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ABSTRACT

Pre-mRNA splicing entails the stepwise assembly of an inactive spliceosome, its catalytic activation, splicing
catalysis and spliceosome disassembly. Transitions in this reaction cycle are accompanied by compositional
and conformational rearrangements of the underlying RNA-protein interaction networks, which are driven
and controlled by 8 conserved superfamily 2 RNA helicases. The Ski2-like helicase, Brr2, provides the key
remodeling activity during spliccosome activation and is additionally implicated in the catalytic and
disassembly phases of splicing, indicating that Brr2 needs to be tightly regulated during splicing. Recent
structural and functional analyses have begun to unravel how Brr2 regulation is established via multiple
layers of intra- and inter-molecular mechanisms. Brr2 has an unusual structure, including a long N-terminal
region and a catalytically inactive C-terminal helicase cassette, which can auto-inhibit and auto-activate the
enzyme, respectively. Both elements are essential, also serve as protein-protein interaction devices and the
N-terminal region is required for stable Brr2 association with the tri-snRNP, tri-snRNP stability and retention
of U5 and U6 snRNAs during spliceosome activation in vivo. Furthermore, a C-terminal region of the Prp8
protein, comprising consecutive RNase H-like and Jab1/MPN-like domains, can both up- and down-
regulate Brr2 activity. Biochemical studies revealed an intricate cross-talk among the various cis- and trans-
regulatory mechanisms. Comparison of isolated Brr2 to electron cryo-microscopic structures of yeast and
human U4/U6eU5 tri-snRNPs and spliceosomes indicates how some of the regulatory elements exert their
functions during splicing. The various modulatory mechanisms acting on Brr2 might be exploited to
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enhance splicing fidelity and to regulate alternative splicing.

Introduction

Eukaryotic protein-coding transcripts are produced as precur-
sors (pre-mRNAs), which undergo several maturation steps to
be converted to mature mRNAs that can serve for protein bio-
synthesis on the ribosome. The vast majority of higher eukary-
otic protein-coding genes contain non-coding sequences
(introns) interspersed among coding regions (exons), and mat-
uration of their pre-mRNAs thus requires pre-mRNA splicing,
during which intronic sequences are removed and exonic
sequences are ligated." Each splicing reaction consists of 2 con-
secutive transesterification steps. In the first step, the 2'-
hydroxyl group of a conserved adenosine in the branch point
sequence (BPS) of an intron attacks the phosphodiester bond at
the 5'-splice site (5SS), generating a 5 -exon that bears a free 3'-
hydroxyl group and an intron-lariat-3’-exon. In the second
step, the 3’-hydroxyl group of the 5'-exon attacks the 3'-splice
site (3SS), leading to the ligation of the exons and the excision
of the intron lariat. Pre-mRNA splicing is mediated by a highly
dynamic, multi-megadalton RNA-protein (RNP) molecular
machine, the spliceosome, which encompasses 5 small nuclear
(sn) RNPs (U1, U2, U4, U5 and U6 in the case of the major
spliccosome) and numerous non-snRNP proteins.>> Each
snRNP comprises a specific snRNA, a set of 7 common Sm

proteins (or LSm proteins in the case of U6) and different num-
bers of snRNP-specific proteins.*

For each round of splicing, a spliceosome is assembled de
novo on a substrate by the stepwise recruitment of snRNPs and
non-snRNP proteins (Fig. 1).>>>7 With respect to the snRNPs,
the Ul snRNP first recognizes the 5SS (E complex), followed
by the binding of the U2 snRNP at the BPS (A complex). Sub-
sequently, the pre-formed U4/U6eU5 tri-snRNP loosely associ-
ates with the spliceosome, giving rise to the catalytically
inactive pre-B complex.® Within the tri-snRNP, the U4 and U6
snRNAs are extensively base-paired via 2 regions (stems I and
I1)”'* and decorated by several proteins.'*'* Association of the
U4/U6 di-snRNP with the U5 snRNP is mainly accomplished
by protein-protein interactions.'*'> After pre-B complex for-
mation, the Ul snRNP is released and the tri-snRNP is stably
integrated to produce the pre-catalytic B complex, followed by
displacement of U4 snRNAs and associated proteins, which
leads to the activated spliceosome (B*®).'® Further remodeling
of B*" gives rise to the catalytically activated spliceosome
(B*).!”'® The B* complex is poised to perform the first step of
splicing. The ensuing C complex is subsequently converted to
complex C*,'” which carries out the second step of splicing.
After the splicing reaction, the product mRNA is released as an
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Figure 1. Top, pre-mRNA splicing by the spliceosome, showing characterized spliceosomal assembly, activation, catalysis and disassembly intermediates (complexes E, A,
Pre-B, B, B>, B*, C, C*, PSC [post-splicing complex] and ILS [intron-lariat spliceosome]). For clarity, the cycle only depicts the compositions with respect to the snRNPs, the
many non-snRNP proteins that are also participating have been omitted. Step 1, step 2, first/second transesterification reaction of splicing. Spliccosomal RNA helicases
are indicated at the steps during which they are required (blue). Traffic lights refer to the observed or assumed (with question mark) states of Brr2 at the respective stages
and during the various transitions (red, fully inhibited; yellow, partially inhibited, green, activated). Bottom, schemes illustrating combinatorial regulation of Brr2 via its

NTR (magenta) and via the Prp8 Jab1 domain (gold).

mRNP from the post-splicing complex, the resulting intron-lar-
iat spliceosome is disassembled and the remaining subunits are
recycled for a new round of splicing.

Each assembly, activation, catalysis and disassembly step
involves profound rearrangements of the spliceosomal RNP
interaction networks, mediated by at least 8 conserved super-
family 2 (SF2) NTPases/RNA helicases (Fig. 1).°°** SF2 heli-
cases can be grouped into 5 families, 3 of which are represented
among the spliceosomal remodeling enzymes: 3 DEAD box
proteins (Prp5, Sup2/UAP56, Prp28) act during initial spliceo-
some assembly and activation, a single Ski2-like helicase (Brr2)
is involved in spliceosome activation and 4 DEAH/RHA
enzymes (Prp2, Prp16, Prp22, Prp43) are required during spli-
ceosome activation, catalysis and disassembly.?’ The most dra-
matic rearrangements occur during spliceosome activation,
where the Prp28 helicase aids in the displacement of U1 snRNA
from the 558,%**** followed by Brr2 unwinding the U4 and U6
snRNAs***” and leading to displacement of U4 snRNA and
U4/U6-bound proteins.”*** These processes allow U6 to engage
in alternative interactions with the 5SS and U2 snRNA, as well
as to form a catalytically important internal stem-loop, thereby

building up the spliceosome’s active site.’**> Here we review
results from structural and functional studies, which have
begun to shed light on an intricate network of regulatory prin-
ciples controlling the Brr2 RNA helicase, and discuss how Brr2
regulation may influence splicing fidelity and alternative
splicing.

Brr2 requires tight regulation

Several lines of evidence indicate that Brr2 activity has to be
tightly controlled during all stages of snRNP assembly and
splicing. Brr2 is a specific subunit of the U5 snRNP. However,
initial assembly of yeast U5 snRNP in the cytoplasm leads to a
pre-U>5 particle that contains the assembly factor Aar2 instead
of Brr2.**° Thus, Brr2 is transported to the nucleus indepen-
dent of other U5 snRNP components®® and its helicase activity
may have to be shut off during this phase to avoid detrimental
off-target effects. Once assembled in the nucleus, mature U5
snRNP joins the U4/U6 di-snRNP to form the U4/U6eU5 tri-
snRNP, in which Brr2 already encounters its U4/U6 di-snRNA
substrate before incorporation into the spliceosome. As U4/U6
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di-snRNA disruption in the tri-snRNP or premature unwind-
ing during spliceosome assembly would counteract productive
splicing, Brr2 must be held in check by specific mechanisms in
the tri-snRNP and during assembly of the pre-catalytic spliceo-
some. On the other hand, isolated Brr2 is a comparatively weak
helicase,”>***! and its U4/U6 di-snRNA substrate is stabilized
by extensive base pairing and bound proteins,'>'****** sug-
gesting that the helicase may also depend on specific activation
to efficiently unwind the U4/U6 duplex at the right time.

Most spliceosomal helicases associate only transiently with
the spliceosome at the stages during which their activities are
needed. Thus, their activities during splicing are regulated in
part by the timing of their recruitment and release. Brr2, in
contrast, stays associated with the spliceosome after recruit-
ment of the tri-snRNP during the remaining phases of splicing.
Moreover, in addition to spliceosome activation, Brr2 has been
found to be important for the retention of U5 and U6 snRNAs
during spliceosome activation****> and to play a role during
splicing catalysis***” and spliceosome disassembly.*® However,
not all of these additional functions apparently rely on the
enzyme’s ATPase and helicase activities. E.g., based on

RNA-seq and cross-linking analyses of wt yeast Brr2 in com-
parison to a particular variant (G858R)* and the suppression
of a secondary structure-induced step 2 splicing defect by this
Brr2 variant,*” Brr2 has been proposed to promote correct posi-
tioning of the 3SS for second step catalysis.*® This activity
might involve ATP-independent, Brr2-mediated modulation of
secondary structures between the BPS and the 3SS and indirect
promotion of exon-U5 snRNA interactions by Brr2-mediated
recruitment of the Slu7 and Prpl8 proteins.*® Furthermore,
spliceosome disassembly can proceed in the presence of nucleo-
tide tri-phosphates other than ATP, which Brr2 does not uti-
lize.*® Taken together, molecular mechanisms must be at work,
through which Brr2 can be up- or down-regulated repeatedly
during snRNP assembly and splicing (Fig. 1).

Brr2 exhibits a unique structure

In line with its unique regulatory requirements, the structure of
Brr2 differs decisively from that of other spliceosomal helicases.
Brr2 is the only spliceosomal helicase that comprises a tandem
array of 2 helicase cassettes, each of which is made up of 2
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Figure 2. Domain organization and structure of Brr2 in complex with the Prp8 Jab1 domain. (A) Domain organization of the NTR and NG; the CC has the same domain
organization as the NC and is not depicted in detail. (B) Diametric view of a full-length yeast Brr2-Jab1 complex (PDB ID 5M52).°® The NTR and the Jab1 domain are
highlighted by semi-transparent surfaces. NTR, magenta; RecA1, light gray; RecA2, dark gray; WH, black; HB, blue; HLH, red; IG, green; CC, beige; Jab1, gold. (C) Accommo-
dation of the U4/U6 di-snRNA substrate by Brr2 as seen in a yeast tri-snRNP structure (PDB ID 5GA0)."? Color coding as in (B). The rotation symbol indicates the orientation
relative to (B), left panel. (D) Interactions involving the E890 residue of human Brr2 (equivalent to E909 in yeast Brr2) in a crystal structure with ADP bound at the NC (PDB
ID 4F93).%" Dashed lines, hydrogen bonds or salt bridges. The rotation symbol indicates the orientation relative to (C).



RecA-like domains (RecAl and RecA2), a winged helix domain
(WH) and a Sec63 homology unit.”" The Sec63 homology units
consist of a helical bundle (HB), a helix-loop-helix (HLH) and
an immunoglobulin-like (IG) domain (Fig. 2A,B).A1>2 Only the
N-terminal helicase cassette (NC) is active in nucleotide hydro-
lysis and RNA unwinding,” and the enzymatic activity of the
NC alone is required for splicing in vivo.”” The C-terminal cas-
sette (CC) is still able to bind ATP,”" but it contains non-
canonical residues in the ATP binding and hydrolysis motifs,
which abrogate the ATPase activity.”””" Crystal structures of
Brr2 helicase regions confirmed a similar globular architecture
of the 2 helicase cassettes and revealed that the cassettes can
intimately interact with each other via a large interface.’®>"*’

Preceding its 2 helicase cassettes, Brr2 contains a ~450-resi-
due N-terminal region (NTR; Fig. 2A,B). Within this NTR, a
helical “plug” domain and a PWI-like domain are interspersed
among extended, intrinsically disordered regions.”** In crystal
structures of yeast Brr2 in complex with a C-terminal Jabl/
MPN-like (Jabl) domain of the Prp8 protein, the NTR runs
along one entire flank of the helicase cassettes and extensively
contacts both NC and CC.*>*® Following ~100 disordered
N-terminal residues, the plug domain wedges between the HB
and the RecA2 domains of the NC. The plug is followed by an
“inter-cassette clamp” (IC-clamp) that bridges NC and CC.
C-terminal of the IC-clamp, a non-canonical PWI domain is
located next to the CC. Chemical crosslinking and mass spec-
trometry indicated that in solution the PWI-like domain is fur-
ther displaced toward and contacts the CC.”> Immediately
preceding the NC, an irregularly structured “N-terminal cas-
sette clamp” (NC-clamp) tightly wraps around the NC and
connects its RecA and WH domains.

Multiple layers of helicase-associated domains in Brr2

As in other RNA helicases, the dual RecA-like domains of the
Brr2 NC harbor conserved sequence motifs, through which the
enzyme binds ATP and the RNA substrate, and through which
it couples ATP hydrolysis, release and rebinding via conforma-
tional changes to translocation on an RNA substrate strand to
achieve RNA duplex unwinding. Thus, the 2 N-terminal RecA-
like domains comprise the core motor domains of the enzyme.
Notably, this central motor region makes up only about 20 %
of the entire molecular mass of the protein (Fig. 2A,B). Thus,
most molecular parts of Brr2 seem to serve modulatory and/or
regulatory functions. Based on structural and functional inves-
tigations, the helicase-associated regions of Brr2 can be groups
into several layers, which will be described in the following.

Layer | - helicase-associated domains of the NC as
modulators of the helicase mechanism and as mediators of
intermolecular regulation

In the NC, the active RecA-like domains are connected via a
WH domain to a HB domain, forming a circular arrangement
with a central tunnel (Fig. 2C), in which conserved RNA-
binding elements of the RecA domains carpet the floor and a
long helix of the HB domain runs along the roof.”" This organi-
zation resembles the structure of the related Ski2-like DNA
helicase, Hel308, in complex with a DNA substrate,”” which
suggested that the long o-helix of the HB domain serves as a
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ratchet that holds on to the substrate during cycles of RecA
detachment from the RNA, repositioning and rebinding. Addi-
tionally, a long 8 hairpin loop in the RecA2 domain of Hel308,
the separator loop, is positioned between the 2 strands of a
duplex DNA region located upstream of the bound single-
stranded region. Upon translocation of the helicase in 3'-to-5’
direction on the entrapped DNA strand, the separator loop is
thought to be driven between the 2 strands of the base-paired
region, forcing the 2 substrate strands apart. In contrast, in
DEAH/RHA helicases an element equivalent to the separator
loop (termed “5’HP”) has been suggested to mainly control
access to the single-stranded RNA binding site.”*>’

Comparative modeling*>">* and a recent electron cryo-
microscopic (cryo-EM) structure of a yeast U4/U6eoU5 tri-
snRNP'? showed that Brr2 engages its U4/U6 di-snRNA sub-
strate in a similar manner as Hel308. A single-stranded region
of the U4 snRNA is threaded through the central tunnel of the
NC between the RNA-binding motifs of the RecA and HB
domains, with 3/-portions of the RNA extending toward the
CC (Fig. 2C). Consistent with the HB ratchet helix being
involved in RNA unwinding, some brr2 mutations linked to
the RP33 form of autosomal dominant retinitis pigmentosa in
humans®*®* lead to exchanges of RNA-contacting residues
in this element (S1087L, R1090L). The S1087L RP33 exchange
in human Brr2 reduces RNA affinity as well as ATPase and
helicase activities and RP33-like N1104L and R1107L
exchanges in yeast Brr2 are associated with reduced ATP-
dependent U4/U6 unwinding in tri-snRNP preparations.®
Mutation of a Brr2 element equivalent to the Hel308 separator
loop resulted in reduction or loss of cell viability,*"** in line
with a similar duplex disruption mechanism as in Hel308.
However, in a yeast U4/U6eU5 tri-snRNP structure,'? Brr2 is
loaded on the U4/U6 di-snRNA with the putative separator
loop distant from the U4/U6 duplex portion to be unwound
and instead with an edge of the RecA2 domain abutting the
end of this duplex region (Fig. 2C). Thus, the exact mechanism
of RNA strand separation by Brr2 and the role of the separator
loop remain to be clarified. As revealed by mutational®’ and
structural'® studies, the N-terminal HLH domain acts as an
additional RNA-binding element, which engages a 3'-stem-
loop of the U4 snRNA, most likely supporting substrate loading
and guiding the downstream part of the bound substrate strand
through the NC. It may thus provide an additional means to
hold on to the substrate while RecA domains are repositioned
on the RNA during translocation.

Apart from modulating the enzymatic mechanism of Brr2,
the N-terminal Sec63-homology unit serves as a landing pad
for a Brr2 regulator, the C-terminal Jabl domain of the Prp8
protein (further discussed below).”®>> Thus, the first layer of
helicase-associated domains in Brr2 directly modulate the enzy-
matic mechanism of the enzyme and contribute to its regula-
tion by trans-acting factors.

Layer Il - the CC as an intra-molecular helicase cofactor

Close contacts between the active NC and inactive CC in crystal
structures of Brr2**°"** suggest that the NC and CC together
form a larger functional unit. Indeed, deletion of the entire CC,
exchange of residues in a long, irregularly structured linker that
connects the cassettes, or exchange of residues that mediate
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NC-CC contacts affect the ATPase and helicase activities of the
NC.>" Strikingly, although the nucleotide-binding pockets of
the 2 cassettes are separated by about 75 A, a Brr2 variant, in
which the nucleotide-binding site of the CC was changed to
abrogate ATP binding, also led to reduced RNA duplex
unwinding by the NC but left the NC ATPase activity
unchanged.”® These findings show that the CC acts as an intra-
molecular cofactor of the NC, and that the 2 cassettes can com-
municate via long-range, intramolecular communication lines.
These observations provide an explanation for why the CC is
essential in yeast™ although it is inactive as an enzyme. The
molecular basis for CC-mediated activation of the NC is pres-
ently unclear. Mutational analyses are consistent with the idea
that the CC acts as a stable scaffold, possibly further rigidified
by bound nucleotide, which is exploited by the NC to efficiently
cycle through different conformational states during RNA
unwinding.”"

Y2H, pulldown and structural studies revealed that the CC
also acts as a protein-protein interaction platform.'>****> Given
the long-range communication between NC and CC, it is con-
ceivable that protein binding at the CC can also modulate the
activity of the NC from a distance. An interesting candidate for
such regulation is the tri-snRNP protein Snu66. In a cryo-EM
structure of a yeast tri-snRNP,'? the ~200 C-terminal residues
of Snu66 adopt an extended, partially helical conformation,
and run around the CC. Upon spliceosome activation, Snu66 is
released from the spliceosome,*® restricting its putative influ-
ence on Brr2 activity to stages before activation.

Layer Il - the NTR as an auto-inhibition device

Recent structural and functional studies showed that Brr2
activity is also regulated by its long NTR>® and that this region
is required for efficient splicing.**>* In vitro experiments assess-
ing Brr2 activity upon stepwise NTR truncations revealed that
the NTR down-regulates Brr2.”> NTR-based auto-inhibition of
Brr2 is implemented by at least 2 mechanisms. First, compari-
son of structures of full-length Brr2 in complex with the Prp8
Jabl domain®>>® with the structure of Brr2 bound to U4/U6 di-
snRNA in the framework of a yeast tri-snRNP'? indicated that
the plug domain of the NTR upon folding back onto the heli-
case cassettes competes with accommodation of stem I of the
substrate, which Brr2 has to unwind during spliceosome activa-
tion.”” In full agreement with this structural analysis, RNA
binding studies showed that the NTR has no effect on single-
stranded RNA binding by Brr2, but inhibits binding of sub-
strates that additionally include a duplex resembling U4/U6
stem 1.°° Second, the NC-clamp connects the RecA-like and
WH domains of the active NC and locks the RecAl and the
RecA2 domains in a conformation not conducive to ATP
hydrolysis.”

The NTR is essential for yeast viability, splicing efficiency,
stable association of Brr2 with the tri-snRNP and tri-snRNP
stability in the presence of ATP.***® Shortening of the NTR led
to unconventional, ATP-dependent, Brr2-mediated tri-snRNP
disruption into U4/U6 di-snRNP and U5 snRNP,” and
removal of the first 120 residues of the NTR in yeast Brr2 eli-
cited an increased loss of U5 and U6 snRNAs during spliceo-
some activation.** Similar to the CC, Y2H>* and pulldown

studies** suggested that the NTR interacts with a large number
of splicing factors implicated in different steps of splicing, con-
sistent with the NTR supporting recruitment or anchoring of
Brr2 to U5 snRNP and the tri-snRNP.>> The diverse protein
interactions of the NTR might help to reinforce, fine-tune or
release Brr2 auto-inhibition via the NTR.

For efficient Brr2-mediated U4/U6 unwinding, auto-inhibi-
tion by the NTR has to be relieved. The NTR elements in their
auto-inhibitory states interact with the helicase cassettes via a
large, combined interface (~4500 A?). A continuous interface
of this extent may be difficult to disrupt when Brr2 activity is
required during splicing. However, distributing this area among
several smaller interfaces may allow for a more facile, stepwise
“peeling off” of the NTR to relieve Brr2 auto-inhibition. A simi-
lar principle has been suggested to facilitate release of bacterial
o factors from the RNA polymerase core enzyme during the
transition from transcriptional initiation to elongation.*®

Similarities to other RNA helicases

Many SF2 helicases, e.g. all members of the DEAH/RHA and
Ski2-like families, contain accessory domains that together
with 2 RecA-like domains form active helicase cassettes, remi-
niscent of the NC of Brr2. Within these cassettes, all DEAH/
RHA and Ski2-like helicases contain a Brr2-like ratchet (HB)
domain connected via a WH domain to the RecA domains.
However, additional domains are restricted to individual pro-
teins or sub-groups of helicases. E.g., while the Ski2-like DNA
helicase, Hel308, contains a HLH domain (which improves
coupling of ATPase and unwinding activities®’) following the
ratchet domain as also seen in Brr2, the Ski2-like RNA helicase,
Mtr4, contains an arch-like domain inserted into its core
(which aids in the recognition of specific substrates®*® and
modulates helicase activity”’). The DEAH/RHA helicases Prp2,
Prpl16, Prp22 and Prp43, in contrast, contain a C-terminal OB-
fold,*®***”"”> which in Prp43 stimulates RNA binding and
ATPase activity.”

Together with Brr2, only very few other helicases, including
yeast Slh1p”> and human ASCC3,”* exhibit 2 helicase cassettes.
These enzymes form a small clade within the Ski2-like family.
Whether all of these dual-cassette enzymes contain an active
and an inactive helicase cassette and whether similar principles
of regulation as in Brr2 are at work is presently not known. At
least the sequence of active and inactive cassettes does not seem
to be universally conserved; in contrast to Brr2, the C-terminal
cassette of the human ASCC3 enzyme has been found to be an
active DNA helicase.”

While helicase cassettes are largely composed of structured
domains that can be identified based on the protein sequences,
and whose functions may be deduced from those of corre-
sponding domains in structurally and functionally character-
ized enzymes, RNA helicases often also contain N- or C-
terminal extensions, which frequently lack recognizable
domains. The lengths and sequences of these appendices are
highly variable, and their functions can therefore not be pre-
dicted based on sequence information alone. Surveying known
helicase structures, we found that in many cases N-terminal
appendices fold back onto the helicase cassettes and might act
as auto-inhibition elements as seen in Brr2 (Fig. 3). The DEAD
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Figure 3. Comparison of the N-terminal extensions of various SF2 helicases. Structures were spatially aligned with respect to their RecA1 domains. (A) Truncated yeast
Brr2-Jab1 (PDB ID 5M5P).>® (B) Yeast Prp5 (PDB ID 4LYJ).”® (C) Human DDX19 (PDB ID 3EWS).”” (D) Yeast Prp43 (PDB ID 2XAU).>® (E) Yeast Mtr4 (PDB ID 4QU4).”°
(F) N. crassa FRH bound to ADP (PDB ID 5E02).”® The color code for the various domains and regions is indicated on the right. Rotation symbols indicate views relative to

panel (A).

box helicases Prp5’® and DDX19”7 contain N-terminal exten-
sions that locally fold as «-helices to wedge between the 2
RecA-like domains (Fig. 3B,C). In these enzymes, the N-termi-
nal extensions seem to stabilize an inactive relative orientation
of the 2 RecA-like domains, with the surfaces that have to
come together for ATP and RNA binding remote from each
other. In contrast, the N-terminal extensions of Prp43,”*>7!
yeast Mtrd®®® and Neurospora crassa frequency-interacting
RNA helicase (FRH)”® together with accessory domains stabi-
lize a relative orientation of the RecA-domains that resembles
the productive conformation (Fig. 3D-F). Similar to Brr2, the
N-terminal regions of Prp43, Mtr4 and FRH might thus serve
to reduce conformational flexibility in the helicase cores, coun-
teracting intrinsic NTPase, RNA binding and thus helicase
activity. Structural bioinformatics analyses have revealed PWI-
like domains at the very N-termini of the human Prp2 and
Prp22 spliceosomal RNA helicases (but not in the respective
yeast proteins),”” but whether the enzymes’ NTRs in general or
the PWI-like domains in particular play similar regulatory roles
as in Brr2 is presently not known.

Brr2 regulation via trans-acting factors

In addition to its intricate intra-molecular regulation, Brr2 is
influenced by several other spliceosomal proteins, first and
foremost Prp8. Prp8 is the largest and most highly conserved
spliceosomal protein®® and forms a scaffold, on which the cata-
lytic core of the spliceosome is assembled.*®" At its C-termi-
nus, Prp8 comprises an RNase H-like (RH) domain®®!
followed by a Jabl domain,***® both of which can regulate Brr2

function. The RH domain can bind to the single-stranded
region of the U4 snRNA neighboring U4/U6 stem I (the U4
central domain), thus hindering Brr2 entry and inhibiting the
helicase by substrate competition.*” The Jabl domain can
directly and stably bind on top of the N-terminal Sec63 unit of
Brr2 (Fig. 2B).”®* In this position, it can insert an intrinsically
disordered C-terminal tail into the Brr2 RNA-binding tunnel,
thereby inhibiting accommodation of a substrate strand and
consequently RNA duplex unwinding (Fig. 2B).>>*® The func-
tional relevance of this mode of Brr2 inhibition is underscored
by the observation that mutations in Prp8, which affect residues
in the Jabl C-terminal tail and interfere with its function, lead
to a severe form of retinitis pigmentosa in human.>>*® The tail
insertion was first observed in the structure of a human Brr2-
Jabl complex,® in which the Brr2 subunit lacked all elements
of the NTR except the NC-clamp, but was not seen in a slightly
further truncated yeast Brr2-Jabl complex.”® These findings
raised the question whether the Jabl tail insertion is conserved
among organisms. We addressed this question in the accompa-
nying research paper and found that the tail insertion mecha-
nism is conserved in the yeast, C. thermophilum and human
systems.”® Interestingly, however, the interaction network of
the Jabl tail with Brr2 differs between organisms. A structure
of full-length yeast Brr2-Jab1°® possibly explains the lack of a
stably bound Jabl tail in N-terminally truncated yeast Brr2-
Jabl complexes®®®: the RecA2 domain can move relative to
the remaining parts of the NC and is likely held fixed by the
plug of the NTR, which is missing in these latter structures.
Remarkably, removal of the C-terminal 16 residues of the
tail (Jab14©) not only abrogates Jabl-mediated Brr2 inhibition
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but converts Jabl into a potent activator of Brr2.°*%8 Likewise,
Jabl bearing an intact tail can enhance Brr2 activity and effi-
ciency in vitro after displacement of the tail by larger amounts
of substrate RNA.”>*® Recent studies suggested that Jab1-medi-
ated stimulation of Brr2 might be required at the stage of spli-
ceosome catalytic activation, during which Brr2 needs to
unwind U4/U6 di-snRNA decorated with U4/U6 proteins;
addition of the U4/U6 di-snRNP proteins Snul3, Prp31 and
Prp3 led to a stepwise decrease in unwinding activity, which
could be efficiently restored upon addition of Jab1*“.** On the
molecular level, Jabl-mediated Brr2 activation may in part be
due to bridging of the N-terminal HB and RecA2 domains by
the proximal portion of the Jabl tail (Fig. 2B), via which the U4
snRNA strand might be more efficiently entrapped at the NC.
This notion is in line with the finding of an increased processiv-
ity of Brr2 in the presence of Jab1.*’

In addition to Prp8, the single spliceosomal G protein,
Snull4, has been implicated in Brr2 regulation.****" Like
Brr2, Snull4 is a U5 snRNP protein required for spliceosome
activation”®* and is also involved in spliceosome disassem-
bly.*® Furthermore, recent analyses suggested that spliceosome
activation is also regulated by reversible ubiquitination of U4/
Ué6-associated proteins.”> We will briefly discuss possible roles
of Snul14 and ubiquitin in Brr2 regulation during splicing later
in this article.

Functional cross-talk among regulatory levels

Multiple lines of evidence support the view that the various cis-
and trans-regulatory mechanisms of Brr2 do not merely act in
isolation but are functionally coupled. Systematic RNA binding
and unwinding analyses with Brr2 variants containing or lack-
ing the CC revealed that the CC is important for the intra-
molecular regulation via the NTR.*® Furthermore, these analy-
ses showed that different regulatory elements within the NTR
mutually influence each other.”® These findings can be under-
stood by various regions of the NTR folding back onto neigh-
boring surfaces of the NC and CC to achieve Brr2 auto-
inhibition®>*® Similarly, comparison of the effects of Jabl with
or without its C-terminal tail on Brr2 variants containing or
lacking the inactive CC showed that the Jabl domain likewise
requires the presence of the CC to take full effect on the NC.>
As the Jab 1 domain does not foster direct contacts to the CC
(Fig. 2B), this effect must be mediated indirectly via contacts of
the CC to the NC.

In addition to their cooperation with the CC, we recently
uncovered an intricate regulatory interplay between the Brr2
NTR and the Prp8 Jabl domain.’® The NTR has no effect on
the binding of single-stranded RNA, but it efficiently inhibits
binding of substrates that contain a duplex region resembling
stem I of U4/U6 di-snRNA. Conversely, the Jabl domain in the
absence of the N'TR is only able to inhibit binding of single-
stranded RNA but does not modulate binding of RNAs bearing
a stem I-like duplex. The different behavior of the NTR and
Jabl domain with respect to single- and double-stranded sub-
strates is fully in line with the plug domain of the NTR steri-
cally hindering accommodation of the RNA duplex region to
be unwound and the Jabl C-terminal tail competing with
accommodation of a single-stranded substrate strand at the

RNA-binding tunnel. Moreover, crystal structure analysis of a
full-length Brr2-Jabl complex showed that auto-inhibition by
the NTR and inhibition by the Jabl domain can take effect at
the same time.”® Consistently, the NTR and the Jabl domain
mutually reinforce each other in inhibiting RNA binding and
unwinding.*® On the other hand, Jab1*“ enhances Brr2-medi-
ated U4/U6 unwinding irrespective of the presence of the NTR,
and the NTR still exerts an inhibitory effect in the presence of
Jab12€, showing that NTR- and Jabl-based regulatory mecha-
nisms can also act independently of each other. The two inhibi-
tory mechanisms acting alone or in concert in principle afford
opportunities for tuning Brr2 activity to various levels.

Brr2 regulation in the tri-snRNP

In a recent cryo-EM structure of a human U4/U6eU5 tri-
snRNP,'* Brr2 was found in an auto-inhibited conformation
with the NTR folded back onto the helicase cassettes, very simi-
lar to the situation in isolated Brr2-Jabl complexes®°
(Fig. 4A,B). Furthermore, in that structure the Brr2 active site
is positioned about 80 A away from the Brr2 entry site on U4
snRNA (Fig. 4B). Consistent with Brr2 held in an inhibited
state, human tri-snRNP preparations are stable in the presence
of ATP,” indicating that the human tri-snRNP structure repre-
sents a resting state of the tri-snRNP before delivery to the spli-
ceosome. Furthermore, in full agreement with the suggested
role as a multi-protein interaction device and as an anchor to
the tri-snRNP,>** the Brr2 NTR interacts with several other
proteins in the human tri-snRNP, with the plug contacting
Prp6 and the RH domain of Prp8 and the PWI domain inter-
acting with Snul14 and Sadl (Fig. 4B). Sadl is one of 3 proteins
(together with Snu66 and 27K) that are part of the tri-snRNP
but absent from the isolated U4/U6 and U5 snRNPs,”>” sug-
gesting that it is crucial for restraining Brr2 in its inactive posi-
tion and conformation in the tri-snRNP. In contrast to the
NTR-mediated auto-inhibition, additional inhibition of Brr2
via the Jabl C-terminal tail is not evident from the human tri-
snRNP structure, possibly due to the limited resolution, but
appears feasible as the globular part of the Prp8 Jabl domain is
bound to Brr2 in the same fashion as seen in isolation.

In stark contrast to the human tri-snRNP structure, the
Brr2-Jabl module is detached from Snull4, Prp6 and the Prp8
RH domain in cryo-EM structures of yeast tri-snRNP prepara-
tions, and Brr2 is loaded onto the central domain of U4
snRNA'>" (Fig. 4C). As required for productive RNA binding,
the NTR is completely removed from the helicase core, instead
reaching out toward the U4/U6 region of the tri-snRNP, and
the single-stranded region of U4 displaces the Jabl C-terminal
tail from the Brr2 RNA-binding tunnel (Fig. 4C). As the NTR
is completely peeled off the Brr2 helicase region bound at U4
snRNA, U4-loaded Brr2 resembles a Brr2 variant that lacks the
entire NTR, which is most active in in vitro unwinding assays.>
Thus, in principle Brr2 in the yeast tri-snRNP structures is
ready to unwind U4/U6 stem I. Consistently, the corresponding
tri-snRNP preparations disintegrated upon addition of ATP,”
as also observed previously with yeast tri-snRNP in
extracts,”®”® suggesting that the state captured in these struc-
tures does not correspond to that of a stable tri-snRNP outside
the spliceosome in vivo. Notably, the yeast tri-snRNP



CELLCYCLE (&) 3369

Figure 4. State of Brr2 in isolation and in tri-snRNPs. Diametric views of (A) an isolated yeast Brr2-Jab1 complex (PDB ID 5DCA),>® (B) human U4/U6eU5 tri-snRNP (PDB ID
3JCR)' and (C) yeast U4/U6eU5 tri-snRNP (PDB ID 5GAN)."? Brr2, U4 snRNA, U6 snRNA and proteins interacting with the Brr2 NTR or the CC are highlighted by colors.
NTR, magenta; NC, dark gray; CC, beige; Prp8 RH domain, light orange; Jab1, gold; Snu114, dark red; Sad1, cyan; Prp6, dark green; Snu66, light green; Prp3, dark blue; U4
snRNA, brown; U6 snRNA, orange. Green asterisks in (B), right panel, location of the Brr2 active site; orange asterisks in (B), right panel, approximate location of the U4
central domain, where Brr2 initially binds the U4/U6 duplex. Views with Brr2 in the same orientation as in (A).

preparations used for cryo-EM analyses lacked the Sadl pro-
tein,'>"? supporting the notion that Sad1 is crucial for keeping
Brr2 inactive in the tri-snRNP and suggesting that the resting
state of the yeast tri-snRNP, which includes Sadl, resembles
the human tri-snRNP structure. Knockdown of Sadl in yeast
has been shown to lead to ATP-dependent, Brr2-mediated,
non-canonical disruption of the tri-snRNP into U4/U6 and U5
particles,” recapitulating the effects seen with Brr2 NTR trun-
cations® and thus corroborating that Sadl reinforces NTR-
mediated Brr2 inhibition and takes advantage of the Brr2 NTR
to position the helicase remote from its U4/U6 entry site in the
resting state of the yeast tri-snRNP as well.

It is possible that the yeast tri-snRNP structures, in which
Brr2 is apparently prematurely primed for U4/U6 disruption,
resemble a situation in the pre-catalytic spliceosome directly
before Brr2-mediated spliceosome activation. Under this
assumption, the position of the Brr2 NTR in one of the yeast
tri-snRNP structures'? would provide an explanation for the
observed non-canonical Brr2-mediated tri-snRNP disruption
into U4/U6 and U5 and for the increased loss of U5 and U6
during spliceosome activation** upon NTR truncation. In this
structure, only the PWI domain and NC-clamp regions of the

NTR could be traced and are seen to engage in a completely dif-
ferent interaction network than in the ATP-resistant human
tri-snRNP structure. Here, part of the NC-clamp adopts a heli-
cal structure that together with part of the PWI domain inter-
acts with Prp3 and U4/U6 stem II (Fig. 4C). Thus, while in this
state the NTR has given up its role of Brr2 auto-inhibition, it
may now aid in the proper segregation of subunits during pro-
ductive tri-snRNP disruption.

Brr2 regulation during splicing

NTR- and Jab1-based regulation during splicing

Very recently, cryo-EM structures of yeast spliceosomal B**
complexes,'*”'%" of 2 states of the yeast spliceosome after step 1
(C complex)'*>'*® and of a post-catalytic intron-lariat spliceo-
some®' have been determined. These structures together with
previous functional analyses support a picture, in which Brr2
aids in recruiting and possibly regulating other spliceosome
remodeling enzymes, during which Brr2 itself is apparently
inhibited by different combinations of NTR- and Jabl-based
mechanisms. Thus, these results illustrate potential roles of
Brr2 during the catalytic phase of splicing and during
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spliceosome disassembly, in which it was previously impli-
cated,***® which do not necessarily rely on the enzyme’s
ATPase/helicase activities.*>*

Brr2 is located on one side of a triangular central body of the
spliceosomal B** complex, close to the DEAH/RHA helicase
Prp2 (Fig. 5A)."°%'°" In B**, the Brr2 NTR adopts its auto-
inhibited state, wrapped around the Brr2 helicase cassettes, as
in the Brr2-Jabl complexes and as in the human tri-snRNP
structure. Additionally, the globular part of the Prp8 Jabl
domain remains bound to the Brr2 NC and the Jabl C-terminal
tail is occupying the Brr2 RNA-binding tunnel, indicating that
the NTR and Jabl domain together shut Brr2 down after spli-
ceosome activation (Fig. 1). Prp2 is required for the transition
from the B** to the B* complex,'®* during which it remodels
binding of the multimeric SF3b complex to the branch point
region,'”'*” reduces association of SF3a and SF3b proteins,'*°
leads to displacement of the Cwc24 and Cwc27 components of
the 19 complex (NTC) as well as of the Bud13 subunit of the
RNA retention and splicing (RES) complex'’® and proofreads
the catalytic core of the spliceosome.'”” Consistent with some
of these functions, the SF3B1 (Hsh155) protein in the B* com-
plex bridges between the plug domain of Brr2 and Prp2. Brr2

additionally contacts the splicing factors SF3B3 (Resl), Cwc24,
Cwc27 and the endonuclease domain of Prp8. While Brr2 and
Prp2 do not directly interact in B**, Y2H analyses have sug-
gested direct contacts between the proteins involving the C-ter-
minal HB domain of Brr2.%* Thus, Brr2 might aid in recruiting
Prp2 to the spliceosome but direct interactions between the
proteins may be lost upon accommodation of Prp2 in the B**
complex.

In one structure of a yeast post-step 1 spliceosome,'** Brr2
uses the HLH domain of its NC to directly interact with the
DEAH/RHA helicase Prpl6 (Fig. 5B). Prpl6 is required for
spliceosome rearrangements that enable second step cataly-
sis,'**'% including the displacement of the NTC-related pro-
tein Yju2 and the C complex protein Cwc25.""" Furthermore, it
contributes to the fidelity of branching'''"''? and enables alter-
native 3'SS selection in an ATP-dependent manner''* and in
cooperation with the ISY1 protein of the intron-binding com-
plex.'"” Similar to the situation involving Brr2 and Prp2 in the
B*** complex, Y2H analyses had indicated interactions of the C-
terminal Sec63 homology unit®* and of the NTR*>* of Brr2 with
Prp16, which are not seen in this structure of the yeast C com-
plex. Thus, Brr2 might again capitalize on different contacts to
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Figure 5. State of Brr2 in different spliceosomal contexts and interaction with other spliceosomal helicases. Views of (A) a yeast spliceosomal B** complex (PDB ID
5GM6)'® and (B) a yeast spliceosomal C complex (PDB ID 5LJ5).'% Brr2 and proteins interacting with the Brr2 NTR, and the Prp2 and Prp16 helicases are highlighted by
colors. NTR, magenta; NC, dark gray; CC, beige; Jab1, gold; SF3B1, dark teal; Prp2, red; Prp16, dark red. Views with Brr2 in the same orientation as in Figure 4A. Figure 5A,
left, is turned 30° around the vertical axis compared to Figure 4A.



Prp16 to aid in its recruitment, or it might interact differently
with Prp16 during proofreading or in different alternative splic-
ing scenarios to regulate Prpl6 activity via protein-protein
interactions. Consistent with the first suggestion, Brr2 is not
held in a fixed position but is flexibly connected to the spliceo-
somal body in another structure of a post-step 1 spliceo-
some,'” which lacks Prpl6. This post-step 1 spliceosome
might thus represent a stage preceding stable integration of
Prpl6, where Brr2 is acting as a flexibly tethered recruitment
platform for Prp16. Consistent with the notion of Brr2 regulat-
ing Prpl6 activity via alternative interactions, in vivo and in
vitro studies suggested a model in which the C-terminal Sec63
unit of Brr2, in particular the HB domain, inhibits the ATPase
activity of Prpl6 by interfering with its ability to bind RNA;
this inhibition was suggested to involve stabilization of a 5’'HP/
separator loop-OB domain interaction in Prp16, resulting in an
obstruction of its RNA-binding site.** Upon correct positioning
of Prpl6 in the C complex this inhibition may be released and
Brr2 may remain associated with Prp16 through interactions of
its N-terminal cassette HLH domain. Mutations within the HB
domain of the Brr2 CC also led to changes in interactions with
Prp2,°* indicating that both helicases may engage in similar
contacts with and are possibly inhibited by Brr2 during their
recruitment, until they are accommodated in the spliceosome.

While it exerts Prpl6-related functions, Brr2’s own helicase
activity might have to be turned off. As there is no evidence in
the C complex structure for the NTR auto-inhibiting Brr2, Brr2
inhibition at this stage might depend on the Jabl C-terminal
tail (Fig. 1), which would be in line with the Prp8 Jabl domain
being important for Brr2 function during splicing catalysis.*”
This organization would leave the Brr2 NTR available to engage
in contacts with and possibly regulate the activity of Prp16.>*
However, the limited local resolution in the corresponding
region of the Prpl6-containing C complex structure does not
unequivocally reveal the state of the NTR or the Jabl domain.

Following mRNP displacement from the post-catalytic spli-
ceosome by the Prp22 helicase, the Prp43 enzyme elicits disas-
sembly of the remaining intron-lariat spliceosome.’''® Prp43
is recruited in complex with the Ntrl and Ntr2 proteins during
C complex formation, before the second step of splicing.'® As
Brr2 can interact with the Ntr2 subunit of this complex,'"” it
again may support recruitment of the Prp43 machinery for
intron-lariat spliccosome disassembly. However, Ntr2 is not
essential for association of Prp43 with the spliceosome, yet its
presence is required to prevent Prp43-mediated disruption of
intact spliceosomal intermediates other than the intron-lariat
spliceosome.''® Thus, after accommodation of Prp43, Brr2
might further modulate Prp43 activities based on its intractions
with Ntr2. Similar to the structure of a post-step 1 spliceosome
lacking Prp16,'” Brr2 is also flexibly tethered in a post-catalytic
intron-lariat spliceosome and Prp43 has not been located in
that structure,®' presently leaving the structural basis for such
putative regulatory interactions unresolved.

Being tethered solely by a long, flexible linker between the
Prp8 RH and Jabl domains in some stages of splicing, Brr2
would be in an ideal configuration for exerting a “fishing” func-
tion for other spliceosome remodeling enzymes. A similar role
has been attributed to the globular head groups of the bacterial
ribosomal L12 proteins, which are flexibly tethered to the large
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ribosomal subunit and serve as initial docking sites for transla-
tion factor GTPases and, after recruitment of these proteins,
regulate their GTPase activities.''” As Brr2 in these states obvi-
ously lacks contacts to spliceosomal elements other than the
Prp8 Jabl domain, the Brr2-Jabl complex might well adopt its
fully inhibited conformation as seen in an isolated Brr2-Jabl
structure®® (Fig. 1).

Intermittent occupation of the Brr2 RNA-binding tunnel by
the Jabl tail might also be important at stages when Brr2 inhi-
bition has to be maintained, even though the NTR is detached
from the helicase core. For example, during priming of a pre-
catalytic spliceosome for Brr2-mediated activation, where the
NTR has to detach from the helicase cassettes and might inter-
act with other spliceosomal components to guide productive
tri-snRNP disruption, the Jabl tail might inhibit Brr2 until it
encounters its cognate U4/U6 substrate to avoid off-target
effects (Fig. 1). In this scenario, the Jabl tail bound at the
RNA-binding tunnel of Brr2 may provide a selectivity filter,
whose binding strength is appropriately tuned to allow its dis-
placement by the cognate U4/U6 duplex (which comprises
multiple regions that associate with Brr2), but not by non-
cognate RNAs such as the substrate pre-mRNA (which might
predominantly present single-stranded regions that are effi-
ciently competed out by the Jabl tail). Fine-tuning of the bind-
ing strength of the Jabl C-terminal tail to the Brr2 RNA-
binding tunnel likely relies on the intrinsically unstructured
nature of this tail.**

Taken together, presently available structures of isolated
Brr2-Jabl complexes, tri-snRNPs and spliceosomes in combi-
nation with functional studies support the notion that the NTR
is essential to shut off Brr2 activity during tri-snRNP assembly
and during several stages of splicing, and that the Jabl domain
remains stably bound to Brr2 during all phases of splicing, in
which Brr2 is present (Fig. 1). Jabl-mediated activation of Brr2
is apparently crucial for efficient U4/U6 disruption during spli-
ceosome activation (Fig. 1). NTR- and Jabl-based Brr2 inhibi-
tion might take effect individually or in combination, the latter
in particular during stages of splicing, in which Brr2 is tethered
in a flexible manner to the spliceosomal body (Fig. 1).

Additional mechanisms of Brr2 regulation during splicing

Presently, it is unclear how Brr2 is induced to assume its active
conformation and position during priming of the pre-catalytic
spliccosome for activation. A candidate protein that might
induce Brr2 activation is Snull4. As Snull4 exhibits striking
resemblance to the translational translocases, EF-G and eEF2,
the protein has been proposed to undergo conformational
changes upon GTP hydrolysis that might drive spliceosomal
rearrangements.”’”> Another study likened Snull4 to small
regulatory G proteins, with the GDP-bound state of Snull4
inhibiting U4/U6 unwinding and spliceosome disassembly and
the GTP-bound state activating both processes.*® In the human
tri-snRNP structure,"* which might resemble the state of the
tri-snRNP immediately following B complex formation, the
PWI domain of Brr2 interacts with Snull4 (Fig. 4B). Thus, it
appears feasible that Snull4 helps to initially lock Brr2 in an
inhibited conformation and position in the pre-catalytic spli-
ceosome. Upon GTP hydrolysis, a conformational change
could initiate detachment of the Brr2 helicase core from this
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inhibitory configuration to allow its loading onto U4 snRNA.
However, while biochemical analyses provided evidence for the
requirement of Snull4-dependent GTP hydrolysis during the
activation phase of splicing,”® mutations that affect a putative
catalytic residue in Snull4 or a putative Prp8-dependent
GTPase inhibition mechanism did not show growth defects in
yeast.'"> Thus, it presently remains unclear whether and at
which stage Snull4-mediated GTP hydrolysis is required and
whether and how it might be linked to Brr2 regulation and spli-
ceosome activation.

Likewise, it remains to be elucidated how yet other regula-
tory mechanisms, established via the Prp8 RH domain®” or via
reversible ubiquitination of U4/U6 proteins,” are implemented
on the molecular level. As the RH domain can interact with the
NTR of Brr2'* as well as with U4/U6*” and can dramatically
change its position during splicing,'”'* it may intermittently
contact U4/U6 during priming of a pre-catalytic spliceosome
for Brr2-mediated activation, thus guiding the core of Brr2 to
its entry site on U4 snRNA. Interestingly, the Prp8 Jabl domain
resembles corresponding domains in deubiquitinating
enzymes.®®® Although it is catalytically inactive as a deubiqui-
tinase, it can still bind ubiquitin."*® Thus, it is conceivable that
ubiquitinated spliceosomal proteins contact the Jabl domain
via their ubiquitin units and influence its ability to inhibit or
activate Brr2.

Implications for Brr2-dependent proofreading and
regulation of alternative splicing
All universally conserved spliceosomal helicases, except Brr2
and UAP56/Sub2, have previously been shown to act as proof-
readers by channeling sub-optimal substrates into discard path-
ways; they thereby enhance splicing fidelity and can influence
the outcome of alternative splicing decisions by differentially
affecting the kinetics of competing splicing events.'*”! 121124
As Brr2 may be involved in the recruitment of other spliceoso-
mal remodeling enzymes during various stages of splicing and
might additionally influence their activities via protein-protein
interactions (see above), it could modulate splicing fidelity and
alternative splicing indirectly via recruitment and regulation of
these other enzymes. This idea is in line with previous pro-
posals of Brr2 functioning as a landing pad for multiple other
helicases, which might sequentially interact in similar fashion
with the C-terminal cassette.***"->>%3%4

Based on the observations that a temperature-sensitive yeast
Brr2 variant (E909K), encoded by the sit22-1 allele, is syntheti-
cally lethal with mutations in U2 or U6 snRNAs that affect the
stability or conformation of U2/U6 helix II, and that the
ATPase activity of this variant is no longer stimulated by a U2/
U6 duplex, it was proposed that Brr2 might proofread U2/U6
interactions.*” Furthermore, different cross-linking profiles of
wt Brr2 and a variant exhibiting a residue exchange (G858R) in
the NC 5'HP/separator loop with U6 snRNA*® together with
the latter variant exhibiting a second step defect and showing
synthetic lethality with step 2 mutations in Slu7, Prp18 and
Prp16***’ suggest that Brr2 participates in a transient opening
of the catalytic core between the 2 steps of splicing, which is
characterized by the intermittent disruption of U6-5SS and U2-
U6 interactions.'*>'*® However, whether Brr2 actively disrupts
RNA-RNA or RNA-protein interaction in this phase of splicing

or whether it simply provides RNA binding sites is presently
unclear.*

Curiously, the E909K exchange in Brr2 blocks splicing in
extracts at or before the first catalytic step and leads to the
appearance of an off-pathway spliceosomal particle following B
complex formation, which lacks U4 and U5 snRNAs.** E909 is
located in the linker connecting the RecA2 to the WH domains
in the NC of Brr2 and apparently stabilizes the relative orienta-
tion of the domains similar to the NC-clamp of the NTR
(Fig. 2D). As also deletion of the NTR influences the ATPase
activity of Brr2 (albeit increasing it)>> and leads to increased
loss of U5 and U6 snRNAs during spliceosome activation,**
several Brr2 elements apparently control the Brr2 ATPase (and
thus likely helicase) activity by adjusting the relative orienta-
tions of NC domains and/or their conformational flexibility.
Manipulation of these elements apparently affects the partition-
ing of spliceosomes between productive activation or a discard
pathway that is characterized by the loss of U5 snRNA. Inter-
estingly, several brr2 mutations linked to the RP33 form of
autosomal dominant retinitis pigmentosa map to the linker
between the RecA domains of the NC (R681C, R681H, V683L)
and to the beginning of the RecA2 domain (Y689C), where
they mediate inter-RecA contacts or stabilize the fold of the
RecA2 domain.’"** Similar to changes in the elements that
affect relative domain arrangements and conformational flexi-
bility of the NC, RP33-linked exchanges in these residues may
lead to altered Brr2 ATPase activity and aberrant partitioning
of spliceosomes along activation and discard pathways, consti-
tuting a novel disease principle.

The above hypothesis is in line with a recent analysis of the
mechanism of spliceosome activation using multi-wavelength
single-molecule co-localization spectroscopy, which demon-
strated that after tri-snRNP binding, the spliceosome can either
proceed to activation or release U4 and U5 snRNAs."”” The
ATP-dependent loss of U4 and U5 snRNAs was suggested to
represent Prp28-mediated displacement of the tri-snRNP.'*’
However, the observations that Sad1l knockdown® or trunca-
tion of the Brr2 NTR™ lead to non-canonical Brr2-mediated
disruption of the tri-snRNP, that NTR truncations lead to
increased loss of U5 and U6 snRNAs upon spliceosome activa-
tion** and that a mutation of a Brr2 residue (E909), which sup-
ports the relative domain arrangement in the NC, is associated
with the loss of U4 and U5 snRNAs from B complex spliceo-
somes® indicate that the process observed could alternatively
represent a Brr2-mediated discard pathway.

In light of the above considerations, it is conceivable that the
NC domain arrangement, the interaction of the NTR with the
Brr2 helicase region and/or the reinforcement of this interac-
tion by Sadl are differentially influenced during tri-snRNP
recruitment or during a priming phase for spliceosome activa-
tion in different splicing scenarios, leading to a different likeli-
hood of the resulting pre-catalytic complexes to partition along
activation or a discard pathway (Fig. 6). This partitioning might
be further influenced by a different susceptibility of the pre-
catalytic complexes to intermittent Brr2 inhibition by the Jabl
C-terminal tail. Thus, the multiple regulatory mechanisms act-
ing on Brr2 might be used in a combinatorial fashion to affect
splicing kinetics and the outcome of alternative splicing deci-
sions (Fig. 6).



CELLCYCLE (&) 3373

pre-mRNA

®

Brr2 fast

i

Brr2 slow
)

Isoform 1

$\g@

E2 E3

Brr2 slow

N

(ua),

Isoform 2

Figure 6. Model for putative Brr2-mediated enhancement of splicing fidelity and regulation of alternative splicing. Depending on the state of the NTR and the Sad1 pro-
tein in competing alternative splicing scenarios (left and right branches), Brr2 may be more or less prone to disrupt the tri-snRNP in a non-productive fashion, thus differ-
entially channeling the different substrates along the splicing or discard pathways. Similarly, depending on the level of Brr2 inhibition in competing alternative splicing
scenarios, the helicase may elicit spliceosome activation slowly or quickly, kinetically controlling the levels of protein isoforms produced.
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