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The dosage compensation complex (DCC) of Drosophila identifies its X-chromosomal binding sites with exquisite
selectivity. The principles that assure this vital targeting are known from theD.melanogastermodel: DCC-intrinsic
specificity of DNA binding, cooperativity with the CLAMP protein, and noncoding roX2 RNA transcribed from the
X chromosome. We found that inD. virilis, a species separated frommelanogaster by 40 million years of evolution,
all principles are active but contribute differently to X specificity. Inmelanogaster, the DCC subunit MSL2 evolved
intrinsic DNA-binding selectivity for rare PionX sites, which mark the X chromosome. In virilis, PionX motifs are
abundant and not X-enriched. Accordingly, MSL2 lacks specific recognition. Here, roX2 RNA plays a more
instructive role, counteracting a nonproductive interaction of CLAMP and modulating DCC binding selectivity.
Remarkably, roX2 triggers a stable chromatin binding mode characteristic of DCC. Evidently, X-specific regulation
is achieved by divergent evolution of protein, DNA, and RNA components.
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Regulated gene expression largely relies on binding of
transcription factors (TFs) to distinct DNA sequences. Ro-
bust and specific binding of TFs often not only depends on
the intrinsic properties of their DNA binding domain
(DBD) but requires cooperative interactions of two or
more proteins with complex DNA elements (Morgunova
andTaipale 2017; Lambert et al. 2018). The diversification
and refinement of binding selectivity during evolution
therefore involved coevolution of DBDs along with their
targeting sites as well as of cooperative protein interac-
tions. Given themultifactorial nature of transcription reg-
ulation, individual contributions are often difficult to
tease apart. A better knowledge of overarching principles
and detailed mechanisms is required to understand
how phenotypic variation results from protein–DNA
interactions.
The process of dosage compensation in Drosophila

provides a powerful experimental system to dissect the
determinants of specific DNA binding sites. Dosage com-
pensation enhances the transcription on the male X chro-

mosome to approximate the combined levels of the two
female X chromosomes (Samata and Akhtar 2018). All
functional binding sites for the transcription activator,
the male-specific-lethal dosage compensation complex
(MSL-DCC, or DCC for short), the “high-affinity sites”
(HASs), are located on the X chromosome and can be eas-
ily distinguished from similar-looking, nonfunctional
DNA elements on the autosomes. The DCC contains
five proteins and at least one of the two long noncoding
(lnc) roX RNAs. TheMSL2 subunit is the only component
that confers specific DNA binding (Villa et al. 2016). It is
connected via the scaffold protein MSL1 to an epigenetic
reader–writer module, consisting of MSL3 and MOF
(Scott et al. 2000). MSL3 recognizes actively transcribed
chromatin marked bymethylation of histone H3 at lysine
36 (H3K36me3), where the acetyltransferase MOF then
specifically acetylates H4K16 to boost transcription
through chromatin decompaction (Akhtar and Becker
2000; Smith et al. 2000; Sural et al. 2008). In addition,
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the DNA/RNA helicase activity of the subunit MLE is re-
quired to incorporate the roX RNA into the complex (Ilik
et al. 2013; Maenner et al. 2013; Müller et al. 2020).

MSL2 is the fundamental component of the DCC, as it
is the only male-specific protein subunit (Bashaw and Ba-
ker 1995; Kelley et al. 1995; Zhou et al. 1995). Ectopic ex-
pression of MSL2 in female cells leads to DCC assembly
and X-chromosome binding (Kelley et al. 1995; Villa
et al. 2016). Selective X-chromosome targeting requires
carefully tuned MSL2 levels, which is assured by S-
phase-specific transcription (Lim and Kelley 2012) and
an intrinsic E3 ubiquitin ligase activity (Villa et al. 2012).

The principle that initiates the unambiguous, exclusive
targeting of the X chromosome has remained controver-
sial. We reported earlier that MSL2 of D. melanogaster
has the intrinsic ability to recognize specific sequence el-
ements. The CXC-type DBD of MSL2 binds a subset of
HASs, the so-called “PionX sites,” defined by a distinct
motif (the PionXmotif) and aDNAshape signature. These
sites are enriched on the X chromosome, discriminate be-
tween the X chromosome and autosomes, and are recog-
nized early in the series of events that leads to coating of
the X with DCC (Villa et al. 2016).

Others suggested that the selective interaction of the
DCC requires tethering by the CLAMP (chromatin-linked
adaptor forMSL proteins) zinc finger protein (Soruco et al.
2013). Indeed, binding of DCC to many non-PionX HASs
relies on cooperation of MSL2 with CLAMP (Albig et al.
2019; Tikhonova et al. 2019). More recently, Valsecchi
et al. argued a radically different principle for initiating
the binding of MSL2 to the X chromosome, which does
not involve MSL2-HAS recognition. Rather, they suggest
that interactions of MSL2 via an intrinsically disordered
domain with roX2 RNA lead to nucleation of an X-chro-
mosomal “condensate” (Valsecchi et al. 2021). In such a
model, the fact that both roX genes lie on the X chromo-
some is of fundamental importance, an interesting
analogy to the initiation of mammalian X-chromosome
inactivation throughXISTRNA (Cerase et al. 2019; Żylicz
and Heard 2020). However, unlike XIST, roX RNA also
functions in trans if transcribed from an autosomal loca-
tion, arguing against the nucleation model (Meller et al.
1997; Ramírez et al. 2015; Ilik et al. 2017).

In the absence of the helicase MLE (and hence the roX
RNAs, which require MLE for stability), the DCC does
not assemble properly and the DNA-binding module con-
sisting of MSL2/MSL1 binds to PionX sites, thus clearly
demonstrating the potential of MSL2 to recognize the X
in the absence of roX (Villa et al. 2016). These conflicting
observations raise questions about the contributions of
MSL, CLAMP, and roX for the initial identification of
the X through PionX sites for further binding to themajor-
ity of HASs and, finally, for the “spreading” of the DCC to
actively transcribed genes.

TheMSL-dependent dosage compensation arose 60mil-
lion years ago in theDrosophila genus, alongwith the evo-
lution of heteromorphic sex chromosomes and its main
components, including roX RNA, have been conserved
among the differentDrosophila species (Bone and Kuroda
1996; Marín et al. 1996; Quinn et al. 2016; Ellison and

Bachtrog 2019). “Chromatin isolation by RNA purifica-
tion” (ChIRP) experiments performed with roX-specific
probes in several Drosophila species identified a GA-rich
motif as a common feature of theMSL-DCC binding sites
(Quinn et al. 2016; Ellison and Bachtrog 2019). TheseMSL
recognition elements (MREs) (Alekseyenko et al. 2008;
Straub et al. 2008) apparently originated through point
mutation of presites, microexpansion of GA repeats or
transposons bearing precursor sequences (Ellison and
Bachtrog 2019). However, the GA-rich consensus motifs
differ in detail in different species, suggesting variation
in MSL-MRE recognition (Quinn et al. 2016; Ellison and
Bachtrog 2019). The corresponding species-specific varia-
tion of the DNA-binding properties of MSL2, and of the
DCC in general, were never investigated. In particular, it
is not knownwhether the initial recognition of PionXmo-
tifs by CXC domains is a conserved feature of dosage com-
pensation in different Drosophila species.

Here, we compared the targeting mechanisms of the
DCC in two Drosophila species, D. melanogaster and
D. virilis, that are separated by >40million years of evolu-
tion (referred to here as “virilis” and “melanogaster”). We
found that the main determinants of X-chromosome rec-
ognition (MSL2, CLAMP, and roX RNA) are conserved,
but their relative contributions diverged. In virilis, the
X chromosome is not enriched in PionXmotifs and, corre-
spondingly, the CXC domain of MSL2vir does not show
the PionX specificity of its melanogaster homolog. We
found that the intrinsic specificity ofMSL2 for the X chro-
mosome correlates with the enrichment of PionX motifs
on the X, suggesting a coevolution of proteins and ge-
nomes. In virilis, where this mechanism is not active,
the roX2 RNA is required to refine MSL2 selectivity
for HASs. The comparison of both systems also revealed
that roX2 changes the mode of DCC–chromosome inter-
action, suggesting a topological linkage between the
DCC and DNA that may “lock in” the complex after
the successful identification of the X chromosome. Our
data show that the initial selection of the X chromosome
by the MSL-DCC is achieved in a species-specific manner
via the modulation of conserved cofactors.

Results

MSL2vir does not have intrinsic specificity
for the X chromosome

MSL2 in melanogaster, MSL2mel, targets the DCC to the
X chromosome via the intrinsic ability of the CXC
domain to recognize the PionX sites (Villa et al. 2016).
To explorewhether this mechanismwas conserved across
the Drosophila genus, we searched the genome of 13
Drosophila species for PionX sequence motifs and plotted
their enrichments on the X chromosome (Fig. 1A). Only
strongmatches to the PionXmotifs (score >22) that proved
to be a good discriminator of X specificity were considered
(Villa et al. 2016). Interestingly, the analysis revealed an
inverse relationship between number of PionX motifs
and their enrichment on the X chromosome: The lower
the number, the more they are enriched on the X
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(Fig. 1A). To investigate the functional meaning of these
findings, we focused on virilis, a species that diverged
from melanogaster 40 million years ago. Virilis has an
MSL-based dosage compensation system but does not
show a strong enrichment of PionX motifs on the X chro-
mosome (Fig. 1A; Quinn et al. 2016). Additional computa-
tional analyses highlighted that the virilis genome
contains numerous PionX motifs. At a low statistical
threshold (q = 0.2), we identified >70,000motifs, compared
with 2667 motifs in melanogaster. A higher threshold
(q = 0.05) yielded 3770 motifs in the virilis genome com-
pared with 34 motifs in melanogaster (Fig. 1B; Villa et al.
2016). Intriguingly, the abundant PionX motif was not en-
riched on the X chromosome in virilis, independently of
the score applied (Fig. 1B). Assuming thatMSL2 is responsi-

ble for the targeting of theDCCalso invirilis, we then com-
pared the amino acid sequences of MSL2vir and MSL2mel.
Thesequencealignmentof the twoproteinsshowedconser-
vation in the RING, the CXC, and the CLAMP binding
(CBD) domains. The unstructured parts of MSL2mel, like
the region between the RING and the CXC domains and
the proline/basic amino acid stretch (PB domain) in the C
terminus are poorly conserved (Supplemental Fig. S1A).
To test how the level of structural conservation of the
CXCdomainsaffects theirDNAbinding specificity,weper-
formed DNA immunoprecipitation assays followed by se-
quencing (DIP-seq) on fragmented genomic DNA from
melanogaster. Analogous experiments had previously led
to the identification of PionX sites in melanogaster (Villa
et al. 2016). Cataloging the preferred binding sites of

BA
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Figure 1. PionX sites are not universal X-chromosome determinants. (A) Number (top panel) and X-chromosomal enrichment (bottom
panel) of PionX motif hits (score >22) in different Drosophila species. Species are in ascending order with respect to X-enrichment. (B)
Number (top) and X-chromosomal enrichment (bottom) of PionX motif hits at different q-value cutoffs for D. melanogaster (left) and
D. virilis (right) (see also Villa et al. 2016). (C ) Chromosomal distribution of in vitro binding sites of MSL2mel (MEL) and MSL2vir (VIR).
The chromosomal size distribution (genome) is provided for reference. Note the difference in absolute numbers of DIP-seq peaks
(MSL2mel: 246, MSL2vir: 1850). Considered are only common peaks in N=2 and N =5 independent experiments for D. melanogaster
and D. virilis, respectively. (D) Representative DIP-seq profiles of MSL2mel and MSL2vir illustrating a region on chromosome
X. MSL2mel in vitro (DIP) binding sites are marked at the bottom.
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recombinantMSL2vir in vitro usingmelanogaster genomic
DNA,we observed that indeedMSl2vir did not select PionX
sitesbut ratherbound thousandsof genomic lociwithno in-
trinsic specificity for the X chromosome (Fig. 1C,D). We
concluded that the PionX motif does not mark the X chro-
mosome in all Drosophila species and that, in virilis, this
is in line with the inability of the CXC domain of MSL2vir

to recognize this motif specifically.
The X chromosome of virilis may recruit MSL2vir

through otherDNAdeterminants. To test this hypothesis,
we performed DIP assays with genomic DNA from virilis
male flies. MSL2mel mildly enriched the X chromosomal
sequences from the virilis genome, in agreement with
the enrichment of high-score PionX motifs on the X (Fig.
1A,B; Supplemental Fig. S1B), but MSL2vir did not show
any selectivity (Supplemental Fig. S1B). We conclude
that MSL2vir can bind to DNA in vitro but, in contrast to
MSL2mel, does not possess an intrinsic specificity for the
X chromosome. Evidently, the targeting mechanism for
the DCC must be different in the two species.

DNA binding of MSL2vir depends on the CXC domain

We previously showed that MSL2mel can bind DNA with
at least two structures in vitro: The CXC domain deter-
mines PionX selectivity and the C terminus (C-ter) of
the protein contributes to general DNA binding to GA co-
polymers (Villa et al. 2016). The C-ter contains an intrin-
sically disordered region (IDR) rich in prolines and basic
amino acid residues (PB) that is also involved in roX
RNA binding (Li et al. 2008; Müller et al. 2020; Valsecchi
et al. 2021). To explorewhether theMSL2vir DNA-binding
properties depend on the CXC domain, we swapped CXC
domains between MSL2mel and MSL2vir and tested the
chimeric proteins in DIP-seq assays (Fig. 2A,B; Supple-
mental Fig. S2A).

A cluster analysis of the DIP-seq data confirmed the vi-
sual impression gained from browser screenshots (Fig.
2A): The substitution of the CXC domain of MSL2vir

with the one of MSL2mel (MSL2virCXCmel) was sufficient
to partially restore the in vitro binding pattern ofMSL2mel.

BA
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Figure 2. The DNA binding of both MSL2mel

and MSL2vir depends on their CXC domains.
(A, top) Representation of MSL2 swap constructs
used in DIP assays. (Bottom) Representative
DIP-seq profiles of a region on the X chromosome
of the indicated MSL2 swap constructs: MSL2mel

(MEL), MSL2vir (VIR), MSL2virCXCmel (VIRCXCmel),
MSL2melCXCvir (MELCXCvir), MSL2virCTmel
(VIRCTmel), MSL2virPBmel (VIRPBmel). The MSL2mel

in vitro (DIP) binding sites are marked at the bot-
tom. (B) Hierarchically clustered heat map of DIP
log2 (read counts) atMSL2mel in vitro (DIP) binding
sites using the indicated swap constructs. Reads at
peak sites were counted after subsampling to the
samelibrarysize.Note that thesignalof theDIPas-
says cluster in two main groups indicated as
“MSL2mel” (MEL) and “MSL2vir”(VIR). (C ) Super-
position of 1H,15N HSQCNMR spectra, ofDroso-
phila virilis CXC domain free (black) and bound
to S12 (red) and S12 mutant (green) DNA. (D)
NMR titration curves globally fitted to a three-
site binding model along with the binding affinity
for the binding of S12 and S12 mutant DNA to
the virilisCXC domain.
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The data were obtained with theMSL2virCXCmel cluster in
the “MSL2mel group” and not in the “MSL2vir group” (Fig.
2B). Conversely, the CXC domain of MSL2vir conferred to
MSL2mel (MSL2melCXCvir) the nonspecific binding mode
characteristic of MSL2vir (Fig. 2A,B).
Because IDRs sometimes contribute to binding specific-

ity (Brodsky et al. 2020) and the C-terminal IDR of
MSL2mel is also involved in DNA binding, we tested the
DNA-binding potential of this region in MSL2vir. Substi-
tution of the C-ter of MSL2vir with the IDR of MSL2mel

did not affect the binding properties of the protein,
that is, MSL2virPBmel still clusters with MSL2vir while
MSL2virCTmel (in which the entiremelanogasterC-ter, in-
cluding the CXC domain, is transplanted onto MSL2vir)
clusters with MSL2mel (like MSL2virCXCmel) (Fig. 2A,B).
We conclude that the CXC domain is the main determi-
nant for DNA binding in both proteins.

The CXC domain of MSL2vir lacks MRE specificity

The isolated CXC domain of melanogaster (CXCmel)
binds a GA-rich DNA derived from the MRE motif (S12)
15-fold better than amutated sequence, inwhichGA is re-
placed by an A tract (Zheng et al. 2014). To explore the
DNA-binding properties of the CXC domain of MSL2vir

(CXCvir) in an analogous setting, we monitored the bind-
ing of the isolated domain to S12 DNA using 1H-15N
HSQC NMR titrations (Fig. 2C,D; Supplemental Fig.
S2B–D). Upon titration with S12 DNA, 1H-15N HSQC
peaks of the CXCvir domain exhibited chemical shift per-
turbations (CSPs) in the fast to intermediate exchange,
suggesting affinity in the low micromolar to high nano-
molar range (Fig. 2C; Supplemental Fig. S2C). In agree-
ment with this, quantitative analysis of CSPs revealed
an apparent dissociation constant (KD) of 2.8 µM for the
binding of S12 to CXCvir, which was in the same range
as that for CXCmel (2.7 µM) (Fig. 2D; Zheng et al. 2014).
Similar to S12, titration of the S12 mutant with CXCvir

showed fast to intermediate exchange in the NMR titra-
tion, suggesting a similar affinity (Fig. 2D; Supplemental
Fig. S2C). CXCvir showed no decrease in affinity for the
S12 mutant (KD=2.4 µM), in contrast to the 15-fold drop
of affinity for this nonconsensus site observed with
CXCmel (KD=42.8 µM) (Fig. 2C,D; Zheng et al. 2014).
Comparison of CSPs suggests that the binding mode of
the S12 and S12 mutant DNA to the CXCvir remains sim-
ilar upon titrations (Supplemental Fig. S2C,D). We con-
clude that the CXCvir can bind DNA in vitro but lacks
sequence specificity.

A male-specific factor confers X-chromosome specificity
to MSL2vir in vivo

So far, the results suggest thatMSL2vir bindsDNA in vitro
via its CXC domain, but it lacks the intrinsic selectivity
for the X chromosome of MSL2mel. However, virilis
DCC binds specifically to the X chromosome inmale flies
(Marín and Baker 1998; Chlamydas et al. 2016; Quinn
et al. 2016). What, then, provides this specificity in vivo?
To address this question, we expressed MSL2vir and

MSL2mel as GFP fusion proteins in male (S2) or in female
(Kc167) melanogaster cells.
Male cells are a good model system to study dosage

compensation in the steady state. Female cells, instead,
offer the opportunity to investigate the capability of the
two MSL2 proteins to initiate the de novo assembly of
the DCC and its first-time targeting to the X chromo-
some. Immunofluorescence (IF) staining confirmed that
MSL2mel binds specifically to the X chromosome in
male cells, visualized by staining of the characteristic X-
chromosome territory. Importantly, MSL2mel was mainly
localized to the compact territory in female cells.MSL2vir,
in contrast, was able to associate with the X chromosome
in male cells but failed to mark the territory in female
cells (Fig. 3A). In female cells, MSl2vir displayed a distrib-
uted nuclear stainingwith some aggregates, suggesting in-
appropriate targeting (Fig. 3A). Remarkably, MSL2vir

colocalized with MSL3 and H4K16ac also in female cells,
arguing that it formed an acetylation-competent complex
with endogenous proteins, which was, however, not prop-
erly targeted to the X chromosome (Fig. 3A).
Failure to assemble a properly targeted DCC in female

cells upon MSL2 expression may be due to limiting
amounts of the other complex members: MSL1 and
MSL3 express at low levels in Kc cells and the roX RNAs
are almost undetectable.Western blots confirmed that ex-
pression of MSL2mel and MSL2vir led to increased expres-
sion of MSL1 and MSL3 in female cells, albeit to
different degrees (Supplemental Fig. S3B). MSL2 is respon-
sible for inducing roX2 transcription by binding to a 3′ en-
hancer element that contains MREs, an early event in
dosage compensation (Rattner and Meller 2004; Lim and
Kelley 2012). We explored whether expression of MSL2
proteins from different Drosophila species can induce
roX2 in melanogaster cells, with the idea in mind that
the quantitative readout may inform about the ability to
interactwith the roX2MREs. ExpressionofMSL2 proteins
from melanogaster, virilis, willistoni, and busckii all in-
duced roX2 transcription in female cells, albeit to different
degrees (Supplemental Fig. S3C). The result confirms the
functionality of the proteins in the heterologous system.
Not surprisingly, homologous MSL2mel induced roX2
transcription most. The fact that expression of MSL2vir

led to the lowest induction of roX2 is in line with its
poor ability to recognize MRE sequences.
To understand the different nuclear localization of the

virilis and the melanogaster MSL2-GFP proteins in fe-
male cells, we mapped their chromosomal localization
by ChIP-seq using antibodies against GFP, MSL3, and
H4K16ac. While GFP and MSL3 antibodies inform about
the genomic localization of MSL2 and the recruitment
of theMSL-DCC, respectively, H4K16ac antibodies report
on the functionality of the chromatin-bound complex. In
agreement with the IF data, the ChIP-seq results con-
firmed that MSL2mel was able to initiate dosage compen-
sation in female cells. MSL2mel was found almost
exclusively bound to the X chromosome (Fig. 3B) along
with a functional DCC complex, visualized by MSL3
and H4K16ac at gene bodies (Fig. 3C,D). In contrast,
MSL2vir was bound all over the genome, with just modest
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enrichment for the X chromosome, in line with the IF
staining (Fig. 3B). Of note, the fraction of MSL2vir bound
to the X chromosome also recruited a functional DCC,
witnessed byMSL3 andH4K16acChIP (Fig. 3C,D; Supple-
mental Fig. S3A). We conclude that MSL2vir, when ex-
pressed in melanogaster cells, can initiate the assembly
of a functional DCC despite low roX2 levels in female
cells. In male cells, MSL2vir binds specifically to the X
chromosome, but in female cells it cannot, suggesting
that there must be a male-specific factor that provides
this selectivity to MSL2vir.

CLAMP is an exceptionally strong interactor
of MSL2vir in vivo

We considered that the male-specific factor might be a
protein that interacts withMSL2vir inmale cells. In an un-
biased search for such an interactor, recombinant FLAG-
tagged MSL2vir was incubated in soluble nuclear extracts
(devoid of DNA) from male virilis cells and immunopre-
cipitated with an αFLAG antibody under stringent condi-
tions. We used a male diploid embryonic cell line from
D. virilis for this experiment to be sure to also detect
species-specific interactors. Mass spectrometry analyses
revealed some unique interactors of MSL2vir in compari-
son with the control (Fig. 4A). Among the strongest inter-
actors were, as expected, the virilis MSL proteins (MSL1,
MSL3, andMOF), but notMLE, which is known not to in-
teract with the other MSLs under stringent conditions
(Smith et al. 2000). We also found some nucleoporins, an

RNA helicase (BAM1G4), the DNA replication-related el-
ement factor (DREF), and two zinc finger proteins
(A0A0Q9W5D2 and CLAMP) (Supplemental Table 1).
Surprisingly, CLAMP was the most highly enriched pro-
tein apart from bystander chaperones (Fig. 4A).

CLAMP is ahighly conservedDNA-bindingprotein that
was previously described to bind to melanogaster MSL2
and synergize with it for HAS binding (Larschan et al.
2012; Albig et al. 2019). Although CLAMP promotes the
interaction of MSL2 with HASs, it also has thousands of
binding sites scattered throughout the genome and thus,
per se, does not confer X-chromosome selectivity. Unfor-
tunately, neither CLAMP nor any of the other interactors
are specifically expressed in male cells, making their in-
volvement in targeting MSL2vir to the X chromosome in
male cells unlikely. However, intrigued by the finding
that, in virilis MSL2 interacts with CLAMP even better
than with MSL1, we compared this interaction in virilis
and melanogaster. To this end, we performed “pull-
down” experiments as described above with recombinant
MSL2vir-FLAG and MSL2mel-FLAG and nuclear extracts
from male virilis or melanogaster cells. Interestingly,
while both MSL2vir and MSL2mel precipitated CLAMP
from the two extracts, MSL2vir always interacted stronger
with CLAMP thanMSL2mel (Fig. 4B). We observed the op-
posite forMSL1: BothMSL1mel andMSL1vir interact better
withMSL2mel thanMSL2vir (Fig. 4B). Likewise, CLAMP in
extracts ofmale or femalemelanogaster cells always inter-
acted stronger with MSl2vir than with MSL2mel (Fig. 4C).
These results suggest that the different strength of

BA

C
D

Figure 3. MSL2vir does not support de novo
X-chromosome targeting in female mela-
nogaster cells. (A) Representative immuno-
fluorescence pictures of either male (top
panels) or female (bottom panels) D. mela-
nogaster cells transfected with the indicated
MSL2-GFP constructs, MSL2mel-GFP (MEL-
GFP) and MSL2vir-GFP (VIR-GFP). Cells
were stained using antibodies against GFP,
MSL3, H4K16ac, and DAPI to stain DNA.
Scale bar, 3 µm. (B) Chromosomal distribu-
tion of GFP-ChIP peaks obtained from two
independent experiments using female mel-
anogaster cells transfected with the indicat-
ed constructs, MSL2mel (MEL) and MSL2vir

(VIR). The relative size of the chromosomes
(genome) serves as a reference for uniform
distribution. (C ) Representative ChIP-seq
profiles of a region on chromosome X (GFP
or H4K16ac) obtained using female mela-
nogaster cells expressing MSL2mel (MEL) or
MSL2vir (VIR). MSL2mel in vivo binding sites
(HASs) are marked in the lowest track. The
colors represent the different cells used in
the experiments. Untransfected cells are la-
beled as Ctrl. (D) X-chromosomal H4K16ac
coverage relative to total genome coverage
for two independent experiments. Extent of
domains equals the sum of widths of called

peaks. H4K16ac ChIP-seq profiles obtained using female melanogaster cells expressing the indicated MSL2-GFP constructs (MSL2mel

[MEL] and MSL2vir [VIR]). Ctrl indicates untransfected cells.
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CLAMP interaction is an intrinsic property of the two
MSL2 proteins. Recently, the CLAMP binding domain
on MSL2 was mapped to amino acids 620–685 (Albig
et al. 2019; Tikhonova et al. 2019). This region is highly
conserved between MSL2mel and MSL2vir (Supplemental
Fig. S4A), and it is likely that CLAMP interacts with the
same region in bothMSL2 proteins. Indeed, pull-down ex-
periments using theMSL2 swap constructs (Fig. 2A) are in
agreement with this assumption. Replacing half of the
CBD in MSL2vir with the conserved one of MSL2mel

(MSL2virPBmel) reduced the affinity forCLAMP, and substi-
tuting the CXC of MSL2mel with the CXC of MSL2vir

(MSL2melCXCvir) in some experiments improved the inter-
action with CLAMP (Supplemental Fig. S4B).
The observation that MSL2vir binds tighter to CLAMP

raises the idea that CLAMPmight have amore prominent
role in targeting the DCC in virilis than in melanogaster.
Accordingly, MSL2vir may be “derouted” by CLAMP in
the melanogaster context. Support for this idea comes
from reinspection of the ChIP-seq binding profile of ectop-
icMSL2vir in female cells. Remarkably, 85%ofMSL2vir in
vivo binding sites overlap with CLAMP binding sites,
65%ofwhich are not sharedwithMSL2mel (Fig. 4D). Like-
wise, the binding profile of MSL2virCXCmel-GFP also re-
sembled the CLAMP binding pattern in female cells.
Apparently, the strong virilis CBD overrules the binding
properties of the CXCmel. This is in contrast to its DNA
selectivity in vitro, which resembles more that of
MSL2mel, since in the absence of CLAMP, the intrinsic
CXC properties dominate (Fig. 2A,B; Supplemental Fig.
S4C ). We conclude that the strong interaction between
MSL2vir and CLAMP may indeed deroute the former
away from the X to nonfunctional CLAMP binding sites.
In summary, our affinity purification approach did not
identify any protein with a male-specific role in targeting
MSL2vir to the X chromosome but suggested an explana-
tion for the observed autosomal binding of MSL2vir.

Long, noncoding roX2 RNA confers specificity to MSL2vir

X-chromosome binding

Because we could not identify a protein that provides X-
binding specificity to MSL2vir, we considered that the
missing, male-specific factor might be roX2 RNA, which
is expressed in male cells and a subunit of the DCC. Na-
scent roX2RNAcan concentrateMSLproteins at chromo-
somal loci (Kelley et al. 1999; Oh et al. 2003; Valsecchi
et al. 2021). Our previous studies had ruled out a role for
roX in the initial selection of the X chromosome by
MSL2mel (Villa et al. 2016), but thismaybe different in oth-
er species, like virilis. To test this possibility, we cotrans-
fected the roX2 gene together with MSL2vir-GFP into
female cells and identified the transfected cells by immu-
nostaining. Remarkably, weobserved that, in the presence
of roX2, most GFP-positive cells showed coherent X-terri-
tories defined by colocalization of MSL2-GFP, MSL3, and
H4K16ac (Fig. 5A). In addition, the total number of ChIP-
seq peaks forMSL3 doubled, indicating an improved bind-
ing of the DCC (Fig. 5B). Notably, this was not just due to
an overall gain of ChIP efficiency but reflected an im-
proved specificity, since the signals for MSL3 and
H4K16ac, the functional readout of targeting, shifted
from autosomes to the X chromosome in the presence of
roX2 (Fig. 5B,C). ChIP-seq signals for MSL3 and H4K16ac
shifted from autosomes to the X chromosome in the pres-
ence of roX2 (Fig. 5B,C). Similar effects were observed us-
ing roX2 genes from melanogaster or virilis, confirming
their functional conservation (Supplemental Fig. S5;
Quinn et al. 2016). We conclude that roX2 is themale-spe-
cific factor that provides targeting selectivity to MSL2vir.

Diverse roles for roX2 in MSL2 targeting and DCC
assembly

The increased signal of MSL3 and H4K16ac ChIP-seq on
the X chromosome in the presence of roX2 could mean
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Figure 4. The zinc finger proteinCLAMP is a strong
interactorofMSL2vir in vivo. (A) Volcanoplot showing
log10P-value in relation to the average log2 fold change
(n=4 biological replicates) comparing the FLAG-
MSL2vir (MSL2vir) AP-MS versus the control purifica-
tionwithFLAG-onlybeads (Ctrl).MSL2vir is represent-
ed in red, other DCC subunits are represented in blue,
and CLAMP is in orange. Heat shock proteins (green)
are considered irrelevant bystander proteins. (B) West-
ern blot analyses of coimmunoprecipitation (“pull-
down”) experiments using the indicatedMSL2-FLAG
recombinant construct MSL2mel (MEL) or MSL2vir

(VIR) as bait to retrieve proteins fromextracts of either
melanogaster or virilis cells. Five percent of the ex-
tracts was loaded as a reference (Input). “M” indicates
the protein marker. (C) Western blot analyses of pull-
down experiments as inB. Five percent of the extracts
wasloadedasareference(Input).“M” indicatesthepro-
tein marker. (D) Venn diagram showing overlapping
peaks of MSL2vir (VIR; GFP ChIP N=2), MSL2mel

(MEL; GFP ChIP N=2), and CLAMP (CLAMP ChIP
from Kc cells N=2) (from Soruco et al. 2013). Only
peaks common to all replicates are considered.
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that (1) roX2 improves the DNA binding specificity of
MSL2vir, which binds to additional HASs, or (2) roX2 pro-
motes the assembly of DCC at chromatin-boundMSL2vir.
To test for these possibilities, we compared MSL3 ChIP-
seq peaks in the presence or absence of roX2 with HASs,
the physiological MSL2 binding sites. MSL2vir alone was
able to bind∼14%ofHASs (conceivably due to themodest
activation of the endogenous roX2 gene) (Supplemental
Fig. S3C), but upon cotransfection of roX2, the number of
bound HASs doubled (Fig. 6A). This indicates that the
RNA triggers the binding of MSL2vir to new HASs.

Comparing the roX2-dependent changes in H4K16ac
and MSL3 signals at HASs constitutively bound by
MSL2vir versus HASs just bound in the presence of roX2,
we found that both increased in the presence of roX2 (Sup-
plemental Fig. S6A,B). This shows that more active DCC
was recruited to these loci. In summary, the presence of
roX2 instructsMSL2vir to bind tomoreHASs and also pro-
motes the assembly of functional DCC.

RoX2 binds to the C terminus of MSL2 (Li et al. 2008;
Müller et al. 2020; Valsecchi et al. 2021). Given that
CLAMP also contacts this region, both factors maymutu-
ally affect each other’s interactions. We explored this pos-
sibility in pull-down experiments monitoring the MSL2-
CLAMP interaction in the presence or absence of RNA.
MSL2vir-FLAG was incubated in nuclear extracts from
male cells under low-salt conditions compatible with
RNA binding. Endogenous RNA was removed by RNase
or benzonase treatment (enzymes were omitted from ap-
propriate controls). In the absence of RNA, the interaction
between CLAMP and MSL2vir was remarkably enhanced
(Fig. 6B; Supplemental Fig. S6C). As a control, the interac-
tion between MSL2vir and MLE was much reduced upon
RNA degradation (Fig. 6B; Ilik et al. 2013). These findings

are consistent with the idea that roX2 and CLAMP com-
pete for the binding to the C terminus ofMSL2vir. Accord-
ingly, in male cells expressing roX2, MSL2vir will not be
rerouted by CLAMP to autosomal sites and will bind bet-
ter to HASs on the X (Fig. 3A).

MSL2 binds roX2 specifically at the roX box, once this
motif is exposed by MLE-dependent secondary structure
remodeling (Ilik et al. 2017; Müller et al. 2020). It is con-
ceivable that roX2 RNA has an additional, instructive ef-
fect modulating the conformation of MSL2. To explore
this possibility, we carried out DIP-seq assays in the pres-
ence of RNA oligonucleotides containing either a roX box
sequence or an unrelated control sequence. We observed
that MSL2vir retrieved more DNA fragments in a stan-
dardized DIP with a genomic DNA substrate in the pres-
ence of the specific roX2 oligonucleotide (but not the
control), albeit the specificity of binding was unaltered.
These data suggest that roX improves the affinity of
MSL2vir for DNA (Fig. 6C,D).

roX2 switchesMSL2vir to a stable X-chromosome binding
mode

In contrast to other chromatin complexes, the DCC asso-
ciates unusually tightly with the X chromosome. “Fluo-
rescence recovery after photobleaching” (FRAP) studies
had shown earlier that MSL2 binds the X chromosome
in such a stable manner that is incompatible with canon-
ical protein–DNA interactions but only observedwith fac-
tors that engage chromatin with a topological linkage
(Straub et al. 2005). These early studies also identified a
minor, nucleoplasmic pool of MSL2 with fast exchange
rates. Intrigued by our observation that roX2 RNAwas re-
quired for MSL2vir to associate with a coherent

B
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Figure 5. The long, noncoding roX2 RNA
provides X specificity to MSL2vir. (A) Repre-
sentative immunofluorescence pictures of fe-
male melanogaster cells transfected with the
MSL2vir-GFP (VIR) construct with (+roX2) or
without the roX2 gene. Cells were stained us-
ing antibodies against GFP, MSL3, H4K16ac,
and DAPI to visualize DNA. Scale bar, 3 µm.
(B) Chromosomal distribution of MSL3 ChIP
peaks obtained from three independent exper-
iments using femalemelanogaster cells trans-
fected withMSL2vir-GFP (VIR) construct with
(+roX2) or without the roX2 gene. Only peaks
common to all replicates are considered. The
relative size of the chromosomes (genome)
serves as a reference for uniform distribution.
(C ) Distributions of mean signal intensity
changes for MSL3 (left) and H4K16ac (right)
on their corresponding autosomal (A) and X-
chromosomal (X) domains upon expression
of roX2 in female melanogaster cells trans-
fected with the MSL2vir-GFP construct. (N =
4 for each ChIP target).
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chromosomal territory, we examined the mobility of
MSL2vir-GFP expressed in female cells. In the presence
of roX2, MSL2-GFP localized to the X chromosome seen
as a coherent territory with very little nucleoplasmic
staining (Fig. 5A). In the absence of the RNA, MSL2 was
diffusely distributed throughout the nucleus, with occa-
sional condensates, but without an identifiable X-chro-
mosome territory (Figs. 3A, 5A). We now tested by
FRAP whether these different nuclear localizations also
differed in binding mode. Remarkably, MSL2vir bound to
the X chromosome (in the presence of roX2) had a lowmo-
bility similar to the one ofMSL2mel (Fig. 6E; Supplemental
Fig. S6D; Straub et al. 2005). In contrast, in the absence of
roX2, MSL2vir was localized more diffusely and exhibited
highly dynamic chromatin binding (Fig. 6E; Supplemental
Fig. S6D). The analogous experiment withMSL2mel could
not be done since expression of MSL2mel rapidly induces

roXRNAexpression, so that the RNA-dependency cannot
be tested in this setting. We conclude that the tight bind-
ing of MSL2 to the X chromosome is a feature conserved
during the evolution of the Drosophila genus. We show
that the tight binding of MSL2vir depends on the presence
of roX2 and speculate that this may also be the case for
MSL2mel.

Discussion

Understanding the mechanism underlying the selective
targeting of theMSL-DCC to the X chromosome inDroso-
phila is instructive formany similar problems of transcrip-
tion regulation. The binding to theX chromosome appears
as amultistep process, involving an initial recognition of a
limited number of sequence-defined “high-affinity sites”

E
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Figure 6. RoX2 affects the DNA binding of
MSL2vir in different ways. (A) Venn diagram show-
ing overlapping peaks of three independent MSL3
ChIP experiments using female melanogaster
cells transfected with the MSL2vir-GFP (VIR) con-
struct with (+roX2) or without the roX2 gene and
MSL2mel in vivo binding sites (HASs). Only peaks
common to all replicates are considered. (B) West-
ern blot analyses of pull-down experiments using
the recombinant MSL2mel-FLAG (MEL) or
MSL2vir-FLAG (VIR) constructs as bait to retrieve
interacting proteins from extracts of male mela-
nogaster cells, untreated or treated with RNase
A. (C ) Representative DIP-seq profiles of MSL2vir

(VIR) in the presence of no RNA (VIR), of a control
RNA (CTRL), or of the roX box RNA (RB4). (D)
Read counts on 9534 ensemble binding sites
from DIP-seq experiments of MSL2vir in the pres-
ence of no RNA (VIR), of control RNA (CTRL),
or of the roX box RNA (RB4). Two independent ex-
periments are shown. (E) FRAP analyses of female
melanogaster cells expressing either MSL2vir-GFP
(nucleoplasm) or MSL2vir-GFP+ roX2 (X). Relative
fluorescence intensity measured in the bleached
area was plotted against recovery time. Shade
curves represent the standard error of themeasure-
ments. N =9.
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(HASs), followed by distribution to sites of lower affinity
and, finally, the association with transcribed chromatin
via epigenetic marks (Lucchesi and Kuroda 2015). Our
study mainly addresses the initial recognition of the X
chromosome, where several targeting principles, all in-
volving the DNA binding subunit of the DCC, MSL2,
had beendescribed: the specific binding of itsCXCdomain
to PionX sites (Villa et al. 2016), cooperative interactions
with thezinc finger proteinCLAMPatGA-richMREs (Sor-
uco et al. 2013; Albig et al. 2019), and, most recently, a
tethering of MSL2 through roX2 (Valsecchi et al. 2021).
Weexplored the evolutionary conservationof these princi-
ples, hoping to evaluate their broader relevance. Focusing
onD. virilis, a species that diverged fromD.melanogaster
40 million years ago, we found that the involvement in X-
chromosome targeting of the three components, MSL2,
CLAMP, and roX2 RNA, have been conserved, but their
precise contributionsdiffer. Evidently, starting fromanan-
cestral set of components, evolution diverged and
achieved the goal of X-specific DCC association through
different strategies. These findings impressively illustrate
the nondirectional nature of evolution and the emergence
of different, viable solutions to the overarching problem of
attaining X-chromosome selectivity (Fig. 7).

Coevolution of PionX sites and CXC domain specificity

Recently, we demonstrated that themelanogasterX chro-
mosome is marked by a distinct class of MREs, termed
PionX sites, which serve as first X-specific DNA determi-

nants (Villa et al. 2016). These sites are distinguished by a
5′ sequence extension of the GA-richMRE (the PionXmo-
tif). The CXC domain of MSL2 specifically recognizes a
PionX DNA shape signature. Such sites are found to
mark dosage-compensated X chromosomes in other Dro-
sophila species aswell. For example, inD.miranda, PionX
sites apparently derive from a transposon-borne precursor
sequence and are fixed on the neo-X chromosome (Ellison
and Bachtrog 2013; Villa et al. 2016). To explore whether
PionX sites play a similarly important role in otherDroso-
phila species, we computationally identified high-confi-
dence PionX motifs and monitored their X-chromosome
enrichment (Fig. 1A). The results show that, in many spe-
cies, including virilis, PionX motifs cannot be involved in
dosage compensation because they are too numerous and
not enriched on the X. The comparison of melanogaster
and virilis leads us to hypothesize that along with the en-
richment of the PionXmotif on the X, the CXC domain of
MSL2 evolved a specific recognition mode, as was ob-
served for transcription factors and their binding sites
(Yang et al. 2011). The general applicability of this hypoth-
esis remains to be tested in light of the inverse relation-
ship between the number of PionX motifs and their X-
chromosome enrichment in different Drosophila species.
However, our findings that activation of roX2 in female
cells (as a proxy of X-chromosome binding) expressing
MSL2 constructs from different species correlate with
the enrichment of PionXmotifs on the X provides support
for this idea (Fig. 1A; Supplemental Fig. S3C).

roX RNA antagonizes the nonproductive side effects
of CLAMP cooperation

The specialized CXC domain of MSL2 in melanogaster
autonomously discriminates the PionX signature. The
majority of HASs lack PionX features and rather contain
GA-richMREs. MSL2 can bind to them but cannot distin-
guish these sequences from nonfunctional GA-rich sites
on autosomes (Villa et al. 2016). MSL2 binding to GA-
rich sequences is promoted by cooperation with the ubiq-
uitous CLAMP protein, which also binds GA with a sub-
set of its zinc fingers. However, CLAMP not only binds
to functional MREs but to thousands of GA-rich sites
throughout the genome (Kuzu et al. 2016). If both proteins
are analyzed together in genome-wide DIP, a relatively
low X-chromosome enrichment is scored, since CLAMP
stabilizes the binding of MSL2 to GA-rich sequences ev-
erywhere in the genome. In cells, however, the cooperativ-
ity between CLAMP and MSL2 is clearly focused on
MREs (Soruco et al. 2013; Albig et al. 2019). The reason
for this has been enigmatic.

Our results now suggest that roX2 binding to MSL2,
which we and others mapped to the C terminus in the di-
rect vicinity of CLAMP binding (Müller et al. 2020; Val-
secchi et al. 2021), counteracts the derouting effect of
CLAMP either by weakening the CLAMP interaction or
by allosteric modulation of the DNA-binding properties
of MSL2. This mechanism was observed following
MSL2vir chromosome association in a DCC-naïve situa-
tion in the presence and absence of roX2. The analogous

Figure 7. Model. Species-specific ways to achieve X-chromo-
some specificity in dosage compensation. The CXC domain of
MSL2, the CLAMP protein, and the roX2 lnc RNA are conserved
factors involved in the targeting of theDCC to theX chromosome
both in D. virilis and in D. melanogaster, two species that di-
verged 40 million years ago. The X chromosome of D. virilis is
not marked by PionXmotifs, and the binding of the CXC domain
of MSL2 to DNA (MREs) relies on CLAMP cooperativity and on
roX2 modulation to achieve X specificity. In D. melanogaster,
the coevolution of PionX sites enriched on theX chromosome, to-
getherwith the ability of theCXCdomain ofMSL2 to specifically
recognize them, endows MSL2 with direct X-chromosome selec-
tivity. The cooperative interaction with CLAMP and roX2 RNA
contributes to recognition of non-PionX MREs.
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experiment withMSL2mel is not possible, because expres-
sion of MSL2 in females induces roX2 (Villa et al. 2016).
Nevertheless, modulation of DNA binding of mela-
nogaster MSL2 by roX is clearly compatible with the
known requirement of roX RNA and MLE for non-PionX
HAS recognition in vivo (Oh et al. 2003; Li et al. 2008; Fi-
gueiredo et al. 2014; Villa et al. 2016), the localization of
MLE at most HASs in cells (Straub et al. 2013), and the
massive derouting activity of CLAMP in the absence of
RNA in vitro (Albig et al. 2019).
Most interestingly, we found that a gain of PionX specif-

icity of the CXC domain inmelanogasterwent alongwith
a decreased affinity for CLAMP (relative to virilis). We
speculate that the evolution of intrinsic PionX specificity
of the CXC domain (along with PionX enrichment on the
X) permitted relaxation of the CLAMP cooperativity and
hence the danger of rerouting, further improving the X
specificity. In the absence of the PionX sites (virilis),
MSL2 relies more on CLAMP cooperativity, which neces-
sitated modulation by roX2 to counteract rerouting to
autosomes.

Potential roles for roX RNA

Long, noncoding RNA bears enormous potential to tune
molecular interactions, since their fast evolution (Pang
et al. 2006; Quinn et al. 2016) allows accumulation of dif-
ferent functions. The fact that MSL2vir binds more HASs
in the presence of a transfected roX2 gene demonstrates
that roX2 can act in trans and must not be transcribed
from the X chromosome, in agreement with earlier find-
ings (Meller et al. 1997; Ramírez et al. 2015; Ilik et al.
2017). So far, there is no evidence for a direct base-pairing
mechanism, either through triple helices or R-loops, be-
tween roX and HAS DNA.
Our data rather suggest that roX2 affects DCC–X chro-

mosome interactions and functionality in several ways:
(1) Small roX box oligonucleotides improve the affinity of
MSL2 for DNAwithout changing the specificity (Fig. 6C,
D). (2) roX2 counteracts the rerouting activity of CLAMP
(Figs. 5, 6). (3) RoX2 increases the assembly of functional
DCC at HASs (Supplemental Fig. S6A,B). The roX RNA
may be sufficiently long to allosterically affect several pro-
tein subunits of the DCC, all of which have RNA-binding
potential but can form complexes in the absence of RNA
(Müller et al. 2020). (4) roX2 triggers a tight chromosome
binding mode of MSL2 (see below; Fig. 6E). All effects are
consistent with the speculative idea that roX RNA may
combine various RNA aptamers that allosterically modu-
late the conformation ofDCC subunits in a species-specif-
ic manner. Future experiments will test this idea.

roX RNA triggers a switch to a tight chromatin binding
mode

We earlier reported FRAP experiments showing that the
association of MSL2 and MSL1 with the X chromosome
is characterized by an unusually long residence time
(Straub et al. 2005). In those experiments, the heterochro-
matin protein HP1 was much more mobile than MSL2.

Such immobile behavior is not explained by classical,
evenmultivalent protein–DNAinteraction but is reminis-
cent of the topological linkages of cohesin or the MCM
complexes to the chromatin fiber (Kalfalah et al. 2015;
Rhodes et al. 2017).
The distinct chromosome binding of MSL2vir in the

presence and absence of roX2 provided a unique opportu-
nity to assess the effect of the RNA on chromosomal res-
idence time. This showed that the tight interaction of
MSL2 was conserved through 40 million years of evolu-
tion and, excitingly, is not an intrinsic property of the pro-
tein but induced by roX2 expression. Tight binding is only
observed when MSL2 stains a coherent X-chromosomal
territory after successful chromosome recognition and
complex assembly. The nature of this switch is unclear
at present, but we speculate that the involvement of
roX2 in the initial selection of the X chromosome (tuning
protein–DNA interactions) and the final switch of the
DCC to a “locked-in” conformation reflect distinct func-
tions that diverged orwere conserved, respectively, during
evolution of the melanogaster and virilis species.
The tight interactionwe present appears unrelated to an

“RNA tethering” phenomenon recently described, where
MSL2, through IDR–RNA interactions, is concentrated
around nascent roX RNA (Valsecchi et al. 2021). The
fact that MSL2 binds nascent roX RNA had been suggest-
ed previously (Kelley et al. 1999; Meller et al. 2000; Oh
et al. 2003). It is plausible that the binding ofMSL proteins
to nascent roX RNA triggers first steps in DCC assembly
and, because both roX genes reside on the X, facilitates the
search for X chromosomal HASs. However, X-chromo-
some targeting and dosage compensation still works if
the only roX gene is integrated on an autosome (Meller
et al. 1997; Ramírez et al. 2015; Ilik et al. 2017) or in our
transient transfection experiments. Therefore, MSL2–
RNA interactions per se bear only very limited potential
for X/autosome discrimination.

Conclusion

MSL2 is the only male-specific protein component of the
dosage compensation system inDrosophila; it is the crucial
activator of roX2 transcription and central to X-chromo-
some recognition and DCC assembly (Rattner and Meller
2004; Lim and Kelley 2012; Villa et al. 2016). DCC assem-
bly andhomeostasis are integrated in theN-terminal RING
finger domain, which mediates MSL1 interaction and E3
ubiquitin ligase activity (Villa et al. 2012). All known com-
ponents of the X-chromosome targeting system, the CXC
domain, CLAMP, and roX binding surfaces, are integrated
in theC terminus. A full appreciation of theirmutual inter-
actions will require structural knowledge of the complex
bound toDNA,RNA, andCLAMP.The assemblyof a func-
tional DCC involved coopting available epigenetic reader
and writer components and adapting them for a new func-
tion. It is tempting to speculate that this was possible
through the action of fast-evolving roX lncRNA that bears
the potential for allosteric regulation.
Our study illustrates how components of an ancient

dosage compensation system can be refined along
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distinct, species-specific evolutionary trajectories (Fig. 7).
The coevolution of protein domains, DNA sequence, and
lncRNA beautifully illustrates the existence of alterna-
tive, equivalent solutions to the problem of balancing
the genome along with diversifying sex chromosomes.

Materials and methods

Plasmids and antibodies

MSL2 cDNAs from D. virilis, D. busckii, and D. willistoni were
synthetized by Genewiz and cloned in a phsp70-GFP vector and
in a pFastBac-FLAG for expression of recombinant proteins.
The CXC domains of MSL2vir (523–558 amino acids) and
MSL2mel (525–561 amino acids) were swapped usingGibson clon-
ing. In the MSL2virCTmel construct, the C terminus of MSL2vir

(from amino acid 523) was substituted with the C terminus of
MSL2mel (from amino acid 525) using Gibson cloning. In
MSL2virPBmel, the region from amino acid 644 ofMSL2vir was sub-
stituted with the region from amino acid 646 ofMSL2mel via Gib-
son cloning. The recombinant proteins MSL2virCXCmel and
MSL2virCTmel present a deletion between amino acids 234–274
and amino acids 130–182, respectively. This deletion is impor-
tant for the proper expression and purification of the recombinant
proteins. The functionality of these deleted constructs was veri-
fied in vivo (transfection in S2 cells), where we could not detect
any difference in comparison with the full-length constructs.
The roX2 virilis gene was synthetized by Gene Universal and
cloned in a phsp70-GFP vector. The roX2 melanogaster gene
was amplified from the D. melanogaster genome and cloned in
a phsp70-GFP vector using Gibson cloning. All constructs were
verified by sequencing.
Rat monoclonal anti-MLE 6E11, rabbit anti-MSL1, rabbit anti-

MSL2, rabbit anti-MOF, rat monoclonal anti-MSL3 1C9, and
guinea pig anti-MSL3 antibodies were previously described in
Akhtar and Becker (2000), Izzo et al. (2008), Straub et al. (2008),
and Albig et al. (2019). Rabbit anti-CLAMP antibody was a kind
gift of Erica Larschan (Brown University). Rabbit anti-MSL1vir

was a kind gift of Asifa Akhtar (MPI). Mouse anti-FLAGM2 affin-
ity gel andmousemonoclonal anti-FLAGM2 antibodywere from
Sigma-Aldrich (F3165). Mouse monoclonal anti-Lamin antibody
(T40) was provided by Professor H. Saumweber. Mouse monoclo-
nal anti-GFP antibody was from Roche (11814460001).

Cell lines and culture conditions

The D. melanogaster embryonic Kc167 cell line was obtained
from the Drosophila Genomic Resource Center (https://dgrc.bio
.indiana.edu/home). The D. melanogaster S2 (subclone L2-4)
cell linewas a kind gift of P. Heun (Villa et al. 2016). TheD. virilis
79f7Dv3 cell line was a kind gift of B.V. Adrianov (Albig et al.
2019). The identity of cell lines was verified by high-throughput
sequencing. Cells were subjected to mycoplasma testing. Cells
were maintained at 26°C in Schneider’s Drosophila medium
(Thermo Fisher 21720024) supplemented with 10% FBS (Kc167
and S2) or 5% FBS (79f7Dv3) and 1% penicillin-streptomycin sol-
ution (Sigma-Aldrich P-4333). Spodoptera frugiperda 21 (SF21)
cells (Gibco) were used for amplification of recombinant baculo-
viruses and baculovirus-driven expression of recombinant pro-
teins. SF21 cells were cultured at 26°C in Sf-900 II medium
(Gibco) supplementedwith 10% fetal calf serumand gentamycin.
Cells were transfected with the plasmid of interest plus 1:20 of

pCoBlast (Thermo Fisher K5150-01) using Effectene transfection
reagent (Qiagen 301425). Seventy-two hours after transfection,

cells were diluted two to three times, and Blasticidin was added
to the medium at a final concentration of 50 ng/µL for 7 or 10 d.

Nuclear extraction and pull-down

For nuclear extraction, 80 million to 120 million cells were col-
lected by centrifugation at 1500 rpm for 5min. Cells werewashed
with 10mLof PBS, resuspended in 2mLof ice-coldNBT-10 buffer
(15 mM HEPES at pH 7.6, 15 mM NaCl, 60 mM KCl, 0.5 mM
EGTA at pH 8, 10% sucrose, 0.15% Triton X-100, 0.5 mM
DTT, 1× cOmplete EDTA-free protease inhibitor [Roche
5056489001]), and rotated for 10 min at 4°C. Lysed cells were
gently overlaid on 8 mL of ice-cold NB-1.2 buffer (15 mMHEPES
at pH 7.5, 15 mM NaCl, 60 mM KCl, 0.5 mM EGTA at pH 8, 1.2
M sucrose, 0.5mMDTT, 1× cOmplete EDTA-free protease inhib-
itor) and spun at 4000 rpm for 20min.Nuclei were resuspended in
500 μL of nuclear solubilization buffer (10 mM HEPES, 12.5 mM
MgCl2, 400 mMNaCl, 0,05%NP40) and rotated for 45 min at 4°
C. Extracts were cleared by centrifugation at top speed for 30min
and used for Western blot or pull-down experiments.
For pull-down experiments, 0.5–1 µg of recombinant proteins

was incubated with 600–800 µg of extracts diluted to the right
salt concentration (300 nM for high-salt conditions or 100 nM
for low-salt conditions) for 2 h. Thirty microliters of FLAG beads
were used to recover the pulled-downmaterial and analyze it. For
the RNase and benzonase treatment, we used 50 µg and 1 µL
(Millipore 103773), respectively.

Immunofluorescence

For immunofluorescence, 0.2million to 0.4million cells in 200 µL
of complete Schneider’s Drosophila medium were seeded onto
round 12-mm coverslips (Paul Marienfeld GmbH and Co.
0117520) placed separately inside wells of 12-well plates. Cells
were allowed to attach for 30 min and the coverslips were gently
rinsed with 500 µL of PBS. Cells were fixed in 500 µL of ice-cold
PBS+2% formaldehyde for 7.5min. After removal of fixative, cells
were permeabilized by adding 500 µL of ice-cold PBS+0.25% Tri-
ton X-100+1% formaldehyde and incubated for 7.5 min. Cover-
slips were washed two times with 1 mL of PBS and blocked with
PBS+3% BSA for 1 h at room temperature. Coverslips were trans-
ferred onto a piece of parafilm, placed into a wet chamber, and 40
µL of primary antibody solution were gently added onto the cover-
slip. After overnight incubation at 4°C, coverslips were transferred
back to 12-well plates and washed twice with 1 mL of PBS. Cover-
slips were transferred again onto a piece of parafilm, placed into a
wet chamber, and 40 µL of secondary antibody were gently added
onto the coverslip. After 1 h incubation at room temperature, cov-
erslips were transferred back to 12-well plates and washed twice
with 1 mL of PBS. Cells were incubated with 1 mL of 0.2 µg/mL
DAPI (Sigma-Aldrich 10236276001) for 2 min at room tempera-
ture. Coverslips were washed with PBS and with deionized water,
mounted on slides with 9 µL of VectaShield (Vector Laboratories
H-1000), and sealed with nail polish. Images were acquired on a
Zeiss Axiovert 200M equipped with a 63× objective and processed
and analyzed using Fiji. Confocalmicroscopywas performed at the
Bioimaging Core Facility of the Biomedical Center with either up-
right or inverted Leica SP8X WLL microscopes, upgraded with
Klondike linear scan electronics, equipped with 405-nm laser,
WLL2 laser (470–670 nm), Argon laser (inverted microscope), and
acusto-optical beam splitter (see the Supplemental Material).

Protein expression and purification

TheMSL2 recombinant proteinswere purified according to Fauth
et al. (2010). See also the Supplemental Material.
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NMR data acquisition, backbone assignment, and titrations

All spectra were acquired using Avance III Bruker NMR spec-
trometers with 700 or 800 MHz proton Larmor frequencies and
equipped with cryogenic (800 MHz) or room temperature (700
MHz) triple-resonance gradient probe heads. All experiments
were performed at 298 K. Spectra for backbone experiments
were acquired with 0.33 mM protein in 50 mM potassium phos-
phate buffer, pH 6.0 supplemented with 10% D2O for the deute-
rium lock. For backbone resonance assignments, HNCA, CBCA
(CO)NH, and HNCACB experiments were recorded (Sattler
et al. 1995).

1H,15N HSQC NMR titrations were performed with 0.2 mM
15N-labeled protein that was titrated with increasing amounts
of HPLC purified double-stranded DNA (S12: ATGAGCGA
GATG, or S12 mutant: ATGAAAAAAATG) purchased from In-
tegrated DNA Technologies. The titrations were performed
with molar ratios ranging from 0.025, 0.05, 0.1, 0.15, 0.2, 0.3,
0.4, 0.5 and 0.6 equivalents of DNA to protein. All spectra were
processed using NMRPipe and analyzed using CARA and
CCPNmr (Delaglio et al. 1995; Keller 2004; Morin et al. 2013;
Skinner et al. 2016). Chemical shift perturbationswere calculated
using the equation

Dd =
��������������������

(DH)2 + DN
5

( )2
√

,

where ΔH and ΔNare the difference of the protein chemical shifts
between theDNAbound and free state in the proton and nitrogen
dimension, respectively. Fitting of chemical shift perturbations
for calculating dissociation constantswas performed inGraphPad
Prism (version 6) using a multisite global fit model described pre-
viously (Fielding 2003). When the number of binding sites was al-
lowed to float during fitting of the equation, a value between
3 and 4 was obtained for both DNAs. To be consistent with the
previously published data, the number of binding sites was fixed
at three sites (Zheng et al. 2014).

Mass spectrometry

For mass spectrometry experiments, after pull-down, beads were
washed three times with 50 mM NH4HCO3 and incubated with
10 ng/µL trypsin in 1 M urea/50 mM NH4HCO3 for 30 min,
andwashedwith 50mMNH4HCO3. The supernatant was digest-
ed overnight in the presence of 1 mM DTT. Digested peptides
were alkylated and desalted prior to LC-MS analysis (see the Sup-
plemental Material).

Genomic DNA preparation and DIP

The pellet from 6×107 S2 or virilis cells was suspended in 1.2 mL
of lysis buffer (10 mMTris at pH 8, 100 mMNaCl, 25 mM EDTA
at pH 8, 0.5% SDS, 0.15 mg/mL of proteinase K) and incubated
overnight at 56°C. After addition of sodium acetate to a final con-
centration of 0.3 M, nucleic acids were extracted with phenol–
chloroform and precipitated with an equal volume of isopropanol
for 1 h at −20°C. Precipitated nucleic acids were centrifuged and
washed with 70% ethanol. Dried pellets were resuspended in TE
buffer and sonicated with Covaris AFA S220 (microTUBEs, peak
incident power 175W, duty factor 10%, cycles per burst 200, 430
sec) to generate 200-bp fragments. After RNase digestion (0.1mg/
mL, 1 h at 37°C),DNAwas purifiedwith theGenElute kit (Sigma-
Aldrich).
DNA immunoprecipitation (DIP) experiments were performed

as in Villa et al. (2016). See also the Supplemental Material.

ChIP-seq

Fifty million to 100millionD.melanogasterKc167 cells (untrans-
fected or transfectedwith the indicated constructs), resuspended in
20 mL of complete Schneider’s Drosophila medium, were cross-
linked by adding 1:10 of the volume of fixing solution (100 mM
NaCl, 50 mM HEPES at pH 8, 1 mM EDTA, 0.5 mM EGTA,
10% methanol-free formaldehyde) and rotated for 8 min at room
temperature. Freshly prepared 2.5 M glycine (1.17 mL) was added
to stop the fixation (final concentration 125 mM). Cells were pel-
leted at 500g for 10 min at 4°C and resuspended in 10 mL of ice-
cold PBS.We added 3.5million fixed virilis cells (fixed as described
forD. melanogaster cells) for every 70millionmelanogaster cells.
Cells were pelleted at 526g for 10min at 4°C and resuspended in 1
mL of PBS+0.5%Triton X-100+1× cOmplete EDTA-free protease
inhibitor for every 70millionmelanogaster cells and rotated for 15
min at 4°C to release nuclei. Nuclei were pelleted at 2000g for 10
min andwashed oncewith 10mL of ice-cold PBS.Nucleiwere sus-
pended in 1 mL of RIPA buffer (10 mMTris-HCl at pH 8, 140 mM
NaCl, 1 mM EDTA, 0.1% Na-deoxycholate, 1% Triton X-100,
0.1% SDS, 1 mM PMSF, 1× cOmplete EDTA-free protease inhibi-
tor) +2mMCaCl2 for every 70millionmelanogaster cells, divided
into 1-mL aliquots, and flash-frozen in liquid N2. One milliliter of
fixed nuclei was quickly thawed and 1 µL of MNase (to 0.6 U;
Sigma-Aldrich N5386) added. Chromatin was digested for 35
min at 37°C. MNase digestion was stopped by transferring the
samples on ice and adding 22 µL of 0.5 M EGTA. Samples were
mildly sonicated using a Covaris S220 instrumentwith the follow-
ing settings: 50-Wpeakpower, 20%duty factor, 200 cycles/burst, 8
min total time. Insoluble chromatin was removed by centrifuga-
tion at 16,000g for 30 min at 4°C. ChIPs were performed as de-
scribed in the Supplemental Material.

Library preparation and sequencing

Libraries were prepared using the UltraII NEBNext Ultra II DNA
library preparation kit or the MicroPlex library preparation kit
v12 from Diagenode. Libraries were sequenced on an Illumina
HiSeq 1500 instrument at the Laboratory of Functional Genomic
Analysis (LAFUGA, Gene Center Munich, Ludwig-Maximilians-
University).

Processing of sequencing reads

Sequencing reads were aligned to the dm6 version of the D. mel-
anogaster genome or the caf1 version of virilis using bowtie2 (ver-
sion 2.3.5) allowing only unique matches. In the case of paired-
end sequencing (ChIP of GFP-taggedMSL2 constructs), only frag-
ments <135 bpwere kept for further analyses. Peak calling against
the corresponding input controls was performed with Homer
(version 4.10). For quantitative comparisons between conditions,
sequence read libraries were subsampled to the size of the small-
est library.

Sequence motif searches

Genomes of Drosophila species (dm6 for melanogaster, caf1 for
virilis, willistoni, sechellia, yakuba, ananassae, erecta, persimi-
lis, mojavensis, and grimshawi; Dpse_3.0 for pseudoobscura;
ASM75419v3 for simulans; and GSE69208 for busckii) were
searched for hits of the PionX PWM using fimo (version 5.1.1)

FRAP

For the FRAP experiment, Kc cells were transfected with the
MSL2vir-GFP construct with or without roX2 as explained in
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“transfection.” After one week of selection, cells were seeded for
30min on cell culture dishes (CELLviewPS, 35/10mm, glass bot-
tom) pretreatedwith concavalinA (0.5mg/mL inwater) and treat-
ed with nocodazole (25µg/mL) to try to prevent nuclear
movements during the FRAP experiment.
FRAPwas performed at the BioimagingCore Facility of the Bio-

medical Center with an inverted Leica SP8X WLL microscope,
upgraded with Klondike linear scan electronics, equipped with
a 405-nm laser, WLL2 laser (470–670 nm), Argon laser, and
acusto-optical beam splitter. Live cells were recorded at 25°C
(see the Supplemental Material).

Data availability

NMRchemical shift assignments of theMSL2CXC domain from
D. virilis were deposited to the BMRB under accession number
50724. The mass spectrometry proteomics data were deposited
to the ProteomeXchange Consortium via the PRIDE partner re-
pository with the data set identifier PXD023747. Sequencing
data were deposited to GEO with accession number GSE165833.
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