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To initiate cotranscriptional splicing, RNA polymerase Il (Pol Il) recruits the Ul small nuclear
ribonucleoprotein particle (U1 snRNP) to nascent precursor messenger RNA (pre-mRNA). Here, we report
the cryo—electron microscopy structure of a mammalian transcribing Pol 1I-U1 snRNP complex. The
structure reveals that Pol Il and Ul snRNP interact directly. This interaction positions the pre-mRNA

5" splice site near the RNA exit site of Pol Il. Extension of pre-mRNA retains the 5" splice site, leading to
the formation of a “growing intron loop.” Loop formation may facilitate scanning of nascent pre-mRNA
for the 3' splice site, functional pairing of distant intron ends, and prespliceosome assembly. Our
results provide a starting point for a mechanistic analysis of cotranscriptional spliceosome assembly and
the biogenesis of mRNA isoforms by alternative splicing.

he production of mRNA in eukaryotic

cells involves precursor mRNA (pre-

mRNA) synthesis and processing—in

particular, 5 end capping, splicing, and

3’ end cleavage and polyadenylation.
During splicing, noncoding introns are pre-
dominantly removed from the pre-mRNA in
a cotranscriptional manner as the nascent
RNA emerges from RNA polymerase II (Pol II)
(1-6). Cotranscriptional splicing enhances the
efficiency and accuracy of pre-mRNA pro-
cessing and explains why splicing is at least
10 times faster in vivo than in vitro (7). In
metazoan cells, introns are often several thousand
nucleotides long, which raises the question of
how the ends of an intron are functionally
paired for splicing. Cotranscriptional splicing
has been suggested to facilitate juxtaposition
of the 5’ splice site (5'SS) and the 3'SS (8).
Consistent with this idea, the rate of Pol II
elongation can affect selection of splice sites
in pre-mRNA (9), leading to alternative splic-
ing and different mRNA isoforms (10). Pol IT
can recruit splicing factors via its flexible C-
terminal domain (CTD) [reviewed in (6)]; how-
ever, this is insufficient to stimulate splicing
(I1). Despite these advances, the mechanisms
underlying cotranscriptional splicing remain
unknown.

As afirst step to investigate the mechanisms
of cotranscriptional splicing, we studied the
interaction between transcribing Pol II and
the Ul small nuclear ribonucleoprotein parti-
cle (U1 snRNP) biochemically and structurally.
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Ul snRNP is the first building block of the
spliceosome to engage with nascent pre-
mRNA (72). Human U1 snRNP consists of
Ul snRNA, seven Sm proteins, and three Ul-
specific proteins (U1-70k, Ul-A, and U1-C) (12).
U1 snRNA recognizes the 5'SS through base
pairing (Z3). When the branch point sequence
emerges on nascent pre-mRNA, U2 snRNP
joins, forming the prespliceosome or A com-
plex. The A complex later associates with the
U4/U6.U5 tri-snRNP to form the pre-B com-
plex (14), which is subsequently converted to
the B complex and activated for splicing.

To assemble a transcribing Pol II-U1 snRNP
complex, we used Pol II from the domestic pig,
Sus scrofa domesticus, which has 99.9% se-
quence identity to human Pol II. We further
used human U1 snRNP and a DNA-RNA scaf-
fold that contains a DNA mismatch bubble
and a modified MINX pre-mRNA with a 5’ cap.
The scaffold enables formation of a 9-base pair
DNA-RNA hybrid duplex inside the bubble and
contains a 145-nucleotide (nt) RNA that com-
prises a 5’ exon and a truncated intron of 29 nts
(Fig. 1A and fig. S1, A and B). We incubated
purified Pol II with the DNA-RNA scaffold
and phosphorylated the resulting complex
with the Kinase-positive transcription elonga-
tion factor b, which stabilizes an active Pol II
elongation complex (15). The phosphorylated
Pol II-DNA-RNA complex was purified by size
exclusion chromatography and incubated with
purified Ul snRNP (fig. S1C).

The obtained sample was subjected to
single-particle cryo-electron microscopy (cryo-
EM) analysis (see materials and methods). A tilt
angle of 40° was applied during data collection
to resolve orientation bias (fig. S1, D to F, and
table S1). Processing of the cryo-EM data showed
that 17.5% of Pol II particles contained densities
corresponding to Ul snRNP (fig. S2, A to F).
Three-dimensional (3D) classification followed
by 3D refinement of the class with the best
density for Ul snRNP yielded a final recon-

15 January 2021

struction of the Pol II-U1 snRNP complex at
an overall resolution of 3.6 A, and focused
3D refinement improved densities for Pol II,
U1 snRNP, and the Pol II-U1 snRNP interface
region (figs. S2, G to I, S3, and S4 and movie
S1). Fitting and adjustment of the structures
of Pol IT (75) and U1 snRNP (16-18) resulted
in a model of the Pol II-U1 snRNP complex
with good stereochemistry (Fig. 1, B and C,
table S1, and movie S2).

The structure shows that Ul snRNP binds
directly to the surface of Pol II near upstream
DNA and the site of RNA exit (Fig. 1 and movie
S2). U1 snRNP engages Pol II via its conserved
and functionally essential (77) subunit U1-70K,
which contacts the protrusion domain in Pol IT
subunit RPB2 and the zinc finger domain
in subunit RPB12 (Figs. 1, B and C, and 2A).
U1-70k interacts with Pol II through its RNA
recognition motif (RRM) domain that is re-
solved at ~3.5-A resolution, revealing bulky
side chains and enabling an unambiguous fit
(figs. S3D and S4, B and C). We did not observe
any densities indicative of the Pol II CTD.

Our structure provides details of the Pol II-
Ul snRNP interface. The U1-70k RRM inter-
acts with Pol II mainly through its two con-
served o helices (human residues 116 to 126
and 154 to 164) (Fig. 2A). The Pol II-U1 snRNP
interacting surfaces have reverse charges (fig.
S5, A and B). The side chain of the positively
charged U1-70k RRM residue Arg'? inserts
into a negatively charged pocket formed by
RPB2 and RPB12 (Fig. 2B). Three negatively
charged residues (Glu'**, Glu'*?, and Asp'°®)
of U1-70k RRM contact a positively charged
surface of the RPB2 protrusion domain (Fig.
20). In addition, Val'** of U1-70k RRM binds
to a hydrophobic patch of RPB2 (Fig. 2D).

Residues in Ul-70k that contact Pol II are
highly conserved among metazoa (fig. S5C).
RPB2 residues that interact with U1-70k are
also well conserved among multicellular eukar-
yotes but differ from those in the counterpart
subunits of Pol I and Pol III (fig. S5D). This
indicates that the observed Ul snRNP interac-
tion with Pol II is conserved among metazoa
and specific to the Pol II transcription system.
By contrast, the interacting residues in both
U1-70k and RPB2 are only partially conserved
in yeasts (fig. S5, C and D), implying that the
mechanism of cotranscriptional splicing may
differ in some unicellular eukaryotes, which
contain fewer and shorter introns.

Superposition of our Pol II-U1 snRNP struc-
ture with the activated Pol II elongation complex
EC* (15) revealed that binding of Ul snRNP, as
observed in our structure, is compatible with the
presence of the transcription elongation fac-
tors DSIF, SPT6, and PAF1 complex (PAF) on
the Pol II surface (fig. S6). Consistent with
this compatibility, we found that a stable com-
plex containing EC* and Ul snRNP can be
formed (Fig. 3, A to C, and fig. S7, Ato F). In
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Fig. 1. Structure of the transcribing

Pol 11-U1 snRNP complex. (A) Nucleic

acid scaffold with template DNA (T) in dark
blue, nontemplate DNA (NT) in cyan, and
RNA in red. mG, 5' cap. (B and C) Two views
of the structure. Nucleic acids are shown

in spheres. The backbone of Ul snRNA

is in pale slate and U1 snRNP proteins

are in pink, except for UL-70k, which is in
purple. Pol Il subunits (ribbons) are in
gray, except for RPB2 in gold and RPB12

in green. During transcription, Pol |l

moves to the right and RNA exits to

the left. A magenta sphere depicts the

Pol Il active site. SL, stem loop.

Fig. 2. Direct Pol 11-U1 snRNP interaction.
(A) Close-up view of the Pol II-Ul snRNP
interface showing interactions between

the RRM domain of U1-70k (purple) and Pol Il
subunits RPB2 (gold) and RPBI2 (green).
The Pol Il active site is depicted with a
magenta sphere. (B to D) Detailed views

of interactions between residues of U1-70k
RRM and Pol Il. The electrostatic surface
potential displays a range of 5 kgT/e
(where kg is the Boltzmann constant, T is
temperature, and e is electron charge),
where blue and red represent positively

and negatively charged areas, respectively.
Amino acid abbreviations: D, aspartic

acid; E, glutamic acid; K, lysine; L, leucine;
P, proline; R, arginine; S, serine; T, threonine;
W, tryptophan; Y, tyrosine.
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Fig. 3. RNA-independent Pol 1I-U1 snRNP
interaction. (A) Schematic of Pol Il
complexes with various RNAs. The active
site of Pol Il is depicted with a magenta
sphere. (B and C) EC* associates with

UL snRNP in the presence of RNA lacking the
5'SS (15-nt RNA) or RNAs with an extended
linking region (155-nt and 189-nt RNAs).
Shown is the analysis of the complex peak
fraction (fraction 2 of fig. S7A) obtained

by size exclusion chromatography using
denaturing gel electrophoresis (B) or Western
blotting (C). Lanes 4 and 5 are control

runs with ULl snRNP alone or Ul snRNP
with phosphorylated elongation factors.
(D) Cryo-EM analysis of Pol [I-Ul snRNP
complexes containing 15-nt RNA or 155-nt
RNA showed 2D averages resembling those
of the refined structure with 145-nt RNA.

summary, these results reveal an unexpected
direct Pol II-U1 snRNP interaction that is
compatible with the presence of general elon-
gation factors in the transcribing Pol II com-
plex EC*.

Our structure additionally shows one turn
of an RNA duplex formed by base pairing of
the 5'SS with Ul snRNA (Fig. 1 and fig. S4, A
and D), as observed in previous Ul snRNP
structures (716-18). By RNA duplex formation,
the pre-mRNA tethers Pol II to Ul snRNP with
a 6-nt linking RNA region (Fig. 1A and fig.
S4A). To investigate the role of RNA tethering,
we performed analytical size exclusion assays
using the activated elongation complex EC*
(see materials and methods). We prepared
EC* containing a minimal scaffold with a 15-nt
RNA that lacks the 5’SS and is completely se-
questered within the Pol II core (Fig. 3A and
fig. SI, A and B), excluding any RNA-based
tethering of Pol IT and Ul snRNP. The resulting
minimal EC* still bound Ul snRNP, although
at apparently substoichiometric levels (Fig. 3,
B and C, and fig. S7, A and B).

To confirm that the same direct Pol II-
Ul snRNP interaction occurs in the absence
of a tethering RNA, we subjected a Pol II-
U1 snRNP complex containing the nucleic acid
scaffold with the 15-nt RNA to cryo-EM analy-
sis. We obtained the same two-dimensional (2D)
particle averages as for our original structure
(Fig. 3D). The percentage of Pol II-U1 snRNP
particles was lower, hindering 3D reconstruction.
Nevertheless, these results show that RNA
tethering is not required for direct Pol II-U1
snRNP interaction in vitro and may explain
how U1 snRNP can be recruited to transcription
units independent of splicing in vivo (19).

Our observations suggested that transcrip-
tion elongation may generate an RNA loop
between Pol II and Ul snRNP while the direct
Pol II-U1 snRNP interaction is maintained. To
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investigate this, we tested whether insertion
of additional nucleotides into the linking
RNA region allows for Ul snRNP binding
to Pol II or EC*. We designed scaffolds that
contained either a 155-nt RNA, which has a
10-nt extension in the linking RNA compared
with the 145-nt RNA in the cryo-EM structure,
or a 189-nt RNA, which contains a linking RNA
of 50 nts and would be sufficient for formation
of an active spliceosomal B complex (20) (Fig.
3A and fig. S1, A and B). We found that both
scaffolds with extended RNAs allowed for-
mation of an EC*-U1 snRNP complex (Fig. 3,
B and C, and fig. S7, A to D). These results
support the model in which, during elongation
of the pre-mRNA, the 5'SS is retained near the
Pol II surface whereas the intron loops out.

To confirm that the same direct Pol II-
U1 snRNP interaction is maintained when the
linking RNA is extended, we determined the
cryo-EM structure of the Pol II-U1 snRNP
complex with the scaffold containing the 155-nt
RNA at a nominal resolution of 3.9 A (fig. S8).
The structure was essentially unaltered com-
pared with our first structure, revealing the
same direct Pol II-Ul snRNP interaction
(Fig. 3D and fig. S8). In addition, in vitro RNA
elongation activities of Pol II or EC* were not
affected by the presence of Ul snRNP (fig. S7, G
and H). These results indicate that Ul snRNP
can remain bound to Pol II as pre-mRNA is
elongated during transcription.

To investigate whether assembly of spli-
ceosomal complexes may be possible on Pol II,
we compared our structure with the yeast A
complex (21) (fig. S9, A and B). This suggested
that U2 snRNP can be accommodated and
the A complex can form on the Pol II surface
without moving Ul snRNP. Human A com-
plex formation requires binding of stem loop 4
(S1L4) of Ul snRNA to the U2 snRNP subunit

SF3A1 (22). Consistent with this, SL4 faces
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away from Pol II in our structure and is
available for SF3A1 interaction (Fig. 1, B and C).
Superposition of our structure onto the human
pre-B complex (23, 24) resulted in clashes be-
tween Pol II and the U4/U6.U5 tri-snRNP (fig.
S9C). However, the tri-snRNP is flexibly at-
tached to the remainder of the pre-B complex
(14), and structural adjustments may therefore
allow formation of the pre-B complex on Pol I1.
Our findings suggest a topological model
for cotranscriptional spliceosome assembly
that we refer to as the growing intron loop
model (Fig. 4). In this model, a direct Pol II-
U1 snRNP interaction retains the 5'SS near the
RNA exit site of Pol II during transcription.
This results in formation of a growing loop
in the nascent pre-mRNA that facilitates
scanning for the downstream branch point
and 3'SS. Recruitment of U2 snRNP then leads
to formation of the A complex on the Pol II
surface. Formation of the A complex may be
further stimulated by the downstream 5'SS
(25) and binding of the downstream exon to
regulatory factors that facilitate U2 snRNP
recruitment (26). After A complex formation,
the U4/U6.U5 tri-snRNP may join, leading to
the pre-B complex. The subsequent transition
to the B complex displaces Ul snRNP (12),
liberating the precatalytic spliceosome from
Pol II. Therefore, the growing intron loop model
implies that the assembly of the spliceosome
occurs cotranscriptionally, whereas the ensu-
ing catalytic steps of splicing may be function-
ally independent of Pol II, although they occur
predominantly on the nascent pre-mRNA.
Finally, Ul snRNP inhibits 3' end RNA
processing (27), suppresses premature tran-
scription termination (28), and impairs pre-
mature termination in the sense direction of
bidirectional promoters (29, 30). To explain
these findings, we speculate that Ul snRNP
binding to the Pol II surface interferes with
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Fig. 4. Growing intron loop model of cotranscriptional spliceosome assembly. The intron is defined by
the 5'SS, branch point, and 3'SS (conserved nucleotides in red). When the 5'SS emerges in nascent pre-
mRNA, UL snRNP (purple) is recruited and directly binds Pol Il subunits RPB2 (gold) and RPB12 (green).
UL snRNP and the 5'SS are retained near the RNA exit site during transcription elongation, resulting in the
formation of an RNA loop. Loop formation facilitates scanning for the downstream branch point and 3'SS and

assembly of the A complex.

productive binding of the 3’ end processing
machinery. Thereby, Ul snRNP may suppress
premature termination and keep Pol II in
an actively transcribing state until a genuine
3' end processing signal is detected in the
nascent RNA.
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A tight couple makes messenger RNAs

Gene expression in eukaryotes first requires transcription of DNA to an RNA copy and then splicing to form the
final, processed messenger RNA (MRNA). Zhang et al. investigated how gene transcription and RNA splicing are
physically coupled. Using cryo—electron microscopy, they resolved the molecular structure of a complex of the
transcription enzyme RNA polymerase Il with part of the splicing machinery, the U1 small nuclear ribonucleoprotein
particle. The results provide important details for our understanding of coupled mRNA production.
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