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Protein-RNA networks revealed through covalent

RNA marks

Christopher P Lapointe!, Daniel Wilinskil>2, Harriet A ] Saunders! & Marvin Wickens!

Protein-RNA networks are ubiquitous and central in biological
control. We present an approach termed RNA Tagging that
enables the user to identify protein-RNA interactions in vivo
by analyzing purified cellular RNA, without protein purification
or cross-linking. An RNA-binding protein of interest is fused to
an enzyme that adds uridines to the end of RNA. RNA targets
bound by the chimeric protein in vivo are covalently marked
with uridines and subsequently identified from extracted RNA
via high-throughput sequencing. We used this approach to
identify hundreds of RNAs bound by a Saccharomyces cerevisiae
PUF protein, Puf3p. The results showed that although RNA-
binding proteins productively bind specific RNAs to control
their function, they also ‘sample’ RNAs without exerting a
regulatory effect. We used the method to uncover hundreds of
new and likely regulated targets for a protein without canonical
RNA-binding domains, Bfrlp. RNA Tagging is well suited to
detect and analyze protein-RNA networks in vivo.

Proteins bind to and regulate RNAs, governing RNA process-
ing, transport, translation and decay. A single protein can bind
and control hundreds of RNAs, and a single RNA molecule
can bind many proteins. These protein-RNA networks are
essential, and their misregulation can lead to defects in cell
function and to human disease. Global mapping of protein-
RNA interactions across the proteome and transcriptome is thus
a central goal.

Over the past decade, powerful RNA immunoprecipitation
(RIP)-based approaches have made it possible to identify RNAs
bound by a specific protein!. In RIP, RNA-binding proteins are
immunopurified from cell lysates, and associated RNAs are identi-
fied by microarray or deep sequencing®3. UV cross-linking before
immunoprecipitation (CLIP) covalently links interacting proteins
and RNAs, which facilitates their purification*~”. CLIP also makes
use of partial RNase digestion of bound RNA to determine global
binding sites for particular proteins®~7.

Despite their utility and strength, RIP and CLIP approaches
have limitations. Protein-RNA complexes must be purified
from cell lysates using antibodies directed to endogenous or
epitope-tagged proteins. RIP, which requires native conditions,
is susceptible to nonphysiological interactions in vitro8-10.

In CLIP, UV cross-linking is relatively inefficient or requires
nucleotide analogs to enhance efficiency®!112. CLIP also requires
numerous enzymatic steps. Moreover, because transient inter-
actions are permanently captured by cross-linking, biologically
meaningful interactions are difficult to distinguish from those
that are not!°.

We sought a method for identifying global protein-RNA
interactions in vivo in which interactions were unambiguous
and occurred inside the cell. The approach we report here,
termed RNA Tagging, is independent of protein purifica-
tion, cross-linking or radioactive-labeling steps. We used the
approach to identify RNAs bound by two S. cerevisiae proteins,
Puf3p and Bfrlp.

RESULTS

The RNA Tagging approach

To detect and probe protein-RNA interactions in vivo, we
developed RNA Tagging. The key principle of the method is
that binding of a protein to an RNA in vivo leaves a covalent
mark on the RNA, which is subsequently detected in vitro. In its
simplest application, an RNA-binding protein (RBP) is fused to
the Caenorhabditis elegans poly(U) polymerase PUP-2 (Fig. 1a).
This enzyme lacks RNA-binding domains and therefore does not
uridylate RNA efficiently on its own!®!4. As a result, the chi-
meric protein covalently ‘tags’ only the RNAs to which the RBP
binds. Tagged RNAs bearing varied numbers of uridines (the
‘U-tag’) are identified from the pool of total RNA by targeted or
high-throughput sequencing assays, facilitated by a reverse-
transcription step that is selective for uridylated RNAs (Fig. 1b).

Targeted detection of RNA Tagging
We first implemented RNA Tagging in S. cerevisiae and focused
on the PUF protein Puf3p. This protein recognizes a well-defined
sequence in hundreds of mRNA targets important for mitochon-
drial functions'>=2L. To create the RNA Tagging chimera, termed
PUF3-PUP (where “PUP” stands for poly(U) polymerase), we
inserted the pup-2 open reading frame downstream of PUF3 at
its native locus in the S. cerevisiae genome.

We initially examined tagging of two known targets of Puf3p:
HSP10 and COX17 mRNA!>17. We grew strains that expressed

IDepartment of Biochemistry, University of Wisconsin-Madison, Madison, Wisconsin, USA. 2Present address: Life Sciences Institute, University of Michigan, Ann Arbor,
Michigan, USA. Correspondence should be addressed to M.W. (wickens@biochem.wisc.edu).

RECEIVED 14 JULY; ACCEPTED 5 OCTOBER; PUBLISHED ONLINE 2 NOVEMBER 2015; D0I:10.1038/NMETH.3651

NATURE METHODS | VOL.12 NO.12 | DECEMBER 2015 | 1163


http://www.nature.com/doifinder/10.1038/nmeth.3651

© 2015 Nature America, Inc. All rights reserved.

npg

| ARTICLES

Figure 1 | The RNA Tagging approach. a c . Trim 3 adaptor,
(a) Strategy. (b) Schematic of targeted — y A Raw FASTQfile B (e any A- and U-tails
RT-PCR and transcriptome-wide RNA Tagging j \ /\_,j\ 3
assays. RNAs were tailed with a combination of \ N~ \\ Identfy A- and U-
guanosines (G) and inosines (I) (purple). — oD A — « Align read 1
The U-select primer contained the Illumina uuuu
3" adaptor sequence (brown), nine cytosines $
(purple) that base-paired with the G-I tail Extract total RNA Align read 2
and three adenosines (red) that selected
for uridines at the 3" end of the mRNA. b d — Read 1
(c) Computational identification of tagged ” Isolate total ANA . ~ Read2
RNAs. “A-tails” refers to the poly(A) tail, and or
“U-tails” refers to 3’ terminal uridines, which Poly(A) select, rRNA deplete
were often in the U-tag. (d) Schemtic showing ¢
tagged RNAs aligned to a representative gene. G-ltail all RNAS
ORF, open reading frame. (e) Plot of the mean 5 | UUUUUGGGIGGIGGGIGIGG
U-tag length detected by high-throughput |
SEquendng of Synthetic DNA libraries that Selectively RT-tagged RNAs : --------- —— -—UllJJllJJUUUUU
contained U-tags of 0, 2, 4, 6, 8, 10 and Add 3’ adaptor via U-select primer — - [R—y Y]
12 nucleotides. At least 50,000 reads were ¥ < e ._UUUU
detected for each library (>1 milliontotal | | %, T ——=========- —Uuuw
reads). The R? value (R? =0.99, n = 7) was OHE
determined by linear regression analysis; 5 Synthesize second strand e E & 0.99
error bars represent +s.d. Add the 5" adaptor P e
o b ARARACCCCCCCCC I 5/ -é 10 1
wild-type PUF3-PUP or a mutant PUF3- oy 5 81
PUP chimera with a catalytically inac- o w00 2578003 20AIOTS £ 7
tive PUP to mid-log phase and lysed cells f— prscrcrcccc: — 2 4
under denaturing conditions. We next Purify PCR products § 24
performed parallel RT-PCR assays on 8§ 0¥
HSP10and COX17mRNA (Supplementary e 2 4 6 8 10 12

Fig. 1a). PUF3-PUP deposited U-tags on

both mRNAs (Supplementary Fig. 1b,c).

A primer selective for uridylated RNAs (U-select primer)
yielded prominent PCR products only in cells that expressed the
wild-type chimeric protein. As controls, a primer selective for
polyadenylated RNAs detected the mRNAs in all samples, and
the mutant chimera failed to tag HSP10. The presence of the
U-tag on HSP10 mRNA was confirmed by directed sequencing
(Supplementary Fig. 1d). Similarly, a PUF5-PUP2 chimera added
uridines to endogenous, wild-type PHDI mRNA, a known tar-
get??, but not to the same mRNA with mutant binding elements,
which was confirmed by deep sequencing as described below
(Supplementary Fig. 1e,f).

Transcriptome-wide RNA Tagging

To implement RNA Tagging transcriptome-wide, we grew yeast
strains that expressed PUF3-PUP to mid-log phase and iso-
lated RNA (Fig. 1a). We then enriched mRNAs and added 3’-
terminal G and I nucleotides to serve as a 3" adaptor (G-I
tailing)?® (Fig. 1b). Inosines were included to reduce the stabil-
ity of potential G-quadruplexes?*. Next, we reverse-transcribed
the G-I-tailed RNA using the U-select primer, synthesized
the second strand of DNA, PCR-amplified the dsDNA and
size-selected the PCR products using solid-phase reversible-
immobilization beads. DNA libraries were paired-end sequenced
on an Illumina HiSeq 2500 instrument.

We identified tagged RNAs using a computational approach.
We used the first sequencing read (read 1) to assign reads to
particular genes, and we used the second sequencing read (read 2)
to identify the 3’-terminal nucleotides (Fig. 1c,d). RNAs with
U-tags, termed tagged RNAs, were defined as RNAs that ended in
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Expected number of uridines (nt)

at least eight adenosines not encoded in the genome (the poly(A)
tail) followed by at least one uridine not encoded in the genome
or the U-select primer. To ensure that U-tags of various lengths
were accurately detected, we sequenced synthetic DNA librar-
ies with known numbers of uridines. The libraries contained the
adaptor sequences, a poly(A);, tail and variable-length U-tags
(Supplementary Fig. 2). The synthetic U-tags were accurately
measured and readily distinguished (Fig. 1e).

RNA Tagging identified global Puf3p targets

Analysis of the PUF3-PUP tagging strain yielded a set of tagged
RNAs. Of the approximately ten million reads, about 50% aligned
to a single location in the yeast genome (‘uniquely mapped’).
We detected just over 1 million tagged RNAs, which corresponded
to approximately 175,000 tagged RNAs per million uniquely
mapped reads (TRPM). Tagged RNAs had U-tags that ranged
from one to more than ten nucleotides in length, and U-tags of
all lengths were enriched approximately 500- to 1,800-fold in the
PUF3-PUP strain relative to a control strain (Fig. 2a).

As assessed by RNA Tagging, Puf3p bound hundreds of RNAs
in vivo. Of the RNAs detected with 3" uridines in the PUF3-PUP
strain, 476 mRNAs were enriched above background in two bio-
logical replicates and were termed Puf3p targets (Online Methods)
(Fig. 2b). The number of TRPM detected for each Puf3p target
was highly reproducible (p = 0.93, P = 0) (Fig. 2c). The number
of TRPM was moderately correlated with the mean U-tag length
(p = 0.5, P = 0) and was not correlated with RNA abundance
(Supplementary Fig. 3a,b). The number of uridines in the
U-tag was weakly and inversely correlated with RNA abundance
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(p = -0.37, P = 0) (Supplementary Fig. 3c). The set of RNA
Tagging targets significantly overlapped with those identified by
RIP-chip!® and photoactivatable ribonucleoside~enhanced CLIP
(PAR-CLIP)?’ (hypergeometric tests, all P < 2.2 x 10~16) (Fig. 2d).
Furthermore, Gene Ontology (GO) analyses revealed that Puf3p
targets were greatly enriched for mitochondrial functions, similar
to the previously identified targets (Fig. 2e).

Puf3p targets identified by RNA Tagging were highly enriched
for Puf3p-binding elements. Using the unbiased algorithm
Multiple Em for Motif Elicitation (MEME)?°, we determined that
Puf3p targets identified by RNA Tagging were highly enriched for
Puf3-binding elements in their 3" UTRs (Fig. 2f). Puf3p tagged
approximately 70% (170 of 246) of mRNAs with the consensus
sequence CHUGUAHAUA in their 3 UTRs, which represents
the highest-affinity Puf3p-binding elements!®. The binding
element present in targets identified by RNA Tagging was similar
to the one identified in the RIP-chip targets, whereas the PAR-
CLIP targets yielded a more degenerate element (Fig. 2f and
Supplementary Fig. 4).

The above data demonstrate that RNA Tagging globally identi-
fied protein-RNA interactions in vivo. The approach reproducibly
identified more than 400 mRNAs bound by Puf3p in the cell,
and these were highly enriched for the expected mitochondrial
functions and Puf3p-binding elements.

RNA Tagging and binding affinity

We hypothesized that RNA Tagging might reveal the relative
affinity of Puf3p for its different targets in the cell. For example,
high-affinity targets would have relatively long interactions with
PUF3-PUP, providing ample time for long U-tags to be added to
the RNA. In contrast, low-affinity targets would have relatively
brief interactions with PUF3-PUP, resulting in shorter U-tags.

To test this hypothesis, we used a two-dimensional ranking of
Puf3p targets uniquely enabled by the RNA Tagging approach.
We considered two attributes of the targets: the number of tagged
RNAs detected, and the number of uridines added. On the basis
of these two parameters, we hierarchically clustered Puf3p
targets by the number of tagged RNAs detected at increasing
U-tag lengths. Clustering results were visualized in a heat map,
with the highest ranked target at the top (Fig. 3a). As expected,
target rank was strongly correlated with TRPM (p = -0.91, P = 0)
and U-tag length (p = -0.75, P = 0) (Supplementary Fig. 5a,b).
Target rank was largely uncorrelated with RNA abundance
(Supplementary Fig. 5¢).

Puf3p targets are a continuum, but to facilitate downstream
analyses, we separated them into three distinct groups, referred
to as classes. Puf3p target classes were defined using the den-
drogram from the clustering analysis and sequential statistical
analyses (Online Methods). Class A Puf3p targets, which con-
sisted of the highest-ranked genes, had the most TRPM detected
and the longest U-tags (Fig. 3a). They possessed nearly perfect
Puf3p-binding elements in their 3 UTRs (Fig. 3a), dramati-
cally exemplified by the cytosine enrichment at the -2 position,
which enhances Puf3p binding in vitro and PUF3-dependent
regulation in vivol®?’. In contrast, class C was the lowest-ranked
group, and these targets had the fewest TRPM and shortest
U-tags. Class C targets contained degenerate binding elements
in their 3" UTRs (Fig. 3a) and were expressed more highly than
class A or B targets (Supplementary Fig. 6a). They also lacked
enriched Puf3p-binding elements in their 5° UTRs or open
reading frames, which agrees well with the propensity of PUF
proteins to bind 3" UTRs!>?228:29, The average position of the
binding elements in the 3" UTRs of targets was nearly identical
across classes (Supplementary Fig. 6b,c). Similarly, the number
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Figure 3 | Puf3p target classes correlated a
with in vitro binding affinity and in vivo

regulation. (a) Heat map of clustered Puf3p A
targets, with classes A (92 targets), B (189)
and C (195) indicated. Each row in the heat
map represents an individual Puf3p target,

and the colors indicate the number of TRPM
detected with U-tags of at least the indicated
number of uridines (columns). The highest-
ranked target is at the top of the heat map,
and the lowest-ranked target is at the bottom.
The binding elements enriched in each of the
Puf3p target classes are indicated. PBE, Puf3p-
binding element. (b) Median rank of Puf3p
targets containing six distinct binding elements
relative to the published in vitro binding
affinity (Ky) of purified Puf3p for the same
sequences’®. Pearson’s (r) and Spearman’s (p)
correlation coefficients and associated P values
are indicated (r=0.98, P =0.0009; p = 0.94,

P =0.0048; n = 6). (c) Enrichment of Puf3p
target classes for mRNAs and proteins localized
to mitochondria. Mitochondria-localized
mRNAs and proteins are from published
experiments!832, (d-f) Empirical cumulative
distributions were plotted for all Puf3p targets
(top) and the three Puf3p target classes
(middle) relative to all mRNAs for the following
attributes: enrichment for mRNAs bound by
ribosomes at mitochondria3? (all mRNAs,

n =6,094; class A, n = 92; class B, n = 189;
class C, n = 194) (d), change in mRNA
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of tagged RNAs and the number of uri- -1 0
dines detected on target RNAs were not
correlated with the distance from the
binding element to the 3" terminus of the
transcript (Supplementary Fig. 6d.e).

The rank of targets correlated well with
their measured binding affinities in vitro.
We compared the median RNA Tagging
rank of targets with six specific binding
elements to the in vitro binding affinities of purified Puf3p for
those same sequences!® (Supplementary Fig. 7a). Median tar-
get rank correlated well with Ky (r = 0.98, P = 0.0009; p = 0.94,
P =0.0048) (Fig. 3b). Similarly, K4 was correlated with TRPM
and U-tag length (Supplementary Fig. 7b,c). Comparisons of
K4 to RNA abundance and the distances from binding elements
to 3’ termini or stop codons yielded no significant correlations.
Randomized data also yielded no significant correlations for any
of the above analyses.

These findings support the hypothesis that RNA Tagging
reveals high- and low-affinity targets in vivo. This is demon-
strated by the covariation of target rank (and hence class) with
the quality of Puf3p-binding elements and with binding affinity
measured in vitro.

All mRNAs
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RNA Tagging distinguished regulation from ‘sampling’

We next examined the relationship between affinity and in vivo
regulation. Puf3p is required for localization of specific mRNAs
to mitochondria!®!? and regulates mitochondrial function?%-21,
Puf3p also destabilizes some of its target mRNAs!17:27:30.31 We
hypothesized that class A Puf3p targets, which were the best-
detected RNA Tagging targets and bound with the highest affini-
ties, would exhibit the greatest enrichment for mitochondrial
association and PUF3-dependent stability, whereas class C targets
would exhibit the least.

Puf3p-target classes correlated with localized translation at
mitochondria. We mined published data that identified mRNAs!8
and proteins®? localized to mitochondria. Class A Puf3p targets
were significantly enriched for mRNAs and proteins localized
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(1/P value) of Bfrlp targets identified by RNA Tagging and RIP-chip
(a full list of enriched terms is presented in Supplementary Data 2).

to mitochondria (hypergeometric tests, all P < 2.2 x 10710)
(Fig. 3¢). Enrichment steadily decreased from class A to class C
targets. We also mined recently published data that identified
mRNAs translated by ribosomes localized to the outer mito-
chondrial surface, captured through proximity-specific ribo-
some profiling33. Puf3p targets were significantly enriched for
mRNAs translated at mitochondria (Kolmogorov-Smirnov tests,
all P < 2.2 x 10716) (Fig. 3d). Notably, classes A and B were
highly enriched, whereas class C was weakly enriched. Trends
were similar without the translation inhibitor cycloheximide,
which confirmed that Puf3p targets are actively translated at
mitochondria (Supplementary Fig. 8).

Puf3p-target classes also correlated with sensitivity to dele-
tion of PUF3. We mined published microarray experiments that
measured global changes in mRNA abundance and decay rate in
wild-type and puf3A strains>*. Puf3p targets identified by RNA
Tagging were significantly more abundant and more stable in the
puf3A strain relative to all other mRNAs (Kolmogorov-Smirnov
tests, all P < 2.2 x 10716) (Fig. 3e,f). Enrichments for both abun-
dance and stability progressively decreased across Puf3p target
classes, with class A targets exhibiting the greatest effects. Class
C targets were hardly enriched for effects of PUF3 on either abun-
dance or stability. All specific mRNAs previously shown to be
stabilized in a puf3A strain were class A or class B targets, which
independently corroborated our meta-analysis of the global
experiments?’ (Supplementary Fig. 9).

The correlation between Puf3p-target class and both known
Puf3p biological function and binding affinity suggests that
the highest-ranked Puf3p RNA Tagging targets are those that
are bound and regulated in vivo. In contrast, the lowest-ranked
targets, which have degenerate or perhaps less accessible bind-
ing elements, are bound very weakly. The fact that these RNAs
(class C) were tagged indicates that they were bound, yet they
were largely unregulated. We refer to this behavior as ‘sam-
pling, which we define as binding of the protein to RNA suffi-
ciently long to tag it but insufficiently long to exert its regulatory

of membrane
GO term

effect—likely too briefly to recruit effector proteins or allow
them to act. On average, the RNAs that were sampled were more
abundant, which might help drive their interaction in vivo.

RNA Tagging identified global Bfrip targets

We next implemented RNA Tagging to analyze Bfrlp, which
lacks canonical RNA-binding domains. Bfrlp is implicated in
the secretory pathway>>3¢ and is localized to the endoplasmic
reticulum (ER) under normal conditions3”-3% and to P-bodies
after stress3°. Bfrlp was also found to be associated with more
than 1,000 mRNAs by RIP-chip?®. Intriguingly, its reported
mRNA targets were not enriched for targets with a role in the
secretory pathway.

RNA Tagging with BFR1-PUP identified more than 1,000
functionally enriched tagged RNAs. As with Puf3p, tagged RNAs
were highly enriched over many U-tag lengths (Fig. 4a). In the
BFR1-PUP strain, 1,296 mRNAs and two small nucleolar RNAs
(snR11 and snR31) were detected at levels above background
in three biological replicates and were termed Bfrlp targets
(Online Methods) (Fig. 4b). TRPM values were reproducibly
detected across replicates (all pairwise p > 0.84) (Fig. 4c). TRPM,
U-tag length and RNA abundance were all largely uncorrelated
(Supplementary Fig. 10). Approximately 30% of the targets
had been previously identified by RIP-chip?®, which represents
a significant overlap (hypergeometric test, P < 2.2 x 10716)
(Fig. 4d). Unlike Puf3p targets, Bfr1p targets identified by RNA
Tagging lacked a defined binding element.

As determined by GO analyses, RNA Tagging targets were much
more functionally enriched than those identified by RIP-chip.
RNA Tagging targets were greatly enriched for cytoplasmic trans-
lation and membrane-associated functions, whereas RIP-chip
targets were at most weakly enriched (Fig. 4e). Deeper dissection
showed that targets uniquely identified by RNA Tagging, as well
as those identified by both RNA Tagging and RIP-chip, were simi-
larly enriched for membrane-associated functions and the term
“cytoplasmic translation,” which predominately encompasses
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Figure 5 | Bfr1p target classes correlated with a
membrane functions. (a) Heat map of clustered

Bfrip targets, with classes A (174 targets), A ]
B (207), C (566) and D (261) indicated. Each ? ()

row in the heat map is an individual Bfrlp
target, and the colors indicate the number

of TRPM detected with U-tags of at least the
indicated number of uridines (columns).

The highest-ranked target is at the top of

the heat map, and the lowest-ranked target

is at the bottom. (b-e) Enrichments of Bfrlp
target classes for mRNAs encoding proteins
found in the secretome*® (b), with predicted
transmembrane domains (TMD) (c) or localized
to the ER32 (d), and for mRNAs found in
P-bodies*! (e). The dashed line in each plot
represents the enrichment of all mRNAs for the
given attribute. (f-h) Empirical cumulative
distributions for the indicated target sets (top)
and the four Bfrlp target classes (middle)
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class D, n =261) (g) and at the SSH1 translocon
complex (all mRNAs, n =5,785; class A,
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Bfrip binds mRNAs translated at the ER
To more closely examine Bfrlp targets,
we performed a two-dimensional analysis
with Bfrlp targets as we did with Puf3p.
Bfrlp targets were grouped into four c
classes, classes A-D, with class A again
containing the highest-ranked targets
(Fig. 5a). Target rank was strongly cor-
related with TRPM (p = —0.87, P = 0), whereas target rank was
weakly correlated with the average number of uridines in the
U-tag and RNA abundance (Supplementary Fig. 12). The weak
correlation between target rank and the number of uridines in
the U-tag indicated that in this case, unlike that of Puf3p, target
rank was driven by TRPM.

The highest-ranked Bfrlp targets were the most enriched for
membrane-related functions. By mining published data, we found
that class A targets were significantly enriched for proteins that
are secreted*’, predicted to have a transmembrane domain and
localized to the ER3? (hypergeometric tests, all P < 2.2 x 10716)
(Fig. 5b-d). Enrichments progressively decreased from class A to
class D targets. Furthermore, class A Bfrlp targets were the least
enriched for mRNAs that encode proteins localized to the nucleus,
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nucleolus and mitochondria3? (Supplementary Fig. 13). These
enrichments progressively increased across classes to levels near
those expected by random chance. Bfr1p targets were also highly
enriched for mRNAs found in P-bodies*! (hypergeometric test,
P <2.2x1071°) (Fig. 5¢). The enrichment progressively decreased
from class A to class C targets, but then slightly increased for
class D targets.

The localization of Bfrlp to the ER37:38, its presence on
polysomes3” and the enrichment of its best targets for mem-
brane-related proteins suggested that many of its targets would
be translated at the ER. To test this, we mined recently published
data that identified ribosome-occupied mRNAs specifically
localized at the ER, captured by a proximity-specific ribosome-
profiling experiment*2.
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Bfrlp targets were highly enriched for abundant, ER-trans-
lated mRNAs. In comparison with all mRNAs, Bfrlp targets
were significantly enriched for ER-localized translation, in
contrast to Bfrlp targets identified by RIP-chip (Kolmogorov-
Smirnov tests, all P < 2.2 x 10716) (Fig. 5f). The enrichment
of ER-localized translation progressively decreased from class
A to class D targets. Bfrlp targets were similarly enriched for
both Sec-dependent and Sec-independent translocation events
(Kolmogorov-Smirnov tests, all P < 2.2 x 1071¢) (Fig. 5g,h).
Class A Bfrlp targets were also most enriched for abundant
mRNAs, and the enrichment progressively decreased across
classes (Supplementary Fig. 14). Bfrlp bound about 60%
of the approximately 700 mRNAs enriched for ER-localized
translation, and the Bfrlp-bound mRNAs were significantly
more abundant than those not bound by Bfrlp (Fisher-Pitman
permutation test, P < 107°) (Supplementary Fig. 15).

Our findings illustrate that Bfr1p preferentially binds mRNAs
that encode ribosomal and membrane-associated proteins, many
of which are translated at the ER. These data clarify seemingly
contradictory reports of Bfr1p function in vivo (reviewed in more
detail in the Discussion).

DISCUSSION

RNA Tagging identifies targets of RNA-binding proteins
in vivo, relying solely on the covalent marks left on the RNA.
The approach is facile, reproducible and sensitive. Furthermore,
RNA Tagging distinguishes between productive and nonproduc-
tive binding events in vivo, as the number of uridines added by
the poly(U) polymerase is likely to be a direct reflection of the
duration of the protein’s binding to the RNA. In organisms with
endogenous enzymes that add and remove uridines, endogenous
uridylated mRNAs are sufficiently stable to be detected*3-46 and
can be accounted for computationally using the same approach
as described here. RNA Tagging is adaptable to specific cell types
and tissues of living animals, as it requires minimal starting
material and only purified RNA.

RNA Tagging can provide insight into the biological roles of
RNA-binding proteins. Bfr1p predominately tagged mRNAs that
encode ribosomal and membrane-associated proteins, enrich-
ments missed in earlier RIP-chip studies. Bfrlp is part of a large
protein complex®” and is required for the localization of mRNAs
to P-bodies?® and the bud tip®. Thus, our findings and previous
studies suggest that Bfr1p is an integral component of a traffick-
ing complex that localizes mRNAs to specific locations in the cell,
particularly the ER.

RNA Tagging should facilitate access to areas of RNA biology
that until now have been difficult to examine. For example, it
might be possible to detect RNAs that are both directly and indi-
rectly associated with a protein of interest, aided by the use of a
poly(U) polymerase with its own intrinsic but weak RNA-binding
activity!3. Large protein complexes often contain critical factors
that only indirectly associate with RNA, such as several eukaryotic
translation-initiation factors or components of the CCR4-NOT
complex*”48. The dynamics of RNA-protein interactions may be
analyzed through rapid induction of the tagging protein, provid-
ing snapshots of the interactions at a given time. The develop-
ment of new tagging enzymes that deposit different marks would
enable multiple proteins of interest to be probed simultaneously,
providing insight into the exchanges of proteins on RNAs, how
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RNA-binding proteins collaborate to regulate RNA, and the
encounters of single RNA molecules in the cell. It remains to
be seen whether PUP fusions bound to elements in the 5" UTR
will tag efficiently; flexible protein linkers or PUPs that possess
higher rates of catalysis may be useful for this purpose. Regardless,
the versatility of RNA Tagging should enable approaches to
unexplored problems in RNA biology in living cells.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. NCBI Sequence Read Archive accession:
SRP063022.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Yeast strains. All S. cerevisiae strains were constructed in BY4742
yeast (MAT o his3A1; leu2A0; lys2A0; ura3A0). To construct RNA
Tagging chimeras, we inserted the DNA sequence for the open
reading frame of C. elegans pup-2 followed by a stop codon and
the URA3 marker, including its native promoter and termina-
tor sequences, in-frame at the 3’ end of PUF3 and BFRI using
standard yeast transformation techniques. The BFR1-PUP2
strains also contained a 3-HA epitope tag on the C terminus of
the fusion protein. Catalytically inactive PUP2 strains (PUP2mut
strains) had Asp185Ala and Asp187Ala substitutions in the PUP-2
protein. For wild-type and mutant PHDI strains, the endogenous
3’ UTR of PHDI was replaced with URA3 using standard yeast
transformation techniques. Next, single colonies were trans-
formed with DNA that encoded an RGSHg epitope tag fused to
the C terminus of Phd1p and either wild-type or mutant PHD1
3’ UTRs, the latter of which had substitutions that disrupted
known Puf5p-binding elements (UGUAGUUA to ACAAGUUA,
and UGUAACAUUA to ACAAACAUUA). Cells were selected
on plates containing 5-FOA. Integration of the epitope tag and
3" UTRs at the endogenous PHDI locus was confirmed by
sequencing. The pup-2 open reading frame and a 3-HA epitope
tag were then inserted in-frame at the 3" end of PUF5 as above in
both the wild-type and mutant PHDI strains.

Yeast growth and total RNA isolation. We grew all strains by
inoculating 5 mL of yeast extract—peptone-dextrose plus adenine
(YPAD) cultures with frozen yeast strains or freshly streaked
colonies and incubating them at 30 °C and 180 r.p.m. After
~24 h, we seeded 25 mL of YPAD cultures at Aggy ~ 0.0002
and grew them at 30 °C and 180 r.p.m. until Aggy 0.5-0.8. Yeast
were harvested by centrifugation for 10 min at 3,000 r.p.m. at
4 °C, and the pellets were washed once with 40 mL of ice-cold
water. Cells were resuspended in 500 UL of RNA ISO buffer
(0.2 M Tris-HCI, pH 7.5, 0.5 M NaCl, 0.01 M EDTA, 1% SDS).
Then we added ~200 pL of acid-washed beads and 500 uL of
phenol:chloroform:isoamyl alcohol (25:24:1) (PCA). Cells were
lysed by vortexing for 20 s at room temperature followed by 20 s
on ice ten times. Samples were then separated from the beads and
split evenly into two tubes, and 375 pL of RNA ISO buffer and
375 uL of PCA were added to each tube. Samples were mixed by
gentle shaking and were separated by centrifugation for 15 min
at 15,000 r.p.m. at 4 °C. The aqueous layer was removed
(~500 pL) and further extracted by two additional extractions
(PCA followed by chloroform). After the extractions, the aqueous
layer was removed and ~1 mL of 100% ethanol was added to
the samples, which were gently mixed and incubated at —50 °C
for >1 h. Total RNA was pelleted by centrifugation for 30 min
at 15,000 r.p.m. at 4 °C. Pellets were washed once with ~70%
ethanol and resuspended in 43 UL of water. Separate tubes for
each sample were then recombined and treated with 8 units of
TURBO DNase (Life Technologies) for 1 h at 37 °C. Total RNA
was purified using the GeneJet RNA Purification kit (Thermo
Fisher Scientific) and eluted in 30 UL of water. RNA samples were
stored at —80 °C until use.

Targeted RNA Tagging RT-PCR assays. Terminator treatment.

To deplete rRNA, we treated 2 ug of total RNA with 2 units of
Terminator enzyme (Epicentre) for 60 min at 30 °C. The reactions

doi:10.1038/nmeth.3651

were subsequently purified using 1.8 volumes of room-temperature
RNA Clean XP beads (Agencourt) and the standard protocol.
rRNA-depleted RNA was eluted in 12 pL of water.

G-Itailing. Terminator-treated samples were G-I tailed using 1,200
units of yeast poly(A) polymerase (Affymetrix), 0.5 mM GTP and
0.15 mM ITP and incubated at 37 °C for 90 min. Samples were
diluted to 100 UL with water, and G-I-tailed RNA was extracted
with two sequential organic extractions (PCA followed by
chloroform). The final aqueous layer was removed, and 10 puL of
3 M sodium acetate, 1 UL of GlycoBlue (Life Technologies) and
600 UL of 100% ethanol were added to the samples. Samples were
incubated at —50 °C for >1 h. Samples were pelleted by centrifuga-
tion for 30 min at 15,000 r.p.m. at 4 °C. Pellets were washed once
in ~70% ethanol and resuspended in 10 UL of water.

Selective reverse transcription. G-I-tailed samples were selec-
tively reverse transcribed using SuperScript III reverse transcriptase
(Invitrogen) under nearly standard conditions. The G-I-tailed
samples were split equally (typically 3 uL) across all RT reactions.
3 UL of samples were added to 1 uL of 1 uM U-select primer (G
CCTTGGCACCCGAGAATTCCACCCCCCCCCAAA), 1 uL of
10 mM dNTP mix and 8 uL of water (13 uL total). Oligo-(dT) and
—RT reactions used 1 pL of 1 uM oligo-(dT) 4, (TTTTTTTTTTT
ITTTTTTTTTTTTTTTTTTTTTTTTTTTTTT) in place of the
U-select primer. A master mix of 4 UL of 5x reaction buffer, 1 uL of
100 mM DTT and 1 puL of 40 U/uL RNase inhibitor per reaction
was prepared separately. The primer-RNA mixes and the master
mix were incubated at 65 °C for 5 min followed by 5 min at 50 °C
in a thermocycler. With the primer-RNA mixes and the master
mix still in the 50 °C thermocycler, RT enzyme was added to the
master mix (except for —RT samples) and mixed thoroughly, and
7 UL of the resulting master mix was added to the primer-RNA
mix. Samples were then incubated at 50 °C for 60 min followed
by 5 min at 85 °C.

Polymerase chain reactions. 1 UL of cDNA straight from the
RT reactions was PCR amplified using GoTaq Polymerase
(Promega). The HSP10 specific forward primer was GACAGCAT
CCGGGTTGTATT. The HSP10 specific reverse primer was TTT
TCCTGTCATACATAATGGCC. HSP10 primers and the U-select
primer were used at final concentrations of ~1 uM and ~40 nM,
respectively. The COX17 specific forward primer was ATG
ACTGAAACTGACAAGAAAC when used with the U-select
primer. The internal COX17 primers were ACAAGAACA
AGAAAACCACGC and AAGATGCATGTATCCCGCTC. All
COX17 reactions were performed with final primer concen-
trations of ~40 nM. PCR parameters and steps were as follows:
(1) 95 °C for 3 min, (2) 95 °C for 30 s, (3) 50 °C for 30 s, (4) 72 °C
for 90 s, (5) repeat steps 2-4 24 times (HSP10) or 36 times
(COX17), (6) 72 °C for 5 min, and (7) hold at 4 °C.

Cloning and Sanger sequencing. HSP10 PCR products were
cloned using the TOPO-TA cloning kit (Life Technologies),
standard reaction conditions and blue-white colony screening.
Individual white colonies were grown in 5 mL of lysogeny broth
(LB)-ampicillin media. Plasmids were isolated from saturated cul-
tures with the GeneJET Plasmid Miniprep kit (Thermo Scientific
(Fermentas)) and subsequently Sanger sequenced using standard
reaction conditions.

Transcriptome-wide RNA Tagging library preparations.
Poly(A) selection and rRNA depletion. Approximately 75 pug of
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high-quality total RNA were poly(A) selected using the Dynabeads
mRNA purification kit (Life Technologies) and the standard pro-
tocol. Samples were eluted in 28 LLL of water. The poly(A)-selected
RNA was then depleted of rRNA using the RiboZeroGold (yeast)
kit (Epicentre) and the standard protocol. Samples were eluted
in 12 puL of water.

G-I tailing. Samples were G-I tailed as above, except for the
following step: After the initial 90-min G-I-tailing reaction, an
additional 1,200 units of yeast poly(A) polymerase was added to
the reactions and incubated for an additional 30 min at 37 °C.
G-I-tailed RNA was purified as above using PCA.

Selective reverse transcription and RNase H digestion. G-I-tailed
samples were selectively reverse transcribed as above. cDNAs
were digested with 1 UL of RNaseH (Invitrogen) for 20 min at
37 °C. cDNAs were purified using the GeneJet PCR purification
kit (Thermo Fisher Scientific). cDNAs were eluted twice in 32 UL
of water, giving a total of ~60 HL cDNA.

Second-strand synthesis. We added 60 UL of cDNA to 10 uL of
10x Klenow buffer (500 mM Tris-HCI, pH 7.5, 100 mM MgCl,,
10 mM DTT, 0.5 mg/mL BSA), 12 uL of water, 5 pL of 10 mM
dNTPs, 10 puL of 10 uM second-strand synthesis primer
(GTTCAGAGTTCTACAGTCCGACGATCNNNNNN), and
3 uL of 5 U/uL Exo-Klenow DNA polymerase (Life Technologies).
Reactions were incubated at 37 °C for 30 min and then purified
twice using RNA Clean XP beads (Agencourt) ata 1:1 (bead:reac-
tion) ratio. dsSDNA was eluted in 50 pL of water.

Polymerase chain reactions. Samples were PCR amplified using
GoTaq polymerase (Promega). 5 UL of cDNA was added to 8.33 UL
of 2x GoTaqGreen master mix, 2 UL of water, 0.67 UL of 10 uM RP1
primer (AATGATACGGCGACCACCGAGATCTACACGTTCA
GAGTTCTACAGTCCGA) and 0.67 uL of 10 uM barcoded primer
(CAAGCAGAAGACGGCATACGAGATXXXXXXGTGACTG
GAGTTCCTTGGCACCCGAGAATTCCA). Standard Illumina
barcodes were inserted at the XXXXXX position in the primer. The
PCR cycle was (1) 94 °C for 2 min, (2) 94 °C for 10 s, (3) 40 °C for
2 min, (4) 72 °C for 1 min, (5) one repeat of steps 2-4, (6) 94 °C
for 10's, (7) 55 °C for 30 s, (8) 72 °C for 1 min, (9) seven repeats
of steps 6-8, (10) 94 °C for 15, (11) 55 °C for 30's, (12) 72 °C for
1 min, (13) 14 repeats of steps 10-12, (14) 72 °C for 5 min and (15)
a final holding step at 4 °C. For scaling up, approximately nine
individual reactions were completed for each sample and pooled
before cleanup. PCR samples were size-selected twice using the
RNA Clean XP beads at a 0.8:1 (bead:reaction) ratio. Samples
were eluted in ~20 UL of water.

Synthetic U-tag libraries. Preparation. Synthesized oligos were
purchased (Integrated DNA Technologies) with the following
sequence: CCTTGGCACCCGAGAATTCCACCCCCCCCCA
AAA)TTTTTTTTTTTTGATCGTCGGACTGTAGAACTCTG
AAC. At (A), 0, 2, 4, 6, 8, 10 and 12 adenosines were inserted to
create standards with U-tags of various lengths. Synthetic libraries
were amplified using GoTaq polymerase, 0.8 uM RP1 oligo, 0.8 uM
barcoded primer and 2 nM oligo as a template. Otherwise, the
PCR conditions were the same as for the transcriptome-wide
library preparations. Completed reactions were run on a 6% acryl-
amide TBE-urea gel, and the bands corresponding to the libraries
were excised from the gel (~180 bp). The gel slices were crushed in
200 UL of water, flash-frozen, incubated at 37 °C and 1,000 r.p.m.
for 1 h, flash-frozen again, incubated at 37 °C and 1,000 r.p.m.
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for 1 h, and separated using a filter column. The libraries were
ethanol precipitated with GlycoBlue as the coprecipitant. Pellets
were washed once in 70% ethanol and resuspended in 10-20 uL
of water.

Analysis. Raw FASTQ files of the sequenced libraries were
analyzed two different ways. First, the number of uridines in
the U-tag of every read in each of the libraries was determined.
Using these data, we calculated the mean U-tag length (in nucle-
otides) and associated s.d. for each of the synthetic libraries.
Second, the base composition at each position for every read in
the libraries was determined. These calculations were then used
to determine how often a single uridine residue was detected in
the A0 library (no U-tag encoded in the synthesized oligo), which
served as the background rate referenced below.

High-throughput sequencing. Samples were sequenced on
an Illumina HiSeq 2500 instrument to obtain 50-bp paired-end
read data sets. Throughout, the first sequencing read, which
covered the 5" end of the sequenced DNA fragment, is termed
read 1, and the second sequencing read, which covered the 3’
end of the sequenced DNA fragment, is termed read 2. Raw
data were deposited at the NCBI Sequence Read Archive
(accession SRP063022).

FASTQ file manipulation and alignment. Read 1. All FASTQ
processing (FASTX-toolkit, http://hannonlab.cshl.edu/fastx_
toolkit/) and alignments to the yeast genome were done using local
installations of the given software. The U-select primer sequence
(TTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG) and the
poly(A) tail sequence (AAAAAAAAAA) were removed from read
1 sequences using FASTA/Q Clipper (fastx_clipper -a sequence -1
15 -n -1 -vinput -o output -Q 34). Any read 1 sequences that were
shorter than 15 nt after removal of either sequence were discarded.
Read 1 sequences were then aligned to the S. cerevisiae genome
(version R64-1-1) using Bowtie?® with the following parameters:
a seed length (-1) of 25 nt, no more than two mismatches (-n) and
only a single reportable alignment (-m) in the genome (bowtie
-t genome input output -125 -m 1 -S --sam -p 3 -n 2). Reads that
aligned to more than one location were discarded.

Read 2. The 5" adaptor sequence (GATCGTCGGACTGTA
GAACTCTGAAC) was removed from read 2 sequences using
FASTA/Q Clipper and the same parameters as above. The last six
nucleotides of the resulting read 2 sequences, which represented
the random hexamer sequence from the second-strand synthesis,
were then removed using FASTA/Q Trimmer (fastx_trimmer -t
6 -iinput -o output -Q 34). The resulting read 2 sequences were
reverse-complemented using FASTA/Q Reverse Complement
(fastx_reverse_complement -i input -o output -Q 34), and any
sequence corresponding to the U-select primer sequence was
removed as above. Sequences with at least three adenosines fol-
lowing any number of uridines at their 3" end (A-U tail sequences)
were identified using regular expression searches in Perl. Read
2 sequences were aligned twice to the yeast genome: first with-
out any A-U tail sequence, and then with any A-U tail sequence.
This alignment process identified read 2 sequences with A-U tail
sequences that were not encoded in the genome. Bowtie align-
ments were conducted essentially as above, except that the seed
length was 20 nt and the —v alignment mode was used to exclude
reads with three or more mismatches.
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Definition of tagged RNAs. A tagged RNA was defined as
a DNA fragment with a sequence that aligned uniquely to the
yeast genome and contained at least eight adenosines followed
by at least one uridine at the 3" end that were not encoded by
any adaptor sequence or the genome. Typically, read 1 identified
the genomic location of a tagged RNA, whereas read 2 identi-
fied its A-U tail sequence. Read 2 also frequently determined the
3’ terminus of an RNA. The number of tagged RNAs per gene
was calculated and normalized across samples (TRPM). Where
indicated, TRPM enrichment was calculated as a ratio of TRPM
obtained in strains with the relevant RBP-PUP chimera to that
in strains without it.

Reproducible RNA Tagging targets. To be identified as a tar-
get, genes with tagged RNAs had to meet three criteria. First, the
number of TRPM detected for a particular gene had to be at least
tenfold greater than the number of TRPM detected for that gene
in the non-tagging control sample. Second, the number of TRPM
detected for a particular gene had to be greater than the error
rate for falsely detecting tagged RNAs. A uridine was erroneously
detected 3% of the time on a synthetic polyadenylated library
without a U-tag (Supplementary Fig. 2b) (synthetic libraries are
discussed above). Thus, the error rate was defined as the number
of TRPM detected by error per gene (0.03 x (total number of
TRPM)/(total number of genes with TRPM)). Third, a gene had
to have met both of the above criteria in all of the biological
replicates. Supplementary Data 3 and 4 include comprehensive
target lists of Puf3p and Bfrlp, respectively. Supplementary
Data 5 shows sequencing results of a control strain (BY4742)
without any tagging chimeras. Where indicated in figures, we
uniformly transformed (+2) TRPM values to facilitate plotting
on alog scale.

Hierarchical clustering. The TRPM values for each target were
calculated across U-tag lengths of 1-10 uridines for each sample.
TRPM values for biological replicates were then averaged (mean).
Each U-tag length encompassed all TRPM with at least the indi-
cated number of uridines. Prior to clustering, the data were sorted
from most to least TRPM detected with at least 1 U in the U-tag.
The data sets were log,-transformed and hierarchically clustered
using the Gene Cluster 3.0 software. Heat maps were generated
in Matlab (version R2014a).

Definition of target classes. To begin, classes were loosely
defined to encompass groups of targets with similar TRPM and
U-tag-length profiles. Boundaries between putative target classes
were defined by the dendrogram from the clustering analysis.
Statistical analyses (as outlined below) were conducted on each
putative class, sequentially from the highest-ranked class to the
lowest-ranked class, to determine whether it was distinct from
directly adjacent putative classes. As an example, the enrichment
of putative class A targets for a given observation (for example,
RNAs with increased abundance in APUF3) was compared to the
enrichment in putative class B targets. If the enrichments of puta-
tive class A and class B targets were statistically indistinguishable,
they were combined and the analysis was repeated with the next
adjacent putative class (class C). If the enrichments of putative
class A and class B targets were statistically different, putative
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class A targets were defined as actual class A targets, and the
process was repeated with the remaining putative classes until
only distinct classes remained.

Statistical analyses. All statistical analyses were done using
RStudio (R version 3.1.2). Linear regression analyses were used to
obtain R? values and the associated P values (summary(Im(y~x))).
Shapiro-Wilk tests (shapiro.test(x)) were used to test normality as
needed. Spearman’s (p) and Pearson’s (r) correlation coefficients
and their associated P values were determined using the rcorr
function from the hmisc package (rcorr(x, y, type = “spearman”)
and rcorr(x, y, type = “pearson”), respectively). Hypergeometric
distribution tests (phyper()) were used to determine whether
the observed overlap between two data sets was significant.
The total population size was defined as 6,607 genes, except
in the following analyses: mRNA localization to mitochondria
(6,256 genes), proteins with predicted transmembrane domains
(TMHMM analyses, 6,713 genes), and yeast GFP localization
(4,156 genes). Cumulative fraction plots were generated using the
empirical cumulative distribution function (ecdf) (plot(ecdf(x),
do.points = F, verticals = T, Ity = 1, lwd = 3, ...)). Two-sided
Kolmogorov-Smirnov tests were performed using the ks.test
function (ks.test(x,y)). For Supplementary Figures 6b,c and
15b, Fisher-Pitman permutation tests and permutations of the
Wilcoxon-Mann-Whitney test were conducted using the “coin”
package (pvalue(oneway_test(DV ~IV, distribution = approximate
(B =1000000))) and pvalue(wilcox_test(DV ~IV, distribution =
approximate(B = 1000000))), respectively). Both tests behaved
similarly for all comparisons. Where indicated, data were
randomized 100,000 times using the “sample” function.

Venn diagrams. Proportional Venn diagrams were generated
using Biovenn®® and then redrawn for publication.

MEME and directed motif searches. To be as inclusive as pos-
sible, we defined 3" UTRs as the longest isoform for a particular
gene previously observed®! or, if not previously defined, as 200
bases. MEME?6 analyses were done on a local server using the
following command: meme.bin input.txt -oc outputdirectory -
dna -mod zoops -nmotifs 5 -minw 6 -maxw 15. The “maxsize”
parameter was adjusted as needed. Enriched sequence motifs
were identified in the 3’ UTRs of Puf3p targets and indicated
subsets using MEME as described above. To determine the bind-
ing motif present in each class of Puf3p targets, we combined the
binding elements present in each class, as determined using all
of the Puf3p targets, to generate the motifs in Figure 3a. We con-
ducted unbiased MEME analyses as described above on each of
the classes to identify enriched motifs in the 5" UTRs, open read-
ing frames and 3" UTRs, which confirmed the findings reported
in Figure 3a. The RIP-chip motif was identified in the 3 UTRs of
the previously identified targets using MEME as above. The PAR-
CLIP motif was previously identified?> but was shortened here
for consistency. In all cases, motifs were prepared for publication
using WebLogo 3 (ref. 52). The total number of genes with the
C(AUC)UGUA(AUC)AUA consensus sequence in their 3> UTR
was determined using a Perl regular expression search on all 3’
UTR sequences. Genes with at least one occurrence of the motif
were counted as positives.
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Location of Puf3p-binding elements (PBEs) in 3" UTRs. Many
3’ termini of mRNAs were detected in our data, especially when
all RNAs that were detected with a poly(A) tail of at least eight
adenosines (with or without a U-tag) were included. Using this
information, we determined the most detected isoforms for
particular mRNAs, the lengths of the 3" UTRs and the position
of the PBE relative to the stop codon and 3’ terminus. Genes
with undetected 3’ termini and genes with negative or very large
(>1,000 nt) distances to 3" termini were excluded from the analyses.
For Supplementary Figure 6d,e, the mean number of tagged
RNAs, number of uridines added and distance from the PBE to
the 3’ terminus for isoforms of 64 Puf3p targets (144 distinct
mRNAs) detected by at least 31 reads (24,417 reads total) were
calculated and compared. In these analyses, tagged RNAs with
U-tags of more than six uridines were not analyzed because our
deep sequencing did not yield 3" termini for those mRNAs.

GO analyses. All GO analyses were completed using YeastMine
from the Saccharomyces Genome Database (http://yeastmine.
yeastgenome.org). All parameters were set to defaults (Holm-
Bonferroni corrected). Puf3p and Bfr1p comprehensive GO-term
data are available in Supplementary Data 1 and 2, respectively.

TMHMM prediction. To identify proteins with a predicted
transmembrane domain, we downloaded the sequences of all
proteins (6,713 proteins, including dubious proteins) from the
Saccharomyces Genome Database. We then analyzed the sequences
using the TMHMM 2.0 server>3. Proteins with at least one
predicted transmembrane domain were counted as positives.

RNA-seq. RNA isolation. Total RNA was isolated from S. cerevisiae
(BY4742) cells by standard methods. We collected 50 ml of
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cells with Aggp 0.5-0.8 by centrifugation at 3,200 r.p.m. at
4 °C, washed the cells once with cold water and snap-froze
them in liquid N,. The tubes were vortexed for 30 s and then
incubated on ice for 30 s; this process was repeated six times.
The supernatant was removed, extracted with 1 mL of PCA and
ethanol precipitated. RNA pellets were resuspended in 50 pL
of water.

Library preparation. We used 2 ug of RNA as input. We depleted
samples of rRNA using the Ribo-Zero Magnetic Gold Kit (Yeast)
kit (Epicentre) and the standard protocol. Libraries were pre-
pared using the TruSeq Stranded Total RNA kit (Illumina) and
the standard protocol with 12 rounds of PCR. PCR samples were
purified twice using RNA Clean XP beads and were eluted in
30 uL of water. Libraries were sequenced on an Illumina HiSeq
2000 to get 50-bp reads.

Data analysis. Mapped reads were assigned to genomic features
by HTseq-count (htseq-count -s) (version 0.5.4p3). The mean
number of fragments per kilobase of exon per million reads mapped
(FPKM) of four biological replicates was calculated for each genomic
feature (Supplementary Data 6).
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efficient alignment of short DNA sequences to the human genome. Genome
Biol. 10, R25 (2009).
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Supplementary Figure 1
RNA Tagging identified in vivo protein-RNA interactions.

a) Schematic of the RT-PCR assay for targeted RNA Tagging. The RT primers and PCR primer sets used in panels b and ¢ are shown.
PCR primer set 1 was two gene-specific primers and primer set 2 used a gene-specific forward primer and the U-select RT primer as
the reverse PCR primer. (b,c) PUF3-PUP tagged HSP10 (b) and COX17 (c) mRNAs. In each panel, gel slices were run on the same
gel and were separated here for clarity. RT and PCR primers used in each column are indicated. “-RT” lanes (no reverse transcriptase)
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monitored genomic DNA contamination, which was minimal. “dT” lanes used the oligo(dT) primer, and illustrate that polyadenylated
mMRNA was present in all samples. “U-sel” lanes used the U-select primer, which detects RNAs with U-tags. The control strain (BY4742)
lacked an RNA Tagging chimera. PUF3-PUP is the active RNA Tagging chimera and PUF3-PUPmut is a catalytically inactive chimera,
which harbors active site mutations in the PUP (Asp185Ala, Aspl187Ala). d) Representative Sanger sequencing results of tagged
HSP10 mRNA. The PCR product from the U-select (U-sel) lane of the PUF3-PUP sample in panel b was cloned and individual colonies
were sequenced. Black text indicates genomically encoded HSP10 3' UTR sequence, bold blue text indicates non-genomically encoded
adenosines (the poly(A) tail), and bold red text indicates non-genomically encoded thymidines, which represent the 3' U-tag added by
PUF3-PUP. e) PHD1 mutant alleles. The two PUF-binding elements in PHD1 mRNA were disrupted via UGU to ACA substitutions in
the endogenous PHD1 locus. Active or inactive (DD185/187AA) versions of PUP-2 were fused to the endogenous copy of PUF5
(PUF5-PUP and PUF5-PUPmutant, respectively) in the wild-type and mutant PHDL1 strains. f) PUF5-PUP requires its binding elements
to tag PHD1 mRNA. Lanes are as in panels b and c.
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Uo0:
u2:
U4:
Ue6:
uUs:
U10:
u12:

SKGTTCAGAGTTCTACAGTCCGACGATCAAAAAAAAAAAﬁTTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGGG'
5-GTTCAGAGTTCTACAGTCCGACGATCAAAAAAAAAAAATTTTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG-3'
5-GTTCAGAGTTCTACAGTCCGACGATCAAAAAAAAAAAATTTTTTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG-3'
5-GTTCAGAGTTCTACAGTCCGACGATCAAAAAAAAAAAATTTTTTTTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG-3'
5-GTTCAGAGTTCTACAGTCCGACGATCAAAAAAAAAAAATTTTTTTTTTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG-3'
5-GTTCAGAGTTCTACAGTCCGACGATCAAAAAAAAAAAATTTTTTTTTTTTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG-3'
5-GTTCAGAGTTCTACAGTCCGACGATCAAAAAAAAAAAATTTTTTTTTTTTTTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG-3'

Key

lllumina 5' adapter:
Poly(A) tail mimic:
U-tag mimic:
U-select RT primer:

GTTCAGAGTTCTACAGTCCGACGATC
AAAAAAAAAAAA
TTTITETTTTTT

TTTGGGGGGGGGTGGAATTCTCGGGTGCCAAGG

Percent composition of the starred (*) position in panel (a)

Supplementary Figure 2

lllumina sequencing accurately detected U-tags of multiple lengths.

a) Synthetic libraries with various length U-tags, shown here as the reverse complement for clarity. The indicated libraries were paired-
end sequenced on an lllumina HiSeq2500. The purple sequence represents the lllumina 5' adapter, the blue sequence represents a
poly(A) tail of 12 nuclectides, the red sequence represents U-tags of multiple lengths, and the black sequence represents the U-select
RT primer. The starred (*) position in the UO library was further analyzed in panel b. b) Accuracy of identifying Tagged RNAs by a single
non-templated uridine. The percent nucleotide composition of position 13 in Read 2 of the UO library, which corresponds to the starred
(*) position in panel a, was calculated and plotted (n = 310,745). The actual bases detected by sequencing were reverse complemented

here for clarity.
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Supplementary Figure 3
Comparison of Puf3p RNA Tagging results and RNA abundance.

a) The mean number of Tagged RNAs detected for Puf3p targets was correlated with the mean length of their U-tag (0= 0.5, P =0, n =
476). Spearman’s correlation coefficient (p) and associated P-value (P) are indicated. TRPM, Tagged RNAs Per Million uniquely
mapped reads. b) The mean number of Tagged RNAs (TRPM) detected for Puf3p targets was uncorrelated with their mean abundance
(Spearman correlation, P > 0.1). FPKM, fragments per kilobase of exon per million reads mapped. c) The mean length of the U-tag on
Puf3p targets was weakly correlated with their mean abundance (FPKM) (p = -0.37, P = 0, n = 476). Spearman’s correlation coefficient

(p) and associated P-value (P) are indicated.

Nature Methods: doi:10.1038/nmeth.3651



185

RNA Tagging
\ (476)

211 2 3 a A
RIP-chip
(220)

Gerber et al.
. U ‘:‘V:j\.v UA
CaVZVAA
2-112 3 45 6 7 8
. “.‘_:é“
C-.UvUmRA

=t

<= VAWY
2 -1 1 2 3 4 5 6 7 8

PAR-CLIP
(1,019)

Freeberg et al.

" \
GUA

Supplementary Figure 4

Comparison of Puf3p-binding elements identified with multiple methods.

Proportional Venn diagram of Puf3p targets identified using RNA Tagging, RIP-chiplS, and PAR-CLIP?®. The numbers indicate the
number targets in each area of the plot. Position-weight matrices (plotted in bits) of the Puf3p-binding elements (PBEs) found in each

group of targets are indicated. PBEs were derived as follows: PBEs with grey stars, MEME analysis of all RNA Tagging targets; PBEs
with grey squares, MEME analysis of all RIP-chip targets; PBEs with grey triangles, PBEs in PAR-CLIP peaks.
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Supplementary Figure 5

Puf3p target rank was correlated with TRPM and U-tag length but was largely uncorrelated with RNA abundance.

a) The mean number of Tagged RNAs (TRPM) detected for Puf3p targets was correlated with their RNA Tagging rank (p = -0.91, P =
0, n = 476). Spearman’s correlation coefficients (p) and associated P-values (P) are indicated in all panels. TRPM, Tagged RNAs Per
Million uniquely mapped reads. b) The RNA Tagging rank of Puf3p targets was correlated with the mean length of their U-tags (o = —
0.75, P = 0, n = 476). c) RNA Tagging rank of Puf3p targets was largely uncorrelated with their mean RNA abundance (o = 0.16, P =
0.0007, n = 476). FPKM, fragments per kilobase of exon per million reads mapped.
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Supplementary Figure 6
Comparison of RNA abundance and the position of binding elements across Puf3p targets.

a) Class C targets were the most abundant Puf3p targets. Empirical cumulative distributions of RNA abundance were plotted for all
Puf3p targets (left) and the three Puf3p target classes (middle) relative to all mMRNAs (all mRNAs, n = 6,595; Class A, n =92; Class B, n
= 189; Class C, n = 195). The P-values from Kolmogorov-Smirnov (KS) tests comparing the different distributions are indicated (right).
b,c) Puf3p-binding elements were similarly positioned in the 3' UTRs of each class of Puf3p targets. The distance from each binding
element to the 3' terminus (b) and the stop codon (c) of the target was calculated and plotted (all targets, n = 404; Class A, n = 90;
Class B, n = 169; Class C, n = 145) (Tukey whiskers indicated). There were no statistical differences between any of the groups
(Fisher-Pitman permutation tests, P > 0.1). d,e) The mean number of Tagged RNAs (d) and number of U’s (e) detected for targets
were compared to the distance from the PBE to the 3' terminus for isoforms of 64 Puf3p targets (143 distinct mRNAs) detected by at
least 31 reads (24,417 reads total). No significant correlations were observed (Pearson and Spearman correlations, P > 0.1).
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Supplementary Figure 7
The number of tagged RNAs and U-tag length were correlated with in vitro binding affinity.

a) Published in vitro binding affinity data of purified Puf3p for the six indicated RNA sequences was obtained and shown here™. b,c)
The median number of Tagged RNAs detected (TRPM) (r =—0.97, P = 0.0013; p=-0.94, P = 0.005; n = 6) (b) and median U-tag length
(r=-0.94, P =0.0051; p=-1, P = 0; n = 6) (c) of Puf3p targets containing six distinct binding elements was calculated and compared
to the published in vitro binding affinity (Kg) of purified Puf3p for those sequences. Pearson’s (r) and Spearman’s (p) correlation
coefficients and the associated P-values (P) are indicated. TRPM, Tagged RNAs Per Million uniquely mapped reads.
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Supplementary Figure 8
Puf3p targets were enriched for mRNAs translated at mitochondria in the absence of cycloheximide.

Published mitochondria-specific ribosome profiling (RP) data in the absence of cycloheximide was mined*3. Empirical cumulative
distributions were plotted for all Puf3p targets (left) and the Puf3p target classes (middle) relative to all mRNAs (all mRNAs, n = 5,609;
Class A, n = 92; Class B, n = 188; Class C, n = 193). The P-values from Kolmogorov-Smirnov (KS) tests that compared the different
distributions are indicated (right).
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WT pUr3A Fold Change Puf3p Puf3p

mRNA tested Half-life Half-life  (pufSA/WT) Target Class Target Rank PBE

YLLOO9C 4.0 24.3 6.1 A 5 CUUGUAUAUA
YMLO09C 29 6.7 2:3 A 11 CCUGUAAAUA
YKLO87C 1.7 4.6 27 A 60 CCUGUAAAUA
YNRO37C 4.2 8.5 20 A 12 CAUGUAAAUA
YOR187W 55 16.7 3.0 A 25 CGUGUAAAUA
YNRO17W 3.1 8.0 2.6 A 47 CUUGUAUAUA
YDR347W 3.2 51 16 B 132 UCUGUAAAUA
YNL315C 3.8 10.2 2.7 B 183 CCUGUAAAUA
YHR147C 3.0 4.8 16 B 131 CUUGUAAAUA
YOR158W 1.7 -2 4.2 B 125 CAUGUAUAUA
YBLO9OW 3.1 4.7 15 B 202 UUUGUAAAUA
YDR041W 32 3.0 0.9 C 362 CUUGUAAAUA
YDL069C <2.0 <2.0 1.0 NA NA NA

** All half-lives taken from Miller, et al. NAR (2013)

** "NA" indicates the gene was not identifed as a Puf3p target using RNA Tagging.
Supplementary Figure 9
mRNAs with known PUF3-dependent half-lives were class A or class B targets.

Summary of published RNA half-lives of the indicated genes in wild-type and puf3A strains®’. Puf3p target class, RNA Tagging rank,
and Puf3p-binding elements are indicated. “NA” indicates the gene was not identified as a Puf3p target by RNA Tagging.
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Supplementary Figure 10
Comparison of Bfrlp RNA Tagging results and RNA abundance.

a) The mean number of Tagged RNAs (TRPM) detected and the mean length of their U-tag were uncorrelated (Spearman correlation,
P > 0.1). TRPM, Tagged RNAs Per Million uniquely mapped reads. b) The mean number of Tagged RNAs (TRPM) detected for Bfrlp
targets was weakly correlated with their mean abundance (p= 0.3, P = 0; n = 1,298). FPKM, fragments per kilobase of exon per million
reads mapped. Spearman’s correlation coefficient (p) and associated P-value (P) are indicated. ¢) The mean length of the U-tag on
Bfrlp targets was largely uncorrelated with their mean abundance (p= -0.12, P = 0; n = 1,298). Spearman’s correlation coefficient (p)
and associated P-value (P) are indicated.
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Supplementary Figure 11
Bfrlp targets identified by both RNA Tagging and RIP-chip were enriched for membrane-associated functions.

Proportional Venn diagram of Bfrlp targets identified using RNA Tagging and RIP-ching. GO analyses were performed on the three
groups and enrichments for representative terms from Biological Process and Cellular Component ontologies are indicated (see
Supplementary Data 2 for complete lists).
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Supplementary Figure 12
Bfrlp target rank was correlated with TRPM and was very weakly correlated with U-tag length and RNA abundance.

a) The mean number of Tagged RNAs (TRPM) detected for Bfrlp targets was correlated with their RNA Tagging rank (o =—-0.87, P = 0;
n = 1,298). Spearman’s correlation coefficients (p) and associated P-values (P) are indicated in all panels. TRPM, Tagged RNAs Per
Million uniquely mapped reads. b) The RNA Tagging rank of Bfrlp targets was weakly correlated with the mean length of their U-tags
(p=-0.35, P = 0; n = 1,298). c) RNA Tagging rank of Bfrlp targets was weakly correlated with their mean RNA abundance (p = —0.28,
P =0; n =1,298). FPKM, fragments per kilobase of exon per million reads mapped.
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Supplementary Figure 13
Bfrlp target class was correlated with protein localization to the ER.

The fraction of each class of Bfrlp targets that are localized to the cytoplasm, endoplasmic reticulum (ER), nucleus, mitochondria, and
nucleolus, obtained from the yeast GFP database®, was plotted. Classes A-C of Bfrlp targets were highly enriched for ER-localized
proteins (hypergeometric tests, P < 1 x10™°), and the enrichment progressively decreased from Class A to D targets. No other
significant enrichments were observed (hypergeometric tests, P > 0.01).
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Supplementary Figure 14
Bfrlp targets were highly enriched for abundant mRNAs.

Empirical cumulative distributions of RNA abundance (FPKM) were plotted for all Bfrlp targets (left) and the Bfrlp target classes
(middle) relative to all mRNAs (all mRNAs, n = 6,595; Class A, n = 174, Class B, n = 297; Class C, n = 564, Class D, n = 261). The P-
values from Kolmogorov-Smirnov (KS) tests comparing the different distributions are indicated (right). Class A Bfrlp targets were most
enriched for abundant RNAs and the enrichment progressively decreased to Class C and D targets. FPKM, fragments per kilobase of
exon per million reads mapped.
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Supplementary Figure 15
Bfrlp bound abundant, ER-translated mRNAs.

a) Plot of the fraction of ER-translated mRNAs (> 2-fold enrichment, n = 736), obtained from a published ER-specific ribosome profiling
experiment42 (logz2(ubc6.7mchx) enrichment), that were tagged by Bfrlp (422 mRNAS). b) Plots of the RNA abundance (FPKM) of the
indicated groups of mRNAs (Tukey whiskers indicated). Of the mRNAs specifically translated at the ER, those tagged by Bfrlp were
significantly more abundant than those not tagged by Bfrlp (Fisher-Pitman permutation test, P < 10'6). FPKM, fragments per kilobase of
exon per million reads mapped.
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