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Summary

Elastin provides extensible tissues, including arteries
and skin, with the propensity for elastic recoil, whereas
amyloid fibrils are associated with tissue-degenerative
diseases, such as Alzheimer’s. Although both elastin-
like and amyloid-like materials result from the self-
organization of proteins into fibrils, the molecular
basis of their differing physical properties is poorly un-
derstood. Using molecular simulations of monomeric
and aggregated states, we demonstrate that elastin-
like and amyloid-like peptides are separable on the
basis of backbone hydration and peptide-peptide hy-
drogen bonding. The analysis of diverse sequences,
including those of elastin, amyloids, spider silks,
wheat gluten, and insect resilin, reveals a threshold in
proline and glycine composition above which amyloid
formation is impeded and elastomeric properties be-
come apparent. The predictive capacity of this thresh-
old is confirmed by the self-assembly of recombinant
peptides into either amyloid or elastin-like fibrils. Our
findings support a unified model of protein aggre-
gation in which hydration and conformational dis-
order are fundamental requirements for elastomeric
function.

Introduction

Elastomeric proteins provide the high efficiency elastic
recoil necessary to undergo reversible deformation to
biological machinery as diverse as the mammalian arte-
rial wall (Vrhovski and Weiss, 1998), the capture spiral of
spider webs (Becker et al., 2003), and the hinge of scal-
lop shells (Bochicchio et al., 2005). Of particular interest
is elastin, which, together with other structural proteins,
forms the fabric of extensible tissues, including skin,
blood vessels, and elastic ligaments, and provides the
elasticity required for proper physiological function
(Vrhovski and Weiss, 1998). Elastin and elastin-derived
peptides self-aggregate upon heating to form an orga-
nized fibrillar structure in a process known as coacerva-
tion. Remarkable durability and intrinsic capacity for
self-organization make elastin an ideal biomimetic
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model in the development of synthetic biomaterials (Bel-
lingham et al., 2003). The sequence of tropoelastin, the
monomeric precursor of elastin, is composed of alter-
nating “crosslinking” and “hydrophobic” domains. The
covalent crosslinking of elastin monomers imparts
strength and stability to the polymeric matrix, while the
hydrophobic domains are thought to confer the propen-
sities for self-aggregation and extensibility (Vrhovski
and Weiss, 1998).

At present, there is little definitive information on the
molecular basis for elastin’s properties. The insolubility,
conformational heterogeneity, and intrinsic flexibility of
elastin have precluded the use of conventional struc-
tural determination methods, including X-ray crystallog-
raphy and solution NMR (Pometun et al., 2004). Molecu-
lar dynamics simulations are not hindered by
conformational disorder and have therefore been useful
in developing an atomic-level description of elastin’s
structure, although the scope of these studies has
been limited to short time scales (Li et al., 2001) or small
oligopeptides (Baer et al., 2006; Floquet et al., 2004).
Solid-state NMR has provided significant insight, sug-
gesting the absence of « helix and B sheet, and a high
degree of dynamic disorder (Pometun et al., 2004).
These observations are inconsistent with models requir-
ing conformationally restricted structures, such as the
B spiral (Venkatachalam and Urry, 1981). However,
models of elastin as a random coil exhibiting rubber-
like elasticity (Hoeve and Flory, 1974) are at odds with
evidence for significant amounts of polyproline Il struc-
ture and B turns emerging from circular dichroism and
Raman spectroscopic studies (Bochicchio et al., 2004;
Bochicchio and Tamburro, 2002; Tamburro et al., 2003).

In contrast to elastin fibers, which are essential in
many extensible tissues, amyloid fibrillar deposits are
associated with numerous tissue-degenerative patholo-
gies, including Alzheimer’s and Parkinson’s diseases
(Dobson, 2003; Stefani and Dobson, 2003). Using elec-
tron microscopy and solid-state NMR, the molecular
structure underlying amyloid fibrils has recently been
shown to consist of cross-f sheets extending along
the main axis of the fibril (Nelson et al., 2005; Nelson
and Eisenberg, 2006; Petkova et al., 2002). While most
studies of amyloidogenic proteins have understandably
focused on specific sequences implicated in human dis-
ease, there is evidence for the wider relevance of self-
assembly of polypeptide chains into amyloid fibers
(Dobson, 2003; Stefani and Dobson, 2003). An increas-
ing number of proteins with no known associated pa-
thology have been shown to populate the amyloid state
under destabilizing conditions or with the introduction of
destabilizing mutations (Stefani and Dobson, 2003).
These include the natively a-helical protein myoglobin
(Fandrich et al., 2001) and exon 30 of human elastin,
which forms amyloid when removed from the context
of the full tropoelastin sequence (Tamburro et al.,
2005). Recently, functional amyloids have been identi-
fied: Pmel17, which is an intracellular amyloid acting
as a template for melanin synthesis in mammalian mela-
nosomes (Fowler et al., 2006), and silk moth chorion
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Peptide X1 X2 Assembly Characteristics
EP20-24-24 HU24 HU24 elastin-like
EP20-CRS-CRS CRS CRS elastin-like
EP20-24-24[P/G] HU24 HU24[P/G] |amyloid
EP20-24[P/G]-24[P/G] HU24[P/G] |HU24[P/G] |amyloid
EP20-CRS-CRS[P/G] CRS CRSI[P/G] elastin-likelamyloid
EP20-CRS[P/G]-CRS[P/G] |CRS[P/G] CRS[P/G] amyloid
PGV GGV

PGV (PGVPGV), | (GGVPGV), [ (GVPGV), |(GVAPGV),
GGV (GGVGGV), | (GGVGYV), |(GVAGGV),

(GVGV), |(GVGVA),

(GVAGVA),

Figure 1. Sequence of Model Peptides

(A) The recombinant peptides EP20-X1-X2, with hydrophobic domains in blue and crosslinking domains in orange. The first hydrophobic domain

is human exon 20 (HU20), while X1 and X2 are variable.

(B) A variety of sequences that may be substituted for X1 and X2, including human exon 24 (HU24), either native or with mutations of prolines to
glycines; chicken repeat sequence (CRS) or chicken exon 24, either native or with PG mutations; human exon 20 (HU20); chicken exon 20 (CH20);
and a repeat of GVA. Elastin’s hydrophobic domains contain extended tracts composed mostly of four residues (P, G, V, and A), which together
comprise nearly 75% of the sequence of tropoelastin. To highlight the repetitive nature of these sequences, repeats of PGV, GGV, GV, and GVA

are indicated in red, blue, yellow, and green, respectively.

(C) Summary of experimental characterization of EP20-X1-X2 recombinant peptides (Miao et al., 2003).
(D) The set of model peptides used in our computational study, based on the sequences in (B) and constructed with repeats of pairwise com-
binations of PGV, GGV, GV, and GVA. The length of these model periodic sequences (35 or 36 residues) is comparable to that of hydrophobic

domains of elastin.

protein, which acts as a protective barrier for silk moth
eggs (Ilconomidou et al., 2000). It has been proposed
that the amyloid fibril represents an inherent form of or-
ganization potentially accessible to all polypeptide
chains under appropriate conditions (Dobson, 2003;
Stefani and Dobson, 2003). Therefore, it is important to
understand how the hydrophobic domains of tropoelas-
tin, and indeed all self-associating elastomeric proteins,
manage to avoid this fate.

In order to uncover the fundamental balance of forces
underlying the assembly of polypeptides into amyloid-
like or elastin-like protein aggregates, we designed
a set of model sequences with physico-chemical prop-
erties compatible with those of the hydrophobic do-
mains of elastin, as well as amyloid fibrils. Our design
strategy is based on studies of recombinant elastin-
like peptides composed of alternating hydrophobic
and crosslinking domains (Figure 1A). The sequence of
the hydrophobic domains of elastin is simple and repet-
itive (Figure 1B). Elastin-like peptides containing human
exon 24 (which contains the repeat fragment PGVGVA),
or chicken exon 24 (with repeat fragment PGVGV),
have been shown to form biomaterials with self-aggre-
gation and mechanical properties similar to native poly-

meric elastin (Keeley et al., 2002; Miao et al., 2003).
Mutations of the tandem PGVGVA repeats to GGVGVA,
intended to increase the conformational flexibility of
the polypeptide chains, promoted the formation of
amyloid-like fibrils (Miao et al., 2003). Interestingly, mu-
tations of the PGVGV repeats to GGVGV resulted in
a polypeptide which could either coacervate like elastin
peptides or form amyloid, depending on solution condi-
tions (Figures 1B and 1C) (Miao et al., 2003). Poly-
(GGVGV) displayed a similar ambiguity in its aggrega-
tion—forming an elastin-like film or amyloid fibrils
when deposited from methanol or aqueous solution, re-
spectively (Flamia et al., 2004). Based on these observa-
tions, we considered four repeat units, PGVGVA,
GGVGVA, PGVGV, and GGVGV, which encode for mate-
rials spanning elastin-like and amyloid-like aggregates.
Recognizing that these repeats are formed by the pair-
wise combination of four distinct fragments: PGV,
GGV, GV, and GVA, we completed our model set with
the six remaining combinations: PGVPGV, GGVPGV,
GGVGGV, GVGV, GVAGVA, and GVGVA. The first two
of these are the repeat units found in chicken exon 20
and human exon 20 (Figure 1B). All ten pairwise combi-
nations may be represented as a simple matrix
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Figure 2. Representative Conformations of
Monomers and Aggregates

A Significantly populated structural elements:
(A) polyproline Il with nearby water, (B) hydro-
/ gen-bonded turn, and (C) B sheet. Backbone
representations of monomers and aggre-
gates: (D) and (G), (GVPGV)s; (E) and (H),
(GGVGV);; and (F) and (I), (GVAGGV)e. Chain
color indicates residue type: G, yellow; P,
red; V, green; A, blue. Proline-containing
elastin-like repeats, including GVPGV, form
amorphous and disordered aggregates. By
contrast, aggregates of sequences devoid
of proline form amyloid-like structures with
significant p-sheet content.

(Figure 1D) in which each sequence motif differs from
its nearest neighbors by a single residue, as does the
ordered set (PGV, GGV, GV, GVA). This minimalist
approach facilitates systematic comparison between
peptides, in addition to the computational averaging
provided by repetitive sequences.

To investigate how the ability of peptides to self-as-
semble into elastin-like or amyloid-like fibrils is modu-
lated by sequence, we performed extensive molecular-
dynamics simulations of this model set of peptides in
both monomeric and aggregated states. Our results
show that elastin-like and amyloid-like peptides are sep-
arable on the basis of backbone hydration and confor-
mational disorder and that these properties are modu-
lated by proline and glycine. Furthermore, there is
a threshold in combined proline and glycine content
above which elastomeric properties become apparent
and below which the formation of amyloid fibrils is pos-
sible. Taken together, our findings reveal a direct quan-
titative relationship between the intrinsic structural
properties imparted by the sequence of self-assembling
proteins and their propensity to form either amyloid or
elastomeric fibrils.

Results and Discussion

Results for Monomers

The monomeric peptides adopt collapsed, water-
swollen conformations reminiscent of the unfolded
ensemble of globular protein domains (Figure 2D-2F)
(Vendruscolo and Dobson, 2005). The structures exhibit
a highly flexible polypeptide backbone, with exchanging
conformations and overall structural disorder. Although

these structures contain no classical « helix or § sheet,
they are not random coils. Ordered structure is observed
predominantly in the form of polyproline Il (PPIl) content
(Figure 2A) and hydrogen-bonded turns (Figure 2B),
both of which are local.

Due to the intrinsic conformational flexibility of the
peptides, structural properties are best described in
a probabilistic manner (Figure 3). Hydrogen-bonded
turn content, X*, is anticorrelated to the degree of
backbone hydration, Xyy (Figure 3A). This anticorrelation
reflects the local equilibrium of the peptide backbone:
hydrogen bonding may be satisfied either with water
or with other backbone groups in the form of hydro-
gen-bonded turns. The peptides separate into three
clusters, ranked in order of increasing turn and decreas-
ing hydration propensities: (1) proline-containing elas-
tomers, (2) presumed “ambivalent” sequences includ-
ing GGVGV, and (3) presumed amyloids including
GVAGGV. At around 10%, the low-turn propensity of
P-containing peptides may be rationalized in terms of
conformational restrictions of the backbone induced
by prolines. This restriction in dihedral angles is re-
flected in a higher propensity to adopt PPIl conforma-
tions, which are characterized by high backbone hydra-
tion (Figures 2A and 3C). It has been established that
PPII structure is present in significant amounts in the
unfolded state of peptides and proteins (Pappu and
Rose, 2002; Shi et al., 2002; Garcia, 2004; Gnanakaran
and Garcia, 2005). In agreement with recent studies of
peptides modeling the unfolded state of proteins
(Zagrovic et al., 2005), the PPII structure observed is
not extensive but is instead confined to one or two
consecutive residues.
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Results for Aggregates

Although it is established that amyloid fibrils contain
cross-p3 sheets (Nelson et al., 2005; Nelson and Eisen-
berg, 2006; Petkova et al., 2002), the molecular organi-
zation of elastin aggregates is largely unknown. To
probe the intrinsic ability of our model set of peptides
to self-aggregate into extended B sheets, four extended
chains were placed parallel and adjacent to each other
in vacuo, so as to bias the starting conformation toward
extended B sheets, and allowed to relax with uncon-
strained MD simulations, first in vacuo and then in ex-
plicit water. After 20 ns of simulation in water, the chains
devoid of proline retained extensive cross-strand
B sheets (Figures 2H and 2I). In contrast, the P-contain-
ing sequences did not form extended 3 sheets and in-
stead remained highly disordered (Figure 2G). This is
consistent with solid-state NMR data indicating a lack
of B sheet in the aggregated state of bovine elastin (Po-
metun et al., 2004).These results indicate that the poten-
tial for forming amyloid-like structures is restricted to
the sequences without proline. Presumed ambivalent

and presumed amyloid sequences cannot be separated
on the basis of peptide-peptide hydrogen bonding pro-
pensity, reflecting the capacity of both groups to form
interstrand hydrogen bonding in extended B sheets.
This is consistent with the ability of “ambivalent”
sequences, like GGVGV, to form amyloid fibrils under
appropriate conditions (Miao et al., 2003; Flamia et al.,
2004).

Comparison of Monomers and Aggregates

The structural tendencies of the tetrameric aggregates
are largely consistent with those of hydrated single
chains. In particular, both states display a similar anti-
correlation between hydration and peptide-peptide hy-
drogen bonding (Figures 3A and 3B). Significantly, elas-
tin-like sequences retain higher backbone hydration and
PPII propensities and form fewer peptide-peptide hy-
drogen bonds compared to the other model sequences
(Figures 3A-3D). In support of these findings, high PPII
content is observed for hydrophobic exons of elastin
using circular dichroism (Bochicchio et al., 2004).
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Qualitative agreement between monomers and aggre-
gates is also seen in the amount of hydrophobic surface
buried relative to the fully extended state, Syg
(Figure 3F). Three clusters emerge in order of increasing
She: (1) presumed ambivalent sequences, (2) presumed
amyloids, and (3) elastin-like peptides, with an overall in-
crease in surface burial for aggregates relative to single
chains. The buried hydrophobic surface area of all ten
peptides is considerably less than that of globular pro-
teins of the same number of residues (cellobiohydrolase
1, 19.6 nm? [Mattinen et al., 1997]; porcine peptide YY,
24.3 nm? [Keire et al., 2000]; villin headpiece, 24.3 nm?
[McKnight et al., 1997], compared to an average of 5 =
1 nm? for the elastin-like single chains). This observation
is consistent with the lack of a compact folded state or
buried hydrophobic core. It should be noted that the
nonpolar packing of amyloid-like aggregates in our sim-
ulations is likely to underestimate the extent of hydro-
phobic burial in amyloid fibrils, in which layered 3 sheets
have been observed (Stefani and Dobson, 2003; Nelson
et al., 2005; Nelson and Eisenberg, 2006; Petkova et al.,
2002). However, the overall consistency of the proper-
ties of monomers and aggregates suggests that the abil-
ity of the polypeptide chains to self-organize into either
elastin-like or amyloid-like materials is determined by
the intrinsic backbone propensities imparted by the
sequence.

Rigid Prolines, Plastic Glycines

In the division between elastin-like and amyloidogenic
peptides, there appear to be two major sequence deter-
minants: proline and glycine. The combination of these
two residues is remarkable in light of their radically dif-
ferent backbone plasticity. Proline is the primary deter-
minant: its conformationally restricted main chain in-
duces a significant propensity for PPIl structure and
an intrinsically reduced ability to form hydrogen-bonded
turns and B sheet. Both of these structural tendencies
lead to increased backbone hydration. Glycine is the
secondary determinant: in the absence of proline, it is
the fraction of glycine that determines the extent of
backbone hydration in monomers. Indeed, the propen-
sity for the backbone to form hydrogen-bonded turns,
X*us, decreases linearly with increasing glycine compo-
sition, Xg, in water (Figure 3E). This can be rationalized in
terms of polypeptide chain entropy, as increasing gly-
cine content increases the entropic cost of constraining
the backbone in the formation of turns. Inversely, in the
absence of competition for hydrogen bonding from the
solvent, the backbone plasticity conferred by glycine
helps better satisfy polar interactions through intramo-
lecular hydrogen bonds. As a result, the probability to
form hydrogen-bonded turns in vacuo increases with
glycine content (Figure 3E). These results expose the
dual character of glycine, which favors either ordered
or disordered structures, depending on the context
and environment. This adaptive capacity could contrib-
ute to the ambivalent nature of glycine-rich peptides de-
void of proline, such as poly-(GGVGV).

A PG Composition Threshold

Based on the above results, both proline and glycine ap-
pear to play a central role in governing elastin-like prop-
erties in model sequences. The general significance of

this finding is revealed in a two-dimensional diagram re-
lating the P and G contents of many natural elastomeric
protein domains, as well as experimentally confirmed
amyloids (Figure 4). Astonishingly, a clear separation
between elastomeric and amyloidogenic sequences is
apparent using a wide array of protein sequences from
many different species. Although the hydrophobic do-
mains of mammalian, amphibian, avian, and fish elastin
span a wide region of the plot, the overwhelming major-
ity of these sequences are found above a linear thresh-
old of combined P and G content. The fact that approx-
imately two glycines are equivalent to one proline at this
threshold confirms the role of proline as the primary de-
terminant of elastin’s properties. Remarkably, the com-
pliance with a PG composition threshold is not limited to
the hydrophobic domains of elastin, but is also ob-
served for other elastomeric proteins. These include
the elastic domains of preColP, which confer elasticity
on mussel byssus thread (Coyne et al., 1997); abductin,
from the hinge of the scallop’s shell (Bochicchio et al.,
2005); and resilin, the resilient energy storage protein
important in insect flight (Elvin et al., 2005).

Below the PG-threshold are many sequences that
have been found to form amyloid fibrils in vivo or in vitro,
some of which are linked to diseases and others that
have no known associated pathology. Of particular
interest are the peptide fragments of islet amyloid
polypeptide (IAPP, associated with type Il diabetes).
Human IAPP contains the amyloidogenic fragment
SNNFGAILSS, while rat IAPP has SNNLGPVLPP at the
same location in its sequence. The latter fragment, which
has a combined PG composition well above the thresh-
old, cannot form amyloid fibrils in vitro. It is thought that
this sequence difference protects rats from acquiring
type Il diabetes (Tenidis et al., 2000; Westermark et al.,
1990). It has also been demonstrated that randomly
scrambled variants of the prion domain of Ure2p can
form amyloid fibrils in vivo and in vitro, emphasizing
the importance of sequence composition over exact
sequence in amyloid formation (Ross et al., 2004). The
effects of P and G on the inhibition of amyloid fibrilliza-
tion have separately been the object of previous studies
(Parrini et al., 2005; Williams et al., 2004). The present ev-
idence for the existence of a quantitative PG threshold
above which amyloid formation is impeded is compati-
ble with the fact that even sequences with relatively
high content of either P or G can form amyloid fibers.

Sequences of the various classes of spider silks also
appear to satisfy the PG threshold. The most elastic
forms of spider silk, flagelliform silk and major ampullate
spindroin 2 (MaSp2), are found above the threshold in
the region populated by elastin’s hydrophobic domains,
while the two forms of silk imparting strength to the
dragline and the web (respectively, major ampullate
spindroin 1, MaSp1, and minor ampullate spindroin,
MiSp) appear below the threshold (Gatesy et al., 2001).
The rigid silks (aciniform, AcSp [Hayashi et al., 2004],
used for wrapping prey, and tubuliform, TuSp1 [Garb
and Hayashi, 2005], used to encase eggs) are found in
the amyloidogenic region. Similarly, flexible and rigid liz-
ard egg shells are located respectively above and below
the composition threshold, with the primary difference
being a 2-fold increase in P content for the flexible-
type shells (Sexton et al., 2005).
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Figure 4. Proline and Glycine Composition of Elastomeric and Amyloidogenic Sequences

A two-dimensional plot correlating proline and glycine content for a wide variety of peptides. The coexistence region (shaded in gray) contains P
and G compositions consistent with both amyloidogenic and elastomeric properties. Elastomeric proteins, including the domains of elastin, ma-
jor ampullate spindroin 2 (MaSp2), flagelliform silk, the elastic domains of mussel byssus thread, and abductin, appear above a composition
threshold (upper dashed line). Amyloidogenic sequences are primarily found below the PG-threshold, along with rigid lizard egg shells, tubulli-
form silk (TuSp1), a protective silk for spider eggs, and aciniform silk (AcSp), used for wrapping prey. The coexistence region contains amyloid-
like peptides as well as the elastomeric adhesive produced by the frog Notaden bennetti, the PEVK domains of titin, wheat glutenin protein, and
the strongest spider silks, namely major ampullate spindroin 1 (MaSp1) and minor ampullate spindroin (MiSp). Our model peptides are also
shown (open triangles) with color coding defined in Figure 3. Refer to the Supplemental Data for sequences and corresponding references.

The transition in composition space between elasto-
mers and amyloids does not appear to be an abrupt
one. Rather, a coexistence region includes sequences
that are either elastomeric, amyloidogenic, or both.
Elastomeric proteins in this region include glutenin
(found in wheat gluten) (Tatham et al., 2001), the adhe-
sive produced by the Australian frog Notaden bennetti
(Graham et al., 2005), and the PEVK domains of muscle
protein titin (Ma and Wang, 2003; Tatham and Shewry,
2000). There are also amyloidogenic sequences, includ-
ing silk moth chorion protein (Iconomidou et al., 2000)
and the ambivalent sequence poly-(GGVGV) (Miao
et al., 2003; Flamia et al., 2004). The boundaries indi-
cated in Figure 4 are not intended to be definite, and
the delineation and characterization of the threshold
will require further investigation. Accordingly, the PG di-
agram should not be taken to imply that random se-
quences satisfying the threshold in combined PG con-
tent would be elastomeric or that the composition of
proline and glycine is the sole measure of a protein’s
ability to form amyloid fibrils. For a given composition,
changes in primary sequence may influence hydration
and peptide-peptide hydrogen bonding, and therefore
aggregation tendencies. The effect of sequence variabil-

ity may be especially important in the coexistence re-
gion. It should also be noted that the sequence of human
elastin is not random with regard to the location of pro-
lines and glycines (see Supplemental Data available with
this article online for an analysis of the interproline and
interglycine spacing). Additional factors, such as the
compositions of other residues and solution conditions,
are expected to contribute to the modulation of protein
aggregation tendencies. However, it is striking that all
known natural elastomeric sequences satisfy a compo-
sition threshold, which therefore appears to constitute
a necessary condition for the onset of elastomeric
properties.

Experimental Crossvalidation

Further support for the above findings is provided by the
crossvalidation of independent observations made on
the basis of (1) combined PG composition, (2) structural
properties obtained from atomistic simulations of model
peptides, and (3) in vitro studies of recombinant pep-
tides containing the same repeat motifs. The structural
properties computed for the model sequences (Figure 1D)
are consistent with the distribution of these sequences
on the PG diagram (Figure 4). The elastin-like peptides
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Figure 5. Thioflavin-T-Binding Assay for Amyloid Fibril Formation
Binding of thioflavin-T to EP20-24-24 (), EP20-24-24[P/G] in 0.5 M
NaCl (M), EP20-24-GVA (A), and EP20-GVA-GVA (@®). It has previ-
ously been demonstrated that EP20-24-24[P/G] (in the presence of
salt) did not coacervate and instead formed amyloid-like fibril struc-
tures (Miao et al., 2003). EP20-24-24[P/G] contains the GGVGVA tan-
dem repeat, which is found below the threshold on the PG diagram.
The dependence of fluorescence on peptide concentration for both
GVA recombinant peptides is similar to that of this known amyloido-
genic sequence.

are found above the threshold, while the remaining
sequences are found in the coexistence region or
below the PG-threshold. Based on the composition
threshold in the PG diagram (Figure 4), poly-GVA is
predicted to form amyloid-like structures. Accordingly,
in our simulations of both monomers and aggregates,
(GVA),> exhibited structural tendencies similar to
(GVAGGV)s, an amyloidogenic sequence motif (Miao
et al., 2003), with low hydration and high peptide-
peptide hydrogen-bonding propensity. To test this pre-
diction, recombinant polypeptides that contain tandem
GVA repeats were produced: EP20-24-[GVA] and
EP20-[GVA]-[GVA], where the sequence of the [GVA]
domain is provided in Figure 1B. Both peptides formed
fibrillar precipitates and were subjected to the thio-
flavin-T binding assay for amyloid fibril detection (Fig-
ure 5) (LeVine, 1999). Thioflavin-T fluorescence for
EP20-24-24, the polypeptide with native human elastin
sequence PGVGVA, was minimal and independent of
concentration. In contrast, EP20-24-24[P/G] in 0.5 M
NaCl, which has been shown previously to form amy-
loid-like fibrils by electron microscopy (Miao et al.,
2003), exhibited a thioflavin-T fluorescence, which was
strongly concentration dependent. Similarly, EP20-24-
GVA and EP20-GVA-GVA both exhibited strong concen-
tration dependence for dye binding comparable to
EP20-24-24[P/G]. The confirmation that the GVA motif
promotes amyloid formation highlights the capacity of
the PG diagram to accurately predict peptide aggrega-
tion tendencies.

Toward a Unified Model of Elastomeric

Structure and Function

The existence of a threshold of combined proline and
glycine composition observed by elastomeric proteins
points to a remarkably simple and robust design princi-

ple, whereby the onset of elastomeric function is con-
trolled by the intrinsic backbone properties conferred
by just two amino acid residue types. The analysis of
the results obtained from our minimalist set of peptide
sequences indicates that both amino acids help keep
the polypeptidic backbone of elastomers disordered
and hydrated, though for opposite reasons: prolines,
because they are too stiff to form secondary structure,
and glycines, because in the presence of water, they
are too flexible to do so. This finding is consistent with
the fact that these are the two residue types most likely
to be found in loops, most of which are solvent exposed,
rather than in the secondary structure of globular pro-
teins (Crasto and Feng, 2001).

Furthermore, the interplay between hydration and
disorder of the polypeptide chain is highlighted by the
apparent threshold in backbone hydration separating
elastin-forming aggregates from their amyloid-forming
counterparts (indicated as a dotted line in Figures 3A-
3D). In support of the existence of a hydration threshold,
not only is elastin brittle when dry, but solid-state NMR
has also shown that a relative mass of water greater
than 30% is required for the onset of conformational
flexibility (Perry et al., 2002). Converting the apparent
threshold of Xy = 0.7 (the average number of water mol-
ecules bound to each backbone hydrogen-bonding
group) into a percent mass of water leads to the follow-
ing results for elastin-like sequences: PGVPGV, 27%;
GGVPGV, 29%; GVPGV, 28%; GVAPGV, 32%. The ex-
cellent agreement with the experimentally determined
hydration threshold suggests that the emergence of
elastomeric properties of elastin is controlled by back-
bone hydration.

Taken together, the above findings have general im-
plications for elastomeric self-assembly and function
(Figure 6). Two major entropic forces are at play in the
folding and aggregation of biopolymers: polypeptide
chain entropy (AS¢) and hydrophobic packing (ASyp).
Chain entropy opposes both folding (Figure 6C) and
full extension of the polypeptide chain (Figure 6A) since
both events dramatically decrease the number of ac-
cessible conformations. Hydrophobic forces drive the
emergence of collapsed states of polypeptide chains
(Figure 6B), which precede formation of the hydropho-
bic core of globular proteins (Cheung et al., 2002)
(Figure 6C). Like the native state of globular proteins,
the molecular structure underlying amyloid fibrils is
characterized by an ordered, water-excluding core con-
taining extensive secondary structure (Figure 6F). The
present work suggests that the reason elastomeric
chains remain hydrated and disordered even after ag-
gregation is that their backbone is inherently unable
to form extensive self-interactions (Figure 6E). Accord-
ingly, the functional state of an elastomer is incompati-
ble with the amyloid state. In turn, this supports a model
of elastomeric materials in which, consistent with (1)
rubber-like elasticity and (2) the existence of a hydration
threshold, backbone entropy and hydration play a
central role in their function. Because the aggregated
state contains relatively few hydrogen-bonded self-
interactions, the polypeptide chains can readily extend
under strain (Figure 6D). Subsequently, both chain
entropy and hydrophobic packing contribute to elastic
recoil.
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Figure 6. Role of Entropy in Polypeptide Self-Organization
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Schematic diagram of possible protein states, highlighting the polypeptide backbone (black), nonpolar side chains (yellow), water molecules
solvating the polypeptide backbone (blue), and peptide-peptide H bonds (red). (A) Extended single chain; (B) disordered, water-swollen mono-
mer representing the unfolded state of a globular protein; (C) folded globular protein; (D) extended aggregate; (E) hydrated amorphous aggregate
characterized by an ensemble of many degenerate conformations; (F) 8 sheet of amyloid fibers. Both protein folding and amyloid formation are
favored by hydrophobic forces (ASyp) but opposed by the polypeptide chain entropy (ASc). Both forces oppose the extension of disordered
hydrophobic chains. The present study suggests that the single most important feature of elastomeric chains is their inability to fold into a native
structure or to form extended cross-f sheets, which allows their aggregates to remain amorphous and to readily undergo extension and elastic

recoil.

Conclusion

We derive the following simple conclusions: (1) a funda-
mental requirement for elastomeric domains is to remain
disordered, even when aggregated; (2) disorder is an
indirect consequence of the inability of the polypeptide
to form a compact, water-excluding core involving
extensive backbone self-interactions; (3) most signifi-
cantly, the fact that a minimum threshold of combined
P, G content appears to be fulfilled by proteins forming
such diverse biomaterials as human aorta, spider silk,
and lizard egg shells suggests that maintaining a critical
level of disorder is not only a fundamental requirement
but may very well constitute the single most essential
design principle of self-assembling elastic proteins.
These insights establish a framework for more detailed
studies of the physical determinants of structure in
elastomers and amyloids, as well as the modulation of
elastomeric properties. Ultimately, this understanding
will help advance the rational design of self-assembling
biomimetic materials, such as artificial skin, and facili-
tate the development of therapeutic approaches to
combat the increasingly prevalent amyloid diseases.

Experimental Procedures

Molecular Dynamics

Blocked single-chain and tetrameric assemblies of each of the ten
periodic polypeptide sequences depicted in Figure 1D were sub-
jected to extensive molecular dynamics (MD) simulations in explicit
water at 300K with the OPLS/AA/L force field (Jorgensen et al., 1996;
Kaminski et al., 2001) and the TIP3P model for water (Jorgensen
et al.,, 1983). Simulations of monomeric and aggregated systems
were performed for 60 ns and 20 ns, respectively, for a total of 800
ns of simulation, with the GROMACS MD simulation package
(Berendsen et al., 1995; Lindahl et al., 2001). Further details of
simulation methodology and structural analysis are provided as
Supplemental Data.

Recombinant Polypeptides

Construction and production of elastin polypeptides EP20-24-24
and EP20-24-24[P/G] has been described elsewhere (Miao et al.,
2003; Bellingham et al., 2001). EP20-24-GVA and EP20-GVA-GVA
were constructed by replacing oligonucleotides coding for 11 re-
peats of GVA with the seven repeats of PGVGVA in one or two
exon24 of EP20-24-24, respectively. All polypeptides were con-
firmed by amino acid analysis and Q-TOF mass spectrometry by us-
ing the facilities of the Advanced Protein Technology Centre, Hospi-
tal for Sick Children.
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Thioflavin-T Assay

The assay for binding of thioflavin-T was performed according to the
method of LeVine (LeVine, 1999). Briefly, polypeptides were dis-
solved in water or 0.5 M NaCl at a concentration of 0.5 pug/ul and
left at 4°C overnight. Then 10 pl of polypeptide was incrementally
added to 2 ml of 3 uM thioflavin-T in potassium phosphate buffer
(50 mM, pH 6.0). Fluorescence at 482 nm (excitation 450 nm) was
monitored with a Hitachi F-2500 fluorescence spectrophotometer.

Supplemental Data

Supplemental Data include a detailed description of computational
methods, data showing the spacing of proline and glycine in human
elastin, as well as the sequences and corresponding references
used in the construction of Figure 4. The Supplemental Data are
available at http://www.structure.org/cgi/content/full/14/11/1667/
DC1/.
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