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Abstract Differentiation of body column epithelial cellsin-
to tentacle epithelia cells in Hydra is accompanied by
changes in both cell shape and cell-cell contact. The mole-
cular mechanism by which epithelia cells acquire tentacle
cell characteristics is unknown. Here we report that expres-
sion of a Hydra homologue of the mammalian 1QGAPL
protein is strongly upregulated during tentacle formation.
Like mammalian IQGAP, Hydra IQGAPL contains an N-
termina calponin-homology domain, 1Q repeats and a con-
served C terminus. In adult polyps a high level of Hydra
IQGAPL mRNA is detected at the basis of tentacles. Con-
sistent with a role in tentacle formation, IQGAPL expres-
sion is activated during head regeneration and budding at a
time when tentacles are emerging. The observations support
the previous hypothesis that IQGAP proteins are involved
in cytoskeletal aswell as cell-cell contact rearrangements.

Key words Cnidaria - IQGAP - Hydra - Cytoskeleton -
Regeneration

Introduction

In the freshwater polyp Hydra, cells proliferate continu-
ously and are continuously displaced towards head and
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foot region (Bosch, 1998). Position-dependent signals
control the differentiation behavior of the cells. When epi-
thelio-muscular cells are displaced towards the upper gas-
tric region they immediately change their gene expression
profile (Endl et a. 1999) and form multicellular complex-
es of nerve cells and nematocytes associated with the epi-
thelia cells (Hobmayer et al. 1990). The differentiation of
body column epithelial cellsinto tentacle epithelial cellsis
accompanied by drastic changes both in cell shape and ad-
hesive contacts. The molecular mechanisms controlling
this differentiation behavior are not understood.

IQGAP proteins are widely expressed modular proteins
composed of various domains that bind multiple pro-
teins and might be involved in severa biological pro-
cesses. The N-terminal region of IQGAP contains a cal-
ponin homology (CH) domain usually found in proteins
that bind F-actin. Next to it, adomain named |IQGAP re-
peats (IR) contains six copies of a unique amino acid
consensus motif. To date, the IR domain is found only
in this protein family. The function of the IR domain is
unknown. C-terminal to the IR domain there is a WW
domain as well as four 1Q motifs which are implicated
in binding calmodulin (Weissbach et al. 1994). The
GAP related domain (GRD) of IQGAP is unable to
stimulate GTPase activity and does not bind to Ras. In-
stead, IQGAP binds the Rho family members Cdc42
and Racl which have been implicated in reorganization
of the actin cytoskeleton and diverse cellular functions
including cell shape, cell motility and cytokinesis (Ku-
roda et al. 1996). The domain structure makes IQGAPs
excellent candidates as signaling scaffolds and regula-
tors of the cytoskeleton. After IQGAPs were described
in mammals, several members of the IQGAP family
were reported in simple organisms such as slime molds
(reviewed in Chisholm 1997) and yeast (Epp and Chant
1997; Osman and Cerione 1998). In searching for a
function for IQGAP proteins in multicellular organisms,
IQGAPL was recently found to play a crucia role in
controlling cadherin-mediated cell-cell adhesion (Ku-
roda et al. 1998). In mammalian cells, IQGAP1 appears
to induce the dissociation of a-catenin from the E-cad-



herin cell-adhesion complex by competing with a-cat-
enin’s binding to B-catenin; this results in the loss of
E-cadherin-mediated cell adhesion.

Since tentacle formation in the basal metazoa Hydra
involves both modulation of adhesive contacts and ex-
tensive changes in cell shape, we investigated whether
|QGAP-like proteins are associated with the transition of
gastric epithelial cells into tentacle epithelia cells. Sup-
porting the idea that the function of IQGAP proteins in
metazoa is to control cell-cell and cytoskeletal rearrange-
ments, we report here that in Hydra IQGAPL is upregu-
lated during the transition of body column epithelial
cellsinto tentacle epithelial cells.

Materials and methods

Animals

Hydra vulgaris were cultured according to standard procedures at
18°C.

Cloning the Hydra IQGAP cDNA

Coincidentally, a clone isolated in a differential display PCR
screening approach contained a | QGAP-like sequence. On the basis
of this sequence homology, a 126 bp cDNA fragment was isolated
by PCR from H. vulgaris using primers HY GAP5 (5-CAG CTG
AAG AAA TCA ATG CTA TGA-3') and HYGAP3 (5-CAG ATG
TAG TGC AGC ATC ATT-3). For isolation of a full-length cDNA
clone, 2x10° plaques of an H. vulgaris cDNA library (gift from
Hans Bode, UC Irvine, USA) were screened with the PCR frag-
ment. Ten positive clones were detected and isolated. Restriction
maps and initial sequence analysis indicated that all ten clones
were derived from the same gene. Although the largest clone con-
tained an insert of about 4.5 kb with three of the five characteristic
IQGAP domains, none of the clones contained the 5'- and the 3'-lo-
cated calponin homology (CH) and GAP related (GRD) domains.
Rescreening the library using 5'- and 3'-specific cDNA clones as
probes resulted in isolation of a nearly full-length clone containing
the five IQGAP-specific domains. Sequence comparison to IQGAP
related genes indicated that about 600 bp at the 3' end were miss-
ing. All attempts to obtain this sequence by inverse PCR, 3' RACE
techniques and by screening agenomic library have so far failed.

Molecular biological procedures and expression analysis

Molecular biological procedures were done according to standard
protocols and as described previously (Endl et a. 1999;
Kumpfmller et a. 1999). The nucleotide sequences were used to
perform BLAST homology searches as described by Altschul et
al. (1997). The expression pattern of the Hydra IQGAPL gene in
whole animals was determined using the whole-mount in situ hy-
bridization procedure described previously (Endl et a. 1999;
Kumpfmdller et al. 1999). Additionally, Northern blot analysis
was used to compare the expression of the IQGAP1 gene at differ-
ent time-points during head regeneration. Total RNA was isolated
using the mRNA extraction kit from Pharmacia Biotech, fraction-
ated on a 1.0% agarose / formaldehyde gel and transferred to a ny-
lon membrane. Filters were hybridized at 50°C as described previ-
ously (Kumpfmiiller et al. 1999).

Orthology assignments

Amino acid sequences corresponding to the deduced IQGAPL
fragment from H. vulgaris were aligned to domains of other Ras-

459

GAP related proteins using the CLUSTAL W Multiple Sequence
Alignment Program version 1.7 (Thompson et al 1994) available
at the internet site of the Baylor College of Medicine
(http://dot.imgen.bcm.tme.edu:9331/multi-align / Options / clus-
talw.html). Phylogenetic analysis was performed using the TREE-
CON for Windows (version 1.1) program (Van de Peer and De
Wachter 1994). Branch lengths correspond to the number of amino
acid substitutions per site.

Results and discussion
Isolation and structure of Hydra IQGAP1

In a PCR-based differential screening (DD-PCR) ap-
proach designed to search for transcripts that are differ-
entially expressed in polyps undergoing sexual reproduc-
tion, one of the non-differential PCR fragments cloned
showed high sequence similarity to the recently reported
human IQGAPL gene. Cloning of the corresponding full-
length cDNA was carried out in two steps. First, using
sequence-specific primers against the coincidentally iso-
lated PCR fragment, we isolated a short 126 bp cDNA
fragment from H. vulgaris by PCR. This cDNA clone
was then used to screen a H. vulgaris cDNA library (see
Materials and methods). The largest cDNA clone ob-
tained (deposited as GenBank accession number
AF139186) contained a 4447 bp insert with an open
reading frame (ORF) which is 1448 residues long. Since
this cDNA clone contains all five domains which are
characteristic for the IQGAP family of proteins, it was
designated Hydra |IQGAPL.

Alignment of the sequences of the Hydra 1IQGAPL
and the mammalian 1QGAP proteins shows about 50%
sequence identity at the amino acid level over the entire
length of the protein chain (Fig. 1A), revealing a high
degree of conservation through the 400 million years of
evolution that separates Hydra and man. Similar to the
mammalian IQGAP, the N-terminal region of the Hydra
IQGAPL protein contains a cal ponin homology (CH) do-
main followed by six unique repeats (IR) and a WW do-
main (Fig. 1A—C). At the C-termina end of the protein
there is a 234 amino-acid long GAP related domain do-
main (GRD) that is also present in Dictyostelium GAPA
protein but absent in yeast IQG1. A phylogenetic tree
based on the highly conserved GRD domain emphasizes
the close relationship between Hydra IQGAPL and its
human homologues (Fig. 1F). The multidomain structure
of Hydra IQGAPL indicates that this protein is well suit-
ed for interaction with cytoplasmic targets and regulation
of actin-dependent morphological changes.

In proteins from unicellular eukaryotes, several of the
characteristic IQGAP features can be found. For exam-
ple, the Saccharomyces cerevisiae |QG1 contains a cal-
ponin homology domain as well as the |Q repeats but
lacks the GRD motif (Fig. 1A). Dictyostelium discoi-
deum GAPA protein, in contrast, lacks the CH and IR
motif but contains a GRD domain very similar to the
corresponding motif in human IQGAPL. In contrast, the
IQGAPL protein described here in the basal metazoan
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IQGAP2 (Human) 594-VSSDGSWLKLNLHKKYDYYYNTDSKESSWVTPESCFYK-631
DYSTROPHIN (Human) 3055-TSVQGPWERAISPNKVPYYINHETQTTCWDHPKMTELY~3092
C38D4.5(C.elegans) 96-RDLLNGWFEYETDVGRTFFFNKETGKSQWIPPRFIRTP-133

W YY W

E

L G D I L

IR repeats 1Q motifs
Hydra IQGAP1 Hydra IQGAP1
1 202-ALHAATTAINEALETNNPAETMKALQNPDARLSDLTTSLSPDYHSILYESKKQKLAQYE-260 1 731-NEPSAVKIQAAFRGYKAKKEYRERKNFVQK-760
2 289-NLKNCIEEINRAIDQGTRGALFNQQSSPMATLRFKKLENSAWYLONLGDEKTNKAKREG-347 2 761-QLPAIVKIQATWKSYQAKKAYQDRLAQLHS-790
3 374-NMEGAVIQINRLLDKGSPEELMVWLORPEGLLPVVDKSRPNLYMDNLKKLKHEKQSDLT-432 3 791-NEDAVIKTQATARMFLAKKKYNDRLKYFKD-820
4 441-KLLLAVSAVNQAIDMNNENKLVSTLENPDARLNGVDESLVSRYLSHFVAVKKEKRDEVG-499 4 B821-HIKEVVQIQSFLRANLAHHDYKMLSKPQPP-B850
5 526~DLLAALSKINEATSNANPHITLKALELPTAKLTNVRPKNAELYTIILKQAKLEKIQHSG-584 v o IQ R K Y R
6 611-RLANGIINVNEAIDNADSADLLLALKSKSIALRSITPECTEQYHTELKFAKGQKNDSSW-669
L A IN L P L Y L K K
Human IQGAP1 Human IQGAP1
1 216-ALHAAVIAINEAIDRRIPADTFAALKNPNAMLVNLEEPLASTYQDILYQAKQDKMTNAK-274 1 745-NEGLITRLQARCRGYLVRQEFRSRMNFLKK-774
2 304-NTFSALANIDLALEQGDALALFRALQSPALGLRGLOQQNSDWYLKQLLSDKQQKRQSGQ-362 2 775-QIPAITCIQSQWRGYKQKKAYQDRLAYLRS-805
3 387-RRLAAVALINAAIQKGVAEKTVLELMNPEAQLPQVYPFAADLYQKELATLQRQSPEHNL-445 3 805-HKDEVVKIQSLARMHQARKRYRDRLQYFRD-834
4 455-EMLSSVALINRALESGDVNTVWKQLSS SVIGLTNIEEENCQRYLDELMKLKAQAHAENN-513 4 835-HINDIIKIQAFIRANKARDDYKTLINAEDP-864
5 537-ERILAIGLINEALKEGDAQKTLQALQIPAAKLEGVLAEVAQHYQDTLIRAKREKAQEIQ-595 I 1IQ R R Y R
6 622-KFALGIFAINEAVESGDVGKTLSALRSPDVGLYGVIPECGET YHSDLAEAKKKKLAVGD-680
L A IN L P L Y L K K
GRD domain l GAP-24 (Caenorhabditis elegans) —]
GAP-2-2 (Caenorhabditis elegans)
_1——_—RASAL1 {Homo sapiens)
KIAA0538 (Homo sapiens) RasGAPs
NF-1 (Drosophila melanogaster)
—{__[_ NF-1 (Fugu rubripes)
NF-1 (Mus musculus)
SAR1 (Schisosaccharomyces pombe) ]
GAPA (Dictyostelium discoideum)
l RasGAP1 (Dictyostelium discoideumn)
Distance 0.1 IQGAP1 (Hydra vuigaris) IQGAP-
U related
IQGAP2 (+Homo sapiens)
IQGAP1 (Homo sapiens) -
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Fig. 2A—G Expression pattern
of HydralQGAPL in Hydra
vulgaris. A digoxigenin-labeled
RNA probe corresponding to
the IQGAPL coding region was
used as the probe for the in situ
hybridization experiments.

A Whole-mount in situ hybrid-
ization revealsthat IQGAPL is
expressed in adult polypsin a
small group of endodermal
cells at the base of tentacles. In
young buds (arrow) IQGAPL is
expressed in endodermal cells
at the apical tip of the protrud-
ing tissue. Inset Sense control.
B Outline of experimental pro-
cedure to examine IQGAPL ex-
pression during head forma-
tion. C Confirmation of upreg-
ulation of IQGAPL expression
during tentacle formation by
Northern blot analysis using

H. vulgaris mRNA extracted at
various times after decapita-
tion. A Hydra actin probe was
used as aloading control.

D-G IQGAPL expression at 7,
16, 48 and 96 h of head regen-

AT 1QGAP1
expression?

C

IQGAP1

eration, respectively

Hydra contains all the multidomain features known from
mammalian 1QGAP and, therefore, may have evolved
from a combination of two or more protein modules al-
ready present in ancestral protist cells.

Expression of Hydra IQGAP1 during budding
and head regeneration

Expression of Hydra IQGAPL was examined by in situ
hybridization on whole mounts of H. vulgaris. As shown
in Fig. 2A, in intact polyps Hydra IQGAPL transcripts

Fig. 1 A Domain structure of IQGAP-related proteins. B Se-
quence of the calponin homology domain (CH) of Hydra IQGAP1
is compared with CH domains found in human IQGAP1 and 1Q-
GAP2 as well asin IQG1p, a yeast homologue of the mammalian
IQGAPs. C Sequence of the WW domain of Hydra IQGAPL is
compared with WW domains found in human IQGAP1 and 1Q-
GAP2, Dystrophin, and C. elegans C38D4.5. D Sequence align-
ment of the IQGAP repeats of Hydra IQGAP1 compared with 1Q-
GAP repeats found in human IQGAPL. E Sequence alignment of
the 1Q motifs of Hydra IQGAP1 compared with |Q motif found in
human IQGAPL. F Phylogenetic analysis of the GRD domain in
IQGAP related proteins. The TREECON program was used to re-
construct the phylogenetic tree of CLUSTAL aligned protein se-
quences comprising the entire GRD domain. See Materials and
methods for detail.

are restricted to the base of the tentacles. No expression
can be seen in body column tissue nor in hypostome or
mature tentacles. No staining was observed on whole
mounts using an IQGAPL sense probe (Fig. 2A, insert).
To gain information about the putative role of this gene
during patterning processes, |IQGAPL expression was
studied as the head developed during budding and regen-
eration. During budding, IQGAP1 transcripts are first
observed in asmall area of the endoderm at the apical tip
(arrow in Fig. 2A). In the final stages of budding (right
bud in polyp shown in Fig. 2A), the level of IQGAP ex-
pression is high at the base of the tentacles, similar to the
adult polyp. To examine more directly the role of 1Q-
GAP in tentacle formation, we examined the IQGAP1
expression level during head regeneration. Animals were
bisected just below the head and allowed to regenerate.
Periodically thereafter, samples were analyzed by both
whole-mount in situ hybridization and Northern blot
analysis (Fig. 2D-G). IQGAPL expression is first detect-
able 4-7 h after decapitation in the endoderm of the api-
cal tip of the regenerate (Fig. 2D). By 16 h, IQGAPL ex-
pression is exclusively localized to the endoderm of the
base of the regenerating tentacle (Fig. 2E) and remains
there during later stages of tentacle formation (Fig. 2F,
G). Thus, both the extensive cellular rearrangements at
the apical tip during the first hours of head formation
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Fig. 3A-D Expression pattern of IQGAPL in H. vulgaris during
foot formation. A Outline of experimental procedure. B In tissue
undergoing foot regeneration for 7 h, whole-mount in situ hybrid-
ization reveals only weak IQGAPL expression (arrow) in a small
group of endodermal cells. C Sense control. D No IQGAPL ex-
pression can be detected by whole-mount in situ hybridization in
mature foot tissue

(Bosch 1998), as well as the transformation of gastric
epithelial cellsinto tentacle epithelial cells, are accompa-
nied by an increase in IQGAPL transcripts. This tempo-
rally and spatially restricted expression pattern was con-
firmed by Northern blot analysis. Fig. 2C indicates that a
high level of IQGAPL transcripts is detectable in regen-
erating polyps at 4 and 8 h after decapitation. Due to the
localized expression in only a few endodermal cells at
the base of the tentacle (see Fig. 2D-G), the IQGAP1
transcript level in Northern blots (Fig. 2C) appears to be
decreased in older regenerates. To confirm that activa-
tion of transcription of IQGAP1 is specifically linked to
tentacle formation, its expression was also examined
during foot formation by whole-mount in situ hybridiza-
tion. Fig. 3 indicates that only aweak signal could be ob-
served during the first 7 h of foot regeneration (Fig. 3B),
with no transcripts detectable in fully differentiated foot
tissue (Fig. 3D). The results suggest that Hydra IQGAP1
is involved in tentacle morphogenesis, possibly control-
ling transdifferentiation of body column epithelial cells
into tentacle epithelial cells.

The precise mechanism and the nature of the transcrip-
tion factors controlling the temporally and spatialy re-
stricted expression pattern of IQGAPL in endodermal cells
of the regenerating apica tip remains to be determined.
For two reasons, however, it is tempting to speculate that
the Brachyury related transcription factor HyBral is in-
volved. HyBral is expressed at high levels both in the
same tissue region and at roughly the same time as 1Q-
GAP1 during apica regeneration in endoderma cells
(Technau and Bode 1999). HyBral expression seems to
slightly precede expression of IQGAP1 with the first tran-
scripts detectable 3 h after decapitation and a maximum
transcript level a 46 h. If HyBral functions as a tran-
scriptional activator of IQGAPL, control of head-specific
IQGAPL expression would be totaly different from con-
trol of expression of the head-specific gene ksl, which
was shown recently to be regulated by absence of inhibi-
tory factorsrather than by activators (Endl et al. 1999).

Before body column epithelial cells differentiate into
tentacle epithelial cells, they must modulate their adhe-
sive contacts to neighboring cells as well as to the under-

AT ocar |oed 4

lying substrate. Is activation of transcription of IQGAP1
involved in these changes? Although much remains to be
done to understand the activation of localized IQGAP1
expression during tentacle cell formation, an interesting
observation has been made recently by linking the WNT-
mediated signalling pathway to head regeneration pro-
cesses in Hydra. After cloning of several components of
the pathway in Hydra (Hobmayer et al. 1996), it has
been reported that WNT, (-catenin (as a magor compo-
nent of the E-cadherin adhesion complex), and transcrip-
tion factor TCF (which mediates signalling by WNT pro-
teins), are al rapidly activated during apical regeneration
(Rentzsch, Hobmayer and Holstein, pers. comm.). This
raises the intriguing possibility that IQGAPL is a target
gene for TCF and that changes in cell-cell adhesion
modulate expression of IQGAPL and thus cell fate.

In sum, the observation that a complete IQGAP-en-
coding gene, with al the multidomain features known
from mammalian IQGARP, is first detected in the basal
eumetazoan Hydra and activated in tissue undergoing
extensive cellular rearrangement, supports the hypothesis
that IQGAP family members are not only regulators of
the cytoskeleton but also play a major role in changes in
cell-cell contact in multicellular organisms.

Acknowledgements This work was supported by grants from the
Deutsche Forschungsgemeinschaft to T.C.G.B., the Volkswagen-
stiftung to T.C.G.B. and L.M.S,, the BMBF to T.C.G.B. and
CONACYT (4386 M and 26289 N) to L.M.S. C. R. was supported
by a scholarship from CONACYT. SK. was supported by a stu-
dent fellowship from the Daimler-Benz foundation. We thank Dr.
Samuel Zinker from the Genetics Department at the CINVESTAV
for discussion, Martha Mercado, Irma Vargas and Guadalupe
Aguilar for technical assistence, Andreas Bolzer and Michael
Boelker for initial support in identifying Hydra IQGAPL, and Jan
Lohmann for critical reading of the manuscript.

References

Altschul SF, Madden TL, Schéffer AA, Zhang J, Zhang Z, Miller
W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: anew
generation of protein database search programs. Nucleic Acids
Res 25:3389-3402

Bosch TCG (1998) Hydra. In: Ferretti P, Géraudie J (eds) Cellular
and molecular basis of regeneration: from invertebrates to hu-
mans. Wiley, Sussex, pp 111-134

Chisholm RL (1997) A regulatory role for Ras-related proteins?
Curr Biol 7:R648-R650

Endl I, Lohmann J, Bosch TCG (1999) Head -specific gene ex-
pression in Hydra: complexity of DNA/protein interactions at
the promoter of ksl is inversely correlated to the head activa-
tion potential. Proc Natl Acad Sci USA 96:1445-1450



Epp A, Chant J (1997) An IQGAP-related protein controls actin
ring formation and cytokinesisin yeast. Curr Biol 7:921-929

Hobmayer B, Holstein TW, David CN (1990) Tentacle morpho-
genesisin hydra: 1. Formation of a complex between a senso-
ry nerve cell and a battery cell. Development 109:897—904

Hobmayer E, Hatta M, Fisher R, Fujisawa T, Holstein TW, Sugiy-
ama T (1996) Identification of a Hydra homologue of the (3-
catenin/plakoglobin/armadillo gene family. Gene 172:155-159

Kumpfmiller G, Rybakine V, Takahashi T, Fujisawa T, Bosch
TCG (1999) Identification of an astacin matrix metalloprote-
ase as target gene for Hydra foot activator peptides. Dev
Genes Evol 209:601-607

Kuroda S, Fukata M, Kobayashi K, Nakafuku M, Nomura N,
lwamatsu A, Kaibuchi K (1996) Identification of IQGAP as a
putative target for the small GTPases, Cdc42 and Racl. J Biol
Chem 271:23363-23367

Kuroda S, Fukata M, Nakagawa M, Fujii K, Nakamura T, Ookubo
T, Izawal, Nagase T, Nomura N, Tani H, Shoji |, Matsuura Y,
Yonehara S, Kaibuchi K (1998) Role of IQGAPL, a target of

463

the small GTPases Cdc42 and Racl, in regulation of E-cad-
herin mediated cell-cell adhesion. Science 281:832—835

Osman MA, Cerione RA (1998) 1qglp, a yeast homologue of the
mammalian |QGAPs, mediates cdc42p effects on the actin cy-
toskeleton. J Cell Biol 142:443-455

Technau U, Bode HR (1999) HyBral, a Brachyury homologue, acts
during head formation in Hydra. Development 126:999-1010

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: im-
proving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, positions-specific gap penal-
ties and weight matrix choice. Nucleic Acids Res 22:4673-4680

Van de Peer Y, De Wachter R (1994) TREECON for Windows: a
software package for the construction and drawing of evolu-
tionary trees for the Microsoft Windows environment. Comput
Appl Biosci 10:569-570

Weissbach L, Settleman J, Kaladay M, Snjiders A, Murthy A, Yan
Y, Bernards A (1994) Identification of a human RasGAP-relat-
ed protein containing calmodulin-binding motifs. J Biol Chem
269:20517-20521



