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SUMMARY

In the Drosophilaembryo, Dorsal, a maternally expressed
Rel family transcription factor, regulates dorsoventral
pattern formation by activating and repressing zygotically
active fate-determining genes. Dorsal is distributed in a
ventral-to-dorsal nuclear concentration gradient in the
embryo, the formation of which depends upon the spatially
regulated inhibition of Dorsal nuclear uptake by Cactus.
Using maternally expressed Gal4/Dorsal fusion proteins,
we have explored the mechanism of activation and
repression by Dorsal. We find that a fusion protein
containing the Gal4 DNA-binding domain fused to full-
length Dorsal is distributed in a nuclear concentration
gradient that is similar to that of endogenous Dorsal,
despite the presence of a constitutively active nuclear
localization signal in the Gal4 domain. Whether this fusion
protein activates or represses reporter genes depends upon
the context of the Gal4-binding sites in the reporter. A

Gal4/Dorsal fusion protein lacking the conserved Rel
homology domain of Dorsal, but containing the non-
conserved C-terminal domain also mediates both activation
and repression, depending upon Gal4-binding site context.
A region close to the C-terminal end of the C-terminal
domain has homology to a repression motif in Engrailed —
the ehl motif. Deletion analysis indicates that this region
mediates transcriptional repression and binding to
Groucho, a co-repressor known to be required for Dorsal-
mediated repression. As has previously been shown for
repression by Dorsal, we find that activation by Dorsal, in
particular by the C-terminal domain, is modulated by the
maternal terminal pattern-forming system.

Key words: Dorsal, Groucho, Activation, Repression, Transcription,
Drosophila

INTRODUCTION by Dorsal contain enhancers termed ventral activation regions
(VARS) (Ip et al., 1992; Jiang et al., 1991; Pan et al., 1991).
The dorsoventral (D/V) axis of thBrosophila embryo is The Dorsal sites in VARs are the only elements within these
specified by the Rel family transcription factor Dorsal, aenhancers that are crucial for activation. In contrast, genes that
maternal morphogen that directs the spatially restrictedre repressed by Dorsal contain silencers termed ventral
transcription of zygotically active D/V patterning genesrepression regions (VRRs) (Huang et al., 1993; Ip et al., 1991,
(Morisato and Anderson, 1995). A signal transduction cascadérov et al., 1994). Although the Dorsal sites in these silencers
that is specifically activated on the ventral side of the embryare required they are not sufficient for repression (Huang et al.,
results in the dissociation of Dorsal from its cytoplasmicl995; Jiang et al., 1993; Kirov et al., 1993). VRRs contain
inhibitor Cactus, allowing Dorsal nuclear uptake (Belvin andadditional elements close to the Dorsal-binding sites that are
Anderson, 1996). As a result, a nuclear concentration gradieatso required for repression, and mutagenesis of these sites
of Dorsal is established in the syncytial blastoderm embryaonverts the VRR into a VAR.
with highest concentrations in the ventral nuclei and Activation by Dorsal may depend upon direct interactions
diminishing concentrations towards the dorsal side of th&ith a number of factors. For example, the TBP-associated
embryo (Gay and Keith, 1990). Once in the nucleus, Dorsdhctors TAR60 and TAR 110 have been found to interact with
directs the ventral-specific activation wfist (twi) and snail Dorsal and to be required for Dorsal-mediated activation in
(snd, and the ventral specific repressiorzefknillt(zen) and  vitro. In addition, expression of the Dorsal target gemés
decapentaplegi¢dpp (Huang et al., 1993; Ip et al., 1991; Ip and sha is weakened by a simultaneous reduction in the
et al.,, 1992; Jiang et al., 1991; Pan et al., 1991; Ray et atpncentrations of Dorsal and TA60 or TAR;110 in the early
1991). embryo (Pham et al., 1999; Zhou et al., 1998). Dtwsophila

How does Dorsal both activate and repress transcription i@REB-binding protein (dCBP; Nej — FlyBase), a co-activator
the same cells? Numerous studies have established that thith histone acetyl transferase activity, has also been
context of the Dorsal-binding sites in the regulatory regions afmplicated in Dorsal-mediated activation (Akimaru et al.,
Dorsal target genes determines the regulatory outcome (Jiat§97a). Distinct domains in Dorsal mediate the interactions
et al.,, 1992; Pan and Courey, 1992). Genes that are activateith these targets. dCBP binds to the conserved N-terminal Rel
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homology domain (RHD) of Dorsal (Akimaru et al., 1997b), aMATERIALS AND METHODS

domain that also mediates DNA binding and dimerization.

In contrast, TAR60 and TAR110 interact with the non- Plasmids

conserved C-terminal domain (CTD) of Dorsal (Pham et alAn hsp83 promoter based P-element expression vector was
1999). In accordance with these findings, cell transfectiofonstructed as follows. A ~1 kb PCR fragment was generated that

assays indicate the presence of activation domains in both tg%gtimst?;ﬁ Itgt)' :r:j'g?e'l‘rit“g, SﬁgIU&”pCS%S’T tr:‘(‘: ff(i)rrSte:‘r(é”;;f’n?L”rg e:on,
RHD and CTD (Shirokawa and Courey, 1997). sall '9 w Imer was
Repression by Dorsal also requires multiple additionaf AT TSCTACCGGGTCCTAACGEGAACTTGAAGAAGTGC; the

fact A % d ab VRR tain sites in additi treverse primer was AATTGGACCCTCGGGCAT GTTGTATGT-
actors. As mentioned above, S contain sies in adaition GTTTTTCGTTCTATC. Underlined bases indicate restriction

the Dorsal sites that are reqw_red for repression. These sites @Fyme sites; boldface indicates the first three codohsp#3 This
thought to serve as binding sites for factors that we now terijas cloned between thépnl and BanHI sites of PHWZ128 (Liaw
‘assistant repressors’. Biochemical analysis identified thet al., 1995), to generateH8p83 Insertion of thehsp83sequences
products of thegrainyhead(grh) or dead ringer(dri) andcut  into PHWZ128 in this way removes thecZ-coding sequences and
(ct) genes as factors that may serve as assistant repressorieates thehsp70 polyA signal intact. A 900 bp PCR fragment
the dpp or zen VRRs, respectively (Huang et al., 1995; containing the ®cd UTR was cloned in thBanHI site of Phsp83
Valentine et al., 1998). Although eliminating these factors froni© generate Rsp833'bcdJTR. _ _

the early embryo does not result in major defects in the ventral Plasmids encoding Gal4/Dorsal fusion proteins were made by PCR

: ) plification ofdorsal sequences followed by cloning between the
repression of the endogenous Dorsal-target genes, Ct and al and Xbd sites of pJL2, which includes sequences encoding

are nevertheless required fpr repression by a F“'“‘BWRR,- amino acids 1-94 of Gal4 (Chasman et al., 1989).A&te. derivative
Thus, multiple VRRs that interact with a variety of assistang, a5 generated by oligonucleotide directed mutagenesis dbtsel
repressors may control the overall patternzefiand dpp  sequences, deleting the sequences encoding Dorsal amino acids 628
transcription. to 645. The resulting plasmids were used for bacterial expression of
Dorsal-mediated repression of the endogertsandzen  the Gal4/Dorsal variants and as templates to generate PCR fragments
genes, as well as Dorsal-mediated repressionamiZareporter ~ for cloning into the P-element expression vectors. PCR fragments
under the control of theenVRR is strongly dependent upon encoding Dorsal and Gal4/Dorsal fusion proteins were inserted into
the product of thgroucho(gro) gene (Dubnicoff et al., 1997). the BanHl site of Phsp83or Phsp833'bcdUTR site usingBell
Gro is a WD repeat-containing protein that acts as a cd¢ ding. th : followed b d dded
repressor in multiple developmental pathways (Chen anf’c0dind the ntl epitope followed by a stop codon were adde

Courey, 2000; Fisher and Caudy, 1998; Parkhurst, 1998). SMalsp1rkaapt RITKPORTS. o er e Mt epitope is

peptide motifs mediate Gro recruitment to a variety of The reporters containing the wild-type VRR were described
DNA-bound transcriptional repressors. For example, th@reviously (Huang et al., 1993). The modVRR was created by
homeodomain repressor Engrailed (En) recruits Gro via a ~Idligonucleotide-directed mutagenesis of the S3 and S4 Dorsal sites in
amino acid motif termed the Engrailed homology 1 (eh1) motithe wild-typedpp VRR. The reporter containing four Dorsal-binding
(Jiménez et al., 1997; Jiménez et al., 1999; Smith and Jayneg#gs upstream of thesp70core promoter was described previously
1996), while the Hairy and Runt family repressors recruit GrdPan and Courey, 1992). A line carrying the reporter containing four
via C-terminal WRPW/Y motifs (Aronson et al., 1997; Fisherga'df't?l'“dérl‘g sites :JPSté?aT( (():f thf‘mocore promoter was obtained

et al., 1996). In contrast to factors like En, Runt and Hairy, nf©M the bloomington Stock Lenter.

discrete motifs have been identified in Dorsal that mediate G;é) The plasmid encoding GST/3-7swas made bFcaRI andMfel

- o : igestion of GST-Dorsal (Dubnicoff et al., 1997) followed by re-
recruitment and transcriptional repression. The RHD of Dors gation. The plasmids encoding GST-CTD and GST-Q®D1 were

is sufficient for binding to Gro (Dubnicoff et al., 1997), and nade by PCR amplification of the appropriate Dorsal coding sequences
analysis of adorsal (dl) allele encoding just the RHD shows followed by insertion into th&coRl site of pGEX-4T1 (Amersham-
that this truncated form of Dorsal is able to repressharmacia). All constructs were verified by DNA sequencing.
transcription weakly (Isoda et al., 1992). Both Dorsal and ) o )

the assistant repressor Dri have been found to bind Grgrotein-protein interaction assays 3 o
assistant repressors may involve the cooperative recruitment gl BL21 cells as described previously (Dubnicoff et al., 1997).
the Gro co-repressor by DNA-bound Dorsal and nearby DNAE inding assays were carried out as described previously (Dubnicoff

. . . . et al., 1997).
bound assistant repressors, resulting in the formation of a
DNA-bound repression complex (Valentine et al., 1998). Generation of transgenic flies and mutant alleles used

Here we show that, in addition to interacting with the Dorsab-elements were introduced intd38 flies as described previously
RHD, Gro also interacts with the CTD. A motif in the CTD (Rubin and Spradling, 1983). Lines carrying third chromosome
with partial homology to the ehl moitif is largely responsibleinsertions of the P-element encoding Dorsal/ntl were used to produce
for the interaction between Gro and the CTD. When the CThe following stockd|/SM6; P[Dorsal/nt1]/TM3dI* is a protein null.
is targeted to a modified VRR in the form of a Gal4 fusionHomozygousdI1 females from this stock could then be. used to
protein, it directs transcriptional repression. Deletion of the eh§enerate embryos that 'i%';‘fd endogenous DorsaltdFhgain-of-
motif severely weakens repression by the CTD. We also fin nction allele used wa®r49%L which contains a single histidine to

. o ; . Lo sine amino acid replacement in the extracellular domain. The loss-
that, in addition to repression, the CTD directs activation whefs ¢ ction allele used wamrPM5L which contains a single alanine

targeted to a promoter via the Gal4 DBD. Activation by theq threonine amino acid replacement in the tyrosine kinase domain.
Dorsal CTD is down regulated by therso (tor) receptor  Fiies carrying a P-element transposon coding for an activated form of
tyrosine kinase, suggesting that the CTD is a direct or indiredbll (Tolll%8) fused to thebcd3UTR and have been previously
target of the terminal pattern-forming system. described (Huang et al., 1997).
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Antibody staining and in situ hybridization We introduced the transgene encoding Dorsal/ntl into
Females carrying a P-element expression vector were crossed wiginbryos devoid of endogenous Dorsal. Dorsal/ntl rescues the
males carrying the appropriatacZ reporter genes. Embryos (0-3 maternal effect lethality to varying degrees (data not shown) —
hours) were collected and fixed as described previously and storedtine extent of rescue is very similar to that which has been
ethanol at —2@C. In situ hybridization was carried out as describedpreviously observed for amsp83/dorsatransgene (Govind et
previously (Tautz and Pfeifle, 1989) using antisense RNA probes. Tr@_, 1993) and depends upon the level of Dorsal expression in

expression patterns of the reporters and the maternally expressgﬁy given transgenic line. Anti-nt1 staining of embryos laid by

fusion proteins were verified using multiple independent transgeni . A :
fly lines. Whole-mount antibody Staining wit-nt1 monoclonal fhothers carrying the transgene indicates that the recombinant

antibody (Cagan et al., 1992) was carried out using the Vec:tastai:l‘{()te_in is present in a ventral-to-d_(_)rsal nuclear concentration
ABC kity(\(/ect%r Iaboratories).) J gradient (Fig. 3D,L). To test the ability of Dorsal/nt1 to repress
transcription, we used a previously characterized reporter (Fig.

1B, VRRKTr/lacZ) that contains a VRR from thépp gene

RESULTS upstream of th&ruppel (Kr) stripe enhancer, which directs
lacZexpression (Huang et al., 1993). Analysis of the paternally
Transcriptional regulation by recombinant Dorsal contributed reporter indicates that Dorsal/ntl is able to repress

; ; iption via thedpp VRR (Fig. 3, compare panels B
For the maternal expression of transgenes encoding Dordkgnscrip . .
variants, we used arhsp83 promoter/enhancer based angoEg'nJuhsu%orzglrsaV ntl is largely able to substitute for
expression vector (Fig. 1A) similar to one that has been uséd'@e9 :
previously (Govind et al., 1993). The promoter/enhanceiynseriptional activation and repression by a
region in this vector directs constitutive expression in thes414/Dorsal fusion protein
female germl_me, ie., hgat shock is not reql_Jlred to activate trwe next tested the possibility of using Gal4 DNA-binding
promoter (Xiao and Lis, 1989). To provide a means for y
monitoring expression, we appended sequences encoding a
amino acid epitope (ntl) for which a monoclonal antibody ic A

available (Cagan et al., 1992) to tHeeBd of each transgene. e i

The transgenes were found to be expressed in late oogene —  hsps3 | Dorsal ‘7 Dorsal/ntl

in the ovaries of transgenic females (data not shown) and tl 2 678

maternal gene products could be detected in the embryos le

by such females (Fig. 2A). As previously reported for wild- e T .
type Dorsal (Drier et al., 1999), the recombinant Dorsal/nt: —_he | a4|. o pul Gal4/Dorsal*/ntL.

protein is produced in multiple electrophoretically distinct
isoforms that most likely reflect different phosphorylation

ig. . hsp83 |[Gal4| CTD Gal4/CTD/nt1
states (Fig. 2A, lane 2) —{  hsp [ Ga ! lm,R—

330 678
Fig. 1.P-element constructs used in this study. (A) Expression |-> Jehl
vectors. The names of the encoded proteins are shown to the right of
each construct. A 1 kb region from thgp83gene controls the — hsp83 [Gal4| cCTD | mR_GaWCTDAEhl/ml
expression of the indicated Dorsal derivatives. Gal4 sequences 330 678

include amino acids 1-94 (the DNA-binding domain). The numbers
indicate the range of Dorsal amino acid residues in each construct. B
Sequences coding for a 19 amino acid epitope derived from the N-

terminal region of the Bride of Sevenless protein were appended to _| VRR H Kr lacz )_ VRR/Kr/LacZ

each construct. The asterisk indicates a triple point mutation in the
Dorsal RHD that prevents DNA binding. The Gal4/CTD/nt1 and

Gal4/CTAeh1/ntl-encoding constructs include a 900 bp region -|WH dpp H lacZ )— VRR/dpp/lLacZ
from thebcd 3’ untranslated region (3TR) that directs anterior
localization of the mRNA. The transgene encoding
Gal4/CTMAeh1/ntl contains a deletion that removes sequences - modVRR { Kr }—I——T lacz — modVRR/Kr/LacZ
encoding Dorsal amino acids 628-645, including the eh1 motif.
Diagrams are not to scale. (B) Reporter constructs. An 800 bp VRR

modVRRH dpp lacz modVRR/dpp/LacZ

from thedppgene was placed upstream of eitherkh@nhancer or
thedpp5' flanking region and promoter. Conversion of two Dorsal-

binding sites within thelppVRR to consensus Gal4-binding sites -

(see C) results in the modified VRR (modVRR). ‘4 Dl sites’ 4Dl sites R — Dallacz
indicates four tandemly repeated Dorsal binding sites, whereas ‘4

Gal4 sites’ indicates four tandemly repeated Gal4-binding sites. The -

Kr enhancer-containing constructs, thelReZ construct and the 4 Gald ste lacz '_ Gallacz
G4/lacZ construct contain core promoter sequences frorhgpg0

gene. Diagrams are not to scale. (C) Sequences of wild-type and C

mutated S3 and S4 Dorsal-binding sites. The wild-type sites are

shown on top (with Dorsal-binding sites underlined), whereas the S3 site 4 site

mutated sites, which constitute consensus Gal4 recognition elements, 5-AGT OGGATTTCCIGAAAT3’ 5-A CGCGGAAATCAACGET- 3’
are shown beneath. 5- CGGAGQBIGTCCTCOGAA-3' 5- CGGAGGE GTCCTCGGAA-3'
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domain (DBD) fusion proteins to map regulatory domains irstripe enhancer (Fig. 3, compare C with F). Thus, efficient
Dorsal. The advantages of this approach are twofold. First, threpression of botKr enhancer-driven aneB80dpppromoter-

use of Gal4 DBD fusion proteins should allow us to examinelriven transcription is dependent upon the S3 and S4 sites. The
the function of recombinant proteins in an otherwise wild typeesidual dorsal/ventral asymmetry of the expression patterns in
(i.e., dI") background by using the appropriate reportersthe presence of the modVRR is due to remaining unmutated
Second, the use of Gal4 fusion proteins should allow us tDorsal-binding sites in the modVRR, which are able to interact
dissect the Dorsal protein without being concerned abowtith the endogenous Dorsal protein in these embryos (Huang
maintaining the Dorsal RHD. et al., 1993).

The fusion proteins generated for this analysis contain the Embryos bearing maternally expressed Gal4/Dorsal*/ntl
Gal4 DBD fused to the N-terminal end of full-length Dorsaland the modVRRr/lacZ reporter were generated and
(Gal4/Dorsal*/ntl), or two different forms of the Dorsal CTD subjected to in situ hybridization. Examination of fheZ
(Gal4/CTD/ntl and Gal/CTDdehl/ntl) (Fig. 1A). When a expression pattern indicates that Gal4/Dorsal*/ntl can mediate
Gald/full-length Dorsal fusion protein was expresseH.iooli  ventral specific repression of the modVRRIacZ reporter
and tested for DNA binding, it was found to bind with normal(Fig. 3, compare F with I). Thus, just as we observed for
specificity and affinity to both Dorsal and Gal4 sites (data noactivation, the Dorsal RHD need not bind DNA directly for
shown). This indicates that the fusion of the Gal4 DBD to th&orsal to carry out its repression function. Rather the
N terminus of Dorsal adjacent to the RHD does not interfereecruitment of Dorsal to the DNA template via a heterologous
with folding of the RHD. To ensure that the Gal4/Dorsal fusiorDNA-binding domain is sufficient.
proteins expressed in embryos would bind only to Gal4 sites ) ) o
and thus be unable to function through any Dorsal sites prese@foucho interacts with a region in the Dorsal CTD
in the reporters, we introduced a triple point mutation in théhat contains an eh1-like motif
RHD known to abrogate DNA binding (Kumar et al., 1992;Deletion analysis of Dorsal indicates that the RHD interacts
Xu and Gélinas, 1997). The asterisk in the name of thdirectly with Gro (Dubnicoff et al., 1997). In agreement with
Gal4/Dorsal*/ntl fusion protein indicates the presence of thithese data, previous analysis of mutant Dorsal alleles indicated
triple point mutation. Whole-mount antibody staining ofthat the RHD was sufficient for transcriptional repression.
embryos expressing Gal4/Dorsal*/ntl reveals that there is a
ventral-to-dorsal concentration gradient of the transgeni
protein (Fig. 3G). Given that the Gal4 DBD includes its own
nuclear localization signal (NLS), this finding implies that A
Dorsal may be actively retained in the cytoplasm of the
syncytial embryo, and that the function of Cactus is not solel
to mask the Dorsal NLS (see Discussion). KDa

To assay activation by Gal4/Dorsal*/ntl, we used a reporte 20—
in whichlacZ is under the control of thiesp70core promoter "5 —
and four upstream Gal4-binding sites (t@dZ, Fig. 1B). Just 50— - .
as endogenous Dorsal activates transcription of a report Zj: P
containing four tandem Dorsal sites upstream of lthp70
core promoter (Pan and Courey, 1992), we might expec 3 —] I 2 3 4
Gal4/Dorsal*/ntl to activate GétZ In accordance with this —
expectation, we detected weak ventral spelafiz expression
(Fig. 3H) in embryos containing maternally expressec
Gal4/Dorsal*/ntl and the GécZreporter. For reasons that are
not clear, activation is not uniform along the anteroposterioFig. 2.Immunoblots of embryo lysates. (A) Analysis of recombinant
axis and so gaps are often observed in the express|on patteDOrsal eXpreSSiOn irOSOphilaembryOS: ApprOXImately 80 0-3'

A simiar patchy venizal expression pate s sometimeoL ol STy 8 by nOes g o e st
detected with a DldcZ reporter activated by endogenous was resolved by 8% SDS-PAGE and then transferred to PVDF
Dorsal (not shown).

. . membranes, which were probed with thatl monoclonal antibody.
To assay repression by Gal4/Dorsal*/ntl, we used a report) ane 1, #118embryos used as a negative control; lane 2, lysate of

based on thelpp VRR (Fig. 1B). Mutagenesis of the two embryos containing maternally expressed Dorsal/ntl; lane 3, lysate
highest affinity Dorsal-binding sites (the S3 and S4 sites) in thof embryos containing maternally expressed Gal4/Dorsal*/nt1; lane
VRR was previously shown to result in a marked decrease 4, Lysate of embryos containing maternally expressed
repression activity (Huang et al., 1993). To create reporteiGal4/CTD/ntl. The asterisk indicates the position of a cross-reacting
that would be responsive to Gal4/Dorsal fusion proteins, wprotein detected even in embryos not expressing an ntl fusion
replaced the S3 and S4 Dorsal-binding sites with consensprotein, which serves as an internal control for loading. (B) Effects of
_hindi ; ifi tor mutations on Dorsal mobility. Embryo extracts were prepared as

Gal4-binding sites to create a mOd-Ifled fp_rm -Of the VR-Rin (A) and probed with ao-Dorsal antibody; lane 1, lysate w#118
(modVRR) (Fig. 1C). As expected, this modification results ir ) ;

S S . . embryos; lane 2, lysate of embryos laid by females homozygous for
a significant reduction in the ventral repression directed by th

S . . a nulldorsalmutation (lI%); lane 3, lysate of embryos laid by
VRR. This is seen using the reporter modV&placZ in  temales heterozygous fottar gain-of-function mutation; lane 4,

whichlacZis under the control of the980 bpdpp5' flanking | ysate of embryos laid by females homozygous fiar éoss-of-
region (Fig. 3, compare J with K) as well as the reportefunction mutation. The asterisk indicates the position of a cross-
modVRRKr/lacZ in which lacZ is under control of th&r  reacting band that is detected even in embryos that lack Dorsal.

wlll8
Dorsal/nt1
Gal4/CTD/ntl
wlll8

dr!
Tort™
TortoF

B | Gamorsanti

r
0

S — o-Dorsal western

o-nt] western
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VRR/KrilacZ dl | |VRR/Kr/lacZ wit

<

o-ntl di; P|Dorsal/ngll] |VRR/KrflacZ di; P[Dorsal/ntl]| [modVRR/Kr/lacZ ' wi

I

——

e ""3/;

modVRR/Kr/lacZ ___P[Gal4/Dorsal/nt1]

Aty

o-ntl P[Gal4/Dorsal/nt1]

VRR/dpp/lacZ oy Wi

Fig. 3. Transcriptional regulation by Dorsal/ntl and Gal4/Dorsal*/ntl. (A,D,@;h}1 whole-mount antibody staining of embryos laid by

mothers that lack endogenous Dorsal protein (A), lack endogenous Dorsal and carry one copy of the Dorsal/nt1-encodin@tignsgene

carry one copy of the Gal4/Dorsal*/nt1-encoding transgene in an otherwise wild-type background (G).The image shown iislg which
magnified view of the same embryo shown in G, clearly demonstrates the Dorsal/ntl nuclear concentration gradient — nioglear stain
observed ventrally, uniform staining is observed laterally, and cytoplasmic staining is observed dorsally. (B,C,E,F,ld-Kybrdization

with an antisenskacZ RNA riboprobe. The maternal genotype is indicated in the bottom right hand corner of each panel. The reporter gene is
indicated in the bottom left hand corner of each panel.

However, the repression mediated by the RHD alone is vergmino acids of the CTD, including the ehl motif have been
weak compared to that mediated by full-length Dorsatemoved. Analysis of the binding of Gro to this derivative
(Isodaetal., 1992; R. D. F.-S., S. J. and A. J. C., unpublishedhdicates that removing the ehl motif results in an 80%
implying that regions outside the RHD contribute toreduction in the affinity of Gro for the Dorsal CTD (Fig. 4C,
transcriptional repression. compare lanes 5 and 6). Similar results were previously
To determine if regions outside the RHD can interact wittobserved when the ehl motif was removed from En (Jimenez
Gro, we performed in vitro protein-protein interaction assayset al., 1997).
GST fusion proteins containing full-length Dorsal, the RHD o . ]
(amino acids 1-379) or the CTD (amino acids 357-678) werdranscriptional repression by the eh1 motif
immobilized on glutathione beads and then tested for theldaving shown that the CTD can bind Gro, we were interested
ability to co-immobilize radiolabeled Gro produced in an inin examining the ability of this domain to repress transcription
vitro translation system (Fig. 4A). In accordance with previousn the embryo. We therefore constructed a P-element vector for
findings, Gro bound to full-length Dorsal (lane 3) and to theéhe maternal expression of the CTD fused to the Gal4 DBD
RHD (lane 4). In addition, we found that Gro was able to bindGal4/CTD/ntl) (Fig. 1A). The RHD is essential for the
the CTD (lane 5). regulated nuclear import of Dorsal (Govind et al., 1996) and,
Previous sequence analysis (Steward, 1987) habus, we would not expect Gal4/CTD/ntl to be localized in a
demonstrated extensive homology between En and the CTD dbrsoventral concentration gradient in the embryo. To facilitate
Dorsal, in a region of En that includes ehl, a motif responsibline analysis of the transcriptional activity of this fusion protein,
for Gro recruitment (Jimenez et al., 1997). Careful alignmenive therefore targeted it to the anterior end of the embryo by
of Dorsal and En sequences reveals a sequence within thdding a segment from théuhtranslated region (UTR) of the
Dorsal CTD that has significant homology to the En eh1 motibicoid (bcd) gene to the'3UTR of the transgene. This region
(Fig. 4B). To determine whether this divergent ehl motif inof bedis sufficient for anterior mRNA localization (Huang et
Dorsal might contribute to Gro recruitment, we created al., 1997). Whole-mount antibody staining of transgenic
derivative of the GST-CTD fusion protein in which the last 40embryos shows that when expressed in this way, Gal4/CTD/nt1
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GST- DI [ D | CTD |
! RE 678 C ehl
GST- CTD [ | Il
GST-Dl,;, [ 380 678
! e GST-CTD-Aehl | |
GST-DI |:| 380 638
A5T-RTR 357 678
N
NN \4\'& qbb\ N
N - o>
e ST ® S W
mput_ > & &S &Y & S,
& © 1110 & &
A A A
H8-Gro — o — mpt & F F
. b — )
- —_— 4-°S-Gro
1 2 3 4 5
7 3 3 4 s 6
B * Coomasie Blue autoradiograph

Engrailed LAFSISNILSPRFGD g
HIERAREAN 1
Dorsal ~ NGPTLSNLLSFDSCQ g49

Fig. 4. An eh1-like domain mediates the interaction of Gro with the CTD of Dorsal. (A) Gro interacts with both the RHD and the CTD of
Dorsal. The diagrammed regions of Dorsal were expressed with GST fused to the N-terminus. These proteins were immobititkidioa gl
beads, which were then incubated witfs]-labeled Gro. The beads were extensively washed and immobilized proteins were displayed by
SDS-PAGE. The resulting gel was visualized by autoradiography. Lane 1: one-tenth of the input Gro protein used for thevasgayises
remaining lanes; lanes 2-5, GST pulldown assays to examine the interaction between Gro and GST (Lane 2), GST-DI (Lanke-3)9 GST-D
(Lane 4), or GST-Rk7-678(Lane 5). (B) Sequence alignment of the En eh1 motif and with a similar motif in Dorsal. The box encloses the
conserved ehl core sequence. Unbroken lines represent sequence identity. Broken lines represent conserved substitytalasine phen
residue that is absolutely conserved in En family proteins is indicated with an arrow. (C) The diagrammed regions of Dds& $Tseere
tested for binding to Gro as in (A). Lanes 1 and 2, Coomassie Blue stained gel showing amounts of GST-CTD (Lane 1) andéb3T-CTD
(Lane 2) fusion proteins used in the assays shown in this panel. Lane 3, one-tenth of the input Gro protein used fostisvassatye
remaining lanes; lanes 4-6, GST pulldown assays to examine the interaction between Gro and GST (Lane 4), GST-CTD (Ldre 5) or GS
CTDAeh1 (Lane 6). Quantitation of the bands in lanes 3-6 reveals the following percentages of the labeled Gro in the bosgnd 88886
(lane 4), 0.51% (lane 5) and 0.19% (lane 6).

is present in an anterior-to-posterior gradient in the blastoderessentially identical to that observed for the fusion protein
embryo (Fig. 5A). In over-stained embryos, Gal4/CTD/ntl cartontaining the intact CTD (Fig. 5, compare A with C). In
be detected along the length of the embryo (not showngontrast to embryos containing the intact Gal4/CTD/ntl,
Western blot analysis of embryos expressing Gal4/CTD/ntémbryos containing similar amounts of the deletion variant
indicates the presence of multiple isoforms of the fusiomever exhibit the anterior gap in the expression of the
protein (Fig. 2A), suggesting that the CTD could be a targehodVRRHpp/lacZ reporter gene (Fig. 5, compare B with D),
for post-translational modification in tlizrosophilaembryo. indicating that the eh1l motif makes an important contribution
To test the ability of the CTD to mediate repression, weo repression by the CTD.
examined embryos containing maternal Gal4/CTD/ntl1 and ) o o
the reporter containingacZ under the control of thdpp5 A Tor-responsive activation domain in the CTD
flanking region and the modifiethpVRR (Fig. 1B, modVRR/ Previous deletion analysis has suggested that the Dorsal CTD
-980dpplac?). We observed significant anterior repression ofcontains one or more activation domains (Isoda et al., 1992;
the reporter resulting in a gap, observed in about two-thirdShirokawa and Courey, 1997). To test this possibility directly,
of the blastoderm stage embryos, in the expression domaime examined the ability of the Gal4/CTD/ntl fusion protein to
extending from 55% to 80% egg length (Fig. 5B). The failureactivate the G4dcZ reporter. Embryos containing maternally
of this gap to extend to the anterior pole of the embryo iprovided fusion protein and the reporter exhibited spdeific
expected, owing to the well-established role of the terminaéxpression at the anterior end of the embryo, indicating that the
system in alleviating Dorsal-mediated repression (Rusch am@dTD can direct activation in the absence of the RHD (Fig. 6).
Levine, 1994). Although Gal4/CTD/ntl is present in a continuous gradient, we
To determine if the ehl motif is required for repression bybserve sharp borders of reporter gene expression, indicative
the CTD, we generated transgenic flies expressing a variaot a threshold effect in the activation of the reporter. In
fusion protein with an internal deletion that removes 18 amingyncytial blastoderm embryos, expression is absent from the
acids, including the ehl-like sequences (Fig. 1A, Galdanterior tip of the embryo (Fig. 6A), while this gap disappears
CTDAeh1/ntl). Western analysis indicates that this deletioafter cellularization (Fig. 6B). This suggests that activation
variant is equal in stability to the Gal4 fusion proteinmay be negatively regulated by the terminal system (see
containing the intact CTD and is also produced as multipleelow).
isoforms (data not shown). Whole-mount embryos stained with Interestingly, in addition to abolishing CTD-dependent
the a-ntl antibody show a gradient of Gal4/CT¥efl)/ntl repression, the ehl deletion in Gal4/CABii1)/ntl also
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reduces the levels of activation. The overall extent of activatiopresent in wild-type embryos. In contrast, tior gain-of-

of the reporter is weaker than that observed with Gal4/CTD/ntfunction embryos, the posterior border of activation shifts
(Fig. 6C,D) and activation is never established at the anterignosteriorly, whereas the anterior gap is still present (Fig.
tip of the embryo after cellularization (Fig. 6D). Furthermore ,6G,H).

for reasons that are not clear, activation is consistently strongerWestern blot analysis of whole embryo extracts from wild-
on the dorsal than on the ventral side of the embryo. Thus, tgpe, ortor mutant embryos shows that inos loss-of-function
addition to repression, the eh1 motif in Dorsal may be involvedhutant there is an increase in the lower mobility form of Dorsal
in transcriptional activation. relative to the faster mobility forms (Fig. 2B, arrow). As it is

It is well established that repression by Dorsal is blocked bielieved that the multiple forms of Dorsal are due to
the terminal pattern-forming system. Although Dorsal isphosphorylation, these finding suggest that Dorsal could be a
present in the nuclei at the poles of the embryo, it is unable target for post-translational modification by the Tor system.
repress transcription at the poles unless the terminal pattern
forming system is inactivated (Rusch and Levine, 1994). Our
observation that the Gal4/CTD/ntl fusion is unable to direcDISCUSSION
activation of the G44cZ reporter at the anterior tip of the
syncytial blastoderm embryo suggests that the activatiode have found that the Dorsal CTD contains both activation
function of Dorsal may also be under the control of the terminand repression domains. Repression by the CTD is largely
system. To examine this possibility further, we studied thelependent upon an ehl-like motif close to the C-terminal end
transcriptional activation of a reporter gene containing fouof the region, which apparently functions to recruit the co-
consensus Dorsal-binding sites upstream of the bep¥0 repressor Gro. Previous studies have shown that repression by
promoter drivinglacZ expression (D44acZ) (Pan and Courey, Dorsal is blocked at the poles of the embryo by the action of
1992). Consistent with the notion that activation by Dorsal ishe terminal pattern-forming system. Our findings demonstrate
negatively modulated by the terminal system, the expression tifat activation by Dorsal may also be negatively modulated by
this reporter is restricted to the ventral-most region of thé¢he terminal system
embryo and is excluded from the poles (Fig. 7A). Deletion
analysis of théwi gene has defined a promoter proximal and2orsal may be actively retained in the cytoplasm
a promoter distal VAR (Jiang et al., 1991; Pan et al., 1991). Il is not clear how the interaction between Dorsal and Cactus
agreement with our findings for the IsZ reporter, thewi interferes with Dorsal nuclear uptake. The interaction may
proximal VAR, which consists of nothing but a series ofmask the Dorsal NLS from the nuclear import machinery. It is
Dorsal-binding sites, does not direct activation at the poles (Paiso possible that Cactus physically anchors Dorsal in the
et al., 1991 and data not shown). cytoplasm. Our analysis shows that a Gal4/Dorsal fusion

We also analyzed the expression pattern of thdab4/ protein is distributed in a ventral-to-dorsal nuclear
reporter in embryos that have an ectopic anterior to posteri@oncentration gradient, indicating that the NLS in the Gal4
gradient of the Dorsal protein, owing to the presence of aBBD is not sufficient to drive constitutive nuclear import of
activated form of Toll protein that has been targeted to thehe fusion protein. This result appears to be inconsistent with
anterior of the embryo using theed 3 UTR (Huang et al., the idea that Cactus merely masks the Dorsal NLS, and instead,
1997). In this case, we observed an additional anteriupports the idea that Dorsal is actively retained in the
expression domain of the reporter (Fig. 7B). However, theytoplasm prior to Toll activation. However, our findings are at
domain does not extend to the anterior tip of the embryo, once
again suggesting that Dorsal is inactivated by the termine
system.

We next examined the expression of the|&3 reporter
gene in embryos produced by mothers carntimgloss- or
gain-of-function mutations. In the absenceafsignaling, the
D4/lacZ reporter was expressed at the poles of the embry
(Fig.7D), indicating that Tor negatively regulates Dorsal-
mediated transcriptional activation. lior gain-of-function
embryos, we do not detect the expected further retraction
the ventral domain of expression of the reporter from the pole
of the embryo. Rather the ventral domain is expanded dorsalfg B Gald/CTDAGh o]
(Fig. 7C and data not shown). Although this result seem
surprising, it accords with previous observations regarding thFig. 5. Transcriptional repression by the CTD is dependent on the
role of the terminal system in modulating the function of otheehl domain. (A,B) Embryos containing maternally expressed
activators (Bellaiche et al., 1996; Janody et al., 2000; 5eGal4/CTDIntl. (C,D) Embryos contalnllng maternally expressed
Discussion). Gal4/CTDAehl/ntl. All embryos contain the modVRIgflacz

To determine if the observed effects on Dorsal activation b€Pte": A and C are stained watntl antibodies. B and D are

. " S stained by in situ hybridization with antiseriaeZ probe. The bar in
the Tor system are mediated by the activation domain in trB indicates the zone of repression that is consistently observed with

CTD, we introduced the transgene encoding Gal4/CTD/ntihe Gala/CTD/nt1 fusion protein, which extends from about 55 to
into mothers carrying the same gain- and loss-of-fundton g of egg length at the dorsal midline. This zone of repression is
mutations (Fig. 6E,F). As expected, if Tor inhibits CTD-absent from embryos containing the Gal4/@Bb1/nt1 fusion
mediated activation, we do not observe the anterior gap thatprotein (D).

P[Gald/CTD/ntl]| |mod VRR/dpp/lacZ PlGald/CTD/atl |

D

modVRR/dpp/lacZ _ P[Gald/CTDAehl/ntl ]
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odds with previous studies in which the attachment of the 1
antigen NLS to NFB (the vertebrate homolog of Dorsal) was
found to result in the constitutive nuclear uptake of the protei
(Beg et al., 1992). This finding, as well as the finding that th:
binding of NFkB to I-kB (the vertebrate homolog of Cactus)
prevents recognition of the NEB NLS by an antibody
(Henkel et al., 1992), suggests thatB-acts by masking the
NF-kB NLS. The apparent discrepancy between these earli
results and those reported here could reflect a real differen
between the vertebrate abdosophilasystems. Alternatively,
the observed differences could be due to differences betwe
the Gal4 and T-antigen nuclear localization signals.

Dorsal-mediated activation and repression via Gal4-
binding sites

<

. P[Ga/CTD] ) P[Gal4/CTD/nt1]
D T—
PGal4/CTDAeh l/nLl P[Gal4/CTDAeh1/nt1]

tor"5!:P[Gal4/CTD/nt 1]]

F r —

10 P{Gald/CTD/nt 1]

The results presented here show that just as Dorsal sit
function in a context-dependent manner in the presence G
endogenous Dorsal, so too do Gal4 sites function in a conte> A
dependent manner in the presence of a Gal4/Dorsal fusic
protein. When Gal4/Dorsal*/ntl binds to multiple tandemly
repeated Gal4 sites upstream of a core promoter, the res
is activation. In contrast, when Gal4/Dorsal*/ntl binds aFig. 6. The Tor RTK regulates transcriptional activation by the C-

modifieddpp VRR in which two critical Dorsal-binding sites términal domain of Dorsal. All embryos contain a copy of the
have been replaced by Gald-binding sites, the result reporter gene containing four Gal4-binding sites and a core hsp70
repression ’ promoter (G4Ac2), the expression of which was examined by RNA

i . . . - in situ hybridization with dacZ antisense riboprobe.
Thus, bringing Dorsal to its target sites is sufficient for botr(A’C’E’G) Precellular embryos. (B,D,F,H) Embryos after the

activation and repression — the RHD itself need not be directiyeginning of cellularization. (A,B) Embryo containing maternally-
engaged with the DNA. Similar phenomena have beeencoded Gal4/CTD/nt1. Prior to cellularization, activation is
observed for many regulatory factors, including factors thainhibited at the anterior pole of the embryo (A), whereas after
bind the humar-interferon enhancer. This enhancer containscellularization the expression domain extends all the way to the pole
binding sites for a number of factors, including KB- and  (B). (C,D) Same as A and B, except the embryos contain
functions via the formation of a |arge Cooperative|y assemb"n‘Ga|4/.CTmehl/ntl. Activation of the re_porter never extends to the
multiprotein complex (an enhancesome) that includes DNAanterior end of the embryo, and there is a lower overall level of
binding proteins and co-activators (Carey, 1998; Merika et alggtrli\\//ztéofrrlbgflf?rnsé?en;ehgfn ﬁg&%fs' fgg:fg;g%ﬁti;?;g%ojgirgn
1998; Thanos and Maniatis, 1995). When aniFsite in the (torPMsly Removal of Tor signaling results in the expression of the
B-lnterf_er(_)n enhqn_cer was replaced by a Gal4 SItereporter all the way to the anterior tip of the early embryo and a
transcriptional activity was restored by a GalA/R&{usion  reqyction in the level of expression. (G,H) Same as A and B, except
protein (Merika et al., 1998). By analogy with fwnterferon  that the embryos are derived from females heterozygoustdor a
enhancesome, perhaps Dorsal, other DNA-bound repress(gain-of-function mutationt¢r#23. The expression domain extends
(the assistant repressors) and co-repressors such as (further towards the posterior than in a wild-type background.
cooperatively assemble at the ventral silencer to form
‘silencesome’. As might be expected if silencer function
required the assembly of such a complex, silencing byahe surprising to discover, as reported here, an additional Gro-
VRR is crucially dependent upon the spacing between the sitggeraction domain in Dorsal, this one in the CTD. Although
for the DNA-binding proteins. Changing the spacing by a nonthe CTD is not conserved between Rel family proteins, the
integral multiple of the DNA helical repeat distance severelyDorsal-related immunity factor (Dif) can partially substitute
abrogates silencing, presumably by rotating DNA-boundor Dorsal during embryogenesis (Stein et al., 1998). In
proteins onto opposite faces of the helix (Cai et al., 1996). Vergddition, patterning of the chick limb may involve the
similar spacing effects have been observed for enhancesonregulation by NFkB of the vertebrate orthologs of Dorsal-
(Thanos and Maniatis, 1995). target genes (Bushdid et al., 1998; Kanegae et al., 1998). Given
these similarities in function, how are we to explain the
Repression and activation by the Dorsal CTD apparent absence of the ehl-like repression domain from
Previous analysis revealed that the co-repressor Gro, which Brsal-homologues such as Dif and KB? One possibility is
required for Dorsal-mediated repression, interacts with théhat Rel family protein-mediated transcriptional repression is
Dorsal RHD (Dubnicoff et al., 1997). This finding is consistentof relatively minor importance to pattern formation. This is
with the observation that truncated forms of Dorsal consistingossible because other redundant mechanisms involving Short
of little more than the RHD are able to mediate partiagastrulation (Sog)-family inhibitors exist to ensure that Dpp-
repression of target genes suchzesand dpp (Isoda et al., orthologs will not be active at inappropriate positions along the
1992; R. D. F.-S., S. J. and A. J. C., unpublished). Howevedorsal/ventral axis of the metazoan embryo. For example, in
the repression directed by the RHD alone is weak relative tilve Drosophilaembryo, Sog is activated ventrally by Dorsal.
that directed by full-length Dorsal and it is therefore notThe Sog protein is then secreted and serves to inhibit Dpp

- e p———
tor" /4 ;P[Gal4/CTD/nt P[Gal4/CTD/Mmil
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signaling in a ventral-specific manner (Ashe and Levine, 199¢
Biehs et al., 1996; Rusch and Levine, 1996). The addition:
Gro-interacting repression domain in the Dorsal CTD may
have arisen relatively recently, perhaps as an evolutional
adaptation to allow more complete or more reliable repressic
of dpp and other genes that interact withp to pattern the
dorsal ectoderm.

Transcriptional repressors that use the Gro co-repress
often recruit Gro using short peptide motifs. A prominent
example of such a factor is Engrailed, which recruits Gr¢
through a ~10 amino acid motif known as the ehl motif
Previous analysis of Dorsal, which suggested that th
determinants of Dorsal binding were spread broadly over th
RHD (Dubnicoff et al., 1997), indicated that Dorsal mightFig. 7. Tor regulates Dorsal-mediated activation. All embryos bear
represent an exception to this rule. However, the studiethe reporter gene containing four Dorsal-binding sites and a core
presented here suggest that potent repression by Dorsal dhsp70 promoter (DHc2), the expression of which was examined by
require a region with homology to the ehl motif. Thus,RNA in situ hybridization.with etacZantisgnse riboprobe. (A).Wild-
Engrailed and Dorsal may use a similar interface to recruit GrdYP® embryo demonstrating that expression of the reporteris
In this respect, it is interesting to note that Engrailed and Dors;ebs‘stgﬁﬁ?oﬁ m‘; ‘F’)%rl‘érsagmﬁztéﬁqgéf;oo(‘;tr?gv\?&ggs (?ér)ol‘é"%k?r;g itis
actually _have a ~150 amino acid region O.f similarity, with the,containing an ectopic anterior-to-posterior gradient of Dorsal protein,
ehl m_0t|_f at the_ C-termm_al end of th|s_ region (Steward ' 19$7Aowing to the presence of maternally encoded activated form of the
The similar region contains polyalanine stretches, which is 1o|| receptor targeted to the anterior with teel3' UTR. An
characteristic associated with other repression domains (Hadditional anterior stripe of activation is seen (arrow), but expression
and Manley, 1993). Perhaps this extended region of similaritis still excluded from the poles (arrowheads). (C) Embryo laid by
plays some role in repression beyond that played by the elfemale bearing tor gain-of-function mutationt¢r492l). Expression
motif (e.g. the recruitment of another co-repressor). of the reporter is extends further dorsally (arrow) and is still excluded

While Dorsal can function as either an activator or repressaffom the poles (arrowheads). (D) Embryo laid by female
Engrailed and all other previously characterized repressohomozygous for tor loss-of-function mutationtgr"™>%). The
containing eh1 motifs appear to be dedicated repressors (Hexpressmn domain now wraps around the poles of the embryo
and Manley, 1993; Jiménez et al., 1997; Smith and Jayne(arrOWheads)'

1996; Tolkunova et al., 1998). It was previously shown that th

conserved phenylalanine in the ehl domain is required fatudies suggesting that Tupl, a possible yeast ortholog of Gro,
efficient Gro recruitment and transcriptional repressiorfunctions in both activation and repression (Conlan et al.,
(Jiménez et al., 1999). The absence of this phenylalanine in thi899). Alternatively, it is possible that the activation and
Dorsal motif could explain the ability of Dorsal to act as eitherepression domains in the CTD overlap, but function via
an activator or a repressor depending upon binding site contekbmpletely different co-regulators. If this is true, then one
Perhaps this ‘defect’ in the Dorsal ehl motif prevents Dorsahight expect the binding of the co-repressor and the co-
from recruiting Gro without help from other nearby DNA- activator to be mutually exclusive, thus ensuring that Dorsal
bound repressor proteins (assistant repressors). In this respeemnot function at cross-purposes by simultaneously recruiting
it is very interesting to note that Hairy family proteins, whicha co-activator and a co-repressor.

are dedicated repressors, use a C-terminal WRPW motif to _ ) )

recruit Gro, while Runt family proteins, which can function asRegulation of Dorsal function by the terminal

both activators and repressors, recruit Gro, at least in part, Vg(Stem

a C-terminal WRPY motif (Aronson et al., 1997; LevanonWhen Gal4/CTD is targeted to the anterior end of the embryo,
et al.,, 1998; Westendorf and Hiebert, 1999). Perhaps thée resulting zone of repression does not include the anterior
conversion of the C-terminal tryptophan to a tyrosine weakengole of the embryo. This lack of repression at the terminus of
Gro recruitment thereby allowing Runt family proteins tothe embryo was expected, as it has been known for several
function as either activators or repressors depending uporars that the terminal pattern-forming system relieves
binding site context. repression by Dorsal (Rusch and Levine, 1994). A key finding

Consistent with previous experiments showing that the CTOn our understanding of this phenomenon came with the
contributes to transcriptional activationmosophilaS2 cells  discovery and analysis o&picua(cic), a gene that encodes an
and in vitro (Shirokawa and Courey, 1997), we have found thaiMG-box family transcription factor (Jiménez et al., 2000). In
this domain mediates activation in embryos. Transcriptionahddition to being required for terminal pattern formation, Cic
activation by the CTD may be mediated by the previouslys also required for efficient Dorsal-mediated repression. Other
described interactions of this domain with TARO and HMG-box proteins (e.g. Lefl, HMG1 and HMG2) have been
TAF;160 (Pham et al., 1999; Zhou et al., 1998). found to play architectural roles in enhancesome formation

Interestingly, the deletion that removes the ehl-like moti{Carey, 1998). Thus, as an HMG-box protein, perhaps Cic
and prevents repression by the CTD also results in reducgdays an architectural role in silencesome assembly. The
transcriptional activation. There are multiple possiblefinding that Cic appears to be degraded in response to Tor
explanations for this observation. Perhaps Gro has some raetivation suggests that Cic may be a direct target of the
in activation in addition to repression. This is reminiscent oferminal pattern forming system (Jiménez et al., 2000).

tor '/ tor™!
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Previous evidence also hinted at a role of the terminal systema co-activator of cubitus interruptus in hedgehog signalliegure 386,
in modulating Dorsal-mediated activation. When an artificial 735-738. . _ , _
anterior-to-posterior gradient of Dorsal is established in thékimaru, H., Hou, D. X. and Ishii, S. (1997b). Drosophila CBP is required

L for dorsal-dependent twist gene expressivat. Genetl7, 211-214.
embryo, activation of a reporter gene under the control of thg ,son B. D.. Fisher A. L. Blechman. K. Caudy, M. and Gergen, J. P.

proximaltwi VAR does not extend to the anterior pole of the (1997). Groucho-dependent and -independent repression activities of Runt
embryo (Huang et al., 1997). This effect was attributed to the domain proteinsMol. Cell. Biol. 17, 5581-5587.
possible presence of Tor response elements inwth®AR. Ashe, H. L. and Levine, M. (1999). Local inhibition and long-range

! - ~+:i~~€nhancement of Dpp signal transduction by $¢ure 398 427-431.
However, as reported here, we find that even when activati A. A. Ruben. S. M., Scheinman, R. I, Haskill. S.. Rosen. C. A. and

is mediated by nothing but tandem Dorsal sites, this activation gajgwin, A. s., Jr.(1992). | kappa B interacts with the nuclear localization
is still inhibited at the termini of the embryo by Tor. Likewise, sequences of the subunits of NF-kappa B: a mechanism for cytoplasmic
Tor also blocks activation by Gal4/CTD through multiple Gal4 retention.Genes Dew, 1899-1913. _

sites. As these artificial reporters are uniikely to contain ToPCEEIE: o SRCHERTENar T oo ion domain of Bicoid s specically
r_eSponse elements distinct frpm the Dorgal or G"’_‘M sites, it ISrequired for its down-regulation by the Torso receptor tyrosine kinase
likely that the Tor pathway interferes directly with Dorsal-  cascadeDevelopment22 3499-3508.

mediated activation, either by modifying Dorsal itself orBelvin, M. P. and Anderson, K. V.(1996). A conserved signaling pathway:
by modifying a co-activator required for Dorsal activity. the Drosophila toll-dorsal pathwafnnu. Rev. Cell Dev. Bial2, 393-416.

Consistent with the possibility that Dorsal itself is the direClBiEhS’ B., Francois, V. and Bier, E(1996). The Drosophila short gastrulation
gene prevents Dpp from autoactivating and suppressing neurogenesis in the

target of the terminal system, we find that elimination of Tor ,oroectodernGenes Devio, 2922-2934.

activity results in an increase in the lower SDS-PAGE mobilitysushdid, P. B., Brantley, D. M., Yull, F. E., Blaeuer, G. L., Hoffman, L. H.,
form of Dorsal. As phosphorylation usually decreases SDS- Niswander, L. and Kerr, L. D. (1998). Inhibition of NF-kappaB activity
PAGE mobility, this finding suggests that Tor activation might results in disruption of the apical ectodermal ridge and aberrant limb

result in the dephosphorylation of Dorsal, either by inactivatin%a"g‘g;prg’gfnﬁfﬂztr“ﬁ3%ir?1/‘:’"élsénd Zipursky, S. L.(1992). The bride

a Dorsal kinase or by activating a Dorsal phosphatase. of sevenless and sevenless interaction: internalization of a transmembrane
In addition to blocking the activation of Dorsal target genes ligand. Cell 69, 393-399.

directly, the terminal system also blocks their activatior1CaIH HbN., Arﬂ_fIJstl, DB N(.Pand I;\Iewlni Ma(lg%)uIé%ggggggeggelaresswn in

i H H i H the Drosophila embryd?roc. Natl. Acad. Sci. 3 - .

|nd|rectlyz ashuckebeina zygotic target of the terminal system, Carey, M. (1998). The enhanceosome and transcriptional syn@aho2, 5-

clearly directssna repression at the poles (Goldstein et al.,

1999). Thus, there appear to be multiple perhaps partialkghasman, D. I., Leatherwood, J., Carey, M., Ptashne, M. and Kornberg,
redundant mechanisms to ensure that mesodermalR. D.(1989). Activation of yeast polymerase Il transcription by herpesvirus

determinants such aw/i andsnawill not be inappropriate'y VP16 and GAL4 derivatives in vitrddol. Cell. Biol.9, 474.16-4749..
expressed at the poles. Cilen, G. a_lnd Courey, A. J.(2000). Groucho/TLE family proteins and

. . . L ranscriptional repressioGene249, 1-16.
The effect of &or gain-of-function mutation on activation conplan, R. S., Gounalaki, N., Hatzis, P. and Tzamarias, [{1999). The
by Dorsal and the Gal4/Dorsal fusion is not what would be Tup1-Cyc8 protein complex can shift from a transcriptional co-repressor to
predicted based upon the simple idea that Tor inhibits Dorsal-a transcriptional co-activatal. Biol. Chem274 205-210.

mediated activation. Instead of resulting in a further retractioH“SrfbsEo- ?\-iiaHé‘;”Qr'O%éi?-D%';galsitg";’:rﬂia?éélg%)ﬁg\é“ﬂgf‘ﬁ;ggﬁgsoége
of expression from the pole of the embryo, the gain-of-function 15 sor sog 9 ¥ phosphory '

mutation causes no obvious change in the size of the anterigfibnicoff, T., Valentine, S. A., Chen, G., Shi, T., Lengyel, J. A., Paroush,
gap. In addition, this mutation results in an expansion towardsz. and Courey, A. J.(1997). Conversion of dorsal from an activator to a
the posterior of Gal4/CTD-driven activation and a broadening repressor by the global corepressor Grou@enes Dewl1, 2952-2957.

in the D4JacZ expression domain. These findings appear to bE'Sher A L., Ohsako, S. and Caudy, M(1996). The WRPW motif of the
hairy-related basic helix-loop-helix repressor proteins acts as a 4-amino-acid

CanBtent with a model in thh Tor_ ha; tW_O gqmplgtely transcription repression and protein- protein interaction dorivéoh. Cell.
different effects on Dorsal-mediated activation, inhibiting it at Biol. 16, 2670-2677.

the poles and strengthening it away from the poles. This &sher, A. L. and Caudy, M. (1998). Groucho proteins: transcriptional
precisely what has been observed for the for the interactioncorepressors for specific subsets of DNA-binding transcription factors in

. “ .vertebrates and invertebrat€&enes Devl2, 1931-40.
between Bcd and the terminal system (Be”aIChe etal, 199@ay, N. J. and Keith, F. J.(1990). Formation of a gradient of the Drosophila

Janody et al., 2000). Thus, the effects of Tor on activation may gorsal morphogen by differential nuclear localisatiBinEssaysL2, 181-
be very general. How Tor is able to function in these two 182.
opposite ways depending upon position in the embryo is nétoldstein, R. E., Jiménez, G., Cook, O., Gur, D. and Paroush, 71999).
clear. Huckebein repressor activity in Drosophila terminal patterning is mediated
by GrouchoDevelopmeni26, 3747-3755.
, . . . ovind, S., Brennan, L. and Steward, R.(1993). Homeostatic balance
We thank Ze ev Paroush and Judith .Lengyel for Crlt[cgl reading OP between dorsal and cactus proteins in the Drosophila enibey@lopment
the manuscript. We also thank Larry Zipursky for providing the anti- 117 135.148.
ntl antibodies. We thank Howard Van Gelder and Melody Chou foovind, S., Drier, E., Huang, L. H. and Steward, R(1996). Regulated
technical assistance. R. D. F.-S. was partially supported by anuclear import of the Drosophila rel protein dorsal: structure-function
CONACyT fellowship. This work was supported by National analysisMol. Cell. Biol.16, 1103-1114.
Institutes of Health grant GM44522 to A. J. C. Han, K. and Manley, J. L. (1993). Functional domains of the Drosophila
Engrailed proteinEMBO J.12, 2723-33.
Henkel, T., Zabel, U., van Zee, K., Muller, J. M., Fanning, E. and Baeuerle,
P. A. (1992). Intramolecular masking of the nuclear location signal and
REFERENCES dimerization domain in the precursor for the p50 NF-kappa B suldedlt.
68, 1121-1133.
Akimaru, H., Chen, Y., Dai, P., Hou, D. X., Nonaka, M., Smolik, S. M.,  Huang, A. M., Rusch, J. and Levine, M(1997). An anteroposterior Dorsal
Armstrong, S., Goodman, R. H. and Ishii, S(1997a). Drosophila CBP is gradient in the Drosophila embryGenes Devil, 1963-1973.



Activation and repression by Dorsal 1879

Huang, J. D., Schwyter, D. H., Shirokawa, J. M. and Courey, A. 1993). Morisato, D. and Anderson, K. V.(1995). Signaling pathways that establish
The interplay between multiple enhancer and silencer elements defines thethe dorsal-ventral pattern of the Drosophila embAmnu. Rev. Gene29,

pattern of decapentaplegic expressi@enes Dev/, 694-704. 371-399.

Huang, J. D., Dubnicoff, T., Liaw, G. J., Bai, Y., Valentine, S. A., Pan, D. J., Huang, J. D. and Courey, A. J1991). Functional analysis of the
Shirokawa, J. M., Lengyel, J. A. and Courey, A. J(1995). Binding sites Drosophila twist promoter reveals a dorsal-binding ventral activator region.
for transcription factor NTF-1/EIf-1 contribute to the ventral repression of Genes Devs, 1892-1901.
decapentaplegicsenes Dew, 3177-3189. Pan, D. and Courey, A. J(1992). The same dorsal binding site mediates both

Ip, Y. T., Kraut, R., Levine, M. and Rushlow, C. A.(1991). The dorsal activation and repression in a context-dependent meaNM&0 J.11, 1837-
morphogen is a sequence-specific DNA-binding protein that interacts with 1842.

a long-range repression element in Drosopl@iell 64, 439-446. Parkhurst, S. M. (1998). Groucho: making its Marx as a transcriptional co-
Ip, Y. T., Park, R. E., Kosman, D., Yazdanbakhsh, K. and Levine, M. repressorTrends Genetl4, 130-132.

(1992). dorsal-twist interactions establish snail expression in thdham, A. D., Miller, S. and Sauer, F.(1999). Mesoderm-determining

presumptive mesoderm of the Drosophila embBenes Deb, 1518-1530. transcription in Drosophila is alleviated by mutations in TAF(11)60 and

Isoda, K., Roth, S. and Nusslein-Volhard, C(1992). The functional domains TAF(I1)110. Mech. Dev84, 3-16.
of the Drosophila morphogen dorsal: evidence from the analysis of mutantRay, R. P., Arora, K., Nisslein-Volhard, C. and Gelbart, W. M(1991). The

Genes Deb, 619-630. control of cell fate along the dorsal-ventral axis of the Drosophila embryo.
Janody, F., Sturny, R., Catala, F., Desplan, C. and Dostatni, N2000). Developmenti13 35-54.

Phosphorylation of bicoid on MAP-kinase sites: contribution to its Rubin, G. M. and Spradling, A. C.(1983). Vectors for P element-mediated

interaction with the torso pathwayevelopment27, 279-289. gene transfer in Drosophildlucleic Acids Redl1, 6341-6351.

Jiang, J., Kosman, D., Ip, Y. T. and Levine, M.(1991). The dorsal Rusch, J. and Levine, M(1994). Regulation of the dorsal morphogen by the
morphogen gradient regulates the mesoderm determinant twist in early Toll and torso signaling pathways: a receptor tyrosine kinase selectively
Drosophila embryosGenes Devs, 1881-1891. masks transcriptional repressi@denes Dews, 1247-1257.

Jiang, J., Rushlow, C. A., Zhou, Q., Small, S. and Levine, M1992). Rusch, J. and Levine, M(1996). Threshold responses to the dorsal regulatory
Individual dorsal morphogen binding sites mediate activation and repression gradient and the subdivision of primary tissue territories in the Drosophila
in the Drosophila embrydMBO J.11, 3147-3154. embryo.Curr. Opin. Genet. Dep, 416-423.

Jiang, J., Cai, H., Zhou, Q. and Levine, M(1993). Conversion of a dorsal- Shirokawa, J. M. and Courey, A. J.(1997). A direct contact between the
dependent silencer into an enhancer: evidence for dorsal corepressorsdorsal rel homology domain and Twist may mediate transcriptional synergy.
EMBO J.12, 3201-3209. Mol. Cell. Biol.17, 3345-3355.

Jiménez, G., Paroush, Z. and Ish-Horowicz, D(1997). Groucho acts as a Smith, S. T. and Jaynes, J. B1996). A conserved region of engrailed, shared
corepressor for a subset of negative regulators, including Hairy and among all en-, gsc-, Nk1-, Nk2- and msh-class homeoproteins, mediates
Engrailed.Genes Devi1, 3072-3082. active transcriptional repression in vivdevelopmeni22 3141-3150.

Jiménez, G., Verrijzer, C. P. and Ish-Horowicz, D.(1999). A conserved Stein, D., Goltz, J. S., Jurcsak, J. and Stevens, (1998). The Dorsal-related
motif in goosecoid mediates groucho-dependent repression in Drosophilaimmunity factor (Dif) can define the dorsal-ventral axis of polarity in the
embryos.Mol. Cell. Biol.19, 2080-2087. Drosophila embryoDevelopmeni25 2159-2169.

Jiménez, G., Guichet, A., Ephrussi, A. and Casanova, (R000). Relief of  Steward, R. (1987). Dorsal, an embryonic polarity gene in Drosophila, is
gene repression by torso RTK signaling: role of capicua in Drosophila homologous to the vertebrate proto-oncogene, S@énce238 692-694.

terminal and dorsoventral patternir@enes Devl4, 224-231. Tautz, D. and Pfeifle, C.(1989). A non-radioactive in situ hybridization
Kanegae, Y., Tavares, A. T., Izpisua Belmonte, J. C. and Verma, |. M. method for the localization of specific RNAs in Drosophila embryos reveals

(1998). Role of Rel/NF-kappaB transcription factors during the outgrowth translational control of the segmentation gene hunchli@tulomosom®8,

of the vertebrate limiNature392, 611-614. 81-85.

Kirov, N., Zhelnin, L., Shah, J. and Rushlow, C(1993). Conversion of a Thanos, D. and Maniatis, T.(1995). Virus induction of human IFN beta
silencer into an enhancer: evidence for a co-repressor in dorsal-mediatedgene expression requires the assembly of an enhanced3elr&3, 1091-
repression in Drosophil&MBO J.12, 3193-3199. 1100.

Kirov, N., Childs, S., O’Connor, M. and Rushlow, C. (1994). The  Tolkunova, E. N., Fujioka, M., Kobayashi, M., Deka, D. and Jaynes, J. B.
Drosophila dorsal morphogen represses the tolloid gene by interacting with (1998). Two distinct types of repression domain in engrailed: one interacts
a silencer elemeniol. Cell. Biol. 14, 713-722. with the groucho corepressor and is preferentially active on integrated target

Kumar, S., Rabson, A. B. and Gélinas, C(1992). The RxxRxRxxC motif genesMol. Cell. Biol. 18, 2804-2814.
conserved in all Rel/kappa B proteins is essential for the DNA-bindingvalentine, S. A., Chen, G., Shandala, T., Fernandez, J., Mische, S., Saint,
activity and redox regulation of the v-Rel oncoprotéitel. Cell. Biol. 12, R. and Courey, A. J.(1998). Dorsal-mediated repression requires the
3094-3106. formation of a multiprotein repression complex at the ventral sileltmr.

Levanon, D., Goldstein, R. E., Bernstein, Y., Tang, H., Goldenberg, D., Cell. Biol. 18, 6584-6594.

Stifani, S., Paroush, Z. and Groner, Y(1998). Transcriptional repression Westendorf, J. J. and Hiebert, S. W.(1999). Mammalian runt-domain
by AML1 and LEF-1 is mediated by the TLE/Groucho corepressucs. proteins and their roles in hematopoiesis, osteogenesis, and leulemia.
Natl. Acad. Sci. USA5, 11590-11595. Cell. Biochem32-33 Suppl., 51-58.

Liaw, G. J., Rudolph, K. M., Huang, J. D., Dubnicoff, T., Courey, A. J. Xiao, H. and Lis, J. T.(1989). Heat shock and developmental regulation of
and Lengyel, J. A.(1995) The torso response element binds GAGA and the Drosophila melanogaster hsp83 géviel.Cell. Biol.9, 1746-1753.
NTF-1/EIf-1, and regulates tailless by relief of repress®anes Deo, Xu, X. and Gélinas, C.(1997). A mutant Rel-homology domain promotes
3163-3176. transcription by p50/NFkappaB®ncogenel4, 1521-1530.

Merika, M., Williams, A. J., Chen, G., Collins, T. and Thanos, D(1998). Zhou, J., Zwicker, J., Szymanski, P., Levine, M. and Tjian, R(1998).
Recruitment of CBP/p300 by the IFN beta enhanceosome is required for TAFII mutations disrupt Dorsal activation in the Drosophila embBRroc.
synergistic activation of transcriptioklo. Cell 1, 277-287. Natl. Acad. Sci. USA5, 13483-13488.



