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Abstract

RNAATPases/helicases remodel substrate RNA–protein complexes in distinct ways.

The different RNA ATPases/helicases, taking part to the spliceosome complex, reshape

the RNA/RNA-protein contacts to enable premature-messenger RNA splicing. Among

them, the Bad Response to Refrigeration 2 (Brr2) helicase promotes U4/U6 small nu-

clear (sn)RNA unwinding via ATP-driven translocation of the U4 snRNA strand, thus

playing a pivotal role during the activation, catalytic and disassembly phases of splicing.

The plastic Brr2 architecture consists of an enzymatically active N-terminal cassette

(N-cassette) and a structurally similar, but inactive, C-terminal cassette (C-cassette).

The C-cassette, along with other allosteric effectors and regulators, tightly and timely

controls Brr2’s function via an elusive mechanism.

Here, microsecond-long molecular dynamics simulations, dynamical network the-

ory and community network analysis are combined to elucidate how allosteric ef-

fectors/regulators modulate the Brr2 function. We also unexpectedly reveal that U4

snRNA itself acts as an allosteric regulator, amplifying the cross-talk of distal Brr2

domains and triggering a conformational reorganization of the protein. Our find-

ings offer fundamental understanding into Brr2’s mechanism of action, and broaden
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our knowledge on the sophisticated regulatory mechanisms by which spliceosome AT-

Pases/helicases control gene expression. This includes the allosteric regulation exerted

by client RNA strands, a mechanism that may be broadly applicable to other RNA-

dependent ATPases/helicases.
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Present in all domains of life, RNA-

dependent ATPases/helicases take part to

many key aspects of RNA metabolism, from

transcription and processing to translation

and decay. At the functional level, RNA he-

licases promote rearrangements of RNAs and

RNP particles by coupling nucleic acid bind-

ing and release with ATP hydrolysis. Struc-

tural and biochemical studies pinpointed the

plasticity of RNA ATPases/helicases as a

fundamental and instrumental property to

control their timely activation in the cell.1

Among the key cellular processes in which

RNA ATPases/helicases play key role is pre-

cursor messenger RNA (pre-mRNA) splicing,

a process which produces functional protein-

coding mRNAs and long non-coding RNA.2,3

The spliceosome, a complex ribonuleoprotein

(RNP) machinery, composed by five small

nuclear RNAs (snRNAs) and hundreds of

proteins, catalyzes pre-mRNA splicing.5 To

perform this process with high precision the

spliceosome assembles de novo at each cy-

cle and undergoes substantial conformational

and compositional changes, forming different

intermediates (A, B, Bact, B*, C, C*, P,

ILS) (Figure S1A).6 Its progression through

these states is fueled by eight distinct RNA-

dependent ATPases/RNA helicases.7 Among

them, Brr2 contributes to spliceosome acti-

vation by promoting U4/U6 small nuclear

(sn)RNA unwinding. Namely, Brr2 couples

ATP hydrolysis to U4 snRNA translocation,

thus allowing U6 snRNA to form the RNA-

based catalytic site of the spliceosome.5 Thus,

Brr2 plays a key role in splicing metabolism

by timing the RNAs and protein/RNA struc-

tural changes and by proofreading the RNA

strands (Figure S1A). Besides tacking part

to pre-mRNA splicing, Brr2 is involved in

other cellular processes such as RNA degra-

dation, viral defence, regulation of circa-

dian rhythm, DNA repair.13 Belonging to the

Ski2-like subfamily of RNA-dependent SF2

ATPase/helicase, Brr2’s has an almost dupli-

cated architecture as compared to the other

spliceosome DExH/DExD-box helicases,8,9

being composed by two structurally simi-

lar N-termimal and C-terminal cassettes (re-

ferred hereafter N-cassette and C-cassette, re-

spectively). Each cassette is made of two

RecA-like domains (RecA1 and RecA2), a

widget helix (WH) and a Sec63 homology

unit, which contains a helix bundle (HB), a

helix-loop-helix (HLH), and an immunoglob-

ulin (IG) domain (all domains belonging to

N-Cassette and C-cassette are hereafter re-

ferred with an initial N or C letter, respec-

tively) (Figure 1).

Its unique and striking architectural com-

plexity makes Brr2 function amenable to

be controlled via intra- and inter-molecular

regulatory mechanisms. Allostery is a

fundamental concept in biochemistry de-

scribing the communication between distant

sites in a protein, which leads to a func-

tional response.10{12 This phenomenon al-

lows proteins to adapt to their environ-

ment and carry out complex biological pro-

cesses under the action of ligand-effectors and

protein-regulators. Allosteric regulation is

a pervasive principle in RNA helicases, be-

ing paramount to Brr2 function.13 Indeed,

in Brr2 only the N-cassette exhibits AT-
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Figure 1: (A-D) Structure of Brr2 ATPase/helicase (PDB code 4KIT and 5O9Z for Brr2
and RNA coordinates, respectively) in frontal (A), back (B) and two sides view (C-D). In
N-terminal-cassette N-loop, NRecA1, NRecA2, NWH, NSec63 domains are depicted in light-
green, cyan, blue, grey, magenta new-cartoons, respectively. In C-terminal-cassette CRecA1,
CrecA2, CWH, CSec63 domains are shown in red, yellow, lilac and orange new-cartoons, re-
spectively. The Jab1 domain of Prp8 protein and U4 snRNA are shown in light-blue and
red, respectively. The Mg2+ ion and the ATP molecule are shown in balls and colored by
atom name. Each cassette is indicated by the black box.

Pase/RNA unwinding activity, while the C- cassette is enzymatically inactive, but it al-
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