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ABSTRACT

In Drosophila, dosage compensation globally upreg-
ulates the expression of genes located on male sin-
gle X-chromosome. Maleless (MLE) helicase plays
an essential role to incorporate the roX lncRNA into
the dosage compensation complex (MSL-DCC), and
such function is essentially dependent on its dsRNA-
binding domains (dsRBDs). Here, we report a 2.90Å
crystal structure of tandem dsRBDs of MLE in com-
plex with a 55mer stem-loop of roX2 (R2H1). MLE
dsRBDs bind to R2H1 cooperatively and interact with
two successive minor grooves and a major groove
of R2H1, respectively. The recognition of R2H1 by
MLE dsRBDs involves both shape- and sequence-
specificity. Moreover, dsRBD2 displays a stronger
RNA affinity than dsRBD1, and mutations of key
residues in either MLE dsRBD remarkably reduce
their affinities for roX2 both in vitro and in vivo. In
Drosophila, the structure-based mle mutations gen-
erated using the CRISPR/Cas9 system, are partially
male-lethal and indicate the inter-regulation among
the components of the MSL-DCC at multiple levels.
Hence, our research provides structural insights into
the interactions between MLE dsRBDs and R2H1 and
facilitates a deeper understanding of the mechanism
by which MLE tandem dsRBDs play an indispensable

role in specific recognition of roX and the assembly
of the MSL-DCC in Drosophila dosage compensation.

INTRODUCTION

X-chromosomal dosage compensation processes exist in a
wide range of eukaryotic organisms (1). This biological pro-
cess is essential for balancing the expression levels of X-
linked genes caused by the unequal number of X chro-
mosomes between males and females (2). Different species
have evolved different strategies. In female mammals, one
of the two X chromosomes is transcriptionally inactivated,
through a process called X chromosome inactivation (3,4).
In contrast to mammals, the compensation process in male
Drosophila is mediated by the double upregulation of the
transcription of genes located on the single X chromosome
in males (5).

Dosage compensation in Drosophila is achieved by a
ribonucleoprotein complex MSL-DCC (6). The complex
consists of five proteins (MSL1, MSL2, MSL3, males
absent-on-the-first (MOF) and MLE) together with at least
one of the two long non-coding RNAs, called RNA on the
X 1 and 2 (roX1 and roX2) (7,8). The MSL-DCC selectively
binds to the discontinuous high-affinity sites (HASs) of the
male X chromosome and X chromosome-widely acetylates
histone H4 lysine 16 (H4K16Ac) (9,10). The acetylation me-
diated by the acetyltransferase activity of MOF loosens the
chromatin fiber, promotes active gene transcription and up-
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regulates mRNA levels (11,12). The transcriptional levels of
male X chromosome-linked genes are globally upregulated
by ∼2-fold, compensating for the lack of one X chromo-
some in males (13).

Following unwinding and remodeling by MLE, roX
RNA exposes binding sites for MSL2 and triggers the as-
sembly of the MSL-DCC (12,14). MSL2 is also essential for
roX RNA incorporation in the MSL-DCC and cooperates
with MLE to spread to the HASs on the X chromosome
(15,16). According to the results of a protease hydrolysis
assay, MLE only interacts with the roX RNAs and has lit-
tle contact with other components of the MSL-DCC (16).
In absence of MLE helicase, roX RNA fails to be incor-
porated into the MSL-DCC (17). Thus, the mechanism of
MLE helicase-mediated unwinding and remodeling of roX
RNA is the first step in dosage compensation in Drosophila.

The lengths and sequences of roX1 and roX2 are quite
different but they both contain conserved uridine-rich re-
gions known as the roX boxes (18,19). As reported, MLE
helicase exhibits specificity for uridine nucleotides, ra-
tionalizing the conservation of uridine-rich sequences in
roX RNAs (20). Selective 2′-hydroxyl acylation analyzed
by primer extension and parallel analysis of RNA struc-
ture confirmed that roX2 exon-3 consists of eight stem-
loops connected by flexible single-stranded linkers (Fig-
ure 1B) (19). RoX2 is split into two clusters: four stem-
loops at the 5′ end that interact with MLE helicase in an
adenosine triphoshate (ATP)-independent manner (R2H1,
R2H2, R2H3 and P3) and the four stem-loops at the 3′
end that interact in an ATP-dependent manner (P4, R2H4,
R2H5 and R2H6), with CAATA repeats connecting the two
clusters. The ATP-independent interaction with roX2 is me-
diated by the N-terminal tandem dsRBDs of MLE (19).
Moreover, among the 5′ cluster of roX2, the first helical
structure of roX2 (R2H1) is the most important for MLE
dsRBD binding (19,21).

MLE is an ATP-dependent DEXH box RNA/DNA heli-
case (22,23). Generally, MLE helicase unwinds blunt-ended
dsRNA or RNA/DNA hybrid duplexes in the 3′ to 5′ di-
rection (20). Similar to other RNA helicases, MLE con-
tains two conserved RecA domains that are responsible
for the RNA-dependent ATPase and ATP-dependent RNA
unwinding activities (20,24). MLE also contains auxiliary
domains, including two tandem dsRBDs at the N-terminus
and a helicase-associated 2 (HA2) domain, an OB-fold do-
main and a glycine-rich region at its C-terminus (20). Many
RNA helicases use RecA domains to remodel RNA while
employing auxiliary domains to bind the substrate, inter-
act with protein partners and regulate the catalytic activ-
ity (20,25). In the complex structure of MLEcore–U10–ADP-
AlF4 (PDB ID: 5AOR), auxiliary domains of MLEcore co-
ordinate with RecA domains to specifically recognize the
UxUUU motif (20). The structure of MLEcore–U10–ADP–
AlF4 complex has provided insights into the mechanisms
of ATP-dependent MLE helicase activity and the ssRNA
binding status (20). The ATP-independent interaction be-
tween MLE and roX2 is mainly mediated by the N-terminal
tandem dsRBDs of MLE (19). However, the mechanisms
revealing how MLE dsRBDs specifically targets the roX2
dsRNA and the interaction mediate the dsRNA unwinding
remain largely unknown.

DsRBDs are well-characterized dsRNA binding do-
mains of ∼65–75 amino acids that adopt a conserved
����� fold (26). Proteins that contain tandem dsRBDs
interact with dsRNA through more than one dsRBD and
participate in many biological processes, such as RNA si-
lencing, RNA editing, RNA processing, etc. (27–29). Hu-
man RNA helicase A (RHA, also named as DHX9) utilizes
its N-terminal tandem dsRBDs for siRNA recognition to
promote the formation of the active RISC (RNA-induced
silencing complex) (30). The two dsRBDs of rat ADAR2
(adenosine deaminases that act on RNA) specifically rec-
ognize the R/G site of GluR-B to modify adenosines to
inosines within RNA transcripts for recoding genomic in-
formation (31). The structures of many complexes have
been reported, but limited descriptions of the structures of
dsRBDs with their natural RNA target are available. Re-
garding the N-terminal tandem dsRBDs of MLE, dsRBD2
displays a stronger binding capacity for roX RNA than
dsRBD1 (32). DsRBD2 is required for the ATPase and he-
licase activities of MLE, whereas deletion of dsRBD1 does
not influence the helicase activity of MLE (23,32). However,
both of domains are indispensable for male X chromosome
targeting (23,32).

To obtain structural insights into roX2 recognition and
MSL-DCC assembly facilitated by MLE dsRBDs, we deter-
mine the crystal structure of the tandem dsRBDs of MLE in
complex with R2H1. We show that MLE tandem dsRBDs
interact with R2H1 by cooperatively binding either side of
the dsRNA. Through the structural analyses, we identify
the key residues of MLE dsRBDs that are responsible for
the specific recognition of R2H1. Structure-based muta-
tions in MLE dsRBDs significantly reduce the roX2 bind-
ing affinity of MLE, result in male lethality, and disrupt the
accumulation of the MSL-DCC on X-chromosome in male
flies. Intriguingly, the mutant of the key residues in the roX2
binding of MLE dsRBD2 not only causes comparable male
mortality as the deletion of the tandem dsRBDs, but also
makes MLE completely lose the ability of X-chromosome-
specific localization. Hence, using a combination of bio-
chemical, structural, and functional studies, we provide a
detailed description of the specific recognition of a natural
dsRNA by MLE dsRBDs that facilitates a deeper under-
standing of the mechanism by which MLE utilizes the tan-
dem dsRBDs to recognize roX RNA and elaborately regu-
late the assembly of the MSL-DCC.

MATERIALS AND METHODS

Protein expression and purification

The full-length Drosophila mle gene was cloned in the
pEASY-T vector (TransGen Biotech). Different MLE
dsRBDs constructs: dsRBD1 (residues 1–87), dsRBD2
(residues 152–264) and dsRBD1+2 (residues 1–264), were
amplified and cloned into a modified pET28a (Novagen)
plasmid. The modified pET-28a plasmid contained an N-
terminal SUMO-tag and a ULP1 protease cleavage site. The
proteins were expressed in Escherichia coli BL21 (DE3) cells
(Novagen) cultured in LB medium at 37◦C to OD600 = 1.0,
and then shifted to 16◦C for 24 h after induction with 0.5
mM isopropyl-�-D-thiogalactopyranoside (IPTG). Bacte-
rial pellets were resuspended in buffer A (20 mM Tris and 1
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Figure 1. The MLE dsRNA binding domains bind the first stem-loop of roX2–R2H1. (A) The domain organization of MLE helicase; the constructs
used in this study are indicated. (B) Structural model of roX2 exon-3 showing the eight stem-loop structural domains linked together by flexible single-
stranded linkers. The first stem-loop of roX2–R2H1 is highlighted with a dashed red box. (C) EMSAs with unlabeled 55mer R2H1 and identical increasing
concentrations of MLE dsRBD constructs. (D) The binding affinities of 3′-FAM-labeled 55mer R2H1 for dsRBD1 (red), dsRBD2 (blue), dsRBD1+2 (black)
determined by FP experiments are shown.

M NaCl, pH 7.5) and lysed by sonication on ice. The crude
lysate was then centrifuged at 14000 rpm for 30 min at 4◦C.
The supernatant was applied to a Ni-NTA column (QIA-
GEN), followed by size exclusion chromatography using a
Superdex 200 (GE Healthcare) column. After cleavage with
ULP1 protease overnight at 16◦C to remove the SUMO-
tag, an additional Ni-NTA column purification step was
employed. The purified protein was concentrated to ∼20
mg/ml in buffer B (50 mM Na2HPO4, 150 mM NaCl and
5 mM TCEP, pH 7.0) and stored at −80◦C. All mutants
were generated using a MutanBEST kit (TaKaRa) and con-

firmed by DNA sequencing. The mutant proteins were pu-
rified using the protocol described above.

RNA preparation

The RNA used for crystallization, electrophoretic mobil-
ity shift assays (EMSA) and fluorescent polarization assays
(FP) is a 55mer RNA. It is the first stem-loop of roX2 exon-
3 at its N-terminus and was transcribed and purified in vitro.
The DNA template used to transcribe the 55mer RNA was
synthesized by TaKaRa. Bio, Inc., and dissolved in diethyl
pyrocarbonate (DEPC)-treated water to a final concentra-
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tion of 100 mM. The reaction mixture comprised 10 mM
Tris, 10 mM DTT, 10 mM NTPs, 40 mM MgCl2, 0.3 mM
T7 template, 0.3 mM DNA templates and 3 mg/ml T7 poly-
merase. The reaction was performed at 37◦C for 4 h. After
transcription, the transcription products were treated with
0.1 total volume (0.1 V) of 0.5 M ethylenediaminetetraacetic
acid (EDTA), 0.1V of 5 M NaCl and 3V of absolute alcohol
and incubated at −40◦C overnight. Then, the transcription
products were centrifuged, the supernatant was discarded
and the precipitated RNA was dissolved in 1.5 ml of DEPC-
treated water. An equal volume of RNA loading buffer was
added (TaKaRa), incubated at 90◦C for 5 min and cooled
on ice for 5 min. The RNA samples were separated on 12%
denaturing polyacrylamide gel and purified using Elutrap
(Whatman). The final 55mer R2H1 was dialyzed against
DEPC-treated water, concentrated to 1 mM and stored at
−80◦C. Prior to use, the RNA substrate was heat-denatured
at 95◦C for 5 min and annealed on ice for 5 min.

Protein crystallization, data collection and structure determi-
nation

Native and selenomethionine (SeMet)-derivative MLE
dsRBD1+2 were directly added to the prepared R2H1 at
a 1:1.5 molar ratio followed by separation on a Superdex
200 (GE Healthcare) column in buffer C (20 mM Tris and
150 mM NaCl, pH 7.5) to remove the excess RNA. The
complex was concentrated to a final concentration of ∼25
mg/ml. Crystals of the complex were grown at 20◦C via
the hanging drop vapor diffusion method, with the mother
liquor containing 200 mM lithium citrate tribasic tetrahy-
drate and 20% PEG3350. Crystals were soaked in mother
liquor supplemented with 20% glycerol before being flash-
frozen in liquid nitrogen. X-ray diffraction data for the crys-
tals were collected on beamline 19U of the Shanghai Syn-
chrotron Radiation Facility (SSRF). The data were pro-
cessed with HKL2000 and programs in the CCP4 suite. Sin-
gle wavelength anomalous scattering data were collected
from a crystal of the SeMet-derivative MLE dsRBD1+2–
R2H1 complex. The initial phase was calculated using Au-
toSol in PHENIX, and the initial model was built using
AutoBuild in PHENIX (33). The initial model was then
completed through several cycles of manual model rebuild-
ing in COOT (34) and refinement in REFMAC5 (35). The
structure of the MLE dsRBD1+2–R2H1 complex was deter-
mined by molecular replacement with the program MOL-
REP (36) in CCP4i. All initial models were refined us-
ing the maximum likelihood method implemented in REF-
MAC5 (35) as part of CCP4i program suite and rebuilt in-
teractively using the program COOT (34). Final refinement
strategies included XYZ coordinates, individual B-factors,
occupancies, and automated correction of N/Q/H errors
using PHENIX. Crystallographic parameters are listed in
Supplementary Table S1. All images of the structures were
prepared using PyMOL (http://www.pymol.org/).

Circular Dichroism measurements (CD)

Far-UV circular dichroism (CD) spectra of the MLE
dsRBD1+2 and its mutants were determined using an Ap-
plied Photophysics Chirascan spectrometer at 298 K. The

spectra were recorded at wavelengths ranging from 195 to
260 nm using a 0.05 cm path length cell. The protein sam-
ples were diluted to 0.1 mg/ml with CD buffer (50 mM
Na2HPO4 and 150 mM NaCl, pH 7.5). A buffer-only ref-
erence was subtracted from each curve. All samples were
tested in triplicate.

Size exclusion multi-angle light scattering (SEC-MALS)

Size exclusion multi-angle light scattering data were col-
lected using an AKTA pure system (GE Healthcare) with
a Superdex 200 Increase 10/300 GL column (GE Health-
care) at a flow rate of 0.6 ml/min in buffer D (20 mM Tris,
150 mM NaCl and 2 mM MgCl2 at pH 8.0). The system
was coupled on-line to an 18-angle MALS detector (DAWN
HELEOS II, Wyatt Technology) and a differential refrac-
tometer (Optilab T-rEX, Wyatt Technology). Molar mass
determination was calculated using ASTRA 7.0.1.24 soft-
ware.

Electrophoretic mobility shift assays (EMSA)

All RNA-binding reactions were performed in binding
buffer D. Prior to use, the RNA substrate was heat-
denatured at 95◦C for 5 min and annealed on ice for 5 min.
A total of 10 �l of the binding reaction contained 5 �l of
1200 nM unlabeled R2H1 and 5 �l of MLE dsRBDs at var-
ious concentrations. MLE dsRBDs were first diluted to 120
�M, followed by successive 2-fold dilutions to a final con-
centration of 46.87 nM. Reactions were incubated at room
temperature for 40 min and resolved on 6% native polyacry-
lamide gels, unless stated otherwise.

Fluorescent polarization assays

The lyophilized 3′-FAM (carboxyfluorescein)-labeled RNA
oligomer (R2H1) was purchased from TaKaRa Bio, Inc.,
dissolved in DEPC-treated water to a final concentration
of 100 �M and stored at −80◦C. The stock (100 �M) was
diluted to 80 nM in dilution buffer D. Equilibrium disso-
ciation constants of RNA and different MLE dsRBD con-
structs were determined by measuring FP, as previously de-
scribed. MLE dsRBD constructs were first diluted to 20
times the highest concentration used in the binding system,
and then successively diluted 2-fold until the lowest desired
concentration was reached. Before the assay, 100 �l of 80
nM fluorescence-labeled RNA were mixed with 100 �l of
protein stocks from the diluted series and incubated for 15
min. Samples were then excited at 485 nm, and FP was de-
tected at 525 nm using a SpectraMax M5 (Molecular De-
vices) plate reader at 20◦C. All FP data were well fitted to a
1:1 binding model and were expressed as follows:

FP = FPini + max
2nR

×
(

Kd+P + nR− max
2nR

√
−4nPR+(Kd+P + nR)2

)

where FP is the observed total polarization, FPini is the ini-
tial FP of RNA without any protein, P is the protein con-
centration, R is the concentration of labeled RNA, n is the
binding stoichiometry (protein: RNA ratio) and Kd is the
equilibrium dissociation constant. Standard errors were ob-
tained by fitting the data to the above equation

http://www.pymol.org/
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Cell culture and RNA immunoprecipitation (RIP)

To generate GFP-MLEFL expression vectors, cDNA en-
coding full-length Drosophila MLE gene was cloned into
GFP-pAc5.1 plasmid, resulting in the expression of MLEFL
fused to an N-terminal GFP. All mutants and deletions of
MLEFL were generated using a MutanBEST kit (TaKaRa)
and confirmed by DNA sequencing. For RIP, GFP-tagged
wild-type or mutant MLEFL expression vectors were used
to transfect exponentially grown stable S2 cell lines. Non-
transfected S2 cells served as the control. For each IP, 1
× 108 S2 cells were collected, washed once with PBS and
flash frozen in liquid nitrogen. Then, the cell pellet was
thawed on ice and resuspended in buffer E (10 mM Tris, 150
mM NaCl and 0.5 mM EDTA, pH 7.5, in DEPC-treated
H2O). A Roche complete protease inhibitor cocktail, PMSF
(Solarbio) and RNasin (Promega) were then added. The
cells were lysed by sonication on ice for 2 min. The lysates
were then centrifuged at 14000 rpm for 30 min at 4◦C. In-
put material (10%) was kept for RNA and protein analy-
ses. Each supernatant was incubated with 25 �l of GFP-
Trap beads (Chromotek) for 2 h at 4◦C on a rotating wheel.
The beads were extensively washed and then incubated with
Proteinase K (100 �g in buffer E with 0.5% sodium dode-
cyl sulphate) for 45 min at 55◦C. RNA was extracted us-
ing phenol:chloroform:isoamylalcohol (125:124:1, pH 5.6)
(Solarbio) once and chloroform once and then precipitated
with EtOH. RNA samples (Input and IP) were subjected
to quantitative reverse-transcription polymerase chain re-
action (qRT-PCR) with SYBR green dye (Applied Biosys-
tems) using primers specific for roX2 and Pka (Supplemen-
tary Table S2). RNA enrichment of wild-type or mutant
MLEFL is calculated as IP/Input and normalized to wild-
type MLEFL. The Pka RNA served as an MLE-unbound
control in each experiment. Input proteins were analyzed by
western blotting using GFP (Abcam) and Lamin (DSHB)
antibodies, respectively.

Drosophila culture and mle mutagenesis

Culture and crosses of Drosophila were conducted on stan-
dard medium at 25◦C. Three mle mutant strains contain-
ing precise deletions or substitutions were generated using
the CRISPR/Cas9 system (37). For the generation of each
allele, the guide RNA-expressing plasmids and the donor
plasmid containing the fragment with deletions or substi-
tution as well as ∼1 kb flanking homologous arms were
co-injected into embryos of transgenic line nos-Cas9 (attP2)
by UniHuaii Technology Company. Primers located outside
the range of homologous arms and allele-specific primers
were used for PCR to screen for the desired mutant alleles
and PCR products of all the acquired alleles were sequenced
for further verification. At last, the mle alleles were balanced
over CyO GFP to distinguish the homozygotes in early de-
velopmental stages.

Measurement of gene expression

Samples were prepared from four to five biological repli-
cates of second instar male of mleΔRBDs larvae and adult
male of mlesubRBD1 and mlesubRBD2 flies. Total RNA was ex-
tracted using Trizol reagent (Invitrogen) and reverse tran-

scription was performed using the First Strand cDNA
Synthesis Kit (RevertAid, Thermo) and random hexamer
primers, following DNase I (TaKaRa) treatment. The
cDNA samples were subjected to qPCR with SYBR green
dye (Applied Biosystems) using specific primers (genes and
primer information are provided in Supplementary Table
S2). Each qPCR was repeated at least three times. Expres-
sion levels were normalized to the autosomal gene Pka. The
expression level of each gene in the mutant strain was nor-
malized to the corresponding gene expression level in the
wild-type stain. Standard deviations within each experiment
were calculated.

Determination of male viability

All of the male and female adults from at least three inde-
pendent vials were counted daily until the final end of eclo-
sion to determine male viability. The ratio of the number
of males/number of females carrying each allele relative to
that of wild-type was used to represent the male viability.
Moreover, the viability of third instar male larvae was as-
sessed under the microscope. PCR amplification of the ary
gene on the Y chromosome was performed to distinguish
the male second instar larvae.

Immunoblotting and immunostaining of chromosomes

The rabbit antibodies against MLE, MSL2 and MOF used
in this study were obtained from Dr Mitzi I. Kuroda.
For immunoblotting, thirty third instar male larvae were
used for protein extraction to comprise each sample.
Routine sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis and western blotting procedures were per-
formed. Immunostaining was performed exactly accord-
ing to Drosophila Protocols (38). Antibodies against MLE,
MSL2 and MOF were used at dilutions of 1:100, 1:50 and
1:50, respectively. The secondary antibody conjugated to
Alexa Fluor 594 was obtained from Jackson ImmunoRe-
search (111585003). Images were captured using a confocal
laser scanning microscope (FluoView FV10i, Olympus).

RESULTS

The tandem dsRBD domains of MLE bind to R2H1 together

Previous studies have revealed that MLE utilizes its N-
terminal tandem dsRBDs to recognize the 5′ hairpin cluster
of roX2 (R2H1, R2H2 and R2H3) in an ATP-independent
manner––especially the helical region of R2H1 (19,21).
Consistent with previous in vivo studies, our in vitro FP as-
say revealed that R2H1 is the strongest substrate for the
binding of MLE dsRBDs among 5′ hairpin cluster of roX2
in vitro (Supplementary Figure S4C). Subsequently, we ex-
pressed different MLE dsRBD constructs to evaluate the
dsRNA-binding potential of MLE dsRBDs for R2H1 (Fig-
ure 1A and Supplementary Figure S1A). Notably, dsRBD1
and dsRBD2 have a considerably weaker capacity to in-
teract with R2H1 than tandem dsRBD1+2 (Figure 1C).
However, both individual dsRBDs and tandem dsRBDs
were able to shift the R2H1 (Figure 1C). Clearly, MLE
dsRBD2 shifted the dsRNA in a dispersive interaction,
whereas MLE dsRBD1 displayed a weak interaction with
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Table 1. Data collection and refinement statistics

Data collection MLE dsRBD1+2–R2H1

Beamline 19U, SSRF
Space group R32
Wavelength (Å) 0.9792
Resolution (Å) 46.55–2.90 (3.00–2.90)
Cell dimensions
a, b, c (Å) 108.48 108.48 347.06
�, �, � (◦) 90 90 120
Unique reflections 17898 (1762)
Completeness (%) 99.9 (99.6)
Redundancy 9.4 (9.6)
I/�I 22.5 (2.7)
Rmerge (%) 12.0 (78.7)
Refinement
Rwork (%) 19.09
Rfree (%) 24.37
No. of atoms 3586
No. of protein atoms 2538
No. of nucleic acid atoms 1048
Average B factors (Å2)
Protein 70.37
nucleic acid 85.05
Root mean square deviations
Bond lengths (Å) 0.009
Bond angles (◦) 1.183
Ramachandran plot
Favored (%) 91.36
Allowed (%) 7.72
Disallowed 0.93

Statistics for the highest-resolution shell are shown in parentheses.

the substrate (Figure 1C). Moreover, according to the FP
assays, MLE dsRBD1+2 binds to R2H1 with a Kd value of
0.20 ± 0.03 �M, whereas individual dsRBD1 and dsRBD2
bind to R2H1 with an ∼44- and ∼4.5-fold weaker affin-
ity than MLE dsRBD1+2, respectively (Figure 1D). Collec-
tively, MLE tandem dsRBDs interact with R2H1 more ef-
ficiently than either dsRBD alone, suggesting that dsRBD1
and dsRBD2 function together.

We crystallized and determined the structure of the com-
plex of MLE dsRBD1+2 with the natural substrate–R2H1 to
further characterize the interactions between MLE dsRBDs
and R2H1. The structure of the complex was subsequently
refined to a resolution of 2.90 Å in space group R32. The
crystal structure was determined by combining phases from
partial molecular replacement using the homologous struc-
tures of dsRNA-binding domains of human RNA helicase
A-DHX9 (DHX9 dsRBD1 PDB ID: 3VYY and DHX9
dsRBD2 PDB ID: 3VYX) and single wavelength anoma-
lous scattering data obtained from crystals of the SeMet-
derivative complex. At last, the Rwork and Rfree of the struc-
ture of the MLE dsRBD1+2–R2H1 complex were refined
to 19.09 and 24.37%, respectively. The detailed crystallo-
graphic statistics are summarized in Table 1.

Overall structure of MLE dsRBD1+2 in complex with R2H1

In the structure of the MLE dsRBD1+2–R2H1 complex,
R2H1 forms a standard continuous A-form helix and the
two dsRBDs bind on either side of the dsRNA (Figure
2A). Only individual dsRBDs, consisting of residues 1–80 of
dsRBD1 (Figure 2B) and residues 165–247 of dsRBD2 (Fig-
ure 2C), were visible in the electron density map. The linker

region connecting the two domains is not visible, which is
consistent with the hypothesis that this linker is normally
disordered (Figure 2A). R2H1 is a 55mer stem-loop-type
helix RNA with a 13mer long ssRNA loop (Supplementary
Figure S1B). Most nucleotides of the R2H1 are observed in
the electron density map, except for part of the loop (Sup-
plementary Figure S3A). In the crystal structure of the com-
plex, part of the R2H1 loop structure (C135-U140) without
protein protection was hydrolyzed, which is thought to sta-
bilize the structure for better crystallization. The remain-
ing bases of the loop (G141-C147) paired with the unhy-
drolyzed loop of the neighboring R2H1 in the next symme-
try equivalent (Supplementary Figure S3A). The bases of
the loop show elevated B factors, indicating the flexibility
of this region. On the other side, R2H1 generated an RNA–
RNA interface through end-to-end stacking with the next
RNA (Supplementary Figure S3A). Therefore, the dsRNA
forms a continuous helix extending through the crystal lat-
tice (Supplementary Figure S3A).

Similar to all other members of the dsRBD family, MLE
dsRBD1 and dsRBD2 share a conserved �1-�1-�2-�3-�2
core motif, in which the �1and �2 helices lie on a face of
the three-stranded anti-parallel � sheets (Figure 2). The
aliphatic side-chains and aromatic rings lying on �1, �1,
�2 and �2 form a conserved hydrophobic core to maintain
the stability of the whole domain. Each dsRBD spans one
side of R2H1, constructing three crucial regions for dsRNA
binding (Figure 2B and C). Regions 1 and 2 are inserted in
two successive RNA minor grooves and region 3 contacts
the intervening RNA major groove (Figure 2B and C). Re-
gion 1 of MLE dsRBD2 inserts below the apical loop of
R2H1 (Figure 2C).

In MLE dsRBD1, region 1 consists of the residues in the
first � helix (Figure 2B). The side chains of Ser5 and Glu17
form hydrogen bonds with the 2′OH groups of the A153
and G152 ribose sugar rings, respectively (Figure 3A and
C). Lys4 contacts phosphate groups in the minor groove
via the positively charged side chain (Figure 3A and C). The
loop joining �1 and �2 in region 2 interacts with the second
minor groove (Figure 2B). This minor groove is widened
to accommodate the wobble base-pairing of U118-G164.
The peptide carbonyl of residue Asn29 binds to the amino
group at position 2 of the G164 purine ring, which is specific
to the guanine base. Additionally, the side chain of Asn29
forms a hydrogen bond with the next 2′OH group of the
A165 ribose (Figure 3A and C). In region 3, the side chains
of Asn52, Lys53, Lys54, and Lys58 interact with the phos-
phodiester backbone of both strands across the intervening
major groove (Figures 2B, 3A and C).

MLE dsRBD2 shares a very similar structure with
dsRBD1 (Supplementary Figure S2C). Region 1 (helix �1
of dsRBD2) inserts below the apical loop of R2H1. The
U134-G148 wobble base pair and flexible loop enhance the
accessibility of the nucleotides in this groove. The carbonyl
group of Glu172 side chain and the amino group of Asn175
side chain form sequence-specific hydrogen bonds with the
amino group at position 2 of the G148 purine ring and
carbonyl group of the C147 base, respectively (Figure 3A
and B). In addition, the side chains of Glu172 and Asn175
form hydrogen bonds with the ribose of G148 and C147, re-
spectively, while Lys171 contacts the phosphodiester back-
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Figure 2. Structural overview of MLE dsRBD1+2 in complex with R2H1. (A) Cartoon representation of the MLE dsRBD1+2–R2H1 complex in two
orientations related by a 180◦ rotation around a vertical axis. Left panel: the asymmetric unit consists of the 55mer R2H1 (bright orange), dsRBD1 (cyan)
and dsRBD2 (magenta). Symmetry equivalent domains are shown in pale cyan and violet, respectively. Right panel: a view of the complex with symmetry
equivalent protein domains removed for clarity. The linker between the domains is represented as a black dotted line. (B) Overall structure of MLE dsRBD1
in complex with R2H1. Left panel: cartoon view of the structure of MLE dsRBD1 in complex with R2H1. The critical residues belonging to regions 1,
2 and 3 required for dsRNA recognition are shown in stick mode and are colored in yellow, blue and green, respectively. Right panel: the electrostatic
potential of the MLE dsRBD1–R2H1 complex is shown, in which positively charged, negatively charged and neutral areas are represented in blue, red and
white, respectively. (C) Overall structure of MLE dsRBD2 in complex with R2H1. Left panel: cartoon view of the structure of MLE dsRBD2 in complex
with R2H1. The critical residues belonging to regions 1, 2 and 3 required for dsRNA recognition are shown in stick mode and are colored in yellow, blue
and green, respectively. Right panel: the electrostatic potential of the surface of the MLE dsRBD2–R2H1 complex, in which positively charged, negatively
charged and neutral areas are represented in blue, red and white, respectively.

bone of U149 (Figure 3A and B). The Glu195 and His196
residues in the loop connecting �1 and �2 are involved in
region 2 (Figure 3A and B). This minor groove is widened
to accommodate the base-pairing of the U124-U158 mis-
match. The side chain of Glu195 forms a sequence-specific
hydrogen bond with the carbonyl group of the U158 base.
Moreover, the carbonyl group of the peptide backbone and
side chain of Glu195 form direct hydrogen bonds with the

2′OH groups of U124 and U158 on the opposite strands,
respectively. The imidazole cycle of His196 stacks on one
ribose of C160 and forms hydrogen bonds with the 2′OH
group of the previous ribose of U159 (Figure 3A and B).
Similar to dsRBD1 region 3, Asn223, Lys224, Lys225 and
Lys229 directly interact with the phosphodiester backbone
of the major groove mainly via the positively charged side
chain (Figures 2B, 3A and B).
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Figure 3. The interactions of MLE dsRBD1+2 with R2H1. (A) Schematic of R2H1 interactions with MLE dsRBDs, colored as described in Figure 2. Cyan
and magenta dotted lines indicate contacts between MLE dsRBD1, dsRBD2 and R2H1, respectively. The wobble base pairs and mismatches involved in
the recognition of dsRBDs by MLE are highlighted as solid rectangles. (B) Higher magnification views of individual interactions between MLE dsRBD1
(red) and R2H1 (black). Hydrogen bonds are indicated with black dotted lines. (C) Higher magnification views of individual interactions between MLE
dsRBD2 (red) and R2H1 (black). Hydrogen bonds are indicated with black dotted lines.

MLE dsRDB1+2–R2H1 recognition involves both shape and
sequence specificity

R2H1 forms a standard A-form double helix characterized
by a wide and shallow minor groove and a narrow and deep
major groove (Figure 2A). This feature enhances the acces-
sibility of the bases in minor groove, whereas the bases in
major groove are more difficult to access. Therefore, we di-
vided the interactions between MLE dsRBDs and R2H1
into two modes. First, an NKKxxxK motif in region 3 of
both dsRBDs recognizes the major groove of R2H1. The
side chains of the second Lys (Lys54 and Lys225) and the

third Lys (Lys58 and Lys229) face one strand of R2H1 while
the first Lys (Lys53 and Lys224) faces the other strand,
crossing over the entire major groove (Figures 2B, C, 3B
and C). This motif of MLE dsRBDs is the most conserved
region in dsRBDs of diverse origins (Supplementary Fig-
ure S2A), ensuring a strict and specific recognition of the
major groove width of the A-form RNA helix. Thus, the
NKKxxxK motif in region 3 mediates shape recognition be-
tween MLE dsRBDs and R2H1.

On the other hand, the residues in regions 1 and 2 of both
MLE dsRBD1 and dsRBD2 form sequence-specific hydro-
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gen bonds with the bases in the minor groove of R2H1 (Fig-
ure 3B and C). Interestingly, we identified specific contacts
accompanying the wobble base pair or mismatch in R2H1.
This recognition mode of MLE dsRBDs with R2H1 is sim-
ilar to the base-specific interactions observed in ADAR2
bound to GluA2(R/G) (31). We performed FP assays by
titrating MLE dsRBD1+2 against FAM-labeled R2H1 and
its mutants to confirm the sequence-specific preference of
MLE dsRBDs. Asn29 in region 2 of MLE dsRBD1 specifi-
cally recognized the U118-G164 wobble base pair of R2H1.
The G164A mutation in R2H1 resulted in an ∼10-fold re-
duction in the binding affinity of MLE dsRBD1+2 for the
R2H1 mutant compared with that observed for wild-type
R2H1 (Figure 4A and Supplementary Table S1). Mean-
while, following the replacement of U118-G164 of R2H1
by a Watson–Crick C118-G164 pair, the binding affinity of
MLE dsRBD1+2 for R2H1 mutant was reduced by merely 2-
fold (Figure 4A and Supplementary Table S1). These results
confirmed that Asn29 in region 2 of MLE dsRBD1 recog-
nizes the sequence rather than the shape of the U118-G164
wobble base pair. Similarly, the residues in region 1 of MLE
dsRBD2 sequence-specifically recognize C147 in the loop
of R2H1. The C147 mutation in R2H1 resulted in a ∼10-
fold reduction in the binding affinity of MLE dsRBD1+2
for R2H1 mutant. However, following the replacement of
U134-G148 wobble base pair and C135-C147 mismatch by
CG pairs, the binding affinities of MLE dsRBD1+2 for the
R2H1 mutant were reduced by merely 2-fold (Figure 4B
and Supplementary Table S1). However, the recognition of
the U124-U158 mismatch by Glu195 in region 2 of MLE
dsRBD2 is different from the recognition of U118-G164 by
Asn29. In the presence of the U158G mutation, the binding
affinity of MLE dsRBD1+2 for the R2H1 mutant is almost
identical to that observed for the wild-type R2H1. How-
ever, the U124A mutation caused an ∼5-fold reduction in
the binding affinity (Figure 4B and Supplementary Table
S1). The U124A mutation may induce the movement of the
base of U158 and affect the interaction between U158 and
Glu195.

Based on these results, both shape-specific interactions
and sequence-specific interactions are important for the
binding affinity of MLE dsRBD1+2 for R2H1 and the
specific recognition of R2H1 is mediated by both MLE
dsRBD1 and MLE dsRBD2.

Structure-based mutations affect the ability of MLE to bind
to roX2 in vitro

To determine whether these key residues of MLE dsRBDs
were required for the binding of R2H1 in vitro, we intro-
duced alanine and glutamate mutations into MLE dsRBDs.
Subsequently, we performed FP assays to measure the bind-
ing affinities of different MLE dsRBDs mutants for R2H1.
As expected, the introduction of quadruple mutations into
MLE dsRBD1+2, which destroy the major groove recogni-
tion site (NKKxxxK motif), almost abolished R2H1 du-
plex binding. The effect was more pronounced with the
N223A/K224E/K225E/K229E mutation (Figure 4C and
Supplementary Table S1). Similarly, the reverse-charge sub-
stitutions of positively charged residues involved in the
recognition of the R2H1 minor groove (K4E, K171E or

H196E single mutations, K4E/S5A or K171E/N175A dou-
ble mutations), also significantly reduced R2H1 duplex
binding (Figure 4C and Supplementary Table S1). Al-
though, Asn29 binds to the G164 purine ring through
its peptide carbonyl group, the introduction of an N29A
single mutation into MLE dsRBD1+2 showed comparable
R2H1 duplex-binding affinity to wild-type MLE dsRBD1+2
(Figure 4C and Supplementary Table S1). In contrast, the
E172A and E195A single mutations resulted in a slightly en-
hanced interaction with R2H1 (Supplementary Table S1).
Thus, E172 and E195 may interact with R2H1, not only
to specifically recognize the sequence in minor groove of
R2H1 but also to make-up electrostatic repulsion with the
negatively charged phosphate backbone. CD spectra anal-
yses confirmed that all mutants of MLE dsRBDs maintain
a similar secondary structure composition that of wild-type
MLE dsRBDs (Supplementary Figure S1C).

Mutations in dsRBDs significantly reduce the endogenous
roX2 affinity of MLE

The in vitro assays revealed that both dsRBDs are im-
portant for dsRNA interaction, and the mutations of key
residues in MLE dsRBDs drastically affect the interaction
with R2H1. Plasmids expressing the full-length, wild-type
MLE with GFP fused at N terminus (GFP-MLEFL), as well
as the mutants, were transfected into Drosophila S2 cells
to assess the effects of MLE dsRBDs deletion or muta-
tions of key residues in MLE dsRBDs on the MLE func-
tion in vivo. Native RNA-immunoprecipitation (RIP) as-
says were performed to measure the interactions between
GFP-MLEFL and roX2 in vivo. RIP assays were performed
using the GFP-Trap beads and the amount of endogenous
roX2 bound by GFP-MLEFL was detected using qRT-PCR.
Based on RIP results, wild-type GFP-MLEFL efficiently re-
trieved the endogenous roX2 RNA (Figure 4D), but not
the Pka RNA from an autosomal gene (Supplementary
Figure S4A), although in the S2 cell, the levels of Input
roX2 and Pka RNA were similar (Figure 4D and Supple-
mentary Figure S4A). Compared with the wild-type GFP-
MLEFL, the introduction of single or multiple point mu-
tations severely compromised roX2 binding in vivo, partic-
ularly the mutations in region 3 of MLE dsRBD2 (Figure
4D and Supplementary Figure S4A). Moreover, the dele-
tion of either MLE dsRBD almost completely abolished
the interaction between MLE and roX2 in vivo, particu-
larly the deletion of MLE dsRBD2 or dsRBD1+2 (Figure
4D and Supplementary Figure S4A). Furthermore, MLE
dsRBD2 played a more important role in the MLEFL–roX2
interaction than MLE dsRBD1. In summary, based on the
RIP data, structure-based mutations or deletion of MLE
dsRBDs significantly affected the ability of MLE to bind
roX2 in vivo, corroborating the in vitro interaction data.

A decrease in the affinity of MLE for roX results in male
lethality and disrupts dosage compensation to different ex-
tents

We generated three mle mutant alleles of Drosophila
melanogaster using precise gene editing based on homolo-
gous recombination induced by CRISPR/Cas9 system to
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Figure 4. Effects of structure-based mutations. (A and B) The RNA-binding affinities of MLE dsRBD1+2 for R2H1-wild-type and indicated mutants,
determined by FP experiments. Kd values and the corresponding standard errors were determined as described in the ‘Materials and Methods’ section.
(C) The histogram of the Kd values shows the RNA-binding affinities of R2H1 for MLE RBD1+2-wild-type and indicated mutants, as determined by FP
experiments. (D) RIP assays performed with GFP-tagged MLEFL-wild-type and indicated mutants. The abundance of roX2 RNA was quantified by qRT-
PCR using specific primers for roX2. Relative roX2 enrichment (IP/input) in mutants was normalized to wild-type, while the relative roX2 enrichment
(IP/input) in wild-type was set to 1.0. Data are presented as the means ± SD. n represents the number of experiments.

determine whether decreasing the affinity of MLE for roX2
affected the viability of male flies and dosage compensa-
tion in vivo (37). We acquired two mle alleles encoding
mutant MLEs with four key amino-acid residues substi-
tuted in dsRBD1 (mlesubRBD1, N52A/K53E/K54E/K58E)
and dsRBD2 (mlesubRBD2, N223A/K224E/K225E/K229E),
as well as a mleΔRBDs allele with a precise deletion of the en-
tire region encoding the two dsRBDs (Supplementary Fig-
ure S5A). None of female flies with these alleles showed
any mutant phenotype or decreased viability compared with
that observed in wild-type or heterozygous females.

First, we tested the male/female ratio of each genotype
to assess male viability. No adult male homozygous for
mlesubRBD2 or mleΔRBDs survived, while the male/female ra-
tio of mlesubRBD1 adults decreased to 0.67 compared with

wild-type adults (Figure 5A). Moreover, we further in-
vestigated these flies at earlier stages. Most males with
the mlesubRBD2 genotype died during pupation, since the
male/female ratio was 0.9 in wandering larval stage (n =
237), with numerous dead pupae observed on the vial wall.
Due to the lack of dsRBDs, mleΔRBDs males survived only
to the early third instar larval stage. Thus, any decrease in
the RNA affinity of MLE induced by either point mutations
or the deletion of dsRBDs impaired the function of MLE
and caused male lethality at different stages.

Dosage compensation involves the doubling of the tran-
scription of X-linked genes in male Drosophila. Therefore,
we detected the RNA levels of various X-linked genes us-
ing qRT-PCR to measure the impacts of these MLE muta-
tions on dosage compensation. We analyzed expression lev-
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Figure 5. Structure-based mutations in mle dsRBDs result in male lethality and disrupt dosage compensation to different extents. (A) A weaker RNA
affinity of MLE was linked to decreased viability in male flies. The ratio of males/females for each mutant compared with that of wild-type was used to
describe male viability. (B) qPCR analysis of genes on the X chromosome and on autosomes in male wild-type, mlesubRBD1 and mlesubRBD2 third instar
larvae. Error bars are defined as the standard deviation (s.d.) of triplicate experiments. The expression level of each gene was normalized to wild-type and
set to 100% for each gene in wild-type. (C) qPCR analysis of MSL-DCC component genes in third instar of wild-type, mlesubRBD1 and mlesubRBD2 larvae.
Error bars are defined as the s.d. of triplicate experiments. The expression level of each gene was normalized to the autosomal gene Pka. (D) The levels of
the MLE, MSL2 and MOF proteins in male wild-type, mlesubRBD1 and mlesubRBD2 third instar larvae. (E) Localization of the MSL-DCC components on
the polytene chromosomal spreads of male third instar larvae carrying the wild-type and mle mutant alleles. Confocal images of immunostaining for MLE,
MSL2 and MOF visualized using an Alexa Fluor 594-conjugated secondary antibody (red) and DNA counterstaining with DAPI are shown.

els of the X-linked dosage-compensated genes 6-pgd, BR-C,
CKIIβ and GstT3 in males, and the autosomal genes Pka,
Dmn, RpL32 and GAPDH served as controls.

In male third instar larvae, the mlesubRBD2 mutations ex-
erted a stronger effect than the mlesubRBD1 mutations. Com-
pared with the RNA levels in wild-type larvae, in mlesubRBD1

larvae, the expression of X-linked genes was only slightly
increased or reduced. In contrast, the expression of these
genes was reduced by half in mlesubRBD2 larvae (Figure 5B).
In mlesubRBD1 larvae, the expression of autosomal genes was

not substantially affected, but in mlesubRBD2 larvae, the ex-
pression of Pka and RpL32 remained unaffected, whereas
that of Dmn and GAPDH was reduced and increased re-
spectively. We also collected a number of single second in-
star larvae (72 h after egg-laying) and used the balancer
CyO-GFP and PCR of the ary gene on the Y chromosome
to precisely select the male larvae homozygous for mleΔRBDs

for RNA extraction. In second instar male mleΔRBDs lar-
vae, the RNA levels of all X-linked genes were reduced by
∼50% compared to wild-type levels (Supplementary Figure
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S5B), which is not surprising considering the total loss of
dsRBDs in MLE. Based on these results, a disruption in the
RNA binding ability of MLE via the deletion of the tandem
dsRBDs or the substitution of key residues impeded dosage
compensation in male flies.

Additionally, the RNA levels of MSL-DCC component
genes displayed different patterns of change in flies carry-
ing these mle alleles (Figure 5C and Supplementary Figure
S5C). First, the levels of roX1 and roX2 were decreased in
mlesubRBD2 and mleΔRBDs larvae to <10% of the level in wild-
type larvae, but no change was detected in mlesubRBD1 larvae.
The levels of the mle RNA remained similar to wild-type in
the larvae carrying the two mlesubRBD alleles, but were sub-
stantially increased in mleΔRBDs larvae. The msl2 RNA lev-
els were drastically increased in larvae carrying all three al-
leles. The levels of mof were slightly decreased in mlesubRBD2

and mleΔRBDs larvae.
We further determined the levels of the MLE, MSL2

and MOF proteins in third instar larvae samples through
western-blotting to investigate potential changes in the ex-
pression of these MSL-DCC proteins (Figure 5D). MLE
level was slightly elevated in mlesubRBD1 males. However,
in mlesubRBD2 males, MLE level was substantially elevated
and showed changes in band migration, indicating differ-
ent protein modifications versus the wild-type protein. To
our surprise, a lower MSL2 level was detected in mlesubRBD1

males and an almost undetectable signal was observed in
mlesubRBD2 males on western -blots, although the msl2 RNA
level was increased in males carrying these two alleles. No-
tably, only weak bands were observed for MOF (Figure
5D).

Based on these results, the components of MSL-DCC ex-
hibited extensive changes as a consequence of the decreased
binding affinity of MLE for dsRNA. The mlesubRBD1 allele
only induced mild changes. However, in mlesubRBD2 males,
the RNA level of roX was substantially decreased, while the
level of the MLE protein was increased and its modifica-
tion was altered. The most interesting finding was that the
level of the MSL2 protein was decreased, despite the RNA
level is increased compared with that of wild-type flies. The
mlesubRBD2 mutation resulted in extensive changes similar to
mleΔRBDs .

Subsequently, we visualized the MSL-DCC using im-
munostaining with antibodies against MLE, MSL2 and
MOF in the salivary gland of the male third instar larvae to
investigate whether the MSL-DCC incorporating these mu-
tant MLE proteins still exhibited X-chromosome-specific
localization (Figure 5E). Compared with the wild-type sam-
ples (Figure 5E, top panel), mlesubRBD1 displayed relatively
normal signals for MLE and MSL2, and weaker staining
for MOF (Figure 5E, middle panel). In mlesubRBD2 samples,
MLE proteins were present as numerous bands and dis-
played weak staining on all chromosomes, but completely
lost the X-chromosome-specific localization observed in
mlesubRBD1 and wild-type flies. Moreover, low signals were
observed for MSL2 or MOF on chromosomes (Figure 5E,
bottom panel). Thus, a decrease in the affinity of MLE
proteins for dsRNA largely disrupted the accumulation of
the MSL-DCC on X-chromosome, in which dsRBD2 plays
major roles compared with dsRBD1, consistent with their
RNA affinity.

DISCUSSION

Previous studies have shown that dsRBDs are well-
characterized domains that bind dsRNA modules (26,39).
In Drosophila dosage compensation, the N-terminal
dsRBDs of MLE play an essential role in recognizing the
natural dsRNA target. Thus, MLE performs its ATPase
and helicase functions to unwind R2H5 (roX2 helix5) for
incorporation into a productive MSL-DCC (12,19,23). In
our study, we determined the structure of MLE tandem
dsRBDs with a natural dsRNA target at 2.90 Å and
revealed that the specific recognition of roX2 dsRNA by
MLE dsRBDs is indispensable for the assembly of the
MSL-DCC in Drosophila dosage compensation.

In the structure of the MLEcore–U10–ADP–AlF4 com-
plex, the auxiliary domains of MLEcore coordinate with
RecA domains to recognize the UxUUU motif (20). The
structure of the MLEcore–U10–ADP–AlF4 complex pro-
vides insights into the mechanisms of ATP-dependent MLE
helicase activity and the ssRNA binding status (20). As
previously reported, the vast majority of RNA helicase
core domains do not display sequence or structural speci-
ficity (40). Meanwhile, our reported structure of the MLE
dsRBD1+2–R2H1 complex provides complementary evi-
dence and a deeper understanding of the mechanism by
which MLE recognizes the roX RNA through the two ad-
ditional N-terminal dsRBDs in the initial step of roX RNA
remodeling.

The superposition of our MLE dsRBD1+2–R2H1 struc-
ture with MLEcore–U10–ADP–AlF4 structure, which both
contain dsRBD2, shows that helix �B of RecA2 in MLEcore
poses a physical barrier with the dsRNA in our complex
(Figure 6A and B). The helix �B of RecA2 is a distinc-
tive helical insertion of RecA2 located close to the entry of
the ssRNA-binding channel (20). However, the helix �B of
RecA2 shows obviously elevated B-factors compared with
those of other regions of MLEcore, indicating that the he-
lix �B of RecA2 is flexible when MLE only binds an ss-
RNA (Figure 6A and B). The helix �B of RecA2 appears
to undergo a conformational change as a switch when MLE
binds to a dsRNA or an ssRNA. The superposition presents
a possible model of MLE binding to both dsRNA and ss-
RNA. In the MLEcore–U10–ADP–AlF4 complex, the helix
�B of RecA2 has few contacts with other parts of MLEcore
and exhibits like a ‘closed’-like state, protecting the entry of
the ssRNA-binding channel. When the MLE dsRBDs rec-
ognize and bind to the dsRNA target, the helix �B of RecA2
undergoes a conformational switch to an ‘open’ state to ac-
commodate the dsRNA. Subsequently, MLEcore exerts its
ATPase and helicase activity to unwind the roX RNA and
facilitate the assembly of the MSL-DCC.

Furthermore, the structure of the MLEcore–U10–ADP–
AlF4 complex shows that MLE dsRBD2 contains an un-
usual structural element, an N-terminal helix (�0), which
was not observed in our crystal structure (20). The �0 he-
lix of MLE dsRBD2 does not appear to be involved in
the recognition of dsRNA. The superposition of our MLE
dsRBD1+2–R2H1 complex with the structure of MLEcore–
U10RNA complex (Figure 6C) shows that the N-terminal
helix (�0) of dsRBD2 faces the helicase core domain and
has little contact with the dsRNA, confirming that the
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Figure 6. Superposition of the MLE dsRBD1+2–R2H1 complex and
MLEcore–U10–ADP–AlF4 complex. (A) The superposition of the MLE
dsRBD1+2–R2H1 complex with the structure of the MLEcore–U10–ADP–
AlF4 complex shows that helix �B of RecA2 (highlighted in red) in
MLEcore possesses a physical barrier with the dsRNA–R2H1 in our com-
plex. The MLE dsRBD1+2–R2H1 complex is colored as described in Fig-
ure 2A. For clarity, the MLEcore–U10–ADP–AlF4 complex only shows the
structure of dsRBD2 (green) and the RecA2 domain (light pink). (B) The
helix �B of RecA2 in MLEcore shows elevated B factors compared with
those of other regions in MLEcore. For clarity, the MLE dsRBD1+2–R2H1
complex only shows R2H1, whereas the MLEcore–U10–ADP–AlF4 com-
plex only shows the dsRBD2 and the RecA2 domain in B-factor mode
in PyMOL. (C) N-terminal helix (�0) of MLEcore dsRBD2 is involved in
the formation of the ssRNA-binding channel for poly-U. The MLEcore
ssRNA-binding channel formed by the �0 of dsRBD2 (blue), the OB do-
main (cyan) and the hairpin of RecA2 (purple). The U10RNA is colored
in black. For clarity, the MLE dsRBD1+2–R2H1 complex only shows the
dsRBD2 and R2H1. The MLEcore ssRNA-binding channel and U10RNA
are shown as cartoons, whereas the other domains of MLEcore–U10RNA
complex are shown as surfaces with different colors.

�0 of MLE dsRBD2 is not involved in the recognition of
dsRNA. As shown in the study by Elena Conti, the �0 helix
of dsRBD2 interacts with the OB domain and the hairpin
structure of RecA2, stabilizing the MLE helicase core and
forming the 5′ portion of the ssRNA-binding channel (20).
Thus, the additional �0 helix in dsRBD2 is essential for the
binding of ssRNA, but not dsRNA.

MLE is a well-characterized ATP-dependent DEXH box
dsRNA helicase. The N-terminal tandem dsRBDs of MLE
play essential roles in specifically locating the roX RNA tar-
get. As shown in our previous study, MLE dsRBD1 and
MLE dsRBD2 share a similar structure, with a root-mean-

square (r.m.s.) deviation for C� atoms of 1.038 Å. More-
over, their binding mode with R2H1 is analogous (Supple-
mentary Figure S2C). Although MLE dsRBD1 and MLE
dsRBD2 share only 20% sequence identity (Supplementary
Figure S2B), the two dsRBDs show only slight differences
in structures (Supplementary Figure S2C). However, the
binding affinity of MLE dsRBD2 for R2H1 is ∼10-fold
higher than that of MLE dsRBD1 (Figure 1D). Notably,
our structural analysis also showed significant contribu-
tions of the basic residues from regions 1 and 2 to the dif-
ferences in binding affinity. Lys171, Glu172, Asn175 in �1
and Glu195, His196 in region 2 of dsRBD2 have longer
side chains and form a cluster to ensure tighter insertion
into the minor groove of R2H1 than Lys4, Ser5 and Asn29
in dsRBD1, which face the minor groove of R2H1 in a
spread and non-compact manner (Figures 2 and 3). Fur-
thermore, MLE dsRBD2 binds to the major groove in re-
gion 3 more tightly than dsRBD1. The Kd values revealed a
∼5-fold lower RNA-binding affinity of the MLE RBD1+2-
N223A/K224E/K225E/K229E mutant for R2H1 than the
MLE RBD1+2-N52A/K53E/K54E/K58E mutant (Figure
4C and Supplementary Table S1). These structural differ-
ences between MLE dsRBD1 and MLE dsRBD2 might ex-
plain the different binding affinities for R2H1.

MLE dsRBD1 and dsRBD2 exhibit substantial differ-
ences in binding affinity for roX2 RNA, which are quite
different from the homologous dsRBDs structures of the
human RNA helicase A-DHX9. DHX9 is a RISC-loading
factor that also contains two tandem dsRBDs at its N-
terminus enabling it to interact with various small dsRNA
and participate in the RNA silencing pathway (30). More-
over, DHX9 dsRBDs interact with the essential compo-
nents of complexes involved in different cellular processes
(41–43). Various functions of DHX9 result in the high affin-
ity but less specificity for dsRNA. Both dsRBDs of DHX9
have the capacity to interact with the siRNA duplex (30).
However, MLE dsRBD1 exhibits a weak interaction with
the substrate alone in vitro, which seems to be inconsis-
tent with DHX9 dsRBD1. Based on the sequence align-
ment, dsRBD1 is more conserved than dsRBD2 (Supple-
mentary Figure S2A). The alignment of MLE dsRBDs with
the structure of DHX9 dsRBDs shows that the r.m.s. devi-
ation for C� atoms of the two dsRBDs is only 0.515 Å and
0.706 Å, respectively (Supplementary Figure S3B). More-
over, the residues of the two dsRBDs involved in recogniz-
ing dsRNA are similar (Supplementary Figure S3B). How-
ever the structural analysis showed the failure of residues
in region 1 of MLE dsRBD1 to insert into and specifically
recognize the minor groove of dsRNA. Moreover, we com-
pared our complex structure with other dsRBD-dsRNA
complexes (Supplementary Figure S3C–E) (44–46). Based
on the comparison, the orientations of helix �1 with re-
spect to helix �2 in these dsRBDs exhibit considerable dif-
ferences. As known, different orientations of helix �1 result
in different ‘register length’ of different dsRBDs, which in
turn influence the binding ability and special recognition
of dsRBDs for dsRNA targets (26,44). In addition, certain
dsRBDs adopt remarkable extension helices (�3 of Rnt1p
dsRBD and �0 of TRBP dsRBD1) to stabilize the helix �1
(Supplementary Figure S3D and 3E) (45,46). Collectively,
the orientations and residues involved in dsRNA recogni-
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tion of helix �1 play an indispensable role in ensuring the
effective binding of dsRBDs for dsRNA. In our study, MLE
dsRBD1 was shown to play an indispensable role in the
recognition of R2H1 and contributes to a higher binding
affinity owing to its synergistic effect with MLE dsRBD2.
This finding indicated that dsRBD1 may also be essential
for the sequence-specific interaction with dsRNA. Accord-
ing to our RIP assays, deletion of dsRBD1 results in a se-
vere compromise in roX2 binding in vivo. Moreover, MLE
lacking dsRBD1 failed to target the X-chromosome terri-
tory in male SF4 cells (32). The substitutions of the four
key residues resulted in partial male lethality and failure
of MOF localization on the X chromosome of male lar-
vae (Figure 5E). MLE dsRBD1 may not only participate
in dsRNA recognition but also interact with other struc-
tures within the MSL-DCC. The RHA dsRBD1 and the
proline-rich domain of RHA form a composite channel to
recognize a specific dsDNA (47). Thus, the MLE dsRBD1
may interact with other components of the MSL-DCC,
such as MSL2 which contains a proline-rich domain at its
C-terminus. In addition, MLE plays a role in RNA splic-
ing, similar to ADAR site-selective A-to-I editing (48). The
recognition mode of MLE dsRBDs for R2H1 is similar
to base-specific interactions observed in ADAR2 bound to
GluA2(R/G). The specific recognition of MLE dsRBDs for
dsRNA ensures that MLE accurately executes its functions.

Additionally, in this study the structure-based muta-
tions produced mle alleles with a partial loss of function.
These mutant MLEs with lower RNA affinity impaired
dosage compensation in male flies to various extents. More-
over, they indicated an association between the affinity of
dsRBDs for roX2 and the severity of the mutant pheno-
types. This was displayed through the localization of DCC
components, the expression levels of X-linked genes and the
mortality of male flies. These are well-known consequences
of impaired dosage compensation (15,49,50). Loss of the
RNA binding affinity of MLE, as observed in mlesubRBD2

and mleΔRBDs males, results in drastic reductions in the lev-
els of roX RNAs (>10-fold). Evidence previously reported
that MLE may directly bind to the upstream genomic region
of the roX2 gene and promote transcription of roX2 (51).
Moreover, several components of DCC (including MSL1,
2, 3 and MLE) are required for the enhancement of roX
RNA transcription, which is mediated by the MSL-binding
sites (DHS, DNase I hypersensitive site) (52). The decreased
RNA levels of roX observed in mlesubRBD2 and mleΔRBDs in-
dicate that the binding ability of MLE for roX RNA is also
essential for its role in inducing the transcription of roX
RNA.

The mutant MLE protein was not bound to the X chro-
mosome in mlesubRBD2 males and failed to form complex
with other components of DCC. Immunoblotting analysis
revealed that these mutant proteins were displayed as mul-
tiple bands of different migration from those in wild-type
samples, which could be partially caused by degradation
of the dysfunctional proteins, and we also proposed that
the post-translational modifications may be involved in the
function of MLE in dosage compensation (Figure 5D).

As the only male-specific component, the expression of
MSL2 protein is strictly suppressed by SXL and its cofac-
tors to maintain dosage compensation ‘inactive’ in female

flies (53,54). In male flies, the abundance of MSL2 protein
may also be regulated. In the present study, we found that
in mlesubRBD male larvae, the levels of the MSL2 protein
were largely reduced, despite an increase in the levels of msl2
RNA. The normal expression of MSL2 was dependent on
MLE in a direct or indirect manner. It has been reported
that the non-chromatin-associated free MSL complex binds
to and retains msl2 RNA in the nucleoplasm, which may
reduce the number of msl2 transcripts available for export
and translation through a negative feedback mechanism
(50). As the only male-specific component, the abundance
of MSL2 protein is strictly regulated to achieve the proper
extent of dosage compensation.

DATA AVAILABILITY

Atomic coordinates and structure factors for the reported
crystal structure have been deposited with the Protein Data
Bank under accession number 5ZTM.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Prof. Jihui Wu, Prof. Chao Xu, Dr Deqiang Yao,
Chongyuan Wang, Jia Gao, Yiyang Jiang, Hongyu Bao,
Junhui Peng and Xiaodan Liu for participating in helpful
discussions, Dr Mitzi I. Kuroda at Harvard Medical School
for the generous gift of MLE, MSL2 and MOF antibodies,
Prof. Yongqing Zhang and Dr Song Wu for providing the
full-length Drosophila MLE gene, Prof. Dahua Chen and
Dr Hailong Wang for providing the GFP-pAc5.1 plasmid.
We thank the staff of the Beamline BL17U, BL19U1 and
BL19U2 at SSRF for their assistance with the X-ray and
SAXS data collection.

FUNDING

Ministry of Science and Technology of China
[2016YFA0500700]; Chinese National Natural Science
Foundation [31330018]; the Strategic Priority Research
Program of the Chinese Academy of Science [XDPB10,
XDB08010101]; Chinese National Natural Science
Foundation [31870760, 31570821, 31525022, 91540103].
Funding for open access charge: Ministry of Science
and Technology of China [2016YFA0500700]; Chinese
National Natural Science Foundation [31330018]; the
Strategic Priority Research Program of the Chinese
Academy of Science [XDPB10, XDB08010101]; Chi-
nese National Natural Science Foundation [31870760,
31570821, 31525022, 91540103].
Conflict of interest statement. None declared.

REFERENCES
1. Laverty,C., Lucci,J. and Akhtar,A. (2010) The MSL complex: X

chromosome and beyond. Curr. Opin. Genet. Dev., 20, 171–178.
2. Ferrari,F., Alekseyenko,A.A., Park,P.J. and Kuroda,M.I. (2014)

Transcriptional control of a whole chromosome: emerging models for
dosage compensation. Nat. Struct. Mol. Biol., 21, 118–125.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky1308#supplementary-data


3156 Nucleic Acids Research, 2019, Vol. 47, No. 6

3. Augui,S., Nora,E.P. and Heard,E. (2011) Regulation of
X-chromosome inactivation by the X-inactivation centre. Nat. Rev.
Genet., 12, 429–442.

4. Jeon,Y., Sarma,K. and Lee,J.T. (2012) New and Xisting regulatory
mechanisms of X chromosome inactivation. Curr. Opin. Genet. Dev.,
22, 62–71.

5. Belote,J.M. and Lucchesi,J.C. (1980) Control of X chromosome
transcription by the maleless gene in Drosophila. Nature, 285,
573–575.

6. Straub,T. and Becker,P.B. (2007) Dosage compensation: the
beginning and end of generalization. Nat. Rev. Genet., 8, 47–57.

7. Amrein,H. and Axel,R. (1997) Genes expressed in neurons of adult
male Drosophila. Cell, 88, 459–469.

8. Meller,V.H. and Rattner,B.P. (2002) The roX genes encode redundant
male-specific lethal transcripts required for targeting of the MSL
complex. EMBO J., 21, 1084–1091.

9. Gilfillan,G.D., Straub,T., de Wit,E., Greil,F., Lamm,R., van
Steensel,B. and Becker,P.B. (2006) Chromosome-wide gene-specific
targeting of the Drosophila dosage compensation complex. Genes
Dev., 20, 858–870.

10. Straub,T., Grimaud,C., Gilfillan,G.D., Mitterweger,A. and
Becker,P.B. (2008) The chromosomal high-affinity binding sites for
the drosophila dosage compensation complex. PLos Genet., 4,
e1000302.

11. Akhtar,A., Zink,D. and Becker,P.B. (2000) Chromodomains are
protein-RNA interaction modules. Nature, 407, 405–409.

12. Maenner,S., Muller,M., Frohlich,J., Langer,D. and Becker,P.B.
(2013) ATP-dependent roX RNA remodeling by the helicase maleless
enables specific association of MSL proteins. Mol. Cell, 51, 174–184.

13. Lucchesi,J.C. and Kuroda,M.I. (2015) Dosage compensation in
Drosophila. Cold Spring Harbor Perspectives in Biology, 7, a019398.

14. Wutz,A. (2013) Noncoding roX RNA remodeling triggers fly dosage
compensation complex assembly. Mol. Cell, 51, 131–132.

15. Kelley,R.L., Solovyeva,I., Lyman,L.M., Richman,R., Solovyev,V.
and Kuroda,M.I. (1995) Expression of msl-2 causes assembly of
dosage compensation regulators on the X chromosomes and female
lethality in Drosophila. Cell, 81, 867–877.

16. Oh,H., Park,Y. and Kuroda,M.I. (2003) Local spreading of MSL
complexes from roX genes on the Drosophila X chromosome. Genes
Dev., 17, 1334–1339.

17. Meller,V.H., Gordadze,P.R., Park,Y., Chu,X., Stuckenholz,C.,
Kelley,R.L. and Kuroda,M.I. (2000) Ordered assembly of roX RNAs
into MSL complexes on the dosage-compensated X chromosome in
Drosophila. Curr. Biol., 10, 136–143.

18. Franke,A. and Baker,B.S. (1999) The rox1 and rox2 RNAs are
essential components of the compensasome, which mediates dosage
compensation in Drosophila. Mol. Cell, 4, 117–122.

19. Ilik,I.A., Quinn,J.J., Georgiev,P., Tavares-Cadete,F., Maticzka,D.,
Toscano,S., Wan,Y., Spitale,R.C., Luscombe,N., Backofen,R. et al.
(2013) Tandem stem-loops in roX RNAs act together to mediate X
chromosome dosage compensation in Drosophila. Mol. Cell, 51,
156–173.

20. Prabu,J.R., Muller,M., Thomae,A.W., Schussler,S., Bonneau,F.,
Becker,P.B. and Conti,E. (2015) Structure of the RNA helicase MLE
reveals the molecular mechanisms for uridine specificity and
RNA-ATP coupling. Mol. Cell, 60, 487–499.

21. Ilik,I.A., Maticzka,D., Georgiev,P., Gutierrez,N.M., Backofen,R. and
Akhtar,A. (2017) A mutually exclusive stem-loop arrangement in
roX2 RNA is essential for X-chromosome regulation in Drosophila.
Genes Dev., 31, 1973–1987.

22. Lee,C.G., Chang,K.A., Kuroda,M.I. and Hurwitz,J. (1997) The
NTPase/helicase activities of Drosophila maleless, an essential factor
in dosage compensation. EMBO J., 16, 2671–2681.

23. Morra,R., Smith,E.R., Yokoyama,R. and Lucchesi,J.C. (2008) The
MLE subunit of the Drosophila MSL complex uses its ATPase
activity for dosage compensation and its helicase activity for
targeting. Mol. Cell. Biol., 28, 958–966.

24. Tauchert,M.J., Fourmann,J.B., Luhrmann,R. and Ficner,R. (2017)
Structural insights into the mechanism of the DEAH-box RNA
helicase Prp43. Elife, 6, e21510.

25. Halbach,F., Reichelt,P., Rode,M. and Conti,E. (2013) The yeast ski
complex: crystal structure and RNA channeling to the exosome
complex. Cell, 154, 814–826.

26. Masliah,G., Barraud,P. and Allain,F.H. (2013) RNA recognition by
double-stranded RNA binding domains: a matter of shape and
sequence. Cell. Mol. Life Sci., 70, 1875–1895.

27. Fierro-Monti,I. and Mathews,M.B. (2000) Proteins binding to
duplexed RNA: one motif, multiple functions. Trends Biochem. Sci.,
25, 241–246.

28. Saunders,L.R. and Barber,G.N. (2003) The dsRNA binding protein
family: critical roles, diverse cellular functions. FASEB J., 17,
961–983.

29. Tian,B., Bevilacqua,P.C., Diegelman-Parente,A. and Mathews,M.B.
(2004) The double-stranded-RNA-binding motif: interference and
much more. Nat. Rev. Mol. Cell Biol., 5, 1013–1023.

30. Fu,Q. and Yuan,Y.A. (2013) Structural insights into RISC assembly
facilitated by dsRNA-binding domains of human RNA helicase A
(DHX9). Nucleic Acids Res., 41, 3457–3470.

31. Stefl,R., Oberstrass,F.C., Hood,J.L., Jourdan,M., Zimmermann,M.,
Skrisovska,L., Maris,C., Peng,L., Hofr,C., Emeson,R.B. et al. (2010)
The solution structure of the ADAR2 dsRBM-RNA complex reveals
a sequence-specific readout of the minor groove. Cell, 143, 225–237.

32. Izzo,A., Regnard,C., Morales,V., Kremmer,E. and Becker,P.B. (2008)
Structure-function analysis of the RNA helicase maleless. Nucleic
Acids Res., 36, 950–962.

33. Adams,P.D., Afonine,P.V., Bunkoczi,G., Chen,V.B., Davis,I.W.,
Echols,N., Headd,J.J., Hung,L.W., Kapral,G.J.,
Grosse-Kunstleve,R.W. et al. (2010) PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta
crystallogr. D Biol. Crystallogr., 66, 213–221.

34. Emsley,P., Lohkamp,B., Scott,W.G. and Cowtan,K. (2010) Features
and development of Coot. Acta Crystallogr. D Biol. Crystallogr., 66,
486–501.

35. Murshudov,G.N., Vagin,A.A. and Dodson,E.J. (1997) Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D Biol. Crystallogr., 53, 240–255.

36. Vagin,A. and Teplyakov,A. (2010) Molecular replacement with
MOLREP. Acta Crystallogr. D Biol. Crystallogr., 66, 22–25.

37. Ren,X., Sun,J., Housden,B.E., Hu,Y., Roesel,C., Lin,S., Liu,L.P.,
Yang,Z., Mao,D., Sun,L. et al. (2013) Optimized gene editing
technology for Drosophila melanogaster using germ line-specific
Cas9. PNAS, 110, 19012–19017.

38. Sullivan,W., Ashburner,M. and Hawley,R.S. (2000) Drosophila
Protocols. Cold Spring Harbor Laboratory Press, Vol. 8, pp. 131–139.

39. Banerjee,S. and Barraud,P. (2014) Functions of double-stranded
RNA-binding domains in nucleocytoplasmic transport. RNA Biol.,
11, 1226–1232.

40. Jankowsky,E. (2011) RNA helicases at work: binding and
rearranging. Trends Biochem. Sci., 36, 19–29.

41. Nakajima,T., Uchida,C., Anderson,S.F., Lee,C.G., Hurwitz,J.,
Parvin,J.D. and Montminy,M. (1997) RNA helicase A mediates
association of CBP with RNA polymerase II. Cell, 90, 1107–1112.

42. Hartman,T.R., Qian,S.M., Bolinger,C., Fernandez,S.,
Schoenberg,D.R. and Boris-Lawrie,K. (2006) RNA helicase A is
necessary for translation of selected messenger RNAs. Nat. Struct.
Mol. Biol., 13, 509–516.

43. Fujii,R., Okamoto,M., Aratani,S., Oishi,T., Ohshima,T., Taira,K.,
Baba,M., Fukamizu,A. and Nakajima,T. (2001) A role of RNA
helicase A in cis-acting transactivation response element-mediated
transcriptional regulation of human immunodeficiency virus type 1.
J. Biol. Chem., 276, 5445–5451.

44. Jayachandran,U., Grey,H. and Cook,A.G. (2016) Nuclear factor 90
uses an ADAR2-like binding mode to recognize specific bases in
dsRNA. Nucleic Acids Res., 44, 1924–1936.

45. Wang,Z.H., Hartman,E., Roy,K., Chanfreau,G. and Feigon,J. (2011)
Structure of a yeast RNase III dsRBD complex with a noncanonical
RNA substrate provides new insights into binding specificity of
dsRBDs. Structure, 19, 999–1010.

46. Masliah,G., Maris,C., Konig,S.L.B., Yulikov,M., Aeschimann,F.,
Malinowska,A.L., Mabille,J., Weiler,J., Holla,A., Hunziker,J. et al.
(2018) Structural basis of siRNA recognition by TRBP
double-stranded RNA binding domains. EMBO J., 37, e97089.

47. Hung,M.L., Chao,P. and Chang,K.Y. (2003) dsRBM1 and a
proline-rich domain of RNA helicase A can form a composite binder
to recognize a specific dsDNA. Nucleic Acids Res., 31, 5741–5753.

48. Reenan,R.A., Hanrahan,C.J. and Ganetzky,B. (2000) The mle(napts)
RNA helicase mutation in Drosophila results in a splicing



Nucleic Acids Research, 2019, Vol. 47, No. 6 3157

catastrophe of the para Na+ channel transcript in a region of RNA
editing. Neuron, 25, 139–149.

49. Chang,K.A. and Kuroda,M.I. (1998) Modulation of MSL1
abundance in female Drosophila contributes to the sex specificity of
dosage compensation. Genetics, 150, 699–709.

50. Johansson,A.M., Allgardsson,A., Stenberg,P. and Larsson,J. (2011)
msl2 mRNA is bound by free nuclear MSL complex in Drosophila
melanogaster. Nucleic Acids Res., 39, 6428–6439.

51. Lee,C.G., Reichman,T.W., Baik,T. and Mathews,M.B. (2004) MLE
functions as a transcriptional regulator of the roX2 gene. J. Biol.
Chem., 279, 47740–47745.

52. Bai,X., Alekseyenko,A.A. and Kuroda,M.I. (2004) Sequence-specific
targeting of MSL complex regulates transcription of the roX RNA
genes. EMBO J., 23, 2853–2861.

53. Bashaw,G.J. and Baker,B.S. (1997) The regulation of the Drosophila
msl-2 gene reveals a function for Sex-lethal in translational control.
Cell, 89, 789–798.

54. Hennig,J., Militti,C., Popowicz,G.M., Wang,I., Sonntag,M.,
Geerlof,A., Gabel,F., Gebauer,F. and Sattler,M. (2014) Structural
basis for the assembly of the Sxl-Unr translation regulatory complex.
Nature, 515, 287–290.


