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Structure-function analysis of the EGF-CFC family member Cripto identifies
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SUMMARY

cripto is the founding member of the family of EGF-CFC
genes, a class of extracellular factors essential for early
vertebrate development. In this study we show that
injection of Cripto recombinant protein in mid to late
zebrafish Maternal-Zygotic one-eyed pinhead(MZ oep
blastulae was able to fully rescue the mutant phenotype,
thus providing the first direct evidence that Cripto activity
can be added extracellularly to recoveroepencoded
function in zebrafish early embryos. Moreover, 15 point
mutations and two deletion mutants were generated to
assess in vivo their functional relevance by comparing the
ability of cripto wild-type and mutant RNAs to rescue the

zebrafish MZoep mutant. From this study we concluded
that the EGF-CFC domain is sufficient for Cripto
biological activity and identified ten point mutations with
a functional defective phenotype, two of which, located
in the EGF-like domain, correspond to loss-of-function
mutations. Finally, we have developed a three-dimensional
structural model of Cripto protein and used it as a guide
to predict amino acid residues potentially implicated in
protein-protein interaction.
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INTRODUCTION both the maternal and zygotic expressionoep (MZoep
embryos) and of mousgipto mutant has revealed surprising
The process of embryonic induction in which one populatiorsimilarities, both mutants displaying defective germ layer and
of cells influences the developmental fate of another populatiamunk formation. Furthermore, the position and the direction of
plays an essential role in establishing the body plan of athe anterior-posterior axis appear abnormal in both mutants
multicellular organisms. These inductive events as well afDing et al., 1998; Gritsman et al., 1999). The injection of
subsequent patterning events, rely upon cell-cell interactiongipto mRNA is able to fully rescue Mpmutants (Zhang et
mediated by extracellular molecules such as the members af, 1998), thus supporting the idea that despite potential
the EGF-CFC family. Cripto is the founding member of thisdifferences in morphogenetic movements, vertebrate germ
gene family that includes human, mouse and chickgto, layer formation and positioning of the anterior-posterior axis
Xenopus FRL1Imouse and humaaryptic, and zebrafislone-  are controlled by conserved mechanisms involving the EGF-
eyed pinheadoep (Ciccodicola et al., 1989; Dono et al., 1993; CFC proteins (Zhang et al., 1998; Gritsman et al., 1999).
Kinoshita et al., 1995; Shen et al., 1997; Zhang et al., 1998; The developmental roles afipto, cryptic and oep genes
Bamford et al., 2000; Colas and Schoenwolf, 2000). Allhave been analysed in detail (Ding et al., 1998; Gritsman et
the proteins of this family contain a signal sequence, al.,, 1999; Xu et al., 1999; Yan et al., 1999) but the signal
characteristic EGF-like domain, a second cysteine-rich regiomansduction pathways activated by these molecules remain
called the CFC domain, and a hydrophobic C terminus. Bothlusive. Although originally described as an EGF-related factor
Oep and Cripto proteins are membrane-bound (Zhang et a{Ciccodicola et al., 1989), Cripto is unable to bind any of the
1998; Minchiotti et al., 2000). Furthermore, Cripto isfour known members of the ErbB receptor family (Salomon et
associated with the cytoplasmic membrane through a GP&., 1999). This lack of binding is consistent with the absence,
anchor, thus suggesting that the anchorage to the membraneibythe Cripto protein, of some amino acids essential for high
a GPI-linkage could be important in determining the cell-celkffinity binding to EGFRSs, including the entire A loop between
interactions required during vertebrate embryo developmerthe first two cysteines (Salomon et al., 1999). In vitro studies
(Minchiotti et al., 2000). on mammary epithelial cells have suggested that Cripto acts
Comparison of the phenotypes of zebrafish embryos lackings a non-autonomous signal leading to Ras/raf/Mek/MAPK
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activation (Bianco et al., 1999; Salomon et al., 1999). Howevetonditioned medium of 293T cells following the manufacturer’s

strong genetic evidence has indicated that Oep and Cripto dgtructions. Anti-Cripto antibodies were used to show that Cripto-

not act as an instructive signal in MAP signalling but rendeFc exhibited the immunological determinants of Cripto (data not

cells competent to respond to an instructive signal such &0own). _ . - )

Noda o anther TGFigand (Grismant . 1899, Shen and, (IS s et s e o orciones meckm o ooy

gc_hlter_,/_zggoy II\I/|0|§oveIr, chlmerlcl:l emb(;ygstﬁf Wlllld£type an Quiagen). Purified proteins were dialysed against 50 mM sodium
fipto” - cells develop normally and both cell types ar hosphate buffer, pH 8.0. Protein concentration was quantified by

present in adult tissues, suggesting that wild-type cells cagjorad assay (BioRad Laboratories) and aliquot samples were stored

rescue the mutant cell phenotype (Xu et al., 1999). Thesg -go°C.

results can either indicate a juxtacrine activity of the GPI-

anchored Cripto or that the rescue could be due to a solub¥2-terminal amino acid sequence analysis

form released from the membrane of wild-type cells. NHz-terminal amino acid sequence analysis was performed after
In this study we provide the first direct evidence that Criptgrotein separation by SDS-PAGE and electrotransfer onto PVDF

activity can be provided extracellularly by injecting membrane ProBlott (Applied Biosystems), as described by

recombinant Cripto protein into the blastoderm of mid to Iaté;Auat‘)tjs‘e‘i‘z:g?o(g"ﬂfﬂﬁiﬁ‘éﬁ;&' dzgﬁat:g;icci) r?fb?taer:?é[‘)"l’izz ‘é‘f;g;stt:%‘l

(l\a/lazrl(;/ egglt?riltgfi/ltc?rég\(;g\r/?ﬁg;?ocr?sme;éugSig)r?t g,\iﬁg:ﬁ{gh gas-phase sequencer (model 477 A) equipped with an on-line 129 A

o . e . henylthiohydantoin analyser, following the manufacturer’s

MZoepembryos provided a means of identifying both regiongngryctions:

and residues within the Cripto protein required for its activity.

Finally, as the three-dimensional (3D) structure of Cripto is nolnjection of recombinant protein

known at present, a programme of fold recognition was useBbth Cripto-His and Cripto-Fc proteins were diluted in 1 mg/ml

to search for proteins distantly related to Cripto in order t®SA in Ringer's medium. As tracer, 0.5% 10K dextran

obtain a model for the analysis of known and possibléetramethylrhodamin (Molecular Probes) was coinjected.

mutations in their potential 3D context. Remote homology detection and molecular modelling

To search for proteins distantly related to Cripto we made use of fold
recognition methods (Rost, 1995), powerful means to identify remote
homologues with sequence identity around the so-called “twilight
) zone” (Sander and Schneider, 1991; Manco et al., 1997; Caputo et al.,
Plasmids and mutants 2000). The methods used were: the “TOPITS” programme (Rost, 1995)
The cripto-His- (sequence from nucleotie® to +156 of thecripto (http:/www.embl-heidelberg.de/predictprotein/predictprotein.html); the
cDNA) expressing vector was obtained by PCR, using the comple®8OR + Sspred programme (Fischer and Eisenberg, 1996) (http:/
cripto cDNA as template and the appropriate oligonucleotidedold.doe-mbi.ucla.edu) and the H3P2 Scan programme (Rice and
(Minchiotti et al., 2000). The amplified fragment was cloned into theEisenberg, 1997) (http://fold.doe-mbi.ucla.edu).

EcoRl site of pcDNA3-His vector. Thégd/Hincll fragment from Both the TOPITS and the H3P2 Scan programmes use the
pMT/BiP/V5-HisB vector (Invitrogen), containing both the 6XHis PHDsec method (Rost, 1997) for secondary structure predictions.
epitope and the SV40 late polyadenylation signal, was cloned into tteomputer modelling was performed in preliminary analyses at the
EcoRl site of pCDNA3 to obtain pcDNA3-His. When necessary, SWISS-MODEL web server (http://www.expasy.ch/swissmod),
restriction sites were blunt-ended using Klenow polymerase. All thevhich employs the ProMod and Gromos 96 programmes (Guex and
mutant derivatives ofcripto (both deletions and amino acid Peitsch, 1997; Guex et al., 1999) for comparative modelling and
substitutions) were generated by PCR mutagenesis using approprigeergy minimisation, respectively. Several 3D structures witfthe
oligonucleotides (Ho et al., 1989). In all cases the amplified fragmentsefoil fold (see Results) were separately used for modelling and the
were sequenced in both directions by the dideoxynucleotide methdzbst model was obtained with basic FGF (PDB code: 2bfh). The

MATERIALS AND METHODS

(Hattori and Sakaki, 1986). sequence alignment between Cripto and basic FGF, used for the
) modelling project was based on the output of the H3P2 Scan
Synthesis of RNA and rescue assay programme but was slightly modified in order to maximise the

Sense-capped RNA was synthesised using the MMESSAG&equence identity, the correspondence in the type of residues
MMACHINE system (Ambion) and T7 RNA polymerase aférd (hydrophobic, basic, acid, polar, cysteines and tryptophans) and
digestion ofcripto derivatives in both pPCDNA3 and in pcDNA3-His the threading energy, by exploiting the tools available under the
vectors. In vitro synthesised RNA was microinjected in 1-4 cell stag8.7b2 vesion of programme Swiss-PdbViewer (GlaxoWellcome
oepg134 (zhang et al., 1998) mutant embryos. Embryos wereExperimental Research, Geneva). Several models were automatically
phenotypically analysed and documented 24-36 hours aftegenerated from slightly different alignments and the best one was
fertilisation. Genotyping was not required as 100% of the progengubjected to further cycles of constrained energy minimisation to

were MZoepmutants. regularise the structure and geometrical parameters. The models
were evaluated by the “What If” programme (Vriend, 1990)
Cell cultures and western blot (http://biotech.ebi.ac.uk:8400/chk/whatif/index.html), the ERRAT

Growth conditions of human embryonal kidney cells 293 and 293Pprogramme (Colovos and Yeates, 1993) (http://www.doe-
(DuBridge et al., 1987), cell transfection, protein labelling and westermbi.ucla.edu), and by the tools implemented under the Swiss-
blot analyses were performed as previously described (Minchiotti édbViewer programme. Multisequence alignment of the FGF family
al., 2000). The anti-Ha monoclonal antibody (No. Sc-7392, Santa Cruzbtained from the Pfam database (Bateman et al., 1999)
Biotechnology) was used following the manufacturer’s instructions. (http://pfam.wustl.edu/index.html) indicated the presence of a
) ) ) cysteine/glycine rich region in the middle of the protein. A manual
Cripto recombinant proteins alignment (not shown) of Cripto with these sequences that
The soluble Cripto-Fc protein was produced using the plg-Taimaximised amino acids identity and introduced only a small set of
expression system (No. MBK-006-5, R&D) and purified froma few residue-insertion/deletions revealed that although cysteines
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are not conserved among all sequences, they are frequently localRESULTS
at corresponding positions in Cripto. We were thus tempted to
speculate on an evolutionary relationship among the EGF structur, ; ; ; ; ;
the EGF-like module of Cripto and the middle part of the FGFpe)iﬁg(;relﬁm:ptscggiggﬁg 'E)/lrgwdoeed Irr]ntl?[(;nts

molecules. To find more support for this hypothesis we exploited thé } P ) P .
Combinatorial Extension Programme (Shindyalov and BourneEXpression of a potentially secreted form of zebrafish Oep can
1998) (http://cl.sdsc.edu/ce.html) to enquire about the structurdescue the phenotype of M&p mutants (Gritsman et al.,
similarity of EGF (PDBM code: legf) and the possible Cripto 1999). However, in these experiments, the secretion of the
distant relatives belonging to the cytokines superfamily (segrotein in the extracellular space was not directly
Results). This programme can detect similarities between proteingemonstrated. It was also not clear whether Oep or Cripto
not reported previously by other methods (Shindyalov and Bournggyld act as a monomer or had to be released in the

rlc?l?;gl'y fﬁg'ggg:)g C;Z‘teeiﬁgﬁcﬁtrrggfggemgﬁgogg f Z‘égsgmvei?szdm% xtracellular space as a homodimer or heterodimer. To directly
o i ; : iddress these issues, we produced and purified, from the
mean square deviation (r.m.s.d.) Iqwer than 5A, in FGF as We!l asulture medium of mammaIiF;n cells. two fgrms of soluble
in other members of the superfamily (data not shown). In the light 0 i hich the hvdrophobic C t C laced b
of the above findings, we attempted to model Cripto by using, as ‘&'Pto 1N which the hydrophobic L terminus was replaced by
reference, the 3D structure of the basic FGF (PDB code:2bfh). THaither a 6xHis epitope (Cripto-His) or the human IgG Fc
r.m.s.d. of the backbone atoms (C, C-alfa and N atoms) for the tw@omain (Cripto-Fc) (Fig. 1A,B; see Materials and Methods).
superimposed structures was 0.91A on a total of 468 correspondit@yipto-His protein behaved as a monomer when analysed by
atoms. Finally, the paper of Lohmeyer et al. (Lohmeyer et al., 1997el permeation chromatography (data not shown). Cripto-Fc
demonstrated the absence of free cysteines in the refolded EGfysion protein instead can assemble as a dimer because of the
folptOt_mOdlf“‘t?H Becaustta éhe lcﬁtje'”gs Smemt'ta”y I(chOI\(/s%de ;hé?pontaneous dimerization of the Fc domain. As shown in Fig.
ormation ot the correct disuiphide bonds pattern (Lysob-LySisig  protein A Sepharose immunoprecipitated, from the
Cys67-Cys79; Cys81-Cys90) were not too far away from each othef, o natant of Cripto-Fc transfected cells, a major protein

in the model, constraints were applied in the model buildin . f the si ted for the Grinto-Fc fusi h
procedure to include the arrangement of the correct disulphid pecies ot the size expected Tor the Lripto-Fc lusion, when

bonds. The model was constructed with the Modeler module (Sahalysed under reducing conditions, and of the size of dimeric
etal., 1995) within the software package INSIGHT Il (Biosym/MSlI, Cripto-Fc fusion under non-reducing conditions (for details see
San Diego, CA). The obtained model was opportunely minimisedaterials and Methods).

using the Discover 3 module within INSIGHT II. The final result  Purified recombinant Cripto proteins were used to rescue the
was comparable to the first model obtained with SWISS-MODELMZoep phenotype. Different doses of purified recombinant
Server in particular regarding the common refinement constraintripto proteins were microinjected, together with 10K dextran-
values, indicating that if there are some errors these depend almegiodamin as a lineage tracer (Fig. 1C), into the blastoderm of
exclusively on the sequence alignment adopted, which could Beiq 15 |ate MZep blastulae. To better define the activity of

inaccurate in some places owing to the low sequence identit¢ : . PR -
between the reference and the test protein. The Ramachandran p rtlpto in this in vivo assay, we have arbitrarily chosen 5 grades

indicates that most residues haorg andpsi angles in the core and ol rescue of the Maep mutant embr)_los based_ on RNA

allowed regions suggesting that the model has correct backboi@€ction results (see Results below, Fig. 2) ranging from no
conformations as found in well-refined structures. Most bond€scue (grade 0) to almost wild-type phenotype (grade 4).
lengths, bond angles and torsion angles were in the range of valubkZoep mutant embryos display severe defects including a
expected for a naturally folded protein. single eye (cyclopia), lack of the notochord, trunk somites,

Fig. 1. (A) Western blot A

analysis (using anti-Cripto

antibody) of the conditioned

medium of 293T cells

transfected witleripto-His Mw

WT-, cripto-His Glu91Ala- 30 —
21 -

control
Glu91Ala

-
=

expressing vectors, or vector
alone. (B) Immunochemical
analysis of Cripto-Fc chimera
Metabolically labelled

conditioned medium from B

:Pa()rfsl(]‘gcrtg:i?st?/;/zg 2937 Reducing Non-reducing
immunoprecipitated with i l [ I
protein A Sepharose and Mw - Mw  —-
subjected to SDS-PAGE. The m 290 —
immunoreactive species were

visualised after fluorography. 46 — “ 97 — -
(C) MZoepmutant embryos at 66 —
sphere stage co-injected with 30 -
recombinant Cripto-His protei 46 —
and 10K dextran rhodamin.

Fluorescence (a’,b’) and light (a,b) images of frontal (a,a’) and lateral (b,b’) views of injectsebMztant embryos. The molecular mass
of protein standards is indicated (kDa).
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pronephros and blood. Grade 1 embi
exhibited trunk somites but lacked -
notochord; grade 2 embryos exhibited k
trunk somites and a notochord but ¢
had a single median eye, while grad
embryos showed, in addition, par
rescue of cyclopia. Grade 4 embryos
wild-type embryos were indistinguishal
(Fig. 2). Both Cripto-His and Cripto-}
(Table 1) proteins were able to res
MZoepembryos to a wild-type phenotyj
In contrast, a variant of Cripto-+
carrying the mutation Glu91Ala, whi
attenuates both membrane-anchored
below) and secreted Cripto (data
shown) functions, was non-functiot
(Table 1). Moreover, intracellular injecti
of recombinant Cripto protein into the y«
cell at the 1-8 cell stage did not res
MZoep embryos (Table 1). We c:
therefore, conclude that Cripto activity ¢
be provided extracellularly as a solu
protein, demonstrating that neitl
membrane anchorage through the
terminus nor multimerization/binding wi
other partners during synthesis
secretion are absolutely required. Fine  Fig. 2.Phenotypes of Md@epembryos rescued by mutasrtpto RNA injections. Live
since Cripto-His and Cripto-Fc protel emgryos at 32 htOlérs(gg)sgfe(;tlIliatlon, Iate;al wexv an(tcezglté;r todthezz left. (A)d*dfihutaqt g
N embryo, uninjected. rade 1: rescue of somites. rade 2: rescue of somites an
gﬁ\r/e (;:;tgpz:?obr!n(;lf Viluggzgttlwttza(;r aglrei notochord. (D) Grade 3: partial rescue of cyclopia. (E) Grade 4: full rescue. (F) Wild-type
homodimerization is  not absolute embryo. Note the notochord (arrowhead in C-E) and somites (arrow in B-D).

required. Although injected wild-tyy

Cripto protein is sufficient to completely rescue the earlyinjections, Cripto function provided extracellularly, can rescue
defects of MZoep embryos, it appeared unable to complemetite early but not the late phenotype of d&pembryos.

the loss obepactivity at later stages, such as direction of heart o - )

looping. Using morphological criteria we have found that thelhe EGF-CFC domain is sufficient for Cripto

heart forms in Cripto-injected M#pmutants but the direction biological activity in MZ  oep rescue assay

of heart looping is randomised with respect to the left-right axi®ynexpectedly, the N-terminal sequence analysis of both
of the embryo (data not shown), according to what has bequurified Cripto-His and Cripto-Fc proteins showed the three
previously described after injection @@pmRNA into MZoep  sequences: SVGIQNS, VGIQNSK and NSKSLNK, with the

(Yan et al., 1999). Similar results were obtained witipto  first sequence being the major component, which differs
RNA injections (data not shown). Thus, similact@pto RNA  from the expected GRDLA sequence (Dono et al., 1993)

Table 1. Rescue of MBepembryos by injection of recombinant Cripto protein
Site of injection (quantity)

YSL Blastoderm Embryos Grades*
(1-8 cell) (blastula) scored 0 1 2 3 4
BSA 200 pg 11 100
Cripto-His WT 2ng 12 100
Cripto-His WT 500 pg 21 100
Cripto-His WT 125 pg 18 44 34 22
Cripto-His WT 15 pg 11 100
Glu91Ala His 500 pg 13 100
Glu91Ala His 125 pg 14 100
Cripto-Fc 4ng 10 100
Cripto-Fc 1ng 15 7 93
Cripto-Fc 250 pg 11 54 38 18
Cripto-Fc 32 pg 9 100
Cripto-His WT 2ng 7 100

*Phenotypic rescue is indicated as a percentage of total embryos scored.
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Fig. 3.(A) Sequence alignment of the EGF-CFC proteins: mouse Cripto (mCripto), human Cripto (hCripto), zebrafish Oep (Oep), human
Cryptic (hCryptic), mouse Cryptic (mCryptic), frog FRL1 (FRL1) and chicken Cripto (cCripto). The positions of the missetisasr{ttd
residues) are shown above the alignment. Red and blue lines indicate amino acids deleted in cripto-His and in the EGIB/GHTekdis ¢
respectively. Blue and green shaded areas indicate the EGF and the CFC domains, respectively. Conserved residues in ttheni®+-CFC
are indicated by asterisks. The white arrow indicates the predicted cleavage site of signal peptide in mouse CriptowB lenckcate
processing sites of recombinant Cripto-His expressed in 293T cells. (B) Western blot analysis of total lysates from 288$feetisd with
Cripto wild-type and mutant derivatives. Cells were cotransfected with Jun-Ha expression vector as internal control. Taenmassaf

protein standards is indicated (kDa).

corresponding to the predicted mature protein (Fig. 3A). Thiperform Cripto biological activity. To experimentally address
result suggested that mammalian cells produce, almostis point we generated eipto cDNA deletion derivative
exclusively, a proteolytically processed form of Cripto lacking(EGF-CFC-His) lacking both the N terminus (i.e. spanning
the N terminus of the protein (Fig. 3A). amino acids 24-52) and the hydrophobic C-terminal region
We then went on to define the minimal Cripto regionrequired for membrane anchorage (Minchiotti et al., 2000) but
necessary to fulfil its activity. Comparison of EGF-CFC familyexhibiting a C-terminal 6xHis epitope. The biological activities
member sequences reveals that the N- and C-terminal regioofsthe EGF-CFC-His and cripto-HisWT RNA were compared
of different EGF-CFC proteins are apparently unrelated (Fig(Table 2) for their ability to rescue the M&pphenotype when
3A). Interestingly, even mouse and huncaipto genes, whose injected into the M@dep embryos at the 1-4 cell stage and
sequence similarity rises up to 94% in the EGF-CFC regiorphenotypic rescue was examined as previously described (see
showed a reduced sequence similarity in their N- and CResults above and Fig. 2). Although high RNA doses were
terminal regions (Dono et al., 1993). Similar results wergequired when compared to Cripto-His, EGF-CFC-His was
described for mouse and humamptic genes (Bamford et al., able to fully rescue Mdep embryos. These results
2000). Moreover, the purified Cripto-His and Cripto-Fcdemonstrated that the EGF-CFC domain is sufficient for Cripto
proteins, both lacking the N terminus of the protein, arectivity and that, as suggested by the comparison of sequences,
biologically active (see Results above). This observatiomeither the N terminus nor the C terminus of Cripto are
strongly suggested that the EGF-CFC domain was sufficient bsolutely required for its activity.
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Table 2. Rescue of MBepembryos by injection of RNA Table 3. Rescue of MBepembryos by injection ofcripto
coding for the cripto EGF-CFC region full-length RNAs
Embryos Grades* Embryos Grades*
Injected RNAs Quantity  scored 0 1 2 3 4 Injected RNAs Quantity  scored 0 1 2 3 4
CriptoHis 3pg 8 62 38 Cripto WT 10 pg 25 28 44 28
CriptoHis 10 pg 15 100 Cripto WT 50 pg 29 45 21 34
EGF-CFC His 3pg 10 80 20 Cripo WT_ 200 pg 17 12 s8
EGF-CFC His 10 pg 28 14 36 50 Pro52Ala 10 pg 14 14 43 43
EGF-CFC His 50 pg 16 50 31 19 Pro52Ala 50 pg 16 26 43 31
EGF-CFC His 200 pg 14 100 agnB3lle 10 pg 24 83 17
*Phenotypic rescue is expressed as a percentage of total embryos scoredm 50pg 25 3240 28
Gly71Asn 10 pg 12 100
Gly71Asn 50 pg 10 100
Functional dissection of Cripto SlyriAsn 200p9 1 100
. L . . . Ser77Ala 10 pg 10 80 20
To gain further insight into the functional importance of ger77aia 50 pg 10 40 30 30
|n_d|V|duaI re5|du¢s w_|th|n Cripto, we cr_eated variants of the,, o, 10 pg 12 100
cripto cDNA by site-directed mutagenesis. We postulated thepphe7gaia 50 pg 10 100
functionally important residues should be found within thephe78Ala 200 pg 9 100
most conserved residues of the EGF-CFC family. From thppegsala 10 pg 8 50 50
analysis of the multisequence alignment in the EGF-CF(Phe85Ala 50 pg 10 30 30 40
family (Fig. 3A) 15 residues of the Cripto protein were argggala 10 pg 14 64 29 7
mutagenised. Three main classes of amino acid residues weaArgg8sAla 50 pg 12 33 34 25 8
chosen: absolutely conserved (Pro52, Gly71, Phe78, PhetAra88Ala 200 pg 6 33 17 17 33
Arg88, Glu9l, Arg95, His104, and Leul22), less conserveGlugiAla 10 pg 6 83 17
(Ser77, His92, Leull4, and Argll6) and not conserveGludlAla 50 pg 14 43 43 14
(Asn63, and Glu97) in the EGF-CFC family. The Asn63His92Ala 10 pg 8 50 50
residue was chosen as a potential N-linked glycosylation siHis92Ala 50 pg 20 45 20 35
in Cripto (Minchiotti et al., 2000), while the Leull4 was Arg95Ala 10 pg 12 25 42 33
conserved in all EGF-CFC members except Oep (Fig. 3AArg95Ala 50 pg 10 10 30 60
Western blot analysis was performed on total lysates obtaintGiug7Ala 10 pg 9 20 40 40
from 293T cells transiently transfected with wild-type andGlud7Ala 50 pg 1 48 24 28
mutant cDNAs (Fig. 3B) to ensure that for each mutanHisi04Ala 10 pg 16 75 25
derivative the size was appropriate and the amount of proteHis104Ala 50 pg 23 48 30 22
was similar. Transfection efficiency was routinely monitoredLeu114Gin 10 pg 22 77 18 5
by cotransfecting cells with a vector expressing Jun-Ha fusioLeul14Gin 50 pg 31 6 13 45 23 13
protein (Musti et al., 1997) (Fig. 3B). The expression level 0Arg116Ala 10 pg 12 59 33 8
Cripto mutant derivatives were comparable to wild-typeArgl16Ala 50 pg 19 1 16 42 26 5
protein except for Arg88Ala mutant, thus suggesting thaLeu122Asn 10 pg 10 100
Arg88Ala mutation could lead to a severe alteration (probablLeul22Asn 50 pg 8 7525
unfolding) of the protein structure that could explain proteir-eul22Asn 200 pg 19 47 82 2l

aggregation andj/or prOteOIYtiC degradation._ The change « *Phenotypic rescue is indicated as a percentage of total embryos scored.
Asn63 to lle resulted in an increased mobility of the mutan

protein compared to the wild-type Cripto (Fig. 3B). The

molecular mass of the mutant protein is consistent with thafnaple to rescue the MEp phenotype (Table 3). Finally,
expected for the not-glycosylated protein (Minchiotti et al. mutations of residues Asn63, Ser77, Arg88, Glu9l, His104,

2000) (and data not shown) thus suggesting that the changgy114, Leu122 and Arg116 led to an intermediate phenotype.
Asn to lle resulted in loss of glycosylation of Cripto.

The influence of different mutations (highlighted in Fig. 3A) Identification of a putative remote homologue and
on Cripto activity was tested by comparing wild-type andmodelling
mutant RNAs for their ability to rescue the B&pphenotype To elucidate whether mutated Cripto residues correspond to
as previously described (see Results above and Fig. 2). Thenino acids potentially involved in maintaining the structural
results of injections are presented in Table 3. Injections of wildintegrity of the protein or to potentially exposed residues that
typecripto RNA rescued Méepembryos in a dose-dependent might be involved in interaction with a partner/receptor
manner, consistent with previous reports (Gritsman et algssential for activity, a molecular model of Cripto was derived
1999) (Fig. 2). Injections of the fifteamipto variants defined to be used as a guide model until the Cripto 3D structure is
three main categories of mutations. Mutations of residuesolved.
Pro52, Phe85, His92, Arg95 and Glu97 did not alter Cripto The only protein of known 3D structure closely related to
activity, while residues Gly71 and Phe78 were absolutelhuman CRIPTO and present in the Protein Data Bank [FPB
critical for Cripto activity since injections afripto variants  is the EGF-like cysteine/glycine-rich motif, which has been
Gly71Asn and Phe78Ala, even at high RNA doses, proverecently modelled onto the EGF structure by using the murine
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Fig. 4.(A) View of Cripto model superimposed onto the basic FG Leud 1 "

structure (2bfh). The €traces are shown. The Cripto and 2bfh prgrio

traces are rendered in magenta and cyan, respectively. The r.m.s) &

of the backbone atoms (C, C-alfa and N atoms) for the two ., )

superimposed structures was 0.91A on a total of 468 correspondi N

atoms. (B) Cripto model (€trace) with highlighted EGF (red) and Glu97 46 l 77 Phe78

CFC (blue) regions. The disulphide bonds (in yellow) are also ¥ O 2 3

shown. (C) Ribbon rendering of the Cripto model with all mutated D — ’E?‘ Gly71
Arg95 ’

‘Huﬂ 04

e8

AsnB3

residues drawn with a CPK representation. Mutations with a stron
and less severe effect are indicated in blue and cyan, respectivel
while ineffective mutations are indicated in r@estrands are

shown as green arrows and loops as yellow ropes. Orientation is
different from A and B.

EGF, the human transforming growth faatiofTGFa) and the  output we observed two other proteins wifb-efoil fold: the
EGF domain of human Factor-IX as references (Lohmeyer étterleukin 1 receptor antagonist protein (P¥Bcode: 1ilrl)
al., 1997). However, although structurally related to EGFand the plant cytotoxin B-chain of ricin (PDB code: 1abrb).
Cripto is unable to bind any of the four known members offherefore, it appears that, besides a strong similarity to small
the ErbB receptor family (Salomon et al.,, 1999). Onedomain proteins adopting an EGF-like fold, the whole Cripto
possibility is for Cripto to adopt an EGF-like fold allowing the protein shows distant structural similarities with proteins
interaction with members of a different class of receptoradopting &3-trefoil topology.
(Lohmeyer et al., 1997). A 3D fold recognition software was In the light of the above findings, we attempted to model
used to identify the best structural match for Cripto, in theCripto by using as reference the 3D structure of the basic FGF
PDB™ (see Materials and Methods). As expected, the TopitPDB™ code: 2bfh) (for details see Materials and Methods).
(Rost, 1995) and Gon+predss (Fischer and Eisenberg, 1996he two superimposed traces for the model and the reference
prediction methods (available at UCLA-DOE Fold structure are shown in Fig. 4A.
Recognition Server http://fold.doe-mbi.ucla.edu) were biased The fold is that of a classic@-trefoil with two B-sheets
by the similarity between the EGF structures and the EGF-likmade up of four and sig-strands, respectively. The model
motif present in Cripto (data not shown). We, therefore, triedhcludes the three disulphide bridges (Cys66-Cys73; Cys67-
the more relaxed algorithm H3P2 Scan (Rice and EisenberQys79; Cys81-Cys90) typical of the EGF structure (Fig. 4B;
1997). In addition to a high similarity score (Z) with small- for details see Materials and Methods).
domain cysteine-rich proteins, we observed a lower but ) )
significant level of similarity between Cripto and proteins of3D structural context of Cripto mutations
the so-called3-trefoil fold structure. According to the Class- We indicated mutated residues on the 3D model and colour-
Architecture-Topology-Homology (CATH) classification coded them according to the capacity of the mutation to
(Orengo et al., 1997), these proteins belong to the classterfere with Cripto rescuing activity (Fig. 4C). Red residues
“mainly beta”, in agreement with the secondary structur¢Pro52, Phe85, His92, Arg95 and Glu97) do not alter Cripto
prediction for Cripto §=0%, 3=14.2%, rest 85.8%) obtained activity whereas blue residues (Gly71 and Phe78) are
with the PHDsec programme (Rost and Sander, 1993) whichbsolutely critical for Cripto. Finally, the remaining residues,
indicates the absence ofhelices. showing an intermediate phenotype, are indicated in cyan
Proteins identified as similar to Cripto in terms of secondaryAsn63, Ser77, Arg88, Glu9l, His104, Leull4, Leul22 and
structure similarity and sharing tletrefoil fold were acidic  Arg116). Most mutations affecting activity are located on the
FGFs (PDBM codes: 1barb;2afgc), interleukin-1beta (PF¥B same side of the molecule and are exposed (mean residue
code: 2IIb) and basic FGF (PDB code: 2bfh). These proteins accessibility >30% except for Arg88 and Ser77 ranging 5-
ranked in the top 20 proteins of the programme output and af&%) thus suggesting that these residues might be involved in
considered homologues as they share similar functions (Zhairgieractions with a partner/receptor essential for activity.
et al., 1991). In the next 10 ranked proteins of the programmiaterestingly, the analysis of the model indicated that Asn63,
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predicted to be a potential N-linked glycosylation site in Criptcstill able to rescue the M#pphenotype. Consistent with this
(Minchiotti et al., 2000), was fully exposed and located in aesult, the biochemical characterisation of Cripto-His and
B-turn (Fig. 4C), thereby being a good candidate forCripto-Fc proteins purified from the conditioned medium of
glycosylation. The change of Asn63 to lle, resulting in loss 093 cells, unmasked the existence of a post-translational
glycosylation of Cripto, confirmed this hypothesis. modification of Cripto and, possibly, of all the EGF-CFC
proteins. Both recombinant Cripto proteins are expressed
as proteolytically processed polypeptides resulting quite

DISCUSSION exclusively in the EGF-CFC domain. Limited endoproteolysis

_ . o o of polypeptide precursors is a general mechanism generating a
Recombinant secreted Cripto protein is active in diversity of biologically active peptides and proteins in all
rescuing the MZ oep phenotype eukaryotic phyla (Jones et al., 1996; Seidah and Chretien,

The production of a recombinant and biologically active Criptdl997; Piccolo et al., 1999) and may be important to control/
protein allowed us to answer two main questions of the biologgctivate Cripto activity.
of Cripto and, possibly, of all the members of the EGF-CFC Although the EGF-CFC region is active, it appears less
family, which could not be experimentally investigatedefficient than the wild-type Cripto isoform since higher RNA
by means of RNA injection: (i) does Cripto require doses were required to fully rescue dp mutants. Such a
multimerization/binding with other partners during synthesidower efficiency suggests that the N-terminal domain of Cripto
and secretion? (ii) does Cripto require to be presented in@uld be important to modulate its activity. The functional
clustered state, which mimics membrane attachment, tonportance of the N-terminal domain may differ between
efficiently activate downstream signalling events? different EGF-CFC members. Interestingly, a loss-of-function
The ability of recombinant Cripto protein to fully rescue themutation (Arg78Trp) of the humamyptic geneCFC1, located
MZoep mutant when injected into the blastoderm of mutatedn the N-terminal region of the protein (i.e., just upstream of
embryos demonstrates first that Cripto is active as a singthe EGF domain; see Fig. 3A), has been recently described as
molecular component and does not require to be associatadsociated with human left-right laterality defects (Bamford et
with a specific intracellular molecule during synthesis andhl., 2000). This mutated form was still able to fully rescue the
secretion, and second that Cripto can act as an extracelluldizoepmutant and, moreover, had no dominant negative effect
factor to enable proper nodal signalling propagation. IfBamford et al., 2000). This most intriguing result supported
addition, the fact that Cripto activity can be providedthe hypothesis that the N terminus region of the protein was
extracellularly is in agreement with previous data obtainedot essential for the role of EGF-CFC genes in nodal signalling
with chimeric mouse embryos established from thébut could confer functional specificity to each member of the
combination of wild-type anccripto”~ ES cells; cripto”/  family, thus suggesting that, in addition to their role in nodal
wild-type chimerae develop normally and both wild-type andsignalling, the EGF-CFC proteins might have extra functions
cripto”~ cells are present in adult tissues, demonstrating thathose specificity is mediated by the N terminus region of the
cripto acts non-autonomously during development (Xu et al.protein (Bamford et al., 2000). Accordingly, mutation of
1999). These results could either indicate a juxtacrine activitiProline52 (Pro52Ala), the only absolutely conserved residue in
of the GPIl-anchored Cripto or that the rescue can be due tate N-terminal region of the EGF-CFC proteins, did not alter
soluble form released from the membrane of wild-type cells.the capacity of Cripto to rescue M&pmutants (see Results).
Cripto-His and Cripto-Fc proteins displayed the same level ) ) . )
of activity, strongly suggesting that Cripto dimerization/ Functional dissection of Cripto
clustering was not absolutely required to efficiently activatd=rom the mutational dissection of the Cripto protein it emerged
downstream signalling events. Furthermore, the secreted forthat ten out of the 15 point mutations analysed affected the
of Cripto, although lacking its C-terminal domain, is still biological activity of Cripto when tested in the rescue assay of
active, thus demonstrating that this domain of Cripto is noMZoepmutant phenotype. These residues are located both in
strictly required for the biological activity tested. Similarly to the EGF and in the CFC domains thus suggesting that, in the
Cripto and Oep, GFR a GPl-anchored protein, which current assay, both regions are required for Cripto biological
mediates glial cell line-derived neurotrophic factor (GDNF)activity. Quite surprisingly, we did not find a good correlation
signalling (Jing et al., 1996), has been shown to also act asbatween the high degree of conservation of a residue in the
diffusible co-factor by binding to its ligands and associatingeGF-CFC family and essential functions. For instance,
with the transmembrane receptor (Airaksinen et al., 199%onserved amino acids (Pro52, Phe85 and Arg95) did not
Paratcha et al., 2001). Thus Cripto surface localisation mastrictly correspond to functional residues in thedégassay.
serve to restrict activity to specific microenvironmentsConversely, Asn63, Ser77 and Leull4, which correspond to
eventually guaranteeing a high mobility in the membrane asa@mino acid residues less conserved in the EGF-CFC, severely
result of GPI anchoring, whereas release may lead to a dist#fected the biological activity of Cripto in the same assay.

effect. Criteria other than conservation might be useful to identify

o - ) functionally important residues and with this idea in mind, a
The EGF-CFC domain is sufficient for Cripto molecular model, such as the one we propose, could be a useful
biological activity in MZ oep rescue assay tool.

The EGF-CFC domain is the highest homology region between Positioning of Cripto mutated residues on the 3D model
EGF-CFC proteins. Here, we provide evidence that thisevealed that most of the mutations affecting activity are
domain is sufficient to perform Cripto biological activity. located on the same side of the molecule, defining an exposed
Expression of aripto deletion derivative (EGF-CFC-His) was area of approximately 800-100BAThis is a relatively large
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area, which suggests that Cripto could be engaged in function#hl51-Pro52 is located in @turn, betweer-strands Arg44-
interactions with several proteins. Interestingly, Gly71 and®he50 and Ser53-Lys60, and is thus exposed. Regions
Phe78 residues, which appeared critical and absolutejubmitted to proteolytic processing should be exposed. Quite
required for Cripto activity, are fully exposed in the model.strikingly, region Val51-Pro52 is a major site of proteolysis
Phe78 has been previously hypothesised to be involved wbserved on the Cripto recombinant protein released from
Cripto receptor binding because it was found to be part of mammalian 293 cells. Similarly, Asn63 is exposed in the 3D
surface hydrophobic patch and because mutations of theodel and thus appears to be a good candidate as a
equivalent residue in human EGF reduced binding affinityglycosylation site. The validity of the 3D model has been
(Lohmeyer et al., 1997). Thus, the severe effect of Phe78Alkeonfirmed here by the biochemical analysis of the functional
mutant on Cripto activity suggests that the small domairCripto protein.
adopting an EGF-like fold inside the Cripto protein may share While this study has helped to define the structure-function
functional similarities with the EGF molecule. Moreover, relationships between Cripto and nodal signalling, future
according to the 3D model, Gly71, the second absolutelgtudies based on these findings will provide new insight in the
essential residue, is also located in this hydrophobic patch, thosolecular basis of signal transduction controlled by EGF-CFC
suggesting that Gly71 and Phe78 may identify a functiongbroteins. Furthermore, the generation of mouse models bearing
domain potentially involved in the interaction with a receptorCripto variants could provide additional information on the
molecule/complex. role of cripto during development and/or adult life.
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