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Background: Negative residues are rare in human tropoelastin, and their contributions to protein structure and function are
unknown.
Results: Mutating aspartate 72 reduces coacervation, cross-linking, and elastogenesis and alters the N-terminal conformation.
Conclusion: Aspartate 72 residue stabilizes the N-terminal structure for functional assembly into elastic fibers.
Significance: This work provides the first direct evidence of the importance of the tropoelastin N-terminal structure in elastic
fiber assembly.

Tropoelastin is an extracellular matrix protein that assem-
bles into elastic fibers that provide elasticity and strength to
vertebrate tissues. Although the contributions of specific tro-
poelastin regions during each stage of elastogenesis are still
not fully understood, studies predominantly recognize the
central hinge/bridge and C-terminal foot as the major partic-
ipants in tropoelastin assembly, with a number of interac-
tions mediated by the abundant positively charged residues
within these regions. However, much less is known about the
importance of the rarely occurring negatively charged resi-
dues and the N-terminal coil region in tropoelastin assembly.
The sole negatively charged residue in the first half of human
tropoelastin is aspartate 72. In contrast, the same region com-
prises 17 positively charged residues. We mutated this aspar-
tate residue to alanine and assessed the elastogenic capacity
of this novel construct. We found that D72A tropoelastin has
a decreased propensity for initial self-association, and it
cross-links aberrantly into denser, less porous hydrogels with
reduced swelling properties. Although the mutant can bind
cells normally, it does not form elastic fibers with human
dermal fibroblasts and forms fewer atypical fibers with
human retinal pigmented epithelial cells. This impaired func-
tionality is associated with conformational changes in the
N-terminal region. Our results strongly point to the role of
the Asp-72 site in stabilizing the N-terminal segment of
human tropoelastin and the importance of this region in
facilitating elastic fiber assembly.

Elastic fibers within the extracellular matrix provide struc-
tural integrity and resilience for the mechanical stretching of
elastic tissues such as skin, lungs, and vasculature. The main
component of elastic fibers is elastin, which is assembled from
the tropoelastin monomer.

The contributions of specific tropoelastin regions to elastic
fiber assembly have not yet been fully defined. Previous studies
have predominantly implicated the tropoelastin central hinge,
bridge, and C-terminal foot regions as essential to the coacer-
vation, microfibrillar deposition, and cross-linking stages of
elastogenesis (1–5). However, the role of the preceding N-ter-
minal coil region in elastin assembly is less well understood.
This region likely contributes to the overall structure of the
tropoelastin coacervate, as suggested by the conformational
transitions displayed by an isolated domain 2-7 peptide upon an
increase in solvent hydrophobicity (6). The N-terminal seg-
ment may also facilitate tropoelastin integration into the
microfibrillar scaffold via interactions with fibrillin-1 (7). In
addition, there are at least three intramolecular cross-links that
occur in the region spanning domains 6 –15, as well as a number
of intermolecular cross-links with the central or C-terminal
regions of another molecule (8, 9). A major cross-linking site in
elastin is formed through the association of domains 10, 19, and
25, in which the domain 10 sequence of one tropoelastin strand
bridges the desmosine-linked domains 19 and 25 of a second
molecule via two lysinonorleucine links (10). The likely impor-
tance of the tropoelastin N-terminal region in elastogenesis is
further supported by the association of a domain 12 mutation
with a cutis laxa phenotype that is marked by deficient dermal
elastic fibers (11).

Many of the functional and structural properties of tro-
poelastin are modulated by the abundant positively charged
residues within the molecule. For example, tropoelastin bind-
ing to fibroblasts is mediated by the basic C-terminal RKRK
cluster (12, 13). Tropoelastin deposition onto microfibrils is
proposed to be facilitated by electrostatic interactions with
microfibril-associated glycoproteins (14, 15). Cross-linking
reactions that stabilize the nascent elastic fiber directly involve
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the positively charged lysine residues within tropoelastin (16).
Positively charged residues may also be involved in maintaining
the tertiary structure of the protein, as demonstrated by the
conformational changes exhibited by an arginine-to-alanine
tropoelastin mutant (1).

In contrast to the more recognized roles of the positively
charged residues in tropoelastin function, little has been
described of the rarely occurring negatively charged residues.
One such residue, Asp-72, resides within cross-linking domain
6 of the tropoelastin N-terminal region. Inspection of mamma-
lian tropoelastin sequences (17) indicated that the Asp-72 site is
conserved in human, chimpanzee, baboon, and pig tropoelas-
tin. In the cat and cow tropoelastin sequences that do not pos-
sess a corresponding Asp-72, a glutamate exists within the same
domain upstream of this site.

Our paper investigates the functional significance of a con-
served negatively charged residue within the tropoelastin
N-terminal region. We produced a human tropoelastin con-
struct with an alanine substitution at the Asp-72 site (D72A)
and analyzed its functionality with respect to coacervation,
cross-linking, cell interaction, and elastic fiber assembly in
comparison with the wild-type (WT) isoform. We also com-
pared the solution structures of the WT and D72A constructs
to determine differences in monomer conformation that can
account for differences in assembly properties. Our results
point to the role of the Asp-72 site in stabilizing the N-terminal
segment of human tropoelastin, and the importance of this
under-characterized region in facilitating fiber assembly.

EXPERIMENTAL PROCEDURES

Tropoelastin Production—Bacterial plasmid containing the
WT tropoelastin sequence (recombinant wild-type human tro-
poelastin without domain 26A, corresponding to residues
27–724 of GenBankTM entry AAC98394) was modified by site-
directed mutagenesis (GenScript) to obtain the D72A isoform.
D72A tropoelastin was purified from transformed Escherichia
coli BL21 culture, as described previously (18), and verified by
plasmid sequencing, SDS-PAGE (Fig. 1A), and comparative
MALDI-TOF mass spectrometry. WT tropoelastin was pro-
duced in-house via a similar, large scale E. coli expression
system.

Human tropoelastin has been reported to contain low, vari-
able levels of hydroxyproline, ranging from 0 (19) to �30% of all
proline residues (20 –22). To date, proline hydroxylation has no
known role in tropoelastin function, and it has been hypothe-
sized to be a coincidental by-product of collagen hydroxylation
(23). This is consistent with the fact that the potential proline
hydroxylation sites are not modified in every tropoelastin mol-
ecule (20). The absence of hydroxyprolines does not affect tro-
poelastin secretion, cross-linking, or incorporation into the
elastic matrix (21, 24). However, proline over-hydroxylation in
tropoelastin has been associated with structural changes,
impaired coacervation, and reduced cross-linking and patho-
logical elastin formation (21, 25). For these reasons, although
the recombinant WT tropoelastin used in this study is not post-
translationally modified, it is expected to be equivalent to the
native, mature form of human tropoelastin (26).

Coacervation—Light scattering of 10 mg/ml WT and D72A
tropoelastin in 0.01 M phosphate-buffered saline (PBS) was
monitored by measuring absorbance at 300 nm at 20 – 60 °C
over 10 min in a Shimadzu UV-1601 spectrophotometer. The
samples were cooled at 4 °C for 10 min between each tempera-
ture change.

Particle Size Analysis—Particle sizes of 10 mg/ml WT and
D72A tropoelastin solutions were determined via dynamic light
scattering using a Malvern Zetasizer Nano (Malvern Instru-
ments). The samples were equilibrated for 5 min at each tem-
perature. At least 40 measurements were taken per sample and
averaged to obtain the relative volume percentages of solution
particle sizes.

Hydrogel Construction—WT and D72A tropoelastin (100
mg/ml in PBS) were cross-linked with 10 mM bis(sulfosuccini-
midyl) suberate at 37 °C for 16 h to form hydrogels.

Micro-computed Tomography—Lyophilized hydrogels were
scanned with a SkyScan 1072 micro-computed tomography
system using a 60-kV x-ray beam at a resolution of 3.23 �m. The
x-ray projection images were converted into a stack of cross-
sections with the NRecon 1.4.4 cone-beam reconstruction pro-
gram (SkyScan) and rendered into a three-dimensional struc-
ture with VGStudio Max 1.2.1 (Volume Graphics GmbH).
Hydrogel porosity was calculated using the CTan software
(SkyScan).

Scanning Electron Microscopy—Hydrogels were mounted
with carbon glue, sputter-coated with a 25-nm gold layer, and
imaged onto a Zeiss EVO-50 scanning electron microscope.

Hydrogel Swelling—Lyophilized hydrogels of known mass
were submerged in Milli-Q water (Millipore) for 24 h at 4, 25,
and 37 °C. Excess water was drained, and the hydrogels were
weighed to calculate water absorption per gram of protein.

Cell Attachment—Tissue culture plastic wells were coated
with increasing concentrations of WT or D72A tropoelastin at
4 °C overnight and then washed with PBS to remove unbound
tropoelastin. Wells were blocked for 1 h with 10 mg/ml heat-
denatured bovine serum albumin in PBS. Human dermal fibro-
blasts (GM3348) grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% (v/v) fetal bovine serum were trypsinized
and resuspended in serum-free DMEM. Wells were seeded at a
density of 1.5 � 105 cells/cm2. Standards with known seeding
density were added to uncoated and unblocked wells. Cells
were allowed to attach at 37 °C for 1 h. Nonadherent cells were
washed off with PBS, and the adhered cells were fixed with 3%
(w/v) formaldehyde for 20 min and stained with 0.1% (w/v)
crystal violet in 0.2 M MES, pH 5.0, for 1 h. Excess stain was
washed off with water, and the crystal violet was solubilized
with 10% (w/v) acetic acid. Absorbance was read at 570 nm.
Standard values were fitted to a linear regression and used to
convert sample absorbance values into percentage cell
attachment.

Antibody Detection (ELISA)—Wells were coated with in-
creasing concentrations of tropoelastin at 4 °C overnight and
washed with PBS to remove unbound tropoelastin. Wells were
blocked with 3% (w/v) BSA for 1 h. Bound tropoelastin was
separately detected with one of three primary antibodies as fol-
lows: (a) 1:2000 BA4 mouse anti-elastin antibody (Sigma); (b)
1:500 rabbit anti-C-terminal antibody (custom-made by Bio-
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matik); or (c) 1:5000 mouse anti-domain 6 antibody (custom-
made by AbMart). Wells were washed and incubated
with 1:5000 goat anti-mouse or anti-rabbit IgG conjugated with
horseradish peroxidase for 1 h. Wells were visualized with
ABTS solution (1.04 mg/ml 2,2�-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid, 0.05% (v/v) H2O2, 10 mM CH3COONa, 5
mM Na2HPO4) at 37 °C for 1 h, and absorbance readings were
measured at 405 nm.

Immunostaining of Elastic Fibers—Human dermal fibro-
blasts (GM3348; obtained from the Coriell Research Institute)
cultured in DMEM with 10% (v/v) fetal bovine serum and 1%
(v/v) penicillin/streptomycin and human retinal pigmented
epithelium cells (ARPE-19; obtained from Dr. M. Madigan,
Save Sight Institute, New South Wales, Australia) cultured in
DMEM/Nutrient mixture F-12 with 10% (v/v) fetal bovine
serum, 2 mM L-glutamine, and 1% (v/v) penicillin/streptomycin
were seeded on glass coverslips at 18,400 cells/cm2. At 10 and
14 days post-seeding, respectively, 20 �g/ml WT or D72A tro-
poelastin was added to the GM3348 and ARPE-19 cultures. At
1, 4, 7, and 10 days after tropoelastin addition, cells were fixed
with 4% (w/v) paraformaldehyde for 20 min and quenched with
0.2 M glycine. The cells were incubated with 0.2% (v/v) Triton
X-100 for 6 min, blocked with 5% (w/v) bovine serum albumin
at 4 °C overnight, and stained with 1:500 BA4 mouse anti-elas-
tin antibody for 1.5 h and 1:100 anti-mouse IgG-FITC antibody
(Sigma) for 1 h. The coverslips were mounted onto glass slides
with ProLong Gold anti-fade reagent with DAPI (Invitrogen).

Confocal Microscopy—Immunostained samples were visual-
ized with an Olympus FluoView FV1000 confocal microscope

using laser excitation at 488 nm to detect FITC fluorescence
and 559 nm to detect elastin autofluorescence. Z-stacks were
taken from areas distributed across each sample and con-
verted to maximum projection images. Confocal images of
WT and D72A elastic fibers were analyzed using ImageJ
(rsbweb.nih.gov).

To compare fiber fluorescence or autofluorescence, a thresh-
old was set to exclude background and saturated pixel intensi-
ties. The average intensity of pixels within this threshold was
measured for each projection image and averaged for each sam-
ple. To compare fiber abundance, two perpendicular reference
lines were drawn in each projection image. The number of
fibers intersecting either reference line was counted and aver-
aged for each sample. Fiber width was measured and averaged
from a total of �150 randomly selected sections of WT or
D72A elastic fibers. The area occupied by cell nuclei was used as
a control of cell number and viability in all samples.

Circular Dichroism (CD)—Far-UV CD spectra of 0.15 mg/ml
WT and D72A tropoelastin in 10 mM phosphate and 150 mM

NaF were recorded on a Jasco J-815 spectrometer equipped
with a Peltier-controlled sample chamber. Samples were
scanned with a bandwidth of 1.0 nm at 20 nm/min. Each spec-
trum was averaged from five scans, buffer-corrected, and
smoothed using 3-point adjacent averaging. Secondary struc-
ture composition was estimated from the CD spectrum using
the CONTINLL and CDSSTR methods (27) with a reference set
of 37 soluble proteins.

Small Angle X-ray Scattering—WT and D72A tropoelastin
were dissolved in PBS to 20 and 16 mg/ml, respectively, and

FIGURE 1. A, SDS-PAGE of purified WT and D72A tropoelastin with standard protein markers (M) in kDa. B–I, coacervation profiles of WT and D72A tropoelastin.
B, extent of coacervation at each temperature as indicated by relative sample turbidity. C, time required to achieve maximum coacervation at each tempera-
ture. D–I, particle sizes of WT and D72A tropoelastin solutions at 20 °C (D), 25 °C (E), 30 °C (F), 35 °C (G), 40 °C (H), and 45 °C (I).
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mixed with 2 mM dithiothreitol. Small angle x-ray scattering
data were collected at the ESRF on BM29 with a detector dis-
tance of 2.8 m using the BioSAXS robot. The scattering images
obtained were spherically averaged using in-house software
and buffer scattering intensities subtracted using PRIMUS (28).
Particle shapes were generated ab initio using GASBOR (29).
Multiple GASBOR runs were performed to generate 10 similar
shapes that were combined and filtered to produce an averaged
model using the DAMAVER software package (30).

Statistical Analyses—Replicate values were reported as
means � S.E. Statistical significance was calculated using two-
way analysis of variance. Significance was set at p � 0.05 or
higher.

RESULTS

D72A Tropoelastin Shows Decreased Propensity for Self-
association—WT and D72A tropoelastin solutions were ana-
lyzed spectrophotometrically at different temperatures to
determine the extent of protein self-association. WT coacer-
vated fully at 35 °C, although D72A required a higher tempera-
ture of 40 °C to attain full coacervation (Fig. 1B). At tempera-
tures up to 50 °C, D72A also consistently coacervated more
slowly than WT, although the difference was most pronounced
within the physiological temperature range (Fig. 1C).

To confirm differences in the coacervation behavior of
WT and D72A, the particle sizes of the tropoelastin solutions

were assessed via dynamic light scattering over a tempera-
ture range (Fig. 1, D–I). At 20 and 25 °C, both WT and D72A
species were in the 10 –15-nm monomer form. At 30 °C,
�43% of WT molecules self-associated, whereas the D72A
species remained as monomers. At 35 °C, all of the WT but
only �76% of D72A were in the coacervate form. At 40 °C, all
D72A molecules coacervated fully, although the diameter of
these mutant assemblies at �0.5 �m was significantly
smaller than that of the WT at �2.3 �m. This difference
between the WT and D72A coacervate sizes was observed
even at higher temperatures, up to 45 °C.

FIGURE 2. Morphological and swelling properties of hydrogels. A, micro-computed tomography images showing the top-down and cross-section views of
WT and D72A hydrogels. Scale bar, 0.5 mm. B, scanning electron microscopy images of the top and bottom surfaces of WT and D72A hydrogels. Scale bar, 100
�m. C, swelling of WT and D72A hydrogels in water at 4, 25, and 37 °C. The amount of water absorbed is expressed as a ratio to hydrogel mass. *, p � 0.05; **,
p � 0.005.

FIGURE 3. Attachment of human dermal fibroblasts to tissue culture wells
coated with WT and D72A tropoelastin.
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D72A Tropoelastin Cross-links into Structurally Different
Hydrogels—WT and D72A tropoelastin incubated with 10 mM

bis(sulfosuccinimidyl) suberate for 16 h polymerized com-
pletely to form hydrogels, as evidenced by the absence of tro-
poelastin monomers in the aqueous solution left after hydrogel
formation (data not shown). Micro-computed tomography
reconstruction of the WT and D72A hydrogels indicated dis-
tinct structural differences between the constructs (Fig. 2A).
The D72A hydrogel was composed of discrete thin layers of
densely stacked material. This morphology contrasted greatly
with the open fibrous network that spanned the full thickness of
the WT hydrogel. Analysis of the projection slices across the z
axis of the hydrogels confirmed that the WT material had a
significantly higher porosity at 90.2 � 0.6% than the D72A
material at 59.4 � 1.3%.

Scanning electron microscopy imaging of the hydrogels at
higher resolution revealed surface morphology differences
between the WT and D72A constructs (Fig. 2B). Although the
top surface of the WT hydrogel showed a highly porous,
honeycomb-like network with open channels �150 –200 �m in
diameter, the top surface of the D72A hydrogel comprised a
solid sheet with fewer and smaller pores, averaging 20 – 40 �m.
Thin fibers were present on the D72A hydrogel surface and
appeared to be in the process of coalescing into the surface
layer. The top surface of the D72A hydrogel reflected a similar
morphology to the bottom surfaces of both WT and D72A
cross-linked constructs, which were characterized by a smooth
dense sheet with infrequent, smaller pores of �20 �m.

The WT and D72A hydrogels also exhibited differences in
swelling behavior (Fig. 2C). When submerged in water for 24 h,
the D72A hydrogels expanded less (4.7 � 0.04-fold increase)
than the WT constructs (6.4 � 0.4-fold increase) compared
with the pre-swollen samples. Consistent with this smaller vol-
ume increase, the amount of water absorbed by D72A hydro-
gels was 58 – 62% less than that of WT hydrogels. This signifi-
cant decrease in swelling by mutant hydrogels was observed
consistently at 4, 25, and 37 °C.

D72A Tropoelastin Binds Human Dermal Fibroblasts—WT
and D72A tropoelastin exhibited no significant difference in
their ability to support the attachment of human dermal fibro-
blasts (Fig. 3). Cell binding to WT- or D72A-coated tissue cul-
ture plastic increased proportionally with tropoelastin concen-
tration until a plateau at �5 �g/ml tropoelastin. At saturation
levels of tropoelastin coating, �75% of seeded cells adhered to
either WT or D72A.

D72A Tropoelastin Shows Impaired Elastic Fiber Assembly—
WT and D72A tropoelastin showed markedly different capac-
ities for elastic fiber formation when added to the culture
medium of GM3348 human dermal fibroblasts (Fig. 4). One day
after addition into the extracellular environment, WT globules
were clustered linearly as a precursor step to fiber development.
In contrast, D72A particles assembled into a few visible spher-

ules, which were dispersed throughout the extracellular matrix.
Four days after tropoelastin addition, a branched network of
WT elastic fibers was visible, but no D72A spherules or fibers
were present. The same trend persisted for 7 and 10 days after
tropoelastin addition.

The elastogenic capability of WT and D72A tropoelastin was
also assessed in ARPE-19 human retinal pigmented epithelial
cells, a cell line that naturally expresses major extracellular
matrix components but not tropoelastin (Fig. 5). One day after
the addition of WT and D72A tropoelastin to the culture
medium of these cells, WT spherules were likewise organized
linearly, although the D72A spherules were scattered through-
out the extracellular space. Four days after tropoelastin addi-
tion, an expansive WT elastic fiber network had assembled.
Several D72A elastic fibers were also visible, but they were
significantly fewer in number and exhibited significantly
decreased immunofluorescence and autofluorescence than
WT fibers (Fig. 6, A–C). The same pattern was maintained until
7 and 10 days after tropoelastin addition. D72A elastic fibers
consistently stained 45– 48% less intensely, displayed 41– 47%
reduced autofluorescence, and exhibited 57–71% decreased
abundance compared with WT fibers.

In all cases, cell numbers were comparable between samples
to which WT and D72A were added (Fig. 6D), suggesting that
the differences in elastic fiber properties were not due to differ-
ences in cell density. In addition, control samples without exog-
enous tropoelastin showed no elastic fiber formation. Staining
controls containing WT tropoelastin but with missing or non-
specific antibodies showed faintly visible elastic fibers due to
elastin autofluorescence.

D72A Tropoelastin N-terminal Region Binds Differentially to
a Domain 6-specific Antibody—Antibodies targeted against dif-
ferent regions within the tropoelastin molecule were used to
examine potential conformational changes between WT and
D72A. Immunodetection of surface-coated tropoelastin in-
creased with increasing tropoelastin concentrations until satu-
ration at 5–10 �g/ml tropoelastin. Significantly reduced bind-
ing levels were detected for D72A compared with WT when
using a specific antibody against domain 6, which encompasses
the mutation site (Fig. 7A). No differences were observed
between WT and D72A with antibodies targeted against the
central domain 24 (Fig. 7B) or the C-terminal domain 36 (Fig.
7C).

D72A Tropoelastin Has Similar Secondary Structure Compo-
sition to WT—The far-UV circular dichroism (CD) spectra of
WT and D72A displayed similar features characteristic of tro-
poelastin, including a large negative peak at �200 nm and a
negative shoulder at �220 nm, although there were slight dif-
ferences in the scattering profile around these wavelengths (Fig.
8, A and B). The secondary structure compositions of WT and
D72A tropoelastin were calculated to be similar, consisting of
5.4 and 5.0% �-helix, 24.6 and 24.4% �-sheet, 13.2 and 13.0%

FIGURE 4. Confocal microscope images of elastic fibers formed from exogenous WT and D72A tropoelastin in human dermal fibroblast cultures, at 1,
4, 7, and 10 days after tropoelastin addition. Immunofluorescence and autofluorescence signals from each representative field of view are shown. Staining
controls include cells with no added tropoelastin and samples with added tropoelastin but are unstained, have no primary antibody, or have a nonspecific
primary mouse antibody with the anti-mouse secondary antibody. Staining controls show immunofluorescence signals as well as DAPI-stained cell nuclei.
Scale bar, 20 �m.
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turn region, 10.2 and 10.6% polyproline II helix, and 46.5 and
47% unresolved structures, respectively (Fig. 8C).

D72A Tropoelastin Shows Altered N-terminal Region Con-
formation—The solution structures of the tropoelastin con-
structs were determined via small angle x-ray scattering. Both
WT and D72A shapes possessed similar features comprising an
elongated N-terminal coil segment that branches into a hinge
region and a bridge region linked to the C-terminal foot region
(Fig. 9, A–C). Alignment of the WT and D72A structures indi-
cated similar bridge region lengths and, consequently, a com-
parable distance from the central axis to the C-terminal region
of each molecule. However, the WT and D72A N-terminal
regions displayed conformational differences. The mid-section
of the D72A coil region displayed a more prominent bend or
twist, resulting in an altered curvature compared with that of
WT tropoelastin.

DISCUSSION

Through the functional and structural characterization of a
D72A human tropoelastin mutant, we sought to elucidate the
significance of the N-terminal negatively charged Asp-72 resi-
due, and that of the N-terminal coil region as a whole, in the
assembly of tropoelastin into elastic fibers.

Coacervation represents the first crucial step of elastogen-
esis, and the ability of tropoelastin molecules to coacervate
greatly impacts upon their assembly into elastic fibers. D72A
exhibited temperature-dependent self-association similar to
WT but had increased temperature and temporal requirements
for this size transition. The coacervation ability of tropoelastin
species conventionally correlates with protein hydrophobicity
(31, 32). However, WT and D72A possess an equal number of
hydrophobic regions, and the substitution of the charged aspar-
tate in the mutant with a more hydrophobic alanine residue

should maintain or improve coacervation efficiency. The
decreased propensity of D72A for coacervation is therefore
likely unrelated to altered protein hydropathy and more likely is
due to structural differences between WT and D72A that alter
the exposure or proximity of interacting hydrophobic domains.

Apart from the differences in the coacervation requirements
of WT and D72A, the full-sized WT coacervate spherules were
more than four times larger than those of D72A, even at high
temperatures, which allow WT and D72A coacervation to pro-
ceed fully and at a similar rate. The smaller size of D72A assem-
blies implies a different self-organization of mutant constructs
that precludes coacervation to the same extent as WT.

It is surprising that a single amino acid mutation in the
hydrophilic domain 6 of tropoelastin impairs its ability to coac-
ervate normally, because the process is thought to be domi-
nated by the large hydrophobic domains in the central region of
tropoelastin, such as domains 18, 26, 28, and 30 (5, 33). Further-
more, multiple site mutations in the more proximal domain 20
do not affect the coacervation profile of full-length tropoelastin
variants (11), concordant with the relatively high allowance for
sequence polymorphisms in the hydrophobic regions of tro-
poelastin (34). The impact of the D72A mutation on tropoelas-
tin coacervation implicates the involvement of the N-terminal
segment in this initial assembly process. This model is sup-
ported by the ability of elastin peptides containing domains 2–7
to coacervate into structures reminiscent of those formed by
the full-length monomer (6).

The ability of tropoelastin to be cross-linked also correlates
with its incorporation into insoluble elastic fibers (15).
Although both WT and D72A can be chemically cross-linked,
the resulting hydrogels differed markedly in morphological and
functional properties. The open, porous network of the WT

FIGURE 5. Confocal microscope images of elastic fibers formed from exogenous WT and D72A tropoelastin in ARPE-19 cultures, at 1, 4, 7, and 10 days
after tropoelastin addition. Immunofluorescence and autofluorescence signals from each representative field of view are shown. Staining controls include
cells with no added tropoelastin, and samples with added tropoelastin but are unstained, have no primary antibody, or have a nonspecific primary mouse
antibody with the anti-mouse secondary antibody. Staining controls show immunofluorescence signals as well as DAPI-stained cell nuclei. Scale bar, 20 �m.

FIGURE 6. Analysis of WT and D72A elastic fiber properties in ARPE-19 cells. The immunofluorescence (A), autofluorescence (B), and abundance (C) of the
assembled elastic fibers are indicated. D, comparable cell numbers, represented by cell area, in cultures with exogenous WT or D72A. ***, p � 0.001.
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construct, which is consistent with the fibrous nature of phys-
iological elastin (35), contrasts against the dense, layered struc-
ture of the D72A material. The reduced porosity of the D72A
material reflects its significantly reduced water uptake com-
pared with the WT. The distinct hydrogel properties strongly
suggest differences in the cross-linking process undergone by
WT and D72A monomers.

Tropoelastin cross-linking, whether enzymatic or chemical,
is known to be enriched in the central region spanning domains
19 –25 (8, 9). The abnormal cross-linking of D72A tropoelastin
may result from atypical assembly of the initial coacervate spe-
cies, as intermolecular misalignments can affect the formation
of native cross-links. In addition, domain 6 has been shown to
directly participate in cross-linking. Its Lys-78 residue is
thought to bind to the Lys-696 of domain 36 in an intermolec-
ular linkage (9), although its Lys-81 contacts the Lys-111 of
domain 8 via an intramolecular bond (8). The involvement of

domain 6 in cross-linking is consistent with the surface acces-
sibility of the N-terminal region (36) and is supported by the
presence of a protease-susceptible Lys-152 site in nearby
domain 10 (37). The participation of domain 6 in cross-linking
therefore suggests that the process can be affected by local con-
formational shifts arising from the D72A mutation that disturb
the juxtaposition of interacting lysine residues. Depending
on the scale of the structural changes, cross-link formation
within the proximal domains 12–14 (8, 9) may also be altered.

WT and D72A tropoelastin equally promote the adhesion of
human dermal fibroblasts, which bind via integrins to tro-
poelastin central domains 17 and 18 (38) or C-terminal domain
36 (12). The comparable levels of fibroblast adhesion to WT
and D72A therefore indicate similar accessibility of their cen-
tral and C-terminal regions. The results further suggest that any
structural changes in D72A are most likely localized to the
N-terminal segment, as conformational shifts within the bridge
region also influence the orientation of the C terminus (1).

Exogenous tropoelastin added to the culture media of elas-
togenic cells can assemble into elastic fibers (39). WT devel-
oped into well defined elastic fibers within the extracellular
matrix of human dermal fibroblasts and ARPE-19 cells. In con-
trast, D72A did not form elastic fibers with fibroblasts and
formed only a few fibers with atypical properties with ARPE-19
cells. The decreased immunofluorescence of D72A fibers with
ARPE-19 cells may arise from fewer tropoelastin molecules or
reduced accessibility of antibody-targeted motifs, consistent
with differential monomer packing within the elastic fiber. The
decreased autofluorescence of D72A fibers also implicates
altered elastin cross-linking (40). The decreased elastogenic
capability of D72A is not due to impaired cellular binding
proposed to be essential for the anchorage of the elastic net-
work (12). Rather, it is a likely consequence of demonstrably
impaired macromolecular assembly and potentially deficient
interactions with extracellular matrix components. The
N-terminal domains 4 – 6 of tropoelastin contain a high
affinity binding site for the microfibrillar protein fibrillin-1
(7). Local structural changes in D72A occurring around
domain 6 may therefore negatively affect tropoelastin depo-
sition on the microfibrillar scaffold and subsequent cross-
linking into stable elastic fibers.

The altered self-assembly and elastogenic properties of
D72A provide strong support for the presence of conforma-
tional changes in the monomer. Antibodies targeted against
specific tropoelastin regions were used as a preliminary tool for
probing the location and extent of these potential structural
changes. Compared with the WT species, D72A displayed
equal levels of detection by both the BA4 and the anti-C-termi-
nal antibodies. The BA4 anti-elastin antibody predominantly
targets the VGVAPG hexapeptide in domain 24 and to a lesser
extent other hydrophobic sequences throughout the molecule
that follow the XGXXPG or XGXPGX motifs (41). The anti-C-
terminal antibody specifically targets tropoelastin domain 36.
Comparable binding of both antibodies to WT and D72A sug-
gests preservation of the central and C-terminal region struc-
tures in the D72A mutant. In contrast, the significantly reduced
binding of the anti-domain 6 antibody to D72A compared with

FIGURE 7. Detection of surface-bound WT and D72A tropoelastin by anti-
bodies targeted against domain 6 (A), domain 24 (B), and domain 36 (C).
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WT strongly points to the likelihood of a conformational shift
in this region of D72A.

The overall secondary structure compositions of WT and
D72A were calculated to be similar, with a major percentage
allocated to unordered regions consistent with the flexible
nature of tropoelastin (42, 43) and decreasing amounts of
�-sheet, �-turn, polyproline II helix, and �-helix structures.
However, a direct comparison of the WT and D72A CD spectra
may not resolve small local differences in secondary structure.
Subtracting the WT spectrum from that of D72A may help
magnify such differences. Using this approach, D72A shows, at
most, a slight reduction in �-helical structure with a concurrent
increase in unordered regions. The propensity for �-helix for-
mation has been directly correlated to the number of consecu-
tive alanine residues (44). The aspartate-to-alanine mutation in
the D72A construct would adjoin the preceding Ala-71 residue
to the downstream native Ala-73 to Ala-76 tetra-alanines to

form a hexa-alanine sequence that would theoretically have a
higher predisposition for �-helix formation. However, the sta-
bility of this nascent helix structure may be affected by the sub-
stitution of the N-terminal �-helical capping residue from the
native aspartate at position 72 to a valine at position 70 in the
mutant. Aspartate is the second most preferred N-capping res-
idue in �-helical peptides, whereas valine is the third least
favorable (45). Given the role of �-helices in positioning lysine
residues for cross-linking (46), changes in the �-helical content
of domain 6 may help explain the impaired D72A assembly.

The WT and D72A small angle x-ray scattering solution
shapes showed the main structural features previously reported
for human tropoelastin (47). Alignment of the WT and D72A
models revealed a series of subtle conformational rearrange-
ments in the N-terminal coil region that encompasses the
Asp-72 residue and domain 6. The D72A mutation is clearly
associated with an altered curvature and orientation of the seg-

FIGURE 8. Secondary structure analysis of WT and D72A tropoelastin. A, far-UV CD spectra from 184 to 240 nm. B, difference obtained by subtracting the
WT spectrum from the D72A spectrum. C, secondary structure composition of both species estimated by the CONTINLL and CDSSTR algorithms. The percent-
age of �-helix (AHel), �-sheet (BSht), �-turn, polyproline II helix (PP2), and unresolved structures are indicated.

FIGURE 9. A and B, solution structures of WT (green) and D72A (blue) tropoelastin obtained by small angle x-ray scattering. The N-terminal coil (NC) region, hinge
region (HR), bridge region (BR), and C-terminal foot (CF) region are indicated. C, aligned WT and D72A structures. Arrows indicate the bend/twist in the D72A
N-terminal region resulting in an altered curvature compared with the native shape. D, domain structure of WT human tropoelastin showing hydrophobic
(black) and hydrophilic (white) domains. The locations of all negatively charged (red arrowhead) and positively charged (blue arrowhead) residues are indicated.
Lysine residues in domain 6 involved in intramolecular or intermolecular cross-linking are also identified.
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ment spanning the N terminus to the mid-section of the coil
region. A contributing factor to this structural deviation may be
the destabilization of �-helices within domain 6. These results
suggest for the first time a role for the Asp-72 residue in main-
taining the native conformation of the tropoelastin N-terminal
coil region, potentially by stabilizing local secondary structure
and/or contacting proximal residues via charge interactions.
The Asp-72 residue may interact with one of the two positively
charged lysines in domain 8 to constrain this region and allow
the formation of the reported intramolecular linkage between
Lys-81 of domain 6 and Lys-111 of domain 8 (8) during in vivo
cross-linking (Fig. 9D).

We propose a model where the N-terminal structural change
at the monomer level accounts for the altered assembly of
D72A tropoelastin. Protein hydration changes associated with
the conformational shift can affect the thermodynamic require-
ments of coacervation, whereas modifications to the relative
position of domains can decrease the efficiency of self-associa-
tion and impede native molecular packing within the assembled
species. In this model, the misalignment of cross-linking
domains contributes to formation of aberrant intramolecular
and intermolecular linkages, particularly those involving
domain 6 and neighboring domains. Atypical cross-linking of
the D72A species is consistent with the structural and func-
tional abnormalities of its hydrogel constructs. Evidence for a
domain 6-domain 36 cross-link (9) strengthens the head-to-tail
model of tropoelastin assembly (47), which suggests that N-ter-
minal conformational changes can drastically hinder monomer
propagation into fiber structures as observed experimentally.
The impaired elastogenic ability of D72A tropoelastin directly
supports a model in which the Asp-72 residue critically main-
tains the structure of the tropoelastin N-terminal region for the
normal assembly and architecture of elastic fibers.

In light of the substantial effects seen here, we would expect
a marked elastin pathology associated with a mutation at the
tropoelastin Asp-72 site. If such a mutation were viable, the
tropoelastin variant would be expected to display impaired
coacervation and aberrant cross-linking behavior that cumula-
tively results in deficient or atypical elastic fiber assembly.
Abnormal elastogenesis is resonant of the cutis laxa pathology,
which is typically associated with missense or frameshift muta-
tions in the tropoelastin C-terminal region, but a more severe,
recessive phenotype has recently also been correlated to a point
mutation in the tropoelastin N-terminal domain 12 (11). Simi-
lar to the clinical consequences of cutis laxa-associated muta-
tions, the features of tropoelastin with a nonconservative
Asp-72 mutation would also be expected to result in a
decreased ability of the elastic matrix to fulfill the functional
requirements of the tissue environment.
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