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ABSTRACT

Maleless (MLE) is an evolutionary conserved mem-
ber of the DExH family of helicases in Drosophila.
Besides its function in RNA editing and presum-
ably siRNA processing, MLE is best known for its
role in remodelling non-coding roX RNA in the con-
text of X chromosome dosage compensation in male
flies. MLE and its human orthologue, DHX9 contain
two tandem double-stranded RNA binding domains
(dsRBDs) located at the N-terminal region. The two
dsRBDs are essential for localization of MLE at the X-
territory and it is presumed that this involves binding
roX secondary structures. However, for dsRBD1 roX
RNA binding has so far not been described. Here, we
determined the solution NMR structure of dsRBD1
and dsRBD2 of MLE in tandem and investigated its
role in double-stranded RNA (dsRNA) binding. Our
NMR and SAXS data show that both dsRBDs act
as independent structural modules in solution and
are canonical, non-sequence-specific dsRBDs fea-
turing non-canonical KKxAXK RNA binding motifs.
NMR titrations combined with filter binding experi-
ments and isothermal titration calorimetry (ITC) doc-
ument the contribution of dsRBD1 to dsRNA binding
in vitro. Curiously, dsRBD1 mutants in which dsRNA
binding in vitro is strongly compromised do not af-
fect roX2 RNA binding and MLE localization in cells.
These data suggest alternative functions for dsRBD1
in vivo.

INTRODUCTION

In sexually reproducing organisms, the number of X chro-
mosomes differs between males and females. To avoid a
lethal imbalance of X-linked gene expression levels, dif-
ferent mechanisms of dosage compensation have evolved
(1-3). In Drosophila males, the male-specific-lethal (MSL)
complex binds with remarkable X-chromosome specificity
to PionX sites (4), spreads out along the X-chromosome
and achieves two-fold hypertranscription (5). In females,
this would be lethal and the RNA binding proteins (RBPs)
Sex-lethal (SxI), Upstream-of-N-Ras (Unr) and Hrp48 re-
press translation of ms/2 mRNA to prevent formation of
the MSL complex (6-9). The MSL complex consists of four
core proteins, MSL1, MSL2, MSL3 and males-absent-on-
the-first (MOF) and further accommodates, at least during
certain stages of dosage compensation, the helicase Male-
less (MLE) and two long non-coding RNAs (IncRNAs),
roX1 and roX2 (for ‘RNA-on-the-X’) (2). RoX2 can fold
into eight stem loop structures, which we refer to as SL1 to
SL8 (Figure 1A) (10,11). During assembly of the MSL com-
plex a critical step is the remodeling of roX2 by MLE (11),
which is further assisted by Unr (12).

MLE is an ATP-dependent RNA helicase of the DExH
subfamily of helicases (13). It shares 50% sequence iden-
tity with its human homologue DHX9, which has been
shown to bind both DNA and RNA (14) and to be involved
in diverse cellular functions ranging from DNA replica-
tion, microRNA processing, RNA processing and trans-
port, transcription and translation regulation and mainte-
nance of genomic stability (15). Besides its primarily known
role in dosage compensation in Drosophila, MLE has been
shown to be involved in RNA editing and siRNA processing
(16,17). During Drosophila dosage compensation, MLE has
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Figure 1. (A) Secondary structure of roX2 RNA consisting of eight stem loops. Stem-loops SL7 and SL8 contain roX-boxes (shown in red). Upon
remodelling by MLE, the intervening linker between SL6 and SL7 (green) can base pair with the nucleotides from SL7 (cyan) to form an alternative
stem (ASL), thus creating a binding site for MSL2 (10). (B) Domain arrangement of MLE as derived from the MLE crystal structure. (C) Structure
based sequence alignment of dSRBD1 and dsRBD2 from MLE with DHX9 dsRBDs (Homo sapiens, PDB ID: 3VYX and 3VYY), Ratlp (Saccharomyces
cerevisiae, PDB ID: 1T4N), dsSRBD2 domain of HYLI1 (Arabidopsis thaliana, PDB ID: 2L.2M), TAR RNA binding protein 2 (Homo sapiens, PDB ID:
3LLH), DICER (Schizosaccharomyces pombe, PDB ID: 2L6M) and dsRBD3 domain of Staufen (Drosophila melanogaster, PDB 1D: 1EKZ). Secondary
structure with respect to MLE dsRBD1 is shown on top of the sequence alignment. Consensus sequence with >60% identity is shown at the bottom of the
alignment. RNA binding regions in the dsSRBD domains are indicated with gray squares.

been proposed to bind to SL3 and to a region around SL7
of roX2 to extensively remodel the RNA and to form an al-
ternative stem loop (10,11,18) (Figure 1A). MLE’s domain
architecture consists of two N-terminal double-stranded
RNA binding domains (dsRBDs), followed by the helicase
core (RecAl, RecA2, HA2 and OB-fold domains) and a
C-terminal glycine-rich region (Figure 1B). The structure
of the helicase core domains with dsRBD2 has been de-
termined recently (19). Here, dsSRBD2 packs against the
core domain and is involved in direct roX2 IncRNA bind-
ing and essential for localization of MLE to the male X
chromosome (19,20). However, there is no structural infor-
mation regarding dsSRBD1 and it has been proposed that
dsRBDI1 does not bind RNA but is nevertheless involved in
X-chromosome targeting (20,21).

In general, dSRBDs are next to RNA recognition mo-
tifs (RRM), K-homology (KH) domains and zinc bind-
ing domains among the most abundant RNA binding do-
mains (RBDs) (22), which hitherto are known to mainly
bind RNA in a structure-specific but not sequence-specific
manner involving contacts of the phosphate backbone of an
A-form helix. This is mediated usually by helix a1, loop 2
(connecting B1 and B2) and helix a2 that follow the canoni-
cal aBRPRa-fold (22) (Figure 1C). This region features a con-
served KKxAK motif and binds across the major groove of
dsRNA. Sequence specificity in some dsRBDs has been ob-
served, where residues of a1 can contact bases and sugars of
the apical loop adjacent to it (23). Also, in ADAR2, a me-
thionine in a1 that protrudes into the minor groove specifies
an adenine and replacement by a guanine in the same po-
sition abolishes RNA binding (24). However, the question
if there is a general sequence-specific recognition code re-
mains unanswered and it is assumed that RNA specificity
is based on structure recognition and mediated by other

RNA binding proteins as co-factors, which also engage in
protein—protein interactions with dsRBDs.

Another specificity determinant has been suggested to
be the length of the linker connecting the two dsRBDs.
These linkers are often highly flexible and allow the domain
to move relative to each other as independent modules, as
shown for TRBP, Logs and Dicer (e.g. (25-27)). This en-
ables also the probing of different RNA registries shown
e.g. for Logs. The linker between dsRBD1,2 of MLE is 95
residues long, but it is not known whether it is flexible or
involved in RNA binding. The length of the linker would
allow for reaching across several major grooves of RNA or
even between different stem loops.

In the present study, we determined the solution struc-
ture of MLE dsRBD1,2 tandem construct and investigated
its RNA binding properties and specificity by nuclear mag-
netic resonance spectroscopy (NMR), filter binding assays
and ITC. Furthermore, we investigated the dynamics of the
linker in absence and presence of RNA and tested whether
the linker has an influence on RNA binding in general. In-
terestingly, dsRBD1 is clearly involved in RNA binding per
se and we could confirm involved residues by mutational
analysis. The linker on the other hand is completely dispens-
able for RNA binding. However, mutations in dSRBD1 that
affect dSRNA binding in vitro have little effect on binding
specific roX RNA in cells and on the localization of the he-
licase to the dosage-compensated territory, its main place of
function, suggesting other functions for dsSRBD1 in vivo.

MATERIALS AND METHODS
Protein cloning, expression and purification

The DNA coding sequence of dSSRBD1 (M 1-G84), dsRBD2
(F155-D257) and tandem dsRBD1,2 (M1-D257) were am-



plified from the full m/e gene and cloned into the N-terminal
His6-tag and TEV protease cleavage site containing expres-
sion vector pETM11 using the restriction-free approach.
The mutants: K4E, K53E, K54E, K53+K54E, K225E and
K54E+K225E in the dsRBD1, dsRBD2, dsRBD1,2 or full
length MLE context were generated by site-directed mu-
tagenesis using a QuickChange XL kit (Ambion). For the
linker deletions, dSRBD?2 plus the desired linker constructs
were amplified and cloned into the pPETM11-dsRBDI1 con-
struct using the restriction-free approach.

DsRBD constructs were expressed in Escherichia coli
BL21 (DE3) cells by addition of 0.3 mM IPTG at ODgyy =
0.9 and overnight growth at 18°C. Next, the cells were col-
lected, resuspended in lysis buffer (50 mM NaPi, 300 mM
NaCl, 20 mM imidazole, 2 mM B-mercaptoethanol, pH
7.5), lysed by sonication and spun down. The supernatant
was loaded onto a HisTrap HP column (GE Healthcare)
and eluted with an imidazole gradient in buffer containing
50 mM NaPi, 300 mM NacCl, 300 mM imidazole and 2 mM
B-mercaptoethanol, pH 7.5. His6-tag was removed by addi-
tion of TEV protease and simultaneous dialysis into low salt
buffer (20 mM NaPi, 200 mM NacCl, | mM DTT, pH 7.5)
overnight at 4°C. Next, the sample was applied to a second
affinity chromatography using a HisTrap HP column and
the flow-through fraction was further loaded onto a HiTrap
Q and HiTrap Heparin column (GE Healthcare) in order
to remove bound bacterial RNA. The protein was eluted
with a salt gradient in the elution buffer (20 mM NaPi, 1 M
NaCl, 1 mM DTT, pH 7.5) and applied to size-exclusion
chromatography on the HiLoad 26/600 Superdex S75 pg
column (GE) equilibrated with NMR buffer (20 mM NaPi,
200 mM NaCl, 1 mM DTT, pH 6.5).

For NMR experiments, the proteins were produced with
different labelling schemes. For '*C and/or >N labelling,
the proteins were expressed in M9 minimal media contain-
ing 2 g/1 B3C-labelled glucose and/or 0.5 g/1 *N-labelled
ammonium chloride. Uniformly deuterated proteins were
obtained by expression in M9 media containing 99.8% D,O
(Sigma). To final NMR samples, 10% D,O and 0.02% NaNj
were added for the deuterium lock and to prevent bacterial
growth.

Wild type and mutant full-length MLE was expressed in
SF21 insect cells using recombinant baculoviruses and pu-
rified by FLAG-affinity chromatography as described (19).

RNA production

SL7Mmerloop RNA (5-GUG UAA AAU GUU GCA
AUA UAU AGU AAC GUU UUA CGC-3') was pre-
pared by in vitro transcription using T7 polymerase
produced in-house, unlabelled rNTPs (Sigma-Aldrich),
and a synthetic DNA template. SL7'°" RNA (5- ACUG
AAGUCUUAAAAGACGUGUAAAAUGUUGCAAA
UUAAGCAAAUAUAUAUGCAUAUAUGGGUAACG
UUUUACGCGCCUUAACCAGU-3") was produced the
same way, except the template was cloned into pUCI19
plasmid DNA and contained a hammerhead ribozyme
(HH) cleavage site (in cis) at the 5’ end and a VS (Varkud
satellite) ribozyme recognition sequence at the 3’ end
for cleavage in trams. After transcription, proteins were
removed by phenol/chloroform extraction. The RNA was
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purified by denaturing 12% PAGE and extracted from the
gel by electro-elution. The final sample was concentrated
and dialyzed against 20 mM NaP1i, pH 6.5 buffer.

The SL7'8mer and SL72™r  RNA  duplexes
were obtained by annealing of two purchased
RNA oligos (IBA, Gbttingen): SL7'8mer yp  (5'-
AGACGUGUAAAAUGUUGC -3') with SL7'8mer bot:
(5-GUAACG UUUUACGCGCCU-3') and SL7%™ _up
(5-UUAAAAGACGUGUAAAAUGUUGC-3) with
SL7%mer bot (5-GUAACGUUUUACGCGCCUUUUC
C-3) respectively. Another UR>™" dsRNA, used in a con-
trol experiment, was prepared the same way using UR3™mer-
up (5-UAAAGUGCUUAUAGUGCAGGUAG-3') and
URZ™er. bot (5-ACCUGCACUAUAAGCACUUUAA
G-3').

NMR data acquisition and structure determination

All spectra were acquired using Avance III Bruker NMR
spectrometers with proton Larmor frequencies of 600 MHz,
700 MHz or 800 MHz at 298 K, equipped with cryogenic
(600 and 800 MHz) or room temperature (700 MHz) triple
resonance gradient probe heads. For structure determina-
tion data were recorded with 0.8 mM protein in 20 mM
sodium phosphate (pH 6.5), 200 mM NaCl and 1 mM
DTT with 10% D,O added for the deuterium lock. All
spectra were processed using NMRPipe (28) and analysed
using CCPNmr (29). Protein backbone assignments were
obtained from HNCO, HNCA, CBCA(CO)NH, HNCA
CB (30) and HBHA(CO)NH (31) experiments. HCCH-
TOCSY and ’N-/3C-edited NOESY-HSQC experiments
were used for amino acid side chain resonance assign-
ments. 2D 'H-'*C HSQC, HBCBCGCDHD, HBCBCG
CDCEHE (32) and "'N-/B3C-edited NOESY-HSQC spec-
tra were used for side chain resonance assignments of aro-
matic residues. Distance restraints were obtained from 'N-
/13C-edited NOESY-HSQC spectra.

The NMR ensemble was calculated using CYANA 3.97
(33) based on automated NOE crosspeak assignment and
torsion angle dynamics. Automatically assigned NOEs and
completeness of NOE crosspeak assignments were manu-
ally inspected for validation. Distance restraints from the
CYANA calculation and TALOS+-derived dihedral an-
gle restraints (34) were used in a water refinement cal-
culation using ARIA 1.2 (35). Structures were validated
with PROCHECK (36). Structural statistics are shown in
Table 1. Molecular images were generated with PyMol
(Schrodinger).

NMR titration

NMR titrations for dSRBD1,2 were performed at 0.3 mM
protein concentration. ’N-labelled dsSRBD1,2 was titrated
with various ratios of different RNA oligos described in the
results section and monitored by recording 'H,"’N HSQC
spectra. For SL74merLoop titrations, deuterated ' N-labelled
dsRBD1,2 protein was used. For the single domains, 0.05
mM dsRBDI1 wt or mutants or 0.1 mM dsRBD2 were
titrated with 18-mer double stranded roX-box RNA derived
from SL7 respectively. Data analysis for calculating chemi-
cal shift perturbations and dissociation constants were per-
formed with the CCPN analysis software (29). Kp values
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Table 1. Structural statistics for MLE-dsRBD1,2

Structural statistics for MLE-dsRBD1,22

Structure calculation restraints
Distance restraints

Total NOEs 2734
Intra-residue 761
Sequential (Ii — jl = 1) 870
Short-range, li —j1 < 1 1631
Medium-range (Ii — j1 < 5) 385
Long-range (Ii — jl > 5) 718
Hydrogen bonds 103
Dihedral restraints (¢ + v) 782

Quality analysis (mean =+ standard deviation)

Distance restraints (A) 0.032 (£0.006)
Dihedral angle restraints (°) 0.89 (£0.32)

Deviation from idealized geometry
Bond length (A)

0.003 (£0.0004)

Bond angles (°) 0.52 (£0.017)
Impropers (°) i 1.71 (£0.13)
Average pairwise r.m.s. deviation (A)?

Backbone (d&sRBD1/dsRBD2) 0.59/0.87
Heavy (dsRBD1/dsRBD?2) 1.17/1.46
Ramachandran values (%)2-?

Most favoured regions 92.2%
Allowed regions 7.8%
Generously allowed regions 0%
Disallowed regions 0%

aFor residues 5-26, 35-73 (dsRBD1) and 170-193, 202-243 (dsRBD2).
bUsing PROCHECK.

were calculated by taking the average of individual Kp for
peaks showing fast exchange (37) and the errors were calcu-
lated by error propagation of the individual fitting errors.

NMR relaxation

Measurements of R;, R, and {'H}-'>N heteronuclear NOE
experiments for dsRBD1,2 and {'H}-">N heteronuclear
NOE experiments for dsSRBD1,2 + 1.2x SL7!4merkoop RNA
were acquired at proton Larmor frequencies of 600 and 800
MHz, respectively, at 298 K using standard pulse sequences
(38,39). For the R; experiment for dsRBDI1,2, relaxation
delays of 20, 50, 100, 150, 250, 400, 500, 650, 800, 1000,
1300 and 1600 ms were used. Duplicate data points for esti-
mation of uncertainties in peak volumes were recorded for
the 20 ms relaxation delay. For the R, experiment, relax-
ation delays of 16, 32, 48, 64, 80, 96, 112, 128, 160, 192,
224 and 256 ms were recorded. Duplicate data points were
recorded for the 16 ms relaxation delay (38). PINT (40,41)
was used for peak integration and data fitting to derive spin
relaxation parameters.

RNA filter binding assays

The reaction buffer for the binding assay was 20 mM
HEPES/NaOH pH 8.0, 150 mM NacCl, 5 mM MgCl,. The
reaction volume was 200 wl. Structured RNA probes were
refolded prior to experiments by heating at 85°C for 3 min
and slow cooling to room temperature. Increasing concen-
trations of the protein were incubated with 5'-labelled RNA
or oligoribonucleotides for 10 min on ice. The mixture was
then filtered through Whatman 0.45 pm pore size nitrocel-
lulose filters. Only the RNA complexed with protein was re-
tained on the filters and detected by scintillation counting.

Since the amount of RNA used was extremely small (0.03
pmol of molecules, 1.5-2 x 10* cpm), the protein concen-
tration at 50% retention corresponds to the apparent dis-
sociation constant Kp. Data fit and Kp calculations were
performed with GraphPad Prism 8§ using a single site satu-
ration binding model.

Isothermal titration calorimetry

AIIITC titrations were carried out using a MicroCal PEAQ-
ITC instrument at 20°C with RNA in the syringe and
protein in the cell. Protein and RNA samples were dia-
lyzed against 10 mM HEPES pH 8.0, 75 mM NaCl, 2.5
mM MgCl, and 1 mM B-mercaptoethanol. For titration of
SL7'8mer 0.4 mM of RNA was titrated into 0.04 mM pro-
tein and for the titration of SL7'#™merLoor (.16 mM of RNA
was titrated into 0.016 mM protein. Corresponding titra-
tion data of RNA in the buffer alone was used as a control
and was subtracted from the RNA-protein titration data.
Each experiment was repeated twice. Data were analyzed
using MicroCal PEAQ-ITC analysis software.

Small angle X-ray scattering

Small angle X-ray scattering (SAXS) measurements were
conducted at the BM29 beamline at ESRF Grenoble using
the automated sample changer with stop-flow setup. Repre-
sentative data for the SL7!8™" RNA, dsRBD1,2, and its 1:1
complex have been deposited with SASBDB (42). The soft-
ware suite ATSAS v.2.8.4-1 (43) has been used to process
the experimental scattering curves and produce pairwise-
distribution functions as well as the minimal representa-
tive ensembles in EOM (44). Models of the dsRBD1 and
dsRBD2 were taken from the first conformer computed
from the NMR ensemble, then trimmed to residues 1-82
and 158-259, respectively. ScAtter v.3.1R was used to pro-
duce the dimensionless Kratky plot. Statistics for data col-
lection and processing have been supplied in the Supple-
mentary Table S2 according to the 2017 guidelines for re-
porting small-angle scattering data (45).

Cell culture and RNA immunoprecipitation

Drosophila S2 cells were cultured in standard conditions.
Stable S2 cell lines expressing wild type or mutant MLEfl
fused to C-terminal GFP were generated as described
(19). Point mutations in pHsp70-MLEfl-eGFP plasmids
were introduced using site-directed mutagenesis using a
QuickChange XL kit (Ambion). Briefly, for generation of
stable cell lines, 2 pg pHsp70-MLEg -eGFP wild type or
mutant plasmid was co-transfected with 0.1 pg plasmid en-
coding a hygromycin resistance gene using the Effectene
transfection reagent (Qiagen). Stable MLEfl-GFP express-
ing clones were selected in complete medium containing 0.3
mg/ml hygromycin for a duration of four weeks.

Native RNA immunopreciptation (RIP) of MLE-GFP
and mutant derivatives was performed as described in (19)
with slight modifications. For each replicate, 1 x 10® expo-
nentially grown S2 cells expressing MLE-GFP were used.
Non-transfected S2 cells served as negative control (mock).



Cells were lysed in 1 ml of lysis buffer (20 mM HEPES
pH 7.6, 125 mM NaCl, 0.05% SDS, 0.25% sodium de-
oxycholate, 0.5% NP40, 2 mM MgCl,) supplemented with
0.05 U/l RNase-free recombinant DNase I (Roche), 0.4
U/l RNasin recombinant RNase inhibitor (Promega) and
1 x complete EDTA-free protease inhibitor (Roche). Of the
lysate, 5% was kept as input material for RNA quantifica-
tion and protein analysis. The lysate was mixed with 30 wl
GFP-Trap beads (Chromotek) and incubated at 4°C for 2
hours on a rotating wheel. Beads were washed three times
with RIP-100, RIP-250, RIP-100 buffer (25 mM HEPES
pH 7.6, 0.05% NP40, 3 mM MgCl, with 100 mM NaCl
and 250 mM NaCl, respectively). RNA was extracted as
described (19) from 75% of bead material. GFP-pull down
efficiency was controlled using anti-MLE western blot anal-
ysis of 25% bead material. RNA samples (Input and IP)
were analyzed by quantitative reverse-transcription PCR
(qRT-PCR) with SYBR green dye (Applied Biosystems) us-
ing primers specific for roX2 and 7SK (Supplementary Ta-
ble S1). RNA enrichment of MLE-GFP and its mutants
was calculated as IP/Input and represented relative to WT
MLE. Highly expressed 7SK RNA served as an MLE-
unbound control in each experiment.

Immunocytochemistry

Immunolocalization assays were performed essentially as
described before (19). Briefly, stable cell lines of Drosophila
S2 cells expressing MLE-GFP and its mutants were used.
Cells at a density of 3 x 10%/ml were immobilized on
coverslips by settling for 20 min and then fixed with
PBS/3.7% formaldehyde. The cells were then permeabilized
with PBS/0.25% Triton X-100 for 6 min on ice and blocked
with Image iT*™ FX signal enhancer for 30 min (46). The
fixed and permeabilized cells were then incubated with pri-
mary antibodies against GFP (mouse; Roche), MLE (rat)
(20) and MSL2 (rabbit) (47) at 4°C overnight. After wash-
ing with PBS/0.1% Triton X-100, fluorophore coupled sec-
ondary antibodies against mouse (Alexa Fluor 488), rat
(Cy3) and rabbit (Alexa Fluor 647) were added for 1 h
at room temperature. DNA was stained with DAPI. After
washing with PBS/0.1% Triton X-100, cells were mounted
in VECTASHIELD.

Images were acquired at the Core Facility Bioimag-
ing of the Biomedical Center of the LMU using a Le-
ica DMi8 widefield fluorescence microscope with 63x oil
immersion objective NA = 1.4. The pixel size was 102
nm. The effective excitation and emission filter combina-
tions were as follows (Ex/Em): DAPI: 379-401 nm/450-
490 nm, GFP/Alexa Fluor 488: 458482 nm/500-550 nm,
Cy3: 543-551 nm/565-605 nm, Alexa Fluor 647: 625-655
nm/670-770 nm. Nuclei and X-territory segmentation was
performed in CellProfiler (48) using DAPI and anti-MSL2
staining respectively. MLE-GFP non-expressing cells and
cells exhibiting strong MLE-GFP overexpression were not
included in the analysis. The upper and lower thresholds
were extracted from whole cell population GFP intensity
plots that highlighted non-expressing, moderate and highly
expressing cells. This analysis was performed with two in-
dependent biological replicates. The enrichment of MLE-
GFP on MSL2-stained X-territories was measured by cal-
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culating the ratio of the intensity of MLE-GFP in the MSL2
territory vs in the whole nucleus.

RESULTS

The tandem dsRBD domains of MLE are independent struc-
tural modules

First, we wanted to assess whether the two dsRBD do-
mains interact with each other despite the long 95-residue
linker. Interdomain interactions have been reported for
other RNA binding domains even in absence of RNA and
could constitute a determinant of specificity by conforma-
tional selection (49—51). Therefore, we recorded 'H,'">N-
HSQC spectra of the individual dsSRBD domains and com-
pared them with the spectrum of the tandem dsRBDI,2
construct (Figure 2A). The three spectra are very well super-
imposable and the chemical shifts of the individual dSRBD
domains are very similar to the tandem dsRBDI,2 except
for the expected changes for residues at respective termini
caused by the changed chemical environment of the addi-
tional peptide bonds (Figure 2B). Thus, both domains do
not seem to interact with each other in solution. For further
evidence, we determined the rotational correlation times
(7.) of the individual domains within the tandem construct
by measuring the '’N NMR relaxation parameters R; (lon-
gitudinal relaxation rate) and R, (transverse relaxation rate)
(Supplementary Figure S1) and from these determined the
residue-wise and the average 7. of the two domains (Fig-
ure 2C) assuming isotropic tumbling in solution for each
domain (52). The average 7. of dsSRBD1 and dsRBD2 is
9.2 and 11.7 ns, respectively. These are expected values for
domains of this size when tumbling independently but being
attached to a long flexible tail or linker. For a 29 kDa pro-
tein and assuming both domains would interact in solution
to form a single module, a much higher . of ~17 ns would
be expected. However, as the two domains show different
and considerably lower 7. than 17 ns, we conclude that the
two domains do not tumble together and act as independent
structural modules in solution.

In addition to this, dsSRBD2 exhibits a higher T, than
dsRBDI. This would be expected, if dsSRBD?2 has a slightly
higher molecular weight due to its extension of ordered
residues at either N or C termini or due to an aggrega-
tion tendency with itself, which would cause an appar-
ent increase in its molecular weight. In order to determine
if dsSRBD2 has more ordered residues than dsRBD1, we
recorded {'H}-'SN heteronuclear NOE experiments (Fig-
ure 2D). These experiments clearly show that residues 5-80
(76 residues) and 164-248 (85 residues) are well ordered and
correspond to a calculated molecular weight of 8.8 and 9.7
kDa for dsSRBD1 and dsRBD?2, respectively. Therefore, the
increased 7. for dSRBD?2 can be explained by the larger size
of the dsSRBD2 domain.

Solution structure of the dsRBD1,2 tandem domain construct

To understand the structures of both dsRBDs in their na-
tive arrangement, we determined the solution structure of
tandem dsRBD1,2. To this end, we obtained NMR reso-
nance assignments (backbone and side chain) to a comple-
tion of 90.5%, which enabled automated NOE assignment
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and structure calculation. The structures of the individual
dsRBDs within the dsSRBD1,2 tandem construct are shown
in Figure 3 along with the superposition of the 10 lowest en-
ergy structures after water refinement. Structural statistics
are listed in Table 1. The NMR ensemble of each domain
converged with a backbone RMSD of 0.59 A and 0.87 A
and heavy atom RMSD of 1.17 and 1.46 A for dsRBD1
and dsRBD?2, respectively (Figure 3A, B, Table 1). Both
domains show the typical dsRBD fold with residues 4-74
and 170-245 for dsSRBD1 and dsRBD2, respectively form-
ing an a-B-B-B-a fold consisting of three anti-parallel B-
sheets covered on one side by two a-helices (Figure 3C, D).

The two dsRBD domains also superimpose well with
an RMSD of 1.1 A. Structural superposition of the two
domains showed that the «; helix is displaced by one
helical turn; a feature observed previously in other tan-
dem dsRBD domains (53) and the linker connecting B,—83
sheets of dsSRBD2 is longer by four residues compared to
the dsSRBD1 domain (Supplementary Figure S2A).

The linker region comprising residues 75-169 does not
give rise to any long-range NOEs and remains disordered
in structure calculations. The highly flexible nature of the
linker has been already confirmed with NMR relaxation
experiments in the previous section. Thus, both domains
do not have a fixed orientation with respect to each other
in solution (Figure 3E). The flexible linker allows both do-
mains to theoretically span a distance of ~150 A, which cor-
responds to reaching across ~4 major grooves of A-form
dsRNA.

To provide further support for the flexibility of the
linker in the dsRBD1,2 construct, we recorded SAXS
data (Supplementary Figure S3, Supplementary Table S2).
In agreement with the NMR relaxation experiments, the
free dsSRBD1,2 scattering indicates an ensemble average ra-
dius of gyration (Ry) of ~32 to 33 A and an estimated Dpax
of 130 A, which resembles the theoretically calculated max-
imum of 150 A, if the linker is completely stretched. Here,
the minimum representative structures required to repro-
duce the measured SAXS spectra contain a range of both
compact and extended conformations, which attests to the
significant flexibility of the linker (Supplementary Figure
S3D). While the overall ensemble is slightly more compact
than statistical random coil, we attribute this to the net neg-
ative charge of the linker versus the net positive charge of
the dsSRBD domains. Addition of SL7'8™¢" at 1:1-ratios does
not lead to significant compaction, likely due to the linker
still being fully flexible as shown by NMR relaxation data.

In addition to this, we can further confirm from the NMR
structure the formation of an additional helix o in solution,
which is also present in the crystal structure of the MLE
helicase core domain and dsRBD2 (19) (PDB ID: 5AOR)
(Figure 3F). However, this helix is highly dynamic as can
be seen from relaxation analysis and the lack of NOEs be-
tween this helix and other parts of the domain confirm this
flexibility.

RNA binding of individual dsRBD domains

Sequence alignment of dsSRBD1 and 2 revealed that both
domains contain conserved RNA binding residues typi-
cally involved in dsRBD-RNA interactions (22) (Figure
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1C). Therefore, we found it surprising that only dsRBD2
had been identified to bind RNA (20). To determine the
contribution of each dSRBD domain for RNA binding, we
performed 'H,’>"N-HSQC NMR titrations with each indi-
vidual dsRBD domain and dsRNA (Figure 4, S4). Uridine-
rich stem-loop structures and single-stranded polyU se-
quences have been shown as preferred substrates for MLE
(10-12) and remodeling of the uridine-rich roX-box re-
gions in roX RNA has been shown to recruit MSL2 to the
MLE-r0X2 complex, suggesting a role of MLE during ini-
tial assembly of the MSL complex (11,18) (Figure 1A). To
study the interaction of MLE dsRBDs with RNA, we chose
RNAs derived from roX-box of roX2 stem loop 7 (SL7). A
minimal dSRNA length of ~10-12 base pairs (bp) has previ-
ously been reported sufficient for the binding of individual
dsRBDs to dsRNA (24,53,54). Therefore, for RNA titra-
tion of individual dsSRBD domains, an 18 bp long roX-box
RNA (SL7"mer) was used (Supplementary Figure S5).

Both dsRBDs showed clear binding to SL7'¥™¢" (Figure
4A, B). RNA binding to dsRBDI is in the fast exchange
regime on the NMR chemical shift time scale whereas for
dsRBD2 some residues show RNA binding in the inter-
mediate exchange regime, (Figure 4E) where peaks disap-
pear at a low molar ratio of dSRNA and reappear upon
equimolar addition of dsRNA (e.g. GInl179). This indi-
cates that dSRBD2 has a higher affinity to RNA than
dsRBDI. Fitting the NMR chemical shift perturbations for
several residues showing fast exchange behavior vs RNA
concentration yielded an average dissociation constant of
~470 and ~33 pM for dsRBDI and dsRBD2, respec-
tively, confirming that amongst the two domains, dsSRBDI1
binds RNA with high pM affinity and thus binds weaker
than dsRBD2. The affinity of dsRBD?2 is in the lower
wM range which is typical for single dSRBD domains.
Given that dsSRBD2 shows stronger chemical shift pertur-
bations (Figure 4C, D) and has a higher affinity for double
stranded RNA binding compared to dsRBD1, it suggests
that dsRBD2 could potentially drive the binding of RNA
to MLE also in the full-length context. Plotting the chem-
ical shift perturbation on the NMR structure of dsSRBDI
and dsRBD2 demonstrates that the majority of residues in-
volved in dSRBD-RNA interactions are limited to oy, as,
B and the loop connecting B; and B, sheets (Figure 4F,
G), in agreement with the identification of RNA binding
residues typical for dSSRBD domains.

To further confirm the binding of individual domains
to SL7'8mer we performed ITC experiments (Supplemen-
tary Figure S6, Supplementary Table S3). dsSRBD1 showed
very small heat change upon titration with SL7'3™¢" con-
sistent with NMR titrations, showing very weak affinity of
dsRBD1 for dsRNA. On the other hand, dsSRBD2 bound
with a Kp of 2.7 uM further confirming that amongst the
two dsRBD domains of MLE, dsRBD?2 has the higher affin-
ity for RNA binding.

Interaction of dsRBD1,2 with SL7 roX2 RNA

To understand the binding of individual dsRBD domains in
the context of dSRBD1,2 and to study if there is any cooper-
ativity between the two domains for RNA binding, we per-
formed filter binding assays, ITC and 'H,">"N-HSQC NMR
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Figure 3. NMR ensemble of 10 lowest energy structures generated by backbone superposition of (A) dsSRBDI1 residue 1-84 and (B) dsRBD2 (residue 147—
259) in the MLE-dsRBD1,2 NMR structure. The N- and C-termini of the two domains are marked for clarity. Cartoon representations of (C) dsRBD1 and
(D) dsRBD2 are shown along with the labelled secondary structure elements. (E) Superposition of dsRBD2 (blue) backbone in the dsSRBD1,2 ensemble
shows that dsSRBD1 (green) does not adopt any fixed orientation relative to dsSRBD1 owing to the lack of NOE’s between the two domains. Linker residues
are shown in grey. (F) Comparison of the solution structure of dsSRBD2 presented in this work (blue) and the crystal structure of dsSRBD2 as part of MLEqe
(PDB ID 5AOR) (magenta). The major difference is the orientation of helix ap with respect to the dsSRBD domain. However, our NMR relaxation data
and absence of NOEs between oy and domain residues indicate that in the absence of other MLE domains this helix is dynamic.

titrations of dsSRNA into tandem dsRBD1,2 domain (Sup-
plementary Figures S6, S7). As determined from filter bind-
ing experiments, the affinity of dsRBD1,2 for SL7 binding
was a modest 2-fold higher than the dsRBD2 alone sug-
gesting an additive effect between the two domains (Supple-
mentary Figure S7D). For deciphering the mode and speci-
ficity of dsRBD1,2 for roX2 binding, we performed 'H,'>N-
HSQC NMR titrations with 4 different dSRNAs; three de-
rived from roX2 SL7 (cognate substrate of MLE; SL7!8mer,
SL7%mer and SL7'4merkoory and one derived from an unre-
lated dsSRNA; UR>™ (Supplementary Figure S5). We var-
ied the length of roX2 SL7 RNA to study the effect of RNA
length on the binding affinity of dSRBD1,2-roX2 interac-
tion (SL7'8™er and SL7?3™¢r) and designed a minimal SL7
RNA consisting of the SL7 roX-box region fused to the api-
cal stem-loop of SL7 (SL7'4merloor) o study whether the
SL7 apical loop has any effect on dsSRBD1,2 interactions.
Titration of dsRBD1,2 with double stranded SL7!8mer,
SL7%mer and UR>™" Jed to severe line broadening with
increasing concentrations of RNA. At equimolar or slight
excess of RNA concentrations, only peaks corresponding
to linker residues remained visible (Supplementary Figure
S7A-C). Thus, for these RNAs we could not determine
an affinity by NMR. As the exchange-broadened peaks
of dsRBD1,2 do not reappear at excess concentrations of
dsRNA, it is likely that the two dsRBD domains slide over
the dsRNA length as observed before in the case of TRBP
and Logs-PD (26,55). To exclude the possibility that the

observed line broadening is caused by binding of multiple
dsRBD1,2 molecules to one dsRNA and a consequently
increased molecular weight of the complex, we performed
ITC experiments where binding of SL7'¥™" to dsRBD1,2
showed a 1:1 stoichiometry (Supplementary Table S3, Sup-
plementary Figure S6). Furthermore, as both specific and
non-specific RNA’s lead to similar line broadening effects
in '"H,’>N-HSQC spectra, we conclude that dsRBD1,2 does
not show any specificity towards the three different RNAs.

As both domains in the tandem dsRBDI1,2 showed
line broadening upon binding to SL7'8mer, S[.723mer and
URZ™er more likely due to the sliding motion of the pro-
tein along the RNA, we wondered whether the presence
of an apical loop as found in the cognate SL7 substrate of
MLE at one end of the dsRNA along with a slightly shorter
RNA would alter the binding properties of dsRBD1,2 to
RNA and circumvent line broadening in 'H, "N HSQC
NMR titration experiments. To test this, we performed ITC
and NMR titrations with SL7!4merkoopr 4GSR NA obtained by
fusing the SL7 roX-box with its apical loop. ITC titrations
showed that dsSRBD1,2 bound to SL7'merLoop with g sto-
ichiometry of 1:1 and a slightly better affinity of 4.7 M
compared to dsSRBD2 alone which bound with an affinity
of 5.9 uM (Supplementary Table S3, Supplementary Fig-
ure S6). In the NMR titrations, a few peaks exhibit line
broadening (e.g. Lys 4, Gly 250) (Figure 5A, S8) upon ad-
dition of slight excess concentration of SL7!4merloop g0
gesting only minor or no sliding motion of dsSRBD1,2. The
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Figure 4. (A, B) Superposition of 'H, >N HSQC NMR spectra of individual dsSRBD1 and dsRBD2 domains free and bound to SL7!8™" Only the
final titration point is shown here for clarity (see Supplementary Figure S4 for all titration points). (C, D) Chemical shift perturbations upon titration
with saturating concentrations of SL7'8™¢r jn dsRBD1 and dsRBD?2 respectively. (E) Fitted NMR titration curves are shown along with the affinity
calculated from the average of peaks showing fast exchange. Errors were calculated by error propagation of fitting error for individual peaks used for
affinity calculation. (F, G) Mapping of chemical shift perturbations on the NMR structure of dsSRBD1 and dsRBD2, respectively.

RNA binding of individual dsRBD domains within the
tandem dsRBDI1,2 construct is in the fast to intermedi-
ate exchange range suggesting that both domains now bind
RNA with slightly higher affinity than the individual do-
mains owing to cooperativity between the two domains in
the dsRBD1,2 tandem construct. This is further confirmed
by filter binding experiments (Supplementary Figure S7D)
wherein dsRBD1,2 binds SL7'#merloop with 6.8 WM com-
pared to the individual dsRBD2 domain which binds with
an affinity of ~22 uM to SL7'4merLoor and dsRBD1 alone
showed very weak binding to SL7'4merloop ip line with
NMR titrations.

Linker between dsRBD1,2 domains does not contribute to
RNA binding

Several RNA binding proteins containing tandem RNA
binding domains connected by flexible linkers show ac-
tive participation of the linker residues for RNA recogni-
tion (56-59). In these proteins, the linker, which is flexi-
ble in the unbound state, adopts a folded conformation
in the RNA bound state. As dsRBD1,2 is connected by
a 95 amino acid long, flexible linker and the tandem con-
struct shows higher affinity for SL7 binding than the indi-
vidual domains (Supplementary Figure S7D), we wondered
whether the linker contributes to the binding of roX2 RNA
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Figure 5. (A) Comparison of 'H,'’>N-HSQC NMR spectra of dsRBD1,2
free (black) and bound to excess concentrations of SL714merLo0p (red). Full
titration points for some of the residues are shown in the insets and Sup-
plementary Figure S8. (B) Chemical shift perturbations in dsSRBD1,2 upon
titration with SL7'4merloop (C) {TH}-I5N heteronuclear NOE analysis of
dsRBD1,2 bound to SL7'#merLoop Error bars are calculated from the spec-
tral noise.

in vitro and adopts a preferred conformation or secondary
structure upon RNA binding. We did not observe any sig-
nificant chemical shift perturbations upon RNA titration
in tandem dsRBD1,2 (Figure 5B). As many residues in indi-
vidual dsRBD1 and dsRBD?2 showed line broadening upon
RNA titration, we also compared the line broadening in the
free and RNA bound form of dsRBD1,2. If linker residues
would contribute to RNA binding, we would expect a sig-
nificant drop in intensity of the corresponding resonances
due to reduced overall tumbling upon RNA binding. How-
ever, the linker resonances show only a slight decrease in
peak intensity compared to the two domains which show
a large drop in the intensity (Supplementary Figure S8B).
To further test if the linker adopts any structured confor-
mation in the RNA bound state of dsSRBD1,2, we recorded
{'H}-"N heteronuclear NOE experiments (Figure 5C). As
this region still showed complete flexibility in these experi-
ments with no chemical shift perturbations in the linker re-
gion upon dsRNA titration, we can conclude that the linker
is not involved in RNA binding.

To test more rigorously and to identify regions of the
linker, if any, which could contribute to RNA binding, we

created a linker deletion mutant, where a large part (A85-
1140) has been removed. We determined the RNA binding
activity of this mutant to roX2 SL7 RNA and SL7!#merLoop
Filter binding experiments showed that deletion of the
linker region did not lead to any significant effect on the
binding affinity of dsRBDI,2 to both RNAs (Supplemen-
tary Figure S7D), further supporting our NMR observa-
tion that the linker does not contribute to RNA binding and
is in fact dispensable.

Mutations of dsRBD1 affect RNA binding in the context of
full-length MLE

To validate the observed dsSRBDI-RNA interactions, we
mutated RNA binding residues (K4E, K53E, K54E and
K53+54E) in dsRBD1, which exhibited the strongest chem-
ical shift perturbations in our NMR titration experiments
(Figure 4). To determine whether the mutants bind to
dsRNA, we performed 'H,’>"N-HSQC NMR titration of
I5N-labelled dsRBD1 mutants with SL7'8m¢" dsRNA (Sup-
plementary Figure S9A-E). Spectra of K53E, K54E and
KS53E+KS54E mutants in presence of excess concentrations
of dsRNA were identical, concluding that these mutants do
not bind dsRNA. Only K4E showed minor dsRNA binding
at 1.3x excess of SL7'*™¢" but has strongly impaired dsSRNA
binding properties. We also confirmed dsRNA binding of
dsRBD1 mutants by filter binding experiments, where none
of the mutants showed significant RNA binding compared
to wild type dsRBD1 (Supplementary Figure S9F). In order
to determine the contribution of dsRBD1 to RNA binding
in the presence of other RNA binding domains, we eval-
uated the binding of dsRNA to dsRBDI mutants in the
context of dsSRBD1,2 (Supplementary Figure S10A) and
MLE full-length (MLEfl) by filter binding assays (Figure
6A). In the dsRBD1,2 construct, mutations of the dsRBD1
domain resulted in ~2- to 4-fold reduction in RNA bind-
ing. The dsRBD2 mutant K225E showed a severely dimin-
ished but still detectable RNA binding. The additional mu-
tation of K54E led to complete loss of RNA binding in the
dsRBD1,2 K54+225E mutant. In the context of MLEf], the
RNA binding mutations impaired roX2 binding. Similar to
the mutations in the dsSRBD1,2 construct, K225E did show
very little RNA binding while the K54+225E double mu-
tant did not bind RNA at all, confirming the contribution
of dsRBDI1 to RNA binding in vitro.

Effect of dsRBD RNA binding mutants on in vivo roX2 bind-
ing and MLE localization

As we show that dsSRBD1 binds RNA in vitro, we wanted
to assess whether this interaction was relevant to known
in vivo functions. We analyzed two functions of MLE in
cells: the binding of MLE to its major substrate, roX2 RNA,
and the localization of the helicase to the male X chromo-
some, which is known to depend on roX RNA (19,60-62).
To this end, we established stable S2 cell lines expressing
GFP-tagged wild type MLE and MLE dsRBD1/dsRBD2
domain mutants in the background of endogenous MLE.
To test the in vivo binding of dsRBD1,2 mutants to roX2, we
performed native RNA immunoprecipitation experiments
(RIP) where GFP-tagged MLE derivatives were immuno-
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Figure 6. (A) Filter binding experiments of MLEfl-dsRBD mutants with SL7 RNA. Error bars represent standard deviation of two experiments. (B) En-
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precipitated from whole cell extracts using an anti-GFP an-
tibody. The fraction of bound roX2 was quantitatively de-
termined by RT-PCR using primers targeting either the 5
end (SL3) or the 3’ end (SL7) of roX2. Extracts from non-
transfected S2 cells (mock) served as negative control ex-
cluding non-specific sticking of RNA to beads. The analysis
was complicated by the fact that dsSRBD mutants were more
strongly expressed than wild type MLE after the required
expansion of the stable cell lines, precluding a direct com-
parison of mutant and wild type helicase. Previously, the
dsRBD2 mutant K225E showed severely diminished roX2
binding in an analogous experiment (19). In the current ex-
periment (involving newly generated stable lines) this mu-
tation also shows reduced roX2 binding and thus serves

as a reference (Supplementary Figure S10B, C). The addi-
tional mutation of K54E did not lead to further decreased
roX2 binding. Furthermore, MLE mutated in K54E alone
(which was expressed to similar levels as K225E; see Sup-
plementary Figure S10B), or in combination with K53E im-
munoprecipitated roX2 much better. We conclude that the
main determinants of roX2 binding in cells are located in
dsRBD2, in agreement with earlier work (18,19).

A functional MSL complex localizes to the X chromo-
some territory and can be easily identified by MSL2 im-
munostaining (47). The colocalization of MLE with this ter-
ritory depends on the interaction with roX. Previously, it
had been shown that deletion of dsRBD1 partially impairs
MLE binding to the X chromosome (20). To determine if
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this was due to the RNA binding activity of dSRBD1, we as-
sessed X territory localization of the MLE-GFP derivatives
in the above-mentioned cell lines. These experiments were
done during the initial phase of stable cell line selection,
when the expression levels of MLE derivatives were still sim-
ilar to each other and to endogenous MLE (Supplemen-
tary Figure S10D). The localization of MLE-GFP and its
mutants was assessed using antibodies against GFP, MLE
and MSL2. Staining of endogenous MLE served as an in-
ternal control for assessing the total cellular MLE amount
and MSL2 staining identified X chromosome territories in
the male S2 cells (47). In addition to its binding to the X
chromosome territory, MLE-GFP localizes to speckles else-
where in the nucleus, in agreement with earlier findings (19).
This localization is not a result of expressing a tagged he-
licase, since they are also observed for endogenous MLE
(19). The nature of these speckles is unclear and presum-
ably reflect a function unrelated to dosage compensation.
Automated analysis of X chromosome localization relative
to the staining of MLE-GFP in the remainder of the nucleus
revealed that wild type MLE-GFP was enriched 2.4-fold in
the MSL2 territory (Figure 6B, C). A comparable enrich-
ment was observed for all dsSRBD1 mutants. In contrast,
the dsRBD2 domain mutant K225E fails to localize faith-
fully to a coherent X chromosomal territory and rather dis-
played diffuse nuclear staining due to its reduced ability to
bind roX2, confirming our previous study (19). Therefore,
our analysis suggests that at least at a quantitative level and
in presence of endogenous MLE, RNA binding through
dsRBDI is not required for in vivo X chromosome local-
ization of MLE-GFP.

DISCUSSION

In this study, we identify the dsSRBD1 domain as a bona
fide dsSRNA binding domain of MLE and report the high-
resolution structure of dsRBD1 and dsRBD2 within a
dsRBD1,2 tandem construct. The two dsRBD domains in
absence of RNA tumble as independent modules as shown
by absence of any interdomain NOEs, relaxation analysis
and lack of chemical shift perturbations between the iso-
lated domains and the tandem construct.

Our solution NMR structure of the dsSRBD2 domain
in dsRBD1,2 context superimposes well with the dsRBD2
structure present in the crystal structure of the MLE core
region. Interestingly, in the crystal structure, the helix «0 in
dsRBD2 makes multiple charged and van der Waals inter-
actions with residues from helix al of dsRBD?2, the loop
connecting (3 hairpin 1 and 2 of the RecA2 domain and
the loop connecting B4 and B5 loop of the auxiliary OB-
like fold (19) (Supplementary Figure S2B). Residues from
B4-B5 loop of auxiliary OB like fold are directly involved
in specifically recognizing the uracil base of poly-U RNA
used in the study. Therefore, packing of a0 in dsRBD2
could potentially indirectly affect the interaction of MLE
with roX2 RNA in the full-length context. However, in our
NMR structure, helix a0 is completely flexible and does not
form any specific interaction with al. This could possibly
be due to the absence of interactions from other domains
which are present in the full-length context. Such a short

«0 helix at the beginning of the third RRM domain of TIA-
1 has been shown before to be important for RNA binding
(63,64). Nevertheless, we did not observe chemical shift per-
turbations and thus any interaction of a0 helix with dSRNA
in our NMR titration experiments, negating its role in direct
protein—RNA interaction for the binding of MLE to dou-
ble stranded roX2 RNA. A similar a0 helix has been ob-
served in the dSRBD1 domain of the TRBP + siRNA com-
plex structure where also no interaction of this helix with
siRNA was detected (25).

Previous structural and biochemical studies had only
identified the role of dsRBD2 and G-patch for dsRNA
binding (18-21). The role of dsSRBDI in dsRNA binding
was not clear due to no or just minor binding observed in
electrophoretic mobility shift assays (EMSA) (10,20). How-
ever, as protein-nucleic acid complexes are not at binding
equilibrium during EMSA experiments, probing protein-
RNA interactions with fast dissociation constants could
pose a significant challenge and could lead to false neg-
atives (65). In NMR titration experiments with individ-
ual dsRBD domains, on the other hand, we could clearly
observe RNA binding to both dSRBD domains. Interest-
ingly, both dsRBDs exhibit a non-canonical KKxAK mo-
tif, where an additional residue, a glutamate (at position
57) in dsRBDI and a serine (at position 228) in dsSRBD2
(KKXAE and KKxAS motif in dsRBD1 and dsRBD2 re-
spectively) replaces the canonical last lysine. An additional
lysine follows immediately in the sequence after KKXAE/S
in both domains, however, it might not be able to make con-
tacts with RNA as the additional E/S in the sequence of
both domains spaces it further apart from the RNA bind-
ing site. A similar situation has been observed in RNase
IIT and DHX9 dsRBDs, where in absence of the third ly-
sine, KKxAK motif is complemented by a lysine from he-
lix a1 at position 3 (22,66). In this case, recognition of the
RNA major groove is mediated by a bipartite motif where
the first two lysines come from the KKxAK motif and the
third lysine comes from helix al. In the MLE dsRBD1,2
structure presented here we also observe a third lysine opti-
mally oriented for dSRINA recognition (located at position 4
in dsRBD1 and the corresponding position 171 in dsRBD2)
which could potentially rescue the incomplete KKxAK mo-
tif. Mutation of two lysines from the KKxAE motif led to
complete loss of RNA binding by dsRBD1. Although the
K4E mutant retained minor RNA binding activity as de-
tected by NMR titrations for the isolated domain, it bound
even weaker compared to the KS4E mutant in the full length
and tandem dsRBD1,2 context signifying its importance for
functional complementation of the non-canonical KKxAK
motif in the MLE dsRBD1,2.

'H,’>N HSQC NMR titration of dsRBD1,2 with 18 and
23 bp long double stranded RNA’s derived from stem loop
7 (SL7) of roX2 led to severe signal loss. This strongly
suggests sliding of dsRBD1,2 on these RNAs as chang-
ing chemical environment in the dynamically exchanging
protein-RNA complex leads to line broadening. Similar
sliding motions have previously been observed for several
other dsRBDs and have been shown to be a prerequi-
site for the biological activity of some (53,55,67). As roX2
consists of eight stem loops, it will not be surprising that



MLE initially utilizes the sliding mechanism by engaging
its dsSRBD1,2 domains to find an optimal site for initiat-
ing helicase activity to unwind the SL7 roX-box region for
binding of MSL2. Sliding of dsRBD1,2 on SL7'"¥™¢" and
SL7%mer RNA's also suggested a possibility of dsRBD1,2
recognizing non-specific dSRNA sequences as recognition
of specific sequences by dsRBDs will lead to tight bind-
ing to one specific RNA region and thus stabilization of
a single conformation of a dsSRBD1,2+RNA complex. In-
deed, titration with an unrelated UR?™¢" double-stranded
RNA showed a similar mode of binding to MLE dsRBD1,2
along with severe line broadening suggesting again slid-
ing of dsRBD1,2. Thus, we propose that dSRBD1,2 binds
double-stranded roX2 RNA in a structure-specific but
not sequence-specific manner. Given that MLE specifically
recognizes stem structures containing U-rich roX-box se-
quences (10-12), the sequence specificity to U-rich single
stranded sequences must come from the helicase core of
MLE as has been shown before (19).

'H,’>N HSQC NMR titration experiments with a slightly
shorter version of SL7 roX-box region capped at one end
with the apical loop of SL7 (SL7!4merloop) to prevent slid-
ing of dSRBD1,2 on the RNA showed minimal line broad-
ening. As both domains showed simultaneous binding to
SL7'4merLoop RNA as confirmed by chemical shift pertur-
bations in both domains upon SL7!4merLoop titration and
filter binding experiments, we can conclude that both do-
mains in the tandem construct bind to this RNA. Bind-
ing of two tandem dsRBD domains to short sequences
similar to SL7'4merLoop have been shown before for nu-
clear factor 90 (NF90) dsRBDs wherein the two domains
bind on either side of the short 18mer duplex RNA and
show a binding stoichiometry of 1:2 RNA to protein (68).
Therefore, dsSRBD1,2 could indeed be accommodated on
either side of the double stranded SL7'4merloor RNA and
as there is no free RNA surface remaining for further in-
teractions with either dsRBDs, this could prevent sliding
of the dsRBDI,2 on the SL7!4merLoop a5 gbserved in our
NMR experiments. In all the NMR titrations with SL7!8mer,
SL7%3mer URZmer and SL74merloop we only observed mi-
nor line broadening and no chemical shift perturbations
in the linker residues suggesting that the linker region be-
tween dsRBD1 and dsRBD?2 in the tandem construct does
not contribute to RNA binding and remains flexible; a fact
further confirmed by NMR {'H}-">N heteronuclear NOE
experiments of the dsSRBD1,2+ SL7'4merLoop complex (Fig-
ure 5C). Importantly, the linker is completely dispensable
for RNA binding as demonstrated by filter binding assays
for SL7, where a linker deletion construct binds with affini-
ties similar to wild type dsRBD1,2. Also, binding of shorter
SL7'4merLoop jg not affected between wild type and linker
deletion.

While this work was revised for publication, Lv et al. pre-
sented the crystal structure of MLE dsRBD1,2 bound to
another stem loop of roX2 (69). These authors also con-
cluded that dsRBD1 is binding RNA directly and is posi-
tioned on the opposite site of dsRBD2. Thus, SL7!4merLoop
1s indeed able to accommodate both dsRBDs. Furthermore,
there is no electron density for the linker region, also con-
firming our NMR and SAXS data. Our study and the work
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of Lv et al. are highly complementary to each other and
independently reach similar conclusions using different, or-
thogonal sets of structural and biophysical methods.

In summary, we provide further evidence that dsRBD1
is involved in RNA binding in vitro. We observe that muta-
tions of the RNA-binding interface of dsSRBD1 do not af-
fect MLE binding to the X-chromosome suggesting that the
RNA binding property of dsSRBD1 is dispensable for associ-
ation of MLE with the MSL complex, at least at the resolu-
tion afforded by immunofluorescence microscopy. Because
we analyzed MLE-GFP localization in steady state of stable
cell lines and in presence of endogenous MLE, we cannot
exclude an effect of dSRBD1 on the kinetics and efficiency
of MSL complex assembly at the early stages of the estab-
lishment of dosage compensation in Drosophila embryoge-
nesis, when MLE is found mainly associated with mater-
nal roX1. Such a role in fine-tuning of MSL complex as-
sembly may still involve RNA binding. Both dsRBDs are
connected by the long, flexible linker and upon tethering
of MLE through dsRBD2, dsRBD1 can ‘search’ for addi-
tional RNA targets by a kind of fly-casting mechanism.

Other roles of dSRBD1 may also be envisaged. MLE has
additional functions beyond dosage compensation, for ex-
ample in RNA editing (17) and processing of siRNA pre-
cursors (16). In such a context, dsRBD1 may synergize with
dsRBD?2 for specialized functions. Furthermore, dSRBDs
have recently been shown to be involved in protein—protein
interactions, including homodimerization (70-72). Further
studies will help to unravel the specific role of dsRBDI1 in
MSL localization and to identify co-factors, e.g. Unr (12),
potentially required in association with dSRBD1 for MSL
assembly.
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