
Fundamental structural units of eukaryotic chro�

matin are nucleosomes consisting of DNA and histones.

Nucleosomes are integral participants of such nuclear

processes as genomic DNA transcription and replication

[1]. Changes in nucleosome structure result in alteration

of chromosomal DNA accessibility [2]. Changes in chro�

matin structure may be ATP�dependent due to replace�

ment of histones, incorporated in nucleosomes, or due to

numerous covalent modifications of the histone N�termi�

nal sequences. A great number of such modifications are

known including acetylation, phosphorylation, methyla�

tion, ubiquitinylation, sumoylation, and poly(ADP�ribo�

syl)ation [3�5]. Acetylation is one of the best studied cova�

lent modifications of N�terminal histone sequences [3].

Enzymes catalyzing this reaction are called histone acetyl�

transferases. In the course of this reaction the enzyme

transfers acetyl group from acetyl�CoA to ε�amino group

of Lys residue in the histone N�terminal part.

The nucleosome is a disc�shaped octamer consisting

of two heterotetramers formed by histones H3/H4 and

histones H2A and H2B. About 147 bp of genomic DNA

are wound around this octamer [1]. Each histone con�

tains a globular region that interacts with DNA and other

histones within the nucleosome. At the same time N�ter�

minal histone fragments are exposed outside the globular

region and probably interact with DNA or mediate inter�

action between nucleosomes. Histone acetylation as a

rule disturbs these interactions and causes nucleosome

destabilization [3, 4] which facilitates nucleosome associ�

ation with such transcription systems as the RNA poly�

merase II complex. Indeed, in most cases histone acety�

lation is associated with activation of gene transcription

[3]. This covalent modification is reversible due to the

existence of enzymes called histone deacetylases [6]. It

should be also mentioned that some histone acetyltrans�

ferases may acetylate Lys residues in non�histone pro�

teins.

It is assumed to classify numerous known histone

acetyltransferases to different types, distinguishing, for

example, GNAT, MYST, coactivators of nuclear receptors

p300/CBP, TAFII250, and TFIIIC [3].

All human autosomes are susceptible to histone H4

acetylation by Lys16 residue (H4 AcK16) and acetyl�

transferase of MYST family called MYST1 (alternative

name is MOF) [7, 8]. It has been recently found that the

disturbance of normal acetylation of K16 in histone H4

together with trimethylation of Lys20 in histone H4 is

associated with early stages of tumor development [9].

Besides, it was shown that these two modifications are

necessary for control of chromatin structure and probably

they are most important in regulation of the high order

ISSN 0006�2979, Biochemistry (Moscow), 2008, Vol. 73, No. 8, pp. 839�852. © Pleiades Publishing, Ltd., 2008.

Original Russian Text © R. I. Dmitriev, M. I. Shakhparonov, N. B. Pestov, 2008, published in Biokhimiya, 2008, Vol. 73, No. 8, pp. 1045�1060.

REVIEW

839

Abbreviations: ATM) ataxia�telangiectasia�mutated protein.

* To whom correspondence should be addressed.

Structure and Function of MYST1 Histone Acetyltransferase
in the Interactome of Animal Cells

R. I. Dmitriev*, M. I. Shakhparonov, and N. B. Pestov

Shemyakin–Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences,

ul. Miklukho�Maklaya 16/10, 117997 Moscow, Russia; E�mail: enisseisk@gmail.com

Received September 18, 2007

Revision received January 22, 2008

Abstract—The major function of protein MYST1 is acetylation of histone H4 at the K16 residue. This modification is essen�

tial for chromatin remodeling and is used for regulation of gene expression in eukaryotes. MYST1 is a part of multiprotein

complexes that accomplish functions of male X�chromosome activation and thereby functions of dosage compensation in

drosophila and, in mammals, global acetylation of histone H4 K16. Recently, novel functional links between MYST1 and

proteins ATM and p53 have been observed, and it is recognized that MYST1 plays a role in tumor suppression mechanisms.

In the present review, we examine novel data about functional composition and mechanisms of MYST1�containing com�

plexes. Interplay between MYST1 and other components of the animal cell interactome is also discussed.

DOI: 10.1134/S0006297908080014

Key words: hampin, MYST1, MSL, compensasome, chromatin structure rearrangement



840 DMITRIEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  8   2008

chromatin structure, namely, in the nucleosome decon�

densation or condensation [10].

The decrease in the MYST1 protein content using

RNA interference results in accumulation of cells in the

G2/M stage and the cell cycle arrest [8]. It was shown that

MYST1 protein is involved in the DNA repair processes

due to interaction with ATM protein (ataxia�telangiecta�

sia�mutated protein), the key link in initiation of the cell

signal pathways triggered after effects of ionizing radia�

tion or other agents causing DNA damage. The decrease

of intracellular content of functionally active MYST1

correlates with lowering the ATM functional activity and

results in lowered cell survival in response to ionizing

radiation [11].

However, the MYST1 specificity to Lys16 of histone

H4 is not absolute, because in experiments in vitro the

protein is also able to acetylate histones H3 and H2A,

whereas in vivo only modification of histone H4 is specif�

ic [8]. Apparently, interaction with certain proteins is

necessary to observe such specificity.

A probable candidate for the role of such protein is

the recently identified protein hampin [12] (alternative

name MSL1 from male specific lethal 1) due to at least

two reasons. First, it was found that proteins MYST1 and

hampin are able to interact with each other in the yeast

two�hybrid system [13] and second, this interaction has

been recently confirmed by affinity chromatography [14]

that showed the existence of a multisubunit complex

“human MSL” (see below) exhibiting acetyltransferase

activity towards Lys16 of histone H4. It was shown using

RNA interference that the decrease in the MYST1 con�

tent in human cells results in lowered Lys16 acetylation in

histone H4. Besides, the decrease in hampin content

caused a similar and even more pronounced effect. These

results allow us to suppose that hampin is responsible

either for modulation of MYST1 activity or for its correct

association with chromosomes. Most interesting is that

the hampin–MYST1 interaction is conserved from

drosophila, where it takes place within MSL complex, to

human being [14, 15]. This review deals with the protein

MYST1 interactions with different proteins and discus�

sion of their functional significance for its regulation.

INTERACTIONS BETWEEN MSL1 AND MOF

WITHIN MSL COMPLEX IN DROSOPHILA

The MSL1 protein is a component of a ribonucleo�

protein complex compensasome whose function is equal�

izing expression of X chromosome genes between males

and females of the fruit fly drosophila [16]. The drosophi�

la male cells have one X chromosome while cells of

female fly have two such chromosomes. To obtain equal

total expression level of male and female X chromosome

genes it is necessary to have double transcription activity

of male X chromosome. The compensasome function is

twofold increase in transcription level of male X�chromo�

some genes [16].

Genetic studies of the mechanism of the gene dose

compensation in drosophila resulted in identification of a

number of mutations leading to nonviable males. The

“male�specific lethal” mutations resulted in death of

males already at early stages of embryonic development

but had no essential effect on the female viability [17].

Already by the beginning of 90s it became clear that all

these mutations involve genes, products of which are

important for gene dose compensation in males [18].

According to current concepts, the compensasome

includes proteins MSL1, MSL2, MSL3, MLE, MOF

(histone acetyltransferase homologous to MYST1), JIL�

1, and two non�coding RNA: roX1 and roX2 [16].

Gene encoding MSL1 of drosophila was cloned in

1993 [19] and it was shown that its product is a protein

consisting of 1039 a.a. and devoid of any significant

homology with known proteins. The peculiarity of its pri�

mary structure is the presence in N�terminal part of two

rather acidic clusters, almost completely consisting of

aspartic and glutamic acid residues. Immunofluorescence

labeling of drosophila polytene chromosomes has shown

that MSL1 is localized mainly on the male X chromo�

some. At the same time in much lower amounts this pro�

tein is also detected in females [20].

Investigations carried out by different research groups

during the next decade allowed them to characterize in

detail the structure and function of MSL1 protein. MSL1

appeared to be one of main components of compensasome

and it interacts with MSL2, MSL3, and MOF proteins

which is necessary for assembly of compensasome. In this

case “main” regions of MSL1 molecule are its N� and C�

terminal parts: N�terminal part is responsible for interac�

tion with MSL2 [21], while C�terminal domain is respon�

sible for interaction with MSL3 and MOF [22].

It was shown that the MSL1 fragment from 766 to

939 a.a. containing the conserved PEHE domain inter�

acts with MOF, whereas the fragment between 973 and

1039 a.a. is responsible for interaction with MSL3 [23].

Li et al. [21] studied in detail the structure of the

MSL1 N�terminal fragment. It was found that this frag�

ment contains three arranged in�line regions with differ�

ent structural motifs: “basic”, “Gly�rich”, and the

leucine�zipper like. The “basic” motif is responsible for

MSL1 binding to so�called “high affinity” sites on the

male X chromosome, i.e. to such chromatin sites that are

targets for binding the MSL complex proper. This region

of the sequence is conserved among all members of

Drosophila genus [21]. The leucine�zipper like motif is

also necessary for interaction with male X chromosome,

but already via interaction with MSL2. At the same time,

the “Gly�rich” motif stimulates the MSL1 molecule

dimerization both in vitro and in vivo.

Protein MSL2 was identified in 1995 [24], its gene is

expressed in drosophila of both sexes but only male
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mRNA is translated. In the norm translation of mRNA

encoding this protein is under control of SXL (sex�lethal)

protein present only in female drosophila. The RNA�

binding protein SXL interacts with 5′� and 3′�nontrans�

lated regions of the MSL2 mRNA and inhibits translation

of this protein [25]. This inhibition was shown to be car�

ried out in two ways: the SXL binding to 3′�nontranslated

region disturbs mRNA interaction with 43S ribosomal

pre�initiation complexes, while SXL bound to 5′�non�

translated region prevents these complexes from finding

the site of the MSL2 mRNA translation initiation [25].

Ectopic expression of MSL2 in drosophila females causes

a number of defects in the development and lowers the

female viability [26].

MSL2 within compensasome interacts with MSL1

via its own RING�finger domain. It was shown using the

yeast two�hybrid system that the first site of Zn2+ binding

is responsible for this interaction. It is supposed that the

second Zn2+�binding site within the MSL2 RING�finger

domain is involved in interactions with other proteins,

because mutations in this region of protein molecule do

not influence its binding to MSL1 [27].

The polytene chromosome labeling by antibodies to

MSL1 and MSL2 has shown that both proteins have

practically similar localization on the male X chromo�

some. It is interesting that in the absence of other com�

pensasome components MSL3 and MLE proteins MSL2

and MSL1 retain their localization of X chromosome

[28]. However, the MSL2 protein sequence does not con�

tain any known DNA� or chromatin�binding sites and

has only the MSL1�binding site within its own RING�

finger domain. Thus, it can be supposed that MSL2 is

associated with chromatin via interaction with MSL1. At

the same time it appeared that the MSL2 protein removal

using RNA interference in cell culture disturbs histone

H4 acetylation by Lys16 residue and following double

increase in the transcription level of X chromosome genes

[28]. But this does not cause the disturbance in their via�

bility [29]. Thus, the AcK16 modification of histone H4

is not necessary for cell viability and is important for

development of drosophila males.

Like in the case of MSL1, expression of the MSL3

protein gene [20] is detected both in males and females

but it is higher in males. The 57 kD protein (512 a.a.) has

two domains, N�terminal CRD domain (chromo�related

domain) and MRG domain (MORF4�related gene) [30].

It was supposed earlier [20] that just CRD domain,

homologous to chromodomain of many DNA�binding

proteins, is responsible for MSL3 binding to X chromo�

some, but it turned out later that MSL3 binds chromatin

only via interaction with MSL1 [31]. Mutation in MSL3

with deletion of MSL3 N�terminal fragment including

CRD domain does not cause the disturbance of the com�

pensasome functional activity [31]. MSL3 is able to bind

single�stranded nucleic acids, preferably RNA, such as

roX2. Practically the whole N�terminal half of MSL3,

including both CRD and a part of MRG domain, is nec�

essary to bind RNA [31].

The MSL3 association with MSL1 in the complex

with MOF results in increase of acetyltransferase activity

of MOF protein, although MSL3 and MOF either do not

interact with each other or affinity of their interaction is

very weak. Moreover, MOF is able to acetylate MSL3 (by

the Lys116 residue) and MSL1 to the much lower extent,

as shown in [22]. The MSL3 acetylation lowers its ability

to bind roX2 [32]. MSL3 also interacts with histone

deacetylase RPD�3 able to deacetylate MSL3 [33].

The MRG domain is important for MSL3 binding to

X chromosomes. Mutations in CBD domain of MSL3

protein disturbed expression of X chromosome genes

[34]. It was shown that CBD domain is also able to inter�

act with chromatin. This interaction may be important for

directed acetylation by H4 K16 of specific sites on X

chromosome, probably, containing genes whose expres�

sion should be doubled.

The MLE (maleless) protein is historically the first

identified protein from the compensasome complex (1991)

[18]. MLE belongs to the DEAH helicase superfamily.

This protein has the RNA/DNA helicase and ATPase

activities like human RNA helicase A [34]. Although MLE

is relatively weakly associated with the MSL complex, its

involvement in the complex interaction with roX2 RNA is

supposed. It was shown that MLE is able to activate tran�

scription of roX2 gene by binding to its 5′�region [35].

It was noticed long ago that the compensasome

localization on X chromosomes (maybe its functional

activity as well) positively correlates with H4 histone

acetylation by the Lys16 residue [36]. It was shown in

1997�2000 that the histone acetyltransferase MOF (males

absent on the first) is responsible for this acetylation [37�

39]. MOF protein of drosophila consists of 827 a.a., two

domains can be distinguished in its structure—the “chro�

modomain”�like (CD) domain and the histone�acetyl�

transferase one (HAT) that includes C2HC�Zn�finger

motif and the acetyl�CoA�binding site. The MOF protein

structure and function were characterized in detail [22,

39, 40] and it was shown that CD domain is able to bind

roX RNA, but this interaction is not necessary for MOF

localization on X chromosome. Evidently MOF localiza�

tion on X chromosome requires interaction of its C2HC�

Zn�finger region with MSL1. Moreover, MOF interac�

tion with the MSL1–MSL3 complex is accompanied by

the increase in MOF acetyltransferase activity towards

nucleosomes or free histones [39]. MOF is present both

in females and males approximately at the same level,

which means that the involvement in compensasome

activity is not its unique function.

It was supposed in 1999 that the compensasome

functioning also requires RNA of roX1 and roX2 (RNA

on the X), co�localized on male X chromosomes together

with compensasomes: deletion of these RNA genes dis�

turbed the MSL complex binding to X chromosomes in
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embryos [41]. Both known roX RNAs are non�coding.

They have different length (3.7 and 0.6 kb) and are almost

non�homologous by their primary structure. At the same

time both types of these RNA are interchangeable, i.e. the

presence of at least one of these roX types is necessary for

normal development of males. The use of roX deletion

mutants has shown that the roX1 fragment approximate�

ly of 3.35 kb in length is insignificant for its functioning

[42]. Probably, the MSL complex has low affinity to X

chromosomes in the absence of roX. It is rather interest�

ing that MSL is also able to bind to roX genes even after

their transfer to autosomes [43].

The 220 bp long region within the roX gene

sequence, necessary for binding the MSL complex, forms

the male chromosome�specific DNase 1 hypersensitive

sites (DHS). The MSL complex requires roX RNA for

DHS recognition [44]. At the same time it is not known

how the MSL complex distinguishes X chromosome from

autosomes [45].

The chromosome kinase JIL�1 (able to phosphory�

late histone H3) may be also a protein of MSL complex

[46]. JIL�1 is known to co�localize on male X chromo�

some with MSL complex and interact with it. JIL�1 accu�

mulation on X chromosome depends on the presence of

MSL. However, JIL�1 is also associated with female X

chromosomes and even with male autosomes [46].

Drosophilae with mutant JIL�1 have defects in MSL

functioning such as eye pigmentation defects [47].

It is possible to imagine roughly the mechanism of

the complex activity. Probably the key link in the complex

is MSL1, interacting with MSL2, MSL3, and MOF. The

MSL2 binding is the limiting stage for complex assembly.

MSL1 has sites for interaction with MSL3 and MOF.

Probably reversible acetylation of MSL3 plays a certain

role in MOF binding. MLE, roX RNA, JIL�1, and possi�

bly RPD�3 histone deacetylase are weaker bound to the

complex. Binding of the complex to DNA/chromatin may

occur via N�terminal region of MSL1, but selective

anchoring of the complex on X chromosome will happen

only due to interaction with the roX transcript/gene.

Searching targets for the MSL complex binding to X

chromosome using chromatin immunoprecipitation and

following hybridization on microchips [48] has shown

that the complex binding is gene�specific and happens

mainly within gene exons. Authors also tried to reveal

consensus motifs in the gene base sequence responsible

for the complex binding: all above�mentioned motifs

contain dinucleotides GA and CA. After localization on

X chromosome the complex activates transcription of X

chromosome genes due to the MOF acetyltransferase

activity to Lys16 of histone H4. It was supposed previous�

ly that individual regions of X chromosome undergo

decompaction and become accessible to association with

RNA polymerase II and following transcription. This

hypothesis is supported by the fact that the H4 histone

acetylation by Lys16 residue exhibits the effect opposite

to that of ATPase ISWI that is necessary for creation of

the chromatin condensed state [49].

Recently Furuhashi et al. [50] obtained additional

data in favor of this hypothesis of compensasome func�

tioning. The so�called SCF protein (DNA supercoiling

factor) has been known for rather a long time now. It is

necessary for formation together with topoisomerase II of

negative supercoiled regions in the genomic DNA mole�

cule. It was shown earlier that protein SCF is localized (in

drosophila cells) on polytene chromosomes, i.e. it is

probably involved in transcription. Furuhashi et al. stud�

ied functional aspects of this protein, as applied to the

drosophila male cells, and they found that the knock�

down results in the death of males due to lowering tran�

scription levels of X chromosome�specific genes. Besides,

it was shown that SCF is co�localized on X chromosome

together with compensasome, and the SCF localization

depends on the presence of MOF protein and is disturbed

in its absence. Apparently, correct localization (or co�

localization) on male X chromosome requires the pres�

ence of functionally active MOF, namely, the presence of

modified K16 residues of histone H4.

Thus, the chain of events, resulting in the gene dose

compensation in drosophila males with the help of com�

pensasome, can be described as following:

– the MSL complex assembly, beginning from asso�

ciation of MSL1 and MSL2 proteins, their further associ�

ation with MSL3, MOF, roX, and (possibly) MLE, and

finishing by compensasome localization in certain sites

on male X chromosome;

– exhibition of MOF protein functional activity—

acetylation of K16 residue of histone H4, and as a result,

the SCF protein correct localization next to MSL com�

plex;

– decondensation of certain chromatin regions,

containing X�specific genes, resulting in improvement of

their accessibility for transcription system of RNA poly�

merase II.

SIMILARITIES AND DISTINCTIONS

OF MSL1 AND ITS HOMOLOG HAMPIN

Analysis of databases of expressed nucleotide

sequences shows that proteins related to MSL1 are pres�

ent both in arthropods (bee Apis mellifera, mosquito

Anopheles gambiae, as well as different species of fruit fly

Drosophila) and in man [12, 15]. At the same time, no

protein homologs of MSL1 are detected in such organ�

isms as roundworms, fungi, plants, and prokaryotes.

Owing to obvious structural differences and sup�

posed protein function the name “hampin” was proposed

for MSL1 homologs in other animals [12]. However some

research groups still use the name MSL1. In our opinion,

this fact seems curious because mammals have no the

“male�specific complex” (MSL).
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It was proposed that the MSL1 gene originated from

the hampin gene and underwent strong divergence during

evolution of Drosophila genus [12]. The comparison of pri�

mary structures shows that hampin and MSL1 have only

26% identity in amino acid sequence. Moreover, MSL1 is

poorly conserved even within Diptera family [12, 15].

Multiple alignment of amino acid sequences of hampin

from insects and vertebrates made possible to reveal two

conserved regions in its molecule which comprise the so�

called PEHE domain having in its sequence the highly con�

served residues P, E, H, E, and the coiled�coil region [15].

However, a shown for mammalian proteins, some hampin

isoforms may have no such regions. An interesting peculiar�

ity is the high variability of N�terminal hampin sequences,

the structure of which is known only for mammals.

The main peculiarity of mammalian hampin is alter�

native splicing of the encoding mRNA resulting in the

existence of at least five isoforms in mice [12]. This vari�

ability is the result of different exon combinations.

Hampin A was first identified during a search for MSL1

homologs in mammals [15]. The protein consisting of

616 a.a. in mice, 615 a.a. in rat, and 614 a.a. in man is

highly conserved (about 95% identity of amino acid

sequence). Four domains can be distinguished in its

sequence: a highly variable and proline�rich domain I,

domain II containing a coiled�coil region, a moderately

conserved domain III, and C�terminal PEHE domain IV

(Fig. 1) [12]. Hampin B is 16 a.a. residues shorter than

hampin A and also contains PEHE and the coiled�coil

domains, whereas hampin C has no PEHE domain.

Fig. 1. Primary structure of mouse hampin isoforms. Top: schematic structures of all mouse isoforms (different domains are marked with dif�

ferent shades of gray) with deposit numbers in the GenBank database. The number of amino acid residues making up each protein isoform is

shown on the right. Bottom: a more detailed primary structure; arrangement of domains is marked on the right. Polypeptide fragments encod�

ed by exons 2, 5, and 6 are marked separately. The coiled�coil region is underlined. Highly conserved residues P, E, H, and E are shown in

gray and in bold underlined type.
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Hampin isoforms D and E differ by the presence of a

highly shortened amino terminal part (it is encoded in

them by exon 2 instead of exon 1 as in hampins A�C),

domain 1 is absent from these isoforms, while the

coiled�coil region is also shortened. The most interest�

ing is the hampin E structure: besides domain I, it also

has no PEHE domain, i.e. it is not a structural homolog

of MSL1, although it is encoded by the homologous

gene.

The composition of human hampin isoforms is not

completely studied, but analysis of expressed genomic

sequences shows that human hampin is no less diverse: at

the present time the existence of hampin A is known,

besides components with C�terminal sequence of mouse

hampin C (SKA tripeptide), i.e. having no PEHE domain

IV are also detected.

Hampin isoforms have different tissue specificity:

hampins A�C are present in all mouse tissues, whereas D

and E are testis�specific [12].

It is quite possible that the isoform diversity is neces�

sary for different regulatory mechanisms of protein–pro�

tein interactions involving hampin. Identification of pro�

teins interacting with different isoforms is undoubtedly an

important step in understanding the physiological func�

tion of hampins.

ARE THERE MSL COMPLEXES

IN OTHER ORGANISMS?

The compensasome and the gene dose mechanism

carried out by it, namely, twofold activation of X chromo�

some, are unique only for the Drosophila genus. Other

animals perform these processes in different ways: it is

known that nematodes reduce by one half the activity of

each of two X chromosomes, whereas one human X chro�

mosome is inactivated [51]. Even in other Diptera, like

members of Nematocera genus, some proteins of the com�

plex (MLE) are evidently not involved in gene dose com�

pensation [52]. The low level of MSL1, which is lowly

conserved in insects, also points to the uniqueness of

compensasomes [12]. Nevertheless, DNA sequences

related to other compensasome elements (except MSL1)

are detected in very different organisms.

It is supposed that the MSL3 protein homologs are

present in all eukaryotes from yeasts to mammals [53]. In

this case in animal (including drosophila) the MSL3 par�

alog MRG15 is present [54]. The ortholog of human

MSL3 (MSL3L1) has about 30% identity with the

drosophila protein [55]. As in the case of drosophila

MSL3, RNA of MSL3L1 undergoes alternative splicing

resulting in the existence of a protein with shortened N�

terminus. In fact, within the human MSL complex two

variants of MSL3 protein were detected—long and short

forms, and the latter has no chromodomain [14]. The

functional role of the shortened protein is unknown.

Mammalian protein homologous to MSL2 has only

a similar RING�finger domain and a new CXC domain

revealed during comparison of their amino acid

sequences [15]. The low percentage of identical amino

acid residues in drosophila and mammalian MSL2 (36%

identity between human and drosophila proteins) points

to the high variability of the MSL2 gene during evolution

and simultaneously to the importance of their conserved

regions.

Homologs of MLE (RNA/DNA helicases of the

DEAH family) and MOF genes are also found in all

eukaryotes [56]: in mammals it is the above�described

gene of RNA helicase A for MLE and MYST1 (MOF).

The presence of MOF and MSL3 genes in all eukary�

otic cells indirectly points also to the conservation of their

interaction. In fact, the yeast protein complex NuA4

involved in rearrangement of chromatin structure contains

homologs of MOF (Esa1p) and MSL3 (Eaf3p) interacting

with each other. It was shown that in yeast cells the inter�

action with Eaf3p is important for Esa1p acetyltransferase

activity [57]. Also, this complex in yeasts has no absolute

specificity towards K16 of H4, and in this cell type this

modification plays an absolutely different role compared

to animals. However, it is known that the yeast complex

NuA4 also contains the ATM�related protein Tra1p [57].

Human proteins, homologs of drosophila MOF

(MYST1), MSL1 (hampin A), MSL2, and MSL3 are able

to form complexes in human erythroleukemia K562 cells

[14]. Interactions between the complex components

hMOF, hMSL3, hMSL2, and hMSL1 (hampin A) were

confirmed by co�immunoprecipitation and binding in

vitro. In this case mammalian MSL complex has a number

of peculiarities: it does not contain the known non�coding

RNA and homologs of RNA helicase MLE and JIL�1

chromosome kinase. Different isoforms of MSL3 protein

are present within the complex and their role remains

unclear. It should be remembered that the hampin gene

involves alternative splicing. Keeping in mind that

hampin, like MSL1, has to interact with acetyltransferases

of the histone family MYST1 via the PEHE domain, one

can suppose that at least two kinds of MSL complexes with

hampin isoforms A and B should exist in mammalian cells.

In addition, the existence of hampin D containing com�

plexes specific for individual tissues such as testes is also

possible. Knock�down of either hampin A (hMSL1) or

MYST1 (hMOF) gives identical results, namely, the loss of

acetylation of Lys16 in histone H4 at the level of all chro�

mosomes of a cell and cell arrest at the G2/M stage as the

result of knock�down [14]. MYST1 and hMSL3 knock�

down in human cells results in similar consequences: the

emergence of morphological deformations in the cell

nuclei and defects of their structure. However, it seems that

knock�down of hMSL3 alone does not result in lowering

K16 acetylation of H4. An additional confirmation of the

involvement of MYST1 in signal cascades, using ATM, is

the observation that cells with knocked�down MYST1
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have an increased content of phospho�ATM [8]. However,

it is not clear what the role of hampin in signal cascades

launched in response to DNA damage is.

Thus, it can be concluded that the quaternary struc�

ture of individual components of MSL complex is highly

conserved, at least for hampin/MSL1, MSL3, and

MYST1/MOF proteins. This is even more surprising

because there is a difference in primary structures

between the drosophila compensasome elements and

their homologs in mammals.

OTHER COMPLEXES INVOLVING HAMPIN,

MSL1, AND MYST1 ACETYLTRANSFERASE

MYST1 is incorporated into the so�called

MLL1–WDR5 complex existing in human cell nuclei

[58]. MLL1 protein is a methyltransferase of histone H3

K4 [58]. Protein WDR5, having a WD40 domain, is the

conserved subunit of methyltransferase complexes [59].

Altogether 29 proteins have been identified within the

complex (Table 1) purified on Flag�labeled WDR5. It is

noteworthy that hampin was not detected among them.

This complex exhibits two types of activities—acetyltrans�

ferase towards H4 K16 and methyltransferase towards H3

K4.

In a recent work on identification of additional pro�

teins interacting with the MSL complex components in

flies and humans, it has been shown that MSL is associat�

ed with components of nuclear pore complex [60].

The authors of that report used affinity chromatogra�

phy on drosophila recombinant MOF and showed that

the MSL complex contains additional protein factors

(Table 2): Z4, Chriz/Chromator, MBD�R2, Nup153,

Identified partner

Max dimerization protein 5

CHD8

TAF1

PELP1

TAF4

PHF20

LOC284058

HCF1/HCFC1

FLJ12525/LAS1L

TAF6

TEX10

ASH2L

HSP70

RbBP5

SENP3

CAB43677

MOF/MYST1

MLL1

MCRS2

Tip49a/b/RUVBL1

TAF7

Ring2

E2F6 isoform 1

TAF9

C18ORF37

Max protein isoform b

MGC49942

Accession No.
in the GenBank database

NP_001074010

NP_065971

NP_004597

NP_055204

NP_003176

NP_057520

NP_056258

NP_005325

NP_112483

EAW76592

NP_060216

NP_004665

NP_005337

NP_005048

NP_056485

CAB43677

NP_115564

NP_005924

AAQ84517

NP_003698

AAH32737

NP_005735

AAT02641

NP_001015892

NP_919257

NP_660087

NP_777553

Function (known or hypothetical)

transcription regulation

transcription regulation, rearrangement of chromatin structure

transcription initiation by RNA polymerase II

co�activator of estrogen receptors

transcription initiation by RNA polymerase II

transcription regulation

no

cell cycle control, transcription regulation

no

transcription initiation by RNA polymerase II

no

structural component of methyltransferase complexes

heat�shock protein

structural component of methyltransferase complexes

SUMO1/sentrin/SMT3�specific protease 3

no

histone (H4 K16) acetyltransferase

histone (H3 K4) methyltransferase

shortening telomere length

DNA helicase

transcription initiation by RNA polymerase II

E3 ubiquitin ligase

transcription regulation

transcription initiation by RNA polymerase II

no

transcription regulation

no

Table 1. Proteins interacting with WDR5 [56]



846 DMITRIEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  8   2008

wds, α�tubulin, MCRS2, as well as novel proteins NSL1�

3 (“nonspecific lethal”). At the same time, chromatogra�

phy on MSL3 protein revealed the following set of pro�

teins: Mtor, MBD�R2, Nup160, Nup154, Dis3, Rrp6, α�

tubulin, and EIF�4B. A number of proteins specific for

individual cell types were also found. It is seen that pro�

teins MSL3 and MOF are associated with the partially

overlapped set of proteins. However, it is not clear

whether MSL3 and MOF interact directly or indirectly

with these proteins. Additional affinity chromatography

experiments on human HeLa cell extract on immobilized

MYST1 were carried out (Table 3). It appeared that in

addition to the previously known human homologs of

MSL1�MSL3 proteins, the eluate contained proteins

homologous to those obtained in similar experiments on

drosophila: protein PHF20 (homolog of MBD�R2), TPR

Identified partner

MSL1

MSL2

MSL3

Mtor

Nup153

Z4

Chromator/ Chriz

MBD�R2

NSL1

NSL2

NSL3

WDS/ WDR5

dMCRS2

Dis3

Accession No. in the GenBank database

NP_476896

NP_523467

NP_523951

NP_477067

NP_573136

NP_649297

NP_730762

NP_731688

CG4699

CG18041

CG8233

NP_438172

CG1135

CG6413

Function

compensasome component

compensasome component

compensasome component

intracellular transport of proteins

intracellular transport of proteins

rearrangement of chromatin structure

rearrangement of chromatin structure

transcription regulation

no

no

no

MLL1 binding

no

ribonuclease, the exosome component

Table 2. Proteins identified by affinity chromatography on immobilized drosophila MOF [58]

Identified partner

Hampin A

hMSL2

hMSL3

PHF20L1

TPR

PHF20

hNSL1

hNSL2

hNSL3

WDR5

MCRS2

Dis3

HCF1

OGT

ILF�1

Accession No. in the GenBank database

XP_937190

NP_060603

NP_523353

NP_057102

NP_003283

NP_057520

KIAA1267

FLJ20436

FLJ10081

NP_438172

NP_001012300

NP_055768

NP_005325

NP_858058

NP_004505

Function

no

no

no

transcription regulation

protein import into the cell nucleus

transcription regulation

no

no

no

MLL1 binding

no

ribonuclease, the exosome component

cell cycle control, transcription regulation

O�glycosyl transferase

transcription regulation

Table 3. Proteins identified by affinity chromatography on immobilized human MYST1 [58]
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(ortholog of Mtor), human NSL1�3, WDR5 (homolog of

wds), MCRS2, and Dis3. A number of proteins absent

from drosophila were also identified, among them being

co�activator of transcription HCF1, glycosyl transferase

OGT, and transcription factor ILF�1/FOXK2. It is note�

worthy that some of these proteins were identified earlier

within the complex based on MLL1 and WDR5 proteins.

It was shown using co�immunoprecipitation that practi�

cally the whole set of “novel” proteins is present in the

complex with MYST1 but not with hampin A (MSL1). It

is supposed that its function in this complex (also exhibit�

ing acetyltransferase activity towards H4 K16) is carried

out by NSL1 protein also incorporating a PEHE domain.

Protein NSL1 was first identified by Marin [15] in

work on MSL1 and MSL2 homologs in mammals, and it

was shown that the drosophila protein NSL1 is related to

MSL1 and also contains a modified PEHE domain (Fig.

2). Marin supposed that NSL1 is a paralog of MSL1, and

both genes encoding these proteins were generated by

duplication of a certain ancestor gene that emerged

together with coelomate animals. It is interesting that the

MSL1/NSL1 homologs were found in some nematodes,

whereas they are absent from C. elegans. Unlike hampin,

mammalian NSL1 consists of about 1000 a.a. but also has

no presently known domains except the C�terminal

PEHE and coiled�coil region. Its primary structure iden�

tity with that in mammalian hampin A is about 27%. In

addition to interaction with MYST1, in the context of the

human interactome investigation by screening in the

yeast two�hybrid system, a number of additional interac�

tions were identified for this protein such as that with

transcription factor SMAD3 and with nuclear protein

DIPA (delta�interacting protein A), which was also con�

firmed by in vitro binding [61]. At the present time the

functional significance of these interactions is not

known.

Investigation of the effect of Mtor and Nup153 pro�

tein knock�down in drosophila cells has shown that these

components of nuclear pore complex are important for

X�chromosomal localization of MSL complex and its

activity towards gene dose regulation [60]. However, the

following question is still open: if there are two types of

MOF�incorporating complexes, which of them is associ�

ated with Mtor and Nup153 proteins? The authors give

no adequate answer to this question. It is supposed that

just MSL complex is associated with nuclear pore com�

plex, because knock�down of Mtor and Nup153 proteins

is accompanied by disappearance of X chromosome

labeling revealed by staining with antibodies to MSL1,

MSL3, and MOF proteins. At the same time, the role of

so�called NSL complex (also partly identified [60]) is

completely unclear.

Fig. 2. Multiple alignment of PEHE domains in primary structures of hampin and its paralog NSL1 from different organisms. The animal

species are shown on the left. Coordinates of amino acid residues in the primary structure are shown on the right and identical residues in all

species are marked by gray color and designated by asterisks. Residues identical in primary structures of only separate species are marked by

dots. The alignment was carried out using the ClustalW (http://www.ebi.ac.uk/clustalw/) program.
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Fig. 3. Scheme of the drosophila and mammalian cell interactome fragments including protein homologs of hampin and MYST1. The scheme

was plotted using the results obtained in [13, 14, 58, 60] and on the basis of information taken from databases of DIP, BioGrid, etc. using the

yEd 2.4.1 program (www.yWorks.com). Solid lines show interactions confirmed by several (two and more) independent approaches, while

dashed lines show interactions obtained in “high�throughput” experiments or those considered as hypothetical.

Drosophila melanogaster:

Mammals:
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Taking into account data concerning the existence of

a cellular homolog of MSL1 and hampin in the form of

NSL1, the presence of additional hampin�associated pro�

tein complexes in mammals seems quite reasonable. In

fact, it was shown [13] that in the yeast two�hybrid system

mouse hampin is able to interact with five proteins—

MYST1, TPR�motif�containing proteins TTC4 and

mouse homolog of TTC35 protein, transcription factor

GC BP, and a homolog of the yeast nucleolar protein

NOP17 (Fig. 3). The identified interactions are con�

firmed using alternative approaches such as in vitro bind�

ing. Comparative analysis of hampin isoforms has shown

that interaction with TTC4 is evidently possible for all

hampin isoforms, whereas only hampins with C�terminal

IV PEHE domain are able to interact with NOP17 and

TTC35 proteins. An extensive search for protein interac�

tions between hampin partners was carried out in the

yeast two�hybrid system, which resulted in the discovery

of new interactions for proteins MYST1 (with a compo�

nent of the negative transcription elongation factor

NELF�C), TTC35 (with tumor suppressor RASSF1C

and splicing factor PRP3), but at the same time the

authors failed in identification of new interactions for

proteins TTC4 and NOP17.

It should be noted that the MYST1 partner protein

NELF�C is involved in regulation of transcription elon�

gation by RNA polymerase II, because it is a component

of NELF complex participating in the “promoter�proxi�

mal pausing” phenomenon [62] and in regulation of his�

tone mRNA polyadenylation [63]. So, this interaction

directly connects the histone H4 K16 acetylation (and

chromatin decompaction) with transcription regulation.

Although nothing is yet known about the functional sig�

nificance of this interaction, it can be suggested that

MYST1 influences the function of the whole NELF com�

plex via activation/repression of gene transcription. It is

interesting that protein NELF�C has the NELF�D iso�

form with a slightly shorter N�terminal region that is

formed via an alternative site of translation initiation in

the NELF�C/D mRNA [62]. Both isoforms are inter�

changeable within the NELF complex, and the necessity

of existence of two such protein variants is unknown. At

the same time, another research group has shown that the

NELF�D protein (called by this group TH1) is able to

interact with A�Raf kinase, is present in testes, and is

localized exclusively in the cytoplasm [64]. This contra�

dicts data showing that protein NELF�C/D is able to par�

ticipate in regulation of transcription elongation, because

in this case it should be localized in the nucleus. Isoforms

C and D may have different intracellular localization, or

they change it depending on the cell cycle stages.

The possible acetylation of non�histone proteins in

drosophila using MYST1 protein has been already men�

tioned in this review. Recently it has also been shown that

human MYST1 is able to acylate non�histone proteins, in

particular p53, known by its important role in regulation

of apoptosis launching in response to damage to cellular

DNA. Sykes et al. [65] demonstrated the existence of a

new posttranslational modification in p53 protein—

acetylation of the K120 residue which is carried out by

acetyltransferases MYST1 and TIP60 to approximately

equal extent. This covalent modification of p53 takes

place immediately after damage of genomic DNA and

evidently enhances the capability of p53 protein for asso�

ciation near promoter regions of proapoptotic genes BAX,

PUMA, and (possibly) others. However, in human tumors

containing mutant p53 with R120 instead of K120, no

p53�dependent apoptosis is observed. It should be noted

that this modification of p53 does not concern its func�

tions in cell cycle arrest. The authors suppose that the

ability to carry out this modification by two enzymes is

necessary for different types of genotoxic stress or differ�

ent types of tissues in which it takes place. However, it is

not clear how proteins MYST1 and TIP60 “learn” about

damage to genomic DNA. It seems that the detailed study

of this mechanism of activation of apoptosis (from DNA

damage to the launching of cell death) may have perspec�

tives in the development of new anticancer drugs.

Recent investigations of expression levels of the

MYST1 and TIP60 acetyltransferase genes reveal the

problem from a new point of view [66]. Analysis of

expression levels of these acetyltransferases in mice has

shown that mRNA of TIP60 has extremely low expres�

sion level restricted mainly to testes. However, the level of

MYST1 gene expression is much higher and is detected in

all tissues, also with predominance in testes. Based on

these results, one can assume that just MYST1 is the

“main” acetyltransferase that acetylates p53 in vivo.

Moreover, one should expect the prevalence of histone

acetyltransferase complexes on the basis of this protein

over those on the basis of TIP60.

Thus, analysis of complexes incorporating homologs

of MYST1, hampin, and other proteins allows one to

imagine the general evolution of complexes acetylating

histone H4. Possibly, the yeast NuA4 complex can be con�

sidered as the most primitive example of such complexes,

but in the course of evolution multicellular organisms

needed additional components of this complex such as

hampin and NSL1 (Fig. 4). As a result, in some species

like Drosophila one of complexes acquired specific func�

tions and began to take part in dosage compensation.

Thus, at least two complexes were formed that are involved

in acetylation of K16 in histone H4, and possibly in other

chromatin modifications, in particular in histone methy�

lation. In highly organized animals further divergence of

the components of the complex occurred, which was

revealed in alternative splicing of individual components

and existence of different isoforms (hampin, MSL3, etc.).

During evolution complexes changed both in functional

(because the significance of histone H4 K16 changed) and

structural aspects. New data on the interaction of
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Fig. 4. Family trees of hampin/NSL1, MYST1 and their partner proteins plotted on the basis of primary structures of proteins from different

organisms. The ClustalW program (http://www.ebi.ac.uk/clustalw/) was used for alignment of amino acid sequences, and the tree was built

using the Treeview 1.6.6. program (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). Designations: Arabidopsis, garden cress; Oryza,

rice; Apis, bee; Aedes and Anopheles, mosquito; Drosophila, fruit fly; Dictyostelium, parasitic amoeba; Tetraodon and Fugu, puffer fish; Danio,

zebrafish; Gallus, hen; Xenopus, frog; Mus, mouse; Homo, man.
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MYST1 with non�histone proteins (NELF�C, ATM,

p53) point to a more extended function of this protein in

the interactome; evidently it plays not the last role in acti�

vation of programmed cell death. Undoubtedly, many

aspects of MYST1 functioning are poorly known. Thus

the results obtained to date are incentives for further

investigation of MYST1 protein and its cofactors.

This work was supported by the Russian Foundation

for Basic Research (project Nos. 04�04�49413 and 07�04�

01497a).
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