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Summary
Generally depicted as single- or double-stranded molecules, nucleic
acids sequences can adopt various forms of stable secondary structures.
In particular, guanine-rich sequence of DNA and RNA can form atypical
four-stranded helical structures termed G-quadruplexes (G4). While
the functional relevance of G4 structures is still a mater of debate, an
increasing number of evidence suggests that these structures can form
in various regions of the genome and may be implicated in a wide array
of processes such as gene expression regulation and telomere protection.
Owing to their high-thermodynamic stability, in vivo conversion of G4
structures to single-stranded nucleic acid requires specialised proteins with
G4 destabilising/unwinding activity. RHAU is a human RNA helicase of
the DEAH-box family that exhibits ATP-dependent G4 resolving activity
with high affinity and specificity for its substrate in vitro. However, how
RHAU recognises G4 and what are its substrates in cells are key questions
that needed to be addressed.
In the first part of this research work, we undertook to address
the molecular mechanisms underlying the specific recognition of
G4 structures by RHAU. Through biochemical analysis of truncated
and mutated recombinant forms of RHAU, we have uncovered the
functional importance of the amino-terminal region for interaction with
G4 structures and further identified within this region the evolutionary
conserved RSM (RHAU-specific motif) domain as a major affinity
and specificity determinant. We also show that the G4-RNA substrate
specificity and resolving activity shown by RHAU is an evolutionary
conserved attribute in higher eukaryotes, insofar as CG9323, the Drosophila
orthologue of RHAU, binds and readily unwinds G4 structures.
In the second part of this work, we sought RNAs bound by RHAU
in living cells. To this end, we employed high-throughput gene array
technologies to identify RNAs associated with RHAU on a genome-wide
scale. Approximately 100 RNAs were found to be significantly enriched
with RHAU. Computational analysis of RNA sequences for potential
intramolecular G4 structures revealed the preferential association of

RHAU with transcripts bearing G4-forming motifs, suggesting direct targeting
of G4-RNAs by RHAU. Among the most abundant RNAs selectively enriched,
we identified the human telomerase RNA template TERC as a bona fide target
of RHAU. Remarkably, binding of RHAU to TERC depended on the presence
of a stable G4 structure in the 5'-region of TERC, both in vivo and in vitro.
In-depth studies further revealed that RHAU was also part of the telomerase
holoenzyme through direct interaction with TERC G4 structure. Collectively,
these data provide the first evidence of a specific and direct interaction between
a G4 resolvase enzyme and a potentially relevant intramolecular G4-RNA
substrate, and more generally support the idea that intramolecular G4-RNAs
are naturally occurring substrates of RHAU. Furthermore, these results provide
circumstantial evidence for the existence of a G4-RNA structure in a fraction of
the telomerase holoenzyme.
Overall, the present work brings new insight into the mechanisms of G4
substrate recognition by RHAU and supports its potential role as a G4 resolvase
enzyme in vivo.
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Introduction
RNA helicases
The RNA folding problem
RNAs constitute essential structural and multifunctional
components of the gene expression machinery. RNAs are highly
polymorphic molecules that can function as transitory carriers of genetic
information (mRNAs), catalysts of biochemical reactions (23S rRNA,
ribonuclease P RNA), adapter molecules (tRNAs, snoRNAs, miRNAs),
or as structural molecules in ribonucleoproteins (rRNAs, ref. 1). In cells,
most of RNAs have to fold into well-defined structures to be biologically
active. However, due to the single-strandedness of nascent RNA, the
relative simplicity of its molecular composition and its possibility to
form non-Watson-Crick base-pairing, RNA molecules are prone to
adopt a multitude of non-functional and thermodynamically stable
conformations. Moreover, even during their normal metabolic process,
many RNAs undergo conformational changes or are transiently basepaired with other RNA species. Rearrangement of intra- or intermolecular
base-pairings in vivo is achieved by RNA chaperones that facilitate
conformational changes of RNA to its active form (for reviews, see
ref. 2,3). Among these chaperones are the RNA helicases, which couple
the hydrolysis of nucleotide 5′-triphosphates (NTPs) with structural and
functional rearrangement of the RNA (4). RNA helicases represent a
large group of proteins that have been identified in all biological systems,
viruses included. Functionally, they have been shown to disrupt RNA–
RNA or RNA–DNA duplexes (5,6) and to dissociate proteins from RNA
molecules (7,8). In eukaryotes, RNA helicases form by far the largest
group of proteins dedicated to RNA metabolism (9).
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RNA helicases and the superfamily of helicases

RNA helicases (EC 3.6.4.13) belongs to the helicase class of enzymes that
also includes DNA helicases. Helicases are NTP-driven molecular motors that
dissociate double-stranded nucleic acids or displace nucleic acid bound proteins.
A large fraction of the eukaryotic and prokaryotic genomes encode helicases. In
the yeast Saccharomyces cerevisiae, about two percents of the protein-encoding genes
encode helicase-related proteins (10) and nearly one percent of the open reading
frames of the human genome encodes putative DNA and RNA helicases (11).
Helicases are characterised by the presence of several conserved and discrete
motifs in the core region that are involved in NTP-binding/hydrolysis and
nucleic acid binding. These motifs essentially form the motor which converts
the chemical energy derived from NTP hydrolysis into mechanical force and
drives helicase movements leading to the disruption of DNA or RNA base
pairs. These conserved motifs provide also the basis for classifying helicases into
six phylogenetically distinct superfamilies, designated SF1 to SF6 (12,13). These
superfamilies presumably represent evolutionary relationships and may have
evolved from a common ancestor. Although this classification is currently still
employed, it was established before the availability of structural and functional
information. It is now clear that these conserved helicases motifs are present in
a wide range of NTP-dependent nucleic acid enzymes (14), many of which are
not bona fide helicases (15) and some of which do not even seem to translocate
along nucleic acids (6). Therefore, in many respects, these motifs more generally
denote nucleic acid-stimulated NTPases rather than purely and simply helicases.
Superfamilies 1 and 2 form the largest and most closely related groups of
helicases. They include both DNA and RNA helicases and appear to be active
essentially as monomers or dimers (16,17). Structurally, the helicase core regions
of SF1 and SF2 helicases manifest the same overall folding patterns and consist
of two abutting RecA-like domains (18). Additionally, SF1 and SF2 proteins
display similarities in both occurrence and sequence composition of their
helicase motifs. Both superfamilies are indeed characterised by the presence of
at least seven conserved helicase motifs. In contrast, superfamilies 3 to 6 are
essentially ring-shaped DNA helicases (13). Most of them are involved in DNA
replication by unwinding dsDNA ahead of the DNA polymerase (for reviews,
see ref. 19,20). The ring-shape of these helicases results from the assembly of
six individual RecA-like domains into a hexameric structure with ssDNA in the
center of the ring. Each subunit of hexameric helicases contains only two to five
conserved helicases motifs, and ATP-hydrolysis occurs at every interface of the
six subunits (13).
Main features of superfamily 2 (SF2) helicases
Most RNA helicases are members of the SF2, a large and versatile
superfamily that includes functionally diverse RNA and DNA helicases.
Actually, only a few putative RNA helicases, the Upf1-like family as well as
some viral RNA helicases belong to the SF1. The SF2 constitutes by far the
largest superfamily of helicases. For instance, the human genome encodes
112 SF2 proteins, out of which 65 seem to be dedicated to RNA metabolism
(Figure 1). Based on comparative genomic approaches, the SF2 can be further
divided into seven phylogenetically distinct families: DEAD-box, DEAH-box,
Ski2, RIG-I, RecQ, Rad3 and Swi2/Snf2. Each family is characterised by the
presence of nine conserved and family-specific motifs (Q, I, Ia, Ib, and II–VI)
that delineate the helicase core region (Figure 2A). Among these seven families,
four consist essentially of RNA helicases (DEAD-box, DEAH-box, Ski2 and
RIG-I) and three of DNA helicases (RecQ, Rad3 and Swi2/Snf2). The RecQ-
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Figure 1 | Phylogeny of the human superfamily 2 helicases. The unrooted phyologenetic tree was compute by MAFFT using the neighbor-joining method
on 157 ungapped sites (substitution model = JTT; heterogeneity among sites (α) = ∞; bootstrap resampling = 100). When available, a representative X-ray
structure is depicted per family (DEAD-box: Drosophila Vasa (DDX4), 2DB3; DEAH-box: yeast Prp43 (DHX15), 3KX2; Ski2: Archaeoglobus fulgidus Hel308
(HELQ), 2P6R; Rad3: Thermoplasma acidophilum XPD (ERCC2), 2VSF; Swi2/Snf2: zebrafish Rad54, 1Z3I; RecQ: human RecQ1 (RECQ1), 2WWY). For
each structure, the helicase core region is shown in colour. Boldfaced protein names denote helicases with reported in vitro G-quadruplexe resolving activity
(WRN, BLM, DDX11, FANCJ, DHX9 and DHX36).
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and Rad3-related proteins are bona fide helicases which function in replication,
recombination and repair of DNA, and are essential for the maintenance
of genomic stability (21-23). In contrast, the Swi2/Snf2-related proteins are
chromatin-remodelling enzymes that translocate along dsDNA and catalyse
chromatin rearrangements important for transcription (15,24).
The SF2 RNA helicases fall into four phylogenetically distinct groups:
the DEAD-box, the DEAH-box, the Ski2 and the RIG-I helicases (Figure 1). In
almost all eukaryotes, the DEAD-box and DEAH-box proteins constitute by
far the two largest families; they usually represent more than half of all RNA
helicases. Comparatively, the smaller Ski2-like and RIG-I-like families include
only a few members. Besides, although a majority of the DEAD-box proteins
take part in ribosome biogenesis (25,26), none of these four helicase families are
functionally specialised in a particular domain of RNA metabolism. In fact, the
various families of RNA helicases stand out rather by the mechanisms whereby
they unwind or translocate along nucleic acids. Notably, DEAD-box proteins
are non-processive helicases that catalyse unwinding of weak RNA duplexes by
local bending of the nucleic acid (6,27). They may as well facilitate displacement
of RNA-bound proteins or function as ATP-dependent clamps to ensure the
unidirectionality of reactions (28). In particular, DEAD-box proteins stand out
from other RNA helicases in that they do not show any strict unwinding polarity.
In contrast, DEAH-box, Ski2-like and RIG-I-like proteins translocate along
single-stranded RNAs with a 3′-to-5′ polarity (Table III and references therein).
They usually manifest as well a better processivity and can resolve longer RNA
duplexes than DEAD-box proteins (29,30).
Structurally speaking, while showing low sequence similarities, the helicase
core regions of SF2 helicases present a remarkably conserved folding pattern.
It consists of two tandemly repeated RecA-like domains (hereafter referred to
as RecA1 and RecA2) coupled by a short linker (Figures 1 and 2). The aminoterminal RecA1 domain contains the composite helicase motifs Q, I, Ia, Ib, II
and III, while motifs IV, V and VI are located on the carboxy-terminal RecA2
domain. All SF2 helicases bind and hydrolyse NTP at the interface cleft of the
two RecA-like domains. Motifs Q, I (aka Walker-A or P-loop), II (aka Walker-B)
and VI are directly implicated in NTP-binding/hydrolysis. The other conserved
helicases motifs (Ia, Ib, III, IV and V) are less well studied, but evidence suggests
that they are involved either in nucleic acid binding or in coupling of the NTP
hydrolytic state to protein conformational transitions (31). Besides the helicase
core region, most SF2 helicases harbour ancillary N- and C-terminal flanking
regions that are essential for the various functions of these enzymes.
SF2 helicase classification and nomenclature
The SF2 helicases are often referred to as the DExD/H-box proteins with
regard to the consensus amino acid sequence of their helicase motif II (Figure 2A).
Originally, helicases of the SF2 superfamily were classified into various groups
termed DEAD-, DEAH- and DExH-box proteins. This classification was done
prior to the availability of structural and functional data and the nomenclature
of these groups depended essentially on amino acid variations in the helicase
motif II. However, phylogenetic, functional and structural studies of human SF2
proteins pointed out that the superfamily should instead be divided into seven
distinct families (Figure 1). Examination of motif II consensus sequences within the
different families (Figure 2A) reveals that the amino acid composition of motif II
alone is not sufficient to assign a given SF2 protein to one of the seven families.
The sequence heterogeneity of the Walker-B motif within a certain family of
helicases renders the initial Walker-B-based nomenclature somewhat inaccurate.
This has led to generate a lot of confusion in classification. To further illustrate
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Figure 2 | Conserved ATPase/helicase motifs in superfamily 2 (SF2) helicases. (A) Sequence logos of the conserved and family-specfic helicase motifs
involved in NTP binding/hydrolysis and nucleic acid binding for human SF2 helicases. Amino acids are coloured according to their biochemical properties:
green for polar, blue for basic, red for acidic and black for hydrophobic. SF2 cons., SF2 helicase consensus sequence. (B) Structure of the helicase core
domain of the yeast DEAH-box helicase Prp43 (2XAU, aa. 69–451). The conserved helicase motifs implicated in NTP binding/hydrolysis and nucleic acid
binding are shown in red and green, respectively. (C) Schematic secondary structure topology of the helicase core of DEAH-box helicases. The position of
the conserved helicase motifs is indicated using the same colour scheme as for panel (B).

this aspect, several RNA helicases like RHAU or the RNA helicase A (alias RHA
or DHX9), both of which harbour an Asp–Glu–Ile–His motif II, were (and
are still) erroneously referred to as DExH-box proteins while their helicase core
domains showed extensive similarities with those of DEAH-box proteins like
the prototypical yeast Prp2, Prp16, Prp22 and Prp43 RNA helicases (32-34). On
the other hand, some RecQ-like and Rad3-like DNA helicases are sometimes
incorrectly referred as DEAH-box proteins (35), because most of them hold
the Asp–Glu–Ala–His motif within their Walker-B site (Figure 2A). However,
both RecQ-like and Rad3-like proteins are structurally and functionally different
from DEAH-box RNA helicases (Figure 1). Thus, a given SF2 helicase cannot be
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classified exclusively by its sequence of motif II, but by the sequence identity
of all characteristic helicases motifs. The terms ‘DEAD-box’, ‘DEAH-box’ and
‘DExH-box’ are somehow misnomers and should clearly be defined once and
for all to avoid ambiguities. However, the terms ‘DEAD-box’ and ‘DEAH-box’
will likely be kept for historical reasons, although not all the members of these
families of RNA helicases harbour the expected Asp–Glu–Ala–Asp or Asp–
Glu–Ala–His signatures within their Walker B site.
The term ‘DEAH-box’ hereafter will be employed exclusively to refer to
RNA helicases of the ‘DEAH-box’ group/family as depicted in Figures 1 and 3.
As for ‘DExD/H-box’, it will be employed as a synonym of SF2 helicases.

The DEAH-box protein family of RNA helicases
The DEAH-box protein family of RNA helicases was first recognised
in 1991 following the discovery of three novel putative SF2 helicases in
S. cerevisiae (36). The examination of the conserved helicase motifs of the yeast
Prp2, Pr16 and Prp22 proteins revealed that they could neither be classified as
members of the DEAD-box family nor as viral RNA helicase-like proteins.
Thus, it was proposed that these proteins constituted a novel family of RNAhelicase-like proteins, which was termed ‘DEAH-box’ on the basis of the
sequence (Asp–Glu–Ala–His) of their conserved motif II. Following this
finding, four additional DEAH-box proteins have been identified in S. cerevisiae
and many others in various organisms. In fact, DEAH-box proteins constitute
a widely spread family of RNA helicases that have been identified in almost all
species, from bacteria to mammals.
Biological functions of DEAH-box proteins
DEAH-box proteins play an essential role in RNA biology. Indeed, they
harbour a wide range of biological functions and have been shown to take part
in nearly all aspects of the RNA metabolism, ranging from transcriptions to
RNA decay (Table I and references therein). Although RNA helicase activity
has been confirmed for a few of them, the precise function of DEAH-box
proteins in these contexts remains mostly elusive. As for DEAD-box proteins,
they are thought to function in remodelling the structure and/or composition
of ribonucleoprotein (RNP) complexes by locally melting RNA duplexes or
displacing proteins from RNA molecules. It should also be mentioned that while
DEAH-box proteins in yeast have been extensively investigated on functional
and biochemical aspects, the biological significance of a majority of their
counterparts in higher eukaryotes is largely unknown (Figure 3).
Genetic studies in yeast have demonstrated that DEAH-box proteins
achieve highly specific tasks. In most cases, they are required at a specific
stage of RNA metabolism and a majority of them are highly specific for their
substrates. As revealed by the lethality of null mutants in yeast, most DEAH-box
proteins are essential, suggesting tight target specificity for each protein (26,37).
Nevertheless, in rare occasions, some RNA helicases have emerged to harbour
multiple facets acting at different steps of the RNA metabolism or even showing
activity on DNA (33,38,39). For instance, the yeast DEAH-box protein Prp43 was
initially identified as a pre-mRNA splicing factor acting in the release of the
intron lariat from the spliceosome (40-42). However, it was subsequently shown
to function also in ribosome biogenesis (43-45). Otherwise, as shown in Table I,
RNA helicase A is a multifunctional mammalian helicase that was shown to
function as a transcriptional activator and to take part as well in the translation
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Table I | Biological functions of DEAH-box RNA helicases from E. coli (Ec), S. cerevisiae (Sc), C. elegans (Ce), D. melanogaster (Dm)
and H. sapiens (Hs).
Symbol Org.

Protein

Function

hrpA

Ec

hrpA

Takes part in the ribosome-mediated cleavage of the daa mRNA (46).

DHX8

Sc

Prp22

Takes part in pre-mRNA splicing. Mediates the release of the spliced mRNA from
spliceosome (36,47-50). Was also shown to repress the splicing of aberrant splicing
intermediates (51).

Essential

Ce

mog-5

Takes part in the post-transcriptional control of the switch from spermatogenesis to
oogenesis (52,53).

Embryonic lethal

Hs

DHX8

Takes part in pre-mRNA splicing. Mediates the release of the spliced mRNA from
spliceosome (109,110).

Ce

RHA

Required for germ cell proliferation, normal germ cell nuclear morphology, RNAmediated interference of germline-expressed genes, and silencing of germlineexpressed transgenes (54,55).

Not essential

Dm

Mle

Is an essential component of the dosage compensation machinery required for
increased transcription of X-chromosome linked genes in males (56-60). Is also
involved in RNA editing process (61).

Essential for males

Hs

RHA /
NDH-II

Multifunctional helicase (62). Functions as a transcriptional activator (63-67). Is
involved in the expression and nuclear export of retroviral RNAs (68-71). Takes also
part in translation of selected mRNAs through interaction with their 5’-untranslated
region (72). Was identified as a RISC component and shown to functions in RISC
as an siRNA-loading factor (73). Was shown to be associated with SMN protein
and possible involvement for RHA in pre-mRNA processing (74).

Sc

Prp43

Takes part in pre-mRNA splicing. Mediates the disassembly of spliceosome after
the release of mature mRNA (40,41). Takes also part in the processing of 35S rRNA Essential
precursor (43-45,75).

Hs

DHX15

Pre-mRNA processing factor involved in disassembly of spliceosomes after the
release of mature mRNA (76-78).

Sc

Prp2

Takes part in pre-mRNA splicing. Mediate the activation of the spliceosome before
the first transesterification step (79-81).

Essential

Ce

mog-4

Take part in the post-transcriptional control of the switch from spermatogenesis to
oogenesis (52,53).

Embryonic lethal

Hs

DHX16

Likely involved in pre-mRNA splicing since expression of DHX16 gene in S. pombe
partially rescued the temperature-sensitive phenotype of dhx16 null mutant cells
(82).

DHX29

Hs

DHX29

Takes part in translation initiation. Required for efficient initiation on mammalian
mRNAs with structured 5’-UTRs by promoting efficient NTPase-dependent 48S
complex formation (83,84).

DHX30

Hs

DHX30

Required for optimal function of the zinc-finger antiviral protein (ZAP, ref. 85).

DHX32

Hs

DHX32

Might be involved in regulating T-cell response to certain apoptotic stimuli (86).

Not essential in mouse*

DHX34

Ce

SMGL-2

Involved in non-sense-mediated mRNA decay process (87).

Essential (87)

Hs

DHX34

Involved in non-sense-mediated mRNA decay process (87).

DHX36

Dm

CG9323

Possesses in vitro G4-RNA-resolvase activity (88).

Hs

RHAU

Involved in ARE-mediated decay of uPA mRNA (32). Possesses in vitro G4 resolvase activity and was identified as the major source of G4 resolving activity in
HeLa cell lysates (33,89).

Early embryonic (E7.5)
lethality for Rhau−/−
knockout mice (90)

Sc

Dhr1

Takes part in the processing of 18S rRNA (91-93).

Essential

Sc

Prp16

Takes part in pre-mRNA splicing. Required during the second catalytic step and
promotes 3' splice site cleavage, exon ligation as well as conformational change in
the spliceosome (94-97).

Essential

Ce

mog-1

Takes part in the post-transcriptional control of the switch from spermatogenesis to
oogenesis (98).

Embryonic lethal

Hs

DHX38

Takes part in pre-mRNA splicing. Required during the second catalytic step (99).

Dm

Spindle-E

Component of the piRNA pathway. Plays a central role during meiosis by forming
complexes composed of piRNAs and Piwi and govern the methylation and subsequent repression of transposable elements (100-103). Takes also part in the control
of telomere maintenance in the germline (104).

Hs

TDRD9

Takes part to the repression of transposable elements during spermatogenesis.
Acts via the piRNA metabolic process (105).

DHX9

DHX15

DHX16

DHX37
DHX38

TDRD9

*Abdelhaleem, M. unpublished data.

Remarks

Early embryonic (E7.0)
lethality for Rha−/− knockout mice (237)

Essential
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of specific mRNAs. Therefore, RNA helicases may also achieve more than one
task acting on different RNAs depending on interactions with protein cofactors.
Evolutionary aspects of the DEAH-box family of RNA helicases
Comparative genomic analyses have revealed that SF2 RNA helicases are
ubiquitously distributed over a wide range of organisms, viruses included (9).
While DEAD-box, RIG-I and Ski2-relatated RNA helicases are widespread in
all three domains of life (archaea, bacteria and eukarya), DEAH-box proteins
are in contrast only found in bacteria and in eukaryotes. The hrpA gene product
is the only bacterial representative of the DEAH-box protein family (Figure 3).
True orthologues of this gene are also found in proteobacteria and spirochaetes
phyla as well as in Deinococcus genus (deinococcus-thermus phylum). This
suggests dissemination via horizontal gene transfer among bacteria, although
the initial direction of horizontal transfer responsible for the bacterio-eukaryotic
distribution remains obscure. HrpA is implicated in mRNA processing (46), and
like all DEAD-box proteins in Escherichia coli, its function is not essential for
cell viability under standard culture conditions (46,106). A paralogue of hrpA
gene, named hrpB, is also found in E. coli. It may have appeared following gene
duplication. However, as shown in Figure 3, the hrpB gene product is distantly
related to hrpA and to other DEAH-box proteins found in eukaryotes.
DExD/H-box RNA helicases are more widespread in eukaryotes than in
prokaryotes and most of them are essential (26). The yeast S. cerevisiae genome
encodes seven DEAH-box proteins out of which six are required for cell viability.
Four of these helicase (Prp2, Prp16, Prp22 and Prp43) have been shown to take
part in pre-mRNA splicing (36,40,79,94,107) and Prp43 was later demonstrated to
be as well required during the processing of the 35S rRNA precursor (43-45).
Two extra DEAH-box RNA helicases, Dhr1 and Dhr2, have been shown to
take part in the processing of the 18S rRNA (91). Finally, the open reading frame
Ylr419w is the only known DEAH-box helicase in yeast that was found to be
dispensable for cell viability and whose function is not yet determined (91).
As shown in Figure 3, five yeast DEAH-box proteins followed a conservative
pattern of evolution, insofar as true orthologues of Prp2, Prp16, Prp22, Prp43
and Dhr1 proteins are found in metazoan species. In several cases, direct data
support similar roles of these proteins in higher eukaryotes (76-78,82,99,108111). However, one apparent exception is mog‑1, the C. elegans orthologue of
Prp16, which is not explicitly required for pre-mRNA splicing (112). Mog genes
in nematodes take part in the sex determination process of the germline. Two
other DEAH-box proteins, mog-4 and mog-5, corresponding to Prp2 and
Prp22, respectively, are also required for the posttranscriptional regulation of the
switch from spermatogenesis to oogenesis (53). Although it is still possible that
mog-1, mog-4 and mog-5 have switched to completely new functions, one cannot
exclude the possibility that these three DEAH-box proteins are still involved
in splicing and that the Mog (masculinisation of germline) phenotype results
indirectly from abnormal splicing of factors implicated in the sex determination
process (112).
Finally, although the yeast spliceosomal DEAH-box proteins manifest
a conservative evolutionary pattern, the genes related to ylr419w have largely
diversified in metazoans. Ylr419w has no clear orthologue in higher eukaryotes,
which suggest that the paralogue forms of this gene found in metazoans may
have arisen from several gene duplication events. The large number of biological
functions assigned to this group of proteins (sometimes referred to as the ‘RHA
protein group’; ref. 14,30) indicates that DEAH-box RNA helicases have gained
and diversified their functions to fit with some aspects of RNA metabolism in
metazoans with respect to yeasts.
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Figure 3 | Phylogeny of DEAH-box proteins from E. coli, S. cerevisiae, C. elegans, D. melanogaster and H. sapiens. The unrooted phylogenetic tree was
computed by MAFFT from the multiple sequence alignment shown in Supplementary Figure 1 using the neighbor-joining method on 241 conserved sites
(substitution model = JTT; heterogeneity among sites (α) = ∞; bootstrap resampling = 100). The coloured dots at the branch extremities indicate whether
the protein is required for the organism viability and its current investigtion status.

Modular architecture of DEAH-box proteins
Structurally, DExD/H-box proteins contain of a highly conserved catalytic
core composed of two RecA-like domains that couples NTP hydrolysis with the
helicase activity. The helicase core domain is often flanked by N- and C-terminal
regions of variable length and sequence (Figure 4). While the core domain of
RNA helicases has been extensively investigated, much less is known about
the biological role of these N- and C-terminal regions. The helicase core of
DExD/H-box proteins is assumed not to contribute directly to the substrate
specificity of the enzyme because in all crystal structures, the highly conserved
helicase core region interacts only with the phosphoribose backbone of the
bound single-stranded nucleic acid and not with the nucleobases. In contrast to
the helicase core, the N- and C-terminal flanking regions are usually unique, with
the exception of certain identifiable sequence features. On several occasions,
these regions have been shown to provide substantial substrate specificity
through their interaction with RNAs or with protein partners that modulate the
activity and/or the specificity of the helicase (for reviews, see ref. 6,37). Thus, the
helicase flanking regions can be regarded as ancillary domains that endow the
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Ec

enzyme with specificity, thereby positioning the helicase core in close proximity
to its substrate.
DEAH-box RNA helicases differ from their DEAD-box counterparts,
insofar as their C-terminal region is conserved over 300 amino acids beyond
the helicase core region. First evidence of this distinctive feature emerged from
an early characterisation of the yeast spliceosomal DEAH-box proteins (36).
Since deletions of the C-terminal region resulted in the loss of interaction
with the spliceosome, it was initially assumed that this conserved region could
mediate the interaction of the helicase with the spliceosome. However, such a
scenario now seems less plausible, because all DEAH-box proteins, whether
they are implicated in splicing or not, contain a conserved C-terminal region
of 300 amino acid length [hereafter referred to as the ‘helicase associated’ (HA)
region; Figure 4]. Compared to the helicase core, the HA region has so far received
relatively little attention. Thus, its function is less well understood than that of
the helicase core. However, several experimental observations strongly suggest
its requirement for the proper function of DEAH-box helicase in vivo and in
vitro (41,113-118). Notably, deletion experiments carried out on the prototypical
Prp2, Prp16, Prp22 and Prp43 RNA helicases revealed that the most extreme
and non-conserved part of the C-terminal region was not essential (Figure 5).
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Figure 4 | Domain architecture of DEAH-box RNA helicases from bacteria, budding yeast and human. Proteins are aligned by the helicase core
region, which is shown as two adjacent green boxes. The conserved ATPase/helicase motifs I–VI are indicated within the helicase core region by darker
vertical bars. The conserved C-terminal helicase associated (HA) region is depicted as three adjacent blue boxes. All proteins and domains are shown to
scale. Ec, Escherichia coli; WH, winged-helix domain; OB-fold, oligonucleotide/oligosaccharide-binding fold domain.
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Figure 5 | Requirement of the helicase
associated (HA) region for DEAH-box
protein function. Phenotypic growth effects
of C-terminal deletions on the S. cerevisiae
spliceosomal DEAH-box proteins. The
position and the severity of the deletions
are indicated above the protein by coloured
arrows. All proteins and domains are shown
to scale.
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Conversely, severe growth defect phenotypes were observed for mutants
harbouring deletions in the HA region. The prevalence of the HA region among
DEAH-box proteins and its apparent functional significance strongly support
the idea that it constitutes an extension of the helicase core. Pattern and profile
searches of the HA region in other proteins indeed have revealed that this
domain is unique among DEAH-box proteins and is always associated with the
helicase core region. Further evidence for the importance of this conserved
sequence element came from the examination of the shortest DEAH-box
proteins. Interestingly, the human DHX33 and DHX35 consist exclusively of
the helicase core and the HA region and therefore represent minimal DEAHbox proteins (Figure 4). Taken together, these observations suggest that within
the DEAH-box family of helicases, the two RecA domains together with the
HA region define a minimal helicase enzymatic core region. Likewise, familyspecific C-terminal conserved flanking regions of the viral NS3, the RecQ- and
the Ski2-related helicases, being associated with the helicase core region, have
already been shown to contribute to the unwinding process (29,119,120).
Structural aspects of DEAH-box proteins
Until recently, a molecular understanding of DEAH-box helicase function
was significantly limited due to the unavailability of structural models. However,
two independent X-ray structures of the yeast spliceosomal Prp43 were released
in 2010 (113,121). In both models (RCSB PDB ID: 3KX2, 2XAU), full length
Prp43 was cocrystallised in the presence of ADP. The two studies have proposed
essentially the same structure, with a root mean square deviation (RMSD) of
0.27 Å for all corresponding Cα atoms.
Prp43 provides a good model for DEAH-box protein. Its amino acid
sequence displays explicit similarity with other members of the DEAH-box
family over 86 % of its length (Figure 6A). Only the first 70 amino acids and
the last 40 amino acids of its N- and C-terminal regions, respectively, are
unique to Prp43. Thus, as all DEAH-box helicases share the same domain
organisation (Figure 4), structural observations made on Prp43 helicase core and
HA regions can be readily extrapolated to the other members of the family.
The crystal structure of Prp43 reveals that the helicase core and the HA
region consist of five structural domains (Figure 6B and C). The helicase core
region consists of two abutting RecA-fold domains connected by a short linker.
The RecA domains 1 and 2 contain the composite helicase motifs involved
in ATP binding, hydrolysis and nucleic acid binding. The overall structure of
Prp43 helicase core region more resembles the core region of the viral helicases
than that of DEAD-box proteins (Figure 7A and Supplementary Figure 2). Like the
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Figure 6 | Structure of the yeast DEAH-box protein Prp43. (A) Schematic representation of the domain organisation and amino acid conservation
of S. cerevisiae Prp43 protein. The conserved ATPase/helicase motifs I–VI of the DEAH-box family are indicated within the helicase core region (HCR)
by vertical bars. The HCR is flanked by the N-terminal (NTR) and C-terminal (HA–CTR) regions of 68 aa. and 316 aa., respectively. Each residue of
Prp43 sequence is represented with a colour code that denotes its degree of conservation amongst various paralogous DEAH-box protein sequences
(Supplementary Figure 1). Similarity is shown in red for 100 %, yellow for 99–80 % and blue for 79–60 %. Average values of identity (Id.) and similarity
(Sim.) for NTR, HCR, HA and CTR regions are indicated. (B) Front and (C) side view of Prp43 structure (aa. 69–725). The unique NTR (aa. 1–68) and CTR
(aa. 726–767) are omitted for clarity. The five structural domains are coloured as in panel (A).

flavivirin NS3 related helicases [hepatitis C virus (HCV, ref. 122), Murray Valley
encephalitis virus (123) or yellow fever virus (124)], the RecA2 domain of Prp43
possesses a long and twisted antiparallel β-hairpin positioned between motifs
V and VI that inserts into a cleft of the HA region (Figures 6B and 7A). In NS3
helicases, the corresponding β-hairpin is assumed to act as a pivot point that
allows to lock the RecA2 domain orientation in the ADP state relative to the
rest of the molecule (125). Both the β-hairpin and the residues it contacts are in
overall highly conserved among various strains of virus.
The HA region of Prp43 consists of three distinct domains; two of which
displays an unanticipated structural similarity with the C-terminal region of the
HELQ-related archaeal Hel308 and Hjm DNA helicases (Ski2 family of helicases,
ref. 29,126; Figure 7B). This was an unexpected finding since Prp43 displays very
little sequence similarity (<10 % identity) with Ski2-related helicases (Supplementary
Figure 3). The two first domains of the HA region fold respectively into of a
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winged-helix (WH) motif and a seven-helix bundle. The WH motif is tightly
packed against the RecA1 domain, while the seven-helix bundle, referred as the
‘Ratchet’ domain in Hel308 owing to its putative function as a ratchet for nucleic
acid, binds across the two RecA-like domains. The third and last domain of
the HA region consists of an oligonucleotide/oligosaccharide-binding (OB)
motif arranged in a five-stranded β-barrel. The OB-fold domain is linked to the
Ratchet domain by an α‑helix, which extensively packs with the Ratchet domain.
Mechanism of rNTP binding and hydrolysis by DEAH-box
proteins
As for the other SF2 proteins, the catalytic site for rNTP hydrolysis in
Prp43 is located at the interface cleft of the two RecA-like domains. However,
the orientation of the nucleoside moiety differs appreciably from that observed
in other human SF2 helicases and more resembles that of the viral helicases.
In Prp43, the pyrophosphate moiety of the nucleotide is likewise orientated as
in DEAD-box proteins relative to motifs I and II. However, the adenine ring
is rotated by about 140° around the triphosphate axis compared to that in the
DEAD-box protein and points inward (Figure 8A). Unlike other families of SF2
helicases, DEAH-box proteins lack the Q-motif, which hydrogen-bonds to
the N6 and N7 positions of the adenine base, thereby providing ATP-binding
specificity (127,128). Instead, in Prp43, the adenine ring is stacked between the side
chains of an Arg residue from the RecA1 domain and the phenyl ring of a Phe
from RecA2 domain. The corresponding Arg and Phe residues are conserved in
almost all DEAH-box proteins, suggesting the existence of a similar nucleotide
binding site among members of the family (Supplementary Figure 1). By analogy to
the Q-motif, these two residues and the few conserved surrounding amino acids
will be referred to as the R- and the F-motifs, respectively (Figure 9). The R-motif
is located on an α‑helix positioned between domains Ia and Ib, while the F-motif
is situated on another α‑helix between domain IV and V. According to this
binding mechanism, the base moiety of the NTP is exclusively maintained by
hydrophobic effect. Hence the base is not specifically recognised by the helicase,
indicating why DEAH-box proteins are so promiscuous in term of their rNTP/
dNTP specificity (Table III and references therein).
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Figure 7 | Structural similarities between
Prp43 and the NS3 and Ski2-like helicases.
(A) Three-dimensional protein structure super
position of Prp43 helicase core (yellow, RCSB
PDB ID: 2XAU, aa. 105–451) with two flavivirin
NS3 related helicases [pink, 2WV9 (Murray
Valley encephalitis virus); cyan, 1YKS (yellow
fever virus)]. (B) Three-dimensional protein
structure superposition of Prp43 helicase core
and HA regions (yellow, 2XAU, aa. 90–634)
with the Ski2-related Hjm helicase (pink,
2ZJA). The adenosine cofactor is shown in
cyan for Prp43 and in blue for Hjm.

Chapter 1

14
Figure 8 | NTP binding by DEAH-box RNA
helicases. (A) ATP binding by DEAH-box
proteins versus DEAD-box proteins. Threedimensional protein structure superposition
of the helicase core of Prp43 (dark green,
RCSB PDB ID: 2XAU, aa. 105–451) with that
of the human DDX19 (violet, 3G0H, 60–466).
The adenosine cofactor is shown in green
for Prp43 and in violet for DDX19. The side
chains of Gln-119 (Q-motif, DDX19), Arg-159
(R-motif, Prp43) and Phe-357 (F-motif, Prp43)
are depicted as coloured sticks. (B) Closeup view of the NTP binding and hydrolysis
site of Prp43 in its open conformation state.
(C) Close-up view of the NTP binding and
hydrolysis site of the dengue virus DENV NS3
helicase (2JLV) in its closed conformation
state. The catalytic water is shown in red.

A

B

C

Apart from the newly identified R- and F-motifs, the nucleotide binding
pocket of DEAH-box proteins is formed by the helicases motifs I, II, V and
VI (Figure 8B). Motif I contains the characteristic P-loop and makes several
contacts with the triphosphate part of the nucleotide directly and through Mg2+
ion and water. The carboxyl groups of Asp-II* and Glu-II coordinate the Mg2+
ion of Mg∙ADP/ATP through outer-sphere electrostatic interactions. The
Glu‑II residue is also thought to act as a catalytic base during ATP hydrolysis. In
Prp43, several residues from motifs V and VI in the RecA2 domain also contact
the nucleotide. However, in both available Prp43 structures, the helicase was
crystallised with ADP in the open conformation state, which does not reflect
the correct positioning of the residues necessary for NTP hydrolysis. Closure
of the inter-domain cleft between the two RecA domains was shown to occur
upon cooperative binding of NTP and RNA by the helicase and provides the
cadre of the ATP binding and hydrolysis site (129,130). Structural basis of NTP
hydrolysis by Prp43 can be inferred from the analysis of the structurally related
dengue virus (DENV) NS3 helicase which was crystallised at several stages
along its catalytic cycle (129). Unlike the open conformation of Prp43, the closed
conformation state of the DENV NS3 helicase reveals that the RecA2 domain
interacts with the NTP through several amino acids from motif V and the
evolutionary conserved Gln-VI, Arg2-VI and Arg3-VI (Figure 8C). In both Prp43
and DENV NS3 structures, the 2′-hydroxyl group of the ribose is contacted
by residues from motif V. However, this interaction does not appear to play
a decisive role in discriminating rNTPs from dNTPs, since Prp43 along with
*

Hereafter, the conserved amino acids of the helicase motifs will be designated as follow: the
amino acid in question is referred using the three letter code; the subscript index (when neces
sary) corresponds to the rank of the amino acid when presents in multiple instances in a given
motif; the roman numeral refers to the helicase motif. E.g. ‘Arg3-VI’ denotes the third conserved arginine in helicase motif VI (QRxGRAGR).
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many other DEAH-box proteins can irrespectively hydrolyse dNTPs besides
rNTPs (96,107,118,131,132). In the closed conformation state, the Lys-I bridges
the β- and γ-phosphates and is thought to coordinate the γ-phosphate during
the hydrolysis step (133,134). On the RecA2 domain, Arg2-VI was proposed to
function like an ‘arginine finger’ (135). It contacts the γ-phosphate and might
stabilise the transition state in the course of ATP hydrolysis (27,134,136). In
addition, the conserved Glu-II and Gln-VI residues are in close proximity. Their
side chain hydrogen-bond a water molecule which is positioned at right distance
for an in-line nucleophilic attack of the γ-phosphate. Activation of the catalytic
water was proposed to occur through proton transfer to the Glu-II and/or
polarisation by Gln-VI (129). Following hydrolysis of the β–γ phosphoanhydride
bond of the bound rNTP, both phosphate and rNDP moieties are released from
the inter-domain cleft.
In addition to these structural data, several mutagenesis studies carried
out essentially on the prototypical DEAH-box proteins Prp2, Prp16, Prp22
and Prp43 have confirmed the significance of the conserved amino acids in
motifs I, II and VI for the ATPase activity of DEAH-box proteins (Table II and
references therein). In particular, amino acid substitution of the conserved
Lys-I, Asp-II, Glu-II and Gln-VI residues have been shown to reduce the
ATPase activity of wild-type proteins by more than 90 %. Finally, the allosteric
conformational changes of the catalytic site for ATP hydrolysis in response to
RNA binding clarify the causes of the cooperativity between rNTPs and nucleic
acid binding (137) and explains the substantial stimulation of the basal ATPase
activity of DEAH-box proteins in the presence ssRNAs (32,41,48,83,94,107).
Mechanisms of ssRNA binding by DEAH-box proteins
Although Prp43 was not crystallised together with a bound
oligoribonucleotide, insight into the bases of RNA recognition by DEAH-box
proteins can be inferred from the study of the archaeal Hel308 (RCSB PDB

Figure 9 | NTP and nucleic acid binding
by conserved ATPase/helicase motifs
in DEAH-box proteins. In Prp43, the NTP
cofactor is contacted directly or undirectly by
several residues from motifs: I, R, II, III, F, V
and VI. The numbered yellow dots above the
sequence logos refer to the part of the NTP
moiety they bind. Motifs Ia, Ic, Ib, IV, IVa and
V are implicated in single-stranded nucleic
acid binding. The pink diamonds beneath
sequence logos denotes amino acids that may
contact the translocating nucleic acid. These
residues have been mapped based on the
structural similarity between Prp43 and NS3 or
Hel308 helicases which have been crystallised
in complex with nucleic acids (Supplementary
Figures 2 and 3). All the sequence logos
were constructed from the multiple sequence
aligment shown in Supplementary Figure 1.
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Figure 10 | Nucleic acid binding motifs
in helicase core region of HCV NS3 and
Prp43 DEAH-box helicases. (A) Surface
representation of HCV NS3 helicase core
region (RCSB PDB ID: 3KQL, aa. 189–481)
in complex with ssDNA (dA6, yellow). The
conserved helicase motifs (Ia, Ic, Ib, IV, IVa
and V) implicated in binding of single-stranded
nucleic acid are depicted in colour with
transparency surface. Amino acids that make
direct contacts with the oligodoxynucleotide are
shown as sticks. (B) Surface representation of
Prp43 helicase core (2XAU, aa. 69–451) in the
same orientation as NS3 in panel (A). Amino
acids that may form direct contacts with the
translocating nucleic acid are depicted as
coloured sticks.
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motif Ib

motif IVa

motif Ic

motif IV

motif V

ID: 2P6R) and the viral NS3 (RCSB PDB ID: 2JLV, 3KQL) helicases which
have been crystallised in complex with nucleic acids. In both Hel308 and NS3
structures, the single-stranded nucleic acid is located in the groove that separates
the helicase core from the C-terminal region (29,122,129). The nucleic acid is
extensively contacted by residues localised in the loops between secondary
structure elements from the two RecA-like domains. Both the location and
polarity of the bound nucleic acid are similar to that previously observed in
DEAD-box protein–RNA complexes (27,133,138,139). The RecA1 domain binds
the 3′‑end of the nucleic acid substrate through motifs Ia, Ib and Ic while motifs
IV, IVa and V from the RecA2 domain binds the 5′‑extremity. Motif Ic is located
between motifs Ia and Ib and is equivalent to the GG-doublet found in many
DEAD-box helicases (31). As for motif IVa (140), which is situated between motifs
IV and V, it corresponds to the QxxR motif of DEAD-box proteins. Nucleic
acid binding by Hel308 and NS3 proteins is similar to that found in DEAD-box
proteins, insofar as the helicase motifs Ia, Ib, Ic, IV, IVa and V interact essentially
in a sequence-independent manner with the phosphoribose backbone of the
single-stranded nucleic acid. No interaction occurs between the helicase core
and the bases of the nucleic acid, explaining the lack of sequence specificity.
However, direct contacts to the 2′-hydroxyl groups of the ribose moieties leads
to discrimination against DNA as a substrate. Finally, several contacts to the
nucleic acid involve only the peptide backbone, explaining the occasionally low
sequence conservation of the nucleic acid binding motifs (Figure 2A).
Superposition of Prp43 with either Hel308 or NS3 revealed that Prp43
contains a similar single-stranded nucleic acid-binding cavity, formed by the two

Introduction
RecA-like domains and the three domains of the HA region. As for Hel308 and
NS3, the conserved motifs Ia, Ib, Ic, IV, IVa and V of Prp43 are positioned at the
interface of the cavity and superpose remarkably well on those of Hel308 and
NS3 (Figure 10 and Supplementary Figures 2 and 3). Actually, little is know regarding
the functional contribution of motifs Ia, Ib, Ic, IV, IVa and V in single-stranded
nucleic acid binding by DEAH-box proteins. In Prp43, motif Ia may contact
RNA through conserved Pro-Ia and Arg2-Ia residues. The corresponding amino
acids in DEAD-box, Hel308 and NS3 helicases make contact with nucleic acid,
and mutation of Arg2-Ia residue in Prp22 and Prp43 proteins causes a coldsensitive phenotype (118,141). Motifs Ib, Ic and IVa have not been investigated by
mutagenesis in DEAH-box proteins and putative nucleic-acid binding residues
depicted in Figure 9 were proposed solely based on structural similarity between
Prp43 and NS3 or Hel308 helicases. The conserved Thr1-V residue in RecA2
domain likely contacts RNA in DEAH-box proteins. Mutation of the equivalent
residues in Prp22 and Prp43 affects both helicase and RNA-dependent ATPase
activities and prevents the mutated proteins to complement the corresponding
∆prp22 and ∆prp43 yeast strains (118,141). Substitution of Thr1-V residue, in
contrast, does not affect the RNA-independent ATPase activity, indicating that
this mutation in motif V does not impair the ability to hydrolyze ATP but rather
affect the responsiveness to RNA cofactors. In the crystal structures of DENV
NS3 or Hel308, the Thr1-V contacts a phosphate in the nucleic acid (29,129).
Similarly to Prp22 and Prp43, replacing the corresponding threonine by alanine
abolished NS3 helicase activity while mutated NS3 protein retained basal ATPase
activity, which could not be stimulated by nucleic acid (142).
Besides the two RecA-like domains, RNA is also likely contacted by the
HA region in DEAH-box proteins. As mentioned earlier, the two first domains
of the Prp43 HA region are structurally homologous to the WH and Ratchet
domains of HELQ-related DNA helicases. Both WH and Ratchet domains
have been shown to contact nucleic acid in Hel308 structure (ref. 29; Supplementary
Figure 3). Opposing interactions between residues of the Ratchet domain and
the base moieties of the single-stranded nucleic acid were proposed to provide
further stabilisation of the unwound nucleic acid and are probably important for
translocation processivity. In particular, the last 25 amino acid-long α‑helix of
the Hel308 Ratchet domain constitutes an ideal hook for directional transport
of ssDNA across the two RecA-like domains. The stacking of Arg-592 and
Trp‑599 of this helix with DNA base moieties is assumed to function as a
ratchet on the nucleic acid strand, which would allow Hel308 to processively
translocate along the single-strand nucleic acid to unwind the DNA duplex (29).
Prp43 and other DEAH-box proteins contain a similar long α‑helix at the end
of their Ratchet domain (Figure 6B and Supplementary Figure 3). Although the Hel308
Arg-592 and Trp-599 residues are not conserved among DEAH-box proteins,
others residues from the ratchet helix may form stacking interactions with the
base moieties of the bound nucleic acid. Hence, the corresponding ratchet helix
might also function similarly in DEAH-box proteins.
Finally, the last domain of the HA region of Prp43 and other DEAH-box
proteins consists of an OB-fold domain which is also supposed to contribute
to single-stranded nucleic acid binding (113). OB-folds have been shown to bind
various ligands, such as single-stranded nucleic acids, oligosaccharides, proteins,
metal ions and catalytic substrates (143). Interestingly, a DALI search for
structural homologues (144) reveals that Prp43 OB-fold domain is most closely
related to OB-folds found in cold shock proteins (Csps). Csps comprise a family
of small proteins (7–8 kDa) that are structurally highly conserved and bind
to single-stranded nucleic acids through their five-stranded β-barrel OB-fold
domain (145,146). Csps function as RNA chaperones by preventing formation
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of stable secondary structures of RNA which occurs under suboptimal
temperatures. Structural alignment of Prp43 OB-fold domain with the bacterial
CspA and CspB proteins reveals only moderate degree of sequence similarity
(Supplementary Figure 4A and B). However, residues from the two RNP motifs by
which Csps bind single-stranded nucleic acids are also conserved in Prp43. The
nucleic acid-binding interface in OB-fold domains is generally defined by the
groove formed by the β2 and β3 strands, and the loops L12, L3η and L45 (147).
In Prp43, the OB-fold domain is optimally orientated to interact with RNA at
the entrance of the nucleic acid cavity and may provide extra stabilisation of
the unwound RNA strand (Supplementary Figure 4C). The substantial contribution
of the OB-fold domain in RNA-binding by Prp43 was confirmed in vitro by
deletion or mutation experiments which resulted in defective Prp43 proteins

Resi.

Motif

Table II | Phenotypes resulting from mutations of helicase motifs in five prototypical DEAH-box RNA helicases. A, ATPase activity; B, nucleic acid
binding; F, biological function; G, cell growth; H, helicase activity; −, reduced activity; n, normal activity; +, enhanced activity.
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R430A G−

Introduction
with reduced RNA-dependent ATPase and RNA-binding activities (113).
Furthermore, the importance of the OB-fold domain for the proper function
of DEAH-box proteins in vivo is indicated by the results of deletion experiments
with Prp2, Prp16, Prp22 and Prp43, which revealed that DEAH-box proteins
with truncated OB-fold domain could not rescue the corresponding null mutant
allele in yeast (ref. 41,114,115-117; Figure 5).
In sum, it emerges that DEAH-box proteins bind to ssRNA using residues
from both the helicase core and the adjacent C-terminal HA region. Nevertheless,
due to the lack of structural and functional studies, it is still difficult to provide
a more detailed overview of how these helicases grasp RNA. Besides, it should
be kept in mind that many DEAH-box helicases harbour as well additional
classical RNA-binding motifs and/or low complexity sequences in their N- and
C-terminal flanking regions that can also confer extra affinity or specificity for
some nucleic acid structures (ref. 148; Figure 4).

Insight into RNA unwinding by DEAH-box RNA
helicases
With the exception of Prp2 and DHX29, all DEAH-box proteins whose
unwinding activity has been investigated in vitro demonstrate rNTP-dependent
nucleic acid strand separation activity (Table III and references therein). Although
DEAH-box proteins are not as processive as the hexameric DNA helicases
which unwind thousands of base pairs, most of the DEAH-box RNA helicases
display higher processivity than DEAD-box proteins and can readily dissociate
a 30-bp RNA duplex. Unfortunately, there is currently almost no structural and
mechanistic data available on how DEAH-box proteins catalyse RNA strand
separation.
Many structural and functional studies have evidenced that DExD/H-box
proteins undergo conformational transitions in the course of their NTPase and
helicase activities. However, the molecular mechanisms by which ATP hydrolysis
is coupled to structural changes in the RNA substrates are somehow not fully
understood. The greater part of the knowledge about nucleic acid unwinding by
SF2 helicases follows from studies of DEAD-box and flavivirin NS3 helicases.
However, because SF2 helicases are forming a large and versatile group of
functionally and structurally diverse proteins, there is no emerging consensus
and several different working models have been proposed. In particular, the
recent observations made on the non-processive DEAD-box proteins are quite
difficult to transpose on helicases of the DEAH-box family. The latter presents
a much greater structural ressemblence to helicases of the Ski2-like family
for which little information is currently available. Actually, from a structural
perspective, DEAH-box proteins rather look like a sort of hybrid protein family.
Their helicase core region shares a remarkable resemblance with that of viral
NS3-like helicases whereas a major part of their HA region is structurally similar
to the C-terminal WH and Ratchet domains of Ski2-like helicases (113,121).
Therefore one of the main challenges lies in adapting the most recent functional
models developed for NS3 or Ski2-related helicase to DEAH-box proteins.
Coupling of rNTP hydrolysis with nucleic acid strand separation
First evidence that DExD/H-box proteins convert chemical energy
released by rNTP hydrolysis into mechanical force leading to the disruption of
nucleic acid structures was obtained by mutagenesis studies. Substitution of a
few amino acids in the helicase motifs III, IV and V has indeed been reported
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to uncouple NTP-hydrolysis from duplex unwinding without severely affecting
binding of rNTP or nucleic acid (41,118,141,150,154-156).
Motif III was initially suggested to couple ATP binding and hydrolysis to
helicase activity, since mutation in this motif drastically interfered with substrate
unwinding without affecting ATP binding and hydrolysis in vitro (150,154156). However, there is a notable divergence of observations for the effects
of the mutations of motif III on different SF2 proteins in vitro and in vivo. In
some helicases, mutations in motif III cause a loss of rNTPase activity (157).
Furthermore, the role of this motif remains somewhat ambiguous, as mutations
do not always impair protein function in vivo (41,115,158,159). Recently, motif III
was proposed to facilitate the proper alignment of the two RecA-like domains in
response to rNTP binding and to create a high-affinity binding site for RNA (160).
In most of the DExD/H-box protein, motif III bridges residues from motifs
II and VI as well as the γ-phosphate (27,133,138,139). Indeed, Ser-III and Thr‑III
residues form hydrogen bonds with His-II and Gln-VI, respectively (Asp2-II
and His-VI in DEAD-box proteins), and Ala-III contacts the γ-phosphate of
rNTP through a water molecule (Figure 11A). Therefore, motif III is optimally
positioned to coordinate the conformational reorganisation of the helicase core
in response to rNTP binding.
Actually, structural studies of DExD/H-box proteins have revealed the
existence of a vast network of non-covalent interactions between the various
conserved helicase motifs that may convey the nucleotide-binding state to
the RNA-binding motifs and contribute thereby to RNA unwinding (28). For
instance, in DEAD-box proteins, the rNTP-binding motif VI contacts the
RNA-binding motif IV through van der Waals and cation‑π interactions between
the side chains of the conserved Phe-IV and Arg1-VI residues (161). Likewise,
these two residues are highly conserved among DEAH-box proteins (Figures 2A
and 9). In the reported two structures of Prp43, Phe-IV and Arg1-VI residues
are properly positioned to form energetically significant cation-π interactions
(−2.49 ± 0.08 kcal∙mol−1; Figure 11B) as predicted by CaPTURE (162). Furthermore,
as for DEAD-box proteins, mutations of either Phe-IV or Arg1‑VI residues
in DEAH-box proteins entailed a loss-of-function phenotype in vivo and
in vitro (Table II and references therein). As Phe-IV mutants are still ATPaseproficient but failed to unwind dsRNA (141), Phe-IV along with Arg1‑VI may
couple rNTP binding and hydrolysis to a mechanical step that promotes duplex
Figure 11 | Inter-motif interaction network
around the rNTP binding site. (A) Closeup view of the NTP binding and hydrolysis
site of the dengue virus DENV NS3 helicase
(2JLV). In the closed conformation state, motif
III (orange) is optimally positionned to bridge
helicase motif II (red) in the RecA1 domain
with motif VI (light blue) in the RecA2 domain.
(B) Close-up representation of the intermotif interaction between the nucleic acid
binding motif IV and the rNTP binding motif
VI in Prp43. Motifs IV (green) and VI (blue)
interact through van der Waals and cation-π
interactions through the side chains of
Phe‑309 (motif IV) and Arg-424 (motif VI). The
mesh around residues Phe‑309 and Arg‑424
depicts the electron density map. In motif IV,
amino acids that may form direct contacts with
the translocating nucleic acid (Thr-311 and
Glu-313) are depicted as sticks.
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unwinding. Similarly, (Ile/Leu)2-V and Thr3-V have also been proposed to link
rNTP hydrolysis to the RNA cofactor (118,141). Motif V is unusual with regard
to the other helicase motifs, because it is the only motif that interacts with both
nucleic acid and ATP (27,122,129). Although Prp22 and Prp43 proteins with
mutations in (Ile/Leu)2-V and Thr3-V residues are still capable to bind RNA and
to hydrolyse ATP, they failed to catalyse RNA unwinding and mRNA release
from the spliceosome.
Translocation and unwinding mechanism
Almost all DEAH-box proteins tested in vitro unwind nucleic acid structures
with a 3′-to-5′ polarity (Table III and references therein). However, considering the
relative paucity of experimental studies, the molecular details of the translocation
and unwinding mechanisms for DEAH-box proteins remain purely speculative.
Considering the structural resemblance between Prp43 and Hel308 helicases,
Walbott et al. (113) proposed a mechanism for DEAH-box protein translocation
and unwinding based on Hel308 model (29). It was suggested that rNTP binding
entails the closure of the inter-domain cleft in the helicase core resulting in a
3′-to-5′ translocation of the ssRNA overhang across the RecA1 domain by one
nucleotide. This conformational transition is assumed to cause the displacement
of the so-called ‘ratchet helix’ in the HA region and pull the ssRNA across the
RecA1 domain. The RecA2 domain is supposed to regain its initial state upon
rNTP hydrolysis and/or phosphate release. This would permit the antiparallel
β-hairpin from RecA2 domain to disrupt one base-pair from the dsRNA
structure (Figure 12). Actually, this model of translocation is reminiscent of the
Brownian motor mechanism put forward to explain the 3′-to-5′ translocation
and nucleic acid unwinding by HCV NS3 helicase (163). According to this model,
the helicase alternates between tight (ATP-free, open conformation) and weak
(ATP-bound, closed conformation) RNA binding conformational states as a
result of its ATPase activity. In the ATP-bound conformation, the helicase form
fewer contacts with the ssRNA and could potentially slide either upstream or
downstream of its current position. The net unidirectional translocation follows
from the presence of residues which function as a ratchet and prevent the
helicase to slide backward (122).
Finally, it is currently impossible to predict whether RNA unwinding
by DEAH-box proteins resort to a passive or an active mechanism. Recent
structural work on HCV NS3 helicase indicates that the Brownian motor model
could be compatible with a passive unwinding mechanism (164). According
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Figure 12 | Model for the translocation and unwinding mechanism by DEAH-box proteins.  In the open (NTP-free) conformation state, the helicase
is supposed to bind avidly to the translocating ssRNA sequence.  The closure of the inter-domain cleft between the two RecA domains occurs upon
cooparative binding of NTP and RNA. This conformational transition is assumed to be accompanied by a translational motion of the ratchet helix in the HA
region. The ratchet helix functions as a hook and drags the ssRNA across the RecA1 domain.  NTP hydrolysis and/or phosphate release may allow the
RecA2 domain to get back to its inital state. During this last step, the protruding β-hairpin from RecA2 domain may work as a wedge that passively separates
the two complementary strands by disrupting base stacking interactions.
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to such a model, nucleic acid strand separation would simply result from the
directional translocation of the helicase. Considering the structural resemblance
between NS3 and the archaeal Hel308 helicase, it was hypotesised that the
protruding antiparallel β-hairpin in the RecA2 domain may function as a
wedge to physically separates the dsRNA substrate (165). However, one cannot
exclude the possibility that NS3-related and DEAH-box proteins resort to a
more active unwinding mechanism. As it stands, there is a clear need of more
structural and functional studies in order to get a better understanding of the
mechanism whereby DEAH-box proteins couple rNTP-hydrolysis to directional
translocation and RNA unwinding.

Table III | Nucleotide specificity, helicase polarity and nucleic acid substrate characteristics of
some characterised DEAH-box RNA helicases. rNTP, unspecific rNTPase activity; dNTP, unspecific dNTPase activity; ND, not determined.
Protein

rNTPase

dNTPase

Helicase
activity

Polarity

RNA stem
substrate

Ref.

Prp2

rNTP

ND

ND

ND

ND

(107)

Prp16

rNTP

dNTP

Yes

3′ → 5′

18 nt dsRNA

(96,166)

Prp22

rNTP

dNTP

Yes

3′ → 5′

29-40 nt dsRNA (48,131,141)

Prp43

rNTP

dNTP

Yes

Bidirectional?

30 nt dsRNA

(118)

MLE

rNTP

ND

Yes

3′ → 5′

40 nt dsRNA

(57,148)

RHA

rNTP

ND

Yes

3′ → 5′

29 nt dsRNA

(132)

DHX29

rNTP

ND

Poor

ND

10 nt dsRNA

(83)

CG9323

ND

ND

Yes

ND

5 nt G4-RNA

(88)

RHAU

rNTP

dNTP

Yes

3′ → 5′

5 nt G4-RNA

(89)
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Guanine-quadruplex nucleic acid structures
In cells, double-stranded nucleic acid is the most common and widespread
form of substrate for helicases. Nonetheless, single strands of nucleic acids can
also embrace a multitude of non-canonical and stable secondary structures that
also need to be resolved (169-171). Notably, DNA and RNA sequences containing
tandem repeats of guanine tracts can form G-quadruplexes (G4) motifs, a
thermodynamically stable four-stranded helical arrangement (for reviews, see
ref. 172,173). The building block of G4 structures is the G-quartet (aka G-tetrad),
a square-planar assembly of four guanines held together by Hoogsteen hydrogen
bonding (Figure 13A and B). G4 structures follow from the consecutive π-stacking
of two or more G-quartets (Figure 13C) and are further stabilised by alkali metal
cations such as Na+ or K+ that position along the helix axis and coordinate the
O6 keto oxygens of the tetrad-forming guanines (Figure 13B and C; ref. 174,175). G4
scaffolds are extremely polymorphic regarding the relative orientation of strands
(parallel, antiparallel or mixed configurations), the glycosidic conformation of
guanine (syn or anti), as well as for the length, sequences and conformations of
the loops connecting the G-tracts. In addition, in vitro, G4 can follow from the
assembly of one (intramolecular G4) or more (bi- or tetramolecular-G4) nucleic
acid strands (Figure 13E).
Historical aspect
The propensity of GMP or guanine-rich sequence of nucleic acids to
self-assemble into G4 in vitro has now been recognised for over 50 years (176).
As early as 1910, concentrated solution of guanylic acid were reported to be
extremely viscous and, if cooled, to form a clear gel (177). The observation that
guanosine 5′-monophosphate (GMP) forms helical aggregates with four units
per helical step dates back to the pioneering work in the 1960s by Gellert and
Davies (Figure 13B; ref. 167). Such an arrangement of guanines was proposed as
an explanation for the remarkable stability of macrostructures resulting from
the assembly of tri- and tetranucleotides of deoxyriboguanylic acid observed
in the course of the same year by Ralph and co-workers (Figure 13D; ref. 168).
Nevertheless, because of the lack of evidence that such structures really exist
in vivo, G4 structures were considered for more than two decades as a structural
curiosity without relevance for living organisms. In the late 1980s and early 1990s,
nucleic acid was rediscovered to adopt a variety of atypical structures in addition
to the canonical Watson-Crick conformation (178,179). This sudden increase of
interest in these singular structures resulted from the discovery that guaninerich sequences from a variety of functional genomic regions such as telomeres
or immunoglobulin class switches could adopt G4 conformations under near
physiological conditions (179-183) along with the finding that formation of G4
telomeric structures hindered the activity of telomerase in vitro (184).
Evidence for the existence of G4 nucleic acid structures in vivo
While G4 structures have been extensively investigated in vitro, thus far,
direct experimental demonstration of their existence in vivo is sorely lacking.
Nevertheless, a large number of observations provide circumstantial evidence
for the existence and the physiological relevance of G4 structures in cells.
Firstly, a large number of biochemical and biophysical studies have shown in
vitro that stable G4 structures can form spontaneously from G-rich regions
of single-stranded nucleic acid under near physiological conditions (173,185).
Secondly, genome-wide computational surveys showed that the incidence of
potential intramolecular G4-forming sequences (PQS) in the human genome
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Figure 13 | Guanine-quadruplex nucleic acid structures. (A) Molecular diagram of the GMP unit in the anti-glycosidic conformation. Interconversion
between the anti- and syn-conformations arises upon rotation of the base around the glycosidic bond. In the G-quartet motif, each guanine unit serves as
both donor and acceptor of two hydrogen bonds (Hoogsteen bondings). (B) A colourised version of the original representation of the G-quartet motif as
proposed by Davies and colleagues in 1962 (167). The G-quartet consists of a cyclic and planar array of four guanine bases linked by Hoogsteen hydrogen
bonding (cyan dashes). In 1978, Miles and Fraser suggested that G-quadruplex structures could be further stabilised by axial ions. The monovalent or
divalent cations (M+) reside between two successive G-quartets and each ion coordinates (violet dashes) eight O6 keto oxygens. (C) Crystal structure of
the potassium-containing antiparallel bimolecular G4 scaffold formed from the Oxytricha nova telomeric d(GGGTTTTGGG) sequence. The two diagonal
d(TTTT) connecting loops are omitted for clarity. (D) Thermodynamic stability analysis of DNA macrostructures resulting from the assembly of tetradeoxyribunucleotide d(GGGG) sequences by Ralph and colleagues in 1962 (168). (E) A non-exhaustive schematic representation of the structural diversity
for G4 scaffolds. –, tetramolecular G4; &, bimolecular G4; –, intramolecular G4; ,&, all-parallel strand orientation.
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is about a third lower than would be expected by chance, suggesting that they
were subjected to natural selection over time (186,187). Even so, these studies
still identified more than 300'000 PQS within the human genome (186,188) and
revealed a higher prevalence of these sequences in functional genomic regions
such as telomeres (182,183), promoters (187,189), untranslated regions (UTRs,
ref. 190,191), and first introns (192). Taken together, these observations show that
PQS are not randomly distributed in the genome and that they may participate in
regulating various nucleic acid processes, such as telomere homeostasis (193), the
control of gene expression (194) or the initiation of DNA replication (195). In
support of these observations, several recent findings concur with the existence
of G4 structures in cells. Indeed, both a G4-specific dye and antibodies raised
against telomeric G4-DNA specifically stained telomeres in human and ciliate
cells, respectively (196-198). In addition, several PQS in promoters were shown to
form stable intramolecular G4 structures in vitro and to affect gene expression
in vivo (199,200). A possible contribution of G4 to regulating promoter activity
was indicated by impairment of the transcriptional activity of several genes by
G4-stabilising ligands (200) or a single-chain antibody specific for intramolecular
G4-DNA (201), in a manner correlating with the occurrence of predicted G4
structures in the control regions (202).
Like DNA, RNA can also form G4 structures. Although, to date, G4RNAs have not attracted as much attention as their DNA counterparts, the
formation of G4 structures in RNA is emerging as a plausible regulatory factor
in gene expression. RNA is more prone than DNA to form G4 structures due
to its single-strandedness, and G4-RNAs have also proved to be generally more
stable than their cognate G4-DNA under near physiological conditions (203206). Bioinformatics analyses of human 5′-UTR sequences revealed potential
G4-forming motifs in as many as 3'000 different RNAs (190,207). Moreover, the
formation of G4 structures in 5′-UTR was shown to impede translation initia
tion (190,208-210). Given that PQS have also been identified within IRES (211,212)
or near splicing (213-216) and polyadenylation sites (217-219), G4 formation
may as well affect RNA metabolism at several different stages. Furthermore,
formation of parallel G4-RNA structures has also been reported for telomeric
RNA repeats (TERRA, ref. 220,221-223) and for the human telomerase template
RNA (TERC/hTR, ref. 224), suggesting that G4-RNA may also occur in noncoding RNAs.
G4 binding and unwinding proteins
Although evidence is accumulating for the existence of G4 structures in
cells, it is still unclear whether regulatory functions can be imputed to these
structures or whether they should merely be regarded as non-functional
misfolded conformations of nucleic acids. Nevertheless, G4 structure formation
can constitute an obstacle for gene expression or DNA replication and, hence,
be a possible source of nuisance for the cells if not resolved (239-242). However
because of their elevated stability, in vivo conversion of G4 structures to singlestranded nucleic acid requires specialised proteins with G4 destabilising or
unwinding activities. Among these proteins, several DNA helicases such as the
RecQ family proteins BLM (227,243), WRN (226) and Sgs1 (244), the Rad3-like
family proteins FANCJ/DOG-1 (228) and DDX11 (aka ChlR1, ref. 230), as well
as the SF1 helicases Pif1 (Pif1-like helicase, ref. 233,245) and Dna2 (Upf1-like
helicase, ref. 246) have been shown to manifest ATP-dependent G4 resolving
activity in vitro (Table IV). Consistent with these observations, several functional
studies underscored the fundamental role played by these helicases in the
maintenance of G-rich genomic regions (22,23,228,239,240,247-249). Notably, several
inherited human diseases, characterised by genomic instability, high cancer
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predispositions or premature aging are caused by loss-of-function mutations in
RecQ (Werner and Bloom syndromes), FANCJ (Fanconi anemia) and DDX11
(Warsaw breakage syndrome) helicases (231,250-253).
Table IV | G4 unwinding polarity, G4 substrate specificity and loss of function phenotype for mammalian G4 helicases.
ND, not determined. Adapted from Wu and Brosh (225).
Protein

Polarity

G4 substrate

Loss of function phenotype

Ref.

WRN

3′ → 5′

G4-DNA

Werner syndrome: premature aging, genomic instability.

(22,226)

BLM

3′ → 5′

G4-DNA

Bloom syndrom: cancer, elevated sister-chromatid exchanges,
genomic instability.

(22,227)

FANCJ

5′ → 3′

G4-DNA

Fanconi anemia, breast cancer, defective interstrand cross-link
repair and slow S phase progression.

(23,228,
229)

DDX11

5′ → 3′

G4-DNA

Warsaw breakage syndrome: abnormal sister chromatid cohesion,
chromosomal breakages.

(230-232)

Pif1

5′ → 3′

G4-DNA

Possible telomere defects.

(233,234)

Dna2

5′ → 3′

G4-DNA

Cell-cycle delay and aberrant cell division, genomic and mitochondrial DNA instability.

(235,236)

RHA

ND

G4-RNA, G4-DNA

Early embryonic (E7.0) lethality for Rha−/− knockout mice.

(237,238)

RHAU

3′ → 5′

G4-RNA, G4-DNA

Early embryonic (E7.5) lethality for Rhau−/− knockout mice.

(33,89,90)

In the last few years, a growing number of proteins have also been
discovered to interact with various synthetic and bona fide G4-RNA
structures (Table V). Among these G4-RNA binding proteins, two DEAHbox RNA helicases (RHA/DHX9 and RHAU/DHX36) have been shown to
unwind synthetic tetramolecular G4-RNA structures in vitro (89,238). However
little is known regarding the in vivo substrate of these helicases as their actual
roles as G4 resolving enzymes in cells. Actually, the only reliable evidence of
proteins functioning as potential regulators of G4 structures in RNA biology
emanate from studies of the fragile X mental retardation proteins FMRP and
FMR2P. FMRP is an RNA-binding protein showing high affinity for G4-RNA
structures in vitro and preferentially binding to RNAs bearing PQS in vivo (254).
FMRP was proposed to function as a translational repressor through its
interaction with G4 structures in RNA. Protein expression of several FMRP
target RNAs was notably found to be inversely correlated with levels of FMRP
in cells (255-258). Alternatively, FMRP as well as the functionally related FMR2P
Table V | Mammalian G4-RNA binding proteins and their identified G4-containing target RNAs. ND, not determined. Adapted
from Millevoi et al. (260).
Protein

Description

G4-RNA related activity

In vivo G4-RNA targets

Ref.

AFF4

AF4/FMR2 family member

G4 binding protein

ND

(261)

CBF-A

hnRNP family member

G4 stabilising protein

FMR1 5′-UTR (CGG)n repeats

(262)

EWS

Ewing sarcoma breakpoint region 1

G4 binding protein

ND

(263)

FMRP

Fragile X mental retardation protein

G4 stabilising protein

FMR1 exon 15, TCF19, MAP1B

(254)

FMR2P

AF4/FMR2 family member

G4 binding protein

FMR1 exon 15

(259)

hnRNP A2

hnRNP family member

G4 destabilising

FMR1 5′-UTR (CGG)n repeats

(262)

hnRNP D0

hnRNP family member

G4 binding protein

ND

(264)

hnRNP H/F

hnRNP family member

G4 binding protein

TP53 3′-UTR

(219)

LAF-4

AF4/FMR2 family member

G4 binding protein

ND

(261)

MSP58

58-kDa microspherule protein

G4 binding protein

ND

(265)

RHA

DEAH-box family helicase

G4 unwinding

ND

(238)

RHAU

DEAH-box family helicase

G4 unwinding

ND

(89)

TRF2

Shelterin complex component

G4 binding protein

TERRA

(266)

XRN1

5′ → 3′ exoribonuclease

G4 ribonuclease

ND

(267)
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were both shown to act as a splicing regulator of various genes harbouring G4
motifs close to alternative splicing sites (215,259). As for the majority of recently
identified G4-RNA binding proteins, there is still a relative lack of functional
studies demonstrating causal links between their in vitro G4-related biochemical
properties and known biological processes. However, this situation will no doubt
change considering the abundance of PQS in RNAs and the recent gain of
interest in this research field.
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The RNA helicase RHAU
RHAU (alias DHX36 or G4R1) is a human RNA helicase of the DEAHbox family. RHAU acronym stands for ‘RNA helicase associated with AUrich element’ reflecting the fact the protein was initially identified as a factor
associated with the 3′-UTR AU-rich element (ARE) of the urokinase-type
plasminogen activator (uPA) mRNA (32).
Structural aspects
RHAU is a 1008 amino acid-long modular protein (Figure 14). It consists of
a ~440-amino-acid helicase core comprising all signature motifs of the DEAHbox family of helicases as well as N- and C-terminal flanking regions of about
180 and 380 amino acids, respectively. Like all the DEAH-box proteins, RHAU
harbour a HA domain adjacent to the helicase core region that occupies 75 %
of the C-terminal region. Based on comparative sequence analysis, RHAU has
clear orthologues in almost all species of the animal kingdom ranging from
choanoflagellates to humans (Supplementary Figure 5). A multiple sequence alignment
between eight of these orthologues showed the helicase core (aa. 183–625)
together with the C-terminal region (aa. 626–1008) of RHAU to be evolutionary
conserved (Figure 14). In contrast, sequence in the N-terminal region (aa. 1–182)
show little similarity with the exception of a cluster of 13 highly conserved
amino acids, termed RSM (RHAU specific motif, aa. 54–66; ref. 268). The RSM
domain does not share any similarity with any known functional sequence
elements and proved to be highly specific to RHAU, hence its name. Vertebrate
forms of RHAU harbour also a ~40 amino acid-long low-complexity Gly-rich
domain immediately upstream of the RSM domain.
1

Id. / Sim.

NTR

HCR

182 183

33% / 45%

625 626

64% / 78%

CTR

1008

58% / 72%

RHAU
I

Gly-rich (aa. 10−51)

Ia

Ib II

III

RSM (aa. 54−66)

IV

V

VI

HCR (aa. 183−625)

HA (aa. 626−917)

Figure 14 | Domain architecture of human RHAU. Schematic representation of the domain organisation and amino acid conservation of the 1008-amino
acid RHAU protein. The conserved ATPase/helicase motifs I–VI of the DEAH-box family are indicated within the helicase core region (HCR) by vertical bars.
The HCR is flanked by the N-terminal (NTR) and C-terminal (CTR) regions of 182 aa. and 383 aa., respectively. The N-terminal Gly-rich (aa. 10–51) and
RSM (RHAU-specific motif, aa. 54–66) domains are indicated. Each residue of human RHAU sequence is represented with a colour code that denotes its
degree of conservation amongst eight orthologous sequences (Supplementary Figure 5). Similarity is shown in red for 100 %, yellow for 99–80 % and blue
for 79–60 %. Average values of identity (Id.) and similarity (Sim.) for NTR, HCR and CTR regions are indicated.

Subcellular localisation
RHAU is a nucleocytoplasmic shuttling protein found predominantly in the
nucleus and to a lesser extent in the cytoplasm (32,269). Further characterisation
revealed that RHAU does not localise uniformly in the nucleus, but accumulates
in subnuclear structures, termed nuclear speckles, that are enriched in premRNA splicing factors (269). The molecular bases of the translocation of
RHAU to the nucleus remain obscure, insofar as it does not harbour an apparent
nuclear localisation signal and ATPase-deficient forms of RHAU localise
exclusively in the cytoplasm (268,269). The nuclear exclusion of the ATPasedeficient forms of RHAU is not a consequence of protein misfolding since
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ATPase deficient forms of RHAU are stable and still bind to RNA avidly (268).
Moreover, ATPase deficient forms of RHAU are not trapped in the cytoplasm
by strong and irreversible interaction with RNA since a double mutated form of
RHAU showing markedly reduced RNA binding and ATPase activity remained
essentially in the cytoplasm (268). Therefore, the translocation of RHAU to
the nucleus is probably regulated by its ATPase activity. Likewise, comparable
ATPase-dependent nuclear localisation was already reported for the Xenopus
laevis DEAD-box helicase DDX3 (270).
In addition to its nuclear localisation, RHAU was recently shown to
accumulate in stress granules upon translational arrest induced by various
environmental stresses (268). Stress granules are temporary sites of accumulation
of stress-induced stalled translation initiation RNP complexes (271,272). The
recruitment of RHAU to stress granules is mediated by RNA interaction, and
deletion experiments revealed that a region of the first 105 amino acids including
Gly-rich and RSM domains was critical for RNA binding and relocalisation of
RHAU to stress granules (268). Importantly this 105 amino acid-long region alone
had the ability in vivo to bind RNA and relocalise to stress granules. Furthermore,
the ATPase activity of RHAU was shown to play a determining role in regulating
in vivo RNA interaction and the retention of RHAU in stress granules.

RHAU
−
bound
G4-RNA
free
G4-RNA

Figure 15 | G4-RNA unwinding and binding
activities of RHAU. (A) 3'-tailed G4-RNA
substrate unwinding by RHAU. (B) 5'-tailed
G4-RNA substrate unwinding by RHAU.
(C) Analysis of the dependency of the
3'-overhang length on the G4-RNA substrate
unwinding activity of RHAU (Vaughn,
J.P. and Akman, S.A., unpublished data).
(D) Tetramolecular G4-RNA binding by RHAU.

RHAU was initially identified as an ARE-associated factor of uPA
mRNA (32). Further characterisation of RHAU revealed that a cytoplasmic
isoform that lacks a 14 amino acid stretch between helicase motifs IV and V
promoted mRNA deadenylation and decay by recruiting the poly(A) ribonuclease
PARN and the exosome to uPA transcripts. In agreement with other known
DExD/H-box RNA helicases, the RHAU-mediated decay of AREuPA-containing
transcripts was shown to be dependent on its ATPase activity.
However, despite the apparent role of RHAU in regulating uPA mRNA
stability, further investigations showed that its influence on gene expression
was essentially not linked with the regulation of mRNA decay process. Indeed,
analysis of global gene expression at different time points revealed that only
one percent of the mRNAs manifesting differential expression levels upon
RHAU knockdown showed corresponding variations in mRNA stability (269).
Therefore, RHAU is not really considered as a common regulator of AREmediated decay process.
RHAU is a G4 resolvase enzyme with 3′-to-5′ polarity
At about the same time of the finding RHAU facilitates deadenylation and
decay of uPA mRNA, RHAU was discovered to harbour in vitro ATP-dependant
G4 resolvase activity on tetramolecular G4 nucleic substrates (Figure 15A; ref. 33,89).
Like other DEAH-box proteins, RHAU is a unidirectional 3′-to-5′ helicase and
requires a minimal 9-nt 3′-overhang for efficient unwinding activity (Figure 15B
and C). RHAU displays a clear preference for G4 substrates over classical doublestranded nucleic acids (ref. 33,89 and Tran, H., unpublished data) and binds
various types of G4 structures with sub-nanomolar affinity (Figure 15D; ref. 89).
Consistent with these biochemical observations, RHAU was also identified as the
major source of tetramolecular RNA-resolving activity in HeLa cell lysates (89).
Despite these advances, little is known regarding the fundamental mechanism by
which RHAU recognises and resolves G4 structures. Besides, there is a clear lack
of information on the RNAs that may serve as physiologically relevant targets
for RHAU and about its role as a G4 resolvase in cells.
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Murine RHAU is essential for embryogenesis and
haematopoiesis
According to BioGPS database (273-275), RHAU is ubiquitously expressed
in all human and mouse tissues (Supplementary Figure 6). Relatively high mRNA
expression levels are detectable in human haematopoietic cells and mouse brain
tissues. Besides, several standard cell lines like HeLa, HEK293, PC-3 and mouse
undifferentiated embryonic stem cells (CCE) express high levels of RHAU.
Despite its abundance, down-regulation of RHAU by RNA interference (RNAi)
did not affect cell growth and viability of many common cell lines, suggesting
that RHAU is not an essential protein for cell proliferation. However, to clarify
the requirement of RHAU protein in vivo, mouse models were developed
in which RHAU could be knocked-out (90). As mentioned earlier, RHAU is
evolutionary highly conserved and the murine orthologue is nearly identical to
the human form. Both proteins display 91 % identity and 95 % similarity and
differ only by seven amino acids in length (Supplementary Figure 7). Thus, the mouse
form of RHAU is expected to possess the same biochemical properties than
its human orthologue. A mouse model in which RHAU can be knocked-out
constitutes therefore an excellent tool to investigate in vivo the biological role of
this protein.
Homozygosity for the null mutant allele of RHAU led to early embryonic
lethality with no effect on the implantation efficiency of the embryo (90).
Knockout embryos degenerated around seven days post-fertilisation (Figure 16A),
revealing the requirement of RHAU for the normal progression of gastrulation.
Unfortunately, molecular basis of this requirement has not been further
explored. However, similar critical roles of RNA helicases during mammalian
embryogenesis have already been reported for the DEAD-box protein
p68 (alias DDX5) and the DEAH-box RNA helicase A (237,276). Furthermore,
severe developmental defects have also been observed in C. elegans, Drosophila
and zebrafish as a result of abnormal expression of many DEAH-box
proteins (53,87,98,277-279).
Considering the high expression levels of RHAU in several lineages of
the haematopoietic system (Supplementary Figure 6), a second model of mouse
was conjointly developed in which RHAU could be specifically knockedout in haematopoietic cells (90). Unlike conventional RHAU knockout mice,
conditional RHAU knockout animals were viable, although manifesting a
severe anaemia (Figure 16B). Further characterisation revealed that conditional
knockout mice developed splenomegaly and hepatomegaly (Figure 16C), a phe
notype frequently related to anaemia (280). Actually, depletion of RHAU in
the haematopoietic system did not exclusively impinge on the development
of erythrocytes, but impacted on the entire haematopoietic system (Figure 16D)
pointing out the functional relevance of RHAU during haematopoiesis. Taken
together, these data demonstrate that RHAU is an essential gene in the mouse.
RHAU senses microbial DNA in human plasmacytoid dendritic
cells
A recent study in plasmacytoid dendritic cells (pDCs) has shown that
RHAU as well as RNA helicase A take part in the cytoplasmic recognition of
CpG motifs (unmethylated CG dinucleotides present in viral DNA, ref. 281).
CpG motifs are specifically recognised by Toll-like receptor 9 (TLR9) that leads
to the production of anti-viral cytokines type I interferons (IFN-α and IFN-β)
through the signal transducer MyD88 protein. However, recent reports suggest
the presence of a TLR9-independent recognition of viral DNA that leads to
the production of IFN-α by pDCs (282-284). Interestingly, Kim and co-workers
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showed that RHAU specifically recognises class A CpGs (CpG-A) and induces
the expression of IFN-α through its interaction with MyD88. Furthermore,
downregulation of RHAU entailed a 50 % reduction of IFN-α secretion by
human pDC cell line in response to Herpes simplex virus infection. Thus, these
observations led to the proposal that RHAU is implicated in the detection of
viral replication through the recognition of CpG motifs. On the basis of this
study, RHAU emerges as a novel component of the innate immune system in
humans. Similar critical role of RNA helicases dedicated to sensing microbial
nucleic acid have already been reported for several members (IFIH1/MDA5,
DHX58/LGP2, DDX58/RIG-I and DICER1) of the RIG-I-like family of
helicases (ref. 285,286; Figure 1).
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Figure 16 | Requirement of RHAU for early embryogenesis and haematopoiesis in mouse. (A) Homozygous RHAU knockout (RHAU−/−) embryos
degenerate before 7.5 days post-fertilisation (dpf). Heterozygous RHAU knockout (RHAU+/−) embryos served as a control. Scale bar, 1 mM. (B) Anemic
phenotype of newborn mice with conditional RHAU knockout (RHAUfl/fl:vav-iCre) in the haematopoietic system. RHAUfl/fl mice served as a control. (C) Livers,
spleens, thymus and kidneys of conditional RHAU knockout (RHAUfl/fl:vav-iCre) and control (RHAUfl/fl) mice. Scale bar, 1 cm. (D) Conceptual schematic
diagram of blood cell development. The symbols on the right of cell type names denote the relative abundance of each cell type in conditional RHAU
knockout (RHAUfl/fl:vav-iCre) animals with respect to control (RHAUfl/fl) mice. −, reduced cell number; ≈, normal cell number; +, increased cell number. HSC,
haematopoietic stem cell; CMP, common myeloid progenitor; CLP, common lymphoid progenitor; NK-cell, natural killer cell. Adapted from Lai et al. (90).
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Materials and
Methods
Role of the amino terminal RSM domain in
the recognition and resolution of guanine
quadruplex-RNAs by RHAU
Plasmid constructs, cloning and mutagenesis
The plasmid used for the expression of GST-RHAU(1–200) protein
in bacteria and the baculoviral expression vector used for the expression
of GST-RHAU have been described previously (32,268). Plasmids for the
expression of C-terminal FLAG-tagged recombinant RHAU proteins:
RHAU-FLAG,
RHAU(∆Gly)-FLAG,
RHAU(∆Gly–RSM)-FLAG,
RHAU(DAIH)-FLAG and RHAU(1–105)-FLAG have been described
previously (268). CG9323 cDNA was obtained from the Drosophila
Genomics Resource Center (Bloomington, IN) and was subcloned by PCR
amplification into pIRES.EGFP-FLAG-N1 (268). For the RHAU(∆RSM)FLAG plasmid, the RSM (aa. 54–66) excision was performed using a
standard overlapping PCR method (287,288). The resulting PCR product
was subcloned into pIRES.EGFP-FLAG-N1. For RHAU(RSMmutx)-FLAG and CG9323(RSM-mut), the RSM coding sequence was
mutagenised using a variation of the classical QuikChange® (Stratagene)
site-directed mutagenesis PCR method (289). Construction of all these
plasmids was confirmed by sequencing. Sequences of oligonucleotides
used in this work and detailed descriptions of the plasmid constructions
are available upon request.
Cell culture
Human embryonic kidney HEK293T cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10 % fetal calf
serum (FCS) and 2 mM l-glutamine at 37 °C in a humidified 5 % CO2
incubator. Spodoptera frugiperda Sf9 cells were maintained in Grace’s insect

36

Chapter 2
cells medium (Invitrogen) supplemented with 10 % FCS, 4.11 mM l-glutamine,
3.33 g∙l−1 lactalbumin hydrolysate and 3.33 g∙l−1 yeastolate at 27 °C.
Expression and purification of recombinant RHAU proteins
GST-RHAU(1–200) protein was expressed in E. coli strain BL21CodonPlus(DE3)-RIPL (Stratagene). Cultures were inoculated from a single
colony of freshly transformed cells and maintained in logarithmic growth
at 37 °C in 2× YT medium supplemented with ampicillin (0.1 mg∙ml−1) to
a final volume of 1 l. When the OD600 reached 0.3, the temperature was
adjusted to 25 °C and cells were cultured to an OD600 of 0.6. Isopropyl β-dthiogalactopyranoside was added to 0.4 mM and the cultures were incubated for
12 h at 25 °C with constant shaking. Cells were harvested by centrifugation and
the pellets stored at −80 °C. All subsequent operations were performed at 4 °C.
The cell pellets were resuspended in 50 ml of lysis buffer [1× PBS supplemented
with NaCl to a final concentration of 300 mM, 1 % Triton X‑100, 5 mM EDTA,
5 mM DTT, 1× protease inhibitor cocktail (Complete EDTA-free, Roche)].
Lysozyme was added to 1 mg∙ml−1 and the suspensions were lysed for 30 min,
followed by sonication (3× 10 s) to reduce viscosity. Insoluble material was
removed by centrifugation (39'000g, 30 min, 4 °C) in a Beckman JA-17 rotor
and the resulting supernatant was filtered through a 0.22‑μm Express PLUS
Membrane (Millipore). The resulting filtrate was applied to a 1‑ml GSTrap
4B column (GE Healthcare). The column was washed with 30 ml washing
buffer (1× PBS supplemented with NaCl to a final concentration of 300 mM,
5 mM DTT) and the recombinant protein was recovered in elution buffer
[50 mM Tris-HCl (pH 8.0 at 4 °C), 10 mM reduced glutathione, 5 mM DTT].
The fraction containing the recombinant protein were pooled and elution
buffer was exchanged to storage buffer [20 mM HEPES-KOH (pH 7.7 at room
temperature), 50 mM KCl, 0.01 % Nonidet P-40, 0.5 mM EDTA, 5 mM DTT,
10 % glycerol, 2 mM AEBSF (4-(2-aminoethyl)-benzenesulfonyl fluoride
hydrochloride)] by repeated concentration and dilution steps in Amicon Ultra-15
centrifugal filters (Millipore). Recombinant proteins were stored at −80 °C.
Purity of protein preparations was assessed by SDS-PAGE (Supplementary Figure 8)
and protein concentrations were determined photometrically at 280 nm using
the calculated extinction coefficient ε = 71'905 M−1∙cm−1.
GST-RHAU protein was expressed in Sf9 cells according to the supplier’s
instructions (PharMingen). Three days post-baculoviral infection, cells were
harvested by centrifugation and the pellets were stored at −80 °C. All subsequent
operations were performed at 4 °C. The cell pellets were resuspended in insect
cell lysis buffer [10 mM Tris-HCl (pH 7.5 at 4 °C), 10 mM sodium phosphate,
300 mM NaCl, 1 % Triton X‑100, 10 mM sodium pyrophosphate, 10 % glycerol,
5 mM EDTA, 5 mM DTT, 1× protease inhibitor cocktail (Complete EDTAfree, Roche)] and lysed for 30 min. All subsequent purification steps were carried
out as described above for the purification of GST-RHAU(1–200) protein.
Purity of protein preparations was assessed by SDS-PAGE (Supplementary Figure 8)
and protein concentrations were determined photometrically at 280 nm using
the calculated extinction coefficient ε = 166'615 M−1∙cm−1.
All C-terminal FLAG-tagged recombinant RHAU and CG9323
proteins [RHAU-FLAG, RHAU(∆Gly)-FLAG, RHAU(∆Gly–RSM)-FLAG,
RHAU(∆RSM)-FLAG, RHAU(RSM-mutx)-FLAG, RHAU(DAIH)-FLAG,
RHAU(1–105)-FLAG, CG9323-FLAG and CG9323(RSM-mut2)-FLAG]
were transiently expressed in HEK293T. Transfections were performed with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
Cells were harvested 24–36 h post-transfection, washed with ice-cold PBS
and resuspended in lysis buffer (1× PBS supplemented with NaCl to a final
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concentration of 600 mM, 1 % Nonidet P-40, 2 mM EDTA, 2 mM AEBSF,
1× protease inhibitor cocktail) for 30 min. Cell lysates were sonicated (1× 10 s)
to reduce the viscosity and insoluble material removed by centrifugation
(39'000g, 20 min, 4 °C) in a Beckman JA-17 rotor. The soluble lysates were
mixed for 5 h with 200 μl of a 50 % slurry of anti-FLAG M2-agarose affinity
gel (Sigma) that had been equilibrated in lysis buffer. The resin was recovered by
centrifugation, washed 3× with 1 ml of lysis buffer follow by 3 washes with 1 ml
of IP-washing buffer [50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 0.1 % Nonidet
P-40, 5 mM EDTA]. The bound proteins were eluted with 600 μl elution
solution [0.1 mg∙ml−1 FLAG peptide, 10 mM Tris-HCl (pH 7.5), 150 mM NaCl]
for 10 min at 37 °C and stored at −20 °C. Purity of protein preparations
was assessed by SDS-PAGE and protein concentrations were determined by
Bradford assay with BSA as the standard.
Tetraplex G4-RNA preparation
Unlabelled and 5′-TAMRA-labelled 35-mer oligoribonucleotides 5′‑A15–
G5–A15-3′ were used to form tetramolecular G4-RNA and are referred to
hereafter as ‘rAGA’. rAGA were purchased from Dharmacon Research and
were dissolved in RNase-free solution [100 mM KCl, 10 mM Tris-HCl (pH 7.5),
1 mM EDTA] to a final concentration of 500 μM. To form tetramolecular
quadruplex by annealing of rAGA, the solution was aliquoted into PCR tubes
and incubated in a PCR thermocycler at 98 °C for 10 min and then held at
80 °C. EDTA was added immediately to a final concentration of 25 mM and
the solution was allowed to cool slowly to room temperature. rAGA aliquots
were pooled together and stored at 4 °C for 2–3 days. By this procedure, the
conversion of monomeric rAGA to a stable tetramolecular quadruplex form
was almost complete as judged by native PAGE (Figure 17A and C). Circular
dichroism analysis of the purified, annealed rAGA oligomers revealed a typical
spectrum of a parallel G4 structure with positive and negative peaks at 263 nm
and 245 nm, respectively (Figure 17B). The above prepared tetramolecular G4rAGA were stored at −20 °C.
Circular dichroism spectropolarimetry
Circular dichroism (CD) experiments were performed with an AVIV Model
202 spectrophotometer equipped with a thermoelectrically controlled cell holder.
G4-rAGA at a concentration of 1 μM were prepared in RNase-free solution
[10 mM Tris-HCl (pH 7.5), 1 mM EDTA] supplemented with 50 mM KCl,
NaCl or LiCl. Quartz cells with 1 cm path length were used for all experiments.
CD spectra were recorded at 25 °C in the UV region (200–350 nm) with 1 nm
increments and an averaging time of 2 s.
Thermodynamic analysis of the stability of tetramolecular G4rAGA structures
Preformed 5′-TAMRA-labelled tetramolecular G4-rAGA at a concentration
of 100 nM were prepared in RNase-free solution [10 mM Tris-HCl (pH 7.5),
1 mM EDTA] supplemented with 50 mM KCl, NaCl or LiCl. Tetramolecular G4rAGA structures were incubated for 5 min at various temperatures ranging from
20 to 99 °C and were immediately subjected to separation by electrophoresis for
3 h on a pre-electrophoresed 10 % polyacrylamide native gel (19:1 acrylamide:bis
ratio) in 0.5× TBE at 25 °C. After electrophoresis, gels were scanned on a
Typhoon 9210 Imager (GE Healthcare) and analysed with Multi Gauge software
(Fuji). The fraction of undenatured G4-rAGA was quantitated as the ratio of
the signal from the tetramolecular form to the sum of the tetramolecular and
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the denatured ssRNA. The apparent temperature of mid-transition (Tm) was
determined by representing the fraction of undenatured G4-rAGA as a function
of the temperature. Reported Tm values are representative of three independent
experiments.
Electromobility shift assay and apparent Kd determination
Recombinant RHAU proteins at concentrations from 1 to 1000 nM were
incubated with 100 pM 5′-32P-labelled G4-RNA in K-Res buffer [50 mM Trisacetate (pH 7.8), 100 mM KCl, 10 mM NaCl, 3 mM MgCl2, 70 mM glycine,
10 % glycerol], supplemented with 10 mM EDTA and 0.2 U∙μl−1 SUPERase-In
(Ambion) in a 15‑μl reaction. The reactions were incubated at 37 °C for 30 min.
RNA-protein complexes were resolved on a pre-electrophoresed 6 % poly
acrylamide native gel (37.5:1 acrylamide:bis ratio) in 0.5× TBE at 4 °C for 90 min.
After electrophoresis, gels were fixed for 1 h in 10 % isopropanol/7 % acetic
acid. RNA-protein complexes were detected by Phosphor-Imaging, scanned on
a Typhoon 9400 Imager (GE Healthcare) and analysed with ImageQuant TL
software (Nonlinear Dynamics).
G4-RNA resolvase assay
Recombinant RHAU proteins at concentrations from 1 to 100 nM were
incubated with 4 nM 5′-32P-labelled G4-RNA in K-Res buffer supplemented
with 1 mM ATP and 0.2 U∙μl−1 SUPERase‑In in a 15-μl reaction. Reactions
were allowed to proceed at 30 °C for 30 min, stopped by transfer to ice and
addition of 1:10 vol. of 10× loading buffer [33 mM Tris-HCl (pH 8.0),
25 % (w∙v−1) Ficoll-400, 110 mM EDTA, 0.17 % SDS]. Reaction products
were resolved on a pre-electrophoresed 10 % polyacrylamide native gel (19:1
acrylamide:bis ratio) in 0.5× TBE at 4 °C for 90 min. After electrophoresis,
gels were fixed for 1 h in 10 % isopropanol/7 % acetic acid and exposed to a
Phosphor-Imaging screen.
ATPase assay
Recombinant RHAU proteins at concentrations from 25 to 200 nM
were incubated with 1 μl [γ‑32P]ATP (3'000 Ci∙mmol−1, 0.4 mCi∙ml−1) in
ATPase assay buffer [50 mM Tris-HCl (pH 8.0), 100 mM KCl, 3 mM MgCl2,
1 mM ATP, 1 mM DTT] supplemented with 0.4 U∙μl−1 RNasin (Promega) and
1 μg∙μl−1 homopolymeric poly(U) RNA (Sigma) in a 20-μl reaction. Reactions
were allowed to proceed at 37 °C for 15 min. The reactions were stopped by
addition of 1 ml of a 5 % (w∙v−1) suspension of activated charcoal (Sigma)
in 20 mM phosphoric acid. The samples were incubated on ice for 10 min
and the charcoal containing the adsorbed unhydrolysed ATP was pelleted by
centrifugation (21'000g, 15 min, 4 °C). The supernatants (containing free γ‑32Pi)
were transferred to new tubes and the radioactivity was quantified by liquid
scintillation counting (Cerenkov counts).
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RHAU binds an intramolecular G4 structure
in TERC and associates with telomerase
holoenzyme
Plasmid constructs, cloning and mutagenesis
The baculoviral expression vector employed for the expression of GSTRHAU and the plasmids used for the expression of the C-terminal FLAG-tagged
recombinant RHAU proteins RHAU-FLAG and RHAU(∆RSM)-FLAG were
previously described (32,88,268). The pIRES.EGFP-myc-N1 vector expressing
the C-terminal myc-tagged recombinant RHAU protein was derived from the
previously described pIRES.EGFP-FLAG-N1/RHAU expression vector (268)
by substituting the FLAG sequence with the myc epitope sequence. Human
TERT cDNA (clone: IOH36343, mapped sequence: NM_198253) was obtained
from ImaGenes GmbH (Berlin, Germany) and subcloned by PCR amplification
into the pSL1-FLAG-N1 mammalian expression vector. The pSL1-FLAG-N1
vector was derived from pEGFP‑N1 (Clontech) by replacing the EGFP open
reading frame with the FLAG epitope sequence. The human TERC genomic
region was PCR-amplified from the genomic DNA of HEK293T cells to yield
a 2.1‑kb fragment encompassing 1080 bp of the TERC promoter, its coding
sequence, and 553 bp of the 3′ flanking genomic region. This fragment was
blunt-cloned into pGEM‑T Easy vector (Promega) at the HincII/EcoRV sites.
The G4 motif sequence of TERC was mutagenised using a variation of the
classical QuikChange® (Stratagene) site-directed mutagenesis PCR method (289).
To prepare templates for in vitro run-off transcription, the T7 or SP6 phage
promoters were inserted upstream of the TERC coding sequence by PCR. The
resulting PCR products were cloned into the pSL1-FLAG-N1 vector at the
NheI/AgeI sites. Following linearization with NarI or AgeI, in vitro transcription
of these templates yielded the TERC(1–71 nt) and full-length TERC(1–
451 nt) RNA fragments, respectively. Constructions of all these plasmids were
confirmed by sequencing. Sequences of oligonucleotides used in this work and
detailed descriptions of the plasmid constructs are available upon request.
Cell culture and transfection
Human cervical carcinoma HeLa and embryonic kidney HEK293T cell
lines were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10 % fetal calf serum (FCS) and 2 mM l-glutamine at 37 °C in a humidified
5 % CO2 incubator. Transient transfections were performed with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Transfected
cells were cultured for 24-36 h prior to testing for transgene expression.
T-REx™-HeLa cell lines stably transfected with pTER-shRHAU or pTERshGFP were maintained as described previously (269). To induce and maintain
short hairpin RNA (shRNA) expression, cells were cultured in the presence
of 1 μg∙ml−1 doxycycline for at least 7 days prior to testing for RHAU downregulation efficiency.
RIP-chip assay
Cells were harvested 24-36 h post-transfection, washed with ice-cold PBS
and resuspended in lysis buffer [1× PBS, 1 % v∙v−1 Nonidet P-40, 2 mM EDTA,
2 mM AEBSF, 1× protease inhibitor cocktail (Complete EDTA-free, Roche),
0.2 U∙μl−1 RNasin® Plus (Promega)] for 30 min. All subsequent operations were
performed at 4 °C. The lysates were cleared by centrifugation (21'000g, 15 min) and
mixed with 10 μl of a 50 % slurry of anti-FLAG M2-agarose affinity gel (Sigma)
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that had been equilibrated in lysis buffer. After gentle agitation for 5 h, the resin
was recovered by centrifugation, washed 3× with 500 μl lysis buffer, followed
by three washes with 500μl IP-washing buffer [50 mM Tris–HCl (pH 7.5),
300 mM NaCl, 0.1 % v∙v−1 Nonidet P-40, 5 mM EDTA, 0.4 U∙μl−1 RNasin®
Plus]. The resin was resuspended in 1 ml TRIzol (Invitrogen) for protein analysis
and RNA extraction. For microarray analysis, 100 ng RNA was converted to
cRNA according to the manufacturer’s guidelines and the reaction products
hybridised to GeneChip® Human Gene 1.0 ST arrays (Affymetrix). The resulting
raw expression values were RMA-normalised using R/BioConductor (290) and
the Oligo Package (version 1.14.0, ref. 291). Probesets were linked to Entrez
Gene entries using Affymetrix annotation (NetAffx release 28, March 11, 2009),
retaining a single probeset per gene. Genes not clearly detected in input samples
[average log2(expression value) < 6.0] were discarded. Differential expression
was determined using the Limma package (292), selecting genes with a minimal
fold-change of 2.0 and an FDR-adjusted P-value of less than 0.01. RHAU targets
were identified as transcripts enriched in RHAU-FLAG IP versus RHAU-FLAG
input samples but not enriched in control IP versus control RHAU-myc input
samples.
G4-RNA structure prediction and bioinformatics analysis
Human RNA sequences were retrieved from Entrez Nucleotide database.
Non-overlapping putative intramolecular G4-forming sequences (PQS) and
the corresponding G4-score values were computed with the QGRS Mapper
algorithm (293) using the default parameters (window size = 30 nt, Min.
G-group = 2, loop size = 0-36). For each transcript, the ∑(G4-score) value was
calculated as the sum of all non-overlapping G4-scores computed by QGRS
Mapper. To obtain a normalised ∑(G4-score) value, the ∑(G4-score) value
was divided by the RNA length (kb). Randomisation of RNA sequences by
single- or dinucleotide shuffling was performed using the Altschul-Erickson
algorithm (294).
Protein immunoprecipitation assay
Protein immunoprecipitation experiments were performed under the same
conditions employed for the RIP-chip assay. Cleared cell lysates were mixed
with rProtein A or Protein G Sepharose™ Fast Flow beads (GE Healthcare) and
appropriate antibodies [mouse mAb anti-RHAU (12F33, ref. 268), rabbit pAb antidyskerin (H-300, Santa Cruz Biotechnology)]. After gentle agitation for 5 h, the
beads were washed. For telomere repeat amplification protocol (TRAP) assays,
beads were resuspended in 40 μl TRAP lysis buffer [10 mM Tris-HCl (pH 8.0),
150 mM NaCl, 1 mM MgCl2, 1 mM EDTA (pH 8.0), 1 % v∙v−1 Nonidet P-40,
0.25 mM Na-deoxycholate, 10 % v∙v−1 glycerol, 5 mM 2‑mercaptoethanol,
0.1 mM AEBSF]. For protein and RNA analysis, beads were resuspended
in 1 ml TRIzol and extraction performed according to the manufacturer’s
instructions. Input and co-purified RNA samples were analysed by RT-qPCR.
For protein analysis only, beads were directly resuspended in sodium dodecyl
sulphate (SDS)-gel loading buffer. Input and immunoprecipitated protein
samples were separated by SDS-PAGE and analysed by Western blotting.
RNA analysis by quantitative (RT-qPCR) and semi-quantitative
RT-PCR
Reverse transcription was performed using the ImProm-II™ Reverse
Transcription System (Promega) with oligo(dT)15 or random hexamer primers,
according to the manufacturer’s instructions. For monitoring first-strand cDNA
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synthesis, the reverse transcription reaction was performed in the presence of
20 μCi [α-32P]dATP (3'000 Ci∙mmol−1). The reaction products were separated by
agarose gel electrophoresis and visualised by Phosphor-Imaging. Quantitative
and semi-quantitative PCR reactions were performed in technical duplicates
using the ABsolute™ QPCR SYBR® Green ROX Mix (Thermo Fisher Scientific),
according to the manufacturer’s instructions, on an ABI Prism 7000 Sequence
Detection System (SDS) and analysed with the ABI Prism 7000 SDS 1.0
Software (Applied Biosystems). Relative transcript levels were determined using
the 2−∆Ct method (295). For each primer pair (Supplementary Table I), the efficiency of
amplification was determined to be equal or superior to 1.8. Control reactions
lacking the reverse transcriptase or template RNA confirmed the specificity of
the amplification reactions.
TRAP assays
Immunopurified ribonucleoprotein (RNP) complexes were assayed
for telomerase activity by the TRAP assay (296). Four microliters of beadimmobilised RNP complexes in TRAP lysis buffer were incubated (30 min,
25 °C) in 50 μl TRAP reaction buffer [20 mM Tris–HCl (pH 8.3 at room
temperature), 63 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTP mix (50 μM each of
dATP, dTTP, dGTP and dCTP), 0.05 % v∙v−1 Tween®-20, 1 mM EGTA (pH 8.0),
4 ng∙μl−1 Cy5‑TS primer, 2 ng∙μl−1 ACX primer (Supplementary Table I),
1 U∙μl−1 RNasin® Plus, 0.4 mg∙ml−1 BSA, 0.04 U∙μl−1 Thermo-Start™ Taq
DNA Polymerase (Thermo Fisher Scientific)]. The reaction was followed by a
15‑min incubation step at 95 °C, followed by 15-17 cycles of amplification (30 s
at 95 °C, 30 s at 52 °C, 45 s at 72 °C). The reaction products were resolved
on a pre-electrophoresed 10 % non-denaturing polyacrylamide gel (19:1
acrylamide:bis ratio) in 0.5× TBE at 4 °C for 90 min. After electrophoresis, gels
were fixed [500 mM NaCl, 50 % v∙v−1 ethanol, 40 mM Na-acetate (pH 4.2)]
for 30 min, scanned on a Typhoon 9400 Imager (GE Healthcare) and analysed
with ImageQuant TL software (Nonlinear Dynamics). For immunodepletion
experiments of RHAU, the residual telomerase activity in cell extracts was
quantified by the quantitative TRAP assay (qTRAP, ref. 296). An aliqot of 250 ng
protein from immunodepleted HEK293T cell extracts in TRAP lysis buffer
was incubated (30 min, 25 °C) in 25 μl qTRAP reaction buffer [1× ABsolute™
QPCR SYBR® Green ROX Mix, 1 mM EGTA (pH 8.0), 4 ng∙μl−1 TS primer,
4 ng∙μl−1 ACX primer (Supplementary Table I), 0.2 U∙μl−1 RNasin® Plus]. The reaction
was followed by a 15-min incubation step at 95 °C, followed by 40 cycles of
amplification (15 s at 95 °C, 60 s at 60 °C) on an ABI Prism 7000 Sequence
Detector. The relative telomerase activity was determined using a standard curve
and linear equation model (296).
Expression and purification of recombinant RHAU protein
Recombinant wild-type and ATPase deficient [RHAU(DAIH)] N-terminal
GST-tagged RHAU proteins were expressed in Sf9 cells according to the
supplier’s instructions (PharMingen) and purified to homogeneity as described
previously (88). Purified recombinant GST-RHAU proteins were stored at
−80 °C. Purity of protein preparations was assessed by SDS-PAGE (Supplementary
Figure 11) and protein concentrations determined photometrically at 280 nm using
the calculated extinction coefficient ε = 166'615 M−1∙cm−1.

41

Chapter 2

42
In vitro synthesis of 32P-labelled TERC transcripts and
intramolecular G4-RNA preparation

Synthetic radio-labelled wild-type and mutant (G4-MT) telomerase RNAs
were prepared by in vitro transcription using 50 μCi [α-32P]UTP (3'000 Ci∙mmol−1)
and T7 or SP6 RNA polymerases (Promega), respectively, according to the
manufacturer’s instructions. The transcripts were purified by denaturing PAGE,
ethanol precipitated and recovered by centrifugation. The purified RNAs
were resuspended in potassium- or lithium-based storage buffer [10 mM Licacodylate (pH 7.4), 100 mM KCl or LiCl] and annealed by heating at 95 °C
for 2 min, followed by slow cooling to room temperature. G4-annealed radiolabelled RNAs were stored at −80 °C.
RNA electromobility shift assay (REMSA)
Purified recombinant GST-RHAU protein at concentrations from 1-320 nM
were incubated with 100 pM 32P-labelled G4-RNA in K-Res buffer [50 mM Trisacetate (pH 7.8), 100 mM KCl, 10 mM NaCl, 3 mM MgCl2, 70 mM glycine,
10 % glycerol], supplemented with 10 mM EDTA and 0.2 U∙μl−1 SUPERaseIn (Ambion) in a 10‑μl reaction. The reactions were equilibrated at 22 °C for
30 min. RNA-protein complexes were resolved on a pre-electrophoresed
6 % non-denaturing polyacrylamide gel (37.5:1 acrylamide:bis ratio) in
0.5× TBE at 4 °C for 90 min. After electrophoresis, gels were fixed for 1 h in
10 % isopropanol/7 % acetic acid. RNA-protein complexes were detected by
Phosphor-Imaging, scanned on a Typhoon 9400 Imager (GE Healthcare) and
analysed with ImageQuant TL software (Nonlinear Dynamics).
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Structural model of the helicase core and HA
regions of RHAU
Homology modelling and model quality estimation
The three-dimensional (3-D) model of RHAU was built by homology
modelling based on the high-resolution (1.9 Å) and high-quality (R = 0.184,
Rfree = 0.224) X-ray structure of the S. cerivisiae Prp43 protein (RCSB PDB
ID: 2XAU chain A, ref. 113). The pairwise sequence alignment between RHAU
and Prp43 template was obtained from a multiple sequence alignment of various
E. coli, S. cerevisiae, D. melanogaster and H. sapiens DEAH-box proteins (Supplementary
Figure 1). Homology modelling was carried out using the MODELLER (v. 9.9)
program (297,298). Quality assessment of the modelled RHAU structure was
carried out with QMEAN6 (299) and ModFOLD (300) tools. Three-dimensional
protein structure superposition and calculations of the RMSD values were
performed using the CEalign function in PyMOL (v. 1.5, ref. 301) by fitting
Cα-backbones of the analysed protein molecules. The ADP bound model of
RHAU was generated by superposing the helicase core region of Prp43·ADP
complex to that of RHAU and masking Prp43 structure. The nucleic acid bound
model of RHAU was obtained by fitting Hel308·DNA complex (RCSB PDB
ID: 2P6R) to that of RHAU and hiding Hel308 structure.
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Results
Characterisation of the tetramolecular
G4 structure formed by rAGA
oligoribonucleotides
A i m s and R ati o nale
In vivo tetramolecular G4 structures are probably less frequent than
intramolecular G4 structures because of their very slow folding kinetic,
however they have been extensively employed for in vitro investigations of
protein with G4 binding and resolving activities (33,89,227-229,243,302,303).
Despite their somewhat unusual aspect, tetramolecular G4 structures may
be seen as simpler models of biologically relevant G-tetrads (204). The
conformation of the stem of the tetramolecular quadruplexes is indeed
very close to the central core of intramolecular parallel quadruplexes
found in human telomeric repeats or other motifs (304,305). Importantly,
the use of a tetramolecular G4 structure facilitates unwinding analysis,
insofar as the tetraplex form can be readily separated from the unwound
single stranded product by electrophoresis. The investigation of the
unwinding of intramolecular G4 structure is indeed tricky and requires
trapping the unwound nucleic acid with a complementary strand to
prevent its readoption of G4-conformation. Nevertheless, the usage of
a tetramolecular G4 substrate to characterise the G4 resolvase activity
of RHAU does not deprive its biological significance insofar as we also
provide evidence that RHAU binds intramolecular G4 structures.

R esults and D is c ussi o n
In a part of this work, we employed the tetramolecular G4-rAGA
substrate to characterise the G4-RNA binding and resolving activity of
RHAU in vitro. AGA oligonucleotide was already employed as a G4-DNA
substrate to characterise the enzymatic activity of RHAU (33). G4‑rAGA
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substrate was derived from the Z33 oligomer by substituting the 3′ and 5′
overhangs flanking the guanine core with two tails of 15 adenosine residues.
Considering that adenosine cannot base-pair with itself or with the five central
guanosine residues, we could in that way prevent the formation of undesired
secondary structures that would bias the study of G4 binding and resolving
activity of RHAU.
As shown in Figure 17A, rAGA oligoribonucleotides form a high ordered
structure when they are incubated at a high concentration (micromolar range) in
a potassium-containing solution. As analysed by native PAGE, the characteristic
monomer band was also diminished, indicating the formation of a larger RNA
structure in a manner dependent on RNA concentration. By comparison with a
25-bp dsRNA resulting from the hybridisation of rAGA oligoribonucleotide with
its complementary strand 5′-U15–C5–U15-3′ (rUCU), the size of the slow mobility
band turned out to be of higher complexity, since its migration was much slower
than that of the dsRNA species. When diluted at a low concentration (nanomolar
range) in a solution deprived of monovalent cations (K+, Na+ or Li+), the rAGA
oligoribonucleotide remained in a monomeric state. The conversion of the
monomeric form to the high ordered structure was also suppressed when two
guanines of the central core were replaced with adenines. This demonstrates
the significance of the five central guanines for the stability of the structure. In
contrast, the flanking adenosine residues could all be substituted with uridines
without affecting the formation of the high ordered structure indicating that
they were not essential for the self-assembly of rAGA oligomer.
Circular dichroism analysis of the purified high ordered structure formed
by rAGA oligomers revealed a positive and a negative peak at 263 nm and
245 nm, respectively (Figure 17B). This characteristic CD spectrum signature with
a strong maximum ellipticity at 263 nm is typical of a parallel G4 structure whose
all stacked quartets have the same polarity (306-308). Antiparallel G4 structures
have indeed been shown to have a different profile with positive and negative
peaks at 295 nm and a 265 nm, respectively. In fact, in G4-RNA structures, the
parallel strand conformation is strongly favoured over the antiparallel one. This
distinctive feature arises because of the C3′-endo sugar pucker conformation of
the ribose (as opposed to the C2′‑endo conformation of deoxyribose) that entails
the base to adopt the anti conformation (309). Circular dichroism spectrum
analysis also revealed that the amplitude of the signal at 263 nm and 245 nm was
reduced in the absence of cations. This suggests that the G4-rAGA structure is
more stable in the presence of monovalent cations, which is consistent with the
known alkali metal cation dependency of G4 structures (174,175,179). Although
K+ and Na+ ions are known to be better stabilisers of G4 structures than Li+ ions,
this effect is not apparent at 25 °C but occurs at higher temperatures (Figure 17C
and D).
Compared to conventional double-stranded nucleic acids, tetramolecular
G4 structures are extremely stable (170,173,185,204,310). Moreover the thermal
stability of most of them shows a strict alkali cation dependency in the order
of: K+ > Na+ >> Li+. From a kinetic point of view, formation of tetramolecular
G4 structures is a very slow process that follows a fourth-order reaction with
respect to strand concentration. In contrast, the dissociation of tetramolecular
G4 structures follows a first order kinetic. Therefore at low concentrations,
thermal denaturation of short parallel quadruplexes is often irreversible. We
actually took advantage of this irreversibility to determine the thermodynamic
stability of preformed G4-rAGA structure as a function of the nature of
the monovalent cation by electrophoresis for direct visualisation. As shown
in Figure 17C and D, the apparent temperature of mid-transition (Tm) of G4rAGA structure ranged from 60 °C in LiCl to more than 100 °C in KCl with
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an intermediate value of 88 °C in NaCl. This result shows that K+ stabilises
G4-rAGA structure better than Na+ or Li+, which is consistent with the known
hierarchy of tetramolecular G4 structure stabilisation by different monovalent
cations (179). Taken together, these data provide strong evidence that rAGA
oligoribonucleotides form a stable and parallel interstrand G4 structure and its
high ordered form constitutes an adequate substrate to investigate the G4-RNA
binding and resolving activity of RHAU protein.
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Figure 17 | Characterisation of the tetramolecular G4-rAGA structure. (A) Native PAGE analysis of monomeric and annealed forms of rAGA oligomer.
The positions of the single-stranded oligoribonucleotides (ssRNA) and of the annealed double-stranded (dsRNA) or tetraplex (G4-RNA) RNA are denoted
on the left. Sequences of the employed oligomers are indicated underneath with mutated residues marked in red. (B) Circular dicroism spectra of G4rAGA structure at 25 °C in the presence of 50 mM of either LiCl, NaCl or KCl. (C) Thermodynamic stability analysis of preformed G4-rAGA structure
as a function of the nature of the monovalent cations. 5'-TAMRA-labelled tetramolecular rAGA at a concentration of 100 nM were incubated at various
temperatures for 5 min in the presence of 50 mM of either LiCl, NaCl or KCl and immediately subjected to separation by electrophoresis under native
conditions. (D) Determination of the apparent temperature of mid-transition (Tm) of G4-rAGA structure as a function of the nature of the monovalent cations.
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Role of the amino terminal RSM domain in
the recognition and resolution of guanine
quadruplex-RNAs by RHAU
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RHAU displays high affinity and specificity for G4 nucleic acid structures
in vitro (33,89), however little is know regarding the mechanisms by which RHAU
recognises and resoves its substrates. Previous work showed that RHAU
associates with mRNAs and relocalises to stress granules upon translational
arrest induced by various environmental stresses (268). Deletion analysis of the
N-terminal region of RHAU revealed that a region of the first 105 amino acids
was critical for RNA binding and relocalisation of RHAU to stress granules.
Importantly, this 105 amino acid-long region alone had the ability in vivo to bind
RNA and relocalise to stress granules. The apparent significance of the first
105 amino acids for RHAU interaction with RNA prompted us to determine
whether the N-terminal domain of RHAU also contributes to the recognition of
G4 structures in vitro. To address this question, a series of N-terminal deletion
mutants of RHAU was generated as shown in Figure 18A. Through biochemical
analysis of these mutants, we have uncovered the functional importance of the
first 105 amino acids of RHAU for interaction with G4 structures and further
revealed among this region that the previously identified RSM (RHAU-specific
motif, aa. 54–66) domain (268) is essential to the high affinity for G4 structures
shown by RHAU. Here, we show that the N-terminal region of RHAU alone
can bind to G4-RNA structures, albeit with lower affinity than the full-length
protein. Besides, we also show that the G4 resolving activity of RHAU is
conserved in higher eukaryotes, insofar as CG9323, the Drosophila orthologue
of RHAU, readily unwinds G4 structures in the presence of ATP. Finally, we
show that a variant form of CG9323 harbouring mutations in the RSM domain
manifests reduced G4 binding activity, suggesting that RSM functions similarly
in Drosophila and human RHAU proteins.

RSM

DEIH → DAIH

15

Figure 18 | N-terminal deletion mutants of RHAU. (A) Schematic representation of the 1008-aa. RHAU protein and its N-terminal truncated mutants. The
conserved ATPase/helicase motifs I–VI of the DEAH-box family are indicated within the helicase core region (HCR) by vertical bars. The HCR is flanked
by N-terminal (NTR) and C-terminal (CTR) regions of 182 aa and 383 aa, respectively. The N-terminal Gly-rich (aa 10–51) and RSM (RHAU-specific motif,
aa. 54–66) domains are indicated. WT, 1–1008 aa.; ∆Gly, 50–1008 aa.; ∆Gly–RSM, 105–1008 aa.; ∆RSM, RHAU harbouring a deletion of aa. 54–66;
RSM‑mut, RHAU with mutagenised RSM (see Figure 23A for details about aa. substitutions); Gly–RSM, 1–105 aa.; DAIH, D335A ATPase deficient mutant.
(B) SDS-PAGE separation and Coomassie staining of purified FLAG-tagged recombinant wild-type and mutant RHAU proteins (2 μg protein per lane). The
positions and sizes (kDa) of marker proteins are indicated at the left. The marks (t and v) on the right indicate the positions of the purified proteins.
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Figure 19 | G4-RNA unwinding and binding
by N-terminal truncated RHAU proteins.
(A) G4-RNA unwinding assay: radiolabelled
tetramolecular rAGA at a concentration
of 4 nM was incubated in the presence of
ATP without protein (−) or with increasing
amounts (1, 3, 10 and 30 nM) of wild-type (WT)
RHAU or ∆Gly–RSM mutant. The reaction
products were resolved by native PAGE
after disrupting RNA-protein interactions with
SDS. An autoradiogram of the gel is shown.
The positions of the tetraplex substrate
RNA (G4-RNA) and the unwound singlestranded product (ssRNA) are denoted on the
left. An aliquot of the tetraplex substrate that
was heat-denatured (95 °C, 5 min) and then
quenched (∆T) serves as a marker for the
position of single-stranded RNA. (B) G4-RNA
binding assay: radiolabelled tetramolecular
rAGA at a concentration of 100 pM was
incubated without protein (−) or with increasing
amounts (1, 3, 10 and 30 nM) of WT RHAU
or ∆Gly–RSM mutant in the absence of ATP.
The reaction mixtures were analysed by native
PAGE. An autoradiogram of the gel is shown.
The positions of the free tetramolecular RNA
substrate and the protein-RNA complex are
indicated on the left.
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R esults
The first 105 amino acids of RHAU are required for binding and
resolving G4 structures
We demonstrated previously in vivo and in vitro that amino acids 1–105 of
RHAU delineate a functional domain of prime importance for the interaction
of RHAU with RNA (268). To assess the significance of this region for the
G4 resolvase activity of RHAU, we constructed a series of FLAG-tagged
N-terminal truncated mutants of RHAU (Figure 18A). These truncated forms were
expressed in HEK293T cells and purified from soluble lysates by anti-FLAG
immunoaffinity chromatography. The purity of these preparations as judged by
Coomassie staining after SDS-PAGE was very similar (Figure 18B). To test whether
the truncated form of RHAU lacking the first 105 amino acids [RHAU(∆Gly–
RSM)] could resolve G4 structures, RHAU protein was incubated with
32
P-labelled tetramolecular rAGA and ATP. The products were analysed by
native PAGE after disruption of RNA-protein interactions by addition of SDS.
The free single-stranded 32P-labelled oligos migrated faster than the quadruplex
substrate. As shown previously, wild-type (WT) RHAU efficiently resolved G4
structures into single-stranded oligos (Figure 19A). The labelled product of the
resolvase reaction co-migrated during electrophoresis with the single-stranded
species released by thermal denaturation of the substrate and was proportional
to the level of input protein. In contrast to RHAU(WT), RHAU(∆Gly–RSM)
failed to resolve the G4 substrate, suggesting that the N-terminal region of
RHAU is essential for its G4 resolvase activity.
Being critical for the enzymatic activity and containing an atypical RNAbinding domain (268), the N-terminal region of RHAU is most likely to play a
role in substrate recognition. Therefore, we examined whether this N-terminal
region was also essential for the recognition of G4 structures. To address this
question, we performed RNA electromobility shift assays (REMSA) using G4
substrate as the ligand. RHAU protein was incubated with 32P-labelled G4 in the
absence of ATP (to prevent G4 resolution) and the mixtures were analysed by
native PAGE. In the absence of protein, the 32P-labelled G4 structures migrated
as a single species in the gel (Figure 19B). Addition of increasing amounts of
RHAU(WT) protein resulted in the appearance of a protein–G4 complex with
reduced mobility. The bound complexes appeared as two main band regions
in the gel, which might reflect multiple forms of the complexes. By contrast,
the RHAU(∆Gly–RSM) mutant protein failed to form a stable complex with
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G4 structures. Taken together, these results demonstrate that the N-terminal
region encompassing residues 1–105 of RHAU protein is indispensable for
both binding and the resolving of G4 structures by RHAU. These results are
in agreement with our previous report that the N-terminal region of RHAU is
critical for its RNA binding in vivo and its relocalisation to stress granules (268).
The N-terminal region of RHAU binds but cannot alone resolve
G4 structures
In view of their uniqueness, the N-terminal regions of DEAH-box proteins
may have regulatory functions such as subcellular localisation and/or interaction
with RNAs or other proteins (6,37). With prima facie evidence that the N-terminal
region of RHAU is important for both binding to and resolving G4 structures,
we examined whether this region has G4 binding activity. As shown by REMSA,
increasing amounts of RHAU(1–105) protein formed proportionately slowmigrating complexes with G4-RNA (Figure 20A). That the observed mobility shift
was due to binding of RHAU(1–105) protein was confirmed by addition of antiFLAG antibody to binding reactions. As shown in Figure 20B, anti-FLAG antibody
caused a supershift of the protein-probe complex but not of the free probe.
Given that some G4 binding proteins destabilise G4 structures in a noncatalytic fashion without requiring ATP hydrolysis (262), we examined whether
the N-terminal region of RHAU may also destabilise G4 structures in a similar
manner. However, as shown in Figure 20C, binding of the N-terminal region to G4
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Figure 20 | G4-RNA binding and resolving
activities of the N-terminal domain of
RHAU. (A) Gel mobility shift assay for G4-RNA
binding: radiolabelled tetramolecular rAGA at a
concentration of 100 pM was incubated without
protein (−) or with increasing amounts (30, 100,
300 and 1000 nM) of RHAU(Gly–RSM) in the
absence of ATP. The reaction mixtures were
analysed by native PAGE. An autoradiogram
of the gel is shown. (B) Supershift of G4RNA binding complex by a specific antibody:
radiolabelled tetramolecular rAGA at a
concentration of 100 pM was incubated with
RHAU(Gly–RSM) at 300 nM in the presence
or absence of anti-FLAG antibodies (2.5 μg
per lane), as indicated. The reaction mixtures
were electrophoresed on a native gel. An
autoradiogram of the gel is shown. The
positions of the free tetramolecular RNA
substrate, the protein-RNA complex and the
supershifted complex are indicated on the left.
(C) G4-RNA unwinding assay: radiolabelled
tetramolecular rAGA at a concentration of 4 nM
was incubated in the presence of ATP without
protein (−) or with increasing amounts (1, 3,
10 and 30 nM) of WT RHAU or Gly–RSM
RHAU mutant (30, 100, 300 and 1000 nM).
The reaction products were resolved by
native PAGE after disrupting of RNA-protein
interactions with SDS. An autoradiogram of
the gel is shown. An aliquot of the tetraplex
substrate that was heat-denatured (95 °C,
5 min) and then quenched (∆T) serves as
a marker for the position of single-stranded
RNA.
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structures is not sufficient to destabilise it. In agreement with the observation
that RHAU cannot resolve G4 structures in the absence of ATP (33), this result
demonstrates that the N-terminal region alone lacks G4 destabilising activity and
that the G4 resolving activity is likely a property of the central catalytically active
core domain.
The helicase core domain, together with the N-terminal region,
contributes to tight G4 binding of RHAU
Considering that RHAU has a high affinity for G4 structures (89), we next
examined whether the N-terminal region itself accounts for the high affinity
for G4 structures of the whole protein. N-terminal region [RHAU(1–200)]
and full-length RHAU (WT) were expressed as GST fusion proteins in bacteria
and Sf9 insect cells, respectively, and purified to homogeneity as shown in
Supplementary Figure 8. Their apparent dissociation constants (Kd) for G4 structures
were determined by REMSA. Titration of RHAU(WT) and RHAU(1–200)
proteins gave half-saturation points for G4 binding of 14 nM and 440 nM,
respectively (Figure 21A and B). This 30-fold difference between the two proteins
indicates that the N-terminal region does not constitute by itself an independent
and high-affinity G4-RNA binding domain. We propose that the helicase core
domain provides RHAU with substantial additional binding activity through
interactions with the RNA phosphate backbone, as already shown for many
DExD/H-box proteins (27,118,138,139,141,311,312). It should be mentioned that
the observed Kd value obtained here is higher than that previously reported (89),
which may reflect the difference of the type and location of tags attached to
RHAU (N-GST versus C-His6) and of the way how proteins were purified.
The RSM domain, but not the Gly-rich sequence, in the
N-terminal region is crucial for the recognition and resolution of
G4 structures by RHAU
The functional N-terminal region encompassing residues 1–105 of RHAU
protein consists of two abutting domains (Figure 18A): a 41 amino acid-long lowcomplexity Gly-rich domain followed by the evolutionary conserved 13 amino
acid-long RSM (aa. 54–66). We demonstrated previously in vivo that deletion of
A

WT
1000 - 10 nM

−

1–200
1000 - 10 nM

B
−
100
Free G4-rAGA [%]

bound
G4

free G4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

80
60

Kd = 14 nM

40

WT
1–200

20
0

Kd = 440 nM

01

10

100

1000

Protein [nM]

Figure 21 | G4-RNA binding properties of RHAU and the N-terminal region. (A) Gel mobility shift assay for G4-RNA binding: radiolabelled tetramolecular
rAGA at a concentration of 100 pM was incubated without protein (−) or with increasing amounts of either GST-tagged WT RHAU or RHAU(1–200) in the
absence of ATP. The reaction mixtures were analysed by native PAGE. An autoradiogram of the gel is shown. At concentrations from 10 to 1000 nM, GST
protein alone had no effect on G4-RNA mobility (not shown). (B) Quantification of gel mobility shift assays for wild-type RHAU (WT, ●) and RHAU N-terminal
region (1–200, ○) binding to tetramolecular rAGA. The data represent means ± SEM from three independent experiments.
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the Gly-rich region [RHAU(∆Gly)] significantly impinged on the relocalisation
of the protein to stress granules and on its association with RNA (268). To
characterise the individual contributions of each of the two domains to the
interaction of RHAU with G4 structures, we performed REMSA experiments
using corresponding deletion mutants (Figure 22A). As already shown in Figure 19B,
RHAU(∆Gly–RSM) lacking the first 105 amino acids failed to form a stable
complex with G4 structures. In contrast, RHAU(∆Gly) still harbouring the
RSM was able to bind to G4 structures with the same efficiency as RHAU(WT).
Contrary to the deletion of the Gly-rich sequence, a RHAU mutant with an
RSM deletion [RHAU(∆RSM)] abrogated the interaction with G4 structures.
We further assessed the consequence of loss of G4‑recognition on the in
vitro resolvase activity of RHAU (Figure 22B). As expected, RHAU(∆RSM), like
RHAU(∆Gly–RSM), failed to resolve G4 structures, while RHAU(∆Gly), like
RHAU(WT), did. Similar results with strict RSM-dependency could also be
reproduced with other G4-RNA structures (data not shown). Together, these
results indicate that the presence of the RSM but no further sequence of the
N-terminal region is a prerequisite for the recognition and the resolution of G4
structures by RHAU in vitro.

Figure 22 | G4-RNA binding and unwinding
by Gly-rich and RSM truncated RHAU
proteins. (A) Gel mobility shift assay for G4RNA binding: radiolabelled tetramolecular
rAGA at a concentration of 100 pM was
incubated without protein (−) or with
increasing amounts (6, 20 and 60 nM) of
either WT RHAU, and ∆Gly, ∆Gly–RSM or
∆RSM RHAU mutants in the absence of ATP.
The reaction mixtures were analysed by native
PAGE. An autoradiogram of the gel is shown.
(B) G4-RNA unwinding assay: radiolabelled
tetramolecular rAGA at a concentration of
4 nM was incubated in the presence of ATP
without protein (−) or with increasing amounts
(6, 20 and 60 nM) of either WT RHAU, or
∆Gly, ∆Gly–RSM or ∆RSM RHAU mutants.
The reaction products were resolved by
native PAGE after disrupting of RNA-protein
interactions with SDS. An autoradiogram of
the gel is shown. An aliquot of the tetraplex
substrate that was heat-denatured (95 °C,
5 min) and then quenched (∆T) serves as
a marker for the position of single-stranded
RNA.
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Figure 23 | G4-RNA binding and unwinding by RSM-mutated forms of RHAU. (A) Conservation of the RSM among RHAU orthologues throughout
evolution. Multiple sequence alignment was carried out with MAFFT (version 6, ref. 313). Similarity analysis was made by GeneDoc (version 2.7) using
the BLOSUM62 scoring matrix. Similarity is shown in red for 100 %, yellow for 99–80 % and blue for 79–60 %. Amino acids that are identical between the
nine sequences are indicated by asterisks below the alignment. Secondary structure prediction was performed by JPRED (314) and is indicated on the top.
The RSM and its consensus sequence derived from 40 different RHAU orthologues (Supplementary Figure 9) are shown below the alignment (π = small
side chain, ζ = hydrophilic, [+] = basic, Ψ = aliphatic, Ω = aromatic). The site-directed substitutions of the RSM mutants employed in this study are listed
with the amino acid changes indicated underneath. Species and accession numbers of RHAU orthologues listed are: human (Homo sapiens, NP_065916),
mouse (Mus musculus, NP_082412), chicken (Gallus gallus, XP_422834), frog (Xenopus tropicalis, ENSXETP00000016958), zebrafish (Danio rerio,
NP_001122016), fruit fly (Drosophila melanogaster, NP_610056), blood fluke (Schistosoma mansoni, XP_002577014), placozoan (Trichoplax adhaerens,
XP_002110272), choanoflagellate (Monosiga brevicollis, XP_001747335). (B) Gel mobility shift assay for G4-RNA binding: radiolabelled tetramolecular
rAGA at a concentration of 100 pM was incubated without protein (−) or with increasing amounts (6, 20 and 60 nM) of either WT RHAU or the indicated RSM
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Conserved residues within the RSM domain are essential for the
recognition of G4 structures by RHAU
Multiple sequence alignments of RHAU orthologues of various species
from choanoflagelates to humans unveiled a highly conserved cluster of 13
amino acids presenting the RSM domain embedded in a moderately conserved
region of about 50 amino acids (aa. 54–100; Figure 23A). In contrast, the rest of the
N-terminus surrounding this region is poorly conserved. The RSM consensus
sequence as determined from 40 different RHAU orthologue sequences is:
P–π–x–L–ζ–G–[+]–ζ–I–G–Ψ–Ω–Ω† (Supplementary Figure 9). The motif consists
of five invariant amino acids (Pro-54, Leu-57, Gly-59, Ile-62 and Gly-63) and
seven highly conserved residues of similar biochemical properties (π-55, ζ-58,
[+]-60, ζ-61, Ψ-64, Ω-65, Ω-66). In addition, computation-based secondary
structure prediction of the sequences used for alignment suggested that RSM
is partially structured, sitting astride an unstructured loop (aa. 54–59) and an
α-helix (aa. 60–66; Figure 23A). We further examined by site-specific mutagenesis
in vitro the contribution of conserved amino acids within the RSM domain to the
recognition and resolution of G4 structures (Figure 23A). To this end, conserved
residues of the RSM were substituted with alanines, prolines or glycines. We
focussed on Pro-54, Gly-59 and Gly-63 because they may provide the RSM
with substantial structural rigidity (Pro‑54) or flexibility (Gly-59 and Gly-63). As
shown in Figure 23B, mutation of the five invariant residues of the RSM (RSMmut2) considerably reduced the binding affinity of RHAU for G4-RNA, albeit
to a lesser extent than the RSM-deleted form of RHAU (∆RSM). Interestingly,
substitution of the invariant Gly-59 and Gly-63 residues with prolines (RSMmut6) caused a stronger reduction of G4 binding activity than the RHAU(RSMmut2) in which these two amino acids are mutated to alanines. Since prolines may
induce a structural constraint on the RSM, this result suggests that recognition
of G4 structures may depend on the conformational organisation of the RSM.
Finally, as observed with RHAU(RSM-mut1) and RHAU(RSM-mut3) mutants,
Pro-54 as well as the polar residues Lys-58, Arg‑60 and Glu-61 appear to be
dispensable.
As expected, RHAU proteins with mutated RSM and displaying strong
G4-RNA binding deficiency (RSM-mut2 and 6) also had reduced G4 resolving
activity (Figure 23C). In contrast, despite the slight reduction of G4 binding activity
observed for RHAU(RSM-mut1) and RHAU(RSM-mut3), these two mutants
unwound G4 structures with an efficiency comparable to wild-type RHAU. We
concluded from these in vitro mutagenesis experiments that the highly conserved
residues in the RSM domain are essential for RHAU G4 structure binding and
resolving activities.
ATPase activity of RHAU N-terminal truncated mutants
Hitherto, it could not be excluded that the introduced mutations caused
significant conformational changes in the helicase core domain that resulted in
enzymatically defective proteins. To define whether loss of G4 resolvase activity
was due to loss of G4 binding by the N-terminal domain or to impairment of
the basic activity of the helicase core domain, we compared the ATPase activities
†

Consensus RSM is listed according to the Seefeld convention (315), symbol nomenclature
stands for: π (pi) = small side chain, ζ (zeta) = hydrophilic, [+] = basic, Ψ (Psi) = aliphatic,
Ω (Omega) = aromatic.

mutants in the absence of ATP. The reaction mixtures were analysed by native PAGE. An autoradiogram of the gel is shown. (C) G4-RNA unwinding assay:
radiolabelled tetramolecular rAGA at a concentration of 4 nM was incubated in the presence of ATP without protein (−) or with increasing amounts (6, 20 and
60 nM) of either WT RHAU or the indicated RSM mutants. The reaction products were resolved by native PAGE after disrupting RNA-protein interactions
with SDS. An autoradiogram of the gel is shown. An aliquot of the duplex substrate that was heat-denatured (95 °C, 5 min) and then quenched (∆T) serves
as a marker for the position of single-stranded RNA.
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Figure 24 | ATPase activity of wild-type
RHAU and N-terminal mutants. (A) The
extent of ATP hydrolysis by wild-type RHAU
in the presence (○) or absence (●) of poly(U)
plotted as a function of input RHAU. The
ATPase activity is expressed as a function
of the activity obtained with WT RHAU at
a concentration of 200 nM when poly(U)
was omitted. (B) Influence of poly(U) on the
ATPase activity of WT RHAU and DAIH
ATPase-deficient mutant (200 nM). The
ATPase activity was represented relatively to
that of WT RHAU in the absence of poly(U),
that was set to 1. (C) Influence of poly(U) on
the ATPase activity of WT RHAU and ∆Gly or
∆RSM RHAU mutants (200 nM). The basal
ATPase activity (without nucleic acid cofactor)
of WT RHAU is indicated (dashed line). The
data represent the means ± SEM from three
independent experiments
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of RHAU mutants and wild-type RHAU. As shown previously (32), RHAU
exhibited significant ATPase activity in the absence of nucleic acids, which was
stimulated substantially by the presence of homopolymeric poly(U) (Figure 24A).
Both the RNA-dependent and -independent ATPase activities were proportional
to the amount of input RHAU protein. To exclude the possibility that the
RNA-independent ATPase activity observed was due to contaminants derived
from HEK293T cells, we substituted the Glu‑335 residue with Ala within the
Walker B site (DEIH → DAIH), which abolishes RHAU ATPase activity (32).
RHAU(DAIH) protein was prepared according to the protocol employed for
wild-type RHAU protein, with comparable yield and purity (Supplementary Figure 11).
In contrast to wild-type RHAU, RHAU(DAIH) showed no ATPase activity, even
in the presence of poly(U) (Figure 24B). Thus, we concluded that wild-type RHAU
harbours intrinsic RNA-independent ATPase activity, which can be further
stimulated by homopolymeric RNA.
To clarify the biochemical basis of the absence of G4 resolvase activity
in the RHAU(∆RSM) mutant, we measured the rate of ATP hydrolysis by this
mutant and compared it to that of the wild-type RHAU and the RHAU(∆Gly)
mutant that was still proficient in G4-unwinding. In the absence of RNA
cofactor, the ATPase activity of RHAU(∆RSM) protein was the same as
RHAU(WT) and RHAU(∆Gly) proteins (Figure 24C), suggesting that the deletion
of the Gly-rich (∆Gly) or the RSM (∆RSM) domains does not affect the
basal ATPase activity of RHAU. However, the extent of poly(U)-dependent
stimulation of ATPase activity of RHAU(∆RSM) was about 60 % of that of
RHAU(WT) and similar to that of RHAU(∆Gly). Taken together, these results
indicate that deletion of the N-terminal region of RHAU does not cause any
significant conformational changes to the helicase core but renders the RHAU
protein less responsive to RNA in the stimulation of its ATPase activity. Given
that RHAU(∆RSM) retained significant RNA-dependent ATPase activity,
equivalent to the G4 resolvase proficient RHAU(∆Gly) mutant, we concluded
that the lack of G4 resolving activity in the RHAU(∆RSM) mutant resulted from
the loss of G4 binding by the N-terminal domain.
CG9323, the Drosophila orthologue of RHAU efficiently unwinds
G4-RNA
Based on sequence analysis, RHAU has clear orthologues in almost all
species of the animal kingdom ranging from choanoflagellates to humans. A
multiple sequence alignment between eight of these orthologues showed the
helicase core (aa. 183–625) together with the C-terminal region (aa. 626–1008) of
RHAU to be evolutionary conserved (Supplementary Figure 5). In contrast, sequences
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of the N‑terminal region (aa. 1–182) show little similarity with the exception
of the highly conserved RSM (aa. 54–66) and its surrounding region (aa. 54–
100). Considering the apparent importance of the RSM in the recognition of
G4 structures and the high conservation of its sequence together with the rest
of RHAU protein, we surmised that the G4 binding and resolving activity of
the RHAU protein are conserved among higher eukaryotes. To validate this
hypothesis, we cloned and characterised CG9323, the Drosophila orthologue of
RHAU.
CG9323 is a 942 amino acid-long protein, which like RHAU comprises all
the typical signature motifs of the DEAH-box family of RNA helicases (Figure 25).
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Figure 25 | Pairwise alignment of RHAU with its Drosophila orthologue CG9323. Amino acids that are identical or similar between the two sequences
are shaded in black and grey, respectively. The RSM domain as well as helicase motifs I–VI are indicated below the sequences. Gly residues of the Gly-rich
domain (aa. 10–51) of RHAU are depicted in orange. N-terminal (NTR, aa. 1–182), helicase core (HCR, aa. 183–625) and C-terminal (CTR, aa. 626–1008)
regions are delineated with a coloured dashed line in red, green and blue, respectively.
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The overall identity and similarity between CG9323 and RHAU
are 34 % and 52 %, respectively, but not evenly distributed along
the entire sequence. Sequence similarity with RHAU is particularly
high (41 % identity and 60 % similarity) for the helicase core and
the C-terminal regions of CG9323. Nevertheless, apart from the
conserved RSM, the CG9323 N-terminal region lacks evident
sequence resemblance to RHAU. In addition, the CG9323
N-terminal region is 25 % shorter than that of RHAU, mainly
due to the absence of the Gly-rich sequence upstream of the
RSM.
To check whether the Drosophila orthologue of RHAU
retains G4 binding and resolving activities, CG9323 was expressed
as a FLAG-tagged recombinant protein and immunopurified to
homogeneity as shown in Supplementary Figure 10. The ability of
purified recombinant CG9323 protein to unwind and to bind
G4 structures was assessed under the conditions previously
employed for RHAU. As shown in Figure 26A, CG9323 efficiently
unwound the G4-RNA substrate. As for RHAU, the extent of
products resolved by CG9323 was proportional to the input
protein. Furthermore, CG9323 failed to resolve G4 substrates in
the presence of the non-hydrolysable ATP analogue AMP-PNP,
indicating that G4‑unwinding by CG9323 requires the hydrolysis
of nucleosides triphosphate.
Similar to RHAU, CG9323 also formed a stable
complex with G4 substrates in the absence of hydrolysable
rNTPs (Figure 26B). In binding experiments, CG9323 turned out to
be more specific for G4-RNA relative to ssRNAs, since CG9323
bound tetramolecular rAGA with a 10-fold higher affinity than
monomeric single-stranded rAGA oligoribonucleotides of
the same sequence. This observation, by analogy, is consistent
with earlier observations that RHAU has poor sequencespecific recognition of ssRNAs (32,89). Finally, a variant form of
CG9323, in which highly conserved residues of the RSM were
mutagenised, displayed reduced G4 binding activity, suggesting
that the RSM is essential for the recognition of G4 structures
by CG9323 (Figure 26C). In conclusion, these results provide
compelling evidence that the G4 binding and resolving activities
of RHAU have been conserved from Drosophila to human, with
the RSM playing a pivotal role.
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Owing to their bulky and thermodynamically stable features,
G4 structures have been shown in many respects to impede
normal nucleic acid metabolism (190,200,208,209,228,229,316,317).
To cope with this problem, proteins are produced that mitigate

Figure 26 | G4-RNA unwinding and binding by CG9323. (A) G4-RNA unwinding assay: radiolabelled tetramolecular rAGA at a concentration of 4 nM was
incubated in the presence of ATP or AMP-PNP (as indicated) without protein (−) or with increasing amounts (2, 6, 20 and 60 nM) of purified recombinant
CG9323 protein. The reaction products were resolved by native PAGE after disrupting RNA-protein interactions with SDS. An autoradiogram of the gel is
shown. An aliquot of the duplex substrate that was heat-denatured (95 °C, 5 min) and then quenched (∆T) serves as a marker for the position of singlestranded RNA. (B) G4- and single-stranded-RNA binding assay: tetramolecular (left) or monomeric (right) radiolabelled rAGA at a concentration of 100 pM
were incubated without protein (−) or with increasing amounts (10, 30 and 100 nM) of CG9323 in the absence of ATP. The reaction mixtures were analysed
by native PAGE. An autoradiogram of the gel is shown. (C) G4-RNA binding assay: radiolabelled tetramolecular rAGA at a concentration of 100 pM was
incubated without protein (−) or with increasing amounts (3, 10 and 30 nM) of WT or RSM-mut2 CG9323 proteins in the absence of ATP. The reaction mixture
were analysed by native PAGE. An autoradiogram of the gel is shown.
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effects of these atypical stable structures. Eight human helicases, including
RHAU, have been shown so far to harbour G4 resolving activity in vitro. These
include the SF1 helicases Pif1 (233) and Dna2 (246), as well as the RecQ family
proteins BLM (227,243) and WRN (226), the Rad3-like helicases FANCJ (228)
and DDX11 (230) as well as the DEAH-box RNA helicase A (DHX9, ref. 238).
Apart from DHX9 and RHAU, these proteins are all DNA helicases that have
been clearly implicated in the maintenance of genome integrity (22,23,248,249,318).
Both RHAU and DHX9 belong to the DEAH-box family of RNA helicases
and show very little sequence similarity with the above mentioned helicases.
Curiously, RHAU was initially identified as a G4-DNA resolvase enzyme (33).
The possibility that G4-RNA structures are targets of RHAU emerged from
in vivo UV-crosslinking results showing RHAU binding mainly to RNA (268).
Subsequent characterisation of RHAU demonstrated its aptitude to resolve G4RNA better than G4-DNA (89). This finding was a remarkable breakthrough,
since RHAU was the first helicase to possess G4-RNA resolvase activity.
Furthermore, RHAU is one of the rare DExD/H-box proteins that exhibit high
affinity and specificity for its substrate in vitro independent of accessory proteins.
Since this finding, efforts have been made to understand the mechanism
underlying recognition of G4 structures by RHAU. The present study shows
that the N-terminal region of RHAU is essential and responsible for binding of
RHAU to G4 structures. Further investigations dissecting the N-terminal region,
coupled with site-directed mutagenesis, have demonstrated that the RSM makes
a decisive contribution to the high affinity of RHAU for G4 structures. Sequence
comparisons of RHAU orthologues from various species showed the RSM to be
the unique highly conserved part of the N-terminal region. Hence, we predicted
that all orthologous forms should possess G4 resolving activity based on the
functional significance and sequence conservation of the RSM domain and the
catalytic region. This hypothesis was supported by the robust ATP-dependent
G4-RNA resolvase activity found for CG9323, the Drosophila form of RHAU.
As expected, and also shown for RHAU, the binding of CG9323 to G4-RNAs
depended on RSM integrity, which further indicated similar functions for this
motif in both proteins.
Recognition of G4-RNA by RHAU depends on the N-terminal
RSM
RHAU shares with most helicases a global scheme of modular architecture
that combines a conserved central helicase core domain with peripheral regions
of various lengths and sequences (319). Together with previous findings (268,320322), our results indicate that the helicase core alone cannot account for the
high specificity of function usually attributed to DExD/H-box proteins. In
this regard, these data also agree with numerous structural observations that
the helicase core region of DEAD-box proteins interacts essentially in a nonsequence-specific manner with the phosphoribose backbone of single-stranded
nucleic acid (27,138,139,311,312). Such contacts suffice to discriminate RNA from
DNA by means of the 2′-hydroxyl groups of the ribose moieties, but not to
distinguish between sequences of varying nucleotide composition. In the
present work, we have shown the importance of the unique N-terminal flanking
region in adapting the conserved catalytic core to a specific function. The
present investigation has also shown clearly that, although necessary, ATPase
activity by itself is not sufficient for RHAU to unwind G4 structures. Our data
strongly suggest that the establishment of a stable complex between RHAU
and its G4 substrate is a prerequisite for the subsequent ATPase-dependent
unwinding of the G4 structure. We propose that the N-terminal RSM endows
the enzyme with specificity by binding the G4 substrate, thereby positioning
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the helicase core in close proximity to the substrate. Likewise, critical roles for
N- and C-terminal flanking regions have been reported for several DExD/Hbox proteins, exerting specific functions by interacting with particular RNA
species/structures or with other regulatory proteins (320,323-325). For example,
the prototypical yeast DEAH-box proteins Prp16 and Prp22 and the human
orthologue HRH1 (alias DHX8 or hPrp22) have been shown to associate with
the spliceosome via their non-conserved N-terminal regions (110,116,117). The
Drosophila maleless (MLE) protein, more closely related to RHAU, harbours
two copies of dsRNA binding motifs (dsRBM) in its N-terminal region (326).
Their deletion, as with the N-terminal truncation of RHAU, caused the loss
of RNA-binding and unwinding activities in vitro and subcellular mislocalisation
of the protein in vivo (148). Together, these examples emphasise the role of the
peripheral domains of DExD/H-box proteins in adapting a common catalytic
core to a broad spectrum of specific functions.
Potential role of the RSM in RHAU relocalisation to stress granules
The present work underscores the essential nature of the conserved RSM,
which endows RHAU with a high affinity for G4 structures in vitro. Determining
the mechanisms whereby RHAU resolves G4 substrates in vivo is an important
issue to be addressed in future. It is tempting to draw a parallel between the
present observation and a previous report that the stress-induced recruitment of
RHAU to stress granules is mediated by interactions of RHAU with RNA (268).
Similar to our observations, the region identified as essential for this activity
included the RSM together with the upstream Gly-rich domain, underscoring
the functional relevance of the RSM and its surrounding region for the
biological activity of RHAU. The N-terminal region of RHAU alone was also
found to be sufficient to drive RNA binding in vivo as well to relocalise to stress
granules (268). This observation, however, contrasts with the data presented
here in that, although required for functional specificity, the N-terminal region
alone does not constitute an independent and high affinity G4-RNA-binding
domain. In this regard, our data rather suggest that both the N-terminal and
helicase core regions are required for the productive interaction of RHAU
with G4 structures. Since the nucleic acid binding motifs Ia, Ib, IV and V of
DEAH-box proteins have been proposed to contact RNA (118,141), we surmise
that, for RHAU, the helicase core may also provide the protein with substantial
binding activity by interacting in a non-specific manner with the phosphoribose
backbone of the single-stranded tail flanking the tetramolecular G4 structure.
Further investigations into the functional contribution of the RNA binding site
of the helicase core are needed to further challenge this hypothesis. In addition,
our previous finding that the ATPase-deficient form of RHAU [RHAU(DAIH)]
stalls in stress granules (268) agrees with the observation that, once bound to
G4-RNA, RHAU(DAIH) cannot dissociate itself from its substrate, even in
the presence of ATP (data not shown). This indicates that the G4-unwinding
reaction requires ATP hydrolysis, rather than ATP binding per se, and further
suggests that the release of the RNA substrate occurs only after G4‑unwinding.
Stress granules may constitute a favourable environment for the formation of
intermolecular G4-RNA structures, as they are temporary sites of accumulation
of stress-induced stalled translation initiation RNP complexes (271,272). However,
an important question that we have not yet addressed is whether RHAU
relocalises to stress granules upon binding to G4-RNA structures. Interestingly,
however, we noticed that RSM-mutated forms of RHAU that are deficient for
G4 structure recognition in vitro, manifest reduced association with RNA in vivo
concomitantly with reduced relocalisation to stress granules (Chalupnikova, K.,
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unpublished data). Thus, this finding raises the possibility that at least a fraction
of RHAU is recruited to stress granules via interactions with G4 structures.
The mechanism by which RHAU recognises G4 structures is an important
issue that needed to be addressed to improve our understanding of RHAU.
So far, however, little is known about its biological function as a potential G4
resolvase enzyme. Recently, G4 structures in RNA have attracted considerable
attention as a plausible means of regulating gene expression (260,327). Formation
of G4 structures in the 5′-untranslated region has been shown to affect mRNA
translation (190,208,209) and bioinformatics studies have identified more than
50'000 potential G4 structures near splicing and polyadenylation sites of
various human and mouse genes. This raises the possibility that G4‑formation
impedes RNA metabolism at many different stages (214). At the moment, we
lack a corresponding understanding of how cells negotiate with G4 structures
in various RNA molecules. However, from the findings presented here, RHAU
emerges as a promising regulator of G4 structure-based RNA metabolism and
merits future investigation of its potential roles in different biological contexts.
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RHAU binds an intramolecular G4 structure
in TERC and associates with telomerase
holoenzyme
A i m s and R ati o nale
Although considerable information is available regarding the enzymatic
activity of RHAU in vitro (33,39,88,89), almost nothing is known about its
biological function as a G4 binding/resolving enzyme in vivo. To address this
question, we sought RNAs bound by RHAU in living cells, surmising that the
identification of RHAU-bound RNAs and understanding the effects of RHAU
should provide important clues to its function in vivo. To this end, we employed
high-throughput gene array technologies to identify and quantify the co-purified
RNAs on a genome-wide scale. With this screen, we identified about 100 RNAs
significantly enriched by RHAU. Computational analysis of RNA sequences for
potential intramolecular G4 structures revealed the preferential association of
RHAU with transcripts bearing G4-forming motifs, suggesting direct targeting
of G4-RNAs by RHAU. Amongst the RNAs with the potential to form G4
structures and selectively enriched with RHAU, we identified TERC as a bona
fide target of RHAU. Characterisation of the RHAU-TERC interaction in vivo
and in vitro showed binding of TERC by RHAU to be strictly dependent on
the formation of a G4 structure on the 5′-extremity of TERC RNA and to
require the N-terminal RSM domain of RHAU. Finally, we have demonstrated
that RHAU not only interacts with TERC stricto sensu, but is also part of the
fully assembled telomerase complex through direct interaction with TERC G4
structure. Taken together, these data demonstrate that intramolecular G4-RNAs
are naturally occurring substrates of RHAU in vivo. Moreover, they provide
indirect but strong support for the existence of a G4-RNA structure in the
telomerase RNP.

R esults
Microarray identification of RHAU-associated RNAs
To identify endogenous RNAs associated with RHAU in vivo on a genomewide scale, we designed a RIP-chip assay (RNA immunoprecipitation coupled
to microarray analysis). Subsets of RHAU target RNAs were isolated by
immunoprecipitation (IP) assays under optimised conditions that preserved
RNA-protein complexes. Briefly, HeLa cells were transfected with a vector
expressing FLAG-tagged or myc-tagged RHAU. Immunoprecipitations of noncross-linked whole-cell extracts were carried out using anti-FLAG antibodies.
Anti-FLAG IP from cells expressing myc-tagged RHAU was employed as
a control (IPctrl) to assess nonspecific interactions that may occur during RIP.
Following IP, co-fractionated RNAs were recovered and purified by standard
phenol-chloroform extraction and converted to cRNA. Products were
subsequently hybridised to human oligonucleotide arrays.
Western blot analysis of immunoprecipitated proteins revealed that RHAUFLAG, but not RHAU-myc, was efficiently enriched from HeLa cell extracts
following IP with anti-FLAG antibody (Figure 27A, bottom). Oligo(dT)-primed
reverser-transcription of co-immunoprecipitated RNAs showed the presence
of polyadenylated RNAs with sizes similar to the input (Figure 27A, top, compare
lane 2 to lanes 3 and 4). With regard to the RHAU-FLAG IP fraction, very little
background RNA signal was detected in the control immunoprecipitate (lane 1),
demonstrating specific co-immunoprecipitation of mRNAs with RHAU. The
association between RHAU and target RNAs was deemed specific as the
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Figure 27 | Analysis of the RNAs co-immunoprecipitated with RHAU RNPs. (A) RHAU associates with poly(A)+ RNAs in HeLa cells. First strand cDNA
synthesis from input (lanes 3 and 4) and co-immunoprecipitated (lanes 1 and 2) RNAs was monitored by incorporation of [α-32P]dATP. The RT-PCR reaction
products were separated by agarose gel electrophoresis. An autoradiogram of the gel is shown. The positions and sizes (kb) of marker DNAs are indicated
at the left. Signal intensities are expressed relative to the average signal intensity of the input fractions (lanes 3 and 4). Expression and specific enrichment
of RHAU-FLAG in input and FLAG-IP fractions were verified by Western blot analysis. (B) Scatter plot representation of the differential enrichment of RHAUbound versus nonspecific RNAs as quantified by microarray analysis. The pink rectangle delineates the area of RNA specifically enriched by RHAU. RNAs
whose enrichment was further validated by semi-quantitative RT-PCR are indicated. (C) Validation of novel RHAU-bound target RNAs. The abundance
of 10 potential RHAU targets and 4 non-targeted RNAs in total input RNA (lanes 3 and 4), control IP (lane 1) and RHAU-FLAG IP (lane 2) fractions was
monitored by semi-quantitative RT-PCR. Reaction products were separated by agarose gel electrophoresis and visualised by SYBR Green staining. Band
intensities are expressed relative to the average signal intensity of the input fractions (lanes 3 and 4).

anti-FLAG antibody exhibited no obvious cross-reactivity with other cellular
proteins (data not shown).
Microarray analysis of the purified RNAs recovered from input and
immunoprecipitated fractions revealed that 9'354 (49 %) of the 19'089 total genes
available on the chip were significantly expressed in HeLa cells overexpressing
RHAU (data not shown). In order to maximise the chance of identifying true
RNA targets of RHAU as well as to minimise the occurrence of false positives,
only those RNAs were chosen that were significantly (adjusted P-value < 0.01)
enriched and were at least two-fold more abundant in the RHAU-FLAG IP
fraction than in the control. Of these potential RHAU targets, we discarded

Results
those that were also significantly enriched in the RHAU-myc expressing cells
and might thus be RHAU-independent RNAs binding non-specifically to the
anti-FLAG antibody matrix.
Thus, of the 9'354 genes expressed in HeLa cells, 108 RNAs (1.2 %)
were found to be significantly enriched in RHAU-FLAG IP fraction compared
with total input RNA (Figure 27B). Finally, after subtraction of two non-target
RNAs based on the above-mentioned criteria that were associated with the
antibody or the beads, 106 RNAs were judged to be specifically enriched by
RHAU (Supplementary Table II). The most abundant transcripts of these potential
RHAU targets were selected for further analysis.
Validation of potential RHAU target RNAs
To assess independently the validity and reproducibility of the identified
RHAU-associated transcripts, RNA abundance in total input RNA, control IP
and RHAU-FLAG IP fractions from fresh whole-cell extracts were analysed by
semi-quantitative RT-PCR. As shown in Figure 27C, ten RNAs randomly selected
from the group of plausible RHAU targets were confirmed to be enriched more
than two-fold in the RHAU-FLAG IP fraction than in the control IP or input
fractions. Besides, four non-targeted RNAs were included as negative control to
monitor RHAU binding to non-specific RNAs. None of them were found to be
enriched in the RHAU-FLAG IP fraction despite their relatively high abundance
in the input fraction. Taken together, these independents results validate the
previous RIP-chip data. We assume that the remaining RNA species are also
part of RHAU RNPs, although additional experiments would be necessary to
confirm this supposition.
G4-content analysis for RNAs enriched by RHAU
As RHAU shows a high affinity for G4-RNA structures in vitro (89), we
next carried out a bioinformatics search for RNAs with potential intramolecular
G4 structures. The rationale was that if RHAU binds G4-RNA in vivo, the
proportion of potential G4-forming sequences should be higher among RNAs
enriched by RHAU than among non-enriched RNAs. Of the various available
methods for predicting intramolecular G4 motif sequences, we used QGRS
Mapper that identifies and scores each potential G4-forming sequence according
to their predicted stabilities (293). Being aware that only limited experimental
data so far support the scoring method of QGRS Mapper, we employed the
algorithm to identify potential G4-forming sequences, but we also included the
G4-score-based analysis as Supplementary Material (Supplementary Figure 12), since
the two approaches provided similar results. In fact, with almost eight potential
intramolecular G4-forming sequences (PQS) per kilobase, the occurrence of
G4 motif sequences was higher in the fraction enriched by RHAU than in any
other fraction (Figure 28A and Supplementary Figure 12A). In addition, there was a
weak (R2 = 0.10) but significant positive correlation between the predicted G4
motif density per transcript and the magnitude of RNA enrichment by RHAU.
Randomisation of RHAU target sequences, retaining single- or even di-nucleotide
frequencies of the original transcripts, significantly reduced the proportion of
potential G4-forming sequences (Figure 28B and Supplementary Figure 12B). Thus, the
proportion of G4 motif sequences among RHAU-associated transcripts cannot
be explained by a mere bias in nucleotide composition.
It should be mentioned that our prediction is likely to overestimate
the number of G4-forming motif sequences per transcript. In fact, we also
considered G4 structures consisting of only two successive G-tetrads as these
metastable structures have also been demonstrated to have biologically relevant
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Figure 28 | Computational analysis of potential intramolecular G4-forming sequences (PQS) among RNAs enriched by RHAU. (A) Box plot
representation of the density of potential intramolecular G4-forming sequences per transcript (PQS∙kb−1) as a function of their level of enrichment by RHAU.
The lower and upper boundaries of the boxes indicate the 25th and 75th percentiles, respectively. The white lines within the boxes mark the median. The width
of the boxes is proportional to the number of transcripts found within a group. The error bars indicate the 10th and 90th percentiles and the filled circles the 5th
and 95th percentiles. The pink rectangle refers to the group of 106 RNAs specifically enriched by RHAU and serves as a control group for multiple comparison
analysis. Statistical significance was determined by Kruskal-Wallis one-way ANOVA on ranks and the Dunn’s test. nsP ≥ 0.05; *P < 0.05; **P < 0.01. The
correlation between the two variables was estimated by linear regression analysis (y = 2.56x + 5.60, R2 = 0.10, P < 0.001) and is indicated as a red line on
the graph. (B) PQS analysis among randomised RHAU target sequences. The sequences of the 106 transcripts specifically enriched by RHAU were shuffled,
retaining single- or di-nucleotide base composition of the original transcripts. The box plot represents the density of PQS (PQS∙kb−1) among the original (not
rand.), di-nucleotide shuffled (di-NT rand.) and single-nucleotide shuffled (single-NT rand.) sequences. Statistical significance was determined by one-way
repeated measures ANOVA and the Dunnett's test. (C) Proportions of RNAs bearing stable PQS as a function of their level of enrichment by RHAU. The
pink rectangle refers to the group of 106 RNAs specifically enriched by RHAU. The dashed red line denotes the proportion of sequences showing stable
PQS in the input fraction. Significant (P < 0.001) association between the magnitudes of the two variables was estimated by the chi-square-test-for-trend.

Results
roles (317,328,329). However, after discarding these less-stable G4 structures from
the analysis, we still observed a significant relationship between the proportion
of sequences bearing potentially stable G4-forming sequences (composed of
three or more stacked G-quartets) and the magnitude of RNA enrichment by
RHAU (Figure 28C). Indeed, with more than half of the sequences presenting
potentially stable G4-forming sequences, the group of 106 RNAs identified
as true RHAU targets presents one of the highest incidences of potentially
stable G4-forming motifs. In summary, the present data are consistent with
preferential association of RHAU with transcripts containing potential G4forming sequences, suggesting direct recognition of G4-RNA structures by
RHAU. To further test this hypothesis, we selected one of the identified RHAU
targets and addressed the molecular basis of its interaction with RHAU.
RHAU associates with TERC through its G4 motif sequence
Within the pool of transcripts enriched by RHAU and showing a high
potential to form stable G4, TERC is the only RNA reported previously to form
a stable and parallel G4 structure in vitro (Figure 29A; ref. 224). TERC was also
found to be one of the most abundant RNAs enriched by RHAU in several
independent RIP-chip assays using various cell lines (Supplementary Table II and
unpublished data). To address the role of the TERC G4 structure in its efficient
co-immunoprecipitation by RHAU, we cloned the TERC gene, including its
promoter and 3′ flanking genomic sequence. The 5′ extremity of the TERC
sequence was subsequently mutated (G4-MT) or truncated (∆G4) to prevent G4
formation (Figure 29B). To avoid effects on the structurally conserved P1 helix by
the introduced substitutions, guanine residues that are part of both the predicted
G4 structure and the P1a helix region were left intact. The recombinant forms
of TERC were transiently transfected into HEK293T cells and the accumulation
of stable TERC transcripts was monitored by RT-qPCR (Figure 29C). After
24 hours, HEK293T cells transiently transfected with the TERC(WT) construct
but not with the vector alone showed a substantial (~200-fold) increase in
TERC abundance relative to endogenous TERC levels. Importantly, mutations
of the G4 motif (G4-MT or ∆G4) did not influence the steady-state level of
exogenous TERC expression in these cells since recombinant wild-type, G4-MT
and ∆G4 forms of TERC accumulated to comparable levels.
To examine the significance of the G4 motif sequence for co-precipitation
of TERC with RHAU, we repeated the RIP assay using HEK293T cells
transiently overexpressing the wild-type or G4-MT and ∆G4 mutated forms of
TERC. Immunoprecipitations were carried out on endogenous RHAU using a
monoclonal antibody against RHAU and TERC RNA abundance was analysed
by RT-qPCR (Figure 29D). As already shown for endogenous TERC, a substantial
amount of overexpressed TERC(WT) was also recovered with endogenous
RHAU, as evidenced by a 25-fold enrichment of TERC transcript over the
mock transfection (Figure 29D, compare lanes 4 and 2). In marked contrast, both
G4 motif mutated forms of TERC were barely co-immunoprecipitated with
RHAU, judged by the 95 % reduction in TERC abundance in the corresponding
fractions compared with the WT control (Figure 29D, compare lanes 5 and 6 to
lane 4). The drastic reduction in immunoprecipitation of the TERC mutants was
not due to nonspecific RNA degradation in these fractions. Indeed, comparable
levels of nonspecifically co-immunoprecipitated GAPDH RNA were found to
contaminate all of these fractions. Taken together, these results indicate that the
intact G4 motif sequence is a prerequisite for TERC association with RHAU in
vivo.
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Figure 29 | RHAU associates with TERC through its G4-motif sequence. (A) Schematic representation of the secondary structure of human TERC
bearing a parallel G4 structure in the 5′-extremity as described by Mergny et al. (224). (B) Nucleotide sequence of the WT and G4 motif mutant (G4-MT
and ∆G4) forms of TERC. Guanine tracts that are predicted to form a stable G4 structure are shown bold. Nucleotide substitutions or deletions in mutant
forms of TERC are marked in red. The P1 helix subdomains as well as the template region are indicated. (C) RNA expression levels of endogenous and
recombinant WT and G4 motif mutant forms of TERC in HEK293T cells. Expression was quantified by RT-qPCR, normalised to GAPDH expression and
endogenous TERC levels set to 1. Data represent the mean ± SEM of three independent experiments. (D) RT-qPCR analysis of the abundance of WT
and G4 motif mutant forms of TERC that co-immunoprecipitated with endogenous RHAU protein. RNA levels in IP fractions are represented in function of
their respective abundance in the input fraction. Immunoprecipitation with mouse IgGs (mIgG) served as a control to assess nonspecific interactions. In
lanes 4, 5 and 6, yellow hatches represent the fraction related to endogenous TERC signal and violet hatches represent the fraction of TERC RNA that
non-specifically interacts with the antibody matrix or the beads. Data represent the mean ± SEM of five independent experiments. Comparable efficiency of
RHAU immunoprecipitation in the various fractions was verified by Western blot analysis with anti-RHAU antibodies.

RHAU binds TERC through a G4 structure in the TERC 5′-region
In the absence of Mg∙NTPs, RHAU specifically binds to tetramolecular
G4-RNA structures with high affinity (88,89). The strict requirement for the G4
motif sequence for effective recovery of TERC by RHAU in vivo suggested that
RHAU may also form a stable complex with TERC through direct binding of
the G4-RNA forming structure. To address this question in vitro, we performed
RNA electromobility shift assays (REMSA) using purified recombinant GSTtagged RHAU protein and in vitro transcribed radiolabelled full-length (1–451
nt) and 5′-end (1–71 nt) TERC fragments. In the absence of protein, the
32
P-labelled probes migrated as a single species in the gel (Figure 30A and B).
Addition of increasing amounts of RHAU to both full-length and 5′-end TERC

Results

69
A

B

RHAU

RHAU

−

−

bound
TERC1-451

bound
TERC1-71

free
TERC1-451

free
TERC1-71
1

C

2

3

4

5

6

7

WT

TERC

1

D

G4-MT

RHAU

−

2

−

bound
TERC1-71

3

4

5

6

7

100 mM K+
RHAU

100 mM Li+
−

−

bound
TERC1-71

free
TERC1-71

free
TERC1-71
1

2

3

4

5

6

7

8

9 10

1

2

3

4

5

6

7

8

9 10

Figure 30 | Gel mobility shift assay for TERC G4 binding by RHAU. (A) Radiolabelled full-length (1–451 nt) and (B) 5′-end (1–71 nt) TERC fragments at a
concentration of 100 pM were incubated without protein (−) or with increasing amounts (1, 3.2, 10, 32, 100 and 320 nM) of GST-tagged RHAU in the absence
of ATP. The reaction mixtures were analysed by non-denaturing PAGE. An autoradiogram of the gel is shown. The positions of the free RNA substrate and
the protein-RNA complex are indicated on the left. At concentrations up to 320 nM, GST protein alone had no effect on TERC mobility (data not shown).
(C) RNA-binding assay with WT and G4 motif mutant (G4-MT) forms of TERC 5′-end (1–71 nt) fragments. Radio-labelled TERC fragments were incubated
without protein (−) or with increasing amounts (3.2, 10, 32 and 100 nM) of GST-tagged RHAU. (D) Cation dependency of RHAU interaction with TERC.
The 5′-end WT TERC fragment was incubated under standard (100 mM K+) or lithium-based (100 mM Li+) REMSA conditions without protein (−) or with
increasing amounts (10, 32, 100 and 320 nM) of GST-tagged RHAU.

fragments resulted in the appearance of a high-affinity (estimated Kd of 10 nM)
ribonucleoprotein complex of reduced mobility. In contrast, the stability of the
RHAU-TERC interaction was strongly impaired (~20-fold reduction) when
formation of the G4 structure was prevented by mutation of the G4 motif
sequence (G4-MT, Figure 30C). Similarly, conditions that are unfavourable to G4
stability (substitution of K+ for Li+) impaired the RHAU-TERC interaction to
comparable extent (Figure 30D). Replacing K+ by Li+ was indeed shown to strongly
reduce the thermodynamic stability of the TERC G4 structure (224). Thus, these
results demonstrate a direct and specific interaction between RHAU and TERC
dependent on RNA folding into a stable G4 structure. This is consistent with
the above finding that RHAU can co-immunoprecipitate the wild-type but not
the G4 motif mutated forms of TERC. Together these observations argue that
a fraction of TERC RNA forms a G4 structure that can be further bound by
RHAU, in vivo.
RHAU associates with telomerase RNPs by direct interaction with
TERC
In cells, the biogenesis of the active telomerase enzyme follows a stepwise
RNP assembly. Upon transcription, nascent TERC is first bound by proteins
dyskerin, NHP2 and NOP10 and subsequently joined by GAR1 (for review, see
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As RHAU binding to TERC requires a G4 structure, the
finding that RHAU co-immunoprecipitated with components of the
telomerase complex suggested the existence of an alternatively folded
form of TERC bearing a G4 structure in a fraction of telomerase RNP.
To address this further, immunopurified RHAU RNP complexes were
analysed for telomerase activity by TRAP assay. In all the subsequent
experiments, parallel immunopurification of dyskerin served as
a positive control for telomerase activity (331). In agreement with
previous observations, TRAP assays of antibody-bound complexes
confirmed that substantial telomerase activity was recovered with
RHAU but not with control IgGs (Figure 32A, top). Coomassie staining
demonstrated similar yields of immunoprecipitated RHAU and dyskerin
proteins (Figure 32A, bottom) and protein identity was subsequently verified
by Western blotting (Figure 32B).
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ref. 330). The co-transcriptional binding of this RNP complex is essential
for the processing and accumulation of TERC transcripts. Finally, the
catalytic protein component telomerase reverse transcriptase (TERT)
assembles with the processed telomerase RNPs and forms the
active telomerase holoenzyme. To determine whether RHAU was
exclusively interacting with TERC during the transcriptional process
or whether it was also part of the telomerase RNP, we performed coimmunoprecipitation assays and examined whether endogenous RHAU
co-fractionated with endogenous dyskerin or FLAG-tagged TERT
proteins. Immunoblot analysis showed that RHAU was present in both
dyskerin and TERT immunoprecipitated fractions but absent in the
control IP (Figure 31A and B, compare lanes 1 and 2). The association of
RHAU with components of the telomerase holoenzyme proved to be
strictly dependent on the ability of RHAU to bind the 5′-end of TERC,
since overexpression of wild-type but not the G4 motif mutated forms
of TERC resulted in extensive enrichment of coprecipitating RHAU
protein (Figure 31A and B, compare lane 2 to lanes 3, 4 and 5). Although
mutations of the TERC G4 motif sequence severely impinged on
the recruitment of RHAU to the telomerase, they had no apparent
repercussions on the steady-state expression level (Figure 31C) nor on the
assembly of the core components of telomerase. Indeed, as shown in
Figure 31D (compare lane 2 to lanes 3, 4 and 5), similar levels of TERT
protein co-fractionated with dyskerin following transient overexpression
of either wild-type or G4 motif mutated forms of TERC. These results
suggest that RHAU does not strictly bind TERC in the course of its
biogenesis but that a fraction of RHAU also associates with the fully
assembled telomerase holoenzyme through direct interaction with the
G4 motif sequence of TERC.

Figure 31 | Association of RHAU with telomerase holoenzyme subunits. (A) TERC G4 motif dependent association of RHAU with dyskerin. Proteins
from whole HEK293T cell lysates of either mock-transfected (−) cells or transiently expressing WT or G4 motif mutant (G4-MT, ∆G4) forms of TERC were
immunoprecipitated with either control mouse IgGs (mIgG) or anti-dyskerin antibodies. Immunopurified RNP complexes were separated by SDS-PAGE and
probed with anti-RHAU or anti-dyskerin antibodies. (B) TERC G4 motif-dependent association of RHAU with TERT. Protein immunoprecipitation experiments
with anti-FLAG antibodies were performed with whole cells lysates of HEK293T cells transiently expressing TERT-FLAG protein together with WT or G4
motif mutant (G4-MT, ∆G4) forms of TERC. Immunopurified RNP complexes were separated by SDS-PAGE and probed with anti-RHAU or anti-FLAG
antibodies. The asterisk denotes immunoprecipitated TERT-FLAG protein that cross-reacted unspecifically with the horsearadish peroxidase-conjugated
secondary antibody. (C) Western blot analysis of comparable protein expression in input HEK293T cell lysates. (D) Protein immunoprecipitation experiments
with anti-dyskerin antibodies were performed with whole cells lysates of HEK293T cells transiently expressing TERT-FLAG protein together with WT or G4
motif mutant (G4-MT, ∆G4) forms of TERC. Immunopurified RNP complexes were separated by SDS-PAGE and probed with anti-FLAG or anti-dyskerin
antibodies.
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Figure 32 | Association of RHAU with telomerase activity. (A) TRAP assay of immunopurified endogenous RHAU and dyskerin RNP complexes. RHAU
or dyskerin RNP complexes were enriched by immunoprecipitation and a fraction of the immunopurified RNP was essayed for telomerase activity by the
TRAP assay. Mouse IgGs (mIgG) served as a control to assess nonspecific interactions to the antibody matrix. A fraction of the immunopurified RNP was
separated by SDS-PAGE. The Coomassie stained gel was scanned on a LI-COR Odyssey infrared imaging system. Positions of the immunoprecipitated
proteins as well as the immunoglobulin heavy chains (IgGHC) are indicated at the right. Positions and sizes (kDa) of marker proteins are shown at the left.
(B) Western blot analysis of the immunopurified RNP complexes assayed for telomerase activity. (C) Schematic representation of WT and G4 bindingdeficient (∆RSM) forms of RHAU. The conserved ATPase/helicase motifs I–VI of the DEAH-box family are indicated within the helicase core region (HCR)
by vertical bars. The N-terminal Gly-rich (aa. 10–51) and RSM (RHAU-specific motif, aa. 54–66) domains are indicated. (D) Western blot analysis of the
expression and enrichment of FLAG-tagged WT and ∆RSM forms of RHAU. (E) TRAP assay of immunopurified FLAG-tagged WT and ∆RSM forms of
RHAU RNP complexes. (F) RT-qPCR analysis of the levels of endogenous TERC co-immunoprecipitating with FLAG-tagged WT and ∆RSM forms of RHAU
RNP complexes. TERC RNA levels in IP fractions were normalised to endogenous levels of the input.

To further examine the apparent significance of G4 binding by RHAU for
its recruitment to the telomerase holoenzyme, we transiently expressed a FLAGtagged mutant version of RHAU (∆RSM, Figure 32C) that was unable to bind
to G4 structures (88). Western blot analysis confirmed that the wild-type and
G4 binding-deficient (∆RSM) forms of RHAU were expressed and recovered
to similar levels (Figure 32D). Immunopurified RHAU fractions were further
assayed for telomerase activity and enrichment of TERC (Figure 32E and F). As
previously observed for endogenous RHAU, immunopurified FLAG-tagged
RHAU(WT) efficiently recovered telomerase activity and co-precipitated TERC.
In contrast, negligible telomerase activity and TERC signal were retrieved from
the FLAG-tagged RHAU(∆RSM) mutant, showing that G4 binding by RHAU
is a prerequisite for RHAU binding to TERC. Altogether, these findings provide
persuasive evidence that a fraction of RHAU associates with a subpopulation of
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the active telomerase holoenzyme in vivo through direct interaction with the G4motif sequence of TERC.
Finally, to determine the proportion of telomerase activity associated with
RHAU, we carried out immunodepletion studies of RHAU in HEK293T cell
lysates and subsequently quantified the residual TERC level and telomerase
activity within these fractions (Figure 33A and B). Depletion with RHAU antibody
significantly ablated telomerase activity in an aliquot of the supernatant by
25 %, while nearly 70 % of the telomerase activity of the input fraction was lost
following depletion of endogenous dyskerin. As a control, immunodepletion
with control mouse IgGs produced no significant reduction in telomerase
activity. Western blot analysis of the supernatants confirmed that both RHAU
and dyskerin proteins were effectively depleted from the corresponding
fractions (Figure 33C). Furthermore, the quantification by RT-PCR of RNA
levels in the immunodepleted fractions was consistent with the above findings.
Indeed, approximately one quarter of input TERC, but not unrelated RNAs
such as β-actin mRNA, vanished following depletion of endogenous RHAU.
These results not only corroborate the association of RHAU with telomerase,
but also show that the fraction of telomerase interacting with RHAU accounts
for merely 25 % of the total telomerase activity. Nevertheless, these data provide
indirect but explicit evidence of the existence of an alternatively folded TERC
structure bearing a G4 scaffold in the fully assembled telomerase holoenzyme.
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ATPase-dependent interaction of RHAU with TERC
The fact that only one quarter of telomerase activity is linked to RHAU
may reflect a dynamic interaction between RHAU and TERC. Indeed, most
of the DEAH-box RNA helicases only transiently interact with nucleic acid,
because they do not remain bound after the ATPase-dependent remodelling
of their substrate (47,80,94,332). To gain insight into the role of ATP-hydrolysis
by RHAU in its interaction with TERC, we repeated gel mobility shift assays
with 5′ TERC fragments in the presence of Mg2+ or ATP or both. As shown in
Figure 34A, ATP or Mg2+ alone had little effect on the binding affinity of RHAU
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for TERC. In contrast, under conditions supporting ATP hydrolysis (Mg∙ATP),
RHAU displayed reduced binding affinity for TERC, as evidenced by a 10-fold
increase in the apparent equilibrium Kd value (Figure 34C). Such a reduction in the
affinity of RHAU for TERC was not observed when Mg∙ATP was substituted
with the non-hydrolysable ATP analogue Mg∙AMP-PNP (Figure 34B and C).
Thus, the present data suggest that intrinsic RHAU ATP hydrolysis rather than
ATP binding is essential for disrupting the interaction of RHAU with TERC.
To further validate this, we turned to the previously described RHAU(DAIH)
mutant in which the E335A amino acid substitution within the Walker B site
abolishes RHAU ATPase activity (88). Unlike wild-type RHAU, the binding
affinity of RHAU(DAIH) mutant for TERC was similar in the absence and
presence of Mg∙ATP (Figure 34B and C). The absence of RHAU helicase activity
as a consequence of the loss of ATPase activity probably prevents RHAU
dissociation from its substrate. In fact, a similar reduction in in vivo RNA
binding dynamics after suppression of RHAU intrinsic ATPase activity was
reported previously in studies of the shuttling of RHAU in cytoplasmic stress
granules (268). Taken together, these data corroborate the idea that RHAU is not
permanently associated with TERC but dissociates upon ATP hydrolysis.
Apart from a high affinity for G4 structures, RHAU has also been shown
to couple ATP hydrolysis with tetramolecular G4-RNA resolving activity (88,89).
These biochemical properties prompted us to test whether RHAU could catalyse
the conversion of TERC G4 structure to ssRNA form. However, the faster
rate of refolding of intramolecular G4 structures with regard to tetramolecular
G4-RNAs made it technically difficult to monitor the G4 resolving activity of
RHAU using standard non-denaturing gel electrophoresis.

Figure 34 | Role of Mg∙ATP on the
interaction of RHAU with TERC. (A) Gel
mobility shift assay for TERC G4 binding
by RHAU. Radiolabelled 5′-end (1–71 nt)
TERC fragment at a concentration of
100 pM was incubated without protein (−)
or with increasing amounts (3.2, 10, 32 and
100 nM) of purified recombinant GST-tagged
RHAU in the presence of 1 mM Mg2+, ATP or
Mg∙ATP (as indicated). The reaction mixtures
were analysed by non-denaturing PAGE. An
autoradiogram of the gel is shown. (B) Gel
mobility shift assay of TERC G4 binding by
the ATPase deficient RHAU(DAIH) mutant.
Radiolabelled 5′-end TERC fragment
was incubated without protein (−) or with
increasing amounts (3.2, 10, 32 and 100 nM)
of purified recombinant WT or DAIH mutant
GST-tagged RHAU in the presence of 1 mM
Mg2+, Mg∙ATP or Mg∙AMP-PNP (as indicated).
(C) Quantification of gel mobility shift assays of
WT and RHAU(DAIH) mutant binding to TERC
5′-end (1–71 nt) fragment. The data represent
the mean of three independent experiments.
Error bars for SEM are omitted for clarity.
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Figure 35 | Telomeres get gradually longer
in RHAU knock-down cells. (A) Western
blot analysis of the efficiency of RHAU
downregulation in HeLa T-REx cell lines
stably transfected with doxycycline-inducible
vector of shRNA against RHAU (shRHAU).
(B) Mean telomere length of HeLa T-REx cell
lines stably downregulated for RHAU after
0, 9 and 16 days of culture in the presence
of 1 μg∙ml−1 doxycycline. (C–G) Telomere
length analysis of HeLa T-REx cell lines stably
transfected with doxycycline-inducible shRNA
expression plasmids after 42 days of culture
in the presence of 1 μg∙ml−1 doxycycline.
(D) Mean telomere length. (E) Undetectable
telomeres. (F) Short (< 1.5 kb) telomeres.
(G) Long (> 5 kb) telomeres.
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Telomere lengthening phenotype in RHAU knocked-down cells
As evident in some human telomeropathies, deficiencies in proteins essential
to telomerase biogenesis have often been related to decreased telomerase activity
and accelerated telomere erosion phenotypes (333). Thus, to clarify the functional
impact of RHAU on telomerase activity, we undertook to assess telomere length
in T-REx-HeLa cell lines stably transfected with doxycycline-inducible vector of
shRNA against RHAU (shRHAU). As a control, we included a shRNA construct
directed against the heterologous GFP mRNA (shGFP). After cells were treated
for seven days with doxycycline, RHAU protein levels were efficiently reduced
in shRHAU cells, whereas doxycycline had no detectable effect on shGFP
control cells (Figure 35A). The cells were cultured further for 16 more days with
doxycycline and telomere length was assessed by quantitative FISH (Q-FISH,
ref. 334). As shown in Figure 35B, we found that in average the cells in which RHAU
was down-regulated had slightly longer telomeres (~5.0 kb) than did the control
cells (~3.5 kb). As the effect was not very pronounced after 16 days of culture,
the experiment was repeated but the cells were let to divide for a 42‑day period.
After six weeks of culture, the mean telomere length from RHAU knockeddown cells was about 3-fold higher compared to telomeres from control
cells (Figure 35D). Although RHAU knocked-down cells had marked telomere
length heterogeneity (Figure 35C), short and undetectable telomeres in these cells
were nearly inexistent (Figure 35E and F). Reciprocally, more than 80 % of RHAU
knocked-down cells presented telomeres longer than 5 kb while only 30 % of
control cell telomeres exceeded this value (Figure 35G). Taken together, these two
time course experiments show that telomeres get gradually longer (~100 bp
per day) in cells where RHAU expression was dampened, suggesting a possible
direct or indirect negative role of RHAU on human telomere homeostasis.

Results

D is c ussi o n
The propensity of nucleic acid guanine-rich sequences to self-assemble
into G4 structures in vitro has been recognised for several decades. Although
RNA is also prone to form such structures, G4-RNA has not attracted as much
attention as G4-DNA. Nevertheless, a growing body of evidence indicates a
significant role for G4 structure formation during RNA metabolism (207,335).
As a consequence, G4 structures emerged as a plausible post-transcriptional
means of regulating the function of coding and non-coding RNAs. However,
little is known about the mechanisms by which G4-RNA formation is regulated
in the cells. Indeed, only a few proteins have been reported so far to interact
with G4-RNAs in vitro (254,259,262,265,267) and, apart from FMRP and FMR2P,
experimental data on their biological activity subsequent to their interaction with
G4-RNAs is scarce. Of these G4-RNA binding proteins, RHAU is one of the
rare proteins that exhibits robust in vitro ATPase-dependent G4-RNA resolving
activity, in addition to a high affinity and specificity for its target RNAs (89).
These particular biochemical features promote RHAU as an ideal candidate for
regulating G4-dependent RNA metabolism, although its in vivo RNA targets
have not yet been determined. The present study aimed to identify naturally
occurring RHAU targets with the emphasis on RNAs containing potential G4forming sequences. By RIP-chip assays, 106 RNAs were found to be significantly
enriched with RHAU. Importantly, more than half of these RNAs contained
G-rich sequences with potential to form stable G4 structures. In addition, there
was a weak but significant correlation between the predicted G4 motif density
per transcript and the magnitude of RNA enrichment by RHAU. Nevertheless,
because RHAU appears to show significant affinity for RNAs not bearing G4forming sequences, we do not exclude the possibility that RHAU has affinity to
other RNA structural features.
In-depth studies revealed that TERC, one of the identified RNAs, was a
bona fide target of RHAU. Several independent RIP-chip assays using various cell
lines further showed TERC to be one of the most abundant RNAs enriched by
RHAU. TERC bears a 5′ G-rich sequence that was previously shown to adopt a
stable intramolecular G4 structure in vitro (224). Further investigations dissecting
the basis of the interaction between RHAU and TERC showed RHAU binding
to be strictly dependent on G4 structure formation in the 5′ region of TERC
and to require the N-terminal RSM domain of RHAU, an ancillary domain
necessary for specific recognition of G4 by RHAU (88). Moreover, RHAU was
found to interact transiently with TERC in a manner dependent on its own
ATPase activity. Together, these data provide the first evidence of a specific
and direct interaction between a G4 resolvase enzyme and a potentially relevant
intramolecular G4-RNA substrate. Furthermore, in agreement with our previous
reports (88,89), these data attest that G4-RNAs are naturally occurring substrates
of RHAU in vivo.
The 5′ extremity of TERC folds into an intramolecular G4 structure
in vivo
In agreement with the observations presented here, Mergny and co-workers
reported previously the formation in vitro of a G4 structure in the 5′ region of
human TERC (224). However, as for the great majority of nucleic acid structures,
direct experimental demonstration of G4 structures in vivo is inherently difficult
to prove. As such, our results do not directly prove the existence of G4
structures in vivo, but strongly support the notion that TERC can form a G4
structure in the cells. Notably, RHAU can only bind TERC provided that all
conditions necessary for the formation of an intramolecular G4 structure (RNA
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GGGUUGCGGAGGGUGGGCCUGGGAGGGGUGGUGGCCAUUUUUUGUCUAACCCUAACUGAG
GGGUUGCGGAGGGUGGGCCUGGGAGGGGUGGUGGCCAUUUUUUGUCUAACCCUAACUGAG
GGGUUGCGGAGGGUGGGCCUGGGAGAGGUGGCGGCCAUUUUUUGUCUAACCCUAACUGAG
GGGUUGCGGAGGGUGGGCCUGGGA-GGGUGGUGGCCAUUUUUUUUCUAACCCUAACUGAG
GGGUUGCGGAGGGUGGGCCUGGGAGGGGUGGCGGUCGUUUUAUGUCUAACCCUAACUGAG
GGGUUGCGGAGGGUGGGCUCGGGAGGGGUGGCGGUCAUUUUCUGUCUAACCCUAACUGAA
GGGUGGGGGAGAGUGGGUCUGGGCGGGGCGGCGGUCACGUUUUGUCUAACCCUAACUGAG
GGGUGGGGGAGAGUGGGUCUGGGCGGGGCGGCGGUCACGUUUUGUCUAACCCUAACUGAG
GGGUGGGGGAGAGUGGGUCUGGGCGGGGCGGCGGUCACGUUUUGUCUAACCCUAACUGAG
GGGUGGGGGAGAGUGGGUCUGGGCGGGGCGGCGGUCACGUUUUGUCUAACCCUAACUGAG
GGGUUGUGGAGGGUGGGCCUGGGAGGGGAAGCGGUCAGUUUUUGUCUAACCCUAACUGAG
GGGUUGCGGAGGGUGGGCCCAGGAGCGGUGGCGGCCAUUUUUUGUCUAACCCUAACUGAA
GGGUUGCGGAGGGUGGGCCCCGGGUUGGUGGCAGCCAUUUCUCAUCUAACCCUAAUUGAG
GGGUUGCGGAGGGUGGGCCCCGGGUUGGUGGCAGCCAUUUCUCAUCUAACCCUAAUUGAG
GGGUUGCGGAGGGUGGGCCCGGGAGUGGUGGCUGCCAUUUCGUGUCUAACCCUAACUGAG
GGGUUGCGGAGGGAGGGCCCGGGAGGGGUGAGCGUCCAUUAUCGUCUAACCCUAACUGAG
GGGUUGCGGAGGGUGGGCCCGGGAGGGGUGGGCGUCCUCUCUUAUCUAACCCUAACUAAG
GGGUUGCGGAGGGUGGGCCCGGGAGGGGUGGCGGUCACCCUUUUUCUAACCCUAACUAAG
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P1 helix

Figure 36 | Conservation of the 5′ G4 motif
sequence among mammalian orthologues
of TERC. Multiple sequence alignment of the
5′-regions of various TERC orthologues was
carried out with MAFFT (version 6, ref. 313).
Guanine tracts that are predicted to form
a stable G4 structure are underlined. The
P1 helix as well as the template region are
indicated.

Template

Template

sequence and ionic conditions) are met. Modifying any one of the conditions
is sufficient to reduce substantially the affinity of RHAU for TERC. Moreover,
we predict that formation of a G4 structure in TERC is not exclusive to human
cells, since the majority of the mammalian orthologues of TERC – with the
notable exception of the rodent forms – also harbours a potential 5′ G4-forming
sequence (Figure 36). Insofar as the G4-RNA binding and resolving activities of
RHAU are conserved in higher eukaryotes (88), it would not be surprising to find
that RHAU binds the telomerase RNA moiety of other mammals.
As reported previously (224), folding of the 5′ region of TERC into a G4
structure is likely to interfere with the widely adopted secondary structure of
human TERC (Figure 37). Indeed, according to the standard model of TERC
secondary structure (336), two of the guanine tracts that are part of the
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intramolecular G4 also form the P1a helix. As a consequence, the P1a helix and
G4 represent two mutually exclusive structures and may correspond to different
functional states of TERC. Insofar as helix P1 is required for template boundary
definition in mammalian telomerase (337), formation of a G4 structure in TERC
may be detrimental to telomerase activity. On the other hand, G4 structure
formation may protect TERC from degradation during telomerase biogenesis.
Such a scenario was suggested quite recently by Collins and co-workers, who
found that nucleotide substitutions within the G4-forming sequence markedly
reduced accumulation of the mature form of TERC, thereby causing telomere
shortening (34). Similar to our data, they also found that RHAU associates
with the G4-forming sequence of TERC in vivo, but in contrast to our finding,
detected negligible telomerase activity with immunopurified RHAU fraction.
Thus, further experiments are necessary to clarify the functional impact of G4
formation in TERC on telomerase biogenesis and activity.
In cells, the P1 duplex- and G4-folded forms of TERC are likely to
coexist in dynamic equilibrium. However, under physiological conditions,
restoration of helix P1 base pairing from the G4-folded conformation of TERC
is likely to require a catalyst due to the high thermodynamic stability of the
quadruplex (224). The biochemical properties and substrate specificity of RHAU
make it a likely candidate for catalysing such a reaction. Quite apart from its high
affinity for TERC, RHAU manifests robust tetramolecular G4-RNA resolving
activity (88,89) and was also shown to unwind various intramolecular G4-DNA
structures in vitro (39). These data suggest that RHAU can resolve G4 structures
irrespective of the strand stoichiometry of the G4 stem. Although unwinding
of TERC G4 by RHAU has not yet been demonstrated experimentally, our
observation that RHAU dissociates from TERC upon ATP-hydrolysis, but not
upon ATP-binding, supports the idea that RHAU couples ATP-hydrolysis to
conformational changes of TERC, resulting in the resolution of the G4 and
further release of RHAU from its target RNA.
Finally, our data show clearly that RHAU does not exclusively interact
with TERC during the early stages of telomerase RNP assembly, but that it is
also part of a fraction of the fully assembled telomerase holoenzyme. Notably,
RHAU could be co-immunoprecipitated with TERT, the catalytic subunit
of telomerase, and substantial telomerase activity could also be recovered
with purified endogenous RHAU. Insofar as the association of RHAU with
telomerase components relies exclusively on the presence of a G4 structure

Figure 37 | Dynamic equilibrium between
the P1a duplex- and G4-folded forms of
TERC. RHAU may couple ATP-hydrolysis with
unwinding of the 5′ G4 structure to restore
helix P1 base-pairing.
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in TERC, these data provide circumstantial arguments for the existence of an
alternatively conformational state of TERC bearing a G4 structure in a fraction
of telomerase holoenzyme. Based on the fraction of telomerase activity coprecipitating with RHAU, we can estimate that at least 25 % of telomerase in
HEK293T cells bears a G4 structure in its RNA moiety. Whether this minor
fraction retains partial or fully telomerase activity is still an open question
that needs to be addressed in future. Besides, further studies are necessary to
provide explanations for the apparent negative effect of RHAU on human
telomere homeostasis. Currently, these results are somewhat inconsistent with
the proposal of a non-functional G4 conformational state of TERC or with the
observed telomere shortening phenotype in cells expressing G4 motif mutated
forms of TERC (34). However, since RHAU interacts with many RNAs in cells
and manifests disparate biological functions, it is above all necessary to clarify
whether the telomere lengthening phenotype in RHAU knockdown cells results
from a direct or indirect effect of RHAU on telomerase activity.
RHAU may target other RNAs containing G4 structures
Apart from TERC, 54 further RNAs found to be associated with RHAU are
predicted to form stable G4 structures (Supplementary Table II). The determination
of the modalities and the significance of these interactions are essential issues
to be addressed in the future. Nonetheless, the finding that RHAU associates
preferentially with transcripts bearing potential G4-forming sequences strongly
suggests that RHAU targets G4-RNA structures in cells. Although nearly
three-quarters of these G4-forming sequences are located in 5′ or 3′ UTRs of
mRNAs (Supplementary Table II), it is important to stress that, to date, we have not
observed any suppressive action of RHAU on translational repression by G4
formation in 5′-UTRs. Therefore, RHAU is unlikely to function as a general
translational activator but may instead intervene in other aspects of mRNA
metabolism, such as pre-mRNA processing or mRNA turnover. Indeed,
RHAU localises predominantly in the nucleus, where it concentrates in nuclear
speckles (269). These are sites of high transcriptional activity and mRNA splicing.
Furthermore, RHAU relocalises to cytoplasmic stress granules in response to
various cellular stresses (268). Although recruitment of RHAU to stress granules
is mediated by interaction with RNA, we have not yet examined whether
this phenomenon depends upon binding of RHAU to G4-RNA structures.
However, considering that RSM-domain mutated forms of RHAU deficient in
G4-RNA binding also show reduced relocalisation to stress granules, it is likely
that a fraction of RHAU binds G4 structures in stress granules.
Collectively, the data presented here provides compelling evidence that
RHAU is a bona fide G4 binding protein and of the existence of a G4 structure
in TERC. Our results corroborate another study conducted by Collins and coworkers, who found that the presence of the G4 motif sequence in TERC was an
essential determinant for its interaction with RHAU and for optimal progression
of telomerase assembly (34). Therefore, the G4-dependent interaction between
RHAU and TERC seems fairly well established. Nonetheless, it remains to be
further clarified whether RHAU also contributes to regulating telomerase activity
apart from its role during the biogenesis process. Besides, considering that G4
structures may also form at telomeres or on telomeric RNA repeats (TERRA),
one should keep in mind that RHAU may also intervene in telomere homeostasis
independently of its activity on telomerase. Finally, various lines of evidence
argue that telomerase has extra non-canonical functions which are unrelated
to telomere maintenance (338). Insofar as TERC is still required for some of
these functions, one should consider whether RHAU also plays a role in these
telomere lengthening-independent processes.

Results

Structural model of the helicase core and HA
regions of RHAU
A i m s and R ati o nale
As previously shown for Prp43, acquiring structural data of helicases is
a crucial step towards a better understanding of the mechanisms by which
these molecular motors bind and process their substrates. However, hitherto,
our attempts to purify high yields of soluble recombinant RHAU protein
have not been successful which has precluded further crystallographic studies.
Nonetheless, we took advantage of the reasonable degree of sequence similarity
between paralogous DEAH-box proteins to build a homology model of RHAU.
Homology modelling is currently the most accurate computational method to
generate reliable three-dimensional models of proteins presenting high sequence
similarity to another known protein structure (339,340). In order to interpret
our biochemical data from a structural perspective, we generated a model of
RHAU based on the high-quality and high-resolution crystal structure of the
prototypical DEAH-box protein Prp43 (113). With this approach, it emerges that
the helicase core and the C-terminal HA region of RHAU are likely adopting
a comparable fold to that of Prp43. These two regions in RHAU likely define
the minimal functional catalytic unit for translocation along single-stranded
nucleic acid. Overall, these computational structural data are consistent with our
biochemical data and offer some valuable clues as to way RHAU may bind and
unwind G4 nucleic acid structures.

R esults and D is c ussi o n
Modelling and model quality assessment
Template selection and sequence alignments identified Prp43 as the
best structural candidate with the highest similarity and sequence coverage
for building a model of RHAU. Indeed, a large part of Prp43 amino-acid
sequence (aa. 81–721) displays reasonable similarity (30 % identity and 50 %
similarity) over 70 % (aa. 195–913) of RHAU sequence (Supplementary Figure 14).
The three-dimensional model was generated by MODELLER (297) and had
first to be refined as the program failed to provide structural predictions for three
regions (1–182, 400–470 and 918–1008) of RHAU due to insufficient sequence
similarity with Prp43. Nonetheless, MODELLER successfully produced a
664-amino-acid model of RHAU including the helicase core and the HA
region. ModFOLD (300) and QMEAN (299) programs were further employed to
estimate the overall quality of the refined model (Supplementary Figure 13). QMEAN
program credited the modelled structure a QMEAN Z‑score value of −1.50 that
is indicative of an intermediate overall quality model. Likewise, the computed
RHAU structure obtained a ModFOLD global model quality score value
of 0.216 with a 2.3 % probability of incorrectness. As shown in Supplementary
Figure 13D and F the less reliable sections of the computational model correspond
to the C-terminal part (aa. 700–917) and some loop regions. Nevertheless, on
the basis of the results provided by the two verification algorithms (Supplementary
Figure 13B and E), we considered the modelled structure of RHAU of sufficient
quality to provide meaningful insights regarding the mechanisms of nucleic
acids binding and rNTP selectivity.
Overall comparison of RHAU and Prp43 structures
Despite a moderate sequence similarity, the helicase core and the HA
region of RHAU show a remarkable structural similarity to that of Prp43, with
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Figure 38 | Structural model of the helicase
core and HA regions of RHAU. (A) Threedimensional protein structure superposition
between RHAU model (pink) and Prp43
(yellow, RCSB PDB ID: 2XAU chain A). (B)
Front and (C) side views of RHAU structural
model (residues 183–399 + 471–917). The
helicase core (RecA1 and RecA2 domains)
as well as the HA regions [winged-helix (WH),
Ratchet and OB-fold domains] are coloured in
green and blue, respectively.
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a Cα RMSD value of 1.71 Å over 632 residues (Figure 38A). The main structural
discrepancies include several mismatched loops corresponding to residues:
255–258, 512–516, 542–544, 655–656, 769–779, 815–826, 850–858 and 875–
882. Besides, as mentioned earlier, a 71 amino acid-long region (400–470) in
the N-terminal region of the RecA2 domain of RHAU could not be modelled
because of the lack of sequence similarity with Prp43. Such an extension of
the RecA2 domain is only found in the DEAH-box proteins of the RHA
group and is totally absent in the other (spliceosomal) DEAH-box proteins like
Prp43 (Supplementary Figure 1). Besides, no known function has yet been attributed to
this short sequence. Even so, the overall structural organisation of the modelled
region of RHAU is nearly identical to that of Prp43. Indeed, the helicase core
region folds into two universal and tandemly linked RecA-like domains while the
HA region consists of three distinct domains: (a.) a winged-helix (WH) domain,
(b.) a seven-helical bundle, referred as the ‘ratchet’ domain, and (c.) an OB-fold
motif arranged in a five-stranded β-barrel (Figure 38B and C). Therefore, in view
of the structural similarities of the helicase core and HA regions of RHAU with
those of Prp43, it is probable that both proteins function and unwind RNA by
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a comparable mechanism. This result at least agrees with the concept that most
DEAH-box proteins share a similar overall structural organisation that combines
a minimal functional unit, the helicase core and the HA domains, with flanking
regions of various lengths and sequences (30). Unfortunately, both homology
and ab initio modelling methods did not permit to get meaningful predictions for
the unique N- (aa. 1–182) and C-terminal (aa. 918–1008) peripheral regions of
RHAU. In consequence, our understanding of how the N-terminal region binds
and endows affinity for G4 structures remains very limited.
Recognition and binding of NTPs by RHAU
The interface between the two RecA-like domains in RHAU forms a cavity
that defines the NTP-binding and hydrolysis site (Figures 39A and 40B). RHAU likely
binds NTPs in analogous fashion to Prp43. Indeed, RHAU lacks the Q-motif
that provides ATP-binding specificity for most of SF2 helicases (Supplementary
Figure 14). Instead, RHAU harbours the R- and F-motifs which non-specifically
maintain the nucleobase moiety ring by hydrophobic effect between the side
chains of Arg-275 and Phe-537. Accordingly, just like other DEAH-box
proteins (57,83,96,107,118,131,132), RHAU was expected not to manifest a particular
preference for ATP when catalysing the conversion of G4 structure to singlestranded nucleic acid. To further validate this hypothesis, RHAU G4 unwinding

A

B

rATP

rUTP

rGTP

rCTP

1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16

G4-RNA

ssRNA

C

dATP

dTTP

dGTP

dCTP

AMP-PNP

G4-RNA

ssRNA
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Figure 39 | Binding and recognition of
NTPs by RHAU. (A) Close-up view of the
NTP binding and hydrolysis site in RHAU.
NTP (pink) is bound in a cavity formed at the
interface of the RecA1 (dark green) and the
RecA2 (light green) domains. The nucleotide
base is stacked between the side chains
(cyan) of Arg-275 (R-motif, RecA1) and
Phe‑537 (F-motif, RecA2). (B) All rNTPs and
(C) dNTPs cofactors support unwinding of
G4-RNA structures by RHAU. Radiolabelled
tetramolecular rAGA at a concentration
of 4 nM was incubated in the presence of
purified recombinant GST-tagged RHAU and
increasing amounts (0.03, 0.10, 0.32 and
1.00 mM) of NTPs or AMP-PNP (as indicated).
The reaction products were resolved by native
PAGE. An autoradiogram of the gel is shown.
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activity was investigated in the presence of various rNTP and dNTP cofactors.
As shown in Figure 39B and C, each of the rNTPs and dNTPs, but not AMPPNP, supported unwinding of G4-rAGA substrate by RHAU. However, the
unwinding activity was substantially higher with purine cofactors than with
pyrimidine rNTPs/dNTPs, with CTP/dCTP being almost inert. A comparable
slight preference for purine over pyrimidine nucleotides was previously observed
for the DEAH-box proteins Prp2 (107) and Prp16 (96) but not for Prp43 that
showed maximal catalytic activity in the presence of UTP/dTTP (118). Thus,
although our structural model of RHAU provided some valuable insights into
the mechanism of nucleotide binding by RHAU, it did not permit to further
clarify the molecular bases behind the observed purine nucleotide bias. Finally,
considering the relatively high degree of amino acid conservation for the Rand F-motifs in RHAU as well as in other DEAH-box proteins, we predict
that mutation of either the Arg or Phe residues in DEAH-box helicases should
considerably reduce their respective binding affinities for NTP cofactors.
Nucleic acid binding and G4 structure recognition by RHAU
In Prp43, the junction between the helicase core and the HA region
forms a groove (Figure 6C) that was proposed to accommodate the translocated
single-stranded nucleic acid (113). According to this model, the RNA is held in
a sequence-independent manner by amino acid residues of the helicase motifs
Ia, Ib, Ic, IV, IVa and V as well as some residues of the HA region. Based on
the high structural similarities between Prp43 and the 3′-to-5′ helicases NS3 and
Hel308, the 5′ double-stranded substrate region of the translocated RNA is likely
positioned proximal to the RecA2 side of Prp43 (113). This would be at least
consistent with the observation that most of DEAH-box helicases translocate
with a 3′-to-5′ directionality (Table III and references therein). Similar to Prp43,
RHAU harbours a cavity between the helicase core and the HA region (Figures 38C
and 40A). Its diameter is wide enough to hold a single nucleic acid strand but there
is clearly not sufficient space to accommodate a ~26-Å-wide G4-scaffold. This
suggests that the four stranded structure lies outside of the core protein and
that only the 3′ single-stranded extremity of the nucleic acid spans the helicase
domain (Figure 40B). That the helicase core region of RHAU does not directly bind
the G4 structure is consistent with our previous observations showing that much
of the G4 binding affinity is endowed by the N-terminal region (88). Although
our computational approach did not permit to get structural information about
this peripheral region (aa. 1–182), the N-terminal RSM likely binds the G4
structure near the RecA2 domain (Figure 40C). Furthermore, our current model
suggests that the bound 3′ tail of the translocated RNA consists of about ten
nucleotides. This is clearly in agreement with the observation that unwinding
of G4 structures by RHAU is dependent on the presence of a minimal 9-nt
3′-overhang (Figure 15C).
Even if little is known regarding the G4 unwinding mechanism of RHAU,
its core structure has all the aspects of a processive helicase such as Hel308.
RHAU notably shares with Hel308 the WH and Ratchet domains that have
previously shown to play an essential role for DNA unwinding (29). A particular
common feature is the ~20 amino acid-long central α‑helix (α22 in Supplementary
Figure 14) of the Ratchet domain that may function as a hook for directional
transport of the single-stranded nucleic acid across the helicase core groove.
For Hel308, Büttner et al. suggested that antagonistic interactions between the
base moieties of the translocated nucleic acid and side-chain residues of the
Ratchet domain confer extra stability to the unwound DNA and are probably
important for translocation processivity (29). Thus, in view of the overall
structural similarities between RHAU and Hel308, both helicases may share
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an analogous NTP-driven single-strand translocation mechanism for resolving
nucleic acid structures. Nevertheless, a doubt subsists regarding the degree
of similarity between the two translocation mechanisms. Indeed, the helicase
core region of RHAU and Prp43 more resembles to that of the viral NS3-like
helicases than to that of Hel308. In particular, RHAU and Prp43 harbour a long
and twisted antiparallel β-hairpin in their RecA2 domain that protrudes into a
cleft of the HA region (Figures 38C and 40A). Walbott et al. proposed that in Prp43
this β-hairpin functions similarly to that of Hel308 and may be responsible
for double-strand separation (113). However, studies on NS3 helicase indicates
that the corresponding β-hairpin rather functions as a pivot point that permits
to lock the RecA2 domain orientation in the ADP-bound state relative to the
rest of the protein (125). Therefore, there is still some degree of uncertainty
regarding the role of this β-hairpin and additional investigations are necessary
to clarify the mechanisms underlying unwinding of nucleic acid structure by
DEAH-box helicases. Solving a particular DEAH-box protein structure in
different conformational states would be one way to put the above ideas under
experimental testing. In such a case, RHAU bound to TERC G4 structure would
certainly provide an appropriate prototype.
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Figure 40 | G4 structure binding by RHAU. (A) Side view of the modelled RHAU bound to ssRNA. (B) Front view of the modelled RHAU bound to G4-RNA.
(C) Schematic and hypothetical representation of the binding and RSM-depend recognition of G4 structure by RHAU.
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Discussion
Substantial effort has been expendend in characterising the
biochemical properties and biological role of RHAU since its early
description as a facilitator of uPA mRNA deadenylation and decay in
2004 (32). Since then, RHAU was found to be essential for embryogenesis
and haematopoiesis in mouse (90), to sense microbial nucleic acids in
human dendritic cells (281,341) and to mediate transcription of tissuenonspecific alkaline phosphatase in osteoblasts (TNAP, ref. 342).
Subcellular localisation studies identified RHAU as a nucleocytoplasmic
shuttling protein with a predominant nuclear localisation (32,269).
However, RHAU was also found to accumulate in cytoplasmic stress
granules upon stress-induced translational inhibition (268). Thus, it
becomes clear that RHAU harbours multiple facets taking part in various
aspects of nucleic acid metabolism and may show an apparent eclectic
diversity in the recognition of nucleic acid structures.
In the present study, a great deal of attention has been expended in
examining the G4 binding and G4 resolving activities of RHAU. Actually,
when this research work was initiated, not much was known about the
biochemical properties of RHAU. Unlike most DEAH-box proteins,
RHAU did not manifest unwinding activity on ordinary dsDNA or
dsRNA substrates (Tran, H., unpublished data). Besides, although RHAU
had been identified as an ARE-associated factor of uPA mRNA, it could
not bind the AREuPA sequence directly, but required the presence of the
auxiliary ARE-binding protein NFAR1/NF90 as a cofactor (Akimitsu, N.,
unpublished data). Thus, G4 nucleic acid structures constituted an ideal
substrate to characterise the enzymatic activity of RHAU in vitro. Of
importance, the finding that RHAU binds an intramolecular G4 structure
in TERC has later provided proof-of-concept that G4-RNA structures
serves as physiologically relevant target for RHAU in cells. Even so, we
still lack a good understanding of the actual contribution of RHAU in
resolving G4 structures in cells and about the fraction of RHAU that is
dedicated to that task. A valuable clue to the first question came from
immunodepletion experiments identifying RHAU as the main source of
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tetramolecular G4 resolving activity in HeLa cell lysates (33,89). As for the second
query, our RIP-chip analysis revealed a preferential association of RHAU with
RNAs bearing PQS, suggesting that RHAU may target other RNAs containing
G4 structures in cells. Nonetheless, these data need to be interpreted with caution
since the presently available G4 prediction algorithms cannot reliably predict the
likelihood of G4 formation in cellular RNAs. Notably, these predictions tools
do not allow for the presence of nearby competing secondary structures and/
or the cellular context of RNAs bound to proteins. Therefore, only systematic
and empirical investigations will permit to confirm the presence of extra G4
structures in RHAU RNA targets.

Linking up RHAU-dependent phenotypes with
the processing of G4 nucleic acid structures
Possible reduction of G4-induced inhibition of gene expression
by RHAU
At present, there is admittly quite limited functional data underpinning
a model in which RHAU would play a decisive role in regulating G4 in cells.
Formation of G4 structures in promoters and 5′-UTRs is well documented
to hinder gene expression to various extents depending on the position and
stability of the G4 (207,316). Thus, one would assume that a reduction of RHAU
levels in cells would alter expression of genes bearing PQS. However, thus far,
only contrasting results were obtained from computational search for PQS of
deregulated genes in RHAU-deficient cells. Transcriptome analysis of RHAU
knockout proerythroblast unveiled a higher prevalence of PQS in promoters
of genes showing differential expression patterns (90), while no significant
difference was previously observed in HeLa cells in which RHAU expression
was dampened by RNA interference (269). It should also be stressed that we have
not yet observed any suppressive action of RHAU on translational repression
by G4 formed in 5′-UTRs (343). Nonetheless, RHAU may instead be implicated
in some other aspects of nucleic acid metabolism since G4 structures have
also been shown to affect subcellular sorting of mRNAs (344), transcription
termination and polyadenylation (218,219), pre-mRNA splicing and mRNA
turnover (213,215,216). Besides, overall, RHAU appears to be facultative for most
fundamental cellular processes since knockdown of RHAU does not affect the
viability or the proliferation of many common human and mouse cell lines when
cultured under standard conditions. On the other hand, the penetrance of the
RHAU knockout phenotype in haematopoitic cells is variable in severity, time of
onset, and lineages concerned. Altogether, these data rather indicate that RHAU
is mostly required at some specific stages that control cell lineage commitment.
This would be at least consistent with the observations that PQS are more
prevalent in genes requiring higher levels of regulatory control (187). Therefore,
in order to uncover biologically relevant RNA targets of RHAU, one should
consider repeating RIP-chip assays using cells presenting more pronounced
phenotypes upon altered RHAU expression.
Implication of RHAU in mouse telomeres homeostasis
We have not yet examined a possible and direct contribution of RHAU
in telomere homeostasis in other models than human cell lines. However,
it turns out that the murine transcript of Terc is substantially shorter than its
human paralogue and cannot adopt a G4 conformation at its 5′-end (Figure 36).
As a consequence, we can almost rule out the possibility that the abnormal
progression of gastrulation and haematopoiesis in RHAU knockout mice arises
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because of reduced accumulation of mature Terc transcripts. Beyond that, mice
are generally not considered as a model of choice to address telomere erosion
and its implications on cellular senescence. Indeed, mouse telomeres are about 5
to 10 times longer than their equivalents in human cells. Thus, telomere erosion
phenotypes arise only after several generations and usually animals do not
manifest the habitual symptoms of human telomeropathies (e.g. bone marrow
failure, hepatic cirrhosis, pulmonary fibrosis). In consequence, RHAU knockout
mice and murine cell lines in general cannot serve as appropriate models to
characterise the interaction of human RHAU with telomerase holoenzyme.
Does RHAU function as an intracellular sensor of microbial G4
structures?
In a recent study, Kim and co-workers suggested that RHAU function as
an intracellular sensor of microbial DNA in plasmacytoid dendritic cells (281).
The authors proposed that RHAU senses viral CpG motifs (unmethylated CG
dinucleotides in bacterial and viral genomic DNA) and promotes the expression of
the anti-viral cytokine IFN-α via the MyD88/IRF-7 signalling pathway (Figure 41).
However, one interesting but uninvestigated aspect of this study is that RHAU
specifically recognises class A CpG oligodeoxynucleotides (CpG‑A ODN)
but not class B. CpG‑A ODNs differ from class B in that they bear poly(dG)
sequences at their extremities (345,346). It was previously shown that CpG‑A
ODNs self-assemble to higher order nanoparticles via oligomerisation of
their poly(dG) tails into tetramolecular G4 structures. Of importance, this G4dependent oligomerisation process is prerequisite to trigger the IFN-α response
in plasmacytoid dendritic cells (347). Therefore, it might be possible that contrary
to Kim and colleagues’ model RHAU recognises the G4 scaffolds formed by
CpG-A ODNs rather than the oligodeoxynucleotide sequence alone. Indeed,
previous in vitro binding competition studies showed that RHAU does not bind
specifically to ssDNA sequences and present much higher affinity and specificity
for G4-DNA structures (33). In order to consolidate their hypothesis, Kim and
colleagues challenged plasmacytoid dendritic cells with Herpes simplex (CpGrich dsDNA virus) or Influenza A (ssRNA virus employed as a control) viruses
and showed that downregulation of RHAU reduced the production of IFN-α
upon infection with Herpes simplex but not upon infection with Influenza A.
However, the two viruses do not only differ by the biochemical nature of
their genetic material. Herpes simplex virus genome presents notably a very
high density of PQS with approximately 500 potentially stable G4 forming
motifs (Table VI). In contrast, both positive- and negative-sense RNA strands
of Influenza A genomic material are devoid of potentially stable G4 forming
sequences.

Table VI | Computational analysis of potential intramolecular G4-forming sequences (PQS)
in human Herpes simplex 1 (HSV-1) and Influenzy A (H1N1) viruses. The NG4(2)–NG4(5) fields
denote the number of predicted G4 composed of 2, 3, 4 or 5 successive G-quartets, respectively.
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Figure 41 | TLR9-dependant and -independent detection of microbial CpG motifs. According to the classical pathway, microbial DNA containing
unmethylated CpG motifs are specifically recognised in endosomes by Toll-like receptor 9 (TLR9). Activation of TLR9 pathway induces the secretion of the
antiproliferative cytokines type I interferons (IFN-α and IFN-β). In plasmacytoid dentritic cells, TLR9-independent recognition of viral cytoplasmic CpG motifs
may occur through the DEAH-box proteins RHAU and RHA (281). RHA specifically recognises class B CpG oligodeoxynucleotides (CpG-B) and promotes
the production of both TNF-α and IL-6 through the activation of the NF-κB pathway. RHAU instead senses class A CpGs (CpG-A) and triggers the expression
of IFN-α via the MyD88/IRF-7 signalling pathway. Adapted from the 'Toll-like Receptor Signaling' pathway (source: Cell Singaling Technology, Inc., version
Nov. 2010).

Although speculative at this point, the idea that RHAU functions as a
cytoplasmic sensor of microbial G4 structures may be of relevance given
its very high specificity for G4 structures. Implicitly, this would also indicate
that microbial G4 structures define a novel category of pathogen-associated
molecular patterns (PAMPs). Cells recognise PAMPs by means of the so-called
‘pattern recognition receptors’ (PRRs, e.g. Toll-like receptors) which are primitive
and evolutionary conserved factors of innate cell immunity. We have previously
shown that RHAU is conserved from choanoflagelates to humans (268) and that
it retains the ability to bind G4 structures in higher eukaryotes. Thus, one may
speculate that RHAU shares a similar G4 sensing function in other organisms,
a property which in turn would be consistent with the evolutionary conserved
aspect of PRRs. In support of our model, several helicases such as those from
the RIG-I-like family (RIG-I, MDA-5, LGP2 and Dicer) have been shown to be
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implicated in sensing pathogenic nucleic acids in cells (ref. 285,286; Figure 41). Thus,
additional analyses are necessary to investigate the potential role of RHAU in
detecting pathogen-associated G4 structures. However, RHAU could emerge as
a promising novel component of the innate immunity.

Current status and future prospects
Structural insight into the recognition of G4 stuctures by RHAU
G4 structures constitute a family with extremely heterogeneous structural
variations regarding the length and the conformation of the quadruplex
stem (intra-, bi- or tetramolecular structures; parallel, antiparallel or mixed
configurations; syn or anti glycosidic conformations of guanines), as well as
the sequences, length and orientation of the intervening loops. Computational
surveys identified about 300'000 and 200'000 PQS in human genome and
transcriptome, respectively (186,188,217). Besides, over the past two decades,
several proteins have been shown to bind to various synthetic and bona fide G4
nucleic acid structures (260,348,349). However, although most of these proteins
execute specific tasks in cells, several of them can bind a broad array of G4
conformations when analysed in vitro. Actually, not much is know regarding
the molecular details about G4–protein interactions and specificity. Currently,
only three experimental structures of proteins bound to G4 in a complex are
publicly accessible (350-353). Intriguingly, in all three structures the protein moiety
makes few, if any, contacts with the quadruplex core. Instead, most of the
G4–protein interactions implicate the connecting loops and/or the protruding
strands of the G4. It was suggested that from a thermodynamic standpoint,
the interaction of proteins with constrained loops, rather than random coils, is
favoured due to the reduced entropic binding cost (176,354). However, given the
current small size of the structural data, it is somewhat premature to establish
common structural principles on G4 binding specificity. Likewise, comparative
analyses of various G4 recognition motifs in proteins show that it is currently
not possible to establish consensual sequences or motifs involved specifically in
the recognition of G4 structures. Notably, some G4 binding proteins bind their
targets through canonical RNA-binding motifs such as RGG (FMRP, ref. 254,353)
or RRM (nucleolin, ref. 355) motifs, while other proteins resort to more familyrestricted motifs such as the RQC domain (RecQ-like helicases, ref. 302) or the
RSM (RHAU).
The data presented here together with previous studies show that in vitro,
RHAU can bind and unwind with almost the same efficiency many different
types of tetra- (TP, Z33, rD4 and AGA) and intra- (c-Myc, Zic1, YY1 and
TERC) molecular G4 structures (33,39,89,343). This suggests that, at least
in vitro, no particular sequence element in the overhang strand and/or in the
connecting loops is essential for the recognition of G4 structures by RHAU.
It emerges also that the connecting loops are likely to play an incidental role
since RHAU efficiently binds tetramolecular G4 structures which are devoid
of intervening sequence elements. The presence of a minimal 9-nt 3'-overhang
strand is currently the only known structural requirement for binding and
resolving G4 structures by RHAU. Similar requirements hold for WRN
and BLM helicases (356), and it is assumed that the single-stranded extremity
is bound by the helicase core region and permits the 3'-to-5' tranlocation of
the catalytic unit towards the G4 structure. In this regard, both experimental
and computational data are consistent and show that the helicase core region
alone cannot account for the recognition of G4 structures by RHAU. Besides,
we could reproducibly show both in vitro and in vivo that the N-terminal RSM
domain makes a decisive contribution in the G4 binding process. However,
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further structural and biochemical experiments are necessary to provide a more
detailed model of the binding mechanism. Indeed, our mutational analysis of
the RSM domain did not permit to truly pinpoint the residues interacting with
the nucleic acid structure since the G4 binding deficiency for the RSM mutated
forms of RHAU was systematically less severe than for the RSM deleted form.
Thus, it might be possible that some of the contacts to the nucleic acid require
only the peptide backbone of the RSM or that other less conserved residues take
part in the interaction. Furthermore, truncation of the catalytic unit showed that
although necessary, the N-terminal region alone does not fully account for the
high affinity for G4 structure of the whole protein. We had previously suggested
that substantial additional binding activity could also stem from the helicase core
region through its interaction with the 3'-overhang strand (88). However, it is also
conceivable that the N-terminal region can form a functional and high affinity
G4 binding domain only in the presence of the adjacent catalytic core region. In
any cases, this is an important point that needs to be considered for the design
of future experimental structural analyses of RHAU.
Targetting RHAU and TERC as therapeutic approaches against
cancers
Following the discovery that telomerase activity in vitro could be hindered
by formation of G4 structures (184), stabilisation of G4 by means of small
molecule ligands has emerged as a promising anticancer chemotherapeutic
approach. Indeed, a large majority (80–90%) of tumor cells overexpress this
enzyme while most of the somatic cells harbour low, if any, levels of telomerase
activity (357,358). Since this finding, considerable efforts have been investigated
in the design and development of small molecule compounds selective for G4
structures and presenting minimal affinity for dsDNA (359-361). Although several
G4 ligands demonstrated efficient antitumor activities, it appeared actually
that only a few compounds truly interfered with telomerase function. In fact,
most of these ligands caused unspecific short-term cellular cytotoxicity by
altering the integrity of the telomere capping complex or interfered with other
unrelated cellular processes (193,362). To date, none of these compounds has
yet proven to be therapeutically effective and most of them did not progress
beyond the experimental stage. Currently, one of the main challenges lies in
developing G4 ligand compounds presenting high selectivity for a particular
G4 conformation in order to minimise off-target effects on other biologically
relevant G4 structures. One such approach was recently undertaken by Mergny
and co-workers that screened a library of known G4 ligands for compounds
presenting high selectivity for the G4 structure formed at the 5'-extremity of
human TERC (363). Part of the rationale was that extra-stabilisation of the
G4 conformation of TERC should hinder telomerase activity by preventing
P1 helix formation (Figure 37). Although the authors of this study identified a
few ligands manifesting higher selectivity for TERC G4 structure over various
telomeric and promoter G4-DNAs, it turned out that the differential affinity was
not sufficient to harness them as potentially selective chemotherapeutic agents.
Thus much effort needs to be expended in developing even more selective G4
ligands. However this is not a trivial task considering the incidence and the broad
polymorphism of G4 structures in human genome.
Alternatively, G4-based aptamers may offer a potentially attractive
approach to interfere with some biological processes involving G4 binding
proteins. G4-based aptamers may be employed as competitive reversible
inhibitors of G4 binding and resolving proteins. Indeed, several in vitro selected
G-rich oligonucleotides folds into G4 structures and harbour promising
antiproliferative properties on various cancer cells (364,365). Thus, the selective
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inhibition of RHAU G4 binding and resolving activities by means of in vitro
selected G4 aptamers might be an appealing alternative solution to prevent P1
helix formation in TERC. However, for now, it is above all fundamental to clarify
the modalities that caused excessive telomere elongation in cells deficient for
RHAU. Otherwise, inhibition of RHAU activity may not induce the expected
antiproliferative effect on cancer cells.
It might be also worth to further explore the functional crosstalk
between RHAU and TLR9 pathways that both lead to the production of the
antiproliferative IFN-α cytokine (Figure 41; ref. 281). TLR9 agonists have indeed
demonstrated potential as anticancer chemotherapeutics and are also used as
vaccine adjuvants (366). As antineoplastic agents, TLR9 agonists are assumed
to promote the activation and maturation of plasmacytoid dendritic cells and
enhance the differentiation of B cells into antibody-secreting plasma cells,
potentially promoting Ig-dependent cellular cytotoxicity against tumor cells.
To date, several pharmaceutical and biotechnology companies undertook to
develop synthetic CpG ODN agonists for TLR9 as a novel immunotherapeutic
approach to the treatment of cancers. However, synthetic ODNs need to be
chemically modified or encapsulated into virus-like particles to limit their
degradation by endonucleases. Assuming that RHAU support sensing of G4DNA in cytoplasm, one may count on comparable antiproliferative effects by
treating plasmacytoid dendritic cells or B cells with in vitro selected G4 ODNs.
Compared to classical CpG ODNs, G4-based nucleic acids are usually much
more resistant against endonucleolytic cleavage which may improve the intrinsic
bioavailability. Thus, targeting RHAU by means of G4 ODNs may open new
perspectives for the treatment of infectious diseases, allergies and possibly
cancers.
Together with more recent findings that RHAU is required for the survival
of ras-transformed cells (Lai, J.C., unpublished data), the observations presented
here suggest that RHAU may represent a potentially interesting target for cancer
therapy. However, one has to keep in mind that altered expression of RHAU in
healthy tissues can also produce severe phenotypes such as the strong anaemia (90)
or the neuromuscular paralytic disorders (Lai, J.C. and Wu, P., unpublished data)
observed in RHAU knockout mice. Thus, further experimentations are necessary
to establish whether molecular targeted treatments specific to RHAU offer a
sufficiently wide therapeutic window with both specific and efficient curative
effects.

Concluding remarks
Together with our previous findings that RHAU binds and exhibits robust
resolvase activity on various types of G4 structures, the data presented here
bring forth the idea that G4-RNAs and especially intramolecular G4-RNAs serve
as physiologically relevant targets for RHAU in cells. We notably showed that
RHAU binds a G4 structure in the 5'-region of TERC and suggest that RHAU
catalyses the conversion of the G4 scaffold to ssRNA, thus allowing formation
of helix P1. In addition, we established that the N-terminal RSM domain is a
major affinity and specificity determinant for the recognition of G4-RNA
structures by RHAU. This finding may open up new avenues for exploring more
extensively the concrete contribution of RHAU in G4 nucleic acid metabolism.
The development of a knock-in mouse model of RHAU carrier of a nonfunctional RSM domain would be one way to study its G4 binding and resolving
properties in a more physiologically relevant context and may allow to identify
potentially new RNA targets. Identification of naturally occurring substrates of
RNA helicases is a crucial step to any further investigation of their biochemical
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properties in vitro. However, although most of the RNA helicases achieve highly
specific tasks in vivo, they often show only little or even no nucleic acid binding
specificity in vitro. Currently, our major limitation towards understanding the
mechanisms whereby RNA helicases melt nucleic acid structures stem from
the difficulty of identifying such physiologically relevant substrates. Hence, few
detailed molecular models available for studying RNA helicases in vitro. However,
with the finding that the 5′ region of TERC constitutes a biologically relevant
substrate, RHAU emerges as a novel and promising prototype of DEAHbox protein and deserves more investigations to explore its functions as a G4
resolving enzyme.
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Chapter 6

Supplementary Figure 1 ► | Amino acid sequence conservation among paralogous DEAHbox proteins from E. coli, S. cerevisiae, C. elegans, D. melanogaster and H. sapiens. Sequence
alignment was carried out with MAFFT (version 6, ref. 313). Similarity analysis was performed with
GeneDoc (version 2.7) using the BLOSUM62 scoring matrix. Similarity is shown in red for 100 %, yellow
for 99–80 % and blue for 79–60 %. The position of five structural domains (RecA1, RecA2, WH, Ratchet
and OB-fold) as well as the conserved ATPase/helicase motifs I–VI is shown as coloured boxes beneath
the sequence alignment.
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HVTAGGKATYGRRTNLSMVE-QR----------------------ESLPIFALKKNLMEAMIDNQILVVVGETGSGKTTQMTQYAIEAGLG-----------RRGKIGCTQPRRVAAMSVAKRVAEEYGCK
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---NN------APIIEVSGRTYPVEVRYRPIVEEADDTE-RDQ------------------------------------------------------------------------------------------GN------VPIFHIPGRTFPVDILFS------KTPQ-EDY------------------------------------------------------------------------------------------GN------VPTFTIPGRTFPVDVMFS------KNTC-EDY------------------------------------------------------------------------------------------GN------CPTFTIPGRTFPVELFHA------RTPV-EDY------------------------------------------------------------------------------------------GN------APQFTIPGRTFPVQTIYT------SNPV-QDY------------------------------------------------------------------------------------------DD------APVFRIPGRRFPVDIFYT------KAPE-ADY------------------------------------------------------------------------------------------DD------APIFRIPGRRYPVDIFYT------KAPE-ADY------------------------------------------------------------------------------------------DD------APIFRIPGRRFPVDIYYT------QAPE-ADY------------------------------------------------------------------------------------------DN------CPIFNVPGRRYPVDIHYT------LQPE-ANY------------------------------------------------------------------------------------------YE------APIFTIPGRTYPVEILYT------KEPE-TDY------------------------------------------------------------------------------------------FK------APIFTIPGRTFPVEVLYT------KEPE-TDY------------------------------------------------------------------------------------------LE------APIFTIPGRTFPVEILYT------REPE-SDY------------------------------------------------------------------------------------------LN------CPIINIPGKTFPVEVLYS------QTPQ-MDY------------------------------------------------------------------------------------------DN------CPLLTIPGRTHPVEIFYT------PEPE-RDY------------------------------------------------------------------------------------------DN------APLMKVPGRTHPVEIFYT------PEPE-RDY------------------------------------------------------------------------------------------ED------CPLLSVPGRTFPVEIFFT------PNAE-KDY------------------------------------------------------------------------------------------ND------APLLAVPGRTYPVELYYT------PEFQ-RDY------------------------------------------------------------------------------------------NN------APILFVEGRKFDVKQYYL------KAPT-DDI------------------------------------------------------------------------------------------GN------CPIFDIPGRLYPVREKFCNLIGPRDREN-TAY---------------------------------------------------------------------------------------PARDT------CVILTVEGRTFPVDIFYL------QSPV-PDY------------------------------------------------------------------------------------------EV------SVKLSIEGRMHPVSNFYL------NEPC-ADY---------------------------------------------------------------------------------------SDKDT------AGIISVEGRTHPVAVHHT------KTSV-PDY------------------------------------------------------------------------------------------NG------APVLYLEGRQHPIQVFYT------KQPQ-NDY-------------------------------------------------------------------------------------------N------CKGMYLEGRTYPVRVMHT------KEEH-EDY------------------------------------------------------------------------------------------NN------AKVVLVAGRTFPIEVFHVNPKINKSFSS-TDY------------------------------------------------------------------------------------------KP------PPVIKVESRQFPVTVHFN------KRTPLEDY------------------------------------------------------------------------------------------IP------PPLLKVEARQFPVTIHFQ------KRTP-DDY------------------------------------------------------------------------------------------LT------PKVIKVDARQFPVSVHFE------KRTP-DDY------------------------------------------------------------------------------------------IA------PPVLQVDARQFPVSIHFN------RRTA-FNY------------------------------------------------------------------------------------------SN------APVVQVPGRLFPITVVYQ------PQEAEPTT--------SKSEKLDPRP------------------------------------------------------------------------GEEG----ARLVQVPGRLFPIKLRYL------PPPALELKAGQATSKRSQRNRIDPAP------------------------------------------------------------------------EG------APVVQVPGRLFPIDVRWH------PIKQFIDQ------SDKKTHKIDPEP------------------------------------------------------------------------NS------CPVITIPGRTFPVDQFFL-----------EDAIAVTRYVLQDGSPYMRSMKQISKEKLKARRNRTAFEEVEEDLRLSLHLQDQDSVKDAVPDQQLDFKQLLARYKGVSKSVIKTMSIMDF
---GG------APVLDIPGRTFPVQQLFL-----------EDILEMSDFVMEYDTKYCRKLKKQEQEILER------------ELEYADVQASGEAPGKKIKDEKLTLAETYQRYAEYSKPTCKSIYLMEP
---GN------CPMIHIPGFTFPVVEYLL-----------EDVIEKIRYVPEQKEHRCQFKRGFMQGHVNRQEKEEKEAIYKERWP----------------------DYVRELRRRYSASTVDVIEMMED
---NN------CPMFRIEGVMFPVKMLYL-----------EDVLSKTNYEFQKFRDRRPKRDPPERRMKHEAMIEPYLRRIRNSYDSRVLDKLRLPESEGCED------------------------------TH------CPILRISGRSYPVEVFHL-----------EDIIEETGFVLEKDSEYCQKFLEEEEEVT---------------INVTSKAGGIKKYQEYIPVQTGAHADLNPFYQKYSSRTQHAILYMNP
---FN------CPIIEVYGRTYPVQEYFL-----------EDCIQMTHFVPPPKDKKKKDKDDDGGEDDDA-------------------------------------NCNLICGDEYGPETRLSMSQLNE
---GI------CPVLEVPGRAFPVQQFFL-----------EDIIQMTDFVPSAESRRKRKEVEDEEQLLSEDKDEAEI------------------------------NYNKVCEDKYSQKTRNAMAMLSE
---SSIPDVGPTPVITMHGRTFPVQSFYL-----------EDILHNLQHMPEEPDQKKRKKGGPPPPDDDEGDEEVDDKGR---------------------------NMNILTDPSINESLKTAMSRISE
---GG------CPVIKVPGFMYPVKEHYL-----------EDILAKLGKHQYLHRHR----------------------------------------------------------------------------GS------CPVIYIQGRPFEVKEMFL-----------EDILRTTGYTNKEMLKYKKEKQQEEKQQTTLTEWYSAQENSFKPESQRQRTVLNVTDEYDLLDDGGDAVFSQLTEKDVNCLEPWLIKEMDA
---GG------GTVMDVEGRSFEVSIYHL-----------EDILSKTGYMHPRMEKFLGKPTGKETPSELLAAYYGGN-------------------------------------------------------ENHS----MDVIRIESRAFDVKVFYL-----------DQILAMTGYQPPESKAFFSTAEYEEEDWKDEIEAVEREEKDKAKQRAADSSLSTLSKPVTKMAANTKRNSPIEEREWTSGPCSTPDGDIID
M--NP------AYIFEVEGKPHSVEEYYL-----------NDL--------EHIHHSKLSPHLLEEPVITKDI------------------------------------------------------------TTTNSI--PPVITTNHRRKHSIEKFY-----------RDQLGSIIWNEEDVGHQQVPEINKHG-------------------------------------------------------------------PG------LATCHIEGRTFPITDYFL-----------EDILSDLDFKIKREKALSYDDDSVDERNNDDQYLKPRADSK-------------------------------------------------:
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----------------------------------------------------------------------------------------------------------------------------------ERAMRQYMNIIGNPDIRPVITVEFRPTTPNSVFINDVKYTTNPNQSAQALLQQKRERCLMPRGPLTFTCENPASTTKSPPSPTPTLGISSGLAKFTPFGGFGEKQRISTLLEKKFKEELKTALPDRTVYYH
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----------------------------------LQAIFDAVDELS-------------QES----HG-DILIFMSGEREIRDTADALNKLNLR----------------------------------------------------------------------VEAAVKQSLQVHL------------SGA----PG-DILIFMPGQEDIEVTSDQIVEHLEE----------------------------------------------------------------------VESAVKQALQVHL------------TPN----EG-DMLIFMPGQEDIEVTCEVLEERLAE----------------------------------------------------------------------VDAAVKQAVTIHL------------GGM----DG-DILIFMPGQEDIECTCEMIKEKLGE----------------------------------------------------------------------VEAAVSQAVKIHL------------AND--CSSG-DILIFMTGQEDIETTFDTLQEKFLQ----------------------------------------------------------------------LEACVVSVLQIHV------------TQP----PG-DILVFLTGQEEIEAACEMLQDPCRR----------------------------------------------------------------------IDACCVSVLQIHA------------TQP----LG-DILVFLTGQDEIETCQEVLHDRVKR----------------------------------------------------------------------VDAAIVTIMQIHL------------TQP---LPG-DILVFLTGQEEIETVQEALMERSKA----------------------------------------------------------------------IHAAITTIFQIHT------------TQS---LPG-DILVFLTGQEEIERTKTKLEEIMSK----------------------------------------------------------------------LDASLITVMQIHL------------TEP----PG-DILVFLTGQEEIDTACEILYERMKS----------------------------------------------------------------------LDASLITVMQIHL------------REP----PG-DILLFLTGQEEIDTACEILYERMKS----------------------------------------------------------------------LEAAHITVMQIHL------------TEP----PG-DVLVFLTGQEEIDTSCEVLYERMKS----------------------------------------------------------------------IEAALDCVIDIHI------------NEG----PG-DILVFLTGQEEIDSCCEILYDRVKT----------------------------------------------------------------------LEAAIRTVIQIHM------------CEE---EEG-DLLLFLTGQEEIDEACKRIKREVDD----------------------------------------------------------------------LEAAIRTVIQIHM------------CEE---IEG-DILMFLTGQEEIEEACKRIKREIDN----------------------------------------------------------------------LEAAIRTVIQIHM------------VEE---VEG-DILLFLTGQEEIEEACKRIDREIQA----------------------------------------------------------------------LDSAIRTVLQIHA------------TEE----AG-DILLFLTGEDEIEDAVRKISLEGDQ----------------------------------------------------------------------VDAVIRCCIQINQ------------GEE----LG-DILCFLPGQEEIDKAVTIMEKIAKY----------------------------------------------------------------------IQAIVKVTMDIHL------------NEM----AG-DILVFLTGQFEIEKSCELLFQMAES----------------------------------------------------------------------IKSTVETVVKIHQ------------TEG----DG-DVLAFLTGQEEVETVVSMLIEQARA----------------------------------------------------------------------VKETVETVWKLHQ------------KEP----PG-DILAFLTGQEEVLEALDLLREYIAS----------------------------------------------------------------------CQSAVDTVINIHK------------HEN----PG-DILVFLTGQDEVEDVCEKLRELAGN----------------------------------------------------------------------LHAALVSVFQIHQ------------EAP----SSQDILVFLTGQEEIEAMSKTCRDIAKH----------------------------------------------------------------------IHTVLVTLFHIHR------------TTP----KNHDVLIFLTGQEEIESLAQQIRQLAKI----------------------------------------------------------------------VYNAVICVKYVHL------------TEP----KGRDILVFLTGSEEIEAVASQLAELNGS----------------------------------------------------------------------SGECFRKVCKIHR------------MLP----AG-GILVFLTGQAEVHALCRRLRKAFPP--------------SRARPQEKDDDQKDSVEEMRKFK
----------------------------------VAEAYRKTLKIHN------------KLP----EG-GILIFVTGQQEVNQLVRKLRRTFPYHHAPTKDVAKNGKVSEEEKEETIDDAASTVEDPKELE
----------------------------------IASAFRKTCRIHE------------TLP----PG-AILVFVTGQHEVKQLITKLKKRYPVVYETDKNGEVLVKGTKEWKEKKVEAAKSIKLEDFKEE
----------------------------------TDEAFRKTCKIHQ------------KLP----PG-AILVFLTGQQEITHMVKRLRKEFPFKKNSKYNKDLETPVSKMGINSKTTDLEAEDID--------------------------------------FLRVLESIDHKYP------------PEE----RG-DLLVFLSGMAEISAVLEAAQTYASH----------------------------------------------------------------------FVQVLSLIDQQYP------------TSE----RG-DVLIFVSGVNEIESVVEAVHEYATE----------------------------------------------------------------------YLKILELIDKQFP------------STQ----RG-DALIFLNGVAEISMVAEHLKNYAEL--------------------------------------------------------------------VNLELIEALLEWIVDGKH---------SYP----PG-AILVFLPGLAEIKMLYEQLQSNSLF--------------------------------------------------------------------INPELIESVLKYIVE------------GSHDWPREG-TILIFLPGFGEIQSVHDSLLDNALF--------------------------------------------------------------------VDLNLIVALIRYIVL------------EEE----DG-AILVFLPGWDNISTLHDLLMSQVMF----------------------------------------------------------------------IDFIADLVYYICE------------NEP----EG-AILVFLPGYDKISQLYNILDKPKTS--------------------------------------------------------------------INLDLILELLAYLDK------------SPQFRNIEG-AVLIFLPGLAHIQQLYDLLSNDRRF--------------------------------------------------------------------TPFELIEALLKYIET------------LNV----PG-AVLVFLPGWNLIYTMQKHLEMNPHF--------------------------------------------------------------------VSFELLEALLMHIKS------------KNI----PG-AILVFLPGWNLIFALMKFLQNTNIF--------------------------------------------------------------------IPFGVIEAILNDIAS------------RGV----DG-AVLVFLPGWAEIMTLCNRLLEHQEF-----------------------------------------------------------HHESEDECALDLDLVTDLVLHIDA------------RGE----PG-GILCFLPGWQEIKGVQQRLQEALGM------------------------------------DESSLVQTNGSDLSAEDRELLKAYHHSFDDEKVDLDLIMHLLYNICH------------SCD----AG-AVLIFLPGYDEIVGLRDRILFDDKR--------------------------------------------------------------TIVHPDIDNDLIVSLLELLLR------------QGD----AG-AVIVYLPGYSDMTSLLARLESSLPR------------------------------------PQMNDVVDKTDFSKLRFGEKYNLFYGSSSNNSVDYVLLDQVIQYLAD------------SPV----FG-TILVFLPGYEDIQQMLKAIDCWKNS----------------------------------------------------------------------YEVAVSLIQMFDDLDMKESGNKAWSGAQFVLERS-SVLVFLPGLGEINYMHELLTSLV------------------------------------------------------------------------YRAAVKIIVIIDNMERKAAIQSRQSYDE-ALRYG-AVLIFLPGIYEIDTMAENLTCMLEN--------------------------------------------------------------FFTSGQINYDLLCQVVEYVHK------------RLKAANDNG-SIIVFLPGVGEINKCCNLLANKSNE------------------------------------:
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-----------------------------------------------------------------------------HTEILPLYARLSNSEQNRVFQSHS--------GRRIVLATNVAETSLTVPGIKY
---------------------------------------------------------------LEN---------APALAVLPIYSQLPSDLQAKIFQKAPDG------VRKCIVATNIAETSLTVDGIMF
---------------------------------------------------------------IDN---------APALSILPIYSQLPSDLQAKIFQKSSDG------LRKCVVATNIAETSLTVDGIIY
---------------------------------------------------------------LDE---------APPLAVLPIYSQLPSDLQAKIFQRAPGG------MRKAIVATNIAETSLTVDGILF
--------------------------------------------------------------VYSKKFGTANFEEINDIEILPIYSALPADLQFKIFQDLHGT------KRKIIIATNIAETSLTIKGIRY
--------------------------------------------------------------LGSK---------IRELLVLPIYANLPSDMQARIFQPTPPG------ARKVVVATNIAETSPTIEGIIY
--------------------------------------------------------------LGSK---------IRELIVIPVYANLPSDMQAKIFEPTPPN------ARKVILATNIAETSLTIDNIIY
--------------------------------------------------------------LGSK---------IKELIPLPVYANLPSDLQAKIFEPTPKD------ARKVVLATNIAETSVTIDGINY
--------------------------------------------------------------LGSR---------TKQMIITPIYANLPQEQQLKIFQPTPEN------CRKVVLATNIAETSLTIDGIRY
--------------------------------------------------------------LGPD---------VPELIILPVYSALPSEMQTRIFDPAPPG------SRKVVIATNIAETSLTIDGIYY
--------------------------------------------------------------LGPD---------VPELIILPVYSALPSEMQTRIFDPAPAG------SRKVVIATNIAETSLTIDGIFY
--------------------------------------------------------------MGPD---------VPELIILPVYGALPSEMQTRIFDPAPAG------KRKVVIATNIAETSLTIDGIFY
--------------------------------------------------------------LGDS---------IGELLILPVYSALPSEIQSKIFEPTPKG------SRKVVFATNIAETSITIDGIYY
--------------------------------------------------------------LGPE---------VGDIKIIPLYSTLPPQQQQRIFEPPPPKKQNGAIGRKVVVSTNIAETSLTIDGVVF
--------------------------------------------------------------LGSE---------IGELKCIPLYSTLPPNLQQRIFEPAPPPNANGAIGRKVVVSTNIAETSLTIDGVVF
--------------------------------------------------------------LGAD---------AGALSCIPLYSTLPPAAQQRIFEPAPPNRPNGAISRKCVISTNIAETSLTIDGVVF
--------------------------------------------------------------LVRE-------EGCGPLSVYPLYGSLPPHQQQRIFEPAPES-HNGRPGRKVVISTNIAETSLTIDGIVY
---------------------------------------------------------------------VSDEAPVPLIVPYPLYAALPAVQQSLVFAPIKGF------KRKVVFSTNIAETSVTISGVKF
----------------------------------------------------------------VDYDYDVQDTTLDGLLILPCYGSMTTDQQRRIFLPPPPG------IRKCVISTNISATSLTIDGIRY
--------------------------------------------------------------LART-------GMKRHLRVLPMYAGLPSFEQMKVFERVSRS------VRKVIVATNVAETSITISGIVY
----------------------------------------------------------------SE---------QENLKVLPMYGSMSSTDQLSVFFTPPKG------TRKVVLATNIAETSITIPGIVY
---------------------------------------------------------------LKN---------CDRLWVVPCYGALPAREQMKAFDSTPHG------TRKVVVATNIAEASITIPGICY
--------------------------------------------------------------LPDG---------CPAMLVLPLYASLPYAQQLRVFQGAPKG------YRKVIISTNIAETSITITGIKY
--------------------------------------------------------------DTTG---------TTDLRVFTLYAQLSQGKQLECFVPTPAN------VRKVILATNIAETSITIPGIRC
--------------------------------------------------------------LPAS---------ADVLMPVPLYAALRPEKQKEAFRKTPQG------ARKVIISTNIAETSVTIPGIRV
KSRARAKKARAEVLPQINLDHYSVLPAGEGDEDREAEVDEEEGALDSDLDLDLGDGGQDGGEQPDA---------SLPLHVLPLYSLLAPEKQAQVFKPPPEG------TRLCVVATNVAETSLTIPGIKY
FDMKRVIRNIRKSKKKFLAQMALPKINLDDYKLPGDDTEADMHEQPDEDDEQEGLEEDNDDELGLEDESGMGSGQRQPLWVLPLYSLLSSEKQNRIFLPVPDG------CRLCVVSTNVAETSLTIPHIKY
TPETEDFEDVDDGLMDGDDM---------NERGAAEAFDDYEEFENGDGDLSDGKVENSIGAPPAD---------CEPLYCLPLYSLLSMGKQRRVFDETPAG------MRLCVISTNVAETSLTIPGVKY
---------------------------FSVQVIDQDKFKSAIRYEEDEGNSGNGEDEEDEEEEGFEEVLTEGQTANDPLYVLPLYSLLPTKEQMRVFQKPPQG------SRLCIVATNVAETSLTIPGVRY
---------------------------------------------------------------------------TQRWVVLPLHSALSVADQDKVFDVAPPG------VRKCILSTNIAETSVTIDGIRF
---------------------------------------------------------------------------QTHWLVLPLHSGQAIADQSKVFDYAPEG------MRKCIVSTNIAETSLTVDGVRF
---------------------------------------------------------------------------TNGWIILMLHSTLSVEEQDKVFDQAPVG------IRKCILSTNVAETSVTIDGIRF
-----------------------------------------------------------------------NNRRSNRCVIHPLHSSLSSEEQQAVFVKPPAG------VTKIIISTNIAETSITIDDVVY
------------------------------------------------------------------------SPRAGKFILVPLHSALSGEDQALVFKKAPPG------KRKIVLSTNIAETSVTIDDCVF
--------------------------------------------------------------------------KSDKFLIIPLHSLMPTVNQTQVFKRTPPG------VRKIVIATNIAETSITIDDVVY
----------------------------------------------------------------------KGQRWRDHMAVFPLHSLMQSGEQQAVFRRPPAG------QRKVIISTIIAETSVTIDDVVY
--------------------------------------------------------------------------YSERYKVIALHSILSTQDQAAAFTLPPPG------VRKIVLATNIAETGITIPDVVF
--------------------------------------------------------------------------GSHRYQILPLHSQIPREEQRKVFDPVPVG------VTKVILSTNIAETSITINDVVY
-------------------------------------------------------------------------GDTSQYQILPCHSQIPRDEQRKVFEPVPEG------VTKIILSTNIAETSITIDDIVF
-------------------------------------------------------------------------GQANKYEILPLHSQLTSQEQRKVFNHYP-G------KRKIIVSTNIAETSITIDDVVY
--------------------------------------------------------------------------HESKYLILPVHSNIPMMDQKAIFQQPPVG------VRKIVLATNIAETSITINDIVH
-----------------------------------------------------------------------FADNTHRYQVFMLHSNMQTSDQKKVLKNPPAG------VRKIILSTNIAETSITVNDVVF
----------------------------------------------------------------------------EQITIILLHSQVDNSEQRKVFRTYPGV------RLKIILSTNIGQTSITIPDLLY
------------------------------------------------------------------------LKNMKNVIVLPLHSQMTSINHGDIFKSVPKD------TRKIILATNIAEASITIEDVIF
---------------------------------------------------------------------------HKRLQVYPLHSSVALEEQNNVFLSPVPG------YRKIILSTNIAESSVTVPDVKY
-------------------------------------------------------------------------DPNIKVSIVRCFSLMTPENQRDVFNPPPPG------FRKIILTTNIAESSITVPDVSY
----------------------------------------------------------------------------ADFMVLPLHSALTPEDQKRVFKKYH-G------KRKVVVSTNIAETSITIDDCVA
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VIDPGTARISRYSYRTKVQRLPIEPISQASANQRKGRCGRVSEGICIRLYSEDDFL-SRPEFTDPEILRTNLASVILQMTALGL---G-D-IAAF--PFVEAPDKRNIQDGVRLLEELGAI---------VIDSGYCKLKVFNPRIGMDALQIYPISQANANQRSGRAGRTGPGQCFRLYTQSAYKNELLTTTVPEIQRTNLANVVLLLKSLGV---Q-D-LLQF--HFMDPPPEDNMLNSMYQLWILGAL---------VIDSGYCKLKVYNPRIGMDALQIYPISQANANQRSGRAGRTGPGQAYRLYTQRQYKDELLALTVPEIQRTNLANTVLLLKSLGV---V-D-LLQF--HFMDPPPQDNILNSLYQLWILGAL---------VIDPGFCKMKVYNPRIGMDALSIFPVSQASANQRTGRAGRTGPGQCYRLYTERQFKDELLKSTVPEIQRTNLANVVLLLKSLGV---D-D-LLKF--HFMDAPPQDNMLNSMYQLWTLGAL---------VIDCGYSKLKVYNPKIGLDSLVITPISKANADQRSGRAGRTAPGTAYRLYTEDTFKEDMYLQTIPEIQRTNLSNTLLLLKSLDV---T-DELSKF--PFIDKPPLQTFLSSLYELWFIGAI---------VLDPGFCKQKSYNPRTGMESLTVTPCSKASANQRAGRAGRVAAGKCFRLYTAWAYQHELEETTVPEIQRTSLGNVVLLLKSLGI---H-D-LMHF--DFLDPPPYETLLLTLEQLYALGAL---------VIDPGFAKQNNFNSRTGMESLMVVPISKASANQRAGRAGRTAPGKCFRLYTAWAYKHELEDNTVPEIQRINLGNAVLMLKALGI---N-D-LIHF--DFLDPPPHETLVLALEQLYALGAL---------VIDPGFSKQNSFDARSGVEHLHVVTISKAAANQRAGRAGRTGPGKCFRLYTAWAYKHELEEQPIPEIQRTNLGNVVLMLKSLGI---H-D-LVHF--DFLDPPPQETLVIALEQLYALGAL---------VIDPGFVKENSYVPSTGMTQLLTVPCSRASVDQRAGRAGRVGPGKCFRIFTKWSYLHELELMPKPEITRTNLSNTVLLLLSLGV---T-D-LIKF--PLMDKPSIPTLRKSLENLYILGAL---------VVDPGFVKQKVYNSKTGIDQLVVTPISQAQAKQRAGRAGRTGPGKCYRLYTERAYRDEMLTTNVPEIQRTNLASTVLSLKAMGI---N-D-LLSF--DFMDAPPMETLITAMEQLYTLGAL---------VVDPGFVKQKVYNSKTGMDSLVVTPISQAAAKQRAGRAGRTGPGKTYRLYTERAYRDEMLPTPVPEIQRTNLATTVLQLKTMGI---N-D-LLHF--DFMDAPPVESLVMALEQLHSLSAL---------VVDPGFVKQKIYNPKSGMDSLVVTPISQAAAKQRSGRAGRTGPGKCYRLYTERAFRDEMLPTPVPEIQRTNLASTLLQLKAMGI---N-N-LIDF--DFMDAPPLDSMITALNTLHTLSAL---------VVDPGFAKINIYNARAGIEQLIVSPISQAQANQRKGRAGRTGPGKCYRLYTESAFYNEMLENTVPEIQRQNLSHTILMLKAMGI---N-D-LLKF--DFMDPPPKNLMLNALTELYHLQSL---------VIDPGFAKQKVYNPRIRVESLLVTAISKASAQQRAGRAGRTRPGKCFRLYTEKAYKTEMQDNTYPEILRSNLGSVVLQLKKLGI---D-D-LVHF--DFMDPPAPETLMRALELLNYLAAL---------VIDPGFAKQKVYNPRIRVESLLVSPISKASAQQRSGRAGRTRPGKCFRLYTEKAFKNEMQDNTYPEILRSNLGTVVLQLKKLGI---D-D-LVHF--DFMDPPAPETLMRALELLNYLAAL---------VIDPGFSKQKVYNPRIRVESLLVCPISKASAMQRAGRAGRTKPGKCFRLYTETAYGSEMQDQTYPEILRSNLGSVVLQLKKLGT---E-D-LVHF--DFMDPPAPETLMRALELLNYLQAI---------VVDPGFSKQKVYNPRIRVESLLVSPISKASAQQRAGRAGRTRPGKCFRLYTEEAFQKELIEQSYPEILRSNLSSTVLELKKLGI---D-D-LVHF--DFMDPPAPETMMRALEELNYLACL---------VVDSGLRKVKVWRHQLGLATLLTVPISQASAMQRSGRAGRESEGKSFRLYCESDYV-KLPKQSEPEIARSDVTSPVLMLKRYGV---D-D-LLNW--TWFENPGKEAIVMGLQELYELGAL---------VVDGGFVKQLNHNPRLGLDILEVVPISKSEALQRSGRAGRTSSGKCFRIYSKDFWNQCMPDHVIPEIKRTSLTSVVLTLKCLAI---H-D-VIRF--PYLDPPNERLILEALKQLYQCDAI---------VIDCGFVKLRAYNPRTAIECLVVVPVSQASANQRAGRGGRSRSGKCYRLYTEEAFD-KLPQSTVPEMQRSNLAPVILQLKALGI---D-N-VLRF--HFMSPPPAQSMVQALELLYALGGL---------VIDCGYVKVKWYNPKTCSDSLVIVPVSKASAIQRAGRAGRMRPGKVYRLYTKSDYE-ALAPRQPPEMRRSELSGAILQLKALGI---G-N-ILRF--DFPSPPPAQNLLSALESLFALDAI---------VIDTGYVKLRAQHAANGVETLMRVTVSKASAEQRAGRAGRIRPGKCYRLYPESEFE-RFAEGTVPEIQRCQMASTILQLKALGV---Q-N-VHRF--HYLSPPPSWAMINGLELLYALGAI---------VVDTGMVKAKKYNPDSGLEVLAVQRVSKTQAWQRTGRAGREDSGICYRLYTEDEFE-KFDKMTVPEIQRCNLASVMLQLLAMKV---P-N-VLTF--DFMSKPSPDHIQAAIAQLDLLGALEHK------VIDCGFVKEKSFNTVDGLDVLKSVRISKAQAWQRAGRAGRDADGTCYRAYTKAEMD-SFADATQPEILRTNPTSMVLQLLALDI-----D-CNNF--DFLDPPLEDGLRSAYKSLDALGAI---------VIDSGKVKTKRFEAFNRIDVLKVHNVSKAQAKQRAGRAGRDAPGKCYRLYSREDFH-KFEAENMPEILRCNLSATFLELMKLGM---K-N-PHRL--KLIDPPETDNINAALLELTSLGAIRPVNS----VVDCGKVKKRYYDRVTGVSSFRVTWVSQASADQRAGRAGRTEPGHCYRLYSSAVFG-DFEQFPPPEITRRPVEDLILQMKALNV---E-K-VINF--PFPTPPSVEALLAAEELLIALGALQPPQK----VVDCGRQKTRLYDKLTGVSAFVVTYTSKASADQRAGRAGRISAGHCYRLYSSAVYNDCFEDFSQPDIQKKPVEDLMLQMRCMGI---D-R-VVHF--PFPSPPDQVQLQAAERRLIVLGALEVAKT----VIDGGFEKRRLYDSITGVSRFAVCRISQASGDQRAGRAGRISAGHAYRLYSSAVYQ-DFVKFADPEILSKPADQLVLHLKSMNI---V-K-VVNF--PFPSAPDEQMLESAEKRLCRLGALSESTK----VVDSGRSKERKYNESNGVQSFEVGWVSKASANQRSGRAGRTGPGHCYRLYSSAVFEHDFEQFSKPEILRMPVESIVLQMKSMAI---H-N-IINF--PFPTPPDRVALSKAIQLLQYLGAL---------VVDSGKVKEMSYDPQAKLQRLQEFWISQASAEQRKGRAGRTGPGVCFRLYAESDYD-AFAPYPVPEIRRVALDSLVLQMKSMSV---G-D-PRTF--PFIEPPPPASLETAILYLRDQGAL---------VVDSGKVKEMNFDATCKGQRLKEFWVSKSSADQRKGRAGRTGPGVCFRLYTAEQYN-AFEAYPTPEIYRVPLDTMLLQMVSMGL---P-D-VRAF--PFIEAPETERIEQTILALKQHCAL---------VIDSGKVNLIKHEPGTGTQKLTEFWVSKASANQRKGRAGRTGPGICYRLYSQEQFE-KMDDFTVSEINRVSLQEMALKMISLNL---GLD-PRTF--PFIEKPSEDVLNEGLEVLKFQRVL---------VIDSGKMKEKRYDASKGMESLEDTFVSQANALQRKGRAGRVASGVCFHLFTSHHYNHQLLKQQLPEIQRVPLEQLCLRIKILEMFSAH-N-LQSVFSRLIEPPHTDSLRASKIRLRDLGAL---------VVDCGLMKEKCFDSNRNMESLDLVWVSRANAKQRKGRAGRVMPGVCIHLYTSYRYQYHILAQPVPEIQRVPLEQIVLRIKTLQTFASR-N-TLSVLLETLEAPTEDSVLGALTRLRDVGAL---------VIDGGKIKETHFDTQNNISTMSAEWVSKANAKQRKGRAGRVQPGHCYHLYNGLRAS-LLDDYQLPEILRTPLEELCLQIKILRL---G-G-IAYFLSRLMDPPSNEAVLLSIRHLMELNAL---------VINSGRTKATNYDIETNIQSLDEVWVTKANTQQRRGRAGRVRPGICYNLFSRARED-RMDDIPTPEILRSKLESIILSLKLLHI---D-D-PYRFLQTLINAPNPEAIKMGVELLKRIEAL---------VIDTGRTKENKYHESSQMSSLVETFVSKASALQRQGRAGRVRDGFCFRMYTRERFE-GFMDYSVPEILRVPLEELCLHIMKCNL---G-S-PEDFLSKALDPPQLQVISNAMNLLRKIGAC---------VIDSCKQKVKLFTAHNNMTNYSTVWASKTNLEQRKGRAGRSTAGFCFHLCSRARFE-RLETHMTPEMFRTPLHEIALSIKLLRL---G-G-IGQFLAKAIEPPPLDAVIEAEHTLRELDAL---------VIDICKARMKLFTSHNNLTSYATVWASKTNLEQRKGRAGRVRPGFCFTLCSRARFQ-ALEDNLTPEMFRTPLHEMALTIKLLRL---G-S-IHHFLSKALEPPPVDAVIEAEVLLREMRCL---------VIDSCKAKERMYTSNNNMVHFATVWASKTNVIQRRGRAGRVRAGYAFHLCSKMRFE-ALDDHGTAEMLRIPLHQIALTIKLLRL---G-S-VGEFLGKALQPPPYDMVVESEAVLQAMGAL---------VVDSGLHKEERYDLKTKVSCLETVWVSRANVIQRRGRAGRCQSGFAYHLFPRSRLE-KMVPFQVPEILRTPLENLVLQAKIHMP---EKT-AVEFLSKAVDSPNIKAVDEAVILLQEIGVL---------VIDSGKVKEKSFDALNFVTMLKMVWISKASAIQRKGRAGRCRPGICFRLFSRLRFQ-NMLEFQTPELLRMPLQELCLHTKLLAPVNCP---IADFLMKAPEPPPALIVRNAVQMLKTIDAM---------VIDTGLAKMKTYDSTIDASQLTLTWISQADAKQRAGRAGRVCHGNCYRLYDNDRMA-RMNLYTIPEIMRRTLDEICLLTKLAAP---DKK-IENFLALALDTPPKDAVMQSCSRLKLLGVL---------VVDTGKVKEKSFDHEAKLSTLTVKPIARSNADQRSGRAGRVANGYCIRLYTEQEYN-SMPETQIAEMKRAAIYDVTLHAKLFAP---KTLKISEFLSLAPEPPEKESILQAITFLEQIGAFYTPIKIYDNS
VIDFCLTRTLVCDEDTNYQSLRLSWASKTSCNQRKGRAGRVSRGYCYRLVHKDFWDNSIPDHVVPEMLRCPLGSTILKVKLLDM---G-E-PRALLATALSPPGLSDIERTILLLKEVGALAVSGQ----VIDFCLAKVKVTDTASSFSSLRLTWASKANCRQRAGRVGRLRSGRVYRMVNKHFYQREMPEFGIPEMLRLPLQNSVLKAKVLNM---G-S-PVEILALALSPPNLSDIHNTILLLKEVGALYLTVD----TIDTGRAKSMFYNPKDNTTKLIESFISKAEVKQRRGRAGRVREGLSYKLFSKNLYENDMISMPIPEIKRIPLESLYLSVKAMGI---K-D-VKAFLSTALDAPPLPALQKAERILTTIGLV----------
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973
897
933
786
898
769
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681
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625
640
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------------------------------------------------------------------------AEYREIHIALLTGLLSHIGM-KDADKQ-----------------------EYTG---AR
------------------------------------------------------------------------TDWDIVRKCICAAYFHQAAK-LKGIGE-----------------------YVNI---RT
------------------------------------------------------------------------IDWDIVRKCICSAYFYQAAR-LKGIGE-----------------------YVNL---RT
------------------------------------------------------------------------SEWDIVRKCICSAYFHNAAR-LKGIGE-----------------------YVNV---RT
------------------------------------------------------------------------KDWDIIKKCICSGFAHQAAK-ITGLRN-----------------------YVHL---KT
------------------------------------------------------------------------GDYIRVRKAITAGYFYHTAR-LTRSG------------------------YRTV---KQ
------------------------------------------------------------------------PETVNVRKAATAGYFYHVAR-LSKGGH-----------------------YKTI---KH
------------------------------------------------------------------------TDTIKIRKAITAGYFYNVSK-LDNTGH-----------------------YKTV---KH
------------------------------------------------------------------------YINARITRCFISGFPMNIVQ-LGPTG------------------------YQTMGRSSG
------------------------------------------------------------------------KSTVRVQKAICSGFFRNAAK-KDPQEG-----------------------YRTL---ID
------------------------------------------------------------------------KNSVRIQKAICSGFFRNAAK-KDPQEG-----------------------YRTL---VD
------------------------------------------------------------------------RDVSRVQKAICSGFFRNAAK-RDPQEG-----------------------YRTL---TD
------------------------------------------------------------------------SDPDLIRKTFVSGFFMNAAK-RDSQVG-----------------------YKTI---NG
----------------------------------------------------------------------SRDYYINIRKALVTGYFMQVAH-LERTGH-----------------------YLTV---KD
----------------------------------------------------------------------SKDYYVNIRKALVQGFFMQVAH-LERTGY-----------------------YLTI---KD
----------------------------------------------------------------------SRDYYLNIRKALVAGFFMQVAH-LERSGH-----------------------YVTV---KD
----------------------------------------------------------------------SPKYFDNIRKALASGFFMQVAKKRSGAKG-----------------------YITV---KD
------------------------------------------------------------------------ELISKILKCFLTGFIKNTAI-GMPDRS-----------------------YRTV---ST
---------------------------------------------------------------------FEGPKHEVLRRCLCAGYFKNVAR-RSVGRT-----------------------FCTM--DGR
------------------------------------------------------------------------GDPDLVLRCIVSGFFANAAR-FHSTGA-----------------------YRTI---RD
------------------------------------------------------------------------GDVEKLCKCITAGFFTQVAY-LHHSGV-----------------------YRQI---SS
------------------------------------------------------------------------NCSENIRQCLVTGFFSQAAQ-YHYTGK-----------------------YMTV---KE
------------------------------------------------------------------------GDVESVRRCLAHSLFMSTAE-LQPDGT-----------------------YATT---DT
------------------------------------------------------------------------DDIEMLKKCILNGFFENIAV-LQRDGF-----------------------YITA---SG
------------------------------------------------------------------------ADFMKMRKALALGMFLNSCE-YDRQEDRY---------------------RLMI---NP
----------------------------------------------------------------PKMQPPTESQVTYLRQIVTAGLGDHLARRVQSEEMLEDKWRNA---------------YKTP---LL
----------------------------------------------------------------PELKPPTDAQARFLRQILLAGMGDRVARKVPLADIADKEERRRLKYA-----------YNCA---DM
----------------------------------------------------------------SDLPPPTDQQAQLLRQMVVASFSDRLARRVDRSVGQEEVQKGA---------------YETT---LI
------------------------------------------------------------RNEDLKSDIPSVIQIKLLKQMICAGFVDHVAVRADVLFPDDAKITNRTSIINIPYIPV----LATRTPNIE
QLKRQHEEGAGRRRKVLRLQEEQDGGSSDEDRAGPAPPGASDGVDIQDVKFKLRHDLAQLQAAASSAQDLSREQLALLKLVLGRGLYPQLAV-PDAFNSSRKDSDQ----------------IFHT---QA
AMKRRQRFEQPRQRKLLKQ-------SAGRVAEDEEEQEEAQGDDMRDVDFRLRFDPRQLALLERSSRLDRHSVVVLLKLLLGSGFYPQLAI-SDEFNYCKGGGQQ----------------FFHT---RL
FDLKKSQRNNDRRQKVLNANKHFDKILEDKEEEDLEAEKDPLKADVKTVEFLLSHKQRD-VENIRKTHKISRKTAEVVRVIIAAGLYPNFSI-LDPVNKYGYGQEM----------------FTHT---RL
------------------------------------------------------VLDATGEEANSNA-----ENPKLISAMLCAALYPNVVQ-VKSPEG----KFQKTSTGAVRMQPKSAELKFVT---KN
-----------------------------------------------RKNACDNILTLTGVEQNHNG-----DNNRLLTSLLCAALYPNIVK-IMTPDR----VYIQTAGGAVPREPSHHDLRFKT---RG
------------------------------------------------------------PESNINS-----DNEKIIKAVICAGLYPKVAK-IRLNLGKKRKMV-----------------KVYT---KT
------------------------------------------------------------AASNKNS-----EKIPLLRAIIGAGLYPNMAH-LRKSRQIKNRVRAIH--------------TMAT---DD
------------------------------------------------------------WEGNRASQTLSFQEIALLKAVLVAGLYDNVGK-IIYTKSVDVTEKLA---------------CIVE---TA
------------------------------------------------------------------------NNLDVVISLLAFGVYPNVCY-HKEKR------------------------KILT---TE
------------------------------------------------------------------------PVLDVSLALLCLGLYPNICV-HKEKR------------------------KVLT---TE
------------------------------------------------------------------------RELNLMRSLLVMALYPNVAY-YVGKR------------------------KVLT---IE
---------------------------------------------------------LASAQCNEYS-----EEEELVKGVLMAGLYPNLIQ-VRQGKVTRQGKFK----------------PNSVTYRTK
-----------------------------------------------------------IRDVNTNS-----ENWAVVKAALVAGMYPNLVH-VDRENL-----------------------VLTG---PK
------------------------------------------------------------------------NDTNMIRLALTAGLYPKLAY-MDRENKN----------------------QLVA---EG
-----------------------------------------------------VLTVLTDHHFNQFS-----QCWPMIQAVIAAGCYPFIGV-SASESNLK---------------------KVQT---FN
------------------------------------------------------------MDQEYIY-----KQRFILQVVLAGAFYPNYFT-FGQPDE-----------------------EMAVRELAG
------------------------------------------------------------FPVNPNQMMDDREKAIMLKVIIAGAFYPNYFT-RSKESCADTDRNI----------------YQTI---SG
----------------------------------------------------------SISDLNRNE-----RNFDILRAILTGAFYPHIAR-VQLPDVK----------------------YLST---SS
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NA-----------------------------------------------RFSIFP-GSGLF----------------------------KKPPKWV--MVAELVE-----T-SRL-WGRIAARI-DPE--GM-----------------------------------------------PCHLHP-TSSLF--------------------------GMGYTPDYI--VYHELVM-----T-TKE-YMQCVTAV-DGE--GM-----------------------------------------------PCHLHP-TSALY--------------------------GLGTTPDYV--VYHELIM-----T-AKE-YMQCATAV-DGY--GI-----------------------------------------------PCFLHP-TSALF--------------------------GMGFMPDYV--VYHELIM-----T-AKE-YMQCVTAV-DAI--GV-----------------------------------------------SVQLHP-TSALH--------------------------GLGDLPPYV--VYHELLM-----T-SKE-YICCVTSV-DPF--QQ-----------------------------------------------TVFIHP-NSSLF----------------------------EQQPRWL--LYHELVL-----T-TKE-FMRQVLEI-ESS--NQ-----------------------------------------------TVMIHP-NSSLF----------------------------EELPRWV--LYHELVF-----T-SKE-YMRQVIEI-ESK--KH-----------------------------------------------TTHPHP-NSCLF----------------------------EETPRWV--VYFELVF-----T-SKE-FMREMSEI-ESG--GL-----------------------------------------------NVSVHP-TSILF---------------------VNHKEKAQRPSKYV--LYQQLML-----T-SKE-FIRDCLVIPKEE--QQ-----------------------------------------------VVYIHP-SSALF----------------------------NRQPEWV--VYHELVL-----T-TKE-YMREVTTI-DPR--SQ-----------------------------------------------VVYIHP-SSALF----------------------------NRQPEWV--IYHELVQ-----T-TKE-YMREVTTI-DPK--GQ-----------------------------------------------NVYIHP-SSACF----------------------------QQQPEWV--VYHELVM-----T-TKE-YMREVTAI-DPK--GT-----------------------------------------------EVGIHP-SSSLY----------------------------GKEYEYV--MYHSIVL-----T-SRE-YMSQVTSI-EPQ--NQ-----------------------------------------------VVQLHP-STVL-----------------------------DHKPEWV--LYNEFVL-----T-TKN-YIRTCTDI-KPE--NQ-----------------------------------------------NVQLHP-STCL-----------------------------DHKPDWV--IYNEFVL-----T-TKN-YIRTVTDV-KPE--NQ-----------------------------------------------LVNLHP-STVL-----------------------------DHKPEWA--LYNEFVL-----T-TKN-FIRTVTDV-RPE--NQ-----------------------------------------------DVLIHP-STVL-----------------------------GHDAEWV--IYNEFVL-----T-SKN-YIRTVTSV-RPE--GE-----------------------------------------------PISIHP-SSMLF---------------------------MNKSCPGI--MYTEYVF-----T-TKG-YARNVSRI-ELS--GS-----------------------------------------------PVHIHP-SSALH--------------------------EQETKLEWI--IFHEVLV-----T-TKV-YARIVCPI-RYE--DH-----------------------------------------------ELHIHP-ASVLY---------------------------AEKPPRWV--IYNEVIQ-----T-SKY-YMRDVTAI-ESA--GT-----------------------------------------------ELAIHP-NSTLY---------------------------TLPQAQYV--VYGELLQ-----T-TKL-FMNYVTVI-KRE--SF-----------------------------------------------PFNMYKGSSIMF---------------------------KKDYPKWV--IFTEVMQ-----D-----SIRDVTVI-EPE--HQ-----------------------------------------------PVAIHP-SSVLF----------------------------HCKPACV--VYTELLY-----T-NKC-YMRDLCVI-DAQ--NI-----------------------------------------------RSKIHP-SSVLH---------------------------GKYKPSYI--LFTEIVQ-----T-EQT-FLRQVTEI-SIE--AI-----------------------------------------------TLKIHP-SSCLS----------------------------RSKPAYI--VFSELMK-----T-NDL-FALQVTLI-DGD--DD-----------------------------------------------PVFIHP-SSVLF----------------------------KELPEFV--VYQEIVE-----T-TKM-YMKGVSSV-EVQ--EE-----------------------------------------------PAFLHV-SSVLR----------------------------QKAPEWV--IYQEAYELQNGDS-TKM-FIRGITAI-EPE--KG-----------------------------------------------HVFIDP-CSVVF----------------------------TEEPEFV--IYQELVQ-----VNEKK-LMTSVCAV-DKE--DC-----------------------------------------------FVYIHP-TSILN-------------------------NLGEMPPKYM--LYYSLHLGGNNKT-RMN-TLCDIAST--PLANKQ-----------------------------------------------GAVLHP-TCVFA--GSPEVLHAQELEASNCDGSRDDKDKMSSKHQLL--SFVSLLE-----T-NKP-YLVNCVRI-PALQSKP-----------------------------------------------FVLQHP-NSQFA--KHFELLKLTESDLLPKPDFYTPKLPLSKRHQLL--CYQSLLE-----T-AKP-YLINCIRL-PAAQTKP-----------------------------------------------FTQIHP-NSSIA----------QYHPET--IDPRQGSDGFSRLHQIP--FYGLLLE-----T-TKP-YICNVMPV-PAVYTDG-----------------------------------------------YVHIHP-SSVNY-------------------------QVRHFDSPYL--LYHEKIK-----T-SRV-FIRDCSMV-SVYPLDG-----------------------------------------------YVKIHP-SSVNS-------------------------QVSVFQAPFL--VFQEKVR-----T-SAI-YIRDCSML-PLIAMDG-----------------------------------------------LVAVHP-KSVNV-------------------------EQTDFHYNWL--IYHLKMR-----T-SSI-YLYDCTEV-SPYCLGR-----------------------------------------------RVNFHP-SSVNS-------------------------GESGFDSAYF--VYFQRQK-----S-TDL-FLLDSTMV-FPMALQG-----------------------------------------------KAQVHP-SSVNR---------------------------DLQTHGWL--LYQEKIR-----Y-ARV-YLRETTLI-TPFPVGR-----------------------------------------------NALIHK-SSVNC---------------------PFSSQDMKYPSPFF--VFGEKIR-----T-RAI-SAKGMTLV-TPLQLSK-----------------------------------------------AALLHK-TSVNC-----------------------SNLAVTFPYPFF--VFGEKIR-----T-RAV-SCKQLSMV-SPLQVQS-----------------------------------------------SALINK-YSMLV--------------------PMNNRQEMDFPSPLL--VFTEKVR-----T-RCI-SCKQMSVI-SAIQLSG-----------------------------------------------NILLHK-STINR-------------------------EATRLRSRWL--TYFMAVK-----SNGSV-FVRDSSQV-HPLAVEK-----------------------------------------------KVRFHP-ASVLS----------QPQYKKIPPANGQAAAIKALPTDWL--IYDEMTR-----A-HRIANIRCCSAV-TPVTIDP-----------------------------------------------LVQVSR-SSCLR----------------------GKKKQKDLASEWI--LFVEKTR-----TADQISSLEHTTLV-SGLMVDK-----------------------------------------------PAFLHP-SSMVK-----------------KQIVKMGKSEKSPRVEYV--AFQEMCQMP---SDRSL-SMKTVTVI-PSMTAKD----------------------------------------------------PKTTVVL---------------------------KHIPPYGF--LYYKQLQ-----S-----LFRQCGQV----KSHD----------------------------------------------------PCRTVYF---------------------------TNFKPAYMGELYTRRIK-----------ELFQEVRI-PPENMD
GAVEKDPEAKMIKYWIRSEEYQDKLEEYKTKISQETQKVDLEDLPLPATRAFIHP-SSVLFSTNSVNLEDAKLLSEVDGPISRQSKIPTVVKYPFV--LFTTSQV-----T-NKL-YLRDLTPT-TTLSL:
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860
972
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------------------------------------------------------------------------------------------------------------------------WVEPVAQHLIK
------------------------------------------------------------------------------------------------------------------------WLAELGPMFYS
------------------------------------------------------------------------------------------------------------------------WLAELGPMFFS
------------------------------------------------------------------------------------------------------------------------WLAELGPMFYS
------------------------------------------------------------------------------------------------------------------------WLMEYGGLLYD
------------------------------------------------------------------------------------------------------------------------WLLEVAPHYYK
------------------------------------------------------------------------------------------------------------------------WLLEVAPHYYK
------------------------------------------------------------------------------------------------------------------------WLLEVAPHYYK
------------------------------------------------------------------------------------------------------------------------WLIDMVPQIFK
------------------------------------------------------------------------------------------------------------------------WLVEFAPAFFK
------------------------------------------------------------------------------------------------------------------------WLVEFAPSFFR
------------------------------------------------------------------------------------------------------------------------WLVEFAPSFFK
------------------------------------------------------------------------------------------------------------------------WLLEVAPHFYK
------------------------------------------------------------------------------------------------------------------------WLVKIAPQYYD
------------------------------------------------------------------------------------------------------------------------WLCCLAPQYYD
------------------------------------------------------------------------------------------------------------------------WLLQIAPQYYD
------------------------------------------------------------------------------------------------------------------------WLIEIAPAYYD
------------------------------------------------------------------------------------------------------------------------WLQEVVTNAAA
------------------------------------------------------------------------------------------------------------------------WVRDLLPKLHE
------------------------------------------------------------------------------------------------------------------------WLLELAPHFYQ
------------------------------------------------------------------------------------------------------------------------WLTELAPHYYQ
------------------------------------------------------------------------------------------------------------------------WLYELAPHYYE
------------------------------------------------------------------------------------------------------------------------WLYEAAPEYFR
------------------------------------------------------------------------------------------------------------------------WIKEVVPFVKN
------------------------------------------------------------------------------------------------------------------------WVRPLISDHKK
------------------------------------------------------------------------------------------------------------------------WIPALLPSYCQ
------------------------------------------------------------------------------------------------------------------------WLLLYVPLLCN
------------------------------------------------------------------------------------------------------------------------WLSRLAESYCN
-----------IARKG---------------------------------------------------------------------------------------------------------------LLLT
-----------LLLFS-------------------------------------------------------------------------------------RSLDTNGDCSRLVADG---WLELQLADSES
-----------LLLFS-------------------------------------------------------------------------------------FAIDTNAGITQIACDG---WLGLDLPMPGS
-----------LLVAQ-----------------------------------------------------------------------------------------------KIVIEDD--WSQLSIDDFLE
-----------VLFGG-----------------------------------------------------------------------------------GQVNVQLQRGEFVVSLDDG--WIRFVA---------------VLFAG-----------------------------------------------------------------------------------SDFKVELHDGDFLFLLESG--WIILKAHDL------------LFFGG------------------------------------------------------------------------------------DISIQKDNDQETIAVDE---WIVFQSPA-------------IIFGD------------------------------------------------------------------------------------GVEAGVTQNTPYLCVAK---TYYFKC---------------LLFGG--------------------------------------------------------------------------------------DIEVQHRERLLSIDG---WIYFQAPV-------------LLFAS---------------------------------------------------------------------------------------KKVQSDGQIVLVDD---WIKLQI---------------ILFGS--------------------------------------------------------------------------------------RKIDLAANNIVRVDN---WLNFDI---------------LVFGS--------------------------------------------------------------------------------------RKVECVGEGLVRIDE---TITIRM---------------LLLTD-----------------------------------------------------------------------------------GDVHIRDDGRRATISLSDSD-LLRLEG---------------LVFCGPARLASNALQEPSSFRVDG---------------------------------------------------------IPNDSSDSEMEDKTTANLAALKLDE---WLHFTL---------------ALAGG-----------------------------------------------------------------------------------KRFITEAHGSEMLLCLDS---WIRLKCPAEFG
-----------LLFTGPIRLDERTIEDNNIIFEEGEDISV-----------------------------------------------------------EDKPLPWGASLSLLKLDE---WYNVRSVK-------------IVFDGAKAFVEFSRNPTERFKTLPAVYMAIKMSQLKVSLELSVHSAEEIEGKVQGMNVSKLRNTRVNVDFQKQTVDPMQVSFNTSDRSQTVTDLLLTIDVTEVVEVGHFWGYRID----VTFQEGSQKVFVTFKQDDWIEGSSKYVPVSGRVQSEVYKAVMMRQNRVERPIHIMNPSAFMSYVQQRGIGDVIEGR--------------------------------------------WIPPTKPLNVE
-----------LLFGG----------------------------------------------------------------------------------AISYDIGGTIHSPGIVVDN---WLPIRT----:
:
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1150
1152
1060
984
1017
871
983
864
1182
1203
1157
1100
767
700
711
727
725
701
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672
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699
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824
1013
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1189
935
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1092
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842
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HCV-NS3
MVEV-NS3
YFV-NS3
Prp43
HCV-NS3
MVEV-NS3
YFV-NS3
Prp43

:
:
:
:

*
*
*
*
*
I
Ia
Ic *
PAVPQTFQVAHLHAPTGSGKSTKVPAAYAAQ--G-Y--K-VLVLNPSVAATL-GFGAYM--SKAHGI---DPNIRTGVRT-I--TTGA
EMLK-KRQLTVLDLHPGAGKTRRILPQIIKDAIQ-KRLR-TAVLAPTRVVAA-EMAEAL--R---GL---PVRYLTPAVQRE-HSGNE
HMLK-KGMTTVL DFHPGAGKTR RFLPQILAECAR-RRLR-TL VLAPTRVV LS-EMKEAF--H---GL---DVKFHTQAFS-AHGSGRE
LYQN-N-QIMVF VGETGSGKTTQIPQFVLFDEMPHLENTQVACTQPRRVAAMSVAQRVAEEM---DVKLGEEVGYSIRFE-NKTSNKT

:
:
:
:

Ib
II
III
*
*
*
*
*
*
PITYSTYGKFLADGG--CSGGA-YDIIICDECHSTDSTTILGIGTVLDQAETAG-ARLVVLATATPPG-SVTV---------PHP-NIVDVMCHATLTHRLMSPLRVPN-YNLFVMDEAHFTDPASIAARGYIATRVEAGE-A-AAIFMTATPPGTSDPF---------PDTNSP
VIDAMCHATLTYRMLEPTRVVN-WEVIIMDEAHFLDPASIAARGWAAHRARANE-S-ATIL MTA TPPGTSDEF---------PHSNGE
ILKY MTDGM LLREAME-DHDLSRYSCII LDEA HERTLATDILMGLLKQVVKRRPDL-KIII MSA TLDAEKFQRYFNDAPLLAVPGRTY

:
:
:
:

*
*
200
*
*
*
250 IVa
*
IV *
IEEVALS---S-TGEIPFY-GK-AIPI-ETIKGGRHLIFCHSKKKCDELAAKLSGLG-----------LNAVAYYRGL--DV-SVI-VHDVSSE---I-PDRAWS-SGF-EWIT-DYA--GKTVWFVASVKMSNEIAQCLQRAG-----------KRV IQLNRKSYD T--EYPKC
IEDVQTD---I-PSEPWN-TGH-DWIL-ADK--RPTA WFLPSIR AANVMAASLRKAG-----------KSV VVLN-RK-- T--FE--PVELYYTPEFQRDYLDSA-IRTVLQIHATEEA-GDIL LFLTGED EIEDAVRKISLEGDQLVREEGCGPLSV YPLYGSL-- PPHQQQRI

:
:
:
:

V
VI
*
*
*
*
*
*
---------PTSG---------DVIVVATDALM-TGFTGDFDSVIDCNTCVTQTVDFSLDPTFTIETTT-VPQDAVSRSQRRGRTGRG
K--------N--GD--------WDFVITTDISE-MGANFGASRVIDCRKSVKPTILDEG--EGRVILSVPSAITSASA AQRRGRVG RN
-REYPTIKQK--K---------PD FIL ATDIAE-MG ANLCVERVLDCRTAFKPVLVDE---GRKVAIKGPLRISASSA AQRRGRIG RN
F--------EP-APESHNGRPGRKVVISTNIAETSLTIDGIVYVVDPGFSKQKVYNPR---IRVESLLV-SPISKASAQQRAGRAGRT
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Prp43
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Prp43
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Prp43
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Structural domains

:
:
:
:

*
*
R-M-GIYRFV-T---PG---ERPSQIGDEYHY-G---GG---TSPNRDGDSYYY-S---EP---TS--R-PGKCFRLYTEEAFQKELIE

Secondary structures

Substrate-binding residues

RecA1

α helix

NTP-binding residue

RecA2

310 helix

Nucl. Ac.-binding residue

β strand
β turn
α turn

Supplementary Figure 2 | Sequence and structural similarities between Prp43 and viral NS3 DExH-box helicases. The structure based sequences
alignment of the helicase core region of Prp43 (RCSB PDB ID: 2XAU) with three flavivirin NS3 related helicase structures (RCSB PDB IDs: 3KQN, 2WV9,
1YKS) was performed with STRAP application (368,369). Similarity analysis was performed with GeneDoc (version 2.7) using the BLOSUM62 scoring
matrix. Identical and similar amino acids are shaded in black and grey, respectively. Residues implicated in NTP-binding or nucleic acid binding are depicted
in yellow and pink, respectively. The RecA2 β-hairpin is depicted in blue. HCV: hepatitis C virus, MVEV: Murray Valley encephalitis virus, YFV: yellow fever
virus.
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Hjm
Hel308
Prp43

*
*
*I
*
50
*
*
Ia
Ic *
Hjm
: ---FYPPQAE-ALKSGILEGKNALISIPTASGKTLIAEIAMVHRILT-QG-GKAVYIVPLKALAEEKFQEFQ-DWEKIGLRVAMATGDYD : 106
Hel308 : IEELFPPQAE-AVEK-VFSGKNLLLAMPTAAGKTLLAEMAMVREAIK-GG--KSLYVVPLRALAGEKYESFK-KWEKIGLR IGISTGDY E : 106
Prp43 : RRELPVHAQRDEFLKLYQNNQIMVF VGETGSGKTTQIPQFVLFDEMPHLENTQVACTQPRRVAAMSVAQRVAEEMDVKLGEEVGYSIRFE : 179

Hjm
Hel308
Prp43

100
*
*
150
*
*
Ib *
II
III*
Hjm
: SKDEWLGKYDIIIATAEKFDSLLRHGSSWIKDVKILVADEIHLIGSRDRGATLEVILAHML---G--K--AQIIGLSATIGNPEELAEWL : 189
Hel308 : SRDEHLGDCDIIVTTSEKADSLIRNRASWIKAVSCLVVDEIHLLDSEKRGATLEILVTKMRRMNK--A--LRVIG LSA TAPNVTEIAEWL : 192
Prp43 : N-K-TSNKTILKY MTDGM LLREAMEDHD-LSRYSCII LDEA HER-----TLATDILMGLLKQV-VKRRPDLKIII MSA TL-DAEKFQRYF : 259

Hjm
Hel308
Prp43

IV
*
200
*
*
*
250
*
*
Hjm
: N-AELIVSDWRPVKLRRGVFYQGFVTWE---DGSIDRFSSWEELVYDAIRKKKGALIFVN---MR-RKAERVALELSKKVKSLLTKPEIR : 271
Hel308 : D-ADYYVSDWRPVPLVEGVLCEGTLELFDGAFSTSRRVK-FEELVEECVAENGGVLVFES---TR-RGAEKTAVKLSA-ITA-KY--V-E : 271
Prp43 : NDAPLLAVPGR-TYPVELYYTPE----FQRDYLDSAI-RTVLQIHATE--EAGDILLFLTGEDEIEDAVRKISLEGDQLVREEGC--G-- : 337

Hjm
Hel308
Prp43

*
*
300
*
*
*
350
*
IVa
V
Hjm
: ALNELADS-L--EENPTNEKLAKAIRGGVAFHHA-GLGRDERVLVEENFRKG----IIKAVVATPTLSA---GINTPAFRVIIRDIWRYS : 350
Hel308 : N-EGLEKAILEENEGEMSRKLAECVRKGAAFHHA-GLLNGQRRVVEDAFRRG----NIKVVVATPT-L-AAGV-NLPARRVIVRSLYRF- : 351
Prp43 : --------------------------PLSVYPLYGSLPPHQQQRIFEPAPESHNGRPGRKVVISTNIAET--SLTIDGIVYVVDPGFSKQ : 399
Hjm
Hel308
Prp43

*
*
*VI
400
*
*
*
*
450
Hjm
: ----------DFGM----ERIPIIEVHQMLGRAGRPKYDEVGEGIIVSTSDDPREVMNHYIFGKPEKLFSQLSNESNLRSQVLALIATFG : 426
Hel308 : --------------DGYSKRIKVSEYKQMAGRAGRPGMDERGEAIIIVGKRDREIAVKRYIFGEPERITSKLGVETHLRFHSLSIICDGY : 427
Prp43 : KVYNPRIRVESLLV----SPISKASA QQRAGRAG RT--R-PGKCFRLY---T-EEAFQKE--LIEQSYPEILRSN--LSSTVLELKK-LG : 473
Hjm
Hel308
Prp43

*
*
*
*
500
*
*
*
*
Hjm
: YSTVEEILKFISNTFYAYQRKDTYSLEEKIRNILYFLLENEFIEISLEDKIRPLSLGIRTAKLYIDPYTAKMFKDKMEEVVKDPNPIGIF : 516
Hel308 : AKTLEELEDFFADTFFFKQN-EIS-LSYELERVVRQLENWGMVVEA--AHLAPTKLGSLVSRLYIDPLTGFIFHDVLSRME--LSDIGAL : 511
Prp43 : I--D-DLVH-F-DFMDP-----P-AP-ETMMRALEELNYLACLDD----EGNLTPLGRLASQFPLDPMLAVMLIGSFEF-Q-CSQE-ILT : 544
Hjm
Hel308
Prp43

550
*
*
*
*
600
*
*
*
Hjm
: HLISLTPDITPFNYS----KR-EFERLEEEYYEFKDRLYFDDPYISGYDPYLERKFFRAFKTALVLLAWIN-EV--PEGEIVEKYSVEPG : 598
Hel308 : HLICRTPDMERLTVR----KT--DSWVEEEAFRLRKELSYYPSDF-SV---EYDWFLSEVKTALCLKDWIE-EK--DEDEICAKYGIAPG : 588
Prp43 : IVAML--SVPNVFIRPTKDKKRADDAKNIFAH--P-----DGD------------H--ITLLNVYHAFKSDEAYEYGIHKWCRDHYLNYR : 611
Hjm
Hel308
Prp43

*
650
*
*
*
*
700
*
*
Hjm
: DIYRIVETAEWLVYSLKEIAKVLGAYEIVDYLETLRVRVKYGIREELIPLMQLPLVGRRRARALYNSGFRSIEDISQARPEELLKIEGIG : 688
Hel308 : DLRRIVETAEWLSNAMNRIAEE-V-GNT--SVSGLTERIKHGVKEELLELVRIRHIGRVRARKLYNAGIRNAEDIVRHR-EKVASLIGRG : 673
Prp43 : SLSAADNIRSQLERLMNRY-NL--ELNTTDYESPKYFDNIRKALASGFFMQVAKKRSGAKGYITVKDNQDVLIHPSTVLGHDAEWVIYNE : 698

Supplementary Figure 3 | Sequence and structural similarities between Prp43 and Ski2-related helicases. The structure based sequences alignment
of the helicase core and HA regions of Prp43 (RCSB PDB ID: 2XAU) with two Ski2-related helicases [RCSB PDB IDs: 2ZJA (Hjm), 2P6U (Hel308)] was
performed with STRAP (368,369). Similarity analysis was performed with GeneDoc (version 2.7) using the BLOSUM62 scoring matrix. Identical and similar
amino acids are shaded in black and grey, respectively. Residues implicated in NTP-binding or nucleic acid binding are depicted in yellow and pink,
respectively. The RecA2 β-hairpin and the ratchet helix are depicted in blue and green, respectively. The helix-loop-helix (HLH) domain 5 in Hjm and Hel308
is depicted in yellow.
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--------VAKKRSGAK-------GYITVKD-NQDVLIHPS-T-----VLGHDAEWVIYNEFVLT-SKNYIRTVTSSHMS--KIKGNVK---WFNESKGFGFITPEDGSKDVFVHFSAIQTNGFKTLAEGQRVEF-EITNGAKGPSAANVTAL
----SGKMTGIVK---WFNADKGFGFITPDDGSKDVFVHFSAIQNDGYKSLDEGQKVSF-TIESGAKGPAAGNVTSL
------MLEGKVK---WFNSEKGFGFIEVE-GQDDVFVHFSAIQGEGFKTLEEGQAVSF-EIVEGNRGPQAANVTKE
-- -- -- β1
β2
β3 η1
β4
β5

: 712
: 71
: 69
: 66

B

C

Supplementary Figure 4 | Structural similarities between Prp43 OB-fold domain and prokaryotic cold shock proteins (Csp). (A) Structure based
sequence alignment between the OB-fold domain of Prp43 (RCSB PDB ID: 3KX2, aa. 660–712) and three bacterial Csps [RCSB PDB IDs: 3I2Z (Salmonella
Typhimurium CspE), 1MJC (E. coli CspA), 3PF5 (Bacillus subtilis CspB)]. The alignment was performed with STRAP (368,369). Similarity analysis was
carried out with GeneDoc (version 2.7) using the BLOSUM62 scoring matrix. Coloured amino acids in Prp43 sequence denote reciprocal conserved
residues in paralogous DEAH-box proteins (yellow, 99–80 % similarity; blue, 79–60 % similarity; cf. Supplementary Figure 1). For CspB, residues implicated
in nucleic acid binding are depicted in pink. Pink hexagons and circles denote respectively base stacking and polar interactions betwen CspB and the
oligoribonucleotide. (B) Three-dimensional protein structure superposition of Prp43 OB-fold domain (white, RCSB PDB ID: 3KX2, aa. 643–725) with E. coli
CspA (transparent light blue, RCSB PDB ID: 1MJC, aa. 2–70). (C) Model of Prp43 OB-fold domain in complex with an rU6 oligoribonucleotide. The model
was constructed by simple fitting of B. subtilis CspB/RNA complex to the OB-fold domain of Prp43 and masking CspB protein structure.
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Supplementary Figure 5 ► | Amino acid sequence conservation within RHAU and orthologous
proteins. Sequence alignment was carried out with MAFFT (version 6, ref. 313). Similarity analysis was
performed with GeneDoc (version 2.7) using the BLOSUM62 scoring matrix. Similarity is shown in red for
100 %, yellow for 99–80 % and blue for 79–60 %. Species and accession numbers of RHAU orthologues
listed are: human (Homo sapiens, NP_065916), mouse (Mus musculus, NP_082412), chicken (Gallus
gallus, XP_422834), frog (Xenopus tropicalis, ENSXETP00000016958), zebrafish (Danio rerio,
NP_001122016), fruit fly (Drosophila melanogaster, NP_610056), blood fluke (Schistosoma mansoni,
XP_002577014), placozoan (Trichoplax adhaerens, XP_002110272), choanoflagellate (Monosiga
brevicollis, XP_001747335). The position of the RSM, the five structural domains (RecA1, RecA2, WH,
Ratchet and OB-fold) as well as the conserved ATPase/helicase motifs I–VI is shown as coloured boxes
beneath the sequence alignment.
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FILDNYIERGKGSACRIVCTQPRRISAISVAERVAAERAESC-GSGNSTGYQIRLQSRLP-RKQGSILYCTTGIILQWLQSDPYLSSVSHIVLDEIHERNLQSDVLMTVVKDLLNFRSDLKV
FILDNYIERGKGSACRIVCTQPRRISAISVAERVATERAESC-GNGNSTGYQIRLQSRLP-RKQGSILYCTTGIILQWLQSDSRLSSVSHIVLDEIHERNLQSDVLMTVIKDLLHFRSDLKV
FILDDYIERGKGSTCRIVCTQPRRISAISVAERVAAERAEAC-GNGKSTGYQIRLQSRLP-RKQGSILYCTTGIVLQWLQSDKHLSSISHVVLDEIHERNLQSDVLMSIIKDLLNVRLDLKV
FILDDHIKRGKGSSCYIVCTQPRRISAISVAERVAAERAEAC-GRGNSTGYQIRLESQMP-RKQGSILYCTTGIVIQWLQSDPHLANVSHVVIDEIHERNLQSDVLMAIVKDLLTFRSDLKV
FILDDFIQRGQGSLCRVVCTQPRRISAISVAERVAVERAEPV-GEGKSCGYQIRLQSRLP-RKQGSLLYCTTGVILQWLHSDPYLSSITHLVLDEIHERSVQSDILITIVKDLLTARDDLKV
ILLDDAISRGCASSCRIICTQPRRISAIAIAEWVSYERCESL---GNSVGYQIRLESRKA-RERASITYCTTGVLLQQLQSDPLMHNLSVLILDEIHERSVETDLLMGLLKVILPHRPDLKV
FILEDQVLGGNGSVTRIIVTQPRRISAVSIAERVATERGQSV---GSSVGYQVRLERRYPQRPHGSIMFCTTGIILQWFRSDPLLKNISHIIVDEVHEREFLCDFLLCMLKRIAPLRPDLRI
FILDDAICSGNGSLCKIACTQPRRISAISVAERVLDERIEKN-QPNPSAGYQIRLENKLP-RNQGSMIYCTTGILLRQLQNDPLLSQYSHLIIDEIHERNLMSDFLLIYLKDILSKRPDLKV
FVLDDALDRGEGMNVQMVCTQPRRISATSVAQRVARERNESCGGSSSSTGYQIRLDARLP-RSHGSITFCTVGILLRRLINDSSLQDISHIILDEVHERDILTDFLLVIIKDILPKRPSLKV
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---KMFRI-----RNRSYIDRDSEYLLQENEPDGTLDQKLLEDLQKKKNDLRYIEM------------------------QHFREKLPSYGMQKELVNLIDNHQVTVISGETGCGKTTQVTQ
---KTFRI-----TDKSYIDRDSEYLLQENEPNLSLDQHLLEDLQRKKTDPRYIEM------------------------QRFRKKLPSYGMQKELVNLINNHQVTVISGETGCGKTTQVTQ
---KRRPI-----LQKTFLDQDVEYLFEKNDQDADLDEQLKEDLRKKKSDPRYIEM------------------------QRFREKLPSYGMRQELVNLINNNRVTVISGETGCGKTTQVTQ
---KDHAW-------------DSEYAAEADEAGTDLDQQLKEELHEKRTNYKYLEM------------------------QKFREKLPSYSMKEMIIKMINSNQVTVISGETGCGKTTQVTQ
---QEDAIKSRASLKEELNETNLEYLLQDVVQIPFLDEELKKDQQKKEDNAAYIEM------------------------LKFRKKLPSYGMREELVRLISANRVLVISGETGCGKTTQVTQ
---QFRHLLS-VNFEEFVAETKERNA-DLDWVNPKLDERLQLELGQRQLEENAKKR------------------------LEARKKLPTMKYADDIIQAVRENQVILIVGSTGCGKTTQVPQ
LFGEIRDCFD-VSVGPCSDPDQMLLTKESLARNPDIDHELCLSMRNCMSSAAYMKM------------------------SESRCKLPAYQFKEDIVSTIRDNQVVIISGETGCGKTTQVPQ
---FSDSI-------------------QFLQRDPHLDNRLKEELETKFKDPSYQKLLVSNSIFYTATFIFVDTHKFNNSCQAERQKLPIYAMHDDIMNLIHSNQIVVISGQTGCGKTTQLPQ
---ALGALSG-TSFKRNVDNLTEASL-------------VQDREAKRAKEQSDSSL------------------------AAFRQKLPAWKQQADVIDAIRSHQVVIVTGETGCGKTTQVPQ

RSM

RGRHPGHLKGREIGMWYAKKQGQK-----NKEA----ERQERAV-----VHMDERREEQIVQLLNSVQAKNDKE---SEAQISWFAPEDHGYGTEVSTKNTPCSENKLDIQEKKLINQEK-RGRHPAHLKGREIGLWYAKKQTQK-----NKEA----ERQERAV-----VHMDERREEQIVQLLNSVQAKTDKD---SEAQISWFAPEDHGYGTEVSSEKKINSEKKLDNQEKKLLNQEK-RGRHPSHLKGREIGLWYARKQGQK-----SKET----DRQQRAV-----VRMDERREEQIVQLLNAVQPRAEKE---QEA-MSWWSGDEEGYGAVVPTEHVPEQPPKVKPGAEKAEKAPV-REKPPPHLKGREIGLWHARRQGQR-----SKEK----ERQERAV-----VKMDESREQHITRLLNSVQAQNNNE-RPSCSDESWWATENERYVIPVITEGNPISRNSVSTQLKQPAMPEE-RGKHPSHLKGREIGLWYAKWGGIK-----KSEA----ERRSRAV-----VHMDESREKHITQLLNTVQRDLGRDVHPSTSQS--WRNKDEARGHSYFDGDDPVETQNIMPLPKVEPKDEK-KGNRPPGLRGKDIGLYYRNLARQQ-----KKDRGENAESKEPQIRLGCNVSAPSGVLERVKELMEDYSRAPSRQN---------------------------VDDKNVD------AKFQQ-KGHRPPGLRGKEIGLWHAAQSKNRCTGHLDYQT----KFASMPL-----VGLNLPKIQSVIQEFVEPVPELPKTS---------------NELISFMCKLPTLSTSKQT------PEDEAEE
GVGRPPGLSGKEIGMYYANLSRTR-----KKEK----EKIERAV-----IELDDGKQHAIASIVDQVEASCSLDN---------------------------ESSHHV-------DSDQQ-GGGPPAGLSGRDIGMWYARQGQAA-----RKQQ----ERRERPI-----VSFDSHKHRDIQQLLSSARVQVPQNA-------------------------------SV-------TADEA--
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MQ------------------------------------------------------------------RD-------------------------------------------RDSSGSNAR
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MSEGSSYSYVDYSQGGGFGGGYGGFGGTSNSGYGSAAYGGADRRGPGASDEYAGSHYEHGGHRGRGRGRGRGRGRGRGGGGYQDG----GRGRGGGGRGRGGSGR--------GGGGGGGGG
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------------------------------------------------------------DKQEELTPLGVHLARLPVEPHIGKMILFGALFCCLDPVLTIAASLSFKDPFVIPLGKEKIAD
------------------------------------------------------------DKQEELTPLGVHLARLPVEPHIGKMILFGALFCCLDPVLTIAASLSFKDPFVIPLGKEKIAD
------------------------------------------------------------DRQEELTPLGVHLARLPVEPHIGKMILFGALFCCLDPVLTIAASLSFKDPFVIPLGKEKVAD
------------------------------------------------------------DKREELTPLGFHLARLPVEPHIGKMILFGALFCCLDPVLTIAASLSFKDPFVIPLGKEKLAD
------------------------------------------------------------DRDEKLTPLGFHLARMPVEPHIGKMILFGALLGCLDPVLTIAASLSFKDPFFIPLGKEKIAD
------------------------------------------------------------DQTGTLTPLGMHLAKLPIDPQMGKMILMSALFCCLDPITSAAAALSFKSPFYSPLGKESRVD
KLIESETSNFNTSHSIKSRGQSHKLNRKSLREFSEAIKKDVNASGINILGSSCIHLDSTDEDDDELTPLGVHLANFPLDPQCAKLLIFGALFGCLEPILAVASCLTFRDPFEVPLEKQQEAD
------------------------------------------------------------NDDESLTPLGHYLAALPLNPRLGKIIIFGALFSCLYPAVIISAFLGHRDPFVFVMDDREASR
------------------------------------------------------------DKEENLLPLGHHLAQLPVAPKIGRMLVFAAMLQCLKPISVIAASLSFKDPFSAPIDKQKVMD
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IDDVVYVIDGGKIKETHFDTQNNISTMSAEWVSKANAKQRKGRAGRVQPGHCYHLYNG-LRASLLDDYQLPEILRTPLEELCLQIKILRLGGIAYFLSRLMDPPSNEAVLLSIRHLMELNAL
IDDVVYVIDGGKIKETHFDTQNNISTMSAEWVSKANAKQRKGRAGRVQPGHCYHLYNG-LRASLLDDYQLPEILRTPLEELCLQIKILRLGGIAYFLSRLMDPPSNEAVVLSIKHLMELSAL
IDDVVFVIDGGKIKETHFDTQNNISTMAAEWVSKANAKQRKGRAGRVQPGHCYHLYNG-LRASLLDDYQLPEILRTPLEELCLQIKILKLGGIAYFLSKLMDPPSRDAVMLAINHLMELNAL
IDDVVHVIDGGKIKETHFDTQNNISTMTAEWVSHANAKQRKGRAGRVQPGHCYHLYNS-LRDSLLDDYQLPEIVRTPLEELCLQIKILKLGGIASFLRKLMDTPSRDTICLAINHLMELNAL
IDDVVYVIDGGKIKETHFDTQNNIRTMTAEWVSIANAKQRKGRAGRVSPGKCYHLYNG-LRASLLDNYQLPEIQRTPLEELCLQIKVLKLGPIATFLQKTMDPPSDRAIELAITHLVDLNAL
IDDVVYVINSGRTKATNYDIETNIQSLDEVWVTKANTQQRRGRAGRVRPGICYNLFSR-AREDRMDDIPTPEILRSKLESIILSLKLLHIDDPYRFLQTLINAPNPEAIKMGVELLKRIEAL
IQDVVYVIDCGRIKVTDYDPRQNTSTLTAILVSKANAAQRSGRAGRVQPGICYHLFPSYVYNNVMSDFLQPEMLRVRLEDVILRIKLLGLGRVKSFLTNCLDSPSEDAISKTLIFLRQIQAL
INDVSFVIDCGKVKEKAYDPTSGLEVLSPVWTSKASAQQRAGRAGRVKAGHCFYLYTQ-FHKSKMQEFQLPEMLRTPLEEICLQIKKLKLGMIAPFLSKAVDAPDSEAVARAIALLKDLNGL
IDDVVYVIDTGLGKEKTYDEVSHLSELKATWVSKASSRQRKGRAGRVQDGVCYHLFTR-FRLAQMEDNQLPELLRTPLEELILQIKILKLGQASDFLQRAIDQPSPQAVENALKALRQLHAL

IV

SASTVDVIEMM-EDDK---VDLNLIVALIRYIVLEEEDGAILVFLPGWDNISTLHDLLM----SQVMFKSD--KFLIIPLHSLMPTVNQT-------QVFKRTPPGVRKIVIATNIAETSIT
SASTVDVLQMM-DDDK---VDLNLIAALIRYIVLEEEDGAILVFLPGWDNISTLHDLLM----SQVMFKSD--KFLIIPLHSLMPTVNQT-------QVFKKTPPGVRKIVIATNIAETSIT
SAGTIDALEMM-DDDK---VDLDLIAALIRHIVLEEEDGAILVFLPGWDNISTLHDLLM----SQVMFKSD--RFIIIPLHSLMPTVNQT-------QVFKKTPPGVRKIVIATNIAETSIT
SESTIEALELA-DDEK---VDLDLIAELIRYIVLKGEDGAILVFLPGWDNISTLNDLLM----SQVMFKSD--KFIIIPLHSLMPTVNQT-------EVFKRPPPGVRKIVIATNIAETSIT
SDTTIEVLGMMDDDDN---IDLELTAALIRHIAVNENEGAILVFLPGWDNISTLNDLLM----SDQMFKSGRYRFIIIPLHSLMPTVSQTQVISLFPQVFKKPPPGVRKIVIATNIAETSIT
DSRVLDKLRLPESEGC---EDIDFIADLVYYICENEPEGAILVFLPGYDKISQLYNILDKPKTSKGQRWRD--HMAVFPLHSLMQSGEQQ-------AVFRRPPAGQRKVIISTIIAETSVT
SSNAIEILRSVGEDTY---PKTDLIAHSVEHILQSTQSGAILVFVPGLVDIKDVIRCLRELNPRRYDNRYG--SVRIYPLHSRIPTSRDR-------SLFEPSPKNQRKVVIATNIAETSIT
CLRTAQSVERMVFDD----LDFELIEDIITYISDHMEKGAILCFLPGWEDIRKLYERLR----LSPYFSSG--RYLIIPLHSQLSTVNQR-------KIFEKPLPSVRKIVIATDIAETSIT
SHQTIEGLRRRPIDETEAMIDYDLVTAVIWHICRNKPDGAILCFMPGWTDIQKVYETLK---SSGPTANRQ--KYRVLPLHSMLPTAQQQ-------QIFDRPPAGVRKIVIATNIAETSIT

III

ILMSATLNAEKFSEYFGNCPMIHIPGFTFPVVEYLLEDVIEKIRY-VPEQ-------------------KEHRSQFKRGFMQGHVNRQEKE--------EKEAIYKERWPDYVREL-R-RRY
ILMSATLNAEKFSEYFGNCPMIHIPGFTFPVVEYLLEDIIEKIRY-VPDQ-------------------KEHRSQFKRGFMQGHVNRQEKE--------EKEAIYKERWPAYIKEL-R-TRY
ILMSATLNAEKFSEYFDNCPMIHIPGFTFPVVEYLLEDVIEKLRY-TPEN-------------------TDRRPRWKKGFMQGHISRPEKE--------EKEEIYRERWPEYLRQL-R-GRY
ILMSATLNAEKFSQYFDSCPMLHIPGFTYPVKEYLLEDVIEMLRY-MPKD-------------------SDRRPQWKKRFMQGRMMCTEKE--------EKEQLYRERWPEFVRKLQR-SRY
VLMSATLNAEKFSKYFNNCPMIHIPGYTFPVTEYLLEDVVELLGF-QPRY-------------------KQRKPHYRKRNNHGSSARPEKG--------KIEAKYHESWPCYARTL-R-DRF
ILMSATVREQDFCDYFNNCPMFRIEGVMFPVKMLYLEDVLSKTNYEFQKF-------------------RDRRP---KRDPP-----------------ERRMKHEAMIEPYLRRI-R-NSY
VLMSATINADKFVEYFDNCPKFEIPGRTFPVKTYYLEDVLRETKFWLPNS-------------AITALCRDQSRTLKQRLLKSNLSKK-----------EARILSYGKSPEFNKWLHSLTGL
VLMSATLNAASFSSYFNNCPIVEIPGSLYSVRHYYMEDIISMLGNQKVYF----------------------QPKSNTRNSTRGRNRPYR---------SKESVEDNDWRDFLGFI-S-DEY
ILMSATLNAETFSSYFPGSTTLHIPGFTYPVEELYLADVLDEIRYRLPPPRDSFGGGRGGRGRGFGGRGRGRGRGGRGRGRGGFRHEEEGGIGDEAQATAEELQQQAAYQAYVSSLAA-SGY
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VLSAIIDLIKTQEK---ATPRNFPPR--FQ--DGYY------------------------------------------------------------S
VLSAILDLIKTQEK---ATPRNLPPR--SQ--DGYY------------------------------------------------------------S
VVAAIIDLITTQEN---ESARNYAPR--FQ--SDSFLEQQEETVSSMNNTTAHSTTPQDMSGSSGACVSFSHCVLHNVAHPGLLLDRHSFISYIWLV
VLSAIIDLITTQEN---QEEKSFGPC--YQ--GGFY------------------------------------------------------------R
VISAIIDLITTQETPAGDPSKDSQPV--YQRSDCLF------------------------------------------------------------E
LIKAIELLLSLDERLGED----------YISSDEIDD-----------------------------------------------------------I
LLQTIVDLLTSEPPPAVQVEKL--------------------------------------------------------------------------S
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ILAAIIDLITHEEV---DRQRFMDGRKQYTRRDPDWRLEQ--------------------------------------------------------P
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KTDGLVAVHPKSVNVEQTDFHYNWLIYHLKMRTSS---IYLYDCTEVSPYCLLFFGGDISIQKDNDQETIAVDEWIVFQSPARIAHLVKELRKELDILLQEKIESPH--PVDWNDTKSRDCA
KSDGLVSIHPKSVNVEQTDFHYNWLIYHLKMRTSS---IYLYDCTEVSPYCLLFFGGDISIQKDKDQEIIAVDEWIVFQSPERIAHLVKGLRKELDSLLQEKIESPH--PVDWDDTKSRDCA
KTDGTVNIHPKSVNVEETEFHYNWLVYHLKMRTSS---IYLYDCTEVSPYCLLFFGGDISIQKDKDQDTIAVDEWIVFQSPARIAHLVKNLRQELDDLLQEKIENPH--PVDWNDTKSRDSA
KSDGKVNIHPKSVNVEETEFHYSWLVYHLKMRTTS---IYLYDCTEVSPYSLLFFGGDISIQKDKDQDTIAVDEWIVFQSPARIAHLVKDLKSELDVLLKEKIEKPQ--PVDWKETKSRDCA
KADGKVCIHPKSVNAEETQFQYKWLVYHLKMKTTS---IFLYDCTEVSPFSLLFFGGNISIQRDQDQDTIAVDEWIVFQSPGRIAHLVKDLKKELDVLLEEKIKSPH--PVDWKDQQSKDCA
DDGRRVNFHPSSVNSGESGFDSAYFVYFQRQKSTD---LFLLDSTMVFPMALIIFGDGVEAGVTQNTPYLCVAKTYYFKCNRETADVVIQLRSNLEKLLLKKALYPA--PIEENGYEKQ--PSEGRANIHPSSVNSKIQPTEPIWMVYFTKTKLESGSYPSIFDSTVISLRPLLFFSGNIEISKN-DTSLFTIDQWIKFSGELKVVNLLKDLRKCMDGLLEQKFKSPS--VANW-DSTNKEGR
RHDRAVFFHPSSVHHNRNFFSSKWLIYHKKMKLDS--QIKIFDATMVTPFSLLFFGGDI--QVDESENTISIDTWIKFVADAGIAKLMKQLRLQLDNCLKQKIKQPSLQLTASNDQSDPKAK
QEDGRVTLHPKSVLAEETVFETKWLVYHLKMRTTS---LFVYDATMVQPLALLFFGGEISTGMEDGEEIIQVDDFITFRSPARTADLVRDLRDQVDHILQKRIRNPS------SRFDEREAR

ARRKELAKDTRSDHLTVVNAFEGWEEARRRGFRYEKDYCWEYFLSSNTLQMLHNMKGQFAEHLLGAGFVSSRNPKDPESNINSDNEKIIKAVICAGLYPKVAKIRLNLGKK--RKM-VKVYT
ARRKELAKETRSDHLTVVNAFEGWEEAKRRGFRYEKDYCWEYFLSSNTLQMLHNMKGQFAEHLLGAGFVSSRSPKDPKANINSDNEKIIKAVICAGLYPKVAKIRLNLGKK--RKM-VKVHT
ARRKELSKNTKSDHLTVVNAFTGWEETRRRGFRTEKDYCWEYFLSPNTLQMLHNMKGQFAEHLLAAGFVNSRDPKDPKSNTNSDNEKLLKAVICAGLYPKVAKIRPSFSKK--RKM-VKVCT
ARRKELSRNSKSDHLTVLNAFEGWEDAKWRGGRAERDYCWENFLSSNSLKMLSNMKGQFAEHLLSAGFVSSRSPNDPKSNINSTNEKLIKAVICAGLYPKVAKIRPNFGKR--RKM-VKVYT
QRRKMFSQNSRSDHLSIVNAFLGWEDAKRQGSRFEREYCWDNFLSANTLQMLQNMKGQFAEHLLRAGFVNSKDPKDPSSNINSENKKLVKAVIVAGLYPKVAKISPSHNKK--RPMPVKVYT
EIKRRMARNMRSDHLMVHNTIIAYRDSRYS--HAERDFCYKNFLSSMTLQQLERMKNQFSELLYNYKFLASSNCKDAASNKNSEKIPLLRAIIGAGLYPNMAHLRKSRQIKNRVRAIHTMAT
RCRKELSQNSFSDHWVFATVIQSYNGLNSQ--IERHQFCQRYFL-------------------------------------NERNINLFRAIMCAALYPNVVKVDPRFTKEGKPKTSVIMAC
RARKSFEHDSISDHLTLFNAFKSWKKAKYN--RNDYDFCRSNLLSASGLNMVHKMADQFGDLLHEIGFIDTKDIKANRYNVNSGNSNLVKAILCAGLYPNVIHVEHRQTNN--KRP-PKLST
QRRRAMAPEAMSDHITLLRAYQGWEEELRH--GGAREYCWDNFLSSSTLNMIRDMAGQLMDLLRDIGFISA----EVDFNRHADNTQLIKAVLAAGLYPNVISVQHPHGRKFGERP-PKLFT
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Supplementary Figure 6 ► | RHAU mRNA expression in various human, mouse and Drosophila
tissues. (A) Human, (B) mouse and (C) Drosophila. The red line represents the median expression
value. The green line is equivalent to 3-fold the median expression value. Sources: BioGPS (273) and
FlyAtlas (370) databases.
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Supplementary Figure 7 | Pairwise alignment of human RHAU and its mouse orthologue. Sequence alignment was carried out with MAFFT (version 6,
ref. 313). Similarity analysis was performed with GeneDoc (version 2.7) using the BLOSUM62 scoring matrix. Identical and similar amino acids are shaded
in black and grey, respectively.
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Supplementary Figure 8 | Recombinant RHAU protein purification. SDS-PAGE separation and
Coomassie staining of purified GST-tagged recombinant wild-type (WT) and N-terminal fragment (1–200)
of RHAU (2 μg protein per lane). The positions and sizes (kDa) of marker proteins are indicated at the
left. The mark (◄) on the right indicates the position of the purified proteins.

Chapter 6

122

A

Mammals
Homo sapiens
Pan troglodytes
Macaca mulatta
Sue scroffa
Mus musculus
Rattus norvegicus
Canis familiaris
Monodelphis domestica
Bos taurus
Echinops telfairi
Loxodonta africana
Oryctolagus cuniculus
Dasypus novemcinctus
Spermophilus tridecemlineatus
Tupaia belangeri
Tursiops truncatus
Birds
Gallus gallus
Reptiles
Anolis carolinensis
Amphibians
Xenopus tropicalis
Fishes
Tetraodon nigroviridis
Danio rerio
Fugu rubripes
Gasterosteus aculeatus
Oryzias latipes
Cephalochordates
Branchiostoma floridae
Echinoderms
Strongylocentrotus purpuratus
Arthropods
Apis mellifera
Culex pipiens quinquefasciatus
Aedes aegypti
Anopheles gambiae
Tribolium castaneum
Nasonia vitripennis
Drosophila melanogaster
Annelids
Capitella sp. I
Molluscs
Lottia gigantea
Platyhelminthes
Schistosoma japonicum
Schistosoma mansoni
Cnidarians
Nematostella vectensis
Placozoans
Trichoplax adhaerens
Choanoflagellates
Monosiga brevicollis

:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:

*
20
*
40
*
GRG-----GR-GRHPGHLKGREIGMWYAKKQGQKNKEA ---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGMWYAKKQGQKNKEA ---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGMWYAKKQGQKNKEA ---------ERQE-----GRG-----GR-GRHPGHLKGREIGLWYAKKQGQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPAHLKGREIGLWYAKKQTQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPAHLKGREIGLWYAKKQTQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGLWYAKKQGQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGRDIGLWYARKQGQKSKDA---------ERQERAVVRM
GRG-----GR-GRHPGHLKGREIGLWYAKKQGQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGLWYAKKQGQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGRQIGLWYARLQGQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGLWYAKKQTQKNKDA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGLWYAKKQGQKSKDA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGLWYAKKQTQKNKDA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGLWYAKKQGQKNKEA---------ERQERAVVHM
GRG-----GR-GRHPGHLKGREIGLWYAKKQGQKNKEA---------ERQERAVVHM

: RGG-----GR-GRHPSHLKGREIGLWYARKQGQKSKET---------DRQQRAVVRM
: RGG-----GR-GRPPPHLKGREIGLWYARRQGAKSKEA---------ERQQRAVVHM
: GGE-----QR-EKPPPHLKGREIGLWHARRQGQRSKEK---------ERQERAVVKM
:
:
:
:
:

-RG-----QR-DRPPPHLRGREIGLWYARYGAVRRKQA---------DRRS-VVVQM
RRG-----GR-GKHPSHLKGREIGLWYAKWGGIKKSEA---------ERRSRAVVHM
-SG-----QR-DRPPPHLKGREIGLWYAKYGAVRRKQA ---------DRRS-VVVQM
-GG-----ERLDRPPPHLKGREIGLWYAKFGAVRRKQG ---------DRRSRAVVQM
ASG-----PR-DRPPPHLKGREIGLWYARYGAVRRKQA ---------DRRSRAVVHM

: GRG-----GR-RGHPSGLRGKDIGLFYARKSKDREKRE------------------: GGG-----GR-GGPPPGLTGRDIGMWYAQRGRGKKKDQ---------ELRERGSVNL
:
:
:
:
:
:
:

ARG-----RG-QGHPPWLSGKEIGLYYRDKAKAKAKQK---------ESR----VKL
ERDDQVVTGR-DRPPPGLRGRALGLYYRDRNSAKNRER---------EKRKAVDITI
ARDDEVVTGGDERPPPGLRGKALGLFYRDRQTRKKKEK---------EKRKAVDITI
QRDVRLEDQAEERRPPNLRGKALGLYYRDRQTAQKRQR---------EKRDAVDITL
KEG-----NH-ERPPSHLRGKQIGMYYAQRNRERNEAN---------RKRPLGTILL
GSGMSRVQRG-GGHPPHLRGKAIGLYYRDKYIAKNGKK------QAKDTKQIMPIKL
SSG---SNARKGNRPPGLRGKDIGLYYRNLARQQKKDRGENAESKEPQIRLGCNVSA

: GRG-----GR-GGHPNGLCGREIGLFYAAKSKAK-KEM------------------: GRG-----RG-GRPPPGLKGREIGMWYARKSQAAKDKR---------EKLDRPVVHV
: SHA-----KK-NHRPPGLRGKEIGLWYAAQSKIKGKDH -------LNCQSDFASMAL
: SRA-----NK-GHRPPGLRGKEIGLWHAAQSKNRCTGH -------LDYQTKFASMPL
: RRG-----GR-GRHPSGLSGKDIGLWYASKSKEKKKKR ---------ELDE-----: GRG-----GG-VGRPPGLSGKEIGMYYANLSRTRKKEK---------EKIERAVIEL
: GGG-----GG-GGPPAGLSGRDIGMWYARQGQAARKQQ---------ERRERPIVSF
* * * **

Rel. freq. (bits)

B
4
3
2
1
0

130

135

140

145

150

155

Supplementary Figure 9 | Conserved residues within the RSM region. (A) Sequence alignment of the RSM-containing region of 40 different RHAU
orthologues. Multiple sequence alignment was carried out with MAFFT (version 6, ref. 313). Similarity analysis was made by GeneDoc (version 2.7) using
the BLOSUM62 scoring matrix. Similarity is shown in red for 100 %, yellow for 99–80 % and blue for 79–60 %. Amino acids that are identical among all
sequences are indicated by asterisks below the alignment. The RSM is underlined. (B) Sequence logo (371) derived from the multiple sequence alignment
in (A). Amino acids are coloured according to their biochemical properties: green for polar (G, S, T, Y, C, Q, N), blue for basic (K, R, H), red for acidic (D, E)
and black for hydrophobic (A, V, L, I, P, W, F, M). The RSM is underlined.
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Supplementary Figure 10 | Recombinant CG9323 protein purification. SDS-PAGE separation and
Coomassie staining of purified FLAG-tagged recombinant wild-type (WT) and RSM mutant (RSM-mut2)
CG9323 protein (2 μg protein per lane). The positions and sizes (kDa) of marker proteins are indicated at
the left. The mark (◄) on the right indicates the position of the purified proteins.
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Supplementary Figure 11 | Recombinant RHAU protein purification. SDS-PAGE separation and
Coomassie staining of purified GST-tagged recombinant wild-type (WT) and ATPase-deficient mutant
(DAIH) RHAU proteins (2 μg protein per lane). The positions and sizes (kDa) of marker proteins are
indicated at the left. The mark (◄) on the right indicates the position of the purified protein.

Chapter 6

124

A

B

200
150

**
**

**

100

**

**

**

**

**

250

**
Norm. ∑(G4-score)

Norm. ∑(G4-score)

250

**

50

150
100
50

RNA enrichment by RHAU [log2(IP/input)]

.
.
t
.
nd
nd
nd Inpu
t ra T ra T ra
N
N
di- glesin

∞

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

0
−∞

0

200

no

Supplementary Figure 12 | Computational analysis of potential intramolecular G4-forming sequences (PQS) among RNAs enriched by RHAU.
(A) Box plot representation of the normalised ∑(G4-score) value per transcript as a function of their level of enrichment by RHAU. The pink rectangle
refers to the group of 106 RNAs specifically enriched by RHAU and serves as a control group for multiple comparisons analysis. Statistical significance was
determined by Kruskal-Wallis one-way ANOVA on ranks and the Dunn’s test. nsP ≥ 0.05; *P < 0.05; **P < 0.01. The correlation between the two variables
was estimated by a linear regression model (y = 47x + 93, R2 = 0.10, P < 0.001) and is indicated as a red line on the graph. (B) PQS analysis among
randomised RHAU target sequences. The sequences of the 106 transcripts specifically enriched by RHAU were shuffled, retaining single- or di-nucleotide
base composition of the original transcripts. The box plot represents the normalised ∑(G4-score) value per transcript among the original (not rand.), dinucleotide shuffled (di-NT rand.) and single-nucleotide shuffled (single-NT rand.) sequences. Statistical significance was determined by Friedman repeated
measures ANOVA on ranks and the Dunnett's test.
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Supplementary Figure 13 | Quality prediction for RHAU 3-D model. Quality assessment of the modelled RHAU structure by QMEAN6 (A–D, G) and
ModFOLD (E–G) algorithms. (A) Comparison of the normalised QMEAN score value for RHAU structural model with non-redundant set of PDB structures.
(B) Absolute QMEAN score value together with the six scoring function terms contributing to the QMEAN score. A distance-dependent pairwise Cβ potential
as well as an all-atom potential with 167 atom types are used to assess long-range interactions. The solvation potential describes the burial status of the
residues. The local geometry is analysed by a torsion angle potential over three consecutive amino acids. ‘SSE agreement’ and ‘ACC agreement’ scores
describe respectively the agreement of predicted and calculated secondary structure and solvent accessibility. High-resolution X-ray structures on average
have a QMEAN score equal to zero. (C) Density plot visualising the normalised QMEAN6 score distribution of PDB structures ranging from 602 to 736
amino acids. The window size (660 ± 67 amino acids, N = 133) corresponds to the yellow rectangle depicted in (A). The normalised QMEAN6 score for
RHAU structural model is indicated in red. (D) RHAU structural model coloured according to local error prediction by QMEAN algorithm. (E) Estimation of
RHAU structural quality by ModFOLD algorithm. (F) RHAU structural model coloured according to local error prediction by ModFOLD algorithm. (G) Linear
and coloured representation of the local error prediction for RHAU structural model.
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Supplementary Figure 14 ► | Sequence and structural similarities between Prp43 and RHAU
structural model. The structure based sequence alignment of the helicase core and HA regions of Prp43
(RCSB PDB ID: 2XAU) with RHAU structural model (Figure 38) was performed with STRAP (368,369).
Similarity analysis was performed with GeneDoc (version 2.7) using the BLOSUM62 scoring matrix.
Identical and similar amino acids are shaded in black and grey, respectively. Coloured amino acids in
Prp43 and RHAU sequences denote reciprocal conserved residues in paralogous DEAH-box proteins
(red, 100 % similarity; yellow, 99–80 % similarity; blue, 79–60 % similarity; cf. Supplementary Figure 1).
The RecA2 β-hairpin and the ratchet helix are depicted in blue and green, respectively.
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RHAU : MSYDYHQNWGRDGGPRSSGGGYGGGPAGGHGGNRGSGGGGGGGGGGRGGRGRHPGHLKGREIGMWYAKKQGQKNKEAERQERAVVHMDER :
RHAU
α1

PRP43

α2

100
*
*
*
*
150
*
*
*
PRP43 : ------------------------MGSKRRFSSEHPDPVETSIPEQAAEIAEELSKQHPLPSEEPLVHHDAGEFKGLQRHHTSAEEAQKL :
RHAU : REEQIVQLLNSVQAKNDKESEAQISWFAPEDHGYGTEVSTKNTPCSENKLDIQEKKLINQEKKMFRIRNRSYIDRDSEYLLQENEPDGTL :
RHAU
PRP43

α3

η1

α4

β1

α5

η2

1000
*
*
PRP43 : ------------------------------------ :
RHAU : KSRDCAVLSAIIDLIKTQEKATPRNFPPRFQDGYYS : 1008
RHAU
α26

66
180

β2

I
Ia *
*
200
*
*
*
*
250
*
PRP43 : EDGKINPFTGREFTPKYVDILKIRRELPVHAQRDEFLKLYQNNQIMVFVGETGSGKTTQIPQFVLFDEMPHLENT---QVACTQPRRVAA :
RHAU : DQKLLEDLQKKKNDLRYIEMQHFREKLPSYGMQKELVNLIDNHQVTVISGETGCGKTTQVTQFIL-DNYIERGKGSACRIVCTQPRRISA :
RHAU
α1
α2
β1
α3
β2
α6
α7
η3
α8
β3
β4
β5
β6
PRP43
R *
*
Ic 300
*
Ib
*
*
II *
350
*
PRP43 : MSVAQRVAEEMDVKLG--EEVGYSIRFENK-TSNKTILKYMTDGMLLREAMEDHDLSRYSCIILDEAHERTLATDILMGLLKQVVKRRPD :
RHAU : ISVAERVAAERAESCGSGNSTGYQIRLQSRLPRKQGSILYCTTGIILQWLQSDPYLSSVSHIVLDEIHERNLQSDVLMTVVKDLLNFRSD :
RHAU
β3
β4
β5
α5
β6
η1
α5
α4
α9
β9
β7
β8
PRP43
III*
*
*
400
*
*
*
*
450
PRP43 : LKIIIMSATLDAEKFQRYFNDAPLLAVPGRTYPVELYYTP---------------------------EFQRD------------------ :
RHAU : LKVILMSATLNAEKFSEYFGNCPMIHIPGFTFPVVEYLLEDVIEKIRYVPEQKEHRCQFKRGFMQGHVNRQEKEEKEAIYKERWPDYVRE :
RHAU
β7
α6
β8
β9
α10
α11
α12
β10
β11
PRP43
IV
IVa
*
*
*
*
*
*
*
PRP43 : ---------------------YLDSAIRTVLQIHATEEAGDILLFLTGEDEIEDAVRKISLEGDQLVREEGCGPLSVYPLYGSLPPHQQQ :
RHAU : LRRRYSASTVDVIEMMEDDKVDLNLIVALIRYIVLEEEDGAILVFLPGWDNISTLHDLLMSQV---MFK--SDKFLIIPLHSLMPTVNQT :
RHAU
α7
α8
β11
α9
β10
α14
η5
α15
η4
β12
α13
β13
β14
β15
β16
PRP43
F
550
*
V
*
*
*
600
* VI
*
*
PRP43 : RIFEPAPESHNGRPGRKVVISTNIAETSLTIDGIVYVVDPGFSKQKVYNPRIRVESLLVSPISKASAQQRAGRAGRTRPGKCFRLYTEEA :
RHAU : QVFKRTPPGV-----RKIVIATNIAETSITIDDVVYVIDGGKIKETHFDTQNNISTMSAEWVSKANAKQRKGRAGRVQPGHCYHLYNGLR :
RHAU
η2
β12
α10
β13
β14
β15
α11
η3
β16
α12
α15
α16
α17
α18
α19
η6
PRP43
*
650
*
*
*
*
700
*
*
PRP43 : FQKELIEQSYPEILRSNLSSTVLELKKLGIDDLVHF--DFMDPPAPETMMRALEELNYLACLDDEGNLTPLGRLASQFPLDPMLAVMLIG :
RHAU : AS-LLDDYQLPEILRTPLEELCLQIKILRLGGIAYFLSRLMDPPSNEAVLLSIRHLMELNALDKQEELTPLGVHLARLPVEPHIGKMILF :
RHAU
α12
η4
α13
α14
α15
α16
α20
α21
α22
α23
α24
η7
PRP43
*
*
750
*
*
*
*
800
*
PRP43 : SFEFQCSQEILTIVAMLSVPNVFIRPTKDKKRADDAKNIFAHPD-GDHITLLNVYHAFKS-----DEAYEYGIHKWCRDHYLNYRSLSAA :
RHAU : GALFCCLDPVLTIAASLSFKDPFVIPLGKEKIADARRKELAKDTRSDHLTVVNAFEGWEEARRRGFRYEK----DYCWEYFLSSNTLQML :
RHAU
α17
α18
α19
α20
α21
β17
β19
α25
α26
β18
PRP43
*
*
*
850
*
*
*
*
900
PRP43 : DNIRSQLERLMNRYNLELNTTDYES------PKYFDNIRKALASGFFMQVAKKRSGA-----KG-YITVKDNQDVLIHPSTVL----GHD :
RHAU : HNMKGQFAEHLLGAGFVSSRNPK-DPESNINSDNEKIIKAVICAGLYPKVAKIRLNLGKKRKMVKVYTK-TDGLVAVHPKSVNVEQTDFH :
RHAU
α23
β17
β18
β19
α22
β20
β21
α27
η8
α28
PRP43
*
*
*
*
950
*
*
*
*
PRP43 : AEWVIYNEFVLTSKNYIRTVTSVRPEWLIEIAPAYYDLSNFQKGDVKLSLERIKEKVDRLNELKQGKNKKKSKHSKK------------- :
RHAU : YNWLIYHLKMRTSSIYLYDCTEVSPYCLLFFGGDISIQKDNDQETIAVDEWIVFQSPARIAHLVKELRKELDILLQEKIESPHPVDWNDT :
RHAU
α24
η5
α25
β20
β21
β22
β23
PRP43

90

153
269

240
359

285
449

354
534

444
619

532
708

616
794

690
882

767
972
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Supplementary Table I | List of oligodeoxynucleotides employed for RT-PCR and TRAP assays.
Gene name
ACTB
ARL3
CEP57
DYNLL2
GAPDH
HBXIP
IGFBP6
MAGOH
PAAF1
PABPC1
TERC
TMEM55B
U2AF1
WBP4

TRAP assay

Oligo ID Oligo name

Sequence (5' - 3')

166 ACTB_Fw

CAC CCC GTG CTG CTG ACC

167 ACTB_Rv

CCA GAG GCG TAC AGG GAT AGC

244 ARL3_Fw

GAA GAG ACG GGT CAG GAA CTA GC

245 ARL3_Rv

GAC TCG GTC GCG GAT GGT ATG

246 CEP57_Fw

CAT GGT TCG GCA TTC TTC ATC TCC

247 CEP57_Rv

TCT GCC TGA ATC CTC TCA AGT TCC

248 DYNLL2_Fw

ACA CAC GAG ACA AAG CAC TTC ATC

249 DYNLL2_Rv

AGT AGC ACA GCC ATT GGA GAG G

162 GAPDH_Fw

CGC TCT CTG CTC CTC CTG TTC

163 GAPDH_Rv

CGC CCA ATA CGA CCA AAT CCG

200 HBXIP_Fw

CCT CTG ACC CCA CTG ATA TTC CTG

201 HBXIP_Rv

CAC CGT GAT GCC ATC GTG TTT C

230 IGFBP6_Fw

GGA ATC CAG GCA CCT CTA CCA C

231 IGFBP6_Rv

TGA GTC CAG ATG TCT ACG GCA TG

224 MAGOH_Fw

TGG GGC ACA AGG GCA AGT TC

225 MAGOH_Rv

CTT CCC GTC CGG TCG AAA CTC

234 PAAF1_Fw

CCA AGG GCT CCG GTA CAA GTC

235 PAAF1_Rv

ATC TGC TTC TCC CAT GTG GCT AC

250 PABPC1_Fw

AGA ACC GTG CTG CAT ACT ATC CTC

251 PABPC1_Rv

TGA CTC GTG GAA CCT GTG AAG AAG

266 TERC_Fw

GGC GAG GGC GAG GTT CAG

267 TERC_Rv

GCA CGT CCC ACA GCT CAG G

238 TMEM55B_Fw CCT TGC CTT TGG CAC ATG GAA G
239 TMEM55B_Rv

TCA TCA GGC TCA GGA GAA GTT CTG

260 U2AF1_Fw

AAG ATG CGG AAA AGG CTG TGA TTG

261 U2AF1_Rv

TCT CTG GAA ATG GGC TTC AAA TGC

240 WBP4_Fw

GTA ACC AGC ACT ATC CCA CCT ACC

241 WBP4_Rv

TTT CTC CCA CTG AGA TGC TCC TG

270 TS

AAT CCG TCG AGC AGA GTT

271 Cy5-TS

Cy5 -AAT CCG TCG AGC AGA GTT

273 ACX

GCG CGG CTT ACC CTT ACC CTT ACC CTA ACC

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

NR_001566
NM_001100880
NM_025155
NM_018320
NM_001017979
NM_018669
NM_006402
NM_017410
NM_031209
XM_497450
NM_001040056
NM_001025204
NM_004317
NM_020395
NM_203472
NM_020179
NM_001077268
NM_005452
NM_004311
NM_007187
NM_005308
NM_016586
BC024237
NM_133491
NM_022044
NM_014184
NM_004450
NM_033518
NM_001861
NM_013320
NM_004231
NM_001350
NM_014408
NM_001100814
NM_013330
NM_015670
NM_003768

Rk Accession

● TERC
● ST20
● PAAF1
RNF121
RAB28
WDR4
● HBXIP
HOXC13
QTRT1
LOC441722
MAPK3
U2AF1
● ASNA1
INTS12
● SELS
● C11orf75
ZFYVE19
● WDR46
ARL3
WBP4
GRK5
MBIP
● C22orf32
● SAT2
● SDF2L1
CNIH4
ERH
SLC38A5
COX4I1
HCFC2
ATP6V1F
DAXX
TRAPPC3
● TMEM55B
● NME7
SENP3
PEA15

Gene

Telomerase RNA component
Suppressor of tumorigenicity 20
Proteasomal ATPase-associated factor 1
Ring finger protein 121
RAB28, member RAS oncogene family
WD repeat domain 4
Hepatitis B virus x interacting protein
Homeobox C13
Queuine tRNA-ribosyltransferase 1
PREDICTED: similar to U2 small nuclear RNA auxillary factor 1
Mitogen-activated protein kinase 3
U2 small nuclear RNA auxiliary factor 1
ArsA arsenite transporter, ATP-binding, homolog 1
Integrator complex subunit 12
Selenoprotein S
Chromosome 11 open reading frame 75
Zinc finger, FYVE domain containing 19
WD repeat domain 46
ADP-ribosylation factor-like 3
WW domain binding protein 4 (formin binding protein 21)
G protein-coupled receptor kinase 5
MAP3K12 binding inhibitory protein 1
Chromosome 22 open reading frame 32
Spermidine/spermine N1-acetyltransferase family member 2
Stromal cell-derived factor 2-like 1
Cornichon homolog 4
Enhancer of rudimentary homolog
Solute carrier family 38, member 5
Cytochrome c oxidase subunit IV isoform 1
Host cell factor C2
ATPase, H+ transporting, lysosomal 14kDa, V1 subunit F
Death-domain associated protein
Trafficking protein particle complex 3
Transmembrane protein 55B
Non-metastatic cells 7
SUMO1/sentrin/SMT3 specific peptidase 3
Phosphoprotein enriched in astrocytes 15

Definition
1.930
1.870
1.756
1.706
1.628
1.625
1.586
1.583
1.581
1.555
1.548
1.544
1.540
1.528
1.515
1.507
1.475
1.474
1.465
1.458
1.442
1.435
1.421
1.417
1.376
1.350
1.337
1.328
1.326
1.320
1.318
1.310
1.293
1.292
1.279
1.273
1.273

Enrichment
(log2)
11.1
10.9
8.2
8.0
4.0
8.4
7.0
7.8
10.4
8.9
10.0
7.7
7.7
2.8
10.1
9.2
10.0
10.2
6.2
3.4
8.2
1.8
4.4
11.2
16.0
3.1
5.0
8.0
8.7
2.6
11.6
7.2
7.0
9.2
3.0
9.6
6.1

252.8
192.2
126.8
130.8
76.8
141.1
90.1
137.2
166.4
168.9
232.9
132.0
151.8
50.3
172.6
138.9
174.4
164.6
107.7
54.4
142.5
33.1
98.0
170.9
294.5
64.5
118.6
145.6
135.9
36.0
204.1
100.4
118.9
202.3
51.6
176.1
139.0

G4 density Normalised
[PQS·kb−1] ∑(G4-score)
114
123
201
343
133
304
77
334
225
152
467
137
197
89
223
136
400
389
419
128
367
55
155
168
258
42
95
292
109
207
141
264
152
350
85
440
344

∑(G4-score)

NG4(2)
4
7
13
19
6
17
6
18
13
7
15
8
8
5
13
9
21
24
22
7
20
3
6
11
13
2
3
15
7
14
8
19
8
13
5
23
12

NG4(3)
1
0
0
2
1
1
0
1
1
1
4
0
2
0
0
0
2
0
2
1
1
0
1
0
1
0
1
1
0
1
0
0
1
3
0
1
2

NG4(4)
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

5'-UTR
1

1

1

1

1
2

1

1
1

1

1

1

3

1
2

1

1

2

1

1

2

1

CDS
2

1

2

3'-UTR

Supplementary Table II | List of RNAs significantly enriched by RHAU in HeLa cells. The enrichement value is calculated as the log2 of the ratio IPFLAG/inputFLAG. The NG4(2), NG4(3) and NG4(4) fields correspond to the number
of predicted G4 composed of 2, 3 or 4 succesive G-quartets, respectively. For RNAs bearing NG4(3) and NG4(4), their location in the transcript is indicated (5'-UTR, CDS, 3'-UTR). Transcripts whose enrichment by RHAU has
been validated by RT-PCR are coloured in red. Transcripts whose enrichment by RHAU has been observed in both HeLa and HEK293T cell lines are preceded by a full black dot.
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38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

NM_022916
NM_016020
NM_005466
NM_002640
NM_024671
NM_030815
NM_004374
NM_007241
NM_002178
NM_006693
NM_003341
NM_173852
NM_014017
NM_018622
NM_003977
BC035511
NM_001261
NM_000713
NM_004240
NM_001924
NM_007182
NM_005716
NM_174889
BC000209
NM_022077
NM_080677
NM_015846
NM_002931
NM_013290
NM_005089
NM_173685
NM_014599
NM_000386
NM_182705
NM_005949
NM_004843
NM_005981
XM_929793
NM_020137
NM_006321
NM_002133

Rk Accession

Definition

Vacuolar protein sorting 33 homolog A
Transcription factor B1, mitochondrial
Mediator complex subunit 6
Serpin peptidase inhibitor, clade B (ovalbumin), member 8
Zinc finger protein 768
P53 and DNA-damage regulated 1
Cytochrome c oxidase subunit VIc
SNF8, ESCRT-II complex subunit, homolog
Insulin-like growth factor binding protein 6
Cleavage and polyadenylation specific factor 4, 30kDa
Ubiquitin-conjugating enzyme E2E 1 (UBC4/5 homolog, yeast)
Keratinocyte associated protein 2
Roadblock domain containing 3
Presenilin associated, rhomboid-like
Aryl hydrocarbon receptor interacting protein
Family with sequence similarity 100, member B, mRNA
CDK9
Cyclin-dependent kinase 9
BLVRB
Biliverdin reductase B (flavin reductase (NADPH))
TRIP10
Thyroid hormone receptor interactor 10
GADD45A
Growth arrest and DNA-damage-inducible, alpha
RASSF1
Ras association RalGDS/AF-6 domain family member 1
GIPC1
GIPC PDZ domain containing family, member 1
NDUFAF2
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, assembly factor 2
C1orf135
Chromosome 1 open reading frame 135, mRNA
● MANBAL
Mannosidase, beta A, lysosomal-like
DYNLL2
Dynein, light chain, LC8-type 2
MBD1
Methyl-CpG binding domain protein 1
● RING1
Ring finger protein 1
PSMC3IP
PSMC3 interacting protein
ZRSR2
CCCH type zinc finger (RNA-binding motif and serine/arginine rich 2)
NSMCE2
Non-SMC element 2, MMS21 homolog
MAGED2
Melanoma antigen family D, 2
BLMH
Bleomycin hydrolase
● FAM101B
Family with sequence similarity 101, member B
MT1F
Metallothionein 1F
IL27RA
Interleukin 27 receptor, alpha
TSPAN31
Tetraspanin 31
LOC646836 PREDICTED: uncharacterized protein LOC646836-like
GRIPAP1
GRIP1 associated protein 1
● ARIH2
Ariadne homolog 2
● HMOX1
Heme oxygenase (decycling) 1

VPS33A
TFB1M
● MED6
SERPINB8
ZNF768
● PDRG1
● COX6C
● SNF8
IGFBP6
CPSF4
UBE2E1
KRTCAP2
ROBLD3
PARL
● AIP

Gene
1.269
1.249
1.247
1.245
1.237
1.234
1.225
1.220
1.218
1.212
1.208
1.207
1.207
1.204
1.200
1.193
1.188
1.184
1.183
1.179
1.178
1.164
1.161
1.160
1.146
1.145
1.143
1.142
1.131
1.129
1.112
1.111
1.106
1.101
1.100
1.096
1.090
1.090
1.090
1.084
1.083

Enrichment
(log2)
4.2
3.9
3.7
3.2
9.9
8.7
4.3
9.0
10.2
7.7
3.4
5.2
11.4
7.0
9.6
9.8
11.3
8.0
8.9
6.6
11.2
14.4
8.3
4.6
4.3
11.2
8.2
10.3
6.8
7.9
2.4
9.6
4.1
6.2
2.2
10.1
5.1
3.9
10.2
6.1
7.5

65.4
59.0
72.9
46.9
218.7
135.1
69.5
166.4
194.9
134.0
94.0
114.4
220.3
116.0
139.2
189.3
205.9
137.3
154.8
128.4
173.3
279.9
134.9
73.9
93.1
238.5
127.6
226.5
119.9
133.6
35.9
159.6
64.1
108.1
35.1
180.8
90.9
81.4
182.4
101.0
107.7

G4 density Normalised
[PQS·kb−1] ∑(G4-score)
172
76
98
159
510
187
64
204
191
245
139
66
154
165
174
270
509
120
314
174
341
545
97
97
129
363
419
395
158
202
44
332
155
421
16
589
159
21
553
412
173

∑(G4-score)

NG4(2)
11
5
5
11
18
12
4
10
9
13
3
2
8
10
12
12
27
7
16
9
21
24
6
6
5
14
27
14
9
12
3
20
10
22
1
32
9
1
28
25
12

NG4(3)
0
0
0
0
4
0
0
1
1
1
1
1
0
0
0
2
1
0
2
0
1
4
0
0
1
3
0
4
0
0
0
0
0
2
0
1
0
0
3
0
0

NG4(4)
0
0
0
0
1
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

5'-UTR
1

1

1

1

1

1

1

CDS
4

1
2

1

1

1

1

3'-UTR
2

2

1
2

2

2
1

1
1

3
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79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

NM_018178
NM_007277
NM_024408
NM_004346
NM_145058
NM_006555
NM_006010
NM_021934
NM_002882
NM_002370
NM_003427
NM_181471
NM_014026
NM_015169
NM_015378
NM_138463
NM_001423
NM_015057
NM_024936
NM_014282
NM_030645
NM_182710
NM_019896
NM_213649
NM_002810
NM_002812
NM_024294
NM_032758

Rk Accession

GOLPH3L
EXOC3
● NOTCH2
CASP3
RILPL2
YKT6
MANF
● C12orf44
● RANBP1
MAGOH
ZNF76
● RFC2
● DCPS
RRS1
● VPS13D
TLCD1
EMP1
● MYCBP2
ZCCHC4
HABP4
SH3BP5L
KAT5
● POLE4
● SFXN4
PSMD4
● PSMD8
C6orf106
PHF5A

Gene

Golgi phosphoprotein 3-like
Exocyst complex component 3
Notch 2
Caspase 3, apoptosis-related cysteine peptidase
Rab interacting lysosomal protein-like 2
YKT6 v-SNARE homolog
Mesencephalic astrocyte-derived neurotrophic factor
Chromosome 12 open reading frame 44
RAN binding protein 1
Mago-nashi homolog, proliferation-associated
Zinc finger protein 76
Replication factor C (activator 1) 2, 40 kDa
Decapping enzyme, scavenger
RRS1 ribosome biogenesis regulator homolog
Vacuolar protein sorting 13 homolog D
TLC domain containing 1
Epithelial membrane protein 1
MYC binding protein 2
Zinc finger, CCHC domain containing 4
Hyaluronan binding protein 4
SH3-binding domain protein 5-like
Lysine acetyltransferase 5
Polymerase (DNA-directed), epsilon 4 (p12 subunit)
Sideroflexin 4
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 4
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 8
Chromosome 6 open reading frame 106
PHD finger protein 5A

Definition
1.081
1.070
1.068
1.065
1.064
1.056
1.055
1.051
1.046
1.045
1.043
1.043
1.037
1.037
1.035
1.029
1.028
1.026
1.023
1.015
1.013
1.012
1.009
1.007
1.005
1.004
1.003
1.002

Enrichment
(log2)
0.9
7.6
4.0
4.8
9.8
10.1
8.3
12.3
6.8
5.7
9.0
7.6
8.6
12.8
4.0
7.7
3.9
3.9
3.6
8.9
12.3
9.4
5.6
6.4
9.8
7.1
8.1
6.3

15.9
117.5
58.1
70.3
189.5
189.7
148.6
210.6
117.6
113.2
133.3
140.5
171.8
212.9
61.6
112.8
77.7
59.4
58.6
158.8
222.5
164.5
102.8
94.3
151.7
122.8
140.9
126.7

G4 density Normalised
[PQS·kb−1] ∑(G4-score)
51
326
664
189
272
528
144
307
104
79
356
241
259
367
1007
117
218
892
165
430
708
384
73
132
202
191
624
140

∑(G4-score)

NG4(2)
3
21
46
13
13
24
8
18
5
3
23
13
12
21
64
8
9
59
9
23
36
21
4
9
13
10
34
6

NG4(4)

NG4(3)
0
0
0
0
0
0
0
0
1
0
4
0
0
0
0
0
1
0
1
0
1
0
0
0
1
0
1
0
2
0
0
0
1
1
0
0
1
0
1
0
3
0
1
0
0
0
0
0
0
0
1
0
2
0
1
0
TOTAL

5'-UTR
25

1

1
1

1

1

1

1

1

CDS
24

1
1

1

1

1

3'-UTR
1
1
1
43

1

2

1

1

3
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a Unique RNA-binding Domain*□
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Posttranscriptional regulation of gene expression is important and highly regulated in response to developmental, environmental, and metabolic signals (1). During stress conditions
such as heat shock, oxidative stress, ischemia, or viral infection,
mRNA translation is reprogrammed and allows the selective
synthesis of stress response and repair proteins (2). Under these
conditions, the translation of housekeeping genes is arrested,
and untranslated mRNAs accumulate in cytoplasmic foci
known as stress granules (SGs) (3). SG3 formation is triggered
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by translation initiation arrest involving eIF2 phosphorylation
or by inhibition of eIF4A helicase function. Phosphorylation of
eIF2 can be mediated by several stress-induced protein
kinases (for a review, see Ref. 4), suggesting that the formation
of SGs is highly regulated and that eIF2 plays a pivotal role in
sensing stress. Upon translational arrest, polysome-free 48 S
preinitiation complexes containing initiation factors, small
ribosomal subunits, and poly(A)-binding protein 1 (PABP-1)
aggregate into SGs (3, 5). Several known SG-associated
mRNA-binding proteins have been identified and shown to
induce or inhibit SG aggregation when overexpressed. It is presumed that the overexpression of mRNA-binding proteins,
which are able to oligomerize, disturb the equilibrium of
mRNA distribution between polysomes and polysome-free
ribonucleoprotein (RNP) complexes and thus induce SG formation by their aggregation (6). Nevertheless some RNA-binding proteins do not induce SG formation upon overexpression,
e.g. a zipcode-binding protein 1 (ZBP1), heterogeneous nuclear
RNP A1, or PABP-1 (7–9). Under normal conditions, most
RNA-binding proteins are involved in various aspects of mRNA
metabolism, such as translation (TIA-1, TIA-1-related protein,
PCBP2, Pumilio 2, and cytoplasmic polyadenylation elementbinding protein), degradation (G3BP, TTP, Brf1, rck/p54, KH
domain RNA binding protein [KSRP], and PMR1), stability
(HuR), and specific intracellular localization (ZBP1, Staufen,
Smaug, Caprin-1, and FMRP) (for a review, see Ref. 10). The
differing flux of these SG-associated proteins and poly(A)
mRNAs revealed by fluorescent recovery after photobleaching
(FRAP) analysis suggests that SGs are dynamic foci (6, 9,
11–14). They are also considered to be sites at which RNPs
undergo structural and compositional remodeling and may be
temporally stored, returned to polysomes for translation, or
packaged for degradation (6).
Immediately after transcription, RNA forms with RNAbinding proteins RNPs that are dynamic and take part in RNA
metabolism. RNP remodeling, which is essential for the cellular
localization, processing, function, and fate of RNA (15), is
mainly regulated by a large family of proteins called RNA helicases. These enzymes use energy released by ATP hydrolysis to
unwind secondary structures of RNA or displace proteins from
RNA (16). The majority of RNA helicases are assigned to superphenylindole; bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; GST, glutathione S-transferase; RISP, RNA-Interaction Site Prediction; ROI, regions of interest; EGFP, enhanced green fluorescent protein;
Nter, N terminus; HCR, helicase core region; Cter, C terminus; WT, full-length
RHAU (wild type); -gal, -galactosidase.
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In response to environmental stress, the translation machinery of cells is reprogrammed. The majority of actively translated
mRNAs are released from polysomes and driven to specific cytoplasmic foci called stress granules (SGs) where dynamic changes
in protein-RNA interaction determine the subsequent fate of
mRNAs. Here we show that the DEAH box RNA helicase RHAU
is a novel SG-associated protein. Although RHAU protein was
originally identified as an AU-rich element-associated protein
involved in urokinase-type plasminogen activator mRNA decay,
it was not clear whether RHAU could directly interact with
RNA. We have demonstrated that RHAU physically interacts
with RNA in vitro and in vivo through a newly identified N-terminal RNA-binding domain, which was found to be both essential and sufficient for RHAU localization in SGs. We have also
shown that the ATPase activity of RHAU plays a role in the RNA
interaction and in the regulation of protein retention in SGs.
Thus, our results show that RHAU is the fourth RNA helicase
detected in SGs, after rck/p54, DDX3, and eIF4A, and that its
association with SGs is dynamic and mediated by an RHAUspecific RNA-binding domain.
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EXPERIMENTAL PROCEDURES
Plasmid Constructs—The plasmids pTER-shRHAU and
pTER-shLuc were described previously (30). Plasmids EGFPRHAU, EGFP-Nter, EGFP-HCR, and EGFP-Cter were based on
pEGFP-C1 (Clontech) and EGFP-E335A (also termed DAIH in
this study), which was derived from EGFP-RHAU by point
mutation in motif II as described previously (30). Plasmids
RHAU-EGFP, (50–1008)-EGFP, (105–1008)-EGFP, (1–130)EGFP, and (1–105)-EGFP were based on pEGFP-N1 (Clontech)
by inserting corresponding fragments into the BglII (XhoI for
RHAU full length) and AgeI sites of the vector. Plasmids EGFPDECEMBER 12, 2008 • VOLUME 283 • NUMBER 50

(50 –1008) and EGFP-(105–1008) were prepared by inserting
the corresponding fragments between BglII and BamHI sites of
pEGFP-C1. RHAU-FLAG, (50 –1008)-FLAG, (105–1008)-FLAG,
(1–105)-FLAG, and (1–130)-FLAG were prepared by inserting
corresponding RHAU fragments into the BglII (NheI for RHAU
full length) and AgeI sites of pIRES.EGFP-N1-FLAG. The vector was prepared by insertion of IRES.EGFP between AgeI and
NotI of pEGFP-N1 (Clontech). The IRES.EGFP insert was
designed by PCR using the pIRES.ECMV-EGFP vector, which
was kindly provided by D. Schmitz Rohmer and B. A. Hemmings, as a template. The PCR product of the IRES.EGFP insert
contained FLAG sequence with the AgeI site on the 5 end and
the NotI site on the 3 end. Plasmids -gal-(1–52)-EGFP, -gal(1–130)-EGFP, and -gal-(52–200)-EGFP were prepared by
inserting corresponding RHAU fragments into EcoRI and SalI
sites of p-gal-EGFP.4 The GST-RHAU vector was designed as
described previously (26). GST-Nter was prepared by inserting
the fragment (1–200 aa) between BamHI and EcoRI sites of
pGEX-2T (Amersham Biosciences). The oligonucleotides used
in this work and detailed descriptions of the plasmid construction are available upon request.
Antibodies—Mouse monoclonal anti-RHAU antibody (12F33)
was generated against a peptide corresponding to the C terminus of RHAU, 991–1007 aa, as described previously (31). Commercially obtained antibodies were: mouse anti-green fluorescent protein (B-2, sc-9996), goat anti-TIA-1 (sc-1751), goat
anti-eIF3b (N-20, sc-16377), mouse anti-HuR (3A2, sc-5261),
and rabbit anti-eIF2 (FL-315, sc-11386) (Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-actin (pan Ab-5, Thermo
Fisher Scientific, Fremont, CA); rabbit monoclonal antieIF2-P (Ser-51, 119A11, Cell Signaling Technology, Danvers,
MA); and mouse anti-FLAG M2 (Sigma-Aldrich). The mouse
antibodies were all monoclonal.
Cell Culture, Transfection, and Stress Treatments—HeLa
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum at 37 °C in the presence
of 5% CO2. T-REx-HeLa cells stably transfected with pTERshRHAU were maintained as described previously (30). To
induce short hairpin RNA expression and consequent depletion of endogenous RHAU, cells were treated with 1 g/ml
doxycycline (Sigma-Aldrich) for 7 days as described in supplemental Fig. 1. For immunofluorescence analysis, transient
transfection of DNA plasmids using FuGENE 6 (Roche Applied
Science) was performed according to the manual provided
using 1 g of plasmid DNA and 3 l of FuGENE 6/35-mm dish.
For immunoprecipitation analysis, cells were transfected by
Lipofectamine 2000 (Invitrogen) in Opti-MEM I medium
(Invitrogen). Briefly HeLa cells were seeded at 0.8  106 cells/
35-mm dish and 24 h later were transfected with 4 g of plasmid DNA and 10 l of Lipofectamine 2000. The cells were used
24 h later for the following experiments. RNA interference
silencing was induced by transient transfection of small interfering RNAs with INTERFERin (Polyplus Transfection, New
York, NY) following the manual instructions. Small interfering
RNA was added to give a final concentration of 2.5 nM in 2 ml of
4

F. Iwamoto and Y. Fujiki, unpublished data.
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family 2 (SF2), which is divided into three subfamilies named
after the sequence in the helicase motif II: DEAD, DEAH, and
DEXH (17). Several DEX(H/D) proteins have been shown to
unwind double-stranded RNA in an ATP-dependent manner
in vitro (16, 18), but most are involved in the ATP-dependent
remodeling of RNPs (16). Although RNA helicases contain a
highly conserved helicase core region, they are involved in all of
the RNA processes ranging from transcription, pre-mRNA
splicing, ribosome biogenesis, RNA export, and translation initiation to RNA decay (for reviews, see Refs. 19 –21). The specific
functions of individual enzymes are attributed to the less conserved N/C termini, which are responsible for substrate specificity, subcellular localization, and cofactor requirements
(22–25).
RHAU is a DEAH box helicase (DHX36) originally identified
as an RNA helicase associated with AU-rich element (ARE) of
urokinase-type plasminogen activator (uPA) mRNA together
with NF90 and HuR (26). RHAU is a nucleocytoplasmic shuttling protein found predominantly in the nucleus and to a lesser
extent in the cytoplasm. As with other helicases (27–29),
ATPase activity is necessary for RHAU function in the decay of
uPA mRNA and for its nuclear localization (26, 30). Despite the
role of RHAU as a factor destabilizing uPA mRNA, global analysis of gene expression in RHAU knockdown cells revealed that
changes in steady-state levels of mRNAs were only partially
influenced by mRNA decay regulation (30). Indeed the nuclear
localization of RHAU and its guanine quadruplex (G4) DNA/
RNA-resolving activity (31) may reflect that RHAU regulates
gene expression at various steps other than mRNA decay.
Given that SGs are sites at which dynamic changes in protein-RNA interaction determine the fate of mRNAs during and
after stress, it is surprising that the role of SG-associated RNA
helicases with an essential function in remodeling protein-RNA
interactions is largely unknown. Here we show that RHAU is a
novel component of SGs and that its recruitment to SGs is
mediated by an RNA interaction. Although identified as an
ARE-associated protein involved in ARE-mediated mRNA
decay of uPA, it was not immediately clear whether RHAU
directly binds RNA. Here we show that RHAU physically interacts with RNA in vitro and in vivo via a unique N-terminal
RNA-binding domain composed of a G-rich region and an
RHAU-specific motif (RSM) that is highly conserved between
RHAU orthologs. The same RNA-binding domain is necessary
and sufficient for RHAU recruitment to SGs. Finally we show
that the ATPase activity of RHAU is involved in the dynamic
regulation of RHAU shuttling into and out of SGs.
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NaCl, 10 mM sodium phosphate, pH 7.2, 2 mM EDTA, 50 mM
NaF, 0.2 mM sodium vanadate, 100 units/ml aprotinin)/well in a
6-well dish and shaken for 15 min at 4 °C. Pooled lysates from 6
wells were treated with 30 l of RQ1 RNase-free DNase (1 unit/
l; Promega, Madison, WI) and with 31 units of RNase A (31
units/l; USB Corp.) as described in the CLIP protocol (33).
Treated samples were centrifuged at 20,000  g for 20 min at
4 °C. The supernatants (600 g) were incubated with 4.5 g of a
mouse anti-RHAU monoclonal antibody (12F33) or 10 l (bed
volume) of anti-FLAG M2 affinity gel (A2220, Sigma-Aldrich)
with rotation for 2 h at 4 °C. Beads were washed twice with
RIPA buffer, twice with high salt washing buffer (5 PBS, 0.1%
SDS, 0.5% deoxycholate, 0.5% Nonidet P-40) and twice with 1
PNK buffer (50 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 0.5% Nonidet P-40). The associated nucleic acids were radiolabeled with
[-32P]ATP using T4 polynucleotide kinase (Roche Applied
Science) as described in the CLIP protocol (33), and RHAURNA complexes were resolved in a NuPAGE 4 –12% bis-Tris
gel (Invitrogen). Immunoprecipitated RHAU was detected by
Coomassie Blue staining and in-gel Western blotting according
to the manual of Odyssey In-Gel Western detection (LI-COR
Biosciences). Half of the samples were transferred to a polyvinylidene difluoride membrane to facilitate better protein detection by Western blotting and to remove free RNA. The proteins
were detected by the Odyssey infrared imager as described
above. Radiolabeled RNA was detected by a phosphorimaging
system, Typhoon 9400 (GE Healthcare), and analyzed using the
ImageQuant TL program. To test whether RHAU associates
with RNA, bound nucleic acids were isolated and radiolabeled
according to the CLIP protocol (33). Nucleic acids were mixed
with increasing amounts of RNase A (0.015, 0.15, 1.5, and 15
units) in H2O and 1 unit of RQ1 DNase in 1 RQ1 DNase
reaction buffer. Reactions were incubated for 30 min at 37 °C
and resolved by denaturing 8% PAGE in 1 Tris borate-EDTA
buffer.
Protein Purification—Escherichia coli BL21 (DE3) transformed with glutathione S-transferase (GST) or GST-Nter proteins were induced by 1 mM isopropyl 1-thio--D-galactopyranoside for 12 h at 25 °C and purified by affinity chromatography
with glutathione-Sepharose 4B (Amersham Biosciences)
according to the manufacturer’s instructions. GST-RHAU protein was expressed in Sf9 cells according to the supplier’s
instructions (BD Biosciences Pharmingen) and purified as
above. The purity of recombinant proteins was analyzed by 10%
SDS-PAGE and Coomassie Blue staining as reported in supplemental Fig. 2.
Double Filter RNA Binding Assay—5 g of total RNA isolated
from HeLa cells was alkali-treated with 0.1 M NaOH on ice for
10 min and then EtOH-precipitated. Redissolved RNA or
poly(rU) (P9528, Sigma-Aldrich) was 5-end-labeled using
[-32P]ATP (Hartmann Analytic GmbH, Braunschweig, Germany) and T4 polynucleotide kinase (Roche Applied Science)
at 37 °C for 30 min and passed through a G-50 column (GE
Healthcare) to remove free nucleotides. Reaction mixtures (50
l) containing varying amounts of recombinant proteins
(0 –150 nM as specified in text), radiolabeled RNA (poly(rU),
10,000 cpm; total RNA, 5,000 cpm) and 2 units of RNase inhibitor (RNAguard, Roche Applied Science) in the binding buffer
VOLUME 283 • NUMBER 50 • DECEMBER 12, 2008
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medium and 8 l of INTERFERin for transfection of 40% confluent cells in each 35-mm dish. To test SG formation, 0.5 mM
sodium arsenite (Sigma-Aldrich) or 1 M hippuristanol (kindly
provided by J. Tanaka (32)) was added in conditioned medium
for 45 or 30 min, respectively. To induce SGs with the ionophore carbonyl cyanide m-chlorophenylhydrazone (CCCP),
cells were washed with 1 PBS (PBS without Ca2 and Mg2)
and cultured in glucose- and pyruvate-free Dulbecco’s modified
Eagle’s medium containing 1 M CCCP. Heat shock was performed at 44 °C in a 5% CO2 incubator for 45 min.
Immunocytochemistry and Image Processing—At 24 h after
transfection by FuGENE 6, HeLa cells were replated in 12-well
dishes with coverslips coated with 0.2% gelatin. The next day,
cells were treated with the indicated stimuli, fixed with 3.8%
paraformaldehyde in 1 PBS for 10 min, permeabilized with
0.2% Triton X-100 in PHEM buffer (25 mM HEPES, 10 mM
EGTA, 60 mM PIPES, 2 mM MgCl2, pH 6.9) for 30 min and
blocked with 5% horse serum in PHEM buffer for 1 h. All steps
were performed at room temperature. Samples were incubated
with primary antibodies (goat anti-TIA-1 (1:200), mouse antiHuR (1:200), and goat anti-eIF3b (1:200)) diluted in the blocking buffer overnight at 4 °C. Coverslips with fixed cells were
washed three times with 0.2% Triton X-100 in PHEM buffer and
incubated in the dark with the secondary antibody and 500 ng/ml
DAPI (Santa Cruz Biotechnology) to identify the nuclei for 40 min
at room temperature. Cy2-, Cy3-, or Cy5-conjugated donkey secondary antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA) were used at dilutions of 1:200, 1:2,000, or 1:200 with
2.5% horse serum in PHEM buffer, respectively. The cells were
mounted in FluoroMount reagent (SouthernBiotech, Birmingham, AL). Fluorescent images were captured with a confocal
microscope (LSM 510 META, Carl Zeiss, Jena, Germany) as
described previously (30) except that a Plan-NeoFluar 100/1.3
oil differential interference contrast objective was used. The data
obtained were processed using standard image software (Bitplane
Imaris 5.7.1, Adobe Photoshop, and Adobe Illustrator). To quantify association of RHAU with SGs, at least 100 transfected cells
were analyzed under the wide spectrum microscope (Axioplan 2,
Carl Zeiss) and scored as positive when the green fluorescent protein signal was enriched and co-localized with TIA-1 in SGs. Three
(n  3) independent transfections were analyzed to calculate mean
percentages and S.E.
Protein Extraction and Western Blotting—To prepare total
cell lysates, cells were lysed with Nonidet P-40 buffer (50 mM
Tris-HCl, pH 7.5, 120 mM NaCl, 1% Nonidet P-40, 1 mM EDTA,
5 mM Na3VO4, 5 mM NaF, 0.5 g/ml aprotinin, 1 g/ml leupeptin) on ice for 10 min and centrifuged at 20,000  g for 15 min
at 4 °C to remove cell debris. Typically 30 g of the total cell
lysate was loaded for Western blotting. The protein bands were
visualized with the direct infrared fluorescence method or the
chemiluminescence method as described previously (30).
Cross-linking Immunoprecipitation (CLIP)—RHAU and
RNA interaction was determined by the previously reported
CLIP method with slight modifications (33). HeLa cells (0.8 
106/35-mm dish) were rinsed twice with ice-cold PBS and then
UV irradiated (400 mJ/cm2) to induce cross-linking between
protein and RNA. Cells were then lysed with 200 l of RIPA
buffer (1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 50 mM
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RESULTS
RHAU Protein Associates with SGs in Response to Arseniteinduced Stress—Various research groups have shown that different ARE-binding proteins, such as TTP, Brf1, HuR, TIA-1, or
DECEMBER 12, 2008 • VOLUME 283 • NUMBER 50

FIGURE 1. RHAU helicase accumulates in SGs in response to all tested stress
stimuli. A, immunofluorescence analysis of RHAU localization in arsenite-induced SGs. HeLa cells, transiently transfected with EGFP-RHAU or RHAU-EGFP for
48 h, were treated with 0.5 mM sodium arsenite for 45 min or cultured in normal
conditions. After fixation, cells were stained with DAPI (blue) to visualize nuclei
and with anti-TIA-1 antibody (red) to detect SGs. Left, distribution of EGFP-RHAU
or RHAU-EGFP (green) under normal and arsenite-treated conditions. Panels
denoted as MERGE show the digital combination of EGFP, TIA-1, and DAPI images
under arsenite-treated conditions; enlargements of boxed regions are shown in
small panels indicating merge (a), EGFP (b), and TIA-1 (c). Right, merges of DAPI
and TIA-1 with empty vectors pEGFP-C1 or pEGFP-N1; enlargements of boxed
regions are shown in small panels as above. B, co-localization of RHAU with eIF3b
and HuR in arsenite-induced SGs. HeLa cells were transfected with EGFP-RHAU
and treated with or without arsenite as above. The extreme left panels show
EGFP-RHAU (green), and the two middle panels are immunofluorescent
images for eIF3b (red) and HuR (white; blue in merge), two SG markers. The
extreme right panels are their merges. C, effects of different stress stimuli on
eIF2 phosphorylation and RHAU localization in SGs. HeLa cells transiently
transfected with EGFP-RHAU were cultured without (1) or with the following
stress inducers: 0.5 mM arsenite for 45 min (2), heat shock (HS) at 42 °C for 45
min (3), 1 M hippuristanol (HIPP) for 30 min (4), and 1 M CCCP for 90 min (5).
The images show merges of EGFP-RHAU (green) and TIA-1 (red). Enlargements
of boxed regions are shown in small panels indicating merge (a), EGFP (b), and
TIA-1 (c). The total eIF2 and phosphorylated eIF2 (eIF2-P) were detected
by Western blotting. Bar, 10 m (1 m in enlargements).

TIA-1-related protein, associate with SGs in cells exposed to
environmental stress (8, 39, 40). To determine whether RHAU
is also recruited to SGs, HeLa cells were transfected with EGFPJOURNAL OF BIOLOGICAL CHEMISTRY

35189

Downloaded from www.jbc.org by guest, on December 19, 2012

(50 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, 5 mM NaCl) were
incubated for 30 min at 37 °C. The double filter RNA binding
assay was performed with a slot-blot apparatus using a 0.45-m
nitrocellulose (Protran, Whatman) and nylon membranes (positively charged; Roche Diagnostics) that was presoaked in different buffers as described previously (34). Loaded samples
were washed three times with 200 l of the binding buffer.
Retained RNA was detected with a phosphorimaging system,
Typhoon 9400, and analyzed using the ImageQuant TL program. The nitrocellulose membrane retains only RNA-protein
complexes, and free RNAs are captured on the nylon membrane. The ratio of RNA that was bound to GST-RHAU or
GST-Nter was calculate using the following formula: bound
RNA (%)  100((signalnitrocellulose)/(signalnitrocellulose  signalnylon)).
Bioinformatics—The program RNABindR (35) was used to
predict RNA binding potential in amino acid sequences. Programs RISP (RNA-Interaction Site Prediction) and BindN
were used to confirm the reliability of the RNABindR program: RISP (36) runs with 72.2% RNA binding prediction
accuracy, and BindN (37) runs with 68% RNA binding prediction accuracy. For multiple sequence alignments of N termini, RHAU orthologs were identified by a BLASTP (version
2.2.18) search of non-redundant protein entries in the
NCBI data base using the entire sequence of RHAU as a
query. Multiple sequence alignment was carried out with
ProbCons (version 1.12) (38). Similarity of groups was generated using GeneDoc (version 2.7) with the BLOSUM62
scoring matrix.
Fluorescence Recovery after Photobleaching—HeLa cells
(1.5  105/35-mm dish) were plated and transfected by
FuGENE 6 on glass-bottomed dishes (Micro-Dish 35 mm,
Fisher Scientific). FRAP experiments were carried out with a
confocal microscope (LSM 510, Carl Zeiss) using a 63/1.4
numerical aperture oil differential interference contrast objective. Bleaching was performed using the 488-nm lines from a
40-milliwatt argon laser operating at 75% laser power. Bleaching of circular regions of interest (ROI) was done with three
scan iterations lasting a total of 1.5 s. Fluorescence recovery was
monitored at low laser intensity (2% of the 40-milliwatt laser)
at 0.5-s intervals. Two additional ROI were monitored in parallel to detect fluorescence fluctuations that were independent
of bleaching (ROI of non-bleached SG) and to extract a background (ROI in the cytoplasm). Raw data of one protein were
obtained from 10 different FRAP analyses from three independent transfections. Fluorescence recovery was normalized
with the function ((It  Bt)/(Ct  Bt))/I0 where It is the mean
intensity in ROI of bleached SGs at time point t, Bt is the mean
intensity in ROI of the background at time point t, Ct is the
mean intensity in ROI of control SGs at time point t, and I0
the average intensity in ROI of bleached SGs during prebleach.
The average fluorescence intensities S.E. from at least 10
independent FRAP analyses were extrapolated to the graph as
recovery curves.
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FIGURE 2. The N-terminal domain of RHAU localizes in SGs. A, scheme of
wild-type RHAU and its fragments. Nter, 1–200 aa; HCR, 200 – 650 aa; Cter,
200 –1008 aa. B, intracellular localization of different parts of RHAU. HeLa cells
were transfected with an empty pEGFP-C1 vector or plasmids expressing
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EGFP-fused RHAU (WT) or fragments of RHAU, Nter, HCR, and Cter. After 48 h,
cells were cultured in normal conditions or treated with 0.5 mM arsenite for 45
min, fixed, and stained for TIA-1 (red). Nuclei were visualized with DAPI (blue).
Small panels show enlargements of boxed regions: merge (a), EGFP-fused fragments of RHAU (b) and TIA-1 (c). C, data obtained by quantitative immunofluorescence analysis showing the percentage of transfected cells in which EGFP
signals were detected in SGs. Values  S.E.M. (standard errors of means) were
derived from three independent experiments. Bar, 10 m (1 m in enlargements). GFP, green fluorescent protein.
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tagged RHAU and treated with arsenite, a typical inducer of
SGs. As shown in Fig. 1A, the arsenite treatment induced, in
addition to diffuse nuclear and cytoplasmic localizations, the
accumulation of RHAU in distinct cytoplasmic foci that colocalized with TIA-1 protein, an SG marker. Because all available anti-RHAU antibodies, both commercial and our own
preparation, were not suitable to visualize endogenous RHAU
by immunofluorescence analysis, we examined the intracellular
localization of RHAU by transiently transfecting cells. We used
either EGFP-RHAU or RHAU-EGFP to eliminate the
unwanted effects of EGFP on RHAU structure and subsequent
subcellular localization. Indeed both EGFP-RHAU and RHAUEGFP showed similar localization patterns in normal and stress
conditions (Fig. 1A). EGFP itself did not accumulate in SGs (Fig.
1A). The localization of RHAU in arsenite-induced cytoplasmic
foci was confirmed using other SG markers such as HuR and
eIF3b (p116) (Fig. 1B), indicating that RHAU is a novel SG
component.
Although the formation of SGs was not abolished or
reduced in T-Rex-HeLa cells after RNA interference-mediated down-regulation of endogenous RHAU (supplemental
Fig. 1), we asked whether the recruitment of RHAU to SGs is
restricted to a specific type of stress. To address this question, we treated EGFP-RHAU transfected HeLa cells with
different SG-inducing stimuli, such as arsenite, CCCP (a
mitochondrial inhibitor), heat shock, and hippuristanol (an
inhibitor of eIF4A RNA binding activity known to induce SG
aggregation independently of eIF2 phosphorylation) (32).
As shown in Fig. 1C, EGFP-RHAU co-localized with TIA-1
in SGs in response to all stimuli tested. The phosphorylation
of eIF2 was detected after treatment with arsenite, heat
shock, and CCCP but, as expected, not with hippuristanol
(Fig. 1C). These results indicate that the formation of SGs,
rather than phosphorylation of eIF2, is required for RHAU
protein recruitment to SGs.
The N-terminal Domain Recruits RHAU to SGs—RHAU protein consists of three main domains: the unique N terminus (Nter),
the evolutionarily conserved helicase core region (HCR), and the C
terminus (Cter) partially conserved among DEAH subfamily
members. To identify domains essential for localization of RHAU
in SGs, we generated deletion mutants of RHAU: EGFP-Nter
(1–200 aa), EGFP-HCR (201– 650 aa), and EGFP-Cter (651–1008
aa) (Fig. 2A). As shown in Fig. 2B, the full-length RHAU (WT) as
well as the N terminus alone accumulated in arsenite-induced
SGs. Unlike EGFP-WT and EGFP-Nter, EGFP-HCR and EGFPCter were excluded from the nucleus and diffused in the cytoplasm
as described previously (30). After arsenite treatment, they showed
low level accumulation in small foci other than SGs (Fig. 2B). A
similar proportion of cells positive for EGFP signals in arsenite-
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FIGURE 3. The first N-terminal 105 amino acids of RHAU are necessary for
RHAU localization in SG. A, scheme of wild-type RHAU and its deletion
mutants. B, intracellular localization of RHAU N-terminal deletion mutants.
HeLa cells were transfected with plasmids expressing EGFP-fused RHAU (WT)
or N-terminal deletion mutants of RHAU, 50 –1008 and 105–1008. After 48 h,
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cells were treated with 0.5 mM arsenite for 45 min, fixed, and stained for TIA-1
(red). Nuclei were visualized with DAPI (blue). Small panels show enlargements of
boxed regions: merge (a), EGFP-fused fragments of RHAU (b), and TIA-1 (c).
C, quantitative immunofluorescence analysis showing the percentage of transfected cells in which EGFP signals were detected in SGs. Values  S.E.M. (standard
errors of means) were derived from three independent experiments. Bar, 10 m
(1 m in enlargements a– c). GFP, green fluorescent protein.
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induced SGs was observed with EGFP-WT (78%)- and EGFP-Nter
(83%)-transfected cells, but no positive EGFP signals in arseniteinduced SGs were detected after transfection with EGFP-HCR and
EGFP-Cter (Fig. 2C). Taken together, these results indicate that
the N terminus of RHAU is essential for stress-induced accumulation of RHAU in SGs.
Because only the first 200 amino acids of RHAU were necessary for SG localization, we further studied functional domains
within the N terminus. For this we generated two new N-terminally truncated forms of EGFP-fused RHAU by stepwise
deletion as depicted in Fig. 3A where the first deletion mutant
(50 –1008 aa) lacked a G-rich region. These truncated mutants
and WT were transfected into HeLa cells. The association of
RHAU and its mutants with arsenite-induced SGs was assessed
by immunofluorescence microscopy (Fig. 3B) and quantified
(Fig. 3C). Deletion of the G-rich region significantly decreased
RHAU association with SGs from 81 to 36% of transfected cells.
The truncation of amino acids 1–105 further reduced RHAU
accumulation in SGs to 12%. As shown in a graph (Fig. 3C),
EGFP fusion at the N or C terminus with the WT or the mutants
did not affect their localization efficiency in SGs. Taken
together, these data suggest that the first 105 amino acids of the
N-terminal domain are essential for the recruitment of RHAU
protein to SGs and that an additional site, other than the G-rich
region, plays a role in this recruitment process.
RHAU Binds to RNA via the N-terminal Domain—The
recruitment of proteins to SGs was reported to be mediated
by protein-protein or RNA-protein interactions (10).
Because RHAU is an RNA helicase, we first examined
whether RHAU binds to RNA and, if so, whether RNA binding activity is required for its accumulation in SGs. To test
this, we used adapted CLIP (33), utilizing irreversible UV
cross-linking between protein and RNA to purify proteinRNA complexes. The tightly associated RNA molecules
migrating together with immunoprecipitated protein were
radiolabeled with [-32P]ATP and detected with a phosphorimaging system. Endogenous RHAU was immunoprecipitated with monoclonal anti-RHAU antibody. Phosphorimaging analysis of radiolabeled nucleic acids showed a
prominent signal at 120 kDa corresponding to RHAU (Fig.
4A). The signal was absent when RHAU was depleted by
RNA interference before immunoprecipitation. This indicated that under normal conditions the strong signal at 120
kDa was derived from RHAU-associated nucleic acids. UV
irradiation not only cross-links proteins and RNA but also
proteins and DNA. As the CLIP method includes a stringent
DNase treatment prior to immunoprecipitation, it is likely
that the detected signals involve RNA. Nevertheless to test
this further, we purified co-immunoprecipitated nucleic
acids, radiolabeled them, and examined their sensitivity to
an increasing concentration of RNase (lanes 2–5) and 1 unit
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of DNase (lane 6). RHAU-associated nucleic acids were
digested by RNase but not by DNase (Fig. 4B) indicating that
RHAU interacts with RNA in vivo.
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FIGURE 4. RHAU associates with RNA through its N terminus. A, CLIP method
to identify interactions of RHAU with nucleic acids (NA). HeLa cells were transiently transfected with small interfering RNAs against RHAU (siRHAU) or luciferase (siControl). Cells were UV irradiated 72 h later and harvested. Immunoprecipitation was performed with a RHAU antibody. Bound nucleic acids were
radiolabeled and detected as a band of 120 kDa corresponding to RHAU (lane
siControl). However, this band was strongly reduced when endogenous RHAU
was depleted (lane siRHAU). Western blot (INPUT) shows efficient RHAU depletion
by small interfering RNAs against RHAU. Actin was used as a loading control.
B, identification of associated nucleic acids as RNA. After immunoprecipitation,
the nucleic acids bound to RHAU were isolated, radiolabeled, and treated with
increasing concentrations (0.015, 0.15, 1.5, and 15 units) of RNase A and 1 unit of
RQ1 DNase. Lane 1, isolated and non-treated nucleic acids (NA); lanes 2–5, isolated
nucleic acids treated with increasing concentrations of RNase; lane 6, nucleic
acids treated with DNase. -Fold changes in intensity ratio (NA/digest NA) are
depicted relative to the intensity of non-treated nucleic acids in lane 1, set as 1.
Note that nucleic acids are RNase-sensitive but DNase-insensitive. C, RHAU binds
to RNA in vitro. 0, 2.5, 5, 10, 20, and 40 nM GST or GST-RHAU (RHAU) was incubated
with 5,000 cpm 5-end-labeled RNA for 30 min at 37 °C and filtered through nitrocellulose and nylon membranes. The percentage of bound RNA was plotted as a
function of increasing concentration of GST-RHAU. Note that dose-dependent
RNA binding was seen only with GST-RHAU. D, effect of stress on RHAU association with RNA in vivo. HeLa cells were transfected with EGFP alone or EGFP-WT (a
full-length RHAU). Half were treated 24 h later with arsenite (0.5 mM for 45 min)
followed by UV irradiation and radiolabeling of RHAU-associated nucleic acids.
RHAU and associated RNA were analyzed by Western blotting and a phosphorimaging system to detect levels of protein expression and the amount of radiolabeled RNA, respectively. Note that the arsenite treatment () did not abolish or
dramatically change the RNA binding activity of RHAU. ARS, arsenite. E, comparison of RNA binding activities of wild-type RHAU and its N-terminal deletion
mutants. HeLa cells were transfected with EGFP, EGFP-WT, EGFP-(50 –1008), or
EGFP-(105–1008). Protein and associated RNA were analyzed as in A. Radioactivity of bound RNA was normalized to the expression levels of corresponding proteins. In sharp contrast to constant RNA binding of endogenous RHAU in each
lane, N-terminal deletion mutants showed stepwise reduction of RNA interaction
compared with WT. ‹, overexpressed EGFP-RHAU or its N-terminal deletion
mutants; ‹‹, endogenous RHAU.

To confirm our in vivo observation, the binding of RHAU to
RNA was examined in vitro using purified, recombinant GST
and GST-RHAU by double filter RNA binding assays (supplemental Fig. 2A and Fig. 4C). As we do not know yet the in vivo
RNA targets of RHAU, we incubated radiolabeled, total RNA
(5,000 cpm) from HeLa extract with increasing amounts of GST
or GST-RHAU (0 – 40 nM) and filtered the mixture through
nitrocellulose and nylon membranes. As shown in Fig. 4C,
unlike GST itself, GST-RHAU was retained with associated
RNA on nitrocellulose, and moreover it displayed dosedependent RNA binding, suggesting that RHAU can directly
associate with RNA. We express the relative binding affinity
(KD) as the concentration of GST-RHAU at which 50% of RNA
was bound. The apparent KD of GST-RHAU was 7 nM (Fig. 4C).
Next we examined the influence of arsenite stress on the
RHAU-RNA interaction by treating the EGFP- or EGFP-WTtransfected HeLa cells with arsenite before UV irradiation and
comparing the RNA binding activity of RHAU in normal and
stress conditions. After immunoprecipitation by a monoclonal
anti-RHAU antibody, two radiolabeled RNA bands per the lane
were detected; the lower and upper bands correspond to endogenous RHAU and transfected EGFP-WT, respectively (Fig. 4D).
The association of endogenous RHAU with RNA was used as a
loading control. The intensity of the RNA signals normalized
over RHAU protein levels was similar in control and arsenitetreated conditions, suggesting that the amount of RHAU-associated RNA was not influenced by stress. The RNA band
migrating in the region corresponding to EGFP-WT was not
present in extracts of EGFP-transfected cells, verifying that the
RNA signals were derived from RHAU-associated RNA.
Given the apparent significance of the first 105 amino acids
for RHAU localization in SGs, we examined whether the N
terminus was also required for RHAU-RNA interaction. After
cells were transiently transfected with EGFP-WT and its N-terminal deletion mutants, the extent of RNA binding to RHAU
and mutants was examined as described above and normalized
over RHAU protein levels. Although the CLIP method is not
a suitable quantitative assay, in six independent assays
EGFP-(50 –1008) and EGFP-(105–1008) showed a reproducible decrease in RNA binding activity of 50 and 20%,
respectively, compared with EGFP-WT (Fig. 4E). A stepwise
decrease in the RNA binding activity of the two deletion
mutants correlated with the decreased RHAU localization in
arsenite-induced SGs (see Fig. 3C). The small amount of
RNA remaining associated with EGFP-(105–1008) may
reflect residual RNA binding activity derived from the helicase core domain of RHAU. Thus, the majority of RNA associated with RHAU is bound to its N terminus.
Bioinformatics Analysis of the N Terminus Revealed a
Putative RNA-binding Domain—Knowing that RHAU interacts with RNA via the first 105 amino acids, we submitted the
RHAU protein sequence to RNABindR, a computational
program that predicts RNA binding potential of amino acid
residues (35). This program is focused on sequence-based
predictions and runs on a naïve Bayes classifier. According to
this program, residues from 3 to 75 were highly positive for
the RNA interaction (Fig. 5A). A similar prediction was
obtained by two other programs based on different algo-

Chapter 8

154

RHAU Localization in SGs via an RNA-binding Domain

rithms, BindN and RISP (36, 37) (Fig. 5A). Moreover
sequence alignment within the first 105 amino acids of
RHAU proteins from choanoflagellate to humans revealed a
novel highly conserved domain (54 – 66 aa) termed RSM next
to the already known G-rich region (10 –50 aa) with one
RGG box motif (47– 49 aa) (Fig. 5B). Although RGG box
motifs have been reported to be involved in RNA binding
(41, 42), RSM has no similarity to any known functional
sequence elements. Thus, RHAU likely harbors an atypical
conserved RNA-binding domain in the N terminus.
The N-terminal RNA-binding Domain Is Essential and
Sufficient for RNA Interaction and Localization of RHAU in
SGs—To further test whether these 105 N-terminal residues
are sufficient for RNA binding and subsequent RHAU
recruitment to SGs, we designed FLAG-tagged truncated
forms of the RHAU protein: WT-FLAG, (50 –1008)-FLAG,
(105–1008)-FLAG, (1:105)-FLAG and (1:130)-FLAG. For
the RNA binding experiment, CLIP analyses were performed
using a monoclonal mouse anti-FLAG M2 antibody coupled
to agarose beads. Western blotting confirmed the successful
DECEMBER 12, 2008 • VOLUME 283 • NUMBER 50

expression and immunoprecipitation of all fragments with
(1–105)-FLAG and (1–130)-FLAG at higher protein levels
(Fig. 6A, left panel). To analyze the RNA binding activities of
these proteins, the measured radiolabeled RNA levels were
normalized over protein levels. As shown in Fig. 6A (right
panel), compared with WT-FLAG (lane 2), the amounts of
RNA associated with (50 –1008)-FLAG (lane 3) and (105–
1008)-FLAG (lane 4) were stepwise reduced to 70 and 30%,
respectively. The high levels of RNA binding (before normalization) with (1–105)-FLAG and (1–130)-FLAG (lanes 5 and 6)
may partly reflect their expression levels (Fig. 6A, right panel);
however, they still showed 10-fold higher RNA binding activity than WT-FLAG after normalization. Thus, these results
demonstrate that the first 105 amino acids are essential and
sufficient for RHAU to bind RNA.
Because the N-terminal fragment of RHAU (1–105)-FLAG
has been shown to bind RNA in vivo, we again performed a
double filter RNA binding assay using the recombinant GSTNter fragment (1–200 aa). Purified, recombinant GST and
GST-Nter (supplemental Fig. 2B) were incubated with 5-endJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 5. Bioinformatics analysis of the RHAU N-terminal domain. A, computational analysis for RNA-binding residues within the RHAU N terminus. The
human RHAU amino acid sequence was subjected to three different programs, BindN, RISP, and RNABindR, available on line. Residues predicted to be
positive for RNA binding are indicated by “” and depicted above the RHAU amino acid sequence. The gray shading corresponds to RNA binding consensus per
one amino acid in all three programs. Note that the predicted RNA-binding domain is a long stretch from 3 to 75 aa (gray bar) that overlaps with the G-rich
region containing an RGG box motif and with the highly conserved RSM. B, conservation of the RSM through evolution. Orthologs of RHAU used for the multiple
sequence alignment were identified as described under “Experimental Procedures.” Similarity of groups was estimated using GeneDoc (version 2.7) with the
BLOSUM62 scoring matrix. Red, 90 –100% similarity; yellow, 70 –90% similarity; and blue, 50 –70% similarity. Species and NCBI and Ensembl (in case of X.
tropicallis) accession numbers are as follows: human (Homo sapiens, NP_065916), mouse (Mus musculus, NP_082412), chicken (Gallus gallus, XP_422834), frog
(Xenopus tropicalis, ENSXETP00000016953), zebrafish (Danio rerio, CAM56669), fruit fly (Drosophila melanogaster, NP_610056), trematoda (Schistosoma japonicum, AAW25528), and choanoflagellate (Monosiga brevicollis, EDQ87802).
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radiolabeled total RNA or with poly(rU) and then filtered
through nitrocellulose and nylon membranes. As shown in Fig.
6B, the higher dose-dependent amount of RNA, both total RNA
and poly(rU), was associated with GST-Nter rather than GST.
The apparent affinities of GST-Nter for total RNA and poly(rU)
were 45 and 80 nM, respectively. These data confirmed the in
vivo data that the N terminus is essential and sufficient for
RHAU association with RNA.
To determine whether the N terminus is also sufficient for
RHAU recruitment to SG, we transfected HeLa cells with
N-terminal mutants fused with the EGFP tag at their C termini
as shown in Fig. 7A. Immunofluorescence analysis revealed that
both tested mutants, (1–105)-EGFP and (1–130)-EGFP, co-localized with TIA-1 protein in SGs (Fig. 7A). Further we tested
whether the N terminus can bring about SG localization of a
protein that does not normally associate with SGs in response
to stress. We fused different fragments of the RHAU N-terminal domain to -gal-EGFP constructs (Fig. 7B) and transfected
them into HeLa cells. In response to arsenite treatment, -galEGFP by itself did not accumulate in SGs but was diffusely
distributed in the cytoplasm as in normal conditions. However,
when -gal-EGFP was fused to the N-terminal 1–130 amino
acids, including the complete putative RNA-binding domain
with the G-rich region and the RSM, the fusion protein localized to SGs. In contrast, SG localization was not detected when
-gal-EGFP was fused with either the G-rich region (-gal-
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FIGURE 7. The N-terminal RNA-binding domain is also essential and sufficient for SG localization of RHAU. A, immunofluorescent images of HeLa
cells transfected with vectors expressing EGFP-tagged N-terminal fragments
of RHAU, (1–105) and (1–130). After 48 h of transfection, cells were treated
with arsenite (0.5 mM, 45 min) to induce SGs. The merge shows the co-localization of EGFP-tagged RHAU fragments (green) and TIA-1 (red). DAPI (blue)
stains nuclei. B, immunofluorescent images of HeLa cells expressing EGFP-galactosidase double tagged RHAU N-terminal fragments. Cells were treated
as above to induce SGs. The co-localization of EGFP (green) and eIF3b (red) is
shown in the merge together with DAPI (blue). Note that only the (1–130)
fragment containing an intact RNA-binding domain recruits EGFP--galactosidase to SGs. Enlargements of boxed regions are shown in small panels indicating merge (a), EGFP-fused RHAU N-terminal fragment (b), and eIF3b (c).
Bar, 10 m (1 m in enlargements). GFP, green fluorescent protein.

EGFP(1–51 aa)) or the RSM (-gal-EGFP(52–200 aa)) alone,
indicating that only the complete RNA-binding domain is
required for RHAU recruitment to SGs.
ATP Hydrolysis Plays a Role in RNA Binding and Kinetics of
RHAU in SGs—Previously we showed that an ATPase-deficient
RHAU mutant with a DEIH to DAIH point mutation is unable
to accelerate uPA mRNA decay (26) and is excluded from the
nucleus (30). This suggested that the ATPase activity of RHAU
has profound effects on its biological activity and subcellular
localization. Therefore, we examined the role of RHAU ATPase
activity on its RNA binding activity and its localization in SGs.
To elucidate the RNA binding potential of ATPase-deficient
RHAU mutants, we performed CLIP analyses. After UV crosslinking and subsequent immunoprecipitation of EGFP-WT
and EGFP-DAIH with an anti-RHAU antibody, the amount of
associated RNA was normalized to corresponding protein levels. As shown in Fig. 8A, a higher amount of RNA was pulled
down with the ATPase-deficient DAIH mutant than with
EGFP-WT. Based on results of Tanaka and Schwer (34) where
Prp22, a yeast DEAH box helicase, dissociated from the RNA
upon ATP hydrolysis resulting in apparent RNA binding activity reduction, we concluded that ATPase activity of RHAU is
VOLUME 283 • NUMBER 50 • DECEMBER 12, 2008
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FIGURE 6. The N-terminal RNA-binding domain is essential and sufficient
for RNA interaction in vivo and in vitro. A, CLIP method to show RNA binding activity of the N-terminal 105 amino acid residues of RHAU. HeLa cells
were transfected with an empty vector (lane 1), vectors expressing FLAGtagged RHAU wild type (lane 2), or its fragments, (50 –1008) (lane 3), (105–
1008) (lane 4), (1–105) (lane 5), and (1–130) (lane 6). Cells were UV irradiated
24 h later, harvested, and immunoprecipitated by FLAG antibody. Bound RNA
was labeled with [-32P]ATP and detected by a phosphorimaging system as
described under “Experimental Procedures.” Left panel, Western blot of
immunoprecipitated FLAG-tagged RHAU and its fragments. Right panel,
bound RNA. The amount of associated RNA was normalized to the expression
level of proteins. ‹, FLAG-tagged RHAU and its fragments. B, the N terminus
of RHAU binds to RNA in vitro. 0, 25, 50, 100, and 150 nM GST or GST-Nter
(1–200 aa) was incubated with 10,000 cpm 5-end-labeled total RNA (left
panel) or poly(rU) (right panel) for 30 min at 37 °C and filtered through nitrocellulose and nylon membranes. Note that the dose-dependent RNA binding,
both total RNA and poly(rU), was detected only with GST-Nter.
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involved in releasing RHAU from RNA rather than in binding
to RNA.
Considering the possibility that the N terminus and ATP
hydrolysis contribute to the RNA interaction of RHAU, we
investigated whether the N-terminal RNA-binding domain is
also required for RNA binding of the DAIH mutant and its
accumulation in SGs. For this, we introduced a point mutation
(DEIH to DAIH) into motif II of the helicase core region to
generate DAIH(50 –1008) and DAIH(105–1008) fused with
EGFP at their N termini (Fig. 8B). First the truncated fragments
DECEMBER 12, 2008 • VOLUME 283 • NUMBER 50

were used in the CLIP analysis. While being aware of CLIP
limitations in quantitative analysis, stepwise deletion of the
N-terminal domain of the DAIH mutant to DAIH(50 –1008)
and DAIH(105–1008) nevertheless decreased the amount of
associated RNA to 50 and 15%, respectively, compared with
the DAIH full-length mutant (Fig. 8C). The stepwise decrease
in RNA interaction seen with the two DAIH deletion mutants
corresponds to that seen with RHAU deletion mutants (see Fig.
4E). Thus, enhanced RNA binding of the DAIH mutant still
required the N terminus.
Having shown that RHAU recruitment to SGs is dependent
on its RNA interaction (see Figs. 3C and 4E), we tested whether
the ATPase-deficient DAIH mutant accumulates in SGs more
than wild type. Indeed the DAIH mutant localized in SGs (Fig.
8D) to a greater extent than the wild type, increasing the number of transfected cells with EGFP-positive SGs from 81 to
100%. Unlike DAIH full length and DAIH(50 –1008),
DAIH(105–100) was not detected in SGs. Therefore, RHAU
recruitment to SGs is independent of its ATPase activity.
Having established that both RHAU wild type and the DAIH
mutant accumulate in SGs, we used the FRAP method to examine whether the dynamics of shuttling into and out of SGs differs between the two proteins. Cells were transfected with
EGFP-WT, EGFP-DAIH, EGFP-G3BP, or EGFP-FMRP, and
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FIGURE 8. Role of RHAU ATPase activity in RNA binding and retention of
protein in SGs. A, RNA binding activity of WT and the ATPase-deficient RHAU
mutant DAIH. Levels of RHAU-associated RNA were measured by CLIP as
described under “Experimental Procedures” 24 h after transfecting HeLa cells
with EGFP-fused WT or DAIH. The level of RNA bound to the DAIH mutant was
much higher than that bound to WT. Note that the level of RNA bound to
endogenous RHAU is comparable in cells expressing exogenous WT or DAIH.
B, schematic representation of N-terminal deletion, DAIH mutants: EGFPDAIH, EGFP-DAIH(50 –1008) (D(50:1008)), and EGFP-DAIH(105–1008) (D(105:
1008)). C, comparison of RNA binding between mutants shown in B. HeLa cells
were transfected with vectors expressing EGFP-DAIH, EGFP-DAIH(50 –1008)
(D(50:1008)), or EGFP-DAIH(105–1008) (D(105:1008)), and 24 h later the levels
of RNA associated with these mutants and endogenous RHAU were assessed
by CLIP as in A. Note that N-terminal deletion mutants show stepwise reduction of RNA binding compared with DAIH full length (such as WT and its
deletion mutants in Fig. 4E). D, intracellular localization of EGFP-tagged DAIH
mutants listed in B in control and arsenite-treated cells. Transfected HeLa cells
were treated without (NORMAL) or with 0.5 mM sodium arsenite for 45 min.
Images denoted MERGE are the merger of EGFP (green), TIA-1 (red), and DAPI
(blue). Enlargements of boxed regions show merge (a), EGFP-tagged DAIH
mutants (b), and TIA-1 (c). Bar, 10 m (1 m in enlargements). ‹, EGFP-tagged
DAIH and its deletion mutants; ‹‹, endogenous RHAU.

FIGURE 9. ATP hydrolysis takes part in dynamic RHAU shuttling into and
out of SGs. A, fluorescent recovery patterns of RHAU, ATP-deficient RHAU
mutant (DAIH), G3BP, and FMRP. HeLa cells transfected with EGFP-tagged
RHAU, DAIH, G3BP, or FMRP were treated with arsenite and analyzed by the
FRAP method. Bleaching of selected SGs was performed with three scan iterations for a total of 1.5 s. Fluorescence recovery was monitored at 0.5-s intervals for 50 s, and results were analyzed as described under “Experimental
Procedures.” Data were collected from at least 10 independent experiments,
and each curve represents average fluorescence intensity S.E.M. (standard
errors of means) over time. B, representative result of FRAP analysis of EGFPtagged RHAU, DAIH, G3BP, or FMRP. SGs were photobleached, and subsequent
fluorescence recoveries are shown in a fire mode in the time scale of recovery. Œ
indicates SGs bleaching.
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DISCUSSION
In the present study, we have shown that the DEAH box
helicase RHAU is a novel SG-associated protein that is
recruited to SGs via RNA. Its N terminus is necessary and
sufficient for RHAU localization in SGs and simultaneously
for its binding to RNA. Bioinformatics analysis of the RHAU
peptide sequence corroborated the experimental data,
revealing that the N terminus of RHAU harbors a unique
RNA-binding domain consisting of two abutting motifs: the
G-rich region and the RSM. We have also shown that
ATPase activity is involved in RHAU association with RNA
and markedly influences the kinetics of RHAU recovery in
SGs after photobleaching.
The list of proteins identified as components of SGs, co-localizing with known SG-associated proteins such as TIA-1, is
still expanding. However, a method for isolating SGs to a significantly pure level has not yet been established, biochemical
analysis of SGs is very difficult, and thus there is no consensus
on their detailed structure and molecular composition. Furthermore it has not been systematically examined whether SGs
induced by different stresses are qualitatively different. The
presence of qualitatively different SGs is suggested by the fact
that the recruitment of TTP to SGs is induced by carbonyl cyanide m-fluorophenylhydrazone but not by arsenite, whereas
TIA-1 is recruited to SGs by both stimuli (39). Our results
clearly demonstrate that RHAU is one of the SG-associated
proteins and that its recruitment to SGs does not depend on the
type of stress. Thus, RHAU appears to be a general SG component like TIA-1 or eIF3b. Although RHAU is recruited to SGs, it
does not participate actively in SG formation as RNA interfer-
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ence-mediated down-regulation of RHAU had no effect on
arsenite-induced SG formation (supplemental data). Similarly a
further SG-associated protein, ZBP1, did not induce or inhibit
SG formation when overexpressed or knocked down, respectively (7). Although ZBP1 does not modulate SG formation, its
significance for SGs is attributed to its function in mRNA turnover regulation. Interestingly the stability of ZBP1 target
mRNAs is not regulated by their recruitment to SGs but by their
retention in SGs to prevent their rapid translocation and subsequent decay in processing bodies or by the exosome (7).
Knowing that RHAU is a cis-acting factor involved in AREmediated decay of uPA mRNA and that its association with SG
is regulated by RNA interaction, we speculate that RHAU acts
in SGs in a manner similar to ZBP1.
Given that several RNA-binding proteins such as FMRP,
TIA-1, G3BP, ZBP1, or Caprin-1 are mostly targeted to SGs via
mRNA (7, 41, 43, 44), we performed CLIP, nitrocellulose filter
binding assays, and bioinformatics analyses to elucidate
whether the N terminus of RHAU, which is necessary and sufficient for RHAU accumulation in SGs, physically interacts
with RNA. The analyses revealed that RHAU does associate
with RNA both in vitro and in vivo and that only the N-terminal
105 amino acids harbor significant RNA binding activity. In
addition, this region of RHAU contains the computationally
predicted RNA-binding domain (3–75 aa) composed of a
unique, previously unidentified RNA-binding motif. The
domain is located in an unstructured and flexible sequence
composed of two adjacent motifs, the G-rich region (10 –50 aa)
and the RSM (54 – 66 aa). The latter is highly conserved among
RHAU orthologs, but it was not found in other proteins, suggesting that this motif confers a unique function on RHAU.
Interestingly a potential RGG box motif (47– 49 aa), which has
been reported previously to be involved in the RNA interaction
of several proteins, is present in the G-rich region of RHAU. For
example, two RGG box sequences identified at the C terminus
of the FMRP protein were shown to be necessary for an RNA
and G-quadruplex interaction of FMRP and also for the induction of SG formation by EGFP-FMRP overexpression (42, 43).
Moreover Caprin-1, an SG-associated protein, contains three
RGG box motifs in its C terminus that are also important for its
specific RNA interaction and SG induction (41). Our analyses
of the RHAU N terminus shows that the deletion of the G-rich
region together with the RGG box motif reduces RNA binding
activity of RHAU and its accumulation in SGs (42%) suggesting
that the RGG box motif may be involved in the RNA interaction
and RHAU localization in SGs. However, the G-rich region
with the RGG box motif alone was not sufficient for the recruitment of a fused -galactosidase reporter protein to SGs (see Fig.
7B). Only the complete RNA-binding domain enables RHAU
localization in SGs and RNA interaction, indicating that a
domain other than the G-rich region takes part in RHAU
recruitment to SGs. The detailed nature of the cooperation and
the underlying mechanism between the G-rich region and the
RSM remain interesting questions for the future.
According to the classification of putative RNA helicases by
Abdelhaleem et al. (20), RHAU belongs to the DEAH box family
containing a highly conserved C terminus next to the conserved
helicase core region. Studies of DEAH proteins in yeast have
VOLUME 283 • NUMBER 50 • DECEMBER 12, 2008
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the FRAP analyses were performed 48 h after transfection. It
has been shown that TIA-1 and G3BP recover rapidly and completely in SGs within 30 s after bleaching (6, 13). In contrast,
PABP-1, another marker for mRNA shuttling, showed only 60%
fluorescence recovery after 30 s (3, 6). In our study, we used
EGFP-G3BP as a control for the rapid fluorescence recovery
(Fig. 9, A and B). Although FMRP has never been tested by
FRAP analysis, we included this protein as a control as it is
known to localize in SGs (43). As shown in Fig. 9A, the fluorescence signal of G3BP recovered rapidly and completely within
10 s as reported previously (6), but the FMRP signal did not
recover fully within 60 s, suggesting that FMRP is a scaffold SG
component. In this analysis, the wild type and DAIH signals
showed different recovery patterns. The former displayed rapid
recovery (90%) of fluorescence after 8 s similar to G3BP with
the same recovery after 11 s. However, the recovery of the
EGFP-DAIH mutant fluorescent signal was much slower with
only 60% of fluorescence recovery after 30 s of bleaching similar
to PABP-1. The recovery rate reflects the strength of binding
whereby slower recoveries correspond to tighter binding. Thus,
in comparison with the wild type, the ATPase-deficient mutant,
which cannot release RNA because of its inability to hydrolyze
ATP, is retained longer in SGs, resulting in slower recovery
kinetics. Combining these results, we conclude that the ATPase
activity of RHAU is required for its active shuttling into and out
of SGs and may also be important for remodeling and/or
recruitment of RNPs in SGs.
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(60%) 30 s after bleaching compared with TIA-1 (6, 11, 13). Like
G3BP, wild-type RHAU shows very rapid shuttling into and out
of SGs. In striking contrast, the kinetics of the ATPase-deficient
mutant were different from RHAU and G3BP: green fluorescent protein signal recovery in SGs was as slow as for PABP-1.
Thus, ATP hydrolysis affects the shuttling kinetics of RHAU
into SGs. Furthermore our analysis showed that the FMRP protein is not a member of the group of rapidly shuttling RNAbinding proteins. Rather it exhibits slow shuttling like the Fasactivated serine/threonine kinase protein and, thus, may play a
scaffolding role in SGs (6). Although RHAU exhibits the rapid
mobility of G3BP, TIA-1, and TTP, it may be involved in RNP
remodeling or their recruitment to SGs as suggested for TIA-1
and TTP (13).
With the detection of RHAU in SGs, we are the first to show
the association of a DEAH box RNA helicase with SGs. Our
FRAP analysis shows the striking difference in SG shuttling
kinetics between fully active RHAU protein and its ATPasedeficient mutant, tendering the hypothesis that ATPase activity
takes part in the dynamic remodeling of RNPs in SGs. Furthermore the sorting and remodeling of RNPs in SGs presumably
requires energy, which may be provided by RNA helicases that
utilize energy from ATP hydrolysis to rearrange inter- or
intramolecular RNA structures or to dissociate protein-RNA
complexes. To our knowledge, three DEAD box RNA helicases,
rck/p54 (DDX6), DDX3, and eIF4A, have been shown to localize in SGs (32, 50, 51). Considering that various remodeling
processes take place in these foci, it will be no surprise if the
number of RNA helicases found associated with SGs is revealed
to be much higher.
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ABSTRACT
Under physiological conditions, guanine-rich sequences of DNA and RNA can adopt stable and
atypical four-stranded helical structures called
G-quadruplexes (G4). Such G4 structures have
been shown to occur in vivo and to play a role in
various processes such as transcription, translation
and telomere maintenance. Owing to their highthermodynamic stability, resolution of G4 structures
in vivo requires specialized enzymes. RHAU is a
human RNA helicase of the DEAH-box family that
exhibits a unique ATP-dependent G4-resolvase
activity with a high affinity and specificity for its substrate in vitro. How RHAU recognizes G4-RNAs has
not yet been established. Here, we show that the
amino-terminal region of RHAU is essential for
RHAU to bind G4 structures and further identify
within this region the evolutionary conserved RSM
(RHAU-specific motif) domain as a major affinity and
specificity determinant. G4-resolvase activity and
strict RSM dependency are also observed with
CG9323, the Drosophila orthologue of RHAU, in the
amino terminal region of which the RSM is the only
conserved motif. Thus, these results reveal a novel
motif in RHAU protein that plays an important role in
recognizing and resolving G4-RNA structures,
properties unique to RHAU among many known
RNA helicases.
INTRODUCTION
In cells, the strong inclination of RNA for mis-folding or
adopting non-functional conformations is overcome by

the presence of RNA chaperones that facilitate conformational transitions of RNA. Among these chaperones are
the RNA helicases, which couple NTP hydrolysis with
structural and functional rearrangement of the RNA.
The DEAD/H-box proteins constitute a widely spread
subgroup of RNA helicases that have been identiﬁed in
all forms of life, including viruses. DEAD/H-box proteins
have been shown to catalyse the disruption of RNA–RNA
interactions (1,2), to remodel ribonucleoprotein (RNP)
complexes (3,4) and to assist the correct folding of RNA
(5,6). In this regard, DEAD/H-box proteins are essential
cellular components that take part in many, if not all,
aspects of RNA metabolism, ranging from transcription
to RNA decay [for review see (7–9)].
Structurally, DEAD/H-box proteins consist of a highly
conserved catalytic core composed of two RecA-like
domains that couples NTP hydrolysis with the helicase
activity. The helicase core domain is often ﬂanked by ancillary N- and C-terminal regions of variable length and
sequence. While the core domain of RNA helicases has
been extensively studied, much less is known about the
biological role of the N- and C-terminal regions.
Because of the high degree of amino acid sequence conservation within the helicase core of DEAD/H-box
proteins, this region may not contribute directly to the
substrate speciﬁcity of the enzyme. In contrast to the
helicase core, the N- and C-terminal ﬂanking regions are
usually unique, with the exception of certain identiﬁable
sequence features. These regions have been shown to
provide substantial substrate speciﬁcity through their
interaction with RNAs or with protein partners that
modulate the activity and/or the speciﬁcity of the
helicase (1,10).
Genetic studies in yeast have demonstrated that DEAD/
H-box proteins perform highly speciﬁc tasks in vivo. In
most cases, they are required at a speciﬁc stage of RNA
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biochemical analysis of these mutants, we have uncovered
the functional importance of the ﬁrst 105 amino acids of
RHAU for interaction with G4 structures and further
revealed among this region that the previously identiﬁed
RSM (RHAU-speciﬁc motif, amino acids 54–66) domain
(22) is essential to the high aﬃnity for G4 structures
shown by RHAU. Here, we show that the N-terminal
region of RHAU alone can bind to G4-RNA structures,
albeit with lower aﬃnity than the full-length protein. We
also show that the G4-resolving activity of RHAU is
conserved in higher eukaryotes, insofar as CG9323, the
Drosophila orthologue of RHAU, readily unwinds G4
structures in the presence of ATP. Finally, we show that
a variant form of CG9323 harbouring mutations in the
RSM domain manifests reduced G4-binding activity, suggesting that RSM functions similarly in Drosophila and
human RHAU proteins.
MATERIALS AND METHODS
Plasmid constructs, cloning and mutagenesis
The plasmid used for the expression of GST-RHAU(1–
200) protein in bacteria and the baculoviral expression
vector used for the expression of GST-RHAU have been
described previously (22,23). Plasmids for the expression of
C-terminal FLAG-tagged recombinant RHAU proteins:
RHAU-FLAG, RHAU(Gly)-FLAG, RHAU(Gly–
RSM)-FLAG, RHAU(DAIH)-FLAG and RHAU(1–
105)-FLAG have been described previously (22). CG9323
cDNA was obtained from the Drosophila Genomics
Resource Center (Bloomington, IN, USA) and was
sub-cloned
by
PCR
ampliﬁcation
into
pIRES.EGFP-FLAG-N1 (22). For the RHAU(RSM)FLAG plasmid, the RSM (amino acid 54–66) excision
was performed using a standard overlapping PCR
method (24,25) The resulting PCR product was sub-cloned
into pIRES.EGFP-FLAG-N1. For RHAU(RSM-mutx)FLAG and CG9323(RSM-mut), the RSM-coding
sequence was mutagenized using a variation of the classical
QuickChange (Stratagene) site-directed mutagenesis PCR
method (26). Construction of all these plasmids was conﬁrmed by sequencing. Sequences of oligonucleotides used
in this work and detailed descriptions of the plasmid constructions are available upon request.
Cell culture
Human embryonic kidney HEK293T cells were maintained in Dulbecco’s modiﬁed Eagle’s medium supplemented with 10% fetal calf serum (FCS) and 2 mM

L-glutamine at 37 C in a humidiﬁed 5% CO2 incubator.
Spodoptera frugiperda Sf9 cells were maintained in Grace’s
insect cells medium (Invitrogen) supplemented with 10%
FCS, 4.11 mM L-glutamine, 3.33 g l1 lactalbumin hydrolysate and 3.33 g l1 yeastolate at 27 C.
Expression and puriﬁcation of recombinant RHAU
proteins
GST-RHAU(1–200) protein was expressed in Escherichia
coli strain BL21-CodonPlus (DE3)-RIPL (Stratagene).
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processing and most of them are highly speciﬁc for their
substrates. As revealed by the lethality of null mutants in
yeast, most DEAD/H-box proteins are essential, suggesting tight target speciﬁcity for each protein (10,11).
However, with the exception of DbpA and related
proteins (12,13) and to a lesser extent Prp5 (14,15),
DEAD/H-box proteins show little or even no RNA speciﬁcity when analysed in vitro (8). This apparent
non-discrimination of target RNA by in vitro analysis
may be due to the absence of essential co-factors that
would direct the helicase to its physiological RNA substrate or, more likely, due to the use of biologically
non-relevant RNA substrates. It is, therefore, a prerequisite to identify the naturally occurring substrates of RNA
helicases in order to characterize them in an in vitro
context.
Unlike most of the RNA helicases that have been
investigated biochemically, the human DEAH-box
protein RHAU (alias DHX36 or G4R1) exhibits a
unique
ATP-dependent
guanine-quadruplex
(G4)
resolvase activity with a high aﬃnity and speciﬁcity for
its substrate in vitro (16,17). G4–nucleic acid structures
result from the propensity of guanine-rich sequences of
DNA and RNA to form atypical and thermodynamically
stable four-stranded helical structures under physiological
conditions [for review see (18,19)]. Formation of G4 structures in vivo is related to impairment of cellular DNA
replication, transcription or translation initiation (20).
G4 structures have also been shown to play a role in immunoglobulin gene rearrangement, promoter activation
and telomere maintenance (19). Owing to their
high-thermodynamic stability, resolution of G4 structures
in vivo requires specialized enzymes (21). RHAU binds
G4-RNA with sub-nanomolar aﬃnity (16) and unwinds
G4 structures much more eﬃciently than double-stranded
nucleic acid [(17) and Tran, H., unpublished data].
Consistent with these biochemical observations, RHAU
was also identiﬁed as the major source of tetramolecular
RNA-resolving activity in HeLa cell lysates (16). Despite
these advances, we still lack a corresponding understanding of the mechanism by which RHAU recognizes its
substrate.
Structurally, RHAU consists of a 400-amino acid
helicase core comprising all signature motifs of the
DEAH-box family of helicases (Figure 1A). The core
region is ﬂanked by N- and C-terminal regions of 200
and 400 amino acid, respectively. Previous work showed
that RHAU associates with mRNAs and re-localizes to
stress granules (SGs) upon translational arrest induced
by various environmental stresses (22). Deletion analysis
of the N-terminal region of RHAU revealed that a region
of the ﬁrst 105 amino acid was critical for RNA binding
and re-localization of RHAU to SGs. Importantly, this
105 amino acid-long region alone had the ability in vivo
to bind RNA and re-localize to SGs. The apparent signiﬁcance of the ﬁrst 105 amino acid for RHAU interaction
with RNA prompted us to determine whether the
N-terminal domain of RHAU also contributes to the recognition of G4 structures in vitro. To address this
question, a series of N-terminal deletion mutants of
RHAU was generated as shown in Figure 1A. Through
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Cultures were inoculated from a single colony of freshly
transformed cells and maintained in logarithmic growth at
37 C in 2 YT medium supplemented with ampicillin
(0.1 mg ml1) to a ﬁnal volume of 1 l. When the OD600
reached 0.3, the temperature was adjusted to 25 C and
cells were cultured to an OD600 of 0.6. Isopropyl b-Dthiogalactopyranoside was added to 0.4 mM and the
cultures were incubated for 12 h at 25 C with constant
shaking. Cells were harvested by centrifugation and the
pellets stored at 80 C. All subsequent operations were
performed at 4 C. The cell pellets were resuspended in
50 ml of lysis buﬀer [1 PBS supplemented with NaCl
to a ﬁnal concentration of 300 mM, 1% Triton X-100,
5 mM EDTA, 5 mM DTT, 1 protease inhibitor
cocktail (Complete EDTA-free, Roche)]. Lysozyme was
added to 1 mg ml1 and the suspensions were lysed for
30 min, followed by sonication (3 10 s) to reduce viscosity. Insoluble material was removed by centrifugation
(39 000g, 30 min, 4 C) in a Beckman JA-17 rotor and the
resulting supernatant was ﬁltered through a 0.22-mm
Express PLUS Membrane (Millipore). The resulting
ﬁltrate was applied to an 1-ml GSTrap 4B column (GE
Healthcare). The column was washed with 30 ml washing
buﬀer (1 PBS supplemented with NaCl to a ﬁnal concentration of 300 mM, 5 mM DTT) and the recombinant
protein was recovered in elution buﬀer [50 mM Tris–HCl
(pH 8.0 at 4 C), 10 mM reduced glutathione, 5 mM
DTT)]. The fraction containing the recombinant protein
were pooled and elution buﬀer was exchanged to storage
buﬀer [20 mM HEPES-KOH (pH 7.7 at room temperature), 50 mM KCl, 0.01% Nonidet P-40, 0.5 mM EDTA,
5 mM DTT, 10% glycerol, 2 mM AEBSF] by repeated
concentration and dilution steps in Amicon Ultra-15 centrifugal ﬁlters (Millipore). Recombinant proteins were
stored at 80 C. Purity of protein preparations was
assessed by SDS–PAGE and protein concentrations were

determined photometrically at 280 nm using the calculated
extinction coeﬃcient " = 71 905 M1 cm1.
GST-RHAU protein was expressed in Sf9 cells according to the supplier’s instructions (PharMingen). Three
days post-baculoviral infection, cells were harvested by
centrifugation and the pellets were stored at 80 C. All
subsequent operations were performed at 4 C. The cell
pellets were resuspended in insect cell lysis buﬀer
[10 mM Tris–HCl (pH 7.5 at 4 C), 10 mM sodium phosphate, 300 mM NaCl, 1% Triton X-100, 10 mM sodium
pyrophosphate, 10% glycerol, 5 mM EDTA, 5 mM DTT,
1 protease inhibitor cocktail (Complete EDTA-free,
Roche)] and lysed for 30 min. All subsequent puriﬁcation
steps were carried out as described above for the puriﬁcation of GST-RHAU(1–200) protein. Purity of protein
preparations was assessed by SDS–PAGE and protein
concentrations were determined photometrically at
280 nm using the calculated extinction coeﬃcient
" = 166 615 M1 cm1.
All FLAG-tagged recombinant RHAU and CG9323
proteins
[RHAU-FLAG,
RHAU(Gly)-FLAG,
RHAU(Gly–RSM)-FLAG,
RHAU(RSM)-FLAG,
RHAU(RSM-mutx)-FLAG,
RHAU(DAIH)-FLAG,
RHAU(1–105)-FLAG,
CG9323-FLAG
and
CG9323(RSM-mut2)-FLAG] were transiently expressed
in HEK293T. Transfections were performed with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Cells were harvested 24–36 h
post-transfection, washed with ice-cold PBS and resuspended in lysis buﬀer [1 PBS supplemented with NaCl
to a ﬁnal concentration of 600 mM, 1% Nonidet P-40,
2 mM EDTA, 2 mM AEBSF (4-(2-aminoethyl)benzenesulphonyl ﬂuoride hydrochloride), 1 protease inhibitor cocktail (Complete EDTA-free, Roche) for 30 min.
Cell lysates were sonicated (1 10 s) to reduce the viscosity
and insoluble material removed by centrifugation
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Figure 1. N-terminal deletion mutants of RHAU. (A) Schematic representation of the 1008 amino acid RHAU protein and its N-terminal truncated
mutants. The conserved ATPase/helicase motifs I–VI of the DEAD/H-box family are indicated within the helicase core region (HCR) by vertical
bars. The HCR is ﬂanked by N-terminal (NTR) and C-terminal (CTR) regions of 203 and 393 amino acid, respectively. The N-terminal Gly-rich
(amino acid 10–51) and RSM (RHAU-speciﬁc motif, amino acids 54–66) domains are indicated. WT, amino acids 1–1008; Gly, amino acids
50–1008; Gly–RSM, amino acids 105–1008; RSM, RHAU harbouring a deletion of amino acids 54–66; RSM-mut, RHAU with mutagenized
RSM (for details about amino acid substitutions, see Figure 6A); 1–105, amino acids 1–105; DAIH, D335A ATPase deﬁcient mutant. (B) SDS–
PAGE separation and Coomassie staining of puriﬁed FLAG-tagged recombinant wild-type (WT) and mutant RHAU proteins (2 mg protein per
lane). The positions and sizes (kDa) of marker proteins are indicated at the left. The ﬁlled and open arrows on the right indicate the positions of the
puriﬁed proteins.
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(39 000g, 20 min, 4� C) in a Beckman JA-17 rotor.
The soluble lysates were mixed for 5 h with 200 ml of a
50% slurry of anti-FLAG M2-agarose aﬃnity gel
(Sigma) that had been equilibrated in lysis buﬀer. The
resin was recovered by centrifugation, washed 3� with
1 ml of lysis buﬀer follow by three washes with 1 ml of
IP-washing buﬀer [50 mM Tris–HCl (pH 7.5), 300 mM
NaCl, 0.1% Nonidet P-40, 5 mM EDTA]. The bound
proteins were eluted with 600 ml elution solution
[0.1 mg ml�1 FLAG peptide, 10 mM Tris–HCl (pH 7.5),
150 mM NaCl] for 10 min at 37� C and stored at �20� C.
Purity of protein preparations was assessed by SDS–
PAGE and protein concentrations were determined by
Bradford assay with BSA as the standard.
Tetraplex G4-RNA preparation

CD spectropolarimetry
CD experiments were performed with an AVIV Model 202
spectrophotometer equipped with a thermoelectrically
controlled cell holder. G4-rAGA at a concentration of
1 mM were prepared in RNase-free solution [10 mM
Tris–HCl (pH 7.5), 1 mM EDTA] supplemented with
50 mM KCl, NaCl or LiCl. Quartz cells with 1 cm path
length were used for all experiments. CD spectra were
recorded at 25� C in the UV region (200–350 nm) with
1 nm increments and an averaging time of 2 s.
Thermodynamic analysis of the stability of tetramolecular
G4-rAGA structures
Preformed 50 -TAMRA-labelled tetramolecular G4-rAGA
at a concentration of 100 nM were prepared in RNase-free
solution [10 mM Tris–HCl (pH 7.5), 1 mM EDTA) supplemented with 50 mM KCl, NaCl or LiCl.
Tetramolecular G4-rAGA structures were incubated for
5 min at various temperatures ranging from 20� C to
99� C and were immediately subjected to separation by

Electromobility shift assay and apparent Kd determination
Recombinant RHAU proteins at concentrations from 1 to
1000 nM were incubated with 100 pM 50 -32P-labelled
G4-RNA in K-Res buﬀer [50 mM Tris–acetate (pH 7.8),
100 mM KCl, 10 mM NaCl, 3 mM MgCl2, 70 mM glycine,
10% glycerol], supplemented with 10 mM EDTA and
0.2 U ml�1 SUPERase-In (Ambion) in a 15-ml reaction.
The reactions were incubated at 37� C for 30 min. RNA–
protein complexes were resolved on a pre-electrophoresed
6% polyacrylamide native gel (37.5:1 acrylamide:bis ratio)
in 0.5� TBE at 4� C for 90 min. After electrophoresis, gels
were ﬁxed for 1 h in 10% isopropanol/7% acetic acid.
RNA–protein
complexes
were
detected
by
Phosphor-Imaging, scanned on a Typhoon 9400 Imager
(GE Healthcare) and analysed with ImageQuant TL
software (Nonlinear Dynamics).
G4-RNA resolvase assay
Recombinant RHAU proteins at concentrations from 1 to
100 nM were incubated with 4 nM 50 -32P-labelled
G4-RNA in K-Res buﬀer supplemented with 1 mM ATP
and 0.2 U ml�1 SUPERase-In in a 15-ml reaction.
Reactions were allowed to proceed at 30� C for 30 min,
stopped by transfer to ice and addition of 1:10 volume
of 10� loading buﬀer [33 mM Tris–HCl (pH 8.0), 25%
(w/v) Ficoll-400, 110 mM EDTA, 0.17% SDS]. Reaction
products were resolved on a pre-electrophoresed 10%
polyacrylamide native gel (19:1 acrylamide:bis ratio) in
0.5� TBE at 4� C for 90 min. After electrophoresis, gels
were ﬁxed for 1 h in 10% isopropanol/7% acetic acid and
exposed to a Phosphor-Imaging screen.
ATPase assay
Recombinant RHAU proteins at concentrations from 25
to 200 nM were incubated with 1 ml [g-32P]ATP (3000 Ci
mmol�1, 0.4 mCi ml�1) in ATPase assay buﬀer [50 mM
Tris–HCl (pH 8.0), 100 mM KCl, 3 mM MgCl2, 1 mM
ATP, 1 mM DTT] supplemented with 0.4 U ml�1 RNasin
(Promega) and 1 mg ml�1 homopolymeric poly(U) RNA
(Sigma) in a 20-ml reaction. Reactions were allowed to
proceed at 37� C for 15 min. The reactions were stopped
by addition of 1 ml of a 5% (w/v) suspension of activated
charcoal (Sigma) in 20 mM phosphoric acid. The samples
were incubated on ice for 10 min and the charcoal containing the adsorbed unhydrolysed ATP was pelleted by centrifugation (21 000g, 15 min, 4� C). The supernatants
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Unlabelled and 50 -TAMRA-labelled 35-mer oligoribonucleotides 50 -A15–G5–A15-30 were used to form
tetramolecular G4-RNA and are referred to hereafter as
‘rAGA’. rAGA were purchased from Dharmacon
Research and were dissolved in RNase-free solution
[100 mM KCl, 10 mM Tris–HCl (pH 7.5), 1 mM EDTA]
to a ﬁnal concentration of 500 mM. To form
tetramolecular quadruplex by annealing of rAGA, the
solution was aliquoted into PCR tubes and incubated in
a PCR thermocycler at 98� C for 10 min and then held at
80� C. EDTA was added immediately to a ﬁnal concentration of 25 mM and the solution was allowed to cool slowly
to room temperature. rAGA aliquots were pooled
together and stored at 4� C for 2–3 days. By this procedure, the conversion of monomeric rAGA to a stable
tetramolecular quadruplex form was almost complete as
judged by native PAGE (Supplementary Figure S1A and
C). Circular dichroism (CD) analysis of the puriﬁed,
annealed rAGA oligomers revealed a typical spectrum of
a parallel G4 structure with positive and negative peaks at
263 and 245 nm, respectively (Supplementary Figure S1B).
The above prepared tetramolecular G4-rAGA were stored
at �20� C.

electrophoresis for 3 h on a pre-electrophoresed 10% polyacrylamide native gel (19:1 acrylamide:bis ratio) in 0.5�
TBE at 25� C. After electrophoresis, gels were scanned on
a Typhoon 9210 Imager (GE Healthcare) and analysed
with Multi Gauge software (Fuji). The fraction of
undenatured G4-rAGA was quantitated as the ratio of
the signal from the tetramolecular form to the sum
of the tetramolecular and the denatured ssRNA. The
apparent temperature of mid-transition (Tm) was
determined by representing the fraction of undenatured
G4-rAGA as a function of the temperature. Reported
Tm values are representative of three independent
experiments.
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(containing free g-32Pi) were transferred to new tubes and
the radioactivity was quantiﬁed by liquid scintillation
counting (Cerenkov counts).

RESULTS
The ﬁrst 105 amino acids of RHAU are required for
binding and resolving G4 structures

A
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The N-terminal region of RHAU binds but cannot alone
resolve G4 structures
In view of their uniqueness, the N-terminal regions of
DEAH-box proteins may have regulatory functions such

B

ΔGly–RSM

WT

ΔT −

−

G4-RNA
bound G4

free G4

ssRNA

1
1

2

3

4

5

6

7

8

2

3

4

5

6

7

8

9

9 10

Figure 2. G4-RNA unwinding and binding by N-terminal truncated RHAU proteins. (A) G4-RNA unwinding assay: radio-labelled tetramolecular
rAGA at a concentration of 4 nM was incubated in the presence of ATP without protein () or with increasing amounts (1, 3, 10 and 30 nM) of WT
RHAU or Gly–RSM mutant. The reaction products were resolved by native PAGE after disrupting RNA–protein interactions with SDS. An
autoradiogram of the gel is shown. The positions of the tetraplex substrate RNA (G4-RNA) and the unwound single-stranded product (ssRNA) are
denoted on the left. An aliquot of the tetraplex substrate that was heat-denatured (95 C, 5 min) and then quenched (T) serves as a marker for the
position of ssRNA. (B) G4-RNA binding assay: radio-labelled tetramolecular rAGA at a concentration of 100 pM was incubated without protein ()
or with increasing amounts (1, 3, 10 and 30 nM) of WT RHAU or Gly–RSM mutant in the absence of ATP. The reaction mixtures were analysed
by native PAGE. An autoradiogram of the gel is shown. The positions of the free tetramolecular RNA substrate and the protein–RNA complex are
indicated on the left.
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We demonstrated previously in vivo and in vitro that
amino acids 1–105 of RHAU delineate a functional
domain of prime importance for the interaction of
RHAU with RNA (22). To assess the signiﬁcance of this
region for the G4-resolvase activity of RHAU, we constructed a series of FLAG-tagged N-terminal truncated
mutants of RHAU (Figure 1A). These truncated forms
were expressed in HEK293T cells and puriﬁed from
soluble lysates by anti-FLAG immunoaﬃnity chromatography. The purity of these preparations as judged by
Coomassie staining after SDS–PAGE was very similar
(Figure 1B). To test whether the truncated form of
RHAU lacking the ﬁrst 105 amino acids [RHAU(Gly–
RSM)] could resolve G4 structures, RHAU protein was
incubated with 32P-labelled tetramolecular rAGA and
ATP. The products were analysed by native PAGE after
disruption of RNA–protein interactions by addition of
SDS. The free single-stranded 32P-labelled oligos
migrated faster than the quadruplex substrate. As shown
previously, wild-type (WT) RHAU eﬃciently resolved G4
structures into single-stranded oligos (Figure 2A). The
labelled product of the resolvase reaction co-migrated
during electrophoresis with the single-stranded species
released by thermal denaturation of the substrate and
was proportional to the level of input protein. In

contrast to RHAU(WT), RHAU(Gly–RSM) failed to
resolve the G4 substrate, suggesting that the N-terminal
region of RHAU is essential for its G4-resolvase activity.
Being critical for the enzymatic activity and containing
an atypical RNA-binding domain (22), the N-terminal
region of RHAU is most likely to play a role in substrate
recognition. Therefore, we examined whether this
N-terminal region was also essential for the recognition
of G4 structures. To address this question, we performed
RNA electromobility shift assays (REMSA) using G4 substrate as the ligand. RHAU protein was incubated with
32
P-labelled G4 in the absence of ATP (to prevent G4
resolution) and the mixtures were analysed by native
PAGE. In the absence of protein, the 32P-labelled G4
structures migrated as a single species in the gel
(Figure 2B). Addition of increasing amounts of
RHAU(WT) protein resulted in the appearance of a
protein–G4 complex with reduced mobility. The bound
complexes appeared as two main band regions in the gel
that might reﬂect multiple forms of the complexes. In
contrast, the RHAU(Gly–RSM) mutant protein failed
to form a stable complex with G4 structures. Taken
together, these results demonstrate that the N-terminal
region encompassing residues 1–105 of RHAU protein is
indispensable for both binding and the resolving of G4
structures by RHAU. These results are in agreement
with our previous report that the N-terminal region of
RHAU is critical for its RNA binding in vivo and its
relocalization to SGs (22).
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The helicase core domain, together with the N-terminal
region, contributes to tight G4 binding of RHAU
Considering that RHAU has a high aﬃnity for G4 structures (16), we next examined whether the N-terminal
region itself accounts for the high aﬃnity for G4 structures of the whole protein. N-terminal region [RHAU(1–
200)] and full-length RHAU(WT) were expressed as GST
fusion proteins in bacteria and Sf9 insect cells, respectively, and puriﬁed to homogeneity as shown in
Supplementary Figure S2. Their apparent dissociation
constants (Kd) for G4 structures were determined by
REMSA. Titration of RHAU(WT) and RHAU(1–200)
proteins gave half-saturation points for G4 binding of
14 nM and 440 nM, respectively (Figure 4A and B). This
30-fold diﬀerence between the two proteins indicates that
the N-terminal region does not constitute by itself an
independent and high-aﬃnity G4-RNA binding domain.
We propose that the helicase core domain provides
RHAU with substantial additional binding activity
through interactions with the RNA phosphate
backbone, as already shown for many DEAD/H-box
proteins (28–34). It should be mentioned that the
observed Kd value obtained here is higher than that previously reported (16), which may reﬂect the diﬀerence of
the type and location of tags attached to RHAU (N-GST
versus C-His6) and of the way how proteins were puriﬁed.
The RSM domain, but not the Gly-rich sequence, in the
N-terminal region is crucial for the recognition and
resolution of G4 structures by RHAU
The functional N-terminal region encompassing residues
1–105 of RHAU protein consists of two abutting domains
(Figure 1A): a 41 amino acid-long low-complexity
Gly-rich domain followed by the evolutionary conserved
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Figure 3. G4-RNA binding and resolving activities of the N-terminal
domain of RHAU. (A) Gel mobility shift assay for G4-RNA binding:
radio-labelled tetramolecular rAGA at a concentration of 100 pM was
incubated without protein () or with increasing amounts (30, 100, 300
and 1000 nM) of RHAU(1–105) in the absence of ATP. The reaction
mixtures were analysed by native PAGE. An autoradiogram of the gel
is shown. (B) Super shift of G4-RNA-binding complex by a speciﬁc
antibody: radio-labelled tetramolecular rAGA at a concentration of
100 pM was incubated with RHAU(1–105) at 300 nM in the presence
or absence of anti-FLAG antibodies (2.5 mg per lane), as indicated. The
reaction mixtures were electrophoresed on a native gel. An autoradiogram of the gel is shown. The positions of the free tetramolecular RNA
substrate, the protein–RNA complex and the super-shifted complex are
indicated on the left. (C) G4-RNA unwinding assay: radio-labelled
tetramolecular rAGA at a concentration of 4 nM was incubated in
the presence of ATP without protein () or with increasing amounts
(1, 3, 10 and 30 nM) of WT RHAU or Gly–RSM mutant (30, 100,
300 and 1000 nM). The reaction products were resolved by native
PAGE after disrupting of RNA–protein interactions with SDS. An
autoradiogram of the gel is shown. An aliquot of the tetraplex substrate
that was heat-denatured (95 C, 5 min) and then quenched (T) serves
as a marker for the position of ssRNA.

13 amino acid-long RSM (amino acids 54–66). We
demonstrated previously in vivo that deletion of the
Gly-rich region [RHAU(Gly)] signiﬁcantly impinged
on the relocalization of the protein to SGs and on its association with RNA (22). To characterize the individual
contributions of each of the two domains to the
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as sub-cellular localization and/or interaction with RNAs
or other proteins (1,10). With prima facie evidence that the
N-terminal region of RHAU is important for both
binding to and resolving G4 structures, we examined
whether this region has G4-binding activity. As shown
by REMSA, increasing amounts of RHAU(1–105)
protein formed proportionately slow-migrating complexes
with G4-RNA (Figure 3A). That the observed mobility
shift was due to binding of RHAU(1–105) protein was
conﬁrmed by addition of anti-FLAG antibody to
binding reactions. As shown in Figure 3B, anti-FLAG
antibody caused a super shift of the protein–probe
complex but not of the free probe.
Given that some G4-binding proteins destabilize G4
structures in a non-catalytic fashion without requiring
ATP hydrolysis (27), we examined whether the
N-terminal region of RHAU may also destabilize G4
structures in a similar manner. However, as shown in
Figure 3C, binding of the N-terminal region to G4 structures is not suﬃcient to destabilize it. In agreement with
the observation that RHAU cannot resolve G4 structures
in the absence of ATP (17), this result demonstrates that
the N-terminal region alone lacks G4-destabilizing activity
and that the G4-resolving activity is likely a property of
the central catalytically active core domain.
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interaction of RHAU with G4 structures, we performed
REMSA experiments using corresponding deletion
mutants (Figure 5A). As already shown in Figure 2B,
RHAU(Gly–RSM) lacking the ﬁrst 105 amino acids
failed to form a stable complex with G4 structures. In
contrast, RHAU(Gly) still harbouring the RSM was
able to bind to G4 structures with the same eﬃciency as
RHAU(WT). Contrary to the deletion of the Gly-rich
sequence, a RHAU mutant with an RSM deletion
[RHAU(RSM)] abrogated the interaction with G4 structures. We further assessed the consequence of loss of G4
recognition on the in vitro resolvase activity of RHAU
(Figure 5B). As expected, RHAU(RSM), like
RHAU(Gly–RSM), failed to resolve G4 structures,
while RHAU(Gly), like RHAU(WT), did. Similar
results with strict RSM-dependency could also be
reproduced with other G4-RNA structures (data not
shown). Together, these results indicate that the presence
of the RSM but not further sequences of the N-terminal
region is a prerequisite for the recognition and the resolution of G4 structures by RHAU in vitro.
Conserved residues within the RSM domain are essential
for the recognition of G4 structures by RHAU
Multiple-sequence alignments of RHAU orthologues of
various species from choanoﬂagelates to humans
unveiled a highly conserved cluster of 13 amino acids
presenting the RSM domain embedded in a moderately
conserved region of about 50 amino acids (amino acids
54–100) (Figure 6A). In contrast, the rest of the
N-terminus surrounding this region is poorly conserved.
The RSM consensus sequence as determined from 40 different RHAU orthologue sequences is: P–p–x–L–z–G–
[+]–z–I–G––– [consensus RSM is listed according
to the Seefeld convention (37), symbol nomenclature
stands for: p (pi) = small side chain, z (zeta) = hydrophilic, [+] = basic,  (Psi) = aliphatic,  (Omega) =
aromatic] (Supplementary Figure S3). The motif consists

of ﬁve invariant amino acids (Pro-54, Leu-57, Gly-59,
Ile-62 and Gly-63) and seven highly conserved residues
of similar biochemical properties (p-55, z-58, [+]-60,
z-61, -64, -65, -66). In addition, computation-based
secondary structure prediction of the sequences used for
alignment suggested that RSM is partially structured,
sitting astride an unstructured loop (amino acids 54–59)
and an a-helix (amino acids 60–66) (Figure 6A;
Supplementary Figure S4). We further examined by
site-speciﬁc mutagenesis in vitro the contribution of
conserved amino acids within the RSM domain to the
recognition and resolution of G4 structures (Figure 6A).
To this end, conserved residues of the RSM
were substituted with alanines, prolines or glycines. We
focused on Pro-54, Gly-59 and Gly-63 because they may
provide the RSM with substantial structural rigidity
(Pro-54) or ﬂexibility (Gly-59 and Gly-63). As shown in
Figure 6B, mutation of the ﬁve invariant residues of the
RSM (RSM-mut2) considerably reduced the binding
aﬃnity of RHAU for G4-RNA, albeit to a lesser extent
than the RSM-deleted form of RHAU (RSM).
Interestingly, substitution of the invariant Gly-59 and
Gly-63 residues with prolines (RSM-mut6) caused a
stronger reduction of G4-binding activity than the
RHAU(RSM-mut2) in which these two amino acids are
mutated to alanines. Since prolines may induce a structural constraint on the RSM, this result suggests that recognition of G4 structures may depend on the
conformational organization of the RSM. Finally, as
observed
with
RHAU(RSM-mut1)
and
RHAU(RSM-mut3) mutants, Pro-54 as well as the polar
residues Lys-58, Arg-60 and Glu-61 appear to be
dispensable.
As expected, RHAU proteins with mutated RSM and
displaying
strong
G4-RNA
binding
deﬁciency
(RSM-mut2 and 6) also had reduced G4-resolving
activity (Figure 6C). In contrast, despite the slight
reduction of G4-binding activity observed for
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Figure 4. G4-RNA-binding properties of RHAU and the N-terminal region. (A) Gel mobility shift assay for G4-RNA binding: radio-labelled
tetramolecular rAGA at a concentration of 100 pM was incubated without protein () or with increasing amounts of either GST-tagged
RHAU(WT) or RHAU(1–200) in the absence of ATP. The reaction mixtures were analysed by native PAGE. An autoradiogram of the gel is
shown. At concentrations from 10 to 1000 nM, GST protein alone had no eﬀect on G4-RNA mobility (data not shown). (B) Quantiﬁcation of gel
mobility shift assays for WT RHAU (WT, ﬁlled circle) and RHAU N-terminal region (1–200, open circle) binding to tetramolecular rAGA. The data
represent means ± SEM from three independent experiments.
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Figure 5. G4-RNA binding and unwinding by Gly-rich and
RSM-truncated RHAU proteins. (A) Gel mobility shift assay for
G4-RNA binding: radio-labelled tetramolecular rAGA at a concentration of 100 pM was incubated without protein (�) or with increasing
amounts (6, 20 and 60 nM) of either WT RHAU, or Gly, Gly–RSM
or RSM RHAU mutants in the absence of ATP. The reaction
mixtures were analysed by native PAGE. An autoradiogram of the
gel is shown. (B) G4-RNA unwinding assay: radio-labelled
tetramolecular rAGA at a concentration of 4 nM was incubated in
the presence of ATP without protein (�) or with increasing amounts
(6, 20 and 60 nM) of either WT RHAU, or Gly, Gly–RSM or
RSM RHAU mutants. The reaction products were resolved by
native PAGE after disrupting of RNA–protein interactions with SDS.
An autoradiogram of the gel is shown. An aliquot of the tetraplex
substrate that was heat denatured (95� C, 5 min) and then quenched
(T) serves as a marker for the position of ssRNA.

RHAU(RSM-mut1) and RHAU(RSM-mut3), these two
mutants unwound G4 structures with an eﬃciency comparable to WT RHAU. We concluded from these in vitro
mutagenesis experiments that the highly conserved
residues in the RSM domain are essential for RHAU
G4-structure binding and resolving activities.
ATPase activity of RHAU N-terminal truncated mutants
Hitherto, it could not be excluded that the introduced mutations caused signiﬁcant conformational changes in the

CG9323, the Drosophila ortholog of RHAU eﬃciently
unwinds G4-RNA
Based on sequence analysis, RHAU has clear orthologs in
almost all species of the animal kingdom ranging from
choanoﬂagellates to humans. A multiple sequence alignment between eight of these orthologs showed the helicase
core (amino acids 204–615) together with the C-terminal
region (amino acids 616–1008) of RHAU to be evolutionary conserved (Figure 8A). In contrast, sequences of the
N-terminal region (amino acid 1–203) show little
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helicase core domain that resulted in enzymatically defective proteins. To deﬁne whether loss of G4-resolvase
activity was due to loss of G4 binding by the N-terminal
domain or to impairment of the basic activity of the
helicase core domain, we compared the ATPase activities
of RHAU mutants and WT RHAU. As shown previously
(23), RHAU exhibited signiﬁcant ATPase activity in the
absence of nucleic acids, which was stimulated substantially by the presence of homopolymeric poly(U) (Figure 7A).
Both the RNA-dependent and -independent ATPase
activities were proportional to the amount of input
RHAU protein. To exclude the possibility that the
RNA-independent ATPase activity observed was due to
contaminants derived from HEK293T cells, we
substituted the Glu-335 residue with Ala within the
Walker B site (DEIH ! DAIH), which abolishes
RHAU ATPase activity (23). RHAU(DAIH) protein
was prepared according to the protocol employed for
WT RHAU protein, with comparable yield and purity
(data not shown). In contrast to WT RHAU,
RHAU(DAIH) showed no ATPase activity, even in the
presence of poly(U) (Figure 7B). Thus, we concluded that
RHAU harbours intrinsic RNA-independent ATPase
activity, which can be further stimulated by
homopolymeric RNA.
To clarify the biochemical basis of the absence of
G4-resolvase activity in the RHAU(RSM) mutant, we
measured the rate of ATP hydrolysis by this mutant and
compared it to that of the WT RHAU and the
RHAU(Gly) mutant that was still proﬁcient in G4 unwinding. In the absence of RNA co-factor, the ATPase
activity of RHAU(RSM) protein was the same as
RHAU(WT) and RHAU(Gly) proteins (Figure 7C),
suggesting that the deletion of the Gly-rich (Gly) or
the RSM (RSM) domains does not aﬀect the basal
ATPase activity of RHAU. However, the extent of
poly(U)-dependent stimulation of ATPase activity of
RHAU(RSM) was �60% of that of RHAU(WT) and
similar to that of RHAU(Gly). Taken together, these
results indicate that deletion of the N-terminal region of
RHAU does not cause any signiﬁcant conformational
changes to the helicase core, but renders the RHAU
protein less responsive to RNA in the stimulation of its
ATPase activity. Given that RHAU(RSM) retained signiﬁcant RNA-dependent ATPase activity, equivalent to
the G4-resolvase proﬁcient RHAU(Gly) mutant, we
concluded that the lack of G4-resolving activity in the
RHAU(RSM) mutant resulted from the loss of G4
binding by the N-terminal domain.
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Figure 6. G4-RNA binding and unwinding by RSM-mutated forms of RHAU. (A) Conservation of the RSM among RHAU orthologues throughout evolution. Multiple sequence alignment was carried out with MAFFT (version 6) (35). Similarity analysis was made by GeneDoc (version 2.7)
using the BLOSUM62 scoring matrix. Similarity is shown in red for 100%, yellow for 99–80% and blue for 79–60%. Amino acids that are identical
between the nine sequences are indicated by asterisks below the alignment. Secondary structure prediction was performed by JPRED (36) and is
indicated on the top. The RSM and its consensus sequence derived from 40 diﬀerent RHAU orthologues are shown below the alignment [p (pi) =
small side chain, z (zeta) = hydrophilic, [+] = basic,  (Psi) = aliphatic,  (Omega) = aromatic]. The site-directed substitutions of the RSM
mutants employed in this study are listed with the amino acid changes indicated underneath. Species and accession numbers of RHAU orthologues
listed are: human (Homo sapiens, NP_065916), mouse (Mus musculus, NP_082412), chicken (Gallus gallus, XP_422834), frog (Xenopus tropicalis,
ENSXETP00000016958), zebraﬁsh (Danio rerio, NP_001122016), fruit ﬂy (Drosophila melanogaster, NP_610056), blood ﬂuke (Schistosoma mansoni,
XP_002577014), placozoan (Trichoplax adhaerens, XP_002110272), choanoﬂagellate (Monosiga brevicollis, XP_001747335). (B) Gel mobility shift
assay for G4-RNA binding: radio-labelled tetramolecular rAGA at a concentration of 100 pM was incubated without protein () or with increasing
amounts (6, 20 and 60 nM) of either WT RHAU or the indicated RSM mutants in the absence of ATP. The reaction mixtures were analysed by
native PAGE. An autoradiogram of the gel is shown. (C) G4-RNA unwinding assay: radio-labelled tetramolecular rAGA at a concentration of 4 nM
was incubated in the presence of ATP without protein () or with increasing amounts (6, 20 and 60 nM) of either WT RHAU or the indicated RSM
mutants. The reaction products were resolved by native PAGE after disrupting RNA–protein interactions with SDS. An autoradiogram of the gel is
shown. An aliquot of the duplex substrate that was heat denatured (95 C, 5 min) and then quenched (T) serves as a marker for the position of
ssRNA.
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similarity with the exception of the highly conserved RSM
(amino acids 54–66) and its surrounding region (amino
acids 54–100). Considering the apparent importance of
the RSM in the recognition of G4 structures and the
high conservation of its sequence together with the rest
of RHAU protein, we surmised that the G4-binding and
resolving activity of the RHAU protein are conserved
among higher eukaryotes. To validate this hypothesis,
we cloned and characterized CG9323, the Drosophila
ortholog of RHAU.
CG9323 is a 942 amino acid-long protein, which like
RHAU comprises all the typical signature motifs of the
DEAH-box family of RNA helicases (Figure 8B;
Supplementary Figure S5). The overall identity and similarity between CG9323 and RHAU are 34% and 52%,
respectively, but not evenly distributed along the entire
sequence. Sequence homology with RHAU is particularly
high (41% identity and 60% similarity) for the helicase
core and the C-terminal regions of CG9323.
Nevertheless, apart from the conserved RSM, the
CG9323 N-terminal region lacks evident sequence
homology with RHAU. In addition, the CG9323
N-terminal region is 25% shorter than that of RHAU,
mainly due to the absence of the Gly-rich sequence
upstream of the RSM.
To check whether the Drosophila ortholog of RHAU
retains G4 binding and resolving activities, CG9323 was
expressed as a FLAG-tagged recombinant protein and
immunopuriﬁed to homogeneity as shown in
Supplementary Figure S6. The ability of puriﬁed recombinant CG9323 protein to unwind and to bind G4 structures was assessed under the conditions previously
employed for RHAU. As shown in Figure 9A, CG9323
eﬃciently unwound the G4-RNA substrate. As for
RHAU, the extent of products resolved by CG9323 was
proportional to the input protein. Furthermore, CG9323
failed to resolve G4 substrates in the presence of the
non-hydrolysable ATP analogue AMP-PNP, indicating

that G4 unwinding by CG9323 requires the hydrolysis of
nucleosides triphosphate.
Similar to RHAU, CG9323 also formed a stable
complex with G4 substrates in the absence of hydrolysable
rNTPs (Figure 9B). In binding experiments, CG9323
turned out to be more speciﬁc for G4-RNA relative to
ssRNAs, since CG9323 bound tetramolecular rAGA
with a 10-fold higher aﬃnity than monomeric singlestranded rAGA oligoribonucleotides of the same
sequence. This observation, by analogy, is consistent
with earlier observations that RHAU has poor
sequence-speciﬁc recognition of ssRNAs (16,23). Finally,
a variant form of CG9323, in which highly conserved
residues of the RSM were mutagenized, displayed
reduced G4-binding activity, suggesting that the RSM is
essential for the recognition of G4-structures by CG9323
(Figure 9C). In conclusion, these results provide
compelling evidence that the G4 binding and resolving
activities of RHAU have been conserved from
Drosophila to human, with the RSM playing a pivotal
role.
DISCUSSION
Owing to their bulky and thermodynamically stable
features, G4 structures have been shown in many
respects to impede normal nucleic acid metabolism (38–
45). To cope with this problem, proteins are produced that
mitigate eﬀects of these atypical stable structures. Four
human helicases, including RHAU, have been shown so
far to harbour G4-resolving activity in vitro. These include
the RecQ family proteins BLM (46,47) and WRN (48), as
well as FANCJ (41), a Rad3-like helicase. The latter are
all DNA helicases that have been clearly implicated in the
maintenance of genome integrity (49–51). RHAU, on the
other hand, belongs to the DEAH-box family of RNA
helicases and has very little sequence similarity with the
above mentioned helicases. Curiously, RHAU was
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Figure 7. ATPase activity of WT RHAU and N-terminal mutants. (A) The extent of ATP hydrolysis by WT RHAU in the presence (open circle) or
absence (ﬁlled circle) of poly(U) plotted as a function of input RHAU. The ATPase activity is expressed as a function of the activity obtained with
WT RHAU at a concentration of 200 nM when poly(U) was omitted. (B) Inﬂuence of poly(U) on the ATPase activity of WT RHAU and DAIH
ATPase-deﬁcient mutant (200 nM). The ATPase activity was represented relatively to that of WT RHAU in the absence of poly(U) that was set to 1.
(C) Inﬂuence of poly(U) on the ATPase activity of RHAU (WT) and Gly or RSM RHAU mutants (200 nM). The basal ATPase activity (without
nucleic acid co-factor) of WT RHAU is indicated (dashed line). The data represent the means ± SEM from three independent experiments.
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initially identiﬁed as a G4-DNA resolvase enzyme (17).
The possibility that G4-RNA structures are targets of
RHAU emerged from in vivo UV cross-linking results
showing RHAU binding mainly to RNA (22).
Subsequent characterization of RHAU demonstrated its
aptitude to resolve G4-RNA better than G4-DNA (16).
This ﬁnding was a remarkable breakthrough, since
RHAU was the ﬁrst and still the only known helicase to
possess G4-RNA resolvase activity. Furthermore, RHAU
is one of the rare DEAD/H-box proteins that exhibit high
aﬃnity and speciﬁcity for its substrate in vitro independent
of accessory proteins. Since this ﬁnding, eﬀorts have been
made to understand the mechanism underlying recognition of G4-structures by RHAU. The present study
shows that the N-terminal region of RHAU is essential
and responsible for binding of RHAU to G4-structures.
Further investigations dissecting the N-terminal region,
coupled
with
site-directed
mutagenesis,
have
demonstrated that the RSM makes a decisive contribution
to the high aﬃnity of RHAU for G4-structures. Sequence
comparisons of RHAU orthologs from various species
showed the RSM to be the unique highly conserved part
of the N-terminal region. Hence, we predicted that all
orthologs forms should possess G4-resolving activity
based on the functional signiﬁcance and sequence conservation of the RSM domain and the catalytic region. This
hypothesis was supported by the robust ATP-dependent
G4-RNA resolvase activity found for CG9323, the
Drosophila form of RHAU. As expected, and also
shown for RHAU, the binding of CG9323 to G4-RNAs
depended on RSM integrity, which further indicated
similar functions for this motif in both proteins.

Recognition of G4-RNA by RHAU depends on the
N-terminal RSM
RHAU shares with most helicases a global scheme of
modular architecture that combines a conserved central
helicase core domain with peripheral regions of various
lengths and sequences (52). Together with previous
ﬁndings (22,53–55), our results indicate that the helicase
core alone cannot account for the high speciﬁcity of
function usually attributed to DEAD/H-box proteins. In
this regard, these data also agree with numerous structural
observations that the HCR of DEAD-box proteins interacts essentially in a non-sequence-speciﬁc manner with the
phosphoribose backbone of single-stranded nucleic acid
(28–32). Such contacts suﬃce to discriminate RNA from
DNA by means of the 20 -hydroxyl groups of the ribose
moieties, but not to distinguish between sequences of
varying nucleotide composition. In the present work, we
have shown the importance of the unique N-terminal
ﬂanking region in adapting the conserved catalytic core
to a speciﬁc function. The present investigation has also
shown clearly that, although necessary, ATPase activity
by itself is not suﬃcient for RHAU to unwind G4 structures. Our data strongly suggest that the establishment of
a stable complex between RHAU and its G4 substrate is a
prerequisite for the subsequent ATPase-dependent unwinding of the G4 structure. We propose that the
N-terminal RSM endows the enzyme with speciﬁcity by
binding the G4 substrate, thereby positioning the helicase
core in close proximity to the substrate. Likewise, critical
roles for N- and C-terminal ﬂanking regions have been
reported for several DEAD/H-box proteins, exerting
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Figure 8. Amino acid conservation of the N-terminal region of RHAU. (A) Schematic representation of amino acid conservation of human RHAU
throughout evolution. The human RHAU sequence was aligned with eight RHAU orthologues (the sequences shown in Figure 6) by MAFFT
(version 6) (35). Each residue of RHAU is represented with a colour code that indicates its level of conservation amongst the eight orthologous
sequences. Similarity is shown in red for 100%, yellow for 99–80% and blue for 79–60%. Similarity analysis was made by GeneDoc (version 2.7)
using the BLOSUM62 scoring matrix. Average values of identity (Id) and similarity (Sim) for N-terminal (NTR), helicase core (HCR) and
C-terminal (CTR) regions are indicated. (B) Sequence alignment of the N-terminal region of RHAU with its Drosophila ortholog CG9323.
Amino acids that are identical or similar between the two sequences are shaded in black and grey, respectively. The RSM domain as well as
helicase motif I are indicated below the sequences. Gly residues of the Gly-rich domain (amino acid 10–51) of RHAU are bolded. N-terminal region
and a part of the helicase core domain are delineated with a coloured dashed line in red and blue, respectively. For complete alignment between
RHAU and CG9323, see Supplementary Figure S5.
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Figure 9. G4-RNA unwinding and binding by CG9323. (A) G4-RNA
unwinding assay: radio-labelled tetramolecular rAGA at a concentration of 4 nM was incubated in the presence of ATP or AMP-PNP
(as indicated) without protein () or with increasing amounts (2, 6,
20 and 60 nM) of puriﬁed recombinant CG9323 protein. The reaction
products were resolved by native PAGE after disrupting RNA–protein
interactions with SDS. An autoradiogram of the gel is shown. An
aliquot of the duplex substrate that was heat-denatured (95 C, 5 min)
and then quenched (T) serves as a marker for the position of ssRNA.
(B) G4- and ssRNA-binding assay: tetramolecular (left) or monomeric
(right) radio-labelled rAGA at a concentration of 100 pM were
incubated without protein () or with increasing amounts (10,
30 and 100 nM) of CG9323 in the absence of ATP. The reaction
mixtures were analysed by native PAGE. An autoradiogram of
the gel is shown. (C) G4-RNA-binding assay: radio-labelled
tetramolecular rAGA at a concentration of 100 pM was incubated
without protein () or with increasing amounts (3, 10 and 30 nM) of
WT or RSM-mut2 CG9323 proteins in the absence of ATP. The
reaction mixture were analysed by native PAGE. An autoradiogram
of the gel is shown.

The present work underscores the essential nature of the
conserved RSM, which endows RHAU with a high
aﬃnity for G4 structures in vitro. Determining the mechanisms whereby RHAU resolve G4 substrates in vivo is an
important issue to be addressed in future. It is tempting to
draw a parallel between the present observation and a
previous report that the stress-induced recruitment of
RHAU to SGs is mediated by interactions of RHAU
with RNA (22). Similar to our observations, the region
identiﬁed as essential for this activity included the RSM
together with the upstream Gly-rich domain, underscoring
the functional relevance of the RSM and its surrounding
region for the biological activity of RHAU. The
N-terminal region of RHAU alone was also found to be
suﬃcient to drive RNA binding in vivo as well to
re-localize to SGs (22). This observation, however, contrasts with the data presented here in that, although
required for functional speciﬁcity, the N-terminal region
alone does not constitute an independent and high-aﬃnity
G4-RNA-binding domain. In this regard, our data rather
suggest that both the N-terminal and HCRs are required
for the productive interaction of RHAU with G4 structures. Since the nucleic acid binding motifs Ia, Ib, IV and
V of DEAH-box proteins have been proposed to contact
RNA (33,34), we surmise that, for RHAU, the helicase
core may also provide the protein with substantial
binding activity by interacting in a non-speciﬁc manner
with the phosphoribose backbone of the single-stranded
tail ﬂanking the tetramolecular G4 structure. Further investigations into the functional contribution of the
RNA-binding site of the helicase core are needed to
further challenge this hypothesis. In addition, our
previous ﬁnding that the ATPase-deﬁcient form of
RHAU [RHAU(DAIH)] stalls in SGs (22) agrees with
the observation that, once bound to G4-RNA,
RHAU(DAIH) cannot dissociate itself from its substrate,
even in the presence of ATP (data not shown). This indicates that the G4-unwinding reaction requires ATP
hydrolysis, rather than ATP binding per se, and further
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Potential role of the RSM in RHAU re-localization
to SGs
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speciﬁc functions by interacting with particular RNA
species/structures or with other regulatory proteins
(53,56–58). For example, the prototypical yeast
DEAH-box proteins Prp16 and Prp22 and the human
ortholog HRH1 (alias DHX8 or hPrp22) have been
shown to associate with the spliceosome via their
non-conserved N-terminal regions (59–61). The
Drosophila maleless (MLE) protein, more closely related
to RHAU, harbours two copies of dsRNA-binding motifs
in its N-terminal region (62). Their deletion, as with the
N-terminal truncation of RHAU, caused the loss of RNA
binding and unwinding activities in vitro and subcellular
mis-localization of the protein in vivo (63). Together, these
examples emphasize the role of the peripheral domains of
DEAD/H-box proteins in adapting a common catalytic
core to a broad spectrum of speciﬁc functions.
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INTRODUCTION

Guanine-quadruplexes (G4) consist of non-canonical
four-stranded helical arrangements of guanine-rich
nucleic acid sequences. The bulky and thermodynamically stable features of G4 structures have
been shown in many respects to affect normal
conversion of G4
nucleic acid metabolism.
structures to single-stranded nucleic acid requires
specialized proteins with G4 destabilizing/unwinding activity. RHAU is a human DEAH-box RNA
helicase that exhibits G4-RNA binding and resolving
activity. In this study, we employed RIP-chip
RNAs associated
analysis to identify
. Approximately 100 RNAs were
with RHAU
found to be associated with RHAU and bioinformatics analysis revealed that the majority contained potential G4-forming sequences. Among the most
abundant RNAs selectively enriched with RHAU,
we identified the human telomerase RNA template
TERC as a true target of RHAU. Remarkably, binding
of RHAU to TERC depended on the presence of a
stable G4 structure in the 5 -region of TERC, both
and
. RHAU was further found to associate with the telomerase holoenzyme via the
5 -region of TERC. Collectively, these results provide
the first evidence that intramolecular G4-RNAs
serve as physiologically relevant targets for RHAU.
Furthermore, our results suggest the existence of
alternatively folded forms of TERC in the fully
assembled telomerase holoenzyme.

DNA and RNA sequences containing tandem repeats of
guanine tracts can form G-quadruplex (G4) structures,
non-canonical and thermodynamically stable fourstranded helical arrangements (1,2). The building block
of G4 structures is the G-quartet, a square-planar
assembly of four guanines held together by Hoogsteen
hydrogen bonding. G4 structures result from the consecutive stacking of G-quartets and are further stabilized by
alkali metal ions such as Na+ or K+ that position along
the helix axis and coordinate the O6 keto oxygens of the
tetrad-forming guanines. G4 scaffolds are extremely polymorphic in the relative orientation of strands (parallel,
anti-parallel or mixed conﬁgurations), length, sequence
and conformation of the loops connecting the G-tracts.
In addition, G4 structures in vitro can result from the
assembly of one (intramolecular G4) or multiple (bi- or
tetramolecular-G4) nucleic acid strands.
Biochemical and biophysical studies have shown in vitro
that stable G4 structures can form spontaneously from
G-rich regions of single-stranded nucleic acid under near
physiological conditions. Genome-wide computational
surveys have identiﬁed more than 300 000 potential intramolecular G4-forming sequences in the human genome
(3,4) and revealed a higher prevalence of these sequences
in functional genomic regions such as telomeres, promoters (5,6), untranslated regions [UTRs (7,8)] and ﬁrst
introns (9). Taken together, these observations suggest that
G4 structures participate in regulating various nucleic acid
processes, such as telomere maintenance or the control of
gene expression. Nevertheless, because of the lack of evidence that such structures really exist in vivo, G4 structures have often been considered as a structural curiosity
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quantify the co-puriﬁed RNAs on a genome-wide scale.
With this screen, we identiﬁed about 100 RNAs signiﬁcantly
enriched by RHAU. Computational analysis of RNA sequences for potential intramolecular G4 structures
revealed the preferential association of RHAU with transcripts bearing G4-forming motifs, suggesting direct targeting of G4-RNA by RHAU. Amongst the RNAs with
the potential to form G4 structures and selectively
enriched with RHAU, we identiﬁed TERC as a bona ﬁde
target of RHAU. Characterization of the RHAU-TERC
interaction in vivo and in vitro showed binding of TERC
by RHAU to be strictly dependent on the formation of a
G4 structure on the 50 -extremity of TERC RNA. Finally,
we have demonstrated that RHAU not only interacts with
TERC stricto sensu, but is also part of the fully assembled
telomerase complex through direct interaction with TERC
G4 structure. Taken together, these data demonstrate that
intramolecular G4-RNAs are naturally occurring substrates of RHAU in vivo. Moreover, they provide
indirect but strong support for the existence of a
G4-RNA structure in the telomerase RNP.

MATERIALS AND METHODS
Plasmid constructs, cloning and mutagenesis
The baculoviral expression vector employed for the expression of GST-RHAU and the plasmids used for the
expression of the C-terminal FLAG-tagged recombinant
RHAU proteins RHAU-FLAG and RHAU(RSM)FLAG were previously described (43–45). The pIRES.
EGFP-myc-N1 vector expressing the C-terminal myctagged recombinant RHAU protein was derived from
the previously described pIRES.EGFP-FLAG-N1/
RHAU expression vector (43) by substituting the FLAG
sequence with the myc epitope sequence. Human TERT
cDNA (clone: IOH36343, mapped sequence: NM_198253)
was obtained from ImaGenes GmbH (Berlin, Germany) and
subcloned by PCR ampliﬁcation into the pSL1-FLAG-N1
mammalian expression vector. The pSL1-FLAG-N1 vector
was derived from pEGFP-N1 (Clontech) by replacing the
EGFP open reading frame with the FLAG epitope
sequence. The human TERC genomic region was PCRampliﬁed from the genomic DNA of HEK293T cells to
yield a 2.1-kb fragment encompassing 1080 bp of the TERC
promoter, its coding sequence, and 553 bp of the 30 ﬂanking
genomic region. This fragment was blunt-cloned into
pGEM-T Easy vector (Promega) at the HincII/EcoRV
sites. The G4 motif sequence of TERC was mutagenized using a variation of the classical QuikChange
(Stratagene) site-directed mutagenesis PCR method (46).
To prepare templates for in vitro run-off transcription, the
T7 or SP6 phage promoters were inserted upstream of the
TERC coding sequence by PCR. The resulting PCR
products were cloned into the pSL1-FLAG-N1 vector at
the NheI/AgeI sites. Following linearization with NarI or
AgeI, in vitro transcription of these templates yielded
the TERC (1–71 nt) and full-length TERC (1–451 nt)
RNA fragments, respectively. Constructions of all these
plasmids were conﬁrmed by sequencing. Sequences of
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without relevance for living organisms. There is now reason to believe that G4 structures are not merely an in vitro
artefact, as several recent ﬁndings concur with their existence in cells. First, both a G4-speciﬁc dye and antibodies
raised against telomeric G4-DNA speciﬁcally stained telomeres in human and ciliate cells, respectively (10–12). In
addition, several potential G4-forming sequences in promoters were shown to form intramolecular G4 structures
in vitro and to affect gene expression in vivo (13,14). A
possible contribution of G4 to regulating promoter activity
was indicated by impairment of the transcriptional activity
of several genes by G4-stabilizing ligands (14) or a singlechain antibody speciﬁc for intramolecular G4-DNA (15),
in a manner correlating with the occurrence of predicted
G4 structures in the control regions (16).
Like DNA, RNA can also form G4 structures.
Although, to date, G4-RNAs have not attracted as
much attention as their DNA counterparts, the formation
of G4 structures in RNA is emerging as a plausible regulatory factor in gene expression. RNA is more prone than
DNA to form G4 structures due to its single-strandedness,
and G4-RNAs have also proved to be more stable than
their cognate G4-DNA under physiological conditions
(17–19). Bioinformatics analyses of human 50 -UTR sequences revealed potential G4-forming motifs in as
many as 3000 different RNAs (7,20). Moreover, the formation of G4 structures in 50 -UTR was shown to impede
translation initiation (7,21–23). Given that potential G4
sequences have been identiﬁed near splicing and polyadenylation sites (24–26), G4 formation may also affect
RNA metabolism at several different stages. Furthermore,
formation of parallel G4-RNA structures has also been
reported in vitro for telomeric RNA repeats [TERRA,
(27–29)] and for the human telomerase template RNA
[TERC, (30)], suggesting that G4-RNA formation also
plays a part in regulatory processes at telomeres.
The discovery of proteins that positively or negatively
stabilize such G4 structures is further indirect evidence for
the existence of such structures in vivo. Among the many
proteins from various organisms that bind to G4-DNAs
in vitro (31), several helicases show ATP-dependent
G4-resolving activity (32–36) and have been clearly implicated in the maintenance of genome integrity (37–40).
RHAU (alias DHX36 or G4R1), a member of the
human DEAH-box family of RNA helicases, exhibits
in vitro G4-RNA binding with high afﬁnity for its substrate, and unwinds G4 structures much more efﬁciently
than double-stranded nucleic acid (41,42). Consistent with
these biochemical observations, RHAU was also shown to
bind to mRNAs in vivo (43) and was identiﬁed as the main
source of tetramolecular G4-RNA-resolving activity in
HeLa cell lysates (42).
Although considerable information is available on the
enzymatic activity of RHAU in vitro, almost nothing is
known about its biological function as a G4-binding/
resolving enzyme in vivo. To address this question, we
sought RNAs bound by RHAU in living cells, surmising
that the identiﬁcation of RHAU-bound RNAs and understanding the effects of RHAU should provide important
clues to its function in vivo. To this end, we employed
high-throughput gene array technologies to identify and
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oligonucleotides used in this work and detailed descriptions of the plasmid constructs are available upon request.
Cell culture and transfection
Human cervical carcinoma HeLa and embryonic kidney
HEK293T cell lines were maintained in Dulbecco’s
modiﬁed Eagle’s medium supplemented with 10% fetal
calf serum (FCS) and 2 mM L-glutamine at 37 C in a
humidiﬁed 5% CO2 incubator. Transient transfections
were performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Transfected
cells were cultured for 24–36 h prior to testing for transgene expression.
RIP-chip assay

·

·

·

·

G4-RNA structure prediction and bioinformatics analysis
Human RNA sequences were retrieved from Entrez
Nucleotide database. Non-overlapping putative intramolecular G4-forming sequences (PQS) and the corresponding G4-score values were computed with the QGRS
Mapper algorithm (50) using the default parameters
(window size = 30 nt, Min. G-group
= 2, loop size =
P
0–36). For each transcript, the
(G4-score) value was
calculated as the sum of all non-overlapping G4-scores
computed by QGRS Mapper. To obtain a normalized

P
(G4-score) value, the
(G4-score) value was divided
by the RNA length (kb). Randomization of RNA sequences by single- or dinucleotide shufﬂing was performed
using the Altschul-Erickson algorithm (51).
Protein immunoprecipitation assay
Protein immunoprecipitation experiments were performed
under the same conditions employed for the RIP-chip
assay. Cleared cell lysates were mixed with rProtein A or
Protein G SepharoseTM Fast Flow beads (GE Healthcare)
and appropriate antibodies {mouse mAb anti-RHAU
[12F33 (43)], rabbit pAb anti-dyskerin (H-300, Santa
Cruz Biotechnology)}. After gentle agitation for 5 h, the
beads were washed. For telomere repeat ampliﬁcation
protocol (TRAP) assays, beads were resuspended in
40 ml TRAP lysis buffer [10 mM Tris–HCl (pH 8.0),
150 mM NaCl, 1 mM MgCl2, 1 mM EDTA (pH 8.0),
1% v v1 Nonidet P-40, 0.25 mM Na-deoxycholate,
10% v v1 glycerol, 5 mM 2-mercaptoethanol, 0.1 mM
AEBSF]. For protein and RNA analysis, beads were resuspended in 1 ml TRIzol and extraction performed according to the manufacturer’s instructions. Input and
co-puriﬁed RNA samples were analysed by RT–qPCR.
For protein analysis only, beads were directly resuspended
in sodium dodecyl sulphate (SDS)-gel loading buffer.
Input and immunoprecipitated protein samples were
separated by SDS–PAGE and analysed by western
blotting.

·
·

RNA analysis by quantitative (RT–qPCR) and
semi-quantitative RT–PCR
Reverse transcription was performed using the ImPromIITM Reverse Transcription System (Promega) with
oligo(dT)15 or random hexamer primers, according to
the manufacturer’s instructions. For monitoring ﬁrststrand cDNA synthesis, the reverse transcription reaction
was performed in the presence of 20 mCi [a-32P]dATP
(3000 Ci mmol1). The reaction products were separated
by agarose gel electrophoresis and visualized by PhosphorImaging. Quantitative and semi-quantitative PCR reactions
were performed in technical duplicates using the
ABsoluteTM QPCR SYBR Green ROX Mix (Thermo
Fisher Scientiﬁc), according to the manufacturer’s instructions, on an ABI Prism 7000 Sequence Detection System
(SDS) and analysed with the ABI Prism 7000 SDS 1.0
Software (Applied Biosystems). Relative transcript levels
were determined using the 2Ct method (52). For each
primer pair (Supplementary Table S1), the efﬁciency of
ampliﬁcation was determined to be equal or superior to
1.8. Control reactions lacking the reverse transcriptase or
template RNA conﬁrmed the speciﬁcity of the ampliﬁcation reactions.

·

TRAP assays
Immunopuriﬁed ribonucleoprotein (RNP) complexes were
assayed for telomerase activity by the TRAP assay (53).
Four microliters of bead-immobilized RNP complexes in
TRAP lysis buffer were incubated (30 min, 25 C) in 50 ml
TRAP reaction buffer [20 mM Tris–HCl (pH 8.3 at room
temperature), 63 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTP
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Cells were harvested 24–36 h post-transfection, washed
with ice-cold PBS and resuspended in lysis buffer
{1 PBS, 1% v v1 Nonidet P-40, 2 mM EDTA, 2 mM
AEBSF [4-(2-aminoethyl)-benzenesulfonyl ﬂuoride hydrochloride], 1 protease inhibitor cocktail (Complete EDTAfree, Roche), 0.2 U ml1 RNasin Plus (Promega)} for
30 min. All subsequent operations were performed at
4 C. The lysates were cleared by centrifugation (21 000g,
15 min) and mixed with 10 ml of a 50% slurry of antiFLAG M2-agarose afﬁnity gel (Sigma) that had been
equilibrated in lysis buffer. After gentle agitation for 5 h,
the resin was recovered by centrifugation, washed 3 with
500 ml lysis buffer, followed by three washes with 500 ml
IP-washing buffer [50 mM Tris–HCl (pH 7.5), 300 mM
NaCl, 0.1% v v1 Nonidet P-40, 5 mM EDTA,
0.4 U ml1 RNasin Plus]. The resin was resuspended in
1 ml TRIzol (Invitrogen) for protein analysis and RNA
extraction. For microarray analysis, 100 ng RNA was converted to cRNA according to the manufacturer’s guidelines and the reaction products hybridized to GeneChip
Human Gene 1.0 ST arrays (Affymetrix). The resulting
raw expression values were RMA-normalized using R/
BioConductor (47) and the Oligo Package [version
1.14.0 (48)]. Probesets were linked to Entrez Gene
entries using Affymetrix annotation (NetAffx release 28,
11 March 2009), retaining a single probeset per gene.
Genes not clearly detected in input samples [average
log2(expression value) < 6.0] were discarded. Differential
expression was determined using the Limma package
(49), selecting genes with a minimal fold-change of 2.0
and an FDR-adjusted P < 0.01. RHAU targets were
identiﬁed as transcripts enriched in RHAU-FLAG IP
versus RHAU-FLAG input samples but not enriched in
control IP versus control RHAU-myc input samples.

P
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·

·

·

·

·

·

·

·

·

·

Expression and puriﬁcation of recombinant RHAU protein
Recombinant
wild-type
and
ATPase
deﬁcient
[RHAU(DAIH)] N-terminal GST-tagged RHAU proteins
were expressed in Sf9 cells according to the supplier’s
instructions (PharMingen) and puriﬁed to homogeneity
as described previously (45). Puriﬁed recombinant GSTRHAU proteins were stored at 80 C. Purity of protein
preparations was assessed by SDS–PAGE (Supplementary
Figure S1) and protein concentrations determined photometrically at 280 nm using the calculated extinction coefﬁcient e = 166 615 M1 cm1.

·

32

In vitro synthesis of P-labeled TERC transcripts and
intramolecular G4-RNA preparation
Synthetic radio-labeled wild-type and mutant (G4-MT)
telomerase RNAs were prepared by in vitro transcription
using 50 mCi [a-32P]UTP (3000 Ci mmol1) and T7 or SP6
RNA polymerases (Promega), respectively, according to
the manufacturer’s instructions. The transcripts were
puriﬁed by denaturing PAGE, ethanol precipitated and
recovered by centrifugation. The puriﬁed RNAs were resuspended in potassium- or lithium-based storage buffer
[10 mM Li-cacodylate (pH 7.4), 100 mM KCl or LiCl] and
annealed by heating at 95 C for 2 min, followed by slow
cooling to room temperature. G4-annealed radio-labeled
RNAs were stored at 80 C.

·

RNA electromobility shift assay
Puriﬁed recombinant GST-RHAU protein at concentrations from 1 to 320 nM was incubated with 100 pM

32

P-labeled G4-RNA in K-Res buffer [50 mM
Tris–acetate (pH 7.8), 100 mM KCl, 10 mM NaCl, 3 mM
MgCl2, 70 mM glycine, 10% glycerol], supplemented with
10 mM EDTA and 0.2 U ml1 SUPERase-In (Ambion) in
a 10-ml reaction. The reactions were equilibrated at 22 C
for 30 min. RNA–protein complexes were resolved on a
pre-electrophoresed 6% non-denaturing polyacrylamide
gel (37.5:1 acrylamide:bis ratio) in 0.5 TBE at 4 C for
90 min. After electrophoresis, gels were ﬁxed for 1 h in
10% isopropanol/7% acetic acid. RNA–protein complexes were detected by Phosphor-Imaging, scanned on a
Typhoon 9400 Imager (GE Healthcare) and analysed with
ImageQuant TL software (Nonlinear Dynamics).

·

RESULTS
Microarray identiﬁcation of RHAU-associated RNAs
To identify endogenous RNAs associated with RHAU
in vivo on a genome-wide scale, we designed a RIP-chip
assay (RNA immunoprecipitation coupled to microarray
analysis). Subsets of RHAU target RNAs were isolated by
immunoprecipitation (IP) assays under optimized conditions
that preserved RNA–protein complexes. Brieﬂy, HeLa cells
were transfected with a vector expressing FLAG-tagged or
myc-tagged RHAU. Immunoprecipitations of non-crosslinked whole-cell extracts were carried out using antiFLAG antibodies. Anti-FLAG IP from cells expressing
myc-tagged RHAU was employed as an IP control
(IPctrl) to assess non-speciﬁc interactions that may occur
during RIP. Following IP, co-fractionated RNAs were
recovered and puriﬁed by standard phenol–chloroform
extraction and converted to cRNA. Products were subsequently hybridized to human oligonucleotide arrays.
Western blot analysis of immunoprecipitated proteins
revealed that RHAU-FLAG, but not RHAU-myc, was
efﬁciently enriched from HeLa cell extracts following
IP with anti-FLAG antibody (Figure 1A, bottom).
Oligo(dT)-primed reverser-transcription of co-immunoprecipitated RNAs showed the presence of polyadenylated
RNAs with sizes similar to the input (Figure 1A, top,
compare lane 2 to lanes 3 and 4). With regard to the
RHAU-FLAG IP fraction, 10 times less RNA signal
was detected in the control immunoprecipitate (lane 1),
demonstrating speciﬁc co-immunoprecipitation of
mRNAs with RHAU. The association between RHAU
and target RNAs was deemed speciﬁc as the anti-FLAG
antibody exhibited no obvious cross-reactivity with other
cellular proteins (data not shown).
Microarray analysis of the puriﬁed RNAs recovered
from input and immunoprecipitated fractions revealed
that 9354 (49%) of the 19 089 total genes available on
the chip were signiﬁcantly expressed in HeLa cells
overexpressing RHAU (data not shown). In order to maximize the chance of identifying true RNA targets of RHAU
as well as to minimize the occurrence of false positives,
only those RNAs were chosen that were signiﬁcantly
(adjusted P < 0.01) enriched and were at least 2-fold
more abundant in the RHAU-FLAG IP fraction than in
the control. Of these potential RHAU targets, we discarded those that were also signiﬁcantly enriched in the
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mix (50 mM each of dATP, dTTP, dGTP and dCTP),
0.05% v v1 Tween -20, 1 mM EGTA (pH 8.0), 4 ng ml1
Cy5-TS primer, 2 ng ml1 ACX primer (Supplementary
Table S1), 1 U ml1 RNasin Plus, 0.4 mg ml1 BSA,
0.04 U ml1 Thermo-StartTM Taq DNA Polymerase
(Thermo Fisher Scientiﬁc)]. The reaction was followed by
a 15-min incubation step at 95 C, followed by 15–17 cycles
of ampliﬁcation (30 s at 95 C, 30 s at 52 C, 45 s at 72 C).
The reaction products were resolved on a preelectrophoresed 10% non-denaturing polyacrylamide gel
(19:1 acrylamide:bis ratio) in 0.5 TBE at 4 C for 90 min.
After electrophoresis, gels were ﬁxed [500 mM NaCl, 50%
v v1 ethanol, 40 mM Na-acetate (pH 4.2)] for 30 min,
scanned on a Typhoon 9400 Imager (GE Healthcare) and
analysed with ImageQuant TL software (Nonlinear
Dynamics). For immunodepletion experiments of RHAU,
the residual telomerase activity in cell extracts was
quantiﬁed by the quantitative TRAP assay [qTRAP,
(53)]. An aliquot of 250 ng protein from immunodepleted
HEK293T cell extracts in TRAP lysis buffer was incubated (30 min, 25 C) in 25 ml qTRAP reaction buffer
[1 ABsoluteTM QPCR SYBR Green ROX Mix, 1 mM
EGTA (pH 8.0), 4 ng ml1 TS primer, 4 ng ml1 ACX
primer (Supplementary Table S1), 0.2 U ml1 RNasin
Plus]. The reaction was followed by a 15-min incubation
step at 95 C, followed by 40 cycles of ampliﬁcation (15 s at
95 C, 60 s at 60 C) on an ABI Prism 7000 Sequence
Detector. The relative telomerase activity was determined
using a standard curve and linear equation model (53).
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Figure 1. Analysis of the RNAs co-immunoprecipitated with RHAU RNPs. (A) RHAU associates with poly(A)+ RNAs in HeLa cells. First strand
cDNA synthesis from input (lanes 3 and 4) and co-immunoprecipitated (lanes 1 and 2) RNAs was monitored by incorporation of [a-32P]dATP. The
RT–PCR reaction products were separated by agarose gel electrophoresis. An autoradiogram of the gel is shown. The positions and sizes (kb) of
marker DNAs are indicated at the left. Signal intensities are expressed relative to the average signal intensity of the input fractions (lanes 3 and 4).
Expression and speciﬁc enrichment of RHAU-FLAG in input and FLAG-IP fractions were veriﬁed by Western blot analysis. (B) Scatter plot
representation of the differential enrichment of RHAU-bound versus non-speciﬁc RNAs as quantiﬁed by microarray analysis. The pink rectangle
delineates the area of RNA speciﬁcally enriched by RHAU. RNAs whose enrichment was further validated by semi-quantitative RT–PCR are
indicated. (C) Validation of novel RHAU-bound target RNAs. The abundance of 10 potential RHAU targets and four non-targeted RNAs in total
input RNA (lanes 3 and 4), control IP (lane 1) and RHAU-FLAG IP (lane 2) fractions was monitored by semi-quantitative RT–PCR. Reaction
products were separated by agarose gel electrophoresis and visualized by SYBR Green staining. Band intensities are expressed relative to the average
signal intensity of the input fractions (lanes 3 and 4).

RHAU-myc expressing cells and might thus be RHAUindependent RNAs binding non-speciﬁcally to the antiFLAG antibody matrix.
Thus, of the 9354 genes expressed in HeLa cells, 108
RNAs (1.2%) were found to be signiﬁcantly enriched in
RHAU-FLAG IP fraction compared with total input
RNA (Figure 1B). Finally, after subtraction of two nontarget RNAs based on the above-mentioned criteria that
were associated with the antibody or the beads, 106 RNAs
were judged to be speciﬁcally enriched by RHAU

(Supplementary Table S2). The most abundant transcripts
of these potential RHAU targets were selected for further
analysis.
Validation of potential RHAU target RNAs
To assess independently the validity and reproducibility
of the identiﬁed RHAU-associated transcripts, RNA
abundance in total input RNA, control IP and RHAUFLAG IP fractions from fresh whole-cell extracts were
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Figure 2. Computational analysis of potential intramolecular
G4-forming sequences (PQS) among RNAs enriched by RHAU. (A)
Box plot representation of the density of potential intramolecular
G4-forming sequences per transcript (PQS kb1) as a function of
their level of enrichment by RHAU. The lower and upper boundaries
of the boxes indicate the 25th and 75th percentiles, respectively. The
white lines within the boxes mark the median. The width of the boxes is
proportional to the number of transcripts found within a group. The
error bars indicate the 10th and 90th percentiles and the ﬁlled circles
the 5th and 95th percentiles. The grey rectangle refers to the group of
106 RNAs speciﬁcally enriched by RHAU and serves as a control
group for multiple comparison analysis. Statistical signiﬁcance was
determined by Kruskal–Wallis one-way ANOVA on ranks and the
Dunn’s test. nsP  0.05; *P < 0.05; **P < 0.01. The correlation
between the two variables was estimated by linear regression analysis
(y = 2.56x+5.60, R2 = 0.10, P < 0.001) and is indicated as a grey line
on the graph. (B) PQS analysis among randomized RHAU target sequences. The sequences of the 106 transcripts speciﬁcally enriched by
RHAU were shufﬂed, retaining single- or di-nucleotide base composition of the original transcripts. The box plot represents the density of
PQS (PQS kb1) among the original (not rand.), di-nucleotide shufﬂed
(di-NT rand.) and single-nucleotide shufﬂed (single-NT rand.) sequences. Statistical signiﬁcance was determined by one-way repeated

·

·

As RHAU shows a high afﬁnity for G4-RNA structures
in vitro (42), we next carried out a bioinformatics search
for RNAs with potential intramolecular G4 structures.
The rationale was that if RHAU binds G4-RNA in vivo,
the proportion of potential G4-forming sequences should
be higher among RNAs enriched by RHAU than among
non-enriched RNAs. Of the various available methods for
predicting intramolecular G4 motif sequences, we used
QGRS Mapper that identiﬁes and scores each potential
G4-forming sequence according to their predicted stabilities (50). Being aware that only limited experimental
data so far support the scoring method of QGRS
Mapper, we employed the algorithm to identify potential
G4-forming sequences, but we also included the G4-scorebased analysis as Supplementary Data (Supplementary
Figure S2), since the two approaches provided similar
results. In fact, with almost eight potential intramolecular
G4-forming sequences (PQS) per kilobase, the occurrence
of G4 motif sequences was higher in the fraction enriched
by RHAU than in any other fraction (Figure 2A and
Supplementary Figure S2A). In addition, there was a
weak (R2 = 0.10) but signiﬁcant positive correlation
between the predicted G4 motif density per transcript
and the magnitude of RNA enrichment by RHAU.
Randomization of RHAU target sequences, retaining
single- or even dinucleotide frequencies of the original
transcripts, signiﬁcantly reduced the proportion of potential G4-forming sequences (Figure 2B and Supplementary
Figure S2B). Thus, the proportion of G4 motif sequences
among RHAU-associated transcripts cannot be explained
by a mere bias in nucleotide composition.
It should be mentioned that our prediction is likely to
overestimate the number of G4-forming motif sequences
per transcript. In fact, we also considered G4 structures
consisting of only two successive G-tetrads as these metastable structures have also been demonstrated to have
Figure 2. Continued
measures ANOVA and the Dunnett’s test. (C) Proportions of RNAs
bearing stable PQS as a function of their level of enrichment by
RHAU. The grey rectangle refers to the group of 106 RNAs speciﬁcally
enriched by RHAU. The dashed grey line denotes the proportion of
sequences showing stable PQS in the input fraction. Signiﬁcant
(P < 0.001) association between the magnitudes of the two variables
was estimated by the chi-square-test-for-trend.
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B

analysed by semi-quantitative RT–PCR. As shown in
Figure 1C, 10 RNAs randomly selected from the group
of plausible RHAU targets were conﬁrmed to be enriched
>2-fold in the RHAU-FLAG IP fraction than in the
control IP or input fractions. Besides, four non-targeted
RNAs were included as negative control to monitor
RHAU binding to non-speciﬁc RNAs. None of them
were found to be enriched in the RHAU-FLAG IP
fraction despite their relatively high abundance in the
input fraction. Taken together, these independents results
validate the previous RIP-chip data. We assume that the
remaining RNA species are also part of RHAU RNPs,
although additional experiments would be necessary to
conﬁrm this supposition.
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biologically relevant roles (54). However, after discarding
these less-stable G4 structures from the analysis, we still
observed a signiﬁcant relationship between the proportion
of sequences bearing potentially stable G4-forming sequences (composed of three or more stacked G-quartets)
and the magnitude of RNA enrichment by RHAU
(Figure 2C). Indeed, with more than half of the sequences
presenting potentially stable G4-forming sequences, the
group of 106 RNAs identiﬁed as true RHAU targets presents one of the highest incidences of potentially stable
G4-forming motifs. In summary, the present data are
consistent with preferential association of RHAU with

B

C

D

RHAU associates with TERC through its G4
motif sequence
Within the pool of transcripts enriched by RHAU and
showing a high potential to form stable G4, TERC is
the only RNA reported previously to form a stable and
parallel G4 structure in vitro (Figure 3A) (30). TERC was

Figure 3. RHAU associates with TERC through its G4-motif sequence. (A) Schematic representation of the secondary structure of human TERC
bearing a parallel G4 structure in the 50 -extremity as described by Mergny et al. (30). (B) Nucleotide sequence of the WT and G4 motif mutant
(G4-MT and G4) forms of TERC. Guanine tracts that are predicted to form a stable G4-structure are shown bold. Nucleotide substitutions or
deletions in mutant forms of TERC are marked in red. The P1 helix subdomains as well as the template region are indicated. (C) RNA expression
levels of endogenous and recombinant WT and G4 motif mutant forms of TERC in HEK293T cells. Expression was quantiﬁed by RT–qPCR,
normalized to GAPDH expression and endogenous TERC levels set to 1. Data represent the mean ± SEM of three independent experiments.
(D) RT–qPCR analysis of the abundance of WT and G4 motif mutant forms of TERC that co-immunoprecipitated with endogenous RHAU
protein. RNA levels in IP fractions are represented in function of their respective abundance in the input fraction. Immunoprecipitation with mouse
IgGs (mIgG) served as a control to assess non-speciﬁc interactions. In lanes 4, 5 and 6, yellow hatches represent the fraction related to endogenous
TERC signal and violet hatches represent the fraction of TERC RNA that non-speciﬁcally interacts with the antibody matrix or the beads. Data
represent the mean ± SEM of ﬁve independent experiments. Comparable efﬁciency of RHAU immunoprecipitation in the various fractions was
veriﬁed by western blot analysis with anti-RHAU antibodies.
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A

transcripts containing potential G4-forming sequences,
suggesting direct recognition of G4-RNA structures by
RHAU. To further test this hypothesis, we selected one
of the identiﬁed RHAU targets and addressed the molecular basis of its interaction with RHAU.
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RHAU binds TERC through a G4 structure in the TERC
50 -region

·

In the absence of Mg NTPs, RHAU speciﬁcally binds to
tetramolecular G4-RNA structures with high afﬁnity
(42,45). The strict requirement for the G4 motif sequence
for effective recovery of TERC by RHAU in vivo suggested that RHAU may also form a stable complex with
TERC through direct binding of the G4-RNA forming
structure. To address this question in vitro, we performed
RNA electromobility shift assays (REMSA) using puriﬁed

recombinant GST-tagged RHAU protein and in vitro
transcribed radio-labeled full-length (1–451 nt) and 50 -end
(1–71 nt) TERC fragments. In the absence of protein, the
32
P-labeled probes migrated as a single species in the gel
(Figure 4A and B). Addition of increasing amounts of
RHAU to both full-length and 50 -end TERC fragments
resulted in the appearance of a high-afﬁnity (estimated
Kd of 10 nM) ribonucleoprotein complex of reduced
mobility. In contrast, the stability of the RHAU-TERC
interaction was strongly impaired (�20-fold reduction)
when formation of the G4 structure was prevented by
mutation of the G4 motif sequence (G4-MT, Figure 4C).
Similarly, conditions that are unfavourable to G4 stability
(substitution of K+ for Li+) impaired the RHAU-TERC
interaction to comparable extent (Figure 4D). Replacing
K+ by Li+ was indeed shown to strongly reduce the
thermodynamic stability of the TERC G4 structure (30).
Thus, these results demonstrate a direct and speciﬁc interaction between RHAU and TERC dependent on RNA
folding into a stable G4 structure. This is consistent with
the above ﬁnding that RHAU can co-immunoprecipitate
the wild-type but not the G4 motif mutated forms of
TERC. Together these observations argue that a
fraction of TERC RNA forms a G4 structure that can
be further bound by RHAU, in vivo.
RHAU associates with telomerase RNPs by direct
interaction with TERC
In cells, the biogenesis of the telomerase holoenzyme follows a stepwise RNP assembly. Upon transcription, nascent TERC is ﬁrst bound by proteins dyskerin, NHP2
and NOP10 and subsequently joined by GAR1 (55).
The co-transcriptional binding of this RNP complex is
essential for the processing and accumulation of TERC
transcripts. Finally, the catalytic protein component telomerase reverse transcriptase (TERT) assembles with the
processed telomerase RNPs and forms the active telomerase holoenzyme. To determine whether RHAU was exclusively interacting with TERC during the transcriptional
process or whether it was also part of the telomerase
RNP, we performed co-IP assays and examined whether
endogenous RHAU co-fractionated with endogenous
dyskerin or FLAG-tagged TERT proteins. Immunoblot
analysis showed that RHAU was present in both
dyskerin and TERT immunoprecipitated fractions but
absent in the control IP (Figure 5A and B, compare
lanes 1 and 2). The association of RHAU with components of the telomerase holoenzyme proved to be strictly
dependent on the ability of RHAU to bind the 50 -end of
TERC, since overexpression of wild-type but not the G4
motif mutated forms of TERC resulted in extensive enrichment of co-precipitating RHAU protein (Figure 5A
and B, compare lane 2 to lanes 3, 4 and 5). Although
mutations of the TERC G4 motif sequence severely
impinged on the recruitment of RHAU to the telomerase,
they had no apparent repercussions on the steady-state
expression level (Figure 5C) or on the assembly of the
core components of telomerase. Indeed, as shown in
Figure 5D (compare lane 2 to lanes 3, 4 and 5), similar
levels of TERT protein co-fractionated with dyskerin
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also found to be one of the most abundant RNAs enriched
by RHAU in several independent RIP-chip assays using
various cell lines (Supplementary Table S2 and unpublished data). To address the role of the TERC G4 structure in its efﬁcient co-immunoprecipitation by RHAU, we
cloned the TERC gene, including its promoter and 30
ﬂanking genomic sequence. The 50 extremity of the TERC
sequence was subsequently mutated (G4-MT) or truncated (G4) to prevent G4 formation (Figure 3B). To
avoid effects on the structurally conserved P1 helix by
the introduced substitutions, guanine residues that are
part of both the predicted G4 structure and the P1a
helix region were left intact. The recombinant forms of
TERC were transiently transfected into HEK293T cells
and the accumulation of stable TERC transcripts was monitored by RT–qPCR (Figure3C). After 24 h, HEK293T
cells transiently transfected with the TERC(WT) construct
but not with the vector alone showed a substantial
(�200-fold) increase in TERC abundance relative to endogenous TERC levels. Importantly, mutations of the G4
motif (G4-MT or G4) did not inﬂuence the steady-state
level of exogenous TERC expression in these cells since
recombinant wild-type, G4-MT and G4 forms of TERC
accumulated to comparable levels.
To examine the signiﬁcance of the G4 motif sequence
for co-precipitation of TERC with RHAU, we repeated
the RIP assay using HEK293T cells transiently overexpressing the wild-type or G4-MT and G4 mutated
forms of TERC. Immunoprecipitations were carried out
on endogenous RHAU using a monoclonal antibody
against RHAU and TERC RNA abundance was analysed
by RT–qPCR (Figure 3D). As already shown for endogenous TERC, a substantial amount of overexpressed
TERC(WT) was also recovered with endogenous RHAU,
as evidenced by a 25-fold enrichment of TERC transcript
over the mock transfection (Figure 3D, compare lanes 4
and 2). In marked contrast, both G4 motif mutated forms
of TERC were barely co-immunoprecipitated with
RHAU, judged by the 95% reduction in TERC abundance in the corresponding fractions compared with the
WT control (Figure 3D, compare lanes 5 and 6 to lane 4).
The drastic reduction in immunoprecipitation of the
TERC mutants was not due to non-speciﬁc RNA degradation in these fractions. Indeed, comparable levels of
non-speciﬁcally co-immunoprecipitated GAPDH RNA
were found to contaminate all of these fractions. Taken
together, these results indicate that the intact G4 motif
sequence is a prerequisite for TERC association with
RHAU in vivo.
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Figure 4. Gel mobility shift assay for TERC G4 binding by RHAU. (A) Radio-labeled full-length (1–451 nt) and (B) 50 -end (1–71 nt) TERC
fragments at a concentration of 100 pM were incubated without protein (�) or with increasing amounts (1, 3.2, 10, 32, 100 and 320 nM) of
GST-tagged RHAU in the absence of ATP. The reaction mixtures were analysed by non-denaturing PAGE. An autoradiogram of the gel is
shown. The positions of the free RNA substrate and the protein–RNA complex are indicated on the left. At concentrations up to 320 nM, GST
protein alone had no effect on TERC mobility (data not shown). (C) RNA-binding assay with WT and G4 motif mutant (G4-MT) forms of TERC
50 -end (1–71 nt) fragments. Radio-labeled TERC fragments were incubated without protein (�) or with increasing amounts (3.2, 10, 32 and 100 nM)
of GST-tagged RHAU. (D) Cation dependency of RHAU interaction with TERC. The 50 -end WT TERC fragment was incubated under standard
(100 mM K+) or lithium-based (100 mM Li+) REMSA conditions without protein (�) or with increasing amounts (10, 32 100 and 320 nM) of
GST-tagged RHAU.

following transient overexpression of either wild-type or
G4 motif mutated forms of TERC. These results suggest
that RHAU does not strictly bind TERC in the course of
its biogenesis but that a fraction of RHAU also associates
with the fully assembled telomerase holoenzyme through
direct interaction with the G4 motif sequence of TERC.
RHAU associates with telomerase activity
As RHAU binding to TERC requires a G4 structure, the
ﬁnding that RHAU co-immunoprecipitated with components of the telomerase complex suggested the existence of
an alternatively folded form of TERC bearing a G4 structure in a fraction of telomerase RNP. To address this
further, immunopuriﬁed RHAU RNP complexes were
analysed for telomerase activity by TRAP assay. In all
the subsequent experiments, parallel immunopuriﬁcation
of dyskerin served as a positive control for telomerase
activity (56). In agreement with previous observations,
TRAP assays of antibody-bound complexes conﬁrmed

that substantial telomerase activity was recovered with
RHAU but not with control IgGs (Figure 6A, top).
Coomassie staining demonstrated similar yields of
immunoprecipitated RHAU and dyskerin proteins
(Figure 6A, bottom) and protein identity was subsequently veriﬁed by Western blotting (Figure 6B). To
further examine the apparent signiﬁcance of G4 binding
by RHAU for its recruitment to the telomerase holoenzyme, we transiently expressed a FLAG-tagged mutant
version of RHAU (RSM, Supplementary Figure S3A)
that was unable to bind to G4 structures (45). Western
blot analysis conﬁrmed that the wild-type and
G4-binding-deﬁcient (RSM) forms of RHAU were expressed and recovered to similar levels (Supplementary
Figure S3B). Immunopuriﬁed RHAU fractions were
further assayed for telomerase activity and enrichment
of TERC (Supplementary Figure S3C and D). As previously observed for endogenous RHAU, immunopuriﬁed
FLAG-tagged RHAU(WT) efﬁciently recovered telomerase activity and co-precipitated TERC. In contrast,

Downloaded from http://nar.oxfordjournals.org/ by guest on December 19, 2012

bound
TERC1-71

3

Chapter 8

186

Nucleic Acids Research, 2011, Vol. 39, No. 21 9399

−

WT

−

G4-MT

TERC

Dyskerin
DG4

IP

mIgG

A

RHAU

3

5

+

+

+

FLAG

IP

TERC
TERT-FLAG

4

WT

B

2

G4-MT

1

DG4

Dyskerin

−
−

−
+

RHAU

−
+

4

5

WT

−
−

3

G4-MT

2

DG4

1

+

+

+

C
TERC
TERT-FLAG

TERT-FLAG
RHAU
Dyskerin

−
+

4

5

Dyskerin

−
+

WT

TERC
TERT-FLAG

3

G4-MT

IP

mIgG

D

2

DG4

1

+

+

+

ATPase-dependent interaction of RHAU with TERC
TERT-FLAG
Dyskerin

1

2

3

4

5

Figure 5. Association of RHAU with telomerase holoenzyme subunits.
(A) TERC G4 motif dependent association of RHAU with dyskerin.
Proteins from whole HEK293T cell lysates of either mock-transfected
(�) cells or transiently expressing WT or G4 motif mutant (G4-MT,
G4) forms of TERC were immunoprecipitated with either control
mouse IgGs (mIgG) or anti-dyskerin antibodies. Immunopuriﬁed
RNP complexes were separated by SDS–PAGE and probed with
anti-RHAU or anti-dyskerin antibodies. (B) TERC G4 motif-dependent
association of RHAU with TERT. Protein immunoprecipitation experiments with anti-FLAG antibodies were performed with whole cells
lysates of HEK293T cells transiently expressing TERT–FLAG protein
together with WT or G4 motif mutant (G4-MT, G4) forms of TERC.
Immunopuriﬁed RNP complexes were separated by SDS–PAGE and
probed with anti-RHAU or anti-FLAG antibodies. The asterisk
denotes immunoprecipitated TERT–FLAG protein that cross-reacted
unspeciﬁcally with the horsearadish peroxidase-conjugated secondary
antibody. (C) Western blot analysis of comparable protein expression
in input HEK293T cell lysates. (D) Protein immunoprecipitation experiments with anti-dyskerin antibodies were performed with whole cells
lysates of HEK293T cells transiently expressing TERT–FLAG protein
together with WT or G4 motif mutant (G4-MT, G4) forms of TERC.
Immunopuriﬁed RNP complexes were separated by SDS–PAGE and
probed with anti-FLAG or anti-dyskerin antibodies.

The fact that only one quarter of telomerase activity is
linked to RHAU may reﬂect a dynamic interaction between RHAU and TERC. Indeed, most of the DEAHbox RNA helicases only transiently interact with nucleic
acid, because they do not remain bound after the ATPasedependent remodelling of their substrate (57–60). To gain
insight into the role of ATP-hydrolysis by RHAU in its
interaction with TERC, we repeated gel mobility shift
assays with 50 TERC fragments in the presence of Mg2+
or ATP or both. As shown in Figure 7A, ATP or Mg2+
alone had little effect on the binding afﬁnity of RHAU for
TERC. In contrast, under conditions supporting ATP hydrolysis (Mg ATP), RHAU displayed reduced binding
afﬁnity for TERC, as evidenced by a 10-fold increase in
the apparent equilibrium Kd value (Figure 7C). Such a
reduction in the afﬁnity of RHAU for TERC was not observed when Mg ATP was substituted with the nonhydrolysable ATP analogue Mg AMP-PNP (Figure 7B
and C). Thus, the present data suggest that intrinsic
RHAU ATP hydrolysis rather than ATP binding is essential for disrupting the interaction of RHAU with TERC.
To further validate this, we turned to the previously
described RHAU(DAIH) mutant in which the E335A
amino-acid substitution within the Walker B site abolishes

·

·

·
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TERT-FLAG

negligible telomerase activity and TERC signal were
retrieved from the FLAG-tagged RHAU(RSM)
mutant, showing that G4 binding by RHAU is a prerequisite for RHAU binding to TERC. Altogether, these
ﬁndings provide persuasive evidence that a fraction of
RHAU associates with a subpopulation of the telomerase
holoenzyme in vivo through direct interaction with the
G4-motif sequence of TERC.
Finally, to determine the proportion of telomerase activity associated with RHAU, we carried out immunodepletion studies of RHAU in HEK293T cell lysates and
subsequently quantiﬁed the residual TERC level and telomerase activity within these fractions (Figure 6C and D).
Depletion with RHAU antibody signiﬁcantly ablated telomerase activity in an aliquot of the supernatant by 25%,
while �70% of the telomerase activity of the input fraction
was lost following depletion of endogenous dyskerin. As
a control, immunodepletion with control mouse IgGs
produced no signiﬁcant reduction in telomerase activity.
Western blot analysis of the supernatants conﬁrmed that
both RHAU and dyskerin proteins were effectively depleted from the corresponding fractions (Figure 6E).
Furthermore, the quantiﬁcation by RT–PCR of RNA
levels in the immunodepleted fractions was consistent with
the above ﬁndings. Indeed, approximately one quarter of
input TERC, but not unrelated RNAs such as b-actin
mRNA, vanished following depletion of endogenous
RHAU. These results not only corroborate the association
of RHAU with telomerase, but also show that the fraction
of telomerase interacting with RHAU accounts for merely
25% of the total telomerase activity. Nevertheless, these
data provide indirect but explicit evidence of the existence
of an alternatively folded TERC structure bearing a G4
scaffold in the fully assembled telomerase holoenzyme.

Publications

187

D
Residual RNA

Dysk.

RHAU

mIgG

Input

IP

RHAU

80
60
40
20
0
100

1

2

3

20
Input

RHAU

***

40

4

E

RHAU
Dyskerin

Dyskerin
IgGHC

50
1

2

HSC70

3

1

2

3

4

Figure 6. Association of RHAU with telomerase activity. (A) TRAP assay of immunopuriﬁed endogenous RHAU and dyskerin RNP complexes.
RHAU or dyskerin RNP complexes were enriched by immunoprecipitation and a fraction of the immunopuriﬁed RNP was essayed for telomerase
activity by the TRAP assay. Mouse IgGs (mIgGs) served as a control to assess non-speciﬁc interactions to the antibody matrix. A fraction of the
immunopuriﬁed RNP was separated by SDS–PAGE. The Coomassie stained gel was scanned on a LI-COR Odyssey infrared imaging system.
Positions of the immunoprecipitated proteins as well as the immunoglobulin heavy chains (IgGHC) are indicated at the right. Positions and sizes
(kDa) of marker proteins are shown at the left. (B) Western blot analysis of the immunopuriﬁed RNP complexes assayed for telomerase activity.
(C) qTRAP analysis of the residual telomerase activity present in immunodepleted HEK293T cell lysates. Data represent the mean ± SEM of three
independent experiments. Statistical signiﬁcance was determined by one-way ANOVA and the Bonferroni t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
(D) RT–qPCR analysis of the residual levels of TERC and b-actin RNAs in immunodepleted HEK293T cell lysates. The RNA signal was normalized
to GAPDH. Data represent the mean ± SEM of three independent experiments. Statistical signiﬁcance was determined by one-way ANOVA and the
Bonferroni t-test. (E) Western blot analysis of input and immunodepleted HEK293T cell lysates. Heat shock protein 70 cognate (HSC70) was used as
a loading control.

RHAU ATPase activity (45). Unlike wild-type RHAU,
the binding afﬁnity of RHAU(DAIH) mutant for TERC
was similar in the absence and presence of Mg ATP
(Figure 7B and C). The absence of RHAU helicase
activity as a consequence of the loss of ATPase activity
probably prevents RHAU dissociation from its substrate.
In fact, a similar reduction in in vivo RNA binding
dynamics after suppression of RHAU intrinsic ATPase
activity was reported previously in studies of the shuttling
of RHAU in cytoplasmic stress granules (43). Taken
together, these data corroborate the idea that RHAU is
not permanently associated with TERC but dissociates
upon ATP hydrolysis.
Apart from a high afﬁnity for G4 structures, RHAU
has also been shown to couple ATP hydrolysis with
tetramolecular G4-RNA resolving activity (42,45). These
biochemical properties prompted us to test whether
RHAU could catalyse the conversion of TERC G4 structure to ssRNA form. However, the faster rate of refolding
of intramolecular G4 structures with regard to
tetramolecular G4-RNAs made it technically difﬁcult to
monitor the G4-resolving activity of RHAU using
standard non-denaturing gel electrophoresis.

·

DISCUSSION
The propensity of nucleic acid guanine-rich sequences to
self-assemble into G4 structures in vitro has been recognized for several decades. Although RNA is also prone to
form such structures, G4-RNA has not attracted as much
attention as G4-DNA. Nevertheless, a growing body
of evidence indicates a signiﬁcant role for G4 structure
formation during RNA metabolism (20,61). As a consequence, G4 structures emerged as a plausible posttranscriptional means of regulating the function of
coding and non-coding RNAs. However, little is known
about the mechanisms by which G4-RNA formation is
regulated in the cells. Indeed, only a few proteins have
been reported so far to interact with G4-RNAs in vitro
(62–66) and, apart from FMRP and FMR2P, experimental data on their biological activity subsequent to their
interaction with G4-RNAs is scarce. Of these G4-RNA
binding proteins, RHAU is the only protein that exhibits
robust in vitro ATPase-dependent G4-RNA resolving
activity, in addition to a high afﬁnity and speciﬁcity for
its target RNAs (42). These particular biochemical features
promote RHAU as an ideal candidate for regulating G4dependent RNA metabolism, although its in vivo RNA
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Figure 7. Role of Mg ATP on the interaction of RHAU with TERC. (A) Gel mobility shift assay for TERC G4 binding by RHAU. Radio-labeled
5 -end (1–71 nt) TERC fragment at a concentration of 100 pM was incubated without protein ( ) or with increasing amounts (3.2, 10, 32 and
100 nM) of puriﬁed recombinant GST-tagged RHAU in the presence of 1 mM Mg2+, ATP or Mg ATP (as indicated). The reaction mixtures were
analysed by non-denaturing PAGE. An autoradiogram of the gel is shown. (B) Gel mobility shift assay of TERC G4 binding by the ATPase deﬁcient
RHAU(DAIH) mutant. Radio-labeled 5 -end TERC fragment was incubated without protein ( ) or with increasing amounts (3.2, 10, 32 and
100 nM) of puriﬁed recombinant WT or DAIH mutant GST-tagged RHAU in the presence of 1 mM Mg2+, Mg ATP or Mg AMP-PNP
(as indicated). (C) Quantiﬁcation of gel mobility shift assays of WT and RHAU(DAIH) mutant binding to TERC 5 -end (1–71 nt) fragment.
The data represent the mean of three independent experiments. Error bars for SEM were omitted for clarity.

·

·

targets have not yet been determined. The present study
aimed to identify naturally occurring RHAU targets with
the emphasis on RNAs containing potential G4-forming
sequences. By RIP-chip assays, 106 RNAs were found to
be signiﬁcantly enriched with RHAU. Importantly, more
than half of these RNAs contained G-rich sequences with
potential to form stable G4 structures. In addition, there
was a weak but signiﬁcant correlation between the predicted G4 motif density per transcript and the magnitude
of RNA enrichment by RHAU. Nevertheless, because
RHAU appears to show signiﬁcant afﬁnity for RNAs
not bearing G4-forming sequences, we do not exclude
the possibility that RHAU has afﬁnity to other RNA
structural features.
In-depth studies revealed that TERC, one of the identiﬁed RNAs, was a bona ﬁde target of RHAU. Several independent RIP-chip assays using various cell lines further
showed TERC to be one of the most abundant RNAs
enriched by RHAU. TERC bears a 5 G-rich sequence
that was previously shown to adopt a stable intramolecular G4 structure in vitro (30). Further investigations dissecting the basis of the interaction between RHAU and

·

TERC showed RHAU binding to be strictly dependent on
G4 structure formation in the 5 region of TERC and to
require the N-terminal RSM domain of RHAU, an ancillary domain necessary for speciﬁc recognition of G4 by
RHAU (45). Moreover, RHAU was found to interact
transiently with TERC in a manner dependent on its
own ATPase activity. Together, these data provide the
ﬁrst evidence of a speciﬁc and direct interaction between
a G4-resolvase enzyme and a potentially relevant intramolecular G4-RNA substrate. Furthermore, in agreement
with our previous reports (42,45), these data attest that
G4-RNAs are naturally occurring substrates of RHAU
in vivo.
The 5 extremity of TERC folds into an intramolecular
G4 structure
In agreement with the observations presented here,
Mergny and co-workers reported previously the formation
in vitro of a G4 structure in the 5 region of human TERC
(30). However, as for the great majority of nucleic acid
structures, direct experimental demonstration of G4 structures in vivo has proven very difﬁcult. As such, our results
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structures in vitro (70). These data suggest that RHAU
can resolve G4 structures irrespective of the strand stoichiometry of the G4 stem. Although unwinding of TERC
G4 by RHAU has not yet been demonstrated experimentally, our observation that RHAU dissociates from TERC
upon ATP-hydrolysis, but not upon ATP binding,
supports the idea that RHAU couples ATP-hydrolysis
to conformational changes of TERC, resulting in the resolution of the G4 and further release of RHAU from its
target RNA.
RHAU may target other RNAs containing G4 structures
Apart from TERC, 54 further RNAs found to be
associated with RHAU are predicted to form stable G4
structures (Supplementary Table S2). The determination
of the modalities and the signiﬁcance of these interactions
are essential issues to be addressed in the future.
Nonetheless, the ﬁnding that RHAU associates preferentially with transcripts bearing potential G4-forming sequences strongly suggests that RHAU targets G4-RNA
structures in cells. Although nearly three-quarters of
these G4-forming sequences are located in 50 or 30 UTRs
of mRNAs (Supplementary Table S2), it is important to
stress that, to date, we have not observed any suppressive
action of RHAU on translational repression by G4 formation in 50 -UTRs. Therefore, RHAU is unlikely to
function as a translational activator but may instead intervene in other aspects of mRNA metabolism, such as premRNA processing or mRNA turnover. Indeed, RHAU
localizes predominantly in the nucleus, where it concentrates in nuclear speckles (71). These are sites of high transcriptional activity and mRNA splicing. Furthermore,
RHAU relocalizes to cytoplasmic stress granules in
response to various cellular stresses (43). Although recruitment of RHAU to stress granules is mediated by interaction with RNA, we have not yet examined whether this
phenomenon depends upon binding of RHAU to
G4-RNA structures. However, considering that RSMdomain mutated forms of RHAU deﬁcient in G4-RNA
binding also show reduced relocalization to stress granules,
it is likely that a fraction of RHAU binds G4 structures in
stress granules.
Together with our previous ﬁndings that RHAU binds
and exhibits robust resolvase activity on various types of
G4 structures (41,42,70), the data presented here bring
forth the idea that G4-RNAs and especially intramolecular G4-RNAs serve as physiologically relevant targets for
RHAU. Identiﬁcation of naturally occurring substrates of
RNA helicases is a prerequisite to any further investigation of their biochemical properties in vitro. However,
although most of the RNA helicases achieve highly speciﬁc
tasks in vivo, they often show only little or even no nucleic
acid binding speciﬁcity in vitro. Currently, our major limitation towards understanding the mechanisms, whereby
RNA helicases melt nucleic acid structures stem from
the difﬁculty of identifying such physiologically relevant
substrates. Hence, few detailed molecular models available
for studying RNA helicases in vitro. However, with the
ﬁnding that the 50 region of TERC constitutes a biologically relevant substrate, RHAU emerges as a novel and
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do not directly prove the existence of G4 structures in vivo,
but strongly support the notion that TERC can form a G4
structure in the cells. Notably, RHAU can only bind
TERC provided that all conditions necessary for the formation of an intramolecular G4 structure (RNA sequence
and ionic conditions) are met. Modifying any one of
the conditions is sufﬁcient to reduce substantially the
afﬁnity of RHAU for TERC. In addition, our data
argue that TERC G4 structure can also be formed in a
fraction of telomerase holoenzyme, since RHAU associates with TERT and dyskerin proteins and signiﬁcant
amounts of telomerase activity were recovered with
RHAU. Based on the fraction of telomerase activity
co-precipitating with RHAU, we can estimate that at
least 25% of TERC in the human telomerase holoenzyme
bears a 50 G4 structure. Moreover, we predict that formation of a G4 structure in TERC is not exclusive to human
cells, since the majority of the mammalian orthologues of
TERC also harbours a potential 50 G4-forming sequence
(Supplementary Figure S4). Insofar as the G4-RNA
binding and resolving activities of RHAU are conserved
in higher eukaryotes (45), it would not be surprising to
ﬁnd that RHAU is part of the telomerase holoenzymes
of other mammals.
As reported previously (30), folding of the 50 region of
TERC into a G4 structure is likely to interfere with the
widely adopted secondary structure of human TERC
(Supplementary Figure S5). Indeed, according to the
standard model of TERC secondary structure (67), two
of the guanine tracts that are part of the intramolecular
G4 also form the P1a helix. As a consequence, the P1a
helix and G4 represent two mutually exclusive structures
and may correspond to different functional states of
TERC. Insofar as helix P1 is required for template
boundary deﬁnition in mammalian telomerase (68), formation of a G4 structure in TERC may be detrimental to
telomerase activity. On the other hand, G4 structure formation may protect TERC from degradation during telomerase biogenesis. Such a scenario was suggested quite
recently by Collins and co-workers, who found that nucleotide substitutions within the G4-forming sequence
markedly reduced accumulation of the mature form of
TERC, thereby causing telomere shortening (69). Similar
to our data, they also found that RHAU associates with
the G4-forming sequence of TERC in vivo, but in contrast
to our ﬁnding, detected negligible telomerase activity with
immunopuriﬁed RHAU fraction. Thus, further experiments are necessary to clarify the functional impact of
G4 formation in TERC on telomerase biogenesis and
activity.
In cells, the P1 duplex- and G4-folded forms of TERC
are likely to coexist in dynamic equilibrium. However,
under physiological conditions, restoration of helix P1
base pairing from the G4-folded conformation of TERC
is likely to require a catalyst due to the high thermodynamic stability of the quadruplex (30). The biochemical
properties and substrate speciﬁcity of RHAU make it a
likely candidate for catalysing such a reaction. Quite apart
from its high afﬁnity for TERC, RHAU manifests robust
tetramolecular G4-RNA resolving activity (42,45) and was
also shown to unwind various intramolecular G4-DNA
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promising prototype of DEAH-box protein and deserves
more investigations to explore its functions as a G4
resolving enzyme.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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