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. Introduction

The stability of an isolated biomolecule is dictated by numerous
factors including amino acid sequence, specific side chain
interactions, hydrogen bonding effects, hydrophobic packing,
backbone strain, and solvent environment. It is the interplay of
these factors which is important; but, it is often difficult to
obtain a quantitative understanding of the combination of
those effects. Computational studies, particularly molecular
dynamics (MD), lend a different perspective to this challenging
problem because noncovalent intermolecular interactions can
be readily observed and analyzed on the single-molecule scale.
In this work, we explore the use of single-point mutations to
reveal the relative stability and structural propensities as
a peptide or protein is pulled apart using complementary
experimental and computational approaches.

We focus on the B-hairpin motif because it has been
a frequent target for computational and experimental
biophysical studies that probe such effects.* They are suitable
because they are often small, adopt a specific native fold, and
are stable. An isolated peptide motif, such as the B-hairpin,
provides a system in which the local environment, such as
solvent, can be specifically controlled. Typical system sizes
remain small enough to model computationally but large
enough to be of general interest to the community. To be
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1 Electronic supplementary information (ESI) available: Fig. S1-S7 shows the
PMFs for all seven proteins in comparison with the work trajectories in each
successive stage of the ASMD at higher resolution. Fig. S8 provides evidence for
the reversible folding-unfolding of all seven peptides through the experimental
temperature cycle from 5 °C to 90 °C and back. See DOI: 10.1039/d0ra00920b
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unfolding have also been calculated and compared to wildtype trpzipl. The key finding from this work is
the importance of a stabilizing non-native salt bridge pair present in the K8L mutation.

specific, we take advantage of the family of small, stable B-
hairpin peptides absent of disulfide linkages designed by Star-
ovasnik and coworkers> known as tryptophan zippers (trpzips).
The smallest of those peptides, trpzip1 (PDB 1LEO), is the target
of this paper. There have been several studies involving the
various factors controlling the behavior and stability of trpzips.®
Notably, trpzip3 has been seen to possess anti-aggregation
properties when introduced to two different amyloid-
B systems.*

In the B-hairpin motif, cross-strand salt bridges have been
seen to provide stabilization of the folding pathway and the
native structure.>® However, this stabilization is very sensitive to
the selected system, and is dependent on context and environ-
ment. For example, in a study involving several different B-
hairpins of various lengths, Chen and coworkers” concluded
that Glu-Lys pairs are more favorable than Asp-Lys pairs due to
side chain length matching. They found that the lengthening by
one carbon atom (as in Glu) adds significant electron donating
character to the carboxylate group by decreasing the with-
drawing character of the backbone; creating an enhanced
electrostatic interaction. However, a study by Kiehna and
Waters® determined that the salt bridge contribution was
negligible when compared to Phe-Phe interactions. Hydrogen
bonds are also important interactions within peptides.’ They
have been seen to contribute to the stability of both parallel and
antiparallel B-sheet structures," and to aggregation behavior
and higher-level protein structure formation between f-
sheets.’” Meanwhile, Zhao and Wu'' performed several theo-
retical studies on helices and B-hairpins in which they observed
no cooperative enthalpic contributions from hydrogen bonds.™
Sauer and coworkers™ mutated a buried salt bridge triad of
residues to hydrophobic residues in an Arc repressor protein,
known to play a critical role in Arc repressor function.

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Anillustration of the seven peptides studied in this work. At the center is the WT trpzipl. The six peptides around the WT are the mutations
and are labeled over the arrow. On the WT peptide, the residue side chains in black, green, and red are the tryptophans (at positions 2, 4, 9, and
11), lysine-8, and glutamic acid-5, respectively. In the mutant peptides surrounding the WT peptide, the mutated residue sidechains are shown in
blue. All structures are obtained at the end of a constrained relaxation of the solvated protein holding the terminal C,s at the positions of the
corresponding equilibrated peptide in vacuum. The structures serve as the initial conditions for the respective ASMD simulations.

Interestingly, the hydrophobic mutant exhibited enhanced
stabilization, implying that the charged residues were not
essential to stability. Maynard, et al.** performed a thermody-
namic analysis using a combination of NMR and circular
dichroism methods on the folding of a designed 16-residue
analogue of the MET repressor protein dimer. They concluded
that B-hairpin folding is driven by hydrophobic effects, not
hydrogen bonding as had been previously suggested. This is in
contrast to a trpzip mutation study by Keiderling and
coworkers,* in which they concluded that turn stability and
hydrophobic packing are the main forces controlling the
stability of B-hairpins. Ionizable residues in hydrophobic envi-
ronments have previously been shown to play a significant role
in the dynamics of peptides particularly with respect to the
solvation around titratable residue pairs.” Thus there remains
no clear winner as to which interaction, or combination of
interactions, leads to the stability of a given protein.

This journal is © The Royal Society of Chemistry 2020

In this work, we combine experimental and computational
techniques to determine and compare the stability of trpzip1
and six mutations so as to help resolve this general question
with respect to this particular and important peptide. The
mutations shown in Fig. 1 were selected specifically so as to
destabilize specific native amino acid contacts and/or to disrupt
specific side chain interactions. We use circular dichroism (CD)
spectra and thermal unfolding to experimentally determine the
structure and stability of the peptides. Using simulations, we
determine the single-molecule energetics, hydrogen bonding
pattern, and side-chain interactions for the mechanical
unfolding of the trpzip1l and six systematic point mutations.
Specifically, we use adaptive steered molecular dynamics
(ASMD)'***® to obtain the potential of mean force (PMF) and
other observables along the pulled unfolding pathway not just
for the wild type protein as in our previous work," but also for
the family of mutants addressed in the experiments presented
here.

RSC Adv, 2020, 10, 6520-6535 | 6521
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The paper is organized as follows: in Section II, we review the
computational approaches used to simulate the unfolding of the
peptides. In Section III, we present the experimental methods we
used to investigate the stability of the peptides, namely, circular
dichroism and thermal unfolding. We discuss our results begin-
ning with the experimental results in Section IVA. The compar-
ison of the potentials of mean force (PMF) obtained
computationally are presented in Section IVB. The hydrogen
bonding trends are presented in Section IVC, and the interaction
energies of specific residue pairs are surmised and contrasted for
each mutant in Section IVD. This work thus provides a detailed
comparison of the structure and stability of six trpzipl mutations
offering additional perspective on the degree to which different
interactions contribute to their stability.

. Computational methods
A. Mutations

The primary sequence of wildtype (WT) trpzipl is:
SWTWEGNKWTWK. For the simulations, six single-point
mutants were built using the VMD plugin Mutator:** E5L,
K8L, W2S, W4S, W9S, and W11S. The mutants are denoted
using the original residue, residue number, and new residue.
The equilibrated WT trpzip1 structure was used as the base for
the mutations. The set of six mutants was chosen in order to
probe the hydrophobic core and the Glu-Lys salt bridge.
Leucine was chosen as the replacement residue for the salt
bridge residues because of its propensity as a f-sheet forming
amino acid* "> Despite the small size of the peptides, the single-
point mutations did not cause any significant structural
changes in the backbone, and the secondary structure remained
that of a stable B-hairpin during the 1 ns relaxation of the
peptides in solvent. This was observed through use of the VMD
plugin Timeline for secondary structure analysis of the relaxa-
tion of each peptide. We refer to these relaxations as “equili-
brations” throughout the text, providing details or the
procedure in Section IID, in the sense that the structures
reached local equilibria under the constraint of the distance
between the terminal C,, set to 7ec.

B. ASMD

The Adaptive Steered Molecular Dynamics (ASMD) method,
which was previously developed® and benchmarked for
vacuum,” implicit solvent,” and explicit solvent' conditions
for the a-helical peptide Ala;,, was used for calculating the
PMFs of the six f-hairpin peptides. This method overcomes the
sampling problems previously observed in standard Steered
Molecular Dynamics (SMD) simulations.”**’ It is competitive
with state-of-the-art approaches being advanced by the
community such as those employed in ref. 28-32. In ASMD, the
overall reaction coordinate is divided into ng stages, and the
PMF is calculated in each stage. ASMD has also been used to
steer a ligand through a protein active site.*

In this work, the reaction coordinate is the length of the end-
to-end distance, re,, of the protein. The PMF calculation is
carried out using Jarzynski's equality, as was previously
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implemented in conjunction with simulation.>*** The calcula-
tion of the PMF is obtained for a specific position r.(t) within
the set (ree,j, 7ee,j+1)- The average work for each stage is obtained
through the Jarzynski equality as

W(re(t)) = W(ree;) — 87 m{% EN: e tWi(a") } 1)

where £0 is the /" trajectory in the nonequilibrium ensemble
stretched from re.;. To choose the starting coordinates for the
next stage of the calculation, the final value of the work for each
trajectory is compared to the value obtained from the Jarzynski
average. The trajectory with the closest work value to this
average is chosen as the starting structure for the next stage.
The final coordinates of this trajectory are used as the starting
point from which the ensemble of structures for the next stage
is generated. In the next stage, the velocities for each trajectory
are randomized using the Maxwell-Boltzmann distribution.

C. Observables

In addition to the energetic comparison of the peptides, the
hydrogen bonds and specific residue pair interactions have been
calculated and compared in Sections IVC and D, respectively.
These observables are calculated for the peptides along the
unfolding pathway. The average of the observables are obtained
using in-house python scripts in conjunction with VMD Plugins
HBonds and NAMDEnergy.”® The hydrogen bonds of a given
configuration are counted when the donor and acceptor atoms
from either backbone or side chains are within 3.0 A of each other
and when the angle formed between them is less than or equal to
40°.

They are also calculated for the two complementary cases in
which the hydrogens are intrapeptide, and between the peptide
and water, respectively. The interaction energies between the
following residues are calculated and compared within each
peptide: 2-11, 4-9, 5-7, 5-8, 5-12, and 8-10.

Each observable is weighted using the work associated with
an individual nonequilibrium work trajectory.>****® The aver-
ages for the hydrogen bonds are obtained as fgl)lows: for two
separate groups S; and S, of selected atoms in &, the average
number of hydrogen bonds can be obtained as

N jgw(r (l))
ZNH(SI,Sz)C S

(Nu(S1,82)), = =— ;
e tWi(a?)
i=1

(2a)

where the hydrogen bonds between the groups at each point
along the trajectory are

Nu(S1,8) = >’ Nu(5®,€"),

keSy,leS,

(2b)

where NH(EU‘), EU)) is 1 if €% and £ are hydrogen bonded
positions and 0 otherwise. The prime in the sum excludes the
case that k = . Let Sp and Sy denote the sets of oxygen atom
positions in the peptide and water solvent, respectively. The
average number of intrapeptide hydrogen bonds is determined
by (Nu(Sp, Sp))s, and the average number of hydrogen bonds

This journal is © The Royal Society of Chemistry 2020
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between peptide and solvent is determined by (Ny(Sp, Sw))s
Averages for interaction energies are computed analogously to
eqn (2) with Ny(Sy, S,) replaced by the corresponding sum of
interaction energies between the residues in S; and S,.

D. Simulation details

All molecular dynamics simulations of the peptides discussed
in Section IVB were performed using NAMD?* with the
CHARMM?27 force field.*®* Several point mutations of the WT
trpzip1 were performed. After each mutation, the peptides were
equilibrated in vacuum for one nanosecond. Each peptide was
solvated using N,, = 5700 TIP3P water molecules in a square
cuboid solvent box with two equal sides of length L,, = 47 A,
and a longer side along the z-axis of length L, =~ 82 A. The
systems were then ionized for neutrality using Na* or Cl~ ions as
implemented in the NAMD protocol for ionization. In E5L, three
Cl ions are added, in K8L there is one Cl ion, and in the Trp to
Ser mutants there are 2 Cl ions.

After ensuring neutrality, the systems are equilibrated for 1
nanosecond in explicit solvent using NVT conditions. In each
equilibration procedure, the C, of the first and twelfth residues
are held fixed on the z-axis. After equilibration, the peptides were
analyzed using the NAMD plug-in Timeline for secondary struc-
ture stability and calculation of the root mean squared deviations.
Secondary structure analysis of the solvated structure was carried
out to ensure the stability of the B-sheet motif after equilibration.

During the ASMD simulations, the peptides are stretched
along the z-axis. The reaction coordinate is defined as the
distance between the C,, of the first and twelfth residues. The C,,
of the first residue is held fixed, while the harmonic steering
potential is applied to the twelfth residue. At the start of the first
stage of each simulation, the distance between the stationary
and pulled atom is constrained to 4 A. This constraint ensures
that the peptide does reach a minimum at approximately 4.7 A
during the pulling simulation. All equilibrations and simula-
tions are carried out at a temperature of 300 K.

For each peptide, the PMF is obtained using a pulling
velocity of 1 A ns™* and a sampling size of 100 trajectories per
stage, over the entire ASMD simulation of 20 evenly partitioned
stages. The peptides are stretched for 40 A for a total reaction
coordinate, ree, of 4 to 44 A.

In all equilibrations and simulations, the Langevin thermostat
is used to maintain the temperature of the “bath”, the van der
Waals interaction cutoff distance is 12 A, the smooth-switching
function begins at 8 A, and electrostatic forces are computed
using the Particle-Mesh Ewald method with a grid size of <1 A.
Equilibration begins by first undergoing energy minimization to
remove unfavorable contacts. This is accomplished by minimizing
for 100 000 steps using the conjugate gradient method. A damping
coefficient of 5 ps~* with a decay period of 100 fs and a damping
time constant of 50 fs was used. The NVT Ensemble is used to
equilibrate the system for 1 ns and for all subsequent simulations.

E. Root mean square deviations

In Section IVB, the Root Mean Square Deviations (RMSDs) are
compared for each mutation at four different values of r., 12,

This journal is © The Royal Society of Chemistry 2020
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16, 24, and 28 A. These distances were selected based on
the PMF curves obtained from simulation in this work, and to
be presented among the results of Section IVB. Snapshots of
the structures of each mutant at those distances were
obtained from an average structure from the individual
trajectories. Next, the structures were aligned using the RMSD
Calculator Plugin available in the VMD package.” The
structures were aligned using only the backbone of all of
the residues (i.e. 1 through 12). The RMSDs were calculated
one at a time using the WT structure and one mutant
structure.

lll. Experimental methods
A. Peptide synthesis

Peptides were synthesized using standard solid phase synthetic
techniques by New England Peptide, Inc. Each peptide con-
tained a standard NH, N-terminal structure and an amidated C-
terminal end. Molecular weight and purity were confirmed by
mass spectroscopy and reversed phase HPLC. Typical peptide
purity was >95%.

B. Circular dichroism

Peptides were dissolved to a final concentration of 20 pM in
15 mM NaPO, (pH 7.0) for far UV (190 to 250 nm) measure-
ments. Spectra were obtained as a function of temperature on
an Applied Photophysics Chirascan spectrophotometer
utilizing a 1 mm pathlength quartz cuvette. Melting curves were
obtained in both UV regions at 1 °C intervals after a 5 minute
incubation at the new temperature with an averaging time of 5
seconds. Thermal denaturation was fully reversible as evi-
denced by recovering approximately 98% of the CD signal upon
cooling and by the observation that reverse and forward melting
curves were superimposable. Raw CD data was converted to
mean molar ellipticity according to:

0= )

where m is the raw CD reading in millidegrees, [ is the cell path
length in millimeters, n is the number of amino acids in the
peptide, and C is the micromolar concentration.

CD signal at 228 nm (far UV) was used to visualize the loss of
CD signal as a function of temperature and to qualitatively
compare thermal stabilities of all the peptides while not
considering the mechanism of thermal denaturation. Raw CD
signal in the region of 5 to 8 °C was used to calculate an average
CD value that was arbitrarily set to 100% CD signal. Percent
remaining CD signal was then calculated and plotted versus
temperature. Finally, the data presented represent the average
of three independent experiments, all of which were superim-
posable to within 0.25 °C of T,,. Only the loss of CD signal are
reported for the peptides because the exact experimental
unfolding pathway of the WT peptide is unknown and a simple
inspection of the CD signal versus temperature curves indicates
that the effects of individual mutations on the unfolding
pathway are pleiotrophic.

RSC Adv, 2020, 10, 6520-6535 | 6523
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V. Results

A. Experimental determination of peptide stability

Thermal CD is a powerful technique for monitoring the change
in secondary structure as a function of temperature.*** The far
UV CD spectra of the peptides are shown in Fig. 2. The spectrum
is characterized by a positive CD peak at approximately 228 nm
that decreases in magnitude as a function of increasing
temperature. Simultaneously, there is an increase in the
magnitude of the negative CD signal at 213 nm. The thermal
folding-unfolding reaction is reversible (refer to Fig. S8 in ESI{)
and cooperative, the spectrum is characterized by a high signal
to noise ratio, and the thermally induced transition can be
effectively monitored exclusively at 228 nm exciton-coupled
band or by performing a global analysis using data between
200 nm and 250 nm.

The thermal behavior and far UV CD profile of the peptides is
similar to data presented on other tryptophan zipper peptides
by Cochran et al,> and on other trpzip mutants.** Peptide
unfolding transitions are independent of peptide concentration
and the forward and backward unfolding curves are superim-
posable. Simple visual inspection of the thermal unfolding
curves in Fig. 3 reveals generally broad thermally induced
transitions, with some curves perhaps exhibiting two state
behavior (e.g., WT and K8L) while other peptides are either
more complex (e.g., E5L and W2S) or are characterized by
a nearly continuous thermal transition (e.g., W4S, W9S and
W11S). Because the unfolding curves are apparently more
complex than a simple two state model (N < U), no attempt has
been made to deconvolute the curves for this work. Instead, it is
possible to simply rank order the relative stabilities by
inspecting the overall curves and/or calculating the temperature
at which 50% of the overall CD signal at 228 nm is lost. Quali-
tatively all the curves can be compared to the WT curve. WT
peptide denaturation exhibits an initial region of CD signal
stability between 5 and 20 °C, followed by a transition period CD
signal loss to 27 °C, a plateau region to 35 °C, a monotonically
decreasing region to 85 °C, and a final plateau to 90 °C. Peptide
K8L most resembles the WT curve only with the transition
temperatures generally occurring several degrees before the WT
peptide transitions. Peptide E5L is characterized by a significant
thermal denaturation plateau between 20 and 37 °C. The
peptide is less stable than WT at temperatures below 40 °C, but
is more stable beyond that temperature. WS2 denatures without
the initial plateau, but is characterized by two distinct slopes;
a more rapid denaturation curve to 25 °C and a more gradual
transition to 80 °C. The thermal denaturation curves for W4S,
W9S, and W11S are superimposable. So in general, the effects of
the single tryptophan substitutions are more destabilizing than
are the single leucine replacements.

The absolute magnitude of the molar ellipticity at the
212 nm CD minimum and the 228 nm exciton varies between
WT trpzip and its mutants, as reported in Fig. 3. The reason for
this is unknown but may be the result of mutation induced
changes to interactions in the peptide core or the degree to
which tertiary structure may be altered. Nevertheless, the
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stability of a given structure can be discerned from the
percentage loss of signal. By visual inspection of the denatur-
ation curves of the percent remaining CD signal (Fig. 3), the
relative stability of the trpzip peptides at 50% loss of signal (at
228 nm) in this work is: (WT ~ E5L) > K8L > W28 > (W4S ~ W9S
~ W11S). Looking at the temperature at which 50% of the CD
signal is gone, is much like how an inhibitory concentration
ICs is calculated. From the data shown in Table 1 (also inde-
pendent of any assumed unfolding pathway) a relative stability
order is revealed: E5L > WT > K8L > W28 > (W4S ~ W11S) > W9S.

B. Computational energetics of the chosen peptides

The work required to unfold the peptide varies along the
unfolding pathway. This variation is expressed as the PMF for
a specified reaction coordinate, namely the end-to-end distance
ree. The energetics of the mechanical unfolding of the WT
trpzip1 and six mutants in explicit solvent are shown in Fig. 4.
The PMFs were obtained using the ASMD method with 100
trajectories per stage, at a pull velocity of 1 A ns~*. We have
shown previously,” that a pulling velocity of 1 A ns™* is suffi-
cient for convergent and reliable determination of the overall
trend in energetics between peptides. The accuracy of the
method was verified by ensuring that the distribution of work
values across all trajectories within a given stage was limited to
less than 5 kcal mol " as illustrated in Fig. 5. This is sufficient as
long as there is a single dominant trajectory about which the
nonequilibrium trajectories distribute uniformly. When this
assumption fails, the MB-ASMD method* can be used to
improve the sampling of the ensemble. Meanwhile, the error
accumulates from stage to stage as the projection at the end of
each naive ASMD adds an error bar on the order of the standard
deviation of the final energies. We used only the naive ASMD
method in this work because it is computationally simpler (and
cheaper), and provides enough accuracy to obtain qualitative
comparison particularly within the first 10 A when the accu-
mulated error from only a few stages is still small.

In Fig. 4, the PMF of the WT peptide is shown in black. The
mutations substantially affect the magnitude and overall
curvature of the PPMFs, shown in Fig. 4, indicating a difference
in stability due to mutation. The mutations exhibit both stabi-
lizing and destabilizing trends in the energetics. In particular,
the K8L mutant (magenta curve), is the only one which results
in a PMF that closely resembles the PMF of the WT peptide. For
the first 20 A of the pull, the WT peptide is the most stable until
K8L surpasses the WT to become the most stable. This indicates
that K8L maintains stability similar to that of the WT or even
exceeding that of the WT. The E5L mutation is substantially
destabilizing and differs from the observed behavior for K8L.
This is perhaps surprising because both mutations directly
effect the salt bridge formation between residues Glu5 and Lys8.

Additional general observations about the energetics of the
mutations can be made from Fig. 4. All peptides, except W11S
(blue), have a similar minimum near 5 A. The W11S mutant has
a very broad, not well-defined minimum. In the WT peptide,
near 24 A, the PMF peaks and begins to plateau. Interestingly, in
every mutant, except for W11S, this “peak” is shifted to the left.

This journal is © The Royal Society of Chemistry 2020
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temperature for the trpzip WT and mutant peptides. Line colors for all
graphs: wild type, black; W2S, cyan; W4S, red; WIS, yellow; W11S, blue;
K8L, purple; E5L, green. The curves represent the average of three
independent determinations. The standard deviation for the percent of
remaining CD signal between the three readings at any temperature
was less than or equal to 2%.

Table 1 Temperature at which 50% of the 228 nm CD signal is lost
during the thermal denaturation of WT and mutant trpzip peptides.
Numbers in parentheses represent the standard deviation of three
experiments

Peptide Temperature (°C)
WT 58.1 (0.3)
WS 36.5 (0.3)
Wz 28.1 (0.2)
W9S 25.5 (0.4)
W11S 28.1 (0.3)
KSL 46.1 (0.2)
E5L 64.9 (0.1)

Also, for the first half of the pull, the W11S mutant maintains
the lowest PMF. Two of the mutants, E5L and W2S, show signs
of a second “minimum” near 14 A. Overall, it is clear that the
mutations induced different energetic behaviors of the peptides
during mechanical stretching simulations.

One useful metric for analyzing the trends in the peptide
stability is the particular values of the free energies AA(N, V, T)
equal to the PMF at given extensions of r.. relative to the
minimum value of the PMF—cf. Fig. 4. The experimental
stability ordering generally follows the simulation rank order.
As listed in Table 2, at r.. = 4 A, the order of AA values is W11S >
WO9S > W2S > E5L > WT > WA4S > K8L. This stability order indi-
cates that in the first stages of the ASMD pull, the Trp to Ser
mutants are all stabilizing as measured by the AA of the PMF. At
Fee = 12 A, the ordering in the trend of the AA values inverts and
the Trp to Ser mutants are generally less stable than the other
peptides (with the exception of W9S): WT > W9S > K8L > W2S >
E5L > W4S > W11S. It should also be noted that the WT peptide
becomes the most stable peptide. At 7. = 20 A, the WT remains
the most stabilized peptide with K8L as a close second: WT >
K8L > W2S > W9S > E5L > W11S > W4S. At 28 108, there is
a turnover between WT and K8L with K8L becoming the most
stabilized peptide, which is consistent for the remainder of the
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Fig. 4 PMFs for each peptide in explicit water solvent with free
energies reported relative to the minimum for each curve. The WT PMF
is shown in black. The mutant PMFs are shown for comparison. Each
PMF is obtained at a velocity of 1 A ns~! with a sampling size of 100
trajectories per stage.

pull: K8L > WT > W2S > E5L > W11S > W9S > W4S. Overall, the
last three sets of trends remain very similar. The only differ-
ences between the trends at 28 A and 36 A are the relative
orderings of E5L and W2S, and W4S and W9S: K8L > WT > E5L >
W2S >W11S > W4S > W9S. At the end of the reaction coordinate,
at 44 A, the order of the peptides is: K8L > WT > W2S > E5L >
W9S > W4S > W11S. Again, K8L and WT remain the most stable
peptides while W9S, W4S and W11S are the least stable. The
order of the stability of the first four peptides is the same as the
order at 28 A. The only difference between the two trends, at 28
A and at 44 A, is that the W9S and W11S are reversed.
Another useful metric for discussing the effect of the muta-
tions on the overall structural changes and pathways the
peptides undergo during forced unfolding, is the calculation of
Root Mean Square Deviations (RMSDs). The RMSDs provide
a comparative tool to determine how different the secondary
structure is between the WT and the mutant peptide. Snapshots
of each peptide were taken along the trajectory at specific values
of ree (ie. 12, 16, 24, 28 A). These values of r.. correspond to
features observed in the PMFs in Fig. 4. The snapshots of the
structures and the corresponding RMSD obtained for that
structure versus the WT are shown in Fig. 6. Overall, all of the
peptides maintain the B-hairpin structure for the first 8 A of the
pull. The r.. with the narrowest distribution of RMSD values
sampled occurs at 12 A. At that ree, KSL has the smallest RMSD
value, 0.73 A, which indicates that the mutant structure is most
similar to the WT structure. This reinforces findings that the
K8L mutant is most similar in stability to the WT peptide. At 12
A, the mutants with the largest deviations (i.e., those least
similar to the WT) are W9S and E5L. It can also be observed that
the WT, W4S and W9S mutants begin to lose their B-hairpin
structure at 16 A. The broadest range of RMSD values sampled
occurs at the next r.. of 24 A. Notably, the largest deviation from
the WT structure at 24 A occurs with the W4S mutant, which has

This journal is © The Royal Society of Chemistry 2020
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Fig.5 The PMFs shown in Fig. 4 are reproduced here for the seven peptides as indicated in each panel, overlaid by the work along each of the
nonequilibrium trajectories which expand within each stage and contract at the beginning of the subsequent stage.

an RMSD value of 4.59 A. It should also be noted that at 24 A, no
peptide exhibits any residual -hairpin structure. At a r.. of 28 A
the RMSDs also cover broad range from 1.27 (W2S) to 3.76 A
(W48). At this distance, which is more than halfway through the
reaction coordinate, several of the mutations retain structure
characteristic of the turn. Specifically, the W4S, W11S, E5L and

This journal is © The Royal Society of Chemistry 2020

K8L structures are still being stabilized by a few remaining pair
interactions between residues that had stabilized the B-hairpin.

C. Comparison of hydrogen bonding profiles

Hydrogen bonds have been shown to play a significant role in
the determination of pathway and structure of peptides.® As
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Table2 The AA (in units of kcal mol™) values at structurally significant
distances of r.. (denoted across the top) for each peptide (on left side)
based on the PMF curves from Fig. 4
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shown in Fig. 7, the mutation of the tryptophans to serine does
not substantially effect the hydrogen bonding patterns in
explicit solvent. However, the salt bridge mutations, E5L and
K8L, affect both the hydrogen bonding patterns within the

Tee (A) 4 12 20 28 36 44
WT 2.55 6.12 15.73 19.02 23.50 73.43 peptide and between the peptide and explicit water solvent as
Ww2S 2.81 3.29 12.17 15.57 20.54 67.94  shown in Fig. 8. In panel (a), the initial mutant structures have
W4z 2.37 1.93 6.84 9.93 18.70 62.94  fewer bonds than the WT peptide. The WT begins with 5
W9 2.91 4.86 10.28 10.85 13.60 64.27 . . . .
W11s 1.09 1.09 8.60 13.68 2013 62.84 1ntr:51pept1.de hydrogen bonds, K8L begins with 3, and E5L
E5L 271 .44 10.07 14.52 20.84 66.56 begins with 2. At a r.. of 28 A, the mutants and the WT
K8L 1.23 4.65 14.71 20.52 28.61 74.06
12A
/’:'—
WT
w2s
w4s
1.27
( ~
7 P
Was
1.46 1.39 2.88 2.49
W11S
E5L
K8L
0.73 1.60 2.40 3.34
Fig. 6 Illustrations of the unfolding pathways of each peptide. Each structure, taken from the end of a given ASMD stage, comes from the

trajectory whose work best matched the Jarzynski average. The peptides are colored by their representative secondary structures motifs. The
coloring scheme is the following: yellow represents B-hairpin structure, cyan corresponds to turn structure, and white is random coil structure.
The RMSD values obtained, in A, are listed below each structure. The RMSDs are calculated between the WT structure and a mutant structure at
the corresponding stretching distance (top).
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Fig. 7 The weighted average number (cf. eqn (2)) of hydrogen bonds
for trpzipl WT (black) and the Trp to Ser mutants (at positions 2, 4, 9
and 11 noted in the legend) in explicit solvent are shown. The weighted
average number of hydrogen bonds formed within the peptide are
shown in panel (a) and the bonds between the peptides and the explicit

water solvent is shown in panel (b). For each panel, the average is of

100 trajectories per stage at pulling velocity of 1 A ns™.

intrapeptide bonds taper off to 0 bonds. The largest difference
in the patterns is shown in panel (b). Though the peptides begin
with about 24 bonds to solvent, by the end of the unfolding
pathway the ESL mutant (green) forms 6 fewer bonds to solvent
than the WT peptide (black). That is, 29 total H-bonds for the
WT peptide (5 intermolecular, 24 to solvent), 27 for K8L (3
intermolecular, 24 to solvent), and 26 for E5L (2 intermolecular,
24 to solvent). This trend is also evident in the fully unfolded
state where the WT peptide has 36 H-bonds with the solvent
compared to 32 for K8L and 30 for E5L. Thus there are more
unsatisfied H-bonds for E5L in the unfolded state (6 compared
to WT) than there are in the folded state (3 compared to WT). So
although H-bonding is important to overall stability (as
measured by AA), the entropic contributions are clearly
predominant during unfolding such that the overall energetics
favor WT over E5L. As K8L is closer to the WT peptide in H-
bonding numbers, the pattern of enthalpy-entropy compensa-
tion must be similar to WT than it is (or the WT peptide is) to
E5L. These results highlight the interplay between all of the
intermolecular forces when determining how peptides are
stabilized.

The Trp-to-Ser mutants all begin with circa 26 to 31 hydrogen
bonds to solvent and, end with nearly 36 contacts to water as
shown in Fig. 7b. This range is, on average, more than the WT
and salt bridge mutants. At 7. = 20 A, the K8L and E5L contacts
to solvent begin to differentiate. By the end of the pull, the WT

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 The weighted average number (cf. egn (2)) of hydrogen bonds
for trpzipl WT (black) and the salt bridge mutants, E5L (green) and K8L
(magenta), in explicit solvent are shown. The weighted average
number of hydrogen bonds formed within the peptide are shown in
panel (a) and the bonds between peptides and the explicit water
solvent is shown in panel (b). For each panel, the average is of 100
trajectories per stage at pulling velocity of 1 A ns™%.

»F

peptide has 36 bonds to solvent, K8L has 33, and E5L has 30.
Overall, the hydrogen bond patterns are not as sensitive to the
serine mutants, but they are sensitive to the mutations of the
salt bridging residues.

D. Comparison of residue pair interaction energies

From the calculation of the persistence of specific residue pairs
within each peptide, we can determine an approximate ordering
for when the contacts become non-interacting. The WT inter-
action energy curves, shown in black in Fig. 9 and 10, have been
reproduced from our previous work.” As noted earlier, the
profiles exhibit discontinuities at and sometimes in-between
the transitions between stages resulting from the projection
of the structures at the end of each naive ASMD stage. As such,
the scatter in the data is significant as is provides an indication
of the range of interaction energies across the pulling coordi-
nate. As observed in that prior work, the most stabilizing
interaction for the WT peptide in Fig. 10a is the Glu5-Lys8 pair
interaction. However, according to the residue pair interaction
energies obtained for the salt bridge mutants, E5L and K8L,
there is a competing salt bridge within K8L. As shown in
Fig. 10b (magenta curve), the most stabilizing interaction
within the mutant peptide K8L is Glu5-Lys12. The 5-12 inter-
action breaks at an overall end-to-end distance r.. near 8.6 A. A
representative structure of the simulated ensemble a this 7.

RSC Adv, 2020, 10, 6520-6535 | 6529
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Fig. 9 Comparison of the 2-11 (a), 4-9 (b), and 5-7 (c) interactions
across all peptides. The energies (in kcal mol™) for each curve are

obtained using a weighted average of 100 trajectories per stage at

a velocity of 1 A ns™,

position and with the 5-12 distance at only 1.46 A apart is
shown in Fig. 11. The Glu5-Lys12 interaction is stronger within
K8L because the Glu5-Lys8 interaction is no longer available as
a result of the mutation of Lys8 to Leu8. In this mutant, the
terminal lysine residue can interact with the glutamic acid,
helping to stabilize the peptide during the stretch. This inter-
action is not possible in the E5L mutant because the negatively
charged Glu has been mutated to a neutral Leu. In the WT
peptide, the interaction is present but is not dominant because
Lys8 is positioned closer to Glu5.

Due to the stabilizing nature of the competing salt bridge
within the K8L mutant, its unfolding pathway mimics that of
the WT peptide. The Glu5-Lys12 is stabilized at the beginning
of the pull at approximately —80 kcal mol ' and tapers off to
0 keal mol™! at a r.. of 24 A. This coincides with the implica-
tions of the experimental observed WT and K8L CD curves in
Fig. 3. Their qualitative structure is nearly identical, with
similar plateaus (see temperatures 25-35 °C) and downward
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Fig. 10 Comparison the 5-8 (a), 5-12 (b), and 8-10 (c) interactions
across all peptides. The energies (in kcal mol™) for each curve are

obtained using a weighted average of 100 trajectories per stage at

a velocity of 1 A ns™,

slopes (see temperatures 10-20 °C and 30-60 °C), except the K8L
loss of CD signal is displaced downwards (meaning that at any
given temperature, K8L experiences more lost CD signal than
does the WT peptide). This reflects in the overall lower K8L T,
(temperature at 50% loss of CD signal).

The Glu5-Lys12 interaction is also an example of a nonnative
contact formed spontaneously during the course of unfolding.
Its subsequent rupture adds to the work required to stretch the
peptide. The position of the charged residues within the peptide
is known**** to control the stable structure adopted by the
peptide; they can be favorable (resulting in a salt bridge) or
detrimental (diminishing hairpin formation). On the other
hand, cross-strand stabilization by sidechain-sidechain inter-
actions in a similar secondary structure, protein GB1, has been
seen*® to not be the most dominant factor contributing to folded
structures.

The interaction between residues at the 2 and 11 positions is
shown in Fig. 9a. In the WT, the dominant interaction arises

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Unweighted average structure of K8L depicting the stabilizing
interaction between Glu5 (red) and Lys12 (blue) seen in Fig. 10. The
distance between the residues is shown as a dashed black line and was
measured to be 1.46 A. The overall r of this selected structure is
approximately 8.6 A which is just at the distance where the 5-12
interaction is breaking and just before the overall K8L PMF begins to
rise more steeply.

from one of the two Trp-Trp interactions. Though the peptides
range in stability from —1 to —6 kcal mol '—values that
generally indicate slight stabilization,—it is apparent that the
mutations lead to discernible trends in the stabilization. For
example, the W11S mutant (blue curve) shows the most
dramatic change in energy arising from the 2-11 interaction.
This is expected because the mutation of the tryptophan to
serine at the 11 position directly effects that pair. For each
peptide, the interactions taper off near 20 A.

The interaction energies between residues at the 4 and 9
positions, shown in Fig. 9b, were seen to obey a similar pattern.
In the WT, this interaction is also one of the two Trp-Trp
interactions. The W4S (red curve) and W9S (yellow curve)
mutants exhibited more diminished interaction energies for the
4-9 interactions. This finding is consistent with what was ex-
pected since those mutants were mutated to directly effect that
residue pair interaction. All of the other peptides exhibit
stabilization at —6 kcal mol ™. As expected the interactions are
maintained for a longer period of time than the Trp2-Trp11
interactions and taper off near 28 A. The interactions between
residues at the 8 and 10 positions shown in Fig. 10c, do not

This journal is © The Royal Society of Chemistry 2020
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significantly contribute to the stability of the peptide. This is to
be expected because in the WT, the interaction between Lys8
and Thr10 is unfavorable. However, the WT peptide does show
slight stability with the Lys8-Thr10 pair at r.. between 6-10 A
and 28-32 A. Interestingly, the K8L mutant also shows slight
stabilization near the end of the pull between the Leu8-Thr10
residue pair at r.. between 34-44 A. Profiles for the other mutant
peptides do not show any stabilization. Similarly, the interac-
tion between residues 5 and 7, as shown in Fig. 9c, only slightly
contributes to stability of the peptide for all mutants. There is
a slight spike in the stability of —35 kcal mol " for the Glu5-
Asn7 in the W11S mutant at r.. between 24-28 A.

V. Discussion

The interplay of intermolecular forces and the determination of
a predominating stabilization force has been studied in many
systems. The balance between backbone hydrogen bonds, side
chain interactions, and stability of the turn region of the 16-
residue hairpin fragment of protein G assessed from molecular
dynamics trajectories led to the conclusion that the side chain
interactions are the most sensitive to perturbations in the
system, while the hydrophobic core was very stable, and the
hydrogen bonds were least stable.*”” In addition to affecting the
stability and monomeric folding-unfolding transition of
a peptide, mutations have been shown to influence the aggre-
gation behavior of model systems.*® This includes not only the
overall formation of aggregates, but the kinetics of aggregate
formation. These effects have been shown to result from
a combination of changes to hydrophobicity, charge, and
secondary structure propensity. Dodson and coworkers*
observed that mutations can either increase or decrease aggre-
gation rates. Unlike previous arguments, they suggested that
the difference in aggregation rates does not result from specific
side chain interactions, but because the mutations effect the
overall “physiochemical properties of the system”.

We found no experimental evidence in this work that the
mutations alter the tertiary of the trpzip peptides. Conse-
quently, the mutations simply alter the folding-unfolding
transition through the ability of an unfolding peptide (either
thermally or by mechanical pull) to compensate for this process.
These compensatory interactions arise from the formation of
salt bridges or H-bonding interactions (either intrapeptide or
with water). Thorpe and coworkers* used a constraint-based
model to investigate the formation of nonnative contacts
within the mechanical unfolding of several mutated proteins of
varying sizes and secondary structures. However, they were
unable to discern whether mutations had a substantial effect on
their observables.

The central result of this work is the resolution of the residue
effects on the structure and stability of WT trpzip1 due to the
mutations illustrated in Fig. 1 using experimental and compu-
tational approaches. The ASMD simulations provide near
peptide-scale information about the structure and energetics
for the steered unfolding. The spectroscopic information ob-
tained from experiments as a function of temperature provides
a trove of structural macroscopic data—e.g., the loss of
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secondary structure or tertiary contacts. Comparison of between
the computational and experimental quantities is necessarily
indirect of the differences in the scales accessible to each. An
additional caveat to the comparison between the experiments
and simulations, lies in the fact that the computational results
obtained here are approximate because of the use of naive
ASMD to obtain the profiles in energy, hydrogen bonding and
other observables along the pulling coordinate. The collapse of
the nonequilibrium ensemble onto a single configuration at the
beginning of each new stage leads to quantitative errors.
Namely, configurations that are energetically comparable to
that of the chosen configuration, but that are far away struc-
turally would not be sampled. Their exclusion thus leads to an
overestimate of the free energy, but these are comparable for the
family of mutants under consideration here. As such, the
differences in their energies which are the basis of the discus-
sion of relative trends holds. Hence it is not surprising that the
absolute rank order of stability is not identical between CD
experiments and the ASMD simulations. The relative stabilities
correlate better as the pull progresses, a phenomenon that is
not completely understood, but is a function of the complex
structure in the ASMD PMF curves.

Observables, such as hydrogen-bonding, are in principle
more sensitive to the errors of naive ASMD because they depend
on the structure of the particular structures sampled in the
ensemble. The fact that hydrogen-bonding converged more
readily in the smaller peptides used to benchmark our earlier
work'?*%* is indicative that for such peptides, that the PMF is
determined by a single dominant pathway in the nonequilib-
rium ensemble. In the present set of peptides, the hydrogen
bond profiles exhibit discontinuities at junctures between
stages. This is a cause for alarm because it indicates that the
most favored configuration—in the sense that the work
required to pull it out matched the average work—is not
necessarily characteristics of the structure of all of the likely
configurations in the ensemble. In the present case, the
subsequent pulling of this configuration brings back some—if
not all—of the alternative configurations as seen in the relaxa-
tion of the hydrogen-bond profiles with a stage and the fact that
subsequent projections can fall on configurations with associ-
ated with a different dominant trajectory—as exhibited by
a different value in the hydrogen-bonding. While these partic-
ular peptides appear to be described by branched nonequilib-
rium trajectories, they are only mildly branched in the sense
that the naive ASMD trajectory samples them within each stage.
The peripatetic curves seen for the hydrogen-bonding profiles
thus provide a sense of the error at small differences in r.. while
the overall shape of the profile is a good approximation of the
hydrogen-bond changes at large differences in re.

The behavior of the trpzip mutants is complex from either an
experimental or from a simulation point of view, let alone from
a combined perspective. Far UV CD is a powerful technique for
measuring the energetics of peptide/protein unfolding. In this
instance however, a full thermodynamic analysis of the data is
frustrated by the complex (and non-uniform) thermal unfolding
curves. None of the mutants exhibit ideal two state (N = D)
behavior and in fact the actual unfolding pathway may differ
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between the mutants with different or multiple intermediate
states (N = I = D). However it is still possible to rank order the
stabilities of the peptides in a manner completely analogous to
how the ASMD experiments are analyzed. In future work on this
system that determines the actual unfolding pathway and the
accompanying energetics, it will be possible to directly compare
free energies that are determined either experimentally or
through simulation. It was surprising that single mutants in the
trpzip system had such wide-ranging effects. Some of this
complexity is seen in the simulations and some is not. Thus we
have taken steps towards providing a framework that relates
experimentally determined unfolding and the simulation of
mechanical unfolding in a model system. One goal that remains
is to better account for the complexity that is seen in the
macroscopic behavior of the system under thermal transition
and the atomistic detail that is uncovered in the simulations.

A second central result of this work is the confirmation that
the ASMD method can be used to obtain trends in structure and
stability across a family of related peptides. ASMD measures the
mechanical force required to unfold a peptide. In that sense it is
analogous to atomic force microscopy measurements of protein
unfolding (for a review see ref. 50) albeit in a different solvent
environment. In both techniques, it may be difficult to fully
compare the free energy of unfolding along the forced reaction
coordinate (and tethered ends) with the values obtained
experimentally in free solution. Few studies have directly
compared AFM force-extension curve results (or SMD/ASMD
simulations) with thermal or chemical denaturation in solu-
tion. In some systems, not only are atomic force microscopy
unfolding landscapes rate and force dependent, they differ from
the thermal unfolding landscape.” In other systems, there is
much better quantitative agreement between the tech-
niques.?** A direct and meaningful comparison between free
energy landscapes is further complicated in that the magnitude
of the free energy differences is reduced with slower pulling
rates.” We too have seen this effect in previous ASMD studies."
While there is no a priori reason why mechanical stability
should be correlated to thermodynamic stability, ASMD (and
earlier SMD) numerical experiments have been seen to be
predictive of the qualitative equilibrium behavior. In general,
differences in the free energy landscapes are more pronounced
in larger protein systems than they are for smaller peptides
(with simple secondary structure motifs) or smaller proteins
with simpler tertiary structure arrangements. That is why in this
report we do not make quantitative comparisons between the
two techniques. Instead, we focused on a simple single
secondary structure motif containing peptide. A goal of this
work is to evolve ASMD into a technique that can be fully
correlated to the thermodynamic stability of any protein system.
The use of the more expensive (and less approximate) full
relaxation ASMD, where all the structures at the end of a given
stage are fully re-equilibrated before the next stage, may lessen
the magnitude of the free energy differences.

Both experiment and simulation qualitatively identify the
same top 3 and the bottom 3 stable mutants. In the simulations,
these are identified according to the energetic ordering of the
peptides at 4 A of pull where they are slightly compressed from
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the initial structures. It is interesting to note that the most
stable peptides (wild type and K8L) begin the ASMD simulation
as the least stable in this sense. This result perhaps indicates
that the less stable peptides have an increased structural plas-
ticity to accommodate the initial end-to-end compression. The
absolute rank order (compared to the far UV CD stability order)
improves as the pull progresses. The reason for this is not clear,
but it may indicate that the ASMD simulations allow for
a sampling of structural states that affect the stability of
a mutant at a given .. (A), but that are spectroscopically silent.
In future work, we will include simultaneous comparison to
biophysical techniques other than CD (or in addition to CD) in
order to better understand what each experimental technique is
capable of seeing along the ASMD reaction coordinate. For
example, hydrogen-deuterium exchange may provide a direct
correlation to H-bonding patterns measured in the ASMD
simulations. Alternatively, one could use enhanced sampling
techniques® to characterize the free energy of alternate order
parameters characteristic of the unconstrained unfolding that
to have a more direct analog of the process taking place in the
CD experiments.

E5L is an intriguing mutant and appears to have a hetero-
geneous thermal unfolding path. Experimentally it behaves
completely differently than the other peptides. At temperatures
between 5 and 20 °C, the fraction of unfolded proteins increases
faster than the WT and in way that is comparable with the other
mutations. After the intermediate transition (at 20 to 40 °C), the
fraction of unfolded proteins increases slower than all of the
other proteins, suggesting the presence of some stabilizing
interaction. This is qualitatively seen in the structure of the E5L
PMF. Although it is not immediately apparent, the differences
in H-bonding patterns along the reaction coordinate appear to
correlate with the trends in relative stability in the structure of
the intermediate seen during UV CD thermal denaturation.

VI.

In this work, we have investigated six mutants of trpzip1 using
experimental and computational methods to determine the
stability of each peptide. We compare the computationally
determined mechanical unfolding pathways of each mutant
with the WT peptide. We have also calculated the side chain-
side chain and hydrogen bonding effects within each mutant.
From this analysis, we have found that the stability of the
competing salt bridge between Glu5-Lys8 and Glu5-Lys12
within K8L is substantial and directly effects the energetics and
unfolding pathway of the peptide.

The mutations E5L and K8L affect the degree of hydrogen
bonding between intrapeptide and peptide-solvent bonds. We
found evidence in the computed unfolding pathways to suggest
that there is an interplay between hydrophobic collapse and
side chain-side chain interactions. This is also confirmed from
the experimental CD spectra and thermal unfolding. Like the
WT peptide, K8L is stabilized by a salt bridge. However, this
contact is between the Glu5 and Lys12 residues, which is
a nonnative contact in the WT peptide. In the case of E5L, such
a contact is not possible because the Glu at the fifth position has

Conclusion

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

been mutated to a leucine residue. Thus the K8L mutant is the
most stable because structurally and energetically it resembles
the WT peptide.

In our previous article,” we explored the energetics of
unfolding two small P-hairpins, trpzipl and chignolin,
employing ASMD sampling the interactions of a protein speci-
fied by the CHARM27 force field to obtain energetics and
pathways. In the present work, we now see that this computa-
tional approach can also be used to discern between mutants in
a systematic study of trpzip1. The energetics of the mechanical
unfolding of a set of trpzip1 mutants allow for the identification
of the most critical contacts stabilizing not only trpzip1 but the
entire unfolding pathway. The trends are benchmarked by the
accompanying experimental results, while detailed information
in the computations allow for a better understanding of their
residue-specific origin. Thus this work serves both to provide
a deeper understanding of trpzip stability and a proof-of-
concept for the use of ASMD in mutation assays.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work has been partially supported by the National Science
Foundation (NSF) through Grant No. CHE-1700749. The
computing resources necessary for this research were provided
in part by the National Science Foundation through XSEDE
resources provided by Keeneland under grant number
CTS090079. HRB was partially supported through GAANN
under Grant No. P200A120190.

References

1 S. H. Gellman, Minimal model systems for beta sheet
secondary structure in proteins, Curr. Opin. Chem. Biol.,
1998, 2, 717-725.

2 A. G. Cochran, N. ]J. Skelton and M. A. Starovasnik,
Tryptophan Zippers: Stable, Monomeric Beta-Hairpins,
Proc. Natl. Acad. Sci. U. S. A., 2001, 98, 5578-5583.

3 T. Takekiyo, L. Wu, Y. Yoshimura, A. Shimizu and
T. A. Keiderling, Relationship between hydrophobic
interactions and secondary structure stability for trpzip
beta-hairpin peptides, Biochemistry, 2009, 48, 1543-1552.

4 G. Hopping, J. Kellock, B. Caughey and V. Daggett, Designed
Trpzip-3 Beta-Hairpin Inhibits Amyloid Formation in Two
Different Amyloid Systems, ACS Med. Chem. Lett., 2013, 4,
824-828.

5 B. Ciani, M. Jourdan and M. S. Searle, Stabilization of Beta-
Hairpin Peptides by Salt Bridges: Role of Preorganization
in the Energetic Contribution of Weak Interactions, J. Am.
Chem. Soc., 2003, 125, 9038-9047.

6 J. H. Missimer, M. O. Steinmetz, R. Baron, F. K. Winkler,
R. A. Kammerer, X. Daura and W. F. van Gunsteren,
Configurational entropy elucidates the role of salt-bridge

RSC Adv, 2020, 10, 6520-6535 | 6533


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00920b

Open Access Article. Published on 12 February 2020. Downloaded on 5/12/2026 12:29:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

networks in protein thermostability, Protein Sci., 2007, 16,
1349-1359.

7 H.-T. Kuo, et al., Effect of Charged Amino Acid Side Chain
Length on Lateral Cross-Strand Interactions between
Carboxylate-Containing Residues and Lysine Analogues in
a Beta-Hairpin, Biochemistry, 2013, 52, 9212-9222.

8 S. E. Kiehna and M. L. Waters, Sequence dependence of beta-
hairpin structure: comparison of a salt bridge and an
aromatic interaction, Protein Sci., 2003, 12, 2657-2667.

9 R. P. Sheridan, R. H. Lee, N. Peters and L. C. Allen, Hydrogen-
bond cooperativity in protein secondary structure,
Biopolymers, 1979, 18, 2451-2458.

10 J. S. Nowick, Exploring beta-Sheet Structure and Interactions
with Chemical Model Systems, Acc. Chem. Res., 2008, 41,
1319-1330.

11 Y.-D. Wu and Y.-L. Zhao, A theoretical study on the origin of
cooperativity in the formation of 3(10)- and alpha-helices, J.
Am. Chem. Soc., 2001, 123, 5313-5319.

12 Y.-L. Zhao and Y.-D. Wu, A theoretical study of beta-sheet
models: is the formation of hydrogen-bond networks
cooperative?, J. Am. Chem. Soc., 2002, 124, 1570-1571.

13 C. D. Waldburger, J. F. Schildbach and R. T. Sauer, Are
buried salt bridges important for protein stability and
conformational specificity?, Nat. Struct. Biol., 1995, 2, 122-
128.

14 A.]J.Maynard, G. J. Sharman and M. S. Searle, Origin of beta-
hairpin stability in solution: structural and thermodynamic
analysis of the folding of model peptide supports
hydrophobic stabilization in water, J. Am. Chem. Soc., 1998,
120, 1996-2007.

15 A. C. Robinson, C. A. Castaneda, J. L. Schlessman and
B. E. Garcia-Moreno, Structural and thermodynamic
consequences of burial of an artificial ion pair in the
hydrophobic interior of a protein, Proc. Natl. Acad. Sci. U.
S. A., 2014, 111, 11685-11690.

16 G. Ozer, E. Valeev, S. Quirk and R. Hernandez, Adaptive
Steered Molecular Dynamics of the Long-Distance
Unfolding of Neuropeptide Y, J. Chem. Theory Comput.,
2010, 6, 3026-3038.

17 G. Ozer, S. Quirk and R. Hernandez, Thermodynamics of
Decaalanine Stretching in Water Obtained by Adaptive
Steered Molecular Dynamics Simulations, J. Chem. Theory
Comput., 2012, 8, 4837-4844.

18 S. Quirk, M. Hopkins, H. Bureau, R. Lusk, R. Hernandez and
D. Bain, Mutational analysis of neuropeptide Y reveals
unusual thermal stability linked to higher-order self-
association, ACS Omega, 2018, 3, 2141-2154.

19 H. R. Bureau, E. Hershkovits, S. Quirk and R. Hernandez,
Determining the energetics of small beta sheet peptides
using Adaptive Steered Molecular Dynamics, J. Chem.
Theory Comput., 2016, 12, 2028-2037.

20 W. Humphrey, A. Dalke and K. Schulten, VMD - Visual
Molecular Dynamics, J. Mol. Graphics, 1996, 14, 33-38.

21 D. L. Minor Jr and P. S. Kim, Measurement of the beta-sheet-
forming propensities of amino acids, Nature, 1994, 367, 660-
663.

6534 | RSC Adv, 2020, 10, 6520-6535

View Article Online

Paper

22 C. K. Smith and L. Regan, Guidelines for protein design - The
energetics of beta-sheet side-chain interactions, Science,
1995, 270, 980-982.

23 S. T. Phillips, G. Piersanti and P. A. Bartlett, Quantifying
amino acid conformational preferences and side-chain-
side-chain interactions in beta-hairpins, Proc. Natl. Acad.
Sci. U. S. A., 2005, 102, 13737-13742.

24 G. Ozer, S. Quirk and R. Hernandez, Adaptive Steered
Molecular Dynamics: Validation of the Selection Criterion
and Benchmarking Energetics in Vacuum, J. Chem. Phys.,
2012, 136, 215104.

25 H. R. Bureau, D. Merz Jr, E. Hershkovits, S. Quirk and
R. Hernandez, Constrained unfolding of a helical peptide:
implicit versus explicit solvents, PLoS One, 2015, 10,
€0127034.

26 S. Park and K. Schulten, Calculating Potentials of Mean
Force from Steered Molecular Dynamics Simulations, J.
Chem. Phys., 2004, 120, 5946-5961.

27 T. Bastug and S. Kuyucak, Application of Jarzynski's equality
in simple versus complex systems, Chem. Phys. Lett., 2017,
436, 383-387.

28 Y. Sugita and Y. Okamoto, Replica-Exchange Molecular
Dynamics Method for Protein Folding, Chem. Phys. Lett.,
1999, 314, 141-151.

29 W. Jiang and B. Roux, Free energy perturbation Hamiltonian
replica-exchange molecular dynamics (FEP/H-REMD) for
absolute ligand binding free energy calculations, J. Chem.
Theory Comput., 2010, 6, 2559-2565.

30 G. H. Zerze, B. Uz and ]. Mittal, Folding Thermodynamics of
Beta-Hairpins Studied by Replica-Exchange Molecular
Dynamics Simulations, Proteins: Struct., Funct., Bioinf.,
2015, 83, 1307-1315.

31 V. A.Ngo, I. Kim, T. W. Allen and S. Y. Noskov, Estimation of
Potentials of Mean Force from Nonequilibrium Pulling
Simulations Using Both Minh-Adib Estimator and
Weighted Histogram Analysis Method, J. Chem. Theory
Comput., 2016, 12, 1000-1010.

32 H. Liu, F. Chen, H. Sun, D. Li and T. Hou, Improving the
Efficiency of Non-equilibrium Sampling in the Aqueous
Environment via Implicit-Solvent Simulations, J. Chem.
Theory Comput., 2017, 13, 1827-1836.

33 J. X. Zhu, Y. Li, J. Z. Wang, Z. F. Yu, Y. Liu, Y. Tong and
W. Han, Adaptive Steered Molecular Dynamics Combined
With Protein Structure Networks Revealing the Mechanism
of Y68I/G109P Mutations That Enhance the Catalytic
Activity of D-psicose 3-Epimerase From Clostridium
Bolteae, Front. Chem., 2018, 6, 437.

34 S. Park, F. Khalili-Araghi, E. Tajkhorshid and K. Schulten,
Free Energy Calculation from Steered Molecular Dynamics
Simulations Using Jarzynski's Equality, J. Chem. Phys.,
2003, 119, 3559-3566.

35 G. Hummer and A. Szabo, Free Energy Reconstruction from
Nonequilibrium Single-Molecule Pulling Experiments, Proc.
Natl. Acad. Sci. U. S. A., 2001, 98, 3658-3661.

36 S. Paramore, G. S. Ayton and G. A. Voth, Extending the
Fluctuation Theorem to Describe Reaction Coordinates, J.
Chem. Phys., 2007, 126, 051102.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00920b

Open Access Article. Published on 12 February 2020. Downloaded on 5/12/2026 12:29:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

37 J. C. Phillips, R. Braun, W. Wang, J. Gumbart,
E. Tajkhorshid, E. Villa, C. Chipot, R. D. Skeel, L. Kale and
K. Schulten, Scalable Molecular Dynamics with NAMD, J.
Comput. Chem., 2005, 26, 1781-1802.

38 A. D. MacKerell Jr, et al., All-Atom Empirical Potential for
Molecular Modeling and Dynamics Studies of Proteins, J.
Phys. Chem. B, 1998, 102, 3586-3616

39 A. D. MacKerell Jr, M. Feig and C. L. Brooks III, Improved
Treatment of the Protein Backbone in Empirical Force
Fields, J. Am. Chem. Soc., 2004, 126, 698-699.

40 A. D. MacKerell Jr, M. Feig and C. L. Brooks III, Extending the
Treatment of Backbone Energetics in Protein Force Fields:
Limitations of Gas-Phase Quantum Mechanics in
Reproducing Protein Conformational Distributions in
Molecular Dynamics Simulations, J. Comput. Chem., 2004,
25, 1400-1415.

41 S. M. Kelly and N. C. Price, The application of circular
dichroism to studies of protein folding and unfolding,
Biochim. Biophys. Acta, Protein Struct. Mol. Enzymol., 1997,
1338, 161-185.

42 S.M. Kelly, T.J. Jess and N. C. Price, How to study proteins by
circular dichroism, Biochim. Biophys. Acta, Proteins
Proteomics, 2005, 1751, 119-139.

43 B. Ranjbar and P. Gill, Circular Dichroism Techniques:
Biomolecular and Nanostructural Analyses - A Review,
Chem. Biol. Drug Des., 2009, 74, 101-120.

44 L. Wu, D. McElheny, R. Huang and T. A. Keiderling, Role of
tryptophan-tryptophan interactions in trpzip beta-hairpin
formation, structure, and stability, Biochemistry, 2009, 48,
10362-10371.

45 G. Ozer, T. Keyes, S. Quirk and R. Hernandez, Multiple
branched adaptive steered molecular dynamics, J. Chem.
Phys., 2014, 141, 064101.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

46 M. D. Distefano, A. Zhong and A. G. Cochran, Quantifying
beta-sheet stability by phage display, /. Mol. Biol., 2002,
322, 179-188.

47 B. Ma and R. Nussinov, Molecular dynamics simulations of
a beta-hairpin fragment of protein G: balance between
side-chain and backbone forces, J. Mol Biol., 2000, 296,
1091-1104.

48 F. Chiti, M. Stefani, N. Taddei, G. Ramponi
C. M. Dodson, Rationalization of the effects of mutations
on peptide and protein aggregation rates, Nature, 2003,
424, 805-808.

49 A. M. R. de Graff, G. Shannon, D. W. Farrell, P. M. Williams
and M. F. Thorpe, Protein unfolding under force: crack
propagation in a network, Biophys. J., 2011, 101, 736-744.

50 M. Carrion-Vazquez, A. F. Oberhauser, T. E. Fisher,
P. E. Marszalek, H. Li and J. M. Fernandez, Mechanical
design of proteins studied by single-molecule force
spectroscopy and protein engineering, Prog. Biophys. Mol.
Biol., 2000, 74, 63-91.

51 R. Tapia-Rojo, J. J. Mazo and F. Falo, Thermal versus
mechanical unfolding in a model protein, J. Chem. Phys.,
2019, 151, 185105.

52 S. Luccioli, A. Imparato and A. Torcini, Free-energy
landscape of mechanically unfolded model proteins:
extended Jarzinsky versus inherent structure
reconstruction, Phys. Rev. E, 2008, 78, 031907.

53 A. Irbiack and S. Mitternacht, Thermal versus mechanical
unfolding of ubiquitin, Proteins, 2006, 65, 759-766.

54 M. Cieplak, T. X. Hoang and M. O. Robbins, Thermal folding
and mechanical unfolding pathways of protein secondary
structures, Proteins, 2002, 49, 104-113.

55 R. C. Bernardi, M. C. R. Melo and K. Schulten, Enhanced
sampling techniques in molecular dynamics simulations
of biological systems, Biochim. Biophys. Acta, 2015, 1850,
872-877.

and

RSC Adv, 2020, 10, 6520-6535 | 6535


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00920b

	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...

	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...

	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...

	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...
	The relative stability of trpzip1 and its mutants determined by computation and experimentElectronic supplementary information (ESI) available: Fig.nb...


