Ribosome-bound Upf1 forms distinct 80S complexes
and conducts mRNA surveillance
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ABSTRACT

Upf1, Upf2, and Upf3, the central regulators of nonsense-mediated mRNA decay (NMD), appear to exercise their NMD
functions while bound to elongating ribosomes, and evidence for this conclusion is particularly compelling for Upf1.
Hence, we used selective profiling of yeast Upf1:ribosome association to define that step in greater detail, understand
whether the nature of the mRNA being translated influences Upf1:80S interaction, and elucidate the functions of ribo-
some-associated Upf1. Our approach has allowed us to clarify the timing and specificity of Upf1 association with translating
ribosomes, obtain evidence for a Upf1 mRNA surveillance function that precedes the activation of NMD, identify a unique
ribosome state that generates 37-43 nt ribosome footprints whose accumulation is dependent on Upf1’s ATPase activity,
and demonstrate that a mutated form of Upf1 can interfere with normal translation termination and ribosome release. In
addition, our results strongly support the existence of at least two distinct functional Upf1 complexes in the NMD pathway.
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INTRODUCTION

Nonsense-mediated mRNA decay (NMD) is a eukaryotic
translation-dependent mRNA quality control pathway
whose central regulators are the three Upf proteins, Upf1,
Upf2, and Upf3 (He and Jacobson 2015; Kurosaki et al.
2019). NMD is initiated in response to atypical translation
termination events, for example, when an elongating ribo-
some encounters a termination codon that occurs prema-
turely within an open reading frame (ORF) or in a context
that otherwise renders termination inefficient (Amrani
et al. 2004; Wu et al. 2020). Although NMD'’s existence
has been known for decades (Losson and Lacroute 1979;
Leeds et al. 1991; He et al. 1993; Maquat 2000), and the
pathway has been studied extensively (He and Jacobson
2015; Kurosaki et al. 2019), the precise mechanism by
which the Upf proteins recognize a ribosome undergoing
an atypical termination event and respond to it by trigger-
ing accelerated degradation of the associated mRNA re-
mains unknown.

Several observations have indicated that the NMD func-
tions of the yeast Upf proteins are exercised while these fac-
tors are bound to ribosomes, and the evidence for this
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conclusion is particularly compelling for Upf1. Thisincludes
experiments demonstrating: (i) cosedimentation of Upf1
with polyribosomes (Atkin et al. 1997; Mangus and
Jacobson 1999; Kashima et al. 2006), (ii) retained associa-
tion of Upf1 with ribosomes when cytoplasmic extracts
are digested with RNase A (Atkin et al. 1995) or micrococcal
nuclease (Mangus and Jacobson 1999), (iii) substantial re-
sistance of Upf1:ribosome association to prior treatment
with high salt (Mangus and Jacobson 1999; Ghosh et al.
2010; Min et al. 2013; Celik 2017), (iv) two-hybrid interac-
tion of Upfl with the 40S ribosomal subunit protein
Rps26 and elimination of this interaction by specific Upf1
CH domain C62Y and C84S mutations (Min et al. 2013),
(v) interaction of Upf1 with the release factors (Czaplinski
et al. 1998; Wang et al. 2001; Kashima et al. 2006; Ivanov
etal. 2008), and (vi) a requirement for Upf1 in post-termina-
tion ribosome reutilization (Ghosh et al. 2010). As in yeast,
Upf1 migrates with polyribosomal sucrose gradient frac-
tions in mammalian cell extracts (Nott et al. 2004; Lopez-
Perrote et al. 2016; Kurosaki et al. 2018; Yoshikawa et al.
2018). However, human Upf1 appears to bind mRNAs
and be displaced from their coding regions to their 3'-
UTRs by elongating ribosomes (Hogg and Goff 2010;
Hurt et al. 2013; Kurosaki and Maquat 2013; Zund et al.
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2013). The latter observations may reflect the involvement
of Upf1 in numerous mammalian mRNA decay pathways
other than NMD (Kim and Maquat 2019) or imply that
Upf1 may respond in trans to an NMD-activating event
during translation termination, possibly as part of a “two-
factor authentication” process (Boehm et al. 2021).

In yeast, NMD substrates are generally thought to be
decapped without prior deadenylation and to be subse-
quently degraded by the 5 to 3’ exonuclease, Xrn1
(Muhlrad and Parker 1994). Recently, we demonstrated
that Upf1 acts as a decapping activator for yeast NMD,
controlling both substrate specificity and activation of the
decapping enzyme by binding to two specific regulatory
motifs in the Dcp2 carboxy-terminal domain (He et al.
2022). Significantly, the same study demonstrated that
decapping is not rate-limiting for NMD sulbstrates and
that the major function for Upf1 in NMD is imparted at a
step upstream of MRNA decapping. These observationsin-
dicate that there are substantial unknown aspects of Upf1
association with mRNAs or prematurely terminating ribo-
somes and the consequences of such association for deter-
mining a transcript’s eligibility for NMD and/or for
committing it to the NMD pathway.

Regardless of where Upf1 and the other Upf factors re-
side while awaiting their activation and involvement in
mRNA decay, it appears that the steps in which these pro-
teins are committed to NMD functions are likely to be local-
ized to ribosomes (He and Jacobson 2015; Kurosaki et al.
2019). Hence, we used selective ribosome profiling
(Becker et al. 2013) of yeast Upf1 to define the step and
the nature of the mRNA being translated on Upf1:80S inter-
action, and to elucidate the functions of ribosome-associat-
ed Upf1. Our approach has allowed us to clarify the timing
and specificity of Upf1 association with translating ribo-
somes, obtain evidence fora Upf1 mRNA surveillance func-
tion that precedes the activation of NMD, identify a unique
ribosome state that generates 37-43 nt footprints whose
accumulation is dependent on Upfl's ATPase activity,
and demonstrate that a mutated form of Upf1 can interfere
with normal translation termination.

RESULTS

Rationale for the methodological approaches

To characterize Upf1 association with polyribosomes, we
carried out selective ribosome profiling analyses (Becker
et al. 2013) of yeast cells expressing FLAG-tagged alleles
of UPF1. To avoid recovery of Upf1 associated with extra-
ribosomal complexes (Atkin et al. 1995; Mangus and
Jacobson 1999), FLAG-based immunopurification (IP) was
applied to RNase I-digested ribosomes that had been pel-
leted through a 1M sucrose cushion, a procedure yielding
relatively pure 80S ribosome preparations (Supplemental
Fig. S1). To address possible methodological or biological
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variables arising from tag location, UPF1 constructs with
amino- or carboxy-terminal FLAG epitopes were exam-
ined. Although several protocols (Becker et al. 2013;
Doring et al. 2017; Wagner et al. 2020) recommend that
selective ribosome profiling be carried out with carboxy-
terminally tagged proteins to preclude sequencing reads
generated by immunopurification of ribosomes with a na-
scentamino-terminally tagged protein, we simply eliminat-
ed all Upf1-specific reads bioinformatically (Supplemental
Table S1). Toincrease the possibility of characterizing steps
in NMD upstream of the actual activation of MRNA decay,
we examined cells with or without full NMD activity, includ-
ing cells harboring upfmutations and cells that were briefly
treated or not treated with cycloheximide (CHX) during har-
vesting and lysis. CHX inhibits translation elongation and
CHX treatment has been shown to inhibit NMD in vivo
(Zhang et al. 1997) and to block the formation of toeprints
specific to premature termination codons in vitro (Amrani
et al. 2004).

Pilot experiments in which FLAG-tagged Upf1 was ex-
pressed from centromeric plasmids did not yield sufficient
immunopurified ribosomes for construction of substantive
ribosome profiling libraries. Hence, episomally expressed
UPF1 genes were used for all experiments. The increased
expression inherent to such constructs raises the possibility
that results obtained with their use might not reflect bona
fide Upf1 functions or distribution across an mRNA coding
region. However, several results mitigate this concern: (i) in
vitro incubation of yeast Upfl and 80S ribosomes at
Upf1:80S ratios considerably higher than those achieved
by in vivo episomal expression nevertheless yielded highly
specific Upf1:80S interaction (Schuller et al. 2018), (i) the
distribution of WT Upf1-FLAG across different polysome
fractions was comparable when the protein was expressed
from centromeric or episomal vectors in WT UPF2 strains,
even when free Upf1 was increased (Supplemental Fig.
S2, middle, fractions 11 and 12, episomal Upf1-FLAG),
whereas increased migration of Upf1-FLAG into heavier
polysomes was observed when UPF2 was deleted, and
(iii) episomal expression of UPF1 displayed a similar NMD
phenotype compared to centromeric UPF1, causing only
slight inhibition of NMD relative to endogenous UPF1
(Supplemental Fig. S3). Consistent with the latter northern
blotting results, our RNA-seq analyses showed that epi-
somally expressed UPF1 manifested negligible dominant-
negative activity, that is, yeast NMD substrates (Celik
et al. 2017) showed only small increases in abundance as
compared to the substantial increases in abundance seen
in upf1DE572AA and upf2A strains in which NMD is inacti-
vated (Supplemental Fig. S4). Cells harboring episomally
expressed UPF1 thus appear to maintain near normal
NMD function, a conclusion further supported by addition-
al experiments described below, including those in which
we: (i) episomally expressed all three Upf proteins simulta-
neously, (i) used upf1 or upf2 mutations to determine if a
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particular result depended on Upf1 or NMD function, and
(iii) tested whether Upf1:ribosome complexes manifested
stoichiometric relationships between Upf1 and ribosomal
proteins.

Purification of FLAG-Upf1- and Upf1-FLAG-
associated ribosomes yields stoichiometric
recovery of ribosomal proteins

Confirmation of the specificity of recovery of Upf1-associat-
ed ribosomes followed from mass spectrometry and inten-
sity-based absolute quantification of protein abundance
(iBAQ) (Schwanhausser et al. 2011, 2013) analyses of ribo-
somes from two biological replicates of FLAG-UPF1 strains
or three biological replicates of UPF1-FLAG strains harvest-
ed with or without addition of CHX. The normalized iBAQ
values for the total and immunopurified samples were com-
pared to each other in scatter plots and volcano plots (Fig.
1; Supplemental Tables S2, S3). Using rilbosomes from cells
untreated or briefly treated with CHX during cell harvesting
and lysis, immunopurification resulted in substantial enrich-
ment of FLAG-tagged Upf1 (Fig. 1B, red dots) such that, in
all cases, itsincreased abundance afterimmunopurification
approximated stoichiometry with the ribosomal proteins
recovered in the samples (Fig. 1A, blue dots, and Supple-
mental Fig. S5), a result consistent with copurification of
Upf1 with ribosomes. Specificity of the FLAG immunopur-
ification procedure was demonstrated by greatly reduced
recovery of ribosomes after immunopurification (Supple-
mental Fig. S6, a-Rpsé), and the lack of increased Upf1:
ribosomal protein stoichiometry, when the same proce-
dure was applied to ribosomes from control cells express-
ing 6XHis-tagged UPF1 (Fig. 1A; Supplemental Fig. S5).
The stoichiometry of Upfi:ribosomal proteins after
immunopurification of ribosomes from cells expressing
FLAG-UPF1 treated or not treated with CHX at the time
of harvesting was similar (Fig. 1A, red dots, Y-axis values).
Likewise, Upfl derived from the carboxy-terminally
FLAG-tagged UPF1 allele expressed in different genetic
backgrounds was also recovered stoichiometrically with ri-
bosomal proteins, indicating that tag location, deletion of
UPF2, and the ATPase-inactivating upf1DE572AA muta-
tion did not affect Upf1:ribosome association or its recov-
ery. As expected for ribosomes subjected to RNase |
digestion, immunopurification of Upf1-associated ribo-
somes did not lead to uniform recovery of all rilbosomal pro-
teins. Among those that are depleted in most IP samples
are Rpp2A and Rpp2B (Fig. 1A,B), components of the ribo-
somal stalk (Hanson et al. 2004).

With the exception of the FLAG-tagged UPF1 gene, the
plasmid selective markers, and the gene disruption cas-
sette selective markersin upf1Aand upf2A strains, all genes
in these strains were present at their normal copy numbers.
Thus, it was not surprising that immunopurification of
FLAG-Upf1 or Upf1-FLAG did not lead to corecovery of

the interacting Upf factors, Upf2 and Upf3. However,
detectable levels of Upf2 and Upf3 were recovered after
immunopurification of ribosomes from FLAG-UPF1 cells
in which both untagged UPF2 and UPF3 were also ex-
pressed from episomal vectors (Fig. 1A, FLAG-UPF1
UPF2/3 EE +CHX), demonstrating that their lack of detec-
tion in other samples was due to lower relative abundance
of endogenous Upf2 and Upf3 and not the consequence of
loss during the immunopurification procedure. Immuno-
purification of ribosomes from the FLAG-UPF1 UPF2/3 EE
+CHX cells also led to corecovery of the release factor
eRF1 and enrichment for the mRNA decapping factors
Edc3 and Dcp?2 (Fig. 1A), factors that were not recovered
in any of the other IP samples. However, many other pro-
teins including translation initiation and elongation factors,
and proteins unrelated to translation, mMRNA decay, or pro-
tein folding were also enriched only in samples from this
strain (Fig. 1B), so it is uncertain whether corecovery of re-
lease and decapping factors was specific to the presence
of Upf2 and Upf3 on the ribosomes or conversely, whether
simultaneous increased expression of all three Upf factors
resulted in nonspecific recovery of these and other pro-
teins. Having demonstrated the specificity of our immuno-
purification procedure, subsequent experiments used
ribosome profiling and RNA-seq analyses of cells express-
ing FLAG-tagged Upf1 episomally.

Upf1 association with 80S ribosomes
in CHX-treated cells promotes the formation
of atypical ribosome-protected mRNA fragments

Ribo-Seq libraries were prepared from both immunopuri-
fied ribosomes and the respective prepurification total ri-
bosomes derived from the complete set of strains
expressing FLAG-tagged Upf1, as well as from wild-type
cells harboring an empty vector (EV) control. We first exam-
ined the nature of the ribosome protected fragments re-
covered in all libraries. Analyses of ribosome protected
footprint length distribution in FLAG-UPF1 libraries from
cells without CHX treatment showed that footprints of
~20-23 nt in length (“small” size, hereafter denoted as
”S") were predominant, followed by ~27-32 nt footprints
(“medium” size, hereafter denoted as “M"; Fig. 2A, green
lines). These previously detected (Wu et al. 2019) footprint
sizes were also present in control cells lacking FLAG-
tagged UPF1and in samples with or without prior immuno-
purification of Upf1-associated ribosomes. In the presence
of CHX, the predominant footprint sizes from total or im-
munopurified rilbosomes were the M size class; this is ex-
pected since CHX is known to freeze ribosomes with
occupied A sites, yielding footprints ~28 ntin length (Fig.
2A, red lines; Lareau et al. 2014; Wu et al. 2019). Notably,
ribosomes from CHX-treated strains expressing FLAG-
UPF1 yielded an atypical footprint size class of ~37-43 nt
("large” size, hereafter denoted as “L") (Fig. 2A, red solid
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FIGURE 1. Stoichiometric recovery of FLAG-tagged Upf1 with ribosomal proteins. Input (Total) and immunopurified ribosomes (IP) from different
lysates were analyzed by mass spectrometry. Intensity-based absolute quantification (iBAQ) was performed and normalized across biosamples.
(A) Average iBAQ of biological replicates, logio-transformed, of proteins identified from IP were plotted against those from the Total ribosomes.
Proteins exclusively identified in either Total or IP are plotted on the x- or y-axis, respectively. (B) Differential abundance analysis was performed
for proteins detected in both IP and Total samples using R package limma (Smyth 2004; Kammers et al. 2015). Negative logq P-values adjusted by
Benjamini-Hochberg method were plotted against log, fold change in protein abundance in IP over Total. Gray vertical dashed line indicates log,
fold change of zero (no change). Positive log, fold change (right of vertical line) are proteins enriched in IP. Negative log, fold change (left of
vertical line) are proteins depleted in IP. Gray horizontal dashed line indicates the cutoff of adjusted P-value at 0.05; proteins above this cutoff
have significant changes. Two biological replicates of FLAG-UPF1 strains, three biological replicates of UPF1-FLAG strains, and one sample of
the negative control experiment (6XHis-UPF1) were analyzed.
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FIGURE 2. Distribution of footprint length for each strain and cycloheximide treatment condi-
tion. Fractions of each footprint length (nt) were calculated and averaged among replicates.
Green and red lines indicate libraries prepared in the absence and presence of cycloheximide,
respectively. Dashed and solid lines represent total and immunopurified (IP) ribosomes, re-
spectively. Gray shaded areas highlight different classes of footprint size: from left to right,
20-23 nt=small (S), 27-32 nt=medium (M), and 37-43 nt=large (L). (A) Data from libraries
prepared from two biological replicates of amino-terminally FLAG-tagged strains and their
WT +EV control. (B) Data from libraries prepared from three biological replicates of car-

boxy-terminally FLAG-tagged strains and their WT + EV control.

lines). The L footprints represent translating ribosomes (i.e.,
they are neither RNA binding complexes nor scanning ribo-
somes), as do the typical S and M footprints, because they
exhibited the 3-nt periodicity expected of translating ribo-
somes (Supplemental Fig. S7). The ratio of L:M footprints
was increased in the FLAG-UPF1 IP libraries compared to
total libraries (Fig. 2A, red solid lines), and the L footprints
were not detectable in libraries prepared from cells without
CHX treatment (Fig. 2A, green lines).

50 FLAG allele, or UPF2 or upf2A strains
harboring the UPFI1-FLAG allele,
were subjected to ribosome profiling
and analysis of footprint length distri-
bution (Fig. 2B). The L footprints
were undetectable in any libraries
from total ribosomes but were recov-
ered in libraries prepared from immu-
nopurified ribosomes isolated from
UPF2 or upf2A cells expressing
UPF1-FLAG. The results indicate that
full functionality of the NMD pathway
is not required to form L footprints and that the position
of the FLAG epitope does not influence L footprint forma-
tion. However, the L footprints were undetectable in librar-
ies prepared from the upf1DE572AA-FLAG strain (Fig. 2B),
indicating that full Upf1 function is required for their forma-
tion. Upf1-DE572AA is present on polysomes
(Supplemental Fig. S2) and is able to interact with Rps26
in a two-hybrid assay (Min et al. 2013); therefore, the loss
of the L footprints in cells expressing upf1DE572AA-
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FLAG is likely due to the inability of this mutant Upf1 to pro-
mote a ribosome-associated function that requires Upf1’s
ATP hydrolysis activity.

L footprints are generated by additional
protection of mRNA 5’ to the normal
ribosome-protected segment

The recovery of L footprints from CHX-treated cells express-
ing FLAG-UPF1 or UPF1-FLAG (Fig. 2A,B) suggests that a
fraction of Upf1 is bound to ribosomes in a configuration
that inhibits RNase | digestion of mRNA that usually occurs

at the edge of the ribosome during library preparation.
Mapping of the 5" and 3" ends of the M and L footprints re-
covered from Upf1-associated ribosomes using the start and
stop codons as reference points showed that the 3" ends but
not the 5" ends of M and L footprints are aligned at the same
nucleotide location (Fig. 3). Thus, the size difference be-
tween M and L footprints is entirely attributable to an exten-
sion on the 5 side of the normal ribosome-protected
fragment. The 5" ends of the typical M footprints are ~12-
13 nt upstream of the reference codon (start or stop codon),
while the 5" ends of the atypical L footprints are ~23-25 nt
upstream of the reference codon, regardless of the amino-
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FIGURE 3. Atypically large footprints are attributable to a 5" extension of the mRNA region protected by the ribosome. Mapping of the 5’ and
3’ ends of footprint lengths 25-45 nt relative to the start and stop codons (red dashed lines) from IP libraries of FLAG-UPF1, UPF1-FLAG, and
UPF1-FLAG/upf2A (+CHX). For each footprint length, footprint count at each nucleotide position relative to the start or stop reference codons
were normalized to the total footprint count in the library, and these normalized counts from biological replicates were averaged. Different foot-
print lengths align at the 3’ ends but diverge at the 5" ends. L and M fragment size classes are as indicated for each sample. Lines at the bottom of
the figure indicate the approximate 5" and 3’ limits of the L and M fragments over the start and stop reference codons.

1626 RNA (2022) Vol. 28, No. 12



Ribosome association of Upf1

or carboxy-terminal placement of the
FLAG epitope, confirming that the ex-
tra 10-13 nt that extend nuclease pro-
tection do so on the 5 side of the
fragment. This corresponds to the re-
gion of the mRNA near the exit channel
of the ribosome, the same region in
which Upf1:80S interaction was ob-
served in vitro (Schuller et al. 2018).

L footprints reflect an early
phase of Upf1 association
with polyribosomes

Metagene analyses comparing the dis-
tributions of S, M, and L ribosome-pro-
tected fragments across normalized
coding regions from total and immuno-
purified ribosomes from FLAG-UPF1
cells show that, in the absence of
CHX, the S and M footprints from
immunopurified ribosomes are mark-
edly underrepresented in approxi-
mately the first half of the coding
region and become overrepresented
in the second half of the coding region
compared to total ribosomes (Fig. 4A;
Supplemental Figs. S7A, S8A,D). The
same pattern holds for the M footprints
in libraries from CHX-treated cells (Fig.
4B,C, top panels; Supplemental Figs.
S7A, S8B,C, top panels; Supplemental
Fig. S8E,F). These observations sug-
gest that Upf1 is not stripped off the
coding region by translating ribosomes
(Hogg and Goff 2010; Kurosaki and
Maquat 2013; Zund et al. 2013) and
that Upf1 association with ribosomes
occurs routinely during the course of
translation elongation. The metagene
distribution of S and M footprints re-
covered from immunopurified ribo-
somes was nearly identical regardless
of the presence or absence of CHX
(Fig. 4D, bottom panel), except for a
small peak over the start codon in M
footprints in either condition (Supple-
mental Fig. S7A), indicating that the
observed progressive increase in
Upf1-associated ribosomes that form
S and M footprints across the coding
region is not CHX-dependent.
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FIGURE 4. Upf1 progressively associates with ribosomes across mRNA coding regions except
when Upf1 association forms L footprints. Distribution of footprint abundance across the cod-
ing region (CDS) for each footprint size class from total (purple) or IP (orange) ribosomes pro-
filing libraries. (A) Small (S) and medium (M) footprint distribution from strains expressing WT +
EV and FLAG-UPFT in the absence of CHX treatment. (B) Medium (M) and large (L) footprint
distribution from strains expressing WT + EV and FLAG-UPF1 in the presence of CHX. (C)
Medium (M) and large (L) footprint distribution from CHX-treated cells expressing WT +EV,
UPF1-FLAG, UPF1-FLAG/upf2A, or upf1DE572AA-FLAG. Each gene’s CDS was divided into
100 bins and the percentage of footprints’ P-sites belonging to each bin in all genes was cal-
culated. Gray dashed line signifies a theoretical number where each percentage of CDS con-
tains an equivalent number of footprints for a sum of 100% across all 100 bins. (D) Distribution
of dominant footprint (red =Medium, M for +CHX; green=Small, S for —CHX) abundance
across the coding region. Data is the same as used in A and B top panels but replotted in
such a way to directly observe the differences or similarity in footprint distribution between
the absence and presence of CHX during the library preparation of each strain.

The L footprints, which are only detectable with Upf1-as- ~ decrease their relative accumulation across the entire cod-
sociated ribosomes in CHX-treated cells, accumulate rap-  ing region in libraries prepared from immunopurified ribo-
idly at the beginning of mRNA coding regions and slowly ~ somes from FLAG-UPF1, UPF1-FLAG, or UPF1-FLAG/
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upf2A strains (Fig. 4B,C, bottom panels; Supplemental Fig.
S8B,C, bottom panels; Supplemental Table S4). The rela-
tive accumulation of L footprints toward the 5 end of
mRNAs is significantly higher than the relative accumula-
tion of M footprints (Supplemental Table S4). These pat-
terns, and their expected 3-nt periodicity, are also
evident in higher resolution metagene plots of the first
and last 100 nt of the coding regions (Supplemental Fig.
S7). Notably, L footprints do not accumulate over the start
codon as do M footprints (Supplemental Fig. S7, green
lines). The rapid appearance of L footprints relative to ribo-
some progression across MRNA coding regions (Fig. 4;
Supplemental Fig. S7) indicates that their formation com-
mences early during translation and is either stabilized by
the CHX-mediated elongation block or that Upf1 may pre-
fer to bind to ribosomes which are in the pretranslocation
state trapped by CHX (Wu et al. 2019; Zhao et al. 2021).

Analysis of mRNAs enriched in Upf1-associated
ribosomes supports Upf1's role in mRNA surveillance

To gain insight into the targets of Upf1 binding, we used
DESeq2 to compare the distribution of reads in libraries
prepared from IP'd and total ribosomes and identified
mRNAs enriched, depleted, or unchanged in IP libraries.
We found a larger number of mRNAs identified as having
significant differences between IP'd and total ribosomes
from the carboxy-terminally FLAG-tagged strains than
those from amino-terminally FLAG-tagged strains (Fig.
5A). Because the false discovery rate (FDR) in differential
expression analyses takes into account replicate variability,
the amino-terminally FLAG-tagged data set, which had two
instead of three biological replicates and smaller sequenc-
ing library size than the carboxy-terminally FLAG-tagged
data set (Supplemental Table S1), had higher variability be-
tween replicates, resulting in a smaller number of mRNAs
with significant adjusted P-values compared to the car-
boxy-terminally FLAG-tagged data set. Thus, we focused
on the carboxy-terminally FLAG-tagged data set for subse-
quent analyses.

In the carboxy-terminally FLAG-tagged data set, we
found that both NMD substrates and non-NMD substrates
can be enriched, depleted, or unchanged in all IP’d sam-
ples (Fig. 5A). These observations suggest that Upf1 can
bind ribosomes translating any mRNA and that Upf1 bind-
ing to a ribosome by itself does not trigger NMD of the as-
sociated mMRNA. However, the enrichment and depletion
of some transcripts after IP suggests that specific mRNA
features may enhance or reduce recruitment of Upf1 to
ribosomes.

To characterize mRNAs enriched or depleted in the li-
braries from immunopurified ribosomes, we performed
comparative analyses of ribosome occupancy, coding se-
quence length, and codon optimality between mRNAs en-
riched, depleted, or unchanged in I[P versus total
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ribosomes from UPF1-FLAG, UPF1-FLAG/upf2A, and
upf1DE572AA-FLAG strains (Fig. 5B-D). Consistent with
our earlier observations that NMD substrates have signifi-
cantly lower ribosome occupancy than non-NMD sub-
strates (Celik et al. 2017), we found that mRNAs enriched
in Upfl-associated ribosomes for both NMD substrate
and non-NMD substrate categories in all strains have signif-
icantly lower ribosome occupancy than those depleted in
Upf1-associated ribosomes (Fig. 5B; Celik et al. 2017; He
etal. 2018). This observation suggests that Upf1:ribosome
association occurs more frequently when an mRNA's trans-
lation dynamics are similar to those of NMD substrates, and
less frequently when an mRNA's translation dynamics are
opposite those of NMD substrates. However, the fact that
this pattern is observed in both NMD and non-NMD sub-
strates and in strains in which the NMD pathway is inactivat-
ed (UPF1-FLAG/upf2A and upf1DE572AA-FLAG) further
suggests that Upf1 binding to ribosomes is likely to be a
surveillance step prior to NMD commitment.

NMD activation is triggered by premature termination
events, including out of frame translation ending at a pre-
mature stop codon, an event that may occur by chance
more frequently in mRNAs with relatively long open read-
ing frames. Therefore, we analyzed the coding sequence
length for all mMRNAs recovered in our ribosome profiling
libraries. We found that mRNAs enriched in IP have signifi-
cantly longer coding sequence lengths than mRNAs in
both the unchanged and depleted groups and that
mRNAs depleted in IP have significantly shorter coding se-
quence lengths than mRNAs in the other two groups (Fig.
5C). However, there was no difference in these patterns
between NMD and non-NMD substrates nor between
strains with an active or inactive NMD pathway. As such,
it is unlikely that this observation is related to Upfi1's
NMD function but rather reflects the steady ribosomal ac-
cumulation of Upf1 across the coding region observed in
Figure 4; Supplemental Figures S7, S8, and the increased
opportunities for Upf1 association on longer coding se-
quences, a result that again supports Upf1:ribosome asso-
ciation prior to NMD commitment.

Previous studies (Presnyak et al. 2015; Radhakrishnan
et al. 2016) showed that mRNAs targeted for decay tend
to have a high number of nonoptimal codons, with corre-
sponding decoding tRNAs that are low in abundance lead-
ing to slow elongation. We also showed previously that
NMD substrates have slightly lower codon optimality
scores than non-NMD substrates (Celik et al. 2017). Thus,
we wondered whether this trend is also true for transcripts
enriched in IP libraries. We calculated a codon optimality
score for each transcript by determining the geometric
mean of codon optimality scores of individual codons in
the coding sequence (dos Reis et al. 2004; Tuller et al.
2010b). We found no difference in mean codon optimality
scores among the three mRNA groups in any strains (Fig.
5D), again supporting our hypothesis that Upf1 associates
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FIGURE 5. Characteristics of mRNAs enriched or depleted for Upf1-associated ribosomes. (A) Results of differential expression analyses by
DESeqg2 between mRNA abundance in IP versus Total ribosome profiling libraries of each strain and CHX treatment. False discovery rate
(FDR) with a threshold of 0.05 was used to determine significant differential expression. mRNAs with adjusted P-value <0.05 and positive log,.
(IP/Total) were considered enriched in IP libraries (orange), whereas those with adjusted P-value <0.05 and negative logy(IP/Total) were consid-
ered depleted in IP libraries (purple); otherwise, their abundance did not differ (“unchanged”) between IP and Total (gray). (B-D) Comparative
analyses of ribosome occupancy (B), coding sequence length (C), and codon optimality score (D) between mRNA groups identified in A. Two-
tailed Wilcoxon’s rank sum test with FDR method for multiple testing correction was used to compare each pair of mMRNA groups. Symbols for
levels of significance are ns: P>0.05, (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001. Number of mRNAs in each group is provided.
Outlier mRNAs (those beyond the whiskers of box plots) were included in the analyses but omitted from plotting.
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generally with rilbosomes while playing a surveillance func-
tion prior to NMD commitment. It is possible, however,
that Upf1 could be recruited to localized regions of nonop-
timal codons in an mRNA, and thus a single codon opti-
mality score of the entire coding region cannot capture
this phenomenon.

Ribosomes associated with upf1DE572AA
accumulate downstream from normal
termination codons

To determine whether Upf1-associated ribosomes are
found at specific codons, we calculated the mean relative
A-site codon occupancy of immunopurified and total ribo-
somes for any given codon and its surrounding region (Fig.
6A). Because ribosomal pauses are related to translation
elongation dynamics and the abundance of tRNAs in the

cell (Tulleretal. 2010a; Dana and Tuller 2014), and their re-
lationships have been shown to be disrupted by CHX treat-
ment (Hussmann etal. 2015; Sharma et al. 2021), we tested
whether CHX affects codon occupancy analyses in our li-
braries by computing Spearman’s rank correlation of A-
site mean relative occupancy with the inverse of tRNA ad-
aptation index (tAl) (dos Reis et al. 2004; Tuller et al.
2010b) for a given sense codon identity in each library, as
described by Hussmann et al. (2015) (Supplemental Fig.
S9). Consistent with results from the Hussmann et al.
(2015) analysis, we found positive correlations for both S
and M footprints for libraries untreated with CHX (Supple-
mental Fig. S9, open circles), demonstrating that the ex-
pected relationship between translation dynamics and
codon optimality is maintained. Moreover, we found neg-
ative correlations for both M and L footprints for libraries
derived from cells treated with CHX (Supplemental Fig.
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FIGURE 6. Codon occupancy for individual codon identity in the A-site and its surrounding codon positions in carboxy-terminally FLAG-tagged
UPFT1 libraries. (A) Mean relative occupancy values were calculated as described in Materials and Methods. Briefly, read count of major footprint
size (M in this case) at each codon position relative to the codon of interest in the A-site was normalized by the average count in the 60-codon
window. Thus, mean relative occupancy of 1 (white) indicates that A-site occupancy at that position is no different from the window average. Mean
relative occupancy >1 (red) and <1 (blue), respectively, indicate enrichment and depletion of ribosomal A-site at that position compared to win-
dow average. Only codons —10 to 10 were plotted. (B) Differences in mean relative occupancy between IP and total libraries. Ratios of mean
relative occupancy (from A) of IP to Total, log,-transformed. Thus, log,(IP/Total) of O (white) indicates no difference in mean relative occupancy
between IP and Total at that codon position, while positive (orange) and negative (purple) log,(IP/Total) indicate, respectively, higher and lower

occupancy in IP compared to total at that codon position.
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S9, circles with plus sign), indicating that CHX disrupted the
ability to accurately measure the impact of codon optimal-
ity on ribosomal enrichment or depletion at sense codons.

When we compared log, fold change in mean relative oc-
cupancy ofimmunopurified versus total ribosomes across li-
braries prepared from the three carboxy-terminally FLAG-
tagged strains, we found that their patterns of enrichment
or depletion around stop codons vary between strains
(Fig. 6B). In strains expressing WT UPF1-FLAG, whether in
UPF2 or upf2A background, we found that mean relative oc-
cupancy ofimmunopurified ribosomes were depleted com-
pared to total ribosomes in the 3’-UTR region downstream
from all three in-frame stop codons (Fig. 6B, purple high-
lighting). In contrast, we found that in libraries from strains
expressing upf1DE572AA-FLAG, the mean relative occu-
pancy of immunopurified ribosomes in the 3'-UTR region
was increased compared to total ribosomes (Fig. 6B, orange
highlighting). These differences in the amount of 3'-UTR
footprints between IP and total libraries were also evident
when we calculated the overall percentage of footprints in
the libraries that mapped to the 3'-UTRregion (Fig. 7A; Sup-
plemental Fig. S10B). Unlike other strains containing WT
UPF1, where the 3'-UTR footprints were slightly reduced
in IP compared to total libraries, the upf1DE527AA-FLAG
strain IP libraries show an increase to almost double the
amount of 3'-UTR footprints compared to total libraries,
and this increase is statistically significant (Fig. 7A; Supple-
mental Fig. S10B). The upf1DE572AA mutation has been
observed to produce mRNP-protected decay intermedi-
ates downstream from premature stop codons in transcripts
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from reporter constructs (Franks et al. 2010; Serdar et al.
2016; Serdar et al. 2020), and these decay intermediates
were later found to be bound by a ribosome at their 5’ ter-
minus (Serdar et al. 2020). Our observation that footprints
from Upfl-bound ribosomes are selectively enriched
downstream from normal termination codons in the
upf1DE572AA-FLAG strain is surprising in light of the gen-
erally accepted notion that Upf1 functions during prema-
ture termination (He and Jacobson 2015; Kurosaki et al.
2019).

Footprints in the 3'-UTR of an mRNA can be caused by
several events, such as nonsense codon readthrough, rein-
itiation, and frameshifting. Previously, ribosomes associat-
ed with 3’ decay intermediates in the upflDE572AA
mutant strain were determined not to be engaged in ca-
nonical translation, neither readthrough nor reinitiation
(Serdar et al. 2020). Therefore, their footprints would be
expected to have a random reading frame and the per-
centage of in-frame 3'-UTR footprints in IP libraries pre-
pared from the upflDE572AA-FLAG strain should be
reduced compared to total ribosome libraries or libraries
prepared from strains harboring WT UPF1. Thus, we calcu-
lated percentages of the three reading frames in the 3'-
UTR region of all libraries (Fig. 7B; Supplemental Fig.
S10D) and used values from the total ribosome libraries
to establish baseline level of these events. We found that
from total libraries of all carboxy-terminally FLAG-tagged
strains, reading frame O accounts for ~50%-55% of the
footprints in the 3'-UTR. In IP libraries of strains containing
UPF1-FLAG, the percentage of frame 0 footprints is

UPF1-FLAG UPF1-FLAG/upf2A| | DE572AA-FLAG
0.0053 0.064 0.0096
L—— r 1 r 1

°
°

% Frame 0 footprint within the 3-UTR

Total IP Total P Total IP

FIGURE 7. Percentage of footprints in the 3'-UTR region. (A) Percentage of footprints whose P-sites fall into the 3'-UTR region for each library. (B)
Percentage of frame 0 footprints within the 3'-UTR region. Horizontal gray dashed line indicates a theoretical percentage of 33% where all three
reading frames would be equally represented. For both A and B, percentage calculated from each replicate was plotted as a gray dot. Bar plot
represents the average among the three replicates. Two-tailed paired t-test was used to determine significant differences between percentages

from IP and Total libraries.
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reduced slightly to ~45%-49%. However, in IP libraries of
upf1DE572AA-FLAG strain, the percentage of frame 0
drops to 37%, approximately equivalent to frames 1 and
2. This evidence suggests that these footprints, like the
3’ decay intermediates observed previously (Serdar et al.
2020), are not generated by ribosomes undergoing canon-
ical translation but rather are a consequence of down-
stream ribosome migration and defective ribosome
recycling attributable to ribosome-bound ATPase-defi-
cient Upf1. Further, while we recognize that this unexpect-
ed detection of Upfl’s action at normal termination
codons could be due to episomal expression of UPFT,
the detection of these footprints only in IP libraries of
upf1DE572AA-FLAG cells supports the biological signifi-
cance of our findings.

DISCUSSION

Upf1 functions while associated with ribosomes

Given the uncertainties underlying the association of Upf1
with elongating ribosomes (see Introduction), we sought
to elucidate the issue by combining UPF1 genetics with
selective ribosome profiling. While recognizing the caveat
that our observations may be influenced by episomal ex-
pression of Upf1, the results of these experiments strongly
support the notion that Upf1 functions while associated
with ribosomes engaged in elongation. In support of this
conclusion we have shown that: (i) immunopurification of
FLAG-tagged Upf1 from a sample of total cellular ribo-
somes yields stoichiometric recovery of Upf1 and ribosom-
al proteins that is specific for the FLAG tag regard|ess of its
5" or 3’ location in the respective UPF1 ORF or the status of
NMD activity in the cells from which ribosomes were isolat-
ed (Fig. 1); (i) Upf1-associated ribosomes purified from
cells treated or not treated with CHX, respectively, yield
the expected predominant 27-32 nt (“M") or 20-23 nt
(“S") footprint size classes and these footprints manifest
appropriate 3 nt periodicity characteristic of translating ri-
bosomes (Fig. 2; Supplemental Fig. S7); (iii) Upf1 associa-
tion with ribosomes in CHX-treated cells leads to
formation of an additional 5’-extended 37-43 nt (“L") foot-
print and it, too, manifests 3 nt periodicity (Figs. 2, 3;
Supplemental Fig. S7; see also next section); (iv) S and M
footprints from immunopurified ribosomes are relatively
underrepresented in approximately the first half of normal-
ized coding regions and overrepresented in the second
half (Fig. 4; Supplemental Fig. S8) whereas L footprints rap-
idly accumulate in normalized ORFs and maintain their
presence throughout mRNA coding regions, diminishing
only slightly from the start of translation until its termina-
tion (Fig. 4; Supplemental Fig. S8); and (v) ribosomes asso-
ciated with Upf1 that harbors the DE572AA amino acid
substitutions terminate or recycle improperly at normal ter-
mination codons and are retained in mMRNA 3’-UTR regions
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(Figs. 6, 7; Supplemental Fig. S10). These results lead us to
conclude that, at least in yeast, Upf1 is not displaced by
elongating ribosomes, but is carried by them routinely dur-
ing the course of translation elongation. Since NMD sub-
strates and non-NMD substrates were found to be
enriched, depleted, or unchanged in all immunopurified
ribosome samples (Fig. 5) it appears that stochastic bind-
ing of Upf1 to translating ribosomes is insufficient to trig-
ger NMD of the associated mRNA and that the observed
association may well be part of a translation surveillance
mechanism in which Upf1 is sensing termination efficiency.

The Upf1:ribosome complex detected in CHX-
treated cells comprises a step that precedes
commitment to NMD

In CHX-treated cells, the footprints recovered from immu-
nopurified Upf1-associated ribosomes include the expect-
ed (Wu et al. 2019) M footprints of ~27-32 nt as well as
novel 37-43 nt ribosome-protected fragments that we
designate as L footprints (Fig. 2). The latter footprints
may be formed by a CHX-induced ribosome collision
and subsequent endonucleolytic cleavage (Guydosh and
Green 2017) or by the combined mRNA protection effects
of Upf1 plus a ribosome to which it is bound (Fig. 3). The
latter additive effect would be consistent with the size of
ribosome footprints and the observation that human
Upf1 protects 8-11 nt of RNA in RNA binding and unwind-
ing assays (Chakrabarti et al. 2011). L footprints accumu-
late early during translation of mRNA ORFs, well
before distal regions of mRNA are recovered in M or S
footprints from Upf1-associated ribosomes (Fig. 4; Supple-
mental Fig. S8). L footprints are not recovered from Upf1-
associated ribosomes purified from cells without CHX
treatment (Fig. 2A), and their formation does not depend
on specific placement of the FLAG epitope tag to one
end of Upfl (Fig. 2). Formation of L footprints does
depend on Upf1 function because they are absent when
Upf1 harbors DE572AA substitutions, but they are not de-
pendent on a functional NMD pathway or Upf2 activity
because they are still recovered from Upf1-associated ribo-
somes in CHX-treated upf2A cells (Fig. 2B). This combina-
tion of properties suggests that CHX treatment has
trapped ribosomes and Upf1 in an otherwise transient
state preceding a commitment to NMD, that is, L foot-
prints are Upf1-specific, not NMD-specific. The existence
of such a transient state implies that Upf1 can interact
with ribosomes in modes that either do or do not lead to
NMD. The early appearance of L footprints (i.e., their re-
covery from 5" regions of mMRNA ORFs), and their persis-
tence throughout most of the coding region (Fig. 4;
Supplemental Fig. S7), implies that this potential surveil-
lance for functional targets (e.g., a ribosome undergoing
premature termination) is likely to be active during most
translation elongation events. In addition, the uniformly
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delayed recovery of S and M footprints (the majority of the
footprints recovered) from Upf1-associated ribosomes
(Fig. 4; Supplemental Fig. S7), is synchronous with the on-
set of decline in L footprint formation, suggesting distinct
states of Upf1 interaction with ribosomes.

ATPase-deficient Upf1 interferes with normal
translation termination

Our analyses of the mean relative codon occupancy of
immunopurified vs. total ribosomes in libraries from the
carboxy-terminally FLAG-tagged strains (treated with
CHX) indicated that the relative ribosomal enrichment or
depletion around all three stop codons was not compara-
ble for the three strains (Fig. 6B). Libraries prepared from
immunopurified ribosomes derived from cells expressing
WT UPF1-FLAG, with or without functional Upf2, were
quite similar and manifested a relative depletion of ribo-
somes in the 3'-UTR region downstream from all three in-
frame stop codons (Fig. 6B, purple highlighting). This re-
sult was consistent with ongoing translation termination
and ribosome release at the normal ends of essentially
all mRNA ORFs. In contrast, cells expressing
upf1DE572AA-FLAG manifested a deficiency in normal
termination and ribosome release, that is, the accumula-
tion of ribosomes downstream from normal termination
codons without regard to reading frame (Figs. 6B, 7A,;
Supplemental Fig. S10B).

Upf1 was originally identified as a regulator of the stabil-
ity of mRNAs undergoing premature translation termina-
tion (Leeds et al. 1991; He et al. 1993) and this role for
Upf1 has been substantiated by three decades of addition-
al studies (He and Jacobson 2015; Kurosaki et al. 2019)
that describe a cascade of Upf1-driven events commenc-
ing with premature termination and culminating with
mRNA decapping or endonucleolytic cleavage and subse-
quent exonuclease digestion (Muhlrad and Parker 1994;
He and Jacobson 2001, 2015; Huntzinger et al. 2008;
Eberle et al. 2009; Loh et al. 2013; Colombo et al. 2017;
Ottens et al. 2017; Nelson et al. 2018; Kurosaki et al.
2019; He et al. 2022). It was thus surprising that cells ex-
pressing upf1DE572AA exhibited an apparent defect in
normal termination, particularly since a recent study of re-
porter mRNAs containing premature termination codons
(PTCs) in upf1DE572AA yeast cells also accumulated unre-
leased ribosomes downstream from stop codons, but
these stop codons were all PTCs (Serdar et al. 2020). Our
results are consistent with the notion that ribosome-bound
Upf1 normally monitors the status of translation termina-
tion events and exerts its activity only when those events
are aberrant, that is, when they occur prematurely orin pre-
mature context, but suggest that the DE572AA mutation
may in some instances interfere with normal termination
as well as premature termination. For example, the Upf1
DE572AA mutant protein may be able to target elongating

ribosomes but cannot dissociate from them efficiently
because of its disrupted ATPase cycle. This mutant Upf1
protein could thus persist on ribosomes, even at normal
termination codons, and interfere with normal ribosome
recycling, causing ribosome accumulation in mRNA 3'-
UTRs.

Upf1 functions in multiple complexes

Finally, there remains the question of the specific function
of ribosome-bound Upf1 in the NMD pathway. Our earlier
results suggested that Upf1 may promote the release of an
otherwise poorly dissociable premature termination com-
plex (Ghosh et al. 2010). While the results of Figures 6, 7,
and Supplemental Figure S10 support this possibility,
our recent study on the role of decapping activators in
the targeting and activation of the decapping enzyme sug-
gests an additional function (He et al. 2022). In that study,
we showed that specific cis-binding elements in the Dcp2
carboxy-terminal domain control the substrate specificity
of the decapping enzyme by orchestrating the formation
of target-specific decapping complexes. The latter include
a Upf1-containing decapping complex that targets NMD
substrates (He et al. 2022). Since deletion of UPF1 pro-
motes extensive stabilization of NMD substrates but
Upf1-mediated recruitment of the decapping enzyme
only makes a minor contribution to the overall decay of
NMD substrates (He et al. 2022), it is likely that Upf1 carries
out a major function upstream of decapping enzyme re-
cruitment. In light of the fact that Upf1 has two nearly iden-
tical binding sites in the unstructured Dcp2 carboxy-
terminal domain (He et al. 2022), and that Upf1 is known
to dimerize (He et al. 2013), it is possible that ribosome-as-
sociated Upf1 remodels an mRNP to render it susceptible
to decapping and then facilitates decapping by dimerizing
with a monomer of Upf1l present in an NMD-specific
decapping complex. Consistent with this proposition,
Upf1 has been found in two distinct complexes, a “detec-
tor” complex containing Upf1, Upf2, and Upf3, and an “ef-
fector” complex containing Dcp1, Dcp2, and Edc3, as well
as Nmd4 and Ebs1 (Dehecq et al. 2018).

MATERIALS AND METHODS

Yeast strains

Yeast strains used in this study are listed in Supplemental Table
S5. Strains containing complete gene deletions of UPF1 and
UPF2 (HFY871, HFY861, HFY467) were described previously
(He and Jacobson 1995; He et al. 1997).

Oligonucleotides

Oligonucleotides used in this study were obtained from Eurofins
Operon or Integrated DNA Technologies (IDT) and are listed in
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Supplemental Table S6. Gene fragments were synthesized by
Quintara Biosciences and are described below in Plasmids.

Plasmids

Plasmids used in this study are listed in Supplemental Table S7.
The following plasmids were published previously: YEplac112
(Gietz and Sugino 1988); pG1-FLAG-UPF1 (Czaplinski et al.
1995); pRS425 and pRS316(Sikorski and Hieter 1989).

YEplac112-6Xhis-UPF1: pRS314-UPF1 (He and Jacobson 1995)
was digested with BamHlI, Sall, and Xbal to release a 4.2kb
BamHI-Sall fragment of UPF1.

This fragment was ligated into pGEM-3Zf (+) (Promega) that
had been digested with BamHI and Sall and dephosphorylated
with calf intestinal alkaline phosphatase (NEB). 6Xhis tag was
added to the amino terminus of Upf1 in pGEM-3Zf (+) using a
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent)
with oligonucleotides 5-N-His-UPF1 and 5-N-HIS-UPF1-r to yield
PGEM3Zf(+)-6Xhis-UPF1. A ~4.2 kb Sacl/Pstl fragment was isolat-
ed from pGEM3Zf(+)-6Xhis-UPF1, ligated into YEplac112 which
had been digested with Sacl and Pstl and dephosphorylated
with calf intestinal alkaline phosphatase to yield YEplac112-
6Xhis-UPF1.

pRS425-UPF1-FLAG: gene fragments were synthesized by
Quintarabio with flanking restriction sites (i) UPF1-Xho-Sph, a
1593 bp fragment containing the TDH3 (glyceraldehyde-3-phos-
phate dehydrogenase, GAPDH) promoter inserted into a BamHI
site plus ggc (ggatccgge) immediately upstream of the start co-
don of the UPF1 coding region, then from the start codon to
the Sphl site at position 914 of the UPF1 coding sequence; (ii)
UPF1-Sph-Nco, a 1102 bp fragment from the Sphl site in the
UPF1 coding sequence to the Ncol site in the UPF1 coding se-
quence; (i) UPF1-Nco-Sac, a 1167 bp fragment from the Ncol
site in the UPF1 coding sequence to a Sacl site in the UPF1
3'UTR followed by a spacer with a Sacl restriction site
(caccgeggtggagctc), and FLAG epitope sequence (gattacaaggat-
gacgacgataag) inserted immediately upstream of the stop codon.
These three gene fragments were ligated into pRS425 at the
Xhol-Sacl sites of the MCS.

Mutations of UPF1 were placed into UPF1-FLAG as follows:

C62Y: The UPF1-Sph-Nco and UPF1-Nco-Sac gene fragments
described above were cloned in to the Sphl-Sacl sites in the
PGEMT-EZ (Promega) MCS to generate pGEMT-EZ-Sph-UPF1-
FLAG-Sac.The UPF1-Xho-Sph gene fragment in plasmid vector
PQ (Quintarabio) was mutagenized with oligonucleotides
5Upf1C62Ymut and 3Upf1C62Ymut using the QuikChange Il XL
Site-directed mutagenesis kit (Agilent). The UPF1Xhol-C62Y-
Sphl fragment was isolated and ligated with the 2.28 kb Sph-
UPF1-FLAG-Sac fragment from pGEMT-EZ-Sph-UPF1-FLAG-Sac
into the Xhol-Sacl site of the MCS of pRS425.

K436E: pGEM3Z-6Xhis-UPF1 was mutagenized with oligonu-
cleotides K436F and K436R using the QuikChange Il XL Site-di-
rected mutagenesis kit; the 1116 bp Sphl-Ncol fragment
containing the K436E mutation was isolated and substituted for
the UPF1-Sph-Nco fragment as described above for the construc-
tion of pRS425-UPF1-FLAG.

AKS484HPA, RR793AA and R779C: pGEMT-EZ-Sph-UPF1-
FLAG-Sac was mutagenized with oligonucleotides Upf1AKS-
HPAmut and UPF1AKS-HPAmutrev, 5Upf1 RRAAmMut and
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3Upf1RRAAmMut, or Upf1R779C and Upf1R779Crev, respectively,
using the QuikChange II XL Site-directed mutagenesis kit. The
2.28 kb Sphl-Sacl fragments were isolated and were ligated
with the UPF1-Xho-Sph gene fragment into the Xhol-Sacl site of
the pRS425 MCS.

DE572AA: the 1116bp Sphl-Ncol fragment from pACTII-UPF1-
TH4-3-2-DE572AA (He et al. 2013) was isolated and substituted
for the UPF1-Sph-Nco fragment described above.

UPF1-FLAG and mutants were placed under the UPF1 promot-
erinto pRS316 as follows: a 340 bp fragment containing the UPF1
promoter sequence flanked by Xhol and BamHI restriction sites
was generated by PCR from pRS313-UPF1 (E-B) with oligonucle-
otides 5Upf1XhoProm and 3Upf1BamProm and digested with
Xhol and BamHI. A 3.195 kb BamHI-Sacl fragment from
PRS425-UPF1-FLAG or mutants was isolated and ligated with
the digested PCR product above into the Xhol-Sacl site of the
pRS316 MCS.

PRS425-UPF2: a 4946 bp fragment generated by PCR with
primers Upf2-425-fwd and Upf2-425-rev containing a the entire
UPF2 gene was inserted into pRS425 cut with Notl and Sall using
the NEBuilder High-Fidelity DNA Assembly Cloning Kit (New
England Biolabs).

YEplac195-TPI-UPF3: A 1164 bp Sall-Xbal fragment was gener-
ated by PCR from genomic DNA with primers 5'Sal-UPF3 and
3'Xba-UPF3 and restriction digested with Sall and Xbal.
YEplac195-TPI-FLAG-UPF3 was digested with Sall and Xbal and
the vector backbone was ligated to the digested PCR product
to generate YEplac195-TPI-UPF3.

Polyribosome analysis, protein detection, and
quantitation

For polyribosome analysis, cells were grown in selective media
and harvested as described previously (Mangus and Jacobson
1999). Lysates were loaded onto 7%-47% sucrose gradients, sub-
jected to ultracentrifugation, fractions collected, and individual
fractions were precipitated with trichloroacetic acid (TCA).
Samples from total or immunopurified ribosomes or aliquots
from TCA precipitated sucrose gradient fractions (fractions 1-
10, undiluted; fractions 11 and 12, diluted 1:10) were run in 1x
Laemmli buffer on 4%-20% Mini-PROTEAN TGX Precast
Protein Gels (Bio-Rad) in 1x Tris/Glycine/SDS buffer (Bio-Rad),
subjected to western blotting onto Immobilon-P PVDF Transfer
Membranes (EMD Millipore) by electrotransfer using a Trans-
Blot SD Semi-Dry Transfer Cell (Bio-Rad). Protein was visualized
with rabbit a-FLAG polyclonal antibody (Sigma) or rabbit mono-
clonal o-Rpsé6 antibody (Cell Signaling) followed by HRP-conju-
gated donkey o-rabbit (GE) antibody. Polysomal distribution of
tagged WT and mutant Upf1 protein and tagged protein signal
from total or immunopurified ribosomes was visualized by west-
ern blotting on Amersham Hyperfilm ECL film (GE). Band quanti-
tation from scanned images was performed using Multigauge
V3.0 (Fuji). For quantitative analysis of the polysome distribution
of tagged proteins, the antibody signal for a given fraction was
calculated as the percent of its total signal across fractions 1-10
of an individual sucrose gradient western blot. Values from west-
ern blots of replicate gradient fractions were averaged and a bar
graph generated to display the mean percent signal across
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sucrose gradient fractions 1-10 from all replicates of that sample
with standard error of the mean displayed.

Ribosome purification

Yeast cultures were grown, whole-cell yeast lysates were prepared
and digested with RNasel, and ribosomes were recovered as de-
scribed previously (Ganesan et al. 2019).

Negative-stain transmission electron microscopy

Ribosomes were prepared for electron microscopy using the con-
ventional negative staining procedure. Formvar-carbon-coated
copper grids were treated by glow discharge using a PELCO
easiGlow glow discharge cleaning system for 30 sec at 20 mA.
The ribosomes were diluted in footprinting buffer (20 mM Tris,
pH 7.4, 150 mM NaCl, 5 mM MgCl,) and negatively stained
with 1% (w/v) aqueous uranyl acetate. All images were taken
with an FEI Tecnai Spirit 12 (FEI Company), operated at 120 kV.
Micrographs were recorded with a Gatan Rio 9 CMOS camera.

Immunopurification

FLAG-tagged protein-associated ribosomes were isolated by
immunopurification using anti-FLAG M2 Affinity gel as described
previously (Ganesan et al. 2019). Eluate was collected by centrifu-
gation and spun through Amicon Ultra 2 mL 100K centrifugal filter
units (Millipore) until the volume was <200 pL. The concentrate
from one reaction set was pooled into one Amicon Ultra 2 mL
100K centrifugal filter unit and spun until the total volume was
~160 pL. For the UPF1-FLAG, upf1DE572AA-FLAG and UPF1-
FLAG/upf2A ribosome profiling libraries, immunopurified ribo-
somes were flash frozen and stored at —80°C until RNA purifica-
tion. For FLAG-UPF1 libraries and for all mass spectrometry
analyses, the immunopurified concentrate was layered on top of
a 1 M sucrose cushion in IP buffer plus 1x protease inhibitors,
10 U/mL Superase-In, and spun at 166,180g for 100 min at 4°C
in a TLA100 rotor. Supernatant was removed and the pellet was
resuspended in 60 pL IP buffer plus 0.5 mM DTT, 1x protease in-
hibitors, 20 U/mL Superase-In; and Aysq was determined on a
spectrophotometer.

Sample preparation for mass spectrometry

Mass spectrometry analyses were performed by the Mass
Spectrometry Facility of the UMass Chan Medical School.
Samples were prepared for mass spectrometry by disrupting total
or immunopurified ribosomes in 1x Laemmli buffer and running
on a 4%-20% Mini-PROTEAN TGX Precast Protein Gel in 1x
Tris/Glycine/SDS buffer (Bio-Rad) for 5 min. Gels were stained us-
ing the NOVEX Colloidal Blue Staining Kit (Thermo Fisher
Scientific) and destained in water. Fragments were excised and
cut into 1x 1 mm pieces, transferred to microfuge tubes, and
each added 1 mL of water, followed by a solution of 20 pL of 45
mM of 1,4 dithiothreitol (DTT) in 200 pL of 250 mM ammonium
bicarbonate. Samples were incubated at 50°C for 30 min, cooled
to room temperature, added 20 pL of 100 mM iodoacetamide
(IAA) and incubated for 30 min. Excessive DTT and IAA was re-

moved, and the gel pieces washed with water (3x, 1 mL each), fol-
lowed by 1 mL of a 1:1 solution of 50 mM ammonium
bicarbonate:acetonitrile, quenched with 200 pL of acetonitrile
and dried in a Speed Vac. Gel pieces were rehydrated in a mixture
of 4 ng/pL trypsin (Promega) and 0.01% ProteaseMAX (Promega)
in 50 pL of 50 MM ammonium bicarbonate and incubated for 18 h
at 37°C. Supernatants were collected and further extraction was
performed by adding 200 pL of 80:20 solution of acetonitrile:1%
(v/v) formic acid in water. Supernatants were combined, peptides
were lyophilized in a Speed Vac and resuspended in 25 L of 5%
acetonitrile with 0.1% (v/v) formic acid for mass spectrometry
analysis.

Mass spectrometry

Data was acquired using a NanoAcquity UPLC (Waters
Corporation) coupled to a Q Exactive hybrid mass spectrometer
(Thermo Fisher Scientific) (amino-terminal FLAG-tagged data
sets) or an Orbitrap Fusion Lumos Tribrid (ThermoFisher
Scientific) mass spectrometer (carboxy-terminal FLAG-tagged
data sets). Peptides were trapped and separated using an in-
house 100 ym 1.D. fused-silica precolumn (Kasil frit) packed with
2 cm ProntoSil (Bischoff Chromatography, DE) C18AQ (200 A5
pm) media and configured to an in-house packed 75 pm I.D.
fused-silica analytical column (gravity-pulled tip) packed with 25
cm Magic (Bruker) C18AQ (100 A, 3pm) media, respectively.
Mobile phase A was 0.1% (v/v) formic acid in water and mobile
phase B was 0.1% (v/v) formic acid in acetonitrile. Following a
3.8 pL sample injection, peptides were trapped at a flow rate of
4 pl/min with 5% B for 4 min, followed by gradient elution at a
flow rate of 300 nL/min from 5%-35% B in 60 min, wash and re-
conditioning (total run time ~90 min). Electrospray voltage was
delivered by liquid junction electrode (1.4 kV) located between
the columns and the transfer capillary to the mass spectrometer
was maintained at 275°C. Mass spectra were acquired over m/z
300-1750 Da with a resolution of 60,000 (m/z 200), maximum in-
jection time of 30 msec, and an AGC target of 700,000. Tandem
mass spectra were acquired using data-dependent acquisition (2
sec cycle) with an isolation width of 1.2 Da, HCD collision energy
of 30%, resolution of 15,000, maximum injection time of 100
msec, and an AGC target of 10,000. Biological triplicates of
each strain (input and IP) were analyzed in technical triplicate.

Database searches

Raw data were processed using Proteome Discoverer (Thermo
Fisher Scientific, version 2.1.1.21) and searched against Uniprot
Yeast (downloaded 07/2021) database using Mascot (Matrix
Science, version 2.6.2). Search parameters were as follows: full
tryptic specificity with up to two missed cleavages; precursor
mass tolerance 10 ppm; fragment mass tolerance 0.05 Da; cyste-
ine carbamidomethylation considered as a fixed modification,
while protein amino-terminal acetylation, methionine oxidation,
peptide amino-terminal (E,Q) pyroglutamate conversion, serine/
threonine phosphorylation and lysine ubiquitination (GG) were
specified as variable modifications. Peptide and protein valida-
tion and annotation was done in Scaffold 4.8.9 (Proteome
Software, Portland, OR) using Peptide Prophet (Keller et al.
2002) and Protein Prophet (Nesvizhskii et al. 2003) algorithms.
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Peptides were filtered at a 1% FDR, while protein identification
threshold was set to greater than 99% probability and with a min-
imum of two identified peptides per protein. Intensity-based ab-
solute quantification (iBAQ) (Schwanhausser et al. 2011, 2013),
calculated and normalized across biosamples in Scaffold, is
used as a measure of protein abundance. Protein identification
probability, Total Spectrum Count, and normalized iBAQ values
for each protein in each sample are provided as Supplemental
Tables S8-S11.

Protein abundance analysis

Differential abundance analysis of protein levels between IP and
Total ribosomes was performed in R environment using data ex-
ported from Scaffold. For proteins with identification probability
<99% and Total Spectrum Count <2, their iBAQs were set to
zero. For each protein in a sample, at least two replicates were re-
quired to have positive iBAQ values for further differential abun-
dance analysis; otherwise, the identification of the protein was
deemed inconsistent. iBAQs of biological replicates were aver-
aged and logjo-transformed for plotting Figure 1A. Proteins
that were exclusively identified in Total or IP samples (i.e., those
with missing values in one of them) were plotted on the axes.
The list of proteins with their average iBAQs and whether they
are exclusively identified in Total or IP or identified in both are
available as Supplemental Table S2. For proteins that were iden-
tified in both Total and IP samples, their difference in abundance
was further analyzed using an R package limma (Smyth 2004;
Kammers et al. 2015). First, iBAQs in each replicate samples
were logo-transformed. Missing iBAQ values within a sample
were empirically imputed from the left-shifted Gaussian distribu-
tion of iBAQs of that replicate sample. The model was fit using
limma, and the resulting log, fold change between IP and Total
protein abundance with the associated P-value adjusted by the
Benjamini—-Hochberg method were used to plot Figure 1B. The
result tables generated by limma are available as Supplemental
Table S3.

mRNA decay analysis

mRNA decay phenotypes were assessed by northem blotting of
total RNA prepared from cell pellets by the hot phenol method
(Herrick et al. 1990), probing for CYH2 mRNA and pre-mRNA as
described previously (Herrick et al. 1990; He et al. 1993; He and
Jacobson 1995). Blots were visualized on a Fuji phosphorimager
and quantitated with Multigauge V3.0 (Fuji). Northern blot imag-
es in Supplemental Figure S3 were subjected to a Multigauge
noise reduction filter, kernel size 3 x 3, applied equally across
the entire image for display purposes only.

RNA-seq and ribosome profiling library preparation
from cells expressing amino-terminal FLAG-tagged
Upf1 protein

RNA was isolated from clarified lysates (60 pL), and total (15 pL) or
immunopurified ribosomes (entire recovered volume) using the
miRNeasy mini kit (Qiagen) according to manufacturer’s standard
protocol. RNA was eluted in 30 pL (lysate) or 14 pL (ribosomes),
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then treated with RiboZero Magnetic Gold (Yeast) Kit (lllumina)
as described previously (Ganesan et al. 2019). Ribosome protect-
ed RNA fragments were 3’ dephosphorylated with T4 polynucle-
otide kinase (NEB) in 150 mM MES-NaOH pH 5.5, 450 mM NaCl,
15 mM MgCly, 15 mM B-mercaptoethanol, 0.3 U/pL Superase-In
at 37°C, 2 h; 65°C, 20 min; and RNA was selectively recovered
with RNA Clean and Concentrator-5 (Zymo Research). RNA frag-
ments were then 5" phosphorylated with T4 polynucleotide kinase
in T4 PNK buffer, 1 mM ATP, 1 U/uL Superase-In at 37°C, 1 h;
60°C, 10 min; and RNA was selectively recovered with RNA
Clean and Concentrator-5 (Zymo Research) according to the man-
ufacturer’s protocol. Ribosome profiling libraries were prepared
using the NEXTflex Small RNA-Seq Kit v3 (Perkin Elmer).

Total MRNA libraries were prepared using the TruSeq Stranded
mRNA LT Sample Prep Kit (lllumina) according to manufacturer’s
protocol.

Over the course of library preparation, the amounts of RNA and
final libraries were quantified by Qubit 3.0 Fluorometer with the
Qubit RNA HS Assay Kit (Thermo Fisher Scientific) and the
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific), respective-
ly. Assessments of rRNA depletion, RNA quality, and final libraries
were done by a Fragment Analyzer capillary electrophoresis
system (Advanced Analytical) at the UMass Chan Medical
School Molecular Biology Core Labs (RRID: SCR_018263).

RNA-seq and ribosome profiling library preparation
from cells expressing carboxy-terminal FLAG-tagged
Upf1 protein

Because the RiboZero Magnetic Gold (Yeast) Kit (lllumina) was
discontinued midway through this study, we developed an alter-
native rRNA depletion method based on oligonucleotide block-
ing of adapter ligation and cDNA synthesis reactions. To
maximize the amount of ribosome protected mRNA fragments in-
putinto the libraries, we altered immunopurification and RNA iso-
lation protocols for the carboxy-terminally FLAG tagged
ribosome profiling libraries as follows by: (i) eliminating the final
pelleting through a sucrose cushion following immunopurifica-
tion, to avoid any loss of immunopurified ribosomes, and (i) using
the small (<200 nt) RNA preparation workflow in the miRNeasy kit
according to manufacturer’s instructions, to remove as much ex-
traneous RNA (either rRNA or large mRNA fragments) as possible
prior to ribosome profiling library preparation.

Following RNA isolation, 10 uL RNA from total or immunopuri-
fied ribosomes were 3’ dephosphorylated and 5" phosphorylated
as described above (Ganesan et al. 2019) and selectively recov-
ered with RNA Clean and Concentrator-5 (Zymo Research) ac-
cording to the manufacturer’s instructions, using adjusted RNA
Binding Buffer diluted 1:1 with ethanol, into 13 pL water. 8.5 pL
RNA was incubated in a thermocycler with a preheated lid with
2 pL oligonucleotides (for RNA from total ribosomes) or 1 pL
1:10 diluted oligonucleotides (for RNA from immunopurified ri-
bosomes) from the QlAseq FastSelect -rRNA Yeast Kit (Qiagen)
in 10.5 pL total at 75°C, 2 min; 70°C, 2 min; 65°C, 2 min; 60°C,
2 min; 55°C, 2 min; 37°C, 2 min; 25°C, 2 min; 4°C, hold.
Ribosome profiling libraries were prepared using the NEXTflex
Small RNA-Seq Kit v3 (Perkin Elmer) but eliminating the 70°C
denaturation step prior to 3’ 4N Adenylated Adapter ligation.
Adapters were undiluted for RNA from total ribosomes and 1:4
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diluted for RNA from immunopurified ribosomes. PCR cycles
were performed until a library appeared by Fragment Analyzer
analysis, 15 cycles for libraries from total ribosomes or 15-18 cy-
cles for libraries from immunopurified ribosomes, and libraries
were selectively recovered using the gel-free size selection and
cleanup protocol according to manufacturer’s protocol.

For RNA-seq library preparation, RNAs from clarified lysates (60
pL) were isolated using the miRNeasy mini kit (Qiagen) according
to manufacturer’s standard protocol. The use of TruSeq Stranded
mRNA LT Sample Prep Kit (Illumina) was altered as follows: 1 pg of
RNA, 14.5 pL of Fragment, Prime, Finish mix (FPF), 1 uL of oligo-
nucleotides from the QlAseq FastSelect —rRNA Yeast Kit (Qiagen)
in a total of 20.5 pL were incubated in a thermocycler with a pre-
heated lid at 94°C, 8 min; 75°C, 2 min; 70°C, 2 min; 65°C, 2 min;
60°C, 2 min; 55°C, 2 min; 37°C, 2 min; 25°C, 2 min; 4°C, hold; fol-
lowed by first strand cDNA synthesis and the remainder of the
protocol according to manufacturer’s instructions, except RNA
Adapters were diluted 1:2 at the ligation step. If excess adapter
dimers were present, it was necessary to reconstruct the library
and dilute the RNA Adapter 1:4 or 1:8 and increase the PCR cycle
numberto 17, as was done for libraries T5019, T5033, T5035, and
T5338.

High-throughput sequencing of RNA-seq and
ribosome profiling libraries

RNA-seq libraries were sequenced on either a HiSeq4000
(Ilumina) at Beijing Genomics Institute (BGI) or a NextSeq500
(Illumina) in-house. Ribosome profiling libraries were sequenced
on a NextSeq500 in-house.

Sequence alignment, transcript quantification, and
data analyses

RNA-seq and ribosome profiling reads were aligned to a yeast
transcriptome (available at https:/github.com/Jacobson-Lab/
yeast_transcriptome_v5) using bowtie (Langmead et al. 2009),
and transcript abundance was determined using RSEM (Li and
Dewey 2011), as described previously (Mangkalaphiban et al.
2021). For intron-containing genes, spliced (“mRNA") and
unspliced (“pre-mRNA") isoforms were indexed as separate
entries.

Ribosome profiling libraries were preprocessed with adapter
trimming and removal of reads aligned to non-protein-coding
RNAs. Because some of the constructs were tagged at theiramino
termini, a fraction of reads recovered were from ribosomes asso-
ciated with the Upf factor nascent peptide (Supplemental Table
S1). Therefore, reads arising from UPF factor transcripts were dis-
carded from these and all subsequent ribosome profiling libraries
analyzed. PCR duplicates identified via the 4N barcodes on either
side of the read were removed (Mangkalaphiban et al. 2021).
Read processing statistics for ribosome profiling libraries are pro-
vided in Supplemental Table S1.

The remaining unique reads were further processed in two
ways:

1. Transcript abundance was determined by RSEM either with all
reads or a subset of reads of desired read lengths using a tran-
scriptome containing pre-mRNA entries (rsem-calculate-ex-

pression —strandedness forward —fragment-length-mean
[vary] -fragment-length-sd [vary] —seed-length 15 —-bowtie-m
10). Reproducibility of biological replicate libraries is shown
as a correlation matrix (Supplemental Fig. ST1A) and PCA
plot (Supplemental Fig. S11B).

2. Reads were aligned to a separate transcriptome where only
spliced mRNAs were considered (bowtie -m 10 -n 2 -| 15).
The resulting aligned reads were processed by R package
riboWaltz (Lauria et al. 2018) for initial visual inspection and
calculation of P-site offsets, which were manually checked
and modified for accuracy (Supplemental Table S12) and
used as the basis for subsequent reading frame calculations,
periodicity, and other metagene plots. Analysis of ribosome
footprints from both CHX treated and untreated cells and
from total and Upf factor-associated ribosomes showed the
footprints mapped primarily to coding regions; most P-sites
mapped to the “0” reading frame in coding regions, and dis-
played 3-nt periodicity, indicative of translating ribosomes
(Supplemental Fig. S7; Supplemental Fig. S10). As expected,
CHX addition resulted in accumulation of ~27-32 nt footprints
over the start codon, as described previously (Ingolia 2010;
Gerashchenko and Gladyshev 2014; Lareau et al. 2014).
Replicates were averaged unless otherwise specified.

RNA-seq libraries were aligned to the transcriptome containing
pre-mRNA entries and transcript abundance determined by
RSEM (rsem-calculate-expression —strandedness reverse —frag-
ment-length-mean 200 —fragment-length-sd 50 —bowtie-m 10)
without any preprocessing steps. Reproducibility of biological
replicate RNA-seq libraries is shown as a correlation matrix
(Supplemental Fig. S12A) and PCA plot (Supplemental Fig.
S12B).

Analyses of changes in transcript abundance

All analyses involving transcript abundance changes [changes in
mRNA abundance: log,(FLAG-tagged/WT + EV); ribosome occu-
pancy: logy(Total Ribo-Seq/RNA-seq); log,(IP/Total)] were per-
formed in the R programming environment using R package
DESeq?2 (Love et al. 2014). The “expected_count” columns in
the RSEM file output "isoforms.results” were used as input.
Default parameters were used in all analyses with false discovery
rate (FDR) to adjust P-value for multiple testing correction. For dif-
ferential expression analysis between RNA-seq libraries, adjusted
P-value cutoff of 0.01 was used to determine significant changes.
For all other analyses, adjusted P-value cutoff of 0.05 was used to
determine significant changes.

Analysis of A-site codon occupancy

Calculations of relative A-site codon occupancy values were
adapted from Hussmann et al. (2015). For each mapped read,
its P-site coordinate was determined by the offset provided in
Supplemental Table S12. P-site coordinates were added by 3 to
obtain A-site coordinates of the reads. For each mRNA sequence
in the transcriptome that had any reads mapped to them, the co-
ordinates of a codon of interest were determined. Reads that had
their A-sites mapped within 60-codon window (30 to +30 codon
positions; —90 to +90 nt positions) of the codon were tabulated.
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After tabulating reads for each nucleotide position around the co-
don, reads were summed and divided by number of codon posi-
tions to obtain average read density. An entry with average
density <0.1 (i.e., less than 1 read per 10 codons) was discarded
from further analyses.

For codon-resolution analysis, reads at nucleotide positions
that belong to the same codon position were summed and nucle-
otide positions were converted to codon positions. Relative occu-
pancy at each position was calculated by dividing the number of
reads at that position by the average read density. Relative occu-
pancy of 1 would mean the A-site occupancy at that position is not
different from the average across the 60-codon window, where
relative occupancy higher and lower than 1 would mean enrich-
ment and depletion, respectively, relative to the average. Then,
mean relative occupancy for each codon position was calculated
by averaging relative occupancy values of all occurrences of a co-
don in the transcriptome.

For comparison of mean relative occupancy between IP and
Total ribosome samples, mean relative occupancy at each posi-
tion from IP was divided by that of Total to get a ratio, and log,
transformed.

Codon optimality

We used the tRNA adaptation index (tAl), derived from tRNA
gene copy numbers and wobble base-pairing penalty (dos Reis
et al. 2004; Tuller et al. 2010b), as a measurement of codon opti-
mality for a given codon identity. The codon optimality score fora
coding sequence was calculated by taking the geometric mean of
tAls associated with all codons in the coding sequence (dos Reis
et al. 2004).

Statistical analyses and data visualization

Due to the non-normal nature of the data, a two-tailed Wilcoxon's
rank sum test with false discovery rate (FDR) for multiple testing
correction was used to compare ribosome occupancy, coding se-
quence length, and codon optimality between IP-enriched, IP-
depleted, and unchanged groups of mRNAs.

Fisher's exact test was performed by fisher.test() function and
logistic regression by glm() function with “family” parameter = bi-
nomial(link = “logit”) in the R stats package.

R packages used for data preparation, statistical analyses, and
visualization were DESeq2, riboWaltz, limma, stats, rstatix,
MASS, ggplot2, ggpubr, ggrepel, ggh4x, scales, patchwork,
Cairo, readxl, data.table, dplyr, and reshape2.

DATA DEPOSITION

All custom scripts have been made available at https:/github
.com/Jacobson-Lab/Upf1-ribosomes. Sequencing data that sup-
port this study have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (GEO)
with the accession code GSE186795 (https://www.ncbi.nlm.nih
.gov/geo/query/acc.cgi?acc=GSE186795). The mass spectrome-
try proteomics data have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository (Perez-
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Riverol et al. 2019) with the data set identifier PXD029577 and
10.6019/PXD029577.
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What are the major results described in your paper and how do
they impact this branch of the field?

Nonsense-mediated mRNA decay (NMD) is a process by which an
encounter between a ribosome and a premature stop codon leads
to rapid mRNA decay, and this process requires the functions of
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the NMD factors Upf1, Upf2, and Upf3. These factors comigrate
with polyribosomes and also play a role in translation termination
efficiency. While the biochemical properties of the core NMD fac-
tor Upf1 have been extensively studied, determining its function
while bound to ribosomes has proven elusive. Here, we deter-
mined that Upf1 binds stochastically to translationally elongating
ribosomes, that ribosome-bound Upf1 can form unique complex-
es that precede commitment to NMD, and that ATPase deficient
Upf1 can interfere with normal termination events.

What led you to study RNA or this aspect of RNA science?

RG: | joined Allan’s lab when the study of nonsense-mediated
mRNA decay and the RNA field in general were still very young.
RNA metabolism was particularly intriguing to me because little
was known about it at the time, and the field was ripe for discovery.
| have not been disappointed and am grateful to have seen this
field blossom as it has over the last 30 years.

KM: My knowledge of translation termination was limited to the
fact that three of the 64 codons are stop codons, signifying the
end of translation. So, it was fascinating to learn about an mRNA
decay pathway that takes care of MRNAs undergoing premature
termination and to wonder how premature and normal termination
are distinguished from each other. Coupled with my interest in
working with sequencing data, | joined Allan’s lab and Robin on
this project to study translation-related aspects of this pathway at
a transcriptome-wide level.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

RG: Because we were working with small amounts of input mRNA
fragments for Ribo-seq libraries made from immunopurified ribo-
somes, we opted to use a protocol that eliminated gel size selec-
tion of RNA and cDNA. Fortuitously, this allowed us to recover a
wide size range of ribosome protected fragments and led to our
surprising discovery of the large ~37-43 nt class of fragments.
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As a result, we followed up our original experiments with investiga-
tion of ATPase-deficient Upf1 as well asa WT Upf1 in a upf2A back-
ground and discovered that this fragment size class was
dependent on Upf1 function but not on a functional NMD
pathway.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

RG: | have to give original credit to my high school biology teacher
who encouraged my interest in molecular biology in the early days
of what was then called “genetic engineering.” During college,
many faculty generously allowed me to work in their labs on inde-
pendent research projects, but in particular Dr. Craig Giroux, who
mentored and supported me during a time when there were few
women in science. A particularly memorable moment in my career
came when | was sequencing the ends of Drosophila chromo-
somes and saw for the first time a partial open reading frame ex-
tending to the very end of the telomere. This turned out to be
the TART retrotransposon which functions in place of telomerase
in this organism. The thrill of being the first person to see a novel
process like that is unforgettable.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

KM: Before graduate school, | had viewed science as something
factual, almost unchanging. | loved science and math classes
because they are methodical and there exist the “right” answers.
Once | got the answers, | was done with homework. Of course, sci-
ence is the discovery of the unknown, but it didn’t hit me just how
disconcerting the unknown is until graduate school. Suddenly, |
went from knowing some things (answers to exam questions) to
not knowing anything (in my research project). | would like to
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give credit to my PhD program as a whole for telling us very early
and explicitly that we can, and should, challenge the current
knowledge, and that for all of us, including experts in the field,
there are many more things we don’t know than what we do
know. This should be exciting rather than scary. With this mindset
change, | approach science as a lifelong learning process and am
more willing to learn new things to get closer to an answer.

What are your subsequent near- or long-term career plans?

KM: | will be graduating soon, so | plan to continue my journey as a
scientist in industry. | like analyzing sequencing data and finding
patterns in big data. | hope to apply my growing interest and skills
in this area to the development of drugs, assays, or diagnostics
that would further the understanding of human health and the
environment.

What were the strongest aspects of your collaboration
as co-first authors?

RG: For me, the strongest aspect was the skill and insight of my
collaborator Kotcha. Working with someone who not only has
very strong bench skills but who is also an extremely meticulous
and capable bioinformatician has been an invaluable asset. Our
strengths have complemented each other synergistically, and |
am very grateful to have had the opportunity to work with her.

KM: This is my first collaborative project, and | learned a lot from
working with Robin. | may have offered a specific skill set, but with-
out her insights into the biology and her ways of asking the right
questions, we would not have been able to tease apart the data
as much as we did together. It was a pleasure to have worked
with her.



