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Expression of the extraceIlular domain of endoglin in mammalian cells and bacteria 

Marie-Eve Paquet, M.Sc., Department of Lmmunology, University of Toronto, 1998 

Abstract 

Endoglin is a homodimeric membrane glycoprotein predorninantly expressed on endotheLiai 

ceIls. Cloning and sequencing of betaglycan, the iransforming growth factor (TGF)-B receptor III, 

had revealed homology with endoglin, particularly in the cytoplasmic domain. These observations 

led to the identification of endoglin as component of the TGF-B receptor complex. Although 

betaglycan c m  be released fiom the plasma membrane by enzymatic cleavage, no soluble form of 

endogh has been identified. The purpose of the curent study was to produce a recombinant 

soluble form of endoglin to be used in functional and structural studies. 

We engineered several constructs of endoglin, including naturai variants, and expressed 

them in COS-1 cells. Although a i l  fragments were detected intracelluMy, only A586, 

corresponding to the complete extracellular domain was secreted. It could be detected in the culture 

media by metaMc labeiing and Western blot. The study of normal endoglin biosynthesis in 

endothelia1 cells showed that it is expressed as a fully glycosylated protein within 1 h and that it is 

stable at the ceii membrane for at least 5 h. Pulse-chase experiments with the A586 fragment 

showed that 90% of it was secreted after 8h, an amount which was reduced by half in the presence 

of tunicarnycin, an inhibitor of N-linked glycosylation. The secreted protein was stable, fdIy 

glycosylated and able to dimerize. 

Using E.coli as a host, we arternpted to produce soluble A586 in large amounts. Despite 

the presence of a periplasmic targeting sequence in the vector, aii of the A586 was found in 

inclusion bodies. The introduction of a 6xHis-tag at the C terminus of A586 did not yield a 

product capable of binding to a Nickel affmity matrix. 



Our results demonstrate that a recombinant soluble form of endoglin can be secreted in a 

stable and dimeric forrn by COS- 1 cells. The same A586 frapent  expressed in bacteria was found 

exclusively in inclusion bodies, implying that refolding of the protein in vitro will be required. 

These data suggest that a marnmalian ceiI system such as stably transfected CHO cells would be 

more appropnate to produce 6586 in a conformation suitable for structural and functional studies. 
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Chapter 1: Introduction 

Endogh was discovered 13 years ago in our laboratory. It was first identifid a. the 

surface of pre-B leukemic ceus but it is mainly expressed on endothelid ceus. Later, endogh was 

identifieci as a component of the TGF-B receptor complex. Although endoglin can modulate 

responses to TGF-B1, the mechanisms underlying its precise mode of action remain to be 

elucidated. 

Mutations in the endoglin gene result in the vascular genetic disorder Hereditary 

Haemorrhagic Telangiectasia type 1 (HIITI). A reduction of 50% of endoglin expression at the 

surface of cells has been observed in HHTl patients, suggesting a hapioinsuffîciency mode1 for the 

disease. These results indicate that endoglin is implicated in vascular homeostasis and that a cntical 

number of molecules is required for its function. 

Endothelium is important in the immune system, as it is implicated in the regulation of 

leukocyte adhesion and migration to sites of injury. The observation that endoglin is expressed on 

endothelid cells, activated monocytes and subsets of hernopoietic cells is suggestive of a role in 

immune responses and in specific developmental processes. 

The purpose of the current study was to produce a soluble form of endoglin that will help in 

elucidating its structure and function. In the introduction, the expression and biochemical 

properties of endoglin will be reviewed. The structural and functional characteristics of TGF-B, 

particuIarly in the immune system will be surnrnarized, as will the TGF-O receptor system and 

signal transduction by this complex. The properties of betaglycan, the TGF-D type III receptor, its 

similarities to endoglin and the role of these 2 proteins in the TGF-B receptor system will be 

discussed. I WU then revizw bnefly the clinicai and genetic aspects of Hereditary Haemorrhagic 

Telangiectasia and state the purpose of my thesis. 



1.1 Endoglin 

1.1.1 Tissue distribution 

Endoglin is a membrane glycoprotein that was f ~ s t  identified on human pre-B leukernic 

celis in a study aimed at producing monoclonal antibodies that could i denm cell surface proteins 

of acute lymphoblastic leukernia ( A U )  (1). The monoclonal antibody (mAb) 4464 produced in 

that study was shown to react with a novel protein expressed at high Ievels on endothelial cells (2). 

Endoglin was shown to be constitutively expressed on ail blood vessels including arteries, veins 

and capillaries. It was classified as an endothefial c d  marker (CD105) in the Vth International 

Leukocyte Workshop (3). 

Throughout pregnancy, endoglin is expressed at high levels on the syncytiotrophoblast of 

placenta which constitutes the interface with matemal blood and plays an important role in 

imrnunological protection of the fetus (4, 5). Endoglin is also up-regulated on intermediate 

cytotrophoblasts of the placenta during the first terrn of pregnancy (5) .  Transient expression of 

endoglin has also been detected at 6-7 weeks of developrnent in endocardial cushion tissue, 

coinciding with heart septation and valve formation. Expression is decreased drarnatically as  

valves mature (6). Other cells of mesenchymal origin, particularly in mouse tissues, have k e n  

shown to express endoglin. These stroma1 ceiIs were detected in murine intestine, stomach, heart, 

skeletal muscle, uterus, ovary, testis and thymus (7). 

Endoglin is also found on specific subsets of cells within the immune system. It is detected 

on stromd ceIIs in adult and fetal bone marrow (8, 9). Another subpopuIation of bone marrow 

cells, characterked by a basophilie cytoplasm and a prominent nucleoli, showed endoglin staining 

by 80w cytometry and were identified as proerythroblasts (1 0). Endoglin is also present on early 

B-lineage cells in fetal but not adult bone marrow (8). Leukemic cells originating frorn early B 

lineage (pre-B ALL) and myeloid lineage (acute myeloblastic leukernia; AML) were shown to 

express endoglin while those of T ce11 origin did not ( 11, 12). 



Endoglin expression is up-regulated on in vitro activated monocytes from peripheral blood 

and PMA activated monocytic ceIl Lines; it is also expressed on tissue macrophages (13). The 

presence of endoglin on stroma1 cells of the bone marrow, proerythroblasts and fetal pre-B celis, 

suggests a role in hematopoietic development, while up-regdation on macrophages is more 

suggestive of a role in inflammation. 

1.1.2 Biochemical characteristics 

Endoglin exists as a disulfide bonded homodimer of 180 kDa. Sequencing of the cDNA 

revealed an extracellular domain of 56 1 amino acids, a hydrophobic transmembrane domain of 25 

amino acids and a short cytoplasmic tail of 47 amino acids. There are 4 potential N-linked 

glycosylation sites and a potential region for O-linked glycosylation (14). The extent of 

glycosylation was characterized in HOON leukemic c e k  ( 15). Neuraminidase and glycosidase 

treatments showed that the molecule was sialylated, O-linked glycosylated and N-linked 

glycosylated. Removal of N-Iinked sugars by endoglycosidase-F led to a decrease in M.W. of 

25,000; a hrther decrease was observed if neurarninidase and O-glycanase were present (for a total 

of 33,000). Different results were, however, obtained with the 697 human pre-B ce11 Line in which 

digestion with O-glycanase did not reduce the molecular weight of endoglin, suggesting the 

absence of O-iinked sugars (8). The extent of glycosylation in endothelial cells or other ceiI types 

has not been investigated. 

The shoa cytoplasmic tail of endoglin is rich in serine and threonine residues (19 of 47 

residues) and is constitutively phosphorylated (16, 17). Digestion of phosphorylated endoglin with 

glutamine and proline-specific proteinases revealed at least three different phosphorylation sites for 

endoglin. In the sarne study, addition of a protein kinase C inhibitor reduced phosphorylation of 

endoglin, suggesting possible involvement of this kinase (17). 

Two forms of endoglin (L and S), with different cytoplasrnic regions, have k e n  identified 

in a PMA treated myelomonocytic ce11 Luie (HL60) cDNA library (18). The variant form (S) 

contains a 135 bp segment inserted within the previously reported cDNA sequence (14) (insertion 

starting at bp 1852). The S-form is an altematively spliced variant of normal full length endoglin, 



the L form, that retains intron 13 (19). The first 2 1 nucleotides are in frame with the normal 

sequence and lead to the expression of 7 new amino acids afier which a stop codon is reached. 

The cytoplasmic tail thus contains 14 amino acids instead of 47 as in the L form of endoglin. 

Transfection of L and S-Endo cDNA in murine fibroblasts led to two different homodimenc 

proteins expressed at the cell membrane. RT-PCR experirnents showed the expression of S- 

endoglin on PMA-treated monocytic lines, endothelid cells and placenta and revealed that L- 

endoglin was more abundant than the S-endoglin variant in these cell types (18). 

1.2 Transforming Growth Factor4 (TGF-B) 

TGF-O is the prototype and fust isolated member of a large family of growth factors which 

were originally grouped based on their structurai and functional sirnilarities (20). Members of this 

superfamily have less than 40% arnino acid identity but usually share seven invariant cysteine 

residues, which suggests comparable structures (21). These proteins affect a wide range of 

differentiation processes during embryonic developrnent. They are also implicated in wound repair 

following injury and tissue remodeling. This superfamily includes activins/uihïbins which are 

irnplicated in modulation of pituitary FSH secretion (reviewed in (22)), bone morphogenic proteins 

(BMP) which c m  induce de novo cartilage and bone formation (23, 24), and Muerian inhibitory 

substance which is required for normal male sex development (reviewed in (25)). 

1.2.1 Structural characteristics of TGF-B 

TGF-O molecules consist of a farnily of 5 structurally related proteins. The cDNAs for 

TGF-BlJ.32 and -B3 have been isolated frorn mammalian cells but TGF-B4 and TGF-B5 have only 

been found in chicken and Xenopus respectively (26-32). TGF-B molecules are secreted as latent 

complexes and activated extracellularly by release fiom the non-covdently associated LAP 

(latency-associated peptides). Proposed mechanisms of activation include acidic pH, redox, 

thrornbospondin and proteolytic cleavage by plasmin (reviewed in (33)). The biologically active 

forrn of TGF-B is a 25 kDa homodimer. 72-79 % sequence identity is observed between 



mammalian isoforms. The crystal structure of TGF-B2 has been solved by two different groups 

(34,35,36) and that of TGF-B3 has been detennined more recently (37). These studies revealed 

the presence of 4 intrachain disuIfide bonds and one interchain bond at Cys 77. The structure of 

TGF-B1 has also k e n  determined in solution by NMR (38) and exhibits a backbone fold similar to 

that of the other isoforms. TGF-B molecules contain a motif referred to as a Cysteine Knot which 

consists of a cluster of cysteines and 2 pairs of antipardel P strands (reviewed in (39)). This 

motif is shared by nerve growth factor, platelet-denved growth factor and other membes of the 

TGF-8 family (39, 40). The global topology of all three mammalian TGF-B isoforms is similar, 

consistent with their ability to bind the sarne basic receptor complex. Thus local structural 

differences in exposed loop regions and other protein surface feanires are likely to be involved in 

isoform specific hnctions (37, 38). 

1.2.2 Functions of TGF-R 

TGF-B influences nearly every tissue and cell type. Principal effects inchde growth 

inhibition of hematopoietic, epithelial and endotheiial cells, stimulation of chernotaxis of 

lymphocytes, macrophages and fibrobiasts and stimulation of extracellular matrix protein 

production (41). In the current discussion, 1 will focus on the effects of TGF-B in the immune 

systern and more specifically on the TGF-B 1 isoform, which influences immune ceil development 

and responses. 1 will describe the knockout models and present a brief overview of TGF-O1 

effects on T cells, B cells, nonocytes/macrophages and endotheliai cells. 

The production of TGF-BI nul1 mice allowed an extensive description of systernic and 

developmental effects of this TGF-B isoform. The knockout mode1 fxst showed that this isoform 

was implicated in the maintenance of imrnunological homeostasis (42). 50% of TGF-B1 deficient 

rnice die in utero at around 10.5 dpc. Analysis of the conceptuses revealed independent 

vasculogenesis and hematopoiesis defects in the extraembryonic tissues such as yolk sac and 

umbilical cord (43). The death of embryos was attributed to y d c  sac developmental defects. Yolk 

sac anemia was also observed, consistent with the role of TGF-B in the induction of 

haemoglobinisation of erythroid cells (44). Earlier reports of TGF-B 1 knockout mice had focussed 



on the surviving animais (45-47). These rnice apparently lived because of matemal TGF-BI 

crossing the placental barrier (48). The absence of TGF-Bl seemed eo induce a generaiized state of 

activation of the immune system as infiammatory ceii infiltration (primarily lymphocytes and 

macrophages) in many organs was observed. This innltration eventually caused death after 3 4  

weeks and was s d a r  to that observed in certain autoimmune diseases, making the TGF-D null 

mouse a potential mode1 of autoimrnunity (42). 

In the immune system, the effects of TGF-8 vary depending on the stage of development 

and activation of target cells. In thyrnocyte development, TGF-O has been shown to synergize 

with TNF-a to favor development of CD8f precursors (49). Maturation of precursors of T helper 

cells (pTW into functionally defined subsets is prornoted by known cytokines : TH1 (IFNy, IL-12 

and IL-2), TH2 (IL-2 and IL-4). A new subset referred to as TH3 is induced by I L 4  and 

characterized by a production of TGF-B which is not observed in TH2 (50, 5 1). In tum, TGF-B 

can modulate the response to cytokines associated with these different subsets. Analysis of CD4f 

T cells which were exposed to TGF-B early in Life revealed an increase in IFN-y producing cells 

and a decrease in IL-4 producing cells, suggesting that TGF-8 promotes differentiation toward a 

TH1 phenotype (52). However, different results have k e n  obtained in experirnents where 

systemic administration of TGF-B in rnice infected with Leishmania showed an increase in TH2 

cytokine production and a decrease in TH1 cytokine production (53). In mature T cells, 

exogenous TGF-B inhibits IL-2 dependent proliferation via events downstrearn of IL-2 receptor 

binding (54). 

In most B lymphocytes, TGF-B typically inhibits proliferation (55). It suppresses the 

expression of surface molecules such as IgM, IgD, K and h chains, FceRII and induces MHC 

class II expression (reviewed in (56)). In these cells, TGF-f3 also promotes Ig class switch to IgA 

but the way it functions in the events leading to that switch is unknown. 

Monocytes/macrophages secrete and respond to TGF-B (55). As in many other ceil types, 

effects of TGF-B can be inhibitory or stimulatory depending on the stage of development and 

environmental factors (e.6. cytokines present). A low concentration of TGF-B cm attract 

circulating monocytes to a site of injuqdinflarnrnation or induce cytokine production which will  



affect the immune response. On the other hand, the action of TGF-O on tissue macrophages is 

more of a suppressive one. For exarnple, it inhibits the inducible form of nitnc oxide synthase 

(NOS), leading to a limitation of nitric oxide production by macrophages (57). 

Endothelium is an important component of the immune system, as it regdates Ieukocyte 

adhesion and migration to the sites of injury. TGF-8 modulates endotheliai ceil responses to 

idammatory cytokines. It reduces IL-8 mRNA and protein expression induced by TNF-a, a 

prominent mediator of endothelial cell activation (58). There is aIso evidence that TGF-8 reduces 

leukocyte adhesion to endothehum (59, 60). As stated before, TGF-B has been shown to affect 

endothelial cell proliferation. In in vitro two dimensional culture systems, it inhibits proliferation 

and migration of endothelial cells but in three dimensional gels and in vivo, TGF-O promotes - - 

angiogenesis (6 1). 

1.3 Transforming growth factor4 recep tor system 

1.3.1 TGF-B receptor I 

TGF-B receptor 1 (TORI, ALK-5) is a cell membrane protein of 50-60 kDa expressed in 

most mammalian cells (62, 63). It contains a cysteine rich extracellular domain of 101 amino 

acids, a single transmembrane domain and a large 355 arnino acid cytoplasmic tail (64, 65). 

Structural similarities have been found between TBRI, type 1 activin receptors (ALK1-4,6) and 

protectin (CD59), an inhibitor of the membrane attack complex of complement. The basic domain 

in this putative family of structurally related proteins is the 'cysteine box', which is characterized 

by the presence of 10 cysteine residues within a strech of 65-85 amino acids (66). TBRI and 

TGFB receptor II (TBRII) both belong to an expanding farnily of transmembrane se~ehhreonine 

kinases (20). A conserved 'GS' motif (SGSGSGLP) in the cytoplasmic juxtarnembrane region 

preceeding the kinase domain is unique to the type 1 receptors (Fig. 1). Deletion of this domain or 

mutations within the GS motif abolishes the ability of TBRI to mediate signds or constitutively 

activate the receptor (67,68). Recentiy, a small region of the kinase domain (LA5 loop) has been 



Signai sequence 

Cys box 

Transmembrane 
domain 

+-- GS dornain 

Kinase domain 

Figure 1. Mode1 representing the structure of TGF-B type 1 and type II receptors 

Schernaùc mode1 of TBRI and TBRII illustrating features shared with other type 1 and type II 

receptors of the TGF-B superfamiiy. The signal sequence (smaü open box), extracellular cysteines 

(horizontal bars), cysteine box (arrow), transmembrane domain (filled box), GS domain (hatched 

box and arrow), kinase domain (large open box) and serine/threonine rich tail (arrow and thick 

line) are shown. Figure adapted from Attisano et al. (70). 



identifid as responsible for the s ignahg specificity of TBRI compared to other type 1 receptors 

(69)- 

1.3.2 TGF-B receptor II 

TBRII is a 75-85 D a  glycoprotein expressed on rnost ceiis and tissues (62, 71). It 

contains a smail extrace1lula.r domain of 136 amino acids, a single transmembrane domain and an 

intracellular domain of 376 amino acids. Similar to TBRI, the extracellular domain of TBRXI[ is rich 

in cysteine residues (Fig. 1) .  Deletion of different regions of the exodomain o f  TBRII have 

identified the cysteine rich region as the core ligand binding site (72). The kinase domains of TBRI 

and TBRII show 41 % identity (20, 64, 73) but the TBRII kinase is constitutively active whde 

TDRI is not (74). The kinase domain of TBRII is foilowed by a 22 amino acid serinelthreonine rich 

C-terminal tail. TBEUI has been shown to bind ligand by itself but does not transduce signal (75). 

1.3.3 Signal transduction by the TGF-B receptor system 

Several studies have identified TOR1 (ALK-5) and TBRII as a minimal requirement for 

TGF-B signaling to occur. Mink lung epithelial cells lacking one of the two receptors are 

insensitive to TGF-B. Responsiveness can be restored by expression of wild type receptors (75- 

79). Studies with dominant negative receptors dso support these results. The presence of 

deficient f o h s  of TDRI and TORII can block normal TGF-B responses (80-83). In the TGF-B 

receptor complex, TBRII binds ligand on its own which is followed by association with TBRI and 

formation of a heteromeric complex (75,84,85). Non-disulfide bonded homodimers of type I and 

II receptos respectively are formed in the endoplasmic reticulum (ER) and expressed at the ceii 

surface (86). 

Signal transduction by the TGF-B receptor complex is mediated by the intracellular domain 

of TBRI and TORII. Upon ligand binding to TOM, the TBRI is recruited and transphosphorylated 

on ser/thr residues in the GS domain (20). Once activated, TBRI signals through the recently 

identified Smads proteins (Fig. 2). 
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Figure 2. Signaling through the TGF-fi receptor system 

Upon ligand binding, TBRII associates with, phosphorylates and activates TBRI. The type 1 

receptor then phosphorylates pathway specific Smads (Smads 2 and 3). These activated Smads 

then associate with Smad4 and translocate to the nucleus where they rnay regdate transcription. 

The inhibitory Smads (Smads 6 and 7) target the fxst steps of signai transduction by inhibiting 

access to the receptor or blocking phosphorylation of Srnad3 and Smad3. Adapted frorn Whitman 

(109). 



Srnad2 and Smad3, which are specific to TGF-B interact with the phosphoryIated receptor 1 (87- 

91). Smad4 is the fmt member of a potentidy Iarger subfamiiy of cornmon Smads. It forms a 

heteromeric complex with upstrearn Smads and translucates to the nucleus where it induces gene 

transcription (92). Smads 6 and 7 are negative regdators in this pathway. Smad6 inhibits the 

phosphorylation of Srnad2 whereas Smad7 blocks the association with TBRI (93-94). 

1.3.4 Betaglycan 

Betaglycan is a cell membrane proteoglycan expressed in a variety of ceffs including 

mesenchymal, epithelial, neuronal (62) and bone marrow stroma1 ceils (95). It is generally found 

at low levels on endothelid cells (96, 97, 98). Betaglycan has 853 amino acids, a large 

extracellular domain, a single transmembrane domain and a short cytoplasmic tail lacking any 

known signalling motifs (99, 100, 101). It contains 6 potential N-linked glycosylation sites, as 

well as heparan sulfate and chondroitin sulfate giycosaminoglycan (GAG) attachment sites (9 9, 

101). 

Betaglycan binds al1 three isoforms of TGF-B with high affinity (KD 50-200 pM) (102) via the core 

protein (102) (Fig.3). Moreover, disulfide bond-dependent secondary and tertiary structures are 

relatively unimportant in ligand binding (103) and bacterially produced betaglycan fragments bind 

ligand (104). Binding sites have been mapped to a large domain in the N-terminal region (aa 24- 

513) and to a smailer stretch in the membrane proximal region (aa 543-769) (104-108) but no 

specific residues have been identified. These two binding sites compte with one another. The N- 

terminal site is several-fold more effective in binding ligand as shown by an enhanced capacity to 

inhibit TGF-B binding to rnink lung epithelial cells and a higher affinity for binding to immobilized 

ligand ( 107). 
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Figure 3. Betaglycan is a dual modulator of TGF-O signaling 

Membrane bound betaglycan presents TGF-8 to the type Ii receptor and enhances cellular 

responsiveness to TGF-O. Soluble betaglycan can bind and sequester TGF-B, preventing its 

access to the signaling receptor cornplex. 



Betaglycan has been shown to form a complex with TDRI and TBRII in the presence of 

ligand (1 10). Expression of betagIycan in L6 myoblasts, normally negative for this receptor, led to 

a 2.5-fold increase in the amount of radiolabeled ligand cross-linked to TBRII (10 1). Betaglycan 

has been shown to increase the affînity of the receptor complex for the TGF-B2 isofom (1 1 l), but 

more generally, it regulates the access of all three isoforms to the type II receptor (1 12). However, 

celis not expressing betaglycan can still respond to TGF-B, suggesting that it is not an essential 

recep tor. 

In addition to the membrane anchored form, betaglycan has been found in cell culture 

fluids, serum, and extraceliular matrices (99, 1 13). In contrast to membrane bound betaglycan, the 

soluble form inhibits TGF-D binding to membrane receptors and acts as a modulator of ligand 

access to signaling receptors. Soluble betaglycan produced in an insect celi expression system 

strongly inhibited binding of TGF-61 and 02 to ce11 surface receptors of MvlLu cells (108). 

1.3.5 Endoglin 

When betaglycan was cloned and sequenced, its cytoplasrnic tail was shown to be 70% 

similar to that of endoglin (99, 101). This led to the identification of endoglin as a potential TGF-B 

binding protein. Endoglin could be cross-linked to TGF-B 1 and TGF-B3 but failed to associate 

with TGF-B2 (1 14). Subsequently, endoglin was shown to be coprecipitated with TGF-B receptor 

II in endotheliai cells, monocytes and pre-B leukernic cells without affecting the aEnity between 

TGF-B and its receptors (16, 1 15, 1 16). Recent observations from Our lab have shown that 

endoglin does not bind TGF-O 1 nor TGF-03 on its own and that it requires coexpression of TBEUI 

to do so marbara et al. Submitted) (FigA). 

In the monocytic c d  line U-937, endoglin was shown to modulate cellular responses to 

TGF-B 1 (1 16). Normal TGF-8 1 effects such as inhibition of proliferation and downregulation of 

c-myc mRNA were abrogated in celis expressing endoglin. The presence of endoglin aIso 

inhibited TGF-B 1 induced fibronectin synthesis, cellular adhesion, CD3 1 phosphorylation and its 
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Figure 4. Mode1 of endoglin interaction with the TGF-fi receptors 

Endoglin associates with ligand bound TBRII. It can also associate with the heteromeric complex 

of TBRI and TBRII. Endoglin cannot bind ligand on its own and does not alter afinity for ligands. 

However, endoglin could possibly modulate signals and act on downstrearn events of this 

pathway. Endoglin only interacts with TGF-B 1 and TGF-B3. Adapted from Pece Barbara et al. 

(Submitted). 



mediation of homotypic aggregation. In a culture of extradous trophoblasts from first term 

placenta, the presence of anti-endoglin antibodies or antisense oligonucleotides to endoglui 

stïmulated outgrowth and migration of trophoblasts, a process that is negatively regulated by TGF- 

01 and TGF-B3 (1 17). Transfection of endoglin in murine fibroblasts also inhibited fibronectin 

production and migration (Lastres et al. Submitted). These data suggest that the presence of 

endoglin can alter several responses to TGF-B. 

The exact mechanisms by which endoglin modulates cellular responses to TGF-O without 

altering ligand binding to T13M and TBRIT rernains to be clarifieci, but it may fûnction to modulate 

receptor activation of downstream events such as Smad signahg or recruit other proteins to the 

receptor cornplex. Endoglin was aiso recendy shown to interact with activin-A, BMP-7 and BMP- 

2, al1 members of the TGF-O superfarnily. in the presence of the respective receptor type known to 

bind ligand (Pece Barbara et al., J. Biol. Chem., under revision). These results suggest that 

endoglin hnction is not restricted to TGF-i3 and that it might act in other pathways of the TGF-8 

superfarnily . 

1.4 Hereditary Haemorrhagic Telangiectasia 

Hereditary Haemorrhagic Telangiectasia (HHT, Rendu-Olsler-Weber syndrome) is a 

dominant vascular disorder affecting approximatly 11 10,000 individuals in the general population; 

it displays an age-related penetrance with symptorns developing through life (1 18). The rnost 

cornmon clinical manifestation is epis taxis due to n a d  mucosa telangiectases . Telangiectases 

emerge from the dilatation of post-capillary veinules which directly connect with dilated arterioles 

(1 19). More serious clinicai manifestations of HHT include puimonary and cerebrd artenovenous 

malformations (PAVM and CAVM) which arise in approximately 20 % of the patients. These 

complications are a consequence of blood shunting through the abnormal vessels and c m  lead to 

stroke, brain abscess and hypoxiaernia (1 20, 12 1). 



Heterogeneity in clinicd manifestations of HHT is observeci amongst members of the same 

f d y  and the general affecteci population. This can be partially explained by molecular 

heterogeneity. Genetic linkage studies revealed at least ovo different HHT loci: on chromosome 9 

(122, 123) and 12 (124, 125). Endoglin had been previously assigned to chromosome 9q33-34 

(126) and was then shown to be the gene mutated in HHT type 1 (HHT1) (19). HHTl is 

associated with a higher fiequency of PAVMs than H E U 2  (127-1 29). Activin receptor-like kinase- 

1 (ALK-1, chromosome 12), also a member of the TGF-D receptor farnily, is mutated in KHT 

type 2 (KHT2) (130). The existence of a third HHT locus has been suggested by the identification 

of a large family, who could not be iinked to either chromosome 9 or 12 and was affected by Liver 

AVMs (131). 

Diverse mutations in endoglin have been idenMied in the entire gene, including missense 

mutations, insertions and large deletions (Table 1). To date, each family exhibits a particular 

mutation. Studies of endoglin expression in HHTl patients have shown a 50% reduction of normal 

endoglin at the surface of monocytes and HUVEC (human umbilical vein endotheliai cells). 

Mutated proteins, if expressed at dl, are degraded intracellularly; they are not detected at the cell 

surface and are not secreted (132). By immunostaining, we have aiso demonstrated a reduction of 

endoglin expression in situ on all vessels of a newbom with HHTl who died subsequent to the 

rupture of a CAVM (Bourdeau et ai. Subrnitted). HHTl is thus caused by haploinsufficiency 

rather than by a dominant negative effect of mutant endoglin. 

1.5 Purpose of the current study 

To date, no endogenous nor recombinant soluble forrn of endoglin have k e n  reported. 

The purpose of the current study was to produce a soluble form of endoglin to be used in structurai 

and functional studies. The eventual determination of the 3-dimensional structure of endoglin 

could reveal sirnilarities to other proteins not detectable by pnmary sequence analysis and Iead to 

the identification of new functions for endoglin. Moreover, a soluble form of endoglin could be 

used to elucidate its role as an accessory rnolecule in the TGF-B related receptor systems. 



Table 1. Summary of mutations in endoglin causing HHTl 

TYPE OF EXON GENOMIC POSITION mRNA P R E D I m  REFEFENCE 
MUTATION DNA* PRUEIN 
Deletions 2 >250bp Exon 2 skip Tmncated (133) 

5 2 1 bp- 573 21 bp deletion 7 aa missing (133) 

7 39bp 882 39 bp deletion 13 aa missing (19) 

8 1.5 kb Exon 8 skip Truncated (1 33) 

8 4bp 1 078 Early stop Truncated (134) 

9A I ~ P  1206 Early stop Truncated (134) 

9A- 14 >4Kb Exons 9A-14 deleted, Absent (133) 
no transcript detected 

9A I ~ P  1267 Early stop Truncated (134) 

11 I ~ P  1655 Early stop Truncated (135) 

11 2bp 1550 Early stop Tmncated ( 135) 

11 2 b ~  1553 New Maem site Tmncated (19) 

11 2bp 1432 Early stop Truncated ( 1 34) 
Point 1 ATG -+ ACG 2 Absent Absent (134) 

mutations 
2 GGC + GTC 155 GLy52 + Va1 (134) 

3 A + G  (donor splice site) Exon 3 skip 47 aa missing (133) 

3 G - + A  (donor splice site) Exon 3 skip 47 aa missing (132) 

4 CGA --* TGA 512 Early stop Truncated (133) 

4 GCT -. GAT 479 New Fnu4H1 site Alal60 + Asp (136) 

4 A + G  (acceptor splice - Truncated (134) 
site) 

5 TGG -+ TAG 587 Early stop Tmncated (135) 

7 CTC -* CCC 917 - Leu306 Pro (134) 

7 TAC -+ TAG Early stop Truncated (19) 

8 G + A  (donor splice site) Exon 8 skip Truncated (133) 

8 TGT 4 TGA 1050 Early stop Truncated (135) 
9 CGG CGC 131 1 3' splice site 

dismpted (134) 
10 CAG + TAG 1414 DeIe tes a B bv 1 site ~run&ted (135) 

Inser'tion 8 1 bp 1111 EarIy stop Tmncated (135) 

"Numbering is from the initiation codon ATG. 



As a first step in producing a secreted form of endoglin, we engineered and expressed 

cDNA constnicts corresponding to different endoglin fragments in COS-1 celis. This system, was 

chosen for its convenience and reliability. It is a transient expression system which allows one to 

test severai constnicts rapidly, without the multiple steps of selection associated with the generation 

of stable transfectants. The expression of these ftagments was determined by  metabolic labeling 

and immunoprecipitation. We report that fiagrnent A586, corresponding to the complete 

extracellular domain of endoglin, was detected in the culture media. Further biochemical 

characterization of this fragment is also presented in this thesis. 

As the COS4 ceils expression system gives in general a relatively low yield, we tested a 

bacterial system. E-coli is one of the most frequentiy used expression systems for high level 

production of heterologous proteins at low cost. Disadvantages are the absence of post- 

translational modifications and different folding processes (reviewed in ( 137)). Endoglin 

fraagnents of different length had been previously expressed in bacteria. High levels of expression 

were obtained but al1 proteins were found in inclusion bodies (138). In the current study, we tried 

to overcome this situation by producing A586 in bactena using an expression vector with a 

targeting sequence to the periplasm of E.coli. The periplasrnic space of E.coli is of great interest 

for the heterologous expression of recombinant proteins as it is a non-reducing environment 

allowing formation of disulfide bridges. It has been used previously to successfully express 

proteins such as T-ce11 receptor and antibody fragments (139, 140). To facilitate protein 

purification, a sequence coding for a 6xHir-tag was introduced at the 3' end of the A586 construct, 

taking advantage of the affinity between histidine residues and Nickel. 

Despite these technical irnprovements, A586 was still found exclusively in inclusion bodies 

and could not be purified by metai =ty chrornatography. The production of a hctional soluble 

endoglin in bacteria would then require solubilization of the inclusion bodies in a denaturing 

solution, purification of endoglin using conventional techniques and refolding of the protein in 

vitro. As endoglin is a dimeric protein with 17 cysteine residues, its proper folding could be a 

difficult task. The results presented in this thesis suggest that AS86 would be b a t  expressed in an 

efficient mammalian systern. The technology based on CHO ceus has improved considerably in 



the past yean and with the amval of new bioreactors, high d density can be reached, leading to 

the production of rniligrarn quantities of protein (141, 142). 



Chapter 2: Materials and Methods 

2.1 Protein sequence alignment of endoglin and betaglycan 

Human (14), pig (16) and mouse (7) endoglin polypeptide sequences were aligned with rat 

(99), pig (100) and human betaglycan (LOO) using ClustdW prograrn (143) through the foilowing 

web site: http://do t.imgen.bcm.mic.edu:933 l/mdti-align/options/clustd~. html- This prograrn 

improved the classical progressive approach for multiple alignments by varying the gap penalties in 

a position and residue specifc manner. The anaiysis of identicai and similar regions was done 

using BOXSHADE available at this web site: http://ulrec3.ud.ch/so~arelSOX~fom.htmltml 

2.2 Preparation of mammalian expression constructs 

The EcoRI fragment of hurnan Ml-length endoglin cDNA in pcEXV-1 (pcEXV-L Endo) 

(18) was subcloned into the pCMV5 vector (144) (Fig.5, Fig.6). Both constructs were used in the 

present study. Fragment A230 represents a translation product derived from an abnomal spliced 

mRNA (14). The expression constmct was engineered by generating a PCR fragment for the 

3'end of A230 and ligating it to the S'end of normal endoglin via a unique Xho 1 site (138). A 

BamHI site was introduced in the reverse primer after 2 stop codons. Forward primer: 5' GGC 

CGC ACG CTC GAG TGG CGG CCG CGT ACT CCA 3'. Reverse primer: 5' TCT TGG ATC 

Ç T A  TCA GGG GGG TGG TCT CTC GGG GTG GGG ACT 3'. Restriction sites are 

underlined and stop codons are in bold. 

The fra,ment A4621632 corresponds to an endoglin mRNA variant detected by RT-KR in 

hurnan celis (Shovlin, C. Paquet, M-E. and Letarte, M., unpublished data). This variant cDNA 

lacks bp 1386 in exon 10 to bp 1896 in exon 14 (Fig. 5, and numbering frorn the ATG codon, 

(19)). The expression constmct was prepared by PCR amplification of the 3' end of this variant 

using the fonvard primer: 5' AGG CGG TGG TCA ATA TCC TGT CGA 3'; bp 127 1- 1294 and 

the reverse primer: 5' TCT TGG ATC CGT GGA GGG ACC CCA AGG TGT TCC AA 3'; bp 

215 1-2175. A BarnHI restriction site (underlined) was included in the reverse primer. The 39 1 bp 

2 0  



PCR product was ligated with the 5' end of normal endoglin cDNA using a unique Sac1 site at bp 

1295 and cloned into Bluescript (Stratagene Inc., La Joua, CA). The H i n W a m H I  fiagrnent 

was subcloned into pCMVS vector rather than pcEXV because of its multiple cloning sites. 

The expression constnict producing fragment A558 was prepared by introducing a valine 

codon at position 558 folIowed by a stop codon (TAG) making use of a unique Tthl11I restriction 

site in endoglin. The EcoEU fragment (2.3 kb) corresponding to full length endoglin cDNA was 

isolated from pcEXV-L Endo; Hindm linkers were added and the fragment was subcloned into the 

multiple cloning site of Bluescnpt. Synthetic, complementary oiigorners, engineered to contain an 

in-frame stop codon and a BarnHl overhang (S'TCTAGACG; 3'AGATCTGCCTAG) were iigated 

to the plasmid Linearized with Tth l 1 11. After digestion with Hindm and a purification step, the 
. .- 

A558 constmct was Ligated in the p c ~ ~ A I / N e o  vector (Invitrogen, Carlsbad, CA) and subcloned 

into pcEXV-1 vector by blunt ligation. 

Frabgnent A586, which represents the complete extraceliular domain of endoglin was 

engineered by long PCR (Dr. S. Pichuantes, Chiron Corporation, Emeryville, CA) using as 

template the original endoglin clone 18A (14). A Hind ID site was introduced in the forward primer 

while a BarnHI site and 2 stop codons were introduced in the reverse primer. Fonvard primer: 5 ' 

CAC GCC AAG CTT ATG GAC GCG GGC ACG CTC CCT CTG GCT GTT GCC CTG CTG 

CTG GCC AGC TGC AGC CTC AGC CCC ACA AGT CIT 3'. Reverse primer: 5' TCT Tm 

ATC CTA TTA GCC TTT GCT TGT GCA ACC AGA CAG GTC AGG GCT. Restriction sites 

are underlined, start and stop codons are in bold. The PCR fragment was cloned into Bluescript 

and subcloned into the EcoRI sites of pcEXV-1 by blunt ligation. A586 was also subcloned in 

pCJMV5 as a HindITI/BamHI fia-ment. All constructs were sequenced entirely using the T7 

sequencing kit (Pharmacia Biothech Inc., Québec, Canada) except for A462/632 which was 

sequenced at the junctions. 
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Figure 5. Schematic representation of endoglin cDNA and protein fragments 

Endoglin gene is composed of 15 exons separated by introns of different Iengths. The 

corresponding protein has a leader peptide of 26 arnino acids (grey), an extracellular domain of 56 1 

amino acids (white), a transmembrane domain of 25 arnino acids (horizontal lines) and a 
cytoplasmic tail of 47 amino acids (black). It contains 4 potentiai N-Linked glycosylation sites (Y). 
A230 corresponds to a naturai endoglin variant detected in an expression library. A462/632, 
corresponds to an unusual endoglin splice variant and lacks amino acids 463-632 but retains the 

last 28 amino acids of the cytoplasrnic tail. A558 is a tnincated form of endoglin engineered using 

a unique Tthml site at position 558. A586 corresponds to the complete extracellular domain of 

endoglin. 
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Figure 6. Maps of the three vectors used to express endoglin fragments 

pcEXV-l and pCMVS are rnammalian expression vectors whereas PET-22b(+) is a bacterial 

expression vector. pcEXV-1 contains the SV40 enhancer, replication origin, promoter and 

polyadenylation signal. The vector backbone is derived h m  pBR322 and only one EcoR 1 site is 

available for cloning. pCMVS contains the SV40 ongin of replication and early region promoter- 

enhancer and the human cytomegalovirus (CMV) strong promoter. The transcription termination 

and polyadenylation signal are from the human growth hormone (hGH). A multiple cloning site is 

included. PET-22b(+) is used to express eukaryotic proteins in E-coli . It contains the highly 

efficient ribosome binding site from the phage T7 major capside protein and the T7 lac inducible 

operator/promoter, allowing a strong expression of the target protein. The pelB signal sequence 

for potential periplasmic localization and the C-temiinal Es-tag sequence are found in the cloning- 

expression region (black). This vector carries the pBR322 ongin of replication (On) but the 

bacteriophage f 1 origin of replication c m  be used to produce single-stranded DNA using a helper 

phage. All three vectors contain the ampicillin resistance gene (Arnp). 



2.3 Ce11 culture and transfections 
\ 

AU reagents were fiom Gibco BRL Canadian Life Technologies Inc. (Burlington, Ontario, 

Canada) unless otherwise specified. COS-1 cells were maintained in Dulbecco's Modified Eagle 

Medium high glucose (DMEM) containing 10% Fetal Bovine Serurn (Casera, Toronto, Canada), 

2mM L-glutamine, 100 U / d  penicillin, 1 Oû ps/rnl S treptornycin and 0.5 pg/d of arnphotercin B . 

All transfections were done using the DEAE-dextranchloroquine method described previously 

(145, 146). Briefly, cells in exponential growth phase (4040% confluence) were incubated with 

2pg/rnl of total plasrnid DNA in DMEM plus 10% Nu Serum, 0.1m.M chloroquine and 0.4 m g h l  

DEAE dextran for 3-4 h. Cells were treated for 2 min with 10% Dimethyl sulfoxide (DMSO), 

rinsed once with media and recovered overnight. Cells were washed, trypsinized and replated at a 

3: 1 ratio. Al1 assays were performed the following day. 

2.4 MetaboIic labeling of endoglin fragments 

Cells were labeled as described previously (132). Briefly, 2 days post transfection, COS-1 

cells in 60 mm dishes (average of 6x 105 cells/plate) were washed and incubated in methionine free 

DMEM for 30 min and labeled for 3-4 h with 1 ml of met-fke DMEM containing 100 pCi/ml of 

[%]methionine (Trans-label, ICN Pharmaceuticals, Montréal, Québec, Canada). Culture media 

were then collected and cells were solubilized for 30 min in 1 ml of 0.0 1 M Tris buffer pH 7.5 plus 

0.128 M NaCl, 0.00 1 M EDTA, 1% Triton X-100 and protease inhibitors (147). The total cell 

lysates were centrifuged at 10 000 g for 10 min. The amount of total labeled proteins in each cell 

extract was determined by TCA precipitation. Total ceU lysates and culture media were 

irnrnunoprecipitated using monoclonal antibody (mAb) P3D1 (4 pg) or mAb P4A4 (1 pg) specific 

for human endoglin and Protein G Sepharose CL4B (Pharmacia Biotech Inc.) (1 38). Equivalent 

arnounts of radioactivity were fiactionated by SDS-PAGE (4-12% Tris-Glycine, Novex 

Experimental Technology, San Diego, CA) and analyzed by autoradiography using X-OMAT AR 

or BioMax MS films (Kodak Canada, Toronto, Ontario). Radioactivity in each band was 

quantitated by PhosphorIrnager and ImageQuant software (Molecular Dynarnics, Sunnyvale, CA). 



2.5 Pulse chase experiments 

60 mm dishes of transfected COS-1 ceUs or 100 mm dishes of normal HUVEC were 

incubated for 4 h with or without 5 pg/ml of tunicamycin (Sigma-Aldrich Canada, Mississauga, 

Ontario) prior to biosynthetic labehg. CeUs were then pulse-labeled 20 min with semm free 

DMEM containing 250 pCi/ml (COS-1 ceus) or 100 pCi/ml (HUVEC) of [35S]methionine with or 

without the sarne concentration of tunicamycin. Cells were washed twice and incubated in 1 ml of 

serum free DMEM for a chase period varying from 30 min to 8 h. COS-1 cells and HUVEC 

monolayers were lysed and total labeled protein estimated by TC4 precipitation and analysed as 

descnbed above. Culture media fiom COS-1 cells and total ceU lysates were immunoprecipitated 

with mAb P4A4 and Protein G Sepharose CL-4B. Equivalent volumes of labeled proteins and 

culture media were fractionated on SDS-PAGE. Gels were anaiyzed by autoradiography and 

quantitated as above. For COS-1 cells, the arnount of labeled endoglin (in pixel values) present in 

the culture media or totai cell extract was expressed as % relative to the total amount of latieled 

endogh detected (cell lysate plus media). 

2.6 Western Blot Analysis 

100 mm plates of transfected COS-I ceUs were rinsed twice with serum free DMEM and 

incubated in 4 ml of the same media for 7 h. The supematants were collected, concentrated 10 

times using Centricon filters (30,000 M.W. cut-off, Amicon, Beverley, MA) and ceiis were lysed 

as above. Protein content in the total cell extracts was estimated using the Bio-Rad Protein Assay 

(B io-Rad Laboratories Canada, Mississauga, Ontario). Samples were fractionated under non- 

reducing conditions using SDS-PAGE (8%) and gels were transferred ont0 nitrocellulose 

membranes (Amersham Life Science, Oakville, Ontario, Canada) electrophoretically for 1 h at 45 V 

using a Mini-Ceil Tram-B 10 t apparatus (Novex Experimental Technologies) . The membranes 

were blocked for l h  with 5% skim milk in TBS-T (0.02 M Tris pH 7.5, 0.137 M NaCl, 0.1 % 

Tween-ZO), probed for 1 h with rnAb P4A4 (1 yg/ml), rinsed with TBS-T and incubated for 1 h 



with horseradish peroxidase (HRP)-conjugated rabbit auti-mouse IgG (H&L, 10,000 fold dilution; 

BioCan, Mississauga, Ontario, Canada) and detected by enhanced cherniluminescence (ECL 

detection kit, Amersham Life Sciences). The same method was used for bacterial extracts except 

that in addition to mAb P4A4 to endoglin, a noncommercial anti-His-tag mAb obtained from Dr 

Chris Richardson (OCI) was used. 

2.7 Ce11 surface biotinylation 

Transfected COS- 1 ceEs were surface Iabeled according to the method of L6pez-Casillas et 

ai. (1 12) except ba t  0.3 mglml of sulfo-succinirnydyl6 (biotinamido)-hexanoate (NHS-LC-biotin, 

Pierce ChemicaI Co., Rockford, IL) was used. Cells were lysed as above and analyzed as 

previously descnbed (132). Briefly, total ce11 lysates were precleared with BSA adsorbed Protein 

A Sepharose CL4B (Pharmacia Biothech) and immunoprecipitated with rnAb P3D 1. Equivalent 

amounts of eluted materid were fractionated on 4- 12% SDS-P AGE under non-reducing 

conditions. Gels were transferred to PVDF nylon membranes and blocked as described for the 

Western blots. Membranes were probed with Streptavidin-HRP (400 fold dilution, Arnersham Life 

Science) for 20 min and biotinylated proteins were detected using ECL (Arnersham Life Sciences) 

folIowed by autoradiography. 



2.8 Preparation and expression of endoglin construct A586 in 

bacteria 

Fragment A586 for bacterial expression was prepared by X L  PCR (Perkin Elmer Applied 

Biosystem, Mississauga, Ontario, Canada) using endoglin clone 18A (1 4). The fonvard primer, 

containing an Nco I restriction site was designed to introduce an initiation codon (ATG) immediatly 

before position 26 at the N-terminus of endoglin: 5' AGA GGA ACC ATG G M  ACA GTC CAT 

TGT GAC CTT CAG C 3'. The reverse primer was engineered to use the Sa1 1 site available in 

expression vector pET22b(+) (Fig.6) (Novagen, Madison, WT) and to produce a fraament in frame 

with the 6X-Histidine tag also encoded by this vector: 5' CTG TCf GGT TGC ACA AGC AAA 

GGC GTC GAC GGA GTT 3'. 

E-coli DHSa competent cells (Gibco BRL) were transfomed according to the company's 

protocol. Propagation and expression of recombinant protein were done in E. coli strains DHSa 

and BL21 (DE3) respectively. E. coli BL21 (DE3) transformed with A586 in pET22b(+) were 

grown in Luna broth (LB) containing 100 pg/rnl of ampicillin at 25-30 OC until 0 D 6 ~  reached 0.4- 

0.7. Protein expression was induced with 1 mM isopropyl B-D-thiogalactopyranoside (IPTG) and 

bactena were harvested 3 h later. For preparation of total lysate, bacteria were resuspended in 

buffer L (0.05 M Tris-HC1 pH 7.9, 0.01 M EDTA, 0.05 M NaCl, 0.00 1 M DTT, 0.001 M PMSF, 

0.2 mg/ml lysozyme and 0.2% deoxycholate added just before use). The preparation was 

incubated on ice for 30 min and sonicated. Inclusion bodies were prepared by centrifuging the 

total lysate at 100,000 g for 30 min. The supernatant representing the soluble fraction was 

removed and inclusion bodies were resuspended in gel loading buffer. The penplasrnic fraction 

was prepared as described elsewhere (140). Briefly, the bacterial pellet from 50 ml culture was 

resuspended in 140 pl buffer A (0.2 M Tris-HCl pH 8.0,0.0005 M EDTA, 0.5 M sucrose and 0.6 

mghl lysozyme), incubated for 30 min on ice and centrifuged for 10 min at 10,000 g. The 

periplasmic fraction is contained in the supernatant. Equivalent amounts of bacteria were loaded 

and fractionated by SDS-PAGE (4-12 %, Novex Experirnental Technology). Gels were stained by 

Coornassie blue and dried. 
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Chapter 3: Results 

3.1 Sequence similarities between endoglin and betaglycan 

Previous alignments of the cytoplasmic and transmembrane domains of endoglin and 

betaglycan deinonstrated a high sidarity (70%) in these regions (99, 101). We now report the 

complete a l i m e n t  of these proteins, each derived from three different species, using the ClustalW 

program (143). When appropriate gaps were introduced, endoglin and betaglycan could be 

aligned over their entire sequence, suggesting an overall structural similarïty (Fig. 7). Alrnost aii 

cysteines were aligned or found within an interval of a few residues except for C582 present 

exclusively in human endoglin and C703 and C708 conserved in betaglycan and absent in 

endoglin. Cysteines C330, C350 and C382 were conserved amongst endoglin sequences but 

absent from betaglycan. Since endoglin is a dirner and betaglycan a monomer, these three 

cysteines might be implicated in formation of interchah disuifide bonds. The overdl sirnilarity 

between these proteins was estirnated at 25%. However, 42% sirnilarity was found between 

endoglin and betaglycan in a juxtarnembrane region spanning from LA49 to H535 (endoglin). The 

KK enzyrnatic cleavage site leading to the release of soluble betaglycan frorn the plasma membrane 

is at position K745 (99); no such site was found at the corresponding position 565 in endoglin. 

However a KK site was found at position 438 in a region with low homology to betaglycan. The 

use of this potential cleavage site has never been dernonstrated and no soluble f o m  of endoglin c m  

be found in ceii culture media. 

3.2 Expression of endogiin fragments in COS-1 cells 

In order to obtain a secreted forrn of endoglin, we designed various fragments 

corresponding to different lengths of the extracellular domain for expression in a mamrnalian 

system (Fig. 5).  We first assessed the capacity of these fia-gnents to be expressed in COS-1 cells. 

New 1 y s ynthesized pro teins were metabolically labeled witk [%] methionine and to ta1 ceII ly sates 





Figure 7. Alignment between betaglycan and endoglin protein sequences 

Betaglycan from human (Hl3), pig (PB) and rat (RB) were aLigned with human (HE), mouse (MJ3) 

and pig (PE) endoglin using ClustalW and BOXSHADE. Numbenng is from methionine 1 of the 

leader peptides. N-terminal amino acids are indicated by arrows. The transmembrane domains of 

betaglycan and endoglin (-) are underlined. Identical amino acids are indicated in black and 

similar ones in gray. Cysteines conserved in aiI sequences (*) and in endoglin or betaglycan (>O 

are indicated and the KK cleavage site for solubIe betaglycan is marked (x). 



were anaiyzed by immunoprecipitation with mAb P3D1. This antibody recognizes an epitope 

located in the first 200 amino acids of endoglin (138) and thus reacts with aU the recombinant 

proteins used in this study. Vector alone or full length endoglin irnrnunoprecipated with a control 

non-immune IgG showed no reactivity (Fig. 8). Under reducing conditions, normal endoglin was 

resolved as two bands representing a glycosylation intermediate (P) of 83kDa and a M y  processeci 

glycoprotein (E) of 9 1 kDa. Under non-reducing conditions, both P and E were W y  dimenzed. 

Fragment A230 represents a translation product derived from an abnomal spliced mRNA 

that was isolated with a polyclond antibody to human endoglin kom a HUVEC hgtl l cDNA 

expression library (14). This variant cDNA retains introns 5 and 6 but a stop codon is found after 

54 nucleotides of intronic sequence (Fig. 5). Fragment A230 thus corresponds to the first 230 

amino acids of endoglin folowed by 18 amino acids encoded by intron 5 (1 38). When transfected 

into COS-1 cells, A230 was detected in total ceii lysates as a major band of 36 kDa under both 

reducing and non-reducing conditions (Fig. 8). This indicates that this short form of endoglin is 

expressed as a monorner and cannot dimerize. 

The fragment A462/632 corresponds to an endoglin mRNA variant detected by RT-PCR in 

different hurnan cell types including endothelid cells, monocytes and the pre-B leukemic c d  line 

HOON (unpublished data, Shovlin, C., Paquet, M-E. and Letarte, M.). This unusual variant is 

spliced using unconventional sites at positions 1386 in exon 10 and 1896 in exon 14. Although 

the rnRNA is readily detected, no corresponding protein has been observed in hurnan samples. 

This protein would lack 124 amino acids of the extracellular dornain and the transmernbrane 

domain but would retain a portion of the cytoplasmic tail in frame with the rest of the polypeptide 

as shown in Fig. 5. The A462f632 constmct was expressed in total lysate frorn COS-1 

transfectants mostly as a monomer of 68 kDa (Fig. 8) indicating that it could potentidly exist in 

vivo. Dimers and potential oligomers of higher motecular weight (M.W.) were observed under 

non-reducing conditions. 

A558 was engineered by taking advantage of a unique Tthml site creating a polypeptide 

truncated 28 amino acids before the transmernbrane dornain. Metabolic labeling and 

irnmunoprecipitation showed that this fragment was expressed in COS-1 cells (Fig. 8).  Under 



Figure 8. Expression of different recombinant endoglin fragments in COS-1 cells 

Full length endoglin (Endo) and endoglin fragments expressed in transfected COS-1 cells 

were metabolically labeled with [3%]methionine. Ceil monolayers were solubilized with 1 % 

Triton X-100 and immunoprecipitated with mAb P3D 1 to endoglin or control IgG (Endo C). 

Proteins were fractionated by SDS-PAGE under reducing (R; panel A) and non-reducing 

conditions (Mt; panel B). Lanes 1 to 6 show fragments expressed in vector pcEXV and lanes 

7 to 10 in vector pCMVS. The fully glycosylated f o m  of endoglin is indicated by E and its 

glycosyIation intermediate by P. Arrows indicate the position of frabgnent A230; M and D 

represent monomers and dimers respectively. Molecular mass standards (ma) are shown. 



reducing conditions, it was found in the total celi extract as a single band of 68 kDa. Partial 

dimerization was observed under non-reducing conditions. A586 represents the entire ectodomain 

of endoglin. When expressed in COS-1 ceils, it was detected as a single major band of 

approximatly 72 kDa (reduced). Both monomers and dimers were detected under non-reducing 

conditons (Fig. 8). 

AU the endoglin fiagrnents were expressed at similar levels in the total ce11 extracts if the 

number of methionine residues in the labeled proteins was considered (Table II). They were 

detected at approximately 30% relative to norrnd endogh. 



Table II. Properties of endogIin fragments and mutants characterized 

Fragments tested in this paper (A230, A558, A586 and A462/632) or engineered previously fÎom 

HHTl mutations (A276 and A517; (132)) are described. Apparent rnolecular weights were 

calculated by linear fit and represent an average of rndtiple experiments or a range of values in the 

case of A586. P indicates the partially glycosylated intermediates and E the f d y  processed 

proteins. The Ievel of expression was calculated by taking the surn of ail deteetabte forms of each 

fiagrnent relative to fùil tength endogh and considering the number of methionine residues. 

- -  - 

Endoglin Apparent molecular weight Dirnerization Level of Secretion 

fragments (x 1000) Expression (%) 

Monomer Dimer 
- - 

- no 

- no 

120 partial 

115 partial 

120- 145 partial 

125-130 partial 

134- 145 

148 Yes 

160 



3.3 Secretion of A586 in the culture media of COS-1 cells 

To test if any of the recombinant endogiin fragments were secreted, the culture media from 

P%]methionine radiolabeled transfected COS4 cells were collected and proteins were 

imrnunoprecipitated. When full-length endoglin was expressed, no proteolytic hgment  was 

observed in the culture media (Fig. 9A, lane 1). The two natural variants, A230 and A462/632, 

were not secreted nor was A558 flanes 3-5). Only AS86, the complete extracellular domain of 

endogiin, was detected in the culture media as a monomer under reducing conditions (Iane 2). 

The presence of A586 in the culture media was also confmed by Western BIot analysis 

under non-reducing conditions (Fig. 9B). Proteins released from the transfected ceUs over a 

period of 7 h were detected using mAb P4A4 capable of reacting with both monomers and dirners 

of endoglin (138). We confmed that no fragment was cleaved from normal endoglin and released 

into the culture media (lane 2). Endoglin dimer was however detected at high levels in the total ceIl 

extracts (Iane 5). Detection of A586 using this technique uidicated that it was accumulated in the 

culture supematant of transfected COS- 1 cells in both monomenc and dimeric forms. Intracellular 

A586 was also resolved as monomers (M) and dimers (D) in whicb the Iower bands are 

glycosylation intermediates and the upper bands are fully glycosylated proteins (lane 6). 

Cornparison of secreted and intracellular A586 indicated that the fraction found in the supematant 

was füily glycosylated. 

3.4 Absence of heterodimer formation between A586 and normal 
endoglin 

The potential of heterodirner formation between A586 and normal endoglin monomer was 

tested by CO-transfection of COS-1 cells and surface biotinylation. Figure 10 A shows that 

endoglin (lane 2) but not A586 (lane 3) which lacks a trammembrane region, was found at the celi 

surface. When both proteins were CO-expressed, only homodimers of normal endoglin were 

detected; no heterodimers with A586 were observed (lane 4). Under reducing conditions, only 

full-Iength endoglin was detected with a molecular mass of 92 m a .  Transfected COS-1 cells were 



1 2 3  4 5 6  
Culture media Cell extract 

Figure 9. A586 is the only recombinant endoglin fragment secreted into the media 

A) Culture media from metabolically Iabeled COS4 cells were collected and endoglin 

fragments were immunoprecipitated with mAb P3D 1. Endoglin, A586 and A462/632 were 

in pCMV5 while A558 and A230 were in pcEXV. Samples were fractionated by SDS-PAGE 

under reducinp conditions. B) COS-1 cells were transfected with endoglin or A586 and 

incubated in serum free media for 7 h. Concentrated culture media and total ce11 extracts 

were fractionated by SDS-PAGE under non-reducing conditions and analyzed by Western 

blot using mAb P4A4 to endogiin. 2.7 fold ce11 equivalent were loaded in Ianes 1-3. The 

detection was done using cherniluminescence (ECL). Monomers (M) dirners (D) and molecular 

mass standards (Da)  are shown. 



Figure 10. A586 and normaI endoglin do not form heterodimers at the ce11 surface 

Endoglin and A586 in pCMV5 were transfected alone (2 p g / d  of plasmid) or together (1 

pg/ml of each plasrnid) into COS-1 cells. A) Cells were surface labeled with biotin and lysed 

with 1 % Triton X-100 plus protease inhibitors. Lysates were immunoprecipitated with mAb 

P3D1 and fractionated under non-reducing conditions on 8% SDS-PAGE. The gel was 

transferred to a PVDF membrane and probed with Streptavidin-HRP. Detection was done by 

cherniluminescence (ECL). B) Proteins were metabolically labeled, ce11 layers were solubilized 

and proteins were immunoprecipitated with mAb P3D1 as described in figure 3. Dimers are 

indicated by D and monomers by M. 



metabolicaiiy labeled (Fig. 10 B) to show that endoglin and A586 were not inhibithg each other's 

expression. Under non-reducing conditions, both proteins were resolved with the same apparent 

molecular mass as if they were expressed alone (A586: 63 & 125 kDa, Endo: 148 & 160 D a ) .  

Dimerkation of either protein was unchanged (Fig. 1 OB, lane 4). Furthemore, A586 was stiU 

secreted when CO-transfected with normal endoglin (data not shown). 

3.5 Biosynthesis of endoglin in endothelia1 cells 

Before studying the kinetics of A586 production in COS-I cells, we analysed the 

biosynthesis of full-length endoglin in endothelial cells. A pulselchase protocol was used to 

d e t e m e  the time frame during which endoglin was normaily detected, dimerized, glycosylated 

and expressed at the plasma membrane. Normai HUVEC were pulsed with PsSImethionine for 

20 minutes and chased for 5 h (Fig. 11). Under reducing conditions (A), newly synthesized 

endoglin precursor was detected at 78 kDa at time zero and during t i e  subsequent hour (Ianes 1-3). 

This precursor matured and was gradually replaced by a h l I y  glycosylated endoglin (93 kDa; lanes 

3-7). Analysis under non-reducing conditions (B) allowed the observation of endoglin 

dimerization kinetics. At t h e  zero, partiaily glycosylated monomers and dimers were detected, 

rneaning that dimenzation started before cornpletion of post-translational modifications. After 2 h, 

processing to a fully glycosylated dimer has been achieved. The precursor observed in A and B 

represents a partially glycosylated intemediate as indicated by experiments performed with 

tunicarnycin (C). When HUVEC were pulsed with [35SJmethionine and chased for 4 h, an 

endoglin band of 93 kDa was observed (lane 15). If the inhibitor of N-linked glycosylation was 

present, a decrease in endoglin M.W. was seen and a band of 69 kDa detected (lane 16). This 69 

kDa band corresponds to the endoglin core protein which was calculated at Mr=68,051(14). These 

data also suggest that O-linked sugars are not added to endoglin in endothelial cells. In this 

experiment, tunicamycin reduced the total protein synthesis by 28 9%. 



Chase time (h) Chase time (h) 
1 0 0 . 5  1 2  3 4 51 100.5 1 2  3 4 51 

Reduced Non-reduced 
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Figure 11. Endoglin biosynthesis in endothelial ceils 

HUVEC denved from a normal baby were pulsed 20 min with [35S]methionine and chased 

for 5h. Equivalent volume of protein extracts were loaded and fractionated by SDS-PAGE 

under reducing (A) and non reducing (B) conditions. Endoglin precursor is indicated by P, 

M y  glycosylated endoglin by E, monomer by M and dimers by D. lMolecular mass standards 

are indicated in kDa on the left of each gel. 



3.6 Biosynthesis, stability and effect of tunicamycin on A586 

The biosynthesis of A586 and the effect of glycosylation on its secretion were exarnined by 

pulsekhase experiments. Transfected COS-1 celIs were pulsed with [35S]methionine for 20 

minutes and Ki86 was chased over a period of 8 h in presence or absence of tunicamycin, an 

inhibitor of N-hnked glycosylation (Fig. 12). In control total cell extracts (Fig. 12A, left panel), 

A586 was already detected as a glycoprotein of 78 kDa at time zero afier only 20 min of labeling 

(lane 1). A586 was present ir. the total cell extract in decreasing amounts over the entire chase 

penod reaching 9% after 8 h (Fig. 12 A & C). It was first detected in the supernatant after 1 h 

(Fig. 12 B, Iane 3) and accumulated as a M y  glycosylated protein of 82 kDa. No sign of 

degradation was observed and the soluble A586 was stable in the supernatant for the 8 h of the 

chase penod. It was also stable for more than 24 h (data not shown). The 4 kDa difference 

between intraceilular and secreted A586 is attributable to further glyccsylation of the protein dong 

the secretory paîhway. 

In the presence of ninicamycin, a non-glycosylated form of A586 corresponding to the core 

polypeptide (6 1 kDa) was detectable in the cell extract at time zero and during the 8 h of chase (Fig. 

12 A, lanes 9 to 15). However, the levei of expression was greatly reduced relative to controls 

(Fig. 12 A, left panel). TCA precipitation results showed a 20% reduction in total protein 

synthesis in presence of tunicamycin while immunoprecipitated A586 was reduced by 85% (Fig. 

11 A). Tunicamycin delayed but did no: totally inhibit secretion of A586 by COS-1 cells (Fig. 12 

B, lanes 9 to 15). When normaily glycosylated, 9 1 % of A586 was found in the culture media 

after 8 h. This fraction was reduced to 42% when cells were treated with tunicamycin (Fig. 12 D). 

A band corresponding to non-glycosylated A586 (61 kDa) was detected in the supernatant of cells 

incubated in presence of the inhibitor at t h e  2 h (lane 12). A difference of 2 1 kDa between fully 

glycosylated (lane 7) and non glycosylated (lane 8) secreted A586 was obsenred. This correlates 

with the reduction in endogIin M.W. following treatment with N-glycosidase or Endoglycosidase 

F (15), suggestinp that al1 4 N-Iinked glycosylation sites were used (14). 
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Figure 12. Soluble A586 is stable and its secretion is retarded by tunicamycin 

COS4 cells transienrly expressing A586 were incubated with or without tunicamycin for 4 hours, 

pulse labeled for 20 min and chased for 8 h. At each tirne point, culture media were collected and 

total ceil extracts prepared in Triton X-100. A586 was immunoprecipitated with mAb P4A4. 

Equal volumes of celi extracts (A) and corresponding culture media (B) were fiactionated by SDS- 

PAGE and aii gels were exposed for the same tirne. In both panels. lane 8 contains a 

corresponding tunicamycin treated sample to ailow direct cornparison between gels. Molecular 

mass standards (Da) are indicated on the left of each gel. Each band in panels A and B was 

quantitated by the Phosphor Imager. The percentage of A586 found in the ceii extract (C) or in the 

culture media (D) was calculated relative to total (cells + supernatant) and plotted versus ùme of 

chase. The presence (+T) or absence (-T) of tunicamycin is indicated. 



3.7 Partial dimerization of A586 in COS-1 cells 

A pulsdchase experirnent was performed to deterrnine the rate of dimerization of AS86 and 

to fuaher identify the glycosylation intermediates. After 20 min labeling, A586 precursor was 

detected in the total cell extract. It was aiready 21 % dimerized (Fig. 13 A, lane 1, dimer: 125 

kDa), revealing that dimerization of A586 takes place before complete glycosylation. At 1 h (lane 

3), upper bands corresponding to fXly glycosylated A586 were migrating above the monomeric 

and dimeric glycosylation intermediates. These bands represent A586 progressing through the 

secretory pathway. Indeed, the molecular mass of these hlly glycosylated monomeric and dimeric 

A586 fragments corresponds to those of secreted A586. If glycosylation intermediates were 

included the level of intracellular dimerization reached a plateau at 4 h and remained stable at 50 % 

until the end of the chase period. In the supernatant, dimerization level was maintaineci and no 

higher molecular weight disulfide-bonded aggregates were observed. 

3.8 Expression of A586 in bacteriat inclusion bodies 

Knowing that A586 could be secreted in rnammaiia. cells, we determined whether it could 

be expressed as a soluble protein in bacteria. It had been shown previously to be expressed at high 

levels in E-coli but exclusively in inclusion bodies (138). The expression vector pET22b(+) 

contains an E.coli periplasm targeting sequence increasing the chances of getting a soluble 

recombinant protein. To determine the site of expression of A586 in this system bacterial fractions 

were prepared and different cornpartrnents were isolated. Fig. 14 shows that &er induction of 

protein expression by IPTG, a strong band of molecular mass corresponding to the core protein of 

A586 (63 kDa) was detectable in the total lysate (Iane 2). The same band was not observed in the 

soluble fraction or the periplasrn (lanes 3 and 5) ,  but was detected in inclusion bodies (lane 4). 

These results confimed that a high level of A586 was produced in a bacterial system but 

exclusively in inclusion bodies. Thus, the presence of a periplasm targeting sequence did not lead 



Chase time (h) Chase time (h) 

Gna 0 0 . 5 1  2 4 6 8 0 0 . 5 1  2 4 6 8 

1 2  3 4 5  6 7  8 9 10 11 12 13 14 
CeU extracts Culture media 

Figure 13. Dimerization of A586 in COS-1 cells 

A586 expressed in COS- 1 cells was pulse labeled for 20 min with PsSImethionine and chased 

for 8 h. At each time point, supematants were coilected and cells were lysed with 1% Triton 

X-100. Intracellular and secreted A586 were immunoprecipitated with rnAb P4A4 and 

analyzed by SDS-PAGE under non-reducing conditions. Fully glycosylated A586 in the ce11 

extract and supernatant are marked by arrows. Dirners (D) and monomers (M) are indicated. 



Figure 14. A586 is found in inclusion bodies when expressed in bacteria 

E.coli transformed with A586 in pET22b(+) were induced by IPTG and 3 h later, bacterial 

fractions were prepared. For total lysate, bacteria were resuspended in 0.05 M Tris buffer 

containing lysozyme and sonicated prior to mking with gel loading buffer. For the soluble 

and insoluble fractions, the total lysate was centrifuged at high speed (100,000 g, pelleting 

inclusion bodies (insoluble fraction) and leaving the supernatant as soluble fraction. The 

soluble fraction is constituted of cytoplasmic proteins. Another batch of E.coli was induced 

at the same time and used to prepare the periplasmic fraction. In this case, bacteria were 

resuspended in Tris buffer containing sucrose and lysozyme and centrifuged at 10,000 g 

leaving the periplasmic fraction in the supernatant. The equivalent of 0.2 ml of bacteria was 

loaded in lanes 1-4 while 0.4 ml equivalent was loaded in Iane 5. Proteins were kactionated 

by SDS-PAGE (4-12%)and detected by Coomassie blue staining. 



to the production of a soluble protein. The arnount of IPTG used to induce expression as well as 

the temperature of induction were Lowered, without mod@ing the outcome. 

3.9 Detection of the 6xHis-tag at the C-terminus of A586 

Inclusion bodies were solubilized in 8M urea or 6 '  guanidine and purification of A586 

using Ni-NTA agarose resin was attempted. Conditions such as p r ekna ry  purification steps, 

denahiring solution, presence of a reducing agent (DIT) and tune of binding were modified but no 

A586 was able to bind the resin. The purification system and buffers were shown to work for the 

SH3 domain from the Fyn tyrosine kinase (9.3 kDa), which ha .  a 6xHis-tag at its C-terminus and 

which could be easily purified. The A586 constmct sequence was as expected and the fragment 

coding for the 6xHis-tag was in frame with the rest of the sequence, irnplying that it should be 

expressed. 

The presence of a 6xHis-tag at the end of A586 was assessed by Western blot. Samples of 

total lysate, soluble fraction and inclusion bodies were fractionated by SDS-PAGE under the same 

conditions on three different gels (Fig. 15). The periplasmic fraction, which contains no AS86 

(Fig. 24), was not tested. In the total lysate (lane 2) and inclusion bodies (lane 4), large quantities 

of A586 were detected by Coomassie blue staining. An anti-His-tag mAb was reactive with a 

protein rnigrating with a M.W. equal to that of A586 (63 kDa) and seen as a single band in the total 

lysate (Fig. 15 B, lane 6) ,  inclusion bodies (lane 8) and to a lesser degree in the soluble fraction 

(lane 7). This band corresponded to A586, as revealed with rnAb P4A4 to endoglin (Fig. 15 C). 

These results demonstrated that the 6xHis-tag at the C-terminus of A586 was expressed but that the 

protein could not bind to Nickel agarose. The low level of reactivity in the soluble fraction (B) 

likely represents residual inclusion bodies in the soluble fraction. 
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Figure 15. Detection of His-tagged A586 by Western blot 

The total lysate fkom E.coli expressing A586 was prepared by resuspending the bacterial pellet 

in 0.05 M Tris buffer containing lysozyme, sonicating and mixing with gel loading buffer. 

For the soluble fraction and inclusion bodies, the total lysate was centrifuged at high speed, 

pelleting inclusion bodies and leaving the soluble fraction as supernatant. Equivalent arnounts 

of each fraction was loaded on three different gels. Gels were stained by Coomassie blue (A) 

or transferred to a Nitrocellulose membrane and incubated with an anti-His-tag mAb (B) or 

mAb P4A4 to endoglin ( C ) .  Detection of the Western blots was done by ECL. 



Chapter 4: Discussion 

4.1 Sequence similarities between endoglin and betaglycan and 

identification of three cysteines possibly implicated in endoglin 

dimerization 

In this study, we present the f ~ s t  complete protein sequence alignrnent between endogiin 

and betaglycan. This suggests that besides the highly similar trammembrane and cytoplasmic 

domains (70%) (99, 101), these two proteins are strucnirally related in their entire ectodomain. 

The N-terminal250 amino acids of endoglin previously reported as a betaglycan related region in 

fact do not show a higher degree of simiiarity than the overall sequence (25%). However, a 

juxtamembrane region (endogh positions 449 to 535) shows 42% sirnilarity with betaglycan. The 

second half of the extracellular domain of betaglycan (residues G415 to T729) is similar to a region 

in zona peilucida spem receptors (Zp2 and Zp3), uromodulin and GP-2, the major zymogen 

granule membrane glycoprotein (53). Endoglin is poorly aiigned with this region except between 

positions 449 and 535, that was found to be 42 % sirnilar to betaglycan. Whether these similarities 

are biologically significant remains to be determined. 

Two large domains of betaglycan have been shown to bind TGF-B on their own: from 

residue 136 to 5 13 and from residue 543 to 769 (104-108). The N-temiinal region is more 

effective in binding to immobilized ligand, inhibiting TGF-13 binding to cells and potentiating 

biological effects of TGF-B. 

Recent findings from our lab have demonstrated that endogh does not function like 

betaglycan in the TGFB receptor cornplex. Endoglin requires coexpression of TDRII to bind 

ligand (Pece Barbara et al. submitted) and does not increase affinity between TGF-B and its 

receptors (1 16). So endoglin cannot present ligand to TBRII as betaglycan does. However, both 

endoglin and betaglycan c m  associate with ligand bound TDRII at the cell surface. This suggests 

that this interaction rnay be mediated by the most similar region of the ectodomain of both proteins 

found within the C-terminal TGF-D binding site in betaglycan. The similarïty in this region could 
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also be related to a cornmon additional function s a  to be identified. Endoglin has recentiy been 

shown to interact with other members of the TGF-B superfarnily (Activin-A, B W - 2  and BMP-7) 

in the presence of the respective receptor type known to bind ligand (e-g. TBRII for TGF-O) (Pece 

Barbara et al. J. Biol. Chem., under revision). Endoglin residues responsible for this association 

are not known and betaglycan has never been reported to bind these ligands. However, it could be 

postulated that betaglycan wili bind these ligands in a fashion similar to endoglin and that the most 

cornmon function of these two proteins will be in the binding of ligands other than TGF-!3 itself. 

Thus, we could suppose rhat regions such as the juxtamembrane domain, that are similar in both 

proteins, will mediate binding to these other ligands of the TGF-B superfamily. The high sirnilarity 

between endoglin and betaglycan cytoplasmic tails also suggests that these proteins may interact 

with related signaiing molecules. 

An important result obtained with this alignrnent is the identification of three cysteines 

(C330, C350 and C382) in endoglin that might be involved in interchain disulfide bond formation. 

These cysteines are unique to endoglin which is dimeric and absent from betaglycan which is 

monomeric. This correlates with the observation that fragments A230 and A276 are not able to 

dimerize whiie fragments A46U632 and A5 17 can do so (Fig. 8, Table II). Results obtained by Dr 

Carme10 Bemabeu (personnal communication) also support this idea. A chimeric fomi of endoglin 

was engineered, constituted of the fust two Ig-like domains of CD3 1 (a monomeric protein), and 

the last 360 arnino acids of endoglin. This chimeric protein was able to dimerize, indicating that 

the cysteines responsible for interchain disulfide bridges are found beyond residue 300. This 

information strongly suggests that C330, C350 and C382 are implicated in endoglin dimerization 

but these observations should be confirmed by site directed mutagenesis. 



4.2 A586 is the only endoglin fragment detected in the culture media 

of transfected COS-1 cells 

To date, no soluble form of endoglin has been characterized. Two papers were published 

in which detection of endoglin in senun using an ELISA assay was descnbed (148, 149). 

However, it is not clear whether this represents a secreted form, an enzymatically cleaved product 

or a protein present in membrane particles shed fkom endothebai ceiis lining the vasculature. A KK 

cleavage site was found at position 438 in endoglin but its usage has never k e n  dernonstrated. On 

the other hand, soluble betaglycan enzymatically cleaved dose to the membrane has been found in 

cell culture fluids, serum, and extracellular matrices (99, 113). This soluble betaglycan inhibits 

TGF-B binding to membrane receptors and modulates ligand access to signaling receptors. 

In order to identiQ a recombinant secreted form of endoglin, several endoglin fragments 

corresponding to natural variants (A230 and A462/632), mutations derived from HHTl patients 

(A276 and ,4517) as well as engineered constructs (A558 and A586), were expressed in COS-1 

ceLls and detected in total ceil extracts (Table II). Among those, only A586 was secreted in the 

culture media. Furthemore, andysis of a large number of HHTL samples has shown that most 

mutations lead to undetectable or transiently expressed proteins found only in the intraceflular 

cornpartment ((1 32) and unpublished data). It is thus unlikely that H l 3  1 mutations in general will 

result in secreted forms of endoglin. Although we cannot nile out the possibility of in vivo soluble 

f o m  produced by cleavage of normal endoglin or derived frorn specific mutations, our results 

suggest that it is difficult to obtain a properly folded truncated form of endoglin that could be 

secreted. Moreover, fragments tested to date may disrupt structural domains and compromise the 

integrity of the protein. We aiso demonstrated that A586 did not form heterodimers with normal 

endoglin and was stiil expressed in its presence. Thus, any cell type already expressing full-length 

endoglin could be used to produce large arnounts of secreted S 8 6 .  



4.3 Characteristics and utility of a secreted form of endoglin 

4.3.1 Properties and potential functional studies 

We are the first to report the production of a secreted form of endoglin. This recombinant 

f o m  of endoglin was found to be completely released in the culture media after a period of 8 h. It 

was also stable for at least 24 h and able to dimerize, both properties likely critical to the function 

of endoglin. These results suggest that this soluble f o m  of endoglin could be used for functional 

studies. 

Pulse chase experiments were also used to study endoglin biosynthesis in endothelid cells. 
I - 

These data indicated that endoglin rapidly undergoes glycosylation in the ER and pre-Golgi. The 

hilly processed protein is targeted to the membrane where it stays for a long penod of time. The 

half life has been cdcuiated to be 8 h in COS-I cells. TBRII half life has been estirnated at 1 to 2.5 

h in different cell types (150, 151). In these papers, the authors were not able to establish the half 

life of the endo-H resistant TBRI as they observed a slow and incomplete conversion of the 

precursor into a Golgi-processed protein. TGF-B has been reported to destabilize type I and type II 

receptors. Our preliminaq results in HWEC suggested that endoglin stability was not affected by 

the presence of TGF-B 1, consistent with the fact that endoglin cannot bind TGF-l3 on its own. As 

endoglin interacts directly with TBRII bound to ligand, its effect on the stability of TGF-B/TBRII 

complex should be measured. 

Tunicamycin treatment of COS-1 cells expressing A586 indicated that N-linked 

glycosylation is required for optimal secretion. The partially glycosylated precursor seen 

intraceliularly undergoes further protessing and is then released into the culture media. Although 

endoglin has been shown to be O-glycosylated in HOON leukemic cells (15), it was not so in 

another pre-B ce11 line where O-glycanase digestion had no effect (8). In COS4 cells, no evidence 

of O-Linked glycosylation was observed as the molecular weight of A586 in presence of 

tunicamycin corresponded to that of the core protein (6 1 kDa). 
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A soluble endoglin will be used in both funclional and structural studies. In different c e U  

types, A586 could possibly act as an antagonist by decreasing the interaction of membrane 

endogiïn with TGF-B bound to TBFUI or with an as yet unidentifid ligand bound to its receptor. 

Endoglin has been shown to modulate TGF-8 1 responses in U937 transfectants. In these ceus, the 

presence of endoglin inhibited TGF-B 1 actions such as growth supression, down regdation of c- 

myc expression, stimulation of fibronecth synthesis and cellular adhesion (1 16). These effects of 

TGF-El codd possibly be restored by the presence of 6586 in the supernatant or CO-expression of 

A586 in these cells. More precisely, I postulate that â586 will associate with TORII bound to 

ligand and prevent the regdatory effects of surface endoglin. 

In the bone rnarrow, endoglùi was detected on erythroid progenitors, pre-B ceIIs and 

stroma1 cells (8, IO), suggesting a rote in hematopoiesis. Moreover, antiendoglin antibodies have 

been shown to stimulate proliferation of fetal bone rnarrow stromai cells, potentially reversing the 

normal effects of TGF-B (8). In an in vitro assay, the effects of endoglin on differentiation of 

hemopoietic subsets could be tested using M86 .  

Furthermore, endoglin has been shown recently to interact with Activin-A, BMP-2 and 

BMP-7 in the presence of their respective ligand bùiding receptors (Pece Barbara et al., submitted). 

A586 thus becomes a potential tool to block or enhance endogiin hnction in regulating effects of 

several ligands of the TGF-B superfarnily. 

4-3-2 Structural studies 

A586 could be used to determine the three dimensional (3D) structure of endoglin. These 

studies would allow the identification of domains and motifs within the protein and c l w  aspects 

of endoglin interaction with other receptors or ligands. A586 has the advantage of containing the 

complete extracelluIar domain. Furthermore, AS86 can dimerize and be secreted, suggesting that it 

is correctly folded and will accurately represent the extraceiIu1a.r domain of endoglin. 

The determination of endoglin crystd structure could also Iead to the identification of new 

roles for this protein. The 3D structure of A586 could unmask sirniiarities to other proteins that 

were not detected by sequence analysis and suggest novel functions. For example, structure 



prediction algonthms have identified leptin as a new member of the haemopoietic cytokine family, 

a diverse class of secreted hormone-like factors with pleiotropic effects in immunity and 

haemopoietic development While haemopoietic cytokines often lack sequence similarity, they 

conserve a distinctive three-dimensional fold that is recognized by the cognate family of 

haemopoietic cellular receptors (1 52). 

4.4 A586 expression in bacterial inclusion bodies: implications for 

purification 

Several systems with different characteristics are available for heterologous and 

homologous protein expression. E-coli is a popular organism for the expression of foreign 

proteins because of the sirnplicity of its use, the large quantities of protein obtained and the huge 

v e e t y  of plasrnids available. Moreover, the cells and material needed to grow them are 

economicd, making the production of large arnounts of protein relatively inexpensive. Ou.  results 

confirmed that high levels of expression of endoglin fragments can be obtained in bactena but that 

they are directed to inclusion bodies. Although a targeting sequence to the periplasm was added 

and multiple variables were modified to decrease the speed of protein synthesis, no A586 was 

found in this compartrnent. 

A586 could not be purified under denaturing conditions using a 6xHis-tag introduced at the 

C-terminus. The tag was expressed and could react with anti-His-tag mAb by Western blot, but no 

binding of A586 to Ni-NTA resin was observed under several conditions. It is possible that the tag 

was cleaved during the process of purification or that despite denatunng conditions, A586 was 

partially folded, rendering the tag inaccessible for Ni binding. These result irnply that conventional 

techniques have to be established to purio A586 f'rom bactenal inclusion bodies, necessitating 

enorrnous amounts of time and work, factors that shouId be considered. 



4.5 Choice of a large scale expression system for A586 

To perform the structural and functional studies studies descnbed above, large quantities of 

protein are required. The COS-1 cells transient system used to express A586 will have to be 

replaced by a more efficient one. As just discussed, resdts in E-coli demonstrated that this system 

is efficient to produce large quantities of A586. However, overexpression of A586 in this system 

would require purification under denaturing conditions using conventional techniques and 

refolding of the protein in viwo. Considenng that endogLin is a large dimenc glycoprotein, its 

refolding in vitro into a biologicdy active form codd be ciifficuit. The laboratory tirne associated 

with protein purification using traditional chromatography colurnns should dso  be thought over 

seriously. Additionally, the observation that glycosylaüon is required for optimal secretion of 

A586 suggests that it likely affects its folding and thus might contribute to its solubitity and 

biologicalfunction. In fact, N-linked glycosylation has been shown to be essentiai for the folding, 

stabitity and activity of many membrane proteins (reviewed by (153)). 

Yeast is a unicellular eukaryote that has been widely used for protein expression (137, 

154). This system has the advantap of performing post-translational modifications such as 

glycosylation and disuifide bond formation. However, Scerevisiae might sometimes extensively 

elongate the oligosaccharides resulting in hyperglycosylation. Yeast expression is also economical 

as it does not require investment in special equipment to start up the system and is easy to use as 

the growth characteristics have k e n  well estdished. One has to consider that for production of 

large amounts of protein, fermentors must be used, which might increase the costs. This system 

was tested to produce endoglin fragments and as the results were not convincing, it was not 

pursued. 

Baculoviruses infect a limited range of insect cells and their usefulness as a heterologous 

expression system lies in the extremely efficient polyhedrin gene prornoter ( 137). The polyhedrin 

protein provides a protective matrix in which viral particles are embedded. Under laboratory 

conditions, where viruses are never exposed to the extemal environement, this protein is not 

required and its gene c m  be replaced by that of the target protein. The main advantages of the 



bacdovirus expression system are the presence of post-translational modifcations and the 

possibility to scale up the production in fermentors. Host ceus (SB) have to be handled with 

precaution under tissue culture conditions. 

Mammalian systems are frequently used for the production of recombinant proteins as 

therapeutics and research tools (155). The most cornmonly employed hosts are stably transfected 

Chinese hamster ovary (CHO) ceus, mouse L-ceils and myeloma cell lines. High level expression 

is not only cell-line dependent. It c m  also be improved by proper plasmid construction, 

transfection procedures or by the presence of genes allowing efficient selection and gene 

amplification. The most widely used gene amplification system involves the dihydrofolate 

reductase (DHFR) gene which serves as a selectable marker in strains of CHO cells deficient in its 

expression (1 56). This enzyme caîalyzes the transformation of folate to tetrahydrofolate, a 

biocatalyst for the synthesis of glycine, thymidine monophosphate and purine biosynthesis. 

Methotrexate (MTX) is an inhibitor of DHFR whose presence in the culture media forces the celis 

to undergo gene rearangement and arnplification for survivai. If the gene of interest is located on 

the same plasrnid as the DHFR gene, ~ o a r n p ~ c a t i o n  will occur, leading to enhanced production of 

the target protein. These systems have the advantage of carrying the post translational 

modifications and thus to produce functional proteins. However, costs associated with marnrnalian 

expression are considerable and selection of positive clones and gene amplification c m  be time 

consuming. 

Although both baculovims and mammalian cell expression systems are suitable, efficient, 

and require simiIar investments, we favor the use of CHO cells. Endoglin has been previously 

expressed successfully in CHO c e k  and this system is the closest to COS-1 cells, a system in 

which we obtained secreted and stable AS86. For these reasons, we beiieve that production of 

large arnounts of soluble endoglin will be best achieved in CHO cells. Considering that technology 

based on these cells has improved considerably in the past few years with the arrivai of new 

bioreactors in which high cell density can be obtained, the production of rniligram quantities of 

AS86 should be feasible (141, 142). 
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The availability of large arnounts of a properly folded and bioactive soluble fom of 

endoglin opens the way for structural detemination of this protein. It will also be useful in 

cl-ing endoglin modes of action. If endoglin can rnodulate TGF-8 responses, soluble A586 

codd potentidy be used in therapy aimed at blocking TGF-S effects. 
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