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Dosage compensation in Drosophila is mediated by genes known as ‘‘male-specific lethals’’ (msls). Several msls,
including male-specific lethal-3 (msl-3), encode proteins of unknown function. We cloned the Drosophila virilis
msl-3 gene. Using the information provided by the sequences of the Drosophila melanogaster and D. virilis genes,
we found that sequences of other species can be aligned along their entire lengths with msl-3. Among them, there
are genes in yeasts (the Schizosaccharomyces pombe Alp13 gene, as well as a putative Alp13 homolog, found in
Saccharomyces cerevisae) and in mammals (MRG15 and MSL3L1 and their relatives) plus uncharacterized sequences
of the nematode Caenorhabditis elegans and the plants Arabidopsis thaliana, Lycopersicon esculentum, and Zea
mays. A second Drosophila gene of this family has also been found. It is thus likely that msl-3-like genes are
present in all eukaryotes. Phylogenetic analyses suggest that msl-3 is orthologous to the mammalian MSL3L1 genes,
while the second Drosophila melanogaster gene (which we have called Dm MRG15) is orthologous to mammalian
MRG15. These analyses also suggest that the msl-3/MRG15 duplication occurred after the fungus/animal split, while
an independent duplication occurred in plants. The proteins encoded by these genes have similar structures, including
a putative chromodomain close to their N-terminal end and a putative leucine zipper at their C-terminus. The
possible functional roles of these proteins are discussed.

Introduction
Dosage compensation in Drosophila occurs by hypertranscription of the single male X chromosome to
achieve a level of transcripts similar to that produced by
the two female X chromosomes. Hypertranscription is
mediated by the action of a complex, termed the compensasome (Franke and Baker 1999), formed by at least
five proteins and two RNA molecules that bind together
along the male X chromosome. These proteins are encoded by the genes collectively known, because of their
characteristic phenotypes, as ‘‘male-specific lethals’’
(msls) (reviewed in Baker, Gorman, and Marı́n 1994;
Bashaw and Baker 1996; Cline and Meyer 1996; Lucchesi 1998). The five msls are called, respectively, msl1, msl-2, msl-3, maleless (mle), and males-absent-onthe-first (mof) (see review by Lucchesi 1998). Recent
data (Franke and Baker 1999; Smith et al. 2000) show
that two noncoding RNAs (encoded by the roX1 and
roX2 genes; Amrein and Axel 1997; Meller et al. 1997)
are also part of the complex (see reviews by Lucchesi
1999; Stuckenholz, Kageyama, and Kuroda 1999). The
presence of compensasomes along the male X chromosome results in this chromosome having a more relaxed chromatin structure than the X chromosomes of
the females (see details in Baker, Gorman, and Marı́n
1994). Although the precise molecular mechanism of
action of the compensasome is unknown, it has been
demonstrated that the male X chromosome is enriched
in histone H4 acetylated at the lysine-16 residue
(H4Ac16; Turner, Birley, and Lavender 1992) and that
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some is MSL-dependent (Bone et al. 1994; Smith et al.
2000). Because MOF has sequence similarity to histone
acetyltransferases (Hilfiker et al. 1997), it is likely that
at least part of the function of the compensasome is to
carry out such histone modification. The complex may
have other biochemical functions. For example, MLE is
homologous to a mammalian RNA/DNA helicase (Kuroda et al. 1991; Lee and Hurwitz 1993) and ATPase
and helicase activities have been demonstrated for the
Drosophila protein (Lee et al. 1997). However, what
role, if any, these activities have in dosage compensation
is unknown.
How the MSLs recognize their targets on the X
chromosome and how they bind to each other is also
unclear, although certain basic properties of their association are known. Thus, genetic data indicate that each
of the MSL proteins (reviewed in Baker, Gorman, and
Marı́n 1994) and either one of the ROX RNAs (Franke
and Baker 1999) is needed for the assembly of compensasomes along the male X chromosome. There are also
recent data suggesting that certain places along the X
chromosome may serve as entry sites for the compensasomes to start binding to the chromosome (Kelley et
al. 1999). Moreover, immunoprecipitation and yeast
two-hybrid assays suggest that MSL-1, MSL-2, MSL-3,
and MOF are strongly interacting, while MLE is less
tightly associated with the complex (Kelley et al. 1995;
Copps et al. 1998; Smith et al. 2000).
It has been shown that the MSL complex is acting
male X chromosome–specifically in many drosophilid
species (Marı́n et al. 1996; Bone and Kuroda 1996).
Thus, comparisons of the MSL protein sequences in different Drosophila species could provide insight into
their functions. Generally, in this type of study the species taken as a model for comparison is Drosophila virilis, which belongs to a different subgenus of the Drosophila genus and diverged from D. melanogaster 40–
60 MYA (Kwiatowski et al. 1994; Russo, Takezaki, and
Nei 1995 and references therein). For example, in a recent work, Copps et al. (1998) described the sequence
of the D. virilis msl-2 gene, showing that both the func-
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tionally important ring finger and a second characteristic
cysteine-rich region are conserved in both species.
We present here the cloning of the D. virilis homolog of the msl-3 gene. MSL-3 was initially described
as a novel protein with only a very weak similarity to
some human and rice sequences of unknown function
(Gorman, Franke, and Baker 1995). Subsequently,
Koonin, Zhou, and Lucchesi (1995) described two regions of MSL-3 that, according to their analyses, had
some similarity with a ‘‘chromodomain,’’ a motif that
has been found in many proteins involved in chromatin
regulation, such as POLYCOMB and HP1 (Aasland and
Stewart 1995). Quite recently, Bertram et al. (1999) and
Prakash et al (1999) described several mammalian genes
with similarities to msl-3. These authors also detected
similarities with other sequences in yeasts and plants.
However, the evolutionary history of msl-3 and its relatives has never been studied in detail. In this study, by
comparison of the D. melanogaster and D. virilis sequences as well as the mammalian genes, we determined
the regions of these proteins that show a high degree of
sequence conservation. When the conserved regions
were used to perform database searches, we found that
MSL-3 is actually a member of a class of proteins found
in many other eukaryotic organisms, including not only
animals, but also yeasts and plants.
Materials and Methods
Cloning of D. virilis msl-3
A D. virilis genomic library generously provided
by Paul McDonald (Department of Biological Sciences,
Stanford University) was screened using a cDNA probe
that contained the whole D. melanogaster msl-3 gene
(Gorman, Franke, and Baker 1995), labeled nonradioactively with biotin-dUTP. A total of 15 hybridizing phages were isolated from approximately 3.5 genome equivalents screened. Restriction analysis showed that these
clones fell into six different classes, with one to four
overlapping phages per class. Representatives of each
class were then labeled with biotin-dUTP and used as
probes for in situ hybridizations on polytene chromosomes of D. virilis. Only one of the phages mapped to
chromosome 3 of D. virilis, which is known to be homologous to chromosome 3L in D. melanogaster, where
msl-3 is found. Because it is very rare to find homologous genes located on non-homologous chromosomes in
D. melanogaster and D. virilis (Whiting et al. 1989), we
centered our analysis on the four overlapping phages
corresponding to this class. The hybridization signal was
mapped to region 34B, according to the map by Gubenko and Evgenev (1984). These phages were then analyzed by restriction digests and Southern blots to determine the regions that hybridized with msl-3. Hybridization was restricted to a 3.0-kb SpeI-SpeI fragment
found in three of the four phages, with the fourth having
only part of this SpeI fragment. The 3.0-kb SpeI fragment was subcloned into pBluescript, and a new round
of restriction digests and Southern blot analyses were
performed in order to more precisely locate the position
of the gene. Sequencing of both strands of all the hy-
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bridizing regions was performed using the dideoxy
method. By analyzing the sequences obtained and by
comparing them with the D. melanogaster gene, we
were able to determine the likely 59 and 39 ends of the
D. virilis gene, as well as the presence of five short
putative introns, that were situated in exactly the same
positions as the msl-3 introns in the D. melanogaster
gene.
Comparative Sequence Analysis
BLASTN, TBLASTN, and TBLASTX analyses
(Altschul et al. 1997) were performed against the nonredundant, month, and dBEST databases at NCBI (http:
//www.ncbi.nlm.nih.gov/; see details below). The analyses were finished in early February 2000. Multiplesequence alignments were obtained using CLUSTAL X
(Thompson et al. 1997). The relationships among the
sequences were determined using the neighbor-joining
algorithm (Saitou and Nei 1987). The reliability of the
tree topology obtained was assessed using the bootstrap
routine also present in the CLUSTAL X program. A
total of 1,000 bootstrap replicates were performed. Figures 2 and 3 were drawn using the programs GENEDOC
(Nicholas and Nicholas 1997) and TREEVIEW 1.5
(Page 1996), respectively. To determine whether other
proteins with similarity to the five conserved blocks
were present in the databases, profiles of such blocks
were obtained and the databases were searched with the
highly sensitive program PSI-BLAST (Altschul et al.
1997) or, alternatively, with PROFILEMAKE and PROFILESEARCH (Gribskov, McLachlan, and Eisenberg
1987).
Results
Comparative Analysis Shows that Many Eukaryotic
Species Have msl-3-Related Genes
Figure 1 shows the sequence of the msl-3 gene of
D. virilis (GenBank accession number AF247726). The
congruent chromosomal localization, the apparently
identical exon/intron structure, and the high similarity
in amino acid sequence (62% identity and 74% similarity according to BLAST alignments after excluding
some short duplicated regions of the D. virilis protein
that will be detailed in the next section) established that
we had indeed cloned the D. virilis ortholog of msl-3,
and not a related gene. The degree of sequence similarity we found was comparable to that obtained for the
orthologs of other developmentally important genes between these two species (see O’Neil and Belote 1992).
After obtaining an alignment of the D. melanogaster and
D. virilis genes, we used the regions with the highest
degree of conservation (corresponding to amino acids
10–101, 194–352, and 401–490 in D. melanogaster) for
TBLASTN searches against the nonredundant database
at NCBI. We found highly significant scores for two
yeast sequences, one from Saccharomyces cerevisiae
(accession number Z49274) and the second from Schizosaccharomyces pombe (accession number Z88977; the
‘‘expected values’’ [E values], i.e., the number of sequences expected by chance to have such similarity in
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FIG. 1.—Nucleotide sequence of the msl-3 gene of Drosophila virilis and its conceptual translation. The initial methionine is indicated in
bold and italics. Bold letters correspond to the five conserved motifs of amino acids found in all of the MSL-3-related proteins (see text). Italics
mark the five putative introns, located in the same positions as in D. melanogaster.
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FIG. 1 (Continued)

a certain database, was 3 3 1027 and 6 3 1025, respectively, for analyses using the nonredundant database).
The S. pombe sequence corresponded to a gene known
as Alp13 (Radcliffe et al. 1998), while we call the S.
cerevisiae sequence Sc Alp13 (see below for a justification). We also found homology to a cosmid (accession
number AC004554) containing human genomic sequences located in the chromosomal region Xp22 (E
value 5 9 3 1024). These sequences correspond to the
human gene MSL3L1 (MSL-3 like 1), described by Prakash et al. (1999; accession number NMp006800.1). Before the latter study was published, we had reconstructed
the same gene by combining data from different ESTs
present in the dBEST database and genomic sequences
of the cosmid AC004554. Our independent characterization confirms the intron-exon structure and length of
the gene described by Prakash et al. (1999). The gene
has 13 exons. Prakash et al. (1999) also characterized a
very similar gene in the mouse, which they also called

Msl3l1 (accession number NMp010832.1). After characterizing MSL3L1, we found another human clone, derived from chromosome 2 (accession number
AC005538.2), that contained a sequence very similar
(86% identity, 92% similarity) to MSL3L1. The most
obvious difference was that the AC005538.2 sequence
did not contain introns. Fragments of at least two
cDNAs with homology to the sequence in AC05538.2
were present in the dBEST database (accession numbers
AA476632 and AA355764). We discuss this sequence,
which we have called MSL3L1-b, in detail below.
Additionally, we found that there were other overlapping D. melanogaster sequences (accession numbers
AI238997, AA817270, AA951428, AA941284, and
AA539729) present in the dBEST databases that showed
clear protein similarities, but were not identical, to
MSL-3 (E values 5 2 3 1026 to 3 3 1027). We used
these Drosophila sequences to recheck the nonredundant
and dBEST databases and found that they were very
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FIG. 2.—Alignments of the deduced Drosophila melanogaster and Drosophila virilis MSL-3 proteins with the other MSL-3-related sequences found in the databases. The five conserved motifs found in these sequences are underlined.
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FIG. 2 (Continued)

similar (E value 5 4 3 10215) to the human sequences
(accession number D14812) already detected by Gorman, Franke, and Baker [1995] in their original report
on msl-3, as well as to other, almost identical, sequences
of other mammalian species. By combining all of the
information on human sequences, we were also able to
reconstruct the second human gene; it corresponds to a
gene discovered by Bertram et al. (1999), who named
it MRG 15 (accession number NMp006791.1). These authors also discovered several MRG 15-related sequences

FIG. 3.—Phylogenetic tree for the MSL-3-related sequences. Bootstrapping results (out of 1,000 replicates) are indicated.

(see below). More recently, a new Drosophila sequence
was released (accession number AF152245; Bertram
and Pereira-Smith, personal communication) that includes the ESTs described above and may correspond to
the complete Drosophila gene. For reasons that will become clear later in this study, we call this Drosophila
msl-3-related gene Dm MRG15.
The comparison of the human and Drosophila sequences allowed us to establish the existence of five short
conserved blocks of similarity between msl-3 and all of
its related sequences. We then rechecked the nonredundant, month, and dBEST NCBI databases using these
blocks as query and found other sequences with the same
characteristic blocks of conserved amino acids. These include one from Caenorhabditis elegans (Ce-1; accession
number AL032626), two from Arabidopsis thaliana (At1 [accession number Z99707.1] and At-2 [combination
of sequences with accession numbers AAF02891 and
AC022521.1]; At-2 lacks a few amino acids of the fifth
conserved domain), one from Lycopersicon esculentum
(Le-1; combination of sequences with accession numbers
AW216739 and AW218605), and one from Zea mays
(Zm-1; combination of sequences with accession numbers AW076378 and AW054199.1). Partial plant sequences with similarity to several of those blocks were
also found. The most complete, which includes four of
the five blocks, was observed in L. esculentum (Le-2;
obtained by combining sequences AW223494.1 and
AW224009.1), and it has also been included in the phylogenetic analyses below. Other related sequences from
Glycine max, Sorghum bicolor, and Oryza sativa are
quite short, and they have not been included in our
analyses.
Bertram et al. (1999) found six other sequences related to MRG 15, but only two of them corresponded to
active genes (four were processed pseudogenes). The
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two other transcribed genes were called MRGX and
MORF4 by Bertram et al. (1999). The MORF4 protein
is almost identical to MRG15, except that MORF4 lacks
88 amino acids at its N-terminal end. MRGX is less similar to MRG15, and the protein MRGX encodes also has
an N-terminal truncation: MRGX lacks the 57 N-terminal amino acids of MRG15. When we carefully compared the MSL3L1 sequence and its processed relative
of the second chromosome (MSL3L1-b), we found a
similar situation. In spite of the fact that the homology
between these two sequences starts at amino acid 35 of
MSL3L1, there are stop codons located 39 of that position, and thus the putative start methionine in the
MSL3L1-b sequence is located much more C-terminally,
corresponding to position 167 in MSL3L1. Because both
MORF4 and MSL3L1-b are almost identical (but shorter)
than MRG15 and MSL3L1, they were not included in
the phylogenetic comparisons below.
In summary, the rest of our analyses were based
on a total of 15 related sequences, belonging to 10 different species. Three of these sequences were from insects, the D. melanogaster msl-3 and Dm MRG15 genes
and the D. virilis msl-3 gene. Four more were from
mammalian species, the human genes MSL3L1, MRGX,
and MRG15 and the mouse gene Msl3l1. Two were from
yeasts, the S. pombe Alp13 gene and the S. cerevisiae
Sc Alp13 sequence. One was from the nematode C. elegans (Ce-1). Finally, five were from plants, namely, the
A. thaliana At-1 and At-2 sequences, the L. esculentum
Le-1 and Le-2 sequences, and the Z. mays Zm-1 sequence. Figure 2 shows the alignments of all of these
sequences.
An important preliminary point to consider is
whether we were able to precisely determine both the Nand the C-termini of all of these proteins. We think that
was the case for 12 of the 15 proteins for the following
reasons: (1) All of the characterized genes (Gorman,
Franke, and Baker 1995; Bertram et al. 1999; Prakash et
al. 1999) had start methionines and stop codons in similar
positions. Moreover, a total of five conserved blocks of
amino acids were found in these sequences, and in the
known genes, the putative N- and C-terminal ends were
situated similarly, very close to the two most extreme
blocks of conserved amino acids (fig. 2). We expected
the other proteins to have similar N- and C-termini, and
that was what was observed. (2) We think the D. virilis
sequence corresponds to the full-length gene because the
structure described here was identical to the longest
cDNA ever observed in D. melanogaster. Three proteins
were, however, incomplete: the N-termini of the Zm-1
and At-2 sequences was unknown, and the Le-1 and At2 sequences were missing part of their C-termini. While
it is still possible that some alternative 59 or 39 ends of
the genes exist, or even that some of the genes are longer
than we were able to determine, these problems do not
affect any of the conclusions presented below.
Figure 3 shows the neighbor-joining (Saitou and
Nei 1987) tree corresponding to the alignment in figure
2. The topology of the tree was identical when the whole
sequences were compared or when only the five conserved domains of the 15 sequences described above

were selected. Figure 3 includes the bootstrap support
for the latter analysis. These results suggest that the
genes described by Prakash et al. (1999) for mammals
are indeed the orthologs of Drosophila msl-3, while the
second Drosophila gene, which we called Dm MRG15,
is the ortholog of mammalian MRG15 and its relatives,
described by Bertram et al. (1999). Bertram et al. (1999)
also suggest that the single C. elegans gene is an ortholog of the MRG15 genes. The relationships among
the plant genes are less clear, although the simpler explanation is that the two genes found in Arabidopsis and
Lycopersicon are the product of a duplication that occurred before the separation of the lineages that gave
rise to these species (see Discussion). Figure 3 also suggests that Sc Alp13 and Alp13 are orthologous.
Structural Analysis of MSL-3 and its Relatives
Koonin, Zhou, and Lucchesi (1995) described two
chromodomains in MSL-3. The most N-terminal chromodomain they described would correspond to the second half of the first conserved block and roughly the
first half of the second conserved block, as well as the
nonconservative region between those two blocks. We
searched the databases for other proteins containing similar sequences using a profile of this region and the
PROFILESEARCH program. Our results confirm the
finding by Koonin, Zhou, and Lucchesi (1995) that this
region has similarity with previously described chromodomains. However, such similarity is low, and, in
fact, the alignment is quite difficult outside of a region
(positions 130–154 in fig. 2) that is much shorter than
the accepted common definition for a chromodomain (at
least 37 and up to more than 50 amino acids, depending
on the authors; see Aasland and Stewart 1995; Koonin,
Zhou, and Lucchesi 1995). Such difficulty is clearly
shown by the fact that Koonin, Zhou, and Lucchesi
(1995) already detected an EST that contained part of
the human MRG15 sequence, but they failed to properly
align such a sequence with MSL-3 and the other chromodomain-containing proteins. Thus, it is unclear
whether this is a unique type of chromodomain, with
features that are specific for MSL-3-related proteins, or
an altogether different domain. Most interestingly, as we
said before, the human sequences MRG X, MORF 4
(Bertram et al. 1999), and MSL3L1-b do not have the
same N-terminus as MRG 15 or MSL3L1. In particular,
they lack the just-described chromodomain-like sequence found in the MRG 15 and MSL3L1 genes (see
Discussion).
The putative second chromodomain would correspond, according to Koonin, Zhou, and Lucchesi (1995),
to positions 639–677 in figure 2, that is, approximately
to the region where the fifth conserved block is found
in MSL-3 and its relatives. However, in this case, it is
clear that the conserved region is much larger than the
chromodomain as defined by Koonin, Zhou, and Lucchesi (1995). Moreover, PROFILESEARCH and PSIBLAST analyses using the MSL-3-related sequences
from this region failed to show any homology with other
chromodomain-containing proteins. Programs that pre-
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FIG. 4.—Helical wheel representation of the putative alpha helical domains with hydrophobic surfaces present in MSL-3 (A) and MSL-1
(B). For MSL-3, the conserved hydrophobic residues are boxed, while the boxed residues in MSL-1 correspond to the hydrophobic amino acids
in positions a and d. The numbers in parentheses indicate the starting positions for these regions.

dict secondary structure, like nnpredict (Kneller, Cohen,
and Langridge 1990) or PHD (Rost 1996), suggest that
this region would form an alpha helix or two alpha helices separated by a short loop. Figure 4A shows the
helical wheel representation of the corresponding region
of D. melanogaster MSL-3. Similar plots can be obtained for the other MSL-3-related proteins. All of them
show that similar, conserved hydrophobic residues are
found in positions a and d, as expected for regions of a
protein that form an alpha helix with a hydrophobic surface. This type of leucine zipper–like structure may be
involved in protein-protein interactions. Although one
possibility is that MSL-3 and related proteins form homodimers, we searched using PAIRCOIL (Berger et al.
1995) for putative leucine zippers in the other MSLs,
finding a possible one in MSL-1 (fig. 4B). A short coiled
coil structure was also detected in MSL-2, but the PAIRCOIL scores were lower than for the MSL-1 region.
The alignments of all of these proteins revealed two
other interesting characteristics. First, the nonconserved
region between conserved blocks 2 and 3 is highly
charged in all of the MSL-3-related proteins. The second
characteristic is the long distance between conserved
blocks 4 and 5 in the MSL-3 proteins of flies and mammals. Significant similarity among these proteins can be
detected in this region when they are aligned separately
(not shown). This qualitative result again suggests a
close relationship between the mammalian and insect
genes, confirming the results obtained in the phylogenetic analysis presented in figure 3.
To investigate whether any of these proteins might
be interacting with nucleic acids, and especially with the
roX RNAs, we searched specifically for previously defined RNA-binding motifs. We inspected the MSL-3related sequences for the motifs described by Burd and
Dreyfuss (1994), and a similarity to KH domain-con-

taining proteins (Gibson, Thompson, and Heringa 1993)
was observed in the D. melanogaster MSL-3 sequence.
The region that could correspond to a KH domain would
start in position 470 in figure 2; that is, it would be
precisely in the only region that is specific for MSL-3
and its close relatives. The highly conserved hhGXXGXXh motif typical of the KH domain, with h
meaning any hydrophobic amino acid, would correspond to positions 484–492 in figure 2. However, no
apparent KH domain was detected either in D. virilis
MSL-3 or in the mammalian MSL-3 relatives.
Discussion
We found that the msl-3 gene was part of a small
gene family that was widespread in eukaryotes. As detailed in the previous section, both in mammals and in
Drosophila there are two related genes, msl-3 and
MRG15. Considering their high similarities, the origin
of the sequences MORF 4 on one hand and MSL3L1-b
on the other hand must have been relatively recent retrotranscriptions and insertions of processed mRNAs derived from MRG 15 and MSL3L1, respectively (see Bertram et al. [1999] for a discussion). In spite of the fact
that we found ESTs corresponding to MSL3L1-b, it is
unclear at present whether it corresponds to a functional
gene (such as MORF4) or to a processed pseudogene
with some residual transcriptional activity. MRGX contains introns, and thus it can be interpreted as a conventional duplication of MRG15, which arose quite recently
and with a truncated N-terminal end.
There are two hypotheses to explain why both
plants and animals have duplicated genes, while yeasts
do not. First, it is possible that there was a single duplication preceding the plants/animals/fungi split and
that yeast have subsequently lost one of the two dupli-
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cates. Alternatively, the duplications in plants and animals may be independent, with the plant duplication occurring after the plants-versus-fungi/metazoans split and
the duplication found in animals occurring after the fungi/metazoans split. We favor this second hypothesis,
considering the high similarity of the plant paralogs. If
they were produced by a duplication before the split of
plants with fungi and animals, their degree of differentiation should be very high, branching in the inner part
of the tree. Thus, we conclude that the simplest explanation for our data is that the plant paralogs have been
duplicated relatively recently, while msl-3 and MRG15
are older duplicates, probably produced soon after the
fungi/animals split. Figure 3 also suggests that Sc Alp13
is the Alp13 ortholog in Saccharomyces. This is likely,
considering that the S. cerevisiae genome has been completely sequenced and no other gene has shown any similarity to the S. pombe Alp13 gene.
We have data to suggest that msl-3 evolved at a
higher rate than MRG15 after the msl-3/MRG15 duplication. This hypothesis is supported by two independent
lines of evidence. First, the tree presented in figure 3,
which is based only on the five conserved motifs, shows
that the distance between the Drosophila and mammalian MRG 15 genes is shorter than the distance between
the mammalian and Drosophila msl-3 genes. Second,
there are qualitative features, in regions not included in
the analysis that provided the phylogenetic tree in figure
3, that are characteristic of the msl-3 gene in Drosophila
and mammals: the very long stretch of amino acids between the conserved regions 4 and 5 (see fig. 2), as well
as the characteristic five additional amino acids in the
middle of conserved motif 1. These changes might be
related to the acquisition of new functional roles in the
msl-3 genes. Recent data suggest that, contrary to the
theoretical expectations that most duplicated genes
should accumulate mutations and be lost, acquisition of
new functions may be frequent after gene duplication
(Nadeau and Sankoff 1997).
The tree presented in figure 3, as well as the fact
that the C. elegans sequence Ce-1 lacks the long region
between motifs 4 and 5 characteristic of msl-3 in Drosophila and mammals, suggests that Ce-1 corresponds
to an ortholog of MRG15. Considering the data supporting the hypothesis that nematodes are close relatives
of insects (Aguinaldo et al. 1997; de Rosa et al. 1999),
we hypothesize that the msl-3 ortholog has been lost in
the nematode lineage. Results for plant genes are more
ambiguous. Although the simplest hypothesis is that a
duplication occurred relatively recently in plants, the topology of the tree shown in figure 3 in fact does not
correspond to that expected for two paralogs (the At-1,
Zm-1, and Le-1 sequences appear to be derived from
the At-2 sequence). However, the fact that two of the
sequences that we analyzed in plants are incomplete
(Le-1 is missing the last domain, while Le-2 lacks part
of it) may significantly alter the relationships among the
plant sequences shown in figure 3. The relationships
among these plant genes should be reconsidered when
more sequences are available.

It is interesting to speculate about the possible
function of the msl-3-related genes in other species, as
well as that of MRG 15 in Drosophila. The function of
MRG 15 in mammals is unknown, although it has been
suggested that the related chromodomain-lacking gene
MORF 4 may be involved in cellular senescence (Bertram et al. 1999). One possibility to consider is whether
MRG 15 may also be acting in dosage compensation in
fly species. However, finding msl-3-related genes in
many species, including yeasts, that do not have a dosage compensation system, raises the possibility that
these genes may perform some ancestral gene function
from which the msl-3 dosage compensation function
evolved. Although the precise function of yeast gene
Alp13 is also currently unknown, it is known that
ALP13 is a nuclear protein and that Alp13 mutants are
viable but sterile and lead to alterations of cell shape
(Radcliffe et al. 1998; Radcliffe and Toda, personal
communication). At another level, the description of
msl-3-related genes in mammals opens up the possibility
of studying their possible interactions with the previously described mammalian maleless relative (Helicase
A) to determine whether a similar MSL complex is present in mammalian species.
The comparison of all the msl-3-related sequences
has allowed us to reevaluate the proposals of Koonin,
Zhou, and Lucchesi (1995) as to the existence of two
chromodomains in MSL-3. We conclude that only the
more N-terminal chromodomain-containing regions hypothesized by Koonin, Zhou, and Lucchesi (1995) have
a pattern of conserved residues in the members of this
gene family that is compatible with being a chromodomain-related structure. However, the reason why this
pattern was not originally detected in D. melanogaster
MSL-3 is because that region has a very low similarity
with the canonical chromodomain-containing proteins,
such as POLYCOMB or HP1 (see Aasland and Stewart
1995; Singh and James 1995). Most data suggest that
the chromodomain is a protein-protein interaction domain (Cavalli and Paro 1998), but it is an open question
whether the chromodomain and other related sequences,
like the chromo-shadow domain (Aasland and Stewart
1995) or the chromodomain-like sequences in MSL-3,
actually perform the same role. On the other hand, the
most C-terminal putative chromodomain-containing region hypothesized by Koonin, Zhou, and Lucchesi
(1995) actually does not show the expected pattern of
conserved residues in the different MSL-3-related proteins, suggesting that this region does not correspond to
a chromodomain. The regular disposition of some conserved hydrophobic amino acids suggests that it may
instead correspond to a leucine zipper–like structure.
Thus, MSL-3 and its relatives might be able to form
dimers or interact using such a surface with MSL-1 or
MSL-2 (see Results). All of these structural features
could be related to MSL-3 being a structural component
of the compensasome, important for binding together
proteins that provide the different enzymatic activities
(e.g., helicase, acetyltransferase) required for the action
of the complex. MSL-3 relatives could be performing
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similar mediator functions in other, related or unrelated,
protein complexes.
After all these analyses, it is still unclear whether
MSL-3 and its relatives are able to interact in some way
with nucleic acids or other structural components of
chromatin, such as histones. Two interesting features
that we have observed in these proteins which may be
significant for their function in regulating chromatin
structure are the highly polar region between motifs 2
and 3 and the putative KH domain in D. melanogaster
msl-3. Many other chromatin-associated proteins, such
as topoisomerase I, nucleoplasmin, and the chromodomain-containing protein SWI6, also have characteristic
charged regions (Burglin et al. 1987; Lorentz et al. 1994;
Shaiu and Hsieh 1998). It is possible that the differences
in disposition of charges among MSL-3-related proteins
detected in our analyses, for example, the longer polar
domain in D. virilis MSL-3 than in D. melanogaster
MSL-3, may be related to the fine tuning of the functions of those proteins in the different species. Similarly,
the fact that D. melanogaster msl-3, but apparently not
its D. virilis homolog or other MSL3-related proteins,
has a region with some similarity to the KH domain, a
type of RNA-binding domain (Gibson, Thompson, and
Heringa 1993), may be a demonstration of slightly different roles of the two homologous proteins in their respective complexes. Finally, the finding by Prakash et
al. (1999) of alternative splicing for mammalian
MSL3L1, with one of the isoforms produced lacking part
of the chromodomain, is interesting. Additionally, Bertram et al. (1999) described chromodomain-lacking duplicates of MRG15. It may be significant, then, that Gorman, Franke, and Baker (1995) found that in Drosophila
melanogaster, there are two types of msl-3 RNAs, and
one of them would lack part of the chromodomain-like
region. These results suggest that there may be, in both
mammals and Drosophila, significant roles for the truncated versions of the MSL-3-type proteins.
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