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Human MOF (MYST1), a member of the MYST (Moz-Ybf2/
Sas3-Sas2-Tip60) family of histone acetyltransferases (HATs), is
the human ortholog of the Drosophila males absent on the first
(MOF) protein. MOF is the catalytic subunit of the male-specific
lethal (MSL) HAT complex, which plays a key role in dosage
compensation in the fly and is responsible for a large fraction of
histone H4 lysine 16 (H4K16) acetylation in vivo. MOF was
recently reported to be a component of a second HAT complex,
designated the non-specific lethal (NSL) complex (Mendjan, S.,
Taipale, M., Kind, J., Holz, H., Gebhardt, P., Schelder, M., Ver-
meulen, M., Buscaino, A., Duncan, K., Mueller, J., Wilm, M.,
Stunnenberg, H. G., Saumweber, H., and Akhtar, A. (2006) Mol.
Cell 21, 811-823). Here we report an analysis of the subunit
composition and substrate specificity of the NSL complex. Pro-
teomic analyses of complexes purified through multiple candi-
date subunits reveal that NSL is composed of nine subunits. Two
of its subunits, WD repeat domain 5 (WDR5) and host cell factor
1 (HCF1), are shared with members of the MLL/SET family of
histone H3 lysine 4 (H3K4) methyltransferase complexes, and a
third subunit, MCRS], is shared with the human INO80 chro-
matin-remodeling complex. In addition, we show that assembly
of the MOF HAT into MSL or NSL complexes controls its sub-
strate specificity. Although MSL-associated MOF acetylates
nucleosomal histone H4 almost exclusively on lysine 16, NSL-
associated MOF exhibits a relaxed specificity and also acetylates
nucleosomal histone H4 on lysines 5 and 8.
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In eukaryotic cells, chromosomal DNA is packaged with his-
tones and other proteins into chromatin. Alterations in chro-
matin structure affect the accessibility of chromosomal DNA to
enzymes involved in transcription, replication, and repair.
Changes in chromatin structure are regulated in at least three
different ways: by ATP-dependent remodeling of nucleosomes,
by the incorporation of variants of histones H2A and H3 into
nucleosomes, and by post-translational modifications of his-
tones (1-5).

Post-translational modifications of histones include acetyla-
tion, methylation, phosphorylation, ubiquitination, sumoyla-
tion, and ADP-ribosylation (4—6). Reversible histone acety-
lation, controlled by histone acetyltransferases (HATs)* and
histone deacetylases, plays an important role in regulation of
chromatin structure and function (3, 7). Based on the nature of
their catalytic domains, HAT's can be grouped into two distinct
families: the GCN5-related N-acetyltransferase (GNAT) fam-
ily, which includes GCN5 and p300/CBP-associating factor (8),
and the Moz-Ybf2/Sas3-Sas2-Tip60 (MYST) family, which is
characterized by a highly conserved MYST domain composed
of an acetyl-CoA binding motif and a zinc finger (9, 10). Some
MYST family members also have additional structural features
such as chromodomains (MOF, Esal, and Tip60), plant home-
odomain-linked zinc fingers (Moz and MORF), and other
domains that bind specifically to modified histones or partici-
pate in other protein-protein interactions (10).

Human MOF is an ortholog of the Drosophila MOF HAT.
MOF is one of the key components of the dosage compensation
or male-specific lethal (MSL) complex. The Drosophila MSL
complex is composed of at least five proteins (MSL1, MSL2,
MSL3, MLE, and MOF) and two non-coding RNAs (roX1 and
roX2). Human cells express an evolutionarily conserved MSL
complex that is composed of MOF and at least three additional
subunits, including orthologs of MSL1, MSL2, and MSL3. The
MOF HAT is believed to be responsible for the majority of
histone H4 acetylation at lysine 16 in both Drosophila and
human cells (4, 11-13).

Results of recent studies suggest the existence of additional
MOF-containing HAT complexes. Roeder and co-workers (14)
reported that in addition to the MSL HAT complex, human
MOF is stably associated in cells with the mixed lineage in leu-
kemia 1 (MLL1) histone methyltransferase in a multiprotein
complex that catalyzes both histone acetylation and methyla-
tion and includes the WD repeat protein WDR5 and several
other proteins found in mammalian COMPASS-like histone
methyltransferases (14). Also present in their MOF- and MLL1-
containing preparations were several TATA box-binding pro-
tein-associated factor (TAF) proteins, RING2 and other pro-
teins thought to function in the E2F6 repressive complex, and

“The abbreviations used are: HAT, histone acetyltransferase; HCF, host cell
factor; MLL, mixed lineage in leukemia; MOF, males absent on the first;
MSL, male-specific lethal; MYST, Moz-Ybf2/Sas3-Sas2-Tip60; NSAF, normal-
ized spectral abundance factor; NSL, nonspecific lethal; OGT, O-linked
N-acetylglucosamine transferase; CBP, CREB-binding protein; CREB, cAMP-
response element-binding protein; HA, hemagglutinin.
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the forkhead domain-containing MCRS1 protein, which we
previously identified as a subunit of the human INO80 chroma-
tin-remodeling complex (15).

In an independent line of investigation, Akhtar and co-work-
ers (16) identified a collection of MOF-associated proteins dis-
tinct from the subunits of the MSL complex; these proteins
included WDR5, the MSL1-like protein NSL1 (KIAA1267, also
known as MSLv1 (12, 17)), plant homeodomain-linked finger-
containing proteins PHF20 and PHF20L, O-linked N-acetylglu-
cosamine transferase, isoform 1 (OGT1), host cell factor 1
(HCF1), the human INO80 complex subunit MCRS], and pre-
viously uncharacterized proteins FLJ20436 and FLJ10081,
which they designated NSL2 and NSL3, respectively. Although
they did not determine whether these MOF-associated proteins
were present in one or several discrete protein complexes, they
proposed that some or all of them were components of a MOF-
containing complex they named the nonspecific lethal (NSL)
complex. Importantly, Akhtar and co-workers (16) did not
detect the MLL1 methyltransferase as a MOF-associated pro-
tein in their study.

In an effort to resolve the discrepancy between these previous
studies and to explore further the potential contribution of the
human INO8O complex subunit MCRS1 to MOF function, we
have carried out a systematic proteomic and biochemical analysis
of human MOF-containing complexes. As we describe below, our
findings are most consistent with those of Akhtar and co-workers
(16) and establish that MOF is present in at least two discrete
multiprotein complexes, the MSL complex and a second complex,
which we refer to as the NSL complex in keeping with their
nomenclature. In addition, by comparing the substrate specifici-
ties of the MSL and NSL complexes, we obtain evidence that MOF
HAT activity is differentially regulated by assembly into the MSL
complex, where it acetylates nucleosomal histone H4 on lysine 16,
and the NSL complex, where it also acetylates nucleosomal his-
tone H4 on lysines 5 and 8.

EXPERIMENTAL PROCEDURES

Materials—All antibodies were obtained from commercial
sources except for anti-MSL1 and anti-MSL3L1 (12), which were a
kind gift from E. R. Smith (Stowers Institute).

Immunoaffinity Purification of Protein Complexes from
Mammalian Cells—Nuclear extracts were prepared from
HEK293/FRT or HeLa S3 cells expressing various FLAG-tagged
proteins according to the method of Dignam et al. (18). FLAG-
tagged and their associated proteins were purified on anti-
FLAG (M2) agarose beads as described (19).

Mass Spectrometry—Proteins were identified by MudPIT
mass spectrometry (20-22), and normalized spectral abun-
dance factors (NSAFs) were calculated as described (23, 24).

HAT Assay—Recombinant human histones, histone octa-
mers, and nucleosomes were prepared and HAT assays per-
formed as described (19, 25, 26). Detailed methods for this and
other experimental procedures are provided in supplemental
information.

RESULTS

Subunit Composition of the NSL Complex—In a previous
study, we found that the MCRS1 protein is a subunit of the
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human INO80 chromatin-remodeling complex (15). In light of
evidence that MCRS1 may also be a MOF-associating protein
(14, 16), we generated a human cell line stably expressing
FLAG-MCRS], purified FLAG-MCRS1-associating proteins by
anti-FLAG agarose immunoaffinity chromatography, and ana-
lyzed them by MudPIT mass spectrometry and Western blot-
ting (Fig. 1, A and B). MudPIT analyses of anti-FLAG agarose
eluates identified all previously defined subunits of the human
INOB8O0 chromatin-remodeling complex (15), as well as a collec-
tion of additional proteins not found previously in preparations
of the INO80 complex or in control samples. Among these
proteins were MOF, the previously established MOF-associ-
ating protein NSL1 (16), and several candidate NSL complex
subunits (16), including NSL2 (FLJ20436), NSL3 (FLJ10081),
WDR5, PHF20, OGT1, and HCF1. Notably, with the exception
of MOF, the collection of detectable FLAG-MCRS1-associating
proteins did not include subunits of the MSL HAT complex.
To determine (i) which of the FLAG-MCRS1-associating
proteins are bona fide subunits of MOF-containing complexes
and (ii) whether they reside in a single complex distinct from
the MSL complex, we generated human cell lines stably ex-
pressing  FLAG-MOF, FLAG-NSL1, FLAG-NSL2, FLAG-
NSL3, FLAG-WDR5, FLAG-PHF20, or either of the human
MSL subunits FLAG-MSL1 or FLAG-MSL3L1. Although the
FLAG-tagged proteins are likely overexpressed in these cell
lines, it is difficult to estimate the degree of overexpression
because we were not able to detect either the endogenous or the
epitope-tagged proteins in crude extracts by Western blotting
with the available antibodies. Nuclear extracts prepared
from each cell line were subjected to anti-FLAG agarose
chromatography, and anti-FLAG agarose eluates were ana-
lyzed by MudPIT and Western blotting (Fig. 1, A and B).
The results of these analyses argue that MOF is a component
of at least two distinct multiprotein HAT complexes and can be
summarized as follows. First, consistent with previous studies,
anti-FLAG agarose eluates prepared from extracts of cells
stably expressing FLAG-MSL1 or FLAG-MSL3L1 contained
MSL1, MSL2, MSL3L1, and MOF in a complex corresponding
to the well characterized human MSL complex. Second, anti-
FLAG agarose eluates prepared from extracts of cells stably
expressing FLAG-NSL1, FLAG-NSL2, FLAG-NSL3, or FLAG-
PHF20 all contained MOF, NSL1, NSL2, NSL3, MCRSI,
PHF20, OGT1, WDR5, and HCF1, arguing that these proteins
can all assemble into a single multiprotein MOF-containing
complex, which we refer to as the NSL complex. Third, sub-
units of both the MSL and the NSL complexes copurify with
FLAG-MOF, consistent with the presence of MOF in both
complexes. Fourth, as expected from the presence of WDR5 in
both the MOF-containing NSL complex and the MLL/SET
family of histone methyltransferase complexes (27), FLAG-
WDR5 copurified with both NSL and MLL/SET subunits.
Members of the MLL/SET family of histone methyltransferases
were not, however, detected in association with FLAG-MOF or
any of the other NSL subunits tested. Finally, we note that the
MSL subunits MSL2 and MSL3L1, as well as the TIP49a and
TIP49b subunits of the human INO80 complex, were also
detected in FLAG-WDR5 immunoprecipitates. We believe
that their association with FLAG-WDRS5 most likely reflects
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FIGURE 1. Subunit compositions of MOF-containing complexes. A, MudPIT analyses of MOF-containing complexes. Aliquots of anti-FLAG (F/) agarose
eluates prepared from cell lines expressing the indicated proteins or from control HEK293FRT or Hela cells were subjected to MudPIT. The intensity of the
coloring corresponds to the NSAF for each protein and is a rough reflection of the relative abundance of the protein in the samples. (NSAF), = NSAF calculated
for an individual protein k; SpC = spectral count; L = protein length in amino acids; and i = all proteins detected in the MudPIT runs. PTIP, Pax transactivation
domain-interacting protein; h, human. B, Western blot analysis of MOF-containing complexes. Anti-FLAG agarose eluates from FLAG-INO8OE- (as a negative
control), FLAG-MCRS1-, FLAG-MSL3L1-, and FLAG-NSL3-expressing HEK293FRT cells were subjected to SDS-PAGE in 4-20% gradient gels, and proteins were
identified by Western blotting with the indicated antibodies. C, representative silver-stained gels of proteins associated with MSL and NSL complexes. The
positions and relative molecular masses in kDa of protein size standards are indicated at the /eft of the gels.

transient interactions or interactions driven by overexpres-
sion of WDR5 because WDR5 either was not detected or was
present in relatively low amounts in anti-FLAG agarose elu-
ates prepared from extracts of cells expressing FLAG-MSLI,
FLAG-MSL3L1, or INO80 complex subunits other than
MCRS1 (15, 28, 29).

NSL- and MSL-associated MOF Exhibits Different Substrate
Specificities—MSL-associated MOF has been shown to acety-
late nucleosomal histone H4 specifically on lysine 16 (11-13,
16, 30). To determine whether the NSL complex has the same
or a different substrate specificity, we purified NSL-associated
MOF from cell lines expressing several FLAG-tagged NSL sub-
units and MSL-associated MOF from FLAG-MSL3L1-express-
ing cells. We then assayed nucleosomal HAT activity associated
with complexes containing equivalent amounts of the catalytic
MOF subunit (Fig. 24) using [*H]acetyl-CoA. As shown in Fig.
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2B, both the NSL and the MSL complexes possessed HAT activ-
ity that specifically acetylated nucleosomal histone H4.

To compare further the substrate specificities of MSL- and
NSL-associated MOF, we performed HAT assays with unla-
beled acetyl-CoA, using as substrate recombinant core histones
or polynucleosomes assembled with recombinant core his-
tones. Histone acetylation was detected using antibodies that
specifically recognize histone H4-acetylated at lysines 5, 8, 12, or
16. In these experiments, we used MSL and NSL complexes
purified through FLAG-MSL3L1 and FLAG-PHF20, respec-
tively; the HAT activity associated with these complexes cata-
lyzed equivalent amounts of total histone H4 acetylation when
assayed in the presence of [*H]acetyl-CoA (Fig. 3A). When pre-
sented with recombinant core histones, the HAT activities
associated with MSL and NSL complexes catalyzed acetylation
of histone H4 on each of the 4 lysines tested (Fig. 3B). As
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FIGURE 2. Both MSL and NSL complexes acetylate nucleosomal histone
HA4. A, aliquots of anti-FLAG (F/) agarose eluates from cells expressing the
indicated proteins were subjected to SDS-PAGE in 4-20% gradient gels,
and MOF was identified by Western blotting with anti-MOF antibody. h,
human. B, HAT activities associated with MOF-containing complexes. Anti-
FLAG agarose eluates from equivalent numbers of FLAG-les2- (as a negative
control), FLAG-MSL3L1-, FLAG-NSL3-,and FLAG-MCRS1-expressing cells were
prepared. As determined by Western blotting (panel A), the relative concen-
trations of the MOF in MSL and NSL complexes were similar in anti-FLAG
agarose eluates prepared from the different cell lines and used in HAT assays.
HAT assays were performed by mixing Hela long oligonucleosomes,
[Hlacetyl CoA, and 1.0 ul (lanes 2, 3,5, and 7) or 2.0 ul (lanes 4, 6, and 8) of the
indicated anti-FLAG agarose eluates. Proteins were visualized by Coomassie
Blue R250 staining (lower gel) and acetylated histones were visualized by
autoradiography (top gel).

expected from the results of previous studies (11-13, 16, 30),
when reactions were performed with nucleosomes reconsti-
tuted using the same recombinant core histones, acetylation of
histone H4 by the MSL-associated HAT was restricted to lysine
16. In contrast, the NSL-associated HAT activity exhibited a
broader, but still restricted, specificity, catalyzing substantial
acetylation of histone H4 on lysines 5, 8, and 16 but not on
lysine 12 (Fig. 3C). As shown in Fig. 4 and consistent with
results of other studies (17, 31), free MOF has little or no HAT
activity in our assays, arguing that the broadened substrate
specificity of NSL-associated MOF is conferred by its associa-
tion with one or more of the other NSL subunits.

DISCUSSION

In this report, we have exploited a MudPIT-based proteo-
mics approach to define the subunit composition of the NSL
complex, a MOF-containing HAT complex distinct from the
well characterized MSL complex. In addition, we present evi-
dence that the activity and substrate specificity of the MOF
HAT is differentially regulated by its assembly into the NSL or
MSL complexes. We observe that in contrast to the MSL-asso-
ciated MOF, which acetylates almost exclusively nucleosomal
histone H4 on lysine 16, NSL-associated MOF is capable of
catalyzing substantial acetylation of nucleosomal histone H4 on
lysines 5, 8, and 16. In this respect, the NSL HAT complex
resembles the NuA4 HAT complex, which also specifically
acetylates multiple lysines in the H4 N-terminal tail (32, 33).

Prior investigations of the mechanism underlying regulation
of MOF HAT activity by subunits of the MSL complex have

G
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FIGURE 3. NSL-associated MOF has a broader substrate specificity than
MSL-associated MOF. A, acetylation of Hela long oligonucleosomes by MSL-
and NSL-associated MOF. HAT assays were performed with Hela long oligo-
nucleosomes, [PH]AcCoA, and 1 ul (lane 2 and lane 4) or 2 ul (lane 3 and lane 5)
of the indicated anti-FLAG (F/) agarose eluates, and acetylated hisones were
visualized by autoradiography. The MSL and NSL complexes used in these
experiments contained approximately equal concentrations of MOF (Fig. 2A).
B, acetylation of free recombinant histones by MSL- and NSL-associated MOF.
HAT assays were performed with core histones, unlabeled acetyl CoA, and 0.6
wl (lanes 2 and 5), 1.2 ul (lanes 3 and 6), or 2.4 ul (lanes 4 and 7) of the indicated
anti-FLAG agarose eluates, and modified residues of histone H4 were
detected by Western blotting with acetylation-specific antibodies. C, acetyla-
tion of recombinant polynucleosomes by MSL- and NSL-associated MOF. HAT
assays were performed with reconstituted polynucleosomes, unlabeled
acetyl CoA,and 0.6 ul (lanes 2 and 5), 1.2 ul (lanes 3and 6), or 2.4 ul (lanes 4 and
7) of the indicated anti-FLAG agarose eluates, and modified histone H4 resi-
dues were detected by Western blotting with acetylation-specific antibodies.

revealed that association of Drosophila MOF with an MSL1-MSL3
heterodimer leads to strong activation of MOF HAT activity and
narrowing of its substrate specificity to just lysine 16 of nucleoso-
mal histone H4 (31). Although it is presently not known how sub-
units of the NSL complex regulate MOF HAT activity, it was
shown previously that the NSL1 protein can bind directly to MOF
(16) and, while our manuscript was in preparation, Dou and co-
workers (17) reported that binding of NSL1 to MOF enhances
MOF acetylation of histone H4 on lysine 16 and of the DNA bind-
ing transcription factor p53. Our definition of an apparently com-
plete set of NSL complex subunits should enable a more thorough
analysis of the roles of individual NSL complex subunits in allo-
steric regulation of MOF HAT activity.

It is noteworthy that the NSL complex shares subunits with
other chromatin-regulating complexes. The MCRS1 protein is
an integral component of both the NSL complex and the INO80
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FIGURE 4. HAT activities of free MOF and MSL- and NSL-associated MOF.
Anti-FLAG (F/) agarose eluates from cells stably expressing FLAG-MOF (a mix-
ture of MSL and NSL complexes), FLAG-PHF20 (NSL complex), or free MOF,
expressed in and purified from insect cells, were assayed for HAT activity
using recombinant polynucleosomes as substrate. Reactions contained the
indicated relative molar amounts of free and MSL- and/or NSL-associated
MOF. Acetylated histone H4 residues were detected by Western blotting.

chromatin-remodeling complex. The WDR5 protein is a sub-
unit not only of the NSL complex but also of the MLL/SET1-
containing histone H3K4 methyltransferase complexes (34)
and of the ATAC (ADA2-containing) HAT complex, which
includes as catalytic subunits both the GCN5/KAT2 and the
ATAC2/KAT14 HATs (35, 36). The degree to which the pres-
ence of these shared subunits argues for functional links between
the NSL, INO80, ATAC, and MLL/SET1-containing histone
H3K4 methyltransferase complexes remains to be determined. It
has been proposed that WDR5 might serve as a physical link
between different chromatin regulatory complexes (14, 17); how-
ever, others argue that WDRS5 most likely functions as a platform
on which different chromatin regulatory complexes assemble
independently (27). Consistent with this latter possibility, we find
no evidence for copurification or stable assembly of the NSL com-
plex with either the INO80 or the MLL/SET1-containing histone
H3K4 methyltransferase complexes; however, we cannot rule out
the possibility that the NSL complex might interact with these
other chromatin regulatory complexes transiently or too weakly to
be detected under the stringent washing conditions that we have
used in their purifications.

Finally, it is intriguing that the NSL subunit OGT has been
shown to be encoded by the Drosophila Polycomb group gene
super sex combs (sxc), and evidence suggests that OGT activity
helps to regulate Polycomb-mediated repression (37, 38). In the
future, it will be of interest to investigate the possibility of cross-
talk between the NSL and Polycomb complexes in mammalian
cells.
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