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Abstract. Dosage compensation in Drosophila is
mediated by a complex, called compensasome, com-
posed of at least five proteins and two noncoding
RNAs. Genes encoding compensasome proteins have
been collectively named male-specific lethals or msls.
Recent work showed that three of the Drosophila msls
(msl-3, mof, and mle) have an ancient origin. In this
study, I describe likely orthologues of the two re-
maining msls, msl-1 and msl-2, in several inverte-
brates and vertebrates. The MSL-2 protein is the only
one found in Drosophila and vertebrate genomes that
contains both a RING finger and a peculiar type of
CXC domain, related to the one present in Enhancer
of Zeste proteins. MSL-1 also contains two evolu-
tionarily conserved domains: a leucine zipper and a
second characteristic region, described here for the
first time, which I have called the PEHE domain.
These two domains are present in the likely ortho-
logues of MSL-1 as well as in other genes in several
invertebrate and vertebrate species. Although it can-
not be excluded that the compensasome complex is a
recent evolutionary novelty, these results shows that
all msls are found in mammals, suggesting that pro-
tein complexes related to the compensasome may be
present in mammalian species. Metazoans that lack
several of the msls, such as Caenorhabditis elegans,
cannot contain compensasomes. The evolutionary
relationships of the compensasome and the NuA4
complex, another chromatin-remodeling complex
that contains related subunits, are discussed.
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Introduction

In drosophilid species, dosage compensation is
achieved by doubling the transcription of the genes of
the single male X chromosome. This process involves
a general modification of the chromatin structure of
the X chromosome in males (reviewed by Baker et al.
1994; Cline andMeyer 1996). Dosage compensation is
mediated, for most X chromosome genes, by the ac-
tion of a complex that contains at least five proteins,
encoded by themale-specific lethal genes (male-specific
lethal-1, -2, and -3 [msl-1, msl-2, msl-3], maleless [mle],
and males-absent-on-the-first [mof]) and two noncod-
ing RNAs (encoded by the rox1 and rox2 genes). This
complex has been named the ‘‘compensasome’’ (re-
viewed by Franke and Baker 2000; Kelley and Ku-
roda 2000). A sixth protein, JIL-1, may also be part of
the compensasome (Jin et al. 2000). How the com-
pensasome determines hypertranscription on the X
chromosome is still incompletely understood. It is,
however, accepted that acetylation of histone H4 at its
lysine 16 byMOF, which is a histone acetyltransferase
of the MYST family (Hilfiker et al. 1997), is a signif-
icant feature of compensasome action (Turner et al.
1992; Bone et al. 1994; Smith et al. 2000).
The origin of the compensasome-based mechanism

of dosage compensation is still obscure (Marı́n et al.
2000). Direct confirmation for the action of com-
pensasomes in other organisms has been obtained for
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Fig. 1. A Alignment of the sequences of the Drosophila mela-

nogaster (Dm) and Drosophila virilis (Dv) MSL-2 proteins with

Homo sapiens (Hs) KIAA1585. The underlined motifs correspond

to the RING finger (close to the N terminus) and the CXC domain

(toward the C-terminal end). The arrowheads point toward the

positions of introns in Drosophila MSL-2 (filled arrowhead) and

human KIAA1585 (Open arrowhead). In this and the following

figures, shading is used to highlight the presence of identical or

biochemically related amino acids in a given position. BN-terminal

ends of the DrosophilaMSL-2 and human KIAA1585 proteins can

be readily aligned with the KIAA1585-related sequence found in

Ciona intestinalis (Ci) and with the Anopheles gambiae MSL-2 se-

quence (Ag; see text). The RING finger domain is underlined.
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species of at least two genera of the Drosophilidae
family (Marin et al. 1996), showing that this protein
complex has been acting on dosage compensation for
at least 50 million years. Beyond that phylogenetic
range, the search for a similar mechanism in other
species has been so far fruitless. It is well known that
the nematode Caenorhabditis elegans, member of a
lineage that diverged from the Drosophila lineage
more than 500 million years ago, has a totally unre-
lated mechanism of dosage compensation (reviewed
by Meyer 2000). Moreover, evidence that one of the
proteins of the compensasome, MLE, is not acting on
dosage compensation in another dipteran species,
Sciara ocellaris, has been obtained (Ruiz et al. 2000).
Two lines of evidence suggest, however, that com-

plexes that include at least some of the compensasome
proteins are ancient. First, my coworkers and I showed
that likely orthologues of three of the compensasome
genes (msl-3, mle, and mof) exist in many organisms,
particularly in mammals (Marı́n and Baker 2000;
Sanjuán and Marı́n 2001). Second, it has been found
that a Saccharomyces cerevisiae protein complex

known as NuA4 contains the protein encoded by the
closest relative of msl-3 in yeasts (that has been called
Alp13 or Eaf3), together with a relative of mof, called
Esa1 (Allard et al. 1999; Eisen et al. 2001). These
findings show that the interaction amongmof-like and
msl-3-like proteins is at least 1 billion years old.
Previous works on three compensasome genes

(Marı́n and Baker 2000; Sanjuán and Marı́n 2001) re-
vealed species in which some of those genes aremissing
(e.g., C. elegans) and also in which organisms, apart
from Drosophila, all the genes are present (e.g., mam-
mals). Based on these data, we proposed that protein
complexes similar to the compensasome may exist in
mammalian species. However, a serious problem with
that hypothesis was the lack of evidence for the exis-
tence of orthologues of two of the compensasome
genes, msl-1 and ms1-2, in mammals. In this work,
based on recent data generated by genome sequencing
projects, I describe likely orthologues ofmsl-1 andmsl-
2 in many species, including several vertebrates. Fur-
thermore, I present evidence that MSL-2 contains a
protein domain similar to the CXC domain of En-

Fig. 1. Continued
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hancer of Zeste (E[Z]) proteins. MSL-1 proteins con-
tain a novel characteristic domain which I have called
the PEHE domain. Several PEHE domain-containing
genes are found in both vertebrates and invertebrates.

Materials and Methods

Data Mining. Database searcheswereperformedonlineandfinished

in early May 2002. All data presented were obtained in searches

performed using the PSI-BLAST, BLASTP, or TBLASTN program

(Altschul et al. 1997) and the ‘‘nonredundant,’’ ‘‘month,’’ ‘‘dBEST,’’

‘‘htgs,’’ ‘‘wgs_Anopheles,’’ ‘‘human genome,’’ or ‘‘unfinished mi-

crobial’’ database at the National Center for Biotechnology Infor-

mation (NCBI) web pages (http://www.ncbi.nlm.nih.gov/).

Sequence Alignments. Multiple-sequence alignments were ob-

tained using the default parameters of the ClustalX program

(version 1.81 [Thompson et al. 1997]) and refined manually, using

GeneDoc 2.5 (Nicholas and Nicholas 1997) to edit the sequences.

GeneDoc was also used to draw and highlight the similarities

among sequences in the figures presented here. Pairs of sequences

were aligned online using BLAST 2 (Tatusova and Madden 1999),

at the corresponding NCBI web page (http://www.ncbi.nlm.nih.-

gov/blast/bl2seq/bl2.html).

Phylogenetic Trees. The neighbor-joining (Saitou and Nei

1987) routine implemented in ClustalX was used to establish phy-

logenetic relationships among sequences (see below). A total of

1000 bootstrap replicates was performed to determine the reli-

ability of the tree topology. TreeView 1.6.1 (Page 1996) was used to

draw the trees shown in the next section.

Results

An Orthologue of the Male-Specific Lethal-2 Gene
is Present in Vertebrates

Database searches established that a human protein,
called KIAA1585 (Nagase et al. 2000), was substan-

Fig. 2. A Alignment of CXC domains. Sequences are ordered

according to the tree shown in B, clockwise, starting with Dm

MSL-2. This alignment includes the whole sequences of the MSL-2

and TSO-1 CXC domains and a partial sequence of the E(Z) CXC

domains, extended to include only the C–X–C triad that is closest

to the [C–(X)4–C–X–C–(X)6–C–(X)4–5–C (X)2–C] fundamental se-

quence. E(Z) CXC domains can be extended farther N-terminally,

to include two additional C–X–C motifs (see text). Abbreviations

as follows: Hs, Homo sapiens; Mm, Mus musculus; Xl, Xenopus

laevis; Dm, Drosophila melanogaster; Dv, Drosophila virilis; At,

Arabidopsis thaliana; Ce, Caenorhabditis elegans. The CXC do-

mains of human and mouse KIAA1585 are identical. A lowercase

letter (a, b) has been added to distinguish the two TSO-1 CXC

domains present in several of these proteins. The first TSO-1 CXC

domain of Arabidopsis thaliana TSO1-like is identical to that found

in TSO-1 and it is not included. B Phylogenetic tree showing the

relationships among the sequences presented above. Only boot-

strap values over 600 are detailed.
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tially similar to D. melanogasterMSL-2. The ‘‘expect
value’’ (E value), i.e., the number of proteins in the
database expected to have that level of similarity by
chance, was 3 · 10)6. The accession numbers for
KIAA1585 are, respectively, AB046805 for the
cDNA and AC026969 for the corresponding genomic
DNA sequence, derived from chromosome 3. Figure
1A shows the alignment of this incompletely char-
acterized human protein with the D. melanogaster
(Bashaw and Baker 1995: Zhou et al. 1995) and
D. virilis (Copps et al. 1998) MSL-2 proteins. Anal-
yses of the available cDNAs did not allow us to ex-
clude the possibility that the N terminus of the
human protein extends farther upstream of the me-
thionine amino acid shown as the starting codon in
Fig. 1A. As shown in Fig. 1A, the most similar re-
gions in MSL-2 and KIAA1585 include the two
cysteine-rich domains described in MSL-2 (Zhou et
al. 1995; Bashaw and Baker 1995). They are an N-
terminal RING finger and a second Cys-rich domain,
located C-terminally, which was previously described

as a truncated PHD domain (Bashaw and Baker
1995) or as a divergent metallothionein-like domain
(Zhou et al. 1995). Exhaustive database searches de-
termined that no other available sequence in any
species can encode a protein containing those two
domains at the same time, a result that strongly
suggests that the genes are orthologous. Moreover,
PSI-BLAST analyses using both the RING finger
and the second Cys-rich domain in MSL-2 deter-
mined that the closest relative to the Drosophila
protein was in both cases KIAA1585, giving further
support to the hypothesis that the genes are ortho-
logous. Therefore, I call Hs msl-2 the gene encoding
KIAA1585.
Partial EST sequences encoding fragments of

proteins almost identical to the human one exist in
other vertebrate species, such as the mammals Mus
musculus (accession number BF471233), Rattus nor-
vegicus (AF202267), and Bos taurus (AW462003), the
bird Gallus gallus (AI981288), the amphibian Xeno-
pus laevis (BF025273), and the fish Danio rerio

Fig. 2. Continued

531



(AI657716). Vertebrate msl-2 cDNAs were detected
in libraries obtained from many different tissues
or developmental stages. Thus,Hs msl-2 cDNAs were
obtained from colon (AW752909), stomach (BF374-
080), lung (AW139216), T lymphocytes (AA352974),
or placenta (AU136838). Mouse cDNAs were derived
from two-cell eggs (BB290571), embryos (AA387-
285), thymus (AA863997), or spleen (BE849962). A
single cow cDNA of known origin was derived from
placenta (AW462003). Another cDNA, this time
from chicken, came from T lymphocytes (AI981288).
Finally, a related cDNA obtained from the toad
Xenopus laevis was derived from gastrulae
(BF025273).
Interestingly, cDNAs of the urochordate Ciona

intestinalis (accession numbers AV674158 and
AV671862) also showed a very high similarity to the
human msl-2 gene (E value = 10)27). However, the
two Ciona cDNAs encode a very short protein, of
only 181 amino acids. The putative protein would
contain the RING finger but not the second Cys-
rich domain. Whether this is indeed a full-length
protein or simply a truncated product cannot be
determined with the available data. Additionally, I
detected a region with a high similarity to D. mel-
anogaster msl-2 in a sequence very recently obtained
in the genome sequencing project of the mosquito
Anopheles gambiae (accession number AA-
AB01008841.1). A putative protein of 1024 amino
acids is encoded in nucleotides 1760353–1763427 of
this sequence that also contains the two character-
istic cysteine-rich domains present in MSL-2 and
KIAA1585 and, thus, must correspond to the mos-
quito msl-2 gene. Figure 1B shows an alignment of
the N terminus of the Ciona and Anopheles se-
quences with those of the Drosophila MSL-2 and
human KIAA1585 proteins.

The Second Cysteine-Rich Motif in MSL-2 is a
Divergent CXC Domain

Comparisons of the D. melanogaster and D. virilis
MSL-2 proteins with mammalian KIAA1585 are
useful to determine the pattern of conserved residues
characteristic of the C-terminal cysteine-rich domain.
It can be generalized as [C–X–C–(X)10–11–C–(X)4–C–
X–C–(X)6–C–(X)2–C–X–C–(X)2–C], a formula that I
refer to, for reasons that will become immediately
clear, as the ‘‘MSL-2 CXC domain.’’ When the se-
quences of the MSL-2 CXC domain of any of these
three species were used to perform highly sensitive
TBLASTN and PSI-BLAST searches, I found only
two other sequences with such a formula, derived
from insects (Anopheles gambiae and Apis mellifera,
respectively). However, other proteins in the data-
bases showed related domains with very similar

spacings of cysteine residues. They corresponded to
two groups of proteins. On one hand, I detected the
Enhancer of Zeste [E(Z)] proteins of several animal
and plant species (Jones and Gelbart 1993; Abel et al.
1996; Chen et al. 1996; Hobert et al. 1996a, b;
Goodrich et al. 1997; Grossniklaus et al. 1998;
Holdeman et al. 1998; Cardoso et al. 2000). They
have a long cysteine-rich region known as the ‘‘CXC
domain’’ (Hobert et al. 1996a), which I call more
precisely the ‘‘E(Z) CXC domain.’’ On the other
hand, several proteins have one or, more often, two
cysteine-rich domains that are slightly shorter than
the one found in MSL-2 proteins. Two groups that
detected these regions, repeated twice in the Arabid-
opsis thaliana TSO1 gene, called them ‘‘TCR repeats’’
(Song et al. 2000) or, alternatively, CXC domains
(Hauser et al. 2000), because of their similarity to the
E(Z) CXC domains. I call these domains ‘‘TSO-1
CXC domains.’’ The reason to call these three cys-
teine-rich regions CXC domains is simple. For these
three groups of proteins, the C-terminal end of the
domains is indeed very similar and, also, exclusive for
this group of proteins. It has the formula [C–(X)4–C–
(X)–C–(X)6–C–X4–5–C–(X)2–C]. Moreover, although
the N terminus of these domains is different in the
three groups, it always includes one to three copies of
a C–X–C motif. Thus, they can be considered three
related types of CXC domains with different N-
terminal extensions.
The alignment of the similar C terminus of rep-

resentative proteins containing these three CXC
domains is shown in Fig. 2A. A phylogenetic tree
built according to that alignment is shown in Fig.
2B. Assuming that these domains have a common
origin (instead of having related sequences as a by-
product of evolutionary convergence), their rela-
tionships can be established as follows. The topology
of the tree is compatible with the three types of
domains emerging and becoming differentiated be-
fore the animal/plant split, with a subsequent loss of
the MSL-2 class of CXC domains in plants. How-
ever, an equally parsimonious alternative is an an-
cient origin for the E(Z) and TSO1 CXC domains,
with the MSL-2 CXC domain being a later deriva-
tive of one of these two, arisen in animals. The tree
also suggests that proteins with double TSO1 CXC
domains emerged from a protein with a single TSO1
CXC domain, in which the domain became dupli-
cated. That duplication also occurred before the
animal/plant split, but when the TSO1 CXC do-
mains were already very different from the rest of
the CXC domains. Very interestingly, no known
yeast or fungal protein has CXC domains, although
the existence of both the TSO1 and the E(Z) CXC
domains in plants and animals suggests that at least
these two domains must have existed in the common
ancestor of all fungi.
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Fig. 3. Alignment of Drosophila msl-1 and its closest relatives. The highly conserved regions close to the N terminus (coiled-coil domain)

and the C terminus (PEHE domain) are indicated.
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Fig. 4. A Alignment of the

15 sequences containing PEHE

domains. Both the D. melanog-

aster gene CG4699 and a very

similar Anopheles sequence

(Ag_BM619455) contain a long

string of amino acids in the

middle of this domain.

Sequences ordered according to

B, counterclockwise starting

with DmMSLl. B Phylogenetic

tree obtained for the sequences

shown in A.
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msl-1 Shows a High Similarity to Other Invertebrate
and Vertebrate Genes

The only characteristic region hitherto detected in
MSL-1 protein was a quite nonspecific acidic domain
(Palmer et al. 1993). However, I found that MSL-1
contains two other domains that, for the first time,
specifically relate msl-1 to other invertebrate and
vertebrate genes. TBLASTN searches against the
nonredundant database using MSL-1 as query de-
tected a very significant similarity (E value, 6 · 10)9;
55% similarity over 123 residues) to a mouse cDNA
(accession number AK014463) that encodes an ap-
parently full-length 616-amino acid protein. The
similarity extended from amino acid 866 to amino
acid 985 in MSL-1, that is, outside the previously
described acidic region. BLAST 2 analyses were used
to confirm this finding. They revealed two regions of
similarity between DrosophilaMSL-1 and the protein
putatively encoded by the mouse cDNA. First,
BLAST 2 detects a 253-amino acid region, which
includes the just mentioned conserved domain, ex-
tending from amino acid 748 to amino acid 985 in
MSL-1 (corresponding to amino acids 351–595 in the

putative mouse protein; 25% identity, 44% similar-
ity). A second region was detected by BLAST2
analyses extending from amino acid 81 to amino acid
165 in MSL-1, which has 21% identity and 52%
similarity to amino acids 181–279 of the putative
mouse protein. This second region corresponds to the
putative leucine zipper domain described by Marı́n
and Baker (2000). Systematic PSI-BLAST and
TBLASTN searches demonstrated that several other
genes have similar protein domains. Figure 3 shows
the alignment of the Drosophila MSL-1 protein with
those encoded by the genes most similar to MSL-1
found in the databases, which derive from the ge-
nomes of the mosquito Anopheles gambiae, the
mammals Mus musculus and Homo sapiens and the
amphibian Xenopus laevis (a partial sequence). The
human sequence was reconstructed by comparison
with the almost-identical mouse sequence, by aligning
overlapping cDNAs (accession numbers AI800794,
BG421221, AW965141, AV656786, and H86733) and
the human genomic sequence NT_010844.3, from
chromosome 17. For reasons that will become im-
mediately clear, I consider these genes to be ortho-
logues of msl-1, giving them the same name but using

Fig. 4. Continued
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two letters to refer to the particular species in which
they are found. Interestingly, no acidic domain is
detected in the vertebrate MSL-1 proteins, which are,
moreover, quite shorter than their invertebrate
counterparts. PAIRCOIL analyses (Berger et al.
1995) showed that the conserved N-terminal region
found in all these proteins indeed corresponds to a
coiled-coil domain, potentially a leucine zipper,
strengthening the suggestion by Marı́n and Baker
(2000) that this region must be significant for protein
function.
The conserved C-terminal domain is found in

other genes apart from those shown in Fig. 3. A total
of 15 sequences was detected that had significant
similarity in this region. They are two Drosophila
genes (msl-1 and CG4699), two Anopheles gambiae
genes (Ag msl-1 and a second, unknown gene), three
mammalian genes (namely, msl-1, a gene known as
KIAA1267 in humans, and a third, previously unde-
scribed gene; both the mouse and the human genes
are shown), two genes from Xenopus laevis (Xl msl-1
and a second gene, similar to KIAA1267), and a
single gene from each of three nematode species,
Ascaris suum, Brugia malayi, and Necator americanus.
Interestingly, the fully sequenced nematode Caenor-
habditis elegans does not seem to contain any gene
with this domain. The alignment of all these se-
quences is shown in Fig. 4A. Because I found four
characteristic amino acidic residues (P, E, H, E) that
are identical in all these sequences, I have called this
conserved region the PEHE domain.
Figure 4B shows a phylogenetic tree obtained from

the alignment in Fig. 4A. It demonstrates that Dro-
sophila msl-1 is more similar to the genes that I also
named msl-1 than to the other Drosophila gene
(CG4699) or to any of the other sequences. I took
advantage of the fact that apparently full-length se-
quences are available for Drosophila CG4699 (1570
amino acids) and human KIAA1267 (1105 amino
acids) proteins to confirm the close relationship of
these sequences, suggested by the alignment of their
PEHE domains. BLAST2 analyses detected a 640-
position-long region of similarity (corresponding to
amino acids 560 to 1114 in the Drosophila CG4699
protein and amino acids 355 to 929 in the human
KIAA1267 protein; 24% identity, 38% similarity).
The simplest interpretation of the results shown in

Figs. 4A and B is that an ancestral gene was dupli-
cated to give rise to two msl-1-like genes prior to the
protostome/deuterostome dichotomy. These genes
differentiated substantially, but still conserved the
characteristic PEHE domain. One of those genes
became msl-1 in Drosophila and mammals. The sec-
ond became CG4699 in Drosophila but was again
duplicated after the protostome/deuterostome split,
to give rise to the two additional genes found in
mammals. This is the evolutionary hypothesis that

suggests that the Drosophila and vertebrate msl-1
genes should be considered orthologous. Alternative
hypotheses would require much less parsimonious
scenarios (e.g., duplications of an msl-1 ancestor be-
fore the protostome/deuterostome split, followed by
losses of a different duplicate in each descendant
lineage).
cDNAs containing sequences almost identical to

regions of Mm or Hs msl-1 are found in other
mammals (Rattus norvegicus [accession number
BF284375], Bos taurus [BF045095]), in birds (Gallus
gallus [AJ395334]), and in fish (Danio rerio
[BG308211]). Hs msl-1 is, similarly to Hs msl-2, ex-
pressed in multiple tissues. The databases contain
cDNAs obtained from mammary gland (accession
number BE693636), ovary (AI954139), colon
(AW854130), bone marrow (AV762388), pituitary
gland (AV745136), testis (BF888145), brain
(R17800), retina (H86733), and fetal lung
(AA374037).

Discussion

Comparative genomic analysis allows the precise
determination of the origin of evolutionary novelties
at the molecular level. In this and previous work
(Marı́n and Baker 2000; Sanjuán and Marı́n 2001),
we have established the most likely evolutionary or-
igin of the five male-specific lethal genes. Here, I have
shown that likely orthologues of the hitherto ‘‘novel’’
msl-1 and msl-2 genes exist in vertebrate species. Al-
though the similarity between MSL-2 and KIAA1585
is limited, the finding that these are the only two
proteins found so far that have both a MSL-2 CXC
domain and a RING finger domain is good evidence
of their being orthologues. It is thus not surprising
that KIAA1585 contains the RING finger that is the
most similar to the one in MSL-2. The same logic
applies to MSL-1 and its relatives. Although, again,
their similarity is restricted, the finding of two char-
acteristic, conserved domains that are typical of this
group of proteins suggests that they have a common
origin. This similarity among orthologues limited to a
few conserved modules is reminiscent of what hap-
pens in the MSL-3 family, where only five short
conserved domains are found (Marı́n and Baker
2000).
The characterization of the MSL-2 CXC domain is

significant. The contradictory explanations proposed
for this domain so far (a truncated PHD domain or
an uncommon methallothionein-like domain; see,
respectively, Bashaw and Baker [1995] or Zhou et al.
[l995]) were unsatisfactory. The finding of a sub-
stantial similarity of a region of MSL-2 with the CXC
domains typical of other proteins involved in chro-
matin-associated complexes, such as Enhancer of
Zeste proteins, is suggestive of related roles. Evidence
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that the CXC domains are significant for the function
of these proteins is available. Mutations causing
single-amino acid changes in the CXC domains of
either Drosophila E(z) or Arabidopsis TSO1 have
been shown to cause strong phenotypic effects (Car-
rington and Jones 1996; Song et al. 2000; Hauser et
al. 2000). Moreover, directed mutagenesis of the
CXC domain in MSL-2 led to delayed development
and reduced viability of the mutant males (Lyman et
al. 1997). However, the precise role of the CXC do-
mains is unknown. Evidence is available suggesting
that the compensasome is built in the cell starting
with a precursor MSL-l/MSL-2 heterodimer (Lyman
et al. 1997; Gu et al. 1998). Chang and Kuroda (1998)
presented evidence for MSL-1 having the ability to
associate nonspecifically to chromosomes, the X-
chromosome specificity being provided by the inter-
action of MSL-1 with MSL-2. Thus, CXC domains
may be favoring interactions with other proteins or
contributing to the recognition of specific DNA se-
quences. However, CXC function cannot be under-
stood in isolation from the rest of the protein.
Particularly, the unique combination of a RING
finger and a CXC domain that is characteristic of
MSL-2 proteins may have been critical for the
emergence of the compensasome. The RING finger is
crucial for the MSL-1/MSL-2 interaction mentioned
above (Copps et al. 1998).
It has been argued recently that a protein complex

found in yeast and mammals, called NuA4, and the
Drosophila compensasome may be the same complex
in different species. This hypothesis would be sup-
ported by the presence of ‘‘homologous’’ (i.e., or-
thologous) proteins in both complexes (Pannuti and
Lucchesi 2000; Eisen et al. 2001). In particular, the
products of the yeast genes Eaf3 and Esa1, related to
the Drosophila genes msl-3 and mof, respectively,
have been characterized in the yeast NuA4 complex
(Allard et al. 1999; Eisen et al. 2001). However,
Sanjuán and Marı́n (2001) argued against such a
view, which does not take into account gene dupli-
cations. There are two facts to consider. First, the
closest Drosophila relatives to the yeast NuA4 com-
plex proteins EAF3 and ESA1 are not in fact the
compensasome proteins MSL-3 and MOF, but those
encoded by two Drosophila paralogues of the com-
pensasome genes (called MRG-15 and EG0007.7, re-
spectively). Second, the suggestion that MOF has
never been part of NuA4 is supported by results de-
rived from the partial characterization of a mam-
malian NuA4 complex (Ikura et al. 2000). If NuA4
and the compensasome were in origin the same
complex, mammalian NuA4 should include the
mammalian orthologue of D. melanogaster mof,
known as MOF1 (Neal et al. 2000; Sanjuán and
Marı́n 2001). However, mammalian NuA4 complexes
do not contain the MOF1 protein. They instead

contain the protein encoded by a different MYST
family gene, TIP60, which is the mammalian ortho-
logue of S. cerevisiae Esal and Drosophila EG0007.7
and a paralogue of Drosophila mof and humanMOF1
(Sanjuán and Marı́n 2001). Actually, a very recent
study has shown that the human MOF1 protein is
found in a different complex, which includes MRG15
(Pardo et al. 2002). These results strongly suggest
that, although the interaction between MSL3- and
MOF-related proteins is ancient, duplications of
these genes led to the generation of different com-
plexes that contain both types of proteins. In partic-
ular, the mammalian NuA4 complex and the
Drosophila compensasome contain products encoded
by paralogous genes, and therefore, these two com-
plexes may have arisen totally independently.
This study reinforces the hypothesis of an ancient

origin for all compensasome genes. Our data (Marı́n
and Baker 2000; Sanjuán and Marı́n 2001; this study)
are compatible with mof emerging by gene duplica-
tion before the fungus/animal split. Two other genes
(msl-3 and mle) may also have emerged by gene du-
plication after that divergence. Both msl-1 and msl-2
may have originated by the generation of novel do-
mains (e.g., the PEHE domain in msl-1) and the es-
tablishment of novel domain combinations (leucine
zipper + PEHE in msl-1 genes, RING + CXC in
msl-2 genes) in animals. In summary, four of the five
msls may be exclusive of metazoans. The evidence
showing that all five msl genes exist in mammalian
genomes suggests that compensasome-like complexes
may have existed prior to the protostome/deutero-
stome dichotomy. While compensasome-related
complexes may be present in mammals, some proto-
stome species, such as the nematode Caenorhabditis
elegans, cannot contain compensasomes, due to the
fact that orthologues of msl-3 (Marı́n and Baker
2000), msl-1, and msl-2 (this work) are not found.
However, the possibility of all compensasome pro-
teins coalescing only very recently to give rise to this
complex in a few drosophilid species cannot be ex-
cluded at present.
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L, Workman JL, Côté J (1999) NuA4, an essential transcription

adaptor/histone H4 acetyltransferase complex containing Esa1p

and the ATM-related cofactor Tra1p. EMBO J 18:5108–5119

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller

W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: A new

generation of protein database search programs. Nucleic Acids

Res 25:3389–3402

537



Baker BS, Gorman M, Marı́n I (1994) Dosage compensation in

Drosophila. Annu Rev Genet 28:491–521

Bashaw GJ, Baker BS (1995) The msl-2 dosage compensation gene

of Drosophila encodes a putative DNA-binding protein whose

expression is sex specifically regulated by Sex-lethal. Develop-

ment 121:33245–33258

Berger B, Wilson DB, Wolf E, Tonchev T, Milla M, Kim PS (1995)

Predicting coiled coils by use of pairwise residue correlations.

Proc Natl Acad Sci USA 92:8259–8263

Bone JR, Lavender J, Richman R, Palmer MJ, Turner BM, Ku-

roda MI (1994) Acetylated histone H4 on the male X chro-

mosome is associated with dosage compensation in Drosophila.

Genes Dev 8:96–104

Cardoso C, Mignon C, Hetet G, Grandchamps B, Fontes M,

Colleaux L (2000) The human EZH2 gene: Genomic organi-

sation and revised mapping in 7q35 within the critical region for

malignant myeloid disorders. Eur J Hum Genet 8:174–180

Carrington EA, Jones RS (1996) The Drosophila Enhancer of zeste

gene encodes a chromosomal protein: Examination of wild-type

and mutant protein distribution. Development 122:4073–4083

Chang KA, Kuroda MI (1998) Modulation of MSL1 abundance in

female Drosophila contributes to the sex specificity of dosage

compensation. Genetics 150:699–709

Chen H, Rossier C, Antonarakis SE (1996) Cloning of a human

homolog of the Drosophila enhancer of zeste gene (EZH2) that

maps to chromosome 21q22.2. Genomics 38:30–37

Cline TW, Meyer BJ (1996) Vive la différence: Males vs. females in
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