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Both latent transforming growth factor-f (TGF-f)-binding
proteins fibrillins are components of microfibril networks, and
both interact with members of the TGF- family of growth fac-
tors. Interactions between latent TGF-3-binding protein-1 and
TGF-B and between fibrillin-1 and bone morphogenetic pro-
tein-7 (BMP-7) are mediated by the prodomain of growth factor
complexes. To extend this information, investigations were per-
formed to test whether stable complexes are formed by addi-
tional selected TGF-f family members. Using velocity sedimen-
tation in sucrose gradients as an assay, complex formation was
demonstrated for BMP-7 and growth and differentiation fac-
tor-8 (GDF-8), which are known to exist in prodomain/growth
factor complexes. Comparison of these results with complex
formation by BMP-2, BMP-4 (full-length and shortened
propeptides), BMP-10, and GDF-5 allowed us to conclude that
all, except for BMP-2 and the short BMP-4 propeptides, formed
complexes with their growth factors. Using surface plasmon res-
onance, binding affinities between fibrillin and all propeptides
were determined. Binding studies revealed that the N-terminal
end of fibrillin-1 serves as a universal high affinity docking site
for the propeptides of BMP-2, -4, -7, and -10 and GDF-5, but not
GDEF-8, and located the BMP/GDF binding site within the N-ter-
minal domain in fibrillin-1. Rotary shadowing electron micros-
copy of molecules of BMP-7 complex bound to fibrillin-1 con-
firmed these findings and also showed that prodomain binding
targets the growth factor to fibrillin. Immunolocalization of
BMP-4 demonstrated fibrillar staining limited to certain tissues,
indicating tissue-specific targeting of BMP-4. These data impli-
cate the fibrillin microfibril network in the extracellular control
of BMP signaling and demonstrate differences in how prodo-
mains target their growth factors to the extracellular space.

Several different molecular mechanisms are known to regu-
late transforming growth factor-B (TGF-B)” signaling in the
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extracellular space. First, TGF-Bs are secreted as latent com-
plexes consisting of a processed growth factor dimer in associ-
ation with its propeptides. The propeptide of TGF-f1, called
LAP, for latency-associated peptide, confers latency either by
blocking binding of the receptor to the growth factor domain or
by altering the conformation of the growth factor domain such
that it cannot bind to its receptors (1). Second, covalent inter-
actions between the propeptides and latent TGF-B-binding
proteins (LTBPs) target latent TGF-B complexes to the extra-
cellular matrix (2-3). Third, these large latent TGF-B-LTBP
complexes interact with fibrillin-1 (4) in the extracellular
matrix. These three molecular interactions are required to
properly regulate TGF-f signaling, since mutations in latency-
associated peptide in LTBPs or in fibrillin-1 correlate with dys-
regulated TGF- signaling in humans and mice (5-8).

LTBPs and fibrillins constitute a family of structurally
homologous molecules. These molecules are composed of mul-
tiple calcium binding epidermal growth factor-like modules
interspersed by domains containing eight cysteines (8-Cys
domains) (9). Latency-associated peptide is disulfide-bonded to
a specific 8-Cys domain in LTBP (3, 10), so these domains are
also called TB (TGF-B binding) modules (11). In the human
genome there are 33 8-Cys domains, and these are found only in
LTBPs and fibrillins. Because of these structural similarities, we
hypothesized that any member of the family of TGF-B-related
growth factors may interact with LTBPs or with fibrillins. We
first tested this hypothesis by recombinantly expressing full-
length bone morphogenetic protein-7 (BMP-7) complex and
demonstrating that the BMP-7 prodomain binds to fibrillin and
targets BMP-7 growth factor to fibrillin microfibrils (12).

Fibrillins form structures called microfibrils, which are ubiq-
uitous in the connective tissue space and which can be defined
at the ultrastructural level as small diameter (10 —12 nm) fibrils
that display a hollow or beaded appearance. LTBPs are associ-
ated with fibrillin microfibrils, but they are not required to form
the microfibrils. The fibrillin microfibril network, including
associated LTBPs, forms a physical scaffold to which TGF-3-
related growth factors are targeted. Changes or disruptions in
the microfibril network may affect the appropriate targeting of
growth factors and may subtly or unsubtly perturb signaling
activities of these growth factors. For example, heterozygous

latent TGF-B-binding protein; BMP, bone morphogenetic protein; 8-Cys, 8
cysteine; GDF, growth and differentiation factor; mAb, monoclonal anti-
body; pAb, polyclonal antibody; rF, recombinant fibrillin; TBS, Tris-buffered
saline; pd, prodomain; gfd, growth factor dimer.
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Primer reverse (5'-3")
-catgggatcctcagtgatggtgatggtgatgacgtttttetettttgtggagagga-3’

-catgggatcctcagtgatggtgatggtgatgacgecttggecctee-3'
-catgggatcctcagtgatggtgatggtgatgtcggctaatcctgacatg-3'

5
5
5

Primer forward (5'-3’)
-ggaattccatatgctcgttceggagetggge-3'
-ggaattccatatgagtttgatacctgagacggg-3’
-ggaattccatatgagtttgatacctgagacggg-3’

cDNA source
MG63
MG63
BMP-4 (S1)
MG63

GenBank™
accession no.
NM_001200
M22490
M22490

member
BMP-4 (S2)

BMP-4 (S1)
BMP-10

TGEF-B family
BMP-2

Sequences of 5’- and 3’-primer pairs for PCR amplification of BMP/GDF prodomain and GDF-8 complex cDNAs

The design of the primer pairs was based on available GenBank™ information.

TABLE 1
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-catgggatcctcagtgatggtgatggtgatgeccttctgattcgggcagtg-3'
-catgggatcctcagtgatggtgatggtgatgeccgeegttttegeegetg-3'

-gtcactcgagtcatgagcacccacagcggtctac-3'

-ggaattccatatgagccccatcatgaacctagag-3’

5
5
5
5
5
5

NM_014482

5
5
5

-ggaattccatatggcccctgacttgggeccagagac-3'
-gtcagctagctgatttttaaaatgatgcaaaaactgc-3’

L.M.A.G.E. clone
#40047208

SW1335

NM_000557

NM_010834

GDF-5
GDF-8

Targeting of BMPs to Fibrillin

mutations in FBN1 result in poor assembly of fibrillin microfi-
brils by Marfan fibroblasts and disrupted patterns of fibrillin
microfibrils in skin biopsies from individuals with the Marfan
syndrome (13). Abnormal TGF-B activation has been impli-
cated in the pathogenesis of the Marfan syndrome (6 —7). How-
ever, it remains important to determine how structural alter-
ations affect signaling activities of the growth factors targeted
to the microfibril network. It is also important to identify which
members of the TGF-B superfamily are targeted to tissue-spe-
cific microfibril networks and how the microfibril network
coordinates the signaling activities of multiple different tar-
geted growth factors.

In this study we have extended our previous investigations to
additional TGF-B-related growth factors. We first addressed
whether other TGF-B family members form prodomain/
growth factor complexes similar to TGF-B and BMP-7. For this
purpose, we performed novel in vitro reconstitution experi-
ments using recombinantly expressed growth factor propep-
tides titrated with their commercially available growth factor
dimers. In addition, we tested whether various propeptides
interact with fibrillins, and we identified a universal high affin-
ity binding site present in fibrillins. We also tested whether
growth factors are targeted to fibrillin microfibrils using com-
mercially available antibodies. Based on these investigations, a
general framework of how growth factors of the TGF- 3 super-
family are targeted to fibrillin microfibrils has emerged.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—Expression and purification of the
BMP-7 complex and its separation into the BMP-7 prodomain
and growth factor dimer were performed as described (12).
Construction, transfection, purification, and characterization
of recombinant human fibrillin-1 peptides rF23 (14), rF31 (15),
rF37 (15), rF38 (16), rF45 (17), and rF47 (18) have been
described. Human growth factors (BMP-2, BMP-4, BMP-5,
BMP-6, BMP-7, BMP-10), mouse growth factors (GDF-5,
GDF-8), and the mouse GDF-8 propeptide were purchased
from R&D Systems, Minneapolis, MN. All purchased R&D
products contained 0.1% bovine serum albumin as carrier
protein.

Antibodies—The following antibodies were used: polyclonal
antibody (pAb) 9543 (fibrillin-1) (19), pAb 0868 (fibrillin-2)
(18), monoclonal antibody (mAb) 2 (BMP-7 prodomain) (12),
mADb 6 (BMP-7 growth factor) (12), and commercially available
mAbs specific for BMP-2 growth factor, BMP-2 prodomain,
BMP-4 growth factor, BMP-7 growth factor, GDF-5 growth
factor, GDF-8 growth factor, and His, tag, and polyclonal anti-
GDF-8 prodomain (R&D Systems). pAb anti-BMP-4 prodo-
main was generated in rabbits against bacterially expressed
BMP-4 prodomain, which was purified over a Co®>"-charged
GE Healthcare Hi-Trap column, equilibrated with 50 mm
sodium phosphate buffer, pH 7.2, 8 Murea, and 1 M NaCl (buffer
A), and eluted in a gradient run starting with buffer A contain-
ing 0—100% buffer B (buffer A containing 0.25 m imidazole).

Other Reagents—Escherichia coli BL21 (DE3) and the
pET11a vector were obtained from Stratagene (La Jolla, CA);
DH5a« cells were from Invitrogen. The pCEP-SP (20) and the
AC7/pCEP-Pu (21) vectors have been described.
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FIGURE 1. Coomassie Blue-stained quality control gels of the recombinant BMP/GDF pd and fibrillin
peptides used in this study. A, non-reducing SDS-PAGE (12.5% acrylamide) of BMP-2, BMP-4 (full-length, S7,
and shortened, 52), BMP-7, BMP-10, and GDF-5 pds. B, non-reducing SDS-PAGE of recombinant fibrillin-1 and
fibrillin-2 peptides rF36, rF63, rF85, rF86, rF87, rF92, and rF93 in 5-12.5% acrylamide gels. Growth factor pds,
expressed in bacteria, and fibrillin peptides, expressed in 293 cells, were purified to apparent homogeneity as

described under “Experimental Procedures.”

Human Cell Lines—SW1353 human chondrosarcoma cells
(HTB-94) and MG63 human osteosarcoma osteoblast cells
(CRL-1427) were obtained from American Type Culture Col-
lection (Manassas, VA), and human embryonic kidney cells,
293/EBNA, were from Invitrogen.

Production of BMP/GDF Propeptides—cDNA encoding
human BMP-7 propeptide was amplified by PCR using the
BMP-7-pcDNA3.1(+) vector containing full-length BMP-7
cDNA as a template and master clone (12). The cDNAs from
SW1353 and MG63 cells were generated using the Bio-Rad
iScript™ cDNA synthesis kit, after harvesting total RNA using
TRIzol reagent (Invitrogen). Coding regions for BMP and GDF
prodomains were amplified from these cDNA sources by PCR
with the Platinum™ Pfx DNA polymerase system using appro-
priate 5'- and 3'-primers designed from GenBank™™ informa-
tion (Table 1). The 5’ primers introduced an Ndel restriction
site, whereas a BamHI site and six histidine residues in tandem
followed by a termination signal were added to the downstream
primers. PCR products were cloned into a Ndel/BamHI-di-
gested pET11a vector such that each final construct contained
the entire prodomain-coding sequence starting from the pre-
dicted endogenous signal peptide cleavage site and ending with
the predicted furin cleavage site followed by a C-terminal Hisg
tag and a stop codon. Each vector construct was transformed
into competent cells of E. coli DH5«, and the insert structure
was verified by restriction analysis and DNA sequencing. Each
BMP/GDF propeptide was overexpressed in E. coli BL21 (DE3)
cells and purified using chelating chromatography under the
same conditions as described previously (22), with slight

13876 JOURNAL OF BIOLOGICAL CHEMISTRY

changes in the case of the BMP-10

i GOF-5pd . nd the GDE-5 propeptides. Over-
\Da expressed propeptides of BMP-10
and GDF-5 showed higher solubility
— ig: o and were, therefore, purified out of
the soluble fraction of the E. coli
30- lysate under the same buffer condi-
i tions but with urea concentrations
ok not higher than 2 M instead of 8 m.
15- Purified propeptides are shown in
o Fig. 1A.

Construction and Expression of
Recombinant Fibrillin Subdomains
LS LS and the GDF-8 Complex—To

kDa kDa .
assemble expression vectors for
120- recombinant production of fibril-
90- lin-1 and fibrillin-2 subdomains,
10- & FBN1 or FBN2 clones were PCR-
60- 50- amplified using Platinum™ Pfx
40- 40- == DNA polymerase. To subclone the
30- 30- PCR products, the primers were
25- 25 designed to introduce an additional
204 20 Nhel restriction site at the 5’ end

and either a NotI or Xhol restriction
site at the 3’ end. In addition, the
sequences for six histidine residues
were introduced into the PCR prod-
uct at the 3’ end (with the exception
of rF63, where the 6Xhistidine tag
sequence was placed at the 5’ end) to facilitate purification of
the recombinant peptide using chelating chromatography.
Ligation of the PCR products into the episomal expression vec-
tors pCEP4/2I114 or AC7/pCEP-Pu (21), which contain the
sequence for the BM40/SPARC signal peptide (23), results in
secretion of recombinant peptides with four additional N-ter-
minal amino acid residues (APLA) preceding the authentic
fibrillin sequence. Human embryonic kidney cells, 293/EBNA,
were transfected and selected with hygromycin B or puromycin
(Sigma). These methodologies and protein purification meth-
ods have been described in more detail (20).

Expression vector rF86 was constructed from human FBN2
c¢DNA clones obtained by screening Agtll unamplified pla-
centalibrary (Clontech, Palo Alto, CA) with FBN1-specific PCR
products, as described previously (9). One clone, UP®22-3, was
used to amplify sequences for rF86 by PCR using appropriate
primers (Table 2). For rF87, rF92, and rF93, the rF23 expression
construct (14) was used as a template for PCR. To generate
rF85, two cDNA fragments, rF85A and rF85B, were generated
by PCR using sequence specific primers and a fibrillin-1 full-
length clone, HFBN29 (9), as a template. PCR fragment rF85A
was digested with Nhel/Spnl, rF85B with KpnI/Notl, and a full-
length cDNA clone rF100 with Kpnl/Spnl. All three obtained
fragments were ligated into a pCEP-SP vector that had been
predigested with Nhel/Notl. Purified proteins from these
newly constructed fibrillin recombinant constructs are shown
in Fig. 1B. The expression construct for rF90 was generated as
described earlier for rF11 (14) with the addition of a 6 Xhisti-
dine tag sequence at the 3" end of the sequence coding for rF11.
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TABLE 2

Sequences of 5’- and 3’-primer pairs for PCR amplification of cDNAs coding for fibrillin-1 and fibrillin-2 subdomains

Primer reverse (5'-3’)

Primer forward (5'-3’) Name

Name

Fibrillin
fragment

MAY 16, 2008+VOLUME 283+NUMBER 20

-atagtttagcggccgectagtgatggtgatggtgatgtatacaatcteccatttgecatecctge-3’

-gactcgagtcagtgatggtgatggtgatgtatgcatctggtaccatctgg-3’
-gtcactcgagactagtgatggtgatggtgatgttcacactggggtccag-3'

-agtttagcggccgctagtgatggtgatggtgatgagtgttactgecatgtgeccag-3’
-ggtttgtccaaactcatcaatg-3’

-tgaaaatccaggttttgcttcactgagecggeccgegtecgacgggeccatag-3'

-ctctcgagttaatggtgatggtgatggtgtgectceccattggtcatgaatce-3'
-gcaagttccaaagacaca-3’

5
5
5
5
5
5
5

FBN1-4383AS 5

rF85SA

rF36-AS
DR70

rF87 AS
rF92 (2)
rF93 (2)

-taatgctagcacaccatcaccatcaccatggagacaatcgggaagggta-3' rF100AS

-cgtagctagcagatatcaatgagtgcaagatg-3’

-ctgctagcagatttgcgaatgagctactgttatg-3'
-ggacagtgtcccatcccaa-3’

-gctagctagcccagectcagectectee-3’

-gggcctggatcttetttetec-'3
-gtcagctagcggacgccaatttgg-3’

5
5
5
5
5
5
5

rF36-S

rF63-S

rF82-S
FBN1-5200S 5
FBN2-84S
pCEP-5'

rF92 (1)

rF93 (1)

rF36
rF63
rF85A
rF85B
rF86
rF87
rF92
rF93

-gtcagctagctattgtccccatttgeecgg-3’

Targeting of BMPs to Fibrillin

For the expression of GDF-8 complex, a cDNA fragment
coding for full-length mouse GDF-8 was generated by PCR
using specific primers (Table 1) and a cDNA clone (#40047208)
purchased from the .LM.A.G.E consortium as a template. The
amplified fragment was digested with Nhel/Xhol and ligated
into a pCEP-Pu vector. The resulting construct was transfected
into 293/EBNA cells for protein expression.

Rotary Shadowing and Electron Microscopy—Purified
BMP-7 complex (100 ng/ml) was dialyzed together with rF90
(160, 340, and 680 wg/ml) in 0.2 M NH,HCO, with or without 2
mM CaCl,. These amounts were equivalent to molar ratios from
1:1 to 1:4 of BMP-7 complex to rF90. The presence of CaCl, did
not result in any noticeable difference. Each sample was diluted
to 70% glycerol, then sprayed onto freshly cleaved mica and
rotary-shadowed with Pt-C using a Balzers BAE 250 vacuum
evaporator. Photomicrographs were taken using a Philips
EM410 transmission electron microscope operated at 80 kV.

Velocity Sedimentation—Recombinant propeptides and
growth factor dimers were mixed at molar ratios mentioned
under “Results” and dialyzed against TBS or TBS containing 1 M
urea. Because the GDF-8 and GDF-5 prodomain (pd) were
more soluble than the BMP pd, experiments with GDF pd were
conducted in TBS without urea. Aliquots (200 wl) were then
pipetted onto the top of a 5-20% (w/v) sucrose gradient (3.6 ml
total volume), buffered with TBS, and formed in Polyallomer
tubes (11 X3X60 mm; Beckman, Fullerton, CA). Ultracentrifu-
gation experiments were performed for 22 h 15 min at 42,000
rpm (w’t: 1.55 - 10'?) at 4 °C in a Beckman L8-M ultracentrifuge
using a Beckman SW 60Ti rotor. After a small hole was pricked
with a pin in the bottom of the tubes, 8-drop fractions were
collected. Fractions were trichloroacetic acid-precipitated, sep-
arated by non-reducing SDS-PAGE containing 12.5% (w/v)
acrylamide, and analyzed by Western blot analysis. Protein
loading was checked by Ponceau stain. Nitrocellulose mem-
branes were developed with either SuperSignal™ (Pierce) or
the Opti 4-CN"™ substrate kit (Bio-Rad) according to the man-
ufacturer’s instructions. In some cases membranes were rede-
veloped after stripping with Restore Western blot Stripping
Buffer (Pierce) and additional first and secondary antibody
incubations.

Surface Plasmon Resonance—Binding analyses were per-
formed using a BIAcoreX (BIAcore AB, Uppsala, Sweden).
Propeptides of BMP-2, -4, -7, and -10 and GDF-5 and -8 (500
response units of each molecule) were covalently coupled to
CMS5 sensor chips (research grade) using the amine coupling kit
following the manufacturer’s instructions (BIAcore AB). Bind-
ing responses due to analyte interaction with the surface cou-
pled ligand were normalized by subtraction of background
binding to control flow cells. Binding assays were performed at
25 °C in 10 mm Hepes buffer, pH 7.4, containing 0.15 m NaCl,
3 mMm EDTA, and 0.005% (v/v) P20 surfactant (HBS-EP buffer,
BIAcore AB). Fibrillin peptides were diluted in HBS-EP buffer
and then injected at several concentrations and different flow
rates over immobilized BMP propeptides. For competition
assays, rF23 was preincubated at a constant concentration of 20
nM with the competitor BMP propeptide at concentrations of
400-5 nm before injection. To account for variations of the rF23
signal due to buffer changes caused by the addition of different
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FIGURE 2. Velocity sedimentation analyses of BMP-7 complex formation. The ability of BMP-7 pd (expressed in bacteria) and separated BMP-7 gfd
(expressed as a complex in 293 cells and separated as described (12)) to form a complex was tested using velocity sedimentation through sucrose gradients.
A, control reference runs of separated BMP-7 pd (top left panel) and separated BMP-7 gfd (top right panel) show a peak around fraction 23 (immunoblotted with
anti-BMP-7 pd antibody) and one around fractions 19-20 (immunoblotted with anti-BMP-7 gfd antibody). The control reference run for the BMP-7 complex
(expressed in 293 cells) shows a peak around fraction 14 when detected with an anti-BMP-7 pd antibody (lower left panel) or with an anti-BMP-7 gfd
antibody, indicating that BMP-7 pd and gfd migrate together as a complex through the gradient. B, BMP-7 complex formation after incubation of BMP-7
pd (expressed in bacteria) with separated BMP-7 gfd at a molar ratio of 2:1 (BMP-7 pd:BMP-7 gfd) was demonstrated by immunoblotting of fractions after
velocity sedimentation using an anti-BMP-7 pd antibody (upper left panel) and an anti-BMP-7 gfd antibody (upper right panel). The BMP-7 pd and gfd
signals were found in a similar position in the gradient as the native BMP-7 complex in the reference run (A), indicating the ability of the BMP-7 pd
expressed in bacteria to form a complex with the BMP-7 gfd. The direction of sedimentation through the sucrose gradient is indicated under the fraction
numbers (lower right panel).

1:200. For coimmunolocalization, P3 limbs were sectioned and
stained simultaneously with BMP-4 mAb and fibrillin-1 or
fibrillin-2 pAb, detected with anti-mouse Alexa 488 and anti-
rabbit Alex 568 (Invitrogen), and coverslipped with Prolong

amounts of competitor, we generated for each competition sen-
sorgram a buffer-matched control without competitor, and the
maximum response was set in each case as the 100% reference
signal. The surface was regenerated with a pulse of 10 mm gly-

cine, pH 1.7. Kinetic constants were calculated by nonlinear
fitting (1:1 interaction model with mass transfer) to the associ-
ation and dissociation curves according to the manufacturer’s
instructions (BIAevaluation 3.0 software). Apparent equilib-
rium dissociation constants (K, values) were then calculated as
the ratio of k/k,,.

Immunofluorescence Microscopy—Wild type mouse tissues
were examined by immunofluorescence microscopy. C57Bl/6
pups were sacrificed at P1-P5, and limbs were sectioned and
stained according to routine protocols (18). BMP-4 (mAb 751)
and BMP-7 (mAb 3541) antibodies from R&D were diluted 1:50
in phosphate-buffered saline; pAb 9543 and 0868 were diluted

13878 JOURNAL OF BIOLOGICAL CHEMISTRY

Gold antifade mounting medium with 4',6-diamidino-2-phen-
ylindole (Invitrogen). Micrographs were taken using a Zeiss
Axiovert microscope equipped with Axiovision software.

RESULTS

Velocity Sedimentation Assay for BMP-7 Complex Forma-
tion—The BMP-7 complex consists of a mature growth factor
dimer (gfd) and a pd (12). Velocity sedimentation was per-
formed to analyze the migration of BMP-7 gfd, pd, and complex
through sucrose gradients. Each sample was loaded onto a
5-20% sucrose gradient and subjected to ultracentrifugation.
The entire gradient was collected in fractions beginning from
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FIGURE 3. Complex formation by GDF-8 and the GDF-5 pds and gfds. A, the control reference run for the GDF-8 complex (expressed in 293 cells)
shows peak signalsin fractions 12-14 when detected with anti-GDF-8 pd (left upper panel) or with anti-GDF-8 gfd (right upper panel), showing that GDF-8
pd and gfd migrate together as a complex through the gradient. GDF-8 pd alone sedimented in fractions 19-22 (left middle panel). The GDF-8 pd was
detected using an antibody specific for the 6 X histidine tag. After incubation with GDF-8 gfd (pd:gfd ratio was 2:1), the GDF-8 pd shifted farther down
inthe gradient to fractions 10-15 (left lower panel). Immunoblotting with anti-GDF-8 gfd showed that the GDF-8 gfd co-migrated with the pd, indicating
the formation of a complex similar to the BMP-7 complex (right lower panel). The reference run of the GDF-8 gfd alone showed peak signals in fractions
5-9 trailing past fraction 18 (right middle panel), demonstrating that in the absence of its cognate pd the gfd forms higher molecular weight aggregates
of variable sizes. B, GDF-5 pd alone sedimented in fractions 19-23 (left upper panel), detected with anti-histidine. Sedimentation profiles of the GDF-8
and GDF-5 pds were similar to the BMP-7 pd. GDF-5 gfd alone sedimented in fractions 17-22 (right upper panel). Incubation of GDF-5 gfd with GDF-5 pd
(pd:gfd ratio of 2:1) resulted in signals for the GDF-5 pd in fractions 10-23 (arrow, left lower panel). Detection with anti-GDF-5 gfd showed signals in

fractions 10-20 (asterisk, left lower panel).

the bottom to the top of the tube. Each fraction was trichloro-
acetic acid-precipitated and analyzed by non-reducing SDS-
PAGE followed by immunoblotting using monoclonal antibod-
ies specific for the BMP-7 gfd (mAb6) and pd (mAb2). Control
reference runs of the 293-expressed and separated components
showed that peak signals for the BMP-7 gfd and pd (M, for each
component is ~31) appeared in fraction numbers 1821 (gfd:
Fig. 2A, right upper panel) and 21-24 (pd: Fig. 24, left upper
panel). In contrast, the control reference run of the BMP-7
complex (M, ~ 94.6) showed antibody signals for both BMP-7
components in the middle of the gradient (peak fractions
12-18, Fig. 2A, lower panels), demonstrating migration of the
pd and gfd through the gradient together as a higher molecular
weight complex. Trailing of the peak signals for the pd and the
gfd in the complex reference runs (signals in fractions 17-20)
were not present in reference runs without urea (data not
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shown), indicating that 1 M urea causes a slight complex disso-
ciation. Bands at around 6070 kDa in the reference run of the
complex represent minor amounts of unprocessed full-length
BMP-7 species, which represent up to 5% of the expressed
recombinant BMP-7 (12).

To test whether the BMP-7 complex can be reconstituted
from the individual components, BMP-7 gfd was incubated
with BMP-7 pd, expressed in E. coli, in TBS containing 1 M urea
overnight. The addition of 1 M urea was necessary because of
the low solubility of the propeptide. To determine whether
BMP-7 complex formation occurred, velocity sedimentation
was performed. A reference run with E. coli-expressed BMP-7
pd showed peak signals in fractions 19-22 (Fig. 2B, lower left
panel), sedimenting somewhat faster than 293-expressed and
separated pd. Incubated together in a molar ratio of 2:1 BMP-7
pd:BMP-7 gfd, the sample showed a shift of the BMP-7 pd sig-
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FIGURE 4. Complex formation by BMP-4 and BMP-2 pds and gfds. A, BMP-2 pd alone sedimented in fractions 21-24 (left upper panel); BMP-4 pd alone
sedimented in fractions 21-23 (left lower panel). Reference runs for the gfds showed peak signals in fractions 19-23 for BMP-2 gfd (right upper panel) and in
fractions 17-22 for BMP-4 gfd (right lower panel). B, after incubation of BMP-4 gfd and pd at various molar ratios of BMP-4 pd:BMP-4 gfd (1:1, 2:1, and 4:1), the
BMP-4 pd sedimented farther down in the sucrose gradient, indicating the formation of a BMP-4 complex. In contrast, at a 2:1 molar ratio of BMP-2 pd:BMP-2
gfd, BMP-2 pd signals were found in fractions 17-23, suggesting only very weak complex formation. C, the sequence of the C-terminal end of the BMP-4
prodomain is shown with cleavage sites boxed and marked as S1 or S2. When the pd ending with the S2 sequence (RISR) was incubated with BMP-4 gfd and
tested by velocity sedimentation, the BMP-4 pd signal was found in fractions 22-24, similar to the sedimentation of the BMP-4 pd reference run (A, right lower

panel) except that the peak fractions were slightly retarded.

nal to the middle of the gradient (peak fractions 1216, Fig. 2B,
upper left panel). The BMP-7 gfd signal shifted along with
the BMP-7 pd signal, indicating that complex formation with
the pd had occurred (Fig. 2B, right panel). Moreover, since the
experimentally constituted BMP-7 complex migrated through
the sucrose gradient in a manner very similar to the genuine
native BMP-7 complex (compare Fig. 24, lower panels, with Fig.
2B), these data suggest that the BMP-7 complex can be properly
constituted from its individual components.
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Velocity Sedimentation Assays for Complex Formation between
pds and gfds of Other Members of the TGF-B Superfamily—To
extend our results for BMP-7 complex formation, we compared
recombinant GDF-8 complex expressed in 293 cells with complex
formed in vitro from separately expressed components. A refer-
ence run for the GDF-8 complex, expressed in 293 cells, showed
peak signals for both the GDF-8 pd and gfd in fractions 12—14 (pd:
Fig. 34, left upper panel; gfd: Fig. 3A, right upper panel), demon-
strating that both the pd and gfd migrate together in a complex and
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FIGURE 5. Formation of heterologous complexes between pds and gfds. Although BMP gfds within the BMP-2/BMP-4 and the BMP-5/-6/-7 subgroup share
a high sequence similarity of 71-86% (similarity of pds within the subgroups: 54 -69%), heterologous complexes consisting of a BMP-6 or BMP-5 gfd and a
BMP-7 pd could not be formed (upper panels). The BMP-7 pd signals showed some trailing farther down in the gradient, but no quantitative shift was induced
from its reference peak fractions (fractions 19-22). Similar trailing was found in attempts to assemble BMP-2/BMP-4 heterologous complexes (middle panels),
without substantial shifts farther down in the gradient from the reference peak signals in fractions 21-23. Combination of BMP-7 pd with BMP-2 gfd also failed

to result in a shift of the pd farther down in the gradient (lower panel).

that the GDF-8 complex and the BMP-7 complex (Fig. 24, lower
panels) sediment similarly.

When sedimented by itself, the GDF-8 pd was detected pri-
marily in fractions 19-22 (Fig. 3A, left middle panel), whereas
incubation with the GDF-8 gfd resulted in a shift of the pd
toward earlier fractions, fractions 10-15 (Fig. 34, left lower
panel). Using the same stripped blot, reprobing with anti-
GDEF-8 gfd demonstrated signals in the same fractions only,
indicating quantitative complex formation of the GDF-8 gfd
with its pd (Fig. 3A, right lower panel) and suggesting that the
GDF-8 complex can be properly constituted from its separate
components.

To test whether other members of the TGF-f superfamily
can form complexes similar to the BMP-7 complex and GDF-8
complex, we incubated purchased BMP-2, BMP-4, BMP-10,
and GDF-5 gfd together with their recombinantly expressed pd
in a ratio of 2:1 (pd:gfd) and analyzed the samples after velocity
sedimentation through sucrose gradients by SDS-PAGE and
Western blotting of each fraction.

Analyses of GDF-5 complex formation showed a broad
GDF-5 pd distribution in fractions 10-23 (Fig. 3B, arrow, left
lower panel) after incubation with GDF-5 gfd. These fractions
represented a significant shift farther down in the gradient from
the reference run of uncomplexed GDF-5 pd alone (fractions
19-23) (Fig. 3B, left upper panel). GDE-5 gfd signals were also
present in fractions 10-20 (Fig. 3B, asterisk, left lower panel),
whereas uncomplexed GDF-5 gfd sedimented in fractions
16 -22 (Fig. 3B, right upper panel). Comparison of these results
with the reference runs for BMP-7 complex (fractions 12—-18)
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and GDF-8 complex (fractions 12—14) and with complex for-
mation by GDF-8 (fractions 10-15) suggests that GDF-5 in
fractions 10 —14 represents fully assembled complex. GDF-5 in
fractions 15—-18 may represent a partial complex of only one pd
molecule in association with the gfd, and this partial complex
was in equilibrium with uncomplexed pd and gfd present in the
remaining fractions. Results similar to these with GDF-5 com-
ponents were obtained with BMP-10 pd and gfd (data not
shown).

When BMP-2 pd and gfd were tested, complex formation
was poor. Using a 2:1 molar ratio of pd:gfd, BMP-2 pd signals
appeared in fractions 17-23 (Fig. 4B, left upper panel) com-
pared with signals in fractions 21-24 for the BMP-2 pd refer-
ence run (Fig. 4A, left upper panel). The reference control sig-
nals for the BMP-2 gfd appeared in fractions 19-23 (Fig. 44,
right upper panel). These results were consistent with only a
weak interaction between the BMP-2 pd and gfd.

Using a 2:1 molar ratio of BMP-4 pd:BMP-4 gfd, the BMP-4
pd shifted from fractions 21-23 (BMP-4 pd reference run, Fig.
4A, left lower panel) to fractions 1419, seven fractions farther
down in the gradient (Fig. 4B, molar ratio 2:1). Comparison of
these results with the BMP-7 reference run (fractions 12—18)
indicated that the BMP-4 pd and gfd had formed a complex. To
further explore this complex formation, titration experiments
varying the pd:gfd ratio from 1:1 to 4:1 were performed. With
lower than stoichiometric amounts of pd, signals were found in
fractions 1619 (Fig. 4B, molar ratio 1:1), suggesting that spe-
cies found in these fractions represented primarily one pd asso-
ciated with one gfd. With higher than stoichiometric amounts
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of pd, only faint signals appeared in
fractions 13 and 14, slightly farther
down in the gradient (Fig. 4B, molar
ratio 4:1), indicating that excess
prodomain could not further influ-
ence complex formation.

BMP-4 has a second cleavage site
(S2) upstream of the consensus
furin motif (S1) (these sites are
marked in the sequence shown in
Fig. 4C). The shorter form of the
BMP-4 pd, ending at the S2 site, was
expressed recombinantly in bacte-
ria, purified, and incubated with the
BMP-4 gfd at molar ratios of 2:1 and
4:1 of pd:gfd. Velocity sedimenta-
tion assays showed that, even with
excess pd (4:1), no shift of the pd sig-
nal could be induced, suggesting
that the sequence between the two
cleavage sites is essential for the for-
mation of a complex. Sedimentation
of the short BMP-4 pd appeared in
fractions 22-24 (Fig. 4C), similar to
the BMP-4 pd reference run (Fig.
4A, left lower panel). Consistent
with the smaller size of the BMP-4
pd shortened at the S2 site, the peak
was in fraction 22-24, slightly
retarded in comparison with the ref-
erence run where the peak was in
fractions 21-23.

Assays for Heterologous Complex
Formation—To test whether com-
plex formation between pds and
gfds is specific or whether pds and
gfds exhibit promiscuous interac-
tions, velocity sedimentation assays
were performed in which heterolo-
gous complex formation within the
same subgroup of BMPs was tested.
The BMP-5 or BMP-6 gfd was com-
bined with the BMP-7 pd (Fig. 5,
upper panels), the BMP-2 gfd with
the BMP-4 pd (Fig. 5, right lower
panel), and the BMP-4 gfd with the
BMP-2 pd (Fig. 5, left middle panel).
These attempts to form heterolo-
gous complexes between members
of the same BMP subgroup were
unsuccessful, indicating that spe-
cific interactions occur between pds
and gfds.

Although sequence similarities
between members belonging to dif-
ferent BMP subgroups are low (51—
57% for gfds and 19-27% for pd
sequences), it has been speculated
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TABLE 3

Dissociation constants (K,) determined by fitting surface plasmon
resonance curves obtained for the interaction of different fibrillin
peptides (Fig. 6A) and various BMP/GDF propeptides (BMP/GDF
propeptides were used as ligands immobilized on CM5 chips and
fibrillin peptides were used as analytes in solution)

NB, no binding; ND, not determined. Kinetic constants were calculated by nonlin-
ear fitting (1:1 interaction model with mass transfer) to the association and dissoci-
ation curves. Immobilized ligands are listed across the top of the table; analytes are
listed in the rows.

BMP-2 BMP-4 BMP-7 BMP-10 GDF-5
nm
rF23 7 34 10 33 20
rF45 50 190 NB 65 312
rF85 NB NB NB NB NB
rF36 NB NB NB NB NB
rF63 21-10° 3-10° NB 30 NB
rF86 8 25 15 13 24
rF37 NB NB NB NB NB
rF47 150 20-10° NB nd nd
TABLE 4

Inhibition constants (l,) for competition of different propeptides
against each other for the rF23 binding site

BMP/GDF propeptides were immobilized as ligands on CM5 chips The fibrillin-1
peptide rF23 at 20 nm was injected in the presence of varying concentrations (400 —
100 to 0 nm) of competitor propeptides. The inhibition constants were determined
by graphing the decrease in percentage of the rF23 signal at 20 nm without compet-
itor (100%). Immobilized ligands are listed across the top of the table; competitors
are listed in the rows.

BMP-2 BMP-4 BMP-7 BMP-10 GDF-5
nm
BMP-4 1.5-10° 1.7-10° 2.7-10° 5.3-10°
BMP-7 215 69 420 680
BMP-10 130 750 120 94

that BMP-2/BMP-6 heterodimers may exist i vivo (24). There-
fore, formation of heterologous complexes between subgroups
was also tested. When BMP-7 pd was combined with BMP-2
gfd, complex formation did not occur (Fig. 5, lower left panel).

Interactions between Growth Factor Propeptides and Fib-
rillin—Recombinant BMP and GDF propeptides were tested
for binding to recombinant fibrillin polypeptides (Figs. 1A and
6A) using surface plasmon resonance technology (Table 3 and
Fig. 6B). The propeptides of BMP-2, -4, -7, and -10 and GDF-5
interacted with high affinities (K, = 5-10 nm) with rF23, a
fibrillin-1 peptide composed of the N terminus followed by the
subsequent 9 domains. In contrast, binding of the GDEF-8
propeptide to rF23 was negative (data not shown). To test
whether these propeptides also interact with fibrillin-2, a
recombinant peptide, rF86, was constructed to resemble rF23.
This fibrillin-2 peptide also interacted with the propeptides
with comparable high affinities. In contrast, a fibrillin-2 pep-
tide, rF37, which begins with the first epidermal growth factor
(EGF)-like domain and ends with the 10th calcium binding
EGF-like domain, failed to bind to all tested BMP/GDF propep-
tides, indicating that the major BMP/GDF propeptide binding
site in fibrillin-2 is localized within the first two N-terminal
domains.

The BMP-2, -4, -10, and GDF-5 propeptides also interacted
with strong to moderate affinities (K, = 50 —300 nm) for rF45,

Targeting of BMPs to Fibrillin

which begins with the fourth epidermal growth factor-like
domain and ends with the third 8-cysteine domain. A similar
fibrillin-2 peptide rF47 also displayed weak to moderate bind-
ing (150 nM-20 um) to BMP-2 and BMP-4 propeptides. Rather
weak to strong affinities (K, = 21 um—30 nm) of BMP-2, -4, and
-10 propeptides were found for rF63, a peptide that represents
the C-terminal end of fibrillin-1. A comparable fibrillin-2 pep-
tide was not available for testing.

Competition of BMP-2, -4, -7, -10, and GDF-5 Propeptides for
the Same Site on rF23—Competition studies were performed by
preincubating rF23 (concentration of rF23 was kept constant at
20 nM) with increasing amounts of competitor propeptide
(0—-100 nm or 0400 nm) followed by injection of the mixture
onto a Biacore CM5 chip immobilized with the selected ligand
propeptide (Table 4 and Fig. 7). All propeptides competed with
inhibition constants ranging from 69 nm to 5.3 X 10°nm (I5,),
suggesting that all propeptides bind to a common site in rF23.

Localization of the High Affinity Binding Site for the BMP/
GDF Propeptides within the Fibrillin-1 N Terminus—To fur-
ther define the binding site of the BMP/GDF propeptides in
rF23, immobilized BMP-7 propeptide was tested with recom-
binant fibrillin-1 peptides that represent subregions of rF23
(Fig. 84). Recombinant fibrillin-1 peptides rF38, rF31, and rF93
failed to bind to BMP-7, whereas rF87 and rF92 interacted with
dissociation constants of 16 —20 nm (Table 5 and Fig. 8B8) com-
parable with Ks obtained with rF23. These results indicated
that the universal propeptide binding site may reside in the very
N-terminal region of fibrillin-1.

As a second approach to localizing the binding site, BMP-7
complex was incubated with the N-terminal half of fibrillin-1
and visualized by electron microscopy after rotary shadowing
(Fig. 9A4). The globular BMP-7 complex appeared to interact at
one end of the extended wiggly fibrillin molecule. Length meas-
urements of rF90 molecules (shown in Fig. 9B) peaked at 90 nm,
whereas the lengths of rF90 mixed with the BMP-7 complex
peaked at 100 -105 nm (Fig. 9D). Because the circumference of
the BMP-7 complex (Fig. 9C) was determined to be 46 nm (12),
the diameter of the complex is ~15 nm. Therefore, the peak
lengths of the rF90 molecules, with attached BMP-7 complex,
suggested that the BMP-7 complex binds to the very end of the
fibrillin-1 N terminus and is not bound within the first 15 nm of
the N-terminal end. These data supported and extended the
binding data shown in Fig. 8. Moreover, these results demon-
strated that the BMP-7 pd, in association with its gfd, binds to
fibrillin-1.

Immunolocalization of BMPs in Mouse Tissues—We previ-
ously showed co-localization of BMP-7 pd and BMP-7 gfd with
fibrillin-1 in human fetal skin and kidney using specific mAbs
we generated (12). To test whether other BMP or GDF gfds are
targeted to specific tissues, we used commercially available
antibodies specific for BMP-2, BMP-4, BMP-7, GDF-5, and
GDF-8 gfds and performed immunofluorescence microscopy
on wild type mouse tissues. Commercial mAbs specific for

FIGURE 6. Surface plasmon resonance interaction experiments with immobilized BMP/GDF propeptides and fibrillin peptides in solution. A, schematic
drawings represent the recombinant fibrillin polypeptides used as ligands. B, sensorgrams show binding of rF23 or rF86 at various concentrations to propep-
tides of BMP-2, -4, -7, -10, and GDF-5 (immobilized on CM5 chip). Numbers assigned to curves refer to the specified rF23 or rF86 concentrations. cb, calcium

binding.
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FIGURE 7. Competition of BMP/GDF propeptides for rF23. Immobilized BMP/GDF propeptides were injected with 20 nm rF23 in the presence of increasing
concentrations of different inhibitor propeptides. The signal in resonance units (RU) obtained for rF23 at 20 nm without competitor was set as 100%. The decrease of
the 100% rF23 signal was graphed against the inhibitor concentrations to determine the inhibition constant for each competition reaction (Table 4). To account for
variations of the rF23 signal due to buffer changes caused by the addition of different amounts of competitor, we generated for each competition sensorgram a
buffer-matched control without competitor, which was set in each case as the 100% reference signal.

Fibrillin-1

BMP-7 and for BMP-4 stained tis-
sues in a fibrillar pattern. Results
with the R&D Systems mADb specific
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for BMP-7 (data not shown) were

consistent with staining patterns
obtained with our mAb 6, which we
characterized previously (12). How-
ever, available antibodies specific
for BMP-2, GDF-5, and GDF-8 were

negative on the tissues (early post-
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dle), fibrillin-2 (Fig. 10C, middle),
and BMP-4 (Fig. 10A-C, left panels)
are shown in sections of blood ves-
sel (Fig. 104) and dermis (Fig. 10,
B and C). Sections were treated
simultaneously with BMP-4 mAb
and fibrillin-1 or fibrillin-2 pAb.
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FIGURE 8. Localization of the BMP/GDF propeptide binding site within the N-terminal end of fibril-
lin-1. A, schematic drawings represent the recombinant fibrillin-1 subdomains of rF23 used in these
experiments. B, surface plasmon resonance sensorgrams demonstrate binding of rF92 to immobilized

BMP-7 pd. cb, calcium binding; RU, resonance units.
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cate areas where BMP-4 appeared
to be fibrillar, but fibrillin-2 local-
ization to these areas was minimal.
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It is possible that these structures represent fibrils that were
composed more of fibrillin-1 than fibrillin-2. In addition,
BMP-4 staining was found in peripheral nerves and appeared
to be absent in the skeletal muscle and perichondrium (data
not shown).

DISCUSSION

In this study we investigated whether BMP-2, -4, and -10 and
GDF-5 and -8 can form complexes consisting of propeptides
and processed growth factors and whether propeptides of these
TGE-B family members can interact with fibrillin. We investi-
gated complex formation by testing migration of propeptides
alone or in the presence of growth factors through sucrose gra-
dients. These velocity sedimentation experiments allowed us to
demonstrate complex formation between the pd and gfd of
BMP-7 and GDEF-8 because migration of the reconstituted
complexes in the sucrose gradient was the same as the migra-
tion of native BMP-7 or GDF-8 complexes.

TABLE 5

Dissociation constants (K, in nv) for the BMP-7 propeptide
interaction with fibrillin-1 peptides spanning the N-terminal end of
fibrillin-1

BMP-7 propeptide was used as immobilized ligand, and fibrillin peptides were used
as analytes in solution. NB, no binding. Kinetic constants were calculated by non-
linear fitting (1:1 interaction model with mass transfer) to the association and dis-
sociation curves. Fig. 84 shows a schematic representation of the fibrillin peptides.

BMP-7
rF87 16
rF92 20
rF93 NB
rF38 NB
rF31 NB

Targeting of BMPs to Fibrillin

Previously, we showed that the BMP-7 complex can be sep-
arated into its components, the BMP-7 gfd and the BMP-7 pd,
using harsh denaturing conditions (8 m urea plus 20 mm octyl-
glucoside) (12). Results presented in this manuscript now dem-
onstrate that the dissociation of the BMP-7 complex is a revers-
ible process. Because bacterially expressed BMP-7 pd was used,
the results also show that the absence of carbohydrate chains
had no influence on assembly of the complex. In addition,
velocity sedimentation of the bacterially expressed BMP-7 pd
and the pds of the other growth factors examined in this study
clearly demonstrated a single peak in the gradient, indicating
that the bacterially expressed pds are soluble and not aggre-
gated into a variety of species that would spread throughout the
gradient.

Our results with GDF-8 are consistent with previously pub-
lished reports showing that GDF-8 forms a noncovalently asso-
ciated complex with its pd in vivo (25) and that the GDF-8
complex can be reconstituted in vitro from separately
expressed components, as suggested by size exclusion chroma-
tography (26). Interestingly, we found that the GDF-8 gfd
appears to aggregate in the absence of its pd, suggesting that the
GDF-8 gfd requires its pd for solubility and may be poorly sol-
uble or even less active in its uncomplexed form. Complex for-
mation by bacterially expressed BMP-7 and GDF-8 pds and by
a nonhomogeneous species of GDF-8 gfd strongly indicates
that the most stable and soluble form of these components is a
complex of pd and gfd.

Comparison of the other experimental components with the
control BMP-7 and GDF-8 complexes in the velocity sedimen-
tation assay demonstrated that BMP-4, BMP-10, and GDF-5
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FIGURE 9. Rotary shadowing electron microscopy depicting binding of the BMP-7 complex to the N-terminal half of fibrillin-1 (rF90). A, rotary shad-
owing electron microscopy showed globular molecules of BMP-7 complex bound to the very end of rF90. Images of individual molecules shadowed alone are
shown for rF90 (B) and the BMP-7 complex (C). Scale bar = 25 nm. D, the lengths of rF90 molecules peaked at 90 nm (n = 122), whereas the peak lengths of

rF90 + BMP-7 complex composites were 100105 nm (n = 36).
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FIGURE 10. Co-immunolocalization of BMP-4 and fibrillins in wild type
mouse tissues. A, P3 blood vessel, stained simultaneously with BMP-4 mAb
(left panel) and pAb 9543 (specific for fibrillin-1) (middle panel), showed colo-
calization to fibrillar structures in the wall of the blood vessel. B, sections of
dermis demonstrated colocalization of BMP-4 (left panel) and fibrillin-1 (mid-
dle panel) to fibrillar structures. C, fibrils in the dermis were also costained with
BMP-4 (left panel) and fibrillin-2 pAb 0868 (middle panel). Arrows point to
selected fibrils that are stained with both BMP-4 and fibrillin antibodies.
Arrowheads indicate fibrils that are well stained with BMP-4 antibodies but
not so well stained with fibrillin-2 antibodies. Panels on the right are merged
images that also show 4',6-diamidino-2-phenylindole staining of nuclei. Scale
bar = 20 um.

pds and gfds form complexes, suggesting that these complexes
might also exist in vivo as has been shown not only for TGF-g,
GDF-8, and BMP-7 but also for GDF-11 (27) and BMP-9 (28).
Support for the in vivo existence of a BMP-4 complex comes
from the recent finding that BMP-4 is present as a 100-kDa
complex in fetal bovine serum (29).

In contrast to BMP-4, -7, and -10 and GDF-5 and -8, BMP-2
appeared to form much less stable complexes. This result is
consistent with previously published data showing that the
BMP-2 pd was more abundant in the medium of transfected
cells than the processed BMP-2 gfd, suggesting that the major-
ity of recombinant BMP-2 gfd was not associated with its pd
(30).

It is possible that the failure of some components to form
complexes is due to the artificial presence of histidine tags on
the recombinant pds. However, the presence of 6Xhistidine
tags either on the C- or N-terminal end did not prevent the

13886 JOURNAL OF BIOLOGICAL CHEMISTRY

BMP-7 pd from binding to its cognate gfd in enzyme-linked
immunosorbent assay solid phase interaction assays (data not
shown). Also the presence of a 10X histidine tag on the C-ter-
minal end of the GDF-8 pd did not seem to hinder interaction
with its cognate gfd.

Attempts to form heterologous complexes demonstrated
that BMP-4 and -7 complex formation by their individual com-
ponents was likely due to specific interactions and not to spu-
rious interactions of propeptides with tendencies to aggregate.
The formation of heterologous pd-gfd complexes at least
among members of the same subgroup of the TGF-B family
seemed plausible given the high sequence identity of the gfds
(86% for the BMP-2/-4 subgroup and 71— 80% for the BMP-5/-
6/-7 subgroup) and the pds (54% for the BMP-2/-4 subgroup
and 54-69% for the BMP-5/-6/-7 subgroup). However,
because all attempts to form heterologous complexes failed,
successful complex formation by individual components is
likely to be driven by specific interactions.

Because the BMP-7 propeptide binds to fibrillin-1 and tar-
gets BMP-7 to fibrillin microfibrils (12), we investigated
whether propeptides of BMP-2, -4, and -10 and GDF-5 and -8
interact with fibrillin. All propeptides, with the exception of
GDEF-8, bound with high affinity to the N-terminal recombi-
nant fibrillin-1 peptide called rF23. A comparable recombinant
fibrillin-2 peptide, rF86, interacted equally well with these
propeptides, suggesting that fibrillin-2 microfibrils also serve as
extracellular targets for BMP-2, -4, -7, and -10 and GDF-5.
These studies are the first to show that in addition to BMP-7,
propeptides of various other TGF-B family members have the
ability to bind fibrillin and that different BMPs bind with high
affinity to the same region in fibrillin-1 and fibrillin-2.

The N-terminal region of fibrillin-1 contained in rF23 dis-
played high binding affinities (7—34 nm) for all tested propep-
tides. Further investigations revealed that all tested propeptides
compete for the same binding site within rF23 and that this
binding site is located in the N-terminal “unique” region of
fibrillin-1. This conclusion was supported by rotary shadowing
electron microscopy showing molecules of BMP-7 complex
bound at the very end of peptides composed of the N-terminal
half of fibrillin-1. Furthermore, the rotary shadowing electron
microscopy data provided the additional evidence that binding
of the BMP-7 pd to fibrillin results in the targeting of the BMP-7
complex, including the BMP-7 gfd, to fibrillin.

In addition to the universal binding site located in the N
terminus, we also identified two other regions containing inter-
action sites for propeptides. These other sites displayed differ-
ent affinities for the tested propeptides (Table 3). The C-termi-
nal region (represented by rF63) showed high binding affinity
only to the BMP-10 propeptide (30 nm) and weak or no binding
to the propeptides of BMP-2 (2 um), BMP-4 (3 um), BMP-7 (no
binding), and GDF-5 (no binding). The region represented by
rF45 demonstrated strong to moderate binding (50 -312 nm) to
all tested propeptides with the exception of the BMP-7 propep-
tide, which showed no binding. A comparable fibrillin-2 pep-
tide, rF47, showed moderate to weak binding (150 nm-20 um) to
the pds of BMP-2 and -4 but no binding to BMP-7 pd, suggest-
ing that a similar binding site might also be present in fibrillin-2.
Another fibrillin-2 peptide, rF37, that lacks the N terminus did
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BMP growth factor
complex

extracellular matrix fibers

FIGURE 11. Model of BMP/GDF growth factor complexes bound to fibrillin-containing microfibril net-
works. A, in this model of microfibrils, fibrillin-1 molecules are staggered with N-terminal halves on the outside
of the microfibril and C-terminal halves forming the core of the microfibril (22). Binding sites for BMP/GDF
growth factor complexes can be mapped to the shaded fibrillin-1 domains shown in the schematic represen-
tation. B, fibrillin microfibril networks with associated LTBPs sequester latent complexes of TGF-f3 (4). In addi-
tion, cells secrete BMPs as growth factor complexes (white butterflies), which are then targeted by prodomain/
fibrillin interactions to specific positions on microfibrils. Cells receiving positional information through
integrins or other receptors that interact with microfibril components determine whether to send or receive
growth factor signals. Through this exchange of positional and signaling information, cells may either utilize
growth factors immediately or store them on the microfibrils for later use. LAP, latency-associated peptide.

not bind to any of the tested BMP/GDF pds. This finding sug-
gests that, analogous to fibrillin-1, the high affinity binding site
for the BMP/GDF pds is located in the N terminus of fibrillin-2.
However, rF37 should also contain the weaker binding site
found in rF47. An explanation for this discrepancy might be
that the weak binding site within the larger rF37 construct was
not fully accessible.

Previously, we showed that guanidine-extracted microfibrils
contained the binding site for BMP-7, in contrast to collage-
nase-digested microfibrils, which failed to bind to BMP-7 (22).
Our new data that locate the BMP-7 binding site to the N ter-
minus are consistent with these earlier findings, since crude
collagenase cleavage sites that we previously identified were
very close to the N terminus (22). In accord with the microfibril
model in which monomeric fibrillin molecules are staggered
with their N-terminal halves on the outside of the microfibril
and C-terminal halves forming the core of the microfibril (22),
we propose that the N-terminal high affinity BMP/GDF prodo-
main binding site is located in the globular bead region of the
microfibril (Fig. 11). This site in the N terminus is likely exposed
and available (22) to serve as a universal docking site for BMP
growth factor complexes. Other potential binding sites in the C
terminus and in the region represented by rF45 are mapped in
the schematic diagram of fibrillin molecules within a microfi-
bril (shaded regions, Fig. 11A). The C-terminal binding site for
BMP-10 is positioned in the globular bead region of the micro-
fibril, but it is unknown whether this site is exposed and avail-
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able within the structure of the
microfibril. The region represented
by rF45 is likely to be on the surface
of the microfibril and available for
binding.

Because an 8-Cys domain in
LTBPs binds to the propeptides of
TGE-Bs, our initial hypothesis was
that specific 8-Cys domains in fibril-
lins would mediate binding to
growth factors in the TGF-8 super-
family. However, to our surprise,
the universal high affinity binding
site was localized to the N terminus
of fibrillin-1. This region, which
contains four cysteines, is homolo-
gous to the N termini of fibrillins
and LTBPs, raising the possibility
that LTBPs may also mediate bind-
ing to BMPs. In addition, although it
has been reported that fibrillins do
not interact with TGF-Bs (3), in
view of other recent data strongly
implicating fibrillin in the TGF-B
signaling pathway (6—8), it may be
that 8-Cys domains function to gen-
erally mediate binding to TGF-f
propeptides. However, binding of
BMPs to rF45 could be mediated by
either of the two 8-Cys domains
present in this region. Further study
is required to more precisely define the binding site(s) in this
region.

Immunofluorescence microscopy of human fetal tissues
demonstrated the presence of both the BMP-7 propeptide and
BMP-7 growth factor in fibrillar patterns co-localized with
fibrillin-1 (12). In this study we used commercially available
antibodies to growth factors and immunofluorescence micros-
copy of early postnatal mouse tissues to determine the localiza-
tion of any of the selected growth factors. Antibody specific for
BMP-7 (R&D Systems) gave immunolocalization patterns sim-
ilar to the fibrillar patterns generated by our mAb 6. Antibodies
to BMP-2, GDF-5, and GDF-8 (R&D Systems) were negative
using the conditions, tissues, and time points tested. However,
antibody specific for the BMP-4 growth factor (R&D Systems)
demonstrated fibrillar staining in blood vessels, dermis, and
peripheral nerves. Because BMP-4 is known to be expressed in
other tissues, it was surprising that strong immunofluorescence
was not found in, for example, the perichondrium.

In contrast to BMP-7, the BMP-4 propeptide contains a sec-
ond cleavage site which controls the activity and signaling range
of BMP-4 (31). Moreover, studies in mice in which the S2 site is
mutated to prevent cleavage showed that cleavage of this site is
required for normal development and that cleavage at this site
is tissue-specific (32). Our in vitro velocity sedimentation assay
for complex formation indicates that the BMP-4 pd shortened
at the S2 site cannot form a complex with the BMP-4 gfd, in
contrast to the full-length BMP-4 pd, which can form a com-
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plex. These results are consistent with co-immunoprecipita-
tion experiments showing noncovalent association of
S1-cleaved BMP-4 pd with gfd but no association of S2 cleaved
BMP-4 pd with gfd (33). All together, we suggest that cleavage
at the S2 site can regulate the activity of BMP-4 by releasing the
BMP-4 gfd from noncovalent linkage with its pd, that immuno-
localization of the BMP-4 gfd in certain tissues may represent
stored BMP-4 complexes, and that the absence of abundant
stores of BMP-4 in other tissues may indicate tissue-specific
activation of BMP-4 in these other tissues (e.g. perichondrium).
Stored BMP-4 complexes, presumably cleaved only at the S1
site, must also escape the lysosomal targeting and degradation
proposed by Degnin et al. (33).

In summary, we have provided evidence that the extracellu-
lar regulation of BMP growth factor signaling includes the sta-
bility of the pd-gfd complex and the targeting of these com-
plexes to the connective tissue by interactions between
propeptides and fibrillin. Variations in the stability of pd-gfd
complexes in pd sequences that may be recognized by specific
activators and in binding sites and affinities for fibrillin may
be mechanisms by which these very similar growth factors
function differently in a tissue-specific manner. Studies of
fibrillin-1 mutant mice have demonstrated dysregulated
TGE-B signaling (6-8), consistent with a model of the
microfibril network in which LTBPs are stabilized by inter-
action with fibrillin microfibrils (Fig. 11) (4). Ongoing stud-
ies of fibrillin mutant mice indicate that BMP signaling is
perturbed.? These studies may provide in vivo evidence for
an essential role performed by fibrillin in the extracellular
regulation of BMP signaling. Future studies should be
directed toward the integration of these complex signaling
pathways by the extracellular physical scaffold and toward
the roles performed by cells as they interact coordinately
with stored growth factors and with the scaffold (Fig. 11).
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