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Abstract

DEAD-box helicases perform diverse cellular functions in virtually all steps of RNA metabolism
from Bacteria to Humans. Although DEAD-box helicases share a highly conserved core domain,
the enzymes catalyze a wide range of biochemical reactions. In addition to the well established
RNA unwinding and corresponding ATPase activities, DEAD-box helicases promote duplex
formation and displace proteins from RNA. They can also function as assembly platforms for
larger ribonucleoprotein complexes, and as metabolite sensors. This review aims to provide a
perspective on the diverse biochemical features of DEAD-box helicases and connections to
structural information. We discuss these data in the context of a model that views the enzymes as
integrators of RNA, nucleotide, and protein binding.

1. Introduction

DEAD-box helicases form the largest helicase family [1]. They function at many different
points in RNA metabolism, and play diverse cellular roles in Bacteria, Archea, and
Eukaryotes [2,3,4]. All DEAD-box helicases share a core structure that is among the most
highly conserved enzyme domains [3,5]. How DEAD-box helicases accomplish diverse
functions using a virtually identical core has been a central and longstanding question in
RNA biology [6]. Emerging answers to this question are multifaceted and greatly affected
by the cellular environment for any given DEAD-box helicase. Yet, it is clear that the
molecular basis for the cellular function of each enzyme lies in its biochemical capacity.

Efforts to delineate biochemical and structural principles of DEAD-box helicase function
have provided significant insight over the last years. Consistent with diverse cellular roles,
the helicases have been shown to be more than duplex unwinders [3,7,8]. In addition to the
well established RNA unwinding and corresponding ATPase activities, DEAD-box
helicases promote duplex formation and displace proteins from RNA, but they can also
function as assembly platforms for larger ribonucleoprotein complexes, and as recently
reported, as sensors for metabolites [9,10,11,12,13,14].

This review aims to provide an inclusive perspective on the diverse biochemical features and
their connection to structural information for DEAD-box helicases. We discuss these data in
the context of a model that views the enzymes as integrators of RNA, nucleotide, and
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protein binding. This view has been developed through a large body of experimental and
conceptual work by many groups, published over the last two decades. We believe that
considering DEAD-box helicases as multi-functional modules, rather than re-purposed
unwinders, is most instructive for a systematic understanding of the biochemical range of
the enzymes, and thus for devising physical models of cellular functions for these essential
enzymes.

2. Structural characteristics of DEAD-box helicases

All DEAD-box helicases share the highly conserved SF2 helicase core that consists of two
virtually identical domains (Fig. 1). Each of these helicase core domains resembles the
recombination protein RecA [5,15]. Most DEAD-box helicases also contain C- and N-
terminal extensions that are not conserved across different DEAD-box helicases [1]. Two
mammalian DEAD-box helicases, DDX24 and DDX1, contain insertions in the helicase
domain 1. In analogy to other SF2 helicase families, these insertions are unlikely to disrupt
the RecA fold of the domain [1].

The two helicase core domains are connected by a flexible linker and can thus change their
orientation to each other [16]. Opening and closing of the two domains is thought to be
critical for the function of the enzymes (refs. [3,7,8], discussed in more detail below). The
characteristic helicase sequence motifs are distributed over both helicase core domains
[1,17] (Fig. 1). With both core domains closed (closed state), motifs involved in ATP
binding and hydrolysis assemble the active ATPase site on one site of the cleft between the
helicase domains (Fig. 1B,C). ATP hydrolysis occurs in the closed state [3,7,8]. However,
ATP can be bound in the open state by the “partial” ATPase site on the helicase domain 1
[18].

The helicase motifs involved in RNA binding are located on the opposite site of the helicase
core, perpendicular to the cleft (Fig. 1B,C). Single stranded RNA with five or more
nucleotides can bind over the entire RNA binding site on both domains [19]. This
arrangement explains the strong stimulation of ATP hydrolysis by RNA binding [19].
Recently, binding of duplex RNA to the RNA binding motifs in helicase domain 2 has been
reported [18]. This duplex binding mode may play a critical role in the unwinding reaction
(discussed below). The RNA binding regions at both helicase domains are structurally very
similar to each other, and are thought to have evolved from an ancient anion-binding module
[20].

The RNA binding sites in the helicase core contact only the RNA backbone
[18,19,21,22,23,24,25]. This binding mode enables association with duplex RNA [26]. At
the same time, preferential binding of certain RNA sequences is difficult or impossible,
because no bases are contacted. Consequently, the residues in the helicase core confer no
known specificity for certain RNAs [3,4]. Most full length DEAD-box helicases also show
no discernible preference for particular RNA sequences or structure, even though C- or N-
termini can facilitate RNA binding [27]. An exception is the bacterial DbpA and its bacterial
orthologs, which bind preferentially to a ribosomal RNA hairpin, promoted by an auxiliary
C-terminal domain with an RRM structure [28,29,30,31,32].

The function of most residues involved in ATP and ssRNA binding sites is well defined,
both structurally and functionally [3]. Notably, the residues in the ATP binding and
hydrolysis site form a highly complex interaction network [33,34]. This interconnection
complicates the introduction of mutations that prevent ATP hydrolysis without affecting
ATP binding.
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DEAD-box proteins are generally specific for adenosine triphosphates for driving duplex
unwinding and for RNA-stimulated hydrolysis of the triphosphate [33,34]. This specificity is
mostly conferred by the Q-motif, which establishes specific contacts to adenine-specific
functional groups [35]. The structural basis for the communication between ATP and RNA
sites during the various activities of DEAD-box proteins is not completely understood. It is
clear, however, that residues in motifs 111, IV and Va are critical for relaying the state of
ATP binding to the RNA binding site, and vice versa[36,37,38].

In most DEAD-box helicases, C- and N-terminal domains flank the helicase core (Fig. 1A).
These auxiliary domains vary in length from less than five to several hundred amino acids
[1]. Auxiliary domains tend to be highly conserved among orthologs, but there is essentially
no sequence conservation across all DEAD-box proteins [1]. It is therefore believed that
these domains are important for the specific functions of a given DEAD-box helicase.

Structural information on auxiliary domains exists for only few DEAD-box helicases.
Detected folds include RRM and oligomerization modules, and biochemical studies on these
domains confirmed the functions suggested by the folds [31,39]. In Mss116p, a part of the
C-terminal domain adopts an a-helical fold [23]. In several DEAD-box helicases, the
sequence of C- or N-terminal extensions suggests unstructured regions [26,40]. For several
enzymes, these potentially unstructured regions have been implicated in protein-protein
interactions, including dimerization, but also in RNA binding [26,41].

3. DEAD-box helicases as multi-functional modules

Research from many groups over the last two decades has demonstrated that the biochemical
repertoire of DEAD-box helicases extends well beyond ATP-dependent duplex unwinding.
For example, DEAD-box helicases have been shown to promote duplex formation, displace
proteins from RNA, function as assembly platforms for larger ribonucleoprotein complexes,
and, as recently reported, sense bacterial metabolites [9,10,11,12,13,14]. These diverse
functions are all accomplished with the highly conserved helicase core, suggesting a
common functional theme.

Below, we discuss the biochemical characteristics of DEAD-box proteins in the context of a
model that views the enzymes as modules that integrate RNA, nucleotide, and protein
binding. These three features constitute the basic level of DEAD-box helicase function (Fig.
2). Activities such as ATPase, RNA unwinding, protein displacement, or RNA clamping
arise from the interaction of two or more of the basic features. For more complex functions,
such as RNA structure conversion, two or more activities are utilized in a coordinated
fashion (Fig. 2).

This view on the biochemical functions of DEAD-box protein accommodates “exotic” roles,
such as metabolite sensing and tasks that may not involve RNA [14,42], while accounting
for the biochemical activities. In addition, one can readily envision the biochemical basis for
enzyme regulation through posttranslational modifications or changes in oligomeric state.
We believe that this inclusive and systematic view on biochemical functions of DEAD-box
proteins is instructive for devising physical models for cellular roles of the enzymes. We
emphasize that the discussed model is not fundamentally new, but based on work and prior
insightful discussion of a large body of data by many groups.

3.1. The basic biochemical features: nucleotide, RNA, and protein binding

Like all RNA helicases, DEAD-box proteins have the ability to bind RNA, nucleotides, and
other proteins (Fig. 2). Protein binding capacity has not yet been directly demonstrated for
many DEAD-box helicases, but this feature is most likely shared by all family members,

Biochim Biophys Acta. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Putnam and Jankowsky Page 4

given their function in the context of larger protein assemblies [3,4]. The diverse
biochemical activities and functions of DEAD-box helicases can be reduced to either one, or
the interplay between two or all three fundamental biochemical features. We thus believe it
is useful to view RNA, nucleotide, and protein binding as the basic level of DEAD-box
helicase function.

RNA, nucleotide, and protein binding can affect each other (Fig. 2). It is well established
that binding of ATP and ADP modulates RNA binding and that, vice versa, RNA affects
nucleotide binding [43]. Protein binding has also been shown to modulate both ATP and
RNA binding, and there are examples where RNA and nucleotide impact protein binding
[9,25,44].

3.1.1. RNA binding and coupling to ATP binding—As briefly discussed above, RNA
is bound by the helicase core of probably all DEAD-box proteins through a set of conserved
residues in motifs la, b, ¢ and motifs 1V, IVa, V, and Va (Fig. 1). All of these residues
contact the RNA backbone [18,19,21,22,23,24,25]. Crystal structures show single stranded
RNA usually bound across both helicase domains, thereby promoting the closed state and
thus formation of the active site for ATP hydrolysis [19,21,22,23,24,25]. Duplex RNA can
be bound to the RNA binding residues at domain 2 only [18]. In addition to the contacts
with the helicase core, RNA can also be bound by not universally conserved residues in the
C-terminal domain. For example, in Mss116p part of the C-terminal domain extends the
RNA binding site [23]. In CYT-19, unstructured regions contact RNA [26]. RNA binding
through other auxiliary domains has been observed, especially through domains that contain
RGG boxes [45], a motif that has been implicated in RNA binding in other, non-helicase
proteins as well [46].

How and to which degree RNA binding is affected by nucleotides appears to vary for
different DEAD-box helicases (Fig. 3). For some enzymes, RNA and ATP/ADP binding are
thermodynamically coupled, i.e., ATP or ADP promote RNA binding, and vice versa
[43,46,47,48]. For others, ATP/ADP and RNA binding are anti-coupled, i.e., ATP or ADP
antagonize RNA binding, and vice versa (Fig. 3). At this point, it is not clear whether these
differences reflect genuine functional differences between DEAD-box proteins or the use of
different RNAs in the respective experiments.

Moreover, measured affinities and thermodynamic couplings may be influenced in non-
trivial ways by the experimental approach. This is because binding of ATP in the presence
of RNA is likely a multi-step process, as suggested through biophysical analyses of DbpA,
YxiN, and Mss116p [43,46,47,49,50]. Recent structures of Mss116p provide a possible
rationalization for this observation and raise the possibility that multi-step ATP and RNA
binding might be general for DEAD-box proteins [18]. The structures suggest and
biochemical evidence shows ATP binding to the helicase domain 1 in the open state [18].
This state might reflect the first step of ATP binding, where effects on RNA binding are not
clear. The second step of ATP binding might be represented by the well-documented ATP-
bound closed state, where RNA binding is thought to be promoted [19,21,22,23,24,25].
Thus, ATP affinities and thermodynamic coupling with RNA binding that are measured by
direct nucleotide association with the enzyme may differ from results obtained by
approaches that require the enzyme to go through the closed state, as in ATPase or helicase
reactions.

3.1.2. Nucleotide binding and metabolite sensing—Binding of ATP to DEAD-box
helicases has been widely discussed in the literature, and we refer the interested reader to
recent reviews on the topic [3,7,43]. Besides the obvious ability to bind ATP, some DEAD-
box helicases can bind other adenine-based and related nucleotides [14,40,51]. Recent
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reports have even suggested functions of DEAD-box helicases based primarily on nucleotide
binding, but without clear involvement of RNA [14,52].

Perhaps not unexpectedly, DEAD-box helicases bind ADP, generally with higher affinity
than ATP [43,47,49,50]. The ADP-bound state has been implicated in functions for Dbp5p
[25,53]. As noted above, the interplay between ADP and RNA binding may vary between
different DEAD-box proteins (Fig. 3). Reported affinities raise the possibility that at ADP
competes with ATP binding at certain conditions, and thus modulates DEAD-box helicase
function [43,49,50]. In DbpA, the ADP-bound state is likely to be the most populated state
under physiological conditions [43,49,50], and this might be true for other enzymes as well.

For several DEAD-box helicases, binding of AMP has been observed [40,51]. In contrast to
ATP and ADP, AMP is not part of the ATP hydrolysis cycle, and AMP binding is thus not
automatically expected. AMP binds exclusively to ATP binding residues in the helicase
domain 1 [40,51]. The configuration of the nucleotide binding site with AMP differs in
some aspects from the configuration with ATP or ADP (Fig. 4).

AMP binding is potentially significant because in eukaryotes the cellular AMP levels
increase steeply in response to metabolic stress such as glucose deprivation in yeast, or
exertion in mammalian muscle cells [54,55]. ADP and ATP concentrations vary
considerably less [54,55]. Sensitivity to AMP thus raises the possibility that certain DEAD-
box proteins connect RNA and energy metabolism. Unpublished results for Ded1p indeed
indicate AMP affinities in the range of physiological AMP concentrations, and potent
interference of AMP with RNA binding (A.P. & E.J., unpublished observations). In
principle, DEAD-box helicases might thus be involved in arresting energy consuming
processes in RNA metabolism in response to metabolic stresses that increase AMP levels.
This is an intriguing prospect, since no other enzymes are known that link gene expression
at the RNA stage to changes in AMP concentrations without detours through signaling
cascades.

A perhaps even more unusual use of nucleotide binding by DEAD-box proteins has recently
been reported for DDX41 (abstrakt in Drosophila) [14]. This enzyme senses the bacterial
secondary messengers cyclic di-GMP (c-di-GMP) and cyclic di-AMP (c-di-AMP) [14]. In
response to these metabolites, DDX41 activates a signaling cascade that ultimately induces
type | interferons as part of the innate immune response to bacterial pathogens [14]. It is not
known whether c-di-GMP and c-di-AMP bind like AMP to the ATP site in DDX41.
However, slight re-configurations of the binding site could potentially accommodate
guanosine nucleotides. Although it has not been examined whether c-di-GMP and c-di-AMP
impact biochemical activities of DDX41, binding of these nucleotides, along with the AMP
binding ability of several DEAD-box helicases, could suggest more unexpected cellular
roles of the enzymes as metabolite sensors.

3.1.3. Protein binding—Association of other proteins with DEAD-box helicases is well
recognized as key to the biological function of the enzymes [3,4]. DEAD-box helicases can
bind other proteins through auxiliary domains but also through the helicase core
[21,22,25,56,57,58]. A large body of experimental work and recent reviews have discussed
various aspects of interactions of DEAD-box proteins with other proteins [3,4].

Comparably few studies have examined biochemical consequences of other proteins on
DEAD-box helicases. It is clear that other proteins can elicit a large spectrum of effects.
Those range from occlusion of RNA binding sites over inhibition or stimulation of steps in
the ATP hydrolysis cycle, to increases or decreases in RNA affinity and direct modulation of
the orientation of the two helicase domains to each other [25,44,58,59,60,61,62]. However,
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binding of other proteins to DEAD-box helicases does not always affect biochemical
parameters of the enzymes [63].

How in turn DEAD-box helicases biochemically impact other proteins has not been
examined in great depths. Extrapolating from investigations of other RNA helicases [64,65],
one might expect considerable ability of the enzymes to impact the function of other
proteins. Whether DEAD-box proteins can have functions that involve protein binding but
no RNA is not clear. Several DEAD-box helicases including DDX20 (Gemin 3), p68
(DDX5) and p72 (DDX17) have been implicated in transcriptional regulation without
obvious implications for simultaneous RNA binding [42,66,67]. Yet, emergence of non-
coding RNA as transcriptional regulator might ultimately connect the function of these
DEAD-box proteins to RNA, as suggested by a recent report [68].

3.1.4. Oligomerization and posttranslational modifications—RNA, nucleotide,
and protein binding as well as their coordination likely depends on the oligomeric state of a
given DEAD-box helicase, and on posttranslational modifications [3,69]. Both aspects are
not well understood on a biochemical level. For several DEAD-box proteins, observed
unwinding rate constants depend on the helicase concentration in a sigmoidal fashion,
consistent with cooperative oligomerization [41,45,70,71]. However, we are not aware of a
published, systematic study of a DEAD-box helicase oligomer. Nonetheless,
oligomerization is likely for a subset of DEAD-box helicases, given that at least one DEAD-
box helicase, the bacterial HerA, features a dimerization module [51], and because several
other DEAD-box helicases (e.g., Xp54, p68, p72) interact with itself in
immunoprecipitations, a finding consistent with oligomerization [72,73,74]. On the other
hand, it has been clearly shown that several DEAD-box helicases are monomeric in
biochemical studies [26,47,49].

Posttranslational modifications of DEAD-box helicases have been detected in large numbers
(reviewed by Gustafson & Wessel, [69]). Significant posttranslational modification is also
seen in other proteins involved in RNA metabolism [75]. In this sense, DEAD-box helicases
are no exception among factors regulating the transcriptome. Phosphorylations,
methylations, and sumo modifications of DEAD-box helicases are widely reported
[76,77,78], but also more exotic modifications. For example, modification of elF4A with a
lipid molecule (15-deoxy-A-12,14-prostaglandinJ2) has been obseved [79]. While
physiological significance of many modifications has been demonstrated, their biochemical
consequences remain largely unclear.

3.2. RNA-related activities of DEAD-box helicases

The basic functional features of DEAD-box proteins, RNA, nucleotide and protein binding
give rise to a range of biochemical activities including RNA-stimulated ATP hydrolysis,
RNA duplex unwinding, protein displacement from RNA, RNA clamping, strand annealing,
and RNA structure conversion (Fig. 2). Below, we discuss these activities with emphasis on
how RNA, nucleotide and protein binding are coordinated to accomplish this spectrum of
activities.

3.2.1. RNA-stimulated ATPase activity—DEAD-box helicases are often referred to as
RNA-dependent ATPases. Virtually all DEAD-box helicases tested to date hydrolyze ATP
in the presence of RNA [3,7,43]. Although RNA-dependent depletion of ATP is unlikely to
be a primary cellular role for DEAD-box helicases, biochemical investigations of RNA-
stimulated ATP hydrolysis have provided important insight into the function of the enzymes
[7,43]. Biochemical and biophysical aspects of the ATPase reaction by DEAD-box helicases
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have recently been discussed by de la Cruz and co-workers in an excellent review on this
topic [43].

As noted above, single stranded RNA binds across both helicase domains, thus promoting
the closed state of the helicase domains and concurrent assembly of the ATPase active site
[3,19]. The degree of RNA stimulation of ATP turnover ranges from less than ten-fold to
orders of magnitude for different enzymes [47,48,71,80,81,82]. In our hands, careful
depletion of RNA in the protein preparation reduces basal, non-RNA stimulated ATPase
activities for several DEAD-box helicases to virtually undetectable levels (A.P. & E.J.,
unpublished observations).

Functional ATP affinities in the RNA-stimulated ATPase reaction, while expectedly
dependent on the reaction conditions, are mostly in the micromolar to low millimolar range,
consistent with the notion that ATP readily associates at cellular concentrations [43]. The
RNA-stimulated ATPase cycle for DbpA and Mss116p have been analyzed and discussed in
detail [47,49,50,80,83]. While individual rate and equilibrium constants for the reaction
steps vary for each protein, common themes have emerged that also explain observations for
other DEAD-box helicases [43]. These themes include one or more protein isomerization
steps connected to ATP binding, traversing of tightly bound and long-lived states with both
RNA and ATP, and reversibility of the chemical step [43]. Rate limiting for the overall
reaction of DbpA and Mss116p are release of inorganic phosphate and either the ATP
hydrolysis step or conformational changes preceding this event [47,49,50,80,83]. The
biochemical parameters for the ATPase reaction depend on the particular RNA used in the
reaction [43]. It is not yet clear how exactly the ATPase reaction is affected by RNA length,
structure, or both.

ATPase measurements have also been instructive in delineating biochemical effects of
protein co-factors on DEAD-box helicases. For example, the RNA export factor Glelp
promotes ADP release from Dbp5p, thereby accelerating ATP turnover [25]. For the DEAD-
box helicase elF4A, the eukaryotic translation initiation factor 4G promotes RNA binding
and also phosphate release, thus stimulating ATP hydrolysis by elF4A at several steps
[25,44,59]. In contrast, the protein dimer MAGOH-Y 14 inhibits phosphate release in the
DEAD-box helicase elF4A-111, which allows the enzyme to remain stably bound to the RNA
for prolonged periods of time [84].

3.2.2. RNA Unwinding—ATP-driven RNA unwinding requires sophisticated
coordination between ATP and RNA binding and associated conformational changes of the
enzyme [7]. At least a subset of DEAD-box proteins likely unwinds RNA duplexes in the
cell, and most, if not all DEAD-box helicases unwind RNA duplexes /n vitro, if appropriate
substrates are used [85,86,87]. Mutations in DEAD-box helicases that diminish duplex
unwinding often impair cellular functions of the enzymes [19,25,34,36,71,88,89,90].
However, this correlation does not automatically imply that a given helicase unwinds RNA
duplexes in the cell. Rather, the correlation indicates that both, cellular function and duplex
unwinding rely on similar residues to coordinate RNA with ATP binding and hydrolysis [3].
For this reason, ATP-driven duplex unwinding with defined model substrates is an attractive
proxy to biochemically assess the coupling of ATP binding and hydrolysis to RNA
remodeling for a given enzyme [7,85,91].

As for all helicases, RNA duplex unwinding by DEAD-box proteins is a multi-step process
that requires ATP [7,8]. However, DEAD-box helicases employ an unwinding mechanism
that differs in key aspects from the translocation-based strand separation seen for many
DNA and some viral RNA helicases [41,70,92,93,94,95,96]. Instead of moving along one of
the RNA strands, DEAD-box helicases load directly to the duplex and then pry the strands
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apart in an ATP-dependent fashion (Fig. 5). This unwinding mode is termed local strand
separation, since the enzymes separate only several (estimated 5 to 7) basepairs per ATP-
dependent unwinding event [41]. The remainder of the duplex dissociates non-enzymatically
[41,70,92,97,98,99]. Accordingly, DEAD-box helicases effectively unwind duplexes with
up to ~10 to 12 bp [41,92,97,99]. Unwinding of longer or more stable duplexes becomes
dramatically slower, and virtually no unwinding is seen for duplexes with more than two
helical turns [45].

Many, but not all DEAD-box helicases use single stranded or structured RNA adjacent to
the duplex to facilitate loading of the enzyme [96,99,100]. The polarity of the single
stranded regions is not critical for unwinding, as long as the loading region is proximal to
the duplex [70]. Loading can be facilitated by auxiliary domains on the enzyme, through
oligomerization, and via protein-cofactors [29,41,44]. Recent reports show that elF4AG,
which facilitates loading of the DEAD-box helicase elF4A to duplexes, also induces
preferences for 5” vs. 3 single stranded loading regions [101].

DEAD-box helicases use only one ATP per unwinding event, regardless of the duplex
length [97,102]. The actual strand separation for several DEAD-box helicases requires only
ATP binding; hydrolysis is necessary for recycling of the enzymes [97,102]. Other DEAD-
box helicases appear to couple strand separation to the hydrolysis step, as judged from
kinetic measurements [47]. At the same time, structures for several DEAD-box helicases
show virtually identical conformations at the pre-ATP hydrolysis step and the transition
state [19,23,25,84]. We therefore believe that strand separation occurs as soon as ATP is
productively bound by the enzyme, regardless of whether or not it is hydrolyzed [3].
Enzymes with a fast hydrolysis step couple strand separation to the hydrolysis event, those
with slower hydrolysis steps couple strand separation to ATP binding. Coupling of strand
separation to ATP binding also explains why unwinding of very short duplexes is connected
to the hydrolysis of less than one ATP per unwinding event [97].

Because DEAD-box helicases open only several basepairs in an ATP-dependent manner,
there is a certain probability that the enzyme dissociates from the RNA before complete
non-enzymatic strand separation of the remaining basepairs (Fig. 5). The probability of such
futile ATP turnovers increases sharply with length and stability of the duplex [92,97,102].
Unwinding of longer duplexes is thus connected to the turnover of multiple, sometimes
more than a dozen ATPs [97].

Recent structural data for Mss116p, together with previous results now suggest a model for
critical structural changes of DEAD-box helicases during duplex unwinding (Fig. 6) [18].
Without ligands, the two helicase domains are in the open conformation [15,25,46]. Here,
ATP initially binds to domain 1, and duplex RNA to domain 2 [18]. This structure
rationalizes the direct action of the enzyme on the duplex. The helicase-RNA-ATP complex
then transits into the closed conformation seen with the ATP ground state analog ADP-
BeFy, where both, ATP and single stranded RNA bind across both helicase domains [23,25].
The transition between the open and closed structure is incompatible with duplex RNA
binding [18,19,23]. RNA contacts formed by motifs 1a, 1b, 1c and by a conserved region
past motif 2 region are sterically incompatible with duplex RNA [18,19,23]. As a result,
unwinding likely occurs during the formation of the closed complex required for ATP
hydrolysis. The second RNA strand, which is initially contacted by only very few amino
acids in domain 2, is expected to be readily released after duplex opening.

Additional contacts with the single stranded RNA after initial strand separation provide
further energy for domain closure and the unwinding reaction [18, 23]. The second RNA
strand, which is initially contacted by very few amino acids in domain 2 [18], is expected to
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be readily released after duplex opening. Initial opening of the duplex might actively be
promoted by the enzyme, or passively by capturing single stranded intermediates arising by
breathing of the duplex [18].

The model accounts for the isomerization of the enzyme between ATP and RNA unwinding,
and explains why ATP binding can lead to strand separation in some enzymes. The structure
in the transition state for ATP hydrolysis, approximated with the non-hydrolyzable analog
ADP-AIF,, is virtually indistinguishable from the structure in the ATP ground state [23,84].
This observation may also rationalize why duplex unwinding is coupled in some enzymes to
ATP binding and in others to hydrolysis [3,43]. There are not yet structures for the enzyme
bound to ADP, inorganic phosphate and ssSRNA only, and none for the enzyme bound to
ADP and RNA. The latter structure might illuminate why ADP appears to antagonize RNA
binding in some enzymes, but to promote RNA binding in others (Fig. 3). With only ADP
bound, the helicase adopts the open conformation again [46,103]. Despite the missing
intermediate structures, the model explains key biochemical observations of duplex
unwinding, and is thus likely to be generally applicable to DEAD-box helicases [18].

3.2.3. RNA clamping—RNA clamping refers to the ability of a DEAD-box helicase to
remain bound to RNA for prolonged periods of time [9,84]. RNA clamping was first
observed for elF4A-111, which functions as assembly platform for the multi-component exon
junction complex (EJC, refs. [9,104]). On a phenomenological level, a function as immobile
RNA clamp seemed antithetical to “highly dynamic” remodeling enzymes. However, careful
structural, mechanistic and molecular biological studies on elF4A-111 and EJC components
revealed that the tight RNA binding of elF4A-111 is accomplished by other EJC factors that
prevent the release of the ATP hydrolysis products from elF4A-111 [9,21,22,84]. The
helicase thus remains trapped in a tightly RNA-bound state [84]. This notion is consistent
with kinetic data for the DEAD-box proteins DbpA and Mss116p that predict these states to
be tightly bound and long-lived [43,47,49,50].

To which extent DEAD-box helicases have general inherent capacity to form long-lived,
tightly bound RNA states has not been analyzed, even though RNA clamping is often
invoked for enzymes for which it has not been experimentally shown. There is indirect
evidence for Ded1p and Mss116p for long-lived states where RNA is tightly bound /n vitro
[102], but to date, direct and systematic analyses of RNA clamping has only been reported
for elF4A-111 [84]. Given that elF4A-I11, a protein without significant C- and N-terminal
domains, functions as RNA clamp, it is likely that this function does not require specific
auxillary domains.

3.2.4. Protein Displacement—Remodeling of RNA-protein complexes (RNPS) is
thought to be a key function of DEAD-box and other helicases [91]. Molecular biological
evidence for several DEAD-box helicases points to functions in the displacement of other
proteins [86,105,106,107]. However, in none of these cases is it clear whether the protein
displacement occurs through direct action of the helicase, or indirectly through RNA
remodeling either in proximity or at a distance from the displaced proteins. Mechanistic
analysis of displacement of biologically relevant proteins by DEAD-box proteins has not yet
been reported, in large part owing to poorly defined physiological environments for most of
the enzymes.

Protein displacement has been directly demonstrated on model substrates for Dbp5p and
Ded1p [10,53,108]. Ded1p removes proteins from single stranded RNA in an ATP-
dependent fashion, provided the proteins have a small footprint [10,108]. This observation
may reflect the inability Ded1p to move along RNA in a substantial manner, given that a
translocating RNA helicase can remove proteins with larger footprints [10].
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Notably, Ded1p is unable to remove a protein (U1A) bound to duplex RNA [108]. This
observation is consistent with unwinding by local strand separation, which does not involve
movement of the enzyme on the duplex [41]. The inability of Ded1p to remove U1A from a
duplex substrate may be noteworthy for discussions of protein removal by DEAD-box
helicases. Extrapolating from this observation makes it seem possible that other proteins
bound to duplex RNA could simply prevent unwinding by the DEAD-box helicase. Such
proteins could thus control the unwinding activity without requiring direct contacts between
the protein and the helicase [106].

3.2.5. Strand Annealing—A number of DEAD-box helicases promote the formation of
duplexes [13,45,71,109]. For Ded1p and Mss116p, strand annealing activity has been shown
to be not simply the reverse of duplex unwinding [45,71]. Strand annealing does not require
ATP or ADP in most DEAD-box helicases that have been tested for this activity, but ATP is
required for strand annealing in other family members [45,109]. Notwithstanding, ATP and
ADP modulate annealing activity in Ded1p [45]. DDX21 catalyzes the intramolecular
variant of strand annealing - RNA folding [110]. The newly discovered ability of DEAD-
box helicases to bind duplex RNA through domain 2 provides a straightforward rationale for
the annealing activity [18]. In several DEAD-box proteins, however, auxiliary domains
contribute to the capacity to promote duplex formation [45,110].

Strand annealing is also facilitated by numerous DNA and other RNA helicases [91,111]. In
most cases the physiological role of the activity is not clear. Many RNA binding proteins
display a certain capacity to promote duplex formation, perhaps simply by affecting the
electrostatic environment of the nucleic acid. However, the DEAD-box helicases Ded1p and
Mss116p are among the strongest strand annealers known to date, accelerating duplex
formation by orders of magnitude over the uncatalyzed reaction [45,71,91]. It has been
speculated that the ability to promote duplex formation might contribute to the function of
the enzymes as RNA chaperones [7,71].

3.2.6. RNA structure conversion—The activities of DEAD-box helicases outlined
above can, in principle, work in a coordinated fashion to accomplish more complex
biochemical functions. For example, a combination of protein displacement and RNA
unwinding would enable RNP remodeling, although this activity has not yet been reported
for DEAD-box proteins. However, it has also been proposed that the DEAD-box helicase
UAP56 promotes protein deposition on RNA [112]. This reaction could potentially resemble
those catalyzed by ATP-dependent clamp loader proteins, which also belong to a helicase
superfamily [113]. Direct biochemical evidence for such activities is not available.
However, biochemical evidence for promotion of protein binding to RNA by the DEAD-box
helicase DDX1 has recently been reported [114].

While the molecular basis for these functions is not yet clear, another “complex” activity,
the conversion of one RNA structure into another, has been directly demonstrated for
DEAD-box helicases [115,116]. For Ded1p, RNA structure conversion relies on both RNA
unwinding and strand annealing activities [116]. The ability of DEAD-box helicases to
facilitate RNA structure conversion is thought to be of potential significance for the function
of the enzymes as chaperones [7,71]. Coupling of ATP binding and hydrolysis to structural
changes in RNA allows DEAD-box helicases to populate RNA structures that are
thermodynamically less stable than competing structures [115,116], thus potentially
increasing the functional range of RNAs or RNPs [117].
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4. Perspective

Research over the past two decades has provided a firm perspective on the biochemical
range of DEAD-box helicases and on structure-function relations in the enzymes. However,
several significant questions still await answers. First, the structural basis for communication
between ATP and RNA binding sites in the DEAD-box core remains to be defined during
the various activities of the enzymes. Second, impact of RNA length and structure on sub-
steps of ATPase and helicase reactions will have to be delineated, and, along these lines,
potential roles for oligomerization of DEAD-box helicases. Third, the impact of
posttranslational modifications on the biochemical features of the enzymes will need to be
analyzed. Yet, the perhaps biggest challenge lies in defining cellular RNA substrates, co-
factors, and the physiological reaction steps catalyzed by of DEAD-box helicases, such that
it becomes possible to analyze cellular reactions by these enzymes on a biochemical and
quantitative level.
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Figure 1. Architecture of the DEAD-box helicase core

(A) Schematic of the primary structure of the DEAD-box helicase core. Domain 1 (N-
terminal, tan) and 2 (C-terminal, blue) designate the two RecA-like helicase domains.
Circled numbers indicate the approximate location of the characteristic sequence motifs,
colored according to their primary biochemical function (red, ATP binding and hydrolysis;
blue, RNA binding, green, coordination between RNA and ATP binding). (B) Sequence
conservation in the characteristic sequence motifs of DEAD-box helicases. Amino acid
conservation is represented by the height of letter. Coloring marks the chemical properties of
a given amino acid: green and purple — polar, blue — basic, red— acidic, and black—
hydrophobic (adapted from ref. [1]). (C) Schematic representation the topology of the two
RecA-like helicase core domains. B-strands are indicated by arrows, a-helices by cylinders.
Characteristic sequence motifs are colored as in panel A (adapted from ref [1]). (D) Position
of the characteristic sequence motifs in the three-dimensional structure of the DEAD-box
helicase Vasa [19]. The bound ATP analog and Mg?* ion are colored teal; the nucleic acid is
colored orange. Sequence motifs are colored as in panels A to C.
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Figure 2. Biochemical features and activities of DEAD-box helicases

The inner circle marks the basic biochemical features, RNA, nucleotide (ATP) and protein
binding. The yellow arrows mark the connection between the activities. The outer circle
segments (light red) designate the activities that arise from either one or the coordination of
two basic biochemical features. The red lines indicate which biochemical features contribute
to a given activity. RNA structure conversion is based on the coordination between two
activities, strand annealing and RNA unwinding, as indicated.
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Figure 3. Cooper ativity between RNA and ATP or ADP binding by DEAD-box RNA helicases
Cooperativity is expressed by changes in free binding energy [AAG® (kcal/mol)] for ATP or
ADP binding in the presence or absence of RNA. Values for AAG® were calculated
according to AAG® = AG®(nt with RNA) — AG°(nt no RNA), with AG® = - RTInKgg.
Positive AAG® values indicate cooperative binding of nucleotide and RNA, negative values
indicate anti-cooperative binding. Values were calculated with published data for Mss116p,
elF4A, DbpA, YxiN [46,47,48,49,50], and for Ded1p with unpublished data (A.P. & E.J.,
unpublished observations). AAG® = AG°(nt with RNA) — AG°(nt no RNA), with AG® = -
RTInKgq. RNASs used were as follows: Mss116p:28 nt RNA capable of forming a 12 bp
hairpin with a 4 nt loop, Ded1p: 10 nt single stranded RNA, elF4A: 21 nt single stranded
RNA, DbpA: a 36 nt hairpin containing substrate with a single stranded region, or an
additional 15 nt forming a second hairpin in place of the single stranded region, YxiN: a 154
nt structured substrate consisting of nucleotides 2481- 2634 of the B. subtilis 23S rRNA
[46].
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Figure 4. Schematic representation of nucleotide binding by DEAD-box proteins

Key residues in the helicase core domain that mediate ATP binding and hydrolysis, based on
the structure of several DEAD-box proteins. Sequence motifs are colored and numbered as
described in Fig. 1. (A) Binding of ATP with Mg2*. (B) Binding of ADP with Mg2*. (B)
Binding of AMP.
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Figure 5. Duplex unwinding by local strand separation

RNA strands are represented by black lines. Single-stranded region is shown in gray. The
dotted line indicates requirement for proximity, but not physical connection to the duplex.
The DEAD-box helicase is depicted by yellow and blue semi-circles representing the
helicase N- and C-terminal domains respectively. More than 2 helicase protomers may
participate in the unwinding for a subset of DEAD-box helicases, but as mentioned, DEAD-
box helicases can also function as monomers. ATP is shown as red triangle. ATP hydrolysis
and subsequent formation of ADP (purple triangle) and free phosphate is required for release
of products and recycling of the enzyme. Dissociation of the helicase prior to complete
strand separation results in an RNA species with a partially opened helix which will rapidly
return to a duplex structure (adapted from refs. [7,91]).
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Figure 6. Structural basisfor duplex unwinding by DEAD-box proteins

The left panel shows the scheme for the RNA-dependent ATP hydrolysis cycle. Relative
RNA affinities for each stage of the cycle is indicated on the left of the scheme. The
structures show each stage for which structural information is available, as discussed in the
text. For stages without direct structural information, cartoons represent speculative
structural arrangements. Structures depict in yellow the N-terminal domain and in blue the
C-terminal domain. The following structures are shown: elF4A without nucleotide or RNA
(1FUU), N-terminal domain of DDX20 with ADPNP (3B7G), C-terminal domain of
Mss116p with C-terminal extension (CTE, light blue) and duplex RNA (red and orange
(4DB2), Mss116p with CTE (light blue), ADP-BeF3, MgZ*and single stranded RNA
(orange) (3161), Mss116p with CTE (light blue), ADP-AIF4, Mg?*, and single stranded
RNA (3162), and UAP56, ADP, and Mg2* (1XTJ). On the right, the orientation of the
helicase domains relative to each other is indicated for each stage. “?” indicates insufficient
evidence for domain orientation.
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