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Endol6 encodes a developmentally regulated protein re-
stricted to cells participating in the formation of the arch-
enteren during sea urchin gastrulation and to the stomach
of the pluteus. The 4630-nt coding region of the Endo16 gene
has been sequenced from overlapping ¢DNAs. Sequence
analysis revealed that Endol6 is a large multidomain pro-
tein starting with a putative signal sequence at its amino
terminus which is followed by a cysteine-rich region, two
potential heparin-binding regions, an acidic domain of 5
clustered repeats, an RGD cell binding motif, and a group
of 12 additional acidie repeats. Immunolocalization by con-
focal and electron microscopy demonstrate that the Endol6
protein is in the extracellular matrix and associated with
the surface of endodermal cells in the mid and hindgut of
the archenteron. The two distinct acidic repeat regions are
similar 10 known calcium-binding segquences. A recombi-
nant Endol6é protein containing both putative calcium-
binding repeat regions has been shown to bind radioactive
calcium. Tryptic digests of gastrula stage protein extracts
in the presence and the absence of calcium have established
that calcium stabilizes FEndol6 protein against proteolytic

degradation. 1994 Academic Press, [ne.

INTRODUCTION

In the sea urchin, gastrulation is initiated at the veg-
etal pole by ingression of the skeletogenic primary mes-
enchyme cells into the blastocoel. Then cells in the veg-
etal region of the hollow blastula elongate, producing a
flattened vegetal plate. The vegetal plate invaginates in
three distinet phases forming the archenteron, which
extends across the blastoeoel and subsequently differ-
entiates into the foregut, midgut, and hindgut. This pro-
gression from a flattened sheet of cells to a short rudi-
mentary invagination that subsequently elongates into
a tube and differentiates into the digestive tract is ae-
companied by major cell rearrangements and numerous
cell-cell and cell-matrix interactions. The morphologi-
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cal changes and the behavioral activities of cells during
gea urchin gastrulation have been carefully documented
(reviewed: Ettensohn and Ingersoll, 1992; McClay et al,
1992), yet very little is known about the molecules which
orchestrate this process.

It is clear from other systems that changes in cell rec-
ognition and adhesive interactions between cells and be-
tween cells and the extracellular matrix (ECM) induce
changes in gene expression and eell differentiation,
thereby regulating morphogenesis (reviewed: Juliano
and Haskill, 1993; Adams and Watt, 1993). Since sea ur-
chin gastrulation is arrested by various inhibitors of
ECM synthesis or assembly (Karp and Solursh, 1974,
Heifetz and Lennarz, 1979; McCarthy et al., 1987; Butler
et al., 1987; Wessel and MeClay, 1987; Benson et al., 1991),
it follows that molecules regulating cell-cell and cell-
matrix adhesive interactions are likely to be instrumen-
tal in sea urchin gastrulation, an idea originally pro-
posed by Gustafson and Wolpert in 1967.

In a previous report we described the initial isolation
and characterization of a ¢cDNA coding for a gene desig-
nated Endol8, since its expression is specific to the en-
dodermal cell lineage (Nocente-McGrath ef al., 1989). Se-
quence analysis of the original ¢cDNA clone, represent-
ing less than 20% of the entire coding region of the most
abundant Endol6 mRNA, revealed the presence of an
RGD tripeptide, demonstrated to be a eell binding site
in many extracellular proteins (reviewed: D'Souza et al.,
1991). In situ hybridization to sectioned and whole
mount embryos and indirect immunofluorescence con-
firmed that Endol6 has a spatial and temporal pattern
of expression that are consistent with a role in gastrula-
tion (Nocente-McGrath et al, 1989; Ransick et al, 1993).
Therefore, we proposed that the protein product of the
Endol6 gene may play arole in cell adhesion during gas-
trulation in the sea urchin embryo (Nocente-McGrath et
al., 1989).

In this study, we report the sequence of overlapping
¢DNASs coding for the 1560 amino acid coding region of
the major Endol6 transcript. Analysis of the sequence

0012-1606/94 $6.00
Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.



T4 DEVELOPMENTAL BIOLOGY

revealed several discrete structural domains and sug-
gests that Endol6 is a large, potentially post-transla-
tionally modified protein with several functional do-
mains. In addition, we have used confocal microscopy
and immunogold electron microscopy and have localized
Endol6 to the surface of endodermal cells and to the
ECM. Sequence analysis predicts that Endol6 is a
calcium-binding protein and experiments presented
here confirm this prediction.

MATERIALS AND METHODS
Animals

Adult Strongylocentrotus purpuraius were purchased
from Marinus, Inc. (Long Beach, CA). Spawning, fertil-
ization, and culturing of embryos were as previously de-
scribed (Smith et al, 1974), with the modification that
embryos were cultured at 14°C,

Microseopy

Confocal, Gastrula stage (36-38 hr) embryos were set-
tled onto polysine-coated slides, fixed in ice-cold 90%
methanol, and rehydrated through a graded methanol
series to phosphate-buffered saline (PBS). Embryos
were incubated in a 1:100 dilution of affinity-purified
anti-Endol6 antibody in 3% bovine serum albumin in
PBS, followed by incubation with a 1:100 dilution of flu-
orescein-conjugated goat anti-rabbit antisera, as pre-
viously described (Nocente-McGrath ef al, 1991).
Stained slides were mounted in FITC-Guard mounting
medium (Testog, Ine.). Optical sections were viewed
with a Bio-Rad confoeal laser scanning microscope at
the Integrated Microscopy Resource for Biomedical Re-
search at the University of Wisconsin with the assis-
tance of Dr. Stephan Paddock.

Electron microscopy. Late gastrula stage embryos (48
hr) were prepared by freeze substitution following the
methods desceribed by Campbell and Crawford (1991).
Propylene glyeol (156%) in filtered seawater was used as
a cryoprotectant and after dehydration embryos were
embedded in LR White resin. Sections were incubated
overnight with anti-Endol6, diluted 1/100, rinsed, and
incubated with GAR-gold (5 nm), rinsed, and contrasted
with urany! acetate and lead citrate. Controls were sim-
ilar sections treated with normal rabbit serum. Grain
counts were carried out for randomly selected regions of
the cytoplasm of endodermal and ectodermal cells,

Sequencing

c¢DNA library screen. A gastrula stage Agtll cDNA li-
brary enriched for endodermal and mesodermal se-
quences (gift of Drs. N. George and F. Wilt) was used
as a source of all eDNAs. Random-primed probes were
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derived from a previously characterized clone, pCNM4
(Nocente-McGrath et al, 1989), or from appropriate
cDNA fragments obtained during subsequent library
screenings. Positives were plaque purified, amplified,
and phage DNA was isolated using standard molecular
biology protocols (Sambrook et al, 1939). ¢cDNA frag-
ments were excised from Agtll DNA by EcoRI digestion
and subcloned into the EcoRI site of pGEM 7zf(+)
phagemid (Promega).

Sequencing methods. For each ecDNA clone, nested de-
letion subclones were generated with Exonuclease I11,
using the Erase-a-base system (Promega). Both single-
stranded and double-stranded DNA templates were
used in dideoxy chain-termination reactions using a
Sequenase kit (United States Biochemical). Both DNA
strands were sequenced, except for regions where the
sense strands of at least two overlapping, independent
¢DNA clones had identical sequences. To clarify any se-
quence ambiguities high-temperature sequencing of
single-stranded DNA templates was done using Tag
polymerase and modified deaza nucleotides provided in
the Tag-traq sequencing system (Promega).

Sequence analysis. Nucleie acid and protein data
banks (Genetics Computing Group/University of Wis-
consin} were searched against Endol6 using programs
WORDSEARCH and FASTA. Any matches found were
checked by alignment using SEGMENTS program to de-
termine the validity of the match. The DNA Strider
software {Marck, 1988) was used in analyses of nucleo-
tide-derived amino acid sequences.

Tryptic Digestion in the Presence of Divalent Cations or
EGTA

Tryptie digestion of embryonic protein extraets in-
cluding Endol6 were modeled on the procedure of Hyafil
et al (1981). Pelleted gastrula stage embryos were resus-
pended by gentle vortexing in 3-4 vol of NP-40 buffer
(1% NP-40, 100 mM Tris, pH 7.4, 150 mM NaCl, 3 mM
EDTA) with the protease inhibitors pepstatin (1 ug/ml)
and TPCK (100 ug/ml). Proteins were extracted on ice
for 30 min. Protein concentration was estimated by the
BCA method (Smith et al, 1985) using bovin serum al-
bumin as a standard (MicroBCA Protein Assay kit,
Pierce). Protein extracts were transferred into tubes to
which CaCl,, MgCly, MnCl,, or EGTA was added to a
final concentration of 5 mM. After 10 min incubation in
the presence of a divalent cation or EGTA, 50-ug sam-
ples of total embryonic protein were pipetted into tubes
and from 0 to 12.5 pg of trypsin {from GIBCO, stock
made to 5 mg/ml in 50 mM Tris, pH 8.8, 10 mM CaCl,)
was added to each sample. Trypsin-treated and control
samples (no trypsin added) were incubated on ice for 1
hr. Limited tryptic digests were terminated by addition
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of an equal volume of 2X Laemmli sample buffer (100
mM Tris-Cl, pH 6.8, 4% SDS, 20% glycerol, 0.002% bro-
mophenol blue) with 0.1 M dithiothreitol and trypsin in-
hibitors and were boiled for 2-3 min. Samples were spun
in a microcentrifuge to pellet nonsolubilized materials
and loaded onto a SDS-polyacrylamide gel. As a control,
purified serum albumin was digested in the presence of
caleium or EGTA. Serum albumin was added to NP-40
buflfer and pipetted inte two tubes to which either CaCl,
or EGTA was added to final a coneentration of 5 mM.
Samples containing 25 pug of serum albumin each were
pipetted into tubes, to which 0 to 50 ug of trypsin was
added. Limited tryptic digestion was earried out and
then terminated as described for the embryonic protein
extracts. Following SDS-polyacrylamide gel electro-
phoresis, the gel was stained with Coomassie brilliant
blue.

Electrophoresis and Western Blotting

Embryonie protein extracts and serum albumin sam-
ples were resolved in a diseentinuous gel system (Laem-
mli, 1970). The stacking gel contained 4% acrylamide
and 0.14% hisacrylamide and the resolving gel con-
tained either 12% acrylamide and 0.05% bisacrylamide
or 6.7% acrylamide and 0.25% bisacrylamide. Proteins
were transblotted onto a PVDF membrane (Millipore)
according to the method of Towbin et al (1979). PVDF
memhbranes were blocked in 5% dry milk in TBST (10
mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween-20),
and then incubated with polyclonal anti-Endol6 anti-
bodies (Nocente-McGrath et al, 1989) at 1:3000 dilution.
All incubations and washing steps were done with rea-
gents diluted in TBST. Immunodetection was carried
out with alkaline phosphatase-conjugated goat anti-
rabbit secondary antibodies (Promega). The alkaline
phosphatase color development with NBT (nitro blue
tetrazolium) and BCIP (5-bromo-4-chloro-3-indolyl-
phosphate) (Sigma) was carried out in 100 m3 Tris-
HCl, pH 9.5, 100 mM NaCl, 5 mM MgCl,.

Generation of the pET 5.1 + 13 Fusion Construct

The pET 5.1 + 13 expression construet was produced
from existing clones in the pET-His-Tag System from
Novagen (Klinzing and Ernst, unpublished). First a
3087-bp fragment of clone 5.1 was excised from the
pGEM TZ{(+) vector with EeoRI and Spel and the frag-
ment was blunt-ended and inserted into the blunt-ended
Hindlll site of the pET-20b vector from Novagen. Clon-
ing junctions were sequenced to check for the mainte-
nance of reading frames. A 1478-nt fragment of clone
13 was excised from the pGEM TZ{(+) vector by partial
digestion with Sspl and NsiI and isolated. This 1478-nt
fragment of clone 13 was inserted directly 5 of the 5.1
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fragment in the pET vector. This produced a construct
with 4565 bp of Endol6 linked 5, in proper reading
frame, to the pel B signal sequence of the veetor and 3’ to
the histidine-tag. The plasmid with Endol6 5.1 + 13 un-
der control of the T7 promoter was used to transform
Escherichia coli strain BL21 (DE3) from Novagen. A
control construct contained g-galactosidase in the pET
15b vector with no signal sequence under the control of
the T7 promoter and followed by the histidine-tag {(No-
vagen}. This construct was used to transform BL26
(DE3) eells which lack endogenous 8-galactosidase ex-
pression.

Production of Fusion Proteins

Bacterial cultures bearing fusion constructs were
grown at 37°C in 100 ml of LB media with 100 gg/ml
ampicillin, until the ODgg, was 0.4-0.6. The culture with
pET 5.1 + 13 was then transferred to a 25°C bath while
the pET 8-galactosidase eulture was kept at 37°C, and
both cultures were indueed with 0.4 mM isopropyl-3-D-
thiogalactopyranoside (IPTG). After 3 hr, bacteria were
pelleted and resuspended in 2 ml TE buffer, Because re-
combinant pET 5.1 + 13 protein was inscluble, bacteria
were lyzed with equal volumes of 2X Laemmli buffer
with 0.1 M DTT and protease inhibitors and boiled for 5
min, Bacterial DNA was sheered by passage through a
syringe needle and ingoluble components were pelleted
by centrifugation. Proteins were resolved by 8% SDS-
PAGE, and following brief staining with 4 M Na acetate
(Higgins and Dahmus, 1979), a gel slice containing the
pET 5.1 4+ 13 protein was excised from the gel and rinsed
in distilled H,O for 5-10 min. The fusion protein was
eluted by finely chopping the gel slice into pieces and
soaking the pieees in Tris NaCl buffer (50 mM Tris-HCI,
pH 6.5; 150 mM NaCl) with 0.1% SDS. The protein was
precipitated with 4 vol of acetone and dissolved in Tris
NaCl buffer with 0.1% SDS, The pETS-gal fusion pro-
tein was isolated using the His-Bind Purification Sys-
tem, according to the manufacturer’s specifications (No-
vagen). Protein concentrations were estimated by com-
parison to known amounts of purified BSA, on SDS-

polyacrylamide gels stained with Coomassie brilliant
blue.

“Calcium-Binding Assay

Equal amounts of the Endo16 fusion protein, pET 5.1
+ 13 and B-galactosidase and an equimolar amount of
calmodulin (Sigma) were prepared in Tris NaCl buffer.
The pET 5.1 + 13 and 3-galactosidase samples also con-
tained 0.1% SDS. Proteins were applied to a PVDF
membrane using a slot blot manifold. The pET 5.1 + 13
and §-galactosidase samples were washed several times
with Tris NaCl buffer. The membrane was incubated in
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GAGACGATGATGAGGTTAAATAT TTTGC I ST ICGLGATTT TCGCCCTOECGLGETCAATGCCCACAGAGT TGCAATGTCACATCGACGAGSCCCATACGAAT
4 M R L N I L L &% AV L AV AR S M P T EL Q D I D EAUHTNHN

GTTGGAACACCACGAGTAGTCGACGATGAC CTAACTCACTCATGATCTCCAACT TTGAGCTTTCACTCGACGAGGTCGACGAGGHCTTICTACCCGAGATT
vV 6T ® RV Y DDD S NSTLMISNVFELSTLTDEVSWVDETGTFTLZPETI

GAATATGCAGTCAGTCTCAARAGCAACAGC GACCTCTT TCAAGAGT TCATGGTCACTGCACACAACATCGATCCTCAT IGCGATCACGSAACGATGATTGAT
E ¥ A VvV 5 L K §$ N 8 D LF Q EF L V TAUBRBRUWNTIDTPH D HGTMTID

AAGTACGATATCGGAACGCCAGATGAAGACIGCCCTCATGTGATCAGACAGGCAATAGTTTCGGACATGCGCAGAATATCGTTCAGC T SGARGGCACCCGCA
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GGCATGAACAAGTCAGATGAAGAAGACGAGATGCAAGCGGTGGARGAGCAAGAGCTTTTGEGAAGAAGTGCCGTTCTATGACGACGAGCTCTATGGGARCATT
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GAACGACTATCCGAGGARGGARACTT TAGGGAARCCAT TCTACC TECAG TCATCAAGCAAT G TTE TCTEC TTCCAG TTCAACARCGCASAATG TG TCTGETG
E R L EE G NTF RGSTTILGPAVTIKE (:) L' L PV Q@ Q@ RRM L v

CGAGTCATCCCAGGTGAAGAAGATGATAT CCACAGGTTGGATACCTTCIGCTCCAAGAT TGCAGGAAACTTCTTCAACGGTCACCCCGTCTTAGCCGACGCA
R VvV 1 P G EED DI H R L D T F 5 K I A G NF F NG H P V L A D A

GAGGGCGTGCOACGATGC TG TEAGCTGACTAGCGATTCGGATCGTATCG T T CCCTGAGCGAGGAGAARACAATGCACTATGACCARATCTGCAGT T TGAGT
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GGGGCTAGCGTGAACAACACCATGGAAGAT CGT TTGCCCGETCGCARCTGTIGOAGCC TECAGGGTGATC TCAGG TACAAC TECA TGEAARAGAAGGCACTG

G A S ¥ NN TMETDT ARTLTEPEG R N (:)(:) 5 L g 6 D L R ¥ N (:) M £ K K A L
——

AGGGACAATCAAAAGAAACGTCTGGAGGACAGGCGCAACATGAGGCGCAAGGTGGARAAGG TGAAGCGTCT T IGCAACCCTG TTGACCAAACACCAGAAGGT

R E N CQ K KR L EE R R NMTZBRIRIEKVETZ KTV KR ETEE) N AV DOQTTGE®EG

CATAGGGACAGTGAGGATTACCAAACGTGC TCCATGE T TGACGACGTGEACGATCCAT TGCCGT G TT TCAGGGAAGTCGACAGEGACAAS TTTGATGGATTG

D RDSETUDTY QT (f)(:) M vV ED V D DAL A (:) F R EV ERTDONTETUDG L

GCAAGAAGCAAGCCTTCTACAGCAACCE T AAAARGGARACAGTTCATCCCTGCTGCAGAT TCCAGAG TGAAGAAAGGTATGAATGT T CTTGCTARRACGA
K K Q A F ¥ 38 N G K K E R V H ¢ R L E 8 E E R Y E (:) F L ¥V K &

TCGAACAACCAACAATCARGART T AAC TCAACAAGAGCACCAGTACCGAATAC TCAAGG TTCGAC TOGACCGACATTCATGCAGAGGT TATGTGCARAGCTT
S N ¥N Qo SR I NSTURAPU YVZENTO Q@GS STURZETTEMMG® GHRL (:) A K L

COAAAGGACGATGCGGATGACACACTCATCGC TIGTTGTCAGCAATCATCATTTCTCAAAAAGAAGAGAT GCATGGACAAGAGACAARATTATGCTTTGCCC
R K DD ADUDTTLTI A (:) Q Q 5§ 8 F L K K K R M D XK R ¢ N Y A L A

AAAATTIGCRAACGCCAGCARCGTAAGCGT TTCATACGCCATTGTTGAGGGAGAGAGT T TCARCGC TGCCAACARGAACT TTCATCCCGAGCACGAATGCTGT
K I N A S NV SV S ¥ A I VETGTET STFUNA AATZEKTIEKTENTLTH TB?ETHE (:)(:)
ATTCTGAACGARGACGAGCGEATETCCIGTATCAGARCAATGAGCAT T TCAATGTCCAAGC TTAGACGTCAGEAT TCATCTGAGAMGC GG TGCGTGTAGAR
I L N EEETRM S I R T MR I § M S KL RRGD S SETZKTPUVRUVE

GCTGCACGTGAGCAAARGGAACAGCGATGGS TCAAGGAGGAGGGCCGTCACGAATAAAGCCATTTGCGCTGCTO TEAGAGAAGACGTTGATATGATAGACGAG
A A R E Q K E Q RW V K EEGUZRQgQNIEKATI A AV R E DV DM I DE

CAGGTCGTCCGTIGCTSCCAMRACCACGGTGARAGTCGGCGGGAATGTCTAGCTGTTCTCCGTAGGAACCACTTTACCGCTATATGCAATACCGATCACTTS
g v ¥V R E N D G £ § R R E L AV L R RNUHUVF T ATI N T O D L

TTCCARATAGACATT TICAGTACCATT TISCSCACAGARGACCCAATCAATGACGARCATAGGTCTTGCATCAGACCGARC GCCGATATAAGAGCTGLGTLS
F Q I & I F s TT1IT LR TZETDU®PTINUDEMHR M R P N A DI R A A

CCTACAGTCCCCCACGTTATTGAAGACGGTGCAAGATATTCGAACAGAGCTCCTCGITGTTGCAGAGTTS

TTCTCTCGCATAGATCGCCAGGTCGCGATGITIGT
~ $ Y s p P VvV I EE VY QDI RTETULTILAVATETF

F &5 R I T R Q V A M

BACAGRATCGACAGAGTCTGCCARGAATCSAARAGTGCGACCTCOG T TGAAC TAAAGGGACGAT GGCCGETGARAARGTGTIGTAGGTTC CAGAACARTCGA
N R I D R V Q E S K $ AT S V EL KGR WZP V K K (:) R F Q N N R
AGGTATACTIGCCTGATGGACGCCGCAACAARACTAGCTGACCAATCETCCGACGGACCTCCTCCTAGAGTATACT TTCCAATGGGAT TS TACGGAGRATAC
R Y T L M D AATU KTULA ATDGQ S D G2 P P RV YF P MGTFTYOG E Y

ATCCCAAGTGACTACAC TGEC LT TTCCT CRATCCT TCCCACCCATGCTGTTCAT TGACCAGTGACATCC CACARGAC TSCATCCAGGAGGCCAGCATGGLT
I # s b ¥ T G P F L D P S H P S L T s O MR QD I 0 &£ A 5 M A

STTCTIGCATTGCGACTACCCATGATTCAGGTCAAGCCACT GETTGAGTTTT T TAARGAGT TGCCATCTGAT ACGCGT TTTGATGCCAATCACCAGGAAGAC
v L AL RLPMTIQCQYVY K©P? LV EFF K E£ L ? 5 D TURT FDANUHGQTZETD

ATTIGCCAGGLTGCAGTAGATTTCCAAAGCTTATACGC TGATCTTGAAAACGGCCTCGACGTAGAACTGAACCAGCCTTCAAGAATCCAGACTGAATTACAG
I 2 A A YD F QS L Y ADILEWNSGTLZDVETLNUGT?PSRIGCTEL

GAGCTTCAGGACCTTCTAGCAGAAGAACT CACAGAACGAGGAACAGGARCAAT TCGAACAACTTGCCCGAGCAGAATGAAGAACAGTTAGAATTCTTAGCTGAG
E L QDCLLAETETLTTETETETETECLEQqLAEG GNTETESI. ELLAE

CAAGAAGAGGAACAGGCAGARTTGCTCECT GACCAAGAAGAGEAGCG TE T TGARATACT TGAGCAACAGGCTC AACAGC TAGCAGAGCASARTCAACAGAAT
@ £ E E<@g»Ar £ L L A E Q EE E R LETILTETE<>AQQLAET CNR Q2 QHN

GAAGAAGACGAGGARGAGGAGGAGEAAGAGGAGRAAGAGGAGGAAGACAATCGCCGACGGAAMCCAAGAAAAGCTACTAGGTTECGGAGACCTACTGCTAAC
E £ E E E EE E EE £ E E E EDNIRIRRIEKRRIEKATR®RTF FARARIBREPEPTAHN
AAGGTGLG TG GGL TGCGGGCCGORGTATC TATGAGGTCGACAG T T TAG T TCAT G TIGCCAGGAARATTTTGTGGCGGRAAGRARTTCT TGCATGACRAAL
K v R A A A G R S5 I ¥ E VD 5 L V H Q¢ E N F VvV A E R N 5§ M T N
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TTTTGGETGCAACT G T TAGATGAAGCATGTGCAGCCCT TCCTTACT TACCTGATTCTTC TTC TGCTACGTCTACTGGCCTGGAATATGC T TCAGAACTTGCA
F W vV 0 L L - E A A A L P Y L P D S 5 5 AT S TOGULEUY M S E L A

CAAGCCGATAATAATGT SCTCECCCCAGCTCCATTGACCT TTGGAGGACCCGGAGACATTCGRACCTCTAAAGCAGTAAAGTCAATCTCAGAATCTACAGTC
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GTTTCGAATTATGATGAAGACAACTTCCGATCATGC TG TG TCTCTTTGGGGAAGCCCARC TGAAAT CCTTCCAAATGCACTATAGSTCCTAATG AGC
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CCAGGACCGGGATCATC TGACGGAGCT GTTCCACTAGGACTAACGGAAGTCGATGAACAAACATCCCATGGAGAGGAGCCCCACGCAACCAGAAGAGCCAGGA
P ¢ P G5 5 D GGV PLGLTEWVDEUQTSSDOGEEWPEZEPTETEPG

GGAGAACAAGGACCACACGANCAGATGGAGAGCGAGGGAGAAGCARA TGAATC TGAAGAAGAGGAGG TTGAGGAACCCE AGGARGTGATAGAAAGTGAAGGA
G £ QG[FJH EGQHMETSEGEGHNTETSTETETETEVYTETEI[]JgEV I ESEG®G

CAACAGTCTGAATCAGAAGACCCAGAATT TGAACEAGAAGAACCCGAAGAATCACAAGGAGAACARGAACCECAAGAACACATCGARAGTATAGTACARGAA
ooszsF.DpEFEGEEPEBSEGEQEEQEQMES1vos

CCCCAGTCGOEEECAGATOTCGAT TC TGGAGAAGTAACTGACGCATCGGACATGAACATGCCAGGACAGGCATCS TCTCACSGAGCACSAGSTGTTCCACTA
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138 6 L VvV E ¥V K T 8§ N Q@ E & §

E V Q E E $ QD

EQEQHEGEGQGSE

4176 TCGGAGGGAGAAGRACCAGAAGAACCAGAAGGAGAACAAGGACCACAAGAACAGGTGGAGAGCGAAGCGAGARGAAAATGAATCTCAAGAAGAGGAGGTGGAA

1383 s E &6 E E P £ E P E G E Q G

Ele e ¢ ves

E 6 E E N E 58 EE £ E V E

4278  GARCCCCAGGGAGTGATSGAMAGTGAAGGACAACAGTCTGAATCAGAAGAACCAGAATTTGAAGGACAAGAACCGCAMGARATCAGAAGGAGAACARGAACCA

1427£Eocvngs

E G Q Q S E S EE P EF

E G E E P E E § E G I

Q & |?]

4380 CAGGACCAGATGGAAAGTGAAGGACAAGAACCCGAGTCAGAGGAAGATGTCGATTCTGGAGAAGTAACTGACGGATCGGACATGAACATSICAGGACAGGGA
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4482 TCGTCTGACGGAGCAGGAGGTCTTCCACTAGGACTAGTCCAAGT CAAAACATCCAACCAAGAGGGGTCTGAAGTACAAGAAGRATCEGCAGLACCCACAGGAA
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4584 CAAACGGAAGGTGAAGGITCAAGGAAGTGAATCGGAGGAAGAAGAACCAGAAGAACCAGAAGARACCAGARAAAGAAAANAAARAACAT CACT CAGGCTGATGA,
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FI6. 1. Nuecleotide and nucleotide-derived amino acid sequences of Endo16. The open reading frame lies between nuclectides 1 and 4680, coding
- for 1560 amino acids. The putative signal sequence is underlined, and the potential signal sequence cleavage site 1s indicated with an arrowhead.
Cysteine residues are circled. Putative heparin-binding regions are marked with dashed lines. Potential N-linked glycan attachment sites are
double underlined. The first clustered repeat domain (A) of five repeats has the beginning of each repeat marked with a diamond. The putative
cell adhesion metif, RGD, is boxed. The second clustered repeat domain (B) of 12 repeats has the start of each repeat indicated with a square,

Accession Ne. L34680.

“Ca*"-binding buffer (90 mM imidazole-HC]l, pH 6.5; 60
mM KClL: 5 mM MgCl,) for 1 hr with three buffer changes
and then ineubated in the same buffer with 1 xCi/ml of
%Ca%" (New England Nuclear) for 15 min, washed with
30% ethanol for 8 min, and autoradiographed for 5 days,
following a modified Maruyama et al. (1984) procedure.

RESULTS
Sequence Analysis and General Nature of Endol6

The major Endol6 transeript is approximately 6.6 kb
in length (Nocente-McGrath ef al., 1989) and at most de-
velopmental stages there is also a less abundant larger
transeript {Godin and Ernst, unpublished). Figure 1
presents the nucleotide and nucleotide-derived amino
acid sequence of Endol6 obtained from several overlap-
ping ¢DNA clones, which are displayed under the sche-
matic representation of Endol6 in Fig. 2A. There is a
4680-nt open reading frame which, when translated into

an amino acid sequence, starts with two methionines,
which are immediately followed by a consensus signal
sequence, and ends with two consecutive stop codons.

Overall the Endol6 protein is acidic (24% ) and hydro-
philic in nature. The acidic/basic profile and the hydro-
philicity plot of the Endol6 protein are shown in Figs.
2B and 2C, respectively. The carboxyl half of the mole-
cule is extremely acidic, while the rest of the protein is
more balanced in charge, with interspersed regions of
acidic and basic residues. Hopp and Woods’ (1983) anal-
ysis revealed that, excluding the signal sequence, the
Endol€ protein is predominantly hydrophilic and is de-
void of any hydrophobic regions capable of spanning a
membrane (Fig. 2C),

Endo16 Exhibits a Modular Composition

Computer-assisted searches of nucleotide and protein
data bases have not identified an Endol6 homologue.
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F1G. 5. The second acidic domain {B) of 12 potential calcium-binding repeats. The coordinates X, Y, Z, —Y, —X, —Z, where X = position 1, and
the conserved glycine in the 6th position, indicated above repeats, correspond to the eonserved residues which coordinate Ca® lons in the Ca®*-
binding loops of the EF-hand motif (da Silva and Reinach et al, 1991). Identical amino acids found in 7 or more of the 20 amino acid repeats are
boxed. Repeats 6 and 10 are followed by 12 identical amino aeids and repeats 7 and 11 are followed by 46 identical amino acids which are similar
to those following repeat 4 (also boxed). The first number to the left of each repeat indicates the repeat number and the second number indicates

the amino acid at the beginning of each repeat.

Endo16 Binds *Calcium

Since Endol6 contains two regions of clustered re-
peats, characteristic of caleium-binding motifs, experi-
ments were carried out to test the protein’s ability to
bind calcium. A bacterially produced, Endol6 fusion
protein, designated pET 5.1 + 13, was used in these stud-
ies. The fusion protein started at the signal sequence
and contained all of region A and 7 of the 12 potential
caleium-binding repeats of region B (Fig. 2). Calmodulin
was used as a positive control, and bacterially produced
B-galactosidase served as the negative control. 8-Galae-
tosidase was selected to control for the histidine-tag at
the end of the Endol6 pET 5.1 + 13 fusion protein since
both genes are in the pET-His-Tag vector system and
both bacterially produced proteins have 6 histidines at
their carboxyl ends. When approximately equimelar
amounts of Endol6é and calmodulin were slot-blotted
onto 2 PVDF membrane, they both bound **calcium
strongly, while there was no detectable caleium binding
by 8-galactosidase (Fig. 6).

Endolf is Protected against Proteolysis it Kmbryonic
Extracts Supplemented with Calcium

To determine if caleium binding causes a conforma-
tional ehange, as demonstrated by protection against
proteolysis, total protein extracts from gastrula stage
embryos were treated with varying concentrations of
trypsin in the presence and absence of calcium (EGTA
added), as has been done to demonstrate calcium-bind-
ing conformational changes of purified thrombospondin
(Lawler et al, 1985) and uvomorulin (E-CAM) (Hyafil et
al., 1981; Ringwald et al, 1987). The tryptic digestion

products were then separated on a SDS-polyacrylamide
gel and detected by Western blotting, using a polyclonal
anti-Endol6 antibody. Results presented in Fig. TA
demonstrate that in the presence of 5 mM EGTA even
without trypsin added (lane labeled @), Endolé is di-
gested into numerous proteolytic degradation products
by endogenous proteases. Increasing the amounts of
trypsin further degraded the protein. However, when
samples of the same protein extract were exposed to the
same amounts of trypsin in the presence of 5 mAf CaCl,,
in alt but the sample with the highest trypsin concentra-
tion, the majority of Endol6 is not digested and is de-
tected as a broad band with an estimated molecular
weight greater than 300 kDa (Fig. 7A). Furthermore, the
effect is caleium-specific, since neither magnesium nor
manganese protect Endol6 from proteolytic degrada-
tion (Fig. TB).

Results of treatment of albumin with trypsin under
the same conditions that were used for the embryonic

. Recombinant
p-Galactosidase  gngo1g

ugprotein 0.5 1.0 05 10 006 012

r 71 e

Calmodulin
e

Fig. 6. **Calcium-binding by Endol6. Approximately equimolar
amounts of recombinant g-galactosidase with the histidine tag, re-
combinant Endol6, and calmodulin were applied to a PVDF mem-
brane and washed with Tris-HC} buffer. The membrane was incubated
with 1 ¢Ci/ml *caleium for 15 min in binding buffer, pH 6.5, washed
with 30% ethanol, and autoradiographed for 5 days.
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F1:. 7. Western blots of tryptic digestion products of Endol6 and albumin carried out in the presence of 5 mM CaCl,, MgCly, MnCly, or EGTA.
Each sample contained b0 pg of total embryonic protein. Different amounts of trypsin were added to each sample. The number above each lane
indicate the number of micrograms of trypsin added. (A) In samples to which 5 mAM CaCl, was added, the large molecular weight form of Endol8,
estimated to be above 300 kDa, is indicated by arrow. The stacking gel contained 4% acrylamide and 0.14% bisacrylamide and the resolving gel
contained 6.7% acrylamide and 0.25% bisacrylamide. (B) The proteolytic degradation patterns of Endol6 generated in the presence of MgCl,
and MnCli; are similar to the pattern gencrated in the presence of EGTA. Sizes of molecular weight marker proteins in ¥Da are indicated. The
stacking gel contained 4% acrylamide and 0.14% bisacrylamide and the resolving gel contained 12% aerylamide and 0.05% bisacrylamide. {C)
Tryptie digestion of serum albumin in the presence of 5 mM Ca?' and 5 mM EGTA. Each sample contained 25 pg albumin. Ratios of trypsin to
serum albumin are indicated above the gel; 0 indicates a control sample which was not treated with trypsin, followed by samples with increasing
ratios of trypsin added. The peptide patterns of serum albumin generated by tryptic digestion in the presence of Ca?" and EGTA are virtually
identical. Sizes of molecular weight marker proteins in kDa are indicated. The gel composition is the same as that in B.

protein extracts in the presence and the absence of
calcium supplies two controls. Albumin is the major
calcium carrier in blood; however, this calcium binding
does not significantly alter the conformation of albumin
to protect it from proteolysis (Hyafil et al, 1981). In Fig.
6C, the tryptic digestion products of albumin generated
in the presence of 5 mM CaCl, or 5 mM EGTA are virtu-
ally identical at every trypsin concentration, thus dem-
onstrating that: (1) trypsin is active under these condi-

tions both in the presence and the absence of ealeium
and (2) calcium binding without a coneomitant confor-
mational change is not sufficient to protect a protein
from digestion by trypsin.

FEndoi6 1s Found on the Blastocoelar Surfaces of
Endodermal Cells and in the ECM

Using an anti-Endo16 antibody and a fluorescently la-
beled secondary antibody, Endol6 was localized to the
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FIG. 8. Anti-Endol6 staining of 36- to 38-hr gastrula stage embryos viewed with a laser confocal microscope. (A} Optical section through the
middle of the archenteron. Staining is found in the midgut and hindgut, but not the foregut. The region of the foregut is indicated with arrows.
{B) Computer-reconstructed composgite of optical sections showing the entire embryo. Note sharp borders between stained and nonstained cells.
(C) Optical cross section through the single cell layered archenteron. Staining is more intense on cell surfaces facing the blastocoel (bl); less

staining is seen on the lumenal surface of the gut (lu). Bar, 10 gm.

surfaces of endodermal eells in fixed whole mount early
and mid gastrula stage embryos (Nocente-McGrath et
al., 1989, 1991). However, resolution was not sufficient
to establish whether Endol$6 is extracellular, spans the
membrane, or is found in the cortex of the cytoplasm.
Here we have used confocal immunofluorescence mi-
croscopy and determined that in late stage gastrula em-
bryos Endol6 appears to he cell surface-associated or
extracellular with the signal being more intense on the
blastocoelar surface compared to the luminal surface of
the archenteron (Fig. 8). In addition, in agreement with
the distribution of Endol6 mRNA (Noeente-McGrath ef
al, 1989; Ransick et al, 1993} in late stage gastrula, the
protein is found on cells of the midgut and hindgut, but
is absent from the foregut (Fig. 8).

The presence of a signal sequence and the lack of any
transmembrane domains strongly suggest that Endol6
is secreted. Immunogold electron microscopy localiza-
tion of Endol6 has confirmed this prediction. In immu-
nogold preparations of late gastrulae, gold particles are
associated with the surfaces of endodermal cells and the
extracellular matrix (Fig. 9). On the surface of the cells
the gold particles are in clusters over flocculent material
associated with the plasmalemma. There are clusters of
gold particles on both lateral and blastocoelar surfaces
of the endodermal cells, but the elusters are more com-
mon on the blastocoelar surfaees (Fig. 9).

DISCUSSION

We present here the characterization of a sea urchin
gene, Endol6, which encodes a large, extracellular, mul-
tidomain protein with similarities to regions of several

vertebrate extracellular molecules known to be impor-
tant during embryogenesis and morphogenesis. The
presence of a signal sequence at the amino terminus of
Endol6 and immunoloealization by confocal and elee-
tron microscopy demonstrate that Endol6 is an extra-
cellular protein associated with the surfaces and the
ECM of the invaginating archenteron during gastrula-
tion. Immunolocalization of the Endol6 protein is lim-
ited to the cells expressing Endolé mRNA (Nocente-
McGrath ef al., 1989; Ransick e al,, 1993). At the mesen-
chyme blastula stage, the Endolé mRNA and protein
are found in the vegetal plate, with a precise expression
boundary between the cells derived from the Vegl-Veg?2
layers. Endol6 expression is also exeluded from primary
mesenchyme cells. This pattern of expression is inter-
esting when compared to the expression of two other en-
doderm-specific genes, Endol and LvN1.2 (reviewed:
Wessel, 1993). The Endol and 1.vN1.2 gene products are
also entirely absent from the foregut of the fully ex-
tended archenteron. However, in contrast to Endol6 ex-
pression, the products of these genes are excluded from
the anterior third of the archenteron throughout inva-
gination. This suggests that the Endolé protein is
needed in the foregut during the elongation phase, but
not for differentiation, and is therefore turned over rap-
idly in these cells.

Confocal and electron microscopy suggest that there
is an unequal distribution of Endol6 on the surfaces of
the endodermal cells, with most of the protein concen-
trated on the blastocoelar (basal) surfaces and between
the endodermal cells, and with significantly less Endol6
loealized to the luminal (apical) surfaces of the endoder-
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F1G. 9. Immunogold localization of Endol6 in late gastrula stage S
purpuratus embryos. (A) Portion of the blastocoelar surface of an en-
dodermal cell and the ECM. Arrows indicate clusters of gold particles
in the ECM. Bar, 0.2 um. (B) Portion of the blastocoelar surface of an
endodermal cell; patches of gold particles are found on the surface of
endodermal cells (arrows). Gold particles are 5 ndf in diameter. Bar,
0.1 um. Randomly selected regions of cytoplasm for endodermal cells
has a mean of 20.4 gold particles per unit urea (SEM = 3.08, n = 5) and
ectodermal cells has a mean of 26.6 particles per unit area (SEM =
3.906, n = 5). The two-tailed P value is 0.247, considered not significant.
Control rabhit serum had a similar pattern of nonspecific binding to
the cytoplasmic regions of cells with a mean of 28.3 particles (SEM =
5.23,m = 5).

mal cells. Although the relationship between the
Endol6 molecules on the surfaces of endodermal cells
and those that appear to be a component of the ECM is
not presently known, the presence of an RGD tripeptide
suggests that some Endol6 molecules may interact with
endodermal ceils through an integrin-like receptor. Re-
cently sequences coding for S-integrin (Marsden et al,
1993) and a-integrin (Susan and Lennarz, 1993) have
been identified in sea urchins by PCR amplification of
cDNAs from gastrula stage embryos using degenerate
oligonucleotide primers.

The extracellular location of Endol6 and the large
number of regularly distributed cysteines suggest that
most of these eysteines form covalent disulfide bridges,
which would result in a globular amino half of the mol-
ecule. The repeating pattern of cysteines is strikingly
similar to the cysteine pattern in proteins of the serum
albumin family which includes serum albumin, a-feto-
protein, and vitamin D-binding protein (Yang et al,
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1985). All members of the serum albumin family have 7
or 8 cysteine pairs which are followed within 6-10 amino
acids by a single cysteine. Endol6 has 13 cysteine pairs
which are separated from the following single cysteine
by 9 or 10 amino acids. X-ray analysis of the three-di-
mensional structure of human serum albumin (Carter et
al, 1989) and vitamin D-binding protein (Vogelaar et al,
1991) confirm the predicted disulfide-bond pattern
where the second cysteine of each pair forms a disulfide
bond with the preceding single cysteine and the first
member of the pair forms a disulfide bond with the fol-
lowing single cysteine (Brown, 1976}, At present, this di-
sulfide-bond pattern seems to be the most likely model
for this portion of Endol6.

The strong likelihood of a structural similarity be-
tween the amino half of Endol6 and members of the se-
rum albumin family invites speculation on a possible
functional relationship. Members of the serum albumin
family of proteins bind and earry a variety of molecules
in the blood. Binding studies show that each of the six
binding regions of albumin bind distinct ligands (re-
viewed: Kragh-Hansen, 1990). Ligand binding is a con-
sequence of the unusual structure and the high portion
of both acidic and basic amino acids in these proteins.
Interestingly, aibumin is composed of 16.6% acidic and
12.9% basic amino acid residues (Peters, 1975), com-
pared to 17.8% acidic and 14% basic residues for Endol6
(first 809 amino acids minus the signal sequence). Evi-
dence from a number of different systems suggests that
molecules of the ECM bind lizands important for
growth and differentiation and present them to eells (re-
viewed: Schubert, 1992; Adams and Watt, 1993; Juliano
and Haskill, 1993). Given that the archenteron forms
and differentiates within the blastocoel, cell signaling
molecules secreted by endodermal eells would be likely
to diffuse if not trapped by appropriately positioned ex-
tracellular molecules. Therefore, we propose that the
cysteine-rich region of Endol6 functions as a ligand-
binding reglon, positioned at the surface and in the ECM
immediately surrounding the differentiating archen-
teron,

Two regions of repeats, designated A and B have been
characterized from sequence analysis as potential
calcium-binding domains of Endol6. These two regions
appear unrelated, and based on their similarities to pro-
teing with distinet mechanisms for calecium binding,
most likely would have different mechanisms for bind-
ing calcium. The first potential calcium-binding domain
overlaps a region that may possibly serve as a substrate
for transglutaminase, which could covalently cross-link
Endol6 to other ECM proteins (Aeschlimann and Pauls-
son, 1991).

We have established that a bacterially produced
Endol6 protein, which contains the entire first putative
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calcium-binding domain and 7 of the 12 potential
ealeium-binding loops of the second domain, binds ra-
dioactive calcium. We do not know which region is re-
sponsible for caleium binding or if both regions contrib-
ute. Tryptic digestion of gastrula stage protein extracts
in the presence of Ca%?", Mg®*, Mn®*, and EGTA have re-
vealed that only Ca®* stabilizes Endol6 against degra-
dation. This protection is likely due to a significant con-
formational change that Endol6é undergoes upon
caleium binding, as has been observed with other extra-
cellular caleium-binding proteins (Lawler et ol, 1985,
Hyafil et al, 1981; Ringwald et al, 1987). An alternative
explanation is that Endol6 undergoes a calcium-depen-
dent aggregation that protects it from proteolysis in
these extracts.

Endol6 may play a role in cell adhesion and, as with
many other cell adhesion proteins, calcium binding may
modulate this adhesion (Ringwald ef al., 1987). When sea
urchin embryos are placed in caleium- and magnesium-
free seawater the blastomeres fall apart. In an investi-
gation of the role of calcium in sea urchin embryos
McClay and Matranga (1986) concluded that caleium has
distinet roles in both the initial and secondary phases of
adhesion. The occurrence of an RGD tripeptide, known
to be a cell attachment site in many extracellular pro-
teing, between two putative caleium-binding regions
predicted to have different affinities for calcium sug-
gests the possibility that if Endol6 functions in cell ad-
hesion, these caleium-binding sites may play distinet
roles in modulating these adhesive interactions.

Large extracellular molecules are frequently multi-
funetional due to the presence of separate structural and
functional domains. In some cases the different domains
may actually have conflicting functions expressed in
different developmental contexts. We propose that
Endol6 is a multifunctional extracellular protein and
that two likely functions of Endol6 during the forma-
tion and differentiation of the sea urchin archenteron
are cell adhesion, modulated by calcium binding, and
binding of signaling ligands. Experiments to test these
possibilities are underway.
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