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The male-specific lethal dosage compensation complex (MSL-DCC) selectively assembles on the X chromosome
in Drosophila males and activates gene transcription by twofold through histone acetylation. An MSL recognition
element (MRE) sequence motif nucleates the initial MSL association, but how it is recognized remains unknown.
Here, we identified the CXC domain of MSL2 specifically recognizing the MRE motif and determined its crystal
structure bound to specific and nonspecific DNAs. The CXC domain primarily contacts one strand of DNA duplex
and employs a single arginine to directly read out dinucleotide sequences from the minor groove. The arginine is
flexible when bound to nonspecific sequences. The core region of the MRE motif harbors two binding sites on
opposite strands that can cooperatively recruit a CXC dimer. Specific DNA-binding mutants of MSL2 are impaired
in MRE binding and X chromosome localization in vivo. Our results reveal multiple dynamic DNA-binding modes
of the CXC domain that target the MSL-DCC to X chromosomes.
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The evolution of species with sexual dimorphism com-
monly involved converting a pair of autosomes into
heteromorphic sex chromosomes. In humans and fruit
flies, two X chromosomes define the female sex, whereas
males have only one X in addition to the Y chromosome.
Avoiding recombination between the sex chromosomes,
the proto-Y chromosome lost most of its resident genes,
leaving the proto-X monosomic in the males. This un-
balanced situation diminishes the vitality of the organ-
ism and therefore generated an evolutionary pressure to
compensate for the reduced dosage of X chromosomal
genes. In mammals and fruit flies, this is achieved by
selective transcriptional activation of X chromosomal
genes through histone acetylation (Straub and Becker
2011; Deng et al. 2013). Whereas in Drosophila mela-
nogaster, the X chromosome is only boosted in males, in
mammals, all X chromosomes in both sexes are activated
followed by the selective inactivation of one X in females
(Disteche 2012).

One of the fundamental questions of outstanding in-
terest is how an entire sex chromosome is molecularly
distinguished from the autosomes. This question can be
addressed conveniently in the Drosophila model, where
a basic set of dosage compensation factors has been found
following the male-specific lethal (MSL) loss-of-function
phenotype. These so-called MSL proteins and noncoding
roX (or RNA on the X) RNAs form a regulatory complex
(the MSL dosage compensation complex [MSL-DCC])
that selectively associates with the X chromosome.
TheMSL-DCC consists ofMSL1,MSL2,MSL3, the RNA
helicase maleless (MLE), the histone acetyltransferase
MOF (males absent on the first), and roX RNAs. MSL1 is
a dimeric scaffolding protein that interacts with MSL2,
MSL3, and MOF. The structural basis for these interac-
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tions has been determined for the homologous mamma-
lianMSL complex (Kadlec et al. 2011; Hallacli et al. 2012).
According to the prevailing model, the X chromosome

is marked by the presence of a relatively small number
(150–250) of chromosomal entry sites (CESs) or high-
affinity sites (HASs). These sites are able to autono-
mously recruit the MSL-DCC even if inserted into an
ectopic, autosomal location (Kageyama et al. 2001; Park
et al. 2002, 2010; Alekseyenko et al. 2008). Once bound,
the complex is thought to distribute the activating
histone H4 acetylation to active genes in the nuclear
neighborhood (Gelbart and Kuroda 2009; Gorchakov et al.
2009). Within the HASs, a GA-rich sequence motif, the
MSL recognition element (MRE), is important for MSL-
DCC targeting (Alekseyenko et al. 2008; Straub et al.
2008). Interestingly, in the related species Drosophila
miranda, large autosomal fragments have been fused to
a proto-X chromosome relatively recently and are appar-
ently on their way to ‘‘catch up’’ with dosage compensa-
tion by newly acquiring high-affinityMRE sequences from
transposon-derived precursor sequences (Alekseyenko
et al. 2013; Ellison and Bachtrog 2013).
The hallmark of an MRE is a degenerate, 21-base-pair

(bp) GAGA-rich sequence motif, which is enriched
;1.5-fold to 1.8-fold on the X chromosome versus the
autosomes (Alekseyenko et al. 2008; Straub et al. 2008).
The Drosophila genome harbors ;12,000 MRE sequence
motifs, yet only a small fraction of these (1%–3%) is
actually bound by the MSL-DCC (Alekseyenko et al.
2012). Recently, a zinc (Zn) finger protein, CLAMP
(chromatin-linked adaptor for MSL proteins), was found
to regulate the assembly of the MSL complex on the X
chromosome and be enriched in HASs (Larschan et al.
2012; Soruco et al. 2013). CLAMP shows synergism with
the MSL-DCC in chromosomal interaction, and its in
vivo and in vitro binding consensus closely matches
MRE (Soruco et al. 2013). However, while it is true that
CLAMP can be found at most HASs, it also binds
thousands of other GAGA sequences on X and autosomes
that do not qualify as MREs and do not attract the
MSL-DCC. Therefore, the search for a specific determi-
nant for HAS discrimination is still ongoing.
The critical determinant for HAS recognition must

reside within the MSL-DCC itself. Early genetic studies
had shown that among all MSL-DCC components, only
MSL1 and MSL2 are required for initial association of the
MSL complex to HASs (Lyman et al. 1997; Gu et al. 1998;
Meller et al. 2000; Oh et al. 2003). More recently, we
noted in studies aimed at determining the contact surface
of the MSL-DCC with HASs in vivo that MSL2 and the
RNA helicase MLE are the only subunits that can be
cross-linked to HASs under the most stringent conditions
(Straub et al. 2013). Our attention is thus drawn to MSL2,
the only male-specific component of the MSL-DCC that
initiates the assembly of the complex from its compo-
nents. We found earlier in reporter gene assays that MSL2
can be recruited to HAS sequences in cells, but it
remained unclear whether this binding was direct (Fauth
et al. 2010). MSL2 contains an N-terminal RING finger
domain and a small cysteine-rich CXC domain. The RING

domain binds the coiled-coil domain of MSL1 and func-
tions as a ubiquitin E3 ligase (Wu et al. 2011; Hallacli
et al. 2012; Villa et al. 2012). The nuclear magnetic
resonance (NMR) structure of the CXC domain shows
that it binds three Zn ions and shares an unexpected
structural resemblance with the pre-SET domain of
histone methyltransferases (Zheng et al. 2012). The
CXC domain enables MSL2 to bind DNA, but so far the
specificity of this interaction could not be demonstrated
(Fauth et al. 2010).
Here, we demonstrated that the isolated CXC domain

specifically recognizes a model MRE motif. Through
structural studies, we found that the CXC domain is able
to interact with DNA in three distinct ways. Isolated
CXC domains can engage with DNA in specific or non-
specific low-affinity interactions, which we define as the
‘‘search mode.’’ In addition, two CXC domains bind
synergistically with the MRE in a high-affinity confor-
mation that involves sequence-specific contacts through
single arginines. Mutation of this contact arginine
strongly impairs the ability of MSL2 to bind HAS se-
quences in vivo. Expression of the MSL2 mutant leads to
disruption of the coherent dosage-compensated X chro-
mosomal territory. Our data suggest an active participa-
tion of the MSL2 CXC domain in HAS recognition and
point to conformational changes of the protein upon
transition from the DNA sequence search mode to the
high-affinity interaction at bona fide MSL response
elements.

Results

The CXC domain of MSL2 specifically recognizes
an MRE motif

To study DNA-binding properties of the CXC domain in
detail, we titrated the isolated, 15N-labeled domain with
a 12-bp DNA fragment, called S12, derived from the MRE
motif CES11D1 (Fig. 1A), and monitored their binding by
NMR (Fig. 1B). The CES11D1 sequence has been shown
to recruit the MSL-DCC complex when inserted into
autosomes, and S12 includes the core GA-rich region of
CES11D1, which, when mutated, abolished the MSL
recruitment (Alekseyenko et al. 2008).
Many cross-peaks in the HSQC spectra continuously

shifted upon addition of DNA (Fig. 1B), indicating that the
CXC domain interacts with DNA and undergoes fast
exchange between free and bound states on the NMR
timescale. The S12 DNA appears to contain at least two
binding sites, as the titration was nearly complete with
0.5 molar equivalents of DNA. We estimated the appar-
ent dissociation constant (Kd) of the DNA complex to be
2.7 mM with quantitative analysis of chemical shift
changes (Fig. 1C; Table 1). Mutation of the central GA
repeat of CES11D1 to the A tract has been shown to block
the MSL association in flies (Alekseyenko et al. 2008).
Incorporation of the samemutation into S12 significantly
reduced the binding affinity by 15-fold to 42.8 mM (Fig.
1C). These results indicate that the CXC domain specif-
ically recognizes the MRE motif.
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Structure of the CXC domain bound to a specific
MRE DNA

To understand the detailed mechanism of DNA recogni-
tion, we determined a crystal structure of the CXC domain
bound to a 15-bp fragment of CES11D1 (S15) at 2.0 Å
resolution and with an Rwork/Rfree of 0.197/0.254 (Fig. 2A;
Table 2). In the complex structure, four CXC domains,
numbered 1–4, bind the DNA in the asymmetric unit,
providing four independent views of DNA recognition.
The crystal structure of the CXC domain closely re-

sembles its previously determined NMR structure (Sup-
plemental Fig. S1A; Zheng et al. 2012). Each CXC domain
is composed of several loops and a short a helix that
encircle three Zn ions by two rounds in a right-handed
manner. Three Zn ions are coordinated by six terminal
and three bridging cysteines (Supplemental Fig. S1B). The
crystal structure validates the Zn coordination pattern
previously determined by NMR and also provides more
accurate measurements of the geometry of the unusual
Zn3Cys9 cluster.
The DNA duplex adopts a standard B-form structure

and stacks with symmetry-related DNA in a staggered

manner (Fig. 2A). Each CXC domain spans nearly 6 bp of
DNA and yet primarily binds with one strand. Molecules
1 and 3 bind the bottom strand with a 4-bp shift, whereas
molecules 2 and 4 bind the top strand with a 5-bp shift.
All molecules bind DNA in a generally similar way (Fig.
2B–F), but molecules 1 and 2 additionally contact each
other, resulting in enhanced DNA binding. Each CXC

Table 1. Apparent dissociation constants of the CXC–DNA

complexes

Protein DNA Kd

Wild type S12 2.7 mM 6 0.7 mM
Wild type S12mut 42.8 mM 6 3.3 mM
Wild type (GC)6 25.7 mM 6 2.0 mM
Wild type (GA)6 23.2 mM 6 3.4 mM
Wild type S8a 55.1 mM 6 11.9 mM
Wild type S8b 31.0 mM 6 1.7 mM
R526A S12 11.1 mM 6 1.6 mM
R543A S12 No binding
T537D S12 33.9 mM 6 3.6 mM
Wild type S13 3.64 mM 6 0.79 mM
N534A S13 11.5 mM 6 3.9 mM

Figure 1. The MSL2 CXC domain specifically recognizes the MRE motif. (A) The CES11D1 MRE motif and derived DNA fragments
used in this study. Nucleotides on each strand are numbered, with prime denoting the bottom strand. The dinucleotide sequences
recognized by R543 of CXC domains 1–4 in the S15 complex structure are shaded green. Mutations are red. (B) Superimposition of 1H–
15N HSQC spectra of the 15N-labeled CXC domain titrated with S12 DNA of the indicated molar ratios. Peaks of R526, G528, and G531
used for fitting are boxed. (C) The combined chemical shift changes Dd of three residues upon titration of S12 and S12 mutant (S12mut)
DNA are globally fit to a binding model with the indicated Kd values.
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domain strides on one strand of DNA duplex and inserts
two prominent arginine ‘‘legs,’’ R526 and R543, into the
major and minor groove, respectively.
The DNA-binding surface is composed of the N-termi-

nal half of the polypeptide (residues 525–545) that can be
divided into two parts placed at the major and minor
groove sides, respectively. Residues 525–532 are placed
over the major groove and contact intimately with the
phosphate sugar backbone of DNA. Specifically, the
backbone amide nitrogen atoms of R526 and G528 form
hydrogen bonds with two consecutive phosphate groups.
The side chain of R526 is well ordered at the major groove
except in molecule 4 but does not directly form hydrogen
bonds with sequence-encoding base edges. R526 of mol-
ecule 1 interacts with T199 from a symmetry-related S15
DNA, but this interaction may be artificial, since the
DNA helix is staggered at the junction (Fig. 2C).
Residues 534–545 are situated at the minor groove side.

The side chain of R543 shows well-ordered electron
density in all CXC molecules. It inserts vertically deep

into the minor groove and forms two hydrogen bonds
with the edges of two adjacent bases in the primary bound
strand (Fig. 2C–F). R543 is the only residue in the CXC
domain that directly reads out DNA sequence. Specifi-
cally, R543 of CXC domains 1–4 contacts with the
dinucleotide sequences of TC, CG, TC, and TG (in 59–39
order), respectively (Fig. 1A). R543 of molecule 2 addi-
tionally makes a water-bridged interaction with C109.
The terminal nitrogen atoms of the guanidinium group of
R543 hydrogen-bond with O2 of thymine and cytosine
and N3 of guanine. The A-tract mutation would alter the
binding site of molecules 2 and 3.
The MRE motif is enriched with GA dinucleotides

(Alekseyenko et al. 2008; Straub et al. 2008). In the
structure, TC, which is equivalent to GA in a comple-
mentary strand, is recognized twice, supporting that GA
is a favorable target. However, a 12-bp DNA composed of
six consecutive GA repeats does not constitute a strong
binding target (Kd = 23.2 mM) (Table 1), suggesting that the
sequence context around GA is also important.

Figure 2. Structure of a specific DNA complex of the CXC domain. (A) Overall structure of four CXC domains bound to S15 DNA.
(B) Schematics of protein–DNA hydrogen bond interactions. (C–F) Detailed DNA interactions of CXCmolecules 1 (C), 2 (D), 3 (E), and 4
(F). The 2fo � fc electron density map is shown at 1.0 s level for R543 and R526. (G) The dimer interface between CXC molecules 1 and
2. Dashed lines denote hydrogen bonds. Four CXC molecules (1–4) are colored slate, green, cyan, and magenta; the top and bottom
strand of DNA are colored yellow and wheat; and oxygen and nitrogen are colored red and blue.
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In addition, residue S542 reaches out to contact a phos-
phate group of the other strand across the minor groove.
This interaction is the only one directed to the other
strand and could gauge the width of the minor groove and
hence indirectly recognize the DNA sequence.
DNA titration in solution showed that residues that

experienced significant chemical shift change are all
located at the DNA-binding surface, validating the crys-
tal structure (Fig. 1B; Supplemental Fig. S2A,B). The
DNA-binding surface is positively charged, which would
facilitate interaction with negatively charged DNA (Sup-
plemental Fig. S2C).

The core region of the MRE motif cooperatively
recruits a CXC dimer

Importantly, molecules 1 and 2, which bind to opposite
DNA strands across the minor groove, additionally con-
tact each other to form a dimer. Such an arrangement
suggests that they bind cooperatively to the central
GAGCG region of the MRE motif. They are roughly
related by twofold symmetry and dimerize with an
equivalent region (residues 532–537), but the dimer in-
terface is asymmetric (Fig. 2G).
The side chain amide group of N534 in molecule 2

forms two hydrogen bonds with the side chain oxygen
and backbone nitrogen of S5429 in molecule 1 (residues in
molecule 1 are denoted by prime hereafter). This in-

teraction pulls S5429 away from binding the phosphate
of C11 but stabilizes N534 and its nearby S532 to bind the
phosphate of G12. N534 and S532 are intrinsically flexible
in the free protein (Zheng et al. 2012) and are disordered or
do not contact DNA in the other three CXC molecules in
the crystal. Protein dimerization appears to stabilize the
flexible loop of molecule 2 to bind DNA. In addition, the
dimer interface is stabilized by van der Waals and hydro-
gen bond interactions among residues L536 and T537 of
molecule 2 and L5369, T5379, and N5349 of molecule 1.
The protein interaction between two CXC domains and
the enlarged DNA-binding region of molecule 2 would
increase the affinity and specificity of DNA binding.
Our crystal structure suggests that the central GAGCG

region constitutes the strongest binding site in the
CES11D1 MRE motif and can simultaneously recruit
two CXC domains. To test whether such binding also
occurs in solution, we measured the chemical shift
change of sugar H19 protons of S12 and CES11D1 DNA
upon binding with one molar equivalent of the CXC
domain. The protein was of limiting amount compared
with available binding sites of DNA to ensure that it
selectively bound to high-affinity sites of DNA. The
chemical shifts of H19 protons were assigned through
sequential NOE connections of ribose H19 protons with
their own and 59-flanking base H6/8 protons in two-
dimensional (2D) 1H–1H NOESY spectra (Supplemental
Fig. S3A–D). We could assign H19 protons for both strands
in the 12-bp S12 DNA but only for the top strand in the
21-bp CES11D1 DNA due to a spectral overlap problem.
Nevertheless, the results of S12 show that the chemical
shift changes are highly correlated for two H19 protons
from the same base pairs (Fig. 3A).
The two most significantly perturbed H19 protons are

located at positions 8 and 12 for both DNAs, which
correspond to the 39 nucleotides of dinucleotide sequences
bound bymolecules 1 and 2 in the S15 complex (Fig. 3A,B).
These results strongly support that two CXC domains also
preferentially bind at the GAGCG region in solution.
To provide biochemical evidence of cooperative bind-

ing at sites 1 and 2, we measured the Kd for two 8-bp
DNAs (S8a and S8b) that contain separated binding sites
for molecule 1 and molecules 2/3 (the overlapping bind-
ing sites for molecules 2 and 3 are not separable), respec-
tively (Figs. 1A, 2B). Both DNAs displayed significantly
reduced affinities (Kd = 55.1 and 31.0 mM) compared with
S12 (Table 1). Hence, the strong binding of S12 does not
stem from any of its subsites yet requires the juxtaposi-
tion and cooperative binding of sites 1 and 2/3.

The CXC–DNA interaction is required for X
chromosome localization

To experimentally assess the importance of residues medi-
ating DNA binding or protein dimerization, we carried out
mutagenesis in vitro and in vivo. NMR titration showed
that alanine mutation of R543 completely abolished the
DNA binding, whereas alanine mutation of R526 reduced
the binding affinity by fourfold (Fig. 4A; Table 1). Mutations
at the protein dimer interface, N534A and T537D, also

Table 2. Statistics on data collection and structure
refinement

Crystal S15 (GC)6

Data collection
Space group P212121 P212121
Cell dimensions
a, b, c 49.4 Å, 51.0 Å,

124.9 Å
40.7 Å, 75.3 Å,

77.4 Å
a, b, g 90°, 90°, 90° 90°, 90°, 90°

Wavelength 0.9793 Å 0.9793 Å
Resolution range 25 Å–2.0 Å

(2.03 Å–2.0 Å)
50 Å–2.5 Å

(2.55 Å–2.5 Å)
Unique reflections 21,109 (912) 8584 (416)
Redundancy 6.4 (4.9) 11.8 (12.6)
<I>/<s(I)> 22.1 (2.6) 54.8 (6.5)
Completeness 94.9% (83.7%) 98.3% (100%)
Rmerge 0.118 (0.620) 0.083 (0.699)

Structure refinement
Resolution range 20 Å–2.0 Å

(2.10 Å–2.0 Å)
20 Å–2.5 Å

(2.69 Å–2.50 Å)
Number of reflections 20,543 8510
Number of atoms 2243 1110
Protein 1462 615
DNA 609 486
Water 160 0
Zn 12 9

Rwork 0.197 (0.249) 0.227 (0.334)
Rfree 0.254 (0.290) 0.315 (0.385)
Mean B factor 24.7 Å2 92.9 Å2

RMSD bond length 0.007 Å 0.009 Å
RMSD bond angles 1.322° 1.053°

Values in parentheses are for the data in the highest-resolution
shell.
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reduced DNA binding by 3.1-fold and 12.5-fold, indicating
that the CXC domain dimerization is important for MRE
recognition. These mutations did not grossly perturb the
structure, as all mutant proteins still displayed a single
folded conformation in HSQC spectra (Fig. 4A). The MSL2-
GFP mutants showed similar expression level and stability
(Supplemental Fig. S4B) and retained similar interaction
with MSL1 in coimmunoprecipitation (data not shown).
The MSL-DCC is localized to distinct X chromosomal

territories in male S2 cells (Straub et al. 2005). Expression
of MSL2-GFP proteins bearing CXC point mutations in
S2 cells allows monitoring of their functionality in vivo.
MSL2-GFP wild type faithfully colocalizes with MSL3 to
the X chromosome, which appears as a distinct, compact
territory in 95% of the cases. In contrast, expressing the
R543A mutated protein led to disruption of the dosage-
compensated chromosomal territory and delocalization
of both MSL2-R543A-GFP and endogenous MSL3 in 75%
of the cases (Fig. 4B). The expression of R526A and
N534A mutants showed similar, albeit less pronounced,
effects (Supplemental Fig. S4A).
The localization of each mutant to the X chromosomal

territory correlates with its DNA-binding capability. To

study this in vivo, we subjected the MSL2-GFP proteins
to chromatin immunoprecipitation (ChIP) and monitored
their interactions with three selected HASs: CES11D1,
roX1, and Set2-H (Alekseyenko et al. 2008; Straub et al.
2013). The robust binding of MSL2-GFP to all three sites
in vivo was strongly compromised if R543 was mutated
to alanine (Fig. 4C). The R526 and R534 mutants showed
intermediate steady-state binding, as before. We conclude
that the DNA-binding ability of the CXC domain is

Figure 3. Chemical shift perturbation of MRE DNA upon
binding of the CXC domain. (A,B) Chemical shift changes of
H19 protons in S12 (A) and CES11D1 (B) DNA induced by binding
of one molar equivalent of the CXC domain. Chemical shift
changes were calculated as dfree � dbound and are shown in red for
the top strand and black for the bottom strand. The CES11D1
sequence is aligned at the bottom, with four R543-binding sites
seen in the S15 complex structure shaded.

Figure 4. Mutational analysis of the CXC domain. (A) Titration
of CXC mutants with S12 DNA. Selected regions of HSQC
spectra are shown. (B) Immunofluorescence analysis of the X
chromosomal territories in S2 cell lines stably expressing MSL2-
GFP or its R543A mutant using antibodies against GFP and
MSL3. Arrowheads indicate compact normal X territories. Un-
marked GFP-expressing cells lack a distinct chromosomal
territory and show delocalized MSL2-GFP and endogenous
MSL3. The percentage of cells that show such defects is
displayed at the right. (C) ChIP assays on S2 cells (CTRL) or
stable cell lines expressing MSL2-GFP or its mutants (R543A,
R526A, and N534A). The binding of MSL2 or one of the mutants
to three high-affinity sites (CES11D1, roX1, and Set2-H) or to
a control locus that has no MRE sequences (Set2-1) from two
independent biological replicates is shown side by side and
expressed as percentage of input.
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required for X targeting and the organization of the
dosage-compensated X chromosomal territory.

Structure of the CXC domain bound to a nonspecific
DNA

Our data show that the CXC domain is capable of binding
nonspecific sequences with weak affinity. To understand
the difference between the specific and nonspecific bind-
ing mode, we determined a crystal structure of the CXC
domain bound to a 12-bp DNA composed of six GC
repeats at 2.5 Å (Table 2). This DNA represents a non-
specific target, as it binds the CXC domain with a Kd

value of 25.7 mM, 10-fold weaker than the same length
DNA S12 (Table 1). In the complex structure, two CXC
molecules bind separately to the same strand of DNA
(Fig. 5A). A third CXC domain was associated with very
poor electron density, likely because of structural flexi-
bility or low occupancy. This molecule was not modeled
except for three Zn ions, which could contribute to the
relatively high Rfree value (0.312) of the current model.
The interaction with the DNA phosphate backbone is
generally similar between the nonspecific (GC)6 and
specific S15 complex, but the conformation of R526 and
R543 is notably different (Fig. 5B–D). R526 does not
specifically contact base edges in the S15 complex struc-
ture but makes hydrogen bonds with the Hoogsteen edge
of a guanine at the major groove in the (GC)6 complex
structure. The side chain of R543 is associated with very
weak electron density in the (GC)6 complex structure,
suggesting that it is rather flexible. R543 would contact
a GC dinucleotide if taking a specific binding mode; GC
does not seem to be a favorable sequence. Nevertheless,

R543 is essential for binding even nonspecific sequences
(Fig. 4A; data not shown). R543 could interact dynami-
cally with the minor groove and make electrostatic
interaction with DNA phosphates in the presence of
unfavorable sequences. The nonspecific complex struc-
ture further demonstrates the important role of R543 in
sensing DNA sequences.

Discussion

We showed here that the CXC domain specifically
recognizes a central element of the MRE motif, and this
interaction is required for localization of the MSL com-
plex to X chromosomes. Remarkably, the CXC domain
uses a single arginine to directly read out dinucleotide
sequences from the minor groove of DNA, distinct from
other DNA-binding domains that commonly recognize
DNA sequence from the major groove with large second-
ary structure elements (Freemont et al. 1991). Arginine
has been documented to interact with the minor groove
but, in most cases, indirectly reads out DNA sequences
by binding narrow minor grooves adopted by AT-rich
sequences (Rohs et al. 2009).
A single small CXC domain offers only limited binding

specificity and affinity. Our data show that the MRE
motif harbors tandem sites on opposite strands to co-
operatively recruit two CXC domains, hence overcoming
this problem. Such a binding mode is consistent with and
would be facilitated by the dimeric organization of the
MSL1/MSL2 complex (Hallacli et al. 2012). The tesmin/
TSO1 family of proteins often contain two clustered
homologous CXC domains (Cvitanich et al. 2000; Marin
2003; Schmit et al. 2009), which are distantly related to

Figure 5. Structure of a nonspecific DNA complex of
the CXC domain. (A) Overall structure of three CXC
domains bound to (GC)6 DNA. (B) Schematics of pro-
tein–DNA hydrogen bond interactions. (C,D) Detailed
DNA interactions of CXC molecules 1 (C) and 2 (D).
The 2fo � fc electron density map is shown at the 1.0 s

level for R543 and R526. Dashed lines denote hydrogen
bonds. Two CXC molecules (1 and 2) are colored slate
and green, the top and bottom strand of DNA are
colored yellow and wheat, and oxygen and nitrogen
are red and blue.
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the CXC of MSL2 and probably recognize DNA by
forming an intramolecular dimer.
We observed three distinct DNA-binding modes in the

two determined DNA complex structures of the CXC
domain. In mode I, molecules 1 and 2 in the S15 complex
bind as a dimer and recognize two dinucleotide sequences
on opposite DNA strands. This cooperative binding mode
appears to be the key determinant of high-affinity recog-
nition of the MRE motif. The S15 complex also shows
that molecules 3 and 4 each bind DNA as an isolated
domain and recognize dinucleotide sequences at the
minor groove. This binding, termed mode II here, should
be of lower affinity compared with mode I due to a lack of
protein cooperativity. Finally, the (GC)6 DNA complex
illustrates another low-affinity binding mode (mode III) in
which individual CXC domains recognize a G at the
major groove but not dinucleotide sequences at theminor
groove. It is unclear at present whether there is an addi-
tional binding mode; for instance, one involving both R543
and R526 in sequence recognition.
The CXC domain may assume different binding modes

in various functional contexts. Interaction of DNA-bind-
ing domains with specific sequences is often preceded by
interaction with nonspecific or less specific sequences
(Kalodimos et al. 2004). MSL2 may initially bind DNA in
a low-affinity noncooperative manner (mode II or III),
which would facilitate diffusion along DNA to search for
target sites. Once an MRE is encountered, the interaction
transforms into the high-affinity mode involving syner-
gistic interactions between two CXC domains. In addi-
tion, when the MSL-DCC spreads to nearby active genes
after binding to HASs, MLS2 could bind non-MRE regions
with low-affinity modes. The plasticity in DNA binding
would enable the CXC domain to bind various sequences
encountered at different stages of X targeting.
Our structure shows that the S15 sequence could bind

simultaneously with four CXC domains. Given the di-
meric assembly of the MSL complex (Hallacli et al. 2012),
molecules 1 and 2 that interact with each other likely
belong to one dimeric MSL complex, whereas molecules
3 and 4 belong to another complex. In this case, the MRE
motif is recognized by twoMSL dimers. However, whether
sites 3 and 4 are actually bound in vivo is more uncertain
because of the lack of protein contact between the bound
CXC domains. The two MSL dimers might be further
connected by, for instance, the roX RNA, as shown for the
polycomb-repressive complex-2 dimers tethered by long
noncoding RNAs (Davidovich et al. 2014). This would
enhance the recognition of theMREmotif and spreading of
the MSL complex.
Mammals contain a similar MSL complex that is com-

posed of orthologs of MSL1, MSL2, MSL3, and MOF and
conducts H4K16 acetylation of all chromosomes (Smith
et al. 2005; Taipale et al. 2005; Mendjan et al. 2006; Wu
et al. 2014). Because of the high level of conservation in the
sequences of CXC domain (a multiple sequence alignment
can be found in Zheng et al. 2012), its DNA-binding mode
and even sequence specificity are likely conserved at the
single-domain level. In particular, the critical R543 resi-
due is invariant and may recognize similar dinucleotide

sequences at the minor groove. Although R526 is often
replaced by lysine, lysine can still make electrostatic
interaction with DNA. In addition, the mammalian MSL
complex is also dimeric (Hallacli et al. 2012), which
would favor cooperative binding of two CXC domains
to the target sequence. However, the loop (residues 532–
537) that mediates intermolecular contact of the CXC
domain is conserved only in closely related Drosophila
species. Consequently, the mammalian CXC domain
might form an alternative dimer during combinatory
recognition of DNA sequences. The binding consensus
sequence of mammalian MSL2, which has not been
reported yet, might also differ from the MRE motif,
since the overall binding specificity is determined by
both the sequence specificity of the single CXC domain
and the higher-order structure of the CXC–DNA com-
plex. The CXC domain of human MSL2 cannot sub-
stitute for that of Drosophila MSL2 in HAS targeting
(Fauth et al. 2010), suggesting that they have different
binding specificities.
Although earlier studies implicated the CXC domain in

HAS interaction (Fauth et al. 2010), this domain alone
does not suffice to direct the MSL-DCC to the X chro-
mosome but requires two additional domains. First,
complex formation with MSL1 is an obligatory require-
ment for HAS binding, and the MSL1 interaction is
mediated by the RING domain of MSL2 (Lyman et al.
1997; Copps et al. 1998; Li et al. 2008). Biochemical data
indicate that MSL1 does not contribute another DNA-
binding surface (Fauth et al. 2010) but serves as a scaffold
for dimerization of the complex (Hallacli et al. 2012).
Second, work from Scott and colleagues (Li et al. 2008)
highlighted the importance of a region rich in prolines
and basic residues (Pro/Bas, between residues 684 and 725)
C-terminal of the CXC domain for correct X chromosome
targeting. These investigators suggested that amotif within
the Pro/Bas region may be important for incorporating roX
RNA into the MSL-DCC. However, one limitation of their
approach was that mapping of MSL2-Flag derivatives on
polytene chromosomes did not reliably distinguish HASs
from generic sequences.
Where in the nucleus the MSL-DCC assembles is

unclear. In one scenario, the assembly of the active
MSL-DCC (involving dimerization) happens at the HASs.
Protein factors that bind to the HASs may facilitate
assembly of the MSL-DCC or its structural reorganiza-
tion into the high-affinity binding mode. One such factor
is the CLAMP protein, which cohabitates with MSLs at
virtually all HAS elements (Soruco et al. 2013). However,
the presence of the CLAMP protein alone at a GAGA-rich
sequence that conforms to the MRE consensus does not
determine whether the element actually functions as
a HAS.
Can MSL2 and CLAMP bind simultaneously at the

MRE motif from a structural point of view? The CLAMP
protein contains six tandem C2H2-type Zn fingers at the
C terminus that are a well-characterized DNA-binding
domain and employs an a helix to recognize a triplet in
the major groove (Pavletich and Pabo 1991; Wolfe et al.
2000). Structural modeling suggests that the MRE DNA
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with two CXC domains bound at sites 1 and 2 could
accommodate three Zn fingers at the major groove, but
additional Zn fingers would clash with the R526 loop in
the CXC domain (Supplemental Fig. S5). The cooperative
bindingmode of the CXC dimer seems to be incompatible
with binding of all six Zn fingers of CLAMP. Neverthe-
less, in low-affinity binding modes (II and III), a single
CXC domain could bind at a common region with
a peripheral Zn finger of CLAMP.
Our recent observations that the RNA helicase MLE

can be directly cross-linked to all HASs (Straub et al.
2013) and that MLE remodels the noncoding roX RNA to
facilitate specific interaction of MSL2 (Maenner et al.
2013) may point to a role for MLE/roX RNA in HAS
definition or in modulating the nature of the CXC
arrangements in response to its local microenvironment.
The process of dosage compensation in Drosophila

illustrates fundamental principles of target gene selection
and coregulation. Variations of these fundamental prin-
ciples are also at work in other broad domains of chro-
matin-mediated regulation, such as the repression of
large groups of genes through the polycomb machinery
(McElroy et al. 2014). Our study suggests that the in-
terplay between instructive forces of DNA sequence and
the conformational flexibility of binding domains can
bring about the kind of high-affinity interactions that are
the basis of stringent regulation in an intrinsically dy-
namic environment.

Materials and methods

Protein expression and purification

All proteins of the CXC domain used in this study consisted of
MSL2 residues 520–570 and a glycine substitution of the
nonconserved residue C560. Point mutations were introduced
into the expression plasmid by the QuikChange method. Protein
expression, 15N labeling, and purification were previously de-
scribed (Zheng et al. 2012).

Crystallization, data collection, and structure determination

The purified CXC protein (15 mg/mL in 5 mMMES at pH 8.0, 50
mM KCl) was incubated with DNA duplex at a 1:1 molar ratio
for 1 h on ice and crystallized at 20°C by the hanging-drop vapor
diffusion method. A number of DNAs with different lengths
and sequences were screened. The S15 complex was crystallized
in 0.1 M HEPES-Na (pH 7.5), 10% (w/v) PEG3350, and 0.2 M
proline. The (GC)6 complex was crystallized in 0.1 M HEPES-Na
(pH 7.5) and 25% (w/v) PEG3350. For cryoprotection, all crystals
were soaked in 20% glycerol made in the reservoir solution and
flash-cooled in liquid nitrogen.

All data were collected at the Shanghai Synchrotron Radiation
Facility (SSRF) beamline BL17U and processed by HKL2000
(Otwinowski and Minor 1997). The crystal structure of the
CXC domain was first determined for a different kind of DNA
complex with SHARP (Vonrhein et al. 2007) using the single-
wavelength anomalous dispersion method based on a data set
collected at 1.28174 Å, the anomalous peak wavelength of Zn
(S Zheng, J Wang, and K Ye, unpubl.). This structure could not be
properly refined but provided a reasonable model of the CXC
domain for molecular replacement. Other structures were de-
termined by molecular replacement using the crystal structure

of the CXC domain and standard B-form DNA duplexes as
a search model. The structures were built with Coot (Emsley
and Cowtan 2004) and refined with Refmac and PHENIX
(Murshudov et al. 1999; Adams et al. 2010). Residues 530–332
were not all modeled in some molecules due to weak electron
density. RAMPAGE analysis of the S15 complex shows that
96.7% of the residues are in favored regions, and 3.3% are in
allowed regions. Structure figures were prepared with PyMol
(http://www.pymol.org).

NMR experiments

NMR data were recorded at 298° K on Bruker DMX600 spec-
trometers equipped with a triple resonance cryoprobe. All
spectra were processed with Felix (Accelrys, Inc.) and analyzed
with NMRViewJ (Johnson 2004).

The S12 and CES11D1 DNA samples (1 mM) were prepared in
100% 2H2O. The unlabeled protein of the CXC domain in 50mM
potassium phosphate (pH 6.0) was lyophilized and added to the
DNA solution to a final concentration of 1 mM. 2D 1H–1H
NOESY spectra were collected for the free and CXC-bound DNA
with a mixing time of 200 msec at 278° K. Proton resonances
were assigned based on 2D 1H–1H NOESY and TOCSY spectra.
The NOE cross-peaks between sugar protons H19 and base
protons H6/8 were assigned by sequential NOE walk. The top
strand of CES11D1 was assigned with the help of S12 assign-
ments; the bottom strand of CES11D1 cannot be assigned due to
severe spectral overlaps.

DNA titration

DNA oligonucleotides were purchased from Invitrogen. Com-
plementary strands (5 mM) were annealed in 50 mM phosphate
potassium buffer (pH 6.0) for 2 min at 95°C and then incubated
for 1 h at room temperature. The titration starting sample (500
mL) contained 0.2 mM 15N-labeled protein of the wild-type or
mutant CXC domain in 50 mM potassium phosphate (pH 6.0),
0.01% (w/v) sodium 2,2-dimethylsilapentane-5-sulfonate, and
10% (v/v) 2H2O. An 1H–15N HSQC spectrum was recorded after
every aliquot (1–10 mL) of DNA duplex (5 mM) was added.

The chemical shift changes of backbone amide hydrogen (DdH)
and nitrogen (DdN) were calculated in reference to the free
protein and converted to the combined change Dd:

Dd=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
d1Hbound � d1Hfree

�2
+0:04

�
d15Nbound � d15Nfree

�2q
:

Assuming that the DNA has n equivalent and noninteracting
binding sites for protein, Dd is related to the DNA concentration
according to the following equation (Fielding 2007):

Dd=Ddmax

�
Kd + ½L� + ½P�/n

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd + ½L� + ½P�=nÞ2 � 4½L�½P�/n

q
2½P�=n ;

where [L] and [P] are the concentration of total DNA and protein,
respectively; n is the number of equivalent and independent
CXC-binding sites in DNA; Ddmax is the maximal chemical shift
change for fully bound protein; and Kd is the apparent dissocia-
tion constant. The Dd values for three significantly perturbed
residues (R526 or A526, G528, and G531) were globally fit to the
above equation. Ddmax and Kd were allowed to float in the fitting.
The titration curve and the structural analysis suggest that the
S12 DNA could simultaneously accommodate three CXC mol-
ecules. When n was allowed to float, a value of 3–4 was obtained
for S12. To be consistent, n was fixed as 2 for 8-bp DNAs, 3 for
12-bp DNAs, and 3.5 for 13-bp DNAs. The fitting curves were
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displayed in Supplemental Figure S6. The real binding of the
MRE motif by the CXC domain involves multiple binding sites
of different affinities and binding cooperativity. The abovemodel
is an approximation, but analysis using a more complicated
model is not possible due to the limited number and insufficient
accuracy of titration data points.

Plasmids and antibodies

The expression vector for MSL2-GFP under the hsp70 promoter
was previously described (Straub et al. 2005). Point mutations in
MSL2 were introduced using the QuikChange site-directed
mutagenesis kit (Stratagene). MSL2 and MSL3 antibodies were
previously described (Gilfillan et al. 2006; Straub et al. 2008), the
lamin antibody was a mouse monoclonal antibody (T40) kindly
provided by Professor H. Saumweber, and the anti-GFP antibody
was from Roche (118144600001).

Cells and immunostaining

Culture of Drosophila male S2 cells and generation of stable cell
lines were performed as previously described (Straub et al. 2005)
with few modifications: The GFP fusion proteins were cotrans-
fected with a plasmid expressing a hygromycin resistance gene.
Seventy-two hours after transfection, cells were put under
selection with 300 mg/mL hygromycin for 3 wk. Immunostain-
ing was done as described (Morales et al. 2004). Images were
acquired on a Zeiss Axiovert 200M equipped with a 1003
objective.

ChIP

ChIP experiments were performed as described (Straub et al.
2008) with minor modifications: Sonication was done with the
Covaris AFA system (peak incident power of 60 W, duty factor
20%, and 200 cycles per burst for 90 min), and the immunopre-
cipitation was performed overnight with the appropriate amount
of GFP-trap coupled to agarose beads (ChromoTek) (Rothbauer
et al. 2008). Real-time PCRs were performed using SYBR Green
dye (Applied Biosystems). Sequences of the primers are available
on request.

Accession code

The atomic coordinates and experimental data have been de-
posited in the Protein Data Bank under accession codes 4RKG for
the (GC)6 complex and 4RKH for the S15 complex.
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