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Latent transforming growth factor (TGF) 3-binding proteins
(LTBPs) interact with fibrillin-1. This interaction is important
for proper sequestration and extracellular control of TGFp.
Surface plasmon resonance interaction studies show that res-
idues within the first hybrid domain (Hyb1) of fibrillin-1 con-
tribute to interactions with LTBP-1 and LTBP-4. Modulation
of binding affinities by fibrillin-1 polypeptides in which resi-
dues in the third epidermal growth factor-like domain (EGF3)
are mutated demonstrates that the binding sites for LTBP-1
and LTBP-4 are different and suggests that EGF3 may also
contribute residues to the binding site for LTBP-4. In addi-
tion, fibulin-2, fibulin-4, and fibulin-5 bind to residues con-
tained within EGF3/Hybl, but mutated polypeptides again
indicate differences in their binding sites in fibrillin-1.
Results demonstrate that these protein-protein interactions
exhibit “exquisite specificities,” a phrase commonly used to
describe monoclonal antibody interactions. Despite these
differences, interactions between LTBP-1 and fibrillin-1
compete for interactions between fibrillin-1 and these fibu-
lins. All of these proteins have been immunolocalized to micro-
fibrils. However, in fibrillin-1 (Fbnl) null fibroblast cultures,
LTBP-1 and LTBP-4 are not incorporated into microfibrils. In
contrast, in fibulin-2 (Fbin2) null or fibulin-4 (Fbln4) null cul-
tures, fibrillin-1, LTBP-1, and LTBP-4 are incorporated into
microfibrils. These data show for the first time that fibrillin-1,
but not fibulin-2 or fibulin-4, is required for appropriate matrix
assembly of LTBPs. These studies also suggest that the fibulins
may affect matrix sequestration of LTBPs, because in vitro inter-
actions between these proteins are competitive.

* This work was supported, in whole or in part, by National Institutes of Health
Grant PO1 AR049698 (to F.R., D.B.R., and L.Y.S.). This work was also sup-
ported a grant from the Shriners Hospitals for Children (to H.P.B. and
L.Y.S).

5] The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Figs. ST and S2 and Tables S1 and S2.

! Supported by Deutsche Forschungsgemeinschaft Grant SA 1003/2 for the
recombinant fibulin peptides used in this study. Present address: Dept. for
Experimental Medicine, Center for Molecular Medicine, Friedrich-Alex-
ander-University, Erlangen, Germany.

2To whom correspondence should be addressed: 3101 S.W. Sam Jackson
ParkRd., Portland, OR 97239.Tel.: 503-221-3436; Fax: 503-221-3451; E-mail:
lys@shcc.org.

16872 JOURNAL OF BIOLOGICAL CHEMISTRY

Fibrillin microfibrils are ubiquitous structural elements in the
connective tissue. Fibrillin microfibrils provide organs with tissue-
specific architectural frameworks designed to support the mature
functional integrity of the particular organ. In addition, fibrillin
microfibrils contribute to proper developmental patterning of
organs by targeting growth factors to the right location in the
extracellular matrix (1, 2).

Molecules of fibrillin-1 (3), fibrillin-2 (4, 5), and fibrillin-3 (6)
polymerize to form the backbone structure of microfibrils.
Latent TGFB-binding protein (LTBP)3-1 associates with fibril-
lin microfibrils in the perichondrium and in osteoblast cultures
(7, 8), and LTBP-1 and LTBP-4 interact with fibrillin (9). Other
proteins associated with fibrillin microfibrils include the fibu-
lins (10, 11), microfibril-associated glycoprotein-1 and -2 (12,
13), decorin (14), biglycan (15), versican (16), and perlecan (17).
It is likely that one function of these associated extracellular
matrix molecules is to connect the fibrillin microfibril scaffold
to other architectural elements in tissue- and organ-specific
patterns.

In addition to performing architectural functions, fibrillins
bind directly to prodomains of bone morphogenetic proteins
and growth and differentiation factors (18, 19) and LTBPs bring
with them the small latent TGFB complex (20), suggesting that
the microfibril scaffold may position, concentrate, and control
growth factor signaling. Studies of fibrillin-1 (Fbn1) and fibril-
lin-2 (Fbn2) mutant mice demonstrate that loss of fibrillins
results in phenotypes associated with dysregulated TGEB (21—
23) or bone morphogenetic protein (24) signaling. Microfibril-
associated glycoprotein-1 (Magp-1) null mice reveal pheno-
types that may also be related to abnormal TGF signaling (25).

In a previous study (9), we determined that the binding site
for LTBP-1 and -4 is contained within a specific four-domain
region of fibrillin-1. In this study, we performed additional
experiments to more precisely define the LTBP binding site. At
the same time, we compared binding of fibulins to fibrillin,
because the region in fibrillin-1 that was suggested to contain

3 The abbreviations used are: LTBP, latent transforming growth factor-g-
binding protein; TGF-B, transforming growth factor B3; EGF, epidermal
growth factor like; cbEGF, calcium-binding epidermal growth factor like;
Hyb, hybrid domain; Fbn, fibrillin gene; Fbln, fibulin gene; pAb, polyclonal
antibody; rF, recombinant fibrillin; PBS, phosphate-buffered saline.
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the fibulin binding site (11) was very close to our region of
interest for LTBP binding. Our results demonstrate that LTBPs
and fibulins compete for binding to fibrillin-1. However, the
proteins tested (LTBP-1, LTBP-4, fibulin-2, fibulin-4, and fibu-
lin-5) displayed “exquisite specificities” in their interactions
with fibrillin-1.

To test the potential significance of these interactions with
fibrillin-1, we investigated matrix incorporation of LTBPs in
cell cultures obtained from wild type, Fbn1 null, Fbn2 null, fibu-
lin-2 (Fbin-2) null, and fibulin-4 (Fbln-4) null mice. In addition,
we examined the distribution of LTBPs in Fbnl null and Fbn2
null mice.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—Construction and purification of
recombinant fibrillin-1 polypeptides rF23 (10) and rF31 (26)
were previously described. New recombinant fibrillin-1 poly-
peptides were generated with specific mutations designed
within the context of rF23. Generation of these new expression
constructs is described in the following paragraphs. Primers
used for these constructs are listed in supplemental Table S1.
Relevant amino acid sequences of these recombinant peptides
are listed in supplemental Table S2. Domain structures of fibril-
lin-1 recombinant polypeptides are shown schematically in Fig.
1A. All fibrillin-1 recombinant polypeptides were harvested
from the media of stably transfected 293/EBNA cells and were
purified using chelating chromatography, followed by molecu-
lar sieve chromatography, as we have described previously (9).
Protein solutions were judged for purity by SDS-PAGE (data
not shown) and were quantitated by amino acid composition
and/or by BCA assay with bovine serum albumin as the stand-
ard (Pierce).

For construction of rF68 (EGF1-2-2: substitution of EGF3
with EGF2 within the context of rF23), both rF23 and an
intermediate construct, rF67, were used as PCR templates.
To construct rF67 (deletion of EGF3 within the context of
rF23), the rF23 expression construct was used as a template
for PCR, using primers pCEP-5' and JE2-H1-AS, which
together generated a Nhel-Bbsl fragment. Additionally,
primers JH1-S and pCEP-3’ were used to generate a BbsI-
Xhol fragment. Finally, a Nhel-Xhol-restricted pCEPSP
expression vector was ligated with the Nhel-BbsI-restricted
PCR product and the BbsI-Xhol PCR product to generate
pCEPSP-rF67. To continue with construction of rF68,
pCEPSP-rF23 was used as a template to generate a Nhel-
BsmBI PCR product using primers pCEP-5" and JE2-E2-AS.
Primers JE2-S and pCEP-3’ were used to make a BsmBI-Xhol
PCR product. Finally, a Nhel-Xhol restricted pCEPSP
expression vector was ligated with the Nhel-BmsBI-re-
stricted PCR product and the BsmBI-Xhol-restricted PCR
product to yield pCEPSP-rF68.

For construction of rF79 (EGF1-2-1: substitution of EGF3
with EGF1 within the context of rF23), an intermediate con-
struct, rF69, was used as a PCR template. To generate rF69,
primers JE1S and JE1-H1-AS were used along with the rF23-
pCEPSP expression construct as template to generate an Xbal/
BsmBI-BbsI PCR product. Similarly, primers JH1-S and
pCEP3’ were used along with the pCEPSP-rF23 expression
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construct as template to generate a BbsI-Xhol PCR product.
Finally, a Xbal-Xhol-restricted pBluescript II SK(+) cloning
vector was ligated with the Xbal/BsmBI-BbsI PCR product and
the BbsI-Xhol PCR product to yield pBluescript II-rF69. Next, a
third PCR product was generated with primer pCEP-5" and
JE2-E1-AS with pCEPSP-rF23 as template to generate a Nhel-
BsmBI product. Then the Nhel-BsmBI-restricted fragment was
ligated with the BsmBI-Xhol-restricted pBluescript-rF69 frag-
ment and a Nhel-Xhol restricted pCEPSP vector to yield
pCEPSP-rF69. Then to create rF79 (revision of rF69 to juxta-
pose exon boundaries exactly), two initial PCR products were
made using pCEPSP-rF69 as template. Primers pCEP-5’ and
rF79AS generated one product, and primers rF79S and
pCEP-3' generated the other product. Equimolar amounts of
the two products were mixed to generate a third product by
overlap extension PCR, which was then restricted with Nhel-
Xhol and cloned into the pCEPSP expression vector to generate
pCEPSP-rF79.

For construction of rF80 (deletion of Hybrid1), pCEPSP-rF23
was used as a template along with primers pCEP-5" and JE3-
cb1-AS to generate a Nhel-BbsI PCR product. Another PCR
product used primers Jcb1-S and pCEP-3’' with template
pCEPSP-rF23 to yield a BbsI-Xhol product. The two PCR-re-
stricted products were ligated with the Nhel-Xhol-restricted
pCEPSP expression vector to yield pCEPSP-rF80.

For construction of rF23mutl (EGF3 N164S within the con-
text of rF23), primers pCEP-5" and N164SmutAS were used
with template pCEPSP-rF23 to generate one PCR product.
Primers N164SmutS and pCEP-3’' were used with template
pCEPSP-rF23 to generate another PCR product. The two
PCR products were then mixed in equimolar amounts to
generate a product by overlap extension PCR, which was then
restricted with Nhel and Xhol. The digested product was
then cloned into the pCEPSP expression vector to yield
pCEPSP-rF23mutl.

Recombinant LTBP-1K and LTBP-4K were previously
described (9). Schematic representations of these recombinant
polypeptides are shown in Fig. 1B.

Recombinant human fibulin-2 (27) and human fibulin-5 (28)
were prepared and purified as described previously. The cDNA
encoding human fibulin-4 (29) was cloned into an N-terminal
Hisc-myc-enterokinase-tagged expression vector based on
pCEP-Pu (30) and used to transfect HEK293 EBNA cells. His-
tagged human fibulin-4 was purified using nickel-nitrilotriace-
tic acid-agarose (Qiagen, Valencia, CA) followed by molecular
sieve chromatography on a Superose 12 column (HR16/50)
equilibrated in 2 M urea, 50 mm Tris-HCI, pH 8.0. Schematic
representations of these recombinant proteins are shown in
Fig. 1C.

Antibodies—Antibodies specific for fibrillin-1 (pAb 9543),
fibrillin-2 (pAb 0868), fibulin-4 (pAb 1147), and fibulin-5 (pAb
1151) were previously characterized (5, 28). For this study, we
generated polyclonal antibodies in rabbits using recombinant
LTBP-1C (pAb 8579) and recombinant LTBP-4K (pAb 2101).
New Zealand White rabbits were immunized several times with
100 g of immunogen emulsified in an equal volume of Titer-
Max Gold adjuvant (Sigma) and injected subcutaneously in
several sites. These LTBP antisera demonstrated minimal
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FIGURE 1. Schematic diagrams of the fibrillin-1 recombinant polypeptides (A), LTBP recombinant polypeptides (B), and fibulin recombinant proteins
(C) used in this study. Domain modules contained within each peptide are depicted. In A, EGF3 and Hyb1 are bracketed at the top of the diagram. Exact amino
acid sequences of the mutated peptides (rF23mut1, rF68, rF79, and rF80) are shown in supplemental Table S2.

cross-reactivity with the other recombinant polypeptide in
enzyme-linked immunosorbent assay (supplemental Fig. S1) or
in Western blotting (data not shown). Lack of cross-reactivity
was also indicated by immunofluorescence of tissues (Fig. 4).
Monoclonal anti-fibronectin (monoclonal antibody 84) was
produced and characterized in our laboratory (data not shown).

Surface Plasmon Resonance—Binding analyses were per-
formed using a BIAcoreX instrument (BIAcore AB, Uppsala,
Sweden). Recombinant LTBP-1 (rL1K), LTBP-4 (rL4K), full-
length fibulin-2, -4, or -5 peptides were covalently coupled to
CMS5 sensor chips (research grade) using the amine coupling kit
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following the manufacturer’s instructions (BIAcore AB). Reso-
nance units coupled to the chips were 638 and 1455 resonance
units for rL1K; 630 for rL4K, 3400 for fibulin-2; 2700 for fibu-
lin-4; and 1225 for fibulin-5. Binding responses due to analyte
interaction with the surface coupled ligand were normalized by
subtraction of background binding to uncoupled control flow
cells.

Binding assays were performed at 25°C in 10 mm Hepes
buffer, pH 7.4, containing 0.15 M NaCl, 3 mm EDTA, and
0.005% (v/v) P20 surfactant (HBS-EP buffer, BIAcore AB).
Fibrillin peptides were diluted in HBS-EP buffer and then
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injected at different concentrations and at constant flow rates
over immobilized LTBP peptides. For competition assays, the
fibrillin peptide, rF23 (at a constant concentration of 80 nm),
was preincubated with the competitor LTBP peptide, rL1K, at
concentrations of 50—800 nm for ~1 h prior to injection. To
account for variations of the fibrillin signal due to buffer
changes caused by the addition of different amounts of compet-
itor, we generated a buffer-matched control without competi-
tor in which the maximum response was set in each case as the
100% reference signal. The surface was regenerated with a pulse
of 10 mwm glycine, pH 1.7. Kinetic constants were calculated by
nonlinear fitting (1:1 interaction model with mass transfer) to
the association and dissociation curves according to the manu-
facturer’s instructions (BIAevaluation 3.0 software). Apparent
equilibrium dissociation constants (K,) were then calculated as
the ratio of k/k,.

Cell Cultures—Fibroblasts were derived from explant cul-
tures of neonatal skin obtained from Fbn1 (31) or Fhn2 (24) null
mice. Primary embryonic fibroblasts were established from
embryonic day 18.5 fibulin-2 null (32) and fibulin-4 null*
embryos after digestion of the minced carcasses with trypsin-
EDTA and DNase. Cells were cultured in Dulbecco’s modified
Eagle’s medium (MediaTech, Hendon, VA) supplemented with
10% fetal bovine serum (Atlanta Biologicals, Lawrenceville,
GA) and penicillin/streptomycin (MediaTech).

Immunofluorescence—1 X 10° cells in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum and penicillin-
streptomycin were plated onto 4-well permanox Lab-Tek
chamber slides (Nalge Nunc, Rochester, NY) and were grown
for 4,9, or 13 days. Slides were fixed in cold methanol for 10 min
and incubated in primary antibody for 3 h at room temperature.
All of the primary antibodies were diluted 1:200 in PBS. Sec-
ondary antibodies, Alexa Fluor 488 goat anti-rabbit IgG, or
Alexa Fluor 488 goat anti-mouse IgG (Invitrogen), were diluted
1:1000 in PBS and incubated on the sections for 30 min at room
temperature. Slides were coverslipped with ProLong Gold anti-
fade reagent with 4',6-diamidino-2-phenylindole (Invitrogen).

Tissues were snap frozen in isopentanes and were then
embedded in Tissue-Tek O.C.T. compound (Fisher Scientific,
Pittsburgh, PA). Four-um cryosections were cut using a Leica
CM1850 cryostat. Sections were air dried overnight at room
temperature and were then fixed for 10 min in cold acetone and
incubated in primary antibodies diluted 1:200 in PBS for 3 h at
room temperature in a humidified chamber. After washing in
PBS, sections were incubated for 30 min at room temperature
in Alexa 488 goat anti-rabbit secondary antibody diluted 1:1000
in PBS. The sections were washed thoroughly and coverslipped
using ProLong Gold antifade reagent with 4',6-diamidino-2-
phenylindole. Slides were viewed on a Zeiss AxioVert 200
microscope, and micrographs were recorded digitally using
AxioVision software (version 4.5).

Enzyme-linked Immunosorbent Assay and Western Blot-
ting—Enzyme-linked immunosorbent assays and Western
blotting were performed as previously described (16, 18).

Real-time PCR—Cells were seeded on 6-well plates at 1 X 10°
cells/well and grown for 4 days. Total RNA preparations from

4M. L. Chu, unpublished data.
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mutant and wild type cells were generated by pipetting 1 ml of
TRIzol™ reagent (Invitrogen) onto each well following the
manufacturer’s protocol and subsequent sample purification
using the RNeasy™ kit (Qiagen). RNA samples were quanti-
fied by photospectrometry and 0.5 ug of RNA per sample
was reverse transcribed using the Bio-Rad iScript™ ¢cDNA
synthesis kit. Samples in triplicate were amplified using the
iTaq™ SYBR Green Supermix (Bio-Rad) in an iQ™5 Mul-
ticolor Real-time PCR Detection System (Bio-Rad). Analysis
of data were performed using the 222" method (33) and
quantitated relative to the glyceraldehyde-3-phosphate
dehydrogenase gene. Gene expression was normalized to
wild type cell lines, which provided an arbitrary constant for
comparative fold-expression.

Circular Dichroism Spectroscopy—Recombinant fibrillin-1
polypeptides rF23, rF23mut1, rF68, and rF79 were dialyzed into
10 mm NaPO,, 100 mm sodium fluoride, pH 7.4. Samples were
analyzed in a 0.1-mm cell at 25 °C, with CD measurements
taken from 260 to 190 nm using a Jasco J-500A instrument.
Concentrations were determined by amino acid analysis.

RESULTS

Extracellular Matrix Incorporation of LTBPs Requires
Fibrillin-1—Dermal fibroblasts established from neonatal wild
type, fibrillin-1 (Fbnl) null, and fibrillin-2 (Fbn2) null mice
were examined by immunofluorescence, Western blotting, and
quantitative real-time PCR, to determine the status of LTBPs in
the absence of fibrillin-1. Fibroblasts were tested by immuno-
fluorescence after 4, 9, and 13 days in culture. Wild type extra-
cellular matrix contained fibrillin-1 positive microfibrils (Fig.
2A). Immunofluorescence staining with antibodies specific for
LTBP-1 or LTBP-4 demonstrated matrix incorporation of both
LTBPs in wild type cultures grown for 9 days (Fig. 2, B and C).
Fbn1 null fibroblasts demonstrated no fibrillin-1 staining and
were also negative for fibrillin-2 staining, consistent with low
expression levels of Fhn2 (data not shown). No matrix incorpo-
ration of LTBP-1 or LTBP-4 was found in Fbnl null cultures,
even after 13 days in culture (Fig. 2, E and F). Fbnl null fibro-
blasts did, however, assemble a matrix containing fibronectin
(Fig. 2D). In contrast, Fbn2 null cultures grown for 9 days elab-
orated an extensive fibrillin-1 containing matrix (Fig. 2G), in
which both LTBPs were assembled (Fig. 2, H and I), just like the
wild type cultures. 4-Day cultures yielded similar results, except
that matrix incorporation of LTBP-4 appeared less abundant
(data not shown).

Western blots of Fbnl null cultures demonstrated that
LTBPs were secreted into the medium (Fig. 3A), even though
LTBP proteins were not incorporated into the Fbn1 null extra-
cellular matrix (Fig. 2, E and F). To quantitate the relative levels
of LTBPs in wild type, FbnI null, and Fbn2 null cultures, quan-
titative reverse transcriptase-PCR was performed. Results
showed similar expression levels of LTBP-1 and LTBP-4 in
Fbnl and Fbn2 null cultures (Fig. 3B). Because LTBPs were
easily detected in the Fhn2 null matrix by immunofluorescence,
lack of matrix incorporation of LTBPs in the Fbnl null fibro-
blasts is likely not due to reduced expression levels of LTBPs in
the Fbnl null cells.
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FIGURE 2. Matrix deposition of fibrillin-1, LTBP-1, and LTBP-4 by fibroblast cultures. Immunofluorescence,
using antibodies specific for fibrillin-1 (pAb 9543) (A and G), LTBP-1 (pAb 8579) (B, E, and H), and LTBP-4 (pAb
2101) (C, F,and /), demonstrated incorporation of all three proteins into fibrillar matrices in wild type fibroblasts
(A-C) grown for 9 days. In Fbn1 null fibroblasts (D-F) grown for 13 days, no matrix incorporation of LTBPs was
visible (E and F), even though fibronectin fibrils were present in the Fbn1 null matrix (D). Fbn2 null fibroblasts
(G-1), grown for 9 days, assembile fibrillin-1 positive fibrils (G) as well as LTBP-1 (H) and LTBP-4 (/) positive fibrils.
Bar = 20 um.
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FIGURE 3. A, Western blot analyses of medium proteins from wild type, Fbn1 null, and Fbn2 null fibroblasts.
Equal numbers of cells from the different cell lines were aliquoted into wells in serum-containing medium. The
next day serum-containing medium was replaced with serum-free medium. Serum-free medium was collected
after 2 more days in culture. Total medium proteins were precipitated, applied to 5% SDS-PAGE, transferred to
nitrocellulose, and blotted with antibodies specific for LTBP-1 and LTBP-4. Results show that wild type (wt),
Fbn1 null, and Fbn2 null fibroblasts secrete LTBP-1 and LTBP-4 into the medium. B, quantitative real-time PCR
from Fbn1 null fibroblasts and Fbn2 null fibroblasts compared with wild type littermate fibroblasts. Expression
levels of LTBP-1 and LTBP-4 were comparable in Fbn1 null and Fbn2 null fibroblasts. The experiments were
conducted in triplicate. Average values from these experiments are shown, with error bars. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was quantitated as a control.

16876 JOURNAL OF BIOLOGICAL CHEMISTRY

Early postnatal tissues were also
examined to determine whether
LTBPs are present in matrices
devoid of fibrillin-1. In tissues con-
taining fibrillin-1 (that is, in wild
type as well as in Fhn2 null tissues),
LTBP-4 antibodies stained the
matrix in tissue-specific fibrillar
patterns, similar to fibrillin staining
patterns. LTBP-4 was detected in
fibrillar patterns in the dermis of
wild type and Fbn2 null (Fig. 4A)
mice and in wild type perichon-
drium (Fig. 4B). In Fbnl null skin
(Fig. 4A) and Fbnl null perichon-
drium (Fig. 4B), fibrillin-2 antibody
staining patterns were abundant
and fibrillar, similar to fibrillin-1
staining patterns in wild type tissues
(data not shown). Fibrillin-2 stain-
ing was used to identify fibrillar
bundles of microfibrils in Fbnl null
tissues. Although LTBP-4 antibod-
ies stained a subset of fibrillin
microfibrils, the fibrillar staining
patterns were similar to fibrillin. In
contrast, LTBP-1 was apparent at
the dermal-epidermal junction in
skin, but was not present in dermal
elastic fibers (data not shown), indi-
cating that LTBP-1 is also associ-
ated with a subset of fibrillin micro-
fibrils. LTBP-1 was detected in
fibrillar patterns, similar to fibril-
lin, in the perichondrium and ten-
don (Fig. 4B). We previously used
double immunostaining as well
as immunoelectron microscopy
to demonstrate colocalization of
LTBP-1 and fibrillin-1 in human
perichondrium/tendon (9).

In Fbnl null skin and perichon-
drium, numbers of LTBP-4 positive
fibrils appeared to be significantly
reduced, compared with wild type
tissues (Fig. 4, A and B). Numbers of
LTBP-1 positive fibrils in the peri-
chondrium and tendon seemed
equivalent in both wild type and
Fbn1 null mice (Fig. 4B and data not
shown).

Interrogation of the LTBP-1 Bind-
ing Site in Fibrillin-1—Previous
data indicated that the LTBP bind-
ing site is contained within a region
of fibrillin-1 that is composed of
four domains: EGF2, EGF3, Hybl,
and ¢cbEGF1 (9). To more precisely
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FIGURE 4. Immunofluorescence of tissues from wild type, Fbn1 null, and Fbn2 null mice. A, PO skin showed equivalent patterns of pAb 2101 LTBP-4 positive
fibrils in both wild type and Fbn2 null sections. Fibrillin-2 staining was used to identify positive microfibrillar staining in Fbn1 null skin; characteristic fibrillin
fibrils perpendicular to the dermal-epidermal junction are indicated (arrow), and typical thicker and longer fibrils can be seen in the deeper dermis. LTBP-4
staining patterns in skin were very similar to these fibrillin patterns at the dermal-epidermal junction and in the deeper dermis. In contrast to wild type and Fbn2
null skin sections, many fewer LTBP-4 positive fibrils were seen in Fbn1 null sections. B, LTBP-4 staining was also apparently reduced in sections of perichon-
drium from Fbn1 null compared with wild type mice. Fibrillin-2 staining showed positive fibrils (arrows) in the perichondrium of FbnT null mice. pAb 8579
LTBP-1 staining of perichondrium and tendon in Fbn1 null sections were fibrillar and similar to fibrillin staining patterns. e, epidermis; ¢, cartilage; p, perichon-

drium; m, muscle; t, tendon. Bar, 50 um.

TABLE 1

Kp, values (in nanomolar) of interactions determined by surface plasmon resonance

Analytes, listed in the column on the left, were titrated and flowed over chips coupled with the ligands listed in the top row. One experiment consisted of a set of titrations.
Interactions that were not tested are listed as not determined. “No binding” indicates that all titrations yielded flat responses.

rL1K rL4K Fibulin-2 Fibulin-4 Fibulin-5
rF23 21 + 2 (3) 24 + 5 (4) 160 54+ 6 (5) 23
rF23 BNPS cleaved 213 =10 (3) 72 ND? ND ND
rF38N 65 ND ND ND ND
F68 26 = 16 (5) 44+ 14 (2) 1260 475 258
rF79 23 = 8(2) 70 No binding 67 62
rF80 104 + 40 (7) No binding No binding 150 * 50 (2) 90
rF23mut1 25 + 5 (3) 348 = 221 (2) 1530 430 298
rF31 No binding ND ND No binding No binding
rL1K ND ND No binding No binding No binding
rL4K ND ND ND ND No binding

“ Numbers of experiments that were performed are listed in parentheses.
2 ND, not determined.

define the LTBP binding site, additional recombinant fibrillin-1
polypeptides (Fig. 1) were stably expressed and purified. These
new mutated recombinant polypeptides were constructed
within the domain context of rF23. The contribution of EGF3 to
the LTBP binding site was tested using rF68 (EGF1-2-2) and
rF79 (EGF1-2-1), which substituted either EGF1 or EGF2 for
EGEFS3. In addition, rF23mutl was generated to test whether a
naturally occurring mutation in FBNI (N164S), associated with
dominant ectopia lentis (34), affects LTBP binding. Deletion of
the first hybrid domain was tested using rF80.

K, values for the association of rF23 and of the mutated rF23
polypeptides with LTBP-1 (rL1K bound to the solid substrate)
and with LTBP-4 (rL4K bound to the solid substrate) were
determined using surface plasmon resonance. Equivalent high
affinity binding of rF23 to both LTBP-1 (21 nm) and LTBP-4 (24
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nMm) was found. For rF68, averaged K, values were 26 num for
LTBP-1 and 44 nMm for LTBP-4, indicating that substitution of
EGF3 with EGF2 had no effect on binding to LTBP-1 and
reduced binding somewhat to LTBP-4. Similarly, for rF79,
K, values were determined to be unaffected for LTBP-1 (23
nM), whereas the K, for LTBP-4 (70 nMm) indicated reduced
affinity. N164S in rF23mutl (the mutation associated with
dominant ectopia lentis (34)) did not perturb binding to
LTBP-1, but this mutation substantially reduced binding
to LTBP-4. Deletion of Hybl in rF80 abolished binding to
LTBP-4 and reduced binding 5-fold to LTBP-1. In addition, a
small peptide (rF38N) consisting only of EGF2 and EGF3
demonstrated binding, albeit somewhat reduced, to LTBP-1.
These data are summarized in Table 1, and representative
binding curves are shown in Fig. 5.
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FIGURE 5. BiaCore sensorgrams of titrations of rF23, rF80, and rF23mut1 on LTBP-1- and LTBP-4-coated chips. Each experiment was performed as a
series of titrated analytes in solution, flowed over a chip coupled with ligand. Titrations are indicated above each set of representative binding curves. Values
listed in Table 1 were obtained from experiments similar to the ones shown in this figure. In some cases, titrations were performed multiple times. RU,

resonance units.

To confirm the important contribution of the first hybrid
domain in fibrillin-1 to interactions with LTBPs, rF23 was
cleaved with BNPS (Skatole), which cleaves at tryptophan resi-
dues. Binding of rF23 to LTBP-1 was diminished 10-fold,
whereas binding to LTBP-4 was diminished 3-fold. The only
tryptophan residue present in rF23 is in Hyb1 (see the sequence
in supplemental Table S2). Chemical cleavage of rF23 with this
reagent was not complete (data not shown), so the residual
binding that was detected may be attributed to the uncleaved
rF23 present in the sample used for these studies.

LTBPs and Fibulins Compete for Binding to Fibrillin-1—The
interaction between fibulin-2 and fibrillin-1 was suggested to
be mediated by a region close to Hyb1 (10). Additional studies
implicated Hyb1 and the adjacent cbEGF domains in the bind-
ing of fibulin-2, fibulin-4, and fibulin-5 to fibrillin-1 (11).
Therefore, we tested whether binding to fibulins was affected
by the mutations generated in rF68, rF79, rF80, and rF23mut1.
K, values for these interactions are shown in Table 1.

In contrast to the binding results obtained with the mutated
peptides and LTBP-1, binding of fibrillin-1 to fibulin-2, fibu-
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lin-4, and fibulin-5 was more sensitive to mutations affecting
EGFS3. Substitution of EGF3 with EGF2 (rF68) led to 8 —11-fold
reduced binding of fibrillin-1 to all of these fibulins. Substitu-
tion of EGF3 with EGF1 (rF79) resulted in no binding of fibril-
lin-1 to fibulin-2, no change in binding to fibulin-4, and a 3-fold
reduction in binding to fibulin-5. N164S in rF23mut]1 revealed
an 8 —13-fold reduction in binding to these three fibulins. Dele-
tion of Hyb1 in rF80 resulted in the abolition of fibrillin-1 bind-
ing to fibulin-2, a 3-fold reduction in binding to fibulin-4, and a
4-fold reduction in binding to fibulin-5.

Although the binding sites in fibrillin-1 exhibited exquis-
ite specificities for the LTBPs and fibulins, the interactions
were competitive. Binding of rF23 (80 nwm) to fibulins -2, -4,
and -5 could be inhibited by LTBP-1 (Fig. 6). 50% inhibition
of the fibulin-2/fibrillin-1 interactions was achieved by 800
nM LTBP-1, of the fibulin-4/fibrillin-1 interaction by 710 nm
LTBP-1, and of the fibulin-5/fibrillin-1 interaction by 580 nm
LTBP-1. LTBP-4 could inhibit the fibulin-4/fibrillin-1 and
fibulin-5/fibrillin-1 interaction, although it was around
2-fold less effective than LTBP-1 (data not shown). Inhibi-
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FIGURE 7. Matrix deposition of fibrillin-1, LTBP-1 and LTBP-4 in fibulin-2
and fibulin-4 null cultures. Immunofluorescence, using antibodies specific
for fibrillin-1 (pAb 9543) (A and B), LTBP-1 (pAb 8579) (C and D), and LTBP-4
(pAb 2101) (E-H), demonstrated incorporation of all three proteins into fibril-
lar matrices in both fibulin-2 null (4, C, E, and G) and fibulin-4 null (B, D, F, and
H) cells. Cells were grown for 4 (A-F) and 9 days (G and H). Bar, 20 um.

JUNE 19, 2009+VOLUME 284+NUMBER 25

tion of the fibulin-2/fibrillin-1 interaction by LTBP-4 was
not tested.

Cell cultures established from fibulin-2 null and fibulin-4
null mice were tested by immunofluorescence to determine
whether loss of either of these fibulins affected matrix incorpo-
ration of LTBPs or fibrillin-1. Fibrillin-1 (Fig. 7, A and B),
LTBP-1 (Fig. 7, Cand D), and LTBP-4 (Fig. 7, E-H) were assem-
bled into the matrix by cells lacking either fibulin-2 (Fig. 7, A, C,
E, and G) or fibulin-4 (Fig. 7, B, D, F, and G). LTBP-4 matrix
deposition occurred more slowly than either fibrillin-1 or
LTBP-1 (compare Fig. 7, E and F with G and H) in these cells, as
well as in wild type and Fbn2 null cells (data not shown). Immu-
nofluorescence of tissues from embryonic day 18.5 fibulin-4
null mouse limbs showed no differences in matrix incorpora-
tion of fibrillin-1, fibrillin-2, LTBP-1, or LTBP-4 (data not
shown).

Secondary Structures of the Mutated Fibrillin-1 Recombinant
Polypeptides Were Not Significantly Altered—Mutations gener-
ated in the rF23-like peptides could have affected the LTBP or
fibulin binding sites by altering the conformation of the whole
peptide or of adjacent binding sites. To test this possibility, CD
spectra of rF68, rF79, and rF23mutl were analyzed and com-
pared with rF23 (supplemental Fig. S2). Secondary structures
were not significantly altered by the mutations present in these
polypeptides. Therefore, we conclude that gross conforma-
tional changes in the mutated peptides were not the cause of the
reduced binding affinities that were measured using surface
plasmon resonance.

DISCUSSION

We showed previously that LTBP-1 and LTBP-4 interact
with fibrillin-1 in vitro and that LTBP-1 is associated with fibril-
lin microfibrils in vivo (9). Subsequent studies in Fbnl mutant
mice reported abnormal activation of TGF signaling (21-23).
Therefore, we first investigated whether loss of fibrillin-1
affected matrix deposition of LTBPs, because this might be a
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mechanism responsible for aberrant TGFp signaling. Previous
studies have focused on the domains in LTBP-1 that are
required for matrix deposition (8, 35) and for TGFf activation
(36). However, no previous study has determined matrix
requirements for the incorporation of LTBPs. Here we showed
for the first time that fibrillin-1 is required for matrix deposi-
tion of LTBPs in cultured fibroblasts. A similar requirement for
fibrillin-1 was also found using vascular smooth muscle cells
obtained from FbnI null mouse aorta. These cells also failed to
assemble LTBP-1 and LTBP-4, whereas vascular smooth mus-
cle cell cultures from wild type littermates incorporated fibril-
lin-1, LTBP-1, and LTBP-4 into fibrils.”> Our results are novel
because it was previously thought that matrix deposition of
LTBPs was dependent on fibronectin, based on coimmunolo-
calization studies (8, 37). In our experiments, fibronectin fibrils
were clearly assembled in Fbnl null fibroblast cultures, but
LTBPs were still not incorporated into the matrix.

To test whether lack of matrix incorporation of LTBPs in
Fbnl mutant mice may play a role in the abnormal activation of
TGEP signaling, we immunolocalized LTBPs in tissues from
Fbnl null and Fbn2 null mice. We found that LTBPs are nor-
mally distributed in fibrillar patterns in skin, perichondrium,
and tendon in Fbn2 null mice, in which fibrillin-1 appears to be
normal and similarly distributed. However, in FbnI null mice,
some LTBP-4 was clearly present in fibrillar staining patterns
similar to fibrillin immunolocalization patterns, but in low
magnification fields, LTBP-4 staining was grossly reduced, both
in the skin and perichondrium. It was more difficult to deter-
mine by this method whether LTBP-1 staining was reduced in
Fbnl null tissues, because LTBP-1 appears to be abundant in
the tissues where it is expressed (perichondrium and tendon).
In Fbnl null mice, fibrillin-2 microfibrils are assembled (31)
and are apparently abundant in the early postnatal tissues that
we examined here. Therefore, incorporation of LTBP-4 and
LTBP-1 in the matrix of Fhnl null tissues may be mediated by
fibrillin-2. Further studies are required to determine the role of
fibrillin-2 in mediating matrix incorporation of LTBPs in Fbnl
null mice.

Our interaction studies suggest that the Hybl domain con-
tributes residues to the binding sites for LTBP-1 and LTBP-4.
However, these two binding sites appear to be different,
because deletion of Hyb1l abolishes binding of fibrillin-1 to
LTBP-4, but only reduces binding to LTBP-1. Moreover, all
three mutations in EGF3 affected binding to LTBP-4, but did
not perturb binding to LTBP-1. Because both rF38N and rF80
bind to LTBP-1, albeit with lower affinities, we conclude that
both EGF2/EGF3 and Hybl1 contribute to the LTBP-1 binding
site, but it was not possible, with the mutants that we utilized, to
precisely determine contributions of residues within EGF2/
EGF3 and Hybl to the LTBP-1 binding site. In contrast, we
conclude that the LTBP-4 binding site is primarily contained
within Hyb1, because deletion of Hyb1 in rF80 abolishes bind-
ing. It is possible that the mutations generated in EGF3 may
have perturbed the conformation of the binding site in Hybl.
However, because CD spectra did not indicate substantial con-

> L. Zilberberg and D. B. Rifkin, unpublished data.
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formational changes in rF23mut1, rF68, and rF79, these pertur-
bations must have been subtle and yet sufficient to lower the K,
values of these interactions with LTBP-4. Therefore, it is also
possible that residues in EGF3, as well as residues in Hybl,
contribute to the LTBP-4 binding site in fibrillin-1.

A recent study demonstrated that binding of fibulin-2, fibu-
lin-4, and fibulin-5 to fibrillin-1 requires Hyb1, but that Hyb1 is
not sufficient to mediate these interactions within the context
of the domains flanking Hyb2 (11). Furthermore, results from
this previously published study were interpreted to indicate
that additional synergy sites mediating fibulin binding were
located downstream of cbEGF2 (11). Our results confirm the
importance of Hyb1 to these interactions. However, by probing
the role of EGF3 with our panel of mutants, our results suggest
that residues in EGF3 may also contribute to the binding sites
for these fibulins.

Probing the binding sites in fibrillin-1 for LTBP-1, LTBP-4,
fibulin-2, fibulin-4, and fibulin-5 with our panel of mutated and
deleted polypeptides revealed exquisite specificities, a phrase
that has been used to describe interactions between mono-
clonal antibodies and their specific epitopes. We use this phrase
to indicate that this concept of exquisite specificities may be
applied more broadly to protein-protein interactions. Each of
these five proteins bind to closely related sites, and interactions
between these proteins are competitive. The structure of EGF3/
Hyb1 has not been determined. Identification of the exact inter-
action sites in fibrillin-1 with these five proteins will require
additional structural studies.

In fibulin-2 and fibulin-4 null cell cultures, LTBPs and fibril-
lins were incorporated into fibrillar matrices, and no differ-
ences in immunolocalization of LTBPs or fibrillins were
observed in tissues from fibulin-4 null mice. These data indicate
that individual fibulins are not required for LTBP or fibrillin-1
matrix assembly. However, because fibulins can compete with
LTBPs for binding to fibrillin-1, the function of these fibulins
may be to modulate the sequestration of LTBPs. Together with
regulation of gene expression in tissue-specific spatial and tem-
poral patterns, competitive protein-protein interactions may
also play important roles in certain contexts. These contexts
may vary according to factors that modulate the concentrations
of these proteins.

Fibulin-2 null mice are viable and fertile (32). Fibulin-4 null
mice die during the perinatal period with elastic fiber abnor-
malities in multiple tissues (38). Fibulin-5 null mice are also
viable and fertile, and they also demonstrate elastic fiber abnor-
malities (39, 40). The fates of LTBPs and fibrillins in these mice
have not been reported.

LTBP-2, which has been shown to bind to fibrillin-1 (41), also
interacts with fibulin-5 and has been suggested to function as a
molecular switch that determines on which microfibrils fibu-
lin-5 will be deposited (42). The N-terminal end of LTBP-2 was
found to bind to fibulin-5 (42), and the C-terminal end of
LTBP-2 interacted with fibrillin-1 (41). In our studies, the
C-terminal ends of LTBP-1 and LTBP-4 interacted with fibril-
lin-1, but not to fibulins. The fibrillin-1 binding sites within the
fibulins were not determined. Future additional in vitro and in
vivo studies are required to fully understand the significance of
the interactions between LTBPs, fibulins, and fibrillin-1 for
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microfibril structure, function, and biogenesis. In addition,
future studies will address the importance of these interactions
to TGE signaling.

The FBN1 mutation, N164S in EGF3, identified in a family
with dominant ectopia lentis (34), was modeled in the recom-
binant polypeptide rF23mutl. It is not clear from sequence
analysis why this mutation should cause disease, because serine
residues occur in this position in other EGF domains. In Marfan
syndrome, missense mutations are predicted to cause domain
misfolding or destabilization of the fibrillin-1 molecule. N164S
does not appear to be this type of mutation. However, our stud-
ies show that this mutation substantially reduced binding of
fibrillin-1 to LTBP-4, fibulin-2, fibulin-4, and fibulin-5. Inter-
estingly, the mutation did not affect binding of fibrillin-1 to
LTBP-1. Therefore, it may be that modulation of these interac-
tions is sufficient to cause ectopia lentis. In contrast, mutations
in FBN1 that destabilize the molecule and affect these interac-
tions as well as other interactions, including interactions
between fibrillin-1 and LTBP-1, cause Marfan syndrome. In
other words, modulation of the interaction between fibrillin-1
and LTBP-1 may be required to cause Marfan syndrome. This
hypothesis will be tested in future studies.
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