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ABSTRACT: Elastin is the polymeric extracellular matrix protein responsible for the properties of extensibility
and elastic recoil in tissues such as arterial blood vessels, lung parenchyma, and skin. Both tropoelastin (TE),
the full-length monomeric form of elastin, and elastin-like polypeptides (ELPs), based on sequences and
domain arrangements of TE, have the intrinsic ability to undergo organized self-assembly into network
structures through a process of temperature-induced phase separation or coacervation. It has been suggested
that this property plays a role in in vivo formation of the extracellular elastic matrix. In general, the
temperature at which phase separation takes place has been taken as the measure of propensity for self-
assembly. However, this phase separation is only the first step in a more complex, multistep process of
network formation. We have previously shown that analysis of spectrophotometric data allows extraction of
kinetic parameters describing both early (coacervation) and later (maturation) steps of the self-assembly
process. Here, using a well-characterized ELP containing three hydrophobic domains flanking two cross-
linking domains, we describe the effects of temperature, polypeptide concentration, and solution conditions
on the kinetics of self-assembly, providing insights into possible mechanisms for the spontaneous organiza-
tion of such ELPs into extended networks.

Elastin is the polymeric extracellular matrix protein which is
responsible for the properties of extensibility and elastic recoil of
many vertebrate tissues, including large arteries, lung paren-
chyma, and elastic ligaments. Details of the mechanism by which
elastic fibers arise from tropoelastin, the monomeric form of
elastin, are still under investigation. This process appears to
involve interactions with other matrix-associated proteins that
form the microfibrillar scaffolding in which polymeric elastin is
embedded (1-12), as well as an intrinsic capacity of tropoelastin
for self-aggregation. In vitro, even in the absence of any associat-
ing proteins, tropoelastin is able to spontaneously form fibrillar
structures similar to those seen in vivo (13-17), and it has been
proposed that self-assembly of tropoelastinmonomers is an early
step in the in vivo formation of elastic fibers (15, 18, 19). The self-
assembly properties of full-length tropoelastin can also be mim-
icked by smaller polypeptides and proteins which are modeled
after sequences and domain arrangements of this protein (20, 21).

Fundamental to the ability of elastin to self-assemble is its
capacity to undergo a thermally induced phase separation, com-
monly known as coacervation. Coacervation, which occurs upon
an elevation of the solution temperature, consists of the forma-
tion of a protein-rich second phase and results in a sudden trans-
ition from a clear solution to a turbid colloidal suspension. The
temperature atwhich this phase separation occurs is highly repro-
ducible for a given polypeptide or protein and has been shown to
be dependent on a number of factors, including ionic strength
and pH of the solution, presence of cosolvents, concentration of

the polypeptide, number and nature of hydrophobic domains,
and characteristics of cross-linking domains (20, 22-26).

Coacervation in aqueous solution is not a commonproperty of
proteins. The ability of tropoelastin to coacervate is related to
its unusual hydrophobic nature, with over 80% of the amino
acid residues being nonpolar in character. While the ability of
tropoelastin and elastin-like polypeptides to undergo coacerva-
tion has been known for years (13, 14, 23, 27, 28), the precise
mechanism underlying this behavior is still not understood,
although the process must involve a shift in hydration state.
Structure of the hydratingwatermolecules during coacervation is
important to consider because coacervation is an entropically
driven process in which the increasingly ordered state of the
protein is compensated for by the shift of hydrating water
molecules into a more disordered state.

In general, the only parameter previously used to characterize the
self-assembly of tropoelastin or elastin-like polypeptides (ELPs)1

has been the temperature atwhich phase separation or coacervation
takes place.However, it is clear that this phase separation is only the
initial step in a more complex process through which ordered
polymeric structures are generated (13, 14, 21, 29-31).Using small,
well-defined polypeptides modeled on the sequence and domain
arrangements of elastin, our laboratory has been investigating
factors that affect their coacervation behavior and capacity
for formation of ordered polymeric networks (21, 20, 24, 25).
Recently, we have developed a method involving mathemati-
cal analysis of spectrophotometric data which allows extrac-
tion of parameters describing both early and later steps of the
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self-assembly process. This was combined with microscopical
techniques tovisualize coacervate formationandmaturation (32).
Here we used these methods to follow the kinetics of self-
assembly of a previously well-characterized elastin-like polypep-
tide, designated EP20-24-24.

EXPERIMENTAL PROCEDURES

Expression and Purification of EP20-24-24. EP20-
24-24 is an elastin-like polypeptide (ELP) containing three
hydrophobic domains of human tropoelastin, either exon 20 or
24, interspersed with cross-linking domains consisting of exons
21 and 23 of human tropoelastin, giving the overall domain
arrangement 20-21-23-24-21-23-24. Plasmid construction,
recombinant expression, purification, and characterization of
this polypeptide have been described in detail by Bellingham
et al. (20, 21, 24, 25). Identity and purity of the final product were
confirmed by mass spectrometry and amino acid analysis
(Advanced Protein Technology Centre, Hospital for Sick Chil-
dren, Toronto, Canada) and by the coacervation temperature
under defined conditions. Concentration of the ELP was deter-
mined by amino acid analysis using norleucine as an internal
standard (Advanced Protein Technology Centre, Hospital for
Sick Children, Toronto, Canada).
MathematicalModelingSelf-Assembly ofEP20-24-24.

Spectrophotometric data following the self-assembly of the ELP
were collected using a Shimadzu UV-2401PC UV-visible re-
cording spectrophotometer (Mandel Scientific, Guelph, Ontario,
Canada) equipped with temperature and stir-rate controllers.
Standard coacervation conditions were the following: EP20-
24-24was dissolved on ice to a concentration of 25 μMin50mM
Tris buffer, pH 7.5, containing 1.5 M NaCl. Sample solutions
were equilibrated in a quartz cuvette for 5 min in the spectro-
photometer at a temperature approximately 5 �C below the
coacervation temperature. A constant stirring rate of 1000 rpm
was used except where otherwise indicated. The solution tem-
perature was increased at a rate of 1 �C per minute. Absorbance
at 440 nm was automatically recorded every 18 s. After the
absorbance reached a maximum, the temperature was held
constant for the remainder of the experiment. Data collection
was terminated when the absorbance returned to near baseline,
defined as approximately 10% of the maximum absorbance, or
alternatively after 60 min postcoacervation. Temperature of
coacervation, Tc, was measured as the temperature at the onset
of increased absorbance (20).

For experiments investigating the effect of ionic strength on
the kinetics of coacervation, the concentration of the ELP was
0.25 μM and the stirring rate 1000 rpm, as previously described.
Concentrations of NaCl varied from 0.75 to 1.5 M. For experi-
ments determining the effect of temperature on kinetics of self-
assembly samples were prepared as previously described. The
cuvette was then placed in the chamber of the spectrophotometer
which had been preheated to a final holding temperature vary-
ing between 31 �C (approximately 1 �C above the coacervation
temperature under these conditions) and 55 �C. For estimations
of activation energy (EA), lines were fit by linear regression to
data points on a plot of ln k (rate constant) vs 1/temperature (K)
using Prism 4.0 software (GraphPad Software Inc.). The slope of
the lines were taken as = -EAR (universal gas constant), where
R = 8.3145 J/(K mol).
Imaging Coacervation and Maturation. Images of poly-

peptide coacervates were obtained in real time using an Axiovert

200 epifluorescencemicroscope (Zeiss, Toronto,Ontario,Canada)
with a temperature-controlledAttofluor cell chamber (Molecular
Probes, Eugene, OR) using conditions that have been described
previously (32). EP20-24-24 was dissolved in coacervation
buffer (50 mM Tris, 1.5 M NaCl, pH 7.5) to a concentration of
200 μM. Images were obtained at various time points for 24 h.
The average coacervate droplet sizes were calculated using
Volocity 3.6 image analysis software (Improvision, Lexington,
MA) after manually defining the edges of the droplets and
sampling 60-120 droplets.

RESULTS

Defining Parameters of Self-Assembly. Similar to obser-
vations described previously for other elastin-like polypeptides
(20, 24, 25), when the coacervation temperature for EP20-24-24
was reached, there was a sudden increase in absorption as the
sample went from a clear solution to a turbid suspension of
colloidal droplets (Figure 1, open squares). This absorption
reached a maximum within about 5 min after coacervation and
then fell sharply with time to a value of about 10% of the
maximum height of the curve. Using Matlab 6.5 (The Math-
Works, Natick, MA), a double exponential curve was fit to the
changing values of turbidity with time (Figure 1, solid line).

absorbance ¼ -ae- kct þ be- km t þ q

In this relationship the first term describes the initial rise in
turbidity at the onset of phase separation, which we have
previously designated as the “coacervation” step of the overall
process of self-assembly (32). The second term describes the
subsequent fall in turbidity with time, a process that we have
called “maturation”. In this equation, “a” and “b” are concen-
tration proportionality factors, “kc” and “km” are rate constants,
and q is the baseline absorption after coacervation.Whilemaking
no assumptions aboutmechanism, this relationship resulted in an
excellent fit to the turbidity curve (Figure 1, solid line) and
allowed the extraction of kinetic parameters of the process,
including the velocity of the coacervation step, akc (Vc), and
the velocity of the maturation step, bkm (Vm). In this way, Vc,
Vm, and the temperature at which coacervation is initiated (Tc)
are three parameters that can be used to describe the process of
self-assembly for this elastin-like polypeptide.

FIGURE 1: Spectrophotometric measurements of changes in turbi-
dity during self-assembly of EP20-24-24. Turbidity was measured
using an absorbance of 440 nm (open squares). Details of coacerva-
tion conditions are given in the text. The dashed line shows the
increase in solution temperature as a function of time. Coacervation
temperature, Tc, is the temperature atwhich coacervation is initiated,
approximately 30 �C under these conditions. The solid line is the
equation Abs = -ae-kct þ be-kmt þ c fitted to the absorbance data.
Rate constants of coacervation andmaturation steps (kc and km) and
velocities of the coacervation and maturation steps (Vc and Vm) can
be extracted from this fitted curve.
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The fall in turbidity with time during the maturation step was
not due to settling of the colloidal droplets, since the sample was
constantly stirred in the cuvette (Figure 2). Indeed, stirring had
little or no effect on the initiation temperature of coacerva-
tion (Tc) or the velocity of coacervation (Vc) but increased Vm,
suggesting that the maturation step was diffusion-dependent.
Similar results have been reported previously for a different but
related elastin-like polypeptide (32). Imaging of the coacervation
droplets in real time during maturation demonstrated the growth
in size of these droplets by coalescence (Figure 3A). The size of

the droplets, as measured by their cross-sectional area, initially
increased rapidly but subsequently stabilized (Figure 3B).
Effect of NaCl on Parameters of Self-Assembly. The

effect of salt concentration on coacervation temperature has been
well characterized (20, 22). Consistent with those results, coacerva-
tion temperature decreased linearly with increasing concentrations
of NaCl (Figure 4A), indicating a higher propensity for initiation
of phase separation. The velocity of coacervation, Vc, increased
significantly with increasing concentrations of NaCl (Figure 4B).
In contrast, increased concentrations ofNaCl had little or no effect
on the velocity of maturation, Vm (Figure 4B). Differential effects
of NaCl on coacervation and maturation velocities suggest dif-
ferent mechanisms underlying these two steps of self-assembly.
Effect of Polypeptide Concentration on Parameters of

Self-Assembly. Increased concentration of elastin-like polypep-
tides has previously been shown to lower coacervation tempera-
ture (20, 23). Consistent with these observations, the temperature
at which the coacervation of EP20-24-24 was initiated de-
creased in a nonlinear fashion as concentration was increased,
with concentration effects particularly strong at lower concen-
trations (Figure 5A). Both Vc and Vm increased nonlinearly with
polypeptide concentration (Figure 5B), with this effect appearing
to saturate at higher concentrations. Although both Vc and Vm
increased with polypeptide concentration, the magnitude of the
effect on Vc was considerably greater than the effect on Vm.

By analogy to the kinetics of reactionmechanisms, the order of
a reaction or process can be determined by plotting reaction
velocity versus substrate concentration on a double logarithmic
plot, with the resulting slope indicating the reaction order. For
both coacervation and maturation steps of the self-assembly
process of the elastin-like polypeptide, the slope of such a plot
showed two components (Figure 5C), suggesting the involvement
of a series of linked reactions or processes.

A simple reaction series that would result in velocity changing
in a nonlinear relationship to concentration involves three
reactions. For example:

Ah
k1

k2
B f

k3
C

In this case, the reaction product “B” would be an intermediate
that could reversibly revert to “A” or proceed to “C”. Using this
reaction scheme, a relationship between velocity of the overall
process, V, and the concentration of the initial substrate “A” can
be derived, where “n” is the reaction order.

V ¼ k1k3½A�n
k2 þ k3½A�n

FIGURE 2: Effect of stirring rate on coacervation temperature and
kinetic parameters of self-assembly. (A) Increasing stirring rate accele-
rated the decrease in turbidity with time (squares: 0 rpm; triangles:
300 rpm; diamonds: 600 rpm; circles: 1000 rpm). (B) The temperature
of coacervation (Tc) was unaffected by stirring rate. (C)Velocity of the
coacervation step (Vc, open squares) was unaffected by stirring,
whereas the velocity of the maturation step (Vm, open circles) in-
creased essentially linearly with stirring rate. Mean ( SD, n=5.

FIGURE 3: Coacervation droplets grew by coalescence during the maturation step. (A) Bright field image series obtained over a period of 1 s shows
complete coalescence of two droplets (circled). Scale bar=24 μm. (B)Mean coacervate droplet size initially increased rapidly, but droplet size stabilized
at later times. Mean( SD, n=100. Details of methodology for imaging coacervate maturation and measurement of droplet size are given in the text.
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This relationship was used to fit a curve to the velocity vs ELP
concentration data in Figure 5B (solid and dotted lines), allowing
a value of “n”, representing the order of the process, to be
extracted for both coacervation and maturation steps. Deter-
mined in this way, n=1.3 for the coacervation step, and n=2.0
for the maturation step. In general, n > 1 is characteristic of a
sigmoidal curve, describing an overall reaction or process which
is cooperative. The maximum velocity of coacervation for
EP20-24-24 was 4.0 ΔAbs/min as compared to a maximum
velocity of maturation of 0.74 ΔAbs/min.
Effects of Trifluoroethanol (TFE) and Urea on Para-

meters of Self-Assembly. Increasing concentration of TFE
had a strong effect to decrease Tc of EP20-24-24 (Figure 6A),
even at relatively low concentrations. This was consistent with
previous data on the effects of TFE on other ELPs (25, 33)
and tropoelastin (34). However, TFE had little or no effect on
the velocities of either coacervation, Vc, or maturation, Vm
(Figure 6B). In contrast, again consistent with earlier observa-
tions (25), urea significantly raised the coacervation temperature
(Figure 6A). Urea also had a clear effect to decrease the velocity
of the coacervation step (Figure 6C). However, the effect of urea
on thematuration step appeared to be complex, with a significant
increase in Vm at 0.5 M but little effect at higher concentrations.
Effect of Temperature on Kinetics of Self-Assembly. To

assess the effect of temperature on kinetic parameters of coacer-
vation and maturation, coacervation was induced by raising the
temperature in a single step to various final temperatures, all
exceeding the coacervation temperature. Velocity of the coacer-
vation step (Vc) increased essentially linearly with temperature
(Figure 7A). In contrast, Vm was also increased with tempera-
ture, although this effect plateaued at higher temperatures
(Figure 7A). Based on a classic Arrhenius relationship between

temperature and rate constant, a graphwas generated by plotting
ln kc or ln km vs 1/T (K) (Figure 7B). In such a plot, activation
energy of the reaction or process (EA) can be calculated from the
slope of the line according to the relationship

EA ¼ - slope� R

where R is the universal gas constant and has a value of 8.3145
J/(Kmol). From this calculation, thematuration step had a single,
very small activation energy of 3.7 kJ/mol (Figure 7B, dotted line).
In contrast, the plot for the coacervation step showed two
components, with a larger activation energy of 127.0 kJ/mol at
temperatures close to the coacervation temperature (Figure 7B,
dashed line) and a smaller activation energy of 35.8 kJ/mol at
higher temperatures (Figure 7B, solid line). Such nonlinear
Arrhenius relationships have previously been associated with
proteins undergoing conformational changes (35-37).

DISCUSSION

In vitro self-assembly of tropoelastin or elastin-like polypep-
tides is initiated by coacervation, a temperature-induced phase

FIGURE 4: Effect of NaCl concentration on coacervation tempera-
ture and kinetic parameters of self-assembly. (A) Coacervation tem-
perature (Tc) decreased essentially linearly with increased concentra-
tions of NaCl. (B) Velocity of the coacervation step (Vc, open
squares) increased with increasing concentrations of NaCl, whereas
the velocity of thematuration step (Vm, open circles) was unaffected.
Mean( SD, n= 5.

FIGURE 5: Effect of concentration of elastin-like polypeptide (EP20-
24-24) on coacervation temperature and kinetic parameters of self-
assembly. (A)Coacervation temperature (Tc) decreased nonlinearly
with increasing concentrations of polypeptide. (B) Increasing con-
centrations of polypeptide resulted in nonlinear increases in both
velocity of coacervation (Vc, open squares) and velocity of matura-
tion (Vm, open circles). Relationships between polypeptide concen-
tration andVc (solid line) andVm (dashed line) were consistent with
a simple, two-step reaction mechanism (see text for details). (C) A
log-log plot of the effect of polypeptide concentration on reaction
velocities showed two components, also consistent with a series of
linked reaction steps. Mean ( SD, n = 5.
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separation. The temperature at which this phase separation takes
place is called the coacervation temperature, Tc. Several previous
studies using similar ELPs that include both hydrophobic and
cross-linking domains of human tropoelastin have demonstrated
that Tc can be influenced by many factors including solution pH
and ionic strength, as well as characteristics of the protein itself,
including sequence, overall hydropathy, and domain arrange-
ments (20, 22-26). Furthermore, the distribution of polar and
apolar regions along the chain of block copolymers modeled on
tandem repeats of pentamers of elastin-like sequences has also
been shown to be an important determinant of coacervation
behavior (38).

In general, Tc has been taken to be a measure of the overall
propensity of ELPs for self-assembly. However, it is clear that
this parameter represents only the susceptibility of the polypep-
tide to undergo the initial phase separation step of a more

complicatedmultistep process of self-assembly into an organized,
extended matrix. We and others have shown that this organized
matrix can subsequently be cross-linked into materials with
elastomeric properties resembling those of native polymeric
elastin (17, 21). While coacervation is classically considered to
be reversible upon decreasing solution temperature below Tc,
recent rheological data from our laboratory have demonstrated
that, even in the absence of cross-linking, holding the coacervate
of EP20-24-24 above Tc results in a maturation process in
which network formation becomes progressively less reversible
with time (30).

Several previous studies have described the kinetics of the
initiation of coacervation of elastin-like proteins (6, 23, 37, 39, 40).
However, most of these have used polypeptides with sequences
based only on the hydrophobic domains of elastin (37, 39, 40).We
have previously shown that polypeptides lacking the alternating
hydrophobic and cross-linking domain organization of elastin
have a much reduced propensity for coacervation (24). Further-
more, none of these previous studies have attempted to model
postcoacervation events, which include spontaneous organization
of the coacervate into an extended network. Here we have used
spectrophotometric data to follow the progress of self-assembly
beyond the initial phase separation event. Without making any a
priori assumptions about mechanism, the overall self-assembly
process, including both coacervation andmaturation steps, can be
mathematically modeled using a double exponential curve fit.

FIGURE 6: Effect of trifluoroethanol (TFE) andureaoncoacervation
temperature and kinetic parameters of self-assembly. (A) Increasing
concentrations of TFE (open squares) decreased coacervation tem-
perature (Tc). In contrast, increasing concentrations of urea (solid
squares) increased coacervation temperature. (B) Increasing concen-
trations of TFE had little or no effect on velocities of either the
coacervation (open squares) or the maturation (open circles) step.
(C) Increasing concentrations of urea decreased the velocity of the
coavervation step (solid squares) but had a less consistent effect on
the velocity of the maturation step (solid circles).Mean( SD, n=5.

FIGURE 7: Effect of temperature on kinetic parameters of self-assem-
bly. Solutions were held on ice, followed by a single step increase to
various final temperatures, all exceeding the coacervation tem-
perature of approximately 30 �C. (A)The velocity of the coacervation
step (Vc, open squares) increased linearly with final temperature.
In contrast, the velocity of the maturation step (Vm, open circles)
showed an exponential increase with final temperature. (B) An
Arrhenius plot of the relationships between rate constants of the
coacervation (kc) and maturation (km) steps and the final tempera-
ture, expressed in kelvin. Activation energies of the steps were
calculated from the slopes of the lines (see text for details). For the
maturation step, the data could be fit to a single line (dotted), with a
slope not significantly different from 0, indicating a very low activa-
tion energy. In contrast, the data for the coacervation step showed
two distinct components (solid and dashed lines), both with slopes
significantly different from0, indicating two stepswith significant but
differing activation energies. Mean( SD, n= 5.
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In this way, quantitative information on velocities of coacervation
and maturation steps can be extracted, providing insights into
possible mechanisms of the self-assembly process.

The initial rise in turbidity initiated at the coacervation
temperature, referred to here as the coacervation step, was
followed by a decrease in turbidity, which we have designated
maturation. This decrease in turbidity with time was clearly not
due to settling of the colloidal droplets, since increasing stirring
rates accelerated maturation. Imaging of the coacervation dro-
plets with time showed that maturation was due to coalescence of
droplets, resulting in reduced light scattering from these larger
colloidal particles. Temperature of coacervation and rate of the
coacervation step were unaffected by stirring. These results were
qualitatively similar to those previously reported by us for
another ELP, although the rates of the processes differed for
the two ELPs (32).

Coalescence of colloidal droplets would normally continue
until the two phases completely separate into immiscible layers.
Indeed, such a process has been described by others using either
R-elastin, a heterogeneous mixture of fragments of insoluble
polymeric elastin generated by digestion with oxalic acid (39),
or synthesized polypeptides whose sequences were modeled on
hydrophobic domains of elastin (40).However, for EP20-24-24
under the conditions described here, coalescence of colloidal
droplets ceased after approximately 2 h, and droplet size no
longer increased. Similar behavior was previously reported for
another related ELP, although the time to achieve a stable
droplet and the final droplet size differed (32).

Stabilization of colloidal droplets is often achieved by the
addition of an exogenous surface-active substance or emulsifier
that interacts with the surface of the droplet, inhibiting further
coalescence. However, spontaneous stabilization of colloidal
droplets in the absence of exogenous stabilizers, the “ouzo
effect”, has also been described (41). An explanation for this
spontaneous stabilization of droplet size may be related to
progressive development of more extensive intermolecular inter-
actions between the ELPs in the condensed phase. Such behavior
would be consistent with the known ability of this type of ELP to
form fibrillar networks (13-17, 30, 31). The presence of lysine
residues in the cross-linking domains confers an amphiphilic
character on the ELP used in this study, and there are several
examples in the literature of the formation of stable micelle-like
structures by such amphiphilic proteins (42, 43). Alignment of
polypeptides at the outer layer of the coacervate droplet/solution
interface, with lysines directed toward the solution phase, could
result in stabilization of the droplets both by charge-charge
repulsion of their surfaces and by providing a template for
ordering of polypeptides deeper into the droplet, resulting in
the stabilization or rigidification of the surface of the droplets.

Initiation of coacervation clearly reflects a sudden change in
the hydration state of the ELP. Given these considerations, the
temperature at which coacervation takes place may be related, at
least in part, to the stability of water structures surrounding and
interacting with the protein in its soluble state. This is consistent
with observations of differing susceptibilities to coacervation,
reflected in significantly variable coacervation temperatures for
ELPs containing similar domain arrangements but different
protein sequences (24, 25). Destabilization of these water struc-
tures by raising solution temperature would then initiate the
process of phase separation. Here we have shown that increas-
ing salt content in solution not only lowers the temperature
of coacervation, as has been reported elsewhere by us and

others (20, 22, 23), but also accelerates the coacervation step,
presumably reflecting an increased rate of the self-association
process which propagates the phase separation. In contrast, the
rate of maturation of the coacervate droplets is essentially
unaffected by salt concentration.

Coacervation has also been suggested to include a conforma-
tional transition in the protein molecule (44), although it is not
clearwhether this conformational change is the cause or the result
of the change in hydration state. These conformational changes
are generally described as a shift from open polyproline II-like
structures stabilized by hydrogen bonding to solvating water, to
more closed structures involving type II β-turns stabilized by
intramolecular hydrogen bonding (33, 37, 45-52). Trifluoroetha-
nol (TFE) has been widely used as a cosolvent which promotes
the formation of intramolecular hydrogen bonds, for example, in
the stabilization of R-helical structures in proteins (53, 54). We
have previously shown that, even in the absence of effects on
R-helical content, low concentrations of TFE have a marked
effect to lower coacervation temperature and had proposed that
the mechanism for this effect might be through promotion of the
conformational shift to closed, β-turn structures, thereby initiat-
ing coacervation (25). If this were the case, we would expect that
TFE should also have a significant effect to increase the velocity
of the coacervation step. However, results reported here indi-
cate that concentrations of TFE that have major effects on the
coacervation temperature have little or no effect on either rate of
coacervation or rate of maturation. This suggests that other
mechanisms for the effect of TFE on coacervation temperature
may have to be considered (54-56).

In contrast to TFE, urea is known to destabilize intramole-
cular hydrogen bonding, including both R-helical and β-turn
structures. We had previously shown that increasing concentra-
tions of urea raised coacervation temperatures (25). Again, if the
self-association step of coacervation requires or is proceeded by
formation of β-turn structures in the ELP, we would expect that
addition of urea should not only increase the coacervation
temperature but also decrease the rate of coacervation, an effect
which was consistent with the results reported here. Note that
urea, at least at these concentrations, had no effect on the rate of
the maturation process.

The effect of polypeptide concentration on coacervation
temperature was consistent with previous reports (20, 23). That
is, the decrease in coacervation temperature with increased
polypeptide concentration was nonlinear, with effects more pro-
nounced at lower concentrations. Velocity of both coacervation
and maturation processes showed a nonlinear and saturable
dependence on polypeptide concentration, and log-log plots of
these relationships suggested that both processes involved multi-
ple, linked substeps. These data could be successfully fit by a
mathematical relationship assuming a simple two-step process
with a reversible first step, and the calculated orders of these
processes were consistent with cooperative kinetics. In the case of
coacervation, this first, reversible substep may be related to the
change in ELP conformation discussed above, while the second
substep could correspond to the subsequent process of molecular
self-association to form the initial coacervate droplets. It is more
difficult to account for the predicted multistep nature of the
maturation process, although in that case the substeps could
reflect the initial rapid coalescence of the droplets followed by
their stabilization.

The effect of temperature on a reaction rate or process can also
provide information on its nature. Our data have shown that the
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temperature at which coacervation was induced affected both
coacervation and maturation rates, although these two processes
appeared to have different kinetic characteristics. An Arrhenius
plot of these data indicated a very low activation energy of
approximately 3.7 kJ/mol (0.88 kcal/mol) for the maturation
step, which was constant over the entire temperature range,
suggesting that this process was essentially spontaneous. In
contrast, the Arrhenius plot of the coacervation rate was non-
linear, with regions corresponding to two distinct slopes. At tem-
peratures close to the coacervation temperature, 30 �C under the
conditions used, the activation energy was high, approximately
127 kJ/mol (30.3 kcal/mol). At higher temperatures the activation
energy of the coacervation step fell to approximately 35.8 kJ/mol
(8.5 kcal/mol). A temperature-dependent change in activation
energy has also been reported for coacervation of an elastin-like
protein consisting ofmutiple repeats of the hydrophobic PGVGV
sequences (37), with an initialEA of 537 kJ/mol and a subsequent
EA of 380 kJ/mol. Higher activation energies for a ELP contain-
ing only hydrophobic domains, as compared to the ELP reported
here, are consistent with our earlier observations that the alter-
nating domain organization of tropoelastin strongly increases
propensity for coacervation (24). These data are also consistent
with a two-step process of coacervation.

Both experimental and computational modeling data suggest
an equilibrium between open and closed conformations of ELPs,
which is shifted toward increasing the proportion of closed
conformations as dehydration of the polypeptide takes place
by increasing temperature or other alterations in solution
conditions (33, 45-52). If such closed conformations are required
for molecular self-association, this would suggest that the coa-
cervation temperature represents the temperature at which a
critical concentration of these closed conformations has been
reached, permitting propagation of molecular association events
and leading to the appearance of the macroscopic coacervation
droplets. Consistent with experimental data, this critical concen-
tration of closed conformationswould be affected by factors such
as polypeptide concentration, solution ionic strength, agents such
as TFE or urea which influence water-polypeptide interactions
or intramolecular hydrogen bond stability, and the sequence of
the ELP itself. In the model of the coacervation stage of self-
assembly described here, the conformational change in the ELP
would correspond to an initial substep with high activation
energy, while propagation of the molecular association events
to form the coacervation droplets would be represented by a
second, lower activation energy substep.

The coacervation droplets, once formed, initially grow by
coalescence, accounting for the fall in turbidity of the colloidal
suspension, its apparent dependence on diffusion, and the very
low activation energy of this maturation process. However, at
least for the types of ELPs described here which mimic the
alternating domain arrangement of elastin, such coalescence does
not proceed to complete phase separation. Instead, droplets
reach a stable size as coalescence ceases. Knowing the propensity
of these polypeptides to form organized structures, we postulate
that cessation of droplet growth for these ELPsmay be related to
an organization of the polypeptides at the interfacial surface,
effectively inhibiting the ability of the droplets to grow by
coalescence.

In summary, using a simple mathematical analysis of spectro-
photometric data, we have been able to expand the parameters
used to describe self-assembly of ELPs to include not only the
temperature at which the initial phase separation takes place but

also the kinetics of the coacervation and maturation steps in the
overall self-assembly process. The data show clearly that these
three parameters can be independently influenced by solution
conditions and confirm that the temperature at which coacer-
vation takes place is not necessarily a sufficient measure of
the overall propensity of such polypeptides for self-assembly.
Furthermore, the results reported here, together with data from
others using a variety of experimental and computational tech-
niques, suggest an overall model for self-assembly which would
apply at least to such simple ELPs and may also have relevance
for understanding the self-assembly of native tropoelastin both
in vitro and in vivo.
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