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Austin D. Fergusson
ABSTRACT

Life is soft. From the fluid-like structure of lipid bilayers to the flexible folding of proteins, the
realm of nanoscale soft matter is a complex and vibrant area of research. The lure of
personalized medicine, advanced sensing technology, and understanding life at a fundamental
level pushes research forward. This work considers to areas: (1) lipid bilayer dynamics in the
presence of substrate defects and (2) the inverse temperature transition of elastic proteins.
Molecular dynamics simulations as well as umbrella sampling were employed. The behavior of
the bilayers discussed in the work provides evidence that small defects on confining surfaces can
promote nucleation of lipid tethers. Results the second part of this work indicate elastin-like
peptides experiencing inverse temperature transitions may be capable of performing amounts of
work similar to RNA polymerase; additionally, resilin’s inverse temperature transition may be
closely linked to the molecule’s ability to efficiently transmit energy through the similar coil-f
secondary structure transition seen in both cases. These insights into the inverse transition

temperature are relevant for the design of bio-inspired sensors and energy storage devices.
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Chapter 1| Supported Lipid Bilayer Compression Dynamics
1.1 Supported lipid bilayers (SLBs) and their significance in biology

Due to their ability to provide electrical insulation, incorporate receptor proteins, and suppress
nonspecific ligand binding, supported lipid bilayers (SLBs) are used in biosensors.! Their
mechanical properties have also been extensively investigated.> * Transmembrane phenomena,
such as the ion channel function,* have been explored by suspending SLBs across nanopores.>”’
The suspended SLB regions minimize substrate effects on system behavior® and provide an ideal
environment for these investigations. Applications of SLBs commonly assume that the
supporting substrate is continuous and defect-free.® However, this assumption is unrealistic in
vivo. The lipid bilayer that forms the cell membrane is supported by an F-actin mesh that
contains large gaps between its fibers, suggesting that a supporting scaffold model would be
more appropriate.’® While experiments characterized the influence of the cytoskeleton on static
membrane properties** and prior computational works'>* by Xing et al. and Lin et al.
investigated the changes in static membrane properties related to confinement by a supporting
substrate, the effects of nanoscale defects within the substrate on membrane dynamics are still

poorly understood.



We investigate these dynamics through
molecular dynamics (MD) simulations of the
phospholipid  dipalmitoylphosphatidylcholine
(DPPC). Two types of defects are simulated: (1)
a system with a hole in the center of the
substrate (hereafter referred to as the center-
defect substrate) that is shown in Fig. 1b, and (2)
a system with the substrate edges removed
(referred to as the edge-defect substrate), shown
in Fig. 1c. We also examine the effect of a third
defect, namely, substrate protrusions, on SLB
dynamics. These three scenarios are investigated
by compressing the systems at a constant strain
rate, which allows us to observe how the SLB

accommodates the induced stress, both in the

presence and absence of substrate defects.

1.2 Methods

1 nm

1 nm

Figure 1. The simulated system contains a DPPC
bilayer consisting of polar head groups (black) and
hydrophobic tails (grey), a supporting substrate (red),
and water layers above the membrane and below the
substrate. The water layers present within the system
are omitted from these images for clarity. The
dimensions of this system are: 12.584 nm x 12.633
nm x 10.474 nm. (a) Side view of a slice of the
supported lipid bilayer and the substrate. (b) A cross-
sectional view of the 4 nm? hole present in the center
of the substrate during the center defect simulations.
(c) Cross-sectional view of the substrate showing the 1
nm of substrate that was removed around the edges for
the edge defect simulation.

The simulations are conducted with GROMACS?®® to perform: (i) energy minimization, (ii) a

canonical NVT (constant volume and constant temperature) ensemble simulation over 5 ns with

the temperature controlled at 323 K by rescaling the molecular velocities every 1 picosecond

(ps), and (iii) an NPT (constant pressure and temperature) ensemble based simulation over 13 ns

using a Nose-Hoover thermostat'® " with a coupling time of 1 ps, and a Parrinello-Rahman



barostat® 1° with a coupling time of 5 ps.12% All simulations employ a time step of 0.002 ps. We
use a simulation temperature and pressure of 323 K and 1 bar, respectively. The temperature is
above the gel transition temperature of DPPC, and is commonly used in the literature.?%
Visualization of the structures is performed using VMD.?’

The initial structure of DPPC is acquired from a previous study?: 128 lipid molecules arranged
into two monolayers — referred to as leaflets — with 64 lipids each, as shown in Figure 1. We use
a modified GROMACS 53a6 force field including Berger lipid parameters for our simulations.?®
3% The systems are simulated in bulk water (modeled using the SPC potential) with periodic
boundary conditions.3 The SETTLE algorithm is used to hold the geometry of each solvent
water molecule fixed.3? The geometry of each water molecule in the substrate is held fixed using
the SHAKE algorithm.3 Coulombic and van der Waals interactions have a cut-off distance of
1.2 nm.3% 3 Long-range charge interactions are computed using a Particle Mesh Ewald (PME)
summation scheme.®* After equilibration, the area per lipid head group is 0.62 nm?, which is in
good agreement with previous work that reports this value as 0.629 + 0.013 nm2.3® We construct
a larger system by replicating the equilibrated structure along the x- and y-directions. The larger
structure is desirable for compression simulations to ensure that the x- and y- dimensions of the
lipid bilayer are several times larger than the substrate defects. This structure is subjected to
another NPT equilibration that is simulated for 2 nanoseconds using the same thermostat and
barostat as before. Once the density and temperature data converge, the system is ready for data
production runs.

The supporting substrate consists of water molecules within ~2 nm from the bottom of the lipid
bilayer. They are restrained from translational motion by applying an energy penalty to each
atom. This penalty must be overcome to produce movement. We refer to the supporting substrate
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as the “water slab”. The water slab restricts the ability of the bilayer to adjust during
compression. Although the choice of support differs from typical experiments with SLBs, the
simulations are still qualitatively comparable due to the polar nature of the support. To create the
desired nanoscale defects in the substrate, the translational constraints on specific water
molecules are removed, thereby allowing the bilayer to deform through these regions. The
center-defect substrate has a 4 nm? hole in the center while the edge-defect substrate has 1 nm of
the substrate removed along the outer edges.

Once this structure equilibrates, we conduct compression simulations. The pressure control
during all compression simulations is coupled along the x- and y-directions. The corresponding
control in the z-direction is decoupled to allow system deformations that are normal to the plane
of the bilayer to differ from those in the tangential directions. The system is compressed along
the plane of the membrane (i.e. in the x- and y-directions) at four deformation rates: 8 x 107, 1 x
104, 2 x 10 and 3 x 10 nm/ps. As a control, we also simulate a defect-free substrate at
compression rates of 8 x 10 and 1 x 10 nm/ps. Simulations are run until the bilayer reaches an
area strain of ~30%. The simulations times for the different compression rates are (fastest —
slowest): 10 ns, 15 ns, 30 ns, and 35 ns. Analysis becomes difficult thereafter due to the amount
of bilayer deformation. We make the assumption that no lipid molecules switch leaflets because
the flip-flop rate for DPPC is on the timescale of hours®® which is orders of magnitude longer
than the simulations performed in this work. Additionally, after reviewing the simulation
trajectories, no lipid flip-flop was observed.

The mean curvature of both leaflets is calculated by applying a finite difference approximation
of the Laplacian to the surface that is interpolated from the positions of the lipid head groups. We

consider the compressive area strain given by



Ab ;:hew ( l)

where A, represents the lateral area of the membrane in its uncompressed state and A, is the

same at a specific time step. Since this work only examines membrane compression, 0, is always

positive.

1.3 Results and Discussion

In each of the defect-free simulations, the
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. the lower leaflet. (b) The 1 x 10" nm/ps compression
formation. rate plot, which shows a smoother, continuous growth
process of the lipid stalk in the lower leaflet. The
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compressive area strain at the faster compression rate.
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Time
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TR “stalk” growth
Figure 3. Views of the SLB along the simulation box
the mean z-coordinate of the head groups in a  diagonal. The upper (left) and lower (right) leaflet
surfaces are shown every 5 nanoseconds. The images
shown represent a section of each leaflet surface that
spans the simulation box in order to observe the
deformation near the center-defect in greater detail.

coordinate of the highest lipid head group to

specific leaflet for different compression rates
and present these results in Fig. 2. For a
relatively slow compression rate (8 x 10° nm/ps), stalk growth follows a step-like process while
for the higher compression rate (1 x 10 nm/ps) it is more continuous. The relationship between
mean curvature and area strain is the same at both compression rates in the absence of substrate
defects.

A relationship between the volume enclosed by a lipid protrusion and the compressive area
strain of the bilayer has been recently proposed.’, Employing this relationship, the lipid stalks
considered here will likely continue to elongate into tubes or tethers since the volume enclosed
by the protrusions is minimal® while the area strain is high. The negligible enclosed volume is
an artifact that arises from the choice to use a substrate constructed from water molecules that are
restrained from translation.

Figure 3 shows the case where a 4 nm? hole in the supporting substrate is responsible for the
primary mode of deformation. Snapshots of the upper and lower leaflets from the slowest
compression rate simulation are displayed. When the lipid bilayer lies on a substrate that

contains the defect, the primary response to compression is extrusion of the lower leaflet through
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the center defect. Simultaneously, the upper — 8x10% nmjps
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leaflet begins to curve toward the center of £ R

v 02
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defect-free system. The mode of deformation ~ Figure 4. Mean curvature (nm-1) versus compressive
area strain plot of the SLB lower leaflet. The data
presented here have been time averaged every 200 ps
for the simulations containing a 4 nm2 hole in the
center of the supporting substrate.

transitions from one that is center-defect
controlled to being substrate protrusion
controlled with increasing compression rate. After this initial extrusion, buckling occurs at the
corners of the simulation box in a manner similar to that for a defect-free substrate. However, the
compression rate has a significant influence on the deformation mode that the SLB assumes.

At the highest compression rate, the substrate protrusions control the deformation mode in a
manner that is indistinguishable from the behavior of a bilayer compressed on a substrate without
a center defect. Two possible explanations for this behaviour are: (1) the compression rate is
faster than the rate the lipid membrane can adjust to the strain, or (2) The substrate deformation
at the corners of the simulation box is large enough to bias the system response toward those
defects instead of the hole in the support. The mean curvature of the lower leaflet is plotted
against membrane area strain for different compression rates in Fig. 4.

Next, we consider the edge-defect scenario. The topology of the edge-defect substrate is
analogous to supporting the bilayer with evenly spaced pillars. The pillars sit on a surface that
undergoes equal bending about both horizontal axes. As bending increases, the separation
distance between the tops of the supporting pillars decreases. Eventually these pillar tops join

one another, recreating a continuous substrate. The membrane compression causes lipid

7



molecules to extrude through portions of the open space surrounding the substrate. The bilayer
deforms preferentially through the spaces at the corners of the substrate.

During compressive biaxial loading, nanoscale substrate defects produce nontrivial
changes in SLB deformation compared to a defect-free substrate. Such nanoscale defects could
be present even in carefully fabricated substrates. This suggests that a defect-free substrate model
may be invalid even for microscale SLBs. Finally, small defects within a supporting substrate are

capable of inducing lipid tether nucleation.



Chapter 2| Protein Heat Engine: An exploitation of the
inverse temperature transition of elastic proteins

2.1 Inverse Transition Temperature

The family of elastic proteins exhibits a conformational transition above certain temperatures=?-
%5, This behavior, which occurs above a protein’s inverse transition temperature (ITT), represents
the direct conversion of heat into mechanical work. When harnessed properly, the inverse
temperature transition could produce useful mechanical work*3, This inverse temperature
transition is so named due to the increased order exhibited by the proteins following the
conformational change, which would seem to violate the second law of thermodynamics®®: >4,
The second law is not in fact broken during the transformation because the decrease in the
protein’s entropy is counterbalanced by a greater increase in entropy of the highly ordered water
that was previously associated with the protein’s structure®® >+%°; therefore, the net change in
entropy of the system is positive. The event that triggers this change is named hydrophobic
collapse®*. During hydrophobic collapse, the hydrophobic amino acid residues that were
previously exposed to solvent molecules associate to reduce their solvent accessible surface area.
This work will focus on the transitions of elastin and resilin whose ITT’s are 20°C - 40°C3® 56-8

and 50°C®, respectively.

2.2 Methods

Highly parallelized molecular dynamics (MD) simulations were run to examine the
conformational transition pathways exhibited by both elastin (GVGVP)e and resilin exon 111
(GYSGGRPGGQDLG)s during their respective inverse temperature transitions. The initial

protein structures were generated using AmberTools®® by stringing together the desired amino
9



acid chains. C- (COO") and N-terminal (NHs") groups were added to the structure during
simulation preprocessing in GROMACS 3.3.4%1. Due to the long relaxation times usually
exhibited by proteins, a model combining both efficiency and accuracy was needed to study this
problem. Coarse grained MD simulations are orders of magnitude faster than their all-atom
counterparts, but efficiency comes at a price. The reduction in resolution would likely miss
important information regarding the transition, or potentially be incapable of modeling the
transition at all. Alternate modeling options were needed. The solution to these modeling issues

was found in the form of the PACE®? %2 force field recently developed by Wu et al.

2.2.1 The PACE Force Field

The PACE force field constitutes a hybrid coarse-grained/united-atom model. The bulk of the
particles in many biological simulations are water molecules. This water uses valuable
computational resources but provides little additional information as an all-atom model.
Thinking along these lines, the developers of PACE utilize coarse-grained water in their model
while keeping proteins represented by a united-atom formulation. The proposed method allows
for greater detail of protein dynamics while reducing the necessary computational time. This
model represents a compromise between efficiency and accuracy. The potential function for this

force field is:
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Where &a.n,ij and oap,ij are LI parameters, the K x terms are spring constants, and the C terms are
parameters relating to the charged interactions between particles®*®, PACE has produced
reasonable results for the secondary structure of the AK17%, Fs® and GB1p® peptides when
compared to experimental data. Comparison of protein folding kinetics with the literature can be
misleading because the PACE model increases the speed of protein folding by up to 5-10 times
the rates®® seen in experiments. This acceleration is beneficial for examining previously

unobservable slow protein kinetics.

PACE was implemented in GROMACS 3.3.4%%. This older version of GROMACS was used to
construct the topology files (molecular level definition of the system) needed to perform the
protein simulations. All simulations were performed on GROMACS 4.5.x% or later. There is one
exception to the previous statement; all umbrella sampling simulations were run using
GROMACS 3.3.4 due to the large changes in how the software package accepts umbrella

sampling parameters between the 3.x and 4.x versions.
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2.2.2 Protein Simulation Procedures

Every simulation requires the definition of a control volume which will be referred to as a
“simulation box” for the remainder of this work. The system of interest, in this case a peptide,
was centered inside the box and solvent molecules were added until there was no room left. The
contents of the control volume will most likely be at artificially high energy states due to close
proximity of the newly added molecules. To prevent system instability, the two step process of
energy minimization followed by equilibration was performed twice. The peptides were
restrained during the first stage to allow the solvent molecules to adjust around the peptide
structure without displacing the peptide. No restraints were applied during the second stage.
Energy minimization was performed using the steepest descent algorithm®®. The algorithm
follows the steepest descending energy gradient by an amount, J, at each step. If the new energy
is lower than the previous value, the step is successful. If the new energy is larger than the
previous value, the step is considered unsuccessful and the algorithm returns to the previous
value and repeats this process using a smaller step of ~0.20. Each equilibration step was
performed using the NPT ensemble, i.e. the number of particles, the temperature, and the
pressure were all held constant. The temperature and pressure of the system were maintained at
150 K and 1 atm, respectively, using the Berendsen temperature and pressure coupling
algorithms®’. Additional NPT equilibration was performed at each temperature for 5 ns prior to
beginning the data collection simulations. Elastin (resilin) was simulated for 1.5 ps (500 ns) with
a time step of 4 fs. Hydrogen atoms were represented by virtual sites to facilitate the use of the

larger time step.
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2.2.4 Umbrella Sampling

Increase T
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Figure 5. Schematic showing the work performed by an elastin peptide during the inverse temperature transition.

The energy near a subset of the transition trajectory is required to adequately calculate the
average force along that path and by extension the approximate work performed across the
inverse temperature transition. There are several techniques available to calculate free energies
between two states. The free energy difference, AF, between these states is related to the work,
W, performed to move from one to the other by the non-equilibrium work relation developed by

Jarzynski®.

(exp(—pAW)) = exp(—BAF) 3)

Therefore, the average work performed during a non-equilibrium process to move a system from
state A to state B is greater than or equal to the free energy difference between the states.
Concisely, this relation links equilibrium properties to non-equilibrium processes. In the case of

a set of finite-time simulations, the calculated value of AF serves as the upper limit of the work
13



the peptide could perform during the inverse temperature transition®. In this work, 1 apply the

umbrella sampling method to derive the free energy surface.

‘ Radius of Gyration ‘

\

< - — A % JV

, "/Vl ) N\~ |
/ 7 \\

E;%%ZIB. Schematic showing how frames were selected for umbrella sampling. All images are of the resilin exon 111

Umbrella sampling was performed to quantify the maximum possible work a model peptide
could perform when moving between the extended and contracted states. Specifically this
method calculates the potential of mean force (PMF), or free energy, of the peptide along the
conformal change pathway between an initial state A and the final state B (figure 6). In order to
adequately sample the energy surface between the two configurations, additional simulations
were run while holding the reaction coordinate, &, constant. Sampling windows were chosen
from the original simulation trajectory such that the values of the reaction coordinate change by a
constant value between neighboring windows. The radius of gyration was chosen as the reaction
coordinate for resilin and elastin because both of their inverse temperature transitions move the

peptides from an elongated, disordered state to a compact, ordered configuration. During an
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umbrella sampling simulation, the model protein’s radius of gyration is restrained to its initial
value for that sampling window with a harmonic (spring) potential with the spring constant k =
1000 kJ nm?2 mol?. Through this restraint, the model protein is only allowed to sample its
configuration space near the initial reaction coordinate value. Sufficient sampling is achieved
when the individual energy histograms display nearly Gaussian distributions and overlap with
neighboring histograms in regions of high sampling. Larger values of k produce faster
convergence of the energy histograms but reduce sampling of the reaction coordinate space;
therefore, a larger number of sampling windows would be required to accurately calculate the
free energy curve. Insufficient overlap of the histograms leads to artificial peaks or oscillations in
the free energy landscape.

Each umbrella sampling window was simulated for a total of 51 ns and 21 ns for elastin and
resilin, respectively. The first nanosecond of all sampling simulations was a short NPT
equilibration simulation and was excluded from the analysis. The separation between
neighboring sampling windows was approximately 0.025 nm. The PLUMED®® plug-in was used
with GROMACS to perform umbrella sampling using the protein’s radius of gyration as a non-
standard reaction coordinate. Weighted Histogram Analysis (WHAM) was performed on the
umbrella simulation data sets using the native GROMACS utility “g wham’®’. The g_wham
utility calculates the autocorrelation times for each sampling window and performs bootstrap

error analysis to assess the statistical uncertainty of the free energy profile.
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2.3 Results and Discussion

2.3.1 Inverse Temperature Transition
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Figure 7. Radius of gyration, Rg, values for the extended and folded states of the elastin peptide at various
temperatures. Filled circles mark the stable states while empty circles mark unsteady states. The lone circle filled
with red (50°C) represents the first temperature where the inverse temperature transition occurs. Since the peptide
was still in the process of transitioning at 1.5 ps, the 50°C point was calculated from the final 400 ns of the
simulation trajectory, which is representative of the final configuration the peptide had paused at.
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There are many different values for the ITT of elastin listed in the literature. These values
range from 20°C - 40°C3? %658 The range of reported values suggests a difference between the
measured temperature of a solution (i.e. average thermal energy) and the actual temperature of
the peptides or proteins of interest. In this work, elastin was simulated at 9 different temperatures
on the range 293 K — 333 K (20°C - 60°C) in 5 K increments (figure 8). A transition from the
extended (disordered) state to the folded (ordered) state was observed for all T > 323 K (50°C);
therefore, the ITT of elastin is bracketed between 318 K (45°C) and 323 K (50°C). According to
these results, the molecular temperature at which elastin transitions is higher than previously
reported values. | propose both the previously reported values and those presented here are
compatible since the temperature measured in prior experimental works is representative of the
average thermal energy of all of the molecules in the experimental systems. This allows for
instances where individual components of those systems deviate from the average. Following
this logic, it is not difficult to imagine a situation where molecular collisions impart enough
energy to a peptide to raise its molecular “temperature” above its transition temperature while the
mean temperature of the system remains below the ITT. Therefore, the previously documented
experimental ITT values can instead be thought of as the temperatures where the probability of
any one peptide transitioning is high enough that observation is possible.

The observed transition of the elastin peptide yields a final configuration containing S-structure
(turns/strands) and a reduction in random coil structure. In two out of the three cases where the
elastin peptide transitioned, it completed the change of configuration in ~150-200 ns, but the
transition in the T = 50°C case occurred over a timespan >1500ns. The order-of-magnitude

difference in the observed transition rates is curious, but comparison of these values with the
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Table 1. Steady state radius of gyration values for the (GVGVP)s peptide

T(°C) Ry (nm) T(°C) Ry (nm)
20 1.8952 + 0.0294 40 2.0276 + 0.0834
25 2.0868 + 0.0161 45 1.8756 + 0.0327
30 1.9018 + 0.0274 55 0.8344 + 0.0594
35 1.8911 + 0.0428 60 0.9844 + 0.0536

literature is difficult due to the mixed nature of the PACE model. The transition rate difference
may be a transient effect due to 50°C being near the peptide’s transition temperature.

Figure 7 displays the observed states, both steady and unsteady, of the elastin peptide for the
full temperature range (20°C - 60°C). Since the peptide at 50°C had not finished transitioning by
1.5 ps, the average Rq value was taken from the final 400 ns of the simulation. The final 400 ns
show a pause of the transition at a value of Ry of ~1.4 nm. As | discuss later in this work, a radius
of gyration value of 1.4 nm places the elastin peptide within one of the shallower energy basins
in its free energy surface; therefore, it is not unreasonable to see the transition slow or pause at
this point. The radius of gyration values for each point in figure 7 are provided in table 1. The
values across the transition appear reasonable when compared with MD simulations of the
elastin-like (GPGSQ)s peptide of A. aurantia silk*’. The change in the silk peptide’s radius of
gyration across its transition is ~52% of the pre-transition value. The elastin peptide’s radius of

gyration change is ~48-49% of its pre-transition value.
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Figure 9. Radius of gyration vs. time plot for the resilin exon Il simulations. The strange peaks in the 288 K
(purple) and 323 K (black) simulation data are the result of the peptide rebounding back to an elongated structure.

During the transition, the resilin peptide repeatedly folded back on itself to create a repeating /-
strand pattern. The peptide forms multiple g-turns and f-strands by the end of the inverse
temperature transition, which is similar to the structure observed by Qin et al.** Their
experiments show resilin having an ITT of 50°C, which contrasts with the behavior observed in
this work. Every resilin simulation (10°C - 60°C) displayed a coil-# transition. The resilin exon
Il peptide discussed in this work has a much lower ITT than the whole resilin protein. As
discussed by Urry®* >°_the increase in a peptide’s hydrophobicity serves to reduce the ITT, so the
whole resilin protein is proportionally less hydrophobic than the exon Il peptide studied here.
Interestingly, as can be seen in figure 9, the 50°C and 15°C simulations both show a period
where the peptide collapses (Rg = 1.6 nm) followed by the rapid increase in radius of gyrations
(Rg = 3.2 nm). During this time, the ends of the peptide fold over the middle and move close

together before quickly rebounding.
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2.3.2 Umbrella Sampling

All of the elastin peptide’s umbrella sampling windows were taken from the 60°C simulation.
The potential of mean force (PMF) profile can be seen in figure 10. The profile displays two flat
regions near the largest reaction coordinate values. Both of the plateaus correspond with values
for the radius of gyration that the elastin peptide maintains at temperatures below the ITT;
additionally, the flat regions provide a plausible explanation for why the 60°C simulation
required ~1 ps of simulation time before it began to transition while the peptide from the 55°C
simulation transitioned within the first 100 ns. An elastin peptide could remain in either of these
metastable states while the temperature is above the ITT because the neighboring energy
landscape does not provide any configurations that are more energetically favorable. The inverse
temperature transition should occur once thermal vibrations push the peptide to a configuration
having a radius of gyration of ~1.8 nm. There are several small basins present in the PMF profile
where the peptide could pause in its transition. The simulation data supports the existence of
these basins in the free energy profile. Multiple simulations display more gradual change for
radius of gyration values near 1.6 nm and 1.44 nm; however, the thermal fluctuations are strong
enough to prevent the peptide transition from getting stuck in these regions. The lowest
temperature transition data (50°C) shows the elastin peptide spending prolonged periods (>300
ns) in both energy basins. In fact, the peptide had yet to move out of the 1.44 nm radius of
gyration energy basin as of 1.5 us. The free energy difference between the elongated state and
the final folded configuration is ~39.8 kJ mol. As a comparison, the work performed by RNA
polymerase during one stroke is ~25 kJ mol™.”* If even 50% of the free energy change from the
transition can be harnessed, a single “stroke” of the elastin peptide transition produces ~20 kJ

mol? of work, which is reasonably close to the RNA polymerase value. Contraction is the
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primary useful motion of the elastin peptide transition. It is not unreasonable to imagine a
modified version of the peptide® used as part of a sensor when coupled with a mechano-
sensitive channel.

Resilin exon 111 umbrella sampling was performed on windows from the 50°C simulation. The
resulting PMF profile (figure 10) shows a steep gradient leading from the largest radius of
gyration values to ~2.5 nm where a plateau region is located. One large energy basin exists in
this profile with several smaller basins within it. The change in free energy due to folding is
~21.5 kJ mol. Experimental evidence suggests resilin is primarily used as the protein equivalent
to the capacitor®™ 2, In insects, prior to jumping, energy is transmitted down the resilin molecule
and stored in a resilin-chitinous cuticle composite structure before being rapidly released with
little energy loss due to resilin’s high elasticity’. 1 mention this because the elastic portions of
the resilin molecule (exon | and exon Il1) display transitions to g-structure during this energy
input/release process*, which is reminiscent of the conformation change observed during the
inverse temperature transition. While the energy input is high enough through the action of
temperature or stress, the elastic portions of resilin acquire and maintain the pg-turn/strand
structure; but, if the input is removed, the protein regains its random coil configuration and
transmits energy through the molecule. Thus, the A-structure is a key component for the

successful transmission and storage of energy in naturally occurring resilin.
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Figure 10. (a) Free energy curve for the elastin peptide as calculated from umbrella sampling at 60°C. The
peptide configuration found in the lowest energy basin is shown in blue. The initially random coil structure
transformed into f-structure (strands and turns) following the inverse temperature transition. The free energy
difference between the initial and final configurations is ~39.8 kJ mol. The statistical uncertainty of the energy
minimum is 4.43 kJ mol?. (b) Free energy curve for the resilin exon Il peptide as calculated by umbrella
sampling at 50°C. The final configuration of the peptide is shown in blue. Following transition, the peptide takes
on a configuration primarily consisting of g-strands and pg-turns. The free energy difference between the
elongated state and the folded configuration is ~21.5 kJ mol*. The statistical uncertainty at the energy minimum
is 4.73 kJ molL.
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2.4 Conclusions
This work has addressed the inverse temperature transitions of an elastin peptide and a resilin

exon Ill peptide. Both peptides acquire g secondary structure following transition, which is
consistent with previous MD studies and experimental works®® 4% %8 7274 The free energy
differences between the elongated and folded states of each peptide were computed with
umbrella sampling along the radius of gyration reaction coordinate. The elastin peptide’s inverse
temperature transition produces a change in free energy, which, if utilized properly, could
produce similar values of work as naturally occurring RNA polymerase’. Therefore, | propose
that elastin or more generally elastin-like peptides can be integrated into nanoscale sensors when
combined with mechano-sensitive channels to detect a variety of stimuli and convert that
information into mechanical work. The results of this work when examined in context with prior
experimental studies of resilin suggest that the coil-# secondary structure transition is a key
component of resilin’s use in nature as an efficient energy transfer and storage device. To
address this connection, simulations of the full resilin molecule under biologically relevant
stresses should be performed to observe the energy transmission and storage pathways. The
benefits of greater computational efficiency coupled with faster protein folding kinetics make the
PACE model an ideal candidate for future modeling work on this system. Additional simulation
work should be performed to better understand the behavior and utility of the elastic peptides

presented in this work when coupled to simple mechanical systems.
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