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ABSTRACT

The DEAH-box helicase Prp43 has essential func-
tions in pre-mRNA splicing and ribosome biogene-
sis, remodeling structured RNAs. To initiate unwind-
ing, Prp43 must first accommodate a single-stranded
RNA segment into its RNA binding channel. This al-
lows translocation of the helicase on the RNA. G-
patch (gp) factors activate Prp43 in its cellular con-
text enhancing the intrinsically low ATPase and RNA
unwinding activity. It is unclear how the RNA load-
ing process is accomplished by Prp43 and how it is
regulated by its substrates, ATP and RNA, and the G-
patch partners. We developed single-molecule (sm)
FRET reporters on Prp43 from Chaetomium ther-
mophilum to monitor the conformational dynamics
of the RNA binding channel in Prp43 in real-time.
We show that the channel can alternate between
open and closed conformations. Binding of Pfai(gp)
and ATP shifts the distribution of states towards
channel opening, facilitating the accommodation of
RNA. After completion of the loading process, the
channel remains firmly closed during successive cy-
cles of ATP hydrolysis, ensuring stable interaction
with the RNA and processive translocation. Without
Pfa1(gp), it remains predominantly closed prevent-
ing efficient RNA loading. Our data reveal how the
ligands of Prp43 regulate the structural dynamics of
the RNA binding channel controlling the initial bind-
ing of RNA.
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INTRODUCTION

The DEAH-box helicase Prp43 remodels structured RNAs
and RNA-protein complexes (RNPs) on ribosome pre-
cursor complexes and the spliceosome (1). Members of
the DEAH-box helicase family reorganize their substrates
through ATP-dependent motility in 3’ to 5’ direction along
single-strands (2,3). During maturation of 60S ribosome
subunits, Prp43 releases small nucleolar RNAs from their
pre-mRNA binding sites (4-6), and it promotes the process-
ing of 20S to 18S rRNA in precursors of the 40S ribosome
(7,8). During the late states of splicing, Prp43 disassem-
bles the intron lariat complex and disrupts stalled spliceo-
somes bound to pre-messenger RNA (mRNA) with subop-
timal or erroneous splice sites, thus playing a key role in
mRNA quality control (9-14). In the absence of binding
partners provided by ribosome or spliceosome complexes,
the affinity of Prp43 for RNA is low, and the ability to un-
wind structured RNA is negligible (10,15-18). G-patch (gp)
proteins recruit the helicase to its cellular target sites, where
they locally stimulate helicase and ATPase activity (4—
9,16,19,20). Interestingly, the conserved glycine-rich con-
sensus sequence motif shared by all the G-patch proteins
is sufficient to achieve efficient stimulation (4,5,8,16,19,21).
We have recently demonstrated that the G-patch motif of
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Pfal (Pfal(gp)) enables Prp43 to translocate processively
along the RNA, controlling the movement of its RecA do-
mains such that dissociation from the substrate is prevented
during turnover (18).

Still, it remains unresolved how Prp43 gains access to its
specific RNA substrates which often lie buried in the in-
terior of complex RNA structures or RNPs. Efficient un-
winding of double stranded RNA (dsRNA) by DEAH-
box helicases requires a loading step onto a single stranded
RNA (ssRNA) overhang preceding the duplex (22-24).
The ssRNA is accommodated in a binding channel lo-
cated between the two RecA domains comprising the he-
licase core and the C-terminal domains, mostly by contacts
with the sugar-phosphate backbone, resulting in sequence-
independent interaction (15-17). How the ssRNA strands
enter the channel when Prp43 is part of cellular complexes is
poorly understood. It can either insert through the narrow
opening formed by the RecA2 and the C-terminal helix bun-
dle (HB) and oligosaccharide binding (OB) domains, which
is unlikely, or the entire channel widens up into a groove
that can then fold around the RNA. Support for the lat-
ter idea comes from crystal structures of Prp43 bound to
the ATP analog ADPBeF;~, which show the RNA binding
channel in an open conformation (16). In these structures,
the center of mass of the C-terminal HB and OB domains
is shifted by approximately 15 A with respect to the heli-
case core while the winged helix (WH) domain acts as a
hinge between the RecA2 and the HB domain. The open-
ing of the RNA binding channel is essential for Prp43 func-
tion as mutations trapping the channel in the closed con-
formation severely limit the unwinding activity (16). To-
gether, these findings suggest a nucleotide-dependent RNA
loading mechanism where ATP binding induces the open-
ing of the channel such that ssRNA can enter in a sin-
gle step. The subsequent closure of the channel around the
RNA as seen in the Prp43—ADPBeFe;"—RNA complex
would prime the helicase for translocation along the sub-
strate (16). Although this mechanism seems plausible on
first sight, it is not fully consistent with structural studies on
other DEAH-box helicases. So far, the only other DEAH-
box helicase observed with an open RNA binding channel
is Dhr1 (DHX37 in humans) in the absence of ligands and
co-factors (25). Nucleotide-dependent RNA loading is only
compatible with this structure assuming a dynamic equilib-
rium of open and closed states, which is shifted in favor of
the open state by the binding of ATP. The channel is closed
in structures of DHX15, (the human homolog of Prp43)
in complex with NKRF(gp) with and without ADP (26).
The G-patch connects the RecA2 and WH domains of the
helicase across the back side of the RNA binding channel
and induces no apparent changes in this region, suggest-
ing it does not promote the opening of the channel. On the
other hand, G-patch binding substantially strengthens the
affinity of Prp43 for RNA from the uM to the nM range,
which indicates that it has a massive impact on the RNA
binding properties of the enzyme (18,26,27). Whether this
also effects the initial RNA binding step was not addressed
so far and structures of helicase-G-patch-complexes with
an open channel are not available. We have shown previ-
ously that when Prp43 undergoes successive cycles of ATP
hydrolysis to processively translocate on the RNA, the like-
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lihood for dissociation is highest in the ADP-state while it
is much lower in the nucleotide-free and ATP-bound states
(18). Tight RNA binding of Prp43—ATP disagrees with
ATP induced channel opening unless further contacts gov-
ern the movement of the channel. Evidence proving the rel-
evance of channel opening for RNA loading is lacking not
only for members of the DEAH-box family but also for
other subclasses of RNA helicases. This is mainly due to the
absence of information on the structural dynamics of their
RNA binding channel during interaction with their bind-
ing partners, including the natural ATP substrate. The un-
derstanding how their activation is primarily achieved and
how regulation of helicases with similar architecture of the
RNA binding, for example the viral NS3 helicases, is ac-
complished is therefore limited (28).

Here, we use single molecule Forster Resonance Energy
Transfer (smFRET) to monitor the conformational dynam-
ics of the RNA binding channel of Prp43 from Chaetomium
thermophilum in real-time using total internal reflection of
fluorescence (TIRF) microscopy. Our results demonstrate
the relevance of the channel conformation for the initial
RNA loading step. We show that in the absence of bind-
ing partners the channel can alternate between open and
closed states. While the channel is mainly closed in the apo
state, binding of ATP and Pfal(gp), the cellular activators
of the helicase, shifts the equilibrium towards the open state,
allowing the accommodation of ssRNA. When the load-
ing step is accomplished, the channel remains exclusively
in the closed state, as required for processive translocation,
until Prp43 reaches the end of the RNA strand. In the ab-
sence of Pfal(gp), efficient loading does not take place. Our
data explain the role of channel opening for Prp43 function
and allow the integration of different channel conforma-
tions into a mechanistic model of the RNA loading process
by DEAH-box helicases.

MATERIALS AND METHODS
Protein expression and purification

The homologues of Prp43 and Pfal from C. ther-
mophilum (ctPrp43, ctPfal) are annotated as ‘hypothet-
ical protein CTHT_0005780’ and ‘hypothetical protein
CTHT_0048220’. Full-length ctPrp43 and the gp motif
of ctPfal (residues 662-742) were cloned from genomic
DNA of C. thermophilum var. thermophilum DSM 1495
into pGEX-6P-1 (29). For ctPrp43, a C-terminal non-
cleavable Hisg-tag was added to the GST-fusion protein by
site-directed mutagenesis. ctPrp43 and ctPfa(gp) constructs
were recombinantly expressed in Rosetta 2 (DE3) cells using
an autoinduction protocol adapted from Studier (30) and
purified by affinity chromatography followed by size exclu-
sion chromatography as described in (18).

Fluorescence-labeling of ctPrp43

To generate two maleimide-reactive fluorescence-labeling
sites in ctPrp43, eight native cysteine residues had to be con-
sidered. C148, C214, and C377 are buried inside the pro-
tein and inaccessible to the coupling group. C303, C323,
C441, C508 and C543 are surface exposed and therefore
accessible to the fluorescence dye. They were replaced by
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site directed mutagenesis (C303T, C323V, C441A, C508A
and C543S). The labeling sites were generated by intro-
ducing cysteine residues at position K170 in the RecAl
and E602 in the WH. The mutant protein was expressed
and purified as described in (18). The purified protein was
mixed with Cy3-maleimeide and Cy5-maleimide (Cytiva),
dissolved in dimethylsulfoxide at a molar ratio of 1:2:2 (pro-
tein:Cy3:Cy5) and incubated for 30 min at 20°C. Excess
dye was removed by Ni-sepharose affinity chromatography,
labeled protein was eluted in 50 mM Tris/HCI (pH 7.5),
400 mM NacCl, 5% (v/v) glycerol, 2 mM MgCl,, 250 mM
imidazole. The labeled protein was dialyzed twice against
50 mM Tris—HCI, pH 7.5, 300 mM KCI, 3mM MgCl, us-
ing Slide-A Lyzer Dialysis Cassette G2 3.5K (Thermo) for
1 h at 4°C. The labeled protein was concentrated to final
concentrations between 40 and 70 wM (Amicon Ultra 50K,
Millipore).

Determination of dye to protein ratio

To determine the degree of labeling, i.e. the average number
of fluorophore molecules per molecule Prp43, the absorp-
tion of the labeled protein was measured at 280 nm as well
as at the absorption maxima of Cy3 and Cy5, 552 nm and
650 nm. Both Cy3 and Cy5 also show absorption at 280 nm,
thereby increasing the Ajgg for the labeled protein. The cor-
rection factors (CF) required to eliminate the contribution
of the dyes at 280 nm were provided by the manufacturer as
CFc¢y3 =0.08 and CF¢ys5 = 0.05 (Cytiva). The dye to protein
ratio was then calculated for both dyes using

¢ (Prp43)= 280 [CFeys - ASSZS:O] — [CFeys - Asso]

Assy
552 Asso

—232 - AN D

c(Prp43) £650

APrpd) T oy = e
(€3 = T prpa3)

where Ay 1s the absorption of labeled Prp43 at the speci-
fied wavelength, €5g is the extinction coefficient of Prp43 at
280 nm, and ess; = 150 000 M~! cm~! and egsp = 250 000
M~! cm~! are the extinction coefficients of Cy3 and CyS5 at
their absorption maxima. Prp43cys was labeled to 81% with
Cy3 and to 98% with CyS5.

D

Sample preparation for TIRF microscopy

Cover slips and objective slides were cleaned by bath son-
ication in 1M KOH and exposure to plasma (FEMTO
plasma cleaner, Diener Electronic GmbH, Germany).
Surfaces were then silanized by sonication in 3.9mM
N1-[3-(trimethoxysilyl) propyl] diethylenetriamine (Sigma-
Aldrich) and 1.7mM acetic acid, and baked for 20 min
at 110°C. PEG/PEG-Biotin functionalization of silanized
surfaces was carried out by incubation with 20 mM PEG-
NHS (MeO-PEG-NHS, IRIS Biotech GmbH, PEG1165),
0.2mM Biotin-PEG-NHS (IRIS Biotech, PEG1057) and
20mM KOH in 100 mM H3BOj; solution for 1h at room
temperature. Excess PEG was removed by washing with
H,O. Cover slips were dried at 60°C and stored under vac-
uum. For TIRF experiments, flow chambers were generated

by combining objective slides and cover slips with double-
sided sticky tape.

The Prp43-Pfal(gp) complex was formed by incubat-
ing 1 wM labeled Prp43 with 5 wM Pfal(gp) in TIRF
buffer A (50 mM Tris—-HCI, pH 7.5, 300 mM KCI, 3mM
MgCly) for 10 min at room temperature. Prior to the ex-
periment, the complex was diluted to 1 nM Prp43 with
TIRF buffer supplemented with 5 uM Pfal(gp). For ex-
periments without Pfal(gp), labeled Prp43 was diluted
to 1nM with TIRF buffer A. Biotin/PEG-functionalized
cover slips were incubated for 5min at room temperature
with TIRF buffer A containing additionally 10 mgml~!
BSA and 1 M neutravidin (Thermo Fischer Scientific).
Excess neutravidin was removed by washing the cover slip
with the same buffer containing 1 mgml~' BSA. A bi-
otinylated anti-His antibody (Rabbit monochlonal, Sigma)
was applied at 1.25 wg/ml to the cover slip. Excess anti-
body was removed by washing with TIRF buffer A con-
taining 1 mgml~! BSA. Labeled Prp43 or Prp43-Pfal(gp)
complex was applied to the surface and incubated for
I min at room temperature. Images were recorded af-
ter washing with TIRF buffer C (TIRF buffer A with
2.5 mM protocatechuic acid, 0.1 U/ml protocatechuate-3,4-
dioxygenase (from Pseudomonas), | mM trolox (6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid) and 1 mM
methylviologen). To study the influence of ssRNA, ADP,
AMPPNP or ATP, the imaging buffer was supplemented
with 50 pwg/ml PolyU RNA (Sigma Aldrich), SpuM Ui,
RNA (Axolabs), 2 mM ADP, 2 mM AMPPNP or 2 mM
ATP. RNA fragments shorter than 12 nucleotides (Ux)
were generated by sonication with a 250 sonifier for 30 min
(Branson). To ensure a constant concentration of ATP dur-
ing turnover, the imaging buffer was additionally supple-
mented with 10 U/ml pyruvate kinase and 3 mM phospho-
enolpyruvate.

TIRF microscopy

TIRF imaging was performed on an IX 81 inverted micro-
scope using a PLAPON 60x 1.45 numerical aperture ob-
jective (Olympus). Fluorescence was excited by a 561 nm
solid-state laser operated at a power of 25mW. Images
were recorded with an electron multiplying CCD (charge-
coupled device) camera (CCD-C9100-13, Hamamatsu). In
FRET experiments, color channels were separated by pro-
jecting donor and acceptor emission on different parts of
the CCD chip using an image splitter (dual view micro im-
ager DV2, Photometrics), filter specifications HQ 605/40,
HQ 680/30 (Chroma Technology). Movies were recorded at
a rate of 30 frames per second. The experiments were car-
ried out at 22°C.

Data analysis

Fluorescence time courses for donor (Cy3) and acceptor
(Cy5) were extracted using custom-made Matlab (Math-
Works) software as described (31,32). A semi-automated al-
gorithm (Matlab) was used to select anti-correlated fluores-
cence traces (correlation coefficient < 0.1) exhibiting char-
acteristic single fluorophore intensities. The bleed-through
of Cy3 signal into the Cy5 channel was corrected using an



experimentally determined coefficient (~0.13 in our setup;
(31)). All trajectories were smoothed over three data points
and truncated to remove photobleaching and photoblink-
ing events. Traces with lifetimes of Cy3 or Cy5 less than 20
frames (0.66 s) or with multiple photobleaching steps were
excluded from the analysis. The FRET efficiency (Egrgr)
was defined as the ratio of the measured emission intensi-
ties, Cy5/(Cy3 + Cy5) (32). FRET time courses were fit-
ted by Hidden Markov modeling using the vbFRET soft-
ware package (http://vbfret.sourceforge.net/) (33). Models
with different number of states were considered for each
data set. FRET changes of <0.1 in idealized trajectories
were not considered as transitions. Transitions lasting for
only one frame were not included in the analysis as well.
About 5% of all traces were poorly idealized by Hidden
Markov modelling and eliminated from subsequent anal-
ysis. Two-dimensional contour plots were generated from
time-resolved FRET trajectories. The set of all FRET traces
for a given condition was compiled in a histogram, which
was fitted to a sum of Gaussian functions using Matlab
code (31). Mean FRET values (mean + sd) and popula-
tion distribution (p = area under the curve + sd) were calcu-
lated from three independent datasets and are summarized
in Supplementary Table S1.

ATPase activity assay

ATP turnover by Prp43 was monitored using a coupled en-
zymatic assay following nicotinamide adenine dinucleotide
(NADH) absorption at 340 nm over time in a VICTOR
Nivo Multimode Microplate Reader (PerkinElmer) (34).
Triplicate measurements were performed at room temper-
ature in 20 mM Tris/HCI (pH 7.5), 150 mM KCl and 3 mM
MgCl,,250 nM NADH, 500 nM phosphoenolpyruvate, 6—
8.3 U/ml pyruvate kinase and 9-14 U/ml lactic dehydro-
genase at saturating ATP concentration of 2 mM. To ob-
tain suitable reaction velocities, Prp43 was used at a con-
centration of 2 wM (no stimulation), 0.5 wM (stimulation
with Pfal(gp)) or 0.2 uM (stimulation with Pfal(gp) and
RNA). For measurements in the presence of Pfal(gp) a 5-
fold molar excess over Prp43 was used. Measurements in
the presence of RNA were conducted at a concentration of
50 pg/ml PolyU RNA (Sigma). The ATP consumption per
minute (kobs) Was calculated using

[23]

where A A3/ At is the slope of the NADH decrease, €34 is
the extinction coefficient of NADH, d is the optical path-
length and c is the protein concentration.

RNA binding assay

The RNA binding of Prp43 was measured by fluorescence
polarization spectroscopy using a VICTOR Nivo Multi-
mode Microplate Reader (PerkinElmer). The binding of 6
nM 3’ 6-carboxyfluorescein-labeled U;,-RNA to up to 200
pM Prp43 was monitored in triplicates at room tempera-
ture in 20 mM Tris/HCI (pH 7.5), 200 mM NacCl, 5% glyc-
erol and 3 mM MgCl,. For measurements in presence of
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Pfa(gp), the complex was formed by adding a 5-fold mo-
lar excess over Prp43 and incubating for 15 min at room
temperature. The excitation wavelength was 480 nm and the
emission was detected at 530 nm for 500 ms. The data were
normalized by setting the maximum of measured polariza-
tion to 100% and the polarization measured without the ad-
dition of protein to 0%. The data were fitted by nonlinear
regression with a sigmoidal dose response equation

Armax
)"
L ()
where r is the measured polarization, r( the initial polariza-
tion, Arpmax the maximum amplitude of polarization, [E]r

the total protein concentration and Kp the dissociation con-
stant, using the analysis software OriginPro 9.1.

r =rog +

RNA unwinding assay

A fluorescence-based unwinding assay was used to monitor
the RNA unwinding activity of Prp43. The substrates con-
tained a 14 bp duplex flanked by various single-stranded
overhangs (Eurofins genomics). One strand was labeled
with Atto 488 at the 5’-end, while an Eclipse Quencher was
attached to the 3’-end of the complementary strand.

DO: 5'-(Atto488) CUACGUGGUCGUAG

D3: 5’-(Atto488) CUACGUGGUCGUAGCAA

D8: 5'-(Atto488) CUACGUGGUCGUAGCAACAACA
D15:  5-(Atto488)CUACGUGGUCGUAGCAACAA
CAACAACAA

Q[uni]: 5-CUACGACCACGUAG(Eclipse)

o Q-8: 5-CAACAACACUACGACCACGUAG(Eclipse)

For annealing, the strands were mixed at a ratio of 1:1.2
(dye:quencher), incubated for 5 min at 95°C and subse-
quently cooled to room temperature. Q[uni] was annealed
with D0, D3, D8 or D15 to produce constructs with a 3'-
overhang or blunt ends, while Q-8 was annealed with DO to
form a construct with a 5'-overhang. To monitor unwind-
ing, 100 nM of RNA substrate was preincubated for 10 min
at room temperature with 50 nM Prp43 in 20 mM Tris/HCl
(pH 7.5), 150 mM KClI and 3 mM MgCl,, in presence or
absence of a 5-fold molar excess of Pfal(gp). The reaction
was stated by mixing with ATP to a final concentration of
1 mM. The fluorescence of the Atto 488 dye was excited
at 470 nm and the emission was detected at 520 nm, using
a Fluoromax III Spectrofluorometer (Horiba Jobin Yvon).
The reaction was followed for 120 s. Strand separation is re-
ported by dequenching of the ATTO488 fluorophore. The
separated single strands form internal stem loops to pre-
vent reannealing. The helicase reaction speed (kops) was cal-
culated using the initial slope (0-15s) of each reaction as
described in (35).

RESULTS
RNA duplex separation by the Prp43-Pfal(gp) complex

Previous studies suggested that Prp43 requires stable bind-
ing of single stranded RNA at the 3’ end of duplex struc-
tures to separate them efficiently and showed that RNA
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unwinding by the closely related helicase Prp22 is abolished
in the absence of a single stranded 3’ overhang (16-18,22).
We tested the unwinding of RNA substrates with different
lengths and position of the single-strand structure in or-
der to define the parameters of duplex unwinding for Prp43
(Figure 1). All substrates contain a 14 base pair duplex re-
gion where the top strand is labeled with the Atto 488 flu-
orophore at the 5-end the bottom strand is labeled with
the Eclipse Quencher at the 3’-end (Figure 1A). Separa-
tion of RNA strands was monitored by the increase (de-
quenching) of Atto488 fluorescence upon addition of ATP
and the Prp43-Pfal(gp) complex. The helicase unwinds the
duplex with a 15 nt single-stranded 3’-overhang fast and
efficiently (kops = 4.6 min~', Figure 1B) and the duplex
with the 8 nt overhang with reduced rate (kops = 1.2 min~!,
Figure 1B). No unwinding was observed for the substrates
containing a 3 nt 3’-overhang, a 15 nt overhang at the 5
end, or blunt ends (Figure 1B). Together, these results show
that Prp43 requires binding of a single stranded 3’-overhang
to unwind duplex RNA with 3'-5 polarity. Single-stranded
regions that are significantly shorter than the footprint of
Prp43 (i.e. the 3 nt (3') construct) do not facilitate unwind-
ing, indicating that the helicase requires binding of more
nucleotides to initiate strand separation. Substrates with
longer 3’-overhangs (i.e. the 15 nt (3") construct) allow bind-
ing of more than one Prp43 molecule and presumably coun-
teract reannealing which is why unwinding appears to occur
with slightly increased rate.

smFRET label positions on Prp43 to monitor the structural
dynamics of the RNA binding channel

To monitor the structural dynamics of the RNA binding
channel by smFRET, we placed Cy3 and Cy5 fluorescence
labels in the RecAl domain and the winged-helix (WH)
domain located in the C-terminal region of Prp43 from
Chaetomium thermophilum (ctPrp43) (Figure 2). We gener-
ated two maleimide-reactive fluorescence-labeling sites by
introducing cysteine residues at positions K170 and E602.
To achieve selective labeling, we had to consider the eight
native cysteine residues within ctPrp43. C148, C214 and
C377 are buried inside the protein, inaccessible to the
maleimide coupling group and remained in their native
state. C303, C323, C441, C508, and C543 are exposed on
the protein surface and were replaced by site directed muta-
genesis (C303T, C323V, C441A, C508A and C543S). Fur-
thermore, we attached a non-cleavable histidine-tag (Hisg)
to the C-terminus of the protein, which allows immobiliza-
tion of Prp43 on glass coverslips. The resulting Prp43 vari-
ant (Prp43cy,) was labeled with a mixture of Cy3- and Cy5-
maleimide, yielding dual-labeled Prp43c,s with labeling ef-
ficiencies of 81% Cy3 and 98% Cys5, respectively as deter-
mined by photometrical analysis. In a previous study we
have shown that the protein is stable during the labeling
process and in smFRET experiments (18). The chosen la-
bel positions undergo a large distance change during open-
ing of the channel (Figure 2). Comparison of crystal struc-
tures of ctPrp43 in complex with ADP-BeF;™ in the pres-
ence (channel closed) and absence (channel open) of ssSRNA
revealed that the distance between the C, atoms of K170 in
RecAl and E602 in WH increases from 3.7 nm in the closed

channel structure to 5.4 nm in the open channel structure
(closed: PDB: 5lta; open: PDB:5Itk; (16)). The Cy3/Cy5
FRET dye pair has a Forster radius (Ry) of approximately
5.4 nm (36) and is therefore highly suitable to analyze this
range of movement.

ATPase activityy, RNA binding and RNA unwinding by
Prp43,y,

To ensure that the functionality of Prp43cys is compara-
ble to Prp43(wt), we measured the rates of ATP turnover
by Prp43cys and Cy3/Cy5-labeled Prp43cys and addressed
how far ATP hydrolysis can be stimulated by the presence of
the G-patch factor Pfal(gp) and the RNA substrate (Figure
3A). The low basic ATPase activity of Prp43cys increases
about 50-fold in the presence of Pfal(gp) and about 1000-
fold in the presence of Pfal(gp) and ssRNA, which is sim-
ilar to Prp43(wt) and indicates that the catalytic activity
is neither impaired by the mutations nor by the fluores-
cence tags (Figure 3A). The binding affinity of Prp43cys
for ssSRNA was in the wM range without Pfal(gp) and in-
creased strongly by addition of Pfal(gp) (Kp = 25 nM and
Kp = 0.02 wM, respectively, Figure 3B). Binding of ADP
generally reduces the affinity of Prp43cys for RNA, leading
to an extremely high dissociation constant (Kp > 100uM)
without the G-patch and a moderate dissociation constant
of the Prp43cys-Pfal(gp) complex (Kp = 0.4 uM). Kp val-
ues of Prp43cy, overall agree with values of Prp43(wt) (Fig-
ure 3B) and with previous measurements on ctPrp43 and
the human homologue DHX15 with its G-patch factor
NKRF (17,26). Hence, the general RNA binding proper-
ties of Prp43cys are not substantially changed by the muta-
tions, albeit they seem to some extent decrease the already
weak RNA affinity in absence of Pfal(gp) (Figure 3B). Fi-
nally, we monitored the unwinding of a dSRNA substrate
with a 3" ss overhang using the fluorescence-based assay de-
scribed above. In absence of Pfal(gp), both Prp43(wt) and
Prp43cys unwind the substrate extremely slow (kqps = 0.03
min~'and kops = 0.04 min~' respectively; Figure 3C), while
the addition of Pfal(gp) leads to comparably faster unwind-
ing (kops = 4.6 min~! and kops = 3.9 min~!). This indicates
a strong stimulation of Prp43 helicase activity by Pfal(gp)
and is in line with previous measurements of ctPrp43 activ-
ity (16,35). In summary, the central determinants of Prp43
function as assayed here, i.e. the ability to bind and hy-
drolyze ATP, to bind and unwind RNA and the stimulation
of these functions by the G-patch factor Pfal(gp) are very
similar in Prp43cys and the wild-type counterpart. This al-
lows us to interpret the smFRET data obtained in this study
in the context of the functional wt protein.

The Prp43 RNA binding channel shows a dynamic equilib-
rium between open and closed conformations

To monitor smFRET signals reporting on the structural
dynamics of the RNA binding channel in Prp43 by To-
tal Internal Reflection of Fluorescence (TIRF) microscopy,
we immobilized Cy3/Cy5-labeled Prp43cys on neutravidin-
functionalized glass cover slips (31). To this end, we at-
tached a biotin-conjugated antibody directed against the
C-terminal Hisg-tag of Prp43cys to the neutravidin-coated
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Figure 1. Prp43 requires a sufficiently long 3’-overhang to unwind RNA duplexes. (A) Experiment scheme: Duplex RNA constructs are labeled by
ATTO488 (green star) and Eclipse quencher (grey circle). Unwinding is initiated by addition of ATP. The separation of duplex strands becomes ap-
parent by dequenching of the ATTO488 fluorophore (bright green star). Single strands fold into stem-loops to prevent reannealing. (B) Time course of
fluorescence changes during unwinding of duplex constructs by Prp43-Pfal(gp) complex. Blue traces: Duplex constructs with 3" overhangs (15, 8 and 3nt)
or blunt ends. Red trace: Duplex construct with 15 nt 5’-overhang. Black trace: Duplex construct with 15 nt 3’-overhang was mixed with Prp43-Pfal(gp)
complex without addition of ATP. Inset shows linear fit of the first 15 s of the time courses. This initial slope was used to calculate the initial unwinding
velocity (kops & sd, obtained in #n = 3 independent measurements) shown in the table.

surface (Figure 4). In a previous study we have shown that
the Hisg-tag does not interfere with Prp43 function (18).
The fluorescence labels generate a high FRET signal in the
closed state and a low FRET signal in the open state. To elu-
cidate under which conditions channel opening occurs and
how this movement is regulated, we monitored Eggrgr of the
labeled molecules in presence and absence of Pfal(gp), ss-
RNA and different nucleotides.

First, we analyzed the conformation of the RNA binding
channel in Prp43 in absence of ligands. We observed two
populations of smFRET signals with Eggrgr = 0.89 + 0.02
and Eprgr = 0.57 + 0.02 (Figure 5A, Supplementary
Table S1, Supplementary Figure SIA and B), indicating
the presence of two structurally distinct states. Based on
these values we estimated the Cy3-CyS5 distance in the two
states using the Forster equation (37). The high FRET
state corresponds to a distance of 3.8 nm, comparable to
the distance between the C, atoms of the labeled residues
in the closed state structure of ctPrp43—ADP (D¢, =
3.2 nm, PDB: 5d0u (16), Supplementary Table S2). The
low FRET state corresponds to a distance of 5.2 nm,
which is in good agreement with the open state struc-
tures of ctPrp43—ADPBeF;~ (D¢ = 5.1 nm, PDB: 5ltj,
and D¢, = 5.4 nm, PDB: Sltk (16), Supplementary Table
S2). Although the majority of the helicase molecules (87%,
Supplementary Table S1) show a closed binding channel,

in a small but significant fraction of molecules the chan-
nel is open. So far, the open conformation of the RNA
binding channel was only observed in the structures of ct-
Prp43 bound to the ATP hydrolysis transition state ana-
logue ADP-BeF;~ and of the DEAH-box helicase Dhrl
in the apo state (16,25). The fact that we can monitor the
open conformation by smFRET shows that this state oc-
curs indeed in physiological solution. A small fraction of
smFRET traces (5%) shows transitions between open and
closed states (Supplementary Figure S1C and D), suggest-
ing the presence of an equilibrium with slow exchange be-
tween the populations. While the closed channel conforma-
tion seems to be favored under these conditions, the open
state is also transiently occupied. This is in line with the exis-
tence of apo state DEAH-box helicase structures with both
closed and open RNA binding channel (17,25). The dynam-
ics of the equilibrium might be influenced by the binding
partners of the helicase, i.e. G-patch, nucleotide or ssRNA,
providing a basis for regulation. To test if the interaction
with a G-patch partner alters the observed equilibrium, we
next monitored Eprgr of the Prp43-Pfal(gp) complex. The
fraction of the helicase molecules in the open state increased
notably from 15% to 24% compared to the apo protein, and
more molecules (9%) showed transitions from the closed
towards the open state (Figure 5B, Supplementary Figure
S2A, Supplementary Table S1). For some molecules we
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RNA-free (open) structure. Cy3- and CyS5-label positions at K170 and E602 are indicated as red and green stars. The distances between the label positions

are indicated as dashed lines.

observed more than one transition, confirming that the
channel can reversibly toggle between open and closed con-
formations, exhibiting an equilibrium (Supplementary Fig-
ure SIE and F). Interestingly, when we added ssRNA to
the complex, we observed the reverse trend and the frac-
tion of Prp43 molecules with an open channel decreased to
8% while less molecules (3%) showed transitions (Figure 5C,
Supplementary Table S1). Additionally, the Egggr values of
the closed state show a small shift from Epgger = 0.89 ob-
served in the previous conditions to Errgr = 0.85 (Figure
5D, Supplementary Table S1). This value corresponds to an
increase of the Cy3-CyS5 distance by 0.2-4.0 nm (Supple-
mentary Table S2) suggesting that the fluorophores move
further apart when the binding channel closes around the
RNA. Indeed, this interpretation is supported by compari-
son of the Prp43—ADP and Prp43—ADPBeF; —ssRNA
structures, where the distance between the C, atoms of the
labeled residues increases by 0.4 nm (Supplementary Table
S2) (16,29). In the absence of Pfal(gp) the distribution of
FRET values of the Prp43-RNA complex is similar to the
apo state (Supplementary Figure S3, Supplementary Table
S1). Given the low affinity of Prp43c,, for ssRNA in absence

of Pfal(gp) (Figure 3B) this expectably indicates that only
a minor amount of the present RNA is stably bound under
the observed conditions.

Together, our data support the idea that the RNA bind-
ing channel in Prp43 can alternate between open and closed
conformations. The co-factor Pfal(gp) modulates the equi-
librium of these structural states promoting the channel
opening. Based on our distance estimations (Eprgr = 0.57;
Dp A ~ 5.2 nm, Supplementary Tables S1, S2), the chan-
nel opens wide enough for ssSRNA to enter in one step.
This argues against a mechanism where RNA binding
occurs by threading through the opening of a closed
channel.

The interplay of ATP and Pfal(gp) leads to efficient RNA
loading and stable binding

Next, we addressed how nucleotide binding influences the
conformation of the RNA binding channel (Figure 6). In
presence of ATP, Errgr values and the population dis-
tribution indicate a clear shift of the equilibrium towards
the open state (Figure 6A, Supplementary Table S1). Here,
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values derived from n = 3 independent measurements are shown; error bars correspond to the sd. The measured polarization was normalized by the
maximum value. Affinity constants (Kp(ssRNA)=+sd) are indicated in the table. (C) Unwinding of a 15 nt RNA duplex with 15 nt 3’-ss overhang by Prp43
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32% of the population adopted the open conformation and
an increased fraction of molecules showed transitions be-
tween conformations, most of them corresponding to open-
ing of the channel (9%, Supplementary Table S1, Supple-
mentary Figure S2B). In presence of ADP or the non-
hydrolysable ATP analog AMPPNP, the population distri-
butions of open and closed conformations are similar to
the ATP state, although the open conformations are slightly
less populated (21% and 24%, respectively; Supplementary
Figure S4A and B, Supplementary Table S1). This indi-
cates that the presence of a nucleotide is sufficient to push
the equilibrium towards channel opening, while hydroly-
sis is not required. Addition of RNA to the Prp43-ATP
complex slightly shifted the equilibrium back towards the
closed state (19% open), while the fraction of molecules
showing transitions remained almost unchanged (Supple-
mentary Figure SS5A, Supplementary Figure S2C, Supple-
mentary Table S1). The shift in the population distribu-
tion suggests that a fraction of the RNA is bound by the
helicase, presumably because ATP-induced channel open-

ing improved the efficiency of RNA loading. Interestingly,
in both ATP containing conditions, a very small fraction
of the helicase population shows a state with a very low
Epgrgr around 0.25 (Supplementary Figure S2B and C). Vi-
sual inspection of traces showed that this state is only tran-
siently sampled, which indicates that in presence of ATP
the binding channel can open even further than in the pre-
viously studied conditions or as seen in the crystal struc-
tures (PDB: 51tj and Sltk (16)), leading to estimated Cy3—
CyS distances of up to 6.5 nm. The addition of Pfal(gp)
to the Prp43—ATP complex did not significantly change
the FRET efficiencies and the distribution of states (Figure
6B, Supplementary Table S1). However, less of the extreme
wide opening events were observed than in the absence of
Pfal(gp) (Supplementary Figure S2D). It is therefore con-
ceivable that the G-patch restricts the opening range of the
channel. This could increase the productivity of the RNA
binding as the distance between the RNA backbone inter-
acting with the RecA domains and the HB domain forming
the upper side of the binding channel would be restrained.
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In fact, when we added PolyU ssRNA to the Prp43-ATP-
Pfal(gp) complex, nearly the entire Prp43 population (97%)
shows the closed channel conformation previously observed
upon stable RNA binding by the Prp43-Pfal(gp) complex
(Errer = 0.85, Figure 5C), while almost no transitions oc-
cur (Figure 6C, Supplementary Table S1). While Prp43 per-
forms rapid ATP turnover under these conditions (Figure
3A), the interplay of Pfal(gp) and RNA seems to lock the
channel in a closed conformation, keeping it stably bound
around the RNA substrate during translocation. Interest-
ingly, when substituting the long PolyU RNA used in the
previous experiment with shorter Uj; RNA the popula-
tion distribution is clearly shifted towards channel open-
ing and the fraction of molecules showing transitions is in-
creased to 32% (Figure 6D, Supplementary Table S1). While
molecules that showed dynamic behavior populated both
states almost equally, the molecules that retained their chan-
nel conformation during the course of the experiment pre-
dominantly exhibited the closed state (Supplementary Fig-

ure S5B and C). Most transitions corresponded to open-
ing of the channel (Supplementary Figure S5D). Taken to-
gether, these observations indicate that after staying closed
during complete translocation across one RNA strand and
release of that strand, the binding channel opens again to
facilitate the rebinding of another RNA molecule. Traces
showing transitions following this suggested sequence of
events further support this interpretation (Supplementary
Figure SSE). To confirm that the increased dynamic was
caused by RNA release and rebinding due to transloca-
tion we also studied the effect of extremely short RNA
strands. We fragmented U;, RNA by sonication to obtain
strands that were too short for translocation as they did
not fill the complete RNA binding channel. When adding
these fragments to the Prp43-ATP-Pfal(gp) complex, we
observed almost exclusively the closed state (92%), while
only 3% of the molecules showed transitions (Supplemen-
tary Figure SSF, Supplementary Table S1). This indicates
that the short strands are stably bound by Prp43, causing a
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predominantly closed channel conformation, while no
translocation occurs.

In summary, our data show that in the absence of the
RNA substrate ATP binding strongly shifts the dynamic
equilibrium of channel conformations towards the open
state, resulting in an increased part of the population being
primed for RNA loading. While the G-patch slightly rein-
forces this effect, it likely also restricts the opening range of
the channel to facilitate efficient RNA loading. Upon bind-
ing of the RNA substrate, the G-patch supports the closed
channel conformation to allow stable binding which is an
essential prerequisite for processive motion. Following re-
lease of the RNA substrate after complete translocation,
the equilibrium is again shifted towards channel opening,
facilitating efficient loading of the next RNA strand.

DISCUSSION
RNA loading mechanism of Prp43

In the present study we investigated in more detail the load-
ing and binding properties of Prp43 to RNA. Our data
show that in the absence of ligands and co-factors the RNA
binding channel in Prp43 can exist in two different confor-
mations, which we denominate the open and closed states.
Apo-Prp43 alternates slowly between the two states, but
shows a strong preference for the closed state (Figure 7).
Binding of the co-factor Pfal(gp) slightly shifts the dy-
namic equilibrium of channel conformations towards the
open state. Binding of ATP to the Prp43-Pfal(gp) complex
further enhances channel opening. The subsequent accom-
modation of ssSRNA promotes the closure of the channel,
and the open state is nearly absent indicative of the produc-
tive loading of the helicase onto ssSRNA. A direct compar-
ison with our previous study characterizing the motility of
the RecA domains of Prp43 (18) reveals that the dynamic
of the RNA binding channel observed here is completely
independent from the internal movements of the helicase
core. While the RecA domains continuously cycle between

open and closed conformations during ATP turnover, fa-
cilitating translocation (17,18), the binding channel stays
closed around the RNA substrate, ensuring stable bind-
ing of Prp43. After reaching the end of an RNA strand,
Prp43 returns to the dynamic equilibrium between open
and closed channel conformations until a new substrate is
bound. In the absence of the G-patch, the closure of the
channel around RNA is rarely observed and Prp43 disso-
ciates rapidly (18). This prevents futile interactions with
RNA when unwinding is not required. Hence, the main
function of the G-patch in the absence of RNA relates to
the opening of the channel prior to RNA binding. How-
ever, in the presence of RNA Pfal(gp) stabilizes the closed
state as interactions between the RNA and residues of the
tunnel are not sufficient to maintain the closed state dur-
ing turnover. Closure of the channel during continuous
turnover enables Prp43 translocation along ssSRNA without
detachment.

Role of the G-patch

Besides shifting the conformation of Prp43 towards chan-
nel opening, the G-patch likely is responsible for the chan-
nel to stay closed around RNA, even during continuous
ATP turnover. Prp2 is a further DEAH-box family member
known to interact with a G-patch partner. Despite a similar
binding mode of the G-patch motif, the interaction with the
helicase Prp2 shows striking differences (26,38). In contrast
to the G-patch partners of Prp43, the G-patch protein Spp2
does not stimulate the ATPase activity of Prp2 on its own,
instead it requires the presence of ssRNA (39). A compar-
ison between cryo-EM structures of Prp2 in presence and
absence of Spp2 showed no differences in the overall con-
formation of the helicase (40). However, due to a lack of
real-time data an impact of Spp2 on the domain motility
of Prp2 cannot be excluded. As Prp2 has higher affinity for
ssRNA than Prp43 that is not influenced by the presence
of Spp2 (39), the G-patch interaction likely is not needed



for Prp2 to maintain a stable grip on the RNA. Presum-
ably, tethering Prp2 close to its target site in the spliceo-
some is more relevant than directly altering its conforma-
tional dynamic. DEAH-box helicases that have no G-patch
partner either need to maintain the stable RNA interaction
during translocation on their own or might be supported
by other cofactors. For example, UTP14A is the co-factor
of Dhr1/DHX37 and enhances ATP hydrolysis as well as
RNA binding and unwinding and might therefore play a
similar role as Pfal in RNA loading (41,42). However, the
affinity of Dhr1/DHX37 to RNA in the absence of cofac-
tors is considerably higher compared to Prp43, suggesting
that it might stay bound on the RNA during ATP turnover
without assistance of a co-factor (41).

Comparison to other SF2 helicases

Crystal structures of other DEAH-box helicases support
our finding that the RNA binding channel can alternate
between open and closed conformations. A closed chan-
nel conformation was observed for the spliceosomal heli-
case Prp22 in the apo state (17), while apo-Dhrl (DHX37
in humans), a DEAH-box helicase acting in ribosome as-
sembly, showed an open channel (25). As the RNA inter-
action mode is conserved in the DEAH-box family of heli-
cases (16,17,41) a common mechanism of RNA loading is
highly probable. Loading of the RNA into an open channel
is advantageous compared to threading of a single strand
through the entrance of the closed channel and thus al-
lows DEAH-box helicases to access their cellular binding
sites within large RNP structures efficiently. In contrast to
DEAD-box helicases, most of which bind RNA solely with
their RecA domains, other processive superfamily 2 heli-
cases bind ssRNA in a similar manner to DEAH-box he-
licases, 1.e. in a cleft formed between the helicase core and
their respective C-terminal domains. Examples are the Ski2-
like helicases Hel308 and Mtr4, involved in DNA repair and
nuclear RNA processing, or the NS3 helicase of hepatitis C
virus (28,43-47). Comparison between NS3 helicases from
different hepatitis C virus strains showed that slight changes
in the electrostatic properties of the RNA binding channel
can have a huge impact on the efficiency of RNA binding
and unwinding, indicating that helicase activity is regulated
by variations in the RNA binding channel (48).

Overall, the initial RNA loading step has a huge impact
on the unwinding properties of a helicase and provides di-
verse means of regulation, thereby fine-tuning its cellular
function. Here, we provide a mechanistic model of RNA
loading by Prp43 which can facilitate the understanding of
this process for related helicases involved in many critical
steps of RNA metabolism.
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