
23. Cells in 100-mm tissue culture plates were incubated 
with 35S-labeled methionine and cysteine (0.1 mCi/ 
ml; specific activity, 1150 Ci/ml; Du Pont Biotech- 
nology Systems) in heparin (50 kgiml) for 4 hours 
as described (2). Conditioned medium was concen- 
trated 20-fold in a Centricon-10 microconcentrator 
(Amicon) and immunoprecipitated with nonim- 
mune or HGF-neutralizing antiserum. Immunopre- 
cipitates were absorbed onto Gamma-bind G agar- 
ose (Genex) and washed three times with 10 mM 
tris-HCI buffer containing 150 mM NaCI, 0.05% 
Tween 20, 0.1% SDS, 1% NP-40, 1 mM EDTA, 
and 10 mM KCI. Samples were analyzed under 
reducing (with 100 mM P-mercaptoethanol) and 
nonreducing conditions with 10% or 14% SDS- 
PAGE. Gels were fixed, treated with enlightening 
solution (Du Pont Biotechnology Systems), dried, 
and exposed to Kodak AR film at -70°C. 

24. C. R. Merril, D. Goldman, S. A. Sedman, M. H. 
Ebert, Science 211, 1437 (1981). 

25. J. S. Rubin et at., Proc. Natl. Acad. Sci. U.S.A. 86, 
802 (1989). 

26. Total and poly(A)+ RNA were isolated as described 
(17). After separating samples by electrophoresis 
with 1% denaturing formaldehyde agarose gels, we 
transferred the samples to nitrocellulose filters .(l7). 
Blots were hybridized at 42% for 12 hours to 
3ZP-labeled randomly primed DNA probes in 40% 
formamide, 6 x  saline sodium citrate (SSC), 5 x  
Denhardt's solution, 50 mM sodium phosphate (pH 
6 4 ,  and sonicated salmon sperm DNA (250 kg/ 
ml). After the hybridization reaction, we washed the 
filters twice in l x  SSC and 0.1% SDS at room 
temperature and in 0 . 1 ~  SSC and 0.1% SDS at 
55°C. Filters were dried and exposed to x-ray films 
for 5 to 8 days at -70°C. Hybridization probes were 
generated by PCR and purified on low melting 
temperature agarose gels. The nucleotide sequence 
of each probe was numbered according to the HGF 
sequence of Miyazawa et al. (7) as follows: H/L 
(heavy and light chains), -24 to +2187; H,  + 189 
to + 1143; and L, + 1475 to +2122. 

27. For routine PCR (IX), 0.5 kg of human genomic 
DNA and 5 ng of plasmid DNA were subjected to 
30 cycles of amplification with the following cyding 
conditions: 1 min at 94"C, 2 min at 60°C, and 3 min 
at 72°C. For PCR cloning of genomic DNA, PCR 
was carried out with Bam HI linker primers, and 
amplified DNA fragments were digested with Bam 
HI. The resultant Bam HI fragments were purified 
on a low melting temperature agarose gel and 
subcloned into the M13mp18 vector for sequencing 
analvsis (191. Primers used were as follows: P1. 
AGTAC~GTGCAATTAAAACATGCG; ~ 2 ,  GTA: 
GAAAAATGATTGTATGGACTGCTA, P3, AG- 
GCACTGACTCCGMC A GGATTCTTTCACCC 
AGGCATCTCCTCC; and P4, ATGGATCCT- 
TATGT(JTCGCATGmTAATGCACA. 

28. The HGK/NK2 coding sequence was generated by 
PCR ~ 6 t h  the Bam HI linker primers P3 and P4 
(Fig. 2A) and subcloned into the Bam HI site of the 
vector pCDV-1 (20) in both orientations. We se- 
quenced the HGF/NK2 insert in a selected construct 
to ensure that the PCR product was correct. Plasmid 
DNA (10 kg each) was transfected by the calcium 
phosphate precipitation method (21) into COS-1 
cells (22). At 48 hours, proteins in conditioned 
medium were processed for labeling, immuno- 
precipitation, and SDS-PAGE under reducing and 
nonreducing conditions as described (23). 

29. Conditioned medium (6 liters) from SK-LMS-1 
cells grown in 175-cmZ T flasks were passed through 
a 0.5-km filter (Millipore) and concentrated to 300 
ml with a Pellicon cassette system with a 10-kD 
molecular mass cutoff (Millipore). Wncentrated 
medium was loaded at a flow rate of -150 mlfiour 
onto heparin-Sepharose resin (4-ml bed volume, 
Pharmacia) that had been equilibrated in 20 mM 
tris-HCI (pH 7.5) and 0.3 M NaCI. The sample was 
eluted with a modified linear gradient of increasing 
NaCl concentration. We subjected aliquots from 
each fraction to immunoblot analysis with antiserum 
to HGF (final dilution 1: 500) to identify the pres- 
ence of HGF/NK2. Pooled fractions were haher  
resolved on a TSK G2000 sizing column (Pharma- 
cia) in 20 mM tris-HCI (pH 6.8) and 1.0 M NaCI. 
The purity and identity of the HGF/NK2 protein 
were determined by silver-stain analysis (24) and 

immunoblotting under reducing and nonreducing 
conditions. Fractions containing 295% of HGF/ 
NK2 were selected for biological analysis. Protein 
concentration was estimated by absorbance (A) 
measurements; we assumed that A:?, = 140. 

30. Microtiter plates (96-well) were coated with human 
fibronectin at 1 p,g/cm2 before we seeded the plates 
with B51589 cells as described (25). The incorpo- 
ration of [3H]thymidine was determined during a 
6-hour period beginning 16 hours after the addition 
of samples. Trichloroacetic acid-insoluble DNA was 
collected and counted. HGF was purified as report- 
ed (2), and human recombinant EGF was purchased 
from Upstate Biotechnology. 

31. TSK-purified HGF/NK2 was iodinated by the chlo- 
rarnine-T method as described (4). This HGF/NK2 
represented >99% of the labeled material in the 
preparation, as determined by SDS-PAGE analysis. 
Attinity cross-linking experiments were performed on 
six-well lates seeded with B51589 cells at a density of P 5 x 10 cells per well. HGF/NK2 (5 x 10' cpm; 
specific activity, -200 kCi/kg) was added to each 
well with or without nonradioactive competitors in 

Hepes binding buffer [lo0 mM Hepes, 150 mM 
NaCI, 5 mM KCI, 1.2 mM MgSO,, 8.8 mM dex- 
trose, heparin (2 pgiml), and 0.1% bovine serum 
albumin; pH 7.41. After we incubated the cells at 
room temperature for 45 min, we washed them twice 
in cold Hepes saline (pH 7.4). Disuccinimidyl suber- 
ate (Pierce) in dimethyl sulfoxide was added to a final 
concentration of 250 kM and incubated for 15 min. 
Samples were quenched with 100 kl of a solution 
containing 20 mM tris, 100 mM glycine, and 1 mM 
EDTA for 1 min and then rinsed in Hepes saline. 
Cells were extracted with Laemmli sample buffer and 
resolved by 6.5% SDS-PAGE under reducing condi- 
tions. Gel was dried and exposed to x-ray film at 
-70°C unless otherwise indicated. 
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Fortney for technical assistance, J. Thompson for 
photography, and N. Lichtenberg for preparation of 
the manuscript. 

5 July 1991; accepted 15 August 1991 

Regulation of a Segmentation Stripe by Overlapping 
Activators and Repressors in the Drosophila Embryo 

Gene expression stripes in Drosophila melanogaster embryos provide a model for how 
eukaryotic promoters are turned on and off in response to combinations of transcrip- 
tional regulators. Genetic studies suggested that even-skipped (eve) stripe 2 is con- 
trolled by three gap genes, hunchback (hb), Kvuppel (Kr), andgiant kt), and by the 
maternal morphogen bicoid (bcd). A direct link is established between binding sites for 
these regulatory proteins in the stripe 2 promoter element and the expression of the 
stripe during early embryogenesis. The bcd and hb protein binding sites mediate 
activation, whereas neighboringgt and Kr protein sites repress expression and establish 
the stripe borders. The stripe 2 element has the properties of a genetic on-off switch. 

T HB PAIR-RULE GENE EVE ENCODES'A 

homeobox protein important in the 
segmentation process. Mutations in 

eve produce severe segmentation defects, 
including the complete loss of segment bor- 
ders in the middle body region (1) .  The eve 

protein is first detected 2 hours after fertili- 
zation, when it is uniformly distributed in all 
nuclei. This general expression gives way to 
a series of seven stripes along the length of 
the embryo before cellularization ( 2 ) .  

~ndividual stripes are regulated by sepa- 
rate cis elements contained within the eve 
promoter. For example, the first 1.7 kb of 
eve 5' flanking sequence drives the expres- 
sion of a l a c Z  repcrtcr gene only within the 
limits of stripes 2 and 7; a 480-bp deletion 
between -1.6 and -1.1 kb abolishes 
expression of stripe 2 (3, 4). Stripe 3 de- 
pends on sequences located between -3.8 
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and - 3 kb. We focus here on the regulation 
of stripe 2. 

Genetic studies suggest that a total of four 
segmentation genes are responsible for 
stripe 2 expression (Fig. 1A). There are 
anterior and posterior expansions of the 
stripe borders in g t -  or Kr- embryos, re- 
spectively, whereas the stripe is abolished or 
reduced in bcd- or hb- embryos (5). The 
four genetic regulators of stripe 2 expression 
may act directly on the eve promoter and 
modulate its transcription because proteins 
encoded by all four genes bind with high 
affinity to sequences in the &promoter that 
are essential for stripe 2 e ~ ~ r e s s i . 0 ~  (5, 6) 
(Fig. 1B). 

To test whether the bcd, hb, Kr, and g t  

protein binding sites in the eve promoter 
directly mediate the interactions predicted 
by the genetic studies, we used site-directed 
mutagenesis (7) to disrupt some of these 
sites in a fusion gene that contains 5.2 kb of 
eve 5' flanking sequence. This eve-lacZ fu- 
sion normally drives equally intense expres- 
sion of stripes 2,3, and 7 (3, 4). In this way, 
stripes 3 and 7 served as internal controls for 
perturbations of stripe 2 expression (8). 
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Deoxyribonuclease (DNase) I protection as- 
says indicated that the mutagenized sites 
failed to bind proteins within the detection 
limits of the method (9). Unfortunately, 
because the bcdl and kr3 binding sites 
extensively overlap (Fig. lB), it was not 
possible to disrupt one of the sites without 
affecting the other. The mutation in the 
bcdl site also impairs the binding of Kr 
protein to the kr3 site (10). The bcdl-kr3 
mutation alone did not cause a discernible 
change in stripe 2 expression. Also, the 
removal of the bcd2 site alone had no effect 
on stripe 2 expression. However, an eve- 
lac2 fusion gene containing mutations in 
both the bcdl-kr3 sequence and the bcd2 
site resulted in reduced expression of stripe 2 
relative to stripe 3 (Fig. 2, A and B) (11). 
Mutations in the hb3 binding site cause a 
similar but less severe reduction in stripe 2 
expression (9, 10). 

There are three gt protein binding sites 
present in the stripe 2 element (5) (Fig. 1B). 
These were disrupted by the creation of two 
small deletions; one deletion removes the 
gt2 and gt3 sites, whereas the other elimi- 
nates the gt l  site (12). This double mutation 
caused expansions of the anterior border of 
stripe 2 to a variable extent (Fig. 2C) (11). 
Despite this altered pattern, the level of 
stripe 2 expression is essentially normal. 
Transformants containing a single mutation 
lacking only the gt l  site or the gt2 and gt3 

Fig. 1. Summary of smpe 2 regulation. 
(A) The limits of smpe 2 are shown 
relative to the expression domains of 
bcd, hb, Kr, andgt, which encode pro- 
teins distributed in broad, overlapping 
gradients (5, 6, 20). Both bcd and hb 
proteins function as transcriptional ac- 
tivators and define a broad domain in 
the anterior half of the embryo where 
the smpe 2 element can be activated. 
The borders of the smpe depend on 
selective repression by gt protein in 
anterior regions and Kr protein in pos- 
terior regions. (B) The nucleotide se- 
quence of the smpe 2 promoter ele- 
ment. The sequence extends from 
-931 to -1601 bp upstream of the 
transcription start site. A 480-bp dele- 
tion from - 1050 to -1530 bp com- 
pletely abolishes the expression of the 
smpe (4). The locations of the bcd, hb, 
gt, and high-aBinity Kr protein binding 
sites are indicated. The limits of these 
sites are based on DNase I protection 
assays and may extend beyond the core 
recognition sequences (5, 6). There is 
tight l i e  of the bcd and hb activator 
sites (underlined sequences) and the@ 
and Kr repressor sites (indicatd above 
the sequence). The broken lines indi- 
cate the locations of low-&ty Kr 
protein binding sites. 

sites showed lesser expansions of the stripe 
(9, 13). 

A series of mutations were made in each 
of the six high-afEnity Kr protein binding 
sites present in the smpe 2 element. One of 
the &e-lac2 fusion genes that was examined 
contains point mutations in the krl, kr2, 
kr4, and kr6 binding sites, none of which 
overlap any of the bcdprotein sites (14) (Fig. 
1B). This quadruple mutant causes a slight 
expansion of the stripe 2 posterior border 
that results in a narrower gap between 
stripes 2 and 3 (Fig. 3, A and B). Mutations 
in all six high-afEnity Kr protein sites caused 
a greater posterior expansion of the border, 
so that stripes 2 and 3 were nearly contigu- 
ous (Fig. 3C). 

Genetic studies had failed to distinguish 
between direct and indirect regulatory Lter- 
actions (2, 4). For example, the expansion of 
the posterior eve stripe 2 border observed in 
Kr- embryos could be due to direct repres- 
sion by Kr protein or to an indirect effect of 
altering the expression pattern of hb (15). 
Stripe 2 expression is lost in bcd- embryos 
(5), but because bcd protein functions as a 
direct transcriptional activator of hb (16), it 
was unclear from the genetic studies wheth- 
er bcd protein is a dire& or indirect regulator 
of stripe 2. We have presented evidence that 
at least some of the bcd, hb, gt, and Kr 
protein binding sites present in the eve 
promoter are likely to directly regulate stripe 

Anterior Posterior - 
pole Bodyngh 

B 
-1601 
Lr6 

AATATAACCC AATAATTTGA AGTAACTGGC AGGAGCGAGG TATCCTTCCT 

GGTTACCCGG TACTGCATM CAATGGMCC CGMCCGTM CTGGGACAGA 

2 expression in the early embryo. Mutations 
in bcd or hb protein binding sites cause 
reduced expression of stripe 2 but do not 
alter stripe 2's normal spatial limits. In con- 
trast, mutations in either thegt or Kr protein 
sites change the positions of the stripe bor- 
ders. Thus, the eve stripe 2 promoter ele- 
ment may act as a genetic on-off switch that 
integrates the activities of the bcd and hb 
activators with overlappinggt and Kr repres- 
sors. 

There is a potential discrepancy between 
the genetic model of stripe 2 expression and 
the results obtained with mutagenized eve 
promoters lacking Kr protein binding sites. 
Disruptions in all six high-&nity Kr protein 
sites lead to a relatively mild posterior ex- 
pansion in the stripe border (Fig. 3C). A 
more dramatic expansion of the stripe is 
observed in Kr- embryos (2, 4, 5, 17). This 
could be explained by the fact that there are 
numerous low-&ty Kr protein binding 
sites present in the stripe 2 element (Fig. 
1B). None of these sites were disrupted in 
the present study, and it is conceivable that 

Lri 
TCGAAAAGCT GGCCTGGTTT CTCGCTGTGT GTGCCGTD AATCCGTTTG 

ts  beds 

CcATcAGc-AGT TmTTGcAGT TGCAGCGTTT CGCTTTCGK Fig- 2- Mutations in bed and gt protein binding 
bed4 t 2  sites disrupt stripe 2 expression in embryos at 

CTcGTTTcAc TTTcGAGTTA G A C T T T A T T G c  nuclear division cycle 14. Embryos oriented 
GCAGTTTGGT-GT GCCATACTTC ATTTAGACGG AATCGAGGGA with anterior to the left and dorsal UP. We - A hybridized all embryos with a l d  antisense RNA 
CCCTGGAC-CA ACGAGACCGG GTTGCGAAGT CAGGGCATTC to detect the expression of the reporter bed3 

CGCCGATCTA GCCATCGCCA TCTTCTGCGG GCGTTTGTTT GTTTGTTTGC gene. (A) P-msformed embryo expressing the 
wild-type 5.2-kb eve-hcZ fusion gene. There is 

T- CAAGGGCTTG ACTTGGMTC CMTCCCGAT CCCTAGCCCG equdy intense expression of 2, 3, and 7. bod2 t l  
ATCCCAATCC CAATCCCAAT CCCTTGTCCT TTTCATTAGA AAGT& (B) Pactem obtained with the double mutant in 

bcdll~r) hb3 the bcdl-kr3 sequence and the bcd2 site (10). 
U C A T A A T  AATGATGTCG AAGGGATTAG GGGCGCGCAG GTCCAGGCM There is a si@cant redU&On in stripe 2 expres- 

Lr2 
CGCAATTAAC GGACTAGCGA ACTGGG-GCGC CGACTTAGCC sion. (C) The expression pattern from an ~W-~JCZ 

krl  hb2 fusion gene containing two small deletions that 
CTGATCCGCG AGCTTAACCC GTTTTGAGCC GGGCAGCAGG TAGTTGTGGG all three gt binding sites (12). 
TGGACCCC-G There is an expansion of the anterior smpe 2 

hbl -931 border (13). 
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Flg. 3. Kr protein b i  sites regulate the 
posterior stripe border. Embryos have completed 
ellularization and are oriented with anterior to 
the left and dorsal up. We stained the embryos 
with an antibody to P-galactosidase to detect the 
expression of the reporter gene. Smpes are num- 
bered as in Fig. 2. (A) A P-transformed embryo 
expressing the wild-type 5.2-kb eve-kZ fusion 
gene. Smpes 2, 3, and 7 are stained to the same 
extent. (B) Expression pattern from an eve-larZ 
fusion wntainjng point mutations in the krl, kr2, 
kr4, and kr6 sites (14). There is a slight posterior 
expansion of smpe 2 that reduces the gap between 
stripes 2 and 3. (C) Expression of the eve-kZ 
fusion gene containing point mutations in all six 
h i g h - f i t y  Kr protein bin- sites. There is a 
more pronounced expansion of stripe 2. 

they can mediate repression by high concen- 
trations of Kr protein. 

Thegt and Kr protein binding sites iden- 
tified by in v im assays correspond to au- 
thentic repressor sites in vivo. Because these 
sites overlap or are closely linked to the bcd 
and hb activator sites, it is likely that the gt 
and Kr proteins define the stripe borders 
through a short-range mechanism of repres- 
sion. This could involve competitive bind- 
ing to DNA, whereby the binding ofgt or 
Kr  protein predudes the binding of bcd and 
hb activators to overlapping sites. Altema- 
tively, activators and repressors may bind to 
adjacent sites, but protein-protein interac- 
tions between the repressors and activators 
may ccmask" the ability of activators to con- 
tact the transuiption complex (18). Short- 
range repression could account for the au- 
tonomous action of individual smpe 
initiation elements. For example, the bind- 
ing of Kr protein to smpe 2 sequences does 
not interfere with the activation of the smpe 
3 element, which is activated in a region of 
the embryo containing high levels of the Kr 

repressor. Smpe 3 sequences do not contain 
any K r  protein binding sites (6) and map 
about 1.5 to 2 kb upstream of the smpe 2 
element. 

The interplay between activators and re- 
pressors observed here for the stripe 2 
element may be a general component of 
eukaryotic enhancers. Although the early 
Drosophila embryo is a syncytium that per- 
mits the intermixing of regulatory factors 
by diffusion, there are numerous instances 
where small changes in the concentrations 
and combinations of factors might effect 
choices in cell fate. For example, in many 
cell lineages a common precursor gives rise 
to daughter cells that follow totally distinct 
differentiation pathways. Perhaps this in- 
volves a slight asymmetry in the concentra- 
tions or activities of regulatory factors in- 
herited by daughter cells, which could be 
accomplished by the asymmetric partition- 
ing of factors or distinct cell-cell interac- 
tions that cause slight differences in their 
activities. Once daughter cells have distinct 
combinations or concentrations of a com- 
mon set of factors sharp on-off patterns in 
gene expression might be effected through 
enhancers analogous to the stripe 2 ele- 
ment. 
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