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ABSTRACT

CLONING AND CHARACTERIZATION OF FIBRILLIN 2, A NEW 

EXTRACELLULAR MICROFIBRIL COMPONENT,

by

Hui Zhang 

Adviser: Professor Francesco Ramirez

M icrofibrils are incom pletely characterized structures o f  the extracellular matrix 

(ECM ), that in association with elastin participate in the formation o f the elastic fibers. The 

gene coding for the major com ponent o f m icrofibrils, fibrillin, has recently been cloned. 

This fibrillin gene (FBN1) has also been shown to be responsible for M arfan syndrom e 

(M F S ), a co n nec tive  tissue  d iso rd e r w ith skele ta l, c a rd io v ascu la r and o cu lar 

m anifestations. During the cloning o f F B N I, a structurally homologous gene (FBN2) was 

unexpectedly identified. Genetic linkage analysis revealed that FBN2 is tightly linked to an 

M FS-related disorder, congenital contractual arachnodactyly (CCA). It w as therefore 

proposed that FBN2 produces a protein product that is structurally and functionally related 

to that o f  FBN1. The main goal o f this thesis project was to test this hypothesis by 

characterizing the FBN2 product.

First, the FBN2 transcript was cloned in its entirety, and the deduced am ino acid 

sequence was shown to be structurally related to the FBN 1 product. Second, antibodies 

raised against a peptide with FBN2 specific sequence identified the protein encoded by the 

FBN2 gene (Fib2) in the extracellular microfibrils. The antibodies also revealed that Fib2 

is preferentially located in clastin-rich areas o f the connective tissues. To confirm  and



extend this observation, murine FBN1 and FBN2 cDNA probes were used to establish the 

pattern o f fibrillin expression during mouse embryogenesis by in situ hybridization. These 

revealed that the FBN1 and FBN2 genes are differentially expressed, both in term  of 

developm ental stages and tissue localization. The differential expression o f  the fibrillin 

genes strongly suggests (hat there are differences in microfibril composition and function in 

various developm ental stages and tissues. The postulated differences are consistent with 

the distinct pathologies resulting from defects in the two fibrillin proteins. This work lays 

the foundation for more in depth studies elucidating the function and regulation o f the 

fibrillins, and clarifying the role o f these proteins in microfibril assembly and elastic tissue 

formation.
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INTRODUCTION

The proteins o f the extracellular matrix (ECM) together with the cells that produce 

them , form the connective tissue which provides the structural integrity for all tissues and 

organs o f  the body. The m ain fibrous scaffolding o f the m atrix is provided by the 

collagens and elastic fibers. Filling the space between the cells and the fibers are soluble 

precursors o f  the fibrous proteins, proteoglycans, structural g lycoproteins and other 

molecules secreted by the cells or filtered from the plasma. Elastic fibers confer elasticity to 

all connective tissues and are therefore present in a wide variety of tissues, especially those 

under specific and periodic stress. Elastics fiber consist o f a highly hydrophobic protein, 

elastin, and a m orphologically distinct microfibrillar component. The gene for one o f the 

m icrofibrillar proteins, fibrillin, has recently been cloned and shown to cause M arfan 

syndrom e (M FS) when impaired. This work also led to the prelim inary identification o f 

ano ther fibrillin -like gene linked to an M FS-like condition, congenital contractural 

arachnodactyly (CCA). The original aim o f this investigation was to verify the existence o f 

this putative microfibrillar protein, and to establish its structural-functional characteristics.

1. Elastic Fibers

Elastic fibers are present in tissues normally subject to stretching and expansile 

forces, including arteries, pleura, lung, certain ligaments (ligam enta flava o f  human, and 

ligm entum  nuchae o f  rum inants), auricular cartilage, vocal cords, and the skin. The 

reversible elasticity o f elastic fibers allows the tissues to recoil after they have been dilated, 

expanded, or stretched. Such elastic recoil ability is part o f the physiological basis for 

phonation, respiration, and the m aintenance o f continuous pressure in the circulatory 

system .



Depending on the strength and direction of the forces exerted on the tissues, elastic 

fibers may vary in thickness, length, or arrangem ent in different tissues. W ith the help o f 

special stains, such as V erhoeffs stain and W eigert's resorcin-fuchsin, elastic fibers can be 

visualized in histological preparations for light microscopy. In arteries, elastic fibers form 

thick concentric lamellae, with some interlam inar connecting fibers d ispersed radially 

throughout the media o f the vessel. Very large, highly branched elastic fibers are observed 

in elastic cartilage, such as the auricular cartilage. Thin, rope-like, scattered fibers are seen 

in the lung tissue outlining the course o f the respiratory tree. Sim ilar thin fibers are also 

observed in elastic ligaments oriented roughly parallel to the axis o f the ligament. In skin, 

the long and branched elastic fibers form a loose network m ainly in the deep  derm is 

(G oldberg and Rabinovitch, 1988).

Electron m icroscopic exam ination o f elastic fibers has shown that while their 

d iam eters may vary from 35-50 nm to greater than 100 nm, they all have the sam e 

organization (Dempsey and Lansing, 1954; Hall et al., 1955). The major com ponent of the 

elastic fiber is a cem ent-like am orphous core o f elastin without observable periodicity. At 

the periphery o f  this amorphous core is a microfibrillar component with a diam eter of about 

10 nm. During elastic tissue morphogenesis, these microfibrils appear before elastin in the 

form and orientation later assum ed by the elastic fibers. They are therefore believed to 

serve as "scaffold" proteins that direct elastic fiber assembly (Cleary and G ibson, 1983).

The soluble precursor o f elastin , tropoelastin , is cross-linked  by oxidative 

deam ination (via lysyl oxidase) o f lysine residues into desm osine and isodesmosine. This 

polym erization  reaction insolublizes the tropoelastin  m onom ers on the pre-existing 

m icrofibrillar structure, creating the elastic fiber. Elastin deposits along the m icrofibrillar 

bundles eventually em bedding some of the bundles within, and displacing others to the 

peripheral region where microfibrils are seen in the mature fibers.
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II. Elastin

Electron m icroscopic studies o f  purified clastic fiber using negative staining 

suggested a fibrillar substructure o f the elastin core, consisting of 5 nm filaments (Gotte et 

al., 1974). This finding was supported by optical d iffraction and low angle X-ray 

scattering analyses (Serafini-Fracassini et al., 1976). The freeze-fracture cryotechnique 

revealed a 6-7 nm granular structure in bovine ligamentum nuchae in the relaxed state, and 

quasi-parallel filam ents when stretched (Pasquali-Ronchetti and Fornieri, 1984). Quick- 

freeze, deep-etch electron microscopy was recently used to obtain a three-dim ensional 

surface view o f the elastin component in a minimally altered state. This revealed a densely 

packed, random ly arranged network o f fine filam ents, 7nm in diam eter, as the main 

structural feature o f elastin, This observation was supported by the finding that purified 

tropoelastin m onomers appear as 5-7 nm spheres when examined using freeze-etching and 

rotary shadowing techniques. The authors therefore proposed that tropoelastin molecules 

jo in  together in three dim ensions to form the filamentous network revealed by freezc-etch 

electron microscopy (M echam and Heuser, 1992).

Tropoelastin was first isolated from the aorta o f copper-deficient swine (Sandberg 

et al.,1969). The avalability o f peptide sequence from  porcine tropoelastin, and cross­

species sequence homology allowed cloning o f tropoelastin cDNA from human (Indik et al 

1987), bovine (Raju and A nw ar 1987, Yeh et al 1987), chick  (B ressan et al 1987: 

Tokim itsu et al., 1987), and rat (Deak et a) 1988) sources. These cloning experim ents 

confirm ed the porcine peptide sequence; they also showed that the prim ary structure o f 

tropoelastin  consists  o f  a lternating hydrophobic and cross-link ing  dom ains. The 

hydrophobic regions o f  different species are variable in both the num ber and the content o f 

the am ino acids. In contrast, the alanine-rich cross-linking dom ains are highly conserved, 

particularly in the num ber o f the alanine residues positioned between the lysines. Lysines 

are alw ays separated  by two or three alanines; never by one o r m ore than three. 

M easurements o f circular dichroism indicated that the alanine-rich cross-linking regions are
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in an ot-helix conform ation (Foster et al., 1976). Such secondary structure would bring

lysines separated by tw o or three alanines to the same side of the helix, facilitating the

cross-linking reactions (M echam and Heuser, 1992). Separation by one or four alanines
*

w ould situate the lysine side chains on opposite sides o f  the helix where they would 

unlikely contact one another for a subsequent condensation reaction (Fig. I ).

Lys-Ala-Ala-Lys Lys-Ala-Ala- Al a-Ly s

AlaAla

Lys

AlaAla

Never found in elastin: Lys-Ala-Lys and Lva-Ala-Ala-Ala-Ata-Lva

F ig u re  1: Cross-sectional view of the elastin crosslinking region drawn as an a-helix . Numbers

indicate the positions of amino acids, and bars represent the side chains of amino acids extending outward in 

a helical array. Lysines at position I and 4, or t and 5 are close to each other and may possibly form intra­

molecular cross-links.

Data from a variety o f species have indicated that the basic carboxyl-term inus o f 

tropoelastin is highly conserved. The only two cysteines o f tropoelastin are found in this 

part o f the molecule. They can form a disulfide bond that stabilizes a positively charged 

pocket suitable for binding the acidic microfibrils (Brown et al., 1992). This region may 

be one o f the mediators for interactions between elastin and microfibrillar proteins during 

elastic fiber assembly.
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T ropoelastin  synthesis takes place in the rough endoplasm ic reticulum  of 

elastogenic cells with little post-translational modifications. Once translated, the protein is 

transported to specific locations within the infoldings o f the cell m em brane for fiber 

assembly (Serafm i-Fracassini, 1984). The exact process o f tropoelastin secretion is poorly 

understood. A vailable evidence indicates that a 67-kD a galactose lectin serves as a 

"chaperon" protein for tropoelastin secretion (M echam and Heuser, 1992). The affinity o f 

this 67-kDa protein for tropoelastin is minimized upon interaction with sugar (Hinek et al., 

1988; Barondes., 1988). It is possible that the sugar groups on the highly glycosylated 

m icrofibrillar proteins could serve as the trigger for releasing tropoelastin into the matrix 

(M echam  et al, 1991). Imm ediately after secretion, the lysine residues o f the tropoelastin 

crosslinking dom ains are oxidatively deam inated into allysine through the action o f the 

copper-dependent lysyl oxidase enzym e. The aldehyde residues o f  allysines and the e- 

amino group on lysine side chain are then condensed into desmosine and isodesmosin (Fig. 

2, Paz et al., 1982). About 70%  o f the lysine residues in elastin are involved in these 

interactions (M echam  and Heuser, 1992).

Mature elastin is an inert macromolecule with two major characteristics, insolubility 

and elasticity. It is highly resistant to protein solvents and hydrolysis with dilute acids or 

alkali. M ore than 60%  of the am ino acids in elastin are neutral. The content o f glycine, 

proline, alanine and valine is particularly  high. The preponderance o f  hydrophobic 

residues explains in pan  the high insolubility o f elastin. The lysine cross-links between the 

soluble protein monomers are, however, the main contributors to the insoluble nature o f the 

elastin polym er. The presence o f hydrophobic amino acids also leads to lipid and C a++ 

deposition on the mature elastic fiber during aging and atherosclerosis (Labat-Roben, et al. 

1990). This deposition may result in progressive loss o f elasticity and early degradation of 

the protein. Finally, the low content o f charged amino acids in elastin accounts for the poor 

staining o f this protein by ionic dyes.
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F ig u re  2: Schematic representation o f four lysine residues forming desm osine, and potentially

linking four elastin chains.

Elastin is responsible for the characteristic property o f elastic fiber recoil. Since 

elastin has a half-life similar to the lifespan o f the animal, its elasticity is believed to derive 

from an entropy-driven m echanism , rather than from the stressing o f chem ical bonds 

expected to result in a faster turn over o f the protein (Lefevre and Rucker, 1980; Shapiro et 

al., 1991). The proposed "rubber" model describes elastin as a three dim ensional network 

o f  random ly coiled chains joined by covalent cross-links. Upon stretching, the chains 

would extend in the direction o f the force applied, resulting in a more orderly state. This 

decreases the conformational entropy o f elastin which in turn generates the elastic restoring 

force (H oeve. 1974). There are how ever differences in the therm odynam ics o f elastin



7

com pared to that o f rubber (U rry, 1984). Although elastin exists predom inantly in a 

random  coil network, some physico-chemical studies suggested a  (S-spirul conform ation in 

w hich P-turns connect the suspended segm ents (U rry,1984). Supported hy these 

observations, the author proposed a liberational entropy mechanism viewing elastin as u 

syncytium  o f  easily deform able globular or fibrillar corpuscles behaving as interconnected 

springs. W hile these models differ in the details o f m olecular conform ation, they all agree 

that the free energy is the source o f the elastromeric force. This free energy contained in an 

orderly low entropy state in stretched tissue is released upon recoiling to a disordered 

maximum entropy state.

The interaction between the hydrophobic regions o f elastin and the surrounding 

w ater may also play a significant role in elasticity (W eis-Fogh and A ndersen, 1970; 

G osline , 1979a). C onsisten t w ith the idea, dehydration  o f  e lastic  tissue greatly  

com prom ises its elastic ity  (G osline, 1978b). It is therefore likely that the w ater- 

hydrophobic interaction acts in conjunction with the entropy effect to confer elastin with the 

ability to reversibly deform upon exertion o f force.

III. M icrofibrils 

Identification

During the original purification o f elastin, investigators noted that the elastic fiber 

w as tightly cross-linked to an elastase-resistant polysaccharide m aterial identified as a 

"m ucoprolein-containing" outer-coat (Hall et al., 1952). Karrer (1958) showed the first 

convincing im ages o f fibrils 1 1 nm in diam eter situated both at the periphery o f the 

am orphous elastic fibers and w ithin them. This fibrillar structure was given its present 

name, microfibril; at that time this morphological term defined all extracellular filamentous 

structures less than 20 nm in diameter and lacking the characteristic collagen banding (Low, 

1962).
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Thai microfibrils are distinct ECM proteins is indicated by their characteristic pattern 

o f enzym e sensitivity and staining affinity. M icrofibrils arc readily digested by trypsin or 

chym otrypsin proteases but they are resistant to elastase: in contrast, elastin is susceptible 

to elastase but resistant to the other proteases. Like elastin. m icrofibrils are resistant to 

co llagenase, hyaluronidase and p-glucuronidase (R oss and B ornstein, 1969). These 

characteristics exclude collagen fibers and proteoglycan filaments as potential components 

o f m icrofibrils (Frederickson and Low, 1971; Hay, 1978; M ayer et al., 1981). The current 

definition o f m icrofibrils is limited to 11-14 nm unbranched filam ents, as seen m ostly in 

elastic tissue (Cleary and Gibson, 1983). These elastin-associated microfibrils exhibit high 

affin ity  for cationic uranyl-acetate and lead citrate stains, w hich do not stain elastin. 

Conversely, elastin is readily stained by anionic phosphotungstic acid (PTA), which stains 

m icrofibrils poorly (Greelee et al., 1966). The use o f PTA staining was the standard 

procedure at the tim e o f the original electron m icroscopic studies o f elastic fibers; this 

substantially delayed the recognition o f the microfibrillar component o f elastic fibers.

The affinity o f m icrofibril for cationic stains, including ruthenium  red, was 

considered indicative o f possible glycoprotein (negative charge) content (Yu and Lai, 

1970), This possibility was further exam ined by electron microscopy using the periodic 

acid-alkaline bism uth stain (analogous to the periodic acid Schiff stain for glycoprotein in 

light m icroscopy) and the concanavalin A (Con A) binding test. Positive reactions o f the 

m icrofibrillar com ponent o f elastic tissue with both procedures supported that microfibrils 

were com posed of, or closely associated with glycoproteins (Fanning and Cleary, 1985).

Tissue distribution

M icrofibrils have been identified by electron microscopy in all the tissues where 

elastin is found. The 10 nm fibrous structure is seen in association with am orphous elastin 

in elaslin-rich tissues, such as the aorta and other blood vessels, ligamentum nuchae, the 

elastic cartilage o f external ear and epiglottis. M icrofibrils are also recognized in tissues
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where elastic fibers arc less abundant, including the lung (from trachea to alveolar ducts), 

uterus, periosteum , perichondrium , intervertebral disk, periphery o f the thymus, and the 

capsule o f the hip joint (reviewed by Cleary and Gibson, 1983).

W hile elastic fibers are never seen without the microfibrillar com ponent, a structure 

morphologically indistinguishable from microfibrils has been observed without association 

to im m unogenically  identifiable elastin. In skin, for exam ple, the elastic  fibers are 

described m ainly in the deep derm is, o r reticular dermis. However, the m icrofibrillar 

bundles o f these elastic fibers extend up through the papillary derm is, connecting 

them selves to the fibrous structure arranged as a candelabra at the derm al-epiderm al 

junction  (C otta-Pereira et al., 1976, 1978). If the tissue sections are subjected to prior 

oxid ization , these "elastin-less" fibrils stain like elastic fiber w ith aldehyde fuchsin, 

resorcin fuchsin, and orcein stains, and they are therefore called "oxytalan" fibers (Fullmer 

and Lillie, 1958). Fibrils with the same staining characteristics are also found in the 

peridontal ligament of some teeth, tendons, ligaments, fasciae, periosteum , the adventitial 

layer o f blood vessels, and in the connective tissue sheaths o f dermal appendages and nerve 

fibers. Some papillary dermal m icrofibrils and fibrils in tendon, periostium , m ucosa, and 

flbro-cartilage can be stained w ith orcein without prior oxidation. Electron m icroscopic 

exam ination has revealed that these fibrils are associated with small am ounts o f elastin. 

They are nam ed "elaunin" fibers as part o f the elastic fiber system (Gawlik, 1965).

M orphologically identical m icrofibrils totally devoid o f elastin are also observed 

electron-m icroscopically  in the ciliary zonules of the eye (R aviola, 1971), and in the 

m esangium  o f  the renal glom erulus (F arquharet al., 1961, Hsu and Churg, 1979). These 

m icrofibrils were futher dem onstrated as immunologically related to the elastin-associated 

m icrofibrils. Kewley et al. (1977a) developed an antibody against nuchal ligam ent 

microfibril extract which gave several immunoprecipitin lines on immuno-diffusion against 

the antigen. The most prom inent line was isolated from the gel and used to generate a 

second "monospecific" antibody in rabbit. This antimicrofibril antibody not only revealed
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antigen on the surface o f elastic fiber, as it was intended to. but also dem onstrated positive 

staining on the basement membrane o f the tubules and glomeruli o f the kidney (Kew ley et 

al., 1977b), Sim ilarly , antibodies developed against sonicated zonules stained the 

m icrofibrils o f  nuchal ligament and aorta in the same periodic fashion as seen in zonule 

fibrils (S treeten et al., 1981). This finding im plicated sim ilar structural com ponents in 

zonule m icrofibrils and in aortic elastin-associated microfibrils. It also suggested for the 

first tim e the possible linkage between m icrofibrils and M FS, since this condition is 

characterized by dissecting aortic aneurysm and dislocation o f the lenses.

In sum m ary, the study of m icrofibrils has indicated that m orphologically identical 

and antigenically similar microfibrils are present in all tissues which contain elastin, and in 

m any which do not. It is unclear though, whether all the m icrofibrils are truly identical in 

com position. Answer to this question requires full knowledge o f the different components 

o f the microfibrils.

Ultrastructure

After appropriate cationic staining, microfibrils appear in the electron microscope as 

m ultiple thread-like individual filaments. Higher m agnification resolves these structures 

into consecutive beads in cross section, and tubules in longitudinal section (Fig. 3, Cleary 

and G ibson, 1983; Inou£ and Leblond, 1986; W right and M ayne, 1988; M echam  and 

H euser, 1992). Upon closer exam ination, the 10-12 nm tubular structure has a beaded 

appearance w ith a hollow  center. This inner electron-lucent lumen o f  the tubule is 

surrounded by a I nm thick electron dense wall, with spikes projecting from its surface. 

There is also a small dot in the m iddle of the lumen which is referred to as the spherule 

(Inoue and Leblond, 1986).

The more recent technique of rotary shadowing involving minimal tissue processing 

has confirm ed the ultrastructure o f m icrofibrils as beads connected to one another by 

m ultip le  filam ents extending out from the bead surface (W right and M ayne, 1988;
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Fleischm ajer el al., 1991; Ren et al.. 1991; Keene et al., 19911. The distance between one 

head to the next can vary from 22 nm to over 100 nm, depending on w hether the tissue 

exam ined is under tension at the time o f fixation. The filaments joining the beads appear to 

bow outward, giving a shorter bcad-to-bcad distance when tissue sam ples arc in a relaxed 

state; but they become straight, extending the distance between the two connecting beads 

w hen the sam ples are stretched (Ren et al., 1991; Keene et al„ 1991). These stretching 

experim en ts have dem onstrated  a unique extension-contraction  m echanism  o f  the 

m icrofibrils accom plished by adjusting the distance between the beads. The study o f 

Keene et al. (1991) indirectly confirm ed that the microfibrils are stretchable by showing 

under transmission eleclronmicroscopy that the beaded appearance is more identifiable in 

stretched sam ples than in non-stretched ones. This is probably due to the increased 

distance between the beads upon stretching. The extendability o f m icrofibrils allows for 

flexibility o f the structure, but at the same lime, the covalent links betw een the beads 

provide a limit to this extendability. Also noted in stretched samples are two cross-striation 

bands on the filam ents between two beads (W right and M ayne, 1988; Ren et al., 1991). 

The authors postulated that this structure may play a role in organizing the overlapping 

filaments of the beads.

Function

The function o f m icrofibrils has never been clearly defined, but the lim ited 

extendability suggested by ultrastructural studies seems to indicate a role o f microfibrils in 

enhancing the stregth o f flexible structures. Unlike elastin, microfibrils can stretch without 

deform ing. The presence o f m icrofibrils in tissues that are subjected to m ulti-directional 

stretching and tension further supports the hypothesized role o f providing strength and 

structural integrity.

For instance, in an elastic tissue like the aorta, microfibrils surround the elastic fiber 

limiting the maximum dilatation by their limited extendability. The microfibrils in the aortic
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adventitia, where elastin is scarce, provide additional support for the vessel. Microfibrils in 

the nonelastic ciliary zonule not only anchor the Jens, but also adjust the thickness of the 

lens by effectively conducting tension from muscular movement of the ciliary body.

relaxed

' x

stretched,,*'’’

S.

******

Hnuomximnniofn mnnnnnnnnnniî

Figure 3: Diagramatic illustration of elastic Tiber assembly. Note the "beads on string" microfibril

structure and how the distance between beads may increase at stretched state.

Another widely postulated function of microfibrils is in directing elastic fiber 

formation. Microfibrils are the element first observed in all developing elastic tissues,
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including in vitro cell culture system s (Cleary and G ibson. 1983). It is believed that the 

orientation o f these microfibrils determines that of the mature elastic fibers. Some o f the 

microfibrils are embedded within elastin during its deposition, whereas others remain at the 

periphery of the elastic fiber. It is unclear whether or not the microfibrils within elastin and 

the ones around it are different; it is also unknown how exactly m icrofibrils direct elastin 

deposition.

Com position

Resolving the biochem ical com position o f microfibrils has proven to be a difficult 

task due to their complexity and highly insoluble nature. M icrofibrils can only be dissolved 

under reducing conditions after repeated extractions with guanidine hydrochloride (Ross 

and Bom stein, 1969). M aterials like collagen type VI and amyloid P were once believed to 

be microfibrillar components because they were found physically adherent to elastic fibers 

and present in m icrofibrillar extracts (Gibson and Cleary, 1985; Breathnach et al., 1989). 

Despite these difficulties, a number o f putative structural com ponents o f m icrofibrils have 

been identified over the last decade.

F ibrillin  is the m ost abundant structural protein o f  the m icrofib ril. This 

m acrom olecule will be discussed more extensively in the next section. Another important 

protein, M AG P (m icrofibrillar associated glycoprotein) has been shown to be associated 

with m icrofibrils by im m unogenic and biochem ical means (G ibson et al., 1986, 1991). 

M AG P is present in all tissues containing m icrofibrils, irrespective o f  the am ount o f 

associated elastin (Kum aratilake et al., 1989). This 31-kDa protein has an acidic am ino- 

term inus, and a basic carboxyl-term inus where the thirteen cysteines o f the m olecule are 

located. These cysteines may form disulfide bonds w ith other m icrofibrillar proteins 

during fiber assembly.

Emilin (elastin m icrofibril interface located protein) was originaly isolated from 

chick aorta. It has a m olecular weight of 115 kDa, and is apparently located in microfibrils
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that are in close contact w ith elastin (Bressan el al., 1983, 1993). The involvem ent o f 

em ilin  in elastogenesis was suggested by its detection at elastogenic sites prior to elastin 

deposition, and was supported by the interference o f anli-em ilin antibodies w ith elastic 

fiber formation in cell cultures (Bressan et at., 1993).

Using un antibody against zonule microfibrils, Horrigan et al. (1992) cloned the 

gene coding for a 32-kDa protein which was specifically localized to m icrofibrils in a 

variety o f tissues. This protein was named associated microfibril protein (AM P). Its high 

content o f acidic am ino acids (23%  glutam ate and 6%  aspartate) makes it possible to 

interact with basic tropoelastin during elastic fiber assembly. Lysyl oxidase (Serafini- 

Fracassini et al., 1981; Kagan et al., 1986) and a 36-kDa glycoprotein from porcine aorta 

(Kobayashi et al., 1989) have also been reported to be associated with the microfibrils.

Detailed data on the tissue distribution o f these putative m icrofibrillar proteins are 

not available. It is not clear whether they are present in all microfibrils, and w hether all 

m icrofibrils have the same com position. The individual expression and function o f  these 

candidate m icrofibrillar proteins, and their relationships to one another are yet to be fully 

defined.

IV . Fibrillin  

Distribution and morphology

As already mentioned, the best characterized m icrofibrillar com ponent is fibrillin. 

This 350-kD a protein was originaly identified from the supernatant o f human fibroblast 

cu ltures, using a m onoclonal Ab (m A h) raised against pepsin-digested tissue rich in 

m icrofibrils (Sakai et al., 1986). The mAb demonstrated that fibrillin localizes to the same 

tissues where m icrofibrils are found. These include the skin, lung, vasculature, cartilage, 

tendon, k idney, cornea and cilliary  zonule. Im m uno-electron m icroscopy further 

confirm ed this point by showing that fibrillin is a component o f the elastin-associated and 

clastin-less microfibrils (Sakai el al., 1986).
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Fibrillin was also shown to be a glycoprotein through m etabolic labeling with 

13H (glucosam ine. Increased gel m obility under non-reducing conditions indicated the 

presence o f  intram olecular disulfide bonding in fibrillin (Sakai et al., 1986). In fact, about 

14% o f  the am ino acids o f fibrillin are cysteines, tw o-lhirds o f which are reducible in 

fibrillin m onom ers, suggesting their possible involvement in intrachain disulfide bonding 

(Sakai et at.. 1991).

Under electron microscopy, purified fibrillin appears as a 148 nm long and 2.2 nm 

wide extended m olecule, an observation that is consistent w ith results from velocity 

sedim entation experim ents (Sakai et al., 1991). Pepsin digestion o f amnionic microfibrils 

yielded a crab-like structure in addition to the short rod-shaped fibrillin fragments (M addox 

et al., 1989). This crab-like structure has six to eight flexible arms surrounding a central 

dense region, and corresponds to the bead on a microfibril beaded-string. This conclusion 

is based on the finding that a mAb (m69) against the part o f fibrillin molecule contained in 

this structure (most likely the amino-terminus) decorates the beads on microfibrils (Sakai et 

al., 1991). Furtherm ore, m69 and mAbs against o ther segm ents o f  fibrillin decorate 

m icrofibrils with constant periodicity. This characteristic periodicity im plies a "head-to- 

tail" model o f  fibrillin fiber assem bly in m icrofibrils, as opposed to a "head-to-head" 

assem bly which would result in an alternating periodicity (Sakai et al., 1991). The bead 

structure is probably where "heads” and "tails” (amino- and carboxyl- termini) interact with 

each other and possibly with other microfibrillar proteins.

Primary structure

The primary structure o f fibrillin has been deduced from the cloned cDNAs isolated 

using inform ation derived from partial peptide sequences. Fibrillin is a gene product 

m ostly com posed o f  multiple cysteine-rich repeats resembling those found in epiderm al 

growth factor (EGF) precursor, and transforming growth factor-P binding protein (TGFp- 

bp) (M aslcn et al., 1991; Lee et al., 1991; Pereira et al.. 1993; Corson cl al., 1993). The
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protein can be divided into five structural/functional dom ains (Fig. 4, Pereira et al., 1993). 

Domain A is a cysteine-poor, basic domain located at the amino-terminus immediately after 

the signal peptide. Domains B and D consist o f  cysteine-rich repeats and are separated 

from each other by a proline-rich domain C. The prolines in domain C  have been proposed 

to introduce a hinge in fibrillin, possibly allowing the bending o f the fibrillin molecule in 

the relaxed state (Pereira et al., 1993). Domain E is the lysine-rich carboxyl-term inus of 

the molecule. It contains several stretches o f consecutive lysines, and tw o cysteines that 

may form links between fibrillin molecules and/or other microfibrillar proteins.

The most often seen cysteine-rich repeat in fibrillin is an EGF-like repeat which has 

the following average amino acid composition:

DXD/NXCX6CX4CXD/NX4F/YXCXCX12c x .

The spacing o f the cysteine residues and the conserved am ino acids D, D/N, D/N, F/Y at 

specific positions indicate that these EGF-like repeats belong to the C a++ binding subclass 

(EG F-CB). In other proteins, the disulfide bonding between the cysteines o f a EGF-CB 

m o tif b rings the conserved  am ino acids together and produces a signal for the 

hydroxylation o f  the third conserved am ino acid, D /N , form ing a high affinity C a+ + 

binding site (Dahlbiick et at., 1990; Handford et al., 1991; Selander-Sunnerhagen et at.,

1992). Corson et al. (1993) reported that fibrillin has a calcium  binding ability that can be 

dim inished by reducing agent. This result indicates that disulfide bonding is necessary for 

the fibrillin protein to bind calcium. Binding of calcium  by EGF-CB- repeats can stabilize 

protein secondary structure and help mediate protein/protein interactions, as for example in 

the V itam in K -independent protein C (Ohlin et al., 1988; Davis, 1990), human factor IX 

(Rees et al., 1988) and the Drosophila Notch gene product (Rebay et al., 1991).

The second kind of m otif is hom ologous to the TGF(3-bp sequence that contains 

eight cysteines, three o f which are consecutively clustered together (Kanzaki et al., 1990). 

In fibrillin, these motifs are interspersed among the EGF-like repeats with their consecutive 

cysteines being the likely candidates to mediate covalent interm olecular interactions. In
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fact, one-third o f the cysteines in soluble fibrillin m onomers from tissue culture m edium 

appear to be in the free reactive sulfhydryl form that can potentially form interm olecular 

disulfide bonds (Sakai et al., 1991).

The third kind o f  cysteine-rich  m otif, characterized by the presence o f  two 

consecutive cysteines, has been so far identified only in fibrillin. Called the Fib m otif 

(Pereira et al., 1993) or the hybrid m otif (Corson et al., 1993), this sequence is believed to 

have arisen from the fusion o f an EGF-like repeat and a TGF|3-bp repeat. Studies o f the 

genom ic structure o f the F B N 1 gene have shown that most repeats are encoded by single 

exons, resulting in a cassette-like organization o f the gene (Pereira et al., 1993). Such 

intron/exon arrangement has prompted the speculation that the gene for fibrillin might have 

evolved from duplication o f an ancestral EGF-like coding unit.

Although the transcription start site o f  FBN1 is still controversial, the location of 

the first methionine codon in the FBN I gene is generally agreed upon (Periera et al., 1993; 

C orson et al., 1993). Despite the absence o f an in-fram e upstream  stop codon, the 

following indirect lines o f evidence suggest that this ATG codon is indeed the translational 

start site. First, it is within the context o f a Kozak consensus sequence (Periera et al., 

1993; Corson et al., 1993); second, there is an abrupt decrease in sequence hom ology 

between the murine and the human genes upstream to it (Yin et al., 1994); third, the peptide 

encoded by the sequence immediately 3' to it conform s to the structural criteria o f a leader 

sequence (Periera et al., 1993); finally, expression o f only the ATG containing exon 

disrupts microfibril assembly in cultured cells (Dietz, personnal communication). This last 

result indicates that the putative signal peptide can direct fibrillin secretion, and that the very 

amino-terminus o f the protein can participate in fibril assembly. More importantly, the data 

also imply that the ATG codon is used as the start site o f translation.
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Relationship to MFS

The original cloning of the fibrillin gene <FB N I) also led to the dem onstration o f a 

causal association between mutations in this gene product and MFS. MFS is an autosomal 

dom inant disorder with an estimated incidence o f I in 10,000. About 15-20% o f the cases 

are de novo m utations (M cKusick, 1956; Pyeritz and M cKusik, 1979). The three most 

com m only affected system s in MFS patients are the m usculoskeletal, the ocular, and the 

cardiovascular systems. The abnorm alities involving the m usculoskeletal system include 

arachnodactyly (long, spidery fingers), dolichostenom elia (limbs are disproportionately 

long com pared w ith the trunk), high narrow palate, excessive height (exceeding the 95th 

p ercen tile  for age), hyperex tensib le  jo in ts , pectus deform ities, vertebral co lum n 

deform ities, and pes planus (flat foot). Ectopia lentis (dislocation o f the lens) and m yopia 

are the major clinical features involving the ocular system. Dilatation o f the ascending aorta 

is the key sym ptom  in the cardiovascular system. It can lead to dissection o f the vessel 

w hich is the m ajor cause o f death in MFS patients. Mitral valve prolapse is also  seen in 

about three quarters o f  the patients. The symptoms and signs progress as the patients age. 

W ithout effective medical intervention, half o f the affected men survive to age 40, and half 

o f the women to age 48 (Pyeritz, 1990).

The first direct evidence that a m icrofibrillar abnorm ality is associated with MFS 

cam e from the immunological studies showing deficient fibrillin content in both the skin 

and cu ltured  fibroblasts from MFS individuals (H ollister et al., 1990; G odfrey et al., 

1990). At the same tim e, genetic linkage studies in different ethnic groups localized the 

M FS locus to a region o f  chrom osom e 15, 15q 15-21.3, subsequently identified as the 

fibrillin locus. (Tsipouras et al., Kainulainen et al., 1990, 1991; Lee et al., 1991; M aslenet 

al., 1991; Dietz et at., 1991a). The identification of fibrillin m utations in MFS patients 

conclusively  established defective fibrillin as the cause o f MFS (D ietz et al., 1991b). 

M etabolic studies o f the fibrillin protein supported the conclusion by dem onstrating
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defective synthesis, secretion, and matrix assembly o f fibrillin in cultured fibroblasts o f 

MFS patients (M cGookey et al., 1992).

Since then, additional fibrillin m utations have been characterized in MFS patients 

(D eitz et al., 1992, 1993; Godfrey et al., 1993; Hewett et al., 1993 Kainulainen et al., 

1992, 1994). The m ajority o f the fibrillin m utations are m issense m utations that alter 

am ino acids believed to be involved in maintaining the hypothetical secondary structure, or 

in confering the calc ium  binding property to the protein. A less frequent group of 

m utations generates shorter peptides either by in-frame deletion o f one or more exons, or 

by generating prem ature term ination codon. These m utations presum ably affect the 

alignm ent o f the fibrillin molecules during polymerization, thus resulting in defective and 

w eaker fibrils. It is yet to be established whether or not there is a third group o f fibrillin 

mutations that reduces the production o f structurally normal fibrillin, and causes the MFS 

phenotype.

Genetic heterogeneity

The genetic heterogeneity o f fibrillin was unexpectedly discovered during the search 

for the MFS gene (Lee et al„ 1991). Briefly, this cloning work identified two distinct 

groups o f genomic clones that hybridize to a fibrillin cDNA fragment. The first group was 

shown to correspond to the gene located in the same region o f chrom osom e 15 as the MFS 

locus. The second group o f clones was found to contain three putative exons coding for 

EGF-like sequences sim ilar to those o f fibrillin. This fibrillin-like gene was m apped to 

chrom osom e 5 at q2 3 -3 l, and thus named Fib5 or FBN2 to distinguish it from the FBN I 

gene on chrom osom e 15. M oreover, genetic linkage analysis associated this fibrillin-like 

gene to an M FS-related condition, CCA, with a LOD score o f 6.2 al zero recom bination 

fraction (L eee t al., 1991; T sipouraset al., 1992).

CCA is a rare, dom inantly inherited, connective tissue disease that bears some 

c lin ica l resem blance  to M FS. CCA shares w ith  MFS skeleta l signs such as
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dolichoslenom elia, scoliosis, and arachnodactyly, but is characterized by congenital and 

sym m etrical contractures o f the joints, in contrast to the generalized jo int laxity o f  MFS. 

Such contractures are maximum at birth, and improve spontaneously with age and use. A 

distinctively shaped abnormal external ear is recognized as a characteristic sign o f CCA. 

Lack o f ocular and cardiac involvement also distinguishes CCA from MFS (Beals et al., 

1971) .

Using an oligonucleotide specific for the EGF-like sequence o f the FBN2 genom ic 

clone, a placental cD N A  clone, M F23, was isolated (Lee, et al., 1991). A side from 

containing the three EGF-like repeats o f the genom ic clone, the deduced am ino acid 

sequence o f M F23 revealed that the encoded protein is structurally related to the FBN1 

gene product. It is mostly com posed o f the same EGF-CB motifs as FBN I with TG FP-bp 

and Fib-m otif sequences interspersed among them. However, the homology between these 

two gene products ends abruptly in the middle o f the fibrillin sequence (Lee et al., 1991; 

M aslen et al., 1991). In place o f additional cysteine-rich m otifs, the MF23 encoded 

product has a short carboxyl term inus followed by a 3' untranslated region (UTR) (Lee et 

al., 1991). Northern analysis using MF23 as a probe indicated that the size o f  FBN2 

transcript was about the same as that o f FBN 1, implicating a possible same size protein as 

F ib l. A lthough it was not clear at the tim e how FBN2 might be related to FBN I, the 

appearent similarities between the two genes and their asssociation with two phenotypicaliy 

overlapping genetic conditions raised the possibility that FBN2 might produce a fibrillin- 

like protein product.

However, fibrillin heterogeneity was not supported by the data in the literature. 

Previous ultrastructural studies had reported differences in the thickness o f m icrofibrils in 

various tissues at different developmental stages, though there were inconsistencies among 

the reports (review ed by Cleary and G ibson, 1983). Additionally, differences in tissue 

preparation could cause variations in microfibril diam eter (Fanning et al., 1981). There 

was no biochem ical indication o f the existence o f a 350-kDa m icrofibrillar protein other
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than F ih t. The limited sequence homology between Fibl and the peptide coded by MF23 

provided little assurance that the FBN2 gene might indeed produce a bona fide fibrillin-like 

protein.

D espite the uncertainty, the presence o f this high level sequence hom ology 

corroborates the genetic linkage of CCA to the FBN2 locus, and could not be accounted for 

by m ere co incidence. T herefore, we proposed that FB N 2 encodes for a d istinct 

microfibrillar component of the fibrillin family, and it is associated with pathology different 

from  that o f  FBN I. T his thesis project was undertaken to test this hypothesis. 

Accordingly, the following three specific aims were to be accomplished:

1. To establish the primary structure of the Fib2 transcript.

2. To identify the Fib2 protein.

3. To characterize the spatio-temporal expression of the FBN2 gene.

In achieving these aims, we could elucidate the primary structure o f Fib2 protein, 

and establish its structural relationship to F ib l. The sequence inform ation could then be 

used to generate specific polyclonal (p) Abs in order to dem onstrate the existence and 

distribution o f the Fib2 protein. Using the cDNA clones and pAbs, we could then com pare 

the spatio-tem poral pattern o f expression o f the Fibrillin genes, as a first step tow ards 

understanding the potential relationships between the fibrillins. C onfirm ation o f our 

original hypothesis would set the stage for future experim ents aim ed at detailing  the 

differential pathogenic potentials o f the different fibrillins.
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MATERIALS AND METHODS

I . Nucleic Acid Analysis 

cDNA library screening

Tw o cD N A  libraries w ere used to clone the FBN2 transcrip t. One was a 

com m ercial Xgt 11 placental cDNA library (Clontech), whereas the other was prepared with 

RNA from MG63 cell line using the XZapII vector (Stratagene). The libraries were plated 

at a density o f 20,000-50,000 plaques/150 mm plate with the appropriate bacterial host 

(Y 1090 for X g t l l ,  XL I-Blue for XZAPII), and incubated overnight. Plaques were 

transferred in duplicates onto nitrocellulose filters (M illipore). After baking at 80°C in a 

vacum  oven for 1-2 hr, both sets o f filters were pre-hybridized for 5 hr and then hybridized 

to the probe o f interest. The hybridization solution used w ith o ligonucleotide probes 

con tained  6x SSC ( Ix  SSC: 0.15 M N aCl and 15 mM sodium  citrate, pH 7.0), Ix 

Denhart's solution (50x D enhardt’s: 1% Ficoll, 1% polyvinylpyrrolidone and 1% bovine 

serum  album in), 0.05%  sodium  pyrophosphate, 0.1%  sodium dodecyl sulfate (SD S) and 

50 pg/m l salm on sperm  DNA (ssDNA). The hybridization tem perature varied from 40  to 

55°C  depending on the Tm  o f the oligonucleotide used (Tm, m elting tem perature, was 

calculated at 1 M N a+ concentration, Sambrook et al., 1989). Filters were washed with 6x 

SSC, 0.5%  sodium  pyrophosphate, 0.1-1%  SDS with increasing tem peratures up to I0°C 

below the hybrid's calculated Tm . Hybridizations using cDNA probes were perform ed at 

42°C  in 50%  form am ide and 5x SSC. The washing stringency was determ ined according 

to the degree o f homology between the hybridizing sequences. We used 0.5x SSC at 50°C 

as the highest washing stringency for cross-hybridization between the FBN1 probes and 

FBN2 cDNAs, and between the human and murine cDNAs.

DNA from the positive A,gtl I clones was prepared by the liquid culture method 

according to Sambrook ct al. {1989). Purified DNA was subsequently subcloned into the
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pUC vector for sequence analysts. Positive X.ZAPII clones were conveniently excised 

from  phage arm s and re-circularized into the phagem id pB luescript follow ing the 

m anufacturer's recommendations (Stratagene).

Sequence analysis

The dideoxynucleotide chain termination on denatured plasmid DNA was employed 

to determ ine the sequence o f fibrillin clones (Sanger et al., 1977, USB-Sequenase V2.0). 

The DNA for sequencing was prepared either by CsCl gradient centrifugation (Sambrook et 

al 1989) or by the Magic mini-preps DNA purification system (Promega). Sequences were 

analyzed using the com puter program MacVector (International Bio Technologies).

RNA purification

RNA was purified from  cultured MG63 cells by guanidine isothiocyanate lysis 

followed by LiCI precipitation (Sambrook et at., 1989). Briefly, cells were lysed using 5M 

guanid ine isothiocyanate, 10 mM  EDTA, 50 mM Tris-H Cl, pH 7.5, and 8% v/v 0- 

m ercaptoethanol. The lysate was precipitated overnight with 7 volum es o f  4 M LiCI at 

4°C , after passing it a few tim es through a 18 G needle in order to shear genom ic DNA. 

The next day, the lysate was pelleted at 11,000 rpm in a Sorvall centrifuge and washed 

with 3 M LiCI to minimize DNA contamination. After resuspending it in TE (10 mM Tris- 

HCl pH 8.0, 1 mM EDTA) containing 0. \% SDS, the pellet was extracted three tim es with 

phenol and chloroform  before ethanol precipitation. The resulting RNA was resuspended 

in d ie th y l p y ro c a rb o n a te -tre a te d  w a ter (D E P C -H 2 O) and  q u an tita ted  by  UV 

spectrophotom etry. The quality o f  the RNA was verified on a freshly prepared agarose 

gel. The presence o f sharp 28 S and 18 S rRNA bands at approxim ately a 2 :1 ratio was 

used as an indicator o f undegraded RNA. About 500 p g  of RNA in 400 p i volum e was 

loaded onto an oligo dT colum n (Stratagene) to select for polyA+ mRNA according to the 

supplier's instructions.
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Northern analysis

Total RNA was used for Northern analysis (Sambrook et al.. 1989). About 10 pg  

o f RNA was dissolved in 50%  formamide, Ix formaldehyde gel-running buffer (0.02 M 3- 

(N-m orpholino)propanesulfonic acid (M OPS) pH 7.0, 5 mM sodium acetate, 1 mM EDTA 

pH 8, and 2.2 M formaldehyde). After heating at 68°C for 5 min and rapid chilling on ice, 

the sam ple w as loaded onto a form aldehyde denaturing  0.8%  agarose gel in Ix 

form aldehyde gel-running buffer, and electrophoresed at 5 V/cm. RNA size m arkers 

(BRL) w ere included on the gel and stained with ethidium  bromide. The gel was then 

capillary blotted overnight onto a Hybond N+ nylon membrane (Amersham ) in 20x SSC. 

The RNA was crosslinked to the membrane by a brief exposure to UV-light. A fter a rinse 

in 2x SSC, the m em brane was pre-hybridized at 42°C for at least 6 hr before addition o f 

the probe. The hybridization buffer contained 5x SSC, Ix Denhart’s, 50 pg/m l ssD N A , 

50%  form am ide, 25 mM sodium phosphate, 0.1% SDS, and 10% dextran sulfate. Probes 

were labeled with ly-32P] dCTP by nick-translation to a specific activity greater than 3 x l0 8 

counts per m in(cptn)/pg. For each hybridization, we routinely used I-3X106 cpm /m l o f 

probes. Stringent washing conditions (0.1 x SSC, 0.5-1%  SDS at 65°C) were used for all 

Northern blot hybridizations.

Construction o f cDNA libraries

Both random prim ed and oligo-dT primed libraries were constructed from 4 pg  o f 

M G63 polyA + RNA. Double stranded cDNA was synthesized using A m ersham  cDNA 

synthesis System  Plus following the m anufacturer s protocol. A small am ount o f  |*y-32P] 

dC TP was included in the reaction to estimate the am ount o f cDNA obtained. The blunt- 

ended double stranded cDNA was phenol/chloroform  extracted three tim es before two 

p recip ita tions w ith 2M am m onium  acetate and 2.5 volum es o f ethanol to  rem ove
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unincorporated dNTPs, The subsequent steps of EcoRI linker ligation, s i/e  fractionation 

and kinase treatment were accomplished using the Amersham cDNA cloning system.

The cDNA molecules with EcoRI adapters were cloned into the EcoRI site o f  the 

A.ZAPII vector (Stratagene). A fter perform ing test ligations to chose the most efficient 

insert/vector ratio, 2.5-5 ng cDNA was ligated to 100 ng phage arms and packaged with 

GIGAPACK II gold packing extract (Stratagene). Primary libraries were plated with XL I - 

Blue host and amplified. The random and oligo-dT primed libraries contained about 4x 10s 

and 6x10s independent clones, respectively.

Rapid amplification o f 5' cDNA ends

Various RACE (for rapid am plification of 5’ cDNA ends) protocols were tested in 

order to obtain the 5' end o f the FBN2 transcript. We found the Clontech modified method 

SLIC  (single-stranded ligation to single-stranded eD NA ) to be the most successful one. 

About 2 pg  o f polyA + MG63 RNA was reverse transcribed using the 3' prim er M F129 

(Figs. 4 and 6) following the 5'-A m pliFIN D ER RACE protocol (Forhm an et al., 1988). 

A fter hydrolysis o f  the tem plate RNA, the first strand cDNA was colum n purified with 

G EN O B IN D  sepharose beads supplied in the kit and precipitated w ith 0.2 M sodium  

acetate and ethanol. A single stranded oligonucleotide anchor with a 5' phosphate group 

and a 3' am ino group (to block self-ligation) was ligated to the 3’ end o f the cDNA using 

T4 RN A  ligase. T h is m od ifica tion  avo ided  hom opo lym eric  ta iling  w ith the 

deoxyribonucleo tide transferase enzym e, which could have interfered w ith specific 

annealing o f the primers in the subsequent PCR amplification. A portion o f the anchored 

cDNA was then amplified with a primer complementary to the anchor, and the nested gene- 

specific prim er M F140 (Fig. 4 and 6). The PCR products were hybridized to a prim er 

located further 5’ to confirm  their specificity, and then cloned into pCRII vector using TA 

cloning kit (Invitrogen).
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Primer extension

For the prim er extension experiment, the 20m er MF129 was synthesized and end 

labeled w ith [y-12P)ATP using T 4-polynucleotide kinase. M F I29  is located  151 

nucleotides dow nstream  from the 5'end of clone A06-4 (F igs.4  and 6). Follow ing 

labeling, the reaction product was precipitated with 2 M am m onia acetate and ethanol to 

elim inate unincorporated nucleotides. The pellet was resuspended in deionized formamide 

and the specific activity measured with a scintillation counter. About I ng o f  the labeled 

prim er (with a specific activity o f 5- 10x10# cpm/ug) was annealed to 1 ng  o f poly A + RNA 

in 50 |i l  o f annealing buffer (80%  formamide, 40 mM PIPES [piperazine-N , N ’ bis{2- 

ethane-sulfonic acid)] pH 6.4, I mM EDTA pH 8.0, 0.4 M NaCI) overnight at 30°C. The 

RNA used in these experim ents was prepared from cell lines MG63 and NT2/D1. The 

annealed prim er-RNA complex was precipitated with 0.3 M sodium acetate and ethanol, 

and reverse transcribed at 42°C  for I hr using 12.5 U o f AM V reverse transcriptase 

(Prom ega). The product was extracted with phenol/chloroform , and ethanol precipitated. 

The pellet was resuspended in gel loading buffer (95% formamide, 20 mM EDTA, 0,05%  

brom ophenol blue, 0.05%  xylene cyanol), and loaded onto a 5% sequencing gel after heat 

denatu ra tion  at 94°C  for 3 min. Prim er ex tension  products w ere v isualized  by 

autoradiography.

II . Protein Analysis 

Antibody generation

W e raised pAbs against recombinant antigenic peptides expressed by a commercial 

bacterial based expression system (Novagen). Nucleotide oligomers for both strands o f the 

fibrillin sequence to be expressed were synthesized after being adapted into E. coli codon 

usage. The o ligom ers were ligated into pET-3xa vector w hich contains the strong 

bacteriophage T7 prom oter and the T7 translation signals. In order to ensure plasm id 

stability, the recom binants were propagated in a host E. coli strain (H B I0 I ) that lacks the
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T7 polym erase gene . After confirming the reading frame and the sequences, the plasmids 

were transform ed into a lysogenic strain BL2KDE3) which contains a chrom osom al copy 

o f the T7 polym erase gene. The T7 RNA polymerase can be activated by induction with 

isopropyl-(J-D-thiogalactopyranoside (IPTG), which in turn initiates the transcription of 

pET-3xa plasm ids. After 2-4 hr induction with 1.4 mM IPTG, more than 50% o f the total 

proteins produced by the bacteria is the fusion protein (Studier et al., 1990). The fusion 

pro tein  was then collected  as insoluble inclusion bodies fo llow ing B ruggem ann's 

procedure (1991). Briefly, the bacterial pellet was resuspended in TNE (50 mM Tris-HCl 

pH 8.0, I mM EDTA, 100 mM NaCI) and lysed at room tem perature with I pg /m l o f 

lysozym e. The lysate was pelleted, then resuspended and incubated for 30 min in TNE 

with 0.1%  deoxycholate (DOC), 10 pg/m l DNase, 10 pg/m l RNase, and 8 mM M gCl2 to 

further eliminate the nucleic acid and bacterial protein. This mixture was repeatedly pelleted 

and resuspended by sonication with cold TNE + 0.5% Triton. The last pellet was washed 

w ith cold PBS + 0.5%  Triton, and resuspended with cold PBS by sonication. We 

estim ated that m ore than 90%  o f this suspension represented the fusion protein inclusion 

bodies. A fter further purification on an SD S-polyacrylam ide gel electrophoresis (SDS- 

PAGE), the antigen proteins were sent to Mount Sinai's Hybridoma Core Facility for rabbit 

immunization. The initial titer was 1:500 for both antibodies for F ibl and Fib2 against the 

fusion proteins. The titer was boosted with subcutaneous injection o f 10 p g  o f antigens 

periodically, and antisera were collected two weeks after each boost.

Immunoprecipftation

Confluent MG63 cells cultured in 35 mm dishes were washed twice with PBS to 

c lear any residue from serum  before being placed in 700 p i of serum -free, cysteine-free 

Dulbecco's m odified Eagle medium. After 2 hr starvation, 50-100 pC i o f -1SS cysteine 

(A m ersham ) was added and the cells were incubated for 12-16 hr. The collected medium 

was placed on ice and proteinase inhibitors were immediately added at the following
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co n cen tra tio n s : 5 mM ED TA , 50 p M  N -e thy lm alim ide , and  50 PM SF

(phenylm elhlsulfonyl fluoride). After clearing cell debris by centrifugation, 20 |il of either 

anti-F ibl (A b-fIC ) or anti-Fib2 (Ab-f2C) anlisera were added to 230 pi o f the supernatant, 

together with 50 p i o f 15% protein A beads (Pharmacia). The mixture was shaken for 3 hr 

at 4°C. The beads were then centrifuged at 4°C , washed repeatedly with cold PBS, then 

w ashed twice w ith R1PA buffer (150 mM NaCl. 1% NP-40, 0.5% DOC, 0.1%  SDS, 50 

mM Tris pH 8.0), and finally rinsed again in PBS. After draining out PBS, the pellet was 

resuspended in 2x gel loading buffer ( lx : 5% glycerol, 2.5% (3-mercaptoethanol, 1% SDS,

0.38%  Tris, 0.01%  brom phenol-B lue) and boiled for 5 min before loading on a 4% SDS- 

PAGE. The gel was dried and autoradiographed to visualize the precipitated proteins.

Silver staining

The amount o f  the im m unoprecipitated unlabeled protein was estim ated by silver 

staining using a com m ercial kit (Boehringer M annheim). Unlabeled serum -free overnight 

culture m edium  was collected and im m unoprecipitated with fibrillin pAbs at 1:50 pAb: 

m edia ratio. About 3 ml o f media was used to precipitate F ib l , while as much as 24 ml 

was used to obtain a sim ilar am ount o f Fib2. The im m unoprecipitates were separated in 

4%  SDS-PA G E. A fter fixing the gel with isopropyl alcohol and acetic acid, the gel was 

soaked in a sensitizer solution for 5 min before transferring into silver stain solution for 20 

min. The staining was visualized by two 1 min changes of developer followed by a third 

5-10 m in change. The first tw o quick changes in the developer helped m inim ize the 

background, so that the gel could be left in the third change until the desired staining 

showed. The developed get was then photographed.

Western blotting

Equivalent am ounts o f  A b-flC  and A b-f2C im m unoprecipitates (as verified by 

silver staining) were loaded on a 4% SDS-polyacrylam ide gel, separated, and transferred
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onto  a nitrocellu lose m em brane <M illipore) in a gel running buffer contain ing  20% 

m ethanol. The m em brane was then washed with TB ST (10 mM Tris-HCl pH 8.0, 150 

mM NaCI, 0 .05%  Tween 20) and blocked with 3% BSA in TB ST for 2 hr at room 

temperature or overnight at 4°C. The primary antibody (A h-fIC) was diluted I to 100 with 

blocking solution and incubated with the membrane for 2 hr at room tem perature. After 

washing with TB ST a few times for 10 min each, the secondary antibody A nti-rabbit IgG 

(Fc) alkaline phosphatase conjugate (Prom ega) was incubated w ith the m em brane at the 

supplier's recom m ended dilution. The membrane was washed with TBST as before, and 

transferred into a color developm ent solution prepared by adding 66 p i of NBT and 33 pi 

o f  BCIP solution to 10 ml o f substrate buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 5 

mM M gCl2 ). The purple color was developed until the desired intensity was reached and 

the reaction was stopped by rinsing the membrane in deionized water.

Immunohistochemlstry and immunofluorescence

The sam ples used in our studies were discarded human tissues obtained from the 

D epartm ents o f Pathology o f New York U niversity M edical C enter, and M ount Sinai 

School o f M edicine. Formal in-fixed tissues were either snap-frozen w ith O C T (Tissue 

TE K ) em bedding m edium  for im m unofluorescent analysis o r paraffin em bedded for 

im m unohistochem istry. Consecutive sections about 8-10 pm  thick were prepared for the 

staining o f  both antibodies. Paraffin sections were de-waxed with xylene and rehydrated 

w ith a graded series o f ethanol. Intrinsic peroxidase activity was blocked by im m ersing the 

slides in a solution o f 3% hydrogen peroxide in methanol for 10 min. The slides were then 

blocked with 10% goat serum for 2 hr at room tem perature. Frozen slides were taken 

straight out o f the freezer for blocking. Primary antibodies (diluted 1:100 w ith blocking 

solution) were incubated on the slides overnight at 4°C. After washing with PBS for I hr 

with 4-5 changes, biotinylated goat anti-rabbit IgG (Zymed) was added to the slides for I 

hr. The slides w ere then w ashed w ith PBS before developing the signals. For
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immunohistochemistry, streptavjdin-peroxidusc and the chromagen AEC supplied with the 

Zymed Histostain-SP kit were used as instructed. Stcptavidin-rhodamine (Amersham) was 

used for immunoflourescent studies. Stainings were viewed and photographed with a 

Zeiss Axiophot microscope. All experiments included prc-immunc serum as control.

Immunoelectron microscopy

This work was accom plished in collaboration with Or. Elaine Davis at the 

departm ent o f Cell Biology and Pathology o f W ashington University M edical Center, 

S t.L ouis MO. Fetal bovine tissues were fixed in 7% paraform aldehyde in O.IM 

Sorensen's buffer (pH 7.4) for 4-6 hr at 4WC and processed for reductive denaturalion 

according to Gibson et al. (1989). Specimens were dehydrated in a graded series of 

methanol to 90% at progressively lower temperatures from 4°C to -20°C. Samples were 

then infiltrated and embedded with Lowicyl K4M (SP1 supplies) which was subsequently 

polymerized by UV illumination for 24 hr at -35°C and an additional 48 hr at -lO1̂ .  Thin 

sections of tissue were cut with a diamond knife on a Reichert ultra-cut microtome and 

placed on formvar coated nickel grids. After blocking with 1% BSA in 100 mM NaCI and 

50 mM Tris-HCl (pH 7.4) for 15 min, the grids were incubated with primary antibodies 

diluted in blocking solution overnight at 4°C. Following extensive washing and a second 

blocking step, the grids were incubated with goat F-(Ab')2 anti-rabbit IgG conjugated to 10 

nm colloidal gold (BioCell Research Lab) at 1:30 dilution for I hr at room temperature. 

Imm unolabeled sections were counter-stained with methanolic uranyl acetate for 2 min 

followed by lead citrate for 30 sec. Controls included non-immunized rabbit serum and 

omission of primary antibody.
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III.  In Situ Hybridization 

Tissue preparation

M ouse em bryos from different developm ental stages were dissected and quickly 

fixed in fresh 4% paraform aldehyde dissolved in PBS at 4°C overnight. Em bryos older 

than 16.5 days post-coitus (d.p.c.) were fixed for 2-5 days and decalcified by adding 5% 

EDTA to the paraform aldehyde solution. The em biyos were dehydrated by a series o f 

im m ersions in graded ethanol (30% . 50%, 70%, 80%, 90% , 100%) at room tem perature 

for 30 min each, and cleared w ith 2 changes o f xylene for 30 to 60 min each, before 

em bedding them  at 60°C  in Paraplast plus (Fisher) for 2 hr w ith 3 changes o f wax. 

Em bryos were oriented into the desired positions with a hot metal probe. About 6-8 pm  

thick sections were cut and spread onto Superfrost/plus slides (Fisher). Slides were stored 

at 4°C  until use.

Before hybridization, the appropriate sections were selected and deparafmized with 

A m ericlear (a xylene substitute. Scientific Products), and rehydrated by im m ersing the 

slides through a graded series o f ethanols quickly followed by a 5 min rinse in DEPC-H 2O. 

Hydrated slides were fixed for 10 min in 4% paraform aldehyde before treatm ent with I 

pg/m l proteinase K (Boeringher M annheim) for 30 min at 37°C in 0.1 M Tris-HCl pH 8, 

and 50 mM EDTA. The slides were rinsed with the same Tris-EDTA buffer followed by 

treatm ent with 0.1 M glycine pH 8 in 0.2 M Tris-HCl pH 8 at room tem perature for 10 

min. The slides were acetylated to absorb positive charges after a brief rinse with DEPC- 

H2O  and 0.1 M triethanolamine-HCl pH 8.0. The acetylation procedure was performed by 

first adding 0.5 ml o f acetic anhydride to a dry staining dish, and then sim ultaneously 

adding the slides and 200 ml o f 0.1 M triethanolamine. After dipping the slides up and 

dow n to mix the buffer, they were left in the mixture for 10 min in a fume hood. The 

acetylation buffer was rinsed o ff with 2x SSC and the slides were dehydrated w ith graded 

ethanol. Finally, the slides were dried in a dust-free location and stored for hybridization.
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Preparation o f the cRNA probes

A murine FBN I probe covering 840 bp o f the 3’ UTR was obtained from Dr. 

B onadio 's laboratory at the U niversity o f M ichigan, Ann Arbor, MI. The clone was 

linerized with restriction enzyme Spel for antisense cRNA probe transcription. The murine 

FBN2 probe was isolated from a mouse 10.5 d.p.c. em bryonic cDNA library (kindly 

provided by Dr. Lufkin, M ount Sinai School o f M edicine) using the human cD N A  clone 

3'A as a probe (Fig. 4 ) .  The resulting 880 bp murine clone encom passing the 3'UTR of 

FBN2 was linearized for antisense transcription using the restriction enzyme Pstl.

The linearized plasm ids were transcribed with T7 polymerase using M AXI-Script 

kit (A m bion) following the supplier's protocol and w ith -15S-UTP (NEN) as the labeling 

substrate. A fter removal o f the DNA template with DNase (RNase free), the probes were 

hydrolysed to 100*150 nucleotide long fragm ents by incubating them  in 0.1 M sodium 

carbonate buffer pH 10.2 at 60°C  for 40-50 min. Free nucleotides were rem oved by 

passing the probe mix through a G -50 Sepharose colum n. The elutriate was ethanol 

precipitated and the pelleted probe was resuspended in a small volume of TE with 10 mM 

DTT and stored at -80°C.

Hybridization and autoradiography

H ybridizations were perform ed in a buffer containing 50% form am ide, 0.3 M 

NaCI, 20 mM sodium acetate, pH 5.0, 5 mM EDTA, 10% Dextran sulfate, Ix Denhardt's 

solution, 500 pg/m l o f yeast tRN A  and 0.1 M DTT. About 40,000 cpm  o f probe was 

added to each p i o f the hybridization mix. About 5 p l/cm ^ o f such mix was added to the 

tissue sections which were then covered with clean cover slips. Hybridizations were carried 

out at 50°C in a humid cham ber for 16 hr. The slides were then washed with 4 changes o f 

4x SSC  and 10 mM DTT at 50°C  for 2 hr (the cover slips would float o ff in the first 

w ash), followed by 2 hr wash at 50°C with 50% form am ide, 2x SSC and 10 mM DTT. 

A fter rinsing with NTE buffer (0.5 M NaCI, 10 mM Tris-HCl pH 8.0. and I mM EDTA)



tor 10 min. the slides were digested with 20 pg/m l o f RNascA and 1 U/ml o f R N aseTl in 

the NTE buffer for 40  min at 37l,C. This was followed by a w ash w ith NTE buffer 

containing 10 mM [1-mercaptoclhanol at 37**C for 30 min, a wash in 2 x SSC with 10 mM 

(J-m ercaptoethanol at 37°C for 15 min, and a final wash in 0.1 x SSC with 10 mM |3- 

m ercaptoethanol for 10-20 min at 50°C. The slides were then rinsed in 0.1 x SSC with 10 

mM p-mercaptoethanol at room temperature and dehydrated with increasing concentrations 

o f ethanol in 300 mM ammonium acetate. After drying, the slides were dipped into NBT-2 

photographic em ulsion (KODAK) at 42°C in the dark room , and autoradiographed in a 

light tight box at 4°C  for 4 to 7 days. The slides were then developed with KODAK D-19 

developer for 3.5 min at 15°C and fixed in KODAK fixer for 6 min at room tem perature. 

A fter counter-staining with hem atoxylin (Diagnostic Solutions Inc.) for 20 sec, the slides 

were dehydrated and m ounted. The results were viewed with a Zeiss m icroscope and 

photographed in both bright and dark fields.
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RESULTS

I. Primary Structure of Fibrillin 2 

Introduction

The search for the genetic defect o f MFS identified not only the fibrillin gene 

(F B N I)  on chrom osom e 15 but also  a structurally  hom ologous gene (FB N 2) on 

chrom osom e 5q23-3l w hich was linked to the M FS-related d isorder C CA  ( Lee et 

al.,1991). This linkage suggested that the FBN2 locus produced a protein product, 

although there was no direct biochem ical evidence for the product. The original FBN 2 

clone, M F23, was isolated from a Agt 11 placental cDNA library; it contains a 2.2 kb open- 

reading-fram e (ORF) and a 0.6 kb 3' UTR (Fig. 4). The ORF has 81% overall am ino acid 

hom ology to F ib l, and bears the same structural characteristics. The 13 EGF-CB repeats 

o f M F23 are highly homologous to the 6th through the 18th EGF-like motifs o f  dom ain D 

o f F ib l (Fig. 4, Pereira et al.. 1993). Like F ib l, these EGF-CB motifs are interrupted by 

TGF|3-bp and Fib motifs (Fig. 4). Despite this strong homology, the deduced am ino acid 

sequence o f MF23 has a short 16 amino acid carboxyl terminus with a term ination codon 

after its 13th EGF-like repeat (corresponding to the 18th EGF-like repeat o f Fib 1/domain 

D; Lee et al., 1991).

Previous unpublished Northern blot analysis using M F23 as a probe identified a 

10-11 kb transcript in MG63 cells (osteogenic sarcoma cell line). If a protein product were 

translated from this transcript, it would have been sim ilar in size to F ib l. However, there 

was no suggestion o f such a protein in the original isolation o f fibrillin (Sakai et a).,1986). 

(n addition, the early term ination codon o f MF23 limited the hom ology o f this putative 

fibrillin-like protein to the amino-terminal portion of F ib l. To resolve the nature o f FBN2 

locus, we first screend for additional sequence o f the FBN2 transcript in both the 5' and the 

3' directions from the MF23 clone.
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Cloning of the full length FBN2 transcript

The C lontech  placental library was initially screened w ith o ligonucleotides 

corresponding to both ends o f  M F23. The resulting clones were further selected by PCR 

am plification with nested prim ers and prim ers in the vector phage arm  to identify the 

longest clone for subcloning and sequencing. For exam ple, clones that were positive for 

oligonucleotide probe MF58 were amplified with the complementary prim er M F69 and the 

Xgtl I prim ers flanking the cloning site (see Fig. 4 for positions o f prim ers). C lone AI 

(Fig. 4) produced the longest PCR product, extending 1.6 kb further 5’ from MF23. The 

DNA o f this phage clone was subcloned and sequenced. This inform ation allow ed us to 

synthesize new oligoifcleotide probes to continue the cDNA "walking". As a result, we 

identified clone A06-4 extending the 5' coding sequences for another 0.5 kb (Fig. 4). 

Screening of 3' sequence was carried out using the M F90 oligonucleotide (from nucleotide 

|n t) 2740 to 2761 as in Lee et al., 1991, Fig. 4) as a probe. O nly one clone, B2, was 

identified; unfortunately, it ends 30 nt 5' to the 3' end o f MF23.

O verall, the new c lones extended the O RF o f M F23 about 2.1 kb in the 5’ 

direction. The am ino acid translation o f these cDNAs retained the structural sim ilarity to 

the am ino term inus o f F ib l. The cloning work also revealed that most o f these placental 

library clones have different 3’ UTRs. For example, the 3‘ portion o f clone A 1 is identical 

to the coding segment o f MF23 from nt I to nt 298, but continues into an unrelated 480 bp 

fragm ent containing several in-fram e stop codons. Sim ilarly, the 390 bp 3' portion o f 

A06-4 is identical to the 5' end o f A l, but is followed by a 126 bp unrelated UTR. It was 

unclear w hether these clones represent functional products, or abortive transcripts. This 

raised the possibility that the original Northern data might represent a cross-hybridization 

signal betw een MF23 and the FBN I m RNA, and that the actual FBN2 transcript and 

protein were not as large as believed.

T o confirm  the transcript size, we perform ed Northern analysis on MG63 RNA 

using the unique 3'UTR o f  M F23 rather than the entire clone as the probe. Despite
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num erous attem pts, no hybridization signal was ever detected with this probe. Wc then 

used the 1 kb EcoRI fragment o f one o f the new clones (A I, Fig. 4) that has only 40% 

nucleotide homology to the corresponding FBN 1 sequence. Under stringent hybridization 

conditions, this probe identified a transcript o f about 10*11 kb (Fig. 5). The same size 

message was detected by the same probe in RNA from a teratocarcinoma cell line, NT2/DI 

(data not shown). Re*hybridization o f the filter to the 3’UTR of FBN I, detected a slightly 

sm aller transcript (Fig. 5). Based on this evidence, we concluded that FBN2 produces a 

10.5 kb transcript.

To estim ate how much 5’ sequence rem ained to be cloned, a prim er extension 

experim ent was perform ed using prim er M F129 (151 nt downstream  from the 5' end o f 

clone A06-4, Fig. 4  and 6) and RNA from cell lines M G63 and NT2/D1. This yielded a 

prim er ex tension  product o f about 495 nt in length from both RNA sources, thus 

suggesting that there were about 345 nt yet to be cloned in order to reach the 5’ end of the 

FBN2 transcript (Fig. 7).

The estim ated size o f the transcript together with the result o f the prim er extension 

seem ed to indicate that FBN2 contains a 5 to 6 kb long 3' UTR. However, sequencing of 

the genom ic regions containing the cDNA sequences coding some of the carboxyl ends 

show ed that both these short O RFs and the continuing 3' UTRs correspond to intron 

sequences (data not shown). This information gave us reason to suspect that some o f the 

cDNA clones, including MF23, might represent partially spliced transcripts, and a properly 

processed FBN2 transcript would contain a longer 3’ ORF. Indeed, we later confirm ed 

that the carboxyl terminus coding sequence and the 3'UTR of MF23 represent an unspliced 

intron. This result also explained our failed attempts to identify FBN2 transcript using the 

3'UTR o f M F23 as a probe.

In our search for additional 3' coding sequence, we screened 240,000 clones o f  the 

Clontech placental cDNA library with an oligonucleotide (M F132, Fig. 4) from within the 

last EGF-CB repeat o f MF23. More than one hundred positive clones were identified; they
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were further selected for the ones that did not hybridize to un oligonucleotide probe from 

the 3'UTR o f M F23 (M F63, Fig. 4; nt. 2385 to nt. 2366. Lee et al., 1991). Five such 

clones w ere identified, but none o f them produced new sequence information as they hud 

shorter versions o f the same 3’UTR as MF23.

We then realized that full term  placenta might not be an appropriate source for 

FBN2 mRNA, and decided to construct a cDNA library from the MG63 cell line where we 

had dem onstrated the presence o f the 10.5 kb transcript. Random -primed and oligo dT- 

prim ed cDNA libraries were constructed from MG63 poly A+ RNA to ensure cloning of 

both the 5' and 3’-ends o f the 10.5 kb FBN2 transcript. The XZapII vector was chosen for 

easy manipulation o f the cDNA insert. The primary libraries were again screened with the 

double selection o f  M F132 and MF63 probes. One o f the two resulting clones, 4J, was 

found to have sequence identical to nt 967 to 2215 of MF23 {Fig. 4). Nucleotide 2216 is 

w here the sequence encoding the non-EG F carboxyl term inus o f M F23 begins. In its 

place, clone 4J contains a continuing 0.4 kb O RF whose deduced am ino acid sequence 

extends the homology to F ib l. The other clone, RP08, overlaps with the 3' portion 4J for 

0.5 kb and extends the O RF towards 3‘ for another 0.3 kb (Fig. 4). This additional 0.3 kb 

sequence maintains the strong homology to FBN 1. Thus, the M G63 cell line proved to be 

a better source for the cloning o f a full-length FBN2 transcript.

Subsequent screening o f the M G63 cD N A  library w as carried  out using 

oligonucleotide probes or low stringency hybridization to FBN1 probes. As a result, 

clones covering the entire carboxyl-term inal half o f Fib2 were identified (Fig. 4). Using 

oligonucleotide M F150 (positioned at the 3’ end o f RP08; Fig. 4), a 3.5 kb long clone, 

15061, was isolated and characterized. C lones 3'A and 3'B were identified by low 

stringency hybridization to the 3'end fragment o f FBN1 (F-3.3, Pereira et al., 1993). 

C lone 3'B is 1.3 kb in length and overlaps w ith both clone 15061 and clone 3'A. 

Together, these three clones extended the ORF o f MF23 towards its carboxyl-term inus for 

another 4.3 kb. Clone 3'A contains a 2 kb insert, 1.4 kb of which is 3’ UTR with a poly A
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tail, following the putative polyudcnylaiion signal AAUAA. The poly A tail was verified as 

a genuine post-transcriptional addition by its absence in the correspoding genomic fragment 

(data not shown).

The search for further 5' sequence by library screening failed to produce new 

cD N A  clones, probably because o f poor representation o f the 5' end o f  such a large 

transcript. As an alternative, we decided to take the RACE approach (Forhm an et al., 

1988). W e chose the modified SLIC protocol that allows specific prim ing in the PCR 

am plification step (Dum as et al., 1991). Poly A+ RNA from MG63 cell line was reverse 

transcribed  by prim ing with o ligom er M F129 (Figs. 4 and 6). A fter ligation to the 

A m pliFIN D ER  anchor, the resulting cDNA was am plified w ith nested prim er M F140 

(F igs. 4  and 6). Following subcloning, recom binants positive for an oligonucleotide 

(M F130) located further 5' to M F140 were sequenced. Although m ost c lones ended 

around the 5 ’ end of clone A06-4, one o f them , R C I, extended the sequence for 43 nt 

fu rther 3'. This allow ed us to synthesize a new prim er for PCR am plification o f the 

anchored first strand cDNA. We sequenced all of the resulting clones that contained inserts 

long enough to extend the sequence. The longest clones extended the sequence 347 nt 

further 5' to A06-4, thus reaching the estim ated end o f the prim er extension products. The 

additional sequence contains an in frame methionine codon 201 nt downstream o f its 3'end. 

A lthough no stop codon was identified in the preceding sequences, this m ethionine is 

followed by a potential signal peptide. M oreover, the amino terminal sequence has some 

structural homology to FBN 1. We therefore concluded that we had com pleted the cloning 

o f the FB N 2 transcript.

Theoretical structure of the FBN2 encoded protein

The O RF o f the overlapping FBN2 cDNA clones translates into a 2 9 1 1 am ino acid 

polypeptide w hich has an overall 80% hom ology to the Fibl protein. The theoretical 

product o f the FBN2 locus was therefore named fibrillin 2 (Fib2). The Fib2 protein is
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mainly com posed o f cystcine-rich repeals homologous to the EOF. EGF-CB, TG Fp-bp. 

and the Fib motifs arranged in the same order as in Fihl (Fig. 4). Because o f this, the 

amino acid sequence o f the Fib2 protein can he aligned to that o f Fihl and divided into the 

same five structural dom ains (A to E) (Pereira et al.. 1993; Fig. 4). Domains B and D are 

cysteine-rich, whereas dom ains A, C, and E are cysteine-poor regions that correspond to 

the amino-terminus, the connecting region, and the carboxyl-terminus.

Although only 19% homologous to each other, domain A o f Fib2 and Fib I contains 

a putative signal peptide com posed mostly o f non-polar am ino acids. In Fib2, the tri­

peptide "AGQ" introduces a P-turn in this sequence at the carboxyl end o f the signal 

peptide, m aking the sequence a good candidate for the putative cleavage site (M acVector; 

Peatman and Halvorson, 1983). The am ino terminus is as basic as that o f Fihl with an 

estim ated pi o f 11.7. Only in Fib2 this region contains a stretch o f prolines immediately 

after the postulated signal peptide cleavage site (Fig. 8).

D om ains B and D are com posed o f the same cysteine-rich repeats as the Fibl 

protein (Corson et al., 1993; Pereira et al., 1993). Domain D has 47 EGF-like repeats, all 

but one o f  which belong to the calcium binding subgroup. Six TG FP-bp motifs as well as 

one Fib m otif are interspersed among these EGF-repeats. There are three EGF-like motifs 

and two EGF-CB motifs in dom ain B, with one TG Fp-bp and one Fib m otif among them. 

All the cysteine-rich sequences are arranged in the exact same m anner in Fib2 as in Fibl 

(Fig. 4). The am ino acid conservation within these repeats o f Fib2 has retained all o f the 

putative N-glycosylation sites and the one RGD cell attachment site of Fibl (An additional 

cell attachment site is found in the second TG Fp-bp repeat of dom ain D/Fib2, Figs. 4 and 

8). The resulting high degree o f homology between Fibl and Fib2 is 87% for dom ain B, 

and 81 % for domain D.

Region C connects the two cysteine-rich dom ains and is mostly made o f glycine 

residues. This is in striking contrast to the high proline content in the corresponding region 

o f F ibl (Fig. 8). Although region C  o f Fib2 has no hom ology to that o f F ib l, we
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nevertheless believe that the glycines o f Fib2 may also provide flexibility to allow bending 

in the sam e m anner as previously proposed for the proline-rich region of Fibl (Pereira et 

al., 1993). Regardless o f the validility o f the hypothesis, the am ino acid difference o f 

region C  was used to generate Abs specific to each fibrillin.

The carboxyl-term inus o f Fib2, region E, has the same num ber o f am ino acids as 

Fib I and a homology o f 50%. Despite the relatively low degree o f hom ology, there are 

som e noticeable features that are conserved in the two proteins. The only tw o cysteine 

residues o f this region are conserved within the context o f 14 identical am ino acids (Fig. 

8). As previously discussed, these residues may potentially m ediate protein-protein 

interactions through disulfide bonding. M oreover, this region o f Fib2 has a high lysine 

content like F ib l, and one of the three possible glycosylation sites o f F ib l.

In conclusion, the experim ents described in this section determ ined the primary 

structure o f Fib2. They also explained the unusual structure o f the original clone MF23. 

M ore importantly, they provided the means to perform the next set o f experiments aimed at 

excluding the possibility that FBN2 was just a pseudogene producing abortive transcripts.

II Characterization of the Fibrillin 2 Protein 

Introduction

To identify the Fib2 protein, we generated specific pAbs. Since the tw o fibrillins 

are highly homologous, it was critical to choose epitopes in the most divergent sequence of 

the fibrillins, region C. We expressed a 45 am ino acid segment from this region o f F ib l. 

and a corresponding 43 am ino acid peptide o f  Fib2 in a bacterial expression system  

(sequences illustrated on Fig. 8 in italic). Gel-purified bacterial fusion proteins were then 

used to  im m unize rabbits. The resulting antisera identified the Fib2 protein  as a 

m icrofibrillar com ponent in a three-step approach. First, we proved that the Fib2 protein 

was m ade in the same MG63 cell line where the FBN2 transcript had been detected by 

N orthern analysis. Then we dem onstrated that Fib2 is present in tissues known to contain
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m icrofibrils. Lastly, we localized Fib2 epitope on to the elaslin-ussociated m icrofibrils 

using immunoclectron microscopy.

In vitro identification of the Fib2 protein

To identify the fibrillin proteins in the MG63 cells, antisera against each fibrillin 

were used to iinm unoprecipilate the radioactively labeled culture media supernatant o f  this 

cell line. Following electrophoresis, the precipitates were visualized by autoradiography. 

The precipitate o f  Fib2 Ab (A b-f2C) migrated for about the same distance as F ib l, 

indicating sim ilar m olecular weight. In contrast to the equivalent mRNA levels observed 

on the Northern blot, the Fib2 protein was substantially less abundant than Fibl {Fig. 9 A).

To verify the specificity o f Ab-f2C, a W estern blot analysis was perform ed on its 

im m unoprecipilate using anti-F ib l pA b {A b-flC). Im m unoprecipitate o f  A b -fIC  was 

included as a positive control. Equal amounts o f both precipitates, as estim ated by silver 

staining (Fig. 9B), were separated by SDS-PAGE. A fter transferring the proteins from the 

gel to a nitrocellulose membrane, they were incubated with A b-flC . A positive signal was 

seen only in the lane loaded with A b-flC  immunoprecipitate (Fig. 9C). This experim ent 

dem onstrated that the immunoprecipitation product o f Ab-f2C was not the result o f a cross­

reaction w ith F ib l. This result, together with the obervation o f the expected m olecular 

weight, led to conclude that the cultured cells secret the Fib2 protein.

In vivo distribution of Flb2

In addition to establishing the tissue locolization o f Fib2, im m unohistochem ical 

studies showed a difference in the distribution of the tw o fibrillins that may be indicative of 

distinct functional roles. Initially, we examined a number o f adult human tissues, including 

skin, aorta, m uscle, ligam ent and tendon. These are the same tissues that Sakai et al. 

(1986) reported to contain fibrillin. Although we could reproduce those results using our 

anti-Fibl pAb, we barely detected Fib2 protein in the same tissues.
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The spontaneously resolving nature o f the CCA contractures suggested to us that 

the protein might be primarily expressed in fetal tissues. We first tested this idea on some 

fetal skin tissue. We found not only the presence o f the Fib2 protein, but also quantitative 

and qualita tive  differences in the expression o f the tw o fibrillins (Fig. 10). Skin is 

com posed o f two parts, the epiderm is and the derm is connected by the derm al-epiderm al 

junction . The derm is contains the derm al appendages, such as hair follicles and sweat 

glands. The derm is is also where the elastic fibers o f the skin are located. Likew ise, the 

connective tissue sheath o f the hair follicle has a high content o f "oxytalan fibers" (Fullmer 

and Lillie, 1958). Fib2 staining, although not detectable in adult tissue, was seen in fetal 

skin as discrete fibers in the dermis, particularly around the hair follicles (Fig. I0B). Ab- 

f lC  showed a discrete fibrous staining which extends from dermis to epidermal junction in 

both fetal and adult skins (Fig. 10A, C). The dermal appendages did not have particularly 

stronger staining with this pAb. In contrast, a distinctive candelabra-like structure was 

noted at the epiderm al junction where no Fib2 was detected. Based on these results, we 

then perform ed a more systematic immunohistochemical analysis o f the fibrillins in human 

tissues at 20 week gestation. Fib2 was detected in the ECM o f a w ide variety o f tissues. 

The overall pattern was similar to that o f F ib l, but the expression level was generally lower 

except in tissues rich in elastic fibers.

The aorta has three distinct cellular layers from the lumen outward: the inlima, the 

m edia, and the adventitia. In fetal aorta, Fib2 staining was most abundant in the medial 

layer (Fig. 1 IB). As shown by V erhoeffs staining, this is the vessel layer where most o f 

the elastic  fibers are located (Fig. 1 ID). In contrast to Fib2, F ibl staining was intense 

across the three layers with the adventitia being the strongest (Fig. 1 1 A). It should be 

noted that the net amount o f Fibl staining detected in the media was still greater than Fib2.

Differences in Fibl and Fib2 distribution were also seen in hyaline cartilages o f the 

skeletal system. Cartilage is surrounded by a fibrous sheath, the perichondrium , which is 

com posed o f an outer dense connective tissue layer, and an inner cellular layer that has the
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potential to differentiate into chondrocytes. The chondrocytes at the periphery o f the 

cartilage arc less differentiated and still dividing while the cells in the interior of the cartilage 

are more mature and have stopped dividing. Ab-f2C detected accumulation o f Fib2 protein 

in the m atrices o f the peripheral areas of the cartilage (Fig. 12D), and the perichondrium  

(Fig. I2F). A diffuse staining o f  Fibl was however seen in the entire cartilaginous matrix 

(Fig. 12C) with a relatively more elevated level of accumulation in the hypertrophic zone o f 

the osteogenic cartilage (Fig. I2E). These results suggested that Fib2 might be produced 

earlier than Fibl in the less differentiated chondrocytes.

The staining of elastic cartilage o f the fetal ear dram atically dem onstrated the 

differential localization o f the fibrillins, and the preferential distribution o f Fib2 in elastic 

m atrices. W hile the fibrillar staining o f F ib l was mostly seen in the connective tissue 

surrounding the cartilage (Fig. 12A), the elastic cartilage core itself and the perichondrium 

directly adjoining the core were intensely stained with Fib2 Ab (Fig. I2B).

The expression of fibrillins was also exam ined in the developing eye. Both 

proteins were detected in the sclera and the cornea. Anatomically, the latter is a transparent 

extension o f the sclera at its most anterior portion. Fib2 expression was seen evenly 

distributed throughout the sclera (Fig. 13E), but was restricted to the m orphologically 

d istinc tive  an terio r third o f  the D escem et’s m em brane o f  the cornea (F ig. I3B). 

Descem et's m embrane is an acellular connective tissue layer situated just posterior to the 

com eat stroma. Consistent with previous findings, A b-flC  reproduced the intense staining 

in the full thickness o f Descemet's membrane (Fig. 13A, Sakai et al., 1986). Fibl staining 

in the sclera was predominantly in the outer layer and the inner vascular choroid layer (Fig. 

13D). Unfortunately, we could not compare the fibrillin accumulation in the delicate zonule 

fibers because our tissue preparation did not preserve them.

In the fetal kidney there was a sim ilar staining pattern for both proteins in the 

basement membrane of the glomeruli and in the developing collecting ducts. Perhaps, there 

was a hint of greater expression of Fibl in the tubular region, and of Fih2 in the glomeruli
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(Fig. I3G , H). In the fetal lung, F ibl staining was mainly located in the interlobular septa 

and the perivascular and peribronchiolar connective tissue with light staining o f the alveolar 

m atrix (Fig. 13J). In contrast, Fib2 showed m inim um  staining at this stage o f  lung 

developm ent (Fig. I3K). Finally, we could not detect any convincing signal o f either 

protein in the ligament and tendon samples from the same stage (data not shown).

In sum m ary , o u r im m unohistochem ical and im m unofluorescen t analysis 

docum ented the presence o f  Fib2 in m icrofibril-rich connective tissue o f the developing 

em bryo, especially in the elastic fiber-containing regions.

Ultrastructural localization of Fib2

Despite the successful identification o f the Fib2 protein in tissues, our results were 

not sufficient to define the exact relationship between Fib2 and microfibrils. T o  localize 

Fib2 in the matrix, we perform ed im m uno-electron microscopy studies in collaboration 

w ith Dr. Elaine D avis using our A b -flC  and Ab-f2C Abs. The im m uno-labeling was 

perform ed in elastin rich fetal bovine ligamentum nuchae and aorta. The tissues were first 

incubated with prim ary pAbs and repeatedly washed. A gold-conjugated secondary Ab 

was used to visualize the fibrillin/anti-fibrillin-Ab complexes. The gold particles localized 

both F ib l and Fib2 to the m orphologically indistinguishable m icrofibrils o f fetal bovine 

ligam entum  nuchae (Fig. 14A, B). Such specific localization was also seen on microfibrils 

o f elastic laminae in fetal bovine aorta (data not shown). This finding dem onstrated that 

Fib2 is closely associated with, if not a component o f the lOnm microfibrils.

III. Developmental Expression o f Fibrillins 

Introduction

T he im m unohistochem ical studies suggested that m orphologically  identical 

m icrofibrils may be different in com position. The failure to detect Fib2 in adult tissues, 

and its relatively higher accum ulation in fetal clastic matrices seem ed to imply that the
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d istrib u tio n  o f  m icro fib rilla r com ponents may change in tim e and space during 

developm ent. The Fib2 protein is either degraded, or masked during the subsequent elastic 

fiber assem bly and maturation. To further support this hypothesis, we decided to study the 

em bryonic pattern o f fibrillin expression using the in situ hybridization approach. We 

chose to exam ine the mouse em bryos since our lab is currently involved in establishing 

transgenic m ouse m odels for FBN1 and FBN2 m utations. D efining the spatial and 

tem poral pattern o f  expression during normal developm ent is a com plem enting first step 

toward understanding the function and pathogenic potential of fibrillins.

The 839 bp probe for murine F B N 1 covers the 3'UTR from nt 8546 to nt 9384 

(Yin. et al, 1994). To isolate the murine FBN2 probe, we screened a 10.5 d.p.c. em bryo 

cD N A  library using the 3' most human cDNA as a probe. Three overlapping clones ml, 

m J, and m F w ere isolated and sequenced (Fig. 15). They span a 3.9 kb region that 

contains 2.8 kb O RF (Fig. 16). The deduced O RF shows 96%  hom ology to the human 

Fib2 am ino acid sequence (Fig. 17). In contrast, the amino acid hom ology o f  the murine 

Fib2 to human and murine Fibl is 79.1% and 78.8% respectively. Clone mF covers a 876 

bp segm ent o f the 3'UTR (Fig. 16) that is 73% homologous to the corresponding sequence 

o f human FBN2 (from nt 8936 to nt 9811). It can not be aligned to either the human or the 

m urine 3'UTRs o f  FBN1. This clone was chosen as the probe for specific detection of 

m urine FBN2 transcripts. Additionally, we used as a control probe, the type II collagen 

gene w hich is specifically expressed in cartilage (Cheah et al., 1991). R iboprobes o f 

equivalent specific activity were synthesized from each o f these clones and used for in situ 

hybridizations on serial sections o f mouse em bryos collected at days 10.5, 13.5, and 16.5 

p.c. T his study confirm ed and further delineated the differential expression o f  fibrillins in 

m icrofibril-containing tissues as first suggested by the im m unohistochem ical analysis. 

M ore im portantly , it show ed that FBN2 expression appears transiently  and w ith a 

characteristic pattern. It peaks parallel to the formation of a given tissue and decreases 

(som etim es disappears) thereafter. In contrast, the accum ulation o f the FBN I message
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increases gradually as morphogenesis proceeds. The following is a description o f fibrillin 

expression during mouse embryogcnesis presented by organ systems.

Lungs

The developing lung represents the best example illustrating the differential spatial 

and tem poral pattern o f expression o f the fibrillin genes. At 10.5 d.p.c., the lung bud is 

rapidly elongating and the primary bronchi are present as small tubes. A strong signal o f 

FBN2 expression was detected in the epithelial layer o f the budding main bronchi at 10.5 

d.p.c., along with a w eaker and diffuse signal in the prim itive lung m esenchym al cells 

(Fig. 18A). A sim ilar weak signal for FBN1 expression was seen in the m esenchym al 

cells but there was no signal in the bronchial epithelium (Fig. I8B).

As lungs develop, they subdivide into lobes where secondary lobar bronchi and 

tertiary segmental bronchi continue to branch. By 13.5 d.p.c., branching o f the segmental 

bronchi is dom inant. The levels o f FBN1 and FBN2 message were com parable in the 

m esenchym e, but only the FBN2 transcripts were seen in the epithelium  o f  the form ing 

segm ental bronchi, particularly on the lumen side (Fig. 18E,F). A weaker signal o f  FBN2 

message was still detectable in the epithelium o f the main bronchi at this stage (Fig. 19A).

At 16.5 d.p.c., the lungs are still com pact, and terminal bronchi lined with cuboidal 

cells begin to appear. W hile segmental bronchi had little FBN2 expression at this point, the 

ep ithelial cells o f  the sprouting term inal bronchi were now the active sites o f  FBN2 

expression (Fig. 181). Except for an increased but still low level o f expression in the 

m esenchym e, FBN 1 expression was prom inent only in the vasculature o f the lung (Fig. 

I8J). The FBN I message was never detected in the bronchial epithelium in em bryos at any 

stages. Thus, lung tissue showed a developm entally specific and selective expression of 

FBN 2 in bronchial epithelium  during the form ation o f bronchi. Both fibrillins were 

expressed in the lung m esenchym al cells w ith progressively increasing ratio o f  FBN I 

versus FB N 2 message.
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K idneys

Dynamic changes in FBN2 expression were also noted in the developing kidney. 

The kidneys are undergoing rapid developm ent around 13.5 d.p.c. The m etanephric 

vesicles differentiate into primitive glomeruli and eventually move to their mature location 

in the cortical region, which itself differentiates from the metanephric cap tissue. Aside 

from the expression in the undifferentiated m esenchym e tissue, an increased am ount o f  

FBN2 message was seen in the metanephric vesicle and the metanephric cap tissue adjacent 

to the capsule o f  the kidney (Fig. 20A). At this stage, FBN 1 expression was only seen in 

the renal capsules where FBN2 signal was also observed (Fig. 20B).

At 16.5 d.p.c., the undifferentiated m etanephric cap tissue is still present just 

beneath the renal capsule, and the kidneys are more clearly divided into the peripheral 

cortical region and the central m edullar region. At this stage, expression o f FBN2 was 

seen mostly in the cortical region where the developing glomeruli are located (Fig. 20E, I). 

FBN1 m essage was m ostly detected in the m esenchym e throughout the cortical and 

m edullar regions (Fig. 20F, J). Expression o f both Fibrillins in the renal capsule was more 

apparent at this stage. Neither fibrillin was expressed in the collecting tubules (Fig. 20E, 

F) that develop  from  the m etanephric d iverticu lum  (ureteric bud), ra ther than the 

m etanephric m esoderm  as the rest o f the kidney does. Thus, we observed expression of 

FBN2 in the renal mesenchyme at the location o f the developing glomeruli. We also noted 

an increasing expression o f FBN I in the m esenchym e, but not particularly  near the 

glomeruli. The results are in agreement with our immunohistochemical data suggesting that 

glomeruli have a greater accumulation o f Fib2 protein.
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Musculoskeletal  system

The limbs at 10.5 d.p.c. are composed of primitive mesenchymal tissues. Cartilage 

starts to appear in the limbs at 13 d.p.c. Ossification occurs in skull and ribs around 15 

d.p.c., but does not extend to the limbs until 16.5 d.p.c.

The fibrillin m essages can be identified in the developing mesenchyme o f the limb 

bud as early as 10.5 d.p.c., with FBN2 at a much greater intensity than FBN1 (Fig. 2 1 A, 

B). By 13.5 d.p.c. the expression o f FBN2 was seen in the perichondrium  o f the 

developing long bones (Fig. 22A, E), ribs (flat bone), and vertebral bodies (short bone, 

Fig. I9A ), clearly defin ing the outline o f the bone. FBN1 was also observed in the 

perichondrium  but at a much lower intensity, as well as in the cartilage itself where FBN2 

m essage was absent (Fig. 19B, and 22B, F). Such an expression pattern was even more 

clear in 16.5 d.p.c. em bryos (Fig. 24) where FBN1 expression was now higher than 13.5 

d.p.c. At this stage o f developm ent, an increased FBN1 signal was observed in the 

hypertrophic and calcifying zones com pared with other areas o f cartilage (Fig. 24B, J). 

H igher F ib l accum ulation around the more differentiated chondrocytes was also noted in 

our immunohistochemical study.

Expression of both fibrillins was seen in the ligam ents surrounding the vertebral 

colum n and other joints at 13.5 and 16.5 d.p.c., with the FBN2 signal much stronger than 

that o f  FBN I (Fig. 22, 23). In 16.5 d.p.c. em bryos, active expression o f  FBN 2 was 

observed  in the ligam entum  flava, an elastic ligam ent that form s after 14 d .p.c. 

A ccum ulation o f FBN1 mRNA was also seen in the fibroblasts o f this ligam ent but at a 

low er intensity than FBN2 (Fig. 24E, F). FBN2 was expressed in tendons as early  as 

13.5 d.p.c.(Fig. 22A, E). while FBN1 expression was barely detectable in this tissue even 

at 16.5 d.p.c. (Fig. 23B). The fibrocartilagenous intervertebral disc is another tissue that 

contains a moderate amount o f elastic fibers. The expression of FBN2 in this structure was 

intense and m ore localized to the peripheral annulus fibrosis (Fig. I9A). A w eaker and 

more diffuse signal of FBN I was observed in the entire disc (Fig. I9B).
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W ell-developed muscle bundles are present in embryos at 16.5 d.p.c. Although the 

m yocytes did not express FBN I, the fibroblasts o f the perimysium showed an abundant 

accum ulation o f FBN 1 mRNA (Fig. 24N). On the other hand, FBN2 expression was not 

only detected in the perimysial fibroblasts but also in the myocytes themselves (Fig. 24M). 

In sum m ary, the results in the musculoskeletal system revealed that accumulation of*FBN2 

transcrip ts peaks earlier in developm ent than FBN1; in turn, FBN I accounts for an 

increasing portion o f the fibrillin expressed by the differentiating tissues.

L a ry n x

The im m unohistochem ical staining o f the auricular cartilage showed little F ibl in 

the elastic cartilaginous core, but abundant Fib2 protein deposition. The in situ data o f  

cartilag inous larynx confirm ed the preponderance o f  FBN2 gene expression in clastic 

cartilage. At 13.5 d.p.c. the elastic epiglottis is separated by a discrete cleft from the rest o f 

the larynx which is still pre-cartilaginous. The cartilaginous skeleton of larynx and trachea 

becom es well delineated by 15 d.p.c. A lthough the laryngeal structure was still poorly 

developed in the 13.5 d.p.c. em bryo, an elevated level of FBN2 expression was already 

noted in the m esenchym al tissue that will eventually form the larynx (Fig. 25A, B). An 

intense signal o f  FBN2 m essage was observed in the elastic cartilage o f the larynx, the 

epiglottis and the cuneiform  cartilage in 16.5 d.p.c. embryos (Fig. 25D). The expression o f 

FBN1 in these structures was no higher than in the surrounding m atrix fibroblasts (Fig. 

25B, E). The expression o f both fibrillins in the hyaline cartilage o f the larynx was mostly 

seen in the perichondrium, as was the case for cartilages of the skeletal system.

Cardiovascular system

At 10.5 d.p.c. the heart is still a single tube, inside which active m orphogenesis of 

the aortico-pulm onary spiral septum and atrio-ventricular endocardial cushion tissue is 

taking place. By 13.5 d.p.c. the ascending aorta and the pulm onary trunk are distinct
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vessels, and the valves and septa o f the heart are in their prim itive form. A continuous 

circulation starts around 14 d.p.c. when the communication between right and left ventricle 

is closed. The em bryos o f  16.5 d.p.c. have their heart and large vessels in the final 

prenatal configuration.

Expression o f FBN I in the cardiovascular system was an exception to the di-phasic 

pattern o f fibrillin expression during em bryogenesis. A high level o f FBN I m essage was 

detected as early as 10.5 d.p.c. in the aortic sac and the dorsal aorta (Fig. 26G, Fig. 2 IB). 

Intense signals continued to be seen at 13.5 and 16.5 d.p.c. in the full thickness o f the 

aortic arch, pulm onary artery, and dorsal aorta (Fig. 27B, Fig. 28B, F). The level o f 

FBN2 expression was lower in these structures (Fig. 26E, Fig. 27A, Fig. 28A, E), and the 

difference seemed to increase with the age of the embryo. The less intense signal o f FBN2 

m essage can be attributed in part to its more localized expression in the m edia layer, 

particularly the outer part o f the elastic arteries and the muscular arteries.

Expression o f FBN2 in the heart was seen uniform ly in the m yocardial cells (Fig. 

26A, E, Fig. 27 A), whereas FBN I was mostly seen in the endothelial cells o f endocardium  

and the epithilial cells o f epicardium  (Fig. 26B, F, G , Fig. 27B). Active transcription o f 

both fibrillins was observed in the endocardial cushion tissue associated w ith the wall o f 

the atrio-ventricular canal (which later forms the valves between atrium and ventricle, Fig. 

26). FBN1 expression was noted in the forming aortico-pulm onary spiral septum  (Fig. 

26F). A significant am ount o f FBN I message was detected in the arterioles o f  different 

tissues such the lung (Fig. I8J, D), the kidney (Fig. 20F) and the joints (Fig. 23B). As a 

result, the vasculature o f the tissues was easily visible on slides hybridized to the FBN I 

probe. FBN2 expression in small arteries was not particularly elevated.

Other tissues

The higher expression o f  FBN2 gene at earlier stages o f developm ent was in 

general observed in all mesenchymal tissues. At 10.5 d.p.c. the expression o f FBN2 was
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far g reater than FBN I (F ig. 2 IE , F); as (he em bryo developed, the level o f FBN I 

expression increased to give a signal com parable to, if not stronger than FBN2 at 13.5 

d.p.c. By 16.5 d .p .c ., FBN1 expression in the em bryonic m esenchym e was clearly  

overriding that o f FBN2, which was stilt reasonably strong (Fig. 23. 24).

The sclera o f the eye represented another exam ple o f FBN2 expression preceding 

that o f  FBN 1 during m orphogenesis. The FBN2 message was detected in the sclera as 

early as 13.5 d.p.c. (Fig. 29A ), w hile FBN I signal was only seen in the 16.5 d.p.c. 

em bryonic eye (Fig. 29E). Fibrillin expression was also detectable in the sm ooth muscle 

cells o f  the stomach and the intestines, with sim ilar intensity for FBN I and FBN2 (Fig. 29 

T to O). A subtle difference was noted in the localization of the signal in the intestine. 

W hile FBN2 was expressed in the subm ucosa and lamina propria, FBN1 was found only 

in the subm ucosal cells (Fig. 29M , N). Expression o f  both fibrillins was seen in the 

capsule o f the thymus, w ith FBN2 being relatively stronger and displaying an additional 

signal in the lobular septa (Fig. 19). The fibroblasts o f the fibrous sheath o f nervous tissue 

produced fibrillin m essages. In contrast, the nervous tissue itself tacked any fibrillin 

expression and was used as the internal negative control (Fig. 19, Fig. 28E, F).
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F ig u re  4: (Previous page) Restriction map of FBN2 cDNAs with a schematic illustration o f the

Fihl and Fih2 protein structure. Letters indicate the five structural regions. Symbols represent the 

following structural elements; signal peptide (wavy line). EGF-CB repeat (white rectangle); EGF repeat 

(hatched rectangle); TGFb-hp repeal (white ovals); Fih-motif (white diamond); putative glycosylation sites 

(hlack dots); potential eel I-attachment signal (white triangle). Note that region C is depicted differently in 

two-fi brill ins in order to emphasize its compositional difference. Asterisks indicate the positions of the 

oligonucleotide probes MF58, M F69, M FI30 and M F150 used for the screening o f the library; and 

primers M FI29 and M F140 for the primer extension and RACE experiments. The dotted line on the 

restriction map indicate the unspliced intron sequences. Letters on the cDNAs indicate the following 

restriction enzymes: BamHKB), ClaKC), EcoRI(E) and Xhol(X).
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F igure 5: Northern blot hybridization o f FBN 1 and FBN2 specific probes to MG63 RNA . RNA

size markers (in kb) are indicated on the left o f the autoradiogram, while the estimated size range o f the two 

transcripts is shown on the right.
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a g e  I N T D G S F R C E C  P M G Y N  L D Y T G V R C V D T >  
OATGAGTGrrcAATCOCKrAATCCGlWOGAAATOOTACATCXrACCAATGTTATTOGGAGTTTTGAATGCAATTQCAATGAAOGCTTTGAG 

D E C S  1 G N P C G W G T C T N V  1 G S F E C N C N E G F E >
CCAOGGCCC ATGATGAATTCTGAAGATATCAACGAA TGTGC CCAGAAC CCA CTGCTGTGTGCT7TACCACT3CA TGAAC ACTTTTOGGTCC 

P G  P M M N C E D  I N E C A 0 N P  L L C A l r R C K W T F G 5 >
TATGAATCCACGTGCCCGATTOGCTATOCCCTCAQaaAAGATCAAAAGATCrrOCAAAGATCTaGATGAATGTOCTGAAGaCITTACACGAC 

Y E C T C P I G Y A L R  E D g F M C K  D L D E C  A E G L H D >  
TGTGAATCT AGOGOC ATGATGTGTAAGAATCT AATCOGC ACCTTC ATGTGC ATCTGC CCTCCTOGAATGGCCCGAAGGCCCGATOjAGAA 

C E S R G H H C K N L  I G T F H C  I C P P G H A P P P D G E >
GGCTGTGT AGATGAAAATGAATOC AOGACC AAGCC AGGAATCTGTGAAAA TOGA CGTTGTGTT AAC A TT A TTGGAACJCT AT AGATGTGAiG 

G C V D E N E C R T F P G J C E K G R C V M I  I G S Y R C E >  
TGTAA TGAAGGATTC CAGTC AAGTTCTTC AOOCA CTGAATGC CTTGA C AA TCGA C A G O jTC T C T X TT TG C AGAOGT AC TGCAGAC AAT A 

C N E G F Q S S S S G T E C L D N R O G L C F A E V L g T l >  
TjTCAAATOGCATCCAGTAGTCGCAATCTCGTCACTAAGTCAGAATCCTGCTGTGATOGTGGCfCGAaGCTQOGGCCACCAGTGCGAGCTT 

c g H A S S S R N L V T K S E C C  C D G G R G W G H g c E L >  
TGCCCACTTCCTOGAACTGCCCAGTACAAAAAGATATCTCCTCATOGCCCAQGATATACAACTGATGGAAGAGATATTGATGAATGTAAG 

C P L  P G T A Q Y K K  1 C P H G  P C ? Y T T D G R D I  D E C K *  
(TrAATOCCAAACCTCTOCACCAATaTrCAGTGCATCAATACCATOGGCTCATTCCGATGCTTCPOCAAGCTTOQCTACACCACAGACATC 

V H P N  L C T N Q O C  I N T M C 3 S  F R C F C F V G Y T T D
AGTOGAACCTCTTGTATAGACCTTOATGAATOCTCCCACjTCCCCGAAACCATOCAAC'TACATCTX'AAGAACACTGAOOOGAGTTATCAG  

S G T S C  i D L D E C S g S P K  P C N Y  l C K H T E G S Y Q *  
TCnTCATCTCCGAOOGQGTATGTCCTGCAAGAGGATQClAAAGAC'ATGCAAAC iACCTTGATGAATCTC AAAC AAAfiCAOC ATAACTGCC AG 

C S C P R G Y V L g E D G K T C K D L D E C g T K g H N C O >

J*4< *

402** 
4 1  1 H>

4 J H 4  

4 4 7 9

4 * ib 9  

46̂ 9 
4 7 4 9  

4 R i 9  

4 9 2 9  

^ 0 1 9  

S 1 0 9  

^ 1 9 9  

%2 R9

^ 4  6 9

5 5 5 9

^ 6 4 9  

S 7 3 9  

S R 2 9  

^ 9  1 9  

6 0 0 9  

6 0 9 9  

6 1 R 9  

6279 
6 J 6 9  

6 4 6 9  

6 6 4 9  

6 6 J 9  

6 7 2 9  

6 A 1 9  

6909 
6 9 9 9  

7QH9  

7 1 7 9  

7269 
7 3 6 9  

7 4 4 9  

7 6  J 9  

7 6 2 9
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i g  p  l  i . r  r ;  k ; i < ^  n  t  v  g  f- :■ r  F y  H ■: F f -

( T T i  A T  V  'A C C O  iA( T t  lAAOT* rTtiAAt ;AT\ 5TT' iATt iAATXJlx LAT< ^ lAAi t 'A i 'At i  ST' '* •''AAi 'At 'i '4 U • ;  A *AA' 'ATX v l  i  * i T  k k ’ i n n
I, f 1 A T  i ;  l. K C K [1 V l> K I- I '  ki frl H k r- y  | |  t ; „ H I i. G <;►

T  At; AG AT 3 T Q O l'T \5 l' I W  \ ' A A dt i t  T  At ATT ’{ At * ' Al TAf. t At iTi k iAATt ’ A< HX iT i flX ’( SATGAf iAATt. iAAT> * T i '  AATc \  X ’ A A T  U '< T t IT 7 9 u  >
Y P  7 0  < i1 g  '■'> V I y  H Y y  W N y  i V I R N E > N F hi A f  ►

* A "A'TCTJ-7TTCCTCSt T A f’AACACO 4 Ttjt«tX1AUTTA<' AA GTGCtF7 "TtF 'i V C T t’tfcAfciTTi TC C TT t tiAC i 4A -TTf T * 'C A lrp  i. \  VS* ' ( 'AC flu  ’ I
(! H A S C Y t i  T  L C, Y ¥ < A i ’ \> f: ( i F ^  F  D K S ?; A H -

T iA tX JT G A A T (iA tlT t^ .'T C tJT t'C T t4CAA' iAAi't \  C T tiC A A T T A i'iit k ’T tH T t'T A A t"A T ’£ iAfFSOnCASLTACt"T1 'T iTi m4.m* 'T U  ( O  X'Ti AX', H i
[) v  :: e  r  r, r» v  n  v  c  tj y  <; c  s  n  r  t: g  t ;  y  l  4 r, c  f  i> t,; .

TA TTACA JAGTGCiGAt 'AAt X. A ' C Af T U T ijT t ’TC Ac '* lAATGt.XJ A TTT AAt.4 AAtA Jl it X AtiTAc.' ( ’T^JTt ’ A C 1\>  i AT A '  A^ iACXiTl 7  iATt iAi JiA A  
y  y  F v  g  i> rs h  <4 v  f i  m g  f  n  k  t;  y  y  l  s  l  n  r  t  v  i> f  e -

A A Tt^LT TT JT C C C rA iJA A c A’ A T »T A C <-;A (7T(F 'A A A A TC A A rG C ^'TA 'K 'rTA A tiA A A C ^C A C lrA fX >rA G A A  7A A A tiT A T T t’AIXiAACCT « ^  ^
K  A L S P E A C Y E C K 1 f J c l Y P F K H S R O F P S  I H E P -

( iATY'CCATT X'TtTTTGAACAflATt'AGCCTAtTArACrrtTTCCAHL AT t AiAt’ACF V i  CtTTCAACATOAAtJTTCAA ' .  ,Ti:T CCV A tT T C ^ 'r t  T r T  W4
D P  T  A V E 0  I  il L E £  V D H I: S P V N H K F  N T S H L ^

AAxiC iA O . A  .■ ATt'CTUOAALTAAQ( K C C C A  '( 'A T C C U  'A'A ’(  \  “TCAAi ’AACC AO ATCCtiTTATfJTCA TCTCTC AA \?  H 2 M C G ATX V u  A ' :< (7TC H •) 2  7
K E  H 1 I, f  L R P A I g  P L N N H 1 R Y V I S  C  j  N D D S V>

TT< ■C’CK' A T T T ’ AC C ’ A A A G G A A Tt*** :T i  AC ACTTCJC AC ACGGCC AAOAAOAM.^'T C  ATGCCCOfA.4 AC AT A A ACTOl i AAATc ACT ATH Hh | ')
K R I H g R N G L S Y L H T A K K K L M p f J T Y T L E  I T S >

ATCCC T :T  CTACAAGAAGAAGGACCTTAAGAAACTOIAAGAGAGCAATCIAC^GATGACTAT C TCCTACJGOfiAO ' 7T< '/X X  >Ai KX ’ T*rTf4AClA H T n 9
1 P L  Y K K X  E L K K  L E E S N  E D D Y L  L G E L rJ E A L P *

ATGAGOrT-3CAGATTCAGCTCTATTAACCGTTCACAGACTTOairCCAfSGrrC’AAATr(TAOCACAGCCAGTT 7T1CAGAAGCATTTGAAA H 7 9  9
M R L Q I g  L Y

AGTCAAOGACTAATTTTAAAGAOGAAAAATAATAATAACTC TTG T TTC T T TC CT CCt. Tlj I'C 1 L AGACTTTGAATGTTGACCCTCACAGGG R « R 9
A CiO GA TAA TTTA GA CTCTGG TATG GCCA AAGATTTGAGCTCAAAGGCAACCGTOGTTACTGTATTnTTATATAACTTCATTTTAAAATA 0 9 7 9
TA TTA A A A G A A A CCTA AA TgrTCA AGA TA TCA lX ATA TOG CACTAA ATGCA CA AAA ATAATOTG AG CTTTTTTTTTTTTTTCCTGTTA GC 9 0 6 9
AGTCTGTAACAC,["r Ta iX»TATrrTGCTATAG,tTGCTAAlTAAAAAAATATAGATGTTTA,nTATTTTTAATGCAGTAATATATGGAGAAA 9 1 ^ 9
TGAACAAACTATGTAAACAAAAAQQGAAACTCAC [■ L ^ 'J T l ' I ' lC I T r AGATTTATAAATTTGAOCTAT*P P J‘‘i , l 1 i TAGAOCT OC'I T IPI“TAAA 9 2 4 9
AATCCAATAGATACAAGAGATCTTTCCTTTGOTTTTCTOCCAGTCATCCAGCTGATACACACCTGATCGATTTTAAAGAAAGCCACACAG 9 3 > s
AGCTG AA T C j OGCACTGC TAATCAA TAA T T T  AAAAGAC ATGAA TG TC ATTAGATC C T TTA T AACGTAGA TCGAAGC CAAAGC AGCTC A T T  9 4 2 9
TGTGAC AAC A T T TC  A T ATC ACC AGAC AC ACC AQGCAAC AGAACnTGAAOC ACAACCACTOT AGC AAAAT ACCTTGAC IUC T T UTGAGAC C 9 ^ 1 9
A T T  AGC A7TGCAQC3CC AAACCGTACTCn* A T T TC C TT C TC  AT AAC CTC AAGGAACC AT ATGTGCTACCC AC AA 7 ACCTC A 7 T C T T  AC CC AG 9 6 0 9
GGTGCGCT3CCrrCCTCATGGTACTJTAGGCAGCTGAAGAACCGCCGTTCCCTTGAAAGGGAACACCTGOCATT 7 TG TCG TCTT TCG TG C T 9 6 9 9
G T C TT  AAAT AATOGTGC A T T T  ATT ATG TTC AACTTT ATTTCAC3G ATTGCC A T ATlITGC AAACAAATCATGC AAT 3C AGC C AAGGAATATAT 9 7 A 9
GT TCn T C T T GT T G TT T TA A A C C CA TTTTT TTTTTA G A A TTTTCA TTA A TA CTG TA cnTA TA C A C CA TA TG C 7 T 7 A T T T T  ATC A T AGCCTA 9 0  7 9
TTG TG  T  A TG  AAAGA T G T T T G T  AC AA Ti7>AA TT'TA T G ^ T T  AG TTT G  C T T T  A GTC A TTTAAAAA'. 1A T  ATTGTA C  7 A 3GATrTTGCTA7TAAGAG 9 9  r, 9
c  ACGTAT 7 7 ATT A T T C T T C T C  AACC C  AAGAA CCTGTTTCCTGGACC AGTG ACC AAACCTC AT ATGTG AA ATVJCC AAAGC AC ATGC ACX3C i 0 0 ^  9
TC CTG G TT O TTCC TCTC AAACCTCTC* 'TG A CC AAAGATT AGT AAC C A G TT ATACCC ACT A T TT TGAGGTTTT A ~ Tr7T TT TT TT AAT AACT 1 0 1 4  9
AAAAAAAA.A 1 0 1 ^ 0

F ig u re  6: FBN I cDNA sequence wilh uniino acid translation. Numbering starts from the first

ATG. Underlined sequences are primers used in primer extension and V RACE experiments. From 5' to 3\ 

they are M F I7L  MF 140 and MFI29.



M

587
540
504 . « »  —  490
458
434  m

151nt

MF129

,4 ,-------------------------------------------------------------------------------

I  495nt  ►

5 8

cloned cDNA

Figure 7: Primer extension using MFI29 as primer (see Fig. 6). RNA from ceil lines NT2/D1

(lane 1) and MG63 (lane 2). Marker sizes on the left are in nt. and the estimated product size is on the right.
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F ig u re  H: Comparison o f ihe am ino acid sequences of Fib) (top) and Fib2 (bottom) with residues

numbered according in Pereira ct al. (1993). Identities and conservative changes are indicated by vertical 

bars, whereas one and two dots denote decreasing levels ol evolutionary distance between am ino acids 

calculated according to Grihskow and Burgess (1986). Dashes were introduced lor best alignment. 

G lycosylation and ccll-allachmcnt sites are underlined. The sequence o f the glycine- and prolinc-rich 

regions used for the generation of the antibodies arc italicized with the glycine and pmlinc residues indicated 

in bold characters. Triangles identify putative signal peptide cleavage sites and asterisks indicate the coding 

boundaries of MF23.
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F igure 9: (A) SDS-PAGE o f radioactively labeled immunoprecipitates obtained using Ab-flC or

Ab-f2C antisera. (B) The unlabelled immunoprecipitates immunoblotted with Ab-tlC. Underneath each lane 

is a silver staining of the gel showing equal loading o f the two proteins. The estimated protein size is 

indicated on the right side o f each panel.
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F igure 10: Indirect immunoflorescent localization o f fibrillins in human skin. Staining o f adult skin

with A b-flC  (A), Ab*f2C (C); and staining of fetal skin with Ab-flC (B). Ab-f2C (D).
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F igure 11: Immunohislochemical localization o f fibrillin* in human fetal aorta using A b-flC  (A) and

Ab-f2C (B) anlisera. C shows sample treated with prc-immunc serum, and D shows VcrhoefTs staining for 

elastic fibers. Note that the lumen of the aorta is always at the top left comer. Bar -  200 pm.
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F igu re 12: Immunohistochemical localization o f fibrillins in human fetal ear (A and B) and toe (C to

F) using Ab-flC  (A, C, and E) and Ab-f2C (B, D, and F) antisera. The arrows in B and F highlight the 

perichondrium, while the arrowheads point to the cartilaginous core in B, the peripheral areas of cartilage in 

D, and the hypertrophic zone in E. Staining with pre-immune scrum was negative. Bar* lOOpm.



6 5



6 6

F igure 13: (Previous page) Immunohistochcmical localization of fibrillins in human fetal ocular

tissues (A-F), lung (G-I) and kidney (J-L) using Ab-fIC  (A,D, G, and J) Ah-f2G*(B, E. H. and K) anliscra. 

C, F, I. and L show sam ples treated with prc-immunc scrum. The arrowheads highlight Desccmet’s 

membrane (A-C), the outer layer of the sclera (D-F). the interlobular septa o f  the lung (G-l) and the 

glomeruli o f the kidney (J-L). In A-C. the arrow points to the anterior portion o f the cornea, in which 

stained necrotic debris are noticeable, and in J-L the arrow points to the developing collecting ducts . Bars; 

(A-C) 10 pm ; (D-L) 50pm.
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F igure 14: Immunolocalization o f fibrillin-2 (A) and fibrillin-1 (B) on a developing elastic fiber in

170-d gestation bovine ligament urn nuchae. Gold particles label the peripheral mantle o f microfibrils (MF) 

o f the elastic fiber demonstrating the specific association o f fibrillins with the mkrofibrils. Note that the 

central core of amorphous elastin (E) is devoid of label. Bar, 0.2 |un.
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F igure 15: Restriction map o f mouse FBN2 cDNAs and schematic comparison o f the structure of

murine and human Fib2. The symbols represent the same structures as in Fig. 4. Letters indicate the 

following restriction sites: Clal (C) and SphI (S).
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7 7 GGGAATUOGCTT-TAAr AAACA^CAGTAfCTCTCOGTOGATGCGGAOGC AGAQGATGACGAAAA 7 3CTCTGTCCCCAGAAGCATGTTAC 7 3 4 0  
^ '.j M G F N K G 0  V L S V P  A E A E D D E ?: A L S P E A C Y '
iA  GTCCAAAATCAATUGCTACArc’AAGAAAGATGGCCGACOGAAGAOGAGCGC’JCAOGAOCC’TGA 3 7CCC5CCTCAGC30AOGAGCAAA7\ 2 4  3 0  

E C K I N G Y T K E P L i E R K R 5 A 0 E P E F A S A E E Q I >
A i  iCTOGAGAGCGT AGCCATGGAC AGtrCCAGTCAAC ATGAAGTTCAACCTCTCCC5GCCTTGGT' 7  7 7 AAGGAGCACATC 7TAGAACTOGTC 2 b 2 0  

L E S V A M D 3 P V M M K F N L S G L G I K E H I  L E L V - 
-CGCCATrGAOCCCCTCAACAACCArATCCGTTAT(JTCATCTCGrAAOGGAACGAGGATGri7G7 7TTCCGAATCC AC C AAAtVl AACG*7<i 7 6 1 0  

F A I E P L N N H  I F Y V 1 S Q G N E D G  F F  I H Q R N G -  
T rAGCTACCTGCACACQXCAAGAAGAAGCTC GCTCCCGGCACATACACACTGGAAATCACCA V ! ATCCCCCTCTATOOGAAGAACSGAk] 2 7 0 0  

S Y L H T A K K K L A P G T Y T L E J T J  I P L Y G K K E '
7 7  !AGGAAATTGGAC3GAGCACAATGAGCiACGACTACCTTCTOGGOCrrGCTCOGGGAGGCTCTr . 3 .\A  TGA GG TTG C A iA  TTC ACiTTtiT A T 2 7  9 0

L R K L E E H M E D D Y L L G V L G E A L  - M F L 2 I 0  L Y ’*
T A 3CCCTCTOC AGACTTGOC5CCTTGOGCC AGCTC AGATCCCAGC AC AGCCQOCCTTCAGAAGTG7TTOGAAC ATC ACTG ACTGATTTTGA 2 fl B 0

A j AGGAAAAAAAACAAAAACAAACAAACAAACAAACAAAAAAAAAAAAACAAAGAAOQCCTTCTATTCCTTTC CTTCTTCCTGATTCAGA 2 9 7 D 
7 TTCGGAATXjTTXjAcrC'TCGCAQOGAAQGATAATrTAGACTCTGGTATgGCCAAAGATTTX^A'GTG ^AAAQOCAAACATAGTTACTgrATT 30 6 0  
rTTTATATAACTTCAm TTAAATATATTAAAAAAAAAAAgCAAACCTAAATGTTCAAGAGATCAGCGTATQQCACTAAATOCACAAAAC 3 1 ri0  
T AATGTGAQC C^TTCTT CCTGTTAGCAGTC TAT AAC AC^T~TTGQCrrATTTTGCTATAj TTGCTAJ. 7T AAAAAAAATAT AOATtjCTTT>.TTT A S24U
~ ~ TT AATGCAQAGTAAT AT ATQGA^AAATtiAACAAAfTATtiT AAAITAAAAAQQGAAAXTTC GC T I rTTTTCTTAGATTTATAAATTTGAG 11IH
_ 7  ATTTCTTTTAGAGGtQCTTTAAAAAAAAAATCC AATACATTC AAGAtjATGTTTTCCTTTAIjTr TT7CCGCCAGCC C TCCAACTQGT\jC H JO
J JrJC ACCTQACTATTTCAAAQfcAAgtCTTGCQGACCTGAATQQQCQGTGTAATCAtjTAATTT AAAAAGATCTGGAAGTCGT1Tf*ATt 'CTXj i b l O
~ rrAAAQGAAAltSAAAQCCAflAQCAGCTCCTATGACAATATTrCACAT'CAQCAGftLTTCQCCAGCflAACA^JGAGACiGXAACCACTtjTAGCA '* .0 0  
^ T * C C T K a c T ^ c rro T G » n * C C g rT A a c* T T K -T m r rA A * C T a T A C T C T A IT T g r iC CTCaTAfcCCTCAAQCACCCACACGTCCCA >b9Q 
J -  CACAACACCTCATTCTrGCCAflQGCTGGCTGTCiCACTTGTQGTCCCrCTAflGC^jCTCiAACAfil I ZejCCGTTrrTTTrAGCAGGAACAC J TBil

T;ATOCCATQC*QrC**Oa*ATATATC?rCGATG'IT|-L-l-|-l-|Tr|-*AACC

Figure I A: Mouse FBN2 cDNA sequence with umino acid translation. Underlined part indicate the

fragment used as probe tor in situ hybridization. «
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Human F i b2  GFtUkSODfflllCMDytJECERHPCC^IGTCKNTVGSYNrU’VPGFtl.TMMNDt’L.OI iJEt'^SFFCK'VrKNfiRCFNEinBFKrl^’ 2000
H o u s e  F i b 2   _____________________________________ „_________    _ . . .   H

NBGYELTPDGKNCI CJTTffiCVALPGSCSPGTCOKLEGSFBC I t ’ PFG YtVKSENC IDINECDE-CPNI CL FG SCTNTpGG Fy^
R

LCPPGFVLSDWGRRCFDTRQSFCFT̂ IFENGKCSVPKAFNTrKAKCCCSKHPGBGWGDPCEIXPKDDEVAF̂ DIjCPYGdGT 
t

V P SL H D T R E D V N E C L E SPG  IC S N G g C  rO T D G sniC E C P H C T fW L D Y T G V R C W rD E C S  IOY PCGN GTCTN V J G SFECN CN E
C T

G FE PG PWWCEDI NEC AON PLLC ALRCWT FG S YECTC P1G Y W,R EDOKHC KDLDtCAEG LHDC ES RGWIC K N U  GTFMT
F V <3

ICPPGHAARPDGEGCVtJQ'iECRTKPGIC&JGRCVNl IGSYRCECNEG FgSSSSGTECLDNRQ GLCFAEVLQ TICQ M ASSSK
RNL\TTXSECCClXjGWjWGHOCELCPLPGTAOYItK ICPHGPGYTTDGRDIDECKVHPNLCTNOOCI [JTHGSFRCFCKVGYT

A S V

l'»

2<JH0

? 1 6 U
Vf'y

2 2 4 0
2 SS

2 3 2 0  J34)
2400
415

24RO4SS
TDISGTSCIDLOECSOSPKPCNYICKNTEGSYOCSCPPGYVLOEOGKTCKDliJECQTKOKNCOFLCVWrijGGFTCKCPPG 2 5 6 0  
M A V F K > 5 7 5

FTOHHTAClDNNECGSQPbt.COGKGICONTPGSFSCECORGFSLDATGliJCECWDECDGNHRCOHGCONItXSGYFCGCPO 2 6 4 0  
S A S H > £ 5 5

GY IOHYQW0CVDENECSN IWCGSASCYNTLGS YKC AC PSGF SFOQFS SACHDVNEC SS SKNPCNYOC SNTEQGYLCOC 2 7 2 0  
DV G S > 7 J 5

PPG YYR VG0GHCVSO4GPNKG0 YLSLDTEVDE FJJALS PEACY ECKING Y PK KDSRQKF SIHEPD PTAVEQIS LESVDMD5 2 « 0 0 
f  V A A D T G R Aw E ASA A * f t l  1

I I
E E

P V N M K F N L S H L G S K E H lL E L R P A I0P L »N H IF Y V lS Q G N D O S V F R T H 0R N G L S Y L H T A K K J(L M P G T Y T L E IT S IP L Y ItK F  2RHO 
G V E  E G  A G > 9 9 7

ELKRLEESNEDDYLLGELGEALPMRLOlgLY- 2 9 1 1  
R H V * 102A

F igure 17: Comparison between human (upper) and mouse (lower) Fib2 primary structure. Only

miss-matched amino acids are shown in the mouse Fib2.
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F ig u re  18; (Previous page) In situ hybridization ol the lung hud at 10.5 d.p.c. (A-D). the developing 

lungs at 13. 5 d.p.c. (E-H) and 16.5 d.p.c. (I-L) using mouse FBN2 (A, C, E. G, L K) and FBNI (B. D. F. 

H. J. L) as probes. The epithelial cells ol the main bronchi (ntB). segmental bronchi (sB) and terminal 

bronchioles (tB) specifically express FBN2. Note the lack o f FBN2 signal in the segmental bronchi at 16.5 

d.p.c. (arrowhead) as compared to earlier stages FBNI expression at all stages is mostly in the lung 

parenchyma and arterioles (Ar). Bar = 50 nm.
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F ig u re  19: (Previous page) In situ hyhridi/.alion ol' the main bronchi (mB), vertebral colum n (Vh).

and the spinal cord (SpC) at 13.5 d.p.c. with FBN2 (A and C) and FBNI (B and D) probes.
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F ig u re  20: (Previous page) In situ hybridization o f the kidney at 13-5 d.p.c. (A-D) and 16.5 d.p.c.

(E-L) with mouse FBN2 (A, C, E, G, I, K) and FBNI (B, D. F. H, J, L) probes. Open triangles point (o 

the renal capsules and arrowheads to the developing glomeruli. Note (he lack of firhrillin expression in the 

cells of collecting ducts (cd).
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F ig u re  21: (Previous page) In situ hyhridi/.aiion of the 10.5 d.p.c. limh hud (Lb, A-D) and (he

cephalic m esoderm (CM . E-H), with FBN2 (A. C, E, G ) and FBNI (B , D, F, H) probes. The 

neuroectodermal cells (NEc) o f  the hrain and spinal cord arc not expressing cither one of the fibrillins. Note 

the FBNI signal in the cells o f dorsal aorta (arrowhead).
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F igure 22: Expression o f FBN2 (A, C, E, G) and FBNI (B, D, F. H) in joints o f 13.5 d.p.c. mouse.

Signals o f  the FBN2 message are prominent in the cells o f  perichondrinum (pCh), ligmcnt (L), and tendon 

(T). FBNI expression is widely distributed in the mesenchymal tissue with a slight increase in the 

perichondrium.
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F ig u re  23: (Previous page) Expression o f FBN2 (A, C) and FBNI (B, D) in jo in ts of 16.5 d.p.c.

mouse. Intense FBN2 signals are noted in (he cells of perichondrium (pCh), ligament (L). tendon (T), and 

the periphery o f the cartilage (arrowhead). FBNI expression is most notable in (he vasculature around the 

jo in t capillaries (cp). and the cells surrounding the ligament and tendon. The signal o f  FBNI in the 

mesenchymal cells (Ms) at this stage is more intense than that o f  FBN2,
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F ig u re  24: (Previous page) Expression of FBN2 (A. C, E, G, I. K. M, O) and FBNI (B. D, F, H, J.

L. N, P) in (he long hone ( A to D), ligamcntum Hava (E to H), rib (llat hone. I to L>, and muscle (M to 

P) o f 16.5 d.p.c.cmbryo. Intense FBN2 signal of is observed in the cells of perichondrium and growth 

plate (GP). Moderate expression o f FBNI is noted in the perichondrium, growth plate and the hypertrophic 

chondrocytes (hCh). The cells of the elastic ligamentum llava (LF) have a higher expression o f FBN2 than 

FBNI (E and F). M yocytes (M) accum ulate FBN2 message, whereas perimysium cells (pM ) express
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F igure 25: (Previous page) Expression of FBN2 (A, D, F) and FBNI (B, C, E, G> in ihc laryngeal

structures of 13.5 d.p.c. (A to C) and 16.5 d.p.c. (D to G) cmhryos. At 13.5 d.p.c.. the mesenchymal cells 

(arrowhead) that later differentiate into the laryngeal structures have enhanced accumulation of FBN2 

message. In 16.5 d.p.c. mouse, the clastic cartilages of the larynx, epiglottis (Ep) and cuneiform cartilage 

(Cn) have a high expression of FBN2. The signals for FBNI in these structures arc not particularly high. 

Esophagus (Es) and trachea (Ta) are indicated in the figure.
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F igure 26: Expression o f FBN2 (A, C, E, H) and FBNI (B, D, F, G, I, J) in the 10.5 d.p.c.

developing mouse heart. FBN2 signals are seen in the myocardial cells whereas FBNI is expressed in the 

epi- and endocardial cells (arrowheads). The cells at the endocardial cushion (EnC) tissue express both 

FBN2 (A,E) and FBNI (B, F). The iruncus arteriosu region (tA), where the aortico-pulmonary spiral 

septum is forming, has a strong signal for FBNI expression. The wall o f  the aortic sac (as) is expressing 

both fibrillins (E, G); note that only the edge o f the aortic sac is on the section in E and H.
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F ig u re  27: (Previous page) Hxprcssion of FBN2 (A) and FBNI (B.C) in ihc heart (H) and elastic

vessels of the 13.5 d.p.c. emhryo. The entire walls of the pulmonary trunk (P) and aorta (A) have strong 

expression of FBN I, whereas the FBN2 message is observed mosily in the medial layer. The myocardial 

cells express the FBN2 gene, thus giving uniformly distributed signals in the heart. However, the 

expression o f Ihc FBNI gene, most probably by the endothelial and fibroblast cells o f  the cardiac skeleton, 

gives a punctate signal pattern. The capsule and the septa of the thymus (T) also show fibrillin expression



F igu re 28: Expression o f FBN2 (A. C, E, G) and FBNI (B, D, F, H) in the large vessels o f  the 16.5

d.p.c. embryo. In the elastic arteries (A to D), FBN I message is accumulated in the full thickness o f the 

vessel wall, particularly in the iniimal and adventitial cells (B, arrowheads). FBN2 signal is mostly seen in 

the medial layer and particularly, in the outer elastin rich pari of the elastic arteries (A) and the muscular 

artery (E). Note the clearly negative background in the nervous tissue o f the spinal cord (SpC).
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F igu re 29: Expression of fibrillins in the eye (A-F) and digestive system ( G-O) o f 13 5 d.p.c. (A to

C, G to L) and 16.5 d.p.c. (D-F. M-O) embryos. Expression o f FBN2 (A. D) is observed in the sclera 

(arrowheads) as early as 13.5 d.p.c., while FBN I message is only seen on 16.5 d.p.c. sclera (E). Some 

expression of FBN2 can be noted in the retina cells (Rr) at 13.5 d .px., but no signal o f either fibrillin 

mRNA can be detected in these cells at 16.5 d.p-c. The smooth muscle cells o f  the stomach (G -l) and the 

intestines (J-O) show accumulation o f both fibrillin mRNAs. The lamina propia cells o f  the intestine also 

express FBN2, but not FBN I (see arrowhead on M).
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D IS C U S S IO N

Results presented in this thesis conclusively dem onstrate that fibrillin is not a 

monogenic product but a small group o f matrix proteins with distinct patterns o f expression 

and presum ably, different functional roles. They also strongly suggest a d ifferential 

fibrillin com position o f m orphologically sim ilar microfibriis associated with elastin and 

unassociated. The com positional diversification o f the m icrofibrillar netw orks probably 

results in distinct biochemical and physiological properties of various elastic and non-elastic 

tissues, both during embryonic morphogenesis and in adult organgenesis. The conclusions 

o f  this w ork have therefore provided an unexpected new perspective on m icrofibril 

biology, and as such, they lay the groundwork for future investigations aimed at testing the 

validity o f several hypotheses. These conclusions and hypotheses will now be discussed 

together with a brief recollection o f the most relevant experimental data.

I. Identification of the Full Length FBN2 Transcript

The first point clarified by this study was the nature o f the FBN2 gene transcript 

identified originally through the cloning o f the MF23 cDNA. As already m entioned, the 

sequence com position o f  the initial FBN2 clone MF23 suggested the follow ing four 

alternatives: a) FBN2 is a pseudogene which does not encode a protein; b) FBN2 codes for 

a truncated version o f a fibrillin-like protein; c) FBN2 codes for a protein o f sim ilar size, 

but only partially homologous to fibrillin; and d) FBN2 codes for a protein structurally and 

functionally related to fibrillin. The last two alternatives were indirectly supported by 

N orthern  blot hybrid izations show ing that the FBN2 and FBN I transcrip ts are o f  

com parable size. Unfortunately, this result was originally obtained using potentially cross- 

hybridizing probes. It should also be noted that the second and third alternatives would not 

necessary restrict the FBN2 gene product as being an ECM component. If this were true, it
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m ight have meant (hut the genetic linkage betw een FBN2 and CCA  w as m erely 

coincidental.

The initial phase o f  this work was therefore mostly devoted to confirm ing the 

sequence o f the 3' end of the FBN2 transcript and, to a lesser extent, cloning its 5'end. 

This effort eventually lead to the demonstration that MF23 represents a partially processed 

mRNA whose carboxyl terminus coding region and 3’UTR correspond to part of an intron. 

The intronic nature o f the 3' UTR o f MF23 and the continued use o f a placental cDNA 

library delayed the process o f identifying the full-length FBN2 transcript. On the one 

hand, use o f the carboxyl-term inus and/or 3'UTR probes of MF23 failed to give a positive 

N orthern blot result. On the other, use of more upstream  probes identified placental 

cD N A s extending further 5' the O RF o f MF23, but also encoding truncated form s o f 

fibrillin-like proteins. These initial findings strengthened the possibility that FBN2 might be 

a pseudogene that produces a variety o f abortive transcripts. Fortunately, the availability of 

additional clones produced in this and a parallel study (Pereira et al., 1993) enabled us to 

use m ore discrim inating probes in Northern blot analysis of RNA from different cellu lar 

sources. The results confirm ed the 10.5 kb size of the FBN2 transcript in cell lines M G63 

and NT2/D1. Convinced that FBN2 is transcribed and successfully processed at least in 

these cell lines, we constructed cDNA libraries from mRNA extracted from the M G63 

cells. C haracterization of clones isolated from these cDNA libraries provided structural 

evidence that FBN2 encodes a secretable protein o f  the same size as F ib l .

The choice o f RNA from full-term placenta as a source for mature FBN2 mRNA 

was not a good one, in view of the subsequent evidence suggesting the transient expression 

of FBN2 during organgenesis. We speculate that Fib2 production occurs early in placental 

formation and ceases before the end of a pregnancy, and that the production of Fib2 protein 

is controlled post-lranscriptionally by incomplete processing of the nuclear RNA. The 

production o f non-globin proteins in mature erthyrocyles is an example o f such a regulatory 

m echanism  (Darnell el al.,1990). In these cells, non-globin transcripts constitute 99.95%
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o f  the total nuclear RNA, but only 10-50% o f the total mature mRNA. This apparent 

discrepancy indicates that, although transcription o f non-glohin genes continues throughout 

erythropoiesis, processing o f non-globin transcripts and/or stability o f most non-globin 

m RN A  are substantially  decreased in m ature erythrocytes. Partially spliced FBN2 

transcripts in placenta were probably collected along with poly A + mRNA due to the AT- 

rich nature o f the intron, and subsequently reverse transcribed by priming at these regions 

with oligo-dT primers.

Although the MG63 cDNA libraries were instrumental in solving the Fib2 structure, 

they failed to yield the very 5' end o f the FBN2 transcript. As an alternative, we used the 

RA CE protocol to isolate the 5’ end of the estim ated 10.5kb transcript. In em ploying this 

approach we still had tw o m ajor d ifficulties, the high GC content and the extensive 

secondary structure o f  the FBN2 mRNA, Appropriate tailing o f the 3' end o f first strand 

cD N A  is critical for a successful PCR am plification which is in turn necessary for the 

subsequent cloning. The original procedure described by Forhman et a). (1988) utilizes 

term inal transferase to add hom opolym ers for the tailing reaction. In a highly G C-rich 

region, poly A (or poly T) prim ers have a substantial difference in Tm  from the gene 

specific prim ers; while poly G (or poly C) prim ers can lead to m iss-prim ing w ithin the 

cD N A  instead o f  priming at the added 3’ homopolymer. As a result, both sets o f  prim ers 

will be unproductive for PCR. This com plication was circum vented by ligating a single­

stranded anchor oligonucleotide to the 3’ end o f the first strand cDNA using RNA ligase. 

This enabled priming to occur specifically at the anchor site, and the PCR reaction to occur 

at the optimal annealing temperature.

The secondary structure o f the mRNA proved to be a harder problem to solve. The 

m ajority o f  the cloned RACE products ended near the 5' end o f the cDNA clone AG6-4 

(isolated from  library screening), immediately 3' to the location o f a hairpin loop structure. 

A large num ber o f clones had to be sequenced before identifying one that extended the 

sequence o f FB N 2 further 5’ to the secondary structure. New PCR prim ers were
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synthesized and used to clone what the prim er extension result had indicated to be the 5* 

end o f  the FBN2 transcript. Given the high GC content in the 5' region o f the gene, we arc 

aw are that the prim er extension product itself might have been an artifactual term ination 

caused by secondary structure. Thus, the identity o f the start site o f  transcription still needs 

to be further verified by SI nuclease protection assays and additional prim er extension 

experiments.

S ince the RA CE clones lack an in-fram e stop codon 5' to the putative first 

methionine codon, there is also uncertainty regarding the transcription start site. However, 

we believe the ATG identified at position 1 is the actual start site o f translation for two 

m ajor reasons. First, the ATG codon resides within the context o f  a good translation 

initiation consensus particularly at the more critical -3 and +4 positions (K ozak, 1991). 

Second, the first m ethionine is followed by a sequence that resem bles a signal peptide 

(Pealm an and Halvorson, 1983). A dditionally, the relative position o f the ATG o f FBN2 

is the same as the translation initiation codon of FBN I (Pereira et al., 1993). Thus, the 

results o f the cloning experim ents provided strong, if not conclusive, evidence for having 

determ ined the primary structure o f the Fib2 protein.

II. Fibrillin Is a Small Gene Family

The cloned cDNAs o f FBN2 cover a 10.4 kb transcript that can translate into a 314- 

kDa polypeptide. The protein has an amino acid profile o f a secreted acidic protein with the 

sam e building blocks as F ib l, nam ely the EGF-like, EGF-CB, TG FP-bp and the Fib 

repeats arranged in the same fashion as in F ib l. Consistent with the structural data inferred 

from the cloning experim ents, a 350-kDa Fib2 protein was found in tissue culture media 

and in the ECM o f several tissues.

A lthough the theoretical translation o f Fib2 bears an overall 81% am ino acid 

hom ology to F ib l, there is one region in Fib2 that greatly diverges from  the corresponding 

proline-rich  region o f F ib l. This glycine-rich region of Fib2 is the most significant
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structural difference between the two proteins, and this difference was used to generate Abs 

specific to each-fibril I in.

The anti-fib2 pAb immunoprecipilatcd from the cell culture media a protein o f the 

same size as F ib l. M oreover, this im m unoprecipitate did not crossrcact with A b-fIC  on 

W estern blot analysis. Together with the size predicted from the cDNA sequence, these 

observations confirm ed that the FBN2 transcript translates into a distinct protein product. 

Using A b specific to Fib2, we subsequently dem onstrated that, like F ib l, Fib2 is an ECM 

protein localized to microfibrils in a wide variety o f tissues. Furthermore, preliminary gene 

structure data indicate that the repeats o f Fib2 are encoded by single exons as previously 

reported for FBN1 (Pereira et al., 1993). In light of the structural homology, evolutionary 

kinship, and ultrastructural co-localization, we propose that the fibrillins are a small family 

o f distinctive ECM proteins w ith related functions. Incidentally, another fibrillin-like 

protein, FLP, has been partially cloned and shown to be microfibril associated (Gibson and 

M echam . personal com m unication). It will be interesting to eventually elucidate the 

evolutionary and functional relationships o f FLP and the two fibrillins.

In analyzing FBN2 expression, there was a notable d iscrepancy betw een the 

relative level o f FBN2 m essenger RNA and Fib2 protein. The Northern analysis showed 

equivalent am ounts o f  steady state mRNA for both fibrillins in the M G63 cell line. The 

data was verified with highly specific 3' UTR probes, thus excluding the possibility o f 

cross-hybridization. In contrast, the Fib2 protein im m unoprecipitated from M G63 cell 

culture m edia was estim ated to be between 8 to 10 tim es less abundant than the F ib l 

im m unoprecipitate. M oreover, the level o f Fib2 protein expression detected in tissues 

seem ed m uch low er than that o f F ib l, especially in adult tissues where virtually no Fib2 

could be identified with our reagents.

Several possibilities may account for the low detection o f the Fib2 protein. First o f 

all, the discrepancy between the level o f FBN2 transcript and Fib2 protein may result from 

less efficient translation. The 200 nucleotide long 5' leader sequence o f FBN 2 m essage is
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highly G C -rich (68% ) and prone to secondary structure. The secondary structure around 

the AUG codon may be responsible for the proposed inefficiency in translation o f  the 

FBN2 transcript. Truncation o f such GC-burdened, highly structured leader sequences has 

been shown to dramatically improve the expression of some regulatory and house-keeping 

proteins, such as INT-2 (fibroblast growth factor-related oncoprotein, Dixon et al., 1989), 

hum an 0 -g lo b in  (L eung et a l., 1989), rat o rn ith ine decarboxylase  (M anzclla  and 

Blackshear, 1990), and c-sis (platelet-derived growth factor 2, Rao et a)., 1988).

If the translation efficiency o f the FBN2 m RNA is not im paired, two other 

possibilities must be considered. First, low er antibody affinity could contribute to the 

apparent low detection o f the Fib2 protein. This seems unlikely, since pAbs developed 

against o ther regions o f  Fib2 have consistently shown much less detection o f Fib2 than 

F ib l in tissue cultures and histological sam ples (M echam , personal com m unication). 

Finally , m asking or degradation o f the epitope may be leading to decreased detection. 

Since im m unoprecipitation o f Fib2 from cell culture m edia m easures the soluble protein 

available before it forms insoluble matrix, faster incorporation o f Fib2 protein into the 

matrix could make the epitope unavailable and result in under-detection. Similarly, a faster 

pro te in  tu rnover could  explain the absence o f Fib2 in adult tissues. U ntil a more 

com prehensive understanding o f fibrillin m etabolism  is attained, these considerations 

rem ain hypothetical. A possible cause o f Fib2 epitope masking is the process o f elastic 

fiber assembly and maturation. Deposition o f elastin on microfibril bundles buries some of 

the fibrils within elastin. If Fib2 is primarily represented in these em bedded fibrils, it could 

be hard to detect w ithout prior rem oval o f elastin. Overall, we believe that the lower 

efficiency o f FBN2 mRNA translation in conjunction with epitope m asking contribute to 

the lower am ount o f Fib2 in cell culture media and to decreased detection o f this fibrillin in 

tissue samples.
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III. Differential Spatial and Temporal Distributions of Fibrillins

The homology between human and murine Fibl is 90% al the amino acid level and 

80%  al the nucleotide level. The m urine FBN2 clones we isolated arc sim ilarly  

hom ologous to the corresponding human FBN2 regions (96% and 75% at the am ino acid 

and nucleotide levels). Com parison of the tw o murine fibrillin genes show s a sim ilar 

am ino acid homology (78.8% ) as their human counterparts in this region (76%). We are 

therefore quite confident that our clones represent (he murine FBN2 transcript. We chose 

the highly divergent 3'UTR o f the two genes as our in situ hybridization probes to ensure 

specificity. The equivalent length and sim ilar GC content o f  the probes enabled us to 

com pare the hybridization signals, and estimate the relative amount o f each mRNA present 

in a given tissue at a particular developmental stage.

A lthough in situ analysis provides detailed information on when and where gene 

expression takes place, it does not necessarily reflect protein production, particularly when 

the translation efficiency might be limited. Im m unostaining studies could theoretically 

solve this problem by giving a direct evaluation of the protein deposition. Unfortunately, 

our pAbs were raised in rabbits, and rabbit IgG caused a high background staining in 

m urine tissues that interfered w ith the interpretation o f the results. N evertheless, 

im m unohistochem ical data obtained from human tissues supported and supplem ented in 

situ data in defining the spatial and temporal pattern of fibrillin expression.

These data clearly dem onstrated that FBN2 and FBN1 are differentially expressed 

genes. They consequently implied that morphologically sim ilar microftbrils may differ in 

their fibrillin  content in different tissues and at different developm ental stages. Such 

findings may help us understand the function o f Fibl and Fib2, and the etiology o f  MFS 

and CCA . Following is a detailed discussion of the data with particular em phasis on the 

pathogenic implications. W hen discussing the in situ results in murine em bryos, we will 

use the term s FBN I and FBN2 in reference to mRNA, while the terms Fibl and Fib2 will 

refer to proteins detected immunologically in tissues of the 20-week human fetus.
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M usculoskeletal system

G row th o f long hones is influenced hy tension or pressure across the grow th 

plates. Periosteum , as an elastic membrane, is believed to generate the tension regulating 

bone growth. Releasing the tension by circumferential section of the periosteum results in 

acceleration o f bone growth, whereas longitudinal incisions have no effect (Crilly R. G„ 

1972; W arrell et al.. 1979). Both immunohislochem ical and in situ analyses have shown 

Fib2 expression in the perichondrium o f the developing long bone, and in the periphery of 

the hyaline cartilage where d ividing chondrocytes are located. F ibl was uniform ly 

distributed in the cartilaginous matrices with an elevated detection o f both RNA and protein 

in the more differentiated hypertrophic zones. Increasing expression o f FBN1 RNA was 

seen in perichondrium parallel to em bryo development. When cartilage calcifies into bone, 

perichondrium  becom es periosteum . The presence o f defective fibrillin proteins in this 

structure may decrease the periostial tension, thus possibly explaining why abnorm ally 

long bones are seen in both M FS and CCA . The presence o f  F ib l in the m ore 

differentiated parts o f cartilage and bone is consistent with its increased appearance at later 

developm ental stages. It also indicates that it might provide additional tension from within 

the bone.

The integrity o f jo ints is provided by the ligaments connecting one bone to the 

other. F ib l is readily detected in adult ligaments but not in the 20-week fetal ligaments. 

FBN1 transcription can be seen in ligamental fibroblasts of 16.5 d.p.c. mouse em bryos. 

D efects in FBN I gene may cause weakening o f the ligaments which manifests itself as 

hyperflex ib ility  o f  the jo in ts , a feature often described in M FS patients {Pyeritz and 

M cK usick, 1979). W hile we did not detected the Fib2 protein in either adult or fetal 

ligam ents, FBN2 was expressed at an apparent higher level than FBN I gene in mouse 

ligam ental fibroblasts as early as 13.5 d.p.c. We believe that the Fib2 protein must 

therefore be present in the ligament at some point during development, and its function may
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be different from Fibl in order to explain why joint contractures rather than hypcrmobility 

occurs in CCA. Impairment o f the tendon may also be involved in contractures. A lthough 

there was no detectable Fib2 in adult or 20 week fetal tendon tissues, substantial FBN2 

accum ulation was seen in tendon fibroblasts o f both 13.5 and 16.5 d.p.c. mice. Only a 

low signal o f FBN 1 expression was detected at those stages o f developm ent, whereas the 

Fib I protein was easily seen in adult tissue. The high expression o f  FBN2 in fetal tendon 

and the lack o f FBN I transcripts may explain why congenital contractures are usually 

observed in CCA patients and only seen in the more severe cases of infantile MFS.

W hile previous reports advocated the presence o f microfibrils in elastic cartilage 

(Ishihara et al., 1973; Sanzone and Reith, 1976; N ielsen, 1976), others disputed this 

finding and were particularly skeptical o f "peripheral elastin-associated" m icrofibrils in 

m ature elastic  cartilage (Scraflni-Fracassini and Sm ith, 1974; Q uintarell et al., 1979; 

Kostovic-Knezevic et al., 1981). The report from Quintarell et al. (1979) indicated that in 

rabbit ear cartilage, elastic tissue was formed by fusion o f am orphous elastin into bundles 

o f  3-4 nm filaments absent at the periphery o f mature elastic fibers. They also found these 

fine filaments within purified elastin produced by chondrocytes in tissue culture. Kostovic- 

Knezevic et al. (1981) confirmed that microfibrils could not be demonstrated in adult rat ear 

cartilage, but they did show the presence o f microfibrils adjacent to the chondrocytes in the 

boundary zone and perichondrium . T heir result was confirm ed im m unologically by 

Prosser et al. (1984) using a pAb raised against m icrofibrillar extract o f bovine nuchal 

ligament. The authors attributed the failure to detect a positive m icrofibrillar signal in the 

e lastic  cartilag inous core to epitope m asking by proteoglycans. O ur data o f in situ 

hybridization in epiglottis and cuneiform  cartilage, and o f  im m unohistochem istry in ear 

cartilage strongly  suggest that Fib2 is the predom inant fibrillin in e lastic  cartilage 

m icrofibrils. O ur findings clarify the apparent failure to detect m icrofibrils in the elastic 

cartilaginous core. They also explain the origin o f the characteristic crum bled ear o f CCA 

patients. W e think that the pAb raised by Prosser et al. (1984) is probably directed against
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Fibl epitopes, and therefore stains only the microfibrils at the perichondrium as did our 

Fib I specific pAb. The preferential expression of FBN2 in elastin-rich tissues is also seen 

in the clastic liganientum fiava which is the equivalent of ligamentum nuchae in ruminants. 

This issue will be further discussed in the context o f the data suggesting functional 

differences between fibrillins.

Although long and thin extremities are present in both MFS and CCA patients, 

m uscular hypoplasia is particularly noted in individuals with CCA (Epstein et a f , 1968; 

Ram os et al., 1985). Our in situ results suggest a m olecular basis for this clinical 

difference. While FBN I expression is seen in the fibroblasts o f perimysium (where Fibl 

accumulation was confirmed with anti*Fibl Ab), FBN2 is expressed by myocytes. This is 

true not only for skeletal myocytes but also for cardiomyocytes. This and the muscular 

hypoplasia typical of CCA patients suggest a functional role for Fib2 in m uscle 

development.

Cardiovascular system

Sim ilar to skeletal muscle, expression o f Fib2 is seen primarily in the myocardium 

layer o f  the heart. The epicardium and endocardium cells express F ib l, which is also 

present in the fibroblast o f the cardiac skeleton later in development ( 13.5 d.p.c.). The 

immunohistochemical data, as well as the in situ results clearly showed that Fibl is present 

throughout the full thickness o f the aortic wall, whereas Fib2 is primarily located in the 

aortic media. This gives another example o f Fib2 being more intimately associated with 

elastin, since the media layer contains most o f the elastic fibers. It is known that (he 

adventitia layer sustains the bulk o f the stress and pressure in aorta (Tilson et al., 1990). 

Therefore it is conceivable to speculate that defects in Fibl might cause weakening o f  the 

adventitia, thus leading to dilatation and rupture o f the vessel. A load bearing structural 

function o f Fibl is clearly indicated in this case. Fib2 appears not to be a major component 

o f the adventitia. Consistent with this finding, CCA is not characterized by aortic dilatation
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and aneurysm. The function o f Fib2 may be more related to elastic fiber formation, a 

concept also supported by its higher expression at earlier stages o f vessel morphogenesis. 

It is also interesting to note that Fib2 is expressed mostly in the smooth muscle media layer 

o f the vessel. This is the equivalent layer o f  the m yocardium of the heart. FBN] 

transcription, on the other hand, dom inates in the intimal and adventitial cells which 

correspond to the endo- and pericardial cells, respectively. This finding may suggest a cell 

lineage selectivity in fibrillin expression. The active expression of the FBN I gene in the 

endothelial cells o f the heart and vessels seem to coincide with the previous observations of 

m icrofibrils in the atherosclerotic plaques (Haust, et a)., 1967; M cCullagh, 1973). It is 

possible that this protein also has some involvment in plaque formation during injury.

Mitral valve prolapse (MVP) is often seen in MFS patients and has the tendency to 

worsen with age (Pyeritz, 1990), whereas MVP or any other cardiovascular deformities are 

not usually associated with CCA. Although both fibrillins are expressed in tissues that will 

form atrio-ventricular septa, the pathology in MFS and its absence in CCA suggest that 

they may have distinct functions. F ibl may function more as a structural component; in 

contrast, Fib2 might be more important in the formation of a structure rather than in 

susta in ing  it therefore its im pairm ent may tend to be lethal. A dditionally , the 

preponderance o f  Fibl expression in the cardiovascular system is dem onstrated by its 

substantial presence in the arterioles o f different organs, where Fib2 is scarce. Altogether, 

the data  indicate that F ib l is the m ajor fibrillin com ponent in the m icrofibrils o f 

cardiovascular system.

Respiratory system

A lthough spontaneous pneum othorax, bullous em physem a, reduced total lung 

capacity and residual volume are all documented in MFS patients, it is unclear whether 

these pulmonary problems are directly caused by the genetic defect. For example, reduced 

lung vital capacity in MFS patients is often attributed to the thoracic cage deformities, such
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as kyphoscoliosis and pectus cxcavalum (Pyerilz et al, 1990). Our studies have identified 

the expression o f FBN I in the developing lung parenchyma, and the presence o f F ibl 

protein in alveolar connective tissues, bronchioles, interlobular septa and pleura (Sakai et 

al, 1986; Zhang et al 1994). These findings provide a histological basis to include the 

congenital lung abnorm alities o f MFS patients as part of the primary symptoms o f the 

disorder. The possibility that a defective Fibl protein is associated with spontaneous 

pneum othorax and bullous emphysema suggests that Fibl may have a structural role in 

w ithstanding the expansile force upon inhalation. Mutations may also interfere with the 

normal development of the lung parenchyma itself, which results in reduced lung capacity.

If pulm onary involvement is not commonly recognized as part o f  the clinical 

spectrum  of MFS, it is very rarely seen in association with CCA. In fact there is only one 

docum ented case o f CCA with respiratory problems, in addition to the typical CCA 

manifestations. The patient had also generalized osteopenia and underdevelopment o f the 

musculature, and died suddenly at 2.5 years of age. He was probably the most severe CCA 

case ever reported (Epstein et al., 1968). Autopsy results found a narrowed inlet o f  the 

patient's larynx and a prominent epiglottic curvature. The cause o f death was determined to 

be suffocation from laryngeal obstruction. Pulmonary atelectasis and focal edem a was 

noticed microscopically, although there is no detailed description (as most o f the attention 

was devoted to the skeletal abnorm alities). Atelectasis could be caused by chronic 

suffocation resulting from the narrowed laryngeal inlet. We demonstrated high expression 

o f the FBN2 gene in elastic cartilage at both the RNA and protein level. Malformation of 

the laryngeal elastic cartilages is not a surprising finding in CCA patients, as abnormally 

shaped elastic cartilage of the ear is one o f the characteristic signs o f  this condition.

Strong and specific in situ signals o f FBN2 in the bronchial epithclia indicated the 

potential importance o f Fib2 in the formation o f the respiratory tract. Elastogenesis is 

believed to play a role in lung morphogenesis and growth (Loosli and Potter, 1959; Emery, 

1969). T his is indirectly supported by the concurrence o f elastogenesis and cavity
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formation of bronchi, respiratory bronchioles and alveoli (Collet and Biens, 1974; Atny et 

al., 1977). It is not c lear w hether elastogenesis initiates the program  of lung 

m orphogenesis o r is itself part of the program. Nevertheless, elastogenesis o f  the lung 

seems to be synchronized with the development of the airways. In primary and secondary 

bronchi, elastic fibers can be seen by the 14th day in chick embryos (total incubation time 

20 days, Jones and Barson, 1971), and by the 16th day in rat em bryo (total gestation 

period 23 days. Collet and Biens, 1974). In the bronchioles (tertiary bronchi), active 

elastogenesis starts at day 18 for chick embryos and day 19 for rat embryos. Alveolar 

elastic tissue appears post natal I y at the second or third day in mice as primary saccules 

develop into alveoli (Amy et al, 1977).

We looked into the expression o f the two fibrillin genes at 10.5, 13.5, 16.5 d.p.c. 

o f  mouse embryogenesis. We found that while FBN I is made by lung mensechymal cells 

but not bronchiolar epithelial cells, FBN2 is prominently expressed in these epithelial cells. 

FBN2 expression is also restricted temporally to a period when the bronchi (10.5 and 13.5 

d.p.c.) or bronchioles (16.5 d.p.c.) are forming, and is turned off afterwards. Since Fibl 

is expressed throughout the lung mesenchyme, but elastogenesis only appears around the 

bronchiolar tree where Fib2 is presumably abundant, we think Fib2 protein plays a special 

role in d irecting  elastic  fiber form ation. Collet and Biens (1974) observed that 

"microfilaments", likely to be microfibrils, are often located between the epithelial basal 

lamina and the underlying smooth muscle cells, and around the smooth muscle cells. Both 

o f these areas are sites o f subsequent elastin deposition. We speculate that these 

microfibrils probably have a different biochemical composition from those located in other 

p arts  o f  the lung. A lthough this hypothesis could not be co rrobora ted  by 

immunohistochemical data, there is in the literature experimental evidence that microfibrils 

in rat tracheal lamina propria have different enzymatic susceptibility from that observed in 

typical m icrofibrils (B odley and W ood, 1971). W hile there are o ther possible 

explanations, this observation may indicate differences in biochemical com position or
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physical accessibility o f the microfibrils. This subgroup of microfibrils may be specialized 

for initial elastin deposition, and thus may well be buried within the elastic fiber bundles 

and less accessible to enzymatic digestion.

The fact that there is little or no pulmonary involvement in CCA patients may, on 

the contrary, indicate the importance of Fib2 in elastogenesis and lung morphogenesis. 

Most Fib2 defects may cause pulmonary malformation too severe to be compatible with 

survival. CCA patients may just be a small viable fraction o f FBN2 mutations that cause 

no serious effects on lung morphogenesis. Aside from re-emphasizing the importance of 

Fib2 during early lung morphogenesis, this hypothesis may also explain why the incidence 

o f CCA is so much lower than MFS.

Ocular system

One of the key features that differentiates CCA from MFS is the lack o f ocular 

manifestations, principally ectopia lentis. Microfibrils in the zonule fibers clearly contain 

F ibl protein (Sakai el al., 1986). In line with the CCA phenotype, one would expect little 

or no Fib2 expression in zonules. Unfortunately we could not verify this point as our 

tissue samples did not have well preserved zonule fibers. We did however identify both 

fibrillin proteins in the sclera and the Descem et's membrane o f  the cornea. There is 

indication that the Fibl deposition is somewhat enhanced in the outer layer o f the sclera and 

the inner vascular choroid layer. Interestingly, expression o f FBN2 precedes that of 

FBN 1, since its message can be detected in the mensenchymal cells of the sclera at 13.5 

d.p.c. when no FBN I message is detected. Both genes eventually reach equivalent levels 

o f mRNA accumulation at 16.5 d.p.c. This is another example suggesting that microfibrils 

o f the same tissue can change composition over time, in addition to varying in different 

tissues.
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Other tissues and organs

Microfibrils are present in the mesangial region of the renal glomeruli without 

association to immunogenic elastin (Hsu and Churg, 1979; Kumaratilake et al., 1989). 

Both MAOP and Fibl have been localized to the mesangial microfibrils (Kumaratilake et 

al., 1989; Sakai, et al., 1986). We have now added Fib2 to the list of the microfibrillar 

components in the glomerular and peritubular connective tissue. The in situ data suggest a 

developmentally regulated pattern of expression of the two fibrillin genes during renal 

morphogenesis. While FBN1 transcription is primarily taking place in the mesenchymal 

cells of the peritubular and extraglomerular regions, FBN2 expression is mostly seen in the 

developing glomeruli. Although hard to determine by light microscopy. we believe that the 

cells actively transcribing FBN2 in the developing renal corpuscle are mesangial cells. 

These cells have characteristics of smooth mucle cell such as producing smooth muscle 

actin and being contractible (Johnson et al., 1991). It is possible that these cells have other 

characteristics o f smooth muscle cells, including production of fibrillin. Although we did 

not examine stages later than 16.5 d.p.c., the immunostaining data of Sakai et al. (1986) 

imply that FBN1 becomes actively expressed in the renal glomeruli later in development.

The submucosal layer of the intestines contains microfibrils associated with small 

amount o f elastin (Kumaratilake et al., 1989). Our in situ data indicate that both smooth 

muscle cells and mesenchymal cells of the submucosa are active producers of fibrillins. 

FBN2 message was selectively detected in the mesenchymal cells of the lamina propria of 

the intestines. Additional sites of fibrillin expression were the muscle cells of the stomach 

and the bladder, and the mesenchymal cells of the thymic capsule and septa. The latter in 

situ results confirm the light microscopic findings of elastic tissue and oxytalan fiber in the 

periphery of the opossum thymus (Savino, 1982).

Overall, this tissue survey demonstrated that Fib2 protein is made by a wide variety 

o f cells including mesenchymal cells, epithelium, muscle cells (smooth, skeletal, and
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cardiac), and chondrocytes. It also confirmed that morphologically similar microfibrils of 

different tissues, as well as those o f the same tissue at different developmental stages, can 

be biochem ically different due to changes in the ratio of the two fibrillin proteins. It 

remains to be determined whether or not the fibrillins assemble together in the same fibril. 

Electron microscopic doublc-immunolabcling assays o f individual microfibril molecules 

need to be performed to answer this question.

Fib2 was accidentally discovered by cloning experiments without prior biochemical 

ev idence suggesting its existence. In retrospect, it is not surprising  that the 

im m unobiochem ical studies missed this protein. The highly insoluble nature o f  the 

microfibrils together with the immunological method used for identifying the microfibrilar 

com ponents contributed to Fib2 being overlooked. The am niotic mem brane used to 

prepare anti-microfibrilar antibodies may have low Fib2 content and, as a result, antibodies 

generated might have all been against F ib l. Futhermore, affinity purification o f Fibl was 

carried out using fibroblast culture media which contains very little Fib2 protein.

IV. Differential Functions of the Fibrillins

In broad terms, microfibrils appear to perform two major functions. First, there is 

the function o f directing elastogenesis. This widely recognized role is based on the indirect 

observation that m icrofibrils appear first in the form o f presum ptive elastic fibers in 

developing elastic tissues and in in vitro culture systems (reviewed by Cleary and Gibson, 

1983). Second, they seem to have a force-bearing structural function w ith lim ited 

extendibility which provides strength to elastic fibers. This function can be inferred from 

the tissue distribution and ultrastructural characteristics of the microfibrils. Based on the 

spatial and temporal pattern o f gene expression, we suggest that each of the fibrillins plays 

predominantly one of the two postulated roles.

As extensively discussed in the previous section, Fib2 shows a preferential 

distribution in elastic tissues, such as clastic cartilage, the tunica media layer o f the aorta.
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and along the bronchial tree. During embryogenesis, transcription of FBN2 seems to start 

earlier than FBN I and is sometimes limited to a window of time just before elastogenesis. 

This is best exem plified by the fibrillin expression during pulmonary developm ent. 

Although we did not examine the expression of fibrillins in all developmental stages we 

observed that Fib2 expression tends to decrease with time. We therefore speculate that this 

transient pattern o f  FBN2 expression holds true in other elastic tissues. Assuming that our 

hypothesis is correct, it is likely that the major functional role o f Fib2 is to direct elastic 

fiber assembly.

A few other observations support our prediction. Anti-Fib2 Abs seem to bind to the 

m icrofibrils within the amorphous elastin more often than Fibl Abs (Davis, personal 

communication). Microfibrils are present during elastic cartilage morphogenesis o f the ear, 

and later they are buried within elastin leaving the mature elastic fibers without visible 

peripheral microfibrils (Sanzone and Reith, 1976; Seratini-Fracassini and Smith, 1974; 

Quintarelli et al., 1979). Both our immunohistochemical and in situ data suggest that these 

microfibrils are made mostly o f  Fib2. Others have also noted that the microfibrils initially 

laid out by cultured chondrocytes are morphologically different from those that appear later 

(D avis, personal com m unication). It is interesting to note that tropoelastin binds 

preferentially to these morphologically distinct early microfibrils. Although the true identity 

o f  these microfibrils should be verified immunologically, we speculate that they are made 

o f Fib2 given the transient and earlier expression pattern of FBN2.

Additional evidence that points to an intimate relationship between Fib2 and elastin 

com es from the co-regulation of FBN2 and tropoelastin gene expression. Tropoelastin 

steady state  mRNA level is post-transcrip tionally  inhib ited  by TPA  (12-0- 

tetradecanoylphorbol- 13-acetate) and VitD^ (1,25-dihydroxy vitamin D3) (Parks et al., 

1992; Pierce et al., 1992). These two reagents greatly decrease the FBN2 message in 

cultured chondrocytes without decreasing FBN I (Mecham, personnal communication). 

Even though the mechanism of TPA and VitD^ regulation of FBN2 expression remains to
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be clarified, the co-repression of FBN2 and tropoelastin provides another indirect link 

between these two components of the elastic liber.

The predom inance o f Fibl in stress and load bearing structures like aortic 

adventitia, suspensory ligament of the lens and skin, suggests that this fibrillin may be 

mostly responsible for the structural function o f the microfibrils. Consistent with this 

conclusion is the fact that symptoms o f MFS patients show clinical signs o f a premature 

wearing-out o f  a defective load-bearing structure, including aortic aneurysm and ectopia 

lentis. The observation that elastic cartilage, the only clastic tissue existing in a stress-free 

condition, contains little Fibl further reinforces our hypothesis.

Is there any evidence o f a basis in the protein structure for the predicted differential 

function? As already mentioned, the most striking difference between the two proteins is 

the proline-rich region for Fibl and the glycine-rich region for Fib2. While the proline-rich 

region does not show any recognizable relationships to elastin, the glycine-rich region is 

about 40% homologous to multiple segments o f the tropoelastin amino acid sequence 

(N C B I, BLAST network service). The glycine rich sequences o f both Fib2 and 

tropoelastin form [J-sheets or 0 -turns that are believed to promote protein aggregation 

through interdigitation o f the hydrophobic side chains (Robson et al., 1993; Mac Vector). 

Tropoelastin and the glycine-rich region of Fib2 have abundant hydrophobic amino acid 

residues for side chain interactions. Thus, it is conceivable that this unique region o f Fib2 

provides critical interaction with elastin during the assembly of the elastic fibers. This is 

consistent with the predominant or exclusive deposition of this fibrillin at earlier stages of 

development and in elastin-rich tissues.

V. Future  Research Plans

In sum m ary, the work presented in this thesis has demonstrated the existence of 

fibrillin-2, a new ECM glycoprotein and a distinct component o f the elastin-associatcd 

m icrofibrils. It has also elucidated the structure of this protein and the spaiiotemporal
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pattern o f gene expression during em bryogenesis. Results from these studies have 

provided  the basis for several hypothesis concerning the function o f fibrillin-2. 

Accordingly, we speculate that fibrillin-2 plays a critical regulatory role during the early 

assem bly o f the elastic fiber. This hypothesis and several other unresolved points 

constitute the new set o f questions to be addressed by future investigations.

Metabolic labeling assays will elucidate the biosynthetic steps o f the Fib2 protein. 

This inform ation will help explain the observed discrepancy between levels o f FBN2 

m essage and Fib2 protein. It w ill also determ ine the fate o f  Fib2 protein, once it is 

assem bled into m icrofibrils and elastic fibers. For the later purpose, im m uno- 

electronm icroscopy in conjunction with enzyme digestion assays will help clarify whether 

or not Fib2 is embedded in the amorphous elastic core, or is simply degraded after serving 

its purpose.

In situ hybridizations at developmental stages later than those described here will 

increase our knowledge o f the differential spatiotemporal pattern o f  expression o f the two 

fibrillin genes. The proposed function o f Fib2 as an organizer of fiber assembly makes this 

gene product more important than Fibl during embryogenesis. However, the levels o f 

expression o f FBN I and FBN2 at the developmental stages analyzed in this study do not 

explain the abundance o f Fibl and the near absence o f Fib2 in adult tissues. Although 

study o f translation efficiency may shed light on this point, it will still be necessary to 

assess gene transcription at later post-natal stages in order to answer the question more 

directly.

Additionally, it will be more informative if we could correlate the message level to 

the actual accumulation o f the protein in mouse embryos. The high background staining of 

our rabbit pAbs in murine tissues has unfortunately hampered these experim ents. 

Preliminary results showed that the same affinity purified antibodies stain rat tissue with 

tittle unspecific signal (Panetta, personal communication). Thus, these same reagents could
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be used to study the relation between protein deposition and mRNA accumulation in this 

animal model.

We have shown that FBN2 is a developmentally regulated gene. Preliminary data 

also suggest that the regulation is related to tropoelastin gene regulation. It will be 

interesting to explore the relationship between the Fib2 and elastin expression to understand 

the program of elastogenesis. Experiments examining the transcriptional mechanisms of 

the two genes may identify common regulatory pathways.

In vitro systems in which the expression o f the FBN2 gene is altered, can be used 

to test the proposed function o f Fib2 as the organizer o f elastic fiber. In cultured cells that 

form an elastic fiber matrix, FBN2 gene expression could be abrogated by the ribozyme 

techniques (Forster and Sym ons, 1987, Uhlenbeck, 1987). One could observe the 

consequence o f such an action on chondrocytes which normally express tropoelastin and 

both fibrillins, and which form elastic fibers. Additionally, Abs against specific regions of 

Fib2 (such as the glycine-rich region C) can be introduced into the culture media to identify 

the elem ent(s) involved in elastic fiber formation. Alternatively, forced expression o f the 

FBN2 gene product (or a portion thereof) in cells that produce tropoelastin, but do not form 

fibers may also provide information about the role o f Fib2 in elastogenesis. The technique 

o f hom ologous recom bination in em bryonic stem  cells (Capecchi, 1989) could be 

em ployed to substitute the glycine-coding exon o f Fib2 with the proline-coding exon of 

F ib l. The introduction o f structural and regulatory mutations in transgenic mice will be a 

definitive assay for studying the function o f Fib2 and its role in development.
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A bbreviation  Table

Ab antibody

A b-flC  anti-fibrillin I -antibody

Ab-f2C anti-fibrillin 2-antibody

AMP associated microfibril protein

bp base pair(s)

CCA congenital contractive arachnodactyly

d .p .c . days post coit us

ECM extracellular matrix

EGF epidermal growth factor

EGF-CB epidermal growth factor C a++ binding subtype

Emilin. elastin microfibril interface located potein

FBN1 fibrillin I gene locus

FB N 2 fibrillin 2 gene locus

F ib l fibrillin 1 (protein)

Fib2 fibrillin 2 (protein)

IP immunoprecipitate

kDa kilo-Dalton

LOD (score) logarithm (to base 10) of the odds

mAh monoclonal antibody

M AGP microfibrillar associated glycoproteins

MFS Marfan syndrome
nt nucleolide(s)

ORF open reading frame

pAb polyclonal antibody

RACE rapid amplification of cDNA ends
TGF|3-bp transforming growth factor-P-binding protein

Tm melting temperature

UTR untranslated region
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