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MODIFICATION OF BEHAVIOR OF ELASTIN-LIKE POLYPEPTIDES BY

CHANGING MOLECULAR ARCHITECTURE

ALI GHOORCHIAN

ABSTRACT

Elastin-like polypeptides (ELP) are environmentally responsive polymers that exhibit
phase separation in response to external stimuli such as temperature, pH, light, and ionic
strength. It has been shown that the sequence of the pentapeptide, its length, and the
solution concentration are very important in the transition of the molecules from soluble
to insoluble, but there has not been any detailed study of the effect of molecular
architecture on the behavior of ELPs.

In this study we designed, synthesized and characterized ELPs with different
architectures and chemical identities to probe the effect of molecular design on the
microscopic and macroscopic behavior of ELP molecules and to compare them to the
linear ELP molecules. These new architectures also helped us better understand the
theory of folding and aggregation of ELPs. The design was based on constructing three-
armed star molecules by tagging a trimer forming oligomerization domain to the ELP
chains. ELPs were chosen to have different chemical identities by changing the
pentapetide sequence. The molecules were synthesized by molecular biology techniques
and characterized by different methods.

Our results show that capping the three ELP chains forces the chains to fold into more

extended rod-like constructs prior to aggregation. A mathematical model was developed

Vi



to predict the behavior of ELP chains at the transition temperature and it was shown that
there is a difference between N- and C- terminal capping ELPs seem to fold at lower
temperatures when their N-termini are held together. It was also shown that the
constructs with both their ends capped can be designed such that they fold into a stable
unit at much lower temperatures than the linear constructs without necessarily
aggregation at higher temperatures.

The trimer constructs were also used to make micellar aggregates that were
characterized by dynamic and static light scattering. It was shown that the size of the
micelles can be controlled by adjusting salt concentration or by making mixtures of linear
and trimer constructs. The micelles were also crosslinked into responsive stable nano-

particles.
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Chapter |

Background

1-1. Introduction

In nature there are many macromolecule-based systems with fundamental importance
for living organisms that exhibit changes in structure and behavior in response to changes
in their environment. Many biological systems function on the basis of some feedback
communication Wwith their surroundings which induce specific changes in the
conformation of proteins, polypeptides, or nucleic acids. These changes in the
conformation would then translate into changes in the function of the macromolecules
and ultimately affect the living organisms. In essence many of the biologically related
functions can be considered as responsive to environmental changes. The response can be
a change in solubility, secondary structure, or even intermolecular association and can be
triggered by a variety of natural stimuli including temperature and pH variations, among
many other physiologically-induced changes. Understanding these biological responses
and what induces them, their response to environmental stimuli, and the pathway of

transition from one state to another has been the subject of countless studies and theories



throughout many decades. This understanding would help to provide us tools to utilize
these environmentally-induced changes in designing new and improve biologically-
inspired materials.

The most commonly studied responsive macromolecules are the ones that exhibit
lower critical solution temperature (LCST) and transition from soluble to insoluble in
response to environmental stimuli.** *? LCST is a temperature below which, a mixture
components remain soluble and do not show any immiscibility for any composition. The
best known representative of these materials is poly(N-isopropylacrylamide) (PNIPAA)
which has an LCST of 32°C and has been studied for many years as a “smart” polymer
for a variety of applications.** **®

The other common family of responsive macromolecules consists of peptide-based
responsive molecules. The building blocks of these materials are usually naturally
occurring amino acids and there is interest in them because of the advantages they offer
in biologically-related applications. These soft, hydrated materials have many advantages
over traditional chemically synthesized polymers. One major advantage of these
materials is the possibility of precise control over the chemical identity and length
together with their monodisperse distribution in the solution.>” Many of these materials
have been shown to be biodegradable and generally biocompatible.>®° Also the ability
to add short peptide motifs and tags such as RGD, IKVAV, and GHK to the polypeptide
makes these materials very attractive for bio-interface and cell attachment
applications™***3. These materials have also shown potential to be used as self-
assembling units that can be used in designing 3D functional hydrogels. *** ** Even

their obvious shortcoming of being limited to naturally occurring amino acid residues is



becoming less of a restriction by the development of more artificial amino acids that can
be used in making peptide-based materials.*%%,

Elastin-like polypeptides are a group of peptide-based materials which also have the
LCST characteristics of responsive polymers and go through a transition in response to
external stimuli.**® These polypeptides have similar characteristic of the elastin which
makes them great candidates for many potential applications in which the flexibility and
resilience of elastin is desired. The elastin-based materials are especially interesting since
elastin and its unique characteristics have become the center of many material-related
investigations and innovations in recent years because of its ability to repeatedly and
reversibly go through stress cycles without failing.>?® *?* Elastin-like polypeptides are
designed based on observed repetitive sequences in mammalian elastin proteins'# with
the most common being the pentapeptide Val-Pro-Gly-Xaa-Gly, in short VPGXG, in
which Xaa can be any of the natural or synthetic amino acids except for proline.>?* They
are soluble below their lower critical transition temperature (LCST) and become
insoluble and aggregate above their phase transition temperature.>?®* The protein-rich
liquid phase from this phase separation is a coacervate and has been shown to have about
40% protein content.™” In addition to VPGXG , there are other sequences that have
shown to have the characteristics of elastin-like polypeptides, including LGGVG*?,
GXGGX'®, APGVGV'?® AVGVP'?', KGGVG'?®, LGAGGAG"*, but most of the
studies have focused on VPGXG as the representative of this family of peptide-based
materials.

In this chapter we first look at different viewpoints on the theory of phase transition

and aggregation of elastin-like polypeptides and the much debated origin of their



elasticity. In this aspect the role of water is especially of interest and the structural studies
of these materials will be discussed. We will then present the synthesis and
characterization methods of these materials and summarizes the work that has been done
to utilize these biologically inspired materials in different medical and non-medical
applications.
1-2. Theory of Transition

From macroscopic point of view the transition of elastin-like polypeptides from
soluble to insoluble in response to environmental stimuli can be easily observed and
quantified using UV-vis spectroscopy (Figure 1-1).

The transition temperature depends on the chemical identity, chain length,

1.7, 1.30, 1.31

concentration, and architecture of the ELP in the solution and sometimes a

combination of these factors can be utilized to design a specific ELP molecule with a
known transition temperature for a particular application. The environmental stimuli to

trigger this phase change are diverse and ELP molecules can be designed to respond to

temperature, pH, ionic strength, light, and other stimuli.>" 132133

—=— (GVGVP)40, PBS
1.2
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0.6 1
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Figure 1-1. a) Transition of an ELP solution from soluble (left) to insoluble suspension of aggregates
(middle), and finally phase separation (right). The phase separation happens after keeping the solution
above the transition temperature for extended period of time. b) UV absorbance measurement of the

(GVGVP)4 solution from below to above the transition temperature.

The extensive studies by Urry showed that there is a predictable relationship between
the hydrophobicity of the X residue in (VPGXG) and the temperature at which the ELP
solution goes through the transition.” This hydrophobicity scale has been shown to be a
very accurate first estimate that can be used prior to designing and synthesizing new ELP
molecules to predict their transition temperatures.

As much as it is a straight forward to observe and measure the transition temperature
of elastin-like polypeptides, it is difficult and problematic to have a full picture of this

transition at the molecular level. Early work by Urry"3

showed that a cyclic
polypentapeptide of (VPGVG); in its crystalline state consists of three type II B-turns
joined by Val-Gly-Val bridges. Based on this observation and using the (VPGVG) as the
representative elastin-like polypeptide, they then employed circular dichroism (CD),
NMR and dielectric relaxation studies to probe the transition of unordered polypeptides at
low temperatures to more ordered structures at temperatures above the transition
temperature.*'® * They suggested that this transition is in agreement with their
proposed phase diagram for ELP molecules™® and the change at molecular level is
ultimately accompanied with the phase change in solution. But later studies showed that

this molecular structure change is a gradual process that starts at temperatures well below

the transition temperature.>*” Urry and Cabello later suggested that the ordering of



polypeptides is actually the main contributor to the LCST behavior of ELPs.>*® They
studied the thermal behavior of ELP molecules using temperature modulated differential
scanning calorimeter (TMDSC) in different salt concentrations and suggested that the
process of inverse transition temperature (ITT) in ELPs is inherently different from LCST
of the other macromolecules and the process of folding and aggregation leads to an
increase in the order of the chains.

Based on Urry’s model for ELP transition, the chains in the random conformation
below their transition temperature start to form type II B-turn conformation as they
approach their transition temperature and then at the transition temperature they fold in to
a so called a p-spiral which is a helical arrangement of B turns.>*® These folded constructs

would then be stabilized by making trimers called twisted filament (Figure 1-2).

A.
®—0O ®—0 ®—0© ®O—0© ®—0© ®—0O
© 00600V OOV OBV OOV VLBV O
B. B-turn E. B-spiral F. twisted filament
‘ P- of B-spirals

~ ,‘(Gly3 \\?\
B b A &(Qg:) C%)
val Mys ol e

C: D. E% l
v -
S

}=1.8 nm—~|

Figure 1-2. The formation of twisted filaments from folded ELP chains as suggested by Urry. The B-spiral

formation from B-turns is believed to be precursor of ELP aggregation. (with permission from reference

139, Copyright 1997 American Chemical Society.

Numerous groups have studied different ELP sequences to probe this theory and an
array of results has been reported. Many of the experimental studies, mostly using CD

6



spectroscopy and IR measurements, have suggested the existence of more ordered state
of the polypeptides at higher temperatures that might be made of mainly 3 turns. In a
study using infrared spectroscopy and computational methods on a 59 kDa ELP of 150
pentapeptide repeats of (VPGXG), Serrano et al. suggested that their results are
consistent with B-spiral model of Urry.>*® This is one of the few works which combines
experimental data along with a mathematical model to study this transition. They also
showed that increasing temperature to those of higher than the transition temperature
affects the packing of the B-spiral strands to B-sheet structure. This is consistant with
Urry’s observation that heating up the ELP solution to temperatures well above their
transition temperature causes more water to be expelled from the coacervate.>*® Other
studies by Arkin using (VPGXG) as the model molecule and employing multicanonical
Monte Carlo simulations show good agreement to the Urry model.*** *#? Nicolini et
al.'* characterized temperature and pressure induced inverse transition temperature of a
single pentapeptide using DSC, CD, and FTIR showing the existence of type II B-turns
and a change from unfolded to folded structure by increasing the temperature. They also
showed that at high pressure the population of ordered structures decreases and more
random coil is observed.

Despite the existence of the experimental and molecular simulation results pointing
towards the existence of ordered structure for ELPs there are also many investigations
showing less or no order for these constructs either below or above the transition

.14 conducted one of the most detailed simulation studies of ELP

temperature. Li et a
molecules using (GVGVP)g as their template in a temperature range of 7°C to 42°C.

Their starting point was the proposed p-spiral model and they showed that when the ELP



goes through the transition more turns can be observed above the transition temperature.
But their simulations indicate that above T the ELP monomer can be described as a
compact and amorphous structure which contains disordered P strands and fluctuating
turns. It is noticeable that in this simulation a single chain was studied and the effect of
other chains on the conformational behavior of the ELP chain was not taken into
consideration. Yao et al. studied the structure of a (GVGVP); by using 1D NMR and
their results suggested only a small fraction of the overall structure consists of type II B-
strands.*® Later, Krukau et al. used a GVG(VPGVG); as a molecular model to study the
conformational transition of the ELPs by employing molecular simulations in water at
temperatures between 7°C to 167°C and their results suggest that the breaking of
hydrogen bonds of clustering water plays a very important role in the transition
temperature but there is no folding of the ELP molecule upon reaching to the transition
temperature.”*® They suggested the existence of a random distribution of structured
elements on the peptide chains even above the transition temperature. They also
challenged the idea of having ELP chains in random coil below the transition temperature
as they found a rigid conformation below the transition temperature. They suggest that
the minimum of CD spectra at 195 nm which is used as an indication for the existence of
random structure might be contributed to the presence of ordered polyproline Il (PPII)
structure. This idea has been challenged by the fact that increasing temperature causes the
198 nm minimum to disappear while another characteristic peak of PPII conformation at
212 nm remains almost the same in most of the CD spectra of ELP molecules at different
temperatures. This is an indication that these two peaks represent two different species

and so they most probably cannot be interpreted as PPII secondary structure.**’



Some researchers used elastin-like polypeptide sequences other than VPGVG to study
the conformational change of the chains through the transition. One such molecule was
(LGGVG), which was studied by some groups. Martino et al. *“® first studied this ELP
using CD spectroscopy and transmission electron microscopy. They suggested that the
sequence XGGXG can better represent elastin molecules as it illustrates what they called
“sliding B-turn”.** They showed that a simultaneous presence of different conformations
can be observed for this construct which includes type II B-turns, type I B-turns, and
unordered structure and makes this ELP a structurally heterogeneous biopolymer. Using
TEM they also observed twisted-rope aggregates which are in agreement to the Urry’s
theory. Although it should be noted that their studies were done in organic solvents (TFE
and HFIP) and it has been shown elsewhere that organic solvents and specifically TFE
(trifluoroethanol) can promote the type I p-turn conformation for ELPs.*° Kumashiro
group later studied this polypeptide using 1D and 2D NMR and concluded that the best
scenario for describing the conformation of these polypeptides is what they call a
“conformational ensemble”, in which a number of different conformations coexist.* **°
They also confirmed the existence of type Il B-turn structure in water and type | B-turn in
TFE.>! This heterogeneity in conformation was also reported by Ahmed et al.*** who
studied VPGXG as their model molecule and did a range of UV-resonance raman
(UVRR) studies on linear and cyclic elastin. They suggested that there is an ensemble
population of polypeptides especially for linear constructs which mostly includes type Il
B-turns and disordered B-strands and some type II B-turns. For the cyclic polypeptides at
low temperatures they found that most of the population is unordered strands of type II

and type III B-turns, but an increase in type II B-turns at temperatures above the transition



temperature was observed. However, their UVRR does not show any difference in
population of type II B-turns for linear or cyclic constructs. The possible difference
between the population of the turns is especially interesting considering the fact that most
of the structural studies by Urry were done on cyclic short chains. Bochicchio et al. also
used CD spectroscopy on elastin, abductin, and resiline proteins and showed the very
close equilibrium between PPII, unordered, and B-turn conformations.>*® These different
results from different systems and the possibility of having a number of different
conformations coexisting might explain the very different and sometimes contradictory
results that have been reported, especially using molecular dynamic simulations, since
these simulations are based on a series of initial boundary conditions which could be
significantly different from one solution condition to another.
1-3. Role of Water

Although there are numerous viewpoints on the molecular changes in ELP molecules
when they go through their transition, there is very little doubt about the importance of
water in this process. These mostly hydrophobic polypeptides are surrounded by water
molecules which are called the water of hydrophobic hydration. Water of hydrophobic

k%% who described these water molecules as

hydration was first studied by Fran
“icebergs” surrounding the hydrophobic molecules. The idea of ice-like water molecules
later evolved to more dynamic water molecules which have a relaxation frequency
somewhat lower than that of the bulk water. In work done by Urry et al.>*° they observed
a temperature dependent relaxation of about 5 GHz, which is just below the frequency of

bulk water, for two long ELP molecules. This first hydration shell covers most of the

surface of the biomolecule at lower temperatures and increasing the temperature causes

10



this water network to break into small water clusters that cannot cover all of the area on
the surface of the molecule and are less ordered."* This results in more exposed
hydrophobic residues to the bulk water which drives the aggregation of the molecules as
they approach the transition temperature. The fact that the transition of biomolecules
from soluble to insoluble correlates with the reordering of waters around the molecules
was used to relate the transition temperature of ELPs to the water of hydrophobic
hydration.™” It has been suggested that even the thermal characteristics of the water of
hydrophobic hydration is different from that of the bulk water."> Oleinikova et al.
studied the heat capacity (C,) of water molecules around hydrophilic and hydrophobic
residues in both hydration shell and bulk water using molecular simulations.**® They
showed that the C, value of the water surrounding the biomolecule is actually higher than
that of the bulk water but it starts to decrease when the temperature starts to elevate. It
eventually approaches that of the bulk water at high temperatures and at these high
temperatures the C, is actually affected by the interaction of hydrophobic hydration water
with the bulk water which means that the two species of the water molecules become
more and more alike.

Since the change in the structure of water is accompanied with phase separation of
these biomolecules and considering that the transition temperature is the line between the
miscibility and immiscibility of the solution components, the Gibbs free energy should be

zero at this point and so
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Urry used this concept to develop the Ti-based hyrophobicity scale that can be used to

predict the transition temperature of different ELP solutions based on their chemical
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identity.*" " Also based on his theory, the folding of ELP molecules to more ordered
constructs upon reaching to the transition temperature causes these chains to have more
positive entropy. This entropy would be then compensated by the less ordered water
molecules negative entropy at the transition.”

The water of hydrophobic hydration and its role in the transition of ELPs has been
subject to many studies and experiments using different methods. Cabello et al. used
scanning calorimetry to study poly(VPGVG) with the aim of better understanding the
mechanism of protein folding and assembly.™® Their experiments were aimed at
studying the clathrate-like structure of water molecules surrounding the hydrophobic
moieties of the polypeptide chain from conditions of water deficiency to excess of water.
This work was done based on using polypeptides with molecular weights of above 15
kDa and their results indicated that there are a maximum of 170 water molecules per
pentapeptide. They also confirmed that these clusters of water are distributed in a non-
homogeneous fashion with a broad range of energy distribution. The water molecules and
their role in the structural stability of the polypeptide by making hydrogen bonds was
investigated by changing the aqueous environment from water to D,O by Cho et al.>*’
They measured the critical solution temperature of five different ELP molecules with
different lengths and chemical identity. Using CD spectroscopy, ATR/FTIR, and DSC
measurements they found B-turn structures in both water and D,O solutions but the
highest content of these B-turns were observed for less hydrophobic and shorter
polypeptides (Figure 1-3). They also studied the difference between the LCST of the ELP
molecules in water and heavy water and compared it to that of the

polyisopropylacrylamide (PNIPAA). Base on their experiments there is a considerable
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difference between ALCST and enthalpic cost of ELP and PNIPAA when the solvent is
changed from water to D,O. They suggested that this difference is mainly attributed to
the different phase transition mechanisms in the two and the fact that hydrogen bonding
plays a very important role in the ELP transition and restructuring above the transition
temperature while there is minimal change in hydrogen bonding upon the hydrophobic
collapse of PNIPAA molecules and unlike ELP molecules PNIPAA remains unstructured

upon transition.
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Figure 1-3. CD spectra of ELPs with different lengths and chemical identity. The minimum around 197

nm is less negative for longer hydrophilic constructs which is an indication of higher  structure at the same

1.47

temperature. Reprinted with permission from reference ~*'). Copyright 2009 American Chemical Society.

Since the water of hydrophobic hydration affects the transition of the elastin-like
polypeptides trough changes induced by the hydrogen bonding of water molecules with
different amino acid residues, the effect of water on the structural transition of ELP
molecules also depends on the chemical identity of the polypeptide. This was
investigated for poly(GVGVP) and poly(AVGVP) using FTIR and raman spectroscopy in

solution and in the solid state.>? It was suggested that below the transition temperature
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for both polymers, water molecules make hydrogen bonds with a part of the amide
groups and the rest of these groups interact with each other to form a B-sheet-like
structure consisting of B-turns. But the difference between the two polypentapeptides is
that the water is more structured around poly(AVGVP) molecules. Also, this polypeptide
makes a more compact structure above the transition temperature and shows more
resistance to rehydration which makes it more difficult to dissolve back into solution and,
consequently, a hysteresis between heating and cooling UV spectra was observed. This
mostly was attributed to the direct bonds between the amide groups and expulsion of
water molecules from the spaces in between them, which makes it harder for the water to
penetrate back in to the molecular structure below the transition temperature. On the
other hand, poly(GVGVP) retains more water molecules on its amide groups above the
transition temperature and consequently behaves reversibly when it goes through the
transition temperature. This difference in the hydration shows how the chemical identity
of a polypeptide can affect the structure of water around the molecule, which in turn
changes the LCST behavior of the ELP molecule. Also from their studies, and in
contradiction to the general belief that the transition of these biomolecules is mainly
related to the restructuring of the water molecules around the hydrophobic moieties, they
concluded that the restructuring of the biomolecule itself, for instance the decrease in 3-
sheet structure, is the more important factor in the transition. Their observation is in
agreement with some other published data suggested that the interaction of water
molecules with charged or polar moieties can be more influential in the transition than the

interacting waters of hydrophobic hydration.™*°
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Not only the identity of the polypeptide affects the water structure around the
molecule, but also the characteristics of the aqueous solvent can make a difference as to
how the water molecules arrange around the biopolymer. This was studied specifically by
having different salts and salt concentrations in the solution. Salts in general affect the
solubility of proteins following the well-known Hofmeister series.®® In contradiction to
traditional belief that these salts cause changes in hydrogen bonding among the bulk
water molecules, more recent investigations suggest that the ions in fact interact with the
biomolecules itself which results in an interfacial change between these molecules and
their surrounding water molecules.*® This different interaction then causes the water
molecule clusters around the biomolecule to arrange differently and so in the case of ELP
molecules these interfacial waters affect the transition temperature of the polypeptides.
Cho et al. investigated the effect of Hofmeister anions on the transition temperature of a
(VPGVG)120 and another construct with the same repeat number but more hydrophilic
overall nature. They used 11 different sodium salts of the Hofmeister anions.*®® Their
results suggest that the hydrogen bonding of water molecules to the amide backbone
becomes weak in the presence of the kosmotropic anions but in the case of chaotropic
anions it is the hydrophobic hydration of the biomolecules which is being weakened and
results in a lower transition temperature. In this case, they observed a strong correlation
between the T; of the ELP and the surface tension of the anions. Interestingly they found
out a parallel but weaker salt-in effect even in the presence of chaotropic anions caused
by direct binding of anions to amides. This latter effect actually works in the opposite
direction with regard to the transition temperature of ELPs but has a smaller overall

effect.
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In short, water structure around the ELP molecules, is mostly believed to have a direct
impact on the transition temperature, stability and structure of these molecules both
below and above the transition temperatures and many factors including the chemical
identity of the molecule, temperature, solvent, and salts affect the structure and stability
of the water of hydrophobic hydration molecules.

1-4. Structural Studies

Structural studies of elastin-like polypeptides have proven to be a challenging task
considering their non-crystalline structure and the fact that they go into large aggregates
upon their transition. Consequently, there is no high-resolution NMR or X-ray
crystallography of ELPs and most of the studies are based on interpretation of data from
CD spectroscopy, IR, solid state NMR, or NMR studies of these molecules at
temperatures below their transition temperatures. But the very nature of the transition and
structural change has not been really resolved. Here we review some of the attempts to
get a better understanding of the structure of elastin-like polypeptides below and above
their transition temperatures.

The early work to probe the dynamic behavior and conformation transformation of
these biomolecules come from Urry’s research group over the course of three decades.”
135, 1.36, 16365 )sing the model ELP sequence (VPGVG), they first showed the physical
transformation of the ELP from low temperatures to temperatures above its transition and
based on that he proposed that these molecules which are highly hydrated below their
transition temperature, start to lose water above T; and make a coacervate of about 37%
polypeptide but then at even higher temperature there is a denaturation process that ends

up losing more water to the point that the coacervate consists of about 68% protein.>®*
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They further studied this physical phenomena using UV and CD spectroscopy and came
to the conclusion that these polypeptides consists of type II B-turn conformations which
upon heating to the transition temperature form what they called a twisted filament (super
coiled).™ They also showed that increasing temperature from below to above the
transition temperature results in an increase in the ordered structure while keeping the
solution at high temperature (around 80°C) leads to disruption of the structure."® These
observations were also accompanied by his observations of filament structure of cyclic
(GVGVP), and (GVGVP); constructs.™** Much more recently, Karle and Urry
successfully crystallized and studied another cyclic ELP sequence (APGVGV),. When it
goes through its transition at 60°C, this ELP crystallizes out of the solution. They used x-
ray crystallography to show the existence of type II B-turn at both ends of the
construct.># They showed that because of the hydrogen bonds among the residues of this
molecule it forms an extended [-sheet.

Other researchers tried to probe the molecular structure of ELPs using IR or CD

1.27, 140, 152, 186 and also raman spectroscopy.®’ Nicolini et al. used a

spectrometry
combination of differential scanning calorimeter (DSC), CD and FTIR to study a short
chemically synthesized polypeptide consisting of eight amino acids GVGVPGVG at high
and low temperature and pressure.*** The temperature ranged from 2 to 120°C and the
pressure up to about 10 bars. They showed that even this very short pentapeptide goes
through the folding transition at about 36°C but then by heating up to very high
temperature a denaturing was reported which they believe is a consequence of highly

mobile chains that cause the hydrogen bonds to break. This is in agreement with Urry’s

observation for much longer polypentapeptides at temperatures around 80°C. The high
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pressure study of the polypeptide revealed that the high pressure destabilizes the folded
construct. They also suggest that folding is driven by the increase in the entropy of water
at higher temperature.

Some groups also tried to probe the structural behavior of ELP constructs up to the
transition temperature or in the solid state using NMR. Yao and Hong studied a model
ELP consisting of three repeats of site-specific labeled VPGVG using solid state NMR in
their attempts to better understand the structure of ELP and the source of its elasticity."*°
They claimed that this peptide resembles the structure of longer VPGV G-based ELPs and
therefore their results are valid even for long ELP constructs. They observed two types of
compact and extended conformations. The compact conformation is reported to be about
one third of all the conformational population. By conformational search for Pro-Gly pair
they suggested that the compact structure is probably a type II B-turn structure although it
is also possible for it to be a previously unclassified turn with Pro7 torsion angels of (-
70°, 20+£20°) and Gly torsion angels of (-100+20°, -20+20°). They proposed that the
extended conformation was an unordered B-strand. For the origin of elasticity based on
their NMR studies, they offered that entropic elasticity is the result of hydrophobic
hydration molecules and not the conformational entropy of the polypeptides. Kurkova et
al. studied the structure of two synthetic ELP molecules, poly(GVGVP) and
poly(AVGVP) in water and D,O at different temperatures using *H, ?H, *C and *N
NMR spectroscopy.“®® They assigned the signals by implementing COSY, NOESY,
HXCORR, HSQC, HMBC and SSLR INEPT techniques and reported four different
states for the molecular conformations of the two polypeptides based on their

environmental temperature. In the first state they observed an extended and more random
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and hydrated polypeptide chain conformation for both polypentapeptides. This state is
reported to continue up to temperatures of about 300 K. In the second state they reported
a more coiled and globular but still disordered state. This state persisted to temperatures
close to the transition temperatures of the polypeptides. The difference between the two
polypeptides was reported to be the broadness of the temperature intervals for each of
them. For poly(AVGVP) they reported a rather narrow temperature region of about 3
degrees and it mostly behaves like a sudden change from the first state to the third one
while for the other polypeptide this window was broader and overlapping with the next
region. From temperatures of 303 to 313 K they observed a tightly coiled and compact
state. The final state was an aggregated conformation for both constructs. Interestingly,
they reported the simultaneous existence of second through fourth states in both
polypeptides at all the temperatures above 299 K. This coexistence of different states of
the polypeptides is very similar to previously discussed results and can explain the
difficulties involving prediction or simulation of ELP behavior. They also suggested that
only in the case of the poly(AVGVG) were B-turns observed in the second state and these
turns were stabilized by hydrogen bonding between Ala carbonyl and Val group. The
mixture of different conformations at a given temperature has also been observed in other
NMR studies of ELP constructs?* %! |n another attempt to understand the structure
of the ELP molecules, Gross et al. used a construct containing six repeats of GVGVP
with a cysteine residue at the N-terminus.*® Based on DSC, CD, UV, IR and NMR
spectroscopy data they suggest that this construct does not contain [-spiral
conformations; rather an anti-parallel p-sheet is proposed to be the main component of

the conformation of this ELP construct.
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Other researchers tried to probe the role of individual residues, especially the Proline,
in the structural conformation of ELP constructs. One of the first studies of this nature
was done by Kim et al. in which they studied three ELP molecules based on the VPGVG

sequence.>™®

, they incorporated (2S)-proline in the first polypeptide, (2S,4S)-4-
fluoroproline in the second, and (2S,4R)-4-fluoroproline in the third. They suggested that
the substitutions of the proline in the polypeptide sequence have very noticeable effect on
the transition and self-assembly of ELP molecules. The third construct showed a lower
transition temperature and higher content of type II B-turns but the effect of the
substitution in the second polypeptide showed an opposite trend. They concluded that the
stereoelectronic effect can affect the self-assembly and the stability of the B-turn and it is
directly related to the presence of the proline residue. They also confirmed their
experimental results by employing density function theory and modeling the three
different possible turns. The effect of proline on self-assembly of ELPs was also

confirmed by more recent work® "

where they studied the effect of proline number and
spacing on the self-assembly and structure of elastin-like polypeptides. They observed
that the spacing between the proline residues and the reversible self-assembly of the
polypeptides are inversely proportional. They suggest the strong presence of B-sheet
structures in proline-poor constructs which then lead to amyloid-like, irreversible
aggregation of these molecules at higher temperatures. Glaves et al. studied the role of
proline using point mutated ELP constructs.*”® This work is a continuation of their
previous work in which, by using molecular simulations and experimental data, they

showed that there might actually be a folding process involved in the transition of the

ELP molecules which cause the ordering of the polypeptides upon reaching their
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transition temperature.>”*” Their results are very similar to the other reports on the role
of the proline in the structural transition of ELP in that mutation of this proline
completely altered the behavior of ELP. Their NMR studies and molecular dynamic
simulations showed an unstructured conformation for these mutated ELPs while the wild
type was observed to have the B-turn structure. In their work they also emphasized the
importance of the proline cis or trans isomers for the stability of the polypeptides in the
solution. Their results suggest a correlation between the increase in the population of the
type II B-turn and the inverse temperature transition with cis to trans equilibrium in the
solution at different temperatures. They suggested that high temperature lowers the Gibbs
free energy barrier between the two isomers causes more prolines to go from their cis to
trans conformation which then results in unstable polypeptides and ends up forming
aggregates. This peptidyl-prolyl isomerization, they believe, can play an important role in
aggregation and elastomeric behavior of ELPs. Interestingly their simulations showed
very different conformations of polypeptides depending on which of the two
isomerization forms of the prolines was used. This can add another critical parameter in
performing molecular simulations for these systems and might explain some of the
inconsistent results from different MD simulations. The proline isomerization was also
studied by Valiaev et al. by force inducing the cis to trans isomerization of an ELP
consisting of 180 repeats of pentapeptides.”*® In this study they employed single
molecular force spectroscopy method using AFM to characterize the molecular
elongation and isomerization of ELP constructs as a result of external force. Their results
confirmed the conformational change of the molecules due to the cis to trans

isomerization of the proline residue.
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Nevertheless the actual structure of the ELP molecules and their pathway towards the
aggregation is not yet clear but it is certain that both chemical nature of the ELP molecule
and the environment can affect the process of phase transition in macroscopic and
microscopic levels.

1-5. Synthesis.

In general two methods of synthesizing elastin-like polypeptides have been used,
chemical synthesis and biosynthesis.
1-5-1. Chemical Synthesis.

This is the traditional method of synthesizing any polypeptide sequence in which solid
state chemistry is employed to add the amino acids together in the desired sequence.
Specifically Fmoc solid state chemistry™’® or Boc protected solid state chemistry®’” have
been used for ELP construction. In his early works Urry used Boc-protected solid state
synthesis to make different lengths of ELP molecules.™*® But solid state chemistry is not
limited only to earlier works in the field of ELPs. Recent work by Ohgo et al. employed
solid state chemistry to synthesis short sequences of ELP molecules*?*. The obvious
shortcomings of this method are the difficulty of making long polypeptide sequences. In
recent years, especially for making long ELP molecules, almost every group is using the
more precise and predictable method of genetically engineered polypeptide synthesis.
1-5-2. Genetically Engineered Polypeptides.

Advances in molecular biology and gene manipulation in the past few decades have
enabled researchers to design and synthesize almost any conceivable sequences in their
laboratories with very high precision. For elastin-like polypeptides, the highly repetitive

nature of these biopolymers made them even better candidates to be made by genetic
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engineering. There are generally two approaches in genetically synthesizing
polypeptides, concatemerization and directional ligation.

In concatemerization, a double stranded DNA sequence with two well-defined
identical sticky ends is constructed using two single stranded forward and reversed
sequence DNAs. The existence of the same sticky ends on both sides of the gene causes
the ligation process to result in a random distribution of different lengths of the gene. The
ligated DNA sequences with different lengths would then be used as the insert into a
vector DNA digested at the same recognition cut sites as the two sticky ends of the
annealed insert. The genes should then be separated based on their molecular weight.
This is a random process and would result in a range of gene sequences with different
molecular weights. This process can be specifically useful if different lengths of the gene
IS needed at once but there would be little to no control over what fraction of the end
product would have a specific molecular weight.™"

The other gene engineering approach in synthesizing ELP molecules is recursive
directional ligation (RDL) which become the most popular method of constructing these
constructs soon after the method was shown to be applicable to silk elastin-like proteins
by Cappello et al.*"®. This method then was further developed by Meyer and Chilkoti to
become a seamless and very flexible method of synthesizing ELP molecules.*® Based on
this method, a double stranded DNA sequence with two different sticky ends is inserted
in to a linear vector which is doubly digested with the same two restriction enzymes of
the insert DNA sequence. This plasmid is then amplified in vivo in a host bacterial cell.
For the next step, two populations of the same plasmid would be used such that one

population is cut at both sides of the insert and the other population is cut only at one side
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such that it provides proper sticky ends for the insert DNA to be ligated to this linear
plasmid. The result of the ligation of these two pieces of DNA would be a plasmid DNA
of twice the size of the original DNA sequence. In theory this process can be repeated as
many times as desired to result in long DNA sequences. We also used this approach in
our lab to construct different lengths and sequences and architectures of ELP molecules
(Figure 1-4).

There are many advantages of using this method over other synthesizing processes for
ELP molecules and the most important one is the absolute control over the chemical
identity and length of the genes and also the mono-dispersity of the final polypeptide
from the expression of these genes. The main limitations of this method is that it is
usually time consuming and expensive to scale up. Also the use of RDL method has
shown to be problematic for very repetitive sequences like (VPGVG), and usually longer
sequences have been synthesized by interrupting the repetitive sequence by substituting
the second Val residue in some of the pentapeptides. Recently, McDaniel et al. reported a
modified RDL method that might overcome this limitation over a large range of

molecular weights.®*
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Figure 1-4. Schematic diagram of recursive directional ligation method used in our lab for ELP gene

sysnthesis.

1-6. Characterization

Elastin-like polypeptides are characterized based on their molecular, physical, thermal,

structural and rheological characteristics using many different techniques.™®

1-6-1. Biophysical properties. Most of the common techniques in characterizing

proteins are also used in characterizing elastin-like polypeptides. Molecular weight of the

constructs can be determined by mass spectroscopy and their concentration and purity is

often characterized by electrophoresis-based methods like SDS-PAGE. The transition
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temperature of the constructs are measured mostly by UV-vis spectroscopy although
some analysts also have used differential scanning calorimetery (DSC) to measure the
transition temperature and study the thermal behavior and of the molecules.™*" Surface
plasmon spectroscopy has been used for studying the surface behavior of ELPs.!®

1-6-2. Structural properties. The most well-known techniques in structural studies of
proteins in general are nuclear magnetic resonance (NMR) and X-ray crystallography and
although they have proved to be the most powerful techniques for this purpose their use
for ELP molecules has been limited by the aggregation of the constructs above the
transition temperature. Circular dichroism (CD) spectroscopy in which the absorption of
left- and right-handed circularly polarized light is measured to determine unordered,
alpha and beta conformations.

Hydrodynamic radius of ELP-based particles has been studied using dynamic light
scattering (DLS) in which a beam of light passes through the aqueous sample. The light is
scattered by the particles in different directions and part of it passes through a detector.
The Brownian motions of the particles results in constantly changing measured intensity
that fluctuates with time. The intensity-time correlation function would then be analyzed
using Stokes-Einstein equation to calculate the hydrodynamic radius.

1-6-3. Rheological properties. The rheological properties of ELP solutions or ELP-
based hydrogels can be estimated by measuring elastic, viscoelastic and dynamic
modules together with dynamic viscosity as a function of stress strain, time and

temperature.
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1-7. ELP-based Materials

Because of the favorable characteristics of elastin-like polypeptides, including
environmental responsiveness, general biocompatibility, biodegradability, and tunable
behavior, they have been interesting candidates for developing new materials. Many of
these materials are finding their ways into practical applications, but there are also many
examples of materials based on these responsive biopolymers which are developed as
proof of concept or towards the final goal of medical or biological applications. In this
section, we present some of the work that has been done in the material world based on
elastin-like polypeptides and then in the next section we present studies that have been
done to use these materials in specific applications.

Most of the ELP-based materials can be categorized into three major groups:
hydrogels, particles, and surface modifications. However, there are others forms in which
these materials are being used including fibers or microfluidic devices that will be
discussed later in this chapter.

1-7-1. Hydrogels

Hydrogels are three-dimensional networks of hydrophilic polymer chins which are
solvated in water. Typically the mass fraction of water in this network is much higher
than that of the polymer. The polymer chains in this network are held together by some
kind of crosslinking between them. The crosslinking can be based on physical bonds such
as hydrogen bonds, electrostatic forces, hydrophobic interactions, and/or chain
entanglements or covalent bonds. Many of proposed applications of hydrogels are in the

field of biomedical engineering and for that reason a great deal of effort has been made to
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make biocompatible and biodegradable hydrogels that can be used in physiological
conditions.

Hydrogels are also one of the most studied and most interesting classes of ELP-based
materials. In fact they are the first set of materials that were made based on using elastin-
like polypeptide when Urry applied y-irradiation to an ELP coacervate and showed that
the resulting gel has the responsive behavior of the ELP solutions as well.%*® In his
experiments he used 20 Mrad radiation at temperatures above the transition temperature
of the ELP to crosslink the coacervate and showed that the resulting gel has considerable
elastomeric characteristics. Use of y-irradiation was a starting point in making hydrogels

from ELP solutions and although it has also been used in more recent studies* *#°, th

e
random nature of this approach and practical problems of employing it, during the past
three decades many other approaches have been introduced for ELP crosslinking.

Chemical crosslinking at specific sites along the backbone structure of the ELP has
been shown to be a very effective way of making ELP-based hydrogels especially for
those constructs containing lysine residue.’#%%

Another possible approach in crosslinking ELP constructs has shown to be enzymatic
crosslinking. In this approach, transglutaminase (tTG) which is shown to be a more
biocompatible substitute for the harsh chemical crosslinkers is used together with ELP
molecules which contain both glutamine and lysine residues in their primary
sequence.>¥** n this approach tTG facilitates the formation of a covalent bond between
lysine and glutamine residues of biopolymer chains. The concept of using tTG as an
enzymatic crosslinker has also been shown to work for other networks consisting of

collagen or poly ethylene glycol (PEG).}9" 18
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Although most of the hydrogels are formed based on covalent crosslinking of the

- .1.85,1.89,1.92,1.99, 1.100
chains

, sometimes the polypeptide chains are designed such that a part
of the chain can act as the crosslinker itself. This physical crosslinking has the advantage
of eliminating the potentially toxic crosslinking agents.>”® These constructs are usually
based on a tri-block copolymer in which the end-blocks have lower transition temperature
than the mid-block and increasing the temperature above the transition temperature of the
end-blocks results in self-assembly of these blocks while the mid-blocks are still
soluble."'*1% Recent studies have shown that some of these self-assembling tri-block
copolymers can be extremely biostable in vivo and consequently very useful in
biomedical applications.**** In an approach by Ma et al. aromatic-aromatic interactions
of conjugated moieties to elastin-like polypeptides was used for self-assembly of
polypeptide chains."*® In this study they showed the effectiveness of aromatic
interactions between aromatic groups of fluorenyl, pyrenyl and napthyl for physical
crosslinking of different ELP molecules into gels with controllable characteristics.

Recently Sallach et al. reported a new approach in which they developed an ELP tri-
block copolymer capable of both chemical and physical crosslinking.>*® Their system
included rigid domains followed by a covalent crosslinking site and the elastomeric
domain.

Making these hydrogels by any of these different crosslinking techniques is only the
first step in having a practically useful material. The next step is to tune the
characteristics of these gels for specific applications. The advantage of chemical
crosslinking of ELP hydrogels is the ability to control the mechanical properties and

transition temperatures of the gel by designing the crosslinking density from the gene
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level. Girotti et al. synthesized a fairly long ELP containing VPGIG and VPGKG as the
main ELP sequences and REDV peptide sequence as a cell recognition sequence and
finally VGVAPG for enzymatic hydrolysis of the scaffold.’*® They chose this
biopolymer sequence to tune the desired mechanical and bioactive properties and they
showed the potential of such highly tunable design of ELP-based hydrogels. In more
recent work, this group used the same polypeptide sequence and developed a salt
leaching/gas-foaming technique to make highly porous hydrogels for which the porosity
was controlled by the amount of sodium hydrogen carbonate salt incorporated into the gel
during the crosslinking."*®® This approach enabled them to fabricate three dimensional
hydrogels with controllable pore size and functional moieties that can be used as a tissue
engineering scaffold. The fabrication and control of porous hydrogels has also been
studied by Annabi et al. using high pressure CO, and chemical crosslinking.}** Their
results showed that the change of processing pressure from 30 bar to 150 bar can lead to a
60% increase in gel porosity and the resulting gel has highly interconnected pores and a
good permeability.

Trabbik-Carlson et al. synthesized a number of ELP sequences using the generic
sequence of VPGXG and chemically crosslinked lysine residues of the polypeptides
using tris-succinimidyl aminotriacetate (TSAT). %% They also showed that the swelling
characteristics and the material mechanical properties depend on the molecular weight of
the ELP, solution concentration and the number and spacing of the lysine residues in the
ELP sequence which all can be controlled very precisely. The crosslinking was done in a

non-aqueous environment to prevent any conformational change of the chains while
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crosslinking. This approach has been used by other researchers as well and the effect of
solvent on the gel structure has been characterized™®" .

Many of these crosslinked hydrogels cannot be used as injectable scaffolds and so Lim
et al. developed a method for rapid and potentially in vivo crosslinking of ELP so that the
ELP aqueous solution along with the viable cell can be directly injected into a defect site
and immediately crosslinked in the presence of hydroxymethyl phosphines.*** Their
approach has the advantage of producing water as the only byproduct which makes it
ideal from biocompatibility point of view. Having the same concept of injectable liquid
scaffold for in vivo gel formation in mind, Barbosa et al. developed a system based on
incorporation of an osteoconductive-containing ELP sequence, in chitosan-based systems
to improve bioactivity of the these systems in bone tissue engineering.**** In their system
the gel was physically crosslinked by the interaction between chitosan and f3-
glycerophosphate and also chemically crosslinked using genipin. The transition
temperature was tuned to 35°C. The system showed an apparent improvement of
mechanical properties when studied in vitro in simulated body fluid and they showed that
the gels have the ability of inducing calcium phosphate precipitation.

This last example shows that not only can ELP molecules be designed so that resulting
hydrogels have suitable mechanical and biological characteristics for a specific
application, but they also can be a part of hybrid systems in which a non-ELP system is
modified by using ELP molecules to improve their characteristics."****** One good
example of this combination is the use of ELP molecules in conjugation with collagen. In
a work by Garcia et al., ELP chains are enzymatically crosslinked with collagen to give

better mechanical strength to the collagen tissue-engineered implants.* The ELP in this
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study had the same sequence as the one used by Girroti earlier**%’

and the crosslinking
was done using transglutaminase. The introduction of ELP into collagen scaffold was
shown to be effective in improving collagen mechanical characteristics. The modulus and
degradation temperature of the gel was shown to be affected by the ELP content of the
gel and they were successful in growing certain line of cells on this new platform. A
more detailed study of the characteristics of hydrogels containing ELP and collagen-
derived peptides was done by Morihara et al. **** In this work they chemically co-
polymerized collagen model peptide (PPG); and the pentapeptide (VPGVG) in different
molar ratios using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC) and 1-hydroxybenzotriazole (HOBt) in an organic solvent at room temperature.
Their results showed that high content of (VPGVG) in the hydrogel showed a sol-gel
transition at temperatures above the transition temperature but at concentration between
58 to 82% of (VPGVG) in the hydrogel, a reversible transition from clear to cloudy
suspension was observed instead. They suggested that in this hydrogel, ELP molecules
act as the crosslinking nodes and their aggregation leads to the formation of the gel
especially at high ELP concentration.

Although in most of the cases, the functionality of ELP-based hydrogels is
incorporated into their gene sequence such that the final product has certain
characteristics, there have been examples of modifying the ELP hydrogel after the gel
formation.**® ¥ This approach can sometimes be beneficial especially if a certain
ligand cannot be produced in the bacterial systems or certain spacer needs to be added to
the molecules after the bio-production of the polypeptides. Kaufmann et al. developed a

system containing repeats of VPGXG in which X was chosen as V, K, E and 1.%** They
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then crosslinked the resulting coacervate above its transition temperature by
bis(sulfosuccinimidyl)suberate in N,N-dimethylformamide (DMF). This hydrogel was
modified by protecting lysine residues and then linear and cyclic RGD sequences were
ligated to the gel. The conjugation efficiencies were shown to be between 25 to 65% and
they also showed a clear difference in cell adhesion efficiency depending on the use of
linear or cyclic RGD.

1-7-2. Particles and Micellar Systems

A very attractive area of research in ELP-based materials has been the use of them as
building blocks for responsive micelles and nano- and micro-scale particles. The
responsiveness and small size of these particles and their tunable properties together with
their general biocompatibility and non-toxicity have been exploited especially in targeted
drug delivery applications.

The first crosslinked particles based on elastin-like polypeptides were developed by
Urry by vy-irradiation of small droplets of (VPGVG),.''*® Although early Urry’s
experiment showed the possibility of formation of responsive particles and drug loading
and unloading by using ELP molecules, it was not until more recently that particles of
more biologically appropriate and controlled size were developed. A recent study of
nano-particles formed by y-irradiation of (VPGVG)2s1 aggregates, showed the effect of
heating rate of the ELP solution on the size distribution of the final particles.'**° Based
on this study, heat shocking the solution before irradiation can lead to the formation of
particles as small as 150 nm in diameter. Osborn et al. showed the possibility of making
use of coacervate droplets of ELP to make crosslinked particles with micron-size

diameters.*?° Ge et al. even showed the possibility of making these droplets in vivo in
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E.coli and tobacco cells.**?* Herrero-Vanrell et al. developed a system in which the sizes
of the particles were controlled to be about 300 to 400 nm and the drug was encapsulated
in them by a novel electrospray technique.'*?? The advantage of their system was their
ability to control the size of these particles by changing the chemical identity and length
of the polypeptides. But even these particles are too big for some drug delivery
applications for which particles below between the sizes of 10 to 200 nm in diameter are
expected to be the most effective ones because of long-term circulation.**?* For smaller
sizes, other researchers have developed systems of amphiphilic block copolymers to
make micellar particles with smaller sizes.* 2%

Micelles are self-assembled aggregates of surfactant-like molecules with a hydrophilic
head group and hydrophobic tails. Micelles are formed when the concentration of
monomers exceed a certain limit, called critical micelle concentration at a constant
temperature. The driving force behind the self-assembly is the hydrophobic effect. At low
concentrations the hydrophobic tails are solvated by water molecules and as the monomer
concentration increases, the entropy penalty of keeping these molecules soluble in the
more ordered network of water molecules gets larger to the point that aggregation of the
hydrophobic tails becomes energetically favorable. In other word, the monomer free
energy comprises a hydrophobic term (g) from the hydrophobic tail and electro-static
energy (g ) from the hydrophilic (charged) head group. As the difference between the two
energies (g-g) approaches zero the components in the system become immiscible and
start to aggregate into micelles with different geometries.**?®

The geometry of the micelles is affected mainly by the size of the head group and the

length of the hydrophobic tail and the way in which the molecules pack into the micelle.
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The packing of the monomers into the micelle is characterized by what is known as
packing factor. Whatever the shape of the micelles, the hydrophobic core of the micelle
should satisfy two criterion, first V/v=A/ap=N in which V is the total volume of the
micelle, v is the volume of a single hydrophobic chain, A is the total surface area of the
micelle, ao is head group area, and N is the aggregation number and then, the farthest
distance from the interior to the hydrocarbon-water interface cannot exceed the maximum
length of the hydrocarbon chain (I.) .**? For these conditions to be true for a spherical

micelles with radius of R,
7 = R (1-2)

Considering the fact that the radius of this sphere cannot be larger than I, the spherical

micelles can only exist if

v

< (1-3)

wWlr

aplc

With the same concept it can easily be shown that for packing factor of 1/2 the
micelles take the geometry of a cylinder while bilayer structure is expected for packing
factor of about 1. For values in between, a transition from one state to another is
expected. For instance, for packing factor of about 0.38 and 0.44, globule shape and
toroid shape micelles are expected respectively. %% 1129

Write et al. developed an ABA block copolymer consisting of hydrophobic and
hydrophilic ELP molecules and successfully encapsulated small drug molecules in the
particles ranging from 50 to 90 nm in diameter.** In another study'*** six different ELP
block copolymers with different lengths and hydrophilic to hydrophobic ratios were

studied and a two-step aggregation process was observed in which the block copolymers

go into micelles when hydrophilic to hydrophobic ratios were between 1:2 to 2:1. The
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micelle sizes were controlled by the ELP length and the hydrophobic content of the
chains. In addition to temperature triggered micelle formation, it has been shown that
block copolymers can be designed such that formation of nano-particles can be a result of
both pH and temperature and in fact same construct can produce different size of particles
depending on the environmental stimuli that is applied.**** 13

In addition to using hydrophilic and hydrophobic ELP blocks to make micellar
particles, other researchers used a hydrophilic head group fused to the hydrophobic ELP
chain to induce the self-assembly of micelles. In a recent study particles with less that
100 nm diameter were obtained by adding different lengths of polyaspartic acid to the C-

terminus of an ELP chain****

and the size of the particles were controlled by changing
the length of the polyaspartic acid. More recently, Ghoorchian et al. successfully made
size-controlled micellar particles as small as 20 nm in diameter using the fusion of a
negatively charged trimer forming oligomerization domain called foldon to the C-

terminal of (GVGVP)4 (Figure 1-5 ).%* The size of the particles is controlled just by

adjusting the salt concentration of the solution.

Figure 1-5. Micelle formation of three-armed star elastin-like polypeptide molecules. Below the
transition temperature the molecules are as random coil in the solution. Above the transition temperature at

low salt concentration the charged head groups decorate the exterior of micelles consisting of aggregated
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ELP molecules. Reprinted with permission from reference®*®. Copyright 2010 American Chemical

Society.

In a different approach and instead of using fused blocks of ELP molecules, Kolbe et
al. used separate chains of positively and negatively charged ELPs and deposited them on
CaCOs micro particles by employing a layer-by-layer technique.***® The core was then
dissolved and a hollow capsule with layered shell was obtained.

The concept of using inorganic nano-particles as the basis for ELP assembly was also
studied by Huang et al. by developing optically responsive assemblies of gold nanorods
and ELP molecules.** In this approach, optically responsive gold nanorods generate heat
when exposed to near IR light. This heat then induces the aggregation of ELP molecules
which are covalently bonded to the surface of these nanorods, which results in a
detectable optical response.

1-7-3. Surface modifications

Biological surface modification has been an interesting multi-disciplinary area of
research for many years and involves the study and modification of surfaces which act as
interface between biological environments and synthetic materials. There are many
applications of these modified surfaces including medical implants, biosensing, tissue
engineering, and biomimetic materials.»"® ***" The surface modifications can be either
static, in which the biological receptors are fixed permanently on the surface or in more
recent approaches, dynamic, in which the surface modifiers can be switched between two
different modes.

Elastin-like polypeptides have been shown to be interesting candidates to be used as

surface modifiers considering their controllable responsive nature and the possibility of

37



attaching different functional domains and recognition sequences to them. Other stimuli-
responsive polymers like poly(N-isopropylacrylamide) have also been used in surface
modification and they are proven to be useful in certain applications™*® %% put the
advantages of ELP-based materials make them more attractive for biological applications
in which more flexibility in design and application is needed. The change of
hydrophobicity in ELP molecules can be used as a way to change the characteristics of
the surface while the possibility of adding almost any peptide sequence to them or even
chemical conjugation of non-peptide molecules to these constructs can be a way of
functionalizing the surfaces. Early work using ELP molecules for biological surface
modification was done by the Chilkoti group.™*° In their work polypentapeptides based
on VPGXG sequence were covalently attached to a glass surface and the possibility of
enhancing or preventing the attachment of proteins to the surface was observed. They
later used ELP-thioredoxin fusion protein and selectively immobilized it on a
hydrophobically treated surface just by increasing the temperature.****

The fact that a surface can be patterned using ELP-tagged proteins and can then be
activated to interact with other proteins or cells near the surface has practical
applications.***? Chilkoti group showed that it is possible to use ELP inverse transition
behavior to immobilize ELP-fused proteins directly from cell lysate without any
processing of the lysate.'*** The surface patterning is not limited only to 2D surfaces but
even 3D microstructures have been shown to have the potential of being patterned using
ELP molecules.*** Martin et al. showed that changing the temperature changes the
dimensions of the micropatterned scaffold but the topography stays the same. This of

course can be useful in cell culturing.
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Although the characteristics of ELP molecules make them very interesting base
material for developing biologically active surfaces, this aspect of ELP-based materials
has not been explored as much as hydrogels or nano-particles but even from the existing
experimental results it is evident that ELPs can provide a platform that can be easily
tuned to capture very different target molecules.*** This especially can be useful in
developing ELP-based sensors or capturing systems.**® As an example Valiaev et al.
developed a sensing system by modifying the cantilever tip of an AFM that can detect

L147 \which

biomolecules based on the changes that they induce on the local environment,
shows the flexibility and possibilities of developing novel systems for biomolecule
detection.
1-8. Applications
1-8-1. Drug Delivery

The idea of delivering drug to specific organs without exposing healthy tissues to the
adverse effects of it is not new and goes back to more than a century ago when in 1906
Paul Ehrlich suggested the use of a drug carrier to “the organ in question”.***® The drug
carrier can attach or encapsulate the drug and guide it towards the point of interest.
Attaching the drug to a high molecular weight carrier is especially useful to prolong the
circulation time of the drug in the body before drug clearance and mostly relies on the
enhanced permeability and retention effect (EPR).1*91>® EPR effect is the result of rapid
growth of tumor vasculature which makes the tumors much more porous than healthy
tissues and enables macromolecules to penetrate them.>*** In addition to the EPR effect,

attaching macromolecules to small drugs can increase the circulation time just based on

the higher apparent molecular weight.***> An example of this approach is the conjugation
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of polyethylene glycol (PEG) to adenosine deaminase (ADA) which leads to longer
biological half-life of the compound.**® " Although this is one of the easier
approaches in targeting cancerous tissues it is not always the best one especially
considering the fact that the drug is still circulating all through the body and there is
always some penetration to the healthy tissues along with the possibility of the clearance
of the drug from the body. Even when the drug reaches the cancerous tissues the
heterogeneity of the tumors makes the effective and complete delivery of the drug much
more complex since the cancer cells only occupy up to one tenth of the total tumor

volume.>**® As a result, other approaches to facilitate the delivery of the carrier to the

1.159, 1.160 1.161, 1.162
1

target, like ligand-mediated targeting , temperature mediated targeting
and pH-mediated targeting™*® have been widely investigated.

One way to overcome some of the difficulties related to delivering polymer-drug
conjugates to the tumor site is the encapsulation of the drug in a carrier and then release
of it at the specific destination.™*** For any carrier to be used for drug delivery, it should
be stable in the physiological conditions and be able to keep the drug encapsulated or
attached to it for as long as needed for the delivery. There should also be a way of
releasing the drug at the site and most importantly it should be biocompatible and

selective towards the target cells™'®®

and be able to overcome different transport
barriers.>% 17 Of course different applications need different release rates and
mechanisms. In general the drug can be released from the particle either by slow,
constant diffusion, by bolus initiated by external stimuli, or a combination of them.!***
1168, 1169 A good example of using polymeric particles for slow release of drug is the

well-known Norplant which consists of small silicone capsules that release contraceptive
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drug during a five-year period. Liposomes and micelles have shown to have good
potentials for drug loading and targeted delivery using external stimuli.**®® 1 The
stimulation by which the drug is released might also be different from one case to
another. Early studies used magnetic beads in the particles to control the release of the
drug by applying a magnetic field.**"* Ultrasound and electric current have also been
used as external stimuli for controlled release of the drugs.”*"**"> However, many of the
recent works are leaning towards designing responsive particles which can be stimulated
by more physiologically controllable stimuli such as temperature and pH.*"®*" Even
when the carrier is delivered to the specific site, the problem of it diffusing into the cell to
deliver the drug can reduce the efficiency of the system. For that matter, in some studies a
cell penetrating domain is added to the carrier to enhance the targeting and overcome the
poor pharmacokinetic parameters related to most of the particle-based delivery
SyStemS.l'lgo' 1.181

A different approach to deliver drugs, instead of systemic delivery, is to use a drug
depot and locally administrate the drug in form of a gel to the specific site without
exposing the other organs to the drug.™*®* ¥ The biggest limitations of this approach
are that the exact site of the tumor should be known and the implantation might be very
invasive. "%

The tunable responsive behavior of elastin-like polypeptides, their general
biocompatibility and biodegradability and the possibility of designing them to respond to
many different environmental stimuli have attracted great attention to develop drug

1.184

delivery systems from early studies by Urry to much more recent advancements in

this field 1" 1122, 1127, 1.161, 1185189 Tho fact that hydrophobicity along with the size and
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molecular weight of the carriers have shown to be effective in the success of drug
delivery system and these parameters are well under control in ELP-based materials, is
also a good reason to use them in targeted drug delivery!12* 119 1191

Just like any other macromolecule with high molecular weight, an ELP with transition
temperature above the body temperature which is conjugated to a hydrophobic drug can

be used to deliver the drug solely based on EPR effect!'%

and the molecular weight of
ELP has shown to have direct effect on the drug accumulation in the tumor.**** In this
approach the ELP can be designed to be very hydrophilic and thus stay soluble while the
hydrophobic drug molecules might come together and make an even higher molecular
weight soluble micelle-like drug carrier. This simple attachment of ELP molecules to
certain therapeutics or antibodies has been shown to be useful in attacking some
inflammatory diseases.*** *1** Although this ELP-drug conjugation can enhance the
drug delivery yield and has all the characteristics of polymeric delivery systems, it does
not utilize most of the ELP advantages including its tunable transition from soluble
molecules to insoluble aggregates. Noticeably it has been shown that the conjugation
might affect where the drug will end up to be in the cell and while the free drug mostly
accumulate in the nucleus the conjugated drug might disperse in cytoplasm of the
cell.**** In a controlled study using **C-labeled ELP conjugated to doxorubicin, Liu et al.
showed that the use of an ELP with a very high transition temperature can slightly
increase the uptake of the drug in the cells, but it is still much less effective than using an
ELP construct which also has the capability of responding to local hyperthermia.>**® For

that reason many researchers have tried to exploit the temperature responsiveness of the

ELPs in designing drug delivery vehicles.>*# 21971 |5 fact when the ELP is designed

42



such that its transition temperature is just slightly above the body temperature, mild
hyperthermia can be applied to the site of the tumor and that causes the aggregation of
ELP-drug conjugate molecules at the site. This accumulation of high molecular weight
particles facilitates the penetration of the drug to the cancerous cells.

In addition to increasing the drug uptake, the delivery systems based on mild thermal
treatment of ELP-drug conjugates have been shown to be effective in inhibition of

proliferation of cancer cells*®

and was helpful in overcoming the drug resistance to
some extent."'® This might be a result of different cytotoxicity mechanism of the
conjugated drugs. Another advantage of using mild hyperthermia for ELP-conjugated
drugs has been shown in the systems in which targeting ligands (RGD, NGR) are used to
increase the uptake of the drug in the cells. In these cases the existence of binding ligand
can sometimes increase both specific and non-specific binding but use of external
stimulus to trigger tumor-specific multivalency has shown to be effective in reducing the
non-specific binding. !+ 1200 1:201

Another approach for delivering drugs to the site of interest using ELP-based materials
is by designing systems based on hydrophobic-hydrophilic ELP block copolymers that
assembles into micellar particles and encapsulate the drugs and releases it at the target
site in response to external stimuli.***" 2% These micelles usually have a very narrow
size distribution and thus a better control over their retention in the blood stream can be
achieved.»”® The micelles can also be designed such that they respond to different
environmental stimuli. It has been shown that the drug can be released either by the
dissociation of drug carriers at the target cells or by the aggregation of monomers or

micelles at higher temperatures at the site of interest.2%% 1204
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The possibility of loading drugs in the ELP-based micelles has been verified in a

1122, 1130, 1205, 1206 im et al. studied a series of different block

number of studies.
copolymers that have the capability of self-assembling into micelles and can also be
crosslinked to responsive nano-particles.?°” It has been shown that ELP-based nano-
particles can be used in gene delivery applications.’?% 2%

Although the use of an environmentally responsive system improves the drug delivery
yield especially when it is accompanied with targeting ligands, similar to any other
systemic drug delivery systems, the penetration of the drug into the cell which is the last

transportation barrier can still be challenging.**% *#'* This

is where cell penetrating
peptides (CPP) can be added to the ELP-based systems.™*®" In general, CPPs are short
peptides that can effectively penetrate into the cell membranes and enter the
cytoplasm.>?'? They are either amphipathic helical peptides with high lysine content or
argentine-rich peptides, such as Antp or TAT.%*3 Meanwhile, it has been shown that
attaching these peptides to macromolecules or nano-particles facilitates their transport
through the cell membranes as well.“#* In a study by Bidwell et al. a therapeutic peptide
was attached to a 59.1 kDa ELP carrier and then four different CPPs were added to the N
terminal of the ELP to study the possible improvement of the cellular uptake of the
drug."*®Their results showed that the existence of the CPP clearly increases the drug
accumulation in the cells and there is also a difference between different CPPs in their
ability to penetrate into the cells.

A third approach in using ELP-based materials for drug delivery is by intratumoral

injection of ELP solutions that are designed to form a gel in situ at the body temperature.

This approach can be used for both delivering drug to cancerous tumors which are
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accessible to the surgeon and their position is well known and also for delivering
antibiotics to the sites which are susceptible to infection especially in orthopedic
applications.™** In this approach the transition temperature of the ELP-drug conjugate is
usually lower than the body temperature. Early work on localized drug delivery were
done using charged ELP constructs coupled with ionic drugs.»#*° Later hybrid materials
consisting of both elastin-like polypeptides and silk-like polypeptides were used to make
use of the physical properties of the silk along with solubility and tunable properties of
ELPs.M™ Y27 It has also been shown that triblock ELP copolymers with the ability to
make physical crosslinking can go through gelation and might be used as injectable
gels.””

Liu et al. developed a system in which two different ELP constructs with molecular
weight of about 50kDa but different transition temperatures were labeled with a
fluorescent die and then injected to a tumor."**® One ELP construct was designed to
undergo a sol-gel transition at the body temperature and the other one was designed to
stay soluble before and after the injection. Their results show a clear difference between
the diffusion of the drug in these two cases such that the drug had a much longer
retention time when entrapped in the gel.

The increase in retention time was quantified earlier in another work and was shown
to be 25-fold longer than a soluble protein with the same molecular weight.*?*° In
addition to longer retention time and half-life of the drug in the tumor, this method was

more effective in slowing the growth of the tumor in mice.*%" 148
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1-8-2. Tissue engineering

Elastin-derived materials have long been sought for their potential to be used in tissue
engineering applications primarily because of their elastic characteristics and general
biocompatibility. Elastin in tissue engineering can originate from naturally occurring
matrices like the elastin in autografts, allografts, xenografts, and decellularized

extracellular matrices or from synthetic sources like elastin-like polypeptides, silk elastin-

1.220

like polypeptides and their hybrid molecules =~ and they have been used in a range of

1.221, 1.222 1.223-225
H

applications like skin substitutes and wound healing , vascular grafts

1.226 1.228, 1.229

bladder reconstruction™??®, intervertebral restoration™??’, liver tissue repair and
artificial extra cellular matrices."*® Recent advances in gene manipulation and protein
engineering provided strong tools for engineering elastin-like polypeptides with higher

control over their functionality and mechanical characteristics for tissue engineering.**%

1.231

Early works by Urry group showed the possibility of adding cell recognition sequence
(RGD) to elastin-like polypeptide and the functionality of these sequences in vitro.*#**
1233 The resulting polypeptide was shown to be non-toxic to bovine aortic endothelial
cells. Later, Betre et al. showed the possibility of using un-crosslinked ELPs as injectable
tissue engineering scaffolds and the ability of ELP to promote chondrogenesis in
vitro.}?? Below 35°C the soluble ELPs allow the incorporation of cells within the
solution but upon injection, a gel-like matrix forms that would serve as the scaffold for
the growth of the cells. They later showed that the ELP aggregates can promote the

cartilage tissue growth and accumulation.>?%% 2%
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Although the use of un-crosslinked ELP has shown to be feasible for tissue
engineering, in many cases it is necessary to use a prefabricated scaffold that can provide
a suitable growth environment for the cells or to prevent the platelet coagulation.*?** For
that reason crosslinked materials in the form of gels?®, films*®®, and fibers*#*" have
been produced using different crosslinking methods.

Vascular grafts and blood vessels have been synthesized for decades and are one of
the commonly used biomaterials,“?* %% 1239 byt most of the current commercially
available synthetic biomaterials including polyethylene teraphthalate and expanded

polytetrafluoroethylene show thrombogenicity as a result of protein adsorption and

1.240 1.241 -

platelet activation and immunogenic response leading to chronic inflammation in
addition to the general lack of elasticity for arterial applications.*?*? In this case, ELPs
are good candidates to be used in making small diameter vascular grafts considering their

1.100,1.243-248 and their relative biocompatibility.™*** To exploit some

tunable characteristics
of these characteristics and to overcome the shortcomings of other synthetic materials the
Tirrell group developed a system based on ELP molecules containing RGD and CS5 to
be used as artificial extra cellular matrix and studied endothelial cell adhesion for
vascular graft applications.**" %" Their results showed that RGD is a better choice to
enhance the cell adhesion and in later work, they showed that the density of RGD also
affects the cell adhesion and higher density of this peptide sequence results in more
robust cell adhesion and spreading.>#*° Joen et al. showed the possibility of stimulating
fibroblasts and neuroblasts on RGD-containing ELP matrix.?*® Caves et al developed a

system of artificial extra cellular matrix composed of ELP protein matrix reinforced with

synthetic collagen fibers.»?* In their experiments ELP sequence was chosen to be a block
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copolymer consisting of two hydrophobic ends and a hydrophilic mid-block and
additional crosslinking domains. The collagen microfibers were produced using wet
spinning technique and then embedded within a thin film of crosslinked ELP.“*° The
reinforced thin film was then rolled into small diameter vascular grafts. The combination
of collagen and ELP was shown to be effective and they were successful in controlling
the collagen fiber orientations while the structural resilience of ELP made the material
stronger.

More recently, the same group showed that the collagen reinforced ELP matrix which
has a tailored mechanical behavior can also be used in soft tissue repair in vivo."?! To
combine the strength and elasticity in a single material, Wise et al. used a different
method to synthesize vascular grafts with tailored mechanical properties.?*> They
synthesized an elastin/polycaprolactone hybrid material by electrospinning the
recombinant human tropoelastin in combination with polycapolactate and showed that the
resulting material has enhanced endothelial cell interactions along with low
thrombogenicity while keeping up with the mechanical properties of internal mammary
artery. In some applications, instead of using ELP to synthesize the material for arterial
vessels, elastin-like polypeptides have been used to produce a biocompatible,
thromboresistant coating that can be used on top of conventional materials to make small
diameter grafts.}??> 2% 1233 A study by Srokowski et al. showed the effectiveness of
using three different ELP sequences in coating small tubular surfaces and their positive
effect on reducing fibrinogen adsorption and platelet adhesion in contact with flowing

blood.}1#?
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The other important area in which elastin-like polypeptides have been explored in
tissue engineering applications is cartilage or soft tissue repair.#** Early studies used un-
crosslinked ELP solutions with transition temperatures just below the body temperature
for injection to the defect site*** The aggregated ELP has shear modulus about three
orders of magnitude higher than that of the soluble ones,*** but this shear modulus is
still at least four orders of magnitude lower than the natural cartilage."* and for that
reason in most of the tissue repair applications, some kind of crosslinking has been
implemented and hydrogels have been widely used in tissue engineering applications.'#*°
One logical approach to the crosslinking of ELP in cartilage tissue repair would be to
modify the ELP such that it goes through crosslinking in the body without adding any
extra component. This was done by enzymatic crosslinking of ELP solution containing
lysine and glutamine by making use of the tissue transglutaminase.»*’ McHale et al.
showed that this hydrogel has at least two orders of magnitude larger force moduli in
comparison to non crosslinked gel.** An improved system with much faster reaction
time was later developed by Lim et al."*!° and in vivo experiments showed the possibility
of using this technique to repair cartilage tissue in big animals.>?*® The same group also
used physical crosslinking of block copolymers as another approach for developing
cartilage repairing systems.'®° In fact physical crosslinking or self-assembling of
modularly designed biomaterials for tissue engineering is an effective way of developing
materials for tissue engineering platforms.**° The modular design of ELP construct has
also been used by Heilshorn group to develop 3D artificial extra cellular matrices that has

the potential to be used in regenerative theraputics. >2*%% In all of these cases, the choice
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of the crosslinking method has shown to be effective on the cell viability and growth and

for that reason the crosslinking should be tailored to the specific application.*?*

Other than synthetic ELPs, naturally occurring elastin-like polypeptides obtained from
human tropoelastin gene has also been used in regenerative applications.'?*> Some

studies have shown the biocompatibility of ELP matrix based on exons 20-21-24 in

reconstruction of rabbit osteochondral defects.8®

In addition to cartilage tissue regeneration, ELPs have been used to treat chronic

wounds. These are the wounds that do not go through the healing process in the normal

1.266

healing time of up to 12 weeks and are mainly associated with poor dermal or

epidermal remodeling. These include wounds from autoimmune disease, arterial and

diabetic foot ulcers, and dicubitus wounds.“**’ In many of these cases, natural elastin,

1.220

which has been shown to be effective in dermal wound healing, or a combination of

elastin and collagen is used for dressing the chronic wounds.»?*”?®° These can be in the

1.270 1.271

forms of collagen scaffolds coated with elastin™*"", collagen/elastin membranes and

also some commercially available collagen/elastin dressings like Matriderm.'#"? Koria et

al. developed a system based on ELP fused to the keratinocyte growth factor (KGF)."??

KGF has also been shown to be effective in reepithelialization and wound healing.?"
The fusion protein was shown to go in to submicron-size particles above the transition
temperature of ELP and enhance the healing of wounds in diabetic mice by improving
dermal and epidermal regeneration. Interestingly the use of ELP resulted in significant
granule formation in vivo.

Apart from soft tissue engineering, ELPs have been used in bone reconstruction and

mechanical characteristic enhancement of biomineralized composites."*"* Wang et al.
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developed an ELP system including well-defined charged distribution and used it to
construct ELP-hydroxyapatite (HAP) composites. The HAP-ELPs were then incorporated
into calcium phosphate cements (CPC) which resulted in a mechanically robust
material.**°
1-8-3. Purification

The need for recombinant proteins for medical and industrial applications and the

difficulties involved in most of the purification processes like cellulose binding

1.275 1.276

domains™~“">, thioredoxin™“", and affinity-based chromatography, including high cost, the
need for specialized equipment, and hurdles towards scale-up of the bench-top
procedures’?”” have made a good case for scientists to look into other means of
purifications that can be customized to the system of interest. Elastin-like polypeptides
have proven to maintain their thermal transition characteristics even after fusing to other

protein domains including their environmental responsiveness'4"

and was first used by
Meyer and Chilkoti as a fusion tag for protein purification."?" In their work, different
lengths of ELP genes were fused to the C-terminus of E. coli thioredoxin and they
purified the protein by both metal affinity chromatography and inverse transition cycling.
In the case of ELP-fused protein, the ELP was then cleaved by using thrombin. Their
results proved the possibility of purifying thioredoxin with very high yield by exploiting
the inverse transition cycling of the tagged ELP. More recently they showed that lower
molecular weight anionic ELP tags as small as 4.3 kDa, dramatically increase the
recovery of the protein.*?"" It has also been shown that in principle this purification
technique is a general procedure and can be modified to fit many systems including green

fluorescent protein, blue fluorescent protein, and chloroamphenicol acetyltransferase,™**
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or even to purify plasmid DNA®! or antibodies?** %3 The process can be used to

recover very dilute protein samples as well -3 1%

although the fusion order can make a
considerable difference in the expression and activity of the target protein such that short
ELP tags fused to the C-terminus of the desired protein lead to the highest level of
expression, purification, and activity of the protein.™?%

One important step in using ELP tags to purify a target protein is the final cleavage of
the ELP from the protein. This is usually done by designing a cleavage site between the
two polypeptides and applying protease digestion after the purification by inverse
temperature cycling. Protein splicing elements have long been studied in systems dealing
with fusion proteins and have been used along with chromatographic columns to purify
recombinant proteins. Maybe the most well-known example among them are inteins."
128 |n addition to inteins, many other self-cleaving tags including Sortase A (SrtA)!?%,
N-Terminal protease’?%°, FrpC module'*", and cysteine protease domain (CPD)*?** have
been used in developing protein purification systems, but inteins still remain the main
self-cleaving tags. A recent review of self-cleaving fusion tags is published by Li.%%

In the case of ELPs, inteins have also been engineered to construct self-cleaving
purification systems.?**?* In a study by Banki et al. the intein-mediated self-cleavage of
ELP from the target protein was achieved by lowering the pH to 6 during the cold
centrifugations.”**" Self-cleavage has also been shown to be possible by small

1.279, 1.294

temperature shifts during the purification or even addition of reducing agents like

DTT.2*® Although these self-cleaving ELP-tagged systems are not yet commercialized,
they have shown great potential towards industrial use especially that they can be used

1.298

without the need for additional steps such as chromatography <™ and it has been shown
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that the whole process of purification and cleavage can be done at temperatures as low as
the room temperature by salt substitution which makes it even more economically
attractive for industrial processes.™*%°

One issue with many of these self-cleaving systems is the need for purification of the
protease after being used to make it reusable again and make the process cost-effective.
This process should be done usually by conventional affinity column processes which
make it less attractive for commercial-scale production. Very recently, Lan et al.
developed a system in which an ELP-tagged protease was used along with a cleavable
ELP-tagged target protein (Figure 1-6)."*%® This procedure allows for a single-step
purification of the protein and removal of the tag while the protease can be reused

immediately for another purification.

$ «
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Figure 1-6. Use of ELP tags for protein purification. ELP molecules were tagged to the target protein and
mixed with another ELP tagged protease. The enzyme cut the target protein and then pellet out of the
solution together with the ELP molecules detached from the target protein. Reprinted with permission from

from Reference **®. Copyright 2011 Elsevier.

In some cases, the addition of ELP to the target protein not only creates an improved

pathway to purify the protein, it can also help increasing the expression of the protein as
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well. Hu et al. showed the effect of ELP fusion on the expression yield of antimicrobial
peptides and used the same tag for purification of the peptides.”*** The effectiveness of
ELP tags in expression of proteins has also been shown in plant-derived proteins.™'**
1302, 1303 plants are especially interesting in scaling up the processes to industry with low
cost and high versatility.>** Floss et al. showed the possibility of using transgenic plants
as bioreactors for ELP fusion proteins.’*% They also used transgenic tobacco plants and
expressed and purified (HIV)-neutralizing antibodies with and without tagged ELP in the
plant seeds."*® Their results showed the enhancement of accumulation of protein in the
presence of ELP while making the purification much easier.

The ELP fused proteins have also been shown to have the capability of being used as
heavy metal removal and purification. In a study done by Lao et al. Cadmium
contaminants were successfully removed and washed from the soil with a very high yield
using a phytochelation molecule genetically fused to an ELP.>*%" In a different study,
MerR which is a bacterial metalloregulatory protein and binds to mercury, was fused to
(VPGVG), of various lengths and was shown to be extremely effective in reducing the

mercury level of water to as low as drinking water. 3%
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Chapter |1

Molecular Architecture Influences the Thermally Induced Aggregation

Behavior of Elastin-Like Polypeptides

(Modified from publication with N.B. Holland, Biomacromolecules 2011, 12, 4022-4029)

2-1. Abstract

Elastin-like polypeptides are thermally responsive polymers that exhibit phase
separation above a transition temperature. The effect of molecular architecture on the
temperature responsive behavior of elastin-like polypeptide solutions was investigated by
characterization of solutions of two families of three-armed star polypeptides and linear
polypeptides. These biosynthesized polypeptides have precise lengths and amino acid
sequences. Transition temperatures were measured as a function of molecular weight and
solution concentration and compared to their linear counterparts. Like their linear
counterparts, the transition temperature is linearly related to log concentration. A
mathematical relationship was used to fit the transition temperature data of different
polypeptide lengths to a volume-based concentration using the polymer coil volume. The

results of this model suggest that the linear ELP is in a random coil conformation at the
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transition temperature while the three-armed ELP is in a compact extended coil

conformation, consistent with different pathways for aggregation.

2-2. Introduction

Elastin-like polypeptides are environmentally responsive biopolymers which are based
on peptide sequences originally found in nature>  consisting of repeats of the
pentapeptide (GBGaP) in which a can be any of the 20 naturally occurring amino acids
while B can be any of those amino acids except for proline.>? An important characteristic
of these polypeptides is their LCST (lower critical solution temperature) behavior,
resulting in phase separation of the soluble polypeptides into a protein rich coacervate
and a protein lean phase above what has been referred to as an inverse transition
temperature.”>> This phase separation is reversible and the transition temperature can be
modified by changing the chemical identity and length of ELP molecules as well as their

22,24

concentration in solution. Phase separation can also be triggered by other stimuli,

including pH, ionic strength, and light.** **”

The reversible phase separation has been
the subject of many studies in the past three decades and numerous applications have
been proposed for these materials based on these characteristics, such as drug delivery™®

29,210 2 - . g 202
=7, surface engineering”  , and microfluidic devices.

tissue engineering
One interesting aspect of these materials is the dependency of their transition
temperature on the sequence, length, and concentration in the solution.** *'* These

characteristics have been exploited to modify the transition temperature of ELP solutions

to make them suitable for different potential applications. Although length and
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concentration dependency of the transition temperature in linear ELPs have been
thoroughly described, the role of molecular architecture has not yet been investigated.

To study the effect of molecular architecture on ELP behavior, in conjuction with
length and concentration, we present here the characterization of polypeptides designed
by adding a trimer forming oligomerization domain to the C-terminal of the linear ELP
molecules.

The trimer construct was chosen in an attempt to induce polypeptide association based
on the most widely accepted theory of ELP folding and aggregation. According to this
theory”™ *'*, heating up the ELP sample causes the unordered polypeptide chains to go
through a gradual transition to more ordered, and more hydrophobic folded structure
mainly consisting of B turns. At the transition temperature these “ordered” hydrophobic
constructs are stabilized by other chains, presumably as twisted filaments of three chains,
which then aggregate and phase separate. The association of three chains as a twisted
filament has been supported by a recent study in which combining ELP with a trimer
forming a-helical coiled coil motif resulted in the ends of the ELP chains coming into
close proximity above the transition temperature.z'15 It has also been shown that ELP
molecules fused to a self-assembling domain go through similar conformational transition

16 Based on this mechanism, the

as they approach their transition temperature.®
aggregation of the ELP exhibits significant concentration dependence since it proceeds
only after associating as a twisted filament.>'* Consequently, alterations in the geometry
of the ELP that encourage the formation of twisted filaments could potentially affect the

overall folding and aggregation of the chains. It should be noted that even in the absence

of specific stoichiometric interactions, a high local concentration caused by close
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proximity of the chains might help the chain-chain interactions and consequently the
aggregation of the molecules.

As described previously,>'” the trimer forming foldon domain, which is a part of the
bacteriophage T4 fibritin protein, can be added as a fusion protein to either termini of
ELP chains to form a three-armed ELP. Here we report on the characterization of
different lengths of such three-armed star-like elastin-like polypeptides and the
dependency of their aggregation temperatures on length and concentration, as compared
to linear counterparts and we also study the effect of ELP/foldon fusion order in the
molecular behavior of these constructs. The study of these different architectures
provides new data used to improve the model for predicting the transition characteristics
of ELP solutions.

2-3 Materials and Methods:
2-3-1.Gene Design and Preparation

The design and synthesis of elastin like-polypeptides with and without the foldon
trimerization domain were done using the recursive directional ligation technique as
explained in detail elsewhere.>* *'” The final sequences of the linear ELP, ELP-foldon
and  foldon-ELP  genes are MGH(GVGVP),GWP, MGH(GVGVP),GWP-
GYIPEAPRDGQAYVRKDGEWVLLSTFL and
MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFLGP-(GVGVP),GWP  respectively
in which 7 is the number of the pentapeptide repeats and was chosen to be 20, 40, or 60.
For longer linear ELP constructs, a cysteine residue was introduced at the C terminal end
of the ELP sequence resulting in a sequence of MGH(GVGVP),GWPC where n was 20,

40, or 60. Disulfide bond formation between two chains makes a linear ELP chain with
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twice the length of the expressed polypeptide. The transition temperature of ELP-cys
dimers (in non-reducing conditions) is in agreement with that of a linear ELP of twice the
length and so can be used interchangeably (Figure 2-1). The polypeptides are referred to
as (GVGVP),, (GVGVP),-foldon and foldon-(GVGVP), where 7 is the total number of
pentapeptide repeats. The genes were prepared in pET20b vectors and transformed into

BL21(DE3) expression strain of E. coli.

1.6 4
1.4 ~

1.2 ~

= = =« (GVGVP)80
0.8 ~

(GVGVP)40Cys
0.6 1

UV absorbance (AU)

0.4 4

0.2

20 30 40
Temperature ('C)

Figure 2-1. UV absorbance curves of (GVGVP)g, and (GVGVP),,Cys in non reducing conditions both at

25 uM

2-3-2. Protein Expression and Purification.

Expression of polypeptides were started using 20 ml of overnight starter culture from
frozen stock which was then added to 1 L of LB medium in a 2 L Erlenmeyer flask
supplemented with 0.1 mg/ml of ampicilin and shaken at 37°C to ODggo above 0.9. Then
the culture was induced by adding 0.1 mM IPTG. The cells were harvested at least 5
hours after the induction by centrifugation for 20 min at 3000xg. The cells were then

frozen overnight and later lysed by sonication in phosphate buffer saline, pH 7.4 (PBS)
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supplemented with 2 mM EDTA. The lysed cells were then centrifuged at 4°C for 20 min
at 20,000xg to separate the soluble cell compounds, including ELP, from the insoluble
cell lysate. The soluble fraction was then heated up to at least 40°C for the ELP to
precipitate out of solution. Centrifugation at about 40°C and 15000xg was then used to
separate the soluble impurities from the insoluble ELP. The final pellet was then
resuspended in PBS and the cold and hot cycles were repeated at least two more times to
purify the ELP or ELP-foldon proteins. Protein samples were diluted using PBS to their
final concentrations.

2-3-3. Protein Characterization.

Gel electrophoresis using a 4-20% gradient Tris-HEPES-SDS gel (Thermo Scientific)
confirmed the purity and molecular weight of all the samples, and also confirmed the
formation of the ELP-foldon trimers. The samples were prepared in loading buffer
containing 0.1% SDS and heated to boiling temperature for 5 min and then cooled to
ambient temperature prior to loading on the gel. The molecular weights of the
polypeptides were additionally confirmed by ion spray quadrupole/time-of-flight mass
spectrometry (AB/Sciex). The concentrations of the purified proteins were determined
based on UV absorbance at 280 nm measured on a Biomate3 (Thermo Scientific) using
calculated extinction coefficients.>'® Folding of the foldon domains were additionally
confirmed by a 228 nm peak in circular dichroism spectra obtained on an Aviv 215 CD
spectropolarimeter.

Transition temperatures of ELP and ELP-foldon constructs were obtained using UV

absorbance of solutions at 350 nm measured on a Shimatzu 1800 UV-vis
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spectrophotometer equipped with a temperature controlled sample holder unit. The
spectra were obtained at 0.1°C steps with a temperature ramp of 1°C/min.
2-4. Results and Discussion
2-4-1. Protein Expression

ELP constructs with and without foldon were expressed and purified with yields
between 100 and 200 mg/L of culture. As has been shown previously for (GVGVP)4-
foldon,>'” each of the ELP molecules containing foldon, fold as a trimer, as illustrated by
SDS-PAGE (Figure 2-2). The trimers in this study include (GVGVP),,-foldon,
(GVGVP)y-foldon, (GVGVP)e-foldon, foldon-(GVGVP),, and foldon-(GVGVP)4

while the linear constructs are (GVGVP)4, (GVGVP)sy, and (GVGVP); 4.

102K il '

76K Wl -
52K  wu
K == W - (GVGVP)e,-Foldon
4—
-
GVGVP)4-Foldon
4—
24K — ( Jao
- (GVGVP),,-Foldon

A

12K 5

Figure 2-2. SDS-PAGE of (GVGVP)y-foldon, (GVGVP),o-foldon and (GVGVP)gy-foldon. When samples
were loaded after about 5 minutes of boiling, the foldon domain was disrupted and the polypeptides
appeared as monomers on the gel (lanes 2, 4, 6 from left), theoretical molecular weights of 11.9 kD, 20.1
kD, and 28.3 kD, respectively. But when the samples were loaded with no prior heating, the foldon domain
remained as a trimer and bands with three times the molecular weight of the monomeric ELP-foldon

constructs were observed on the gel (lanes 3, 5, 7 from left).
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2-4-2. Transition Temperature Determination

The transition temperature at which the ELP molecules aggregate, producing a turbid
solution is commonly measured using UV-vis spectroscopy. This transition temperature
can be measured as the cloud point (7,), i.e. the onset of turbidity determined from
intersection of the tangent lines of zero absorbance and the highest slope of the curve on a
UV absorbance spectrum.”'” Since this transition is rather sharp, many groups working
with ELPs have defined the transition temperature (7;) for a constantly warmed sample as
the temperature at the mid-point between the baseline and maximum in the absorbance
versus temperature curve, which is comparable to the point of the highest slope of the
curve.”? For high molecular weight ELP molecules or for high concentration solutions,
there is a rapid change in turbidity, i.e. nearly infinite slope, which results in nearly
identical values to a cloud point measurement. However, for short chains and/or low
concentration solutions there can be a considerable difference between the two values due
to a smaller slope in the turbidity curve. A comparison between (GVGVP)gp-foldon and
(GVGVP)yo-foldon at 25 uM shows a clear difference between the two spectra (Figure 2-
3a). For the shorter ELP chains using the midpoint as the transition temperature results in
a significantly higher 7, particularly at lower concentrations. This method of
measurement is not adequate for identifying the transition temperature of these samples
since the resulting temperature does not represent the point at which the ELP molecules
start to phase separate and is dependent on the heating rate of the sample. Since some of
our samples are relatively low molecular weight, we use the cloud point (7,) to most

accurately reflect the transition temperature of the ELP solutions (Figure 2-3b).
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Figure 2-3. a) UV absorbance of (GVGVP)¢-foldon and (GVGVP),-foldon at 25 uM concentration in
PBS as a function of temperature. In order to determine the transition temperature for ELP solutions, the
samples were warmed at a rate of 1°C/min and the UV absorbance at 350 nm was recorded. As is observed
for the (GVGVP)g, the curve is quite sharp, and the mid-point of the curve (7}) is nearly equivalent to the
onset of turbidity (7). For the lower molecular weight (GVGVP),-foldon, the slope of the curve is
smaller, resulting in different values for 7, and 7,. b) The concentration dependency of the transition
temperatures of ELP-foldon constructs using both 7. and 7,. For high molecular weight constructs the

values are essentially identical but for shorter chains a considerable deviation in the values is observed.

This was not a concern for many previously published studies since the measurements
were made using higher molecular weight constructs and medium to high solution
concentrations for which the values from the mid-point and the onset of turbidity are
essentially equivalent (Figure 2-3b). For these studies, we are able to directly compare
our data to those of previous studies. Meanwhile, the use of cloud point as the transition
temperature gives us the flexibility to include a much wider range of data in the study of

the length and configuration of ELP constructs.
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2-4-3. Modeling the Transition Temperatures
It has been shown for linear ELP constructs that the transition temperature decreases
with increasing concentration of the ELP solution and increasing molecular weight.
However, at high concentration the transition temperature reaches a minimum for ELP
constructs containing same pentapeptide sequence regardless of their length.>* ** Based
on the phase diagram originally presented by Urry>®, Meyer and Chilkoti developed a
model to predict the transition temperatures of ELP solutions as a function of
concentration and length for different linear elastin-like polypeptides.>** This model
predicts a so-called critical point where the transition temperatures for all lengths
converge, i.e. the temperature and concentration at which the transition temperature
reaches a minimum. Our experimental data for linear and trimer ELPs are first analyzed
using this model in order to compare the results to those of previously reported linear
ELP constructs.
The model was originally developed using measurements of ELP solutions with
concentrations mostly below 2 mg/ml. Since the critical point occurs at much higher
concentrations, it was determined by extrapolation. In this model the transition

temperature (7;), is a linear function of the logarithm of concentration (C) following the

equation
T,=T,-K.In(C/C,), (2-1)
in which
K =k/L, (2-2)

where C,, is the critical concentration, k; is a constant with the unit of "C, and L is the

number of pentapeptide repeats.
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We have previously reported that transition temperatures of (GVGVP)4-foldon also
exhibits linear dependency on the natural logarithm of the concentration at low
concentration values,”'” but here with a broader range of sizes of ELP-foldon, we find
that the data can be fit to the model. The molar concentration of the trimers, i.e. 1/3 the
concentration of the ELP-foldon monomers, was used, and the total number of
pentapeptides in the trimers were used for L. To fit the experimental data, the transition
temperatures (7,.) were measured at different concentrations (C) and the first estimate of
the critical concentration (C,.) and critical temperature (7,.,) were obtained from the
intersection of plots of transition temperature vs. natural logarithm of concentration.
Subsequently, the transition temperature for all different concentrations of either linear or
trimer constructs were then fit to the equation using least square analysis to determine the
critical parameters along with k.. The model is able to fit our experimental data for both
linear and trimer constructs (Figures 2-4a and 2-4b, respectively). The calculated
parameters from the fit for linear constructs are in good agreement with previously
reported values (Table 2-1). Based on this analysis, the critical temperature is about 2°C
lower and the critical concentration is one order of magnitude larger for the ELP-foldon
constructs compared to the linear critical values. It is also interesting to note that the %,

value is observed to be about 1.5 times larger for the trimers than the linear ELP.
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Figure 2-4. Transition temperatures versus log concentration for linear and trimer ELPs. The fit of our
experimental data for linear ELP constructs to the Meyer and Chilkoti model** (a) results in good
agreement with the previously reported data. The ELP-foldon data (b) can also be fit well with this model,
but results in a lower critical transition temperature than found in the linear fit. The critical concentration is
about one order of magnitude larger than that of the linear fit. The same data is fit using modified model
based on volumetric concentrations (c, d). The common critical transition temperature calculated by this
approach is 23.0°C, which is close to the reported experimental critical transition temperature for high

molecular weight, high concentration (GVGVP), solutions.*”
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Linear Trimer Linear from Meyer
and Chilkoti **
ki (°C) 114.5 190.8 129
Cer (mM) 30.0 106.4 25
T (CC) 20.8 18.5 20.8

Table 2-1: Fit parameters for linear and trimer constructs from molar concentration data.

An observation from our data is that at high concentrations shorter ELP molecules,
particularly obvious for (GVGVP)40, show a deviation from linearity in the 7; versus log
concentration plots (Figure 2-4a). It appears that for these shorter constructs, no matter
how high the concentration, the 7, will not decrease to 7,,.. Although the cause of this
deviation is not clear, this higher temperature plateau might be the result of chain end
effects, which reduce the stabilizing effect of chain association and consequently increase
the transition temperature above what is predicted by T,

2-4-4. Limitations of the Model

As mentioned above, the critical temperature is the minimum temperature at which
ELPs containing the same amino acid repeats will aggregate out of the solution.”*** This
temperature is thought to be independent of the length of the ELPs and is based on the
idea that all of the ELP constructs at high enough concentration act like high molecular
weight ELP. Considering the results from the fits of this model, there are reasons to
believe that the use of molar concentration in the model does not result in critical
parameters that merit attributing this physical meaning to.

First, the critical transition temperature for linear (GVGVP), using molar concentration

in this model is 20.8°C, consistent the original reported value,”* and 18.5°C for the
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trimer. However, there has not been any report of transition temperatures of the
(GVGVP), system below 24°C, which is the value at high concentration and molecular
weight.>?

Secondly, the critical point is at a high concentration where there are significant chain-
chain interactions such that the transition temperature is no longer dependent on chain
length, but solely the interactions of the ELP chains with each other and the solvent. One
might expect that this temperature should also be independent of molecular configuration.
However, using molar concentration results in a difference between the critical transition
temperatures of linear and trimer constructs. It should be noted that it is reasonable that
the molecular configuration may influence the length and concentration dependence of
the transition temperature at concentrations below the critical point, where the differences
in conformations between the branched and linear systems can affect chain-chain
interactions.

Finally, in the model, the critical concentration value is dependent on the choice of the
type of concentration producing significantly different results. In fact, the critical
parameters were originally defined by Urry on a mass concentration phase diagram of
ELP solutions.**' So for this model to be directly comparable to Urry’s phase diagram
the model should utilize mass concentration instead of molar concentration. Using our
experimental data, we have found that the model indeed can be used to fit mass
concentration data for both linear and trimer constructs resulting in different values of 7,

and C,,, compared to the fit with molar concentration (Figure 2-5).
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Figure 2-5. Fit of experimental data to Meyer and Chilkoti model using mass-based concentration for both
linear (a) and trimer (b). The results show different values of critical transition temperature and
concentration in comparison to the molar-based fit for both constructs. And they both result in lower values

of T, than the experimental values.

2-4-5. Modification of the Model

Because of the inconsistencies in 7, for different molecular architectures and the
ability to redefine the concentration unit, we sought a concentration definition that could
provide physical meaning to the critical point. To do this, we propose to use a
concentration based on the volume of the polypeptide coils at the transition temperature,
specifically the ratio of the total polymer coil volume to the solution volume. We
consider the polymer coil volume to be the equivalent hydrodynamic volume, V., which
is related to the average polymer conformation, indicating the geometry of the coil and

the degree of swelling. For a given chain conformation there is a scaling relationship
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between the molecular weight (M) and hydrodynamic volume. Consequently for a
polymeric chain in the solution®?*:

V,cM", (2-3)
where, the exponent n describes the scaling relationship. For theta conditions, where the
radius of gyration squared (Rgz) is proportional to M, the value of n is 3/2.

The volume concentration, based on equation (2-3) becomes

C,=C, LK, (2-4)
where C,, is molar concentration and k' is a constant. At the critical point we have
arbitrarily defined the critical volume concentration, C,, to be equal to 1, where the total
volume of the polymer coils is equal to the solution volume, allowing k' to be a fit
parameter. Experimental data for both the linear and trimer constructs were fit together
by coupling the equations 2-1 and 2-4 using a single 7., and individual », k', and k; values

for the linear and trimer architectures (Figure 2-4c,d and Table 2-2).

Linear ELP-foldon trimer
k (°C) 119 179
k' (L.mol™.gr™) 3.3x10™ 2.0x10°
T (°C) 23.0 23.0
n 1.51 2.30

Table 2-2. Fit parameters for linear and ELP-foldon trimer constructs using volumetric concentration

The resulting critical transition temperature is 23.0°C, which is higher than the fit using
molar or mass concentration and is closer to the transition temperature observed for high

2.21

molecular weight linear constructs.”” It is notable that a single temperature could be

successfully fit to the data for both the linear and trimeric constructs, which was not
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possible using either mass or molar concentrations. This suggests that using volumetric
concentration may result in parameters that have physical meaning, where the critical
point indicates the volumetric concentration at which significant chain-chain interactions
occur. One interpretation could be that this is the point where ELP chains start to overlap.

From the fit, &, values were again found to be related by a factor of 1.5 (as was
observed with fits for all other types of concentration). The constant %, relates the
concentration dependence of the 7. to the number of pentapeptide repeats in the ELP
(Equations 2-1 and 2-2). The factor of 1.5 may indicate that the concentration
dependence of 7, is more accurately related to the maximum contour length of the ELP
(for our system the total ELP repeats is 1.5 times the ELP repeats in the contour length)
rather than the total amount of ELP, but data on other polymer configurations would be

needed to confirm this.

2-4-6. Interpretation of Model Parameters

The results of fitting using volumetric concentration provide additional information that
can be used to elucidate the effect of architecture on the behavior of ELP molecules. The
exponent n indicates how the polymer coil size scales with molecular weight and is
similar to the exponent, a, in the Mark-Houwink-Sakurada relationship between intrinsic
viscosity ([ 77]) and molecular weight (M) with the constant K,

[l =K M", (2-5)
except since mass concentration is used for intrinsic viscosity, n = 1 + a. The determined
value of 1.51 for the linear construct is consistent with the polymers in a theta coil

. . . . 2.22
conformation at their transition temperature.
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Previous findings show that ELPs begin to exhibit B-secondary structure which were
interpreted as B turns, becoming more ordered and less flexible, as they approach their
transition temperature. >** This structuring is a gradual process which starts well below
and increases up to the transition temperature.”'* The equilibrium between the B and
unordered structure at the transition temperature is affected by the length and
hydrophobicity of the chains and with unordered regions being particularly prominent for
more hydrophobic chains including poly(GVGVP)*** **. The finding that the
(GVGVP), is in a random coil conformation at the transition temperature is consistent
with this process.

The trimer constructs on the other hand have a higher n value, about 2.3, which is
consistent with an extended coil/rod like state. This difference in conformation can be
explained within the accepted theory of folding and aggregation of the ELP molecules.*
>1% The chains go through the transition from random coil to more ordered state when
they approach their transition temperature. However, neighboring chains can potentially
stabilize these ordered chains by forming twisted filaments of three chains leading to
aggregation and formation of a coacervate. In our trimeric system, there are three chains
attached at one end, which provides the proper stiochiometry for twisted filaments at
higher local concentration than the bulk solution. This could lead to an earlier and more
stable formation of a twisted filament resulting in a non-spherical conformation of the
trimer prior to aggregation, leading to the higher n value.

The formation of a twisted filament conformation could also explain the larger critical
concentrations observed for the trimer conformation. The twisted filament is a more

compact conformation having a smaller hydrodynamic radius than comparable linear
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constructs. The critical concentration being defined as the point of significant interactions
of the chains is higher for the more compact conformation. As an example, the critical
molar concentrations can be calculated from equation 2-4 using k', the length of the
polypeptide, and the critical volume concentration. For (GVGVP)y this results in critical
concentration of 2.2 mM, while the comparable molecular weight trimer, (GVGVP)4-
foldon, has a critical concentration of 8.3 mM, which is nearly a factor of four larger than
that of the linear constructs.

We have noted that, although any form of concentration in the model can be used to
predict the concentration and length dependence of ELPs, except for the volumetric
concentration, they fail to correctly determine the critical transition temperature. Despite
the fact that most of the ELP solutions are used well below their critical point, the
prediction of the critical transition temperature is still of importance especially when
dealing with cross-linked networks. In these networks, no matter what the initial length of
polypeptide, cross-linking can potentially result in an essentially infinite molecular
weight gel and the transition temperature theoretically approaches 7.. The precise
prediction of this temperature can be important if such gels are considered to be used in
sensitive application such as drug delivery in which the functioning of the system is
dependent on the response of the gel at the designed temperature.

2-4-7. Foldon-ELP constructs

To further expand our results and to investigate the effect of foldon positioning in the
construct, we made and used trimer constructs by adding foldon to the N-terminus of the
ELP molecules. The two studied constructs were foldon-(GVGVP),, and foldon-

(GVGVP)4. Their molecular weight and trimer formation were confirmed by SDS-

98



PAGE electrophoresis and CD spectroscopy the same way that were done for other
constructs. The transition temperatures at different protein concentrations were fit to
equation 4 the same way as the ELP-foldon data. The critical concentration for this
construct was also kept constant at 1 and all other parameters were fit simultaneously

with the linear data (Figure 2-6 and Table 2-3).

Linear Foldon-ELP ELP-foldon
trimer trimer
ki (°C) 119 224.5 179
k' (L.mol™.gr™) 3.6x10™ 3.5%x10° 2.0x10°
T (FO) 23 23 23.0
n 1.48 2.6 2.30

Table 2-3. Fit parameters for linear and foldon-ELP and ELP-foldon trimer constructs using volumetric

concentration

55 -
50 -
45 |
40 |

5 4

Tt (°C)

30 A

25 4
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0.0001 0.001 0.01 0.1 1
Concentration (mM)

Figure 2-6. Transition temperatures versus log concentration trimer foldon-ELPs.
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Comparing the fit parameters of foldon-ELP to that of the linear and ELP-foldon
constructs shows an increase in # and k. The higher n value compared to linear constructs
is expected and can be understood based on the previous discussions. But interestingly
the n value is even higher than that of the ELP-foldon trimers. This can be an indication
of certain differences between the folding and aggregation of these constructs based on
the position of the trimer forming domain. The higher »n value for foldon-ELP can be an
indication of even more extended and stiffer folded constructs.

To better understand the conformational differences between these constructs circular
dichroism (CD) spectroscopy was done using samples of ELP-foldon and foldon-ELP at
the same solution concentrations and temperatures below the transition temperatures
(Figure 2-7). ELP-foldon construct at this temperature shows the behavior fairly similar
to that of a random coil polypeptide with a minimum around 196 nm. This minimum is
considered to be the characteristic feature of random coil polypeptides.”*® On the other
hand, the CD spectrum for foldon-ELP shows a minimum around 217. This minimum is
an indication of much higher population of ordered ELP construct and shows a clear
difference between the secondary structures of these two constructs. This is in agreement
with previous studies using coiled-coil self-assembling polypeptides at two ends of the

2.27

ELP constructs.””" The CD spectra of different constructs will be discussed in more

details in Chapter 6.
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Figure 2-7. Circular dichroism spectroscopy of Foldon-(GVGVP), and (GVGVP)-foldon at 10 uM

protein concentration and 25°C.

The difference between the two constructs can be contributed to the folding process of
the ELP chains. We suggest that the folding of ELP molecules might be a directional
process that starts from the N-terminus of the ELPs. Adding the foldon to this end of the
molecules and bringing the chains in a very close proximity induces the folding of the
constructs. In case of ELP-foldon, adding the foldon domain was shown to induce the
folding process, but as observed with foldon-ELP, it seems that the foldon at the N-

terminus has a greater effect on the folding of ELPs.

2-5. Conclusion

In this study the role of molecular architecture on the thermal transition behavior and
the polypeptide coil structure of elastin-like polypeptides was investigated by developing
a three-armed star ELP system using a trimer forming oligomerization domain. The

domain was added to either N- or C-terminus of the ELP. The transition temperatures of
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linear and trimer constructs at different concentrations were fit to a mathematical model
using a volume-based concentration that scales with molecular weight, providing a
physical interpretation of the critical transition temperatures for ELP constructs. This new
fit resulted in critical transition temperatures in good agreement with experimentally
observed critical parameters for high molecular weight constructs. This approach also
enabled us to study the different behavior of linear and branched ELP molecules at their
transition temperature. It was shown that the trimer goes into a more extended
conformation at its transition temperature while the linear construct keeps a more random
coil conformation. Between the two trimer construct, it was shown that when foldon was
added to the N-terminus of the ELP, it had a greater effect on their folding. The results
are consistent with the theory of twisted filament formation of ELPs above their

transition temperature.

2-6. References

2.1 Yeh, H.; Ornsteingoldstein, N.; Indik, Z.; Sheppard, P.; Anderson, N.; Rosenbloom,
J. C.; Cicila, G.; Yoon, K. G.; Rosenbloom, J. Collagen and Related Research, 7,
235,(1987).

2.2 Urry, D. Journal Of Physical Chemistry B, 101, 11007,(1997).

2.3 Urry, D. Biochemical And Biophysical Research Communications, 141, 749,(1985).

2.4 Meyer, D. C., A Biomacromolecules, 5, 846,(2004).

102



2.5 Alonso, M.; Reboto, V.; Guiscardo, L.; Mate, V.; Rodriguez-Cabello, J. C.
Macromolecules, 34, 8072,(2001).

2.6 Strzegowski, L. A.; Martinez, M. B.; Gowda, D. C.; Urry, D. W.; Tirrell, D. A.
Journal of the American Chemical Society, 116, 813,(1994).

2.7 Valiaev, A.; Abu-Lail, N. I.; Lim, D. W.; Chilkoti, A.; Zauscher, S. Langmuir, 23,
339,(2007).

2.8 Simnick, A. J.; Lim, D. W.; Chow, D.; Chilkoti, A. Polymer Reviews, 47,
121,(2007).

2.9 Betre, H.; Ong, S. R.; Guilak, F.; Chilkoti, A.; Fermor, B.; Setton, L. A.
Biomaterials, 27, 91,(2006).

2.10  Romano, N. H.; Sengupta, D.; Chung, C.; Heilshorn, S. C. Biochimica Et
Biophysica Acta-General Subjects, 1810, 339,(2011).

2.11 Hyun, J.; Lee, W. K.; Nath, N.; Chilkoti, A.; Zauscher, S. Journal of the American
Chemical Society, 126, 7330,(2004).

2.12 Lynch, M.; Mosher, C.; Huff, J.; Nettikadan, S.; Xu, J.; Henderson, E. Functional
nanoarrays for protein biomarker profiling, 2004.

2.13 Urry, D. W.; Parker, T. M.; Reid, M. C.; Gowda, D. C. Journal of Bioactive and
Compatible Polymers, 6,263,(1991).

2.14  Yamaoka, T.; Tamura, T.; Seto, Y.; Tada, T.; Kunugi, S.; Tirrell, D. A.
Biomacromolecules, 4, 1680,(2003).

2.15 Fujita Y, F. H., Mie M, et al. Bioconjugate Chemistry 18, 1619,(2007).

103



2.16 Haghpanah, J. S.; Yuvienco, C.; Civay, D. E.; Barra, H.; Baker, P. J.; Khapli, S.;
Voloshchuk, N.; Gunasekar, S. K.; Muthukumar, M.; Montclare, J. K.
Chembiochem, 10, 2733,(2009).

2.17 Ghoorchian, A.; Cole, J. T.; Holland, N. B. Macromolecules, 43, 4340,(2010).

2.18 Gill, S. C.; Vonhippel, P. H. Analytical Biochemistry, 182, 319,(1989).

2.19 Tamura, T.; Yamaoka, T.; Kunugi, S.; Panitch, A.; Tirrell, D. A.
Biomacromolecules, 1, 552,(2000).

2.20 Meyer, D. C., A Biomacromolecules, 3, 357,(2002).

2.21 Urry, D. Biopolymers, 24, 2345,(1985).

2.22 L.H.Sperling Introduction to Physical Polymer Science; Forth Edition ed.; Wiley-
Interscience

2006.

2.23 Urry, D. Journal Of Protein Chemistry, 7,(1988).

2.24 Bochicchio, B.; Pepe, A.; Tamburro, A. M. Chirality, 20, 985,(2008).

2.25 Cho, Y.; Sagle, L. B.; limura, S.; Zhang, Y. J.; Kherb, J.; Chilkoti, A.; Scholtz, J.
M.; Cremer, P. S. Journal of the American Chemical Society, 131, 15188,(2009).

2.26 Woody, R. W. Biochemical Spectroscopy, 246, 34,(1995).

2.27 Haghpanah, J. S.; Yuvienco, C.; Roth, E. W.; Liang, A.; Tu, R. S.; Montclare, J. K.

Molecular Biosystems, 6, 1662,(2010).

104



Chapter |11

Thermoreversible Micelle Formation Using a Three-Armed Star

Elastin-like Polypeptide

(As published with J.T. Cole and N.B. Holland, Macromolecules 2010, 43, 4340-4345)

3-1. Abstract

We have designed, synthesized, and purified a novel three-armed star polymer consisting
of an elastin-like polypeptide (ELP) followed by a negatively charged trimer-forming
oligomerization domain at the C-terminus. In low salt conditions, the water-soluble
trimers assemble into micellar particles as small as 25 nm in diameter when heated to
temperatures above their transition temperature. The size of these micelles can be
controlled by adjusting salt and cosurfactant concentrations. They are stable at elevated
temperatures but will dissociate into the individual trimers when the temperature is again
decreased below the transition temperature. Their behavior at high temperatures is quite
different than typical ELP constructs, which initially form large aggregates followed by
phase separation into a coacervate and soluble fraction. The polypeptide consists of 40

pentapeptide repeats of glycine-valine-glycine-valine-proline (GVGVP) followed by the
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27 amino acid foldon domain. It is expressed in E. coli and purified by thermal transition

cycling.

3-2. Introduction

Elastin-like polypeptides (ELP) are a part of the family of responsive polymers that
have been studied extensively for the past two decades.”'™ These polymers consist of
repeats of the sequence GaGBP, where a can be any of the 20 naturally occurring amino
acids and B can be any except for proline.”' These polypeptides are similar to responsive
synthetic polymers like PNIPAA in many ways. This includes the fact that both exhibit

LCST (lower critical solution temperature) behavior by phase separating above a specific

3.1, 34

transition temperature. When these materials are prepared as bulk hydrogels, this

behavior results in significant volume changes when passing through the transition

temperature. These so called responsive materials have been used for many different

3.5-6 3.9-11

applications including drug delivery’>®, tissue engineering® ™, surface engineering®”"",

3.1, 3.13-14

nano sensors”'?, and hydrogels. The environmental stimuli for both synthetic

polymers and elastin-like polypeptides can be chosen based on the intended application

3.15-16 3.17-18

and can include temperature™'?, pH , ionic strength®'®, or light

An area that elastin-like polypeptides have attracted much attention is the molecular
self-assembly of ELP constructs into nano- and micro-scale constructs.'** Several
different block copolymers (either AB or ABA) consisting of ELP chains with different

hydrophobicities have been designed.>* ***

these constructs assemble into particles when
triggered by external stimuli that cause one of the ELP chains of the copolymer to

become hydrophobic, leaving the second soluble ELP block to act as a hydrophilic head

group that stabilizes the formation of micellar or vesicular particles.
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Drug delivery using self assembled particles®*2° is an attractive area for ELP because

of the ability to precisely control the structure of these polypeptides’*’ and their natural

3.28

biocompatibility.”” ELP constructs have demonstrated efficacy in properties desirable

3.30

for drug delivery carriers including targeted delivery’”, good loading capacity’~’, and

. . . 1
low clearance in animals’?

. The most important environmental stimuli for a drug
delivery carrier are the ones which have physiological relevance, i.e. pH difference
between the healthy and diseased cells, temperature, concentration difference, or a

combination of these*>*>?

and ELP molecules have the capacity to be designed and
constructed to respond to any of these environmental stimuli. Another advantage of ELP
self-assembled particles is their small size. These particles can be 100 nm or less, which
is much smaller than typical ELP aggregates. The smaller size can be an advantage in
vivo by decreasing antigenicity and reducing clearance.’**

Although the specifics of ELP aggregation at the molecular level are still debated, an
early description of the process suggested that the ELP chains transition from a random
coil conformation to a folded P-spiral which is hydrophobic.*" *** The folded
polypeptides are partially stabilized by forming a twisted filament of three chains and
phase separating in the form of a coacervate.”*> This process results in the measurable
turbidity of the solution above its transition temperature. This theory has been supported
by a number of studies, especially by using circular dichroism (CD) measurements.>? >~
In a recent report, it was demonstrated that combining ELP with the trimer forming o-

helical coiled coil motif resulted in the tail ends of the ELP coming into close proximity

above the transition temperature, further supporting this model.>?’
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There are numerous protein folds that incorporate such a triple helix, including the
collagen triple helix and the a-helical coiled coil motif. Another instance is in
bacteriophage T4 fibritin protein, which forms a fibrous trimer. Unlike the collagen and
a-helical coiled-coil, the fibritin fold is not stable alone, but requires a terminal trimer

folding domain to stabilize it.”>*

This domain, called foldon, can be expressed as a 27
amino acid peptide which forms a homotrimer in a large range of pH, with the notable
exception of very low pH.>*** At neutral pH, the domain is negatively charged and

°C.>*® These features have been used to stabilize short triple

thermally stable up to 75
helices of collagen for structural studies using recombinant methods to incorporate
foldon.>*' With the 27 amino acid sequence at either the N- or C-terminus, a collagen
triple helix can be stabilized at higher temperatures and lower concentrations than one
without the foldon sequence.>*

We report here the design and biosynthesis of a new elastin-like polypeptide construct
that incorporates the foldon domain at its C-terminal end. We demonstrate that the foldon
domain folds, producing a trimer resulting in a three-armed star ELP. The thermal
transitions of this construct are compared to linear ELP at different polypeptide and salt
concentrations. Additionally, we show that this construct behaves quite differently at low
salt concentrations by forming nanoscale micellar aggregates at temperatures above the

ELP transition temperature. We describe generally the conditions that lead to the

formation of these micelles.
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3-3. Materials and Methods
3-3-1. Gene Design and Preparation

The synthesis of the elastin-like polypeptide gene was based on the methods described
by Meyer and Chilkoti.>*’ In short, complementary oligonucleotides (Invitrogen)
encoding five repeats of amino acid sequence GVGVP were designed to have appropriate
overhangs to insert into pUCI19 cloning vector (Novagen) digested with EcoRI and
HinDIII, as well as internal cut sites for restriction enzymes Bg/l and PfIMI. These two
oligonucleotides were annealed together by heating to 95°C and slowly cooling in a
thermocycler. An aliquot of pUC19 vector was double digested using EcoRI and HinDIII
and then purified using a DNA extraction kit (GenScript). The annealed DNA was ligated
into the double digested vector in a three to one molar ratio using Quick Ligase (New
England Biolabs) for 15 minutes. A 10 pL aliquot of the ligation product was combined
with 50 pL of chemically competent E. coli cells and transformed by heat shocking (30
min at 4°C followed by 2 min at 37°C) and left overnight on solid agar plates
supplemented by 100mg/L of ampicillin. Colonies were grown overnight and screened
using PCR screening techniques. The sequence was ultimately confirmed by DNA
sequencing.

To increase the length of the ELP encoding DNA, we double digested the pUCI19
vector containing (GVGVP)s with Ndel and PfIMI restriction enzymes. A separate
sample of the same plasmid was also double digested by using Ndel and Bgll restriction
enzymes to produce the insert. Using double digestions minimizes the number of false
positives on the plates after transformation and does not require dephosphorylation of the

vectors. This process resulted in DNA encoding ten GVGVP repeats. This process was
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repeated twice more to reach (GVGVP)s. This (GVGVP)y encoding DNA was
transferred to a pET20b expression vector modified as described by Meyer and
Chilkoti**” to have one Sfil recognition site that leaves an overhang that is compatible
with the PfIMI cutsite in the pUC19 construct. The (GVGVP)49 DNA resulting from the
digestion of the pUC vector with Ndel and PfIMI was inserted into the pET vector
digested with Ndel and Sfil. The resulting gene encodes a 206 amino acid polypeptide:
MGH(GVGVP)4GWP.

To prepare DNA encoding the foldon domain, oligonucleotides were designed so they
would anneal into a double stranded DNA cassette with overhangs compatible with the
Sfil cut site, and leaving a PfIMI recognition site. The codons were selected for optimal

. . . 3.42
expression in E. coli.’

This construct was ligated into the modified pET20b vector
described above digested with Sfil. A (GVGVP)4 encoding DNA was then inserted as
above resulting in the 233 amino acid polypeptide that includes a C-terminal foldon
domain sequence: MGH(GVGVP)4GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL.
3-3-2. Protein Expression and Purification

Expressions were started by preparing a 5 ml overnight starter culture from frozen
stock in LB medium supplemented with 100 pg/ml ampicillin (LBA) at 37°C. The starter
culture was added to 1 L of LBA medium in a 2 L Erlenmeyer flask and shaken at 300
rpm and 37°C to an ODgg of between 0.9 to 1.0, at which point expression was induced
by adding 0.1 mM IPTG. The cells were harvested after 4 to 5 hours by centrifugation for
30 min at 3000xg. To lyse the cells they were resuspended in 20 ml of bacterial protein

extraction reagent (B-PER, Pierce) by vortexing vigorously for several minutes. The

lysed cells were then centrifuged at 4°C for 20 min at 20000xg to separate the soluble
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protein from insoluble cell lysate. The soluble supernatant, which contained our
polypeptide, was then purified using inverse transition cycling method.** We utilized
warm centrifugation of the protein solution for 15 min at about 40°C at 15000xg to pellet
out the aggregated proteins. The isolated pellet was resuspended by using 5 ml of chilled
PBS buffer pH 7.4 (Fisher Scientific). The resuspended solution was then centrifuged at
4°C for 15 min at 15000xg. This process was repeated two times to purify the ELP.

3-3-3. Protein Characterization

Purified ELP was characterized first by using 10-20% gradient Tris-Glycerol SDS-
PAGE (Lonza) to confirm the purity and molecular weight. The samples were prepared in
loading buffer containing 0.1% SDS and heated for 5 minutes prior to loading on the gel
at temperatures ranging from room temperature to 100°C. The concentration of the
proteins was quantified using UV absorption at 280 nm on a Biomate3 (Thermo
Scientific). The extinction coefficient used to convert absorbance to concentration was
calculated based on the tyrosine and tryptophan content of the peptides.>** To observe the
folding of the foldon domain, circular dichroism spectra were obtained using an Aviv 215
CD spectropolarimeter.

Transition temperatures of ELP solutions were determined by solution turbidity
measured using a Cary 50 Bio UV-visible spectrophotometer equipped with a
temperature-controlled cell (Varian). Spectra from 800 nm to 200 nm were obtained at
0.5°C steps with an average temperature ramp of 1°C/min. The transition temperature is
defined as the temperature corresponding to the midpoint of the baseline and maximum

absorbance (approximate maximum slope) of the 350 nm absorbance curve
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Particle size measurements were performed using 90 Plus Particle Size Analyzer
(Brookhaven Instruments), which is a fixed angle (90°) dynamic light scattering
instrument equipped with peltier temperature control. The samples were carefully filtered
using a 0.22 um filter prior to loading in 1 cm x 1 cm quartz cuvettes. The measurements
were made in 2 minute runs and repeated at least twice and were analyzed by BIC
software (Brookhaven Instruments). The results are the mean diameter of multimodal size
distribution (MSD), being calculated by the software based on the non-negatively
constrained least square (NNLS) algorithm.

3-4. Results

ELP with and without foldon were successfully expressed and purified with yields
between 50 and 100 mg/L of culture. The foldon sequence is expected to fold as a homo-
trimer resulting in a three-armed star polypeptide (Figure 3-1). An SDS PAGE of the
(GVGVP)4o-foldon illustrates the formation and stability of the trimer (Figure 3-2).
Samples heated to different temperatures in loading buffer containing 0.1% SDS prior to
loading on the gel resulted in different band patterns. Since the foldon domain is stable up
to concentrations of 2% SDS™ the foldon domain in the sample which was not heated
remained folded and the construct was observed at about 60 kD, three times the weight of
a single polypeptide chain. By heating the sample at temperatures of 65°C or above, the
foldon domain was completely denatured and the individual polypeptide chains are
observed at 20 kD. This temperature is about 10°C lower than the reported stability of the
foldon domain, which is reasonable considering the presence of SDS in the loading buffer
which will destabilize it. At intermediate temperatures (e.g. 45°C) partial unfolding is

observed where bands appear at both 20 and 60 kD. Circular dichroism spectra of the
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(GVGVP)4o-foldon constructs further confirmed trimer formation by a peak at 228 nm

3.38

which is characteristic of the folded foldon domain™" (Data shown in Chapter 2).

&

Figure 3-1. a) Ribbon diagram of the foldon domain. This homotrimeric oligomerization domain is stable

a)

up to 70°C in water (PDB accession number 1RFO).**’ Elastin-like polypeptide is added to the N-terminal
residues to make the ELP trimer. b) The three-armed star elastin-like polypeptide (GVGVP)4p-foldon
before and after thermal transition. The foldon domain holds the three chains together below and above the
ELP transition temperature. The contour length of the folded ELP reduces to about 20% of the unfolded

13.35

one. The collapsed twisted filament ELP model > was created using Swiss PDB viewer based on reported

backbone dihedral angles for the p-spiral structure.*

Room 45.C
Temp
60 kDa :
Figure 3-2. An SDS-PAGE gel of (GVGVP)y-
foldon with different degrees of heating prior to
20 kDa
e ———em loading. The sample in lane 2 was not heated
I I I prior to loading on the gel and it runs around 60
67C 80C 100C kD, which is three times the size of a single

(GVGVP)yy-foldon. The other lanes were heated for five minutes at the designated temperatures prior to

loading on the gel. For the 45°C sample, most of the polypeptide shows up as the trimer, but a small
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fraction of it runs as monomer (~20 kD). The samples which were heated to temperatures above 65°C

resulted in the complete disruption of the trimers.

The defining characteristic of the environmental response of an ELP is the transition
temperature (7;) above which the protein solution becomes turbid, most frequently
measured by absorbance in a UV-visible spectrometer. Representative data for obtaining
the 7; of ELP and ELP-foldon constructs (Figure 3-3a) show a relatively sharp change in
the 350 nm absorbance as a function of temperature for three different constructs. A
linear relationship is observed between the 7; values of these ELP constructs and the
logarithm of molar concentration of GVGVP pentapeptides (Figure 3-3b). Using the
molar concentration of pentapeptide normalizes the samples to the total amount of ELP in
solution. This represents an equivalent molar concentrations for the (GVGVP)4o-foldon
trimer and linear (GVGVP) 5, whereas the (GVGVP)y is at three times the molar
concentration of the others. Even at a higher molar concentration, the 7; of linear
(GVGVP)y 1s higher than that of (GVGVP)4p-foldon. The transition temperature of ELP-
foldon trimer is higher than a linear ELP with the same molecular mass indicating that
the molecular geometry affects the 7;. The similar slopes of the two samples indicate that
the three-armed geometry results in a constant increase in 7; at equivalent concentrations.

The linear dependence of the transition temperature on salt concentration, a well-

34546 is observed for the three-armed ELP. The transition

described phenomenon,
temperature decreases linearly as a function of the sodium chloride concentration (Figure
3-4). This relationship suggests the zero salt concentration transition temperature for a

(GVGVP)4o-foldon solution with 25 uM protein should be 38°C. This is not observed. At

salt concentrations below 50 mM, no turbidity is observed up to the temperature of the
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foldon stability (~70°C), well above the expected transition temperature. Even when the
solutions are held at these temperatures for extended times no phase separation is
observed. This is in contrast to the linear (GVGVP)4y, which exhibits a 7; even at zero
salt concentration. The near identical slopes of the curves in this figure suggest that the
effect of salt in decreasing the transition temperature is independent of geometry and

molecular weight of the constructs.
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Figure 3-3. a) Determination of the ELP and ELP-foldon transition temperatures. Transition temperatures
are characterized for 25 pM solutions of (GVGVP)y (diamonds), (GVGVP)y-foldon (circles) and
(GVGVP)y (squares) in PBS by measuring UV absorbance at 350 nm as a function of temperature with a
temperature ramp of 1°C/min. The transition temperature is defined as the temperature at the midpoint
between the baseline and maximum turbidity (approximately the steepest slope). For these samples, the
transition temperatures are 41.5°C for (GVGVP)y, 34.5°C for (GVGVP),-foldon, and 30.0°C for
(GVGVP) p. b) Transition temperatures of (GVGVP)y (diamonds), (GVGVP)4-foldon (circles) and
(GVGVP) y (squares) as a function of molar concentration of GVGVP pentapeptides (i.e. constant ELP

mass concentration). A linear relationship between T, and log C is observed for each construct. Comparing
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(GVGVP)yy-foldon and (GVGVP);,y, which have the same ELP molecular weight, the slopes are the same,

but the former has higher T, values.

Transition temperature (°C)

0 0.5 1 15 2
Salt concentration (M)

Figure 3-4. Effect of salt on the transition temperature of (GVGVP), (diamonds), (GVGVP),,-foldon
(circles), and (GVGVP) yy (squares). There is a linear relationship between salt concentration and the
transition temperature of ELP-foldon solutions, except at low salt concentrations. At salt concentrations
below 45 mM, a transition temperature is not observed by turbidity measurements. This contrasts the
typical ELP, which exhibits transitions even without salt. The slopes for the three samples are equivalent,
indicating that the geometry does not affect the salt dependency of the 7, for the ELP molecules. The

(GVGVP)-foldon transition temperatures for all salt concentrations fall between (GVGVP)y and

(GVGVP) .
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Figure 3-5. Dynamic light scattering particle size determination as a function of temperature for
(GVGVP)y and (GVGVP)4-foldon. The solutions are in low salt concentration and the graphs show very
clear difference between the sizes of the particles above the transition temperature. For (GVGVP),, the
particle size changes from below 10 nm to about 500 nm resulting in turbidity of the solution. In the case of
(GVGVP)y-foldon, the diameter of particles does not exceed 30 nm when the salt concentration is 7 mM
and 60 nm for a salt concentration of 20 mM. These solutions remain clear and the particle diameter does
not change over time. This is also a reversible process as no difference in particle size as a function of
temperature is observed when the sample is cooled. The inset is a magnification of the graph illustrating the

region where small particles form.

Dynamic light scattering particle sizing was used to further investigate aggregation,
particularly in low salt solutions (Figure 3-5). Below the transition temperature, the linear
(GVGVP)y is soluble as observed by a polymer chain conformation size of less than 10
nm. Above the transition temperature, it aggregates into particles of about 500 nm in size.
This particle formation is consistent with the turbidy observed for these solutions. For the
(GVGVP)y-foldon trimers, a distinctly different behavior is observed. At salt
concentrations below 15 mM, when heated from below to above its expected transition
temperature (based on the linear relationship to salt concentration), the size changes from
below 10 nm to about 30 nm. The small aggregate size explains why no turbidity is
observed by UV absorption under these conditions. For salt concentrations between 15
mM and about 45 mM, when the solution is heated to temperatures above the transition
temperature, the size of the particles change to about 60 nm. The formation of the small
particles at low salt is a reversible process as is observed by cooling down the solution

and observing no hysteresis between warming and cooling experiments.
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Figure 3-6. Dynamic light scattering of (GVGVP)4o-foldon in different NaCl concentrations. Dynamic

light scattering was performed on 10 pM polypeptide solutions at 50°C, which is above the polypeptide
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transition temperature. The measurements show very narrow distribution of particle sizes over a wide range
of salt concentrations (a) and that the size of the aggregates varies as a function of salt concentration (b).
Three zones are observed. For salt concentration below 15 mM, the particles are less than 30 nm and
below. For salt concentrations between 15 mM and 45 mM the size of the particles are in the range of 60 to
65 nm. Increasing the salt concentration to values above 45 mM the aggregates are greater than 300 nm and

the solution becomes visibly turbid.

Further measurements demonstrate that the size of the aggregate is dependent on salt
concentration, with three distinct regimes (Figure 3-6). In Regime I, at salt concentration
below 15 mM, the aggregates are 30 nm or smaller and appear to linearly increase with
salt concentration. For salt concentrations between 15 and 45 mM (Regime 1), the size of
the aggregates is approximately constant in the range of 60 to 65 nm, and in Regime III,
for salt concentrations above 45 mM, the particles are large and turbidity is observed
which is consistent with the UV turbidity measurements. The particle size distributions in
all three regimes are quite narrow having peak widths less than 1% of the particle
diameters (Figure 3-6a).

The addition of SDS surfactant to the trimer solution generally led to a decrease in the
stability of aggregates in both high and low salt conditions. SDS was added to two
different (GVGVP)4-foldon solutions with different salt concentrations. In one solution,
SDS was changed from 0 to 0.05% while the salt concentration was kept constant at 7
mM (Figure 3-7). In this case, the particles were stable up to about 0.02% of SDS and
then the diameter of the particles dropped sharply in to what is expected to be a random

coil polypeptide. In the case of the second solution with about 150 mM salt (Figure 3-7),
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the aggregates were not stable in the presence of SDS and even at SDS concentration of

0.02% there was no turbidity.
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Figure 3-7. The effect of SDS on the (GVGVP)4-foldon micelles and aggregates. At 150 mM salt (left
axis), (GVGVP)y-foldon aggregates of several hundred nanometers form above the transition temperature.
SDS is able to disrupt the formation of these aggregates. SDS can also disrupt polypeptide micelle

formation in low salt conditions (right axis), but requires higher concentrations.

3-5. Discussion

Typical ELP chains heated above their transition temperatures go from a random coil to
a more ordered hydrophobic state and phase separate into a coacervate containing 63%
water and 37% polypeptide.”' Previous reports have shown that the initial formation of
the coacervate phase is followed by aggregate growth and coalescence over time.>”*
We would not expect significant differences in the behavior of the ELP when attached to
the foldon domain, since aggregation above its transition temperature has been reported

when ELP was used as a fusion protein for protein purification®* and in the coiled-coil

trimer of Fujita et al.>*” Like typical ELP, our data shows that the three-armed ELP in
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moderate salt concentrations does exhibit a transition temperature that is dependent on
salt and ELP concentrations, as well as an aggregate size that increases with time.

However, at low salt concentrations (<45 mM), the three-armed ELP, formed by ELP-
foldon, behaves differently in comparison to linear ELP. Under these conditions, stable
nano-scale aggregates form. Under further scrutiny, it is observed that there are two
regimes of stable aggregates with considerably different size distributions (Figure 3-6b).
We propose that each of these two regimes consists of stable micellar particles that do not
coalesce over time, which is notably different from the higher salt regime. Below we
interpret the size of these stable aggregates by considering the geometry of the ELP-
foldon and the intermolecular interactions.

The foldon domain has a net negative charge and so can behave as a hydrophilic group
to stabilize the coacervate aggregates formed by the ELP chains above their transition
temperature. In essence, the ELP-foldon is a surfactant with three hydrophobic tails and a
charged head group, which forms micelles at salt concentrations below 45 mM (Regimes
I and II). The salt concentration plays a key role in determining the size and type of
aggregation that occurs in charged surfactant systems. The primary effect of salt in
solution is to moderate the electrostatic interactions between charged species; however,
salt can also modify hydrophobic interactions as is observed by the dependence of the
transition temperature of ELPs on salt.

The geometry of any surfactant determines the size and shape of micellar aggregates™**
¥ based on the dimensionless packing factor:

viagl, (3-1)
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where v and / are the volume and length of the hydrophobic tails, respectively, and ay is
the effective area of the hydrophilic head group. If this dimensionless number is less than
1/3, spherical micelles will form with a size such that the diameter of the micelle will be

d =6 vlay. (3-2)

For spherical micelles, the maximum diameter of the micelles is twice the length of the
hydrophobic tail. Based on the ELP folding into a beta-spiral and forming a triple
strand”, the length of a (GVGVP)4-foldon in its collapsed state is around 15 nm (Figure
3-1), corresponding to a maximum diameter of 30 nm for a spherical micelle. For
(GVGVP)y-foldon below its transition temperature, a micelle would have a maximum
diameter of 150 nm. Based on the micelle size as a function of salt concentration, this
indicates that Regime I is consistent with spherical micelles with folded ELP chains.
Regime II diameters are greater than 30 nm, which suggests that the micelles are either
non-spherical or spherical micelles with unfolded or partially unfolded ELP chains.

We expect that the hydrophobic tails phase separate in the interior of the micelle into
an immiscible coacervate-like phase, as in typical ELP solutions. Since the coacervate
contains 37% protein and 63% water’', and is slightly more dense than water, it is
estimated that the volume occupied by the 120 pentapeptide repeats in a (GVGVP)4-
foldon trimer is approximately 200 nm’. This is comparable with an estimation based on
the molecular model of the collapsed ELP conformation occupying a cylinder of diameter
4.8 nm and length of 11 nm (Figure 3-1). Assuming a spherical micelle, this volume
together with the micelle diameter can be used to calculate the head group areas. It is
notable that Regime I exhibits a slight increase in diameter with increasing salt. Based on

equation 3-2, the apparent head group diameter is between 8 and 9 nm with a slight
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decrease as the salt concentration increases. Such a decrease in the head group size is not
unexpected. The apparent area of the foldon domain, which has a net negative charge,
will be affected by the electrostatic shielding of the additional salt.

In Regime II, the micelle size remains approximately constant, corresponding to a head
group diameter of about 5 nm if it were a spherical micelle. This value is slightly larger
than the 2 to 3 nm diameter of the foldon domain, which suggests that they are not
spherical micelles. Nevertheless, the constant size in this region suggests that the ion
shielding is large enough that increasing the salt concentration does not result in any
further reduction in head group area. This is consistent with a reduction in the Debye
length to 2.5 nm at 15 mM NaCl. However, since the micelles are stable, the overall
electrostatic interaction between micelles is apparently strong enough to prevent
coalescence. As the salt concentration increases above 50 mM and we move into Regime
III, the charge on the foldon domains is shielded to a greater extent so that large
aggregates will form.

The effect of increasing SDS concentration for both micellar and large aggregates of
(GVGVP)y-foldon results in a rather sharp decrease in the particles size, but the micellar
aggregates shows greater stability, since the large particles disaggregate at lower SDS
concentration (Figure 3-7). These patterns give us criteria that can be used together with
the salt dependency of the ELP-foldon micelles to predict the size of the aggregates.
There is a limited range of salt and SDS concentration in which micelles can be made.
The size of these particles for a (GVGVP)4p-foldon can be controlled and be kept as small
as 20 to 30 nm. It is potentially possible to have even smaller micelles using shorter ELP

chains.
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Several other ELP micelles have been reported, most using a diblock polymer
configuration. In recent work by Fujita et al. a hydrophobic block of different lengths of
ELP was combined with a C-terminal hydrophilic polyaspartic acid block resulting in
micellar particles.>** They showed the formation of micelles only for ELP molecules
with at least 80 pentapeptide repeats and no micelle formation was observed for
(GVGVP)y. In another work by Dreher et al., two different ELP molecules with total
length of 124 to 184 repeats of pentapeptide was used as the building block for micelle
formation.>” These two ELP molecules with two different transition temperatures were
used to make micelles in the temperature range between their transition temperatures.
These resulted in micelles of 35 to 45 nm.

Since our system uses a small hydrophilic head group, short ELP molecules can be
used to make these micelles and quite small aggregates have been achieved. Additionally,
the second hydrophilic block does not restrict the responsiveness of the micelles. In a
very recent study it has been shown that the transition temperature of block copolymers is
also a function of the way that polarity is arranged and distributed along the ELP

. 350
chain.

In an ELP block copolymer this can add to the complexity of controlling the
transition temperature. For our system this is not an issue and we are able to control the
characteristics of the particles in a more precise way. This study demonstrates the
possibility of making small micellar particles without the need of using block
copolymers. Even though this approach relies on non-physiological salt concentrations,
there is no reason that modification of the head group cannot produce similarly small

particles in physiologically applicable salt concentrations. This will make these particles

appealing for applications such as targeted drug delivery.
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3-6. Conclusions

We have designed and constructed a new responsive three-armed star elastin-like
polypeptides and by using a trimer forming oligomerization domain. This new construct
exhibits typical behavior of ELP molecules, except at low salt concentrations where it
responsively forms micellar particles above its transition temperature. The process of
micelle formation is thermally reversible and the particles are shown to be stable at
temperatures above the transition temperature and can be made as small as 20 to 30 nm in
diameter. The size of these micelles is among the smallest ELP particles that have been
reported. Salt and surfactant were observed to affect the stability and size of the micelles,

and by adjusting these two parameters the size of these particles can be controlled.
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Chapter IV

Size and Shape Characterization of Thermoreversible Micelles of

Three-armed Star Elastin-like polypeptides

4-1. Abstract

Three-armed star elastin-like polypeptides have been shown to form micelles in certain
solution conditions. Here, a thorough study of size distribution, shape, and molecular
weight of these micelles at different salt concentrations and pH values was done. Multi
angle dynamic light scattering was used to study the formation, reversibility, and size of
the micelles under different conditions. As a function of the solution salt concentration,
two distinct regimes based on micelle size and shape, as well as a transition region
between them, were identified. Static light scattering was done to study the molecular
weight and anisotropy of the micelles in each regime. The anisotropic behavior and the
elongation of the particles was then studied by polarized and depolarized dynamic light
scattering and a model for the micelles at each regime was proposed. The size of the
micelles were verified independently using viscosity measurements. The results of this

study suggest that there is big jump in size and molecular weight of the micelles from the
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first to the second regime, and the shape of the micelles transition from spherical to
cylindrical micelles with more than 10:1 axis ratio. The micelles were then crosslinked

into responsive nano-particles that are stable and responsive in physiological conditions.

4-2.Introduction

Self-assembly of macromolecules into well defined shapes and geometries has been
studied for many years but during the past decade it has received particular attention with
the need for developing nano-scale materials for delivering drugs, genes, or other agents

+15 The use of these

in the rapidly growing field of nanomedicine and targeted delivery.
well-defined self-assembling systems in minimizing premature drug release, maximizing
drug circulation time, decreasing systemic toxicity, and increasing drug availability to the
targeted organs have made them the focal point of many studies. Most of these nano-
scale self-assembled particles are based on either liposomes or large polymeric molecules
in the form of polymer conjugates or polymeric micelles.*® Among these polymeric
materials, micelles have been shown to have great potential for drug loading and

.. .47, 48
administration.™ "

They were introduced as potential drug delivery vehicles in the
1980°s,*% +1° particularly for hydrophobic drugs with low solubility in water, they have
superior characteristics in comparison with other nano-scale carriers based on their small
size, relative ease of control over their shape and size, and high drug loading capacity. It
has been shown that using micelles as drug delivery vehicles not only maintains the drug
concentration at higher levels in the system but also gives the opportunity to modify the

surface of the micelle with ligand binding receptors for targeted delivery.*® It has also

been shown that micelle shape, in addition to its size has a direct effect on the drug
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delivery efficiency,™'" and so a thorough understanding of size and shape of the micelles
in each system has practical importance in designing drug delivery systems.

In general, the structure of polymeric micelles is based on the spontaneous self-
assembly of amphiphilic polymer molecules, called unimers, under certain solution
conditions.*'* In most cases the core of the micelle, consisting of the hydrophobic blocks,
can act as a depot for hydrophobic molecules. The size of the micelle is usually dictated
by the kinetic and thermodynamic stability of it based on the geometry of the unimer.
While the block length would affect the disassembly rate of the micelles, the
thermodynamic stability of the system is affected by the micelle interactions in solution.
But since the thermodynamic stability of micelles are generally high above the critical
micelle concentration (a concentration at which formation of micellar particles is
energetically favorable), the length and chemical characteristics of blocks are usually the
most effective parameters in determining final shape and geometry of the micelles.*°

The same concept of critical micelle concentration can apply to a solution at a constant
concentration in which increasing the temperature would push the solution towards the
aggregation of the monomers into micelles at a temperature called the critical micelle
temperature (CMT).

The critical micelle temperature for polymer micelles can be attributable to lower
critical solution temperature (LCST) behavior observed, where in some polymeric
systems the polymer begins to phase separate at high temperatures. One of the most well-
known polymeric systems possessing LCST behavior is poly(N-isopropylacrylamide)
(PNIPAm) which has a LCST of 32°C and has been used in developing many

4.13-16

temperature responsive polymeric systems. It is a relatively flexible system and has

132


http://en.wikipedia.org/wiki/Poly%28N-isopropylacrylamide%29

been shown that the blocks of the copolymers can be chosen such that PNIPAm would
act as either core or shell of the micelle.*'>*!

Another approach to make responsive polymer micelle systems is by using
environmentally responsive peptide-based polymers. The best known family of
responsive polypeptides is elastin-like polypeptides (ELP).*'® These polymers consist of
repeats of (Val-Pro-Gly-Xxx-Gly) in which Xxx can be any of the naturally occurring
amino acids except for proline.*'* The chemical identity, length and ultimately transition
temperature of ELP constructs can be precisely controlled from the gene level and their
transition temperature is affected by the length, sequence, and architecture of the

4.20-22

polypeptides. The fact that they can be designed to respond to many environmental

stimuli, including temperature, pH, light, and ionic strength makes them ideal for
developing responsive biomaterials.****

Molecular self-assembly of ELP molecules to micro and nano-scale constructs has been
an area of active research in the past few years and many research groups have tried to
use this highly controllable system to develop medically applicable micelle systems by
constructing di- or tri-block copolymers of hydrophobic and hydrophilic blocks.**%*

Recently, we have designed and constructed a three-armed star ELP molecule
consisting of a trimer forming oligomerization domain (foldon) and repeats of GVGVP

which self-assembles into micellar particles.“'29

Instead of having a bulky hydrophilic
polymer block, this system utilizes the compact charged foldon domain as the hydrophilic
head group. This increases the fraction of the micelle consisting of the hydrophobic core.

Micelles of this system were shown to be as small as 20 nm in diameter and the size

could be controlled by adjusting the salt concentration in the solution. The initial
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characterization of this system was primarily based on data from UV-vis spectroscopy
and single-angle dynamic light scattering particle size analysis. Our results suggested the
existence of spherical particles in salt concentrations up to 15 mM and two other regimes
at higher salt concentrations, one between 15 to 45 mM and the third one above 45 mM.

Although our previous study provided insight into this new system and its ability to
form micellar particles with predictable sizes, the single angle dynamic light scattering
did not give us enough information to characterize the shape of the particles and, at times,
their wide distribution.**” Other limitations of our previous study were the low laser
power and insufficient quality of the optics in the particle-sizer used and the lack of
capability for adjusting the optical parameters of the system.

The scope of the current study is to fully describe the size and shape of the micelles in
each regime. We use data from multi angle dynamic light scattering to confirm the sizes
of particles in each regime and to better understand the geometry of them. Static light
scattering measurements along with polarized and depolarized dynamic light scattering
were performed at different salt concentrations to study the shape of the particles and to

determine the molecular weight of the particles in each regime.

4-3. Materials and Methods
4-3-1. Polypeptide Preparation
The genes encoding (GVGVP),-foldon were designed and constructed using standard

d.** The exact sequence encoded by

molecular biology methods as previously describe
the gene as confirmed by DNA sequencing (Cleveland Clinic) is MGH-(GVGVP)4-
GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL. The (GVGVP)4-foldon gene was

expressed and purified with yields between 100 to 200 mg/ml as previously described.**!
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The purity of the sample and its molecular weight were confirmed by SDS-PAGE gel and
ion-spray quadropole/time-of-flight mass spectroscopy (AB/Sciex), respectively.
4-3-2. Sample Preparation

Samples for measurement were made by diluting the PBS stock solutions in reverse
osmosis purified water (Millipore, 18.2 MQ-cm). Salt concentration was adjusted by
adding NaCl solution from a 5 M stock solution to the desired concentration. The pH of
the samples was then adjusted using 1 M NaOH solution. To make sure that pH had
stabilized, samples were left at room temperature after initial pH adjustment for at least
half an hour and the pH was measured again and, if necessary, adjusted to the desired pH
value. The samples were then filtered using 0.22 pm Millipak filters (Milex-GV, 0.22
um, Millipore) into borosilicate glass cuvettes. The cuvettes were cleaned prior to use by
soaking the cells for 30 minutes in concentrated sulfuric acid and then for 10 minutes in a
strong oxidizing solution (containing 2 molar NaOH and 0.2 molar KMnOy). The cells
were then rinsed by water and dipped into a dilute HCI solution for several times before a
through rinse with deionized water and dried using ultra high purity Nitrogen gas
(99.9%). For each measurement a fresh sample was loaded into a newly cleaned cuvette.
4-3-3. Light Scattering

Static and dynamic light scattering experiments were done using an Ar  Spectra
Physics 2017 laser with wavelength of 514.5 nm and maximum power of 2 W. The
system was optically isolated to eliminate the background noise. A TSX-1A variable
neutral density filter (ORIEL) and a VPH-4 optical iris (NRC) were used to control the
power of the laser reaching the sample when necessary. The laser beam was directed to

the sample in a BI-200SM Goniometer (Brookhaven Instruments) using a series of
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mirrors. The sample cell was held in a decalin-filled vat and the temperature of the cell
was controlled using a HAAKE-AS81 refrigerated water bath (= 0.2°C). Dynamic light
scattering (DLS) experiments were carried out at scattering angles from 40° to 145° with
a step of 5-15°. Scattered light was detected by BI-DS2 photomultiplier and analyzed
with BI-9000 digital correlator.

DLS analyzes fluctuations in intensity (/) of the scattered light through measured

intensity-intensity correlation function S(g, 7),
T
S(g,7)=[ 1O (t+7)dt (1)

Where ¢ is the scattering vector, 7 is the delay time, and 7 is the duration of the

experiment. The magnitude of scattering vector is,

_4m . 0

Here n is the refractive index of the solvent, 6 is the scattering angle and 4, is the
wavelength of the light in vacuum. The measured spectra S(g,f) were analyzed by line
shape analysis method**’, in which intensity correlation function is converted to a field
correlation function g/”(g,7) by Siegert relation. g”(g,#) was then fit to a sum of stretched
exponentials using nonlinear-least-squares simplex algorithm.*?!

N
g®(a,t) = Aexp(-6t”) (4-3)
Here N is the rllznber of observed relaxation modes labeled by i, 6 is the decay
pseudorate, [ is the stretching parameter and A; the amplitude. It was found that most of
the data could be fit with either one or two modes. g”(g,7) can also be expressed as a

Laplace Transform of the normalized distribution of decay rates A(7),

136



g(t) = [, dr A(I") exp(—T't) (4-4)

The analysis of the correlation function can yield mean relaxation times (</™'>) of the
most prominent modes. The spectral time moment analysis was applied in this study to
determine the zeroth time moment for /™ mode obtaining the mean decay rate 77 for that
mode.**! An apparent mean diffusion coefficient D; corresponding to each mode can then
be calculated from each mean decay rate /;as

D; = Ii/42. (4-5)

The spectral time moment analysis allows for calculation of mean diffusion coefficient
of each mode from an accurate fit of a field correlation function. The approach considers
the properties of each observed mode in detail to identify physical processes
corresponding to this mode. Specific methodology, applications, and advantages of this
method over Inverse Laplace Transform based methods are described elsewhere.*>%*32

Depolarized DLS measurements were done using the optical system described above
with a Newport RSP 2T polarizer inserted between the scattering cell and PMT. The
polarizer was rotated 90° between vertical and horizontal measurements. The laser light
in the all experiments was vertically polarized and inserting the polarizer into the system

resulted in a 3-5% decrease in the intensity of the light.

To determine the mean translational (D;) and rotational (6) diffusion coefficients from
polarized and depolarized dynamic light scattering, the measured spectra were analyzed
using spectral time moment analysis described above to obtain the mean decay rates
(<I'>yn and <I>vv) of the correlation functions for the horizontally (VH) and vertically

scattered light (VV).
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The mean diffusion coefficient (D;) and mean rotational diffusion (6) were then

determined from plotting corresponding <I;> vs. ¢° from VV and VH and data using

(ID)yy = Driq? (4-6)
and
(ID)yy = Driq® + 60g; . 4-7)

in which Dy; is the slope and 0; is the intercept of the plot from Equation 4-7.

In static light scattering (SLS) experiments the angular dependence of the reduced
time-average scattering intensity, known as excess Rayleigh ratio R,,(g) was measured.
SLS measurements were carried out with the same optical system as DLS measurements
but with a smaller angular step and only samples of 10 uM concentration were used. SLS
data was analyzed in terms of Berry equation for a case of dilute solution with

concentration C.

1
(RZ-(Cq))% = (o) (1+ 2R + ) (4-8)

Here, K=47°n’(dn/dc)’/(NAo"), n is solvent refractive index, dn/dec is the differential
refractive index increment of the solution, N, is the Avogadro number, M,, is the weight
average molecular weight, <R,> is z-average root mean square radius of gyration, and 4
is the second virial coefficient. In cases of significant nonlinearity of Kc/R,.(q), the Berry
plot equation was used for the extrapolation. It should also be noted that the

concentration of particles in our study was low, making 4, negligibly small, which makes

extrapolation to zero concentration unnecessary. The extrapolation to zero scattering
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angle yielded the apparent M, while the fit of the angular dependence of Kc/R,.(q)

produced an apparent R,.

In order to reliably obtain a molecular weight from static light scattering measurements
the differential refractive index increment (dn/dc) of the solutions had to be directly
measured. Bruce-Phoenix differential refractometer with sample cell controlled by
Thermo RTE-7 refrigerated bath/circulator was used for these measurements. The values

of the measured dn/dc under different were then used in the calculations.

4-3-4. Micelle Crosslinking

To crosslink the micelles, a 5 uM solution of (GVGVP)4p-foldon in 10 mM PBS
solution and pH of about 10.2 the solution was heated up to 55°C. Different
concentrations of GTA solutions (2.5%, 5%, 10%) were then added to the solution drop
by drop and the solution was stirred at 55°C for about 18 hours. The final product was
then filtered using 0.22 um filters.

4-4. Results

4-4-1. Dynamic light scattering

We performed single angle dynamic light scattering using a 10 uM (GVGVP)4p-foldon
solution with salt concentration of 10 mM (Figure 4-1) to confirm the temperature
induced formation of micelles, including the reversibility of the process and
reproducibility of the data, as previously observed**’. Using the more powerful light
scattering apparatus, significantly bimodal correlation functions were measured. The

faster mode (with D = 5-9x107 c¢m?/s), was found to have small standard deviation and
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no dependence of apparent diffusion coefficient on scattering angle, indicative of small
diffusive particles with an apparent hydrodynamic radius (R;) of about 3 to 5.5 nm in
agreement with our previous findings**’. An additional slower mode which was not seen
previously was also observed below the transition temperature was observed. This mode,
with a typical D of 1-10x10™® cm?s, was not seen previously, but had a significant
contribution to the measured correlation function (with amplitude of 75-85%) and had a
stretching parameter b=0.6-0.7 which indicates significant polydispersity of the
scatterers. The estimates of apparent hydrodynamic radius for this mode (appearing on
Figure 4-1) are somewhat misleading as this mode was found to have a strong
dependence of D on scattering angle (atypical of center of mass diffusion of a particle).
This mode is indicative of slower processes in the system such as relaxation of the
unfolded trimers. It should be noted that the different angular dependence of the observed
two modes argues against averaging the two processes into one. The faster mode (D = 5-
9x 107 cm?/s), was found to have smaller standard deviation and diffusive in multi-angle
experiments showing no dependence of apparent diffusion coefficient on scattering angle.

Above the transition temperature, only a single mode was observed for solutions with
10 mM of salt. Using a second mode to fit measured correlation function could not be
justified in this case as the RMS error did not change significantly with the addition of
the second mode to the fit (see supporting information). The single observed mode was
found to have a D which was independent of a scattering angle, corresponding to

particles with an apparent hydrodynamic radius of 12 to 15nm.
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Figure 4-1. Micelles radius as a function of temperature for 10 pM solution of (GVGVP),.-foldon at pH
of 10.2 and 10 mM salt concentration. Below the transition temperature the correlation functions can be fit
to two modes and a two-mode distribution of particle sizes was observed. Above the transition temperature

only one population of particles with fairly narrow size distribution was observed.

The experiments were repeated at least three times and the data points are shown to be
in very good agreement from one experiment to another. Also, the reversibility of the
micelle formation process was confirmed by showing formation of micelles with increase
in temperature and disassembly of micelles with decrease of temperature.

The pH dependency of micelle formation process was investigated by measuring the
size of the micelles formed as a function of pH at constant salt concentration. A series of
10 uM protein samples with 40 mM salt ranging from pH 9.6 to 11.5 were characterized
(Figure 4-2). The results show a gradual decrease in micelle size from pH 9.6 to 10.2,
above which a fairly constant size was observed. Based on these results all of the
following measurements were done after adjusting the protein solutions between pH 10.2

and 10.4.
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Figure 4-2. Effect of pH on micelle size. The micelles were seen to only exist in pH values above 9.6. A
gradual decrease in the size of the particles was observed from this pH value to about 10.2 and then the

micelle sizes reach a plateau.

The correlation functions of micelles formed above the transition temperature were
carefully studied at different scattering angles to further investigate the size and shape of
micelles. The experiments were performed in the range of salt concentrations from 5 to
60 mM. At all salt concentrations at 50°C (above the transition temperature), the
normalized correlation functions of (GVGVP)4p-foldon solutions measured at scattering
angle of 90° cover two to two and half orders of decay, signifying a good quality of the
experiments (Figure 4-3). Comparing the normalized correlations functions, it is apparent
that the lower salt concentrations (below 20 mM) display faster decays of the correlation
functions corresponding to particles of smaller apparent size. These correlation functions
are comparable to each other indicating a constant apparent size in this salt regime. The
increase of salt concentration to values above 30 mM yields a significant change in shape
of correlation function. Higher salt data display much slower decays corresponding to

particles with larger apparent sizes.
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Figure 4-3. Dynamic light scattering correlation functions of 10 pM solution of (GVGVP)4.-foldon at
different salt concentrations. The two and half orders of magnitude decay of correlation function shows the
good quality of the data. In the low salt regime (below 15 mM), all are nearly identical fast decaying
correlation functions. A similar behavior is observed for high salt concentration regime (above 30 mM)

except for much slower decay rate. In between the two regimes an area of transition is seen.

The estimates of the diffusion coefficients for different salt concentrations were
obtained in two different ways (Figure 4-4): from single angle experiments at 90° and
from multi-angle measurements, in both cases using either one- or two-mode fits. For the
single angle (90°) measurements were analyzed with two modes, and two apparent
diffusion coefficients are reported. For the multiple angle measurements, Figure 4-4

reports only the diffusion coefficients of the angular-independent (diffusive) modes.
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Figure 4-4. Diffusion coefficients as a function of salt concentration for a 10 pM solution of (GVGVP)4-
foldon. The diffusion coefficients show the two salt regimes and a transition region. The first regime with
higher diffusion coefficients corresponds to particles with smaller diameters while above 30 mM of salt a
clear decrease in the diffusion coefficients is observed. Fitting the correlation functions to a single mode
(circles) or using the diffusive mode (square) of a bimodal fit result in very similar trends but some small

differences in the diffusion coefficients.

Plotting the diffusion coefficients above the transition temperature versus the salt
concentration shows the two distinct regimes where micelles are formed as previously
reported4'29, but with improved concentration resolution, a transition region is observed
between them (Figure 4-4). The first regime is up to about 15 mM of salt and the second
regime is between 30 and 60 mM salt where fairly constant diffusion coefficients are
observed. A significant decrease in diffusion coefficients (an increase in the micelle
sizes) is observed in the transitional region between the two regimes. The relative
agreement between values of D for two modes of 90° measurements and D from angular
measurements for low salt indicates relative monodispersity and isotropic nature of

scatters. On the other hand at high salt, there is a significant difference not only between
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D for the two observed modes of 90° measurement, but also between those and the
angular results. This is indicative of either significant polydispersity of the sample or/and
anisotropy of the sample.

The calculated diffusion coefficient (D) of each apparent mode of these correlation
functions was then used to calculate corresponding hydrodynamic radius of the particles

R, at each salt concentrations using Stokes-Einstein equation,

kT
Ry, = p (4-9)

where k is Boltzmann’s constant, 7" is temperature, and # is the solvent’s viscosity. This
relationship assumes a suspension of dilute, spherical, monodisperse particles in a small
molecule solvent. Our system is composed of dilute particles in a small molecule solvent.
However, one cannot a priori assume the monodispersity of the system or the spherical
shape of the micellar particles. Therefore, measurements at various scattering angles are
needed to ascertain the possibility of using Equation 4-9 in the analysis. If the decay rate
of a correlation function scales linearly with the scattering wave vector g with zero
intercept, then the particles are considered to be spherical and Equation 4-9 can be used
to estimate their hydrodynamic radius.

A representative angular dependence for the first salt regime is presented as a plot of
the decay rate as a function of scattering wave vector (Figure 4-5a). The two-mode fit of
the correlation functions in this regime yields two linear dependences of I" vs. ¢° with
small intercepts corresponding to apparent radii of ~9 nm and ~18 nm. The one mode fit
also gives a linear I" vs. ¢° dependence with a small intercept corresponding to an
apparent radius of ~14 nm. As mentioned before the addition of the second mode to the

one-mode fit in analyzing the data does not change the RMS significantly. In addition,
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the obtained two mode parameters have similar angular dependence to the one mode fit
results yielding the apparent sizes that average to a value similar to a single mode fit
radius. This indicates that the observed particles have somewhat broad distribution of
sizes but still on average behave as spherical micelles with a radius of ~14 nm. These
sizes are very well in agreement with our previously reported sizes for this regime**’.
The spherical shape of these particles is also confirmed by depolarized dynamic light
scattering in which no significant signal was detected from the particles at low salt
concentrations.

For the transitional region the plot of I"vs. ¢° shows linear dependence of decay rate on
scattering angle for the first mode (with a small intercept) and somewhat different
behavior for the second mode (Figure 4-5b). In fact, for the second mode, there is some
deviation from the linear I" vs. ¢° dependence at high angles (large ¢), which is an
indication of some micelle anisotropy in this regime. The nonlinearity of the second
mode is noticeable but not as strong as at higher salt concentrations

For the second regime, with the single mode fits, the obtained I” vs. ¢° shows even
more non-linearity at high angles (above 100°) (Figure 4-5c¢). This non-linearity increases
with increased in salt concentration. Therefore the data at high salt concentrations had to
be analyzed with two modes due to significant bimodality of measured correlation
functions. The faster of the two modes is somewhat diffusive (linear I” vs ¢’ with
significant non-zero intercept) yielding micelles with apparent hydrodynamic radius of
about 45-50 nm. This mode does not change with increasing of salt concentration (Figure

4-4). On the other hand, the slower mode is completely non-diffusive, as seen from a lack
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of strong angular dependence of the decay rate (Figure 4-5c) and the values of the

stretching exponent (f=0.6-0.85).
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Figure 4-5. Decay rate (I') as a function of scattering vector (¢°) from dynamic light scattering at different

incident angles. For low salt regime at 10 mM salt concentration (a), the single-mode fit or bimodal fit

result in linear dependencies. The two-mode fit results in two ranges of radii which can be averaged to the

radius from a single mode fit and based on the RMS values, a single-mode fit seems to be sufficient for this

region. For the transition region at 20 mM salt concentration (b), the two-mode fit results in a non-linear
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deviation in the slow mode at high angles that might be the effect of some anisotropy in the particles shape.
The high salt regime at 40 mM salt concentration (c), shows a non-diffusive slow mode from the two-mode

fit which can be an indication of significantly elongated particles.

4-4-2. Static Light Scattering (SLS) Measurements

To further investigate the size and shape and molecular weight of the micelles a series
of static light scattering (SLS) measurements were done at different salt concentrations.
The average intensity of scattered light (/) was measured at a wide range of angles and
compared with the solvent scattering under identical conditions. The angular dependence
of the reduced intensity / was analyzed (Figure 4-6), and the radius of gyration, R,, was
obtained from the Berry fits of the data.

The dependence of I vs. ¢° above the transition shows very little (if any) angular
dependence at low salt (below 20 mM) which indicates that particles present under those
conditions are too small (< 4/20) to diffract light. Both in transitional region and in the
second salt concentration regime the angular dependence is strong indicating the presence
of large particles.

The radius of gyration of micelles was calculated using the Berry formula (Equation 4-
8) due to significant curvature seen in I’ vs. ¢° dependence at higher salts. The obtained
values for R, are listed in the Table 4-1. The salt concentration dependence of R, is
similar to salt concentration dependence of R;. Both apparent sizes slightly increase with
salt concentration up to 15 mM, change fourfold in the transition region (15<C<30mM),
continue to slightly increase with concentration in the second concentration regime, and
show significant increase in size above 45 mM. The ratio of R, to R, was also calculated

for different salt concentrations. The ratio R,/R; overall increased from 1 at low salts to
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1.45 at high salt indicating some elongation of the observed particles. However, this
result has to be taken with caution as most of the analyzed DLS data was bimodal

yielding two values for R, while SLS data produced one value of R,.

Salt(mM) R, for 90° angle R,/R;, for 90° angle
5 14.5 1.06897
10 154 1.11688
15 16.1 1.03727
20 20.6 0.99029
25 36.4 1.31044
30 63.5 0.99213
35 67.2 0.98512
40 67 1.00746
45 72 1.22222
50 83.6 1.26435
60 82 1.42805

Table 4-1. R, and R,/R, at different salt concentrations for (GVGVP),o-foldon in 10 pM solution

Extrapolation to zero scattering angle, measurement of the scattering by the standard
(toluene), and the direct measurement of the differential refractive index increment
(dn/dc) of the solutions permits the calculation of the molecular weight, M,, of the
micelles (Figure 4-7). M,, reveals a salt concentration dependence reverse that of the salt
concentration dependence of D (Figure4-7). Namely, in the first concentration regime,
M,, increases slightly from 4,500 to 6,500 kDa with salt concentration increase. In the
transitional region, M,, increases to about 70,000 kDa. In the second concentration

regime, M,, is relatively constant up to 45 mM of salt.
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Figure 4-6. Average intensity of scattered light as a function of scattering vector at different angles. At low
salt concentrations (10 mM) no angular dependency is observed which indicates the presence of very small
particles. At high salt concentration an obvious and somewhat non-linear angular dependence points toward

more elongated particles.
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Figure 4-7. Molecular weight as a function of salt concentration. The same two high and low salt
concentration regimes and the transition region are observed from both Zimm and Berry plots. In the low
salt regime a fairly constant molecular weight distribution around 3000 to 4,000 kDa is measured while
above 30 mM of salt a considerable increase in the molecular weight is measured. There is also a jump in

the high molecular weight region above the 45 mM salt concentration.
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4-4-3. Polarized and Depolarized Dynamic Light Scattering

Polarized (VV) and depolarized (VH) dynamic light scattering experiments were
carried out to study the extent of elongation of the micelles in each salt regime under the
same conditions that unpolarized dynamic light scattering experiments were carried out.
In general, VV showed a much greater intensity than VH measurements with the same
optical settings yielding depolarization ratio of 0.01 or lower. This means that the entire
unpolarized DLS scattering, which consists of VH and VV components was in essence
due to VV scattering. Still VH signal was strong enough for reliably measuring
correlation functions (Figure 4-8). The relationship between I” and ¢° for both VH and
VV scattering was studied and showed a linear dependence with a similar slope in both
cases. The slopes of VV and VH decay rates and the intercept of VH decay rate were
used to calculate transitional and rotational diffusion coefficients of the micelles based on

Equations 4-6 and 4-7 (Figure 4-9).

0.1+

Correlation function

0.01 4

Figure 4-8. Correlation functions from depolarized light scattering at different angles. The two orders of
magnitude decay shows good quality of the data while the obvious angular dependence of the correlation

functions points towards the elongation of the particles.
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Figure 4-9. Decay rate (I') as a function of scattering vector (¢°) from polarized and depolarized dynamic
light scattering. The two lines are appeared to be parallel. The polarized light data set (squares) have zero
intercept while depolarized light data (circles) has a positive intercept corresponding to the rotational

diffusion coefficient.

4-4-4. Viscosity Measurements

Based on the viscosity measurements done of (GVGVP)4o-foldon solutions in a range
of concentrations from 200 uM to 600uM at 40°C, the intrinsic viscosity is calculated to
be 1.92x10* puM™'. (Data from Sumit Kambow Master’s thesis, Cleveland State
University, 2012)

4-5. Discussion

4-5-1. Effect of pH

Micelles of (GVGVP)4-foldon are observed to form only above pH 9.6. This is above
the pK, of a typical N-terminal amine (about pH 9), and it is presumes that at lower pH

values, the positive charges on the ELP tails are sufficient to disrupt micelle formation by
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giving a net charge to the ELP core. By neutralizing a higher fraction of the N-termini at
higher pH values, the phase separation of the ELP in the core of the micelle becomes
energetically favorable.

The mechanism with which pH changes affect the micelle size is not clear but one
explanation might be the effect of end charges preventing the three arms from folding
together which then results in more extended chains of ELP in the micelle core. It should
be noted that the size of the micelle reaches a minimum at about pH 10.2 when the
majority of N-terminal amines are deporotonated. At a pH of the pK,, about 50% of all
the N-terminal amines are deprotonated and so there are still considerable charged N-
terminal amines but above pH of about 10, we expect most the N-terminal amines to be

neutralized.

4-5-2. Micelle Formation and Characterization

Based on our findings from the dynamic and static light scattering in this work and our

*2 the micelle formation in this system can be studied in

previously reported data
different regimes based on the total salt concentration of the solutions. Here a thorough
study of the micelles size and shape in each regime is presented.

4-5-2-1. Regime I. This regime occurs in solutions with up tol5 mM salt, where a fairly
constant diffusion coefficient is observed above the transition temperature (Figure 4-4).
Below the transition temperature in this salt concentration regime DSL reveals two
distinguishable modes. The diffusive mode was found to correspond to particles with

hydrodynamic radius (R;) of about 3 to 5.5 nm. This mode corresponds to (GVGVP)4-

foldon trimers in the form of random coils. The second mode observed below the
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transition was found to be non-diffusive and corresponded to a much slower process in
the system such as relaxation of the unfolded trimers.

The single mode observed for the 10 mM salt above transition (or the average of the
two similar diffusive modes) was found to be diffusive (Figure 4-5a) and corresponds to
particles with an apparent hydrodynamic radius of 12-15 nm, which is corresponds to
micelles formed from folded (GVGVP)4o-foldon trimers.

To better understand the geometry of the micelles at each regime static and dynamic
light scattering measurements should considered together. In the first concentration
regime (up to 15 mM) a slightly increasing molecular weight from about 3000 to 4000
kDa was measured from static light scattering. Although the protein content of these
micelles cannot be measured directly, if we consider that the aggregation in the micelles
is the same process as the bulk aggregation, there should be about 37% protein in the
micelles.*'® That translates to about 20 to 24 trimers in each micelle at the low salt
concentration considering that (GVGVP)4p-foldon trimer has a molecular weight of about
60.4 kDa. If we consider 3500 kDa as the average molecular weight of the micelles in
this salt regime, the density of the spherical micelle of such molecular weight and a 30
nm diameter can be calculated to be 0.42 g/cm’. This value is of course much less than
the approximate density of pure ELP which is estimated to be about 1.1 to 1.2 g/cm’ and
so there should be considerable amount of water associated with the micelle that is
moving along with the particle and is measured in DLS as a part of the micelle size but is
not measured in SLS and so is not included in the molecular weight.

The actual hard core sphere of the micelles and the extent of water shell can be

calculated based on the ELP mass in each micelle. The mass of the average number of
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trimers, 24 of (GVGVP)4o with monomer mass of 17 kDa is calculated to be 2.08x10™'%g.
Considering that the ELP specific gravity of about 1.1, the volume of this mass of ELP is
about 2290 nm’. Since the core of the micelle should only contain about 37% protein, the
total volume would be about 6020 nm’. The radius of a sphere with such volume is then
calculated to be 11.3 nm. This is the core of the micelle which consists of aggregated
ELP chains only and the foldon head groups should be added to this sphere to calculate
the actual size of the micelles. From protein data base, foldon in its folded state is a
globular protein which has about 3.1 nm in diameter and so the radius of the micelle
should be about 14.4 nm. This is very close to 15 nm from DLS measurements and the
difference can be contributed to the outside water shell on the surface of the micelles. We
believe this water shell is closely organized around the micelles outer surface and is
behaving differently from the bulk water in that it can move along with the particles so it
is measured in correlation functions of DLS measurements yet the nature of this water is
is not tightly associated to the protein like the water trapped inside the micelle, and so it

cannot be seen from SLS measurements (Figure 4-10).
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Figure 4-10. Schematic of the spherical micelles at low salt regime. The coacervate core interior
hydrophobic sphere of the micelle which consists of folded ELP trimers is calculated to be close to 11.3 nm
in radius. Foldon head group is about 3.1 nm in diameter which gives a total of about 14.4 nm in radius to
the micelle. There is a small water shell surrounding the micelle that makes it to appear slightly larger in

dynamic light scattering.

Viscosity measurement data was used to independently verify molecular weight and
size of the micelles in the first salt regime. The intrinsic viscosity of (GVGVP)4o-foldon

at 40°C was measured to be 1.92x10* uM™'. Using this value and Einstein equation,

2.5M,,
p = ] (4-10)

the density of the micelles is calculated to be 0.262 g/cm® with +10% error. This density,
together with the volume of a spherical micelle with 30 nm in diameter, results in
3.71x10™"® g, as the total protein mass (ELP, foldon, and water) in each micelle. This
mass, translates to 73 ELP molecules or about 24 trimers in each micelle. This number is
essentially the same as what was calculated based on light scattering data analysis and
confirms the micelle core size.

To further study the consistency of the results from different measurements in our
experiments including molecular weight from SLS, hydrodynamic radius from DLS, and
density of micelles from viscosity measurements, each of these values can be calculated
using the other two measured values. Comparison between these values shows fairly

good agreement between calculated and measured values (Table 4-2)
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experimental calculated

Mw (g/mole) 3482-3603 1707-4182
R, (nm) 12-15 12.41-13.56
p (g/em’) 0.236-0.296 0.409-0.827

Table4-2. Comparison of measured and calculated values of My, Ry, p at low salt regime.

This spherical shape at low salt is also consistent with the molecular geometry based on
theory that ELP assume a more ordered structure of B-spirals above their transition
temperature.*'” The PB-spiral of the (GVGVP)4 polypeptides, which acts as the
hydrophobic tail of the construct is considered to have the maximum length of about 15
nm. Since the maximum radius of a spherical micelle cannot exceed the length of the
hydrophobic tail, micelles of up to about 15 nm in radius are expected. This is consistent
with the size that is observed in this regime and we speculate that these folded trimers are
the unimers of these spherical micelles at these low salt concentrations. It is noticeable
that the micelle core size is observed to be somehow smaller than the expected length of
15 nm and we speculate that the actual folded construct of ELPs in the micelles are in a
more compact form than what was calculated based on the molecular model.

4-5-2-2. Transitional region. The transition region starts around 15 mM salt, where the
micelles begin to gradually increase in size, and continues to about 30 mM salt when the
size plateaus (Figures 4-3 and 4-4). The decay rates of correlation functions in this
regime are slower than in the first regime and the correlation functions can be fit to two
distinct modes. This region was not observed previously using single angle particle size
analyzer and above 15 mM salt concentration a jump in the micelle size was reported.**’

The depolarized dynamic light scattering measurements for samples in this region did not
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result in meaningful and reproducible data which might be an indication of unstable and
transitional particles that are constantly changing in size and shape. SLS experiments in
this region shows significant linear angular dependence indicating that scattering species
are big enough to diffract light and that, on average, there is no significant anisotropy in
the system. In this region, the particles get larger and the molecular weight increases up
to about 70,000 kDa which is the start of the second regime (Figure 4-7).

We think inconsistencies between the new results and our previous study can be
explained by the fact that our previous data was based on single angle measurements and
the results were compiled and analyzed by the instrument that had no ability to assess
possible non-spherical nature of the particles. Here we have expanded our experiments to
multi angle light scattering done with more powerful laser and better optics that allowed
us to actually probe the entire breadth of particulates in tested solutions, their apparent
size and their shape.

4-5-2-3. Regime II. This regime starts from about 30 mM salt concentration and very
similar decay rate of correlation functions from one salt concentration to another is
observed (Figure 4-3). But these decay rates are much slower in comparison to regime I.
The slower decays for the correlation functions correspond to bigger particles. This is in
general agreement with our previous findings but more accurate results are obtained by
fitting the correlation functions to a two-mode model. Based on the two-mode fit
analysis, the slow mode is consistently present in our analysis in this concentration
regime and constitutes about 50-60% of correlation function. The presence of this mode
either indicates significant anisotropy of micelles or is a probe of other slower processes

in a sample such as diffusion of random coils. In the case of this salt regime the two
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modes should not be averaged as they exhibit a very different nature as apparent from
different angular dependences. The anisotropy of the micelles in this regime can be seen
from significant and somewhat non-linear angular dependence of I’ which is an
indication of bigger and possibly elongated particles (Figure 4-6).

The huge increase in the molecular weight in this regime is in agreement with
observations of particle becoming anisotropic in the high salt regime. In the regime of
highest salt concentrations the apparent molecular weight was found to increase
somewhat with salt concentration but an average of about 70,000 to 80,000 kDa can be
observed.

We believe that at higher salts the head groups of the trimers, which consist of
negatively charged foldon domain, become smaller. The shape of the micelles is directly
affected by the packing factor

V/ael, (4-11)

Where V' is the volume and / is the length of the hydrophobic tail and ay is the surface
area of the head group. So the smaller head group means a larger packing factor, and
when it becomes larger than 1/3, the micelles begin to become non-spherical.*'?
Consequently in our system higher salt concentrations push the system towards non-
spherical particles that can accommodate many more of the trimeric monomers leading to
the much higher molecular weight. These conclusions are in agreement with our SLS and
DLS data and especially polarized DLS data in which non-zero VH signal indicates that
the micelles in the second regime are elongated and anisotropic. It is possible that these

particles have distribution of different lengths of elongated micelles and consequently a
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distribution of different molecular weights because one can expect very little energy
barrier between lengths of elongated particles.

There is also a jump in the size deduced from the second mode in this regime around
45 mM of salt, which is consistent with where the start of the third regime was reported
previously.*** This might be attributed to the fact that at these higher salt concentrations
the micelle head group is very small and bigger aggregates start to grow.

4-5-3. Study of the Particles Elongation

The polarized and depolarized dynamic light scattering at different salt concentrations
provided us the best tool to study the shape of the micelles under these conditions and the
non-zero VH signal in the second salt regime proved the existence of anisotropic particles
in this regime. The correlation function from VH measurements showed some angular
dependency (Figure 4-8) and the I” vs. ¢° plot of VV and VH resulted in linear
dependency for both of the measurements, while VH measurements resulted in an
intercept and the two lines are observed to be parallel (Figure 4-9). This is in agreement
with what is expected from equations 4-8 and 4-9, in which the slope of this linear
dependence should be identical and can be used to calculate the rotational diffusion
coefficient. The intercept from VH measurement is related to the translational diffusion
coefficient. Based on the data from this plot, we fit the data to cylindrical models to
calculate the elongation of the particles in each salt concentration. In this system we
considered a cylinder with radius » which is equivalent to the maximum radius of the
spherical micelles and length of L and calculated Dr and 6 using the Broersma

equations:

_ KT
o 3nmnL

T [5 - % (V|| + VJ.)] (4-12)
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And
0.15 8.1 18 9
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0.2 16 63 62
f=1.14+?+§—g+§ (4-17)

where £ is the Boltzmann constant, 7 is the temperature and 4 is the viscosity.
By fitting the data from our DLS and polarized and depolarized light scattering
experiments to this model the extent of elongation of the particles in each regime was

calculated (Figure 4-11).
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Figure 11. The extent of elongation of particles as a function of salt concentration from dynamic light
scattering and polarized and depolarized dynamic light scattering. The data from dynamic light scattering
was fit to ellipsoidal model and up to about 20 mM the particles are consistently spherical (squares). The
result of this fit for data above 20 mM results in particles with a much more elongated nature (spheres). The
polarized and depolarized light scattering data in the second regime results in elongated ellipsoidal particles

as well (triangles) which can be as long as 800 nm to 1000nm in length.

Based on this model, the two regimes and the transition region can still be identified.
The micelles in the first regime are shown to be spheres of about 30 nm in diameter
which is again consistent with all other measurements and analysis so far and give us the
final piece of data as a proof of the existence of spherical micelles in low salt
concentrations. But interestingly the micelles at the second regime which starts around 30
mM salt concentration show very large elongation up to about 300 to 350 nm. This can
explain the very different behavior of these particles from DLS and SLS measurements.
We also used an ellipsoidal model to fit the data and quite similar results were obtained
which is expected considering the large length to diameter ratio of the micelles which
makes the ellipsoidal model very close to the cylindrical one.

Considering the elongated particles at higher salt concentrations with a diameter around
30 nm and lengths of 300 to 350 nm, the number of trimers that are housed in these
micelles is calculated to be about 1000 to 1200. From SLS measurements molecular
weights of micelles in this regime are calculated to be around 70,000 to 80,000 kDa and
considering about 60 kDa as the molecular weight of each trimer, the number of trimers
is calculated to be about 500 to 600 in each micelle. The difference between the two

calculations can be attributed to the fact that the DLS measurements result in Z-averaged
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values which means a higher than actual lengths for the elongation particles might be

observed.

4-5-4. Crosslinking of Micelles and Responsive Particle Formation

Up to this point we studied the micelle formation of ELP-foldon constructs at low salt
and high pH conditions. Although responsive micelles have been used in different
applications as discussed in the first chapter of this manuscript, it is always an advantage
to have environmentally responsive particles which are stable in any salt or pH conditions
so that they can be utilized especially in physiological conditions. For that reason many
efforts have been made in crosslinking micelles into particles using different techniques
such as UV irradiation*’, chemical reaction with bifunctional crosslinking agents such as
carbidiimide coupling ***, 1,2-bis (2"-iodoethoxyl) ethane (BIEE)**, Glutaraldehyde*>°

activated esters™’, disulfide-based crosslinkers**®, and many other techniques.**’

In our system, since the micelles are formed in non-physiological conditions, it would
be necessary to crosslink them especially if they are to be potentially considered as drug

delivery or theronostic particles.

The first attempt to crosslink these micelles was done by our collaborators in Technical
University of Munich by using radioactive source and irradiation of a 10 uM sample of
(GVGVP)y-foldon in 10 mM PBS solution for an hour. The results were mixed and
although some potentially crosslinked particles were observed by atomic force

measurement (AFM) imaging, there was not enough evidence to convince us that the
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particles are still responsive and they can go through a change in their size by passing the

transition temperature (data not shown).

The next approach was to do chemical crosslinking of the micelles by using the
available amines on the N-terminal of the ELP constructs. Dimethyl 3,3-
dithiobispropionimidate (DTBP) is a homobifunctional imidoester that contains
imidoester group at both ends and can react to the amine groups in the pH range of about

7 to 10 and produces amidine linkages between them.**°

The crosslinking was done by reacting 10 uM solution of (GVGVP)40-foldon (3 mM
PBS and pH 9.5) for 2 hours at 55°C using 300uM DTBP. The reaction was quenched by
adding 50 mM Tris.HCI. The solution was then dialyzed against 3 mM PBS to remove
reactants and reduce the pH. The resultant solution was dried on a mica surface covered
with ZnCl and was then imaged at room temperature by AFM (tapping mode) at room
temperature. The results show the existence of the particles with diameter around 30 to
40 nm which is in agreement with the expected size of the micelles in this salt
concentration (Figure 4-12). This experiment was a proof of concept that we were able to

crosslink the micelles into particles which are stable at room temperature.
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Figure 4-12. AFM image of crosslinked particles at room temperature. The micelles were made from a 10
uM solution of (GVGVP)40-foldon at 10 mM salt concentration and pH of above 10. The micelles were
then dried on a mica surface and AFM images were obtained in tapping mode. The size of the micelles

seem to be consistent with the measured size from light scattering.

Glutaraldehyde (GTA) is the most commonly used homobifunctional crosslinker and
the reaction of this molecule with amines proceed through the formation of Schiff bases
while subsequent reactions with some reducers results in stable secondary amines.**’
Although GTA can be polymerized in either acidic or basic conditions, it has been shown
that the polymerization and subsequently crosslinking is usually most effective in higher

pH values. That in fact makes it a good candidate for our system in which micelles are

formed only in alkaline conditions.

With all the three different GTA concentrations reasonable size particles were observed
by single angle dynamic light scattering although the best results were obtained using

higher concentrations of GTA. The particles were shown to be stable at room temperature
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and had a mean diameter of about 60 to 65 nm. When heated, the size of the particles was
observed to become smaller with mean diameter of around 45 to 50 nm in diameter
(Figure 4-13) with narrower size distribution. These crosslinked particles were salt and
pH independent and unlike their micelle counterparts they kept all of their characteristics
when the solution conditions were changed to physiological conditions (PBS).

In addition to temperature responsive particles, other constructs with pH sensitivity
were constructed and crosslinked. One such construct was ((GVGVG)s(GHGVP))4-
foldon. In this construct four of the Valine residues are substituted with Histidines to give
the construct pH responsiveness. The crosslinked particles from this construct were

shown to shrink and expand by changing the pH below and above the pKa of Histidine.
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Figure 4-13. Particle size distribution of crosslinked (GVGVP)4p-foldon micelles above and below the
transition temperature. The particles are generally swelled at temperatures below the transition temperature

but by going through the transition a shift in the size distribution of particles is observed and the mean
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diameter of particles decreases from around 65 nm to below 50 nm which is close to 50% change in the

volume.

4-6. Conclusions

In this work, which is a complementary study to our previously reported data, the
geometry and size of thermoresponsive micelles made from three-armed star elastin-like
polypeptides were investigated as a function of temperature, pH, and salt concentration.
The studies were mainly based on using different light scattering techniques and were
also verified by viscosity measurements. The temperature was shown to effectively drive
the reversible micelle formation above the transition temperature of ELP. The solution
pH was shown not only to be essential in micelle formation, with the micelles only
forming at pH values above 9.6, but also has a measurable effect on the size of the
particles, which reach to a constant, minimum size above pH 10.2. Increasing the salt
concentration affected the size and shape of the micelles, which exhibited different
behaviors in a low salt regime (below 15 mM) and a high salt regime (above 30 mM)
with a transitional region between them. The micelles in the low salt regime are spherical
and consist of about 24 unimers while the micelles in the high salt regime are elongated
cylindrical particles with high molecular weights. The intrinsic viscosity was measured at
temperatures above the transition temperature to independently verify total mass and
volume of the micelles. We also were successful in crosslinking the spherical micelles
into responsive nano-particles which are responsive in the physiological conditions and

stable for a long time at room temperature.
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Chapter V

Mixtures of Elastin-like Polypeptides with Different Architectures

(Part of this chapter was modified from publication with N.B. Holland, Biomacromolecules 2011, 12, 4022-
4029)

5-1. Introduction

We have shown previously that ELP systems can be designed such that they self-
assemble into micellar aggregates above the transition temperature,”' but the size of these
micelles could only be controlled at certain plateaus. Although these micellar particles
have great potentials for further applications, a more defined control over their size such
that micelles with any size would be achievable is very desirable. Mixtures of elastin-like
polypeptides of different lengths and chemical identities with other polypeptides and with
each other have been studied especially for protein purification purposes,” or for making
micro-scale particles with different properties.”® It has been reported that mixing
solutions of ELP molecules with different lengths and molecular weights, but the same
amino acid sequence repeats, results in a single population of aggregates and a single
transition temperature.’> Additionally, it has been shown that a single transition would
take place for mixtures of ELP and ELP fusion proteins when the ELP component of
each has the same molecular weight and sequence.’* Therefore, if different architectures
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of the ELP molecules (e.g. making trimer constructs) behave similar to the linear
molecules, i.e. the foldon is just acting as a fusion protein for these new construct and not
affecting the folding and aggregation of ELP molecules, a single transition temperature
for their mixtures would be expected. In addition, we hypothesize that, for a mixture of
linear and non-linear ELP molecules in conditions similar to that of the micelle
formation, the aggregates of the linear ELPs can be stabilized by ELP-foldon trimers
forming micelles with different sizes and that by adjusting the ratio of linear to trimer
constructs virtually any size of the micelles could be achievable. This would give us
higher flexibility in controlling the size and shape of these micelles and we would be able
to tailor the ELP molecules and force them to make micelles with a specific size and
shape. To test these hypotheses, we performed a series of experiments with linear and
trimer mixtures at different ratios and concentrations and characterized them using UV-
vis spectrometer and particle size analyzer.
5-2. Materials and Methods

(GVGVP)4 and (GVGVP)y-foldon were expressed and purified as described

>33 The mixtures were made either in PBS or by diluting the samples in pure

previously.
water and then adjusting the salt to the desired concentration. The UV absorbance
measurements were performed at 350 nm on a Shimatzu 1800 spectrophotometer
equipped with a temperature-controller sample holder unit. The spectra were obtained
with a temperature ramp of 1°C collecting data at 0.1°C steps.

Particle size measurements were performed using a 90 Plus particle size analyzer

(Brookhaven Instruments) equipped with temperature control unit at 90° fixed angle. All

the samples were filtered prior to light scattering measurements (Millex 0.22 pm,
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Millipore). The measurements were made in 2 to 5 minutes runs and were repeated at
least twice. Analysis of the data was done by the instrument using BIC software
(Brookhaven Instruments) and the results are the reported as the mean diameter of
multimodal distribution.
5-3. Results and Discussion

To test the differences between transition of pure ELP solutions and mixtures of ELP
constructs with different architecture, mixtures of (GVGVP)4y and (GVGVP)4-foldon in
a ratio of 20 to 1 were examined over a wide range of dilutions. The UV absorbance of
these mixtures exhibit two distinct behaviors depending on the total concentrations
(Figure 5-1a). At high concentrations, a single transition, similar to the pure species, is
observed. However, at lower concentrations two distinct transitions are observed. The
temperature of the first transition is very similar to the transition temperature
corresponding to the concentration of the pure (GVGVP)4p-foldon (Figure 5-1b). This is
interesting considering the fact that the presence of linear molecules at much greater
concentration, does not affect the trimer 7.. The trimers presumeably aggregate
independently at first, however, the linear molecules may to some extent become
incorporated prior to the second transition since the turbidity is greater there than for the
pure trimer solution. This dual transition phenomenon is only observed at lower
concentrations while at higher concentrations a single transition is observed at
temperatures below both the pure (GVGVP)4 and (GVGVP)4p-foldon solutions (Figure

5-1c).
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Figure 5-1. Turbidity measurements for mixtures of (GVGVP)4 and (GVGVP)4-foldon at constant ratio
of 20:1. a) UV absorbance at 350 nm was measured for each solution mixture, labeled by concentration of
the (GVGVP), component. At high concentrations a single transition is observed, while at lower
concentrations two transitions are observed. b) The mixture of linear (GVGVP)yy at 25 pM and the trimer
(GVGVP)y-foldon at 1.25 uM concentrations (20:1 ratio) results in two transition temperatures, where the
first transition occurs at the same temperature as the pure 25 pM ELP trimer solution. ¢) For the UV
absorbance of the mixture of (GVGVP)y and (GVGVP),,-foldon at higher concentration (400 uM and 20
uM, respectively) only a single transition was observed, which is at a lower temperature than the pure

solution of either component.

174



The transition temperatures of the mixtures have been plotted together with the
corresponding transition temperatures for the pure components (Figure 5-2). The
transition temperatures of the pure components cross each other because of the difference
in their concentration dependence. This clearly illustrates that the transition temperatures

of the mixture at high concentrations are lower than those of either of the pure

components.
A 20:1 mixture of
50 1 linear and trimer
8, pure linear
2 45 4
2 .
& = = = pure tirmer
g 40 a
£
2
e 351
L
g 30 - S~
o
'_
25 T T T J
0.001 0.01 0.1 1 10

Mixture concentration (mM)

Figure 5-2. The comparison between the transition temperatures of pure (GVGVP)y and (GVGVP)y-
foldon and their 20:1 mixtures as a function of mixture concentration. The mixture at high concentrations
shows a single transition temperature that is lower than the transition temperature of pure linear ELP. In
this region pure linear ELP (solid line) has a lower transition temperature than that of the trimer (dashed
line). But at lower concentrations, where the pure ELP-foldon has a lower transition temperature, two
transition temperatures are observed. The first one is the same as the pure ELP-foldon transition

temperature and the second one approaches that of the linear ELP.

At lower concentrations, where the mixture exhibits two transition temperatures, the
lower transition temperature follows the transition temperature of a pure (GVGVP)4o-
foldon construct while the second transition temperatures approaches that of the pure

(GVGVP)y4. It appears that if the concentrations of the linear and trimer constructs are
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such that they have a minimum of 2°C difference between the transition temperatures of
their pure solutions, two transition temperatures are observed in the mixture.

The dual transition behavior of ELP and ELP-foldon can be explained by the difference
in the nature of the folding and aggregation of the two constructs, which is contributed to
the difference in their architecture. For either of these constructs the folding of individual
chains would proceed by the maturation step>® in which a few of the folded chains come
together and to stabilize the more hydrophobic conformation. The concentration
dependence arises because this step needs a sufficiently high concentration of folded
polypeptide chains to proceed. The architecture of ELP-foldon may modify this
maturation process. When temperature rises, the three ELP chains that are connected by
the foldon domain, will associate with each other first because of their local proximity,
enhancing the maturation process. Consequently in a mixture of linear and trimer
constructs, the maturation of trimer constructs occur at some lower temperature in
comparison to the linear ones which leads to the independent aggregation of the trimers.
In the case when linear constructs have a lower transition temperature than the pure
trimer in the mixture, there is no preference for the folded linear polypeptide to aggregate
with itself compared to the trimer, so both linear and trimer molecules aggregate together
at a temperature below the transition temperature of the pure linear ELP. These data
suggest that folding and aggregation occur differently for the trimer constructs than for
the linear constructs. Further experimentation will be necessary to fully elucidate the
differences.

The micelles that form from ELP-foldon constructs grow in size by transitioning from

spherical to nonshperical shapes, as was discussed in detail in Chapter 4 of this
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dissertation. At low salt concentrations (below 15 mM NaCl) there is a fairly constant
size distribution of particles in the solution, attributed to the length of the folded ELP
portion of the construct. Although this is an important finding that can be used in
preparing small responsive particles, it might be interesting to have a system in which the
size of the particles can be changed to any desirable size without the need of changing the
structure of the molecules (i.e. changing the molecules to longer or shorter ELPs). In fact
the reason for having a range of salt concentrations in which a constant size distribution
of particles is achieved can be contributed to the fact that the particles in the system do
not attain different sizes unless a change in geometry occurs (based on their packing
factor) and as we have shown in previous chapter, this geometrical change can push the
particles to go from very small particles to large micelles with different geometries and
much higher molecular weight. We have shown that this transition from one regime to
another happens in a fairly narrow transition region and the particle sizes show some kind
of a plateau at each salt concentration

To overcome this limitation, we modified the system by making mixture of linear and
trimer ELP molecules with different linear to trimer ratios with the intent that the interior
of the micelles can be filled with more ELP molecules and gradually expand to any size
for a given salt concentration and instead of transitioning to other geometries keep their
spherical shape. The mixtures were made based on the fact that ELP-foldon and ELP
molecules can either go through the transition independently or simultaneously
depending on the mixing ratios as discussed in this chapter.

Based on the results from Figure 5-2 the experiments can be done in two different

regimes. If the mixture ratio is below the crossing point of the pure linear and trimer
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transition temperatures, we expect to have two transitions in which the trimers form the
micelles prior to the aggregation of linear constructs which means we should expect two
transition temperatures and consequently two populations of particles. This was studied
by a mixture of (GVGVP)4y and (GVGVP)yp-foldon with 20:1 ratio in which the trimer
had much lower concentration than the linear construct. The results from particle size
analyzer confirm the existence of two different sizes based on the temperature at which
the measurements were done (Figure 5-3). The first transition was shown to be above the
transition temperature of the trimer construct and the second transition just above that of
the linear. But interestingly there was not two populations of particles above the second
transition temperature and the size of the particles were smaller than what is expected

from aggregation of the linear ELP molecules which is in the range of 500 to 800 nm.

m 1st transition & 2nd transition

Particle size (nm)

0 10 20 30 40 50

Salt concentration (mM)

Figure 5-3. Micelle formation at different salt concentration for a mixture of (GVGVP)y and (GVGVP)-
foldon at a ratio of 20:1 at total concentration of 10 uM. The two transitions show a two-step particle
formation in which the trimer first goes into particles but above the second transition temperature a single

population of particles with sizes well below the expected aggregates of linear ELP is observed.
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The smaller size of the aggregates can be attributed to the stabilization of aggregates
during the growth period of the particles by ELP-foldon construct. The fact that only a
single population of particles are observed in the mixture at any temperature also can
indicate that in fact the linear ELPs start to separate into the already formed micelles of
ELP-foldon. This makes sense especially for higher salt concentrations in which the ELP-
foldon micelles are less stable in their spherical form and start to transition to elongated
micelles. But the presence of linear ELP molecules above their transition temperature
which can be housed in the core of these micelles would provide enough core volume to

maintain their spherical geometry and remain relatively small.

5-4. Conclusion

The effect of architecture on the behavior of ELP transition was studied by using
mixtures of ELP and ELP-foldon constructs. It was shown that the existence of the trimer
changes the aggregation behavior of ELP molecules such that these molecules can in fact
aggregate independent of the linear constructs in certain concentrations. The conditions in
which this independent aggregation can happen were investigated by UV-vis
spectroscopy.

The mixtures of linear and trimer ELPs were also studied with the aim of controlling
the size of the ELP-based micelles in a practical way. It was shown that the mixtures can
be made such that they go through two transitions but in each transition only a single
population of particles was observed. The first transition is attributed to the trimer

transition with particles of small sizes as it was expected from a pure trimer solution but
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the second transition is considered to be the aggregation of linear ELPs into the ELP-
foldon micelles or decoration of ELP aggregates by ELP foldon constructs.

Although this study on its own is not yet conclusive enough to give us a complete map
of different sizes of ELP-based particles at any given mixing ratio, it demonstrates that
the very good control over the size and shape of these ELP-based micelles can be
achieved by this method. Further investigation of micelle formation at different salt

concentration and mixing ratios are necessary to complete this study.
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Chapter VI
Study of ELP Folding and Aggregation Using Different Molecular

Architectures

6-1. Introduction

Understanding how molecules assemble into supramolecular architectures requires
careful consideration of the inter- and intra-molecular interactions which control the
molecular associations. This is also true for the self-assembly of elastin-like polypeptides
and their derivatives but as discussed in the first chapter of this dissertation, the theory of
aggregation of elastin-like polypeptides is still debated and there are different points of
view as to how these molecules assemble and come out of solution above their transition
temperature. Understanding the aggregation process of these molecules and ultimately
controlling this process at the molecular level would give us insight into how to design
them for a desired measurable response.

There are at least four different suggested pathways for the molecular transition of ELP
constructs from below to above the transition temperature and each of them are supported
by a number of experimental or theoretical studies. Here an overview of these theories is
presented and later based on our experimental data, our theory of folding and aggregation

of ELPs will be discussed.
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Pathway of no order to homogeneous order through folding and association

This is the most discussed and the most widely accepted pathway suggested by Urry
three decades ago as discussed in the first chapter. “' Based on this theory, which is
supported by a number of circular dichroism, NMR, and dielectric relaxation studies,
mostly below the transition temperature, the ELP chains are in random coil conformation
when they are well below the transition temperature and by increasing the temperature
they start to go into more internally ordered structures consisting of B-turns. ** ** A few
of these molecules then come together and make a “matured” intermediate construct
which has some exposed hydrophobic residue. ** These intermediate molecular units then
come together to form more stable and energetically favorable aggregates which is the
macroscopic outcome of the transition process. In this theory there are in fact three
different stages involved in the process of aggregation including a conformational
change, an association step and finally the aggregation. ®* The first step is shown to be
gradual but the next two are supposed to be happening at the same time when the solution
gets to the transition temperature especially because the result of the maturation process
is small aggregates of a few molecules (perhaps a triple helix®") with exposed
hydrophobic surface.
Pathway of no order to homogeneous order without well-defined chain associations

The difference between this theory and the last one is that here no association step is
proposed and although the constructs go through some internal ordering, they aggregate
out of solution with no intermediate folded unit.

Based on molecular simulation of (VPGVG);, Krukau et al. suggested the existence of

some structured elements on the peptide chains close to and even above the transition
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temperature but could not conclude the existence of specific folding pattern. > Li et al.
molecular simulations showed that above T; the ELP monomer can be described as a
compact and amorphous structure which contains disordered B strands. They suggested
some ordering in each of the chains but a random aggregation overall. *°

Based on this theory the aggregation is a continuous process which starts at lower
temperature by some internal ordering of the chains and finishes at the transition
temperature by random aggregation of these chains.

Pathway of no order to heterogeneous order

Ohgo et al. suggested a simultaneous presence of different conformations at the
transition temperature of ELP constructs. ®’ These conformations include type II p-turns,
type I B-turns and unordered structure which makes the ELP a structurally heterogeneous
biopolymer. Using TEM they also observed twisted-rope aggregates which might be in
agreement to the Urry’s theory.

Kumashiro et al. did NMR studies on the ELP constructs and concluded that the best
describing scenario for these polypeptides is a “conformational ensemble” which includes
a number of different conformations including type II B-turn and type I B-turn structures
at the same time. ®® This heterogeneity in conformation was also reported by Ahmed et
al. using CD, UV and Raman spectroscopy for cyclic polypeptides in which populations
of unordered, type II B-turns and type III B-turns were reported along with noticeable
increase in type IT p-turns at temperatures above the transition temperature. *°

Based on this theory increasing the temperature would increase the ordering of the
chains but there are different conformations that the chains fold into and so a

heterogeneous ensemble of conformations is expected. This theory would not necessarily
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be in contradiction to Urry’s twisted filament theory but it suggests no clear pathway to
folding and aggregation of the chains.
Pathway of no order to no order

Based on this theory, regardless of the chemical identity and length of ELP constructs
they are always unordered and there is no folding, ordering or intermediate state between
the chains at low temperature and the ones or above the transition temperature. This
theory is almost solely backed by molecular simulations and not much experimental
results. %!

Comparing these four different pathways, it is clear that in all of them except for the
last one some kind of chain ordering or folding is expected when the temperature of the
solution changes from below up to the transition temperature. But these theories are very
different when it comes to predicting the intermediate stages between random chains and
ordered aggregated ones.

Developing a new method to study the transition pathway

In this study we probed the existence and stability of the intermediate steps by making
constructs that should increase the stability of a folded stage while still far from
aggregation. This can give us a tool to understand the aggregation process and the theory
behind it. If Urry’s theory of folding and aggregation is valid, it should be possible to
design ELP constructs such that the matured constructs would stay stable at temperatures
below the transition temperature of ELP. To examine this we expanded our investigation
of new architectures of ELP molecules by capping N-, C- or both termini of the trimer
constructs and also designed molecules such that the exposed surface of them after

folding according to the Urry model would consist of hydrophilic residues, stabilizing
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them in the solution without aggregation. These different architectures were investigated
using mainly UV-vis and CD spectroscopy to probe their molecular behavior and the

relationship between their microscopic and macroscopic transitions.

6-2. Materials and methods

All the genes were constructed with the same molecular biology techniques that were
described previously. *'* ! A complete list of all different constructs which were made
for this research can be found in appendix A but the genes which are discussed here are
(GVGVP)4, (GVGVP)4-foldon, foldon-(GVGVP)4y, foldon-(GVGVP)y-foldon, and
foldon-(GLGVPGQGVPGQGVP) ,-foldon. The exact amino acid sequence of these
constructs are reported in Appendix A.

Protein expression was in general similar to what described in previous chapters. One
notable difference was for the purification of the constructs with foldon on both ends
because with the standard method of heat and cold cycling which is used for other ELP
constructs most of the protein ended up staying in the pellet from the first cold
centrifugation. To overcome this problem, after the first cold centrifuge of the disrupted
cells, the pellet was brought back up into the solution by adding PBS and keeping the
solution at 4°C for 3 to 4 days. This solution was centrifuged at 4°C again and the
supernatant was then heated up in the presence of 1 molar NaCl and the pellet was then
resuspended again by adding cold PBS and was left at 4°C for another 3 to 4 days. The
solution was vortexed a few times each day. The solution was then centrifuged at 4°C and

the supernatant was separated and the cycle was repeated again if necessary.
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Characterization of the constructs were done using SDS-PAGE gel electrophoresis to
confirm their molecular weight and purity and UV-vis spectroscopy (Shimatzu 1800) was
used to measure the transition temperatures. Circular dichroism (CD) spectroscopy (Aviv
215) was used extensively for this study in order to study the conformational changes in
each of the constructs at different temperatures. The CD samples were prepared the same
way as the UV samples by diluting a PBS stock solution either in PBS or water. The
samples were loaded in either 1 mm or 0.1 mm pathway cuvettes, depending on the
concentration of the sample and the salt concentration, and the spectra were measured

from 190 nm to 250 nm.

6-3. Results and discussion

Our goal in this study was to modify the architecture and surface decoration of ELP
molecules such that it becomes energetically favorable for them to stay in the matured or
folded state if such intermediate step actually exists. Here the results of characterization
of each of the constructs are discussed separately and then they will be compared.
(GVGVP)y

This construct was used as our reference molecule. It is linear and is very well
characterized both in the literature and in our lab.®'"* Turbidity measurements of solutions
of this ELP molecule with many different ranges of concentrations were studied and
discussed in detail in previous works.*'* UV absorbance curves from these solutions as a
function of temperature at have a sharp absorbance maxima of around 1 (except for very

low protein concentrations)(Figure 6-1).
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Figure 6-1. UV-absorbance of (GVGVP),, at 25uM protein concentration dissolved in PBS (square) and
zero salt concentrations (diamond). The behavior is very similar in both salt concentrations except for the

different transition temperatures.

The circular dichroism (CD) spectroscopy of (GVGVP)s in PBS shows gradual
changes in the conformation (Figure 6-2). The low temperature spectra have the well-
known characteristic minimum of a random coil around 195 accompanied with a weaker
one at 220. These minimums then start to become less negative by increasing the
temperature. The decrease is accompanied by a slight red shift of the bands which is an
indication of the presence of at least some B-turn structures at higher temperatures. The
third peak at 212 nm is fairly constant and can be considered as the isodichroic point. The
presence of this point is an indication of the presence of two main conformational states
at the same time and the fact that one changes to the other by changing the

6.14,6.15
temperature. "
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Figure 6-2. CD spectroscopy of (GVGVP), (a) at 10 uM protein concentration in PBS from below to
above transition temperature and (b) at 25 uM protein concentration in water from below to above

transition temperature

An important aspect of this spectrum is the lack of an expected positive band between
200 and 210 nm which is also a characteristic of type II B-turn. This can be explained by
the strong presence of random coils even at higher temperatures. But it appears that the
construct starts to become more ordered and shifts towards a combination of random coil
and type II B-turn structure. This is in agreement with previously reported CD spectra of
different ELP constructs. ®'*®'® Above the transition temperature, the aggregation causes
the loss of the signal for this construct.

The CD spectrum of the same polypeptide diluted in water (low salt) also exhibits
similar general behavior, but it appears that the 212 nm peak does not behave as an
isodichroic point anymore as it shifts to higher values with increasing temperature. This
might be an indication of tendency towards B-turn structure and less random coil in the

solutions at higher temperatures. But nevertheless there is still a considerable amount of
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random coil conformations at or close to the transition temperature together with this

ordered structure.

(GVGVP)yp-foldon

6'12, this construct is a three-armed star elastin-like

As shown in previous studies
polypeptide which also has different aggregation properties than linear ELP. However,
the measurable response of these molecules, when studied in PBS, was shown to be

similar to the linear ones, with a sharp change in UV absorbance at the transition

temperature and similar features at low or high salt concentrations.
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Figure 6-3. UV absorbance (a) and CD spectrum (b) of (GVGVP),-foldon at 100 pM protein solution in

PBS using 1mm pathway cuvette for CD measurement and 10 mm pathway cuvette for UV measurements.

UV spectroscopy of a 100 uM solution of (GVGVP)4-foldon in PBS shows a sharp
transition below 30°C (Figure 6-3a). But without losing the signal, the CD spectrum of
the same sample at 30°C shows clear sign of more ordered structure above the transition

temperature (Figure 6-3b). In general the behavior of the ELP-foldon molecules in PBS at
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low temperatures is similar to that of the linear ELP, but seems to show more order close
to the transition temperature. This can be an indication of the effect of foldon on inducing
order in the ELP molecules especially when the solution is close to the transition
temperature.
Foldon-(GVGVP)4

This construct has very similar geometry to (GVGVP)4o-foldon but instead of having
the foldon on the C-terminus of the ELP, it is located on the N-terminus. It has been
shown previously that ELP conformation can be affected by adding a self-assembling
domain to either of the two termini and that there is a difference between adding this
domain to C- or N-terminus,”'” so we believe there could be molecular and
conformational differences between adding the foldon to the ELP N- or C- terminus.

UV-absorbance was used to measure the transition temperatures of foldon-(GVGVP)
as a function of concentration and the results were compared to the (GVGVP)4o-foldon
(Figure 6-4). The two curves have very similar slopes but foldon-ELP transition
temperatures appear to be consistently about 3°C lower than the ELP-foldon constructs at
the same concentrations. This is interesting considering the similar geometry of the two
constructs. It is possible that foldon-ELP trimers fold into their matured stage (with the
assumption that such stage actually exists) at lower temperatures compared to the ELP-

fodon constructs and this causes them to aggregate out of the solution at lower

temperatures. This is a clear sign of different molecular behavior of these two constructs.
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Figure 6-4. Transition temperature as a function of concentration for (GVGVP)4y-foldon (squares) and fol-
(GVGVP)y (diamonds). The foldon-ELP construct shows the same linear dependency between the
transition temperature and logarithm of concentration but is about 3°C lower in transition temperature

compared to the same concentration of ELP-foldon construct.
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Figure 6-5. CD spectra of fol-(GVGVP),, at 100 pM in PBS and different temperatures. The spectra show
similar behavior as linear or ELP-foldon at low temperatures but above the transition temperature (33°C) a

red shift at 210 nm peak and decrease in random coil conformation is observed.

To study the conformational changes of these two constructs, the CD spectra of fol-

ELP (Figure 6-5) were compared to those of the ELP-foldon (Figure 6-3b). The spectra
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in general show similar behavior at low temperatures as linear or ELP-foldon but at 35°C,
which is above the transition temperature, the signal is not lost in contrast to the linear
construct and conformational ordering is observed. Also interestingly, for foldon-ELP,
there is not a considerable change in the CD signal even at 30°C which is above the
transition temperature for the 100uM solution while for ELP-foldon the 197 nm
minimum is lost at the transition temperature. Another interesting difference between
trimer constructs and the linear ones is the absolute value of the CD signal. For a 25 uM
linear (GVGVP)4, the 195 minimum is about -25 deg cm” dm™ at 10°C while for a 100
uM solution of ELP-foldon this signal is only -18 deg cm* dm™ and for 100 uM fol-ELP
the signal is at -16 deg cm® dm™. If the three construct contained the same amount of
random coil constructs we would expect to see a much higher negative value for ELP-
foldon and foldon-ELP at concentrations 10 times the linear. The fact that the peak is in
fact less negative, is a good indication of much less random conformation in the solution
even at low temperatures. We believe this is the orientation of the chains as a result of
adding the foldon domain. Between the two trimer constructs, foldon-ELP exhibits less
random coil content as well. This can be an indication that folding of the ELP molecules
may preferentially start from the N-terminal and holding a few of the ELP chains together
from this end, gives them better chance to come together even at low temperatures.

To further investigate the conformation of trimer ELPs in different environments, the
CD spectra of foldon-ELP was studied in low salt solutions. The CD spectra of fol-
(GVGVP)4 in water show very different behavior compared to that of the linear
construct (Figure 6-6). There is no 195 nm minimum even at very low temperatures and

instead there is a minimum at 218 nm which becomes more visible at higher temperatures
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and close to transition temperature shifts to about 220 nm. This spectrum has the
characteristics of protein with high population of B structure especially at wavelengths
above 205. *'® But for it to be all B a positive maximum around 197 is expected. The
reason for not observing this peak could be the presence of random segments in the
conformation of the polypeptides even at high temperatures. This specially might be the
case for segments of ELP far from the foldon domain that might not be affected by the
foldon or have less ordered conformations in the presence of C-terminal ends of the other
chains. At higher temperatures (45°C) a weak positive peak at 210 nm is observed. This
band together with negative band around 220 nm is an indication of the existence of type
IT B-turns. The small red shift in the two peaks in comparison to the expected type II -
turn spectrum might be an indication of existence of other types of B turn in the

conformation.®"’

Regardless of the exact conformation of this construct, the fact that a
noticeable difference between the conformation of this construct and linear ELP is a good
reason to believe that the architecture of these molecules actually affects their
conformation and that there is in fact a folding process occurring prior to aggregation.

The reason for not having the same type of behavior for fol-ELP when it is in PBS is not

completely clear but it might be attributed to the salting-out effect of NaCl.
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Figure 6-6. CD spectra of fol-(GVGVP)y at 25 uM in water. The spectra show ordered structure at low

temperature. Increasing the temperature results in more -like conformations.

Up to this point we at least partially answered the question of whether or not the ELP
molecules fold (or have the potential to fold) into more ordered structures and if this
ordered structure can be stabilized independently from the aggregation process. To
continue our investigation, we synthesized new constructs which are capped at both ends.
Our goal was to induce the folding into a homogenous population at any environmental
condition. By capping both ends of the ELP trimer we would avoid random folding or
aggregation of free chains and answer the question of if ELP aggregation is inherently
heterogeneous or can be forced to be a homogeneous population.
Foldon-(GVGVP)-foldon

This construct is very similar to the ones just described except that both ends of it are
capped by foldon domain. The UV spectra of this construct at different protein
concentration show some different general behavior in comparison to other linear or

trimer ELP constructs (Figure 6-7).
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Figure 6-7. UV absorbance of (a) foldon-(GVGVP)4-foldon and (b) (GVGVP),, at different total protein
concentrations in PBS. The construct with both ends capped shows different transitional behavior than the

linear construct

It 1s noticeable that the concentration change of one order of magnitude (from 25 uM to
250 uM) changes the transition temperature only by less than 2°C (Figure 6-7a). This is
of course very different from linear ELP constructs in which a change of about 8°C for
the same change in the concentration is observed (Figure 6-7b). The smaller change in
the transition temperature can be attributed to smaller concentration dependency of this
construct. From a molecular point of view this might be the result of matured trimers that
are made in a more orderly process. For a typical ELP, the chains are randomly
distributed and it is expected that they also find other chains randomly and so each chain
might associate with a number of different chains as the temperature start to rise and that
means the process of aggregation is more dependent on the number of available chains in
the solution which is directly proportional to the solution concentration. But for foldon-

ELP-foldon construct the three chains are already in close proximity and the maturation
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process is less dependent on the solution concentration and more related to the chemical
identity of the ELP and the hydrophobicity of the folded trimer.

The CD spectra of foldon-(GVGVP)4-foldon in PBS is also interestingly different
from the other ELP constructs (Figure 6-8). At very low temperatures two minima, one at
205 nm and the other around 217 nm are observed. This spectrum can be interpreted as
the existence of high population of B-structured proteins especially that a weak positive
maximum around 197 nm to 200 nm is also observed in the spectrum even at low
temperatures. ®'® In fact by increasing the temperature to the transition temperature of
this solution, which is somewhere between 30 to 35°C, the shift towards a stronger
positive peak at that range can be observed. The other way to interpret the data at low
temperature is a slightly red-shifted a-helical conformation. But it has been shown that
type 11 B-turn conformations from polypeptides containing “Pro-Xxx” might show similar
CD spectra as helical structures and since there is no reason to believe these constructs
make a-helical conformations, the best possible way of describing their spectra would be

6.20

by assigning B structure conformation to them.”” In general there seems to be a high

content of B-turn conformation at low temperatures which then change to more B strand
conformation at or around transition temperature (Figure 6-8 dotted spectrum). ®*'
Another interesting aspect of the spectra is that above the transition temperature the
foldon peak starts to diminish while the positive peak at the 197 nm gets stronger and the
minimum at 217 nm is not affected. This is a different behavior from all the other
previously studied ELPs for which above the transition temperature the aggregation

causes the loss or weakening of the whole spectrum. This might be an indication that in

this case, the aggregation is not a random process among many different folded chains
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and in fact the orderly folded chains start to aggregate into the p strand-like conformation

above the transition temperature.

Figure 6-8. CD spectra of foldon-(GVGVP)4-foldon at 10 uM solution concentration in PBS. The spectra
below the transition temperature (up to 35°C) shows signs of high B-turn content which then shifted

towards more [3 strands conformation above the transition temperature.

Modifying geometry and chemical identity of ELP molecules

Up to this point we have shown that different molecular geometries modify the folding
and aggregation of the ELP molecules. The next question is if the chemical identity of the
construct can also affect the folding process, especially if it is combined with proper
geometric design and also, if this can actually help the stabilization of the folded
constructs. To answer this question we made a number of different constructs with the
idea of giving the surface of the folded trimer more hydrophilic characteristics and

burying the hydrophobic residues inside the folded trimer. To accomplish this goal, the
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valines in the ELP sequences for each different architecture (linear, trimer or both ends-
capped trimer) were substituted in a pattern to more hydrophilic or hydrophobic residues

based on the molecular model of the folded ELP (Figure 6-9).

Transition

B

Figure 6-9. Molecular model of modified ELP trimer from unfolded to folded. The chemical identity of the
folded trimer can be controlled by changing Valine residues which are going to be exposed to water (or

hidden inside the folded trimer).

Foldon-(GLGVPGQGVGPGQGVP) >-foldon.

Of the constructs synthesized with changed amino acid residues, most of the ones with
only one end capped behaved more or less similarly to the previously described trimers,
but the ones with both end capped showed some interesting characteristics. One of the
most promising one is a construct that consists of 36 repeats of GaGSP in which o and S
were substituted with valine, glutamine, and leucine and the arrangement was chosen to
have the glutamine residues in contact with water after the folding of the trimer. The

folding model was chosen to be B-spiral with repeating -turns.
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The UV spectrum of this ELP solution has an interesting feature that it shows much
lower absorbance compared to other ELP solutions (Figure 6-10). This lower UV
absorbance could be the result of less aggregation which might be a result of stable
folded trimers that are energetically stable in their folded (matured) state without the need

to aggregate out of the solution.

0.6 1
0.5 +
0.4 -
0.3 +

0.2 +

UV absorbance (AU)

0.1 +

30 35 40 45

Temperature (C)

Figure 6-10. UV absorbance of foldon-(GLGVPGQGVGPGQGVP);;,-foldon in PBS at 50 uM

concentration. The absorbance is close to one third of what is usually expected from a 50 uM ELP solution.
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Figure 6-11. CD spectra of foldon-(GLGVPGQGVGPGQGVP),-foldon at 50 uM in PBS at different
temperatures. The spectra seem to be very similar from below to above the transition temperature. At high
temperatures the strong positive peak around 190 nm might be an indication of B-strand structure while

below transition temperature more B-turn structure is observed.

To study the conformation of this construct at different temperature, CD spectra of the
same sample at different temperatures were measured (Figure 6-11). The spectra are in
general similar to the ones for foldon-(GVGVP)s-foldon (Figure 6-8) but they show
stronger B-turn content below the transition temperature. The signal is weaker than the
other spectra which is a result of using cuvettes with 0.1 mm pathway instead of 1 mm.
Above the transition temperature B-strand conformations are observed. In general, the

construct above and below the transition temperature do not appear to be very different
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and definitely no random coil conformation is observed. There is no loss of CD signal
above the transition temperature.

It appears that this construct in fact is stabilized in its folded conformation and
apparently it goes into this folded conformation at temperatures well below the transition
temperature. But above the transition temperature there are some rearrangements of these
folded units but not all of these folded constructs go into aggregates. This is very
interesting because it shows that aggregation is not an inevitable result of folding or
maturation of the ELP chains and they can be designed such that they stay soluble and

stable even above their predicted transition temperature.

6-4. Conclusion

We have studied the folding and aggregation theories of ELPs by synthesizing different
geometries and chemical identities of these molecules with the aim to gain better
understanding of the process of folding. We have shown that depending on the geometry
of the ELP molecules and the environment that they are studied at, their folding can be
affected. We believe that there is definitely some kind of ordering of chains when the
solution approaches its transition temperature but the folding starts at temperatures well
below the transition temperature and it is a gradual process. It appeared to us that folding
of the ELP chains starts most efficiently from their N-termini and constructs with their N-
terminal capped show the ordering towards what can be interpreted as f conformations at
lower temperatures but it is also observed that capping only one end of the ELP construct
cannot induce the folding especially at higher salt concentrations. On the other hand, by

capping both ends of ELP constructs into a trimer, well-defined conformations of -turns
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were observed at temperatures below the transition temperature. These B-rich constructs
appeared to pack into some kind of B-strand conformation at temperatures above the
transition temperature. Also, we have shown that the chemical identity of the chains can
be designed together with the geometry, to result in a system of stably folded trimers.
These trimers are the first ELP constructs to show clear folding without aggregation.
Based on these results, we believe that ELP molecules in fact fold into more ordered
structures as the temperature rises to their transition temperature. But their final
conformation is not a universal conformation, which means that depending on their
molecular architecture, their chemical identity, and their environment they might take
different conformations. It is possible to design them such that a separate folding and
aggregation occur. It additionally seems that folding is necessary for the constructs to
aggregate, but aggregation is not the inevitable fate of the folded constructs. This is
especially interesting for the potential of utilizing these folded but not aggregated
molecules for NMR structural studies and for certain applications in which a folded

construct might be used as the modular unit to make responsive biomaterials.

202



6-5. References

6.1 Cook, W. J.; Einspahr, H.; Trapane, T. L.; Urry, D. W.; Bugg, C. E. Journal of the
American Chemical Society, 102, 5502,(1980).

6.2 Urry, D. W.; Trapane, T. L.; Igbal, M.; Venkatachalam, C. M.; Prasad, K. U.
Biochemistry, 24, 5182,(1985).

6.3 Urry, D. W.; Trapane, T. L.; Prasad, K. U. Biopolymers, 24, 2345,(1985).

6.4 Yamaoka, T.; Tamura, T.; Seto, Y.; Tada, T.; Kunugi, S.; Tirrell, D. A.
Biomacromolecules, 4, 1680,(2003).

6.5 Krukau, A.; Brovchenko, I.; Geiger, A. Biomacromolecules, 8, 2196,(2007).

6.6 Li, B.; Alonso, D. O. V.; Daggett, V. Journal of Molecular Biology, 305, 581,(2001).

6.7 Ohgo, K.; Niemczura, W. P.; Ashida, J.; Okonogi, M.; Asakura, T.; Kumashiro, K.
K. Biomacromolecules, 7, 3306,(2006).

6.8 Kumashiro, K. K.; Ohgo, K.; Niemczura, W. P.; Onizuka, A. K.; Asakura, T.
Biopolymers, 89, 668,(2008).

6.9 Ahmed, Z.; Scaffidi, J. P.; Asher, S. A. Biopolymers, 91, 52,(2009).

6.10 Gross, P. C.; Possart, W.; Zeppezauer, M. Zeitschrift Fur Naturforschung C-a
Journal of Biosciences, 58, 873,(2003).

6.11 Li, B.; Alonso, D. O. V.; Bennion, B. J.; Daggett, V. Journal of the American
Chemical Society, 123, 11991,(2001).

6.12 Ghoorchian, A.; Cole, J. T.; Holland, N. B. Macromolecules, 43, 4340,(2010).

6.13 Ghoorchian, A.; Holland, N. B. Biomacromolecules, 12, 4022,(2011).

6.14 Nicolini, C.; Ravindra, R.; Ludolph, B.; Winter, R. Biophysical Journal, 86,

1385,(2004).

203



6.15 Urry, D. W.; Shaw, R. G.; Prasad, K. U. Biochemical and Biophysical Research
Communications, 130, 50,(1985).

6.16 Cho, Y.; Sagle, L. B.; limura, S.; Zhang, Y. J.; Kherb, J.; Chilkoti, A.; Scholtz, J.
M.; Cremer, P. S. Journal of the American Chemical Society, 131, 15188,(2009).

6.17 Dai, M.; Haghpanah, J.; Singh, N.; Roth, E. W.; Liang, A.; Tu, R. S.; Montclare, J.
K. Biomacromolecules, 12, 4240,(2011).

6.18 Venyaminov, S. Y.; Vassilenko, K. S. Analytical Biochemistry, 222, 176,(1994).

6.19 Perczel, A.; Hollosi, M.; Sandor, P.; Fasman, G. D. International Journal of Peptide
and Protein Research, 41,223,(1993).

6.20  Ananthanarayanan, V. S.; Shyamasundar, N. Biochemical and Biophysical
Research Communications, 102, 295,(1981).

6.21 Bazzi, M. D.; Woody, R. W. Biophysical Journal, 48, 957,(1985).

204



Chapter VII

Concluding Remarks

Elastin-like polypeptides have been shown to be an interesting class of environmentally
responsive biomaterials and their molecular behavior and macroscopic response have
been subject to many studies but the pathway of molecules from soluble to insoluble has
not yet been clearly understood and also the effect of molecular architecture on their
transitional behavior has not been explored. The aggregation of ELP molecules is
concentration dependent and our hypothesis was to induce the folding of the chains at
temperatures lower than the transition temperature by physically keeping them in close
proximity. Our approach was to make use of a trimer forming oligomerization domain
called foldon at N-, C- or both termini of the chains and essentially make new geometries
of ELP molecules and study their behavior and also decorate the ELP chains by
hydrophobic and hydrophilic residues in a way to increase the stability of the folded
constructs.

The three-armed star ELP molecules are shown to fold into more extended rod-like

structures at the transition temperature while the linear ELP keeps its random coil
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conformation all the way to the transition temperature. A mathematical model was
developed to enable us predict the critical transition temperature as well as understanding
the molecular conformation at the transition temperature. Based on this model we predict
that the ELP molecules, which are confined at their N-termini can fold into more
extended conformation at the transition temperature compared to the linear or the ones
which are capped at their C-temini. We also showed for the first time that capping both
ends of the ELP molecules together with proper choice of amino acids in the chain induce
stable folding of the trimers to B-rich conformations without aggregation even at
temperatures above the transition temperature.

Using these new architectures and exploiting the slight negative charge on the foldon
domain, we developed responsive micellar systems in which micelles are formed at
certain salt and pH concentrations and their size can also be controlled from as low as 20
nm to few hundred nano meters by adjusting salt, pH and mixture ratios of linear and
trimer constructs. We fully characterized these micelles at different salt regimes by
dynamic and static light scattering. It appears that changing salt from below 15 mM to
above 30 mM induce drastic changes in the size as well as the shape of the micelles. At
low salt concentration, the trimers pack into spherical micelles of about 30 nm in
diameter while at higher salt concentrations they start to expand and elongate into
cylindrical micelles with lengths of about 10 times longer than the micelles diameter.
This size increase is accompanied by a big jump in the molecular weight of the micelles.
We were also able to crosslink these self-assembled construct to responsive nano-

particles that are responsive and stable at physiologic conditions
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With these constructs we have shown how the design of new architectures can not only
help us better understand the theory of folding and aggregation but it also give us a
robust tool in developing self-assembling ELP systems.

The better understanding of the folding and aggregation of the ELP chains and the fact
that we are able to have better control over the chain-chain interactions, together with
self-assembling capabilities of these constructs give us the tools to design molecules in
the future that can be used in applications such as responsive fibers in which a controlled

directional response is desired.

207



BIBLIOGRAPHY

Achmuller, C., W. Kaar, K. Ahrer, P. Wechner, R. Hahn, F. Werther, H. Schmidinger, M.
Cserjan-Puschmann, F. Clementschitsch, G. Striedner, K. Bayer, A. Jungbauer
And B. Auer "N-Pro Fusion Technology To Produce Proteins With Authentic N
Termini In E-Coli." Nature Methods, 4: 1037-1043,(2007).

Adams, M. L., A. Lavasanifar And G. S. Kwon "Amphiphilic Block Copolymers For
Drug Delivery." Journal Of Pharmaceutical Sciences, 92: 1343-1355,(2003).

Adams, S. B., M. F. Shamji, D. L. Nettles, P. Hwang And L. A. Setton "Sustained
Release Of Antibiotics From Injectable And Thermally Responsive Polypeptide
Depots." Journal Of Biomedical Materials Research Part B-Applied
Biomaterials, 90B: 67-74,(2009).

Aeschlimann, D., O. Kaupp And M. Paulsson "Transglutaminase-Catalyzed Matrix
Cross-Linking In Differentiating Cartilage - Identification Of Osteonectin As A
Major Glutaminyl Substrate." Journal Of Cell Biology, 129: 881-892,(1995).

Ahmed, Z., J. P. Scaffidi And S. A. Asher "Circular Dichroism And UV-Resonance
Raman Investigation Of The Temperature Dependence Of The Conformations Of
Linear And Cyclic Elastin." Biopolymers, 91: 52-60,(2009).

Akashi, R., H. Tsutsui And A. Komura "Polymer Gel Light-Modulation Materials
Imitating Pigment Cells." Advanced Materials, 14: 1808-1811,(2002).

Alkalay, R. N., D. H. Kim, D. W. Urry, J. Xu, T. M. Parker And P. A. Glazer "Prevention
Of Postlaminectomy Epidural Fibrosis Using Bioelastic Materials." Spine, 28:

1659-1665,(2003).

208



Allen, T. M. "Ligand-Targeted Therapeutics In Anticancer Therapy." Nature Reviews
Cancer, 2: 750-763,(2002).

Almine, J. F., D. V. Bax, S. M. Mithieux, L. Nivison-Smith, J. Rnjak, A. Waterhouse, S.
G. Wise And A. S. Weiss "Elastin-Based Materials." Chemical Society Reviews,
39: 3371-3379,(2010).

Alonso, M., V. Reboto, L. Guiscardo, V. Mate And J. C. Rodriguez-Cabello "Novel
Photoresponsive P-Phenylazobenzene Derivative Of An Elastin-Like Polymer
With Enhanced Control Of Azobenzene Content And Without Ph Sensitiveness."
Macromolecules, 34: 8072-8077,(2001).

Alonso, M., V. Reboto, L. Guiscardo, V. Mate And J. C. Rodriguez-Cabello "Novel
Photoresponsive P-Phenylazobenzene Derivative Of An Elastin-Like Polymer
With Enhanced Control Of Azobenzene Content And Without Ph Sensitiveness."
Macromolecules, 34: 8072-8077,(2001).

Alonso, M., V. Reboto, L. Guiscardo, V. Mate And J. C. Rodriguez-Cabello "Novel
Photoresponsive P-Phenylazobenzene Derivative Of An Elastin-Like Polymer
With Enhanced Control Of Azobenzene Content And Without Ph Sensitiveness."
Macromolecules, 34: 8072-8077,(2001).

Alonso, M., V. Reboto, L. Guiscardo, V. Mate And J. C. Rodriguez-Cabello "Novel
Photoresponsive P-Phenylazobenzene Derivative Of An Elastin-Like Polymer
With Enhanced Control Of Azobenzene Content And Without Ph Sensitiveness."
Macromolecules, 34: 8072-8077,(2001).

Aluri, S., S. M. Janib And J. A. Mackay "Environmentally Responsive Peptides As

Anticancer Drug Carriers." Advanced Drug Delivery Reviews, 61:

209



940-952,(2009).

Annabi, N., S. M. Mithieux, A. S. Weiss And F. Dehghani "The Fabrication Of
Elastin-Based Hydrogels Using High Pressure CO2." Biomaterials, 30:
1-7,(2009).

Arkin, H. "Searching Low-Energy Conformations Of Two Elastin Sequences." European
Physical Journal B, 37: 223-228,(2004).

Arkin, H. "Searching Low-Energy Conformations Of Two Elastin Sequences." European
Physical Journal B, 37: 223-228,(2004).

Arkin, H. And M. Bilsel "How Conformational Transition Depends On Hydrophobicity
Of Elastin-Like Polypeptides." European Physical Journal E, 31: 327-332,(2010).

Arul, V., D. Gopinath, K. Gomathi And R. Jayakumar "Biotinylated GHK Peptide
Incorporated Collagenous Matrix: A Novel Biomaterial For Dermal Wound
Healing In Rats." Journal Of Biomedical Materials Research Part B-Applied
Biomaterials, 73B: 383-391,(2005).

Ayres, L., M. R. J. Vos, P. Adams, I. O. Shklyarevskiy And J. C. M. Van Hest
"Elastin-Based Side-Chain Polymers Synthesized By ATRP." Macromolecules,
36: 5967-5973,(2003).

Bae, Y., S. Fukushima, A. Harada And K. Kataoka "Design Of Environment-Sensitive
Supramolecular Assemblies For Intracellular Drug Delivery: Polymeric Micelles
That Are Responsive To Intracellular Ph Change." Angewandte
Chemie-International Edition, 42: 4640-4643,(2003).

Bae, Y. And K. Kataoka "Intelligent Polymeric Micelles From Functional Poly(Ethylene

Glycol)-Poly(Amino Acid) Block Copolymers." Advanced Drug Delivery

210



Reviews, 61: 768-784,(2009).

Bae, Y. And K. Kataoka "Intelligent Polymeric Micelles From Functional Poly(Ethylene
Glycol)-Poly(Amino Acid) Block Copolymers." Advanced Drug Delivery
Reviews, 61: 768-784,(2009).

Baer, M., E. Schreiner, A. Kohlmeyer, R. Rousseau And D. Marx "Inverse Temperature
Transition Of A Biomimetic Elastin Model: Reactive Flux Analysis Of
Folding/Unfolding And Its Coupling To Solvent Dielectric Relaxation." Journal
Of Physical Chemistry B, 110: 3576-3587,(2006).

Baker, D. "A Surprising Simplicity To Protein Folding." Nature, 405: 39-42,(2000).

Baker, P. J., J. S. Haghpanah And J. K. Montclare (2008). Elastin-Based Protein
Polymers. Polymer Biocatalysis And Biomaterials Ii. H. N. Cheng And R. A.
Gross. 999: 37-51.

Balamurugan, S., S. Mendez, S. S. Balamurugan, M. J. O'Brien And G. P. Lopez
"Thermal Response Of Poly(N-Isopropylacrylamide) Brushes Probed By Surface
Plasmon Resonance." Langmuir, 19: 2545-2549,(2003).

Bandiera, A., P. Sist And R. Urbani "Comparison Of Thermal Behavior Of Two
Recombinantly Expressed Human Elastin-Like Polypeptides For Cell Culture
Applications." Biomacromolecules, 11: 3256-3265,(2010).

Bandiera, A., R. Urbani, P. Sist And Ieee (2010). Spontaneous Patterning Obtained By
Evaporation Of Human Elastin-Like Polypeptide Solutions. 2010 Annual
International Conference Of The Ieee Engineering In Medicine And Biology
Society: 819-822.

Banki, M. R., L. A. Feng And D. W. Wood "Simple Bioseparations Using Self-Cleaving

211



Elastin-Like Polypeptide Tags." Nature Methods, 2: 659-661,(2005).

Banki, M. R., T. U. Gerngross And D. W. Wood "Novel And Economical Purification Of
Recombinant Proteins: Intein-Mediated Protein Purification Using In Vivo
Polyhydroxybutyrate (PHB) Matrix Association." Protein Science, 14:
1387-1395,(2005).

Barbosa, J. S., A. Ribeiro, A. M. Testera, M. Alonso, F. J. Arias, J. C. Rodriguez-Cabello
And J. F. Mano "Development Of Biomimetic Chitosan-Based Hydrogels Using
An  Elastin-Like = Polymer."  Advanced  Engineering  Materials, 12:
B37-B44,(2010).

Baumgartner, H. R., R. Muggli, T. B. Tschopp And V. T. Turitto "Platelet-Adhesion,
Release And Aggregation In Flowing Blood - Effects Of Surface Properties And
Platelet-Function." Thrombosis And Haemostasis, 35: 124-138,(1976).

Bazzi, M. D. And R. W. Woody "Oriented Secondary Structure In Integral
Membrane-Proteins .1. Circular-Dichroism And Infrared-Spectroscopy Of
Cytochrome-Oxidase In Multilamellar Films." Biophysical Journal, 48:
957-966,(1985).

Beebe, D. J., J. S. Moore, J. M. Bauer, Q. Yu, R. H. Liu, C. Devadoss And B. H. Jo
"Functional Hydrogel Structures For Autonomous Flow Control Inside
Microfluidic Channels." Nature, 404: 588(2000).

Bellingham, C. M., M. A. Lillie, J. M. Gosline, G. M. Wright, B. C. Starcher, A. J.
Bailey, K. A. Woodhouse And F. W. Keeley "Recombinant Human Elastin
Polypeptides Self-Assemble Into Biomaterials With Elastin-Like Properties."
Biopolymers, 70: 445-455,(2003).

212



Bellingham, C. M., K. A. Woodhouse, P. Robson, S. J. Rothstein And F. W. Keeley
"Self-Aggregation Characteristics Of Recombinantly Expressed Human Elastin
Polypeptides." Biochimica Et Biophysica Acta-Protein Structure And Molecular
Enzymology, 1550: 6-19,(2001).

Bellis, S. L. "Advantages Of RGD Peptides For Directing Cell Association With
Biomaterials." Biomaterials, 32: 4205-4210,(2011).

Bessa, P. C., R. Machado, S. Nurnberger, D. Dopler, A. Banerjee, A. M. Cunha, J. C.
Rodriguez-Cabello, H. Redl, M. Van Griensven, R. L. Reis And M. Casal
"Thermoresponsive Self-Assembled Elastin-Based Nanoparticles For Delivery Of
Bmps." Journal Of Controlled Release, 142: 312-318,(2010).

Betre, H., A. Chilkoti, L. A. Setton And Ieee (2002). A Two-Step Chondrocyte Recovery
System Based On Thermally Sensitive Elastin-Like Polypeptide Scaffolds For
Cartilage Tissue Engineering. Second Joint Embs-Bmes Conference 2002, Vols
1-3, Conference Proceedings: Bioengineering - Integrative Methodologies, New
Technologies: 829-830.

Betre, H., W. Liu, M. R. Zalutsky, A. Chilkoti, V. B. Kraus And L. A. Setton "A
Thermally Responsive Biopolymer For Intra-Articular Drug Delivery." Journal
Of Controlled Release, 115: 175-182,(2006).

Betre, H., S. R. Ong, F. Guilak, A. Chilkoti, B. Fermor And L. A. Setton "Chondrocytic
Differentiation Of Human Adipose-Derived Adult Stem Cells In Elastin-Like
Polypeptide." Biomaterials, 27: 91-99,(2006).

Betre, H., L. A. Setton, D. E. Meyer And A. Chilkoti "Characterization Of A Genetically

Engineered Elastin-Like Polypeptide For Cartilaginous Tissue Repair."

213



Biomacromolecules, 3: 910-916,(2002).

Bidwell, G. L., A. N. Davis, I. Fokt, W. Priecbe And D. Raucher "A Thermally Targeted
Elastin-Like Polypeptide-Doxorubicin Conjugate Overcomes Drug Resistance."
Investigational New Drugs, 25: 313-326,(2007).

Bidwell, G. L., A. N. Davis And D. Raucher "Targeting A C-Myc Inhibitory Polypeptide
To Specific Intracellular Compartments Using Cell Penetrating Peptides." Journal
Of Controlled Release, 135: 2-10,(2009).

Bidwell, G. L., I. Fokt, W. Priecbe And D. Raucher "Development Of Elastin-Like
Polypeptide For Thermally Targeted Delivery Of Doxorubicin." Biochemical
Pharmacology, 73: 620-631,(2007).

Bidwell, G. L. And D. Raucher "Application Of Thermally Responsive Polypeptides
Directed Against C-Myc Transcriptional Function For Cancer Therapy."
Molecular Cancer Therapeutics, 4: 1076-1085,(2005).

Bidwell, G. L. And D. Raucher "Cell Penetrating Elastin-Like Polypeptides For
Therapeutic Peptide Delivery." Advanced Drug Delivery Reviews, 62:
1486-1496,(2010).

Bidwell, G. L., A. A. Whittom, E. Thomas, D. Lyons, M. D. Hebert And D. Raucher "A
Thermally Targeted Peptide Inhibitor Of Symmetrical Dimethylation Inhibits
Cancer-Cell Proliferation." Peptides, 31: 834-841,(2010).

Bikram, M. And J. L. West "Thermo-Responsive Systems For Controlled Drug
Delivery." Expert Opinion On Drug Delivery, 5: 1077-1091,(2008).

Blit, P. H., K. G. Battiston, K. A. Woodhouse And J. P. Santerre "Surface Immobilization

Of Elastin-Like Polypeptides Using Fluorinated Surface Modifying Additives."

214



Journal Of Biomedical Materials Research Part A, 96A: 648-662,(2011).

Blit, P. H., W. G. Mcclung, J. L. Brash, K. A. Woodhouse And J. P. Santerre "Platelet
Inhibition And Endothelial Cell Adhesion On Elastin-Like Polypeptide Surface
Modified Materials." Biomaterials, 32: 5790-5800,(2011).

Bochicchio, B., A. Pepe And A. M. Tamburro "Investigating By CD The Molecular
Mechanism Of Elasticity Of Elastomeric Proteins." Chirality, 20: 985-994,(2008).

Branco, M. C. And J. P. Schneider "Self-Assembling Materials For Therapeutic
Delivery." Acta Biomaterialia, 5: 817-831,(2009).

Brem, H., S. Piantadosi, P. C. Burger, M. Walker, R. Selker, N. A. Vick, K. Black, M.
Sisti, S. Brem, G. Mohr, P. Muller, R. Morawetz And S. C. Schold
"Placebo-Controlled Trial Of Safety And Efficacy Of Intraoperative Controlled
Delivery By Biodegradable Polymers Of Chemotherapy For Recurrent Gliomas."
Lancet, 345: 1008-1012,(1995).

Broersma, S. "Viscous Force And Torque Constants For A Cylinder." Journal Of
Chemical Physics, 74: 6989-6990,(1981).

Brovchenko, I., R. R. Burri, A. Krukau And A. Oleinikova "Thermal Expansivity Of
Amyloid Beta(16-22) Peptides And Their Aggregates In Water." Physical
Chemistry Chemical Physics, 11: 5035-5040,(2009).

Brovchenko, 1., A. Krukau, N. Smolin, A. Oleinikova, A. Geiger And R. Winter
"Thermal Breaking Of Spanning Water Networks In The Hydration Shell Of
Proteins." Journal Of Chemical Physics, 123,(2005).

Brown, E. M. "Extracellular Ca2+ Sensing, Regulation Of Parathyroid Cell-Function,

And Role Of Ca2+ And Other lons As Extracellular (1st) Messengers."

215



Physiological Reviews, 71: 371-411,(1991).

Burnham, N. L. "Polymers For Delivering Peptides And Proteins." American Journal Of
Hospital Pharmacy, 51: 210-218,(1994).

Butun, V., N. C. Billingham And S. P. Armes "Synthesis Of Shell Cross-Linked Micelles
With Tunable Hydrophilic/Hydrophobic Cores." Journal Of The American
Chemical Society, 120: 12135-12136,(1998).

Butun, V., N. C. Billingham And S. P. Armes "Synthesis Of Shell Cross-Linked Micelles
With Tunable Hydrophilic/Hydrophobic Cores." Journal Of The American
Chemical Society, 120: 12135-12136,(1998).

Cammas, S., K. Suzuki, C. Sone, Y. Sakurai, K. Kataoka And T. Okano
"Thermo-Responsive Polymer Nanoparticles With A Core-Shell Micelle Structure
As Site-Specific Drug Carriers." Journal Of Controlled Release, 48:
157-164,(1997).

Canine, B. F. And A. Hatefi "Development Of Recombinant Cationic Polymers For Gene
Therapy Research." Advanced Drug Delivery Reviews, 62: 1524-1529,(2010).

Cappello, J., J. Crissman, M. Dorman, M. Mikolajczak, G. Textor, M. Marquet And F.
Ferrari "Genetic-Engineering Of Structural Protein Polymers." Biotechnology
Progress, 6: 198-202,(1990).

Cardone, R. A., V. Casavola And S. J. Reshkin "The Role Of Disturbed Ph Dynamics
And The Nat+/H+ Exchanger In Metastasis." Nature Reviews Cancer, 5:
786-795,(2005).

Carlsen, A. And S. Lecommandoux "Self-Assembly Of Polypeptide-Based Block

Copolymer Amphiphiles." Current Opinion In Colloid & Interface Science, 14:

216



329-339,(2009).

Carpino, L. A. And G. Y. Han "9-Fluorenylmethoxycarbonyl Function, A New
Base-Sensitive Amino-Protecting Group." Journal Of The American Chemical
Society, 92: 5748-&,(1970).

Caves, J. M., W. X. Cui, J. Wen, V. A. Kumar, C. A. Haller And E. L. Chaikof
"Elastin-Like Protein Matrix Reinforced With Collagen Microfibers For Soft
Tissue Repair." Biomaterials, 32: 5371-5379,(2011).

Caves, J. M., V. A. Kumar, A. W. Martinez, J. Kim, C. M. Ripberger, C. A. Haller And
E. L. Chaikof "The Use Of Microfiber Composites Of Elastin-Like Protein Matrix
Reinforced With Synthetic Collagen In The Design Of Vascular Grafts."
Biomaterials, 31: 7175-7182,(2010).

Caves, J. M., V. A. Kumar, J. Wen, W. X. Cui, A. Martinez, R. Apkarian, J. E. Coats, K.
Berland And E. L. Chaikof "Fibrillogenesis In Continuously Spun Synthetic
Collagen Fiber." Journal Of Biomedical Materials Research Part B-Applied
Biomaterials, 93B: 24-38,(2010).

Chen, T., X. Guo, X. Liu, S. Shi, J. Wang, C. Shi, Z. Qian And S. Zhou "A Strategy In
The Design Of Micellar Shape For Cancer Therapy." Advanced Healthcare
Materials, 1: 214-224,(2012).

Chen, T. H. H., Y. Bae And D. Y. Furgeson "Intelligent Biosynthetic Nanobiomaterials
(Ibns) For Hyperthermic Gene Delivery." Pharmaceutical Research, 285:
683-691,(2008).

Chen, W. Q., H. Wei, S. L. Li, J. Feng, J. Nie, X. Z. Zhang And R. X. Zhuo "Fabrication

Of  Star-Shaped, = Thermo-Sensitive  Poly(N-Isopropylacrylamide)-Cholic

217



Acid-Poly(Epsilon-Caprolactone) Copolymers And Their Self-Assembled
Micelles As Drug Carriers." Polymer, 49: 3965-3972,(2008).

Chen, X., S. C. Flores, S. M. Lim, Y. J. Zhang, T. L. Yang, J. Kherb And P. S. Cremer
"Specific Anion Effects On Water Structure Adjacent To Protein Monolayers."
Langmuir, 26: 16447-16454,(2010).

Chen, Y. L. And Z. B. Guan "Bioinspired Modular Synthesis Of Elastin-Mimic Polymers
To Probe The Mechanism Of Elastin Elasticity." Journal Of The American
Chemical Society, 132: 4577-+,(2010).

Chiellini, F., A. M. Piras, C. Errico And E. Chiellini "Micro/Nanostructured Polymeric
Systems For Biomedical And Pharmaceutical Applications." Nanomedicine, 3:
367-393,(2008).

Chilkoti, A. "Quantification Of The Effects Of Chain Length And Concentration On The
Thermal Behavior Of Elastin-Like Polypeptides." Biomacromolecules, 5: 846-851
(2004).

Chilkoti, A., T. Christensen And J. A. Mackay "Stimulus Responsive FElastin
Biopolymers: Applications In Medicine And Biotechnology." Current Opinion In
Chemical Biology, 10: 652-657,(2006).

Chilkoti, A., M. R. Dreher And D. E. Meyer "Design Of Thermally Responsive,
Recombinant Polypeptide Carriers For Targeted Drug Delivery." Advanced Drug
Delivery Reviews, 54: 1093-1111,(2002).

Chilkoti, A., M. R. Dreher, D. E. Meyer And D. Raucher "Targeted Drug Delivery By
Thermally Responsive Polymers." Advanced Drug Delivery Reviews, 54:

613-630,(2002).

218



Chilkoti A, D. M., Meyer DE "Design Of Thermally Responsive, Recombinant
Polypeptide Carriers For Targeted Drug Delivery " Advanced Drug Delivery
Reviews 54:1093-1111 (2002).

Cho, Y., L. B. Sagle, S. limura, Y. J. Zhang, J. Kherb, A. Chilkoti, J. M. Scholtz And P.
S. Cremer "Hydrogen Bonding Of Beta-Turn Structure Is Stabilized In D20O."
Journal Of The American Chemical Society, 131: 15188-15193,(2009).

Cho, Y. H., Y. J. Zhang, T. Christensen, L. B. Sagle, A. Chilkoti And P. S. Cremer
"Effects Of Hofmeister Anions On The Phase Transition Temperature Of
Elastin-Like Polypeptides." Journal Of Physical Chemistry B, 112:
13765-13771,(2008).

Chow, D., M. L. Nunalee, D. W. Lim, A. J. Simnick And A. Chilkoti "Peptide-Based
Biopolymers In Biomedicine And Biotechnology." Materials Science &
Engineering R-Reports, 62: 125-155,(2008).

Christensen, T., M. Amiram, S. Dagher, K. Trabbic-Carlson, M. F. Shamji, L. A. Setton
And A. Chilkoti "Fusion Order Controls Expression Level And Activity Of
Elastin-Like =~ Polypeptide = Fusion  Proteins."  Protein  Science, 18:
1377-1387,(2009).

Christensen, T., K. Trabbic-Carlson, W. G. Liu And A. Chilkoti "Purification Of
Recombinant Proteins From Escherichia Coli At Low Expression Levels By
Inverse Transition Cycling." Analytical Biochemistry, 360: 166-168,(2007).

Chung, J. E., M. Yokoyama And T. Okano "Inner Core Segment Design For Drug
Delivery Control Of Thermo-Responsive Polymeric Micelles." Journal Of

Controlled Release, 65: 93-103,(2000).

219



Chung, J. E., M. Yokoyama, M. Yamato, T. Aoyagi, Y. Sakurai And T. Okano
"Thermo-Responsive Drug Delivery From Polymeric Micelles Constructed Using
Block Copolymers of Poly(N-Isopropylacrylamide) And
Poly(Butylmethacrylate)." Journal Of Controlled Release, 62: 115-127,(1999).

Cirulis, J. T. And F. W. Keeley "Kinetics And Morphology Of Self-Assembly Of An
Elastin-Like Polypeptide Based On The Alternating Domain Arrangement Of
Human Tropoelastin." Biochemistry, 49: 5726-5733,(2010).

Collighan, R. J. And M. Griffin "Transglutaminase 2 Cross-Linking Of Matrix Proteins:
Biological Significance And Medical Applications." Amino Acids, 36:
659-670,(2009).

Conley, A. J., J. J. Joensuu, A. M. Jevnikar, R. Menassa And J. E. Brandle "Optimization
Of Elastin-Like Polypeptide Fusions For Expression And Purification Of
Recombinant Proteins In Plants." Biotechnology And Bioengineering, 103:
562-573,(2009).

Conley, A. J., J. J. Joensuu, A. Richman And R. Menassa "Protein Body-Inducing
Fusions For High-Level Production And Purification Of Recombinant Proteins In
Plants." Plant Biotechnology Journal, 9: 419-433,(2011).

Conrad, U., I. Plagmann, S. Malchow, M. Sack, D. M. Floss, A. A. Kruglov, S. A.
Nedospasov, S. Rose-John And J. Scheller "Elpylated Anti-Human TNF
Therapeutic Single-Domain Antibodies For Prevention Of Lethal Septic Shock."
Plant Biotechnology Journal, 9: 22-31,(2011).

Cook, K. M. And W. D. Figg "Angiogenesis Inhibitors: Current Strategies And Future

Prospects." Ca-A Cancer Journal For Clinicians, 60: 222-243,(2010).

220



Cook, W. J., H. Einspahr, T. L. Trapane, D. W. Urry And C. E. Bugg "Crystal Structure
And Conformation Of The Cyclic Trimer Of A Repeat Pentapeptide Of Elastin,
Cyclo-(L-Val-L-Pro-gly-L-Val-gly)3." Journal Of The American Chemical
Society, 102: 5502-5505,(1980).

Costa, R. R., C. A. Custodio, A. M. Testero, F. J. Arias, J. C. Rodriguez-Cabello, N. M.
Alves And J. F. Mano "Stimuli-Responsive Thin Coatings Using Elastin-Like
Polymers For Biomedical Applications." Advanced Functional Materials, 19:
3210-3218,(2009).

Crespy, D. And R. N. Rossi "Temperature-Responsive Polymers With LCST In The
Physiological Range And Their Applications In Textiles." Polymer International,
56: 1461-1468,(2007).

Daamen, W. F., J. H. Veerkamp, J. C. M. Van Hest And T. H. Van Kuppevelt "Elastin As
A Biomaterial For Tissue Engineering." Biomaterials, 28: 4378-4398,(2007).

Dai, M., J. Haghpanah, N. Singh, E. W. Roth, A. Liang, R. S. Tu And J. K. Montclare
"Artificial Protein Block Polymer Libraries Bearing Two Sads: Effects Of Elastin
Domain Repeats." Biomacromolecules, 12: 4240-4246,(2011).

Dandu, R. And H. Ghandehari "Delivery Of Bioactive Agents From Recombinant
Polymers." Progress In Polymer Science, 32: 1008-1030,(2007).

Das, M., S. Mardyani, W. C. W. Chan And E. Kumacheva "Biofunctionalized
Ph-Responsive Microgels For Cancer Cell Targeting: Rational Design." Advanced
Materials, 18: 80-83,(20006).

Dash, B. C., S. Mahor, O. Carroll, A. Mathew, W. X. Wang, K. A. Woodhouse And A.

Pandit "Tunable Elastin-Like Polypeptide Hollow Sphere As A High Payload

221



And Controlled Delivery Gene Depot." Journal Of Controlled Release, 152:
382-392,(2011).

Davis, N. E., S. Ding, R. E. Forster, D. M. Pinkas And A. E. Barron "Modular
Enzymatically Crosslinked Protein Polymer Hydrogels For In Situ Gelation."
Biomaterials, 31: 7288-7297,(2010).

De La Rica, R. And H. Matsui "Applications Of Peptide And Protein-Based Materials In
Bionanotechnology." Chemical Society Reviews, 39: 3499-3509,(2010).

Depan, D., L. Saikia And R. P. Singh "Ultrasound-Triggered Release Of Ibuprofen From
A Chitosan-Mesoporous Silica Composite - A Novel Approach For Controlled
Drug Release." Macromolecular Symposia, 287: 80-88,(2010).

Di Zio, K. And D. A. Tirrell "Mechanical Properties Of Artificial Protein Matrices
Engineered For Control Of Cell And Tissue Behavior." Macromolecules, 36:
1553-1558,(2003).

Diehl, M. R., K. C. Zhang, H. J. Lee And D. A. Tirrell "Engineering Cooperativity In
Biomotor-Protein Assemblies." Science, 311: 1468-1471,(2006).

Dong, H. J., L. Nilsson And C. G. Kurland "Co-Variation Of Trna Abundance And
Codon Usage In Escherichia Coli At Different Growth Rates." Journal Of
Molecular Biology, 260: 649-663,(1996).

Dreher, M. R., W. G. Liu, C. R. Michelich, M. W. Dewhirst, F. Yuan And A. Chilkoti
"Tumor Vascular Permeability, Accumulation, And Penetration Of
Macromolecular Drug Carriers." Journal Of The National Cancer Institute, 98:
335-344,(2006).

Dreher, M. R., D. Raucher, N. Balu, O. M. Colvin, S. M. Ludeman And A. Chilkoti

222



"Evaluation Of An Elastin-Like Polypeptide-Doxorubicin Conjugate For Cancer
Therapy." Journal Of Controlled Release, 91: 31-43,(2003).

Dreher, M. R., A. J. Simnick, K. Fischer, R. J. Smith, A. Patel, M. Schmidt And A.
Chilkoti "Temperature Triggered Self-Assembly Of Polypeptides Into Multivalent
Spherical Micelles." Journal Of The American Chemical Society, 130:
687-694,(2008).

D'Souza, A. J. M., D. S. Hart, C. R. Middaugh And S. H. Gehrke "Characterization Of
The Changes In Secondary Structure And Architecture Of Elastin-Mimetic
Triblock Polypeptides During Thermal Gelation." Macromolecules, 39:
7084-7091,(2006).

Duncan, R. "The Dawning Era Of Polymer Therapeutics." Nature Reviews Drug
Discovery, 2: 347-360,(2003).

Duncan, R. "The Dawning Era Of Polymer Therapeutics." Nature Reviews Drug
Discovery, 2: 347-360,(2003).

Eddington, D. T. And D. J. Beebe "Flow Control With Hydrogels." Advanced Drug
Delivery Reviews, 56: 199-210,(2004).

Edelman, E. R., L. Brown, J. Taylor And R. Langer "Invitro And Invivo Kinetics Of
Regulated Drug Release From Polymer Matrices By  Oscillating
Magnetic-Fields."  Journal ~Of Biomedical Materials  Research, 21:
339-353,(1987).

Ehrlich, P. "Die Aufgaben Der Chemotherapie." Frankfurter Zeitung Und
Handelsblatt: Zweites Morgenblatt, 51,(1906).

Eichenbaum, G. M., P. F. Kiser, S. A. Simon And D. Needham "Ph And Ion-Triggered

223



Volume Response Of Anionic Hydrogel Microspheres." Macromolecules, 31:
5084-5093,(1998).

Engel, J. And R. A. Kammerer (2000). What Are Oligomerization Domains Good For?

Feyerabend, T., R. Steeves, B. Jager, G. J. Wiedemann, K. Sommer, E. Richter, D. M.
Katschinski And H. I. Robins "Local Hyperthermia, Hyperfractionated Radiation,
And Cisplatin In Preirradiated Recurrent Lymph Node Metastases Of Recurrent
Head And Neck Cancer." International Journal Of Oncology, 10: 591-595,(1997).

Fischer, S. E., L. X. Mi, H. Q. Mao And J. L. Harden "Biofunctional Coatings Via
Targeted Covalent Cross-Linking Of Associating Triblock Proteins."
Biomacromolecules, 10: 2408-2417,(2009).

Floss, D. M., M. Sack, E. Arcalis, J. Stadlmann, H. Quendler, T. Rademacher, E. Stoger,
J. Scheller, R. Fischer And U. Conrad "Influence Of Elastin-Like Peptide Fusions
On The Quantity And Quality Of A Tobacco-Derived Human Immunodeficiency
Virus-Neutralizing Antibody." Plant Biotechnology Journal, 7: 899-913,(2009).

Floss, D. M., K. Schallau, S. Rose-John, U. Conrad And J. Scheller "Elastin-Like
Polypeptides Revolutionize Recombinant Protein Expression And Their
Biomedical Application." Trends In Biotechnology, 28: 37-45,(2010).

Fluegel, S., K. Fischer, J. R. Mcdaniel, A. Chilkoti And M. Schmidt "Chain Stiffness Of
Elastin-Like Polypeptides." Biomacromolecules, 11: 3216-3218,(2010).

Fong, B. A., A. R. Gillies, I. Ghazi, G. Leroy, K. C. Lee, L. F. Westblade And D. W.
Wood "Purification Of Escherichia Coli RNA Polymerase Using A Self-Cleaving
Elastin-Like Polypeptide Tag." Protein Science, 19: 1243-1252,(2010).

Fong, B. A. And D. W. Wood "Expression And Purification Of ELP-Intein-Tagged

224



Target Proteins In High Cell Density E-Coli Fermentation." Microbial Cell
Factories, 9,(2010).

Fong, B. A.,, W. Y. Wu And D. W. Wood "Optimization Of ELP-Intein Mediated Protein
Purification By Salt Substitution." Protein Expression And Purification, 66:
198-202,(2009).

Fong, B. A.,, W. Y. Wu And D. W. Wood "The Potential Role Of Self-Cleaving
Purification Tags In Commercial-Scale Processes." Trends In Biotechnology, 28:
272-279,(2010).

Forster, S. And M. Antonietti "Amphiphilic Block Copolymers In Structure-Controlled
Nanomaterial Hybrids." Advanced Materials, 10: 195,(1998).

Forster, S. And M. Antonietti "Amphiphilic Block Copolymers In Structure-Controlled
Nanomaterial Hybrids." Advanced Materials, 10: 195,(1998).

Frank, H. S. E., M.W Journal Of Chemical Physics, 13: 507-532,(1945).

Frank, S., R. A. Kammerer, D. Mechling, T. Schulthess, R. Landwehr, J. Bann, Y. Guo,
A. Lustig, H. P. Bachinger And J. Engel "Stabilization Of Short Collagen-Like
Triple Helices By Protein Engineering." Journal Of Molecular Biology, 308:
1081-1089,(2001).

Frey, W., D. E. Meyer And A. Chilkoti "Thermodynamically Reversible Addressing Of
A Stimuli Responsive Fusion Protein Onto A Patterned Surface Template."
Langmuir, 19: 1641-1653,(2003).

Fujimoto, M., M. Hara, T. Hayashi And M. Furuta "Effect Of Heating Process On The
Formation Of Nanoparticles Of Elastin Model Polypeptide, (GVGVP)(251), By

Gamma-Ray Crosslinking." Polymer Bulletin, 64: 707-716,(2010).

225



Fujita, Y., H. Funabashi, M. Mie And E. Kobatake "Design Of A Thermocontrollable
Protein Complex." Bioconjugate Chemistry, 18: 1619-1624,(2007).

Fujita, Y., H. Funabashi, M. Mie And E. Kobatake "Design Of A Thermocontrollable
Protein Complex." Bioconjugate Chemistry, 18: 1619-1624,(2007).

Fujita, Y., M. Mie And E. Kobatake "Construction Of Nanoscale Protein Particle Using
Temperature-Sensitive Elastin-Like Peptide And Polyaspartic Acid Chain."
Biomaterials, 30: 3450-3457,(2009).

Fujita Y, F. H., Mie M, Et Al "Design Of A Thermocontrollable Protein Complex "
Bioconjugate Chemistry  18: 1619-1624  (2007).

Furgeson, D. Y., M. R. Dreher And A. Chilkoti "Structural Optimization Of A "Smart"
Doxorubicin-Polypeptide Conjugate For Thermally Targeted Delivery To Solid
Tumors." Journal Of Controlled Release, 110: 362-369,(20006).

Gao, D., N. Mcbean, J. S. Schultz, Y. S. Yan, A. Mulchandani And W. F. Chen
"Fabrication Of Antibody Arrays Using Thermally Responsive Elastin Fusion
Proteins." Journal Of The American Chemical Society, 128: 676-677,(2006).

Garcia, Y., N. Hemantkumar, R. Collighan, M. Griffin, J. C. Rodriguez-Cabello And A.
Pandit "In Vitro Characterization Of A Collagen Scaffold Enzymatically
Cross-Linked With A Tailored Elastin-Like Polymer." Tissue Engineering Part A,
15: 887-899,(2009).

Ge, X., A. J. Conley, J. E. Brandle, R. Truant And C. D. M. Filipe "In Vivo Formation Of
Protein Based Aqueous Microcompartments." Journal Of The American Chemical
Society, 131: 9094-9099,(2009).

Ge, X. And C. D. M. Filipe "Simultaneous Phase Transition Of ELP Tagged Molecules

226



And Free ELP: An Efficient And Reversible Capture System."
Biomacromolecules, 7: 2475-2478,(2006).

Ge, X., T. Hoare And C. D. M. Filipe "Protein-Based Aqueous-Multiphasic Systems."
Langmuir, 26: 4087-4094,(2010).

Ge, X., D. S. C. Yang, K. Trabbic-Carlson, B. Kim, A. Chilkoti And C. D. M. Filipe
"Self-Cleavable Stimulus Responsive Tags For Protein Purification Without
Chromatography." Journal Of The American Chemical Society, 127:
11228-11229,(2005).

Ghoorchian, A., J. T. Cole And N. B. Holland "Thermoreversible Micelle Formation
Using A Three-Armed Star Elastin-Like Polypeptide." Macromolecules, 43:
4340-4345,(2010).

Ghoorchian, A. And N. B. Holland "Molecular Architecture Influences The Thermally
Induced  Aggregation  Behavior Of  Elastin-Like Polypeptides."
Biomacromolecules, 12: 4022-4029,(2011).

Gil, E. S. And S. M. Hudson "Stimuli-Reponsive Polymers And Their Bioconjugates."
Progress In Polymer Science, 29: 1173-1222,(2004).

Gill, S. C. And P. H. Vonhippel "Calculation Of Protein Extinction Coefficients From
Amino-Acid Sequence Data." Analytical Biochemistry, 182: 319-326,(1989).

Gillies, A. R., J. F. Hsii, S. Oak And D. W. Wood "Rapid Cloning And Purification Of
Proteins: Gateway Vectors For Protein Purification By Self-Cleaving Tags."
Biotechnology And Bioengineering, 101: 229-240,(2008).

Girotti, A., J. Reguera, F. J. Arias, M. Alonso, A. M. Testera And J. C.

Rodriguez-Cabello "Influence Of The Molecular Weight On The Inverse

227



Temperature Transition Of A Model Genetically Engineered Elastin-Like
Ph-Responsive Polymer." Macromolecules, 37: 3396-3400,(2004).

Girotti, A., J. Reguera, J. C. Rodriguez-Cabello, F. J. Arias, M. Alonso And A. M.
Testera "Design And Bioproduction Of A Recombinant Multi(Bio)Functional
Elastin-Like Protein Polymer Containing Cell Adhesion Sequences For Tissue
Engineering Purposes." Journal Of Materials Science-Materials In Medicine, 15:
479-484,(2004).

Glaves, R., M. Baer, E. Schreiner, R. Stoll And D. Marx "Conformational Dynamics Of
Minimal Elastin-Like Polypeptides: The Role Of Proline Revealed By Molecular
Dynamics And Nuclear Magnetic Resonance."  Chemphyschem, 9:
2759-2765,(2008).

Gobin, A. S. And J. L. West "Val-Ala-Pro-Gly, An Elastin-Derived Non-Integrin Ligand:
Smooth Muscle Cell Adhesion And Specificity." Journal Of Biomedical
Materials Research Part A, 67TA: 255-259,(2003).

Gosline, J. M. "Hydrophobic Interaction And A Model For Elasticity Of Elastin."
Biopolymers, 17: 677-695,(1978).

Gras, S. L., T. Mahmud, G. Rosengarten, A. Mitchell And K. Kalantar-Zadeh "Intelligent
Control Of Surface Hydrophobicity." Chemphyschem, 8: 2036-2050,(2007).

Gref, R., Y. Minamitake, M. T. Peracchia, V. Trubetskoy, V. Torchilin And R. Langer
"Biodegradable Long-Circulating Polymeric Nanospheres." Science, 263:
1600-1603,(1994).

Greg, H. "Bioconjugate Techniques."(2008).

Gregoria.G, E. J. Wills, C. P. Swain And A. S. Tavill "Drug-Carrier Potential Of

228



Liposomes In Cancer Chemotherapy." Lancet, 1: 1313-1316,(1974).

Grieshaber, S. E., A. J. E. Farran, S. Lin-Gibson, K. L. Kiick And X. Q. Jia "Synthesis
And Characterization Of Elastin-Mimetic Hybrid Polymers With Multiblock,
Alternating  Molecular ~ Architecture = And  Elastomeric ~ Properties."
Macromolecules, 42: 2532-2541,(2009).

Gros, L., H. Ringsdorf And H. Schupp "Polymeric Anti-Tumor Agents On A Molecular
And On A Cellular-Level." Angewandte Chemie-International Edition In English,
20: 305-325,(1981).

Gros, L., H. Ringsdorf And H. Schupp "Polymeric Anti-Tumor Agents On A Molecular
And On A Cellular-Level." Angewandte Chemie-International Edition In English,
20: 305-325,(1981).

Gross, P. C., W. Possart And M. Zeppezauer "An Alternative Structure Model For The
Polypentapeptide In Elastin." Zeitschrift Fur Naturforschung C-A Journal Of
Biosciences, 58: 873-878,(2003).

Guantieri, V., S. Grando, L. Pandolfo And A. M. Tamburro "Synthetic Fragments And
Analogs Of Elastin .1. The Synthesis." Biopolymers, 29: 845-854,(1990).

Gupta, B., T. S. Levchenko And V. P. Torchilin "Intracellular Delivery Of Large
Molecules And Small Particles By Cell-Penetrating Proteins And Peptides."
Advanced Drug Delivery Reviews, 57: 637-651,(2005).

Guthe, S., L. Kapinos, A. Moglich, S. Meier, S. Grzesiek And T. Kiethaber "Very Fast
Folding And Association Of A Trimerization Domain From Bacteriophage T4
Fibritin." Journal Of Molecular Biology, 337: 905-915,(2004).

Hafemann, B., S. Ensslen, C. Erdmann, R. Niedballa, A. Zuhlke, K. Ghofrani And C. J.

229



Kirkpatrick "Use Of A Collagen/Elastin-Membrane For The Tissue Engineering
Of Dermis." Burns, 25: 373-384,(1999).

Hafemann, B., K. Ghofrani, H. G. Gattner, H. Stieve And N. Pallua "Cross-Linking By
1-Ethyl-3-(3-Dimethylaminopropyl)-Carbodiimide (EDC) Of A Collagen/Elastin
Membrane Meant To Be Used As A Dermal Substitute: Effects On Physical,
Biochemical And Biological Features In Vitro." Journal Of Materials
Science-Materials In Medicine, 12: 437-446,(2001).

Haghpanah, J. S., C. Yuvienco, D. E. Civay, H. Barra, P. J. Baker, S. Khapli, N.
Voloshchuk, S. K. Gunasekar, M. Muthukumar And J. K. Montclare "Artificial
Protein Block Copolymers Blocks Comprising Two Distinct Self-Assembling
Domains." Chembiochem, 10: 2733-2735,(2009).

Haghpanah, J. S., C. Yuvienco, E. W. Roth, A. Liang, R. S. Tu And J. K. Montclare
"Supramolecular Assembly And Small Molecule Recognition By Genetically

"

Engineered Protein Block Polymers Composed Of Two Sads." Molecular
Biosystems, 6: 1662-1667,(2010).

Hallbrink, M., A. Floren, A. Elmquist, M. Pooga, T. Bartfai And U. Langel "Cargo
Delivery Kinetics Of Cell-Penetrating Peptides." Biochimica Et Biophysica
Acta-Biomembranes, 1515: 101-109,(2001).

Hamidi, M., P. Rafiei And A. Azadi "Designing Pegylated Therapeutic Molecules:
Advantages In ADMET Properties." Expert Opinion On Drug Discovery, 3:
1293-1307,(2008).

Han, S. C., W. D. He, J. Li, L. Y. Li And X. L. Sun "Ph-Responsive Self-Assembled

Nanoparticles Of Simulated P(AA-Co-SA)-G-PEG For Drug Release." Journal

230



Of Macromolecular Science Part A-Pure And Applied Chemistry, 46:
886-891,(2009).

Harmon, M. E., M. Tang And C. W. Frank "A Microfluidic Actuator Based On
Thermoresponsive Hydrogels." Polymer, 44: 4547-4556,(2003).

Hart, D. S. And S. H. Gehrke "Thermally Associating Polypeptides Designed For Drug
Delivery Produced By Genetically Engineered Cells." Journal Of Pharmaceutical
Sciences, 96: 484-516,(2007).

Haslik, W., L. P. Kamolz, F. Manna, M. Hladik, T. Rath And M. Frey "Management Of
Full-Thickness Skin Defects In The Hand And Wrist Region: First Long-Term
Experiences With The Dermal Matrix Matriderm (R)." Journal Of Plastic
Reconstructive And Aesthetic Surgery, 63: 360-364,(2010).

Hasobe, T. "Supramolecular Nanoarchitectures For Light Energy Conversion." Physical
Chemistry Chemical Physics, 12: 44-57,(2010).

Hatakeyama, H., H. Akita And H. Harashima "A Multifunctional Envelope Type Nano
Device (MEND) For Gene Delivery To Tumours Based On The EPR Effect: A
Strategy For Overcoming The PEG Dilemma." Advanced Drug Delivery Reviews,
63: 152-160,(2011).

He, J. J., X. X. Qi, Y. P. Maio, H. L. Wu, N. Y. He And J. J. Zhu "Application Of Smart
Nanostructures In Medicine." Nanomedicine, 5: 1129-1138,(2010).

Heilshorn, S. C., J. C. Liu And D. A. Tirrell "Cell-Binding Domain Context Affects Cell
Behavior On Engineered Proteins." Biomacromolecules, 6: 318-323,(2005).

Heitz, F., M. C. Morris And G. Divita "Twenty Years Of Cell-Penetrating Peptides: From

Molecular Mechanisms To Therapeutics." British Journal Of Pharmacology, 157:

231



195-206,(2009).

Hennink, W. E. And C. F. Van Nostrum "Novel Crosslinking Methods To Design
Hydrogels." Advanced Drug Delivery Reviews, 54: 13-36,(2002).

Herrero-Vanrell, R., A. C. Rincon, M. Alonso, V. Reboto, I. T. Molina-Martinez And J.
C. Rodriguez-Cabello "Self-Assembled Particles Of An Elastin-Like Polymer As
Vehicles For Controlled Drug Release." Journal Of Controlled Release, 102:
113-122,(2005).

Hersel, U., C. Dahmen And H. Kessler "RGD Modified Polymers: Biomaterials For
Stimulated Cell Adhesion And Beyond." Biomaterials, 24: 4385-4415,(2003).

Hoban, L. D., M. Pierce, J. Quance, I. Hayward, A. Mckee, D. C. Gowda, D. W. Urry
And T. Williams "Use Of Polypentapeptides Of Elastin To Prevent Postoperative
Adhesions: Efficacy In A Contaminated Peritoneal Model." Journal Of Surgical
Research, 56: 179-183,(1994).

Hoeve, C. A. J. And P. J. Flory "The Elastic Properties Of Elastinl,2." Journal Of The
American Chemical Society, 80: 6523-6526,(1958).

Hoeve, C. A. J. And P. J. Flory "The Elastic Properties Of Elastin." Biopolymers, 13:
677-686,(1974).

Hollister, S. J. "Scaffold Design And Manufacturing: From Concept To Clinic."
Advanced Materials, 21: 3330-3342,(2009).

Hrabchak, C., J. Rouleau, I. Moss, K. Woodhouse, M. Akens, C. Bellingham, F. Keeley,
M. Dennis And A. Yee "Assessment Of Biocompatibility And Initial Evaluation
Of Genipin Cross-Linked Elastin-Like Polypeptides In The Treatment Of An

Osteochondral Knee Defect In Rabbits." Acta Biomaterialia, 6:

232



2108-2115,(2010).

Hu, F., T. Ke, X. Li, P. H. Mao, X. Jin, F. L. Hui, X. D. Ma And L. X. Ma "Expression
And Purification Of An Antimicrobial Peptide By Fusion With Elastin-Like
Polypeptides In Escherichia Coli." Applied Biochemistry And Biotechnology, 160:
2377-2387,(2010).

Hu, F., T. Ke, X. Li, P. H. Mao, X. Jin, F. L. Hui, X. D. Ma And L. X. Ma "Expression
And Purification Of An Antimicrobial Peptide By Fusion With Elastin-Like
Polypeptides In Escherichia Coli." Applied Biochemistry And Biotechnology, 160:
2377-2387,(2010).

Huang, H. C., P. Koria, S. M. Parker, L. Selby, Z. Megeed And K. Rege "Optically
Responsive  Gold  Nanorod-Polypeptide ~ Assemblies."  Langmuir, 24:
14139-14144,(2008).

Huang, L., R. A. Mcmillan, R. P. Apkarian, B. Pourdeyhimi, V. P. Conticello And E. L.
Chaikof "Generation Of Synthetic Elastin-Mimetic Small Diameter Fibers And
Fiber Networks." Macromolecules, 33: 2989-2997,(2000).

Hyun, J., W. K. Lee, N. Nath, A. Chilkoti And S. Zauscher "Capture And Release Of
Proteins On The Nanoscale By Stimuli-Responsive Elastin-Like Polypeptide
"Switches"." Journal Of The American Chemical Society, 126: 7330-7335,(2004).

Idota, N., T. Tsukahara, K. Sato, T. Okano And T. Kitamori "The Use Of Electron Beam
Lithographic ~ Graft-Polymerization On Thermoresponsive Polymers For
Regulating The Directionality Of Cell Attachment And Detachment."
Biomaterials, 30: 2095-2101,(2009).

Ikemoto, S., M. Mochizuki, M. Yamada, A. Takeda, E. Uchinuma, S. Yamashina, M.

233



Nomizu And Y. Kadoya "Laminin Peptide-Conjugated Chitosan Membrane:
Application For Keratinocyte Delivery In Wounded Skin." Journal Of Biomedical
Materials Research Part A, T9A: 716-722,(2006).

Ionov, L. "Actively-Moving Materials Based On Stimuli-Responsive Polymers." Journal
Of Materials Chemistry, 20: 3382-3390,(2010).

Israelachvili, J., J. Mitchell And B. Ninham "Theory Of Self-Assembly Of Hydrocarbon
Amphiphiles Into Micelles And Bilayers." J. Chem. Soc., Faraday Trans. 2, 72:
1525-1568,(1976).

Itoh, S., A. Matsuda, H. Kobayashi, S. Ichinose, K. Shinomiya And J. Tanaka "Effects Of
A Laminin Peptide (YIGSR) Immobilized On Crab-Tendon Chitosan Tubes On
Nerve Regeneration." Journal Of Biomedical Materials Research Part B-Applied
Biomaterials, 73B: 375-382,(2005).

Jain, R. K. "Delivery Of Novel Therapeutic Agents In Tumors - Physiological Barriers
And Strategies." Journal Of The National Cancer Institute, 81: 570-576,(1989).

Jain, R. K. "Barriers To Drug-Delivery In Solid Tumors." Scientific American, 271:
58-65,(1994).

Jain, R. K. "Transport Of Molecules, Particles, And Cells In Solid Tumors." Annual
Review Of Biomedical Engineering, 1: 241-263,(1999).

Janorkar, A. V., P. Rajagopalan, M. L. Yarmush And Z. Megeed "The Use Of
Elastin-Like Polypeptide-Polyelectrolyte Complexes To Control Hepatocyte
Morphology And Function In Vitro." Biomaterials, 29: 625-632,(2008).

Jeon, G., S. Y. Yang, J. Byun And J. K. Kim "Electrically Actuatable Smart Nanoporous

Membrane For Pulsatile Drug Release." Nano Letters, 11: 1284-1288,(2011).

234



Jeon, W. B., B. H. Park, J. Wei And R. W. Park "Stimulation Of Fibroblasts And
Neuroblasts On A Biomimetic Extracellular Matrix Consisting Of Tandem
Repeats Of The Elastic VGVPG Domain And RGD Motif." Journal Of
Biomedical Materials Research Part A, 97TA: 152-157,(2011).

Jette, K. K., D. Law, E. A. Schmitt And G. S. Kwon "Preparation And Drug Loading Of
Poly(Ethylene Glycol)-Block-Poly(Epsilon-Caprolactone) Micelles Through The
Evaporation Of A Cosolvent Azeotrope." Pharmaceutical Research, 21:
1184-1191,(2004).

Jiang, X., S. Luo, S. P. Armes, W. Shi And S. Liu "UV Irradiation-Induced Shell
Cross-Linked Micelles With Ph-Responsive Cores Using ABC Triblock
Copolymers." Macromolecules, 39: 5987-5994,(2006).

Jones, E. L., T. V. Samulski, M. W. Dewhirst, A. Alvarez-Secord, A. Berchuck, D.
Clarke-Pearson, L. J. Havrilesky, J. Soper And L. R. Prosnitz (2003). A Pilot
Phase II Trial of Concurrent Radiotherapy, Chemotherapy, And Hyperthermia For
Locally Advanced Cervical Carcinoma.

Jordan, S. W. And E. L. Chaikof "Novel Thromboresistant Materials." Journal Of
Vascular Surgery, 45: 104A-115A,(2007).

Jordan, S. W., C. A. Haller, R. E. Sallach, R. P. Apkarian, S. R. Hanson And E. L.
Chaikof "The Effect Of A Recombinant Elastin-Mimetic Coating Of An Eptfe
Prosthesis On Acute Thrombogenicity In A Baboon Arteriovenous Shunt."
Biomaterials, 28: 1191-1197,(2007).

Jung, J. P., J. V. Moyano And J. H. Collier "Multifactorial Optimization Of Endothelial

Cell Growth Using Modular Synthetic Extracellular Matrices." Integrative

235



Biology, 3: 185-196,(2011).

Jung, Y., H. Bayley And L. Movileanu "Temperature-Responsive Protein Pores." Journal
Of The American Chemical Society, 128: 15332-15340,(2006).

Junger, A., D. Kaufmann, T. Scheibel And R. Weberskirch "Biosynthesis Of An
Elastin-Mimetic Polypeptide With Two Different Chemical Functional Groups
Within The Repetitive Elastin Fragment." Macromolecular Bioscience, S:
494-501,(2005).

Jungwirth, P. And B. Winter (2008). Ions At Aqueous Interfaces: From Water Surface To
Hydrated Proteins. Annual Review Of Physical Chemistry. 59: 343-366.

Kagan, H. M., L. Tseng, P. C. Trackman, K. Okamoto, R. S. Rapaka And D. W. Urry
"REPEAT POLYPEPTIDE MODELS OF ELASTIN AS SUBSTRATES FOR
LYSYL OXIDASE." Journal Of Biological Chemistry, 255: 3656-3659,(1980).

Kakizawa, Y., A. Harada And K. Kataoka "Environment-Sensitive Stabilization Of
Core-Shell Structured Polyion Complex Micelle By Reversible Cross-Linking Of
The Core Through Disulfide Bond." Journal Of The American Chemical Society,
121: 11247-11248,(1999).

Kakizawa, Y. And K. Kataoka "Block Copolymer Micelles For Delivery Of Gene And
Related Compounds." Advanced Drug Delivery Reviews, 54: 203-222,(2002).

Kannan, R. Y., H. J. Salacinski, P. E. Butler, G. Hamilton And A. M. Seifalian "Current
Status Of Prosthetic Bypass Grafts: A Review." Journal Of Biomedical Materials
Research Part B-Applied Biomaterials, 74B: 570-581,(2005).

Karle, I. L. And D. W. Urry "Crystal Structure Of Cyclic (APGVGV)(2,) An Analog Of

Elastin, And A Suggested Mechanism For Elongation/Contraction Of The

236



Molecule." Biopolymers, 77: 198-204,(2005).

Kasapis, S., E. R. Morris, I. T. Norton And C. R. T. Brown "Phase-Equilibria And
Gelation In Gelatin Maltodextrin Systems .3. Phase-Separation In Mixed Gels."
Carbohydrate Polymers, 21: 261-268,(1993).

Kasemo, B. "Biological Surface Science." Surface Science, 500: 656-677,(2002).

Kataoka, K., A. Harada And Y. Nagasaki "Block Copolymer Micelles For Drug
Delivery: Design, Characterization And Biological Significance." Advanced Drug
Delivery Reviews, 47: 113-131,(2001).

Kataoka, K., G. S. Kwon, M. Yokoyama, T. Okano And Y. Sakurai "Block-Copolymer
Micelles As Vehicles For Drug Delivery." Journal Of Controlled Release, 24:
119-132,(1993).

Kaufmann, D., A. Fiedler, A. Junger, J. Auernheimer, H. Kessler And R. Weberskirch
"Chemical Conjugation Of Linear And Cyclic RGD Moieties To A Recombinant
Elastin-Mimetic Polypeptide - A Versatile Approach Towards Bioactive Protein
Hydrogels." Macromolecular Bioscience, 8: 577-588,(2008).

Kaufmann, D. And R. Weberskirch "Efficient Synthesis Of Protein-Drug Conjugates
Using A Functionalizable Recombinant Elastin-Mimetic Polypeptide."
Macromolecular Bioscience, 6: 952-958,(2006).

Keeley, F. W., C. M. Bellingham And K. A. Woodhouse "Elastin As A Self-Organizing
Biomaterial: Use Of Recombinantly Expressed Human Elastin Polypeptides As A
Model For Investigations Of Structure And Self-Assembly Of Elastin."
Philosophical Transactions Of The Royal Society Of London Series B-Biological

Sciences, 357: 185-189,(2002).

237



Kim, B. And A. Chilkoti "Allosteric Actuation Of Inverse Phase Transition Of A
Stimulus-Responsive Fusion Polypeptide By Ligand Binding." Journal Of The
American Chemical Society, 130: 17867-17873,(2008).

Kim, J. H. And T. R. Lee "Thermo- And PH-Responsive Hydrogel-Coated Gold
Nanoparticles." Chemistry Of Materials, 16: 3647-3651,(2004).

Kim, J. Y., A. Mulchandani And W. Chen "Temperature-Triggered Purification Of
Antibodies." Biotechnology And Bioengineering, 90: 373-379,(2005).

Kim, J. Y., S. O'Malley, A. Mulchandani And W. Chen "Genetically Engineered
Elastin-Protein A Fusion As A Universal Platform For Homogeneous,
Phase-Separation Immunoassay." Analytical Chemistry, 77: 2318-2322,(2005).

Kim, W. And E. L. Chaikof "Recombinant Elastin-Mimetic Biomaterials: Emerging
Applications In Medicine." Advanced Drug Delivery Reviews, 62:
1468-1478,(2010).

Kim, W. And V. P. Conticello "Protein Engineering Methods For Investigation Of
Structure-Function Relationships In Protein-Based Elastomeric Materials."
Polymer Reviews, 47: 93-119,(2007).

Kim, W., J. Thevenot, E. Ibarboure, S. Lecommandoux And E. L. Chaikof
"Self-Assembly Of Thermally Responsive Amphiphilic Diblock Copolypeptides
Into Spherical Micellar Nanoparticles." Angewandte Chemie-International
Edition, 49: 4257-4260,(2010).

Kimoto, M. K. M., R. S. Cox And 1. Hirao "Unnatural Base Pair Systems For Sensing
And Diagnostic Applications." Expert Review Of Molecular Diagnostics, 11:

321-331,(2011).

238



Kinikoglu, B., J. C. Rodriguez-Cabello, O. Damour And V. Hasirci "A Smart Bilayer
Scaffold Of Elastin-Like Recombinamer And Collagen For Soft Tissue
Engineering." Journal Of Materials Science-Materials In Medicine, 22:
1541-1554,(2011).

Kolbe, A., L. L. Del Mercato, A. Z. Abbasi, P. Rivera-Gil, S. J. Gorzini, W. H. C.
Huibers, B. Poolman, W. J. Parak And A. Herrmann "De Novo Design Of
Supercharged, Unfolded Protein Polymers, And Their Assembly Into
Supramolecular Aggregates." Macromolecular Rapid Communications, 32:
186-190,(2011).

Kono, K., T. Ozawa, T. Yoshida, F. Ozaki, Y. Ishizaka, K. Maruyama, C. Kojima, A.
Harada And S. Aoshima "Highly Temperature-Sensitive Liposomes Based On A
Thermosensitive Block Copolymer For Tumor-Specific Chemotherapy."
Biomaterials, 31: 7096-7105,(2010).

Kopecek, J. "Hydrogel Biomaterials: A Smart Future?" Biomaterials, 28:
5185-5192,(2007).

Kopecek, J., P. Kopeckova, T. Minko, Z. R. Lu And C. M. Peterson "Water Soluble
Polymers In Tumor Targeted Delivery." Journal Of Controlled Release, 74:
147-158,(2001).

Kopecek, J. And J. Y. Yang "Peptide-Directed Self-Assembly Of Hydrogels." Acta
Biomaterialia, 5: 805-816,(2009).

Koria, P., H. Yagi, Y. Kitagawa, Z. Megeed, Y. Nahmias, R. Sheridan And M. L.
Yarmush "Self-Assembling Elastin-Like Peptides Growth Factor Chimeric

Nanoparticles For The Treatment Of Chronic Wounds." Proceedings Of The

239



National Academy Of Sciences Of The United States Of America, 108:
1034-1039,(2011).

Kostal, J., A. Mulchandani, K. E. Gropp And W. Chen "A Temperature Responsive
Biopolymer For Mercury Remediation." Environmental Science & Technology,
37: 4457-4462,(2003).

Krukau, A., I. Brovchenko And A. Geiger "Temperature-Induced Conformational
Transition Of A Model Elastin-Like Peptide GVG(VPGVG)(3) In Water."
Biomacromolecules, 8: 2196-2202,(2007).

Kumashiro, K. K., T. L. Kurano, W. P. Niemczura, M. Martino And A. M. Tamburro
"C-13 CPMAS NMR Studies Of The Elastin-Like Polypeptide (LGGVG)(N)."
Biopolymers, 70: 221-226,(2003).

Kumashiro, K. K., K. Ohgo, W. P. Niemczura, A. K. Onizuka And T. Asakura
"Structural Insights Into The Elastin Mimetic (LGGVG)(6) Using Solid-State
C-13 NMR Experiments And Statistical Analysis Of The PDB." Biopolymers, 89:
668-679,(2008).

Kunz, W., J. Henle And B. W. Ninham "'Zur Lehre Von Der Wirkung Der Salze' (About
The Science Of The Effect Of Salts): Franz Hofmeister's Historical Papers."
Current Opinion In Colloid & Interface Science, 9: 19-37,(2004).

Kurkova, D., J. Kriz, J. C. Rodriguez-Cabello And F. J. Arias "NMR Study Of The
Cooperative Behavior Of Thermotropic Model Polypeptide." Polymer
International, 56: 186-194,(2007).

Kurkova, D., J. Kriz, P. Schmidt, J. Dybal, J. C. Rodriguez-Cabello And M. Alonso

"Structure And Dynamics Of Two Elastin-Like Polypentapeptides Studied By

240



NMR Spectroscopy." Biomacromolecules, 4: 589-601,(2003).

Kwon, G. S. And T. Okano "Soluble Self-Assembled Block Copolymers For Drug
Delivery." Pharmaceutical Research, 16: 597-600,(1999).

Kwon, I. C., Y. H. Bae And S. W. Kim "Electrically Erodible Polymer Gel For
Controlled Release Of Drugs." Nature, 354: 291-293,(1991).

Kyle, S., A. Aggeli, E. Ingham And M. J. Mcpherson "Production Of Self-Assembling
Biomaterials For Tissue Engineering." Trends In Biotechnology, 27:
423-433,(2009).

L.H.Sperling Introduction To Physical Polymer Science, Wiley-Interscience

(2006).

Lamme, E. N., H. J. C. Devries, H. Vanveen, G. Gabbiani, W. Westerhof And E.
Middelkoop "Extracellular Matrix Characterization During Healing Of
Full-Thickness Wounds Treated With A Collagen/Elastin Dermal Substitute
Shows Improved Skin Regeneration In Pigs." Journal Of Histochemistry &
Cytochemistry, 44: 1311-1322,(1996).

Lammers, T., W. E. Hennink And G. Storm "Tumour-Targeted Nanomedicines:
Principles And Practice." British Journal Of Cancer, 99: 392-397,(2008).

Lan, D. M., G. R. Huang, H. W. Shao, L. C. Zhang, L. X. Ma, S. W. Chen And A. L. Xu
"An Improved Nonchromatographic Method For The Purification Of
Recombinant Proteins Using Elastin-Like Polypeptide-Tagged Proteases."
Analytical Biochemistry, 415: 200-202,(2011).

Langer, R. "Drug Delivery And Targeting." Nature, 392: 5-10,(1998).

Langer, R. "Perspectives: Drug Delivery - Drugs On Target." Science, 293: 58-59,(2001).

241



Langer, R., R. Siegel, L. Brown, K. Leong, J. Kost And E. Edelman "Controlled Release
And Magnetically Modulated Systems For Macromolecular Drugs." Annals Of
The New York Academy Of Sciences, 446: 1-13,(1985).

Langer, R. And D. A. Tirrell "Designing Materials For Biology And Medicine." Nature,
428: 487-492,(2004).

Langer, R. And J. P. Vacanti "Tissue Engineering." Science, 260: 920-926,(1993).

Lao, U. L., A. Chen, M. R. Matsumoto, A. Mulchandani And W. Chen "Cadmium
Removal From Contaminated Soil By Thermally Responsive Elastin (ELPEC20)
Biopolymers." Biotechnology And Bioengineering, 98: 349-355,(2007).

Lao, U. L., J. Kostal, A. Mulchandani And W. Chen "Affinity Purification Of Plasmid
DNA By Temperature-Triggered Precipitation." Nature Protocols, 2:
1263-1268,(2007).

Lao, U. L., M. W. Sun, M. Matsumoto, A. Mulchandani And W. Chen "Genetic
Engineering Of Self-Assembled Protein Hydrogel Based On Elastin-Like
Sequences With Metal Binding Functionality." Biomacromolecules, 8:
3736-3739,(2007).

Lavon, I. And J. Kost "Mass Transport Enhancement By Ultrasound In Non-Degradable
Polymeric Controlled Release Systems." Journal Of Controlled Release, 54:
1-7,(1998).

Lee, J., J. Jung, K. Na, P. Heo And J. Hyun "Polypeptide-Mediated Switchable
Microarray Of Bacteria." Acs Applied Materials & Interfaces, 1:
1359-1363,(2009).

Lee, J., C. W. Macosko And D. W. Urry "Elastomeric Polypentapeptides Cross-Linked

242



Into Matrixes And Fibers." Biomacromolecules, 2: 170-179,(2001).

Lee, J., C. W. Macosko And D. W. Urry "Mechanical Properties Of Cross-Linked
Synthetic Elastomeric Polypentapeptides." Macromolecules, 34:
5968-5974,(2001).

Lee, J.,, C. W. Macosko And D. W. Urry "Phase Transition And Elasticity Of
Protein-Based Hydrogels." Journal Of Biomaterials Science-Polymer Edition, 12:
229-242,(2001).

Lee, J.,, C. W. Macosko And D. W. Urry "Swelling Behavior Of Gamma-Irradiation
Cross-Linked Elastomeric Polypentapeptide-Based Hydrogels." Macromolecules,
34: 4114-4123,(2001).

Lee, T. A. T., A. Cooper, R. P. Apkarian And V. P. Conticello "Thermo-Reversible
Self-Assembly Of Nanoparticles Derived From Elastin-Mimetic Polypeptides."
Advanced Materials, 12: 1105-+,(2000).

Lee, Y. S. Self-Assembly And Nanotechnology : A Force Balance Approach. Oxford,
Wiley-Blackwell,(2008).

L'Heureux, N., S. Paquet, R. Labbe, L. Germain And F. A. Auger "A Completely
Biological Tissue-Engineered Human Blood Vessel." Faseb Journal, 12:
47-56,(1998).

Li, B., D. O. V. Alonso, B. J. Bennion And V. Daggett "Hydrophobic Hydration Is An
Important Source Of Elasticity In Elastin-Based Biopolymers." Journal Of The
American Chemical Society, 123: 11991-11998,(2001).

Li, B.,, D. O. V. Alonso And V. Daggett "The Molecular Basis For The Inverse

Temperature Transition Of Elastin." Journal Of Molecular Biology, 305:

243



581-592,(2001).

Li, B. And V. Daggett "The Molecular Basis Of The Temperature- And Ph-Induced
Conformational Transitions In Elastin-Based Peptides." Biopolymers, 68:
121-129,(2003).

Li, L. Q., M. B. Charati And K. L. Kiick "Elastomeric Polypeptide-Based Biomaterials."
Polymer Chemistry, 1: 1160-1170,(2010).

Li, Y. F. "Self-Cleaving Fusion Tags For Recombinant Protein Production."
Biotechnology Letters, 33: 869-881,(2011).

Li, Y. T, B. S. Lokitz, S. P. Armes And C. L. Mccormick "Synthesis Of Reversible Shell
Cross-Linked Micelles For Controlled Release Of Bioactive Agents."
Macromolecules, 39: 2726-2728,(20006).

Li, Y. T.,, B. S. Lokitz And C. L. Mccormick "RAFT Synthesis Of A Thermally
Responsive ABC Triblock Copolymer Incorporating N-Acryloxysuccinimide For
Facile In Situ Formation Of Shell Cross-Linked Micelles In Aqueous Media."
Macromolecules, 39: 81-89,(2006).

Lim, D. W., D. L. Nettles, L. A. Setton And A. Chilkoti "Rapid Cross-Linking Of
Elastin-Like Polypeptides With (Hydroxymethyl)Phosphines In Aqueous
Solution." Biomacromolecules, 8: 1463-1470,(2007).

Lim, D. W., D. L. Nettles, L. A. Setton And A. Chilkoti "In Situ Cross-Linkinig Of
Elastin-Like ~ Polypeptide = Block  Copolymers For Tissue Repair."
Biomacromolecules, 9: 222-230,(2008).

Lim, D. W. K. Trabbic-Carlson, J. A. Mackay And A. Chilkoti "Improved

Non-Chromatographic Purification Of A Recombinant Protein By Cationic

244



Elastin-Like Polypeptides." Biomacromolecules, 8: 1417-1424,(2007).

Litzinger, D. C., A. M. J. Buiting, N. Vanrooijen And L. Huang "Effect Of Liposome
Size On The Circulation Time And Intraorgan Distribution Of Amphipathic
Poly(Ethylene Glycol)-Containing Liposomes." Biochimica Et Biophysica
Acta-Biomembranes, 1190: 99-107,(1994).

Liu, H. Q., J. J. Schmidt, G. D. Bachand, S. S. Rizk, L. L. Looger, H. W. Hellinga And C.
D. Montemagno "Control Of A Biomolecular Motor-Powered Nanodevice With
An Engineered Chemical Switch." Nature Materials, 1: 173-177,(2002).

Liu, J. C., S. C. Heilshorn And D. A. Tirrell "Comparative Cell Response To Artificial
Extracellular Matrix Proteins Containing The RGD And CS5 Cell-Binding
Domains." Biomacromolecules, 5: 497-504,(2004).

Liu, J. C. And D. A. Tirrell "Cell Response To RGD Density In Cross-Linked Artificial
Extracellular Matrix Protein Films." Biomacromolecules, 9: 2984-2988,(2008).

Liu, S. Y., J. V. M. Weaver, Y. Q. Tang, N. C. Billingham, S. P. Armes And K. Tribe
"Synthesis Of Shell Cross-Linked Micelles With Ph-Responsive Cores Using
ABC Triblock Copolymers." Macromolecules, 35: 6121-6131,(2002).

Liu, W., M. R. Dreher, D. C. Chow, M. R. Zalutsky And A. Chilkoti "Tracking The In
Vivo Fate Of Recombinant Polypeptides By Isotopic Labeling." Journal Of
Controlled Release, 114: 184-192,(20006).

Liu, W. E., M. R. Dreher, D. Y. Furgeson, K. V. Peixoto, H. Yuan, M. R. Zalutsky And
A. Chilkoti "Tumor Accumulation, Degradation And Pharmacokinetics Of
Elastin-Like Polypeptides In Nude Mice." Journal Of Controlled Release, 116:

170-178,(2006).

245



Liu, W. G., J. A. Mackay, M. R. Dreher, M. N. Chen, J. R. Mcdaniel, A. J. Simnick, D. J.
Callahan, M. R. Zalutsky And A. Chilkoti "Injectable Intratumoral Depot Of
Thermally Responsive Polypeptide-Radionuclide Conjugates Delays Tumor
Progression In A Mouse Model." Journal Of Controlled Release, 144: 2-9,(2010).

Liu, W. S., A. Brock, S. Chen, S. B. Chen And P. G. Schultz "Genetic Incorporation Of
Unnatural Amino Acids Into Proteins In Mammalian Cells." Nature Methods, 4:
239-244,(2007).

Liu, Y., Z. L. Jia, L. W. Li And F. L. Chen "A Genetically Synthetic Protein-Based
Cationic Polymer For Sirna Delivery." Medical Hypotheses, 76: 239-240,(2011).

Loschonsky, S., K. Shroff, A. Worz, O. Prucker, J. Ruhe And M. Biesalski
"Surface-Attached PDMAA-GRGDSP Hybrid Polymer Monolayers That
Promote The Adhesion Of Living Cells." Biomacromolecules, 9: 543-552,(2008).

Lynch, M., C. Mosher, J. Huff, S. Nettikadan, J. Xu And E. Henderson Functional

Nanoarrays For Protein Biomarker Profiling,(2004).

Ma, M. L., Y. Kuang, Y. Gao, Y. Zhang, P. Gao And B. Xu "Aromatic-Aromatic
Interactions Induce The Self-Assembly Of Pentapeptidic Derivatives In Water To
Form Nanofibers And Supramolecular Hydrogels." Journal Of The American
Chemical Society, 132: 2719-2728,(2010).

Ma, P. X. "Biomimetic Materials For Tissue Engineering." Advanced Drug Delivery
Reviews, 60: 184-198,(2008).

Macewan, S. R., D. J. Callahan And A. Chilkoti "Stimulus-Responsive Macromolecules
And Nanoparticles For Cancer Drug Delivery." Nanomedicine, 5:

793-806,(2010).

246



Macewan, S. R. And A. Chilkoti "Elastin-Like Polypeptides: Biomedical Applications Of
Tunable Biopolymers." Biopolymers, 94: 60-77,(2010).

Mackay, J. A., D. J. Callahan, K. N. Fitzgerald And A. Chilkoti "Quantitative Model Of
The Phase Behavior Of Recombinant Ph-Responsive Elastin-Like Polypeptides."
Biomacromolecules, 11: 2873-2879,(2010).

Mackay, J. A., M. N. Chen, J. R. Mcdaniel, W. G. Liu, A. J. Simnick And A. Chilkoti
"Self-Assembling Chimeric Polypeptide-Doxorubicin Conjugate Nanoparticles
That Abolish Tumours After A Single Injection." Nature Materials, 8:
993-999,(2009).

Mackay, J. A. And A. Chilkoti "Temperature Sensitive Peptides: Engineering
Hyperthermia-Directed Therapeutics." International Journal Of Hyperthermia,
24: 483-495,(2008).

Maeda, H. "Tumor-Selective Delivery Of Macromolecular Drugs Via The EPR Effect:
Background And Future Prospects." Bioconjugate Chemistry, 21: 797-802,(2010).

Maeda, H., G. Y. Bharate And J. Daruwalla "Polymeric Drugs For Efficient
Tumor-Targeted Drug Delivery Based On EPR-Effect." European Journal Of
Pharmaceutics And Biopharmaceutics, 71: 409-419,(2009).

Manno, M., A. Emanuele, V. Martorana, P. L. San Biagio, D. Bulone, M. B.
Palma-Vittorelli, D. T. Mcpherson, J. Xu, T. M. Parker And D. W. Urry
"Interaction Of Processes On Different Length Scales In A Bioelastomer Capable
Of Performing Energy Conversion." Biopolymers, 59: 51-64,(2001).

Mao, H. Y. "A Self-Cleavable Sortase Fusion For One-Step Purification Of Free

Recombinant Proteins." Protein Expression And Purification, 37: 253-263,(2004).

247



Mart, R. J.,, R. D. Osborne, M. M. Stevens And R. V. Ulijn "Peptide-Based
Stimuli-Responsive Biomaterials." Soft Matter, 2: 822-835,(2006).

Martin, L., M. Alonso, A. Girotti, F. J. Arias And J. C. Rodriguez-Cabello "Synthesis
And Characterization Of Macroporous Thermosensitive Hydrogels From
Recombinant Elastin-Like Polymers." Biomacromolecules, 10: 3015-3022,(2009).

Martin, L., M. Alonso, M. Moller, J. C. Rodriguez-Cabello And P. Mela "3D
Microstructuring Of Smart Bioactive Hydrogels Based On Recombinant
Elastin-Like Polymers." Soft Matter, 5: 1591-1593,(2009).

Martino, M., A. Coviello And A. M. Tamburro "Synthesis And Structural
Characterization Of Poly(LGGVG), An Elastin-Like Polypeptide." International
Journal Of Biological Macromolecules, 27: 59-64,(2000).

Martino, M. And A. M. Tamburro "Chemical Synthesis Of Cross-Linked Poly(KGGVG),
An Elastin-Like Biopolymer." Biopolymers, 59: 29-37,(2001).

Maskarinec, S. A. And D. A. Tirrell "Protein Engineering Approaches To Biomaterials
Design." Current Opinion In Biotechnology, 16: 422-426,(2005).

Massodi, 1., G. L. Bidwell And D. Raucher "Evaluation Of Cell Penetrating Peptides
Fused To Elastin-Like Polypeptide For Drug Delivery." Journal Of Controlled
Release, 108: 396-408,(2005).

Matsumura, Y. And H. Maeda "A New Concept For Macromolecular Therapeutics In
Cancer-Chemotherapy - Mechanism Of Tumoritropic Accumulation Of Proteins
And The Antitumor Agent Smancs." Cancer Research, 46: 6387-6392,(1986).

Mauriz, J. L. And J. Gonzalez-Gallego "Antiangiogenic Drugs: Current Knowledge And

New Approaches To Cancer Therapy." Journal Of Pharmaceutical Sciences, 97:

248



4129-4154,(2008).

Mayer, G. And A. Heckel "Biologically Active Molecules With A "Light Switch"."
Angewandte Chemie-International Edition, 45: 4900-4921,(2006).

Mcdaniel, J. R., D. J. Callahan And A. Chilkoti "Drug Delivery To Solid Tumors By
Elastin-Like  Polypeptides." Advanced Drug Delivery  Reviews, 62:
1456-1467,(2010).

Mcdaniel, J. R., J. A. Mackay, F. G. Quiroz And A. Chilkoti "Recursive Directional
Ligation By Plasmid Reconstruction Allows Rapid And Seamless Cloning Of
Oligomeric Genes." Biomacromolecules, 11: 944-952,(2010).

Mcgrath, K. P., M. J. Fournier, T. L. Mason And D. A. Tirrell "Genetically Directed
Syntheses Of New Polymeric Materials - Expression Of Artificial Genes
Encoding Proteins With Repeating (Alagly)3proglugly Elements." Journal Of The
American Chemical Society, 114: 727-733,(1992).

Mchale, M. K., L. A. Setton And A. Chilkoti "Synthesis And In Vitro Evaluation Of
Enzymatically Cross-Linked Elastin-Like Polypeptide Gels For Cartilaginous
Tissue Repair." Tissue Engineering, 11: 1768-1779,(2005).

Mcmillan, R. A., K. L. Caran, R. P. Apkarian And V. P. Conticello "High-Resolution
Topographic Imaging Of Environmentally Responsive, Elastin-Mimetic
Hydrogels." Macromolecules, 32: 9067-9070,(1999).

Mcmillan, R. A. And V. P. Conticello "Synthesis And Characterization Of
Elastin-Mimetic Protein Gels For Use In Biomedical Applications." Abstracts Of
Papers Of The American Chemical Society, 219: U453-U453,(2000).

Mcmillan, R. A., T. A. T. Lee And V. P. Conticello "Rapid Assembly Of Synthetic

249



Genes Encoding Protein Polymers." Macromolecules, 32: 3643-3648,(1999).

Megeed, Z., J. Cappello And H. Ghandehari "Genetically Engineered Silk-Elastinlike
Protein Polymers For Controlled Drug Delivery." Advanced Drug Delivery
Reviews, 54: 1075-1091,(2002).

Megeed, Z., R. M. Winters And M. L. Yarmush "Modulation Of Single-Chain Antibody
Affinity With Temperature-Responsive Elastin-Like Polypeptide Linkers."
Biomacromolecules, 7: 999-1004,(2006).

Meier, S., S. Guthe, T. Kiefhaber And S. Grzesiek "Foldon, The Natural Trimerization
Domain Of T4 Fibritin, Dissociates Into A Monomeric A-State Form Containing
A Stable Beta-Hairpin: Atomic Details Of Trimer Dissociation And Local
Beta-Hairpin Stability From Residual Dipolar Couplings." Journal Of Molecular
Biology, 344: 1051-1069,(2004).

Meyer, D. C., A "Genetically Encoded Synthesis Of Protein-Based Polymers With
Precisely Specified Molecular Weight And Sequence By Recursive Directional
Ligation: Examples From The FElastin-Like Polypeptide  System."
Biomacromolecules, 3: 357-367  (2002).

Meyer, D. C., A "Quantification Of The Effects Of Chain Length And Concentration On
The Thermal Behavior Of Elastin-Like Polypeptides." Biomacromolecules, 5:
846-851 (2004).

Meyer, D. E. And A. Chilkoti "Purification Of Recombinant Proteins By Fusion With
Thermally-Responsive Polypeptides." Nature Biotechnology, 17:
1112-1115,(1999).

Meyer, D. E. And A. Chilkoti "Genetically Encoded Synthesis Of Protein-Based

250



Polymers With Precisely Specified Molecular Weight And Sequence By
Recursive Directional Ligation: Examples From The Elastin-Like Polypeptide
System." Biomacromolecules, 3: 357-367,(2002).

Meyer, D. E. And A. Chilkoti "Quantification Of The Effects Of Chain Length And
Concentration On The Thermal Behavior Of Elastin-Like Polypeptides."
Biomacromolecules, 5: 846-851,(2004).

Meyer, D. E., G. A. Kong, M. W. Dewhirst, M. R. Zalutsky And A. Chilkoti "Targeting
A Genetically Engineered Elastin-Like Polypeptide To Solid Tumors By Local
Hyperthermia." Cancer Research, 61: 1548-1554,(2001).

Meyer, D. E., B. C. Shin, G. A. Kong, M. W. Dewhirst And A. Chilkoti "Drug Targeting
Using Thermally Responsive Polymers And Local Hyperthermia." Journal Of
Controlled Release, 74: 213-224,(2001).

Meyer, D. E., K. Trabbic-Carlson And A. Chilkoti "Protein Purification By Fusion With
An Environmentally Responsive Elastin-Like Polypeptide: Effect Of Polypeptide
Length On The Purification Of Thioredoxin." Biotechnology Progress, 17:
720-728,(2001).

Mithieux, S. M., J. E. J. Rasko And A. S. Weiss "Synthetic Elastin Hydrogels Derived
From Massive Elastic Assemblies Of Self-Organized Human Protein Monomers."
Biomaterials, 25: 4921-4927,(2004).

Moghimi, S. M., A. C. Hunter And J. C. Murray "Long-Circulating And Target-Specific
Nanoparticles: Theory To Practice." Pharmacological Reviews, 53:
283-318,(2001).

Morihara, Y., S. Ogata, M. Kamitakahara, C. Ohtsuki And M. Tanihara "Thermosensitive

251



Gel Formation Of Novel Polypeptides Containing A Collagen-Derived
Pro-Hyp-Gly Sequence And An Elastin-Derived Val-Pro-Uy-Val-Gly Sequence."
Journal Of Polymer Science Part A-Polymer Chemistry, 43: 6048-6056,(2005).

Morones-Ramirez, J. R. "Environmentally Responsive Polymeric "Intelligent" Materials:
The Ideal Components Of Non-Mechanical Valves That Control Flow In
Microfluidic Systems." Brazilian Journal Of Chemical Engineering, 27:
1-14,(2010).

Muiznieks, L. D. And F. W. Keeley "Proline Periodicity Modulates The Self-Assembly
Properties Of Elastin-Like Polypeptides." Journal Of Biological Chemistry, 285:
39779-39789,(2010).

Murphy, M. P. And R. A. J. Smith "Drug Delivery To Mitochondria: The Key To
Mitochondrial Medicine." Advanced Drug Delivery Reviews, 41: 235-250,(2000).

Na, K., J. Jung, O. Kim, J. Lee, T. G. Lee, Y. H. Park And J. Hyun ""Smart" Biopolymer
For A Reversible Stimuli-Responsive Platform In Cell-Based Biochips."
Langmuir, 24: 4917-4923,(2008).

Na, K., J. Jung, J. Lee And J. Hyun "Thermoresponsive Pore Structure Of Biopolymer
Microspheres For A Smart Drug Carrier." Langmuir, 26: 11165-11169,(2010).

Nagaoka, M., H. L. Jiang, T. Hoshiba, T. Akaike And C. S. Cho "Application Of
Recombinant Fusion Proteins For Tissue Engineering." Annals Of Biomedical
Engineering, 38: 683-693,(2010).

Nagapudi, K., W. T. Brinkman, J. Leisen, B. S. Thomas, E. R. Wright, C. Haller, X. Y.
Wu, R. P. Apkarian, V. P. Conticello And E. L. Chaikof "Protein-Based

Thermoplastic Elastomers." Macromolecules, 38: 345-354,(2005).

252



Nagapudi, K., W. T. Brinkman, J. E. Leisen, L. Huang, R. A. Mcmillan, R. P. Apkarian,
V. P. Conticello And E. L. Chaikof "Photomediated Solid-State Cross-Linking Of
An FElastin-Mimetic Recombinant Protein Polymer." Macromolecules, 35:
1730-1737,(2002).

Nagapudi, K., W. T. Brinkman, B. S. Thomas, J. O. Park, M. Srinivasarao, E. Wright, V.
P. Conticello And E. L. Chaikof "Viscoelastic And Mechanical Behavior Of
Recombinant Protein Elastomers." Biomaterials, 26: 4695-4706,(2005).

Nairn, K. M., R. E. Lyons, R. J. Mulder, S. T. Mudie, D. J. Cookson, E. Lesieur, M. Kim,
D. Lau, F. H. Scholes And C. M. Elvin "A Synthetic Resilin Is Largely
Unstructured." Biophysical Journal, 95: 3358-3365,(2008).

Nakayama, M. And T. Okano "Multi-Targeting Cancer Chemotherapy Using
Temperature-Responsive Drug Carrier Systems." Reactive & Functional
Polymers, 71: 235-244,(2011).

Nakayama, M., T. Okano, T. Miyazaki, F. Kohori, K. Sakai And M. Yokoyama
"Molecular  Design ~ Of  Biodegradable = Polymeric =~ Micelles  For
Temperature-Responsive Drug Release." Journal Of Controlled Release, 115:
46-56,(2006).

Nandivada, H., A. M. Ross And J. Lahann "Stimuli-Responsive Monolayers For
Biotechnology." Progress In Polymer Science, 35: 141-154,(2010).

Nath, N. And A. Chilkoti "Interfacial Phase Transition Of An Environmentally
Responsive Elastin Biopolymer Adsorbed On Functionalized Gold Nanoparticles
Studied By Colloidal Surface Plasmon Resonance." Journal Of The American

Chemical Society, 123: 8197-8202,(2001).

253



Nath, N. And A. Chilkoti "Creating "Smart" Surfaces Using Stimuli Responsive
Polymers." Advanced Materials, 14: 1243,(2002).

Nath, N. And A. Chilkoti "Fabrication Of A Reversible Protein Array Directly From Cell
Lysate Using A Stimuli-Responsive Polypeptide." Analytical Chemistry, 75:
709-715,(2003).

Needham, D. And M. W. Dewhirst "The Development And Testing Of A New
Temperature-Sensitive Drug Delivery System For The Treatment Of Solid
Tumors." Advanced Drug Delivery Reviews, 53: 285-305,(2001).

Ner, Y., J. A. Stuart, G. Whited And G. A. Sotzing "Electrospinning Nanoribbons Of A
Bioengineered Silk-Elastin-Like Protein (SELP) From Water." Polymer, 50:
5828-5836,(2009).

Neradovic, D., O. Soga, C. F. Van Nostrum And W. E. Hennink "The Effect Of The
Processing And Formulation Parameters On The Size Of Nanoparticles Based On
Block Copolymers Of Poly(Ethylene Glycol) And Poly(N-Isopropylacrylamide)
With And Without Hydrolytically Sensitive Groups." Biomaterials, 25:
2409-2418,(2004).

Nettles, D. L., A. Chilkoti And L. A. Setton "Applications Of Elastin-Like Polypeptides
In Tissue Engineering." Advanced Drug Delivery Reviews, 62: 1479-1485,(2010).

Nettles, D. L., K. Kitaoka, N. A. Hanson, C. M. Flahiff, B. A. Mata, E. W. Hsu, A.
Chilkoti And L. A. Setton "In Situ Crosslinking Elastin-Like Polypeptide Gels
For Application To Articular Cartilage Repair In A Goat Osteochondral Defect
Model." Tissue Engineering Part A, 14: 1133-1140,(2008).

Nicholas J, P. "Classification Of Wounds And Their Management." Surgery (Oxford),

254



20: 114-117,(2002).

Nicol, A., C. Gowda And D. W. Urry "Elastic Protein-Based Polymers As Cell
Attachment Matrices." Journal Of Vascular Surgery, 13: 746-748,(1991).

Nicol, A., D. C. Gowda, T. M. Parker And D. W. Urry "Elastomeric Polytetrapeptide
Matrices - Hydrophobicity Dependence Of Cell Attachment From Adhesive
(Ggip)N To Nonadhesive (Ggap)N Even In Serum." Journal Of Biomedical
Materials Research, 27: 801-810,(1993).

Nicol, A., D. C. Gowda And D. W. Urry "Cell-Adhesion And Growth On Synthetic
Elastomeric Matrices Containing Arg-Gly-Asp-Ser-3." Journal Of Biomedical
Materials Research, 26: 393-413,(1992).

Nicolini, C., R. Ravindra, B. Ludolph And R. Winter "Characterization Of The
Temperature- And Pressure-Induced Inverse And Reentrant Transition Of The
Minimum Elastin-Like Polypeptide GVG(VPGVG) By DSC, PPC, CD, And
FT-IR Spectroscopy." Biophysical Journal, 86: 1385-1392,(2004).

Nishiyama, N. And K. Kataoka "Current State, Achievements, And Future Prospects Of
Polymeric Micelles As Nanocarriers For Drug And Gene Delivery."
Pharmacology & Therapeutics, 112: 630-648,(2006).

Nowatzki, P. J., C. Franck, S. A. Maskarinec, G. Ravichandran And D. A. Tirrell
"Mechanically Tunable Thin Films Of Photosensitive Artificial Proteins:
Preparation And Characterization By Nanoindentation." Macromolecules, 41:
1839-1845,(2008).

Nowatzki, P. J. And D. A. Tirrell "Physical Properties Of Artificial Extracellular Matrix

Protein Films Prepared By Isocyanate Crosslinking." Biomaterials, 25:

255



1261-1267,(2004).

Nuhn, H. And H. A. Klok "Secondary Structure Formation And LCST Behavior Of Short
Elastin-Like Peptides." Biomacromolecules, 9: 2755-2763,(2008).

Oh, K. T., H. Q. Yin, E. S. Lee And Y. H. Bae "Polymeric Nanovehicles For Anticancer
Drugs With Triggering Release Mechanisms." Journal Of Materials Chemistry,
17: 3987-4001,(2007).

Ohgo, K., J. Ashida, K. K. Kumashiro And T. Asakura "Structural Determination Of An
Elastin-Mimetic Model Peptide, (Val-Pro-Gly-Val-Gly)6, Studied By 13C
CP/MAS NMR Chemical Shifts, Two-Dimensional Off Magic Angle Spinning
Spin-Diffusion NMR, Rotational Echo Double Resonance, And Statistical
Distribution Of Torsion Angles From Protein Data Bank." Macromolecules, 38:
6038-6047,(2005).

Ohgo, K., W. P. Niemczura, J. Ashida, M. Okonogi, T. Asakura And K. K. Kumashiro
"Heterogeneity In The Conformation Of Valine In The Elastin Mimetic
(LGGVG)(6) As Shown By Solid-State C-13 NMR Spectroscopy."”
Biomacromolecules, 7: 3306-3310,(2006).

Oleinikova, A. And I. Brovchenko "What Determines The Thermal Stability Of The
Hydrogen-Bonded Water Network Enveloping Peptides?" Journal Of Physical
Chemistry Letters, 2: 765-769,(2011).

Oleinikova, A., I. Brovchenko And G. Singh "The Temperature Dependence Of The Heat
Capacity Of Hydration Water Near Biosurfaces From Molecular Simulations."
Epl, 90,(2010).

Ong, E., J. M. Greenwood, N. R. Gilkes, D. G. Kilburn, R. C. Miller And R. A. Warren

256



"The Cellulose-Binding Domains Of Cellulases - Tools For Biotechnology."
Trends In Biotechnology, T: 239-243,(1989).

Orban, J. M., L. B. Wilson, J. A. Kofroth, M. S. El-Kurdi, T. M. Maul And D. A. Vorp
"Crosslinking Of Collagen Gels By Transglutaminase." Journal Of Biomedical
Materials Research Part A, 68A: 756-762,(2004).

Osada, Y. And J. P. Gong "Soft And Wet Materials: Polymer Gels." Advanced Materials,
10: 827-837,(1998).

Osborne, J. L., R. Farmer And K. A. Woodhouse "Self-Assembled Elastin-Like
Polypeptide Particles." Acta Biomaterialia, 4: 49-57,(2008).

Osborne, J. L., R. Farmer And K. A. Woodhouse "Self-Assembled Elastin-Like
Polypeptide Particles." Acta Biomaterialia, 4: 49-57,(2008).

Ozturk, N., A. Girotti, G. T. Kose, J. C. Rodriguez-Cabello And V. Hasirci "Dynamic
Cell Culturing And Its Application To Micropatterned, Elastin-Like
Protein-Modified Poly(N-Isopropylacrylamide) Scaffolds." Biomaterials, 30:
5417-5426,(2009).

Panitch, A., T. Yamaoka, M. J. Fournier, T. L. Mason And D. A. Tirrell "Design And
Biosynthesis Of Elastin-Like Artificial Extracellular Matrix Proteins Containing
Periodically Spaced Fibronectin CS5 Domains." Macromolecules, 32:
1701-1703,(1999).

Park, C., K. Oh, S. C. Lee And C. Kim "Controlled Release Of Guest Molecules From
Mesoporous Silica Particles Based On A Ph-Responsive Polypseudorotaxane
Motif." Angewandte Chemie-International Edition, 46: 1455-1457,(2007).

Park, J. E. And J. . Won "Thermal Behaviors Of Elastin-Like Polypeptides (Elps)

257



According To Their Physical Properties And Environmental Conditions."
Biotechnology And Bioprocess Engineering, 14: 662-667,(2009).
Park, K. And J. Mrsny Randall (2000). Controlled Drug Delivery: Present And Future.

Controlled Drug Delivery, American Chemical Society. 752: 2-12.

Patel, D., R. Menon And L. J. Taite "Self-Assembly Of Elastin-Based Peptides Into The
ECM: The Importance Of Integrins And The Elastin Binding Protein In Elastic
Fiber Assembly." Biomacromolecules, 12: 432-440,(2011).

Pechar, M., J. Brus, L. Kostka, C. Konak, M. Urbanova And M. Slouf
"Thermoresponsive Self-Assembly Of Short Elastin-Like Polypentapeptides And
Their Poly(Ethylene Glycol) Derivatives." Macromolecular Bioscience, T7:
56-69,(2007).

Perczel, A., M. Hollosi, P. Sandor And G. D. Fasman "The Evaluation Of Type-I And
Type-Ii Beta-Turn Mixtures - Circular-Dichroism, Nmr And Molecular-Dynamics
Studies." International Journal Of Peptide And Protein Research, 41:
223-236,(1993).

Phan, H. T. And U. Conrad "Membrane-Based Inverse Transition Cycling: An Improved
Means For Purifying Plant-Derived Recombinant Protein-Elastin-Like
Polypeptide Fusions." [International Journal Of Molecular Sciences, 12:
2808-2821,(2011).

Phillies, G. D. J., R. O'Connell, P. Whitford And K. A. Streletzky "Mode Structure Of
Diffusive Transport In Hydroxypropylcellulose : Water." Journal Of Chemical
Physics, 119: 9903-9913,(2003).

Phillies, G. D. J. A. S., K. A. "Dynamics Of Semirigid Rod Polymers From Experimental

258



Studies." Soft Condensed Matter: New Research’: 219-263,(2007).

Pirzer, T. And T. Hugel "Adsorption Mechanism Of Polypeptides And Their Location At
Hydrophobic Interfaces." Chemphyschem, 10: 2795-2799,(2009).

Pratten, M. K., J. B. Lloyd, G. Horpel And H. Ringsdorf "Micelle-Forming Block
Copolymers - Pinocytosis By Macrophages And Interaction With Model
Membranes." Makromolekulare Chemie-Macromolecular Chemistry And Physics,
186: 725-733,(1985).

Prieto, S., A. Shkilnyy, C. Rumplasch, A. Ribeiro, F. J. Arias, J. C. Rodriguez-Cabello
And A. Taubert "Biomimetic Calcium Phosphate Mineralization With
Multifunctional  Elastin-Like Recombinamers."  Biomacromolecules, 12:
1480-1486,(2011).

Qin, S., Y. Geng, D. E. Discher And S. Yang "Temperature-Controlled Assembly And
Release From Polymer Vesicles of Poly(Ethylene
Oxide)-Block-Poly(N-Isopropylacrylamide)."  Advanced  Materials, 18:
2905-+,(2006).

Rabotyagova, O. S., P. Cebe And D. L. Kaplan "Protein-Based Block Copolymers."
Biomacromolecules, 12: 269-289,(2011).

Raghunath, M., B. Hopfner, D. Aeschlimann, U. Luthi, M. Meuli, S. Altermatt, R. Gobet,
L. Brucknertuderman And B. Steinmann "Cross-Linking Of The
Dermo-Epidermal Junction Of Skin Regenerating From Keratinocyte Autografts -
Anchoring Fibrils Are A Target For Tissue Transglutaminase." Journal Of
Clinical Investigation, 98: 1174-1184,(1996).

Ramessar, K., M. Sabalza, T. Capell And P. Christou "Maize Plants: An Ideal Production

259



Platform For Effective And Safe Molecular Pharming." Plant Science, 174:
409-419,(2008).

Rapoport, N. "Physical Stimuli-Responsive Polymeric Micelles For Anti-Cancer Drug
Delivery." Progress In Polymer Science, 32: 962-990,(2007).

Raucher, D. And A. Chilkoti "Enhanced Uptake Of A Thermally Responsive Polypeptide
By Tumor Cells In Response To Its Hyperthermia-Mediated Phase Transition."
Cancer Research, 61: 7163-7170,(2001).

Ravi, S. And E. L. Chaikof "Biomaterials For Vascular Tissue Engineering."
Regenerative Medicine, 5: 107-120,(2010).

Ravi, S., Z. Qu And E. L. Chaikof "Polymeric Materials For Tissue Engineering Of
Arterial Substitutes." Vascular, 17: S45-S54,(2009).

Read, E. S. And S. P. Armes "Recent Advances In Shell Cross-Linked Micelles."
Chemical Communications: 3021-3035,(2007).

Reguera, J., A. Fahmi, P. Moriarty, A. Girotti And J. C. Rodriguez-Cabello "Nanopore
Formation By Self-Assembly Of The Model Genetically Engineered Elastin-Like
Polymer (VPGVG)(2)(VPGEG)(VPGVG)(2) (15)." Journal Of The American
Chemical Society, 126: 13212-13213,(2004).

Reguera, J., D. W. Urry, T. M. Parker, D. T. Mcpherson And J. C. Rodriguez-Cabello
"Effect Of Nacl On The Exothermic And Endothermic Components Of The
Inverse Temperature Transition Of A Model Elastin-Like Polymer."
Biomacromolecules, 8: 354-358,(2007).

Reiersen, H. And A. R. Rees "An Engineered Minidomain Containing An Elastin Turn

Exhibits A Reversible Temperature-Induced Igg Binding." Biochemistry, 38:

260



14897-14905,(1999).

Ribeiro, A., F. J. Arias, J. Reguera, M. Alonso And J. C. Rodriguez-Cabello "Influence
Of The Amino-Acid Sequence On The Inverse Temperature Transition Of
Elastin-Like Polymers." Biophysical Journal, 97: 312-320,(2009).

Richard, J. P., K. Melikov, E. Vives, C. Ramos, B. Verbeure, M. J. Gait, L. V.
Chernomordik And B. Lebleu "Cell-Penetrating Peptides - A Reevaluation Of
The Mechanism Of Cellular Uptake." Journal Of Biological Chemistry, 278:
585-590,(2003).

Richman, G. P., D. A. Tirrell And A. R. Asthagiri "Quantitatively Distinct Requirements
For Signaling-Competent Cell Spreading On Engineered Versus Natural
Adhesion Ligands." Journal Of Controlled Release, 101: 3-12,(2005).

Riess, G. "Micellization Of Block Copolymers." Progress In Polymer Science, 28:
1107-1170,(2003).

Rincon, A. C., I. T. Molina-Martinez, B. De Las Heras, M. Alonso, C. Bailez, J. C.
Rodriguez-Cabello And R. Herrero-Vanrell "Biocompatibility Of Elastin-Like
Polymer Poly(VPAVG) Microparticles: In Vitro And In Vivo Studies." Journal
Of Biomedical Materials Research Part A, T8A: 343-351,(2006).

Rnjak, J., S. G. Wise, S. M. Mithieux And A. S. Weiss "Severe Burn Injuries And The
Role Of Elastin In The Design Of Dermal Substitutes." Tissue Engineering Part
B-Reviews, 17: 81-91,(2011).

Rodriguez-Cabello, J. C., M. Alonso, T. Perez And M. M. Herguedas "Differential
Scanning Calorimetry Study Of The Hydrophobic Hydration Of The

Elastin-Based Polypentapeptide, Poly(VPGVG), From Deficiency To Excess Of

261



Water." Biopolymers, 54: 282-288,(2000).

Rodriguez-Cabello, J. C., L. Martin, M. Alonso, F. J. Arias And A. M. Testera
""Recombinamers" As Advanced Materials For The Post-Oil Age." Polymer, 50:
5159-5169,(2009).

Rodriguez-Cabello, J. C., L. Martin, A. Girotti, C. Garcia-Arevalo, F. J. Arias And M.
Alonso  "Emerging  Applications ~ Of  Multifunctional  Elastin-Like
Recombinamers." Nanomedicine, 6: 111-122,(2011).

Rodriguez-Cabello, J. C., S. Prieto, J. Reguera, F. J. Arias And A. Ribeiro "Biofunctional
Design Of Elastin-Like Polymers For Advanced Applications In
Nanobiotechnology." Journal Of Biomaterials Science-Polymer Edition, 18:
269-286,(2007).

Rodriguez-Cabello, J. C., J. Reguera, M. Alonso, T. M. Parker, D. T. Mcpherson And D.
W. Urry "Endothermic And Exothermic Components Of An Inverse Temperature
Transition For Hydrophobic Association By TMDSC." Chemical Physics Letters,
388: 127-131,(2004).

Rodriguez-Cabello, J. C., J. Reguera, A. Girotti, M. Alonso And A. M. Testera
"Developing Functionality In Elastin-Like Polymers By Increasing Their
Molecular Complexity: The Power Of The Genetic Engineering Approach."
Progress In Polymer Science, 30: 1119-1145,(2005).

Rodriguez-Cabello, J. C., J. Reguera, A. Girotti, F. J. Arias And M. Alonso (2006).
Genetic Engineering Of Protein-Based Polymers: The Example Of Elastinlike
Polymers. Ordered Polymeric Nanostructures At Surfaces. 200: 119-167.

Rodriguez-Hernandez, J., J. Babin, B. Zappone And S. Lecommandoux "Preparation Of

262



Shell Cross-Linked Nano-Objects From Hybrid-Peptide Block Copolymers."
Biomacromolecules, 6: 2213-2220,(2005).

Rodriguez-Hernandez, J., F. Checot, Y. Gnanou And S. Lecommandoux "Toward 'Smart'
Nano-Objects By Self-Assembly Of Block Copolymers In Solution." Progress In
Polymer Science, 30: 691-724,(2005).

Romano, N. H., D. Sengupta, C. Chung And S. C. Heilshorn "Protein-Engineered
Biomaterials: Nanoscale Mimics Of The Extracellular Matrix." Biochimica Et
Biophysica Acta-General Subjects, 1810: 339-349,(2011).

Romano, N. H., D. Sengupta, C. Chung And S. C. Heilshorn "Protein-Engineered
Biomaterials: Nanoscale Mimics Of The Extracellular Matrix." Biochimica Et
Biophysica Acta-General Subjects, 1810: 339-349,(2011).

Rousseau, R., E. Schreiner, A. Kohlmeyer And D. Marx "Temperature-Dependent
Conformational Transitions And Hydrogen-Bond Dynamics Of The Elastin-Like
Octapeptide GVG(VPGVG): A Molecular-Dynamics Study." Biophysical
Journal, 86: 1393-1407,(2004).

Sadilkova, L., R. Osicka, M. Sulc, I. Linhartova, P. Novak And P. Sebo "Single-Step
Affinity Purification Of Recombinant Proteins Using A Self-Excising Module
From Neisseria Meningitidis Frpc." Protein Science, 17: 1834-1843,(2008).

Sage, H. "The Evolution Of Elastin: Correlation Of Functional Properties With Protein
Structure And Phylogenetic Distribution." Comp Biochem Physiol B., 74:
373-380,(1983).

Salem, A. K., P. C. Searson And K. W. Leong "Multifunctional Nanorods For Gene

Delivery." Nature Materials, 2: 668-671,(2003).

263



Sallach, R. E., W. Cui, J. Wen, A. Martinez, V. P. Conticello And E. L. Chaikof
"Elastin-Mimetic Protein Polymers Capable Of Physical And Chemical
Crosslinking." Biomaterials, 30: 409-422,(2009).

Sallach, R. E., W. X. Cui, F. Balderrama, A. W. Martinez, J. Wen, C. A. Haller, J. V.
Taylor, E. R. Wright, R. C. Long And E. L. Chaiko "Long-Term Biostability Of
Self-Assembling Protein Polymers In The Absence Of Covalent Crosslinking."
Biomaterials, 31: 779-791,(2010).

Sallach, R. E., M. Wei, N. Biswas, V. P. Conticello, S. Lecommandoux, R. A. Dluhy And
E. L. Chaikof "Micelle Density Regulated By A Reversible Switch Of Protein
Secondary Structure." Journal Of The American Chemical Society, 128:
12014-12019,(2006).

Sandberg, L. B., N. T. Soskel And J. G. Leslie "Elastin Structure, Biosynthesis, And
Relation To Disease States." New England Journal Of Medicine, 304:
566-579,(1981).

Scheller, J., M. Leps And U. Conrad "Forcing Single-Chain Variable Fragment
Production In Tobacco Seeds By Fusion To Elastin-Like Polypeptides." Plant
Biotechnology Journal, 4: 243-249,(2006).

Schenke-Layland, K., F. Rofail, S. Heydarkhan, J. M. Gluck, N. P. Ingle, E. Angelis, C.
H. Choi, W. R. Maclellan, R. E. Beygui, R. J. Shemin And S.
Heydarkhan-Hagvall "The Use Of Three-Dimensional Nanostructures To Instruct
Cells To Produce Extracellular Matrix For Regenerative Medicine Strategies."
Biomaterials, 30: 4665-4675,(2009).

Schilli, C. M., M. F. Zhang, E. Rizzardo, S. H. Thang, Y. K. Chong, K. Edwards, G.

264



Karlsson And A. H. E. Muller "A New Double-Responsive Block Copolymer
Synthesized Via RAFT Polymerization:
Poly(N-Isopropylacrylamide)-Block-Poly(Acrylic Acid)." Macromolecules, 37:
7861-7866,(2004).

Schipperus, R., R. L. M. Teeuwen, M. W. T. Werten, G. Eggink And F. A. De Wolf
"Secreted Production Of An Elastin-Like Polypeptide By Pichia Pastoris."
Applied Microbiology And Biotechnology, 85: 293-301,(2009).

Schmaljohann, D. "Thermo- And Ph-Responsive Polymers In Drug Delivery." Advanced
Drug Delivery Reviews, 58: 1655-1670,(2006).

Schmidt, P., J. Dybal, J. C. Rodriguez-Cabello And M. Alonso "Raman Spectroscopy Of
Secondary Structure Of Elastinlike Polymer Poly(GVGVP)." Biopolymers, 62:
150-157,(2001).

Schmidt, P., J. Dybal, J. C. Rodriguez-Cabello And V. Reboto "Role Of Water In
Structural Changes Of Poly(AVGVP) And Poly(GVGVP) Studied By FTIR And
Raman Spectroscopy And Ab Initio Calculations." Biomacromolecules, 6:
697-706,(2005).

Schreiner, E., C. Nicolini, B. Ludolph, R. Ravindra, N. Otte, A. Kohlmeyer, R. Rousseau,
R. Winter And D. Marx "Folding And Unfolding Of An Elastinlike Oligopeptide:
"Inverse Temperature Transition," Reentrance, And Hydrogen-Bond Dynamics."
Physical Review Letters, 92,(2004).

Schuster, T. B., D. D. Ouboter, E. Bordignon, G. Jeschke And W. Meier "Reversible
Peptide Particle Formation Using A Mini Amino Acid Sequence." Soft Matter, 6:

5596-5604,(2010).

265



Schuster, T. B., D. D. Ouboter, C. G. Palivan And W. Meier "From Fibers To Micelles
Using Point-Mutated Amphiphilic Peptides." Langmuir, 27: 4578-4584,(2011).

Sell, S. A., M. P. Francis, K. Garg, M. J. Mcclure, D. G. Simpson And G. L. Bowlin
"Cross-Linking Methods Of Electrospun Fibrinogen Scaffolds For Tissue
Engineering Applications." Biomedical Materials, 3,(2008).

Serrano, V., W. Liu And S. Franzen "An Infrared Spectroscopic Study Of The
Conformational Transition Of Elastin-Like Polypeptides." Biophysical Journal,
93: 2429-2435,(2007).

Setton, L. A., V. C. Mow And D. S. Howell "Mechanical-Behavior Of
Articular-Cartilage In Shear Is Altered By Transection Of The Anterior Cruciate
Ligament." Journal Of Orthopaedic Research, 13: 473-482,(1995).

Seymour, L. W., Y. Miyamoto, H. Maeda, M. Brereton, J. Strohalm, K. Ulbrich And R.
Duncan "Influence Of Molecular-Weight On Passive Tumor Accumulation Of A
Soluble Macromolecular Drug Carrier." European Journal Of Cancer, 31A:
766-770,(1995).

Shamji, M. F., J. Chen, A. H. Friedman, W. J. Richardson, A. Chilkoti And L. A. Setton
"Synthesis And Characterization Of A Thermally-Responsive Tumor Necrosis
Factor Antagonist." Journal Of Controlled Release, 129: 179-186,(2008).

Shamji, M. F., L. Whitlatch, A. H. Friedman, W. J. Richardson, A. Chilkoti And L. A.
Setton "An Injectable And In Situ-Gelling Biopolymer For Sustained Drug
Release Following Perineural Administration." Spine, 33: 748-754,(2008).

Shen, A., P. J. Lupardus, M. Morell, E. L. Ponder, A. M. Sadaghiani, K. C. Garcia And

M. Bogyo "Simplified, Enhanced Protein Purification Using An Inducible,

266



Autoprocessing Enzyme Tag." Plos One, 4,(2009).

Shen, B., Z. Xiang, B. Miller, G. Louie, W. Y. Wang, J. P. Noel, F. H. Gage And L.
Wang "Genetically Encoding Unnatural Amino Acids In Neural Stem Cells And
Optically Reporting Voltage-Sensitive Domain Changes In Differentiated
Neurons." Stem Cells, 29: 1231-1240,(2011).

Shen, Y., H. X. Ai, R. Song, Z. N. Liang, J. F. Li And S. Q. Zhang "Expression And
Purification Of Moricin CM4 And Human Beta-Defensins 4 In Escherichia Coli
Using A New Technology." Microbiological Research, 165: 713-718,(2010).

Shimazu, M., A. Mulchandani And W. Chen "Thermally Triggered Purification And
Immobilization Of Elastin-OPH Fusions." Biotechnology And Bioengineering, 81:
74-79,(2003).

Siddiqui, F., A. Kolozsvary, K. N. Barton, S. O. Freytag, S. L. Brown And J. H. Kim
"Does Hyperthermia Increase Adenoviral Transgene Expression Or
Dissemination In Tumors?" International Journal Of Hyperthermia, 25:
273-279,(2009).

Simnick, A. J., D. W. Lim, D. Chow And A. Chilkoti "Biomedical And Biotechnological
Applications Of Elastin-Like  Polypeptides."  Polymer Reviews, 47:
121-154,(2007).

Simnick, A. J., C. A. Valencia, R. H. Liu And A. Chilkoti "Morphing Low-Affinity
Ligands Into High-Avidity Nanoparticles By Thermally Triggered Self-Assembly
Of A Genetically Encoded Polymer." Acs Nano, 4: 2217-2227,(2010).

Sisson, K., C. Zhang, M. C. Farach-Carson, D. B. Chase And J. F. Rabolt "Evaluation Of

Cross-Linking Methods For Electrospun Gelatin On Cell Growth And Viability."

267



Biomacromolecules, 10: 1675-1680,(2009).

Smith, P. A., B. C. Tripp, E. A. Diblasio-Smith, Z. J. Lu, E. R. Lavallie And J. M. Mccoy
"A Plasmid Expression System For Quantitative In Vivo Biotinylation Of
Thioredoxin Fusion Proteins In Escherichia Coli." Nucleic Acids Research, 26:
1414-1420,(1998).

Sperinde, J. J. And L. G. Griffith "Synthesis And Characterization Of
Enzymatically-Cross-Linked Poly(Ethylene Glycol) Hydrogels."
Macromolecules, 30: 5255-5264,(1997).

Spezzacatena, C., T. Perri, V. Guantieri, L. B. Sandberg, T. F. Mitts And A. M.
Tamburro "Classical Synthesis Of And Structural Studies On A Biologically
Active Heptapeptide And A Nonapeptide Of Bovine Elastin." European Journal
Of Organic Chemistry: 95-103,(2002).

Spontak, R. J. And N. P. Patel "Thermoplastic Elastomers: Fundamentals And
Applications." Current Opinion In Colloids And Interface Science, 5:
333-340,(2000).

Srokowski, E. M., P. H. Blit, W. G. Mcclung, J. L. Brash, J. P. Santerre And K. A.
Woodhouse "Platelet Adhesion And Fibrinogen Accretion On A Family Of
Elastin-Like Polypeptides." Journal Of Biomaterials Science-Polymer Edition,
22:41-57,(2011).

Srokowski, E. M. And K. A. Woodhouse "Development And Characterisation Of Novel
Cross-Linked  Bio-Elastomeric ~ Materials."  Journal Of  Biomaterials
Science-Polymer Edition, 19: 785-799,(2008).

Stetefeld, J., S. Frank, M. Jenny, T. Schulthess, R. A. Kammerer, S. Boudko, R.

268



Landwehr, K. Okuyama And J. Engel "Collagen Stabilization At Atomic Level:
Crystal Structure Of Designed (Glypropro)(10)Foldon." Structure, 11:
339-346,(2003).

Stevens, R. C. "Design Of High-Throughput Methods Of Protein Production For
Structural Biology." Structure, 8: R177-R185,(2000).

Stockmayer, W. H. "Introduction To Physical Polymer Science, By L. H. Sperling,
Wiley-Interscience, New York, 1986, 439 Pp. Price: $39.50." Journal Of Polymer
Science Part C: Polymer Letters, 27: 146-146,(1989).

Straley, K. S. And S. C. Heilshorn "Synthesis And Characterization Of Engineered
Proteins With Controllable Properties For Use In Spinal Cord Nerve
Regeneration." Abstracts Of Papers Of The American Chemical Society,
234,(2007).

Straley, K. S. And S. C. Heilshorn "Dynamic, 3D-Pattern Formation Within
Enzyme-Responsive Hydrogels." Advanced Materials, 21: 4148-+,(2009).

Streletzky, K. A., J. T. Mckenna and R. Mohieddine "Spectral Time Moment Analysis Of
Microgel Structure And Dynamics." Journal Of Polymer Science Part B-Polymer
Physics, 46: 771-781,(2008).

Strong, L. E. And J. L. West "Thermally Responsive Polymer-Nanoparticle Composites
For Biomedical Applications." Wiley Interdisciplinary Reviews-Nanomedicine
And Nanobiotechnology, 3: 307-317,(2011).

Strzegowski, L. A., M. B. Martinez, D. C. Gowda, D. W. Urry And D. A. Tirrell
"Photomodulation Of The Inverse Temperature Transition Of A Modified Elastin

Poly(Pentapeptide)." Journal Of The American Chemical Society, 116:

269



813-814,(1994).

Sudimack, J. And R. J. Lee "Targeted Drug Delivery Via The Folate Receptor."
Advanced Drug Delivery Reviews, 41: 147-162,(2000).

Sun, T. L., G. Y. Qing, B. L. Su And L. Jiang "Functional Biointerface Materials Inspired
From Nature." Chemical Society Reviews, 40: 2909-2921,(2011).

Swartz, D. D., J. A. Russell And S. T. Andreadis "Engineering Of Fibrin-Based
Functional And Implantable Small-Diameter Blood Vessels." American Journal
Of Physiology-Heart And Circulatory Physiology, 288: H1451-H1460,(2005).

Swierczewska, M., C. S. Hajicharalambous, A. V. Janorkar, Z. Megeed, M. L. Yarmush
And P. Rajagopalan "Cellular Response To Nanoscale Elastin-Like Polypeptide
Polyelectrolyte Multilayers." Acta Biomaterialia, 4: 827-837,(2008).

Takakura, Y. And M. Hashida "Macromolecular Carrier Systems For Targeted Drug
Delivery: Pharmacokinetic Considerations On Biodistribution." Pharmaceutical
Research, 13: 820-831,(1996).

Tamburro, A. M., B. Bochicchio And A. Pepe "Dissection Of Human Tropoelastin:
Exon-By-Exon Chemical Synthesis And Related Conformational Studiesf."
Biochemistry, 42: 13347-13362,(2003).

Tamburro, A. M. A. G., D. D. "Poly(Pro-Nle-Gly): Can An Amorphus Polypeptide Take
Up A  Supramolecular  Elastinlike  Structure?"  Biopolymers,  24:
1853-1861,(1985).

Tamura, T., T. Yamaoka, S. Kunugi, A. Panitch And D. A. Tirrell "Effects Of
Temperature And Pressure On The Aggregation Properties Of An Engineered

Elastin Model Polypeptide In Aqueous Solution." Biomacromolecules, 1:

270



552-555,(2000).

Tanford, C. "Micelle Shape and Size." Journal Of Physical Chemistry, 76:
3020-&,(1972).

Tang, Y. Q., S. Y. Liu, S. P. Armes And N. C. Billingham "Solubilization And
Controlled Release Of A Hydrophobic Drug Using Novel Micelle-Forming ABC
Triblock Copolymers." Biomacromolecules, 4: 1636-1645,(2003).

Tao, Y. Z., S. V. Strelkov, V. V. Mesyanzhinov And M. G. Rossmann "Structure Of
Bacteriophage T4 Fibritin: A Segmented Coiled Coil And The Role Of The
C-Terminal Domain." Structure, 5: 789-798,(1997).

Tatham, A. S. And P. R. Shewry "Comparative Structures And Properties Of Elastic
Proteins." Philosophical Transactions Of The Royal Society Of London Series
B-Biological Sciences, 357: 229-234,(2002).

Teeuwen, R. L. M., S. S. Van Berkel, T. H. H. Van Dulmen, S. Schoffelen, S. A.
Meeuwissen, H. Zuilhof, F. A. De Wolf And J. C. M. Van Hest ""Clickable"
Elastins: Elastin-Like Polypeptides Functionalized With Azide Or Alkyne
Groups." Chemical Communications: 4022-4024,(2009).

Tieche, C., P. K. Alkema And S. Q. Liu "Vascular Elastic Laminae: Anti-Inflammatory
Properties And Potential Applications To Arterial Reconstruction." Frontiers In
Bioscience, 9: 2205-2217,(2004).

Torchilin, V. "Tumor Delivery Of Macromolecular Drugs Based On The EPR Effect."
Advanced Drug Delivery Reviews, 63: 131-135,(2011).

Torchilin, V. P. "Structure And Design Of Polymeric Surfactant-Based Drug Delivery

Systems." Journal Of Controlled Release, 73: 137-172,(2001).

271



Torchilin, V. P. "Targeted Polymeric Micelles For Delivery Of Poorly Soluble Drugs."
Cellular And Molecular Life Sciences, 61: 2549-2559,(2004).

Torchilin, V. P. "Micellar Nanocarriers: Pharmaceutical Perspectives." Pharmaceutical
Research, 24: 1-16,(2007).

Torchilin, V. P., R. Rammohan, V. Weissig And T. S. Levchenko "TAT Peptide On The
Surface Of Liposomes Affords Their Efficient Intracellular Delivery Even At
Low Temperature And In The Presence Of Metabolic Inhibitors." Proceedings Of
The National Academy Of Sciences Of The United States Of America, 98:
8786-8791,(2001).

Torchilin, V. P., M. 1. Shtilman, V. S. Trubetskoy, K. Whiteman And A. M. Milstein
"Amphiphilic Vinyl-Polymers Effectively Prolong Liposome Circulation Time
In-Vivo." Biochimica Et Biophysica Acta-Biomembranes, 1195: 181-184,(1994).

Trabbic-Carlson, K., L. Liu, B. Kim And A. Chilkoti "Expression And Purification Of
Recombinant Proteins From Escherichia Coli: Comparison Of An Elastin-Like

"

Polypeptide Fusion With An Oligohistidine Fusion." Protein Science, 13:
3274-3284,(2004).

Trabbic-Carlson, K., D. E. Meyer, L. Liu, R. Piervincenzi, N. Nath, T. Labean And A.
Chilkoti "Effect Of Protein Fusion On The Transition Temperature Of An
Environmentally Responsive Elastin-Like Polypeptide: A Role For Surface
Hydrophobicity?" Protein Engineering Design & Selection, 17: 57-66,(2004).

Trabbic-Carlson, K., L. A. Setton And A. Chilkoti "Swelling And Mechanical Behaviors
Of Chemically Cross-Linked Hydrogels Of Elastin-Like Polypeptides."

Biomacromolecules, 4: 572-580,(2003).

272



Tseng, H. And K. J. Grande-Allen "Elastic Fibers In The Aortic Valve Spongiosa: A
Fresh Perspective On Its Structure And Role In Overall Tissue Function." Acta
Biomaterialia, 7: 2101-2108,(2011).

Ulery, B. D., L. S. Nair And C. T. Laurencin "Biomedical Applications Of Biodegradable
Polymers." Journal Of Polymer Science Part B-Polymer Physics, 49:
832-864,(2011).

Urry, D. "Phase-Structure Transitions Of The Elastin Polypentapeptide Water-System
Within The Framework Of Composition Temperature Studies " Biopolymers, 24:
2345-2356  (1985).

Urry, D. "Temperature-Dependence Of Length Of Elastin And Its Polypentapeptide."”
Biochemical And Biophysical Research Communications, 141: 749-755 (1985).

Urry, D. "Entropic Elastic Processes In Protein Mechanisms .2. Simple (Passive) And
Coupled (Active) Development Of Elastic Forces " Journal Of Protein Chemistry,
7,(1988).

Urry, D. "Physical Chemistry Of Biological Free Energy Transduction As Demonstrated
By Elastic Protein-Based Polymers." Journal Of Physical Chemistry B, 101:
11007-11028  (1997).

Urry, D. W. "Characterization Of Soluble Peptides Of Elastin By Physical Techniques."
Methods In Enzymology, 82: 673-716,(1982).

Urry, D. W. "Entropic Elastic Processes In Protein Mechanisms .1. Elastic Structure Due
To An Inverse Temperature Transition And Elasticity Due To Internal Chain
Dynamics." Journal Of Protein Chemistry, 7: 1-34,(1988).

Urry, D. W. "Preprogrammed Drug Delivery Systems Using Chemical Triggers For Drug

273



Release By Mechanochemical Coupling." Abstracts Of Papers Of The American
Chemical Society, 200: 74-PMSE,(1990).

Urry, D. W. "Free-Energy Transduction In Polypeptides And Proteins Based On Inverse
Temperature Transitions." Progress In Biophysics & Molecular Biology, 57:
23-57,(1992).

Urry, D. W. "Physical Chemistry Of Biological Free Energy Transduction As
Demonstrated By Elastic Protein-Based Polymers." Journal Of Physical
Chemistry B, 101: 11007-11028,(1997).

Urry, D. W. "Elastic Molecular Machines In Metabolism And Soft-Tissue Restoration."
Trends In Biotechnology, 17: 249-257,(1999).

Urry, D. W. "Elastic Molecular Machines In Metabolism And Soft-Tissue Restoration."
Trends In Biotechnology, 17: 249-257,(1999).

Urry, D. W. "The Change In Gibbs Free Energy For Hydrophobic Association -
Derivation And Evaluation By Means Of Inverse Temperature Transitions."
Chemical Physics Letters, 399: 177-183,(2004).

Urry, D. W. Deciphering Engineering Principles For The Design Of Protein-Based
Nanomachines,(2006).

Urry, D. W. "Function Of The F-1-Motor (F-1-Atpase) Of ATP Synthase By
Apolar-Polar Repulsion Through Internal Interfacial Water." Cell Biology
International, 30: 44-55,(2006).

Urry, D. W., D. C. Gowda, C. Harris, R. D. Harris And B. A. Cox "Development Of
Bioelastic Materials As Biocompatible, Transducible And Degradable Drug

Delivery Matrices." Abstracts Of Papers Of The American Chemical Society, 204:

274



209-POLY,(1992).

Urry, D. W, D. C. Gowda, C. M. Harris And R. D. Harris (1994). Bioelastic Materials
And The Delta-T-T-Mechanism In Drug-Delivery.

Urry, D. W., L. C. Hayes, D. C. Gowda, C. M. Harris And R. D. Harris
"Reduction-Driven Polypeptide Folding By The Delta-Tt Mechanism."
Biochemical And Biophysical Research Communications, 188: 611-617,(1992).

Urry, D. W., B. Haynes, H. Zhang, R. D. Harris And K. U. Prasad "Mechanochemical
Coupling In Synthetic Polypeptides By Modulation Of An Inverse Temperature
Transition." Proceedings Of The National Academy Of Sciences Of The United
States Of America, 85: 3407-3411,(1988).

Urry, D. W., R. Henze, R. D. Harris And K. U. Prasad "Polypentapeptide Of Elastin -
Temperature-Dependence Correlation Of Elastomeric Force And Dielectric
Permittivity." Biochemical And Biophysical Research Communications, 125:
1082-1088,(1984).

Urry, D. W., T. Hugel, M. Seitz, H. E. Gaub, L. Sheiba, J. Dea, J. Xu And T. Parker
"Elastin: A Representative Ideal Protein Elastomer." Philosophical Transactions
Of The Royal Society Of London Series B-Biological Sciences, 357:
169-184,(2002).

Urry, D. W. And T. M. Parker "Mechanics Of Elastin: Molecular Mechanism Of
Biological Elasticity And Its Relationship To Contraction." Journal Of Muscle
Research And Cell Motility, 23: 543-559,(2002).

Urry, D. W., T. M. Parker, M. C. Reid And D. C. Gowda "Biocompatibility Of The

Bioelastic Materials, Poly(Gvgvp) And Its Gamma-Irradiation Cross-Linked

275



Matrix - Summary Of Generic Biological Test-Results." Journal Of Bioactive And
Compatible Polymers, 6: 263-282,(1991).

Urry, D. W., A. Pattanaik, J. Xu, T. C. Woods, D. T. Mcpherson And T. M. Parker
"Elastic Protein-Based Polymers In Soft Tissue Augmentation And Generation."
Journal Of Biomaterials Science-Polymer Edition, 9: 1015-1048,(1998).

Urry, D. W., S. Q. Peng, J. Xu And D. T. Mcpherson "Characterization Of Waters Of
Hydrophobic Hydration By Microwave Dielectric Relaxation." Journal Of The
American Chemical Society, 119: 1161-1162,(1997).

Urry, D. W., R. G. Shaw And K. U. Prasad "Polypentapeptide Of Elastin -
Temperature-Dependence Of Ellipticity And Correlation With Elastomeric
Force." Biochemical And Biophysical Research Communications, 130:
50-57,(1985).

Urry, D. W., T. L. Trapane, M. Igbal, C. M. Venkatachalam And K. U. Prasad "C-13
NMR Relaxation Studies Demonstrate An Inverse Temperature Transition In The
Elastin Polypentapeptide." Biochemistry, 24: 5182-5189,(1985).

Urry, D. W., T. L. Trapane, R. B. Mcmichens, M. Igbal, R. D. Harris And K. U. Prasad
"N-15 NMR Relaxation Study Of Inverse Temperature Transitions In Elastin
Polypentapeptide And Its Cross-Linked Elastomer." Biopolymers, 25:
S209-S228,(1986).

Urry, D. W., T. L. Trapane And K. U. Prasad "Phase-Structure Transitions Of The
Elastin Polypentapeptide Water-System Within The Framework Of Composition
Temperature Studies." Biopolymers, 24: 2345-2356,(1985).

Urry, D. W, K. D. Urry, W. Szaflarski And M. Nowicki "Elastic-Contractile Model

276



Proteins: Physical Chemistry, Protein Function And Drug Design And Delivery."
Advanced Drug Delivery Reviews, 62: 1404-1455,(2010).

Urry, D. W., J. T. Walker, R. S. Rapaka And K. U. Prasad "A New Class Of Elastomeric
Biomaterials - Dynamic Beta-Spirals Comprised Of Sequential Polypeptides."
Abstracts Of Papers Of The American Chemical Society, 185: 50-POLY,(1983).

Valiaev, A., N. I. Abu-Lail, D. W. Lim, A. Chilkoti And S. Zauscher "Microcantilever
Sensing And Actuation With End-Grafted Stimulus-Responsive FElastin-Like
Polypeptides." Langmuir, 23: 339-344,(2007).

Valiaev, A., D. W. Lim, T. G. Oas, A. Chilkoti And S. Zauscher "Force-Induced Prolyl
Cis-Trans Isomerization In Elastin-Like Polypeptides." Journal Of The American
Chemical Society, 129: 6491-6497,(2007).

Valiaev, A., D. W. Lim, S. Schmidler, R. L. Clark, A. Chilkoti And S. Zauscher
"Hydration And Conformational Mechanics Of Single, End-Tethered Elastin-Like
Polypeptides."  Journal Of The American Chemical Society, 130:
10939-10946,(2008).

Van Vlierberghe, S., P. Dubruel And E. Schacht "Biopolymer-Based Hydrogels As
Scaffolds For Tissue Engineering Applications: A Review." Biomacromolecules,
12: 1387-1408,(2011).

Vasconcelos, A. And A. Cavaco-Paulo "Wound Dressings For A Proteolytic-Rich
Environment." Applied Microbiology And Biotechnology, 90: 445-460,(2011).

Vaughan, J. R. "Acylalkylcarbonates As Acylating Agents For The Synthesis Of
Peptides." Journal Of The American Chemical Society, 73: 3547-3547,(1951).

Venkatachalam, C. M. And D. W. Urry "Development Of A Linear Helical Conformation

277



From Its Cyclic Correlate - Beta-Spiral Model Of The Elastin Poly(Pentapeptide)
(VPGVG)N." Macromolecules, 14: 1225-1229,(1981).

Venkatraman, S., F. Boey And L. L. Lao "Implanted Cardiovascular Polymers: Natural,
Synthetic And Bio-Inspired." Progress In Polymer Science, 33: 853-874,(2008).

Venyaminov, S. Y. And K. S. Vassilenko "Determination Of Protein Tertiary Structure
Class From Circular-Dichroism Spectra." Analytical Biochemistry, 222:
176-184,(1994).

Vieth, S., C. M. Bellingham, E. W. Keeley, S. M. Hodge And D. Rousseau
"Microstructural And Tensile Properties Of Elastin-Based Polypeptides
Crosslinked With Genipin And Pyrroloquinoline Quinone." Biopolymers, 85:
199-206,(2007).

Wang, E. D., S. H. Lee And S. W. Lee "Elastin-Like Polypeptide Based Hydroxyapatite
Bionanocomposites." Biomacromolecules, 12: 672-680,(2011).

Wang, L., J. H. Kang, K. H. Kim And E. K. Lee "Expression Of Intein-Tagged Fusion
Protein And Its Applications In Downstream Processing." Journal Of Chemical
Technology And Biotechnology, 85: 11-18,(2010).

Wang, X. J.,, G. L. Wu, C. C. Lu, Y. N. Wang, Y. G. Fan, H. Gao And J. B. Ma
"Synthesis Of A Novel Zwitterionic Biodegradable Poly (Alpha,Beta-L-Aspartic
Acid) Derivative With Some L-Histidine Side-Residues And Its Resistance To
Non-Specific Protein Adsorption." Colloids And Surfaces B-Biointerfaces, 86:
237-241,(2011).

Waterhouse, A., S. G. Wise, M. K. C. Ng And A. S. Weiss "Elastin As A

Nonthrombogenic Biomaterial." Tissue Engineering Part B-Reviews, 17:

278



93-99,(2011).

Wei, H., S.-X. Cheng, X.-Z. Zhang And R.-X. Zhuo "Thermo-Sensitive Polymeric
Micelles Based On Poly(N-Isopropylacrylamide) As Drug Carriers." Progress In
Polymer Science, 34: 893-910,(2009).

Wei, H., X. Z. Zhang, Y. Zhou, S. X. Cheng And R. X. Zhuo "Self-Assembled
Thermoresponsive ~ Micelles ~ Of  Poly(N-Isopropylacrylamide-B-Methyl
Methacrylate)." Biomaterials, 27: 2028-2034,(2006).

Wei, S. M., E. Katona, J. Fachet, T. Fulop, L. Robert And M. P. Jacob "Epitope
Specificity Of Monoclonal And Polyclonal Antibodies To Human Elastin."
International Archives Of Allergy And Immunology, 115: 33-41,(1998).

Weis-Fogh, T. And S. O. Andersen Elasticity And Thermodynamics Of Elastin,(1970).

Wellner, N., S. Gilbert, K. Feeney, A. S. Tatham, P. R. Shewry And P. S. Belton (2000).
Molecular Structures And Interactions Of Repetitive Peptides Based On HMW
Subunit 1Dx5. Wheat Gluten. P. R. Shewry And A. S. Tatham: 183-187.

Welsh, E. R. And D. A. Tirrell "Engineering The Extracellular Matrix: A Novel
Approach To Polymeric Biomaterials. I. Control Of The Physical Properties Of
Artificial Protein Matrices Designed To Support Adhesion Of Vascular
Endothelial Cells." Biomacromolecules, 1: 23-30,(2000).

Werner, S. "Keratinocyte Growth Factor: A Unique Player In Epithelial Repair
Processes." Cytokine & Growth Factor Reviews, 9: 153-165,(1998).

Westbrook KK, Q. H. "Actuator Designs Using Environmentally Responsive Hydrogels."
Journal Of Intelligent Material Systems And Structures  19: 597-607  (2008).

Wise, S. G., M. J. Byrom, A. Waterhouse, P. G. Bannon, M. K. C. Ng And A. S. Weiss

279



"A Multilayered Synthetic Human Elastin/Polycaprolactone Hybrid Vascular
Graft With Tailored Mechanical Properties." Acta Biomaterialia, 7:
295-303,(2011).

Wood, D. W. "Non-Chromatographic Recombinant Protein Purification By Self-Cleaving
Purification Tags." Separation Science And Technology, 45: 2345-2357,(2010).

Woodhouse, K. A., P. Klement, V. Chen, M. B. Gorbet, F. W. Keeley, R. Stahl, J. D.
Fromstein And C. M. Bellingham "Investigation Of Recombinant Human Elastin
Polypeptides =~ As  Non-Thrombogenic  Coatings."  Biomaterials,  25:
4543-4553,(2004).

Woods, T. C. And D. W. Urry "Controlled Release Of Phosphorothioates By
Protein-Based Polymers." Drug Delivery, 13: 253-259,(2006).

Woody, R. W. "Circular-Dichroism." Biochemical Spectroscopy, 246: 34-71,(1995).

Wright, E. R. And V. P. Conticello "Self-Assembly Of Block Copolymers Derived From
Elastin-Mimetic Polypeptide Sequences." Advanced Drug Delivery Reviews, 54:
1057-1073,(2002).

Wright, E. R, R. A. Mcmillan, A. Cooper, R. P. Apkarian And V. P. Conticello
"Thermoplastic Elastomer Hydrogels Via Self-Assembly Of An Elastin-Mimetic
Triblock Polypeptide." Advanced Functional Materials, 12: 149-154,(2002).

Wu, W. Y., A. R. Gillies, J. F. Hsii, L. Contreras, S. Oak, M. B. Perl And D. W. Wood
"Self-Cleaving Purification Tags Re-Engineered For Rapid Topo (R) Cloning."
Biotechnology Progress, 26: 1205-1212,(2010).

Wu, W. Y., C. Mee, F. Califano, R. Banki And D. W. Wood "Recombinant Protein

Purification By Self-Cleaving Aggregation Tag." Nature Protocols, 1:

280



2257-2262,(2006).

Wu, W. Y., K. D. Miller, M. Coolbaugh And D. W. Wood "Intein-Mediated One-Step
Purification Of Escherichia Coli Secreted Human Antibody Fragments." Protein
Expression And Purification, 76: 221-228,(2011).

Wu, X. Y., R. E. Sallach, J. M. Caves, V. P. Conticello And E. L. Chaikof "Deformation
Responses Of A Physically Cross-Linked High Molecular Weight Elastin-Like
Protein Polymer." Biomacromolecules, 9: 1787-1794,(2008).

Wu, Y. Q., J. A. Mackay, J. R. Mcdaniel, A. Chilkoti And R. L. Clark "Fabrication Of
Elastin-Like Polypeptide Nanoparticles For Drug Delivery By Electrospraying."
Biomacromolecules, 10: 19-24,(2009).

Xie, H., C. Yang And L. E. Chen "Current Strategies For Polypeptide Fusion Tags
Removal." Progress In Biochemistry And Biophysics, 36: 1364-1369,(2009).

Xiong, J., F. H. Meng And Z. Y. Zhong "Photo-Crosslinked Biodegradable Micelles For
Paclitaxel Release." Journal Of Controlled Release, 152: E105-E106,(2011).

Xu, C. Y., V. Breedveld And J. Kopecek "Reversible Hydrogels From Self-Assembling
Genetically Engineered Protein Block Copolymers." Biomacromolecules, 6:
1739-1749,(2005).

Xu, F., H. M. Joon, K. Trabbic-Carlson, A. Chilkoti And W. Knoll "Surface Plasmon
Optical Study Of The Interfacial Phase Transition Of Elastinlike Polypeptide
Grafted On Gold." Biointerphases, 3: 66-74,(2008).

Yamaguchi, T., T. Ito, T. Sato, T. Shinbo And S. Nakao "Development Of A Fast
Response Molecular Recognition Ion Gating Membrane." Journal Of The

American Chemical Society, 121: 4078-4079,(1999).

281



Yamaoka, T., T. Tamura, Y. Seto, T. Tada, S. Kunugi And D. A. Tirrell "Mechanism For
The Phase Transition Of A Genetically Engineered Elastin Model Peptide
(VPGIG)(40) In Aqueous Solution." Biomacromolecules, 4: 1680-1685,(2003).

Yan, Y., A. De Keizer, A. A. Martens, C. L. P. Oliveira, J. S. Pedersen, F. A. De Wolf,
M. Drechsler, M. A. C. Stuart And N. A. M. Besseling "Polypeptide Nanoribbon
Hydrogels Assembled Through Multiple Supramolecular Interactions." Langmuir,
25:12899-12908,(2009).

Yao, X. L. And M. Hong "Structure Distribution In An Elastin-Mimetic Peptide
(VPGVG)3 Investigated By Solid-State NMR." Journal Of The American
Chemical Society, 126: 4199-4210,(2004).

Yao, X. L. And M. Hong "Structure Distribution In An Elastin-Mimetic Peptide
(VPGVG)3 Investigated By Solid-State NMR." Journal Of The American
Chemical Society, 126: 4199-4210,(2004).

Yeh, H., N. Ornsteingoldstein, Z. Indik, P. Sheppard, N. Anderson, J. C. Rosenbloom, G.
Cicila, K. G. Yoon And J. Rosenbloom "Sequence Variation Of Bovine Elastin
Messenger-Rna Due To Alternative Splicing." Collagen And Related Research, 7T:
235-247,(1987).

Yoshida, M., R. Langer, A. Lendlein And J. Lahann "From Advanced Biomedical
Coatings To Multi-Functionalized Biomaterials." Polymer Reviews, 46:
347-375,(2006).

Yu, L. And J. D. Ding "Injectable Hydrogels As Unique Biomedical Materials."
Chemical Society Reviews, 37: 1473-1481,(2008).

Yuan, F., M. Dellian, D. Fukumura, M. Leunig, D. A. Berk, V. P. Torchilin And R. K.

282



Jain "Vascular-Permeability In A Human Tumor Xenograft - Molecular-Size
Dependence And Cutoff Size." Cancer Research, 55: 3752-3756,(1995).

Zachary, I. And R. D. Morgan "Therapeutic Angiogenesis For Cardiovascular Disease:
Biological Context, Challenges, Prospects." Heart, 97: 181-189,(2011).

Zana, R. And C. Tondre "Ultrasonic Studies Of Proton Transfers In Solutions Of
Poly(Lysine) And Poly(Ornithine). Implications For The Kinetics Of The
Helix-Coil Transition Of Polypeptides And For The Ultrasonic Absorption Of
Proteins." The Journal Of Physical Chemistry, 76: 1737-1743,(1972).

Zhang, H., S. Mardyani, W. C. W. Chan And E. Kumacheva "Design Of Biocompatible
Chitosan Microgels For Targeted Ph-Mediated Intracellular Release Of Cancer
Therapeutics." Biomacromolecules, 7: 1568-1572,(2006).

Zhang, J. And N. A. Peppas "Synthesis And Characterization Of Ph- And
Temperature-Sensitive  Poly(Methacrylic ~ Acid)/Poly(N-Isopropylacrylamide)
Interpenetrating Polymeric Networks." Macromolecules, 33: 102-107,(2000).

Zhang, Q., E. E. Remsen And K. L. Wooley "Shell Cross-Linked Nanoparticles
Containing Hydrolytically Degradable, Crystalline Core Domains." Journal Of
The American Chemical Society, 122: 3642-3651,(2000).

Zhang, X. Z., D. Q. Wu And C. C. Chu "Synthesis, Characterization And Controlled
Drug Release Of Thermosensitive IPN-Pnipaam Hydrogels." Biomaterials, 25:
3793-3805,(2004).

Zhang, X.Z., Y. Y. Yang, T. S. Chung And K. X. Ma "Preparation And Characterization
Of Fast Response Macroporous Poly(N-Isopropylacrylamide) Hydrogels."

Langmuir, 17: 6094-6099,(2001).

283



Zhang, Y. J., K. Trabbic-Carlson, F. Albertorio, A. Chilkoti And P. S. Cremer "Aqueous
Two-Phase System Formation Kinetics For Elastin-Like Polypeptides Of Varying
Chain Length." Biomacromolecules, 7: 2192-2199,(2006).

Zhong, S. P., Y. Z. Zhang And C. T. Lim "Tissue Scaffolds For Skin Wound Healing
And Dermal Reconstruction." Wiley Interdisciplinary Reviews-Nanomedicine And
Nanobiotechnology, 2: 510-525,(2010).

Zhou, X., X. Ye And G. Zhang "Thermoresponsive Triblock Copolymer Aggregates
Investigated By Laser Light Scattering." Journal Of Physical Chemistry B, 111:
5111-5115,(2007).

Zio, K. D. And D. A. Tirrell "Mechanical Properties Of Artificial Protein Matrices
Engineered For Control Of Cell And Tissue Behavior." Macromolecules, 36:
1553-1558,(2003).

Zrinyi, M., A. Szilagyi, G. Filipcsei, J. Feher, J. Szalma And G. Moczar "Smart
Gel-Glass Based On The Responsive Properties Of Polymer Gels." Polymers For

Advanced Technologies, 12: 501-505,(2001).

284



Appendix A

List of synthesized constructs

This is a list of the constructs that were made during the course of this research.

MGH(GVGVP)sGWP

MGH(GVGVP);(GWP

MGH(GVGVP),;GWP

MGH(GVGVP)4,GWP

MGH(GVGVP)4GWPC

MGH(GVGVP)sGWPC

MGH(GVGVP)g,GWPC

MGH((GVGVP)«(GKGVP)),GWP
MGH((GVGVP)¢(GKGVP))sGWP
MGH((GVGVP)¢(GKGVP))s(GVGVP)5GWP
MGH(((GVGVP)g(GKGVP))4(GVGVP)10),GWP
MGH(GVGVP);(GVGVPGHGVP);GWP
MGH((GVGVP);(GVGVPGHGVP),),GWP
MGH(GLGVPGVGVPGQGVP);,GWP
MGH(GLGQPGQGQPGQGLP);,GWP
MGH((GLGQPGQGQPGQGLP)3(GVGVP),),GWP
MGH(GLGQPGQGQPGQGLP)(GVGVP)4GWP
MGH(GVGVP),o(GVGVPGCGVPGVGVP)(GVGVP),GWP
MGH(GVGVP)4o(GVGVPGCGVPGVGVP)(GVGVP),:GWP

MGH((GVGVP)s(GEGVP)),GWP
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MGH((GVGVP)s(GEGVP));GWP

(MGHGVGWTSTGPQSSNDGNPDTSGQNNVP (GVGVP)y0)s-
MGHGVGWTSTGPQSSNDGNPDTSGQNNVPGWP

MGH(GVGVP)»-GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL
MGH(GVGVP)4- GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL
MGH(GVGVPGEGVP)(GVGVP),; GWPGYIPEAPRDGQAY VRKDGEWVLLSTFL
MGH(GVGVPGEGVP)(GVGVP);; GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL
MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFL(GVGVP)4GWP
MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFL(GVGVP),,GWP
MGH((GVGVP)s(GKGVP)); GWPGYIPEAPRDGQAY VRKDGEWVLLSTFL

MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFL((GVGVP)sGKGVP),-
GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL

MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFL(GVGVP)4-GWPC

MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFL(GVGVP)4
GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL

MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFL(GVGVP)4
GWPGYIPEAPRDGQAYVRKDGEWVLLSTFLC

MGH(GPP)s (GVGVP)s) GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL
(GLGVPGVGVPGQGVP);,GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL

MGHGVGYIPEAPRDGQAYVRKDGEWVLLSTFL-(GLGVPGVGVPGQGVP);,
GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL

MGH((GVGVP)s(GKGVP))4(GVGVP), GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL
(GLGQPGQGQPGQGLP);,GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL

((GVGVP);(GVGVPGHGVP)s),GWPGYIPEAPRDGQAYVRKDGEWVLLSTFL
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