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SUMMARY
RNA unwinding by DExH-type helicases underliesmost RNAmetabolism and function. It remains unresolved if
and how the basic unwinding reaction of helicases is regulated by auxiliary domains.We explored the interplay
between the RecA and auxiliary domains of the RNA helicase maleless (MLE) from Drosophila using structural
and functional studies. We discovered that MLE exists in a dsRNA-bound open conformation and that the
auxiliary dsRBD2 domain aligns the substrate RNA with the accessible helicase tunnel. In an ATP-dependent
manner, dsRBD2 associates with the helicase module, leading to tunnel closure around ssRNA. Furthermore,
our structures provide a rationale for blunt-ended dsRNA unwinding and 30-50 translocation byMLE. Structure-
based MLE mutations confirm the functional relevance of our model for RNA unwinding. Our findings
contribute to our understanding of the fundamental mechanics of auxiliary domains in DExH helicase MLE,
which serves as a model for its human ortholog and potential therapeutic target, DHX9/RHA.
INTRODUCTION

RNAhelicases are essential enzymes for remodelingRNAduringa

wide range of cellular processes.1–3 These RNA-dependent

ATPases use their helicase activity to interconvert RNA secondary

structures4,5 and are categorized into non-processive (DEAD-box)

and processive (DExH-type) helicases.6,7 In DEAD-box helicases,

binding of substrates, ATP, and RNA triggers structural transitions

between their RecA1 and RecA2 domains, transitioning between

closed ‘‘on’’ and open ‘‘off’’ states upon ATP hydrolysis and

concomitant RNA release. Eukaryotic DExH/DEAH helicases pro-

cess one nucleotide per ATP hydrolysis, and their RecA domains

(helicase module) are often flanked by N- and/or C-terminal auxil-

iarydomains,8–15whichengage inRNA interactions thatcontribute

to substrate selectivity in the biological context.16,17 Conditional

conformational changes of auxiliary domains may install positive

or negative autoregulation of the helicase activity.18–25 Although

previousstudies haveenhancedour understandingofhelicaseac-

tion, detailed molecular insights into how eukaryotic DExH/DEAH

helicases recognize substrates and the functional interplay be-

tween auxiliary domains and the helicase module during double-

stranded RNA (dsRNA) unwinding remain unexplored.

Maleless (MLE) is a well-studied DExH-type RNA helicase,26

particularly in the context of Drosophila dosage compensa-
Molecular Cell 83, 1–16, De
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tion, where the male-specific-lethal (MSL) complex enhances

X chromosome gene transcription by approximately 2-fold.

The MSL complex comprises MLE, the rate-limiting subunit

MSL2, the scaffold protein MSL1, epigenetic reader MSL3,

histone acetyltransferase ‘‘males-absent on the first’’ (MOF),

and one of two long non-coding RNAs roX1 or roX2 (‘‘RNA

on the X’’).27,28 Lack of roX RNA is lethal as dosage compen-

sation cannot be maintained.29 During dosage compensation,

MLE binds conserved roX-box motifs and remodels roX RNAs

into an alternative conformation (alternative stem loop

[ASL]), which is then incorporated into the MSL complex

(Figure 1A).30–34 MLE exhibits high-affinity binding to roX

RNAs but loosely associates in an RNA-dependent manner

with the MSL complex,33 suggesting a transient interaction

and potentially leaving after handing over roX RNA.34 This

RNA remodeling by MLE is essential for MSL complex locali-

zation to the X territory of the nucleus.31,33 Besides dosage

compensation, MLE is also involved in RNA editing and siRNA

processing.35,36

MLE’s domain architecture includes two N-terminal dsRNA-

binding domains (dsRBDs), followed by the helicase domains

(RecA1, RecA2), HA2 and OB-like domains, and a C-terminal

glycine-rich region (Figure 1B).8 Thismodular architecture segre-

gates ss- and dsRNA-binding properties within MLE, with
cember 7, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Cryo-EM structure of MLEDG in the apo-state

(A) Schematic of the secondary structure of the biologically relevant three SLs in roX2 RNA located at the 30 end (SL6, SL7, and SL8). Upon remodeling of roX2

RNA (alternative stem loop [ASL]) by MLE, the MSL complex subunit MSL2 binds to the roX-box region. The region in roX2, of which dsRNA fragments were

designed for cryo-EM studies with MLE is shaded in pink.

(B) Domain organization of MLE from D. melanogaster and the constructs used for structural studies. The ss- and dsRNA-binding regions in MLE are indicated.

(C and D) (C) Cryo-EM density and (D) structure of MLEDG
apo. The expected binding position of dsRBD2 on the MLE helicase module, as expected from the

MLEcore + U10 crystal structure (PDB: 5AOR), is marked with a blue oval.

(E) Structural superposition of MLEDG
apo cryo-EM (with respective domain colors) andMLEcore + U10 (light teal) crystal structures. Helices are shown as cylinders

for simplicity. The structures were superposed with respect to the RecA1 domain. The rotations of the RecA2 domain and the HA2-OB-L3 module are indicated.

Black arrows in the top view indicate the inwardmovement of the RecA2 b-hairpin and the OB-like b4-b5 strands, which occludes the ssRNA-binding tunnel in the

MLEDG
apo structure. The missing loop between the RecA2 aB and aC is shown as a dotted line in the MLEDG

apo structure. See also Figures S1–S6.
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dsRNA binding mediated by the two N-terminal dsRBDs, and

single-stranded RNA (ssRNA) binding by the helicase module

comprising both RecA domains, the HA2 domain, and the

OB-like fold. The unstructured G-patch region binds to both

ds- and ssRNA.37 The region spanning dsRBD2 to the L3 linker

forms the compact helicase core (MLEcore), comprising the

RecA, HA2, OB-like fold domains, and the structured L3 linker,

which creates an RNA-binding tunnel for ssRNA during helicase

translocation and thus forms MLE’s helicase module.8 Among

the two dsRBDs, dsRBD2 is indispensable for helicase activity

and localization to the X chromosome.37

Prior studies have unveiled the structures of the isolated tan-

dem dsRBDs, both free and upon dsRNA binding and the

MLEcore with a single-stranded uridyl-homopolymer RNA and

ATP transition state analog ADP:AlF4.
8,38,39 However, these

studies did not fully elucidate the RNA recognition and unwind-

ingmechanism, the structural rearrangements duringMLE’s pro-

ductive RNA interactions, such as binding of roX stem-loop (SL)

structures, unwound ssRNA funneling through the helicase, and

the role of auxiliary domains in the entire RNA remodeling pro-

cess. To address these questions, we conducted structural,

biochemical, biophysical, and functional studies supported by
2 Molecular Cell 83, 1–16, December 7, 2023
a series of cryo-electron microscopy (cryo-EM) structures of

MLE at different helicase cycle states.

RESULTS

MLE ssRNA-binding tunnel is inaccessible in apo and
nucleotide-bound states
A previously published crystal structure of MLEcore with ssRNA

of 10 uridines (U10) and ATP transition state analog ADP:AlF4
(MLEcore

ATP + U10) was interpreted as a closed state of the

enzyme after unwinding the dsRNA substrate but still bound to

ssRNA.8 To monitor conformational rearrangements during un-

winding, we determined seven cryo-EM structures. First, we

determined the structure of MLEDG (lacking only the C-terminal

unstructured G-patch region; Figure 1B) in the apo-state

(MLEDG
apo). Its architecture resembles the MLEcore

ATP + U10

crystal structure8 (Figures 1C, 1D, and S1–S4; Table 1), adopting

a trefoil arrangement formed by RecA1, RecA2 domains, and the

HA2-OB-L3 module. However, dsRBD2, which stably interacts

with the helicase module in the MLEcore
ATP + U10 state, and

dsRBD1 are not visible in the EM density map, suggesting the

flexibility of dsRBD1,2 orientations.



Table 1. Cryo-EM data collection, refinement, and validation statistics

MLEDG
apo MLEDG

ATP

MLEDG
ATP +

U10

MLEDG
ATP +

UUC

MLEDG
ATP +

SL7, dts1

MLEDG
ATP +

SL7, dts2

MLEDG
ADP +

UUC

MLEDG
ADP +

SL7

EMDB ID 15935 15933 15931 15932 15934 17703 17711

PDB ID 8B9L 8B9J 8B9G 8B9I 8B9K 8PJB 8PJJ

Data collection and processing

Magnification 105,000 105,000 105,000 105,000 105,000 105,000 105,000 130,000

Voltage (kV) 300 300 300 300 300 300 300 300

Electron exposure

(e�/Å2)

50.5 51.7 61.2 48.5 47.9 51.7 49.4 52.6

Defocus range (mm) �0.8 to

�2.0

�0.8 to

�2.0

�0.8 to

�2.0

�0.8 to

�2.0

�0.8 to

�2.0

�0.8 to

�2.0

�0.8 to

�2.0

�0.8 to

�2.0

Pixel size (Å) 0.822 0.822 0.822 0.822 0.822 0.822 0.822 0.932

Initial particle

images (no.)

1,470,793 3,199,267 4,503,260 1,807,333 1,763,219 184,188 2,704,419 1,952,320

Final particle

images (no.)

270,599 234,365 559,766 476,446 325,471 79,756 61,690

Map resolution (Å) 3.9 3.5 2.9 3.0 4.0 3.6 4.2

FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143

Map resolution

range (Å)

2.9–6.8 2.9–6.8 2.5–5.9 1.8–3.0 3.5–8.6 2.4–8.1 2.8–9.0

Refinement

Initial model used

(PDB code)

5AOR MLEDC 5AOR 5AOR 5AOR, 6I3R 5AOR 5AOR, 6I3R

Model resolution (Å) 3.9 3.5 3.0 2.9 4.0 3.6 4.2

Model resolution

range (Å)

420.8–3.9 420.8–3.5 420.8–3.0 420.8–2.9 526.0–4.0 420.8–3.6 526.0–4.2

Map sharpening B

factor (Å2)

�154 �137 �128 �134 �203 �133 �143

Model composition

Non-hydrogen atoms 6,827 6,879 7,801 8,036 8,522 7,903 8,353

Protein residues 861 864 953 984 966 967 947

Nucleotide residues 0 0 10 11 40 11 40

Ligands 0 3 3 3 2 2 1

B factors (Å2)

Protein 45.3 45.3 40.5 41.1 92.1 40.6 365.1

Ligand – 43.2 21.6 30.1 20 – 281.8

Nucleotide – – 52.1 45.57 53.0 67.9 234.4

RMSDs

Bond lengths (Å) 0.003 0.004 0.004 0.004 0.003 0.003 0.003

Bond angles (�) 0.69 0.79 0.628 0.68 0.6 0.66 0.74

Validation

MolProbity score 2.2 2.1 1.7 2.1 2.8 1.7 2.32

Clashscore 14.3 13.3 9.0 11.7 16.8 8.9 19.03

Poor rotamers (%) 0.3 0.4 1.3 2.3 4.7 0.4 0.2

Ramachandran plot

Favored (%) 90.74 91.94 97.46 96.32 89.09 96.25 90.32

Allowed (%) 8.44 7.59 2.43 3.58 10.4 3.64 9.36

Disallowed (%) 0.82 0.47 0.11 0.10 0.52 0.1 0.32

ll
OPEN ACCESSArticle

Molecular Cell 83, 1–16, December 7, 2023 3

Please cite this article in press as: Jagtap et al., Structural basis of RNA-induced autoregulation of the DExH-type RNA helicase maleless, Molecular
Cell (2023), https://doi.org/10.1016/j.molcel.2023.10.026



Figure 2. Structure of MLEDG in complex with

dsRNA

(A) Cryo-EM density map of MLEDG + SL7 with

respective domain colors. The dsRNA is shown in

pink.

(B) Structure of MLEDG + SL7. Zoomed-in panels show

key interactions between the RNA and different do-

mains of MLE. The two minor grooves in the dsRNA

are indicated. Yellow and red dashed lines show po-

tential polar and electrostatic contacts, respectively,

between RNA and dsRBD2-helicase module linker.

See also Figures S1–S7.
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Comparison of the MLEDG
apo and MLEcore

ATP + U10 struc-

tures revealed that ssRNA cannot fit the entry tunnel, clashing

with several structural elements of MLEDG
apo including the

RecA2-aB and aB-aC loop (Figure 1E; Video S1; for a detailed

description, see Figure S4C). In the MLEDG
apo structure, the

helicase module interface to dsRBD2 seen in the MLEcore
ATP +

U10 structure is solvent exposed, and RecA2 residues 602–

606 interacting with dsRBD2 in the MLEcore
ATP + U10 structure

are not visible and presumably flexible. The tip of the RecA2

b4-a4 b-hairpin is pushed into the RNA path of the tunnel

(Figure 1E). Thus, the conformation of the RNA-binding tunnel

in the MLEDG
apo state does not support ssRNA binding.

The cryo-EM structure of MLEDG in complex with ADP:AlF4
(MLEDG

ATP) showed only minor conformational changes

compared with the MLEDG
apo structure (Figures S1–S3, S4A,

S4B, S5, and S6). The distances between the center-of-mass

of the RecA1, RecA2, and HA2-OB-L3 module changed within

�1 Å, and binding of ATP does not lead to an opening of the heli-

case module to allow ssRNA binding (Figure S6). This contrasts

with other DExH RNA helicases, including spliceosome-associ-

ated DEAH helicases Prp43 and Prp22, which show conserved

residues involved in RNA and ATP binding and yet reside in an

open conformation competent for ssRNA binding in the

absence of adenosine nucleotides.9,10,40–44 In Prp22, the pres-

ence of adenosine nucleotides stabilizes the closed conforma-

tion of the helicase module, regardless of the presence of

RNA.40 Thus, the MLEDG
apo and MLEDG

ATP structures do not

explain the structural transitions necessary for dsRNA unwind-

ing to arrive at the MLEcore
ATP + U10 state.

Structure of MLE in complex with dsRNA reveals the
opening of the helicase module upon dsRNA binding
The discussed structures exclude MLE conformations when

bound to dsRNA. MLE initially recognizes roX RNA stem-loop
4 Molecular Cell 83, 1–16, December 7, 2023
7 (SL7) dsRNA (Figure 1A),34 potentially

involving MLE dsRBD1,2 domains, which

were studied previously only in isolation.37–39

Therefore, dsRNA was predicted to bind to

the MLE helicase module in a perpendicular

position relative to the ssRNA, involving

structural changes of RecA2-aB and aB-aC
loop to expose the RNA entry tunnel.8,39

To investigate dsRNA binding to MLE, we

attempted to obtain a cryo-EM structure
ofMLEDG in complex with roX2 SL678 (Figure 1A). However, sam-

ple heterogeneity and complex dissociation were observed in

electro mobility shift assays (EMSAs) and on cryo-EM grids,

respectively (Figure S7A). To circumvent this, we designed an

SL derived from SL7 of roX2 with a 30 single-stranded extension

consisting of the UxUUU ssRNA motif shown to bind MLE in the

RNA tunnel8 (called ‘‘SL7’’ hereafter, Figure S7B). MLEDG bound

to this RNA with an affinity of 16 ± 1.4 nM in a 1:1 stoichiometry

(Figures S7C and S7D).

We obtained a cryo-EM structure of MLEDG in complex

with SL7 RNA and ADP:AlF4 (MLEDG
ATP + SL7, Figures 2A,

2B, S1–S3, and S4B; Table 1). The dsRBD2 domain is now

visible in the EM density, bound to dsRNA and aligning it

with the ssRNA-binding tunnel instead of the previously

predicted perpendicular conformation (Figures 2A, 2B, and

S8A–S8C).39 The dsRBD2 mediates canonical interactions

with the dsRNA. The loop connecting dsRBD2 b1-b2 strands

and the a1 helix bind to the 2nd and 1st minor grooves, respec-

tively, and the N-terminal region of a2 helix binds to the next

major groove (counting from the proximal base to the helicase

module).38,39,45 Key residues in the L2 linker cause structural

constraints and define the range for dsRNA contacts to be

within the first register of the minor-major-minor groove

(Figure 2B).

Notably, dsRNA recognition by MLE involves dsRBD2 and the

N-terminal 26 residues of the L2 linker, providing a continuous

patch of a positive electrostatic surface potential that interacts

with the negatively charged dsRNA backbone (Figures S8D

and S8E). This positively charged surface continues into the

RNA entry tunnel (Figure S8E). Highly conserved L2 linker lysines

(K253-K256) are flexible in the absence of dsRNA8 but guide the

30 end of the dsRNA into the entry tunnel of the helicase module

(Figures 2B, S8D, and S8F), emphasizing their importance for

helicase function.



Figure 3. Conformational rearrangements in dsRNA-bound MLE

upon ATP hydrolysis

TheMLEDG
ATP + SL7 (left) and MLEDG

ADP + SL7 (right) structures are shown as

surface representations. Movement of dsRNA, dsRBD2, RecA2 domain, and

HA2-OB-L3 module upon ATP to ADP transition is shown with Ca vectors from

blue to red on the cartoon representation of MLEDG
ATP + SL7 structure (in gray,

with RecA2 and HA2-OB-L3 module shown with orange and red-purple-gray

arcs). The top view shows the movement of dsRNA-dsRBD2 toward the back

of the protein. The RecA2 domain and HA2-OB-L3 module moves up, toward

the dsRNA, and the 30 strand at the bound end of the dsRNA moves down

toward the RNA-binding tunnel in the helicase module (shown in inset), ratio-

nalizing 30 to 50 directional movement of MLE on RNA. See also Figures S1–S6

and S9.
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Conformational rearrangement of the helicase module
upon ATP hydrolysis
To investigate the effect of ATP hydrolysis on MLE’s helicase

module conformation, we determined the cryo-EM structure of

MLEDG bound to ADP and SL7 (MLEDG
ADP + SL7, Figures 3,

S1–S3, and S4B). This structure closely aligns with that in com-

plex with ADP + AlF4, with minor domain rotations (overall root-

mean-square deviation [RMSD]: 1.2 Å). The RecA2 andHA2-OB-

L3 modules rotate by 9� and 6�, whereas dsRNA and the

dsRBD2 rotate by 6� and 32� with respect to MLEDG
ATP + SL7

(Figure S9). Notably, the RecA2 domain and HA2-OB-L3 module

move upward toward the dsRNA’s 50 end, relative to the RecA1

domain, and the dsRNA’s 30 endmoves into the helicase module

by �8 Å (Figure 3; Video S2). MLE has been shown to unwind

blunt-ended RNA duplexes, albeit less efficiently, relying on

dsRBD2.8 These structural changes inMLEDG
ADP + SL7 complex

compared with MLEDG
ATP + SL7 may explain how the 30 end is

ratcheted into the helicase module upon ATP hydrolysis, facili-

tating directional 30-50 translocation on the dsRNA.

Conformational rearrangement of dsRBD2 is required
for ssRNA binding to the helicase module
Our MLEDG structures in complex with the SL7 RNA reveal large

conformational changes upon dsRNA binding. To accommodate

dsRNA at the ssRNA entry tunnel, the RecA2 domain and HA2-

OB-L3 module rotate by 14� and 19�, respectively, away from

the tunnel compared with the MLEDG structure (Figures 4A and

S10A; Video S3). These rotations cause the retraction of the

HA2 a6-a7 loop, a10 helix, and the RecA2 a2/a3 helices, allowing

the 30 end of the dsRNA to approach the entry tunnel. Further-

more, the RecA2 aB helix is not visible in the EM density, sug-

gesting it is flexible, thereby allowing it to accommodate the 50

end of the dsRNA (Figures 4B and S10B).

However, we only observed density for two nucleotides from

SL7’s 50 end of the ssRNA extension leading up to the entry tun-
nel in MLEDG
ATP + SL7 andMLEDG

ADP + SL7 structures, although

the designed ssRNA extension was intended to fit into the tunnel

entirely (Figures 2 and 3). Nevertheless, EMSAs confirmed that

MLEDG can bind both parts of SL7 RNA (SL7dsRNA and UUC

RNA; Figure S7B), albeit with lower affinity compared with com-

plete SL7 RNA (Figure S10C). To understand the interactions

between MLEDG and ssRNA, we determined cryo-EM structures

of MLEDG in complex with ADP:AlF4 and either U10-mer ssRNA

(MLEDG
ATP + U10) or UUC ssRNA (MLEDG

ATP + UUC)

(Figures S1–S3, S4A, S4B, and S11A–S11D). Both structures

superpose with the previous MLEcore + U10 crystal structure8

with RMSDs of 0.7 and 1.4 Å, respectively, and we observed

density for U10 and UUC ssRNAs in the RNA-binding tunnel

(Figures S11A and S11C). Contrary to the MLEDG
apo structure,

dsRBD2 nowoccupies the same position on the helicasemodule

as in the MLEcore
ATP + U10 structure (Figures S11B and S11D).

Furthermore, dsRBD1 and the linker connecting dsRBD1,2 are

not visible, suggesting that this region remains flexible in the

presence of ssRNA.

Thus, MLEDG can bind ssRNAs, but the SL7 ssRNA moiety is

not bound in the MLEDG
ATP + SL7 structure due to clashes of

RecA2 and OB-like b-hairpins with the putative binding sites of

nucleotides 3–7 (Figure S11E). Comparison of MLEDG
ATP + SL7

and MLEDG
ATP + UUC structures revealed that for ssRNA inser-

tion into the helicase module and transition from the dsRNA- to

ssRNA-bound state, the RecA2 domain and HA2-OB-L3 module

must move inward toward the ssRNA-binding tunnel accompa-

nied by rotations of 16� and 17�, respectively (Figure 4C; Video

S4). These domain motions are facilitated by an extensive

conformational change of dsRBD2 (Figures 4D and S12A). To

bind ssRNA, dsRBD2 flips back onto the helicase module with

a displacement of 60 Å while rotating by 146�. For simplicity,

we call the conformation of dsRBD2 in the MLEDG
ATP + SL7

structure ‘‘flipped-out’’ (‘‘out’’ in construct names) and in com-

plex with ssRNA as ‘‘flipped-in’’ (‘‘in’’ in construct names). In

the flipped-in conformation, dsRBD2 acts as a brace and con-

nects the RecA2 domain and the HA2-OB-L3 modules by form-

ing an intricate network of hydrogen bonds and hydrophobic

interactions, which stabilize the ssRNA-bound closed state of

MLE (Figures S12B and S12C).

To investigate the effect of ATP hydrolysis on MLEDG bound to

ssRNA, we determined the cryo-EM structure of MLE in complex

with ADP and UUC ssRNA (MLEDG
ADP + UUC). This structure

superposed with MLEDG
ATP + UUC with an overall RMSD of

0.7 Å but showed minor conformational changes at the 50 end
of the ssRNA and backbone of the RNA at positions 5–7

(Figures S13A and S13B). The RNA backbone at position 6–7

of the RNA bend is recognized by a conserved loop of RecA2

(via His691 and Gln693) that was referred to as the ‘‘hook’’

loop or motif H.8 Previous mutation of the hook-loop residues

impaired the helicase activity but not RNA binding ofMLE.8 How-

ever, a higher resolution will be needed to confidently conclude

that such minor movements may facilitate RNA translocation

through the helicase tunnel.

Our structural analyses suggest that dsRBD2 conformation

change (‘‘in’’ vs. ‘‘out’’) governs the preference of MLE for ds-

or ssRNA and that it, in turn, should cause the release of dsRNA

and vice versa. To validate this, we performed competition
Molecular Cell 83, 1–16, December 7, 2023 5



Figure 4. Opening and closing of MLE heli-

case module upon binding to dsRNA and

ssRNA

(A) The MLEDG and MLEDG
ATP + SL7 structures are

shown as surface representations. Movement of

the RecA2 domain and the HA2-OB-L3 module

upon dsRNA binding and helicase module opening

is shown with Ca vectors from blue to red on the

cartoon representation ofMLEDG structure (in gray,

with RecA2 and HA2-OB-L3 module shown with

orange and red-purple-gray arcs). The formed

RNA-binding tunnel in MLEDG
ATP + SL7 structures

is shown in cyan. The neighboring regions around

the RNA-binding tunnel are shown with a trans-

parent surface.

(B) Zoom-in of the RNA-binding tunnel showing

structural changes in RecA2 and HA2 domains

upon dsRNA binding to MLEDG (with respective

domain colors) compared with MLEDG (cyan)

structure. The loop between a6-a7 helices from the

OB-like domain is shown with a thicker radius for

clarity with its displacement indicated by a red

arrow.

(C) Closing of the helicase module upon transition

from SL7 dsRNA to UUC ssRNA-bound state. The

movement of RecA2 domain and HA2-OB-L3

module upon transition from ds to ssRNA-bound

state is shown with Ca vectors from blue to red on

the cartoon representation of MLEDG
ATP + SL7

structure (in gray). The 90� top view depicts the

movement of RecA2 b-hairpin (orange) out of the

ssRNA-binding tunnel. The UUC ssRNA-bound

state of MLEDG is shown as surface representation

with ssRNA in pink and neighboring region around

ssRNA in transparent for clarity.

(D) Flipping of the dsRBD2 onto the helicase

module is shown on the MLEDG
ATP + SL7 structure

upon transition from ssRNA- to dsRNA-bound

state.

(E) Competition FP assays showing inhibition of

SL7dsRNA binding by increasing the concentration

of UUC ssRNA and UUC RNA binding by

increasing the concentration of SL7dsRNA in pres-

ence and absence of transition state analog.

(F) EMSA experiments showing release of SL7dsRNA by increasing the concentration of UUC RNA and UUC RNA by increasing the concentration of SL7dsRNA.

(G) FP assay curves (left) and binding affinity (right) of SL7, SL7dsRNA, and UUC ssRNA toMLE in presence and absence of ATP transition state analogs (ADP:AlF4).

Data are represented as mean ± standard deviation in (E) and (G). See also Figures S1–S6, S10, and S12.
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experiments with the double-stranded (SL7dsRNA, Figure S7B) or

single-stranded (UUCRNA) region of SL7 using fluorescence po-

larization (FP) and EMSA (Figures 4E and 4F). The SL7dsRNA con-

tained a 2-nucleotide overhang at the 30 end, as this is involved in

the interaction with dsRBD2-helicase module linker (Figure 2).

FP experiments confirmed competitive inhibition of SL7dsRNA

binding by UUC ssRNA, which was further enhanced by

ADP:AIF4. SL7dsRNA could reciprocally compete with UUC

ssRNA, with reduced effectiveness in the presence of

ADP:AIF4 (Figure 4E). EMSA experiments confirmed this and

showed the release of SL7dsRNA upon increasing the concentra-

tion of UUC ssRNA and vice versa, in agreement with our struc-

tural analysis and FP assays (Figure 4F).

Our cryo-EM structures suggest that the position of dsRBD2

depends on RNA secondary structure. Competition experiments

and structural data imply that dsRBD2 must release dsRNA and
6 Molecular Cell 83, 1–16, December 7, 2023
then flip back onto the core forMLE to bind the ssRNA. However,

MLE tandem dsRBDs bind to dsRNA with nanomolar affinity38,39

raising the question of how dsRBD2 dissociates from dsRNA.

We explored the role of ATP binding by assessing the affinity

of MLEDG for SL7, SL7dsRNA, and UUC RNA in the absence

and presence of ADP:AIF4 using FP assays (Figure 4G). As ex-

pected, SL7 and UUC RNA showed an �8- and �33-fold

increase of affinity in the presence of ADP:AIF4, likely due to

enhanced binding of the ssRNA region. However, MLEDG

showed a �4-fold reduced affinity for SL7dsRNA in the presence

of ADP:AIF4. Therefore, in the absence of ATP, MLE shows

a �3-fold preference for the dsRNA part of SL7 (120 vs.

344 nM), but in the presence of ADP:AIF4, it shows a �44-fold

preference for ssRNA (463 vs. 10.5 nM), signifying the binding

of ATP to the helicase module as a driving force for flipping

dsRBD2 onto the helicase module.



Figure 5. Interaction between MLE dsRBD1,2

and the helicase module

(A) Intensity ratios of dsRBD1,2 upon sequential

addition of MLE helicase module (equimolar

amount, in trans), U10 ssRNA, and ADP:AlF4 and as

quantified from spectra shown in Figure S14A.

(B) Mapping of line broadening and intensity

decrease of NMR signals in dsRBD1,2 on the

dsRBD1 and dsRBD2 NMR structures (PDB: 6I3R)

upon addition of the helicase module, U10 ssRNA,

and ADP:AlF4.

(C) Interdomain crosslinks within MLE in the apo-

state, in complex with U10 ssRNA or with SL7

dsRNA, are presented as arches. Crosslinks origi-

nating from dsRBD1, linker, and the dsRBD2 are

shown in green, red, and blue for MLE, respectively.

The crosslinking pattern suggests non-specific in-

teractions between dsRBD1 and the helicase mod-

ule, supporting the observed line broadening in the

NMR spectrum and a dynamic exchange with the

helicase module. See also Figures S12B and S12C

and Tables S1 and S2.
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The interactions of dsRBD1,2 with the helicase module
are dynamic
Although our construct used for cryo-EM studies included

dsRBD1, we did not observe any EM density, indicating its flex-

ible orientation relative to the helicase module. This aligns with

previous findings suggesting that dsRBD1 has weak dsRNA-

binding affinity and a flexible linker connecting dsRBD1,2.37,38

To explore potential transient dsRBD1-helicase module interac-

tions that could not be captured in cryo-EM data, we monitored

changes in the 1H-15N HSQC NMR spectrum of 15N-labeled

dsRBD1,2 upon addition of unlabeled helicase module in trans.

Surprisingly, dsRBD1 peaks displayed severe line broadening

compared with minor line broadening in the linker and dsRBD2,

indicating that dsRBD1 interacts stronger with the helicasemod-

ule than dsRBD2, contrary to our cryo-EM and previously avail-

able structures (Figures 5A, 5B, and S14A; Table S1).8

To investigate if RNA and nucleotides influence dsRBD1,2’s

interaction with the helicase module, we performed NMR titra-

tions with U10 ssRNA and ADP:AlF4. Although ssRNA alone

had little impact, the presence of ssRNA and ADP:AlF4 caused

line broadening in linker residues and the a0 helix of dsRBD2.

The observed line broadening is consistent with our previous

findings that this dynamic a0 helix does not bind RNA but inter-

acts with the helicase module.8,38 By contrast, line broadening

of dsRBD1 residues is unaffected by the presence of ADP:AlF4
and ssRNA (Figures 5A and S14A; Table S1).

To reconcile the NMR and cryo-EM data regarding dsRBD-

helicase interactions, we employed crosslinking mass spec-

trometry (CL-MS) in both the apo- and RNA-bound states (Fig-

ure 5C; Table S2). In the apo-state, 7 lysines from dsRBD1 and

a single lysine from the linker region crosslink with 8 lysines
M

from the helicase module and the

G-patch. However, dsRBD2 lysine resi-

dues only crosslinked with three lysines,

K936, K1020, and K1081, located in the

HA2, OB-like, and L3 regions of the heli-
case module. Two of these lysines (K1020 and K1081) are within

crosslinking distance of the previously known binding site of

dsRBD2, as demonstrated by the cryo-EM structure of MLEDG

(Figure S14B). In the presence of U10 ssRNA or SL7 dsRNA,

the dsRBD1-linker formed fewer crosslinks, but with similar dis-

tribution. On the other hand, K256 from dsRBD2 formed only one

specific interdomain crosslink with K1020 of the OB-like domain.

From our cryo-EM structures, this crosslink is possible if MLE

binds to either ss or dsRNA. In summary, the data support our

cryo-EM structures and suggest that dsRBD1-linker interacts

dynamically with different parts of the helicase module, whereas

dsRBD2 has limited flexibility in the absence of RNA and as-

sumes a specific conformation in the presence of RNA.

Structure-based mutations of MLE affect RNA binding
and helicase activity in vitro

We next sought to validate our structural findings through struc-

ture-based mutations. First, to investigate the role of lysine resi-

dues 253–256 of linker L2 in guiding RNA entry into the helicase

module, we mutated them to glutamates (MLEDG
linker). Second,

to test whether dsRBD2 conformation changes are essential for

RNA unwinding, we designed mutations to lock MLE in either

the open, dsRBD2 flipped-out conformation (competent for

dsRNA binding), or the closed dsRBD2 flipped-in conformation

(competent for ssRNA binding). To stabilize the closed conforma-

tion (MLEDG
in), we engineered a cysteine bridge between dsRBD2

and the helicasemodule (Figure S12B), whereas to force the open

conformation (MLEDG
out), wemutated 13 residues on the helicase

module to alanines, disrupting hydrogen bonds between dsRBD2

and the helicase module (Figure S12B). All mutants maintained

their proper fold and stability (Figures S15A–S15C).
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Figure 6. Biophysical and biochemical charac-

terization of MLE mutants

(A) Affinity of MLEDG wild type and mutants for roX2

SL678 and UUC RNA shown as half-maximal inhibi-

tory concentration (IC50) as determined by FP assays.

(B) Multiple-turnover helicase assays with MLEDG and

its mutants along with the fitting in the linker region to

derive the maximum initial velocity (Vmax) and the

derived Vmax values are shown. The time point at

which ATP was added was adjusted to zero after

recording baseline fluorescence for 3 min and the

assays were recorded in triplicates. Every 2nd data

point is shown in the helicase assay curve for

simplicity. Errors that are smaller than the symbol of

the data points are not displayed.

(C and D) (C) Fraction of duplex RNA unwound in

multiple-turnover and (D) single-turnover helicase as-

says for MLEDG and its mutants. Data are represented

as mean ± standard deviation. See also Figure S17.
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In FP binding assays with predominantly double-stranded

roX2 SL678 or single-stranded UUC RNA (Figure 6A),

MLEDG
linker showed a �4- to 6-fold reduced affinity for both

RNAs, suggesting the importance of the positive surface charge

in the dsRBD2-helicase module linker for RNA binding. Without

reducing agent, MLEDG
in showed a �20-fold decreased binding

affinity to SL678 compared with MLEDG (80 vs. 4.1 nM), which

was restored with tris(2-carboxyethyl)phosphine (TCEP) (11.7

vs. 5.7 nM). MLEDG
in binding to UUC RNA remained largely unaf-

fected compared with MLEDG (280 vs. 302 nM), whether or not

TCEP was present. By contrast, MLEDG
out showed a severe

loss of ssRNA-binding affinity (>2,500 nM) compared with

MLEDG (234 nM). Thus, these experiments confirm that

MLEDG
in preferentially binds ssRNA andMLEDG

out binds dsRNA.

To assess MLE’s helicase activity, we confirmed that the

mutants retained their ATPase activity using 1D NMR experi-

ments (Figure S16). MLEDG did not show significant ATPase

activity in the absence of RNA but was stimulated by the

addition of SL678, as expected as the ATPase activity of DExH
8 Molecular Cell 83, 1–16, December 7, 2023
helicases has been shown to be stimulated

by RNA.46–49 The mutants showed a slight

decrease in ATPase activity, and in the pres-

ence of TCEP,MLEDG
in regained full ability to

hydrolyze ATP equivalent to MLEDG, sug-

gesting the release of dsRBD2 from the

helicase module. Overall, these results indi-

cate that all MLE mutants can bind and hy-

drolyze ATP.

Next, we assessed the real-time helicase

activity of these mutants using a model

duplex RNA derived from SL7 under multi-

ple (RNA excess) and single (protein

excess) turnover conditions (Figures 6B–

6D and S7B). In multiple-turnover assays,

MLEDG
linker showed a modest 2.5-fold

reduced activity compared with MLEDG

(19.5 ± 1.2 vs. 47.8 ± 0.8 nM/min). This

decreased activity likely arises from weaker
RNA substrate binding (Figure S17B). MLEDG
in showed negli-

gible activity in the absence of TCEP (0.6 ± 0.03 nM/min), which

recovered to a minor extent in the presence of TCEP (3 ±

0.08 nM/min). This inability of MLEDG
in to fully regain activity

equivalent to wild type in the presence of TCEP could arise

from transient formation of the cysteine bridge during the heli-

case cycle with dsRBD2 in the ‘‘in’’ conformation, limiting prod-

uct release in a closed helicase conformation. MLEDG
out also

exhibited weak helicase activity (2.9 ± 0.09 nM/min). The

decreased activity of the mutants was also reflected in a lower

fraction of duplex unwound under multiple-turnover conditions

where MLEDG could unwind 56% of the dsRNA whereas

MLEDG
linker, MLEDG

in, and MLEDG
out showed only 18%, 3.5%

(without TCEP), and 2.5% fraction of duplex RNA unwinding

in 30 min, respectively.

In single-turnover experiments, MLEDG showed a complex

behavior compared with the mutants, making it difficult to esti-

mate the total RNA unwound fraction and suggesting possible

differences in the helicase mechanism between MLEDG and its
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mutants (Figure S17C). Only MLEDG
out showed a decreased ac-

tivity, as shown by a lower fraction of RNA duplex unwound.

MLEDG
linker and MLEDG

in showed equivalent or higher fraction

of duplex unwinding compared with MLEDG.

In summary and considering RNA-binding data, MLEDG
linker is

helicase active but has a general defect in RNA binding.

MLEDG
out is helicase activity-deficient, and MLEDG

in, despite

high activity in single-turnover experiments, exhibits limited ac-

tivity due to inhibited product release caused by the forced

closed conformation of the helicase module.

The conformation of dsRBD2 is relevant for X
chromosome territory formation and RNA binding in vivo

Next, we assessed the contribution of dsRBD2 and its adjacent

linker region to MLE’s in vivo function. MLE colocalizes with the

MSL complex and roX RNA on the male X chromosome, where

they bind toMRE sequences at active genes. Faithful localization

to the X chromosome is revealed as staining of a coherent

X chromosome territory by immunofluorescence microscopy.

MLE binding to the MSL2-marked territory depends on its inter-

action with roX2,8 and conversely, coherent MSL2-territory

staining depends on the presence of MLE and its ATPase and

helicase activities.50

We generated non-clonal S2 cell lines stably expressing

GFP-tagged, full-length MLE variants MLEfl
WT and MLEfl

linker,

and, in an independent approach, MLEfl
WT, MLEfl

in-eGFP, and

MLEfl
out-eGFP. The mle transgenes had been rendered RNAi-

resistant by synonymous codon adaptation, allowing us to

monitor their function after the depletion of endogenous MLE.

RNAi directed against irrelevant glutathione-S-transferase

(GST) sequences served as control (Figures S18A and S18B).

The rescue capability of GFP-tagged transgenes was monitored

by qualitative and quantitative immunofluorescence microscopy

(Table S3). The pool of cells expressing low levels of GFP-tagged

transgene (GFPlow), corresponding to sub-physiological levels of

MLE, served as internal negative control.

As expected, depletion of MLE by RNAi impaired X chromo-

some territory formation, which also translated into an overall

drop of MSL2 levels (panel S2mle RNAi) (Figure 7A). Expression

of MLEfl
WT-eGFP restores MSL2-marked territories, the trans-

gene localizes to X chromosome territories, and MSL2 nuclear

levels are increased relative to the GFPlow cell pool (Figures 7A

and 7B).MLEfl
linker-eGFP cells, however, displayed an intermedi-

ate phenotype, and MSL2 showed a speckled and diffuse nu-

clear localization and no coherent X territory enrichment, sug-

gesting that the positive surface charge in the L2 linker is

important for MLE’s RNA binding and unwinding function and

is required for X chromosome enrichment.

Next, we tested the relevance of dsRBD2 conformations in

MLEfl
in-eGFP andMLEfl

out-eGFP-expressing cells. As described

above, we observed robust complementation of endogenous

MLE loss in MLEfl
WT-eGFP cells (Figures 7C and 7D). A compa-

rable phenotype was observed in MLEfl
in-eGFP-expressing

cells, which seems in contrast to the observed deficiencies of

this mutant in vitro (Figure 6). However, due to the intracellular

reducing environment, the intended disulphide bonds in this

mutant are most likely unstable in vivo, rendering MLEfl
in-eGFP

a wild type like variant. This result also demonstrates that the
cysteine substitutions per se do not alter the physiological func-

tion of the enzyme. By contrast, we observed a strong pheno-

type in MLEfl
out-eGFP-expressing cells (Figures 7C and 7D). In

control gst RNAi-treated cells, endogenous MLE still localized

to MSL2-stained X territories, whereas MLEfl
out-eGFP did not

colocalize and exhibited a speckled nuclear localization. In the

absence of endogenous MLE, the MLEfl
out-eGFP mutant failed

to rescue X chromosome territory formation and restore physio-

logical MSL2 protein levels. The data confirm that the helicase-

deficient enzyme does not function in vivo.

MLE binds with high selectivity to tandem SL structures and

poly(A)/U-rich ssRNA sequence motifs, which are present in crit-

ical parts of roX2.30,31,34 We reasoned that the observed pheno-

types inMLEfl
linker-eGFP andMLEfl

out-eGFP-expressing cells are

the consequence of compromised roX2 recognition and

incorporation into the MSL complex (Figures 7A–7D). Therefore,

we assessed substrate binding in MLEfl-eGFP-expressing cells

by RNA immunoprecipitation (RIP) under native conditions.

These experiments were performed in the presence of endoge-

nousMLE tomaintain a stable pool ofMLE substrates in the cells.

RIP of the abundant non-coding 7SK or GAPDH mRNA served

as negative control. As expected, roX2 immunoprecipitated

well with MLEfl
WT-eGFP (Figures 7E, 7F, and S18C–S18F).

MLEfl
linker-eGFP displayed a moderate reduction in immunopre-

cipitated roX2 (Figures 7E, S18C, and S18D), in good agreement

with the decrease in affinity to ssRNA/dsRNA observed in vitro

(Figure 6A). In cells, diminished roX2 binding translates into an

intermediate complementation efficiency (Figures 7A and

7B), which suggests that the linker adjacent to dsRBD2

contributes to guide the RNA substrate into the helicase

tunnel. The MLEfl
in-eGFP mutant, which in cells is considered

wild type like, enriched roX2 well, even to a greater extent

than MLEfl
WT-eGFP (Figures 7F, S18E, and S18F). The

MLEfl
out-eGFP mutant, however, showed severely diminished

roX2 binding, suggesting that disrupting dsRBD2-helicase

module interactions causes helicase deficiency and limits faithful

roX2 recognition and stable integration into the MSL complex

(Figures 7F, S18E, and S18F). This observation is further

strengthened by the fact that the dsRBD2 mutants are immuno-

precipitated at higher levels than MLEfl
WT-eGFP due to a larger

fraction of mutant transgene-expressing cells (Figure S18F).

Because roX2 is rendered unstable in the absence of functional

MLE,51,52 we propose that the observed moderate ability of

MLEfl
linker-eGFP and failure of MLEfl

out-eGFP, respectively, to

complement MLE loss is explained by a deficiency of roX2 incor-

poration into the dosage compensation complex (requiring

dsRNA binding and helicase activity), leading to degradation of

the RNA. In addition to roX1 and roX2, MLE binds—presumably

transiently—to a small subset of additional substrates that harbor

similar secondary structure and sequence determinants.30,33,34

To test if other substrates are recognized in the same way, we

quantified the enrichment of RpS29 with the MLEfl-eGFP trans-

genes (Figures 7E, 7F, S18C, and S18E).34 MLEfl
WT-eGFP and

MLEfl
in-eGFP indeed enriched RpS29, albeit at lower levels

than roX2, confirming our previous observation. By contrast,

the MLEfl
linker-eGFP and MLEfl

out-eGFP mutants did not enrich

RpS29, suggesting that a comparable recognition mode applies

to at least two substrates of MLE, roX2, and RpS29.
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Figure 7. The conformation of dsRBD2 is

relevant for X chromosome territory forma-

tion and RNA binding in vivo

(A and C) Representative immunofluorescence

images of S2 cells stably expressing RNAi-resis-

tant wild type or mutant MLEfl-eGFP. Cells were

treated with control (gst) dsRNA (endogenous and

transgenic MLE present) or with dsRNA targeting

endogenous mle (endogenous MLE depleted and

transgenic MLE present). Panel ‘‘S2’’ shows

immunofluorescence of non-transfected S2 con-

trol cells, which were treated the sameway. DNA is

shown in blue, transgenic MLEfl-eGFP in green,

MLE in red, and MSL2 in gray. Arrowheads mark

X territories. Scale bar represents 5 mm.

(B and D) Dot plots showing the immunofluores-

cence-based complementation assay from (A) and

(C). Each dot represents the log2-fold change of

the population median MSL2 mean nuclear signal

between GFPhigh (expressed MLEfl-eGFP wild-

type or mutant transgene) and GFPlow cells per

biological replicate. The number of cells included

in the quantification is given in Table S3. p values

were calculated using a two-tailed paired t test. ns,

not significant; *p < 0.05; **p < 0.01.

(E and F) RNA immunoprecipitation (RIP) of GFP-

tagged MLEfl-wild type and mutants from stable

S2 cells. S2 represents a GFP-RIP control using

non-transfected S2 cell extract. Relative enrich-

ment (IP/input) of roX2 and RpS29 transcripts was

analyzed by RT-qPCR and is presented normal-

ized to unbound 7SK. Error bars represent the

standard deviation for three (E) and four

(F) independent replicates. p values were calcu-

lated using a two-tailed paired t test. ns, not sig-

nificant; *p < 0.05; **p < 0.01.

(G) A model for cis regulation of RNA binding and

helicase activity by accessory domains in MLE. As

the order of RNA and ATP binding by MLE remains

unclear, the ATP binding by MLE is shown with a

question mark. See also Figure S18 and Table S3.
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DISCUSSION

The simple statement that RNA helicases unwind dsRNA con-

trasts with the observed complexity of domain organization

and functional specification of many such enzymes. MLE, for

example, exhibits remarkable substrate selectivity, favoring sub-

strates with RNA secondary structure (pairs of SLs with alterna-

tive base pairing potential) with small linear motifs that are

exposed only upon unwinding (the U-rich roX-box).34 For the un-

winding reaction to be productive, MLE needs to control the heli-

case reaction, to hold on to the remodeled RNA, and finally

transfer the remodeled roX to the MSL complex.

We imagine that MLE’s substrate selectivity and context-

dependent helicase activity are mediated by its auxiliary do-

mains, similar to nucleosome remodeling ATPases, where

multiple auxiliary domains install conditional autoinhibition, sub-

strate-mediated activation, and proof-reading.53

Our new structures reveal dramatic conformational changes

of MLE upon binding to substrate dsRNA, leading to the con-

ditional opening of the channel that binds the ssRNA prod-
10 Molecular Cell 83, 1–16, December 7, 2023
ucts. Combined with previous studies, these structures allow

us to propose a model for the helicase cycle of MLE. Below,

we highlight the salient features of the model, as depicted in

Figure 7G.

Hallmarks of the model
In our model (Figure 7G) the helicase module initially adopts a

closed conformation that prevents non-substrate RNA binding.

Connected by flexible linkers, the two dsRBD domains are free

to sample the immediate vicinity for potential substrate RNAs.

The distance between dsRBD2 and L2 linker ensures productive

binding of captured RNAs by the helicasemodule, either at the 30

end of dsRNA or within single-stranded loops, and dsRBD2

aligns the dsRNAwith the helicase tunnel. Recognition of the ter-

minal RNA nucleotides induces domain movement and opens

the RNA-binding tunnel. In case of blunt-ended dsRNA sub-

strates, particularly during the initial stages of RNA unwinding

upon ATP hydrolysis, these conformational changes would facil-

itate directional 30-50 translocation of MLE on the dsRNA and

entry of ssRNA into the helicase tunnel.
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For dsRNA substrates with 30-ssRNA overhangs, the ssRNA

component may not be optimally bound because of structural el-

ements from the helicase module obstructing the RNA tunnel.

Previous studies have indicated dsRBD2-independent binding

of the helicase module to the single-stranded U20 substrates,

albeit with lower affinity.8 Flipping of dsRBD2 back onto the heli-

case module pulls back regions of RecA2 and HA2 domains,

enabling optimal ssRNA binding in the tunnel that is conducive

to helicase activity. Although the order of ATP and RNA binding

by MLE remains uncertain, from our data, the dsRBD2 transition

from ‘‘out’’ to ‘‘in’’ conformation seems to be driven by ATP bind-

ing to the helicase module. This conformational change is pre-

dicted to force the helicase module into the RNA-bound closed

conformation, promoting helicase activity and stable binding of

the ssRNA product.

Translocation mechanism of MLE
DExH helicases typically unwind RNA duplexes with 30-50 direc-
tionality with a requirement for a single-stranded 30 overhang for

substrate loading.16,54 MLE, however, has the unusual ability to

unwind dsRNAs with blunt ends dependent on the presence of

the dsRBD2 domain.8 Our cryo-EM structures of MLE in com-

plex with SL7 RNA and ATP transition state analog or ADP

shed light on the mechanism behind this unusual property. The

continuous positively charged surface of dsRBD2 and L2 linker

serves to hold the dsRNA, aligning it with the 30 end and priming

it for entry into the active site (Figure S8E). The limited linker

length restricts dsRBD2’s interaction with the base of larger

RNA stems (Figure 2B). Initially, a few nucleotides are unwound

with lower efficiency,8 followed by dsRBD2 transitioning to the

‘‘in’’ conformation and efficient RNA unwinding. Notably, the

dsRNA observed in our structures in complex with the SL7

RNA has a two-nucleotide overhang, which may dynamically

occur in blunt-ended dsRNA substrates since the pairing of ter-

minal bases is often weak and flexible.

A hook-loop or motif H from the RecA2 domain has been iden-

tified as crucial for RNA unwinding of substrates with ssRNA

overhangs.8 Relative domain motions of RecA2 with respect to

RecA1-HA2 domains upon ATP hydrolysis were proposed to

shift this motif toward the 50 end of the RNA, rationalizing theme-

chanical movement of the 30 end into the helicase tunnel. How-

ever, we observed only minor structural changes in MLE bound

to ADP or ATP and ssRNA, requiring further high-resolution

structures for deciphering MLE’s translocation mechanism.

Auxiliary domains regulate access to the RNA tunnel
in MLE
Although recent structures of DExH/DEAH RNA helicases within

the spliceosome context have been determined, they do not

contain dsRNA substrates. A distinct structure of the archael

DExH helicase Hel308 bound to dsRNA exists, but it significantly

differs in domain architecture and arrangement from its eukary-

otic counterparts.55

Previous DExH/DEAH RNA helicase structures revealed that

binding of the ATP transition state analog opens the ssRNA-

binding tunnel by rearrangements of C-terminal domains.9 By

contrast, we did not observe substantial conformational

changes upon binding of ADP:AlF4, suggesting a different,
ATP-independent mechanism for opening the ssRNA-binding

tunnel. Such a mechanism has primarily been seen in the

DEAH-type helicase DHX36, which unwinds G-quadruplexes.56

Our MLEDG structure complexed with dsRNA provides a snap-

shot of how dsRNA enters the RNA tunnel within this class of hel-

icases: Besides their role in direct RNA binding, HA2 and the

OB-like domains serve as a gate that requires large domain rear-

rangements to regulate RNA entry into the RNA-binding tunnel.

The specific architecture of auxiliary domains relative to the heli-

case module undoubtedly contributes to substrate selectivity

and regulation among helicases.

Selective binding of RNA by MLE could occur early
during RNA recognition
In our MLE structures with ssRNAs, observed in this and previ-

ous studies,8 the first two nucleotides of ssRNA bend toward

and interact with the RecA2 and dsRBD2 domains. However,

in the dsRNA-bound structure, the first nucleotide contacts the

OB-like domain (Figure 2B). Examining the orientation of the

RNA 30 end in the dsRNA-bound structure and from its super-

position with ssRNA-bound structures suggests that the 30 end
of dsRNA in the RNA tunnel follows a path starting from the po-

sition corresponding to the 3rd nucleotide in ssRNA-bound struc-

tures (Figure S11E). The recognition of this 3rd nucleotide in

ssRNA-bound structures is specific and involves residues from

the RecA2 and OB-like domains.8 Thus, these auxiliary domains

might serve as a specificity checkpoint, preventing non-sub-

strate RNA binding. Previous mutations of H1032 and K1033

from the OB-like b3-b4 loop strongly reduced MLE’s affinity not

only to ssRNA but also to dsRNA.8 This is explained by our

MLE-dsRNA structure, as these two residues contact the 30

end of dsRNA (Figure 2B). This mechanism, where auxiliary do-

mains shape the RNA preferences, has recently been reported in

the bacterial DExH helicase HrpB.57

Role of dsRBD2 in MLE beyond dsRNA recognition
Previously, dsRBD2’s role in MLE function was solely associated

with dsRNA binding.8,37–39 Our structure-guided mutations

helped us distinguish dsRBD2’s contributions to dsRNA and

ssRNA binding from its role in modulating the helicase activity.

We found that the association of dsRBD2 with the helicase mod-

ule triggers the closed conformation of MLE. This mode of action

is distinct from its binding to dsRNA, where dsRBD2must disso-

ciate from the helicase module to allow it to open (Figure 3).

In MLE, the proposed gating mechanism relies on the confor-

mational changes of dsRBD2, acting as a cis-regulatory element.

Recently, a similar helicase activationmechanism, albeit in trans,

was observed for Prp43, where a G-patch-containing protein

acts as a brace between RecA2 and the winged helix domains,

connecting two mobile parts of the helicase. Trans activation

by related G-patch proteins has also been proposed for Prp2,

DHX15, and DHX35.58–60 These proteins, like many RNA heli-

cases, require trans factors to enhance their inherent low heli-

case activity.16,61,62 The comparison between different DExH

helicases beautifully illustrates how evolution finds different solu-

tions to a structural problem. MLE itself has a G-patch that binds

RNA and is required for full helicase activity.37 If helicase activity

is controlled by direct interaction of the G-patch with another
Molecular Cell 83, 1–16, December 7, 2023 11
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domain in MLE or with the substrate RNA remains to be

explored.

In striking contrast to many other helicases, such as Prp43,

MLE shows a profound selectivity for uridine-rich sequences,

forming base-specific contacts within the ssRNA channel. This

raises the question of how such tightly bound ssRNA would be

released during the helicase cycle and handed over to the MSL

complex. We suggest a plausible mechanism: ssRNA may be

released either stochastically or in a regulated manner when

dsRBD2 detaches from the MLE helicase module, thereby forc-

ing its opening. It is tempting to speculate that such a mecha-

nism could be directly connected to the ‘‘handover’’ of unwound

roX RNA to MSL2, which has been shown to also bind the U-rich

roX-box.34

Potential role of dsRBD1 in mediating protein-protein
interactions in MLE
Our NMR, CL-MS analysis, and cryo-EM structures showed that

dsRBD1 interacts transiently and non-specifically with the heli-

case module (Figure 5) and does not bind RNA in the structures

of this study. Although dsRBD1 was shown to be required for the

localization of MLE and the MSL complex at the X chromosome,

mutation of dsRBD1 RNA-binding residues did not interfere with

this.37–39 Our data support earlier suggestions of a potential role

for dsRBD1 in mediating protein-protein interactions duringMSL

complex assembly. These factors could be the MSL1/MSL2

module, which is sufficient for the recruitment of MLE-roX2 to

the MSL complex.34 This would not be surprising, as several

RNA-binding domains have been shown to have evolved away

from their primary role of RNA binding and gained protein-pro-

tein interaction capabilities important for biological function.63,64

Implications for human DHX9
Understanding the mechanics of MLE helicase function also

sheds light on the function of its human ortholog, DHX9/RNA

helicase A (RHA). DXH9 and MLE show a similar domain organi-

zation with 51% sequence identity within structured domains.

Conceivably, DHX9 is thus regulated by similar dsRBD2-medi-

ated substrate-gating mechanisms. DHX9 is a multi-functional

protein with roles in transcription regulation, mRNA translation,

and microRNA (miRNA) processing.65–68 It is also involved in

the replication of various viruses, such as hepatitis C and HIV,

and directly interacts with inverted Alu transposon elements to

suppress the RNA processing defects arising due to Alu trans-

poson insertions.69–71 Considering its role in tumor cell mainte-

nance, targeting of DHX9 could provide a novel chemothera-

peutic approach.72,73 The previously identified inhibitor

aurintricarboxylic acid is a general, non-specific inhibitor of

protein-RNA interactions.74,75 Our study suggests that inter-

fering with the interactions between dsRBD2 and the helicase

module would provide a viable alternative strategy for drug

development.

Limitations of the study
Our cryo-EM structure of theMLE-SL7 complex showed only the

dsRNA region of SL7, despite expectations of simultaneous

binding to the ssRNA portion based on our biochemical assays.

We speculate that the simultaneous binding of MLE to both re-
12 Molecular Cell 83, 1–16, December 7, 2023
gions might be a transient state not easily captured by cryo-

EM. Alternatively, MLE with dsRBD2 in an ‘‘out’’ conformation

bound to the ssRNA region may exist in solution but could either

dissociate or not enter the cryo-EM grid due to charge distribu-

tion issues caused by the exposed dsRNA region.

In our observations, changes in MLE and ssRNA conforma-

tions between ADP and ATP-bound states wereminor. However,

the resolution of our structures is above 3 Å, and higher-resolu-

tion data would be necessary to validate these conformational

changes and elucidate structural alterations during ATP hydroly-

sis and MLE translocation on ssRNA. Considering that inorganic

phosphate is present after ATP hydrolysis, the MLE complex

with ssRNA, ADP, and inorganic phosphate could represent a

more physiologically relevant post-catalytic state, potentially

involving more substantial structural changes than observed be-

tween ATP and ADP-bound states. Moreover, the use of a high

concentration of competitor strands in ourmultiple-turnover heli-

case assays might act as inhibitors of helicase activity. There-

fore, these assays need to be interpreted as comparisons be-

tween wild-type and mutant proteins.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-GFP Roche Cat# 11814460001; RRID:AB_390913

Rat anti-MLE 6E11 Izzo et al.37 N/A

Rabbit anti-MSL2 Straub et al.76 N/A

Mouse anti-Lamin (T40) H. Saumweber N/A

Donkey anti-mouse-Alexa488 Jackson Immuno Research Cat# 715-545-151; RRID:AB_2341099

Donkey anti-rat-Cy3 Jackson Immuno Research Cat# 712-165-153; RRID:AB_2340667

Donkey anti-rabbit-Alexa647 Jackson Immuno Research Cat# 711-605-152; RRID:AB_2492288

ChromoTek GFP-Trap Agarose proteintech Cat# gtak; RRID:AB_2631357

Bacterial and virus strains

E. coli chemically competent BL21(DE3) ThermoFisher C600003

E. coli chemically competent Dh5a-T1R ThermoFisher 12297016

E. coli electrocompetent DH10Bac ThermoFisher 10361012

Chemicals, peptides, and recombinant proteins

Adenylyl-imidodiphosphate AMP-PNP Roche 10102547001

Bis(sulfosuccinimidyl)suberate BS3 crosslinker Thermo Fisher A39266

pCp-Cy5 Jena Bioscience NU-1706-Cy5

Sf-900� II SFM Thermo Fischer 10902088

T4-RNA ligase Thermo Fischer EL0021

Gibco Schneider’s Drosophila medium Thermo Fischer 21720001

FBS Supreme, fetal bovine serum PAN-Biotech P30-3031

SDB-RPS stage tip material 3 M Empore PN 2241

Trypsin/Lys-C Mix, Mass Spec Grade Promega V5073

Effectene Transfection Reagent Qiagen 301425

Blasticidin S gibco A11139-03

Hygromycin B ThermoFisher 10687010

SuperScript III First-Strand Synthesis System ThermoFisher 18080-051

Fast SYBR Green master mix Applied Biosystems 4385612

Formaldehyde, methanol-free Polysciences 04018-1

Normal Goat Serum Jackson Immuno Research 005-000-121

DAPI ThermoFisher D1306

VECTASHIELD Antifade Mounting Medium Vector Laboratories H-1000-10

Deposited data

Cryo EM structure of MLEDG
apo This study PDB: 8B9L

EMDB ID: 15935

Cryo EM structure of MLEDG
ATP This study PDB: 8B9J

EMDB ID: 15933

Cryo EM structure of MLEDG
ATP+SL7 RNA This study PDB: 8B9K

EMDB ID: 15934

Cryo EM structure of MLEDG
ATP+U10 RNA This study PDB: 8B9G

EMDB ID: 15931

Cryo EM structure of MLEDG
ATP+UUC RNA This study PDB: 8B9I

EMDB ID: 15932

Cryo EM structure of MLEDG
ADP+SL7 RNA This study PDB: 8PJJ

EMDB ID: 17711

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cryo EM structure of MLEDG
ADP+UUC RNA This study PDB: 8PJB

EMDB ID: 17703

Microscopy image analysis This study Zenodo: https://doi.org/10.5281/

zenodo.8378933

Crosslinking mass spectrometry dataset This study PRIDE (https://www.ebi.ac.uk/pride):

PXD045725

Raw EMSA, Western blot and Immunofluorescence

images

This study Mendeley Data: https://doi.org/10.17632/

cwj8zgxvmd.1

Experimental models: Cell lines

Drosophila melanogaster S2 cells, subclone L2-4 Patrick Heun, Edinburgh N/A

SF21 cells Thermo Fisher 11497013

L2-4_MLE-eGFP-rescue This study N/A

L2-4_MLEin-eGFP-rescue This study N/A

L2-4_MLEout-eGFP-rescue This study N/A

L2-4_MLElinker-eGFP-rescue This study N/A

Experimental models: Organisms/strains

DH5a-T1R Invitrogen 12297016

DH10Bac Thermo Fisher 10361012

BL21 (DE3) Protein Expression and Purification

Core Facility, EMBL, Heidelberg

N/A

Oligonucleotides

MLE_257_NCOI_FP:TGAGCCATGGCGGATGAGCAG

CTGAAGCCATATCCG

Sigma-Aldrich N/A

dsRBD2_145_NCOI_FP:TGAGCCATGGCGGAGCAG

AGGGACATGAACGAAGCGGAG

Sigma-Aldrich N/A

MLE_FP_NCOI:TGAGCCATGGCGATGGATATAAAAT

CTTTTTTGTACCAATTTTGTG

Sigma-Aldrich N/A

MLE-K253-256E_FP: GAAGAGGATGAG

CAGCTGAAGCCA

Sigma-Aldrich N/A

MLE-K253-256E_RP: TTCCTCCAGAGTT

CCACTAAAGGGC

Sigma-Aldrich N/A

E195C_FP:ATATACACCAGTGGGCCCGTG

CCACGCTAGGAGCTTTTTGG

Sigma-Aldrich N/A

E195C_RP:CCAAAAAGCTCCTAGCGTGGCA

CGGGCCCACTGGTGTATAT

Sigma-Aldrich N/A

S633C_FP:TGGCCATGCTATCCGAATGCG

ACGTTAGCTTTGAGC

Sigma-Aldrich N/A

S633C_RP:GCTCAAAGCTAACGTCGCATT

CGGATAGCATGGCCA

Sigma-Aldrich N/A

R590E602D603E605E608_AAAAA_FP: AGTCGCGCCGAA

AGGCCAAGGAAGTGGAGGACGAGGAGCAATTGCTTT

CCGCGGCCAAGGCCGAGGCGGCAA

TCAACTATAACAAGGTGTG

Sigma-Aldrich N/A

CACACCTTGTTATAGTTGATTGCCGCCTCGGCCTTG

GCCGCGGAAAGCAATTGCTCCTCGTCCTCCA

CTTCCTTGGCCTTTCGGCGCGACT

Sigma-Aldrich N/A

D634A_FP:ATGCTATCCGAATCGGCCGTTAG

CTTTGAGCTG

Sigma-Aldrich N/A

D634A_RP:CAGCTCAAAGCTAACGGCCGA

TTCGGATAGCAT

Sigma-Aldrich N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

H746N747T754_AAA_FP:GCGCATG

AAGCTCTTTAC

TTCAGCTGCCAACCTAACCAGCTACGCCGCAG

TTTGGGCAAGCAAAACCAATTTGG

Sigma-Aldrich N/A

H746N747T754_AAA_RP:CCAAATTGGT

TTTGCTTGCCCAAACTGCGGCGTAGCTG

GTTAGGTTGGCAGCTGAAGTAAAGAGCTTCATGCGC

Sigma-Aldrich N/A

E790A_FP:GCCCGCTTCCAAGCGCTAGCGGA

CAATCTTACGCCGGAGATG

Sigma-Aldrich N/A

E790A_RP:CATCTCCGGCGTAAGATTGTCCGCT

AGCGCTTGGAAGCGGGC

Sigma-Aldrich N/A

E835A_FP:CCTCCGGTAGACGCAGTAATCGCA

GCTGAGGTGTTGCTTCGCGAG

Sigma-Aldrich N/A

E835A_RP:CTCGCGAAGCAACACCTCAGCTG

CGATTACTGCGTCTACCGGAGG

Sigma-Aldrich N/A

K1027A_FP:GCGCAAAGTGCTGACTACAGAGTCTG

CAGCAGCGTTACTGCACAAAACCTCGG

Sigma-Aldrich N/A

K1027A_RP:CCGAGGTTTTGTGCAGTAACGCTGCTG

CAGACTCTGTAGTCAGCACTTTGCGC

Sigma-Aldrich N/A

R1057A_FP:CTTCGTTTTCGGCGAGAAGATTGCCA

CGCGAGCTGTTTCCTGCAAG

Sigma-Aldrich N/A

R1057A_RP:CTTGCAGGAAACAGCTCGCGTGG

CAATCTTCTCGCCGAAAACGAAG

Sigma-Aldrich N/A

RNA sequence: SL7mod-UUC: GUGUAAAAUGUUGCU

AGCAAAUAUAUAUGCUAGUAACGUU

UUACGCCCUCUUUCUUUCUU

Integrated DNA Technologies N/A

RNA sequence: SL7-up-BHQ-1:

GUGUAAAAUGUUGCUAGCA-BHQ1

Biomers N/A

RNA sequence: SL7-down-6FAM: 6-FAM-UGCUAGUA

ACGUUUUACGCCCUCUUUCUUUCUU

Biomers N/A

RNA sequence: SL7-up: GUGUAAAAUGUUGCUAGCA Biomers N/A

RNA sequence: U10 RNA: UUUUUUUUUU Biomers N/A

RNA sequence: UUC RNA:CCUCUUUCUUUC Biomers N/A

roX2-SL7.fw:

GACGTGTAAAATGTTGCAAATTAAG

Biomers Maenner et al.31

roX2-SL7.rv:

TGACTGGTTAAGGCGCGTA

Biomers Maenner et al.31

RpS29.fw:

AGCGCATCGAAGCATTGATT

Biomers This study

RpS29.rv:

GCGGAAGGTGGTAACTGTTG

Biomers This study

7SK.fw:

GATAACCCGTCGTCATCCAG

Biomers Hallacli et al.77

7SK.rv:

AGTAATTCTGCCTGGCGTTG

Biomers Hallacli et al.77

GAPDH.fw:

GGAGCCACCTATGACGAAAT

Biomers Quinn et al.78

GAPDH.rv:

GTAGCCCAGGATTCCCTTC

Biomers Quinn et al.78

mle RNAi.fw:

TTAATACGACTCACTATAGGGAGAA

TGGATATAAAATCTTTTTTGTACCAATTTTG

Sigma-Aldrich Straub et al.79
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REAGENT or RESOURCE SOURCE IDENTIFIER

mle RNAi.rv:

TTAATACGACTCACTATAGGGAGAACAGGGCGCATGACTTGCT

Sigma-Aldrich Straub et al.79

gst RNAi.fw:

TTAATACGACTCACTATAGGGAGAATGTCCCCTATACTAGGTTA

Sigma-Aldrich Straub et al.79

gst RNAi.rv:

TTAATACGACTCACTATAGGGAGAACGCATCCAGGCACATTG

Sigma-Aldrich Straub et al.79

Recombinant DNA

pFastBac-MLE-flag Maenner et al.31 N/A

pFastBac-His-MLEDG This study N/A

pFastBac-His-MLE (257-1158) This study N/A

pFastBac-MLEDG
linker This study N/A

pFastBac-His-MLEDG
in This study N/A

pFastBac-His-MLEDG
out This study N/A

pHsp70-MLE-eGFP-rescue This study N/A

pHsp70-MLEin-eGFP-rescue This study N/A

pHsp70-MLEout-eGFP-rescue This study N/A

pHsp70-MLElinker-eGFP-rescue This study N/A

pET-M11-Thioredoxin-dsRBD1,2 Ankush Jagtap et al.38 N/A

Software and algorithms

Phenix Adams et al.80 SBGrid Consortium

Coot Emsley and Cowtan81 SBGrid Consortium

Crossfinder Forné et al.82 and Mueller-Planitz83 N/A

Cryosparc Punjani et al.84 https://cryosparc.com/

Relion Scheres85 https://github.com/3dem/relion

Pymol Schrodinger, LLC https://pymol.org/2/

RStudio86 https://www.r-project.org

Image Studio LI-COR N/A

Proteome discoverer 2.2 Thermo Fisher N/A

GraphPad Prism 9 GraphPad software Inc. https://www.graphpad.com/

scientificsoftware/prism/

CcpNMR Skinner et al.87 and Vranken et al.88 https://ccpn.ac.uk/

software/version-2/

Adobe Illustrator Adobe https://www.adobe.com/

products/illustrator.html

NMRPipe Delaglio et al.89 SBGrid Consortium

Fiji Schindelin et al.90 N/A

xvis web Grimm et al.91 https://xvis.genzentrum.lmu.de

Proteome exchange submission tool version 2.7.1 Perez-Riverol et al.92 https://www.ebi.ac.uk/

pride/markdownpage/

pridesubmissiontool

Other

25 cm x 75 mm ID, 1.6 mm C18 IonOpticks AUR2-25075C18A-CSI

ReproSil-Pur C18-AQ 2.4 mm Dr. Maisch r124.aq.

RSLCnano Ultimate 3000 system Thermo Fisher ULTIM3000RSLCNANO
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Janosch

Hennig (janosch.hennig@embl.de).
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Materials availability
All newly generated material in this study is available upon request from the lead contact.

Data and code availability
d TheMLEDG

apo, MLEDG
ATP,MLEDG

ATP+U10,MLEDG
ATP+UUC,MLEDG

ATP+SL7,MLEDG
ADP+UUC andMLEDG

ADP+SL7 structures

are available from the PDB under accession codes 8B9L, 8B9J, 8B9G, 8B9I, 8B9K, 8PJB and 8PJJ and the cryo-EM density

maps are available from the EMDB under the accession codes 15935, 15933, 15931, 15932, 15934, 17703 and 17711 respec-

tively. The mass spectrometry crosslinking data have been deposited to the ProteomeXchange Consortium via the PRIDE92

partner repository with the dataset identifier PXD045725. The rest of the data reported in this paper will be shared by the

lead contact upon request. The raw images for EMSA gels, Western blots and Immunofluorescence images was deposited

at Mendeley Data with DOI: https://doi.org/10.17632/cwj8zgxvmd.1

d Fiji macro and R code have been deposited at Zenodo and are publicly available as of the date of publication. TheDOI is listed in

the key resources table.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains
E.coli strains DH5a-T1R, BL21 (DE3) or DH10Bac were grown in standard LB medium at 37 �C supplemented with appropriate

antibiotics.

Insect Cells
Insect cells (Sf21) were maintained at 27 �C in Sf900III medium (GIBCO).

Cell culture
Cell lines used in this study are listed in key resources table. Drosophila melanogaster male S2 cells (subclone L2-4, Patrick Heun,

Edinburgh) were cultured in Schneider’s Drosophilamedium (Gibco) supplemented with 10% fetal bovine serum (PAN-Biotech) and

penicillin-streptomycin at 26�C. Cell lines were tested negative for mycoplasma.

METHOD DETAILS

Protein expression and purification
N-terminal His6-tagged MLEDG (1-1158), His6-tagged MLE helicase module (257-1158) and C-terminal flag-tagged MLE-full length

and the mutant constructs and were cloned, expressed, and purified as described previously38 in either pFastBac or pHsp70-eGFP

plasmids. The mutants MLElinker (K253-256E), MLEin (E195C, S633C) and MLEout (R590A, E602A, D603A, E605A, E608A, D634A,

H746A, N747A, T754A, E790A, E835A, K1027A, R1057A) were generated by overlapping PCR and site-directed mutagenesis

with primers containing the respective mutations in pFastBac MLEDG and pHsp70-MLEfl-eGFP plasmids. Around 700 bp of the orig-

inalmle cDNA sequence in pHsp70-MLEfl-eGFP (wild-type and mutants, respectively) was substituted with a mutagenized, synthe-

sized DNA sequence to generate RNAi-resistant mle constructs.

The proteinswere expressed in SF21 insect cells using recombinant baculovirus. The cells were harvested after three days of infec-

tion and were resuspended in lysis buffer (20 mMHEPES, 500mMNaCl, 20mM imidazole, 0.005%NP40, 2 mM b-mercaptoethanol,

pH 7.5 with protease inhibitor and 10 units of Benzonase), lysed by sonication and spun down. The supernatant was loaded onto a

HisTrap HP column (GEHealthcare) and eluted with an imidazole gradient in buffer containing 20mMHEPES, 500mMNaCl, 500 mM

imidazole and 2 mM b-mercaptoethanol, pH 7.5. His6-tag was removed by addition of TEV protease and simultaneous dialysis into a

low salt buffer (20 mM HEPES, 100 mM NaCl, 2 mM b-mercaptoethanol, pH 7.5) overnight at 4�C. The next day, the samples were

applied to a second affinity chromatography using a HisTrap HP column, and the flow-through fraction was further loaded onto a

HiTrap Heparin column (GE Healthcare) to remove bound RNA. The protein was eluted from the HiTrap Heparin column with a

salt gradient in the elution buffer (20 mM HEPES, 1 M NaCl, 2 mM b-mercaptoethanol, pH 7.5). Fractions containing MLE were

concentrated with Amicon Ultra centrifugal filters with a molecular weight cut-off of 30 kDa, and the sample was applied to size-

exclusion chromatography on the HiLoad 16/60 Superdex S200 pg column (GE) in 20 mM HEPES, 150 mM NaCl, 5% Glycerol,

1 mM DTT, pH 7.5. In case of C-terminal flag-tagged MLE-full length, the cells were lysed in 20 mM HEPES, 100 mM NaCl,

0.005% NP40, 1 mM b-mercaptoethanol, pH 7.5 with protease inhibitor and 10 units of Benzonase. The lysate was incubated

with the flag-beads for one hour, the beads were washed several times with the lysis buffer and the protein was eluted with the lysis

buffer with 3x Flag peptide.

For NMR experiments, dsRBD1,2 domains were expressed and purified as described previously.38 Prior to NMR experiments, the

MLE helicase module was dialysed in the NMR buffer containing 20 mM potassium phosphate, 200 mM NaCl, pH 6.5. To the final

NMR samples, 10% D2O was added for the deuterium lock.
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In vitro transcription
Stem-loop 678 roX2 RNA (SL678) (5’- ACAAUAUGCAAUACAAUACAAUACAAGACAAAAAAAUGU GUCUUGGAACGCAACAUU

GUACAAGUCGCAAUGCAAACUGAAGUCUUAAAAGACGUGUAAAAUGUUGCAAAUUAAGCAAAUAUAUAUGCAUAUAUGGGUAA

CGUUUUACGCGCCUUAACCAGUCAAAAUACAAAAUAAAUUGGUAAAUUUCAUAUAACUAGUGAAAUGUUAUACGAAACUUAAC

AAUUGCCAAAUAA-3’) was prepared by in vitro transcription using in-house produced T7 polymerase, rNTPs, and the RNA

sequence cloned into pUC19 plasmid as template. The pUC19 DNA was linearised using EcoRI. After transcription, the reaction

was cleaned by phenol/chloroform extraction. The RNA was purified by denaturing 6% urea PAGE and extracted from the gel by

electro-elution. The final sample was concentrated and precipitated using ethanol. RNA pellet from the precipitate was dissolved

in water and the RNA samples were stored frozen at -20ºC.

Electromobility shift assays (EMSAs)
For EMSA experiments, SL7 RNA (purchased from Integrated DNA Technologies (IDT)) or in vitro transcribed SL678 RNA was

labelled with Cy-5. For this, 100 pmols of RNA was incubated with 150 pmoles of pCp-Cy-5 (Jena Biosciences), 20 units of

T4-RNA ligase (NEB), 1x T4-RNA ligase buffer, and 1 mM ATP overnight at 4ºC. After labelling, RNA was purified by phenol-chloro-

form extraction and ethanol precipitation. Before EMSA experiments, the labelled RNA was heated to 94 ºC for 2 min in water and

snap-cooled on ice for 10 mins. For SL7dsRNA, unlabelled SL7-down RNA was mixed with equimolar 5’-Cy5 labelled SL7-up RNA

(both purchased from Biomers.net GmbH) and annealed by heating to 95 �C for 30 sec and then slowly cooling to 4 �C. 3’-Cy5
labelled UUC RNA was purchased from Biomers.net GmbH. EMSA reactions were carried out with indicated amounts of the protein

mixed with 5 nM of Cy-5 labelled RNA substrate. In case of competition experiments with UUC RNA, the complex of 80 nM MLEDG

and 5 nM SL7dsRNA and in case of SL7dsRNA, the complex of 1.2 mMMLEDG and 5 nM UUC RNA was incubated with increasing con-

centrations (0.05, 0.5, 5 and 10 mM) of UUC ssRNA or SL7dsRNA respectively. All reactions were carried out in 20 mM HEPES, 50 mM

NaCl, 1 mMDTT, 10% glycerol and 0.005% IGEPAL CA-630, pH 7.5. The reactions were incubated for 30 mins at room temperature

and were loaded on a native 6% polyacrylamide gel. The gel was imaged in the Typhoon FLA 900 imager (excitation 651 nm and

emission 670 nm). The experiments were performed in duplicates.

Fluorescence polarisation assays
Fluorescence polarization assays were carried out in 20 mM HEPES, 100 mM NaCl, 0.005% IGEPAL CA-630, pH 7.5 and with Fluo-

rescein RNAs. In vitro transcribed SL678 roX2 or SL7 RNA (purchased from IDT) was labelled at the 3’-end with Fluorescein.93 Fluo-

rescein labelled SL7dsRNA (labelled at 5’-end of SL7 down) or UUC RNAwere purchased from Biomers.net GmbH. An increasing pro-

tein concentration was incubated with 2.5 nM of RNA for 30 mins in Corning 384 well plate in 40 mL volume. In case of competition

experiments, a complex of 12.5 nM MLEDG and 2.5 nM SL7dsRNA or 300 nM MLEDG and 2.5 nM UUC RNA was incubated with

increasing concentrations of UUC or SL7dsRNA respectively in the presence or absence of 1 mM AlCl3, 10 mM NaF and 1 mM

MgCl2 (transition state analogue) for 30 mins in Corning 384 well plate in 40 mL volume. The fluorescence polarisation was measured

in BioTek Synergy 4 plate reader with excitation and emission of 485 and 528 nm, respectively. Data were plotted in Graph Prism v9

and were fit to the Sigmoidal 4PL equation (where X is log (concentration)) (Y =Bottom+ ðTop�BottomÞ
ð1+10ððlogIC50�XÞ3HillSlopeÞÞ to calculate the IC50

values. The experiments were performed in triplicates.

Sample preparation for cryo-EM
Samples for cryo-EM grid preparation were prepared in the EM buffer (20 mM Tris pH 7.5, 50 mMNaCl, 1 mMDTT, 1 mMADP, 2mM

MgCl2, 0.005 % triton-X 100, and 0.5% glycerol ± transition state analogue (1 mM AlCl3, 10 mM NaF)). RNAs used for the

cryo-EM sample preparation were purchased from either Integrated DNA technologies (SL7 RNA, GUGUAAAAUGUUGCUAGC

AAAUAUAUAUGC UAGUAACGUUUUACGCCCUCUUUCUUUCUU) or Biomers (UUC RNA, CCUCUUUCUUUC and U10-mer

RNA). For preparation of the MLE-SL7 RNA complex, RNA was heated to 95ºC for 2 mins and snap-cooled on ice. The MLE-RNA

complex was prepared by mixing 4.7 mM MLEDG with 5.2 mM (1.1 molar excess) RNA in the EM buffer. Before applying to the

grid, the samples were incubated on ice for 30 mins. EM sample for MLEDG
apo was prepared without ADP and transition state

analogue.

Cryo-EM grid preparation and imaging
Quantifoil grids were plasma cleaned with 90% Argon, and 10% Oxygen plasma for 30 sec. For MLEDG

apo and MLEDG samples,

Quantifoil UltrAufoil grids (R 2/2, 200 mesh) and for MLEDG in complex with RNA, Quantifoil holey carbon grids (R2/1, 200 mesh)

were used. 3.5 ml of the sample was applied to the grids, and the grids were plunged into liquid ethane using Vitrobot Mark IV at

6ºC and 100% humidity. Cryo-EM data were collected on an FEI Titan Krios microscope operated at 300 kV, equipped with a K3

detector operating in counting mode and a post-column Gatan Bioquantum energy filter. For MLEDG
apo, MLEDG

ATP,

MLEDG
ATP+U10, MLEDG

ATP+UUC, MLEDG
ADP+UUC and MLEDG

ADP+SL7, 5313, 5894, 19545, 8880, 7901 and 7849 movies were

collected. In the case of MLEDG+SL7, datasets were collected in two microscopy sessions, with 8761 and 6742 movies recorded

in each session. All datasets were recorded at a nominal magnification of 105,000x, corresponding to 0.822 Å/pixel at the specimen

level. In the case of MLEDG
ATP+SL7 RNA samples, initial screening datasets indicated severe preferred orientation with only one

dominant view as apparent from 2D and 3D processing. As we could not resolve this issue by adding additives in buffers and grid
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types with different surface treatments, cryo-EM datasets for the MLEDG
ATP+SL7 and MLEDG

ADP+SL7 samples were collected with

30 degrees stage pretilt.

Cryo-EM data processing
All movieswere alignedwith Patchmotion correction, andCTFparameterswere determined using PatchCTF inCryosparc.84 Particles

were picked using Warp.94 Particles were extracted from the CTF corrected micrographs using coordinates imported fromWarp. Ex-

tracted particles were subjected to several rounds of 2D classification, and junk and low-resolution 2D classes were removed from

further analysis. Selected particles from 2D classification were used to createmultiple ab initio maps. Themaps that showed high-res-

olution features were subjected to multiple rounds of heterogeneous refinement followed by homogeneous and non-uniform refine-

ment in Cryosparc. In case of structures in complex with SL7 RNA, after ab initio reconstruction and heterogeneous refinement in Cry-

osparc, the particles were further 3D classified in Relion85 followed by homogeneous and non-uniform refinement in Cryosparc.

Model building
All cryo-EM structures weremodelled bymanual rigid-body fitting of the atomicmodels of individual domains of dsRBD2, RecA1 and

RecA2 and the HA2-OB-L3module derived from the crystal structure ofMLEcore in complex with ssRNA in UCSFChimera in the initial

stage of model building.8,95 The dsRNA in the MLEDG
ATP+SL7 and MLEDG

ADP +SL7 structure was built by placing an ideal A-form

helix of 19 bp into the EM-density of the RNA. The modelling was further completed by multiple iterative rounds of manual model

building in Coot interrupted by real-space refinement in Phenix software suite.80,81 The structures were analysed in UCSF Chimera,

UCSF ChimeraX and PyMOL and the figures were made using UCSF ChimeraX and PyMOL.95,96 The centre-of-mass for each

subdomain was determined using the python script (https://raw.githubusercontent.com/Pymol-Scripts/Pymol-script-repo/master/

center_of_mass.py).

NMR experiments
1H,15N HSQC NMR experiments for dsRBD1,2 were performed with 0.01 mM 15N labelled dsRBD1,2 on an Avance III Bruker NMR

spectrometer equipped with a cryogenic probe head at 298 K and a magnetic field strength corresponding to a Larmor frequency of

800 MHz. 15N labelled dsRBD1,2 was added to an equimolar ratio of unlabelled MLE helicase module in the presence or absence of

two-fold molar excess of U10 RNA and ATP transition state analogue (1 mM AlCl3, 10 mM NaF, 1 mM ADP and 2 mM MgCl2). Data

were processed with nmrPipe/nmrDraw and were analysed in the CCPN analysis software with chemical shifts obtained from the

BMRB (ID: 34326).88,89

NMR ATPase assays were carried out in 20 mM deuterated Tris, 100 mMNaCl, 5 mMMgCl2 and ± 2mM TCEP and 1mMATP, pH

7.4 with 500 nM protein and 1 mM roX2 SL678 RNA for experiments carried out in the presence of RNA. 1D NMR experiments were

performed on an Avance III Bruker NMR spectrometer equipped with a cryogenic probe head and magnetic field strengths corre-

sponding to Larmor frequencies of 600 or 700 MHz and at 303 K. For each experiment, 32768 points in the direct dimension were

recorded with eight scans, and for each sample, experiments were recorded as pseudo-2D experiments with data recorded every

60 seconds for a total of 120 mins. The data were processed in NMRPipe/NMRDraw, and the resulting 1D spectra were converted to

text files using pipe2txt.tcl script from NMRPipe.89 The peaks corresponding to the H8 proton of ATP and ADPwere integrated using

custom scripts, and the individual peak intensities were divided by the total intensity of ATP+ADP peaks to obtain the percentage of

ATP remaining or the percentage of ADP produced. The error bars were derived from the signal to noise ratio of the peaks. The data

were then fit using one phase decay or one phase association equations to obtain the rate of ADP produced or ATP hydrolysed in

GraphPad Prism 9.

Cross-linking mass spectrometry (CLMS)
PurifiedMLEfl-FLAGprotein was centrifuged for 15min at 21000 g at 4�C.MLE andRNAconstructs of interest were incubated in a 1:2

molar ratio (0.7 mMMLE, 1.4 mM RNA) in MLE crosslinking buffer MXB-50 (20 mM HEPES pH 7.5, 50 mM NaCl, 2 mM MgCl2, 1 mM

DTT) in presence of 1 mM Adenylyl-imidodiphosphate (AMP-PNP) and RNase inhibitor RNAsin (0.5 U, Promega) for 25 min at 4�C
with head-over-end rotation. Samples were incubated with 1 mM Bis(sulfosuccinimidyl)suberate BS3 for 30 min at 30�C and

950 rpm. The crosslinking reaction was quenched by addition of 50 mM Tris-HCl/pH 8.0 and incubation for 15 min at 30�C and

950 rpm.

Before tryptic digestion, 1M ureawas added to the samples to allow partial unfolding of the protein. Trypsin/Lys-CMix,Mass Spec

Grade was added in a 1:50 ratio to MLE. Tryptic digestion was carried out overnight at 37�C with 500 rpm agitation in presence of

1 mM DTT. Then 4.3 mM iodoacetamide was added and incubated for 30 min at 25�C, 500 rpm in the dark. Iodoacetamide was

quenched by addition of 20 mM DTT and incubation for 10 min at 25�C and 500 rpm. Samples were acidified by the addition of

0.05% trifluoracetic acid (TFA), the pH was adjusted to 1. SDB-RPS stage tip material was equilibrated by washes with 100% aceto-

nitrile (ACN), activation buffer (30%methanol, 0.2%TFA) and equilibration buffer (0.2%TFA). Trypsinized samples were loaded to the

equilibrated stage tips and centrifuged for 15 min at 500 g. After subsequent washes with wash buffer (1% TFA in isopropanol) and

equilibration buffer, peptides were eluted into low protein binding Eppendorf reaction tubes with freshly prepared elution buffer (80%

acetonitrile, 1.25% ammonia). After vacuum drying of the samples at 45�C, peptides were resuspended in MS sample buffer (0.3%

TFA, 2% ACN in MS grade H2O).
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Mass spectrometry was essentially performed as described.97 Briefly, for LC-MS/MS analysis samples were injected in an

RSLCnano Ultimate 3000 system and either separated in a 15-cm analytical column (75 mm ID home-packed with ReproSil-

Pur C18-AQ 2.4 mm) with a 50-min gradient from 5 to 60% acetonitrile in 0.1% formic acid or in a 25-cm analytical column

(75 mm ID, 1.6 mm C18) with a 50-min gradient from 2 to 37% acetonitrile in 0.1% formic acid. The effluent from the HPLC

was directly electrosprayed into a QexactiveHF (Thermo) operated in data dependent mode to automatically switch between

full scan MS and MS/MS acquisition. Survey full scan MS spectra (from m/z 375–1600) were acquired with resolution

R=60,000 at m/z 400 (AGC target of 3x106). The ten most intense peptide ions with charge states between 3 and 5 were

sequentially isolated to a target value of 1x105, and fragmented at 27% normalized collision energy. Typical mass spectrometric

conditions were: spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated capillary temperature, 250�C; ion selection

threshold, 33.000 counts.

CLMS data analysis
The raw data files were first converted by the proteome discoverer 2.2 (Thermo scientific) xlinkx workflow for crosslink detection into

the.mgf file format. Next, the.mgf files were analyzed by crossfinder82,83 applying the following filter parameters for identification of

cross-linking candidates: False-discovery rate (FDR)%0.05, number of fragment ions per spectrumR4, number of fragment ions per

peptideR2, fractional intensity of assigned MS2 peaksR0.05, relative filter score: 95. Crosslinks were visualized using the xvis web

browser for arch plots.91

Circular dichroism spectroscopy
The circular dichroism spectra of MLEDG and its mutants were recorded between 260 nm and 190 nm in a 0.2 mm cuvette, at 20�C at

a concentration of 1 mg/ml in 20 mM Tris pH 7.5, 150 mM NaCl, 2% glycerol and ± 2 mM TCEP. The spectra were recorded using a

Jasco J-815 CD spectrometer with a 50 nm/min scan speed, digital integration time of 1 sec with a 1 nm bandwidth and 10 accu-

mulations. The data were plotted using GraphPad Prism 9.

Size exclusion chromatography – multi-angle light scattering (SEC-MALS)
50 ml of MLEDG or the mutants were injected onto a Superdex 200 5/150 GL gel-filtration column (Cytiva) in 20 mM Tris pH 7.5,

100 mM NaCl ± 2 mM TCEP, at a flow rate of 0.3 ml/min and at room temperature. The column was connected to a MiniDAWN

MALS detector and Optilab differential refractive index detector (Wyatt Technology). Data were analyzed using the Astra 7 software

(Wyatt Technology) and was plotted using GraphPad Prism 9.

Protein thermal stability measurements
The thermal stability of the proteins was determined using Prometheus NT.48 nanoDSF instrument from NanoTemper Technologies.

The protein was incubated at 1 mg/ml in 20 mM Tris, 100 mM NaCl ± 2 mM TCEP, pH 7.5 for 30 mins at room temperature and was

loaded into the standard capillaries. The assay measured the tryptophan fluorescence at 330 nm and 350 nm from 20 - 90ºC with a

1ºC/min increase in temperature. The data were acquired and analysed with the PR. ThermControl v2.1.2 software provided with the

instrument.

Real-time fluorescence RNA helicase assay
Multiple and single turnover real-time fluorescence RNA helicase assays were carried out using a slight modification of the

protocol described previously.98 The RNA is labelled with black hole quencher-1 (BHQ-1) at the 3’-end of the 1st strand and

6-carboxyfluorescein (6-FAM) at the 5’-end of the 2nd strand. Upon annealing the two strands, the 6’-FAM fluorescence signal

is quenched by close-by BHQ-1. An increase of fluorescence signal intensity upon addition of MLE reports on helicase activity.

The assays were carried out in 20 mM Tris, 100 mM NaCl, 5 mM MgCl2, 0.005% IGEPAL CA-630, pH 7.4 and ± 2 mM TCEP and

RNA probe with BHQ-1 and 6-FAM quencher-dye pair. Before the assembly of the reaction, the SL7-up RNA strand containing

BHQ-1 at the 3’ end (GUGUAAAAUGUUGCUAGCA-BHQ1, Biomers) and SL7-down RNA strand containing 6-FAM at the 5’ end

(6-FAM-UGCUAGUAACGUUUUACGCCCUCUUUCUUUCUU, Biomers) were mixed in an equimolar ratio at 25 mM concentration

in 20 mM Tris, 100 mM NaCl, pH 7.4, heated to 95ºC for 1 min and then slowly cooled down to 4ºC. Reactions without protein

were used as a control. The assays were carried out in triplicates in 30 mL reaction volume in Corning 384 well plates and at

300 nM protein concentration and 5 nM duplex RNA in case of single turnover reactions or 1 mM duplex in case of multiple turn-

over reactions. To determine the appropriate amount of competitor excess to prevent rehybridization of the BHQ-1-6-FAM RNA

probe upon separation by the helicase, the multiple turnover helicase assay was carried out in 0, 10, 25 and 50-fold excess un-

labelled SL7-up DNA strand. 50-fold excess of the competitor strand resulted in the helicase activity (Figure S17A); therefore, the

subsequent assays were performed in 25-fold excess of the competitor strand. The fluorescent intensity of the fluorescein was

measured in the BioTek Synergy 4 plate reader (excitation at 485 nm and emission at 528 nm wavelength) at 27 ºC. 2 mM ATP

was added to the reaction mix after initially monitoring the reaction for 3 mins. Data were fit in GraphPad Prism 9 to one phase

association equation: Y =Y0 + ðPlateau� Y0Þð1� eð�K3XÞÞ except for MLEDG single turnover experiments which showed a rise

and fall behaviour and so the data where were fit to rise and fall to steady state equation: Y = Steadystateð1�
Deð�K13XÞ + ðD� 1Þeð�K23XÞÞ+Baseline.
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Generation of stably transfected cell lines
Stable S2 cell lines expressing wild type or mutant MLEfl fused to C-terminal GFP were generated as described with minor modifi-

cations.8 Briefly, 500 ng pHsp70-MLEfl-eGFP wild type or mutant plasmid was co-transfected with 25 ng plasmid encoding a blas-

ticidin or hygromycin resistance gene using the Effectene transfection reagent (Qiagen). Stable MLEfl-eGFP expressing cells were

selected in complete medium containing 25 ng/ml blasticidin for a duration of three weeks, followed by recovery in complete medium

lacking blasticidin for another week. In the following, cell lines were cultured in complete medium lacking blasticidin. Stable cell lines

expressing MLEfl
WT-eGFP or MLEfl

linker-eGFP, respectively, were also established in a parallel approach using hygromycin

(0.3 mg/ml) for a duration of three weeks, followed by maintenance in complete medium lacking hygromycin.

In vivo RNA immunoprecipitation (RIP)
Native RNA immunoprecipitation (RIP) of MLEfl-eGFP and mutant derivatives was performed as described with modifications.8 For

each replicate, 0.7 x 108 exponentially growing S2 cells expressing wild-type or mutant MLEfl-eGFP were collected by centrifugation

(220 x g, 5 min), washed once with PBS and flash frozen in liquid nitrogen. Non-transfected S2 cells served as control and were

treated likewise. Cell pellets were thawed on ice and resuspended in 700 ml of cold lysis buffer (20 mM HEPES-NaOH pH 7.6,

125 mM NaCl, 0.05% SDS, 0.25% sodium deoxycholate, 0.5% NP40, 1.5 mM MgCl2, 0.25 mM DTT) supplemented with

0.05 U/ml RNase-free recombinant DNase I (Roche), 0.4 U/ml RNasin (Promega) and 1x Complete EDTA-free protease inhibitor

(Roche). The lysate was incubated for 20 minutes on ice with 5 seconds vortexing every 5 min and cleared by centrifugation

(21,000 x g, 30min, 4�C). 1.5%of the supernatant was kept on ice as inputmaterial for RNA extraction andWestern blot, respectively.

Per RIP, 30 ml GFP-Trap agarose beads (proteintech) were blocked with 2% (w/v) BSA and 0.1 mg/ml yeast tRNA (Sigma-Aldrich) in

lysis buffer for 1 h at 4�C tominimize non-specific interactions. The beads were washed once in lysis buffer, mixed with the remaining

supernatant and incubated at 4�C for 2 hours on a rotating wheel. Beads were washed with RIP-100, RIP-250, and RIP-100 buffer for

3 minutes each at 4�C (25 mMHEPES-NaOH pH 7.6, 0.05%NP40, 3 mMMgCl2 with 100 mMNaCl and 250 mMNaCl, respectively).

RNA was extracted of 75% of the bead material using Proteinase K (100 mg in lysis buffer with 0.5 % SDS; 55�C for 45 minutes),

phenol-chloroform extraction and ethanol precipitation in presence of 20 mg glycogen (Roche). Input material (1.5%) was treated

equally. RNA pellets were resuspended in 20 ml RNase-free water. RNA input and IP material was analyzed by RT-qPCR using

the SuperScript III First-Strand Synthesis System (Thermo Fisher) and Fast SYBR Green master mix (Applied Biosystems) with

primers specific for roX2, RpS29, 7SK and GAPDH (key resources table). roX2 and RpS29 RNA enrichment of MLEfl-eGFP and its

mutants was calculated as IP/Input and normalized to unbound 7SK or GAPDHRNA. Two-tailed t-tests were used for statistical anal-

ysis. Western blot analysis of 1.5% input and 25% bead material was performed with antibodies against GFP and Lamin and visu-

alized using the LI-COR Odyssey system and Image Studio software.

RNAi interference and immunocytochemistry
RNA interference of target genes mle and gst was essentially performed as described.99 Double-stranded RNA fragments (dsRNA)

were generated using theMEGAscript T7 transcription kit (Thermo Fisher) using PCR-amplified DNA templates (for PCR primers, see

key resources table). RNA was precipitated using lithium chloride according to the manufacturer’s instructions. RNA pellets were

resuspended in RNase-free water and annealed to dsRNA by incubation at 85�C for 10 min followed by slowly cooling down to 20�C.
For RNAi treatment, 1.5 x 106 MLEfl-eGFP (wild type and mutant) expressing S2 cells and non-transfected S2 cells, respectively,

were seeded in 6-well plates and supplemented with 10 micrograms of GST or MLE dsRNA. Cells were incubated with dsRNA for

7 days at 26�C. RNAi efficiency was controlled by Western blot analysis of 1 x 106 cells with primary antibodies against MLE and

Lamin and visualized using the LI-COR Odyssey system and Image Studio software.

Immunostaining with mouse anti-GFP, rat anti-MLE and rabbit anti-MSL2 primary antibodies was performed according to.100

RNAi-treated cells were settled and fixed with PBS/3.7% paraformaldehyde for 10 min at room temperature, permeabilized with

PBS/0.25% Triton X-100 for 6 min on ice and blocked with 3% BSA/PBS for 1h at room temperature. Cells on coverslips were incu-

bated overnight at 4�C with primary antibodies diluted in PBS/5% NGS. Following two washes with PBS/0.1% Triton X-100, fluoro-

phore-coupled secondary antibodies donkey anti-mouse-Alexa488, donkey anti-rat-Cy3 and donkey anti-rabbit-Alexa647 were

diluted in PBS/5% NGS and incubated for 1 h at room temperature. DNA was counterstained with DAPI. After PBS/0.1% Triton

X-100 and PBS washes, cells were mounted in VECTASHIELD (Vector Laboratories).

Fluorescence microscopy
Fluorescence imageswere recorded at the core facility bioimaging of the Biomedical Center with a Leica Thunder Imager 3D Live Cell

TIRF based on a DMi8 stand, equipped with a Leica DFC9000 GT sCMOS camera with 2048x2048 pixels and a Leica LED5 fluores-

cence excitation sourcewith individually switchable LEDs for specific excitation. DAPI, GFP/Alexa Fluor 488 (MLE-GFP), Cy3 (endog-

enous and recombinant MLE) and Alexa647 (MSL2) signals were recorded with a Quad-Band filter cube and an additional emission

filter wheel in the emission beampath to avoid tunnel crosstalk. Image stacks of 7 planeswith a step size of 1 mmwere recordedwith a

HC PL APO 100x/1.47 oil CORR TIRF objective at a pixel size of 65 nm.

Image processing, montage assembly and quantification was done in Fiji.90 Images shown are maximum intensity projections of

z-stacks. Images were resized by a factor of 4 without interpolation followed by gaussian filtering with a radius of 2 pixels. Represen-

tative cells are shown for each cell line and RNAi condition.
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Mean nuclear fluorescence quantification was done on maximum intensity projections of raw images. The macro code is available

on request. Briefly: nuclei were segmented on median filtered DAPI and MSL2 sum images using Otsu dark auto thresholding upon

rolling ball background subtraction. Clumped objects were separated with aWatershed algorithm. Objects (nuclei) were included in a

size range of 12 – 60 sq mm and a circularity of 0.6 – 1.00. Objects at image edges were excluded. Nuclear mean intensity was

measured in GFP, MLE and MSL2 channels. Cells exhibiting mean GFP signal below 500 gray values (2^8.966) were categorized

as GFPlow, above 500 GV as GFPhigh. Strongly overexpressing cells (mean GFP level > 2000 gray values (2^10.966)) were excluded

from the analysis. The population medians of the MSL2 mean nuclear signal in MLE-GFPhigh and MLE-GFPlow cells of at least three

independent biological replicates were calculated, their ratios were log2-transformed and plotted using R-Studio. The R-code is

available on request. Two-tailed t-tests were used for statistical analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data in the curves shown in Figures 4E, 4G, and 6B represent mean ± standard deviation derived from experiments performed in n=3

technical replicates. Error bars shown in the affinities in Figures 4G and 6A, initial velocities shown in Figure 6B and fraction of duplex

unwound shown in Figures 6C and 6D represent standard error of fitting the experimental curves obtained from experiments per-

formed in n=3 technical replicates. Results in Figures 7B and 7D represent the mean of n=6 and n=3 biological replicates, respec-

tively. The number of cells analyzed in each biological replicate is given in Table S3. Results in Figures 7E and S18C represent the

mean ± standard deviation of n=3 biological replicates. Results in Figures 7F and S18E represent the mean ± standard deviation of

n=4 biological replicates. Statistical significance of data shown in Figures 7B–7F was calculated by a two-tailed paired t-test using

Excel. P-values are denoted as: ** p<0.01; * p<0.05; ns = not significant.
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