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Abstract: DEAH/RHA helicases are members of a large group of proteins collectively termed
DExH-box, which also include Ski2-like and NS3/NPH-II helicases. By binding and remodeling
DNA and RNA, DEAH/RHA helicases play critical roles in many cellular processes ranging from
transcription and splicing to ribosome biogenesis, innate immunity and stress granule formation.
While numerous crystal structures of other DExH-box proteins helicases have been reported, no
structures of DEAH/RHA helicases bound to nucleic acid substrates have been available until the
recent co-crystal structures of the maleless (MLE) and Prp43p bound to RNA. This review examines
how these new structures provide a starting point to understand how DEAH/RHA helicases bind to,
translocate on, and unwind nucleic acid substrates.
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1. Introduction

DEAH/RHA helicases belong to a group of SF2 helicases collectively called DExH-box proteins,
which additionally consist of the following families: Ski2-like and NS3/NPH-II [1-3]. DEAH/RHA
helicases are implicated in both DNA and RNA processes, including transcription regulation,
innate immunity, stress granule formation, RNA splicing, ribosome biogenesis, and translation
regulation [4-14]. Due to the crucial roles of DEAH/RHA helicases and DEAD/DExH helicases
in general, aberrant regulation of these helicases have often been identified as contributors to various
diseases, such as cancer or neurological disorders [15-19].

Structurally, and like all SF1 and SF2 helicases, the cores of DEAH helicases are comprised of two
RecA-like domains (RecAl and RecA?2) [20]. Together, these present a nucleotide 5'-triphosphate (NTP)
binding cleft and a single-stranded nucleic acid binding surface. DEAH/RHA helicases additionally
have several C-terminal sub-domains, and often also N-terminal extensions (NTE). Typically, the
C-terminal domain consist of a degenerate winged-helix (WH), ratchet-like (RL), and OB-like fold (OB)
sub-domains, as shown in Figure 1 [20-22]. In addition, a C-terminal extension (CTE) that stabilizes an
NTE through the joint formation of a three-helix bundle may be present [23]. The structure of maleless
(MLE), the Drosophila melanogaster ortholog of hDHX9, shows that this interaction orients the NTE
(a double-stranded RNA-binding domain in that helicase) toward the 5'-end of a structured nucleic
acid substrate (Figure 1b) [23].

The NTE of DEAH/RHA helicases typically imparts specificity for the secondary structure of
their substrate nucleic acids, and is often necessary, if not sufficient, for binding to structured nucleic
acids substrates [24-27]. For instance, in the case of DHX36, the NTE gives rise to the specificity of
the helicase for G-quadruplex-containing DNA and RNA, even though the isolated NTE binds to
substrates (with greatly diminished affinity when compared to the full-length protein) [26,27].
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Amongst DEAD/DExH helicases, the DEAD and Ski2-like helicases possess a glutamine motif
(Q-motif) in the RecAl domain that provides specificity for ATP [28]. DEAH/RHA helicases
and NS3/NPH-II like helicases do not contain a Q-motif. As such, DEAH/RHA helicases are
capable of binding and hydrolyzing other nucleotide 5'-triphosphates. This was recently visualized
crystallographically in the X-ray structure of Prp43p bound to CDP [29]. Additionally, DEAH/RHA,
Ski2-like, and NS3/NPH-II helicases are characterized by the presence of a prominent (3-hairpin
(HP motif) between motif V and VI in the RecA2 domain [21,22,30-32]. In the Ski2-like helicase, Hel308,
the p-hairpin, stacks against the last base pair of the co-crystallized DNA duplex [32]. The p-hairpin
is thus proposed to act as the unwinding element in the Ski2-like family [32]. The general domain
organization and architecture of the ATP-binding cleft of DEAH/RHA helicases was previously
reviewed [20], so we do not cover this topic further in this review.

Biochemical analyses show that despite a shared domain architecture, different DExH-box
proteins display disparate translocation and unwinding mechanisms [33-42]. For example, the
NS3/NPH-II helicase, HCV NS3, is capable of rapidly translocating across hundreds of nucleotides
at up to 74 nucleotides per second [43], whereas the DEAH/RHA helicase, DHX36, locally unwinds
a G-quadruplex and rapidly dissociates thereafter [34,38]. While numerous helicase structures have
been reported, no structures of DEAH/RNA helicases bound to nucleic acid substrates were available
until the recent structure determinations of MLE [23] and Prp43p [44,45] bound to RNA. These provide
a starting point to understand how DEAH/RHA helicases bind, translocate, and unwind nucleic
acid substrates.

CTE (a) Prp43

Figure 1. Co-crystal structures of (a) ground state Prp43p bound to an RNA substrate U and
ADP-BeF; ™ (Prp43p-rU-GR; DHX15; PDB 5LTA) and (b) transition state-mimic MLE bound to an RNA
substrate rU;5 and ADP-AlF, ~ (MLE-rU-TR; DHX9; PDB 5A0R). A co-crystal structure is also available
of a ground state Prp43p bound to an RNA substrate rU,5 and AMP-PNP (PDB 5I8Q). Abbreviations
are as follows: OB—OB-like fold sub-domain, RL—ratchet-like sub-domain, WH—degenerate
winged-helix sub-domain, NTE—N-terminal extension, and CTE—C-terminal extension.
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2. Crystallographic Snapshots of DEAH/RHA Helicases

Many NTPases have been co-crystallized with NTP analogs in an effort to freeze protein
conformations along the NTP hydrolysis reaction coordinate [46,47]. MLE and Prp43p were
crystallized bound to RNA in the presence of the ATP analogs ADP-AlF;~, and AMP-PNP and
ADP-BeF3™, respectively. Generally in the use of NTP analogs, the assumption is that transient
helicase conformations and the subsequent effects on the nucleic acid substrate can be visualized as
a function of the trapped ATP hydrolysis state. Commonly employed ATP mimics include ADP in
complex with BeF3~, AlF;~, and VO,~, which replace the y-phosphate (Figure 2) [48]. ADP-BeF;~
complexes adopt a tetrahedral conformation that is isosteric to the y-phosphate in the Michaelis
complex [49]. As such, helicase structures containing BeF3~ complexes are considered to represent
a ground state or pre-hydrolysis state (Figure 2b) [49]. ADP-BeF; ™ is highly useful in interrogating
helicase-unwinding mechanisms because ATP hydrolysis does not necessarily need to correspond
with nucleic acid secondary structure unwinding or displacement. Mss116p, a DEAD-box helicase, is
capable of unwinding its dSRNA substrate in the presence of ADP-BeF3~, indicating that DEAD-box
ATP hydrolysis facilitates substrate release [50,51].
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Figure 2. ATP analogs used to capture hydrolases at different points along the ATP hydrolysis reaction
pathway. (a) ADP represents the post-hydrolysis state. ADP is typically rapidly released from the ATP
binding pocket following ATP hydrolysis; (b) ADP-BeF;~ adopts a tetrahedral conformation when
complexed with the 3-phosphate in the active site. The tetrahedral conformation mimics a ground-state,
or pre-hydrolysis species; (¢) ADP-AIF;~ adopts an octahedral conformation when complexed with the
B-phosphate and a nucleophilic water species in the active site. ADP-AlF;~ is a pseudo-mimic of the
ATP hydrolysis transition state as the true transition state adopts a trigonal bipyramidal conformation;
(d) ADP-VO43~ adopts an imperfect trigonal bipyramidal conformation when complexed with the
B-phosphate oxygen; (e) A reaction schematic summarizing the use of ATP by a helicase in the presence
of a nucleic acid substrate.

ADP-AIF;~ and VO3~ are commonly employed as transition-state mimics of ATP
hydrolysis [48,51]. ADP-AlF,~ adopts an octahedral geometry, where the four fluorines are equatorial
and the 3-phosphate terminal oxygen as well as a water molecule are axial (nucleophilic water is not
shown but is present in the crystal structure; Figure 2c) [49]. However, a caveat of ADP-AlF,~ as a
transition-state mimic is that the hydrolysis of the y-phosphate of ATP proceeds through a trigonal
planar transition state; thus the octahedral coordination around aluminum in ADP-AlF,~ is just
an approximation [48]. Yet, ADP-AlF;~ remains the most widely used transition state analog in
helicase biochemistry and structural biology. The oxygen atoms around the vanadium in ADP-VO,3~
adopt a trigonal bipyramidal geometry, which better approximates the hydrolysis transition state
(Figure 2d) [48].
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3. DEAH/RHA RecA1 Interactions

The co-crystal structures of MLE (MLE-rU-TR) [23] and Prp43p (Prp43p-rU-GR) [44,45] bound
to RNA substrates in the transition and ground states, respectively show that, like other SF2 helicases,
DEAH/RHA helicases interact with their nucleic acid substrate via the helicase core region typically
through three motifs in the RecA1 domain at the 3'-end and four motifs in the RecA2 domain at the
5-end. In the RecAl domain, (1) Ia, (2) Ib (hook-turn [44]), and (3) Ic interact with the 3’-end of the
nucleic acid substrate.

From the co-crystal structures of MLE-rU-TR and Prp43p-rU-GR, motif Ia provides two
consecutive Arg residues that form a “pincer” surrounding the sugar-phosphate backbone of the
substrate nucleic acid (Figure 3b,c) [23,44,45]. In HCV NS3, the homologous residue in motif Ia is a
serine, the mutation of which does not result in deleterious effects [52]. On the other hand, the mutation
of the motif Ia arginine (the C-terminal arginine) in Prp43p results in a cold-sensitive phenotype in
S. cerevisiae, indicating motif Ia is important for Prp43p helicase activity [53]. This motif is at the
N-terminus of the helix that provides a tyrosine in NS3/NPH-II helicases (Y motif) or an arginine in
DEAH/RHA helicases (R motif), which stacks with the base of the NTP in the NTP binding cleft. It has
been proposed that this helix acts as a “spring” transducing NTP hydrolysis to nucleic acid substrate
coordination via motif Ia in NS3/NPH-II helicases [20]. No evidence is available that demonstrates the
DEAH/RHA motif Ia-R helix acts in a spring-like fashion; a systematic series of DEAH/RHA-nucleic
acid co-crystal structures in complex with and without ATP analogs will be required to address this
question. The motif Ic helix, which is adjacent to WH, typically provides the most extensive contacts
between the RecAl domain and the nucleic acid substrate. The highly conserved motif Ic threonine
and arginine residues form non-specific interactions with the sugar-phosphate backbone and the latter
additionally stacks with a base of the substrate nucleic acid (Figure 3b,c).

In NS3/NPH-II and DEAH/RHA helicases, motif Ib (hook-turn) contains a 3-hairpin motif that
interacts with the substrate nucleic acid sugar-phosphate backbone along the RecA1 substrate nucleic
acid binding interface (Figure 3). The importance of motif Ib was first identified by the structure guided
mutation of motif Ib residues in Prp43p (arginine-phenylalanine), which resulted in an impairment
of helicase unwinding activity without affecting NTPase activity [53]. In the co-crystal structures of
Prp43p bound to ADP, motif Ib in DEAH/RHA helicases was shown to adopt a similar elongated
B-hairpin to that of HCV NS3 [21,22]. Subsequently, the MLE-rU-TR structure demonstrated that a
motif Ib arginine interacted with the sugar-phosphate backbone and formed part of the 3’ substrate
nucleic acid channel [23]. In Prp43p-rU-GR, motif Ib adopts a nearly identical configuration to MLE,
where motif Ib is proposed to act as a “3'-bookend” [45] or a “hook-turn” [44] that is crucial for Prp43p
translocation. As the motif Ib arginine residue is conserved amongst DEAH/RHA helicases, motif Ib
along with Ia and Ic contribute to the translocation and unwinding activity of all DEAH/RHA helicases.
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Figure 3. Interactions between a bound single-stranded nucleic acid substrates and the RecAl/RecA2
domains (brown and green, respectively) of (a) HCV NS3 (PDB 3KQL); (b) C. thermophilum Prp43p
(DHX15; PDB 5LTA); and (c) MLE (D. melanogaster DHX9; PDB 5AOR). (HP stands for 5 3-hairpin).

4. DEAH/RHA RecA2 Interactions

In the RecA2 domain, (1) IV, (2) IVa (hook-loop [23]), (3) V, and (4) HP motifs interact with the
5’-end of the nucleic acid substrate. Amongst DEAH/RHA helicases, motif V is highly conserved.
Motif V consecutively provides a threonine and asparagine, which chelate the phosphate oxygen
and 2'-OH of the same nucleotide in the helicase core region “closed” ground and transition states
(Figures 2e and 3b,c). While many DEAH/RHA helicases bind and unwind both DNA and RNA
substrates, contacts provided by motif V explain why DEAH/RHA helicases typically display
slightly higher affinities for RNA substrates [54,55]. As described in the following section, the
motif V loop is mobile as it is part of the same loop that provides a threonine that stacks against
the nucleobase of the NTP in its binding cleft (Figure 3b,c) [23,44,45]. In NS3/NPH-II helicases
and likely amongst DEAH/RHA helicases, this loop motion results in the transition between the
“open” and “closed” helicase core region conformation upon binding an NTP molecule [52,56].
In the post-hydrolysis state (Prp43p-ADP shown in Figure 4c), a phenylalanine from a loop directly
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C-terminal to the hook loop impinges upon the motif V threonine in the NTP binding cleft, resulting in
a sandwich of the NTP base between a phenylalanine from RecA2 and an arginine from RecAl [21,22].
The resulting conformational rearrangement of motif V and the hook-loop result in a helicase core
region conformation that is not conducive to nucleic acid binding, as has been shown biochemically
with DEAH/RHA helicases [21,22]. The post-hydrolysis conformation that allows Prp43p and
DEAH/RHA helicases in general to processively translocate on a nucleic acid substrate is currently
unknown. Through an as of yet structurally uncharacterized interaction, Prp43p through its OB
sub-domain interacts with G-patch proteins such as Ntrlp, Pfalp, and Gnolp to become processive
translocases [29,57-59].

(a) (b)

Ground to
transition state

Open to
ground state

HCV NS3
22 “spring” helix
motion
(©
Transition to
post-hydrolysis state
MLE and Prp43

Figure 4. Use of ATP analogs to study DExH-box helicase structural mechanisms. (a) Crystal structure
of HCV NS3 complexed to ssDNA without ATP analogs (PDB 3KQK; purple; open state; NS3-apo)
superimposed via RecAl with HCV NS3 bound to ADP BeF;~ (PDB 3KQN; green; ground state;
NS3-Be). A rotation of RecA2 and CTD is evident; (b) Crystal structure of HCV NS3 bound to
ADP BeF3™ (green) superimposed via RecAl with HCV NS3 bound to ADP AlF," (PDB 3KQL; silver;
transition state; NS3-Al). A rotation of CTD and intra-domain movements in RecAl are evident;
(c) Crystal structure of MLE bound to ssSRNA and ADP AlF,” (PDB 5AO0R; silver; transition state;
MLE-rU-TR) superimposed via RecA1 with Prp43p bound to ADP (PDB 2XAU; purple; post-hydrolysis
state; Prp43p-ADP). Rotation of RecA3 is evident.

The sequence of motif IV and IVa (hook loop [23]) are less conserved amongst DEAH/RHA
helicases. Sequence conservation divides the DEAH/RHA helicase family into two phylogenetic
groups: DEAH helicases that contain the residues D-E-A-H in motif Il and RHA helicases that contain
the residues D-E-X-H, where X is most often isoleucine. In RHA helicases such as MLE, motif IV
typically contains a tryptophan, which stacks against a substrate nucleic acid nucleobase with its
indole and contacts a phosphate oxygen using its backbone amide (Figure 3c). Motif IVa consists of the
residues H-5-X, which make extensive contacts with the sugar-phosphate backbone of two nucleotide
residues. Mutagenesis showed motif IVa to be necessary for MLE unwinding activity. Due to the
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importance of motif IVa for unwinding activity in MLE, it was proposed that the RecA2 domain
“drags” the nucleic acid substrate into the helicase core [23].

In DEAH helicases such as Prp43p, motif IV only provides a glutamate residue that makes a
peptide backbone contact with the phosphate oxygen of the RNA substrate (Figure 3b). The interaction
between the hook-loop and the RNA substrate consists solely of a main-chain H-bond between a
glycine residue and a phosphate oxygen. In Prp43p, the hook-loop was found to be dispensable for
helicase activity [44]. The accounting of interactions between the RecA2 domain and the nucleic acid
substrate shows that DEAH helicases do not interact as strongly with their nucleic acid substrate
through the RecA2 domain when compared with RHA helicases.

In Ski2-like helicases the HP motif directly separates the two strands of a nucleic acid
duplex [32,60,61], whereas in DEAH/RHA helicases the HP motif appears to be out of position
to perform such a role due to extensive protein-protein contacts with the OB sub-domain. However,
in both MLE and Prp43p, the HP motif sterically occludes the path of the nucleic acid substrate
resulting in an abrupt flip of the nucleotide bases so that the bases are pointing away from the HP
motif (Figure 3b,c). This flipped structure is unlike what is observed in both Ski2-like and N53/NPH-II
helicases where the nucleotides point towards the HP motif (Figure 3a) [30,32,52,56,60]. Thus, the
HP motif may nevertheless play a role in substrate unwinding by providing strain directly 3’ to any
nucleic acid secondary structure.

5. Conformational Snapshots of HCV NS3 Through the Use of ATP Analogs

A series of conformational “snapshots” of the hepatitis C (HCV) NS3 helicase, which were
obtained through the use of ground- and transition-state ATP analogs, have been reported bound
to DNA [52] and RNA [56] substrates. The pattern of H-bonding between the helicase core region
and the nucleic acid substrate within both DEAH/RHA helicases and the HCV NS3 helicase are
highly conserved. Due to this conservation, He and colleagues predicted that the open and closed
states of the HCV NS3 helicase core region will closely mirror that of DEAH/RHA helicases as a
function of ATP reaction coordinate [45]. In a study performed by Rice and colleagues, HCV NS3
was co-crystallized with ssDNA and either bound to (1) no ATP analog (NS3-apo); (2) ADP-BeF;™
(NS3-Be); or (3) ADP-AIF4~ (NS3-Al) [52].

When the NS3-apo is superimposed on the NS3-Be (ATP-binding step), an ~22° rotation of the
RecA2 and an ~7° rotation of the HCV NS3 CTD is apparent (Figure 4a). The ATP-dependent rotation
is interpreted as a structural transition from an “open” to a “closed” conformation, a phenomenon
common to most SF1 and SF2 helicases when bound by an ATP analog, but notably this transition
has not yet been structurally observed in the DEAH/RHA family. Superposition of the NS3-Be with
NS3-Al (ATP-hydrolysis step) reveals an ~15° rotation for the NS3 CTD about the axes shown in
Figure 3b and intra-domain movement of the RecA1l domain. The top half of RecAl rotates along an
axis orthogonal to the rotation axis for CTD and the top of RecAl, resulting in the “stretching” of an
alpha helix-containing motif Y (Figure 4b, red arrows). Motif Y contains a tyrosine residue that m—mn
stacks below the adenine base of the ATP analog. As mentioned above, this motif is hypothesized to
transduce ATP binding and hydrolysis events to conformational changes in the nucleic acid substrate
within NS3/NPH-II helicases [52,62].

The large conformational changes in RecAl and RecA2 power a ratcheting inchworm motion
that result in unidirectional 3’5’ translocation along an ssDNA or ssRNA substrate, as shown in
Figure 5a [52]. RecAl and RecA2 form a binding surface for a single-stranded nucleic acid substrate
with a footprint of five nucleotides. Prior to ATP-binding (NS3-apo), RecA2 makes contact with the
substrate phosphates of nucleotides 1-3 and RecA1 contacts those of nucleotides 4-5 (Figure 5b top).
After ATP binding (NS3-Be), RecAl1-RecA2 closure as a result of RecA2 rotation results in RecA2
contacting nucleotide phosphates 1-2 and the RecA1 binding surface sliding 3’ to 5 to contact only
nucleotide 4 (Figure 5b second from the top). During ATP binding, the spring helix residue V232
in RecA1l loses contact with the phosphate from nucleotide 4. Subsequent ATP hydrolysis (NS3-Al)
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completes the ratcheting motion, where the spring helix (V232) contacts nucleotide phosphate 3
thereby shifting the RecA1 contacts with the substrate sugar-phosphate backbone one nucleotide in
the 5’ direction (Figure 5b second from bottom). While not captured as a conformational snapshot,
it is reasonable to assume that following ATP hydrolysis, dissociation of the subsequent ADP and
P; products of hydrolysis results in a restoration of the “open” conformation where RecA2 steps one
nucleotide forward in the 5 direction (Figure 5b bottom).

NS3h-ADP-AIF -ssDNA

}.mv +Pi
4 1 2 3 4
vaz)~ I ! ! l ! Ws01 &

@D o

NS3h-ssDNA

Figure 5. A schematic summarizing (a) the translocation of RecA2 (abbreviated as NABSI in the figure)
and RecAl (abbreviated as NABS2 in the figure) 3’ to 5’ on a ssDNA substrate, which was obtained
by analyzing the RecAl/RecA2 movements of NS3 in different conformational snapshots; (b) The
number of RecAl/RecA2 contacts over ATP binding, hydrolysis, and release are quantified. This figure
is reused with the expressed permission of Rice and colleagues [52].

6. DEAH/RHA C-Terminal Domain Interactions

The primary contacts between the CTD and the nucleic acid substrate occur outside the ratchet
helix. In both MLE and Prp43p, minor protein RNA contacts exist in the OB and WH sub-domains.
As above, OB forms a 5 -nucleic acid channel with the RecA2 domain and RL whereas WH forms a 3’
nucleic acid channel with the RecAl domain (Figure 1). In MLE, RL provides several base-specific
contacts towards the 5'-end (RecA2 portion) of the RNA substrate, whereas the Prp43p RL does not
display any specific contacts with its RNA substrate.

In the Ski2-like helicases Mtr4 and Hel308, the ratchet helix provides many protein-nucleic
acid contacts in the form of arginine, glutamate, and tryptophan residues [32,60,61].
Through structure-guided mutations, it was shown that the ratchet helix is important to helicase
translocation and unwinding activity in Ski2-like helicases [32,60,61]. In DEAH/RHA helicases, a
homologous helix-bundle domain exists, which was named after the Ski2-like ratchet sub-domain.
However, the ratchet helix interacts with the RNA substrate in neither co-crystal structures of
MLE-rU-TR [23] and Prp43p-rU-GR [44,45]. The RL sub-domain in DEAH/RHA helicases thus
does not function in a ratchet mechanism as was proposed in Ski2-like helicases.
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Whereas HCV NS3 shares a common helicase core region with DEAH/RHA helicases (Figure 3),
the CTD differ drastically both in structure and range of motion (Figure 6). Unlike the CTD of HCV
NS3, the co-crystal structures of Prp43p-ADP [21,22], MLE-rU-Al [23], Prp43p-rU-GR [44,45], and
Prp43p-Be [44] reveal that the most significant domain motion of DEAH/RHA helicases is an ~30°
rotation of the CTDs (WH, RL, OB, and CTE). A counter-clockwise rotation occurs upon binding an
RNA substrate in the ground and transition states as well as in the absence of an RNA substrate in
the post-hydrolysis state (Figure 6). The counter-clockwise rotation results in more protein-protein
contacts between the OB domain and the HP motif, resulting in the formation of a 5" nucleic acid
channel with numerous sugar-phosphate backbone interacting residues coming primarily from an
OB-fold loop and RecA2 motif IV residues. Furthermore, the rotation results in the constriction of the
3’ nucleic acid channel, where a proline residue from WH and an arginine from motif Ib in the RecAl
domain constrict the 3’-end of the nucleic acid substrate [23,44,45]. The CTD rotation occurs in such a
fashion that RL, OB, and CTE travel furthest, whereas WH is comparatively stationary. For this reason,
WH appears to act as the hinge upon which the rest of the CTD rotates (Figure 6).

(a) Prp43

Figure 6. C-terminal domain (CTD) rotates upon binding a nucleic acid substrate. (a) Structures
of Prp43p CTD bound to ADP-BeF3~ complexed (Prp43p-rU-GR; PDB 5LTA) and not complexed
with RNA (Prp43p-Be; PDB 5LT]); (b) Structure of MLE bound to ADP-AIF,;~ complexed with RNA
(MLE-rU-TR; PDB 5A0R) was superposed with Prp43p CTD bound to ADP-BeF3 ™~ but not complexed
with RNA (Prp43p-Be). All structures were superposed via their RecAl domain. From both (a) and
(b), rotations of ~30° from the OB, RL, and CTE sub-domains are observed. WH is comparatively
stationary, suggesting the WH acts as a hinge for the rotation of the CTD.

The DEAH/RHA family appears to be unique amongst DExH proteins in the ability to rotate its
accessory CTD. In the co-crystal structures of the Ski2-like helicases, Mtr4 and Hel308, no independent
CTD conformational changes are observed upon binding an RNA substrate [32,60,61]. While large
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changes in helicase conformation are generally ATP-dependent, the CTD rotation appears to initially
be an ATP-independent process. The binding of ADP-BeF3™ is not sufficient to cause a CTD rotation;
only upon binding the RNA substrate is a CTD rotation observed. However, upon ATP hydrolysis,
as represented by the Prp43p-ADP co-crystal structures [21,22], CTD rotation is also observed. In an
insightful experiment guided by the co-crystal structure, Prp43p-rU-GR, a disulfide bond was used
to lock the CTD into a rotated state [44]. This mutation resulted in impaired unwinding capabilities,
which demonstrates that the observed CTD rotation is crucial to DEAH/RHA helicase activity.

7. Outlook

The co-crystal structures of MLE-rU-TR and Prp43p-rU-GR have resulted in various different
hypotheses regarding the manner in which DEAH/RHA helicases translocate. Prabu and colleagues
propose that upon ATP hydrolysis MLE uses motif IVa (hook loop) from RecA2 to pull the 5'-end of the
nucleic acid substrate into the helicase core [23], whereas Tauchert and colleagues propose that Prp43p
translocates through a mechanism involving motif Ib (hook turn) that is incompatible with MLE [44].
He and colleagues further explain the dependence on motif Ib by proposing that the 3’ nucleic acid
channel formed by the motif Ib arginine and the WH proline acts as a 3’-bookend [45]. As such, it
is proposed that motif Ib serves a role similar to the ratchet helix in Ski2-like helicases and the CTD
tryptophan gatekeeper residue in NS3/NPH-II helicases [45]. In conjunction with the HP motif (the
“5'-bookend”), the motif Ib 3’-bookend enforces the number of nucleotides within the helicase core [45].
Similar to the translocation mechanism proposed for HCV NS3 [52,56], He and colleagues argue that
Prp43p opens its helicase core after ATP hydrolysis and translocates forward in a 3'-5' direction during
ATP binding [45].

In addition to more extensive biochemical studies, a co-crystal structure of an open conformation
DEAH/RHA helicase bound to a nucleic acid substrate is required to shed further light on the
translocation mechanism of DEAH/RHA helicases. Despite the fixation on specific motifs to effect
translocation, structure guided mutations to (1) the RecA2 and OB residues on the 5'-end; (2) motif
Ia pincer arginines; and (3) motif Ib, Ic, and WH residues on the 3’-end clearly implicate (1)—(3) in
DEAH/RHA helicase translocation [21-23,44,45,53]. Regardless of the translocation mechanism, the
various structures of Prp43p and MLE demonstrate that CTD rotation works in conjunction with
dynamic motifs from RecA2 (IVa, V, and VI) to process their substrates.

How DEAH/RHA nucleic acid substrate translocation couples with nucleic acid secondary
structure unwinding is currently unknown. Due to the inherent difficulty in crystallizing highly
dynamic helicases, only a handful of DEAD/DExH-box proteins bound to biological substrates exist.
Many unanswered questions in relation to substrate recognition, translocation, and unwinding thus
remain. How do DEAH/RHA helicase conformations change in the absence of an ATP analog? How
do DEAH /RHA helicases interact with canonical and non-canonical nucleic acid structures, such as
G-quadruplexes? We await further co-crystal structures of helicases bound to biological substrates to
answer these questions.
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