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quence similarity to the human autoantigen 
Mi-2 (11). We refer to the Drosophila pro- 
tein as dMi-2. dMi-2 contains five con- 
served sequence motifs (11) that are also 
present in the two human Mi-2 proteins and 
in two Caeizorhabditis elegaizs ORFs (12): 
two chromodornains (13), a DNA-stirnulat- 
ed adenosine triphosphatase (ATPase) do- 
main (14), two PHD finger motifs (15), a 
truncated helix-turn-helix motif resembling 
the DNA-binding domain of c-myb (16), 
and a motif with similarity to the first t\vo 
helices of an HMG domain (1 7). 

To map the dMi-2-interacting domain in 
Hb, \17e generated Hb fragments and tested 
them for dMi-2 interaction in yeast two-hy- 
brid assays (Fig. 1B). dMi-2 interacted very 
strongly \~,ith sequences overlapping the D 
domain, a stretch of amino acids that is con- 
sen-ed between Hb proteins of different in- 
sect species (18). I\/Iutations in the D box 
cause extensive derepression of HOX genes 
of the Bithorax complex (BXC) (2) (see be- 
lo\\,). Both D box alleles are premature ter- 
mination codons, suggesting that the D do- 
main and its COOH-terminal flanking se- 
quences are critical for repression of BXC 
genes (19). Our interaction tests (Fig. 1B) 
show that this protein portion of Hb interacts 
with dMi-2. In vitro binding assays with bac- 
terially expressed dMi-2 and Hb proteins 
confinned that these proteins bind directly to 
each other (20). Thus, dMi-2 binds to a por- 
tion of Hb that appears to be critical for 
repression of BXC genes. 

In situ hybridization to polytene chromo- 
somes revealed that dMi-2 maps to subdivi- 
sion 76D (21). In a screen for zygotic lethal 
mutations in this region, we identified five 
complementation groups (21). 

To test whether any of these five comple- 
mentation groups encode dMi-2, we se- 
quenced the diMi-2 coding regions of several 
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A Isolated activation-tagged library clones B A- hb fusions 
NONE hop7 htpll hip34 hlp57 hp66 hip76 AD-fusions 

(a) (01 (11 (3) (2) 121 - "%z.m 
Lea-hb - + + +  + + + + +  LexA F1 D F2 

hb(2-759) 1' .'.'.I PPI 1 3 - 
Lex*-PC - + + + - - -  ++ 
LuAac - - - - - - - M(2-711) 1.....;1 1 - +++ 
Lex*.bcd - - + + - - -  hb(2-583) 1 - +++ 
L e r C & - +  + - - - 
M . Y I B  - - - - - - - hb(2487) 

w1(57 
++(+) ++(+) 

hb(2-3Ml I.:.:. :I ++ ++ 

Fig. 1. Identification of dMi-2 as a Hb-interact- hbbe+ml E Z l  - - 
ing protein. (A) Yeast two-hybrid assay. Six hbP3C52Sr - - - 
Hb-interacting proteins (hip) were isolated. Pa- 
rentheses denote number of times isolated. hbb'-759' m Is - + 
Blue color intensity of yeast colonies grown on hb1450-5~~1 1......1 10 - ++(+) 
X-gal plates indicated strength of interaction [- ,, u - - 
and + signs in (A) and (B)]. Only hip57, hip66, 
and hip76 exclusively interacted with LexA-Hb, 
with hip76 showing the strongest interaction. C 
(B) Mapping of dMi-2-interacting sequences dMi-2 dMi-2' dMi-26 
(amino acids 1653 to 1982) in the Hb protein. >hmm.hm G W , ~ ~  TlprSmP 

GGCA GGCIGAC TGGITW 
LexA-Hb fusion proteins were tested for report- 
er gene activation in yeast without (NONE) or 
with a dMi-2 activation domain (AD) fusion. ,,,,, ,,, ehmmo DNAlnmvllBd 
With the exception of LexA-Hb(2-487) and fln*rs domain* ATPa~domain %z? 
LexA-Hb(2-344), these fusions did not autoac- 
tivate transcription (NONE). Repression assays (29) demonstrated that all LexA-Hb fusion 
proteins bind to LexA operator sites in yeast nuclei. The D domain (black box) together with 
sequences directly COOH-terminal to it is sufficient to bind to dMi-2. F1, finger domain 1; D, 
D domain; F2, finger domain 2. (C) Lesions present in dMi-2 alleles. dMi-24 shows an insertion 
of 4 base pairs after codon 398 that results in a frameshift and consequently a predicted 
premature termination within the first PHD finger domain. In dMi-2', a strictly conserved Cly 
(CIY'~~) that is present in all ATPase domains of the SWIZISNFZ family is substituted by Asp; 
in d ~ i - 2 ~ ,  the base substitution changes a Trp codon in the ATPase domain (TrpsO') into a 
termination codon. 

Fig. 2. Expression and function of dMi-2 in germ cells and in embryos. (A) Embryos from a Df(3L) 
kt02 stock (the deletion removes dMi-2) hybridized with a digoxygenin-labeled dMi-2 antisense 
RNA probe. Up to the blastoderm stage (left), all embryos were labeled uniformly; this RNA is 
therefore maternally deposited. In 12-hour-old Df(3L) kt02 homozygotes, the maternal dMi-2 RNA 
became undetectable (right). Zygotic expression of dMi-2 in wild-type embryos (middle). (8) No 
eggs were obtained from dMi-2 mutant germ cells (* denotes that rare abnormal eggs were laid). 
dMi-ZZ and dMi-2' mutant germ cells carrying a dMi-2 transgene ("T") (23) developed into 
normally shaped eggs, but no embryos were obtained. (C) Synergy between hb and dMi-2. Eleven- 
to thirteen-hour-old embryos stained with an antibody to Ubx (2). dMi-24 mutants (left) showed 
wild-type morphology and Ubx expression (arrowhead indicates the anterior Ubx boundary in 
parasegment 5); hb9 mutants (middle) showed derepression of Ubx anterior to the morpholog- 
ical gap (asterisk) (3). dMi-2' hbgKS7 double mutants (right) showed much more extensive 
derepression (arrow) anterior to the gap. Embryos are oriented with the anterior to the left and the 
dorsal side up. 

alleles (22). A l l  three sequenced alleles o f  
one o f  the complementation groups showed 
individual base changes within conserved do- 
mains o f  dMi-2 (Fig. 1C). The identification 
o f  the dMi-2 gene by these molecular lesions 
is further supported by a rescue test with a 
dMi-2 transgene (23). 

dMi-2 homozygotes survived until the 
first or second larval instar. Mutant embryos 
and larvae showed no obvious mutant pheno- 
types. Specifically, expression o f  BXC genes 
such as Ultrabithorax (Ubx) and Abdomi- 
nal-B (Abd-B) was completely normal in 
these mutant embryos (Figs. 2C and 3, A and 
B). This normal expression may be due to 
maternally deposited dMi-2 RNAs or pro- 
teins that persist through subsequent devel- 
opment. Consistent with this, we found that 
all early embryos from a dMi-2 deletion stock 
(including those lacking the gene) showed the 
same high levels o f  dMi-2 RNA (Fig. 2A). 

We thus attempted to generate embryos 
from mutant dMi-2 germ cells (23). However, 
germ cells that are mutant for any o f  the 
seven tested dMi-2 alleles failed to develop 
(Fig. 2B). This failure can be rescued by a 
dMi-2 transgene (Fig. 2B) (23), demonstrat- 
ing that dMi-2 is essential for the develop- 
ment o f  germ cells. We therefore could not 
generate embryos that lack dMi-2 protein. 

Next we tried to detect a genetic interac- 
tion between dMi-2 and hb. hb9Q mutants 
[carrying a premature stop codon upstream of  
the first finger domain (19)] showed only 
slight anterior derepression o f  Ubx in embry- 
os because o f  perdurance o f  maternal hb 
products (2, 18). hb9K57 mutants (carrying a 
D box lesion) showed more extensive anteri- 
or derepression o f  Ubx (Fig. 2C); this mutant 
protein is thought to have dominant-negative 
effects on the persisting maternal wild-type 
product (2). dMi-24 hb9K57 double mutants 
showed much more extensive derepression o f  
Ubx than hbPKS7 mutants (Fig. 2C). Similarly, 
d1Vi-2~ hb9Q double mutants showed more 
extensive derepression than hb9Q mutants 
alone. These results demonstrate a synergy 
between hb and dMi-2 that is consistent with 
our finding that dMi-2 binds to Hb. Further- 
more, it provides strong evidence that dMi-2 
hc t i ons  i n  the repression o f  BXC genes. 

We next tested whether dMi-2 protein par- 
ticipates in PcG repression. As in the case of 
dMi-2, maternally deposited PcG product often 
rescues homozygous mutant PcG embryos to a 
considerable extent (1, 6-8). Extensive dere- 
pression o f  HOX genes can be observed if such 
homozygous embryos are also mutant for an- 
other PcG gene (7). We thus examined embryos 
homozygous for the PcG gene Posterior sex 
combs (Psc) and dMi-2 and found that Ubx and 
Abd-B were derepressed more extensively in 
this double mutant than in Psc homozygotes 
alone (24) (Fig. 3A). A similar result was found 
if dMi-2 was combined with other PcG muta- 
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tions (24); these double mutants consistent- 
ly led to much enhanced homeotic transfor- 
mations compared with the single PcG mu- 
tants (Fig. 3A). Thus, there is a synergy 
between dMi-2 and PcG genes. dMi-2 be- 
haves like the PcG mutations Enhancer of 
Polycomb and Suppressor 2 of zeste, nei- 
ther of which on their own cause a ho- 
meotic phenotype but do so in combination 
with other PcG mutations (8). This suggests 
that dMi-2 functions in PcG repression. 

Next we examined imaginal discs for dere- 
pression of HOX genes as well as the pheno- 
types of their adult derivatives. Clonal analysis 
suggested that dMi-2 is required for the survival 
of somatic cells (23). We therefore tested 
whether dMi-2 mutations exhibited gene-dos- 
age interactions with PcG mutations. Whereas 

larvae heterozygous for Polycomb (PC) muta- 
tions showed slight derepression of Ubx (Fig. 
3B), larvae transheterozygous for both PC and 
dMi-2 mutations showed more extensive dere- 
pression (Fig. 3B). Furthermore, derepression 
of the HOX gene Sex combs reduced (Scr) in 
the second and third leg discs of PC heterozy- 
gotes results in the formation of a first leg 
structure, the sex comb, on the second and third 
legs (25). The extent of this homeotic transfor- 
mation reflects the number of cells that misex- 
press Scr protein. We found that this homeotic 
transformation was far stronger in dMi-2Pc 
transheterozygotes than in adults heterozygous 
for PC alone (Fig. 3C), which is consistent with 
more extensive derepression of Scr in the dou- 
ble mutant. These results are M e r  evidence 
that dMi-2 acts together with PcG proteins to 

Ubx 

4 

repress HOX genes. 
Previous studies led us to propose that Hb 

directly or indirectly recruits PcG proteins to 
DNA to establish PcG silencing of homeotic 
genes (5, 26). Our present data suggest that 
dMi-2 might function as a link between Hb 
and PcG repressors. Although dMi-2 contains 
two motifs with similarity to DNA-binding 
domains (the myb and HMG domains), 
dMi-2 does not seem to bind to DNA on its 
own. Therefore, Hb may recruit dMi-2 to 
DNA. Xenopus Mi-2 was recently purified as 
a subunit of a histone deacetylase complex 
(27) with nucleosome remodeling activity. In 
yeast and in vertebrates, several transcription 
factors repress transcription by recruiting his- 
tone deacetylases (28). It is possible that in 
Drosophila, nucleosome remodeling and 
deacetylase activities of a dMi-2 complex- 
recruited to homeotic genes by &may result 
in local chromatin changes that allow binding 
of PcG proteins to the nucleosomal template. 
Alternatively, the proposed hbdMi-2 complex 
might directly bind a PcG protein and recruit it 
to DNA. Finally, the involvement of dMi-2 in 
PcG silencing suggests that this process may 
involve deacetylation of histones. 
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isogenized red e chromosome. dMi-21 was isolated in a 
different screen (J. Kennison, unpublished data); dMi-22 

and dMi-23 are P-element-induced mutations that cor
respond to l(3)A154.3M3 and l(3)j3D4, respectively. 
Details on the mapping of these mutations can be 
found at www.sciencemag.org/feature/data/984280.shl 
and in flybase. 

22. Larvae that were homozygous for l(3)76BDd4, 
l(3)76BDo2, l(3)76BDo5,1(3)76BDt1, dMi-24, dMi-25, 
and dMi-26 were identified by the red marker muta
tion on the mutant chromosome. We isolated DNA 
from such larvae and amplified the genomic DNA 
spanning the dMi-2 ORF from codons 26 to 1982 by 
PCR. Four overlapping subfragments covering this 
interval were amplified by PCR and subcloned into 
Bluescript, and two independent clones were se
quenced in each case. We only found sequence al
terations in the case of the dMi-2 alleles (see text). 
We note that the exon or exons containing the 
132-nt 5' untranslated region and first few codons 
appear to be separated from the other exons by a 
very large intron because we were unable to amplify 
a genomic fragment with appropriate primers. 

23. dMi-21'7 were each recombined onto an FRT2A chro
mosome. Germ line clones were induced with the Flp 
ovoD1 system. A rescue transgene that expresses the 
dMi-2 protein under the control of the armadillo pro
moter (arm-dMi-2) was constructed by substitution of 
the Pc cDNA in arm-Pc [|. Muller, S. Gaunt, P. A. Law
rence, Development 121, 2847 (1995)] with a full-
length dMi-2 cDNA. For the rescue test, we generated 
females hs-flp/+, arm-dMi-2/'+, and dMi-24 FRT2AI 
ovoD1FRT2A. The armadillo promoter is strongly active 
in the germ line, and the arm-dMi-2 transgene rescued 
the germ-cell lethality due to dMi-2 mutations. How
ever, dMi-2 homozygotes or transheterozygotes carry
ing the transgene were not rescued to adults. Somatic 
clones were induced in the first larval instar with the 

Flp/FRT system and appropriately marked chromo
somes. No dMi-2 mutant clone tissue was found in the 
adult epidermis compared with wild-type control 
clones. This suggests that dMi-2 mutant cells either die 
or are eliminated because of "cell competition." Imag-
inal discs carrying marked dMi-2 mutant clones were 
stained with antibodies to Ubx or Abd-B, but no misex-
pression of these genes was detected. We found that 96 
hours after clone induction the dMi-2 mutant clones 
were substantially smaller (often they had completely 
disappeared) compared with the wild-type "twin spot" 
clones induced by the same recombination event. The 
same results were obtained with several dMi-2 alleles. 

24. For double-mutant combinations of dMi-2 wi th 
PcG genes, we used Psce24, PcXT109, PclD5, and 
an EMS-induced hypomorphic Pc mutation, Pce9. 
dMi-29 homozygotes were identified by the linked 
red marker mutation. dMi-2 homozygous embryos 
were identified with balancer chromosomes carry
ing a LacZ marker gene. dMi-24/PcXTW9 larvae were 
identified with appropriately marked balancer 
chromosomes. Standard procedures were used for 
staining with antibodies to Ubx, Abd-B, and 
(3-galactosidase. 

Intense biochemical efforts have resulted in the 
purification of a minimal set of factors neces
sary for transcription of class II genes in vitro. 
This minimal transcription system consisting of 
the general transcription factors (GTFs) TFIIB, 
TFIID, TFIIE, TFIIF, and TFIIH and RNA 
polymerase II (RNAPII) was established with 
assays that reconstituted accurate transcription 
from class II promoters on naked DNA tem
plates (7, 2). In vivo, the DNA template is 
organized by histones into chromatin. The min
imal RNAPII transcription system cannot ton-
scribe DNA that is packaged into chromatin (3). 
However, transcription can be reconstituted on 
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chromatin templates with nuclear extracts in the 
presence of an activator, suggesting that acces
sory factors are present in crude nuclear extracts 
that facilitate RNAPII transcription from chro
matin templates (4). 

Different adenosine triphosphate (ATP)-
dependent nucleosome-remodeling complex
es have been isolated. The NURF (nucleo
some-remodeling factor) and ACF (ATP-uti-
lizing chromatin assembly and remodeling 
factor) complexes were purified from Dro
sophila nuclear extracts and have been shown 
to facilitate activator-dependent transcrip
tion on chromatin templates (5, 6). Several 
other ATP-dependent chromatin remodel
ing enzyme complexes have been purified 
from different organisms: SWI/SNF from 
yeast, human, and Drosophila', RSC (re
models the structure of chromatin) from 
yeast; and CHRAC (chromatin accessibility 
complex) from Drosophila (7). Biochemi
cal studies with the human and yeast SWI/ 
SNF complexes have suggested that it may 

Requirement of RSF and FACT 
for Transcription of Chromatin 

Templates in Vitro 
Gary LeRoy, George Orphanides, William S. Lane, 

Danny Reinberg* 

Transcription of naked DNA in vitro requires the general transcription factors 
and RNA polymerase II. However, this minimal set of factors is not sufficient 
for transcription when the DNA template is packaged into chromatin. Here, a 
factor that facilitates activator-dependent transcription initiation on chromatin 
templates was purified. This factor, remodeling and spacing factor (RSF), has 
adenosine triphosphate-dependent nucleosome-remodeling and spacing activ
ities. Polymerases that initiate transcription with RSF can only extend their 
transcripts in the presence of FACT (facilitates chromatin transcription). Thus, 
the minimal factor requirements for activator-dependent transcription on chro
matin templates in vitro have been defined. 
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