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Fibulins are a family of five extracellular matrix proteins char-
acterized by tandem arrays of epidermal growth factor-like
domains and a C-terminal fibulin-type module. They are widely
distributed and often associated with vasculature and elastic tis-
sues. In this study, we expressed the three more recently identi-
fied family members, fibulin-3, fibulin-4, and fibulin-5, as
recombinant proteins in mammalian cells. The purified pro-
teins showed short rod structures of ~20 nm with a globule at
one end, after rotary shadowing and electron microscopy. Two
forms of mouse fibulin-3 were purified, and the O-glycan pro-
files of the larger form were characterized. Polyclonal antibod-
ies raised against the purified proteins did not show any cross-
reactivity with other family members and were used to assess the
levels and localization of the fibulins in mouse tissues. Their
binding interactions, cell adhesive properties, and tissue local-
ization were analyzed in parallel with the previously character-
ized fibulin-1 and -2. Binding to tropoelastin was strong for
fibulin-2 and -5, moderate for fibulin-4 and -1, and relatively
weak for fibulin-3. Fibulin-4, but not fibulin-3 and -5, exhibited
distinct interactions with collagen IV and nidogen-2 and mod-
erate binding to the endostatin domain from collagen XV. Cell
adhesive activities were not observed for all fibulins, except
mouse fibulin-2, with various cell lines tested. All five fibulins
were found in perichondrium and various regions of the lungs.
Immunoelectron microscopy localized fibulin-4 and -5 to fibril-
lin microfibrils at distinct locations. Our studies suggest there
are unique and redundant functions shared by these structurally
related proteins.
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Fibulins are a family of extracellular glycoproteins with dis-
tinctive features of a fibulin-type C-terminal domain preceded
by tandem calcium-binding (cb)* epidermal growth factor
(EGF)-like modules (1-3). The five-member family can be fur-
ther classified into two subgroups. Fibulin-1 and -2, the first
subgroup, are substantially larger than the other three mem-
bers of the family because of the presence of an extra domain
with three anaphylatoxin modules and higher numbers of
cbEGF modules (see Fig. 1). Fibuin-1 at 90-100 kDa has vari-
able C-terminal domains. Two major splice variants, fibulin-1C
and -1D, are present in approximately equal amounts in most
tissues of all animal species studied to date. Fibulin-2 at 200 kDa
is the largest of all the fibulins, because it possesses an addi-
tional N-terminal domain of ~400 amino acids not found in
other fibulins. Members of the second subgroup, fibulin-3, -4,
and -5, are similarly small in size (50-60 kDa) and highly
homologous to one another in modular structure. They consist
of a modified cbEGF domain at the N terminus followed by five
tandem cbEGF modules and the fibulin-type C-terminal region
(Fig. 1).

Fibulin-1 and -2, the first subgroup, have been characterized
extensively and shown to display distinct yet overlapping
molecular interactions and expression patterns. Both proteins
are localized in basement membranes, elastic fibers, and other
connective tissue structures (4-7). Fibulin-1 also is a plasma
protein (8, 9), and its expression can be detected very early
during embryonic development in most basement membranes
(10). Fibulin-2 expression initiates later during embryonic
development and is distributed in a more restricted manner
compared with fibulin-1. Notably, these two fibulins are both
prominently expressed in the endocardial cushion tissue, great
vessels, and developing cartilages during embryogenesis and
remain abundant in the cardiac valves and blood vessel walls in
the postnatal stage (7, 10—12). They both are able to bind
fibronectin, proteoglycans, tropoelastin, and various elastic

“The abbreviations used are: cb, calcium binding; EGF, epidermal growth
factor; NEM, N-ethylmaleimide; TBS, Tris-buffered saline; PMSF, phenyl-
methylsulfonyl fluoride; ESI-MS, electrospray ionization-mass spectrome-
try; MALDI, matrix-assisted laser desorption ionization; TIMP, tissue inhib-
itor of metalloproteinase; E, embryonic day.
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FIGURE 1. The modular domain structure of fibulins. The fibulins are char-
acterized by a tandem array of EGF-like repeats (domain ) and the fibulin-
type C-terminal module (domain Ill). The EGF-like modules are represented as
circles, and those with a dot possess a consensus motif for calcium binding
(cb). Diamonds in domain | of fibulin-1 and -2 indicate anaphylatoxin-like
modules. Domain N, which is unique to fibulin-2, can be subdivided into a
Cys-rich segment (Na) and a Cys-free segment (Nb). Fibulin-3, -4, and -5 have
a modified cbEGF-like module at their N terminus. This modified cbEGF-like
module has an extra Cys®~Cys® loop at the beginning of the module and a
long linker region between Cys?>-Cys* and Cys°-Cys® loops. The residues
between Cys* and Cys® are shown in parentheses. Four different alternative
splice variants are reported for human fibulin-1, shown as variants A-D, and
the numbers in parentheses indicate residues of domain Ill. Mice and presum-
ably most other species express only variants C and D.

fibulin-3

fibulin-4

fibulin-5

fiber and basement membrane proteins (2), thereby participat-
ing in diverse extracellular supramolecular structures.

The three smaller fibulins have been named using various
acronyms before were classified as a family. Fibulin-3 is also
known as S1-5 and EFEMP], fibulin-4 as MBP1 and EFEMP2,
and fibulin-5 as EVEC and DANCE. Fibulin-3 was initially iden-
tified as a gene highly up-regulated in senescent and Werner
syndrome fibroblasts (13). Genetic linkage and molecular anal-
ysis has associated a missense mutation (R345W) in fibulin-3
with heritable macular degenerative disorders, and the protein
has been shown to be localized in Bruch’s membrane of the
retina (14, 15). Fibulin-4 was identified through its sequence
homology to fibulins-1, -2, and -3 and independently as a pro-
tein interacting with a mutant form of the tumor suppressor
protein p53 (16, 17). The interaction with an intracellular pro-
tein may be explained by the presence of an alternative fibulin-4
transcript lacking the signal peptide coding sequences (18).
Fibulin-5 was first characterized as a gene strongly expressed in
large blood vessels during embryonic development and highly
up-regulated upon vascular injury (19, 20). Through targeted
ablation of genes in mice, both fibulin-4 and -5 have been
shown to play essential roles in the assembly of elastic fibers
during development, and both proteins bind tropoelastin in
vitro (21-23). Mutations in fibulin-4 and -5 in humans lead to
the cutis laxa syndrome, characterized by loose skin, emphyse-
matous lungs, and tortuous blood vessels resulting from paucity
and fragmentation of elastic fibers (24-26). Additionally,
amino acid substitutions in fibulin-5 have been implicated in
age-related macular degeneration (27).

Despite the involvement of the three fibulins of the second
subgroup in human diseases, relatively little is known about
their biochemical properties, molecular interactions, and
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expression patterns. In this study, we have prepared recombi-
nant fibulin-3, -4, and -5 in their native forms without peptide
tags in mammalian cells and raised specific antibodies. We per-
formed a comprehensive biochemical analysis of these three
fibulins in parallel with the previously characterized first sub-
group. Our studies show that members of the fibulin protein
family have unique and partially overlapping binding interac-
tions and expression patterns, suggesting that they serve both
distinct and redundant functions.

EXPERIMENTAL PROCEDURES

Sources of Proteins—Laminin-1, collagen IV, and perlecan
were purified from the mouse Engelbreth-Holm-Swarm tumor
(28). Mouse nidogen-1 (29), mouse nidogen-2 (30), mouse fibu-
lin-1 (31), and mouse fibulin-2 (4) and endostatins derived from
collagens XV and XVIII (32) were obtained as recombinant
products as described previously. Human plasma fibronectin
(Behringwerke) and vitronectin were purified by chromatogra-
phy on heparin-Sepharose (33). Recombinant human tro-
poelastin was kindly provided by Dr. Joel Rosenbloom (Univer-
sity of Pennsylvania). Integrin V33 was purified by affinity
chromatography from human placenta (34).

Expression Vectors and Recombinant Protein Production—
To obtain a full-length cDNA encoding mouse fibulin-3, total
RNA isolated from mouse lungs was amplified by reverse tran-
scription-PCR using primers 5'-GTCAGCTAGCAGAGAAT-
CACGATGTTG (forward) and 5'-GTCACTCGAGCTAAAA-
TGAAAATGGCCCC (reverse). IMAGE cDNA clones for mouse
fibulin-4 (39800438), mouse fibulin-5 (3482574), and human fibulin-5
(4693953) were used as templates to PCR amplify the full-
length cDNAs. The primers for mouse fibulin-4 were 5'-GTCA-
GCTAGCCTCAGGATGCTCCC (forward) and 5'-GTCACTC-
GAGTCAGAAGGTATAGGCTCCC (reverse), and for mouse
fibulin-5 were 5'-GTCAGCTAGCGCATCTTGGATATGC-
CAGG (forward) and 5'-GCCACTCGAGTCAGAACGGAT-
ACTGCGAC (reverse). The 5’ primers contained an Nhel site,
and the 3’ primers had an XholI site following the stop codons.
The resulting full-length cDNAs were inserted into the Nhel
and Xhol sites of the episomal expression vector pCEP-Pu (35).
For human fibulin-5, the cDNA was amplified using primers
5'-GTCAGCTAGCACAGGCACAGTGCACG (forward) and
5'-GTCACTCGAGTCAGAATGGGTACTGCGAC (reverse),
and the cDNA fragment flanked by Nhel and XholI sites was
inserted into a pCEP-Pu expression vector containing the
BM-40 signal peptide (35). Mouse MAGP-1 and MAGP-2 were
also prepared recombinantly. IMAGE cDNA clones for
MAGP-1 (6516202) and MAGP-2 (5325744) were used as tem-
plates, and the 5’ primers contained an Nhel site and the 3’
primers contained an XholI site for cloning into pCEP-Pu vector
as described above. The sequences of all PCR products were
confirmed by cycle sequencing using a BigDye Terminator
Cycle Sequencing Ready Kit (ABI). These expression constructs
were transfected into human embryonic kidney 293-EBNA
cells, and serum-free media were collected as described (35).

Purification and Characterization of Recombinant Proteins—
For purification of mouse fibulin-3, mouse fibulin-5, and human
fibulin-5, conditioned media were passed over a DEAE-cellu-
lose column equilibrated in 0.05 m Tris-HCI, pH 8.6, and eluted
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with a linear 0—0.5 M NaCl gradient. Mouse fibulin-3 was
eluted at 0.2— 0.3 M NaCl, whereas mouse and human fibulin-5
eluted at 0.25-0.35 M NaCl. They were next purified on a
Superose 12 column (HR16/50) equilibrated in 0.3 M NaCl/0.05
M Tris-HCI, pH 8.0, and then on a Mono Q (HR5/5) column
equilibrated in 2 M urea/0.02 m Tris-HCI, pH 8.0. Two different
forms of fibulin-3 were purified, and they were eluted at 0.2—
0.23 M NaCl and 0.23-0.3 M NaCl from the Mono Q column.
Both mouse and human fibulin-5 were eluted at 0.3-0.35 m
NaCl from the Mono Q column. The purification of mouse
fibulin-4 followed the same protocol except that the DEAE-
cellulose, and Superose 12 columns were run in the presence of
2 M urea. Fibulin-4 was eluted at 0.3—-0.34 M NaCl from the
Mono Q column. All purified proteins were dialyzed against 0.2
M ammonium bicarbonate.

Purification of MAGP-1 and MAGP-2 were performed basi-
cally by the same method as described above for the fibulins.
From DEAE-cellulose, MAGP-1 was eluted at 0.3—0.4 M NaCl
and MAGP-2 at 0.2-0.3 m NaCl For the Superose 12 column,
the buffers used were either 0.3 M NaCl/0.05 m Tris-HCI, pH
8.0, or 2 M urea/0.05 M Tris-HCI, pH 8.0. Both proteins were
eluted through most of the fractions, indicating oligomeriza-
tion of the proteins. The separation was not improved in the
presence of 2 M urea. The monomer fractions were pooled and
used for binding assays.

Protein concentrations were determined on a Biotronik LC
3000 amino acid analyzer after hydrolysis with 6 M HCl for 16 h
at 110 °C. N-terminal sequencing by Edman degradation was
performed on a Procise sequencer (Applied Biosystems) follow-
ing the manufacturer’s instructions. Briefly, fibulins were sepa-
rated by SDS-PAGE under reducing conditions and blotted
onto polyvinylidene difluoride membranes. The stained
bands were cut out, incubated with pyroglutamate amino-
peptidase (TaKaRa Bio), and then sequenced. Electron
microscopy of rotary shadowed proteins was carried out
using standard protocols (36).

Laser Light Scattering and Analytical Ultracentrifugation—The
molecular weights of the recombinant fibulin-4 and -5 were
determined by quasielastic laser light scattering (Dawn Eos,
Wyatt Technology Corp.). The samples were chromatographed
using a Superose 12 HR10/30 column equilibrated in 0.25 m
NaCl/20 mm HEPES (pH 7.0), and the intensity of scattered
light was simultaneously detected at 18 different angles. The
absorbance and refractive index were also measured with in-
line detectors. The molecular weight of the samples was then
calculated using Astra software provided with the instrument.
For sedimentation equilibrium, measurements were done in
double sector cells on a Beckman XLA analytical ultracentri-
fuge. The temperature of the runs was either 4 or 20 °C, and the
speed was 12,000 rpm. The concentration was monitored at 230
nm as a function of the redial distance, and the data were ana-
lyzed by non-linear least squares fitting (Scientist, Micromath,
St. Louis, MO).

Treatment with Glycosidases—5 pg of lyophilized fibulins
was dissolved in 18 ul of 20 mm phosphate buffer (pH 7.2)
containing 1 mm EDTA, 0.5 mMm N-ethylmaleimide (NEM) and
1 mm Pefabloc (Roche Applied Science) and incubated with
neuraminidase (Roche Applied Science) and O-glycosidase
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(Roche Applied Science) in the presence or absence of N-glyco-
sidase F (Roche Applied Science) at 37 °C for 24 h. N-Glycosi-
dase F treatment was also done after denaturation of proteins
by heating at 95 °C for 5 min in the presence of 1% SDS and 1%
B-mercaptoethanol.

Reductive B-Elimination and Permethylation of Glycan
Alditols—For structural studies the glycans were liberated by
reductive B-elimination according to a protocol applicable to
microscale samples (37). The O-glycoprotein (10-30 ug) was
dried in a 0.5-ml Eppendorf vial and treated with freshly pre-
pared 0.5 M NaBH, in 50 mm NaOH (20 ul) overnight at 50 °C.
The sample was desalted with a 50-ul aliquot of Dowex
50Wx8(H™). To remove boric acid, 50-ul aliquots of 1% acetic
acid in methanol were added to the dry sample (5X) and evap-
orated under nitrogen at 40 °C. To the dry sample 50 pl of
anhydrous Me,SO was added followed by the same volume of
base (NaOH/Me,SO), and the mixture was incubated for 30
min at room temperature with occasional shaking. Finally, an
aliquot of 25 ul of methyl iodide was pipetted to the frozen
reaction mixture followed by incubation for 30 min at room
temperature. After neutralization with dilute acetic acid, the
methylated glycans were extracted with chloroform-water. The
chloroform phase was dried under nitrogen, and the glycans
were solubilized in methanol.

Analysis of O-Glycans by Mass Spectrometry—Matrix-as-
sisted laser desorption ionization (MALDI) mass spectrometry
was performed on a Bruker Reflex IV instrument (Bruker Dal-
tonics, Bremen, Germany). The methylated glycan samples
(~500 pmol per ul) contained in methanol were applied to the
stainless steel target by mixing a 0.5-ul aliquot with 1.0 ul of
matrix (saturated solution of 2,5-dihydroxybenzoic acid in ace-
tonitrile/0.1% trifluoroacetic acid, 1:2). Analyses were per-
formed by positive ion detection in the reflectron mode as
described previously (38). Electrospray ionization (ESI) mass
spectrometry data were acquired on a Q-Tof two-quadrupole-
time of flight mass spectrometer (Waters, Eschborn, Germany)
equipped with a Z spray source. Mass spectrometry was per-
formed in the positive ion mode using previously described
conditions (38). Collision energies varied in accordance with
the type of molecular ion (M+Na: 50-75 V; M+H: 15-30 V).

Site Determination of O-Glycosylation —Three independent
strategies were applied to identify O-glycosylated peptides after
proteolytic digestion. A first aliquot was partially deglycosy-
lated by successive exoglycosidase treatment with sialidase
(clostridium perfringens, New England Biolabs, 100 milliunits,
pH 6.0, 24 h), B-galactosaminidase (bovine kidney, Glyko,
sodium citrate, pH 6.0, 24 h), and B-hexosaminidase (Glyko,
100 milliunits, pH 6.0, 24 h), followed by reduction and alkyla-
tion according to standard protocols. The sample was succes-
sively digested with trypsin and V8 protease, and the peptide
fragments were isolated by solid-phase extraction on a Pep-
Clean C18 Spin column (Pierce). In a second approach, the
protein was desialylated by mild acid treatment (0.1 M aqueous
trifluoroacetic acid, 80°C, 1 h), followed by trypsin/V8
digestion of the reduced and alkylated sample. In a third
approach, the sample was reduced and alkylated prior to
trypsin and V8 treatment, but the peptides and glycopep-
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tides were analyzed without cleavage of the sugars by ESI-q-
trap mass spectrometry (see below).

MALDI-MS was performed under conditions described
above. Nanoflow LC with online ESI-MS was performed on a
Q-Tof2 quadrupole-time-of-flight mass spectrometer (Waters,
Manchester, UK) equipped with a Z spray source. Samples were
introduced using the Ultimate nano-LC system (LC-Packings,
Amsterdam, Netherlands) equipped with the Famos autosam-
pler and the Switchos column switching module. The column
setup comprised a 0.3 X 1-mm trap column and a 0.075 X
150-mm analytical column, both packed with 3-um PepMap
C18 (LC-Packings). The analytical column flow rate was ~200
nl/min, resulting from a 1:1000 split of the 200 ul/min flow
delivered by the system pump. The samples were eluted onto
the analytical column by using a gradient of acetonitrile in 0.1%
formic acid over 30 min.

Binding Assays—Protein ligands immobilized onto plastic
wells were incubated with various concentrations of soluble
ligands, and binding was detected with specific antisera against
the soluble ligands following methods described previously
(39). The binding reactions were carried out in a buffer contain-
ing 0.15 Mm NaCl/0.05 m Tris-HCI (pH7.4) (TBS) supplemented
with 2 mm CaCl,. For integrin V33 binding assays, wells were
coated with purified integrin dissolved in TBS containing 2 mm
MgCl,, and the binding buffer used was TBS containing 1 mm
MnCl,, 1 mm MgCl,, 0.1 mMm CaCl,, and 0.01% Tween 20.

Cell Attachment Assays—Adhesion of established cell lines
and human umbilical cord endothelial cells to ligand-coated
plastic wells was carried out for 30 — 60 min and detected colo-
rimetrically according to a previously described protocol (40).

Immunological Assays—Immunization of rabbits, affinity
purification of antibodies, enzyme-linked immunosorbent
assay titration, and radioimmunoassays were carried out using
established protocols (41).

Fibroblasts obtained from 14.5-day mouse embryos were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum. Confluent cells grown on a 10-cm
dish were used to obtain serum-free culture medium (5 ml), and
the cell layers were extracted consecutively with three different
buffers (1 ml/each) as described previously (42). These included
a detergent extract with TBS containing 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 2 mm phenylmethylsulfonyl fluoride
(PMSF) and 0.5 mMm NEM; an EDTA extract with TBS contain-
ing 10 mm EDTA, 2 mm PMSF, and 0.5 mm NEM; and a urea
extract with TBS containing 6 M urea, 2 mMm PMSF, and 0.5 mMm
NEM.

Tissues from 5- to 7-week-old mice were homogenized (200
mg of tissue/ml) in TBS containing 10 mm EDTA, 2 mm PMSEF,
and 0.5 mM NEM. The homogenates were centrifuged, and the
supernatants were collected (EDTA extracts). The residual
materials were extracted with the same buffer containing in
addition 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS. The homogenates were centrifuged to collect the super-
natants (detergent extracts). The precipitates were further
extracted with 6 M guanidine hydrochloride/50 mm Tris-HCl
(pH 7.5) at 4 °C overnight, and then centrifuged to collect the
supernatant (guanidine extracts). Protein contents of the
extracts were determined with BCA assay (Pierce).
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Cell and tissue extracts were separated by 5-20% SDS-PAGE
gels and electroblotted onto Immobilon-P membrane (Milli-
pore, Bedford, MA) followed by incubation with antibodies.
The bound antibodies were detected with ECL Western blot-
ting reagents (Amersham Biosciences).

Immunohistochemistry—Mouse embryos obtained by mat-
ing of C57BL/6 mice (Jackson Laboratories) were harvested at
day 15 of gestation (E15), fixed in 4% paraformaldehyde over-
night, and cryosectioned at a thickness of 7— 8 um. Frozen sag-
ittal sections of E14 mouse embryos were obtained from Zya-
gen (San Diego, CA). Affinity-purified antibodies of fibulins
were used at a concentration of 5 ug/ml for immunohisto-
chemistry. Tissue sections were incubated with primary anti-
bodies overnight, and immunoreactivity was revealed by Cy-3-
conjugated goat anti-rabbit IgG (Jackson ImmunoResearch).
Microscopic examination was performed with a Zeiss Axioskop
epifluorescence microscope, and images were obtained with a
Toshiba 3CCD camera.

Immunoelectron Microscopy —Newborn mouse perichon-
drium was labeled using en bloc diffusion of primary antibodies
(43) followed by secondary anti-rabbit IgG conjugated with 5
nm gold particles.

RESULTS

Expression and Purification of Recombinant Fibulins—Mouse
fibulin-3 and fibulin-4, and both mouse and human fibulin-5
were prepared in recombinant forms using human embryonic
kidney 293 cells transfected with the expression constructs.
The recombinant fibulins were secreted into culture media at a
concentration of 1-2 ug/ml except for mouse fibulin-4, which
was produced at 5-10 pg/ml. All fibulins could be purified by
similar chromatographic steps as described under “Experimen-
tal Procedures.” They appeared homogenous by SDS-gel elec-
trophoresis (Fig. 24) and by N-terminal amino acid sequencing.
The molecular masses determined by SDS-PAGE under reduc-
ing conditions were 80 and 63 kDa for mouse fibulin-3 (see
below), 61 kDa for mouse fibulin-4, 66 kDa for mouse fibulin-5,
and 64 kDa for human fibulin-5 (Fig. 2A4). A distinct increase in
electrophoretic mobility for all fibulins was observed under
non-reducing conditions (data not shown), suggesting the
existence of many intramolecular disulfide bonds. The N-ter-
minal sequences of the recombinant mouse fibulin-3, -4, and -5
were found to be blocked, suggesting that the predicted gluta-
mine residues at the N termini of these proteins are cyclized.
This possibility was verified by pyroglutamate aminopeptidase
treatment prior to Edman degradation, which yielded YTEEI
for fibulin-3 and DTEEPDS for fibulin-4 as predicted from the
primary sequences. However, the enzyme treatment failed to
generate any amino acid sequence for mouse fibulin-5 with the
predicted N-terminal sequence of QQQCTN. Human fibulin-5
was expressed using the vector containing the BM-40 signal
peptide, which introduced a novel N-terminal APLA sequence
after processing (44). Edman degradation of the recombinant
human fibulin-5 gave the expected N-terminal sequence of
APLAQAQ.

Two forms of mouse fibulin-3 that differ by 17 kDa were
purified (Fig. 24), and they had the same N-terminal amino acid
sequence. Because there are two potential N- and five predicted
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FIGURE 2. SDS-PAGE of recombinant fibulins. A, purified fibulins. The
lanes were loaded with mouse fibulin-3, high molecular weight (7), mouse
fibulin-3, low molecular weight (2), mouse fibulin-4 (3), mouse fibulin-5
(4), and human fibulin-5 (5) after reduction with dithiothreitol. B, deglyco-
sylation of mouse fibulin-3. The lanes were loaded with fibulin-3, high
molecular weight (7) and fibulin-3, low molecular weight (2) after incuba-
tion without enzymes (a) with neuraminidase and O-glycosidase (b) and
neuraminidase, O-glycosidase and N-glycosidase F (c) under non-denatur-
ing conditions. Electrophoresis was performed under reducing condition.
Molecular mass markers are shown on the right.

O-glycosylation sites in mouse fibulin-3, the possibility that
these two forms resulted from different N- or O-glycosylations
was assessed by treatment with sialidase, O-glycosidase, and
N-glycosidase F (Fig. 2B). Digestion with sialidase and O-glyco-
sidase but not N-glycosidase decreased the size of the 80 kDa
fibuln-3, whereas these enzymes had little effect on the size of
the 63-kDa form. The data indicated that the size difference of
the two forms was attributed at least in part to O-glycosylation.

O-Glycan Profiles and Glycosylation Sites on Mouse Recombi-
nant Fibulin-3—The O-linked glycans on the 80-kDa mouse fibu-
lin-3 were liberated by reductive -elimination and analyzed as
methylated alditols by MALDI- and ESI-MS. The former revealed
a series of dominant molecular ion signals M+Na at m/z 895
(NeuAc,Hex,HexNAc,;), 1140 (NeuAc,Hex;HexNAc,), 1256
(NeuAc,Hex,HexNAc,), 1344 (NeuAc,Hex,HexNAc,), and 1705
(NeuAc,Hex,HexNAc,). Only minor signals were detected at m/z
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TABLE 1
O-Glycan profiles of fibulin-3 expressed in EBNA-293 cells

Average mass of

Oligosaccharide structure molecular ions [M+Na]

mlz
NeuAca2-6 AN
GalNAc 895
GalB1-3
NeuAca2-3GalB1-3GalNAc 895
GIeNAcB1-6 \
GalNAc 1140
NeuAcaZ—BGaIBI—B/
NeuAca2-6~\
GalNAc 1256
NeuAcaZ—BGaIBI—B/
[NeuAca2-3]GalB1-4GIcNAcB1-6\
GalNAc 1344
[NeuAca2-3]Galp1-3
NeuAca2-3GalB1-4GlcNAcB1-65\
GalNAc 1705

NeuAca2—3GalBl—3/

983 (Hex,HexNAc,) and 1793 (NeuAc,Hex;HexNAc,). The
structures of the glycans were confirmed by sequence analysis per-
formed on the ESI(Qtof) instrument in the MS/MS mode (Table
1). The ion at m/z 895 was revealed as a mixture of two isobaric
trisaccharides NeuAc-Hex-HexNAc-ol (Z, ion at m/z 298) and
Hex-(NeuAc-)HexNAc-ol (Z,,, ion at m/z 659). The dominant
structures were identified as the disialylated corel tetrasaccharide
NeuAc-Hex-(NeuAc-)HexNAc-ol and the disialylated core2 hexa-
saccharide NeuAc-Hex-HexNAc-(NeuAc-Hex-)HexNAc-ol.

According to the bioinformatic prediction tool for mucin-
type O-glycosylation (NetOGlyc 3.1), five sites within the
N-terminal domains of the protein should be O-glycosylated
(Thr-88, Thr-98, Thr-99, Thr-101, and Thr-109). Four of the
predicted sites (Thr-88, Thr-98, Thr-99, and Thr-101) could be
excluded by mass spectrometric analysis as carrying glycans,
because they were found in different approaches in non-glyco-
sylated peptides. Peptides containing the position Thr-109
were not found in any of the analyses, neither as glycopeptides
nor as non-glycosylated peptides. This finding could be inter-
preted as a hint to a modification of peptide p106 —134 (dotted
line in Fig. 3). Nearly the entire protein was covered by non-gly-
cosylated peptide fragments (gray lines in Fig. 3), including
p23-105, p135-156, p186—194, p208 —227, p294 —312, p316 —
339, p349-358, p363-376, and p388 —477. Peptides or amino
acid positions not covered in any of the mass spectrometric
approaches were pl06-134, p157-207 (except p186-194),
p228-315 (except p294-312), p340-348, p359-362, p377—
387, and p478-493 (Fig. 3). Potential O-glycosylation sites
could be the C-terminal positions Thr-485 and Ser-492, which
were not predicted, but had quite high G-scores in NetOGlyc
3.1 and were not found as peptides in any of the mass spectro-
metric analyses (dotted line in Fig. 3).

Structural Characterization of Fibulins—Electron micro-
scopic examination of recombinant fibulin-3, -4, and -5 after
rotary shadowing revealed short rods of ~20-nm length with a
globular domain at one end (Fig. 4). The globular domain of
fibulin-4 appeared smaller than that of fibulins-3 and -5. This
observation, in conjunction with the primary structures of the
fibulins (Fig. 1), suggests that the globular domains represent
the N-terminal-modified cbEGF modules.
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FIGURE 3. Rotary shadowing electron microscopy of recombinant fibu-
lin-3 (A), fibulin-4 (B), and fibulin-5 (C). Arrowheads indicate typical views of
fibulin-4. Bar represents 50 nm.
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1 MLQTLFLTML TLALVKSQYT EETITYTQCT DGYEWDPIRQ QCKDIDECDI

51 VPDACKGGMEK CYNHYGGYLC LPKTAQIIVN NEHPQQETPA AEASSGATTG

101 TVAARSMATS GVVPGGGFMA SATAVAGPEV QTGRNNFVIR RNPADPQRIP

151 SNPSHRIQCA AGYEQSEHNY CQDIDECTSG THNCRTDQWVC INLRGSFTCQ

201 CLPGYQKRGE QCVDIDECTV PPYCHQRCVN TPGSFYCQCS PGFQLAANNY

251 TCVDINECDA SNQCAQQCYN ILGSFICQCN QGYELSSDRL NCEDIDECRT

30 SSYLCQYQCY NEPGKFSCMC PQGYEVVRSR TCQDINECET TNECREDEMC

351 WNYHGGFRCY PRNPCQDHYV LTSENRCVCP VENTMCRELP QSIVYKYMSI

401 RSDRSVPSDI FQIQATMIYA NTINTFRIKS GNENGEFYLR QTSPVSAMLY

451 LVKSLSGPRE YIVDLEMLTV SSIGTFRTSS VLRL TIIVGP FSF

FIGURE 4. Glycosylation sites on recombinant mouse fibulin-3.Thr-88, Thr-98,
Thr-99, Thr-101,and Thr-109 predicted to be O-glycosylated are in bold. Gray lines
mark non-glycosylated peptides identified by mass spectrometry, and dotted
lines indicate peptides that are likely to be O-glycosylated (p106-134 and
p478-493).

In addition to the monomers shown in Fig. 4, some aggre-
gates were also detected by electron microscopy. This is con-
sistent with previous studies of recombinant human fibulin-4
by analytical centrifugation, showing considerable amounts of
aggregates in addition to monomers (17). To determine
whether oligomers exist under physiological conditions,
recombinant mouse fibulin-4 and -5 were analyzed by molecu-
lar sieve chromatography with simultaneous detection of laser
light scattering, refractive index, and absorbance at 230 nm.
The two fibulins eluted as monomers, and the calculated
molecular masses of fibulin-4 and -5 were 55 and 51 kDa,
respectively. Further analysis of the eluted protein fractions
using equilibrium ultracentrifugation confirmed the data
obtained with laser light scattering. These results indicated that
recombinant mouse fibulin-4 and -5 do not form oligomers
under physiological conditions.

Binding to Extracellular Matrix Proteins—Solid-phase bind-
ing assays were performed with all five fibulins as soluble
ligands in binding buffer containing 2 mm CaCl,. The binding
to tropoelestin was characteristic for all five fibulins, extending
the previous observations on fibulin-1 and -2 (45), fibulin-4
(23), and fibulin-5 (21, 22). The concentrations required for
half-maximal binding were calculated to be 1-2 nm for fibulin-2
and fibulin-5, 8 nM for fibulin-4, and 42 nwm for fibulin-1C (Fig.
5D). Binding of fibulin-3 to tropoelastin was rather weak,
because the plateau level of binding was not reached even at a
concentration of 1 um. No binding of any fibulin to MAGP-1
and MAGP-2, two microfibril-associated proteins, was
observed. In contrast to fibulin-1 and -2, Fibulin-3, -4, and -5
did not show any binding to fibronectin, vitronectin, laminin-1,
perlecan, and nidogen-1 (Fig. 5C and data not shown). How-
ever, comparable interactions with collagen IV and nidogen-2
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established cell lines and human
umbilical cord endothelial cells.
Only mouse fibulin-2 was able to
promote adhesion by several cell
lines, as demonstrated previously
(46) (data not shown). To test
whether the RGD site in fibulin-5
had binding activity, purified V33
integrin was used as the immobi-

&—:li'fé/ /
10’ 10’ 10°

fibulin (nh)

lized ligand (Fig. 6). The oV 33 inte-
grin showed a strong binding to
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vitronectin (half-maximal at 0.35
nM), moderate binding to mouse
fibulin-2 (1.5 nm) as described
before (46), but much weaker bind-
ing to human fibulin-5 (14 nm) and
mouse fibulin-5 (data not shown).
The binding activity of human fibu-
lin-5 was increased after reduction
and alkylation, indicating that the
treatment unmasked the RGD site.

o’ 10 10°
fibulin (nM)

fibulin (nM)

FIGURE 5. Binding of mouse fibulins to immobilized mouse collagen IV(A), mouse nidogen-2 (B),
fibronectin (C), tropoelastin (D), endostatin domain of mouse collagen XV (E), and that of mouse colla-
gen XVIII (F). Soluble ligands were fibulin-1C (O), fibulin-2 (@), fibulin-3 (A), fibulin-4 (&), and fibulin-5 (V).
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FIGURE 6. Solid-phase binding assay to immobilized av3 integrin. Solu-
ble ligands used were vitronectin (O), mouse fibulin-2 (), human fibulin-2 (m),
human fibulin-5 (A), and reduced and alkylated human fibulin-5 (A).
were found for fibulin-4 and -2, having a half-maximal binding
at 30-50 nM (Fig. 5, A and B). Fibulin-1 and -2 bind to endost-
atins, the C-terminal fragments released from collagens XV and
XVIII (32). Fibulin-4 also exhibited a moderate binding to col-
lagen XV-derived endostatin and a weak interaction with col-
lagen XVIII endostatin. Weaker bindings to endostatins were
observed for fibulin-3 and -5, which did not reach plateau levels
at 1 um (Fig. 5, E and F).

Cell Adhesion and Integrin Binding—The cell adhesive prop-
erties of all fibulins were examined in parallel using various
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activity of the unmasked fibulin-5
was still ~10-fold lower compared
with vitronectin.

Immunochemical Properties—Rab-
bit antisera were raised against mouse fibulin-3, -4, and -5 and
purified by affinity chromatography. The purified antibodies
were highly specific with negligible cross-reactions among dif-
ferent fibulins (Fig. 7). This suggests that the antibodies should
be able to distinguish the fibulin isoforms in complex biological
specimens.

Characterization of Fibulins in Fibroblast Cultures and Tis-
sues —The distribution of fibulin-3, -4, and -5 between the cul-
ture medium and three cell layer extracts of embryonic mouse
fibroblasts was analyzed by immunoblotting (Fig. 8). The deter-
gent extract is assumed to contain mainly the intracellular pool,
whereas the EDTA and urea extracts consist of proteins that are
deposited in the extracellular matrix. Fibulin-3 was found in
low amounts in the culture medium and not in the three cell
extracts in the amounts used for the analysis (data not shown).
Fibulin-4 was detected in the culture medium and in all three
cell extracts, whereas fibulin-5 was found in the three cell
extracts but was not detected in 10 ul of the conditioned
medium. Higher amounts of fibulin-4 and -5 were observed in
EDTA extracts as compared with the urea extracts, indicating a
calcium requirement for their matrix association.

Tissues from adult mice were sequentially extracted with
EDTA/TBS (EDTA extract) and the same buffer containing
1%Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS (deter-
gent extract) or 6 M guanidine hydrochloride (guanidine
extract). These extracts were analyzed by immunoblotting (Fig.
9). For fibulin-3 and -4, almost all of the proteins from the aorta
and >90% of lung proteins were extracted by the EDTA/TBS.
The remaining 10% of these fibulins in the lung tissue were
released by extraction with detergent. On the other hand,
although the majority of fibulin-5 was detected in the first two
extracts from both aorta and lung tissues, ~15-20% of the pro-
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FIGURE 7. Enzyme-linked immunosorbent assay titration of rabbit anti-
sera against mouse fibulin-3 (A), fibulin-4 (B), and fibulin-5 (C). Antigens
used were fibulin-1C (O), fibulin-2 (@), fibulin-3 (A), fibulin-4 (A), and fibulin-5
(0).
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FIGURE 8. Immunoblot analysis of fibulin-4 (A) and fibulin-5 (B) in various
mouse fibroblast compartments. Samples used were serum-free culture
medium (7) and successive cell extracts obtained with detergent (2), EDTA (3),
and 6 m urea (4). 10 ul of each sample was separated under non-reducing
conditions. Positions of molecular weight markers are indicated.

tein was present in the guanidine extract. These data may
reflect the abundance of fibulin-5 in these tissues, its tight
incorporation into the matrix, or both. It is noteworthy that, in
addition to the major fibulin-3 band, a slower and a faster
migrating protein were found in EDTA extracts, and the slower
band was slightly faster than that of the O-glycosylated recom-
binant protein. The observation suggested the presence of dif-
ferently glycosylated fibulin-3 in the tissues.

The tissue contents of fibulins in EDTA and detergent
extracts were quantified by specific radioimmunoassays. The
half-maximal inhibition was achieved at 18 ng/ml for fibulin-3,
10 ng/ml for fibulin-4, and 30 ng/ml for fibulin-5. These data
were presented as the sum of the amounts in both extracts
(Table 2). From most of the tissues, 60 -90% of fibulins were
extracted with EDTA/TBS. Radioimmunoassay analysis
revealed that, in almost all tissues examined, fibulins-1 and -5
were substantially more abundant than the other three fibulins.
All of the five fibulins were prevalent in tissues enriched in
elastic fibers, including aorta, lung, and esophagus. However,
their tissue distributions were not identical. For instance, fibu-
lin-5 was detected at higher concentrations in aorta and lung,
and fibulin-1 in esophagus and placenta.
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FIGURE 9. Detection of fibulin-3 (A), fibulin-4 (B), and fibulin-5 (C) in
extracts from mouse aorta and lung. The extractions were performed as
described under “Experimental Procedures.” Comparable volumes of EDTA
extract (3 and 6), detergent extract (4 and 7), and guanidine extract (5 and 8)
were loaded and separated on 5-20% gradient gels under non-reducing con-
ditions. Samples in lanes 3-5 were from mouse aorta, and those in lanes 6-8
were from mouse lung. Lanes 1 and 2 were loaded with 3 ng of recombinant
fibulin-3, high molecular weight, and fibulin-3, low molecular weight, respec-
tively. Positions of molecular mass makers are shown on the right.

TABLE 2
Contents of fibulins in extracts of adult mouse tissues determined by
radioimmunoassay/inhibition assays

Tissues were extracted by EDTA-containing buffer followed by detergent, and the
sums in both extracts were calculated as picomoles obtained from 1 g of wet tissue.

Tissues Fibulin-1 Fibulin-2 Fibulin-3 Fibulin-4 Fibulin-5
pmol
Aorta 173 56 95 78 963
Skin 73 20 31 11 21
Lung 180 35 304 17 878
Esophagus 712 30 104 32 332
Stomach 214 26 89 14 66
Intestine 178 27 78 23 160
Kidney 117 21 30 12 49
Heart 130 25 8 6 71
Skeletal muscle 80 21 68 30 104
Placenta 337 26 32 34 96
Brain 71 27 <2 42 49
Testis 97 33 66 56 300
Thymus 70 17 11 7 35
Spleen 172 37 58 55 319

Immunolocalization of Fibulins— Affinity-purified antibod-
ies against the fibulins were used to immunostain cryosections
of mouse embryos at 14 and 15 days of development. All five
fibulins were found in the perichondrium of the developing
bone in the E15 embryo (Fig. 10, A-E). Fibulin-1 was diffusely
and intensely expressed in the basement membrane of tissues
surrounding the bone, whereas the expression of the other four
fibulins in these regions was more restricted to the basement
membrane. In the E14 embryonic lung (Fig. 10, F-J), fibulin-1
was distinctly localized in the basement membrane of all air-

VOLUME 282-NUMBER 16+APRIL 20, 2007

2702 ‘62 dune Uo ‘NYMOHSOL/NMVYIVA VI V.LIO ¥e B10-ogl mmm woly papeojumoq


http://www.jbc.org/

¥ o ; ; | Fibulin-3

Fibulin-5

FIGURE 10. Localization of fibulin proteins in mouse tissues. Cryosections of E14 and E15 mouse embryos
were immunostained with affinity-purified antibodies, and positive signals were revealed with Cy3-labeled
secondary antibody. A-E, sections of a developing bone in the E15 mouse embryos. Arrows depict the peri-
chondrial region. F—J, embryonic lung at E14. Arrows depict the blood vessels of the developing lung, and “a”

marks the large airway. Bar = magnification 100 um.

FIGURE 11. Ultrastructural localization of fibulin-4 and -5 in newborn
mouse perichondrium. In A, fibulin-4-directed immunogold labeled the
microfibrils surrounding elastin cores. In contrast, fibulin-5-directed immuno-
gold preferentially labeled the interface between elastin cores and microfi-
brils (B). Bar = 100 nm.

T

ways and blood vessels and strongly and diffusely expressed
throughout the lung parenchyma. Fibulin-2 expression was
restricted to blood vessels and was totally absent from all air-
ways and lung parenchyma. Fibulin-3 was mainly localized in
the blood vessel wall and basement membrane of the large but
not distal airways. Fibulin-4, like fibulin-1, was diffusely and
strongly expressed in the lung parenchyma, but the expression
in the basement membrane of the large airways was not as dis-
tinct as fibulin-1. Fibulin-5 is prominently expressed in the
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blood vessel wall and in the base-
ment membrane and parabronchial
area of the large airway. However, it
is weakly present in the lung paren-
chyma and distal airways.

Mouse newborn perichondrium
was used to localize fibulin-4 and -5
at the ultrastructural level using en
bloc diffusion method. The labeling of
fibulin-4 was found in the microfibrils
surrounding elastin cores (Fig. 114),
and fibulin-5 was detected at the
interface between elastin cores and
microfibrils (Fig. 11B).

DISCUSSION

Members of the second subgroup
of the fibulin family, fibulin-3, -4,
and -5, have strikingly similar mod-
ular structure (Fig. 1), but their
N-terminal-modified ¢cbEGF mod-
ules differ in size. There are, 88, 28,
and 44 amino acids inserted
between the fourth and fifth cys-
teines of the modified cbEGF mod-
ules in fibulin-3, -4, and -5, respec-
tively. Their sequence identities are
~50%, and the score is slightly lower
(42.5%) between fibulin-3 and -5.
Electron microscopy of the recom-
binant fibulin-3, -4, and -5 demon-
strated a short rod structure with a
globule at one end as expected for
molecules with tandem EGF-like
modules (Fig. 4). Our analyses indicate that these three fibulins
mainly exist as monomers under physiological conditions. By
contrast, fibulin-2 forms dimers through covalent bonding, and
fibulin-1 tends to self-associate into aggregates (31, 47, 48). The
molecular masses calculated from the primary sequences are 53
kDa for fibulin-3, 46.8 kDa for fibulin-4, 47.7 kDa for mouse
fibulin-5, and 48.9 kDa for human fibulin-5. Each fibulin has
two potential N-glycosylation sites. Additionally, five O-glyco-
sylation sites are predicted for fibulin-3, none for fibulin-4,
three for mouse fibulin-5, and one for human fibulin-5. The
molecular masses of the secreted recombinant proteins deter-
mined by SDS-electrophoresis (Fig. 2) are significantly larger
than the predicted sizes, suggesting that these three fibulins are
likely to have full substitutions with typical N-glycosides and
probably also have O-glycosylation. EGF-like repeats and
thrombospondin type 1 repeats are known to be O-fucosylated
in several proteins, and a significant role for O-fucosylation of
EGF repeats in Notch-ligand interaction has been reported
(49 -51). However, the consensus sequence proposed for O-fu-
cosylation (51) is not present in all fibulins.

The isolation and characterization of the 80- and 63-kDa
recombinant fibulin-3 proteins provides the first evidence for
the presence of fibulin-3 isoforms that differ in O-glycosylation.
Analysis of the O-glycosides liberated from 80-kDa fibulin-3 by
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mass spectrometry revealed an O-glycan profile similar to those
of fusion proteins MUCI1 and bone sialoprotein previously ana-
lyzed (37, 52). Because these fusion proteins were also
expressed in the same 293 cell line as the recombinant fibulins,
the results indicate that biosynthesis of O-glycan structures is
less dependent on the protein scaffold but more determined by
the cell-specific repertoire of glycosyltransferases. The domi-
nance of sialylated core2 glycans can explain the only partial
reduction in size of fibulin-3 after O-glycosidase treatment (Fig.
2B), because this enzyme cleaves specifically the corel disac-
charide. The mass difference between the two forms of fibu-
lin-3 found by SDS-PAGE cannot be explained by the mass of
glycans alone, but this is often the case for glycans containing
sialic acids. Five different splice variants that differ in N-termi-
nal sequences have previously been described for human fibu-
lin-3, and only the largest and smallest variant are expressed in
substantial amounts at the protein level (13). The 80- and
63-kDa forms of mouse fibulin-3 have the same N-terminal
sequence and therefore unlikely to be the splice variants
described in humans. Significantly, a fibulin-3 band with a
size similar to the 80 kDa form could also be detected in
moue tissues (Fig. 94). In addition, immunoblotting identi-
fied a faster migrating fibulin-3 band in tissues, which may
correspond to the smallest splice variant or a proteolytic
fragment. Whether fibulin-3 functions are modulated by the
O-glycosylation, alternative splicing, or proteolytic process-
ing awaits further investigation.

Homotypic and heterotypic interactions, including those
with cellular receptors, are involved in matrix assembly and
modulation of cellular phenotypes. Our studies demonstrate
that the second subgroup of fibulins have more restricted bind-
ing repertoires than the first subgroup in that they do not inter-
act with fibronectin and most basement membrane proteins
examined. Fibulin-4 displays a somewhat broader binding
spectrum than fibulin-3 and -5, because it is capable of inter-
acting with collagen IV, nidogen-2, and collagen XV-derived
endostatin in a manner similar to fibulin-2.

Tropoelastin is a common ligand for all five fibulins, and the
binding strengths range from strong for fibulin-2 and -5, mod-
erate for fibulin-1 and -4, to weak for fibulin-3. Immunohisto-
chemical analyses corroborate these findings, showing that all
five fibulins are localized in tissues rich in elastic fibers, such as
lungs, perichondrium, and blood vessels. The results suggest
that all fibulins may contribute to elastic fiber assembly or
maintenance. To date, only fibulin-4 and -5 have been found to
be essential for elastic fiber assembly (21-23). Absence of fibu-
lin-1 or fibulin-2 in mice does not have apparent effects on
elastic fiber homeostasis (53).% The lack of correlation between
the strengths of tropoelastin binding in vitro and the elastic
fiber phenotypes in vivo may be explained by functional com-
pensation among the fibulins.

We show here by immunoelectron microscopy that fibulin-5
is present at the interface between elastin cores and microfibrils
where fibulin-2 was previously localized (6). On the other hand,
fibulin-4 labeling is preferentially found in the microfibrils sur-

> M. L. Chu, unpublished observation.
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rounding the elastin cores. Recently, both fibulin-4 and -5 have
been shown to interact with fibrillin-1, the major constituent of
microfibrils associated with elastic fibers (54, 55). Thus, these
two fibulins likely serve as connecting proteins between elastin
and fibrillin microfibrils, thereby playing essential roles in elas-
tic fiber assembly and/or homeostasis. It is noteworthy that
even though paucity and fragmentation of elastic fibers are sim-
ilarly observed in mice lacking either fibulin-4 or fiblin-5, the
fibulin-4 null mice die within 2 days after birth, whereas the
fibulin-5 mice can survive until adulthood (21-23). The stark
difference in phenotypic severity of the two mouse mutants
implies that fibulin-4 may perform more critical functions than
fibulin-5 during elastic fiber formation, or fibulin-4 has other
additional roles. The broader binding repertoires of fibulin-4
compared with fibulin-5 is consistent with the latter possibility.

Apart from the relatively weak binding to tropoelastin, fibu-
lin-3 displays little interaction with all ligands tested in this
study. We did not detect any apparent difference in the binding
properties of the two forms of fibulin-3 in vitro (data not
shown). As with all other fibulins, fibulin-3 is present in blood
vessels of different sizes. Like fibulin-5, fibulin-3 is capable of
inhibiting vessel development and angiogenesis both in vitro
and in vivo (56). Moreover, fibulin-3 is expressed in cartilage
and bone structures during development and may play a role in
the skeletal system (57). Whether fibulin-3 contributes to the
structural integrity of elastic tissues has yet to be determined by
genetic approaches. Fibulin-3 has previously been shown to be
a strong interacting protein for TIMP-3, a tissue inhibitor of
metalloproteinases. The biological significance of this interac-
tion is highlighted by the observations that both TIMP-3 and
fibulin-3 are associated with genetic macular degenerative dis-
orders (15, 59, 60).

Mouse fibulin-2 has previously been shown to be cell adhe-
sive and to interact with allbB3 and «VB3 integrins but not
with a51 integrin, and these interactions can be inhibited by
RGD peptides (46). Mouse fibulin-2 contains a single RGD
sequence at the N-terminal domain, and this sequence is RSS in
human fibulin-2 (4, 61). Mouse and human fibulin-5 also con-
tain an RGD sequence in the N-terminal-modified cbEGF mod-
ule and have been shown to bind to «V33, V5, and a931
integrins (21). In the present study, we have analyzed the cell
adhesive activity of all fibulins using several established cell
lines previously shown to adhere in an RGD-dependent fash-
ion. We confirmed that mouse fibulin-2 is a cell adhesive sub-
strate, but none of the other fibulins, including fibulin-5,
showed binding to all cell lines tested. These observations are at
variance with the published data on fibulin-5 (21). Therefore we
further performed binding analysis of fibulin-5 with purified
aVB3 integrin. Fibulin-5 showed only marginal binding, and
denaturation of the protein increased the binding. These data
suggest that the RGD site in fibulin-5 may not be fully exposed
as shown for the mouse laminin P1 fragment (62) and mouse
perlecan domain III-2 (63). We tried to model the modified
cbEGF module containing the RGD site based on the structural
data on the fibrillin cbEGF-like repeats (64). If the extra 44
amino acids were not inserted between the fourth and fifth
cysteines in this cbEGF-like module, the RGD site would be
accessible. However, currently we have no data on how the
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RGD residues are organized in the structure of the modified
cbEGF module with the extra amino acids inserted. Structural
analysis of the modified cbEGF module at the atomic level, such
as shown for a masked RGD in thrombin, is required (58, 65).

In summary, we have compared the properties of all mem-
bers of the fibulin family in parallel. We showed that each of the
five fibulins displays distinct binding repertoires and tissue dis-
tribution. However, there are substantial overlaps in these char-
acteristics among fibulins, and the similarities in the properties
are higher among members within the same subgroups than
those between subgroups. For instance, members in the first
subgroup interact with both elastic fiber and basement mem-
brane components, whereas those in the second subgroup bind
primarily to elastic fiber components. All fibulins are expressed
in elastic tissues, but their spatial localizations within tissues are
distinct and also overlapping. Our studies suggest unique and
redundant functions shared by these structurally related pro-
teins and imply the existence of compensation mechanisms
among the family members.
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