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SUMMARY

The trithorax group genes are required for positive
regulation of homeotic gene function. The trithorax group
genebrahmaencodes a SWI2/SNF2 family ATPase that is

sumoylation of protein substrates. Besides the SP-RING
finger, the TnaA protein also has extended homology with
other eukaryotic proteins, including human proteins. We

show that tha mutations also interact with mutations in
additional subunits of the Brm complex, with mutations in
subunits of the Mediator complex, and with mutations of
the SWI2/SNF2 family ATPase gen&ismet We propose
that Tna is involved in postranslational modification of
transcription complexes.

a catalytic subunit of the Brm chromatin-remodeling
complex. We identified thetonalli (tna) gene inDrosophila
by genetic interactions with brahma tna mutations
suppressPolycombphenotypes andtna is required for the
proper expressions of theAntennapedia Ultrabithorax and
Sex combs reducedomeotic genes. Théna gene encodes
at least two proteins, a large isoform (ThaA) and a short
isoform (TnaB). The TnaA protein has an SP-RING Zn
finger, conserved in proteins from organisms ranging from
yeast to human and thought to be involved in the

Key words: Homeotic gene regulatidsorahma Trithorax group,
Sumoylation, Chromatin remodeling, SWI/SKésanis, tonalli,
Drosophila melanogaster

INTRODUCTION complex is recruited to nucleosomes proximal to the promoter
by transcriptional activators. This recruitment leads to
The trithorax and Polycomb group genes encode positive adcalized nucleosome disruption. Retention of SWI/SNF
negative factors required for the maintenance of homeotic gememplexes on the promoter requires either the continued
expression (Francis and Kingston, 2001; Gellon and McGinnidinding of the transcriptional activator or the presence of
1998; Kennison, 1995; Simon and Tamkun, 2002). Kennisoacetylated histones (Cosma et al., 1999; Hassan et al., 2001).
and Tamkun (Kennison and Tamkun, 1988) first identifiedrhese changes facilitate the transcriptional activation or
brahma (brm) as a trithorax group gene required for therepression by gene-specific DNA-binding proteins. It is likely
maintenance of homeotic gene expression, lmmh also that the effects of SWI/SNF complexes will have important
regulates the expression or function esfgrailed (Brizuela  effects on inter-nucleosomal interactions that could have
et al., 1994),hedgehog(Felsenfeld and Kennison, 1995), consequences for higher-order chromatin structure (Francis
wingless(Collins and Treisman, 2000), atPF (Staehling- and Kingston, 2001).

Hampton et al., 1999). The Brm protein (Tamkun et al., 1992) Several trithorax groups genes iDrosophila encode

is a SWI2/SNF2 family ATPase (Eisen et al., 1995). Brm is groteins involved in chromatin remodeling, includinmira
subunit of a large protein complex that is a member of théBrizuela and Kennison, 1997; Crosby et al., 19981
SWI/SNF family of chromatin remodeling complexes (Dingwall et al., 1995; Rozenblatt-Rosen et al., 1998n
(Papoulas et al., 1998). Several different mouse and humé&@ollins et al., 1999; Collins and Treisman, 2000; Treisman et
SWI/SNF complexes related to the Brm complex have beeal., 1997; Vazquez et al., 1999), aidmet(Daubresse et al.,
isolated and mutations of some subunits have revealed thdi®99; Therrien et al., 2000). The Brm, Mor, and Snrl proteins
roles in a variety of processes, including cell proliferationare probably part of a core complex that is required for
differentiation, viral infection, and cancer (reviewed bychromatin remodeling activity, whereas other subunits
Klochendler-Yeivin et al., 2002). In vitro studies show thatprobably regulate and/or target this activity (Collins et al.,
SWI/SNF complexes can alter both nucleosome position antP99; Kal et al., 2000; Papoulas et al., 1998).

nucleosome conformation (reviewed by Flaus and Owen- In addition to chromatin remodeling complexes, the
Hughes, 2001; Vignali et al., 2000). The yeast SWI/SNHnitiation of transcription in eukaryotes also requires the
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function of several other large protein complexes that may a@&P(3)0374 is ana* line kindly provided by P. Rorth (Rorth et al.,
to either relieve repression or allow transcriptional activatord998). We will refer tdn(3R)ScMs¢ simply asSciMsc,

to interact with RNA polymerase and other basal transcriptio tant phenot
factors. Among these other protein complexes, the Mediat Tr:J ar;] Td en(t) ypes oot 4 i lies had both wi
and TATA-binding protein (TBP)-associated factors (TAF)s' "¢ Ne€id-out Wings pnelioype was scorec It fies had boti} wings
function as coactivators by relaying transcriptional activatiorﬁXtended (Fig. 1A). FOPC’, Pc?, andScis, the penetrance of the

[ i inti i f i h f [
signals from DNA-bound activators to the basal transcrlptloQgnn:k‘io?ecettrr‘?l ngnortmhztnc;réxizm;?; utrﬁi?dbﬁg: porf Sae(;‘jf ?ngggp"-:rﬁgx

machinery. The Mediator complex is found from yeast tq, ressivity of the homeotic transformation was determined by
human and functions as an interface between activators aggunting the number of ectopic sex comb teeth on the second and third
RNA polymerase Il to transduce regulatory information fromlegs and comparing it to control first legs, which have an average of
enhancers to promoters. There is also some in vitro evidend6.8 sex comb teeth per leg (Kennison and Russell, 1987). Wing
to suggest that some specific Mediator subcomplexes act egension, transformation of haltere to wing (Fig. 1B), and reductions
transcriptional corepressors (Balciunas et al., 1999; Song atitjthe numbers of sex comb teeth on the male first legs (Fig. 1C) were
Carlson, 1998; Sun et al.,, 1998). In flies, the Mediator'sed to_ evaluaténtp, Ultrabithorax (Ubx) and Scr expressions,
complex has been purified and its interactions with diﬁerenrtei%‘iﬁgﬁsy'of individuals carying homozygous or_ heteroallelic
{)rg)nrzg:ie rt?c’msegnl;i?]?ne;peﬁgf gzgzcr(l:?]t;gcftzcrzit;éz atrcl)d Sboasc%lmbinations oftna alleles was determined by counting tfib"

P K | 20(3)/ dditi bunits h ogeny from crosses betweera alleles balanced witiM6B, Hu e
extent (Park et al., 1). In addition, many subunits havey,
been identified in thBrosophilagenomic DNA sequence by
their similarity to yeast or human Mediator subunits (Boubésolation of DNA from the  tna genomic region
et al., 2000; Rachez and Freedman, 2001). The TRAP230 akit identified three P-element insertion straims? tna® andtna®)
TRAP240 subunits of the Mediator complex are encoded bipat failed to complemertha® for viability. The insertion sites of
the trithorax group genekohtalo(kto) (Treisman, 2001) and these three P elements were mapped in contig Dm3049 (Adams et
skuld (skd [described aslind spot(bli) (Treisman, 2001) al., 2000) located in the 67F.1-68Al region. To isolate genomic DNA
and poils aux pattes(pap (Boube et al., 2000) (J. W. from the tna locus we carried out a standard plasmid rescue of
Southworth and J. A. Kennison unpublishéd resuksland genomic DNA adjacent to the P element from the? and tna3

kd first 'd. tf q i th’ i f strains (Sullivan et al., 2000). Both isolates wéPRJdCTP-labeled
skd were Tirst identined In the same genetic screen 1oL, seq as probes for Southern analyses of P1 clones from the 67F1-
regulators of homeotic geneslasn (Kennison and Tamkun, gga1 region. After standard restriction mapping and Southern
1988). ] ] N ] ) hybridization of the positive P1 clones, we carried out further

In order to identify additional proteins that are required forrestriction mapping and Southern analysis of approximately 32 kb of

the proper regulation of homeotic gene expression, we hawkee chromosomal region surrounding the? andtna? insertion sites
screened for mutations that show genetic interactionsbwith  in the DS04626 P1 clone. Several fragments of this P1 clone were
mutations in regulation of theAntennapedia(Antp P2  used as probes to analyze the transcripts frortmehgenomic region
promoter. We have previously described the isolation oftnd to screen cDNA libraries.

mutations in the trithorax group gemsa in these screens E

(Vazq_uez _et al., 1999). Here we report the |§0Iat|0n 0 o identify cDNAs representing thtma transcripts, we screened a
mutations in two other genas\,ran'ls (tara) andtona!l| (tna). cDNA library in the Uni-ZAP XR vector from 2- to 14-hour Canton-
tara has been recently characterized as a new trithorax gropempryos (Stratagene). Three positive clones were recovered and in
gene required for homeotic gene expression (Calgaro et alio excised to isolate the phagemids containing the cloned insert. The
2002; Fauvarque et al., 2001). In this work we showttat largest cDNA clone (ZAP1 in Results, Fig. 3A) was sequenced to
is a novel trithorax group gene that is required to regulate thenfirm its identity.

expression of th&ex combs reducé8cr) andAntp homeotic Several expressed sequenced tags (ESTs) were identified by
genes. We also show thtta function is required at several identity searches carried out using the BLASTN and BLASTX

developmental stages. The molecular characterization of twg§ograms (Altschul et al., 1997) as provided by the NCBI and BDGP
Tna protein isoforms reveals thata could function in databases. The cDNA clone LD16921 (from 0-22 h embryos) was

. e . - eported with the nucleotide sequence from thansl 3 ends. With
postran.sljcltlonal modlflcatmn_ of chromatin-modifiers and/m{)rimers from these'5and 3 sequences we amplified an RT-PCR
transcriptional activator proteins. fragment named PCR1 (see Fig. 3A). This fragment joins the most
5 untranslated exon to the Tna coding exons. PCR1 was amplified
with the Expand High Fidelity polymerase (Roche) according to
manufacturer’s instructions with poly(A)RNA from 0-3-hour
] embryos, using as'&and 3 24mers primers with the sequences
Fly strains 5'CTGTCGCTTCTTCTTCTTCTTCAC3and BTGCCTCCGTAAC-

Flies were raised at 25°C on a yeast-sucrose-agar medium with eitt@ATTTCCTGCTCS, respectively.

Nipagin or propionic acid or on a cornmeal-molasses-yeast-agar Southern and northern analyses were done as previously described
medium with Tegosept. Unless otherwise noted, all mutations an@/azquez et al., 1999). Five micrograms of poly(RNA from the
chromosome aberrations are described by Lindsley and Zimnmdicated developmental stages were fractionated on a 1% agarose
(Lindsley and Zimm, 1992)nal, tara?, andtara?® are EMS-induced Mops/formaldehyde gel and transferred to a Hybond™nion
mutations recovered on the basis of the wings-out phenotype whenembrane (Amersham). RNA blots were probed with purified DNA
transheterozygous tbrm? (Vazquez et al., 1999)%ara®388lis a  fragments labeled with33P]JdCTP by the random primer method
P-element insertion allele.tna2 [P{PZ}(3)rl075r'079, tna®  (Prime-It Il kit from Stratagene) and washed under conditions of high
[P{lacW}I(3)0583/02] andtna* [P{lacW}(3)rl073-573] are P-  stringency (0. SSC, 0.1% sodium dodecyl sulfate, at 65°C).
element insertion alleles, that are lethal in combination tnith The We searched fomarrelated proteins in the human genome using

ucleic acids analyses

MATERIALS AND METHODS
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the http://www.ensembl.org/Homo_sapiens/ and Online Mendelia
Inheritance in MafM (McKusick, 2000) databases.

To identify the molecular lesion in thmal mutant allele, we
purified genomic DNA from individuals with the genotypas! red
e/Df(3L)vin2or tna* red e/Df(3L)vin2 Df(3L)vin2is a chromosomal
deletion that lacks the entireagene. Thénacoding region was PCR
amplified with Expand High Fidelity polymerase (Roche) using as 5
and 3 primers oligonucleotides with the sequenceST&AACCA-
GCAGGCGGGCTCCTCAAGGGCG3ANnd BCTAGTCGAATAAC-
GTGGCCAGCAAGTCGTS respectively. These primers amplify a
4.4 kb fragment with the entiteaopen reading frame. One fragment
from tnal andtna* (the wild-type chromosome in which theal
mutation was induced) was sequenced in both strands and t
sequences were compared. To verify the identity ofrtiemutation,

a 578 bp fragment that includes the exon 5 genomic DNA (Fig. 4A
was amplified from fivetnal/Df(3L)vin2 individuals using a '5
oligonucleotide with sequence from the end of exon 4 and a :
oligonucleotide from the beginning of exon 6 as amplification
primers. The sequences of theseaBd 3 primers are %CTAT-
GGTGGAGTCGGAGGAGS3 and BATTCGTCGGAGACGGTGA-
CGGTATG3, respectively. All five independently amplified 578 bp
fragments contained the substitution of a cytosine for a thymidine thi
changes the glutamine codon at position 566 to a stop codon (Fi
4C).

Germline clones Fig. 1.tnamutant phenotypes mimic homeotic loss-of-function
Germline mosaics were generated using the dominant female-sterff€notypes. In all panels wild type is on the left and the mutant is on
technique (Chou et al., 1993jal, tha2 and tna® heterozygous he right (A) The held-out wings phenotype dha'/brm? double
females were mated to; P[w*, ovd1]2X4§TM3, Sbmales and the heterozygo'ge indicative of IosgAf]tpP% function. (B) The part!al
progeny irradiated during the first larval instar (24-48 hours after egfjansformation of haltere to wing int@a'/tna* mutant fly indicative
laying) with 1000 rads of X-rays. Female offspring of the genotype&f 105 ofUbxfunction. (C) The reduction in the number of sex comb
+iw; tnal red e/P[w, ovdP]2X48 +iw; tha? /P[w*, ovdP1]2X48 or teeth on the first leg oftaa?/tna* mutant male indicative of loss of
+w; thad /P[w*, ovdP1]2X48were crossed to males heterozygous for SCrfunction.
a tna deficiency ¥ w; Df(3L)Ixd6/TM6B, Hu e Tb DrIndividuals
produced by a female bearing a germ-line clone were dissected,
mounted and examined under the light microscope. Antp promoter (Jorgensen and Garber, 1987; Talbert and
Garber, 1994).
Derepression of th8crgene causes the appearance of extra

RESULTS sex combs on the second and third legs of males. This
derepression can be caused by gain-of-function allel&gpf

tonalli and taranis enhance brahma mutant such asscMs¢ (reviewed by Southworth and Kennison, 2002),

phenotypes or by loss-of-function mutations in Polycomb group genes,

Flies heterozygous for some combinations of mutations isuch asPc3 or Pct.

trithorax group genes have a held-out wings phenotype (Fig. Several trithorax group genes (includimgnm, mor, osg kis,

1A) that results from reduced expression of thetp P2  skdandkto) were first identified as suppressors of the extra
promoter (Vazquez et al., 1999). On the basis of this phenotygex combs phenotype caused by derepressio8cobr as

we isolated several dominant enhanceitsrof Two of the new  suppressors of the antenna to leg transformation caused by
mutations are alleles of the trithorax group gemanis(tara)  derepression oAntpin theNasobemigNs) allele ofAntpand
(Fauvarque et al., 2001). These mutatidasa? andtara?®,  (Kennison and Tamkun, 1988). Since we identifiedrihgene
show genetic interactions with multiple alleles mim. In  on the basis of genetic interactions witim, we first tested
addition, we isolated one mutation in a novel gene that werhethertha mutations could also suppress these two homeotic
namedtonalli (tna). tonalli is ‘fate’ in nahuatl, an indigenous derepression phenotypes. We found thatt@l mutations
mexican language. We mapped! to polytene chromosome strongly suppress the extra sex combs phenotype caused by
bands 67F3-4. Analyzing the available collection of P-elemerc3, Pc* or ScMsc (Table 1), but only weakly suppress the
insertion lines from the BDGP we identified three P-elemenantenna to leg transformation caused byAhgNs mutation
insertion strains R{PZ}(3)rl075r'075, P{lacW}I(3)0583/02, (Table 2).

andP{lacW}(3)rl075-673] that failed to complemernal. We We also analyzed othémntpalleles affecting the expression
will refer to these P-insertion mutationstag?, tna® andtna®,  from the P2 promoter. We have shown through this approach,
respectively. that the P2 promoter expression is sensitivérta and osa

) ) dosages (Vazquez et al., 1999). For examipten and osa
tna is a trithorax group gene alleles enhance the held-out wings phenotypes caused by

The Antpgene has two alternative promoters, P1 and P2. Thmutations affecting théntp cisregion located between the
Antp\s allele derepresses thentp P2 promoter in the eye- breakpoints ofin(3R)Ant® and In(3R)AntfR aberrations. We
antennal disc and expresses wild-typeptranscripts from the tested for genetic interactions with all of the chromosome
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Table 3. Genetic interactions otna and tara with some
trithorax group genes

Table 1. Effects oftna mutations on Scrhomeotic
derepression phenotypes induced biyolycomband

Scrmutations Numbers of flies
Transformed Expressivity with held-out %
Genotype flies/total* (%) (%) Genotype wings/Total Penetrance
+/Pch 37/40 (93) 14 +/tnal 19/115 17
tnal/Pct 8/20 (40) 4 +/tna® 0/120 0
+/Pc 20/20 (100) 52 +hara? 0/129 0
tnal/Pc3 16/20 (80) 6 +htara? 0/151 0
tna?/Pc3 20/20 (100) 28 +/tara®388t 9/184 5
tna¥/Pc3 20/20 (100) 30 brm?/+ 9/498 2
tnat/Pc3 19/20 (100) 17 brm?/tnal 43143 100
tna¥/Pc3 10/20 (50) 2 brm?/tna® 0/100 0
+/ScMsc 20/20 (100) 23 br?/tara? 7/31 23
tnal/ScMsc 18/20 (90) 8 brr?/tnad tara2 12/20 60
tna?/SciMse 19/20 (95) 7 brmP/tara®® 3137 8
tnad/ScMsc 16/17 (94) 9 brr?/tnas tara20 40/53 75
tnad/ScMsc 19/20 (95) 6 brm?/tara03881 1/165 <1
tna/ScMsc 0/20 (0) 0 bri?/tnas tara03881 21/71 30
osd/+ 6/208 3
*Numbers of male individuals showing sex comb teeth in the secondrand/  0sa/br? 100/100 100
third leg. osdl/tnal 35/35 100
TExpressivity was determined by counting the number of ectopic sex comt osa/tna® 0/69 0
teeth on the second and third legs and comparing to control first legs with ar osé/tara? 41/57 2
average of 10.8 sex comb teeth each (100%). osé/tara? 36/48 75
*nar is Df(3L)vin2, a chromosomal deficiency for 67F2 to 68D6 that osa/tara?3881 33/105 31
deletes the entirmagene. osa/tna? tara03ss1 22159 37
+/tnas tara0388l 0/137 0
tnal/tara? 36/36 100
Table 2. Genetic interactions ofnal with Antp mafftare’ 21131 87
chromosomal aberrations that alterAntp P2 tnatara 1061123 50
g mort/tnat 82/139 59
promoter function mor?/tnat 97/123 79
: : snr10319tnat 41/120 34
Flies with s 242tnat 671108 62
s 3k . ist/tna 751137 55
Genotype AntpV Antp’ wings/Total kePfinal 74/103 72
+/+ 236/249 (95) 253/253 (100) - skd-7067tnat 135/175 77
tnal/+ 172/205 (84) 258/258 (100) - skdk760tnal 107/219 49
tnad/+ 41/47 (87) 53/53 (100) - ktol/tnat 41/120 34
tna/+1 13/75 (17) 46/46 (100) - Trap8G295§tnat 41/152 27
In(3R)ANtF/+ - - 5/62 (8)
tnal/In(3R)Ant® - - 55/73 (75) Formort, mor, snr10319 kis!3416 kisl skc?, skd-7062 skdk760 kol or
IN(3R)ANtR/+ - - 0/117 (0) Trap8G2956data from the controls (the same genotypes as in the table but

tnal/In(3R)AntF - - 84/130 (65)  lacking thetnal mutation) were not included, since no flies with the held-out

phenotype were observed. At least 100 flies were examined for each control
*Numbers of individuals showing antenna to leg transformation divided by genotype.

the total numbers of flies examined. The percentages are given after in

parentheses.

Ttnar refers toDf(3L)vin2 a large deletion that removes the ertii@gene.

alleles, tnal, tara? and tara?%, and the P-element insertion
alleles,tna3 and tara®3881 for genetic interactions withrm,
osa,and with each other (Table 3). We found that all three
aberrations with breakpoints between thetp P1 and P2 EMS-induced alleles interact strongly withn?, but that the
promoters that were previously used to test for interactionsvo P-element insertion alleles do not show strong genetic
with brm andosamutations (Vazquez et al., 1999). We foundinteractions. The P-element insertion alleles do show genetic
thattnal (but not the P elemeima alleles) enhances the held- interactions withbrm? in flies heterozygous for mutations in
out wings phenotype when in combination witif3R)Ant®  all three genesb(m, tna andtara). These results suggest that
and In(BR)Ant® lines (Table 2). We did not observe the P-insertion alleles are weaker than the EMS-induced
interactions with any of the other aberrations (data not shownalleles. We observed similar results previously viith and
Thus, we conclude that as witlim and osg there is @na-  osa(Vézquez et al., 1999). It is possible that the P-insertion
sensitive region mapping between thé Hyeakpoints of mutations are not null alleles, but it is also possible that the
In(3R)Ant® andIn(3R)ANtR. EMS-induced alleles make mutant proteins that behave as
. ] dominant-negative mutations, still binding to interacting
tna, tara, brm and osa interact genetically protein complexes and competing for binding of the wild-type
Since we isolatethaandtara mutations because they enhancealleles. All of thetnaandtara mutations (except the P-insertion
the held-out wings phenotype &fm, we also looked for allele tnad) show strong genetic interactions witka (Table
genetic interactions withsg which is also required fointp  3). All threetara alleles interact strongly wittnal, with tara?
P2 function (Vazquez et al., 1999). We tested the EMS-induceshowing the strongest interactions.
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tna interacts genetically with mutations in subunits Table 4. Homeotic transformations in pharate adultna

of the Brm complex, the Mediator coactivator mutants

complex and with the Kismet SWI2/SNF2 family Number of flies with

ATPase transformed tissue/Total (%)

Several members of the trithorax group proteins are subuni Genotype First leg*Sch Halterd (Ubx)

of chromatin remodeling or coactivator complexes. The Brn tnal/na? 33/34 (97) 33/74 (45)

protein is the SWI2/SNF2-family ATPase subunit of the Brm tnal/tnad 33/40 (83) 36/80 (45)

chromatin remodeling complex (Tamkun et al., 1992). The tnal/tnat 36/36 (100) 47/74 (64)

trithorax group genewor, osaandsnrlencode other subunits tnaf/tna® 24/24 (100) 0/24 (0)
tnad/tnat 30/30 (100) 3/64 (5)

of the Brm complex (Brizuela and Kennison, 1997; Collins e elinat
al., 1999; Collins and Treisman, 2000; Croshy et al., 199¢
Dingwall et al., 1995; Kal et al., 2000; Papoulas et al., 199¢ +Transformed tissue in the first leg measured by the reduction in numbers
Rozenblatt-Rosen et al., 1998; Treisman et al., 1997; Vézqu10f sex combs teeth. A wild-type first leg has an average of 10.8 sex comb
et al., 1999). Théismet(kis) gene encodes another trithorax teeth, while most of thiena mutant males had only 5-7 sex comb teeth per
group SWI2/SNF2-family member and is probably the ATPas'®%; . wing tissue in the haltere
subunit of a different chromatin remodeling complex '
(Daubresse et al., 1999; Therrien et al., 2000). It is thought th
chromatin remodeling complexes may interact physically
with the basal transcription machinery, with transcriptional
coactivators or corepressors, or with proteins involvec
in histone modification, such as acetyl-transferases ar
deacetylases. One of the transcriptional coactivator complex
with which chromatin remodeling complexes might interact i<
the Mediator complex (Rachez and Freedman, 2001). Tr
kohtalo (kto), skuld (skd, and Trap80 trithorax group genes
encode subunits of the Mediator coactivator comple)
(Kennison and Tamkun, 1988; Boube et al., 2000; Treismal
2001) (J. W. Southworth and J. A. K., unpublished results).
We tested whethana mutations could genetically interact
with mutations in the trithorax group genes encoding subunit
of the Brm or Kis chromatin remodeling complexes or the
Mediator coactivator complex to give the same held-ou
wings phenotype that we observed in thenw+; osd+
transheterozygous combinations (Vazquez et al., 1999). W
also looked for genetic interactions betwera and several
other trithorax group mutations that probably do not encod
subunits of the Brm, Kis or Mediator complexes. The result:
are shown in Table 3. We found thiaé! shows strong genetic
interactions with some mutations in the Brm complasg,
osa, morl and mor?), with kis mutations kis! and kis!3419,
and with some mutations in the Mediator complekd,
skd-7062 andskdk760). There were no strong interactions with
the snr1%319 mutation in the Brm complex or theto! and  Fig. 2. Phenotypes from maternal losstoé function. Prepupa (A)
Trap8G29°6 mutations in the Mediator complex. We also and young pupa (B) that lack both maternal and zygosic

observed no strong genetic interactions witbh2, trxl,  functions. These individuals aneal/Df(3L)Ixd6[tna] and very few
trx00347 urd? or sls! trithorax group mutations (data not individuals reach the pharate adult stage without paternal rescue. One

40/40 (100) 1/80 (1)

shown). of the males that reached the pharate adult stage is shown in C. The
first leg has a smaller sex comb with fewer sex comb teeth (inset in
The zygotic and maternal functions of tna C) suggesting a reduction 8ctrfunction. (D) Atnal/+ male that

lacked maternal Tna function but was rescued by the paternally-
inherited wild-type allele. The paternally rescued males have sex
(éombs with normal numbers of sex comb teeth (inset in D).

Transheterozygous combinations amang!, tna?, tna and
tna® alleles result in death at the third instar larval, pupa
or pharate adult stages. Heteroallelic pharate individual
(dissected from the pupal cases) present transformations

typical of loss-of-function of the Antennapedia and Bithoraxtnazygotic function is required for proper expression of at least
complex homeotic genes (Table 4). In some cases, we obserntbdee homeotic genedntp, Ubx, andScr.

partial haltere to wing transformation that results from loss of At least 50% of théna mutant transheterozygotes (and 85%
function for theUltrabithorax (UbxX) homeotic gene (Fig. 1B). for some heteroallelic combinations) reach the pupa stage. This
In 100% of the male flies we observed a strong reduction itate stage of lethality suggests that matetmafunction might

the number of bristles in the male sex comb (the sex conie sufficient for early development. To determine if this is so
teeth) (Fig. 1C). This is the phenotype observed in partial losse generated homozygous germ cells for tteg, tna? and

of function in theScrhomeotic gene. Thus, we found that thetna® alleles. We used mitotic recombination and a transgene
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carrying the dominant female-sterile mutatmrP! (Chou et  male first legs (Fig. 2C) and show a haltere to wing
al., 1993) to produce embryos that lacked wild-type maternatansformation. In contrast, if only the zygotic function is
tna functions. The same results were obtained with all threkacking (and the maternal function is normal), th@mutants
tnaalleles and individuals representative of this experiment ardie, predominantly as pupae. Individuals with no matermeal
shown in Fig. 2. When both maternal and zygwotacfunctions  can be completely rescued by a wild-type allele inherited from
are lacking, most individuals die as third instar larvaetf@y  the father, giving rise to normal (and fertile) adults (Fig. 2D).
a few mutant individuals reach late developmental stages (Fighus, we can conclude from these experiments that there is
2A-C) if they lack both maternal and zygotita functions.  maternaltna contribution but the zygotic function is sufficient
These pharate individuals have fewer sex comb teeth in the reach late developmental stages, at least with the three alleles
that we have tested.

A Molecular analyses of tna
cDNAs I ATOTRY SOt The closesttna* insertion line, EP(3)0374 (Fig. 3A,
= 0 LD16921 embryo open circle), has an EP element 6kb upstream dh#re
P-element insertion sites (Fig. 3A, full circles). Thus, at
CIRE42780 adult probe —» | mmmmmmn ZAP1 embryo least part of the gene could be betweentiize P and

1 = PCR1 embryo tna" EP element insertion sites.
mRNAs ——— I/ M

s To isolate genomic DNA from théna region we

-
—_—— T\ maA (G4 kb) selected P1 clone DS04626, which includes the genomic
= e mr—tnaB (42kb) DNA flanking the sites of théna?, tna3 and tna* P-

LAY

element insertions. We did a chromosomal walk from

EE(re tna®  tnad CG6418 DS04626 and tested several genomic probes to identify
H g g '&:' T xw 8 R e "I— putative tna transcripts (data not shown). Thea
: s 10 +15 +20 kb insertion sites are within the first large intron of an
tna? annotated gene, CG7958. We will present the evidence
below that CG7958 iga, but we will first describe our
B Embryo Larva efforts to characterize the structure and limits of the

033211 2 3 P A

transcription unit (Fig. 3A). There is another gene
A (6.1 kb) (CG6418, which may encode an RNA-binding protein)
tnaA (®. about 1.8 kb downstream of the last exotnaf The 3
tnaB (4.2 kb) end of thetna transcription unit should be within this
1.8 kb region. Although there is an annotated gene
. (CG12523) about 60 kb upstream of the predicted 5
- ‘.ﬂ - o |rp4s exon oftna, the first predicted gene (CG6449) for which
there is EST evidence is about 160 kb upstreamanf
Although thetna promoter should be somewhere within

locus (A) Thetnagenomic region is represented at the bottom of the panel.this large genomic region, we have not yet identified

Thetna P-element insertion sites are indicated by gray circles. The arrowsth€ transcriptional start site. There is one P-element
by the insertions represent the orientation of the respective P-element witinsertion available within this large region, EP(3)0374,
respect to thénatranscription direction. Thima* EP0374 insertion site is ~ Which is about 1.6 kb upstream of the predidieal5'
shown as a white circle. The restriction sites ar@d&yHI; X, Xbd; E, exon. This P-element insertion complements tia
EcaRl; H, Hindlll. CG6418 is an RNA helicase transcribed towards the 3 mutations, i.e., it isnha*.
end of thenalocus. The transcripts (MRNAs) are depicted in the middle of  Qur northern analyses identified two transcripts (6.1
the panel. The BDGP, release 2-predicted transcripts containing the and 4.2 kb in size) within thima region, which derive
et exons (lack ectangles o shared.grey rectanles o e Mo by alfernativ splicing (see below). To characterize the
) : structure of these transcripts, we isolated cDNA clones

untranslated exon and themly(A)* regions (white rectangles) deduced L S
from our analysis of the locus. ThelBTR exon is open on the left to from an embryonic library. ZAP1, which is the longest,

Fig. 3. Molecular organization and developmental expression dhte

indicate that thénatranscription initiation start site has not been is shown in Fig. 3A. We also characterized cDNA clones
determined. The indicated sizes of both transcripts are in agreement with iiem the BDGP. The BDGP clone LD16921, which was
northern analysis shown in B. The upper part A (cDNAs) shows isolated from a 0- to 24-hour mixed stage embryonic

representative cDNAs isolated from tin@locus. AT07790 is one of several library, was particularly useful and is also shown in Fig.
ESTs identified in adult testis. RE42750 is an EST from adult heads. The 3A. We were able to amplify several RT-PCR fragments
ZAP1 embryo cDNA clone was isolated from the UNI-ZAP library from 0- ysing, as a 'Sprimer, an oligonucleotide with the

12-hour embryos (see Material and Methods) and was the probe for the 5| pD16921 sequence and asp8imers olignoucleotides
northern blot shown in B. The PCR1 embryo cDNA clone was RT-PCR with the sequence of diverse translated exons (see

amplified with 5 and 3 primers sequences from the reported LD16921 -
embryonic clone (see Material and Methods). (B) RNA poly{#as Mater:;tll\?Aand I(\j/letthdS)' OlneAOég‘Aese ff]i‘gg‘?“ts’ ECRl’
prepared from 0-3-hour and 3-21-hour embryos (0-3 and 3-21), first, secorg & € made from poly(A) purified from 5-

and third instar larvae (L1, L2, L3), pupae (P) and adults (A) . Samples wefé-hour embryos. To corroborate its identity it was
blotted and run under standard conditions. The blot was probed with the cloned and sequenced (Fig. 3A). There are at least two
ZAP1 cDNA (A). The blot was washed and rehybridized using a probe for alternative untranslated’ ®xons. The Sexon of the
rp49as a loading control. The sizes of the detected bands are indicated. embryonic LD16921 cDNA clone (and the adult cDNA



tonalliencodes an SP-RING finger protein 349

clones RE42750 and RE27454) differs from thexan found laevis (EST BJ075201),Gallus gallus (EST AJ396794),
in several testis ESTs (AT07790, Fig. 3A). There is alsaCaenorhabditis elegangpredicted protein NM_069604),
alternative splicing within the translated exons (described irabidopsis thaliana(AB011483), and human (KIAA1224

detail below). and KIAA1886). The two human proteins (retinoic acid-

] ) . ] induced KIAA1224, EMBL AB033050, and KIAA1886,
The tonalli transcripts are differentially expressed GenBank source AL136572) are 60% identical to TnaA in a
during development region spanning almost 300 residues (from TnaA residues

We performed northern blot analyses with RNA samplegl95 to 798) (Fig. 4A,C). We searched the OMIM database
purified from different developmental stages using the ZAPIMcKusick, 2000) but did not find any associated diseases
cDNA clone (Fig. 3A) as a probe. This clone was isolatedttributed to mutations in the KIAA1224 (10923.2) and
from aAZAP embryonic library and overlaps all of tiea  KIAA1886 (7pl15.1) genes to date. This family of proteins
translated exons. We found two signals (6.1 and 4.2 kb) (Figliffers from the PIAS family in having Region Il. We believe
3B) that correspond to majdna transcripts. The 6.1 kb that the 300 amino acid domain spanning both Regions Il and
transcript was present at all stages, but its expression incread#d identifies a new signature that we have named the
at the second larval instar and reached its maximum in th¢SPRING (eXended_SFRING finger) domain (Fig. 4A,C).
pupal stage. The 4.2 kb transcript was first detected in third The TnaB form shares regions | and Il with TnaA, but has
instar larvae, but it was most abundant in the pupal and adwtunique carboxyl terminus. It does not show any additional

stages. homology to other known or predicted proteins.
One of the Tna protein isoforms belongs to an SP- The tna?l allele carries a mutation that affects only
RING Zn-finger domain family the TnaA protein product

The northern and sequence analysasapredict at least two The tna locus produces at least two different proteins, TnaA
alternative transcripts (CT41698 and CT23982 from BDGPand TnaB. We are interested in characterizing the functions of
release 2) (Fig. 3A, mRNAs) encoding products of 1109 andach one of these forms and in dissecting more accurately
610 residues (Fig. 4A). The long form of the protein (TnaAwhether thena mutant phenotypes are caused by the failure
is translated from 10 coding exons and may have three differeof one or both Tna proteins. Individuals with the EMS-induced
amino termini (CG7958-RA, -RB and -RC, BDGP, release 3)tnal allele have different phenotypes from those resulting from
The mRNA for the short form (TnaB) lacks exons 5-8 and parthe P-element insertion allelésd?, tna3 andtna?). tnal is the
of exon 9. Both proteins have similar amino termini, whichallele that interacts strongest with several trithorax group
have two GlIn-rich regions, but they do not share the sammutations to reducéntp P2 function and cause a held-out
carboxyl termini; the alternative splicing of the short formwings phenotype (Fig. 1A, Tables 2 and 3). Tin& allele is
generates a frameshift that changes the open reading framlso the allele that shows the strongest loss-of-fundtilox
after the alternative splice (Fig. 4A). This frameshift generatephenotype (Fig. 1B, Table 4) when heterozygous with the
a stop codon in the middle of exon 9. P-element insertion alleles or the deletions. Thus, we
Exon 7 is present only in TnaA and encodes a possibleharacterized molecularly the nature of the mutatioma?
bipartite nuclear location signal and an SP-RING (Siz/PIAS{see Materials and Methods). We purified DNA from
RING) (Hochstrasser, 2001) putative zinc finger (Fig. 4, setal/Df(3L)vin2 individuals that survive until third instar
below). larvae, PCR amplified, and sequencedmiaégenomic region.
Blast analyses of the TnaA protein sequence allowed us e found only one change within the entire open reading frame
identify four regions (Fig. 4A). Region | and IV (residues 1-of the tnal mutant chromosome, a transition (C to T) that
494, and residues 799-1109, respectively) do not showehanges glutamine 566 (Fig. 4C) to a stop codon. This change
homology to any other reported protein in any organismwould generate a truncated product at the end of exon 5 (Fig.
Region | contains two blocks of glutamine residues. 4A) that will resemble the amino-terminal region of the TnaB
Region lll (647-798) includes the SP-RING finger (residuegprotein without its carboxyl terminus. These data suggest that
718-760), which is present in several proteins from organismsal should affect only TnaA, with TnaB still functional. The
ranging from yeast to human (Fig. 4B). One family oftruncation of the TnaA protein may be responsible for the
SP-RING finger proteins are the PIASrdfein inhibitor  phenotypes we observe with ttral allele. The fact that this
of activated JAT (signal fransducer and_céivator of truncated form resembles the amino terminus of the wild-type
transcription)] family. One of the PIAS proteins, Miz1l TnaB, together with thenal genetic data, leads us to suggest
(ARIP3/PIASX0) (Wu et al., 1997) has also been identified aghat TnaB cannot substitute for TnaA. As TnaB mRNA appears
a cofactor of homeotic gene function in mice. InBmesophila  for the first time late in development, the role of TnaB could
genome, the only other SP-RING finger proteins are ZimpAe to negatively modulate the TnaA function.
and ZimpB (inc finger-containing, Nt1, AAS3-like) (Mohr
and Boswell, 1999). The Zimp proteins belong to the PIAS
family and are encoded by tisai(var)2-10ocus (Hari et al., DISCUSSION
2001). Region IIl also includes the putative bipartite nuclear
location signal (residues 668-686, Fig. 4C). To study the mechanism of action of the Brm complex on
Although there are many proteins with similarities todifferent homeotic genes, we have characterized genes that
Regions Il (residues 495-646) or Il (residues 647-798), thermteract with Brm in regulating the expression of f&p P2
are only a few proteins that have similarity to both. Thes@romoter in the imaginal wing disc. Reduced expression of the
include proteins from the mouse (EST B686302X@nopus Antp P2 promoter in the imaginal wing disc causes flies to
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TnaA SLKCPI TKSRI RLPARGHECKHVQU-DLEAYLM NSERGSARCPECSKSAI TDTLEI DQY WAI L
KIAA1224 SLKCPI TFRRI QL PARGHDCKHVQG-DLES YL QLNCERGTWRCPVCNKTALLEGLEYDQYNM\GI L
KIAA1 886 SLKCPI TFRRI QLPARGHDCRHI QG-DLESYL QLNCERGTVRCPVCNKTALLEGLEVDQYNMGI L
Su(v ar) SLNCPL GKMKMLL PCRASTCSHL QG~DASL YL QMNERKP TWNCPVCDKPAI YDNLVI DGYF@VL
Mzl SLMCPLGKMRLTI PCRAVTCTHLQG-DAALYLQNMNEKKPTW CPVCDKKAAYESL I LDGLFMEI L
PIA S1 SLLCPLGKVRLTI PCRALTCSHLQUDATLYI QMNEKKPTWCPVCDKKAPYEHLI | DGLFMEI L
KCh SLMCPL GKMRLTVPCRAL TCAHL QSFDAAL YL QNNEKKPTWI CPVCDKKAPYESLI | DALFMEI L
PIA S3 SLMCPL GKMRLTVPCRAL TCAHL QSFDAAL YL QMNEKKPTWI CPVCDKKAPYESL| | DALFMVEI L
PIA Sy SLI CPLVKMRLSVPCRAETCAHL QG~DAVFYL QNNEKKP TWMCPVCDKPAPYDQLI | DALL SKI L
CEWL0D5 SLLDPLCKTRMTTPSRCQ@CTHLQG-DLL SYLMNNEKKPTWQCPVCSSNCPYDRL| VDDY FLDML
VI CIA SLNCPI SFTRI KTPVKGRSCKHFQU-DFDNFI KI NSKRPSWRCPHCNQNVSYTEI RLDRNM EI L
SEP- 1 NT SLKCPLSFSRI SLPVRSVFCKHI QG-DASAR.EMNKQTPSWWCPVCASH QFDLI | DGFMQHL
NFI1 / Sl 22 SLQCPI SCTRVKYPAKTDQCKHI QG-DALWFLHSQSQFRTWCPI CQHR KFDQLKI SEFVDNI |
Sl z1 SLQCPI SYTRVKYPSKSI NCKHLQU-DALWFLHSQ Q PTWQCPVCQ DI ALENLAI SEFVDD L
SL.cPl.k.R.. P.r.. CkH QGDa... I..... pt WCPvC. k.a.y.. |.id.... iL
495 518
451 NY HSPVPGNPTPPTP S PY
Tonalli SHQGQFYPGSGQSAGMQQAGGMCPAGPGHMAMNGGFQRYOHSPVPGNPTHPTPACSV- PY
KIAA1224  APNPPRPLTSPNYPG@®MPSQPSSGQYPPPIMGQYKPEQRNGNNTFSGSSY 8IY SQBIVNRPPRPVPVANYPHSPVPGNPTRAPGSSI PPY
KIAA1 886 SV- PY
566 595
SP PD KP E RLTFPVRDG L PFRL HN. VSNHW¥ L V TL R DLELQ KC H DRQNNTNAV
Tonalli VSPN------- PDlI KPPNDNSE---------- EMRLTFPVRDGI LAPFRLLHN.SVSNHWHLKQNVYNTLMCRNDL EL QL KCFHQDDRQNNTNAV
KIAA1224  LSPSQDVKPPFPPDI KPNVBALPPPPANHND-- ELRLTFPVRDGV\LEPFRLEHN.AVSNHWHL RPTVHQIL MARSDL EL QFKCY HHEDRQNNTNA
KIAA1886 NMSPNQEVKSPFLPDLKPNLNSLHSSPSGSGPOELRLTFPVRDGVM.EPFRLQHNLAVSNHWQLRDSVYKTLI| MRPDLEL QFKCYHHEDRQMNTNA
P VVSNATPL IER NT L LK VCQPGRNT QT CCGH.FVLQLVHRPSWRR VLQ L K LLP EH KIKRN S 692
Tonalli PHTVTVSANATPLNI ERSEKNSTALRPLYLKAVCQPERNTLQLTASSCCGH.FVLQLVHRPSVRQVLQTLHKRNLL PLEHSVCKIK RNL SQFEANA
KIAA1224  PASVQVSVMATPLTI ERG- DNKTSHKPLHLKHVC@PGRNTI Q TVTACCGH.FVLQLVHRPSVRSVLQGLL KKRLL PAEHCI TKIK RNFSSVAASA
KIAA1886 PASVQVSVMTPLTI ERG- DNKTSHKPLYLKHVC@PGRNTI Q TVTACCGH.FVLQLVHRPSVRSVLQGLLKKRLL PAEHCI TKIK RNFS--- SGT
789
Q K SLKCPIT R LPARGHC H QG-DLE YLM N ERG WRCP C K A LE DQY IL S E
Tonalli GFDATPQQQQQQGGRCAI SLKCPI TKSRI RLPARGHECKHWQG-DLEAYLM NSERGSWRCPECSKSAI TDTLEI DQYI WAl LNTLGNSDVDEV
KIAA1224  G-- NTTLNGEDGMWEQTAIK VSLKCPI TFRR QLPARGHDCKHVQG-DLESYLQLNCERGTWRCPVCNKTALL EGLEVDQYMAG LNAI QHSEFEEV
KIAA1886 | P- GTPGANGEDG\VEQTAIK VSLKCPI TFRR QLPARGHDCRHI QOFDLESYLQLNCERGTWRCPVCNKTALL EGLEVDQYM_G LI YI QNSDYEH
ID W P D 384
Tonalli | | DSSANVRALQHNGGMRAPPPSNVPSNPSGGSGISSANGSWPTLPMVI KQELCDD - AKVMSP@TQ.PTV\%AQAMSPNMI-DNNSI ASGNVIM
KIAA1224 TI DPTCSWRPVA KSDLHIK DDPDG PSKRFKTMSPSQN MPNVIVEMAA LGP®SPY- PLPPPPGST--- NSNDYSS-- QGNNY
KIAA1 886 TI DPTCSWKPVPVKPDIVHIK EEPDGPALKRCRTVSPAHVL MPSWWEMAA LGPG\APFAPL QPPSVP---- APSDYPG- QGSSF
GG G EK M H 972
Tonalli - GNGGNTNQHGNRSSYDGFSMHSDGS GG PGM®GGWSLDQLNAMEKSLSDQ-----  MPHTPHTPGAASIPMTR- GGRPSVSSSHMEPI SGGTP
KIAA1224 FDFPHGNPGGTSMDFVH-- GPRQLSHPFDMPNNMAA--  LEKPLSH PMETMPHAGSSDQR- HPSI Q@BLHVPHPSSQSGPR.HHSGA
KIAA1 886 LGPGTFPESFPPTTPSTPTAEFTPGPAPI SYQ®I PSSLLT--- SEKSTAQLPSQ- MAPAGH.DPT-- HNPGTRELHTSNLGAPRGRQLHHINP
1066
PS G L
Tonalli NANGSGSANGSMINN SSTGHNSPQTPGTPSRMEGGMESGADSQQQQEDLL NSLMSSQTOKFSESDL SAELQSHDAAAAA NDTAHDLNL
KIAA1224 PPPPPSQPPROPPQAARBSHPHSDLTFN--- PSSALEGQAGAQ@SDIVPEPSI NL
KIAA1 886 PPAS- RQSLGQASLGPTE&LAFSPATGVMGPSMSGAGEA-------- PEPAL DL
L P E LSYL P PDL P N DOLL 1109
Tonalli LQDVD- PMEI LSYLDPQPDLNTPPSSGSHNNNASDOLLATLFD
KIAA1224 LPELTNPDELL SYLDP- PDL--- NSNDOLL SLFENN
KIAA1 886 LPELTNPDELLSYLGP- PDL--- PT------ NNNDLOLL SLFENN
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Fig. 4. The Tonalli proteins. (A) The two alternatively spliced forms (Hsu et al., 2001). It has been proposed that this family of
predicted by the BDGP, release 2, are shown. In the upper part is aproteins could link the cell cycle with chromatin remodeling
scale that indicates the aminoacid residues. In the TnaA protein the(Sugimoto et al., 1999).

exons are indicated as E. E1 to E4 are exons shared between the Individuals with low dosages déra (Calgaro et al., 2002)
TnaA and the TnaB forms. The glutamine rich domains are i”dicate@)rtna(this work) have a held-out wings phenotype. As we have
by lightly shaded boxes. The bipartite nuclear location signalis  q|atedtara mutations because they interact genetically with

indicated by the hatched box. The SP-RING finger is indicated by a : - P .
black box. The TnaB carboxyl termini is indicated by the grey box brm mutations, the simplest hypothesis is that Tara proteins

and is different from the one in TnaA. The XSPRING domain,whichphys'cally I!’lteract with Brm proteins through the Brm

is present in the human KIAA proteins and in proteins in other bromodomain.

organisms, is indicated by the box above the proteins. (B) Multiple L . .

alignment of the SP-RING finger region in different proteins. One Tna protein isoform is related to the PIAS family

KIAA1224 and KIAA1886 human proteins (accession numbers in ~ Analysis oftnaESTs shows that there are at least two different
Results); Su(varp. melanogasteBu(var)2-10/ZimpA/B 5 ends (represented by RE42750 and AT07790), suggesting
(gb/AAD29287.1); Miz1, (Mx-interacting-inc finger) from mouse  that thetna gene may have alternative promoters. Th@
(gb/AAB96678.1); PIASI from mouse (gb/AAC36702.1); KCI, K gene also appears to have two promoters (Calgaro et al., 2002).
channel-asociated wtein from rat (Q/AAC40114.1); PIASS from 1 54 ition to the possibility of two promoters, alternative

mouse (dbj/BAA78533.1); PIASy from human (gb/AAC36703.1); S - - . ;
CEW10DS5 predicted protein frof. elegandpir/T26331) VICIA, splicing within thetna open reading frame gives rise to at least

Vicia fabatranscription factor (pir/T12184); SER-INT, a two different protein isoforms, TnaA and TnaB. ,
Schizosaccharomyces ponttmmologue (pir/T37748) of The TnaA isoform has an SP-RINGZ®IAS RING) finger
Saccharomyces cerevisise proteins; NFI1/SIZ2, CDC12 and (Saurin et al., 1996), which is present in the PIABgEn
septin-interacting protein i8. cerevisia¢gb/AAA86121.1); SIZ1, inhibitor of activated_JAT (sighal ransducer andcéivator of
septin-interacting protein froi®. cerevisiagpir/S69691). The transcription)] family of proteins. PIAS proteins are co-

bottom line is the identical (in uppercase letters) and most commonregulators of many gene-specific transcription factors. For
(lowercase) residues in all sequences. (C) Multiple alignmentof  example, PIAS proteins co-repress STAT factors (which act as
DrosophilaTnaA, human KIAA1224, and human KIAA1886 signal transducers of cytokine receptors) to transcriptionally
o o o et by e e s e At specifc arget genes (Chung ef al, 1997, Lu et al.
nuclear location signal residues are underlined. The SP-RING finge?‘998)' PIAS proteins also_ coactivate §ter0|d receptor-
residues are indicated with asterisks. Consensus sequence of the dependent transf:”pt',on (Kotaja et al., 2000; Tan et_ al'_’ ZQOO)'
same amino acid present in the three proteins is indicated. The PIAS protein Miz1/ARIP3/PIASX possesses intrinsic
transcriptional-activating function (Kotaja et al., 2000),
interacts with the homeobox protein Msx2 to enhance its
extend their wings out from the body (a held-out wingsaffinity for DNA (Wu et al., 1997) and is an androgen receptor
phenotype). While flies heterozygous for a nlin allele  (AR)-interacting protein (ARIP). Th®rosophila zimp(zinc
usually hold their wings properly, they often extend their wingdinger-containing,_Nt1, AAS3-like) gene encodes proteins
when also heterozygous fdorm-interacting mutations. We  with similarity to the Miz1/PIAS3 protein (Mohr and Boswell,
have previously used this genetic screen to isolate mutations11999). Thezimp gene is also known &u(var)2-10(Hari et
the osagene (Vazquez et al., 1999), which encodes a subursi., 2001). In addition to the SP-RING zinc finger domain, the
of the Brm chromatin remodeling complex. Here we report th&u(var)2-10 proteins have a putative DNA-binding domain (the
isolation of mutations in two additionbim-interacting genes, SAP domain) that is found in diverse nuclear proteins. The
tara and tna. tara is pleiotropic and has been identified in Su(var)2-10 proteins regulate chromosome structure and
several other genetic screens (e.g. Fernandez-Funez et ahromosome condensation, and function in interphase nuclei
2000). Of particular importance to our own results was théHari et al.,, 2001). Recently a SUMO-protein ligase (E3)
recent identification ofara as a dominant suppressor of the activity has been found in several SP-RING finger proteins
extra-sex-combs phenotype displayed by loss-of-functioiidohnson and Gupta, 2001; Sachdev et al., 2001) (reviewed by
mutations in the Polycomb group gengolyhomeotic Hochstrasser, 2001).
(Fauvarque et al., 2001) and its modification of phenotypes
associated with ectopic expression of the homeotic gen@a and a role for sumoylation in regulating
proboscipedia(pb) (Calgaro et al., 2002). The published homeotic gene expression
results, as well as the results presented here, suggetstrthat SUMO (small ubiquitin-related modifier) is a ubiquitin-like
andtna are both members of the trithorax group of homeotigrotein (UBL) that is covalently attached to other proteins in a
gene regulators. manner analogous to that of ubiquitin (reviewed by Muller
tara encodes twin proteins, Tacaand Tara, which have et al., 2001). Conjugation of SUMO-1 to all protein targets
a cyclinA-binding motif (also present in the cell cyclerequires the El-activating heterodimer Aosl/Uba2 and the
regulatory transcription factors E2F1-3), a SERTA domairsingle E2-conjugating Ubc9 enzyme. The target specificity is
[which is the largest conserved region among TRIP-Biconferred by the SUMO E3 ligases. There are at least two types
(transcriptional _egulator _nteracting with the _RD-  of SUMO E3 ligases that are structurally unrelated. The first
bromodomain) proteins] and a PHD-bromo interaction domaittype is represented by the PIAS family of SP-RING finger
(Calgaro et al., 2002). Trip-Br1/pS8-1 is a Tara-related proteins. The second type is represented by RanBP2, a nuclear
protein in mice that is a cyclin-dependent kinase regulatgoore complex protein. TnaA has an SP-RING finger within the
(Sugimoto et al., 1999) and a transcriptional regulator. Triplarger XSPRING domain (Fig. 4B). The XSPRING domain is
Br1/p34E-L can interact with PHD and/or bromodomainspresent in a new group of human, mouse Anabidopsis
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proteins and may be the signature for a new subgroup @fcorepressor of a subset of Kriippel-type zinc finger proteins
SUMO E3 ligases within the PIAS family. (Witzgall et al., 1994) and as a hormone-dependent coactivator
Although the role of sumoylation is not clear, it has beerhat interacts with several nuclear hormone receptors (Chang
suggested that sumoylation could be an address tag for protahal., 1998; Le Douarin et al., 1996). Mutations in a ubiquitin-
targeting. Most of the identified substrates of sumoylation areonjugating enzyme (UbcD1) have been shown to affect
nuclear proteins, and the sumoylated forms are often found lomeotic gene silencing (Fauvarque et al., 2001). Simze
specific  subnuclear protein complexes. Preferentiamutations affect homeotic gene activation, antagonism
accumulation sites for sumoylated proteins are the PMbetween the ubiquitylation and sumoylation post-translational
nuclear bodies. PML, a protein found in PML nuclear bodiesmodifications may play a key role in homeotic gene regulation.
is a RING-finger protein. Another core component of PMLAntagonism of ubiquitylation and targeting nuclear
nuclear bodies is Sp100, a protein that interacts with HP4ublocalization are not mutually exclusive roles for
and HMG1/2 families and a major cellular substrate forsumoylation, and it is possible that both will be found to have
sumoylation. In vitro, sumoylated Sp100 has a higher affinityoles in regulating the functions of chromatin remodeling
for the HP1 protein (Seeler et al., 2001). Relocalization o&nd/or transcriptional co-activator complexes.
proteins to nuclear bodies after sumoylation can modulate
transcriptional activity (Fogal et al., 2000; Ishov et al., 1999; We thank Y. Hiromi for his advice on the plasmid rescue, C.
Lehembre et al., 2001; Li et al., 2000; Schmidt and Mu"erThumr_neI and P. Rorth_ for providing P1 clones and_ EP lines, and _the
2002). It has been suggested that nuclear bodies migﬁ{oomlngton Drosophila Stock Center for providing stocks. This

. ; d ; : ork was supported by funds from CONACyYT grant No. 31781-N
stimulate SUMO conjugation, and that proteins transientlyf " e 1 grant IN-200799 to M. V. and Howard Hughes Medical
associated with nuclear bodies include SUMO targets (Mullef it te grant 55003712 to M. Z.

et al., 2001). Thus, sumoylation can modulate the interaction

of transcription factors with transcriptional corregulators. In

Drosophila the transcriptional repressor Tramtrack 69 proteirREFERENCES

(Ttk69), which inhibits neuronal differentiation, has been

identified as a SUMO substrate (Lehembre et al., 2000). Th&lams, M. D., Celniker, S. E., Holt, R. A., Evans, C. A., Gocayne, J. D.,

Dorsal protein also undergoes sumoylation, which facilitates Amanatides, P. G., Scherer, S. E., Li, P. W., Hoskins, R. A., Galle, R. F.
its nuclear import (Bhaskar et al 2000) et al. (2000). The genome sequenceDsbsophila melanogasteScience

. E 287, 2185-2195.
The SUMO Ilgatlon target consensus SequenchXE Altschul, S. F.,, Madden, T. L., Schaffer, A. A., Zhang, J., Zhang, Z., Miller,

(where Yis an aliphatic residue) surrqunding the substrate w. and Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new
lysine(s) that is sumoylated. Although this consensus sequenceeneration of protein database search prograNusleic Acids Res25,
is short, all of the proteins encoded by the trithorax groups 3389-3%02. 41999). The Med
genes that interact genetlcally Wtﬁa(mc'.Udmg TnaA Itself) subunitlof {he yeasf médiator éomplex is involvea in both transcriptional
(Table 3) have one or more blocks of this consensus sequencgctivation and repressioRroc. Natl. Acad. Sci. US®6, 376-381.
(L. G. and M. V., unpublished results). However, someBhaskar, V., Valentine, S. A. and Courey, A(2000). A functional interaction
trithorax group genes that do not interact wtitl, such as bitween dorsal and components of the Smt3 conjugation machinBigl.
: : : . i Chem.275, 4033-4040.
trithorax (tr,x),salso (Ien(.:Ode ?ro'LelnSHV[gg\%;hed Sumo?/latlon.Boube, M., Faucher, C., Joulia, L., Cribbs, D. L. and Bourbon, H. M.
consensus. umoylation of the . gacety ase 1S (2000).Drosophilahomologs of transcriptional mediator complex subunits
catalysed by the RanBP2 SUMO E3 ligase. While HDAC4 has are required for adult cell and segment identity specificaBenes Devl4,
several ‘sumoylation consensus’ sequences, only one function$2906-2917.
in vitro and in vivo (Kirsh et al., 2002). The possibility that B”(legeg'j)v Béiﬁefil(f:nanu?’allgl.syisB%I}atrrsle’f;HrrT:c;neknuen,o‘:I.D\rA(;.s z‘gﬂige;”e';%;é &
subunits of the Brm and/or Klsmet complexes mlght be targets and polytene chromosome subdivisions 72&88netics137, 803-813.
for sumoylatlon opens th? window fqr anew level of reQU|<'7‘t'0"BrizueIa, B. J. and Kennison, J. A(1997). TheDrosophilahomeotic gene
of the activity of chromatin remodeling complexes. This level moiraregulates expression ehgrailedand HOM genes in imaginal tissues.
of regulation could involve the modification of their subnuclear Mech. Dev65, 209-220.
localization within the nucleus, although mutation of theCal9aro. S., Boube, M., Cribbs, D. L. and Bourbon, H.(2002). The
SUMO ite in HDAC4 did h . beellul Drosophilagenetaranisencodes a novel trithorax group member potentially
IV Qccepto_r site In Id not ¢ ange Its SL! cellular jinked to the cell cycle regulatory apparatGeneticsl60, 547-560.
distribution (Kirsh et al., 2002). Alternatively, is that chang, C.-J., Chen, T-L. and Lee, S.-C(1998). Coactivator TIFL
sumoylation could target the homeotic function itself or its interacts with transcription factor C/EBPb and glucocorticoid receptor to
cofactors. induceal-acid glycoprotein gene expressidviol. Cell. Biol. 18, 5880-

; P .+ 5887.
Ano.the.r pO_SSIb|e ro_Ie fOI’ s_umoylat|on IS as an antagoni hou, T. B, Noll, E. and Perrimon, N.(1993). Autosomal Rl
of ubiquitylation. Ubiquitylation is a key regulator of  gominant female-sterile insertionsbiosophilaand their use in generating
transcription (reviewed by Conaway et al., 2002) and it has germ-line chimerasDevelopment19, 1359-1369.
been suggested that sumoylation could be an inhibitor ¢thung, C.D., Liao, J., Liu, B., Rao, X., Jay, P., Bertha, P. and Shuai, K.

ubiquitylation. The RING (reviewed by Jackson et al., 2000) (1997). Specific inhibition of Stat3 signal transduction by PIASSence
d PHD (Lu et al.. 2002) fi have b Hoseribed  in 278 1803-1805.
an ( v e a., ) Ingers have been describe I@ollins, R. T., Furukawa, T., Tanese, N. and Treisman, J. §1999). Osa

proteins that have E3 ubiquitin ligase activities. In that sense associates with the Brahma chromatin remodeling complex and promotes
it is intriguing that Trip-Brl (théara homolog in mice) (Hsu  the activation of some target genE8/BO J.18, 7029-7040.
et al., 2001) was identified because it binds the pHDCollins, R. T. and Treisman, J. E(2000). Osa-containing Brahma chromatin

- . : remodeling complexes are required for the repression of Wingless target
bromodomain of Kripl/TIFR which also has an RBCC ([RG genesGenes Devid, 3140-3152.

finger-ﬁ boxes-oiled wil) RING finger _(Saurin etal., 1996)- Conaway, R. C., Brower, C. S. and Conaway, J. W2002). Emerging roles
Kripl/TIF1B has a dual role because it has been described af ubiquitin in transcription regulatioscience296, 1254-1258.



tonalliencodes an SP-RING finger protein 353

Cosma, M. P., Tanaka, T. and Nasmyth, K(1999). Ordered recruitment of ~Kennison, J. A. and Tamkun, J. W.(1988). Dosage-dependent modifiers of
transcription and chromatin remodeling factors to a cell cycle- and PolycombandAntennapedianutations irDrosophila Proc. Natl. Acad. Sci.

developmentally regulated promot@ell 97, 299-311. USAS85, 8136-8140.

Croshy, M. A., Miller, C., Alon, T., Watson, K. L., Verrijzer, C. P., Kirsh, O., Seeler, J. S., Pichler, A., Gast, A., Muller, S., Miska, E., Mathieu,
Goldman-Levi, R. and Zak, N. B.(1999). The trithorax group gemeoira M., Harel-Bellan, A., Kouzarides, T., Melchior, F. et al. 2002). The
encodes a Brahma-associated putative chromatin-remodeling factor in SUMO E3 ligase RanBP2 promotes modification of the HDAC4
Drosophila melanogasteMol. Cell. Biol.19, 1159-1170. deacetylaseEMBO J.21, 2682-2691.

Daubresse, G., Deuring, R., Moore, L., Papoulas, O., Zakrajsek, I., Klochendler-Yeivin, A., Muchardt, C. and Yaniv, M. (2002). SWI/SNF
Waldrip, W. R., Scott, M. P., Kennison, J. A. and Tamkun, J. W(1999). chromatin remodeling and canc€urr. Opin. Genet. Ded2, 73-79.

The Drosophila kismegene is related to chromatin-remodeling factors andKotaja, N., Aittomaki, S., Silvennoinen, O., Palvimo, J. J. and Janne, O.

is required for both segmentation and segment ideltgyelopment. 26, A. (2000). ARIP3 (androgen receptor-interacting protein 3) and other PIAS

1175-1187. (protein inhibitor of activated STAT) proteins differ in their ability to
Dingwall, A. K., Beek, S. J., McCallum, C. M., Tamkun, J. W., Kalpana, modulate steroid receptor-dependent transcriptional activatidaol.

G. V., Goff, S. P. and Scott, M. P(1995). TheDrosophilasnrl and Brm Endocrinol.14, 1986-2000.
proteins are related to yeast SWI/SNF proteins and are components ofLa Douarin, B., Nielsen, A. L., Garnier, J.-M., Ichinose, H., Jeanmougin,

large protein complexviol. Biol. Cell6, 777-791. F., Losson, R. and Chambon, R1996). A possible involvement of TIE1
Eisen, J. A., Sweder, K. S. and Hanawalt, P. G1995). Evolution of the and TIFB in the epigenetic control of transcription by nuclear receptors.

SNF2 family of proteins: subfamilies with distinct sequences and functions. EMBO J.15, 6701-6715.

Nucleic Acids Re®3, 2715-2723. Lehembre, F., Badenhorst, P., Muller, S., Travers, A., Schweisguth, F. and
Fauvarque, M. O., Laurenti, P., Boivin, A., Bloyer, S., Griffin-Shea, R., Dejean, A.(2000). Covalent modification of the transcriptional repressor

Bourbon, H. M. and Dura, J. M. (2001). Dominant modifiers of the tramtrack by the ubiquitin-related protein Smt30rosophila flies. Mol.
polyhomeotic extra-sex-combs phenotype induced by marked P elementCell. Biol. 20, 1072-1082.

insertional mutagenesis Drosophila Genet. Res’8, 137-148. Lehembre, F., Muller, S., Pandolfi, P. P. and Dejean, A2001). Regulation
Felsenfeld, A. L. and Kennison, J. A.(1995). Positional signaling by of Pax3 transcriptional activity by SUMO-1-modified PMQncogene20,
hedgehog irDrosophilaimaginal disc developmenbevelopmenii2l, 1- 1-9.
10. Li, H., Leo, C., Zhu, J., Wu, X., O'Neil, J., Park, E. J. and Chen, J. D.
Fernandez-Funez, P., Nifio-Rosales, M. L., de Gouyon, B., She, W. C.,  (2000). Secuestration and inhibition of Daxx-mediated transcriptional
Luchak, J. M., Martinez, P., Turiegano, E., Benito, J., Capovilla, M., repression by PMLMol. Cell. Biol.20, 1784-1796.
Skinner, P. J. et al. 000). Identification of genes that modifiy ataxin-1- Lindsley, D. L. and Zimm, G. G. (1992). The genome obrosophila
induced neurodegeneratiddature408 101-106. melanogasterSan Diego, Calif.: Academic Press.
Flaus, A. and Owen-Hughes, T(2001). Mechanisms for ATP-dependent Liu, B., Liao, J., Rao, X., Kushner, S. A., Chung, C. D., Chang, D. D. and
chromatin remodellingCurr. Opin. Genet. Dev1, 148-154. Shuai, K. (1998). Inhibition of Statl-mediated gene activation by PIAS1.

Fogal, V., Gostissa, M., Sandy, P., Zacchi, P., Sternsdorf, T., Jensen, K.,  Proc. Natl. Acad. Sci. US95, 10626-10631.
Pandolfi, P. P., Will, H., Schneider, C. and del Sal, G2000). Regulation ~ Lu, Z., Xu, S., Joazeiro, C., Cobb, M. H. and Hunter, T.(2002).

of p53 activity in nuclear bodies by a specific PML isofoEWBO J.19, The PHD domain of MEKK1 acts as an E3 ubiquitin-ligase and

6185-6195. mediates ubiquitination and degradation of ERKIV@l. Cell 9, 945-
Francis, N. J. and Kingston, R. E.(2001). Mechanisms of transcriptional 956.

memory.Nat. Rev. Mol. Cell. Biol2, 409-421. McKusick, V. A. (2000). Online Mendelian Inheritance in Man, OMI¥I
Gellon, G. and McGinnis, W. (1998). Shaping animal body plans in (ed. McKusick-Nathans) Institute for Genetic Medicine, Johns Hopkins

development and evolution by modultaion ldbx expression patterns. University (Baltimore, MD) and National Center for Biotechnology

BioEssay<0, 116-125. Information, National Library of Medicine (Bethesda, MD).

Hari, K. L., Cook, K. R. and Karpen, G. H. (2001). TheDrosophila Mohr, S. E. and Boswell, R. E(1999).Zimpencodes a homologue of mouse
Su(var)2-1Qocus regulates chromosome structure and function and encodes Miz1 and PIAS3 and is an essential genBiiasophila melanogasteGene
a member of the PIAS protein familgenes Devl5, 1334-1348. 229 109-118.

Hassan, A. H., Neely, K. E. and Workman, J. L.(2001). Histone  Muller, S., Hoege, C., Pyrowolakis, G. and Jentsch, $2001). SUMO,
acetyltransferase complexes stabilize SWI/SNF binding to promoter ubiquitin mysterious cousimat. Rev. Mol. Cell Biol2, 202-210.

nucleosomesCell 104, 817-827. Papoulas, O., Beek, S. J., Moseley, S. L., McCallum, C. M., Sarte, M.,
Hochstrasser, M. (2001). SP-RING for SUMO: new functions bloom for a  Shearn, A. and Tamkun, J. W.(1998). TheDrosophila trithorax group
ubiquitin-like protein.Cell 107, 5-8. proteins BRM, ASH1 and ASH2 are subunits of distinct protein complexes.

Hsu, S. I. H.,, Yang, C. M., Sim, K. G., Hentschel, D. M., O’Leary, E. and Developmeni25 3955-3966.

Bonventre, J. V.(2001). TRIP-Br: a novel family of PHD zinc-finger- and Park, J. M., Gim, B. S., Kim, J. M., Yoon, J. H., Kim, H. S., Kang, J. G.

bromodomain-interacting proteins that regulate the transcriptional activity and Kim, Y. J. (2001).DrosophilaMediator complex is broadly utilized by

of E2F-1/DP-1EMBO J.20, 2273-2285. diverse gene-specific transcription factors at different types of core
Ishov, A. M., Sotnikov, A. G., Negorey, D., Vladimirova, O. V., Neff, N., promotersMol. Cell. Biol.21, 2312-2323.

Kamitani, T., Yeh, E. T., Strauss, J. F. r. and Maul, G. G(1999). PML Rachez, C. and Freedman, L. P.(2001). Mediator complexes and

is critical for ND10 formation and recruits the PML-interacting protein  transcription.Curr. Opin. Cell Biol.13, 274-280.

Daxx to this nuclear structure when modified by SUMQ-Tell Biol.147, Rorth, P., Szabo, K., Bailey, A., Laverty, T., Rehm, J., Rubin, G. M.,

221-234. Wigmann, K., Milan, M., Benes, V., Ansorge, W. et al. 1998).
Jackson, P. K., Eldridge, A. G., Freed, E., Furstenthal, L., Hsu, J. Y., Systematic gain-of-function genetics Drosophila Developmentl25
Kaiser, B. K. and Reimann, J. D(2000). The lore of the RINGs: substrate ~ 1049-1057.
recognition and catalysis by ubiquitin ligas&s.Cell Biol. 10, 429-439. Rozenblatt-Rosen, O., Rozobskaia, T., Burakov, D., Sedkov, Y., Tillib, S.,
Johnson, E. S. and Gupta, A. A(2001). An E3-like factor that promotes Blechman, J., Nakamura, T., Croce, C. M., Mazo, A. and Canaani, E.
SUMO conjugation to the yeast septi@ll 106, 735-744. (1998). The C-terminal SET domains of ALL-1 and Trithorax interact with
Jorgensen, E. M. and Garber, R. L(1987). Function and misfunction of the Inil and Snrl proteins, components of the SWI/SNF complec. Natl.
two promoters of thé®rosophila Antennapedigene.Genes Devl, 544- Acad. Sci. USA4152-4157.
555. Sachdey, S., Bruhn, L., Sieber, H., Pichler, A., Melchior, F. and Grosschedl,
Kal, A. J., Mahmoudi, T., Zak, N. B. and Verrijzer, C. P. (2000). The R. (2001). PIASYy, a nuclear matrix-associated SUMO E3 ligase, represses
Drosophila Brahma complex is an essential coactivator for the trithorax LEF1 activity by sequestration into nuclear bodiésnes Devl5, 3088-
group protein zesté&enes Devi4, 1058-1071. 3103.
Kennison, J. A. (1995). The Polycomb and trithorax group proteins of Saurin, A. J., Borden, K. L. B., Boddy, M. N. and Freemont, P. §1996).
Drosophila trans-regulators of homeotic gene functiénnu. Rev. Genet. Does this have a familiar RINGZ. Biochem. Sci21, 208-214.
29, 289-303. Schmidt, D. and Muller, S.(2002). Members of the PIAS family act as SUMO

Kennison, J. A. and Russell, M. A(1987). Dosage-dependent modifiers of  ligases for c-Jun and p53 and repress p53 actRitc. Natl. Acad. Sci.,
homeotic mutations iDrosophila melanogasteGeneticsl16, 75-86. USA99, 2872-2877.



354 L. Gutiérrez and others

Seeler, J. S., Marchio, A., Losson, R., Desterro, J. M., Hay, R. T, Drosophilahomeotic genes structurally related to the yeast transcriptional
Chambon, P. and Dejean, A(2001). Common properties of nuclear body  activator SNF2/SWI2Cell 68, 561-572.
protein SP100 and TIF1alpha chromatin factor: role of SUMO maodificationTan, J., Hall, S. H., Hamil, K. G., Grossman, G., Petrusz, P., Liao, J., Shuai,

Mol. Cell. Biol.21, 3314-3324. K. and French, F. S.(2000). Protein Inhibitor of Activated STAT-1 (Signal
Simon, J. A. and Tamkun, J. W.(2002). Programming off and on states in ~ Transducer and Activator of Transcription-1) is a nuclear receptor

chromatin: mechanisms of Polycomb and trithorax group compl€xes. coregulator expressed in human ted#lsl. Endocrinol.14, 14-26.

Opin. Genet. Devi2, 210-218. Therrien, M., Morrison, D. K., Wong, A. M. and Rubin, G. M. (2000). A
Song, W. and Carlson, M(1998). Srb/mediator proteins interact functionally ~ genetic screen for modifiers of a kinase suppressor of Ras-dependent rough

and physically with transcriptional repressor SEMBO J.17, 5757-5765. eye phenotype iDrosophila Genetics156,1231-1242.
Southworth, J. W. and Kennison, J. A.(2002). Transvection and silencing Treisman, J. (2001). Drosophila homologues of the transcriptional

of the Sex combs reduceldomeotic gene obDrosophila melanogaster coactivation complex subunits TRAP240 and TRAP230 are required for

Geneticsl6l, 733-746. identical processes in eye-antennal disc developnitelopmentl28
Staehling-Hampton, K., Ciampa, P. J., Brook, A. and Dyson, N1999). A 603-615.

genetic screen for modifiers of E2FDmosophila melanogasteGenetics ~ Treisman, J. E., Luk, A., Rubin, G. M. and Heberlein, U.(1997).eyelid

153 275-287. antagonizeswinglesssignaling duringDrosophila development and has
Sugimoto, M., Nakamura, T., Ohtani, N., Hampson, L., Hampson, I. N., homology to the Bright family of DNA-binding protein&enes Devll,

Shimamoto, A., Furuichi, Y., Okumura, K., Niwa, S., Taya, Y. et al. 1949-1962.

(1999). Regulation of CDK4 activity by a novel CDK4-binding protein, Vazquez, M., Moore, L. and Kennison, J. A(1999). The trithorax-group

p34(SEI-1).Genes Devl3, 3027-3033. geneosaencodes an ARID-domain protein that interacts with the Brahma
Sullivan, W., Ashburner, M. and Hawley, R. S.(2000). Drosophila chromatin-remodeling factor to regulate transcriptibevelopmentl26,

Protocols Cold Spring Harbor, New York: Cold Spring Harbor Laboratory =~ 733-742.

Press. Vignali, M., Hassan, A. H., Neely, K. E. and Workman, J. L(2000). ATP-

Sun, X., Zhang, Y., Cho, H., Rickert, P., Lees, E., Lane, W. and Reinberg, dependent chromatin remodeling complexeg®l. Cell. Biol. 20, 1899-
D. (1998). NAT, a human complex containing Srb polypeptides that 1910.
functions as a negative regulator of activated transcriptoh.Cell 2, 213- Witzgall, R., O’Leary, E., Leaf, E., Onalde, D. and Bonventre, J. \(1994).
222. The Kruppel-associated box-A (KRAB-A) domain of zinc finger proteins
Talbert, P. B. and Garber, R. L.(1994). TheDrosophilahomeotic mutation mediates transcriptional repressiétroc. Natl. Acad. Sci. USA1, 4514-
NasobemigAntpNs) and its revertants: and analysis of mutational reversion. 4518.
Genetics138 709-720. Wu, L., Wu, H., Sangiorgi, F., Wu, N., Bell, J. R., Lyons, G. E. and Maxson,
Tamkun, J. W., Deuring, R., Scott, M. P., Kissinger, M., Pattatuci, A. M., R. (1997). Miz1, a novel zinc finger transcription factor that interacts with
Kaufman, T. C. and Kennison, J. A.(1992). brahma a regulator of Msx2 and enhances its affinity for DNMech. Dev65, 3-17.



