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SUMMARY

A novel putative endothelin-converting enzyme (ECE) has on structural and functional analyses, we present evidence
been cloned from hydra, a freshwater invertebrate that for a functional endothelin-like system in hydra that is
belongs to the second oldest phylum of the animal kingdom. involved in both muscle contraction and developmental
As an integral component of the endothelin system, processes. These findings indicate the broad use of
vertebrate ECE functions in the activation of endothelin  endothelin systems in metazoans and also indicate that this
(ET) peptides. Vertebrate ETs are (1) the most potent type of signaling system arose early in evolution even before
vasoconstrictors known in mammals; and (2) function as divergence of protostomes and deuterostomes.

essential signaling ligands during development of tissues

derived from neural crest cells. To date, only a limited

number of immunocytochemical studies have suggested the Key words: Hydra, Endothelin-converting enzyme, Endothelins,
presence of endothelin-like peptides in invertebrates. Based Contraction, Morphogenesis

INTRODUCTION inactive intermediate (big ET), at the Trp21-Val22 (or Trp21-
Ile22) bond, to form active ET. This step is rate limiting in the
Endothelins (ETs) comprise a family of 21 amino acid bicycligprocessing of ETs and is catalyzed by the metalloproteinase,
isopeptides (ET1, ET2 and ET3) that are considered the moSCE.
potent vasoconstrictors identified in mammals (Yanagisawa et ECE belongs to a family of zinc metalloproteinases that
al., 1988). Active ETs have been shown to function througlalso includes neutral endopeptidase-24.11 (NEP) and the
transmembrane receptors coupled to a number of signafythrocyte cell-surface antigen, Kell. Like other family
transduction pathways (Douglas and Ohlstein, 1997; Resink atembers, ECE is a type Il integral membrane protein
al., 1990). In addition to their role in vasoconstriction, moreconsisting of (1) a short N-terminal cytoplasmic domain, (2) a
recent studies indicate that ETs are also involved in ce8lingle transmembrane domain, and (3) a large extracellular
proliferation, differentiation, and other developmentaldomain that includes the active catalytic site of the enzyme
processes. For example, It has been shown using genemprising the C-terminal end of the enzyme. The protein
knockout technology in mice, that ETs are essential for theontains ten highly conserved cysteine residues and ten N-
normal development of neural crest-derived tissues based tinked glycosylation sites that help to stabilize the protein (Xu
analysis of the ET1 (Kurihara et al., 1994), ETA receptoet al., 1994). It also contains a HEXXH (His591, Glu592, X,
(Clouthier et al.,, 1998) and endothelin-converting enzymé&, His595) zinc-binding motif in the extracellular catalytic
(ECE; Yanagisawa et al., 1998) genes. Additional studiedomain that is characteristic of Zincin proteinases (Bode et al.,
indicate that ETs have a crucial role in a broad range df993). Mutational studies have established that a conserved
pathological conditions (Wu et al., 1997; Nelson et al., 1997NAYY (Asn566, Ala567, Tyr568, Tyr569) motif in ECE is
This includes diseases associated with the cardiovasculanportant for substrate binding and unique to ECE (Sansom et
system (Douglas and Ohlstein, 1993), such as hypertensical,, 1998).
myocardial ischemia and diabetic vasoculopathy, as well as To date, the endothelin system has mainly been investigated
non-cardiovascular diseases (Rubanyi and Polokoff, 1994 higher chordates such as mammals. A limited number of
such as peptic ulceration, inflammatory bowel disease argtudies with invertebrates using antibodies to vertebrate
some cancers. endothelins have suggested the presence of these peptides
Biosynthesis of ETs involves a series of proteolytic steps iim non-vertebrate organisms (Kohidai and Csaba, 1995;
the processing of the initial preproendothelin proteinHasegawa and Kobayashi, 1991; Montuenga et al., 1994;
(Yanagisawa et al., 1988). The final step in the processing &ernocchi et al., 1998). In the current study, we provide
ETs is a unique proteolytic step involving the cleavage of amvidence for the existence of a functional endothelin-like
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system in hydra, a member of Cnidaria, the second oldeBiatabase searches were assessed at the NCBI using the BLAST
phylum of the animal kingdom (Field et al., 1988). As a simplenetwork service.

freshwater metazoan, hydra is organized as a gastric tube withPhylogenetic tree analysis was performed using the neighbor-
a mouth and tentacle ring at its head pole and a peduncle aftfing method of Saitou and Nei (Saitou and Nei, 1987). The
mucous cell disc at its foot pole (Bode, 1996). Its body wal Igorithm of this method is similar to that Qf Sattath anq Tversky
along the entire longitudinal axis is structurally reduced to Sattﬁth.anﬁ ?’erfky‘ 1977), but also provides the relative branch
epithelio-muscular bilayer with an intervening extracellular ngths in the final tree.

matrix (Sarras et al., 1991). This bilayer is composed of abowforthern analysis

20 cell types, including ectodermal and endodermal epitheliorhe proteinase domain of hydra ECE spanning from 1367 bp to 2480
muscular cells, and various interstitial cells (such as nervep (clone ECE-A4) was one of the clones obtained from library
cells, gametes and nematocysts (Bode, 1996)). Because of #ueeening. This partial clone was random primer-labeled y#fP-
reduced number of cell types, differentiated cells in hydra ardCTP using a NE Blot Kit (New England BioLabs, MA) and
multifunctional. For example, the muscular system of hydra iganscribed into a riboprobe labeled wifi#P-CTP. Total RNA was
organized within the epithelial bilayer and consists of outeisolated from 2-day-old starved hydra as previously described (Sarras
longitudinal contractile fibers in the ectodermal cells ancft @. 1994). After separation by 1.0% agarose electrophoresis
inner circular contractile fibers in the endodermal CeIIScontalnlng formaldehyde, RNA was transferred to nylon membranes

. . S&S, NH). A northern blot of ig Hydra vulgaristotal RNA was
Early ultrastructural studies determined that the myonemes  ilized overnight at 65°C with the radiolabeled probes at a

(actin/myosin bundles) were positioned within the basal f00{5ncentration of 2107 cpm/10 ml. The blot was washed to a final
processes of the ectoderm and endoderm (Slautterback, 19@ifingency of 0.£SSC and 0.1% SDS at 65°C.

Haynes et al., 1968). These epithelial cells also function in

other processes such as fluid and electrolyte transport. THesitu hybridization

cells of hydra are also in a dynamic state of proliferation anés described earlier, the proteinase domain of hydra ECE (clone ECE-
turnover. The interstitial cells arise from interstitial stem cellg?4) was used to make the RNA probe. T7 or SP6 RNA polymerases
that reside along the gastric column (Bode, 1996). Epithelig¥ére used to make either sense or antisense digoxigenin (DIG)-
cells continuously proliferate along the body column andaPeled ribonucleotide probes (Ambion, TX).

. Whole-mount in situ hybridization of hydra was performed as
migrate toward the poles, where they are eventually shed ' . . N
(Bode, 1996; Bode et al, 1986). Epithelial cells that ar reviously described (Grens et al., 1995). Briefly, 2-day-old starved

- . . dra were fixed in 4% paraformaldyhyde overnight, followed by
displaced into the base of tentacles or the basal disc of the fq&gcessing in 1Qug/ml proteinase K to increase tissue permeability,

process transdifferentiate into phenotypes specific to the hegdd neat treated at 80°C for 30 minutes to eliminate endogenous
or foot regions (i.e. squamous battery cells in tentacles afikaline phosphatase activity. Hybridization was carried out ind.00
columnar mucous cells in the basal disc) (Bode, 1996; Bode Bybridization buffer (50% formamide,xSSC, 200pug/ml yeast
al., 1986). As a result of this extensive cell turnover, hydra argansfer RNA, 0.1% Tween 20, 1% CHAP&DEnhardt’s solution
in a perpetual embryonic state and therefore have an extensied 100ug/ml heparin) containing 40 ng DIG-labeled RNA probes
regenerative capacity (Bosch, 1998). In the context of thdt 60°C overnight. After extensive washing, anti-DIG antibodies
current study, the simplified structure of hydra and its hig@)rl]gi%asgl (;?I)Irt]:]eﬁltkv?/ggecgr?i?escipgS:?Jss?ng%rlsﬂ l;iergléou:]odcﬂ'gg ngqitFch:\lnAsl
regeneratlv_e capacity makes it an Id(.eal model in .WhICh to Stl." commended by the manufacturer (Boehringer Mannheim, IN).
the potential role of the endothelial system in contractile
processes and morphogenesis in an ancient epithelial systerunctional analysis of Hydra ECE using localized

electroporation (LEP) and thio-oligo antisense constructs

Because transfection approaches have not been successfully applied

MATERIALS AND METHODS to Cnidarians, we have developed a procedure to specifically test the
_ _ effect of antisense oligonucleotides on head or foot regeneration in
Molecular cloning and sequence analysis hydra. This approach uses a localized electroporation technique (LEP)

A Hydra vulgarish ZAP Il cDNA library was constructed using a in order to introduce antisense oligonucleotides into the head or foot
mixture of Oligo(dT) and random primers (Sarras et al., 1994) angiole of hydra. This procedure has been applied to the functional
the library was screened to isolate cDNA clones that encode novahalysis of a number of hydra genes and has been described in detail
hydra metalloproteinases. A cDNA fragment was obtained fronpreviously (Yan et al., 2000a; Yan et al., 2000b; Leontovich et al.,
PCR reactions using degenerate primers against humatP00). Applying the LEP procedure, we tested the hypothesis that
metalloproteinases. This PCR product was subsequently cloned iné@ novo biosynthesis of hydra ECE is required for normal head or
PCR Il TA-cloning vector (Invitrogen, CA) for DNA sequencing. foot morphogenesis after decapitation or excision of the foot
Sequence analysis indicated that the PCR product contained a p®cess. Based on the work of Wagner (Wagner, 1994; Wagner, 1995;
kb region that gave a conceptional translation including a distindtlanagan et al., 1996), a series of 20-mer oligonucleotides with
partial ECE catalytic domain. To obtain the full-length cDNA of phosphorothioate linkages were designed. Seven oligonucleotides
hydra ECE, this PCR fragment was2-P randomly labeled to were synthesized to include five antisense sequences to portions of the
screen %10 clones of an Oligo(dT) primered UNI-ZAP cDNA 5 untranslated region (UTR), initiation site, four regions of the coding
library of Hydra vulgaris sequence, and ®TR and two controls, including a sense strand of
cDNA sequencing was performed using both manual sequencirigoding-2 sequence and a mismatch (randomized sequence)
(USB, Ohio) and automated methods (Biochemical Supportin@ligonucleotide. Oligos used: TR, 3 CGCTTATTACACAGGG-
Facility, University of Kansas Medical Center). DNA sequenceACTA 3'; initiation, 3 CTTTTTACTTGCGAACTCAT 3; Coding-1,
analysis, as well as protein analysis (including hydrophilicity plot5’ CTAATTGAGTTTCAAACTCC 3; Coding-2, 5 ACCC-
analysis) was conducted using the MacVector 5.0 DNA sequend®T GTGATATCTCATGA 3, Coding-3, 5CTCATGACCAACAACC
analysis software package (Kodak, NY). Multiple sequence alignmer®; Coding-4, 5 TTTACCTTGGTCATCA 3; 3 UTR, 8
was performed at a GCG workstation (University of Wisconsin) ATAAAGAATATTCATTTAGG 3'; mismatch, 5 ACTTCATC-
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remaining 10Qul was for a DNA determination. The amount of ET1

GATATCACATGGGT 3. Because hydra ECE is expressed in theand big ET1 (expressed in picograms) was normalizegigpédNA
endoderm layer of cells at the head and foot pool, LEP was performed each region using the microfluorometric DNA 33258 Hoechst assay

on the inner gastric surface of these regions, following procedurg€esarone et al.,
2000b; Leontovich

previously described (Yan et al., 2000a; Yan et al.,

1979).

et al., 2000). Electroporated hydra were observed every 24 hours afRd contraction assay

the degree of regeneration was compared with mock electroporatédmutant strain oH. magnipapilatg(Strain sf-1) that contains normal
controls. In the case of head regeneration, animals were cut in the ndgfdra epithelial cells and temperature-sensitive interstitial cells was
region just inferior to the mouth and tentacle ring. The degree of headsed in this assay. The use of this hydra strain significantly reduces
regeneration was monitored by (1) observing the morphology of theackground contraction levels after heat shock-induced loss of nerve

head process under a dissection microscope and determining tbells (25°C; Marcum et al.,

1980). Various concentrations of human

degree of tentacle eruption and hypostome formation; and (ZT1, ET2 or ET3 were added to hydra media and the degree of
analyzing the cellular morphology of cells of the hypostome andontraction of the specimens was monitored over time using a
tentacles using Nomarski optics. In the case of foot regeneraticcomputerized imaging system with real-time video-capture capability
animals were cut in the lower body column just apical to

the peduncle and then utilized for LEP. The degree o
regeneration was monitored by (1) observing
morphology of the foot process under a dissel
microscope; (2) determining the ability of basal disc
to produce mucous by placing a glass probe again
foot pole of the regenerating hydra and monitoring
adhesion to the probe; (3) assaying for the basal dis
marker, peroxidase following the procedures
Hoffmeister (Hoffmeister, 1996); and (4) monitoring
cellular morphology of basal disc cells using Nome
optics. In controls, head regeneration and

regeneration was normally completed within 72 hours
therefore, experimental groups in which blockage
observed were monitored for an additional 5 day
determine if recovery from blockage occurred.
previously stated, control animals were treated

mismatched 20-mer thio-oligonucleotides (random
sequence) or sense thio-oligonucleotides if a parti
antisense construct was found to block morphoger
Control and experimental groups were statistic
compared using a Chi squared test and an ANOVA 1

Enzyme immunometric assay (EIA)

The EIA kits for human ET1 and human big ET1 v
purchased from Assay Designs (Ann Arbor, MI). The
uses a polyclonal antibody to either ET1 or big
immobilized on a microtiter plate to bind the ET1 or
ET1 in the sample. After a short incubation the ex
sample is washed out and a polyclonal antibody to
labeled with horseradish peroxidase is added. This la
antibody binds to the ET1 or big ET1 captured on
plate. After a short incubation the excess labeled ant
is washed out and substrate is added. The substrate
with the labeled antibody bound to the ET1 or big
captured on the plate. The color generated in a 30 n
incubation with the substrate is read at 450 nm a
directly proportional to the concentration of ET1 or
ET1 in the sample. To normalize the number of cel
each portion, DNA determination was performed usi
Hoechst dye procedure (Cesarone et al., 1979). The
of ET1 or big ET1 to the DNA content was used for
comparison of ET1 or big ET1. The cross react
between ET1 and big ET1 is less than 0.1% in this &
For analysis of the distribution of ETs along the t
axis, hydra were separated into three segments alol
longitudinal axis (head, body column and foot segme
A total of 300 hydra were used for each analysis.
segment was sonicated in 1.3 ml hydra media w
proteinase inhibitor cocktail (1 mM PMSF, 5 n
iodoacetamide, 0.2 mM TLCK, 2 mM benzamidine H
From this sonicate, 600l was used (10@l/well) for the
ET1 assay; 600l was used for the big ET1 assay; anc
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Fig. 1. Amino acid sequence analysis and northern blot analysis of ECE.

(A) Amino acid sequence deduced from the hydra ECE cDNA. Domains are
indicated above the sequence and delineated by vertical bars. Underlined
sequences correspond to the ET-binding site and zinc-binding site. The
nucleotide sequence was deposited with GenBank (Accession Number,
AF162671). (B) The domain structure of Hydra ECE. The protein consists of a
short N-terminal intracellular domain, a transmembrane domain and a large
extracellular catalytic domain that includes the ET-binding site and the zinc-
binding site. (C) Northern blot analysis indicates that there are two transcripts of
hydra ECE (2.7 kb and 3.4 kb). (D) Comparison of Hydra ECE ET-binding site
and zinc-binding site with vertebrate ECEs and mouse NEP.
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and NIH imaging software for quantitative analysis. The length oM. This contraction began by 15 minutes after addition of the
individual polyps was continuously monitored and the percent opeptide and a maximal contractile state was reached by 2.5
contraction was determined by dividing the original extended lengthours after addition of the peptide. Morphometric analysis of
by the contraction length at different times after addition of théayperimental groups treated with various concentrations of
pept'dettoche ?ydtradmeddua. Ter? Spec'menstwere used fto:jet?qch p‘f.pt 1, ET2 and ET3 indicated that human endothelins used at
concentration tested and each experiment was repeated three timgs : 7 :
Small peptides have been shown to gain access to the basolate on(':entrat:jogﬂsr?/lngeﬁof .:I'OM (nlgt' edffectlve), 106. M f
compartment of hydra’s epithelial bilayer when such peptides ar € eCt'Vef) an (e eCt'Ve), could induce contraction o
simply added to hydra media (Takahashi et al., 1997). ydra (F|g._3, lower panel). As indicated in th_e graphs_shown,
concentrations of 18 M and 10° M resulted in a maximal

RESULTS
1 50
. . . . - -- SSOVKSPL K----- -

While screening cDNA libraries for hyd ST R (. hera
metalloproteinases, we obtained a putative ECEL bovine (1) - M- MSTYKRPTLD---  EEDLVDS

H ECEL hunman (1) - MRGW\PPFVSALL SALG- MSTYKRATLD-----  EEDLVDS
CDNA C|OI':I€ that encodes a pOIypeptlde of ECEL nouse (1) - VEAPYSMIAHYDEFQEVKYVSR---C  GTGCCARG
amino acids (GenBank Accession Numb ECEL rat P} P MCSLRPPCG- LCLOWSSFFL - GKKGPGL
AAD46624 and AF162671; Fig. 1A). Northe ECE bovine (1) MRARYAHVPTLRWETMDVRAL GFPSGSFDVVLEKGTLDALL TGEGDPWIV

blot analysis indicated two transcripts of 2.7

ECE nouse (1)
ECE C. el egan

MRARYAHVPTLRWETMDVRAL GFPSGSFDVVL EKGTLDALL TCECDPWI'V

MKPENCAATWHP-- AKRSCLGR

and 3.4 kb that may be alternative splicing fo ECEL cavpo (1) -rererereeeeeemereeeees M- MSTYKRATLD-- EEDLVDS
(Fig. 1C). The clone showed homology Consensus (1) VA G M3 RALD  EDV
vertebrate ECE1 and ECE2, but matched clc
to ECE1 (e.g. ~35% identity and -~5: . C51 (15) 100 eLKSKS
fmilar H HydraECEaa 15) - DEER---- NNFI | NDTAFKT-- TSSLKSKSHLLRI LVWVLLLVVLLT-
similarity to human ECE1). Accordingly, t ECEL_Gallus (18) -1 SESDGYPNGFQWFS- RS- SVCOWAGRTRPEKGLVAVVAVL AAVL GA
putative hydra ECE has an overall don ECEl bovine  (19) - LSESDVYPNHLQWFRGPRN- GGROWAARTPVEKRL VVLVALL AAALVA
structure consistent with that of vertebrate E EgEl human 85; -LgEGJPéYP%g?\NFgggRg gRCV\AARTC\aEKg(L:VVLWELAAGLVA

. . . . ECEL nouse 1) - TSLPPCFPI SA! R PRWNRREVCLL SCLVFAACLCAI LAA
(Fig. 1A:!3)- As Shown_ in Fig. 1D (rigl ECEL rat  (27) - TVSLPLLASSLQWFRSPRS- GGROWAARTSVEKRLVVLVTLLAAGLVA
column), it has a zinc-binding site (HEXXF ECE bovine  (51) - SSEG VHTVDQWLNEAGFRKRTSRLLGLHTQLELVLAGVSLLLAALLLG

i 1 st ‘ ECE2 nouse (51) - SSEG VHTVDQVWLNEAGFRKRTSRLLGLHTCLELVLAGVSLLLAALLLG
WhICh is characteristic of the gener.al Flas' ECE C. el egan (21) LTTLETLLLVFLCLLI TALLS- VLFLW.W/LDGYKTFTDGRPI YPLPFEN
zincins and the characteristic ET-binding ECEL cavpo (19) - LSEGEVYPNGLQWFRNFRS- SCROWATRTGQVEKRLI VLVALLAAGLVA
(NAYY) of ECEs (Fig. 1D, left column Consensus (51) TSE VYPN LQWF G RS RCWA RT VEK_LVWLV LLAALLVA
Although the cytoplasmic domain (N-termin
is more variable, conserved patterns in 101 11 9
sequence can be identified (Fig. 2 HydraECEaa  (57) |LCGALYI SMOKK-—--  KEP

. L , ECEL_Gallus (64) CLLGLVLQYRA-— RPP

Phylogenetic tree analysis indicates that h ECEL bovine (67) CLAVLG QYQTor RTP
ECE groups separately from all sequer ECEL human  (83) CLAALG QYQT---- RSP
shown, but branches nearest to mouse ECE ECE fouse g;g; BALG e
Caenorhabditis elegansCE (Fig. 2B). ECE bovine (99) CLVALGVQYH--- RCP

To determine if hydra contains the natt ECEESEZ rouse Egg; %Xﬁb%%ﬁ?&;"" EE‘B

. . el egan ---=

substrate for ECE, enzyme immunome ECEL cavpo  (67) CLTALG OYRT- RTP
assays (ElIAs) were performed using antib Consensus (101) CLAALG QY R P

to human ETs. Hydra homogenated.
magnipapilata Strain 105) contained detecta B
levels of immunoreactive-like big ET1 and E
(2.45 pgig DNA and 1.39 pglg DNA,
respectively). As shown in Table 1, higher le\
of both big ET1 and ET1 immunoreact

Hydra ECE-like
ECE1 mouse
ECE-like C. elegan

ECEZ2 bovine

molecules were detected in the foot [ coed chiifeiz mouse
(compared to the body column or head p o B
when normalized to DNA content a
statistically analyzed using ANOVA. ECE1 human
To determine if a functional endothelin-li ECE1 guinea pig

system exists in hydra, we tested the abilit
human ETs to induce contraction in t
simple metazoan. As described (Materials
Methods), experiments were performed u:
a strain of H. magnipapilata(sf-1) that ha
significantly reduced background contract
levels after heat shock-induced loss of nt
cells (Marcum et al., 1980). As shown in F
3B, addition of human ET1 stimulat
contraction of hydra at a concentration of

ECE1 rat

Fig. 2. Comparative sequence analysis of hydra ECE to vertebrate and invertebrate
ECEs. (A) The N-terminal cytoplasmic domain of hydra ECE is shown to include the
transmembrane domain (underlined) and the first five amino acids of the extracellular
domain. Hydra ECE is compared with chick&allus), human, mouse, rat and

guinea pig ECE1 and with bovine ECE1; Bovine and mouse ECEZ; agldgans

ECE. (B) A phylogenetic tree shows the relative branch lengths of hydra ECE to
ECEs of both vertebrate and invertebrate species. Shaded residues are similar to one
another. Blue indicates conserved residues. Green indicates residues that have weak
similarity.
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Fig. 3. Effects of human endothelins on muscldge
contraction in hydra. (A) Hydra before '
treatment with ET1. (B) Hydra 2.5 hours after
addition of ET1 (16f M) to the medium.

Similar results were observed with ET3, but ng
effect was observed with ET2. (Bottom) Dose-
response analysis of human ET1 (left), ET2 ET1 ET2 ET3
(middle) and ET3 (right) on contraction of

= c c T o,
hydra polyps. As indicated, effective % :: we (40%) ‘%80 % ) (58%)
concentrations were in the ¥av, 106Mand £ Ew g w (35%)
105 M range. Data points shown in these § “0 540 5 o
graphs were determined 2.5 hours after g = - ¥
addition of the peptide. A minimum of 10 g B g
hydra were analyzed per concentration and & ': (0%) e (0%) (0%) (0%) S ‘: (0%)
each experiment was repeated three times. 10m 108 105m 107m 10°%m 105m 10T 1M 107m
Standard deviation is indicated for each group. Peptide Concentration Peptide Concentration Peptide Concentration

contraction at 2.5 hours after addition of the peptide. In theseceptors in hydra cannot be ascertained from these studies.
experiments, the mean length along the longitudinal axis waBecause it has been reported that some vertebrate ECEs
reduced by 48% for groups treated with ET1 and 56% fomay function extracellularly at the cell surface, human big
groups treated with ET3. Contraction was not stimulatedT1 was also tested in hydra. Effects on contraction were
by ET2 (Fig. 3, middle graph). This negative result wadnconsistent in these experiments and therefore the results
consistent using ET2 peptides from different manufacturersvere inconclusive.

These ET2 peptides were biologically active in mammalian Whole-mount in situ analysis (Yan et al., 2000a) was
systems. Antagonists to vertebrate ET receptors such as B@onducted to determine the expression pattern of ECE in adult
123 and BQ-788 (at concentrations of up t0°1d) had no  hydra. Expression of ECE mRNA was observed along the
effect on this contraction, and therefore the nature of EEntire longitudinal axis of hydra (Fig. 4A), but at relatively

Fig. 4. Expression pattern of ECE in adult hydra. Whole-mount in situ preparations and sections of whole-mount specimens are shown.
(A) Hydra ECE is expressed along the entire longitudinal axis of hydra, but at relatively higher levels at the base oflefhtactes) and

the basal region of foot process (right arrow). (Inset) Cross section of the body wall. The arrowhead points to ectod€irexjiire&sion

and the arrow points to the ECM that separates the ectoderm from the endoderm. (B) Higher magpnification of head region @ &o$8) D
section image of head region with an arrow pointing to endoderm with ECE expression, and an arrowhead pointing to thiaepichl su
ectoderm. (D) Higher magnification of foot process in A. (E) DIC cross section image of foot process with an arrow pointotetmenith
ECE expression, and an arrowhead pointing to the apical surface of ectoderm.
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Table 1. Enzyme immunometric assay for big ET1 and Head Regeneration
ET1 in hydra EE e
ET content (pglg DNA)
Body region Big ET1 ET1
Head pole 1.85 1.27
Gastric tube 1.56 121
Foot pole 6.77* 2.23*
*Significant difference aP<0.05. Aihr

B
kY

-
higher levels at the base of tentacles and the basal region
the foot process (Fig. 4A,B,D). The expression at the head ai
foot poles was localized to endodermal cells, while expressic
along the gastric column was associated with the ectoderr
Cross sectioning of hydra after whole-mount in situ
hybridization confirmed the distribution of ECE in the

endoderm of the head and foot regions (Fig. 3C,E) and tt *
ectoderm of the body column (Fig. 4A, inset). The expressio C48hr [E _* |F 72 hr *
of ECE along the entire body column is consistent with the Foot Regeneration

effect of ETs on hydra muscle contraction.
As indicated, gene knockout experiments have establishe

that the endothelin system is crucially involved with
developmental processes in mice (Kurihara et al., 199
Clouthier et al., 1998; Yanagisawa et al., 1998). Because tt -

base of tentacles and the basal region of the foot process i
regions where cell transdifferentiation occurs, high expressia

of ECE at these positions implies that the gene for ECE me G 1hr
also be involved in developmental processes in hydra. T
study the expression of ECE during morphogenetic events, tt »
head and foot poles were excised and in situ analysis
different time points of head and foot regeneration wa:
performed. Decapitation was performed just inferior to the
head pole, while the foot was excised superior to the basal di
at approximately the middle of peduncle or just superior to th
peduncle in some experiments. During head morphogenes
ECE was not detected until after eruption of tentacles occurre 118 hr

at approximately 48 hours following decapitation (Fig. 5A'Fig. 5.1n situ whole-mount analysis of ECE expression during head

D,F)._High expression levels Qf ECE were also as_soci_ated Wi%d foot regeneration. (A-F) Expression patterns of ECE during head
erupting tentacles of developing buds as shown in Fig. 5E. IRgeneration. Asterisks, foot poles; arrows, regenerating head poles.
contrast, ECE expression was detected within 3 hours of fo@i situ hybridization is shown for the following time points after

regeneration (Fig. 5H) and this expression pattern wagecapitation: (A) 1 hour, (B) 24 hours, (C) 48 hours and (F) 72
maintained throughout the entire regenerative process (Figours. (D) Higher magnification of C. (E) Expression levels of ECE
51,J) for all experiments. These data indicate that ECEssociated with erupting tentacles of developing buds (arrowheads).
expression occurs early during foot regeneration, but laté€>-J) Expression patterns of ECE during foot regeneration.

during head regeneration (after tentacle eruption has alreadyterisks, head poles; arrows, regenerating foot poles. In situ
occurred). bridization is shown for the following time points after excision of

Because the temporal and spatial expression pattern g}efoot pole: (G) 1 hour, (H) 3 hours, (1) 18 hours and (J) 72 hours.

ECE correlated with the initial stages of foot regeneration,

experiments were performed to determine if ECE is requiredligonucleotides used in these experiments). Controls using
for this morphogenetic process. Antisense thio-sense oligonucleotides or mismatch oligonucleotides with
oligonucleotide 20 mers to ECE were introduced into theandomized sequence also had no inhibitory affect (sense
endoderm of the foot pole immediately after excision of theontrols for the Coding-2 region are shown in Fig. 6). To
foot process. Antisense oligonucleotides were introduced intdetermine if the blocking effect of the Coding-2 region was
the endoderm using the localized electroporation techniquiue to a general blocking of all mMRNAs, we monitored the
described previously (Yan et al., 2000a; Leontovich et alappearance of some proteins known to be essential to foot
2000; Yan et al., 2000b). As shown in Fig. 6, antisense to thegeneration (e.g. laminin) and found that their expression
Coding-2, Coding-3 or Coding-4 regions blocked footwas not altered in these experiments (data not shown).
regeneration (79%, 65% and 65%, respectively), but ndonitoring of the experimental groups following the initial
inhibition was observed with a number of other antisensblock indicated that inhibition of foot regeneration using the
oligonucleotides designed against various regions ofoding-2, Coding-3 or Coding-4 thio-oligonucleotides was
ECE mRNA (see Fig. 6 for a description of the thio-reversible (data not shown). Recovery from block using the

~

H3hr >

1

J 72 hr >
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110 1 DISCUSSION
105 A
S 1001
§ ol % Although putative, analysis of the sequence of this hydra
S 851 ":if’ N metalloproteinase indicates that the protein should be
g %2 nz20 X categorized as an ECE homolog. For example, the first tyrosine
; 70 1 T residue in the ET-binding domain distinguishes this hydra ECE
S o] gene from being classified as a NEP, which has a NAFY motif
“ao: o in Elace o{) NAY\ECT;ishfoII?]WS onhfrom n;]utationlal studies f
> 451 with vertebrate that have shown that replacement o
= e a0 - Tyr®88in ECE to phyenylalanine reduces th@a{(Km of ECE
@ ] n=s 3% T poge 7237 for the conversion of big ET to ET by 18-fold (Sansom et al.,
£ o 1998). Interestingly, hydra ECE lacks a cysteine residue at
s o ﬁ position 412. This cysteine has been reported to be important
& s for dimerization of ECE at cell membranes — a process
0 T = - 5 ©° ¥ & 5 .o proposed to be required for optimal activity of the enzyme
> - £ £ £ g 2 £ :z¢g (Shimada et al., 1996). Recent studies with solubilized
§ & & & g “°8 recombinant ECE1 however, dispute the need for a dimer form

Hydra ECE Thio-oligonucleotides of the enzyme (Korth et al., 1997). In addition, potential ECE
clones inC. elegangGenBank Accession Number, Q22523)
foot regeneration. Asterisk shows significant a difference when and Drosoph_lla (GenBank Accession Number,_ AAD34741).
compared with sense or mismatch controls using#tamalysisn, also_ _Iack this cysteine. T_he_ lack of a cysteine residue in
number of hydra analyzed per group. position 412 of hydra ECE indicates that early divergent forms
of this enzyme may have existed in monomer form.

Although previous studies have proposed an evolutionary
Coding-2, Coding-3 or Coding-4 thio-oligonucleotidesrelationship between the sarafotoxins of reptiles and
indicates that the blocking effect was not the result of generahammalian ETs (Landan et al., 1991), analysis of non-
toxicity of the oligos. Consistent with the late appearance ofhordates has been mainly limited to immuncytochemical
ECE during head regeneration (at the time when tentaclesudies (Kohidai and Csaba, 1995; Hasegawa and Kobayashi,
first appear), antisense experiments after decapitation had @891; Montuenga et al., 1994; Bernocchi et al., 1998). In
effect on tentacle evagination and head regeneratiofunctional studies by Kohidai and Csaba (Kohidai and
proceeded normally (data not shown). In head regeneratiddsaba, 1995), human ET1 has also been shown to induce
experiments, antisense oligonucleotides were introduced infzhysiological changes ifietrahymenahowever, as with our
the endoderm at the time of decapitation or at 24 hourstudies, these effects were not reported to be blocked by ET-
following decapitation. The 24 hour time point was used taeceptor antagonists. Our contraction studies indicated that
effect hydra mRNA that may be expressed later in the heaauman ET1 and ET3 were effective at a concentration @f 10
regeneration process, when compared with that observéd, while ET2 had no effect at this or higher concentrations.
during foot regeneration. Introduction of thio- These results are unexpected, as ET1 and ET2 are considered
oligonucleotides at the time zero or 24 hour time point hado be more potent vasoconstrictors that ET3 in vertebrates.
no inhibitory effect on tentacle evagination. An importantThe active form of each of these three peptides has 21 amino
limitation regarding these experiments stems from the lack aicids. ET1 and ET2 vary by two amino acids, whereas ET3
an antibody to hydra ECE. In previously studies wheréhas four additional amino acid substitutions. In this regard,
antibodies were available to the protein of interestandan et al. have analyzed the evolutionary relation of ETs
(Deutzmann, et al.,, 2000, Yan et al.,, 2000a, Yan et aland suggest from their work that ET3 is the more ancient
2000b,), we were able to document that the antisense thiterm of the ET peptides (Landan et al., 1991). The effective
oligonucleotides did block translation of the protein. Twoconcentration range for ET1 and ET3 is consistent with
additional studies involving hydra laminim-chain andp-  reports for endogenous hydra contractile peptides such as
chain also show that this antisense approach specificalslym-54 (Takahashi et al., 1997); however, it is one log higher
blocks protein translation (M. P. S., unpublished). Because nihan that reported for the effective concentration of ETs
antibody was available to monitor translation of hydra ECEneeded to induce contraction in human tissues under in vitro
additional experiments were performed to determine if theonditions (106 M in hydra versus 13 M in human tissue;
antisense experiments were specific for the targeted mRNAap et al., 2000). It should be noted however, that because
These studies incorporated the use of additional antisenigese peptides must gain access to the basolateral
thio-oligonucleotides to the' &and 3 flanking regions of the compartment of the hydra epithelial bilayer, we do not know
Coding-2 region; the first oligo to give significant blocking the actual concentration of peptide that accumulates between
effects. The rationale for these experiments was based on ttie cells. It could in fact, be lower than the concentration in
premise that inhibition by multiple thio-oligonucleotides to athe medium. In any case, this later observation, coupled with
single mRNA sequence reduces the possibility that the effethe fact that ET-receptor antagonists were not effective in
is due to nonspecific effects on other mRNA species. Ablocking ET-induced contraction of hydra, suggests that there
indicated above (and shown in Fig. 6), block was observedre ligand and/or receptor differences in this peptide system
with both antisense thio-oligonucleotides (Coding-3 andn hydra when compared with vertebrates. Therefore, even
Coding-4) that flanked the Coding-2 region. though hydra ECE shows strong structural similarity to

Fig. 6. Effects of antisense thio-oligonucleotides to hydra ECE on
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vertebrate ECE, we feel it is best to propose this system aSBioactive peptides and serotonin immunocytochemistry in the cerebral
an endothelin-like system in hydra. The ability to classify this ganglia of hibernating helix aspersa.Exp. Zool280, 354-367.

; ; ; ; iBpde, H., Dunne, J., Heimfeld, S., Huang, L., Javois, L., Koizumi, O.,
S{Stelm .In hydl(’j&; as_ a :)Otna flc:,e et?dgthelmds}{ﬁt?m will requ"%OWesterfieId, J. and Yaross, M. (1986). Transdifferentiation occurs
( ) cloning ana/or 1solation ot a nydra endotnelin (precursor continuously in adult hydraCurr. Top. Dev. Biol20, 257-280.

and active form); and (2) biochemical analysis of expressegbde, H. R.(1996). The interstitial cell lineage of hydra: a stem cell system
hydra ECE to determine if it can convert a hydra big ET to that arose early in evolutiod. Cell Sci.109, 1155-1164. _
active ET. Given these qualifications, the structural andode, W., Gomis, R. F. and Stockler, W1993). Astacins, serralysins, snake

; ; ; PR venom and matrix metalloproteinases exhibit identical zinc-binding
functional studies presented in the current study do Indlca‘teenvironments (HEXXHXXGXXH and Met-turn) and topologies and should

that a functional endothelin-like system diverged early during pe grouped into a common family, the ‘metzincif&EBS Lett331, 134-
metazoan evolution. The existence of an endothelin-like 140.

system in invertebrates is also supported by putaflve Bosch, T. C. G.(1998). InCellular and Molecular Basis of Regeneration:

elegan<ECE fragments that are reported in the EST GenBank %04""\'1’2@;%?&?‘5\2@Huma'ﬂed- O. Ferrete, P. and J. Geraudie), pp. 111-
_(Acgessmn Number C52919). Similar to funct]ons observe_@esaroney C. F. Bolognesi, C. and Santi L(1979). Improved

n hlgher chordates, the .hydra endothelin-like system is microfluorometric DNA determination in biological material using 33258
involved in muscle contraction and developmental processes.HoechstAnal. Biochem100, 188-197.

These processes are associated with epithelio-muscular ceflggpman, D. M. (1974). InCoelenterate Biologyed. L. Muscatine and H.

; ot M. Lenhoff), pp. 2-48. New York: Academic Press
in hydra, as no distinct smooth muscle type cell or neura(J,‘Iouthier, D. E., Hosoda, K., Richardson, J. A., Wiliams, S. C.,
crest type cell exists in this simple metazoan. It should b€'y,pagisawa, H., Kuwaki, T, Kumada, M., Hammer, R. E. and

noted, however, that previous ultrastructural studies on hydravanagisawa, M. (1998). Cranial and cardiac neural crest defects in
have suggested that the epithelio-muscular cells of this simpleendothelin-A receptor-deficient micevelopment 25 813-824.
invertebrate have some characteristics of a smooth musclgeutzmann, R., Fowler, S., Zhang, X., Boone, K., Dexter, S., Boot-

: : : Lo Handford, R. P., Rachel, P., Sarras, M. P. Jr(2000). Molecular,
like cell (Chapman, 1974). The antisense studies indicate a‘Biochemical, and Functional Analysis of a Novel and Developmentally

direct role of ECE in early phases of foot regeneration. The \mportant Fibrillar Collagen (Hcol-l) in HydreDevelopmentL27, 4669-
fact that (1) ECE is expressed late in head regeneration4eso.

(following eruption of tentacles); and (2) antisenseDouglas, S. A. and Ohlstein, E. H(1993). Endothelin-1 modulates vascular
experiments during head regeneration could not block smooth muscle structure and vasomotion-Implication in cardiovescular

S - . pathophysiologyDrug Dev. Res108-122.
tentacle morptheneSls’ |mplles that in contrast to fOO{%ouglas, S. A. and Ohlstein, E. H(1997). Signal transduction mechanisms

regener_ati0n1 ECE is i_r1V0|\(ed in events down$tream Ol mediating the vascular actions of endothelinvasc. Res34, 152-164.
the initial morphogenetic signals occurring during headrield, K. G., Olsen, G. J., Lane, D. J., Giovannoni, S. J., Ghiselin, M. T.,

regeneration. The events are probably associated with specifiXaff, E. C., Pace, N. R. and Raff, R. A(1988). Molecular phylogeny of
@e animal kingdomScience239, 748-753.

?S.PeCtS of Fentade development that occur SUbSEquent to managan, W. M., Kothavale, A. and Wagner, R. W.(1996). Effects of

initial eruption O_f the tentaCIeS: oligonucleotide length, mismatches and mRNA levels on C-5 propyne-
The early divergence of important receptor systems, modified antisense potendyucleic Acids Re4, 2936-2941.

signaling molecules, and crucial metalloproteinases is ndiwler, S. . Jose, S., Zhang, X., Deutzmann, R., Sarras, M. P. Jr and Boot-

unigue to components of the endothelin-like system in hydra. Handford, R. (2000). Characterization of Hydra type IV collagen: Type IV

For example, other studies have shown the presence in hydr%gg?}ggggssﬁsee{g'g:lﬁgz:ﬁ Jfggﬁ:rﬁé';’g ggggg_gggg%ss'o” Is up-regulated

of an insulin-like receptor (Steele et al., 1996); ligands angaychat, D., Mazet, F., Bemey, C., Schummer, M., Kreger, S., Pawlowski,
receptor systems of the Wnt pathway (Hobmayer et al., 2000;J. and Galliot, B. (2000). Evolution of Antp-class genes and differential
Minobe et al., 2000); homeobox genes (Gauchat et al., 2000);expressio_n of Hydra Hox/paraHox genes in anterior patterRing. Natl.
various ECM components, such as laminin (Sarras et al,,Acad. Sci. USA7, 4493-4498.

|
. rens, A., Mason, E., Marsh, J. L. and Bode, H. R(1995). Evolutionary
1994)' fibrillar collagen (Duetzmann’ etal., 2000) and COIIageg conservation of a cell fate specification gene: the Hydra achaete-scute

type IV (Fowler et al., 2000); matrix metalloproteinases homolog has proneural activity in Drosophizevelopment 21, 4027-4035.
(Leontovich et al., 2000); and astacin class metalloproteinaseasegawa, K and Kobayashi, H(1991) Immunohistochemical localization
(Kumpfmuller et al., 1999; Yan et al., 1995; Yan et al., 2000a; of endothelin-1 in the nervous system of the earthworm Eisenia fo8tda.

i Comp. Endocrinol81, 433-441
Yan et al., 2000b). Together, these findings suggest that th aynes, J. F., Burnett, A. L. and Davis, LE.(1968) Histological and

endothelin system Is _W'de'y used b_y a_ bro_ad spectrum o ultrastructural study of the muscular and nervous systems of Riydgap.

metazoans; they also indicate that this signaling system aroseool. 167, 253-294.

early in evolution even before divergence of protostomes ardbbmayer, B., Rentzxch, F., Kuhn, K., Happel, C. M., Cramer von Laue,

deuterostomes. C., Snyder, P., Rothbacher, U. and Holstein, T. W2000). WNT signaling
molecules act in axis formation in the diplobastic metazoan Hixtrare

. . . . . 407, 186-189.
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