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Eukaryotic genomes are annotated by specific chromosomal proteins 
and histone modifications along active genes, regulatory elements 
and silent regions. An ongoing challenge is to decipher the rules that 
establish and maintain chromatin organization. Drosophila dosage 
compensation occurs through histone acetylation and transcriptional 
upregulation of the single male X chromosome to equal the output of 
both female X chromosomes1,2. Proteins that are specifically impli-
cated in dosage compensation were found, in genetic screens, to be 
essential in males and dispensable in females. The five proteins MSL1, 
MSL2, MSL3, MOF and MLE are collectively called the MSL proteins 
on the basis of their male-specific lethal mutant phenotype.

The MSL proteins associate specifically with active genes3,4 and 
acetylate histone H4 at Lys16 (H4K16ac) on the male X chromosome, 
and this targeting is proposed to occur in a multistep process5. Initially, 
the MSL proteins are thought to recognize the X chromosome by cotran-
scriptional assembly at the roX1 and roX2 noncoding RNA genes and 
by binding MSL-recognition elements (MREs), which are sequences 
enriched at initial binding sites termed ‘chromatin-entry sites’ (CESs). 
The complex is then proposed to spread in cis to most active genes on the 
X chromosome to achieve its wild-type binding pattern. This second step 
appears to be largely sequence independent, as the complex can spread to 
active autosomal genes if attracted to the autosome by a roX RNA trans-
gene or if autosomal genes are inserted on the X chromosome. Therefore, 
general chromatin marks on active genes, such as histone H3K36me3, 
can facilitate MSL binding to X-linked genes, even though the modifica-
tion itself is not X specific but is found on all chromosomes.

The five MSL proteins function together to achieve dosage compen-
sation1,2,5. MSL1 and MSL2 are essential for complex formation. MSL3 
is a chromodomain protein that binds chromatin and is implicated in 
recognition of methylated histones. MOF is a MYST-family histone 
acetyltransferase that produces H4K16ac, causing the enrichment of 
this modification on active genes on the male X chromosome6. MLE 
is a DExH helicase. All five MSL proteins are interdependent for their 
enriched X-chromosomal localization, in support of the idea that they 
form a protein complex. JIL-1, a histone H3 Ser10 kinase, is likewise 
implicated in dosage compensation on the basis of its enrichment on 
the male X chromosome. Proper localization of JIL-1 on the male  
X chromosome is genetically dependent on the MSL complex7.

The four proteins MSL1, MSL2, MSL3 and MOF form a stable com-
plex, as confirmed by biochemical purification8 and reconstitution 
with recombinant subunits9. However, in the absence of genetic analy-
sis, the MLE helicase and JIL-1 kinase would not have been linked 
to the MSL complex8. The interaction of MLE with the core MSL 
complex is highly sensitive to extraction conditions10. Therefore, we 
hypothesized that interactions of MLE, JIL-1 and other factors with 
the core complex are not stably maintained under the conditions used 
to remove the complex from DNA.

The trade-off between removing chromatin-bound proteins from 
the DNA to allow purification and the resulting loss of weak or 
 transient interactions with key partners has been addressed previ-
ously. One solution, developed in yeast, is to employ light sonica-
tion and to wash solubilized chromatin under very mild conditions 
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Chromatin proteins captured by ChIP–mass spectrometry 
are linked to dosage compensation in Drosophila
Charlotte I Wang1,2, Artyom A Alekseyenko1,2, Gary LeRoy3, Andrew EH Elia1,2,4,5, Andrey A Gorchakov1,2,6, 
Laura-Mae P Britton3, Stephen J Elledge1,2,5, Peter V Kharchenko7, Benjamin A Garcia3,8 & Mitzi I Kuroda1,2

X-chromosome	dosage	compensation	by	the	MSL	(male-specific	lethal)	complex	is	required	in	Drosophila melanogaster	to	
increase	gene	expression	from	the	single	male	X	to	equal	that	of	both	female	X	chromosomes.	Instead	of	focusing	solely	on	
protein	complexes	released	from	DNA,	here	we	used	chromatin-interacting	protein	MS	(ChIP-MS)	to	identify	MSL	interactions	
on	cross-linked	chromatin.	We	identified	MSL-enriched	histone	modifications,	including	histone	H4	Lys16	acetylation	and	
histone	H3	Lys36	methylation,	and	CG4747,	a	putative	Lys36-trimethylated	histone	H3	(H3K36me3)-binding	protein.	CG4747	
is	associated	with	the	bodies	of	active	genes,	coincident	with	H3K36me3,	and	is	mislocalized	in	the	Set2	mutant	lacking	
H3K36me3.	CG4747	loss	of	function	in vivo	results	in	partial	mislocalization	of	the	MSL	complex	to	autosomes,	and	RNA	
interference	experiments	confirm	that	CG4747	and	Set2	function	together	to	facilitate	targeting	of	the	MSL	complex	to	active	
genes,	validating	the	ChIP-MS	approach.
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to preserve protein interactions as much as possible11,12. Another 
approach in yeast is to use light cross-linking, again with sonication 
and washing under mild conditions13. We adopted a third solution, 
in which robust cross-linking is used to capture protein-protein inter-
actions14–17. A key aspect of this approach is the use of a 75–amino 
acid (aa) sequence from bacteria as an affinity tag that is recognized 
by endogenous biotinylation enzymes in both yeast and humans14,15. 
The high-affinity interaction of biotin with streptavidin allows for 
stringent washing conditions to minimize nonspecific interactions.

We set out to identify MSL-associated chromatin proteins, includ-
ing modified histones, by using cross-linking, affinity purification 
and MS of MSL complexes from Drosophila S2 cells. We success-
fully identified MLE, JIL-1 and active histone marks (in particular 
H4K16ac) on the basis of their enrichment in MS of tagged MSL3 
pulldowns. In addition, we identified new candidates for MSL-
 complex interaction on chromatin, including CG1832, a zinc-finger 
protein recently implicated in initial MSL localization18, and CG4747, 
a putative H3K36me3-binding protein that we demonstrate facili-
tates MSL-complex targeting to active genes. Therefore, ChIP-MS has 
successfully expanded our ability to capture key protein interactions 
involved in targeting the MSL complex to the chromatin template.

RESULTS
Affinity	purification	of	cross-linked	MSL	complex
To test the cross-linking-MS approach in Drosophila, we inserted 
the HTB tag into genomic msl-2 and msl-3 transgenes to generate 
transgenic flies expressing C-terminal MSL2-HTB or MSL3-HTB 
fusion proteins under their endogenous regulatory sequences. The 
HTB tag contains hexahistidine and biotinylation target sequences 
separated by a tobacco etch virus (TEV)-protease cleavage site 
(Fig. 1a). The biotinylation target is a 75-aa sequence derived from a 
Propionibacterium shermanii transcarboxylase15,19. The MSL2-HTB 
and MSL3-HTB constructs rescued the respective msl-2 or msl-3 
homozygous mutant male lethality, which indicated that the fusion 
proteins are fully functional. We initially focused on MSL3-HTB by 
generating a stable Drosophila S2 cell line expressing the tagged pro-
tein. S2 cells were originally derived from embryos and are male in 
character, thus they demonstrate X-chromosomal localization of the 
MSL complex3,4,20 and MSL-dependent transcriptional upregulation 
of active genes on the X chromosome21,22.

In adapting the cross-linking–MS approach to chromatin pro-
teins, we found that nuclear preparation before formaldehyde 
cross-linking was important to increase the subsequent chromatin 
concentration, and thus the protein yield after purification, and to 
minimize the recovery of endogenous biotinylated proteins from the 
cytoplasm, to allow robust ChIP-MS in a single step. Cross-linked 
nuclei were sonicated to obtain soluble chromatin and were affin-
ity purified by using streptavidin coupled to magnetic beads in the 
presence of 6 M urea and 0.2% SDS14 (Fig. 1b). To test for success-
ful pulldown of the MSL complex by MSL3-HTB, we performed 
western blot analysis for MSL components (Fig. 1c). We observed 
strong enrichment of MOF in both the 1.7%- and 3%-formaldehyde 
cross-linked MSL3-HTB samples and no recovery from the non–
HTB-tagged sample, confirming efficient biotinylation of the tag 
in Drosophila cells.

The recovery of MOF was expected, as it is part of a soluble core 
MSL complex previously seen to robustly coimmunoprecipiate and 
co-purify with MSL3 (refs. 8,20). To determine whether formalde-
hyde cross-linking and biotin tagging also allowed efficient pulldown 
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Figure 1 Use of ChIP-MS to identify proteins interacting with  
MSL3-HTB. (a) MSL2 (773 aa) and MSL3 (512 aa) proteins were  
C-terminally tagged with an HTB tag. His, hexahistidine tag; Bio, 75-aa 
sequence derived from a Propionibacterium shermanii transcarboxylase 
that is efficiently biotinylated in vivo in yeast and mammalian cells;  
TEV, cleavage site for the tobacco etch virus protease (9 aa) flanked by 
flexible linker regions (13 aa); RING, ring finger; CD, chromodomain;  
CXC, cysteine-rich CXC domain; MRG, MRG domain. (b) ChIP-MS 
purification scheme. Nuclei from S2 cells expressing HTB-tagged MSL3 
were cross-linked, sonicated and affinity purified over streptavidin (Strep) 
magnetic beads under denaturing conditions. Peptides were  
released by on-bead trypsin digestion and identified by LC-MS/MS.  
(c) Western blots of MSL complex after MSL3-HTB ChIP-MS. Eluates from 
streptavidin magnetic beads resolved on a 4–12% Tris-glycine gel. After 
MSL3-HTB pulldown, enrichment of MOF, MLE and JIL-1 was detected, 
as shown. MRG15 enrichment was not observed. IN, input; P, MSL3-HTB 
purification; MW, molecular weight. (d) Colloidal blue–stained gel of 
MSL3-HTB ChIP-MS showing efficient recovery of MSL3-HTB and a high 
level of protein complexity by single-step streptavidin purification.  
(e) Colloidal blue–stained gel of MSL3-TAP purification with biotinylated 
IgG beads. MSL3-TAP and associated proteins were eluted with urea 
and SDS. Elution from IgG beads typically results in contamination of 
the eluate with free IgG (lane 2). We removed biotinylated IgG using 
streptavidin magnetic beads. Both heavy and light chains were strongly 
depleted (lane 3).
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of MLE and JIL-1 with MSL3-HTB, we probed western blots with 
the respective antibodies. Notably, we recovered MLE and JIL-1 at 
a level similar to that observed for MOF (Fig. 1c), validating the 
ChIP-MS approach. MRG15 is a chromodomain protein that local-
izes at transcription start sites in Drosophila23. No enrichment of 
MRG15 was observed, which suggested that our pulldowns were 
selective rather than nonspecific. This selectivity was confirmed by 
MS (described below).

Mass-spectrometric	analysis	after	affinity	purification
Encouraged by the recovery of MOF, MLE and JIL-1 with MSL3-HTB 
purifications, we proceeded to larger-scale ChIP-MS. For each round 
of ChIP-MS, approximately 5 × 109 S2 cells were subjected to nuclear 
extraction, 3%-formaldehyde cross-linking and subsequent purifica-
tion with streptavidin coupled to magnetic beads. To determine our 
protein yield and purity, we boiled the beads in reverse–cross-linking 
buffer and then ran SDS-PAGE. Colloidal-blue staining demonstrated 
successful recovery of MSL3-HTB and a high level of complexity in 
the sample compared to that from the negative-control MSL3-TAP 
cells lacking the biotinylated tag (Fig. 1d).

The visualization of our results by colloidal-blue staining sug-
gested that the sample was of sufficient amount and purity for  
LC-MS/MS. Therefore, after streptavidin pulldown, we omitted 
the reverse–cross-linking and gel-electrophoresis steps and treated 
MSL3-HTB samples with direct on-bead trypsin digestion24 (Fig. 1b). 
Table 1 lists the proteins with the highest total peptide reads asso-
ciated with MSL3-HTB. All proteins identified in negative-control 
cells lacking the HTB tag (Supplementary Table 1) were designated 
as false positives and removed from the MSL3-HTB pulldown list. 
Replicate experiments from single-step MSL3-HTB purifications 

with chromatin prepared at 3%-formal-
dehyde cross-linking conditions showed 
similar results. ChIP-MS with MSL2-HTB 
and MSL3-TAP (using immunoglobulin G  
(IgG) purification as described below) also 
recovered a highly overlapping list of proteins 
(Table  1). In addition to the core proteins 
MSL1, MSL2, MSL3 and MOF, we observed 
co-purification of MLE and JIL-1 with high 
total spectral counts, confirming the power of 
the cross-linking approach. Recovery of MSL2 
was consistently lower than that of the other 
members of the MSL complex, but subsequent 
ChIP-MS of MSL2-HTB resulted in a highly 
overlapping list of proteins (Table 1). Notably, 
even when MSL2-HTB was the bait protein, 
its recovery in terms of peptide count was 
lower than that for other members of the com-
plex, which suggested an intrinsic bias against 
recovery of MSL2 peptides in ChIP-MS.

In addition to using the biotin tag, we also 
tested the applicability of cross-linking for 
the conventional tandem affinity purification 
(TAP) tag by performing affinity purification 
of MSL3-TAP using IgG linked to beads3. 
One major concern when using the protein  
A tag comes from excess IgG release dur-
ing the elution step (Fig. 1e, lane 2), which 
interferes with MS analysis. To eliminate 
excess IgG, we employed a depletion strat-
egy. We coupled IgG to magnetic beads and 

then subjected them to in vitro biotinylation on free amines. After 
 affinity purification and elution of MSL3-TAP and its interacting pro-
teins under denaturing conditions, we could selectively deplete the  
biotinylated IgG with streptavidin beads (Fig.  1e, comparison of 
lanes 2 and 3). For MS analysis, the IgG-depleted eluate was further 
subjected to desalting and detergent removal followed by trypsin 
digestion and preparation for LC-MS/MS. The modified ChIP-MS 
of MSL3-TAP was less efficient in protein recovery but yielded similar 
protein candidates as did ChIP-MS of MSL3-HTB (Table 1).

ChIP-MS	of	histone	modifications	enriched	with	MSL	complex
The MSL complex is known to catalyze site-specific Lys16 acetylation 
on histone H4 and is proposed to use H3K36me3 to facilitate localiza-
tion to active genes6,25–28. Both observations were initially based on 
the availability of antibodies that recognize these site-specific modi-
fications in vivo. A particularly powerful use of ChIP-MS would be to 
identify the constellation of histone post-translational modifications 
(PTMs) associated with specific protein complexes, without relying 
on antibodies and candidate approaches. However, analysis of modi-
fied histones cannot be achieved through simple trypsin digestion, 
owing to the high number of lysine residues in the N-terminal tails as 
well as the difficulty of distinguishing partially digested peptides that 
are acetylated and methylated at multiple lysine residues29. Therefore, 
rather than using direct on-bead digestion, we sought to reduce the 
complexity of the samples by isolating intact histones through gel 
electrophoresis before LC-MS/MS. We found that direct loading of 
MSL3-HTB pulldowns on SDS-PAGE resulted in a large amount of the 
streptavidin monomer overlapping with histone H4 (data not shown). 
Therefore, we used S2 cells expressing MSL3-TAP rather than MSL3-
HTB for ChIP-MS of modified histones.

Table 1 MSL3-associated proteins

Gene
MSL3-HTB;  
replicate 1

MSL3-HTB;  
replicate 2

MSL3-HTB;  
average MSL2-HTB MSL3-TAP Molecular feature

msl-3 122 136 129 60 62 MSL complex

msl-1 82 123 103 93 55 MSL complex

mle 69 73 71 116 35 MSL complex

mof 72 66 69 59 29 MSL complex

Top2 53 48 51 13 27 Topoisomerase

CG7946 29 36 33 14 28 PWWP domain

CG4747 22 32 27 16 8 PWWP domain

CG9007 20 29 25 16 0 SET domain

Hcf 17 29 23 38 5 Chromatin binding

JIL-1 13 27 20 20 18 H3S10 kinase

NURF301 10 24 17 11 7 Chromatin remodeling

CG12717 15 16 16 12 2 Peptidase

SF2 12 19 16 2 3 RNA splicing

msl-2 15 14 15 33 1 MSL complex

FK506-bp1 13 16 15 4 4 FK506 binding

Z4 14 14 14 3 4 Zinc finger

Ssrp 10 17 14 0 2 FACT complex

Ote 8 19 14 0 1 Transcription regulation

Spt16 8 17 13 0 5 FACT complex

rump 9 9 9 4 1 RNA binding

pont 11 5 8 2 3 ATPase

glo 9 7 8 0 2 RNA localization

CG4038 10 4 7 1 0 RNA binding

Wdr82 9 5 7 0 1 COMPASS complex

CtBP 8 5 7 2 2 Transcription regulation

CG1832 8 2 5 6 3 Zinc finger
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To test whether histones treated with formaldehyde cross-linking 
are amenable to quantitative histone PTM MS analysis, we quanti-
tatively assessed non–cross-linked histones from S2 cells prepared 
by acid extraction and those prepared by gel electrophoresis of the 
MSL3-TAP chromatin input. Formaldehyde–cross-linked chroma-
tin from S2 cells expressing MSL3-TAP was boiled in reverse–cross- 
linking buffer, electrophoresed on a polyacrylamide gel and then 
stained with colloidal blue (Fig.  2a). The gel region containing  
histones was excised, and histones were extracted. We found that the 
relative abundance of histone PTMs was comparable in acid-extracted 
histones and the formaldehyde–cross-linked MSL3-TAP input (data 
not shown). This confirms that gel-extracted formaldehyde–treated 
histones can yield reliable and accurate quantitative data. We then 
performed MSL3-TAP pulldowns with IgG beads, excised the four  
histone bands from a colloidal blue–stained gel (Fig. 2a) and per-
formed quantitative MS for histone PTMs (Fig. 2b and Supplementary 
Table 2). When compared to input, H4K16ac is the most enriched 
PTM detected in our MSL3-TAP pulldowns. This is consistent with 
previous polytene and chromatin immunoprecipitation (ChIP) data 
showing its enrichment on the male X chromosome and its role  
in dosage compensation25,30–33. H3K36me3 is also enriched, which 
supports previous studies demonstrating that this mark is involved 
in MSL-complex targeting26,28. Other enriched PTMs include histone 
H3 Lys79 methylation (H3K79me) and Lys 36 mono- and dimeth-
ylation, which are also marks reported to localize to the bodies of  
actively transcribed genes with a 3′ bias34,35. H3K79me is proposed 
to have a positive role in transcriptional elongation (reviewed in  
ref. 36) and therefore could potentially have an additional role in 
MSL function.

Reciprocal	pulldowns	validate	candidate	interactors
Formaldehyde cross-linking stabilizes short-range protein-protein as 
well as protein–nucleic acid interactions. Therefore, we expected to 
identify key functional interactions and also enrichment on the basis 
of common localization to active chromatin. Many newly identified 

MSL-associated proteins in Table 1 are relatively abundant proteins 
that have general roles in active transcription (for example, Top2, Hcf 
and NURF301), consistent with MSL localization to active gene bod-
ies on the male X chromosome. From the top abundant candidates we 
selected CG4747, a PWWP domain–containing protein, for further 
analysis. CG4747 is the Drosophila homolog of N-PAC (GLYR1), a 
human protein implicated in H3K36me3 binding. N-PAC was iden-
tified in a MS screen for proteins from HeLa cells that selectively 
bound H3K36me3-modified versus unmodified histone-H3 tails  
in vitro37. H3K36me3 is a histone modification thought to facilitate 
MSL targeting to active genes. It is laid down by the Set2 methyltrans-
ferase, which is recruited by elongating RNA polymerase II (ref. 38). 
H3K36me3 is enriched in active gene bodies with a 3′ bias, and MSL 
binding to active genes on the X chromosome is diminished in a Set2 
mutant, which lacks the H3K36me3 mark26,28. Co-purification of the 
MSL complex with CG4747 might suggest a trivalent interaction39. 
Also co-purified was CG7946, a Drosophila homolog of mammalian 
Psip1/p52. (Table 1). Psip1 contains a closely related PWWP domain 
also demonstrated to bind methylated H3K36 (refs. 40–44). Psip1 is 
thought to couple transcription to mRNA splicing through its binding 
to H3K36me3 and SF2, a splicing factor also identified in our ChIP-
MS with MSL3 (Table 1)40,41.

In considering additional candidates for further analysis, we 
employed an alternative way to examine our ChIP-MS list by cal-
culating relative enrichment after affinity purification compared to 
the chromatin input (Table 2). Average peptide numbers from two 
MSL3-HTB purifications were used to calculate the relative ratio 
compared to input (employing a pseudocount of 0.5 to enable cal-
culation of the enrichment ratio in all cases). Under these criteria, 
core MSL subunits and MLE, which are highly enriched together on 
the X chromosome, gave a range of pulldown/input relative ratios of 
6 to 86 after ChIP-MS. In contrast, JIL-1, which is a component of 
active chromatin on all chromosomes and is enriched approximately 
two-fold on the X chromosome, gave a more modest pulldown/input 
relative ratio of 2.2. By using the relative ratio over input as a param-
eter rather than total peptide recovery, we could identify CG1832, a 
low-abundance zinc-finger protein that was recently proposed to have 
a key role in initial recruitment of the MSL complex to its binding 
sites18. CG1832 was not discovered in previous purifications, which 
validates the utility of the ChIP-MS approach. The analysis of rela-
tive enrichment also called our attention to CG12717, a predicted 
SUMO protease, CG9007, a SET-domain protein related to MLL5 in 
humans45, and Wdr82, a known component of the Drosophila dSET1 
COMPASS complex. COMPASS methylates histone H3 at Lys4 and is 
associated with active transcription46. In addition to its involvement 
in COMPASS, the yeast and mammalian homologs of Wdr82 also 
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Figure 2 MS identification of histones recovered from MSL3-TAP 
purification. (a) Histone recovery after single-step IgG purification of 
MSL3-TAP S2 cells. MSL3-TAP chromatin input and pulldown from 
single-step IgG purification were electrophoresed on an 18% Tris-glycine 
gel and stained with colloidal blue as shown. The gel regions containing 
histones were excised and histones were extracted for MS analysis of 
histone PTM. No histones were recovered after IgG purification of the 
no-tag control. IN, input; P, pulldown. (b) Heat maps showing the log2 of 
the enrichment ratio (pulldown/input) of histone PTMs associated with 
MSL3-TAP purification at H3K4, H3K36, H3K79 and H4K16. H4K16ac, 
a modification deposited by MOF on the male X chromosome is highly 
enriched. There is also enrichment of histone PTMs known to localize at  
3′ bodies of active genes, such as H3K4me1, H3K36me2 and me3,  
and H3K79me1 and me2. Un, unmodified. 

Table 2 Proteins enriched by MSL3 pulldown
Gene MSL3-HTB; average Input Average peptide/inputa ratio

msl-3 129 1 86

msl-1 103 1 69

CG12717 16 0 32

mle 71 8 8.4

mof 69 8 8.2

msl-2 15 2 6.0

Wdr82 7 1 5.0

CG9007 25 5 4.5

CG1832 5 1 3.7

JIL-1 20 9 2.2
aCalculated by including a pseudocount of 0.5 in the pulldown and input values.
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have a role in transcription termination and mRNA processing, and 
this is thought to account for the essential function demonstrated for 
the yeast homolog47. Given MSL’s localization to active gene bodies 
with a 3′ bias, MSLs could interact with Wdr82 at these later steps in 
the transcription process. Consistent with this hypothesis, dSET1, the 
H3K4 methyltransferase of COMPASS thought to function mainly 
near 5′ ends of genes, was not enriched in our pulldowns.

To validate the specificity of the MSL3-HTB ChIP-MS, we fused 
Wdr82 and CG4747 to C-terminal tags containing the biotinylation 
target sequence to examine reciprocal pulldowns. The tags were incor-
porated into genomic transgenes to preserve the endogenous regula-
tory sequences for each gene. We created stable S2 cell lines expressing 
the tagged proteins and performed ChIP-MS through the biotin-
streptavidin interaction. The reciprocal pulldowns confirmed the 
specificity of our MSL3 ChIP-MS, as we observed recovery of all MSL 
components and JIL-1 with both Wdr82 and CG4747 (Supplementary 
Table  3). ChIP-MS of CG4747 suggests many associations in the 
nucleus, consistent with its relative abundance. Notably, of the MSL-
related components, JIL-1 is most enriched, consistent with the close 
correlation of JIL-1 ChIP with H3K36me3 genome wide48. ChIP-MS 
of Wdr82 is consistent with its known roles in the 5′ COMPASS com-
plex and in 3′ processing and termination. In addition, MSL3, Wdr82 
and CG4747 all showed a strong interaction with putative Drosophila 
homologs of the human MLL5 complex (CG9007, Smr and ebi). Our 
results suggest that follow-up of reciprocal candidates could lead to 
a rich composite picture of active chromatin that could be further 
integrated with localization maps derived from classical ChIP.

Colocalization	of	CG4747	with	H3K36me3	on	active	genes
To investigate whether CG4747 colocalizes with the MSL complex 
and H3K36me3 in vivo, we generated transgenic flies containing 
CG4747 tagged at the C terminus with biotin and protein A tags 
(CG4747-TAP). We immunostained larval salivary-gland polytene 
 chromosomes with PAP (peroxidase antiperoxidase) antibody to 
detect the protein A moiety and found that tagged CG4747 displayed 
strong localization to interbands, which indicated a potential role 
in active transcription (Fig. 3). Given the robust signal on polytene 
chromosomes, we performed ChIP coupled with next-generation 
sequencing (ChIP-seq) from male and female larvae expressing 
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Figure 3 CG4747 colocalization with H3K36me3 is dependent on Set2. 
(a) Immunostaining for CG4747-TAP detected with PAP antibody (red) 
and H3K36me3 detected with a mouse monoclonal antibody (green).  
Hoechst staining of DNA is shown in blue. On wild-type larval salivary-
gland polytene chromosomes, CG4747 displays an interband binding 
pattern and colocalizes with H3K36me3. This pattern is disrupted  
in Set21 mutants, which lack H3K36me3. Scale bars, 10 µm.  
(b) Enlargement of binding patterns of CG4747-TAP and H3K36me3  
at boxed regions of polytene chromosomes shown in a.
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Figure 4 CG4747 colocalizes with H3K36me3 and MSL3 on the X chromosome.  
(a) Representative ChIP-seq profiles of CG4747-TAP, H3K36me3 and MSL3-TAP on the  
X chromosome. H3K36me3 ChIP-seq data were obtained from the modENCODE consortium23,  
and MSL-TAP ChIP-seq results were described previously55. CG4747-TAP colocalization with  
H3K36me3 is observed on the X chromosome and autosomes, whereas CG4747-TAP and  
MSL3-TAP colocalize only on the X chromosome. Top-row genes are transcribed from left to right,  
and bottom-row genes are transcribed from right to left. Numbers along the x axis refer to  
chromosomal position, and the units are base pairs along the chromosomes. The y axis shows the  
log2 ratio of IP to input ChIP-seq enrichment. (b) Correlation of CG4747-TAP and H3K36me3 ChIP-seq  
enrichment. Red dots represent loci on the X chromosome (sampled from a 500-base pair (bp) grid);  
blue represents autosomes, and bold green represents previously identified chromatin entry sites (CESs)55. The correlation coefficients (Pearson linear 
correlation) together with the corresponding P values are shown for all positions and for X chromosome and CESs separately. (c) Metagene enrichment 
profiles of CG4747-TAP (blue) and H3K36me3 (red). Both localize to bodies of genes with a 3′ bias. X chromosome (solid) and autosomes (dashed) are 
equally enriched. (d) MSL2 ChIP–quantitative PCR (qPCR) results after knockdown of Set2 and/or CG4747 in S2 cells. MSL2 localization decreased 
significantly after double knockdown (P = 4.8 × 10–7, paired Wilcoxon test). Set2 or CG4747 knockdown alone caused a less severe decrease in MSL2 
targeting. qPCR signal is normalized to input, to CG15570 (an X-linked unbound gene) and to GFP-knockdown control. PKA (CG4379 or Pka-C1) is  
an autosomal unbound gene. CG13316, CG32767 and CG7766 are known MSL target genes; roX2, CES5C2, CES15A8 and CES11D1 are CESs.  
Error bars, s.d.; n = 3.
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CG4747-TAP. We found that the CG4747 binding pattern corre-
lates with that of H3K36me3 genome wide and localizes to active 
gene bodies with a 3′ bias (Pearson linear correlation coefficient = 
0.62, P < 1 × 10–10) (Fig. 4a,b). Similar to what was observed for 
H3K36me3, the X chromosome and autosomes were equally enriched 
for CG4747 (Fig. 4c). On the X chromosome, MSL3-TAP colocalized 
with CG4747 (Fig. 4a), consistent with MSL spreading to active genes 
and their chromatin marks in cis.

The colocalization of CG4747 with H3K36me3 supports the 
hypothesis that CG4747 is an H3K36me3-binding protein. To test 
this possibility genetically, we crossed the CG4747-TAP trans-
gene into the Set21 mutant background. Set2 is an essential gene 
in Drosophila, but mutant larvae survive to the third instar stage, 
allowing examination of their polytene chromosomes26. We found 
that CG4747-TAP displayed aberrant localization in the Set21 mutant 
background (Fig. 3). Instead of displaying a clearly defined inter-
band immunostaining pattern, CG4747-TAP coated the polytene 
chromosomes but without a discernable banding pattern. This 
 diffuse staining may be attributable to the maternal contribution of 
Set2 or to the relative abundance of CG4747, whose PWWP domain 
may have DNA-binding activity49. Its correct targeting to interbands, 
however, appears to be dependent on Set2 and thus strongly impli-
cates H3K36me3. As a control for the specificity of this defect, we 
immunostained polytene chromosomes for the Z4 chromatin pro-
tein, which showed a robust interband staining pattern in both wild 
type and the Set2 mutant (Supplementary Fig. 1).

Robust	MSL	targeting	is	dependent	on	Set2	and	CG4747
To test the hypothesis that CG4747 acts synergistically with Set2+ 
to facilitate MSL targeting, we performed RNA interference (RNAi) 
against these two genes in S2 cells, followed by MSL ChIP for selected 
target genes and chromatin entry sites (Fig. 4d). For ChIP assays we 
used anti-MSL2 serum to detect the MSL complex because it gives 
the most robust enrichment. Although MSL2 localization is clearly 
diminished in Set21 mutant larvae26, RNAi against Set2 had little 
effect in S2 cells, perhaps owing to incomplete knockdown of Set2 
by RNAi or the difficulty in removing the MSL complex once it is 
established. CG4747 knockdown alone decreased MSL2 localization  
(P = 4.8 × 10–7, paired Wilcoxon test), and when both genes were 
knocked down, there was a stronger decrease in MSL targeting  
(P = 4.8 × 10–7, paired Wilcoxon test). Notably, MSL2 binding at 
both target genes and previously identified CESs were significantly 
depleted with Set2 and CG4747 double knockdown. Taken together, 
these results indicate that CG4747 participates with H3K36me3 in 
attracting the MSL complex to active genes.

Loss	of	CG4747	causes	aberrant	MSL	targeting	on	autosomes
In parallel, to investigate whether MSL targeting is dependent on 
CG4747 in the developing organism, we isolated a mutant allele of 
CG4747 by imprecise P-element excision of a neighboring P[EP] trans-
poson (described in Online Methods). We obtained deletion CG47473, 
which eliminates the putative promoter regions and 5′ untranslated 
regions of both CG4747 and the neighboring divergently transcribed 
gene Sister of Yb (SoYb). SoYb is a Tudor domain–containing protein 
implicated in the piwi-associated small-RNA pathway in the female 
germline50. We found that CG47473 causes late larval lethality in 
both males and females with few adult escapers (1–5%) and that  
female adult escapers are sterile. Analysis of RNA by quantitative 
reverse-transcription PCR (qRT-PCR) of homozygous CG47473 
male larvae showed lack of expression for both SoYb (CG31755) and 
CG4747 (data not shown).

To investigate whether the CG47473 deletion affects MSL targeting, 
we immunostained homozygous mutant male polytene chromosomes 
with anti-MSL2 serum. We found that X-chromosome localization 
was still evident but in conjunction with unusual mislocalization of 
the MSL complex to ectopic sites on autosomes (Fig. 5a,b). Because 
we did not isolate a mutant that deleted solely the CG4747 gene, 
we tested whether either CG4747 knockdown or SoYb knockdown 
could cause the same phenotype. We immunostained polytene 
chromosomes from male larvae expressing either a CG4747 or SoYb 
RNAi hairpin driven by actin-5C-GAL4 (A5C-GAL4)51, and we 
found that A5C-GAL4>4747i males showed ectopic MSL-binding 
sites on autosomes, whereas A5C-GAL4>SoYbi did not (Fig. 5c,d). 
These results confirm that the abnormal MSL targeting observed in 
CG47473 male polytene chromosomes is due to loss of CG4747, not 
SoYb. Taken together, our results support a model in which CG4747 
facilitates MSL recognition of active genes on the X chromosome. 
In the absence of CG4747, retention of the MSL complex on the 
X chromosome in cis may be less efficient, resulting in release and 
ectopic binding on autosomes.

DISCUSSION
In this study, we successfully optimized an affinity-purification method 
to identify interacting proteins and histone modifications associated 
with the Drosophila MSL complex. By combining cross-linking and a 
biotinylation-targeting sequence, we were able to preserve transient 
or low-affinity interactions that may only be captured on the intact 
chromatin template. The biotinylation tag allows for stringent washing 
conditions to minimize nonspecific interactions. Additionally, the high 
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Figure 5 MSL-complex localization is disrupted in CG4747 loss-of-
function males. (a) MSL2 immunostaining (red) of salivary-gland polytene 
chromosomes from CG47473 mutant male larvae. We observe ectopic 
autosomal binding of MSL2 in CG47473 mutant male larvae. DNA  
stained by Hoechst is shown in blue. For each genotype, more than  
20 nuclei from multiple salivary glands were examined. (b) MSL2 staining 
of CG47473/CyO-GFP males. MSL2 immunostaining shows a wild-type 
pattern of MSL-complex localization. Few autosomal binding sites are 
seen. (c) MSL2 staining of male larvae with CG4747 knockdown by RNAi. 
Male larvae expressing a CG4747 siRNA hairpin driven by A5C-GAL4 
show ectopic autosomal binding sites similar to those observed in CG47473 
mutant male larvae. (d) MSL2 staining of male larvae with SoYb knockdown 
by RNAi. Wild-type MSL pattern is observed in MSL2 staining of male larvae 
expressing a SoYb siRNA hairpin driven by A5C-GAL4. Scale bars, 10 µm.
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affinity of biotin-streptavidin and the compact structure of streptavi-
din allows direct on-bead trypsin digestion and thus comprehensive 
analysis by LC-MS/MS14,15. Because the biotinylation of the target 
sequence is catalyzed by the cells’ endogenous biotin ligase, there is 
no need to introduce an exogenous biotin-ligase gene, such as that in 
the BirA-based biotinylation tag system52. This provides the advantage 
of convenient adaptation in cells and potentially in whole organisms. 
Improvements such as development of a dual tag that will function 
well on cross-linked material should enable ChIP-MS to be adapted 
to crude tissues and developmental stages in the future.

Our studies of CG4747 revealed that it colocalizes with H3K36me3 
on chromatin and that its concentration in interbands of polytene 
chromosomes is dependent on the function of Set2. This strongly 
suggests that CG4747 is indeed an H3K36me3 binder, as is the homol-
ogous human protein, N-PAC37, and an additional human protein 
with a closely related PWWP domain, Psip41. We demonstrated that 
CG4747 is crucial for robust targeting of the MSL complex in both 
Drosophila S2 cells and male salivary-gland polytene chromosomes, 
providing another functional link between H3K36me3 and MSL tar-
geting of active genes. We hypothesize that the ectopic autosomal 
sites observed in CG4747 knockdown in vivo are a consequence of 
diffusion of the MSL complex if it fails to be efficiently captured on 
the X chromosome.

Previous studies suggested that MSL3, through its chromodomain, is 
responsible for the recognition of H3K36me3 (refs. 26,27). Our analysis 
indicates that CG4747 also binds H3K36me3 and recruits the MSL 
complex. These hypotheses are not mutually exclusive, as there could 
be a trivalent interaction between MSL3, CG4747 and the multiple his-
tone H3 tails on one or more neighboring nucleosomes39. Furthermore,  
in vitro, the isolated MSL3 chromodomain interacts best with histone 
H4 peptides monomethylated at Lys20 (refs. 53,54); the culmination of 
such interactions and others may function together to stabilize the MSL 
complex on its functional substrates, active X-linked genes.

Our success in using ChIP-MS on the MSL complex supports the 
general applicability of this method for unbiased analysis of chromatin-
associated proteins. In addition to identifying interacting partners of 
a chromatin complex, we also successfully performed quantitative 
histone post-translational modification MS with the cross-linking 
method, using a protein A rather than HTB tag. Histone H4K16ac was 
the most enriched PTM with MSL3 pulldown, along with other histone 
modifications with known localization to the bodies of actively tran-
scribed genes. As the ability to analyze post-translational modifications 
by MS continues to improve, this approach has the notable possibility 
of allowing a comprehensive and unbiased survey of the combinatorial 
histone modifications associated with any chromatin complex.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession  codes. Sequencing files are available for download 
from NCBI Gene Expression Omnibus under accession number 
GSE42025.

Note: Supplementary information is available in the online version of the paper.
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ONLINE	METHODS
Plasmids  and  cloning. The pGS-mw[+] vector56 was kindly provided by  
G. Schotta and used as a backbone to make a new vector, pFly, which contains  
P-element ends and a single attB site and is marked with mini-white+. To intro-
duce genomic constructs of the proteins of interest and tag sequences into pFly, 
we employed a similar cloning strategy as described previously3. C-terminal tags 
were introduced between the coding region and 3′ UTR while disrupting the 
native stop codon, to achieve in-frame expression of the proteins of interest and 
tags. The HTB tag and Bio sequences were PCR amplified from the pFA6a-HTB-
Kmc plasmid14 from P. Kaiser. The sequences of the Protein A and TEV cleavage 
site were obtained from the pBS1479 vector57. Complete sequences of plasmids 
are available upon request.

ChIP-MS chromatin preparation. Chromatin preparation was prepared as pre-
viously described17, with modifications. S2 cells were grown in CCM3 medium 
(Thermo Fisher) to reach a density of 106 to 107 cells/ml. One liter of cells was 
washed in PBS once and resuspended in 200 ml nuclear-extraction buffer (10% 
sucrose, 10 mM NaCl, 3 mM MgCl2, 20 mM HEPES, pH 7.9, 1 mM PMSF) and 
dounced five times with a loose pestle and five times with a tight pestle. Nuclei 
(200 ml) were added to 800 ml of PBS containing formaldehyde, to reach a final 
concentration of 3%, and cross-linked for 30 min at room temperature (RT)  
(or 1.7% formaldehyde for 10 min at RT). Nuclei were centrifuged at 3,000g 
for 10 min at 4 °C, washed in PBS four times, equilibrated in sucrose buffer  
(0.3 M sucrose, 1% Triton X-100, 3 mM CaCl2, 2 mM MgOAc, 10 mM HEPES, 
pH 7.9, 1 mM PMSF) and dounced with a tight pestle. Nuclei were equilibrated 
in glycerol buffer (25% glycerol, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM MgOAc, 
10 mM HEPES, pH 7.9, 1 mM PMSF) and resuspended in the same volume of 
glycerol buffer. The pellet was frozen in liquid nitrogen and stored at –80 °C or 
used immediately for sonication. Approximately 3 × 109 nuclei were centrifuged 
at 2,500g for 10 min at 4 °C, resuspended in PBS-Triton and dounced lightly to 
remove clumps. Two PBS washes were performed, followed by lysis in buffer 
(0.2% SDS, 0.1% sarkosyl, 2 mM EDTA, 1 mM EGTA, 50 mM NaCl, 10 mM 
HEPES, pH 7.9, 1 mM PMSF). Samples were sonicated (Micro-tip, Misonix-3000) 
at Power setting 7 (36–45 Watts), 15-s constant pulse and 45-s pause for a 7-min 
total processing time. Chromatin was collected by centrifugation at 16,000g for 
15 min at RT, preserving the supernatant and discarding the pellet.

For MS analysis of input, Pierce detergent-removal spin columns (Thermo) and 
Amicon Ultra-0.5 ml centrifugal filters-10 kD (Millipore) were used to remove 
detergent and salt. Recovered proteins were resuspended in 100 nM ammonium 
bicarbonate (pH 8.0) and incubated with 10 ng/µl trypsin (Promega) at 37 °C 
overnight before further processing.

Streptavidin pulldown. The chromatin solution was adjusted to contain final 
concentrations of 6M urea, 0.2% SDS, 0.2 M NaCl and 100 mM Tris, pH 7.4. 
For 10 ml of adjusted chromatin, 400 µl of MyOne Streptavidin C1 Dynabeads 
(Invitrogen) pre-equilibrated in urea pulldown buffer (6 M urea, 0.2% SDS,  
0.2 M NaCl, 100 mM Tris, pH 7.4) were added for overnight incubation at RT. 
Beads were washed with urea wash buffer (6 M urea, 2% SDS, 0.2 M NaCl,  
100 mM Tris, pH 7.4) two times at RT, with low-Tween TEN buffer (0.005% 
Tween-20, 0.5 mM EDTA, 150 mM NaCl, 10 mM Tris, pH 7.4) three times at 
RT, with lysis buffer (0.2% SDS, 2 mM EDTA, 50 mM NaCl, 10 mM HEPES,  
pH 7.9) three times at 42 °C and with low-Tween TEN buffer two times at RT. Beads 
were then moved to 1.5-ml tubes and washed six times with detergent-free buffer  
(0.2 M NaCl, 100mM Tris, pH 7.4) at RT. For SDS-PAGE, beads were boiled 
in 200 µl of reverse–cross-linking buffer (2% SDS, 0.5 M 2-mercaptoethanol,  
250 mM Tris, pH 8.8) and incubated at 100 °C for 25 min. The proteins were 
separated by using a 4–12% Tris-glycine acrylamide gel (Invitrogen) and analyzed 
by colloidal-blue staining (Invitrogen) or western blotting.

For MS analysis, beads were incubated with 10 ng/µl trypsin (Promega) in 
100 nM ammonium bicarbonate, pH 8.0, and 10% acetonitrile at 37 °C overnight 
before further processing.

IgG pulldown of MSL3-TAP. The chromatin solution was adjusted to contain final 
concentrations of 0.1% SDS, 0.5% Triton X-100, 2 mM EDTA, 250 mM NaCl, 20 mM 
Tris, pH 8. For 10 ml of adjusted chromatin, 400 µl of IgG-conjugated Dynabeads 
M-270 (Invitrogen; protocol, Moazed lab, Harvard Medical School, Boston, 
Massachusetts, USA) pre-equilibrated in 250 mM NaCl buffer (0.1% SDS, 1% Triton 

X-100, 2 mM EDTA, 250 mM NaCl, 50 mM Tris, pH 8.0) were added for overnight 
incubation at 4 °C. Beads were washed with 250 mM NaCl buffer two times, with  
500 mM NaCl buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl,  
50 mM Tris, pH 8.0) six times and with PBS-Triton (0.1% Triton X-100) two times.

For histone PTM analysis, beads were boiled in 80 µl reverse–cross-linking 
buffer and incubated at 100 °C for 25 min. The samples were separated by using 
an 18% Tris-glycine acrylamide gel (Invitrogen) and analyzed by colloidal-blue 
staining (Invitrogen) to visualize histones. Gel slices containing histones were 
excised and subjected to histone PTM MS.

For analysis of interacting proteins, IgG-coupled magnetic beads were bioti-
nylated by using the EZ-Link Sulfo-NHS-Biotin and Biotinylation Kit (Thermo). 
MSL3-TAP purification was performed, followed by elution with 600 µl of 
urea pulldown buffer at RT for 30 min. For depletion of IgG, the above eluate  
was incubated with 200 µl of MyOne Streptavidin C1 Dynabeads (Invitrogen) for 
3 h at RT. Pierce detergent-removal spin columns (Thermo) and Amicon Ultra-
0.5 ml centrifugal filters-10 kD (Millipore) were used to remove detergent and 
salt. Recovered affinity-purified proteins were resuspended in 100 nM ammo-
nium bicarbonate, pH 8.0, and incubated with 10 ng/µl trypsin (Promega) at  
37 °C overnight before further processing.

Western blotting. Western blotting was conducted by using the WesternBreeze 
immunodetection kit (Invitrogen). Primary antibodies were used at the following 
dilutions: anti-MLE (1:2,000) (SDI Q4143); anti-MOF (1:2,000) (SDI Q4163); 
anti-JIL-1 (1:2,000)(SDI Q3433); anti-MRG15 (1:2,000)(SDI Q3441).

Chromatin immunoprecipitation and analysis by qPCR. Chromatin preparation 
from S2 cells and larvae and ChIP assays were performed as described3. Primer 
sequences for MSL target genes were also described previously26,55. Anti-MSL2 
serum (0.4 µl) was used for each IP containing 40–100 µg of chromatin. We calcu-
lated the ∆Ct for each IP relative to input and to the X-linked CG15570 gene, which 
is not bound by MSL complex. The relative MSL2 enrichment was calculated by 
normalizing to the GFP-knockdown sample, which acts as a negative control. We 
performed RNAi experiments in S2 cells in triplicate and calculated the s.d. between 
replicates. MSL2 ∆Ct relative to input and CG15570 was used to perform paired 
Wilcoxon test with the assumption that each locus tested is independent.

Immunostaining of polytene chromosomes. Polytene chromosomes were iso-
lated and processed for immunostaining as described58. Primary antibodies were 
used at the following dilutions: PAP antibody (1:200) (Sigma P1291); mouse anti-
H3K36me3 (1:1,000) (Active Motif 61021); mouse anti-Z4 (1:1,000)59; rabbit anti-
MSL2 serum (1:500). Secondary antibodies used were anti-rabbit AlexaFluor555 
(1:500) (Invitrogen) and anti-mouse AlexaFluor488 (1:500) (Invitrogen). Hoechst 
dye (Invitrogen) was used to stain DNA.

Generation of CG4747 deletion alleles. A series of CG4747 mutant alleles was 
generated by imprecise P-element excision of the P[EP] transposon from the 
y1w*; P{w[+mC] = EP}G2585 stock, where this element was integrated at 2L: 
10,002 (Dmel release = r5.44). Briefly, jump-start males were obtained from a 
cross of y1w*; P{w[+mC] = EP}G2585 females and wg[Sp-1]/CyO; ry[506] Sb[1] 
P{ry[+t7.2] = Delta2-3}99B/TM6 males. These were mated to If/Cyo females. 
P-element excision events were screened among the male progeny that had lost 
expression of the white+ marker gene from P[EP]. Such flies were crossed to If/Cyo 
females, and balanced stocks were established. To identify stocks with excisions, 
we isolated DNA by using the DNeasy tissue DNA extraction kit (Qiagen) and 
performed PCR with primers flanking the P[EP] insertion. The CG47473 allele 
is a deletion of 2L: 10001515–10004009 (Dmel release = r5.47).

Drosophila  stocks  and  transgenesis. The following were obtained from 
the Bloomington Stock Center: y1w*; P{Act5C-GAL4}17bFO1/TM6B, Tb1 
(Bloomington stock 3954); y1w*; P{w[+mC] = EP}G2585 (Bloomington 
stock 28446); wg[Sp-1]/CyO; ry[506] Sb[1] P{ry[+t7.2] = Delta2-3}99B/TM6 
(Bloomington stock 2535).

CG4747 RNAi line (y1sc* v1; P{TRiP.HMS00568}attP2; Bloomington stock 
33696) and SoYb RNAi line (TRiP stock GL01045) were obtained from the 
TRiP/Drosophila RNAi Screening Center at Harvard Medical School.

CG4747-TAP transgenic flies were generated using φC31 integrase-mediated 
attB/attP recombination at cytological location 76A2 (PBac{yellow[+]-attP-9A} 
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VK00013; Bloomington stock 9732) (BestGene, Inc.). Transgenics were identified 
by mini-white expression and balanced to obtain homozygous lines.

Additional methods are described in Supplementary Note.

57. Puig, O. et al. The tandem affinity purification (TAP) method: a general procedure 
of protein complex purification. Methods 24, 218–229 (2001).
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