Allosteric regulation of U1 snRNP by splicing regulatory
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ABSTRACT

Alternative splicing is responsible for much of the transcriptomic and proteomic diversity observed in eukaryotes and in-
volves combinatorial regulation by many cis-acting elements and trans-acting factors. SR and hnRNP splicing regulatory
proteins often have opposing effects on splicing efficiency depending on where they bind the pre-mRNA relative to the
splice site. Position-dependent splicing repression occurs at spliceosomal E-complex, suggesting that U1 snRNP binds
but cannot facilitate higher order spliceosomal assembly. To test the hypothesis that the structure of U1 snRNA changes
during activation or repression, we developed a method to structure-probe native U1 snRNP in enriched conformations
that mimic activated or repressed spliceosomal E-complexes. While the core of U1 snRNA is highly structured, the
5’ end of U1 snRNA shows different SHAPE reactivities and psoralen crosslinking efficiencies depending on where splicing
regulatory elements are located relative to the 5’ splice site. A motif within the 5’ splice site binding region of U1 snRNA is
more reactive toward SHAPE electrophiles when repressors are bound, suggesting U1 snRNA is bound, but less base-
paired. These observations demonstrate that splicing regulators modulate splice site selection allosterically.
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INTRODUCTION

Pre-mRNA splicing is a fundamental RNA processing step
that is common to all eukaryotes (Matera and Wang 2014).
The combinatorial control that drives alternative pre-
mRNA splicing can generate over 200,000 mRNA tran-
scripts from roughly 20,000 human genes and accounts
for much of the transcriptomic and proteomic diversity ob-
served in humans and other higher eukaryotes (Hertel
2008; Nilsen and Graveley 2010; Park et al. 2018;
Shenasa and Hertel 2019). There are many factors that in-
fluence alternative splice site usage which include the
strength of splice sites, RNA secondary structure and the
presence or absence of splicing regulatory elements
(SREs) that recruit trans-acting splicing activators and re-
pressors (Hertel and Maniatis 1998; Buratti and Baralle
2004; Shepard and Hertel 2008; Warf and Berglund
2010; McManus and Graveley 2011; Shepard et al. 2011;
Erkelenz et al. 2013; Fu and Ares 2014). All of these fea-
tures affect which splice sites are selected in any given
transcript. There are also examples of each of these factors
being the primary drivers of alternative splicing in different
cellular and experimental contexts (Shenasa and Hertel
2019).
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The spliceosome is a large dynamic macromolecular
machine that is composed of small nuclear ribonucleo-
protein (snRNP) components, which assemble onto the
pre-mRNA in a stepwise fashion, along with other protein
factors (Wahl et al. 2009). U1 snRNP recognizes the pre-
mRNA through base-pairing interactions between the
5 end of U1 snRNA and the 9 nt consensus sequence
that defines the 5’ splice site. This RNA-RNA base-pairing
is the basis for 5 splice site selection (Wang and Cooper
2007; Wahl et al. 2009; Matera and Wang 2014). The
3’ splice site is initially recognized by the heterodimer
U2AF, which binds the polypyrimidine tract and contacts
the AG dinucleotide at the 3’ splice site (Wu et al. 1999).
Subsequent ATP-dependent rearrangements lead to high-
er order spliceosomal complex formation, intron excision
and exon ligation (Moore et al. 1993; Wahl et al. 2009).

[tis known that U1 snRNA participates in splice site pair-
ing and can be the target of splicing regulators. For exam-
ple, stem-loop IV of UT snRNA interacts with the U2 snRNP
component SF3A1 or the polypyrimidine tract-binding
protein to modulate splicing (Sharma et al. 2011, 2014)
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and mutagenesis of stem-loop IV
causes exon skipping in vivo (Sharma
et al. 2014). Furthermore, hnRNP L
and A1 mediated splicing repression
can promote the formation of extend-
ed U1 snRNA base-pairing with an ex-
onic pre-mRNA sequence, which is
predicted to block U6 snRNA base-
pairing (Chiou et al. 2013).

Tissue specific alternative splicing
often depends on SREs that recruit
differentially expressed splicing re-
gulatory proteins (Zahler et al. 1993;
Kamma et al. 1995). These splicing
regulators can be divided into two
large families that include serine/argi-
nine-rich proteins (SR proteins) and
heterogeneous nuclear ribonucleo-
proteins (hnRNPs). Although SR proteins are best known
for splicing activation through binding exonic splicing en-
hancers (ESEs) and hnRNPs have traditionally been associ-
ated with exonic splicing silencers (ESSs), both SR proteins
and hnRNPs have been shown to act as activators and re-
pressors in different splicing contexts (Wang and Cooper
2007; Wahl et al. 2009; Matera and Wang 2014). A system-
atic study showed that SR proteins and hnRNPs display a
position-dependent activity at the 5 splice site (Erkelenz
etal. 2013). SR proteins activate splicing when bound up-
stream of the 5’ splice site, butrepress splicing when bound
intronically, downstream from the 5’ splice site. An opposite
effect was observed for hnRNPs, which repress splicing
when bound upstream of the 5’ splice site, but activate splic-
ing when bound intronically, downstream from the 5 splice
site (Fig. 1A). The molecular mechanism for this position-
dependent and antagonistic activity by SR proteins and
hnRNPs has yet to be elucidated (Erkelenz et al. 2013).

Three related hypotheses can be proposed to explain
position-dependent splicing regulation by SREs. It can be
postulated that the binding of SR proteins and hnRNPs at
activating or repressing positions leads to the recruitment
of additional proteins that subsequently cause activation
or repression. Alternatively, the interaction of splicing reg-
ulators at different positions relative to the 5’ splice site may
change the binding affinity of U1 snRNP or U1snRNP-spe-
cific proteins with the 5 splice site of the pre-mRNA.
Lastly, it can be hypothesized that splicing regulators
change the structure of U1 snRNA in such a way that U1
snRNP binding at the 5’ splice site can occur, but splice
site selection or splice site pairing, which is associated with
spliceosomal A-complex formation, cannot occur (Lim and
Hertel 2004). This last hypothesis is the focus of the present
study.

To test whether splicing regulators change the structure
of U1 snRNA, we developed a U1 snRNP enrichment and
SHAPE (selective 2-hydroxyl acylation analyzed by primer
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FIGURE 1. Position-dependent splicing activation and repression. (A) Schematic of the posi-
tion-dependent activity of SR proteins and hnRNPs. Green arrows indicate splicing activation
and red signs indicate splicing repression. (B) Schematic and definition of substrate RNAs used
in this study. Exons are depicted as a blue box and introns are depicted as black lines. Binding
sites for SRSF7 and TIA-1 are depicted as small white and gray boxes, respectively. For visual
aid, green texts indicate substrate RNAs with activators bound, and red text indicates substrate
RNAs with repressors bound.

extension) structure-probing approach (Wilkinson et al.
2006; Spitale et al. 2013). The method reliably identifies
the binding of the U1 snRNP-specific proteins U1-70K
and U1-A. We found the core of U1 snRNA (nucleotides
26-108) to be highly structured across all conditions test-
ed. However, we discovered a motif within the 5’ end of
U1 snRNA, referred to as the junction motif, which is pre-
dicted to base-pair with the intron—exon junction and is
less reactive to SHAPE electrophiles when SRSF7 or TIA-
1 bind the pre-mRNA from activating positions. These re-
sults suggest that activating splicing regulators promote
U1 snRNA base-pairing with the 5’ splice site of the pre-
mRNA, a proposal supported by psoralen crosslinking
experiments. In contrast, splicing regulators bound at re-
pressive positions prevent base-pairing with the 5 splice
site, thus providing a mechanistic framework for position-
dependent splicing activation and repression.

RESULTS

U1 snRNA structure-probing design

We developed an approach to enrich and structure-probe
native U1 snRNPs from HeLa cell nuclear extract. Substrate
RNAs were derived from pre-mRNAs that were shown to
undergo activated or repressed splicing (Erkelenz et al.
2013). Each RNA contained a functional 5’ splice site in ad-
dition to verified binding sites for SRSF7 or TIA-1, either
upstream or downstream from the 5 splice site (Table 1;
Fig. 1B). The designed substrates were short, excluded a
3’ splice site and a downstream exon to ensure that the
5’ splice site was the only UT snRNP binding site present
and to stall spliceosomal assembly at E-complex without
the need to deplete nuclear extract of ATP or use spliceo-
somal inhibitors (Erkelenz et al. 2013). To confirm that the
pull-down approach enriches fully assembled U1 snRNP,
western blot analysis was used to verify the presence of
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TABLE 1. Substrate RNAs used in pull-down experiments

Substrate 5’ ss sequence SRE sequence Length (nt)
N CUG/GUGAGU CCAAACAA (3x) 107
SRU CUG/GUGAGU AGACAACGAUUGAUCGACUA (2x) 94
SRD CUG/GUGAGU AGACAACGAUUGAUCGACUA (2x) 118
TIAU CUG/GUGAGU UCUUUUUAAGUCGUACCUAA (2x) 94
TIAD CUG/GUGAGU UCUUUUUAAGUCGUACCUAA (2x) 118

U1-specifc proteins U1-70K and U1-C (Fig. 2A).
Additionally, enrichment of SRSF7 and TIA-1 binding on
substrate RNAs that contain their respective binding sites
was also verified (Table 1; Fig. 2B).

Comparison between in vitro transcribed U1 snRNA
and nuclear extract derived U1 snRNA

To verify that the structure-probing protocol allows for the
identification of U1 snRNA regions that interact with U1-spe-
cific proteins, we compared the SHAPE reactivity of in vitro
transcribed U1 snRNA (in vitro U1 snRNA) with the reactivity
of U1 snRNA present in nuclear extract (nuclear extract U1
snRNA) (Fig. 3A lane 1 vs. 3, B,C). Loop regions of stem-
loop | and Il, which are the known interaction sites of U1-
70K and U1-A, should be more reactive forin vitro U1 snRNA
when compared to nuclear extract U1 snRNA, which is
bound by U1-specific proteins (Kondo et al. 2015). In agree-
mentwith these expectations, stem-loop | nucleotides U27-
G38 of nuclear extract U1 snRNA show no SHAPE reactivity,
whereas many of the same nucleotides of in vitro U1 snRNA
display increased reactivity (Fig. 3A-C).

Based on a published high-resolution substructure of U1
snRNA bound by the RRMs of U1-70K and U1-A, the first 7
loop nucleotides of stem-loop Il are known to be ordered
by the RNA recognition motif (RRM) of U1-A (Kondo et al.
2015). In agreement with U1-A binding, we observe re-
duced SHAPE reactivity for nucleotides G68 and C69
when comparing nuclear extract UT snRNA with in vitro
transcribed U1 snRNA and increased reactivity for C73
and C74 as they are shown to be single stranded and not
interacting with the RRM of U1-A (Fig. 3A-C; Kondo
et al. 2015). Interestingly, U66 is the only nucleotide that
is reactive in the first 7 loop nucleotides of stem-loop |I
in nuclear extract U1 snRNA. This observation is plausible
when considering the crystal structure, because the 2’ hy-
droxyl of U66 participates in the coordination of a water
molecule between the amide carbonyl oxygen of leucine
49 and N3 of Gé8, which may activate it toward SHAPE
electrophiles (Kondo et al. 2015).

Nucleotides U60, U62, and C86 display slightly elevated
SHAPE reactivity in nuclear extract U1 snRNA compared to
in vitro U1 snRNA (Fig. 3B,C). Several considerations could

provide an explanation for these observations. It is possi-
ble that the bulged nucleotide preceding U60 adopts a
unique conformation that enhances the SHAPE reactivity
of its immediately downstream nucleotide. Nucleotide
C86 is predicted to be bulged out and it is possible that
protein interactions stabilize a conformation that also en-
hances its SHAPE reactivity in nuclear extract. Nucleotides
C86 and U60 are adjacent to strong SHAPE-independent
stops in the nuclear extract lanes. Thus, it is also plausible
that the quantitation of nucleotides C86 and U60 is artifi-
cially influenced by these SHAPE-independent stops.

Loop nucleotides of stem—loop lll, which are predicted
to be single stranded and unbound by proteins across all
conditions, are highly reactive toward 2-methylnicotinic
acid imidazolide (NAI). The results obtained by SHAPE
structure-probing are consistent with the crystallographic
data for protein-associated U1 snRNA and they demon-
strate that the use of SHAPE electrophiles, such as NAI
(Spitale et al. 2013), can be used in conjunction with our
pull-down approach to detect changes in the physical
state of U1 snRNA.
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FIGURE 2. Confirmation of U1 snRNP assembly and splicing regula-
tory protein enrichment on substrate RNAs. (A) U1 snRNPs bound to
substrate RNAs contain both U1-70K and U1-C; hnRNP A1 was used
as a loading control. Beads sample contains no RNA and B-globin
RNA was used as a positive control. (B) SRSF7 and TIA-1 are enriched
on substrate RNAs containing their respective binding sites.
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FIGURE 3. SHAPE reactivity comparison of in vitro transcribed U1 snRNA and U1 snRNA from
Hela cell nuclear extract. (A) The two enlarged segments of the gel show regions of U1 snRNA
that display different SHAPE reactivities between the conditions tested. The nucleotide se-
quences on the left correspond to the SHAPE reactivity of the nucleotide. The binding sites
for U1-70K and U1-A are indicated on the right. IVT refers to in vitro transcribed U1 snRNA,
NE to nuclear extract U1 snRNA. NAl indicates probing with SHAPE chemistry, DMSO are con-
trol lanes. (B) Reactivity plots of in vitro transcribed U1 snRNA and nuclear extract U1 snRNA.
Black bars (0-0.3) signify background reactivity, orange bars (0.3-0.7) signify intermediate re-
activity, and red bars (>0.7) indicate highly reactive nucleotides. The y-axis represents the nor-
malized SHAPE reactivity, the x-axis indicates the nucleotide position from 5 to 3" in the U1
snRNA sequence. Loop nucleotides for stem—loop | and Il are indicated in addition to nucle-
otides that display different SHAPE reactivities between the IVT and NE condition. The reactive
nucleotides for stem—loop Il are also indicated. (C) Summary of SHAPE reactivity for in vitro U1
snRNA (top) and nuclear extract U1 snRNA (bottom) plotted onto the secondary structure of U1
snRNA. Loop definitions and protein binding sites are as indicated. Green boxes denote the

binding site for Sm proteins.

Comparison between nuclear extract U1 snRNA

versus enriched U1 snRNA

To determine whether the interaction of U1 snRNP with a
splice site changes the structure or dynamics of U1

5/
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snRNA, we compared the SHAPE re-
activity of enriched U1 snRNAs, de-
fined as those bound to substrate
RNAs, to nuclear extract U1 snRNA,
defined as those unbound to RNA.
The majority of U1 snRNPs in nuclear
extract are assumed to be in an un-
bound state, with a minority of U1
snRNPs bound to genuine 5 splice
sites and other noncanonical se-
quences. The SHAPE analysis of nu-
cleotides 26-108 showed minimal
differences between nuclear extract
U1 snRNA and enriched U1 snRNAs,
suggestive of minimal changes in the
protein bound core of U1 snRNA
upon 5’ splice site binding (Fig. 4:
compare lanes 5,7, 9, 11, and 13 to
lane 17, Fig. 5 nuclear extract
compared to enriched conditions).
As stated above, we observe that nu-
cleotides U60, U62, and C86 are reac-
tive in nuclear extract UT snRNA.
Interestingly, however, these nucleo-
tides do not display SHAPE reactivity
in U1 snRNA bound to the 5 splice
site sequence (Fig. 5, compare nucle-
ar extract to enriched conditions). The
loss of SHAPE reactivity for U60, U62
and C86 may therefore be an indica-
tion of 5’ splice site binding. Despite
these small differences in SHAPE re-
activity upon 5 splice site binding,
the overall lack of differences is large-
ly consistent with expectations given
that U1 snRNA is a highly structured
RNA that forms its secondary structure
even in the absence of U1 specific
proteins. Therefore, 5 splice site
binding is not expected to signifi-
cantly change the overall structure of
U1 snRNA. We conclude that the
core of U1 snRNA maintains a near
uniform SHAPE reactivity regardless
of its interactions with pre-mRNAs.
We also compared the 5’ splice site
binding region of U1 snRNA, defined
as nucleotides 2-11, between nuclear
extract UT snRNA and enriched U1
snRNAs. We identified a 6 nt junction

motif (5’-UACCUG-3’), which is more reactive to NAl in nu-

clear extract U1 snRNA compared to U1 snRNAs bound
adjacent to activators (Fig. 6). This result shows that the

SHAPE reactivity of the junction motif correlates with en-
hanced 5’ splice site binding.
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FIGURE 4. SHAPE reactivity of enriched U1 snRNAs bound to five dif-
ferent substrate RNAs, in vitro transcribed U1 snRNA and nuclear ex-
tract UT snRNA. SHAPE chemistry performed on enriched U1 snRNPs.
Loop I, II, and lll regions are indicated on the left in addition to nucle-
otides that display differential SHAPE reactivities. N refers to neutral
RNA sequence, SR U to SRSF7 bound upstream, SR D to SRSF7 bound
downstream, TIA U to TIA-1 bound upstream, TIA D to TIA-1 bound
downstream, IVT to in vitro transcribed U1 snRNA and NE to nuclear
extract UT snRNA. NAI indicates probing with SHAPE chemistry,
DMSO are control lanes. Lanes 1-4 are sequencing lanes. The
SHAPE stops correspond to the immediately upstream nucleotide in
the sequencing lanes.

Impact of splicing activation and repression on
SHAPE reactivity of U1 snRNA

A detailed analysis of the SHAPE reactivities of U1 snRNP
bound to different substrate RNAs (activated versus re-
pressed) was performed (Fig. 4, compare lanes 5,7, 9, 11,
and 13; Fig. 5, compare between enriched conditions).
The core of U1 snRNA (nucleotides 26-108) has a uniform
SHAPE reactivity regardless of whether it is in an activated
or repressed state, suggesting that U1 snRNA structural
changes that promote spliceosomal assembly are not medi-

ated through this region. However, the junction motif is
consistently observed to be less reactive toward NAI
when splicing regulators are bound at activating positions
(Fig. 7A-C). This result suggests that SRSF7 and TIA-1 pro-
mote more rigid base-pairing between U1 snRNA and the 5’
splice site when bound at activating positions (Fig. 7A-C;
Supplemental Table 1). The increased SHAPE reactivity of
the junction motif when splicing regulatory proteins are
bound at repressive positions suggests that repressor/U1
snRNP interactions interfere with efficient base-pairing be-
tween the 5’ splice site and U1 snRNA. Interestingly, the av-
erage SHAPE reactivity of UT snRNA bound to a neutral
control substrate RNA lies between those observed for
the activated and repressed substrates, suggesting that
neutral sequences adopt an intermediate base-pairing state
(Fig. 7Q).

To determine whether the observed differences in
SHAPE reactivity are due to a lack of base-pairing between
U1 snRNA and the 5 splice site in repressed conditions or
differences in base-pairing efficiency, we carried out pso-
ralen crosslinking experiments of U1 snRNPs to activated
or repressed substrates (Fig. 8A,B). The results show that
U1 snRNA base-pairs with the 5 splice site in all substrate
configurations, however at varying levels of crosslinking ef-
ficiency. Activated substrate RNAs crosslink to U1 snRNA
more efficiently than repressed or the neutral substrate
RNAs (Fig. 8A, compare lanes 3 and 9 to lanes 1,5 and 7,
Fig. 8B; Supplemental Table 2). One notable anomaly is
the increased crosslinking efficiency of the SRSF7 bound
downstream (SR D) substrate relative to the neutral sub-
strate (N). Overall, the crosslinking results converge with
the SHAPE structure-probing data, providing additional
evidence that activators and repressors modulate the effi-
ciency of 5’ splice site base-pairing interactions. U1 snRNP
binds the 5’ splice site in various contexts, but splicing ac-
tivators increase base-pairing, whereas strong splicing re-
pressors such as TIA-U decrease base-pairing.

DISCUSSION

SR proteins and hnRNPs have dual and antagonistic activ-
ities depending on where they bind relative to a regulated
5’ splice site. During splicing repression, U1 snRNP is re-
cruited to the pre-mRNA and forms E-complex, however
the formation of higher order complexes is severely hin-
dered (Erkelenz et al. 2013). U1 snRNP is the only stably as-
sociated snRNP at E-complex (Hong et al. 1997; Das et al.
2000). Here, we carried out a thorough investigation of the
U1 snRNA secondary structure in different contexts of
splicing regulation. Importantly, we show that the junction
motif of UT snRNA is more reactive for U1 snRNPs not en-
gaged in RNA binding and repressed U1 snRNPs when
compared to activated U1 snRNPs bound to RNA (Fig.
6). While this may seem intuitive, it highlights two impor-
tant points. First, the enriched SHAPE method is sensitive
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However, because FAI-N3 can under-
go a click chemistry-mediated biotin-
streptavidin enrichment step, it has a
higher signal to noise ratio and shows
all nucleotides within loop regions to
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FIGURE 5. Reactivity plots of enriched U1 snRNAs and nuclear extract UT snRNA. Black bars
(0-0.3) signify background reactivity, orange bars (0.3-0.7) signify intermediate reactivity, and
red bars (>0.7) indicate highly reactive nucleotides. The y-axis represents the normalized
SHAPE reactivity and the x-axis indicates the nucleotide position from 5" to 3" in the U1
snRNA sequence. Loop nucleotides for stem-loops | and Il are indicated in addition to nucle-
otides that display different SHAPE reactivities between enriched conditions and the NE con-

dition. The reactive nucleotides for stem-loop Ill are also indicated.

enough to detect changes in base-pairing efficiency, such
as splice site activation by splicing regulatory proteins.
Secondly, the method used herein can be a useful tool
for researchers probing dynamic RNAs or RNPs. While
the use of cell permeable structure probes such as DMS,
NAI and NAz is extremely useful and permits RNA struc-
ture-probing in native environments, RNPs such as the spli-
ceosome are known to be highly dynamic (Spitale et al.
2013; Rouskin et al. 2014; Zubradt et al. 2017; Feng
et al. 2018). In specific instances it may be essential to
probe an RNP in one unique context. For example, this
study focuses on U1 snRNP’s functional role in the context
of pre-mRNA splicing and not on U1 snRNP’s functional

1394 RNA (2020) Vol. 26, No. 10
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be reactive toward SHAPE electro-
philes (Chan et al. 2018). The hydroxyl
radical probing data shows that U1
snRNA does not undergo any major
structural rearrangements that lead
to differences in solvent accessibility,
from E to A complex (Dénmez et al.
2007). We also observe that the core
of U1 snRNP maintains a near uniform
SHAPE reactivity when not associated
with RNA or when bound to different substrate RNAs that
mimic activated or repressed states. Both of these observa-
tions suggest that U1 snRNP maintains a uniform structure
and protein composition in the early spliceosome.

The most striking differences in SHAPE reactivity that
correlate with splicing activation and repression were de-
tected when we compared SHAPE profiles of the U1 snRNA
5’ splice site binding region, in particular the intron-exon
spanning junction motif (Fig. 7A-C). These results provide
evidence that splicing activation promotes base-pairing
and strong splicing repression, such as the proven repres-
sor TIA-1 bound exonically, interferes with base-pairing be-
tween the junction motif and the 5’ splice site pre-mRNA
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FIGURE 6. SHAPE reactivity of U1 snRNA junction motif (U6 to G11)
upon RNA binding. The SHAPE reactivity of U1 snRNA enriched
on substrate SR U is compared with the SHAPE reactivity of nuclear ex-
tract U1 snRNA (NE), which is not bound to substrate RNA. The y-axis
represents the normalized SHAPE reactivity and the x-axis indicates
the nucleotide position from 5" to 3’ in the U1 snRNA sequence.

nucleotides. This proposal is supported by psoralen cross-
linking (Fig. 8A,B) and consistent with functional splicing
data for these RNAs (Erkelenz et al. 2013).

[tis plausible that the conformation of the junction motif
acts as a switch where increased base-pairing with the
5" splice site promotes splice site pairing, while U1
snRNAs with less base-paired junction motifs cannot pro-
mote splice site pairing. The fact that the junction motif
shows increased SHAPE reactivity and decreased psoralen
crosslinking when both SRSF7 and TIA-1 are bound at re-
pressive positions further suggests that its base-pairing
state can be modulated by inputs from both faces of U1
snRNP (Fig. 1A).

The "bind and activate” mode of 5’ splice site selection
could be a safeguard mechanism to differentiate between
U1 snRNPs functional roles in spliceosomal recruitment
and prevention of premature polyadenylation. It is possi-
ble that U1 snRNP binds the pre-mRNA in an inactive
conformation that is allosterically activated by splicing reg-
ulators bound at activating positions. Such a mechanism
may be necessary because U1 snRNP is known to not
only interact with genuine 5’ splice sites, but also with cryp-
tic 5’ splice sites that frequently inhibit premature polyade-
nylation (Kaida et al. 2010). Thus, enhanced 5 splice site
base-pairing with U1 snRNP may act as an allosteric switch
for spliceosomal assembly. U1 snRNP binding to a 5’ splice
site triggers E-complex formation regardless of where
splicing regulatory proteins are bound (Erkelenz et al.
2013). However, locking in base-pairing between U1
snRNA and the 5’ splice site occurs only in the presence
of splicing activators. This activated conformation may
then allow U1 snRNP to engage in cross intron activities,
which include U1 snRNA stem—loop IV-mediated contacts
with the U2 snRNP component SF3A1 during A complex
formation (Sharma et al. 2014).

The proposed allosteric mechanism for the initiation of
splice site pairing does not rule out any of the other poten-
tial mechanisms of position-dependent splicing activation/
repression. The conformation of U1 snRNA could be regu-
lated through U1- specific proteins such as U1-C, which is

known to enhance 5 splice site binding (Kondo et al.
2015). Itis possible that TIA-1, which has been demonstrat-
ed to contact U1-C and recruit U1 snRNP to the 5’ splice
site when bound intronically, can disrupt U1 snRNP’s struc-
tural integrity when bound exonically (Forch et al. 2002). A
similar mode of action could be envisioned for SRSF7,
which is likely to mediate its effect on the junction motif
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FIGURE 7. SHAPE reactivity of the 5" end of U1 snRNA. (4) The U1
snRNA sequence is indicated on the left. N refers to neutral RNA se-
quence, SR U to SRSF7 bound upstream, SR D to SRSF7 bound down-
stream, TIA U to TIA-1 bound upstream, TIA D to TIA-1 bound
downstream, IVT to in vitro transcribed U1 snRNA and NE to nuclear
extract UT snRNA. NAI indicates probing with SHAPE chemistry,
DMSO are control lanes. Lanes 71-4 are sequencing lanes.
(B) Representative reactivity plots of nucleotides 2-11 plotted for
the data depicted in A. Nucleotides 2-11 represent the U1 snRNA se-
quence and the underlined nucleotides correspond to the junction
motif (U6 to G11). The y-axis denotes the normalized SHAPE reactivity
and the x-axis defines the nucleotide position in the direction of 5’ to
3. (C) Fold change in junction motif SHAPE reactivity. The graph
shows the average sum of SHAPE reactivities for the junction motif
normalized to the TIA D condition across three biological replicates.
Supplemental Table 1 details statistical significance between condi-
tions. The y-axis indicates the fold change of the junction motif
SHAPE reactivities and the x-axis defines the source of UT snRNA.
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FIGURE 8. U1 snRNA psoralen crosslinking efficiency to the 5’ splice
site of substrate RNAs. (A) Representative psoralen crosslinking gel.
+UV lanes were irradiated with 365 nm light, —UV lanes were not irradi-
ated. The lightning bolts indicate U1 snRNA-substrate RNA crosslinks.
(B) Quantitation of the psoralen crosslinking efficiency. The graph indi-
cates the average fraction of each substrate RNA that was crosslinked
to U1 snRNA across three biological replicates. Supplemental Table 2
details statistical significance between conditions.

through U1-70K. Lastly, the recruitment of additional pro-
teins cannot be ruled out. It is possible that splicing regu-
lators recruit different proteins to the two different faces of
U1 snRNP depending on where they bind the pre-mRNA.

We have developed a targeted SHAPE methodology,
which allows for probing U1 snRNP in the context of posi-
tion-dependent splicing activation or repression. This
method can be adapted to probe other snRNPs/spliceoso-
mal complexes and possibly other dynamic RNPs.
Importantly, we have demonstrated that the SHAPE reac-
tivity of the U1 snRNA junction motif is altered during splic-
ing activation and repression. These results provide
molecular insights into the mechanism of position-depen-
dent splicing activation and repression.

MATERIALS AND METHODS

In vitro transcription of substrate RNAs

Sequences for substrate RNAs were simultaneously linearized and
amplified using standard PCR in 50 pL reactions. Subsequently
40 pL of PCR product was transcribed in vitro using the RiboMax
RNA transcription kit (Promega). DNase treatment was performed
according to the RiboMax protocol and RNAs were purified with
the RNA Clean and Concentrator Kit (Zymo Research). A Nano-
drop 2000 instrument was used to obtain RNA concentration
values.

U1 snRNP enrichment approach

U1 snRNP was enriched through a pull-down assay using various
substrate RNAs that contained verified binding sites for SRSF7 or
TIA-1 at activating or repressing positions (Fig. 1B). Enriched U1

1396 RNA (2020) Vol. 26, No. 10

snRNPs within the context of activated or repressed E-complex
were then probed using NAI, a SHAPE reagent (Spitale et al.
2013). SHAPE electrophiles acylate the 2’OH of RNA nucleotides
based on their flexibility and dynamics (Wilkinson et al. 2006;
McGinnis et al. 2012). Unstructured regions of RNA are more like-
ly to be modified by SHAPE reagents, which cause reverse tran-
scription to terminate one nucleotide before the acylated
nucleotide. To detect structural changes within UT snRNA includ-
ing stem-loop IV, an LNA modified primer was designed to bind
the 3’ end of U1 snRNA stem—loop IV. SHAPE reactivities of stem-—
loop IV were poor due to structure stops. Despite the poor SHAPE
reactivities obtained for stem-loop IV, the LNA primer provided
excellent reverse transcription (RT) signal and high-resolution
data for the rest of U1 snRNA. Dideoxy sequencing was per-
formed on enriched U1 snRNAs and nuclear extract UT snRNA
to confirm that the reverse transcription signal obtained from
RNAs was generated from U1 snRNA (Supplemental Fig. 1).

Oxidation of substrate RNAs and RNA affinity
pull-down

An amount of 300 picomoles of each substrate RNAwas incubated
with 5 mM NalO4 (sodium [meta]periodate) and 0.1 M NaOAc
(sodium acetate) for 1 h in the dark. Substrate RNAs were subse-
quently precipitated with 100% ethanol (EtOH). Adipic acid dihy-
drazide agarose beads were prepared by washing 125 pL of beads
per reaction four times with two volumes of 0.1 M NaOAc. After
the final wash, the bead volume was adjusted to 250 pL beads
per reaction and 250 pL of beads were added to each substrate
RNA pellet. Beads were subsequently incubated at 4°C on a rota-
tor overnight. Beads were washed two times with 1 mL 2 M NaCl
and three times with Buffer D (20 mM HEPES-KOH [pH 7.6],
20%, glycerol, 0.1 M KCI, 0.2 mM EDTA, and 0.5 mM DTT). 200
pL of 30% nuclear extract diluted with Buffer D containing 1 mM
MgCl, was added to each sample and incubated on a rotator for
15 min at 30°C. All samples were subsequently washed five times
with 1 mL Buffer D containing 1 mM MgCl,.

RNA acylation and isolation

After the final wash, 5 uL of 1 M NAI or DMSO was added to 45 pL
of evenly mixed beads and samples were incubated at 30°C for
15 min. After incubation with NAI, 150 pL of H,O was added fol-
lowed by the addition of 200 pL of formamide. Samples were
mixed by pipetting and then heated at 95°C for 1 min. RNA
was separated from beads using 0.45 pm cellulose acetate
Corning Costar SpinX columns, spun at 6000 rpm for 8 min.
Final volumes were adjusted to 600 pL with H,O and subse-
quently 600 pL of premixed phenol:chloroform:isoamyl alcohol
(25:24:1) pH 6.6 (Ambion) was added. The aqueous phase was ex-
tracted and washed with chloroform. For nuclear extract U1
snRNA, 5 pL of T M NAI or DMSO was added to 45 pL of 30% nu-
clear extract and incubated for 15 min at 30°C. Samples were
directly phenol:chloroform extracted as described above. For in
vitro U1 snRNA, U1 snRNA was folded and probed as described
by Spitale et al. (2013). In vitro U1 snRNA was phenol:chloroform
extracted as described above. All samples were precipitated with
300 mM NaOAc, 3 volumes of 100% EtOH and 2 pL of GlycoBlue
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(Invitrogen). All samples were washed twice with 70% EtOH and
resuspended in 5 pL of water.

Reverse transcription

Four picomoles of a gene specific LNA modified primer were
added to each reaction. Primers were 5 end phosphorylated
with T4 polynucleatide kinase (New England Biolabs [NEB]) us-
ing standard procedures from NEB and yielded 9000-10,000
CPM/uL. To anneal the primer, samples were heated to 95°C
for 2 min and then cooled to 50°C. A master mix containing
dNTPs, DTT, water (to 20 pL), 5x FS Buffer (250 mM Tris-HCI
[pH 8.3], 375 mM KCI, 15 mM MgCly) and Superscript Il
Reverse Transcriptase (Invitrogen) was added according to the
superscript |l protocol. For dideoxy (dd) sequencing samples,
2 pL of 10 mM ddNTPs (TriLink Biotechnologies) were added
to the RNA and primer mixture before annealing. All samples
were reverse transcribed for 50 min at 50°C. The RNA template
was hydrolyzed with addition of 2 pL (one tenth volume) of 4 M
NaOH and incubation at 95°C for 5 min. Samples were ethanol
precipitated as previously described and washed two times as
previously described. Samples were resuspended in 95% form-
amide, 18 mM EDTA, 0.025% xylene cyanol and bromophenol
blue.

Gel electrophoresis, visualization, and
quantification

Samples were run on 10% polyacrylamide (19:1 acrylamide:bisa-
crylamide) 7 M urea gels, see reference for detailed gel casting
protocol (Movassat et al. 2017). Gels were prerun at 20 watts for
1 h, followed by 50 watts for 4-6 h depending on the desired res-
olution. Gels were dried for 1 h under vacuum at 80°C and ex-
posed to a phosphor screen overnight. Images were obtained
using GE Typhoon imager and peaks were integrated using
SAFA software (Das et al. 2005). Results from junction motif anal-
ysis were independently verified using ImageJ software
(Schneider et al. 2012). For the reactivity plots, the counts at
each position in the NAI lane were subtracted by counts in the
corresponding DMSO control lane. The counts at each nucleotide
position were then divided by the average of the top 92%-98%
most reactive nucleotides within that lane to obtain reactivity
plots. The value obtained for each nucleotide was then averaged
across three biological replicates. For the fold change of the junc-
tion motif (Fig. 7C) the SHAPE reactivity of the junction motif was
normalized to the SHAPE reactivity of nucleotide U22, which stays
constant across all conditions. Normalized SHAPE reactivities
were divided by the TIA D SHAPE reactivity to obtain a fold
change. Fold changes were averaged across three biological rep-
licates. One tailed t-tests were performed in a pairwise manner to
determine statistical significance. Comparisons to the crystal
structure reference PDB code=4PKD. Each experiment was per-
formed in triplicate.

Western blot assay

Protein samples from RNA pull-down experiments were separated
on precast 12% Tris-Glycine SDS-PAGE gels (Bio-Rad) at 125V for

50-60 min at room temperature. Gels were transferred to metha-
nol activated Immun-Blot PVDF membrane (Bio-Rad) using Tris-
Glycine transfer buffer at 60V, 2 h, 4°C, with an ice pack and stir-
ring of transfer buffer. The membrane was blocked for 1 h, atroom
temperature with 5% nonfat milk in tris-buffered saline with
Tween-20 (TBS-T), followed by an overnight incubation with pri-
mary antibody at4°C. Primary antibody was diluted in 2.5% nonfat
milk in TBS-T. Primary antibody conditions in this work were the
following: U1-70K at 1:100 (Santa Cruz Biotechnology, clone
C-18 or Millipore mouse monoclonal, clone 9C4.1), U1-C at
1:200 (Sigma, rat monoclonal, clone 4H12), hnRNP A1 at 1:250
(Santa Cruz Biotechnology, mouse monoclonal, clone 9H10),
SRSF7 at 1:1000 (MBL, rabbit polyclonal), and TIA-1 at 1:100 (San-
ta Cruz Biotechnology, goat polyclonal, clone C-20). The mem-
brane was washed with TBS-T prior to incubation with the
secondary antibody. Secondary antibodies were diluted in 2.5%
nonfat milk in TBS-T and incubated for 1 h at room temperature.
The membrane was washed further with TBS-T and then devel-
oped for 1 min using SuperSignal West Pico Chemiluminescent
Substrate (ThermoFisher Scientific). Blots were imaged on a GE
Typhoon imaging station.

Psoralen crosslinking

An amount of 300 picomoles of the five different substrate RNAs
were dephosphorylated using NEB Quick Dephosphorylation Kit
in 20 pL reactions. Reactions contained 20 units NEB quick CIP
(calf intestinal phosphatase), 1x NEB CutSmart Buffer (50 mM
postassium acetate, 20 mM Tris-acetate, 10 mM Magnesium ace-
tate, 100 pg/mL BSA, pH 7.9) and were incubated at 37°C for
2 h. The CIP enzyme was heat inactivated at 80°C for 5 min.
Substrate RNAs were 5" end labeled with the addition of 20 units
NEB T4 PNK (polynucleotide kinase), 2 uL gamma-ATP, and DTT
(final concentration 5 mM). Kinase reactions were incubated at
37°C for 3 h and heat inactivated at 65°C for 20 min. Substrate
RNAs were purified using ZYMO RNA Clean and Concentrator
kits, resuspended in 25 pL and yielded a specific activity of
~600,000 cpm/pL. Crosslinking reactions were carried out using
1 uL of radiolabled substrate RNA, 30% nuclear extract and mir-
rored the conditions used in SHAPE experiments. Each reaction
contained 20 pg/mL 4'-aminomethyltrioxsalen (AMT) and was ex-
posed to 365 nm UV for 10 min or kept in the dark as described by
Tarn and Steitz (1994). Samples were then digested with protein-
ase K, phenol chloroform extracted and resolved on 6% denatur-
ing polyacrylamide gels as described previously (Movassat et al.
2017). Crosslinking efficiencies were obtained using ImageJ.
Briefly, a box was drawn around each band. The intensity in the
+UV lane was subtracted by the intensity in the —UV lane and
the resulting value was divided by the intensity of the band corre-
sponding to the full-length substrate RNA in the +UV lane. The
crosslinking efficiencies were averaged across three biological
replicates and two tailed t-tests were performed in a pairwise
manner to determine statistical significance.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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