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Abstract: DEAD-box ATPase proteins are found in all
clades of life and have been associated with a diverse array
of RNA-processing reactions in eukaryotes, bacteria and
archaea. Their highly conserved core enables them to bind
RNA, often in an ATP-dependent manner. In the course of
the ATP hydrolysis cycle, they undergo conformational
rearrangements, which enable them to unwind short RNA
duplexes or remodel RNA-protein complexes. Thus, they
can function as RNA helicases or chaperones. However,
when their conformation is locked, they can also clampRNA
and create ATP-dependent platforms for the formation of
higher-order ribonucleoprotein complexes. Recently, it was
shown that DEAD-box ATPases globally regulate the phase-
separation behavior of RNA-protein complexes in vitro and
control the dynamics of RNA-containing membraneless or-
ganelles in both pro- and eukaryotic cells. A role of these
enzymes as regulators of RNA-protein condensates, or
‘condensases’, suggests a unifying view of how the
biochemical activities of DEAD-box ATPases are used to
keep cellular condensates dynamic and ‘alive’, and how
they regulate the composition and fate of ribonucleoprotein
complexes in different RNA processing steps.

Keywords: biomolecular condensates; DEAD-box ATPa-
ses; liquid-liquid phase separation; membraneless organ-
elles; ribonucleoprotein complexes; RNA processing.

Introduction: structural overview of
the DEAD-box ATPase cycle

DEAD-boxATPases are ubiquitously expressed in both pro-
and eukaryotic cells, and are even present in the genome of

many viruses. About 26 DEAD-box proteins can be found in
budding yeast whereas 38 proteins of this protein family
are present in the human proteome (Jarmoskaite and
Russell 2014; Linder and Jankowsky 2011; Ozgur et al.
2015). In many cases, DEAD-box proteins are highly
abundant, and are expressed atmicromolar concentrations
in cells, comparable to ribosomal proteins or copious
metabolic enzymes. They function in all aspects of RNA
processing ranging from transcription, editing, mRNA
splicing, nuclear export, translation, localization, quality
control, degradation to ribosome biogenesis (Hooper and
Hilliker 2013; Jarmoskaite and Russell 2014; Linder and
Jankowsky 2011; Ozgur et al. 2015).

DEAD-box ATPases are characterized by a highly
conserved core consisting of two structurally very similar
RecA domains, named after their homology to the bacte-
rial recombination factor RecA (Caruthers and McKay
2002). The two RecA domains contain all the critical
sequence elements that mediate ATP and RNA binding
(Figure 1) (reviewed in Linder and Jankowsky [2011];
Ozgur et al. [2015]; and Jarmoskaite and Russell [2014]). In
the active conformation, ATP binds within a cleft that
is formed between the N- and C-terminal RecA domain
positioning the eponymous aspartate-glutamate-alanine-
aspartate (DEAD) motif in proximity to the gamma-
phosphate to form a catalytically competent ATPase
site. On the opposing side of the structure, a surface lined
with positively charged amino acid residues constitutes
the RNA binding pocket that stretches across both RecA
domains and accommodates five or more nucleotides
adopting a slightly kinked conformation. Since there are
no direct contacts with the RNA bases, only with the
backbone, many DEAD-box proteins show little sequence
specificity in their interactionswith RNA (Jarmoskaite and
Russell 2014; Linder and Jankowsky 2011; Ozgur et al.
2015). Yet, selectivity for specific RNAs, or classes of RNA,
can be mediated by additional domains or co-factors, or
by a specific subcellular localization, which may restrict
the access to substrates (see also below). The RNAbinding
region of DEAD-box proteins can also accommodate
double-stranded RNA, which could be critical for their
helicase activity.
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The N- and C-terminal RecA domains are connected by
a flexible linker. In the absence of RNA and ATP, the
relative orientation of the two RecA domains to each other
is often very flexible, and DEAD-box proteins adopt an
‘open’ conformation. Whereas the relative orientation of
the two RecA domains can vary in the inactive, open state,
all DEAD-box proteins display a very similar conforma-
tional arrangement upon binding of ATP and RNA. In the
active, ‘closed’ state, the two RecA domains are positioned
to form a hydrolysis-competent ATP binding pocket and at
the same time the positively-charged RNAbinding surfaces
on the RecA domains are perfectly aligned (reviewed in
Hilbert et al. [2009] and Ozgur et al. [2015]). Given the
malleable orientation of the two RecA domains to each
other, binding of ATP and RNA generally favors the for-
mation of this closed state, which leads to a coordination of
ATP and RNA binding. This also explains why DEAD-box
proteins can function as ATP-dependent RNA binding
proteins and why RNA stimulates ATP hydrolysis
(reviewed in Jarmoskaite and Russell [2014]; Linder and
Jankowsky [2011]; and Ozgur et al. [2015]).

Upon ATP hydrolysis, release of ADP, Pi and RNA re-
stores the flexibility of the two RecA domains promoting
the opening of the structure and completing the ATPase
cycle. The large structural changes that occur during this
cycle -together with the RNA kink that is induced upon
binding-can explain the biochemical function of
DEAD-box ATPases as unwinders of short RNA duplexes or

as RNP remodelers. Yet, in the absence of substrate release,
the two RecA cores can also remain locked in the closed
conformation, hold onto the RNA and recruit other proteins
to the RNA to form a stable ribonucleoprotein complex
(reviewed in Jarmoskaite and Russell [2014]; Linder and
Jankowsky [2011]; and Ozgur et al. [2015]).

ATPase activating proteins for
DEAD-box proteins

The substantial structural rearrangements that are
observed in the course of the ATPase cycle help to ratio-
nalize why DEAD-box proteins are often inefficient en-
zymes on their own. Stable interactions with RNA and ATP
only occur when the flexible core structure is in the closed
conformation decreasing the on-rate for substrate binding.
At the same time, this suggests that release of RNA and
ADP/Pi is also slow since interaction with ADP and RNA on
both RecA domains stabilize a closed state. Indeed, Pi
release was found to be rate-limiting for several DEAD-box
ATPases, and thus the actual ATP hydrolysis step is not
necessarily the reason for the slow reaction cycle of these
enzymes compared with other ATPases (Cao et al. 2011;
Henn et al. 2008; Hilbert et al. 2010; Russell et al. 2014;
Wong et al. 2016). To overcome bottlenecks in the reaction
cycle, DEAD-box ATPases interact with activating co-
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Figure 1: Model of the DEAD-box ATPase cycle.
The model is based on structural analyses of yeast Dbp5 and its MIF4G-activator Gle1 (Montpetit et al. 2011). In the presence of ATP, the
DEAD-box protein binds RNA (state I). The activator binds both the C-terminal (RecA-C) and N-terminal RecA domains (RecA-N), separating the
two RecA-like domains to promote substrate release (state II). Subsequent substrate release can cause the two RecA domains to further
separate (state III). In the presenceof an activator, theDEAD-boxprotein can likely toggle between the conformational states I and II preventing
the off-state III. For details see text. Please note that the interaction between Dbp5 and Gle1 is promoted by IP6, which is a unique feature of
this DEAD-box/MIF4G pair.
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factors. An important group of ATPase activating proteins
contain MIF4G (middle domain of eukaryotic initiation
factor 4G)-like domains (Table 1). Despite their very limited
sequence homology, structurally and biochemically char-
acterized MIF4G activators contain α-helical HEAT repeats
that make very similar contacts with both RecA domains
and bind to DEAD-box proteins on the opposing side of the
RNA away from the ATP binding cleft (Chen et al. 2014;
Mathys et al. 2014; Montpetit et al. 2011; Oberer et al. 2005;
Pühringer et al. 2020; Schuller et al. 2020; Schütz et al.
2008). This position does not allow them to directly stim-
ulate ATP hydrolysis. Instead, critical for the activation are
a primary, stable interaction between the MIF4G protein
and the C-terminal RecA domain, as well as a secondary,
transient interaction with the N-terminal RecA domain.
When both binding sites are engaged, DEAD-box proteins
adopt a partially open state, in which the RNA binding
surface is rearranged preventing the formation of the
localized pocket of positive charges significantly lowering
the affinity for RNA. However, the DEAD-box protein can
readily go back to the fully active, closed conformation and
once again bind to RNA and ATP, simply by detaching the
transient, low-affinity interaction that forms between the
MIF4G protein and the N-terminal RecA domain. Thus, in
complex with MIF4G activators, DEAD-box proteins can
rapidly toggle between two states, a catalytically active
state and a state that promotes substrate release. Hence,
MIF4G activators speed up the reaction cycle by restricting
the conformational space that the two RecA domains can
occupy and by preventing the formation of fully inactive
orientations (reviewed in Ozgur et al. 2015).

A strong dependence on specific activators allows for
additional layers of regulation, whichmight be particularly
critical for those DEAD-box proteins which by themselves
do not show selectivity for their RNA substrates. For
example, to avoid promiscuous engagement with cellular
RNAs, MIF4G activators and other partners could help
mediate interactions with specific RNAs or locally activate
DEAD-box proteins to spatially restrict their enzymatic

activity. One example for this is the MIF4G protein Gle1,
which is a potent activator of the DEAD-box protein Dbp5/
DDX19 (Alcazar-Roman et al. 2006; Weirich et al. 2006).
Gle1 is bound to the nuclear pore complex, thereby
restricting Dbp5/DDX19’s activity to this cellular location,
where it can function in the directional export of RNAs out
of the nucleus (Alcazar-Roman et al. 2006; Folkmann et al.
2011; Weirich et al. 2006).

Interestingly, MIF4G proteins can also inhibit the
ATPase cycle of DEAD-box ATPases (Table 1). One example
is the MIF4G domain of CWC22, which holds its DEAD-box
partner eIF4AIII in an open conformation inhibiting the
interaction with ATP and RNA (Barbosa et al. 2012; Buch-
wald et al. 2013). An alternative mode of inhibition is
illustrated by the proteins Mago-Y14, which stabilize the
closed conformation of eIF4AIII, thus preventing the
release of substrates and arresting the enzyme in the RNA,
ADP andPi-bound state (C. B. F. Andersen et al. 2006; Bono
et al. 2006; Nielsen et al. 2009). This allows for the for-
mation of a stable exon junction complex (EJC) that is
deposited onto mRNA as a consequence of a nuclear
splicing event, and subsequently accompanies mRNAs to
the cytoplasm (Le Hir et al. 2000).

DEAD-box proteins contain flexible
extensions that can promote phase
separation

In addition to the highly conserved core domain, almost all
DEAD-box proteins contain variable extensions at their N-
and C-termini (Jarmoskaite and Russell 2014). A notable
exception is the translation initiation factor eIF4A and its
orthologues that constitute the most minimal DEAD-box
protein group containing just the two RecA domains. The
tails that flank other DEAD-box proteins have diverse
lengths and sequence composition but do not form addi-
tional structured domains. In some instances, these ex-
tensions were shown to directly regulate the ATPase
activity of DEAD-box proteins. For example, Dbp5/DDX19
contains an N-terminal α-helix that inhibits the basal
ATPase activity by inserting itself between the two RecA
domains and stabilizing an inactive conformation (Collins
et al. 2009). This autoinhibition is relieved upon Gle1 and
RNAbinding (Montpetit et al. 2011; vonMoeller et al. 2009).

A significant number of DEAD-box ATPases contain
intrinsically disordered tails that have amino acid se-
quences with low complexity (low complexity regions,
LCRs). These extensions are unusually rich in specific
amino acids, such as glutamine, asparagine, glycine or

Table : Examples of MIFG domain-containing regulators of
DEAD-box ATPases.

MIFG protein DEAD-box protein

eIFG eIFA Activator Schütz et al. ()
Gle Dbp Activator Montpetit et al. ()
NOT DDX/Dhh Activator Mathys et al. ()

Mugler et al. ()
UAP/Sub THOC/Tho Activator Pühringer et al. ()

Schuller et al. ()
CWC eIFAIII Inhibitor Barbosa et al. ()
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serine, or contain blocks of cations like arginine and aro-
matic amino acids such as tyrosine that can promote
cation-pi or pi-pi interactions (Borcherds et al. 2021; Martin
and Holehouse 2020). Of the DEAD-box ATPases in
budding yeast and humans, more than 1/3 contain tails
with LCRs, and 3 out the 5 DEAD-box proteins in E. coli
share this feature as well (Hondele et al. 2019).

In the last few years, it became clear that such LCRs can
engage in weak hetero- or homotypic protein-protein in-
teractions and promote the formation of higher-order pro-
tein meshworks that above a certain concentration
threshold undergo a process termed liquid-liquid phase
separation (LLPS) (Choi et al. 2020; Hyman et al. 2014; Kato
et al. 2012; Shin and Brangwynne 2017). LLPS is an equi-
libriumprocess inwhichbiomolecules, likeproteinsorRNA,
weakly associate with each other via multivalent in-
teractions to form reversible condensates that manifest as
liquid-like droplets within the surrounding solution.
Following the law of mass action condensates begin to
assemble when the concentration of one of their compo-
nents reaches a saturation limit. The partitioning of insol-
uble components into droplets lowers the free energy of the
system and can lead to their enrichment by several orders of
magnitude over the surrounding environment. The process
reaches equilibrium when there is sufficient accumulation
within the condensate and the concentration of the soluble
pool is again below the solubility threshold (Choi et al. 2020;
Hyman et al. 2014; Shin and Brangwynne 2017).

Consistent with this concept, DEAD-box proteins that
contain tails with LCRs, from, e.g., humans, C. elegans,
yeast or E.coli, can undergo LLPS (Elbaum-Garfinkle et al.
2015; Hondele et al. 2019; Nott et al. 2015). The LLPS satu-
ration limit of these DEAD-box proteins in vitro is usually in
the lowmicromolar range roughly in linewith their cellular
concentrations (Hondele et al. 2019). Whereas the detailed
biochemical conditions that trigger LLPS vary between
different DEAD-box proteins, RNA and ATP often promote
condensation, likely due to the fact that RNA provides a
scaffold and increases the valency of the system. However,
a critical element for the in vitro condensation behavior of
DEAD-box proteins lies within the LCR tails since family
members that lack LCRs have a dramatically reduced
ability to undergo condensation and removal of LCRs in-
hibits LLPS (Hondele et al. 2019). Furthermore, for the yeast
DEAD-box ATPase Dhh1/Ddx6, the N- and C-terminal ex-
tensions, which are asparagine and glutamine-rich,
respectively, were shown to be necessary and sufficient
for condensation in vitro (Hondele et al. 2019; Faltova et al.
2018).

DEAD-box proteins are global
regulators of RNA-containing
membraneless organelles

LLPS is not only an in vitro phenomenon. In the last few
years it has become abundantly clear that LLPS plays
important roles in the formation of membraneless organ-
elles and in the organization of all cells, from bacteria to
humans (Al-Husini et al. 2018; Hyman et al. 2014; Shin and
Brangwynne 2017). Membraneless organelles and biomol-
ecular condensates have been implicated in an ever-
growing list of biological processes including, e.g., chro-
matin organisation and DNA segregation, as well as
numerous RNA processing and gene expression events
(Hooper and Hilliker 2013; Hyman et al. 2014; Shin and
Brangwynne 2017; Yoshizawa et al. 2020). Such ubiquitous
roles in both pro- and eukaryotic cells indicate that the
process of LLPS may be evolutionary old, and that phase-
separated structures might have contributed to the com-
partmentalisation of biochemical reactions since early
steps of life, potentially already in a primordial RNA world
prior to the emergence of biological membranes (Hansma
2017; Hondele et al. 2020; Yoshizawa et al. 2020).

Many prominent cellular biomolecular condensates
contain both proteins and RNAs. This includes the nucle-
olus, nuclear speckles, cytoplasmic processing bodies
(PBs), germ granules or stress granules (SGs). In each of
these membraneless organelles, DEAD-box ATPase are
abundant components: numerous DEAD-box ATPases
involved in rRNA processing can be detected in the
nucleolus (Andersen et al. 2002), Sub2/UAP56 is promi-
nently found in nuclear speckles (Kota et al. 2008), Vasa/
DDX4 enriches in germ granules (Hay et al. 1988), and
Dhh1/DDX6 andDed1/DDX3 are central components of PBs
and SGs, respectively (reviewed in Hooper and Hilliker
[2013]).

In budding yeast, PBs and SG only form during stress
conditions when translation is attenuated. A first hint that
DEAD-box ATPases might regulate the dynamics of these
membraneless organelles came from experiments with
ATP-hydrolysis deficient variants of Ded1 andDhh1, which in
unstressed cells induce either constitutive SGs or PBs (Carroll
et al. 2011; Hilliker et al. 2011). Furthermore, tethering of Dhh1
to an mRNA is sufficient to target an mRNA to PBs and
inhibiting Dhh1’s ATPase activity, by mutations in either
Dhh1 or its MIF4G-activator Not1, prevents PB turnover (Car-
roll et al. 2011; Mugler et al. 2016). This ATP-dependent
condensation process can also be recapitulated in vitro, and
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Dhh1, in thepresenceofRNAandATP, formsphase separated
droplets that can be readily dissolved upon ATPase stimula-
tion by Not1 (Mugler et al. 2016). Altogether, this shows that
theATPase cycle of Dhh1 is coupled to its cycling into and out
of PBs and characterizes the ATPase activity of Dhh1 as a
critical regulator of PB formation.

This paradigm can be extended to additional
DEAD-box ATPases and membraneless organelles indi-
cating that this protein family has a global role in the
regulation of RNA-containing biomolecular condensates
(Hondele et al. 2019). Thus, they can function as cellular
‘condensases’. For example, inhibition of the ATPase ac-
tivity of UAP56 enhances the size of nuclear speckles and
causes the accumulation of mRNA in these nuclear con-
densates (Hondele et al. 2019). Furthermore, the ATPase
activity of eIF4Aworks in combinationwithDed1 to regulate
the formation of SGs (Tauber et al. 2020), and DEAD-box
proteins localize to ribonucleoprotein condensates in bac-
teria as well (Al-Husini et al. 2018; Hondele et al. 2019).

A simple model was proposed of how DEAD-box
ATPases function as ‘condensases’ to regulate the dy-
namics of ribonucleoprotein condensates (Figure 2, [Hon-
dele et al. 2019]). RNA and ATP binding to a DEAD-box
ATPase promotes condensation, whereas ATP hydrolysis
and RNA release suppresses LLPS and triggers the recy-
cling of the enzyme. In the most minimal scenario,
ATP-dependent RNA-binding to an LCR-containing
DEAD-box protein is both necessary and sufficient to
induce condensation by interactions that are mediated by
the tails: scaffolding by the RNA or multimerization upon
RNA binding increases the valency, lowering the satura-
tion threshold of the DEAD-box ATPase, and phase sepa-
ration ensues. Upon ATP hydrolysis, the affinity for RNA
decreases again, which pushes the protein back into the

soluble phase (Figure 2). Such a model is supported by in
vitro phase separation experiments but also by the findings
that, e.g., a tailless variant of Dhh1 suppresses PB forma-
tion whereas expression of an ATPase-deficient protein
leads to constitutive PBs in budding yeast (Carroll et al.
2011; Hondele et al. 2019).

However, cellular biomolecular condensates are
complex and contain, in addition to DEAD-box proteins, a
multitude of factors that can promote LLPS in vitro and
membraneless organelle formation in vivo (Shin and
Brangwynne 2017; Yoshizawa et al. 2020). Furthermore,
DEAD-box ATPases, such as Sub2/UAP56 and eIF4A,
which lack LCR tails and do not have the ability to phase
separate by themselves, also regulate membraneless or-
ganelles (Hondele et al. 2019; Tauber et al. 2020). Thus,
DEAD-box ATPases can also act in trans on membraneless
organelles. One possible mode of action includes a
clamping mechanism, whereby the DEAD-box protein
forms a stable, ATP-dependent complex with RNA
providing a binding platform for additional factors that in
turn trigger phase separation. Importantly, RNA-RNA in-
teractions also play a critical role in the condensation of
ribonucleoprotein complexes (A. Jain and Vale 2017;
Khong et al. 2017; Langdon et al. 2018; Tauber et al. 2020;
Van Treeck et al. 2018). Recently, an in vitro SG reconsti-
tution assay was described, and in this system, SG as-
sembly is nucleated by RNA multimerization as well
(Begovich and Wilhelm 2020). It is therefore likely that the
helicase activity of DEAD-box ATPases also negatively
regulates condensation by unwinding stretches of double-
stranded RNA on opposing RNA molecules. This could
prevent RNA entanglement that might occur in granules at
high RNA concentrations, and furthermore, will lead to a
decrease in valency thereby enhancing the solubility of

Figure 2: Model how DEAD-box ATPases function in RNA processing by regulating biomolecular condensation.
ATP-dependent RNA binding of a DEAD-box protein leads to an increase in valency and the recruitment of cofactors triggering condensation of
a ribonucleoprotein (RNP) complex (I). ATPase-driven remodeling of the RNP leads to compartment turnover and RNP release (II). Themodified
RNP interactswith the next DEAD-boxprotein and transfers to the next condensate (III). For details see text. Adapted fromHondele et al. (2019).
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ribonucleoprotein complexes (Begovich and Wilhelm
2020; Tauber et al. 2020).

It is important to point out that in addition to
DEAD-box proteins, also other ATP consuming enzymes,
play a critical role in the regulation of membraneless or-
ganelles. This includes kinases (e.g., Rai et al. [2018];
Ramachandran et al. [2011]; Shattuck et al. [2019]; and
Wippich et al. [2013]) that can act as on/off switches in
changing environments or during the cell cycle, or mo-
lecular chaperones (Cherkasov et al. 2013; S. Jain et al.
2016; Mateju et al. 2017) that use ATP to remodel protein
assemblies.

Functional role of DEAD-Box
ATPases in membraneless
organelles

The structural arrangements that occur during the ATPase
cycle of DEAD-box proteins were previously shown to
mediate at least three biochemical activities. This includes a
helicase activity to unwind RNA-RNA duplexes, a RNPase
activity to remodel the protein composition of ribonucleo-
protein complexes, and a clamping activity, in which
DEAD-box proteins function as ATP-dependent scaffolds
that recruit specific protein or RNA cofactors to RNAs (Jar-
moskaite and Russell 2014). As discussed, a combination of
all three of those functions is likely important to explain the
role of DEAD-box ATPases in the regulation of biomolecular
condensates. This could suggest a unifying view of the
function of DEAD-box ATPases as cellular ‘condensases’
that control the assembly and turnover of ribonucleoprotein
condensates. One central role of DEAD-box ATPases could
be to define cellular reaction centres that locally concentrate
both RNAs and interacting proteins in order to mediate
distinct steps in the metabolism of RNA. Because of the
evolutionary conservation of biomolecular condensation,
such a ‘condensase’ function might even constitute the
primordial role of DEAD-box proteins.

What could be the functional consequences of RNA
recruitment to membraneless organelles? Biomolecular
condensates are highly selective and can concentrate
protein and RNA components by several orders of magni-
tude (Choi et al. 2020; Hyman et al. 2014; Shin and
Brangwynne 2017). Hence, a DEAD-box ATPase-mediated
targeting of an RNA to a condensate could keep this RNA
away from soluble factors, to either hide or store it. This
could make select groups of RNAs inaccessible for modi-
fying enzymes or for the decay or translation machinery.
Since cellular condensates were shown to be dynamic, an

effective sequestration would however require low ex-
change rates and large partition coefficients for the affected
RNAs. Conversely, very high local concentrations of decay
or RNA modifying enzymes together with their RNA sub-
strates in membraneless organelles could speed up re-
actions or lead to selective modification. For DEAD-box
ATPases that could cause an increase in RNA unwinding or
the remodeling of ribonucleoprotein complexes. Beyond
concentration, the selective nature of LLPS could further
aid with the remodeling activity of DEAD-box proteins,
since targeting of anRNP to an organelle could enhance the
removal of specific proteins if they are poorly miscible in
the condensed phase (Hondele et al. 2020).

LLPS occurs when at least one of the components of a
condensate crosses its solubility threshold, which occurs
when the concentration of constituents rises, or more
readily in a cellular context, when the strength or the
valency of interactions increases. In cells, this can be
accomplished by post-translational modifications as wells
as by changes in crowding, fluidity, temperature or pH
(Choi et al. 2020; Hondele et al. 2020; Hyman et al. 2014;
Shin and Brangwynne 2017). The process continues until a
new equilibrium is reached and the soluble concentration
is again below the saturation limit (Choi et al. 2020; Hyman
et al. 2014; Shin and Brangwynne 2017). Whereas compo-
nents can passively exchange between condensates and
the soluble phase, at thermodynamic equilibrium there is
no directional net flux. However, living systems do not
operate at equilibrium and the input of energy allows cells
to keep biomolecular condensates ‘alive’, i.e., in an active,
non-equilibrium state (Hondele et al. 2020; Hyman et al.
2014). This means that active condensates can generate
biochemical work, and, e.g., enrich components against a
concentration gradient, establish ribonucleoprotein states
that are distinct inside or outside the organelle, generate
molecular fluxes that can drive downstream reactions, or
promote a directional translocation of RNP particles be-
tween compartments (Hondele et al. 2020).

The ATPase cycle of DEAD-box ATPases appears to
provide critical energy input to keep RNA-containing
membraneless organelles dynamic and away from equi-
librium. How could this explain the functions of DEAD-box
proteins in RNA metabolism? In an extreme model, one
could envision that a dynamic network of DEAD-box-
controlled membraneless compartments spatially and
temporally controls cellular RNA processing reactions,
akin to the membrane-enclosed secretory pathway, where
proteins receive an ordered set of modifications when
moving through the ER and distinct Golgi stacks (Figure 2).
For example, mRNAs might travel through a series of
condensates, from transcription and splicing to export
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through the nuclear pore, and ultimately to storage or
decay. In each of these compartments, the mRNA and its
associated protein coat will be modified by condensate-
enriched DEAD-box enzymes, RNA processing factors and
RNA-binding proteins. The messenger ribonucleoprotein
particle that leaves a compartment will be distinct from the
one that entered, and such a DEAD-box ATPase-driven flux
would control the fate of an mRNA throughout its life.
Initial evidence in support of such a model comes from
simple in vitro experiments but also from mutations in
DEAD-box ATPases predicted to inhibit mRNA flux, which
lead to a localized enrichment of mRNAs, e.g., at the site of
transcription or in nuclear speckles (Hondele et al. 2019).
However, it will now be critical to test this hypothesis
thoroughly and examine whether DEAD-box ATPases
function in a similar manner as ‘condensases’ also in other
RNA maturation reactions and, for example, actively pro-
mote the flux of different rRNA processing intermediates
through the different phases of the nucleolus to ensure the
unidirectionality of this process.

Outlook

Membraneless organelles are widely used to organize the
content of cells, yet the actual function of biomolecular
condensation in many cellular processes remains rather
poorly understood. However, we are gaining more and
more insight into the pathways that promote and control
condensate formation, which will provide us with better
and more precise tools to influence the formation and dy-
namics of these cellular organization centres. Given their
importance in many RNA processing reactions, the
manipulation of DEAD-box ATPase proteins will continue
to be valuable and will help us to unravel the function of
cellular ribonucleoprotein condensates in RNA meta-
bolism. In addition to addressing important cell biological
problems, future research on DEAD-box ATPases may also
further our understanding of how the misregulation of
membraneless organelles can lead to pathological conse-
quences since ribonucleoprotein granules have been
implicated in the development of a large number of
devastating aggregation diseases.
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