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The RNA-binding complex ESCRT-Il in Xenopus laevis eggs
recognizes purine-rich sequences through its subunit, Vps25
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RNA-binding proteins (RBP) are critical regulators of gene
expression. Recent studies have uncovered hundreds of mRNA-
binding proteins that do not contain annotated RNA-binding
domains and have well-established roles in other cellular pro-
cesses. Investigation of these nonconventional RBPs is critical
for revealing novel RNA-binding domains and may disclose
connections between RNA regulation and other aspects of cell
biology. The endosomal sorting complex required for transport
II (ESCRT-II) is a nonconventional RNA-binding complex that
has a canonical role in multivesicular body formation. ESCRT-II
was identified previously as an RNA-binding complex in Dro-
sophila oocytes, but whether its RNA-binding properties extend
beyond Drosophila is unknown. In this study, we found that the
RNA-binding properties of ESCRT-II are conserved in Xenopus
eggs, where ESCRT-II interacted with hundreds of mRNAs.
Using a UV cross-linking approach, we demonstrated that
ESCRT-II binds directly to RNA through its subunit, Vps25. UV
cross-linking and immunoprecipitation (CLIP)-Seq revealed
that Vps25 specifically recognizes a polypurine (i.e. GA-rich)
motif in RNA. Using purified components, we could reconsti-
tute the selective Vps25-mediated binding of the polypurine
motif in vitro. Our results provide insight into the mechanism by
which ESCRT-II selectively binds to mRNA and also suggest an
unexpected link between endosome biology and RNA regulation.

Posttranscriptional control of gene expression is achieved
through the regulation of mRNA at every stage of their life
cycle, including splicing, nuclear export, localization in the
cytoplasm, translation initiation, stability, and degradation.
RNA-binding proteins (RBP)” are key regulators of these pro-
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cesses, and eukaryotic genomes encode hundreds of RBPs to
maintain tight regulation of mRNA (1). However, among the
RBPs that are well-characterized, only a limited number of
RNA-binding domains have been described (2, 3), and it has
recently become clear that hundreds of proteins lacking con-
ventional RNA-binding domains interact with and regulate
mRNA (4-9). Many of these nonconventional mRNA-binding
proteins have well-established functions in other processes
within the cell, thus potentially providing a mechanism through
which mRNA regulation can be linked to other aspects of cell
biology (10, 11). Further studies are needed to better under-
stand the mechanisms through which these nonconventional
mRNA-binding proteins mediate mRNA regulation and coor-
dinate their multiple roles within the cell.

Proteins that regulate mRNA localization within the cyto-
plasm are an important class of RBPs. Recent work has demon-
strated that a large portion of all mRNAs exhibit a specific
localization pattern (12-17) and that mRNA localization is a
fundamental aspect of the posttranscriptional control of gene
expression (18). mRNA localization is important for the control
of cell fate patterning during early development and for local
protein translation in many different cell types (15). Although
many RBPs involved in the subcellular localization of mRNAs
are well-characterized, the mechanisms through which the
majority of localized mRNAs are selectively positioned in the
cell are poorly understood. In an effort to identify novel factors
involved in RNA localization, work in Drosophila has identified
a highly conserved protein complex, ESCRT-II, as being
involved in the trafficking of the bicoid mRNA during oogenesis
(19). However, ESCRT-II lacks conventional RNA-binding
domains and it is unclear how ESCRT-II interacts with mRNA.
To date, no other mRNA partners of ESCRT-II have been iden-
tified, and whether the RNA-binding properties of ESCRT-II
extend beyond Drosophila has not been explored.

ESCRT-II is a highly conserved protein complex composed
of two copies of Vps25 and one copy each of Vps36 and Vps22
(20-22). ESCRT-II is part of the protein machinery that sorts
activated cell surface receptors into intraluminal vesicles within
the endosome, thereby maturing endosomes into multivesicu-
lar bodies (MVB) (23). This process is mediated by the sequen-
tial recruitment of ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-
III to the endosome. The role of ESCRT-II in this process is
to deform the endosomal membrane through interactions
between phospholipids and the Vps36-GLUE and Vps22-HO
domains (21, 24-26), to sort ubiquitinated cargo into mem-
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Figure 1. ESCRT-Il is an RNA-binding complex in Xenopus laevis eggs. A, ethidium bromide-stained agarose gel demonstrating the composition of total
RNA and RNA that co-immunoprecipitates with anti-ESCRT-Il antibodies or nonspecific rabbit IgG (Mock). Equal masses of total RNA and ESCRT-II RNA samples
and equal volumes of ESCRT-Il and mock RNA samples were loaded. B, scatter plot demonstrating the normalized sequencing reads of RNA isolated from an
ESCRT-II IP or total RNA from one replicate. Points highlighted in red are 2-fold- enriched in the ESCRT-II IP over total egg extract RNA with a p value of <0.01
(calculated using two biological replicates and the edgeR exact test, based on the quantile-adjusted conditional maximum likelihood model). The blue line
depicts equal values in both samples. C, histogram of ESCRT-Il enrichment. The blue line indicates the mean. D, correlation of ESCRT-Il enrichment (RPKM (reads
per kilo base per million) in ESCRT-II IP/Total) across two biological replicates. The Pearson correlation coefficient is 0.92. The red points represent mRNAs that
are significantly enriched in ESCRT-II IPs. The blue line depicts equal values in both samples. £, RT-qPCR validation of ESCRT-Il enrichment (abundance in ESCRT-II
immunoprecipitations/abundance in total RNA) of transcripts identified by RIP-Seq as associated with ESCRT-II. 285 rRNA or transcripts predicted by RIP-Seq to
be under-represented in ESCRT-Il immunoprecipitations were used as negative controls. Error bars represent S.E. from three biological replicates.

brane buds through interactions between the GLUE domain
and ubiquitin (24, 26 -28), and to recruit ESCRT-III through
Vps25 (21, 29). Interestingly, mutational analysis has revealed
that of all the ESCRT complexes, ESCRT-II is uniquely required
for bicoid localization, suggesting that ESCRT-II’s role in bicoid
RNA trafficking is independent of its role in MVB formation
(19).

To understand how the nonconventional RNA-binding
complex, ESCRT-II, interacts with mRNA, we undertook a
detailed characterization of the RNA-binding properties of
ESCRT-II using both Xenopus laevis egg extract as well as puri-
fied components. We found that the RNA-binding properties
of ESCRT-II are conserved across multiple species and that
ESCRT-II has hundreds of mRNA binding partners. We
determined that Vps25 is the RNA-binding subunit of
ESCRT-II and identified a purine-rich RNA sequence motif
recognized by Vps25. Furthermore, we established that the
interaction between Vps25 and purine-rich sequences is direct
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using a UV cross-linking approach in egg extract and in vitro.
Our results demonstrate that the RNA-binding functions of
ESCRT-II are widespread and offer a mechanism for how a
nonconventional RBP can selectively recognize and interact
with RNA.

Results
ESCRT-Il is an RNA-binding complex in Xenopus laevis eggs

To determine whether ESCRT-II associates with transcripts
in X. laevis eggs, we performed an RNA immunoprecipitation
(RIP) from egg extract using antibodies specific to ESCRT-IL
ESCRT-II immunoprecipitations consistently contained a
complex mixture of RNA that differed subtly from total RNA,
whereas a mock immunoprecipitation performed with nonspe-
cific rabbit IgG co-immunoprecipitated very little RNA (Fig.
1A4). We sequenced ESCRT-II-associated RNAs and identified
996 mRNAs that are significantly enriched in ESCRT-II immu-
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Table 1
Gene ontology analysis of the ESCRT-II RIP-Seq library

Shown is a summary of the top four annotation clusters in overrepresented and
underrepresented transcripts in the ESCRT-II RIP-Seq library identified by NCBI
DAVID (31, 32).

Annotation cluster

Enrichment score

Over-represented clusters

Cell adhesion 6.85
Membranes 3.86
Cytoskeleton/Centrosome 3.63
Cell motility 3.18
Under-represented clusters
Ribosomal/cytosolic proteins 25.15
Mitochondria 3.51
Glutathione S-transferase 2.37
rRNA/ncRNA processing 2.24

noprecipitations (2-fold enriched over total RNA with a p value
of <0.01 as determined by edgeR) (30) (Fig. 1, B and C, and
Table S1). Two biological replicates of ESCRT-II RNA immu-
noprecipitations showed a strong correlation in co-precipitat-
ing mRNAs, demonstrating that these data are highly repro-
ducible (r = 0.92) (Fig. 1D). We validated the high-throughput
sequencing results by reverse transcription quantitative PCR
(RT-qPCR) and found that ESCRT-II reproducibly interacts
with top candidates identified by RIP-Seq but not with RNAs
that are under-represented in the RIP-Seq library (Fig. 1E).
Gene ontology analysis revealed that ESCRT-II-associated
transcripts encode proteins involved with cell adhesion, mem-
branes, the cytoskeleton/centrosome, and cell motility (31, 32)
(Table 1). We concluded that mRNA binding by ESCRT-II is a
conserved property of the complex and that ESCRT-II interacts
with a wide variety of cellular mRNA.

ESCRT-Il directly interacts with RNA through Vps25 in egg
extract

To determine whether ESCRT-II interacts directly with RNA
targets and to determine which subunit of ESCRT-II is respon-
sible for RNA binding, we performed UV cross-linking and
immunoprecipitation (CLIP) (33, 34) in Xenopus egg extract. In
this assay, RNA—protein complexes were cross-linked by UV
irradiation, and then ESCRT-II immunoprecipitations were
performed under native conditions. The immunoprecipitations
were subsequently treated with RNase A, and then any remain-
ing cross-linked and protein-protected nucleic acids were
radiolabeled. The isolated RNA—protein complexes were sepa-
rated by SDS-PAGE, and proteins bound directly to RNA were
identified by the presence of the radiolabel. As a result, this
assay not only reveals whether a protein of interest is directly
bound to RNA, but in the case of an entire complex, may be
used to identify the subunits of the complex that are responsible
for RNA-binding. Our polyclonal ESCRT-II antibodies were
raised against the entire ESCRT-II complex, but our ESCRT-II
antibodies primarily recognize Vps25 and more weakly recog-
nize Vps36 by Western blotting (Fig. 24). However, immuno-
precipitation for any ESCRT-II subunit co-immunoprecipi-
tates the entire complex; therefore, any subunit of ESCRT-II
that directly interacts with RNA will be detectable by this assay.

Using this approach, we observed a radiolabeled band at 20
kDa, which is consistent with the molecular mass of Vps25
cross-linked to a short piece of RNA (3 kDa larger than Vps25
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alone) (Fig. 2B). This band was absent in the mock immunopre-
cipitation as well as in a control performed without UV cross-
linking. We did not observe any signals consistent with RNA
binding to Vps22 or Vps36, although the presence of faint sig-
nals at molecular masses that are inconsistent with ESCRT-II
subunits suggests that additional RNA-binding proteins asso-
ciate with the complex. Together these results suggest that
Vps25 is the RNA-binding subunit of ESCRT-II in Xenopus egg
extract.

To confirm that the radiolabeled 20-kDa band observed in
the ESCRT-Il immunoprecipitation was in fact Vps25 and not a
co-immunoprecipitating protein of the same size, we repeated
the UV cross-linking experiment under denaturing immuno-
precipitation conditions. As our ESCRT-II antibodies pre-
ferentially recognize Vps25, under denaturing conditions only
Vps25 was isolated (Fig. 2A4). Consistently, the 20-kDa radiola-
beled band remained when Vps25 was immunoprecipitated
under denaturing conditions, providing further evidence that
Vps25 mediates RNA binding by ESCRT-II in Xenopus eggs
(Fig. 2C).

Vps25 directly binds to RNAs that contain a GA-rich motif

To determine whether ESCRT-II recognizes specific se-
quence motifs, we performed CLIP-Seq using the UV-cross-
linked material that immunoprecipitated with Vps25 under
denaturing conditions. Using the Illumina MiSeq platform, we
obtained 11,167 unique, non-rRNA reads, which we aligned to
a custom transcriptome derived from the Xenopus laevis 7.0
genome and our own sequencing data (35). The unique reads
aligned to 1640 transcripts (Table S1 and S3), of which 196
transcripts had more than one aligning read. In addition, 114
transcripts had multiple CLIP tags (uniquely aligned reads)
that overlapped at a particular region of the transcript (pile-
ups), suggesting a selective binding site of ESCRT-II on the
mRNA (Fig. 34). The presence of multiple CLIP tags corre-
lated with greater enrichment in native ESCRT-II immuno-
precipitations as revealed by high-throughput sequencing
(Fig. 3B) and RT-qPCR (Fig. 3C), providing validation that
Vps25 CLIP tags arise from RNAs that co-immunoprecipi-
tate with the entire ESCRT-II complex.

Our RIP-Seq data demonstrated that ESCRT-II selectively
interacts with specific nRNA targets. This selective interaction
could be achieved through the recognition of a sequence or
structural element on the RNA target or through additional
trans-acting factors associated with the transcripts, or it could
be influenced by the local population of transcripts in the vicin-
ity of ESCRT-II in vivo. To determine whether ESCRT-II exhib-
ited sequence-specific RNA binding, we performed a motif
analysis of the CLIP-Seq library using MEME (36). The top
motif was a stretch of G and A nucleotides that appeared in 113
of 1640 of the CLIP-Seq transcripts and 14 of 114 of the CLIP-
Seq transcripts that had multiple reads (Fig. 3D). Additionally, a
poly-C motif was present in 96 of 1640 CLIP-Seq transcripts
and 46 of 114 CLIP-Seq transcripts with multiple reads. In sup-
port of the possibility that the GA-rich motif promotes binding
to ESCRT-II, we found that GA-rich sequences (having a
30-nucleotide stretch of at least 90% purines) were preferen-
tially enriched in the ESCRT-II RIP-Seq library compared with
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Figure 2. ESCRT-II binds directly to RNA through Vps25 in Xenopus egg extracts. A, Western blotting of ESCRT-II IPs or mock IPs (nonspecific rabbit IgG)
performed under native (—) or denaturing (+) conditions. Vps22 was not detectable by Western blotting with our ESCRT-II polyclonal antibody. H.C., heavy
chain. B, autoradiograph of a CLIP experiment from Xenopus egg extract under high RNase conditions (0.1 mg/ml). A radioactive band consistent with the
molecular mass of Vps25 (denoted by the red asterisk) is observed, but no bands at the molecular mass of Vps22 or Vps36 are apparent. The expected migrations
of the ESCRT-II subunits are indicated to the /eft of the gel. T4 RNA ligase forms a covalent intermediate with pCp (used to radiolabel the RNA fragments) and
appears in every lane. The bands above and below the Vps25 band (denoted by black asterisks) are nonspecific, as they appeared in the IgG control in some
replicates of this experiment. C, autoradiograph of a CLIP experiment from Xenopus egg extract performed as described in B, except under denaturing
immunoprecipitation conditions. The same polyclonal ESCRT-II antibody was used for A-C, but under denaturing conditions this antibody only immunopre-

cipitates Vps25.

other ESCRT-II-bound transcripts (Fig. 3E and Table 2) (p <
1 X 10" '? using a two-sided, unpaired ¢ test). No other dinu-
cleotide or single nucleotide motif displayed preferential
enrichment in ESCRT-II immunoprecipitations, with the
exception of stretches of cytosines, the second motif identified
in the CLIP-Seq library (Table 2). We concluded that ESCRT-II
binds preferentially to mRNAs containing specific sequence
motifs in Xenopus egg extracts but that ESCRT-II is also likely
to recognize multiple sequence motifs.

ESCRT-Il interacts nonspecifically with RNA in vitro through
the membrane-binding domain of Vps22

Our results indicated that ESCRT-II interacts directly with
RNA through the Vps25 subunit in Xenopus egg extracts and
that the selective interaction between ESCRT-II and a portion
of its RNA targets could be determined by recognition of a
purine-rich motif. We next asked whether we could recapitu-
late sequence-specific RNA binding iz vitro using purified com-
ponents (Fig. 44). We first determined whether recombinant
ESCRT-II interacts selectively with purified RNAs through
Vps25 in vitro. To address this question, we performed binding
reactions between recombinant ESCRT-II and purified RNA
from Xenopus egg extracts. We then performed in vitro UV
cross-linking on the binding reactions using an approach sim-
ilar to the CLIP protocol to identify the RNA-binding subunit of
recombinant ESCRT-IL Surprisingly, we found that binding to
total egg RNA in vitro occurred primarily through Vps22, with
some detectable binding through Vps36 and Vps25 (Fig. 4B),
which contrasts with our observation of RNA binding primarily
through Vps25 in egg extract. Similar results were obtained
using single in vitro transcribed RNAs corresponding to tran-
scripts under-represented in an ESCRT-II immunoprecipita-
tion, suggesting that this in vitro interaction is nonspecific (Fig.
4C).

Vps22 and Vps36 both contain membrane-binding domains;
Vps22 binds to membranes through its HO domain (21) and
Vps36 binds to membranes through its GLUE domain (21, 24,

12596 J. Biol. Chem. (2018) 293(32) 1259312605

25). Because these positively charged domains bind to nega-
tively charged phospholipids in cells, we reasoned that in vitro,
these domains may be inappropriately exposed and could bind
nonspecifically to the negatively charged RNA backbone. We
therefore addressed the influence of membranes on the RNA-
binding properties of the ESCRT-II subunits. Using the in vitro
UV cross-linking assay, we examined the interaction of
ESCRT-II with a GA-rich ESCRT-II CLIP tag (a region of the
CTR9 homolog, Paf1/RNA polymerase II complex component
(ctr9) mRNA) in the presence or absence of Folch fraction lipo-
somes, used previously to investigate interactions between
ESCRT-II and membranes in vitro (25, 29). In support of the
hypothesis that RNA binding by Vps22 and Vps36 in vitro
occurs through their membrane-binding domains, we found
that binding of the ctr9 CLIP tag to Vps22 and Vps36 is reduced
in the presence of Folch fraction liposomes in a dose-dependent
manner, whereas RNA binding through Vps25 shows an initial
decrease in the presence of lipids but is unaffected by increasing
lipid concentrations (Fig. 4, D and E). Deletion of the mem-
brane-binding domains in Vps22 and Vps36 (ESCRT-II
AMBD) (21) (Fig. 4A) abrogated the binding of these subunits
to RNA and rendered the affinity of the ESCRT-II complex for
RNA largely insensitive to the presence of membranes (Fig. 4, D
and E). The initial decrease in RNA binding by Vps25 in
response to lipids in the context of full-length ESCRT-II but not
the AMBD construct suggests that nonspecific RNA binding by
the Vps22 and Vps36 membrane-binding domains may pro-
mote the overall affinity of ESCRT-II for RNA, whereas lipid
binding by Vps22 and Vps36 may negatively regulate ESCRT-
II/RNA interactions. Of note, the full-length and AMBD
ESCRT-II complexes used in this assay were human ESCRT-II.
Thus, our results suggest that RNA binding by ESCRT-II is
additionally conserved in humans. We conclude that the mem-
brane-binding domains of ESCRT-II interact nonspecifically
with RNA in vitro and that membranes and RNA compete for
the same binding site in Vps22 and Vps36.
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Figure 3. CLIP analysis of ESCRT-1I-bound RNAs. A, genome browser views of CLIP read clusters for two transcripts. Inset illustrates a higher resolution view
of aligned CLIP reads. 114 transcripts in the ESCRT-II CLIP-Seq library had overlapping unique reads. B, cumulative distribution plot demonstrating the fraction
of RIP-Seq transcripts with =2 CLIP tags (red) or the entire ESCRT-II RIP-Seq library as a function of their enrichment in the ESCRT-II RIP-Seq library relative to total
RNA. The p value for the difference between the two distributions is <0.0014 using a two-sided, unpaired t test. C, RT-gPCR validation of ESCRT-Il enrichment
(abundance in ESCRT-Il immunoprecipitation/abundance in total RNA) of transcripts containing CLIP tags compared with a negative control RNA (28S rRNA).
Two biological replicates are shown. D, MEME motif analysis (36) was used to analyze the sequence motifs present in ESCRT-II CLIP tags. The top-scoring motif
is shown. E, cumulative distribution plot demonstrating the fraction of RIP-Seq transcripts containing a GA-rich motif (a 30-nt stretch of at least 90% purines)
(red) or the entire ESCRT-II RIP-Seq library (black) as a function of their enrichment in the ESCRT-II RIP-Seq library. The p value for the difference between the two
distributions is <1 X 10~ '2 using a two-sided unpaired t test.
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Table 2

Transcripts containing GA- or C-rich motifs are more enriched in
ESCRT-Il immunoprecipitations compared with the total RIP-Seq
library

Shown are the means of the distributions of RIP-Seq transcripts containing 30-nt
stretches of the indicated nucleotides or dinucleotides (see “Experimental proce-
dures” regarding allowance of mismatches) compared with the mean of the distri-
bution of all ESCRT-II RIP-Seq transcripts. The p values were determined using a
two-sided, unpaired ¢ test comparing the distributions of the indicated RIP-Seq
transcripts with the distribution of all ESCRT-II RIP-Seq transcripts.

Mean enrichment

Transcripts value p value
All RIP-Seq transcripts 1.59
GA 1.97 9.19x 10 "3
AC 1.78 0.06
AU 1.61 0.55
CU 1.6 0.88
GU 1.75 0.02
CcG 1.67 0.2
A 1.65 0.24
U 1.68 0.21
G 1.6 0.88
C 1.83 7.76 X 107°

Vps25 has specificity for GA-rich sequences in vitro

Our ESCRT-II/RNA binding data in egg extract suggest that
Vps25 has specificity for GA-rich sequences. To address
whether ESCRT-II binds specifically to this sequence motif in
vitro through Vps25, we compared the binding of full-length
human ESCRT-II or ESCRT-II AMBD to the ctr9 GA-rich
CLIP tag or a mutated version of ctr9 that lacks the majority of
the adenosines in the motif (Fig. 54). As described above, full-
length ESCRT-II bound to ctr9 through each of its subunits,
and Vps22 bound to the mutated ctr9 RNA to a similar degree
(Fig. 5B). In contrast, ESCRT-II AMBD cross-linked only to
ctr9 in vitro, and consistent with our previous results, this bind-
ing occurred only through Vps25 (Fig. 5B). Thus, the mecha-
nism and specificity of the ESCRT-II/RNA interaction that we
observed in egg extract can be recapitulated in vitro using puri-
fied components.

We additionally observed that Vps36 bound specifically to
the GA-rich CLIP tag in vitro in the context of full-length
ESCRT-II (Fig. 5B). This interaction depends on its membrane-
binding domain and is inhibited by Folch fraction liposomes
(Fig. 4D), suggesting that membranes and the GA-rich CLIP tag
bind to the same region of Vps36 in vitro. Vps36-mediated RNA
binding was not observed in egg extracts and will require fur-
ther detailed study to investigate its in vivo significance. Of
note, the interaction between ESCRT-II and bicoid mRNA was
suggested to occur through the membrane-binding domain of
Vps36 based on a similar in vitro UV cross-linking assay (19).

To further investigate the interaction between Vps25 and
GA-rich sequences in vitro, we performed an RNA electropho-
retic mobility shift assay (EMSA) with the ctr9 GA-rich CLIP
tag and ESCRT-II AMBD, which was chosen to avoid the con-
tribution of nonspecific binding. We found that ESCRT-II
AMBD binds to the ctr9 CLIP tag with an apparent K, of ~342
nM and has a much lower affinity for a negative control RNA
(Fig. 5, C and D) or a version of the ctr9 CLIP tag that harbors
mutations to its adenosines (Fig. 5E). In contrast, replacement
of the guanosines in the ctr9 fragment with other nucleotides
did not impact the affinity of ESCRT-II for the RNA (Fig. 5E),
suggesting that the adenosines of the motif make a greater con-
tribution to ESCRT-II binding.
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Discussion

We have demonstrated that ESCRT-II is a conserved RNA-
binding protein that interacts with hundreds of different
mRNAs, validating the novel observation that ESCRT-II binds
to bicoid mRNA and is required for its localization in Drosoph-
ila (19). Our data indicate that ESCRT-II interacts with mRNA
through the Vps25 subunit in Xenopus egg extracts and in vitro.
Additionally, we demonstrated that Vps25 exhibits sequence-
specific RNA-binding properties. Our results provide molecu-
lar insight into the mechanism of RNA interaction by ESCRT-II
and set the stage for further study of the impact that ESCRT-II
has on RNA regulation.

Mechanism of the ESCRT-II/RNA interaction

Several recent studies have demonstrated that hundreds of
proteins directly interact with mRNA, AND yet the majority of
these mRNA-binding proteins do not contain annotated RNA-
binding domains (4, 5, 8, 9). Our work highlights a critical need
to understand how noncanonical RNA-binding proteins inter-
act with mRNA. In this work we used UV cross-linking in Xeno-
pus egg extract to demonstrate that ESCRT-II interacts directly
with RNA through the Vps25 subunit, which is composed pri-
marily of winged helix domains (20, 21, 29). Winged helix
domains are well-characterized nucleic acid binding domains
but are primarily found on DNA-binding proteins and are also
involved in many protein/protein interactions (37). The struc-
ture of ESCRT-II is such that each subunit of Vps25 contains
one solvent-exposed winged helix domain (20) with the ability
to participate in nucleic acid interactions. The exposed surface
of Vps25 that participates in interactions with RNA is also the
same surface that is used to interact with the Vps20 subunit of
ESCRT-III during MVB cargo sorting (38, 39). In the future it
will be important to determine which amino acids participate in
the interaction of Vps25 with RNA and if Vps25/RNA interac-
tions are competitive with Vsp25/Vps20 interactions.

Initial studies of the interaction between ESCRT-II and
bicoid mRNA have concluded, based on an in vitro assay, that
ESCRT-II interacts with bicoid through the Vps36-GLUE
domain (19). In our study, we found that the Vps36-GLUE
domain could interact with RNA in vitro, but we failed to
observe a Vps36/RNA interaction by performing CLIP in Xeno-
pus egg extract. We additionally observed that the Vps22-HO
domain exhibits nonspecific RNA binding in vitro. The inter-
action of Vps36 and Vps22 with RNA was competitive with
membrane binding, whereas the interaction of Vps25 with
RNA was largely unaffected by binding to membranes. Our
results suggest that Vps25, and possibly Vps36, drives se-
quence-specific mRNA interactions that may be aided by
promiscuous interactions between RNA and the Vps22-HO
domain. Upon membrane binding, the interaction of ESCRT-II
with RNA would occur primarily through the Vps25 subunit. In
the future it will be important to examine the precise coordina-
tion of RNA binding by ESCRT-II upon recruitment to the
endosome.

Implications of RNA binding by ESCRT-II

ESCRT-II was first demonstrated to interact with RNA based
on the observation that ESCRT-II is required for the normal
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Figure 4. Analysis of ESCRT-II/RNA binding in vitro. A, Coomassie Blue-stained gel of the recombinant Xenopus (Xen) and human (Hu) ESCRT-Il complexes
used in the in vitro RNA-binding assays. AMBD lacks the membrane-binding domains of human ESCRT-II. B-D, autoradiographs of UV-cross-linked in vitro
binding reactions with: B, Xenopus ESCRT-Il and 5’-end-labeled total egg RNA; C, Xenopus ESCRT-Il and individual 5’-end-labeled in vitro transcribed RNAs that
are under-represented in ESCRT-Il immunoprecipitations; and D, full-length HUESCRT-II (FL) or HUESCRT-IIAMBD (AMBD) and a body-labeled, in vitro tran-
scribed GA-rich CLIP tag (a region of the ctr9 mRNA). Band C, a covalent intermediate of PNK and [y-*P]ATP (used to radiolabel the RNA fragments) is indicated.
D, Folch fraction liposomes were included in the binding reactions at the indicated concentrations. A fluorescent Western blotting (WB) of the same nitrocel-
lulose membrane shown in the autoradiograph is shown as a loading control. The asterisk represents a nonspecific band. A-D, the expected migrations of the
ESCRT-II subunits are indicated. E, quantification of the autoradiograph shown in D and two additional, independent replicates depicting the fraction of RNA
bound by each ESCRT-II subunit at the indicated concentrations of Folch fraction liposomes relative to binding with no liposomes present. Error bars are S.E.

localization of bicoid mRNA. Additionally, a recent study dem-
onstrated that ESCRT-II deletion mutants impact the transla-
tion of deleted in colorectal cancer (DCC) mRNA, a transcript
that is localized to growth cones during neuronal development
in Xenopus (40). In this study, we did not test the role of
ESCRT-II in mRNA localization in Xenopus eggs because of a
lack of the genetic resources necessary to address such questions.
However, many of the ESCRT-II-associated mRNAs display dis-
tinct localization patterns in the cell. ESCRT-II is associated with a
number of cytoskeletal mRNAs, which are enriched on spindle
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microtubules (12, 41), but it does not dramatically associate with
mRNAs that localize to the vegetal cortex in Xenopus oocytes.
Many ESCRT-II-enriched mRNAs encode membrane-binding
proteins that are translated on endoplasmic reticulum-—
associated ribosomes. Given that endosomes undergo tran-
sient interactions with different membrane compartments in
the cell, it will be interesting to examine the relationship
between ESCRT-II/RNA binding and membrane interactions.

Why the cell would repurpose an endosomal sorting com-
plex as an RNA-binding factor is a major outstanding question.
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Figure 5. ESCRT-II specifically binds GA-rich RNAs in vitro. A, sequences of transcripts used for in vitro binding reactions. Nucleotides highlighted in red are
mutations made to the ctr9 CLIP tag. B, autoradiograph of UV-cross-linked in vitro binding reactions as described in Fig. 4, performed with recombinant
full-length HUESCRT-II (FL) or HUESCRT-Il AMBD (AMBD) and the in vitro transcribed, body-labeled ctr9 CLIP tag or the ctr9 CLIP tag with the adenosines
mutated. C, RNA EMSA with ESCRT-Il AMBD at the indicated concentrations and the ctr9 CLIP tag or a negative control sequence of the same length (a region
of the smu transcript). D, quantification of three independent RNA EMSA experiments using ESCRT-Il AMBD and the ctr9 CLIP tag. Error bars are S.E. E, RNA
EMSA reactions with ESCRT-Il AMBD at the indicated concentrations and the ctr9 CLIP tag containing or lacking mutations in the majority of guanosines or
adenosines. The fraction of RNA bound by ESCRT-Il AMBD is indicated below each lane.

One possibility is that ESCRT-II might play completely sepa-
rate roles in RNA regulation and membrane trafficking. Cases
of such “moonlighting” proteins are widespread throughout
biology and may arise to reduce the number of genes required
in an organism or as a natural process in evolution to adapt
existing proteins for new functions (reviewed in Ref. 42). How-
ever, a more exciting possibility is that ESCRT-II could provide
a link between RNA regulation and endosome biology. In par-
ticular, it will be interesting to investigate whether ESCRT-II is
involved in the selective sorting of RNAs into exosomes (43) or
whether ESCRT-II interacts with mRNAs undergoing miRNA-
mediated silencing on endosomes (44, 45). Our finding that a
core component of the ESCRT machinery is a conserved RNA-
binding factor warrants further investigation into the intercon-
nection of RNA regulation and endosome biology.

Experimental procedures

Recombinant proteins

Two expression constructs of the ESCRT-II complex were
generated by cloning the open reading frames of X. laevis Vps22
(IMAGE clone: 7197421), Vps36 (IMAGE clone: 6641897), and
Vps25 (pMB 404) into the polycistronic pST39 vector (46). The
first contained a His, tag on the N terminus of Vps22 (pMB 449)
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and the second contained a GST tag at the N terminus of Vps36
(pMB 432). Xenopus IMAGE Consortium cDNA clones were
purchased from Open Biosystems. The coding region of Vps25
was cloned from egg extract. Full-length human ESCRT-II and
the human ESCRT-II deletion construct lacking membrane-
binding domains (HUESCRT-II AMBD) with His, tags on the
N terminus of Vps22 were a gift from James Hurley (21).
HuESCRT-II AMBD is as follows: Vps25(1-176), Vps22(25—
258), and Vps36(170-386). His,-tagged proteins were expressed
in BL21 Rosetta, Rosetta(DE3), or Rosetta(DE3)pLysS-compe-
tent cells. Cultures grown to an OD of 0.4-0.6 were then
induced with 0.3 mm isopropyl 1-thio-B-p-galactopyrano-
side and grown overnight at 16 °C or were induced at OD 1.0
and grown for 1 h at 37 °C. Cells were collected by centrifuga-
tion and resuspended in PBS plus 10 mm imidazole and prote-
ase inhibitors (leupeptin, pepstatin, and chymostatin). Cells
were lysed by French press, treated with RNase A, type XIla
(Sigma) and RQ1 DNase (Promega), and then cleared by cen-
trifugation at 12,000 X g for 20 min. Proteins were bound to
nickel-nitrilotriacetic acid—agarose (Qiagen), washed with PBS
plus 10 mm imidazole, eluted with PBS plus 500 mm imidazole,
and then dialyzed to PBS. Recombinant protein used for RNA
EMSA was further purified by gel filtration using a Superdex
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200 column and eluted in 1X RNA-binding buffer (see “RNA
EMSA” below). GST-ESCRT-II, expressed and induced simi-
larly, was purified with GSH-agarose beads (GE Healthcare Life
Sciences) according to the manufacturer’s instructions. Single-
use aliquots of purified proteins were snap-frozen in liquid
nitrogen and stored at —80 °C.

Antibodies and Western blotting

Two different rabbit polyclonal Xenopus ESCRT-II antibod-
ies were generated by immunizing rabbits with either GST- or
His,-tagged ESCRT-II by Covance. Serum was affinity-purified
by incubation overnight at 4 °C with His,—ESCRT-II coupled to
Affi-Gel 10 —agarose beads (Bio-Rad Laboratories). Following
washes with PBS, the antibody was eluted from the beads with
0.2 M glycine, 500 mMm NaCl, pH 2.0. The pH of the eluted anti-
body was neutralized with 1.5 m Tris-Cl, pH 8.8, and then the
eluted antibody was dialyzed into PBS plus 50% glycerol.
Whole-molecule ChromPure rabbit IgG was purchased from
Jackson ImmunoResearch. Chicken polyclonal antibodies
against human ESCRT-II were generated against HUESCRT-II
AMBD by Aves Labs, Inc.,, and purified against full-length
HuESCRT-IL. In general, antibodies were used at 0.2 ug/ml for
Western blotting. All Western blotting was detected with
horseradish peroxidase— conjugated secondary antibodies from
Jackson ImmunoResearch at 1:10,000. 12% Tris-glycine—SDS-
polyacrylamide gels were used for Western blotting.

Xenopus laevis egg extracts and RNA immunoprecipitations

Xenopus egg extract was prepared as described previously
(47). All experiments performed using X. laevis were approved
by the Massachusetts General Hospital Institutional Animal
Care and Use Committee (Office of Laboratory Welfare
(OLAW) Assurance A3596-01). Anti-ESCRT-II or Rabbit IgG
was coupled to protein A—Dynabeads (Life Technologies)
according to the manufacturer’s instructions. In general, 40 ug
of antibody and 160 ul of Dynabeads were used per 100 ul of egg
extract for immunoprecipitations. In some cases, the extract
was diluted 1:4 in PBS prior to the immunoprecipitation; we
confirmed that this dilution did not affect the enrichment of
candidate RNAs in an ESCRT-II immunoprecipitation. The
RNA immunoprecipitations presented in Fig. 3C were per-
formed from extract diluted in PBS plus 0.5% Triton. Extract
was incubated with antibody-coupled beads at 4 °C for 1-2 h.
Following incubation, the beads were washed twice with PBS
plus 0.5% Triton and twice with PBS alone; then the beads were
transferred to a fresh tube and resuspended in TRIzol® (Life
Technologies). 2 ul of the input extract was also resuspended in
TRIzol, and RNA was purified from all samples following the
manufacturer’s instructions. Purified RNA was resuspended in
water and analyzed on a 0.8% agarose gel with ethidium bro-
mide, used as input for library construction, or used as input for
reverse transcription followed by qPCR.

RIP-Seq library construction and sequencing

RIP-Seq libraries were prepared using the TruSeq stranded
mRNA sample prep kit (Illumina). 200 ng of input and ESCRT-
II-immunoprecipitated RNA samples prepared from biologi-
cal replicates were first enriched for mRNA by LNA oligo(dT)
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selection (Exiqon) and then were used as input for library con-
struction. Barcoded libraries were pooled and sequenced by
SR-50 on the Illumina HiSeq platform.

Reverse transcription quantitative PCR

200 ng of RNA samples was used for reverse transcription
with random hexamers and SuperScript III® reverse transcrip-
tase (Life Technologies) according to the manufacturer’s
instructions. Samples were treated with RNase H (New England
Biolabs (NEB)) for 20 min at 37 °C following the reverse tran-
scription reaction. The cDNA was used as input for qPCR with
iQ™ SYBR® Green Supermix (Bio-Rad Laboratories); primer
sets are listed in Table S2. qPCRs for each biological replicate
were performed in technical triplicates.

UV cross-linking experiments and CLIP-Seq

Native UV cross-linking experiments in egg extract, modeled
after previously described CLIP protocols (33, 48), were per-
formed by UV cross-linking of egg extract diluted 1:10 in PBS
for 10 min on ice in a Stratalinker 2400 (Stratagene) equipped
with UVC bulbs. Samples without UV cross-linking were per-
formed in parallel. Samples were treated with 0.1 mg/ml RNase
A type XlIa (Sigma) for 30 min at room temperature and then
cleared by centrifugation at 10,200 X g for 10 min at 4 °C. Sam-
ples were precleared with protein A—Dynabeads for 1 hat 4 °C
at a ratio of 100 ul of beads/1 ml of diluted extract. Samples
were then immunoprecipitated with anti-ESCRT-II or mock
immunoprecipitated with rabbit IgG and washed as described
above for RNA immunoprecipitations. Samples resuspended in
1X PNK buffer (NEB) with 1 unit/ul RNase inhibitor (Roche
Applied Science) and 0.75 unit/ul T4 PNK (NEB) were incu-
bated for 45 min at 37 °C to dephosphorylate the 3'-ends of the
RNA. The beads were then washed three times in PBS, trans-
ferred to a fresh tube, and then resuspended in 1X T4 RNA
ligase buffer (50 mm Tris-HCI, 10 mm MgCl,, and 10 mm DTT,
pH 7.5) with 1 mm ATP, 0.02 mg/ml BSA, and 1 unit/ul RNase
inhibitor (Roche Applied Science) and 3’-end-labeled by the
addition of 1 ul of pCp (cytidine 3'-5’-(bis)phosphate, 5'-32P,
3000 Ci/mmol, PerkinElmer) and 0.5 ul of T4 RNA ligase (Fer-
mentas) per 20-ul reaction. The reactions proceeded for 2 h at
room temperature and were then washed three times in PBS,
transferred to a fresh tube, resuspended in protein loading
buffer, run on SDS-PAGE, transferred to a nitrocellulose mem-
brane, and analyzed by autoradiography on a Typhoon Trio
scanner (GE Healthcare).

The denaturing UV cross-linking experiments followed a
similar protocol, except the extracts were initially diluted 1:4 in
PBS for UV cross-linking, and then following RNase A treat-
ment, SDS and EDTA were added to a final concentration of
0.5% and 1 mm, respectively. The samples were heated at 70 °C
for 10 min and then diluted 1:2 with PBS plus 1% Triton to
reduce the SDS concentration for immunoprecipitation.

To construct the CLIP-Seq library, UV cross-linking and
denaturing immunoprecipitations were performed as described
above except with a low RNase A concentration (1 ug/ml); and
instead of 3'-end labeling with pCp, the samples were resus-
pended in a 20-ul mix containing 1X T4 RNA ligase 2, trun-
cated buffer (NEB), 6 ul of PEG 8000, 1 ul of RNase inhibitor
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(Roche Applied Science), 1 ul of truncated T4 RNA ligase 2
(NEB), and 30 pmol of adenylated DNA oligo (Blower lab oligo
database number oMB1863: 5 -rAppCGGCCGCCACCAT-
CAAT-3ddC-3’). The ligation reaction was incubated over-
night at 16 °C with agitation in a ThermoMixer. The samples
were washed, electrophoresed, and transferred as described
above, and then a region of the nitrocellulose between 31 and 38
kDa was excised and RNA extracted as described previously
(48), except with preincubation of the proteinase K solution at
37 °C to inactivate the RNase. Following the proteinase K treat-
ment, the RNA was phenol-chloroform extracted.

SDS-PAGE used for UV cross-linking experiments in egg
extract included: 4-12% NuPage Bis-Tris (for native UV CLIP
experiment), 12% NuPage Bis-Tris (for low RNase denaturing
immunoprecipitations (IP) used for library construction) run in
MOPS running buffer (50 mm MOPS, 50 mm Tris, 1 mm EDTA,
and 0.1% SDS), or 12% Tris-glycine (for high RNase denaturing
IP). Western blotting of all samples was performed in parallel to
monitor the immunoprecipitation of ESCRT-II.

CLIP-Seq library construction and sequencing

A custom library protocol was developed using primers and
adapters similar to previously described protocols (49), except
with a Notl site inserted into the 3'-adapter and the reverse
transcription primer for enzymatic removal of empty adapters.
The isolated ESCRT-II CLIP RNA was used as input for reverse
transcription with 20 pg of the oMB1861 primer (5'-(Phos)-
CAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAG-
ATCTCGGTGGT CGC-(iSp18)-CACTCA-(iSp18)-TTCAG-
ACGTGTGCTCTTCCGATCTATTGATGGTGGCGGCC G-
3') in a 10-pul reverse transcription reaction using SuperScript
III® reverse transcriptase (Life Technologies) as described
below. The sample was then precipitated with isopropanol and
resuspended in 1X CircLigase buffer with 50 nm ATP, 2.5 mm
MnCl,, and 0.3 ul of CircLigase (Epicentre) in a 10-ul reaction.
The sample was incubated for 1 h at 60 °C, then for 10 min at
80 °C, and then cleaned up with the QIAquick PCR purification
kit (Qiagen). The sample was PCR-amplified using oMB1522
(5"-AATGATACGGCGACCACCGAGATCTACAC-3') and
oMB1904 (5'-TTCAGACGTGTGCTCTTCCG-3’), isopropa-
nol-precipitated, and then run on an 8% TBE—acrylamide gel.
The bands containing an insert were gel-purified away from
unused empty adapters and then digested with NotI (NEB) to
further remove empty adapters. The sample was purified with
the QIAquick PCR purification kit and then PCR-amplified
with oMB1519 (5'-CAAGCAGAAGACGGCATACGAGAT-
CGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCG-
3') and oMB1522 to incorporate [llumina adapter sequences.
After purification with the QIAquick PCR purification kit, the
sample was sequenced by SR-50 on the Illumina MiSeq
platform.

In vitro UV cross-linking experiments

1 pg of purified total egg RNA or 15 nM unlabeled in vitro
transcribed RNA was incubated with the indicated concentra-
tions of ESCRT-II in 100 ul of PBS for 30 min at room temper-
ature. The samples were then UV - cross-linked for 5 min on ice
in a Stratalinker 2400 (Stratagene) equipped with UVC bulbs
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and then treated with RNase A (Sigma type XIIA) at 0.1 mg/ml
for 30 min at room temperature. ESCRT-II was then isolated by
immunoprecipitation with anti-ESCRT-II coupled to protein
A-Dynabeads, and after washing, the beads were resuspended
in PNK buffer and treated with PNK (NEB) and [y-3?P]ATP
(PerkinElmer) for 45 min at 37 °C. The beads were washed with
PBS, resuspended in protein loading buffer, and analyzed by
SDS-PAGE and autoradiography.

ESCRT-II human deletion recombinant proteins were
UV-cross-linked to body-labeled RNA to avoid obscuring
bands with the PNK-[y-**P]ATP intermediate. Body-labeled
RNA fragments were in vitro transcribed with T7 RNA poly-
merase using PCR products amplified from the pCR2.1 vector
(Life Technologies) containing the indicated sequences (see
“RNA EMSA”) as a template in the presence of [a->?P]GTP at a
ratio of unlabeled GTP to labeled GTP of 160:1. The fragments
were then purified by a G25 Sephadex column (GE Healthcare)
and phenol-chloroform extraction. Binding reactions were per-
formed with 100 nm RNA and 1 uMm ESCRT-II recombinant
protein in the presence of RNase inhibitor. The UV cross-link-
ing experiment was performed as described above except with-
out 5'-end labeling and with the anti-HuESCRT-II antibody
used for the immunoprecipitation. Rabbit anti-chicken (IgY) Fc
fragment (Jackson ImmunoResearch) was used to couple the
chicken anti-HUESCRT-II to protein A—Dynabeads.

For UV cross-linking experiments including liposomes,
brain extract lipids (Folch fraction type I, Sigma) were resus-
pended in a buffer containing 20 mm HEPES, pH 7.4, and 150
mM NaCl; then vesicles were formed by sonication and cleared
by centrifugation at maximum speed for 5 min. The superna-
tant containing the liposomes was included at the indicated
concentrations in in vitro binding reactions with human
ESCRT-II recombinant proteins and body-labeled RNA as
described above. All other steps were performed similarly,
except the immunoprecipitations were washed twice with PBS
plus 1% Triton X-100, twice with PBS, and then transferred to a
fresh tube prior to SDS-PAGE. Autoradiograph bands were
quantified using Image] software.

SDS-PAGE for UV cross-linking experiments were per-
formed with 12% Tris-glycine gels or 12% NuPage Bis-Tris gels.
Western blotting was performed in parallel to monitor the
immunoprecipitation of ESCRT-II. In the experiments in
which body-labeled RNA was used, the gels were transferred to
nitrocellulose for autoradiography to remove free RNA. West-
ern blotting to monitor immunoprecipitation of ESCRT-II was
performed using an Alexa Fluor® 647 anti-chicken secondary
antibody (Invitrogen, Molecular Probes) and imaged on a Gel
Doc™ XR+ gel documentation system (Bio-Rad).

RNA EMSA

To generate RNA probes for EMSA, the indicated sequences
were cloned into the Notl and BamHI sites of pCR2.1 (Life
Technologies), amplified with T7 and M13 primers, and in vitro
transcribed with T7 RNA polymerase. In vitro transcription
reactions were supplemented with [a->*P]JATP at a ratio of
unlabeled to labeled ATP of 160:1. After completion, the in
vitro transcription reactions were DNase-treated, gel-purified,
then phenol-chloroform-extracted. 200 pm radioactively
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labeled RNA probe was used for the EMSA. RNA probes were
first heated to 95 °C for 1 min and then cooled to 4 °C to remove
secondary structure. Gel shifts were performed in 1X RNA-
binding buffer (10 mm HEPES, 150 mm KCl, 1 mm MgCl,, 1 mm
EDTA, 5% glycerol, 1 mm DTT, and 0.05% Nonidet P-40, pH
7.7) in the presence of 0.1 mg/ml yeast tRNA and 0.8 unit/ul
RNase inhibitor (Roche Applied Science). HUESCRT-II AMBD
was used for gel shifts at the indicated concentrations. Binding
reactions proceeded for 30 min at 20 °C and then were loaded
onto a prerun native 8% TBE—acrylamide gel (with 19:1 acryl-
amide:bis). Gels were run at 200 V for 55 min in 0.5X TBE at
4 °C and then dried and analyzed by autoradiography. Bands
were quantified using Image] software, and curves were fit to
the Hill equation using GraphPad Prism allowing the Hill coef-
ficient and K, value to float.

Analysis of Xenopus cDNA libraries

Sequencing reads from the Illumina HiSeq were collapsed
into unique reads using a custom Perl script (50). Reads aligning
to X. laevis rRNA sequences were subtracted using a custom
Perl script and then were aligned to a draft version of the X.
laevis genome (version 7.0, downloaded from http://www.
xenbase.org/) (53)° using TopHat and Cufflinks (51). Reads were
counted against a custom gene model (35) using the Cuftdiff pro-
gram. Only transcripts having more than 100 combined normal-
ized alignment counts were included in further analyses.

All statistical tests of sequencing data were performed in R
(individual tests are listed in each figure legend), except the
statistical comparison of ESCRT-II-enriched RNAs versus
total RNA was performed using edgeR (30). All graphs of
sequencing data were prepared using R. All sequencing data
generated in this study were deposited in the NCBI Sequence
Read Archive (SRA) under accession number Bioproject
PRJNA336357.

To perform gene ontology analysis, we used BlastX to search
the X. laevis transcripts generated by Cufflinks to the Human
Uniprot database and retained all hits with an e-value of <1 X
10~ 2°, We then used the Human Uniprot accession numbers as
input for gene ontology enrichment analysis using NCBI
DAVID (31, 52). For background in this analysis, we used all
expressed transcripts in which all replicates of the experiment
had greater than 100 combined reads.

Analysis of CLIP-Seq cDNA library

FastQ sequences were filtered to remove linker sequences
then were collapsed into unique reads using a custom Perl
script. Reads with >90% of a single base were removed using a
custom Perl script. The remaining reads were aligned to X. lae-
vis IRNA genes using Bowtie allowing for up to three mis-
matches, and the aligning reads were removed. The remaining
reads were aligned to sequences derived from a custom gene
model (35) allowing up to three mismatches and retaining the
best strata of alignments using the parameters —m 3 —best
—strata. Reads aligning to more than two transcripts or to anti-
sense strands were removed. Reads of equal length aligning to

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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the same position of the transcriptome were removed under the
assumption that they are PCR duplicates. The alignments were
counted with a weighted counting strategy using a custom Perl
script, such that if a read aligned twice, each transcript received
a count of 0.5. We used the SAMtools mpileup command to
create coverage files and a custom Perl script to analyze tran-
scripts with multiple aligning reads. To perform motif analysis,
we collapsed overlapping reads into CLIP tags and extended the
sequences with 25 nt of flanking sequence from the aligned
transcript on either side of the CLIP tag. The resulting
sequences were used as input for motif prediction using MEME
(36), with all expressed transcripts from our RIP-Seq datasets
with greater than 100 reads used as the background model.

Analysis of dinucleotide or mononucleotide motifs

We used a 30-nt sliding window to scan all mRNAs in the
Xenopus transcriptome for mono- and dinucleotide motifs. We
calculated the window with the highest percentage of the bases
of interest. To compare the motifs to mRNA enrichment in
ESCRT-II immunoprecipitations, we first examined histo-
grams of the percent identity distributions for each motif. We
then generated mismatch cutoffs that resulted in approxi-
mately equal numbers of mRNAs in the top-scoring bin. For
example, to obtain approximately equal occurrences of each
motif, we allowed up to three mismatches in a 30-nt window for
AQG, whereas we allowed up to 12 mismatches for strings of G,
which occurs less frequently in the transcriptome. We next
identified transcripts that contain each motif (allowing the
appropriate number of mismatches) and compared these sub-
sets of transcripts to the total ESCRT-II RIP-Seq library for
their enrichment in an ESCRT-II immunoprecipitation.
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