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a b s t r a c t

Soluble elastin-like peptides (ELPs) can be engineered into a range of physical forms, from hydrogels and
scaffolds to fibers and artificial tissues, finding numerous applications in medicine and engineering as
“smart polymers”. Elastin-like peptides are attractive candidates as a platform for novel biomaterial
design because they exhibit a highly tunable response spectrum, with reversible phase transition ca-
pabilities. Here, we report the design of the first virtual library of elastin-like protein models using
methods for enhanced sampling to study the effect of peptide chemistry, chain length, and salt con-
centration on the structural transitions of ELPs, exposing associated molecular mechanisms. We describe
the behavior of the local molecular structure under increasing temperatures and the effect of peptide
interactions with nearest hydration shell water molecules on peptide mobility and propensity to exhibit
structural transitions. Shifts in the magnitude of structural transitions at the single-molecule scale are
explained from the perspective of peptide-ion-water interactions in a library of four unique elastin-like
peptide systems. Predictions of structural transitions are subsequently validated in experiment. This li-
brary is a valuable resource for recombinant protein design and synthesis as it elucidates mechanisms at
the single-molecule level, paving a feedback path between simulation and experiment for smart material
designs, with applications in biomedicine and diagnostic devices.

© 2017 Published by Elsevier Ltd.

1. Introduction

Elastin is an extracellular matrix protein that imparts reversible
elastic recoil and resilience to extensible tissues, including the lung,
blood vessels, elastic ligaments and skin. Beyond its impressive
mechanical elasticity, elastin and artificial elastin-like peptides
(ELPs) have been demonstrated, through transmission electron
microscopy, circular dichroism and nuclear magnetic resonance
[1e5], to exhibit an inverse temperature transition, a reversible
propensity to aggregate upon increasing temperature [2,6e12].
Above a specific temperature, highly dependent on the chemistry
and environment of the ELP system, the formation of an aggre-
gating coacervate phase takes place. This is similar to the natural
coacervation process of tropoelastin, the precursor molecule to

elastin, in the process of elastic fiber formation [13].
The stimuli-responsive quality confers controllable functional-

ities to ELPs, and in conjunction with their biocompatibility and
biodegradability, makes them effective candidates as a platform for
biomedical materials. ELPs have been designed into a range of
material forms, including nanoparticle self-assemblies [24,25] and
hydrogels [1,26,27]. The tunability of the ELP phase transitions has
been used in biomedical applications from drug delivery [28e30] to
tissue engineering [31]. Examples of such applications include
elastin-based nanoparticles that have been designed to display cell-
penetrating peptide motifs for controlled uptake into cells; thermal
targeting of tumors by creation of a diffusion gradient of a drug into
the tumor; tumor targeting with local hyperthermia; ELP conju-
gates for cancer therapy; and sustained release delivery systems for
controlled release of peptide drugs to treat type 2 diabetes [32e36].

Underlying the application of ELPs in bioengineering and
biomedicine is a need to understand fundamental design principles
and molecular mechanisms yielding the stimuli-responsive quality
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to ELPs. In the last half century, a series of pivotal studies have
contributed to the understanding of transition effects in ELPs.
Urry's laboratory conducted extensive studies to understand the
effects of sequence modification on transition temperature by
varying guest residue X in VPGXG repeat sequences, coining the
“inverse temperature transition” term [14,15]. They found a corre-
lation between hydrophobicity index of guest residues and the
transition temperature Tt, such that hydrophobic residues reduced
Tt, while polar and hydrophilic residues increased Tt [37].

Structural transitions in elastin have also been discussed in the
context of elastin's elasticity by Tamburro and others, using the
reductionist approach to study short synthesized glycine-rich
peptides representative of elastin. In this description, a shifting
set of sliding b-turns, polyproline II and unordered structures di-
rects conformational flexibility in the protein, establishing a gen-
eral equilibrium between folded and extended structures [38,39].
Tamburro's team studied the effect of sequence, chain length and
environmental conditions on elastin's propensity to coacervate,
suggesting particular functional roles for different domains based
on these findings [39e41].

A number of experimental studies from a biomaterials design
perspective have considered the possibility of developing poly-
meric ELP materials with introduced temperature-modulated
switches. Stimuli include sequence chemistry modification
[16e19], changes in salt concentration [17], molecular weight
[19e21], pH [20,22], and light [23]. Beyond this, Chilkoti's team
created a series of quantitative models for making specific pre-
dictions based on a set of sequence and solution parameters
[11,22,42], with an emphasis on applications for drug delivery
system development [43,44]. Several experimental groups have
also considered the particular role of water and hydration on ELP
transitions [45,46] and related elasticity [47].

Supplementing experimental work, computational groups have
developed ELP models. Several teams have used classical molecular
dynamics to explore the molecular basis of elasticity and inverse
temperature transition in ELPs [48e50]. The question of structure
in ELPs has inspired studies that showed the sequence-dependent
propensity of ELPs to assume amyloidogenic qualities [51,52]. Yet
other studies have instead focused on ELP modeling to understand
peptide receptor interactions and molecular implications in bio-
logical activity [53,54].

The present work builds on existing literature to expand the
understanding of fundamentals of ELP transitions and factors that
influence this behavior. Unlike earlier computational work where
ELPs systems have been studied primarily using classical molecular
dynamics for a sparsely distributed temperature range, this study
introduces Replica Exchange Molecular Dynamics (REMD) to
improve sampling and identify specific transition regions not pre-
viously captured in experiment nor simulation by considering 60
densely-distributed temperature systems. Using this method, we
examine how varied conditions and triggers influence mechanisms
involved in the presence and absence of transitions for different ELP
sequences at the single-molecule scale.

We focus on intramolecular phenomena in order to understand
basic events at the single-molecule and peptide domain level. A
fundamental understanding at the sub-molecular scale can provide
a foundation to extend this work for studying intermolecular
events. The pentapeptide repeat unit VPGVG, and its permutation,
GVGVP, are considered representative ELP polymer building blocks.
Here we choose the GVGVP peptapeptide as proposed by Urry and
used since by others as a model ELP [9,55,56]. Our work considers
molecular compactness and secondary structure, hydrogen
bonding organization, and distribution and arrangement of water
in modulating ELP behavior based on changes in chemistry, salt
concentration, and peptide chain length.

The approach introduced here can be extended to studying
other synthetic or protein polymers for precise phase transition
characterization at the molecular scale. For example, silk and silk-
inspired sequences have shown a propensity to undergo
temperature-induced phase transitions [57,58] and are popular
candidate materials for biomedical applications [59]. A number of
synthetic polymers also show temperature-dependent phase
transition functionality [60] which can be further tuned for precise
behavior and control with a modeling-experimental approach
described in this work.

Based on our findings, we propose modeling as a complemen-
tary tool to provide fast, reliable predictions based on core molec-
ular mechanisms, because current methods are inadequate and do
not consider the contributions of fast and slowmolecular dynamics
on the one hand; and the balancing of interactions between pep-
tide, ions and water on the other. Furthermore, understanding
single molecule behavior mechanisms is a necessary prelude to
studying intermolecular events such as coacervation. This approach
can be used to quickly screen the sequence space from a library of
candidate sequences, in order to define sequences that might be
useful experimentally (Fig. 1).

2. Methods

2.1. Molecular simulation setup

Input structures for simulation are created based on elastin-like
protein polymer (ELP) sequences of the form
[(GVGVP)(GXGVP)(GVGVP)]n in single amino acid letter code (SI
Fig. 1a). X is an interchangeable amino acid considered for shift-
ing and modifying transition temperatures and n (equal to 1 or 2)
determines sequence length. The systems considered in this study
are described in SI Table 1. X-residue identity, chain length, and
NaCl concentration are considered.

Extended conformations of the sequences are built using
CHARMM version 24b1 [61]. The CHARMM force field is widely
used for studying proteins [62]. It has been used to study other

Fig. 1. Simulation-experiment material design paradigm flow-chart. Sequences of the
form [(GVGVP)(GXGVP)(GVGVP)]n are simulated with extensive Replica Exchange
Molecular Dynamics simulations to identify molecular mechanisms of structural
transitions. This yields a basis for a library of available sequences to instruct experi-
mental design. Recombinant DNA technology is used to synthesize proteins in vitro,
feeding back into the simulation-experiment design loop.
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