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ABSTRACT To gain insight into the molecular mecha-
nisms that direct position-dependent gene expression in the
simple and evolutionarily old metazoan Hydra, we have ex-
amined DNA-protein interactions in the 1.5-kb cis regulatory
region of the head-specific gene ks1. In vitro footprinting and
gel-retardation techniques have been used to map the location
of all protein-binding sites. To our surprise, we found sub-
stantially more proteins binding to ksI promoter elements in
nuclear extract from basal (gastric) than from apical (head-
and tentacle-formation zone) cells. One of these proteins is the
homeobox protein Cnox-2. In the head regeneration-deficient
mutant reg-16, an increased level of nuclear protein binds to
ksl promoter elements. Treatment of polyps with the ksi-
inducing phorbol ester 12-O-tetradecanoylphorbol 13-acetate
(TPA) resulted in reduced binding of nuclear proteins to the
ksl cis regulatory region. As activation of ks transcription is
correlated with the absence of nuclear proteins binding to the
ks1 promoter, we propose that the majority of these proteins
act as transcriptional repressors. In this view, the gradient of
head activation along the Hydra body axis is caused by a
decreasing amount of inhibitory factors, rather than an
increasing amount of activators, toward the head. Thus,
inhibitory mechanisms might have played a crucial role in
regulating position-dependent gene activation during early
metazoan evolution.

Hydra has a simple body plan consisting of a two-layered
radially symmetrical tube with two differentiated structures,
head and foot, at the ends. Hydra tissue grows constantly, and
as cells divide they are displaced along the column toward the
head or the foot (1, 2), where the cells differentiate and form
the appropriate structures. The signals and molecular mech-
anisms regulating localized cell differentiation in Hydra are
largely unknown. Numerous morphological and cellular stud-
ies suggest, however, that gradients of head-activating and
-inhibiting substances are important in Hydra pattern forma-
tion processes (2). Transplantation experiments have shown,
for example, that the apical end of the body axis is defined by
a high level of head activation potential (3). Defects in these
patterning systems result in various mutant phenotypes. One
example is mutant Hydra magnipapillata reg-16 (4), which has
a low capacity to regenerate head structures because of an
altered level of head activation potential (5). Recently, some
observations have provided insight into the molecular mech-
anisms involved in position-dependent cell differentiation and
axis formation in Hydra: (i) the positional value can be
increased by treatment of Hydra tissue with protein kinase C
activators such as diacylglycerol or 12-O-tetradecanoylphorbol
13-acetate (TPA), resulting in the formation of ectopic heads
along the gastric column (6); (i) peptides have been isolated
that function as positional signals (7); and (iii), HOM/HOX
genes have been shown to be associated with apical-basal axis
formation in Hydra (8, 9). One of those genes is the deformed-
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like gene Cnox-2, which is expressed predominantely in basal
tissue, is suppressed whenever head structures are formed (9),
and is sensitive to changes in the positional value (10).

ksl is one of the target genes for head-specific signals (11).
As shown in Fig. 14, it is expressed in ectodermal tentacle
epithelial cells and in about 10% of ectodermal epithelial cells
in the upper gastric region (tentacle formation zone; TFZ)
(12). Cells expressing ksI in this region are undifferentiated
but determined to tentacle-specific differentiation. Treatment
of polyps with TPA results in both increased expression of ks
in cells of apical tissue and ectopic expression in basal epithe-
lial cells (11). The head-specific expression of ks/ can be
explained in several ways: (i) ks/ transcription in head tissue
is induced by high concentrations of activators; (if) ks tran-
scription is repressed in basal tissue by the presence of
inhibitors; or (iii) a combination of both mechanisms regulates
the precisely localized expression of ksI.

To gain insight into the molecular mechanisms regulating
position-dependent gene expression in Hydra, we have exam-
ined the DNA-protein interactions at the ks/ cis regulatory
region by DNasel footprinting and electrophoretic mobility-
shift assay (EMSA). We detected 47 target sites for nuclear
proteins. Ten are binding sites for general DNA-binding
proteins, and the remaining 37 ks/ promoter elements are
binding sites for nuclear proteins from basal tissue. In TFZ and
in head tissue, the amount and complexity of proteins binding
to the ks promoter were greatly reduced. The same reduction
in complexity was observed after TPA treatment. No promoter
element was found to bind protein from apical tissue only. We
therefore assume that transcription of the head-specific gene
ks is induced by the absence of inhibitory factors. In this view,
the postulated gradient of head activation along the body axis
may be caused by a decreasing amount of transcriptional
repressors.

MATERIALS AND METHODS

Animals and TPA Treatment. Hydra vulgaris and H. mag-
nipapillata mutant reg-16 (4) were cultured according to
standard procedure at 18°C. TPA treatment was performed as
described (11).

Isolation of the 1.5-kb Regulatory Region of the ksl Gene
using PCR. To isolate the ks 5' flanking sequence, H. vulgaris
genomic DNA was digested in parallel with different restric-
tion enzymes and ligated to 2 pg of vector (pBluescript). A
portion (10%) of the ligated products were used as template
for PCR by using one primer specific for the ks! promoter

This paper was submitted directly (Track II) to the Proceedings office.
Abbreviations: TFZ, tentacle formation zone; TPA, 12-tetradecanoyl-
phorbol-13-acetate; EMSA, electrophoretic mobility-shift assay;
CRE, cAMP response element.
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FiG.1. Expression pattern of ks/ in H. vulgaris. (A) ksl is expressed
as a gradient in apical tissue (head and TFZ). Substrate reaction for
40 min. (B) Strong ksl expression is confined to base of tentacles
(substrate reaction for 20 min). (C) antisense control. (D-G) ksl
expression in various stages of bud formation. A digoxigenin-labeled
ksl RNA probe was used as probe for in situ hybridization.

(5'-GTATAACGCAGCAGTCAACC-3") pointing toward
the unknown 5’ region and one vector-specific primer (Uni-
versal/T3). PCR reactions with T3 primer and Universal
primer were performed in parallel (ksi-specific primer, 50
pmol; Universal/T3, 50 pmol; 1 min at 94°C, 1 min at 48°C, 5
min at 74°C; 30 cycles). Multiple DNA fragments were am-
plified from all genomic pools. Those appearing in both PCRs
that used primer T3 or Universal were considered to be
nonspecific. From the genomic pool generated by digestion
with Clal, one prominent DNA fragment of 1,350 bp could be
amplified and was confirmed by Southern hybridization using
the known 324-bp ks promoter sequence as a probe. Sequence
analysis of the cloned fragment showed 100% identity to the
known ks! promoter sequence in the 150-bp overlap.

Preparation of Nuclear Protein Extract. All steps for pre-
paring nuclear protein extracts were done at 4°C. Animals were
cut according to the ks/ expression pattern in tissue from the
apical (head plus TFZ) and the basal (gastric) regions. Tissue
was dissociated in 1 ml of dissociation medium (3.6 mM KCl/6
mM CaCl,/1.2 mM MgSQO,4/6 mM soium citrate/6 mM sodium
pyruvate/6 mM glucose/12.5 mM TES/50 mg/ml rifampicin,
pH 6.9) plus 5% Nonidet P-40 in a 2-ml homogenizer. Cell
debris was separated from nuclei by centrifuging for 8 min at
85 X g. After pelleting the nuclei by centrifuging for 12 min at
8,000 X g, the nuclear pellet was washed in buffer A (20 mM
Hepes'KOH, pH 7.9/75 mM KCl/1.5 mM MgCl,/0.1 mM
EDTA/20% glycerol/4 mM Pefabloc). Nuclei were lysed by
incubating in buffer C (20 mM Hepes/KOH ph 7, 9; 420 mM
KCl; 1, 5 MgCl, mM; 0.1 mM EDTA; 20% Glycerol; 4 mM
Pefabloc) for 45 min on ice. Debris was removed by centri-
fuging at 14,000 X g for 30 min. Proteins were kept frozen at
—80°C.

In Vitro Footprinting (DNasel Protection Analysis). From
the 1,538-bp 5’ flanking sequence, 13 DNA fragments (A-M)
of 150-220 bp were produced by PCR using one 3?P end-
labeled primer. For DNasel footprinting reactions, 10-15 ug
of nuclear extract was incubated in binding buffer (20 mM
Hepes, pH 8.0/5 mM MgCl,/4 mM Pefabloc/1.5 ug poly(dI-
dC)/1 mM DTT/1 pg of BSA/120 mM KCl) with 20,000
cpm-labeled probe in a volume of 20 ul. After incubation for
40 min on ice, 20 ul of buffer P2 (5 mM MgCl,/10 mM CacCl,)
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was added to the binding reaction. The DNA was digested by
DNasel (1-2.5 units) for 1 min and stopped with 100 ul of stop
solution (100 mM Tris'HCI, pH 7.5/100 mM NaCl/1%
SDS/10 pg of proteinase K). After incubation for 30 min at
37°C, the reaction products were extracted with phenol/
chloroform and precipitated with ethanol and 150 ul of carrier
DNA solution (66 ng/ml). The precipitate was washed with
70% ethanol, resuspended in 10 ul of distilled H,O, and
8,000-10,000 cpm per lane was loaded onto a denaturing 8%
polyacrylamide gel.

EMSA. Double-stranded oligonucleotides of 20-42 bp were
used for EMSA. Nuclear protein (1.5 pg) was incubated with
5-10 fmol of 3?P-labeled oligonucleotide (10,000 cpm) in
binding buffer (20 mM Hepes, pH 8.0/5 mM MgCl,/4 mM
Pefabloc/1.5 pg poly(dI-dC)/1 mM DTT/1 ug of BSA/120
mM KCl). Unlabeled competitor DNA was added to the
reaction in 10- to 100-fold molar excess. For unspecific com-
petition, oligonucleotide 5'-TTGATCTGACGTTGTTTTA-
ACTAAAA-3" was used. The total volume was 20 wl. In
supershift experiments, antisera or preimmune sera were
added last to the binding reaction. The reactions were sepa-
rated on a 4% native polyacrylamide gel.

Molecular Techniques. Nucleic acid isolation, Southern
blotting, and sequence analysis were carried out following
standard procedures. Whole-mount in situ hybridization was
performed as described by Martinez et al. (13). For analysis of
the ksI 5’ flanking sequence, the TFSEARCH computer program
(version 1.3) was used (14).

RESULTS

ks1 as an Early Target Gene for Head-Specific Signals. We
previously reported that ks/ expression is sensitive to head-
patterning signals (11). However, at that time we were unable
to detect ks/-expressing cells in undifferentiated tissue of the
TFZ and in the tissue of the budding zone, although in both of
these regions head patterning signals are active (1). Here, by
using RNA probes for in situ hybridization (13), we show that
in mature polyps, ks! is expressed as a gradient in the TFZ,
with most of the ksI-expressing cells close to the tentacles (Fig.
1A4). Strong expression of ks! is confined to the base of the
tentacles (Fig. 1B). Analysis of polyps in various stages of
budding demonstrates that ks/ is expressed early during bud
formation and even before any bud protrusion can be seen
(Fig. 1 D-G).

Isolation of 1,538-bp Upstream Sequence of the ksI Gene. In
our previous study (11) we isolated 324 bp of the ksl 5’
flanking sequence by using inverse PCR. To obtain sequence
further upstream of the ks/ gene, a 1,538-bp fragment up-
stream of the transcription start was isolated by using a PCR
approach. The complete sequence is shown in Fig. 2. Initial
analysis of the ks/ 5’ flanking sequence by using TFSEARCH
revealed the presence of a large number of putative binding
sites for known transcription factors, including dorsal-, Oct-1-,
hunchback-, deformed-, and kruppel-related sequences. As
shown below, the 5’ flanking region also contains several
binding sequences for proteins not yet found in databases.
They were termed Hyko-1 to Hyko-11 in Fig. 2.

Localization of Specific Protein-Binding Sites in the ks 5’
Flanking Region. To quantitatively identify all binding sites for
putative regulatory proteins at the 1.5-kb ksI promoter, we
used in vitro DNasel footprinting. Overlapping subfragments
of the complete 1.5 kb were incubated separately with nuclear
extract from apical or basal tissue to identify differences in
DNA-protein interactions along the body axis. Target sites
differentially bound by nuclear extracts were analyzed by
TFSEARCH to determine their similarity to known transcription
factor-binding sequences. Examples of results are shown in Fig.
3. DNasel-resistant and -hypersensitive regions indicated bind-
ing of nuclear proteins to each fragment. In all cases, nuclear
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dorsal Oct-1
GCATGCAGGT CGACTCTAGA GATCCCAGAR a2
hunchback GATA-1
AAGAAMAGTT CTAAAAGATC AACAGAGTAC RRRAAAGACC AGCCAARRAR AGCRACAAGA
Hyko-1 ) )
TARMAGRGES GOAAT » ARRARAAAAT
CRE-1 CIEBP HFH2
TCAACCTGAA TTTTTARGTA ATGTRTTTTT GTAAAAGTTA COGGCGTTTTT TAATATTATG
Myko-2 i
TITATTITIT GATTGCETEE B 7
Hykod Dtd-2
TATAACACAR TATTEAANTT ATYCGTTAMA TCTGATTARC TTTAAGARAC ACAATAARAA
Oct1 Hyk
ACTTTTCTTT TAATCTCATC CTGATATTAA AATCATASTT ARATACATTE ASST)
DId-3 HykoS
ETGEANANGT GECCCATCAA ATTAATTTTT TT CCATHCT TOTGAACATA
Dra4 CRE-2 CRE

ACACTECTST TTIAACATSC AATTACAGTS GCTATGACAT CATTGATCTG ACGTTSTTTT
D1
ARCTAAAATT TGATTTGCGT ATTTTAATTA ACRATTTAAR TAGATTTGAT GTAAGTGTGA
WF-1
TATAATGAGA TTTGTAGCTA GGATTTGGGC GATCTTGGCA ARTAGCTAGR CTTCOGGCACT
Hyko&

CTAGECACGC CAAGTTAARG TTTTTTTTOA AATGACAARA AMAMAGARAN GARGTCAMMA

Abd-8

| RCTITAKRAR ACTTTIATTG CIATCATTTT TTTTTTAATA
Ofd-5 kruppel

TAAMATETTA AACTTAGTAC TCAGATGGTT TAAGATTAGT CGCTGTAAAA ATCGGGTTTA
CREA

TTCGTTTATG TGCGGATEAC GTECTCTTIE |

Tst1
ACGCTGATTT AARATCTATC ATAACTTTTT GACTTCAAAA CTTAGAAAAC ARGTTGTTTG
BR-C Hyko-3

TGCTATCTTC AAT AC AT ™

ATTGAGTGAT CGRTGTTACG TTACTTGGTT ATACTAATAA ANGTTATGTT AN
Hyko-11

ATARGETTAN ATTTTTTTGA ARAATA!

AAAGCAGTAA ATTAAGATAA AACTTTAAAT TAARATTTGAA GGCTAATGAC ATAATGGTTG
USF

ACTGCTGCGT TATACTTTTT SCTA

ATCTACAAAA TGACCTACTT
Cdzh

GCTTCAAAGA CACCGAAAAC ATATAAATAA CATCGTATTT CTACATAGCA TCATCACATC
TRE
TATTTGTATT ACATCCAAGA TTCAGGTATG AAATTTGAAG GTTTTCTGTT TTCATTATCT

*
TAMGATTTT ATTAACATAR ATAGTTCGAT GAATTTCTAG ATTATCTACT TTTTATTAGR

CTGTGTTTTT TTCGGATTAC AMGTAATTCA AAGCAGAAAT G.....vvvr rrvocnenn-

F1G. 2. Diversity of protein-binding sites at the ks/ 1,538-bp 5’
flanking sequence. Boxes indicate sequence elements that have been
identified by in vitro footprinting and EMSA (see examples in Figs.
3-5). Light boxes, sequences related to known transcription-factor
binding sites; dark boxes, Hyko sites, not related to known consensus
sequences. * indicates initiation site for transcription (11).

extract from basal tissue caused greater changes in the DNasel
fragment pattern compared with nuclear extract from apical
tissue, denoting that the ks/ promoter was preferentially bound
by proteins from the basal region. In Fig. 3.4 and C, two results
are shown with fragments containing binding sequences that
are related to known transcription-factor target sites. In vitro
footprinting and sequence analysis revealed that the ks cis
regulatory region contains at least 11 protein-binding sites that
are not related to any known consensus sequence (Fig. 2).
These Hyko sites could represent unique binding sites for
Hydra-specific transcription factors. Similar to the results
shown above, in vitro footprinting indicates preferential bind-
ing of proteins from basal region to those fragments. Examples
are shown in Fig. 3 E and G.

To confirm that binding of nuclear factors to ksI promoter
elements is specific, EMSA was performed using oligonucle-
otides directed against the DNasel-resistant and -hypersensi-
tive regions. Examples of the data obtained are shown in Fig.
3. Corresponding to the results obtained by using DNasel
footprinting, all oligonucleotides tested showed strong shifts
with nuclear protein(s) from basal tissue. With protein extract
from apical tissue either no shifts or only weak shifts were
observed. Moreover, most sequence elements migrated faster
when incubated with protein extract from apical tissue com-
pared with basal tissue (Fig. 3 F and H). Specificity of binding
was determined by competition experiments using unlabeled
sequence-specific or unrelated oligonucleotides in 10- to 100-
fold molar excess.

Complete analysis of the 1.5-kb ks 5’ flanking sequence
using footprinting revealed a total of 47 binding sites for
nuclear proteins. Ten of these sites were identified as general
binding sites (data not shown), as they were bound equally by
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FiG. 3. Identification of ks promoter elements as specific binding
sites for nuclear protein from apical (head tissue and TFZ) or basal
(gastric) tissue. (4-D) Examples of two sequence elements that are
related to known transcription-factor binding sites are shown. (E-H)
Two examples for elements not related to known transcription-factor
binding sites are shown. C, control (without protein); A, nuclear
extract from apical tissue; B, nuclear extract from basal tissue; AG/G,
sequencing reaction; ¢, addition of unspecific competitor; cs, addition
of specific competitor; £, rising concentrations of unspecific or
specific competitior (10- or 100-fold molar excess); FP, free probe; *,
binding of general nuclear protein(s) to oligonucleotide; I-I'V, specific
oligonucleotide /protein complexes. Boxes indicate DNasel-resistant
and/or -hypersensitive regions in footprint experiments. Sequences of
oligonucleotides used are: kruppel-like, 5'-GTAAAAATCGGGTT-
TATTCG-3'; Oct-1-like, 5'-GTGCCAAAGAATGCAAAGAAAA-
GTTCTA-3'; Hyko-1, 5'-TTCAAAAAAACCTCAAAGATAAAA-
GAAGCAAAC-3'; Hyko-2, 5'-GTTTTTTGTAGCTCTACTTTTT-
AAAGCCAAGGTAGA-3'".

basal and apical nuclear extracts. Of the remaining 37 pro-
moter elements, 11 are Hyko elements, whereas 26 elements
show sequence similarity to known transcription factor binding
sites. All 37 sequence elements were tested in EMSA and
found to be specific binding sites, with the exception of the 4
cAMP response element (CRE)-like sites (see Fig. 2). Binding
to these CRE-like elements could be prevented by addition of
unrelated oligonucleotide (data not shown). Additionally, all
specific target sites were preferentially bound by nuclear
protein from basal region. In contrast, with nuclear protein
from apical tissue—where a high level of ks transcripts can be
found—either no or only weak shifts could be observed. Thus,
the activation of ks/ transcription is directly correlated to the
absence of proteins binding to the ks/ promoter.
DNA-Protein Interactions at the dfd-1 Site. The 1.5-kb ksI
cis regulatory region contains five sequence elements (dfd-1 to
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dfd-5 in Fig. 2) related to deformed response elements present
in a number of developmentally regulated genes in Drosophila
(15). Because DNase I footprinting revealed protein binding to
all five dfd-related elements, the dfd-1 site was chosen to
characterize the DNA—protein interactions in more detail. Fig.
4 indicates that according to EMSA, the dfd-1 element is a
specific binding site primarily for nuclear proteins from basal
tissue. Three complexes (labeled I, II, and III in Fig. 4) were
identified when the dfd-1 oligonucleotide was incubated with
nuclear extract from basal tissue. With nuclear extract from
apical tissue, only one weak shift (labeled IV in Fig. 4) was
observed. To determine the localization of these dfd-1-binding
proteins along the body axis, we isolated nuclear proteins from
head, TFZ, and basal-region tissue. Fig. 4C shows a sharp
decrease in the amount of proteins binding to the dfd-1 site in
tissue of the TFZ compared with tissue of the basal region.

A B

Dok =z
CAcc.c, AlBCec ¢, BC A B

"

HHTTUBB

dfd-1b
dfd-1c¢c

dfd-1
dfd-1 a

\1 | 5 5

J dfd-1a (24 bp)
—r

dfd-1b (24 bp)

O—

dfd-1¢ (20 bp)

dfd-1 (42 bp)
3

Fi1G.4. DNA-protein interactions at the dfd-1 sequence element of
the ksI promoter. (4) Mobility shift experiment showing differential
binding of nuclear protein from apical and basal tissue. (B) Higher
resolution of DNA-protein interactions at the dfd-1 sequence element
demonstrating formation of three complexes with nuclear proteins
from basal tissue. (C) Gradient of nuclear proteins binding to the dfd-1
element along the body axis with sharp decrease of DNA—protein
interactions in TFZ and head tissue. (D) Upper, DNA-protein inter-
actions at subfragments dfd-1 a, dfd-1 b, and dfd-1 c of the dfd-1 site.
Lower, Schematic representation of Dfd core sequence. C, control
(without protein); A, nuclear extract from apical tissue; B, nuclear
extract from basal tissue; H, nuclear extract from head tissue; T,
nuclear extract from TFZ; c,, addition of unspecific competitor; cs,
addition of specific competitor; Z, rising concentrations of unspecific
or specific competitior (10- or 100-fold molar excess); FP, free probe;
*, binding of general nuclear protein(s) to oligonucleotide; I-1V,
dfd-1-protein complexes. Sequence of the dfd-1 oligonucleotide is
5"-TTTGATTTGCGTATTAATTACAATTTAATAGATTTGA-
T-3" (Dfd core sequence in italics).
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Qualitatively, complexes I and III are not present in tissue of
the TFZ. Complex IV, present in head tissue only, appears to
be smaller than the complexes formed in basal tisssue and TFZ
(see Discussion). To test whether complexes I to III represent
three nuclear proteins binding to distinct recognition se-
quences at the dfd-1 site, we synthesized three subfragments of
the 42-bp dfd-1 element. These subfragments (dfd-1a, dfd-1b,
and dfd-1c in Fig. 4D) were used as probes in EMSA by using
nuclear extract from basal tissue. Surprisingly, there was only
weak or no binding of nuclear protein to each of the three
subfragments compared with the full-length dfd-1 element,
suggesting that protein—protein interactions are involved in the
regulation of ksI expression.

Interaction Between Hydra Homeobox Protein Cnox-2 and
the dfd-1 Site of the ksI Promoter. One of the Hydra ho-
meobox-containing genes suggested to be involved in axis
formation is the deformed-like protein Cnox-2 (9). To analyze
whether Cnox-2 protein binds to ks/ dfd-1 element, we per-
formed supershift experiments using a polyclonal antiserum
directed against Cnox-2 (9). Fig. 5 shows that by coincubating
the dfd-1 element and nuclear protein from basal tissue with
Cnox-2-specific antiserum, a supershifted band can be ob-
served (SB in Fig. 5). Coincubation of the dfd-1 element and
nuclear protein from apical tissue with Cnox-2 antiserum also
results in a supershifted band (SA in Fig. 5). Thus, Cnox-2,
present in about 10% of the nuclei of the head (9), also binds
to the dfd-1 target site in apical tissue. Interestingly, the shift
observed in apical tissue is qualitatively different from the shift
in basal tissue, indicating a modification or loss of cofactors of
Cnox-2 in head tissue (see Discussion). Coincubation with
Cnox-2 preimmune serum did not result in any supershift (data
not shown).

Increase of Positional Value in Basal Tissue Is Accompa-
nied by Decrease of Proteins Binding to dfd-1. To examine the
influence of changes in positional value on the protein inter-
actions at the ks/ cis regulatory region, two sets of experiments
were done. In the first approach, H. vulgaris polyps were
treated with TPA to increase the positional value. Nuclear
extract from apical and basal tissue was prepared and used for
EMSA with the dfd-1 oligonucleotide (Fig. 64). Fig. 6B shows
that in contrast to untreated tissue, there was no binding of

poteinextract | - | A|A|A|A|A|B|B|B|B|B|B

B
Crox-2antiserum | = | = | = | 4| +|+| = | +]|+]|+]| +| +]| +| -
specific competitor | = | = | = | = |+|+]| -] =] - |+ - |- |+

<4—SB
SA— >

& Wl B =

B B s snus

[PV b

F1G. 5. Supershift experiments with the 42-bp dfd-1 element and
Cnox-2 antiserum (gift from H. Bode, University of California, Irvine,
CA). A, nuclear extract from apical tissue; B, nuclear extract from
basal tissue; FP, free probe; *, unspecific binding to oligonucleotide;
I-1V, dfd-1-protein complexes using nuclear extract from apical and
basal tissue; SA, supershift obtained by using nuclear extract from
apical tissue; SB, supershift obtained by using nuclear extract from
basal tissue.
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FiG. 6. DNA-protein interactions at the ks/ dfd-1 element are
sensitive to changes in positional value. (4) Procedure to analyze the
influence of TPA on DNA-protein interactions in H. vulgaris and
mutant H. magnipapillata reg-16. (B) EMSA experiments showing
reduction in binding of nuclear protein from apical and basal tissue to
the dfd-1 site after TPA treatment of H. vulgaris and mutant H.
magnipapillata reg-16. “+” indicates addition of 30 nM TPA; I-1V,
dfd-1-protein complexes formed by using nuclear extract from apical
or basal tissue of wild-type or mutant animals; FP, free probe; *,
nonspecific binding to oligonucleotide.

proteins to the dfd-1 site with nuclear extract of TPA-treated
apical tissue. In nuclear extract from TPA-treated basal tissue,
the binding was greatly reduced compared with nontreated
tissue. Qualitatively, only complex II was present, similar to the
observation made with nuclear extract from untreated tissue of
the TFZ (Fig. 4C). Thus, increasing the positional value of
tissue by TPA is correlated with reduced binding of nuclear
proteins to ks cis regulatory elements.

In the second approach, a mutant of H. magnipapillata that
has a strongly reduced head-regeneration capacity (4) was
used. The head-regeneration potential of mutant reg-16 can be
partially rescued by treatment with TPA (J.U.L. and T.C.G.B.,
unpublished data). Presuming that the reduced capacity to
regenerate head structures is correlated with a high level of
nuclear proteins binding to the ks promoter, we examined the
dfd-1 element by using extracts from reg-16 polyps. The results
are shown in Fig. 6B: (i) in reg-16 polyps, more protein binds
to the dfd-1 element compared with H. vulgaris polyps using
extract from apical tissue. With extract from basal tissue, only
minor differences were observed between wild type and
mutant. In contrast to H. vulgaris, in mutant reg-16, complex
II was formed with extract from apical tissue, similar to when
nuclear extract of the TFZ from wild-type tissue was used (Fig.
4C). (ii) Treatment of reg-16 polyps with TPA leads to
complete disappearance of binding proteins in apical tissue,
similiar to the effect of TPA seen in H. vulgaris. Binding of
nuclear protein from basal tissue is slightly reduced in mutant
reg-16 after TPA treatment. In summary, our results clearly
show that in both mutant reg-16 and in H. vulgaris the
DNA-protein interactions at the ks promoter are sensitive to
changes in positional value.
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DISCUSSION

The ks 5' flanking region contains multiple binding sites for
nuclear proteins (Fig. 2). Several observations indicate that the
majority of these binding sites is functionally significant and
that the proteins binding to them function as transcriptional
repressors. (i) The proteins binding to the ks/ promoter are
asymmetrically distributed along the apical-basal axis with a
low level of nuclear proteins binding in apical tissue where ks
is expressed (Figs. 3 and 4). Analysis of the dfd-1 site revealed
a gradient in the distribution of nuclear proteins along the body
axis with a significant decrease in the complexity of DNA-
protein interactions at the gastric column—TFZ transition (Fig.
4C). This decrease is correlated with the onset of ks/ tran-
scription in undifferentiated cells of the TFZ (see Fig. 14). (ii)
All of the sequence elements are highly specific binding sites
with the exception of the four CRE-like sites. (iii) DNA-
protein interactions at the ks regulatory region are sensitive
to changes in positional value and can be reduced by protein
kinase C activators, such as TPA (see Fig. 6B). Earlier
observations that TPA ectopically induces the expression of
ksl in basal tissue (11) can now be explained by the capacitity
of TPA to reduce binding of inhibitory factors to the ks/
promoter region. (iv) In mutant reg-16, a high level of nuclear
proteins binds to ksi cis regulatory elements (Fig. 6B). We
therefore propose that the low capacity of mutant reg-16 to
regenerate head structures is the result of a high level of
inhibitory factors binding to the ks/ promoter, especially in
apical tissue. Increasing the positional value of mutant tissue
by treatment with TPA decreases the complexity of DNA—
protein interactions at the dfd-1 site (Fig. 6B), providing a first
molecular explanation for the partial rescue of this mutant by
TPA. (v) One of the putative transcriptional repressors binding
to the dfd-1 element is the homeobox protein Cnox-2 (Fig. 5).
Taken together, we presume that the elements identified are
specific binding sites for inhibitory factors playing a major role
in head-specific regulation of ks/ expression. Because initia-
tion of transcription by RNA polymerase II requires activators
(16), the sites bound equally by apical and basal extracts could
represent targets for such positive regulators. The observation
that binding to all four CRE-like elements occurs unspecifi-
cally was surprising, because the CRE-binding protein CREB
was thought to be involved in Hydra head formation (17).

We observed accelerated migration of DNA-protein com-
plexes with nuclear proteins from apical tissue compared with
complexes formed with protein from basal tissue (Figs. 3-5).
This difference may be the result of modifications of nuclear
protein present in basal tissue or to the loss of cofactor(s) in
apical tissue. Evidence that protein—protein interactions are
indeed important for binding to ksl cis regulatory elements
was obtained by analysis of the dfd-1 element (Fig. 4D). Very
weak or no binding to subfragments of this target site suggests
that cofactors alone cannot bind to the dfd-1 target site.
Furthermore, the Dfd core sequence seems insufficient for
effective Cnox-2 binding (Fig. 4C), indicating that Cnox-2
acquires its binding specificity through coselective binding with
cofactors (18). In Drosophila, it was shown recently that
autoactivation of the deformed gene requires not only the Dfd
protein but also the coactivator extradenticle (19).

Nuclear proteins were found to bind specifically to both
sequence elements related to known transcription factor-
binding sites as well as to sequence elements not related to any
known consensus sequence (Fig. 2 and 3). The latter elements
could represent binding sites for Hydra-specific transcription
factors. Such unique regulatory proteins are thought to code
for species- or group-specific characters (20). Hydra-specific
developmental features such as tentacle formation may be
regulated by nuclear proteins binding to the Hyko sites shown
in Fig. 2.
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complexitiy of DNA / protein
interactions at the ks promoter

head activation potential

B pattern of ks1 expression

F1G. 7. Schematic summary of data and model of head-specific
gene activation in Hydra. Data in Figs. 2-6 indicate that the amount
and complexity of ksl regulatory proteins (dashed line) is inversely
correlated to the head activation potential (solid line). Lower, sche-
matic diagram of the ks/ expression pattern along the body axis. H,
head tissue; T, tissue of the TFZ; B, basal tissue. The model suggests
that transcription of target genes for head-specific signals requires the
absence of negative regulators.

Localized ksI Gene Expression Is Inversely Correlated to
the Number of Nuclear Factors Binding to the 5’ Flanking
Sequence. Current views on head formation in Hydra are based
on a gradient concept (1). Head tissue is thought to represent
the gradient peak of head activation with hypostome and
tentacles defined by separate reaction diffusion systems that
are hierarchically linked (21). Based on the data presented
above, we propose that localized ks expression is regulated by
a gradient in the distribution of inhibitory factors along the
apical-basal body axis, with a sharp decrease at the body
column-TFZ transition (Fig. 7). This gradient of putative
negative regulators is inversely oriented to the hypothetical
head-activation gradient. The mechanism used to establish and
maintain this repressor gradient is unknown. It seems possible
that factors localized in apical tissue transform repressor
proteins from an active into an inactive state as the tissue gets
displaced toward the apical end. The results shown in Fig. 6
suggest that phosphorylation by protein kinase C may be
involved in this process. Alternatively, a high positional value
could locally inhibit expression of negative regulators. Thereby
transcriptional repressors were present only in tissue of low
positional value at a distance from the head. The fact that
expression of Cnox-2 is actively suppressed in head tissue (9)
agrees well with this latter possibility.

Conclusion. The results presented here demonstrate that
regulation of position-dependent gene activation in one of
simplest metazoan animals involves enormously complex
DNA-protein interactions. As complexity is drastically re-
duced in ksI-expressing tissue, our results suggest that most

Proc. Natl. Acad. Sci. USA 96 (1999)

proteins binding to the ks/ promoter act as transcriptional
repressors and not, as previously assumed, activators. In this
view, inhibitory mechanisms have played a crucial role in the
regulation of position-dependent gene activation during early
metazoan evolution.
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