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Specification of the Drosophila CNS
Midline Cell Lineage: Direct Control of
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The Drosophila CNS consists of a bilaterally symmetric group of neurons separated by a discrete group of CNS
midline cells. The specification of the CNS midline cell lineage requires transcription of the single-minded gene.
Genetic evidence suggests that a group of transcription factors, including Dorsal, Snail, Twist, and Daughterless::
Scute, is required for initial single-minded transcription. Comparison of the DNA sequences of the single-minded
gene regulatory regions between two Drosophila species reveals conserved sequence elements. Biochemical
studies using purified proteins indicate that a number of these conserved sequences represent binding sites for
Dorsal, Snail, and Twist. In vitro mutagenesis combined with germline transformation indicates that these bind-
ing sites are required in vivo for single-minded mesectodermal transcription. These results show that single-
minded transcription and, thus, CNS midline specification is directly controlled by dorsal/ventral patterning
transcription factors. They also suggest a model in which multiple transcriptional activators function in a cooper-
ative, concentration-dependent mode in combination with a transcriptional repressor to restrict single-minded

transcription to the CNS midline precursor cells.

Dorsal Dorsal/ventral

Single-minded Snail

Transcription Twist

THE Drosophila blastoderm embryo is subdivided
along the dorsal/ventral (D/V) axis into discrete cell
lineages, including (from ventral to dorsal) meso-
derm, neuroectoderm, dorsal ectoderm, and amnio-
serosa (Fig. 1). The neuroectoderm gives rise to the
central nervous system (CNS), which consists of two
bilaterally symmetric sets of neurons separated by a
group of CNS midline cells. Thus, the ectodermal
precursors of the CNS can be subdivided into the
mesectoderm, which gives rise to CNS midline cells,
and lateral neuroectoderm, which forms the lateral
CNS. The mesectodermal precursors are unique in
that they constitute two single-cell wide stripes along
the blastoderm D/V axis (44), and represent a re-
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markable achievement in refined patterning along the
D/V axis. These cells merge together during gastrula-
tion, develop into a group of midline precursor cells,
and then differentiate into 22-26 midline neurons and
glia (3,21,44). Genetic and molecular evidence has
shown that the single-minded (sim) gene acts as a
master regulator of CNS midline cell development
and transcription [(12,30,31,44) and reviewed in (8)].
The sim gene contains two promoters (28,30). The
early promoter (Pg) is activated in the mesectoderm
just before gastrulation. It remains active in CNS
midline precursor cells, but is extinguished during
midline differentiation. The late promoter (P,) is also
expressed in CNS midline precursor cells and in the
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FIG. 1. Molecular genetics of sim mesectodermal transcription.
Shown is a schematic cross-section of the Drosophila blastoderm
embryo. Dorsal aspect is at the top. The different presumptive
tissue anlage are dorsal ectoderm and amnioserosa (dea), neuro-
ectoderm (ne), and mesoderm (mes). Specification of the mesec-
todermal lineage is correlated with expression of sim in the mesec-
todermal cells (filled). The genes shown to genetically influence
initial sim transcription are shown along with their protein distribu-
tions. Dorsal positively (+) regulates sim transcription and Dorsal
protein is distributed as a nuclear gradient with highest concentra-
tions ventrally. Twi is also a positive regulator of sim and distrib-
uted as a gradient along the ventral region of the embryo. Snail
is localized specifically in the mesoderm and represses (-) sim
transcription. E-box binding proteins including Daughterless and
Scute (Da::Sc) form an ubiquitously localized heterodimer that
positively regulates sim transcription. Members of the Notch (N)
signaling cell pathway positively regulate sim transcription al-
though the relevant transcription factor has not been identified, nor
is it known which cells are involved in sending the presumed
signal.

differentiated midline cells. The sim gene encodes a
basic helix-loop-helix-PAS (bHLH-PAS) protein
that functions by forming heterodimers with the
Tango (Tgo) bHLH-PAS protein and activating mid-
line gene transcription by binding CNS midline ele-
ments (CMEs) found within target genes (39,47). Sim
is positively autoregulatory and Sim::Tgo heterodim-
ers are able to maintain midline expression from PE
and PL However, the specification of the CNS mid-
line cell lineage requires understanding how D/V pat-
terning genes initially activate sim transcription
within the mesectoderm.

Genetic, cellular, and molecular studies have sug-
gested that a group of transcription factors is required
for initial sim transcription [Fig. 1; also reviewed in
(32)]. However, it is unknown whether they directly
influence sim expression. These proteins include Dor-
sal, Snail (Sna), Twist (Twi), Daughterless (Da),
Scute (Sc), and members of the Notch (N) signaling
pathway. The same proteins are also required for pat-
terning other regions of the blastoderm embryo
(7,35). The Dorsal protein (40) is distributed as a nu-
clear gradient along the ventral side of the embryo
(33,36,41), and triggers a cascade of patterned gene
transcription along the D/V axis. Dorsal directly acti-

KASAI, STAHL, AND CREWS

vates twi expression, and the Twi bHLH protein (43)
forms a gradient along the ventral region (19). Dorsal
and Twi together activate Sna within the mesodermal
anlage (16). The Sna zinc-finger protein (4) has a
sharp boundary: it is present in the mesoderm and
absent in the adjacent mesectoderm (1,22,24). The Da
and Sc proteins are found ubiquitously in the embryo
at this time, and function as a DNA binding hetero-
dimer that binds to E-box control elements (18,29).
Members of the N pathway are expressed in the ven-
tral regions of the embryo during mesectodermal
specification (25).

Mutations in dorsal show an absence of sim tran-
scription (22,24). Mutations in sna show ectopic ex-
pression of sim in the mesoderm, consistent with its
role as a mesodermal repressor (22,24,30). twi muta-
tions show reduced expression in a more ventral loca-
tion, and twi-sna double mutants reveal an absence
of sim transcription (22,24). Experiments using com-
binations of da and sc with other D/V mutations indi-
cate that they are positive regulators of mesectoder-
mal gene expression (13), and mutations in most
members of the N signaling pathway also result in a
reduction in early sim expression (25-27). These re-
sults lead to a model in which Dorsal, Twi, Da::Sc,
and N activate sim in the ventral region of the em-
bryo and sna represses it within the mesoderm. The
combinatorial action of these positive and negative
regulators restricts sim expression to the mesec-
toderm.

In this article, we present the sequence structure
of the sim gene, and describe a group of regulatory
elements that controls initial sim mesectodermal tran-
scription. The sequence elements are conserved be-
tween related Drosophila species, and several are
shown to be binding sites for Dorsal, Twi, Sna, and
Da::Sc. Germline transformation of mutated sim se-
guence elements was employed to show that binding
sites for these proteins are required in vivo for sim
transcription. The multiplicity of elements and their
arrangement suggest a model in which transcriptional
activators including Dorsal, Twi, and Da::Sc act in a
cooperative and concentration-dependent fashion to
activate sim in ventral regions of the embryo. Sha
limits sim expression to the mesectoderm by repress-
ing it in the mesoderm. The modes of Sna repression
may include direct competition of activator binding
as well as other mechanisms.

MATERIALS AND METHODS

Isolation and Sequence Analysis of sim cDNA and
Genomic Clones

D. melanogaster sim cDNA clones were isolated

from 4-8- and 3-12-h embryonic RNA cDNA librar-
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ies and subjected to sequence and restriction map
analysis to determine their structure. All 5 and 3’
ends were sequenced and the internal sequence was
determined by comparison of restriction sites to the
completely sequenced AC1 sim cDNA clone (9).
Fragments derived from sim genomic clones (44)
were sequenced by generation of deletion fragments
and use of the dideoxynucleotide chain termination
method. Some areas were sequenced using specific
primers. The length of the transcription unit is 20.2
kb. The total amount of genomic DNA sequenced is
10262 bp. The sequenced DNA includes all § exons,
introns 2-7, and 3.0 kb of intron 1 that includes Pg
and the early regulatory region. The entire 10262 bp
sequence has been deposited in GenBank (accession
#AF071933, AF071934).

Generation of sim Gene Deletions

The Exonucleaselll-based Erase-a-base kit (Pro-
mega) was used to create 5’ deletions of the 3.7-kb
sim early regulatory region fragment. The fragments
(2.8, 2.2, 1.6, and 0.9 kb) were cloned into the CaSpeR-
AUG-B-gal P-element transformation vector that
fuses the regulatory region onto lacZ (45).

Germline Transformation of P[sim-lacZ]
Transgenes

All P-element constructs were introduced into
germline DNA using microinjection (34). The
Pn25.7wc plasmid was included in the injected DNA
sample as a source of transposase. All transgenes
contained the white (w) minigene for selection on a
w™ background. Three or more independent strains
were analyzed for each construct.

Embryo Whole-Mount In Situ Hybridization

Stage S to 11 embryos from fly strains with two
copies of a P[sim-lacZ] transgene were collected on
grape juice-yeast agar plates, and processed for
whole-mount in situ hybridization (42). The probe
used for detection of lacZ transcripts was a digoxy-
genin-labeled riboprobe containing a full-length B-
galactosidase transcript. After hybridization, expres-
sion was detected using alkaline phosphatase (AP)-
conjugated antidigoxygenin antibodies and 4-nitro-
blue tetrazolium chloride (NBT) plus X-phosphate.
Stained embryos were cleared in 70% glycerol/PBT
and photographed using a Zeiss Axiophot micro-
scope.

Cloning and Transgenic Analysis of the D. virilis
sim Gene

Genomic clones containing the D. virilis sim gene
were isolated from a D. virilis genomic clone library

(kindly provided by J. Tamkun). The screening probe
was a D. melanogaster sim cDNA clone fragment
that contained the bHLH and PAS domains but
lacked the poly[glutamine}-encoded carboxy-terminal
region. The fragment was labeled with *’P by hex-
amer-primed labeling, and hybridized under relaxed
stringency (50% formamide, 1 M Na*) at 37°C. Final
washing of the hybridized filters was in 1 x SSC at
50°C. The clones isolated corresponded to a single
gene, and sequence analysis of exonic regions con-
firmed that the D. virilis gene was an orthologue of
D. melanogaster sim.

The ability of D. virilis sim DNA to drive mesec-
todermal expression was tested by germline transfor-
mation into D. melanogaster. D. virilis DNA corre-
sponding to the sim early regulatory region was
contained in a 4.6-kb Nsil-Ncol fragment. This frag-
ment was cloned into the Smal site of Bluescript II
KS, excised as a Kpnl-BamHI fragment and cloned
into CaSpeR-AUG-Bgal. This P-element construct
was introduced into germline DNA by microinjection
and transformed embryos were tested for mesectoder-
mal lacZ transcription by in situ hybridization.

DNA Sequence Analysis of the D. virilis sim Gene

The region of the D. virilis sim gene correspond-
ing to the early regulatory region of the D. melano-
gaster sim gene was subcloned, converted into a dele-
tion series, and sequenced using the dideoxynucleotide
chain termination method. Two different D. virilis
sim clones were characterized and 4978 bp sequenced.
The sequence was compared to the D. melanogaster
sim gene sequence by dot matrix and other sequence
alignment computer programs from UWGCG and In-
telligenetics GeneWorks. The sequence has been de-
posited with GenBank (accession #AF(071932).

Synthesis of Dorsal and GST-Twi Proteins

The Dorsal protein used in DNA binding experi-
ments was synthesized as full-length protein using a
baculovirus expression system [(15); kindly provided
by J. Shirokawa and A. Courey, UCLA]. Sf9 cells
were infected with the recombinant Dorsal-baculovi-
rus, nuclear protein extracts prepared, and Dorsal
protein purified to homogeneity by DNA affinity
chromatography. The Twi protein used in DNA bind-
ing experiments was synthesized in E. coli as a full-
length glutathione S-transferase-Twi (GST-Twi) fu-
sion protein (clone kindly provided by T. Ip and M.
Levine, UCSD) (17). Soluble protein produced in E.
coli was purified using a glutathione-agarose affinity
column (38).
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Gel Shift Analysis

The 2.8-kb sim early regulatory region cloned
DNA was cut with restriction enzymes into 11 frag-
ments (A-K) (20). Each fragment was end-labeled
with P and individually incubated with Dorsal or
GST-Twi proteins, and subjected to gel shift analysis
as previously described (20). Each protein sample
(0.2 pg GST-Twi and 1 pl of a 1:10 dilution of Dor-
sal protein extract) was preincubated for 10 min at
room temperature without labeled DNA in 25 mM
HEPES, pH 7.5, 50 mM KCl, 3 mM MgCl,, 0.5%
NP40, 10% glycerol, and 10 pg/ml poly(dI-dC). *P-
labeled DNA fragment (2,000 dpm) was added to a
final volume of 25 pl and incubated for 30 min at
room temperature. The 4% polyacrylamide/0.5 X
TBE gel was prerun at 150 V for 30 min, the sample
was loaded, and electrophoresis continued at 150 V
for 30 min followed by 250 V for 1.5 h. The gel was
subjected to autoradiography.

Competition experiments were carried out for the
Dorsal gel shift experiments to show specificity of
binding. The wild-type competitor oligonucleotide
was a 25-bp oligonucleotide, GATCGATCGGGTAT-
TTCCCAACTC, containing a strong Dorsal binding
site (underlined). The mutant competitor oligonucleo-
tide, GATCGATCCTTTTATTTCCCAACTC, con-
tained three substitutions in the Dorsal binding site
(underlined). Competitor was added at a 100 times
molar excess to the *P-labeled fragment.

DNAsel Footprint Analysis

DNAsel footprint analysis was carried out as pre-
viously described (20). Fragment B of the sim early
regulatory region is a 241-bp Ndel-Nhel fragment.
The fragment was blunt-ended using Klenowl and
cloned into the Smal site of pBluescript Il KS. La-
beled antisense probe was generated by cutting with
Sall, end-labeling with P, and cutting with BamHIL.
The sense probe was generated by cutting with
BamHI, labeling with *P, and cutting with BssHIL
The protein-DNA incubation conditions were the
same as used for gel shift analysis. The incubation
mixture contained the *’P-labeled fragment and either
0.5-2 pg of GST-Twi or 5 pl Dorsal extract. Controls
included *’P-labeled fragment incubated with no pro-
tein or 2 pg GST. In a 50-p! reaction volume, 2 x 10’
dpm of *P-labeled restriction fragment was incubated
with protein for 30 min. Subsequently, 5 pl of 10
x DNase I buffer (100 mM MgCl,, 35 mM CaCl,)
containing 0.04 units/pl of DNase I (Promega) was
added and incubation continued for 1 min at 25°C.
Reactions were terminated by the addition of 50 pl
of Stop buffer (40 mM EDTA, 2% SDS, 20 mM
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NaCl, and 0.2 mg/ml tRNA) followed by extraction
with phenol/chloroform, ethanol precipitation, and
electrophoresis on a 7 M urea, 6% polyacrlyamide
sequencing gel.

In Vitro Mutagenesis of sim Genomic DNA

Deletions of sim melanogaster-virilis conserved
elements (smvs) were generated in the 2.8-kb sim ge-
nomic DNA fragment using oligonucleotide-gener-
ated in vitro mutagenesis. The mutated inserts were
cloned into the CaSpeR-AUG-fgal transformation
vector that fuses the 2.8-kb fragment onto lacZ. DNA
was microinjected into embryos to establish germline
transformants. Shown below are the constructs bear-
ing the mutations (indicating the smv deleted), the
region deleted, and the sequence of the oligonucleo-
tide employed. The sequence between the dots indi-
cates the region deleted. Each deletion introduced a
novel restriction site within the mutant gene. The mu-
tations are as follows:

[1] P[2.8simA2a] 1200612051 GGAAAGCGGCTCAG:-
GATCC-GGTGCTCGCAACAG,

[2] P[2.8simA3] 12165-12245 TGGCCGCCTCGCA-AG-
CTT-CGATGGCGATGCG,

[3] P[2.8simA11] 13392-13411 TTCCCTCAATCTCTG:--
GATCC-TTCTTTCTGCTAAATGG,

[4] P[2.8simA12] 13660-13702 ACTAAAAACATTTAA
GA-GTACT-CAGCCATTCGGTAC,

[5] P[2.8simA13] 13804-13847 TCCAATGGCTTAGAT-
T-AGCTT-AGGATTCCGGCTGT,

[6] P[2.8simA15] 14143-14170 CAAAAATGATCTGAG-
C-TCGA-GCCCCGGGTAAACA,

[71 P[2.8simA16] 14301-14342 GGAAAGCGGCTCAG--
GATCC-GGTGCTCGCAACAG,

[8] P[2.8simASD16] 14207-14239; 14301-14342 ATC-
CAGTGCAGCCAA-GTC-TCCTTTTCGGGATCA
plus Al6.

P[simB] was created by cloning the Ndel-Nhel
fragment B (12016-12245) into the C4PLZ lacZ en-
hancer tester vector (46). P[simBx16] combined the
B fragment and two copies of the Smal-EcoRV frag-
ment containing smv16 in C4PLZ.

RESULTS

Sequence Structure of the D. melanogaster sim Gene
and Transcripts

Analysis of the factors that control sim gene regu-
lation requires knowledge of the sequence structure
of the sim gene and its transcripts. This information
will also be relevant as the structure and regulation
of the evolutionarily conserved sim gene is studied
in mammals and other organisms (6,10,11). Previous
work revealed the sequence of two sim cDNA clones
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(9,31). Here we describe the sequence structure of
a series of sim cDNA clones, regulatory and exonic
sequences of the D. melanogaster sim gene, and the
regulatory region of the D. virilis sim gene. Func-
tional analysis employing germline transformation
has shown that the sim gene has two promoters: 1)
P that controls initial mesectodermal expression and
sim-dependent expression in the midline precursor
cells, and 2) P, that controls sim-dependent midline
precursor cell transcription and expression in muscle
precursor cells and midline glia (28,30). Nine sim
cDNA clones and the D. melanogaster sim gene were
analyzed by restriction mapping and DNA sequenc-
ing. A total of 10262 bp of genomic DNA was se-
quenced including all exonic sequences and 3657 bp
of intronic DNA that includes Pg and its associated
DNA regulatory elements (see below). Comparison
of the gene to the cDNA clones indicates that the
gene consists of eight exons spanning approximately
20.2 kb (Fig. 2).

Three cDNA clones (pC10, pC11, and S1) are de-
rived from mRNA transcribed from Py, and reveal that
exon 1, which is 5’-untranslated sequence, has alter-
native 5’ splice sites. The other six cDNA clones
could be derived from either P; or P; and do not re-
veal additional splice variants. However, five differ-
ent polyadenylation sites are used. Analysis of the
c¢DNA clones does not provide evidence for different
sim coding sequence variants, although this has not
been rigorously ruled out. Figure 3 shows the com-
plete sequence of 3048 bp of intron 1 DNA that pre-
cedes exon 2 (which is also shown). Seven of the
eight exons contain coding sequence; only exon 1
lacks coding sequence. All of the exons except exon
8 are relatively small, and most of the introns are
modest in size except intron 1, which spans 13.9 kb.
Germline transformation experiments have shown
that this intron contains Pz and the regulatory ele-
ments that control early sim transcription.

Localization of Genomic Sequence Elements
Controlling Initial sim Mesectodermal Expression

Previous work established that the regulatory ele-
ments necessary for blastoderm expression of sim in
the mesectodermal cells are contained within a 2.8-
kb genomic DNA region containing Pz and residing
at gene coordinates 11.8 to 14.6 (20). Further refine-
ment of the regulatory elements that govern sim mes-
ectodermal expression was attempted by constructing
deletions within the 2.8-kb sim fragment followed by
fusion to lacZ in the CaSpeR-AUG-lacZ P-element
vector and introduction into Drosophila germline
DNA. Multiple transformants were assayed for lacZ

transcription by in situ hybridization using a lacZ ri-
boprobe. Each deletion removed DNA from the left-
ward-end, leaving Pg intact on fragments of 2.8, 2.2,
1.6, and 0.9 kb. The results shown in Fig. 4 indicate
that only the 2.8-kb fragment shows the stripes of
initial mesectodermal lacZ expression; the other frag-
ments failed to show any detectable mesectodermal
lacZ transcription. This indicates that sequences re-
quired for initial sim transcription lie between 12.5
and 13.0, although additional required elements may
reside between 13.0 and 14.6.

Comparison of the DNA Sequences of the sim Early
Regulatory Region Between Different Drosophila
Species Reveals Conserved Sequence Elements

Comparison of regulatory DNA sequences be-
tween orthologous genes in different Drosophila spe-
cies has been an effective method for identifying
transcriptional control elements (5). We reasoned that
sequence comparisons of the sim early regulatory re-
gion between D. melanogaster and D. virilis would
be useful for identifying relevant regulatory elements
that control mesectodermal expression. The D. virilis
sim gene was isolated by screening a genomic library
of D. virilis genomic DNA with a D. melanogaster
sim cDNA probe. Clones corresponding to a single
gene were identified and sequence analysis of the cod-
ing sequence indicated it was the sim gene (Fig. 3).

The 2.8-kb region of the D. melanogaster sim
gene required for mesectodermal expression lies im-
mediately upstream of exon 2. This same region of
DNA was sequenced in D. virilis (Fig. 2). Dot matrix
analysis was performed to detect regions of high se-
quence identity (Fig. 5). The results reveal discrete
regions of high sequence conservation separated by
regions of weakly conserved sequences, and illustrate
that the D, virilis and D. melanogaster sequences 5
to exon 2 correspond to each other. They align in a
relatively linear fashion over the entire region com-
pared. The D. melanogaster stretch analyzed is 3307
bp. The equivalent region of D. virilis is considerably
longer, measuring 4978 bp. The differences lie pri-
marily in three AT-rich regions in the D. virilis DNA
that are greatly reduced in size in the D. melanogas-
ter gene.

Proof that the D. virilis region corresponds func-
tionally to the 2.8-kb D. melanogaster sim early regu-
latory region was obtained by testing the D. virilis
sim DNA for mesectodermal transcription capacity in
D. melanogaster. The corresponding 4.6-kb Nsil-
Ncol D. virilis fragment was fused to lacZ, intro-
duced into D. melanogaster germline DNA, and em-
bryos tested for mesectodermal lacZ expression by in
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FIG. 2. Sequence structure of the sim gene and transcripts. The exon-intron structure of the D. melanogaster sim gene is shown at the top.
Numbered boxes correspond to the eight observed exons. Open boxes correspond to untranslated regions and closed boxes to coding
sequence (exon 2 begins with a short untranslated region). The late promoter (P.) drives embryonic midline precursor, midline glial, and
muscle precursor expression (arrow points in the direction of transcription), and the early promoter (Pg), which lies within intron 1, drives
initial mesectodermal and midline precursor gene expression. The letters A~E shown in exon 8 indicate five different polyadenylation sites
identified in the cDNA clones shown below. Beneath the exon—intron structure diagram are the location of BamHI and EcoRI restriction
enzyme sites, and the scale of the sim genomic region is shown below. Numbering of the sim gene starts at the beginning of exon 1 because
the Py, start site of transcription has not been precisely defined. The extent of DNA sequence data obtained from the D. melanogaster sim
gene is shown by two lines (Dm sequenced region), and the corresponding region sequenced in D. virilis is shown below (Dv::Dm compared
region). Eight sim cDNA clones were isolated from embryonic cDNA libraries. Restriction map and DNA sequence analysis of these clones,
including the AC1 clone previously reported, reveal the sequence structures shown. The polyadenylation site for each clone is shown using
the letters (A-E) corresponding to the five different sites identified. The length in kb for each clone is indicated at right. The coding
sequences of all eight clones overlap, and do not provide evidence for alternative Sim proteins. Clones S1, pC10, and pCl1 correspond to

P,-derived transcripts, but no cDNA clone unambiguously corresponds to a Pg-derived transcript.

situ hybridization with a lacZ probe. The results (Fig.
6) show that the D. virilis fragment is able to tran-
scribe lacZ in the mesectodermal stripes in a fashion
analogous to the D. melanogaster 2.8-kb sim DNA,
indicating functional conservation between the D.
virilis and D. melanogaster early regulatory regions.

Using dot matrix analysis and computer-assisted
comparisons over short regions, 18 regions of high
sequence identity were identified within the 3.0 kb of
sim regulatory DNA that precedes exon 2 (Figs. 3
and 5, Table 1). These 18 regions are either continu-
ous or discontinuous stretches that average 44 bp in
length with average sequence identity of 92% (con-
served elements are denoted “smv#” for “sim mela-
nogaster-virilis conserved element”) (Table 1). The
longest smv is smv10, a discontinuous stretch 85 bp:
in lefigth. :

The Conserved Sequence Elements Within the
sim Gene Identify Putative Transcription Factor
Binding Sites

Genetic studies suggest that Dorsal, Twi, Sna, Da::
Sc, and members of the Notch signaling pathway are
regulators of initial sim mesectodermal transcription.
In addition, maintenance of sim CNS midline precur-
sor cell transcription is controlled by Sim::Tgo heter-
odimers (39), and their DNA binding sites must also
be localized to this region (47). The 3.7-kb sim frag-
ment also contains the elements that control sim gut
expression (30). The transcription factors that control
gut expression are unknown. Sna binding sites have
been previously identified within the sim gene by gel
shift and DN Asel footprint experiments (20). The pu-
tative Sim::Tgo binding sites (CMEs) have also been
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identified by in vitro mutagenesis/germline transfor-
mation (47). Consensus binding sites within the
group of smvs were identified for Dorsal and E-
boxes, which could be sites for Da::Sc or Twi, and
the biochemically identified Sna binding sites and
CMEs were compared to the location of smvs (Ta-
ble 1).

The results indicate that 10 of 19 smvs have bind-
ing sites corresponding to these transcription factors,
and four smvs have multiple sites. The total number
of conserved putative binding sites is 23: Dorsal [3],
Sna [5], Tw [6], Sna E-box (binding site for Da::Sc
or Twi) [3], Sim::Tgo [4 plus 2 in smv19}. Of partic-
ular interest is the observation that smv3 has multiple
Dorsal and Twi sites that are interspersed. These sites
lie within interval 11.8 to 12.5, a region required for
sim mesectodermal transcription. 1t is also notewor-
thy that five of the seven Sna binding sites deter-
mined by biochemical methods are conserved be-
tween the two species. In addition, the four CMEs
shown to be required for Sim-dependent midline tran-
scription are also conserved. These results suggest
that the interspecific comparison of the sim gene is
useful in detecting in vivo-relevant cis-regulatory re-
gions, an assertion tested by additional biochemical
and germline transformation experiments.

The Dorsal and Twi Proteins Bind Cooperatively
Within the sim Regulatory Region

Direct evidence that Dorsal and Twi bind the sim
regulatory region was sought by using in vitro DNA
binding assays with purified proteins. The Dorsal
protein was a full-length protein made in insect cells
using a baculovirus vector, and has been successfully
used in DNA binding assays (15). The initial experi-
ments used gel shift analysis of Dorsal protein and
11 *P-labeled restriction fragments that span the en-
tire 2.8-kb sim regulatory region (Fig. 7A) [see (20)].
Two fragments, B and F, showed a retarded gel frag-
ment (Fig. 7B). These fragments contain smv3 and
smv10, which both have conserved consensus Dorsal
binding sites (smv3: D1 and D2; smv10: D3; also
see Table 1). Retardation of fragments B and F was
completely eliminated in the presence of 100 times
molar excess of oligonucleotide containing a high-
affinity Dorsal binding site, but not in a 100 times
excess of the same oligonucleotide with a mutated
Dorsal binding site (Fig. 7C).

Similar experiments were performed with a Twi
protein created in E. coli as a GST-Twi fusion protein
(Fig. 7D). In this case, weak binding was observed
with all fragments, a result previously noted in other
Twi DNA binding experiments (17). However, the

strongest binding was observed with fragments B, F,
and I. All three fragments contain putative Twi rec-
ognition sites. Fragment B contains smv2 and 3 with
putative Twi binding sites T1, T2, and T3 (Table 1).
Fragment F contains smv1l0 and Twi site T4, and
fragment I contains Twi site T6. The retarded frag-
ments were specific for Twi, because no shift was
observed with GST (data not shown). Most notewor-
thy is the observation that fragments B and F contain
both Dorsal and Twi binding sites, suggesting possi-
ble cooperative interactions between these two tran-
scription factors.

DNAsel footprint analysis was used to confirm
that Dorsal and Twi were binding to the expected
sites, and to test for cooperative protein interactions.
Restriction fragment B that contains smvs 2 and 3
and D1-2 and T1-3 was labeled on both sense and
antisense strands and reacted with GST-Twi and Dor-
sal proteins individually and together. Reaction of
GST-Twi with the antisense strand showed Twi-spe-
cific protection over an extensive region including
smv2 and T1 and another region including the Sna
SE1 binding site containing a putative Da::Sc or Twi
binding site (Fig. 8A). No strong Twi protection was
observed with sense strand DNA (Fig. 8B). Modest
protection of D1 and D2 was observed on the sense
strand with Dorsal protein used by itself (Fig. 8B).
Weak protection was also observed on the antisense
strand (data not shown). However, when both Dorsal
and Twi were added to sense strand DNA, strong pro-
tection was observed over the entire smv3 region that
includes D1, T2, D2, and T3 (T2 showed less protec-
tion than the other three sites) (Fig. 8B). These results
confirm that Twi and Dorsal are binding specifically
to the putative Dorsal and Twi binding sites found in
smvs 2 and 3. In addition, they provide evidence that
binding is stronger when both proteins are present
together, consistent with cooperative interactions be-
tween the two proteins.

Deletion of Dorsal, Twi, and Sna E-Box Binding
Sites Results in Reduction of Initial sim
Mesectodermal Transcription In Vivo

The sim gene sequence analysis, biochemical ex-
periments, and genetics strongly suggest that initial
sim mesectodermal transcription is directly influ-
enced by Dorsal, Twi, Da::Sc, and Sna. Further evi-
dence for direct control was achieved by deleting the
identified binding sites within the sim gene and test-
ing their in vivo relevance by germline transforma-
tion. In vitro mutagenesis was used to delete individ-
ual smvs within the 2.8-kb sim early regulatory
region previously shown to be sufficient for initial
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AACGGCGCGACGCOGACTGTTGT TTCAAGATARAAAC TTCA TG TGOGTTGGAAAAACACACGGGAAAAGAGCGRAGGROCGC AAGTGTGEEGEG TGEE TG 11620
] seseccssececrnn seresssescrssstsresssssnseseCArecoses
GGTGCAAAAGTGCACAGAGAARARAGARARGGGGT TCTGOGAGCAARAT AR TACGGCGATAGTACGGT TAGG TAMATGCARAGGAT TTAT TTTARATTAT 11720
GGAATAATAAATTGAGATTTTTTGAAAATCATATACCTTTATARAACACAATTGAACAA TGAGATATTTTTC TGTTATAC TTGCTGTATAGT ICAATAAG 11820
i 2.8
TTTATTCAAACGACTGAACCTTTCGATGAAAATARARTTARTARRATGA TT TTCATGCACGGGGA TTCGAATGAAA TGTTCAGCTATC TAGATCCTATIT 11920
TCCTTAGAT TCAACCAGATATAT TT TP TTCAACACACARTTCT TCGAGTGC TGAAACAT TTTGGCAGGAACAGGAGCAGAGC TCTTATOGTTGTGGCCCS 12020
GGCATATGT TACGCACATT TACAGCGTATGGOG-ATT TTCCGCTT TCCACGGCCACGGCCACAGC TTICOCACCTGATAGSACAGCTCGGCAATG TGTGGG 12119
ssesessesecscsssssspecscscrssTPefasecace 23 2D sevecscsrs
AATOGCAGTGAGGTGOCGGTAGGAGTGGCAGGTARGCCTGGCCACCTOGCAAGTT TC TCACAC TTOCAGGACATGTGC TGCT TTTT TGGCOG T TTTCCC 12219
3 sesessssecvene eecssnsroes esesceeTes
CGACTGGTTATCAATTGGCCGAT TGGAAA TTCCCCGATGGCEA TGOGCTAGCG TGAGAACA TGRGCTGCGAGAA TCGGGTTT TTAGCA TATCATACCTGT 12319

semermmessosssssseToCoroscorsechocse

GOCTCGTCCTGATGGGAACCOGAGAAGCAGCAGGATCGGA TGTAGGATGCAGGA TA TAGGGTATAGGCGCTGT TGOGCC TCACCCGCAACACCCACATTAG 12419

4 eeseGresGessssssscrnsnones]

CATOGGACCAGCGTCCAGTGTCCTGTTAATTGCTT TATGGACTCTCCAC TT TCOGCTGCETGGGAATC TTTGCTCATCCTACCTGT TTCCATGCCACACC 12519
esGeoeCotensesossfessGeossasssassrssssan 5 eshssessescescnce sesasee
I 2.2
AACCCATTCOCACAGCATCGTOCTCCT TA TG TGAAAC TCTC TAGT TCARGT TCAG TG TGAA TA TT TGTGT TGACTT TATT TT TAAACT TTTGGCCATT TG 12619
6 . ..

TTTTCAGTTTGCTGT TTGCCTGTAACCAGAT TAAGGTCAAGT TGC TTGGATGGAC TGOGAT TCGGCTTGAGA TCCGGT ICAT TGAGTTGCCT TTOGAGGE 12719

ATGAGTCGCATTTTTATACGCTT TCOGGGARARGA TCGT TAARGT TTGAGT TTCA TAGTOGTGAARGGGGAACT TTTT TAGCOCTAGGGT TTATAAATAT 12819
T esecesGeTrrs .
AATAGAARARAAAAT TTGARATGACAATT TATTT-AACATT TTTT TAAT TTTCTGTAAAATAT TAATOCTAAAGATGTGCACAT TTTACGATGATTTCAT 12918
8 coecsecsen seCeeGerosCorscncsesere soTesvsorhosceproce
ACATCTAGCATGT TTTGATTACATCTT TGTTTCCTATATCCAGAA TTGAGA TATCGAAACAACGC TGATA TATCAR TGGCATAT TCOCGTAT TTATGGCT 13018
ATATGAAATGCTGTAATGT TCGAATGGAATAATGGCT TATATCCTGAATAA TT TTGACCCACT TAOGGCTCGTAAACTATCCTATTARATGGAT TTGCCG 13118
G sessPessssCosceessseseernrs
| 1.6
GCATATGATAGCCAACCCTCTGGCTGACTCCTGTCOGCATT TTGTACGCGAGTCGAGTCARATATGOCAATCGCGGCC TAAATGGGAACGCC TICAGTTTT 13218
CCCCTATTTCCCCTGGAAT TTCCACTTCGCCAACGGAGCAAGGGAAGCAACCTCACT TCAGACGTGCATGTTGGCACA TT TGOGTTGCGGAT TAGCGCGG 13318
10 eespecsscscse
AATACTCTTTAGGATTATGATCGTTGGGCAAATCTGT TGCTCC TOCGAA TGCGTAACGGATGTCGACAATTCCC TCAA TC TC TGAC TT TTGACAAATGTT 13418
X O R ey 11 seees
TCATTTCTTTCTGCTAAAPGGATGCAAAGCACTATCAATACAAAGGAMACACT TTAT TGGAGT TT TTGAT TTGATT TATT TTTTAATT TT TTATCATAAA 13518
TTAGCTAAGCTCTAGTTAT TCCAATTTACAT TTAGTTGAAGTATAAAAT TTGAGGTAT X GTCGGATTGACTTGC 13618
ATATCTAACATTTTTGTGGRC TAGCGGCAARAC TTTAAGATACGTGACCTAAGTCAATAAACTTGTAT TTACGTGCGAAT TCCAGCCA 13718
12 +essescssssTossessGoGeosonsafoscsscsccssscn
i 0.9
TTCGGTACATTTAGGTAAATGGCCAATTTCT TTGAGAGTGACAGAAAAAGTGACTOGATGGAAAA TARAGCAGCAGGAGT TCCAATGGCTTAGATTTTGC 13818
13 eves
C~-ARARCTGOGCCAAAA TCACGTTCGAAAACTA TCAATGGCAGGA TTCCGGCTGTGGGTCATCCTCATCC TGGC TG TGGA TG TG TG TGAG TG TGGTGCAT 13917
eRvetrsasesrscocCoserscsssscse
ATAARTTTCGCCACCTCCTAAACTCTCGTTTTGTT GTGGGACATCATT TOGCACAGACACCAGAATATACATATA 14017
TGAGTGTGTTTATGTGTGTATATAGATATAAGTGAAACTCC TGCGGTCGGCARAAGTCAACCTGT TGAATGCAGGAGTCACT TCGAGTGAGA TGGCAGCT 14117
14 oecesesacscen
ATTTTCGTCTCGCCATTCGGCARAAATGATC TGAGCAAATTAGTARCAT TGCGARAAGTCAAT TGOOCOGGGTAAACAGG TAAAAA TCCAGTGCAGOCAR 14217
15 eseceGeres “ssesscnsnee cesee
TGGCAGGTTGTTT TCCCAGGA TCAGGTAACAGA TCCT TT TCOGGA TCAGTTGGGAAACTGT TAAAAGTGC TTGTGCOGCTGGAAAGOGGC TCAGTTGCAA 14317
seoe 16 sesesesCooes
ACAGGTGAT TGCAGGGATA TCAGCAAGTGCTGAGAAGGTGCTCGCAACAGT TTCAAAGCAGGATC TATAAAAARGGATATCT TTAAAATGACTARCCATC 14417
seesscens sssecsssccsssne 17 eevesesecee ssascsesGeeserce
GGCGAGTGCGCAAGGAT TGCTATGAGAGCAGAT TGCATGGTCGET TG TGGT TT TTGGCARCGAAA TATATCARCGT TCAT TTTT TTTTAGTT TGTTACCA 14517
oTssTesecscsvsessssesoloscseesCosasenssane 18 sesehescecosTocse
ACTTTCTCCTCIGTTACTAAAAATGCT TTTTGGT TATT TCGATT TTTGCA 14617
19 eecscsccsccse
intron 1 | exon2 Met>
14717
14817

sePTeossessRoeCoroesesesesscrsssssoPoesssGresasasene

| intron 2

TTGTOGCCGC 14827
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FIG. 4. Sequences required for initial sim transcription are contained within a 2.8-kb region. Blastoderm or gastrulating embryos containing
different P[sim-\acZ] transgenes were hybridized to a digoxygenin-labeled sim cDNA riboprobe and stained with AP-anti-digoxygenin and
NBT. The P[s/ra-lacZ] strains were examined for the presence of mesectodermal lacZ-expressing stripes. (A) The location of the sim early
regulatory region is shown below the genomic map along with the 5" deletion fragments tested. Summary of the results indicating presence
of mesectodermal lacZ transcription (MEC) is shown to the right. (B, a) Strains bearing the P[2.8sim] transgene show normal mesectodermal
p-galactosidase stripes. (B, b-d) Further 5' deletions that generated the P[2.2sim\, P[1.6«m], and P[0.9s/m] transgenes were tested and
mesectodermal p-galactosidase expression was absent.

mesectodermal transcription (Fig. 9). Deletion of an
entire smv, in some cases, resulted in removal of
multiple binding sites. These deletion mutations, in
contrast to single binding site mutations, are more
likely to reduce the possibility of binding site redun-
dancy masking their in vivo role. The mutated frag-
ment was fused to lacZ on a P-element vector and
transformed into germline DNA. Multiple transform-

ants were tested by-in situ hybridization with a lacZ
riboprobe for expression in mesectodermal stripes.
smv2 contains two separated regions of identity, a
and b. smv2a contains a Twi binding site (T1) and
smv2b contains a Sna E-box binding site (SE1). The
first construct P[2.8simA2a] deletes smv2a, including
TI, and initial lacZ transcription was completely
abolished. smv3 contains two Twi binding sites (T2

FACING PAGE

FIG. 3. Comparison of D. melanogaster and D. virilis sim early regulatory region DNA sequences. The DNA sequence of the D. melanogas-
ter sim gene preceding and including exon 2 is shown. This region contains all sequences required for D. melanogaster mesectodermal
transcription. Numbering begins at the 3'-most BamHI site (GGATCC) in intron 1 and the 5'-most G is assigned residue 10900. This is an
approximate value because the entire gene has not been sequenced. Although the entire D. melanogaster sequence was determined from
residue 10900, the sequence shown begins at residue 11521, because this was the extent of the D. virilis gene sequenced. Exon 2 is
underlined, and the preceding 3048 bp of intron 1 is shown along with 60 bp of intron 2. Below the D. melanogaster sequence, the regions
of similarity to the D. virilis sim gene are indicated. These conserved regions are referred to as smvs, and are indicated by the numbers 1
through 19. Sequence identities between the two DNA sequences are indicated by a dot and the D. virilis residue is shown when different
from D. melanogaster. smv 19 includes exon 2, and the sim mRNA initiator methionine is indicated as “Met” beginning at residue 14589.
The 5'-positions of the P[s/m-lacZ] deletion transgenes shown in Fig. 4 are indicated on the sequence as “2.8, 2.2, 1.6, and 0.9.”



180 KASAI, STAHL,-AND CREWS

D. melanogaster sim
matl mat2 mat3 matd

| 120 tr- + 14.0 t 7

3\
. 4\
5!
10 . ! &
7 \ X
V\ =
vatl v
\ \
8 vV
9\
2.0 -
s 10\
55 n
0]
vat2
12v
13n
14 >
15\
16V
17X
vat3 18 .
Vo
v
19
5.0 -J

FIG. 5. Dot matrix comparison of the D. virilis and D. melanogaster sim early regulatory region gene sequences. D. melanogaster genomic
DNA containing 3.0 kb of DNA 5" to exon 2, exon 2, and 60 bp of intron 2 were compared to the same region of D. virilis. The D.
melanogaster region contained 3307 bp of DNA whereas the D. virilis DNA was considerably larger, containing 4978 bp of DNA. Dot
matrix analysis was carried out using GeneWorks with the window set at 30 and stringency at 49%. Overall, the two genes are conserved
throughout the region, and the conserved sequences align in a linear fashion. The regions of significant sequence identity (smvs) number 19
(including exon 2), as indicated along side each diagonal of sequence conservation. The differences in size between the D. melanogaster
and D. virilis sim early regulatory regions are due to the comparatively large size in D. virilis of three AT-rich regions found within this
region (labeled “vatl-3” for D. virilis and “matl-4” for D. melanogaster that has an additional AT-rich region). The scale in kb is indicated
along each axis. The D. melanogaster sequence is numbered according to Fig. 3 and the D. virilis sequence is numbered arbitrarily in kb
with the 3" end of the compared region labeled as “0.”

and T3) interspersed with two Dorsal binding sites A16]) greatly reduced mesectodermal transcription,
(D1 and D2). The construct, P[2.8s/raA3], removed but a low level of expression was detectable. How-
all four sites and mesectodermal transcription was ever, removal of both smvl6é and the nearby S4 and

abolished. smvl6 contains two Sna E-box binding S5 Sna binding sites (P[2.8s/mASD16]) completely
sites (SE6 and SE7). Deletion of smvl6 (P[2.8sim abolished mesectodermal transcription. Genetic evi-
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FIG. 6. Functional conservation of the D. virilis sim early regulatory region. The stretch of the D. virilis sim gene corresponding to the 2.8-
kb D. melanogaster sim early regulatory region was sequenced and functionally assayed. At the top is a representation of the D. virilis sim
gene showing the location of exon 2 (box with coding sequence filled and 5° UTR unfilled) and the approximate location of PE Below are
the locations of the D. virilis smvs and the region sequenced. The D. virilis 4.6-kb Nsil-Ncol fragment was fused to lacZ in the CaSpeR-
AUG-(3gal P-element vector, introduced into D. melanogaster germline DNA, and assayed for mesectodermal transcription by hybridization
to a lacZ RNA probe. The stage 7 embryo shows strong mesectodermal lacZ stripes. Ventral view is shown; anterior is to the left.

dence suggests that sna is a mesodermal repressor of
sim transcription. Thus, removal of the S4, S5, SES,
and SE7 Sna binding sites might have resulted in ec-
topic mesodermal lacZ transcription. That these dele-
tions resulted, instead, in a reduction or absence of
mesectodermal expression is, most likely, due to the
concomitant loss of Da::Sc or Twi binding sites
nested within the Sna binding site. The results of
these deletions implicate Dorsal, Twi, and Sna E-box
binding sites in controlling mesectodermal transcrip-
tion. Loss of mesectodermal lacZ transcription in the
smv2 and 3 deletion strains is consistent with the loss
of midline transcription observed in the P[2.2sim] de-
letion.

The experiments described above indicate a re-
quirement for the promoter-distal smv2, 3 cluster of
Dorsal and Twi binding sites, and the proximal clus-
ter of smvl6 Sna E-box binding sites. Although not
analyzed by in vitro mutagenesis/germline transfor-
mation, there are also additional binding sites scat-
tered throughout the regulatory region. Consistent
with the idea that multiple regions are required for
mesectodermal transcription, two synthetic trans-
genes were assayed in a lacZ enhancer tester vector.
The inserts contained: 1) fragment B that includes
smvs2 and smv3 (P~/mB]), and 2) fragment B fused
to two copies of a fragment containing smvl6
(P[s/raB2x16]). The results indicated that P[simB]
was unable to drive detectable levels of mesectoder-
mal transcription, and that P[s/raB2x16] mesectoder-

mal transcription was barely detectable. This indi-
cates that the six smv2 and smv3 Dorsal, Twi, and
Sna E-box binding sites, even when coupled to the
smvl6 Sna E-box binding sites, are insufficient for
mesectodermal transcription, and presumably require
interactions with other sites and their bound proteins.

Additional smvs and transcription factor binding
sites were deleted and assayed to address their contri-
butions to mesectodermal transcription. Deletion of
smvl 1 containing Twi site T5 (P[2.8s/raAl 1]) and de-
letion of smvI5 containing T6 (P[2.8s/raAl5]) did not
affect mesectodermal transcription, smvs 12 and 13
each contain CMEs, the targets of Sim::Tgo binding.
These sites have been shown to be required for sim-
dependent CNS midline precursor cell transcription
from PE (47). Deletion of either smv (P[2.8s/raAl2
and P[2.8"/mAl3]) showed normal mesectodermal
transcription. Because initial mesectodermal tran-
scription is sim independent, this result implies that
no other CME binding transcription factor utilizes
Sim::Tgo binding sites to influence initial mesecto-
dermal sim expression.

DISCUSSION

The sim Early Regulatory Region Contains
Conserved Binding Sites for Proteins That Control
Dorsal/Ventral Axis Formation

Sequence analysis of sim cDNA clones, D. mela-
nogaster sim genomic clones, and D. virilis sim geno-
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TABLE 1
D. MELANOGASTER-D. VIRILIS CONSERVED SEQUENCE SITES
In Vivo
Function
Size  Transcrip- Binding Site Binding Protein
smv (bp)  tion Factor Sequence Site Binding mec mlp
1 55 —
2a 49  Twi CATATG Tl + - +
2b Sna CACCTGAT SEl +
EBP CACCTG
3 71 Twi CATGTG T2 +
Dorsal CCGTTTTTCCC D1 + - +
Twi CAATTG T3 +
Dorsal TGGAAATTCCC D2 +
4 68 —
5 24  Sna TACCTGTT S2 +
6 61 —
7 23 —
8 50 —
9 27 —
10 85 Sim::Tgo ACGTG CMEl *
Twi CATTTG T4
Dorsal GGGCAAATCTG D3 +
11 16  Twi CAAATG TS + + +
12 42 Sim:Tgo ACGTG (2) CME2, 3 * + -
13 33 Sim::Tgo ACGTG CME4 * + -
14 12 Sna AACCTGTT S3 +
15 31 Twi CAATTG T6 + +
16 36 Sna CACCTGTT SE6 +
EBP CACCTG + +- +-
Sna CAAGTGCT SE7 + -1
EBP CACTTG +
17 68 —
18 17 —
19 207  Sim::Tgo ACGTG (2) CMES, 6 *
Nonconserved binding sites
Location
S4 14223  Sna AGGTTGTT S4 + [ -1 ]
S5 14246  Sna GATCTGTT S5 +

The 19 smvs within the 3036 bp sim early regulatory region are listed. Included in the table
are 1) the size of the D. melanogaster smv excluding unconserved regions in discontinuous
smvs, 2) transcription factor binding sites predicted from the sequence, and 3) the binding site
designation. Binding site designations correspond to either the transcription factor that binds the
sequence or its functional role. They include: CNS Midline Element (CME), Dorsal (D), and
Twi (T). Sna sites are denoted with “SE” if they contain an E-box, and by “S” if they do not.
Protein binding indicates that in vitro experiments have shown transcription factor binding to
the site; (+) indicates that the protein binds the site in vitro, and (*) indicates that related sites
were shown by transient transfection experiments to bind Sim::Tgo heterodimers. The final
column indicates whether the site was shown by in vitro mutagenesis and in vivo germline
transformation to be required for mesectodermal (mec) transcription assayed at stages 5-7 and
sim-dependent midline precursor transcription (mlp) assayed at stage 11 or older. The brackets
denote that the entire smv was mutated, so that effects on transcription cannot be ascribed to
individual binding sites. Two Sna binding sites (S4 and S5) not conserved in D. virilis are also
mentioned; their location in the sequence is indicated. E-box sequences could be bound by
multiple E-box binding proteins (EBP) including Da::Sc or Twi. (—1) indicates that removal of
smv16 and Sna S4, 5 resulted in an absence of mesectodermal transcription.
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FIG. 7. Gel shift analysis identifies fragments of the sim early regulatory DNA region that contain Dorsal and Twi protein binding sites.
(A) The 2.8-kb sim genomic DNA region was fractionated into 11 fragments (labeled A-K) that cover the entire interval and include smvs
1-19. Also shown is the position of the 5' end of the 2.2-kb sim fragment fused to lacZ in P[2.2sim]. The region between 2.8 and 2.2 is
required for initial sim transcription. (B) Purified baculoviral-produced Dorsal protein was incubated with 3P-labeled fragments A-K (probe)
and subjected to gel shift analysis. Fragments B and F show retarded DNA fragments. (Free) indicates unshifted DNA fragments. (C)
Specificity of Dorsal binding is indicated by competition experiments. 3P-labeled fragments B and F were incubated with Dorsal protein in
either the absence (-) of competitor DNA, presence of 100 times molar excess of wild-type (wt) Dorsal high-affinity binding site oligonucleo-
tide, or 100 times molar excess of Dorsal binding site oligonucleotide mutated (mut) within the binding site. (D) 3P-labeled fragments A-K
were incubated with GST-Twi protein and subjected to gel shift analysis. All fragments showed weak retardation although fragments B, F,
and | showed the strongest binding. Binding was not observed when GST-Twi was absent (probe B is shown) or when only GST was added
(data not shown).

mic clones provide a detailed view of the sequence ments indicate that 2.8 of DNA 5' to exon 2 (11.8 to
structure of the sim gene. The gene consists of eight 14.6) contains all of the sequences required for sim
exons spread over 20.2 kb with two promoters: PL mesectodermal transcription. However, a 2.2-kb frag-
and PE PEis the promoter that is utilized for mesec- ment, which removed an additional 0.6 kb from the
todermal sim transcription, and it is contained within 5' end, was not able to drive lacZ mesectodermal
a large 13.9-kb intron. Using fragments that contain transcription.

PE fused to lacZ, germline transformation experi- The 2.8-kb DNA sequence was determined in both
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FIG. 8. DNAsel footprint analysis reveals that Dorsal and Twi bind to sites in smv2 and 3. (A) sim fragment B that contains smv2 and 3
was P-labeled on the antisense strand, incubated with protein, and subjected to DNAsel footprint analysis. The fragment was incubated
with: lane 1, no recombinant protein; lane 2, 0.5 pg GST-Twi; lane 3, 1 jug GST-Twi; lane 4, 2 pg GST-Twi; and lane 5, 2 pg GST. GST-
Twi protected (hatched lines) a region corresponding to smv2a that includes Twi binding site T1l. Also protected was a region containing
smv2b that contains the Sna E-box SE1 binding site that could be a binding site for Twi. Nucleotide positions within the sim early regulatory
region are indicated to the right. (B) Fragment B was labeled with 3P on the sense strand, incubated with protein, and subjected to DNAsel
footprint analysis. Lane 1is a G/A ladder. The fragment was incubated with: lane 2, 2 pg GST; lane 3, 0.5 pg GST-Twi; lane 4, 1 pg GST-
Twi; lane 5, 2 pg GST-Twi; lane 6, 2 pg GST-Twi + 5 pi Dorsal (Dl); lane 7, 5 pi Dorsal; and lane 8, no protein. Dorsal and GST-Twi
failed to strongly protect any residues when used individually. However, when combined they strongly protected the Dorsal and Twi DI,

D2, T2, and T3 sites in smv3.

D. melanogaster and D. virilis, and the sequences
compared. In the 3307 bp of the D. melanogaster sim
gene compared to D. virilis sim there were 19 regions
of high sequence identity. These regions were evenly
spaced throughout the entire region and there was a
one-to-one correspondence in their relative locations
between the two species. The one significant differ-
ence between the two genes concerns the size of sev-
eral AT-rich regions. The average size of the 18 non-
exonic smvs [1-18] is 43 bp with 91% sequence
identity. Nine of 18 smvs represent continuous se-
guence blocks whereas the other nine are discontin-
uous.

The conservation in sequence between D. melano-
gaster and D. virilis suggests that smvs are func-

tional, a hypothesis borne out by the results presented
here and previously (47). Of the 17 nonexonic smvs
analyzed within the 2.8-kb region, 10 were shown
by either biochemical and/or mutational data to be
implicated in controlling either initial mesectodermal
transcription or swz-dependent midline expression
(Fig. 10; Table 1). There are three major regions of
conserved smvs and the mutational results indicate
that at least two of them are required for initial sim
transcription. The most complex is Dorsal-Twist
Cluster 1 (DTC1) containing smvs 2 and 3. This re-
gion is essential because loss of initial sim lacZ tran-
scription is observed in a deletion of: 1) the entire
region (P[2.2sim]), 2) deletion of smv2 and its Tl
Twi binding site, and 3) deletion of smv3 and the D1,
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FIG. 9. Deletion of smvs containing Dorsal, Twi, and Sna E-box binding sites results in loss of mesectodermal transcription. Mutations in
the 2.8-kb sim early regulatory region were created, cloned into a P[lacZ] vector, and tested for mesectodermal lacZ transcription after
introduction into germline DNA. The constructs tested are shown beneath a schematic of the 2.8-kb regulatory region with numbered smvs.

Each construct listed with the smv deleted (D) is indicated by an

“X” through the relevant number. P[2.8s/mASA16] deletes Sna sites S4,

S5 (S), and smv 16. P[simB] is a construct with sim gene fragment B cloned into an enhancer tester P[lacZ] vector. P[s/raB2xI6] contains
fragment B and 2 copies of the SE6 and SE7 Sna binding sites. Presence of strong blastoderm mesectodermal (MEC) lacZ transcription is
indicated to the right by (+), weak expression by (+/-), and the absence of expression by (-). The binding sites deleted in each construct
are listed to the right. The bracketed sites listed for P[s/raB] and P[swzB2xI6] indicate binding sites that are included in the construct.
Representative embryos for each construct are shown at the bottom.

T2, D2, T3 binding sites. However, it is not sufficient
for mesectodermal transcription because a fragment
containing only DTC1 (P[s/raB]) does not show mes-
ectodermal transcription. The second Dorsal-Twist
Cluster (DTC2) contains smvs 10 and 11 with single

Dorsal and Twi binding sites; its role in sim transcrip-
tion was not tested. The third region, referred to as
the Sna cluster (SC), encompasses smvs 15 and 16
and has multiple Sna, Sna E-box, and Twi binding
sites. Deletion of Sna sites S4 and S5 along with
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Twist
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FIG. 10. Summary of sim early regulatory region protein binding sites. Shown is 3.3 kb of the D. melanogaster sim early regulatory region.
Exon 2 is indicated by a box and Pg by an arrow. The location of D/V transcription factor binding sites is indicated along with the CMEs.
The locations of the three major clusters of D/V regulatory protein bindings sites (DTC1, DTC2, and SC) are shown at the bottom.

smv16 and its Sna-E box sites (P[2.85imASA16]) re-
sults in a loss of mesectodermal transcription. How-
ever, combining fragment B and the Sna sites in
smv16 only revealed very weak mesectodermal ex-
pression, suggesting that binding sites scattered
throughout the 2.8-kb sim early regulatory regions are
required for normal levels of mesectodermal tran-
scription.

Positive and Negative Protein Interactions in sim
Gene Control

The smv2 and smv3 regions contain an arrange-
ment of Dorsal, Twi, and Da::Sc binding sites ar-
ranged in the order: T1, SE1 (Da::Sc), T2, D1, T3,
and D2. Deletion of smv2 (T1) resulted in absence of
mesectodermal transcription, and deletion of smv3
(T2, D1, T3, D2) also showed an absence of mesec-
todermal transcription. This indicates the functional
role of the Dorsal and Twi binding sites. Protein
binding studies using DNAsel footprinting showed
that the binding of Dorsal or Twi individually to the
four smv3 sites resulted in only weak or modest pro-
tection. However, when both proteins were com-
bined, strong protection was observed. This is consis-
tent with in vitro and in vivo experiments that
demonstrate Dorsal-Twi cooperativity (13,16,37).
The binding site arrangement and affinities of the
sites in smv2 and smv3 may be particularly relevant
because both Dorsal and Twi are expressed as a gra-
dient where sim is activated, and the synergy and
cooperativity observed may allow strong transcrip-
tional activation at a narrow protein concentration.
This may be one reason why sim expression is lim-
ited dorsally to the mesectoderm and is absent in the
adjacent neuroectoderm. There is another conserved
region (DTC2) that contains adjoining Dorsal and
Twi sites, but its role in Sim transcription was not
tested.

Genetic evidence indicates that sna represses sim
transcription within the mesoderm. Three of the
seven sim Sna binding sites have E-boxes (SE1, SE6,

SE7), and can bind Da::Sc heterodimers (R. Franks
and S. T. Crews, unpublished) and possibly Twi. De-
letion of SE6-7 together results in a reduction of
mesectodermal transcription, and deletion of SE6-7
along with the non-E-box S4 and S5 sites resulted in
a complete absence of mesectodermal transcription.
These results are consistent with Sna E-boxes playing
a role in mesectodermal activation, although the rea-
son for the more severe reduction of expression when
all four Sna sites are deleted is unclear.

Because loss of Sna sites (and accompanying E-
boxes) results in absence of mesectodermal transcrip-
tion, it cannot be confirmed by these in vitro muta-
genesis/germline transformation experiments that Sna
acts as a mesodermal repressor. However, the genetic
evidence regarding the role of sna as a mesodermal
repressor is strong, and this function is likely. Several
studies suggest that Sna may repress both by compe-
tition with E-box binding activators (17) or by acting
at a distance via noncompetitive mechanisms (14).
Both mechanisms may apply to sim transcription.
Overlap of Sna binding sites with E-boxes that are
shown here to be required for mesectodermal activa-
tion supports a competitive model. However, there
are Sna binding sites (§2-5) without E-boxes found
in the sim early regulatory region. In addition, the
location of SE1 in the DTC1 Dorsal-Twi binding site
cluster and location of S4, S5, SE6, and SE7 (SC)
near the transcriptional start site suggests mecha-
nisms in which Sna could: 1) disrupt cooperative
Dorsal-Twi binding, 2) inhibit binding of Dorsal,
Twi, and Da::Sc with the general transcription ma-
chinery, or 3) block binding of the general transcrip-
tional machinery at the start site.

Model of Mesectodermal sim Gene Transcription

The data presented in this article, coupled with
previously published experiments, suggest a bio-
chemical model for how sim mesectodermal tran-
scription is regulated (Figs. 1 and 10). Dorsal, Twi,
and E-box binding proteins (most likely Da::Sc), and
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possibly other proteins, bind to multiple sites within
the sim early regulatory region to activate sim in the
mesectoderm and mesoderm. Sna is expressed only
within the mesoderm, and acts as a repressor of sim
transcription within the mesoderm. Its action will
then restrict sim transcription only to the mesecto-
derm. Both the Dorsal and Twi proteins are expressed
as nuclear gradients in the blastoderm embryo, and
the mesectodermal cells are in steep regions of their
concentration gradients. Thus, concentrations of Dor-
sal and Twi in the mesectoderm and mesoderm are
significantly higher than in the adjacent neuroecto-
dermal cells. Cooperative interactions between Dor-
sal, Twi, and probably E-box binding proteins magni-
fies transcriptional activation in the mesectoderm and
mesoderm with respect to more dorsal cells. In partic-
ular, the low-affinity Dorsal binding sites present in
the sim gene may be of insufficient affinity for tran-
scriptional activation of sim by Dorsal in adjacent
neuroectodermal cells. Genetic evidence indicates
that the N signaling pathway is required for initial
sim transcription (25-27), although how this occurs
biochemically is unknown. The Suppressor of Hair-
less [Su(H)] DNA binding protein often executes the
transcriptional function of the N signaling pathway.
However, genetic evidence indicates that Su(H) does
not influence sim transcription (23).

DV Control of Neuroectodermal Transcription:
Comparison of sim and rhomboid Regulation

How does D/V control of sim transcription com-
pare to other genes regulated by D/V patterning tran-
scription factors? The most relevant example is
rhomboid (rho) (2), which is expressed in the neu-
roectoderm and mesectoderm. Both rho and sim are
transcribed in the mesectoderm, and neither are ex-
pressed in the mesoderm. However, rho extends fur-
ther dorsal than sim. Given this similarity, it is ex-
pected that the regulatory proteins and binding sites

that control sim and rho transcription would be simi-
lar, although nonidentical. Evidence presented in this
article regarding sim and previous work on rho sup-
ports this idea. The sequences required for initial rho
transcription lie within an 0.6-kb stretch of DNA up-
stream of the promoter that contains four Dorsal
binding sites (one high affinity), two Twi-binding
sites interspersed among the Dorsal sites, four Sna
sites (two that contain E-boxes), and two additional
E-box sequences (17). Mutation of the Dorsal and
Twi binding sites together eliminates most neuroec-
todermal expression, and mutation of Sna binding
sites results in ventral derepression. The presence of
a comparable number of binding sites and their clus-
tering suggests that both rho and sim are controlled
in a similar fashion by the same D/V patterning regu-
latory proteins. Why is sim expression restricted to
the mesectoderm, and rho expression includes more
dorsal cells? One possibility is that the arrangement,
number, and affinities of the sim binding sites for
Dorsal and Twi result in overall lower affinity bind-
ing of Dorsal and Twi in the sim gene than in the rho
gene. Thus, at the lower concentrations of Dorsal and
Twi found in the more dorsal neuroectodermal cells,
sim cannot be transcribed, but rho can. Taken to-
gether, these results suggest a model in which the sim
early regulatory region is precisely engineered for
mesectodermal expression during cell fate specifica-
tion in the Drosophila embryo.
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