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Abstract: DEAH-box helicases use the energy from ATP
hydrolysis to translocate along RNA strands. They are
composed of tandem RecA-like domains and a C-terminal
domain connected by flexible linkers, and the activity of
several DEAH-box helicases is regulated by cofactors called
G-patch proteins. We used all-atom molecular dynamics
simulations of the helicases Prp43, Prp22, and DHX15 in
various liganded states to investigate how RNA, ADP, ATP, or
G-patch proteins influence their conformational dynamics.
The simulations suggest that apo helicases are highly flex-
ible, whereas binding of RNA renders the helicases more
rigid. ATP and ADP control the stability of the RecA1–RecA2
interface, but they have only a smaller effect on domain
flexibility in absence of a RecA1–RecA2 interface. Binding of
a G-patch protein to DHX15 imposes a more structured
conformational ensemble, characterized by more defined
relative domain arrangements and by an increased confor-
mational stability of the RNA tunnel. However, the effect of
the G-patch protein on domain dynamics is far more subtle
as compared to the effects of RNA or ATP/ADP. The simula-
tions characterize DEAH-box helicase as dynamic machines
whose conformational ensembles are strongly defined by
the presence of RNA, ATP, or ADP and only fine-tuned by the
presence of G-patch proteins.

Keywords: DEAH-box helicases; G-patch; molecular
dynamics simulations; simulated tempering.

1 Introduction

Helicases are motor enzymes found in all domains of life
including viruses, where they play key roles in processes

such as DNA transcription, splicing, translation, recom-
bination, DNA repair, proofreading, RNA transport, and
several others (Abdel-Monem and Hoffmann-Berling 1976;
Abdel-Monem et al. 1976). Helicases convert the chemical
energy stored in nucleoside triphosphate (NTP) into
mechanical forces with the aim to unwind double-
stranded DNA/RNA or to transport single-stranded
DNA/RNA (Singleton et al. 2007). Malfunction of helicases
is involved in several diseases including cancer (Cantor
et al. 2001), Werner syndrome (Gray et al. 1997), Bloom
syndrome (Ellis et al. 1995; Selak et al. 2008), and Roth-
mund–Thomson syndrome (Fuller-Pace 2013; Kitao et al.
1999; Van Brabant et al. 2000). The physiological functions
andmolecular mechanisms of helicases have been studied
and reviewed in detail in recent years (Delagoutte and Von
Hippel 2002, 2003; Hall and Matson 1999; Jarmoskaite and
Russell 2014; Jeong et al. 2004; Levin et al. 2005, 2003;
Lohman 1993; Lohman and Bjornson 1996; Matson and
Kaiser-Rogers 1990; Patel and Donmez 2006; Patel and
Picha 2000; Singleton et al. 2007; Tuteja and Tuteja 2004;
von Hippel and Delagoutte 2001; von Hippel and Dela-
goutte 2003; West 1996).

Based on structural similarity, helicases have been
ordered into six super-families. Super-family 2 (SF2) com-
prises the largest and most diverse super-family that
contains, among others, the DExD/H-box, RecQ, and SnF
helicases (Byrd and Raney 2012; Fairman-Williams et al. 2010;
Fuller-Pace 2006; Tanner and Linder 2001). Conserved struc-
tural motifs of helicases are given by the Walker A/B motifs,
which serve as NTP binding domain in various proteins
(Walker et al. 1982). In DExD/H-box helicases, which are in
the focus of this study, the ATP binding site is formed at the
interface between two recombination protein recombinase
A-like (RecA-like) domains. The surface of the tandem
RecA-like domains together with a C-terminal domain (CTD)
form the RNA binding cleft (Figure 1).

While conventional helicases have been referred to as
unwindases as they unwind double-stranded DNA, certain
helicases instead serve as translocases as they transport
single-stranded DNA or RNA (Singleton et al. 2007). Examples
of such translocases include Prp2, Prp22, andPrp43 fromyeast
as well as the human orthologue of Prp43 called DHX15.
Crystal structures of these translocases in various ligand-
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bound states as well biochemical data revealed that the RNA
translocation cycle proceeds via relative domain displace-
ments by several Ångström (Hilbert et al. 2009; Linder and
Jankowsky 2011; Studer et al. 2020; Tauchert et al. 2017).
Furthermore, structural studies provided the starting point of
all-atom molecular dynamics (MD) simulations, which we
recently employed to derive a complete and continuous RNA
translocation cycle of Prp43 in atomic detail (Becker and Hub
2023). The simulations showed that large-scale domain mo-
tions driving RNA translocation are controlled by an inter-
dependent sequence of atomic-scale transitions.

Helicases are regulated by diverse mechanisms
including substrate-dependent auto-inhibition (Absmeier
et al. 2020; Gowravaram et al. 2018), post-translational
modifications (Jacobs et al. 2007; Mathew et al. 2008; Song
et al. 2017), recognition of specific RNA features
(Kretschmer et al. 2018; Wojtas et al. 2017), and, as studied
here, by binding of protein cofactors (Bohnsack et al. 2021;
Sloan and Bohnsack 2018). Cofactors may alter the catalytic
activity by either creating an electrostatic environment
that assists RNA binding or by directly mediating
RNA–protein interactions. A variety of cofactors enhance
the activity of RNA helicases (Ozgur et al. 2015; Silverman
et al. 2003; Sloan and Bohnsack 2018). One family of such
binding cofactors are the G-patch proteins characterized
by a conserved glycine-rich sequence (Aravind and
Koonin 1999). The overall G-patch motif comprises
approximately 50 amino acids including the sequence
Gx2hhx3Gax2GxGlGx3pxux3sx10–16GhG where ‘a’ denotes an
aromatic, ‘h’ a hydrophobic, ‘l’ an aliphatic, ‘s’ a small, ‘u’ a
tiny, and ‘x’ a variable amino acid (Bohnsack et al. 2021).
The helicases investigated in this study interact with
different G-patch regulation proteins. For example, Prp43
in yeast associates with the G-patch cofactors Cmg1, Pxr1,
Sqs1, and Ntr1 (also called Spp382), Prp2 binds to the
cofactor Spp2, while the human orthologue to Prp43 called
DHX15 binds to six different G-patch cofactors including
NKRF as shown in Figure 2 (Studer et al. 2020). G-patch

proteins are assumed to regulate helicase activity during
specific processes; for instance, the G-patch protein Pfa1
regulates ATPase activity and unwinding activity of Prp43
during ribosome biogenesis, whereas Ntr1 and Ntr2
enhance ATPase and helicase activity of Prp43 during pre-
mRNA splicing.

The function of DEAH-box helicases requires control of
concerted domain motions and of domain flexibility.
Loading of the RNA into the RNA cleft involves the opening
and closing of the RNA tunnel via a hinge-bending motion
of CTD relative to the tandem RecA-like domains (Tauchert
et al. 2017). RNA translocation involves an inchworm-like
stepping of RecA1 and RecA2 along the RNA phosphate
backbone (Singleton et al. 2007; Tanner and Linder 2001;
Velankar et al. 1999). Recently, we refined the translocation
model to an “inchworm-caterpillar model” to emphasize
that the RecA-like domains of Prp43 never detach from the
RNA during translocation but instead crawl along the RNA
by shifting protein–RNA hydrogen bonds one-by-one
(Becker and Hub 2023). In this study, we used all-atom

Figure 1: The crystal structures of the DEAH box
helicase Prp43 used as starting structures for
MD simulations in this study. RecA1, RecA2, and
C-terminal domains are colored in blue, cyan,
and orange, respectively. RNA (if present) is
shown as red/orange cartoon, nucleotide as
sticks, and Mg2+ (if present) as green sphere.
(A) Prp43 complexed with RNA and an ATP
analogue (PDB code 5LTA), (B) with ADP (PDB
code 6I3P), and (C) with an ATP analogue (PDB
code 5D0U) Tauchert et al. (2016, 2017).

Figure 2: Archtecture of DHX15 complexed with a G-patch protein.
DHX15 comprising the RecA1 domain (blue), RecA2 domain (cyan), and the
C-terminal domain (orange) in contact with the G-patch protein NKRF
(red; PDB code 6SH7; Studer et al. (2020)). NKRF binds to the backside of
DHX15 (frontside of panel B) via two defined structures:
(i) With a helical motif to the WH motif of the C-terminal domain and
(ii) with a loop-like structure to the β-hairpin and to the RecA2 domain.
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MD simulations to reveal how binding of RNA, nucleotides,
or G-patch proteins control the conformational domain
dynamics of three different DEAH-box helicases: Prp43,
Prp22, and DHX15. Starting from six different crystal
structures, we devised simulation systems of Prp43, Prp22,
and DHX15 in a total of 18 different liganded states
including apo conformations as well as conformations
complexed with RNA, ATP, ADP, or with a G-patch protein.
Using both conventional simulations as well as simulations
enhancedwith simulated tempering with a total simulation
time of 54 µs, we studied how binding of ligands control the
conformational fluctuations of DEAH-box helicases.

2 Results

2.1 Effects of ADP, ATP, and RNA on domain
fluctuations of Prp43 and Prp22

We carried out extensive MD simulations of Prp43 starting
from the crystal structures 5LTA, 5D0U, 5LTK, 5LTJ, as
well as well as of Prp22 starting from the crystal structure
6I3P (Hamann et al. 2019; Tauchert et al. 2017, 2016). To
reveal how the presence of ADP, ATP, and RNA controls
the domain dynamics of DEAH-box helices, we simulated
the helicases in the crystallographic conformations and
after removal of the RNA (if present) or of a nucleotide
(if present), resulting in a total of 18 different complexes.
For each complex, multiple simulation replicas were
carried out with simulation times between 80 ns and
1000 ns each (Table 1). Although these simulation times
are insufficient for obtaining exhaustive sampling of the
domain dynamics, they provided insight into the effects
of ligands on domain flexibility or on the stability of
domain–domain interfaces. We quantified the domain
dynamics using two structural features: (i) the RecA1–
RecA2 distance, defined as the distance between the
centers of mass of the central beta sheets of the RecA-like
domains; (ii) the CTD–RecA2 distance, defined as the
minimal distance between pairs of amino acids from CTD
and RecA2 that frequently formed hydrogen bonds: for
Prp43, we considered the distance between Ser614 in the
ratchet-like domain and Glu320 in RecA2; for Prp22, we
considered Lys468 and Asp233 instead. We analyzed
these distances because these pairs of amino acids tend to
form or break a hydrogen bond as the RNA cleft closes or
opens, hence providing a measure for the CTD–RecA2
arrangement.

2.1.1 5LTA structure of Prp43

The crystal structure with the PDB ID 5LTA of
Prp43⋅RNA⋅ADP-BeF3 mimics the Prp43 helicase in the
RNA- and ATP-bound state. The RNA cleft forms a tunnel
for single-stranded RNA (ssRNA), while the two RecA do-
mains, RecA1 and RecA2, are positioned in close proximity,
forming a well-defined interface bridged by the presence of
ATP. We carried out four 200 ns simulations of the
Prp43⋅RNA⋅ATP complex, ten 80 ns simulations of the
Prp43⋅RNA complex, six 300 ns simulations of the Prp43⋅ATP
complex, ten 800 ns simulations of the Prp43⋅ADP, and ten
500 ns simulations of the Prp43 apo structure (Table 1). Since
these simulations cover aggregated simulation times of at
most few microseconds, they provide insight into the role of
ligands on the conformational stability of the 5LTA confor-
mation; however, it is unlikely that the simulations provide
complete domain transitions involved in RNA processing,
since such productive domain transitions of helicases likely
occur on longer time scales (Becker and Hub 2023; Byrd et al.
2012; Carney et al. 2021; Stano et al. 2005).

Figure 3 analyzes the domain motions during these
simulations, revealing that the presence of the nucleotide

Table : Summary of simulations carried out for this study. Name of
helicase, PDB ID of starting conformation, ligands, number of indepen-
dent simulations (Nsim), simulation time per simulation (tsim). Liganded
states marked with an asterisk resemble the crystal structure confor-
mation. Sampling of DHX simulations was enhanced with simulated
tempering (ST).

Helicase PDB ID Ligands Nsim tsim (ns)

Prp LTA RNA, ATP*  

RNA  

ATP  

ADP  

–  

DU ADP*  

–  

LTJ ATP*  

ADP  

LTK ATP*  

ADP  

Prp IP RNA, ATP  

RNA*  

ATP  

ADP  

–  

DHX SH G-patch NKRF   (ST)
–   (ST)
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Figure 3: Simulations of Prp43 starting from the 5LTA structure. (A) Simulations of the Prp43⋅RNA complex, (B) Prp43⋅RNA⋅ATP, (C) Prp43⋅ATP, (D)
Prp43⋅ADP, and (E) apo Prp43. Left column: Prp43 (coloring scheme as used in Figure 1).Middle column: CTD–RecA2 distance. Right column: RecA1–RecA2
distance.
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(ATP or ADP) and of the ssRNA greatly influence the
domain dynamics. The distributions of the CTD–RecA2 or
RecA1–RecA2 distances are furthermore summarized as
violin plots in Figures 4A and 5A, respectively. In the pres-
ence of RNA, the CTD–RecA2 and the RecA1–RecA2 interfaces
are largely stable on the time scales of 80 ns–180 ns presented
here, irrespective of the presence of ATP (Figures 3A/B; 4A/5A,
green and yellow). These findings are compatible with our
previous study that presented a full conformation cycle of
Prp43 (Becker and Hub 2023). In the previous study, we
found that, after removal of ATP, the RecA1–RecA2 interfaces
opens on much longer time scales of tens of microseconds,
suggesting that the stability of the RecA1–RecA2 interface in
presence of RNA found here is a consequence of shorter
simulation times.

Upon removal of the RNA, Prp43 becomes far more
dynamic (Figure 3C–E; 4A/5A, blue, red, pink, and blue).
The structure of the RNA tunnel is perturbed relative to
the 5LTA conformation, as revealed by a decrease of the CTD–
RecA2 distance by 0.4 nm–0.7 nm. In several simulations, a

hydrogen bond forms between Glu320 and Ser614, which
furthermore induces a tilt of the CTD towards RecA2, as
shown in Figure 3C (left column). Upon replacing ATP with
ADP, the RecA1–RecA2 interface is increasingly perturbed, as
expected in the light of the RNA translocation cycle that
involves the opening after the RecA1–RecA2 interface after
ATP hydrolysis (Figure 3C/D, right column).

The simulations of apo Prp43 reveal the largest domain
motions among simulations starting from the 5LTA confor-
mation (Figure 3E). Among ten independent simulations, the
CTD–RecA2 distance either increased or decreased within
500 ns, reflecting opening or closing of the RNA tunnel. In
two among ten simulations, the RecA1–RecA2 distance in-
creases, demonstrating an opening of RecA1–RecA2 inter-
face. However, we did not observe a loop-to-helix transition
of the sensor serine loop within our simulations, which was
shown to be a critical step of the RNA translocation cycle
(Becker and Hub 2023; Hamann et al. 2019), likely because
this transition occurs on longer time scales. Hence, the final
states of the two simulations exhibiting RecA1–RecA2

Figure 4: Violin plots of distributions of the CTD–RecA2 distance. Results were taken from 16 different simulation setups, as indicated in the axis labels.
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opening should not yet be considered as a truly open state as
taken by the Prp43⋅RNA complex during the RNA trans-
location cycle.

2.1.2 5D0U structure of Prp43

The crystal structure 5D0U solved by Tauchert et al. (2016)
represents the Prp43⋅ADP complex, adopting a closed state
with a small CTD–RecA2 distance and a tight RecA1–RecA2
interface (Figure 1C). The sensor serine takes a helical
conformation, as also found in the open Prp43 structure
(Becker and Hub 2023; Hamann et al. 2019), suggesting that
the loop-to-helix transition of the sensor serine occurs
immediately after ATP hydrolysis and phosphate release.
The structure shows an open RNA cleft.

Starting from 5D0U, we performed six 300 ns simulations
of thenative Prp43⋅ADPcomplexand ten 500 ns simulationsof
apo Prp43 after removing ADP from the complex (Figures S1
and 4B, 5B). The 5D0U Prp43⋅ADP complex reveals a similar
behavior like the Prp43⋅ATP and Prp43⋅ADP complexes
derived from 5LTA. Namely, the RecA1–RecA2 interface

remains stable, whereas the CTD–RecA2 is more dynamic,
reaching a slightlymore closed state as compared to the initial
5D0U conformation. Hence, the partly open CTD–RecA2
interface of 5D0U might have been stabilized by crystal con-
tacts (Figure S5), or the slightly more compact conformation
may be favored by the applied force field (see Discussion). In
contrast to the Prp43⋅ADP complex derived from 5LTA, only
one simulation reaches a CTD–RecA2 distance of ∼0.2 nm
within 300 ns, suggesting that the RNA tunnel formed be-
tween RecA2 and CTD in 5D0U is more stable as compared to
the RNA tunnel in the 5LTA crystal structure after RNA
removal. The increased flexibility of Prp43 in 5LTA–derived
simulations relative to the 5D0U-derived simulations is ex-
pected considering that the 5LTA-derived simulations were
started from the 5LTA conformation after removal of RNA,
which represents a major structural perturbation, whereas
the 5D0U-derived simulationswere started from the complete
5D0U structure.

The apo Prp43 structure derived from 5D0U reveals
similar dynamics like the 5LTA-derived apo structure
(Figures S1B; 4C, 5C). The CTD–RecA2 domain distance

Figure 5: Violin plots of distributions of the RecA1–RecA2 distance. Results were taken from 16 different simulation setups, as indicated in the axis labels.
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shows large fluctuation indicating a flexibility of the
CTD arrangement relative to the RecA-like domains. The
RecA1–RecA2 interface opens in several simulations
owing to the loss of the bridging ADP contacts between
RecA1 and RecA2.

2.1.3 5LTJ and 5LTK structures of Prp43

The 5LTJ and 5LTK structures solved by Tauchert et al.
represent the Prp43⋅ATP complex (Tauchert et al. 2017). In
these structures, the RecA2 and CTD do not form an RNA
tunnel but instead expose an open RNA cleft (Figure S2).
Thus, the conformations represent the pre-catalytic state of
Prp43 before RNA binding. To study the stability of the
conformations of 5LTJ and 5LTK, we performed four 250
ns simulations of the 5LTJ⋅ATP complex, six 100 ns simula-
tions of the 5LTJ⋅ADP complex, four 300 ns simulations of
the 5LTJ⋅ATP complex, and four 300 ns simulations of the
5LTJ⋅ADP complex (Figures S3, 4D/E, 5D/E).

The RecA1–RecA2 distance exhibited only minor
fluctuations in the four different simulation setups, indi-
cating that the presence of either ATP or ADP largely
stabilizes the RecA1–RecA2 interface. In sharp contrast,
the CTD–RecA2 distance is highly dynamic in the four
setups, revealing large fluctuations and a partial closure
by 0.3 nm–0.9 nm. In most simulations, the CTD formed
contact with RecA2, thereby forming an RNA tunnel, as
illustrated in Figure S3A/B. Hence, the conformation with
a wide-open RNA cleft reported by the 5LTJ and 5LTK
structures was not stable in our simulations, but instead
approached a more closed CTD–RecA2 arrangement, as
also reported by the 5D0U structure of Prp43⋅ADP. These
findings may indicate that, in absence of RNA, Prp43 ex-
hibits a heterogeneous ensemble covering various de-
grees of CTD–RecA2 opening.

2.1.4 6I3P structure of Prp22

The 6I3P crystal structure solved by Hamann et al. repre-
sents the helicase Prp22 complexed with RNA and in
absence of ATP or ADP (Hamann et al. 2019). The structure
exhibits a defined RNA tunnel occupied with ssRNA and
an open RecA1–RecA2 interface. The RecA2 loop containing
the sensor serine adopts a helical state, enabling the sensor
serine to form a hydrogen bond with the RNA. The RecA2
domain has shifted by one RNA nucleotide upstream rela-
tive to the conformation of the 5LTA structure, as occurring
during the RNA translocation cycle. We performed four
200 ns simulations of Prp22⋅RNA⋅ATP by inserting ATP into
the ATP pocket, four 200 ns simulations of the Prp22⋅RNA
starting from the 6I3P crystal structure, four 300 ns

simulations of Prp22⋅ATP by removing RNA and placing
ATP into the ATP pocket, four 1 µs simulations of Prp22⋅ADP
by removing RNA and placing ADP into the ATP pocket, as
well as four 300 ns simulations of the Prp22 apo structure
by removing RNA (Figures S4, 4B, 5B, Table 1).

The Prp22⋅RNA simulations show largely constant
CTD–RecA2 and RecA1–RecA2 distances, demonstrating
that the conformation of the crystal structure is stable
within the simulation time scale. Insertion of ATP into the
Prp22⋅RNA complex does not induce any domain motions
within 200 ns, as expected from the fact that the closure of
the RecA1–RecA2 interface after ATP binding occurs on
much longer time scales of tens of microseconds (Becker
and Hub 2023) (Figures S4A/B; 4B, 5B, green and yellow).

In contrast, upon removal of the RNA, Prp22 becomes far
more dynamic, in line with the increased dynamics of Prp43
in absence of RNA (Figures 4B, 5B, red, pink, blue). In most of
the simulations, the CTD–RecA2 distance increases, indi-
cating an opening of the CTD–RecA2 interface. Simulta-
neously, the arrangement of RecA2 relative to RecA1
becomes more dynamic, enabling RecA2 to from contacts
with RecA1. However, we do not observe a complete closing
of the RecA1–RecA2 interface, likely because the sensor
serine did not carry out the helix-to-loop transition, which is
essential for the closing process (Becker and Hub 2023).
Notably, the dynamics of apo Prp22 are similar to the
dynamics in presence of ADP or ATP on the hundreds of
nanosecond time scale (Figure S4E). This finding suggests
that the overall flexibility of the enzyme within the simula-
tion time scale is mostly controlled by the presence of RNA
but not by the presence of ATP/ADP. Instead, ATP/ADP likely
control the stability of the RecA1–RecA2 interface, while the
formation or rupture of the RecA1–RecA2 interface occurs
on long time scales.

2.2 Effect of G-patch protein NKRF on DHX15
dynamics

Activator or cofactor proteins enhance and regulate the
activity of helicases, typically in a function-specific manner
(Ozgur et al. 2015; Silverman et al. 2003; Sloan and Bohnsack
2018). DEAH-box helicases interact with a diverse group of
cofactors called G-patch proteins (Aravind and Koonin
1999). G-patch proteins contain a glycine-rich G-patch motif
embedded in an intrinsically disordered region, and they
bind to the outer surface of the helicase (Figure 2). Struc-
tural and biochemical data suggested that the G-patch
proteins Pfa1 binding to Prp43, Spp2 binding to Prp2, and
NKRF binding to DHX15 regulate the helicase by guiding
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their relative domain arrangements (Enders et al. 2022;
Hamann et al. 2020; Studer et al. 2020).

We investigated the apo DHX15 structure solved by
Studer et al. (2020) in complex with the NKRF G-patch pro-
tein, but in absence of any other additional ligands (PDB ID
6SH7). To shed light on the influence of the NKRF G-patch
protein on the DHX15 dynamics, we carried out ten inde-
pendent 1µs simulations each in presence or in absence of
the G-patch protein (Figure 2). Since DEAH-box helicases in
apo form (in absence of RNA/ATP/ADP) exhibit high flexi-
bility enabling rapid conformational sampling, as demon-
strated above, the apo form of DHX15 provides a useful
model system to study the effect of the G-patch protein on the
conformational dynamics within accessible simulation time
scales. Nevertheless, since sampling is challenging even for
the flexible apo DHX15, we here used simulated tempering
(ST) on a temperature range between 300 K and 348 K to
further enhance the conformational sampling (see Methods)
(Marinari and Parisi 1992). ST has been shown to accelerate
the conformation sampling by approximately one order of
magnitude (Pan et al. 2016), while maintaining the correct
Boltzmann ensemble.

Figure 6A and B presents the RecA1–RecA2 distances for
the ten independent ST simulations without or with G-patch
protein, respectively. Overall, the simulations reveal large
conformational fluctuations irrespective of the presence of a
G-patch. However, histograms over the RecA1–RecA2 dis-
tances for each of the 10 independent simulation replicas
reveal differences between the simulations with or without
G-patch protein (Figure 6C/D, thin lines). Whereas the dis-
tributions from simulations without G-patch protein peak at
essentially all possible distances between approx. 2.8 nmand
3.3 nm, the simulations with G-patch protein either peak at
lower distances (2.8 nm–2.9 nm, corresponding to a closed
RecA1–RecA2 interface) or at larger distances (∼3.2 nm).
However, this effect by the G-patch on the RecA1–RecA2
distance histograms is subtle and not visible in the average
distribution (Figure 6C/D, thick lines) owing to long tails of
the individual distributions. Nevertheless, this subtle dif-
ference may indicate that the presence of the G-patch pro-
tein leads to more structured RecA1–RecA2 arrangements.
This hypothesis is in line with the function of NKRF as a
“bracer” that leads tomore defined domain arrangements in
DHX15/NKRF as compared to DHX15 (Studer et al. 2020).

Additional indications for the structure-forming effect
of the G-patch protein is given by the analysis of the CTD
dynamics. As a measure for the CTD–RecA2 distance, we
tracked the distance between Glu497 of the ratchet-like
domain and two cationic Lys259 and Arg263 residues in an
outer helix of the RecA2 domain. This analysiswasmotivated
by the observation that Lys259/Arg263 andGlu497 frequently

interact. As shown in Figure 7, the CTD–RecA2 distances
reveal similar trends as observed for the RecA1–RecA2 dis-
tances. Namely, in the absence of the G-patch protein, CTD–
RecA2 distances are more uniformly dispersed and
frequently adopt large values beyond 0.8 nm (Figure 7A). In
contrast, in presence of the G-patch protein, the CTD–RecA2
distances mostly adopt two distinct states at distances of
either 0.2 nm or 0.55 nmwhereas large distances >0.8 nm are
rarely visited (Figure 7B). Here, the state with lower distance
(0.2 nm) involves a hydrogen bond between Glu497 with
residues Lys259/Arg263. The state with larger distance
(0.55 nm) represents a conformation with different contact
points between RecA2 and the ratchet-like domain involving,
for instance, hydrogen bonds between the residue pairs
Lys259–Tyr537 or Arg544–Asp255, leading to long-living
conformations.

Visual inspection of the simulations revealed that
binding of the G-patch protein furthermore influences the
section of the RNA tunnel formed between the CTD and the
RecA2 domain. We quantified the degree of openness of the
RNA tunnel by the distance between Arg748 of the ratchet-
like domain and Pro603 (Figure 8C/D). Figure 8A and B
presents the average and standard deviation of the tunnel
openness as averaged over ten independent simulated
tempering simulations in absence or in presence of the
G-patch protein, respectively. In absence of the G-patch
protein, the Arg748 and Pro603 approach each other during
the initial 100 ns of simulations, demonstrating a repro-
ducible tightening of the RNA tunnel (Figure 8A). In
contrast, in presence of the G-patch, the openness of the
RNA tunnel remains constant and exhibits only reduced
conformational fluctuations (Figure 8B, thick red line and
orange shaded area). Overall, our simulations suggest that
binding of the G-patch protein imposes a more structured
confrontational ensemble of DHX15. The G-patch protein
stabilizes two distinct arrangements of the CTD relative to
RecA2 corresponding to two slightly different conforma-
tions of a closed RNA tunnel. In turn, binding of the G-patch
protein disfavors large CTD–RecA2 distances correspond-
ing to an open RNA cleft, in agreement with previous ob-
servations (Bohnsack et al. 2021; Hamann et al. 2020; Studer
et al. 2020). To a lower degree, the G-patch favors more
structured relative RecA1–RecA2 arrangements. Further-
more, the G-patch protein stabilizes an open RNA tunnel in
our simulations.

3 Discussion

Weused extensiveMD simulations to investigate the effect of
ligands on domain fluctuations of DEAH-box helicases. First,
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starting from five different crystal structure of Prp43 or
Prp22, we studied the influence of RNA, ATP, and ADP by
either inserting or removing these ligands, followed by

multiple simulation replicas of 80 ns to 1 µs each. We found
that, in the apo state, Prp43 and Prp22 exhibit large-scale
conformational fluctuations of the relative arrangements of

Figure 6: Influence of G-patch protein on the RecA1–RecA2 distance. (A) RecA1–RecA2 domain distance of DHX15 in absence or (B) in presence of the NKRF
over 10 independent simulated tempering simulations each. (C) Thin lines showdistributions of the RecA1–RecA2 distance, each taken from a 1-µs simulated
tempering simulation (thin lines) in absence or (D) in presence of the G-patch. Thick blue lines show the average over ten independent simulations.

Figure 7: Influence of G-patch protein on the CTD–RecA2 distance. (A) Glu497/RecA2 distance distribution of the DHX15 apo-structure in absence or (B) in
presence of the G-patch protein. Thin lines represent distributions from ten individual 1-µs simulated tempering simulations. Thick blue lines show the
average over ten independent simulations.
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CTD, RecA1, and RecA2. These fluctuations occurred on the
time scale of tens to hundreds of nanoseconds, reflecting that
a shallow free energy landscape underlies the domain dy-
namics. Upon addition of the RNA, the helicases became far
more rigid, demonstrating that the presence of RNA largely
defines the relative arrangements of the three domains via
the formation ofmultiple RNA–protein hydrogen bonds. The
additional presence of ATP or ADP had only a smaller effect
on the domain fluctuations on the hundreds of nanosecond
times scales. These findings confirm that ATP and ADP
mainly serve to define the stability of the RecA1–RecA2
interface (Bourgeois et al. 2016; Sloan and Bohnsack 2018). In
other words, in terms of a free energy landscape, ATP and
ADP control the depth of the free energy minimum (if pre-
sent) of the state with a closed RecA1–RecA2 interface;
however, ATP and ADP have only a small effect on the free
energy landscape underlying the large-scale fluctuations of
more loosely packed domain arrangements.

Our simulations together with previous experimental
data (Enders et al. 2022; Studer et al. 2020) suggest that,
instead, binding of a G-patch protein modulates the free
energy landscape of large-scale domain motions. We found
that apo DHX15 exhibits highly diffusive and flexible
domain arrangements, in line with the marked flexibility
of apo Prp43 or apo Prp22, reflecting rather undefined
relative domain arrangements. The addition of the G-patch
protein NKRF to DHX15 led to a more structured confor-
mational ensemble with reduced flexibility of the relative
domain arrangements. Structurally, the G-patch protein
imposed a more stable open RNA tunnel (Figure 8) as
well as CTD–RecA2 distances and (to a lower degree) the
RecA1–RecA2 distances reflecting mostly two specific rela-
tive arrangements, while avoiding large CTD–RecA2 dis-
tances. However, the effect of the G-patch protein on
domain arrangements was far more subtle as compared to
the effects from RNA or APT/ADP, suggesting that the

Figure 8: Influence of G-patch protein on the RNA tunnel. (A/B) degree of openness of the RNA tunnel measured as the distance between Arg748 of the
ratchet-like domain and Pro603. Thin lines represent ten independent simulated tempering simulations (A) in absence or (B) in presence of the G-path
protein. Thick red lines and orange shaded areas represent average and standard deviation among ten independent simulations. (C) Molecular
representations of RNA tunnel in a more closed and (D) in a more open conformation.
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G-patch protein fine-tunes the free energy landscape by
only few kilojoules per mole. These conclusions are
compatible with a characterization of G-patch proteins as
flexible tethers that stabilize the relative domain arrange-
ments (Bohnsack et al. 2021). However, additional studies
will be required to clarify why more defined domain
arrangements ultimately lead to increased kinetics of the
overall conformational cycle as required for increased
helicase or ATPase activity.

An unexpected finding in our simulations was the
instability of conformations with an open RNA cleft. In
absence of RNA, the CTD exhibited increased flexibility,
however, the cleft mostly closed in our simulations, which
seems to contrast crystallographic studied that revealed
conformations with an open RNA cleft under different
crystallization conditions (Tauchert et al. 2017). This
discrepancy might be a consequence of the applied force
field because (i) many force fields overstabilize salt bridges
(Ahmed et al. 2018), while (ii) certain Amber force fields in
conjunction with the TIP3P water model generally to over-
stabilize protein–protein interactions (Best et al. 2014).
Alternatively, it cannot be fully excluded that crystal con-
tacts favored a wide-open Prp43 conformation (Figure S5).
Hence, additional simulations with other force fields,
possibly augmented with X-ray solution scattering data
(Chen and Hub 2015) may provide a route to unambiguously
define the conformational ensemble of DEAH-box helicases
in absence of RNA.

4 Materials and methods

MD simulations were set up and carried out with GROMACS 2019.5
(Abraham et al. 2015). Initial conformations of helicases were taken
from crystallographic studies (Hamann et al. 2019; Studer et al. 2020;
Tauchert et al. 2017). For simulations with ATP, the ATP analogue
ADP-BeF3 was replaced with ATP. Initial conformations for different
liganded states were generated by removing ligands (RNA, ADP-BeF3,
ADP, or the fragment of the G-patch NKRF) from th respective crystal
structures (see below). Missing residues were added using Modeller
(Webb and Sali 2014) (Supplementary Material). The structures were
placed into a simulation box of a dodecahedron keeping a distance of at
least 1 nm between the protein and the box boundaries. The boxes
were filled with explicit water and neutralized with K+ counter ions.
Interactions of protein and RNA were described with the Amber14SB
force field (Maier et al. 2015). Water was modeled with the TIP3Pmodel
(Jorgensen et al. 1983), and parameters for K+ were taken from Joung
and Cheatham III (2008). The energy of the systemwasminimized with
the steepest descent algorithm. Then, the system was equilibrated for
100 ps with position restraints acting on the backbone atoms including
RNA and Mg2+ (force constant k = 1000 kJ mol−1 nm−2).

The following MD parameters were used in all simulations.
Dispersion interactions and short-range repulsion were described
together with a Lennard-Jones potential with a cut-off at 1 nm.

Electrostatic interactions were describedwith the particle-mesh Ewald
method (Darden et al. 1993) with a real-space cutoff at 1 nm. The
temperature was controlled at 300 K using velocity-scaling (Bussi et al.
2007), thereby coupling protein, RNA,Mg2+, and ATP or ADP (if present)
to one heat bath while coupling water and other ions to a second heat
bath (τ = 0.5 ps). The pressure was controlled at 1 bar with the
Parrinello-Rahman barostat (τ = 5 ps) (Parrinello and Rahman 1981).
The velocity Verlet (md-vv) integrator was used for simulated
tempering simulations and the Leap-frog (md) integrator was used for
all other simulations, both with an integration time step of 2 fs. The
geometry of water molecules was constrained with SETTLE (Miyamoto
and Kollman 1992), while all other bonds were constrained with
P-LINCS (Hess 2008).

Simulated tempering (ST) was used to enhance the conformation
sampling of simulations of DHX15 with or without the G-patch protein.
The temperature states covered 300 K–348 K in steps of 4 K. Attempts
for temperature transitions were carried out every 500 integration
steps and accepted or rejected with the Metropolis algorithm. The
weights of the states were updated every 500 steps throughout the
simulations using the Wang-Landau algorithm (Wang and Landau
2001). The initial weights were chosen using preliminary simulated
annealing simulations following Park and Pande (2007).
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