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In an effort to determine how crude gradients of
transcriptional activators and repressors specify sharp
stripes of gene expression in the carly embryo, we have
conducted a detailed study of even-skipped (eve) stripe
2. A combimation of promoter fusions and P-transfor-
mution assays were used to show that a 480 bp region
ol Lhe eve promoter is both necessary and sufficient to
direct a stripe of LacZ expression within the limits of the
endogenous eve sripe L. The maternal morphogen bicoid
(bed) and the gap proteins hanchback (hb), Kruppel (Kr)
and gians (gf) all bind with high affinity to closely linked
sites within this small promoter element. Activation
appears to depend on cooperative interactions among hod
and frb proteins, since disrupting single binding sites cause
cutastrophic reductions in expresson. gr is directly
involved in the formation of the anterior border., although
additlonal repressors may participate in this process.
Forming the posterior border of the stripe lnvolves a
delicate balance between limiting amounts of the bed
activator and the Kr repressor. We propose that the
clustering of activator and repressor binding sites in the
dripe 2 element |5 required to bring these weakly
nterncting regulatory factors into close apposition so that
they can function both cooperatively and synergistically
o control transcripdion.

Key wonds: Dreasphilal even-sipped stripe 2lembryogencsis/
frunscripiion

Introduction

Interactions among the sepmentation genes in Drosophila
Probubly constiiwe the best chatacterized caseade of
Irknecription factors known for any developmental process
in = higher eukaryose, This cascode transduces broad
Bradients of maerral morphogens. such as fienid (hed), into
highly refined panzrns of gene expression that are crucial
for the establishment of the segmented body plan, This
Process involves the progressive refinement in paems of
EEnc expression, whereby segmentation genes at cach slep
i the hierarchy make relatively sharp on/off choices in
Fesponse to more crodely distribued regulasory factors
(reviewed by Ingham, 1988; Carroll, 1990; Pankratz and
Tockle, 1990; Small and Levine, 1991),

The first evidence of a metameric body pattemn §s the
Sipression of each of the primary pair-rale genes in a
fepeating series of seven tramsverse stripes in precellular
embryos. We have cxamined the regulation of one of these
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primary pair-rule genes, even-shipped (evel (Harding et af.,
1986; Macdonald & af.. 1988 Frasch o af, 1987, to
determine how stripes are formed. The eve protein is first
detecied during nuclear cleavage evele 12, when it is
unifrmly distributed in all nuclei, By the onset of eyele 14
the protein is repressed at both poles and forms a sharp
boundary in the region of the presumptive cephalic furrow.
During a pericd of fust 20~30 min this pattern gives way
1@ series of seven stripes, each spanaing 5 ~6 nuclel (Frasch
and Levine, 1987). There is consaderable evidence from
genetic studies that the generation of these stripes involves
the gap class of ssgmemation genes (Frasch and Levine,
1987; Goto er al., 1989; Sanojevic « al.. 1989, 1991 Small
e al., 1991}, Each of the five best characterized LAP gEras
15 expressed in one or two broad domains thar include several
adjacent segment primordia (Gaul and Jickle, |987; Tautr,
I9BE: Pignoni er &f., 1990), All five have been implicated
in the establishment of the seven stripe paftarn hecause
miitations in any one of them disrupt the formation of a
distinct subset of stripes. For example, in Kruppel- (Kr=)
embryos eve strlpes 2 -6 are replaced by two broad bands,
while in glamr— (gr—) embryos stripes 1 and 2, and 5 and
6 are fused (Frasch and Levine, 1987)

Promoter fusion stsdies indicate that individual priftiary
pair-rule stiripes are regulated by separate cis elements. For
h, cis elemems have been Identified for nearly all of dhe
stripes (Howard er al., 1988 Pankratz ef af., 1990; Howard
and Struhl, 1990; Riddthough and Ish-Horowitz, 991}, The
identification of stripe initintion clements is pot as complers
for eve, but discrete regions have been identified for siripes
I and 3 (Goto er af,, 198%; Harding o al, 1989), This
organzation of the eve and & promoters is quite distinet from
the promater of the secondary pair-rule gene, fiz (Hiromi
et al., 1985; Hiromi and Gehring. 1987: Dearolf eral,
1989). For the most part, disruptions in the cis SCqUENCEs
responsible for the periodic fz patizm do not uncoaple
individual stripes, but instcsd exen similar effects on &l of
the stripes (Dhearoli er of., |G8G)

We have conducted a detniled sty of Fve stripe 2 since
there is considerable information abous both its cis and trass
regulmion. Promoter fusion studies have shown that a
truncated eve prommoter containing = 1,7 kb of 5 flanking
sequence is sufficient 1o drive the expression of a [uc?
reporter pene within the limits of stripe 2'(Gow e of., 1080:
Harding er al., 1989), There are amerior and posterior
expansions of the stripe borders whea this fusion gene is
crossed ino gt— and Kr— embryos, respectively (Semall
et al., 1901). In bed— and kb~ embryos the stripe is
abolished or reduced. These and other genetic sudies (Frasch
and Levine, 1987; Goto v al_, 1989) suggest the fellowing
meode] for stripe 2 regulation. The gap gene kb acts in concert
with the muatzmal morphogen b ro activate stripe 2
expression. The borders of the stripe are formed through
selective repression by the gap pene g in anteriar rogions
and Kr in pogterior regions.
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conmin discress regulstory slemests respansible for the imitlotion of sripes 2 and 3, &s well oo an ssforegulaiory clenicnl that conorols the
enaifichanoe and refement af all seven sinpes duning getrulation (Golo er af,, 1989, Handteg er af.. 19895, B, The nctangle repdesems he staring
rve=Lack fasion gese uaed for most of the Ptrmnsformecion chsdies (Lawrence o af, 1987, The unfilled portion of the motaigls camepedde B0
eve sequenccs, which includes the region from —1.7 kb spsincam (rom the eanscripticn stan siie and ehds a2 codom 822 in the prolem ooding
sequence a1 = |60, The mippled repica of the recianple (adicates the Lock coding sequemce, Asterisks indicate the [ocatbons of the two clusicrn of
fmctar hinding sites @ the scrpe 2 clemess (s0e Small e af., 1991, The horizantzl bars helow the 1.7 kb sve=Lac fosion gene tepresent ihe
dafferent truncated and defetsd formen ol the promeser thal were tesied i this sudy, The bars indicate thad sere retained 1 ench of Lhe
fusices, For example, the — 1,33 delw 1.1 fslon pene cortaing the sequences from =155 kb o —1.1 kb and the hassl proenoler region up o =42
bp. It backs sequences besween = 1.1 kb amd —d2 bp, 2 indicaied by the gap berween the horirontal bars. This comstnact is denoted "MSE™ berane
if represenis the misdgral stripe clement that Srecis seripe 1 eapression. The 'divtd Lowlproa®d Laed comsiruct scludes @ 31 bp sequemce thae spans
the diistsl cluster of Bctor binding sites ond o 34 bp sequence contaimng the prowmal closter of siles. These are scparmied by a 400 be reglea of the
rrdar ipwd} preerieler Sul has no sppareni funclics (Jlaag o al,, 199101 The + asd — o ke right of the flgure [ndicaie wheiher the corresponding
evr =Lac? limsion gere specifies stripe 2 in Psansformed embryos. €. Summary of factor binding sies w the minimal sirpe 2 element. The
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close linkage between aclivador asd repressor binding sitce.

Recent studies suggest that the four genetically defined
regulators of stripe 2 expression acl direcly on the #v
promaer and medulate s transcription. Proteins encoded
by all four genes kave been shown to bind with high affinity
1o sequences within the eve promoter that are essential for
siripe 2 expression (Stanojevic o of,, 1989, Small e af.,
194911, Interestingly, virmually all of the od and b binding
sites overlap with, or are closely linked 1o, a Kr or gt
recognition sequence, In preliminary esperinents, mutations
in some of these binding sites coused genetically predicted
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changes in the levels and limits of stripe 1 expression. In
particular, mutations in two of the five bod sites present in
the stripe 2 element coused reduced levels of expression,
while deletions of the three gr binding sites resulted in an
amerior expansion of the stripe. similar to that observed in
Er— mutants (Sanojevic & al., 1991).

Here we define a 480 bp region of the eve promoter that
is both necessary and sufficient © direct the expression of
a LacZ reporter gens within the normal limits of the
endogenous eve siripe 2. Expression driven by this rimimal
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Reguinton of even-skioped strips 2
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stripe element (MSE) & mitially detected in a broad region
that spans nearly the entire anterior halfl of the embryg, but
after o =hor time the stripe handers are defined by sclective
repression. Actvaton of the MSE may depend on
COODCTALIVE IMETRACLIoNS WTONE activator probeins; disrupting
individual bod or kb Winding sites significantly reduces
expression. The anterior border is established primarily by
the gr repressor, although evidence is presented that
additional repressors may panicipate in this process. The
posterior border of the aripe gonerated by the MEE &
prohahly formed by limiting levels of activalers rather than
hy direct repression by Kr. The MSE has the properties of
 ivegrating pattzm clement, which gencraies sharp limits
of gene cxpression (n response o overlapping gradients of
transeriptional activalons and repressors.

Resulis

Previous promotet truncation studies have shown that eve
promater sequences extending 1o 1.7 kb upstream of the
wranscription stan swe are sufficient fo cuwredt stripe 2
sxpresslon in the carly Drosophila embryo {Harding of al.,
1080y, Larger regions | > 2.3 kb) are requited i gencrate
stripe 2 when fused to the helemlopous HEPT0 minimal
prometer (Gow er al.. 198, Small of al., 1991). These
results suggzest that the eve basal promoer centribuses 1o the

overall levels of expreszion, but not necessarily to the quality
(limits) of the stripe, Shorter upstream regions fased to e
HSF70 basal promoter directed |evels of expresson [l woeik
ndetecable with the relatively insengitive oethinds uscd

All of the gens fusions pressmcd i this study inckude the
besal eve promoter (1o —4? bp). as well as 100 bp ol
untranstated leader sequence and the first 22 eodons of the
eve prosein coding sequence fosed 1 LoacZ. Furthermire,
we have used it sine hybridization with a dignigenin—UTF
labelled antisense RNA probe 1o deétect Lacd exprossion
{Tautz and Pleifle, 1955; Kosman ef al-, 1991}, a methad
that is significantly more ssnsitive than aptibodics o X-gul
activicy saaining.

identification of a minimal stripe 2 glamant

Fourteen different eve —LacZ fosion genes Were bestod b
Paransformation to entily minimal u,-.qm'l{:;: tht In:-.mu
direct expression of stripe 1 Fi [B). AL least four
indiependent mfufu:ﬂFEhm: $ obiained for cach
construct. Each of the eve =L lusions containing the 480
by region betweea — 1,55 and —1.07 kb upsiream from b
eve transcription st siie was fourd to direct the expression
of strpe 2. This 480 bp interval corresponds 1o the reghil
thunt wizs previously shown by deleon analysis to be reylarsy
for the expression of the stripe (Gow ef e, 1989): howevcr
this is the fra demonstration tha the region is plso suffecien’
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Fig. . Siripe 2—Lard fusion posss direet beoad peepamerns fa early
embryss, Prramformed embryos afe ofienied with ascneor 1¢ the lel
and dorsal op, Expression of the Lard meporier pess was visuakided By
histechermical saingnp afizr & one hybndeation. A, An carly cheavage
eyele |4 embryn tha eupresses & seerohgous eve pronuser Tean
contiiing the rgicn from —3 kb oo —d42 bp of the rve prooioler
attsched g0 the hep ™ misrmal prosater (e Small e al., 19910)
Stainirg i detccted in 8 wroad eegon, rom - BI-40% egg bangth.
B. An carly cleavage cyde 14 embryo camying the — 1.7 kb
wr=laed fusson pene, Swinmg s detecied from = B0% egg lengih o
the poiderior pode, altheasgh cxpredsion is somewha more inlesee in
angetier replond. O, An estly cheampe oycle 14 emboyo carmying the
MEE = Loc Tusion penet. Staaning o similar s thar cheerved for the
embrva in PAY, except Bod it does md exlend quile & posenory
ifrom -~ 80—33% epp leagh), D A mid-crele 14 embryn carrying
the =5 kb by 42 hp heverologos fusics gene, ax i {A). Ths
erbryn 58 = 10 min obder than the one @ (A and sheras 3 sharp
posierst hainbary of expressaon. Shinang persiads im regions afieror
wr the limils of the matuee wnipe X E, Lae ¢ycle 14 embryo cammying
the M3E—Lac? fusion pene. Hy this time o mature stripe of saising
I+ obazrved, os well s woaker. varishle sIEsing I8 posierion Tegions
contabsing siripe 7. All of the saripe 2 — L fasion penes thal were
exumaed shera g Similar panern of GEfpe 2 expeession m this stage,
although the 1.7 iy flesion pene peneTabds o cowmasertly sronger Megs
T.
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for expression (Figure 20— F). Hereaner, we will refer o
this 430 bp sequence as the minimal sirape element (M3SE),
The quality of the stripe obained with the MSE is
comparable to that obtained with eve—Lacd fusions
containing larger regions of the ove promoter. up to 8§ kb
of 5" flanking sequence. The larger fusions appear o dimect
slightly higher levels of stripe 2 expression (data nod shoam )
suggesting thal some activation Ences may reside outside
the M3SE. In addition, the siripe genersed by the MSE s
not completely uniform slong the dorsal =vemiral axis; there
are reduced levels of stining in ventral —lareral regions

However. the spatial linuts of the LacZ stripe obtained with
the MEE cotncide with the initial borders of the endogenous
eve stripe 2 as determined by double labelling experiments
{Figure 0. These experiments invalved staiming P-
transformed embrvos camying MSE fusions (particularly the
=1.535 delta 1.1 fusion; see Figure 1) with ami-eve
antibaclies and then hybrnichzing the sime embryos witk an
mntesenss Lacd BNA probe 1o detect expresaion of the fusion
gene. The only apparent discrepancy betwoen ihe limils of
the LacZ siripe and the endogenous eve stripe 2 is that while
the posterion border of eve protzin expression is gradusl]y
refined during cellularization, the LacZ pattern remains
broad. This refinemem process has been shovwn 1o depend
on the e autoregulatory element. which is located
elsewhere in the eve prometer {Goto er al., 1989 Harding
el ol 1989, Fiang er af,, 1990 und s not incloded In the
MSE fusion genes examined in this study.

The MSE comtains 12 high affinity binding sates for the
genctically defined  regulators of stripe 2 cxpression
(Figure 1C). Eight of these sites are contained in two clusters
at oppowit: ends of the MEE. We iesied several smaller DN A
fragmems centered around these clusters (Figure 1B) for
their ability to specify stripe 2. None of the smaller fragmemts
that were tested vielded a siripe 2 pattern comparable o thar
obtained with the intact MSE. However, several of the fusion
genes containing the proxinal cluster of binding snes directed
vartabbe expression patterns that incleded an extremcly weak
siripe (dsia not shown), These fusion genes included the
"Frox 34" and “dist 51/prox 34° fusions (Figure 1B), which
correspond 10 the eve promoter fragments that were wsed
in previous iransient cotransfection assays (Small e al.,
1591}

Salective reprassfon relines the initlal MSE patfern
Localization studies using anti-eve antibodics showed that
the prowein is broadly expressed in early embryos, suggesung
that stripes form through a process of selective repression
(Frasch and Levine, 1987 However, subsedquent promabes
fusion studies demonstrated that discreie fragments of the
eve (and fhatry) promoter could activate specific subsets of
stripes, implying thar selective activarion was the criticul
mechanism for the specification of strips borders (Howard
eral,, 1988; Goto efal., 1989; Harding ef al., 1989
Howard and Struhl, 1991: Riddihough and Ish-Horowitz,
19917, Inthis study we have used the very sensitive method
of i sine hybridization with an RMNA probe to examing the
patterns of expression generated by eve siripe 1 promoter
clements earlier in development.

All stnpe 2 —Lacd fusion penes that were ested diredied
broad prepatterns of LacZ expression in the amerior half of
the embryo. However, different Lac? fimions  gave
prepatterns with distinet posterior limits of expression



Flig, 4, Poinl emnstions in individual repressor sites. P-transformed
cmbryoe ore oremed with sstenor o the left und deeaal @, Lae?
PE[WHTER e erpredin was delectod By fa sitw hybodicatoon. The
embryos in A—C sre & the madpcim off rockaar cleavage cvele 14,
which m priar 10 the cesct of the yochor-driven dovssl head paich. A
capreszicn of the wild tvpe MEE —Lec? fusion gens, The summuary
tgram above the embryn shows the bacaticns of the activaior and
repressar siies within the MSE. B. Espressica of the 1,7 kb
cve—LacZ (emion gens i a ¢ mutant embryn (the 2y A5 allsls;
Wicschous of al., 19841 There is a wbstantial anicrior CApANsion im
the limics of seripe 2, C. Eapression of & mutagenizsd MSE—Lacd
fusion pend lackimg the tsnon gf Bandieg sites. (indicated by asgermshs n
the wammary diagram). I A cellularized embryo corrying s

nized MSE - Lo fusion pene confaining point moistions in all
three Kr bimding siees dindicased by amerisks). Thers i 3 sobaanmiel
reclecthon in arpe I sEmRing and exprssinn 15 weaber than the diorsal
hatch pasch, Normaily, ag this sispe ia embeyegencsay the seripe s a
vdad 4 —5 times mowe inlense than the hesd pasch,

iFigure 3A —C). For example, the prepatiern obtained wath
o heterologous fusion gene confaining eve 37 flanking
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sequences from —3 kb to —42 bp atached to the minimal
HSP70 promoter extends from the presumptive cephalic
furrow 1o a region just beyond the midpoint of the embrya,
at —40% egg lengih (where 0% corresponds to the postenor
pole: Figure 3A). An eve—LacZ fusion comaining the first
1.7 kb of 5 Aunking sequence from the eve promaoter directs
o very striking prepamtern that exends almost 1o the posterior
pe (Figure 3B). The prepaitern obtained with the
MSE—LacZ construct (Figure 3C) only extends o —60 o
55% egg-length, which is significantly less posterior than
either prepattern mentioned above, This position is very close
1o the future posterior border of siripe 2. In all cases, the
very broad prepaitern is refined during eyele 14 to form a
sharp steipe of Lacd expression within the limits of the
endopenous #ve stripe 2 (Figure 3E), sugpesting that the
borders are formed by sclective repression,

For cach of the siripe 2 fusion genes there is an
imermediate stage when the posterion border is formaed, bur
staining continues to extend anteriorly (Figure 3D). During
the next 10 to 20 min this anterior expression is lost and
the stripe is fully formed (Figure 3E), The kinetcs of this
refinement process are consistent with the timing of the
known stripe 2 regulators. The initial prepattern may be due
to broadly distribwed bed and hb proteins, which are
maternally expressed and present prior 1o the appearance of
the Kr and gr repressors (sce Discussion).

The gt reprassor forms the anterior stripe bosder

The spatial and temporal expression pattern of the gf protein
is consistent with the possibility that it directly forms the
anterior border of eve stripe 2 (Figure 2B and E). Previous
stuchies with the 5.2 kb eve — Lacd fusion suggested that this
gt repression involves direct binding to high affinity sites
within the MSE (Stanogvic e af., 1991y, However, a
potential limitation of the earlier work is that the relatively
large deletions that were used to disrupt the three gr binding
sites in the stripe 2 element also removed unknown activator
sites. In addition, these mutations caused variable anterior
expansions of the stripe, with some embryos showing nearly
normal patterns of expression, while others displayed severe
expansions. Here, we have uwsed substantinlly smaller
deletions {see Table 1) o disrupt cach gf binding s3e without
affecting neighboring bed and b activator sites. And in order
to circumvent potential problems with redundant elements,
we have creatzd these mutations in the context of the MSE.

Disruptions in the three g siles cause u consistent and
severe anferior expansion of the stripe, with expression
detected in a broad band of - 16 cells (Figure 4C)
However, this staining does not extend all the way 1o the
anterior pole and is excluded from the anterior-most 20%
of egg length. Since there are high levels of the bed and hb
activators in these anterior regions, it is possible that
additional, unidentified repressor(s) also interact with the
siripe 2 element {see Discussion).

The anterior expansion of stripe 2 expression caused by
mutagenizing the three g binding sites is somewhat maore
severe than that observed when siripe 2 — LacZ fusion genes
are expressed in gr— embryos (compare Figure 4B with C).
There are normal levels of expression in gr mutants, but the
anterior expansion only covers a hand of = 12 cells. This
phservation suggests that there may be additional gene
products that can recognize the gr repressor sites i the MSE
to exclude expression from anterior regions (see Discussion).
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Talsle 1. Mstapenesis of facwr binding s in the sve siripe 2
elerent. Binding siftes that were munpenized me snderlinsd.
Overlapping shies, i7 sy, ane cverlined. Point rmistions cresed by ihe
rstngeieshs aoe desigeiied by sieinds and novel restriction sibes
generated by ibe mutagensili are underiingd in the olign sequence
shewn on the botiom ling of cach se1. Eight of the 12 individual siees
overinp with srother site. Each mutstion was Jesigeed so that
cverlapping siles wore ol abolised. For cxample, the bod-5 sie
cverlaps the K% site, To specifically mitite bod-5, the sequense was
chamge:d s analher K ais (K2 chat s usable 1o bind te bod
Frossis,

The role of Kr in the formation of the posterior bordar
Previous studies with the 5.2 kb eve=LacZ fusion gene and
the spatial and temporal distribution of the Kr protein
(Figure 2C and F) suggested that Kr may function as a
repressor o define the posterior border of sripe 2 (Stanojevic
er il 1991). In this study. we have mutagenized the high
alfinity Ar sites in the comext of the MSE 1o critically test
the role of Kr in the formation of the posterior stripe border.
Since two of the Kr sites overlap bod activation sites
{Figure 1C), the mwations were designed to abolish Kr
kinding without affecting nearby bed sites (Table 1), When
tested in Potransformation experiments, a fusion gene
comaining mutations in all three Kr sites directed normal
limits of expression, although there was a surprising
reduction in the levels of siining (Figure D). The imtensiny
of the stripe is roughly similar to the head stripe control,
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Fig. 5. Point muislions m the bod-1 soe radace bindng activily
Dbhm!fmq:inlnu;:-mﬂwﬁdhquﬁlﬂde
DA emplates T ihe stnpe 2 region of the eve promader. Lass
1=4 shaw the wild type wemplae and lanes 3—8 show the same DNA
fragmeni containing point mutetions. in the Br-3 e, which exiemively
gwerlaps ihe bed-! slie. Lanes 2=4 and §=8 show 3l [aciensatal
increnses in the amount of affinity parified bed proten used in esch
reaction. Peak amsrts of the proickn compleiely fill the wid type
hod-1 e, The seguence fo the left corresponds 1o he proseciod
regian, which includes the core bedd and Ry comsensos binding sites.

Compaable amownts of ol protein fal o Gl e natagenanad
termplair, Based om the sppeamnce of bypereensitve boeds that heacioe!

the bod-I/Er-3 sequeace, thefe = @ leam 3 3-fodd redaction in binding
W e maiant femplate. The sequence @ the left shows the protcoed
:'n:-p;nml.l':.wilh mdicate the mulagenized malouides Blost oof
these are clusiered arand ke core Kir site, only oo s lectide champe
wan creabes] in the bed recopniten seqeenos, The muiapenized bod-1
sile {s ddonical 1o the pormal bed-3 sit in the MSE (soe Figure 1€
ummay ).

indicating a 4- to 5-fold reduction in the level of cxpression
compared with the wild type MSE. This result suggesed
that Kr may play a positive as well as a negative role on
stripe 2 expression, although previous studses implicated it
solely as a repressor (Small &r al., 1991; Sunojevic of al.,
1991). However, positive regulation seems unlikely because
the matation in the Kr-3 site aloo reduces the hinding affiniry
of the bad-=1 site as determined by DNage [ footprint analysis
(Figure %). Thus, the reduced levels of expression probably



Regidation of even-sdppcd e 2

Fig, &, Point mutikons in individual scivasor sites. P-transformed emdryos o af the cefllar Blmoterm wage andd are oriencsd with antenar 1o e
it and dorsal up, Exprestion of the LacE reponer gene was visualized by hiswochemical saining afer fa gife Bybeidization. The horizontal lees
e e BrTBOYD reoTeRents & summary of the sctivater and sepressor sibes im the MSE, A. Staining pltern abtainad with the wild rype
ISE - farZ Fuon geae. A wmong wnpe 2 and weaker heod paich of smining can be seen. B, Expression obinned wih an MAIE= Lo fushm gors

Jonminaag poir TulLons is the hb-1 site {indicased by aa asterisk in the sumenaryl. There iz a mducticn in the levels of szimng in degssl regiom,

buif gapresshom appears normal in vistsal regions. C. Expressias cheained with an MSE—Lac? findon gene contsinng point mastions i all five Bt

binding sibes {aerisks in summary), Stripe 2 expression is abodished, but there is a consisent increase the bevels of arripe 7 stiring. The
arreshesd indicates the doriad ‘hesd paich” that s due io vt sequences in the Paransposon. I, Expersoon citanined with an MSE = Laed fasion
grne contabning mutstions m the bod-1 sie (mterik in simmany), There is a severe reducton i@ anpe I sminiag, This embeyo sbowed ihe stronpe
levels of aainitg ameng A populstion of several fusdred transformants. Mos embryos carmying this fusn gene sherw nio stripe 3t all, Sasming is

iy denpcscd ab the posterior pote, K. Expresiion obtaimd with an MSE=LaeZ fuslon gene contaitang mutalicas. ia the bod-1 site. Expresion i

.everely reducel, but the effect is not quite as dramanic as thet seen with the bed-1 maomion. F. Expresisan ohimed with an MSE - LacZ fusion
sne containing mutations in the bed-d site. The level of cxpresion is significantly redaced but the effect i Aot i sevene o that seen with the bod-

k-2 mmutations

sagly from the decreased affinity of the bed-1 site (sec
below .

There are several explanations for why the disrugtion of
Kr hinding sites in the MSE docs not create a posterior
expamsion of the pattern. One possibility is that low affiniy
Kr binding sites contained within the MSE are able to form
the posterior border (Stanojevic of al., 1991). There ane
several such sites and none were altered in this study.
HMiawever it 1 more likely that the pﬂmﬁﬁﬂ‘ border of the

ipe generated by the MSE may be formed by diminishing
svels of the bed and/or b activators, making repression
by Kr redundant in this context. There are declining levels
of hed posterior to the siripe 2 border (Direver and Nusslein-

Volhard, 1988) and the six bed and hb activator sites present
in the MSE might not be sufficienm to drive expression in
these regions even in the absence of Kr binding sites. This
explanaticn is sapported by the observation that there & o
posterior expansion when the wild ype MSE Lac® fusion
gene is crossed into Kr— embryos (D.Kosman, unpublished
result). Furthermore, the careful inspection of the prepatiern
directed by the MSE (Figure 3C) shows that it extends only
to about the position of the future posterior border of the
mature stripe. The prepatterns directed by fusion genes
containing larger fragrsents of the eve promoter extend o
more posterior regions (Figure 3A and B) and in these cases
represston by Kr is important for defining the posterior
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border of the stripe (Stanojevie eral., 19915, Thus, we
suggest that Kr repression is imporant in defining ' the
posterior border of the stripe directed by these larger
promecter fragments, but in the case of the MSE. this border
is formed by limiting amounts of the bod andior kb
activalors,

Activation of stripe 2 expression

Preliminary studics have suggested that bod binding sites
direcily mediate siripe 2 activation fn vive (Sanajevic er al.,
1991). In these experiments, mutations in both the bed-| and
bod-2 sites (Figure 1C) caused reduced levels of stripe 2
expression in the context of an eve—LaeZ fusion gene
contaiming 5.2 kb of eve 5" flanking sequence that directs
equally intense expression of stripes 2, 3 and 7. This result
sugpesied that these bod binding shes are requined for optimal
stripe 2 expression. A limitation of thess experiments is tha
point mutations i individual bed binding sites produced
variable results, probably due to redundancy of regulatory
elements in the large eve promoter region that was tested.
For example, muations in the bed-1 and bed-2 sites caused
variable reductions, with some embryvos showing nearly
normal levels of stripe 7 expression while sthers almost
completely lacked the siripe.

To avoid problems with redundant elements, mutations
in be binding sites were made in the context of the MSE.
Point mutations in all five bod binding sites completely
abolished stripe 2 expression (compare Figure 6C with A).
The embryo shown here was overstained 10 enhance the
expression of the anterior *head stripe” [arrow), which is
due 1o vector sequences in the Poransposon and serves s
an intermal control. With the wild type MSE. staining of
siripe 1 is at legst 4- o §-fold more intense than the head
stripe {Figure 6A), In additon to the loss of stpe 2,
mutation of all five sites leads to an enhancement in the levels
of stripe 7 (Figure 6C). The wild type MSE directs stripe
T expression 1o varisble extents, but it is not as intense as
the head stripe (Figure 6A). Perhaps the mutations i the
bed sites facilitate the binding of stripe 7 activators.

The nest experiments were designed 1o fest the effects of
mutagenizing individual activaior binding sites. First, we
independently mutagenized the bed-1, bed-2 and bed-3 sites
(Figure 1C). Each of these muagenized promoter fusions
caused significant reductions in the level of expression
(Fagure 6D —F). Mutagenization of either the bed-1 or bed =2
sites neacly obolished the stripe (Figure 6D and E).
Mutsgenization of the bed-3 site resulted in & consistent
reduction in the levels of staining, but the reduction was mot
as severe as that seen with mutant bed-1 or bed-2 sites
{Figure 6F). The difference in the response generated by
these individual muants may be dwee o differences in the
bod-binding affinity, Bacterially expressed bod prodein binds
with 3-to 5-fold higher affinity to the bed-1 and bed-2 sites
than to the bed-J site as determined by DNase | protection
assays (data not shown), We also examined an MSE—LacZ
fusion gene that containe point mutations in the hb-3 sie
{Figure 6B). There is a substantial reduction in siripe 2
expression in dorsal regions, but the staining in ventral
regions is nearly normal. The basis for this asymmetric
reduction in stainling 15 not chvious since the bb sctivator
is expressed uniformly aloag the dorsal =venral axis (Tautz,
1988). A double mutation that disrupts both the bed-1 and
the hb-3 siles completely abolishes the stripe (data not
shown).
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Digcuzgion

We have showr that a 480 bp region of the eve promoter,
the MSE. 15 suffcient 1o direct the expression of an authentic
siripe in the carly embryo. The timing and limits of
expression coincide with the endogenous dnpe 2 pattern.
The jnitial activation is mediated by the maternal morphogen
bod and the gap protein b 10 form a brosd prepattem of
expression that encompasses almost the entire anterior halfl
of the embryo. Duning & perod of just 20-30 mn this
prepatiern is refined to forms first the posterior and then the
anterior border of the stripe. gr defines the anterier border
of the stripe, although we have obtained evidence thar
additomal repressors ure bkely to participate in this process.
Previows sindics using larger picoes of the @ve pronsoner
indicated that the posterior border of stripe 2 15 Tormed by
Kr repression. However, the posterior border of the srripe
dirceted by the MSE seems to be formed by limiting amounts
of bed activator, suggesting that the pasterior border of the
endogenous siripe may be formed by redundant mechanisms,

Intaractions befweaaen activators and repressors define
stripe 2 borders

Previous localization studics have shown that eve BN AS and
protes are ubiquitously expressed m all nuclei = 2 h after
fertilization and there is a gradwal refinement of this patern
10 vield a series of seven transverse siripes (Hurding er af.,
|986; Macdomald e af.. 1986; Frasch and Levine, 1987).
Since these carlier localization smdies invalved the use of
probes that sinultaneously detect the wctivities of all stripe
initiation elements in the eve promoter, it was difficult 1o
determine the contribanions of individual sinpe elements 1o
the initial ubiguitous pattern. Here we huve shown that o
single sinpe element 15 expressed in g very broad prepamem.
suggesting that it contributes significantly 1o the early
ubiquitous panern. The existence of the prepattern strongly
suggests that the siripe mepressors play a decisive role n
specifving the position of the stripe borders.

Cienetic studies suggest that g funciions as & repressor Lo
establish the anterior border of the stripe. It is likely that
additional factors aleo participate i this process. Nene of
the stripe 2 prepatterns extend all the way to the anterine
pole, even though there are high lkevels of the bod and hb
activators in this region [sce Figure 3A—C), Several
mecharisms may acoound for this exclusion from the anteriog
pole. First, o ond il may fuil to activate stripe 2 expression
in this region because onc or both proteins are modified,
possibly by the rerse (ror) tyrosine kinase, which is activited
a1 the poles (Casanova and Struhl, 1989; Sprenger of al.,
1989, According to this model, bed and hb could activate
transcripion only ouiside the range of for kinase sctivigy
A second possibility is that bod may activate addiional
unidendified repressors in the anfcrior-most regions. A
potentinl candsdate for such o represoris arodenticde (o)
(Finkelstein  and  Perrimon, 1990), which encodes a
homeobox protein that binds the same sequences as bod
0. Desplun, personal communication) and thas moy compete
for bed activator sites in the MSE.

Deletions in the three g binding sites present in the MSE
couse psomewhnt more severe anierior expansion of the
stripe than that observed in gi— embryos, suggesting that
£ may interact with another proteim to effect jon. The
pi protzin coptains a leucine zipper (bZIPY dimerization
domain (Vinson e al.. 1989; Small ef af., 1991; Capovilla



ef al., 1992) and thus could form a heterodimer with another
bZIP protein to form the amerior border in wild type
embryos. In gt— embryos this ‘corepressor” would still be
present and thus could provide partial function as a
homodimer. Genetic studics have identified a novel gap gens,
located on chroemasome 2, which is a possible candidate for
such & corepressor (Vavra and Corroll, 1989). Embryos that
lack this penomic region exhibit a transient amerior
expansion of eve stripe 2 which is similar 1o that observed
in gr— maants.

Previous studies suggested that the posterior border of
sripe 2 is defined by the Kr repressor (Small er al., 1991;
Stanojevic of al., 1991}, For example, there is a posterior
expansion when large regions of the eve promoser contaiming
the siripe 2 element are expressed in Kr— embryos. In
addition, the anterior limit of the Kr panern coincides with
the posterior border of stripe 2 and there is a weak posterior
expansion of the stripe when Kr binding sites in the siripe
2 element are disrupted in the context of larger fragmems
of the promoter (Sanojevic o .. [991), These promoter
fusions dircct stronger expression than the MSE and generace
early patterns that extend posterior 1o the border of the
mature stripe. presumably due 1o activation sites that lie
outside the MSE. We propose that it is this more extended
expression which is responsible for the posterior expansion
observed in Kr— embryos, Since the prepatiern gencrated
by the MSE does not extend 1o as posterior o position,
expansion of the patern (& nol observed in K=

Ir i= difficult to assess the extent to which the endogenous
stripe border is formed by limiting amounts of bed as
apposed 10 repression by Kr, Mutations in Kr binding sites
cawse only a slight expansion of karge eve — LacZ fusson genes
und the more severe expansion observed in Kr— muanis
might result from aliered expression of the il activator (Gaul
and Jickle. 19871 The large fusion genes include addirional
fab binding sites that map owtside the limits of the MSE and
perhups these mediate expression in response to the expanded
fifr pattern. Whether or not limiting amounts of bed proves
11 be the primary mechanism for forming the border of the
:ndogenous siripe, the concemtration-dependent activation

f the MSE may be analogous o the imeraction of bed with
the b promoter {Deiever e af., 1989 Struhl er af_, 1989).

Cooparativity among blcold activators
This study provides strong evidence that the bed morphogen
is the primary activator of stripe 2 expression. Mutations
that inactivate  individual bed sites  virmally abolish
expression. However, since these mutations alter the core
TAAT recognition sequence common 10 all homeodomain
preqeins, it is concelvable e bed scts indircaly by
sgulating the expression of one or more intermediates,
vhich in tum bind to the stripe 2 activator sites. This
possibility 15 unlikely in light of the results obtained by
mutagenizing the Kr-3/bed-1 seguence. The nucleotide
substitutions did not alter the core TAAT recognition
sequence in the bod-1 site, but nonetheless reduced bed
binding based on fn wiro assays (Figure 5). There is a
concomitant reduction in the levels of stripe 2 expression
i vive, The close correspondence between in vitro affinity
and in vive expression provides strong evidence that fed 15
i bora fide activator, Consisient with this conclusion s
e previous demonstration that fed and &b function
multiplicatively to activate transcription via MSE scquences
in ransient colransfection assays (Small & af,, 1991,
The MSE contains a total of six known activator sites and

PREgLLIIUT ] SVENFORSIRIDE wiflpd =

the resulis presented here supgest that they must all be mtact
for optimal expression. Furthermore, the severe reduction
observed with point mutations in three separate boed binding
sites andd the b site suggest that the initistion of stripe 2
might depend on cooperative interactions between activator
proteins, Such cooperative interactions could occur by
several different mechanisms. Perhaps the binding of Bod
monomers 0 the highest affinity sites (bed- 1 and bed-2 both
contain eight owt of nine maiches with the consensus)
facilitates binding to the lower affininy bed-3, bod-4 and biad-5
sites (which contain only seven out of nine or six out of nine
matches with the consensus), A nonexclusive alterpative is
that efficient occupancy of the five bed binding sites
contained in the MSE might depend on inseractions with the
neighboring ib binding site. since mulating this site also
cansad a significant reduction in expression. Future in wiro
binding assays will determine whether the binding of ib to
the MSE facilitates the hinding of bed. Once bound,
protein=protein imeractions among bed monomers may be
important for synergistic contnct o activation of the basal
transcription complex, a5 has been propossd previowsly
{Dricver et al., 1989, Struhl eral., 1989). Such bed
cooperativity would have important implications for the
mechanism of repression that defines the stripe borders, Our
data suggest that the disruption of the ability of bed to bind
to a single site could have a dramutic effect on expression.

\ Therefore, the binding of Kr and g repressors could
effectively shut off the promoter by interfering with just one
of twao of the activator sites. Such o mechanizm might also
govern the regulation of the endogenous stripe, Sequences
that flank the MSE within the eve promoter contain additional
activator and repressor sites. The formation of the stripe
borders penerated by the M3SE may involve mterfering with
just one or two activators ol of 4 teal of six. The
endogenous stripe may be regulated by us many as 12
activators and interfering with three or four of these could
be sufficient to form the borders.

At first glance, the catastrophic loss of stripe 1 expression
obtamed by mutagenizing individual beef binding sites is not
in agreement with previous studics on the interaction between
bod protein and kb promoter sequences. In the later case,
the removal of individual binding sies led o relatively minor
effects, such as slightly reduced levels of expression or more
restricted expression in more antenior regions (Driever of al.,
1989; Struhl er af., 1989). Activation by bod was found 1o
depend on a minimum of two binding sites. In comrast, we
have shown that as many as four bed binding sites are nol
necessarily  sufficiem 10 mediate substantial siripe 2
activarion. We believe that the basis for this apparent
discrepancy is that activition of stripe 2 occurs in o relatively
posterior position of the embryo where there are diminishing
amounts of bed activator, The removal of a single high
affinity site might permit only higher levels of bed in more
anterior regions 10 activale expression, but this would be
obscured by the gt repressor. In the case of the bod —hb
internction, there were no anteriof repressors o mask
activation by peak levels of bod. We would expect the
simultaneous mutation of the bed-1 (or bed-2) sive and the
three gr repressor sites to shift the entire stripe 1© a more
anlerior posiion.

integrating pattern element : :

The eve MSE has the properties of an integrating panern

element, which generates sharp limits of gene expression
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. in response to overlapping gradients of transcriptional

aetivators and repressors. [t is striking that the regulators
of stripe 2 expression are all restricted 1o 2 small, ducrae
region of the cve promoter, The promoter is quite karge and
B kb of ' flanking sequence directs only thres of the seven
stripes (2, 3 and 7; Golo i al., 1989; Harding ef al., 1989).
By analogy e Aairy, it is conceivable that the intacy eve
promeder is a5 large a5 15—20 kb (Howard of al., 1988;
Heward and Strubl, 194940; Ridddihough and Ish-Horowice,
19911, An mmplication of our studies on stipe 2 is that the
penodic, T-stripe eve pattern does nol depend on mieractions
berween regulatory factors bound to distae regioas of the
promater. Instead, the binding sites for the regulmors of o
particular stripe are tightly linked within a smrall interval,
We propose the the resson for this linkage is to bring weakly
frreracting reguliory profeins o close apposition s that
they con function both cooperatively and synergisiically w
contrm transcription. The region of the sve promoder that
is imparant for the regulation of stripe 2 maps -~ 1.5 kb
from the stripe 3 clement (Goto ev al., 1989; Harding er ol.,

1989, Perhaps this spacing berween elements is required
e eratre their sulonomous sction n gpecfving differant

Mripes,

Materials and methods

Cpngtrugtion of eve - LacZ Prrangposans

Al e~ Lacd Fusdoy genen were mades by cloning sarious frapmonts from
the eve upritresm of the unigee Pl ste of pEI (kindly provided
by P Macdomald). pEIl ceontains the basal eve phainses (from =41),
the imtest 100 by unirasalotod losdor and e coding segeonce for the fimt
2T amino azich of te #1e protei faed 1o codon #5 of the LacZ coding
sequence (Lawreece ef .. 28T These promoter Lac fusions were then
clined inn the Poelement mransfomrmatan veetor CaSpel (Thummel 4 aff ,
1538} veing the wnigue BawHl or Xl s or both by conventioral clossng
s mc.'ﬁ'[l'!l: TESIEE OOPAREEE Uhe WAt pEnc &3 4 mamker, The
resriction sites in the @ promoser (hat wene used bn these corsinastions
are: = 1.7 kb, Mol <135, 8eEN: =13, Dralll; =1.2, Sty =1.1,
BeHIL =04, Apal, =004, Fal, Four o i veciors wene consinocied
unng aliposocleatides (dist 2l and prow 540 thai comtan menicnal clisiers
of four bendeng sites dsor Figure 1), The | used [or these cloms
wre £l o of Tnlerinodiss sibabones pBSS 1, plSH and pBSS 1S (Simall
ef ol 1991 ) and fused io the basal ee promoser st described above. The
di 31 :owisproadd — Leed? consing contzim 8 3K b EopRl— EcolNl
Frag i ﬁl.ﬂlllﬁl:lh'l.ﬂ'l.l'llm Pae betiwcen 1he v chaviers of bisding
sifies (see Jiang e al.., 1991

i vitro muragenesis
Erafividenl binding siies (n he MSE aer

disnupied by oligoauciconde deeciod

mutapraesis using the Mursgese e MHie-Rad, Richoond, CAL Al mutstons:
and defeiions were gerersisd wsing @ dngle-simnded DNA emplaz
coiining & 630 bp AEN—Fpl fragmes: fiom 0 o6 promoest In ths
Ml uescnpt 3K - wecior [Siretagen:, La Jolla, CAL The artanons andior
deleticas were verdied by dideoay sequencing useyg Seqecnsse (U5
Biuchemics!, Clevelunl, O] wd e contaiiing B suilatins wers
choned o the CaSipeR trunsicermition vecior ez deccribed shove. The &
promoter sequsnes sirmosniling eich of tee twebve binding sites im the MSE
fﬂrhiﬂimmmdhrmhurﬂhw B0 5 RO
m Takds 1.

Pransfarmanon and whale-mount i shu hybeidizaion
P-transfonmmibin verors conusining o — Lacl foidon peacs were mimodsced
inin the Dvnsophify perm line by imjectioa (Bubin and Spradlling, FEZ1
The w67 wihiir— sirain was used for all injections. F-irassposons wer
codnpecied with dhe deda 2.9 helpor (kindly provided by Frank Leid)
Befweoen foar anld 16 indegendent trandomed bnes, were genemicd for ench
consinact and ai =as gaes independent lines were tennd for Lol expression
By in it bbrickization. Hybnd arsons uslng an anti weas Lac? BMA probe
were perfunmed execily & reponcd previcirly {leng er af., 1991hg
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Embeves that wene deble mainsd for LocZ BRMA and eve proscin wore
dechwarienaiod frr 2% min n 100OF bleach asd fixed tn S0% ballzr B
(10 e BKH-PO, pH 65 45 mh KC1, 15 mM NeCl, 2 mAE MpClL
containing 3. 7% formalddnde and S0% heplune, and den shaken for 12
miln. Aher removal of the bonodn phuade., ebivis wene then devigllicized
by mbderg 7 mlof metuned and then shaking vigarosily for | man. Embrym,
were them wgnhal several Times 18 methanl, rcked for 10 mis in %75
reethamcl — 5% FRT (] ©PES plus 0,15 Tween Bl The embnem in PET
were then rsed im 10% BRA in FBS sngd blocsed in the same udfer for
2 hoat yooms tempsratune, anil iscubaled in e primary anbbedy (rabbil inli-
e, = gilt from Manfred Frasch, rubbit anti-Kr. a gift (rom Chnstine
Rushlow; puinca pig amti-gt. o gif from Rache! K ovemiphn o 45C
Afier washing in PRET {six chasges during o penicad of 1.5 hj, e embrvns
wire incubaied with spgropriae bainglmed sccondiay smibadics (Y ector
Labe, Burlipgame. CA) for 3 h & room keperani Afier wathasg for
a ferlber 2 hoin FOT {15 mim ckanpo), e eor anibudy staining wes
visualized wiing dhe Elite Veoorstain kit (Vecwr Lebs) s direcied by the
marufacnarer, The reaction wis siopped in 13 mi T"‘EpH 1.5, dehydraied
b]. wilang don Ut @ 00T Elweal gid then h;fl.l-r|d|m wrh a
m-w lafelle] ammsenie Loc EMA eiactly ae described
in &7 el [ 1991} slarting with the 50:50 - aylene wep. Allaling
placiphagtase sctiviy cimiming was done with e Geasu kil {Bochrager
Maanhesm) as detcribed byt munufaonmer,
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