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Numerous proteins regulate gene expression by modulating mRNA
translation and decay. To uncover the full scope of these post-transcriptional

regulators, we conducted an unbiased survey that quantifies regulatory
activity across the budding yeast proteome and delineates the protein
domainsresponsible for these effects. Our approach couples atethered
function assay with quantitative single-cell fluorescence measurements to
analyze ~50,000 protein fragments and determine their effects on a tethered
mRNA. We characterize hundreds of strong regulators, which are enriched
for canonical and unconventional mMRNA-binding proteins. Regulatory
activity typically maps outside the RNA-binding domains themselves,
highlighting amodular architecture that separates mRNA targeting from
post-transcriptional regulation. Activity often aligns with intrinsically
disordered regions that caninteract with other proteins, evenin core mRNA
translation and degradation factors. Our results thus reveal networks of
interacting proteins that control mRNA fate and illuminate the molecular
basis for post-transcriptional gene regulation.

A network of proteins regulates the expression of messenger RNA
(mRNA) to maintain homeostasis and adapt cell physiology to chang-
ing environments'. This network includes cis-acting mRNA sequence
elements and trans-acting factors that bind the transcript to regulate its
fate’. RNA-binding proteins (RBPs) determine whether anmRNA is trans-
lationally activated or repressed, localized to a specific region within
the cell, or degraded'. RBPs can also remodel RNA structure and act
as chaperonesto prevent RNA aggregation®*. Determining the effects
of regulatory RBPs is critical to understanding post-transcriptional
control of gene expression.

Efforts to identify RBPs and their mRNA targets have revealed
general principles of protein-RNA interactions. Recurring RNA-binding
domains (RBDs) can individually recognize four to nine nucleotide
motifs in RNA, and often appear in combination to achieve greater
specificity’”. Protein-RNA crosslinking reveals a diverse mRNA interac-
tome that includes many proteins without canonical RBDs®, including
~700 high-confidence RNA-protein interactions in budding yeast®’.
Reciprocally, crosslinking and immunoprecipitation (CLIP) experi-
ments have defined the mRNA targets for hundreds of these RBPs>'%™,

These approaches expose adense web of interactions, suggesting com-
plex patterns of post-transcriptional regulation, but not the functional
impact of these proteins on their target mRNAs. Measuring how indi-
vidual RBPs regulate their direct mRNA targets'> and examining how
these targets change when the protein s perturbed” do not provide a
scalable approachto characterize the regulatory networks underlying
post-transcriptional regulation.

The modular architecture of regulatory RBPs’ has spurred the
development of the tethered function assay to bypass the endog-
enous RNA specificity of RBPs and instead measure their activity on
a heterologous reporter transcript™. This approach can interrogate
the regulatory effects of RBPs, isolated domains, or cofactors that
do not bind RNA directly®”. In the tethering assay, candidate regula-
tory proteins are targeted to a reporter transcript using the specific,
high-affinity interaction between a bacteriophage coat proteinand a
cognate RNA hairpin, obviating whatever interactions might recruit
aprotein to its endogenous targets. This independence from endog-
enous target mRNAs and compatibility with robust reporters makes
the tethering assay well-suited to high-throughput characterization
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of post-transcriptional regulators. Indeed, tethering assays have
revealed over 50 regulatory proteins in a systematic analysis of 700
full-length human RBPs™. Itis also amenable to unbiased screening, as
demonstrated by the identification of almost 300 post-transcriptional
regulatorsin trypanosomes”.

In this Article we adapt the tethering assay to survey regulatory
activity across the entire yeast proteome. Our approach allowed us to
identify hundreds of proteins that modulate mRNA translation and
stability, including highly active, non-canonical RBPs. We subdivided
proteins and mapped their regulatory activity to particular domains
andregions, in some cases uncovering effects that are not apparent in
the context of the full-length protein. This fine resolution allowed us
toidentify proteindomains and short peptide motifs enriched among
the most active post-transcriptional regulators. Notably, although
many active regulators were canonical RBPs, their regulatory activ-
ity generally mapped outside the RBD. Our systematic, functional
characterization of post-transcriptional regulators in budding yeast
expands our understanding of the complex network of proteins that
control RNA metabolism.

Results

Functional analysis of post-transcriptional regulators

We set out to functionally assess the RNA regulatory activity of pro-
teinsacross the entire yeast proteome through the tethered-function
assay. Flow cytometry provides high-throughput, single-cell phe-
notypic measurements and enables large, pooled screens using
fluorescence-activated cell sorting (FACS). FACS analysis of tethered-
function assays relies on fluorescent protein reporters”, and so we
devised abudding yeast tethering assay coupled to aratiometric fluo-
rescence readout. We tethered atranscript encoding a yellow fluores-
cent protein (YFP) with five boxB hairpinsinits 3’ untranslated region
(UTR) toacandidate regulatory protein fused to the AN coat protein’®.
To control for non-specific changes in cell size and physiology, we nor-
malized the YFP measurements against ared fluorescent protein (RFP)
control expressed fromatranscript thatis not targeted by AN. Changes
intheratio of fluorescence intensity between the yellow reporter and
the red control precisely measure specific regulatory activity affect-
ing the targeted mRNA while controlling for global effects (Fig. 1a).
To further control for the possibility that binding of AN itself affects
the reporter, we normalized the fluorescence ratio of the tethered
fusion constructs against a tethered HaloTag protein, which exhibits
noinherent regulatory effect.

We validated our assay by measuring how well characterized regu-
lators affected reporter expression. Tethered poly(A)-binding protein
(Pabl in budding yeast) enhances reporter expression by stabilizing
mRNA™"and promoting its translation'®. We observed anapproximately
threefold target RNA activation by tethered Pabl-AN, relative toaninac-
tive HaloTag-AN control. Conversely, the CCR4-NOT complexis respon-
sible for the majority of cytosolic mRNA deadenylation?’, and tethering
of the CAF1deadenylase (Pop2 in budding yeast) greatly destabilizes
target mRNAs*. We saw approximately fivefold reporter repression by
tethered Pop2-AN (Fig. 1b,c). We further tested how the particular choice
of the AN+boxB interaction pair affected our results by tethering Pabl
and Pop2 to reporters containing one PP7 hairpin using fusions with
the PP7 coat protein (PP7cp)'® (Fig. 1b and Extended DataFig. 1a). Both
PP7cp fusions showed similar activity on their cognate targets as AN,
although Pop2-PP7cprepressionappeared weaker than Pop2-ANrepres-
sion, potentially due to the use of only a single PP7 hairpin (Fig. 1c).
We went on to measure the activity of the RBP Sgn1, which is linked
to translation by genetic interactions and co-immunoprecipitation
with Pabl (Extended Data Fig. 1b)??>. We found that Sgnl served as a
powerful activator that upregulated YFP expression by over sixfold
relative to RFP (Fig. 1d), in addition to modestly increasing RFP levels
and cell size (Extended Data Fig. 1c-f). Sgnl tethering increased YFP
RNA abundance -2.5-fold (Extended Data Fig. 1g); based on the larger

change weseein YFP fluorescence, we infer that it activates translation
aswell. These results confirm that our tethering assay provides robust
and quantitative measurements of mRNA-specific regulatory activity,
evenintheface of additional non-specific effects on the cell, and thus
provides a powerful tool for a high-throughput, proteome-wide survey
of mRNA regulators.

A proteome-wide survey of post-transcriptional regulators

We set out to comprehensively survey the yeast proteome for
post-transcriptional regulators by creating alarge pool of cells that each
expressed one AN fusion construct, sorting these cells into subpopula-
tions accordingto their fluorescence phenotypes, and quantifying the
tethering constructsin each of these sorted groups by deep sequenc-
ing. Tethering protein fusions with regulatory activity would alter the
fluorescence phenotype of the host cell, shifting itinto asubpopulation
with an unusually low or high fluorescence ratio (Fig. 1a), and altering
its distribution across the sorted cells.

We began by generating a proteome-scale library of AN fusions
that would enable unbiased discovery of regulatory proteins and iden-
tification of functional domains within these regulators. We reasoned
that we could construct an unbiased AN fusion library directly from
randomly fragmented genomic DNA as budding yeasts have acompact
andintron-poor genome, and thereby obtaina uniform representation
of all proteins. However, we required an additional selection for frag-
ments matching the correct strand and frame of agene. We generated
fragments by transposon-mediated tagmentation®?* and selected frag-
ments of ~500 base pairs to capture whole protein domains, which have
atypical size of 100 amino acids® (Fig. 2a and Extended DataFig. 2a).
We captured these fragments into a vector that required in-frame
translation through the fragmented sequence to express adownstream
selectable marker (Fig. 2b). We found that ten out of ten individual
clones encoded in-frame fusions (Supplementary Data 1). We then
transferred our fragment library into a AN fusion expression vector
and added random, 25-nucleotide barcodes that identify each frag-
ment uniquely (Supplementary Data 2)**”. The mean fragment size
inour barcoded AN fusion library was ~-500 base pairs, consistent with
the fragment size of the genomic DNA input (Fig. 2¢), and contained at
least onerepresentative fragment fromroughly half of all yeast genes.

Weanalyzed theregulatory activity of each individual protein frag-
mentinourlibrary by pooled transformation, flow sorting and sequenc-
ing. We separated a population of cells transformed with our AN fusion
library into four subpopulations of equal size according to the YFP/
RFPfluorescenceratio, isolated library plasmid DNA fromsorted cells,
and quantified the barcodes by next-generation sequencing (Fig. 2d).
We expected activators to be enriched in bins with higher YFP/RFP
ratios, while repressors should be enriched in bins with lower ratios.

Indeed, certain tethering constructs displayed a dramatic skew
intheirabundance across the sorted cells. For example, one fragment
of the RBP Sbpl was sorted almost entirely into the highest YFP gate,
indicating that it strongly activated reporter expression (Fig. 2e). We
saw asimilar strong enrichment for fragments of Pab1 (Extended Data
Fig. 2b), reproducing the positive effect of tethering full-length Pabl
(Fig.1c). Conversely, fragments of the nonsense-mediated decay factor
Ebslandthe RNA destabilizing protein Cthlacted as strong repressors
that were found almost exclusively in the lowest YFP subpopulation
(Fig. 2f and Extended Data Fig. 2c). To quantify this enrichment, we
computed an‘activity score’ for each fragment: amaximum likelihood
estimate of its average fluorescence, expressed as a z-score relative
to the overall population. These scores ranged from 1.9 for strong
repressors like Ebs1and Cthlto +1.9 for strongactivators like Sbpland
Pabl. Most fragments in our library had activity scores close to zero,
indicatinglittle or no effect on reporter transcript expression (Fig. 2g
and Supplementary Data3). Activity scores were reproducible between
two biological replicate screens (Extended Data Fig. 2d); fragments
with adequate sequencing coverage (at least 1,000 total reads across
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Fig.1| The dual reporter tethering assay reports reproducible and
quantitative regulatory effects. a, Schematic of the tethering assay with a
YFP reporter and RFP control (top), with expected fluorescence levels based on
the activity of the tethered query protein (bottom). b, Schematic of testing the
effects of the reporter mRNA and protein-RNA tether. ¢, The fluorescence ratio
changes from tethering Pabl and Pop2 to fluorescent protein reporter mRNAs,
relative to tethering an inactive Halo control. Multiple regression (adjusted
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R*=0.996,F(7,8) =563.2, P=3.9 x10™) indicated significant effects of Pabl (log,
change 0f1.35,95% CI1.18-1.53, ¢t =17.8, P< 0.001), Pop2 (log, change of -2.40,
95% C1-2.58to -2.23, t =-31.7, P < 0.001) and tether choice on Pop2 (log, change
0f0.92,95% C10.57-1.26, t = 6.0, P< 0.001); no other terms were significant

(all Pvalues are two-sided with no multiple testing correction). d, Distribution of
fluorescence ratios reporting on the activity of Sgnlin the tethering assay in two
replicate samples. The dashed line represents the median YFP expression.

allbins) in both experiments had anactivity score correlationof r= 0.7.
Wedidnotealinear rescaling of scores between the two screens, leading
tosaturation of strong activators and repressorsinonereplicate screen
relative to the other. Because of this saturation effect, the strong cor-
relation nonetheless underrepresents the actual agreement between
the two screens. We relied on activity scores derived from the screen
with broader dynamic range for our subsequent analysis.
Weidentified active fragments from many well-known regulatory
proteins, such as the translation initiation factor Ded1?**° and Ngr1,
which induces the decay of PORI mRNA®. Our unbiased approach
alsouncovered post-transcriptional regulation in proteins with other
well characterized cellular functions, including the small heat shock
chaperone Hsp26, which also has previously identified mRNA-binding
activity™. Furthermore, we uncovered regulatory regionsin proteins of
unknown function, like Herl, which may interact with ribosomes based
on co-purification experiments®. These results illustrate the power
of our approach to discover proteins that control mRNA stability and
translational efficiency and quantify how this affects gene expression.

Full-length protein activity resembles truncated fragments

We selected 12 fragments across a range of activity scores and biological
functions (Fig. 3a) and directly measured their effect on reporter fluo-
rescence. All12 fragments shifted the fluorescenceratioin the direction
expected fromthe large-scale survey (Fig. 3b), and the magnitude of the
change correlated very well with their activity score (r=0.91) (Fig. 3c
and Extended Data Fig. 3a-e). This strong quantitative agreement

demonstrates that the activity score derived fromsorting and sequenc-
ingis an accurate measure of the regulatory effect of a fragment.
Isolated protein fragments may have different activities than the
full protein from which they are derived due to the absence of regula-
tory domains, altered protein-protein interactions, or other reasons.
We thus selected a handful of active fragments to explore how frag-
ment activity relates to the full protein. Sbplis an RBP with two RNA
recognition motifs (RRMs) in additionto an arginine--glycine-glycine
(RGG) motif that recruits Pab1**. The fragment that we characterized
as an approximately threefold activator (Fig. 2e) contained only the
first RRM and the RGG motif, whereas the full-length version of the
protein was a weaker, approximately twofold activator (Fig. 3d). We
hypothesize that theinclusion of the second RRM interferes with Pabl
recruitment, making it aweaker activator. In other cases, such as Sro9,
the full-length protein had a stronger effect than the isolated frag-
ment. Sro9 is an RBP that contains a La-motif and is hypothesized to
activate translation through recruitment of the closed-loop-forming
translation initiation complex®. We identified an Sro9 fragment that
activated expression approximately twofold, whereas the full-length
protein increased reporter expression by nearly fourfold (Fig. 3e).
Tethering the entire yeast Puf-domain proteinJsnl likewise produced
a stronger repressive effect than the fragment we identified in our
tethering library (Fig. 3f). In contrast, the intact version of the endo-
cytic protein Yap1801°° was less repressive than our fragment (Fig. 3g),
perhapsbecause of differences in localization””. Nonetheless, in all four
cases, the full-length protein exerted an effectin the same direction as
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Fig. 2| Generating an unbiased, proteome-wide survey of tethered
in-frame protein fragments. a, S288C genomic DNA was fragmented by
transposon-mediated tagmentation and selected to recover fragments
with an average size of 500 base pairs. b, DNA fragments were cloned by in
vivo gap repair into a plasmid containing a downstream selectable marker.
Fragments containing an open reading frame in the correct phase will express
afunctional Schizosaccharomyces pombe HIS5 gene and support growth on
selective media, whereas cells harboring out-of-frame fragments will fail to
grow. ¢, Selected fragments were subcloned into the tethering vector with
the AN and blue fluorescent protein (BFP) proteins encoded downstream.
Fragments were assigned on average three barcodes each. The barcoded

library size distribution did not change significantly fromin the initial input
fragmentlibrary.d, The library was transformed into the dual reporter yeast
strain where the fragments were tethered to YFP mRNA. Phenotypic changes
were captured by FACS sorting based on YFP versus RFP expression. Plasmids
encoding the tethered fragments were isolated, and the barcodes associated
with each fragment were amplified and then quantified through next-
generation sequencing. e, Distribution of read counts per FACS bin for the
Sbp1(28-197) activator fragment. f, Asin e, for the Ebs1(708-876) repressor
fragment. g, Kernel density estimate (KDE) of the library-wide activity score
distribution.
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Fig.3 | Protein fragment activity in the tethering screen representsreal,
verifiable regulatory function. a, Distribution of sequencing reads across
subpopulations separated by FACS. b, Median activity of each protein fragment
inthe flow cytometry tethering assay (n =2 per fragment). ¢, Comparison of the
log,(difference in fluorescence ratio) and the screen activity score per fragment,
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r=0.91.d, Flow cytometry measuring activity of Sbpland Sbp1(14-178) in the
tethering assay (n =2, onereplicate per sample is shown). e, Asind, for Sro9 and
Sro9(14-151) (n =2, onereplicate per sampleis shown).f, Asind, for Jsnland
Jsn1(144-295) (n =2, onereplicate per sample is shown). g, Asind, for Yap1801
and Yap1801(374-527) (n =2, one replicate per sample is shown).

the fragment tested in our screen. Our approach is thus well suited to
survey the regulatory activity contained in the native proteome and
ascribe functions to RBPs.

Activity in RBPs but not RBDs

Our tethering assay can detect regulatory activity in truncated pro-
teins lacking RBDs and in co-regulator proteins that lack intrinsic
RNA-bindingactivity. Nonetheless, we did expect a substantial overlap
between the post-transcriptional regulators detected in the screen
and known RBPs. To test this hypothesis, we compiled alist of budding
yeast RBPs from proteins appearing in at least two of four RNA-protein
interaction datasets (Fig. 4a)*** *'. Fragments from these known RBPs

had substantially higher absolute activity scores than the overall pro-
teome (Fig. 4b), further confirming the relevance of our results for
endogenous programs of post-transcriptional regulation controlled
by these RBPs. It alsoraised the question of whether regulatory activity
was associated with the RBDs of these RBPs.

Our fragment library allowed us to ascribe quantitative regulatory
effects to particular regions and domains within proteins. We were
thus able to investigate which protein domains were enriched among
the most active fragments in our screen, and whether these active
regions coincided with RBDs. We identified fragments that contained
at least 75% of some protein domain family from the Pfam database*
and tested each family individually to determine whether the activity
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Fig. 4| Global analyses reveal enrichment of protein domains, motifs and
protein-protein interactions amongst most active screen fragments. a, Venn
diagram of overlapping datasets identifying RBPs. b, KDE of absolute activity
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scores of fragments containing that family were significantly higher
or lower thanthe library overall (Fig. 4c).

derived from the translation initiation factor elF3*. We also saw a
trend for activators among that DEAD box helicase family proteins,

Dozens of protein families were associated with active regulators,
and some of the strongest associations involved domains with clear
connectionsto translation and RNA decay (Supplementary Data 6). We
observed the strongest positive mean activity score among fragments

whichinclude the translation initiation factors elF4A and Ded1**. The
endo/exonuclease/phosphatase family showed up among the strong
repressors; these include certain subunits of the Ccr4-Not complex,
for example*’. We also saw many families encoding metabolic functions
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such as adenylosuccinate synthetase®, FAD-dependent oxidoreduc-
tase and the malic enzyme N-terminal domain. Metabolic enzymes
have emerged as cryptic RBPs’, and so it seems noteworthy that they
appear to show regulatory activity as well. Notably, although many
canonical RBDs such as RRMs appear in Pfam, they were not enriched
in the active fragments. Canonical RNA-recognition domains appear
moreimportant for mRNA target selection, and regions outside of the
RNA-interacting domainstypically provide regulatory activity for RBPs.

Our screen also identified strong activity in fragments lack-
ing an identifiable, folded domain. Indeed, many proteins con-
tain intrinsically disordered regions (IDRs), which play important
roles in post-transcriptional regulation*°. In some cases, IDRs form
protein-protein interactions, as in the case of the disordered N termi-
nus of Ded1**%, whereas others serve as flexible linkers*>*°. Functional
IDRs can include short linear interaction motifs (SLiMs), which are
often responsible for protein-protein interactions®. Although SLiMs
are distinct from Pfam domains, they may be recognizable as peptide
sequence motifs.

Motivated by the possibility that SLiMs could explain regulatory
effects, we searched for peptide motifs enriched in active fragments
using the MEME tool, and then scanned the yeast proteome for occur-
rences of these motifs using FIMO®2. Some motifs were highly repeti-
tive; although these repetitive motifs may have regulatory activity,
itis difficult to interpret them, so they were excluded. We identified
six non-degenerate motifs and repressors (Extended Data Fig. 4a,b
and Supplementary Data 7 and 8), which align to genes with functions
spanning many aspects of cell biology, including cell wall mainte-
nance, cytoskeleton functions, transcription and translation. The
glutamine-rich motif (repressor motif 2 in Extended Data Fig. 4a) is
particularly enriched in genes involved in mRNA metabolism, such
as NGR1, POP2 and PUF3, which all have diverse roles in mRNA dead-
enylation and decay®****. Likewise, the RGG repeat in activator motif
5 (Extended Data Fig. 4b) is widespread among RBPs and is linked to
post-transcriptional regulation®.

Regulatory RBPs often exert their effects by recruiting and
activating core cellular machinery involved in translation and
RNA decay. We thus expected that distinct active fragments from
our screen might share common interactors. We intersected our
library fragments with the physical protein-protein interactions in
the BioGRID database’ and searched for proteins with a significant
over-representation of activating or repressing fragments among
their interactors. We identified a dozen proteins enriched for inter-
action with activators (Supplementary Data 9), most tied clearly to
RNA biology (Fig. 4d). Strikingly, the poly-(A) binding protein Pabl
showed one of the highest degrees of enrichment’*’. The translation
regulator Gis2***° was also substantially enriched in activators, and
shared many interaction partners with Pabl (Fig. 4e). Surprisingly,
the exonuclease Xrnl exhibited the strongest enrichmentin activator
interactions (Fig. 4d), despite its role in mRNA decay®. This enrich-
ment may reflect a common core of mRNA-binding proteins that
accompany transcripts during both translation and degradation.
Alternatively, Xrnlis reported to promote the translation of some
transcripts encoding membrane proteins, and so this enrichment
might also represent a more direct effect®.

Endoplasmic reticulum/Golgi protein Gtal is abimodal
repressor

Several overlapping, C-terminal fragments of the protein Gtal har-
boring a repressor-associated peptide emerged as potent repressors
(Figs. 4b and 5a and Supplementary Data 5). Although the Gtal pro-
tein co-purifies with the translational machinery®, genetic evidence
links it to golgi and vesicle transport®>**, and the Gtal-GFP fusion
protein localizes to the endoplasmic reticulum (ER)** %, Owing to its
reported association with ribosomes and the presence of arepressive
motif, we generated AN fusion constructs of the strongly repressive

Gtal(603-767) fragment and the full-length Gtal protein, and tested
their effects on reporter expression (Fig. 5b).

Both full-length Gtal and the Gtal(603-767) fragment robustly
reduced median YFP and produced astrongly bimodal distribution of
reporter expression (Fig. 5c and Extended Data Fig. 5a), a distinctive
pattern that we did not see for any other tethering construct we exam-
ined individually. As expression of the isolated Gtal(603-767) fragment
slowed cell growth, we focused our analysis on full-length Gtal. Gtal
tethering greatly reduced reporter mRNA abundance (Fig. 5d), suggest-
ing thatit promoted mRNA turnover. To track how bimodality emerged
when the Gtal-AN fusion was switched on acutely, we expressed it from
an inducible promoter. Levels of the YFP reporter began to decline
within 1h of inducing the tethering construct, and clear bimodality
emerged within 2 h (Fig. 5e); continuing decline of reporter levels in
the lower peak probably reflects the loss of pre-existing YFP through
degradation or dilution. Notably, deletion of the repressor fragment
that weidentified in aGtalA603-767-AN tethering construct abolishes
this effect entirely (Fig. 5f,g), confirming that the Gtal(603-767) region
containing our repressive peptide motifis both necessary and suf-
ficient foritsregulatory effect.

We next tested whether the bimodal reporter expression resulted
fromvariation in the abundance of the Gtal tethering fusion. Indeed,
we saw a broad, bimodal distribution of blue fluorescent protein (BFP)
fluorescence from the Gtal-BFP-AN construct after 4 h of induction
(Fig. 5h), withlevelsincreasing uniformly in the first hour of induction,
followed by the emergence of two distinct phenotypes (Fig. 5h). Nota-
bly, we saw asimilar trajectory afterinduction of the GtalA603-767-AN
tethering construct (Fig. 5i), althoughit did not affect YFP expression
(Fig. 5f). We also measured the mRNA abundance of inducible GTA1,
which quickly rose upon induction, then declined substantially after
4 hin the continuous presence of the inducer (Fig. 5j). In contrast,
levels of the mRNA encoding the inactive Halo-BFP-AN tethering con-
trol increased steadily in the 2 h following induction (Extended Data
Fig. 5b). These mRNA abundance measurements reflect population
averages, whereas flow cytometry highlights the cell-to-cell variability.

We also noted thatinduction of full-length GTAI, or the GTA1A603-
767 mutant lacking RNA destabilization activity, cause an atypical,
elongated morphology and persistent clusters of cells, akin to the
filamentous growth that Saccharomyces cerevisiae can undergo upon
starvation (Fig. 5k)*"“%, Because GtalA603-767 is not astrong repressor,
but stillimpacts budding morphology (Fig. 5i), RNA turnover appears
separable from budding effects.

IDRs mediate regulatory activity

Our library contained many fragments of Ccr4, one of two deadeny-
lases in the Ccr4-Not complex and thus a key mRNA decay factor®.
Consistent with thisrole, we identified many repressive Ccr4-derived
fragments; the median activity score of Ccr4 fragments was —0.5, and
the strongest repressive fragment, Ccr4(2-203), had an activity score
of 1.8 (Fig. 6a,b). This strongly repressive fragment originated from
the N terminus of Ccr4 rather than the C-terminal nuclease domain®”,
Indeed, the disordered N terminus yielded the strongest repressors,
while the adjoining, folded leucine-rich repeat had little activity onits
own (Fig. 6¢c and Extended Data Fig. 6a). Our results suggest a regula-
toryrole for the disordered N terminus, whichis not required for Ccr4
nuclease activity or assembly into the Ccr4-Not complex”.

A similar pattern emerged among the regulatory fragments
derived from the translation initiation factor Dedl. This highly con-
served RNA helicase of the DEAD-box family interacts with core
translation initiation factors in the cap-binding elF4F complex and is
important for translation of many yeast mRNAs**$7>7, In agreement
with its positive role in mRNA expression, Ded1 fragments appeared
among the strongest of the post-transcriptional activators (Fig. 6d and
Extended Data Fig. 6b). Longer fragments of the disordered N terminus
of Ded1had greater activity (Fig. 6e,f), consistent with deletion analyses
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Fig. 5| The tethering screenidentifies RNA-regulatory roles of poorly
characterized proteins. a, Schematic representation of the Gtal protein, with
the C-terminal Gtal(603-767) fragment highlighted. b, Schematic depiction of
Gtal(603-767) in the tethering assay. ¢, Flow cytometry measuring activity of
Gtaland Gtal(603-767) in the tethering assay, where dashed lines represent the
median YFP expression (n =2, one replicate per sample is shown).d, RT-qPCR
analysis of YFP mRNA abundance with Gtal tethered to the 3’ UTR, normalized to
anon-regulator control (n = 3 independent biological replicates are shown
indifferent shades; P=0.00026, two-sample ¢-test with unequal variance).

e-g, Time course of reporter changes after induction of Gtal (e), GtalA603-767
(f) and Halo control tethering constructs (n = 2) (g). h, Change in BFP
fluorescence as a measure of Gtal expression over time, normalized to the
uninduced Gtalsample (n =2, one replicate is shown per time point). i, Asin h, for
GtalA603-767.j, RT-qPCR analysis ofinduced GTAI relative to endogenous GTAI
expression (n =3 biological replicate cultures). k, Light microscopy images of
yeast overexpressing GTAI, GTA14603-767 or Halo control for 4 h (n = 3 biological
replicate cultures are shown, with two frames per replicate). Scale bar, 20 pm.

thatidentified two distinct N-terminal regions required for interactions
with translation initiation factors elF4A and elF4E". Full activity of Ded1l
fragmentsinthe tethered-function assay requires both of these interac-
tions, mediated by Ded1(30-60) and Ded1(60-100), respectively. Our
analysis of Dedland Ccr4 emphasizes thatimportant regulatory effects
are often associated with disordered interaction motif's.

Regulatory functions of Sro9 and Cdc48

We identified powerful positive regulatory activity in an N-terminal
fragment of Sro9 (Fig. 3b,e). This poorly characterized RBP, one of
three La-motif-containing proteins in yeast, associates with translating
ribosomes™ and translation initiation factors®”. It appears to bind and
stabilize target mRNAs enriched for functions in protein synthesis™.
Sro9 also contains an activator-associated peptide motif (Fig. 7a and
Extended Data Fig. 4b), although our validated N-terminal fragment
did notinclude this motif. We thus tested the full-length protein along
with one truncation, Sro9(1-151), that encompassed our validated
fragment, and a longer Sro9(1-251) truncation that included the
activator-rich motif as well. We also tested the remaining C-terminal

fragment, Sr09(252-434), whichincludes the La-motifandisimplicated
in RNA binding™ (Fig. 7a). Inclusion of the activator-associated motif
did not further increase the activity of the Sro9 N terminus, although
full-length Sro9 was a substantially stronger activator (Fig. 7b). The
C-terminal portion alone was essentially inactive, which is consistent
with the separation of RNA-binding regions and effector domains
(Fig. 7c). The stronger effect of the full-length protein cannot be
explained by differences in protein abundance (Extended Data
Fig. 7a), and so the context of full-length Sro9 must potentiate the
positive effect of the N-terminal region.

Sro9isreportedtointeract with several translation factors, includ-
ing Pabl, which emerged as a common interaction partner for many
activators (Fig. 4d,e)*. We thus wanted to test whether the Sro9(1-151)
fragment was sufficient for astable Pablinteraction. Indeed, we found
that Pabl co-purified with epitope-tagged N-terminal Sro9(1-151)
(Fig.7d and Supplementary Data 7b). The co-purification of Pabl with
full-length Sro9 protein was somewhat stronger than the N terminus,
consistent with its stronger activation. Pab1 can enhance expression
by stabilizing mRNAs or by promoting their translation. We found
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that Sro9 tethering increased YFP mRNA abundance by only ~1.5-fold
(Fig. 7e), indicating that increased translation explains the majority
of its regulatory effect. These results are consistent with the modest
quantitative changesin transcript abundance observedinsro94 yeast™.

We also observed positive effects upon tethering proteins with
little known rolein mRNA regulation. Notably, an N-terminal fragment
of the AAA ATPase Cdc48 increased reporter expression, although
Cdc48is linked most prominently with protein degradation, includ-
ingthe ER-associated degradation (ERAD) pathway for quality control
of transmembrane and secreted proteins’. Cdc48 acts as an unfol-
dase that extracts proteins from membranes and complexes to make
them available for proteasomal degradation”*°. Cdc48 was recently
reported to interact with RNA’, although its role in RNA regulation
remains mysterious. Cdc48’s known functions suggest that it would
negatively regulate protein expression.

Nonetheless, tethering the N-terminal Cdc48(1-155) fragment
to areporter transcript robustly activated its expression (Fig. 7f and
Supplementary Data 5). Furthermore, this appeared to result from
enhanced translation, as reporter mRNA levelsincreased only modestly

(Fig. 7g). Interestingly, full-length Cdc48 did not show this same activ-
ity (Fig. 7f). The N terminus of Cdc48 binds to substrates, cofactors
and ubiquitin, while the C-terminal domains form the hexameric AAA
ATPase’ (Fig. 7h). Our results thus implicate cofactor interactions of
theisolated N terminusin translational activation. We thus deleted the
gene encoding the cofactor Ubx2, whichlocalizes Cdc48to thessites of
ERAD and mitochondrial protein translocation-associated degradation
(mitoTAD)®"® (Fig. 7i), and saw much weaker Cdc48(1-155) activity
(Fig. 7j and Extended Data Fig. 7c). Removal of its UBX-domain, which
mediates the interaction between Ubx2 and Cdc48%, had a smaller
impact. Localization of Cdc48(1-155) to endomembranes may recruit
tethered transcripts and thereby modulate their expression. Alter-
nately, the isolated N terminus could displace binding of full-length
Cdc48 andreduce protein turnover.

Discussion

Wereportabroad and unbiased survey of the budding yeast proteome
that identifies proteins controlling mRNA translation and decay. We
haverecovered awide array of active proteins thatincludes many known
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a, Schematic representation of Sro9 protein domains and its truncations
characterized in the tethering assay. b, Flow cytometry measuring activity of
Sro9 full length and N-terminal fragments in the tethering assay, where dashed
lines represent median YFP expression (n = 2 independent biological replicates).
¢, Asinb, but for C-terminal fragments (n = 2independent biological replicates).
d, Quantification of horseradish peroxidase (HRP) western blot analysis for Pabl
enrichment in the FLAG-tag immunoprecipitation eluate (n = 2independent
biological replicates are shown in different shades). e, RT-qPCR analysis of

YFP mRNA abundance with Sro9 tethered to the 3’ UTR, normalized to anon-

Normalized YFP expression

regulator control (n =3 independent biological replicates are shown in different
shades; P=0.0013, two-sample t-test with unequal variance). f, Asinb, but for
Cdc48and Cdc48(1-155) (n=2independent biological replicates). g, Asin e, but
for Cdc48(1-155) (n =3 independent biological replicates are shown in different
shades; P=0.0098, two-sample t-test with unequal variance). h, Schematic
representation of the Cdc48 protein, with its substrate, cofactor and ubiquitin
binding N-terminal domain highlighted. i, Schematic depiction of Cdc48
recruitment to the ER and mitochondrial membranes through Ubx2.j,Asinb,
for Cdc48(1-155) in the wild-type, ubx2AC and ubx24 strains (n = 2 independent
biological replicates, one replicate per sample is shown).

regulators, strongly enriched for RBPs. We have also delineated the
active regions within these proteins, revealing that regulatory activ-
ity typically maps outside the RBDs themselves. Post-transcriptional
regulators thus seemto display amodular architecture, with RBDs that
determine their mRNA specificity and separate regulatory domains
that modulate the expression of these target transcripts™®*‘. We have
found regulatory activity associated with folded domains, but also
with disordered regions, highlighting the importance of functional
IDRs in post-transcriptional regulation®. Indeed, the repressive frag-
ments of the Ccr4 deadenylase includedits disordered N terminus, and
disordered fragments from the N terminus of the translation initiation
factor Dedlactivated expression. Two broad models have emerged to

explain how such IDRs might show specific molecular functions. Gen-
eral patterns of amino acid composition, such as interspersed acidic
and aromatic residues, seem to underlie transcriptional activation
by IDRs*¥, Other IDRs harbor SLiMs that act through well-defined
peptide-protein docking®®. Because unstructured regions may be
easier to capturein our library, or more likely to functioninisolation,
we could not determine whether activity was more likely to occur in
folded domains or disordered regions. Nonetheless, both degener-
ate and specific peptide motifs emerged from our survey, suggesting
that both modes of actions play important roles in mRNA regulation.

Many of the regulators we identified may exert their effect through
their interactions with other proteins. This pattern held evenin Ccr4
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and Ded1, which both contain enzymatic activities that could act
directly on a tethered mRNA. Protein-protein interactions can affect
expression of atarget transcript by recruiting the large, multi-protein
complexes involved in translation and mRNA decay or modulating
theiractivity. Indeed, positive regulators were enriched for interaction
with the poly-(A) binding protein Pabl, which stabilizes mRNAs and
promotes their translation, suggesting that these regulators could
converge onto core pathways controlling the fate of mRNAs. Similar
patterns have been seen in organisms ranging from trypanosomes to
humans, and so this convergence may reflect ageneral organizational
principle of eukaryotic post-transcriptional regulation'®".

Although our approach allowed us to take a broad view across
the yeast proteome, not restricted to known RBPs, it also necessitated
trade-offs. We obtained fragment coverage for roughly half of the yeast
proteome. This mightin part reflect technical limitations of generating
fragments, although we used Tn5 transposase”’, which compares favora-
bly to other methods of random fragmentation. Selection for in-frame
fragments could exclude certain proteins based on poor expression or
toxicity—although these effects would also interfere with our tether-
ing assay. Additionally, our results reflect regulatory activity on one
reporter transcript in a particular growth condition. The regulatory
effects of RBPs can vary based on codon optimality® and interactions
with other regulators binding the same 3’ UTR?*”". Understanding how
post-transcriptional regulation varies between transcripts and changes
inresponse to cell physiology remains animportant challenge.

Despite the limitations, we have identified strong post-
transcriptional activity for over a1,000 protein fragments, laying a
foundation for future work. The fluorescence-based tethering assay
offersatool to furtherexplore these regulatory networks, understand
the mechanistic basis for post-transcriptional regulation, and decipher
the functional consequences of the diverse RNA-binding proteome
that has recently comeinto view.
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Methods

Strain construction

The dual fluorescent reporter (YFP::PP7/RFP::boxB) strain NIY289 was
constructed as follows. pNTI252 was integrated into BY4741 at URA3
to generate NIY106. pNTI476 was integrated into BY4742 at URA3 to
generate NIY287. NIY106 was crossed with NIY287 to create NIY293.
The dual fluorescent reporter (YFP::boxB/RFP::PP7) strain NIY293 was
constructed as follows. pNTI282 was integrated into BY4741at URA3 to
generate NIY114. pNTI473 wasintegrated into BY4742 at URA3 to gener-
ate NIY286.NIY114 was crossed with NIY286 to create N1Y293. Wild-type
BY4741was used for the in-frame library selection. The yKS090 dual
reporter strain expressing the ZIF synthetic transcription factor was
generated by integrating pNTI727 into the yeast XII-5 integration site®”.
The UBX2 mutation strains were generated as follows. We amplified the
KanMX cassette from pCfB2225 with primers to generate homologous
overlapping sequencesto the UBX2locusinthe yeast genome, and then
integrated this cassette into one locus of UBX2in NIY293. We verified
correct chromosomalintegration by colony polymerase chainreaction
(PCR)whichindicated a heterozygous ubx24/UBX2 genotype (yKS092).
We thenamplified the KILEU2 cassette from pCfB2189 with either homol-
ogous sequences to the remaining UBX2locus or to the C-terminal UBX
domain of UBX2, and then integrated these amplicons into yKS092 to
create the ubx24 and ubx2Acstrains, respectively (yKS093 and yKS094).
Genotypes were confirmed through colony PCR. Plasmids and strains
arelisted in Supplementary Tables1and 2, respectively.

Culturing conditions

Cultures for the single protein tethering assay were grown to
mid-exponential growth phase at an optical density at 600 nm (OD,)
of 0.6 then collected via gentle centrifugation at 5,000g for 1 min for
flow cytometry analysis with 30-min incubation in 4% paraformalde-
hyde (PFA). For in-frame fragment selection, cultures were incubated
after transformation at 30 °C with shaking for 96 hin SCD-His medium
with twice-daily back-dilution to avoid culture saturation. NIY293 was
transformed with the in-frame tethered fragment library using the
high-efficiency lithium acetate method® and then transferred to a tur-
bidostat® for 48 hin SCD-His medium before collecting cells. Cultures
fortheinducible Gtal tethering assay were grown to stationary phase
overnight, back-diluted to OD,, 0f 0.1and allowed to reach early expo-
nential growth phase. The tethered proteins were then induced with
5nM B-estradiol, then collected and fixed in PFA as described above.

Flow cytometric measurements and fluorescence-activated
cell sorting

The expression of YFP and RFP in the tethering assay were measured
using flow cytometric readout on aBD LSR Fortessa X20 using BD FAC-
SDiva version 6.2 with excitation by a488-mm blue laser and 561-mm
yellow-green laser, captured on the FITC and PE-TexRed channels,
respectively. Fluorescence measurements for 50,000 cells were col-
lected per sample, and gates were drawn to include populations of the
~25% cells with modal forward- and side-scatter. FACS was performed
withan Aria Fusionsorter by gating four equal-sized populations based
on the ratio of FITC and PE-TexRed emission. Approximately two mil-
lion cells were sorted into each gate. The sort was performed with two
technical replicate libraries from the same library transformation.

In-frame and fragment tethering library generation

Genomic yeast DNA was tagmented using the Nextera XT DNA library
prep kit fromIllumina, and thensize-selected with Beckman AMPureXP
beads. Size selection was confirmed with an Agilent Tapestation 2200
onaHigh Sensitivity D1I000 Screentape (Extended Data Fig. 2a). BY4741
yeast were then co-transformed with the tagmented yeast gDNA and
linear pKS132 and cultured as described above. After along outgrowthin
selective media, plasmids were collected with the Zymo yeast miniprep
kit. The selected fragments were then amplified by PCR with primers

KS605(GTAATTATCTACTTTTTACAACAAATcctgcaggGGCTCGGAGATG
TGTATAAGAGACAG) and KS630(CTGTCTCTTATACACATCTGACGCcGG
AAGCGGAAGCGGAAGCCGCGCCGACGCACAAAC), designed toanneal
tothe Nextera XT sitesintroduced during tagmentation, and subcloned
into the Sbfl-linearized tetheringlibrary vector pKS137 by Gibson assem-
bly. This tethering library was propagated in DH10f cells. Barcodes were
thenintroduced by Gibson assembly of N25 randomized oligonucleo-
tidebarcodes, amplified with KS633(ACGAGGCGCGTGTAAGTTACAGGC
AAGCGATCCGTCCGTAATACGACTCACTATAGCACG) and KS634(GATCC
TGTAGCCCTAGACTTGATAGCCATGACTTCAACTCAAGACGCACAGATAT-
TATAA) into the BamHI-linearized tethering library. Assembly reactions
were transformedinto DH10p3 and selected in liquid cultures at varying
dilutions to obtain a transformant pool with approximately three bar-
codes per fragment. Thislibrary was transformed into NIY293 through
thelithium acetate method as describedinref. 93. Transformations were
used to inoculate a turbidostat and grown in selective SCD-His media
for 48 hbefore performing FACS onlive cells. Library plasmid DNA was
then collected from sorted cells with the Zymo yeast plasmid prep kit,
then barcode RNA was in vitro-transcribed with the HiScribe T7 High
Yield RNA kit from New England Biolabs. RNA was collected with the
previously described phenol chloroform method®. All PCR reactions
were performed using Q5 polymerase according to the manufacturer’s
protocols. Barcodes were amplified through a limited-cycle PCR with
Illumina dual-index primers. Barcodes were assigned to yeast fragment
DNA with next-generation sequencing using the PacBio single molecule
real-time (SMRT) technology (Supplementary Data 2).

Barcode quantification and sequencing analysis

Sequencing data were processed using cutadapt v1.16 to remove
sequencingadapter sequences. HISAT2 v2.1.0 was used to align sequenc-
ingreadstothe yeast genome to identify fragment DNA. Trimmed bar-
codes were then counted and tabulated as describedin ref. 96. Barcodes
thatlacked atleast 32 countsinone of the sorted gates werefiltered out.

RNA quantification

Total RNA was collected from triplicate cultures of each strain using
the phenol chloroform method®. Quantification of YFPreporter RNA
expressioninthe tethering assay was performed viaRT-qPCR analysis
by comparing YFP Ctvalues to RFP Ctvalues, and Ct differences for cells
expressing an active tethering protein were compared to a tethered
Halo protein control Ct differences. The fold changein GTAI expression
inthe induced cultures (Extended Data Fig. 5b) was compared to the
endogenous GTAI levels in the Halo-expressing control strain.

Domain and motif enrichment analysis

The search for domain enrichment among the tethered library frag-
ments proceeded as follows. Active fragments were first considered
as those with an activity score of less than —1 or more than +1. Active
fragments that were 90% or more similar to another fragment were
considered overlapping, and the most highly sequenced froma group
of overlapping fragments was used in the analysis. A given Pfam protein
domainwas considered represented if one or more fragments covered
at least 75% of the domain. The activity scores of represented protein
domains were averaged and the mean value was reported for each
domain. False discovery rates were calculated with the Benjamini-
Hochberg procedure, and domains with an adjusted P value of less
than 0.05 arereported in Extended Data Fig. 4c.

To search for short peptide motifs enriched in our active frag-
ments, we again considered active fragments as those with an activity
score of less than -1 or greater than +1. We then ran MEME analysis to
search for recurring motifs within the sequences of our active frag-
ments™. We collapsed sequences that were 50% or more similar into
the same fragment to avoid detecting a motif multiple times within
the same gene. We then used FIMO® to scan the yeast genome for
occurrences of the motifs that were enriched in our active fragments.
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We manually removed two motifs that came from a single peptide
sequence as these did not represent a consensus sequence from multi-
pledistinct proteins, and we removed alignments that fell within highly
repetitive genomic sequences.

Protein expression analysis via western blotting

Total protein was isolated from mid-exponentially growing yeast by
rapid capture of protein expression through 5% tricarboxylic acid
treatment for 10 min, followed by awashinacetonitrile. The cell pellets
were thendried at room temperature for 30 min before bead-beatingin
Tris-acetate-EDTA buffer for 5 minat room temperature. Samples were
thenresuspended in SDS loading buffer from NuPage, boiled for 5 min,
andloaded on4-12% polyacrylamide Bis-Tris gels and separated by elec-
trophoresisin MOPS buffer. Proteins were then transferred to a nitrocel-
lulose membrane and were blocked for 1 hin TBST (Tris-buffered saline,
0.1% Tween 20) with 5% bovine serum albumin. Primary antibodies
(DYKDDDDK Tag Antibody, Cell Signaling Technology 2368S; a-Pabl
Antibodies-Online ABIN1580454 (clone 1G1)) were incubated with
membranes ata1:1,000 dilutionin TBST for 1 h at room temperature,
washed with TBST, thenincubated for 30 min atroom temperature with
anti-rabbit (Cell Signaling Technology, 7074S) and anti-mouse (Cytiva
NA931-1ML) HRP-linked antibodies at a1:10,000 dilution. Membranes
were developed with Pierce ECL westernblotting substrate and imaged
on the chemiluminescence channel on a ProteinSimple instrument.

Microscopy

Mid-exponential phase cells were collected by gentle centrifugationand
then fixed for 30 minin 4% PFA. The cells were washed in1x PBS buffer
and visualized with a Leica DM IL LED microscope at x40 maghnifica-
tion, acquired with Leica Application Suite v4.8.0, and processed using
Image]) 1.53t. Fields of view for saved images were randomly selected.

Statistics and reproducibility

Nostatistical method was used to predetermine sample sizes, but our
sample sizes are similar to those reported in previous publications
(ref. 97). No data were excluded from the analyses, and all replicate
experiments were successful. The experiments were not randomized.
The investigators were not blinded to allocation during experiments
and outcome assessment. Data distributions were assumed to be nor-
mal, but this was not formally tested.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this Article.

Data availability

High-throughput sequencing data has been deposited with the NCBI
ShortRead Archive. Long-read sequencing linking tethering constructs
and barcodes is available at SRR10355648, and short-read sequenc-
ing quantifying the barcodes is available at SRR10353306 through
SRR10353315, as described below.

Accession Title

SRR10355648 Tethering construct library

SRR10353306 Tethering construct barcode, unsorted, replicate 2
SRR10353307 Tethering construct barcode, far-right sort, replicate 2
SRR10353308 Tethering construct barcode, near-right sort, replicate 2
SRR10353309 Tethering construct barcode, near-left sort, replicate 2
SRR10353310 Tethering construct barcode, far-left sort, replicate 2
SRR10353311 Tethering construct barcode, unsorted, replicate 1
SRR10353312 Tethering construct barcode, far-right sort, replicate 1
SRR10353313 Tethering construct barcode, near-right sort, replicate 1
SRR10353314 Tethering construct barcode, near-left sort, replicate 1

SRR10353315 Tethering construct barcode, far-left sort, replicate 1

Publicly available datasets used here include the S. cerevisiae proteome
and Pfam domain annotations from InterPro proteome UP000002311,
and S. cerevisiae genome annotations from http://sgd-archive.yeast-
genome.org/sequence/S288C_reference/genome_releases/S288C_ref-
erence_genome_R64-2-1 20150113.tgz. BioGRID dataare from https://
downloads.thebiogrid.org/Download/BioGRID/Release-Archive/
BIOGRID-4.3.195/BIOGRID-MV-Physical-4.3.195.tab3.zip. Source data
are provided with this paper.

Code availability
Custom software and scripts are available from Zenodo at https://doi.
org/10.5281/zenodo.4963329.
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Extended Data Fig. 4 | Motifs enriched amongst most active screen fragments. a, Peptide motifs significantly enriched amongst repressor screen fragments.
Counts represent significant occurrences of that motif in the yeast genome. b, Asin a, for the activator screen fragments.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-023-00999-5

Contral
— Gtal
—— Gla1(803-767)

Density

v T v

8 14 12 1 2 4 8
Normalized BFP expression

(o]

>

N

|l

Fold change mRNA relative to T,

o

» Sminutes

30 minutes
2hours
4 hours

Gtatl control

Induced protein

Extended DataFig. 5| The tethering screen identifies RNA-regulatory roles of poorly-characterized proteins. a, Histogram of BFP fluorescence as ameasure
for control, Gtal and Gtal(603-767) expression and stability in the tethering assay, normalized to control BFP levels. b, RT-qPCR analysis of induced GTAland control

mRNA over time, normalized to expression levels at 5 minutes induction.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article https://doi.org/10.1038/s41594-023-00999-5

a - b Ded1(1-80)
" ! . Ccr4(1-200): . = 1600+ 1525
: / ' | disordered N-terminus = :
: : \ 3 1400
/ ! o 1200
: j : © |
i | cera(2-203) \/\ g 000
: / : o 8001
. 1 C
5 //»l« . \ G 600
5 s ——— $ 400
: 2 A 0 1 2 > 10
: o 200+
s o R N O S
§ ! ‘ Far left  Left Right Far right
g / \ Ccra(60-390): FACS bin
; v \ LRR-interacting region
R
g Ccr4(82-279) \
: l ~\
| Y . W,
> 4 o 1 2
Ccr4(180-430):
: leucine-rich repeat
2
%)
S Ccr4(229-365)
° 1
-1 0 1

Activity score

Extended Data Fig. 6 | The tethering screen defines functional domain boundaries of well characterized RBPs. a, Asin Fig. 6a, for fragments derived from
Ccr4(1-200) disordered N-terminus domain (top), Ccr4(60-390) Leucine-rich repeat interacting domain (middle), and Ccr4(180-340) leucine-rich repeat domain
(bottom). b, AsinFig. 6b, for Ded1(1-80).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

https://doi.org/10.1038/s41594-023-00999-5

Article
a 28 a8
e‘°g 5@9\ e@gﬁe@g\
8OkD12121212
a
62kDal —— |
50 kDa

L[] B oy ————

) :
b oo&(o &P &
1 2121 2

62 kDa [ i s ¥

55 kDa ." |

Extended Data Fig. 7 | The tethering screen reveals regulatory roles of
known RNA-binding proteins. a, Western blot analysis of Sro9 full length and
truncation protein expression in the tethering assay. Two independent biological

N

g !
o o

Yy
(5]

A5

=X
o

o

(9}

a-FLAG IP, a-Pab1 western

Median change in YFP expression

o
o

wT

replicates are shown. b, Western blot analysis of Pabl enrichment in FLAG-tag
protein purification eluate. Two independent biological replicates are shown.
¢, Quantification of median values in Fig. 7j for two biological replicates.

Control
Cdca8(1-155)

&=
Ubx2AGC Ubx2A
Strain

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

nature portfolio

Corresponding author(s): Nicholas Ingolia

Last updated by author(s): 11/18/2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X’ The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|X’ For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX O OOS

|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  BD FACSDiva Software Version 6.2; Leica Application Suite v4.8.0

Data analysis ImageJ 1.53t
cutadapt version 1.16
HISAT2 version 2.1.0
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High-throughput sequencing data has been deposited with the NCBI Short Read Archive. Long-read sequencing linking tethering constructs and barcodes is available
at SRR10355648, and short-read sequencing quantifying the barcodes is available at SRR10353306 through SRR10353315, as described below.
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Accession Title

SRR10355648 Tethering construct library

SRR10353306 Tethering construct barcode, unsorted, replicate 2

SRR10353307 Tethering construct barcode, far-right sort, replicate 2

SRR10353308 Tethering construct barcode, near-right sort, replicate 2

SRR10353309 Tethering construct barcode, near-left sort, replicate 2

SRR10353310 Tethering construct barcode, far-left sort, replicate 2

SRR10353311 Tethering construct barcode, unsorted, replicate 1

SRR10353312 Tethering construct barcode, far-right sort, replicate 1

SRR10353313 Tethering construct barcode, near-right sort, replicate 1

SRR10353314 Tethering construct barcode, near-left sort, replicate 1

SRR10353315 Tethering construct barcode, far-left sort, replicate 1

Publically available data sets used here include

S. cerevisiae proteome and Pfam domain annotations from InterPro proteome UP0O00002311

S. cerevisiae genome annotations from
http://sgd-archive.yeastgenome.org/sequence/S288C_reference/genome_releases/S288C_reference_genome_R64-2-1_20150113.tgz
BioGRID data from https://downloads.thebiogrid.org/Download/BioGRID/Release-Archive/BIOGRID-4.3.195/BIOGRID-MV-Physical-4.3.195.tab3.zip
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed, and sample sizes were based on previous studies (Muller et al., 2020; Reynaud et al., 2021).
Experiments were carried out with biological duplicates or triplicates as described in the text, following approaches commonly accepted for
high-throughput genome-wide experiments.

Data exclusions  No data were excluded.

Replication Experiments were conducted using biological duplicate or triplicate samples as indicated and all replication was successful.

Randomization  Randomization was not relevant to experimental designs in this study: no prospective assighment was performed, control and experimental
samples were processed in parallel, and data acquisition and analysis were automated and applied uniformly across all samples.

Blinding Blinding was not relevant to this study: observer bias is not relevant because data acquisition and analysis are automated and applied
uniformly for all samples.

Reporting for specific materials, systems and methods
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Human research participants

Clinical data
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Antibodies

Antibodies used Cell Signaling Technology 2368S DYKDDDDK Tag Antibody (Binds to same epitope as Sigma's Anti-FLAG(R) M2 Antibody) (lot 12)
a-Pab1 Antibodies-Online ABIN1580454 (clone 1G1)
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anti-rabbit IgG, HRP-linked (Cell Signaling Technology 7074S, lot 31)
anti-mouse 1gG, HRP-linked (Cytiva NA931-1ML)

Validation FLAG/DYKDDDDK epitope tag is widely used to recognize epitope-tagged transgenes in S. cerevisiae (Liu et al., Nat Commun 12: 57
(2021); Sun et al., Cell Reports 36(12): 109717 (2021)). We validate the specificity of this tag by detecting four distinct transgenes at
their respective, predicted sizes (Extended Data Fig. 7a).

Pab1 antibody is a monoclonal antibody (clone 1G1) previously shown to recognize S. cerevisiae Pab1 by mRNA binding in RNA
Interactome Capture that can be competed with free poly-(A) RNA (Matia-Gonzalez et al., STAR Protoc 2021).
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g The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Budding yeast were grown in batch culture or turbidostat in mid-exponential growth.
Flow cytometry used cells fixed for 30 minutes in 4% PFA
Cell sorting used live yeast in 1x PBS
All flow cytometry experiments measured genetically encoded fluorescent proteins expressed transgenically

Instrument BD LSR Fortessa X20 and Aria Fusion sorter

Software BD FACSDiva Software Version 6.2

Cell population abundance Fluorescence measurements for 50,000 cells were collected per sample, and gates were drawn to include populations of the
~25% cells with modal forward- and side-scatter

Gating strategy Fluorescence measurements for 50,000 cells were collected per sample, and gates were drawn to include populations of the

~25% cells with modal forward- and side-scatter

Fluorescence activated cell sorting was performed with an Aria Fusion sorter by gating four equal-sized populations based on
the ratio of FITC and PE-TexRed emission. Approximately two million cells were sorted into each gate. The sort was
performed with two technical replicate libraries from the same library transformation.

Gating strategy is exemplified in Extended Data Fig. 3b and 3d

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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