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Abstract

Nonsense-mediated mRNA decay (NMD) is a translation-dependent RNA degradation pathway
involved in many cellular pathways and crucial for telomere maintenance and embryo development.
Core NMD factors Upf1, Upf2 and Upf3 are conserved from yeast to mammals, but a universal NMD
model is lacking. We used affinity purification coupled with mass spectrometry and an improved data
analysis protocol to obtain the first large-scale quantitative characterization of yeast NMD complexes
in yeast (112 experiments). Unexpectedly, we identified two distinct complexes associated with Upf1:
Detector (Upf1/2/3) and Effector. Effector contained the mRNA decapping enzyme, together with
Nmd4 and Ebsl, two proteins that globally affected NMD and were critical for RNA degradation
mediated by the Upfl C-terminal helicase region. The fact that Nmd4 association to RNA was
dependent on Detector components and the similarity between Nmd4/Ebs1 and mammalian Smg5-7
proteins suggest that NMD operates through successive Upfl-bound Detector and Effector complexes
in other species. This model can be extended to accommodate steps that are missing in yeast, and thus
serve for mechanistic studies of NMD in all eukaryotes.
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The first extensive characterization of nonsense-mediated mRNA decay (NMD) complexes

in yeast led to the depicted Detector/Effector model, in which only universally conserved

proteins are involved.

NMD factors bind to the core NMD protein Upf1 as two distinct complexes.

Detector (Upf1/2/3) leads to Effector (Upfl/decapping/Ebs1/Nmd4) formation on
RNA.

Smg-5/7 (Ebs1) and Smg-6 (Nmd4) homologues are required for yeast NMD.
The Detector/Effector model of NMD might be universally conserved.

An extended Detector/Effector model includes additional layers of complexity and
incorporates the exon-exon junction complex and Upf1 phosphorylation.
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Introduction

Nonsense-mediated mRNA decay (NMD) is a major surveillance pathway defined by its importance
for the fast decay of mRNAs with premature termination codons (PTC). Rapid translation-dependent
RNA degradation prevents the production of truncated proteins (Hall & Thein, 1994) and reduces the
loss of ribosomes “locked” on RNA at aberrant termination sites (Ghosh et al, 2010; Serdar et al,
2016). NMD factors are essential for the development of metazoans (Medghalchi et al, 2001) and
participate to telomere maintenance and telomerase activity regulation in yeast (Addinall et al, 2011)
and human cells (Azzalin et al, 2007). As a quality control pathway, NMD shapes the transcriptome of
eukaryotic cells, both under normal and pathologic conditions, including cancer (Lindeboom et al,
2016). While NMD substrates were initially thought to be rather rare, single-nucleotide resolution
RNA sequencing in yeast revealed that genome-wide transcription generates thousands of RNAs that
are degraded by NMD (Malabat et al, 2015).

Large-scale results confirmed and validated previous studies on individual NMD reporters that
described two classes of NMD substrates: one in which a long 3’ untranslated regions (UTR)
extensions follows a short coding sequence and another that includes an exon-exon junction, bound by
the exon-exon junction complex (EJC), downstream a stop codon. While long 3’-UTRs destabilize
RNAs in all the eukaryotes studied to date, EJC-enhanced NMD is absent from S. cerevisiae, S. pombe
(Wen & Brogna, 2010) or C. elegans (Gatfield et al, 2003). Most of mRNAs physiologically regulated
by NMD belong to the long 3’-UTR category (Yepiskoposyan et al, 2011) but many mRNAs
generated by point mutation in neoplastic cells belong to the EJC class (Lindeboom et al, 2016).
Degradation of both types of NMD substrates requires three universally conserved “core” factors:
Upfl, Upf2 and Upf3 (Leeds et al, 1992, 1991; Cui et al, 1995; Pulak & Anderson, 1993; Perlick et al,
1996). Independent of the initial triggering feature, RNA degradation in NMD occurs through
activation of general RNA degradation pathways: decapping and endonucleolytic cleavage. Final
degradation of RNA depends on the major 5’ to 3’ exonuclease Xrnl1 (He & Jacobson, 2001) and the
cytoplasmic exosome 3’ to 5’ exonucleolytic activity (Eberle et al, 2009).

How the NMD machinery differentiates normal termination codons from PTC has been a long-
standing question (He & Jacobson, 2015). For long 3’-UTR NMD substrates, the prevalent model
proposes that detection of a stop codon as premature occurs when the stop is far from the poly(A) tail,
it is the faux 3’-UTR model(Amrani et al, 2004). In this model, the polyA-binding protein, Pab1 in
yeast and PABPC1 in mammals, affects translation termination efficiency. Slow termination allows
recruitment of Upf1, Upf2, Upf3, which leads to rapid decapping and degradation of NMD substrates
(Muhlrad & Parker, 1994, 1999). A long distance from the PTC to PABPC1 triggers NMD in all
studied species (Biihler et al, 2006; Eberle et al, 2008; Singh et al, 2008; Huang et al, 2011).

EJC-enhanced NMD does not require a long 3’-UTR and depends on an exon-exon junction located at
more than 50 nucleotides downstream the PTC (Holbrook et al, 2004; Maquat, 2004). EJC positioning
is an important element of the prevalent model for the first steps in mammalian NMD, called
SURF/DECID. This model involves the formation of an initial complex that contains a ribosome
stalled at a termination codon, the translation termination factors eRF1 and eRF3, Upf1 and the protein
kinase Smg1 (SURF). Recruitment of the Upf2 and Upf3 proteins to SURF via a proximal EJC, leads
to formation of the DECID complex in which Upfl N and C-terminal regions are phosphorylated by
Smg1 (Kashima et al, 2006). Phosphorylated Upfl binds the Smg6 endonuclease and the Smg5-7
heterodimer, which, in turn, activates RNA deadenylation and decapping. Recruitment of a
phosphatase ensures the return of Upf1 to its initial state for another NMD cycle (Ohnishi et al, 2003).
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While the SURF/DECID model offers an explanation for EJC-enhanced NMD, it does not apply to
organisms that do not have EJC components, such as the budding yeast, and does not explain how
NMD works on RNAs with long 3’- UTRs. Understanding how such substrates are degraded through
NMD is relevant for mammalian cells since several physiologically important NMD substrates do not
depend on an EJC downstream the termination codon. A salient example is the mRNA of the
GADD45A gene (Chapin et al, 2014; Lykke-Andersen et al, 2014), a transcript whose destabilization
through NMD is essential for the development of fly and mammal embryos (Nelson et al, 2016). It is
possible that EJC-enhanced and EJC-independent NMD are two versions of the same, not yet
understood, generic NMD mechanisms. Such a mechanism is unlikely to rely on a SURF/DECID-like
sequence of events for several reasons. First, even if most of the RNA decay factors, and the key NMD
proteins are conserved from yeast to humans, the SURF/DECID model proposes crucial roles for
factors or events that are not conserved in all eukaryotes. For example, the protein kinase Smgl, a
central component of the SURF complex, has no known equivalent in S. cerevisiae and its absence has
little impact on NMD in D. melanogaster embryos (Chen et al, 2005). Second, a major assumption of
the SURF/DECID model, the role of EJC in bringing Upf3 in the proximity of Upfl (Le Hir et al,
2001; Chamieh et al, 2008), was challenged by very recent biochemical analyses that show
interactions of Upf3 with translation termination complexes independent of EJC components (Neu-
Yilik et al, 2017).

Third, while all the RNA degradation mechanisms can play a role in NMD, the model leaves open the
question of the mechanisms of recruitment for the RNA degradation factors. Major roles have been
attributed to the decapping machinery (Muhlrad & Parker, 1994; Lykke-Andersen, 2002),
endonucleolytic cleavage (Huntzinger et al, 2008; Eberle et al, 2009) or deadenylation (Loh et al,
2013), depending on the reporter RNA used. The molecular mechanisms responsible for the
redundancy and interplay between these different degradation pathways (Metze et al, 2013; Colombo
et al, 2016) remain unclear. Hence, a re-evaluation of the available data and new biochemical results
on the involved complexes are critical to uncover a universally conserved mechanism of NMD in
eukaryotes. Such a mechanism could then serve as the basis to understand the evolution of NMD, its
variations across species and additional levels of complexity.

The enumerated weaknesses of current NMD models originate, at least in part, from the lack of a
global view of the biochemistry of the NMD process. We show here that fast affinity purification of
yeast NMD complexes coupled with high-resolution quantitative mass spectrometry (LC-MS/MS)
allows a global and unprecedented view of NMD complexes. Our results uncover the existence of two
distinct and successive protein complexes that both contain the essential NMD factor Upfl. We
identified two yeast accessory NMD factors that interact with Upfl and become essential for NMD
under limiting conditions. Their similarity with Smg6 and Smg5-7 implies that comparable molecular
mechanisms for NMD have been conserved from yeast to humans. Furthermore, our results suggest
that Upfl might suffer major conformation changes to accommodate a switch from a “Detector”
complex to an “Effector” complex, that triggers RNA decapping, the first step in NMD substrates
degradation.
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Results

Quantitative mass spectrometry reveals the global composition of Upf1 associated complexes

Previous large-scale attempts to describe the composition of Upfl associated complexes in yeast failed
to identify known Upf1 partners, such as Upf2 or Upf3 (Gavin et al, 2006; Krogan et al, 2006; Collins
et al, 2007) even if these studies provided high-quality interaction data on other proteins. This negative
result could be due to the relatively low abundance of Upf2 and Upf3, estimated to 1470 and 1439
molecules per cell (Ho et al, 2018), which places them in the category of the 25% least abundant
proteins in yeast (Fig. 1a). The instability of the complexes during the purification procedure could
also play a role. To overcome these problems we used a combination of fast affinity purification
(Oeffinger et al, 2007) with the current high sensitivity of mass-spectrometry methods for protein
identification. TAP-tagged (Rigaut et al, 1999) Upf1 was isolated from cells extracts obtained from 6L
of yeast culture grown in exponential phase. The total cell extract was used as a reference and an
untagged strain as a negative control. Four hundred proteins were reliably identified in the total extract
and corresponded, as expected, to abundant yeast proteins (the frequency distribution of the abundance
for the identified proteins is shown as dark grey bars in Fig. 1b). Many abundant proteins were also
identified in the Upf1-TAP purified fraction (distribution in dark grey, Fig. 1c). In contrast to the input
fraction, less abundant proteins were also identified in the purified fraction (distribution in light grey,
Fig. 1c).

To assess to what extent the identified proteins were specific to the Upf1 purification, we used a label-
free quantification method based on the intensity of the most abundant peptides for each of the
identified proteins (Silva et al, 2006), a method that accurately estimates protein levels (Ahrné et al,
2013). For each identified protein, we derived a peptide intensity-based score that we called LTOP?2 -
“L”, because it includes a log, transformation, and “TOP2” for the minimum number of required
peptides (see Methods and Supplementary Table 1). The LTOP2 score of proteins identified in the total
protein extract was well correlated with protein abundance estimates (Ho et al, 2018), with a Pearson
determination coefficient of 0.82 (Fig. 1d).

Upf1 had the highest LTOP2 score in the Upf1-TAP purification, as expected, validating both the use
of this MS score for protein quantitation and the efficiency of the affinity purification. Most of the
other proteins with high LTOP2 scores in the purification, such as the plasma membrane proton pump
Pmal, or the glyceraldehyde-3-phosphate dehydrogenase Tdh3 (Fig. 1e), were unrelated to Upf1l or
NMD, but are among the 10% most abundant proteins in yeast. NMD factors Upf2 and Upf3, the best
known partners of Upfl, ranked low in the list of 270 LTOP2 scores, with position 80 and 91
respectively (Supplementary Tables 1 and 2). Thus, many of the proteins present in the affinity
purified sample were contaminants, known to pollute affinity purifications and complicate the
conclusions of such experiments (Mellacheruvu et al, 2013). To filter this type of contamination, we
chose to calculate an enrichment score, which reflects the ratio between the proportion of a protein in a
sample and its proportion in a total extract (Ho et al, 2018). Top enrichment scores corresponded to the
tagged protein Upfl, Upf2 (rank 5) and Upf3 (rank 6), validating enrichment as an excellent noise
removal strategy in the identification of specific partners in affinity-purified samples (Fig. 1f, and
Supplementary Tables 3 and 4). To simultaneously visualize both the amount of protein found in a
purified sample and its enrichment score, we combined LTOP2 and enrichment in a graphical
representation that is similar to the intensity versus fold change “MA” plots used for the analysis of
differential gene expression (Fig. 1g).
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In addition to the canonical Upf1-Upf2-Upf3 interactions (He et al, 1996, 1997), our enrichment
strategy identified the RNA decapping enzyme Dcp2, its cofactor Dcpl, and decapping activators,
Edc3, Lsm1-7, and Patl as Upfl partners. This result was correlated with the requirement for
decapping for the degradation of NMD substrates in yeast (Muhlrad & Parker, 1994). Direct or
indirect interactions of Upfl with these different factors have been previously reported, mostly
through yeast two-hybrid, or affinity purification coupled with immunoblots (He & Jacobson, 2015).
Unexpectedly, two poorly characterized proteins, Nmd4 and Ebs1 ranked second and third in the Upf1
purification. Both proteins were previously linked with NMD. Nmd4 was identified in yeast Upf1 two-
hybrid screen but was not further studied(He & Jacobson, 1995). Ebs1, identified through sequence
similarity as a potential yeast equivalent of human Smg7, a component of mammalian NMD, was
shown to co-purify with Upf1 and to affect yeast NMD (Luke et al, 2007). Other proteins enriched in
the Upf1l-associated fraction by a factor of 10 or more (Rbs1, Hrr25, Gbp2, Garl, Cbf5, Sbp1, Ssdi,
Lsm12, Lhpl and Rbgl) have functions related with RNA metabolism and could be indirectly
associated with the Upfl RNA-containing complexes. None of the proteins found enriched with Upf1
by a factor of 8 or higher were detected in the control purification (Supplementary Tables 3 and 4).
These results indicated that Upfl has more protein partners than previously thought and validated
quantitative mass-spectrometry of purified complexes as a powerful strategy to characterize yeast
NMD complexes.

Upfl-associated proteins are grouped in two mutually exclusive complexes.

Since our data indicated that Upf1 is associated with a relatively large number of factors, and since
Upf1 directly binds RNA (Weng et al, 1998) in large polysomal complexes (Atkin et al, 1997), some
identified interactions could be mediated by RNA. To establish which interactions were RNA
dependent, we repeated the Upf1-TAP purification, in a protocol including two RNase A and RNase
T1 treatments. Ribosome constituents and RNA binding proteins were lost following this harsh RNase
treatment (p-values associated with GO term enrichment analysis between 107 and 10 for the
corresponding terms, Supplementary Table 5). RNase treatment was efficient, suggesting that the
proteins that remained specifically enriched were bound to the Upfl complex through direct protein-
protein interactions. Among these proteins, we identified the decapping enzyme Dcp2 and its co-
factors Dcpl and Edc3, Nmd4, Ebs1, and the protein kinase Hrr25, a homologue of mammalian casein
kinase delta, CSNK1D (Fig. 2a). Upf2 and Upf3 interactions were sensitive to RNase. In view of these
results, and to obtain a global view of NMD complexes in yeast, we affinity purified TAP-tagged
versions of the components of Upfl-associated complexes identified here with or without RNase
treatment: Upf2, Upf3, Nmd4, Ebs1, Dcp1, and Hrr25 (Supplementary Table 4).

One of the most surprising results of the extensive purification data was the difference between the
sets of proteins enriched with Upf2-TAP (Fig. 2b) or Upf3-TAP (Fig. 2c¢) in comparison with Upf1-
TAP (Fig. 1g and 2a). Many of the proteins present in the Upfl complex, such as the decapping
factors, Ebs1, and Nmd4 were absent in the Upf2-TAP and Upf3-TAP purifications. Conversely, the
purifications done with Nmd4-TAP, Ebs1-TAP, Dcp1-TAP or Hrr25-TAP, did not co-purify Upf2 or
Upf3, even if Upfl was specifically enriched with or without RNase treatment (Fig. 2d, e, f and
Supplementary Table 4). Nmd4-TAP shared the same purification profile with Upf1-TAP except for
Upf2 and Upf3 (Fig. 2a, d). Ebs1-TAP, also purified the same set of proteins, but the enrichment of
most of the factors, except Upfl, was dependent on RNA (Fig. 2e). Dcpl co-purified with its known
partners Dcp2 and Edc3, but also with Upfl, Nmd4, Ebs1, and Hrr25 (Fig. 2f). In addition to Upf1-
associated proteins, purifications with Dcp1-TAP and Hrr25-TAP revealed their presence in other
protein complexes. For example, Dcp1 purification also showed the enrichment of another decapping-
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associated factor, Pby1 (Fig. 2f). The results, including the variability of biological replicates, are
presented in  Supplementary Tables 3 and 4 and can be explored at
hub05.hosting.pasteur.fr/NMD_complexes. To confirm the mass-spectrometry quantitative results by a
different detection method, we purified Upf1-TAP in strains in which Nmd4, Ebs1 and Edc3 were
tagged with 3 repeats of the HA epitope at the C-termini. Immunoblots on purified fractions showed
that these three proteins were enriched with Upfl with or without RNase treatment, as expected (Fig.

2g).

The obtained results suggest that Upf1 is part of two mutually exclusive complexes, one composed of
Upf1, Upf2 and Upf3 and the other containing Upfl, Nmd4, Ebs1 and decapping factors (Fig. 2h).
Since the second complex contains the decapping machinery, known to trigger the degradation of
NMD substrates (Muhlrad & Parker, 1994), we refer to this complex as the “Effector”. It is likely that
the action of Upf2 and Upf3 precedes decapping and ensures specificity for NMD substrates, so we
decided to call the Upf1-Upf2-Upf3 complex, the “Detector”. Altogether, these data suggest that Upf1l
coordinates the recognition and degradation of NMD by binding to two mutually exclusive sets of
proteins.

The Upf1 cysteine-histidine rich N-terminal domain is an interaction « hub » in vivo

To find out how the NMD complexes are organised and to investigate why the Upf1-binding proteins
in Detector and Effector were mutually exclusive, we tested the importance of Upfl domains in the
interaction with the associated factors. We built plasmids for the expression of tagged Upf1 fragments
(Fig. 3a) to test the cysteine-histidine rich N-terminal domain (Upf1-CH, 2-208), the C-terminal
helicase domain (Upf1-HD-Cter, 208-971), as well as variants of these constructs, comprising either
the helicase domain alone (Upf1-HD, 208-853) or a truncated Upf1 lacking the C-terminal extension
(Upf1-CH-HD, 2-853). Strains deleted for endogenous UPF1 were transformed with plasmids
expressing N-terminal TAP-tagged full length Upfl (Upfl-FL) or the various fragments. TAP-Upf1-
FL was expressed to levels ten to fifty folds higher than the C-terminal tagged Upfl expressed from
the chromosomal locus, as estimated by immunoblots on total protein cell extracts. The various
fragments were also stably expressed to high levels at the expected size (Supplementary Fig. 2a).

Enrichment of the various proteins in the purification done with overexpressed TAP-Upf1-FL was well
correlated with the enrichment of the same proteins in the previous purifications done with the protein
tagged at its C-terminus and expressed from the endogenous UPF1 locus (Supplementary Fig. 2b
and Supplementary Table 4), confirming that neither overexpression nor tag position had major
effects on Detector and Effector composition (see Fig. 2a compared with Fig. 3b). The only marked
difference between the results with the overexpressed N-terminal Upfl and the C-terminal tagged
Upf1 was the persistence of Upf2 and Upf3 among the enriched proteins after RNase treatment (Fig.
3b, orange bars). Since the Upfl interaction was also preserved when the Detector complex was
purified using tagged Upf2 (Fig. 2b), but not when using tagged Upf3 (Fig. 2c), this variability in
Detector sensitivity to RNase indicates the importance of RNA for the stability of the Upf1-Upf2-Upf3
complex. In contrast, the interactions of Upfl with the Effector complex proteins, and especially with
Nmd4, were insensitive to RNase in all the studied situations.

Tagged Upf1-CH, recovered a majority of the proteins associated with the full-length protein, with the
notable exception of Nmd4 (not detected) and of Ebs1, which was detected only in the sample not
treated with RNase, albeit to a lower intensity than in the full-length Upf1 purification (Fig. 3b, c).
The observation that the other proteins of the Effector and Detector complexes were highly enriched in
this purification and the fact that the interactions were not sensitive to RNase (Fig. 3c), raise the
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possibility that Upf2 and Upf3 compete with the decapping factors for binding to Upf1-CH domain.
Thus, the CH domain seems to be crucial for both Detector and Effector organisation.

Nmd4 and Ebsl1 are tightly associated with Upf1-HD-Cter

Nmd4 and Ebs1 were the only proteins interacting specifically with the HD-Cter domain of Upfl
independently of RNA (Fig. 3d). To establish if the C-ter domain of Upfl could play a role in these
interactions, we purified Upf1-CH-HD and Upf1-HD and evaluated the relative enrichment levels for
Ebsl and Nmd4 in these conditions. While Nmd4 was recovered with both Upfl fragments, Ebs1
levels were substantially lower in the absence of the C-terminal extension (Fig. 3e, t-test p-value <
0.001). These results suggest that the C-terminal extension of Upfl has a crucial effect on binding
Ebs1, and does not affect binding of Nmd4.

To confirm the observed strong Nmd4-Upf1 interactions, we built Nmd4-HA strains and tested the
presence of the tagged protein in fractions enriched with overexpressed tagged Upf1-FL, Upf1-CH and
Upf1-HD-Cter. The purification of Upfl-FL and Upfl-HD-Cter co-enriched Nmd4-HA, while the
Upf1-CH region alone did not. Unexpectedly, overexpression of Upf1-FL or Upf1-HD-Cter also led to
increased levels of Nmd4-HA in the total extracts (Fig. 3f), suggesting that Nmd4 protein stability can
be affected by its interaction with Upfl. To test the importance of the observed interaction between
Nmd4 and Upf1 for the association with other factors of the Effector complex we purified Upf1-TAP
in the absence of NMD4. We observed no major effects on the various associated proteins (Fig. 4a,
Supplementary Fig. 3 and Supplementary Table 4). In the reciprocal experiment, in which we
purified the Nmd4-associated complexes in the absence of UPF1, all the specific components of the
Effector complex were lost (Fig. 4b). These results, together with the strong and RNase insensitive
enrichment of Nmd4 in Upfl complexes, suggested that Upfl directly interacts with Nmd4. To
validate this hypothesis, we expressed CBP-Nmd4 as a recombinant protein in E. coli and tested its
association in vitro with recombinant purified Upfl helicase domains of yeast and human origin
(yUpf1-HD 220-851 and hUpfl-HD 295-914, Fig. 4c). Yeast Upfl, but not human Upfl co-purified
with CBP-Nmd4, showing that the interaction is direct and specific (Fig. 4d). These results designate
Nmd4 as the most tightly bound Upf1 co-factor, specific to the conformation of Upf1 present in the
Effector complex.

Potential Smg5-6-7 homologs can be essential for NMD efficiency under limiting conditions

The association of Nmd4 and Ebs1 to Upfl support the hypothesis that they are the yeast functional
equivalents of human Smg6 and Smg5-7. In line with this idea, Nmd4 contains an endonuclease-like
region from the PIN domain family (Clissold & Ponting, 2000), like Smg6 and Smg5 (Fig. 5a). Ebs1
has strong similarities with the N-terminal 14-3-3 domains of Smg5, Smg6 and Smg7 (Luke et al,
2007), with similar percentages of identity in the aligned sequences for this domain (Fig. 5a,
Supplementary Fig. 4). The interactions that we described here indicate that Nmd4 and Ebs1 are
components of the Effector complex and co-factors of Upfl. While a role for Ebs1 in the degradation
of an NMD reporter RNA has been previously reported (Luke et al, 2007), no data were available
about a potential global role of NMD4 and EBS1 in NMD. To investigate the impact of NMD4 and
EBS1 on NMD on a large scale, we performed strand-specific RNASeq experiments in strains deleted
for each of the two genes.

The obtained RNASeq data allowed us to quantify variations of RNA levels for 12 027 transcripts
(mapping statistics available in Supplementary Table 6). DESeq2 (Love et al, 2014) was used to
adjust, normalize and compute the changes in expression levels in ebsIA and nmd4A strains in
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comparison with a wild-type strain. Even if the amplitude of change in transcript levels was modest,
the observed variations were highly correlated between the two strains (Fig. 5b, N = 12 027; Pearson
correlation coefficient = 0.66; p-value < 2.2 107°). Examples of observed transcript changes are
presented in Supplementary Fig. 5. To see to what extent the transcripts enriched in these mutant
strains were related with transcripts stabilized in the absence of UPF1, we performed a similar
RNAseq experiment by comparing upf1A to a wild-type strain. 3 271 transcripts showed an increase of
more than 1.4 fold in the absence of UPF1 and were used as a reference set for NMD-sensitive RNAs
(Supplementary Fig. 5). To estimate the presence of such RNAs in the population of transcripts
affected by the absence of NMD4 or EBS1, we divided the set of obtained values in five bins of equal
size (N = 2 406 per bin, Fig. 5b). We found a strong enrichment of UPF1-affected RNA in bin 5,
which contains the RNAs most increased in the absence of NMD4 (Fig. 5¢) or EBS1 (Fig. 5d) (p-value
< 107, binomial test performed with one-sided alternative null hypothesis, N = 2 406). Deletion of
both NMD4 and EBS1 did not have a synergistic effect (see Fig. 5e and S5 for examples of RNASeq
results). As expected from the presence of both proteins in the Effector complex, this result suggests
that NMD4 and EBS]1 affect similar, and not parallel, steps in NMD.

To establish how NMD4 and EBSI1 could affect NMD substrates, we searched for conditions that
would simplify our phenotypic analysis. We chose to focus on the helicase and C-terminal domain of
Upfl, important for binding of both Nmd4 and Ebs1 (Fig. 3d). It has been previously observed that
overexpression of this region of Upfl can complement the deletion of the UPF1 gene (Weng et al,
1996). We thus tested whether NMD4 and EBS1 were required for this complementation. First, we
validated the effect of overexpressing full-length Upf1 or its different domains (depicted in Fig. 3a) on
the levels of RPL28 pre-mRNA, a well-studied NMD substrate. To facilitate the visualization of the
complementation levels, we devised an NMD efficiency measure that takes into account RPL28 pre-
mRNA levels in WT (100% NMD) and upfIA (0% NMD) strains (see Methods). While
overexpression of full-length UPF1 led to the destabilization of RP1.28 pre-mRNA, with an estimated
reconstituted NMD efficiency of 80%, overexpression of Upfl-HD-Cter allowed recovery of 30% of
NMD in a upf1A strain (Fig. 5f and Supplementary Fig. 6). Importantly, deletion of either EBSI or
NMD4 abolished the partial complementation effect (Fig. 5f), suggesting that under limiting
conditions, EBS1 and NMD4 become essential for NMD. These results correlated with the inability of
the Upf1-HD fragment, which showed decreased binding of Ebs1 (Fig. 3e), to complement NMD
(Supplementary Fig. 6). In line with these observations, EBSI deletion also decreased the NMD
efficiency of Upfl-FL (Fig. 5f). Altogether, these results indicate that the mechanism by which Upf1-
HD-Cter destabilizes NMD substrates depends on the presence of Nmd4 and Ebs1, the only factors
that specifically interact with this region of Upfl independent on RNA (Fig. 3d). To investigate if this
effect was due to a canonical NMD mechanism, we performed the complementation assays for Upf1-
HD-Cter in strains lacking UPF2 or UPF3. No complementation could be observed in these
conditions (Fig. 5f). These data suggest that Ebs1 and Nmd4 are specific partners of Upf1 helicase and
C-terminal domain and play a crucial role in the function of this Upf1 region in NMD.

Detector forms by binding of a Upf2/Upf3 heterodimer to Upf1 in vivo

While the results presented in the previous paragraphs identified a role for Ebs1 and Nmd4 linked with
the helicase domain of Upf1l, the CH domain of the protein binds the best-known NMD factors Upf2
and Upf3. Among the results that stood out from the purifications of Detector complex components,
one of the most striking was the loss of Upf2 and Upf3 in the Upfl complex after RNase treatment
(Fig. 2a). This result was unexpected, since a complex can be reconstituted with domains of the three
proteins in the absence of RNA (Chamieh et al, 2008). The reciprocal experiments using Upf2-TAP
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and Upf3-TAP as baits showed that Upfl could be efficiently recovered in the presence or absence of
RNase with Upf2-TAP (Fig. 2b), but its interaction with Upf3-TAP was sensitive to RNase (Fig. 2c).
Thus, the role played by RNA in the stability of the purified Upf1-Upf2-Upf3 complex suggested that
Detector is assembled on RNA. To investigate the assembly process, we analysed the composition of
complexes purified with Upfl-TAP, Upf2-TAP and Upf3-TAP in the absence of UPF1, UPF2 or
UPF3. Deletion of either UPF2 or UPF3 had a major impact on the enrichment of Upf3 and Upf2
with Upfl (Fig. 6a, b). In the absence of UPF2, we could no longer detect Upf3 (Fig. 6a), which
correlates with previously published data that described human Upf2 as bridging Upfl and Upf3
(Chamieh et al, 2008). Unexpectedly, in the absence of Upf3, we could not detect Upf2 in the Upf1-
associated complex (Fig. 6b). Thus, in the absence of UPF2, Upf3 no longer stably associated with
Upfl and in the absence of UPF3, Upf2 was lost from the Upfl-associated factors. We verified that
these changes were not due to changes in the total levels of Upf3-TAP and Upf2-TAP in the absence of
UPF2 (Fig. 6¢) and UPF3 (Fig. 6d). The absence of Upfl had no impact on the formation of the
Upf2-Upf3 complex, independent of which of the two proteins was tagged (Fig. 6e and
Supplementary Table 4). Altogether, these results suggest that Upf2 and Upf3 form a heterodimer
independent of Upfl and that both proteins are required for a stable association with Upfl in the
Detector complex.

Binding of Effector to NMD substrates depends on Upf2

The formation of Detector on NMD substrates could be followed by a switch to Effector, for RNA
decapping and initiation of degradation. Surprisingly, the absence of Upf2 or Upf3 did not alter the
protein composition of the purified Effector complex (Fig. 6a, b). This puzzling result made us
wonder if Effector exists in two forms, one that associates to NMD substrates, and another that would
correspond to Upfl and the decapping machinery in the process of being recycled as RNA-free
complexes. To explore this hypothesis we took advantage of the fact that Upf1 binds preferentially to
RNAs that are degraded through NMD (Johansson et al, 2007). To distinguish between the Effector-
bound and Detector-bound Upfl, we purified Effector via Nmd4-TAP (Fig. 2d). The 6-fold
enrichment of RPL28 pre-mRNA as compared with total RNA in the input fraction (Fig. 7a) indicated
that a fraction of the Effector complex binds NMD substrates.

We next wanted to know if Effector binding to RNA was dependent on Detector components, Upf2
and Upf3, which would be suggestive of a mandatory sequence of association of the NMD complexes
to the RNA substrates. We could not test this hypothesis directly, because deletion of UPF2 or UPF3
leads to a massive stabilization of NMD-sensitive RNAs and renders RNA enrichment calculations
and comparisons with the wild-type situation unreliable. To overcome this problem, we looked at the
association of the Effector complex to RNA by measuring the distribution of Nmd4-TAP in a
polysome gradient in the absence or presence of UPF2. While most of Nmd4 sedimented in the upper
part of the gradient, a fraction of the protein was found in the polysomes, specifically the monosomal
fraction (Fig. 7b), which is the fraction that concentrates the majority of NMD substrates (Heyer &
Moore, 2016). In the absence of UPF1, which mediates all the interactions between Nmd4 and the
other components of the effector complex (Fig. 4b), Nmd4 was lost from the monosome and polysome
fractions (Fig. 7c). In the absence of UPF2, an essential component of the Detector complex, we also
observed a similar change in the distribution of Nmd4 (Fig. 7d). Compared with the wild type
situation, the absence of Upfl or Upf2, led to an increase of Nmd4-TAP levels in the lower molecular
weight fractions and a decrease in the polysome fractions (Fig. 7e). These changes were specific for
Nmd4, since the gradient distribution of Rps8, a component of the 40S ribosomal subunits used as a
control, was not altered, neither in the upf1 (Fig. 7c) nor in the upf2A strain (Fig. 7d).
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The association of Nmd4, a specific component of the Effector complex, to NMD substrates, and its
redistribution into lower molecular weight complexes in the absence of the Detector formation,
suggest that Detector and Effector are obligatory successive complexes on RNA, and allows us to
propose a succession of events compatible with our observations for yeast NMD (Fig. 7f, g). The fact
that Nmd4 was bound to a region of Upfl not required for other interactions and still could only be
enriched in Effector complexes suggests that Upfl has a different conformation in Detector and
Effector. The switch from a Detector to an Effector conformation described here would permit
recruitment of decapping factors, required to degrade NMD substrates (Muhlrad & Parker, 1994), and
could be an essential step of the NMD mechanism.
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Discussion

The current study addresses the composition and dynamics of NMD complexes in yeast. We identified
two distinct, mutually exclusive (Fig. 2) and successive (Fig. 7) complexes containing Upfl. We
propose that the Detector complex, composed of Upfl, Upf2 and Upf3, is recruited on NMD
substrates. A complete re-organization of the initial complex leads to the replacement of the Upf2-3
heterodimer with Nmd4, Ebs1 and the decapping factors Dcpl, Dcp2 and Edc3. Nmd4 and Ebs1 are
accessory factors for NMD in yeast and could be functional homologs of human Smg6 and Smg5-7
respectively (Fig. 4 and 5). Both the decapping machinery and Upf2-3 interacted with the CH domain
of Upfl (Fig. 3), in support of the hypothesis that decapping competes with Upf2-3 to form the
Effector. This competition is likely to occur on RNA, since Nmd4 was lost from large RNA-associated
complexes in the absence of UPF2 (Fig. 7). Thus, recruitment of decapping on NMD substrates is
likely to depend on this switch on RNA, which could be a crucial, albeit not yet explored step in
NMD.

How exactly the switch from the “Detector” to an “Effector” complex occurs is unclear, but similar
events could be also important for recruiting RNA degradation factors for NMD in other organisms,
including humans. Since all the factors that we describe in yeast NMD complexes have mammalian
equivalents, and since our results are compatible with a large body of experimental evidence in various
other organisms, we propose to use the new global view of NMD to improve and extend the canonical
model of NMD (Supplementary Fig. 7). We discuss how a revised NMD model, called
“Detector/Effector” fits the available experimental data in yeast and other species and to what extent it
can serve as a basis to build more complex NMD models that incorporate RNA splicing and Upfl
phosphorylation, two molecular events that do not affect NMD in S. cerevisiae.

Affinity purification strategies for NMD

Before entering into the description of the Detector/Effector model, it is important to see how the
results presented here extend and improve those obtained in previous studies. Affinity purification
followed by mass-spectrometry is the most effective way to find functional association of proteins and
surpasses in precision all the other large-scale interaction methods in yeast (Benschop et al, 2010).
However, despite the excellent results obtained with this method on hundreds of different complexes,
large-scale affinity purification failed to assign specific interactions of Upfl, Upf2 or Upf3 with other
yeast proteins (Gavin et al, 2006). As a result, most of what was known on the composition of yeast
NMD complexes was based on two-hybrid experiments and the use of co-purification and
immunoblotting for previously identified factors (e.g. He and Jacobson 1995; Czaplinski et al. 1998;
Swisher and Parker 2011). The situation is similar in other species and can be illustrated by the results
obtained with the recently published SONAR approach (Brannan et al, 2016), which analysed the
proteins co-purified with tagged human Upf1l (hUpfl). Human Upf2 was found as the 112th most
enriched factor in the list of Upfl-associated proteins and only reached position 28 when the sample
was treated with RNase A. Except for Upf3b, ranked second, no other specific NMD factors were
identified in the first 100 proteins associated with hUpf1. Thus, without previous knowledge of the
identity of NMD factors, the number of false positive results precludes the use of these data to define
NMD complexes in human cells.

To understand the molecular mechanisms of NMD, a global and high-resolution view of the
composition and dynamics of the involved complexes was missing. This was due to the relative
scarcity of some NMD factors (Fig. 1a), the dynamic nature of the complexes, their presence in large
and heterogeneous RNA-protein assemblies and, potentially, their instability to lengthy incubation
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periods during purification protocols. To circumvent part of these technical problems, we used a
combination of an affinity isolation strategy with an innovative computational workflow. Fast affinity
purification preserves transient interactions (Oeffinger et al, 2007) and the use of surface-coated
magnetic beads gives access to the large RNA-protein complexes in which NMD takes place (Zhang
et al, 1997) without the bias induced by porous chromatography media (Halbeisen et al, 2009). The
isolated complexes were analysed by mass-spectrometry in a way that allowed us to extract estimates
of the amounts of co-purified proteins. To get rid of abundant contaminants, we used the relative
enrichment of proteins (see Methods), efficiently highlighting specific interactions.

The top hits obtained in our experiments were validated by immunoblots (Fig. 2g, 3f) on co-purified
complexes and by second-round purifications by tagging new or known NMD factors and analysing
the associated proteins by the same procedure (Fig. 2). With these robust quantitative data in hand we
discovered novel interactions, including two protein kinases associated with Upfl (Hrr25; Fig. 1f, g,
2a and Supplementary Table 4) and Upf2 (Casein Kinase 2 complex; Fig. 2b and Supplementary
Table 4). It also led to the estimation of subtle or drastic changes in the composition of protein
complexes that allowed us to test the importance of various NMD factors in the assembly or stability
of sub-complexes (Fig. 4 and 6). Besides the ability to show the presence of interactions, quantitative
mass spectrometry provides a way to define lost or absent proteins in a given complex. This led to the
identification of mutually exclusive complexes, very well illustrated by the comparison of Detector
components purified via Upf2-TAP with Effector complexes associated with Nmd4-TAP (Fig. 2b, d).

The existence of these two distinct complexes in yeast NMD was not known but is compatible with
previously published results, like the two-hybrid interactions of Upfl with Upf2 and Upf3 (He et al,
1997), the co-purification of human Dcpl and Dcp2 with Upfl (Lykke-Andersen, 2002) or the two-
hybrid interactions between yeast Edc3 and Upfl (Swisher & Parker, 2011). Our results, showing the
importance of the CH domain in the interactions between Upf1 and other components of Detector and
Effector (Fig. 3), are also compatible with previous two-hybrid data showing the importance of this
domain in the interactions with Upf2 and Upf3 (He et al, 1997) and with Dcp2 (Swisher & Parker,
2011; He & Jacobson, 2015).

Altogether, our enrichment approach and the combination of RNase treated and native complexes
analyses drastically reduced the number of NMD-associated candidate proteins to a short list that only
contains highly specific top hits and is devoid of factors that are not related to NMD (Fig. 2h and
Supplementary Tables 3 and 4). The extensive measurements of the dynamics of NMD complexes in
different mutant conditions bound or not to RNA, support a new hierarchy of the molecular events
required for yeast NMD, that we call the Detector/Effector model (Fig. 7g).

A revised universal NMD model

Detector formation is both similar and distinct from SURF/DECID.

The proposed Detector/Effector yeast mechanism (Fig. 7g) can be extended to other species to include
elements of the canonical SURF/DECID model that was, until now, restricted to mammalian EJC-
enhanced NMD (Supplementary Fig. 7). The first step in this revised model involves the recognition
of an aberrant translation termination event (Amrani et al, 2004; Behm-Ansmant et al, 2007) and the
formation of a complex containing Upfl, Upf2 and Upf3. Its formation depends on an aberrant
translation termination event and could occur through an interaction of Upf2/3 with the translation
termination factors eRF1/eRF3 or a terminating ribosome. This type of mechanism has been recently
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proposed as an alternative to SURF formation in recruiting Upfl to NMD substrates in human cells
(Neu-Yilik et al, 2017).

Our data support the formation of a Upfl, Upf2, Upf3 complex through the interaction of a Upf2-3
heterodimer (Fig. 6) with Upfl on RNA (Fig. 2a, c). The importance of heterodimerisation for the
function of Upf2-3 was also observed in C. elegans, where co-purification of Upf2/Smg3 with
Upf1/Smg2 is strongly reduced in the absence of Upf3/Smg4 (Johns et al, 2007). The hypothesis of a
recruitment of Upf1 through a Upf2-3 heterodimer is also compatible with the fact that Upf2 and Upf3
co-sediment in yeast polysomal fractions independent on the presence of UPF1, while Upf2 looses its
association with heavy complexes in the absence of UPF3 (Atkin et al, 1997)

The Detector complex should also contain ribosomal proteins and translation termination factors eRF1
(yeast Sup45) or eRF3 (yeast Sup35). However, since we could not measure an enrichment of these
proteins in the complexes purified with Upf1, Upf2 or Upf3 (Supplementary Table 4), it is possible
that the time of residence of eRF1/eRF3 on stalled ribosomes bound to the Detector complex is short
or that the interaction does not resist to the purification conditions. Translation initiation factors, for
example, require formaldehyde cross-linking to preserve their association with ribosome initiation
complexes (Valasek et al, 2007). The instability of the interaction between termination factors and
NMD complexes is also suggested by the fact that the association between human Upfl and eRF3
could not be detected in complexes purified with chromosomal tagged Upf1-TAP (Schell et al, 2003).
The presence of eRF3 in NMD complexes was only observed with a C126S variant of human Upf1,
which is no longer competent for NMD (Kashima et al, 2006), and when FLAG-Upfl was
overexpressed (Hug & Caceres, 2014).

Smg1 phosphorylation step and links with other Smg factors.

While the formation of the Detector complex is the first step in the revised NMD model, the
phosphorylation of the SQ-rich C-terminal region of Upfl by the protein kinase Smgl can be
incorporated as an optional step. Depending on the species, phosphorylation could be essential,
facultative or completely absent. However, we show here that the presence of the C-terminal region of
Upf1l remains important for NMD in yeast, as demonstrated by its effect on the ability of Upfl
fragments to complement the deletion of the gene (Fig. 5f) and by its role in binding Ebs1 (Fig. 3e).
Thus, the C-terminal extension of yeast Upfl seem function like the SQ C-terminal extension in other
species, even in the absence of the characteristic SQ/TQ motifs and phosphorylation. The C-terminal
extension of yeast Upfl can thus be the functional equivalent of the C-terminal Upfl extension in
other species.

Smg1 protein equivalents are associated with the phosphorylation of the Upfl C-terminal SQ-rich
extension (Page et al, 1999; Yamashita et al, 2001; Okada-Katsuhata et al, 2012). This
phosphorylation is crucial for NMD efficiency in several species and phosphorylated residues are
important to recruit Smg5-7, to which Ebs1 is similar (Fig. 5a) (Luke et al, 2007). Smg1 phylogeny
indicates that the kinase was present in the last eukaryotic common ancestor (LECA) but has been
independently lost in fungi, A. thaliana but not other green plants, red and brown algae, excavates
such as Trypanosoma brucei and Giardia lamblia (Lloyd & Davies, 2013) and ciliates, such as
Tetrahymena thermophila (Tian et al, 2017). However, these species present active NMD mechanisms
that depend on equivalents of Upfl, Upf2 and Upf3, suggesting that phosphorylation of the C-terminal
region is not an absolute requirement for NMD in these species. In line with this observation, no
phosphorylated residues have been reported in yeast Upfl C-terminal region, even if phosphorylated
residues have been detected in Upfl (Lasalde et al, 2013). These observations indicate that the C-
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terminal domain per se is important for NMD and that the main role of the C-terminal extension, with
or without phosphorylation, is the recruitment of later factors and the formation of Effector complexes.
In support to this idea, a chimeric Upf1l where the helicase domain of the yeast protein was replaced
with the similar region of human Upf1 partially complements the deletion of UPF1 in yeast as long as
it preserves the fungal-specific N and C-terminal extensions (Perlick et al, 1996).

The similarity between the binding of Ebsl to the C-terminal domain of yeast Upfl and the
recruitment of Smg5/7 to phosphorylated SQ residues in metazoan NMD also extends to Nmd4. Nmd4
is a specific marker of the Effector complex that directly binds the helicase domain of Upfl (Fig. 4)
and consists of a PIN domain similar with the PIN domain of mammalian Smg6 (Fig. 5a). Nmd4
binding to the helicase domain of yeast Upf1 correlates with the known phosphorylation-independent
binding of Smg6 to a region of Upfl helicase domain (Chakrabarti et al, 2014; Nicholson et al, 2014).
Thus, the architecture and function of Upf1 and the associated factors seem to be more conserved than
previously thought.

EJC-independent and EJC-enhanced NMD are two versions of the same mechanism.

One of the major benefits of the revised NMD model is to provide a single mechanism for EJC-
independent and EJC-enhanced RNA degradation. For EJC-enhanced NMD, the interaction of Upf2-
Upf3 with EJCs (Lykke-Andersen et al, 2001; Le Hir et al, 2001) deposited downstream aberrant
termination codons could ensure, for example higher local concentrations of the factors and stimulate
the initial steps in the formation of a Detector complex. The variations in the importance of EJCs for
NMD in various organisms and the fact that physiologic substrates of NMD, such as GADD45A, are
degraded through an EJC-independent NMD mechanism (Chapin et al, 2014), further support the idea
that EJC-enhanced and EJC-independent RNA degradation are alternatives of the same fundamental
molecular mechanism.

A molecular switch around Upf1 for the Detector to Effector transition.

The defining feature of the revised model is the complete change in composition of Upfl-bound
complexes from the Detector to the Effector. Upfl conformation is likely to be dramatically different
between the two complexes since: Upf2 and Upf3 were completely absent from complexes purified
using Nmd4-TAP (Fig. 2d); Nmd4 was bound to a region of Upf1 that is different from the N-terminal
CH domain, to which decapping factors and Upf2-3 bind (Fig. 3¢, d); structures of Upfl with and
without a Upf2 C-terminal fragment show a different organisation of the Upfl helicase sub-domains
1B and 1C (Clerici et al, 2009); all the interactions of Nmd4 with Effector components depend on
Upfl (Fig. 4b). This change was not apparent in previous studies that lacked global quantitative
estimations of all the components of purified complexes at the same time.

The main result of the switch is the recruitment of the decapping enzyme, specifically the core
decapping proteins Dcpl, Dcp2 and Edc3 (Fig. 2a, d, g). Decapping is the first and major step in the
degradation of NMD substrates in yeast (Muhlrad & Parker, 1994) and is responsible for the
degradation of about a third of NMD substrates in human cells (Lykke-Andersen et al, 2014). The
other two-thirds of NMD substrates in human are likely to be degraded through a pathway that
depends on the presence of catalytically active Smg6 (Eberle et al, 2009; Huntzinger et al, 2008). In
view of the modest increase in NMD substrates levels in an nmd4A mutant (Fig. 5 and
Supplementary Fig. 5), it is unlikely that Nmd4 PIN domain has an endonucleolytic activity in yeast
NMD. However, its tight association with Upfl (Fig. 2a, d and 4d), and its major effect on NMD
triggered by overexpression of a truncated Upfl (Fig. 5f) suggest that Nmd4 is a Upf1 co-factor that
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assists the helicase in yeast NMD. The importance of Nmd4 in fungal NMD is supported by the
presence of orthologs in many species, including Yarrowia lipolytica (Pryszcz et al, 2011), a yeast that
is as distant from S. cerevisiae as the urochordate Ciona intestinalis is from humans (Dujon et al,
2004). Thus, it is likely that different organisms use the same basic molecular machineries to degrade
NMD substrates, but the balance between decapping, endonucleolysis or other alternative degradation
processes is variable depending on each species.

Conclusion

Our data and the extended Detector/Effector model provide a solution to the long-term controversy
about the conservation of NMD molecular mechanisms among eukaryotes and will allow future work
on yet unsolved issues: how aberrant termination is recognized and leads to Detector formation, where
on RNA are positioned Detector and Effector complexes, how Effector and Detector components are
recycled and at what steps ATP binding and hydrolysis by Upf1 play crucial roles.
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Fig. 1: Enrichment analysis accurately describes Upfl-associated proteins. a. Positioning of Upfl, Upf2 and
Upf3 in the abundance distribution of all yeast proteins, based on the data compiled by Ho et al., 2018. The
distribution of abundance for the proteins identified by mass spectrometry in input (b), and purified samples (c),
show the expected bias for proteins present in high copy numbers. Light grey colour highlights the positions of
proteins that were only identified in the Upfl-TAP samples (6 replicates) and not in the total extract (3
replicates). d. Correlation of LTOP2-based protein level estimates in a total yeast protein extract with published
protein abundance data (Ho et al., 2018). e. Distribution of the intensity for the proteins quantified in association
with Upfl (LTOP2 score, log scale). Positioning of Upfl, Upf2 and Upf3 are highlighted as white rectangles.
The dark grey line indicates the region of intensities corresponding to ribosomal proteins. f. Distribution of the
protein enrichment values for Upfl associated proteins based on LTOP2 scores and known protein abundance in
a total yeast extract. Upfl, Upf2 and Upf3 positions are also highlighted as white rectangles. g. A combination of
the data presented in (e) and (f) as a scatter plot, to see both the amount and enrichment of proteins in Upfl-TAP
purified samples. The horizontal axis represents the LTOP2 score, with the vertical axis showing enrichment

over input values. Both axes use log transformed values.
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Fig. 2: Purification of NMD factors reveals two distinct complexes containing Upfl. Enrichment values for
proteins identified in tagged Upfl (a), Upf2 (b), Upf3 (c¢), Nmd4 (d), Ebsl (e), and Dcpl (f) purifications.
Tagged proteins are indicated in bold for each experiment. Black bars correspond to enrichment values obtained
in purifications done without RNase and orange bars with an RNase A and RNase T1 treatment. Only proteins
enriched by a factor of 16 or more in one of the purifications presented here are shown. For clarity, groups of
related proteins were combined (the group of Lsm1 to Lsm7 is marked as “Lsm1-7” and the values correspond to
the mean of all the values found in purifications; CK2 group corresponds to Ckal, Cka2, Ckbl and Ckb2). g.
Immunoblot validation of Upfl-TAP interactions with HA tagged Nmd4, Ebs1 and Edc3. Control strains did not
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Fig. 3: Nmd4 and Ebsl are the only Detector components that interact with Upfl independent of the N-terminal
CH domain. a. Upfl fragments tested: FL is for the full-length protein; HD-Cter for the region containing the
helicase domain and the C-terminal part of Upfl (208-971); CH for the N-terminal domain (2-208) that contains
the N-terminal unstructured region and the Cysteine-Histidine rich domain; CH-HD for a version a full-length
Upfl lacking the C-terminal region 854-971; and HD for the helicase domain of Upfl alone (not to scale). N-
terminal TAP-tagged Upfl versions were expressed from a single copy vector under an inducible tetO7
promoter. b. to d. Results of purifications using Upfl-FL (b), Upfl-CH (c¢) and Upf1-Cter (d) as bait with the x-
axis showing the enrichment value (log scale) for Effector and Detector components. The colour of the bars
illustrates the treatment used during the purification, black without RNase and orange with an RNase treatment.
e. Comparison of the enrichment of Upfl, Nmd4 and Ebs1 in the purification of the Upfl fragments. The Upfl
C-terminal region (854-971) affected the association with Nmd4 or Ebsl (Student t-test with a one-sided
alternative hypothesis. We compared the enrichment of each of Ebsl and Nmd4 between purifications of Upfl
fragments having this region (Upfl-FL and Upfl-HD-Cter, 6 experiments) and purifications of Upfl fragments
lacking the extension (Upfl-CH-HD and Upfl-HD, 4 experiments). The C-terminal region had no effect on
Nmd4 enrichment (p-value = 0.98), whereas there was significantly less associated Ebs1 on this small region (p-
value = 0.0013). f. Western blot of input and eluates of Upfl domains purification in a Nmd4-HA strain. The
band with the # might corresponds to a dimer of Upfl-CH, bands marked with a star correspond to residual
signal with the anti-HA antibodies (Nmd4). Fragments in the eluate have a smaller size because the protein A
part of the tag was removed by digestion with the TEV protease. G6PDH served as a loading control in the input
samples.
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Figure 4: Nmd4 interaction with the Effector complex is direct and mediated by Upfl. A. Enrichment of

Detector and Effector components in purified Upfl-TAP in the presence (black bars) and absence (blue bars) of
NMDA4. Pink and dark blue vertical lines highlight proteins of the Detector and Effector complexes respectively.
B. Enrichment of Effector components in Nmd4-TAP in the presence (black bars) and absence (blue bars) of
UPF1. C. Schematics of Upfl fragments used for the in vitro interaction assay; yUpfl-HD is the helicase domain
(220-851) of the yeast Upfl protein, hUpfl-HD is the helicase domain (295-914) of human Upfl (not to scale).

D. CBP-Nmd4 was mixed with hUPF1-HD or yUPFI1-HD (all

the proteins overexpressed in E. coli and

purified). Protein mixtures before (input, 20% of total) or after purification on calmodulin affinity beads were

separated on 10% SDS-PAGE (w/v) acrylamide gels.
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Fig. 5: Nmd4 and Ebsl are essential for NMD elicited by the overexpression of the helicase domain of Upfl. a. Schematic
representation of the domain structure of Nmd4 and Ebsl from S. cerevisiae compared with human (h) Smg6, Smg5 and
Smg7. 14-3-3, HHR and PIN domains were defined based on literature data (Fukuhara et al., 2005, Luke et al., 2007).
Boundaries of the PIN domains were chosen based on a Mafft alignment of Smg5-6 of several species, while for Nmd4 the
entire protein sequence was used. Drawing is not to scale. Identity percentages among the different domains of Smg proteins,
Nmd4 and Ebs] are indicated. Values represent percent of identical residues as a fraction of all the aligned residues. b.
Scatter plot of the mean fold change of transcripts in nmd4A RNAseq experiment against transcript mean fold change in
ebsIA (Pearson correlation, r = 0.66, p-value < 2.107'%). Mean fold changes were computed using DESeq2 with BY4741 as
reference, with 3 replicates for each condition. Black dots correspond to NMD substrate examples for which individual traces
are shown in Figure S4. For RPL28, we highlighted the pre-mRNA, NMD sensitive, and the mature form that is not. Dashed
lines represent boundaries of five bins of equal numbers of transcripts (2046 transcripts or notable features per bin, see the
STAR Methods), with bin 5 containing the transcripts that were most increased in the mutant condition compared with wild
type. ¢. Percentage of transcripts affected by UPF1 deletion (increase by at least 1.4 fold) among nmd4A bins, as defined in
b. Differences between percentages of upfI/A affected transcripts in bin 4 and 5 and bin 3 and 4 were significant (binomial
test, p<10*). d. Same as in ¢, for ebsIA. Differences between distribution of transcripts in bin n and bin n+1 were significant
(binomial test, p<10). e. Example of YOR304C-A up regulated in nmd4A, ebsIA and the double mutant nmd4A/ebsIA. f.
NMD efficiency of WT, upfIA or double mutant strains complemented with Upfl-FL, Upfl-HD-Cter or an empty plasmid.
The NMD efficiency for each strain is based on reverse-transcription followed by quantitative PCR for RPL28 pre-mRNA,
an abundant NMD substrate. A wild-type strain has 100% NMD efficiency and a upfIA strain has 0% NMD efficiency, by
definition.
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Upf2 and Upf3 proteins have been verified in this condition in Supplementary Fig. 3.

Figures and Legends, Dehecq et al., Page 6



a b sedimentation

0 0 0
lowMW Q 8 8 polysomes
4 5

gr_\ 7 'I' 1 2 3 6 7 8 9 10 1112 fraction
72 6 | | Nmd4-TAP
Q:ZS T —— — — — —— m -
T -
8o 1 Nmd4-TAP | e | Nogt
aa
gfj f | i amenanananis | Rps8
0 5 3118 8 7 9 5 4 4 4 2 1 % of Nmdd signal
Control Nmdd- c 3135 1 13 2 1 2 2 2 1 (sdof4replicates)
TAP
[ = | Nmd4-TAP
Nmd4-TAP/
e - Nog1
upf1A | | Nog
2001
- WT | i | Rps8
1801 upfiA .
o P! o
134919 9 3 2 1 1 1 1 <1 <1 % of Nmd4 signal
I<—(||_ 1601 = upf2A 8 16 2 7 1 <1 <1 <1 1 <1<1 <1 (sdof4 replicates)
B2 0] B
22 100] d
£% [~ —o—————— | Nmda-TAP
c 4
£5 28 de4-TAPI| | Nogt
S 40l T upf2A
s P Rps8
0 6 4619 8 6 3 3 2 2 2 1 <1 % ofNmd4signal
low MW 80S & 314 4 3 1 2 1 1 2 1 1 <1 (sdof4replicates)
polysomes

A y
Detector ribosome & .

Formation of the Detector complex 4

B CH [ helicase domain (HD)

Upf1 L gop .@ @
A

switch
Dcp1 Formation of the Effector complex
Dcp2 Effector
Edc3
Hrr25

RNA decapping and initiation of RNA degradation

Fig. 7: Association of Nmd4 to NMD substrates depends on Detector. a. Unspliced RPL28, an NMD substrate, was enriched
in Nmd4-TAP purification in comparison with a control untagged strain, as measured by reverse transcription followed by
quantitative PCR. Bars correspond to the mean of pre-RPL28 enrichment for 3 independent experiments, as compared with
RIM1, a non-NMD mRNA. Error bars correspond to the standard deviation. b. to d. Distribution of Nmd4-TAP, Nogl
(marker of free 60S subunits) and Rps8 (marker of 40S, 80S and polysome fractions) in wild type (b), upfIA (¢) and upf2A
(d) strains, tested by immunoblot. Fractions 1, 2, 3 are light fractions, fractions 4, 5 and 6 correspond respectively to
ribosomal 40S, 60S and 80S positions, fractions 7 to 12 correspond to polysomes. The percent of total signal for Nmd4-TAP
in three independent replicates along with standard deviation of the values are indicated for each fraction. e. Quantified
relative changes in Nmd4-TAP levels in light and polysomal fractions in upfIA and upf2A strains (100% correspond to levels
in the wild type strain). f. Summary of the Upfl domains interaction with Detector and Effector components, based on the
data presented in this work. g. Proposed Detector/Effector sequence of events for NMD in yeast.

Figures and Legends, Dehecq et al., Page 7



Methods summary

EXPERIMENTAL MODEL AND SUBJECT DETAILS........ccovtetretrenteenteenteenteeneeeseeseseeeseeesseseeseseeseneeneensens 1
Y ASE SITAINS. c..eeeueeeeutieiteeteeete ettt ettt ettt et ae e s bt e s b e st e e s e e e bt e b et e bt e ba e s bt e ssbeeabtesaneebeeesennneeesennraeeenan 1
BaCLETIAL SITAIIMS. ...ceuteuteuteiieiieeeteet ettt ettt ettt et e e a e b e b e bt sb e b e b et et ea b e b et eateate st entesteaeebeebeebe e beenbeenbean 1

METHOD DETAILS ...ttt sttt et ettt et et et e sttt eb et s st sa e b s besee st e b et et et et eneestentesesneeseesmeesneenatenas 2
Media and growth CONAITIONS. ......c.ccverierieierierieetesree et et es e et e sreeteseeesaesreessesseesseesaessesseessesssessesssessesssenssessnsees 2
Yeast Strains CONSIIUCTION. ....ciuiiiiiuiiiiiieic et a et sae b sae e b e aeenaeenes 2
Plasmmids CONSITUCTION. c.....eteuteteeeieteiteteet ettt ettt ettt ettt et b et s bbb e s b e et e b et et et et e st e st ebeseesbeabesbentenbesaeenn 2
Total protein extracts and WeSLEITI DIOTS........c.cecviruirrieririerieierteeteet ettt st e st e e s e s tesse et esseensesseesesnnesnnne 3
TAP affinity PUIITICALIONS. .....eertirierieiereecereesee et e et e e s te st e see et e s e e s e sse e sesseesseeseesseensenseessseesnsseenssessnsees 3
Affinity purification for RINA @nalysis.......ccccerterereririreniinieientenieteteteteeee et sttt ettt s sanesane s 4
Mass spectrometry acquisition and data analySis..........eceeceervererrenerrienierereerieetese et sre et st sse e e eneees 4
Protein expression and purification from E. COli.........cceeeeierieiieiririninesiesiesiesiesieteste ettt ese e ssessessesseneenee s 5
IN VItro PUIL-AOWI GSSAYS....ueeuvetieierieeierieertestertestestestesseetesseentesseesesseessesseessesasessesssessessessessessesesssesssseesssseennn 5
RINA @XITACHIOM. ¢ tteuteeiteeieeette ettt et e et e st et e st e st e st e e e bt e s bt e bt e s bt e st e sabeesst e e st e e st esaseeneesaseesaesabeesssesnseens 6
Reverse transcription and quantitative PCR.........cc.coiiiiiiniiercscetcteteeee ettt eeee e 6
INMD effiCienCy CAlCULATION. .....coueeuireietieteteeieete ettt ettt sttt st e et et et et et e st e st ene e st ebeebe e beenbeensean 6
RNA libraries preparation, SEQUENCINE. ........cccuererrterrerrterteriertertestestestestestestestesteestesseentesseesesseesesaseessseeesseens 8
POlYSOME frACIONALION. .. .ceeieteieieieeet ettt ettt et a et ae bbb st e st et et et et et e st eneebe s bt sbeebesaestebesanann 8
Protein sequence alignment, phylogenetic trees and percentage of identity calculation............cccceceerceercuerernnnen. 9

QUANTIFICATION AND STATISTICAL ANALYSIS..cootiireinteereeerteenteentesesieesresesreseeresessesesseseeseesaesre e e e 9
Western blot QUANtIfICATION. ... ...c.eruerteieie ettt ettt sttt b st st e b e st et et et et e st ese et e e beenbeenbean 9
GO Term analysis and StAtiStICS.....cuevvererrrerreererreeseseesteseesteseestestesseseesseesesseesessesssessesssessesssessssssesssessssesssees 9
Mass SPeCtrometry reSULLS ANAlYSIS.....c.eertererrterirriertieteettet ettt ettt ettt et e e s bt et e bt e b e eae et e eatesabeeesbeesabaeenne 10
RINASEQ StatiStiCal ANALYSIS....cueeevereeriesierieeieiertesteseesteseeseesesseessesseessesseessesseessesssessesssessesssessesssessseenssessnssesns 10

DATA AND SOFTWARE AVAILABILITY ...ootiirtiinietneeriertnteteieneeieseeieseee st ettt st et sae e sesesseseesaesre s e e e e 11

REFERENCES. ..ottt ettt sttt sa et sttt e et sa et et et et s e et sremeeneneenennesaenn 12

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead

contact, Cosmin Saveanu (cosmin.saveanu@pasteur.fr).
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains

Saccharomyces cerevisiae strains were derived from BY4741 (mat a) and BY4742 (mat alpha) strains.
The full list of strains is provided as a table in the Supplementary material.

Bacterial strains

E. coli strain NEB 10-beta (NEB Cat# C3019) was used for construction of plasmids by Gibson
assembly and their multiplication. E. coli BL21(DE3) cells were used for expression of recombinant
Nmd4 and Upf1 proteins.
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METHOD DETAILS

Media and growth conditions

Yeast cells were grown in YPD (20g-L ™" glucose, 10g-L™" yeast extract, 20g-L ™" bacto-peptone, 20g-L™"
bacto-agar for plates only) and in synthetic media without uracil to select transformants and maintain
URA3 plasmids. All yeast strains were freshly thawed from frozen stocks and grown at 30°C.

Bacterial strains were grown in LB media, supplemented with antibiotics when necessary, at 37°C.

Yeast strains construction

Yeast strains used in this paper are listed in a specific table. C-terminal TAP-tagged strains originated
from the collection of systematically built strain (Ghaemmaghami et al, 2003). For some of the strains,
we have modified the classical TAP tag (CBP-TEV cleavage site-protein A) and added an additional
6-His tag between CBP and the TEV cleavage site. To do that we have used the pCRBlunt-CRAP(6-
HisTAP) plasmid that can replace the original tag by homologous recombination. TAP or CRAP
(CBP-6His-TEV-proteinA) tagged versions of proteins were used for our experiments and gave
similar results; both versions bear the “TAP” name in the text, as only the protein A part of the tag and
the TEV cleavage site were used in our experiments.

Deletion strains were part of the systematic yeast gene deletion collection (Giaever et al, 2002)
distributed by EuroScarf (http://www.euroscarf.de/) or were built by transformation of BY4741 strain
with a cassette containing a selection marker cassette flanked by long recombination arms located
upstream and downstream the open reading frame of the gene. Deletions were tested by PCR
amplification of the modified locus.

Plasmids construction

N-terminal TAP-tagged Upfl fragments were expressed from single copy plasmids derived from
pCM189 (Gari et al, 1997) under the control of a Tet-OFF promoter. Cloning of Upfl fragments into
plasmid was done by a modified version of Gibson assembly (Fu et al, 2014) using Notl digested
pCM189-NTAP (plasmid 1233, Saveanu et al, 2007) and the PCR product obtained with
oligonucleotides CS1359 and CS1364 (UPF1-FL), CS1359 and CS1361 (UPF1-CH), CS1362 and
CS1364 (UPF1-Cter), CS1359 and CS1393 (UPF1-NoCex) or CS1362 and CS1393 (UPF1-Cter-
NoCex) on template pDEST14-NAM7 (pl. 1350) or pDONR201-NAM?7 (pl. 1330). Briefly, we mixed
30 to 50ng of linearized vector with 60 to 300ng of amplified PCR insert(s) in 200pL. microtubes
containing 10pL of 2x Hot Fusion Buffer: 2x pre-assembly buffer 5x (0.5M Tris pH 7.5, 50mM
MgCl2, 1mM each dNTP, 50mM DTT, 25% PEG-8000) with 0.0075u-pL.—1 of T5 exonuclease and
0.05u'pL—1 of Phusion Hot Start DNA polymerase. Distilled water was added to the tube for a final
volume of 20pL. Tubes were incubated in a thermocycler for 1 hour at 50°C, then slowly ramped
down to 20°C in 5 minutes (0.1°C per second), and held at 10°C. The Hot Fusion reaction was used
for transformation or stored at -20°C if not used immediately. Otherwise, 1puL of the reaction was
transformed in E. coli NEB 10-beta competent cells. Insertion of UPF1 fragments into vector was
verified by restriction enzyme digestion and sequencing.
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Coding sequences of yeast full length NMD4, yeast UPF1 helicase domain, and human UPF1 helicase
domains (Uniprot accession codes Q12129, P30771, and Q92900-2 respectively) were cloned between
Nhel/Notl, Nhel/Xhol, and Ndel/Xhol in variants of pET28a (Novagen). In these vectors the Ncol-
Ndel cassette was either deleted by mutating the Ncol site to an Ndel site or replaced by the coding
sequence for a His-tag or a CBP tag followed by a TEV protease cleavage site. In the vector without
the Ncol-Ndel cassette, a TEV protease cleavage site was engineered in front of the C-terminal His-
tag. Fragments of human UPF1 (helicase domain, 195-914), yeast UPF1 (helicase domain, residues
220-851), and NMD4 (Full length, residues 1-883) were amplified by PCR with the appropriate
restriction sites, using oligo pairs HLH725/HLH726, HLH2705/HLH2706 and MD99/MD100
respectively. PCR products were purified using PCR cleanup Qiaquick (NMD4) or Promega (human
and yeast UPF1) kits, digested for 1 hour at 37°C using NEB Cutsmart buffer and the corresponding
enzyme couples, then further gel purified using Quiaquick kit (NMD4) or Promega gel purification kit
(human and yeast UPF1). Plasmids pHL5 and pHL4 were digested in parallel using Nhel/Notl
(pHL5), Nhel/Xhol (pHL4) or Ndel/Xhol (pHL4) and purified on 0.8% agarose gels. Digested PCR
products were mixed with corresponding plasmids in a 1:3 molar ratio and ligated overnight at 16°C in
a 15l reaction using T4 DNA ligase. Ligase was heat-inactivated 10 minutes at 65°C, then ligation
products were used to transform E. coli NEB 5-alpha competent cells. Insertion of NMD4 and UPF1
fragments into vectors was verified by restriction enzyme digestion and sequencing.

Total protein extracts and western blots

Total protein extracts were prepared from 5 Agpo 0of exponential culture with a fast method using
alkaline treatment (Kushnirov, 2000). Cells were incubated in 200pL of 0.1M NaOH for 5 min at
room temperature, collected by 3 min centrifugation and resuspended in 50pL of sample buffer
containing DTT (0.1M). Proteins were denatured for 3 min at 95°C, and cellular debris were pelleted
by centrifugation. 10uL of supernatant or diluted supernatant (for quantification scale) were loaded on
acrylamide NuPAGE Novex 4-12% Bis-Tris gels (Life technologies). After transfer to nitrocellulose
membrane with a semi-dry fast system (Biorad trans-blot) with discontinuous buffer (BioRad technote
2134), proteins were detected by hybridization with appropriate antibodies.

TAP affinity purifications

TAP-tagged proteins were purified using a one step purification method. Briefly, frozen cell pellets of
2 to 8L culture were resuspended in lysis buffer (20mM Hepes K pH7.4, 145mM KClI, Protease
inhibitor, 1X Vanadyl-Ribonucleoside Complex, 40u-mL 'RNasin) and lysed using a French press (2
passages at 1200 PSI). The lysate was cleared at 4°C for 20min in a JA-25.50 rotor (Beckman) at 15
000rpm. Magnetic beads (Dynabeads M-270 epoxy) coupled to IgG were added to the protein extract
and incubated for 1 hour at 4° (Oeffinger et al, 2007). Beads were collected with a magnet and
extensively washed three times with a first buffer (HKI: 20mM Hepes K pH7.4, 145mM KCl,
40u'mL ™" RNasin, 0.1% Igepal) and twice with a second buffer (HK: 20mM Hepes K pH7.4, 145mM
KCl, 40u'mL'RNasin, ImM DTT). The lack of detergent in the second buffer ensured compatibility
with mass spectrometry. After washing, complexes were eluted by incubation in elution buffer (HK +
recombinant purified AcTEV, Thermo Fisher Scientific) for 1 hour at 16°C on a rotating wheel.
Supernatant that contained purified complexes was collected and precipitated using the
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methanol/chloroform method (Wessel & Fliigge, 1984) before further analysis by silver staining,
western blot or mass spectrometry.

In case of RNase treatment, lysed cells were divided in two equal parts, one part was treated with
RNase A and RNase T1 and the other part was not. Purifications were done in parallel. For treated
samples, clarified lysate were treated a first time with 300u-mL™" of RNase T1 (Thermo scientific,
Cat#ENO542) and 167.10° u'mL ™" of RNase A (Thermo scientific, Cat#ENO531), 20 minutes on ice.
The sample was also treated a second time, after adsorption of proteins on beads and washing, using a
first wash with HK buffer with RNase T1 at 83u'mL™" of the clarified lysate previously used and
RNase A at 17u-mL ™ of the clarified lysate previously used for 20 minutes at 25°C.

Affinity purification for RNA analysis

We used 4L yeast culture at exponential phase, Agpo 0.6 to 0.8 and processed with the same method as
TAP immuno-purification but with more precaution to work fast, on ice and in an RNase free
environment. In addition, buffers were freshly prepared, lysis buffer contained 5mM MgCl, to
maintain mRNP integrity, washing steps were reduced to three washes with HKI + DTT buffer and
elution was done in HKI + DTT + AcTEV. After elution, RNA extraction was done by 3 steps of acid
phenol/chloroform followed by overnight ammonium acetate precipitation at -20°C. RNA pellet were
resuspended in water and processed for DNase treatment (Ambion TURBO DNA-free kit) and RT-
gPCR analysis.

At the first RNA extraction step, we also collected proteins that were at the interface between aqueous
phase (RNA) and organic phase. Proteins were precipitated by adding 100% ethanol, incubating at
-20°C for 1h and centrifugation. Washed and dried protein pellets were used for western blotting to
verify purification efficiency.

Mass spectrometry acquisition and data analysis

Protein samples were treated with Endoprotease Lys-C (Wako) and Trypsin (Trypsin Gold Mass Spec
Grade; Promega). Peptide samples were desalted using OMIX C18 pipette tips (Agilent
Technologies). The peptides mixtures were analyzed by nano-LC-MS/MS using an Ultimate 3000
system (Thermo Fisher Scientific) coupled to an LTQ-Orbitrap Velos mass spectrometer or LTQ-
Orbitrap XL (Thermo Fisher Scientific). Peptides were desalted on-line using a trap column (C18
Pepmap100, 5pm, 300pmx5mm (Thermo Scientific)) and then separated using 120min RP gradient
(5-45% acetonitrile/0.1% formic acid) on an Acclaim PepMapl100 analytical column (C18, 3um,
100A, 75pm id x 150mm, Thermo Scientific) with a flow rate of 0.340pL-min~'. The mass
spectrometer was operated in standard data dependent acquisition mode controlled by Xcalibur 2.2.
The instrument was operated with a cycle of one MS (in the Orbitrap) acquired at a resolution of
60,000 at m/z 400, with the top 20 most abundant multiply-charged (2+ and higher) ions subjected to
CID fragmentation in the linear ion trap. An FTMS target value of 1e6 and an ion trap MSn target
value of 10000 were used. Dynamic exclusion was enabled with a repeat duration of 30s with an
exclusion list of 500 and exclusion duration of 60s. Lock mass of 445.12002 was enabled for all
experiments.
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Protein expression and purification from E. coli

Plasmids pHL 1484 (CBP-NMD4 full length-6His), pHL1301 (yeast UPF1 helicase domain-6His) and
pHL201 (human UPFI1 helicase domain-6His) were used to transform BL21 (DE3) Codon Plus
competent cells. After plating and overnight cell growth on Kanamycin LB plates, 3-4 colonies were

inoculated in 25 ml LB media supplemented with Kanamycine (50mg.L™). After 6 hours of incubation
at 37°C, each starter culture was used to inoculate a 1L LB culture supplemented with Kanamycine
(50mg.L™") and Chloramphenicol (34mg.L™"). Cultures were first incubated at 37°C to a 0.6 optical
density at 600nm wavelength, then transferred and incubated at 16°C. When optical density reached
0.8, protein expression was induced using IPTG (0.5mM).

After overnight incubation at 16°C, cells were harvested at 6000 rpm for 10 minutes, washed once
with cold 1x PBS, then collected at 5000 rpm for 10 minutes.

Cells were mixed in a lysis buffer (1.5x PBS, 20mM Imidazole, 0.1% Igepal, 10% Glycerol, 1mM
MgCl,) supplemented with protease inhibitors (Aprotinin 2pg.mL™, Leupeptin 1pg.mL™, Pepstatin
1pg.mL™, PMSF 50pg.mL™") then lysed using sonication for 4 minutes on ice, and centrifuged at
18000 rpm for 25 minutes at 4°C.

Supernatants were mixed with 500pl Ni-NTA agarose resin (=500pl of 50% slurry, Clontech) pre-
equilibrated in lysis buffer, and incubated for 2 hours in 50ml falcons on a rotator at 4°C. Beads were
collected and washed with lysis buffer then transferred on Bio-Spin columns (Biorad) pre-washed in
lysis buffer. Columns were further washed with lysis buffer followed by a wash buffer (1.5x PBS,
50mM Imidazole, 250mM NaCl, 0.1% Igepal, 10% Glycerol, ImM MgCl,), before protein elution in
800 ul fractions (1.5x PBS, 150mM Imidazole, 10% Glycerol, ImM MgCl,).

Nmd4 was further dialyzed against calmodulin binding buffer (1x PBS, 100mM NaCl, 0.1% Igepal,
10% Glycerol, ImM MgCl2, 4mM CaCl2, ImM DTT) overnight at 4°C in Spectrapor-4 (12-14
MWCO), then mixed with 500ul Calmodulin Affinity Resin (= 1ml of 50% slurry, Agilent) pre-
equilibrated in binding buffer. After 1 hour incubation into a Bio-Spin column on a rotator at 4°C,
beads were washed twice with binding buffer, before protein elution (1x PBS, 100mM NaCl, 0.05%
Igepal, 10% Glycerol, 1ImM MgCl,, 20mM EGTA, 1mM DTT).

Proteins were finally dialyzed against 1.5x PBS, 150mM NaCl, 10% (w/v) glycerol, 1mM DTT and
1mM MgCl; in Spectrapor-4 (12-14 MWCO) then stored at -80°C.

In vitro pull-down assays

Pull-down was performed using preblocked calmodulin affinity beads (Agilent).

Preblocking beads. Briefly, in order to preblock beads, 1 ml calmodulin sepharose beads (50%
Slurry) were spun, and resuspended in 20mM Hepes, 500mM NaCl, 0.1% Igepal, 0.08mg.ml™"
glycogen carrier, 0.08mg.ml" tRNA and 0.8mg.ml" BSA. After 2 hours at 4°C, beads were washed 3
times (20mM Hepes, 150mM NaCl, 0.1% Igepal) then resuspended in 500pl 1x binding buffer 250/10
(20mM Hepes, 250mM NaCl, 0.1% Igepal, 2mM MgAc,, 2mM CaCl,, 10% glycerol, ImM DTT).

In vitro pull-down assay. Recombinant CBP-Nmd4, yeast Upfl and human Upfl proteins were
thawed on ice. Each mix contained 2pg of each protein in 30pl reaction mixes. NaCl and glycerol
concentrations were adjusted to 150mM and 15% respectively. Five microliters (1/6) aliquots were
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taken out of each mix to load on Input gel. Each mix was further supplemented with 5nl of water, and
30ul of a NaCl/glycerol buffer to reach a 60l reaction volume containing 125mM NaCl and 12.5 %
glycerol.

Mixes were incubated for 20 minutes at 30°C. To perform pull-downs, 12l of preblocked calmodulin
beads were added to each mix, along with 200pnl 1x binding buffer 150/10 (20mM Hepes, 150mM
NaCl, 0.1% Igepal, 2mM MgAc,, 2mM CaCl,, 10% glycerol, ImM DTT), then rotated 1 hour at 4°C.
Beads were further washed 3 times with 1x binding buffer 150/10, then dried using a thinned Pasteur
pipet. The retained complexes were eluted using 20pl elution buffer (10mM Tris pH=7.5, 150mM
NaCl, ImM MgAc,, 2mM Imidazole, 20mM EGTA, 0.1% Igepal, 14% glycerol, 10mM -
mercaptoethanol) while shaking 5 minutes at 1400 rpm, 30°C.

Eluates were collected after spinning, transferred to fresh tubes, concentrated 30 minutes in a Speed-
vac then loaded on 10% SDS-PAGE gels.

RNA extraction

For RT-qPCR and RNAseq, cells were first grown in YPD to log phase and collected. Total RNA was
extracted using the hot phenol extraction method and precipitated using ammonium acetate and
ethanol. The extracted RNA samples were treated with DNase I (Ambion TURBO DNA-free kit)
before reverse-transcription (RT) and library preparation.

Reverse transcription and quantitative PCR

To measure the enrichment of NMD substrates such as pre-messenger RPL28 or DAL7 in different
experiments, we performed RT-qPCR. After RNA extraction and DNase treatment, 500ng of RNA
were reverse-transcribed using Superscript III (Invitrogen) and a mix of reverse gPCR
oligonucleotides, CS888 (RPL28-premature), CS889 (RPL28), CS1077 (RIM1), CS1430 (DAL7); for
RNA immuno-precipitation we recovered 300ng to 3000ng and then use everything for reverse-
transcription. cDNA were diluted to 1/8, 1/64, 1/512 and 1/4096 and 5pL. were mixed SpL with
Eurobio green One step loRox mix and qPCR primers in a final volume of 25pL. The amplification
was done in stratagene MX3005P and corresponding software (MXpro quantitative PCR system),
according to the following program: cycle 1 (95°C for 5min) and cycle 2 (40 cycles of 95°C for 20s
and 60°C for 1min). We chose the threshold manually and analyzed the results with home made excel
sheet according the AACt method. Using the dilution curve, we calculated ACt that are the difference
of Ct between the RNA tested and the reference RNA; e.g. ACt = Ct mRNA of interest / Ct reference
RNA. We next calculated the AACt to normalize the values to the WT condition; for the comparison of
NMD substrates expression in total RNA extract, we compared the ACt of the mutant with the ACt of
the WT and we calculated the NMD efficiency based on these AACt; for RNA immuno-precipitated
the AACt were the difference between the Ct of immuno-precipitation and input.

NMD efficiency calculation

Complementation of an NMD deficient strain leads to a decrease in the levels of an NMD-sensitive
transcript like RPL28. To be able to judge how the efficiency of NMD affects the level of a transcript
and to simplify the interpretation of complementation experiments, we developed a formula to
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calculate NMD efficiency using the maximum and minimum steady-state levels of a given transcript.
We assume that RNA synthesis is constant and that the degradation of RNA occurs by two
competitive pathways, with different first-order rate constants: kxyvp and kyase. Thus, the variation in the
RNA levels with time could be expressed as:

MZT_("NMD"'k

dt *|RNA]

base

where:

T is transcription rate (synthesis, and export),

[RNA] is RNA concentration,

knwp is the global rate constant for degradation through NMD,

Kpase is the base rate constant for degradation of the RNA, independent of NMD.

At steady state, the change in RNA concentration is null. A given steady-state level can be obtained
either by both high transcription and high degradation or low transcription and low degradation.
Steady state levels of a given RNA would be:

T

NMD + k base

RNA|=

Since most of the time we do not know the transcription rate, or the degradation constants, we need to
remove one of the variables. Let us consider two situations in which transcription is supposed
invariable, a wt and a mutant strain devoid of NMD:

RNA|, =
kNMD +k base
RNA),,=——
kbase
Thus, the ratio between the mutant that has no NMD and wild type, N, is:
(1) [RNA]mut — — kNMD+kbase — kNMD +1
[RNA ]wt kbase kbase

If the RNA is not an NMD substrate, knvp is 0 and the ratio between the mutant and wt becomes 1.
If the RNA is exclusively degraded through NMD, the ratio would be infinite.

At a fractional NMD efficiency, noted a, the degradation through NMD would be o x knvp and the
ratio of RNA towards wt in this mutant, P, becomes:

1+ kNMD
[RNA]obs —p= kbase+kNMD _ kbase
[RNA] K

)

+akyy, - l+g K s
k

wt base

base

N is always larger than P.
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We can substitute kywun/Kpase in (2) with (N-1), from (1):

_14(N-1) _ N
“1+a(N-1) 1+a(N-1)

E:1+0((N—1)
P /

Thus the fraction of NMD, used to define efficiency, can be calculated from:

N 1
p

a =
N-1
Where N is the enrichment of RNA in the NMD null mutant and P the enrichment in the tested strain.

Example: if the RNA is enriched 8 fold in an NMD mutant and 4 fold in a "partial" NMD strain over
WT, the fractional efficiency of NMD would be:

This example shows that the correlation between observed ratios and NMD efficiency is not linear.
The formula maps values obtained by RT-QPCR to a percentage of "NMD efficiency" and works fine
for extreme values. If a mutant has no NMD defect, P will be equal to 1 and o becomes 1. If the
mutant is 100% NMD deficient, P will approach N and, a becomes 0. Due to experimental error, P
might be superior to N, but in that case o should be considered 0.

RNA libraries preparation, sequencing

RNA, extracted and treated with DNase, were subjected to Ribozero® treatment to remove ribosomal
RNAs. Removal was verified by testing the RNAs on a Bioanalyser. Libraries of mRNA were
prepared with a TruSeq Stranded kit (Illumina). We did the protocol from the fragmentation step to the
amplification. For nmd4A, ebs1A, nmd4A/ebs1A and the BY4741 associated, the fragmentation
incubation was reduced to 7 minutes, and we amplified the library with 10 cycles only. Libraries were
sequenced on the Illumina HiSeq 2500 for 50 bases (for upf1A and BY4741 associated) and 65 bases
(for nmd4A, ebs1A, nmd4A/ebs1A and BY4741 associated). Sequenced reads were aligned to yeast
genome version sacCer3 (version R64-2-1) using STAR (Dobin et al, 2013) with the default
parameters except for -s 0 -0. We used feature_count from the subread package (version 1.5.0-p3-
Linux-x86_64) to count the number of reads per features. For the features, we used a custom list
where cryptic transcripts introns could be specifically counted. There were three independent
experiments for each condition; upfIA and the first BY4741 and nmd4A, ebs1A, nmd4A/ebs1A and the
second BY4741 were done by different experimenters and were not sequenced in the same run.

Polysome fractionation

Polysome extracts were obtained from 150mL of mid-log phase (Aso ~ 0.6) yeast cells culture treated
with 50pg-ml™ cycloheximide for 5 minutes at 4°C and broken with glass beads using a MagNA lyser
(three times for 60s at 3000 rpm) in breaking buffer (20mM Tris-HCI, pH 7.4, 50mM KCI, 10mM
MgCl,, 50pg'ml™ cycloheximide, 1mM DTT, 0.1mg-ml™" Heparin, and EDTA-free protease inhibitors
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from Roche). 10 to 15 Az of clarified cell lysates were loaded on 10-50% sucrose gradients.
Gradients were centrifuged 3h15 at 36000 rpm with slow acceleration in a SW41-Ti rotor (Beckman)
in a Optima L-80 ultracentrifuge (Beckman). Half of collected fractions were precipitated with TCA
and the precipitate was resuspended in 50puL of sample buffer. 10pL. were loaded on polyacrylamide
NuPAGE Novex 4-12% Bis-Tris gels (Life technologies). After transfer to nitrocellulose membrane
with a semi-dry system, proteins were detected by hybridization with appropriate antibodies.

Protein sequence alignment, phylogenetic trees and percentage of
identity calculation

We used metaPhOr (Pryszcz et al, 2011) to obtain sequences of orthologues for the studied proteins.

We aligned entire proteins or fragments using Mafft software called as a web service from Jalview.
PIN domain boundaries for Smg6, Smg5 have been determined by sequence homology with
orthologous proteins from D. melanogaster, C. elegans, M. musculus (positions 1239-1419 for hSmg6,
849-1016 for hSmg5). For Nmd4, we used all the 1-218 amino acid sequence for the alignment, even
if the last 60 amino acids are not part of the PIN domain. Identity was computed as the percentage of
identical aligned residues over the total number of aligned residues. To strengthen alignment
reliability, we also performed delta-BLAST alignment (Boratyn et al, 2012) on the S. cerevisiae
protein database with the hSmg6 and hSmg5 PIN domains and hSmg7 14-3-3 domain as query, using
E-values as significance scores.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot quantification

For polysome analysis, western blot signals were quantified using Image Lab software (version 5.2.1
build 11 - Biorad). We used the square volume tool to define boxes of identical size at the expected
position of the protein band we wanted to quantify. We also defined a series of blank boxes for each
lane for background definition. To normalize the results, we calculated the percentage of signal over
all the fractions of a run for both Nmd4 and Rps8 (control). Statistical significance of the signal
differences between conditions were assessed by the paired Student t-test. Stars on plots indicate that
the p-value associated with the test was less than 0.05.

GO Term analysis and statistics

We used the GO Term Finder tool associated with SGD database (Cherry et al, 2012) to search for
common function of protein list extracted from MS analysis; for example, the group of proteins

removed by RNase treatment and group of proteins of a given enrichment; default settings were used.
We calculated the significance of the accumulation of certain protein classes using hypergeometric
distribution test (Supplementary Table 5). This test allows determining if the sampling is random or
if there is an enrichment of specific classes of annotations.
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Mass spectrometry results analysis

Raw data files from MS were searched using the MaxQuant/Andromeda search engine (version 1.5.5.1
(Cox & Mann, 2008; Cox et al, 2011) against the Uniprot Saccharomyces cerevisiae proteome
database (downloaded 12/02/2016; total 6,721 entries) completed with the 22 virus protein sequences
from yeast, and a list of commonly observed contaminants supplied by MaxQuant. Searches allowed
either trypsin specificity with two missed cleavages. Cysteine carbamidomethylation was selected as
fixed modification, and oxidation of methionine and N-terminal acetylation were searched as variable
modifications. Peptide identification was performed using 6 ppm as mass tolerance at the MS level
for FT mass analyser and 0.5Da at the MS/MS level for IT analyzer. MaxQuant/Andromeda used
seven amino acid minimum for peptide length, with 0.01 false discovery rate for both protein and
peptide identification. The protein identification was considered valid only when at least one unique or
“razor” peptide was present. Following protein identification, the intensity for each identified protein
was calculated using peptide signal intensities. Identification transfer protocol (“match-between-runs”
feature in MaxQuant) was applied.

Only protein identifications based on a minimum of two peptides were selected for further quantitative
studies. Bioinformatics analysis of the MaxQuant/Andromeda workflow output and the analysis of the
abundances of the identified proteins were performed with custom R scripts (Supplementary Fig. 1).
R scripts were used to calculate a score called LTOP2 for each protein group in the different
experiments. This score is similar with the "top three" average described (Silva et al, 2006), with
several differences. First, we built meta-peptide intensities, based on the intensity of overlapping
peptides with missed cleavages (minimum 4 residues overlapping). Next, we took the 3 most intense
peptides (top3) or the top2 if only two peptide intensities were available, and calculated the average of
log2-transformed intensities. LTOP2 values on whole cell extracts were in excellent agreement with
previous estimates of protein abundance in yeast (Fig. 1d). Finally, LTOP2 between experiments were
normalized using the TEV protease as a spike in, as this protease is added with the same amount in
each sample during the purification process. This procedure allows us to compare all the experiments.
To overcome some limitations of the score, we calculated enrichments for each protein. First, we
obtained an estimate of the relative fraction of each protein in a given sample, by dividing the
estimates of protein abundance (delog of LTOP2) to the total signal (sum of estimates for the
evaluated proteins). Enrichment values were obtained by dividing the relative ratio of a purified
protein with the ratio of the protein in a total extract.

Enrichments were computed for each protein in each experiment, transformed to log2 wvalues
(Supplementary Table 3) and served as base to calculate enrichment mean and standard deviation
(Supplementary Table 4) that we used for graphical representations.

RNAseq statistical analysis

Expression of gene in the different samples and replicates were normalized to WT strain using
DESeq2 (Love et al, 2014). We analyzed the three replicates independently and used the mean for
figures. During DESeq2 workflow, we removed features identified by zero reads to avoid problems
with the logarithm transformation. We determined NMD substrates from upflA RNAseq results and
fixed the threshold for these RNA to a minimum of 1.4 fold increase. For the bin analysis, we used a
custom script to divide RNA sequenced in nmd4A and ebsIA experiments into 5 bins containing the
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same number of transcript and calculate the percentage of NMD substrates for each bin (Fig. 5).
Statistical significance of the differences between bins was assessed using a binomial test.

DATA AND SOFTWARE AVAILABILITY

The accession number for the sequencing data reported in this paper is GEO: GSE102099.

The MS proteomics data that support the findings of this study have been deposited in the
ProteomeXchange Consortium via the PRIDE repository (Vizcaino et al, 2016) with the dataset
identifier PXD007159.

In addition to the access to raw data, enrichment and intensity data are available as an interactive web

application at: https://hub05.hosting.pasteur.fr/NMD complexes.
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