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Abstract

DEAD-box ATPases constitute a very large protein family present in all
cells, often in great abundance. From bacteria to humans, they play criti-
cal roles in many aspects of RNA metabolism, and due to their widespread
importance in RNA biology, they have been characterized in great detail at
both the structural and biochemical levels. DEAD-box proteins function as
RNA-dependent AT Pases that can unwind short duplexes of RNA, remodel
ribonucleoprotein (RNP) complexes, or act as clamps to promote RNP as-
sembly. Yet, it often remains enigmatic how individual DEAD-box proteins
mechanistically contribute to specific RNA-processing steps. Here, we re-
view the role of DEAD-box ATPases in the regulation of gene expression
and propose that one common function of these enzymes is in the regulation
of liquid-liquid phase separation of RNP condensates.
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GENERAL OVERVIEW OF THE DEAD-BOX AND DExH BOX
SF2 HELICASES

RINA has likely existed since the origin of life. Being single-stranded and not confined to one cel-
lular location, RINA is more reactive and dynamic than its relative, DNA. For example, messenger
RINAs (mRNAs) are produced and processed in the nucleus, but they subsequently migrate to the
cytoplasm, where they recruit ribosomes and matching transfer RINAs (tRINAs) to undergo trans-
lation. RNAs can also fold into well-defined structures that influence their function. In the case of
mRNAg, this is exemplified by the effects of structured untranslated regions (UTRs) on ribosome
recruitment and translation efficiency (1, 2).

However, due to the four-base composition of RNA, there is also a chance of unintended, ran-
dom base pairing, either with itself or with other RNAs (3). Furthermore, the phosphate backbone
makes the RNA molecule highly negatively charged overall. As a consequence, RNA polymers are
intrinsically prone to aggregate and form thermodynamically stable but not always useful, and po-
tentially even harmful, side products. As one measure of protection, RNAs interact at any stage
of their life with RNA-binding proteins and form ribonucleoprotein (RNP) complexes (4-7). Yet,
the proteins that coat the RNA also create challenges for cells, since many RNA-binding proteins
have affinities in a range that prevents easy or rapid dissociation, and therefore, the RINP coat can-
not be readily exchanged all by itself. However, a dynamic RNP composition is critical for correct
RNA processing, transport, and function (5, 8-14).

To keep RINP complexes dynamic and to safeguard RNA against misfolding or aggregation,
cells contain enzymes that can unfold thermodynamically stable RNA structures and remodel
RNA-protein complexes. These enzymes are expressed by all cells from bacteria to humans, often
in great abundance. They are highly conserved across evolution and can even be found in many
viruses. These enzymes consist of a multitude of RNA helicases or RNA chaperones, and their
basic mechanistic principle is simple: They utilize ATP to bind and remodel RNA and RINA-
protein complexes (15-17).

Most cellular RNA helicases (Enzyme Commission number 3.6.4.13) belong to the superfamily
2 (SF2) of nucleic acid helicases (18, 19). SE2 helicases encompass at least nine families plus one
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group that all share a highly similar core structure characterized by two so-called RecA domains,
D1 and D2, which are connected by a flexible linker (16, 17). This RecA core, named after its
homology to the bacterial recombination factor RecA (20), contains 12 conserved sequence motifs
for RNA binding, ATP binding, and interaction between the RecA domains (16, 17, 21).

The two most abundant families of SF2 helicases are DEAD-box proteins and the subfami-
lies of DExH-box proteins. They both received their names from the amino acid motifs that are
found in the catalytic core responsible for ATP hydrolysis. The more complex organisms are, the
greater their number of DEAD-box or DExH-box ATPases; e.g., bacteria express approximately
55 Saccharomyces cerevisine, 26; and human cells, 37 DEAD-box proteins (16). Despite the very
similar core structures of DEAD- and DExH-box ATPases, several divergences result in major
functional differences between these groups of enzymes. First and most importantly, DEAD-box
ATPases harbor only one surface on the RecA core that interacts with single-stranded RNA or
RNA duplexes to trigger unwinding or protein displacement. On their own, DEAD-box AT Pases
are therefore nonprocessive and act in a single turnover reaction on short RNA duplexes. In con-
trast, DExH-box AT Pases have additional C-terminal globular domains that allow for stable RNA
binding and translocation along one of the RNA strands in the 3'-5" direction. This enables a pro-
cessive movement of DExH-box ATPases along RNA duplexes, during which they displace one
RNA strand and any bound protein molecules (17, 21, 22).

DEAD-BOX ATPASES: GENERAL STRUCTURE AND BIOCHEMICAL
FUNCTION

The family of DEAD-box ATPases was first discovered more than 30 years ago (23), and since
then, it has become clear that these proteins function in all facets of RNA biology. They chaperone
mRNAs from transcription to decay, are heavily involved in nucleolar ribosomal RNA (rRNA)
maturation and ribosome biogenesis, and function in many other RNA-processing reactions as
well (16,21, 24). In the unbound (apo) state, the two RecA domains of most DEAD-box proteins
have a flexible orientation and an open conformation (Figure 1) (17, 22, 25-27). ATP and RNA
binding are usually coupled. ATP primarily binds the D1 RecA domain, and single- or double-
stranded RNA interacts with a basic surface on the D2 RecA. RNA binding is generally not se-
quence specific, since the interaction with the RecA domain involves only the phosphate groups
of one strand and the hydroxyl group of the other but not the bases (17, 22, 28). ATP binding en-
ables additional interactions between the two RecA domains, involving some of the 12 conserved
sequence motifs increasing the affinity between D1 and D2. This leads to a conformational rear-
rangement, which brings the two domains to a relatively fixed and closed D1-D2 orientation that
buries ATP (Figure 1) (17, 22).

Domain closure has two critical consequences. First, it creates an enlarged RNA-binding sur-
face that spans both RecA domains, resulting in a more stable interaction with the phosphate
backbone of one RNA strand. Importantly, RNA binding occurs in a kinked or arch-like shape,
which is incompatible with RNA duplex formation and thus causes the eviction of the other
RNA strand (28-33). Second, domain closure promotes ATP hydrolysis, which in turn lowers the
D1-D2 affinity, resulting in domain opening, decreased RNA affinity, and release of all substrates,
thus completing the cycle (Figure 1) (17,22, 34). The efficiency of unwinding decreases with RNA
duplex length: DEAD-box proteins are nonprocessive, and the RNA-RNA interactions have to
be outcompeted by the RNA-RecA affinity, which becomes very inefficient for duplexes longer
than ~15 base pairs (16, 35).

Although RNA duplex unwinding by DEAD-box ATPases has been very well characterized,
it is not the only remodeling or chaperoning activity of these enzymes. They were also shown to
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Model of the DEAD-box ATPase cycle. ATP binding brings the two RecA domains (D1 and D2) of the
DEAD-box protein into a closed conformation, creating an extended RNA-binding surface that enables
interactions with the RNA phosphate backbone of one strand. Binding causes bending of the RNA strand
into an arch, which is incompatible with its interaction with another RNA strand as a duplex and can also
displace associated proteins. ATP hydrolysis breaks the interdomain contacts between the D1 and D2 RecA
domains and triggers release of RNA and ADP + P;, and the cycle can restart. In the ATP-bound state,
DEAD-box proteins can also form stable clamps on RNA, which can lead through multivalency to the
formation of higher-order RNP complexes or RNP condensates. Abbreviation: RNP, ribonucleoprotein.

promote RINA-strand annealing or exchange (36), to remodel G-quadruplex structures in both
DNA and RNA, and to unwind RNA-DNA hybrids (R-loops) that have important physiological
functions but can also trigger DNA damage and genome instability (16, 19, 37).

Another fundamental but less well-characterized function of DEAD-box ATPases is their abil-
ity to dissociate or remodel RNA-protein complexes or to function as RNPases. DEAD-box pro-
teins can displace proteins without even unwinding an RNA duplex (38, 39), and this process seems
to be somewhat selective toward RINA interactions on the surface of RNPs (16, 17, 33).

The ATPase activity and the frequency of the DEAD-box ATPase cycle are crucial to reg-
ulating RNA binding and chaperoning in many RNA-processing reactions. It is therefore not
surprising that DEAD-box ATPases are tightly controlled. In fact, many DEAD-box ATPases are
inefficient enzymes by themselves and require interactions with activators to overcome kinetic
bottlenecks. Notably, in many instances, it is not the ATP hydrolysis step but rather the release
of substrate (RNA, ADP + P;) that is rate limiting and critical for resetting the ATPase cycle (15,
22,40).

The family of MIF4G-domain-containing proteins [named after the middle domain of the
eukaryotic initiation factor 4G (eIF4Q)] is the most prominent among DEAD-box ATPase regu-
lators. Interestingly, MIF4G proteins can both activate and inhibit enzymatic activity. The MIF4G
fold consists of a-helical HEAT repeats that, through interactions with both RecA domains, hold
the domains in a specific orientation. Activating MIF4G proteins like Glel for DDX19/Dbp5 or
Notl for DDX6/Dhhl stabilize a transition state that facilitates ADP/P; and RNA release (41-44).
By contrast, binding of inhibiting MIF4G domains induces different RecA core conformations; for
example, the MIF4G domain of CWC22 latches onto both RecA folds of eIF4AIII and spatially
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Different DEAD-box ATPases function in multiple steps of gene expression that are closely associated with distinct biomolecular
condensates and membraneless organelles. This includes the processes of transcription, pre-mRNA splicing, transport though the
nuclear pore complex, translation, and mRNA degradation. Abbreviation: P-bodies, processing bodies

separates the RNA- and ATP-binding residues on D1 from their counterparts on D2 to prevent
substrate binding (22, 45).

In the absence of ATP hydrolysis or substrate release, e.g., due to the action of inhibitory
proteins, or by the introduction of hydrolysis-deficient, catalytically dead mutants (such as the
DQAD variant of the DEAD motif), DEAD-box proteins remain stably bound to the RNA and
can also serve as an RNA clamp or scaffold that aids with the recruitment of additional proteins
to the RNA (16, 46). Such a stably bound enzyme complex can further trigger the formation of
multivalent, higher-order RNP granules that can assemble into large biomolecular condensates
and manifest as constitutive membraneless organelles in cells (Figures 1 and 2) (reviewed in 47—
52). Similarly, nonhydrolyzable ATP analogs, especially those mimicking the ground state, can
induce the formation of long-lived complexes with RNA (34). In contrast, mutants that prevent
ATP binding (e.g., the Q-motif) (53, 54) and mutants that prevent the switch from the open to the
closed D1-D2 state (e.g., motif VI, HRxGRxxR) (55) decrease RNA binding and, in consequence,
overall ATP consumption (reviewed in 16, 18).

DEAD-BOX ATPASES INVOLVED IN THE REGULATION
OF GENE EXPRESSION

With such a similar core mechanism that is shared by all DEAD-box proteins, several central
questions regarding their physiological function have remained unanswered: Why are there
so many different DEAD-box ATPases, almost 40 in human cells? How can they function in
specific RNA-processing steps, given their apparent lack of sequence specificity? Why are these
enzymes so heavily expressed and among the most abundant cellular proteins, with close to the
same expression levels as ribosomal proteins? Recent work has begun to provide the first insights
into these questions. Whereas their RecA core fold may have a very similar structure and general
function, DEAD-box proteins differ in their cellular localization, catalytic activity, and regulation
by cofactors. In addition, they also contain a striking array of intrinsically disordered N- and
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C-terminal extensions or tails that critically contribute to the diverse cellular roles of DEAD-box
ATPases. These tails can autoinhibit or regulate the ATPase activity (for example, 41, 56-59) and
orchestrate interactions with other protein complexes or RNA targets (for example, 33, 60-65).
In addition, in many cases these tails allow for the condensation of these abundant proteins in
membraneless organelles (Figures 1 and 2) (49, 50, 66-72). Condensation can enrich these en-
zymes together with their RNA substrates in specific subcellular locations, which might facilitate
remodeling by mass action. In the following sections, we summarize our current knowledge of the
role of DEAD-box ATPases in the regulation of RNP remodeling and condensation, focusing on
the subgroup of DEAD-box proteins that function directly in the regulation of gene expression.

UAP56/Sub2

UAP56/Sub2 (also known as DDX39B) is a highly conserved DEAD-box ATPase that is found in
all eukaryotes. It stands out because it contains a DECD motif instead of the eponymous DEAD
motif, and this alanine-to-cysteine exchange is conserved in all characterized UAP56/Sub2 or-
thologs. This suggests that the cysteine in the DEAD-box of UAP56/Sub? is functionally impor-
tant, and at least in budding yeast, a strain expressing the DEAD variant of Sub2/yUAP56 is not
viable (73). However, as expected, the cysteine is not critical for the ATPase activity of UAP56
(74), and the role of this uniquely conserved alanine substitution remains enigmatic.

UAPS56 was originally identified as an interaction partner of the splicing factor U2AF° (73),
and UAP56 and its yeast ortholog Sub2 were found to be required for spliceosome assembly in vivo
and in vitro (73, 75, 76). However, UAP56/Sub2 was soon discovered to also function in global
mRNA export (77-79), even for mRNAs that do not contain introns (77, 78). It has now been
firmly established that UAP56/Sub2 is an essential component of the transcription and export
(TREX) complex that is generally required for early steps in nuclear mRNP biogenesis (80).

TREX is an evolutionarily conserved multisubunit assembly that contains, in addition to
UAP56/Sub2, the mRNA export adaptor ALYREF/Yral and the THO (transcription-
dependent hyperrecombination) complex. In a mechanistically poorly understood series of
events, UAP56/Sub2 is required to bring ALYREF/Yral to the THO complex, which in turn
triggers loading of the essential export factor NXF1/Mex67 onto mRNA, a critical event during
the nuclear export of mRNAs (77, 80-84).

TREX is recruited to mRNAs during transcription and subsequently influences elongation, 3’
end processing, and transcript release (50, 78, 80, 85-90). Timely mRNP processing by TREX is
also critical to prevent the formation of R-loops that can form when the nascent transcript anneals
with the single-stranded DINA template that is formed behind the elongating RNA polymerase II
(37,91). Formation of unintended R-loops is dangerous because they can trigger replication stress
and hyperrecombination and thus affect genome integrity. The helicase activity of UAP56 might
be critical to unwind harmful RNA-DNA hybrids and to protect the stability of the genome (91).

Recently, the structural organizations of the yeast and human TREX were characterized by
cryo—electron microscopy (92-94). Intriguingly, TREX multimerizes to form a tetramer in hu-
mans and a dimer in yeast. Thus, TREX is capable of making multivalent, simultaneous interac-
tions with different mRNA regions in cis or distinct mRINA molecules in #7ans. The structures also
provide new insight into how THO can stimulate the ATPase activity of UAP56/Sub2 (92-95):
Interactions with MIF4G modules in Tho2/THOC?2 hold UAP56/Sub2 in a semiopen, activated
conformation comparable to that observed for other MIF4G DEAD-box helicase systems (22, 52).
The position of UAP56/Sub2 in the complex, together with the conformational changes expected
to occur during the ATPase cycle of UAP56/Sub2, further suggests a seesaw-like movement of
the complex that could explain how TREX remodels mRNPs or R-loops (92).
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In mammalian cells, UAP56 localizes to nuclear speckles, membraneless organelles that con-
tain high concentrations of RNA-processing factors (84, 96). Inhibition of the catalytic activity
of UAPS56 increases the size of nuclear speckles and blocks mRINA release from this compart-
ment (50). Similarly, mutants in yeast Sub2 inhibit mRNA release from the site of transcription
and lead to the formation of RNP granules that show hallmarks of liquid-liquid phase separation
(50, 78). Intriguingly, TREX itself contains several domains of low complexity, and such domains
often promote phase separation. It will be interesting to examine how the multivalent interac-
tions between TREX and mRNPs, together with the enzymatic activity of UAP56/Sub2, regulate
condensation reactions that might occur during transcription, R-loop formation, or pre-mRNA
splicing and, in turn, how condensation affects these molecular processes.

DDX5/Dbp2

Human DDXS5, initially called p68, is one of the founding members of the DEAD-box ATPase
family. When its complementary DNA (cDNA) was sequenced, it became clear that it has ex-
tensive sequence homology with the translation initiation factor eIF4A (97). Together with the
identification of additional homologous proteins in organisms such as Escherichia coli, budding
yeast, and Drosophila, this led to the definition and birth of the DEAD-box protein family (23).
Human DDX5/p68 has a paralog, DDX17/p72. Both show high sequence conservation with the
yeast protein Dbp2, and DDX5 expression in yeast complements a dbp2 A strain, demonstrating
functional conservation from yeast to humans (98, 99).

Despite its seniority in the DEAD-box family, the detailed cellular function(s) of DDX5/Dbp2
has remained unclear. DDX5/Dbp2 has been implicated in a host of ostensibly unconnected cel-
lular pathways, including transcriptional regulation, pre-mRNA splicing, mRNA export, nRNA
quality control, ribosome biogenesis, cellular signaling, and recently, the control of G-quadruplex
destabilization (99-101). Such an array of diverse cellular functions might be reflected in the vari-
ability of its localization: Although DDX5/Dbp2 is predominantly localized in the nucleus, it can
also be enriched in the nucleolus or localized to the cytoplasm at different stages of the cell cy-
cle and in different cell types (99). DDXS5/Dbp2 has robust ATP-dependent RNA-binding and
helicase activity but does not seem to display a clear sequence specificity; hence, it is conceiv-
able that it functions promiscuously on a wide range of RNP targets. However, it is likely that at
least some of the ascribed functions of DDX5/Dbp2, e.g., in cellular signaling, are indirect conse-
quences of its role in the regulation of gene expression and that selectivity for specific RNA targets
is achieved through cofactors that regulate its localization or AT Pase activity but have yet to be
identified.

In budding yeast, the RNA-binding sites of Dbp2 have been mapped by UV cross-linking,
and Dbp2p was found to interact with mRINAs and ribosomal RNAs but also with other non-
coding RNAs, including small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), and
tRNAs (102). Of note, the cross-linking sites in noncoding RNAs often overlap with regions
where R-loops form, e.g., in the 3" end of snoRINAs. These regions also coincide with binding
sites for Senl, a SF1B 5'-3’ RNA/DNA helicase and a member of the Nrdl complex, which
plays an essential role in the transcriptional termination of snRINAs, snoRNAs, cryptic unstable
transcripts (CUTS), and some mRNAs. In addition, a physical interaction between Senl and
Dbp2 was detected by coimmunoprecipitation, which led to the suggestion that the regulation of
R-loop formation is a unifying physiological function of Dbp2 (102). Other DEAD-box AT Pases,
including Sub2/UAP56 (37) (see the section titled UAP56/Sub2) and Dbp5/DDX19 (103),
were implicated in the control of R-loop formation, and therefore, the unwinding of harmful

RNA-DNA hybrids could be a critical task of DEAD-box ATPases in the nucleus.
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A role in transcriptional termination and R-loop prevention could also be connected to a func-
tion of Dbp2 in nuclear mRNP assembly that is required for proper mRINA export. On one hand,
DBP?2 displays genetic interaction with the mRNA export adaptor YRAI, and Yral inhibits the
helicase activity of Dbp2 in vitro (104). On the other hand, Dbp2 enhances the loading of Yral,
Nab2, and Mex67 onto poly(A)+ RNA (104). However, it has not been further examined how
a reduction of the enzymatic activity of Dbp2 promotes the formation of an export-competent
mRNP.

Like many DEAD-box AT Pases, DDX5/Dbp2 contains N- and C-terminal extensions flank-
ing its two RecA domains. In DDX5/Dbp2, these tails are predicted to be intrinsically disordered
and are particularly enriched in arginine-glycine-glycine repeats. Accordingly, Dbp2 readily phase
separates in the presence of ATP and RNA in vitro (50), but whether DDX5/Dbp?2 also forms con-
densates in vivo and whether condensation modulates or contributes to the physiological function
of DDX5/Dbp2 await further exploration.

DDX19/Dbp5

DDX19/Dbp5 was initially characterized in budding yeast (105, 106). Mutations in DBPS block
nuclear mRNA export and, given the localization of DDX19/Dbp5 both in the cytoplasm and at
the nuclear pore complex (NPC), it was immediately proposed that its AT Pase activity is harnessed
to promote the directional export of mRNAs through the NPC (105, 106). This initial hypothesis
has been corroborated in the last 20 years. Multiple lines of evidence support a model in which
Dbp5 functions at the NPC to remodel exporting RNPs and DDX19/Dbp5-mediated removal
of essential export factors such as Nab2 (107) or Mex67/NXF1 (108) confers directionality to the
mRNA export process (109).

On its own, DDX19/Dbp5 exists in an autoinhibited conformation (41, 57), and its enzymatic
activity is greatly stimulated by the NPC-associated cofactor Glel (44, 110, 111). Like other
DEAD-box ATPase activators, Glel contains a MIF4G domain, which interacts with both RecA
domains of Dbp5 to overcome autoinhibition and speed up the ATPase cycle (41). Glel, together
with the nucleoporin Nup159/NUP214, also tethers Dbp5 to the NPC (110, 112-117), which en-
sures localized activation of Dbp5/DDX19 specifically at the cytoplasmic side of the NPC, which
is presumably essential for the function of Dbp5 in mRINA export. A peculiarity of the NPC-
associated activation of Dbp5 is the fact that the interaction between Dbp5 and Glel, at least in
fungi, is stabilized by the small molecule inositol hexakisphosphate (InsPg), which potentially adds
another layer of regulation to the Dbp5 ATPase cycle and mRNA export (41, 109, 118). In this
context, it is of interest that Dbp5 leaves the NPC and relocalizes to the nuclear interior following
ethanol stress and UV irradiation (103, 119, 120).

In addition to its canonical function in mRNA export, Dbp5 has also been implicated in a
variety of other cellular processes. These include the regulation of transcription in the nucleus
and termination of translation in the cytoplasm. Interestingly, when Dbp5 is permanently tethered
to the NPC by artificially fusing it to the nucleoporin Nup159, yeast cells are viable, suggesting
that these nuclear and cytoplasmic functions of Dbp5 are not essential during normal growth
conditions (121).

DbpS5 was also shown to function in the export of tRNAs, ribosomal precursors, and telomerase
RNA (122-124). Given its apparent lack of RNA-sequence specificity, it is not obvious how Dpb5
would restrictits activity at the NPC to remodel exclusively mRNAs, and therefore, a more general
RNPase role for Dbp5 in the export of different RNA substrates could be plausible. However, at
least in the export of rRNA, the ATPase activity of Dbp35 appears to be dispensable, indicating
that DbpS5 relies on different modes of action to promote the export of distinct RNA classes (123).
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Clearly, additional work is needed to better understand the mechanisms of RNA export and to
better define how DDX19/DbpS5 functions in the directional transport of mRINA and potentially
other RNA substrates across the NPC. Interestingly, trypanosomes, and potentially also other
organisms outside the opisthokonta clade (previously called the Fungi/Metazoa group), seem to
lack parts of or even the entire mRNA export platform consisting of DDX19/Dbp5, Glel, and
NUP214/Nupl159 (125, 126). Furthermore, in Drosophila tissue culture cells, it was observed that
mRNA export does not require Dbp5 function (127). Since the directional export of mRINA is
likely to be essential in all eukaryotic cells, additional pathways seem to exist that translocate
mRNAs across the NPC.

In addition, one needs to consider other functions of DEAD-box ATPases such as Dbp5/
DDX19 at the NPC. Given the predicted high RNP concentrations within the crowded, poten-
tially phase-separated NPC transport channel (128), this could include a role in the disentangle-
ment of short RNA-RNA duplexes or the inhibition of aggregation of condensation-prone RNPs
that could otherwise clog the NPC and block RINA transport.

elF4A

The eukaryotic translation initiation factor 4A (eIF4A/DDX2) was the first DEAD-box protein
whose sequence was identified (129). eIF4A is among the most abundant DEAD-box proteins and
plays an essential role in early steps of protein translation. It has also been implicated in cancer cell
growth and is critical for the replication of many viruses (130-132). It is therefore not surprising
that eIF4A has been extensively characterized and that small-molecule inhibitors of its activity
have been identified that show promise as anticancer therapeutics (1, 131, 132). Several landmark
studies that established central principles for the structure and function of DEAD-box proteins
were performed with eIF4A (132). This includes the detailed biochemical characterization of its
activities as an RNA-dependent ATPase and ATP-dependent helicase (35, 133-137) and the first
structural characterization of a DEAD-box protein (25, 138, 139). While eIF4A has served as a
paradigm for DEAD-box protein function, its overall domain organization is an exception in the
family, as it is made up exclusively of the central RecA core and lacks the N- and C-terminal
extensions that are present in most other family members.

A crucial function of eIF4A is in translation initiation. As part of the heterotrimeric elF4F
complex, eIF4A facilitates the recruitment of the 40S ribosomal subunit to capped mRNAs (131,
132).In addition to eIF4A, eIF4F also contains eIF4G, which is a large scaffold protein, and eIF4E,
which directly binds to the m7G cap structure. e[F4A and its interaction partners function with
a large network of translation initiation factors and, together with the 40S subunit, form the 43S
preinitiation complex that is thought to scan the 5’ UTR in a 5'-3’ direction until it encounters the
initiation codon. Given its ability to unwind RNA duplexes, the prevailing model is that eIF4A
functions in the scanning mechanism by unwinding any secondary structures present in the 5’
UTR of mRNAs. This model is supported by the observation that the translation of mRINAs
with strong secondary structures in their 5 UTR is more affected by e[F4A mutants than is the
translation of mRNAs with little structure (140). eIF4A alone is a weak, nonprocessive helicase,
and the scanning process is likely aided by other cofactors and additional unwinding enzymes
such as DDX3/Dedl1 (see the section titled DDX3/Ded1) (141-146). However, eIlF4A has also
been shown to enhance preinitiation complex recruitment to mRNAs regardless of the amount of
secondary structure (147) and independent of its helicase function (148). These results reveal that
elF4A has a critical function in translation initiation beyond the unwinding of 5 UTR structures.

Interestingly, eIF4A was also recently shown to regulate the formation of stress granules (51),
membraneless organelles that form through the condensation of untranslated mRNPs (149-151).
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Intermolecular RNA-RNA interactions contribute to stress granule formation and RNP conden-
sation, likely by enhancing the interaction valency (152-156). The ATP-dependent RNA-binding
activity of eIF4A can counteract RNA-RNA multimerization and thus inhibit RNA condensa-
tion in vitro and stress granule formation in vivo (51). This adds important additional evidence
that DEAD-box ATPases regulate RNP condensation in cells through their ability to function as
ATP-dependent RNA-binding proteins that can unwind short RNA duplexes.

Mammalian and plant cells express three eIF4A proteins. eIF4A-1 (DDX2A) and elF4A-IT
(DDX2B) share more than 90% sequence identity and are thought to have largely overlapping
cellular functions. However, they are differentially expressed and might not functionally comple-
ment each other (132). The third eIF4A protein is eI[F4A-IIT (DDX48). It is found predominantly
in the nucleus and plays a critical role in the formation of the exon-junction complex (EJC), a
protein mark that is deposited during pre-mRNA splicing, influencing downstream processing
reactions such as mRNA export, translation, and nonsense-mediated decay (157, 158). Reconsti-
tution and structural studies have demonstrated that eIF4A-II1 is at the core of the EJC. Through
interactions with other EJC members, mainly MAGOH-Y14, eIF4A-IIT is kept in a closed, RINA-
bound state, even when ATP hydrolysis has occurred (26, 27, 46, 159). This stably locks eIF4A-III
and the entire EJC onto the RNA substrate, providing a paradigm of how DEAD-box ATPases
can function as clamps to promote stable RNP complex formation.

DDX6/Dhhl

DDX6/Dhh1, also termed RCKp54 in mouse, Xp54 in Xenopus, Me3 1b in Drosophila, and CGH1
in Caenorbabditis elegans, is a very abundant, evolutionarily highly conserved, cytoplasmic DEAD-
box ATPase. In budding yeast, Dhh1 was first functionally characterized as a regulator of mRINA
turnover (160, 161). By contrast, its orthologs, e.g., in Xenopus, were identified as components
of translationally silenced mRINPs and shown to be required for the repression of translation
(162, 163). A role for Dhhl in translational repression was subsequently also confirmed in yeast
(164), and the effects of Dhh1 on translation can be uncoupled from its effects on mRINA decay
(165, 166). Nonetheless, the enhancement of mRNA turnover by Dhh1 was proposed to be a
consequence of its function as a translational repressor since the processes of translation and decay
are tightly coupled in cells, and the inhibition or slowing down of translation enhances mRNA
turnover (167-170). However, at present how the ATPase DDX6 represses translation and how the
processes of mRNA translation and turnover are linked remain mechanistically poorly explored.
Yet, the effects of DDX6 on mRNA fate and translation have a widespread physiological impact,
since DDX6 and its orthologs are involved in numerous cellular and developmental processes,
including the regulation of meiosis, the antiviral response, and the renewal and differentiation of
stem cells (163, 171-175).

An important cellular role of DDXG6 lies in the control of mRINP condensation, and DDX6/
Dhh1 is a critical regulator of processing body (P-body) formation. P-bodies are membraneless
organelles that form via phase separation in the cytoplasm in the presence of untranslated mRINAs
(149, 151, 176-178). Whereas the function of P-bodies is still debated, it is likely linked to the
physiological effects of DDX6 described earlier in this section and DDX6’ role in regulating
the cytoplasmic fate of mRNAs by controlling their translation, storage, and decay. The activity
of DDX6/Dhh is required for efficient P-body formation, and DDX6/Dhh1 can multimerize
and coat mRNAs along their length; also, mutants that prevent ATP hydrolysis in yeast lead to
formation of constitutive P-bodies (49, 165, 179). In addition to the ATP- and RNA-binding
activity of DDX6/Dhh1, the N- and C-terminal extensions that flank its RecA core also play
a critical role in P-body assembly (50). These tails are predicted to be intrinsically disordered
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and have a low amino acid sequence complexity, one hallmark of protein domains that can undergo
liquid-liquid phase separation. Accordingly, these termini promote phase separation in vitro (50,
69). Interestingly, in the presence of RNA and ATP, recombinant Dhh1 forms dynamic phase-
separated condensates that can be dissolved upon stimulation of Dhh1’s ATPase activity by its
MIF4G-containing activator Notl (49, 180). Since a large number of DEAD-box ATPases in
organisms from bacteria to humans contain tails with low sequence complexity, Dhh1 has served as
a general paradigm of how DEAD-box ATPases can enhance RNP condensation in cells (50, 52).

DDX3/Ded1

DDX3/Dedl1 is another abundant, cytoplasmic DEAD-box ATPase that functions at the inter-
phase of mRNA translation and storage. DDX3/Ded1 is highly conserved across evolution, and
all eukaryotic organisms seem to express at least one member of this DEAD-box subfamily (181).
Budding yeast contains two paralogs, DED1 and DBP1, that are differentially expressed but at
least partially redundant (145, 181). The biochemical characteristics of DDX3/Ded1 have been
examined in great detail. It can act as an RNA-dependent ATPase and ATP-dependent RNA he-
licase (182), but it can also promote RNA strand annealing (183), function as an RNPase that
displaces proteins from RNA (38, 39), and form stable RNA clamps (34). Importantly, DDX3 also
has clinical relevance, since mutations in DDX3 are commonly found in cancers, most notably
medulloblastoma, a highly aggressive cerebellar tumor (184-187), and are linked to intellectual
disability (188). Furthermore, DDX3 is the target of multiple viruses (181, 189, 190).

DDX3/Ded1 plays an essential role in the initiation of translation, where it functions together
with elF4A (141, 142, 144, 146, 181). Loss of function of DED] in yeast leads to the inhibition
of global protein synthesis and causes a reduction of polysomes with a concomitant accumula-
tion of nontranslating 80S ribosomes (191, 192). In addition, Ded1 displays physical and genetic
interactions with the translation initiation machinery (181). Several recent transcriptome-wide
studies have provided important additional insight into the mechanism of DDX3/Ded1 function
during translation initiation (71, 143, 145, 193). First, DDX3/Ded1 associates with the translation
preinitiation complex via interactions with the ribosomal rRNA right next to the mRNA entry
channel (145, 193). Second, whereas DDX3/Ded1 has a general role in the translation of many
housekeeping genes, its inactivation particularly affects mRINAs with long and structure-prone 5’
UTRs (71, 145,193, 194), which can be recapitulated in in vitro reconstitution experiments (195).
Together, this suggests that the DDX3/Ded1 ATPase activity plays an important role in resolv-
ing secondary structures during preinitiation complex assembly and scanning. Interestingly, in the
absence of DDX3/Ded1 function, translation can initiate from near-cognate start codons that are
found immediately upstream of unresolved RNA structures (145).

In addition to its function in translational initiation, DDX3/Dedl was also implicated in
translational repression (181, 187, 196). The repressive role of DDX3/Ded1 seems to be tightly
linked to its localization to stress granules, membraneless organelles that form through the
condensation of mRNPs in stressful situations when general translation is attenuated. Mutations
in DDX3/Ded1 that prevent or slow down ATP hydrolysis lead to the formation of bona
fide stress granules even in the absence of stress (47, 50, 187). Furthermore, DDX3/Dedl has
intrinsically disordered N- and C-terminal extensions that contain domains of low sequence
complexity, and DDX3/Ded1 can form dynamic, RNA-containing condensates in vitro (50, 71).
In yeast, it was proposed that in the absence of ATP hydrolysis, a stable Ded1-eIF4F initiation
complex assembles on the mRNA, which accumulates in stress granules. Upon ATP hydrolysis,
this stalled complex is resolved, leading to the reactivation of translation and the disassembly
of stress granules (47). In addition to its role in 5 UTR scanning, it is conceivable that the
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DDX3/Dedl ATPase also unwinds intermolecular RNA-RINA interactions that occur in stress
granules. Since RNA-RNA interactions promote stress granule assembly (152, 153), this would
further enhance stress granule dynamics and dissolution.

Not surprisingly, the function of DDX3/Dedl in translation and stress granule assembly is
regulated and, for example, is under the control of the TORC1 pathway, a key regulator of cellular
growth in eukaryotes (196). Furthermore, Ded1 itself seems to function as a stress sensor (71). Heat
stress directly triggers condensation of Ded1, which causes its functional inactivation. Without
Ded1 function, the translation of housekeeping genes is attenuated, whereas the production of
stress proteins is stimulated, promoting a switch in the cellular translation program (71).

A COMMON ROLE FOR DEAD-BOX ATPASES AS REGULATORS
OF CELLULAR CONDENSATES

The fate of an mRNA molecule from its birth at the site of transcription to its ultimate demise
in the cytoplasm is by and large controlled by changes in the associated protein coat. mRNA
processing can therefore be viewed as a carefully orchestrated assembly line in which specific
sets of proteins get recruited at one step and are subsequently replaced by those required for the
next (5, 8). Proteins recruited to the mRNA can modify and read out the nucleotide sequence,
target the RNP complex to its next cellular localization, or determine the next processing step. In
consequence, the orderly assembly of an RNP complex is critical for all mRNA-processing steps,
and a major focus in RNA biology has been to define the mRNP composition during mRNA
processing and to characterize the enzymatic machinery that brings about the molecular wardrobe
changes that occur during the life of an mRINA.

Due to their biochemical activities as (#) ATP-dependent RNA helicases, (/) RINPases that
remove proteins from RNA, and (¢) RNA clamps that recruit protein complexes to RNA, DEAD-
box proteins are ideal candidates to facilitate these molecular wardrobe changes by both removing
old proteins and recruiting new ones. Indeed, as summarized in the section titted DEAD-Box
ATPases Involved in the Regulation of Gene Expression, individual members of this family have
been implicated in every step of gene expression. However, the molecular and mechanistic details
of how these enzymes function to remodel and restructure specific mRNPs at distinct stages of
their biogenesis often remain poorly understood.

In the last few years, it has become apparent that a very large number of proteins, especially
RINA-binding proteins, can undergo liquid-liquid phase separation, often through weak, multi-
valent interactions, and form condensates either by themselves or with additional binding part-
ners and RNA (197, 198). RNA can promote phase separation by acting as a flexible scaffold that
recruits such RNA-binding proteins, thereby coordinating the formation of higher-order RNP
assemblies. Furthermore, RNA-RNA interactions can enhance RNP granule assembly, likely by
increasing the valency of the condensation reaction. In addition, RNA alone can phase separate,
even without the help of proteins (3, 152-154, 156, 199-202). Thus, many RNPs have a high
propensity to form multivalent interactions and cross-link into large networks that are thought
to be the basis for the formation of cellular RNP condensates or RNP-containing membraneless
organelles (203). As a consequence, a large number of RNA-processing steps either occur in or are
associated with membraneless organelles (204-206). Interestingly, all characterized cellular RNP
condensates were shown to contain at least one DEAD-box protein (50, 84, 207-216) (Figure 2),
and there is increasing evidence that DEAD-box ATPases regulate these condensates (52).

One example is eIF4A, which limits stress granule formation in cells by restricting the forma-
tion of intermolecular RNA-RINA interactions (51, 154). In this case, the DEAD-box ATPase
plays a role akin to the function of protein chaperones, such as HSP70, preventing unwanted
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Model for DEAD-box ATPase function in biomolecular condensates. ATP-dependent RNA binding of a DEAD-box protein together
with additional cofactors leads to the formation of multivalent, higher-order RNP complexes that can undergo condensation. AT Pase
activity can lead to the removal of proteins and RNA-RNA interactions. New RNA-binding proteins are recruited and the modified
RNP is released. Together this leads to a remodeling of the mRNP, and the mRNP that leaves the compartment is distinct from the one
that entered. Abbreviation: RNP, ribonucleoprotein.

aggregation. Given the ability of most DEAD-box proteins to melt short RNA duplexes, it is likely
that other DEAD-box proteins can similarly interfere with RNA-mediated phase separation.

However, DEAD-box proteins also enhance condensate formation, since they can remain
stably bound to their target. In this case, they become an integral part of the RNP and cre-
ate additional multivalent interactions either through their core or their intrinsically disordered
tails, which are often characterized by low amino acid sequence complexity. Such low-complexity
sequences can promote weak homo- and heterotypic interactions but can also bind to RNA (217-
219). A general model was proposed to explain how DEAD-box ATPases promote RNP conden-
sation: In their ATP-and-RNA-bound state, DEAD-box proteins form multivalent interactions
with RINA and themselves or other phase-separating proteins to trigger condensation. Upon ATP
hydrolysis, often stimulated by cofactors such as Notl for DDX6/Dhh1, RNA clients are released
from the DEAD-box protein, thus lowering the valency of the complex. As a consequence, RNA
is released from the condensate, and RNA-containing membraneless organelles are disassembled
(50) (Figure 3).

Hence, DEAD-box ATPases can be viewed as rheostats that allow cells to control the amount
of RNA condensation and to fine-tune between assembly and disassembly of RNP-containing
membraneless organelles. In a state of low or no AT Pase activity, RNA—protein interactions form
and promote assembly, whereas high ATPase activity disrupts protein-RNA and RNA-RNA in-
teractions in cis and in trams, enhancing disassembly (Figures 1 and 3) (47-51, 187). We have
introduced the term condensase to describe this enzymatic activity of DEAD-box ATPases in reg-
ulating the dynamics of biomolecular condensates (52). DEAD-box ATPases work together with
other regulators, including chaperones, heat shock proteins, or protein degradation machineries,
to control the dynamics of biomolecular condensates. The condensase activity involves all pre-
viously ascribed biochemical functions of DEAD-box proteins as RNA helicases, RNA clamps,
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and RNPases. There is now evidence from many RNP-containing membraneless organelles that
they are regulated by DEAD-box ATPases, and given the high propensity of many mRNPs to
form higher-order granules, it is not unlikely that all DEAD-box ATPases directly or indirectly
regulate mRNP condensation in cells.

By coupling the ATP hydrolysis cycle of DEAD-box proteins to the dynamics and RNA flux of
membraneless organelles, they are kept active and away from equilibrium. Thus, these organelles
can generate biochemical work. In principle, they could even create directional fluxes of mRNP
molecules between compartments in the absence of membrane boundaries (220). To explain some
of the cellular functions of DEAD-box ATPases, we had therefore previously proposed that the
various cellular RNP condensates, through their associated DEAD-box proteins, define a network
of biochemical reaction centers that help to promote the molecular wardrobe changes that occur
during various RNA-processing steps (50). Considering that DEAD-box ATPases are nonproces-
sive, high enzyme concentrations in such a center could set up a scenario in which many enzymes
at the same time would enable the unwinding of more complex target substrates by mass action.
Especially compelling is the fact that, upon entry into a condensate, mRNPs are exposed to a
biochemically selective environment in which only a subset of the cellular proteome is present.
Proteins that were removed by the activity of DEAD-box proteins are likely to be replaced by spe-
cific RNA-processing factors or RNA-binding proteins that are enriched in the condensate, since
they have a much higher likelihood of modifying or loading onto the target RNA than factors
outside of the condensate. The remodeled mRINP that leaves the compartment is distinct from
the one that entered and can move to the next reaction center (Figure 3). This simplified model
would be comparable to the membrane-enclosed secretory pathway, where proteins undergo an
ordered set of maturation steps as they travel through the ER and distinct Golgi stacks. Clearly,
additional work is needed to better understand the function of DEAD-box proteins in mRNP
processing and condensation, and we expect many additional exciting discoveries from studies on
this protein family.
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