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Elastogenesis is a hierarchical process by which cells form func-
tional elastic fibers, providing elasticity and the ability to regulate
growth factor bioavailability in tissues, including blood vessels,
lung, and skin. This process requires accessory proteins, including
fibulin-4 and -5, and latent TGF binding protein (LTBP)-4. Our data
demonstrate mechanisms in elastogenesis, focusing on the in-
teraction and functional interdependence between fibulin-4 and
LTBP-4L and its impact on matrix deposition and function. We
show that LTBP-4L is not secreted in the expected extended
structure based on its domain composition, but instead adopts a
compact conformation. Interaction with fibulin-4 surprisingly in-
duced a conformational switch from the compact to an elongated
LTBP-4L structure. This conversion was only induced by fibulin-4
multimers associated with increased avidity for LTBP-4L; fibulin-4
monomers were inactive. The fibulin-4-induced conformational
change caused functional consequences in LTBP-4L in terms of
binding to other elastogenic proteins, including fibronectin and
fibrillin-1, and of LTBP-4L assembly. A transient exposure of
LTBP-4L with fibulin-4 was sufficient to stably induce conforma-
tional and functional changes; a stable complex was not required.
These data define fibulin-4 as a molecular extracellular chaperone
for LTBP-4L. The altered LTBP-4L conformation also promoted elas-
togenesis, but only in the presence of fibulin-4, which is required
to escort tropoelastin onto the extended LTBP-4L molecule. Alto-
gether, this study provides a dual mechanism for fibulin-4 in 1)
inducing a stable conformational and functional change in LTBP-
4L, and 2) promoting deposition of tropoelastin onto the elongated
LTBP-4L.
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lastogenesis is a highly hierarchical multistep molecular
process by which cells form functional elastic fibers, pro-
viding elasticity to various soft tissues, including blood vessels,
lung, and skin (1). This process begins with the secretion of fi-
bronectin and its organization into a network, which acts as an
organizer for the assembly of fibrillin-1 into microfibrils, as well
as for the deposition of latent TGF-f binding protein (LTBP)-4,
and fibulin-4 (2-6). The fibronectin network is not only required
for the initiation of fibrillin-1 assembly, but is also essential for
microfibril homoeostasis during early stages of matrix assembly
(7). Tropoelastin, the soluble precursor of mature elastin, forms
microaggregates on the cell surface, which are deposited onto
microfibrils (8, 9). Elastic fiber formation requires several ac-
cessory proteins, including fibulin-4, fibulin-5, and LTBP-4 (10,
11). Fibulin-4 tethers lysyl oxidase and fibulin-5 lysyl oxidase like
1 to tropoelastin, facilitating cross-links required for the forma-
tion of nascent elastic fibers (12-14). LTBP-4S indirectly binds to
tropoelastin via fibulin-5 and supports the linear deposition of
fibulin-5, which in turn promotes elastic fiber formation (11).
Here we report critical mechanistic roles of fibulin-4 and LTBP-
4L in the hierarchical elastin assembly process.
Fibulin-4 and -5 are members of the fibulin family character-
ized by tandem repeats of calcium binding epidermal growth
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factor-like (cbEGF) domains and a C-terminal fibulin domain
(1). Fibulin-4 multimerizes into a disk-shaped particle with an
estimated 10 molecules (15). LTBP-4, a member of the LTBP
family, shares structural homology with fibrillins, both charac-
terized by extended cbEGF repeats interspersed with 8-cysteine
(TB and hybrid) domains. Based on the domain composition and
distribution, LTBP-4 is expected to adopt an extended structure,
facilitating the linear deposition of tropoelastin onto microfibrils
(11, 16-20). LTBP-4 exists in 2 major N-terminally distinct iso-
forms, the short (LTBP-4S) and the long (LTBP-4L), due to the
usage of different promoters (21, 22). In humans, mutations in
either fibulin-4, fibulin-5, or LTBP-4 result in autosomal re-
cessive cutis laxa (ARCL) type 1B, 1A, and 1C, respectively,
characterized by inelastic skin and pulmonary emphysema
common to all types, and aortic tortuosity and aneurysm only
caused by fibulin-4 mutations (23). A functional link has been
established between LTBP-4L and fibulin-4 and between LTBP-4S
and fibulin-5 using mouse models and cell culture studies (11, 20,
24). Fibulin-4 depends on LTBP-4L for its assembly/deposition (25).
A reduced interaction of LTBP-4L with fibulin-4 in Lthp4S™;
Fbin4®® mice results in impaired elastogenesis (24). However,
elastogenesis in Ltbp4S™~; Fbin5™~ double-knockout mice was im-
proved as compared to Ltbp4S™~ mice (20). Despite some known
functional relationships between the elastogenic proteins, the un-
derlying molecular mechanisms that drive hierarchical elastin as-
sembly are largely elusive.
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elastogenic proteins.
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In this study we analyze the molecular interaction between
fibulin-4 and LTBP-4L and its structural consequence. We deter-
mine the functional relationship of fibulin-4 and LTBP-4L with the
central elastogenic proteins fibronectin, fibrillin-1, and tropoelastin
and define the significance of these interactions on matrix assembly
and function. Employing a series of biophysical, cell culture, and in
vivo approaches, we show that fibulin-4 has a dual role in respect to
LTBP-4L, first triggering structural changes and functional activa-
tion of LTBP-4L, and then transporting tropoelastin onto fibrillin-
supported elongated LTBP-4L assemblies.

Results

Fibulin-4 Multimerizes via Interactions of Central and C-Terminal
Domains. We have previously discovered that fibulin-4 has the
propensity to self-oligomerize under physiological conditions, giving
rise to multimers (15). Here, we explore how fibulin-4 multimers
form, and define the functional significance of this property on
fibulin-4 interactions with other elastogenic proteins. To determine
which region of fibulin-4 is involved in self-interaction, 3 non-
overlapping recombinant fibulin-4 fragments were generated: 1)
Nterm-cbEGF1 comprising the N-terminal domain and the
first cbEGF domain (~10.8 kDa); 2) cbEGF2-5 encompassing
cbEGF domains 2 to 5 (~18.6 kDa); and 3) cbEGF6-Cterm in-
cluding the sixth cbEGF domain and the C-terminal fibulin
unique region (~18.3 kDa) (Fig. 14). Dynamic light scattering
(DLS) (Fig. 1B) showed for the Nterm-cbEGF1 fragment a
single monodisperse population of particles with a hydrodynamic
radius (Ry) of 2.5 nm. The central fragment cbEGF2-5 displayed
a dominant monodisperse population of particles with much
larger sizes (Ry, = 17.4 nm). Similarly, the cbEGF6-Cterm frag-
ment showed a dominant monodisperse population of R, =
16.8 nm. These data indicate that the central and C-terminal
fibulin-4 fragments can multimerize, since for monomeric pop-
ulations of these fragments the hydrodynamic radii are predicted
to be below 3 nm. Additionally, SDS/PAGE analysis demon-
strated for these fibulin-4 fragments protein bands with molec-
ular masses attributable to multimers under nonreducing
conditions and monomers under reducing conditions (Fig. 1 A4,
Right, arrow), whereas Nterm-cbEGF1 was monomeric under
both conditions. In summary, these data demonstrate the pres-
ence of at least 2 multimerization sites in fibulin-4, 1 in the cen-
ter and 1 in the C-terminal region.

The fibulin-4 fragments were then analyzed by surface
plasmon resonance (SPR) to determine self-interaction with full-
length fibulin-4 (Fig. 1C). The Nterm-cbEGF1 bound negligibly
to fibulin-4 (Kp = 1,137 + 240 nM), confirming that the N terminus
has no role in multimerization. However, the fragments cbEGF2-5
and cbEGF6-Cterm exhibited appreciable binding to fibulin-4 with
affinities of Kp = 104 + 16 nM and K, = 74 + 13 nM,
respectively, which is in the similar range determined for the full-
length fibulin-4 self-interaction (Kp = 85 + 15 nM) (SI Appendix,
Fig. S1), demonstrating that fibulin-4 multimerizes by interactions
of central and C-terminal domains. To determine to what extent
multimerization of fibulin-4 affects its self-interaction property, full-
length fibulin-4 was first separated by gel-filtration into monomers,
dimers, and multimers, as previously shown (15), and then used in
SPR to determine their binding affinities to nongel-filtrated
fibulin-4. The monomers did not bind to fibulin-4, dimers bound
with residual weak affinity, and multimers showed strong binding
to fibulin-4 [Kp = 2.7 + 1.1 nM; calculated using the estimate of
10 monomers per multimer (15)] (Fig. 1D). These data clearly
demonstrated that fibulin-4 increases its avidity for self-interaction
upon multimerization.

Fibulin-4 Assembly Is Directly Dependent on Fibronectin and Is Not
Mediated via Fibrillin-1. Recently, we have shown in mouse models
and cell culture that fibulin-4 assembly/deposition is abolished
upon loss of fibronectin (6). However, it is not clear whether this
represents the loss of a potentially direct fibulin-4-fibronectin
interaction, or the loss of fibulin-4 interaction with fibrillin-1
(26), which requires fibronectin for its assembly (2, 3). Here,
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we determined by SPR that fibulin-4 can indeed directly interact
with fibronectin with a Kp = 177 + 48 nM (Fig. 24). The
2 proteins also completely colocalized in the extracellular matrix
produced by dermal fibroblasts (Fig. 2B). Fibronectin interaction
sites on fibulin-4 were mapped to the central (cbEGF2-5; Kp =
12.6 + 2.1 nM) and the C-terminal (cbEGF6-Cterm; Kp = 13.5 +
2.7 nM) regions of fibulin-4 (Fig. 2C). We further examined the
contribution of fibulin-4 monomers, dimers, and multimers in
fibronectin interaction. SPR experiments demonstrated that only
the multimers efficiently interacted with fibronectin (Kp = 16.2 +
4.5 nM), but not the monomers and the dimers, suggesting that
multimerization of fibulin-4 promotes fibronectin binding (Fig. 2D).

In addition to the interaction with fibronectin, fibulin-4 also
binds to fibrillin-1 (5, 12, 26). Determining the binding sites and
affinities revealed a different interaction pattern of fibulin-4 to
fibrillin-1 as compared to fibronectin. Nterm-cbEGF1 bound the
strongest to fibrillin-1 (Kp = 3.2 + 0.6 nM) followed by the
central cbEGF2-5 fragment (Kp = 14.4 = 3.5 nM), whereas
cbEGF6-Cterm showed no binding (Fig. 2E). Fibulin-4 showed
higher binding affinity to fibrillin-1 compared to fibronectin
[Kp =7.9 + 1.5 nM for fibrillin-1 (Fig. 2E) vs. Kp = 177 + 48 nM
for fibronectin (Fig. 24)]. Fibulin-4 colocalized with fibrillin-1,
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Fig. 1. Fibulin-4 self-interacts via a central and a C-terminal region. (A) Sche-
matic diagram of full-length fibulin-4 and the consecutive nonoverlapping
Nterm-cbEGF1, cbEGF2-5, and cbEGF6-Cterm fragments (Left). SDS/PAGE of
fibulin-4 fragments under reducing (+) and nonreducing (-) conditions (Right).
The arrow points to high molecular mass species of cbEGF2-5 and cbEGF6-Cterm.
(B) Mass size distributions of Nterm-cbEGF1, cbEGF2-5, and cbEGF6-Cterm de-
termined by DLS. The x axis shows the particle hydrodynamic radius of the
protein sample on a logarithmic scale, and the y axis the mass percentages of
particles of a given hydrodynamic radius present in the sample. The peaks
represent particle populations with radius sizes indicated on top. Note that the
higher molecular mass protein bands in the SDS/PAGE for cbEGF6-Cterm and
cbEGF2-5 (A, Right) correlate with peaks corresponding to larger sizes in DLS (B).
(C and D) SPR sensorgrams of the interaction of the fibulin-4 fragments Nterm-
cbEGF1, cbEGF2-5, and cbEGF6-Cterm (C), and of gel-filtrated full-length fibulin-
4 monomers, dimers, and multimers (D) with full-length nongel-filtrated fibulin-
4 immobilized on the chip. Note the binding of cbEGF2-5 and cbEGF6-Cterm in C
and the particularly strong binding of multimers in D.
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Fig. 2. Fibulin-4 interacts with and assembles on fibronectin. (A) SPR sen-
sorgram of the interaction of fibronectin (immobilized) with fibulin-4 (sol-
uble). (B) Colocalization of fibronectin (red) with fibulin-4 (green) in the
extracellular matrix produced by human skin fibroblasts 6 d after cell seed-
ing, evident in the merged image (yellow). (C and D) SPR sensorgrams of the
interaction of fibronectin (immobilized) with the soluble fibulin-4 fragments
Nterm-cbEGF1, cbEGF2-5 and cbEGF6-Cterm (C), and with gel-filtrated full-
length soluble fibulin-4 monomers, dimers, and multimers (D). Note that the
binding sites for fibronectin are in the central and C-terminal region of
fibulin-4, and that binding only occurs with multimers. (E) SPR sensorgrams
of soluble Nterm-cbEGF1, cbEGF2-5, cbEGF6-Cterm, and full-length fibulin-
4 as a control with the N-terminal half of fibrillin-1 (immobilized). Binding
sites are located in the N-terminal cbEGF domain and the central region of
fibulin-4. (F, Upper) Colocalization of fibulin-4 (red) with fibrillin-1 (green) in
the matrix produced by human skin fibroblasts 6 d after cell seeding. (Lower)
Fibrillin-1 (green) colocalizes with fibronectin (red) under identical condi-
tions. (G) Immunofluorescence of fibulin-4 in the extracellular matrix of
mouse skin fibroblasts either lacking Fbn-1 (Upper) or Fn (Lower) after ad-
dition of exogenous fibulin-4. Before analyzing the cells, 25 pg/mL purified
fibulin-4 was added for 1 d. Note the absence of fibrillin-1 assembly in Fbn1~~
cells whereas fibulin-4 assembly was normal and comparable to Fbn7** con-
trol cells. Both, fibronectin and fibulin-4 assembly was not detectable in the
matrix produced by Fn™'~ cells.

which in turn colocalized to fibronectin in the matrix produced
by human skin fibroblasts (Fig. 2F) (3). To understand whether
fibulin-4 assembly/deposition is dependent on fibronectin or on
fibrillin-1, we employed knockout skin fibroblasts. The addition
of exogenous fibulin-4 to Fhnl~'~ mouse skin fibroblasts resulted
in a similar fibulin-4 assembly/deposition as compared to the

20430 | www.pnas.org/cgi/doi/10.1073/pnas.1901048116

FbnI** control cells (Fig. 2 G, Upper), demonstrating that
fibulin-4 can assemble/deposit in the matrix in the absence of
fibrillin-1. However, the absence of fibronectin abolished fibulin-
4 assembly/deposition, clarifying a direct dependency of fibulin-
4 assembly/deposition on fibronectin (Fig. 2 G, Lower).

LTBP-4L Undergoes a Conformational Change upon Interaction with
Fibulin-4. Fibulin-4 assembly also depends on LTBP-4L, and the
2 proteins interact with each other (24, 25). Mapping of the in-
teraction sites by SPR revealed the center of fibulin-4 as the
strongest binding site for LTBP-4L (Kp = 15.3 + 3.7 nM) and a
minor binding site located at the fibulin-4 C terminus (Kp =
260 = 14 nM) (Fig. 34). To determine potential structural
consequences of this interaction, we analyzed LTBP-4L either
alone or in the presence of fibulin-4 (nongel-filtrated) by atomic
force microscopy (AFM) (Fig. 3B and Table 1). Surprisingly,
only a relatively small portion of the LTBP-4L molecules (35%)
adopted the expected extended conformation (based on the
cbEGF and TB-rich domain composition) in the absence of
fibulin-4. Most LTBP-4L molecules (65%) showed a compact or
semicompact conformation (Fig. 3 B, Left). However, after the
addition of an excess of fibulin-4 (LTBP-4L:fibulin-4 molar ratio
of 1:10), almost twice as many LTBP-4L molecules (68%)
adopted an extended conformation with an average length of
78 nm, correlating well with the expected length based on the
number of tandem cbEGF domains interspersed with TB do-
mains (27-29) (Fig. 3 B, Center, and Table 1). The molar excess
of fibulin-4 was required as an equimolar 1:1 LTBP-4L:fibulin-4
ratio, or a 10-fold molar excess of LTBP-4L was not effective in
changing the LTBP-4L structure (SI Appendix, Fig. S2A4). It can
be assumed that the extended molecules do not represent
fibulin-4 molecules as they adopt disk-shaped particles (15). In
some instances, filamentous structures much longer than 78 nm
were observed. Since LTBP-4L has self-interaction capabilities
(81 Appendix, Fig. S2B), those long filaments are very likely self-
assemblies of LTBP-4L molecules. Addition of EDTA to the
LTBP-4L/fibulin-4 mixture reverts almost entirely (94%) the
extended conformation to the compact structure of LTBP- 4L
(Fig. 3 B, Right, and Table 1), suggesting the requirement of Ca**
for stablhzatlon of the LTBP-4L extension.

To further validate this fibulin-4—driven extension of LTBP-
4L, we analyzed the LTBP-4L/fibulin-4 mixture by DLS. The
particle sizes of the mixture were larger than those of LTBP-4L
alone or fibulin-4 alone, with hydrodynamic radii of 11.2 nm for
the mixture versus 8.4 nm for LTBP-4L or 3.6 nm for fibulin-4
(Fig. 3C), further supporting a conformational change by ex-
tension of LTBP-4L upon interaction with fibulin-4. Next, we
analyzed whether the interaction with and the conformational
change induced in LTBP-4L is dependent on the multi-
merization of fibulin-4. SPR revealed that it is the fibulin-4
multimers that bind to LTBP-4L (Kp = 2.2 + 1.0 nM), but not
lower molecular mass species (Fig. 3D). To analyze the conse-
quence of fibulin-4 multimerization on the induction of the
conformational change in LTBP-4L, we mixed gel-filtrated fibulin-4
monomers, dimers, or multimers with LTBP-4L (LTBP-4L:fibulin-4
monomer ratio of 1:10) and performed AFM analyses. The
extension of LTBP-4L was primarily induced by fibulin-4
multimers (constituted by ~10 molecules), but not by mono-
mers or dimers (Fig. 3E and Table 1), demonstrating that fibulin-4
multimerization is essential to induce the conformational changes
in LTBP-4L. In summary, these data demonstrate that the in-
teraction of fibulin-4 multimers with LTBP-4L induces an un-
expected extension of LTBP-4L, switching its shape from a closed
conformation to a primarily open elongated structure.

The Conformational Change in LTBP-4L Modifies Its Function. To
explore whether the fibulin-4-induced conformational change in
LTBP-4L impacts its functionality, we tested its binding to key
elastogenic proteins, fibrillin-1 and fibronectin. Interestingly, in the
presence of fibulin-4, LTBP-4L displayed enhanced binding to
fibrillin-1 in solid-phase binding assays (Fig. 44), whereas it reduced
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Fig. 3. Conformational change in LTBP-4L induced by fibulin-4 multimers.
(A) SPR sensorgrams of the interaction of Nterm-cbEGF1, cbEGF2-5 and
cbEGF6-Cterm with immobilized LTBP-4L. (B) AFM height images showing
LTBP-4L alone (Left), a 1:10 molar ratio of a LTBP-4L/fibulin-4 mixture in the
presence of CaCl, (Center), or 10 mM EDTA (Right) with higher magnifica-
tion views of representative conformations of individual particles (Lower).
Arrowheads indicate some elongated particles. (C) DLS mass size distribution
of fibulin-4 alone, LTBP-4L alone, and a 1:10 molar ratio of a LTBP-4L/fibulin-
4 mixture. The particle hydrodynamic radius is plotted logarithmically on the
x axis and the mass percentages of particles on the y axis. Note the signifi-
cant change in hydrodynamic radius upon mixing LTBP-4L with fibulin-4 as
compared to fibulin-4 alone or LTBP-4L alone. ***P < 0.0001 (2-sample
t test). (D) SPR sensorgrams of immobilized LTBP-4L with gel-filtrated full-
length fibulin-4 monomers, dimers, multimers, and nongel-filtrated fibulin-4.
Note that only fibulin-4 multimers and nongel-filtrated fibulin-4 (which con-
tains multimers) interact with LTBP-4L. (E) AFM height images showing rep-
resentative particles of mixtures of LTBP-4L with fibulin-4 monomers, dimers,
and multimers at a 1:10 molar ratio (LTBP-4L:fibulin-4 monomer unit).

the binding to fibronectin (Fig. 4B), compared to LTBP-4L alone.
Functional consequences of the fibulin-4—induced conformational
change in LTBP-4L were further tested on LTBP-4L assembly in
cell culture. Purified LTBP-4L, fibulin-4, or a mixture of LTBP-4L.
and fibulin-4 (1:10 molar ratio) was added to human skin fibroblasts
(Fig. 4C). Addition of either LTBP-4L or fibulin-4 alone did not
change the assembly of LTBP-4 as compared to the buffer control,
indicating that neither LTBP-4L nor fibulin-4 alone can promote
LTBP-4 assembly. However, addition of the LTBP-4L/fibulin-
4 mixture promoted LTBP-4 assembly, suggesting that it is the
fibulin-4—induced extended conformation of LTBP-4L that
promotes fibrous self-assembly. This result correlates with the
data presented in Fig. 3B, showing extended LTBP-4L filamen-
tous structures only developed in the presence of fibulin-4. If
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fibulin-4 indeed plays a role in LTBP-4 assembly, then the
complete absence of fibulin-4 should affect the assembly/
deposition of LTBP-4 in vivo. This hypothesis was confirmed with
aortic tissues from wild-type and from global fibulin-4 knockout
mice (30). Immunostaining of LTBP-4 in these aortic sections
showed a significantly lower amount (65%) of LTBP-4 in the
fibulin-4 knockout tissues as compared to wild-type controls (Fig.
4 D and E). Overall, these data demonstrate that the fibulin-4—
induced conformational change in LTBP-4L modulates in-
teraction with fibrillin-1 and fibronectin, and promotes LTBP-4L
filamentous self-assembly.

Fibulin-4 Acts as a Chaperone That Mediates a Stable LTBP-4L
Conformational Change. We analyzed the time course of the
LTBP-4L conformational change after exposure to fibulin-4 at a
1:10 molar ratio using AFM and DLS (Fig. 5). AFM analysis
showed that the LTBP-4L extended conformation was stable
over time (up to 48 h, the maximum analyzed time) (Fig. 54).
Real-time DLS mass distribution showed that the conformational
change of LTBP-4L completed within 20 min after mixing with
fibulin-4, with an increase of Ry, from 9.3 nm at 0 min to 12.1 nm at
20 min (Fig. 5B, boxed area, and Fig. 5C). As in the AFM analysis,
the extended conformation was stable for the remaining analysis
time up to 300 min (Fig. 5B, black symbols). Approximately every
45 to 70 min, the Ry, of the fibulin-4/LTBP-4L complex (11 to
12 nm) changed to a larger Ry, ranging from 11.3 to 25.5 nm, and
simultaneously a second smaller Ry, between 3.6 and 5.1 nm (Fig.
5B, red and blue symbols, and Fig. 5C). This split in mass distri-
bution periodically reverted back after approximately 20 to 35 min,
consistently resulting in particles with R}, values similar to that of a
complex between fibulin-4 and the extended LTBP-4L. monomer
(Rn = 11 to 12 nm) (Fig. 5 B and C). This suggests that fibulin-4
periodically dissociated from the extended LTBP-4L, which allowed
noncovalent multimerization of LTBP-4L into oligomers. However,
since fibulin-4 remained in the in vitro system, it continued to
compete with LTBP-4L oligomerization, reversibly resulting in
complex formation between the 2 proteins.

To further validate if the fibulin-4-induced conformational
change in LTBP-4L persists in the absence of fibulin-4, we first
passed LTBP-4L over a covalently bound fibulin-4 chromatography
resin during an extended time to allow binding and dissociation of
LTBP-4L (FBLN-4 primed LTBP-4L) (SI Appendix, Fig. S34).
Extensive characterization of the fibulin-4—primed LTBP-4L by
ELISA and by Western blot clearly demonstrated the complete
absence of fibulin-4 in the dissociated fraction eluted from the
column and validated the presence of LTBP-4L (SI Appendix, Fig.
S3 B and C). AFM imaging of the fibulin-4—primed LTBP-4L
predominately showed elongated molecules of 81 nm in length,
similar to the length of LTBP-4L determined in the mixture with
fibulin-4 (78 nm) (Fig. 64 and Table 1). Correlating with these data,
DLS analysis showed larger particle sizes for the fibulin-4—primed
LTBP-4L (R, = 11.8 nm) compared to LTBP-4L that was not ex-
posed to fibulin-4 (Ry, = 8.4 nm), very similar to that obtained with a
mixture of LTBP-4L and fibulin-4 (R, = 11.2 nm) (Fig. 6B). Al-
together, these data demonstrate that the fibulin-4—induced con-
formational change of LTBP-4L persisted even in the absence of
fibulin-4, suggesting that fibulin-4 acts as a chaperone for LTBP-4L.

We then addressed if the functional change observed in the
mixture of LTBP-4L with fibulin-4 in regard to interacting li-
gands and self-assembly can be reproduced with the fibulin-4—
primed LTBP-4L. We conducted SPR experiments of fibulin-
4-primed LTBP-4L or LTBP-4L alone (not exposed to fibulin-4)
in liquid phase with immobilized fibrillin-1 (N-terminal half) (Fig.
6C) or fibronectin (Fig. 6D). Consistent with the results for the
mixture of fibulin-4 with LTBP-4L obtained with solid-phase
binding assays, fibulin-4—primed LTBP-4L showed enhanced
binding to the fibrillin-1 N-terminal half (Kp = 0.45 + 0.12 nM
versus Kp = 12.3 + 1.8 nM for LTBP-4L nonprimed), and reduced
binding to fibronectin (Kp = 8.2 + 2.5 nM versus Kp = 2.1 + 0.9 1M
for LTBP-4L nonprimed). We then analyzed the ability of the ex-
tended LTBP-4L to interact with fibulin-4, which was not possible
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Table 1. Quantification of structural LTBP-4 classes

Feature molecules Compact diameter, nm

Extended length, nm Compact no., %

Semicompact no., % Extended no., %

LTBP-4L 25+5 61+7 25+9 40 + 12 35+6
LTBP-4L + fibulin-4 31+ 16 78 + 16* 18+7 14+6 68 + 11*
LTBP-4L + fibulin-4 multimers 28 + 10 80 + 14* 17 £5 12+ 6 71 + 14*
Fibulin-4 primed LTBP-4L 38 +7 81 + 12%" 16+ 4 1M1+4 73 = 15*
LTBP-4L + fibulin-4 [EDTA treated] 34 + 18 94 + 1 4+ 0.5 2+ 03%"
LTBP-4L + fibulin-5 27 +5 69 + 11%" 24+8 25+5 51 + 8"
LTBP-4S 29 + 12 86 +2 11 +1 3+05
LTBP-4S + fibulin-4 34 + 16 89+38 9+2 2+08

The data represents from top to bottom quantification of LTBP-4L alone (Fig. 3B), in a mixture with nongel-filtrated fibulin-4 (Fig. 3B), in a mixture with
fibulin-4 multimers (Fig. 3E), primed with fibulin-4 (Fig. 6B), in a EDTA-treated mixture with nongel filtrated fibulin-4 (Fig. 3B), or in a mixture with fibulin-5
(nongel-filtrated) (Fig. 7B), and of LTBP-4S alone or in a mixture with fibulin-4 (S/ Appendix, Fig. $6). ND, not determined.

*Denotes a significant difference (P < 0.01) as compared to LTBP-4L.

"Denotes a significant difference (P < 0.01) as compared to LTBP-4L + nongel filtrated fibulin-4.

when fibulin-4 was present in the mixture. This resulted in an en-
hanced affinity of the fibulin-4—primed LTBP-4L to fibulin-4 (Kp =
222 + 5.1 nM versus Kp = 44.7 + 6.2 nM for LTBP-4L nonprimed)
(Fig. 6E). SPR analysis showed negligible binding of fibulin-4—
primed LTBP-4L to tropoelastin, similar to published data (S/
Appendix, Fig. S4) (11). Analysis of self-interaction properties
showed higher binding affinity for the fibulin-4—primed LTBP-4L
(Kp = 5.5 + 0.8 nM versus Kp = 472 + 12.5 nM for LTBP-4L
nonprimed) (Fig. 6F). To assess the significance of the enhanced
LTBP-4L self-interaction in cell culture, fibulin-4-primed LTBP-4L
was added to human skin fibroblasts and analyzed by immunoflu-
orescence. The fibulin-4—primed LTBP-4L assembled in a similar
manner than the mixture of LTBP-4L and fibulin-4 (Fig. 6 G and
H). These data show that a transient interaction of LTBP-4L with
fibulin-4 is sufficient to induce a stable conformational and conse-
quently functional changes in LTBP-4L that modulate protein—
ligand interaction and self-assembly.

Fibulin-4 Tethers Tropoelastin onto Extended LTBP-4L Structures.
Next, we analyzed whether and how the fibulin-4-induced con-
formational change of LTBP-4L has consequences on tropo-
elastin multimerization. First, we added purified tropoelastin
either to a LTBP-4L/fibulin-4 mixture (1:10 molar ratio) or to
fibulin-4-primed LTBP-4L and performed AFM analyses. Only
the LTBP-4L/fibulin-4 mixture mediated large and extended
tropoelastin assemblies, whereas either fibulin-4—primed LTBP-
4L or the individual proteins alone did not promote such large
tropoelastin assemblies (Fig. 74). This result was further cor-
roborated by DLS experiments, which showed a shift to a much
larger hydrodynamic radius and thus particle sizes upon mixing
LTBP-4L/fibulin-4 with tropoelastin. This was not observed for
the other protein combinations tested (Fibulin-4/tropoelastin,
LTBP-4L/tropoelastin, Fibulin-4—primed LTBP-4L/tropoelastin)
(Fig. 7B). These results suggested the requirement of all 3 pro-
teins (LTBP-4L, fibulin-4, and tropoelastin) for the formation of
tropoelastin multimers. These data were further validated in cell
culture with human skin fibroblasts. Addition of a LTBP-4L /fibulin-4
mixture to the fibroblast culture medium resulted in long mature
elastin fibers (Fig. 7C, white arrowheads). However, the addition of
either fibulin-4—primed LTBP-4L or LTBP-4L alone did not pro-
mote assembly of extended elastin fibers, with tropoelastin deposits
on cells remaining small and punctuated. Addition of fibulin-4 alone
resulted only in a few short very thin elastin fibers (Fig. 7C, red ar-
rowheads), confirming that both the extended LTBP-4L and
fibulin-4 are essential for the formation of mature elastin fibers.
This prompted us to determine the binding site and affinity of
fibulin-4 for the tropoelastin/fibulin-4 interaction. SPR experiments
using the recombinant fibulin-4 fragments in the soluble phase
and immobilized tropoelastin demonstrated that the central
cbEGF2-5 fragment interacted with Kp = 28.8 + 14.0 nM and
the C-terminal cbEGF6-Cterm fragment with a Kp = 30.8 +
11.1 nM, both very similar to the binding of full-length fibulin-4
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to tropoelastin (Kp = 21.8 + 12.3 nM) (Fig. 7D). Overall, these
results show that fibulin-4 is required for the deposition of elastin
on elongated LTBP-4L fibers.

Fibulin-5 Induces the LTBP-4L Conformational Change Similar to
Fibulin-4 but without the Functional Consequences. Since fibulin-5
also binds LTBP-4L (25), we analyzed whether fibulin-5 can induce
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Fig. 4. Functional change in LTBP-4L induced by fibulin-4. (A and B) Solid-phase
binding assays of LTBP-4L and 1:10 molar ratio LTBP-4L/fibulin-4 mixture used as
soluble ligand on coated fibrillin-1 N-terminal half (A) and fibronectin (B). A
specific antiserum was used for detection of bound LTBP-4. Note that the LTBP-4L/
fibulin-4 mixture (closed symbols) mediates a stronger binding to fibrillin-1 (4) and
a reduced binding to fibronectin (B) as compared to LTBP-4L alone (open sym-
bols). (C) Effect of fibulin-4-induced conformational change of LTBP-4L on LTBP-
4 assembly in cell culture. For this, 10 pg/mL of LTBP-4L alone or 27 pug/mL of
fibulin-4 alone or a mixture of 10 pg/mL of LTBP-4L and 27 pg/mL of fibulin-4
(molar ratio of 1:10) was added to human skin fibroblasts for 7 d prior to im-
munofluorescence analysis. TBS/2 mM CaCl, was used as buffer control. Note the
enhanced LTBP-4 assembly upon addition of the LTBP-4Lffibulin-4 mixture as
compared to addition of the individual proteins. (D) LTBP-4 staining in wild-type
(WT) and fibulin-4 knockout (KO) aorta harvested at embryonic day 17.5. (E)
Quantification of the staining in (D). *P < 0.05 (2-sample t test). Note the reduced
LTBP-4 staining, indicating reduced assembly/deposition in the absence of fibulin-4.
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Fig. 5. Dynamics of fibulin-4 induced conformational change in LTBP-4L. (A)

AFM height images showing a time course analysis of a LTBP-4L/fibulin-
4 mixture (1:10 molar ratio) at endpoints 20 min, 6 h, 24 h, and 48 h after
mixing. Note that the fibulin-4-induced conformational change of LTBP-4L,
which is observed as early as 20 min (also evident from Fig. 3B), did not
reverse within the analysis time. (B) Real-time DLS mass distribution analysis
of a LTBP-4L/fibulin-4 mixture (1:10 molar ratio) within 0 to 300 min. Black
symbols represent data points where a single peak was observed, red and
blue symbols represent the larger and smaller size data points, respectively,
when 2 peaks appeared. At each time point there was either 1 single peak
(black symbol) or 2 peaks (red and blue symbol), but never 3 peaks. The
boxed area highlights the time span in which extension of LTBP-4L becomes
fully induced. The green arrow points to a 20-min time point after which the
extension was stable. The white arrows show a periodic pattern of dissoci-
ation. (C) Selected mass distribution plots obtained from the real-time DLS
analysis (plotted in B), demonstrating events of association and conformational
changes between LTBP-4L and fibulin-4 (0 to 20 min), and events of periodic
dissociation and association between the extended LTBP-4L and fibulin-4. The x
axis shows on a logarithmic scale the particle hydrodynamic radius of the
protein sample in nanometers, and the y axis represents the mass percentages
of particles with a given hydrodynamic radius in the sample.

the LTBP-4L extended conformation. SPR experiments confirmed
the fibulin-5/LTBP-4L interaction (Kp = 45.2 + 8.4 nM) (SI Ap-
pendix, Fig. S54). To assess if LTBP-4L undergoes a conforma-
tional change upon interaction with fibulin-5, LTBP-4L was mixed
with fibulin-5 under identical conditions used previously for fibulin-
4 (1:10 molar ratio LTBP4L:fibulin-5). While many LTBP-4L
molecules appeared elongated in AFM (Fig. 7E), quantification
showed a significantly lower percentage (51%) of extended LTBP-
4L particles compared to the presence of fibulin-4 in this assay
(68%) (Table 1). Additionally, the mean length of fibulin-5-induced
LTBP-4L was significantly shorter (69 nm) than that of the fibulin-
4-induced LTBP-4L (78 nm) (Table 1). Next, we investigated if the
fibulin-5-induced partial extension of LTBP-4L has similar func-
tional consequences as the fibulin-4-induced LTBP-4L. Solid-phase
binding assays of soluble LTBP-4L alone and LTBP-4L/fibulin-
5 mixtures (1:10 molar ratio) showed no difference in LTBP-4L
binding to fibrillin-1 or fibronectin (SI Appendix, Fig. S5 B and C).
These data demonstrate that the conformational change in LTBP-
4L induced by fibulin-5, unlike fibulin-4, is not sufficient to affect
the binding interaction with fibrillin-1 and fibronectin. Finally, we
assessed the consequences of the fibulin-5—driven LTBP-4L exten-
sion in tropoelastin deposition under identical experimental condi-
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tions than used for fibulin-4 (Fig. 7E). When LTBP-4L, fibulin-5,
and tropoelastin were mixed together, short extended and branched
structures were observed. This aggregation pattern differed from the
patterns identified in the presence of fibulin-4, which showed more
unidirectional and longer structures (compare Fig. 7E with Fig. 7 A4,
Left). These data suggest different roles for fibulin-4 and -5 in driving
the organization of tropoelastin onto the elongated LTBP-4L arrays.

The Short LTBP-4S Isoform Does Not Undergo a Conformational
Change upon Interaction with Fibulin-4. LTBP-4 exists in 2 iso-
forms, the long (LTBP-4L) and the N-terminally truncated form
(LTBP-4S). Recombinant LTBP-4S adopted a similar compact
shape as LTBP-4L (SI Appendix, Fig. S6 A, Left). As shown
previously (25), fibulin-4 did interact with LTBP-4S (Kp = 370 +
48 nM), albeit with about a 10-fold lower affinity than the in-
teraction between LTBP-4L and fibulin-4 (compare SI Appendix,
Fig. S6B with Fig. 3D, nongel-filtrated). To analyze whether the
interaction of LTBP-4S with fibulin-4 facilitated an extended
structure, we performed AFM with LTBP-4S alone or in a mixture
with fibulin-4 (1:10 molar ratio; identical conditions as tested for
LTBP-4L). Fibulin-4 did not induce an extension of LTBP-4S (S/
Appendix, Fig. S6 A, Center). Mixing tropoelastin with LTBP-4S and
fibulin-4 did not result in multimerization of extended tropoelastin
assemblies (SI Appendix, Fig. S6 A, Right). This suggests that the
role of fibulin-4 in modifying the LTBP-4 structure and function
and in promoting tropoelastin deposition is specific to LTBP-4L.

Discussion

Elastogenesis, the development of functional elastic fibers in
blood vessels, lung, skin, and other tissues, is a hierarchical
molecular process which involves a number of proteins with
characteristic and distinct roles. The present study reveals molec-
ular mechanisms in this process, emphasizing the significance of
the interaction and interdependence between fibulin-4 and
LTBP-4L, and the functional consequences on the central elas-
togenic proteins fibrillin-1, fibronectin, and tropoelastin. The
study demonstrates a dual role of fibulin-4 in regard to LTBP-4L,
1) by inducing an extended conformation of LTBP-4L which
alters self- and protein interaction properties, and 2) by escorting
tropoelastin onto the extended and assembled LTBP-4L to allow
linear deposition and assembly of elastic fibers. These results
provide a mechanistic explanation of in vivo studies, which show
the indispensable role of fibulin-4 in elastogenesis (1, 13, 31) and
a functional link between LTBP-4L and fibulin-4 (24).

Most of the structural information in the fibrillin/LTBP su-
perfamily stems from the analysis of fibrillin-1. Generally, tan-
dem repeats of cbEGF domains in fibrillin-1 provide a relatively
rigid extended conformation in their calcium-bound form and a
more flexible conformation under calcium-free conditions (16—
19). LTBP-4 contains the longest stretch of cbEGF domains (15)
interspersed by 2 TB domains in the LTBP family, which should
contribute up to 50 nm of length to the expected extended
structure in its calcium-bound form (27-29). This provided the
basis for various studies to assume LTBP-4 as an extended
protein in their working models, which helped explain the linear
assembly of tropoelastin onto microfibrils (11, 20). Here, we
have recombinantly expressed LTBP-4L equipped with its en-
dogenous signal peptide to allow proper posttranslational mod-
ification in the secretory pathway of human cells. Surprisingly,
purified LTBP-4L primarily appeared as compact molecules in
AFM analysis, but not as extended molecules. This correlates
with a recent structural analysis of another member of the LTBP
family, LTBP-1, that showed class averages shorter than expected
with significant portions of compact molecules and termini folded
inwards (32).

In a search for proteins that could modulate this compact
LTBP-4L conformation, we identified fibulin-4, another elasto-
genic protein. Either in the presence of fibulin-4, or after tran-
sient exposure to fibulin-4, LTBP-4L changed its structure to the
expected extended conformation with a length of ~80 nm. The
compact conformation of LTBP-4L could potentially result from
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Fig. 6. A transient interaction with fibulin-4 is sufficient to induce conforma-
tional and functional change in LTBP-4L. (A) AFM height images showing LTBP-
4L and fibulin-4 primed LTBP-4L. Arrowheads indicate some elongated mole-
cules. (B) DLS mass distribution of fibulin-4-primed LTBP-4L (red curve) overlaid
the profiles for fibulin-4, LTBP-4L, and of a 1:10 molar ratio LTBP-4L/fibulin-
4 mixture from Fig. 3C (gray curves). Note the similarity in the hydrodynamic
radius between fibulin-4-primed LTBP-4L and the LTBP-4L/fibulin-4 mixture, and
the significant differences compared to fibulin-4 alone or LTBP-4L alone. The x
axis shows the particle hydrodynamic radius on a logarithmic scale and the y axis
the mass percentages of particles. ***P < 0.0001; ns indicates a nonsignificant P
value (2-sample t test). (C-F) SPR sensorgrams of LTBP-4L (nonprimed; Left) or
fibulin-4-primed LTBP-4L (Right) binding to fibrillin-1 N-terminal half (C), fibro-
nectin (D), fibulin-4 (E), and to itself (LTBP-4L to LTBP-4L, and fibulin-4—primed
LTBP-4L to fibulin-4-primed LTBP-4L) (F). Note the changes in binding affini-
ties. (G) Comparison of LTBP-4L self-assembly by immunofluorescence between
fibulin-4-primed LTBP-4L (10 pg/mL) and a mixture of LTBP-4L and fibulin-4 (10
pg/mL LTBP-4L and 27 pg/mL fibulin-4 equivalent to a 1:10 molar ratio) after
addition to human skin fibroblasts. (H) Quantification of the total fiber length
in G. Note that both conditions similarly promote LTBP-4L assembly.

self-interaction sites in LTBP-4L interacting within the same
molecule, instead of with another one. We clearly demonstrate
here that LTBP-4L contains high-affinity self-interaction prop-
erties. This correlates with recent data showing that LTBP-1 can
self-interact (32). However, determining the precise location of
self-interaction sites in LTBP-4 requires further mapping studies.
Bultmann-Mellin et al. (25) showed that fibulin-4 interacts with
the N terminus of both LTBP-4L and LTBP-4S, with a higher
affinity for LTBP-4L, indicating that the N-terminal 4-Cys
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domains determine the higher affinity in LTBP-4L. We con-
firmed here the stronger binding of fibulin-4 to LTBP-4L compared
to LTBP-4S. These differences in binding strength are likely
the reason why fibulin-4 affects the structure and function of
LTBP-4L but not of LTBP-4S. It is possible that the fibulin-4 and
the self-interaction sites are topologically close together at the N
terminus of LTBP-4L, resulting in fibulin-4 competing with
intramolecular self-interaction, which would release the molec-
ular clasp holding the molecule together in a compact form. Our
real-time DLS data support this hypothesis. LTBP-4L oligo-
merizes upon fibulin-4 dissociation but reverts to the monomeric
extended state upon reassociation with fibulin-4. This suggests
that 1 of the self-interaction sites of LTBP-4L overlaps with the
fibulin-4 binding region at the N terminus of LTBP-4L, and that
fibulin-4 can compete with LTBP-4L oligomerization. This re-
sults in the 2 events being mutually exclusive, at least in vitro
where fibrillin-1-containing microfibrils and fibronectin are not
available to stabilize LTBP-4 oligomerization and assembly (4).

How can a tandem repeat of cbEGF domains adopt a compact
conformation? We hypothesized that some of the calcium
binding sites in cbEGFs domains may not be accessible for cal-
cium in the compact form of LTBP-4L, allowing more flexibility
and back-folding through intramolecular interactions. When
fibulin-4 interacts with LTBP-4L it releases the molecular clasp
and opens up the LTBP-4L structure, which in turn would make
cbEGF domains available for calcium binding. This would
change LTBP-4L from a flexible and compact molecule to a
more rigid and extended molecule. This hypothesis was sup-
ported by calcium chelation experiments. When treated with
EDTA, the extended LTBP-4L conformation, induced by
fibulin-4, reverted to the compact conformation, confirming that
calcium is essential for stabilization of the extended conformation.
This also explains our data, which demonstrate that a transient
LTBP-4L exposure with fibulin-4 is sufficient to induce a stable
conformational and functional change in LTBP-4L, even after
fibulin-4 has dissociated. Once, when the ¢bEGF domains are
saturated with calcium, the molecule rigidifies as was described for
tandem cbEGF repeats in fibrillin-1 (16-19). This would keep the
self-interaction sites apart and make them available for the in-
teraction with either other LTBP-4 molecules or with fibrillin-1.
Overall, our results define the mechanism by which LTBP-4L,
mediated by fibulin-4, attains an extended structure and explain
the assumed conformation of LTBP-4L in various speculative
elastogenic models (11, 20).

The propensity of fibulin-4 to multimerize is a key factor in the
molecular mechanism of elastic fiber assembly and formation. We
show that only fibulin-4 multimers interact with LTBP-4L, as well as
with fibronectin, whereas these protein interactions were not de-
tectable with monomeric fibulin-4. This explains why only fibulin-4
multimers have the capacity to transform LTBP-4L from a compact
to an elongated conformation, but not the monomers. Fibulin-4
multimerization could increase the avidity for binding LTBP-4L
and other proteins by clustering up to 10 molecules in a disk-shaped
particle (15). Here, we have mapped the binding sites for LTBP-4L
to 2 binding epitopes, 1 in the central and 1 in the C-terminal re-
gion of fibulin-4. How these binding sites are topologically situated
within a multimeric unit remains to be established. Another pos-
sibility is that the LTPB-4L binding sites in fibulin-4 operate in a
cooperative manner that requires conformational changes in sub-
units to increase the affinity for LTBP-4L. However, based on the
structural constraints of disulfide bonds throughout the fibulin-4
molecule, we consider this possibility unlikely. These data extend
the concept of multimerization generating additional functions in
elastogenic proteins, which we had previously shown for fibrillin-1
(3, 33). Overall, the data show that fibulin-4 first requires self-
interaction and multimerization before it can induce a conforma-
tional and functional change in LTBP-4L.

We have also tested the capability of fibulin-5 to guide structural
and functional changes of LTBP-4L, because of its similarity to
fibulin-4 and its importance in elastogenesis. Upon interaction
with fibulin-5, LTBP-4L changed its structure to an extended
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Fig. 7. Role of fibulin-4 and LTBP-4L in tropoelastin aggregation and
binding. (A) AFM height images of tropoelastin (TE) together with either the
LTBP-4L/fibulin-4 mixture (L4/F4/TE), the fibulin-4-primed LTBP-4L (L4-
primed/TE), or fibulin-4 (F4/TE). As controls, the LTBP-4L/fibulin-4 mixture
(L4/F4), the fibulin-4 primed LTBP-4L (L4-primed), or TE alone are shown. (B)
DLS mass distribution of TE alone or mixed with either fibulin-4 (F4/TE),
LTBP-4L (L4/TE), fibulin-4-primed LTBP-4L (L4-primed/TE) or the LTBP-4L/
fibulin-4 mixture (L4/F4/TE). The x axis represents the particle hydrodynamic
radius on a logarithmic scale, and the y axis the particle mass percentages.
Note the shift in hydrodynamic radius to large size (B) and the large as-
sembly structures formed (A) only in the presence of LTBP-4L, fibulin-4, and
tropoelastin together. (C) Elastin assembly in the extracellular matrix of hu-
man skin fibroblasts supplemented with either a mixture of 10 pg/mL LTBP-4L
and 27 pg/mL fibulin-4 (1:10 molar ratio), or 10 pg/mL fibulin-4 primed LTBP-4L,
or 10 pg/mL LTBP-4L alone, or 27 pg/mL fibulin-4 alone. TBS/2 mM CaCl, was used
as buffer control. (D) SPR binding assays with soluble Nterm-cbEGF1, cbEGF2-5, and
cbEGF6-Cterm fibulin-4 fragments and immobilized tropoelastin. Note that
the binding sites are located in the center and the C-terminal region of
fibulin-4. (E) AFM height images of tropoelastin (TE) together with either a
LTBP-4L/fibulin-5 mixture (L4/F5/TE) or fibulin-5 (F5/TE). As control, the LTBP-4L/
fibulin-5 mixture (L4/F5) is shown.

conformation, albeit at a significant lower extent and efficiency.
The structural changes were not sufficient to elicit the functional
changes in terms of fibrillin-1 or fibronectin binding observed
upon fibulin-4 interaction. In addition, tropoelastin deposition
onto the extended LTBP-4L was less developed as compared to
the fibulin-4—treated LTBP-4L. Such a mechanism would explain
why fibulin-4 deficiency typically has more severe effects on
elastic fibers compared to fibulin-5 deficiency (31, 34, 35).
Fibronectin has emerged as a master organizer required for
the assembly of various extracellular matrix proteins, including
fibrillin-1 (2, 3), fibulin-1 (36, 37), LTBP-1 (38), LTBP-4 (4, 5),
collagen I and III (39-43), fibrinogen (44), thrombospondin-1
(40), and tenascin-C (45). The dependency of LTBP-4 assembly
on fibronectin is mediated via fibrillin-1 (5). We recently showed
through cell culture and mouse models that both the cellular
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and the plasma form of fibronectin are essential for the assem-
bly/deposition of fibulin-4 in the aorta (6). Similar to LTBP-4,
fibulin-4 also interacts with fibrillin-1 (26). Whether fibulin-4
assembly is directly dependent on fibronectin or is mediated
via fibrillin-1 was not yet clear. Here, we present evidence
demonstrating that fibrillin-1 is not required for the assembly of
fibulin-4, but fibronectin is. These are critical aspects for the
development of a model for the roles of fibulin-4 and LTBP-4 in
elastic fiber formation (see below). However, whether or not
other extracellular matrix proteins known to be dependent on
fibronectin potentially play a role in fibulin-4 assembly requires
further analysis.

Solid-phase binding assays have previously shown that LTBP-4S
does not directly interact with tropoelastin but requires the pres-
ence of fibulin-5 as an adapter, suggesting that the promoting
effect of LTBP-4S on tropoelastin deposition is dependent on
fibulin-5 (11). Dabovic et al. (20) observed impaired elastogenesis
in Ltbp4S™~ mice (deficiency of LTBP-4S), which improved in
Ltbp4S™~; Fbin5~~ double-knockout mice (LTBP-4L and fibu-
lin-4 present). These authors speculated a role of fibulin-4, in the
absence of both LTBP-4S and fibulin-5, in improving elasto-
genesis. In another study, a reduced LTBP-4L interaction with
fibulin-4 was speculated as the cause of severely compromised
elastogenesis observed in Ltbp4S™~; Fbln4®'R mice (LTBP-4L pre-
sent and fibulin-4 reduced to 25%) (24). Taken together, these
data suggested a functional link between fibulin-5 and LTBP-4S,
and fibulin-4 and LTBP-4L, in promoting elastogenesis. We
provide further support for this concept by demonstrating that
fibulin-4 cannot promote structural changes in LTBP-4S. But
how the fibulins and LTBP-4 isoforms influenced each other and
how they function together was not clear. Our data show the ne-
cessity for both fibulin-4 and the fibulin-4—induced extended
LTBP-4L in the formation of large tropoelastin assemblies, which
identifies the molecular mechanism explaining the in vivo obser-
vations and speculative models from the articles outlined above.

Based on the results presented here, and on the existing lit-
erature, we propose the following model for the roles of fibulin-4
and LTBP-4L in elastogenesis (Fig. 8). 1) Fibronectin fibers
appear early in cell culture and during elastic tissue development
(40), followed by fibrillin-1 expression and fibronectin-dependent
assembly into microfibrils (2, 3, 6). 2) Later, fibulin-4 is secreted
and forms multimers, whereas 3) LTBP-4L remains in a compact
monomeric conformation directly after secretion. 4) Both deposit
on a fibronectin network that localizes them in physical proximity.
5) Fibulin-4 multimers then compete with the intramolecular self-
interaction of LTBP-4L (4, 25) to induce a calcium binding-driven
conformational change in LTBP-4L from a compact to an extended
shape. This extension exposes the fibrillin-1 binding site at the C-
terminal region of LTBP-4L (5, 46). 6) The 2 proteins dissociate,
facilitating self-assembly of the extended LTBP-4L, transfer onto
fibrillin-1-containing microfibrils (4) and linear deposition (4, 11).
Simultaneously, fibulin-4 interacts with tropoelastin (10, 12), and
microfibrils separate from the fibronectin network (7). 7) Fibulin-4
deposits tropoelastin onto the linearly assembled LTBP-4L. mole-
cules, forming nascent elastic fibers.

In conclusion, our results highlight mechanisms associated
with the elastogenic proteins fibulin-4, LTBP-4, fibronectin,
fibrillin-1, and tropoelastin, which control elastic matrix assem-
bly. The data provide a paradigm of how elastic fibers assemble.

Methods

Extended details for all methods are available in S/ Appendix, Materials and
Methods.

Protein Purification. Recombinant histidine-tagged full-length fibulin-4,
fibulin-5, LTBP-4L, and LTBP-4S, as well as fibulin-4 fragments were gener-
ated in HEK293 cells and purified using procedures described previously (15).
The LTBP-4 constructs contained the endogenous signal peptide, whereas all
of the fibulin-4 fragments were designed with the BM40 signal peptide at
the N terminus to ensure proper secretion, folding, and posttranslational
modifications. The N-terminal half of fibrillin-1 and highly purified human
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Fig. 8. Schematic representation of the proposed elastogenic model highlighting the role of fibulin-4 and LTBP-4L. Details are described in the text.

plasma fibronectin were produced as previously described (47, 48). Recombi-
nant human tropoelastin was purchased (Elastagen).

DLS Measurements. DLS experiments were performed as previously published
with minor modifications (49).

Protein Binding Assays. SPR spectroscopy was performed to study the binding
characteristics and the kinetics of interaction of various proteins and protein
fragments (Biacore X; GE Healthcare Life Sciences). The ligand was immo-
bilized on CM5 and C1 sensor chips by standard amine coupling, resulting in
immobilization of 200 to 1,000 resonance units. The second channel was used
as a control. Kinetic analyses were performed at 0- to 200-ug/mL concen-
tration of the analyte at a 10-pl/min flow rate for 180 s (association), and
dissociation was monitored for 600 s. The affinity constants were evaluated
from kinetics data (fitted rate constants) (BlAevaluation software 4.1; GE
Healthcare Life Sciences), using the module “Fit Kinetics Separate ka/kd”
with the 1:1 Langmuir binding model. The equilibrium dissociation constant
(Kp) was calculated as the ky/k, ratio, averaged over all concentrations injected.

Solid-phase binding assays were employed to determine interactions of
LTBP-4L in mixtures (LTBP-4L:fibulin-4 and LTBP-4L:fibulin-5) with either
immobilized fibrillin-1 or fibronectin following a previously established
protocol (15).

AFM. AFM experiments were performed as previously described (15). The
analyses were conducted with either LTBP-4L alone or in a mixture
(1:10 molar ratio) with fibulin-4 (nongel-filtrated, or gel-filtrated fibulin-4
monomers, dimers, or multimers), or primed with fibulin-4 alone, or with
fibulin-5 (nongel-filtrated; 1:10 molar ratio). In addition, experiments were
conducted with LTBP-4S alone or in a mixture with fibulin-4. Tropoelastin
was added as indicated. Quantification of sizes, shapes, and abundances of
particles was performed by postprocessing of AFM height images using the
WSxM 5.0 Develop 1.1 software (50). Shape quantification was conducted by
binning the molecules into 3 classes (i.e., compact, semicompact, and elon-
gated). Molecular structures with more complex shapes or aggregates were
excluded.
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Cell Culture Experiments. To assess the consequences of the fibulin-4-induced
LTBP-4L conformational change on the assembly of LTBP-4 or elastin, pro-
teins were added to human skin fibroblasts at the time of cell seeding
(Montreal Children’s Hospital Research Ethics Board Approval PED-06-054).
The cells were fixed after 7 d and analyzed by immunofluorescence, as de-
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