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SUMMARY

The Drosophila morphogenetic protein Bicoid (Bcd) is a
homeodomain-containing activator that stimulates the
expression of target genes during early embryonic
development. We demonstrate that a small domain of Bcd
located immediately N-terminally of the homeodomain
represses its own activity inDrosophilacells. This domain,
referred to as a self-inhibitory domain, works as an
independent module that does not rely on any other
sequences of Bcd and can repress the activity of

mutations in the self-inhibitory domain severely affects
pattern formation and target gene expression ibrosophila
embryos. We also provide evidence to suggest that the
action of the self-inhibitory domain requires aDrosophila
co-factor(s), other than CtBP or dSAP18. Our results
suggest that proper action of Bcd as a transcriptional
activator and molecular morphogen during embryonic
development is dependent on the downregulation of its own
activity through an interaction with a novel co-repressor(s)

heterologous activators. We further show that this domain
of Bcd does not affect its properties of DNA binding or
subcellular distribution. A Bcd derivative with point

or complex(es).
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INTRODUCTION region of Bcd also plays an important role in cooperative DNA
recognition, which is facilitated by a self-association function
Bicoid (Bcd) is aDrosophila morphogenetic protein that is (Ma et al., 1996; Yuan et al., 1996; Zhao et al., 2000). The C-
required for the formation of the anterior structures of theéerminal half of the protein (residues 246-489) provides much
embryo (Berleth et al., 1988; Driever, 1992; Nisslein-Volharaf the activation function but can be replaced by heterologous
et al.,, 1987). An essential function of this homeodomainactivation domains for embryonic development (Driever et al.,
containing protein is to activate transcription of specific targe1989). The C-terminal half of Bcd contains several sequences
genes in a concentration-dependent manner (Arnosti et athat are characteristic of activation domains, including an
1996; Driever and Nusslein-Volhard, 1989; Gao andacidic region (residues 347-414), an alanine-rich region
Finkelstein, 1998; La Rosee et al., 1997; Rivera-Pomar et alresidues 329-342; also see Discussion) and a glutamine-rich
1995). Despite considerable efforts to understand thsequence (residues 256-289).

molecular action of Bcd (Arnosti et al., 1996; Burz et al., 1998; Biochemical studies by Sauer and Tjian have demonstrated
Chan and Struhl, 1997; Dave et al., 2000; Driever et al., 198%at TAFs (TATA box-binding protein associated factors) can
Dubnau and Struhl, 1996; Hanes and Brent, 1989; Janody specifically interact with the putative activation domains
al., 2000; Janody et al., 2001; Ma et al., 1999; Niessing et algcated in the C-terminal region of Bcd (Sauer et al., 1995a;
1999; Niessing et al., 2000; Rivera-Pomar et al., 1996; SauSauer et al., 1995b). In particular, it was shown that TAF60
et al., 1995a; Sauer et al., 1995b; Struhl et al., 1989; Yuan iiteracted with the alanine-rich region, while TAF110
al., 1996; Yuan et al., 1999), it is currently unclear how it worksecognized the glutamine-rich region. It was thus proposed that
as a transcriptional activator. Our previous analysis suggesBed activated transcription by directly interacting with these
that this 489 amino acid protein contains two broadly define@AFs (Sauer et al., 1995a; Sauer et al., 1995b; Sauer et al.,
domains (Driever et al., 1989). The N-terminal half of thel996). However, the relevance of such interactions in Bcd
protein (residues 1-246), which contains the homeodomaifunction during development has been questioned recently
(residues 92-151), provides the DNA-binding function. This(Schaeffer et al., 1999). Interestingly, it has been shown that a
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Bcd derivative lacking the entire C-terminal half can rescue thproper action of Bcd as a transcriptional activator and
bcd-phenotype when expressed at high levels (Schaeffer et alnolecular morphogen requires a novel co-repressor(s) or
1999). These results further highlight the importance of the Neomplex(es) interacting with its self-inhibitory domain.
terminal region of Bcd, suggesting that this region may provide

most or all the functions required for Bcd actiarvivo. The

importance of the N-terminal region of Bcd is also evidencedMATERIALS AND METHODS

by the recent finding that this region of Bcd is evolutionarily

conserved. The Bcd proteins frdbmosophilaand a primitive ~ Plasmid construction

cyclorrhaphan flyMegaselia abditashare a highly conserved The plasmids used in this study are listed in Table 1. They were
domain in their N-terminal portions while their C-terminal constructed according to standard procedures (Ausubel et al., 1994;

region diverge dramatically (Stauber et al., 1999). Maniatis et al., 1982); more detailed information is available upon
I’(.pquest. All effector plamids for S2 cells express hemagglutinin (HA)-

In this report, we describe experiments that reveal a . : )
; . ) : . _tagged Bcd proteins from tligrosophila actin 5Gpromoter. Théocd
unexpected new function provided by the N-terminal regio CDNA gene and its derivatives all contain tifeglobin leader

of B.Cd' A self-inhibitory dom_aln located Immedlatel_y_ N'_ sequence from the vectbcdTN3 (Driever et al., 1989). The effector
terminally of the homeodomain can repress Bcd activity inyjamids for yeast cells were based on AAH5 (Ammerer, 1983),
reporter activation assays conducted Dnosophila tissue  whereas the plasmids for in vitro transcription/translation were
culture cells. Mutations in this domain, or its removal bybased on pGEM3 (Promega). The P-element-mediated germline
deletion, dramatically increase the activity of Bcd. Ourtransformation constructs were based on pCasp@&giitda vector
experiments demonstrate that this domain operates as kindly provided by Dr David Stein. HA-tagged wild tyjbed and
independent module that does not require any other sequend®§g(A52-56)cDNA genes (with thgs-globin leader sequence) were

of Bed and can repress the activity of heterologous activatorgolated asBanH| fragments and inserted into ttigglll site of

We further show that a Bcd derivative with point mutations irPCasperBeBgill.

the self-inhibitory domain causes severe defects in bothansient transfection experiments

embryonic patternlng and target _gene expression du_r'ngransient transfection assaysDmosophilaS2 cells were performed
development. The action of the self-inhibitory domain requiregs gescribed previously (Dave et al., 2000; Zhao et al., 2000). All CAT
a Drosophilaco-factor(s) absent in yeast cells, but our furthergtivities shown are normalizedfegalactosidase activity, which was
studies suggest that neither CtBP nor dSAP18 directly targ@kpressed from the control plasmid pD34@Z. The amount of cell
the self-inhibitory domain of Bcd. Our results suggest thalysates used in western blots was also normalizdgalactosidase

Table 1. Plasmids used in this study

Activator/Reporter Plasmid Notes Source
Effector plasmids for S2 cells
Bcd(WT) pFY442 Drosophila actin 5Gromoter This study
Bcd(92-489) pFY413 Drosophila actin 5Gromoter This study
Bcd(42-489) pFY414 Drosophila actin 5Gromoter This study
Bcd(52-489) pFY418 Drosophila actin 5Gromoter This study
Bcd(62-489) pFY419 Drosophila actin 5Gromoter This study
Bcd(72-489) pFY420 Drosophila actin 5Gromoter This study
Bcd(82-489) pFY421 Drosophila actin 5Gromoter This study
Bcd(1-389) pFY424 Drosophila actin 5Gromoter This study
Bcd(1-346) pFY449 Drosophila actin 5Gromoter This study
Bcd(1-246) pFY450 Drosophila actin 5Gromoter This study
BcdA(152-246) pFY416 Drosophila actin 5Gromoter This study
Bcd(A52-56) pFY436 Drosophila actin 5Gromoter This study
Bcd(1-389) (A52-56) pFY450 Drosophila actin 5Gromoter This study
Bcd(1-346) (A52-56) pFY452 Drosophila actin 5Gromoter This study
Bcd (1-246) (A52-56) pFY451 Drosophila actin 5Gromoter This study
BcdA(152-246) (A52-56) pFY498 Drosophila actin 5Goromoter This study
Bcd-GAL4(2-94) pAY503 Drosophila actin 5Gromoter This study
Effector plasmids for yeast cells
Bcd(WT) pFY480 LEU2; yeastADH1 promoter This study
Bcd (A52-56) pFY481 LEU2, yeastADH1 promoter This study
Plasmids for in vitro transcription/translation
Bcd(WT) pFY441 SP6 promoter This study
Bcd(A52-56) pFY432 SP6 promoter This study
Bcd(1-246) pFY443 SP6 promoter This study
Bcd(92-489) pFY7015 SP6 promoter This study
Reporter plasmids
hb-CAT pCZ3005 CATreporter plasmid Zhao et al., 2000
GAL4-CAT pG5-TATA-CAT CATreporter plasmid Lillie and Green, 1989
hb-lacz pMAB30R Integrating yeast plasmid Driever et al., 1989

Transgenidcdconstructs
Wt Bced pAY802 bcdpromoter/enhancer andBIR This study
Bcd(A52-56) pAY804 bcd promoter/enhancer andBTR This study
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activity. The cytoplasmic and nuclear fractions from S2 cells wereials left at room temperature for 18 to 24 more hours. Cuticles were
prepared according a modified protocol based on that described byepared according to the Hoyer's mountant method (Ashburner,
Gossett et al. (Gossett et al., 1989). 1989) and photographed by dark-field (whole cuticles) and Nomarski

] (head regions) microscopy.
Gel shift assays

The DNA probe used in gel shift assays contains a consensus BE#bryo staining and  Drosophila germline clones

binding site Al. Gel shift assays and Scatchard analysis were carri@tosophilaembryos were collected and stainedtibror otd mRNA

out according to procedures described previously (Dave et al., 2000sing digoxigenin-labeled antisense RNA probes as previously
Zhao et al., 2000); all DNA-binding reactions (total volumepB0  described (Jiang et al., 1990tBP germline clones were generated
contained 2ug poly (dl::dC). according to Nibu et al. (Nibu et al., 1998a).

Yeast strain and [-galactosidase liquid assays
The yeast strain used in this study is CY26::MA630R which containRESULTS
an integratedhb-lacZreporter gene in CY26 (Zhao et al., 2000). The

effector plasmids were introduced into yeast using the lithium acetafthe amino terminal region of Bcd represses its own
method (Ito et al., 1983), and three independent colonies were assamivity

for B-galactosidase units (Yocum et al., 1984). Fig. 1 shows our unexpected, initial observation that the N
GST pull-down assay terminus of Bcd (residues 1-91) can inhibit dramatically its

Expression of GST and GST-dSAP18 fusion in bacteria wa@Wn activity in a transient transfection assapmsophilaS2
performed as previously described (Zhang et al., 2000). Equivale®&€llS. In this assay, the full-length protein [Bcd(1-489)] and a
amounts of GST and GST-dSAP18 were used to pull down in vivéruncated derivative [Bcd(92-489)] were analyzed for their
translated ané>S-labeled Bcd derivatives. For each Bced derivative, aability to activate ahb-CAT reporter gene. This reporter
similar amount, as estimated by autoradiography, was used in the pulentains a Bcd-responsive enhancer element franthback
down assay. (hb), which is directly activated by Bcd during development
(Driever and Nusslein-Volhard, 1989). As shown in Fig. 1A,
Bcd(92-489) exhibits an activity 40 times greater than that of

P-element constructs containing either wild-type or miiadgenes the full-length protein on thbb-CAT re_porter. The_ activity .
were injected with transposase helper plasmid w&mbryos, and d|ffer_ence bet\_/veen these two proteins is not explained by their
transformant lines were mapped using standard procedures (RubRfCt€in levels in transfected cells (data not shown; also see the
and Spradling, 1982; Spradling, 1986). For cuticle examinationSyStematic titration analysis).

transgenic female flies were crossed wit® males and allowed to ~ To delineate the domain responsible for the observed
lay on grape agar for 24 hours. The flies were then removed and théference between the full-length protein and Bcd(92-489), we

P-element-mediated germline transformation and
phenotypic examination

A g\ §
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Fig. 1. The N-terminal domain of Bed :
inhibits its own activity. (A) A truncated Bcd - o
derivative [Bcd(92-489)] exhibits an activity - .-
higher than that of the full-length protein. Sl
CAT assay results frofrosophilaS2 cells
that were transfected with ti-CAT 1 2 3
reporter plasmid and effector plasmids that = Relative CAT activity - 100 4,020
express Bcd(1-489) or Bcd(92-489). The
CAT activity for wild-type Bcd (expressed ' ’
from 1pg transfected effector DNA) on this [n | [ car |

reporter is arbitrarily assigned as 100
throughout this report. The standard error B
(s.e.m.) for the activity of Bcd(92-489) on HD
hb-CATwas 23%. While the representative 1+ Bed(1-489) [ -
CAT assay results shown here were obtained; geq(42-489) [ -
with the same length of enzymatic reaction
time (30 minutes), accurate CAT activities 3. Bed(52-489) (— |
(as measured numbers) were obtained with Bed(62-489) C . ‘
I
(-
||

different lengths of reaction time to keep the

assays in the linear range. (B) Delineating 5. Bed(72-489)
the self-inhibitory domain of Becd. Shown are
CAT activities for the N-terminal deletion
derivatives of Bcd in transient transfection 7. Bed(92-489)
assays on thieb-CATreporter. The

homeodomain (HD) of Bed (residues 92- 0 1000 2000 3000 4000 5000 6000
151) is marked. Relative CAT activity

6. Bed(82-489)
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A C
Fig. 2. Alanine mutations at residues 52-56 of full-length HD 489 o =
Bcd increase its activity. (A) Wild-type Bcd and — | F 3000
Bcd(A52-56), which contains five alanines at positions N g 0
52-56 of full-length Bcd. HD, homeodomain. (B) CAT 52 56 £ 2000
assay results from S2 cells that were transfected with PFDLL Bed(WT) © 100
increasing amounts of effector plasmids expressing wild- ¢ vVYVYy ,”_5‘ 1000
type Bcd or Bcd(A52-56): 0.2g (lanes 2, 6), 0.Ag AAARAR Bed(A52-56) T o
(lanes 3, 7), 1.0g (lanes 4, 8), 2.Ag (lanes 5, 9). Lane 1 P S . -
shows the result from cells transfected with an empty 0 a5 i i ' -
vector expressing no Bcd. All CAT reactions shown here ’ DNA: . td‘( ; ’
were carried out in 30 minutes. (C) A plot of CAT Bed(WT) Bed(AS52-56) Rl
activities against the amount of the transfected effector — — | ]
DNA. To measure accurately the activity difference .
between the proteins, a shorter length of the CAT reactiop JET,T)/-T JB:‘E“E/‘&/]
time was used for the mutant protein (also see legend to| @ & & m -
Fig. 1). (D) Western blot analysis showing the total - - - -
an%ou)nt(of)Bcd proteins in traﬁsfected ceﬁs. The amount > S S S & ® & & & T —— -
of transfected DNA is the same as in B. 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

generated and analyzed Bcd derivatives with its N-terminatytoplasmic sequestration and recruitment of co-repressors. To
region progressively deleted. Our results shown in Fig. 1Binderstand the mode of action of the self-inhibitory domain of
demonstrate that the first 51 amino acids of Bcd can bBcd, we specifically determined the subcellular distribution of
removed without increasing its activity. By contrast, deletiorBcd(A52-56) and wild type Bcd in transfected cells. Our
derivatives lacking the first 61 amino acids or moreresults show that both proteins are predominantly localized to
dramatically increase the activity of Bcd. These results definéhe nucleus in a similar manner (Fig. 3A), suggesting that the
a 40 amino acid domain of Bcd (residues 52-91) — possiblgelf-inhibitory domain does not function by sequestering the
much smaller because its precise C-terminal border has nptotein in the cytoplasmic region. It is interesting to note that
been defined — that can repress its own activity. We refer #cd is not strictly localized to the nucleus, a finding that is
this domain, which is located immediately adjacent to itonsistent with its previously demonstrated role of translation
homeodomain, as a self-inhibitory domain. inhibition (Chan and Struhl, 1997; Dubnau and Struhl, 1996;
Our deletion analysis shown in Fig. 1B further suggests th&ivera-Pomar et al., 1996).
residues 52-61 play a most crucial role in the self-inhibitory To determine whether the self-inhibitory domain of Bcd
function. Five residues in this region (52-56) share significantvorks by affecting its DNA-binding function, we carried out
homology with a consensus motif interacting with CtBP, agel shift studies in vitro (Fig. 3). Full-length Bcd proteins were
major co-repressor ibrosophila (see below). To determine either synthesized in vitro or expressed in transfected S2 cells.
the importance of residues 52-56 in regulating Bed activityQur results show that, in gel shift assays, both wild-type Bcd
we generated a full-length Bcd derivative, Bcd(A52-56), withand Bcd(A52-56) synthesized in vitro bound to a consensus
these five amino acids changed to alanines (Fig. 2A). ABcd site with a similar affinity (Fig. 3B). Dissociation constant
systematic titration assay of this Bcd derivative and the wild¢Kp) measurements (Fig. 3C,D) of these two proteins
type protein was performed, using increasing amounts axpressed in S2 cells further revealed a comparable DNA-
effector DNA for transfection. Our results show that, under albinding affinity [estimatedKp values for wild-type Bcd and
protein concentrations analyzed, Bcd(A52-56) was 18-28cd(A52-56) were 3.0+0.9 nM and 4.0£0.5 nM, respectively].
times more active than the wild-type protein (Fig. 2B,C). MoreThese results demonstrate that the self-inhibitory domain of
importantly, this mutant protein was more active than the wildBcd does not inhibit its DNA binding function, thus making
type protein even when it was expressed at lower levels thain highly unlikely that this domain physically masks its
the wild-type protein (Fig. 2C,D). As Bcd mutants with critical homeodomain (Amendt et al., 1999).
residues individually mutated also exhibited higher activity S o _
(not shown), it is unlikely that the five alanine residues inThe self-inhibitory domain is an independent
Bcd(A52-56) may have created fortuitously an alanine-ricinodule that does not require any specific Bed
activation domain responsible for the observed strong Bcgequences and can repress the activity of
activity. Together, our experiments demonstrate an essentiagterologous activators
role for residues 52-56 of Bcd in repressing its own activity. To further determine whether the self-inhibitory domain of
Bcd specifically targets any other regions of the protein, we

The self-inhibitory domain of Bcd does not affect its measured the activities of various deletion derivatives in
properties of subcellular localization and DNA transient transfection assays (Fig. 4A). For each deletion
binding derivative, a pair was tested, one with residues 52-56 mutated

As further outlined in the Discussion, protein domains withto alanines [Bcd(A52-56)] and the other wild type. Our

self-inhibitory properties have been identified on otherexperiments demonstrate that the mutant proteins in each pair
transcription factors. These domains exert their inhibitoryvere always more active than their wild type counterparts (Fig.
functions by different mechanisms, ranging from4A). Specifically, these experiments show that neither residues
intramolecular interactions that conceal specific functions t@46-489 (lines 2-4) nor residues 152-246 (line 5) are required
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Fig. 3. Neither subcellular localization nor DNA binding is affected by mutations in the self-inhibitory domain of Bed. (A) Wedtezauile

for wild-type Bcd and Bcd(A52-56) in nuclear (N) and cytoplasmic (C) fractions of the transfected cells. Lanes 1 and 2neqrisé&mom

cells that were transfected with an empty effector plasmid expressing no Bed. (B) DNA-binding assay using Bcd proteinscymtnean

vitro transcription/translation system. The left panel shows the proteins (labeledSyitind the right panel shows the gel shift results using a
32p-labeled DNA probe containing a Bed binding site. In both panels, lanes 1 to 3 represent no Bed, wild-type Bed and Bgd(A52-56)
respectively. The Bcd-DNA complex is marked with a solid arrowhead. (C) Gel shift assays for a Scatchard analysis totdetermine
dissociation constant&) for wild type Bcd (left panel) and Bcd(A52-56) (right panel) expressed in S2 cells. In this assay, the nuclear extracts
generated from transfected S2 cells were used in gel shift assays with increasing concentrations of the radioactiveNAgireleel D
5x1010M, 1x102M, 2x10°M, 5x109M, 1x108M and 3.%108 M for lanes 1 to 6, respectively. The solid arrowhead indicates the full-
length Bcd-DNA complex, which was not formed using nuclear extracts made from non-transfected cells (not shown); smakenbamds
the gel are presumably complexes containing breakdown products of Bcd. Quantitation was based on the amount of th@ &aHDeyth
complex. (D) Scatchard plots for wild-type Bcd and Bcd(A52-56) expressed in S2 cells. Three independent assays yieldsediipestim
value (—-1Kp=slope) of 3.0+0.9 nM and 4.0+0.5 nM for wild-type Bcd and Bcd(A52-56), respectively.

Fig. 4. The self-inhibitory domain of

Bcd works as an independent modul Relative CAT activity

\(Iﬁl)dl_)t%eélg? gsé?/:g;?;é))j‘ vE\;/grje il;g;i Bed(WT) Bed(A52-56) Fold Difference
in transient transfection assays. The _ i :2:

derivative shown at the bottom (6) b 10 2400372 240
contains the DNA-binding domain of =~ 2 Bed(1-389) [ EE— 720£17.6 1225+ 218 17.0x
GALA4 (residues 2-94) in place of the s Bod(1as I —

homeodomain of Bcd. The activities, ~ %% 234£59 576+ 104 24.9¢
shown in the table, of the wild-type @ 4. Bed(-246) — — 230465 460+ 48 20.0x
mutant forms of this hybrid protein

were obtained from th6AL4-CAT 5 Boa(s [ W ] 20525 595+ 142 30%
reporter gene, which contains five 6 BodGALARZOY) [ 100+ 610+ 153 6.1x
GALA4 sites upstream of tHeAT gene. GAL4 '

All other derivatives were assayed o

thehb-CATreporter gene. *The . o

activity of the wild type Bcd-GAL4(2- B Relative CAT activity

94) hybrid protein on th&AL4-CAT Bed(WT) Bcd(A52-56) -Bed
reporter is assigned as 100, a stand:

for the relative CAT activity shown in | o1 o1 caLa1ane6 560+ 24 9208+ 1830 2230+ 445
B. (B) The self-inhibitory domain of Bed  GAL4 B42

Bcd can repress the activity of 2. Bed(1-91)-GAL 4(1-147)-B42 C zzzz7mem 1880 + 126 9525+ 1710 N.D.

heterologous activators. Activities of

hybrid activators that contain the DNA-binding domain of GAL4 (residues 1-147) fused to bacterially derived activation s€g6Gemze
B42) are shown in the table. In addition, the first 91 amino acids of Bcd, either wild type or Bcd(A52-56), were attacivtetoniheof
these activators. The column designated —Bcd shows results of an activator lacking any Bcd sequence.
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for the action of the self-inhibitory domain. As shown already Table 2. The action of the self-inhibitory domain of Bed
in Fig. 1C, the first 51 N terminal amino acids are not require requires aDrosophilaco-factor(s)
for the action of the self-inhibitory domain.

The homeodomain of Bcd was present in all of our deletiol
derivatives described in Fig. 4A (lines 1-5). As discusset Wid-ype Bod 100 100
above, our gel shift results (Fig. 3B-D) argue against th lid-type B¢
possibility that the self-inhibitory domain inhibits the DNA- Bed(A52-56) 2400+372 50£7.2
binding function conferred by its homeodomain. To further shown are activities of wild-type Bed and Bed(A52-56) either omthe
analyze any possible role of the homeodomain in the action (CATreporter gene in S2 cells or on an integrétiedacZreporter gene in
the self-inhibitory domain of Bcd, we generated a hybrid Bccyeast Ced"s- Tlhc?oa(%trilvmes of Wlild;Wps Bed in_teaéch a_Slzaty are agbgradrilxsz
protein (Flg' 4A’ line 6) with its home_o domain replace_d byggfli(‘:r]]n;eazfcells; aree4e7)fe§r?da(2:3?§|, r?ess(:)g(?tlivsels.rme C)f'l?;:r;ivitigs(are from
the DNA-binding domain of GAL4 (residues 2-94). Again, arig. 2 (1.0ug transfected effector plasmid).
pair of these derivatives were analyzed, either wild type ¢
Bcd(A52-56). For this assay, the CAT reporter gene contair
GAL4-binding sites upstream. Our experiments show that theequires a co-factor(s) that is presenDirosophilaS2 cells
mutant Bcd(A52-56)-GAL4 hybrid protein was over six timesbut missing in yeast cells.
more active than its wild-type counterpart (line 6), further o _ ) _
demonstrating that the homeodomain of Bcd is not necessaBgd(A52-56) exhibits a dominant, gain-of-function
for the action of the self-inhibitory domain. effect, causing severe embryonic defects

We conducted experiments to determine further whether thEo determine the biological role of the self-inhibitory function
self-inhibitory domain of Bcd is transferable, i.e. whether it carof Bcd during embryonic development, we generated
work on entirely heterologous activators. For this analysis, th#ansgenic flies expressing Bcd(A52-56). The P-element-
N-terminal domain of Bcd (residues 1-91), either wild type omediated transformation vector used in our study contains both
Bcd(A52-56), was attached to two different activators, GAL4the native enhancer and 3R of bcd We reasoned that the
B6 and GAL4-B42. These two activators contain the DNA-strong activation function of Bcd(A52-56) may exhibit a
binding domain of GAL4 (residues 1-147) fused to bacteriallldominant gain-of-function effect iDrosophilaembryos that
derived activation domains that have different activatiorcauses developmental defects. We systematically examined
potentials (Ma and Ptashne, 1987b). When assayed @Afhe cuticle phenotypes of embryos frobtd" females carrying
reporter gene containing GAL4 binding sites, both activatorgither one or two copies of tiwed(A52-56)ransgene for nine
with the Bcd(A52-56) N terminus exhibited higher activity independent lines that are viable homozygously, as well as
than their wild-type counterparts (Fig. 4B), demonstratinga female sterile line1l8A (Table 3). As a control, we also
that the self-inhibitory domain can function on entirely analyzed embryos from females carrying one or two copies of

Relative activity

Drosophilacells Yeast cells

heterologous activators. the wild-typebcdtransgene for seven independent lines.

Table 3 summarizes our cuticle examination data and Fig. 5
The function of the self-inhibitory domain requires a shows the representative phenotypes. For all the independent
Drosophila factor(s) absent in yeast cells lines examined, we observed defective embryos frodA52-

Our studies described thus far demonstrate that the seB6) transgenic females. These defective embryos can be
inhibitory domain of Bcd is an independent module that doesategorized into two classes according to the severity of their
not target any specific sequences from Bcd and can work dread defects, moderate (Fig. 5B,F) and severe (Fig. 5C-H). For
heterologous activators. One attractive model consistent withoth classes, the anteroposterior polarity is intact with
these findings is that this module provides a docking site fatetectable, but often reduced, filzkorper (a posterior marker) at
a Drosophila co-repressor(s) or complex(es) that ~— -

inhibit transcription. To test this hypothesis, we anal
the activities of full-length Bcd proteins, either wild t
or Bcd(A52-56), in yeast cells that contain an integr
hb-lacZ reporter gene. Our experiments show tha
striking contrast to its behavior iDrosophilaS2 cells
Bcd(A52-56) did not have an increased activity (Tabl
it actually exhibited a moderately reduced activity w
compared with the wild-type protein. These res
suggest that the action of the self-inhibitory don

Fig. 5.Bcd(A52-56) causes severe patterning defecBrasophila

embryos. (A-H) Representative cuticle phenotypes of embryos from
bcd(A52-56)ransgenic females (A-D) and higher magnification showing
their corresponding head regions (E-H). Both moderate (B,F) and severe
(C-H) phenotypes are shown for embryos fimed* females carrying one
copy ofbcd(A52-5618A A and E represent a completely normal embryo D
from bed" transgenic females carrying two copie$ofl(A52-56or
transgenic ling-4 (see Table 3). Cuticles are orientated with anterior
towards the left and (except C,G) dorsal upwards.
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Table 3. Phenotypic analysis of embryos frorhcd(A52-56)  56), rather than P-element insertion locations of the transgene.

transgenic females Second, the frequency of defective cuticles, in general, is
Copy Moderate Severe Total S|gn_|f|cantly higher in embryos from females carrying two
Line number n (%) (%) (%) copies of the transgene than from females carrying one. This
32 1 16 2 7 11 is consistent with the observation that the total amount
2 38 21 18 39 of Bcd(A52-56) in 0-4 hour embryos from transgedi@A
3.3 1 12 0 0 0 females was among the highest in several selected transgenic
2 39 5 3 8 lines analyzed (not shown), but the difference is no more than
3-4 1 87 5 0 5 a few fold at the most. Third, the frequency (penetrance) of
2 33 3 12 15 defective embryos does not dictate the distribution among the
3-5 1 45 0 9 9 two classes of phenotypes. This finding contrasts with the
2 22 9 14 23 observation that an excessive amount of wild-type Bcd
3-6 ) o o 3 . enhances both the total frequency of all cuticles that are
38 1 70 4 7 1 defective and the percentage of the severe ones (Namba et al.,
> 48 8 0 8 1997). It further sugges_ts_that the p_henotypes caused by
3.10 1 40 75 25 10 Bcd(A52-56) reflect its distinct properties, as opposed to a
2 94 33 11 44 mere increase in protein levels. Fourth, the examination of
2-4 1 70 7 3 10 embryos frombcdt females carrying one or two copies of the
2 16 9 25 34 wild-type becdtransgene directly argues against the possibility
18A 1 230 28 72 100 that the observed phenotypes conferred by Bcd(A52-56) were
Wild-type 1 48 2x 0 2 caused by a mere increase in protein levels (Table 3). In this
W'tI)dC(tj(Z_l) i 5525 ‘(‘)* 01 42 case, defective embryos were observed only at very low
ild-tvpe . . .
bcd)g-@ 5 o8 > 0 3 frequencies for all but one line examined and, more

importantly, the embryonic defects were generally restricted to
Embryos frombcd* transgenic females carrying either one or two copfies o the abd(?m_ma' region without the head m_a|f0rmat|0n3
thebcd(A52-56)fransgene were scored according to their cuticle phenotypescharacteristic of embryos frobtd(A52-56) ransgenic females

For linebcd(A52-56384 only embryos from females carrying one copy of the (see legend to Table 3 for further details).
transgene were examined because the penetrance of defective embryos was

already 100%. See text for description of the two phenotypic classes Cd(A52-56) causes severe alterations in target
(moderate and severe). Embryos from females carrying one or two copies OF’

wild type bedtransgene were also scored for seven independent transgenic 9€Ne expression during embryonic development
lines, with the results of two representative lines shown. To determine how Bcd(A52-56) affects the expression of Bed
e o o e s e o e g Barget genes, we condusted in si hybricization assaybfor
56) transgene (i.e. the head region is noeraI for these embryos). The defecté"mdorthOdent'Cle(Otd) in embryos from females that carry one
in these embryos are generally restricted to the abdominal region, most ~ COPY Of bcd(A52-56)84 These embryos were chosen because
frequently with fused or deformed A4 and/or A5. For one of the wild-type ~ 100% of them exhibited developmental defects (Table 3). Our
?CdtrlansgeniC_ linesx2) Pixamine_d, 22f°?hantd 89% of the embtf_yols from data shown in Fig. 6 reveal the following results. First, the Bcd-
m rryin n r twi | ran ne, ri IV wer H H H
deefe?:{ei\?e(?all-lgwe%/gr,?h% macj)ocric:)e gfs tﬂeseede?e(ftgig\?e g}nsfycfsc(lgg% :ng (il%dep(:"'.’]dent expreSS|_0n domains of bath and otd in the.
from females carrying one or two copies of the transgene, respectively) ~ anterior are dramatically expanded towards the posterior at
exhibited no head defects that are typical of the embryoshinith52-56) different developmental stages (e.g. compare C with D and |
transgenic females. Copy number, the number of transgenes in females;  with J), demonstrating that Bcd(A52-56) can activate these
number of cuticles examined (naked cuticles lacking recognizable anterior target genes much more effectively in embryos. The posterior
structures not scored). . . . .
shift of the expression domains of these target genes is
consistent with both a posterior shift of segmentation gene
the posterior. However, the denticle bands are often fused expression stripes (not shown) and our observed cuticle
distorted for both classes, frequently lacking the entire A4-Aphenotypes resulting from a failed or incomplete head
region (Fig. 5B) or its various sections, thus causing théwolution (Fig. 5). In embryos containing Bcd(A52-56), the
embryos to be much smaller. For the moderate class, thparasegment 4 (PS4) domain bb at a later stage is
cuticles generally have a recognizable, but significanthdramatically shifted toward the posterior (Fig. 5F), further
deformed head (the cuticle shown in B has the mildest healiustrating a posterior shift of the fate map of these embryos.
defect in this class). The mouth parts are formed but positioned Second, the Bcd-dependent anterior expression domain of
improperly (F), sometimes detached from the rest of the heaatd (and to a lesser extelnib) retracts from the anterior tip upon
skeleton. The dorsal bridge and posterior wall of the pharyngellularization in both wild-type embryos and those containing
are often not formed, and the Lateralgraten are reduced (Brd(A52-56), suggesting that the self-inhibitory domain is
or completely non-existent. For the severe class, headhlikely to be solely responsible for mediating the Tor-
deformation is more dramatic, often with only scrambledrepression (Janody et al., 2000; Ronchi et al., 1993). As
remnant head skeleton and mouth parts (G); sometimes tBed(A52-56) is a much stronger activator than the wild type
entire anterior region is missing or the anterior has a hole (Hprotein, our finding that anterior retraction can proceed in
The analysis shown in Table 3 enables us to draw thembryos containing Bcd(A52-56) indicates that Tor-mediated
following conclusions. First, as the same phenotypes wenepression cannot be overcome by a strong Bcd activator.
observed for all the independent transgenic lines examined, Third, the expression domainlalf at the posterior is greatly
these phenotypes reflect the biological properties of Bcd(A5Zeduced (Fig. 5D,F) or missing. Both this expression domain
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Wt Bed Bed(AS52-56)

. . Fig. 7.Bcd-dependent activation bb andotd is unaffected in
Fig. 6. Bcd(A52-56) severely affects the expression patterns of targeér%bryos frompP159O GLCs. Cellularizing (A,B,E,F) and cellularized

genes irDrosophilaembryos. Shown are embryos frad* (C.D,G,H) embr
. . yos were hybridized with digoxigenin-labédied
Lergﬂiszcgé;g’,kn% ek;th;r né) (Atr(]: dEGI) or.onle t():c)l%BAD':,F,H,Jz dOf (A-D) or otd (E-H) antisense RNA probes. Embryos are oriented
cd(AS2- » hybridized with digoxigenin-iabe (A-F) oro with anterior towards the left and dorsal upwards. Wild-type embryos

(G-J) antisense RNA probes. Different developmental stages are (left column) are compared with embryos from P1590 GLCs (right

shot\)/vn: pr?z-('::elllglarE(A,bB), ceIIuIarlgln? (c(i:Dtr?H)t a!‘d tcellulfarlztehd column), which have greatly reduced maternal CtBP function. No
embryos (E,F,J). Embryos are oriented with anterior towards the change is detected in the expression pattern of either gene with the

left and dorsal upwards. exception of the latérb pattern (D), which shows a posterior
expansion of the PS4 stripe (*), and an anterior expansion of the

posteriorhb domain. This perturbation is only detected in a small
and the PS4 domain bbare thought to be regulated in a Bcd- ercentage (~10%) of embryos from P1590 GLCs. See text for

independent manner (Margolis et al., 1995; Schroder et akyrther details.
1988; Tautz, 1988). In particular, previous studies have shown
that the posterior expression domairhbfis repressed by the
Hunchback protein (Hb) itself (Margolis et al., 1995; Struhl eembryos (Poortinga et al., 1998). To disrupt mate@i&P
al., 1989). It is possible that the dramatic posterior expansioactivity, we generated germline clones (GLCs) that are
of the Bcd-dependent anteridtb expression domain may homozygous for the P-element insertion (P1590) using the
contribute to the reduction or elimination of the posterioF=RT-ovoDtechnique (Chou et al., 1993). Previous experiments
domain. Taken together, our phenotypic and staining analysigve shown that this technique disrupts the early functions of
of embryos containing Bcd(A52-56) demonstrate that the selthose repressors known to interact with CtBP, including Hairy,
inhibitory domain of Bcd is required for proper embryonicKruppel (Kr), Knirps (Kni) and Snail (Morel et al., 2001; Nibu
patterning and target gene activation during development. et al., 1998a; Nibu et al., 1998b; Poortinga et al., 1998).
o ) . Fig. 7 shows the in situ staining results fdr andotd in
The self-inhibitory domain of Bcd is targeted by a wild type or embryos from P1590 GLCs. There is no detectable
novel co-factor(s), rather than CtBP or dSAP18 change in the early expression patterns of these two genes, as
As discussed above, residues 52-56 of Bcd, PFDLL, shajadged by both their posterior borders and relative expression
similarity with the consensus motif for CtBP interaction,levels (Fig. 6B and 6F, compare with 6A and 6E, respectively).
PLDLS, where the underlined residues are invariable (Postigm addition, both genes appear to be downregulated at the
and Dean, 1999). CtBP is a major co-repressor that mediatasterior tip, indicating that CtBP does not mediate the
the activity of a variety of transcriptional repressors inrepression of Bcd activity in this region. These results are
Drosophila and other organisms (Criqui-Filipe et al., 1999;consistent with the previous finding that the disruption of
Deconinck et al., 2000; Meloni et al., 1999; Nibu et al., 1998amnaternalCtBP does not grossly affect gap gene expression in
Nibu et al., 1998b; Poortinga et al., 1998; Postigo and Deamrosophila embryos (Nibu et al., 1998b; Poortinga et al.,
1999; Schaeper et al., 1995; Sollerbrant et al., 1996; Turner ad98). Furthermore, most embryos from P1590 GLCs
Crossley, 1998). To test whetHerosophilaCtBP is involved  exhibited normahb expression in both the PS4 domain and
in modulating Bcd function, we analyzed the expressidmbof the posterior domain at a later stage (not shown). However, in
and otd in embryos containing disruptions @tBP activity.  a small percentage (~10%) of embryos from P1590 GLCs, the
CtBP is expressed maternally and zygotically, and norther®S4 stripe (marked *) expands posteriorly, and the posterior
blots show a complex expression pattern in eBriysophila  domain is expanded toward the anterior (Fig. 7D). These
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Our results (Fig. 8) demonstrate that, as expected, wild-type

& = g

- % 3 3 Bcd can interact with dSAP18 (lanes 1, 2). However, Bcd(A52-

2 e =1 2 56), which has a defective self-inhibitory function, interacted

= & 2 & with dSAP18 similarly, suggesting that dSAP18 does not target
e T T2 T2 Bcd through the delineated self-inhibitory domain. Consistent
z z z B with this suggestion and the findings described in a recent

4 P ) 4 report (Zhu et al., 2001), our experiments further show that

B R OB BB BB E dSAP18 can interact with Bcd(92-489), which lacks the entire
© ¢ © © © © © © N-terminal domain (lanes 7, 8). Taken together, these studies
- B & suggest that self-inhibitory domain of Bcd delineated in this
" - . report represses its own activity by interacting with a novel

3 - - - Drosophila factor(s) or complex(es), other than CtBP and

1 2 3 4 5 6 7 8 dSAP18.
Fig. 8.Interaction between Bcd and dSAP18. Shown are results of
GST pull-down experiments in which bacterially expressed GST- DISCUSSION
dSAP18 (lanes 2, 4, 6 and 8) or GST alone (lanes 1, 3, 5 and 7) were
used to pull down in vitro translated and radioactive labeled Bcd  1hg experiments described in this report reveal a self-inhibitory
Pl Note It e B dervates e puled doun Y GST- - gomain of Bed (residues 52-91) that can dramatcal repress
its own activity in bothDrosophila tissue culture cells and
embryos. Many transcription factors have been shown to

alterations may be due to disruptions of the functions of thpossess domains that have similar self-inhibitory properties.
gap proteins Kr and Kni, which are expressed in the regiomhese domains repress their proteins’ own activity through a
between these twohb domains. Consistent with this variety of mechanisms. For example, Nkx2-5 and C[EBP
hypothesis, previous experiments have shown that Kni may alsve been shown to contain self-inhibitory domains that
as a repressor of the PS4 stripe (Kosman and Small, 199%nceal their transcriptional activation functions (Chen and
Wimmer et al., 2000). Schwartz, 1995; Durocher et al., 1997; Kowenz-Leutz et al.,

These experiments suggest that disrupting maternal CtBF94). Second, both PITX2 and Lab proteins possess
function does not change Bcd activatiornbfor otd. However,  inhibitory domains that can affect their DNA-binding function,
as the P1590 insertion does not completely remove maternasulting from proposed intramolecular interactions (Amendt
function (M. Levine, personal communication), and does nogt al., 1999; Chan et al., 1996). Third, an inhibitory motif of
affect the zygotic paternal contribution, it is possible that lonthe homeodomain protein ESX1 sequesters that protein in the
levels are sufficient for inhibiting Bed activity. As mutants thatcytoplasmic portion of cells (Yan et al., 2000). Fourth, both the
completely lack maternal CtBP are not available, we analyzegeast activator GAL4 and the tumor suppressor protein p53
in S2 cells the activity of a full-length Bcd mutant with residueshave their activation domains masked by repressor proteins that
52-56 (PFDLL) converted to the consensus CtBP-interactingecognize sequences overlapping their activation domains
motif PLDLS. If CtBP is involved in the self-inhibitory (Johnston et al., 1987; Ma and Ptashne, 1987a; Oliner et al.,
function of Bcd, this mutant Bed should further reduce its1993; Uesugi and Verdine, 1999). Finally, some activator
activity. By contrast, this mutant Bcd was about 17 times morproteins, such as LIM homeodomain proteins (Bach et al.,
active than the wild-type protein in S2 cells (not shown)1999), adenoviral activator E1A (Schaeper et al., 1995;
Together, these experiments argue against CtBP as an esser@iallerbrant et al., 1996) and steroid hormone receptors
co-factor involved in the self-inhibitory function of Bcd. (Torchia et al., 1998), can recruit co-repressors that in turn

Amino acids 52-56 of Bcd, PFDLL, are not similar to theactively inhibit transcription.
previously defined motifs for interaction with Groucho, We currently favor a co-repressor model based on the
another major co-repressor present in the early embryo (Chéwillowing results and considerations; in this model, a co-
and Courey, 2000; Tolkunova et al., 1998; Zhang and Levineepressor(s) or complex(es) specifically interacts with the self-
1999; Zhang et al., 2001). However,Daosophila protein  inhibitory domain of Bcd, thus inhibiting its transcriptional
called Binl was recently isolated as edHnteracting protein  activation function. First, our results argue against a role of the
in a custom-design yeast two-hybrid system (Zhu and Haneself-inhibitory domain in subcellular localization and DNA
2000). This protein shares homology with the SAP1&inding (Fig. 3). Second, our data show that this domain works
component of a mammalian histone deacetylase comples an independent module that does not specifically target any
(Zhang et al., 1997). Histone deacetylase complexes represether sequences of Bcd and can repress the activity of
another major mechanism of transcription repression (for heterologous activators (Fig. 4). We note that the magnitude of
review, see Ahringer, 2000). Interestingly, dSAP18 (Binl) hasepression by the self-inhibitory domain in some of our hybrid
also been shown to interact with anothBrosophila  activators is decreased (Fig. 4), suggesting that Bcd sequences
transcription factor GAGA both biochemically and genetically(particularly the neighboring homeodomain), though not
(Espinas et al., 2000). To determine whether dSAP18 directiyecessary, may play a contributory role. Third, our experiments
targets our delineated self-inhibitory domain of Bcd, wefurther suggest that the action of the self-inhibitory domain
conducted a GST pull-down analysis. In this assay, bacteriallequires aDrosophila protein(s) that is missing in yeast cells
expressed GST-dSAP18, or GST alone, was used to pull dowffable 2). Our results are consistent with the idea that CtBP
in vitro translated and radioactively labeled Bcd derivativesand dSAP18 do not directly target Bcd through the self-
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inhibitory domain (Figs 7 and 8). These findings suggest thpreviously (Arnosti et al., 1996; Lehman et al., 1998; Ma et al.,
existence of a novel co-repressor(s) or complex(es) thd©99), hb and otd can be activated by fewer Bcd(A52-56)
regulates Bcd activity inDrosophila The isolation and molecules (than wild-type molecules) in the more posterior
characterization of such co-repressor molecule(s) will enhangeart of the embryo.
our future understanding of the molecular mechanisms of Another domain of Bed (residues 300-340, alanine-rich) was
transcriptional activation and pattern formation by Bcd duringshown recently to also exhibit an inhibitory function (Janody
embryonic development. et al.,, 2001). Besides their different physical locations and
Our analysis of embryos fronbcd(A52-56) transgenic amino acid compositions, there are several other important
females reveals a dominant, gain-of-function effect causindifferences between the self-inhibitory domain delineated in
developmental defects in both head and abdominal regionthis report and that newly described domain. First, the self-
These phenotypes share resemblance to those caused by a Behlibitory domain described here represses transcription over
VP16 fusion protein which contains the strong activatior20-fold in deletion assays (Fig. 1), whereas a single alanine-
domain VP16 (Driever et al., 1989). Interestingly, an excessivéch domain only represses transcription threefold (its effect is
amount of wild-type Bcd produced from six copiepofican  significantly enhanced when multimerized). We note that a
also cause head and abdominal defects in a fraction of tiBxd derivative lacking the alanine-rich region also causes a
embryos (Namba et al., 1997). It is relevant to note tihada posterior shift of thehb expression domain in embryo
cDNA transgene in our P-element vector pCaSpeBBliEd (Schaeffer et al.,, 1999), though less dramatically than
was estimated to produce, on average, approx. half the amouwBtd(A52-56). Second, the self-inhibitory domain can work on
of Bcd protein as an endogenobed gene (Driever et al., heterologous activation domains (Fig. 4B), in addition to those
1990). Compared with wild-type Bcd expressed from sixfrom Bcd, suggesting an active repression mechanism. Third,
copies ofbcd, Bcd(A52-56) can cause embryonic defects at ahis domain has been systematically dissected by deletion and
much higher penetrance (100% in lit8A) and at a much point mutations (Figs 1 and 2; C. Z. and J. M., unpublished).
lower concentration (~1/8). We note that two copies of wildFinally and most importantly, while point mutations in the self-
type bcd cDNA transgene only caused moderate abdominahhibitory domain cause severe developmental defects (Fig. 5),
defects at a low frequency in most of the lines examined (Tabtbe entire C-terminal half of Bed, including the alanine-rich
3). This observation is consistent with the estimate that twdomain, can be deleted (Schaeffer et al., 1999).
copies of our transgene are equivalent to only one copy of Although our transgenic studies demonstrate that the self-
genomicbcd inhibitory function of Bed is important for proper embryonic
The head defects caused by Bcd(A52-56), like those by Begbattern formation ilbrosophilg it is not completely clear how
VP16 and excessive amounts of wild-type Bcd (Driever et althis function is regulated by other developmental cues. Our
1989; Namba et al., 1997), are presumably due to a failed oesults show that the action of the self-inhibitory domain is not
incomplete head involution resulting from the posterior shift ofesponsible for Tor-dependent repression upon cellularization
the fate map. It is possible that both Bcd-VP16 and Bcd(A52(ig. 6), although we cannot rule out the possibility that the
56) may have additional molecular consequences associatself-inhibitory domain may play a contributory role in this
with their strong activation functions. It remains to beprocess. In addition, it has been shown that self-inhibitory
determined whether, for example, Bcd(A52-56) causes thdomains of other proteins are involved in synergistic activation
developmental defects, in part, by activating zygotic genes thatith co-factors (Amendt et al., 1999; Durocher et al., 1997).
are normally not targets of Bcd in embryos. The self-inhibitory domain of Bcd may similarly participate in
The expression domainsiufandotdin embryos containing synergistically activating transcription with othBrosophila
Bcd(A52-56) are expanded dramatically towards the posteridactors, such as Hb (Simpson-Brose et al., 1994). Furthermore,
(Fig. 6). Interestingly, we did not observe any obvious increasas the N-terminal region of Bcd is also engaged in self-
in the intensity of their expression in these embryos. It imssociation and cooperative DNA binding (Yuan et al., 1996;
possible thahb andotd are expressed, in response to the Bcdzhao et al., 2000), enhancer architecture [i.e. the arrangement
gradient, at levels that are already maximal in wild-typeof DNA sites for Bcd (Yuan et al., 1999) and other factors] may
embryos. According to this idea, the consequence of thiafluence how Bcd molecules are positioned on different
stronger activator Bcd(A52-56) is not an elevated levdilof enhancers and, thus the availability of the self-inhibitory
and otd expression, but rather, a posterior shift of theirdomain for interacting with the proposed co-repressor(s).
expression domains. It has been shown that the activatir@iven its intricate morphogenetic role in instructing embryonic
strength of an activator can actually influence its in vivo DNA-patterning, an intriguing possibility exits that Bed itself may
binding ability (Tanaka, 1996). In particular, activators withfunction as an active repressor in a context-dependent manner
stronger activation domains can bind DNA at lowerduring embryonic development.
concentrations in vivo, presumably because a stronger
interaction with the basal transcription machinery can facilitate We thank members of the following laboratories at CHREF,
their DNA binding function at low concentrations. Although |nclqd|ng ourown,.fordlscussmns and tgchnlcal help: Drs B. Aronow,
our experiments demonstrate that both wild type Bcd ang: Lin: J- Molkentin, M. Sussman, D. Wiginton and C. Yan. We also
Bcd(A52-56) have a similar affinity to a single Bcd bindingt ank Dr D. Stein for providing us with the transformation vector and

e . . . - technical advice, Dr Z. Lai for providing us with the transposase
site in vitro (Fig. 3), a dramatic posterior shift of thieand lasmid wing-clipped delta 2-3, Dr R. Wharton for fly lines, and Drs

otd expression domains in embryos containing Bcd(A52-56) cartwright and D. Robbins for critical reading of the manuscript.
suggests that Bcd(A52-56) may have a significantly higher ifthis work was supported in part by NIH grants (to J. M., M. A. S.
vivo affinity to both enhancers. Furthermore, as Bcd(A52-56xnd S. S.). DNA sequencing was supported in part by the NIH grant
is a much stronger activator, it is possible that, as proposet0 ES06096 to University of Cincinnati.



Self-inhibitory domain of Bicoid 1679

REFERENCES Gao, Q. and Finkelstein, R.(1998). Targeting gene expression to the head:
the Drosophila orthodenticle gene is a direct target of the Bicoid morphogen.

Ahringer, J. (2000). NuRD and SIN3 histone deacetylase complexes in Developmeni25 4185-4193.

developmentTrends Genetl6, 351-356. Gossett, L. A., Kelvin, D. J., Sternberg, E. A. and Olson, E. N1989). A
Amendt, B. A., Sutherland, L. B. and Russo, A. §1999). Multifunctional new myocyte-specific enhancer-binding factor that recognizes a conserved
role of the Pitx2 homeodomain protein C-terminal tilibl. Cell Biol. 19, element associated with multiple muscle-specific geves. Cell. Biol.9,
7001-7010. 5022-5033.
Ammerer, G. (1983). Expression of genes in yeast usingtB€1promoter. ~ Hanes, S. D. and Brent, R(1989). DNA specificity of the bicoid activator
Methods EnzymolL01, 192-201. protein is determined by homeodomain recognition helix re€ddGell 57,
Arnosti, D. N., Barolo, S., Levine, M. and Small, S(1996). Theevestripe 1275-12883. _ _
2 enhancer employs multiple modes of transcriptional synBepelopment  Ito, H., Fukuda, Y., Murata, K. and Kimura, A. (1983). Transformation of
122 205-214. intact yeast cells treated with alkali catiodsBacteriol.153 163-168.
Ashburner, M. (1989). Drosophila A Laboratory Manual Cold Spring ~ Janody, F, Sturny, R., Catala, F., Desplan, C. and Dostatni, N2000).
Harbor, NY: Cold Spring Harbor Laboratory Press. Phosphorylation of Bicoid on MAP-kinase sites: contribution to its

Ausubel, F., Brent, R., Kingston, R., Moore, D., Seidman, J., Smith, J. and _ interaction with the torso pathwayevelopmeni 27, 279-289.
Struhl, K. (1994).Current Protocols in Molecular Biologylohn Wiley &  Janody, F, Sturny, R., Schaeffer, V., Azou, Y. and Dostatni, N2001). Two

Sons. distinct domains of Bicoid mediate its transcriptional downregulation by the
Bach, |., Rodriguez-Esteban, C., Carriere, C., Bhushan, A., Krones, A., Torso pathwayDevelopment 28 2281-2290.

Rose, D. W., Glass, C. K., Andersen, B., Izpisua Belmonte, J. C. and Jiang, J., Hoey, T. and Levine, M(1991). Autoregulation of a segmentation

Rosenfeld, M. G. (1999). RLIM inhibits functional activity of LIM gene in Drosophila: combinatorial interaction of the even-skipped hemeo

homeodomain transcription factors via recruitment of the histone box protein with a distal enhancer elemeédgnes Devs, 265-277.

deacetylase compleiat Genet22, 394-399. Johnston, S. A., Salmeron, J. M. and Dincher, S. $1987). Interaction of
Berleth, T., Burri, M., Thoma, G., Bopp, D., Richstein, S., Frigerio, G., positive and negative regulatory proteins in the galactose regulon of yeast.

Noll, M. and Nusslein-Volhard, C.(1988). The role of localization of Cell 50, 143-146. ‘ ‘
bicoid RNA in organizing the anterior pattern of the Drosophila embryo.Kosman, D. and Small, S(1997). Concentration-dependent patterning by an

EMBO J.7, 1749-1756. ectopic expression domain of the Drosophila gap gene kiigy@lopment
Burz, D. S., Pivera-Pomar, R., Jackle, H. and Hanes, S. [§1998). 124, 1343-1354.

Cooperative DNA-binding by Bicoid provides a mechanism for threshold-Kowenz-Leutz, E., Twamley, G., Ansieau, S. and Leutz, A1994). Novel

dependent gene activation in the Drosophila emiEBO J.17, 5998-60009. mechanism of C/EBP beta (NF-M) transcriptional control: activation
Chan, S.-K. and Struhl, G. (1997). Sequence-specific RNA binding by  through derepressioGenes Dews, 2781-2791.

Bicoid. Nature 388, 634. La Rosee, A., Hader, T., Taubert, H., Rivera-Pomar, R. and Jackle, H.
Chan, S.-W., Popper, H., Frumlauf, R. and Mann, R. S(1996). An (1997). Mechanism and Bicoid-dependent control of hairy stripe 7

extradenticle-induced conformational change in a HOX protein overcomes expression in the posterior region of the Drosophila emtEMBO J.16,

an inhibitory function of the conserved hexapeptide m&MBO J.15, 4403-4411.

2476-2487. Lehman, A. M., Ellwood, K. B., Middleton, B. E. and Carey, M.(1998).

Chen, C. Y. and Schwartz, R. J(1995). Identification of novel DNA binding Compensatory energetic relationships between upstream activators and the
targets and regulatory domains of a murine tinman homeodomain factor, RNA polymerase Il general transcription machinekyBiol. Chem273,

nkx-2.5.J. Biol. Chem270, 15628-15633. 932-939.
Chen, G. and Courey, A. J.(2000). Groucho/TLE family proteins and Lillie, J. W. and Green, M. R. (1989). Transcription activation by the
transcriptional repressioene249, 1-16. adenovirus Ela proteilNature338 39-44.

Chou, T. B., Noll, E. and Perrimon, N.(1993). Autosomal P[ovoD1] Ma, J. and Ptashne, M.(1987a). The carboxy-terminal 30 amino acids of
dominant female-sterile insertions in Drosophila and their use in generating GAL4 are recognized by GAL8Tell 50, 137-142.
germ-line chimerasDevelopmenf19 1359-1369. Ma, J. and Ptashne, M.(1987b). A new class of yeast transcriptional

Criqui-Filipe, P., Ducret, C., Maira, S. M. and Wasylyk, B.(1999). Net, a activatorsCell 51, 113-119.
negative Ras-switchable TCF, contains a second inhibition domain, the CllMa, X., Yuan, D., Diepold, K., Scarborough, T. and Ma, J(1996). The
that mediates repression through interactions with CtBP and de-acetylation. Drosophila  morphogenetic protein Bicoid binds DNA cooperatively.
EMBO J.18, 3392-3403. Developmeni22, 1195-1206.

Dave, V., Zhao, C., Yang, F, Tung, C. S. and Ma, J(2000). Ma, X., Yuan, D., Scarborough, T. and Ma, J.(1999). Contributions
Reprogrammable recognition codes in Bicoid homeodomain-DNA to gene activation by multiple functions of BicoBiochem. J338 447-
interaction.Mol. Cell. Biol.20, 7673-7684. 455.

Deconinck, A. E., Mead, P. E., Tevosian, S. G., Crispino, J. D., Katz, S. G., Maniatis, T., Fritsch, E. F. and Sambrook, J.(1982).Molecular cloning —
Zon, L. I. and Orkin, S. H. (2000). FOG acts as a repressor of red blood A Laboratory ManualCold Spring Harbor, New York: Cold Spring Harbor
cell development in XenopuBevelopmeni27, 2031-2040. Laboratory Press.

Driever, W. (1992). The Bicoid morphogen: concentration dependentMargolis, J. S., Borowsky, M. L., Steingrimsson, E., Shim, C. W., Lengyel,
transcriptional activation of zygotic target genes during early Drosophila J. A. and Posakony, J. W(1995). Posterior stripe expression of hunchback
development. InTranscriptional Regulatior{ed. S. L. McKnight and K. is driven from two promoters by a common enhancer elerbentlopment
Yamamoto), pp. 1221-1250. NY: Cold Spring Harbor Laboratory Press. 121, 3067-3077.

Driever, W. and Nusslein-Volhard, C.(1989). Bicoid protein is a positive Meloni, A. R., Smith, E. J. and Nevins, J. R(1999). A mechanism for
regulator of hunchback transcription in the early Drosophila embigiore Rb/p130-mediated transcription repression involving recruitment of the
337, 138-143. CtBP corepressoProc. Natl. Acad. Sci. US96, 9574-9579.

Driever, W., Ma, J., Nusslein-Volhard, C. and Ptashne, M(1989). Rescue  Morel, V., Lecourtois, M., Massiani, O., Maier, D., Preiss, A. and
of bicoid mutant Drosophila embryos by Bicoid fusion proteins containing Schweisguth, F(2001). Transcriptional repression by suppressor of hairless
heterologous activating sequencature342, 149-154. involves the binding of a hairless-dCtBP complex in Drosop@ilar. Biol.

Driever, W., Siegel, V. and Nusslein-Volhard, C.(1990). Autonomous 11, 789-792.
determination of anterior structures in the early Drosophila embryo by th&lamba, R., Pazdera, T. M., Cerrone, R. L. and Minden, J. §1997).

bicoid morphogenDevelopmenf09, 811-820. Drosophila embryonic pattern repair: how embryos respond to bicoid dosage
Dubnau, J. and Struhl, G. (1996). RNA recognition and translational alteration.Developmenfi24, 1393-1403.

recognition by a homeodomain proteliature 379, 694-699. Nibu, Y., Zhang, H., Bajor, E., Barolo, S., Small, S. and Levine, M1998a).
Durocher, D., Charron, F., Warren, R., Schwartz, R. J. and Nemer, M. dCtBP mediates transcriptional repression by Knirps, Kruppel and Snail in

(1997). The cardiac transcription factors Nkx2-5 and GATA-4 are mutual the Drosophila embryd&MBO J.17, 7009-7020.

cofactors EMBO J.16, 5687-5696. Nibu, Y., Zhang, H. and Levine, M. (1998b). Interaction of short-range

Espinas, M. L., Canudas, S., Fanti, L., Pimpinelli, S., Casanova, J. and repressors with Drosophila CtBP in the embi§oience280, 101-104.
Azorin, F. (2000). The GAGA factor of Drosophila interacts with SAP18, Niessing, D., Dostatni, N., Jackle, H. and Rivera-Pomar, R(1999).
a Sin3-associated polypeptid&MBO Repl, 253-259. Sequence interval within the PEST motif of Bicoid is important for



1680 C. Zhao and others

translational repression of caudal mRNA in the anterior region of theStruhl, G., Struhl, K. and Macdonald, P.(1989). The gradient morphogen

Drosophila embryoEMBO J.18, 1966-1973. bicoid is a concentration-dependent transcriptional activagrs7, 1259-
Niessing, D., Driever, W., Sprenger, F., Taubert, H., Jackle, H. and Rivera- 1273.

Pomar, R. (2000). Homeodomain position 54 specifies transcriptionalTanaka, M. (1996). Modulation of promoter occupancy by cooperative DNA

versus translational control by Bicoillol. Cell 5, 395-401. binding and activation-domain function is a major determinant of
Nusslein-Volhard, C., Frohnhofer, H. G. and Lehmann, R.(1987). transcriptional regulation by activators in vifroc. Natl. Acad. Sci. USA

Determination of anteroposterior polarity in Drosopteience238 1675- 93, 4311-4315.

1681. Tautz, D. (1988). Regulation of the Drosophila segmentation gene hunchback
Oliner, J. D., Pietenpol, J. A., Thiagalingam, S., Gyuris, J., Kinzler, K. W. by two maternal morphogenetic centédaiture 332 281-284.

and Vogelstein, B.(1993). Oncoprotein MDM2 conceals the activation Tolkunova, E. N., Fujioka, M., Kobayashi, M., Deka, D. and Jaynes, J. B.

domain of tumour suppressor pHeature362, 857-860. (1998). Two distinct types of repression domain in engrailed: one interacts
Poortinga, G., Watanabe, M. and Parkhurst, S. M.(1998). Drosophila with the groucho corepressor and is preferentially active on integrated target

CtBP: a Hairy-interacting protein required for embryonic segmentation and genesMol. Cell. Biol. 18, 2804-2814.

hairy-mediated transcriptional repressi&BO J.17, 2067-2078. Torchia, J., Glass, C. and Rosenfeld, M. G(1998). Co-activators and co-
Postigo, A. A. and Dean, D. C(1999). ZEB represses transcription through  repressors in the integration of transcriptional respor@as. Opin. Cell

interaction with the corepressor CtB¥oc. Natl. Acad. Sci. US®6, 6683- Biol. 10, 373-383.

6688. Turner, J. and Crossley, M.(1998). Cloning and characterization of mCtBP2,
Rivera-Pomar, R., Lu, X., Taubert, H., Perrimon, N. and Jackle, H(1995). a co-repressor that associates with basic Kruppel-like factor and other

Activation of posterior gap gene expression in the Drosophila blastoderm. mammalian transcriptional regulatoEMBO J.17, 5129-5140.

Nature 376, 253-256. Uesugi, M. and Verdine, G. L.(1999). The alpha-helical FXXPhiPhi motif
Rivera-Pomar, R., Niessing, D., Schmidt-Ott, U., Gehring, W. and Jackle, in p53: TAF interaction and discrimination by MDMRroc. Natl. Acad.

H. (1996). RNA binding and translational suppression by bicsature Sci. USA96, 14801-14806.

379 746-749. Wimmer, E. A., Carleton, A., Harjes, P., Turner, T. and Desplan, C(2000).
Ronchi, E., Treisman, J., Dostatni, N., Struhl, G. and Desplan, ¢1993). Bicoid-independent formation of thoracic segments in DrosopBdence

Down-regulation of the Drosophila morphogen bicoid by the torso receptor- 287, 2476-2479.

mediated signal transduction cascadell 74, 347-355. Yan, Y. T., Stein, S. M., Ding, J., Shen, M. M. and Abate-Shen, 2000).
Rubin, G. and Spradling, A. (1982). Genetic transformation of Drosophila A novel PF/PN motif inhibits nuclear localization and DNA binding activity

with transposable element vectoBgience218 348-353. of the ESX1 homeoproteiMol. Cell. Biol.20, 661-671.

Sauer, F., Hansen, S. K. and Tjian, R{1995a). DNA template and activator- Yocum, R. R., Hanley, S., West, R. J. and Ptashne, NL984). Use of lacZ
coactivator requirements for transcriptional synergism by Drosophila fusion to delimit regulatory elements of the inducible divergent GAL1-

Bicoid. Science270, 1825-1828. GAL10 promoter in Saccharomyces cerevisislel. Cell. Biol. 4, 1985-
Sauer, F., Hansen, S. K. and Tjian, R(1995b). Multiple TAFlIs directing 1998.

synergistic activation of transcriptioBcience270, 1783-1788. Yuan, D., Ma, X. and Ma, J.(1996). Sequences outside the homeodomain of
Sauer, F., Wassarman, D. A., Rubin, G. M. and Tjian, R(1996). TAFlls Bicoid are required for protein-protein interactich. Biol. Chem.271,

mediate activation of transcription in the Drosophila emb8eil 87, 1271- 21660-21665.

1284. Yuan, D., Ma, X. and Ma, J.(1999). Recognition of multiple patterns of DNA
Schaeffer, V., Janody, F., Loss, C., Desplan, C. and Wimmer, E. @999). sites by Drosophila homeodomain protein BicdidBiochem125 809-817.

Bicoid functions without its TATA-binding protein-associated factor Zhang, D. Y., Dorsey, M. J., Voth, W. P., Carson, D. J., Zeng, X., Stillman,

interaction domainsProc. Natl. Acad. Sci. US96, 4461-4466. D. J. and Ma, J. (2000). Intramolecular interaction of yeast TFIIB in

Schaeper, U., Boyd, J. M., Verma, S., Uhlmann, E., Subramanian, T. and transcription controlNucleic Acids Re8, 1913-1920.
Chinnadurai, G. (1995). Molecular cloning and characterization of a Zhang, H. and Levine, M. (1999). Groucho and dCtBP mediate separate
cellular phosphoprotein that interacts with a conserved C-terminal domain pathways of transcriptional repression in the Drosophila emBrgeo. Natl.
of adenovirus E1A involved in negative modulation of oncogenic Acad. Sci. USA6, 535-540.

transformationProc. Natl. Acad. Sci. US®2, 10467-10471. Zhang, H., Levine, M. and Ashe, H. L.(2001). Brinker is a sequence-
Schroder, C., Tautz, D., Seifert, E. and Jackle, H(1988). Differential specific transcriptional repressor in the Drosophila emigsgmes Devl5,

regulation of the two transcripts from the Drosophila gap segmentation gene 261-266.

hunchbackEMBO J.7, 2881-2887. Zhang, Y., Iratni, R., Erdjument-Bromage, H., Tempst, P. and Reinberg,

Simpson-Brose, M., Treisman, J. and Desplan, ©1994). Synergy between D. (1997). Histone deacetylases and SAP18, a novel polypeptide, are
the Hunchback and Bicoid morphogens is required for anterior patterning components of a human Sin3 compl€ell 89, 357-364.

in Drosophila.Cell 78, 855-865. Zhao, C., Dave, V., Yang, F., Scarborough, T. and Ma, J2000). Target
Sollerbrant, K., Chinnadurai, G. and Svensson, C(1996). The CtBP selectivity of Bicoid is dependent on non-consensus site recognition and

binding domain in the adenovirus E1A protein controls CR1-dependent protein-protein interactioriMol. Cell. Biol.20, 8112-8123.

transactivationNucleic Acids Re4, 2578-2584. Zhu, W., Foehr, M., Jaynes, J. B. and Hanes, S. [2001). Drosophila
Spradling, A. C. (1986). P-element mediated transformationDhosophila: SAP18, a member of the Sin3/Rpd3 histone deacetylase complex, interacts

A Practical Approach{ed. D. B. Roberts), pp. 175-197. Oxford: IRL Press.  with Bicoid and inhibits its activityDev. Genes EvoR11, 109-117.
Stauber, M., Jackle, H. and Schmidt-Ott, U.(1999). The anterior Zhu, W. and Hanes, S. D.(2000). Ildentification of drosophila bicoid-
determinant bicoid of Drosophila is a derived Hox class 3 denoe. Natl. interacting proteins using a custom two-hybrid select®ane245 329-

Acad. Sci. USA6, 3786-3789. 339.



