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ABSTRACT 
MSL2  is  required  for  the  male-specific  assembly of a  dosage  compensation regulatory complex on 

the X chromosome of Drosophila melanogaster. We found that  MSL2  binds in a reproducible, partial 
pattern  to  the  male Xchromosome in  the  absence of MIX or  MSL3, or when  ectopically  expressed  at 
a low level  in  females.  Moreover,  the  pattern  of  MSL2  binding  corresponds  precisely in each  case  to 
that of MSLl, suggesting  that  the two proteins function together  to  associate  with  the X .  Consistent 
with  this hypothesis, we isolated  EMSinduced  loss  of  function ml-1 and mL2 alleles in a  screen for 
suppressors of the  toxic  effects of MSL2  expression in females. We also  used sitedirected mutagenesis 
to determine  the  importance of the  MSL2 RING finger  domain  and second cysteine-rich  motif.  The 
mutations,  including  those in conserved  zinc  coordinating  cysteines,  confirm  that  the RING finger is 
essential  for  MSL2 function, while  suggesting  a  less  stringent  requirement  for  an  intact second motif. 

M ANY organisms determine sex on the basis  of  dif- 
ferential chromosome inheritance, with  XXindi- 

viduals  developing as females, and XYindividuals  devel- 
oping as  males.  Dosage  compensation is the mechanism 
through which  X-linked gene expression is made  equiv- 
alent in the two  sexes.  Dosage compensation  in Drosoph- 
ila mhnogaster occurs  primarily through the transcrip- 
tional upregulation of the single  male X chromosome 
(reviewed in LUCCHESI and MANNING 1987; BAKER et al. 
1994; KELLEY and KURODA 1995;  LUCCHESI 1996). Four 
factors required for this  process are encoded by the 
maleless (mle) , mabspecz;fic lethal-1 (msl-1) , male-speci$c le- 
thal-2 (m1-2) ,  and mak-specijic lethal-3 (msl-3) genes. The 
four loci are collectively referred to as the msk. Males 
homozygous mutant for these  genes die during late 
larval  to  early  pupal  stages,  presumably due to the cu- 
mulative shortage of Xencoded products. 

Genetic data demonstrate no increase  in the severity 
of phenotype when  multiple msk are disrupted, sug- 
gesting that the individual  loci function in  a  common 
pathway (SANCHEZ and NOTHIGER 1983). Consistent 
with their role as  critical  factors for the dosage  compen- 
sation  process, the gene products for all four msl loci 
localize  specifically to the male X chromosome (KUR- 
ODA et al. 1991;  PALMER et al. 1993; BASHAW and BAKER 
1995; G~RMAN et al. 1995; KELLEY et al. 1995; ZHOU et 
al. 1995). Furthermore, each of the MSL proteins binds 
to the Xchromosome in a  precisely coincident pattern, 
and this pattern is dependent  on all four msl+ functions 
( G ~ R M A N  et al. 1993, 1995;  BONE et al. 1994;  HILFIKER 
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et al. 1994;  PALMER et al. 1994; BASHAW and BAKER  1995). 
These data have been interpreted as evidence that the 
MSL proteins form  a  multi-subunit  complex.  Consistent 
with  this  view, the MSGl and MSG2 proteins ceimmu- 
noprecipitate from  male  nuclear  extracts (KELLEY et al. 
1995). There is  also indirect evidence for one or more 
RNA components of the complex (RICHTER et al. 1996; 
AMREIN and AXEL 1997; MELLER et al. 1997). 

Insight into the function of the MSL complex was 
provided by the discovery of the male X chromosomal 
localization of histone H4 monoacetylated at lysine 16 
(H4Ac16, TURNER et al. 1992). The significance of spe- 
cific histone  acetylation  to the transcriptional  upregula- 
tion of the male X chromosome is supported by recent 
work  in  yeast and humans,  showing  a direct link be- 
tween histone  acetylation and gene activation (BROWN- 
ELL et al. 1996; MIZZEN et al. 1996; reviewed in PENNISI 
1997). The enrichment of H a c 1 6  on the Drosophila 
male X chromosome is dependent upon the wild-type 
activity  of  all four msk (BONE et al. 1994), and the re- 
cently  discovered males absent on the first  (mof)  locus 
(HILFIKER et al. 1997). The MOF protein is a strong 
candidate to encode a  male-specific  histone  acetyltrans- 
ferase that functions  in  dosage  compensation.  Thus,  a 
primary function of the MSL protein complex may be 
to  target mofactivity  to the Xchromosome (HILFIKER et 
al. 1997). 

Assembly of the MSL complex on the X chromosome 
occurs  only in males. In females,  complex  assembly  is 
prevented by the negative  regulation of MSL2 protein 
expression by the product of the Sex lethal locus.  Ectopic 
expression of MSL2 is sufficient  to  assemble  all four 
MSL proteins on both female  Xchromosomes,  indicat- 
ing that msl-2 is the primary  target of  sex-specific  regula- 
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tion (KELLEY et al. 1995; BASHAW and BAKER 1997; KEL 
LEY et al. 1997). 

It is not known  how the MSL complex recognizes 
the X chromosome, as none of the characterized MSL 
proteins  contain a classical DNA binding domain. MSL 
1 contains two highly acidic stretches, reminiscent of 
proteins  that can interact with nucleosomes (PALMER et 
al. 1993). MSL2 contains a putative zinc binding do- 
main known as the RING finger (BASHAW and BAKER 
1995; KELLEY et al. 1995; ZHOU et al. 1995). Two msl-2 
mutant alleles  have lesions in this segment of the pro- 
tein,  including a single amino acid deletion between 
the first and second conserved cysteines of the RING 
finger ( m ~ l - 2 ~ " ~ ;  ZHOU et al. 1995). The RING finger 
has been implicated in protein-protein interactions 
and/or nucleic acid affinity in other family members 
(REDDY et al. 1991; LOVERINC et al. 1993; MU et al. 1994; 
BORDEN et a2. 1995; ELENBAAS et a2. 1996). A second 
cysteine-rich region resides in the  central  portion of 
MSL2 (BASHAW and BAKER 1995; ZHOU et al. 1995). 
This domain was aligned with the PHD finger, a motif 
suggested to function in protein-protein interaction 
(BASHAW and BAKER 1995; reviewed in  LAND et al. 
1995), or with a metallothionein-like domain, suggested 
to regulate zinc  availability to the RING finger (ZHOU 
et al. 1995; LUCCHESI 1996 and references therein). 
However, both alignments show  only partial conserva- 
tion of the individual motifs. 

To  further  define  the role of MSL-2 in complex for- 
mation and chromosome association, we examined  the 
genetic requirements  for MSL2 association with the X 
chromosome. We found  that MSL2 and MSLl colocal- 
ize to a reproducible subset of their wild-type Xchromo- 
some sites in the absence of either mk or msl-3. MSL-2 
chromosome association requires MSLl, and therefore 
the two proteins  are codependent  on  one  another for 
their  interaction with the X chromosome. To under- 
stand  the relevance of structural motifs within MSL-2, 
a site-directed mutagenesis strategy was employed. Our 
results  suggest that  the incomplete PHD/metallothio- 
nein  domain is not essential and confirm that  the 
amino-terminal RING finger is indispensible for MSL 
2 in vivo activity. 

MATERIALS AND  METHODS 

Polytene  chromosome  spreads and immunofluorescent 
staining: Preparation and incubation with primary antibodies 
for chromosomes  from Sxp/Sxlhv'; msl heteroallelic animals 
was performed as follows.  Salivary glands from third-instar 
larvae  were  dissected and fixed in phosphate-buffered  saline 
(PBS) at  pH 7.2 containing 3.7%  formaldehyde and 0.1% 
Triton X-100 for 1 min. The solution was then replaced with 
50% acetic  acid and 3.7% formaldehyde for 2 min.  Glands 
were transferred in 3 p1 of  fixative to  siliconized  cover  slips 
and squashed onto slides.  Slides  were  immediately  frozen in 
liquid nitrogen, and the cover  slips  removed  with a razor 
blade. Preparations were dehydrated in 95% ethanol for a 
minimum of 15 min  before  washing in PBS for 30 min, and 

PBT  (PBS plus  0.2% Triton X-100) for 30 min.  Individual 
slides  were  blocked in PBT  with 2% BSA for a minimum  of 
30 min  before incubation with primary  antibody overnight at 
4" in a humidified chamber. Goat anti-MSL2 was used at a 
dilution of  1:50, and rabbit anti-MSG1 at 1:30. Both  primary 
antibodies were incubated simultaneously.  After  primary  anti- 
body incubation, slides  were  blocked in PBT  with 2% BSA for 
1 hr  and reacted with biotin conjugated anti-goat antibodies 
preabsorbed against  Drosophila  embryos at a concentration 
of  1:500 for 2 hr at room temperature. Slides  were  again 
washed in PBT and blocked in PBT  with 2% BSA. Tertiary 
incubation with  Cy-3 conjugated anti-biotin (Jackson Labora- 
tories) and anti-rabbit FITGconjugated secondary antibodies 
occurred for 2 hr  at room temperature. FITGconjugated sec- 
ondary antibodies (Jackson Laboratories) were preabsorbed 
against  fixed  Drosophila  embryos at a concentration of l:lO, 
and sample incubation was done  at a final dilution of  1:200 
at room temperature for 2 hr, following a 30-min incubation 
with  PBT and 2% BSA. Cy-Sconjugated antibodies were  used 
at a final dilution of  1:2000.  DNA  was counterstained for 7- 
10  sec  with 2 pg/ml bis-benzimide (Hoechst 33258, Sigma). 
Samples  were mounted under a cover  slip  with 80% glycerol 
and 2% n-propyl  gallate.  Chromosomes  were viewed using 
epifluorescent optics with a Zeiss  Axioscope and photo- 
graphed using  Kodak Ektachrome 400. Data in Table 1 were 
compiled through the comparison of at least three chromo- 
some preparations of each  genotype. 

Western blots: Crude extracts were prepared from third 
instar larvae through homogenization in 10 pl/animal of 
Laemmli loading buffer containing the following proteinase 
inhibitors: 1 pg/ml of pepstatin, 1 pg/ml of leupeptin, 1 p M  
benzamidine, 10 ~ L M  aprotinin, 1 pg/ml antipain, 1 pg/ml of 
soybean  trypsin inhibitor, and 1 mM phenylmethylsulfonyl 
fluoride. The extracts  were  immediately  boiled for a mini- 
mum of 5 min. Preparations were spun at maximum  speed 
in a microfuge for 30  sec and frozen at -80" until analyzed. 
Extracts  were not stored for >30 days. Loaded  samples were 
balanced  against one  another for  equivalent protein concen- 
trations by Coomassie  staining.  Approximately 0.5 to one fly 
(or larva) was loaded. Samples  were electrophoresed through 
4%  stacking-6%  polyacrylamideSDS  Laemmli  gels  overnight 
for 1000  volt-hr.  Proteins  were transferred in ( ~ T S U -  
DAIRA 1987)  buffer  to  nitrocellulose  using an EC electroblot 
apparatus for 2.5-3.0 hr  at 500 mA. Western  blots  were  incu- 
bated with  primary  antibody  overnight at room temperature 
at dilutions determined for individual  antibody  purifications 
and visualized using an alkaline phosphataseconjugated goat 
anti-rabbit detection system (Promega). 

Drosophila stocks: Flies  were  raised on standard cornmeal- 
yeast-agar-molasses medium containing propionic acid. All 
stocks not specifically mentioned are described in LINDSLEY 
and ZIMM (1992) or in PALMER et al. (1994). 

Crosses to generate Sxl; msl double mutants for Western 
analysis and/or immunostaining were performed at 18". Sxl; 
msl-2 double mutants were  as  follows: cm S x p '  ct; msl-2 b 
cn wxt bw females X Sxf' oc ptg v/Y; msl-2 cn  bw/In ( 2 U )  Gla 
Bc Eli, males. Sxl; msl-1 double mutants were  as  follows: cm 
S x P '  ct; m s l - l Y 2 ' 6  cn bw females x Sx6 oc ptg v/y; msl-lb cn bw/ 
In (2LR) Gla Bc Eli,  males or cm S x p '  ct; m ~ l - 1 ~ ' ~ ~  m bw females 
x SXP oc ptg v/Y;  ms61y269 cn bw/Zn (2LR) Gla Bc Eli, males or 
cm s X P '  ct; ms1-1~ females X S X E  oc ptg v/y; msL-Ib cn bw/h 
(2LR) Gla Bc El males. Sxl; msl-3 double mutants were as 
follows: cm S x p  ct; msl-SP  red females X Sxf' oc ptg v/Y; msl- 
r' red/TM6B Tb males. Sxl; m b  double mutants were as fOllowS: 
cm s X P '  ct; p mb' females X S X P  oc ptg v/y; pr mk'/In ( 2 U )  
Gla BC  Elp.  Homozygous  msl-2, ml-1, and mblarvae were iden- 
tified by the absence of the Bc marker. Homozygous msl-3 
larvae  were identified by the absence of the Tb marker. 

P 
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Crosses to generate ml-3 and d e  mutant males for Western 
analysis  of  MSG2  were performed at 18". ml.9 mutanis *ere % 
m P  c?z bw/cyo y+ females X ym, e cn bw/CyO y+ males. 
mG3 mutan& were mrdy red/TM3 females X mG? red e/ 
TM3 males.  Homozygous mle males  were identified by the 
absence of the y" mouth-hook marker carried on  the Cy0 
balancer. mGy/ml-? larvae  were identified by their red 
Malpighian tubules. Larvae for all crosses  were  sexed by gonad 
size as viewed through the cuticle. 

Dominant suppressor 8creepg: Chemical  mutagenesis was 
performed on yw; H83M2-6Z/+ adult males that had aged  5 
days at room temperature. Animals  were separated into sets 
of 100/bottle and starved for 6-10 hr. A 1% sucrose solution 
containing 0.26% EMS (Sigma) was added to  Whatman paper 
lining the fly containers, and flies  were left to drink the solu- 
tion overnight (15-18 hr). At that time, the flies  were  trans- 
ferred to fresh bottles with food and left to recover for 24 hr 
before mating. Approximately 200-300  virgin  females  were 
mated to the EMStreated males.  After 4 days the males  were 
removed and the females transferred to fresh food to com- 
plete laying their fertilized eggs.  Male progeny eclosing from 
these bottles were masmated to their nontransgenic sisters. 
The progeny from this second cross  were sorted beginning 
on day 1 of eclosion through day 4. All transgenic  females 
recovered on days 1-3 were mated to test for fertility. Based 
on the number of transgenic brothers produced, we exam- 
ined a  maximum of 19,000 chromosomes in this screen. 

Sitedirected mutagenesis: Oligonucleotide primers were 
designed in  the sense and anti-sense direction to incorporate 
specific  mismatches into the MSL2 coding sequence such that 
the desired amino acid substitution occurred upon translation 
( HIGUCHI et al. 1988). Two individual PCR amplifications of 
15  cycles each were performed on  the starting DNA substrate 
(15 ng) with each set of mutant primers and the appropriate 
5' and 3' external primers. Full length product from  these 
reactions was purified on 0.8%  low-melt  agarose and melted 
for 30 min at 65" in a 1:l dilution with  autoclaved  water. Two 
microliters of each product were combined into a third PCR 
amplification reaction with the two external primers for 15 
cycles. The PCR fragment encompassing the targeted region 
was used  to replace wild-type sequences in the pM2NGN trans- 
formation vector. pM2NGN contains a complete ml-2 gene 
(6 kb) cloned into pCaSpeR (PIRROTTA 1988) in which the 
ClaI and Xmd sites in the 5' untranslated region have been 
converted to Not1 and BglSI sites,  respectively (KELLEY et al. 
1997), and  an NcoI site  has been introduced at the s t a r t  codon 
of ml-2. 

To confirm the targeted mutations were present and that 
no random PCR-induced mutations had occurred, each site- 
directed mutant was sequenced across the region  between 
the external primers. Standard dideoxy sequencing reactions 
were performed utilizing the Sequenase DNA sequencing kit 
(USB) and resolved through electrophoresis on a 6% poly- 
acrylamide/7 M urea gel. One positive construct for each mu- 
tant was purified over  a  Qiagen DNA column and prepared 
for microinjection. 

Germline transformation: Purified DNA was microinjected 
into y w; P[A2-31 Ki/+ embryos that contain a  stable source 
of transposase  (ROBERTSON et aL 1988). Transgenic flies were 
recovered and tested for ml-2 complementation. Multiple 
lines  carrying insertions on the X or third chromosome were 
assayed. 

RESULTS 

Co-localization of MSG1 and MSG2 in partial MSL 
complexes: We tested  whether or not MSL2  might pos 

sess Xchromatin binding activity  in the absence of  any 
OF& Bhdr MSLs bf examining  its  localization pattern 
on polytene  chromosomes.  Since perturbation of m s l  
function in males  results in poor chromosomal  mor- 
phology, we performed our analysis in female  cells that 
had adopted the male  sexual  fate.  Females  of the geno- 
type S x P / S x P  fail to activate the Sxl locus in a  subset 
of their cells and thus are mosaic for cells that follow 
either the male or female  pathway for dosage  compen- 
sation (GORMAN et al. 1993).  In X X  cells that have 
adopted a  male  fate,  MSL2 interacts in a full male-like 
pattern on the two female X chromosomes (KEJLEY et 
al. 1995 and inset,  Figure le). However,  mosaic  animals 
lacking mle or msl-3 show partial  immunostaining  pat- 
terns for MSL2  (Figure la-d), as previously  seen for 
MSLl (PALMER et al. 1994). We mapped the cytological 
locations of  MSG2 immunostaining and found that the 
sites  occur in a reproducible, overlapping pattern in 
the two mutants (Table 1). Furthermore, MSLl  and 
MSL2 are precisely  co-localized at the msl-3 and mk 
independent sites  (Table 1 and data not shown). In the 
msl-3 mutant these  sites number -30-40. The lack of 
MLE appears to have a more severe  effect, as chromo- 
some binding is detectable at a  smaller  subset of sites, 
all  common  to the msl-3 mutant pattern. In contrast, 
MSG2 localization  to the Xchromosomes  is  completely 
abolished  in the absence of MSG1 (Figure 1, e and f) , 
Thus, MSL2 and MSLl are codependent for chromo- 
some binding, even at  the rnb and msb3independent 
subset of sites. 

We found that a  partial  MSL2 pattern is observed 
in msl-lb mutants ( S x f / S x P ' ;  msl-1Y216/msl-lb and SxP/  
Sx$U'; msl-lb, Figure  2a and data not shown). msl-lb is 
a putative point mutant (BELOTE and LUCCHESI  1980; 
PALMER et al. 1993). When MSLl function is compro- 
mised,  MSL2 is  only  localized  to  sites  where the mutant 
form of MSLl is bound (Figure 2b). When  a  reverse 
approach was used in which msl-2 expression was dere- 
pressed  in  females through the removal  of SXL binding 
sites in the 3' untranslated region of mZ-2 transcripts 
(MM2SV; KELLEY et al. 1997), a  similar  partial pattern of 
MSL2:MSLl X chromosome interaction was observed 
(Figure 2, d-0. In this  case,  MSL2 was present in lim- 
iting quantities, and MSLl was precisely  restricted to 
the sites  of  MSL2  localization. We mapped the cytologi- 
cal locations of the MSL complexes in each genotype 
(Table 1). In all  cases the patterns overlapped, sug- 
gesting the presence of  specific high  affinity binding 
sites  spaced  along the length of the X chromosome. 

We performed Western  blots of msl mutants  to deter- 
mine  whether the failure of  MSL2 to bind the Xchro- 
mosome  in  a  wild-type pattern was due to  lack  of  MSL 
2 protein accumulation  (Figure 3). No dramatic  differ- 
ence in MSL2  levels was detected between  homozygous 
msl-3 or mle males and their heterozygous brothers. Be- 
cause msl-l homozygous  male  larvae produce poor qual- 
ity protein extracts, we again  used Sxf /SxP"  females 
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FIGURE 1.-Indirect im- 
munofluorescence to  de- 
tect MSL-2 in mst genetic 
backgrounds. (Left) Anti- 
MSL2 detection in Sxtl/ 
Sxp'; mst salivary gland 
polytene  nuclei. (Right) 
The same nuclei counter- 
stained with Hoechst  33258 
to visualize  all chromo- 
some  arms.  MSL2  main- 
tains interaction at -30 
sites in the absence of msl- 
3 (a), and slightly  fewer  in 
mb mutant nuclei (c) . No 
MSG2 protein is  observed 
on the X chromosome in 
an m ~ l - 1 ~ ~ ~ ~  homozygote 
(e). The X chromosome is 
indicated in f. The insets 
in e and f show the full 
anti-MSL2 staining pat- 
tern in  a Sxt'/Sx$U'; msl- 

heterozygous sis- 
ter. 

that were either homozygous mutant or heterozygous However, these data suggest that the observed  reduc- 
for msl-1. By this assay, MSG2 levels  were not dramati- tion  in MSLP chromosome binding in the msl mutants 
cally decreased by lack  of msl-1 function. Individual  lar- examined is due primarily  to the functional  absence of 
vae in this experiment are mosaic and may contain a any one of the putative  complex  components, rather 
different percentage of  cells taking the male or female than to effects on MSL-2 expression or stability. 
fate, therefore a  quantitative  comparison of MSL2 lev- Dominant suppressor  screen of MSGt-dependent fe- 
els  (expressed  only in "male"  cells) was not possible. male  lethality: Ectopic MSL-2 expression in females re- 
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TABLE 1 

Cytological location of M S L S S L 1  binding sitee in the 
absence of d 3  or d e  

Locus  msl-3/MM2SV mle msl-lyPi6/msl-lb 

1 c  
2D 
3F 
4 c  
5 c  
5D 
7A 
7E 
8A 
8EF“double band 
9D 

1oc 
11A 
llB-D cluster 
12B 
12F 
1 3A 
13D 
13E 
14B 
1 4F 
15E 
16D 
17B 
17F 
18D 
19B 
19F 
20A 

++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
+ 

++ 
+ 
++ 
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++ 
+ 

++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
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++ 
+ 

++ - 
++ 
++ 
++ 
++ 
++ 
++ 
+ 

++ 
- 
- 
++ 
+ 

++ 
++ 
++ 
++ 
++ 
+ 

++ 
++ 
++ 
++ 
++ 

- 

- 
++ 
ND 

++ - 
++ - 
++ 
++ 
++ 
- 

++ 
- 

++ 
- 

- 
+ 

++ 
++ 
++ 
++ 
+ 
+ 

++ 
+ 

- 

- 
++ 
++ 
++ 
ND 

- 

+ + indicates  that  the  individual  locus was consistently de- 
tectable,  while + notes  a position that was not detected in 
every nucleus. ND refers  to  sites not determined  for particular 
genotypes. 

sults in a dominant female  phenotype.  Females  express- 
ing MSL2 from the hsp83 promoter (H83M2) either 
die or are developmentally  delayed and sterile (KELLEY 
et al. 1995). A powerful  use  of  this  constitutive MSL2 
transgene is for the isolation of genetic  suppressors of 
the dominant phenotype. The strongest H83M2 line 
available for this purpose contains two  tightly linked 
transgene insertions on the third chromosome  (line 61, 
data not shown). The female  phenotypes of H83M2- 
61 can  be  suppressed by removing one wild-type  copy of 
msl-1, or both functional copies of nzsl-3 or mk (KELLEY et 
al. 1995). Therefore, we performed an EMS screen for 
dominant suppressors of the lethality and late  eclosion 
phenotypes of H83M2 females, expecting to recover 
mutations in nzsl-1 and perhaps novel,  limiting  compo- 
nents for dosage  compensation  (Figure 4). The results 
of this  screen  yielded one msl-1 mutant and three puta- 
tive mutations mapping to the chromosome containing 
the two H83M2 transgenes (third chromosome). Fur- 
ther characterization of these three suppressor  lines 
revealed that they  still  expressed  full length MSL2 pro- 

tein and could  still complement mG2 mutants (Figure 
5 and data not shown),  suggesting that at least one of 
the H83M2 transgenes was intact for msG2 function. We 
analyzed one of these mutants (M63) in greater detail 
due to the presence of both wild-type and apparently 
truncated MSG2 protein on Western  blots  (Figure 5). 
PCR amplification of the transgenic DNA from  this 
stock  revealed an intact copy  of H8SM2 and an addi- 
tional  smaller product. DNA sequence analysis  of  this 
PCR product revealed an in frame deletion of 121 
amino acids,  resulting in an MSL2 protein lacking  resi- 
dues 19-140, including the RING finger  (residues 39- 
82). Subsequent  separation of this RING finger  dele- 
tion  transgene  from  its wild-type counterpart by Pele- 
ment transposition  (Figure 5) showed that this mutant 
does not appear to exert a dominant negative  effect on 
males canying at least one intact copy  of mG2. How- 
ever, the RING finger deletion mutant protein fails  to 
bind the X chromosome in transgenic  females or com- 
plement mZ-2 mutant males (data not shown), sug- 
gesting that the RING finger domain is essential to MSL 
2 function. 

Mutagenesis of the MSG2 RING finger and addi- 
tional cysteine-rich motifs: In addition to the RING 
finger  homology  previously noted in the amino termi- 
nus of MSL2, we distinguished  overlapping  similarity 
to the zinc  finger of a nuclear receptor subfamily  in- 
cluding LXRa (Figure 6A, WUY d al. 1995). This  alter- 
native  configuration  of  cysteines  within the nuclear  re- 
ceptor zinc  finger structure is mutually  exclusive  with 
that of the RING finger. The region of  similarity  be- 
tween LXR and MSL-2 is limited  to the first  zinc  finger 
of LXR (Figure 6A). The striking feature of this  align- 
ment is the strict  conservation of the alpha helical  se- 
quence (CEGCxxF) that is required for DNA binding 
activity  of the nuclear receptor (for review, see FREED- 
MAN and LUISI 1993; TSAI and 0’- 1994). This 
region, termed the P-box,  consists  of  five  absolutely  con- 
served  residues  split by two residues required for se- 
quence specific DNA contact.  Since MSG2 has  all  five 
of the conserved  residues, it was conceivable that MSL 
2 might  utilize  this alpha helical structure to bind target 
sequences  along the X chromosome. 

We used sitedirected mutagenesis to test  whether 
MSL2 was likely to fold into a RING finger or a  nuclear 
receptor zinc  finger structure. Six mutant MSG2 con- 
structs  were generated through PCR-mediated  muta- 
genesis  (Figure  6, B and C ) .  In each case one  or more 
residues expected to play a vital role  in the structure 
or function of a  single  motif  were altered and then 
tested in  vivo using  transgenic  animals. Two  cysteine to 
alanine mutants, CA-1 and (24-3, are designed  to  de- 
stroy  any  zinc binding ability at position Cs or C7 of the 
RING finger (RING finger  cysteines  form  a C9HC4 
metal binding structure) (Figure  6B). In the appropri- 
ately folded structure, these  residues are predicted to 
coordinate a  common zinc atom with  two other amino 
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d 

* 

f 

d 

RGURE 2.-MSL2 and 
MSLl colocalize  with one 
another as the  wild-type 
pattern is altered. Poly- 
tene  spreads  from Sxp/ 

males (top) and MM2SV 
females (bottom). MSL-2 
protein (red) is detected 
at  multiple  sites  spaced 
along  the X chromosomes 
(a  and d). Double  expo- 
sure  micrographs (b and 
e) illustrate  the  colocaliza- 
tion  of MSL2 and MSLl 
at  these  sites (MSL1 alone 
not  shown). (c and 0 The 
identical chromosomes 
stained with Hoechst 
33258. 

S x P ;  ml-l~216/ml-lb fe- 

acid partners (H4 and C,) .  Three  other mutations target 
the putative P-box sequence. Adjacent positions known 
to  be essential for DNA contact were modified in two 
cases  (EA and EP) , and  the  third involved replacement 
of the putative sequence-specific recognition residues 
in MSL-2 to those found in LXR (SK). 

Transgenic msl-2 rescue data collected for  the individ- 
ual mutants reveal that only the transgenes lacking two 
of the cysteines that form part of the RING finger failed 
to  support male development (Table 2).  Strains ex- 

pressing mutations within the P-box  of the  nuclear re- 
ceptor homology were  viable in the absence of endoge- 
nous msl-2. Thus, our data eliminate the possibility for 
a significant role for the P-box  motif and  support  an 
essential function  for  the MSL2 RTNG finger. 

The substitution of the serine-aspartic acid (SD) resi- 
dues with the LXR sequence lysine-glycine (KG) low- 
ered MSL-2 activity.  Of the 11 independent insertions 
recovered, only one gave complete male rescue (SK 8) 
(APPENDIX A).  Eight of the  other 10 lines produced 
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MSL-2+ 

116 - 

MLE -b 

FIGURE 3.-MSL2 protein expression in the absence of m s l - I ,  msl-3, and mle. (Top) Western analysis of MSL2  rotein levels 
in wild-type males and females, as well as  animals  deficient  for ml-1 (left), ml-3 (center),  and mle (right). Sx?‘/Sxp P heteroallelic 
females were utilized to generate  the mrl-1y2’6/msl-l” background, while both the msl-3 and  the mk experiments were performed 
in mutant males. MSL2 protein levels cannot  be  compared between Sx?’/Sxp’; m ~ l - I ~ ~ ’ ~ / m r l - l ~  females and  their Sx?’/SxP”; 
ml-Iy2’h/+ sisters as the  number of male-like cells expressing the MSL2  protein will vary for each individual larva. (Bottom) 
MLE protein levels are shown as  a control for total protein  loaded. 

males, but  their  development was delayed, and they 
were recovered at a lower percentage  than  expected. 
Furthermore, two transgenic strains occasionally pro- 
duced males with the “wings held-out” phenotype pre- 

LEMS 

+ 
1 

establish  stock 
with  fertile  females 

test  for  allelism 
to  other known msls  

FIGURE 4.-Screen for dominant suppressors of ectopic 
MSL2. The strategy was designed to recover healthy females 
expressing  ectopic MSL2 (H83M2). Stable stocks were estab 
lished from  fertile females. Chromosomes that were con- 
firmed to rescue females were tested for complementation of 
msl-I,  msl-3, and mle. 

viously characterized for partial loss of function mk- 
males (RICHTER et al. 1996). These males  were not fer- 
tile and most died  soon  after eclosion. These  data indi- 
cate  that  mutations in this segment of the  protein can 
result in diminished MSL2 function,  but do not indi- 
cate the  nature of the defect. 

We also mutagenized a  second cysteine-rich domain 
in the  central  portion of MSL2. This region has been 
suggested to contain  a metallothionein-like cysteine 
cluster or a PHD finger. However, both alignments 
show  only partial conservation of the individual motifs. 
In the case  of the  metallothionein  domain, only eight 
of 20 cysteines are  found (ZHOU el al. 1995). Similarly, 
MSL2 possesses  only the first five of eight hydrophobic 

1 2 3  

MSL2 
ARING 

FIGURE 5-Western analysis of the M63 RING finger dele- 
tion mutant.  MSL2  protein from adult females was detected 
with anti-MSL2 antibodies.  Lane 1, two protein  bands are 
detected in the parental M63 mutant stock. Lane 2, an exci- 
sion derivative stock that produces only the  shorter MSL2 
protein and fails to rescue ml-2 mutant males. Lane 3, an 
excision derivative of M63 that makes only the full length, 
functional MSL2 protein. 
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PHD/ 
Metallothionein 

BRCA1: LSALRVEEVQNVINAMQKILICPI~LELIKEPVST---K~D~IFCKFCMLKLLNQKKGPSQ~PLC~DIT 
MSL-2: LSKRRVEELNSGLGELRQLLS~W~CQLLVDPYSPKGKRCQRL~LRGKKHLFPSCTQ~EGCSDFKT 
LXR : GPAPKMLGNELCSVCGDKASGFHYIWLSCEGCKGFFR * *  * * * * * * *  

P-box 

B CA-1 CA-3 

RING: LSKRRVEELNSGLGELRQLLS~W~CQLLVDPYSPKGKR~Q~NV~RL~LRGKKHLFPS~TQ~EGCSDFKTY 
NUCLEAR  RECEPTOR: DPYSPKGKRCQHNVCRLCLRGKKHLFPSCTQCEGCSDFKTY 

4 4  
EA SK 
EP 

C Metallothionein-like 

MSL-2: KPPKPKCRCGISGSSNTLTTCRNSRCPCYKSYNSCAGCHCVCC~PHKED~E 

c) PHD-like 

cc 
FIGURE 6.-Mutagenesis of the MSL2 cysteine-rich domains. (A) The  protein  structure of MSL-2 is outlined  to highlight the 

two cysteine-rich regions within the  coding  sequence.  The amino-terminal domain has homology to  the NNG finger zinc-binding 
structure.  The carboxy-terminal cluster has been related to  either  the PHD finger or a  metallothionein-like  sequence. Alternative 
alignment of the amino-terminal cysteines displays homology to a second form of zinc finger  found in the nuclear receptor 
family. Similarity to this structure is conserved within the region of the P-box known to confer specific DNA binding activity to 
the nuclear  receptors. As shown, the residues involved in  the RING finger (underlined)  and those within the nuclear receptor 
structure (*) are mutually exclusive. Those common to both  are in  bold. (B) To distinguish between the alternative alignments 
for  the amino-terminal cysteine cluster, specific residues critical to single domains were modified (arrows) through PCR-directed 
mutagenesis. (C) Residues predicted to  form  the incomplete PHD finger and  the metallothionein-like domain  are overlapping. 
Therefore  to  determine  the significance of the region as a whole, cysteines common  to  the two motifs were replaced with 
alanines  (arrows) to prevent any potential zinc interaction through these positions. 

residues characteristic of the PHD finger (AASLAND et 
al. 1995; BASHAW and BAKER 1995), and  the spacing 
between these residues is not conserved with other fam- 
ily members. To  determine  the significance of either 
configuration, two cysteines contained  in  both  pro- 
posed motifs  were changed to alanines (Figure 6c). The 
msl-2 mutant male progeny carrying the CC mutant 
transgene  exhibited delayed development and  reduced 
viability in all but two transgenic lines, but were fertile 
despite the late eclosion (data  not  shown). Again, this 
suggests that  protein  function has been  diminished by 
the  sequence changes. Any such decrease, however, is 
not sufficient to cause complete lethality, suggesting 

that  conformation of the MSL-2 protein in this region 
may not correspond to either  the  metallothionein or 
PHD models. 

DISCUSSION 

The RING finger domain is essential for function of 
MSL-2: The RING finger is a zinc binding  domain 
found  in  a growing number of proteins with  diverse 
biological and biochemical functions (SAURIN et al. 
1996). The loss  of function  phenotypes of (1) site-di- 
rected  mutations  in conserved RING finger cysteines 
and  an EMS-generated RING finger  deletion  (this 
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TABLE 2 

The RING finger is essential for MSG2 function in vivo 

Percent  male 
Transgene  Region  disrupted viability (%) 

Wild type  None  55-100 
CA-1 RING finger 0 
CA-3 RING finger 0 
EA P-box 54-100 
EP P-box 53-100 
SK P-box 0-92 
cc PHD/metallothionein 16-64 

The  range of male rescue is shown as compared to homozy- 
gous mutant sisters (see APPENDIX A). 

work) and (2) two preexisting ml-2 alleles  with  lesions 
in the RING finger region (ZHOU et aZ. 1995) are each 
indicative of an  essential  role for the RING finger in 
the function of  MSL2. In several  cases, the RING finger 
has been implicated  in protein-protein interactions, 
and  our results are consistent with such a function in 
MSL complex formation or stability (BORDEN et al. 1995; 
EVERETT et al. 1995; RODGERS et al. 1996). Our results 
do not exclude additional or alternative  roles for the 
MSG2  RING finger domain in DNA or RNA binding. 
However,  from our sitedirected mutagenesis, we can 
rule out a requirement for the overlapping P-box  motif 
in DNA recognition by MSL2. 
MSG2 requires  MSG1 for X chromosome  con- 

tack Although each of the MSL proteins is dependent 
upon the others for binding to the X in the wild-type 
pattern, some important differences  exist in the bind- 
ing of the remaining MSLs in the absence of  any  single 
protein. In the absence of either MLE or MSLS we find 
that MSLS and MSLl remain bound at a subset of the 
wild-type  sites.  In addition, we  show that when MSLl 
function is abolished,  MSL2 is not present on the X, 
but that if MSLl function is  only compromised,  MSL 
2 is present at the reduced set of MSLl binding sites. 
Two alternative  mechanisms  could  explain  this  obligate 
requirement of MSL2:MSLl  colocalization in X chro- 
mosome interaction. First, it is  possible that MSG1  is 
the sole subunit responsible for chromosome  binding. 
In this  model, it is the failure of MSLl to  accumulate 
in the absence of MSL2 that prohibits  association. Al- 
ternatively, the two proteins may form the appropriate 
recognition  motif  only  when bound together. A similar 
form of facilitation is seen with the yeast mating type- 
specific protein a1 and PRTF, a general protein found 
in  all  mating  types (BENDER and SPRAGUE 1987). Such 
an interaction could  explain the absence  of a classical 
DNA binding domain within either protein. In both 
models the regulation of dosage  compensation is criti- 
cally  sensitive  to the relative concentrations of MSLl 
and MSL2. 

Consistent with an interdependent relationship  be- 
tween MSLl  and MSL2, we found that loss-of-function 

ml-1 alleles  can be isolated as dominant suppressors 
of MSL2dependent female  lethality or developmental 
delay. We failed  to  identify any  novel  suppressors  in 
the small EMS screen presented in this report, or in a 
much  larger  gamma-ray  mutagenesis performed subse- 
quently, in which  38  new mL1 mutants  were  isolated (R. 
L. KELLEY, unpublished  results). Therefore, our results 
suggest that in the presence of  excess  MSL2,  MSG1  is 
the predominant limiting component for dosage  com- 
pensation  in  females. We conclude that any additional 
dosage  compensation components must not be  limiting 
in amount in  females under these  conditions. 

Incomplete  complex formation on the X chromo- 
some: No MSL protein can bind in the absence of MSL 
1 and MSL2,  suggesting that these  subunits are the 
most central to  complex assembly. The existence of a 
precise  set of  sites that are independent of  MSLS and 
MLE argues that there are at least two  classes  of binding 
sites  along the X chromosome.  These “high affinity” 
sites  could  be  nucleation centers from which the MSL 
complex  might spread, but this is inconsistent with pre- 
vious data demonstrating that X-linked loci,  which do 
not map to the observed high affinity  sites, appear dos- 
age  compensated  when moved  to  autosomes (e.g., 
KRUMM et al. 1985). An alternative possibility  is that the 
high  affinity  sites,  which are the only locations at which 
putative  partial  complexes are detected, might  be  sites 
of  assembly  of the MSL complex.  In  this  model,  only 
fully  assembled,  functional  complexes  would  be  compe- 
tent to  associate  with  all additional sites on the X chro- 
mosome. 
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APPENIN.X A 

Percentage of nwk-2 male rescue as compared to homozygous &tern 
~~ 

RING finger P-box PHD/metall. 

Wild type CA-1 CA-3 EA EP SK cc 
64 (28) 

104 (23) 
109 (11) 
54 (11) 
87 (23) 
54 (11) 
94 (16) 

123 (13) 

79 (19) 
70 (20) 
0 (7) 

107 (15) 
62 (8) 
78 (9) 
0 (13) 

66 (12) 
71 (17) 
53 (17) 

150 (6) 

33 (12) 58 (38) 
18 (28) 64 (11) 
92 (12) 16 (25) 
25 (12). 49 (33) 
50 (24) 29 (7) 
0 (13) 
0 (7) 

33 (27) 
0 (6) 

58 (26) 
8 (38) 

Values are percentages; numbers in parentheses indicate the number homozygous  transgenic  sisters  recovered. 


