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Abstract
The DEAD-box protein (DBP) Dbp5, a member of the superfamily II (SFII) helicases, has multiple reported roles in gene 
expression. First identified as an essential regulator of mRNA export in Saccharomyces cerevisiae, the enzyme now has 
reported functions in non-coding RNA export, translation, transcription, and DNA metabolism. Localization of the protein 
to various cellular compartments (nucleoplasm, nuclear envelope, and cytoplasm) highlights the ability of Dbp5 to modulate 
different stages of the RNA lifecycle. While Dbp5 has been well studied for > 20 years, several critical questions remain 
regarding the mechanistic principles that govern Dbp5 localization, substrate selection, and functions in gene expression. 
This review aims to take a holistic view of the proposed functions of Dbp5 and evaluate models that accommodate current 
published data.
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Introduction

DEAD-box proteins (DBPs) function ubiquitously through-
out the process of gene expression [1, 2]. With 25 of these 
enzymes identified in yeast and > 35 in humans, they repre-
sent the largest group amongst SFII helicases [1, 3]. Gener-
ally, DBPs are composed of two RecA-like domains, con-
taining several critical helicase motifs (Q and motif I–VI), 
which are connected by a flexible linker region (Fig. 1a). 
This includes the namesake Asp-Glu-Ala-Asp (D-E-A-D) 
motif contained within motif II. Together these motifs allow 
DBPs to recognize and hydrolyze ATP, bind nucleic acids, 
and invoke structural rearrangements on nucleic acid sub-
strates. The highly conserved architecture of DEAD-box 
proteins has aided scientists in understanding the mecha-
nistic properties governing these ATPases and the diverse 
processes they engage through common modes of action 
(refer to Fig. 1b). This includes facilitating formation of 

ribonucleoprotein (RNP) complexes by acting as a stably 
bound component (mode 1), using an “RNPase activity” to 
remodel the structure of RNPs by displacing bound proteins 
(mode 2), or RNA duplex unwinding (mode 3).

Two DBPs, Sub2 and Dbp5, have been linked specifically 
to the essential process of messenger RNA (mRNA) export 
from the nucleus [4–6]. As a component of the TRanscrip-
tion-EXport (TREX) complex, Sub2 (UAP56 in humans) 
serves an important role in assembly of the nuclear export 
competent mRNP [3, 4]. For example, during mRNA tran-
scription, nuclear “export receptors” (e.g., Mex67 in yeast; 
NXF1 in humans) are directed to newly synthesized tran-
scripts by the THO/TREX complex [3, 7]. These export 
adapters facilitate docking and passage of mRNPs through 
the nuclear pore complex (NPC). Upon reaching the cyto-
plasmic fibrils of the NPC, Dbp5 (DDX19 in humans) is 
proposed to function in remodeling these complexes to drive 
the terminal stages of export [5, 6, 8–11]. The remodeling 
RNPase function of Dbp5 is thought to remove export recep-
tors (e.g., Mex67 and Nab2) and prevent re-association of 
the transiting mRNP with the NPC after export, thus provid-
ing directionality to the process [9, 12].

While Sub2 functions appear limited to the nuclear com-
partment [3, 4, 13], Dbp5 has been linked to diverse roles 
in the nucleoplasm and cytoplasm (e.g., transcription and 
translation), in addition to its essential role in mRNP export 

Cellular and Molecular Life Sciences

 *	 Ben Montpetit 
	 benmontpetit@ucdavis.edu

1	 Biochemistry, Molecular, Cellular and Developmental 
Biology Graduate Group, University of California Davis, 
Davis, CA, USA

2	 Department of Viticulture and Enology, University 
of California Davis, Davis, CA, USA

http://orcid.org/0000-0002-8317-983X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-020-03680-y&domain=pdf


2020	 A. Arul Nambi Rajan, B. Montpetit 

1 3

at NPCs. As such, Dbp5 localization is dynamic, and it rap-
idly shuttles between the nucleoplasm, NPCs, and cytoplasm 
[8, 14]. Recently, a nuclear export sequence (NES) found 
in the N-terminus of Dbp5 (denoted in Fig. 1a) has been 
shown to contribute to movement out of the nucleus in an 
Xpo1-mediated pathway [15]. In contrast, mechanisms that 
import Dbp5 into the nucleus are still unclear; however, 
mutations in residues involved in nucleotide binding (motif 
VI), hydrolysis (DEAD motif), or co-regulator (Gle1/InsP6) 
stimulation alter Dbp5 nuclear shuttling [8, 11, 15]. This 
may suggest catalytic activity and/or RNA binding modulate 
nuclear localization. One possibility is that nuclear shut-
tling is facilitated by stable binding to RNAs that undergo 
retrograde transport from the cytoplasm (e.g., tRNA, TLC1, 

etc.) [16, 17]. An alternative hypothesis is that Dbp5 has a 
(yet to be identified) nuclear localization sequence (NLS) 
within the arginine rich motif VI. Regardless of mechanism, 
nucleocytoplasmic shuttling allows Dbp5 to participate in 
the range of roles reported for the enzyme. Detailed reviews 
of the functions of Dbp5 within mRNA export and transla-
tion have been recently published and we direct readers to 
these articles for more information as well [1, 2, 7, 18–21].

The broad cellular distribution and diversity of reported 
functions for Dbp5 raises questions regarding how the pro-
tein is directed to each task, and how each of these func-
tions are mechanistically connected to Dbp5 enzymology. 
Throughout this review article, we will evaluate how the 
different DEAD-box protein modes of action may facilitate 

Fig. 1   General organization and 
potential modes of action for 
Dbp5. a Diagram representation 
of Dbp5, including the location 
of the nuclear export signal 
(NES), RecA-like N-terminal 
domain (NTD), RecA-like 
C-terminal domains (CTD), 
and characteristic DEAD-box 
proteins motifs. Label color 
indicates major function associ-
ated with each motif; see figure 
for details. b Possible “modes” 
of action through which Dbp5 
and other DBPs may engage 
RNA substrates. Mode 1 depicts 
a DBP stably binding RNA to 
form a scaffold on which other 
proteins can assemble. Mode 2 
indicates an RNPase mechanism 
in which RNA-binding proteins 
(RBPs) are displaced by the 
DBP. Within this mode, most 
commonly the DBP would act 
in an ATP-dependent mecha-
nism to displace RBPs through 
binding the RNA backbone 
(mode 2a). For Dbp5, data 
suggest that RNPase activity 
can result from a unique ADP-
dependent mechanism that is 
independent of RNA-binding 
(mode 2b). Mode 3 depicts a 
“helicase” mechanism by which 
duplexed RNA can be disrupted 
through the RNA binding and 
ATP hydrolysis cycle of a DBP
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the functions of Dbp5 in different cellular compartments. 
Extensive research spanning several decades studying highly 
conserved components of the NPC, and associated RNA 
export machinery, has been conducted in budding yeast [22]. 
As such, this article will focus on core findings from Sac-
charomyces cerevisiae with reference to several key studies 
in other models. Below we discuss biochemical properties 
of the Dbp5 ATPase cycle, how regulation of the ATPase 
cycle may promote functions of Dbp5 in different cellular 
contexts, and what “work” the RNA-binding and/or catalytic 
cycle might accomplish in each case. This will include a 
discussion of how co-regulators could modulate enzymatic 
properties of the protein, and models that accommodate the 
breadth of research observations related to Dbp5 over the 
last three decades.

Features of the Dbp5 ATPase cycle with RNA

Characteristic of DBP family members, Dbp5 contains 
defined motifs that govern nucleotide and RNA binding 
(Q, I, II, IV, V, VI), ATP selectivity (Q), and hydrolysis/
catalytic activity (II) that have been extensively reviewed 
in other publications (Fig. 1a) [2, 21]. The ATP binding 
and hydrolysis cycle promoted by these motifs facilitate 
a series of conformational changes that in turn regulate 
RNA binding. For example, coordination of ATP by motifs 
Q, I, II and VI promote formation of a platform for RNA 
binding by bringing together RNA interaction interfaces 
on the two RecA-like domains (motif I, IV and V). RNA 
binding further promotes a “closed state” for the enzyme 
that stimulates ATPase activity [8, 11, 23]. Importantly, 
conformational changes influenced by the nucleotide state 
of Dbp5 (e.g., ATP vs. ADP) impact the affinity of Dbp5 
for RNA. In the presence of non-hydrolysable ATP analogs 
(e.g., AMP-PNP) Dbp5 is reported to have a binding affin-
ity of ~ 40 nM for RNA while RNA binding is not detect-
able with ADP [9, 10]. This relationship highlights the high 
level of coordination between nucleotide state, RNA bind-
ing, and ATPase stimulation that must be regulated in vivo 
to direct functional outcomes. In vitro studies have further 
shown that inorganic phosphate (Pi) release following ATP 
hydrolysis acts as a slow step within the ATPase cycle of 
Dbp5 in the presence and absence of RNA [24]. Within the 
RNA-stimulated ATPase cycle, RNA binding itself is also 
slow [24]. These represent a potential rate-limiting step 
within the Dbp5 ATPase cycle that may be modulated by 
co-regulators in vivo (discussed below). Similar to Dbp5ATP, 
the post-hydrolysis Dbp5ADP-Pi state is expected to be a high-
affinity RNA-binding state, which for other DBPs is key to 
the cellular function of the protein [25, 26]. By stabilizing 
this transition state and slowing Pi release, it is feasible for 
DBPs to form stable assemblies on RNA (e.g., eIF4AIII as 

part of the exon junction complex) that can direct down-
stream events or binding of other protein factors (Fig. 1b; 
mode 1). It is not currently known if a post-hydrolysis state 
is functionally important for Dbp5.

An additional layer of ATPase regulation is conferred 
by an auto-inhibitory N-terminal alpha-helical extension in 
Dbp5, which can be positioned between the two catalytic 
domains responsible for coordinating nucleotide binding. 
This serves to prevent formation of the ATP-bound closed 
state and lowers the basal Dbp5 ATPase activity [23, 27, 
28]. Dbp5 also has a higher affinity for ADP (~ 0.4 mM) than 
ATP (~ 4 mM) [11, 29]. Given these facts it is not surprising 
that in the absence of co-regulators and RNA, Dbp5 exhibits 
a relatively low ATP hydrolysis rate of ~ 0.04–0.14 s−1 [10, 
24, 30]. Upon RNA-binding, it is envisioned that auto-inhi-
bition is relieved and the closed state promoted, which leads 
to a maximal increase in ATPase activity of ~ 6- to 20-fold 
[5, 6, 10, 24, 30]. It has also been observed that the extent 
of this stimulation may vary with different RNA substrates, 
with poly(A), poly(U) or poly(C) showing robust stimulation 
compared to poly (G) and tRNA as weaker stimulators [5, 
6]. Further work is required to establish whether these dif-
ferences can be explained by altered binding conformations 
between Dbp5 and these RNAs, which may be of biological 
relevance.

Unlike helicases outside of the SFII enzymes, most 
DEAD-box proteins (including Dbp5) are inherently non-
processive and are often only able to unwind short duplexes 
of RNA [2, 5, 6, 10, 31, 32]. Dbp5 exhibits the ability to 
unwind short RNA duplexes with low melting temperatures 
(Tm) in an ATP-dependent manner [5, 6, 10]. It has been 
reported that Dbp5 is able to perform such functions in the 
absence of co-regulators when provided in twofold excess 
of short duplexes containing 5′ single-stranded overhangs 
[10]. Earlier reports also showed Dbp5 has the capacity to 
unwind duplexes containing 3′ overhangs, but only in the 
presence of co-regulators [5, 6]. Importantly, it has yet to be 
shown if this “helicase” activity (Fig. 1b; mode 3) has func-
tional significance for Dbp5 cellular roles. Due to lack of 
evidenced processivity, the core cellular functions of Dbp5 
are not predicted to be dependent on unwinding duplexes. 
Instead, the proteins’ RNA binding and ATPase cycle have 
been proposed to drive RNPase activity (Fig. 1b; mode 2) 
to facilitate functions such as mRNP export [1, 2, 7, 18–21].

Function and regulation of Dbp5 at NPCs

Regulation of the Dbp5 ATPase cycle at the NPC

Published data suggest Dbp5 promotes directional mRNA 
export using ATP hydrolysis to displace mRNA export 
receptors at NPCs [6, 8, 9, 11, 12]. The observable 
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steady-state enrichment of Dbp5 at NPCs is facilitated by 
an interaction with the cytoplasmic nucleoporin Nup159 
(NUP214 in humans) [6, 33, 34]. Nup159 binds the NTD 
of Dbp5 in a manner that occludes RNA binding and would 
be incompatible with a closed conformation of the enzyme 
[6, 23, 33, 34]. This is consistent with in vitro observations 
that nucleotide and RNA (which promote the closed state) 
weaken Dbp5–Nup159 binding and that Nup159 inhibits 
RNA-stimulated ATPase activity [6, 23, 33, 34]. Notably, 
disruption of the Dbp5–Nup159 interaction in vivo is not 
lethal, but cells lacking this interaction can exhibit poor 
growth, temperature sensitivity, and mRNA export defects, 
suggesting the interaction is functionally important [11, 35]. 
A mutant that is an exception to these phenotypes is Dbp5RR 
(R256D and R259D), which disrupts a critical salt bridge 
between Dbp5 and Nup159, causing Dbp5 enrichment at 
NPCs to be lost without negatively impacting growth or 
bulk mRNA export status [11]. This is reported to be the 
result of the Dbp5RR mutations causing accelerated ADP 
release from Dbp5, which bypasses the necessity for co-
regulators at NPCs to promote nucleotide exchange. Spe-
cifically, it has been suggested that Nup159 may act as a 
nucleotide exchange factor (NEF) in this process [11]. 
This is in line with structural analyses of Dbp5ADP–Gle1/
InsP6–Nup159 showing that, within the ternary complex, 
Dbp5 RecA-like domains are positioned in an open con-
formation that could allow for nucleotide release [23]. In 
contrast, recent results reporting nucleotide turnover at the 
millisecond timescales (kinetics relevant to mRNA export), 
suggest that Nup159 does not act as an ADP release factor 
[29]. Together, these data indicate that further studies are 
needed to understand if ADP release is a regulated event 
in vivo. Furthermore, it highlights that while the structural 
details of the Dbp5–Nup159 interaction are well defined, 
the in vivo function of this interaction requires investigation.

A second cytoplasmic nucleoporin, Gle1, participates in 
an essential interaction with Dbp5 at NPCs and is known 
to activate Dbp5 ATPase activity in vitro [10, 23, 27, 30, 
35–40]. This suggests that in vivo Gle1 could function to 
accelerate a slow step of the Dbp5 RNA-stimulated ATPase 
cycle (i.e., Pi release and/or RNA binding). The interaction 
between Dbp5ADP and Gle1 has been elucidated by X-ray 
crystallography and shows that Gle1 binds both RecA-like 
domains of Dbp5ADP, which is aided by the endogenous 
small molecule inositol hexakisphosphate (InsP6) that 
bridges the interaction between Gle1 and the CTD of Dbp5 
[10, 23, 27, 36, 37]. The binding of Gle1 positions the two 
RecA-like domains of Dbp5 in an open conformation that 
would exclude RNA binding and is incompatible with the 
auto-inhibited conformation of Dbp5 [23]. Moreover, Gle1 
accelerates RNA release from preformed Dbp5-RNA com-
plexes in vitro, even when ATP hydrolysis is inhibited by 
mutation of the DEAD motif (Dbp5E240Q) [23]. This suggests 

Gle1 could aid the release of RNA from either an ATP or 
post-hydrolysis ADP-Pi state. In addition, by limiting con-
formational flexibility of the two RecA-like domains and 
blocking access of the N-terminal auto-inhibitory domain, 
Gle1 may also promote RNA binding upon exchange of 
ADP for ATP. Indeed, Gle1 has been reported to promote 
formation of an ATP bound Dbp5 state [10, 11]. These 
observations raise the possibility that Gle1/InsP6 binding 
could promote multiple rounds of Dbp5 ATP hydrolysis by 
enhancing aspects of both RNA binding and release. Such a 
paradigm might parallel conformational regulation observed 
for eIF4A that transitions between open, semi-open, and 
closed conformations promoted by eIF4G binding in dif-
ferent nucleotide, RNA, and co-regulator (eIF4B) contexts 
[41–43]. It is expected that future structural analyses and 
in vitro biochemistry of Dbp5 with Gle1 and RNA are key 
to testing such possibilities.

Potential stepwise interactions of Dbp5 at the NPC

While questions remain as to the functions of both Nup159 
and Gle1 in regulating Dbp5 ATPase activity, published data 
can be used to propose a series of interactions between these 
nucleoporins and Dbp5 to promote RNP export. In Fig. 2, 
multiple pathways leading to RNP binding and release from 
Dbp5 are presented in a series of “states”. This includes 
potential interactions that may be occurring to support these 
transitions. It is not currently known if each of these states 
are occupied in vivo, what fraction of Dbp5 follows each 
path, and if the states occupied by Dbp5 vary with the RNP 
substrate. Each of these points are important issues that must 
be addressed in the future to further refine models of Dbp5-
mediated RNP export.

To start, it has been reported that Dbp5-ADP binding 
affinity is ~ tenfold higher than Dbp5-ATP [11, 29], as a 
result, under physiological conditions, it is calculated that a 
significant fraction of Dbp5 in the cell may be ADP-bound 
(state 1a*) [24]. Nup159 is required for enrichment of Dbp5 
at NPCs, with the Dbp5–Nup159 interaction precluding 
RNA binding [23, 33]. When bound to nucleotide, Dbp5 
binding to Nup159 is also weakened from ~ 20 to ~ 0.6 nM 
(Dbp5ADP) and ~ 1 μM (Dbp5ATP) in vitro [6, 33, 34]. These 
biochemical and physiological observations motivate us to 
propose Nup159 bound pools of Dbp5 may be ADP-bound 
(state 1a), but likely lack nucleotide (favoring state 1a → 1b 
or state 1b* → 1b transitions). Dbp5 molecules positioned 
at the cytoplasmic fibrils may subsequently bind ATP (state 
1 → 2), which promotes a closed state that is primed to 
engage RNA. As a result, we envision a rapidly cycling pool 
of Dbp5 at NPCs composed of states 1a/1a*, 1b/1b*, and 2, 
which fits well with measurements of the dwell time of Dbp5 
at NPCs that is estimated to be ~ 0.05–0.8 s [8, 14].
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Fig. 2   Potential binding states of Dbp5 at NPCs supporting RNP 
export. A stepwise cycle of possible interactions involving Dbp5, 
ATP, ADP, inorganic phosphate (Pi), Gle1/InsP6, Nup159, RNA, and 
RBPs at the cytoplasmic face of an NPC is depicted. Arrow heads 
indicate directionality with many events having the potential to pro-
ceed in either direction. Note that not all possible states are shown 
due to space limitations and the position of the Dbp5 NTD in each 
state is postulated as current X-ray crystallography data lack infor-
mation on the position of the Dbp5 NTD domain. The cycle is pre-
sented starting with Dbp5 or Dbp5ADP undergoing cycles of binding 
(states 1a/b) and release (states 1a*/b*) from Nup159, which enriches 
Dbp5 at the cytoplasmic fibrils of the NPC. Nucleotide exchange 
allows Dbp5 to enter an ATP (state 2), which weakens interaction 
with Nup159. Dbp5ATP can either proceed to bind RNA directly 
(state 3a) or bind Gle1/InsP6 (state 4a) prior to binding RNA (state 
4b). RNA binding promotes a closed conformation and displace-
ment of the auto-inhibitory NTD of Dbp5 (states 3a or 4b) with ATP 
hydrolysis leading to formation of a Dbp5ADP-Pi complex (state 3b or 

4c). Gle1/InsP6 binding to both RecA-like domains of Dbp5 (state 4a 
or 5) relieves auto-inhibition of Dbp5 and promotes separation of the 
NTD and CTD domains to potentially promote the release of RNA 
from either the ATP or ADP-Pi bound forms of Dbp5 (states 4c → 5 
or 4b → 4a). In the Dbp5ATP–Gle1/InsP6 complex (state 4a), which 
could be formed through the exchange of ADP for ATP from state 5, 
the domains of Dbp5 may be well positioned for RNA binding (state 
4a → 4b), which could promote cycles of RNA-binding and release 
without ATP hydrolysis (4a ← → 4b). Finally, a Nup159–Dbp5 inter-
action may promote release of Gle1/InsP6 from Dbp5 (state 5 → 1a) 
resulting in regeneration of state 1, thus completing the cycle. Within 
this scheme, RNP remodeling to promote export (i.e., displacement of 
export factors from the RNP) may occur as a result of Dbp5 binding 
to the RNA (state 3a or 4b), hydrolysis (state 3a → 3b or 4b → 4c), 
or the subsequent release of Dbp5 from the RNA (e.g., state 4c → 5). 
Additionally, the Dbp5ADP–Gle1/InsP6 complex (state 5) would be 
a state capable of RNA binding-independent remodeling (Fig.  1b; 
mode 2b)
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This locally concentrated pool of Dbp5 would be avail-
able to participate in mRNP export due to its proximal 
positioning to Gle1 and the exit site of mRNAs from the 
nucleus. Estimates suggest that an NPC transports an 
mRNP every ~ 2–6 s, with the transport event itself last-
ing ~ 0.2 s [44–46]. The millisecond dynamics of Dbp5 
cycling at NPCs in relation to the seconds frequency of 
export suggests that the vast majority of Dbp5 is bind-
ing and releasing NPCs (e.g., cycling on and off NPCs 
between state 1 and 2), without participating in an mRNA 
export event. This idea is supported by phenotypic char-
acterization of the Dbp5 NES (Dbp5L12A) and Dbp5RR 
mutants that lack an obvious steady-state localization of 
Dbp5 at NPCs, yet do not impact bulk mRNA export [11, 
15]. Such observations further suggest a model where 
Dbp5 at NPCs could be engaged in non-mRNP export 
activities (e.g., nuclear import or ncRNA transport, see 
further discussion below). We raise these observed dif-
ferences between kinetic measurements of mRNP export 
and other observations involving Dbp5 (e.g., localization 
and essential role in mRNP export) to highlight important 
questions to be addressed.

In a scenario where Dbp5 alone engages an RNP, 
Dbp5ATP would bind the RNA (state 2 → 3a), possibly 
hydrolyze ATP, and if so, transition to the ADP-Pi post 
hydrolysis state (state 3b) [8, 11]. From the RNA-bound 
state 3a or 3b, Dbp5 may subsequently release the RNA 
without the aid of other factors, resulting in a return to 
state 1. However, given the essential nature of Dbp5–Gle1 
interactions [36, 47], the ability of this interaction to 
accelerate Dbp5 ATPase activity in vitro [10, 30], and 
Gle1/InsP6 mediated RNA release from Dbp5 [23], it is 
likely that Gle1 facilitates one or more of these events dur-
ing RNA export. In doing so, Gle1 could engage Dbp5ATP 
(state 2 → 4a), the Dbp5ATP-RNA complex (state 3a → 4b) 
or post-hydrolysis complex (state 3b → 4c). Notably, Gle1 
bound Dbp5 (state 4a or 5) might be well positioned (i.e., 
auto-inhibitory domain displaced and RecA-like domains 
organized in an open conformation) to promote multiple 
rounds of RNA binding on the same or different RNA 
without fully releasing Dbp5 (e.g., cycling between states 
4a → 4b or undergoing a transition from state 5 → 4a 
upon exchange of ADP for ATP). Through these changes 
in state, the binding and release of Dbp5 from an RNP 
would accomplish the work needed to support RNP export.

Finally, from state 5, data suggest that Nup159 bind-
ing to Dbp5 weakens the interaction between Dbp5–Gle1 
[29], which may aid in the release of Gle1 from Dbp5 (state 
5 → 1a). Yet, the Dbp5–Nup159 interaction is not essential 
[34], suggesting that other transitions occur in vivo (state 
5 → 1a* or 5 → 4a). A return to state 1 completes the cycle 
described here with Dbp5 being released from the NPC or 
remaining associated with Nup159.

Possible RNPase activities that promote Dbp5 
functions at the NPC

As a result of the cycle of RNA binding and release by Dbp5, 
displacement of export factors would occur from the RNP. 
A major question is how the enzymatic cycle of Dbp5, and/
or the energy derived from this activity, is ultimately used 
to promote export. It has been proposed that Dbp5 activity 
at the pore facilitates RNPase remodeling events (Fig. 1b; 
mode 2) which displace mRNA export adapters (e.g. Mex67 
and Nab2) from mRNAs exiting the nucleus [9, 12]. Indeed, 
catalytic mutants of Dbp5 have been shown to increase cel-
lular Mex67 levels on mRNAs in yeast, and Dbp5 has been 
reported to displace Nab2 from RNA in vitro [9, 12]. For 
several DEAD-box proteins, including Dbp5, structural 
analysis reveals that nucleotide dependent RNA binding 
induces a local kink in the phosphate backbone of the RNA 
substrate [23, 43, 48–50]. This structural rearrangement may 
facilitate hydrolysis-independent unwinding of duplexes or 
displacement of proteins (Fig. 2; state 3a), with hydrolysis 
ensuring constant recycling and availability of the enzyme 
(i.e., Dbp5 does not remain locked on RNAs in the cyto-
plasm/nucleus) [21]. In other cases, hydrolysis is known to 
cause DBPs to transition to a higher affinity binding state 
that are functionally relevant [25, 49–51], which may occur 
here in the context of mRNP export to alter RNP structure 
(state 3b). It is known that an ATPase deficient mutant of 
Dbp5E240Q is lethal [8], but this does not differentiate these 
two possible modes of action for Dbp5 on an mRNP. As 
such, it is unclear if mRNP remodeling as envisioned here 
(i.e., displacement of export factors from the mRNP) occurs 
as a result of Dbp5 binding to the RNA (state 3a or 4b), 
hydrolysis (state 3a → 3b or 4b → 4c), or the subsequent 
release of Dbp5 from the RNA (e.g., state 4c → 5).

Beyond the role of hydrolysis, it also remains unclear 
if or how Dbp5 is directed to sites where relevant export 
adapters are bound to mRNA. One possibility is that this is 
mediated through direct protein–protein interactions with 
export factors. For Mex67, RNA-independent interactions 
with Dbp5 have been reported in vitro; but for Nab2, direct 
binding to Dbp5 has not yet been detected by pull down 
assays [9, 52]. It is also possible that the binding of Mex67 
to the FG-repeats within Nup159 ideally position the export 
factor next to Dbp5, but this has not yet been demonstrated. 
Interestingly, recent work has shown that fusing Mex67 to a 
NPC component allows for ongoing mRNA export, suggest-
ing that any essential interactions occurring between Dbp5 
and Mex67 happen at NPCs [53]. Moreover, it is thought 
that there are multiple export factors per mRNP, raising the 
possibility that multiple remodeling events must occur either 
by the same enzyme or multiple Dbp5 molecules acting in 
concert on a single mRNP [54]. Given the eightfold sym-
metry of the NPC [55], multiple molecules of Dbp5 could 
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act simultaneously, but this raises further questions relating 
to how such events would be coordinated.

Strikingly, the in vitro displacement of Nab2 from mRNA 
is reported to occur specifically with ADP bound Dbp5, by 
Dbp5ADP appearing to decrease affinity between Nab2 and 
RNA (Fig. 1b; mode 2b) [9]. As noted, Dbp5ADP does not 
bind RNA [9], suggesting Nab2 remodeling would be inde-
pendent of Dbp5-RNA binding, ATP hydrolysis, and the 
energy derived of this cycle. As such, Dbp5 may instead 
function by decreasing Nab2 affinity for nucleic acid sub-
strates through a direct protein–protein interaction [9, 10]. 
Indeed, RNA-independent interactions between Dbp5 and 
Mex67 are reported to be strengthened by the presence of 
nucleotide (ATP) in vitro [52]. Such changes in the bound 
state, e.g., Dbp5 vs. Dbp5ATP vs. Dbp5ADP, might therefore 
facilitate nucleotide dependent interactions between Dbp5 
and Nab2. Alternatively, co-factors such as Gfd1, that are 
present at the pore and shown to physically and genetically 
interact with both proteins may also regulate this function 
[56]. However, as noted previously, no such direct interac-
tion between Dbp5 and Nab2 has been reported and the 
mechanism underlying this unique remodeling remains 
unclear. Furthermore, it is not known how Dbp5 specific-
ity for Nab2 is conferred without causing rearrangements 
that displace non-export receptor components of the mRNP 
(e.g., Pab1 is also remodeled in vitro by Dbp5ADP, but is 
not thought to be removed during export and is present on 
cytoplasmic mRNPs [9]).

While the models discussed above have centered on 
knowledge gained by the studies of mRNA export, indi-
vidual states in this cycle (Fig. 2) may further serve roles 
in export of ncRNA substrates given that Dbp5 has been 
implicated in the export of ribosomal RNA (rRNA), the 
telomerase RNA TLC1, and transfer RNA (tRNA) [15, 
52, 57]. It is unclear how Dbp5 supports each of these 
pathways and whether it utilizes the RNPase mechanisms 
proposed for mRNP export. For example, Gle1 stimulation 
of Dbp5 ATPase activity is reported to be dispensable for 
rRNA export, as Gle1 and Dbp5 ATPase mutants do not 
exhibit the dominant-negative export defects observed for 
bulk mRNA with these same mutants [52]. Furthermore, 
Neumann et al. propose that Nup159 mediated position-
ing of Dbp5, rather than catalytic activity, supports rRNA 
export. Because Mex67 is present on translating ribo-
somes, it is also postulated that Dbp5 does not displace 
Mex67 from rRNA during export as is reported for mRNA. 
Rather a nucleotide-dependent and RNA-independent 
physical interaction between Dbp5ATP (state 2) and Mex67 
is speculated to prevent “back-sliding” of the ribosomal 
subunit particle into the nucleus [52]. It is unknown if 
such a mechanism would also be possible for mRNAs or 
tRNAs, being that rRNAs, tRNAs, and mRNAs all share 
the export receptor Mex67 [12, 44, 58–64]. Recent work 

has also indicated that a nuclear pool of Dbp5 is involved 
in tRNA export, raising the possibility that Dbp5 could 
engage tRNAs in the nucleus and transit through NPCs 
bound to tRNA. If so, these Dbp5 molecules transiting 
the pore with RNA could occupy “state 3a/3b” acting as a 
stable scaffold (Fig. 1b; mode 1) [15].

Overall, while much is known about the role of Nup159 
and Gle1/InsP6 in regulating Dbp5 nucleotide state, RNA 
binding, and critical conformational changes, the precise 
Dbp5-dependent mechanism(s) of mRNA and ncRNA 
export has yet to be fully uncovered. Specifically, a lack 
of knowledge about the protein composition of an export-
ing mRNP and stoichiometry of the individual compo-
nents, as well as what “work” Dbp5 performs in vivo 
during mRNP export, leaves many open questions to be 
addressed. Currently, reconstitution of this process is an 
extremely technical challenge given the size, complexity, 
and membrane association of NPCs. A related issue is the 
speed of export in the context of the models presented. 
In vitro, maximal Dbp5 ATPase activity with RNA and 
Gle1/InsP6 is ~ 1 ATP/s, which is slow as compared to the 
estimated ~ 80 ms mRNPs spend at the cytoplasmic face 
of an NPC during export [10, 27, 30, 44–46]. While sub-
second residence times of Dbp5 at the NPC would agree 
with the speed of the terminal steps of export, the com-
paratively slow ATP hydrolysis cycle does not [8, 14]. 
This discrepancy is compounded by any need for multiple 
remodeling events. Given the rapid dynamics of Dbp5 at 
each NPC, one possibility is that Dbp5 does not need to 
complete a full ATPase cycle to promote mRNP export. 
Hence, we pose the following questions for considera-
tion. Are there unknown regulators of Dbp5 that acceler-
ate ATPase activity to a level that matches the kinetics 
of mRNP export? Alternatively, is it possible that not all 
events of the proposed mRNP export cycle occur at NPCs? 
Could Dbp5 leave the NPC with an mRNP for subsequent 
ATP hydrolysis and mRNP remodeling in the cytoplasm? 
This would account for the slower hydrolysis cycle of 
Dbp5, as well as the dynamics of Dbp5 molecules at 
NPCs. Does Dbp5 target and displace specific export fac-
tors from an mRNP or does it bind RNAs indiscriminately 
to bias directional release into the cytoplasm? Is a gen-
eral RNA binding activity how Dbp5 supports the export 
of both mRNA and ncRNAs? If so, is mRNP remodeling 
ultimately the result of competition for the mRNA by 
abundant cytoplasmic RNA-binding proteins and the act 
of translation? We expect that such questions are central 
to understanding NPC-associated Dbp5 functions in gene 
expression and can be addressed in the future using live-
cell imaging approaches, in vitro reconstitution strategies, 
and the powerful genetics and cell biology of the Saccha-
romyces cerevisiae system.
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Nuclear functions of Dbp5

The processes of nuclear mRNA biogenesis and export are 
known to be coupled by the functions of various protein 
complexes, including the THO/TREX complex [65]. Early 
observations that Dbp5 accesses the nuclear compartment 
led to a general hypothesis that Dbp5 could link nuclear 
events to mRNA export [35, 66]. For example, immu-
nological visualization of the very large Balbiani Ring 
(BR) mRNP in Chironomus tentans indicated a potential 
co-transcriptional recruitment of Dbp5 and role for the 
protein prior to export [66]. Similarly, genetic and physi-
cal interactions were identified between Dbp5 and early 
transcriptional machinery in yeast [67, 68]. Estruch et al. 
report multiple transcription factor IIH (TFIIH) compo-
nents that either suppress or exacerbate defects caused by 
perturbing Dbp5. Based on genetic interactions identified 
in their initial study and a later follow-up, the authors 
proposed a role for Dbp5 shortly after formation of the 
pre-initiation complex and prior to elongation [67, 68]. A 
nuclear function for Dbp5 that bridges transcription and 
mRNA export is an attractive model that evokes ideas such 
as gene-gating as an elegant mechanism to tightly con-
trol early stages of gene expression [69]. While human 
DDX19 has been shown to fractionate with chromatin fol-
lowing UV irradiation (discussed below), it is important to 
note that efforts to ChIP Dbp5 in yeast have not yet been 
successful [67, 70]. Additionally, the Dbp5 NES mutant 
revealed a nucleolar pool of the protein, raising the possi-
bility of additional interactions within the nucleolus [15].

Given data indicating a potential co-transcriptional 
Dbp5 recruitment to chromatin [66], it is possible that 
these interactions could facilitate the aforementioned 
assembly of a larger export competent RNP (Fig. 1b; mode 
1), similar to how eIF4AIII anchors the exon-junction 
complex (EJC) onto RNA [51]. In contrast to this hypoth-
esis, recent evidence indicates nuclear pools of Dbp5 may 
not actually be required for bulk mRNA export, rather 
nuclear Dbp5 may function to support tRNA export [15]. 
Furthermore, no co-regulators have been identified that 
can inhibit Dbp5 RNA release in a manner observed for 
MAGOH and Y14 with eIF4AIII [51]. While this possibil-
ity still exists for ncRNAs, especially given the observed 
weak activation of Dbp5 by tRNA, current evidence that 
nuclear pools of Dbp5 are dispensable for mRNA export 
has important implications for current models [5, 6, 15]. 
This includes the potential that: (1) Dbp5 nuclear loading 
onto an mRNP is not a requirement for mRNA export, 
(2) Dbp5 nucleocytoplasmic shuttling is not required to 
support mRNA export, (3) and the essential functions of 
Dbp5 in mRNA export are performed at the cytoplasmic 
face of NPCs.

Another proposed nuclear function of Dbp5 is regard-
ing cellular response to stress. Dbp5 has been reported to 
accumulate in the nucleus following ethanol stress and UV 
irradiation [70–72]. While ethanol broadly impacts Xpo1-
mediated shuttling of NES-containing proteins, Hodroj 
et al. report that the human homolog of Dbp5 (DDX19) re-
localized to the nucleus upon UV-induced DNA damage via 
an ATR-dependent mechanism [70, 72]. The ATR target, 
CHK1 kinase, phosphorylated DDX19 at residue Serine 93 
(S93) inducing nuclear re-localization. It is proposed that 
nuclear pools of DDX19 in this context are critical to DNA 
metabolism and R-loop resolution. Conservation of this role 
has not been confirmed in yeast; however, two N-terminal 
phospho-sites (S69 and S86) as well as Serine-162 have been 
identified to be phosphorylated in response to DNA damage 
through large scale yeast proteomic screens [73]. Serine-86 
has also been identified as a site for post-translational modi-
fication (PTM) in two separate proteomic screens [73, 74], 
while the S162A mutation was reported to be temperature 
sensitive in a recent alanine scanning mutagenesis study 
of Dbp5 [15]. However, none of these PTMs have been 
further validated and their regulation and functional sig-
nificance remain uncharacterized. Moreover, a precise role 
for DDX19 in R-loop metabolism has not been elucidated. 
Another nuclear DBP, Dbp2 (DDX5 in humans), has also 
been implicated in R-loop regulation in budding yeast. Spe-
cifically, Dbp2 binds RNA at sites of R-loop formation, loss 
of Dbp2 leads to increased R-loops, and the protein (along 
with fellow DBPs Ded1 and Mss116) binds and destabilizes 
G-quadraplex RNA in an ATP-independent manner [75–80]. 
The implicated role of DDX19 in R-loop metabolism raises 
questions as to whether the protein may have a similar func-
tion to Dbp2 in DNA metabolism or perhaps a more unique 
stress-specific role on chromatin [78].

Yet, as novel nuclear functions for Dbp5/DDX19 continue 
to be studied, it is critical to consider the linearity of the 
gene expression pathway and the possibility that disruptions 
in RNA export caused by mutation in Dbp5 may indirectly 
impact other nuclear processes supporting gene expression. 
Future studies will need to clarify if Dbp5 directly acts on 
chromatin, if nuclear Dbp5 has preference for transcripts 
that reflect a direct role in R-loop metabolism, and what role 
PTMs play in regulating these nuclear functions.

Cytoplasmic functions of Dbp5

Like nucleoplasmic and pore associated pools of Dbp5, 
cytoplasmic localization of the protein has been proposed 
to have important functions in regulating gene expres-
sion. It has been reported that Gle1/InsP6 mediated Dbp5 
activation is important for proper translation termination 
[38, 81–83]. In addition, Gle1 is reported to function in 
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translation initiation through a physical contact with eIF3 in 
a mechanism that is independent of InsP6 and Dbp5 [39, 40]. 
The role of Dbp5 in translation termination and its relation-
ship to nonsense mediated decay (NMD) has been recently 
reviewed in detail by the Krebber group [18]. Briefly, during 
translation termination it is proposed that Dbp5 recruits the 
polypeptide release factor eRF1 (Sup45 in yeast) to ribo-
somes already containing termination factors Rli1 and eRF3 
(Sup35 in yeast) at the STOP site. Functional eRF1 seems to 
be important for Dbp5 recruitment to the ribosome, which 
may also be promoted by an RNA-independent interaction 
with ribosome-bound Rli1 during termination. Dbp5 pre-
vents premature termination by occupying a mutually exclu-
sive binding site in the CTD of eRF1, which prevents an 
interaction with eRF3 until Dbp5 is removed. This interac-
tion between eRF1 and eRF3 is critical for progression of 
termination as it promotes polypeptide and tRNA release 
via eRF3-mediated GTP hydrolysis. Subsequent removal of 
eRF3 allows eRF1 to also stimulate ATPase activity of Rli1 
which promotes ribosome disassembly [81, 82]. In this way, 
Dbp5 is proposed to help regulate the sequential progres-
sion of the terminal steps of translation prior to ribosome 
recycling.

Yet, many finer details of how the ATPase cycle of Dbp5 
is regulated to support this mechanism are still unclear. 
The observation that disrupting Nup159–Dbp5 interaction 
abrogates Dbp5–eRF1 interaction, has led Beißel et al. to 
propose a mechanism in which Nup159-mediated recy-
cling of Dbp5ADP is critical for translation termination [81]. 
Similarly, such mutations in Nup159 also result in transla-
tion read-through defects like those reported to occur when 
Dbp5 function is perturbed. The idea that nucleotide state 
and recycling of Dbp5 is critical for cytoplasmic functions 
is further supported by the fact that Dbp5–eRF1 binding is 
stabilized in the presence of non-hydrolysable ATP analogs. 
As is the case for mRNA export, further investigation of 
how Nup159 may alter Dbp5 nucleotide release in vivo is 
required before further conclusions can be drawn.

Nevertheless, proper ATPase function and cycling does 
appear to be important to proper cytoplasmic homeostasis 
in other manners as well. It has been observed that in tem-
perature sensitive Dbp5 catalytic mutant rat8-2, mRNA 
export factors (including Mex67 and Pab1) accumulate in 
RNA export granules (REGs) with Dbp5 that are distinct 
from P-bodies [84]. However, results from a genetic screen 
with rat8-2 revealed synthetic lethality with P-body com-
ponents, leading to the observation that REGs can coalesce 
with P-bodies under conditions of heat stress. These obser-
vations may indicate that without proper enzymatic cycling 
of Dbp5, mRNP aggregates can form in the cytoplasm. For-
mation of phase-separated condensates and stress granules 
(SGs) have been shown to be regulated by other DEAD-box 
proteins in vivo and in vitro (e.g., eIF4A and Dhh1) [85, 86]. 

Consistent with this, recent studies in mammalian systems 
have shown that DDX19 overexpression can prevent for-
mation of drug-induced SGs similar to eIF4A [86]. These 
links between Dbp5, REGs and translation control highlight 
a potential requirement for Dbp5 RNPase activity to regulate 
RNP function and localization downstream of mRNP export.

Each of these discoveries provides a putative cytoplasmic 
function of Dbp5 requiring active investigation to under-
stand Dbp5 regulated gene expression. As these avenues of 
research are pursued, we expect it will be critical to con-
sider how these functions may be related to, or unique from, 
mRNP processing by Dbp5 at NPCs. For example, further 
investigation in to how Dbp5/Gle1 are recruited to translat-
ing ribosomes, the spatial regulation of these roles (e.g., at 
NPCs or within the cytoplasmic compartment away from the 
NPCs), and nature of RNP changes induced by Dbp5 will 
be critical. As more Dbp5 functions are reported, this will 
allow important distinctions between what could be multiple 
distinct functions performed by Dbp5 vs. a universal func-
tion for Dbp5 in regulating RNP composition in a spatially 
regulated manner.

Concluding remarks and future perspectives

With this review, we aim to draw attention to the progress 
made in understanding the functions of Dbp5 in gene expres-
sion and the many important unanswered questions in need 
of investigation. This includes questions posed within this 
review involving the spatial regulation of the in vivo Dbp5 
ATPase cycle, how Dbp5 mechanistically supports mRNA 
and ncRNA biology, and what role(s) Dbp5 fulfills during 
stress. To aid in this, we have used published data to propose 
a series of interactions between Dbp5, RNA, and regula-
tors that could define Dbp5 regulation in vivo (Fig. 2). We 
anticipate future experimentation in budding yeast will test 
and refine this model by adding/removing interaction states 
using both in vitro (e.g., reaction rates and binding con-
stants) and in vivo (e.g., mutational analysis and imaging) 
methods. For example, structural data are still missing on 
position of the NTD of Dbp5 when bound to nucleotide, 
RNA, and/or coregulators. This is functionally important 
and goes beyond auto-inhibition of the enzyme, as RNA-
stimulation of Dbp5 requires the NTD [7].

The high level of conservation observed between NPC 
and RNA export machineries amongst yeast and metazo-
ans further motivates continued investigation in both sys-
tems [55]; in addition to the properties of orthologs in other 
organisms. In mammals, two isoforms of the protein exist 
(DDX19A and DDX19B) that share only 46% similarity in 
sequence identity to the yeast ortholog [83]. How these dif-
ferences relate to both the documented functions and regu-
lation of yeast Dbp5 (e.g., spatial regulation, localization, 
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and functions in ncRNA biology) is just beginning [37, 87]. 
This is particularly pertinent as recent work has linked func-
tions of DDX19A and DDX19B to human health, especially 
within the context of viral infection [18, 88–90]. Core to 
addressing these questions will be a mechanistic understand-
ing of Dbp5 regulation by co-regulators, the work that Dbp5 
performs on an RNP, and the spatiotemporal dynamics of 
these activities. As a DBP, key to this will be understanding 
the interaction of Dbp5 with nucleotide, which is central to 
the ability of these enzymes to engage RNA. Similar to the 
Ran-GTP gradient, which regulate other nucleocytoplasmic 
transport events [91–93], we expect the sub-cellular distribu-
tion of different Dbp5 nucleotide states is critical and likely 
regulated in vivo by co-regulators and possibly PTMs. This 
makes future characterization of Dbp5-nucleotide distribu-
tions and the identification of spatially restricted nucleotide 
exchange an important goal. Long term, we expect that a 
focus on these questions aimed at defining the core regula-
tory principles of Dbp5 will lead to a coherent model that 
unifies the diverse functions of Dbp5 in gene expression.

Acknowledgements  We would like to acknowledge all past and current 
members of the Montpetit laboratory for their support of this work. 
AANR was funded by the predoctoral Training Program in Molecular 
and Cellular Biology at UC Davis that is supported by an NIH T32 
training grant (GM007377). AANR and BM were supported by the 
National Institute of General Medical Sciences of the National Insti-
tutes of Health under Award Number R01GM124120 (BM). The con-
tent is solely the responsibility of the authors and does not necessarily 
represent the views of the National Institutes of Health.

References

	 1.	 Linder P (2006) Dead-box proteins: a family affair—active 
and passive players in RNP-remodeling. Nucleic Acids Res 
34(15):4168–4180

	 2.	 Linder P, Jankowsky E (2011) From unwinding to clamping—
the DEAD box RNA helicase family. Nat Rev Mol Cell Biol 
12(8):505–516

	 3.	 Sträßer K et  al (2002) TREX is a conserved complex cou-
pling transcription with messenger RNA export. Nature 
417(6886):304–308

	 4.	 Jensen TH et al (2001) The DECD box putative ATPase Sub2p is 
an early mRNA export factor. CurrBiol 11(21):1711–1715

	 5.	 Tseng SSI et  al (1998) Dbp5p, a cytosolic RNA helicase, is 
required for poly (A)+ RNA export. EMBO J 17(9):2651–2662

	 6.	 Schmitt C et al (1999) Dbp5, a DEAD-box protein required for 
mRNA export, is recruited to the cytoplasmic fibrils of nuclear 
pore complex via a conserved interaction with CAN/Nup159p. 
EMBO J 18(15):4332–4347

	 7.	 Reed R, Cheng H (2005) TREX, SR proteins and export of 
mRNA. CurrOpin Cell Biol 17(3):269–273

	 8.	 Hodge CA et al (2011) The Dbp5 cycle at the nuclear pore com-
plex during mRNA export I: dbp5 mutants with defects in RNA 
binding and ATP hydrolysis define key steps for Nup159 and 
Gle1. Genes Dev 25(10):1052–1064

	 9.	 Tran EJ et al (2007) The DEAD-box protein Dbp5 controls mRNA 
export by triggering specific RNA: protein remodeling events. 
Mol Cell 28(5):850–859

	10.	 Weirich CS et al (2006) Activation of the DExD/H-box protein 
Dbp5 by the nuclear-pore protein Gle1 and its coactivatorInsP 
6 is required for mRNA export. Nat Cell Biol 8(7):668–676

	11.	 Noble KN et al (2011) The Dbp5 cycle at the nuclear pore com-
plex during mRNA export II: nucleotide cycling and mRNPre-
modeling by Dbp5 are controlled by Nup159 and Gle1. Genes 
Dev 25(10):1065–1077

	12.	 Lund MK, Guthrie C (2005) The DEAD-box protein Dbp5p 
is required to dissociate Mex67p from exported mRNPs at the 
nuclear rim. Mol cell 20(4):645–651

	13.	 Sträßer K, Hurt E (2001) Splicing factor Sub2p is required 
for nuclear mRNA export through its interaction with Yra1p. 
Nature 413(6856):648–652

	14.	 Kaminski T, Siebrasse JP, Kubitscheck U (2013) A single mol-
ecule view on Dbp5 and mRNA at the nuclear pore. Nucleus 
4(1):8–13

	15.	 Lari A et al (2019) A nuclear role for the DEAD-box protein 
Dbp5 in tRNA export. eLife 8:e48410

	16.	 Ferrezuelo F et al (2002) Biogenesis of yeast telomerase depends 
on the importin mtr10. Mol Cell Biol 22(17):6046–6055

	17.	 Kramer EB, Hopper AK (2013) Retrograde transfer 
RNA nuclear import provides a new level of tRNA qual-
ity control in Saccharomyces cerevisiae. ProcNatlAcadSci 
110(52):21042–21047

	18.	 Beißel C, Grosse S, Krebber H (2020) Dbp5/DDX19 between 
translational readthrough and nonsense mediated decay. Int J 
MolSci 21(3):1085

	19.	 Tieg B, Krebber H (2013) Dbp5—from nuclear export to trans-
lation. BiochimBiophysActa Gene RegulMech 1829(8):791–798

	20.	 Reed R (2003) Coupling transcription, splicing and mRNA 
export. CurrOpin Cell Biol 15(3):326–331

	21.	 Liu F, Putnam A, Jankowsky E (2008) ATP hydrolysis is 
required for DEAD-box protein recycling but not for duplex 
unwinding. ProcNatlAcadSci 105(51):20209–20214

	22.	 Aitchison JD, Rout MP (2012) The yeast nuclear pore complex 
and transport through it. Genetics 190(3):855–883

	23.	 Montpetit B et al (2011) A conserved mechanism of DEAD-box 
ATPase activation by nucleoporins and InsP 6 in mRNA export. 
Nature 472(7342):238–242

	24.	 Wong EV et al (2016) Pi release limits the intrinsic and RNA-
stimulated ATPase cycles of DEAD-box protein 5 (Dbp5). J 
MolBiol 428(2):492–508

	25.	 Nielsen KH et al (2009) Mechanism of ATP turnover inhibition 
in the EJC. RNA 15(1):67–75

	26.	 Linder P, Fuller-Pace FV (2013) Looking back on the birth of 
DEAD-box RNA helicases. BiochimBiophysActa Gene Regul-
Mech 1829(8):750–755

	27.	 Dossani ZY et al (2009) Structure of the C-terminus of the 
mRNA export factor Dbp5 reveals the interaction surface for the 
ATPase activator Gle1. ProcNatlAcadSci 106(38):16251–16256

	28.	 Collins R et  al (2009) The DEXD/H-box RNA helicase 
DDX19 is regulated by an α-helical switch. J BiolChem 
284(16):10296–10300

	29.	 Wong EV, Gray S, Cao W, Montpetit R, Montpetit B, Enrique 
M (2018) Nup159 weakens Gle1 binding to Dbp5 but does not 
accelerate ADP release. J MolBiol 430(14):2080–2095

	30.	 Alcázar-Román AR et al (2006) Inositol hexakisphosphate and 
Gle1 activate the DEAD-box protein Dbp5 for nuclear mRNA 
export. Nat Cell Biol 8(7):711–716

	31.	 Rozen F et al (1990) Bidirectional RNA helicase activity of 
eucaryotic translation initiation factors 4A and 4F. Mol Cell 
Biol 10(3):1134–1144

	32.	 Rogers GW, Richter NJ, Merrick WC (1999) Biochemical and 
kinetic characterization of the RNA helicase activity of eukary-
otic initiation factor 4A. J BiolChem 274(18):12236–12244



2029Emerging molecular functions and novel roles for the DEAD-box protein Dbp5/DDX19 in gene…

1 3

	33.	 Von Moeller H, Basquin C, Conti E (2009) The mRNA export pro-
tein DBP5 binds RNA and the cytoplasmic nucleoporin NUP214 
in a mutually exclusive manner. Nat StructMolBiol 16(3):247

	34.	 Weirich CS et al (2004) The N-terminal domain of Nup159 forms 
a β-propeller that functions in mRNA export by tethering the heli-
case Dbp5 to the nuclear pore. Mol Cell 16(5):749–760

	35.	 Hodge CA et al (1999) Rat8p/Dbp5p is a shuttling transport factor 
that interacts with Rat7p/Nup159p and Gle1p and suppresses the 
mRNA export defect of xpo1-1 cells. EMBO J 18(20):5778–5788

	36.	 Strahm Y et al (1999) The RNA export factor Gle1p is located on 
the cytoplasmic fibrils of the NPC and physically interacts with 
the FG-nucleoporin Rip1p, the DEAD-box protein Rat8p/Dbp5p 
and a new protein Ymr255p. EMBO J 18(20):5761–5777

	37.	 Adams RL et al (2017) Nup42 and IP6 coordinate Gle1 stimu-
lation of Dbp5/DDX19B for mRNA export in yeast and human 
cells. Traffic 18(12):776–790

	38.	 Alcázar-Román AR, Bolger TA, Wente SR (2010) Control of 
mRNA export and translation termination by inositol hexakis-
phosphate requires specific interaction with Gle1. J BiolChem 
285(22):16683–16692

	39.	 Bolger TA et al (2008) The mRNA export factor Gle1 and inosi-
tol hexakisphosphate regulate distinct stages of translation. Cell 
134(4):624–633

	40.	 Rayala HJ et al (2004) The mRNA export factor human Gle1 
interacts with the nuclear pore complex protein Nup155. Mol Cell 
Proteomics 3(2):145–155

	41.	 Harms U et al (2014) eIF4B, eIF4G and RNA regulate eIF4A 
activity in translation initiation by modulating the eIF4A confor-
mational cycle. Nucleic Acids Res 42(12):7911–7922

	42.	 Marintchev A et al (2009) Topology and regulation of the human 
eIF4A/4G/4H helicase complex in translation initiation. Cell 
136(3):447–460

	43.	 Schütz P et al (2008) Crystal structure of the yeast eIF4A-eIF4G 
complex: an RNA-helicase controlled by protein–protein interac-
tions. ProcNatlAcadSci 105(28):9564–9569

	44.	 Smith C et al (2015) In vivo single-particle imaging of nuclear 
mRNA export in budding yeast demonstrates an essential role for 
Mex67p. J Cell Biol 211(6):1121–1130

	45.	 Heinrich S et al (2017) Temporal and spatial regulation of mRNA 
export: single particle RNA-imaging provides new tools and 
insights. BioEssays 39(2):1600124

	46.	 Grünwald D, Singer RH (2010) In vivo imaging of labelled endog-
enous β-actin mRNA during nucleocytoplasmic transport. Nature 
467(7315):604–607

	47.	 Murphy R, Wente SR (1996) An RNA-export mediator with an 
essential nuclear export signal. Nature 383(6598):357–360

	48.	 Sengoku T et al (2006) Structural basis for RNA unwinding by 
the DEAD-box protein Drosophila Vasa. Cell 125(2):287–300

	49.	 Andersen CB et al (2006) Structure of the exon junction core 
complex with a trapped DEAD-box ATPase bound to RNA. Sci-
ence 313(5795):1968–1972

	50.	 Bono F et al (2006) The crystal structure of the exon junction 
complex reveals how it maintains a stable grip on mRNA. Cell 
126(4):713–725

	51.	 Ballut L et al (2005) The exon junction core complex is locked 
onto RNA by inhibition of eIF4AIII ATPase activity. Nat Struct-
MolBiol 12(10):861–869

	52.	 Neumann B et al (2016) Nuclear export of pre-ribosomal subunits 
requires Dbp5, but not as an RNA-helicase as for mRNA export. 
PLoS ONE 11(2):e0149571

	53.	 Derrer CP et al (2019) The RNA export factor Mex67 functions 
as a mobile nucleoporin. J Cell Biol 218(12):3967–3976

	54.	 Singh G et al (2015) The clothes make the mRNA: past and pre-
sent trends in mRNP fashion. Annu Rev Biochem 84:325–354

	55.	 Lin DH, Hoelz A (2019) The structure of the nuclear pore com-
plex (an update). Annu Rev Biochem 88:725–783

	56.	 Zheng C, Fasken MB, Marshall NJ, Brockmann C, Rubinson ME, 
Wente SR, Corbett AH, Stewart M (2010) Structural basis for the 
function of the Saccharomyces cerevisiae Gfd1 protein in mRNA 
nuclear export. J BiolChem 285(27):20704–20715

	57.	 Wu H, Becker D, Krebber H (2014) Telomerase RNA TLC1 shut-
tling to the cytoplasm requires mRNA export factors and is impor-
tant for telomere maintenance. Cell Rep 8(6):1630–1638

	58.	 Chatterjee K et al (2017) Sharing the load: Mex67–Mtr2 cofunc-
tions with Los1 in primary tRNA nuclear export. Genes Dev 
31(21):2186–2198

	59.	 Faza MB et al (2012) Role of Mex67-Mtr2 in the nuclear export 
of 40S pre-ribosomes. PLoS Genet 8(8):e1002915

	60.	 Katahira J et al (1999) The Mex67p-mediated nuclear mRNA 
export pathway is conserved from yeast to human. EMBO J 
18(9):2593–2609

	61.	 Segref A et al (1997) Mex67p, a novel factor for nuclear mRNA 
export, binds to both poly (A)+ RNA and nuclear pores. EMBO 
J 16(11):3256–3271

	62.	 Sträßer K, Baßler J, Hurt E (2000) Binding of the Mex67p/Mtr2p 
heterodimer to FXFG, GLFG, and FG repeat nucleoporins is 
essential for nuclear mRNA export. J Cell Biol 150(4):695–706

	63.	 Yao W, Lutzmann M, Hurt E (2008) A versatile interaction plat-
form on the Mex67–Mtr2 receptor creates an overlap between 
mRNA and ribosome export. EMBO J 27(1):6–16

	64.	 Yao W et al (2007) Nuclear export of ribosomal 60S subunits 
by the general mRNA export receptor Mex67-Mtr2. Mol Cell 
26(1):51–62

	65.	 Katahira J (2012) mRNA export and the TREX complex. Bio-
chimBiophysActa Gene RegulMech 1819(6):507–513

	66.	 Zhao J et al (2002) The mRNA export factor Dbp5 is associ-
ated with Balbiani ring mRNP from gene to cytoplasm. EMBO J 
21(5):1177–1187

	67.	 Estruch F, Cole CN (2003) An early function during transcrip-
tion for the yeast mRNA export factor Dbp5p/Rat8p suggested by 
its genetic and physical interactions with transcription factor IIH 
components. MolBiol Cell 14(4):1664–1676

	68.	 Estruch F et al (2012) Insights into mRNP biogenesis provided by 
new genetic interactions among export and transcription factors. 
BMC Genet 13(1):80

	69.	 Blobel G (1985) Gene gating: a hypothesis. ProcNatlAcadSci 
82(24):8527–8529

	70.	 Hodroj D et  al (2017) An ATR-dependent function for the 
Ddx19 RNA helicase in nuclear R-loop metabolism. EMBO J 
36(9):1182–1198

	71.	 Izawa S et al (2005) Characterization of Rat8 localization and 
mRNA export in Saccharomyces cerevisiae during the brewing 
of Japanese sake. ApplMicrobiolBiotechnol 69(1):86–91

	72.	 Takemura R, Inoue Y, Izawa S (2004) Stress response in yeast 
mRNA export factor: reversible changes in Rat8p localiza-
tion are caused by ethanol stress but not heat shock. J Cell Sci 
117(18):4189–4197

	73.	 Albuquerque CP et al (2008) A multidimensional chromatogra-
phy technology for in-depth phosphoproteome analysis. Mol Cell 
Proteomics 7(7):1389–1396

	74.	 Li X et  al (2007) Large-scale phosphorylation analysis of 
α-factor-arrested Saccharomyces cerevisiae. J Proteome Res 
6(3):1190–1197

	75.	 Hegazy YA, Fernando CM, Tran EJ (2020) The balancing act 
of R-loop biology: the good, the bad, and the ugly. J BiolChem 
295(4):905–913

	76.	 Mersaoui SY et al (2019) Arginine methylation of the DDX 5 
helicase RGG/RG motif by PRMT 5 regulates resolution of RNA: 
DNA hybrids. EMBO J 38(15):e100986

	77.	 Cloutier SC et al (2016) Regulated formation of lncRNA-DNA 
hybrids enables faster transcriptional induction and environmental 
adaptation. Mol Cell 61(3):393–404



2030	 A. Arul Nambi Rajan, B. Montpetit 

1 3

	78.	 Tedeschi FA et al (2018) The DEAD-box protein Dbp2p is linked 
to noncoding RNAs, the helicase Sen1p, and R-loops. RNA 
24(12):1693–1705

	79.	 Lai Y-H et al (2019) Genome-wide discovery of DEAD-box RNA 
helicase targets reveals RNA structural remodeling in transcrip-
tion termination. Genetics 212(1):153–174

	80.	 Gao J et al (2019) DEAD-box RNA helicases Dbp2, Ded1 and 
Mss116 bind to G-quadruplex nucleic acids and destabilize 
G-quadruplex RNA. ChemCommun 55(31):4467–4470

	81.	 Beißel C et al (2019) Translation termination depends on the 
sequential ribosomal entry of eRF1 and eRF3. Nucleic Acids Res 
47(9):4798–4813

	82.	 Gross T et al (2007) The DEAD-box RNA helicase Dbp5 func-
tions in translation termination. Science 315(5812):646–649

	83.	 Mikhailova T et al (2017) RNA helicase DDX19 stabilizes ribo-
somal elongation and termination complexes. Nucleic Acids Res 
45(3):1307–1318

	84.	 Scarcelli JJ et al (2008) Synthetic genetic array analysis in Saccha-
romyces cerevisiae provides evidence for an interaction between 
RAT8/DBP5 and genes encoding P-body components. Genetics 
179(4):1945–1955

	85.	 Mugler CF et al (2016) ATPase activity of the DEAD-box protein 
Dhh1 controls processing body formation. Elife 5:e18746

	86.	 Tauber D et al (2020) Modulation of RNA condensation by the 
DEAD-box protein eIF4A. Cell 180:411–426

	87.	 Lin DH et al (2018) Structural and functional analysis of mRNA 
export regulation by the nuclear pore complex. Nat Commun 
9(1):1–19

	88.	 Diot C et al (2016) Influenza A virus polymerase recruits the RNA 
helicase DDX19 to promote the nuclear export of viral mRNAs. 
Sci Rep 6:33763

	89.	 Zhang K et al (2019) DDX19 inhibits type I interferon produc-
tion by disrupting TBK1-IKKε-IRF3 interactions and promoting 
TBK1 and IKKε degradation. Cell Rep 26(5):1258-1272.e4

	90.	 Li J et  al (2015) DDX19A senses viral RNA and mediates 
NLRP3-dependent inflammasome activation. J Immunol 
195(12):5732–5749

	91.	 Bischoff FR et al (1994) RanGAP1 induces GTPase activity of 
nuclear Ras-related Ran. ProcNatlAcadSci 91(7):2587–2591

	92.	 Bischoff FR, Ponstingl H (1991) Catalysis of guanine nucleo-
tide exchange on Ran by the mitotic regulator RCC1. Nature 
354(6348):80–82

	93.	 Joseph J (2006) Ran at a glance. J Cell Sci 119(17):3481–3484

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Emerging molecular functions and novel roles for the DEAD-box protein Dbp5DDX19 in gene expression
	Abstract
	Introduction
	Features of the Dbp5 ATPase cycle with RNA
	Function and regulation of Dbp5 at NPCs
	Regulation of the Dbp5 ATPase cycle at the NPC
	Potential stepwise interactions of Dbp5 at the NPC
	Possible RNPase activities that promote Dbp5 functions at the NPC

	Nuclear functions of Dbp5
	Cytoplasmic functions of Dbp5
	Concluding remarks and future perspectives
	Acknowledgements 
	References




