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To identify extracellular proteins with epidermal growth factor
(EGF) domains that are potentially involved in the control of
haemopoiesis, we performed degenerate reverse-transcriptase-
mediated PCR on the murine bone-marrow stromal cell line MS-
5 and isolated a new partial cDNA encoding EGF-like domains
related to those in the Notch proteins. Cloning and sequencing
of the full-length cDNA showed that it encoded a new extra-
cellular multi-domain protein that we named polydom. This
387 kDa mosaic protein contained a signal peptide followed by
a new association of eight different protein domains, including a

pentraxin domain and a von Willebrand factor type A domain,
ten EGF domains, and 34 complement control protein modules.
The human polydom mRNA is strongly expressed in placenta,
its expression in the other tissues being weak or undetectable.
The particular multidomain structure of the encoded protein
suggests an important biological role in cellular adhesion and/or
in the immune system.
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INTRODUCTION

Pluripotent haemopoietic stem cells are functionally defined by
their capacity for self-renewal and their ability to generate cells
of all haemopoietic lineages throughout the life. The fate of
haemopoietic stem cells is strikingly dependent on their inter-
actions with the bone marrow microenvironment composed of
heterogeneous stromal cells and extracellular matrix components.
Significant advances have been made in the knowledge of proteins
expressed by the bone marrow microenvironment and implicated
in the biology of haemopoietic stem cells. These include the
identification of many cytokines and their receptors, adhesion
molecules and their bound cell ligands and constituents of the
extracellular matrix. Nevertheless, studies in vitro and in vivo
demonstrate that the control of haemopoiesis is still dependent
on as yet uncharacterized proteins.

One unanswered question concerns the determination of lateral
inhibition as a regulator of the haemopoietic stem cell fate. This
signalling process is mediated in the neural system by receptors
of the Notch family and their ligands [1]. Recent investigations
have shown the expression of Notch proteins in CD34* haemo-
poietic progenitor cells and in bone-marrow stromal cells and
have revealed a role of Notch protein in T-cell commitment [2-5].
To analyse further the role of Notch proteins in the control of
haemopoiesis, we decided to study the expression of Notch genes
in the bone-marrow stromal cell line MS-5, which is known to
support human and murine primitive haemopoiesis [6-8]. As the
extracellular domain of all Notch proteins contains epidermal
growth factor (EGF) domains, which are also found in other
proteins essential for neuronal development [9—12], we performed
reverse-transcriptase-mediated PCR (RT-PCR) with degenerate

primers located in regions encoding these EGF repeats and
identified a new partial cDNA with EGF repeats sharing strong
similarities with the EGF domains found in the Notch family.
Cloning of the full-length coding sequence revealed that it
encodes a very large protein containing a putative signal peptide,
no transmembrane region and a completely new association of
eight different protein domains. The structure of this protein,
which we have named polydom, its expression pattern and the
presence of 34 complement control protein (CCP) modules, a
pentraxin (PTX) domain, a von Willebrand factor type A (VWF-
A) domain and multiple EGF-like repeats suggest that it might
have a role in cell adhesion and/or act in the immune system.

MATERIALS AND METHODS

Partial cDNA cloning of genes encoding proteins with EGF-like
motifs

Total RNA was prepared from the MS-5 cell line by using
TRIzol reagent (Life Technologies) and poly(A)* RNA was
obtained with the MPG mRNA purification kit (Quantum
Biotechnologies). A ¢cDNA primed with oligo(dT),, ,, was
synthesized from 1 ug of poly(A)* RNA from MS-5 cells with
Superscript I reverse transcriptase (RT) (Life Technologies);
one-tenth of this cDNA was used as template for PCR. De-
generate oligonucleotides were designed on the basis of conserved
amino acid sequences localized in the EGF-like domains of
Notch ligands and receptors: the sense primer, 5-TGYCA-
(DAAYGG(I)GSIAC(I)TGY-3, corresponded to the amino acid
sequence C(Q/H)NGGTC (single-letter codes) and the anti-
sense primer, 5-RCA(I)GG()YY(I)GA(I)AGRCAYTC-3" to

Abbreviations used: CCP, complement control protein; CRP, complement-reactive protein; EGF, epidermal growth factor; EGFca, EGF-like domain
bearing Ca®*-binding site: FISH, fluorescence in situ hybridization; HPRT, hypoxanthine phosphoribosyl transferase; HYR, hyalin repeat; PTX,
pentraxin; RT, reverse transcriptase; SAP, serum amyloid protein; STT2R, similar to thyroglobulin type 2 repeats; TNF-R, tumour necrosis factor

receptor; VWF-A, von Willebrand factor type A.
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The nucleotide and protein sequence data reported will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession
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© 2000 Biochemical Society



50

D. Gilges and others

A

MWSRLAFCCWALALVSGWTNFQPVAPSLNF SFRLF PEASPGALGRLAVPPASSEEEAAGSKVERLGRAFRSRVRR 75
LRELSGjLELVFLVDESSSVGQTNFLNELKFVRKLLSDFPVVSTA’I‘RVAIVTFSSKNNVVARVDYIS’I‘SRAHQHK 150
CALLSREIPAITYRGGGTYTKGAFQQAAQILRHSRENSTKVIFLITDGYSNGGDPRPTAASLRDFGVEIFTFGIN| 225 &—vwa
QGNIRELNDMASTPKEEHCYLLHSFEEFEALARRALHEDLIPSGSFIQEDMAR ISYLCEAGKDCCDRMASCKCGTH| 300 . .
[TGQFECICEKGYYGKGLOHECTAC PSGTYKPEASPGGLSTC I PC PDVSHTSPPGSTSPEDCVCREGY QRSGOT! 375 < Eph2-like cys rich repeat II'Eepphe%a-tliske cys rich
VJHCPALKPPENGFFIQNTCKNHFNAACGVRCRPGFDLVGSS THLCQPNGLWSGTESFCRVRTCPHLROPKHGHT | 450
SCSTAENSYNTLCLVTCNEGYRLEGSTRLTCQGNAQWDGPEPRCVERHCATFQKPKOVI TSPRSCOKOPARRGNT| 525 <—CCP X3
CQLSCROGY IL.SGVREVRCATSGRWSAKVQTAVCKTVEAPQT SCPNDTEAKTGEQQDSANVTWOVETAKDNSGEK | 600
] £—HYR X2
VSVHVHPAFTPPYLFPIGDVAITYTATDSSGNQASCTFYIKVIDVEPPVIDWCRSPRPTQUVEKEHPASWDEPQF | 675
SDNSGAELVITSSHTQGDMF PHGETVYWY TATDPSGNNRTCDTHIVIXGEPCEVPFTPVNGDF ICAQDSAGYNCS | 750 &— CCP
LSCKEGYDFTEGSTEKYYCAFEDG IWRPPYSTEWPDCAKRFANHGFKSFEMLYKTTRCODNDLFKKFSARFETT 825
LGNMVPSFCNDADDIDCRLEDLTKKYCIEYNYNY ENGFATGPGGWGAGNRLDY SYDHFLDVVOETPTOVGKARSS 900 &— specitic domain
RIKRTVPLSDPKIQLIFNITASVPLPEERNDTLELENQQRLIKTLETITNRLKSTLNKEPMYSFQLASETVVADS 975
NSLETEKAFLFCRPGSVLRGR_ijVNcPLGTsysLEHsTCESCLMGsyQDEEGQLECKLCPpRTHTEYLHSRSVSE 1050 STT2R X3
CKAQCKQGTYSSSGLETCESCPLGTYQPEFGSRSCLLCPETTTTVKRGAVDISACGVPCPVGEFSRSGLTECYRC| 1125 <
PRDYYQPNAGKSFCLACPFYG’I‘T’I‘ITGATSITD(ISSFSSTFSAAEESIVPLVAPGHSQN'KYEVSsq(;FHECFLNP 1200
CHNSGTCQQLGRGYVCLCPPGYTGLKCETDIDECSSLPCLNGGICRDQUGGFTCECSLGYSGQICEENINECISS| 1275 — Eg;_ Ca X6
PCLNKGTCTDGLASYRCTCVKGYMGVHCETDVNECQSSPCLNNAVCKDQVGGFSCKCPPGFLGTRCEKNVDECLS | 1350
QPCQNGATCKDGANSFRCQCPAGF’I‘GTHCELNINECQSNPCRNQATCVDELNSYSCKCQPGFSGHRCELEQPS% 1425
NLDFEVSGIYGYVLLDGVLPTLHAITCAFWMKSSDVINYGTPISYALEDDKDNTSLLTDYNGHVLYVNGKEKITN| 1500 & PTX
CPSVNDGIWHHIAITWISTGGAWRVY INGELSDGGTGLSIGKAT PGGGALVLGQEQDKKGEGFNPAESFVGSISQ| 1575
LNLWDYVLSPQQVKLLASSCPEELSRGNVLAWPDFLSGITGKVKVDSLSMF('%DCPSLEGSVPHLRPASGNRKPG 1650
SKVSLFCDPGFQWGNPVQYCFWWW 1725 & cep x2
RMFCTDNGSWNGI SPSCLD\/HECAVGSDCSEHASCLNTNGSYVCSCNPPYTGDGKNCAIE%V‘KCKAPENPENGHSS 1800 &(—EGF-Ca
GEIYTVGTAVTFSCDEGHELVGVSTITCLETGEWDRLRPSCEAT SCGVPPVPENGGVDGSAFTYGSKVVYRCDKG | 1875
YTLSGDEESACLASGSWSHSSPVCELVKCSQPEDINNGKYILSGLTYLSIASYSCENGYSLQGPSLLECTASGSH| 1950
DRAPPSCQLVSCGEPPIVKDAVITGSNFTFGNTVAYTCKEGY TLAGPDTIVCQANGKWNSSNHQCLAVSCDERPN | 2025
VDHASPETAHRLFGDTAFYYCADGY SLADNSQLICNAQGNWVPPAGQAVPRCIAHFCEKPPSVSYSILESVSKAK | 2100
FAAGSVVSFKCMEGFVLNTSAKIECLRGGEWSPSPLSVQCT PVRCGEPPSTANGY PSGTNYSFGAVVAYSCHKGF | 2175
¥ IKGEKKSTCEATGQWSKPTPTCHPYSCNEPPKVENGFLERTTGRTFESEARFQCNPGYKARGSPVFVCQANREW | 2250
HSDAPLSCTPLNCGKPPPIQNGFLKGESFEVGSKVQFVCNEGYELVGDNSWICQKSGKWSKKPSPKCVPTKCARP | 2325
PLLENQLVLKELASEVGVMTISCKEGHALQGPSVLKCLPSGQWNGSFPICKMVLCPSPPLIPFGVPASSGALHFG 2400
STVKYLCYDGFFLRGSPTILCQADSTWSSPLPECVPVECPQPEETLNGI THVOGLAYLSTTLYTCKPGFELVGNA | 2475
TTLCGENGQWLGGKPMCKPIECPEPKEILNGQFSSVSFQYGQTITYFCDRGFRLEGPKSLTCLETGDWDMDPPSC | 2550 {(—CCP 28
DATHCSDPQPIENGFVEGADYRYGAMITYSCFPGFQVLGHAMQTCEESGHSSSSPTCVPIDCGLPPHIDFGDCTK | 2625
VRDGQGHFDQEDDMMEV PYLAHPQHLEATAKALENTKESPASHASHFLYGTMVSYSCEPGYELLGIPVLICQEDG | 2700
TWNGTAPSCISIECDLPVAPENGFLHFTQTTMGSAAQY SCKPGHILEGSHLRLCLONKQWSGTVPRCEAISCSKR | 2757
NPLWNGSIKGDDY SYLGVLYYECDSGY ILNGSKKRTCQENRDWDGHEPMC T PVDCGSPPVPTNGRVKGEEYTFQK | 2850
EITYSCREGFILEGARSRICLTNGSWSGATPSCMPVRCPAPPQVPNGVADGLDYGFKKEVAFHCLEGYVLQGAPR | 2925
LTCOSNGTWDAEVPVCKPATCGPPADLPQGF PNGE SFYHGGHIQYQCFTGYKLHGNPSRRCLENGSWSGSSPSCL | 3000
PCRCSTPIIQQGTINATDLGCGKTVQI ECFKGFKLLGLSEITCDANGQWSDVPLCEHAQCGPLPTIPNAIVLEGS | 3075
LSEDNVVTYSCRPGYTMQGSSDLICTEKAIWSQPYPTCEPLSCGPPPTVANAVATGEAHTYESKVKLRCLEGYVM | 3150
DSDTDTFTCQODGHWVPERI TCSPKKCPVPSNMTR IRFHGDDFQVNRQVSVSCAEGFTHEGVNWSTCQPDGTHER | 3225
PFSDESCIPVVCGHPESPAHGSVVGNKHSFGSTIVYQCDPGYKLEGNRERICQENRQWSGEVAVCRENRCETPAE | 3300
FPNGKAVLENTTSGPSLLFSCHRGYTLEGSPEAHCTANGTHNHLTPLCKPNPCPVPFVIPENAVLSEKEFYVDON| 3375
VS TKCREGFLLKGNGYLICSPDETWTHTNARCEK ISCGRPSHVENATARGVY YQYGDNITYSCYSGYMLEGSLRS | 3450
VCLENGTWT PSPVCRANCRF PCONGGVCQRPNACSCPDGWMGRLCEEPTC ILPCLNGGRCVAPYQCDCPTGWTGS | 3525
&—EGF x3
RCHTATCQSPCLNGGKCIRPNRCHCLSAWTGHDCSRKRRAGL 3567

Figure 1 Amino acid sequence and modular organization of polydom protein

(R) Predicted amino acid sequence of polydom. Amino acid positions are indicated at the right of the sequence; the signal peptide is underlined. The various domains are boxed and identified
by labelled arrows. (B) Schematic representation of the protein. The protein is drawn to scale. Abbreviations: EGF, EGF-like domain; Eph2, ephrin 2; vwa, von Willebrand factor type A.
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the amino acid sequence ECLS(N/G)PC. PCR reactions were
performed in a DNA thermal Cycler (Perkin-Elmer/Cetus) for
five cycles under the following conditions: denaturation at 94 °C
for 15 s, annealing at 40 °C for 30 s and elongation at 72 °C for
1 min followed by 30 cycles of denaturation at 94 °C for 15,
annealing at 50 °C for 30 s and elongation at 72 °C for 1 min, in
50 I with 1x Taq polymerase buffer (Perkin-Elmer/Cetus),
1.5 mM MgCl,, each dNTP at 0.2 mM, each primer at 10 pM
and 2.5 units of Taq polymerase (Perkin-Elmer/Cetus). PCR
products were then subcloned in the TA cloning vector
(Stratagene) and sequenced with an ABI 373 DNA automated
sequencer (Applied Biosystems).

Isolation of the murine polydom cDNA

Oligo(dT),, ,, or random hexamer-primed cDNA libraries were
constructed from 2 ug of poly(A)" RNA from MS-5 cells with
the Superscript Choice System kit (Life Technologies). The
fractions corresponding to the longest cDNA species were cloned
in Lambda Zapll vector (Stratagene Cloning Systems); 10°
clones of these libraries were first screened with an ¢-**P-random-
labelled probe corresponding to the PCR product containing
EGF domains, then libraries were successively screened with the
positive clones obtained.

Sequence analysis

The protein sequence was analysed with multiple approaches.
Using the polydom sequence (or domains included in it), we
searched the National Center of Biological Information non-
redundant database (NR) for similarities by using the BLAST2
and W BLAST programs [13]; various domain databases such as
Pfam [14], Prosite [15] and SMART [16] were also scanned for
matches with the polydom sequence. Hydrophobic cluster analy-
sis [17] was also used to identify protein domain repeats. This
two-dimensional method combined primary structure (one-
dimensional) comparison with prediction of secondary structure
(two-dimensional) and was therefore particularly useful in
detecting similar folds sharing very low levels of sequence identity
(below 20-25 9, identity).

Expression pattern analysis

Clontech Northern blots (Clontech Laboratories) were
hybridized with randomly primed a-*?P-labelled probes (Roche
Molecular Biochemicals) with Expresshyb™ solution (Clontech
Laboratories). Clontech Northern blots contain approx. 1 ug
(human) or 2 ug (murine) of poly(A)" RNA from each tissue and
the quantity of poly(A)* RNA was adjusted to reflect approxi-
mately equal amounts of actin mRNA.

Semi-quantitative RT-PCR was performed with cDNA species
primed with random primers. These cDNA species were
synthesized from 1 ug of total RNA with the Superscript II RT;
and one-tenth of the cDNA was used as a template for PCR with
the murine polydom forward primer (5-GGCAAGGCCAGA-
TCGTCA-3") and reverse primer (5-TTCCGTGTGAGTCCT-
GGGGGG-3'). RT-PCRs were normalized with hypoxanthine
phosphoribosyl transferase (HPRT) mRNA expression with the
murine forward (5-GCTGGTGAAAAGGACCTCT-3") and re-
verse (5'-CACAGGACTAGAACACCTGC-3') primers.

Human chromosomal localization

Human metaphase cells for fluorescence in situ hybridization
(FISH) were prepared from phytohaemagglutinin-stimulated

lymphocytes by using the thymidine synchronization and bromo-
deoxyuridine release technique for banding. All the probes were
biotinylated by the nick translation procedure (Life Tech-
nologies). A pool of biotin—polydom human probes cloned from
human bone-marrow stroma mRNA and then sequenced was
used for the FISH, which was performed as described [18] with
some modifications. For the probe mixture, 20 ng of each probe
was combined with 5 ug of the human Cot-1 DNA in a 10 ul
hybridization solution [509%, (v/v) formamide/1 x SSC/109%,
(v/v) dextran sulphate]. After denaturation, repetitive sequences
were left to reanneal for 20 min at 37 °C before hybridization.
Detection of labelled probe was achieved with fluorescein-
conjugated avidin followed by one round of immunological
signal amplification with a biotinylated anti-avidin antibody.
Chromosomes were counterstained and banded by 4,6-
diamidino-2-phenylindole in Antifade (0.2 ug/ul; Vector
Laboratories); signals were detected with a Leitz microcoscope
and captured on CCD computer.

Generation of murine polyclonal polydom antibody

A cDNA corresponding to the specific polydom domain (see
Figure 1A, positions 789-997) was subcloned in-frame into the
expression vector pGex4T-1 (Amersham Pharmacia Biotech).
Recombinant polydom was produced and purified with the
glutathione S-transferase gene fusion system (Amersham
Pharmacia Biotech). The purified glutathione S-transferase—
polydom was then used to immunize rabbits (Eurogentec). The
crude antiserum specifically recognized TNT polydom products
in vitro containing this specific domain (results not shown).

Cell line transfections and Western-blot analysis

Full-length polydom cDNA was subcloned in frame into the
pcDNA3-1/Myc-His (Invitrogen) expression vector; Cos-7 cells
were transiently transfected with vector alone or polydom
construct with the Lipofect AMINE reagent (Life Technologies).
Supernatants of Cos-7 cells were collected 48 h after the trans-
fections and the proteins were separated by SDS/PAGE [4 —15 9,
(w/v) gel] (Bio-Rad) followed by electrophoretic transfer to
PVDF nitrocellulose filters (Amersham Pharmacia Biotech).
Proteins were detected with monoclonal anti-Myc clone 9E10
(Roche), which recognizes the epitope EGKLISEEDL sequence
derived from the human c-Myc protein, or with the polyclonal
polydom antibody. Labelled proteins were enhanced by chemi-
luminescence (ECL®; Amersham).

RESULTS

Characterization of an mRNA encoding a protein with multiple
protein modules

Because the Delta/Notch family of proteins seems to be involved
in the biology of haemopoietic stem cells, we looked for the
expression of these proteins in the murine stromal cell line MS-
5, which efficiently sustains primitive murine and human haemo-
poiesis [6—8]. We performed RT-PCR on MS-5 mRNA by using
degenerate primers corresponding to conserved amino acid
sequences in the EGF-like domains shared by the extracellular
domains of the Notch family members. Cloning and sequencing
of PCR products demonstrated that mRNA species of the
murine Notch-1 and Notch-2 and of the EGF-like homoeotic
molecule (Dlk) were expressed in MS-5 cells (results not shown).
We also identified an unknown 188 bp cDNA fragment that
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Figure 2 Secretion of polydom by Cos-7 cells

Cos-7 cells were transiently transfected with a full-length Myc-tagged polydom construct or with
the vector alone. Cos-7 supernatants were collected 48 h after transfection and supernatant
proteins were analysed by Western blotting with the 9E10 monoclonal Myc antibody (lanes 1
and 2) and with polydom polyclonal antiserum (lanes 3 and 4). Lanes 1 and 3, supernatant of
Cos-7 cells transfected with the Myc-tagged polydom construct; lanes 2 and 4, supernatant
of Cos-7 cells transfected with the vector alone. The sizes of the higher two murine laminin
subunits (400 and 210 kDa) are shown; the arrow indicates a protein whose molecular mass
is more than 400 kDa, specifically expressed by Cos-7 cells transfected with the Myc-tagged
polydom construct. The star indicates a protein recognized by Myc antibody only in the
supernatant of Cos-7 cells transfected with the Myc-tagged polydom construct.
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encodes a polypeptide with one EGF-like domain related to
those of the Notch proteins. To clone the corresponding full-
length cDNA, we used this PCR product as a probe to screen
MS-5 cDNA libraries. Numerous positive clones were isolated;
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not find any classical polyadenylation signal AATAAA in the 3’
untranslated region but an ATTAAA sequence is present in
several clones 18 bp before a poly(A)-rich sequence. The full-
length mRNA encodes a polypeptide of 3567 residues with a
molecular mass of 387 kDa (Figure 1A).

This protein, which we have named polydom, is very rich in
cysteine residues (7.2 9, of the total residues) and exhibits several
features of a secreted protein, for example: (1) a signal peptide
sequence with a cleavage site between residue 17 and 18 is present
after the methionine initiator codon; (2) it contains 29 potential
N-glycosylation sites and 23 potential O-glycosylation sites; (3)
it does not contain a hydrophobic transmembrane-spanning
sequence or a sequence for a glycosaminoglycan attachment site.
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Figure 3 Alignment of the polydom vWF-A domain with other known vWF-A domains

The polydom vWF-A domains were aligned with the four VWF-A domains of human collagen c1(XII) chain (CA1C_HUMAN, SwissProt accession number Q99715) and with that of the | domain
from the o subunit of human integrin c1-42 (ITA2-HUMAN, SwissProt accession number P17301). The secondary structure (two-dimensional) and three-dimensional representations are shown
respectively under the alignment and at the right. Residues that co-ordinate metal binding are shown with a filled circle in the alignment. Identical residues are shown in white on a black background;
similar residues are boxed. Positions occupied by amino acids with similar properties are shaded grey. The Pfam database F-value against the VWF-A domain was 6.8 x 10~'°. Abbreviations:

C-ter, C-terminus; N-ter, N-terminus.
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Figure 4 Alignment of the ephrin-2-like cysteine-rich repeats and EGF-like domains of polydom

(R) Alignment of the ephrin-2-like cysteine-rich repeat of polydom. Two cysteine-rich modules share significant similarities to the cysteine-rich region of the ephrin family of receptor protein-tyrosine
kinases [the BLAST2 F-value with QEK5 (EPB2_COTJA, SwissProt accession number Q90344) was 8 x 107 40% identity over 65 residues]. Identical residues are white on a black background ;
similar residues are boxed. The C-terminal parts of these modules are related to the C-terminal subdomains of EGF domains (see consensus EGF). (B) Multiple alignments of the polydom EGF-
like domains. Ten modules are significantly related to the EGF-like domain model [Pfam database Fvalues ranged from 2.2 x 10~° (EGF-1 and EGF-6) to 0.14 (EGF-8)]. The three-dimensional
structure of EGF (PDB identifier EGF) is shown at the right. Disulphide bond patterns are indicated up to the alignments. Identical residues are white on a black background, similar residues are
boxed. Positions occupied by amino acids with similar properties are shaded grey. The consensus line for EGF-like domains (PROSITE PDOC 00021) is shown under the alignment [a, aromatic
amino-acid (Phe, Tyr, Trp)]. An additional consensus line is shown for EGFca domains [PROSITE PDOC 00913; n, negatively charged or polar residues (Asp, Glu, GIn, Asn); b, possibly 4-hydroxylated
residue (Asp, Asn); a, aromatic residues]. Abbreviations: C-ter, C-terminus; N-ter, N-terminus.
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Figure 5 Multiple alignments of the 34 CCP domains in polydom

Pfam database F-values against the CCP/SUSHI domain model ranged from 2.7 x 10~ (CCP-12) to 0.037 (CCP-3). Only the more divergent fourth CCP domain was not detected against
the Pfam database. The 21st CCP domain is characterized by a large insertion of 43 residues between the first and second cysteine residues, corresponding to a non-globular region (large loop).
Secondary structures, as deduced from the experimental structure of the 15th CCP module of human factor H (PDB identifier 1HFI), which is shown at the right, are indicated below the alignment,
as well as the consensus line [over 80%; h, hydrophobic residue (Val, lle, Leu, Met, Phe, Tyr, Trp); a, aromatic residue (Phe, Tyr, Trp, His); s, small residue; t, turn residue (Pro, Gly, Asp, Asn,
Ser)]. ldentical residues are white on a black background, similar residues are boxed. Positions occupied by amino acids with similar properties are shaded grey. Abbreviations: C-ter, C-terminus;
N-ter, N-terminus.
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Figure 6 Multiple alignments of the three STT2R repeated domains in polydom

Three polydom cysteine-rich repeated domains are aligned with domains of C. elegans hypothetical proteins F47C12.1 (F47C12.1/CAEEL), F58E6.3 (F58E6.3/CAEEL), W02C12.1, (W02C12.1/CAEEL)
and F55H12.3 (F55H12.3/CAEEL) and a domain of human thyroglobulin (THYG_HUMAN). BLAST values using the three polydom repeats as query [BLAST 2.0.6; non-redundant (NR) database
at the National Center of Biological Information (NCBI; 334797 sequences) ranged between 8 x 10~ (F47C12.1/CAEEL) and 1 x 10~° (THYG_HUMAN)]. The positions of STT2R within
thyroglobulin are indicated below the sequence. Accession numbers are given at the right. The first two repeats possess hallmarks of the TNF-R/nerve growth factor receptor A1 module, which
are indicated below the alignment. Positions occupied by amino acids with similar properties are shaded grey.
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Figure 7 Alignment of the polydom PTX domain

(CRP_HUMAN, SwissProt accession number P02741), Cricetulus migratorius female protein (FP_CRIMI, SwissProt accession number P15697), human PTX_related protein ptx3 (PTX3_HUMAN,
SwissProt accession number P26022) and human SAP (SAMP_HUMAN, SwissProt accession number P02743). The Pfam database F-value against the PENTRAXIN domain model was 9.5 x 10",
Secondary structures as predicted from the experimental structure of the human C reactive protein (PBD identifier 1GNH), shown at the right, are indicated below the alignment. Positions occupied
by amino acids with similar properties are shaded grey. Abbreviations: C-ter, C-terminus; N-ter, N-terminus.
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Figure 8 Expression pattern of polydom mRNA

(M) Clontech poly(A)* human multiple tissue blot was hybridized with a human probe homologue to the mouse polydom probe and with a B-actin probe. (B) Total RNA (10 xg per lane) was
hybridized with a murine cDNA polydom fragment spanning nt 3558—6247. The ethidium-bromide-stained membrane is shown. (C) Clontech poly(A)* mouse embryo multiple tissue blot and mouse
multiple tissue blot were hybridized with the same probe as that described above, then stripped and rehybridized with a TATA-box binding protein (TBP) probe as control. Abbreviation: dpc, days
post-coitus. (D) RT—PCR was performed with total RNA isolated from stromal cells (MS-5, 30E, 30W, MS-K, M2-10B4, BMS2 and S17), murine fibroblasts (STO) and adherent layers of long-
term murine cultures (Mu-Adh). As a control the amplification of RT products with HPRT primers is shown. PCR products were 443 bp for murine polydom and 248 bp for HPRT.

To assess the molecular mass of polydom, the full-length Myc-
tagged polydom cDNA was transiently transfected in Cos-7 cells,
which do not express polydom mRNA. At 48 h after transfection,
a protein with a molecular mass of more than 400 kDa was
detected with specific antibodies against polydom and Myc in the
supernatant of Cos-7 cells transfected with the Myc-tagged
polydom construct (Figure 2) This protein was not present in the
supernatant of cells transfected with the vector alone. The size of
this protein was larger than that predicted from the amino acid
sequence (387 kDa). This could be explained by glycosylation of
polydom, in agreement with the presence of many consensus
sequences for N-glycosylation in the primary sequence of
polydom. In the supernatant of Cos-7 cells transfected with the
Myec-tagged polydom construct, a protein with a lower molecular
mass was detected only with anti-Myc antibody (Figure 2). This
protein might correspond to a form still containing the c-Myc
epitope located at the C-terminus but deleted from a large region
in its N-terminal part. In fact, the polydom domain used to
produce polyclonal polydom antibodies is located in residues
789-798. These results suggest that polydom cDNA contains all
the necessary elements for the production and secretion of
polydom by Cos-7 cells.

Complementary searches for similarities in protein databases
revealed that polydom is composed of many known domains
(Figure 1B) but did not reveal the presence of a Delta/Serrate/
Lag2 (DSL) domain, an ankyrin motif or a cysteine-rich module
typical of Notch proteins, clearly indicating that this protein

does not belong to the Delta/Notch family. Eight different
modules, some of them found in multiple copies, were present in
this large protein. We analysed polydom from its N-terminus to
its C-terminus. A 200-residue VWF-A domain that contains a
metal-ion-dependent adhesion site (‘MIDAS’) motif [19] was
found at its N-terminus (Figure 3). This module was immediately
followed by two 50-residue domains displaying similarities to a
tandem of cysteine-rich regions (Figure 4A) that have been
described previously only in the ephrin receptor family [20]; we
named it ephrin-receptor-B-like Cys-rich repeat. The C-terminal
end of these two domains possessed clear EGF-like markers; the
N-terminal end of the second cysteine-rich domain presented
striking features of the Al domain of tumour necrosis factor
receptor (TNF-R) (Figure 4A) [21]. The next domains were three
CCP modules, also named short consensus repeat (‘SCR’) or
sushi repeats. As shown in Figure 5, the consensus sequence of
these domains was conserved. After these three CCP modules,
we identified a duplicated 80-residue domain that shares simi-
larities with repeated sequences in the hyalin protein, the major
constituent of the hyalin layer surrounding the sea-urchin embryo
[22]. Interestingly, we also found this motif in five other proteins:
the human protein SPRX/ETXI1, which is implicated in some
cases of X-linked retinitis pigmentosa [23,24], the human SRPUL
protein and three hypothetical Caenorhabditis elegans proteins
(F47C12.1, W02C12.1 and F55H12.3). As this domain was first
(and as yet has only been) identified in hyalin, we named it HYR
for “hyalin repeat’, but further investigations demonstrated that
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in fact it corresponds to highly divergent fibronectin type 3
domain (‘Fn-3") [25]. After these HYR domains we found
another CCP module (Figure 5), then a globular motif poor in
cysteine residues, which showed no significant amino acid
sequence similarities to any known protein module and thus
might be specific to polydom. Next, we found three modules
composed of three short repeated motifs, each sharing structural
similarities with the type II repetitive domains present in thyro-
globulin STT2R motif (named for ‘similar to thyroglobulin type
2 repeats’) [26] and in some hypothetical proteins from C.
elegans: F47C12.1, W02C12.1, F55H12.3 and F58E6.3 (Figure
6). Interestingly, the sequence of the two first repeated motifs
shared striking similarities with the TNF-R Al module [21].
After these repeats came six EGF-like domains that presented a
characteristic pattern of six cysteine residues organized in three
disulphide bonds (1 to 3, 2 to 4 and 5 to 6) (Figure 4B). These six
domains were present in tandem repeats, five of which also
harboured the consensus signature for Ca** binding (EGFca;
D/NXD/NE/QX D/NX,Y/F). Because two residues separated
these EGFca domains, our protein might belong to the class II
family of proteins containing multiple EGFca domains [27].
After these EGF-like domains we found a 200-residue domain
that displayed more than 309, identity with the complete
sequences of serum amyloid protein (SAP) and complement-
reactive protein (CRP) and with the C-terminal end of the newly
identified long PTX proteins. As shown in Figure 7, this domain
is organized into 14 anti-parallel £ strands as defined by the
experimental structure of the SAP/PTX domain and harbours
amino acid residues identified as constituting the PTX signature
(HXCXS/TWXS/T) except for the cysteine residue, which is
replaced by an alanine in polydom. It is interesting to note that
the cysteine residue of the PTX consensus located in the SC
strand is involved in disulphide bonding with another cysteine
residue located in strand SF. This second cysteine residue is also
missing from the polydom sequence, also replaced by an alanine
residue. Amino acid residues important for Ca*'-dependent
ligand binding by PTX are also conserved. After the PTX
domain, two CCP domains (Figure 5) and one EGF-like repeat
that also presented a Ca*'-binding consensus sequence were
found (Figure 4B). After these motifs the protein was composed
of 28 CCP domains organized in a tandem repeat of 14 CCP
domains (Figure 5). With 34 copies, the CCP module represents
by far the most abundant domain of polydom. Finally, three
EGF-like domains were present at the C-terminus of the protein.

Expression pattern of the polydom mRNA in human and mouse

To determine the polydom gene expression pattern, we hybridized
Northern blots of human and murine tissues. With regard to f-
actin normalization, a strong signal was detected in human
placenta, whereas in other human tissues the expression of
polydom was undetectable or appeared weakly (Figure 8A). In
mouse, polydom transcripts were found in lung and placenta and
weakly detectable in other tissues (Figures 8B and 8C). During
development, polydom mRNA was detectable from day 11 post-
coitus to day 17 post-coitus (Figure 8C) in mouse.

We also wondered whether polydom mRNA was expressed in
various haemopoietic and stromal cell lines. No detectable
mRNA expression was observed by RT-PCR analysis in the
haemopoietic cell lines studied (MEL, BaF3, 175B, Jurkat, HEL,
Raji, UT7 and K562) and in activated or quiescent B and T
lymphocytes (results not shown). Because polydom cDNA was
cloned from MS-5 stromal cells, we analysed its expression in
other stromal cells by RT-PCR. Polydom mRNA was highly
expressed in the stroma adherent layer of murine bone marrow,
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Figure 9 Chromosomal localization of the human polydom gene

Upper panel: complete human metaphase after FISH with the cocktail probe. Specific yellow
spots are localized on the two chromosomes 9 counterstained with 4,6-diamidino-2-phenylindole.
Lower panel: chromosome assignment of the human probes. The arrow indicates a double-dot
signal on chromosome 9g32.

in murine fibroblasts and in the stromal cell lines 30W, 30E and
MS-5. In contrast, it was weakly or not expressed in the BMS2,
M2-10B4, MS-K and S17 cell lines (Figure 8D). This expression
pattern in stromal cells might be related to the heterogeneity and
complexity of bone-marrow stroma.

Chromosomal localization of the polydom gene

To determine whether genetic disorders might be associated with
the polydom gene, we performed chromosomal mapping of the
human and murine genes by FISH. The polydom gene mapped
to the long arm of human chromosome 9 at the 9q32 band
(Figure 9) and to murine chromosome 4 at 4B-4C2, a region
syntenic with human 9q32 (results not shown). The human
localization indicated that the polydom gene was located close to
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loci linked to some human diseases: acrofacial dysostosis-1,
Nager type [28], familial dysautonomia [29] and muscular dys-
trophy limb-girdle, type 2H [30]. Furthermore, rearrangements
or deletions of the 9q32 region occur in human haemopoietic
malignancies, including acute myeloid leukemias and non-
Hodgkin lymphomas [Cancer chromosome aberration project
(NCBI): http://www.ncbi.nlm.nih.gov/ccap/, recurrent aber-
ration results].

DISCUSSION

Using a degenerated RT-PCR approach with oligonucleotides
corresponding to sequences localized in the conserved EGF-like
domains shared by all Notch proteins, we have identified, in the
bone-marrow stromal cell line MS-5, a new transcript encoding
a very large mosaic protein that we named polydom. Polydom
contains a signal peptide that allows it to be secreted and is
composed of eight different domains; some of these, the EGF-
like domains, the CCP modules, the vVWF-A and the PTX
domains, are found in a large variety of extracellular mosaic
proteins [31,32].

The EGF-like module is a widely distributed domain conserved
between species (vertebrates and invertebrates) and found in
many extracellular molecules with various biological functions
such as blood coagulation, control of cell fate, cell adhesion,
activation of complement and fibrinolysis [32,33]. Genetic
mutations in EGF domains are involved in hereditary human
disorders, underlining the crucial role of these domains [34,35],
which are involved in protein—protein interactions, directly or in
association with other EGF domains or other structural motifs.
Six of the ten EGF domains of polydom contain a Ca**-binding
site that stabilizes protein—protein interactions and might be
important for structural integrity [36]. In polydom, an array of
six EGF modules separates a PTX domain and three domains
made of repeated motifs sharing similarities with thyroglobulin
type II repeats or TNF-R A1l modules. Thus, in polydom, the
EGF-like modules might be present as spacers between these two
functional modules, and/or they might be directly involved in
ligand binding. Interestingly, in polydom, the EGF modules are
associated with a PTX domain, an association never described
before. Classical PTXs are CRP and the SAP component; these
two small proteins, which assemble into pentameric structures,
are acute-phase proteins implicated in innate immunity. They
can bind a wide variety of ligands; these bindings are mediated
by the PTX domain [37]. Several larger proteins have been
identified and constitute the long PTX family. The C-terminal
end of these proteins consist of a PTX-like domain, whereas their
N-terminal domains show no similarity with any known protein.
The PTX3/TSG14 protein, which belongs to the long PTX
family, seems to be implicated in innate immunity, like CRP and
SAP [38], but other identified long PTX proteins have very
different functions [39]. Amino acid residues that are important
for the PTX Ca*'-dependent ligand-binding function are con-
served in polydom and, as with the EGFca domain, Ca®" binding
could stabilize the conformation of the protein domain or the
structure of the complete polydom, or both. Multimeric confor-
mations of classical PTXs and PTX3 have been shown to have a
role in the ligand-binding function. It will therefore be important
to determine whether polydom can form multimers. It will also
be of interest to consider whether, as with the classical PTXs
SAP and CRP, polydom exhibits Ca**-dependent lectin-like
properties and thus is able to bind agar or other classical PTX
ligands such as the Clq protein. Thus we can postulate that, as
well as EGFca domains, the PTX domain might be important for
the structural integrity and function of polydom. We report

here the characterization of the largest known molecule with a
PTX domain and we describe the first example of an association
of this module with other known protein domains such as
EGF-like domain, CCP module and vWF-A module. Thus
polydom might be the prototype of a new PTX sub-family.

The vWF-A domain is known to be distributed in more than
20 different human proteins with different organizations and is
implicated in the immune and haemostatic systems, cell adhesion
or matrix assembly [40]. The binding ligand function of vWF,
complement proteins (factor B and C2) or the « chain of
integrins is mediated by this domain; the vVWF-A domain might
also mediate ligand binding in other proteins whose function
remains unknown, as is that of polydom. Interestingly, the vWF-
A domain is the third protein domain of polydom exhibiting
residues that co-ordinate the binding of bivalent metal ions. For
this domain, a bivalent cation could contribute to the ligand
binding activity of polydom, as has been noted for other vVWF-
A domains [19]. The last polydom domain often found in a wide
variety of extracellular mosaic proteins is the CCP module.
Prototype members of this protein family are molecules that
regulate the complement system; CCP modules have been
identified in most components and regulatory proteins of the
complement cascade [41-43]. They are also present in the selectin
family of adhesion molecules [44] and in coagulation proteins
such as the g chain of factor XIII or Limulus factor C [45] and
in g, glycoprotein [46]. In some of these proteins CCP modules
are found as multiple copies and might either have a structural
role as spacial spacers between other domains or be directly
implicated in ligand binding. Polydom harbours two highly
similar tandems of 14 CCP modules separating EGF domains
(Figure 5). It will be interesting to investigate the role of these
various CCP modules in polydom.

The other four domains found in polydom are less widely
distributed in tissues and might be responsible for some biological
specificity of this protein. The first is a cysteine-rich domain with
repeated motifs related to the type II repetitive regions en-
countered in thyroglobulin [26]. The basal unit of these modules
(here termed the STT2R motif) shares sequence similarities with
the A1 module found in the cysteine-rich domains of TNF-R
family members and in some other proteins [47-49]. The cysteine-
rich domains in TNF-R are formed from two distinct types of
subdomain to form the A1-C2 or the A1-B2 domains that are
involved in the specificity of ligand recognition [21]. Little is
known about the specific functional activity of the A1 domain
itself and about the type II repetitive region of thyroglobulin.
Repeated STT2R motifs are present in three hypothetical proteins
from C. elegans (F47C12.1, W02C12.1 and F55H12.3), an
evolutionary conservation that suggests its biological relevance.
Another domain found in polydom, less widely distributed but
conserved in some C. elegans proteins, is the HYR domain. This
domain has been partly identified in an adhesive protein of the
hyalin layer of the sea-urchin embryo and seems to be involved
in cellular adhesion [22]. The third domain that does not belong
to a well-defined family of domains is a cysteine-rich motif that
has previously been described only in the ephrin receptor family
of proteins. The ephrin receptor family is the largest subfamily of
tyrosine kinase receptors and is thought to be important during
development [20]. It has been shown that this cysteine-rich motif
found in the extracellular parts of these receptors is dispensable
for ligand binding and receptor signalling, but might affect the
stability of the ligand-receptor complexes [50]. The identification
of a protein that is not an ephrin receptor but contains such a
domain suggests the existence of a new superfamily of proteins
sharing this common structural motif. The last domain found in
polydom exhibits no obvious similarity to other protein module;
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this globular domain might be involved in the specificity of
polydom activity.

In conclusion, most of the domains found in polydom are
known to be involved in protein—protein interactions or in
cellular adhesion and are found in various extracellular proteins
of biological importance. It is as yet unknown whether polydom
can interact with one or several types of molecules, whether its
biological activity is supported by a specific protein module or by
a particular module organization and finally whether the
specificity of polydom could be related to the specific assembly of
domains. The association in the same molecule of CCP, PTX,
EGF and vWF-A domains could suggest a role of polydom in
natural defence (the complement system or the acute-phase
response to tissue infection or injury) and/or in cell adhesion.
Finally, it is interesting to notice that two proteins of C. elegans
(F55H12.3 and F47C12.1) share the following order of modules
with polydom: EGF-like motifs, three or four STT2R motifs, a
specific globular region, one or two CCP modules, and one or
two HYR repeats. The fact that this specific association of
five different domains is conserved in non-mammalian species
suggests that this region might be important for the biological
function of polydom.
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