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Structural basis for RNA-duplex unwinding by the
DEAD-box helicase DbpA
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ABSTRACT

DEAD-box RNA helicases are implicated in most aspects of RNA biology, where these enzymes unwind short RNA duplex-
es in an ATP-dependent manner. During the central step of the unwinding cycle, the two domains of the helicase core form
a distinct closed conformation that destabilizes the RNA duplex, which ultimately leads to duplex melting. Despite the im-
portance of this step for the unwinding process no high-resolution structures of this state are available. Here, | used nuclear
magnetic resonance spectroscopy and X-ray crystallography to determine structures of the DEAD-box helicase DbpA in
the closed conformation, complexed with substrate duplexes and single-stranded unwinding product. These structures
reveal that DbpA initiates duplex unwinding by interacting with up to three base-paired nucleotides and a 5’ single-strand-
ed RNA duplex overhang. These high-resolution snapshots, together with biochemical assays, rationalize the destabiliza-

tion of the RNA duplex and are integrated into a conclusive model of the unwinding process.
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INTRODUCTION

RNA molecules are involved in numerous cellular process-
es and their correct folding is often critical for function.
RNA helicases that act as RNA chaperones resolve mis-
folded RNA structures and rearrange RNA-protein com-
plexes consequently being essential for cellular survival
(Jarmoskaite and Russell 2014).

The largest family of RNA helicases in eukaryotes is rep-
resented by DEAD-box proteins (Fairman-Williams et al.
2010). These enzymes unwind short RNA duplexes (up to
12-16 base pairs) in a nonprocessive and ATP-dependent
manner. The functional core of DEAD-box helicases con-
sists of two RecA-like domains (termed RecA N and
RecA_C for the N- and C-terminal domains, respectively).
The two domains are connected by a short, flexible linker
and undergo large conformational changes during the
unwinding cycle (Fig. 1A; Linder and Jankowsky 2011;
Putnam and Jankowsky 2013). In the apo-state, the heli-
case core adopts an open conformation, where the two
RecA domains tumble independently (Theissen et al.
2008; Sun et al. 2014; Wurm 2020) and where ATP can
bind to the RecA_N domain (Mallam et al. 2012;
Samatanga and Klostermeier 2014). Binding of substrate
RNA—in addition to ATP—induces the formation of a
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distinct closed conformation (Theissen et al. 2008; Sun
etal. 2014), where ATP is sandwiched between the two do-
mains and one of the RNA strands is bound to a bipartite
active site, formed by both core domains (Sengoku et al.
2006). RNA binding to the active site leads to the destabi-
lization of the RNA duplex and spontaneous dissociation
of the unbound RNA strand (Rogers et al. 1999; Yang
et al. 2007). The ATPase activity of DEAD-box helicases
is greatly increased in the closed conformation. Upon
ATP hydrolysis the helicase core returns to the open con-
formation (Theissen et al. 2008), while ADP and the sin-
gle-stranded RNA (ssRNA) product dissociate due to the
dissolution of the active site. ATP binding is therefore suf-
ficient for unwinding, with ATP hydrolysis mainly serving to
release the helicase from unwound ssRNA (Liu et al. 2008).
In addition to the productive unwinding cycle described
above, DEAD-box helicases are prone to futile cycles,
which occur when ATP is hydrolyzed prior to dissociation
of the RNA duplex (Fig. 1A). These futile cycles increase
sharply for longer, more stable duplexes due to decreased
duplex dissociation rates (Putnam and Jankowsky 2013). In
addition to RNA unwinding, DEAD-box helicases can also
remodel RNA/protein complexes or act as RNA-clamps
(Putnam and Jankowsky 2013).

Several structures of DEAD-box helicases in the closed
state, bound to ssRNA and nonhydrolyzable ATP analogs
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FIGURE 1. Unwinding cycle of DEAD-box helicases and activation of
DbpA by HP92 RNA. (A) Schematic diagram of futile cycles (top) and
productive unwinding cycles (bottom) of DEAD-box helicases. The
helicase core (RecA_N domain blue, RecA_C domain cyan) alternates
between an open conformation in the apo or ATP-bound state and a
closed conformation in the presence of ATP and RNA. (B) Domain ori-
entation of DbpA in the open (left) and closed state (right). The C-ter-
minal RNA recognition motif (RRM) (gray) orients HP92 (red) such that
the stem of HP92 forms favorable interactions with a positively
charged patch (indicated by +signs) on the RecA_N domain in the
closed state. This stabilizes the closed state and enables the recruit-
ment of the substrate duplex (orange, located 5’ to HP92) to the active
site of the helicase core.

were determined in the last 15 years (Sengoku et al. 2006;
Collins et al. 2009; Del Campo and Lambowitz 2009;
Montpetit et al. 2011; Wong et al. 2016; Ren et al. 2017;
Ngo et al. 2019; Chen et al. 2020). Consequently, such
structures correspond to the product-bound state follow-
ing duplex unwinding and prior to ATP hydrolysis. The
structures revealed a conserved ssRNA binding mode
(Supplemental Fig. S1), where the bipartite, active site of
the helicase core interacts with the sugar and phosphate
backbone of six single-stranded nucleotides (nt). The
RNA adopts a bent conformation due to the interaction
between the RNA backbone and several highly conserved
sequence motifs within the helicase core domains. This
RNA conformation strongly differs from the canonical A-
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form helical conformation and is thus incompatible with
duplex formation (Russell et al. 2013). In agreement with
the sequence-independent unwinding activity of DEAD-
box helicases, no interactions are formed between the ac-
tive site and RNA bases. In contrast to this wealth of struc-
tural information for the product-bound state, a structure
of the closed conformation complexed with double-
stranded RNA (dsRNA) substrate and ATP analog is still
missing. It is therefore unclear how the central step of
the unwinding process—namely, the destabilization of
the RNA duplex—is achieved at the molecular level.

A major challenge in the structural characterization of
the destabilized duplex state lies in the trapping of this
inherently unstable state in a homogeneous conformation.
This is further complicated by the lack of sequence-
specificity that facilitates binding in differing registers to
the RNA. In order to overcome these challenges, | selected
the Escherichia coli DEAD-box helicase DbpA for struc-
tural studies. DbpA possesses a C-terminal RNA recogni-
tion motif (RRM) (Wang et al. 2006) in addition to the
helicase core and we recently demonstrated that this
RRM domain is stably anchored to the RecA_C domain
(Fig. 1B; Wurm et al. 2021). DbpA is involved in ribosome
maturation (Sharpe Elles et al. 2009) and is recruited to the
nascent ribosome by a specific, high-affinity interaction
between the RRM and hairpin 92 (HP92) of the 23S rRNA
(Fig. 1B; Diges and Uhlenbeck 2001; Hardin et al. 2010).
Binding of HP92 is necessary for the helicase activity of
DbpA, as a direct interaction between RRM-bound HP92
and the RecA_N domain strongly stabilizes—and thereby
enables—formation of the closed conformation (Wurm
etal. 2021). A substrate duplex linked to HP92 is therefore
recruited to DbpA with high affinity and can also be effi-
ciently unwound. Meanwhile, attachment onto HP92 locks
the substrate duplex in a well-defined position relative
to the active site of the helicase core and consequently
stabilizes the helicase/substrate complex. Interestingly, at-
tachment of the substrate duplex to HP92 is not necessary
for unwinding by DbpA and HP92 also supports unwinding
when added in-trans together with a substrate duplex lack-
ing HP92.

In this study, | used nuclear magnetic resonance (NMR)
spectroscopy to identify suitable ATP analogs and RNA
constructs that enable trapping of DbpA in complex with
a destabilized duplex. Based on these results crystal struc-
tures of DbpA in its closed state were solved. These struc-
tures show how the active site of the helicase core interacts
with two different substrate RNAs: an RNA hairpin loop
and a ss/dsRNA junction. In addition, the structure of
DbpA in complex with ssRNA product was determined.
These structures can be readily integrated into a model
of the unwinding cycle, where interactions between heli-
case and the ss/dsRNA junction rationalize how DbpA
achieves the RNA duplex destabilization and promotes
unwinding.
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RESULTS

A hairpin RNA substrate in combination
with ADP/BeF; traps the destabilized duplex state

In order to gain insights into the molecular mechanism that
underlies duplex destabilization by DbpA during unwind-
ing, | set out to identify conditions that trap the helicase
when complexed with an unwinding intermediate. Since
ATP binding is sufficient for unwinding, with ATP hydroly-
sis solely required for helicase recycling (Liu et al. 2008), |
screened for suitable nonhydrolyzable ATP analogs that
support the formation of the closed state, based on their
ability to fuel duplex unwinding by DbpA during single-
turnover unwinding assays. To allow for unwinding by

DbpA, the RNA construct included HP92 together with
the substrate duplex consisting of 9 bp (Fig. 2A). From the
four investigated ATP analogs (ADPNP, ADPCP, ATPyS,
and ADP/BeF3), only ATPYS (kops 0.04 £0.01 min™") and
ADP/BeF; (kops 0.10+0.01 min~") supported unwinding
of the RNA substrate on a similar timescale as ATP (kops
0.43+0.02 min™"). Interestingly, ATPYS was hydrolyzed
during the unwinding process (Supplemental Fig. S2) and
istherefore not suitable fortrapping the destabilized duplex
over extended periods. Based on these results, ADP/BeF3
was used for further investigations.

To enforce trapping of the destabilized duplex by DbpA
and to prevent the dissociation of the RNA duplex, an RNA
construct (hp-HP92 RNA) containing a hairpin structure
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FIGURE 2. The DbpA/hp-HP92/ADPBeF; complex represents a trapped unwinding intermediate. (A) Fluorescence-based unwinding assays in
the presence of different ATP analogs. A 5 fluorescein (green star) labeled 9mer RNA is hybridized to an RNA containing HP92 (top). Unwinding
can be followed by a decrease in fluorescence intensity (bottom). Mono-exponential fits to the fluorescence time traces are shown in black for ATP,
ADP/BeF3, and ATPyS. (B) lle region of methyl TROSY spectra of ILMVA-labeled DbpA in the free state (black) and bound to hp-HP92 RNA (blue).
(C) Sequence plots of chemical shift perturbations (CSPs) induced by binding of the hp-HP92 RNA (top) and differences between CSPs (ACSPs)
induced by binding of the ss-HP92 RNA and the hp-HP92 (bottom). DbpA domains are indicated at the top. (D) Methyl TROSY spectra of DbpA/
hp-HP92 complex prior to (blue) and after addition of ADP/BeF; (orange). (E) Sequence plots of CSPs induced by binding of ADP/BeF; to the
DbpA/hp-HP92 RNA complex (top) and ACSPs between binding of ADP/BeF; to the ss-HP92/DbpA and to the hp-HP92/DbpA complexes (bot-
tom). (F) ACSPs from (E) plotted onto a model of the closed state of DbpA bound to ssRNA (Wurm et al. 2021) (red, large ACSPs, blue, small
ACSPs). The ssRNA is shown in orange. (G) Sequence of hp-HP92 RNA. Nucleotides with assigned imino proton signals are numbered and shown
in red (HP92) or green (substrate hairpin). (H) "H-1D imino proton spectra (left) and "H"™*N-HMQC spectra (right) of uridine "5N-labeled hp-HP92
RNA prior to (black) and after addition of DbpA (blue). (I) Same spectra as in (H), but for the hp-HP92/DbpA complex prior to (blue) and after

addition of ADP/BeFs3 (orange).
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with a stable UUCG tetraloop was used as substrate (Fig. 2B).
This substrate hairpin prevents the dissociation of the desta-
bilized duplex. To probe the formation of the closed state,
NMR titrations were performed using deuterated DbpA
that is 'H,"3C-labeled at the methyl groups of lle, Leu,
Met, Val, Ala (ILMVA), and that yields high-quality methyl
group spectra (Supplemental Fig. S3; Wurm et al. 2021).
Binding of the hp-HP92 RNA substrate to DbpA can be
monitored based on changes (chemical shift perturbations,
CSPs) of the position of the methyl group signals (Fig. 2B;
Supplemental Fig. S3). In the absence of ATP analogs,
RNA binding induces large CSPs for residues that belong
to the RRM, though only minimally affecting signals from
the RecA core domains (Fig. 2C, upper graph). This demon-
strates that only the RRM of DbpA interacts with HP92 of the
hp-HP92 RNA, and that no specific contacts between the
substrate duplex and the core domains are formed in the ab-
sence of ATP analog. In line with this, essentially identical
CSPs are elicited by an RNA construct (termed ss-HP92)
that contains a single-stranded region instead of the sub-
strate duplex (Fig. 2C, bottom graph, note that differences
in CSPs [ACSPs] are shown; Supplemental Fig. S4).

During the next step, the ATP analog ADP/BeF; was
added to the DbpA/hp-HP92 complex. This leads to large
CSPs within the helicase core domains (Fig. 2D,E, top
graph; Supplemental Fig. S5). As we have shown previous-
ly (Wurm et al. 2021), these CSPs mark the formation of the
DbpA closed state. Similarly, the closed state is also
formed upon addition of ADP/BeF; to the DbpA/ss-
HP92 complex (Supplemental Fig. Sé). Interestingly, the
DbpA spectra for the closed state reveal several distinct
differences between ss-HP92 and hp-HP92 RNA complex-
es (Fig. 2E, bottom graph; Supplemental Fig. Sé) and
these differences cluster in the vicinity of the helicase
core active site (Fig. 2F). | reasoned that these differences
arise from the interaction with the intact substrate duplex
in the hp-HP92 complex rather than the single-stranded re-
gion in the ss-HP92 RNA suggesting that the substrate du-
plex is not completely unwound in the hp-HP92/DbpA
complex and that base-pairing persists within the RNA
substrate despite the closed state of the enzyme.

To verify the base-pairing of the substrate duplex in the
closed state, 1D "H imino proton spectra of the hp-HP92
RNA in isolation and in complex with DbpA were recorded
(Fig. 2G-I). Only imino protons of nucleotides that are in-
volved in stable base pairs give rise to observable signals
in such spectra. To confirm the presence of the substrate
hairpin, the signals of the three uridines within this hairpin
(labeled U1-U3 in Fig. 2G,H) were used. Binding of DbpA
in the absence ADP/BeF; only leads to a slight reduction
in their signal intensity due to the increased molecular
weight of the complex. This shows that there is no (or only
a highly transient) interaction between DbpA and the sub-
strate hairpin of the hp-HP92 RNA. In contrast, the guano-
sine residues of the HP92 stem (labeled G4-G6 in Fig. 2G,
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H) show clear CSPs due to direct interaction with the RRM
of DbpA (Hardin etal. 2010; Wurm et al. 2021). The addition
of ADP/BeF3 to the DbpA/RNA complex leads to the forma-
tion of the closed state of DbpA and induces large shifts for
essentially all imino proton signals (Fig. 2I). This provides
clear evidence for a direct interaction between DbpA and
the substrate hairpin within the closed state. At least seven
to eight of the nine imino proton signals are still visible indi-
cating that the substrate hairpin is still largely intact when
bound to the active site of DbpA. This is supported by
'H'®N-HMQC spectra of uridine '°N-labeled hp-HP92
RNA (Fig. 2l). In these spectra, only imino signals of base-
paired uridines are detectable. The spectra show two uri-
dine imino signals in the closed state, which must originate
from the substrate duplex, as we have shown previously that
the uridine imino signals of HP92 are not detectable under
these measurement conditions (Wurm et al. 2021). These
signals are thus tentatively assigned to the central uridines
of the substrate hairpin (U2/U3).

In summary, these results demonstrate that the DbpA/
hp-HP92/ADP/BeF; complex represents a trapped un-
winding intermediate where the mostly intact duplex of
the substrate hairpin interacts with the active site of the
helicase core.

Structure of the hairpin RNA bound to the
active site of DbpA

To understand how duplex destabilization by DbpA is
achieved on a structural level, the crystal structure of the
DbpA/hp-HP92/ADP/BeF; complex was solved to a reso-
lution of 3.2 A (Fig. 3A; Supplemental Table S1). Surpris-
ingly, a domain swapped 2:2 DbpA:RNA complex is
formed in the crystal. Each DbpA molecule interacts with
the HP92 of one RNA molecule (via the RRM) and with
the substrate hairpin (via the core domains’ active site) of
the other RNA. The two hairpins of each RNA molecule
stack coaxially and HP92 is elongated by 2 bp, which are
formed between the 3’ overhang of HP92 and the linker
between HP92 and the substrate hairpin (nt 23-25; see
Supplemental Fig. S7 for details and for a comparison be-
tween the HP92 RNA construct used for crystallization and
the native RNA sequence of the 23S rRNA). Since the good
quality of the NMR spectra (Fig. 2D) strongly argued
against a 2:2 complex with a molecular weight >120
kDa, the oligomeric state of the DbpA/hp-HP92/ADP/
BeF3 complex in solution was investigated using size ex-
clusion chromatography (SEC) experiments (Fig. 3C). The
experiments show that addition of ADP/BeF; to the
DbpA/hp-HP92 complex leads to the formation of two
species: a minor population of a larger species, which is
compatible with the 2:2 complex and a major population
of a more compact species, which corresponds to the 1:1
complex. These results indicate that a 1:1 and a higher or-
der complex (most likely the 2:2 complex observed in the
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FIGURE 3. Crystal structure of the hp-HP92/DbpA complex in the closed state. (A) Overall structure (top) and schematic diagram (bottom) of the
complex between two DbpA molecules (chains A/B) and two hp-HP92 RNAs (chains F/G), as observed in the crystal. HP92 (red), the substrate
hairpin (orange), and the 3 nt linker that base pairs with the 3’ overhang of HP92 (green) are shown in ribbon representation. The RecA_N
(blue), RecA_C (cyan), and RRM (gray) domains of DbpA are shown in sphere representation. (B) Model of the 1:1 complex obtained by connecting
HP92 and the substrate hairpin bound to one DbpA molecule by a flexible 3 nt linker (green). (C) SEC chromatograms of free hp-HP92 (black), the
hp-HP92/DbpA complex (orange), and the hp-HP92/DbpA/ADP/BeF; (blue) complex. (D) Close-up of the interaction between substrate hairpin
(chain F, orange) and the active site of the helicase core (chain B, RecA_N blue, RecA_C cyan). The nucleotides that interact with the active site are
numbered 1-6. The substrate hairpin is shown in the upper-right, with identical numbering. The distorted base pair between the adenosine in
position 4 and the opposite uridine is indicated by a dashed line. (E) Comparison between the substrate hairpin bound to DbpA (only nt 1-7
are shown for clarity) and the complex between a 6 nt ssRNA (pink) and the DEAD-box helicase VASA (gray; PDB ID 2db3).

crystal structure) coexist in solution. The NMR experiments
thus predominantly report on the major population of the
1:1 complex, whereas the minor population of the 2:2
complex was crystallized. Notably, the SEC and NMR ex-
periments were conducted at similar concentrations, with
higher concentrations used for crystallization trials, which
is expected to increase the population of the 2:2 complex.
Importantly, molecular modeling establishes that a 1:1
complex with identical DbpA/RNA interactions as ob-
served for the 2:2 complex can be formed (Fig. 3B). | am
thus confident that the observed interactions in the crystal
structure between DbpA and the RNA hairpins are relevant
in solution.

The interactions between HP92 and the RRM of DbpA
are basically identical to the interactions observed for a ho-
mologous RRM/HP92 complex that was previously pub-
lished (Supplemental Fig. S8; Hardin et al. 2010), and |
hereby focus on the interaction between the substrate
hairpin and the active site of the helicase core (Fig. 3D;
Supplemental Fig. S9). The split active site interacts with
6 nt (numbered 1-6 in Fig. 3D) of the hairpin. The first 3
nt belong to the loop of the substrate hairpin, whereas nt
4-6 are part of the stem. Due to interaction with the active

site, the first base pair of the stem (formed between the
adenosine at position 4 and the opposing uridine) is dis-
torted in comparison to a regular AU base pair, and conse-
quently only forms one hydrogen bond. Conversely, the
cytosines in positions 5 and 6 form regular GC base pairs
with the opposing strand. All six bases in the binding site
show continuous base stacking interactions.

Next, | compared the RNA conformation within the hp-
HP92/DbpA complex with the canonical ssRNA product-
bound state of other DEAD-box helicases (exemplified
by the VASA helicase) (Fig. 3E; Sengoku et al. 2006). The
conformation of nt 1-4 in both structures is basically iden-
tical. The main differences reside in the conformation of nt
5 and 6. In the VASA structure the bases of nt 5 and 6 are
rotated by 90° relative to the DbpA structure and conse-
quently their conformation is not compatible with duplex
formation. In contrast to the known, product-bound states,
this structure thus demonstrates that DbpA is able to bind
a ss/dsRNA junction that contains a 5 ssRNA overhang of 3
nt, whereby the 3 nt overhang and the first 3 nt of the du-
plex interact with positions 1-3 and 4-6 of the active site. |
propose that the crystallized conformation represents a
trapped unwinding intermediate that captures the
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interaction between a ds/ssRNA junction and DbpA during
unwinding.

Structure of a ss/dsRNA junction bound to the
active site of DbpA

To exclude the possibility that the observed RNA confor-
mation is influenced by the short loop of the substrate
hairpin DbpA was crystallized in complex with a permuted
RNA construct (termed ds-HP92) that contains a ss/dsRNA
junction with a 3 nt 5’ overhang instead of the hairpin. To
this end, the two coaxially stacking helices of the hp-
HP92 RNA were fused, which places the 5" and 3’ ends
at the position of the loop of the substrate hairpin (Fig.
4A; Supplemental Fig. S7D). The complex crystallized
as a 2:2 complex similar to the hp-HP92 RNA (Fig. 4A;
Supplemental Fig. S7E), and the structure was determined
to a resolution of 3.0 A (Supplemental Table S1). Since fu-
sion of the helices prevents the substrate duplex from fold-
ing back onto the active site of the same DbpA molecule,
the 2:2 complex is also the major species in solution (Fig.
4B). In the structure, the 3 nt 5 overhang and the first 3 nt
of the substrate duplex are bound to the active site in posi-
tions 1-3 and 4-6, respectively (Fig. 4C; Supplemental Fig.
S9B). The DbpA/RNA interactions are virtually identical to
the ones observed in the hairpin structure, with the excep-

free ds/HP92

+DbpA/ADP/BeF,

tion that the first base pair of the duplex (formed between
the adenosine at position 4 and the opposing uridine) is not
distorted. The distortion in the first base pair of the hp-
HP92 RNA thus most likely originates from the strain in
the short loop of the substrate hairpin.

To evaluate whether an extended duplex with base-
paired nucleotides in positions 2 and 3 could interact
with DbpA in a similar manner, two additional nucleotides
at the 3’ end of the RNA were modeled in an A-form helix
conformation (Fig. 4D, green residues). The model reveals
that both nucleotides of the extended helix would severely
clash with o-helix a7 of the RecA_N domain. This indicates
that: (i) a 5’ single-stranded region of 3 nt is necessary for
the interaction of duplex RNA with DbpA and (i) only nu-
cleotides in positions 4-6 can be part of a duplex, whereas
positions 1-3 are not compatible with dsRNA. In summary,
these results enforce the notion that DbpA interacts with a
ds/ssRNA junction during the unwinding process, where
nucleotides in positions 1-3 are single-stranded and nu-
cleotides 4-6 can be part of a duplex.

Structure of the ssRNA product bound to the
active site of DbpA

To complete the picture of the unwinding cycle of DbpA, |
aimed to also gain insights into the ssRNA product-bound

2:2

[N

norm. abs. (260 nm)
o
o

o

14 16

18

elution time [min]

extended duplex VDW clashes >1 A

FIGURE 4. Crystal structure of the ds-HP92/DbpA complex in the closed state. (A) Interaction of the substrate duplex including a 3 nt 5" overhang
with the active site of the helicase core. For clarity, only the substrate duplex (chain D) and one DbpA molecule (chain B) are shown (top).
Schematic diagram of the 2:2 complex observed in the crystal (bottom). (B) SEC chromatograms of free ds-HP92 (black), the ds-HP92/DbpA com-
plex (orange), and the ds-HP92/DbpA/ADP/BeF; (blue) complex. (C) Close-up of the interaction between the substrate duplex (chain D, orange)
and the active site of the helicase core (chain B, RecA_N blue, RecA_C cyan). The nucleotides that interact with the active site are numbered 1-6.
The substrate duplex is shown in the upper-right, with identical numbering. (D) Close-up of the active site in the vicinity of a-helix o7 (left).
Extension of the duplex by the addition of 2 nt at the 3’ end (green) leads to severe clashes with o-helix 07 of the RecA_N domain (right).
Residues that show van der Waals clashes >1 A with the RNA are shown in pink.
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state after duplex unwinding. To this end, the structure of
DbpA in complex with ADP/BeF; and an RNA construct
termed ss-HP92 (Supplemental Fig. S7F) was solved.
This RNA contains a single-stranded region 5 to HP92
that interacts with the active site of the helicase core
(Fig. 5A). Again crystallization resulted in a 2:2 RNA:
DbpA complex (Supplemental Fig. S7G) and SEC experi-
ments show that the 2:2 complex is predominant in solu-
tion (Fig. 5B). Similar to the ds-HP92 and hp-HP92
complexes, each DbpA molecule interacts with HP92 of
one RNA via the RRM and with the single-stranded region
of the other RNA via the core domains. Three 2:2 com-
plexes are present in the asymmetric unit. All of them dis-
play highly similar structures. The main differences reside
in the conformation of the single-stranded region of the
RNA. Three RNAs (chains G, H, and L) adopt the
same canonical ssRNA binding mode as observed
in other DEAD-box helicases (conformation 1; Fig. 5C;
Supplemental Fig. S?C). The bases of nt 1-4 show a con-
tinuous stacking interaction, whereas the bases of nt 5
and 6 are rotated by 90° relative to nt 1-4. In the other
three RNAs (chains C, D, and K) all six bases show
a continuous stacking interaction (conformation 2; Fig.
5D; Supplemental Fig. S9D). This continuous base stack-
ing and the overall RNA conformation resembles the ds-
HP92/DbpA complex structure (Supplemental Fig. S10).
Conformation 2 could therefore represent a snapshot

A C VASARNA
VASA protein

B free ss/HP92
— +DbpA/ADP/BeF;
g [z
o
©
[
805
@
3
o 0
=
16 18
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654321,

of the RNA conformation immediately following duplex
dissociation, before the RNA transitions into confor-
mation 1.

These results demonstrate that DbpA conforms to the
canonical ssRNA product binding mode observed for oth-
er DEAD-box helicases, but also suggest a notable plastic-
ity in its ssSRNA interaction mode. A comparison between
the ds-HP92 and ss-HP92 RNA-bound structures and the
VASA/RNA complex shows that the interaction with nt 1-
4 is essentially identical in all structures (Supplemental
Fig. S11) and that the differences reside mainly in the inter-
action of nt 5 and 6 with the helicase core (Fig. 5E). In the
canonical binding mode, the conserved R378 of VASA
forms hydrogen bonds with the ribose of nt 5 and the
phosphate group of nt é. In the DbpA structures, the cor-
responding R132 is slightly repositioned, but forms similar
interactions with nt 5 and 6. These results indicate that
subtle structural differences in the conformation of R132
allow DbpA to favorably interact with the duplex as well
as with ssRNA at positions 4-6.

Activity assays support an initial interaction with
a ss/dsRNA junction during unwinding

In summary, the structures of the ds-HP92 and ss-HP92
complexes suggest the following model of duplex unwind-
ing from a 5 overhang. DbpA initially binds to the ss/

E

FIGURE5. Crystal structure of the ss-HP92/DbpA complex in the closed state. (A) Interaction of the ssRNA with the active site of the helicase core.
For clarity, only the ssRNA (chain L) and one DbpA molecule (chain [) are shown (left). Schematic diagram of the 2:2 complex observed in the crystal
(right). (B) SEC chromatograms of free ss-HP92 (black), the ss-HP92/DbpA complex (orange), and the ss-HP92/DbpA/ADP/BeF; complex (blue).
(C) Close-up of the interaction between the ssRNA region (chain L, orange) in conformation 1 and the active site of the helicase core (chain |,
RecA_N blue, RecA_C cyan). For comparison, the complex between a 6 nt RNA (pink) and the DEAD-box helicase VASA (gray; PDB ID 2db3)
is shown. The nucleotides that interact with the active site are numbered 1-6. The ssRNA sequence is shown on top with identical numbering.
(D) Close-up of the interaction between the ssRNA region (chain C, orange) in conformation 2 and the active site of the helicase core (chain
A, RecA_N blue, RecA_C cyan). (E) Comparison of the interactions between nucleotides in positions 5 and 6 for DopA and VASA. The top
row and the bottom-left panel show complexes between DbpA and ds-HP92 and ss-HP92 in conformation 1 and 2. The lower-right panel shows
the VASA/ssRNA complex (PDB ID 2db3). Hydrogen bonds formed by R132 (DbpA) or the corresponding R378 (VASA) are indicated by dashed-

red lines.
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dsRNA junction of the duplex, where 3 nt of the 5" over-
hang interact with positions 1-3 and the first 3 nt of the du-
plex with positions 4-6. Breathing of the duplex ends,
which takes place on the ms timescale (Snoussi and
Leroy 2001), thus leads to ss-HP92 conformation 2, and
subsequently to ss-HP92 conformation 1. The ss-HP92
conformation 1 prevents duplex reformation, thereby de-
stabilizing the remaining duplex and accelerating its spon-
taneous dissociation.

To validate this model, single-turnover unwinding assays
with RNA constructs that contain a 9-bp duplex and a
5" ssRNA overhang of 0, 2, 5, or 8 nt (Fig. 6A) were per-
formed. The observed duplex unwinding rates (Fig. 6B) in-
crease for overhangs of 0 and 2 nt from 0.20 min™" to 0.42
min~" and then decline for longer 5’ overhangs of 5 nt
(0.32 min™" and 8 nt (0.21 min™"). These results can be ra-
tionalized based on the model: The 5 overhang of 0 nt
shows the lowest unwinding rate, as the formation of the
closed state depends on the presence of a 5’ single-strand-
ed region. In the absence of a 5" ssRNA overhang, this sin-
gle-stranded region is only transiently formed by fraying of
the terminal base pairs. Elongation of the overhang to 2 nt
increases unwinding, as the overhang facilitates the forma-
tion of the closed state and only fraying of the terminal
base pair is necessary. Longer overhangs are expected
to facilitate the formation of the closed state even further,
but also increase the risk of unproductive interactions,
where DbpA would only bind to the ssRNA overhang,
which would not destabilize the duplex region.

This finding is corroborated by ATPase assays with iden-
tical RNA constructs including the 9-bp duplex (Fig. 6C,
red symbols). ATP hydrolysis requires formation of the
closed state, and ATPase rates therefore report on the ef-
ficiency of closed state formation. The observed ATPase
rates increase proportionally with 5 overhang length

from 2.3 min~" for the O nt overhang to 52 min~" for the
8 nt overhang, confirming that longer overhangs facilitate
the formation of the closed state. Consequently, con-
structs with longer 5’ overhangs require additional ATP hy-
drolysis events for unwinding (Fig. 6D) as DbpA mainly
forms unproductive closed states, where it binds to the
5" ssRNA overhang remote from the RNA duplex. Based
on this reasoning, ADP/BeF; should not support unwind-
ing of duplexes with long 5’ overhangs, since DbpA should
be trapped predominantly within unproductive closed
states (note that a 5" overhang of 2 nt was used in the heli-
case assays in Fig. 2A). This is experimentally verified in un-
winding assays for the 8 nt 5" overhang, where unwinding
is strongly reduced compared to the 2 nt overhang (Fig.
6E). These results and the increased ATPase rate for longer
5" overhangs indicate that DbpA does not favor the inter-
action with the ss/dsRNA junction over the interaction
with the ssRNA 5 overhang. To test this, ATPase assays
were performed in the absence of the 9mer RNA, for the
RNA carrying the 2 nt 5" overhang (Fig. 6C, gray symbols).
This leads to a 10.4-fold increase in the ATPase rate and in-
dicates that formation of the closed state is even more fa-
vorable for a ssRNA substrate, compared to a ss/dsRNA
junction. In summary, the observed helicase and ATPase
rates are in good agreement with a model whereby
DbpA preferentially forms the closed state upon interac-
tion with a 5" ssRNA overhang or a ssRNA/duplex junction,
as observed in structures of the ss-HP92 and ds-HP92
complexes.

Transient active site formation and substrate
RNA binding in the absence of ATP

Finally, | sought to gain direct insights into the initiation
of the unwinding process, namely, the formation of the

A B helicase activity C ATPase activity D ATP turnover/ E unwinding timetrace
(+9mer) unwinding ADP/BeF,
0.5 o} 3
®
II_””“”AAU uusl 2 8 - 100 ° g ® 5 5' overh
v D S 200 o overhang
0nt i £ 03 8 = 2 g 08 8 nt 0.0037 min""
2nt G-C E E B S 2 nt 0.11 min*
5nt G:C EOZ 8 © 450 -] 2 100 =
(o4 GC L ° o (] £ 0.6
8 nt G, U 0.1 0 g 5
] ° ° c
HP92 0 2 |©
0258 0258 0258 20 40
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FIGURE 6. The length of the ssRNA 5’ overhang influences helicase and ATPase activity of DbpA. (A) RNA constructs used for activity assays. The
substrate duplex (orange) is located 5’ to HP92 (red). The varying length of the 5" overhangs is indicated. For helicase assays, the 9mer RNA con-
tained a fluorescein label at the 5’ end (indicated by a green star). (B) Unwinding rates observed in single-turover experiments are plotted versus
the 5" overhang length. Results from three measurements are shown. (C) ATPase turnover rates are plotted versus the 5" overhang length. Rates
were determined in the absence (gray) and presence of the 9mer RNA (red). Results from three measurements are shown. (D) The number of hy-
drolyzed ATP molecules for each unwinding event are plotted versus the 5" overhang length. The values represent mean and standard deviation
calculated from the experiments shown in panels Band C. (E) Single-turnover unwinding of RNA constructs with a 5" overhang of 2 nt (red) or 8 nt
(blue) in the presence of ADP/BeFj is followed by fluorescence intensity measurements. Exponential fits to fluorescence time traces are shown in
black and the unwinding rates obtained from the fits are given.
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closed state. Closing of the DbpA/RNA complex is inher-
ently inefficient as three bodies (the two RecA domains
and substrate RNA) require assembly in the correct orien-
tation. This raises the question whether the substrate
RNA binds to a preformed active site (where the two
RecA domains assemble initially) or whether the substrate
RNA initially interacts with one of the RecA domains prior
to the active site assembly. To test for active site preforma-
tion, paramagnetic relaxation enhancement (PRE) experi-
ments were performed using an RNA construct that
corresponds to isolated HP92 (Fig. 7A; Supplemental Fig.
S12A) and that carries a nitroxide spin label at the 3’
end. The spin label induces a PRE that leads to a strong
decrease of the methyl group NMR signals in its vicinity,
which can be readily quantified and allow for the detection
of sparsely populated states (Clore et al. 2007). Upon bind-
ing of the spin labeled HP92, the expected PREs close to
the HP92 binding site on the RRM are observed.
Additional PREs are observed on top of the RecA_N
domain (Fig. 7A; Supplemental Fig. S12A) indicating that

spin label - ADP/BeF;
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this region of the RecA_N domain also approaches the
spin label. Since close contacts between the RecA_N
domain and HP92 are only found in the closed state
of the enzyme (Fig. 7A), these results clearly indicate
that DbpA transiently adopts the closed state in the
presence of HP92. It would be interesting to explore
whether the closed state is also formed in the absence of
HP92. However, due to the nine native cysteine residues
in DbpA site selective spin labeling of DbpA was not
possible.

To test for interactions between the substrate duplex
and the RecA domains, the PRE experiments were repeat-
ed with a hp-HP92 RNA construct that carries a spin label in
the loop of the substrate hairpin (Fig. 7B; Supplemental
Fig. S12B). In the absence of ATP analog, the PREs for
this RNA construct are distributed over a large surface on
the RRM and RecA_C domains, indicating that the sub-
strate hairpin only transiently interacts with these domains,
and samples a large set of different conformations. The
largest PREs are observed for a positively charged region

HE ]
-5 electrostatic 5
potential [kcal-mol'-e"]

open conformation

+ ADP/BeF,

closed conformation

open conformation

FIGURE 7. DbpA transiently samples the closed state in the absence of ATP. (A) PRE experiments were performed with spin labeled HP92 RNA
and ILMVA-labeled DbpA in the absence of ADP/BeF;. The RNA construct is shown on the left. The position of the 4-thiouridine residue that
carries the nitroxide spin label is indicated by a green circle. The methyl groups of DbpA are colored according to the decrease in signal intensity,
due to the spatial proximity of the spin label from blue (no effect) to red (strong reduction). The closed conformation (left structure) and an arbitrary
open conformation (right structure) are depicted. The pink arrow indicates the reorientation of the RecA_N domain between the two structures.
The C1” atom of the spin labeled 4-thiouridine is shown as a green sphere. (B) PRE experiments with an hp-HP92 RNA containing a spin label in the
loop of the substrate hairpin (green circle; left). Methyl groups are colored as in (A) for the closed conformation (left structure) and for an arbitrary
open conformation (right structure). The pink arrows indicate the reorientation of the RecA_N domain. The methyl groups of M114 and M161 that
exhibit the largest PREs in the RecA_N domain are labeled. The RNA is shown in the conformation observed in the DbpA/hp-HP92 complex,
where the substrate interacts with the active site of the helicase core. (C) DbpA in the closed conformation colored according to its electrostatic
surface potential (blue = positive, red = negative). (D) PRE experiments with identical RNA as in (B), but in the presence of ADP/BeF3. Methyl
groups are colored as in (A) and DbpA is shown in the closed conformation.
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on the RRM surrounding L455 (Fig. 7C). This positively
charged patch is located remotely from the active site,
and its function is currently unknown. It was speculated
to be important for RNA interactions in the context of
the preribosome (Hardin et al. 2010) and most likely at-
tracts the substrate hairpin in the PRE experiments due
to its positive charge. More importantly, the residues
from the RecA_N domain with the largest PREs (M114
and M161) and the residues with large PREs on the
RecA_C domain are in closer contact in the closed confor-
mation (Fig. 7B): e.g., for M114/M161 the distance to the
spin label decreases from 54/42 A (open state) to 27/18
A (closed state). This indicates that DbpA also transiently
adopts the closed conformation in the presence of hp-
HP92 and thereby corroborates the results for the isolated
HP92 (Fig. 7A). In addition to M161 from the RecA_N
domain, large PREs are also found for 1355 from the
RecA_C domain. Both residues are located in the proxim-
ity of the spin label when the substrate hairpin is bound to
the active site in the closed state (Fig. 7B). These PREs
therefore suggest that the transiently formed, closed state
interacts with the substrate hairpin in a similar manner as
observed in the structure of the stably closed hp-HP92/
DbpA complex. In line with this finding, large PREs are ob-
served for M161 and 1355 upon stable formation of the
closed state by addition of ADP/BeFs (Fig. 7D;
Supplemental Fig. S12C). These PREs are also in good
agreement with the structure of the hp-HP92/DbpA com-
plex and thereby provide an independent validation of this
structure.

Overall, the PRE experiments demonstrate the transient
formation of the closed state in the presence of HP92 and
hp-HP92 RNAs, and also suggest that the substrate hairpin
interacts with the transiently formed active site in a similar
manner as observed in the hp-HP92/DbpA structure. This
hints at a pathway for the formation of the active state,
where the closed state is transiently formed and, conse-
quently, the substrate duplex is recruited to the preformed
active site in a second step.

DISCUSSION

The crystallographic snapshots of the unwinding interme-
diates that | determined in this study fill a major gap in our
understanding of the unwinding process of DEAD-box hel-
icases and rationalize how the destabilization of the RNA
duplex in the closed state is achieved. Note that HP92 is
not included in the following model as HP92 is not directly
involved in the unwinding mechanism discussed here.
Instead, HP92 is necessary for the stabilization of the
closed state, which also rationalizes its in-trans activation
of the unwinding process (Wurm et al. 2021). The struc-
tures obtained in this study can be readily integrated into
a model of the unwinding process (Fig. 8): Prior to binding
of the substrate duplex, DbpA mainly populates an open

1348 RNA (2023) Vol. 29, No. 9

state, whereby the RecA_N domain tumbles independent-
ly from the other two domains. This open state, however,
transiently adopts the closed conformation. In the first
step (1), the RNA duplex is recruited to this transiently
formed, closed conformation. DbpA initially binds to 3 nt
of the 5" overhang and the first 3 nt of the substrate duplex,
as depicted in the ds-HP92 complex structure (Fig. 4).
Breathing of the duplex ends in the active site (step 2),
which takes place on the psec-msec timescale (Snoussi
and Leroy 2001), leads to conformation 2 of the ss-HP92
complex (Fig. 5D). In this conformation, all residues still ex-
hibit a continuous base stacking. Subsequently, in step (3),
a transition to the canonical ssRNA product conformation
(as observed in conformation 1 of the ss-HP92 complex)
(Fig. 5C) prevents reformation of the 3 bp. This strongly de-
stabilizes the remaining duplex and increases the dissocia-
tion rate for the unbound RNA strand (step 4). The number
of destabilized base pairs predicted based on these con-
siderations is also in fair agreement with the number ob-
tained from functional assays for the DEAD-box helicases
elF4A and Ded1 (2-3 and 4-5 bp, respectively; Rogers
etal. 1999; Raj et al. 2019).

Importantly, this model depicts only one of several dif-
ferent unwinding pathways that are compatible with the re-
sults of this study. DbpA forms the closed state even more
efficiently in the presence of ssRNA compared to the ss/
dsRNA junction (Fig. 6C). It is therefore very likely that it
can also bind more distal to the duplex such that only 1
or 2 nt of the duplex interact with the active site of the heli-
case core. Regarding blunt-end duplexes, fraying of the
duplex ends will expose the 5" ssRNA overhang that is nec-
essary for binding. As HP92 does not need to be attached
to the substrate duplex to support unwinding, a precise
positioning of the duplex by HP92 is not essential for the
unwinding process. It is also important to note that in my
experiments the attachment of the substrate duplex to
HP92 enforces the interaction with the duplex end that is
distant from the HP92 attachment site and prevents inter-
action with the proximal duplex end that carries a 3’ over-
hang. This study therefore only provides insights into
unwinding from the distant duplex end that carries the 5’
ssRNA overhang.

For most DEAD-box helicases, the unwinding activity
strongly increases with 3’ and with 5 ssRNA overhangs
relative to blunt-end duplexes (Linder and Jankowsky
2011), indicating that DEAD-box helicases can also effec-
tively initiate unwinding from 3’ ssRNA overhangs. This
must proceed through a different mechanism, which
might be analogous to the one described here and would
involve binding to a ss/dsRNA junction with a 3’ ssRNA
overhang. In this case, the duplex region would bind to
positions 1-3, which are mainly formed by the RecA_C
domain, and the 3’ ssRNA overhang would interact with
positions 4—6. This notion is supported by the structure
of the isolated RecA_C domain of the DEAD-box helicase
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FIGURE 8. Model of the unwinding mechanism for duplexes with 5" ssRNA overhangs. HP92 and ATP are omitted for clarity. The nucleotides that
interact with the active site of DbpA are colored orange. DbpA transiently adopts the closed conformation in the absence of substrate RNA (upper
left). (1) The closed conformation binds to the ss/dsRNA junction, whereby nt 1-3 are single-stranded and nt 4-6 are still part of the duplex (as
depicted in the structure of the DbpA/ds-HP92 complex). (2) Duplex breathing leads to a ssRNA-bound state with continuous base stacking
(DbpA/ss-HP92 complex in conformation 2). (3) The nucleotides in positions 5/6 rearrange to a conformation that is incompatible with duplex
formation (DbpA/ss-HP92 complex in conformation 1). (4) The loss of these three base pairs leads to the dissociation of the upper RNA strand.

Mss116 in complex with an RNA duplex, which shows that
duplex binding to positions 1-3 is also possible (Mallam
et al. 2012).

Interestingly, the ATPase assays with increasing 5" over-
hangs indicate no specificity of DbpA for the ss/dsRNA
junction over ssRNA. 5 ssRNA overhangs of increasing
length are detrimental to the unwinding process. This is
in agreement with previous reports on DbpA (Henn et al.
2010) and a similar observation has been made for the
DEAD-box helicase elF4A (Andreou et al. 2019). These
findings support a model where DEAD-box helicases act
as ATP-fueled ssRNA binding proteins, rather than
dsRNA-specific helicases. In this scenario, unwinding
would be the result of stochastic binding to ss/dsRNA junc-
tions, rather than a process that is targeted toward RNA
duplexes. In line with this proposed lack of duplex-speci-
ficity, most DEAD-box helicases show strongly increased
ATPase activity in the presence of ssRNA (Putnam and
Jankowsky 2013), indicating that interaction with a duplex
is generally not necessary for the formation of the closed
state. In addition, several DEAD-box helicases have been
shown to act as ssRNA clamps (Ballut et al. 2005; Xiol
etal. 2014) or in the remodeling of RNA/protein complex-
es (Bowers et al. 2006; Tran et al. 2007), and these two pro-
cesses are unrelated to the interaction with dsRNA. In line

with prior suggestions (Liu et al. 2008), | therefore favor a
simple model, where the functions of DEAD-box helicases
are explained by ATP-coupled, high-affinity ssRNA (or ss/
dsRNA junction) binding.

In summary, these results indicate that for DbpA un-
winding of duplexes with a 5" ssRNA overhang proceeds
through binding of the helicase core to the 5 ss/dsRNA
junction. The high conservation of the characteristic
DEAD-box sequence motifs in DbpA (Supplemental Fig.
S13; Putnam and Jankowsky 2013), together with the sim-
ilarity of the ssRNA product-bound structure (ss-HP92 con-
formation 1) to the canonical product-bound state of
DEAD-box helicases (Fig. 5C) suggests that the results
can be generalized to other DEAD-box helicases. None-
theless, in addition to the unwinding pathway via the 5’
ss/dsRNA junction described here, several other pathways
are possible and remain to be described.

MATERIALS AND METHODS

Protein expression and purification

For DbpA expression the gene coding for full-length DbpA (Uni-
Prot accession code P21693) was PCR amplified from E. coli BL21
(DE3) genomic DNA and cloned into a pETM-11 plasmid that
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codes for an N-terminal tobacco etch virus (TEV) protease cleav-
able hexahistidine tag. This plasmid was transformed into E. coli
BL21(DE) codon plus cells. All growth media for protein expres-
sion were supplemented with 50 mg/L kanamycin and 34 mg/L
chloramphenicol. Cells were grown in LB medium at 37°C until
an ODgqo of 0.6-0.8 was reached. For the production of unla-
beled DbpA, protein expression was induced at this stage by
the addition of 1 mM IPTG, the cells were shifted to 25°C and har-
vested after 16-20 h. For the production of the ILMVA methyl
group labeled DbpA, 1 mL of the LB culture was used to inoculate
25 mL of H,O-based M9 minimal medium and cells were grown
to an ODggo of 0.6-0.8. Cells were harvested by centrifugation
and used to inoculate 100 mL of D,O-based M9 medium (con-
taining 4 g/L deuterated glucose) at an ODggo of 0.15. Cells
were grown overnight at 37°C and diluted 1/8 with fresh D,O-
based M9 medium (containing 2 g/L deuterated glucose) in the
morning. Cells were grown at 37°C until an ODggg of 0.8 was
reached. The culture was shifted to 25°C and 60 mg 2-ketobutyric
acid-(4-'3C,3,3-dy), 100 mg 2-keto-3-methyl-butyric acid-
(dimethy|-13C2, 3-d), and 100 mg L-methionine-(methy|-13C)
dissolved in 200 mL of D,O-based M9 medium were added. After
45 min, 100 mg L—alanine—(methyl—BC, 2-d) was added and 15 min
later protein expression was induced by addition of 1 mM IPTG.
Cells were harvested after 16-20 h and stored at —20°C.

For purification, the cell pellets were resuspended in 20 mL of
buffer A (400 mM NaCl, 50 mM sodium-phosphate, pH 7.4,
10 mM imidazole) supplemented with 0.1% (v/v) Triton-X-100, 1
mg/mL lysozyme, and 0.1 mg/mL DNase |. Cells were lysed by
sonication and cell debris was removed by centrifugation
(30 min, 18,0009, 4°C). The supernatant was applied to a gravity
flow Ni-NTA column equilibrated in buffer A. The column was
washed with 20 mL of buffer A, 10 mL of 1 M NaCl, 25 mM
sodium-phosphate, pH 7.4, and 20 mL of buffer A+ 10 mM imid-
azole. DbpA was eluted with buffer B (400 mM NaCl, 300 mM
imidazole, 50 mM sodium-phosphate, pH 7.4). The N-terminal
His-tag was removed by TEV protease digestion during dialysis
against dialysis buffer (150 mM NaCl, 25 sodium-phosphate, pH
7.4, 1 mM DTT) overnight at 4°C. The TEV protease contained
an N-terminal hexahistidine tag and was removed by a second
Ni-NTA column equilibrated in dialysis buffer. The column was
washed with dialysis buffer. Flow-through and wash fractions
were combined and %2 volume of 60% (v/v) glycerol solution
was added. DbpA was further purified using a 5 mL HiTrap HP
Heparin column (GE Healthcare) equilibrated in 100 mM NaCl,
20 mM HEPES, pH 7.3, 20% (v/v) glycerol. DbpA was eluted using
a linear NaCl gradient from 100 mM to 500 mM over 50 mL.
DbpA-containing fractions were pooled, concentrated, and sub-
jected to a size exclusion chromatography (SEC) step using a
Superdex 75 16/600 column (GE Healthcare) equilibrated in
SEC buffer (125 mM NaCl, 25 mM HEPES, pH 7.3, 1 mM DTT).
DbpA concentrations were determined based on the OD>gq using
an extinction coefficient of 26,900 M~" cm™".

RNA production

RNAs were produced by in vitro transcription (IVTC) using home-
made T7 polymerase (P266L mutant) (Guillerez et al. 2005).
Single-stranded DNA oligonucleotides, to which a DNA oligonu-
cleotide corresponding to the T7 promotor sequence was hybrid-
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ized, were used as templates. IVTCs were performed in 5-10 mL
reactions containing 1 pM template DNA, 4 mM of each NTP,
15-50 mM MgCl; (optimized for each RNA construct), 50 mM
Tris, pH 8.0, T mM spermidine, 5 mM DTT, 0.01% (v/v) Triton-X-
100, 40 pg/ml T7 polymerase and were incubated at 37°C for
3 h. Subsequently, 50 mM EDTA, pH 8.0 was added, and the
RNA was precipitated by addition of 0.7 volumes of isopropanol.
RNAs were purified using a DNAPac 100 column (22 x 250 mm,
Dionex) heated to 70°C. Buffers for purification contained 5 M
urea, 20 mM Tris, pH 8.0 (pH adjusted at RT) and O (buffer A) or
2 M NaCl (buffer B). RNAs were eluted using linear gradients
from 5%—15% B to 20%-40% B depending on the RNA construct
at a flow rate of 10 mL/min. Fractions containing the desired
RNA product were pooled and precipitated by addition of 1 vol-
ume of isopropanol and incubation at —20°C for at least 1
h. After centrifugation (8000g, 4°C, 45 min), the RNA pellet was
washed with 75% (v/v) ethanol, dried and resuspended in
H,O. RNA concentrations were determined based on ODygp.
Extinction coefficients were calculated using the OligoAnalyzer
Tool (IDT). See Supplemental Table S2 for the sequences of the
RNA constructs used in this study.

NMR experiments

All NMR experiments were conducted on Bruker 600 MHz and
800 MHz Avance Neo spectrometers equipped with nitrogen
(600 MHz) or helium cooled (800 MHz) cryoprobes. Methyl
TROSY spectra were recorded using the SOFAST-HMQC pulse
sequence (Schanda et al. 2005). Measurements were performed
at 25°C in SEC buffer supplemented with 5% (v/v) D,O for the
lock. DbpA concentrations in titration experiments with ILMVA-la-
beled DbpA were 40-70 uM, and RNAs were added in 1.3 times
excess over DbpA. For experiments where RNAs where titrated
with DbpA, RNA concentrations were 100 uM and unlabeled
DbpA was added in 1.3 times excess over RNA. To form the
ADP/BeF3; bound state 2 mM MgCl,, 2 mM BeF,, 2 mM ADP,
and 10 mM NaF were added. CSPs were calculated according
to the following equation:

CSP = \/(AC/4)% + AH?

(AC, AH, chemical shift differences in ppm in the 3C and 'H
dimensions).

Methyl group assignments in the free and RNA-bound states of
DbpA were published previously (Wurm 2020; Wurm et al. 2021).
Assignments for the RNA-bound state could be partially trans-
ferred to the closed state (bound to ss-HP92 RNA and ADP/
BeFs) based on 3D-NOESY spectra in combination with the struc-
ture of the DbpA/ss-HP92/ADP/BeF; complex. The sample
for the NOESY spectra contained the 250 uM ILMVA methyl
group labeled DbpA, 350 uM ss/HP92 RNA, 110 mM NaCl, 25
mM Arg/Glu, 25 mM HEPES, pH 7.3, 1 mM DTT, 5 mM MgCl,,
2mM ADP, 4 mM BeF2, and 15 mM NaF. SOFAST-HMQC-based
3D-CCH- and 3D-HCH-NOESY spectra (Rossi et al. 2016) were re-
corded with a mixing time of 250 msec.

Imino proton signals of the substrate duplex of the hp-HP92
RNA in the free state were assigned using a 2D "H-"H NOESY
spectrum (mixing time 130 msec) recorded in SEC buffer at
10°C at an RNA concentration of 200 uM. The assignment of
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the imino protons of HP92 was published previously (Wurm et al.
2021).

NMR spectra were processed with Topspin 4.0.2 or NMRPipe
9.6 (Delaglio et al. 1995) and analyzed using NMRPipe and
CARA (Keller 2004).

PRE measurements

RNAs for site selective spin labeling contained a 4-thiouridine at
the desired labeling position and were chemically synthesized by
Dharmacon, see Supplemental Table S2 for RNA sequences.
RNAs were deprotected according to the protocol provided by
Dharmacon. For spin labeling, 100 uM of the respective RNA was
incubated at room temperature in the dark for 24 h with a 100-
fold excess of 4-(2-iodoacetamido)-TEMPO in a buffer containing
20% (v/v) DMSO and 100 mM HEPES, pH 8.0. Unreacted 4-(2-
iodoacetamido)-TEMPO was removed by two sodium acetate/
EtOH precipitation steps. PRE experiments were performed in
NMR buffer lacking DTT using a 1.3 times excess of RNA over
DbpA. DbpA concentrations ranged from 40 pM to 60 pM.
SOFAST-HMQC spectra were recorded before and after reduction
of the spin label by addition of 2 mM sodium ascorbate. Peak vol-
umes in both spectra were integrated with NMRPipe and the PRE
was calculated as the ratio of the peak volumes before reduction
(I) divided by the peak volumes after reduction (Ip). PRE values for
the geminal methyl groups of Leu and Val residues were averaged.

Helicase assays

Fluorescence-based single-tumover helicase assays were conduct-
ed at 25°C in 96-well plates using a TECAN spark plate reader. The
assay takes advantage of the fluorescence quenching effect of the
5" guanosine residues of the 9mer RNA on the 5’ fluorescein label.
This effect is strongly reduced, when the labeled 9mer is hybridized
to the HP92 containing RNA and leads to a reduction of the fluores-
cence intensity upon unwinding. Rebinding of the 9mer RNA to
HP92 containing RNA is prevented by an excess of unlabeled
9mer RNA. See Supplemental Table S2 for RNA sequences. 5 fluo-
rescein labeled RNAs were obtained from IDT. Reaction mixtures
(100 pL) contained 125 mM NaCl, 25 mM HEPES, pH 7.3, 2 uM
DbpA, 5 mM MgCl,, 25 nM 5 fluorescein labeled 9mer RNA,
37.5 nM HP92 containing RNA, 2 uM unlabeled 9mer RNA, 3
mM of the respective nucleotide (ADP, ATP, ADPNP, ADPCP, or
ATPyS). For the ADP/BeF; condition, 3 mM BeF, and 10 mM
NaF were added in addition to ADP. Initially, 5" fluorescein labeled
9mer RNA (at 1 uM) and HP92 containing RNA (at 1.5 pM) were hy-
bridized in SEC buffer supplemented with 5 mM MgCl, by heating
to 95°C and subsequent cooling to room temperature over ~1 min.
Then all components except for the nucleotide were mixed and
preincubated for 5 min in the plate reader. The unwinding reaction
was started by the addition of nucleotide (+BeF, and NaF in the
case of the ADP/BeF3; condition) and the fluorescein fluorescence
(excitation/emission filter wavelength 485 nm/535 nm) was record-
ed every 30 sec. Fluorescence time courses were fitted to the fol-
lowing equation:

F=Fy+AF.e™®

(F, fluorescence intensity; Fo, basal fluorescence intensity; AF, fluo-
rescence intensity difference due to unwinding; k, unwinding rate;

t, time) using Matlab. All helicase assays were performed in tripli-
cate using the same DbpA preparation, which was stored in small
aliquots at —80°C until use. The reported values are the mean
and standard deviation of the three measurements.

ATPase assays

The ATPase activity of DbpA in the presence of different RNA
constructs was determined using a coupled pyruvate kinase/lac-
tate dehydrogenase assay (Tsu and Uhlenbeck 1998; Kiianitsa
et al. 2003). The production of ADP is coupled to NADH oxida-
tion, which can be monitored based on NADH absorption at
340 nm. Reaction mixtures (150 pL) contained 0.2-1 M DbpA,
3 mM ATP, 5 uM HP92 containing RNA, O or 6.5 uM 9mer
RNA, 450 pM NADH, 1.5 mM pyruvate, 10 u/mL pyruvate
kinase/lactate dehydrogenase (from rabbit muscle, Sigma-
Aldrich, #P0294), and 5 mM MgCl; in SEC buffer. Absorption
measurements at 340 nm were conducted in 96-well plates every
20 sec using a TECAN spark plate reader at 25°C. ATPase rates
were determined based on the following equation after linear fit-
ting of the linear region of the absorption time courses:

koo 9A (1
°0* = 7 dt "\ Ko - [DbpA]

(kobs, ATPase activity; dA/dt, slope of the linear fit to the absorp-
tion time course; Kyath, molar absorption coefficient of NADH at
340 nm for the path length in the 96-well plate [2.22 mM™"];
[DbpA], DbpA concentration). All ATPase assays were performed
in triplicate using the same DbpA preparation, which was stored
in small aliquots at —80°C until use. The reported values are the
mean and standard deviation of the three measurements.

Structure modeling

Structure modeling was performed in torsion angle space using
CYANA 3.98 (Glntert et al. 1997). The 1:1 complex between
hp-HP92 RNA and DbpA was modeled based on chain B
(DbpA), nt 1-22 of chain F and nt 26-42 of chain G. The torsion
angles in these residues were fixed (except for the £ backbone an-
gle of nt 22 and the @, B, 8, and ¢ backbone angles of nt 26) and nt
23-25 of the hp-HP92 were modeled to connect chains F and G
using the regularize macro implemented in CYANA. Fifty struc-
tures were calculated and the structure with the lowest target
function was chosen to represent the model.

To model the elongated duplex of the ds-HP92 RNA (Fig. 4),
two cytosine residues (corresponding to nt 45 and 46) were add-
ed to the 5" end of the ds-HP92 RNA. For these cytosines, A-form
helix restraints (Richardson et al. 2008) and Watson—Crick hydro-
gen bond restraints to nt G2/G3 were introduced. All angles of
the ds-HP92 RNA except for the & and & backbone angles of nt
44 were fixed. Fifty structures were calculated by simulated an-
nealing and the structure with the lowest target function was cho-
sen to represent the model.

Analytical size exclusion chromatography

Analytical SEC of RNA and RNA/DbpA complexes was per-
formed at 25°C using an XBridge Protein BEH SEC 200 A
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Column (7.8 mm x 300 mm) and SEC buffer (flow rate 0.5 mL/
min). RNAs were folded by heating the RNAs at a concentration
of 80 pM in SEC buffer to 95°C for 1 min, followed by rapid cool-
ing on ice. Five microliters of solution containing RNA at a con-
centration of 40 uM in SEC buffer were injected for each run.
DbpA was added at a 1.3-fold excess and 2 mM ADP, 2 mM
BeF,, 2 mM MgCl,, and 10 mM NaF were added to form the
RNA/DbpA/ADP/BeF; complexes. The RNA/DbpA/ADP/BeF;
complex was incubated at least 20 min at room temperature be-
fore analysis. RNA elution was monitored by recording the ab-
sorption at 260 nm.

Crystallization and structure determination

The DbpA/RNA/ADP/BeF3 complexes for crystallization were
prepared in SEC buffer using DbpA and RNA concentrations of
200 pM and 260 pM, respectively. Before mixing with DbpA,
RNAs were folded at a concentration of 700 uM in H,O by heating
to 95°C for 1 min followed by rapid cooling on ice and subse-
quent addition of NaCl to a final concentration of 125 mM.
Then 3 mM ADP, 5 mM BeF,, 5 mM MgCl,, and 16 mM NaF
were added and the complex was incubated at least 1 h at
room temperature before crystallization. Crystals were grown us-
ing the hanging drop vapor diffusion method at 20°C after mixing
1 pL of the complex solution with 1 L of the reservoir solution.
Crystals appeared after 1-2 d. Crystals were cryoprotected using
reservoir solution +20% (v/v) PEG400 and subsequently flash fro-
zen in liquid nitrogen. The following reservoir solutions were
used:

hp-HP92RNA: 200 mM NH,/tartrate, 100 mM Tris, pH 8.0, 20%
(w/v) PEG3350

ds-H92 RNA: 0.2 M di-sodium tartrate, 20% (w/v) PEG 3350

ss-HP92 RNA: 400 mM KSCN, 100 mM Tris, pH 8.0, 20% (w/v)
PEG 3350

Diffraction data were collected at —170°C and at a wavelength
of 0.9766 A at the EMBL/DESY beamline P13 (Cianci et al. 2017)
(for the ss/HP92 RNA/DbpA complex) or ata wave length of 1.000
A at the SLS beamline X06SA (Mueller et al. 2012) (for the hp/
HP92 and ds/HP92 RNA/DbpA complexes). The collected data
was integrated, merged, and scaled using XDS (Kabsch 2010).
Phasing of the hp-HP92 RNA complex was performed by molec-
ular replacement using PHASER (McCoy et al. 2007) and the struc-
tures of the DEAD-box helicase VASA (PDB 2DB3) (Sengoku et al.
2006) and of the RRM of the DbpA homolog YxiN (PDB 3MOJ)
(Hardin et al. 2010) as search models. For the other two complex-
es, the DbpA structure of the hp-HP92 RNA complex was used
as a molecular replacement search model. The structures were
refined by iterative rounds of manual model building in
COOT (Emsley and Cowtan 2004) and refinement using Phenix.
refine (Afonine et al. 2012). Data collection and refinement statis-
tics are summarized in Supplemental Table S1. Structure repre-
sentations were generated with UCSF ChimeraX (Pettersen
et al. 2021).

DATA DEPOSITION

Structure factors and atomic coordinates have been deposited in
the PDB with accession codes 7PLI (ss-HP92/DbpA complex),
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7PMQ  (hp-HP92/DbpA complex), and 7PMM (ds-H92/DbpA
complex).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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