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Elastic fiber assembly is a complex stepwise process involving multiple different proteins and enzymes. 
Domain 36, encoded by the last exon of the elastin gene, is recognized to be an important domain for deposi-
tion onto microfibrils, an essential step in elastic fiber assembly. However, the role of domain 36 in elastic 
fiber assembly has not been clarified. Here, we utilized our established in vitro assembly model to identify the 
importance of domain 36 for the assembly process. Our results showed that the lack of domain 36 in bovine 
tropoelastin results in deficient elastic fiber assembly. A similar result was obtained with the point muta-
tion of two cysteine residues and the deletion of the Lysine–Arginine–Lysine–Arginine (RKRK) sequence 
in domain 36. Double immunofluorescence of tropoelastin and fibrillin-1, a main component of microfibrils, 
demonstrated reduced localization of these mutant tropoelastin molecules on fibrillin-1 fibers. Moreover, 
the binding affinity of these mutants to fibrillin-1 and microfibril-associated glycoprotein (MAGP) was sig-
nificantly decreased. These data indicate that domain 36 of tropoelastin facilitates elastic fiber assembly by 
interacting with microfibrils via two cysteine residues and the RKRK sequence.
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Elastin is a highly insoluble extracellular matrix protein and 
the core protein constituting elastic fibers. Elastin is secreted 
from cells as a soluble protein referred to as tropoelastin. 
The assembly of tropoelastin into a fibrillar matrix is a com-
plex stepwise process. In the first step, secreted tropoelastin 
molecules self-aggregate via coacervation.1) The tropoelastin 
aggregates are then deposited onto preformed microfibrillar 
templates, which act as a molecular scaffold.2) Finally, the oxi-
dative deamination of peptidyl lysine residues in tropoelastin 
is catalyzed by lysyl oxidase. The cross-linking of tropoelastin 
forms elastin, which contributes to the elasticity of tissues, 
such as the skin, aorta and lungs, as a component of mature 
elastic fibers. However, the precise mechanisms underlying 
elastic fiber assembly remain unknown.

Functional mapping studies, including our previous studies, 
have identified domains in the C-terminal half of tropoelastin 
(domain 16–36) that facilitate fiber assembly. Domain 16 and 
30 of the hydrophobic domain play important roles in the for-
mation of the β-sheet structure,3–5) which is critical for fiber 
formation and the self-assembly of tropoelastin.6) Further, the 
study using surface plasmon resonance showed that the N-
terminal region of tropoelastin, encompassing domains 2–18 
binds to the N-terminus of fibrillin-1, a main component of 
microfibrils.7)

Domain 36 encoded by exon 36, the last exon in elastin 
gene, is highly conserved8) and interacts with integrins9–11) 
and sulfated proteoglycans.12) Peptide binding analyses 
have implicated the Lysine–Lysine–Arginine–Lysine–Argi-
nine (GRKRK) sequence and the last 17 amino acids at the 
C-terminus of bovine tropoelastin to play a role in the human 
skin fibroblast and bovine chondrocyte adhesive activity.10,12) 
Furthermore, domain 36 has been recognized to be an impor-
tant domain for the formation of elastic fiber, as antibodies 
directed to domain 36 prevent elastin assembly,13) and deleting 

this sequence results in a dramatic reduction in the levels of 
cross-linked elastin in in vitro culture systems.14) However, 
there is no direct evidence as to how domain 36 of tropoelas-
tin is involved in elastic fiber assembly.

In the present study, we demonstrated the importance of 
domain 36 of tropoelastin for elastic fiber assembly using our 
established in vitro model,15) which enables the quantitative 
comparison of various tropoelastin molecules.

MATERIALS AND METHODS

Purification of Recombinant Tropoelastin Molecules  
Recombinant bovine tropoelastin was prepared as previously 
described.15) In order to generate the C-terminal mutants, bo-
vine elastin gene templates were amplified using the primers 
listed in Table 1 (BTEex2S was commonly used, all mutant, 
anti-sense primers were used: C750/755-AS for C750/755 A, 
RK-AS for ΔRKRK and Ex35AS for Δ36). These products 
were inserted into a bacterial expression pTrcHis-TOPO vec-
tor (Invitrogen). The integrity of the constructs was confirmed 
using a DNA sequence analysis. Each recombinant tropoelas-
tin molecule was obtained via overexpression from the plas-
mid and purified according to the same method as that used 
for bovine tropoelastin (BTE). The purified recombinant pro-
teins were resuspended in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer includ-

* To whom correspondence should be addressed.  e-mail: wchrs_1107@hoshi.ac.jp.

The authors declare no conflict of interest.
# These authors contributed equally to this work.

Table 1. Primers List Using in This Study

Primer Primer sequence

BTEex2S 5′-GGAGGGGTCCCAGGAGCT-3′
C750/755 A-AS 5′-TCACTTTCTCTTCCGGCCGGC- 

GGATTTCCCCAGGGCGGCCCCACC-3′
RK-AS 5′-TCAGCCACAGGATTTCCCCAG-3′
Ex35AS 5′-TCATGGGAATCCCTGGGC-3′
MAGP-S 5′-ATGAGAGCTGCCTACCTCTT-3′
MAGP-AS 5′-GCAGCTCCCACAGCTCCTG-3′
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ing 100 mM of dithiothreitol. Samples were run on SDS-PAGE 
gels and subjected to a Western blot analysis using anti-bovine 
tropoelastin antibody (BA4; Sigma).

Treatment with Recombinant Tropoelastin Molecules  
ARPE-19 cells (ATCC) derived from human retinal pigment 
epithelium were grown in Dulbecco’s modified eagle medium 
supplemented with L-glutamine and penicillin/streptomycin 
(Invitrogen) as well as 10% (v/v) cosmic calf serum (Hy-
clone Laboratories). ARPE-19 cells were plated on eight-well 

LabTek chamber slides (Nunc) or 60-mm dishes (BD) for im-
munofluorescence or the determination of cross-linked amino 
acids, respectively. After two days in confluent culture, the 
cells were treated with the recombinant tropoelastin molecules 
for two to eight days. The medium was changed every two 
days.

Immunofluorescence and Determination of Cross-
Linked Amino Acids in the Matrix  The methods used 
for the immunofluorescence study and determination of des-

Fig. 1. Recombinant Tropoelastin Construction Used in This Study
(A) Scheme of tropoelastin constructs used in this study. (B) Purified recombinant tropoelastins were detected by Western blotting with BA4 antibody.

Fig. 2 Elastic Fiber Assembly with Recombinant Tropoelastins
(A) Double immunofluorescence of 8-d cultured ARPE-19 cells with BA4 and FBN-1 antibodies (upper panels; ARPE-19). After 2 d in confluent culture, ARPE-19 cells 

were treated with recombinant tropoelastins at concentration of 1.6×10−7 M for 2–8 d. At the end of the incubation period, the cells were immunostained with BA4 antibody 
(bottom panels). Magnification; ×200. (B) ARPE-19 cells were treated with recombinant tropoelastins for 8 d at concentration of 1.6×10−7 M. Desmosine (pmol D) was 
detected by radioimmunoassay and normalized to total protein (mg P). n=6, ***p<0.001 vs. BTE
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mosine content have been described in a previous report.15) 
For immunofluorescence, at the end of the treatment with 
recombinant tropoelastin, the cells were fixed and incubated 
with anti-BA4 and/or anti-fibrillin-1 (FBN-1; Elastin Products 
Company) antibodies for one hour, followed by several washes 
with phosphate buffered saline (PBS) and a second round of 
incubation with anti-mouse or rabbit immunoglobulin G (IgG) 
conjugated Alexa Fluor 488 or 546 (Invitrogen). In order to 
determine the desmosine content, ARPE-19 cells were treated 
with recombinant tropoelastin for eight days. The desmosine 
levels in the hydrolysates were determined using a radioim-
munoassay.16) The desmosine levels (pmol) were normalized to 
those of the total protein (mg) in the dishes.

Solid Phase Binding Assay  Microfibril-associated gly-
coprotein (MAGP) was constructed via reverse transcription 
polymerase chain reaction (RT-PCR) amplification of total 
RNA isolated from human aortic smooth muscle cells using 
the following primers listed in Table 1. Previously reported 
PET cDNA was kindly provided by Dr. Robert P. Mecham 
(Washington University). MAGP and PET cDNA was in-
serted into the pcDNA3.1/V5-His-TOPO expression vector 
(Invitrogen), which fuses a V5 and His tags to the C-terminal 
upon insert. Recombinant PET-V5 and MAGP-V5 were pre-
pared using the same methods as described previously.4) A 
solid phase binding assay was also performed as described.17) 
Micro-titer plates were coated at 4°C overnight with equal 

Fig. 3. Deposition of Tropoelastin onto Microfibrils and Interaction with Microfibrillar Components
(A) Double immunofluorescence of ARPE-19 cells with BA4 and FBN-1 antibodies after treatment with recombinant tropoelastins at concentration of 3.2×10−7 M 

for 8 d. (B) Purified recombinant PET-V5 or MAGP-V5, which have C-terminally fused V5 and His tags, were detected by Western blot assay using anti-V5 antibody 
(left panel). The biding assay for each tropoelastin with PET-V5 or MAGP-V5 was performed by solid phase binding assay using anti-V5 antibody (right graphs). n=6,  
***p<0.001 vs. BTE. **p<0.01 vs. BTE.
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amounts (1.6×10−7 M) of each recombinant tropoelastin mol-
ecule or bovine serum albumin (BSA) in bicarbonate buffer, 
respectively. Tropoelastin bound-PET-V5 and -MAGP-V5 were 
detected using anti-V5-epitope antibodies. Bound protein was 
quantified using a colorimetric assay using the TMB-substrate 
reagent. The plates were read at a wavelength of 450 nm.

Statistical Analysis  Data were statistically analyzed 
using unpaired t-tests (Microsoft Exel XP). The results were 
considered statistically significant when the p value was 
<0.05. All data are shown as the mean value± S.E.M. (stan-
dard error of the mean).

RESULTS AND DISCUSSION

Domain 36 contains the molecule’s only 2 Cys residues 
and a terminal Arg–Lys–Arg–Lys (RKRK) sequence. The 
cysteine residues have been shown to form a disulfide-bonded 
loop structure that creates a highly charged “pocket” at the 
end of the molecule believed to facilitate interactions between 
tropoelastin and highly acidic microfibrils.18) To clarify the 
importance of this region of the protein to elastin assembly, 
we generated C-terminal mutants of full-length BTE in which 
domain 36 was deleted in its entirety (Δ36) and both of the 
cysteines residues were mutated to alanines (C750/755 A), 
as well as one construct in which the RKRK sequence was 
deleted (∆RKRK) (Fig. 1A). Immunoblotting with BA4 anti-
body showed that purified recombinant tropoelastins gave 
major bands of about 60 kDa as predicted from amino acid 
sequence analysis (BTE and C750/755 A; 61 kDa, ∆36 and 
∆RKRK; 60 kDa) with the degraded products (Fig. 1B). Next, 
we assessed the ability of these mutants to precipitate in elas-
tic fiber assembly using our in vitro model. ARPE-19 cells 
were reported previously to express microfibrillar proteins 
but not tropoelastin.15) This was confirmed by immunostain-
ing of ARPE-19 cells with BA4 and FBN-1 antibodies (Fig. 
2A upper panels; ARPE-19). When each recombinant tropo-
elastin molecule was treated with ARPE-19 cells for 2–8 d, 
immunofluorescence labeling using BA4 antibody showed that 
these mutants formed mesh-like structure in a time-dependent 
manner (Fig. 2A). However, the assembly of C-terminal mu-
tants significantly decreased compared to BTE. Quantitative 
assembly assay also showed that the amount of desmosine, 
specific marker of elastic fiber, in ARPE-19 cells treated with 
C-terminal mutants for 8 d, significantly decreased (Fig. 2B). 
These results suggest that domain 36 including two cysteine 
residues and RKRK amino sequence in domain 36 is an im-
portant domain/sequence for elastic fiber assembly.

Microfibrillar components, such as fibrillin-1 and MAGP, 
are probably served as scaffold to direct tropoelastin cross-
linking and consequential elastic fiber formation. To confirm 
the deposition of tropoelastin mutants onto microfibril fiber, 
we performed double immunofluorescence of BA4 and FBN-1 
antibodies in ARPE-19 cells treated with each recombinant 
tropoelastin. The formation of fibrillin-1 fibers in the cells 
treated with each tropoelastin remains unchanged. The co-
localizaiton of mutant recombinants with microfibril fibers 
was dramatically decreased compared with BTE (Fig. 3A), 
suggesting that two cysteine residues and RKRK amino se-
quence in domain 36 involves tropoelastin deposition onto mi-
crofibrils. Therefore, to determine the molecular interactions 
between C-teminal mutants and microfibrils, we performed a 

solid phase binding assay using recombinant PET-V5, known 
to binding region of fibrillin-1 to tropoelastin, and MAGP-V5. 
PET-V5 and MAGP-V5 from condition medium were detected 
as proteins of approximately 42 and 31 kDa by Western blot 
assay using anti-V5 antibody, respectively (Fig. 3B left panel). 
The binding assay using anti-V5 antibody showed lower bind-
ing affinity of C-terminal mutants to PET-V5 and MAGP-V5 
(Fig. 3B). Especially, the binding of C-terminal mutants to 
PET dramatically decreased. These results indicated that 
domain 36 involved the interaction with microfibrils via two 
cysteine residues and RKRK sequence, at least fibrillin-1 and 
MAGP.

In conclusion, we clarified domain 36 of tropoelastin con-
tributes to the binding to fibrillin-1 and MAGP through two 
cysteine residues and RKRK sequence, resulting in the pro-
motion of elastic fiber assembly.
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