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ABSTRACT

The DEAD-box RNA helicase Dbp2p is highly conserved in eukaryotes and has been implicated in transcription, ribosome
biogenesis, mRNP assembly, nuclear export, and long noncoding RNA (IncRNA) function. It is not understood how Dbp2p
performs these seemingly unrelated biological roles. An important step toward addressing this question is the determina-
tion of cellular RNA binding sites of Dbp2p. Here, we identify transcriptome-wide RNA binding sites of Dbp2p from
Saccharomyces cerevisiae using UV-crosslinking, denaturing tandem affinity purification, and next generation sequencing.
We find that Dbp2p crosslinks to mRNAs and ribosomal RNAs, and markedly to noncoding RNAs, including snoRNA,
snRNAs, and tRNAs. In snoRNAs, Dbp2p preferentially crosslinks at sites near the 3’ ends. These sites coincide with regions
where RNA-DNA hybrids (R-loops) form and with binding sites of Sen1p, another RNA helicase that functions in transcrip-
tion termination and 3’ processing of noncoding RNAs. We show that Dbp2p interacts in an RNA-independent manner with
Sen1p in vivo. Dbp2p crosslinks to tRNAs and other RNAs also at sites where R-loops form. Collectively, our data link
Dbp2p to noncoding RNAs, Sen1p, and R-loops. The transcriptome-wide connection to R-loops provides a unifying theme

for diverse cellular roles of Dbp2p.
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INTRODUCTION

The DEAD-box RNA helicase Dbp2p from yeast is highly
conserved in eukaryotes (Iggo et al. 1991, Fuller-Pace
2013). The human Dbp2p ortholog DDX5 (p68) has been
linked to several cancers and is a therapeutic target for
acute myeloid leukemia and potentially other tumors
(Causevic et al. 2001; Shin et al. 2007; Clark et al. 2008;
Wortham et al. 2009; Lin et al. 2013; Mazurek et al. 2014).
In vitro, Dbp2p unwinds RNA duplexes in an ATP-depen-
dent manner and hydrolyzes ATP in an RNA-dependent
fashion (Ma et al. 2013). In the cell, Dbp2p has been
implicated in transcription, ribosome biogenesis, mRNA
decay, mMRNP assembly, nuclear export, and nuclear RNA
quality control (Barta and Iggo 1995; Bond et al. 2001;
Bleichert and Baserga 2007; Cloutier et al. 2012; Ma
et al. 2013, 2016). Recently, Dbp2p has been linked to
the formation of hybrids between long noncoding RNA
(IncRNA) and DNA (R-loops) at the GAL gene locus, which
affects carbon source metabolism in S. cerevisiae (Cloutier
et al. 2016).

The seemingly unrelated cellular roles of Dbp2p raise the
question of which common functional themes underlie its
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biological functions. To address this problem, it is essential
to define the cellular RNA binding sites of Dbp2p, which
are currently not known. Here, we determine the RNA
binding sites of Dbp2p in the cell, using a protocol that
combines affinity purification of tagged, endogenous
Dbp2p with the individual nucleotide resolution crosslink-
ing (iCLIP) approach (Kénig et al. 2010; Huppertz et al.
2014).

We find that Dbp2p binds rRNAs, mRNAs, and noncod-
ing RNAs including snoRNAs, snRNAs, and tRNAs. Dbp2p
interacts with snoRNAs and snRNAs predominantly near
3’ ends at positions that closely correspond to binding
sites of Sen1p, another RNA helicase and component of
the Nrd1-Nab3-Sen1 (NNS) complex, which functions in
transcription termination and 3’ processing of noncoding
RNAs in yeast. We show that Dbp2p and Sen1p interact
in the cell in an RNA-independent manner. The link be-
tween Dbp2p and the NNS complex rationalizes the con-
nection of Dbp2p to nuclear RNA quality control (Cloutier
et al. 2012). We further find that Dbp2p binding sites on
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diverse RNAs correlate with sites where R-loops form
(Wahba et al. 2016). These observations suggest that the
link between Dbp2p and R-loops is not restricted to
IncRNA at the GAL gene locus (Cloutier et al. 2016), but
represents a common, transcriptome-wide theme for
Dbp2p function on diverse RNA types.

RESULTS AND DISCUSSION

Dbp2p associates with noncoding RNAs

To determine the RNA binding sites of Dbp2p in S. cere-
visiae, we combined denaturing purification of affinity-
tagged, endogenous Dbp2p with the iCLIP approach.
We implemented a stringent, denaturing affinity purifica-
tion to preventisolation of not crosslinked RNA fragments,
which might be detected because Dbp2p, like other
DEAD-box helicases, interacts with RNAs without known
substrate preference (Ma et al. 2013). We generated a
yeast strain with a histidine-TEV-biotin-histidine tag on
the genomically encoded Dbp2p (DBP2-HTBH), thereby
ensuring that the tagged protein was under the control of
endogenous promoters. Growth characteristics for wild-
type and DBP2-HTBH strains were virtually identical
(Supplemental Fig. S1A). We performed UV-crosslinking
(Kénig et al. 2012) and isolated crosslinked Dbp2p-RNA
fragments by dual affinity purification under denaturing
conditions. Libraries for next generation sequencing were
generated, sequenced, and analyzed according to the
iCLIP protocol (Supplemental Fig. S1B; Huppertz et al.
2014).

Dbp2p crosslinked to diverse RNA types (Fig. 1A). Most
sequencing reads were found in rRNAs and mRNAs, consis-
tent with reported roles of Dbp2p in mRNA and ribosome
metabolism (Bond et al. 2001; Ma et al. 2013, 2016).
Crosslinking of Dbp2p was also seen on noncoding
RNAs, most notably to snoRNAs, tRNAs, and Ty-elements
(Fig. 1A). Since snoRNAs comprise <1% of the cellular
RNA mass, and Ty-elements <0.3%, the data indicated
preferential association of Dbp2p to these RNA types.
tRNAs comprise roughly 10% of the cellular RNA mass,
but extensive interactions of proteins with tRNA are unusu-
al, unless the proteins participate in tRNA metabolism
(Gerstberger et al. 2014; Mukherjee et al. 2018). The data
thus suggested preferential Dbp2p association with
tRNAs as well. We did not detect significant sequence or
structure signatures for Dbp2p crosslinking sites for any
of the RNA types or for all RNAs combined (Supplemental
Fig. S1C), suggesting that Dbp2p did not recognize specif-
ic RNA sequences or structures in the cell. The spectrum of
RNAs crosslinked to Dbp2p differed markedly for the phy-
logenetically closely related DEAD-box helicase Ded1p
(Guentheretal. 2018). Using an affinity-tag and denaturing
purification protocol identical to that used for Dbp2p, <1%
of Ded1p crosslinks mapped to tRNAs and <2% for snoR-
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NAs (Guenther et al. 2018). Collectively, our observations
indicated direct, physical links between Dbp2p and non-
coding RNAs.

Dbp2p binds to 3’ proximal regions in snoRNAs

Because Dbp2p had not been physically linked to
snoRNAs, we analyzed Dbp2p association with these non-
coding RNAs in more detail. We first examined whether
Dbp2p bound selectively to a subset of snoRNAs. To this
end, we compared the expression level of each C/D-box
and H/ACA-box snoRNA with the crosslinking reads of
Dbp2p in each snoRNA, normalized to the transcript length
(Fig. 1B). Expression levels of snoRNAs were determined
by RNA-seq (Supplemental Fig. S1D). The number of
Dbp2p crosslinking reads varied for both, C/D-box and
H/ACA-box snoRNAs, but snoRNA expression levels
showed no apparent correlation to Dbp2p crosslinking
reads normalized to transcript length (Fig. 1B). These
data indicated that Dbp2p association with snoRNAs is
not primarily dictated by transcript levels, suggesting that
other factors, processes, or RNA elements determine the
degree of Dbp2p crosslinking. More Dbp2p reads were
seen on C/D-box snoRNAs, compared to H/ACA-box
snoRNAs, even though both snoRNA types were ex-
pressed over roughly similar ranges (Fig. 1B). The data re-
vealed a preferential association of Dbp2p with C/D-box
over H/ACA-box snoRNAs.

This notion prompted us to test whether Dbp2p dif-
ferentially affected the expression of C/D- and H/ACA-
box RNAs. Previous RNA-seq data had suggested that
snoRNAs were among the genes whose expression levels
were most affected by DBP2 deletion (Beck et al. 2014).
However, stringent size selection of the RNA-seq libraries
in these experiments precluded unbiased examination of
the snoRNA genes. We therefore measured RNA levels
by RNA-seq from libraries that explicitly accounted for
RNAs in the length-range of snoRNAs (see Materials and
Methods). To assess the impact of Dbp2p, we compared
RNA levels in a wild-type and in a DBP2 deletion strain
(dbp24) (Supplemental Fig. S1D-F; Beck et al. 2014).
Consistent with previous data, we observed relative differ-
ential expression of over 1000 RNAs by a factor of greater
than 2. Both, up- and down-regulated RNAs also correlated
broadly with the previous data (Supplemental Fig. S1G-I;
Beck et al. 2014). In addition, we found that Dbp2p affects
the relative expression levels of H/ACA- and C/D-box
snoRNAs differently (Fig. 1C). Levels for most H/ACA-box
snoRNAs increase in the dbp24 strain, whereas levels for
most C/D-box snoRNAs decrease (Fig. 1C; Supplemental
Fig. S1F). The data suggested a connection between
Dbp2p-snoRNA association and the expression level of
the snoRNA type.

We next analyzed the Dbp2p crosslinking patterns
on snoRNAs (Fig. 1D-l). Crosslink sites of Dbp2p on
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C/D-box snoRNAs clustered toward the 3’ end, although ~ Supplemental Fig. S1J). Preferential crosslinking to-
less frequent crosslinking was also seen at other sites  ward the 3’ end was seen for all C/D-box snoRNAs, ex-
(Fig. 1D-F). Most crosslinked reads did not extend be- cept for snRé8 (Fig. 1F), although it was not apparent
yond the processed snoRNA terminus, suggesting that ~ why the Dbp2p binding pattern differed for this
Dbp2p binds the snoRNAs after 3" maturation (Fig. 1D;  transcript.
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FIGURE 1. (Legend on next page)
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The peak of crosslinked reads for C/D-box snoRNAs was
located on average approximately 30 nt upstream of the
3’ terminus (Supplemental Fig. S2A). It is possible that ac-
tual binding of Dbp2p extends further toward the 3’ termi-
nus, but due to the sequencing read-size bias inherent to
the iCLIP procedure, shorter RNA fragments might be de-
pleted during the library preparation.

A metagene analysis of the crosslink patterns of Dbp2p
to all C/D-box snoRNAs revealed slight variations in the
Dbp2p binding pattern mostly with respect to the distance
of the major crosslink sites relative to the 3’ end (Fig. 1F).
However, we could not detect correlations between these
variations and the impact of Dbp2p on the expression level
of the corresponding snoRNAs, or whether the snoRNAs
were mono-cistronically, poly-cistronically, or intronically
encoded (Fig. 1F). Nevertheless, our data revealed a pref-
erence of Dbp2p to associate with C/D-box snoRNAs
proximal to processed 3’ ends.

Dbp2p crosslink sites on H/ACA-box snoRNAs also clus-
tered toward the 3’ end (Fig. 1G-l). Crosslinked reads gen-
erally did not extend beyond the processed snoRNA
terminus, suggesting that Dbp2p binds H/ACA-box
snoRNAs after 3'-end maturation (Supplemental Fig. S1J).
As seen for C/D-box snoRNAs, crosslinked reads peaked
on average roughly 30 nt upstream of the 3’ terminus
(Supplemental Fig. S2B). Dbp2p crosslinked to a subset
of H/ACA-box snoRNAs to the region complementary to
the rRNA (Fig. 1H). This observation raises the possibility
that Dbp2p could impact the binding of these snoRNAs
to rRNA, but these sites are also proximal to the 3’ end,
which might render spurious the overlap between rRNA
binding sites and Dbp2p crosslinks.

As for C/D-box snoRNAs, a metagene analysis of the
crosslink patterns of Dbp2p to all H/ACA box snoRNAs re-
vealed slight variations in the Dbp2p binding pattern (Fig.
11). We did not detect differences in these variations for

mono-cistronically or intronically encoded snoRNAs and
no correlations between the binding pattern and impact
of Dbp2p on the expression level of the given snoRNA
(Fig. 11). Thus, as seen for C/D-box snoRNAs, our data re-
vealed Dbp2p association with H/ACA-box snoRNAs prox-
imal to processed 3’ ends.

Dbp2p binding to snoRNAs reveals link to R-loops
and the RNA helicase Sen1p

The preferential binding of Dbp2p to the 3’ ends of the
snoRNAs raised the possibility of connections between
Dbp2p and components of the machinery that processes
snoRNAs at their 3’ termini, the NNS complex and the nu-
clear exosome (Kim et al. 2006; Vasiljeva et al. 2008).
Dbp2p had been genetically linked to the nuclear exo-
some component Rrpép (Cloutier et al. 2012). To detect
links between Dbp2p and the NNS complex, we examined
published, transcriptome-wide RNA binding data for NNS
components (Jamonnak et al. 2011). We detected a corre-
lation between Dbp2p binding sites on snoRNAs and the
binding sites of Sen1p (Fig. 2A-F), but not with other pub-
lished NNS components. The data suggested a link be-
tween Dbp2p and Senp.

Senlp is an RNA helicase of the helicase superfamily 1
(Fairman-Williams et al. 2010; Martin-Tumasz and Brow
2015). The enzyme has been implicated in transcription
termination, and as part of the NNS complex, in the 3'-pro-
cessing of snoRNAs and other noncoding RNAs (Ursic
et al. 1997; Kim et al. 1999; Steinmetz et al. 2006; Chen
etal. 2017). Deletion of Sen1p leads to a global accumula-
tion of R-loops, and it has been proposed that Sen1p re-
stricts R-loop formation (Mischo et al. 2011). As noted
above, Dbp2p has also been shown to affect R-loop forma-
tion on the GAL gene cluster (Cloutier et al. 2016). The cor-
relation between Dbp2p and Sen1p binding patterns on

FIGURE 1. Dbp2p binding to snoRNAs. (A) Distribution of unique, mapped crosslinking reads for Dbp2p. Values represent averages of two data
sets from biological replicates. (B) Correlation between expression levels of C/D-box (orange) and H/ACA-box (blue) snoRNAs (determined by
RNA-seq) and unique iCLIP reads per snoRNA, normalized for transcript length (nucleotides). Values for expression levels and normalized
iCLIP reads represent averages from biological replicates (C/D-box snoRNA: n=44. H/ACA-box snoRNA: n=28). (C) Differences between
wild-type and dbp24 strain expression levels for all RNAs, and C/D-box and H/ACA-box snoRNAs. Values represent averages from biological
replicates. P-values were calculated according to Welch's two-tailed t-test (all RNAs: n=6702. C/D-box snoRNA: n=44. H/ACA-box snoRNA:
n=28). (D) Representative iCLIP trace for the C/D-box snR70. Black bars indicate 5" ends of crosslink reads. Dbp2p iCLIP Fraction Bound refers
to the black bars (RT stops) and indicates values normalized to the RNA. Gray lines show full sequencing reads. (E) Schematic secondary structure
for snR70. Prominent Dbp2p binding sites are marked in red. C-box, D-box, and regions complementary to the ribosome are highlighted as noted
in the legend. (F) Metagene analysis of Dbp2p binding to C/D-box snoRNAs (n = 44). (Upper panel) Plot of fractions of iCLIP reads per RNA bin
(averaged from biological replicates), normalized for each C/D-box snoRNA (e.g., panel E) and averaged for all C/D-box snoRNAs. (Lower panel)
Fraction of Dbp2p crosslinked (per bin) for all C/D-box snoRNAs, averaged from both biological replicates. Traces are arranged by hierarchal
clustering. Blue and gold colored blocks on the left show the degree of Dbp2p crosslinked to a given transcript (log, iCLIP reads per transcript,
normalized to transcript length in nucleotides, divided by transcript abundance in FPKM). The grayscale blocks indicate whether the snoRNA is
monocistronically, polycistronically, or intronically encoded. White and green colored blocks on the right show the changes in expression level for
the respective snoRNA between wild-type and dbp24 strain (log; fold change in FPKM). The asterisk marks snR70. (G) Representative iCLIP trace
for the H/ACA-box snR10. Black bars indicate 5" ends of crosslink reads. Fraction Bound refers to the black bars (RT stops) and indicates values
normalized to the RNA. Gray lines show full sequencing reads. (H) Schematic secondary structure for snR30. Prominent Dbp2p binding sites are
marked in red. H-box, ACA box, and regions complementary to the ribosome are highlighted as noted in the legend. (I) Metagene analysis of
Dbp2p binding to H/ACA-box snoRNAs (n = 28). Data are presented as described for C/D-box snoRNAs in panel G. The asterisk marks snR10.
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snoRNAs led us to hypothesize that a link between Dbp2p
and R-loops might not be restricted to the GAL gene clus-
ter, but might be more universal. To test this hypothesis,
we compared our measured Dbp2p binding pattern on
snoRNAs to recently published, transcriptome-wide
maps of R-loops (Fig. 2A-F; Wahba et al. 2016). We ob-
served a correlation between R-loop sites and Dbp2p
binding sites on both, C/D- and H/ACA-box snoRNAs
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(Fig. 2C,D; Supplemental Fig. S1K). Metagene analyses re-
vealed an increase in R-loop formation toward the 3’ ends
of the snoRNAs. The 3’ ends of the R-loop regions coincid-
ed broadly with pronounced binding sites of Dbp2p and of
Sen1p (Fig. 2C-F).

The metagene analysis also indicated that most pro-
nounced Senlp binding sites were immediately 3’ to
Dbp2p binding sites (Fig. 2E,F). The proximity between
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Dbp2p and Sen1p binding sites raised the possibility of a
direct interaction between both helicases. To test this no-
tion, we immunoprecipitated Sen1p and probed for the
presence of Dbp2p (Fig. 2G). We observed coimmuno-
precipitation of Sen1p and Dbp2p (Fig. 2H). The experi-
ments were performed in the presence of RNases,
indicating that the Sen1p-Dbp2p interaction did not
depend on RNA. While the data did not allow us to as-
sess whether both helicases interact directly or via addi-
tional proteins, the observations established that both,
Senl1p and Dbp2p are part of one multiprotein complex.
This result revealed a physical link between Dbp2p and
the machinery that processes the 3’ ends of snoRNAs.
This physical link might play a role in the genetic connec-
tion between DBP2 and RRPé, another component of this
machinery (Cloutier et al. 2012). In addition, the data
raise the possibility that Dbp2p function on snoRNAs
is coordinated with the NNS complex or at least with
Sen'lp.

Dbp2p binding to other RNA types indicates further
links to R-loops

The correlation between Dbp2p binding sites with R-loops
on snoRNAs indicated a link between Dbp2p and R-loops
beyond the GAL cluster (Cloutier et al. 2016). R-loops are
seen on transcripts by all three polymerases, and form
most readily on genomic loci that are heavily transcribed,
including rRNA, tRNA, snoRNAs, snRNAs, and Ty-ele-
ments (Wahba et al. 2016). This spectrum of RNA types
is remarkably similar to the RNAs bound by Dbp2p (Fig.
1A), raising the possibility that links between Dbp2p and
R-loops extend over the entire transcriptome.

To test this possibility, we examined how Dbp2p bind-
ing to tRNAs correlated with R-loop regions (Fig. 3;
Supplemental Fig. S2D). As noted, most RNA binding pro-
teins do not extensively associate with tRNAs, unless they
are involved in tRNA metabolism (Tuck and Tollervey
2013; Gerstberger et al. 2014; Mukherjee et al. 2018).

Since Dbp2p had not been implicated in tRNA metabo-
lism, tRNA binding by Dbp2p is noteworthy.

Analysis of Dbp2p binding to tRNA was performed for a
composite of multiple tRNAs for each amino acid, because
the limited lengths of Dbp2p iCLIP reads often precluded
identification of the exact tRNA isoform. Dbp2p bound to
intron-containing and intron-less tRNAs, generally in the vi-
cinity to the anticodon, approximately 30-40 nt upstream
of the 3’ ends of the tRNAs (Fig. 3A-C; Supplemental Fig.
S2E). Correlation was seen between Dbp2p binding sites
and R-loop regions (Fig. 3B,C). This observation supported
the notion of a link between Dbp2p and R-loops beyond
the GAL cluster. Of note, no significant correlation was ob-
served between Dbp2p and Sen1p binding patterns (Fig.
3B,C), suggesting that the link between Dbp2p and
Sen1p did not extend to tRNA.

Having detected correlations between Dbp2p binding
sites and regions of R-loop formation on snoRNAs and
tRNAs, we next examined correlations between Dbp2p
binding and R-loops for other RNA types (Fig. 4). For
mRNAs, Dbp2p bound a large cross-section of transcripts
(Supplemental Fig. S3A). Dbp2p crosslinking sites and R-
loops accumulated toward the 3’-end consistent with a
correlation (Fig. 4A-C). Dbp2p and Sen1p binding pat-
terns on mRNAs differed significantly more than on
snoRNAs (Fig. 4A,B; Supplemental Fig. S3C), suggesting
that the detected interaction between Dbp2p and Sen1p
might be less relevant for the function of the enzymes on
mRNAs, compared to snoRNAs.

For rRNA, which represented the largest fraction of
Dbp2p crosslinks, Dbp2p binding sites extended at high
density across the entire rRNA transcripts (Fig. 4D). We
did not detect preferred binding of Dbp2p in the vicinity
of modification sites, that is, at binding sites of snoRNAs
(Supplemental Fig. S3D). R-loops form extensively on
rRNA (Wahba et al. 2016), and also extend over the entire
length of the transcripts (Fig. 4D). Extent and patterns of
Dbp2p binding and R-loops on rRNA were consistent
with a link between Dbp2p and R-loop formation.

FIGURE 2. Correlation between Dbp2p binding sites, Sen1p binding sites, and R-loops on snoRNAs. (A) Representative traces of Dbp2p iCLIP,
Sen1p PAR-CLIP (Jamonnak et al. 2011), and rnh14rnh2014S1-DRIP-Seq (R-loops) (Wahba et al. 2016) for the H/ACA-box snR9. Bars for Dbp2p
represent the 5" end of the iCLIP reads. Bars for Sen1p show the nucleotide conversion in the PAR-CLIP reads. R-loops are shown as complete
reads. (B) Representative traces of Dbp2p iCLIP, Sen1p PAR-CLIP (Jamonnak et al. 2011), and rnh14rmh201451-DRIP-Seq (Wahba et al. 2016) for
the C/D-box snR40. Data are presented as in panel A. (C) Metagene plots for Dbp2p iCLIP, Sen1p PAR-CLIP, and rnh14rh2014S1-DRIP-Seq for
H/ACA-box snoRNAs (n=28), expressed as fractions of binding per bin (Dbp2p and Sen1p) and fraction of read density per bin (R-loops). R,
Pearson correlation coefficients. P-values were calculated by a two-tailed t-test. (D) Metagene plots for Dbp2p iCLIP, Sen1p PAR-CLIP, and
mh14mh2014S1-DRIP-Seq for C/D-box snoRNAs (n = 44). Data are presented as in panel C. (E) Proximity of Sen1p binding sites and regions
of R-loop formation to Dbp2p binding sites on H/ACA-box RNAs (n = 25, three transcripts without clear 3’ peaks were excluded from the analysis).
Metagene plot of normalized fraction per nucleotide of Sen1p binding and R-loop formation averaged for all H/ACA-box snoRNAs, in relation to
the Dbp2p binding site, indicated by the gray line at zero. The background signal per nucleotide was subtracted by randomizing binding peaks
over the RNAs three times and calculating the mean. (F) Proximity of Sen1p binding sites and regions of R-loop formation to Dbp2p binding sites
on C/D-box RNAs (n =43, one transcript without clear 3’ peak was excluded from the analysis). Data are shown as in panel E. (G) Experimental
scheme for Dbp2p-Sen1p coimmunoprecipitation. Measurements were performed in the presence of RNases. (H) Representative western blot for
Sen1p-Ded1p co-IP. The membrane was probed with streptavidin antibody for Dbp2p-HTBH. Experiments were performed four times for
biological replicates with virtually indistinguishable results.
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FIGURE 3. Dbp2p binding and R-loops on tRNAs. (A) Representative traces of Dbp2p iCLIP and R-loops on the tD(GUC) tRNA. The transcript is
shown in gray below, and the anti-codon is marked red. (B) Metagene plots for Dbp2p iCLIP, Sen1p PAR-CLIP, and rnh14rnh2014S1-DRIP-Seq for
intronless tRNAs (n = 219), expressed as fractions of binding per bin (Dbp2p and Sen1p) and fraction of read density per bin (R-loops). Dbp2p and
R-loop reads were combined for multiple tRNA isoforms for the same amino acid, because the read length did not always allow unambiguous
assignment of a specific tRNA isoform. Correlation coefficients (R) and P-values were calculated as in Figure 2C,D. (Lower panel) Fraction of
Dbp2p crosslinked (for all tRNA isoforms for each amino acid, averaged from biological replicates). Traces are arranged by hierarchal clustering.
The amino acid for the respective tRNA isoforms is indicated on the left. (C) Metagene analysis of Dbp2p iCLIP Sen1p PAR-CLIP, and
mh14mh2014S1-DRIP-Seq for intron-containing tRNAs (n = 64). (Upper panel) Metagene plots were generated as in Figure 1F,l, and data are
presented as in panel B. Correlation coefficients and P-values were calculated as in Figure 2C,D. (Lower panel) Fraction of Dbp2p crosslinked
(for all tRNA isoforms for each amino acid, averaged from biological replicates). Traces are arranged according to intron length. The amino
acid for the respective tRNA isoforms is indicated on the left.

In snRNAs, Dbp2p binding correlated with sites of
R-loop formation (Fig. 4E,F; Supplemental Fig. S3E,F), with
the exception of U2 (Supplemental Fig. S3D). Of note,
the correlation was also seen for U6 (Fig. 4E), which is tran-
scribed by RNA polymerase Il (Kunkel et al. 1986). Sen1p

and Ty-elements all were consistent with Dbp2p binding
to regions of preferential R-loop formation.

Conclusions

binding to snRNAs was seen in the vicinity of Dbp2p bind-
ing sites (Fig. 4E,F; Supplemental Fig. S3E-G). However,
the small number of snRNAs precludes an instructive anal-
ysis of the correlation between Dbp2p and Sen1p binding
patterns on snRNAs. Finally, a correlation between sites of
pronounced Dbp2p binding and sites of R-loop formation
can also be seen for Ty-elements (Supplemental Fig. 3H).
Collectively, the data for tRNA, rRNA, mRNA, snRNA,

Our interrogation of the cellular RNA binding sites of
Dbp2p revealed direct binding of Dbp2p to noncoding
RNAs, an interaction between Dbp2p and the RNA heli-
case Senlp, and a link between Dbp2p binding sites and
RNA-loops for many RNA types. Direct binding of
Dbp2p to noncoding RNAs, including virtually all
snoRNAs and tRNAs was unexpected. Except for a report-
ed relative reduction of C/D-box snoRNA levels in the
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FIGURE 4. Dbp2p binding to other RNA types indicates further links to R-loops. (A,B) Dbp2p, Sen1p binding, and mh 14rh2014S1-DRIP-Seq on
representative MRNA transcripts. Data are presented as in Figure 2A,B. (C) Metagene plot for Dbp2p iCLIP and rnh14rh2014S1-DRIP-Seq for
mRNA transcripts (n = 5055). Data were generated and are presented as in Figure 2C. Correlation coefficients and associated P-values were cal-
culated as in Figure 2C,D. The inset shows the Dbp2p iCLIP read distribution for all mRNA transcripts in UTRs and ORF. (D) Dbp2p binding and
mh14rh2014S1-DRIP-Seq density on rRNA transcripts. Data are presented as in Figure 2A,B. Mature rRNA transcripts are shown below the se-
quencing traces. Modification sites are marked according to Piekna-Przybylska et al. (2008). (E) Dbp2p, Sen1p binding, and R-loops on U6 snRNA.
Data are presented as in Figure 2A,B. (F) Dbp2p, Sen1p binding, and R-loops on U4 snRNA. Data are presented as in Figure 2A,B.

dbp24 strain (Beck et al. 2014), available data provided no
hint of a link of Dbp2p to these RNAs.

The direct binding of Dbp2p to snoRNAs, perhaps in
conjunction with binding to rRNA, is consistent with the
reported impact of Dbp2p on ribosome biogenesis
(Bond et al. 2001). Diminished levels of Dbp2p lead to re-
ductions in free 60S ribosome subunits and in mature 255
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transcripts (Bond et al. 2001). It had been proposed that
these effects arise from a role of Dbp2p in structural re-ar-
rangements of rRNA during ribosome maturation (Bond
etal. 2001). While this remains possible, our data suggest
an additional role of Dbp2p: impact on the release of
snoRNA and rRNA transcripts from the respective geno-
mic loci.



RNA binding by Dbp2p in cells

The broad binding of Dbp2 to transcripts by all three po-
lymerases is consistent with an expansive role of Dbp2p in
the regulation of gene expression. This notion provides a
rationale for the reported link of Dbp2p to energy metab-
olism (Beck et al. 2014; Cloutier et al. 2016). Upon glucose
deprivation, RNA metabolism is significantly slowed, and
Dbp2p relocates to the cytoplasm (Cloutier et al. 2016).
The simultaneous loss of Dbp2p on a wide range of
RNAs would be a simple way to accomplish fast and uni-
versal adaptation to the metabolic state. However, more
experimentation is necessary to test this hypothesis.

In addition to the interaction between Dbp2p and a
large cross-section of diverse RNAs, our data provide a
physical explanation for the reported genetic link between
DBP2 and RRPé, which is part of the machinery that pro-
cesses 3’ ends of snoRNAs (Cloutier et al. 2012). Our
data show an interaction between Dbp2p and the RNA
helicase Sen1p, a component of the NNS complex, which
works in conjunction with the nuclear exosome that is asso-
ciated with Rrpép (Fasken et al. 2015; Fox et al. 2015).
Senlp has also been implicated in the resolution of
R-loops (Mischo et al. 2011). Our findings raise the possi-
bility that Dbp2p might work in conjunction with Senlp
to resolve R-loops, at least on snoRNAs, where both pro-
teins bind in close proximity.

The perhaps least anticipated finding of our study is the
widespread correlation of Dbp2p binding sites with re-
gions of R-loop formation. Dbp2p facilitates resolution of
R-loops for IncRNAs on the GAL locus (Cloutier et al.
2016). Our data suggest that the connection between
Dbp2p and R-loops extends beyond the GAL locus.
Extrapolating from the function of Dbp2p in the removal
of R-loops at the GAL locus, we speculate that Dbp2p par-
ticipates in the resolution of R-loops for many transcripts. A
widespread role of Dbp2p in the resolution of R-loops
would provide a simple mechanistic explanation for seem-
ingly unrelated functions of the enzyme in RNA metabo-
lism and for the link of Dbp2p to actively transcribed
chromatin (Ma et al. 2016).

MATERIALS AND METHODS

Dbp2-HTBH strain

Construction of plasmid pFA6a-HTB containing the HTB-tagged
Dbp2p was described previously (Tagwerker et al. 2006).
pFA6a-HTB was then used to generate the plasmid pFAb6a-
HTBH (BTP16). The HIS-tag was added by PCR amplification
with primers HIS F and HIS R, generating pFAéa-HTBH (BTP16).
This plasmid was then used as a template for PCR-mediated ho-
mologous recombination to tag DBP2 with HTBH in the yeast ge-
nome. Expression of Dbp2p-HTBH was verified by western blot
using anti-RGS-His antibody (Qiagen). Growth characteristics of
the DBP2-HTBH strain were examined by serial dilution experi-
ments, compared to the wild-type strain (Supplemental Fig.
S1A). Cells were grown in YP + 2%D to mid-log phase, harvested

by centrifugation and re-suspended in 1x TE to an ODggg nm =
0.5. Fivefold serial dilutions were prepared, spotted on YP + 2%
D plates and grown from 2 to 7 d at temperatures ranging from
16°C to 37°C (Supplemental Fig. S1A). Generation of the
dbp2A strain has been described previously (Cloutier et al. 2012).

iCLIP

iCLIP experiments were performed with Dbp2p-HTBH on the en-
dogenous DBP2 allele. Yeast cells containing HTBH-tagged
Dbp2p were grown in rich media to ODggg nm 0f 0.7-0.9, harvested
by brief centrifugation at 40009, re-suspended in ice-cold YPD,
transferred to a Petridish, and subjected to UV-light in a
Stratalinker (600 mJ/cm?, 254 nm) oniice, mixing cells twice during
crosslinking. Cells were then washed in ice-cold YPD, sedimented
by centrifugation for 5 min at5250g, frozen on dryice, and stored at
—80°C. Frozen cells were lysed in QIA-1M buffer (100 mM
NaH,PO4pH 8, 10mM Tris, 1 M NaCl, 8 M urea, 10 mM imidazole,
0.5% (w/v) IGEPAL, 2.5 mM beta-mercaptoethanol, T mM PMSF,
protease inhibitor cocktail [Roche]) with glass beads six times for
30 sec in a Beadbeater system (BioSpec Products). Glass beads
were removed, and lysates were centrifuged at 5250g for 30
min. Cleared lysates were incubated with Ni**-Agarose (40 uL
slurry per gram dry pellet weight, pre-equilibrated in buffer
QIA-1M; Qiagen) overnight at 4°C. Ni**-beads were washed
in 25 mL of wash buffer 1 (0.3 M NaCl, 10 mM Tris, 100 mM
NaH,PO,, 8 M Urea, 10 mM imidazole). The sample was eluted
with 10 mL elution buffer1 (0.3 M NaCl, 100 mM Tris, 50 mM
NaH,POy4, 8 M Urea, 500 mM imidazole, 10% (v/v) glycerol).
Eluates were incubated with 20 plL equilibrated streptavidin-con-
jugated magnetic Dynabeads (ThermoFisher Dynabeads-280) per
gram dry pellet weight ovemight at 4°C. Streptavidin beads were
washed twice with 500 pL wash buffer 2 (0.3 M NaCl, 100 mM
Tris, 8 M urea, 0.5 mM EDTA). Streptavidin beads were then
washed twice in 500 pL 1x PNK buffer and split into two samples
(80% — "L", 20% — "H"). 200 ng RNase | was added per gram dry
pellet weight to the “H"”-sample (reference) and 0.2 pg RNase
| to the “L"-sample, which was used for further processing.

The sample was incubated for 5 min at 37°C on a rotator. Resins
were subsequently washed with 500 pL wash buffer 2 (2% [w/v]
SDS), followed by 500 pL wash buffer 2 without SDS, and two
washes with 500 pL 1x PNK buffer. Processing then was per-
formed by the following methods for the two iCLIP experiments
(i) using alkaline phosphatase and a 3' RNA adaptor and (i) using
PNK and a pre-adenylated 3’ DNA adaptor. Each method in-
volved unique reverse transcription and PCR primers.

For method (i), the supernatant was removed and beads were
re-suspended in 67 uL RNase-free water, 3 plL alkaline phospha-
tase (NEB) and 2 uL RNasin (Roche) and incubated for 20 min at
37°C. Beads were washed twice with 500 pL 1x PNK buffer,
once with 20 pL of 0.5 mM EDTA and 480 pL PNK buffer, and
then twice with 500 pL of PNK buffer. 3'-ligation was performed
by re-suspending the resin in 32 pL. RNase-free water with 8 uL
of 20 uM X12 RNA Linker (Supplemental Table S2). Reactions
were performed overnight (shaking) at 4°C in a reaction volume
of 40 uL (22 uL RNase-free water, 8 uL 10x T4 RNA ligase buffer,
8 uL BSA (0.2 ug/ul), 2 uL T4 RNA ligase [all NEB]).The beads were
washed with 1 mL 1x wash buffer 2 (0.3 M NaCl, 100 mM Tris, 8 M
urea, 0.5 mM EDTA) and twice with 1 mL 1x PNK buffer. Beads
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were re-suspended in 64 pL RNase-free water, 8 uL 10x PNK buff-
er, 4 uL y->?P-ATP, 4 uL T4 PNK (all NEB). Reactions were per-
formed for 60 min in a shaking thermoblock at 37°C. Beads
were washed twice with 1 mL of wash buffer 2 and then twice
with 1 mL of PNK.

Streptavidin beads were incubated with 200 pL proteinase K
(4 mg/mL; Roche) for 20 min shaking at 37°C. The eluate was col-
lected and the beads were incubated with another 200 uL protein-
ase K for 5 min at RT. The two eluates were combined and the
reaction stopped by standard phenol/chloroform extraction.
Released RNA was ethanol-precipitated overnight. Purified
RNAs were re-suspended in 89 uL RNase-free water, 11 pL 10x
DNase | Buffer, 5 uL RNasin, 5 uL RQ1 DNase (all Promega) and in-
cubated for 20 min at 37°C. The reaction was stopped by standard
phenol-chloroform extraction and RNA was ethanol-precipitated
overnight.

The DNase-treated RNA was re-suspended in 1.4 uL RNase-
free water, 0.2 uL 10 mM dNTPs, 1 uL 20 nM RT primer X1
(Supplemental Table S1), and incubated for 5 min at 65°C then
cooled on ice. Next, 0.8 uL 5x first-strand buffer, 0.2 uL 1 M
DTT, 0.2 uL RNase inhibitor, 0.2 uL Superscript Ill (Invitrogen)
were added and incubated for 60 min at 50°C. RNA was degrad-
ed by alkaline hydrolysis (after the addition of 0.5 uL of 1 N NaOH
and incubation at 98°C for 15 min). After the addition of loading
buffer, cDNA was applied to 10% denaturing polyacrylamide gel
electrophoresis (PAGE) and stained with SYBR Gold. Fragments
of 100-125 nt were cut from the gel. The gel slices were crushed
and cDNA was recovered by incubation in 500 uL diffusion buffer
(20 mM Tris-HCI pH 7.5, 250 mM NaOAc, 1 mM EDTA, 0.25%
(w/v) SDS) overnight at 4°C, followed by ethanol precipitation.

The c¢DNA was suspended in 15 uL RNase-free water and
circularized with CircLigase | (Epicentre) according to the manu-
facturer’s instructions. The circularized cDNA was utilized for am-
plification with Phusion polymerase (NEB) and primers X2 and X3
(Supplemental Table S1). PCR settings were: 30 sec at 98°C, fol-
lowed by 24 PCR cycles (10 sec at 98°C, 30 sec at 58°C, 30 sec
at 72°C). PCR products were applied to 10% nondenaturing
PAGE and visualized by SYBR Gold. Products with 75-90 bp
were cut, DNA was extracted from gel slices and ethanol precip-
itated. PCR products were amplified with Phusion polymerase
and primers X4 and X5 for 7 cycles utilizing the same PCR settings
as above. PCR products were then separated on a 2% Agarose
gel, cut out and subjected to sequencing using primer Xé.

For method (ii), after RNase digestion, Streptavidin Dynabeads
were incubated with 43 pL of Tris-buffer pH 7.5, heated to 70°C
for 90 sec and cooled to 37°C. Then 5 pL of 10x PNK reaction
buffer, 1 pL SUPERase-IN (ThermoFisher), and 1 pL of T4 PNK
(NEB) were added to the beads and incubated at 37°C for 60
min. T4 PNK was then head inactivated for 10 min at 70°C fol-
lowed by two washes of the beads with 500 uL PNK buffer. The
streptavidin beads were then re-suspended in 23 pL of RNase-
free water containing X10r pre-adenylated linker, heated to
70°C for 90 sec and cooled to room temperature. 3’ linker ligation
was then initiated by adding 4 pL 10x Rnl2 buffer, 6 uL PEG 8000
(50% w/v), 1 uL SUPERase-In, and 1 pL T4 Rnl2 (truncated) RNA
ligase and incubated overnight at 16°C with rotation. The beads
were washed with 500 pL of wash buffer 2 and then twice with 500
pL of PNK buffer. Proteinase K and DNase treatment was per-
formed as described in method (i) followed by phenol/chloroform
extraction and ethanol precipitation. The DNase-treated RNA was
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re-suspended in 15 pL. RNase-free water, 2 uL 10 nM RT primer
X7r (Supplemental Table S1), and incubated for 5 min at 65°C.
Next, 3 uL 3.3 uM each of dGTP, dCTP, and dTTP, 6 uL 5x first-
strand buffer,1 uL 0-3?P-dATP, 1 uL 0.1 M DTT, 1 uL RNase inhib-
itor, 1 uL Superscript Il (all Invitrogen) were added and incubated
for 30 min at 50°C. Then 1 uL of 10 mM dNTPs were added for
10min at room temperature to complete the reaction.

RNA was degraded by alkaline hydrolysis (addition of 0.5 pL of
1 N NaOH, incubation at 98°C for 15 min). After the addition of
loading buffer, cDNA was applied to 10% denaturing PAGE
and stained with SYBR Gold. Fragments were visualized by a
Phosphorlmager and cut from the gel. The gel slices were crushed
and cDNA was recovered by incubation in 500 pL diffusion buffer
(20 mM Tris pH 7.5, 250 mM NaOAc, 1 mM EDTA, 0.25% [w/V]
SDS) overnight at 4°C, followed by ethanol precipitation.

The cDNA was suspended in 15 pl. RNase-free water and circu-
larized with CircLigase | (Epicentre) according to the manufactur-
er's instructions. The circularized c¢DNA was utilized for
amplification with Phusion polymerase (NEB) and primers X8r
and X9r (Supplemental Table S1). PCR settings were: 30 sec at
98°C, followed by 24 PCR cycles (10 sec at 98°C, 30 sec at 58°C,
30secat72°C). PCR products were applied to 10% nondenaturing
PAGE and visualized by SYBR Gold. Products were extracted from
cut gel slices, ethanol precipitated, and primer X11r was used to
perform lllumina sequencing (Supplemental Table S1).

Bioinformatic analysis

Raw sequencing data were analyzed in Galaxy (Goecks et al.
2010) for quality by FASTQC, followed by clipping of adaptors us-
ing Clip, collapsing of identical reads using Collapse, and trim-
ming for low-quality bases by FastQ quality trimmer (Clip and
Collapse are based on the FASTX-Toolkit [http://hannonlab.cshl
.edu/fastx_toolkit/]). Reads with identical start and end positions
were collapsed again by a custom workflow in Galaxy (code avail-
able upon request). Resulting reads were mapped with TopHat
(BowTie2) software (Trapnell et al. 2009), allowing for two
mapped read locations to account for rRNA reads and a single
mismatch. Read locations were then cross-referenced as BED
files with the reported gene locations of SacCer3 categorized
by RNA subtype. The biological replicates contained 109,723
and 180,084 of these stringently processed, unique reads.
mRNA positional coordinates, including transcription start sites
and polyadenylation sites were based on sacCer3 and reported
measurements (Park et al. 2014). Genome-wide data sets were vi-
sualized using IGV software (Robinson et al. 2011). Bioinformatic
analyses were performed primarily using R (R Core Team 2013)
with custom scripts and RStudio Software (RStudio Team 2015).
Where applicable, data sets for Dbp2p iCLIP, Sen1p PAR-CLIP,
and S1-DRIP-seq were normalized per transcript by dividing
read counts at each base by the number of all reads on a given
transcript. Length normalization of iCLIP reads was performed
by dividing read counts by transcript length in nucleotides.
Metagene profiles were calculated by binning the transcripts
nucleotides to normalize for length. For snoRNAs and tRNAs,
20 bins were used. For mRNAs, 50 bins were used to normalize
the length from transcription start site to polyadenylation site.
Heatmaps for snoRNA were generated by hierarchical clustering
of the binned genes using Cluster 3.0 (de Hoon et al. 2004) and
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visualized by Java Treeview (Saldanha 2004). Pearson correlation
coefficients for Metagene binding patterns of Dbp2p, Sen1p, and
R-loops were calculated by using corresponding bin values.

iCLIP peaks were determined by Piranha peak calling software
(http://smithlabresearch.org). Parameters were optimized by visu-
al inspection. In Figure 2E,F, Dbp2p iCLIP peaks most 3’ ends in
snoRNAs were used as reference points for calculating the mean
normalized binding density per nucleotide for Sen1p PAR-CLIP
and S1-DRIP-Seq surrounding these reference points. Back-
ground signal was subtracted as follows: Random peak locations
anywhere within snoRNA (same number as in the data set) were
used as reference points. This procedure was repeated three
times. The mean from these repetitions was defined as back-
ground signal. Supplemental Figure S1J was calculated by using
the 3’ end of snoRNAs as a reference point and taking the mean of
normalized reads for each nucleotide up and downstream of this
reference point. Genome coverage was calculated using the full
length reads in order to detect reads overlapping with the mature
snoRNA 3’ ends. 3’ end binding plots in Supplemental Figure
S2A,B were calculated as in Supplemental Figure 1E,F with indi-
vidual nucleotide genome coverage.

RNA-seq

RNA-seq was performed on wild-type and dbp24 yeast strains
(Cloutier et al. 2012) in biological duplicates. The strains were
grown in YP +2% glucose (YPD) ODgoo nm = 0.4 and harvested
by centrifugation. Cells were flash frozen in liquid nitrogen, and
stored at —80°C. Cells were re-suspended in 150 L of LET (25
mM Tris, pH 8.0 100 mM LiCl, 20 mM EDTA) combined with an
equal volume of glass beads and vortexed for 5 min.

A total of 250 pL RNase-free water and 250 uL phenol/chloro-
form/LET were added and samples were vortexed for an addition-
al 5 min before centrifugation for 2 min at 14,000 rpm. The
aqueous phase was isolated and vortexed with 500 pL phenol/
chloroform/LET. Centrifugation and aqueous phase extraction
was repeated. The RNA was precipitated with 40 L 3 M
NaOAc/ethanol overnight at —80°C. The RNA was pelleted by
centrifugation at 4°C for 25 min at 14,000 rpm and re-suspended
in 50 uL of RNase-free H,O. DNA was digested with DNase |
(RNase-free; Invitrogen) and RNaseOUT (Invitrogen; 10777019)
in 1x DNase | reaction buffer for 1 h at 37°C. Phenol/chloro-
form/LET extraction, precipitation, and re-suspension was then
repeated as described above.

cDNA libraries were prepared using lllumina ScriptSeq
Complete Gold Kit for yeast (BGY1306) and ScriptSeq Index PCR
Primers set 1 (RSBC10948) according to the manufacturer’s proto-
col with the following adjustments. To avoid depletion of short
RNAs including snoRNAs, purification of the rRNA-depleted sam-
ples was performed by ethanol precipitation instead of AMPure
bead purification. ¢cDNA was purified by the MinElute PCR
Purification kit (Qiagen) in place of the Agencourt AMPure XP sys-
tem. Processing of RNA-seq data was performed by mapping with
Tophat followed by analysis with Cufflinks and R package edgeR.

Coimmunoprecipitation

Cultures of wild-type and Dbp2p-HTBH (50 mL) were grown at
30°C in YPD to ODggg nm =0.5, pelleted, and resuspended with

two volumes of IP Buffer (25 mM Tris, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% NP-40, and 5% [v/v] glycerol). Cells were lysed
by vortexing at 4°C with glass beads for 3 min at 30 sec intervals
with 2 min on ice in between vortexing. Glass beads were re-
moved and the lysate was cleared by centrifugation at 4000
rpm for 2 min. Protein G Dynabeads (Invitrogen 10003D) were
prepared according to the manufacturer’s guidelines. A total of
12 pL of the Sen1p antibody was diluted up to 200 uL with
PBST (10 mM Na,HPO,, 137 mM NaCl, 2 mM KH,PO4, 2.7 mM
KCl, 0.05% Tween 20, pH 7.4) and incubated with protein G
Dynabeads for 10 min, rotating at room temperature. Beads
were immobilized with a magnet and the supernatant was dis-
carded. Beads were then washed twice gently with 200 uL PBST
and subsequently resuspended in PBST. The cell lysate was incu-
bated with the prepared beads-antibody complex at 4°C for 3 h
with gentle rocking. Beads were washed three times with wash
buffer (150 mM Tris, 50 mM NaCl, 2 mM MgCl,, 0.1% NP40).
Samples were eluted at 95°C for 5 min in SDS-PAGE loading buff-
er, run on a 10% NEXT Gel (VWR; 1B1724-500ML) according to
the manufacturer’s guidelines and transferred to PVDF mem-
brane (Thermo Scientific; 88518). The PVDF membrane was blot-
ted with Streptavidin-POD conjugate (Roche; 11089153001) and
exposed to X-ray film.

DATA DEPOSITION

All sequencing data have been deposited in the GEO database
under accession number GSE113489. Computer code has
been deposited at GitHub (https:/github.com/FrankTedeschi/
Dbp2p_Rscripts).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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