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The Drosophila kismet gene is related to chromatin-remodeling factors and is
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SUMMARY

The Drosophila kismetgene was identified in a screen for even-skippedThekismetgene encodes several large nuclear
dominant suppressors oPolycomh a repressor of homeotic  proteins that are ubiquitously expressed along the anterior-
genes. Here we show thakismet mutations suppress the posterior axis. The Kismet proteins contain a domain
Polycomb mutant phenotype by blocking the ectopic conserved in the trithorax group protein Brahma and
transcription of homeotic genes. Loss of zygotikismet related chromatin-remodeling factors, providing further
function causes homeotic transformations similar to those evidence that alterations in chromatin structure are
associated with loss-of-function mutations in the homeotic required to maintain the spatially restricted patterns of
genesSex combs reducednd Abdominal-B. kismetis also  homeotic gene transcription.

required for proper larval body segmentation. Loss of

maternal kismet function causes segmentation defects Key words: Polycomb group, Trithorax group, Transcription,
similar to those caused by mutations in the pair-rule gene Chromatin, Homeotic, BRMDrosophila, kismet

INTRODUCTION During subsequent development, these patterns are maintained
by two ubiquitously expressed groups of regulatory proteins:
The homeotic genes of the Antennapedia (ANTC) and bithorathe Polycomb group of repressors and the trithorax group of
(BXC) complexes specify the identities of body segments imctivators (reviewed in Kennison, 1995; Pirrotta, 1997; Simon,
Drosophila(Duncan, 1987; Kaufman et al., 1990). Homeotic1995). Mutations in Polycomb group genes cause homeotic
genes encode homeodomain transcription factors that spectijansformations due to the ectopic transcription of homeotic
the identity of one or more body segments by regulating thgenes. Conversely, mutations in many trithorax group genes
transcription of a battery of downstream target genesause homeotic transformations due to the failure to maintain
Counterparts of theéDrosophila homeotic genes (the Hox the transcription of homeotic genes. By maintaining states of
genes) are present in vertebrates and other metazoans wheamscription established earlier in development by the
they play highly conserved roles in the control of cell fatesegmentation genes, Polycomb and trithorax group proteins
(Gellon and McGinnis, 1998; Maconochie et al., 1996; Manalplay critical roles in the specification of body segment
and Scott, 1994). During the past decade, much of the reseaidentities.
on Hox genes irDrosophilaand other organisms has been Although the mechanism of action of the Polycomb group
focused on three questions. How are the spatially restrictquoteins is not well understood, a growing body of evidence
patterns of homeotic gene transcription established argliggests that they act in concert to repress transcription.
maintained during development? How do the homeoti®olycomb (PC) physically interacts with other Polycomb
transcription factors regulate the transcription of their targegroup proteins, including Polyhomeotic (PH), Posterior sex
genes? What target genes are regulated by each homeat@mbs (PSC) and Sex combs on midleg (SCM) (Franke et al.,
transcription factor to specify the identities of the individual1992; Kyba and Brock, 1998a,b; Peterson et al., 1997; Strutt
body segments? and Paro, 1997). Physical interactions between two other
Of these three issues, perhaps the most is known about tRelycomb group proteins, Enhancer of zeste [E(Z)] and Extra
regulation of homeotic gene expression. The initial patterns afex combs (ESC) have also been detected (Jones et al., 1998;
homeaotic gene transcription are established in the early embrjiee et al., 1998). Many Polycomb group proteins repress
by transcription factors encoded by segmentation genetanscription of their target genes \de-regulatory elements
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known as Polycomb group response elements (PRESkinforce the importance of chromatin-remodeling factors in
Complexes of Polycomb group proteins may be targeted tdevelopmental processes.
PREs via interactions with the Polycomb group member
Pleiohomeotic, which directly binds a DNA sequence
conserved in several PREs (Brown et al., 1998). MATERIALS AND METHODS

How do PC and other Polycomb group proteins repress
tl’anSCI’iption once targeted to a PRE in the V|C|n|ty Of aDrosophi/a stocks and genetic crosses
homeotic gene? One current view is that Polycomb groupiies were raised on a commeal/molasses/yeast/agar medium with
proteins render homeotic genes inaccessible to activators @gher Tegosept or propionic acid at 25°C. Unless otherwise noted, all
components of the general transcription machinery by alteringutations and chromosome aberrations are described in Lindsley and
chromatin structure (reviewed in Pirrotta, 1998). Thezimm (1992). The isolation of the first nirkés alleles kis'9) was
Polycomb protein contains a short domain, the chromodomaidgscribed previously (Kennison and Tamkun, 1988). Of theseynd
which is conserved in HP1, a component @iosophila kis? are the strongest alleles by poth the criteria of lethal phage and
heterochromatin involved in heritable gene silencingdominant suppression &fc*. All nine appear to be loss-of-function
(Eissenberg et al., 1992: Paro and Hogness, 1991). A dire%l{eles, since deficiencies that inclukis are also strong dominant

. - suppressors dPct and males homozyous fais! (or heterozygous
connection between Polycomb group proteins and chromat?ojij kist and any of the other eight alleles) are normal if they carry a

structure has not been proven, however, and it is possible thgljicasion that includekis* [either Dp(2;Y)L124or Dp(2;1)L124.
they repress transcription by blocking enhancer-promotefpg kiss allele (previously known a&S76( was identified in Allan
interactions, interfering with the assembly of the preinitiationspradiing’s laboratory and results from a P-element insertion. The
complex or altering the subnuclear localization of specifi®f(2L)net chromosomes are described in Caggese et al. (1988).
genes (McCall and Bender, 1996; Pirrotta, 1998). Dp(2;1)L124was generated for the dosage experiments by irradiating
Recent studies of a trithorax group gdsr@ahma(brm), have  C(1)RM, ¥ su(w?) w2 bb /Dp(2;Y)L124, Bfemales with 2000 R of
provided a direct connection between the regulation ofamma rays, crossing to Oregon R males, and selecting exceptional
homeotic gene expression and chromaiim was identified Y SUMW) w2 B* sons. One of these sons, which proved to carry a
in a screen for dominant suppressorsPef (Kennison and detachment of the attached X chromosome with the duplication for

Tamkun, 1988). The rationale of the screen was that reductiééﬁameozh% ?;_f;‘flgfmrgmqosogr:ge X chromosome, was used to
of an activator function could compensate for the reduced P P& ’

repressor function.brm is highly related to a yeast Somatic clonal analysis

transcriptional aCt|VatOSW|2/SNF2that enCOdeS the ATPase Clones of homozygouskis tissue were induced by mitotic
subunit of a 2 MDa chromatin-remodeling complex, therecombination using either X-irradiation (Lawrence et al., 1986) or
SWI/SNF complex (Tamkun et al., 1992). The SWI/SNFthe FLP-FRT technique (Golic, 1991; Xu and Rubin, 1993). The
complex facilitates the binding of many transcriptionalMinutetechnique was used to increase the size of the clones (Morata
activators to their binding sites in the context of chromatin byand Ripoll, 1975). To generate X-ray-induced clogekjs' ck cn bw
causing ATP-dependent alterations in nucleosome structuf@/SM6avirgin females were mated tg 63 Dp(1;2)s¢®, y*
(reviewed in Pollard and Peterson, 1998; Kingston et al., 199§(2)201/SM6amales. Blastoderm embryos, first instar larvae and
Peterson and Tamkun, 1995; Winston and Carlson, 1992). T rd instar larvae from this cross were irradiated with 500 R, 1000 R

. . . and 1260 R, respectively, using a Torrex 120D X-ray generator
BRM protein is also highly related to the yeast STH1 protein Astrophysics Research Corporatiokis clones were scored kis!

the ATPase subunit of RSC, a chromatin-remodeling complex cn bw sp/Dp(1;2)38 y* M(2)201 flies using the markergellow
related to SWI/SNF (Cairns et al.,, 1996). BRM has beefq) and crinkled (cK). y females heterozygous fdds? or kisS were
purified from embryos and shown to be the ATPase subunit @imilarly crossed toy £6% Dp(1;2)sd®, y* M(2)201/SM6amales,
a complex related to both SWI/SNF and RSC (Papoulas et aitradiated and scored for the presence of clones marked/with a
1998). Based on these findings, it is likely that BRM uses theontrol,isol(y; cn bw spvirgin females (Brizuela et al., 1994) were
energy of ATP hydrolysis to counteract the repressive effecgsossed ty £52 Dp(1;2)sd?, y* M(2)201/SMéanales. Progeny were
of chromatin on ANTC and BXC homeotic genes. irradiated as above and the frequency dbnes was compared to the
In addition tobrm, mutations in eleven other previously frequency ofy kisclones from the experimental crosses. A total of 87

unidentified genes were recovered as dominant SuppreSS(S iation-induced blastoderm clones were observed in 9287 legs (0.94

. clones/100 legs). Of these, 7283 legs containing 65 homozigdus
of Pc (Kennison and Tamkun, 1988). Here we present th%Iones were mounted and examined (0.89 clones/100 leg&js22

genetic and molecular analysis of one of these g&m@8et  (jones were observed in 2004 legs (1.10 clones/100 legs).

(kis). kis mutations strongly suppress the homeotic To use the FLP-FRT technique, ths! and kisS alleles were
transformations observed in heterozygol adults. recombined onto theP[ry*, y*]25F P[ry*, hs-neo, FRT]J40A
Conversely, kis duplications strongly enhancBc mutant chromosome (Xu and Rubin, 1993). Virginw P[hsFLP]; P[ry*,
phenotypes (Kennison and Russell, 19&73.plays a dual y*]25F P[ry*, hs-neo, FRT]40Aemales were mated to either §1)
role in development. Loss of zygotiis function causes W& kisS P[ry*, hs-neg FRT]40A/SM6amales, (2)y wi18 kist
homeotic transformations, indicating thds is a member of Plry*, hs-neo, FRT]40A bw sp/SMéles, or (3y w8 P[ry*, hs-
the trithorax group of homeotic gene activators. Loss ogeo, FRT]40A bw sp/SMéaales. Mitotic recombination was induced

: : - : y heat-shocking blastoderm embryos or third instar larvae at 37°C
mat_?rnatlklstrl:unctlon Calﬂjsebs drant]att.'c Segment_atloln defect or 60 and 90 minutes, respectively. Adults were dissected, mounted
similar 1o those caused by mutations In pair-ruleé geneg, Gary’s magic mountant (Lawrence et al., 1986) and examined under
Molecular analysis of th&is gene revealed that it encodes e jight microscope.

multiple, large nuclear proteins that are related to BRM and
other chromatin-remodeling factors. These findings sugges&iermline clonal analysis
that KIS and BRM function by similar mechanisms andGermline mosaics were generated using the dominant female-sterile
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technique (Chou and Perrimon, 1992; Chou et al., 1993). Malegerformed as described previously (Tsukiyama et al., 1995). Native
carrying an insertion obvdP! on the second chromosomB[\*, embryo extracts and purified BRM complex were prepared and
ovcP1/Cy0) (Chou et al.,, 1993) were crossed to females of theanalyzed by western blotting as described in Papoulas et al. (1998).
genotypes (Lw; kist cn bw spSM63 (2) y; kis¥SM6a or (3)y To generate a KIS fusion protein, a 962Rsi fragment from thekis
Df(1)w67c2 Germline clones were induced by irradiating late firstcDNA clone Zapl was cloned into pUR292 (Ruther and Muller-Hill,
instar larvae with 1000R. Female offspring of the genotypes/{t) 1983). A 908 bBanHI fragment from this construct was then cloned
kist cn bw spP[w*, ovd?l], (2x/y; kisSPw*, ovdl], or (3}+/ y into the pGEX 3X glutathione-S-transferase (GST) fusion vector
Df(1)w67c2 +/P[w*, ovd?l] were crossed to males heterozygous for(Pharmacia). This fragment contains 893 bp of Zap1 encoding amino
akis deficiency (v; Df(2L)net-PMCGSM64. The cuticle of unhatched acids 730-1029 of the KIS protein (Figs 4, 6), and 15 bp of the
larvae were examined as described by Ashburner (1989). As a contimUR292 polylinker encoding three additional residues. GST-KIS
for leakiness of thevdP! mutation, crosses were set up as above bufusion proteins were expressed En coli, purified on glutathione-
were not irradiated. agarose columns and used to immunize rabbits as described in Harlow
To generate germline mosaics using the FLP-FRT system, femalesad Lane (1988). Antibodies were affinity purified on columns
of the genotypes (Y w; kisSP[ry*, hs-neo, FRT]40A/SM642)y w; containing either GST or GST-KIS fusion proteins coupled to Affigel
kist P[ry*, hs-neo, FRT]40A bw sp/SMéar (3)y w; P[ry*, y*]25F 10 or Affigel 15 resins (BioRad) according to the manufacturer’s
P[ry*, hs-neo, FRT]40A/Cy@ere crossed tg w P[ry*, hsFLPJZ instructions. Bound antibodies were eluted with 3.5 M M@gCPBS,
P[w*, ovd1]2L-13X13p[hs-neo, ry, FRT]40A/CyQmales. Firstinstar  dialyzed and assayed by western blotting.
larvae from this cross were heat-shocked at 37°C for 90 minutes to B
induce mitotic recombination. Female progeny of the genotypes (dinmunostaining of embryos and larvae
y wly w P[ry¥, hsFLPEZ kisS P[ry*, hs-neo, FRT]40A/P[# Whole-mount preparations of embryos and third instar larvae were
oveP1]2L-13X13 plhs-neo, ry, FRT]40A (2) y wly w P[ry, stained with primary antibodies and visualized with secondary
hsFLPJZ/kist P[ry*, hs-neo, FRT]40A bw sp/Pfwovd1]2L-13X13  antibodies conjugated to horseradish peroxidase (BioRad) as
P[hs-neo, ry, FRT]40A or (3)y w/y w P[ry, hsFLP}Z P[ry*, described by Pattatucci and Kaufman (1991). To generate larvae
y*125F, P[ry*, hs-neo, FRT]40A/P[# ovd1]2L-13X13p[hs-neo, 1y, carrying aPc mutation and four wild-type copies of tikis gene,
FRT]40Awere crossed tws; Df(2L)net-PMC/SM6anales. Embryos Bas¢Dp(2;1)L124, y wiemales were crossed 4q Pc? pP eSTM6B,
produced by females bearing a germline clone were examined &ki Sb e Tb caT(Y;2)L124 y* BS males. Larvae of the genotype

described above. Dp(2;1)L124, y w/Dp(2;Y)L124, B +/Pc* pP € could be
) ) ) distinguished from other progeny by the presence of light-brown
Isolation of DNA and RNA, and nucleic acid blot analyses mouth parts, colorless Malpighian tubules and the Fiophenotype.

RNA was isolated from developmentally staged embryos, larvaeRabbit polyclonal antibodies against SCR were a generous gift from
pupae and adult flies as described in Tamkun et al. (1992). Standardom Kaufman (Indiana University). Charles Girdham and Pat
techniques were used for nucleic-acid blot analyses (Sambrook et aD;Farrell (University of California, San Francisco) generously
1989). Filters were probed with DNA fragments labeled by theprovided rabbit polyclonal antibodies against EN. Antibodies against
random-primer method (Feinberg and Vogelstein, 1983) and washé&fVVE were a gift from Michael Levine (University of California,
under high stringency (0x1SSC, 0.1% SDS, 65°C). To control for Berkeley).

even loading, the RNA blots were probed with a radiolabeled

fragment from thep49 gene (O’Connell and Rosbash, 1984). RNA

probes for direction of transcription assays were generated and USRESULTS

as described in the 1991 Promega Protocols and Applications Guide.

Isolation and sequencing of cDNA and genomic clones kis mutatlt_)ns_block Sex combs reduced

Genomic and cDNA clones were isolated from phage and Cosmliaerepressmn |r_1 Pc hgterozygotes_ . . .

libraries using standard techniques (Elfring et al., 1994; Tamkun d@€terozygousis mutations and deficiencies spanning kiee

al., 1992). cDNA clones corresponding to kiemRNA were isolated ~ gene strongly suppress the homeotic transformations observed
from an iso-1Agtl1l cDNA library (0-24 hour embryos; Tamkun et in heterozygousPc adults, including the transformation of

al., 1992), an OregonRgt10 cDNA library (3-10 hour embryos; second and third leg to first leg [dueSex combs reducé8cr)

Poole et al., 1985), and a CantokBAP cDNA library (0-24 hour  derepression], wing to haltere [due tthtrabithorax (Ubx)
embryos; Stratagene). cDNA fragments were subcloned into p|asmtﬂ’erepression] and anterior abdominal segments to more
vectors and sequenced as described in Elfring et al. (1994). Bo sterior identites [due to Abdominal-B (Abd-B
strands of DNA were sequenced for all reported sequences. T{ repression]. Converselkis duplications strongly enhance

cosmid isozakB was isolated by screening an iso-1 genomic cosm . . .
library constructed in &lotBamNotCoSpeR vector (Tamkun et al., ese transformations (Kennison and Russell, 1987). Since the

1992) with the gt10-3 cDNA. This cosmid was introduced into theddult PC phenotypes are due to the ectopic transcription of
Drosophila germline using P-element-mediated transformation aglomeotic genes, it seemed likely thais might act
described in Tamkun et al. (1991) and tested for the ability to rescu@tagonistically tdPc to activate the transcription &crand

the recessive lethality ¢iis mutations. other homeotic genes.

_ o To test this possibility, we examined the effects of varying
In situ hybridization _ the dosage of thkis gene on the expression of the homeotic
Digoxigenin-labeled DNA fragments were prepared using theyeneScrin the imaginal discs of heterozygoRs larvae (Fig.
Boehringer Mannheim Genius kit and hybridized to salivary gla”% . Scr specifies the identities of the labial and first thoracic
polytene chromosomes (Engels et al., 1986), embryos (Tautz ay gments and is normally not expressed in either the second or

Preifie, 1989) or third instar larvae (Kramer and Zipursky, 1992). Ant'-{@ird leg imaginal discs. As previously observed by Pattatucci

bound DNA fragments according to the manufacturer's directions. and Kaufman (1991), individuals heterozygous forPe
mutation show ectopic expression of SCR proteins in both the

Production of antibodies and western blotting second and third leg imaginal discs. K& mutation strongly

SDS-polyacrylamide gel electrophoresis and western blotting wersuppresses the ectopic expression of SCR proteinBcin
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Pc%/ +

Fig. 2. Loss of zygotidis function causes homeotic transformations.
(A) kismutations alter the identity of the fifth abdominal segment. A
Fig. 1.kisis an activator oScrexpression in imaginal discs. Leg homozygous clone dfis' tissue (induced at the third instar stage) in
imaginal discs of wild-type (Oregon R) and heterozygecidarvae,  the fifth abdominal segment is transformed to a more anterior
bearing either one, two or four wild-type copies ofkisggene, were identity, as evidenced by the loss of pigmentation characteristic of
stained with antibody against the SCR protein. Note the ectopic  this segment. (B-G) Effects &fs mutations on leg development.
expression of SCR proteins in the second and third leg dis of ~ Clones of homozygouss mutant tissue marked witfellowwere
heterozygotes bearing two wild-type copiekisf The ectopic induced at cellular blastoderm (3+0.5 hours AEL). '
expression of SCR iRc heterozygotes is strongly suppressed by a  (B,C) Comparison of the tibia and basitarsis of a first leg bearing a
kis mutation (1kis+), and strongly enhanced in the presence of four clone of homozygoukis®tissue (B) and a wild-type first leg (C).

wild-type copies of théis gene (4is*). Pc mutant larvae bearing Note the reduction of first leg character in kieS clone, including a
four wild-type copies okiswere of the genotypPp(2;1)L124, y reduction in both the number of sex comb teeth (arrow) and the
w/Dp (2;Y)L124, B Pc* pP e5/+. Thekis mutation used walsis?. number and size of the transverse bristle rows (arrowhead).

(D,E) Comparison of a first leg containingiaS clone (D) and a
wild-type second leg (E). Note the appearance of an apical bristle
. . . . (arrow) within thekis® clone. This marker for second leg identity is
heterozygotes, while four wild-type copies of tkis gene  eyident in the wild-type second leg shown in E. (F,G) Comparison of
strongly enhance the ectopic expression. We observed similgfkhird leg bearing a clone of homozygéig mutant tissue (F) and
results when we examined the levelsSair RNA by in situ  a wild-type third leg (G). Development of the tarsal segments is
hybridization to imaginal discs (data not shown). These databnormal in the leg bearing the clone.
suggest thakis acts antagonistically téc to activate the
transcription ofScrand other homeotic genes.
_ ) o _ obtained using three differekis alleles kis!, kis? and kisd).
Loss of zygotic  kis activity causes homeotic The boundaries of homozygolss mutant tissue coincided
transformations with the mutant phenotypes, indicating thkis is cell
kisis an essential genkis homozygotes die as first or second autonomous. Clones of homozygokss tissue in other
instar larvae with no obvious cuticular defects (data noabdominal segments appeared phenotypically normal,
shown). To examine the roles kis during later stages of although the lack of obvious differences between the second,
development, we induced mitotic exchange in first or thirdhird and fourth abdominal segments would not allow us to
instar larvae and examined adult cuticles for changes causddtect subtle transformations between these segments.
by loss of kis function. Loss ofkis function in the fifth Becauséis mutations suppress the ectopic expressidcof
abdominal segment caused a complete transformation towairtl Pc heterozygotes, we anticipated that loskisfunction in
a more anterior identity, as shown by the loss of the blacthe developing leg discs would alter the identity of the first leg.
pigmentation characteristic of this segment (Fig. 2A). ThisSurprisingly, no clear homeotic transformations were observed
phenotype is identical to that associated with loss-of-functiom homozygouskis clones in the thorax when they were
mutations in thébd-Bgene of the BXC. Identical results were induced during larval development. We therefore generated
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Fig. 3.Loss of maternakis function
causes pair-rule segmentation
defects. Cuticle preparations and the
complementary pattern of Engrailed

protein expression in embryos wild
derived from females bearing type
germline clones dfis mutations. In

all panels, anterior is to the left. 40 :B
(A) Wild-type cuticle pattern; (B) 83,86 27
embryo derived from kisS mosaic
female; (C) embryo derived from a
kis! mosaic female. Note the
disruption of head structures and the
reduction in the third thoracic and
second abdominal segments relative
to wild-type. (D-F) Whole-mount
embryos stained with a polyclonal
antibody against the Engrailed
protein. (D) Wild-type embryo; (E)
embryo derived from kisS mosaic
female; (F) embryo derived from a
kis! mosaic female. Note that the
number of body segments is reduceqﬂ'sj
by half. There is a good correlation
between the degree of disruption of
the Engrailed protein pattern and the
severity of the cuticular phenotype.

clones of mutankis tissue at the cellular blastoderm stage ofLoss of maternal kis function causes segmentation
embryogenesis. The average sizes and frequenclésSaind  defects
kis! clones induced at the cellular blastoderm stage were n@t possible explanation for the lack of discernible pattern
significantly reduced in any body segments relative to theefects inkis homozygotes is that sufficient materka gene
controls, suggesting thkis is not essential for cell viability or products are present in the embryo to allow normal
division (data not shown). The majority of clones were foundlevelopment in the absence of zygokis function. To
in regions of the legs that are similar in each thoracic segmeritivestigate this possibility, we examined the consequences of
precluding the detection of homeotic transformations. Severaliminating both the maternal and zygotic contributionkisf
kis clones did, however, exhibit morphological abnormalitiesgene products using germline clonal analysis. Embryos derived
Homozygouskis® clones in the anterior compartment of thefrom mothers bearing germline clones kis! exhibited a
first leg display a reduction in landmark first leg features, sucteletion of pattern elements approximating alternate segments
as the transverse row of bristles and the number of sex conBig. 3C). The most common defect was a reduction in size of
teeth (Fig. 2B). More dramatically,kisS clone in the first leg one or more alternate segments (T3, A2, A4, A6 and
also displayed an apical bristle, a landmark feature of theometimes A8). The second thoracic segment was also often
second leg, at the distal end of the tibia (Fig. 2D). Thisbsent or severely reduced and the head region was grossly
homeotic transformation mimics loss-of-function mutations inaltered. In more extreme cases, only one or two patches of
Scrand is consistent with a role fkis as an activator obcr  denticle were observed. The cephalopharyngeal skeleton was
transcription. internalized and malformed, which may be a secondary result
Examination of fifteerkis! clones and fiv&isS clones in the  of the major pattern alterations observed. The absence of the
second leg revealed no phenotypic abnormalities, even thougt2 and T3 denticle belts was accompanied by the loss of their
they were induced at the cellular blastoderm stage associated sense organs, both the Keilin’s organ and the
embryogenesis. In the third leg, twerkis! and ninekis® campaniform sensilla, indicating that the segments were
clones were examined. Clones of both alleles exhibitedctually missing. The first thoracic segment did not appear to
abnormal morphologies, particularly in the distal legbe deleted or transformed, since denticle hairs and the T1-
structures; the femur and tibia were slightly abnormal whileassociated hairs (beard) were usually present at the anterior end
the tarsal segments were severely distorted (Fig. 2F,G). All fivef the larvae. Similar but less extreme phenotypes were
tarsi were present but were truncated and exhibited a hooketdserved in embryos from mothers bearing germline clones of
shape. These abnormalities could be the result of an abserkis® (Fig. 3B). The pattern defects resulting from loss of
or reduction of portions of one compartment, resulting in thenaternakis function are most similar to those seen in embryos
hooked appearance. No homeotic transformations werngomozygous for mutations in the pair-rule segmentation gene
observed, although these would be difficult to recognize in theven-skippedeve, in which odd-numbered parasegments are
distal leg given the degree of pattern disruptidgaclones in  deleted (corresponding to the even-numbered abdominal
other body segments, including the head, thorax, wing, haltesegments). These results indicate thiis plays an
and genitalia, did not display any obvious developmentalinanticipated role in embryonic segmentation.
abnormalities. To test whether loss of maternkils function alters the
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Fig. 4. Molecular map of th&is region. The restriction map based on our chromosome walk throu@ts tegion is shown (REcARI; N,

Notl; B, BamnH1). The region shown corresponds to nucleotides 53,093 to 17,401 of GenBank AC005334 fused to nucleotides 64,840 to 28,190
of GenBank AC004274. The deficiencies delimiting the distal end dfislygene are shown above the restriction map (the shaded lines indicate
the restriction fragments containing the breakpoints). The position kisfHe-element insertion is marked by a black triangle. A subset of the
genomic DNA fragments used as probes for RNA blots and in situ hybridizations are marked below the restriction mapregi@ne tie
genomic DNA that recognize the 8.5 kb, 17 kb or bigiRNAs. cDNA clones and the exons of the dedudstranscripts are represented by
boxes. The four overlapping cDNAs gt10-3, gt10-2, Zap1 and gt10-1 represent the 8.5 kb RNA encoding the 225 kDa KIS Nrsein. cD
gt10-7 and gt10-8 are distinct variants of the 1KikKBRNA. The 3 splice site that can be paired with alternativeice sites to generate the
differentkis RNAs is marked by an arrow. The common exon downstream of thidi& site begins at nucleotide 453 of the 8.5 kb RNA.
Coding and untranslated flanking sequences in the cDNA clones are denoted by black and white boxes, respectively. Ceartiaatescr

in kb from the most distdcoRl site.

expression of segmentation genes, we examined thmeade it difficult to determine its role in homeotic gene
distribution of several gap and pair-rule proteins in embryosegulation during embryogenesis.

derived from mosaic mothers. We found that the expression of ) ]

the gap geneKriippel (Kr), hunchbackhb) andknirps (knij ~ Molecular cloning of  kis

was normal, as was the expression of the primary pair-rule gefie further investigate the roles &fs in segmentation and
eve(data not shown). However, the expression of the segmergegment identity, we cloned and characterizedkibeyene.
polarity geneengrailed(en) is dramatically altered by the loss Deficiency mapping revealed that this gene is located in

of maternakis function (Fig. 3D-F)enis normally expressed salivary chromosome region 21B6-7 (Kennison and Tamkun,
in fourteen stripes and this pattern is dependent on the functid®88; Lindsley and Zimm, 1992). To isolate DNA from this
of pair-rule genes, includingve Embryos fromkis® mutant  region, we conducted a chromosome walk in cosmid and phage
mothers exhibited the fourteeam stripes (Fig. 3E), but the libraries spanning more than 160 kb of contiguous genomic
stripe borders were not as defined as in wild-type embryos (Fi@NA. To locate theis gene within our chromosome walk, we
3D). In thekis! mutant embryos, only seven poorly defimed used in situ hybridization to map the breakpoints of several
stripes were apparent (Fig. 3F). These patteraa@kpression terminal deficiencies that lie within the 21B region (Fig. 4; data
roughly correlate with the cuticular phenotypes. Takemot shown). The breakpoints of five deficiencies allowed us to
together, these data indicate that mateikial function is  map an essential portion of this gene within a 17 kb region
required for the expression or function of one or moreof our walk between the proximal breakpointsOff2L)net-
segmentation genes, includingn The severity of the PM47CandDf(2L)net-PMC(coordinates +28 to +45, Fig. 4).
segmentation defects caused by loss of matdirdilinction  The position of th&is gene was more precisely determined by
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the molecular mapping of a P-element alldkésS. Upon  correspond to the 8.5kb RNA and contains a single long ORF
providing P-element transposase, kis® allele is revertible to  (Fig. 6). Using the first AUG as the initiation codon, this 6454
wild type, indicating that the P-element insertion disrupts th@ucleotide ORF extends from nucleotides 316 to 6769. The
kis gene (data not shown). Consistent with our deficiencyredicted 2151 residue protein (224.8 kDa and a pl of 5.82)
mapping, this insertion maps to a 2.9&kboR| fragment that  lacks any previously identified sequence motifs indicative of
lies between the proximal breakpoints Dfi2L)net-PM47C  biochemical function (Fig. 6; see below).
andDf(2L)net-PMC(Fig. 4; data not shown). ) _

Because of the lack of relevant chromosomal aberrations, whe 8.5 and 17 kb kis RNAs encode large proteins
could not determine the proximal boundary of tielocus by  that contain distinct N-terminal extensions
deficiency mapping. We therefore used a functional assay t©omparison of the sequences of three partial cDNA clones
further define the boundaries of tkiegene. A cosmid bearing (gt10-1, gt10-7 and gt10-8) to each other and to genomic DNA
genomic DNA extending from approximately +27 to +61 ofsequences accounted for the origin of the mulkig&anscripts
our walk was introduced into therosophilagenome by P- (Fig. 4). The three cDNAs hybridize to both the 8.5 kb and 17
element-mediated transformation. Although the distal end dfb kis RNAs, but correspond to RNAs formed by the pairing of
this DNA lies withinDf(2L)net-PM47C(which complements a single 3splice site to one of three differeritsplice sites. The
kis mutations), it is unable to rescue the hemizygous oF% exon of the gt10-1 cDNA maps to a genomic DNA fragment
homozygous lethality of severdkalleles. This result suggests that hybridizes to only the 8.5 kb RNA. By contrast, thexén
that the functional limit of thkisgene extends beyond the map of the gt10-7 and gt10-8 cDNAs map to a genomic DNA

coordinate +61 of our walk. fragment that hybridizes only to the 17 kb RNA (Fig. 4). The
) three mRNAs arising from differential processing encode
kis encodes several large RNAs distinct but related proteins. The 8.5 kb RNA encodes the 2151

To identify potential kis transcripts, subcloned genomic residue protein described above (Fig. 6), while the 17 kb
fragments from the regions flanking tkisS insertion allele  isoforms encode proteins with extended amino termini.

were used to probe northern blots of RNA isolated from The pairing of different 'Ssplice sites with a common 3
Drosophilaembryos. The 2.9 kBcaR| fragment that spans the splice site generates RNAs encoding proteins bearing a
site of thekis® insertion hybridized to an 8.5 kb RNA on common 2105 amino-acid C terminus. The protein encoded by
northern blots (Fig. 5A,B). All fragments between tis®> the 8.5 kb RNA is unique only in its amino-terminal 46
insertion and the breakpoint Bf(2L)net-PM47C]etected two  residues (Fig. 6). The amino-terminal extensions encoded by
major RNAs of 8.5 kb and 17 kb (Fig. 5A). All genomic probesthe partial cDNA clones gt10-7 and gt10-8 are 90 and 425
from the region of our walk proximal &isS recognized only amino acids in length, respectively. Our biochemical studies of
the larger 17 kb RNA (Fig. 5B). Both the 8.5 and 17 kb RNAghe KIS protein (see below) have shown that the 17 kb RNAs
are transcribed in the proximal-to-distal direction, asencode proteins with molecular masses of greater than 500
determined by hybridization of single-stranded RNA probes t&Da, indicating that these N-terminal extensions are quite
blots of DrosophilaRNA (Fig. 5B). The 8.5 and 17 kb RNAs large. Thus, alternative RNA processing generbiefRNAs
could result from the expression of more than one genencoding at least three large proteins.

expression of a single gene with multiple

promoters, alternative RNA processing

multiple polyadenylation sites. A 5.4 2.9 rp49 B 29 18

To distinguish among the ELPAELPAELPA
possibilities and identify th&is RNA, «17kb
two embryonic cDNA libraries we 17 kb = ﬁ
screened  with  genomic  prot 85kb->"i P
surrounding théis® P-element insertio 6.5 kb I

By probing blots ofDrosophila RNA

with isolated cDNA fragments, v

identified six cDNA clones (cDNAs gt1

1, gt10-2, gt10-3, gt1l0-7, gtl0-8 ¢

Zapl) that hybridized to both the 8.5

and 17 kb RNA (Fig. 4). The

overlapping cDNAs were subcloned

their complete sequences determil EE K I

Four of the clones (gt10-1, gt10-2, gt

3 and Zapl) together define an 8 Fig. 5. Developmental expression of this RNAs. (A) A northern blot containing poly(A)

nucleotide transcript (GenBa RNA from 0-24 hoqr embryqs (E), larvae (L), pupae (P) and adult flies (A) was hypridized

AF113847). The sequence of to th_e 5.4 or_2.9 kl_zus genomic DNA fragments noted in Fig. 4. As a control for equivalent
redictedkis RNA reveals a long 14! loading and integrity of the RNA samples, th'e blot was probed W|t_h _rp49 (O’Connell and

P : ng 12 Rosbash, 1984). Note that the 5.4kikkbgenomic DNA fragment hybridizes to both the 8.5

HUCIGOt'de. .3 untranslated region. T kb and 17 kb transcripts, but the 2.9 kb genomic DNA fragment recognizes only the 8.5 kb

poly(A) tail is preceded by two consen  RNA. (B) Total RNA from 6-12 hour embryos was hybridized to single-stranded RNA

polyadenylation signals (AATAAA) i  probes. The 2.9 kb probe was derived fromEheR| genomic fragment containing theS

nucleotides 8189 and 8204. This 8 P-element insertion and only recognizes the 8.5 kb transcript. Probe 1.8 is specific for the 17

nucleotide  transcript appears kb transcript.
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The KIS proteins contain a domain conserved in the were identified in the same genetic screens (Kennison and
trithorax group protein BRM and its human Tamkun, 1988).
homologs Database searches also identified a partial 6452 bp human

To identify sequences related to the 225 kDa KIS protein, weDNA (KIAA0308: GenBank accession AB002306) encoding
searched the current nucleic acid and protein databases as veelarge protein that also contains the BRK domain (Fig. 7) as
as the complete sequence of tBaccharomyces cerevisiae well as an additional 129 amino-acid segment that is highly
genome using the TBLASTN and BLASTP programsrelated (45% identity) to residues 109 to 237 of the KIS
(Altschul et al., 1997). Although no extensive homologies tgrotein. The same two domains are present in a predicted
other proteins were found, three proteins involved inCaenorhabditis elegansrotein (PID 3158516).

transcriptional activation showed significant similarity (37- ) ) ]

46% identity) tckisin a 41 amino-acid segment (Fig. 7), which The kis gene is expressed at uniform levels along

we call the BRK domain_(BR and KIS). The three other the anterior-posterior axis

proteins containing this motif are tBeosophilaBRM protein  Alternative splicing of thekis RNA thus leads to the
and its two putative human homologs, BRG1 (hS&Fa&nd  production of BRK domain proteins that differ by the presence
hBRM (hSNF3B) (Chiba et al., 1994; Khavari et al., 1993; or absence of long N-terminal extensions. To investigate the
Muchardt and Yaniv, 1993). Although this region representsignificance of this heterogeneity, we compared the
only a small fraction of the KIS protein, its presence in BRMdevelopmental expression of thaés RNAs by northern
and its human homologs is intriguing given tkeandbrm  blotting and in situ hybridization. Northern blots of staged

NEVI KPMOFSSFSAFCEH NKSSQLAATTATM PPTI NG LEKMER 50 MLAEMEQANKI SSKFSTNSPHDVKVNKVELSOMISPLGDQLS| DVGEZGA 1150
QERVEL AAKERESQRLQLI PKKVWNRREEYEFLRVLTGYGVDLHVSTPMAS 100 SCSGSANSRRSNRQUENSQIESSAAQ GKQUUUOQQUUURRHSMPGPQ. 1200
SNGSSL SPDWKFKQUAHL ERKSDETL TDYYKVFVAMOKRQAGL KL SESE 150 NLTGEEPVPVI NKQTGKRLGGNKAPQLKR_LVQAL TENPNYEVDPKWEQM 1250
RGLEG | EEI EKEHAKLI LDRLEVLAKLREVARNPM.EERL KL CTKNADT 200 Q\PVBTPSPRPASMESAYGSSAVKSHAGRPLSNLSSTSSSSHTQQRESAA 1300
PDWNEPGRHDKEL | TAVLKHGL YRSETFI FNDPNFSFGESEKRFI RELEA 250 (BQACGNSGSSKKNSRUITAASAAL DQAAL FGSLAGLNPSLLANLPGLG 1350
Q QRTI KLEAFNAEKAEKL AAAEKDAATEKAAATEKAAAEKAASVKNEVE 300 AFDPKNPLAAFDPKNPLLSVBFGEMPGVMEN PGLGNLNNWNLFASLAGMG 1400
DLDDELMINESVI KKESPVTPI KEEI KSEESPEKHDTADNLEDKNSDAEE 350 GLGNLAGVDTQELAAL MAAAGPTL G TGASGEAGSCKSQASQBSATSS 1450
STKI KGKEDFNPETTEKEAL DESTNLNKDKSSTETLVPEI EDSKPSEDKM 400 SSSASKKKQQUQQRAQNEAAQLAAAl SASTGESGASGEKNAMSASQLA 1500
EVEEL PVAENGEKEGSPEK CSDAEDKKF SEEKPSSPAVPDGKVSEMEADE 450 AGFPFLFPNPSLLYPPMALGGLNPYSLGSSGLGSAYDQLAQYNLLNGAT 1550
AAPNTEENCSGDSESPEKECEDKVWEKVEEEKGENSYEKAEEQKEETEKL 500 SSASNTSSTCBKSHBBKSSQBRNTTASANSAASL MNAVASMEGGASTY 1600
EKSS| ESEPSEKSETVLEPEVAVPKKSTGDQD! LDLVAGPSDPDDDEVIK 550 TTPSTSASGSGRERBSSRAGBQTTPTAADMAQLSSLLMPGADPHLLESL 1650
EKEKAVEEECKKQAEL KARFPDLEVI GPATVKQRKLEKPKLEMOM RWF 600 SRVBNVDLAQATRLVBSL GVPPLSGTPSSSGEENTSTSKRSSQMNEANY 1700
KDFALERR AH VACVESG\WPVDSKYSAFATOKGATDLSI ALHES! PHL 650 QAKEQQKW.ESLARGAL PTDLAAL QAFSQEKMPSTSGSNTGTSTSSSKSS 1750
SSLERRSTTPDV TI TTDQGVTKHL QTSHVQQVASSASAASTSSGVPQUT 700 KAAATAAAAQLPQ PGVBSDFPQAFL AEMMQAVAAAGGSLPLSGPGSLA 1800
(BKPSSSNSLPGLDAKS! NAAVAAAVAAAA ACGNATSL SSLLPGVELSAA 750 SLAGL TGGSAGEEGSSASGSTSHSSSKRQREQDAFKQQVDYYTKTLALGS 1850
TGSSAGEVSA SVPSAGSGVGKKRKRH Al DVETERAKL HALL NSSTMAP 800 @ SLI PTSSAGGSSASSSAANAAAAAYAAAL DAEQRHQUUGKALSKRARG 1900
KDWESE] ANVEAL PP 850 DLHPTKEELAALAAGLPLNLGASVBS| EKSLRGGSSSSSSSTPAPMIAEQ 1950
SKPAVPAVKTPPPSVGAPMDL SSSLPKMIWMTEM KSASSSGAl DLSEVGD 900 DKVTL TPLNASGEGSGSSSSSAAMAGLAANLPSQITI Tl APPI SSGASTS 2000
FSVPSKKSSVHAAL SSAFPSMENKSKL DDTL NKLIVKKNNCTI EEPVI GKE 950 SERSERSESR! SLTI TNAADAAKL PPPYEEADEL| | QPI LKKPTAANPGS 2050
KKRKKLDEI VI GL SAAKECKTFPDPSLPSSKKPQ PPSVSVTPANLGESS 1000 SHGGSVDDLDTAENTSAANL SGSSSSSAAAAAAAAEENRRSSNRLKRPR 2100
NQCBNCKPET! TVTTVPCKSKSGSSNSGS GTAGSSSASGEGAGESALSAL 1050 SONEQGSGSVEGQPPEKRREL RSTRHTRSSADASTLNLSTGSESGAEERN 2150
QNVAMEGL SSKDSLNAL LAQTMATDPQTFLKQIKMAGFLPPAGRKAYEN 1100 B 2151

Fig. 6. Sequence of the KIS protein. The protein sequence for the 225 kDa isoform of KIS is shown. The sequence was obtained from four
overlapping cDNA clones: gt10-3, gt10-2, Zapl and gt10-1 (Fig. 4). The sequence unique to the 225 kDa protein isoformbig anarked
dashed line (residues 1-46). The portion of the protein sequence against which the anti-KIS rabbit polyclonal antibodgl isasdeslined
(residues 731-1029). The BRK domain (residues 1205-1245) is marked by a double line.
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Fig. 7.The 225 kDa KIS % identity
protein contains ashort  yismet 1205 [He VI o GMcEN < oA RAvo i ENTRRK 1245 -
dognanplcon;erved_m BRM hbrm 588 DL (AUKMTHTERTdvlFEP eI AsoloATNE MIIcHRUAER 628 46%
an Oé ‘l?rcfm’t“a“”AM BRG1 613 DL ZKVRIHVES/Sd BT T oYk AcoMEATREMIGIARYAR 653 46%
;?mr?oilcr;gsae;r%rzhtof Kis brm 651 DMRWYHWVE QCIRTdK DDM%HHR NMH[geWyw DD 691 37%

0,
(residues 1205 to 1245) js </A0308 884 Bs AL k oigT (§A o o/NZK RIIDMEK WK BHIZGMVERL G 924 51%
aligned to the corresponding-onsensus * VvV G L G AP L wm P

regions ofDrosophilaBRM

and the human BRG1, hBRM and KIAA0308 proteins. Amino acids that are identical in KIS and one or more of the other proteins are
highlighted in black; conserved residues are highlighted in gray. Amino acids that are conserved or identical are matkedabgionent by
an asterisk or their single letter code, respectively

Drosophila RNA were hybridized to a genomic DNA proteins were also detected in the polytene nuclei of the larval
fragment that recognizes all knoviis transcripts. Both the salivary gland (data not shown).
8.5 and 17 kikis RNAs are easily detected in embryos, larvae ) ) ) _
and pupae, but not adults (Fig. 5A). Hybridization of a cDNAKIS is not physically associated with the trithorax
probe (Zapl) that recognizes &ik RNAs to whole-mount group protein BRM
preparations of embryos revealed thad is ubiquitously  Since the trithorax group genkan andkis were identified in
expressed from the onset of embryogenesis through gerrie same genetic screensRarsuppressors, it seemed possible
band extension (Fig. 8). During germ-band retraction, théhat they might physically interact to regulate the transcription
RNAs gradually become localized to the ventral nerve cordf homeotic genes. We recently purified the BRM complex
and brain, eventually falling below detectable levels just priofrom Drosophila embryos and characterized its subunit
to hatching. Identical patterns were observed using probes thaimposition (Papoulas et al., 1998). Although KIS was not
specifically recognize either the 8.5 or 17 kib RNA (data identified as a major subunit of the BRM complex in that study,
not shown). substoichiometric amounts of several large polypeptides
To monitor the expression and subcellular distribution of theeproducibly copurified with BRM. To investigate whether any
KIS proteins, we raised rabbit polyclonal antisera against a 23% these peptides might correspond to KIS, we probed western
amino-acid segment common to all three of the identifiedblots of purified BRM complex and whole embryo extracts
protein isoforms (residues 731-1029, Fig. 6). Our moleculawith antibodies against KIS. Neither the large nor small forms
analysis predicted the existence of a 225 kDa protein encodefl the KIS protein were present in purified preparations of
by the 8.5 kikisRNA, and at least two larger proteins encodedBRM complex (Fig. 9A). We have also been unable to
by the 17 kbkis transcripts (Figs 4, 6). As anticipated, our coimmunoprecipitate the BRM and KIS proteins from
affinity-purified antibody detected two major polypeptides inDrosophilaembryo extracts (data not shown). These findings
Drosophilaembryo extracts (Fig. 9A). The smaller of the twosuggest that the BRM and KIS proteins do not stably interact
most abundant polypeptides has an apparent molecular masghe Drosophilaembryo.
of 230 kDa, which is very close to the predicted mass of the
protein encoded by the 8.5 kis RNA. The larger polypeptide
has an apparent molecular mass greater than 500 kDa and?&>CUSSION
likely to be the encoded by the 17 kis RNA. Consistent with o ) _
this possibility, the independent analysis of cDNA clonegkis is a member of the trithorax group of homeotic
corresponding to the 17 s RNA has shown that it encodes gene activators
a protein with a predicted molecular mass of 574 kDa (AllarThe genetic interactions betwekis andPc provided the first
Wong, Marc Therrien, Debbie Morrison and Gerald Rubingclue thatkis plays an important role in the determination of
personal communication; see Discussion). Several mudbody segment identity. We showed tketmutations suppress
weaker signals were also detected on western blots, whithe adultPc phenotype by preventing the ectopic transcription
could represent either additional protein isoforms omf homeotic genes. Thudsis a member of the trithorax group
degradation products. of homeotic gene activators. Mosaic analyses revealed that loss
We next used our affinity-purified antibodies to examine thef kis function causes homeotic transformations, including the
spatial distribution of KIS proteins in whole-mount transformation of first leg to second leg and the fifth abdominal
preparations oDrosophila embryos and third-instar larvae. segment to a more anterior identity. These phenotypes are
Consistent with a possible role in transcriptional regulation, thaentical to those associated with loss-of-functenandAbd-
KIS proteins were detected at uniform levels in nuclei from th& mutations, respectively. Taken together, these findings
onset of embryogenesis through germ-band extension (Figuggest thakis acts antagonistically té°c to activate the
9B). The proteins then became localized to the developingjanscription of bottscrand Abd-B
central nervous system and were detected in the nuclei of thelt is intriguing thatkis mutations alter the fate of only the
epidermal cells (data not shown). Levels gradually diminisheélfth abdominal segment, since the identities of the fifth through
after dorsal closure, when the intersegmental grooves can firsinth abdominal segments are determined by a single homeotic
be distinguished. In third-instar larvae, KIS proteins werggene Abd-B(Celniker et al., 1989; Delorenzi and Bienz, 1990).
detected in nuclei of all imaginal discs, with the exception ol/ariations in the levels of ABD-B protein result in the
the labial disc, where little to no protein was detected. KlSlifferences between these abdominal segments, AbthB
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expression being lowest in the fifth abdominal segmenproteins. It is also possible that loskisffunction might result
(Duncan, 1987; Hopmann et al., 1995). Parasegment-specifit pair-rule genes being transcribed outside of their normal
cisregulatory regions, termeidfra-abdominal(iab) regions expression domains. For example, Cadigan et al. (1994a,b)
(Lewis, 1978) controlAbd-B expression. Eachab region is have shown that ectopic expression stbppy-paired(sip)
named for the segment that it affecigb(5 throughiab-9). results in phenotypes similar to hypomorphic and amomphéc
Mutations in bothiab-5 (Celniker et al., 1990) ankis affect = mutants, and therefore similar to the phenotypes observed in
the identity of only the fifth abdominal segment, suggestingmbryos mutant for matern&is. Additional work will be
that the KIS protein may interact specifically with iab-5  necessary to determine the molecular basis of the segmentation
cis-regulatory element oibd-B defects resulting from loss of matertkad function.

We suspect thékis interacts not only wittfscr and Abd-B ] ] ]
but with other homeotic genes as well. For example, théhe KIS proteins contain several domains _
isolation of kis mutations as enhancers of loss-of-functionconserved in BRM and other chromatin-remodeling
Deformed(Dfd) mutations (Gellon et al., 1997) suggests thafactors
kis is probably also required to activate transcription of thiOur molecular studies okis provide insights into the
ANTC homeotic gene. Furthermots duplications strongly mechanism of action of the KIS proteins. Alternative RNA
enhance the transformation of wing to haltere Rt  processing produces several large nuclear proteins with
heterozygotes, a phenotype caused by the ectopic transcriptiolecular masses of approximately 225 kDa and ~600 kDa.
of Ubxin the wing imaginal disc (J. A. K., unpublished data).These proteins share a common 2105 amino-acid C terminus
However, kis mutations do not cause haltere-to-wingcontaining a 41 amino-acid segment — the BRK domain — that
transformations due to decreasdiok transcription. A possible is conserved in the trithorax group protein BRM and related
explanation for the lack of homeotic transformationkigm chromatin-remodeling factors in humans.
clones in segments other than the prothoracic and fifth A more direct connection between KIS and chromatin-
abdominal segment is that the mutations used in these studiemnodeling factors has recently been provided by independent
are not null alleleskis! is a strong loss-of-function mutation. studies in Dr Gerald Rubin’s laboratory (Allan Wong, Marc
It has not been characterized at the molecular level, howevérherrien, Debbie Morrison and Gerald Rubin, personal
and may not completely eliminatés function. It is also communication). They recover& mutations in an unrelated
possible that sufficient levels of KIS protein persist ingenetic screen and analyzed overlapping cDNA clones
homozygous mutant tissue following mitotic recombination tacorresponding to the 17 Kbs RNA. Their analysis of these
support normal development. Further genetic studieglones has confirmed and extended our analysis of the kis
including the analysis of conditiondtis alleles, will be RNAs and proteins. The 17 kiis RNA encodes a protein with

necessary to distinguish between these possibilities. a predicted molecular mass of 574 kDa, very similar in size to
) ) ) ] the largest KIS proteins that we detect by western blotting. This
kis mutations cause pair-rule segmentation defects protein contains the same 2105 residue C terminus as the 225

Germline clonal analysis revealed an unanticipated rolkisor kDa KIS protein.
in segmentation. Embryos from mosé&isS females exhibit a The N-terminal extension unique to the larger KIS protein
deletion or alteration of every other segment, while mutanis 3217 amino acids in length and contains several interesting
embryos from mothers bearing germline clone -~
the strongekis! allele usually develop only h:
of the normal number of segments. This varie A : 8
in phenotypic severity is closely correlated v :
the extent to whickenexpression is disrupted. T
phenotypes associated with loss of matekis
function resemble those caused by mutatior
pair-rule segmentation genes that cause
deletion of the odd-numbered parasegmekits
thus appears to be necessary for the expressi
function) of one or more pair-rule genes. Re
genetic studies have suggested kiimnay also b
involved in theNotchsignaling pathway (Go a1
Artavanis-Tsakonas, 1998; Verheyen et al., 1¢
Thus it appears th&is plays roles in addition 1
the regulation of homeotic genes.

What pair-rule genes might requkes for their
activity? Based on th&is mutant phenotyp
perhaps the best candidates eweandhairy (h),

Fig. 8. Distribution ofkis RNA in Drosophilaembryos. Whole-mount preparations

- . . of Drosophilaembryos were hybridized to digoxigenin-labeled probes. Embryos
both of which are required for the_ formation were hybridized to &is cDNA fragment that recognizes both the 8.5 kb and 17 kb
odd-numbered parase_gments. .Ur.“m_ h and kistranscripts. Transcripts are uniformly distributed in cellular blastoderm stage
most other segmentation gen&ss is uniformly  empryos (A). As gastrulation proceeds (B-Ki§ transcripts gradually become
expressed in the early embryo. This raises restricted to the ventral nerve cord and brain (D). Note thad$iRNA is

possibility that KIS functions as an esser uniformly distributed along the anterior-posterior body axis at all stages of
cofactor or modifier of EVE or other pair-r  development.
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A not present in yeast chromatin-remodeling factors related to
KIS BRM BRM, including SWI2/SNF2 and STH1. This suggests that the

E C E C BRK domain may interact with a component of chromatin

unigue to higher eukaryotes.

> oa The discovery that alternative RNA processing produces a

225 kDa protein lacking the ATPase domain and
P chromodomains was quite surprising, since these regions are

197 kDa=» -— ey < likely to be critical for the function of the KIS protein. What

is the function of the 225 kDa KIS protein? If this protein,
which lacks the ATPase domain, retains the ability to interact
with other proteins, it may function as a naturally occurring

115 kDa= dominant-negative protein that regulates the activity of the
larger form. This restraining influence would be particularly
89 kDa > useful for regulating the activity of SWI2/SNF2 family

members that are unusually abundant or stable. To investigate
the functional significance of the alternative processing of the
kis RNA, we cloned théis gene fromDrosophila virilis (G.

D., I. Z., W. W. and J. W. T., unpublished data), a species that
diverged fromD. melanogastemore than 60 million years
ago. We found that both the 8.5 and 17 kb RNAs are expressed
in D. virilis embryos, suggesting that both the 225 and 574 kDa
KIS proteins are functionally important.

The presence of an ATPase domain, BRK domain and two
chromodomains in the 574 kDa KIS protein strongly suggests
that it influences chromatin structure. Bis and brm play
similar roles in chromatin remodeling and development? The
KIS and BRM proteins are not highly related outside the
) ] ) ATPase and BRK domain. Furthermore, the KIS protein lacks
Fig. 9.kisencodes several large nuclear proteins. (A) Whole embryoyqmin I, an evolutionarily conserved region of the BRM
extract (E) and purified BRM complex (C) were resolved ona 6% 1 tain that is thought to mediate interactions with the BAP155
SDS-polyacrylamide gel and analyzed by western blotting using subunit of the BRM complex (Elfring et al., 1998; Papoulas et
antibodies against KIS or BRM. The 230 kDa and large (>530 kDa) al., 1998). This domain gnd the C-?ermin.él brorrylodc?main are

KIS isoforms are marked by arrowheads. Molecular masses were A e L o
determined relative to prestained molecular mass markers and ~ considered to be distinguishing characteristics of the ATPase

cytoplasmic dynein (530 kDa). (B) Affinity-purified anti-KIS subunits of SWI/SNF complexes. Although both BRM and KIS
polyclonal antibodies were used to detect KIS proteins in whole-  may influence chromatin structure, these differences suggest
mount preparations ddrosophilaembryos. The KIS protein is that the two proteins activate transcription via distinct
nuclear and present at uniform levels along the anterior-posterior  bjochemical mechanisms.

axis. Genetic studies have revealed functional differences

betweenbrm andkis. brm is required for oogenesis (Brizuela

et al.,, 1994). Clonal analyses bfm revealed that loss of
functional domains, including an ATPase domain highlyzygotic brm function decreased cell viability and caused
related to those found in BRM (44% identity over 478 amingeripheral nervous system defects, including the twinning of
acids) and other SWI2/SNF2 family members and twamechanosensory bristles and campaniform sensilla (Elfring et
chromodomains. The ATPase domain of KIS is most highhal., 1998). Similar defects were not observed in clones of
related (approximately 50% identity) to that of the CHDmutantkis tissue, even when we induced clones at the cellular
(chromodomain-helicase domain) proteins (reviewed irblastoderm stage of embryogenesis. Althobgh andkis are
Woodage et al., 1997). Both the KIS and CHD proteins contairequired for the activation dbcr and Abd-B these findings
a single ATPase domain and two chromodomains. Unlike KISsuggest that BRM and KIS do not regulate identical sets of
however, none of the previously identified CHD proteinstarget genes. Additional studies will be required to determine
contain a BRK domain. Although chromodomains are @he common and distinct functions of these and other trithorax
distinguishing feature of CHD proteins and many othegroup genes.
proteins that interact with chromatin, including t@sophila
PC and HP1 proteins (Cavalli and Paro, 1998; Paro and We thank Allan Wong, Marc Therrien, Debbie Morrison and Gerald
Hogness, 1991; Singh et al., 1991), the function of th&ubin for generously sharing their unpublished |nformat|ork|§n
chromodomain is currently unknown. It may function as g/Vé aiso thank Kathy Matthews and the Bloomingfrmsophila
dimerization or protein-protein interaction domain that targett0ck center, the UmdarosophilaStock Center, Norbert Perrimon,

. . . : illiam Gelbart, Corrado Caggese and Ruggiero Caizzi for providing
proteins to the appropriate chromosomal location (Cavalli an umerous stocks. Thomas Kaufman, Michael Levine, Sean Carroll,
Paro, 1998; Messmer et al., 1992; Platero et al., 1995). BOifym Hays, Patrick O’ Farrell and Charles Girdham generously
the 225 kDa and 574 kDa forms of the KIS protein contain thgrovided antibodies used in this work. We thank Andrew Chisholm,
BRK domain. Although the BRK domain is conserved in BRMYishi Jin and Grant Hartzog for their comments on the manuscript
and its human homologs (BRG1 and hBRM), this domain i&nd Bill Sullivan, Clif Poodry and the members of our laboratories



1186 G. Daubresse and others

for many helpful discussions. The initial phases of this work werelfring, L. K., Deuring, R., McCallum, C. M., Peterson, C. L. and

conducted at the University of Colorado, Boulder. J. W. T. was Tamkun, J. W. (1994). Identification and characterization of Drosophila

supported by a postdoctoral fellowship from the Jane Coffin Childs relatives of the yeast transcriptional activator SNF2/S\Mi@. Cell. Biol.

Memorial Fund while at the University of Colorado. Subsequent work 14 2225-2234.

in J. W. T.’s laboratory at the University of California was supported=ng€!s: W. R., Preston, C. R., Thompson, P. and Eggleston, W.(B986).

by an American Cancer Society Junior Faculty Award, a Basil In situ hybr|d|zat|c_>n toDrosophilasalivary chromosomes with biotinylated
f . . probes and alkaline phosphataisecus8, 6-8.

O'Connor Starte_r Scholar Award from the _MarCh C_)f Dimes B'rth Feinberg, A. P. and Vogelstein, B(1983). A technique for radiolabeling DNA

Defects Foundation, and grants from the National Science Foundationyestriction endonuclease fragments to high specific activitgl. Biochem.

(IBN-9004491) and National Institutes of Health (GM49883). Work 132 6-13.

in M. P. S''s laboratory was supported by grants from the AmericaRranke, A., Decamillis, M., Zink, D., Cheng, N. S., Brock, H. W. and Paro,

Cancer Society (NP-501) and National Institutes of Health (P01 R. (1992).Polycomband polyhomeoticare constituents of a multimeric

CA70404). J. A. K. would like to thank Igor Dawid and Arthur Levine protein complex in chromatin dbrosophila melanogasteEMBO J.11,

for their encouragement and support of this work. 2941-2950. o _ o
Gellon, G., Harding, K. W., McGinnis, N., Martin, M. M. and McGinnis,

W. (1997). A genetic screen for modifiers of Deformed homeotic function
identifies novel genes required for head developniatelopmentl24

REFERENCES 3321-3331.

Gellon, G. and McGinnis, W. (1998). Shaping animal body plans in

Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J., Zhang, Z., Miller, development and evolution by modulation of Hox expression patterns.
W. and Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new  BioEssays0, 116-125.
generation of protein database search progrédusleic Acids Res25, Go, M. J., and Artavanis-Tsakonas, S(1998). A genetic screen for novel
3389-3402. components of theéNotch signaling pathway during Drosophila bristle

Ashburner, M. (1989). Drosophila — a Laboratory Handbookold Spring developmentGeneticsl50, 211-220
Harbor, New York: Cold Spring Harbor Laboratory Press. Golic, K. G. (1991). Site-specific recombination between homologous

Brizuela, B. J., Elfring, L., Ballard, J., Tamkun, J. W. and Kennison, J. A. chromosomes in Drosophil&cience252, 958-961.

(1994). Genetic analysis of the brahma gene of Drosophila melanogastei@riow, E., and Lane, D.(1988). Antibodies: a Laboratory ManuaCold
and polytene chromosome subdivisions 72&®netics137, 803-813. Spring Harbor: Cold Spring Harbor Laboratories Publications.

Brown, L. J., Mucci, D., Whiteley, M., Dirksen, M.-L. and Kassis, J. A. Hopmann, R., Duncan, D. and Duncan, 1(1995). Transvection in the iab-
(1998). TheDrosophila Polycomb Group genpleiohomeoticencodes a 5,6,7 region of the bithorax complex of Drosophila: homology independent
DNA binding protein with homology to the transcription factor YY1. interactions in transGeneticsl39, 815-833.

Molecular Celll, 1057-1064. Jones, C. A., Ng, J., Peterson, A. J., Morgan, K., Simon, J. and Jones, R.

Cadigan, K. M., Grossniklaus, U. and Gehring, W. J(1994a). Functional S. (1998). The Drosophila esc and E(z) proteins are direct partners in
redundancy: the respective roles of the two sloppy paired genes in Polycomb group-mediated repressitfol. Cell Biol. 18, 2825-2834.
Drosophila segmentatiofroc. Natl Acad. Sci. US81, 6324-6328. Kaufman, T. C., Seeger, M. A. and Olsen, G1990). Molecular and genetic

Cadigan, K. M., Grossniklaus, U. and Gehring, W. J(1994b). Localized organization of the Antennapedia gene complex of Drosophila
expression of sloppy paired protein maintains the polarity of Drosophila melanogasterAdv. Genet27, 309-362.
parasegmentssenes DeB, 899-913. Kennison, J. A. (1995). The Polycomb and trithorax group proteins of

Caggese, C., Caizzi, R., Bozzetti, M. P., Barsanti, P. and Ritossa(1988). Drosophila: trans-regulators of homeotic gene functhomu. Rev. Genet.

Genetic determinants of glutamine synthetase in Drosophila melanogaster:29, 289-303.

a gene for glutamine synthetase | resides in the 21B3-6 regjiochem. Kennison, J. A. and Russell, M. A(1987). Dosage-dependent modifiers of

Genet.26, 571-584. homoeotic mutations iBrosophila melanogastefeneticsl16, 75-86.
Cairns, B. R., Lorch, Y., Li, Y., Zhang, M., Lacomis, L., Erdjument, B. Kennison, J. A. and Tamkun, J. W.(1988). Dosage-dependent modifiers of

H., Tempst, P., Du, J., Laurent, B. and Kornberg, R. D(1996). RSC, an PolycombandAntennapedianutations irDrosophila Proc. Natl. Acad. Sci.

essential, abundant chromatin-remodeling completl 87, 1249-1260. USAS8S5, 8136-8140.
Cavalli, G. and Paro, R.(1998). Chromo-domain proteins: linking chromatin Khavari, P. A., Peterson, C. L., Tamkun, J. W., Mendel, D. B. and
structure to epigenetic regulatid@urr. Opin. Cell Biol.10, 354-360. Crabtree, G. R. (1993). BRG1 contains a conserved domain of the

Celniker, S. E., Keelan, D. J. and Lewis, E. §1989). The molecular genetics SWI2/SNF2 family necessary for normal mitotic growth and transcription.
of the bithorax complex of Drosophila: characterization of the products of Nature366 170-174

the Abdominal-B domainGenes De3, 1424-1436. Kingston, R. E., Bunker, C. A. and Imbalzano, A. N(1996). Repression
Celniker, S. E., Sharma, S., Keelan, D. J. and Lewis, E. B1990). The and activation by multiprotein complexes that alter chromatin structure.

molecular genetics of the bithorax complex of Drosophila: cis- regulation Genes Devl0, 905-920.

in the Abdominal-B domairEMBO J.9, 4277-4286. Kramer, H. and Zipursky, L. (1992). Whole mounin situ hybridization to
Chiba, H., Muramatsu, M., Nomoto, A. and Kato, H.(1994). Two human imaginal discs using digoxygenin labeled DNA prob&rosophila

homologues of Saccharomyces cerevisiae SWI2/SNF2 and Drosophila Information Newslette7 1.
brahma are transcriptional coactivators cooperating with the estrogeifyba, M. and Brock, H. W. (1998a). ThérosophilaPolycomb group protein
receptor and the retinoic acid recepiducleic Acids Re2, 1815-1820. Psc contacts ph and Pc through specific conserved dortih<ell. Biol.
Chou, T.-B. and Perrimon, N. (1992). Use of a yeast site-specific 18, 2712-2720.
recombinase to produce female germline chimer&rasophila Genetics  Kyba, M. and Brock, H. W. (1998b). The SAM domain of polyhomeotic,
131, 643-653. RAE28, and scm mediates specific interactions through conserved residues.
Chou, T. B., Noll, E. and Perrimon, N.(1993). Autosomal P[ovoD1] Dev. Genet22, 74-84.
dominant female-sterile insertions in Drosophila and their use in generatingawrence, P. A., Johnston, P. and Morata, G(1986). Methods of marking

germ-line chimeradDevelopment19 1359-1369. cells. InDrosophila: a Practical Approach(ed. D. B. Roberts), pp. 229-
Delorenzi, M. and Bienz, M. (1990). Expression of Abdominal-B 242. Oxford: IRL Press.

homeoproteins in Drosophila embry@evelopmeni08 323-329. Lewis, E. B.(1978). A gene complex controlling segmentatio@iosophila
Duncan, I. (1987). The bithorax complenn. Rev. Gene21, 285-319. Nature276, 565-570.

Eissenberg, J. C., Morris, G. D., Reuter, G. and Hartnett, T(1992). The  Lindsley, D. L. and Zimm, G. (1992). The Genome of Drosophila
heterochromatin-associated protein HP-1 is an essential protein in melanogasterSan Diego: Academic Press.
Drosophila with dosage-dependent effects on position-effect variegatioMaconochie, M., Nonchev, S., Morrison, A. and Krumlauf, R.(1996).
Geneticsl131, 345-352. Paralogous Hox genes: function and regulathomu. Rev. GeneB0, 529-
Elfring, L. K., Daniel, C., Papoulas, O., Deuring, R., Sarte, M., Moseley, 556.
S., Beek, S. J., Waldrip, W. R., Daubresse, G., DePace, A. et(4b98). Manak, J. R. and Scott, M. P.(1994). A class act: conservation of
Genetic analysis of brahma: the Drosophila homolog of the yeast chromatin homeodomain protein functionBevelopmeni1994 Supplement61-77.
remodeling factor SWI2/SNFZenetics148 251-265. McCall, K. and Bender, W. (1996). Probes of chromatin accessibility in the



Genetic and molecular studies of kismet 1187

Drosophila bithorax complex respond differently to Polycomb-mediatedSambrook, J., Fritsch, E. F. and Manniatis, T.(1989).Molecular Cloning:

repressionEMBO J.15, 569-580. A Laboratory Manual.Cold Spring Harbor, NY: Cold Spring Harbor
Messmer, S., Franke, A. and Paro, R1992). Analysis of the functional role Laboratory Press.

of the Polycomb chromo domain in Drosophila melanoga&enes Dev.  Simon, J. (1995). Locking in stable states of gene expression:

6, 1241-1254. transcriptional control during Drosophila developme@urr. Opin. Cell
Morata, G. and Ripoll, P. (1975). Minutes Mutants of Drosophila Biol. 7, 376-385.
autonomously affecting cell division rat@ev. Biol.42, 211-221. Singh, P. B., Miller, J. R., Pearce, J., Kothary, R., Burton, R. D., Paro, R.,

Muchardt, C. and Yaniv, M. (1993). A human homologue of Saccharomyces James, T. C. and Gaunt, S. J(1991). A sequence motif found in a
cerevisiae SNF2/SWI2 and Drosophila brm genes potentiates transcriptional Drosophila heterochromatin protein is conserved in animals and plants.

activation by the glucocorticoid recept&MBO J.12, 4279-4290. Nucleic Acids Redl9, 789-794.

O’Connell, P. O. and Rosbash, M(1984). Sequence, structure, and codon Strutt, H. and Paro, R. (1997). The polycomb group protein complex of
preference of the Drosophila ribosomal protein 49 gneleic Acids Res. Drosophila melanogaster has different compositions at different target
12, 5495-5513. genesMol. Cell. Biol.17, 6773-6783.

Papoulas, O., Beek, S. J., Moseley, S. L., McCallum, C. M., Sarte, M., Tamkun, J. W., Deuring, R., Scott, M. P., Kissinger, M., Pattatucci, A. M.,
Shearn, A. and Tamkun, J. W.(1998). TheDrosophilatrithorax group Kaufman, T. C. and Kennison, J. A.(1992). brahma— a regulator of
proteins BRM, ASH1 and ASH2 are subunits of distinct protein complexes. Drosophilahomeotic genes structurally related to the yeast transcriptional
Development25 3955-3966. activator SNF2/SWI2Cell 68, 561-572.

Paro, R. and Hogness, D. S(1991). The Polycomb protein shares a Tamkun, J. W., Kahn, R. A., Kissinger, M., Brizuela, B. J., Rulka, C.,
homologous domain with a heterochromatin-associated protein of Scott, M. P. and Kennison, J. A.(1991). Thearflike gene encodes an
Drosophila Proc. Natl. Acad. Sci. US88, 263-267. essential GTP-binding protein Drosophila Proc. Nat. Acad. Sci. US28,

Pattatucci, A. M. and Kaufman, T. C. (1991). The homeotic gene Sex- 3120-3124.
combs-reduced ddrosophila melanogastés differentially regulated in the  Tautz, D. and Pfeifle, C.(1989). A non-radioactivén situ hybridization
embryonic and imaginal stages of developm&maneticsl29, 443-461. method for the localization of specific RNAsDmosophilaembryos reveals

Peterson, A. J., Kyba, M., Bornemann, D., Morgan, K., Brock, H. W. and translational control of the segmentation ghnachbackChromosom#8,
Simon, J.(1997). A domain shared by the Polycomb group proteins Scm 81-85.
and ph mediates heterotypic and homotypic interactMok.Cell. Biol.17, Tie, F., Furuyama, T. and Harte, P. J.(1998). The Drosophila Polycomb

6683-6692. group proteins ESC and E(Z) bind directly to each other and co-localize at
Peterson, C. L. and Tamkun, J. W.(1995). The SWI-SNF complex: a multiple chromosomal site®evelopmenti25 3483-3496.
chromatin remodeling machin@Pends Biochem. S0, 143-146. Tsukiyama, T., Daniel, C., Tamkun, J. and Wu, C(1995). ISWI, a member
Pirrotta, V. (1997). PcG complexes and chromatin silenci@grr. Opin. of the SWI2/SNF2 ATPase family, encodes the 140 kDa subunit of the
Genet. Dev?, 249-258. nucleosome remodeling fact@ell 83, 1021-1026.
Pirrotta, V. (1998). Polycombing the genome: PcG, trxG, and chromatinVerheyen, E. M., Purcell, K. J., Fortini, M. E., and Artavanis-Tsakonas,
silencing.Cell 93, 333-336. S. (1996). Analysis of dominant enhancers and suppressors of activated
Platero, J. S., Hartnett, T. and Eissenberg, J. @1995). Functional analysis Notchin Drosophila.Geneticsl44, 1127-1141.
of the chromo domain of HPEMBO J.14, 3977-3986. Winston, F. and Carlson, M. (1992). Yeast SNF/SWI transcriptional
Pollard, K. J. and Peterson, C. L(1998). Chromatin remodeling: a marriage  activators and the SPT/SIN chromatin connectifnends Genet8, 387-
between two familiesBioEssay<0, 771-780. 391.

Poole, S. J., Kauvar, L. M., Drees, B. and Kornberg, T(1985). The = Woodage, T., Basrai, M. A., Baxevanis, A. D., Hieter, P. and Collins, F. S.
engrailed locus of Drosophila: structural analysis of an embryonic transcript. (1997). Characterization of the CHD family of proteiRsoc. Natl Acad.
Cell 40, 37-43. Sci. USA94, 11472-11477.

Rather, U. and Muller-Hill, B. (1983). Easy identification of cDNA clones. Xu, T. and Rubin, G. M. (1993). Analysis of genetic mosaics in developing
EMBO J.2, 1791-1794. and adult Drosophila tissue3evelopmeniil7, 1223-1237.



