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Abstract 

The engrailed gene helps to direct Drosophila melanogaster development by encoding a homeodomain-containing DNA binding 
protein. To identify genes whose transcription engrailed regulates, we developed a method to isolate genomic sequences to which 
engrailed protein binds with high affinity. Fragments of genomic DNA were fractionated on an engrailed protein affinity column, and 
fragments that were retained in the presence of 0.4-1.0 M KC1 were isolated and cloned. The isolated fragments include regions of the 
engrailed and cubitus interruptus gene promoters, both of which are candidate targets of engrailed, and most fragments contain regions 
that engrailed protein protects from DNaseI digestion. Chromosomal deletions that remove some of the engrailed binding sites (located 
either at 64D, 96B or 99D) interact genetically with engrailed. Characterization of a transcript encoded in region 64D revealed its 
dependence on engrailed protein. 
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1. Introduction 

The body pattern of the Drosophila embryo is gener- 
ated by a process that creates a repetitive series of seg- 
ments along the anterior/posterior axis. This process is 
controlled by regulatory genes that uniquely specify each 
segmental region by their activity (or inactivity) in pre- 

cisely defined domains (reviewed by Kornberg and 
Tabata, 1993). An example is the engrailed gene, which 
is expressed in only the posterior part (compartment) of 
each segment. Engrailed function in posterior compart- 
ment cells is essential for proper development and for 
maintaining compartment and segment borders (Garcia- 
Bellido and Santamaria, 1972; Lawrence and Morata, 
1976; Kornberg, 1981). 
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Engrailed encodes a nuclear protein (EN) with 552 
residues (DiNardo et al., 1985; Poole et al., 1985). EN has 
a 60 residue homeodomain that binds DNA with high 
affinity and that is structurally similar to the Antennape- 
dia homeodomain (Otting et al., 1988; Qian et al., 1989; 
Kissinger et al., 1990). EN is similar in size and sequence 
to INV, the protein encoded by the invected gene. In- 
vetted is a non-essential gene that is expressed in patterns 
that are almost identical with engrailed, and that encodes 
a protein that includes a homeodomain of almost identical 
sequence (Coleman et al., 1987). EN and INV are thought 
to provide partially redundant functions, and, except 
where noted below, are not differentiated in the discus- 
sion that follows. Although it is likely that EN and INV 
function as a transcription regulators (Jaynes and 
O’Farrell, 1991), their mechanisms of action are poorly 
understood and their regulatory targets have yet to be 
definitively identified. 

Several approaches have been taken to identify regula- 
tory targets of genes such as engrailed. For instance, ge- 
netic studies have identified cubitus interruptus (ci; Eaton 
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and Kornberg, 1990) patched (ptc; Nakano et al., 1989; 

Hooper and Scott, 1989), Deformed (Dfd; Jack et al., 
1988), decapentaplegic (dpp; Raftery et al., 1991) and 
hedgehog (hh; Tabata et al., 1992) as well engruiled itself 
(Heemskerk et al., 1991) as genes whose normal patterns 
of expression depend upon engrailed function. Expres- 
sion of ci, ptc, Dfd, and dpp appears to be limited to ante- 
rior compartments by engrailed function in adjacent pos- 

terior compartments; in posterior compartment cells, en- 

grailed function is needed for stable expression of hh and 
engruiled itself. Thus, through direct or indirect mecha- 

nisms, EN acts to both positively and negatively regulate 
these targets. Molecular approaches to identify the direct 
targets of EN and other homeodomain proteins in Droso- 

phila have included immune precipitation of protein 
bound to chromatin (Gould et al., 1990; Tomotsune et al., 
1993), immune precipitation and footprinting of ho- 
meodomain proteins bound to cloned gene fragments (for 
examples, see Desplan et al., 1985; Driever and Nusslein- 
Volhard, 1989; Qian et al., 1993), and in situ localization 

by immunohistochemistry (Serrano et al., 1995). Al- 
though these studies have identified genomic sequences 
to which these proteins putatively bind in vivo, the lack of 
specificity with which these homeodomain proteins rec- 
ognize DNA sequences (Hoey and Levine, 1988) and the 
inability of these methods to distinguish between sites 
with higher or lower affinity, means that such DNA 
binding studies are unlikely to offer a definitive way to 
identify direct regulatory targets. Most importantly, the 
possibility that the proteins bind to artifactual, lower af- 
finity sites during the isolation procedures cannot be ruled 

out. 
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In this paper we describe a new method to identify tar- 
gets of EN regulation. This method involves affinity 
chromatography with an EN-containing matrix to select 
genomic DNA fragments that bind EN tightly. This 
method yields pools of DNA fragments that are enriched 
with sequences having high affinity for EN, and its ability 
to discriminate against sequences with moderate or low 
affinity binding sites distinguishes it from immunopre- 

cipitation and footprinting methods. We describe a ge- 
netic and molecular analysis of these binding sequences, 
and describe the isolation and characterization of a gene 

(Msr-110) that is juxtaposed to one of them. We show 
that the normal expression pattern of Msr-110 is depend- 

ent upon engrailed function. 

2. Results 

2.1. Isolation of DNA sequences with high afsinity for EN 
To prepare an EN affinity matrix, EN protein isolated 

from Drosophila cells was coupled indirectly to protein 
A-sepharose beads. Coupling was through a polyclonal 
antibody directed against the N-terminal, non-homeo- 
domain-containing portion of EN. Total Drosophila 

genomic DNA was digested to an approximate size of 
150-450 bp, and 1 mg was applied to the matrix. After 
extensive washes, the bound DNA was eluted with steps 
of increasing concentration of KC1 (Fig. 1A). DNA that 
eluted with 0.3 M, 0.4 M, and 1.0 M KC1 represented 
3%, 0.6%, and 0.1% of the total DNA applied, respec- 
tively. Upon re-application, more than 93% of the DNA 
pooled from the 0.3 M, 0.4 M or 1 .O M eluates was re- 
tained on the resin, and each pool eluted with a profile 
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Fig. 1. Isolation of genomic DNA with high affinity for EN. Genomic DNA was digested with Mbol digested and applied to an EN-affinity column 

after a portion was end-labeled with 32P. DNA adhering to the column was eluted with successive steps of increasing concentrations of KCI. DNA was 

monitored by 32P (closed circles) and ionic strength was monitored by conductivity (open squares). (A) initial application of genomic DNA (B) rt- 
application of DNA pooled from fractions containing DNA in the 0.3, 0.4 and 1.0 M eluates of the initial column run and labeled with 32P a second 

time. 
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Fig. 2. ci DNA has high affinity EN-binding sequences. (Left) Plasmid (pSE-1, left lane) and phage (hwt/4-3, right lane) DNA containing portions of 

the ci gene were digested with EcoRI or EcoRI + BglII, respectively, and a Southern blot was hybridized with a probe consisting of the fragments 

recovered in the 1.0 M fraction of the EN-affinity column (100 ng) that had been labeled by random priming in the presence of four labeled [a- 

32P]dNTPs (300&i each; 400 Wmmol). (Right) The ci genomic region (thick horizontal line) is shown along with EcoRI and BgZII restriction sites 
and the location of 7 ci mutants (Orenic et al., 1987). The 5’ end of the ci mRNA, pSE-1 plasmid and rlwti4-3 are drawn below and the fragments of 

the plasmid and phage that hybridize with the probe are indicated (*). 

similar to that observed with the initial application (Fig. DNA from the regulatory region upstream of ci (Fig. 2) 
1B). and engrailed (not shown). 

2.2. Characterization of sequences with high ajfinity for 
EN 

DNA fragments that were recovered in the 0.4 M and 
1.0 M eluates were cloned into a plasmid vector. To as- 
sess the identity of these cloned DNA fragments, an ali- 
quot of the eluted fragments was labeled and used to 
probe a Southern blot containing DNA from putative 
gene targets of engrailed. The pool of fragments includes 

Table 1 

Sequences in 15 fragments protected from DNase digestion by EN 

Southern analysis using isolated inserts as probes indi- 
cated that some sequences were represented multiple 
times in the clone library (not shown). Twenty-two clones 
with different sequences were randomly selected for fur- 
ther characterization. Sequence analysis revealed that one 

fragment (clone 106) contains a portion of the engrailed 
regulatory region that includes the Kl, K2, and K3 EN 
binding sites (Desplan et al., 1985; Hoey and Levine, 
1988). DNase digestion studies with the 22 fragments 

106 
110 
116 
117 

407 

410 
417 
419 
1.2 
llA5 

llBl1 
llB12 
llF6 
llG4 

llG5 

--~AAATGTCAATTAAATATCAATCAATTTCG--(3ON)--~AA~GAAGGCC-- 
--TTAATECATAA--(9lN)--TGATTAGTCAAT-- 
--TGGATGG--(2lN)--TGAATGAGTCAATGAATCACACAAATGAA~GT~GG~G-- 
--CCCTG-ITAGCATGCTATTGCCCACITTGCTGGAT--(54N)-- 

TTCAGATGATAAGAGGTACTTCT ATCAGACAGT-- 
--TTTGCAT~CATTACAAATGACAmGAGGGGaaTAATAATAATCTA~A--(23N)-- 

TGATATCATTTGTTTC- 
--TTCATTTGCCTAAXTT-- 
--TTCCCGTTTCaACGTCTAATTAA--(2lN)--GTTTATCAAG-- 
--ATaTTAATTAAl’TGC-- 
--Cl-I-AATTGAAC-- 
--TCA’ITTGTTGATTAGTAAATCAAAGAAGCTCATTAATAAAAGTGAC--(l3N)-- 

AGAGAATAAGAGTCATTGCAGGTCNG--(2ON)-- 
GGTNGGAATGAGATGAAGTNGGGCCCTAAATCTTTAGCC-ITG 

--GCTACITAACTGCT--(9N)--ATGGATTGCTGATGA-- 
--AGGGGAA--(4lN)--AATTGCGCGC-- 
--ATCGGG’ITCTGCACCGTCAGTCGG-- 
--AAAATCGA-ITTCAAGTTCAGCGATATG--(6N)-- 

CATAATAAATTCGCGGGCCACAATAAATAATAGATCAAATAC-- 
--CTCACCT--(18N)--CATCCAATTAATCAAC-- 

Lower case letters and “N” refer to sequences not protected from DNase digestion. 
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revealed that 17 contain sequences that are protected in 
the presence of EN. Since both strands of each of the 22 
fragments were not tested, the 77% of fragments with 
protected sites represents a minimum estimate. Fifteen of 
the fragments had regions of protection that varied in size 

from 10-15 bp to almost 30 bp (Table 1); other portions 
of these fragments and the two other fragments were 

characterized by strong enhancements and partial protec- 
tion. 

2.3. Genetic analysis of fragments with high afJiity 
binding sites 

To map the genomic origin of several random clones, 
six clones were selected and used to isolate larger 
genomic fragments from an appropriate library, and in 

situ hybridization was performed to polytene chromo- 
somes. As expected, clone 106 hybridized to 48A, the 

cytological location of engrailed. The other clones did not 
localize to regions with known putative targets (clone 
106-48A; clone 1 lo-64D; clone 117-2B-D; clone 407.3- 
99D; clone 407.4-24D1-4; clone 417-96E; clone 419- 
96B). To ask if there is any functional relationship be- 
tween engrailed and genes linked to the high affinity 
binding sequences, genetic interactions between engrailed 
and regions for which deficiencies were available (64D, 
96B, and 99D) were examined. Flies carrying both an 
engrailed deficiency and a deficiency covering the iden- 
tified region were generated, and the phenotype of these 
transheterozygotes was assessed. The engrailed deficien- 

ties used either remove the entire coding region of en- 
grailed and extend through the adjacent invected tran- 
scription unit or remove the regulatory region upstream of 
the engrailed transcription unit that is required for both 
engrailed and invected expression (Ah, Z. and T.B.K., 
unpublished; Gustavson, 1993). Therefore, these defi- 
ciencies are likely to affect both invected and engrailed 
expression. Flies hemizygous for engrailed and invected 
have a wild type appearance; animals lacking engrailed 
function or homozygous for the engrailed/invected defi- 
ciency die as embryos with segment deletions and fu- 
sions. In contrast to engrailed, invected mutants are viable 
and develop normally (Gustavson, 1993). 

Regions 64D, 96B, and 99D are haplo-sufficient in an 
otherwise wild type background, but produced flies with 

abnormal wings when transheterozygous with deletions of 
engrailed/invected. In each genotype, the affected region 

of the fly was the posterior part of the wing, a phenotype 
that is consistent with the possible role of EN as a regula- 
tor in the posterior compartment. Each transheterozygote 
has a characteristic wing vein phenotype, as illustrated in 
Fig. 3. Where possible, several deficiencies in the prox- 
imity of the binding sites that did not delete the EN bind- 
ing sequence were tested for interaction with the en- 
graileainvected deficiency; and in each case tested, the 
phenotype of these transheterozygotes was normal. For 

instance, other deficiencies in region 64 (e.g. Df(3L)X37 
(63F-64C& and Dfl3R)ZOH (64B10-12-64C5-7)) pro- 
duced normal flies when transheterozygous with enc and 

A 

Fig. 3. Flies transheterozygous for deficiencies of engrailed and other selected regions have characteristic abnormalities. Wings were isolated from 

wild type flies (A) and from flies simultaneously hemizygous for engrailetiinvected (Df(2R)enC/+) and (B) region 64Bpp-64D (Dfl3.L) e13 sr in ri 
$‘/+); (C) region 96A2_9-96D2~ (Df(3RJsloB/+); or (D) region 99Dt_z-99E (Df(3R) X3FI/+). Malformations seen in the transheterozygotes are char- 
acteristic of these genotypes. 
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enD, whereas Df(3R)e13 (64B7_a-64D) produced flies with 

abnormal wings in approximately 50% of flies carrying 
either engruiled deficiency, or with the cytologically 

normal lethal engruiled allele, enu4. Approximately 80% 
and SO%, respectively, of the flies carrying enD and enc 
had wing abnormalities when hemizygous for the region 
96A2+-96D, (Df13R)slo8). Approximately 75% and 
40%, respectively, of slo* flies that were heterozygous for 
enCX1 or enLA4 also had abnormal wings. In contrast, these 
engruiled heterozygotes developed normally when simul- 

taneously hemizygous for regions 96A1_7-96A21_25 

(Df(3R)XS), 95E&7-96Ars (Df13R)slo3), or 95E6-7-96A,8 
(Df(3R)S87-5). The single available deficiency of region 

99D (Df(3R) X3FZ (99D,_2-99E)) produced flies with ab- 
normal wings with enD (80%), enc (58%), and en’ (23%). 

2.4. Characterization of Mm110 
Clone 110 was characterized further. It contains two 

short and well-defined regions that EN protected from 
DNase I digestion (Fig. 4A). When clone 110 was placed 

A pM110 
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G/A6 12 

I I I I 
0 2 4 a 

PEN (u9) 

Fig. 4. Identification and functional characterization of the EN binding site in clone 110. (A) Four lanes from an autoradiogram showing a G/A ladder 

(left lane) and digestion by DNasel in the absence of EN (-) or in the presence of increasing amounts of EN (+ and ++). (B) Co-transfection of a 

plasmid containing the clone 110 fragment placed in the regulatory region upstream of the CAT coding sequence with either pAc-EN (open squares), a 
plasmid containing the actin 5C promoter driving expression of the engrailed cDNA or pPAc-enM-STOP (closed circles), which is identical to pAc-EN 

except for the presence of a termination codon that stops translation of EN after amino acid 406 (Jaynes and O’Farrell, 1988). Data is plotted as nmol 
acetylCoA per unit of,%galactosidase. Cells transfected with a control plasmid vector yielded a value of 0.09 in this assay. 



190 MT. Saenz-Robles et al. I Mechanisms of Development 53 (1995) 185-195 

TGACCGAGAAGGATACCGTCTCGATGGCTACCGTGCRAATCCGCCACCGGCCTA 
MTEKDTVS MATVQM KPDYAASEVYSTASEPPPAY 

CAAGCGCCAGGCGAATTCGGTGAAAATCGCCAAGATCACCGCCTTCACCATCATCGTGTCAGCCTTCATCCTGGGATCCTTCATCCTGGCCTCCTCCTAT 
K R Q A N S V K IAKITAFTIIVSAFILGSFI L A S S Y 

CTGCAGGCCMGGCCTCCTGCGATCAGGTCCAGGCCCTCGACTCGGTGCTGG~GGAGCT~TGCTTGAGACTTTGCAGCAGGTGGGC~GG~CTTC 
LQAKASCDQVQALDSVL EKELMLETLQQVGKEL 

CCCGTGCTGAACCCCTGCTGGGAGGAGCTGCTGGAGCTGCCGATGACTCCGAACTGCAGAGCTTGGAGCCGG~GTCGT~GACTG~GCCACCCAGGA 
P R A E PLLGGAAGAADDS ELQSLE P E S R KTEATQD 

TGCCGAGGAGCACCCCGACAGGACAACTCCTCCTACTCCGACAGCGATGAGACCGATGAGCTGCAG~GTTCCCCGGC~GATGCCACTCGAGCT~ACTTG 
A E EHPDKDNSYSDSDET DE L Q KFPGKMPLELDL 

AGTGACCTGGCTGCCGCCATTCTGCGCAACAACAAGAAATGCACGCCGAGGAGATTGTCGACTCGCCCTCGA 
S DLAAAIL RNNKKS R MN C V V E R KHAEEIVDSPS 

AGACGGTAGCCCTGCCCTTCGGAGTCAACCTGACCACGGATCCCAAGAAGGCACGCATCACCGGCGAGCGGATCTCGATCTTCTGCGACGGCGGCGACGA 
K T V A L PFGVNLTTDPKKARITGERIS IFCDGGDD 

CAAGGATAAGGAGGAGAAGGAGGCCAAGCGCCAGCGGGAGCAGGAGGAGGAGGACTCCGATGAGGATGCCGAGCCGCTGAGGCCCATGTTCATTCCCTTC 
K DKEEKEA KRQREQEEEDSDEDAEPLRPMFIPF 

CAGCGAGTGCCCATTCCCTTCGGACGCATTCCCGACCAGATGCCGCTGACCCATATGCCCCAGAGGATGATGCCACCAGCCATGCAGATGC~CAGC~T 
Q R V F'I P F G R I P D Q M P L T H M P Q R MM P PAM QM QQ Q 

TGCCCCAGCAGCAACAGCAGGGACCCATCATCATCCGCCAGCTGCCACCTCCGTTCCAGCACCTGCCCATGCGTCCTCCCATGCCGCCACAGGTGATGCA 
L P QQQQQGPIIIRQLPPPFQHLPMRPPMPPQVMQ 

(;GCGCCTCGCATGGAGTCCTCCGAC,C,AAATGCAGATGCCC~GGTCCAGACCGTGCGCATTCACATGCAGCAGATCCCCTTCCGTGAGATCCATGTGGCC 
A P R M E S S E E M Q M P K V Q TV R I HMQQIP FREIHVA 

CACGATGTGCCCGTCCAGATCCCCGCCCAGCAGCAACGTCTGGAGATGCAGCAACGTCAGGAGATGCAACAGCGCCAGGAGATGCAGCAGCGCCATGAGA 
D D V F V Q I PAQQQRLEMQQRQ EMQQRQEMQQRHZ 

TGCAGCAGCGCCAGGAGATGCAGCAGCGTCATGAGATGCAGCAGCGCCAGGAGCAGCGTGAGATCCCCCAGATTCAGATCCAGCCCATGCCCTTCGGAAT 
MQQRQEMQQRHEMQQRQEQREIPQ IQIQPMPFGM 

GGCCCTGCAGCGCGTTGGCATCACCGCCGAGGATCTGAGG~CATCCAGCGCATGGCCGAGGATCGCATCACCGACGAGCTGCGTCGTCTGGCCGCCGAG 
A L. Q R VG I TAEDLRNIQ RMAEDRI TDELRR LA A E 

GAGGGTGCGGAATCCAGTGAGGGCAGCGACGAAGATGTCTCCAGCTCCGCCGAGCAGGCCACCACCGAGGCACAGACCACGGTGCCCCAGCAGCAGCAGC 
EGAESSEGSDE DV S SSAEQATTEAQTTVPQQQQ 

AACAGACCGTCCAGCCTGAGCAACAGCAGCATCCAGAGG~CAGCACCAGG~GTCAGCCAGGAGCGACAGGAGCAGCAGCAGCAGCAGG~CCCCAGATGCG 
QQTVQPEQQHPEEQHQEVSQERQEQQQQQVPQMR 

CATTCAGCGTTTGATCCTGCAGCCCCTGCCTGAGCAGCCCCGTGACACCATGACCCCGCCGATGCCCGACCAGCCGCAGCAGCTGCCCTTCGGCCGCATG 
IQRLILQ P L P E Q PRDTMTPPM P D Q P Q Q L P F G R M 

GTCTACGGACGCAGTCTCGCTCAGCCCGTCCGCATCCCGG~CCCA~ATGCAGGCCATGGAGGGAGGAGCTGCTGCCCCCG~GAGTCCCAGCGACCAC 
V Y G R S L A Q P V R I PVPMMQAMEGGAAA PEESQRP 

ACTTCGTCCAGCCTCGTTCCGTTTAAGTAACAAGAAGACCACGCCTGTGATTGCTGCTGTGCG~TCG~TCTCGACGAGGGTGTAGACCGAGAGGAACT 
H F V Q P R s v 
AGAAGAAGGAGTCATCATGTACCCAACTAAACCCGAAGAA 
AGT~~~~~T~T~~~~GTTTT~~ATGCCTTT~TAC~ATATTTGGCCTTCTT~~A~GTATTCT~TATATATCATTTTTGTATATT 
TTATATTAATGCGTGTATAACATTCCAACCMCCAACCAACGTTTTC 
CAAGTATTTTTCTTTCAGTTTTTTGAATTGTCTACAGTTTTGTTTTTCAC~TACACAC~T~TCCGATGG~TTTTTGTACAT~~~A 
AAAA~ACG~TGCTGCGGCCGCCGAATTCCTG~AGCCCGGGGGAT~~ACTAGTT~TAGAG~GG~~G~~A~~GCGGTGGAG~T~C~TTCGCG~TATAGT 
GAGTCGTAGGGf-AA 
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Fig. 5. Sequence of Msr-1 IO cDNA and its conceptual translation. Several possible translation starts ate located behveen nucleotides 300 and 339; the 

protein sequence shown utilizes the first. The double line underscores the putative transmembrane region. The single lines identify the 6 tandem re- 

peats related to the sequence EMQQRQ. 

upstream of the gene encoding chloramphenicol acetyl present in one copy in the genome and Northern analysis 
transferase (CAT), expression of CAT in a co-transfection of RNA extracted from embryos and imaginal discs lo- 

assay was repressed in the presence of EN (Fig. 4B). cated a 2.8 kb transcription unit within approximately 

Southern analysis indicated that the clone 110 sequence is 1 kb of the 110 sequence. Two cDNA copies of this 

Fig. 6. Patterns of expression of Msr-110 in developing embryos. In situ hybridization with a Mu-110 cDNA probe reveals Mu-110 transcripts in the 
presumptive anal plates prior to germ band shortening (arrowhead; A) and in a contiguous strip in the presumptive hindgut (arrow) during germ band 

shortening (B). Hindgut (arrow) and anal plate (arrowhead) expression separate as the process of germ band completes (C,D); hindgut expression is 
localized to the inner rim of the curved hindgut. During dorsal closure, expression appears in the head region and in the center of the primordia for the 

posterior spiracles (open arrowhead), and continues in the anal pIate (E). Stage 16 embryo with expression in the anal plate confined to the periphery 

of its primordia (arrowhead), and expression in the epidermis greatest in the anterior part of each segment (thin arrows; F). Mutant embryos Jacking 
engrailed/invected function (Df(2R)enC) have heightened and uniform expression in the hindgut (G) and no apparent periodic expression in the epi- 
dermis (H). Ectopic expression of EN reduces Msr-I10 expression to negligible levels (I). (J) invected is expressed in a complementary pattern in the 

hindgut (where expression is limited to the outer half of the curve; arrow) and to a circumferential rim of the posterior spiracle primordia (open arrow- 
head). 
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2.8 kb transcript were isolated from an imaginal disc 
cDNA library (Brown et al., 1989). Both cDNAs hybrid- 
ized to Northern blots of RNA extracted from embryos or 
imaginal discs. The longest cDNA was sequenced. It 
contains a single large potential open reading frame in its 
2614 bp (Fig. 5), and two putative initiator methionines 
(at nucleotides 200 and 239 of the cDNA) match 2 of the 
4 positions of the consensus for Drosophila translational 
starts (Cavener, 1987). Conceptual translations with these 
putative starts produce proteins with an M, of approxi- 
mately 69 k and a P, of approximately 4.7. Near the N- 
terminus of the putative proteins is a hydrophobic se- 
quence with 27 residues that could constitute a membrane 
spanning domain, and near the middle of the protein is a 
hexapeptide sequence (EMQQRQ) that repeats tandemly 
six times without interruption. With the exception of 

the third and fifth repeats, which have the sequence 
EMQQRH, the repeats have identical sequences. How- 
ever, since the side chains of histidine and glutamine can 
be isostructural with respect to the side chain nitrogen, the 
conformation of these hexapeptide sequences is likely 
to be repeated without variation. Other than several 
stretches of polyglutamine, no significant homology to 
other known protein sequences was noted in BLAST 
searches of Genbank (Altschul et al., 1990). 

Use of the Msr-ZlO cDNA as a probe of poly(A)+ 
RNA that had been extracted from embryos and larval 
imaginal discs revealed that the 2.8 kb Mm-110 transcript 
was present during the later stages of embryonic devel- 
opment (12-18 h) as well as in larval imaginal discs (not 
shown). Use of this probe for in situ hybridization studies 
detected Mu-1 IO RNA in embryos and discs of the same 
stages. Hybridization was detected first uniformly in the 
region of early stage 11 embryos that will give rise to the 
anal plates (Fig. 6A). In older embryos, the transcript was 
also detected in the primordia of the hindgut (stage 11; 
Fig. 6B-D), where the hybridization signal was greater in 
one longitudinal half, the antennal-maxillary complex 
(stage 12; Fig. 6E), two small circular patches that will 
contribute to the posterior spiracles (stage 13; Fig. 6E), in 
the median tooth, the pharynx and the proventriculus 
(stages 13-16; Fig. 6E), and, at a lower level, throughout 
the presumptive epidermis (stage 14; Fig. 6F). Expression 
in the cells of the presumptive epidermis was not uniform, 
but was greater in the anterior part of each segment. 

To assess the role of EN in the elaboration of the Msr- 
110 patterns of expression, the distribution of Msr-110 
RNA was also monitored in embryos that carry an en- 
grailed transgene which is controlled by a heat shock 
promoter (HS-EN3; Poole and Kornberg, 1988). These 
studies showed that Msr-110 RNA was reduced or was 
completely absent in HS-EN3 embryos that had been 
subjected to heat shock between 4h-9.5h AEL (stages 1 l- 
15; Fig. 61), but that the RNA was unaffected by similar 
treatments of wild type embryos. Heat shocking younger 
HSEN3 embryos was without effect. Msr-ZlO RNA ex- 

pression was also altered in mutant embryos that carry a 
deletion that removes the engrailed/invected gene com- 
plex (Df12R)enc). Hindgut expression was greatly en- 
hanced in stage 11 mutant embryos (Fig. 6G), and in 
older embryos, expression in the epidermis did not have 
its characteristic segmental periodicity (Fig. 6H). These 
phenotypes suggest that in these tissues of the embryo, 
engrailed/invected may repress Msr-110 expression. Al- 
though engrailed is not expressed in the hindgut of the 
embryo, invected is expressed in the primordia of the 
hindgut and posterior spiracles in a pattern that is com- 
plementary to the pattern of Msr- 110 expression (Fig. 6J). 

3. Discussion 

We have described the use of a new method that frac- 
tionates Drosophila genomic DNA based on its affinity 
for the homeodomain-containing transcription factor, EN. 
With this method, genomic DNA was bound to a column 
containing an EN-affinity matrix, and washes with in- 
creasing ionic strength produced pools of sequences with 
increasing affinity for EN. Approximately 0.1% of the 
DNA that had been applied to the column was recovered 
in the 1.0 M KC1 eluate. Assuming that the DNA that 
was applied to the column represents mostly euchro- 
matic, non-satellite sequences (Peacock et al., 1978), this 
fraction of the haploid genome has approximately 
1.1 x lo8 bp/lOOO = 1.1 X IO5 bp. DNA in this fraction 
was present as fragments with an average length of 
300 bp, so approximately 367 different sequences were in 
the high affinity (1 M) pool. This level of complexity 
compares reasonably well with the approximately Xl-65 
polytene chromosome sites to which EN binds in vivo 
(Serrano et al., 1995). 

Identifying regulatory targets of transcription factors 
can be straightforward if the protein can efficiently select 
its binding sites in vitro. For homeodomain proteins of the 
Antennapedia class, however, it has proven difficult to 
develop systems in which these proteins can discriminate 

among sequences that have a core sequence which in- 
cludes TAAT (for instance, see Hoey and Levine, 1988; 
Ekker et al., 1991) although a promising system that se- 
lects and identifies sequences that respond to Ubx func- 
tion in yeast has recently been described (Mastick et al., 
1995). The method we used has the advantage that the EN 
on the affinity matrix had been produced in Drosophila 
cells where it was modified appropriately (Gay et al., 
1988; Bourbon et al., 1995) and the protein was isolated 
without denaturation. Since, in addition, EN was coupled 
to the affinity matrix with an antibody preparation di- 
rected against the N-terminal, non-homeodomain-contain- 
ing portion of the protein, the presentation of EN in the 
solid state was optimal for DNA binding. The high fre- 
quency of isolated fragments that contain binding sites 
that could be footprinted (77%) the presence in the high 
affinity fraction of fragments from the engrailed and ci 
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genes, and the genetic interactions between engrailed and et al., 1985). Msr-110 expression in the epidermis of 

the genomic regions from which several of the fragments normal embryos is also periodic, with more abundant 

derive together provide support for the effectiveness of expression in the anterior parts of each segment; in en- 
the selection protocol. Most telling, perhaps, are the prop- grailedhnvected mutant embryos, expression in the epi- 

erties of the Msr- I IO gene. dermis is uniform. 

Mu-110 derives from region 64D, deficiencies of 

which have a dominant phenotype in the posterior com- 
partment of the wing blade when present in flies that also 
carry a deficiency for engrailed. This behavior indicates 
that the simultaneous reduction of function from both 
regions alters morphogenesis of the wing posterior com- 
partment. The pattern of expression of Msr-110 is also 
suggestive of a functional connection between engrailed 
and Mm-1 10. 

Msr-110 is expressed in embryos, first in the region of 
the presumptive anal pads of stage 11 embryos, and later 
in the primordia for the hindgut, posterior spiracles, prov- 

entriculus, various structures in the head and naso- 
pharyngeal apparatus, and the epidermis. Several obser- 
vations suggest that engrailed might be involved in limit- 
ing expression of Msr-110 to these regions by restricting 
it from adjacent posterior compartments. First, expression 
of Msr-110 is completely suppressed upon ubiquitous 
induction of engrailed expression. Moreover, repression 
of Msr-110 was observed only if EN was induced imme- 
diately before Msr-110 would normally appear, and not if 
EN was ectopically expressed earlier. Consistent with 
these observations and the implication that EN directly 
regulates Msr-ZIO, transcription in cultured cells of a re- 

porter CAT gene fused to the Msr-110 genomic fragment 
was sensitive in a similar manner to the presence of EN. 
Second, Msr-Ii0 expression in the anal pads, posterior 
spiracles, hindgut, and epidermis correlates inversely with 
patterns of engrailed/invected expression and with en- 
grailed4nvected function. Based upon patterns of en- 
grailed/invected expression and the phenotypes of various 
homeotic mutants, the anal pads and posterior spiracles 
are thought to derive, respectively, from anterior abdomi- 
nal segment 10 (aAl0; Kuhn et al., 1992) and aA + pA8 
(the inner lining and most distal aspects of the posterior 
spiracle are produced by a doughnut-like ring of cells that 
express engrailed, while the base and outer lining are pro- 
duced by the encircled cells that do not express engrailed 
(Kuhn et al., 1992)). Msr-IZO expression is robust in the 
anal pads and in a circular patch that appears to lie inside 
of the ring of engrailed-expressing cells in the region of 
the presumptive posterior spiracle. The hindgut has an 
uncertain segmental identity, but it is presumably com- 

prised of both anterior and posterior compartment cells 
(invected and engrailed are normally expressed in only 
one longitudinal half (Hama et al., 1990)). Msr-II0 is 
expressed more abundantly in the other longitudinal half 
of the hindgut, and in engrailedhnvected mutant embryos, 
it is expressed uniformly and at significantly higher lev- 
els. Lastly, the epidermis is comprised of an alternating 
series of anterior and posterior compartments (Kornberg 

EN has been previously been implicated as positive or 
negative regulator of a number of different genes, and 
these observations strongly suggest that it negatively 
regulates at least some aspects of the pattern of Msr-II0 
expression in the embryo. Although the presence of two 
strong binding sites in the region upstream of the Msr-110 
transcription unit suggests that its regulation of Msr-110 
is direct, a definitive conclusion awaits analysis of mu- 
tants with altered binding sites. We note that when EN 
was transfected into Schneider S2 cells, it activated a re- 
porter construct that was linked to one of the other se- 
quences identified in this study (clone 117; M. Saenz- 
Robles and T.B. Kornberg, unpublished), and that the 
genetic interaction between the region to which Msr-110 
maps (64D) and engrailed suggests that EN might have a 
positive role in Msr-210 regulation in wing imaginal 
discs. These observations therefore underscore the com- 
plexity of the mechanisms through which EN functions 
and the rudimentary state of our understanding. 

4. Experimental procedures 

4.1. Fly culture andfly strains 
Wild type refers to an Oregon R line. Deficiencies 

were obtained from the Indiana Drosophila Stock Center 
(Dfl3R) X3FKCM3 Sb e (deletion 99D,_a-99E) and 
Dfl3R}XS, Dp(3R)XS asp ats pPITM6i3;y@r+~Y (deletion 
96Ai_,-96A2i_2s)), M. Simon (Dfl3L) e13 st in ri p/TM6 
(deletion 64B7_s-64D), Df(3L)X37 st in ri pP/rMl 
(deletion 63F-64Ci_s), and Df3L)lOH st e/TM6 (deletion 

6OC e 64B,,,z; 81F tj 64C,$lA + loo), and B. 
Ganetzky (Df(3R)slo8/Dp(3;3)Su8 (deletion 96Az_g-96D, 
4) and Df(3R)slo3flM6; S87-j/TM3 (deletion 95E&,- 
96Ars). Df(2R)enC and Df12R)enD were isolated after X- 
irradiation of the transgenic strain ryX/2025 (Hama et al., 
1990); they have small deletions that remove, respec- 
tively, most of the engrailed and invected genes and the 
regulatory region 5’ of engrailed transcription unit (Ali, 
2. and T.B.K., unpublished). en’ is a viable mutant with 
an insertion in the regulatory region (Kuner et al., 1985); 
enU4 is a lethal allele with a mutation that causes prema- 
ture termination of EN translation and enCX1 is an inver- 
sion with a breakpoint within the engrailed transcription 
unit (E. Gustavson and T.B.K, unpublished). The HS- 
EN3 line is a transformed strain with an engrailed cDNA 
under the control of the hsp70 promoter (Poole and 
Kornberg, 1988). 

TO ectopically induce EN, Drosophila embryos (HS- 
EN (Poole and Kornberg, 1988)) O-6 h old were aged for 
1 h at 24°C before placing the vial in which they had been 
collected in a 37°C water bath. Heat shock was for 
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30 min, followed by a 2 h recovery at 24°C. The heat 
shock regimen was repeated three times. At 9.5 h follow- 
ing the third heat shock, the embryos were dechorionated, 
fixed, and processed for in situ hybridization as previ- 
ously described (Eaton and Kornberg, 1990). 

4.2. Preparation of EN-enriched nuclear extracts 
Schneider S2 cells (5 1) transfected with an engrailed 

cDNA controlled by a hsp-70 promoter (Gay et al., 1988) 
were raised to 37°C for 30 min to induce EN. After 2 h of 
recovery at 24°C the nuclei were isolated as described 
previously (Soeller et al., 1988). EN was extracted from 
the nuclei in 0.2 M (NH&SO,, and was applied to a col- 
umn of heparin sepharose previously equilibrated with 
Buffer A (Hepes 25 mM pH 7.6, KC1 0.2 M, 10% glyc- 
erol, 0.1% NP40, 10mM EDTA, PMSF lOOpg/ml and 
1 pg/ml leupeptin). EN was eluted from the resin with 
0.35 M KCl. 

4.3 Chromatography of genomic fragments 
A protein A-sepharose column (Beckman, 1 ml total 

resin) was allowed to bind a goat anti-EN polyclonal an- 
tibody preparation which had been generated against the 

amino-terminal portion of the protein that does not in- 
clude the homeodomain. The antibody was cleared of 
lipids with the Beckman lipid clearing solution and bound 
to the resin following the manufacturer’s instructions. 

About 450,ug of immunoglobulin were retained by the 
protein A-column and the resin was then equilibrated with 
Buffer A (10 ml). Two milliliters (2.4 mg) of EN (see 
above) was applied, followed by extensive washes with 
Buffer A; approximately 65 ,ug of EN bound to the resin. 

Genomic DNA was digested with MboI, and 40,ug 
was terminally labeled with [Y-~~P]ATP. One milligram of 
a mixture of labeled and unlabeled DNA was applied to 
the EN-resin in 1.3 ml of Buffer A. After extensive 
washes with buffer A, the retained DNA was eluted 
batchwise with 0.3, 0.4 and 1.0 M KC1 (1.5 ml each). 
Pooled fractions were concentrated by precipitation with 
0.6 vol. isopropanol. The total DNA recovered with the 
salt elutions was 56,ug. It was pooled, a portion was la- 
beled as before and re-applied to the EN column. Ninety- 
three percent bound to the resin, and its profile of elution 
with 0.3, 0.4 and 1.0 M KC1 closely resembled the behav- 
ior observed after the initial application. The second elu- 
tion yielded 30,ug (0.3 M KCl), 6.3pg (0.4 M KCI) and 
1.06c~g (1 .O M KCl). DNA (7.5 pg) from the second 
0.3 M KC1 step elution was re-loaded again in the EN- 
specific column. All DNA bound to the resin, and 76% 
was recovered in a 0.3 M KC1 wash. Higher concentra- 
tions of KC1 of up to 1.5 M failed to recover additional 
DNA. 

4.4. Northern analysis 
RNA was extracted with RNAzolTM following manu- 

facturer’s (Cinna-Biotech) instructions. PolyA+ RNA was 
purified in oligo-dT resin and 2Opg of each sample was 

electrophoresed in a 1.2% HGT agarose gel (TAE buffer, 
6.7% formaldehyde). After transfer to HYBOND paper 
(Amersham) and UV crosslinking, probe generated with 
hexamer random primers and [a-32P]dCTP using EcoRI 

fragments from phage (phages 110.1 and 110.3) or cDNA 
clones (clone 110.3.4) as template were applied. 

4.5. DNase footprinting 
Cloned fragments were isolated after digestion with 

EcoRI and XbaI, labeled by treating successively with 
phosphatase and polynucleotide kinase, and footprinted 
with DNaseI. Increasing amounts of EN-protein were 
mixed with 2-5 ng DNA in 50~1 of 50 mM Hepes (pH 

7.6), 0.1 mM EDTA, 0.1 M KCl, 10 mM MgC12, 10% 
glycerol, 4% polyvinyl alcohol (PVA) and 4 ng/@ poly- 
dI-dC. After 15 min on ice, the samples were transferred 
to room temperature. Fifty microliters of digestion buffer 
(10 mM MgC12, 5 mM CaCl,) were added, followed with 
1 ,A of DNaseI (5Opglml in 10mM HEPES, pH 7.9, 
5 mM MgCl, and 1 mM CaC12). The reaction was 
stopped after 1 min with 100~1 of stop mix (20 mM 
EDTA, 0.2 M NaCl, 1% SDS, 25Opg/ml yeast tRNA) 
extracted twice with 200@ phenol/chloroform (I:l) and 
once with chloroform, and precipitated with 2 ~01s. of 
ethanol. DNA was resolved on a 6% sequencing gel, 
containing 6 M urea. 

4.6. Isolation of genomic and cDNA clones 
Approximately 50 ng of cloned fragment, isolated as 

above, was labeled in a PCR reaction containing PCR 
buffer (Perkin Elmer), 100 ng of primers, 0.2 mM dATP, 
GTP, and dTTP, 0.5 mM D’IT and 2.5 units of Taq po- 
lymerase, and 5O$i of [a-32P]dCTP (3000 Ci/mmol) in 
50~1 using a regimen of 3 cycles. The product was used 
to probe a A-DASH Drosophila genomic library that had 
been transferred to nitrocellulose filters. Genomic frag- 
ments that included transcribed regions were labeled in a 
reaction containing 2,ul of hexamer random primers 
(Pharmacia) and [a-32P]dCTP (3000 Ci/mmol), and were 
used to probe approximately lo5 phage corresponding to 
an imaginal disc cDNA library (Brown et al., 1989). 

4.7. Transfection 
Transient transfection assays were performed Schnei- 

der S2 cells using the CaC12 procedure as previously de- 
scribed (Soelier et al., 1988). Cultures were transfected 
with a mixture of DNAs, that included carrier (I pg 
pUC18) and 1 ,ug of a plasmid encoding B-galactosidase 
under the control of the copia promoter in a total of lO- 
15,~g DNA per experiment. DNA was precipitated as a 
fine white slurry and applied to cells for 48-72 h at 24°C. 
Cells were collected by centrifugation, washed twice and 
disrupted by two rounds of freeze-thawing. Debris was 
collected by centrifugation, and the supernatants were 
assayed for CAT and /3-galactosidase activity as previ- 
ously described (Soeller et al., 1988). 
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