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The periodic, seven-stripe pattern of the primary pair-rule gene even-skipped (eve) is initiated by crude,
overlapping gradients of maternal and gap gene proteins in the ecarly Drosophila embryo. Previous genetic
studies suggest that one of the stripes, siripe 2, is initiated by the maternal morphogen bicoid (bed) and the
gap protein hunchback (hb), while the borders of the stripe are formed by selective repression, involving the
gap protein giant (gt] in anterior regions and the Kriippel [Kr) procein in posterior reglons. Here, we present
several lines of evidence that are consistent with this model for stripe 2 expression, including in vitro
DNA-binding experiments and transient cotransfection assays in cultured cells. These experiments suggest
that repression invelves a competition or short-range quenching mechanism, whereby the binding of gt and Kr
interferes with the binding or activity of bed and hb activators at overlapping or neighboring sites within the
eve stripe 2 promoter element. Such short-range repression could reflect a general property of promoters

composed of multiple, but autonomous regulatory elements.
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Previcus genetic screens have identified ~50 regulatory
genes that control carly development in Drasophila, and
approximately half of these subdivide the embryo into a
repeating series of segments [Lewis 1978; Kaufman et al.
1980, Misslein-Volhard and Wieschaus 1980). Many of
the segmentation genes have been cloned and character-
ized |e.g., Laughon and Scotr 1984, McGinnis et al
1984], and the vast majority cncode nuclear faceors con-
taining well-characterized DNA-binding motifs, includ-
ing the homeo domain (Levine and Hoey 1988, Scort et
al. 1989], zinc fingers [Rhodes and Klug 1988], the helix-
loop=helix [Murre et al. 1989), and the leucine zipper
(Vinson et al. 1989). Each of these genes shows a unique
pattern of expression in the early embryo and is active in
a specific subset of cells (Akam 1987, Ingham 1988]. It
has been shown in numerous instances that the misex-
pression of a particular segmentation gene causes disrup-
tions in the pattern of the embryo, sometimes, these
phenotypes mimic other segmentation mutants [e.g.,
Strubl 1985).

Spatially restricted patterns of segmentation gene ex-
pression depend on a hierarchic series of gene interac-
tions, The first step in this hierarchy is the establish-
ment of crude gradients of maternal morphogens in un-
fertilized eggs and early embryos. Among these is the
homeo box protein bicoid (bed, which plays a key role
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in the initiation of gap gene expression [Berleth et al.
1988, Driever and Misslein-Volhard 1988). Each of the
five known gap genes is expressed in one or two broad
domains that span several adjacent segment primordia
ic.g., Gaul and Jickle 1987, Pignoni et al. 1990). They are
thought to control segmentation primarily through the
regulation of the pair-rule genes which, in turn, initiate
the expression of ~10 different segment polarity gencs
{for review, see Ingham 1988). This regulatory cascade
occurs quite rapidly and culminates just 5 hr afer fertil-
ization in the precise expression of the scgment polanty
genes within the limits of single cells in every segment
primordium [e.g, DiNardo et al. 1985; Komnberg et al.
1985, Hooper and Scott 1989, Makano et al. 1989

A recurring theme of the scgmentation hierarchy is
the progressive refinement in the pattemns of gene ex-
pression. At every step in the hierarchy a given segmen-
tation gene makes a relatively sharp “onfoff” chodce in
response to more crudely distributed regulatory prod-
ucts. Here, we present evidence that this refinement in
expression involves the interactions of distinctive com-
binations and concentrations of regulatory factors with
promoter sequences that have the properties of an on/off
switch. [n particular, we have examined the interaction
of the gap genes with the pair-rule gene even-skipped
[ewe].

gve encodes a homeo box protein that is expressed in a
series of seven transverse stripes along the length of the
embryo that play a key regulatory role in the establish-
ment. of the metameric body plan (Harding et al. 1984,
Macdonald ex al. 1986; Frasch et al. 1987). The formation
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of the striped expression pattem involves & two stop pro
cess, First, it has been shown by promoters [uslin studies
that separate ofs promoter clements direct the initial e
pression of individual siripes {spanning five w #ix no-
eleil There is eonsiderahle evidence thar this initial
seven-seripe pattemn is controlled by the broadly distnb-
uted, overlapping domains of the gap geve products. Mu-
tations in any of the gap genes lzad to o severe dismuption
of the initial seven-stripe pattern (Frasch and Levine
18287, Diriever and Miisslein-Yolhand 1988; M. Frasch
unpobl.), Later, the eve protein prasent within these imi-
tialby broad stripes intenices with & discal enlancer cle
mens located between =59 and = 5.2 kb upstream frofm
the transcription start site [Goto et al, 1989, Harding et
al. 1989, fiamg et al. 1991}, which helps refine the stripes
po thot each spana just two to three cells and shows
anterioi—posterior polavity by the onset of gasinlation
[Lawrence ot al. 1787, Frasch et al. 1988}

We present a model for the mranscrptional regilation
of the inivisrion of eve siripe 2. We have ipcosed on this
strips because previouws promoter fusion anal ynes and ge.
nenic studies have provided considerable information
about the cis and trans components that parescipate in
its localized expression. A vuncated promoter conrain:
mg 1.7 kb of eve 5'-Hanking sequence i sufficient to
drive the expression of o reporter gene [facZ] within the
limits of steipe 2 (Goto cf al. |989; Harding ev al 1989)
A 483bp mtemal dzletion between = Loand - 1.1 kb
abolishes expression (Goto et al, 1989), Petenddal frans-
nﬂ]u tors of I.I‘l"lPE T have been ideniified an the basia o
cxamintng the distribation of #ve protein in all known
segrentatban goitands (Fraseh and Levine P57 Dirieves
and Misslein-Volhasd 1988; M. Frasch, unpubl.] These
studies. g5 well as the tight Enkage of the wild-type ex-
pression patterns, suggest that the gap genes hunchback
ihb, ghaar {gd), and Krdppel |Kr are the most likely can-
didates for regulators of stripe 1 expression, Thete is ev-
idence that two of these, bb and Kr, directly regulate the
exprestion of the stripe because they bind to ciosely
linked stees in the sizipe 2 promoter element [Bancjevic
st al. 19891 IHere, we show that the leucine zipper pro
tein gt [E. Eldon and V¥, Pirrotta, pers comm.] binds o
seripe 1 sequences s well. Surpnsingly, we alss found
several hinding sites jor the matemal morphogen bed.
The g- and Kr-hinding sites overlap or are closely linked
o the flb and &od sites. Tramalent comranatestion assays
suggest that bod and hb acrivate transcription by binding
o stripe ¥ sequences, This activaiion is repressed by the
eotxpresiion of either Kr or g1, and DNA binding 15 re-
guired for repression by either protein, suggesting that g
and Kr jepress expression through 4 competition or
shomi-ringe quenching mechanism, We discuss the 1m-
plications of such shost-range repression with respect to
the evolution of comples promoesrs.

Resulis

A modal far the genetic contral of eve exprodsiaon ad
stripg 2

The wild-type limies of Ab (Tsurzer al. 1987), Er [Rosen-
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berg et al. 1986, and gt [MoAler er al 1989 expression
suggrst that they bkave a direer role bn tepulaving the
initiatiom of eve expreswion within the limics of stope 2
[Fig. 1 A=LC), The anternor domain of b expression coms
pletely overlaps with eve siripe 2 {Fg LA Stancievic e
al. 1989, Warnor and Levene 1890]. bed 15 expressed in s
pradicni that extsnds beyvond the anterior bl domain
(Driever and MNissléin-Volhard 19838] and encompasses
the megian of tha strpe, The antemvor Hmat of the Kr pats
tern abuts the postesior border of stripe 2 {Stanoievic ot
al. 1989, Fig. 1B, while g¢ abuts the anterior border of the
stnpe [Fig. 1CL

The expression pareerns for the lour pucative regula-
vors of stripe 2 are summanzed in Fypure 1D, In this

medel, the marérnal miomphogen bed and the gap gene b
sediale pve expression in the stripe 2 region and the
borders of the seripe ame tormed by repressive intcrac:
tlons by gr anteriorly and Kr posteriorly. This model is
supported by previous studies of £ve expression paterns
in various mutants [Frasch and Levine 19870 (1) eve
stripe 2 is grestly reduced or missing 1n b~ embryos, |20
stripe 3 appears vo be fosed with swripe 3 in &~ embryos;
andd |3] suripe 2 appears v be fused with stope 1 oo gl
embryos, Furthermore, Goto et al. |1989] have shown
that stripes 2 and 3 are fused iz K™ embryos camryving s
heterobogoiss promoter construct that selecuvely ex:
preases sinpes 2, 3, and T,

These studios suggest that the domain of expression in
strips 2 expands in gt and Kr” embryos but cannot g
arously mile ot the possibilicy thet the expansiom de-
rives brom the adjacent stripes || inge” and 3 in Kr~) Te
distngaiah among these possshilities, we examined an
Ve promoter=-lacs gene fosion (Fig B} that exprosses
facZ only at the positions of stripes 2 and 7 (Fig. 2C). In
¥r- emboyos the lusion gene 18 sxpressed 1n a broed band
ather than o normow atmpe, due to an :.q;q.:uiqn of irs
podterior barder (Fig 20). Similarly, gr' pene acuvity
seems to be tmportant for the specification of the anté
rior stripe border because there is an anterior expansion
of lacZ expression in gi ® embryos [Fig. 1E). Stripe 2 ex-
presston 18 bost or greatly reduced in Bed ~ and &b~ emv
bryos, supgesting thac chese genes cxert a positive effect
of its expression (data not shownl, We have not exame
ined the expression of the stripe 2-lacy gene fusion in
any oiber segmenistion misanes, because the earlin
studics [Frasch and Levine |9E7) indicated thar none of
the other genes were required for the initiation of stripe
2 exprestion. For example strpe 1 appears normal in
knirps and tailless mucanes, 35 well a3 in marvernal mu-
tanmis thar disrupe the torro or panos morphogenets o
EAMIZiNE conters.

DNA-binding aszayi

The type of genetic studies deccribed obove fail to dis:
tinguian beiween direct and indirect regulatory: e
tions. As o first step roward decermining whether the
mseraciions might be direct, we performed DMA-bind-
ing assays using stripe 1 sequences and bed, b, gf, and
Kr proteins. Previoos srudies Rave identihied a aumber o



kb and Kr-binding sites [Swnojevic et al. 1989] [n this
atidy we have overeapreascd full-length, nonfusion bod
and gt proteins in Echerichia coli {Srudiey and Moffao
1986} and used these ro perform systematic DNase | foar-
Pnn[ H255AYE IO lhl"' i hTr,rﬁ' :I Ell'l'nfl'l.' I.III:' rrH'I]‘\['di
primarily on promorer sequences extending from about
= 1700 1o —E00 bp because previous studics suggested
that this regon plavs a particularly important rale in
stripe 2 expression (Goto et al. 1989 Furthermore, stuad-
ies on b ond Kr indicace o Jack of binding sites n prox.
imal regions of the prometer (Sanojevic et al, 1989, Ex-
amples of the binding experiments are presented in Fig-
iite 4

Figure 3A shows the results of a DMase [ protection
assay, wsing affimity-purificd bod prowin and a ~406-bp

Twismscwiptmsl regalacion af ore

eve Sipe J \

Hﬂ.ﬂl: I. "||'|-j!|]-l:'|ll1: CXPrEIaMn patbeems ol patanive repula
wrs of eve stiipe 2 (Al Wildayps sinbrye swained with 4
mibxture of eve red) and hb |green) angbodies (repions of pver-
lapappear yellow This embryo and the other embnyos shawn
heie and in Fig 1 are onensed with anterior 4o the bt and
doamal up. The anterior domain of kb extends 1o the postenion
bosder of stripe 3 The pasterior hb domain everlags the sev
enth eveo stripe. (8 Wild-type embryo stained with 3 mizture
wi eve |red) and Fr [greea) ancikodics. The Sroad censral do-
mizin of Kr expressken extends fom 1lie posveion border of eve
stempe 2 o the antenied bosder of sinpe 5. |C] Wild-type em-
bryo seained with 4 mixcure of eve (groea) and g i) aned-
bodies. The antene domain of gt expressdcn extends vo che
antenor limiy of seipe 2, The postenior gf domain excepds
trem the posterine border o stripe 5 to the miehor barder of
sepipe 7 [soe el Mahles er al. VERY, (5 Summery of the trded
segalation o eve stripe L The approximate exprossion pat
teras of the bod and bb activatom are pepresented by boavy
black curves Topether, these pioterns cmmeide with 4 hread
doman where the stnpe 1 clement car be activated. The
bogders of the stripe [tepresented by ihe vertical lines at the
hartom| are established by repressive inieTactions medianed
by gi [anienior border| and K |posterine bonder)

Dralll=Ball DNA fragmient, which extends from aboue
= 1.3 kb to — 900 bp upstrzam from the start sire. Strong
provection 8 obseived for the sequence TCGAAGL
GATTAGG located at about - 1285 bp, which includes
an R out of 9 mareh with the bed core consensus se-
quence |(CCCATTACA] determined by Driever and
pidssleln-Volhard [198%]. A sccond bed-binding site i
seen at about — 1190 bp and alse contains an 89 mawxch
with the consensus [GGCATTALL,

Eigure 3B shows the TINA-hinding activiey of the gi
protein. In this experiment a 349 bp Rsal- Sty DMA frag:
ment |located berween approximately - 1.5 and =12
kb) was **P-labeled on the noncoding sirand and incu-
hated wirth increasing amounts of the gr protein, Se-
quecnce studics dope by E, EMon and V. Pirrotta have
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Figure 3. Summary of eve promites elements and expression of the stape 2
element, [A] The bonzontsl line represents a muap of the ere promater. Thnee
essential cix repilatory elements wers identified in carlier studies | Goto et al
199, Harding et al. 1969): an aute regulaiory efement Jocsted between —5.9
and =52 kb, the stripe 3 mivation element bevween - 3.8 and —1.% kb, and
the seripe 2 and 7 elements locared beeween = 1.7 and - 1.1 kb, The amow and
&1 inidieate the trapscription initiston swe |[B] Disgam of 8 hetemabagous
fidon promoter thot expresses stripe 2 in P-pransformed embryos. eve 57 se-
quences from =19 kb vo —41 bp were inserved into the HZS0 P-element
expression veevor (Hiromi and Gehring 19871 HESD convains che epil min-
imal promoter sttached o the bacterial loeZ-coding sequenct. (C) Embro
collested from g Peransformed line containing the fusion promoeter shown in
B Expressins of the lec? reporter pene was deeected by staining with an
sroti-pepalactoaidase antibody. Staining is restricted to stripe L none of the
a4aet @7 SIEpes are nhee rved fincluding TL (£ Stripe 2 expiedsion i a Kr-
embiya The eve—lac? fusion pene shown in B was crossed mito a K7 [Rede-
mang et &l. 1988) mueans hackgronand A beoad handd of lecd expression is
observed due to an expaision in the posterior limiv of the smwipe. (£} Sinpe 3
expression ina gt " emibiye, The sve-tecZ fusion gene shown in B was erossed
im0 & gi 7% (Wigichaus et al. 1034] muram background. A braader hand nd
facE EXPIEEEAT i observed due o exXpansion o the aneering boclder od the

stripe

shown that gt contiing a basic leucine zipper |pers
comut). Two sites of DMNase | protection ares observed,
one locawed ar about =1430 bp and & second at - 1350
bp. The distal site complerely encompasses one of the
five bed-bindsng sites present i the stripe 2 element.
Among the three gr-binding sitzs that we have identified,
the one located st — 1350 bp conrains the highest affinity
for the protein. Interestingly, the corz sequence within
the protected region posscsses weak dyad symmetry ard
shares 12 out of 20 identities with the consensus se-
quence of the pratotypic leucine zipper protein C/EHRP
[Fig. 3D, Vinson ct al. 198%). The weakes gr-binding sives
ar — 1430 and = 1110 bp share 10 out of 20 identities,
The locanons af bed-, Aib-, gi-, and Kr-binding sites are
summarized in Figure 4, There are a total of 17 high-
athinity kinding sites between — 1700 and =800 bp, and
12 of these map within the 480-bp region that is esiential
for expression (from — 1550 to = 1070 bp|. As shown pre-
viously (Stanojevic et al. 1989] there are a total of three
Er sites and onc &b site within this inserval. The current
study Jed to the identificarion of five bod sites and three
gt siees. Of the 11 bed- kb, gt-, and Kr-binding sites
present within this region, 8 are found in two clusters of
--50 bp cach [see Fig. 4B). Each of these elusters includes
hinding sites for two purative activators and two over-
lapping repressors (Fig 4C|. The proximal cluster [at
ahout — 1.1 kbl contains a3 I'lls]'.h.LFFlnll:}" l-u.ﬂr:ilr'lg site for

-l s B T Py my gy e

each of the putative stnipe 2 regularors, whereas the di-
stal cluster containg two bed activarion «ites eather than
ona bed site and one Bb site.

The tight linkage of activaror and repressor-binding
gites suggests thae gr and Kr might define the stripe 2
borders through a competition mechanism, Pigure 3C
shows [ootprint assays with the bed and Kr proteins us-
ing 3 DMA fragment that contsins two copies of the 54-
bp proximal cluster (sée summary of sequence m Fig
4C), Increasing amounts of the bed and Kr proteins resul
in sites of protection that overlap exvensively, and DMA-
binding studies with mixmres of the two proteins indi-
cote that they cannot co-oscupy these closely linked
sites [data not shown). This dose linkage probably re
sults from the similar sequences recognized by the bed
and Kr proteins, their core consensus-pinding sites share
& our of 10 matches |Driever and Misslein-Yolhard 198%;
Stanoievic ¢t al. 1989; Triesman and Desplan 1959]

bed and bb functien mwldplicatively o activate strips
2 mromoler segquences m ootransfection assays

I'o determine how the bed, bb, K, and g1 proteins might
repulate stripe 2 expression, transient cotransfecuion as-
says [Han et 2], 1989 were done by using reporter plas-
mids that contain sequences from the stripe 2 promocer
element, In the experments described here, 4 single copy
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Figure 3. Footpring assavs with eve stripe 1 sequences and
bied, K, and g proteins. YP-Labeled DMA fregments fram the
seape 1 element were incubated with memseing amounts of
full-lemgth bed §A) gt (8% w bed + Ki (O prowin made in
bacteria, Protein-DMNA compleses were pardally dygesbed
with DMase | and elecerophoresed on pelyacrylamide-uzes
gebs. |A) A #0G-bp Balfl-Orslll BNA fragment [kee Fig 4A)
trom the wrpe I element was 12p. Isheled and incakaisd with
stfiniey purified bod prowein |lanes 2 and 3], The o reghon
chat are protccied by bed are sbown by the brackets 1o 1he
right of the autocadiogrim, ablong with their sequencs. MNog
the appearance of hypemensitive sitcs that flaok the provecood
replons Lames labelsl — comespond o DNA-lundieg peac

tiras with conmral extracs from bacena ldking the bod expression plasmad. Lane go shows the 0+ A ssquence of the DNA fragmeni
wning the Maxsm-Silber sequeencing resction. (8] A 3492 bp Siyl-Rasal imagment was PP labeled and mncuibated with inceessing
anpounts of bacterial exnpacy conabning Jull-lergth g¢ protein [lanes B=5p Tweo protected regions ag shown by brackees, along with
their tequenses. (O & 350-bp Xbal=-Kpal DHNA fragment containing two oogics ol i 54-=|.lp pidiki] eleitein v p-labeled at the
Xbal sine apd moukared with incressing amounes of affinity-pusibied bed peoteln (lames I and 2 o Er exract [lanss 4 and )L Tw
proteced areas (ene In each copy of the 54-base element] were detecied far cach protzin. The limies and sequence of the bod-binding
#ite 14 shown g the luft of the surarsdiogram, and the Kr wlve s shown o the right. Mote that the protected regions owerlap by ot leass
T by, (D4 gt binding sites are relited to the CPEDP consenius sequencs, Maximal slignmenis of the three gobincing sites ennified in
this study, These i comparsd wish the CEBP conseeaus sequende of Landschulz ec al (1988 Sequence identitics sre indleated by
the baxes. The numbers wo the feft mdicate tae locations of the binding sites relative 1o thie LiamSciprion suae e

of each cluster of binding sites (distal and proximal) was
placed 1n tandem upstream of the kepT0 mimmal pro-
moter and artached to the bacterial chloramphenicol
scetyltransferase (CAT] reporter gene {swmmanzed in
Fig. 5], Similar results were abtained with reparter plas-

mids containing either the proximal or distal cluseer in
isalation (data not shoswn), The reporter plasmid shown
in Figume 5 was used to transfeet Schoeider cells, o
gether with expression plasmids contaning the full-
lengeh bed-, hb-, Kr-, and gé-coding sequence under the
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the BxcEll sicef that is caacmtial fop CARIITHSIaN o stripe I {Gowr el Al 198 is shown below the line, (O DMNA sequeene af the proaimal
end distal clusten showing che limies of the bvdisg sates based on footprion assays, Oligomucleondss used b cotranslection assays

povmrspone] t0 the sequences shown here [see Fig. 51

contred of the acrn 5O promoter [Ddever and Bisslean-
Volhard 1989} Each expression plasmid was tested sep-
arately; of the four, cnly the bed and bb plasmods acd-
vated CAT w any significant extent. [ncreasing amoungs
of the actin-bod cxpression plasmid resulted in a pro-
gressive increase in CAT activity, which peaked st a 17-
tw 1&fold induction above background Jevels [Table 1A]
The highest levels of the bed expression plasmed that
were assaved resulted in lower increases in CAT active
iry, posmbly due to a squelching sffect (Gill and Prashne
1938). These resisles sugpest ehar the bed protein hinds to
onc of more of the sites present in the stipe 2 sequences
and activates transcrption.

Similar expenments were performed with an expres-
sion plasmid |[pActSC-hby containing the full-lengeh kb
coding sequence. Increasing amounts of hb resulted in
only modest increases in CAT sctivity {Table 18] How-
ever, coexpression af the hb plasmid alesg with bed re-
sulted in mulsiplicative activation, with as much as 2
44-fold stimulation in CAT sctivity [Table 1C]. An im-

a2 GENES & DEVELOFMENT

portant implicaton of this reaale is that the bad mir-
phogen mught regulate gene cxpression in sarly cmbryos
by invcracting with the kb protein (see Discussion],

Feprassion by Kr and gr requires DNA binding

Cotranshection of ¥r or gt cxpression plasouds cither
aholhished or markedly reduced the multiplicative acti-
wvatiom obtained with bed and b (Tables 2 and 3], In
these experiments amownes of the bed and hib expression
plasmids were used thar resuleed inspeak (44-fold] seti-
vat of the reporter plasmid, Comansfections with in-
creamne amounts of 4 pActhC—Hr expression plasmid
caused as much as a 23-fold reduction 1o the activation
modiaecd by bed + hb [Table 2A] A significant reduc-
a1t CAT nr.rl'ril)r wins nhtamed wath |1|'||1.|.I 2 ME i.'IE
the Er expression plasmid, which is eguivalent to the
amount of Bb and juse ewolold mome than the bod re-
quired for peak activation.

Similar comansfection experiments done with a
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which inclades 47 bp of the immediate &'-Hanking region snd a $0-bp untranslased sequence. This minimal Asp? promocer was
attached to the bactemal CAT-coding sequences, which is flanked acits 3° end by 5V40 polvadenylation sequences A singhe copy of each
cluster of hending sives was fusad in tandem upstream of the minimal HSPTD promaser (sce Materizls and methnds] These two clisters

are sepanited by 16 bp of sequences from the palylinker

pActSC-gr expression plasmid suggest that gt is an cven
more eflective pepressor of siripe 2 expression than Kr
(Tahle 3A| The use of an equivalent amount of the gt
expression plasmid nearly abalished bed-hb activition,
reductng CAT activity to the same background level as
that obtained in the aksence of expression plasmids

Even though Kr- and gt binding sites arc closely linked
to bed and hb activarion sites within the stripe 2 ele-
ment (see summary of sequeace in Fig. 4B, the expeni-
ment outlined above do noe mle s the possibility that
repression invalves a nonapecitic squelching mcchanism
(Levine and Manley 1939), To exclude this possibilicy we
analvzed the acovicies of mucaneg Kr and gt proteins that
arz unable to bind DNA.

A murant form of the Kr protein was synthesized (see
Marenals and methods| that mimics the produce en-
coded by 3 null mutation i the gene, called £r® (Rede-
mann ¢t al, 1PE8]. Kr* is stably expressed in homozy.
gotes and is identical vo the wild-type protein except for
a single amino acid subsutunon; one of the highly con-
served cysteine residues in the second zine finger is sub-
stitwicd with a serine [Roscnbeig et al, 19586, Redemann
et al, 1¥88; Fig. 6A) Such a substitucion probably pre:
venta the binding of a #n’ * arom, therehy disrupring the
“finger" structure ond impairing its ability o bnd DNA
[Rhodes and Klug 1988). Gel-shift assavs indicare that
the mutant Kr* protein tails to bind to either Kr site
contained in the reporter plasmid (data mee shown),
When tested in cotransfection assays, the & protein
was unable o repress the multiplicative activat:on me-
diaved by the bed and bl proteins [Table 2B). Even the
highest levels of the Kr® expoession plesmid thar were
assayed failed 1o reduce CAT expression. T assure thar
thas lack of repression was not due to instability of the
mutant protein, we compared the expression of the Kr°
protcin 1o wild-type Kr in panallel couansfoction exper-
imenes by immunofluorcscence staning [Fig. é8) The
two proteins are expressad at comparable levels. More-

aver, both protons ame restncted to nucle, indicating
that the anuno acid suhstitution in the Kr® protein docs
not disrupt nermal auclear ranspore

L a simmilar series of expenments a mutane Moo of dee
&t protein (g Bo4) wis synthesized and tested. gt B4 cone
tains 2 aminag acid changes in the basic region thar is
adjacent to the leweine sipper proscnt near the carkasyl
termanus [Fig. 6CL Ic has been sugpested than this basic
region supplics the contact points necessary for DNA
binding via the "ezissore-grip” model [Vinson er al
1989). When produced in a bacterial expression system,
the mutant g protein fails o bind to cather site in the
reporter plasmid (dara nor shown|. In rransient cotrans-
feetton assays, the ge B4 protein alse fadled wo repress
CAT activasion mediated by bod and hb (Table 38). Im-
munofluorescence expeniments showed thae the g¢ B4
peotean was stably expressed in nuclen [Fig. $D), exclud-
ing the pussibality thas the failute w repiess wis due Lo
problems of stability or intracellular transporst. This ex-
periment suggests that direct DMNA binding 15 required
for gt-mediored repression in this dsaay,

Discussion

We have presented a model for the initiation of eve stripe
2, whereby the matemal morphogen bed and che gap
provtein fb together define a broad activation domain in
the anterior third of the embryo, The borders of the
stripe depend on selective repression by the gap prowin
&1 in antenior regions and Kr protcin in posterior regions,
Previous soindies have exeablished than the normal spatial
and eemporal limies of bed, hb, Kr, and gt expression are
closely linked with the stripe 2 parcemn (Stanojevic ex al.
198%; Warrior and Levine 1990, Kraut and Levine, 19911,
Here, we provade additional evidence thae these regula-
tory factors directly regulate strpe 2 expression, as sum-
marnized in Figure 1D, Firss, the borders of an eve=lac
fusinn gene thar seleceively expresses seeipe 2 are ox-
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Table 1. bed and hh activare CAT via the prosimolidisel
efieatara aof hinding sites

Table L. The CAT acovatson mediated by bed aod b is
repressed by wolditype K prodeln boe mor by Ee*

A. bod alone 8. hb aloae A Er
e (g CAT b [ng) CAT bed (ug] b (g} Kr i) CAT
[FE1] (K 0 1.0 ol 0z LIET &2
na L 0o 1.6 Ll 0z LTI 380
0L03g 104 nonas 15 ol 02 1] s
(L1 1LL.5¥ s d ol 02 LX) 10
1§ 169 ol 3.5
02 161 0.2 a4 B K
0 17.6 04 4.5 ; .
b 128 0% 41 bed [ug) hb gl Er (ugl CAT
1.4 I'Lé& 1& 20 [l [ ) 0.0 443
= — 0.l [ ] 0.0 A58
€. b pluis B 0.1 ¥ 0.2 531
bed (g B [ CAT o S S o i
a0 00 L0 Cotmanifection wero done with 0.1 pg of pAccSC-bod oxpres-
a0l 0.01 120 gipn plasmid and 0 pg of paaSC-hb along with increasing
o0l I:I-IIE 15.5 amornis of pASC-Kr A) or pht:ﬁn'l:'-\i'fr"' |Bl znd 1.0 u.;nl:th:
201 EI:II:'l 1&'3 HEP-CAT seporter svmeimact shown im Fig 5.
4 Xi 13 0.5 3.1
1 Ll 0.7 8.6
WTiFLY 0.1 WL,
AE .05 310 tatton hierarchy a3 a lingar series of gene interactions,
005 0.l 368 Herwever, although our results ane consistent with a dis
s 0.2 49 rect role for bed, it is conceivable that bod acts indirectly
i 005 A0S em atripe 1 expression wia kb It should be noted thae
Y] 0.1 6.3 there is a prevedent for the direct involvement of 2 ma-
i 0.2 4.3 termal factor with a patr-mibe promoter: The so-called ze-

Transb=nt cotransiscrion assays were perfarmed as described in
Marsrials and Methods Incressang smounts of the paoSC-bed
::pmujm pln:rul:l AL the p.&:lﬁ-ﬂ—.bb'p].l::ﬁ.d B, ar bodh [C]
wiere wsed along with 1O g of HSP-CAT reporter constrect
contaiming one copy €ach of the S1-bp dissal element and ane
copy of the S4bp prozimal element in wandem |see Fig 5}
pActS plasmid |[withowt inssrt) was added where necessary 5o
theat the rorzl smoaing of expression plasmid was the same in
cach tamsfccoon. The CAT sstivitics shown ane selative
amounts compancd 10 the baseline activicy obiained with the
pAcsal plasmid alone {line 1 of A-C,

pended whest erossed into gt~ or Kr~ embeyos, Maore:
over, DNA-binding expermenis indicate that bed, hib,
Kr, and gr proteins band with high affimity to sequences
contained within the stripe 2 promoter element. Fnally,
we have shown thar =100 bp of stnpe 2 promoter se-
quences mediate actvation by bed and bb proteins and
repression by gt and Kr.

Does bed directly regulare eve expressiond

The identification of multple, high-affinity bed-binding
sites in the strips 1 element suggests that the bed mor-
phogen could play a direct wle in activating eve expres-
sion in early embrvos. Theee of these bading sites me-
diate strong sctivation by che bod protcin in cotranafec
tion assavs The posstbility thae bed directly repulates
ove challenges the strictes: imerprosation of the ecgmen-
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bra clement of the fushi tarazu [fez] promoser {Hiromi et
al. 1935] appears to be dmectly activated by the homeo
box pratein csuda] [cod| [Dearolf et ol, 1989],

The demaonstration that combinations of the bed and
bb proteins can multiplicatvely activate a reporter gene
containing stripe 2 soquences suggests that bed might
ot influence the scpmentation pattern solely through
thie regulation of gap genes. Previous studies have shown
that the bed protein is distribated in a2 hroad concenera-

Table 3, The CAT sctivarion madiatsd by bod and hb is
repressed by wild-tvpe £ prodein but oo by gL B

A gt
bed (ugl i (gl £t g CAT
ol 02 0o #H2
ol 02 0.0 9.1
il Nz .1 12
ol 0.2 0.8 o.r
E gt B4
bed [wg) b (k) £l B [ug) CAT
0l 01 00 TR
0l 0.2 0.05 423
0l 02 02 a
el 0l .58 a2

Cosransfestions wers done as in Table 3, except with increasing
et of pAetSC-gt (A) or pActSC—git B4 (0L
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Figure &  Sommary of Kr and gt prosewns wied e cotransléction assays. [A] Predicted strmetare of the second of dnvar Tt e fingers in
the wild-oype [left] and Kr° mucane {gghe) peorsins (Redemann e ol 1988). Amino ocil residues aie ceproesenned by dee amgle-leoen
code, Kr” coatains 4 senne residue at position 255 13 place ol one of the highly conserved cysteine residues v the wild-wype protein,
This substitution should prevent the formation of a functienal Zn'" finget and tmpades it abaliey 10 band DNA (ding net shown|
|1 Expressrn of the wald-2ype [Jeft) and Ee® frighil protems in transtected Schnoder cells Both proteins ane stably expiessal 5 aacla
Proteins were detected with anti-Kr antsbedics and visuslized by indirect immumoflusrescence. [ Prediceed seructure of & gt protein
ditnes by association of putative keucine zippess jafver Landschulz ep ol 1989 The sequence of the busic region adiavent oo ihe leucine
tipper 18 shown for the woild-type gt profein ond the synthetic mutant g 5.4_ (0] Expression of the wald-oype [fefl] and the geBoa (soeii|
profeins in dransfected Schncider cells. Both proteins ame stably expressed in nucle.

fon gradicnt with peak levels ar the antenor pole
(Cricwer and Misslein-Yolhard 1988]. Onby levels of bed
provein above a minimal cheeshold can activate b, re-
suliing in a relatively sharp border of bl expression i
anterior regions [Driever et al. 1939, Scruhld ¢1 al. 1989)
This threshokd process could, in principle, gencraie two
distinct combinations of regulsvory activity, with cm-
bryonie cells in anterior regions containing both the bed
and b proscins while more posterior cells express only
bed., Several types of mechanisms could account for mul-
tiplicative interactinns hetween the bed and hb proteins,
including cooperative binding to DNA or so-called
“PROmMESCUOUS" COOPErativity involving protein-protein
interactions with the transcriprinn machinery (Lin ot sl
19901,

Meckanizm of repression

Gencrde swwlies have shown thar reladvely small
changes in the level of Kr protein cause & significant
expansion in the limits of eve stripe 2 cxpression (Frasch
and Levine 1987; Warrior and Levine 1990), Thus, the
broad. bell-shaped dis:ribution profile of Kr expression in
ceniml regions of the embryo dictates a relatively sharp
orvolf swirch in eve expression [see Fig. 1D]. Although
the Kr expression pattcm has not been quannfied, it

would appear that on the order of a twofodd change in the
level of repressor is sufficient to wrigeer this switch, Such
threshold repression might be a mantlestation of coop
eranvity berween acoivators, Three of the five bed-bind-
ing sites present withim the stripe 2 element ase closely
linked to a Er site. In principle, Kr maght repress expres
sion by competing with the binding of bed vo just one or
two of the sites, as this would disrupe potential cooper-
stive interactions ameong the activator.

A related mechonism of repression i thae the binding
af gt of Kr vo o given sdte interferes with the activity, bue
not the binding, of neighbaring bed proweins. For exam.
ple, gt bound to the proximal cluster shoald block the
hinding of the hb activator (see Fig. 48] Perhaps gt also
repreases by masking or “guenching” the activity of bed
hound ar the eighboring site [Levine and Manley 198%),

Transicnt cotransfcction assavs sugeest that g is a
miere cifective repressor than Kr (see Tables 2 and 31 The
greaser effectiveness of g reflects the situation n the
embeyo, 1o that 2o ks active 1 regions where there ae
higher levels of the bed and Eb activators [see Fig. 101 In
contrast, #s discussed above, Kr is active in icgions con-
raming only low levels of these activators. 1€ should be
noted, however, that repression by g1 is not sufficien:
accomnt for the establishiment of elic st 2 border i
viva, These 18 4 transient and meomplete fusion of
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stripes 1 and 2 im pt - embryos (Frasch and Leving 1987),
maising the possibility that additional repressors operane
to keep the stmpe 2 element off in anterior regions con-
taining high levels of the bed and bb activarors.

Shurt-range repession penmits sutoaomous actios of
stripe elements

The eve promoter is composed of o series of separate cis
sequences that regulate individual stripes, although all
of these clements act on o common promoter, How do
these elements act independently of one another? A simi-
ilar situation has besn shown for the heiry promorer,
which is anether primary pair-rule gene containing scp-
arafe stripe initigtion elements [Howard et al. 1988,
Howard and Svruhl 1990, Pankrats et al. 19490

The summary Hgure shown i Flgore 7 presenrs a
maodel thar describes how two stripe initiation elements,
2 and 3, might function autonomously, Genetic studies
on the regulation of stope 3 are incomplete, but a rca-
sonable possibility is that #b [and perhaps bed] both ac-
tivates and represdes it expression [Frasch and Levine
1987, R, Warror and M. Levine, unpubl]. Approxi-
mately 20 hb-tinding sites have been identificd within
the stope 3 element, which might permit its activation
in regions of the embryo where there are low levelsof the
kb protein (Stanojevic et al. 1988), Activation might og-
cur when a small number of highr-affinicy hi-binding
sites are filled. In more antenor regions there are high
lewels of b, which mighe result in binding to most orall
of the sites, including lew-affinity sites thay mediate re-
pression. Transient cotransfecrion assays are consistent
with this misded and have shown that bl can acrivate or
wpress gene expression in a concentration-dependent
manner (Zuo et al. 1991), The stripe 3 element mighe

Hgure 7. A model for the autonomous sction of
thie strlpe ¥ awd 3 clements, The corves pepue-

evade repression by cven high concentrations of the Kr
repeessorn, as it completzly lacks high-affinity Kr-binding
sites |Sranojevic et al. 1989). In regrons where stnpe 3 is
expressed the soipe 2 element is inactive duc to the
binding of Kr protein to the three high-atfiniey siees it
COntains

An ymportant implicapon of thas model 15 that the
binding of Kr oo the stripe 2 element docs non interiere
with the activiey of the stipe 3 cloment, which is lo-
cated — 1.5 kb away |{Goto et al. 1989, Harding <t al
1989, sce summary in Fig. 2A) The inability of Er o
repress over such 3 distanee B compatible with the
cotranstection studies, which suggest that short-range
repression is sufficient to saccount for the inactivation of
smpe 2 expression. It is striking that nearly every one af
the bed- and hb-binding sites present within the stnipe 1
elemens overlaps or is immediately adiacent vo a gt or Kr
repressor site, if long-range repression were un important
mcchanism goveming eve expression, there would be no
need o0 have such dight linkage ol the activators and
TEPTESa0Ts. =amilar arrangements of activators and re-
presaors have been identified in numerous mammablan
promoters, whicl supgeests thar sho-range opression
might be important in these syatcoms as wel] [Maniatis €t
al. 1927 Short-range repression might account for the
evolution of complex promoters that are composed of
multiple, autonomous regulatory elements.

Materials and methods

Recombinan platmids

The eve suipe 2 clementhes shock promater [HEFVCAT re-
porer plaimil (Fig. 5] was coastruceed from synihetic aligonu-

elengides [wequenees are shown in Fig 401 Sach olipomesclemide
pet wis annealed ropether, Bluntended with Klenow, and

sent, cnly very approximately, the limdte and ley-
ele of hed, hband Kr expression in the region of
the embryos where eve stripes 2 and 3 are ex-
pressed. The dashed vertical laies corrcspond 10
the stripe 1 and 3 boeders. The reglon of stripe 2
expression contains relatively high levels of bed
and hb and low bevels of Kr. In contraan, the o

ghisn of stripe 3 expeession containg low levels of
bed and kb expression and wery high levels of K,
The borizontal lines on the bottam repiescnt the
actirities of the sve prametes in regions of the
ernbryn where sinipes £ and 3 are expressed. In
the stripe 2 fegion many bod- ol bile-lhsding
gived in the ¢ve profmaoter are occupied {lower
Ieft], resatlrimg in the azvvatlon of the sarpe 3
element and the repression of the 3 elereent. Re-

hb Ky
bed
gve stripe 2 | eve stripe 3

— s =mm

pression of the soipe 3 elemen: might result

(W3 element | (M2 elemen |

[E3 element | mm i
bb

from the binding of bb lndfor bed) o low-affin- b hs bk
ity sites that medeacs repression (s2e Discussion). OFF
In the seripe J reghon the high concenoramnons of

bed hib bk Kr Er Kr
| O OFF

Frrepress the stnpe 1 clement, bt nog the stripe 3 elemeni, becanse b lacks Arhinding sites [Srenngewvis et al. 19890 The lower levels
of Ab (snd peshaps bod) in this regioa might activate the stripe 3 elemert by binding only to high-affnkey sites (see Discwssson



cloned separarely imo che EcoRV site of pBluescripe SK - [pur-
chaced fiom Srraregene, L jolls, CA| to generaie intermediate
clanes pBS5L and pBSS4, The 51-bo dsstal element was cloned
upstrearn of the 54-bp proximal element by cutting pBS51 with
EcoRl, Bluse-ending, and cutting with Kpnl vo give 4 90-bp frag-
ment, which was ligated into pB554 that was cur with Hindlil,
blunt-ended, apd cur with Kpal This closs (pBSS1/54] was sce
quenced to verify thar i contsingd both clements separated by
16 bases of Blusscrips polylinker. pB551/54 was then oot with
EcoRl, kunt-ended, cur with Hindlll, and inserted into H5P=
CAT parental vector thar had heen et with Sall, blurt-eaded,
and cut with MHisdlll. The promoter sequences fram the stripe 2
region wiere also cloned into unother CAT veceo tha contains
the metallothionine minimal promoter ia place of the HSFT
sequences (Han et al. 1989, In all cases, the two diferent hasal
promotess gave very similar resales

The bod expression veetor pActSC-bod was prepared by clon-
img the Mdel-FarnHl tragment containing the bed-coding e
gron from pAR=budNB (Dilever and Misslein-Yolhad 1989)
i pPeell + MDE (Eiggin snd TRan 1999). This bed protein
contains twio extra residucs &t the smino erminus (methionine
ared hisvidinz). All vther expression wectors were derived from
the parental plasmibd pAetSCERE, kindly provided by Dy, K. Bur-
gess. This plasmid contains =2.5 kb of 5'-flanking sequences
from the Cvosophila actin 5C gene, pAntSC-gi was constructed
trom a full-tength gé cDMA (described by Kraut and Lovine
19211 pActSC=hb and pACEAC-Er wene kindly proveded by E.
Han (iee Zuwo et al, 1991]. To muke the pAct3C-Kr® expression
plisrid, & ~1500-bp MNotl-Kpnl fragment from the Kr-coding
sequence was cloned into the polylinker of pBlisescript 5K =.
The Br® mutanion wis gencrated by aligonuclzoode-direcied
muatagencsis by using the 3b-aucleoside ofigomer, $-GAA
TGTCCGOGGAAACTCACAANCCOCLTTTAC-Y, whaehk con
tains theee mismaiches with the wild-eype Kr sequence. These
substtutions change a cyiteine residue 1o g serine (sccording oo
the sequence of the Kr* mutant reposted by Redemann et al,
19851, Mutagenic clones were screemed by sequence analysis,
The = | 5K0-bp Notl-Kmnl-mutagenized fragment was then sub-
stituted back into the parcnt vector pAcedC-Kr, werified by re.
striction mapping and sequence analysis, The g B4 mutation
was generated by aliganceleaeide-dicescied mutagenesis by us-
ing the 30-puclzocide cligomer 53 -GAACTAOGOCCGCAGTA-
CCLCOCCTGAAGAA-T", which coneains thre: mismatches
with the wild-type sequence (R, Eraut, unpubl) The |4-kb
Nidel=Sac] fragment coniaining the mutagenized sequence wias
then subatirased back ineo the parcnual vecior pAct5C—git and
verfied by restriction and sequence analysis.

DMase ¥ prorecrion asiays

Foatprint assayi were performed easctly a8 deseribed by Hoey
and Levine (1P88]. Proceis exerasts uiad for e binding assays
with Kr and gt wers prepared with guanidine HCL, followed by
exneniave dialvals, exsctly as described hy Hoey o al (1984],
The bod protein wsed in the DNA-binding scudies was alfiniey
purificd from the soluble fraction of the bacterial Iysate esser-
tally as described {Kadomags and Tilan 1986) by using mulim-
crs of the Ad bod-binding site from the b promoer [Droever
and Misslein-Volhard 1989,

Artibraddy seaiuineg of eenbryos

P transfonmants were stained with & ratbie anti-p-galaciosidase
and denecied by a histochemieal procedure employing the ABC
Elire kin jpuechased from Yecror Labs, Burlingame, CA), exacely
an descmbed by the manufsorurer, The stmincd conbryos wom

Traascriptional regalaion of eve

photagraphed, and ths color tansparcncies were wsed o prnt
the verse image a4 described by Harding et al. [1989]. Immai-
nalocalization of eve was done with 2 rabbit anti-ave ancibody,
kindly provided by Dr. Manfred Frasch. gr was devecied with a
gainea pig antibody described by Kraug gnd Levine [1991), Kr
was localized with a mhbit anti-Er annbody kindly provided by
Dr. Chnstine Rushlow, snd hb was deresied with o mowss an-
tibady kandly provided by Daved Eesman. Dosble immunoflu-
orescence Maining was done exacily as described by Sranosevic
et al. (1989

Cotransfections and transdent CXFIESENGE dE5aYs

Drosophils Scaneider S1MS cells worn grown in M3 medium
|GTRCCY supplemeneed with 10% defined feral hovine semom
{GIBCCY, which was heat insctivated at 80°C for 30 min
Cotranstections were performod essentially as reporeed in Han
et al. (1989, For each wansfection —4 = 10° cells were placed
per B0-mm tssue culpare dish 1 day before cransdection. In all
cases, |0 pg of 4 given eve elemenuMSVOAT eepomer plasmid
was transfested slang with various amounis of expresiion plag-
milds and 2.0 pe of Copla long-terming repeat (LTR-eE plas-
mid, which served as an internal control for tansfection cifi-
ciency |Han et al. 1989 pActSC plaamid veceor |(withmur in-
scricd coding sequenoes] was added where required o
stamlandize dee amount of expeession plasmdds in each experi-
ment. Tho total amount of DMA in cach tmnsfection was ad-
pusted t0 10 ag by the addition of pGEM-1 or pUCTH & carrier.
All experiments were perfomied az least twice. Prepanations of
cell extracts, P-galaceosidose assays, and CAT assays were de-
scribed previomsly [Han er al. 1969). Indirect immunaflaores-
cemce assays wore penformed as desenbed by Rushlow ex al
[1989]. For the Nr experiments & rablit anti-Kr primary aniibody
amd & TAITC-coniugated antd-rabbic secondary antibedy wemn
used to detect Kr prodein. For the gf expériments 4 goinea pig
anti-ge antibody dnd a TRITC-conjugated anti-guines plg see-
oaidary antibody were used to devect §i protein.
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