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SUMMARY

Experimental investigations of eukaryotic enhancers
suggest that multiple binding sites and trans-acting
regulatory factors are often required for wild-type
enhancer function. Genetic analysis of the stripe 2
enhancer of even-skipped (evgd, an important
developmental gene ibrosophila, provides support for this
view. Given the importance ofeven-skippedexpression in
early Drosophila development, it might be predicted that
many structural features of the stripe 2 enhancer will be
evolutionarily conserved, including the DNA sequences of
protein binding sites and the spacing between them.

enhancers by P-element-mediated transformation. This
analysis revealed that the eve stripe 2 enhancer from each
of the four species drove reporter gene expression at the
identical time and location in D. melanogasterembryos
Double staining of native eve protein and transgene mRNA
in early embryos showed that the reporter gene mimicked
native eve expression and, in every case, produced sharply
defined stripes at the blastoderm stage that were coincident
with eve stripe 2 protein.

We argue that stripe 2 eve expression ibrosophila
evolution can be viewed as being under constant stabilizing

To test this hypothesis, we compared sequences of the selection with respect to the location of the anterior and

stripe 2 enhancer between four species @rosophila D.
melanogasterD. yakuba, D. erectaand D. pseudoobscura.
Our analysis revealed a large number of nucleotide
substitutions in regulatory protein binding sites for bicoid,
hunchback, Kruppel and giant, as well as a systematic

posterior borders of the stripe. We further hypothesize that
the stripe 2 enhancer is functionally robust, so that its
evolution may be governed by the fixation of both slightly
deleterious and adaptive mutations in regulatory protein
binding sites as well as in the spacing between binding sites.

change in the size of the enhancer. Some of the binding sites This view allows for a slow but continual turnover of

in D. melanogasteiare either absent or modified in other
species. One functionally important bicoid-binding site in
D. melanogasteappears to be recently evolved.

We, therefore, investigated possible functional

functionally important changes in the stripe 2 enhancer.
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consequences of sequence differences among these stripe 2kipped

INTRODUCTION

A detailed experimental dissection of a regulatory sequence
has been carried out for the stripe 2 enhancer governing the

Differential gene expression during development can now beanscriptional regulation of a pair-rule gereven-skipped
described in terms of the interactions betweasgacting (eve in Drosophila(Stanojevic et al., 1991; Small et al., 1992;
elements andransacting factors (Arnone and Davidson, Arnosti et al., 1996)eveencodes a homeodomain-containing
1997). Recent success in correlating the expression of keyotein that is expressed during embryonic development in
regulatory factors in development with major evolutionaryboth arthropods and vertebrates (Kenyon, 1994; Patel et al.,
features of arthropod and vertebrate body plans is predicaté®94). The spatial and temporal patterns of embryonic
on the parallel assumption that evolutionary differences in gerexpression oéveare tightly regulated iD. melanogastebhut
expression will also be understood in terms of specific changese different among diverse insect species, such as the fruitfly,
the sameis- andtrans-acting factors. Since many of tlrans grasshopper and beetle (Patel et al., 1994 chistocercafor
acting regulatory factors are highly conserved proteins, it hasxample evedoes not exhibit a pair-rule pattern of expression
been suggested that regulatory evolution is brought abo(Patel et al., 1992), whereasTiriboliumit does show pair-rule
primarily by substitutions irtis regulatory sequences rather expression, but with the formation of segments proceeding
than in the proteins themselves (Averof et al., 1996). sequentially rather than simultaneously, a3rosophila(Patel
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et al., 1994). IrSchistocercavertebrates an@. eleganseve  present in the majority of binding sites; only three binding sites
homologs are expressed in the posterior regions of embryosere completely conserved in all of the species. The spacer
suggesting a role in the specification of posterior identitiesegions separating adjacent binding sites also differed in
rather than defining segmental boundaries throughout theequence as well as in length. Similar mutational changes were
embryo (Patel et al., 1992, 1994; Ruiz i Altaba and Meltonfound segregating as polymorphisms within species (Ludwig
1989; Bastian and Gruss, 1990; Ahringer, 1996). Indeednd Kreitman, 1995).
mutations inC.elegans vab-{the eve ortholog) lead to the Here we investigate whether the evolutionary changes in the
deletion of posterior structures (Ahringer, 1996). stripe 2 enhancers of fouDrosophila species have any

eve plays a key role in the segmentation procesDof discernible effects on the timing or spatial localization of stripe
melanogaster(Nusslein-Volhard et al., 1985). Prior to the 2 expression. A functional analysis of tlewe stripe 2
completion of cellularizationgeve is expressed in series of enhancers fror®. melanogasteyD. yakubaD. erectaandD.
seven transverse stripes in the blastoderm (Frasch and Levipgeudoobscuravas carried out using a reporter gene in P-
1987). The transcriptional regulation of these stripes iglement-mediated transformants. We were able to spatially and
complex. Theeve cisregulatory region contains a series of temporally localize stripe 2-drivelacZ in early embryos by
separate modular enhancers that control the expression @ing a double staining technique for native eve protein and
individual stripes (Goto et al., 1989; Harding et al., 1989; SmalacZ mRNA, and by including theelanogastestripe 3+7eve
et al, 1992, 1996). Stripes 2 and 3 are controlled bgnhancer as an internal standard in our constructs. The goal of
nonoverlapping enhancers which are separated byis work is to relate patterns of natural sequence variation in
approximately 1.5 kb of ‘spacer’ sequence (Small et al., 1993he eve stripe 2 enhancer to our experimentally derived
1996). The stripe 3 enhancer sequence also regulates tiederstanding of its function.
expression of stripe 7 (Small et al., 1996). Short-range
repression permits these enhancers to direct transcription from
a common promoter independently (Small et al., 1993; GrayIATERIALS AND METHODS
et al., 1994).

Extensive in vitro mutagenesis dfansacting factor- Drosophila stocks
binding sites in a 480 bp iMimal Sripe 2 Bement (MSE) has  D. erecta(stock number 1013) was obtained from the Drosophila
allowed the refinement of a mechanistic model for stripe Zpecies Stock Center in Bowling GreBnyakubaD. pseudoobscura
activation and repression (Small et al., 1992; Arnosti et al(Est-5-99 and D. melanogastetOregon RC were obtained from
1996). TheD. melanogasteMSE contains 12 transcription Michael Ashburner, R. Richmond and C. I. Wu, respectively.
factor-binding sites, including six activator and six repressofransgenic lines ob. melanogastecontaining a stripe 2,3+acZ
sites. According to the model, binding of bicoid and hunchbacRene fusion construct was kindly provided by S. Small (line 51 and
in the MSE is required for the activation @fetranscription ~ °° transformed with construct 2; see Small et al., 1993).
in the anterior half of the embryo. The stripe borders argjoning, amplification and sequencing

determined by the activities of two repressors, giant in anteriQ!‘-enomic DNA was prepared from single adult male flies as previously

region and Kruppel in posterior region (Arnosti et al., 1996)gescribed (Ludwig and Kreitman, 1995). Teweregulatory region of
The fact that four of six bicoid and hunchback activator S|te§_ erecta Containing part of the Coding regionl the proxima| promoter

directly overlap giant or Kruppel repressor sites led to the earlynd part of the stripe 2 regulatory element, was cloned as a PCR
suggestion that these repressors might define the stripe bordgegment of approximately 1600 bp length. Primers for the
through competition for shared binding sites (Stanojevic et algmplification of this fragment ({&atcttctgcgggegtitgt3 and
1991; Small et al., 1992). However, the overlap of giantS'ctgccgticaaggagttat3vere designed from conserved sequences in
binding sites with bicoid and hunchback sites has recently beéh melanogasteand D. simulans The 3 portion of theD. erecta
shown not to be essential for giant function in vivo (Arnosti eftriPe 2 element was obtained by inverse PCR (Ochman et al., 1989).
al., 1996). The authors interpreted this result as indicating thatTWO sets of universal primers for the amplification of the stripe 2

. . . = . enhancer region were then designed from aligned sequence
gl)?gtr?'nr(]ec(j:fliarrliigir):Ii:1(\3/5i\iﬁze;rf]ac:]r?ﬁgﬁgznqitesrigEi?] goundanes comparisons ofD. melanogaster(Canton-S GenBank reference

; . X78903),D. picticornis(Sackerson, 1995), and our sequencesvef
In an attempt to understand the relationship betweef,n, different alleles oD. melanogasteand D. simulans(Ludwig

sequence evolution and enhancer structure-function, Wghd Kreitman, 1995), and. erecta One set of primers (containing
previously compared the stripe 2 enhancer region in populati@ EcoRI sites) —

samples of the sibling specieB. melanogasterand D. U1l+: Saaaagaattcatttgctgcggtnagtcgfd

simulans(Ludwig and Kreitman, 1995), in another closely U2-: Saaaagaattctgrtgtctytccatrttrtadr

related specied). erecta(Kreitman and Ludwig, 1996), and  U3-: Saaaagaattcmtgccrttcarsgartttte3was used to amplify a

in a distantly related specid3, picticornis(Sackerson, 1995). region that spanned the autoregulatory r_e_gion t(_) the coding region of
Interspecific comparisons revealed that most, but not all, of tf/é This fragment was then reamplified with nested primers
D. melanogastehomologs of the bicoid, hunchback, Kruppel (containing 5Bantil or ECcRI sites) —

. - . ; U4+: SBaaaaggatccgagatcggcgctttgtgagdd
and giant protein-binding sites were present in the other 5 aaaagaattctgrigretytccatrttrtadr

Species. One binding S't.e for b'.CO'.d' deT3' was n_ot present in U3-: S'aaaagaattcmtgccrttcarsgartttte3so that it extended from
either D. erectaor D. picticornis indicating that it was @ he spacer between the elements for stripes 3+7 and 2eoettling
recently evolved site irD. melanogaster(Kreitman and region. All PCR fragments were cloned into the Stratagene vector,
Ludwig, 1996). Surprisingly, this site has been experimentallyBluescript I SK+. Sequencing templates were prepared from
shown to be functionally important in tH2. melanogaster amplification of the cloned inserts with the universal M13 primers
MSE (Small et al.,, 1992). Nucleotide substitutions werg-20) and Reverse. All sequences were determined for both strands
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stripe 2
insertion sites
Asp718 Pstl
eve
Aflll codon
BamHI Sacl i AUG  #22 wbal

Fig. 1.Physical organization of the stripe 3+7 l_‘_l | i 1 i
and stripe 2 enhancers in relation to ¢ke -——— _——
proximal promoter anthcZ reporter gene in 500bp 300 bp eve basal lac Z a;ubglin
the P-element vector, CaSpeR. stripe 3+7  Spacer +leader en

using template-specific primers. To eliminate PCR and cloning errorgxpression (Ludwig et al., 1993). Between 6 and 10 independent
each sequence was confirmed by sequencing PCR templates obtaistable transformed lines were generated for each construct and at least
directly from the amplification of genomic DNA. Sequencing wasthree independent lines were examineddoZ expression. Embryos
carried out on an Applied Biosystems Model 373a automatesvere doubly stained to allow simultaneous detectiopvefprotein
sequencer using TAG DyeDed®yterminator cycle sequencing andlacZ mRNA by in situ hybridization. eve protein was detected

chemistry, as described in Ballard and Kreitman (1994). using an anti-eve monoclonal antibody (mAb 2B8; Patel et al., 1994),
) HRP-conjugated secondary antibody and DAB histochemistry,
Stripe 2 elements according to a rapid staining protocol with an addition of RNAse

The region containing the stripe 2 element for each species waghibitor (Patel, 1994, 1996JacZ mRNA was detected by in situ

also obtained by PCR. A 2.5 kb fragment containing the stripe Pybridization using a DIG-labeled antiserlaeZ RNA probe. The

element was amplified from DNA prepared from a single flypreparation of the probes and the whole-mount in situ hybridization

using primers U4+ and U3 Nested primers based on conservedwas carried out according to a protocol provided by S. Small (Jiang

sequences, Kr6+: '&aaggtaccaatataacccaataatttdnd U5 et al., 1991a).

5'aaaagaattcaaacatttattatgatgatatagtease then used to obtain the

stripe 2 element from the previously amplified fragment. The stripe 2nalysis of enhancer stripe 2 expression using a reporter

enhancer sequences from the four species used in the transformatii{'€

experiments, therefore, are identical in that they begin and end ¥e evaluated the position tdcZ expression relative to native eve

completely conserved sequences flanking the enhancer, and thesfptein expression at a fixed timepoint in embryonic development.

contain all the DNA between these conserved sites. The expression ofacZ mRNA driven by the stripe 3+7 enhancer
The primers, Kr6+ and U5contained the restriction sites for provided an internal control for the timing of development. The

Aspr18 andEccRl, respectively, at their ®nds. Following digestion  position of the experimental stripd@Z mRNA was evaluated when

with these enzymes, the PCR fragments were clonedspitil8 and the lacZ mRNA stripes 3+7 precisely coincided with the

EccRl sites of the plasmid. Inserts with correct sequences wereorresponding stripes of the native eve protein. The experimental

identified for further use by sequencing independent clones. justification for this procedure is given in the Results section and in

Fig. 2. As an additional way to assess the stage of development, we
P-element transformation vector

The organization of the transformation vector, CaSped3, lacZ, is

shown in Fig. 1. This construct contains a minireed stripe 3+7 A
enhancer (~500 bp), d 3pacer (~300 bp), and thexe proximal
promoter linked tdacZ . The stripe 3+7 enhancer aricsBacer oD.
melanogastewas obtained from the plasmid pEf2Z (Small et al.,
1993) as an 800 hpanHI-Aflll fragment. pE5.2acZ contains a 5.2
kb Pst fragment from theevepromoter inserted into thest site at
—-42 of pELI (Lawrence et al., 1987). pHEikZ contains the basalve
promoter (from—42), the intact 100 bp untranslated leader and the B+
coding sequences for the first 22 amino acids of the eve protein fus
to amino acid number 5 of tHacZ coding sequence. A fragment
containing the minimal stripe 3+7 enhancer, the spacer anelvthe
proximal promotefacZ fusion was cloned into the P-element
transformation vector CaSpeR (Thummel et al., 1988) using uniqu
BanHI and Xba sites. A unique restriction sitAspr18 Kpnl), was
inserted near thest site located downstream of the spacer region, sc
that stripe 2 enhancer elements from different species could be clon
into this vector in the proper orientation. To accommodate this clonin_ ™~ )
strategy, unique restriction sites in the polylinkesi and EcaRl, F|g 2.eveprotein (brown) anthcZ mRNA(purple) simultaneously
were eliminated. The stripe 2 and stripe 3+7 enhancers are separatidected in a transgenic line®f melanogastefprovided by S.

in the final construct by the native 300 bp spacer to ensure autonoma®mall) transformed with thB. melanogastestripe 2 (MSE), 3+7-

Cc

regulation of thdacZ reporter (Small et al., 1993). lacZ gene fusion. (A) Stage 5(2)-5(3) blastoderm; (B) high
] o o magnification view of stripes 2 and 3, from A. (C) Early germ band
P-transformation and whole-mount in situ hybridization extension (stage 6); (D) high magnification view of stripe 2 and 3,

P-element-mediated germline transformation was carried outrom C. (A,B) Embryos at the mid-cellularization stage, when the
according to Robertson et al. (1988). For each construct, at least onativeeveexpression anthcZ expression coincide along stripes 2, 3
insertion in each of the three major chromosoméd3. afielanogaster and 7. (C,D) The discordance of natexestripes relative to

was generated to control for the influence of position effedacn persistentacZ mRNAstripes (see text for details).
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also analyzed the extent of cellularization in each embryo. In all casespecies,D. simulans(Ludwig and Kreitman, 1995) anD.

our comparisons of stripe 2 expression occurred at midpicticornis(Sackerson, 1995).

cellularization. Two binding sites do not have obvious functional homologs
in one or more species (Fig. 4). A hb-1 site is entirely absent

Alignment of DNA sequence . . .
d sequ S in D. erectaand no corresponding sequence can be found in

Theevestripe 2 regions frorbrosophilaspecies were initially aligned

. \ . pseudoobscuraDnly D. melanogastehas a viable bcd-3
with ClustalV with gap penalty = 8 and length gap penalty = 2. ManuaP. P . . . -
adjustment of this alignment was necessary to improve loc ite, TATAAT CGC, including the required central motif,

alignments of some of the binding sites. The GenBank references fa*AT- The homologous sequences of the two related species,
the sequences are AF04271D. (pseudoobscuja AF042711 p.  D. yakubaandD. erecta TGCACT CGG and TAIGTAT CGC,

erecty, AF042710 D. yakuba) and AF0427090. melanogastgr respectively, probably cannot be functional as bicoid-binding
sites. No homologous sequence can be identified.in
pseudoobscurarhe presence of the bcd-3-binding site only in

RESULTS D. melanogasterand D. simulansindicates that this is a
o . o . relatively new site that evolved in the ancestral lineage leading

Characterization of eve stripe 2-binding site to these two species.

evolution Of the 17 known binding sites M. melanogastefsee Figs

Inspection of the aligned sequences, shown in Fig. 3, allowe?l 4), only three (kr-6, kr-5 and bcd-5) are completely
the identification of homologous sequences corresponding tmnserved among all six species. Many of the binding sites,
many, but not all, of th®. melanogasteDNA-binding sites  however, differ by only one or two base changes, indicating
(Fig. 4). The spacers between the conserved binding sites vahat these sequences must be functionally constrained. Another
in length and are not well conserved as a rule. Fig. 4 contaitizdication of functional constraint is the fact that the vast
binding site sequences from. melanogasterwhich were majority of mutational changes in these binding sites occurred
identified by DNA footprinting (Stanojevic et al., 1991), andonly once in the phylogeny of the species. For example, of 17
the homologous sequences from five other species. Includedvariable positions in the six Kruppel-binding sites (Fig. 4), only
this table are the sequences from the three species that aretihe of them have more than one mutational change. One of
subject of this study as well as the sequences from two oth#rem, position 8 in Kr-1, has mutated (at least) twice to three

Bi DCK-A
— KR6—
AATATAARCCCAARTARTTTGARAGTARCTGGCA: AGC-GA GTATCCTT: CT GGTTACCCGG-—-T-—ACTGCATAACAATGGAACCCGARCCGTAACTGE me |
AATATAACCCARTAATTTTARCTAGCTCGCA AGC-GA GCATCCTTGCA TCCTTGCATCCTTCCCGGET TACAG T TACCCGG——-T——ACTGCATARCAAT G-ARCCCGAR—————| ACTGE wak
AARTATARCCCARTARTTTGARCCARCTCGCG AGCAGC—GA ATCCTACCC—————— GG TTACCCGG——-T-—ACTGCATARCAATGAAAC——GAAR-———— ACTGE ere
AATATAARCCCARTARTTT TARCTAARCTCGCART GGACAGGGCAGTAGAGCAGTAGAGTAGAGCAT-——-TGCAGGAAGGAT -——-GCA-———————————— A-——-TACTCGGGAATGGAATGCATAARCAAT GG—————————— GCAR---G pse

—-BC-5—— —BC—4—

KR53 —
95 GAC———————————————— AGATCGAAARGCT GGC——CT TTTCTCG TGETGETG————— TGCC——GTGTTARTCCGTTTGCCATCAGCGAGATTATTAGTCART T G————
111 GAC————————————————- AGATCGGAGA--T-——————— GET-—GTGTG-TGTECTTCTC G- ——————— CTGTGTG-———— TGECC——GTGETTARTCCGT TTGCCATCAGCCAGHT TATTAGTCART T G—————————CAGTTACAGA—— yak
a1 GAC AGATCG: TGATG-GTTTCTCG———————— CTGTGTG-————— TGCC——GTGTTAATCCGT TTGCCATCAGCCAGATTATTAGTCART T G—————————CAGTCGCAGTCG ere
113 GACCAGGGTTCOGTTTCGCGAGAT———ARGGTTCTTTGACGGT TCCT-TGACG-GTTCCTTGACGET TCCCTGTGTGCTCTCTGCTCTGTGTTRATCCGT TTGCCATCAGCARGATTATTAGTCARTTTTCATATTTCCAGTCG-AGTCS psea

GT-3 —
———CAGTTGCAGC—— me|

GT-2
187 ———————————————- GTTTCGCTTTC———-GTCCTCGTTTCACTTT GAGTTAGACTTTATTGCAGCATCTTG-——-ARCAARTCG me
206 ———————————————— GTTTCGCTTTC———-GTCCTCGTTTCACTTT GAGTTAGCCTTTATTGCAGCATCTTG-———ARCAATCG yak
172 CAGTTGCAGTTGCAGGGTTTOGCTTTCCTCGTCCTEGTTTCACTTT GAGTTAGACTTTATTGCAGCATCTTGCAGCARCAATCS ere
259 CAGTT-———-TTG-————GTTTCACTTTCCTC——CTTTG-—-COACTTCT TGCCT TGECTCATGTGGATGCCGATGCCGATGCCGT TECCGTTGCCGTTGCCGTTGCCGACCGACGAGT TAGATTTTATTGCAGCATCTTG-———AARCAARTCA pse

—— G612 ——— BLOCK-1 —BC-3—
243 TC-GCAGTTTGGTARCACGCTGTGC——C-—F TACTTTC ATTTAGACGGAATCGAG-—-BGACCCTOBACTATARTCGCAC—————————————————| AACGAG-— me
268 GC-GCAGTTTOGTARCACGCTETGC--CCTA-———————————1 GCCCTACTTTCC————— CC—-GOCC—-ART TCAG—-—CGGAT T TAGACEGARTC GAG———G0ACCCTG-ACTGCACTCGGT TCGTTATATGARACCGARARCARRAC yak
263 GC-GCAGTTTOGTARCACGCTETEC--CCT———m—mmmmmmm = TCCACTTTCCACATTCCATGOCC—-CART TCGGE---CGGATTTAGACGGARTC BAG-——GGACCCTG-ACTAT 6T TCGCA-—--TA-ATGARRGCGARACCAR--- are
302 ACTGGAATTTGGTARCATGCTGCECGGLCTARCCCTEGAGAT TECTETACT TTC-—————————-— GCCTCAATT-—GARTCGGAGT TAGGCGGAR-—GACGGLGEACCCT TGC pse

— — —BC-2—
327 —-—-ACC--GGGTTGCGARGTCAGGGCATTCCGLCGATC T A CATCGCCATCTTCTGCGGECGTTTGTTTGTTTGTTTGCT—— GGGATTAGCC-ARGGGCTTGACTTGORAATCCAATCCTGA- me
387 CTTARCC--GGGTTECARRGTCAGGECAT TCCGACGATC—————————— TCGECCATATCCATCECCATCGCCATCTTCTGOGGECGTTTGTTTGTTTGTTTGLT— GGGATTAGCC-AAGGGCTTGAC TTGEAR-—————————— wak
379 —-—-ACC--G0G6TTHCARAGTCAGGGCAT TCE————ATCG0C ——————GTCGCCATCGCCAT COCCACCOCCATCTTCTACGEGCGTTTGTTTETTTGTTTECT —— GOGATTAGCC-ARGGGCTTGACTTGORACCCARTCCCARA ere
491 —-—GACCARGGGTTH-———— TC—————= TCCTG-————— GCCTCAGGAGT TTCCACAGTCARCGCTT TCGCTRGTTT———————— GTTTATTTGTTTGTTTETTTTAGCCAGGAT TAGCCCGAGGGC T TGACTTGORACCCGA-—COARA pse

—HB-3— —BC-1—

—6T-] —————— —KR-3——
441 ———mmmm e T CCOTABCCCGATCCCART———————— CCCAATCCCARTCCCT TE-————- TCLT-———————~ TTTCATTAGARAGT CATARAR-ACACATAATARTGA--TGTCOARGEGAT TAG-—————- (OOCGCE me
506 CCOATE TCO T TTTCATTAGARAGT CATARAR-ACACATARTART BA-—TGTCGAACOOATTAG- -GOACGEG yak
e e — CCCARAGCCARTCCCARTGCCC——ATCCCGATCECAGTCCCATG-————— e — TTTCATTAGARAGT CATARAR-ACACATAATAART GA-—TGTCGAACGOAT TAG-—————-——--——— ere
611 GCCAAGGGCTTTAGGOCATGCT CARGA--0ATCCCTATATCCCTATCCCTGT CECORTCCC-TARRCCGATCCCAT T TEOCAAT TTCAT TAGARAGTCATARARCACACATAATART GAGAT GTCORAGGGAT TARGATTARGGGACGCA pse

—HB-2—
—KR 22— —KR-1—
539 ————— CAGGTCCAGGCARCGER-————| ATTARCGGACTAGCG-AACTGGG-—————— TTATTTTTTTG————-CG-CCGA-———— CTTAGCCCTGATCCGCGAGCT TRACCCGT TTTEAGE CEGGE——————| AGCAGGTAGTT———GTG me
576 ACT-——CGCARGTCCAGGCAGCGLA——-—— ATTAACGGACTAGCG—ARCTG TTATTTTTTI G-CCGA TTAGCCCTGATCCGCGAGCT TARCCCGTTT-GAGCCG——CCAGTCGAGCAGGTARTTCCTG— yak
605 -CTGCGCGCA-GTCCAGGCAGCGLA—————| ATTARCGGACTAGCA-ARCTGGGTTATTTCTATTTTTTTATT T TCG-CCGR————— CTTAGCCCTGATCCGCGAGCT TARCCCGTTT-GAGCC——GC AGCAGGTA: era
738 —————e CACA=-==-CAGGCA--GCAGGATCAT TARCGGAC TAACGGART COGG—————= TTRTTTTTTGCGCTCARC CGGACGEAGCT TARCGCTARGCCACARGET TARCCCCT T TGEGCCG——————— CG-GCAGGTARATC-—-—= p=e

- HR-1— BLOCK—2
630 GGETGEEACCCCACGACTTTTTTGGCCGAACCTCCARTCTAACT TGCGCARG: TGGECARG-——-TGGCCGET TTGCTGGECCCA--ARA AGGAGGCACT--ATCC-— me
605 ——————= CCCAC-ACTTTTTTCGCCCA-—-TCCATCCCCGCT TGLGCARG TGGECARG-——-T-———=—= TCGCTGCCCCAGGARAGGAGGAGGATGAGGAG-—GAGGAGGCACTCTGTCCGE yak
726 C——ATCCCCATCCTGGCT TGCGCARG TGGCA: GGTTCGCTGCCCCAGGA-——————————————— GAGCCGTGGAGGCACTCTGGCCAC are
277 GATG-AC-——-CGAT TC- GCTTGECGECARGGCCCCTACTACT CCCCTCCCC T CCCATATEACARCCCACTAACT: TGCCCC GCCCTCTCCAC pse

BLOCK—E
———————— TGGEGARTGATTATATCATCATARTARATGTTT mel
—TGGEGCATGATTATATCATCATAARTARATGTTT  yak
————— TGGGECATGATTATATCATCATARTARATGTTT  are
CCTCCTCTCTGG-—ATGATTATATCATCATAARTAARATGTTT  pse

Fig. 3. Alignment ofevestripe 2 enhancer regions from four specieBrotophila Gaps in aligned sequences are indicated by dashes. The
binding sites irD. melanogastefor thetrans-acting factors, bicoid (BC), hunchback (HB), Kruppel (KR) and giant (GT), are shown above the
sequence. Blocks 1 and 2 are conserved sequences (see text fomut&il)melanogaster; yalD. yakuba; ereD. erecta; pseD.

pseudoobscura.
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nucleotides (G, C and A). The other doubly mutated sitegonserved 9 bp sequence located between kr-5 and gt-3. Its
position 4 in kr-3, is one in which non-sister species share iavariant length, therefore, is likely to be due to specific
mutational change, GC. The best available phylogeny of the constraints on that sequenc®. melanogasterand D.
D. melanogastespecies subgroup (Jeffs et al., 1994), placepseudoobscurdave the smallest and largest spacer lengths,
D. yakubaas a sister-species @. melanogasterand D. respectively, differing by an average of 37.7%. Interestingly,
simulansandD. erectaas the outgroup of these species. If thisthe least variable spacer, excluding the invariant kr-5 to gt-3
phylogeny is correct, then position 4 in kr-3 mutated once frorspacer, as measured by the coefficient of variation, is the one
G- C prior to the split oD. erectafrom the other subgroup located in the middle of the stripe 2 element between kr-4 and
species, and mutated again back to G following the split of bcd-2. Previously, we showed that the middle of the enhancer,
yakubafrom its sister species. Thus, this site has a convergefrom gt-3 to gt-1, is more variable in terms of length than two
mutation, G- C- G. clusters of overlapping binding sites that flank this region
D. picticornis differs from D. pseudoobscurand the four (Kreitman and Ludwig, 1996). The present data indicate,
D. melanogastesubgroup species at 11 nucleotide positiondowever, that the length variability in the middle region is not
in Kruppel-binding sites. These sites are well conservedyniformly distributed.
however, in the five Sophophoran species: only one mutational Although 11 of the 12 spacers vary in length among the
difference can be found at these positions. Given thepecies, their relative lengths do not change appreciably (Table
cumulative evolutionary time separating the five Sophophorat). Thus, for example, the rank order correlation of spacer
species, many of these sites must be functionally constrainéehgths betweerD. melanogasterand D. pseudoobscuras
in the Sophophoran species. It would appear, therefore, that0.79, and is nearly identical to that between the much more

essentially every individual
nucleotide position in the ¢
Kruppel sites is functional kr-6 kr-5 kr-4 kr-3 kr-2 kr-1
constrained. This raises Mel  ATAACCCAAT ~ TTAATGOGTT  ACC - GGGITGC — GAAGGGATTAG  ACTGGGTTAT  TTAACCOGITT
interesting question, addresse  sim ...
the discussion, as to whether yak o e GG
observed changes in th ere B c
binding sites can be selectiy ~ SC e GG
neutral ones, given the strc p_SE .................... AA - A TC C.G
indication that none of the sites pIC o e A AGG....... T...C C..G.AC.G
which these changes occur
free to evolve. bcd- 5 bcd- 4 bcd- 3 bcd- 2 bcd- 1

md GITAATCCG GAGATTATT TATAATCEC GGGATTAGC GAAGGGATTAG
Length changes c
The stripe 2 enhancer is borde ~ sim ... Co G
on the 3 and 3 sides b ygk ... .. C.onn CC..6 Gl
Completely Conserved b|0CkS e . C....... P Coo
18 bp and 26 bp, respectiv pse A NA A A
(marked as blocks A and B e . AL NAL AL
Fig. 3). TheD. pseudoobscu pc ... C..... NA AL G AGG.......
stripe 2 enhancer region, at 1!

: hb- 3 hb- 2 hb- 1 gt-3

bp, is 28% larger than t
Cgrrespond”']g 79% bp reglon mel CATAAAA- ACA TTATTTTTTT CGATTTTTTT CGAGATTATTAGTCAATTG - ------- CAGTTCC
D. melanogasterThe D. erect: i R PG
and D. yakubastripe 2 region; sm .......-.. T.C..... B
849 bp and 844 bp, respectivi  Yak ... . G Co G A
are intermediate in length. \ ee .- Covvinnn, NA G e ..C.
investigated the distribution pse ... Coo NA G TTCATATTTC.. .. C. -
length changes across the strif  pic . .cc....c ...... C.. N A LG C.T...TTCC ATTT-. TC CTA
enhancer by identifying all of t|
intervals separating consen gt-2 gt-1

binding sites. We refer to the

intervals as ‘spacers’. Since b mel GACTTTATTGCAGCATCTTG - - - AACAATCGTC- GCAGTTTGGTAACAC GAAAGTCATAAAA- ACACATAATA
3 and hb_l Sites COUId not S e
identified in all of the Speciesy \ yak LCo B G e
substituted conserved bloc ee CACC........ G
located adjacent to these s PSE T MAT.GA ..oovn.. T o
(identified as blocks 1 and 2 pic v . ... . ... C-T..ACC T CC.-..G.... G

Fig. 3). Spacer lengths in the fi
species differ in 11 of the
intervals (Table 1). The o
invariant spacer interval is

Fig. 4. Stripe 2 enhancer binding sitesin melanogasteand homologous sequences from five other
Drosophilaspecies. N/A, no homologous sequence identifred.D. melanogastersim D.
simulansyak D. yakubaere D. erecta pse D. pseudoobscuraic, D. picticornis
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Table 1. Distances between putative binding sites or conserved motifs

Region KRG - KR5- GT3- GT2- BI1- KR4- BC2- GT1- BC1- HB2- KR1- BI2-

bounded by KR5 GT3 GT2 BI1 KR4 BC2 GT1 BCD1 HB2 KR1 BI2 BIB Total

D. melanogaster 125 9 37 33 21 66 78 8 40 27 64 72 573

D. yakuba 144 9 37 56 43 78 39 8 45 26 57 84 619

D. erecta 114 9 58 61 31 78 90 8 39 31 31 71 614

D. pseudoobscura 187 9 111 70 4 69 117 10 49 37 34 100 789
Average 1425 9 60.75 55 2475 7275 81 8.5 43.25 30.25 46.5 81.75 64838
Standard deviation 32.15 0 34.93 15.77 16.5 6.185 324 1 4.646 4.992 16.46 1352 95.74
Coefficient of variation 0.226 0 0.575 0.287 0.667  0.085 0.4 0.118 0.107 0.165 0.354 0.165 0.148
Maximum difference 73 0 74 37 39 12 78 2 9 10 33 29 216
Maximum % difference  0.646 0 2.0 1.121 9.75 0.182 2 0.25 0.231 0.385 1.065 0.408 0.377

1Spacer lengths were determined from the DNA sequence alignment in Fig. 3. Bl1 (Block 1) and BI2 (Block 2) are consetved motifs
all other spacer boundaries are putative binding sites.

closely related specied). melanogasterand D. yakuba detectable effects on either the anterior-posterior localization
(r=0.81). This suggests that selection may limit the range afr the width of the stripes. To ensure that each stained embryo

permissible lengths for each spacer. being compared was at the same timepoint in development, we
took advantage of the fact that when both native and transgene

Pattern of native stripe 2 and transgene expression stripes are first sharply resolved at the mid-cellularization

during embryonic development stage, the 3+1acZ stripes coincide nearly perfectly with their

We investigated the dynamics of transgene expression relaticerresponding native eve stripes. Since all of our constructs
to nativeeveexpression by assembling a developmental seriesarried a common 3+7 element, we restricted our analysis to

of stained embryos. A representative series is shown in Fig. 5

for the construct containing th#. erectastripe 2 element. In
s o
&‘ ,- ;‘“,
two cells by loss of expression in the posterior region (Warrio
expression from four different species to ask whether thpersistingacz mRNA stripes is apparent in panels (see text for

each of the experimental constructs from the four species, tt A E
F
o
H

and Levine, 1990). The control of this process requires a

evolutionary differences in the stripe 2 sequences hadetails).

spatial localization oflacZ mMRNA stripes changes during
embryogenesis relative to native eve protein expression. £
expected, a broad anterior bandlafZ transcript is initially

present in early embryos, which then resolves into distinc

stripes at around the time of cell wall formation in the syncytia

blastoderm. At the first appearance of well-resolved native e\

stripes, the eve protein and tlaeZ transcript coincide on a

cell-for-cell basis along the full length of the stripes.

Subsequently, however, the native eve stripes are position

slightly forward in the embryo relative to theeZ stripes, and

this is apparent for both stripe 2 and for stripes 3+7. We ha\

also observed the same phenomenon in two transgenic lin

containing a different construct 8. melanogaster ev&tripe

upstreantis-acting element, which is located approximately 5 m

kb from the transcriptional start ;ite. This elemen't has beeﬂg_ 5. Developmental series &. melanogasteembryos

shown to respond to early stripe eve expression and f{ginsformed with the. erectastripe 2 enhancer ari

regulatory inputs from other pair-rule genes ( Goto et al., 198%elanogastestripe 3+7 enhancéacZ gene fusion. (A-Hpve
Harding et al., 1989; Jiang et al., 1991b; Fujioka et al., 1995protein (brown) antacZ mRNA (purple) simultaneously detected in
The fact that our constructs and the construct provided by $e embryos at precellularization stage to beginning of gastrulation
Small do not contain the autoregulatory element, probablgtage. (A-C) Sagittal focus; (D-H) superficial focus. (A-C) The
explains the misalignment of the endogenous eve proteifiocess of the activation bf. erectastripe 2lacZandD.
stipes and e persstent gz mRNAID T wansgeric CeGiegreste Y e treesty. 0] T begtinens
embryos at stages following the completion of cellularlzanondeﬁned (D-F) Earlpveprotein andacz mRNAstripe formation,
(F) Mid-cellularization stage, when natiegeexpression anthcZ

2 and 3+7 enhancers, provided by S. Small (Fig. 2). Afte
cellularization, native eve stripes undergo the process
refinement, in which they narrow from about four cells to abou

Eggg;@d stripe 2 lacZ expression from different expression coincide along stripes 2, 3 and 7. A decrease in stripe 2
. ) lacZ expression relative to stripe@Z expression can be seen at this
We compared the spatial patterns of stripe 2 transgengage. (G,H) The discordance of native eve stripes relative to
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transgene expression. We conclude that the evolutionary
differences in thevestripe 2 enhancers have little or no effect
on the function of the enhancer in terms of the spatial
localization of early stripe 2 expression.

Level of stripe 2 lacZ expression from different

species

The staining technique used in this study did not permit
accurate quantification décZ expression. However, we did
notice that thelacZ stripes produced by namelanogaster
stripe 2 enhancers were noticeably less intense when compared
to theD. melanogastestripe 3+7 control, at the time of their
coincidence with native eve stripe 2. TaeZ staining intensity

was lowest for theD. erecta stripe 2 construct. These
qualitative differences in staining intensity could be seen in
independent transformants of each construct. We also noticed
that these stripes were not as uniform along the dorsal-ventral
axis. All of these constructs contained the homologous region
of stripe 2 enhancer DNA (see Materials and methods), so any
difference in expression must be due to mutational differences
in the enhancers. Possible explanations for the redacZd
expression by the nomelanogasterstripe 2 enhancers are
presented below.

DISCUSSION

Conservation of the stripe 2 enhancer expression

The experimental results presented here show that the
evolutionary divergence of the foavestripe 2 enhancers has
no discernible effect on either the timing or spatial localization
enhancers frord. melanogasteD. yakubaD. erectaandD. of stripe 2 expressiqn. Each of the four stripe 2 enhancers
pseudoobscutaveprotein (brown) andacZ mRNApurple) are directs IacZ expression to _the same set of cells that are
simultaneously detected in the embryos transformed with the stripe ©XPressing native eve proteinlin melanogasterand they do
enhancers from each of the four species@nuhelanogastestripe so at identical timepoints in embryonic development (within
3+7 enhancelacZ gene fusion. Embryos were selected to be at the the time resolution of our analysis). eve stripe 2 expression,
same timepoint in development by choosing ones in which the nativéherefore, is functionally conserved to a remarkable degree in

2

D

Fig. 6. Comparison ofacZ mRNA expression driven by strip

eve protein stripes 3 and 7, and k€ stripes coincided, and by these species. This functional conservation, we hypothesize,
observing the extent of cz_allularlzatlon. (A,B) Stripe 2 enhancer frommuyst be the consequence of stabilizing selection maintaining a
D. melanogaster(C,D) stripe 2 enhancer frob yakuba (E,F) single narrow band of eve expression in the early embryo.

stripe 2 enhancer frol. erecta (G,H) stripe 2 enhancer frob ; : ; :
pseudoobscura(A,C.E.G) Sagittal focus: (B.D.F,H) higher The lack of evidence for functional evolution of the stripe 2

magnification in superficial focus of stripes 2 and 3, from the enhancer implies, by logical extension, that there has also been

embryos in A,C,E,G. Thevestripe 2 enhancer regions from all four no SpeC|es-speCIf|_c coevolution of th's enhancer W't_h the
species produce a patterniatZ expression that is coincident with ~ Morphogens to which they are responding. We hypothesize that
the D. melanogastenativeevestripe 2. the spatial and temporal expression of these morphogens must
be nearly the same in each of the species in order that the stripe
2 enhancers from each of them respond identically to the
regulatory signals ofD. melanogaster More specifically,
those embryos in which the native and transgene 3+7 stripésatures of thetransacting factors — bicoid, hunchback,
coincided. Those embryos were assumed to be at a neaHyuppel and giant — responsible for the enhancer’s activity
identical timepoint in development, at least with respect to thenust also be functionally conserved in each of the four species.
progression of the morphogenetic gradients affecting th&his argument is consistent with the observation that the
spatiotemporal expression of stripes 3+7. domains of expression of many segmentation genes are largely
Representative double-stained embryos of transformed line®nserved within the Diptera (Sommer and Tautz, 1991). The
bearing stripe 2 enhancers frdn melanogaster, D. yakuba, experimental test of this prediction, however, awaits the
D. erectaandD. pseudoobscurare shown in Fig. 6. Theve  reciprocal transformation of the stripe 2 reporter constructs into
stripe 2 enhancer regions from all four species produce ronimelanogastespecies.
pattern oflacZ expression that is coincident with th2.
melanogastemative eve stripe 2. After examining double- Evolutionary changes in the stripe 2 enhancer
stained embryos from each of the replicate transformed lineB) contrast to the functional conservation of the stripe 2 enhancer
we did not detect any consistent shift or expansion of stripe &pression, we found that two binding sites, bcd-3 and the hb-
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1, do not have obvious homologs in the other spefdes. numerous differences, including the number of binding sites,
pseudoobscuraD. erectaand D. yakubado not have a bcd-3 the sequences of the binding sites and the spacing between
site, andD. pseudoobscurandD. erectado not have a hb-1 site. them. Despite these differences, they all diagZ expression
(It is also possible thdd. yakub& hb-1 site is nonfunctional, at the appropriate time and locationDn melanogasteearly
even though a mutated version of it can be identified.) Of thembryos . We now consider two evolutionary mechanisms to
two sites not present in these species, one of them, the bcd-3 sitegcount for this functional conservation of the stripe 2
has previously been shown to be required for ‘normal’ MSEenhancer in the face of the observed structural differences.
expression (Small et al., 1992). It is possible that the reducddrst, all of the sequence changes might be selectively neutral.
transgene expression observed for the mefanogaster It is reasonable to speculate that base substitutions and small
constructs is the result of the smaller number of activator bindingngth changes in the spacer regions have no functional effect
sites present in their stripe 2 enhancers. If true, the evolutionaon eve stripe 2 expression. If so, then these substitutions will
gain of the bcd-3 and hb-1 sites In melanogasteand D. have been selectively neutral. However, at least one change —
simulansmay be an adaptive response to a reduction in the levile gain of a bcd-3 site iD. melanogaster has been shown
of bicoid and/or hunchback proteins in these species. At presetu, be functionally important, and this change is not likely to
there is no empirical evidence bearing on this hypothesis. Almave been selectively neutral. Otherwise, one would have to
alternative evolutionary hypothesis for the gain of these sites argue that the results from transgene analysis of the MSE do
the lineage leading tb. melanogasteis presented below. not apply to the in vivo expression of the native stripe 2
All of the remaining 14 binding sites identified ID. element. We think this is unlikely, due to the inherently greater
melanogasteare conserved at the sequence level, but only thresensitivity of natural selection in these species to detect
of them completely so. A striking feature of the large majoritymutations of extremely small functional effect, including ones
of the nucleotide substitutions in the binding site sequences tisat cannot possibly be measured experimentally. Codon
that each substitution is present only once in the phylogeny. preference ibrosophilais a good example of selection acting
other words, most of the substitutions in the binding sites occuim synonymous mutations that have extremely subtle effects
at otherwise conserved, and presumably functionally importantn the expression level of a gene (Akashi, 1995).
positions. This suggests that the observed changes at these sité#/e have previously argued that the evolution of multiple
must not be selectively neutral. Rather, we speculate that thejnding sites for bicoid, hunchback, Kruppel and giant in the
are likely to be either adaptive substitutions or slightlystripe 2 enhancer can be understood in terms of selection for
deleterious mutations fixed by genetic drift. A site in which gunctionally robust localization of eve expression, possibly
slightly deleterious mutation has been fixed is a good candidateving to selection for the canalization of pair-rule gene
for a subsequent convergent substitution by the adaptivexpression. A mechanistic explanation for multiple binding
favored mutation. Two convergent mutations can be identifiedites provides support for this argument. Ma et al. (1996)
in all of the binding sites, the aforementioned position 4 in krrecently showed that multiple binding sites for bicoid promote
3 (also bcd-1) and position 2 in gt-3. The latter site, howevegooperative binding of this protein in an enhancer element of
has mutated to three of four possible nucleotides, and may b hunchback gene, and that this cooperativity is necessary to
one of the few exceptional binding site positions that is noachieve a sharp on/off switch of gene expression. We propose
functionally constrained. that many of the substitutions in the binding sites of the stripe
Nearly all of the spacers that separate adjacent binding sitdsenhancer and some of the length changes in the spacers have
in the stripe 2 enhancer are variable in length. For example, fanctional effects on stripe 2 expression, but that the magnitude
D. melanogasterthe gt-2-binding site is 53 bp from bcd-4, its of these effects are ameliorated by functional robustness of the
closest activator site, but it is 135 bp from the bcd-4 sif®.in  enhancer. In addition, flexibility in the structural design of the
pseudoobscuraA rough proportionality of spacer lengths, enhancer allows for rapid compensatory evolutionary changes,
however, is maintained in each species, indicating that theteading to overall functional conservation.
may be evolutionary constraints on the magnitude of acceptableThis proposition is compatible with the view that stabilizing
changes. Nevertheless, the differences in spacer lengths amadection acting on the timing and spatial localization of stripe
species raises the possibility that the dynamics of quenching &f expression is the main evolutionary force governing this
specific activators by nearby repressors may vary. enhancer’s evolution. Mutations of small effect, including
Evidence supporting spacing requirements for transcriptionlightly deleterious ones, can become fixed under stabilizing
activation and repression shows that insertions and deletionsselection when there is functional ‘redundancy’ and epistasis,
an enhancer, even small ones, have the potential to be subject when a large number of segregating mutations are
to natural selection. Previous studiedDirosophilaand yeast contributing to a quantitative character (Kimura, 1981). Both
have shown that the spacing between interacting bicoidare characteristic features of the stripe 2 enhancer architecture.
binding sites is critical for activation of transcription, althoughAdaptive compensatory changes would be required in order to
the spacing is different in the two species (Hanes et al., 1994k-establish optimal regulatory performance after the fixation
Mechanisms of short-range transcriptional repression, such a$deleterious mutation by genetic drift. The emergence of the
local quenching and dominant repression, require close linkadeed-3 site inD. melanogasteand D. simulans according to
(<100 bp) of the repressor with upstream activators (Gray ¢his argument, may be a specific evolutionary response to the

al., 1994; Gray and Levine, 1996). flux of weakly functional substitutions occurring at other
activator sites.

Evolutionary explanations for functional eve stripe 2 expression is influenced by a number of factors

conservation and structural change extrinsic to the enhancer itself, each of which can also be

The stripe 2 enhancers of the fdmosophilaspecies contain subject to stabilizing selection to maintain the optimal
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regulation of eve stripe 2 expression. These extrinsic factorgquired forevestripe 2 expression, and many of the conserved
include the distance between the enhancer and the basdbcks in the stripe 2 enhancer are binding sites for these
promoter, the basal transcriptional complex through which iproteins (Fig. 3). Thus, factor binding appears to be the major
acts, and the structure of theve autoregulatory element. selective constraint acting on the stripe 2 enhancer. There are
However, the fact that the stripe 2 enhancers from the fowronserved blocks in the stripe 2 enhancer, however, that are not
species produce indistinguishable temporal and spatial patterkisown factor binding sites. These sites are not likely to be
of expression in our experiments, indicates that these extrinsicyptic bicoid, hunchback or Kruppel sites since none of them
factors are not coevolving with the stripe 2 enhancers thave the required sequence motifs for these proteins. (The

regulate these aspects of gene expression. presence of cryptic giant-binding sites cannot be ruled out

) . ) because no consensus is available for this protein.) It will be
Levels of gene expression driven by the stripe 2 interesting to know whether these conserved blocks are binding
enhancers from different species sites for proteins, or whether they play other structural roles in

The constancy seen in the spatial and temporal patterns of teehancer function.

enhancer-drivetacZ expression is not observed for levels of Almost all enhancers have a modular design and are
stripe 2lacZ expression, which appear to be lower when drivercharacterized by having multiple binding sites for each of a
by nonmelanogastesequences, especially thatdf erecta  small number of positive and negative regulators (Arnone and
One possible explanation for this observation is that norBavidson, 1997). The multiplicity of binding sites may be
melanogastersequences lack the bcd-3 and hb-1 activatoimportant in cooperative binding and in assuring robust
binding sites. As has previously been shown by Small et aperformance. Quenching is also a general mechanism for
(1992), mutations in the low-affinity bcd-3 activator site causechegative regulation in enhancers. Thus, we expect that many
a reduction, but not loss, of stripe 2 expression. Thenhancers will evolve in a manner similar to that of the eve
significance of the hb-1 activator binding site for stripe 2stripe 2 enhancer. It should be of general interest, therefore, to
expression has not been determined experimentally, but itietermine how functional conservation of the stripe 2
absence will decrease the number of activator molecules thepression pattern is achieved in evolution, given evidence that
can be bound to the enhancer. This decrease might weaken #ugne changes are likely to have been selected.

overall activation ability of the enhancer (Arnosti et al., 1996).

Alternatively, it is possible that the absence of hb{.ierecta We thank Steven Small for his helpful discussions, materials, and
andD. pseudoobscuraand its possible absencelnyakuba, background information that has made this work possible. We would

allows Kruppel protein bound to the kr-1 site to repres&iso like to thank Molly Duman-Scheel, Casey Bergman and Michael
transcriptiorep byp directly interacting with the proxi?nal Wade for the discussion of this work. We thank Joy Hatzidakis for

f P . . sequencing the region containing the stripe 2 elemebx iarecta
promoter Inbour Construct.f ﬁlmllar_ly, i therg F’:\re d'reCtThis work was supported by NSF grant (MCB-9604477) to M. K. and
interactions between any of the activators and the proximgh 7 | "and NIH grant (GM47268) to N. H. P. who is also an HHMI

promoter in our construct, then length differences in thgestigator.
enhancers may be influencing the strength of those

interactions. Finally, it is possible to hypothesize the presence
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