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We have determined the human male specific lethal 3
(hMSL3) chromo-barrel domain structure by x-ray crystallog-
raphy to a resolution of 2.5 Å (r � 0.226, Rfree � 0.270). hMSL3
contains a canonical methyllysine binding pocket made up of
residues Tyr-31, Phe-56, Trp-59, and Trp-63. A six-residue
insertion between strands �1 and �2 of the hMSL3 chromo-
barrel domain directs the side chain of Glu-21 into the methyl-
lysine binding pocket where it hydrogen bonds to the NH
group of a bound cyclohexylamino ethanesulfonate buffer
molecule, likely mimicking interactions with a histone tail
dimethyllysine residue. In vitro binding studies revealed that
both the human and DrosophilaMSL3 chromo-barrel domains
bind preferentially to peptides representing the mono or di-
methyl isoform of lysine 20 on the histone H4 N-terminal tail
(H4K20Me1 or H4K20Me2). Mutation of Tyr-31 to Ala in the
hMSL3 methyllysine-binding cage resulted in weaker in vitro
binding to H4K20Me1. The same mutation in themsl3 gene
compromised male survival in Drosophila. Combined muta-
tion of Glu-21 and Pro-22 to Ala in hMSL3 resulted in slightly
weaker in vitro binding to H4K20Me1, but the corresponding
msl3mutation had no effect on male survival in Drosophila.
We propose MSL3 plays an important role in targeting the
male specific lethal complex to chromatin in both humans and
flies by binding to H4K20Me1. Binding studies on the related
dMRG15 chromo-barrel domain revealed that MRG15 prefers
binding to H4K20Me3.

Nuclear histone acetyltransferase (HAT)3 enzymes are
found in multiprotein complexes that acetylate specific lysine
residues on the N-terminal tails of histone proteins, thereby
regulating nucleosome structure, chromatin packaging, and

gene expression (1–15). MOF, a conserved member of the
MYST (Moz, Ysb2, Sas2, Tip60) family of HAT enzymes,
functions as the catalytic subunit in a number of distinct HAT
complexes that target gene promoters (8), large contiguous
domains of chromatin (3, 4, 14, 15), or non-histone proteins
such as p53 (5–7). The precise targeting and substrate speci-
ficity of MOF relies on the presence of components distinct
from the catalytic subunit (3, 4, 7, 8). Specifically, in the MOF-
containing Drosophilamale specific lethal (MSL) complex,
the MSL3 protein is required for chromatin targeting, nucleo-
some binding, histone tail substrate recognition, and maximal
MOF HAT activity (16–20).
The most well studied MOF-containing complex is the

Drosophila melanogastermale specific lethal or MSL complex
that binds selectively to large regions of the X-chromosome in
male flies (14, 15, 21–26) where it is enriched at the 3� ends of
actively transcribed genes (27–30) and acetylates lysine 16 on
histone H4 (H4K16Ac) (22, 31), thereby balancing male X-
chromosomal gene expression. The DrosophilaMSL complex
contains the dMSL1, dMSL2, and dMSL3 proteins, the RNA/
DNA helicase MLE, the HAT enzyme MOF, and one of two
apparently functionally redundant non-coding RNAs (roX1
and roX2) (reviewed in Refs. 14, 15, and 21). The absence of
any of the MSL components results in male lethality (14, 15,
23–26). The precise specificity of MOF for H4K16 and the
targeting to specific domains of the male X-chromosome is
determined by other components of the complex, in particu-
lar MSL1 and MSL3 (16–20, 23, 26, 28–30, 32).
A similar MOF-containing human MSL complex has also

been identified, and although it contains homologous hMSL1,
hMSL2, and hMSL3 subunits, it does not contain the MLE or
RNA components, and has nothing to do with dosage com-
pensation (3, 4). However, the human MSL complex does
function as a global histone H4K16 acetyltransferase (3–5).
Human MOF (hMOF) and the hMSL proteins also play a role
in cell-cycle progression and DNA repair (3–5).
The Drosophila and human MSL3 proteins contain a highly

conserved N-terminal chromo-barrel domain (CBD) (residues
2–91; 50% identical) plus a conserved C-terminal MRG do-
main (residues 196–512 in dMSL3; 25% identical to hMSL3)
(3, 4, 33–35). The CBD of DrosophilaMSL3 is known to con-
tribute to nucleic acid and nucleosome binding in the Dro-
sophilaMSL complex (18–20), transcriptional up-regulation
on the Drosophilamale X-chromosome (18), and proper tar-
geting and spreading of the dosage compensation complex in
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vivo (20). The CBD of dMSL3 likely contributes to targeting
of the MSL complex to chromatin regions containing specific
histone tail lysine methylation modifications (19, 20). The
C-terminal MRG domain of dMSL3 is responsible for interac-
tions with dMSL1, but does not interact directly with dMOF
(16, 17). Through interactions bridged by dMSL1, dMSL3
stimulates the HAT activity of dMOF and controls its sub-
strate specificity (16, 17).
The human MSL3 protein has been less well studied, but

two versions of hMSL3 have been identified associated with
hMOF, one contains the full-length protein, and the other
lacks the N-terminal chromo-barrel domain (3, 4), the partic-
ular isoform of hMSL3 found associated with the hMSL com-
plex is tissue-dependent (3). In contrast to the Drosophila
MSL complex where dMSL3 interacts directly with dMSL1
(16, 17), hMSL3 has been shown to interact directly with
hMOF via its conserved C-terminal MRG domain (4).
To better understand the role played by MSL3 in the MSL

HAT complex and histone tail recognition, we have under-
taken structural and biochemical studies of the highly con-
served MSL3 CBD and compared its in vitro histone tail bind-
ing to that of the related MRG15 CBD (9, 35). After
submission of this manuscript, an independent structural and
biochemical study on the Drosophila and human MSL3 CBDs
was published (36). The results and conclusions of that study
differ in part from those presented in this report and will be
discussed in comparison with our findings.

EXPERIMENTAL PROCEDURES

Cloning and Protein Expression—The D. melanogaster
MSL3 CBD (amino acid residues 2–91) was cloned using PCR
from amsl3 cDNA. The Homo sapiensMSL3 CBD was cloned
using a hMSL3 cDNA kindly provided by Dr. Edwin Smith
(Stowers Research Institute). The dMRG15 CBD was cloned
from a drmg15 cDNA acquired from the Drosophila Genom-
ics Resource Center, Bloomington, IN. The D. melanogaster
msl3 gene, amsl3-TAP tag fusion (20, 28) was kindly provided
by Dr. Mitzi Kuroda, Harvard Medical School. The PCR
primers used for cloning the dMSL3 (residues 2–91), hMSL3
(residues 2–93), and dMRG15 (residues 2–90) CBDs from
their respective cDNAs are provided in the supplemental data
(supplemental Table S1). The forward primers all contain a
BamHI site and the reverse primers an EcoRI site and stop
codon, and were designed for use with the P-GEX-6P3 GST
fusion vector (GE Healthcare). PCR amplification was carried
out using Pfu high fidelity DNA polymerase using standard
reaction conditions. PCR product purification, and ligation
with a gel-purified BamHI/EcoRI-digested vector were carried
out using standard protocols. The cloning of dMSL3-CBD-
GEX6P3, dMRG15-CBD-GEX6P3, and hMSL3-CBD-
GEX6P3 was verified by restriction endonuclease digestion of
the purified plasmid and DNA sequencing. Competent Es-
cherichia coli BL21(DE3) cells were transformed with the pu-
rified plasmid, and an overnight culture was diluted 1/200
into fresh LB containing ampicillin (concentrations � 100
�g/ml). Cells were grown at 37 °C to an optical density (OD)
of 0.6 and induced with 0.1 mM isopropyl �-D-thiogalactopyr-
anoside. The temperature was then shifted to 25 °C and cells

were grown for approximately 16 h. Cells were pelleted by
centrifugation at 8000 � g, suspended in lysis buffer, frozen
overnight, and subjected to two passes through a French
Press.
Site-specific Mutagenesis—The Stratagene QuikChange

mutagenesis kit was used for generating all point mutants.
Mutations were confirmed by DNA sequencing. Primers
for mutation of hMSL3 and dMSL3 are provided under
supplemental Table S1.
Generation of Transgenic Drosophila—Transgenic Drosoph-

ila were generated as described (19). Briefly a mixture of 300
ng/ml of plasmid DNA containing attB andmsl3-TAP and 0.5
mg/ml of �C31 capped integrase mRNA were injected into
embryos from the y w; attP1; msl31/TM3,Sb line. The injec-
tion stock carries an attP1 integration site on chromosome
2R. G0 individuals were crossed with y w; �/CyO; msl31/
TM3, Sb, and the transgenic offspring identified by green
fluorescent eyes. For complementation, we crossed y w; attP1
y�{p[gfp� msl3-TAP*-pGreeni]}; msl31/TM3,Sb males with y
w; msl31 homozygous females. The rescue rates were calcu-
lated by dividing the number of rescued males by the number
of their stubble (TM3) brothers. Statistical tests of signifi-
cance were performed used �-squared analysis. MSL3TAP*
was MSL3 WT, MSL3 Glu21-Pro22-Ala, or MSL3 Tyr31-Ala.
Protein Purification—E. coli cell lysates were pretreated

with DNase I and then clarified by centrifugation at 15,000 �
g for 1 h and then loaded onto a 10-ml glutathione-Sepharose
column pre-equilibrated in PBS buffer and washed exten-
sively. Each fusion protein was eluted with 0.1 mM reduced
glutathione, and then dialyzed into Precission protease cleav-
age buffer. Precission protease was then incubated with the
GST fusion overnight at 4 °C, followed by dialysis to remove
any remaining glutathione, and then again subjected to gluta-
thione-Sepharose affinity chromatography to remove the GST
tag and remaining protease. Partially purified proteins were
then subjected to ion-exchange chromatography (dMSL3:
Source S, pH 5.0, 50 mM sodium malonate; hMSL3: Source S,
pH 6.5, 50 mM bis-tris propane; dMRG15: source Q, pH 8.0,
20 mM Tris) and a 0.1 to 1.0 M NaCl gradient followed by ana-
lytical gel-filtration chromatography (Superdex 70), which
resulted in highly pure recombinant proteins.
Estimation of Nucleic Acid Contaminants—We used an

ethidium bromide fluorescence assay (37) to assess the pres-
ence of contaminating double-stranded nucleic acid. 10 �l of
a 100 �g/ml of solution of calf thymus DNA was diluted into
2 ml of a 0.5 �g/ml of solution of ethidium bromide in 5 mM

Tris-HCl, 0.5 mM EDTA, pH 8.1, yielding a fluorescence of 5.6
units at 600 nm (excitation 430 nm). The assay buffer blank
gave a fluorescence of 0.858. 10 �l of each purified protein
sample at 2.8 mg/ml concentration was diluted in 2 ml of as-
say buffer to give fluorescence readings of 0.855 for hMSL3,
0.818 for dMSL3, and 0.881 for dMRG15. Hence, there was
less than 0.002 �g of double-stranded nucleic acid per �g of
protein in our samples. The far UV absorption spectrum of
each protein at 2.8 mg/ml exhibited only a small shoulder
absorbance at 260 nm, the observed A280:A260 ratios for the
three protein samples (undiluted) was measured to be 1.67 for
hMSL3 (1.67 calculated), 1.82 for dMSL3 (1.88 calculated),

MSL3 Chromo-barrel Domain Binds to Mono- or Dimethyl-lysine

40880 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 52 • DECEMBER 24, 2010

http://www.jbc.org/cgi/content/full/M110.134312/DC1
http://www.jbc.org/cgi/content/full/M110.134312/DC1


and 1.86 for dMRG15 (1.84 calculated), indicating less than
2% contamination from nucleic acids. Details of protein ab-
sorbance ratio calculations are provided under supplemental
data. Extinction values for Phe, Tyr, and Trp at 260 and 280
nm were from the literature (38, 39).
Protein Crystallization—Purified protein was concentrated

to 12 mg/ml and crystallization conditions for the purified
hMSL3 CBD were found using the Wizard II commercial
screen (Emerald Biosciences) from a 2.0 M ammonium sulfate
solution buffered at pH 10.5 with 0.1 M CAPS. The initial
crystals were clusters of small plates. Single crystals of the
hMSL3 CBD were grown by repeated seeding in solutions
containing 1.6–2.0 M ammonium sulfate, pH 8.0–9.0, and
0.1 M CHES. Seeded crystals took from 1–2 weeks to grow to
a maximal size of 0.02 � 0.1 � 0.1 mm as thin plates. Crystals
for flash-freezing were prepared with a mother liquor con-
taining 18% (w/v) glycerol. X-ray diffraction data to 2.5-Å
resolution were collected on a crystal flash frozen in a stream
of liquid nitrogen vapor at the Canadian Light Source Small-
gap undulator beamline (Rmerge � 0.078 to 2.5-Å resolution
(see Table 1). Data processing indicated the Laue group was
2/m, space group C2, but with a � angle � 89.6°. The data
would not merge in higher symmetry Laue classes or in a
primitive monoclinic setting.
Structure Determination and Refinement—Diffraction data

were processed with HKL2000 (40) (Table 1). The structure
was solved using molecular replacement, the search model
was the refined x-ray structure of the human MRG15 CBD
(PDB 2F5K) (41) and PHASER (42) located five molecules in
the asymmetric unit. Subsequent model building and refine-
ment using Coot (43), CNS (44), and finally Refmac 5.5 in
CCP4 (45–47) resulted in a refined model with excellent ste-
reochemistry (Table 1) as illustrated by a Ramachandran plot
(48) (supplemental Fig. S1). During refinement, 5% of reflec-
tions were randomly put aside as a test set for calculation of
the free R factor. Figures depicting the contents of the asym-
metric unit and electron density for one of the hMSL3 meth-
yllysine binding pockets are provided under supplemental Fig.
S2. For Fig. 1, sequence alignments were calculated with T-
Coffee (49) and rendered using Espript (50). Molecular super-
positions were carried out using LSQKAB in CCP4 (45). All
molecular figures were drawn using either Molscript/
Raster3D (51, 52) or PyMOL. Qualitative electrostatic sur-
faces were drawn using the adaptive Poisson-Boltzmann
solver as implemented in PyMOL and are contoured at �75
mV (units of kT/e). The refined atomic coordinates and struc-
ture factors for the hMSL3 CBD have been deposited with the
RCSB protein data bank (PDB code 3OB9).
Synthetic Peptides—Synthetic peptides with the indicated se-

quences and post-translational modifications were purchased
from Sigma-Genosys or New England Peptide at greater than
95% purity. The peptides used in this study all contained an un-
modified N terminus and an amidated C terminus unless indi-
cated otherwise: H4K20Me1–3, GKGGAKRHR(KMe1–3)VLRDY;
H3K4Me2, ART(KMe2)QTARKSTGGKAY; H3K36Me1–3,
APSTGGV(KMe1–3)KPHRYR; H3K9Me1, KQTAR(KMe1)-
STGGKAY; H3K18Me1, GGKAPR(KMe1)QLATY; H3K27Me1,
TKAAR(KMe1)SAPSTGY; H3K79Me2, AQDY(KMe2)TDLR.

Surface Plasmon Resonance—The dMSL3, hMSL3, and
dMRG15 chromo-barrel domains were covalently linked to
carboxyl methylcellulose-based sensor chips (CM5, GE-
Healthcare) using N-ethyl-N-(3-dimethylaminopropyl)carbo-
diimide and N-hydroxysuccinimide (NHS), and quenched
with ethanolamine according to the manufacturer’s instruc-
tions. Typically 4000–5000 response units (2000 for
dMRG15) of protein were immobilized per experiment. All
measurements were carried out on a Biacore X instrument.
CBD histone tail peptide dissociation constants were calcu-
lated using a Langmuir 1:1 steady state equilibrium binding
model (A � B% AB) with Scrubber. Steady state affinity
binding of peptides to the immobilized CBDs was measured
for peptide concentrations ranging from either 1 to 800 �M or
1 �M to 3.8 mM. Typically, complete binding data for at least
two peptides were measured per CM5 chip, reproducibility
from chip to chip was excellent. Peptide concentrations were
determined by tyrosine UV absorbance at 276 nm using a
Nanodrop device, as each synthetic histone tail peptide was
designed to contain a C-terminal tyrosine residue. Peptides
were dissolved in a running buffer of 50 mM HEPES pH 7.4, 3
mM EDTA, and 150 or 250 mM NaCl as indicated.

RESULTS AND DISCUSSION

Tertiary Structure of the hMSL3 Chromo-barrel Domain—
The structure of the human MSL3 CBD has been fully refined
to 2.5-Å resolution (R-factor � 0.226; R-free � 0.270) (Table
1 and supplemental Figs. S1 and S2). There are five indepen-
dent copies of the hMSL3 CBD in the asymmetric unit of the
crystal lattice and the tertiary structures of the five subunits
are very similar, (backbone atom pairwise r.m.s. differences of
0.68 to 0.74 Å) (supplemental Fig. S2). The hMSL3 CBD
structure is similar to that of the MRG15 CBD (41), folding as
a 5-stranded antiparallel �-barrel domain with a C-terminal
�-helix (backbone atom rms difference of 0.99 Å for 68 equiv-
alent residues) (Fig. 1 and supplemental Fig. S3). Similar to
the CBD of MRG15 and other tudor and chromo-barrel do-
mains (41, 53–57), a canonical methyllysine binding pocket is
evident at one end of the hMSL3 �-barrel domain, with im-
portant residues coming from surface loops between strands
�1-�2 and �3-�4 (Figs. 1 and 2). In hMSL3, there is a highly
conserved six-residue insertion relative to MRG15, at the loop
between strands �1 and �2, the proximity of this loop to the
presumed methyllysine binding pocket suggests this loop may
be important for methyllysine binding specificity (Fig. 1). The
five hMSL3 CBD molecules observed in the crystal exhibit
minimal disorder or heterogeneity at the methyllysine binding
pocket and four of the five monomers pack as two almost
identically arranged dimers (a modest 670 Å2 is buried at the
dimer interface) (supplemental Fig. S2). The fact that the
hMSL3 CBD preferentially packs as a dimer in the crystals is
unusual as most chromo-barrel domains, tudor domains, and
chromodomains, including those of MRG15, and 53BP1, tend
to pack as monomers (41, 53). However, we see no evidence
of either hMSL3 or dMSL3 CBD dimerization in solution us-
ing analytical gel filtration chromatography (not shown).
Hence the biological significance of hMSL3 CBD dimerization
in the crystal lattice is unclear.
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An Aromatic CageMethyllysine Binding Pocket in hMSL3—
Residues making up the presumed methyllysine binding
pocket of hMSL3 are Glu21, Pro22, and Tyr31 from the loop
between strands �1 and �2, and Phe56, Trp59, and Trp63 from
the loop between strands �3 and �4 of the �-barrel (Figs. 1
and 2). In the crystal structure, the deep binding pocket is
occupied by the piperazine moiety of a CHES buffer molecule
for two of the five independent copies of the CBD (Fig. 1 and
supplemental Fig. S2). The binding of the piperazine moiety
of CHES in a methyllysine pocket is reminiscent of the mor-
pholino ring of MES binding in the methyllysine binding
pocket of the h-l(3)mbt repeat protein and is thought to
mimic the presence of a mono- or dimethyllysine residue (58).
Other conserved residues on the hMSL3 �1-�2 loop near the
methyllysine binding pocket are Asp23, Thr25, and Lys26.
These residues are conserved in MSL3 sequences and are po-
sitioned at the opening of the methyllysine pocket such that
their side chains could form hydrogen bonds with the back-
bone peptide groups flanking the methyllysine residue in a
histone tail substrate (Figs. 1 and 2). Importantly, the analo-
gous �1-�2 loop is much shorter in the structure of the
hMRG15 CBD and in place of Glu21 and Pro22 in hMSL3,
there is a conserved histidine residue that forms one side of
the hMRG15 methyllysine binding pocket (41) (Fig. 2). Other-
wise, the overall shape and local environment of the hMSL3
methyllysine binding pocket are very similar to that of
hMRG15, suggesting that these proteins may recognize a sim-
ilar ligand (Fig. 2) (41).

The methyllysine binding pocket in hMSL3 also closely
resembles the dimethyllysine binding pocket in the tandem
tudor domain of human 53BP1 and monomethyllysine bind-
ing pockets in mbt repeat proteins that recognize the respec-
tive methylated form of lysine 20 on histone H4 (53–55) (Fig.
2). The Glu21 carboxylate side chain that makes up the side of
the methyllysine binding pocket on the �1-�2 loop of hMSL3
resembles the positioning of the side chain of Asp1521 in
53BP1, required for dimethyllysine binding, but on the oppo-
site �3-�4 loop (53) (Fig. 2). Based on simple steric and hydro-
gen bonding arguments, the presence of Glu21 in the hMSL3
methyllysine pocket would be expected to modulate the bind-
ing specificity of hMSL3 in the direction of binding mono- or
dimethyllsyine residues relative to trimethyllysine. A trimeth-
yllysine residue binding in the pocket would most likely result
in unfavorable van der Waals interactions between the car-
boxylate group of Glu21 and the trimethylammonium group
of the trimethyllysine. The side chain of Pro22 on the �1-�2
loop would likely constrict the space inside the methyllysine
binding pocket enough so that only a mono- or dimethyll-
ysine residue can easily be accommodated. Neither human
MRG15 nor yeast Eaf3 CBDs have a carboxylate residue or a
proline residue facing into their respective methyllysine bind-
ing pockets (41, 56, 57) (Fig. 2).
The hMSL3 CBD structure exhibits a prominent surface

groove between the methyllysine binding pocket and helix �1
that could easily accommodate a short extended peptide (Fig.
2). Residues on a similar surface groove in the structure of the
related Eaf3 CBD undergo chemical shift changes upon bind-
ing of the H3K36Me3 peptide (57). In hMSL3, this surface
depression is also partially negatively charged and contains
several polar side chains (Tyr31, Asp32, Asn57, Trp59, and
Gln83) that could potentially hydrogen bond to the backbone
peptide groups from the amino-terminal residues of a bound
histone tail (Fig. 2D). In support of this idea, the side chain
indole nitrogen of Trp59 of hMSL3 makes a H-bond to the
backbone oxygen from the �2-�3 hairpin loop on a nearby
hMSL3 molecule in the crystal lattice, hence possibly mimick-
ing the contact of a histone tail peptide backbone carbonyl
group to the CBD (not shown). The hMSL3 surface depres-
sion also contains a small hydrophobic patch consisting of
residues Val29, Ala87, and Ala90 that may participate in pep-
tide binding (Fig. 2D).
The MSL3 CBD Preferentially Binds H4K20Me1 or

H4K20Me2 in Vitro—The binding of CHES to the hMSL3
CBD and structural similarities with the 53BP1 methyllysine
binding pocket suggest that hMSL3 will have a binding pref-
erence for peptides containing mono- or dimethyllysine. Fur-
thermore, the presence of a highly conserved hMSL3 �1-�2
insert at the hMSL3 methyllysine binding pocket relative to
MRG15 suggests that there may be different methyllysine
binding specificities for these two otherwise closely related
CBDs. Hence, we used histone tail peptide sequences contain-
ing methylation modifications corresponding to common
histone H3 and H4 N-terminal epigenetic modifications in
Drosophila and humans (59), and screened peptide binding to
the hMSL3, dMSL3, and dMRG15 CBDs using surface plas-
mon resonance (Figs. 3 and 4 and supplemental Fig. S4). The

TABLE 1
Structure refinement statistics for H. sapiens MSL3 chromo-barrel
domain

Data collection and refinement statistics 40.0-2.50 Å (2.568-2.500)a

Unit cell parameters (C2) (a, b, c) (Å) � (°) 179.18, 36.697, 85.556, 90.39
Wavelength (Å) 0.97934
Resolution (Å) 40-2.50 (2.59-2.50)a
No. unique reflectionsb 19,514 (1789)a
Redundancyb 3.6 (2.9)a
Completeness (%)b 99.0 (91.8)a
Average I/�b 16.6 (2.1)a
Rmerge

b,c 0.078 (0.374)a
Refinement resolution limits 40.0-2.50 Å (2.57-2.50)a
No. of reflections in working set 18,515 (1219)a
No. of reflections in test set 997 (60)a
Rworkd 0.2256 (0.271)a
Rfreee 0.2702 (0.344)a
No. of amino acid residues 361 (3733 atoms)
No. of water molecules and sulfates 57 and 17
No. of ligands (CHES) 3
Average B-factor (Å2)d,f 27.8
R.m.s. deviations B bonded MC atoms (Å2) f 0.39
R.m.s. deviations B bonded SC atoms (Å2) f 0.76
R.m.s. deviations B angle MC atoms (Å2) f 1.20
R.m.s. deviations B angle SC atoms (Å2) f 1.97
R.m.s. deviations bond lengths (Å) f 0.0090
R.m.s. deviations angles (°) f 1.09
Residues in preferred Ramachandran (%)g 93.8 (5.7)

a Values in parentheses correspond to the highest resolution shell.
b Data processing statistics calculated using Denzo/HKL2000 (37).
c Rmerge � �hkl �i � �I(hkl)obs� 	 I(hkl)obs, i�/�hkl,i I(hkl)obs,I, where I(hkl)obs,i is the
individual measurement of an hkl intensity and �I(hkl)obs� � �i I(hkl)obs,i/n;
where i � 1 to n individual reflections are measured.

d Rwork � �hkl�Fobs(hkl)�	�Fcalc(hkl)�/�hkl�Fobs(hkl)�, where �Fobs(hkl)� and �Fcal-
c(hkl)� are the observed and calculated amplitudes, respectively, for the structure
factor F(hkl).

e Rfree is the equivalent of Rwork for 5% of the reflections (randomly selected),
which were not used in structure refinement.

f B-factor (TLS component not included) and r.m.s. deviation values were calcu-
lated with Refmac as implemented in CCP4 (41–43).

g The Ramachandran plot was generated with Procheck in CCP4, residues in al-
lowed regions are in parentheses (41, 44).
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FIGURE 1. Tertiary structure of human MSL3 chromo-barrel domain. A, multiple sequence alignment of MSL3 and MRG15 CBD sequences from higher
eukaryotes. Strictly conserved residues are shaded red, highly conserved residues yellow. A six-residue insertion specific to MSL3 is shaded blue, whereas a
histidine residue found in the methyllysine binding cage of MRG15 is shaded green. Secondary structure assignments were derived from x-ray structures of
hMSL3 (this work) and hMRG15 CBDs (PDB 2F5K) (41). The locations of the �1-�2 and �3-�4 loops making up the methyllysine binding pocket are marked
with light green and magenta lines, respectively, above the sequences. Aromatic cage residues of the methyllysine binding pocket are marked with purple
stars. The N-terminal 12 residues (MGEVKPAKVENY) of dMRG15 are not shown for clarity. B, ribbon diagram of hMSL3 residues 5–93 (subunit A in the crys-
tal). The MSL3-specific loop between strands �1 and �2 is colored light green. Amino acid side chains associated with the presumed methyllysine binding
pocket and a bound CHES buffer molecule are shown as stick models. C, qualitative electrostatic surface rendering of the hMSL3CBD (red negatively
charged; blue positively charged, see “Experimental Procedures”) and bound CHES and sulfate anions are shown as stick representations. The hMSL3 CBD is
rotated 
90 degrees toward the viewer relative to B, looking directly into the methyllysine binding pocket.
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majority of binding experiments with the MSL3 CBDs were
conducted under fairly stringent conditions (250 mM NaCl) to
avoid possible nonspecific ionic interactions of the predomi-
nantly positively charged histone tail peptides with either the
CBD or the CM5 sensor chip surface (see “Experimental Pro-
cedures”). For the H4K20Me1 and H4K20Me3 peptides, we
also measured the binding affinity for dMSL3 and hMSL3
CBDs at a more physiological salt concentration of 150 mM

(Table 2). We carried out a series of single injection experi-
ments for a larger number of peptides for all three CBDs at 50
and 100 �M peptide concentrations in 150 mM NaCl running
buffer (100 �M shown) to rule out significant binding by other
sequences and ensure that the buffer salt concentration did
not affect the relative affinities of peptide binding (supple-
mental Fig. S4). The results demonstrate that the relative or-
ders of binding affinity of the tested peptides for both the

hMSL3 and dMSL3 chromo-barrel domains are highly repro-
ducible and independent of the running buffer salt concentra-
tions tested. The preferential order of peptide binding we ob-
serve for both the hMSL3 and dMSL3 chromo-barrel domains
is H4K20Me1 � H4K20Me2 � H4K20Me3 � H3K36Me1 �
H3K36Me2 � H3K4Me2 � H3K36Me3 (Table 2, Figs. 3 and 4,
and supplemental Fig. S4). Hence, the MSL3 CBD in both
humans and Drosophila preferentially binds monomethyl or
dimethyllysine histone tail peptides over trimethyl-modified
lysine peptides and H4 tail sequences over H3, suggesting that
the binding specificity is conserved across species, and that
the biological function is to recognize and bind H4K20Me1 or
H4K20Me2 (Figs. 3 and 4). Based on our fitted Kd values for
the relevant peptides in buffer containing 250 mM NaCl, the
preference for H4K20Me1 or H4K20Me2 over H3K36Me3 is
approximately a factor of 50 (Table 2). The Kd for hMSL3 and

FIGURE 2. Comparison of methyllysine binding pockets in hMSL3, hMRG15, and h53BP1. A, methyllysine binding pocket in the hMSL3 CBD depicting
the bound CHES buffer molecule (green carbons), colored as described in the legend to Fig. 1B. B, methyllysine binding pocket in the 53BP1 tandem tudor
domain in blue (53) showing the bound H4K20Me2 peptide with carbons colored light green. Only the first tudor domain is shown. C, methyllysine binding
pocket in the hMRG15 CBD drawn in magenta with side chain carbons in light pink (41). Each pocket is drawn in an identical orientation, showing similar
structural elements. Hydrogen bonds are drawn as purple dotted lines. Residues are labeled according to the text and the published structures. D, a potential
peptide interaction surface on the hMSL3 CBD, the view is rotated 
180° about the vertical axis relative to Fig. 1B. The hMSL3 CBD is rendered as a semi-
transparent electrostatic surface (red negatively charged, blue positively charged) overlaid onto a ribbon diagram of the molecule. The bound CHES mole-
cule (blue carbons) and the sulfate anion near His55 are shown as stick representations. Residues mentioned in the text are labeled accordingly.
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H4K20Me1 in 150 mM NaCl buffer is 31 �M, the value for the
dMSL3 CBD under identical conditions is 224 �M, a factor of
seven weaker (Fig. 4 and Table 2). We do not have an expla-
nation for why the dMSL3 CBD binds to H4K20Me1 more
weakly than its human counterpart.
Comparison with a hMSL3 CBD:DNA H4K20 Structure—

Recently, a structure of the hMSL3 CBD bound to duplex
DNA and H4K20Me1 was published (36). In contrast to our
results, that study concluded that methylated histone tail

binding to hMSL3 or dMSL3 CBDs occurred only in the pres-
ence of double-stranded DNA and that histone tail binding
was significant only for H4K20Me1 and not other histone tail
sequences or higher degrees of methylation. In contrast, our
results suggest that hMSL3 is capable of binding H4K20Me1
with reasonable affinity in the absence of nucleic acids as our
purified CBDs were deemed essentially nucleic acid free (see
“Experimental Procedures”). We do not have an explanation
for the reported binding discrepancy between the two studies.

FIGURE 3. Binding affinity of the human MSL3 chromo-barrel domain for the indicated methyllysine containing histone tail peptides. A, surface
plasmon resonance steady state equilibrium binding for methylated histone tail peptides over the hMSL3 chromo-barrel domain (in response units normal-
ized to maximum theoretical occupancy of ligand) in 250 mM NaCl, 3 mM EDTA, 100 mM HEPES pH 7.5. Individual data points and fitted curves based on the
calculated Kd values are shown for each peptide series. B, semilog plot of data presented in A. The legend applies to both A and B. C, binding data for hMSL3
CBD with H4K20Me1 and H4K20Me3 in 150 mM NaCl buffer. D, binding data for WT hMSL3, the Glu21-Pro22-Ala and Y31A hMSL3 CBD mutants with
H4K20Me1 in 150 mM NaCl running buffer.
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Our study used surface plasmon resonance with a fixed
amount of immobilized protein and differing concentrations
of added peptides to determine dissociation constants. The
other study used fluorescence polarization of a fixed amount
of fluoresceinated peptide in combination with varying con-
centrations of the recombinant protein to quantify interac-
tions (36). Although we do not doubt that double-stranded
DNA binding to the MSL3 CBD could modulate subsequent
in vitro or in vivomethylated histone tail binding, our results
suggest that the MSL3 CBD alone is sufficient for in vitro
binding to H4K20Me1 and discrimination over other histone
tail sequences. We also note that the other study used dMSL3

and hMSL3 constructs each containing an extra nine N-ter-
minal residues (MKKHHHHHH) to facilitate protein purifica-
tion and an extra eight residues at the C terminus for hMSL3
(94LRSTGRKK101) (36). The hMSL3 and dMSL3 constructs
used in our study contain five extra N-terminal residues
(GPLGS) from the cloning vector. Least squares superposition
of our atomic coordinates with that of the hMSL3 CBD in the
hMSL3�DNA�peptide complex (PDB code 3M9P) revealed
only modest (0.6 to 1.10 Å) pairwise r.m.s. differences in the
positions of the backbone atoms, and very few changes in
amino acid side chain conformation, suggesting the tertiary
structure of the hMSL3 CBD is essentially the same in the

FIGURE 4. Binding affinity of the D. melanogaster MSL3 and MRG15 chromo-barrel domains for methyllysine containing histone tail peptides.
A, surface plasmon resonance steady state equilibrium binding (in response units normalized to maximum theoretical occupancy of ligand) for the D. mela-
nogaster CBD and histone tail peptides in 250 mM NaCl, 3 mM EDTA, 100 mM HEPES pH 7.5. Individual data points and fitted curves based on the calculated
Kd values are shown for each peptide series. B, as in part A, but 150 mM NaCl and only H4K20Me1 and H4K20Me3. C, SPR binding of the dMRG15 CBD to
H4K20Me3, H4K20Me2, and H3K36Me2 in 150 mM NaCl running buffer.

MSL3 Chromo-barrel Domain Binds to Mono- or Dimethyl-lysine

40886 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 52 • DECEMBER 24, 2010



absence or presence of nucleic acids. However, our hMSL3
atomic model does form dimers, and does contain an extra
3–4 residues visible at the N terminus for four of the five sub-
units, namely Gly6 to Phe9. Differences at the C terminus of
the two independent hMSL3 structure determinations are
negligible, as residues 92–101 of the hMSL3�DNA complex
are not included in the refined model of that structure and
hence are likely disordered in solution (36).
Histone Tail Binding by the dMRG15 CBD—The MRG15

protein contains an N-terminal CBD highly similar to MSL3
(Figs. 1 and 2), and a more distantly related C-terminal MRG
domain (9, 35). MRG15 also associates with Tip60, a MYST
HAT highly similar to MOF as part of a large multiprotein
complex that functions in gene regulation and DNA repair
through acetylation of histones phospho-H2Av and H4 (9–
13). Hence, the conserved domain organization of MSL3 and
MRG15, plus their association with highly similar HAT en-
zymes, suggest a related biological function for the two pro-
teins (3, 4, 9). However, the CBD of hMRG15 was previously
reported to bind H3K36Me3, although binding of methylated
H4K20 peptides to MRG15 was not tested in that study (41).
Similar binding studies on the related yeast Eaf3 CBD also
reported preferential binding to H3K36Me2 or H3K36Me3
(56, 57), but one of the studies also suggested that H4-based
peptides bound nearly as well (57). Given the high degree of
structural similarity between the hMSL3 and hMRG15 CBDs,
we therefore measured the in vitro binding of methylated his-
tone tail sequences to the dMRG15 CBD to see if there was
any similarity with the MSL3 CBD binding profile. The results
are presented in Fig. 4C and supplemental Fig. S4. We found
that the CBD of dMRG15 binds preferentially to H4K20Me3
(Kd � 48 �M) and with similar affinity for H4K20Me2 (Kd �
61 �M) in 150 mM NaCl containing buffers, although the sin-
gle injection profile suggests consistently stronger binding for
H4K20Me3 (supplemental Fig. S4). Binding to H3K36Me3 or
H3K36Me2 (Kd � 430 �M) is significantly weaker (Fig. 4C and
supplemental Fig. S4), indicating that the dMRG15 CBD pre-
fers binding H4K20Me3 or H4K20Me2 over H3K36Me3 or
H3K36Me2. Hence both MRG15 and MSL3 CBDs have simi-
lar histone H4 tail binding profiles, preferring H4K20 over H3
sequences, although MSL3 prefers a lower degree of methyla-
tion of Lys20, and MRG15 prefers trimethylation. As the
structures of the hMSL3 and hMRG15 CBDs are highly simi-

lar (Figs. 1 and 2), the different binding affinities for
H4K20Me1 versus H4K20Me3 suggest that subtle differences
in the methyllysine binding pockets of these proteins confer
discrimination for the degree of methylation of H4K20.
Effect of MSL3 Methyllysine Binding Pocket Mutations on

Histone Tail Binding in Vitro and on Male Survival in D.
melanogaster—To test the possible contribution of Glu21 and
Pro22 of MSL3 to binding mono- or dimethyllysine at H4K20,
we simultaneously mutated both residues to alanine in
hMSL3. As measured by SPR, the binding of the EP to AA
mutant to H4K20Me1 was somewhat weaker than for wild
type hMSL3 (Kd � 59 �M) (Fig. 3D), suggesting that these
residues make a modest contribution to the binding of
H4K20Me1. We followed up on this observation by making
the same point mutations in a TAP-tagged version of the Dro-
sophila msl3 gene (20, 28) and observed the male versus fe-
male survival ratios in homozygous offspring carrying a stably
integrated mutatedmsl3-TAP gene (Table 3). The EPAA dou-
ble mutant had essentially wild type male survival rates, again
suggesting that Glu21 and Pro22 in MSL3 play a minimal role
in dosage compensation or targeting of MSL3 to a particular
histone modification on the Drosophilamale X-chromosome.
However, the overall structure of the MSL3 �1-�2 loop or
other nearby residues may also contribute to the observed
H4K20Me1 in vitro binding preference.
To test the contribution of residue Tyr31 to methyllysine

binding in hMSL3, we made a Tyr31 to Ala mutation. The in
vitro binding of the Y31A mutant to H4K20Me1 was signifi-
cantly weaker than the wild-type chromo-barrel domain, sug-
gesting a larger contribution to methyllysine binding (Fig. 3;
Kd � 78 �M). Male flies homozygous for the Y31A mutant did
not survive as well as females (30.9% male survival; Table 3),
suggesting that Tyr31 does play a role in dosage compensa-
tion, consistent with its contribution to H4K20Me1 binding in
vitro. In a previously published study ofmsl3 chromo-barrel
domain mutants, the Tyr31 residue was mutated to alanine
along with two adjacent residues (Leu30 and Thr32) (20).
However, the triple amino acid mutant had a 0% rescue fre-
quency and was unstable. The resultant mutant dMSL3-
LYTA protein could not be detected by Western blots of het-
erozygous LYT30A cell extracts (20). The instability of MSL3
produced by this triple mutation deemed it uninformative in
terms of specific dosage compensation function analysis. As
the mutation of Leu30 is likely to disrupt the hydrophobic
core of the dMSL3 CBD, we chose to test a less drastic muta-
tion. In our Y31A transgenic line only 30.9% ofmsl3 null ho-
mozygous males are rescued by the mutant construct. Fur-
thermore, we could easily purify the corresponding hMSL3
Y31A mutant CBD and conduct SPR binding studies, suggest-

TABLE 2
Calculated dissociation constants for peptide chromo-barrel domain
surface plasmon resonance steady state affinity measurements

Peptide [NaCl] Kd hMSL3a,b Kd dMSL3a,b

mM �M

H4K20Me1 250 116(4) 1003(3)
H4K20Me2 250 98(2) 980(3)
H4K20Me3 250 700(20) 2230(7)
H3K36Me1 250 NDc 2420(7)
H3K36Me2 250 1070(3) 2730(8)
H3K36Me3 250 6500(3) 9400(7)
H3K4Me2 250 2460(7) 3140(9)
H4K20Me1 150 31(9) 224(6)
H4K20Me3 150 100(5) 441(9)

a Based on a 1:1 Langmuir binding steady state equilibrium, calculated using
Scrubber (see “Experimental Procedures”).

b Kd residuals from fitting are provided in parentheses.
c ND, not determined.

TABLE 3
Rescue frequencies of transgenic Drosophila carrying msl3-TAP point
mutations

Construct
Non-Sb males

(rescued) Sb males
Rescue

frequency p value

%
msl3-TAPWT 456 544 83.8 0.0542
Y31A 103 323 31.9 1.069e-14
Gly21-Pro22-Ala 349 313 111 0.350
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ing that the single mutant has a much less severe effect on the
integrity and folding of the MSL3 protein.
Possible Nucleic Acid Binding Surfaces on theMSL3 CBD—

In addition to binding methylated histone tails, we observed
that both hMSL3 and dMSL3 chromo-barrel domains bound
strongly to nucleic acids when purified from bacterial cell ly-
sates, and remained bound after glutathione-Sepharose affin-
ity purification, an observation consistent with the recent de-
termination of a hMSL3 CBD�DNA complex (36). We could
only effectively remove contaminating nucleic acid using ion-
exchange chromatography (results not shown). Previously
published studies have more specifically shown that the
dMSL3 chromo-barrel domain is necessary for efficient in
vitro binding of dMSL3 to nucleosomes (18, 19). Analysis of
the hMSL3 CBD electrostatic surface revealed two positively
charged surface patches (Fig. 5) and three sites where sulfate
anions preferentially bind in the five hMSL3 monomers (Fig.
5 and supplemental Fig. S2). These three sulfate-binding sites
involve residues Lys10, Arg28, and His55, respectively (Fig. 5).
Residues Lys10, His55, Arg74, Asn79, and Arg84 on the hMSL3
CBD that contact sulfate anions in the crystal structure are
highly conserved in both MSL3 and MRG15 sequences (Fig.
1), suggesting that the MRG15 CBDs may also bind nucleic
acids or nucleosome core particles in a similar manner to
MSL3 (supplemental Fig. S3). We also note that the sulfate
ion bound consistently at His55 in the five subunits of our
structure overlaps almost perfectly with the position of a
phosphate group of bound duplex DNA in the recently pub-
lished hMSL3 CBD�DNA structure (36). Hence the observed
sulfate binding sites in our hMSL3 CBD structure could rep-
resent binding sites for the phosphodiester backbone of nu-
cleic acids (Fig. 5 and supplemental Fig. S2). Based on the
conservation of amino acid residues in the vicinity of these

sites in MSL3 and MRG15 sequences, nucleosome recogni-
tion could be important in both MSL3 and MRG15 function
in their respective HAT complexes.
MSL3 CBD Function in MSL HAT Complex Targeting and

Dosage Compensation—Previous studies in yeast have sug-
gested an interaction between the Eaf3 CBD and H3K36Me3
(60, 61). However, the preferential in vitro association of the
related MSL3 and MRG15 CBDs with methylated H4K20 se-
quences suggests that the binding of H3K36Me3 by the indi-
vidual proteins is not significant in metazoans. The in vitro
binding of H4K20Me1 or H4K20Me2 over H3K36Me2 or
other histone tail modifications associated with gene activa-
tion presented in this study strongly points to the N terminus
of histone H4 being the likely in vivo binding target for the
MSL3 and MRG15 CBDs. Supporting a role for H4K20Me1 in
the recruitment of the MSL complex, H4K20Me1 is an abun-
dant modification on histone tails in Drosophila and humans,
and its presence correlates positively with the level of tran-
scriptional activity along human genes, at least as well as for
H3K36Me3 (59, 62–67). Furthermore, other studies have
shown that H4K20Me1 is found to be preferentially deposited
on nucleosomes residing within exons (68, 69), a pattern mir-
rored in the X-chromosome binding of the DrosophilaMSL
complex (30). However, there is no published polytene chro-
mosome immunofluorescence evidence for H4K20Me1 being
enriched at the sites of DrosophilaMSL complex binding (70,
71). Consistent with a role for the dMSL3 CBD in histone tail
recognition in vivo, we see dosage compensation effects in a
point mutation of the dMSL3 CBD (Y31A) that weakens
H4K20Me1 binding in vitro. In addition, the relatedMRG15
CBD prefers bindingmethylated H4K20, albeit the trimethyl
modification, suggesting that recognition of H4K20methylation

FIGURE 5. An electropositive surface on the hMSL3 CBD binds sulfate anions. A, the hMSL3 CBD is rendered as a opaque qualitative electrostatic surface
(red negatively charged, blue positively charged, see “Experimental Procedures”). Sulfate anions bound at Lys10-Asn79, His55, and Arg28 are shown as stick
models (sulfur, yellow; oxygen, red). Green arrows point to regions that may interact with nucleic acids. B, ball and stick representation of two sulfate anions
bound by conserved residues near Arg28 and Lys10 on the surface represented in A. Backbone trace is colored as described in the legend to Fig. 1B.
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marks is a conserved feature of theMSL3/MRG15 gene family in
higher eukaryotes.
As a primary function of the MSL complex is to acetylate

lysine 16 on histone H4, it is not entirely surprising that the
MSL3 CBD binds preferentially to the two most abundant H4
tail modifications found in vivo in humans and Drosophila
(59, 62, 63). It also seems plausible that the binding of histone
H4 tails by the MSL3 chromo-barrel domain may play a role
in presenting H4 tails for acetylation by MOF within the MSL
complex. Given we have shown that the dMSL3 and hMSL3
CBDs bind preferentially to H4K20Me1 in vitro, MSL3 may
help to target the MSL complex to specific chromatin regions
at least in part by binding to H4K20Me1.
Similarly, the demonstrated in vitro binding of H4K20Me3

to the MRG15 component of the Tip60 complex may assist
the targeting of Tip60 to regions of heterochromatin, as
H4K20Me3 is highly enriched in human and Drosophila het-
erochromatin (61, 70, 71) and Tip60 prefers binding to het-
erochromatic regions enriched in H3K9Me3 (and presumably
H4K20Me3) during double-stranded DNA repair (13). Impor-
tantly, Tip60 and MRG15 are associated with gene repression
functions in Drosophila and are classified as part of the Poly-
comb group (12). Work presented in this study suggests that
the MSL complex may be recruited to active genes in part by
MSL3 binding to H4K20Me1, whereas the repressive Tip60
HAT complex may be targeted to heterochromatin by
MRG15 being recruited to sites enriched in H4K20Me3.
Hence, chromo-barrel domain containing HAT subunits ap-
pear capable of exquisitely discriminating the methylation
status of lysine 20 on histone H4 and the corresponding bio-
logical context.
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cárcel, J., and Guigó, R. (2009) Nat. Struct. Mol. Biol. 16, 996–1001

70. Nishioka, K., Rice, J. C., Sarma, K., Erdjument-Bromage, H., Werner, J.,
Wang, Y., Chuikov, S., Valenzuela, P., Tempst, P., Steward, R., Lis, J. T.,
Allis, C. D., and Reinberg, D. (2002)Mol. Cell 9, 1201–1213

71. Ebert, A., Lein, S., Schotta, G., and Reuter, G. (2006) Chromosome Res.
14, 377–392

MSL3 Chromo-barrel Domain Binds to Mono- or Dimethyl-lysine

40890 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 52 • DECEMBER 24, 2010


