs, of
WULPPHG Y HQGVY RYHU D GLVWDQFH RI DERg3ANand BBXFOHRW
and FIigEV % 7TKHVH 1 WULPPHG WUD Q \Helddp3daigvonZdiMINH. QR W Y|
single mutants.:H LQWHUSUHWHG WKHVH VKRUNQBEJWLG®DHW EF
intermediates that accumulated over the Dcp2 depletion period (2 h in this experiment) when
WKHTIHIRQXFOHRO\WLF DFWLYLW\ RI WKksH[®RWVEBRBK LV YHI
complex disruption in théV N Lmutant. Importantly, similar degradation intermediates were

also observed in th& F S G H J U RdQubleNniutant, confirming on a genome-wide scale
WKDW 6ND LV LPSRURWGBDR® W HR D\ VEHaghesZzebt\with e observation

made with thd?GK1pGreporter gene (Fig 2C). Although the deletion of eitBi€Alor SKI2

in a dcp2degronbackground showed similar effects on relatively lonfj8 75 (Fig3A),

removal of Skal did not result in changes for most mMRNAs with very short (less than ~60-70
nucleotides) 9 83 @ig3B and FigeV3B).

Using Northern blot analysis upon RNase H digestion, we confirmed that the extent of

T HQG WULPPLQJ ZD Vduatd lfepa @epletRQ(FE\K3B; note that the
RPS31JHQH EHORQJV WR WKH 3VKRUW ¢875". HDdVtHek R U\ QR
shortened transcripts most likely correspdod § § 51%$ GHJUDGDWLRQ LQWHUF
accumulated following Dcp2 depletion.

We investigated the correlation betwedKH OHQJWK RI WKH 9875 DQG
6ND UHPRYDOYRRHWKMHGOWLRQ 7R WKLV H@QSanaly$isHAUIRUPH
WRWDO P513%V DQG RQ P51%V GLYLGHG LQWR WKUHH JURX:
JHQHYV ZLWK VKRUW 9875V WR QXFOHRWLGHYV JHQHYV

WR QXFOHRWLGHY DQG JHQHV ZLWK Fi§8CHVINORQJIJHU
order to specifically analyze the degradation intermediates, we eliminated from the analyses
the normal cleavage and polyadenylation sites (i.ebdma fidecleavage and polyA sites) as
determined with the samples in which the vitro polyadenylation step was omitted.
Furthermore, to avoid the metagene signal being dominated by a few strongly expressed
genes, the number of reads were normalized by the relative expression of the corresponding
genes, as determined by standard RNAseq (see Materials and Methods).shignw3Fthat
ORQJ 1875V VKDUHG D VLPLODU SURILOH RI DFFXPXODWLR(
DEVHQFH RI 6ND RU 6NL ,Q FRQWUDVW LQ Wl€dtHde}URXS R
(Fig 3D),the degradation intermediates accumulated to a much lower extent in the absence of
Skal when compared to the absence of Ski2. The group of genesQWihHUPHGLDWH 8
lengths exhibited an intermediate phenotype (Fig 3E). Note that Skal still retained some
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DFWLYLW\ IRU P51$V ZLWKLQ FYyRB). O« possiMe ekplaritiorr orD V V
this observation is that some mRNAs are poorly translate kY UHTXLULQJ 6ND IRU V
degradation by the exosome. For example, uUORFs containing mRNAs are known to be
generally poorly translated (Arribere & Gilbert, 2013). Fig&¥4A shows three uORFs
containing mMRNAs with short 8 7$5 These mRNAs behave as XUTs and SUTs and Skal
is therefore asPSRUWDQW DV 6NL IRy ZHKHULDGEHWLRRMHQWRZHYHU
translated mRNAs with 1 8 7sbshorter than 60 nucleotides generally do not require Skal for
WKHLY GHJUDGDW L-Bx@sdine #érigtex6 The fact that Skal was not required for
HITLFLHRWHIJUDGDWLRQ RI VKRUW 19875V ZDV FRQVLVWHQV
UHSRUWHU FRQVWUXFW ZKLFK KDV QR 1875 ZDV QRW VHC
to the PGK1pGreporter transcript (Fig 2A). Naturally occurring premature polyadenylation
sites, located within coding sequences, have been described for genes RNAl4sand
AEP2 (Sparks & Dieckmann, 1998). Such prematurely terminated transcripts have all the
attributes of natural NSD substrates. Indeed, we observed a strong accumulation of the
corresponding transcripts in the absence of Ski2 but not in the absence of Skal, both within
WKH fHQG 5 l1¥svidiZed@ing [Vand Northern blots (Fig 4A). Furthermore,
these accumuldiG WUDQVFULSWY ZHUH DOUHDG\ GHWHRWHG LQ
vitro polyadenylation, demonstrating that they were polyadenyiatedo (Fig 4A-D). These
transcripts accumulated upddKI2 deletion to a much greater extent indap2degron
background than in the wildlW\SH EDFNJURXQG V-KRZAGHJIU WEDW.L R/®& HS D
remains important even for these non-stop transcripts.

We have previously shown that NSD substrates are associated with the ribosome
(Schmidtet al, 2016). These results suggested that Skal could be specifically required with
the SKI complex to target cytoplasmic RNA regions devoid of ribosomes. To analyze a set of
transcripts with little association with ribosomes, we examined IncRNAs such as the XUTs
and the SUTs, which are cytoplasmic pervasive transcripts containing only short spurious
25)V DQG YHU\ ORQJ XQWUDQVODWHG T UHJLRQV :H DOLJ
WKHLU WUDQVFULSWLRQ WHUPLQDWLRQ VLWHV 776V ‘H F
the absence of Skal and in the absence of Ski2, which was fully consistent with our
hypothesis (Fig 3G and 3H). The observation that the deleti@Kafl or SKI2 had similar
effects on the accumulation of XUTs or SUTs was confirmed by an RNASeq approach (Fig
3l). We used the TruSeq stranded mRNA sequencing kit to construct RNA libraries and
guantified transcripts in various strains. Since the mutants of interest are involved in the

classical MRNA degradation pathway, we ad8egombesells to theS. cerevisiaeell pellet
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for spiked-in normalization. We impat G W-KH SPWKzZD\ E\ GHSOHWLQJ 'FS
lacking SKAlor SKI2 We clearly observed a similar accumulation of the XUTs and SUTSs in
these strains. In contrast, mMRNAs accumulated more in the absence of Ski2 than in the
absence of Skal (Fig 3J). This observation is consistent with the synthetic lethal effect on the
growth that we observed previously (Fig 2D). Using IGV, we focused on specific XUTs and
verified their enrichment by Northern blot (Fig 4E and 4F). These transcripts accumulated
upon depletion of Dcp2 and the effect was more marked when the depletion of Dcp2 was
combined with a deletion @&KI2or SKA1
The HAC1 gene is of particular interest to discriminate between the effect of Skal on
ribosome associated and ribosohg-HH 51$ 9§ HIQAGMrarsKrigt contains a peculiar
intron, which is cleaved by a splicing endonuclease complex generating two cleavages, one at
the end of exod and one at the end of the intron (Sidraeslal., 1996) 7KH FOHDYHG f{H
of exon 1 is associated with a ribosome but not the intron (Guydosh & Green, AG14).
observed that the removal of Skal resulted in the accumulation of anl-éxoon
intermediate while no effect on exon 1 was observed. In contrast, the absence of Ski2
impaired the degradation of both transcripts (Fig 4G and 4H). Altogether, these results show
WKDW 6ND LV UHTXLUHIGGIRIU IV& Bl WH Rige IRN QMO Fs\LE Rdt
for the degradation of RNA regions associated with ribosomes, such as NSD substrates or
YHU\ FORVH WR WKHLU fHQG HyEV$B). ZLWK VKRUW 9875V
The different effect of SkkUHODWLYH WR WKH 9875 OHQJWK FRX
presence of two distinct SKI associated complexes. Indeed, affinity purification experiments
led to the identification o& SKI complex associated with the ribosome and one associated
ZLWK 6ND 7KH IDFW WKDW YHU\ VKRUW 9875V ZHUH QRW (
their degradation suggested that, in contra®PtB QJHU 9875 WKH SUHVHQFH RI
FORVH SUR[LPLW\ ZLWK WKH ¢ HQG RI WKH WUDQVFULS
ribosome/SKl/exosome complex (Schmettal, 2016) by recruitment of a SKI compléx
the terminal ribosome on the translated ORF. In contrast, when the last ribosomag fsom
WKH P51% THQG DV LV WKH FDVH ZLWK P513%V ZLWK ORQJ
FRPSOH[ WR WDUJHW th Ebderieé $f afdite€gtGnteracon with the terminal

ribosome.

Two different SKI complexes for two different classes of substrates

All our results point to the existence of two distinct SKI complexes: one containing
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Skal to specifically target ribosomeJ HH 51$% THQGV DQG RQH ODFNLQJ 6N
direct association with the ribosome. In this model, Skal may act as a specific competitor for
binding to the SKI ribosome-interacting surface, preserving a fraction of the SKI complex
from interacting with ribosomes and allowing it to directly target ribosdided H 51$% JTHQGV
According to this model, overexpression of Skal should prevent SKI complexes from
interacting with ribosomes, which should specifically affect the NSD degradation pathway but
not the degradation of ribosome-free RNA regions.

To test this prediction, specifically the potential competition between Skal and
ribosomes for the activation of the SKI complex, we investigated the effecBKAf
overexpression on RNA degradati@KAloverexpression resulted in a strong accumulation
of the Non-Stop ProtA (Fig 5A). In contrassKAL overexpression had no effect on the
degradation of XUTs (Fig 5B), yet was able to complemenS&wldeletion, showing that it
did not impair the function of the SKI complex for the degradation of ribosome-free RNA
sequences. These results are fully consistent with a model where Skal antagonizes the
formation of ribosome-SKI complexes, which are involved in the NSD pathway as well as the
degradation of translated RNA sequences (Schetidt 2016). Therefore, we postulated that
SKA1 overexpression should promote the formation of the small complex visualized in a
sucrose gradient to the detriment of the SKI/80S particle. To test this hypothesis, we
examined the sedimentation of Ski3-TAP in a sucrose gradient 8KAdis overexpressed.

In agreement with our hypothesis, we observed that the Ski3-TAP sedimentation profile shifts
from the 80S to the region were Skal-TAP normally sediments (Fig.BQighter fractions
around the 40S peak (see EID).
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Discussion

The SKI-6ND FRPSOH[ LV LQYRGHHGDGQDWKRQIIRI P51% 875V

It has been known for a long time that the SKI complex operates in the cytoplasm as
an exosome cdDFWRU WR GHJUDGH 51%V IURP WKHLUonlfy HQGYV
involved in the general mMRNA degradation pathway but also in aberrant mRNA degradation
pathways such as the NSD or the NGD (Anderson & Parker, 1998; varetalo2002). The
recent finding that the SKI-exosome complex functions co-translationally and that the
helicase activity of Ski2 is activated by its direct association with the ribosome (Sehmldt
2016) created a paradox because it is at odds with previous observations showing that the SKi
FRPSOH[ LV UHTXLUHG 9 RGHWMKMHG B WILRLH @ WidstldevoRI &7 5
ribosomes (Anderson & Parker, 1998). The context in which the SKI complex operates for
this specific function thus required further characterization. Using affinity purification
followed by quantitative mass spectrometry analyses, we identified a new component, Skal,
specifically associated with a subpopulation of the SKI complex {Fifig EV2). We
demonstrated that this factor assists the SKI complex in the general mRNA degradation
pathway but is not involved in the Non-Stop mRNA decay mechanism (Fig 2). The
synergistic growth defect observed upon deletio®ikAlandDCP2 was consistent with a
role of Skal in the general mMRNA decay (Fig 2D). We also showed that Skal might associate
with ribosomes only indirectly by the intermediate of mRNAs (Fig-Lythermore, we found
WKDW ZKHQGMKHDGDWLRQ SDWKZzZD\ ZzDV LPSDLUHG E\ D GF
SKI complex were required for the efficient degradation of RNA regions devoid of
ribosomes, such asy 8 7$5(Fig 2C) or cytoplasmic non-coding RNAs (Fig 3I, 4E and 4F). In
FRQWUDVW WR 6NL 6ND LV QRW UHTXLUHG IRIldg3®B,KH HIILF
3D and S3B) or non-stop substrates, such as mRNAs prematurely cleaved and polyadenylated
within their open reading frames (Mé to 4D). Finally, we showed that overexpression of
SKAlcompetes with the interaction between the SKI complex and the ribosonts).(fig
propose a model in whicWKH JHQMHUDEA$ IGHIJUDGDWLRQ SDWKZD\ FR
steps after deadenylation (Fig 6). First, a Skal-associated SKI complex would assist the
exosome to degrade ribosome-free RNAs, suchfa8 7 BRNA regions, until it reaches the

coding regions where it would encounter ribosomes. At this point, there are at least two
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models: the Skal-SKH[RVRPH LV H[FKD Q UUWHH [-Bgdsdne éosplex, which
can directly interact with the ribosome; alternatively, Skal dissociates from the SKI-exosome
complex, allowing it to directly interact with the ribosome while remaining on the RNA being
degraded (Fi®).
The question arisessto know at what point the switch from the Skal-SKI complex to

the ribosome-SKI complex occurs. In many instances, (segB-and S3B), we observed that
Skal was not required for the activity of the SKI complex on mRNAs WAil8 7 5s shorter
than about 60 nucleotides. This was confirmed by a genome-wide analysis, which showed that
6ND KDG OLWWO H HE HH B\ GRIBMISEK @ nfRINAY (FigD and see below).
Figure S% VKRZV H[DPSOHV RI P51%$V ZLWK LQWHUPHGLDWH

QXFOHRWLGHV ,Q DOO F-DegiddatioV infermediates Svek& dhserted R
between theGFS GHJ avidNdcp2dH J V Niutants until a distance of 55 to 67
nucleotides from the first nucleotide after the stop (sizes measured from the first nucleotide
after the stop codon), from which Skal was no longer required (no accumulation of
degradation intermediates) while Ski2 was. Interestingly, if one estimates the length of the
RNA expected to be protected by the ribosome-SKl-exosome complex, one finds similar
figures. More specifically, the ribosome on the termination codon has been shown to protect
about 12 nucleotides following the stop codon (18 nucleotides when counting from the first
nucleotide in the P site) (Archeast al, 2016). Adding the length of the RNA fragment
protectedin vitro by the SKI complex (9-10 nucleotides) (Halbathal, 2013)) and by the
exosome (31-33 nucleotides) (Malet al, 2010) gives an expected range of protection
between 52 and 55 nucleotides, counting from the first nucleotide following the stop codon.
This length range, when compared to the 55-67 nucleotides distance from the stop codon from
which Skal becomes dispensable E\B) suggests that Skal is no longer required as soon
DV WKH 6., FRPSOH[ ZKLFk 15 DRIRJHN ZHWKUWRRH fSURFHVV
(Dziembowskiet al, 2007), comes sufficiently close to the last ribosome sitting on the stop

codon to directly interact with it.

What is the precise molecular function of Skal?

We have shown in this work that Skal is required for the activity of the SKI-exosome
complex during the degradation of ribosome-free RNA sequences. However, the precise
molecular function of Skal within the Skal-SKI-exosome complex remakmown. Skal is
a highly basic (pl: 9.65) protein of 32.3 kDa. Although homologs can be found in other fungi
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(SGD projet; https://www.yeastgenome.org/cache/fungi/YKL023W.html), it does not harbor
any known protein domain and is therefore unlikely to have an enzymatic activity.

7KH 6., FRPSOH[ KDV EHHQ VKRZQ WR KDYH D VWURQJ
RNA overhangs that are likely to be abundant in cells and thus susceptible to sequester most
SKI complexeqSchmidt et al., 2016). We have shown that the overexpressiSiKAt is
able to divert the bulk of SKI complexes from interacting directly with ribosomeS$jFigis
possible that the major role of Skal is to prevent a fraction of the SKI complex from
interacting with ribosomes, making it available for assisting the degradation of ribosome-free
RNA sequences. According to this hypothesis, the only function of Skal would be to act as an
antagonist of the SKI-ribosome interaction. Yet, the determination of the structure of the SKI-
ribosome complex showed that the interaction between Ski2 and the 40S is important to
activate the Ski2 helicase (Schmettal, 2016). This raises the possibility that Skal would
play a similar role when it interacts with the SKI complex. Further experiments will be
required to verify this possibility.
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Materials and Methods

Yeast strains and plasmids

Yeast strains and plasmids used in this study are listed in Appendix Table S1 and S2,
respectively. The yeast strains generated for this study were obtained by transformation of
genomic PCR products. The details for each construction are available upon request. The
URA3 marker present in TAP-NS and TAP-Stop plasmids was replaced_ByJ2 marker
using the following strategy. TheEU2 gene from pRS305 was amplified by PCR using
oligonucleotides QD139 and QD140 and transformed in yeast cells with plasmid TAP-NS or
TAP-Stop linearized with EcoRV for recombination. pCM190-SKAie SKA1 gene was
amplified by PCR using oligonucleotides EZ091 and EZ092 from BY4741 genomic DNA and
the fragment cut with BamHI and Notl and subcloned into pCM190 plasmid cut with the

same enzymes.

Polysome gradients, proteins extraction and western blotting

Polysome extracts and sucrose gradients were performed as described (Defenouillere
et al, 2013). Total proteins extracts were obtained by alkaline treatment usigg Bid-log
phase yeast cells. The extracts were separated on 10% SDS-PAGE polyacrylamide gel. The
proteins were transferred on nitrocellulose membrane using a Biorad semi-dry machine. The
membrane was hybridized with appropriate antibody dilutions as mentioned in Appendix
Table 3.

RNA extraction and Northern blot analysis

Total RNA was purified from 12 &0 mid-log phase yeast cells using the hot acid
phenol protocol (Collart & Oliviero, 2001). RNAs were separated on 1% agarose gel,
transferred on nylon membranes (Hybond N+, Amersham) and probed*3®ifabeled
oligonucleotides or with**P-labeled RNA probe synthetized according to the Ambion

MAXIscript® Kit procedure using the oligonucleotides listed in Appendix Table 4.

Libraries construction

Three independent biological replicates were generated for wild-type, single and
double mutant strains. Cells were grown to exponential phase and treated with auxin (final
concentation 0.1mM) for 2h. Reference aliquotSahizosaccharomyces pomiere added
and total RNA isolated. Five ug of total RNA were treated with Turbo DNAsel for 20 min. at
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37°C. Atfter phenol/chloroform extraction, RNAs were precipitated with ethanol and
resuspended in water. A depletion of the ribosomal RNA was performed using Ribo-Zero

Gold rRNA removal kit for yeasts (lllumina). Removal of the rRNA was verified using a
Bioanalyzer. Ann vitro polyadenylation was performed with 4 units of PAP in the presence

of 50 puM cordycepin and 1mM ATP. After phenol/chloroform extraction, RNAs were
SUHFLSLWDWHG ZLWK HWKDQRO DQG LWSey KvaBdesQerd G LQ .
FRQVWUXFWHG XVLQJ WKH /HdR LHrQry xep Rivfos Humin§ (Revl $

with CUWWWRP 6HTXHQFLQJ S3ULPHU DFFRUGLQJ WR PDQXIDFWHL
were made using 5 pg of total RNA treated with Turbo DNAse and Ribo-Zero as described
above. The libraries were constructed using TruSeq stranded mRNA LT sample prep Kits
(IOOXPLQD DFFRUGLQJ WR WKH PDQXIDFWXUHUYV LQVWUXF
are indicated in Appendix Table 5. The reproducibility of the experiments was tested by
Principal Component Analysis (PCA) for three independent biological replicates per strain.

The replicates for each mutant strain clustered together and aside from the other strains (Fig

EV5A). The genome-wide analysis for each replicate before merging is shownEN 5]

Bioinformatics analysesare described in the Appendix.

The sequencing data are available from European Nucleotide Archive (accession number
PRJEB27292, http://www.ebi.ac.uk/ena/data/view/PRIEB27p%r all TTS sequencing
samples under the accession codes ERS2548668 to ERS2548690 and for all RNA sequencing
samples under the accession codes ERS2548828 to ERS2548845.

Affinity purifications coupled to mass spectrometry

Affinity purifications were performed using 4 liters of culture atgoAs described in
(Defenouillereet al, 2013). Briefly, proteins were digested in solution and then peptides were
analyzed using an LTQ-Orbitrap Velos. Protein identification and comparative label-free
guantification were performed using the MaxQuant suite (version 1.5.5.1) and the Andromeda
search engine. Quantifications were done using the algorithm integrated into MaxQuant to
calculate Label Free Quantification intensiti@ppendix).
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Legends

Figure 1. Skal is associated with the SKI complex AAffinity purification using Skal-TAP

and Ski3-TAP. The components of the TEV eluates were separated on a polyacrylamide
NuPAGE Novex 4-12% Bis-Tris gel (Life Technologies) and visualized with Coomassi blue
staining. MW: Molecular Weight markeB. Statistical analysis of the fold enrichment of
protein after one-step affinity purification using the Ski3-TAP as a bait (six replicates)
followed by mass spectrometry analysis (LC-MS/MS). The enrichment was calculated
relative to a control purification using the untagged reference strain BY4741 and represented,
on the x-axis, as log2(LFQ Ski3-TAP/LFQ WT) where LFQ stands for Label Free
Quantification (LFQ; Appendix The y-axis represents the value distribution (-log10

p value) calculated usingth 6 WXGHQWV W WHVW IRU DOO LGHQWLILHC
Red; the SKI complex; yellow, the exosome; blue, the small subunit ribosomal proteins -
RPSs; green, the large subunit ribosomal proteins - RPLs). The diamond indicates the protein
used as a bait for the affinity purification. Proteins above the curved lines show a statistically
significant enrichment according to théest value (see datasé¥1). C. Same as in (B) but

for the Skal-TAP purification (six replicate§). Total cellular extracts from cells expressing
either Ski3-TAP or Skal-TAP or Pabl-TAP were separated on a sucrose gradient (10-50%)
by ultracentrifugation. Proteins of each fraction were analyzed by Western blot using a PAP
antibody for the detection of the TAP fusion protein and anti-Nogl antibody to mark the 60S
fraction. E. Total cellular extracts were treated with RNase before loading on the sucrose

gradient and analyzed as in (D).

Figure 2 6ND LV LQYRO Y-HIG PI5Q $W&HJ UP G D W LR Qka$ IsWidt ZD \
required for NorStop mRNA degradation. Total cellular extracts were prepared from strains
transformed with the reporter plasmids TAP-Non-Stop, -®&MIS3, TAP-Stop or GFP-

HIS were separated on a 10% SDS-PAGE polyacrylamide gel. Protein A and GFP were
revealed by Western blot using a PAP antibody and an anti-GFP antibody, respectively. A
loading control was obtained using an anti-G6PDH antibBdyschematic representation of

the PGK1 reporter gene (Anderson & Parker, 1998). Top: the grey box represe@élhie

promoter region (PrGAL), the white boxes &K1 transcribed sequences and the black box

the polyG tract inserted just downstream of tR&K1 stop codon. Bottom: the 170
QXFOHRWLGHV IUDJPHQW WKDW DFFXPXO-DWH VRaMiED UHV X C
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degradation by the polyG sequen€e.Total RNA from wild-type, VND V NLarid VNL ~
strains was separated on a 6%-Urea polyacrylamide gel. Northern blot was performed with a
[**P]-polyG probe. The membrane was then hybridized with*’@}-fadiolabeled SCR1
oligonucleotide as a loading control. MW: positions of the DNA fragments (in nucleotides)
used as molecular weight ladd@&. V N Dis"synthetic lethal with thecp2degron mutant.

Serial dilutions of yeast strains, as indicated, were spotted on rich medium plates in the

presence or absence of auxin (M) and incubated for 48h at 30°C.

Figure 3. Skal and the SKI complex are required to degrade cytoplasmic RNA
sequences devoid of ribosomes A-Blisualization of two lociFRA2 ORQJ 91875 DQG
SNA3 VKRUW 875 XVLQJ ,*9 WR VKRZ WKH @feXdes DWLRQ
WKH DEVHQFH RI WKH 6., FRPSOH[ RU LQ WKH DEVHQFH R
SDWKzZD\ LV FRPSURPLVHG 7KH QDPH RI WKH VWUDLQV L
VWDQGLQJ IRU 3FRQWUR OinH/[t® Hoabddyaion ¥ WMISR X WOW RHAL Q J
YLVXDOL]DWLRQ RI WKH QDWXUDOO\ SRO\DGHQ\ODWHG 1 H
GHSLFWV WKH 8t thavhieklbdk keptedadti@dtthe end of the ORF and the line

WKH 8. 7&enomeZL GH D QD GandLmRNAs whh protein-coding genes aligned

ZLWK WKHLU VWRS FRGRQV 7KH FXUenddnréad @@BisHF@® vaeh WK H (
condition, computed for each position ranging from -150 to +300 nucleotides relative to the

stop codons (see Materials and Methods for more details). The distributions correspond to the
average distributions of 3 independent replicates (se&¥&B for the data from all single
experiments)D-F. $V LQ & EXW IRU WKUHH JURXSV RI JHQHV FODV
length.G-H. As in (C) but for XUTs and SUTs aligned on the transcription termination sites
(TTSs) and for positions -300 to +150 nucleotides relative to the T-IUS.Frequency
distributions of the ratios of RNAseq read counts for mutant mRNAs compared Wdth wi

type for mMRNAs (J) and XUTs and SUTSs (I), respectively.

Figure 4. Skal is required for the degradation of XUTs but not of NSD targetsA.
Visualization of theRNA14locus using IGV. Rows labeled as in BigB. Northern blot of

total RNAs from strains treated with auxin for 2h. RNAs were separated, after denaturation at
65°C in formazol, on a 1% agarose gel and the blot hybridized witfP& fadiolabeled
RNA14RNA probe (see Appendix) and then with®*#P]-radiolabeledSCR1oligonucleotide

probe as a loading control. The different forms of the mRNA are schematized on the right by
black lines, with the position of the RNA probe in oran@eD. as in (AB) but for theAEP2
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transcript. E-F. as in (A-B) but for the XUT_5F139 transcript; the Northern blot was
performed with total RNAs from yeast strains treated or not with auxin for 2h. An rRNA 25S
oligonucleotide probe was used as a loading corBoVisualization of theHAC1 locus in

the different strains using IGV. The orange dotted lines indicate the splicing-sitesin (B)

but for theHACL1 transcripts. The dotted and thick black lines on the right schematize the

intron and exon sequences, respectively.

Figure 5. Skal overexpression affects Non-Stop mRNA decay Aotal cellular extracts

from the strains transformed with the TAP-Non-Stop or the TAP-Stop reporter genes as
control were separated on a 10% SDS-PAGE polyacrylamide gel. Protein A was revealed by
Western blot using a PAP antibody. A loading control was done using anti-G6PDH antibody.
B. Northern blot with total RNAs from strains transformed with the empty vector pCM190 or
the pCM1906.$% SODVFKAGRY¥HUH[S ° DQG WUHDWHG ZLWK DX[LQ
probes for XUTs 14_F-259 and 5_F-139. A 25S-specifie}{radiolabeled oligonucleotide

was used for a loading contr@. Total cellular extracts from cells expressing Ski3-TAP and
transformed with the empty pCM190 vectof)(or with pCM190-SKA1 vector§KA1OE)

were separated on a sucrose gradient (10-50%) by ultracentrifugation. Each fraction was
analyzed by Western blot using PAP for the detection of the TAP fusion proteins, as

indicated. An anti-Nog1l antibody was usedhtark the 60S fractions.

Figure 6. Model for SKI-ribosome and ribosome-independent SKI complexes functions

,Q D ILUVW VWHS WKH 6ND DVVRFLDWHG 6., FRPSOH[ GH.
ribosome; in a second step, when the SKI/Skal complex reaches the coding sequence, there is
an exchange between Skal and the ribosome for its association with the SKI complex (top).
Alternatively (bottom), the Skal-SKI complex is exchanged for the simple SKI complex,

which can directly interact with the last ribosome on the mRNA.
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Expanded View Figure Legends

Figure EV1. Ski3-TAP is functional and Skal-TAP is partially functional

Single (VN L V N D Skal-TAP, Ski3-TAPdcp2deg or double GFS GHJ d¢pdeg

V N D d¢p2degSki3-TAP, dcp2degSkal-TAP) mutant strains were spread on rich medium
plates with or without auxin (IAA; 0.1 mM) and incubated for 48h at 30°C.

Figure EV2. Relative protein abundanceEach stacked histogram shows the median of the
label free quantification (count; arbitrary units) of each protein in log2 scale in purified SKI3-
TAP and purified SKA1-TAP as well as in the total extract of WT cells (data from Nagaraj et
al, 2012). Purified samples (Ski3-TAP, Skal-TAP) showed enriched proteins (colors, as

indicated) when compared to tiMT total extracts.

Figure EV3. Examples of RNA intermediates accumulated in mutant straing\. Total

cellular extracts from thetGFS GHJ aWdNGFS GHJ sttdri3 tieated with auxin for

different times were separated on 10% SDS-PAGE polyacrylamide gel. The Dcp2 protein
fused to Flag tag was revealed by Western blot anti-FLAG antibody. A loading control of the

total protein amounts was done using anti-G6PDH antibBdyisualization (using IGV) of

WKH fHQGV ZLWK RU ZLW K RoadeniAatidn Gte Adhy (lefvipame)L Q Y LV
RU VKRUW 1875 ULJKW SD @HDK H RQWHQ-EndRIchii @ HMEO R F L
RPS31 mRNA intheGF S G H Jddullé niutant depends on the length of auxin treatment

WT, dcp2deg GFS GHJoOVBES GHJ célN vere exposed to auxin (0,1 mM) for O,

1, 2 or 4 hours, as indicated. Total RNAs were extracted and treated with RNase H in the
presence of an oligonucleotide (EsD11) complementary to a sequence located close to the end

of theRPS310RF (from -75 to -58 nucleotides from the stop codon). RNA was separated on

a 6% polyacrylamide gel, transferred to a nylon membrane and hybridized witR]a |
radiolabeled RNA probe complementary to sequences -57 to -29 relative to the stop codon
(RNA was generated by Tih vitro transcription in the presence off]-UTP and the

hybridized oligonucleotides EsD12 and AJ529). The asterisk marks a crosshybridizing RNA
migrating in the tRNA region of the gel. Note that the length of the rR&B831species

(noted RPS31 on the gel) shortens upon auxin treatment, denoting accumulation of
deadenylatedRPS31lafter Dcp2 depletion. The lengths of the smears below the RRS81
VSHFLHVY ODEHOHG 3GHJUDGDWLRQ LGWS GRHGKHBDW HYV '’ R
PXWDQW DV H[SHFWHG IRU 1 WULPPHG VSHFLHV DFFXPXC
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Figure EV3B), gets longer with the length of auxin depletion.

YLIXUH (9 9LVXDOL]DWLRQ Rl 9 GHan¢@sBve R @Q-BLQIWHUPH
JHQHV ZLWK VKRUW 9875 BXRWFRWIYLRDLWYK KQWMUPHGLDW
(B) The double arrowed lines show sequence length in nucleotides (nt).

Figure EV5. A. Dimensionality reduction in TTS-seq and RMNAQ libraries analyses
generated by SARTools package (see Appendix). The plots show the first three dimensions of
PCA for all conditions tested. In left: PC1 vs PC2. In right: PC1 vs BCBisualization of

the genome-wide analyses, as in Figure 3, but for all individual replicates.
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