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ABSTRACT: Although hot, cold, and high pressure denaturation are well characterized,
the possibility of negative pressure unfolding has received much less attention. Proteins
under negative pressure, however, are important in applications such as medical
ultrasound, and the survival of biopoloymers in the xylem and adjacent parenchyma cells
of vascular plants. In addition, negative pressure unfolding is fundamentally important in
obtaining a complete understanding of protein stability and naturally complements
previous studies of high pressure denaturation. We use extensive replica-exchange
molecular dynamics (REMD) simulations and thermodynamic analysis to obtain
folding/unfolding equilibrium phase diagrams for the miniprotein trp-cage (α-structure,
20-residue), the GB1 β-hairpin (β-structure, 16-residue), and the AK16 peptide (α-helix,
16-residue). Although the trp-cage is destabilized by negative pressure, the GB1 β-
hairpin and AK16 peptide are stabilized by this condition.

1. INTRODUCTION

In addition to hot, cold, and high pressure denaturation,
negative pressure may also denature biomolecules. The
attainment of negative pressure requires special experimental
techniques.1,2 A recent study by Larios and Gruebele
demonstrates the feasibility of detailed experimental scrutiny
of proteins under tension.3 Medical ultrasound is capable of
producing large negative pressures, where high intensity
focused ultrasound has been used for noninvasive surgery.4,5

The effects of negative pressure on proteins in the body due to
ultrasound are not well understood at the molecular level. It is
important to note that the shape of the stability diagram of
proteins in the (P, T) plane has been shown to be similar to
that of cells.6,7 In addition, vascular plants routinely utilize
negative pressure to transport water in the xylem. The adjacent
parenchyma cells, which are hypothesized to sense and recover
from cavitation,8,9 must survive these tensile stresses. Finally,
mechanical forces on proteins in vivo are often investigated
with anisotropic tension applied by atomic force microscopes
and optical tweezers. There may be fundamental parallels
between protein stability under isotropic tension in a solvent
(e.g., negative pressure) and anisotropic tension in exper-
imental (e.g., refs 10−12) and simulation (e.g., refs 13−16)
studies.
The pressure−temperature stability diagrams of proteins

exhibit elliptical shapes, which may be extrapolated to negative
pressure with simple two-state thermodynamic models.17,18

Although a state of negative pressure is metastable with respect
to liquid−vapor coexistence, such a condition may be attained
and maintained for long times, by not exceeding the maximum
tensile strength of the liquid (e.g., the liquid−vapor
spinodal).1,2,19,20 Experimental studies of the pressure stability

of proteins typically focus upon high pressure (e.g., ref 7), with
applications including food decontamination and refolding of
aggregated proteins.7,21,22 In addition to experimental studies,
computer simulations provide insight into the molecular
mechanisms of high pressure denaturation.23,24 Stability
diagrams of proteins have also been successfully modeled
with analytical theories.25

The construction of phase diagrams via molecular simulation
is a powerful technique for studying the pressure stability of
proteins, with previous studies having considered hot, cold, and
high pressure denaturation.26−31 Although one may extrapolate
a thermodynamic model, parametrized with positive pressures,
to the negative pressure region, the error in extrapolation is
unknown without explicitly conducting simulations at negative
pressure. In this work, the focus is upon negative pressure
stability. Accordingly, simulations in this work are performed in
the negative pressure region. Positive pressure simulations are
also reported for comparison with the negative pressure
simulations and for quantifying the error in the fit to the
thermodynamic model. In addition, the thermodynamic
parameters presented in this work that are associated with
the pressure dependence of the Gibbs free energy have not
been obtained previously for the Amberff03* force field.32 In
contrast to previous work, we obtain three independent
measures of pressure stability in the negative pressure regime
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to avoid extrapolation of the fit to a thermodynamic model
parametrized at positive pressure.
An experimental and computational investigation of the

stability of a ubiquitin mutant protein at negative pressure was
carried out by Larios and Gruebele.3 The novel experiments
involved modification of the NMR cell as a Berthelot tube to
probe protein stability at negative pressure. In addition, the
change in Gibbs free energy with pressure was obtained by
thermodynamic integration of molecular dynamics simulations
of an unfolded and a folded protein. The simulation of the
unfolded state was represented by a single configuration taken
from a thermally denatured state. In contrast, the REMD
simulations used in this work with a fast-folding miniprotein
overcome kinetic barriers to sample an equilibrium ensemble of
folded and unfolded states. This technique, supplemented by a
thermodynamic analysis,30 allows one to obtain the Gibbs free
energy surface and its temperature and pressure derivatives in
the (P, T) plane.
Here, we investigate the negative pressure stability of the

miniprotein trp-cage (α-structure, 20-residue),33 the GB1 β-
hairpin (β-structure, 16-residue),34 and the AK16 peptide (α-
helix, 16 residue)35 using extensive replica-exchange molecular
dynamics (REMD) simulations in explicit water. To our
knowledge, this is the first systematic simulation of protein
folding in a metastable liquid under isotropic tension. The
computational methods are detailed in section 2. In section 3,
we show that although the trp-cage is destabilized by negative
pressure, the GB1 β-hairpin and AK16 peptide are stabilized at
these conditions. Discussion, concluding remarks, and
suggestions for further work are included in section 4.

2. COMPUTATIONAL METHODS

2.1. Protein Initial Configurations and Equilibration. A
miniprotein, a β-hairpin, and an α-helical peptide were
considered in this work to compare the response of different
protein structures to negative pressure. The 20-residue trp-cage
miniprotein was obtained from the Protein Data Bank (PDB
1L2Y).33 The 16-residue GB1 β-hairpin was taken from
residues 41−56 of the GB1 protein (PDB 1GB1).34 The α-
helical AK16 peptide,35,36 with the 16-residue one letter amino
acid alphabet sequence YGAAKAAAAKAAAAKA, was built
with the AmberTools12 program37 in extended conformation
and compacted with a short gas phase simulation. The proteins
are modeled with the Amberff03* variant32 of the Amberff03
force field38 in explicit TIP3P water.39 The initial topology files
for Gromacs 4 simulation package40 were generated with the
pdb2gmx utility program. Although the termini of the trp-cage
and GB1 β-hairpin are not blocked or acetylated, the AK16
peptide was acetylated on the N-terminus and amidated on the
C-terminus. The trp-cage was solvated in 1201 water molecules,
7 sodium ions, and 8 chloride ions. The number of ions was
chosen to match the concentration used in previous
simulations.41 To demonstrate system size independence
(Supporting Information), a second trp-cage protein simulation
was solvated in 2402 water molecules, 14 sodium ions, and 15
chloride ions. GB1 β-hairpin was solvated in 984 water
molecules, 6 sodium ions, and 3 chloride ions. A second GB1
β-hairpin simulation was solvated in 1968 water molecules, 9
sodium ions, and 6 chloride ions. AK16 peptide was solvated in
1213 water molecules and 3 chloride ions. All simulations were
conducted with truncated octahedron periodic boundary
conditions,42 such that the volume of the system is a factor

of 4/9(√3) smaller than a cubic box with the same maximum
length.
The initial configurations were equilibrated as detailed below

to obtain a few different isochoric configurations to span the
pressure range of −1.5 to +20 kbar and temperature range of
275−580 K in constant-volume REMD simulations. The initial
structures were briefly energy minimized with 100 steps to
move overlapping atoms. The solvent was then equilibrated at
300 K using the Berendsen thermostat43 for 1 ps while
position-restraining the protein. The water molecules were
treated as rigid with the SETTLE algorithm44 with a 2 fs time
step. Short-range interactions were cut off at 0.9 nm. The long-
range electrostatics were calculated by the Particle Mesh Ewald
technique (PME45) with a 0.12 nm grid spacing. The entire
system was then equilibrated for 10 ps, and all protein bonds
were constrained with the LINCS algorithm.46 The final
configurations to be used in constant-volume REMD
simulations were obtained via 1 ns simulations at a few
selected pressures ranging from −1 to 10 kbar with the
Berendsen barostat43 at 300 K, resulting in the following
densities: 0.96, 0.99, and 1.15 g/mL for the trp-cage
miniprotein with 1201 water molecules, 0.98 g/mL for the
trp-cage miniprotein with 2402 water molecules (equivalent
pressure as 0.99 g/mL for 1201 water molecules), 0.96, 1.01,
and 1.15 g/mL for GB1 β-hairpin with 984 water molecules,
0.99 g/mL for GB1 β-hairpin with 1968 water molecules
(equivalent pressure as 1.01 g/mL for 984 water molecules),
and 0.93, 1.16, and 1.26 g/mL for the AK16 peptide. The
Berendsen thermostat and barostat were used only in
equilibration and not in production simulations. Density is
defined as the total mass of the system divided by the total
volume. Note that in these simulations, the volume of the
protein is non-negligible compared to the volume of the water,
and therefore the pressure is a more experimentally comparable
variable (e.g., Figures 4−6) than density.

2.2. Replica-Exchange Molecular Dynamics (REMD).
Replica-exchange molecular dynamics (REMD) simulations
enhance sampling of the folding/unfolding transitions in the
miniproteins and peptides.47−49 The temperature was con-
trolled with stochastic dynamics50,51 and density was held fixed.
Temperature ranges for nearly constant acceptance ratios were
obtained from a few iterations of short, 100 ps REMD
simulations with a fast, 0.02 ps exchange rate. For the trp-cage,
2 isochores of 0.96 and 0.99 g/mL were simulated for 1.25 μs
per replica and the isochore 1.15 g/mL was simulated for 1.1 μs
per replica, each with 32 replicas in the temperature range
276−579 K with exchange acceptance ratios of 20−23%. To
demonstrate convergence of the equilibrium folded population
independent of initial configuration (Supporting Information),
another trp-cage simulation was initialized from an ensemble of
unfolded configurations of the 579 K replica, 0.96 g/mL, and
simulated for 0.65 μs. For the trp-cage simulation with 2402
water molecules, 0.99 g/mL, 32 replicas were simulated for 0.5
μs per replica in the temperature range 285−533 K with
exchange acceptance ratios of 12−15%. For GB1 β-hairpin, 4
isochores of 0.96, 1.01, 1.15, and 1.27 g/mL with 24 replicas
each were simulated for 1 μs per replica in the temperature
range 282.5−550 K with exchange acceptance ratios of 15−
19%. For the GB1 β-hairpin simulation with 2402 water
molecules, 1.01 g/mL, 30 replicas were simulated for 0.5 μs per
replica in the temperature range 285−545 K with exchange
acceptance ratios of 12−15%. For AK16 peptide, 2 isochores of
0.93 and 1.26 g/mL were simulated for 1 μs with 24 replicas in
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the temperature range 285−542 K with exchange acceptance
ratios of 12−15%, and the isochore 1.16 g/mL was simulated
for 0.5 μs, with 24 replicas in the temperature range 285−492 K
with exchange acceptance ratios of 20−25%. In addition, the
change in volume upon unfolding was obtained by additional
100 ns REMD simulations in the constant-pressure (NPT)
ensemble at the same series of temperatures and pressures as
the NVT REMD simulations, by using the Parrinello−Rahman
barostat52 and starting from the final NVT configurations. An
exchange rate of 1 ps was used for production REMD
simulations, except for the 10 ps exchange rate in the first
250 ns of the trp-cage simulations with 1201 water molecules at
0.99 and 0.96 g/mL. The REMD simulations utilized the same
time step, constraint algorithms, interaction cut off and
electrostatics as described in section 2.1. Configurations were
stored for analysis every 1 ps for non-hydrogen protein atoms,
and every 100 ps for the entire configuration to save disk space.
Temperature, potential energy, pressure and volume were also
stored every 1 ps.
2.3. Protein Structural Analysis. The protein structure

was characterized with order parameters dRMS, Qbb, rmsd, and
STRIDE53 to distinguish folded and unfolded states. The
distance-based root-mean-squared deviation, dRMS, is defined as
dRMS = [Nbb

−1∑i,j(rij − rij,0)
2]1/2, where i and j are integer

indices for sequential numbering along the backbone carbon,
nitrogen or oxygen atoms, and the sum is over all pairs of the
Nbb backbone atom native contacts. Native contacts are defined
as all pairwise backbone atom separation distances, rij,0, in a
reference structure (first entry of PDB) where rij,0 < 0.45 nm
and atom pairs i and j must belong to different residues that are
separated by two or more residues along the backbone. The
fraction of backbone native contacts, Qbb, is defined as Qbb =
Nbb

−1∑i,j{1 + exp[β(rij − λrij,0)]}
−1, where β = 0.5 nm−1 and λ

= 1.2, as described previously.41 The root-mean-squared
deviation, rmsd, from a least-squares fitted reference structure
(first entry of PDB) is defined as rmsd = M−1∑1mi|ri⃗ − ri⃗,0|

2]1/2,
where the sum is over all protein backbone carbon, nitrogen or
oxygen atoms,M =∑i

bbmi, mi is the mass, ri⃗ is the instantaneous
position, and ri⃗,0 is the position of the least-squares fitted
reference structure. Free energy profiles and surfaces of order
parameters were computed via −RT ln(p), where R is the gas
constant, T is the temperature, and p represents a probability
assigned for a chosen order parameter, obtained from
histograms. The two-dimensional histograms were fitted to a
surface and smoothed with Gaussian functions.
For the trp-cage, folded states are defined as rmsd < 0.22

nm30 (Figure 1). For GB1 β-hairpin, folded states are defined
as dRMS < 0.15 nm41 (Figure 2). As opposed to the trp-cage and
GB1 β-hairpin, the ensemble of helical (folded) states for the
AK16 peptide is structurally diverse. The folded state was
defined as structures with 50% or more residues in helical
conformations assigned using the STRIDE algorithm53

implemented in the VMD program.54 A closely related
definition of fraction folded as a fraction of helical residues,
as employed previously,36 yields a similar folding curve
(Supporting Information).
2.4. REMD Convergence. An important quantity that is

computed by the REMD simulations is the fraction of time that
a replica, at a given temperature, is in the folded state. This
fraction of time folded is equivalent, in the thermodynamic
limit, to an ensemble average fraction of folded proteins, as
measured in experiments at high protein dilution. Folding/
unfolding equilibrium convergence is evidenced from the

fraction of folded proteins in all replicas as a function of time, as
shown in the Supporting Information. For the trp-cage, the
correlation time of the fraction of folded proteins in all replicas
is 50 ns, estimated as twice the maximum value of the integral
of the correlation function (Supporting Information).42,55 The
correlation times for GB1 β-hairpin and AK16 peptide are 50
and 10 ns, respectively. Error bars in the thermodynamic fits
(e.g., Figure 3) are standard deviations of the mean obtained
from block averages of twice the correlation time.55,56 The first
250 ns of REMD simulation are discarded as equilibration,
except for the cases described below. The trp-cage simulations
with the initial 250 ns of the slower 10 ps exchange rate were
given an additional 250 ns (500 ns total) equilibration. In
addition, a longer equilibration time of 400 ns was required for
the initially unfolded trp-cage simulation because the unfolded
initial condition is further from the equilibrium fraction folded
in the slowest, low temperature replicas, as opposed to the
folded initial condition. Convergence of the equilibrium folded
population independent of the folded or unfolded initial
configuration for the trp-cage miniprotein at 0.96 g/mL is
shown in the Supporting Information. In addition, see the
Supporting Information for system size independence of the
fraction of folded trp-cage and GB1 β-hairpin as a function of
temperature.

2.5. Fit to Thermodynamic Model. A two-state
thermodynamic model of the change in the Gibbs free energy
upon unfolding17,18 is fitted to the REMD simulation data for a
range of temperatures and pressures.30,31 The change in the
Gibbs free energy is given by

Δ = − = − −G G G RT x xln((1 )/ )u f (1)

where the subscript u refers to the unfolded state, the subscript
f refers to the folded state, x is the ensemble average of the
fraction of the proteins in the native state, T is the temperature,
and R is the ideal gas constant. Note that in the infinite dilution
simulations in this work, the fraction of time folded is
equivalent to x. To obtain the free energy surface, one
integrates d(ΔG) = −ΔS dT + ΔV dP, where S is the entropy,
ΔS = Su − Sf, V is the volume, ΔV = Vu − Vf, and P is the
pressure. Integration is performed from a state T0, P0 to T, P
while assuming that the second order derivatives of ΔG are
constant and given by

αΔ = ∂
∂

∂Δ
∂

= ∂Δ
∂T

G
P

V
TP T P (2)

βΔ = ∂ Δ
∂

= ∂Δ
∂

G
P

V
P

T T

2

2
(3)

Δ = − ∂ Δ
∂

= ∂Δ
∂

C T
G

T
T

S
TP

P P

2

2
(4)

Note that the symbols Δα and Δβ used here, as defined
previously,17 are related to, but not the same as, the thermal
expansion coefficient and compressibility. To integrate d(ΔG),
one first integrates d(ΔS) and d(ΔV) to obtain the following
expressions,

αΔ = Δ − Δ − + ΔS C T T P P Sln( / ) ( )P 0 0 0 (5)

α βΔ = Δ − + Δ − + ΔV T T P P V( ) ( )0 0 0 (6)
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Finally, inserting the expressions for ΔS and ΔV to integrate
d(ΔG),

β α

Δ = Δ − Δ − + Δ −

+ Δ − + Δ − −

− Δ − −

G G S T T V P P

P P T T P P

C T T T T T

( ) ( )

2
( ) ( )( )

[ ln( / ) ( )]P

0 0 0 0 0

0
2

0 0

0 0 (7)

Note that the contours of constant ΔG are elliptical near T0
when (Δα)2 > ΔCPΔβ/T0.

17 This free energy surface may be
fitted to two different data sets from REMD simulations. First,
the fraction folded, x, at a given T, P gives ΔG via eq 1, which is

then used to fit to eq 7. The second data set from simulations is
ΔE, which may be fitted to the equation ΔE = ΔG + TΔS −
PΔV obtained via eqs 5−7. The thermodynamic fits were
performed in Mathematica 8 by minimization of the squared
deviation of the fit to ΔG, ΔE, and x, weighted by the standard
deviation. Note that ΔG ∼ ΔA, where A is the Helmholtz free
energy, because PΔV is small30 (Figure 3 and Supporting
Information). All thermodynamic quantities are on a per mole
of protein basis.

2.6. Estimate of Spinodal of Bulk Water. A simple
method was used to estimate the spinodal of bulk water, which
serves merely as a reference in the stability diagrams. The

Figure 1. Free energy surface of the trp-cage at 299 K and 0.99 g/mL as a function of the fraction of native backbone contacts, Qbb, and the
backbone rmsd. Folded states are defined as rmsd <0.22 nm, shown by the black line in the free energy surface contour plot. Protein structures are
representative of the local minima indicated in the free energy surface contour plot and are shown with the following STRIDE53 secondary structure
assignments: α-helix in magenta, 310-helix in dark blue, coil in white, and turn in teal. Proline, tryptophan, tyrosine, arginine, and aspartic acid heavy
side chain atoms are shown in gold. Structures “a” and “b” include the overlapping 1L2Y PDB33 shown in silver.

Figure 2. Free energy surface of GB1 β-hairpin at 297 K and 1.01 g/mL, similar to Figure 1, except that folded states are defined as dRMS < 0.15 nm.
Tryptophan, tyrosine, phenylalanine, and valine heavy side chain atoms are shown in gold. Structure “a” includes the overlapping 1GB1 PDB34

shown in silver.
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spinodal of bulk water was estimated for a given temperature by
gradually lowering the pressure in an NPT molecular dynamics
simulation until the system became unstable due to rapid
expansion. The initial system contained 1728 water molecules
in cubic periodic boundary conditions. The Berendsen
thermostat and barostat43 were used with time constants of
0.1 and 0.5 ps, respectively. Each constant pressure simulation
was preformed for 40 ps with a 2 fs time step, and the pressure
was then decreased by 10 bar. The spinodal pressure was
obtained as the lowest pressure reached before rapid expansion.

3. RESULTS
Replica-exchange molecular dynamics (REMD) simulations are
used for the folding of the trp-cage, GB1 β-hairpin, and AK16
peptide in explicit water to compute their pressure−temper-
ature stability diagrams. The two-state thermodynamic
description depends upon a physically reasonable order
parameter to partition the protein structures. First, we show
that rmsd <0.22 nm and dRMS < 0.15 nm (see definition in
section 2.3) describe well the folded states of the trp-cage and
GB1 β-hairpin, respectively.30,41 Then we fit the simulation data
in the P−T plane to a two-state thermodynamic model (eq 7)
to obtain the stability diagrams of the trp-cage, GB1 β-hairpin,
and AK16 peptide.
Representative protein structures from the folding/unfolding

equilibrium, along with free energy surfaces as a function of the
fraction of backbone native contacts, Qbb, and backbone rmsd
for the trp-cage, and backbone dRMS for GB1 β-hairpin, are
shown in Figures 1 and 2, respectively. For the trp-cage, folded
states are defined as rmsd <0.22 nm and closely resemble the
NMR structure (PDB ID 1L2Y).33 The folded trp-cage
structure is stabilized by a combination of the “caged”
tryptophan nonpolar residue, the arginine−aspartic acid salt
bridge, favorable helical regions, and the rigidity of proline.33

Structures “a” and “b” are virtually identical, as reported
previously,31,41 and are due to minor differences in the
backbone dihedral angles of GLY15 and absence of the ASP9-
ARG16 salt bridge in structure “b”. Structure “c” is considered
unfolded, however, because LEU2 is not in a helical
conformation. Note that rmsd distinguishes structure “c”
from “a” and “b”, whereas Qbb does not. The contracted,
one-dimensional free energy profile as a function of rmsd can
be found in the Supporting Information.
For the GB1 β-hairpin, folded states are defined as dRMS <

0.15 nm and closely resemble the NMR structure (PDB ID
1GB1).34 In contrast to the trp-cage, the folded GB1 β-hairpin
structure is composed of β-strands. Comparing the most
predominant conformation from simulations (e.g., structure “a”
of Figure 2) to the 1GB1 PDB,34 we note that the nonpolar
side chains are slightly distorted due to the absence, in our
calculations, of favorable contacts with residues in the full 1GB1
protein (see also section 2.1). The free energy surfaces do not
necessarily provide a physical transition path between states.
For example, despite the intermediate Qbb value, GB1 β-hairpin
structure “c” of Figure 2 is a misfold and must unravel before
correctly folding because one of the β-strands in “c” is flipped
with respect to “a”.41

The fit of the simulation data to a two-state thermodynamic
model (eq 7) and the resulting pressure−temperature stability
diagram are illustrated for GB1 β-hairpin in Figures 3 and 4,
respectively. The GB1 β-hairpin is stabilized by the application
of negative pressure, as evidenced by the slope of the contours
of constant fraction folded. The negative pressure stabilization

of GB1 β-hairpin is confirmed by three sets of data. First, the
fraction folded increases from the second lowest to the lowest
density ischore. A second measure of the pressure stability of
GB1 β-hairpin is ΔP, the change in pressure upon unfolding in
the NVT simulations (section 2.2). If ΔP = −∂ΔA/∂V|T < 0,
where Δ denotes the difference in a given quantity between

Figure 3. Fit of GB1 β-hairpin simulation data (points with error bars)
to two-state thermodynamic model (lines, section 2.5). Colors denote
the following isochores: 0.96 g/mL (blue), 1.01 g/mL (red), 1.15 g/
mL (orange), and 1.27 g/mL (green). Top left: Fraction of folded
GB1 β-hairpins. Top right: Change in potential energy upon
unfolding. Bottom left: Change in pressure. Bottom right: Change
in volume. As T increases, the error bars become larger when x → 0.
Although the precise magnitude of ΔP and ΔV are statistically difficult
to compute due to incompressibility of the liquid, their sign is more
easily determined. The black lines, ΔP = 0 and ΔV = 0, serve as a
guide to the eye.

Figure 4. Stability diagram of GB1 β-hairpin by fit of simulation data
(colored lines) to two-state thermodynamic model, with contours of
fraction folded in intervals of 0.1. Colored lines are for densities
described in Figure 3. The black line is a numerical estimate of the
spinodal of the bulk water system (section 2.6).
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unfolded and folded states, the free energy difference between
the unfolded and folded states increases if the volume increases.
The converse is true if ΔP > 0. If ΔP < 0, this implies that upon
increasing the volume or, equivalently, decreasing the pressure,
the folded state is stabilized (ΔΔA > 0) relative to the unfolded
state. Finally, ΔV = ∂ΔG/∂P|T < 0 from NPT simulations
(section 2.2) also confirms that GB1 β-hairpin is stabilized by
the application of negative pressure. In all cases examined, ΔV
and ΔP have the same sign at the same state conditions
(Supporting Information). ΔV is more physically intuitive,
however, because the magnitude of ΔP depends on technical
details of the simulation, such as the number of water molecules
solvating the protein (section 2.5).
Stability diagrams of the trp-cage and AK16 peptide are

shown in Figures 5 and 6, respectively. These stability diagrams

were produced by the same fitting procedure as illustrated by
Figure 3 (Supporting Information). Although the trp-cage is
destabilized by negative pressure, the AK16 peptide is stabilized
under the same conditions. The converse is true at high
pressure. Figure 7 shows opposing pressure stability of the two
folded structures “a” and “b” of the trp-cage (Figure 1). The
one-dimensional free energy profile of the trp-cage as a function
of rmsd was computed via −RT ln(p), where R is the gas
constant, T is the temperature, and p represents a probability
assigned for a chosen order parameter, obtained from
histograms. Structure “a” is stabilized at higher pressure,
whereas structure “b” is stabilized at lower pressure.
The thermodynamic parameters, defined in section 2.5, are

summarized in Table 1 and compared with available
experimental values. The estimated error in the last digit of
the thermodynamic parameters is in the parentheses of Table 1
(Supporting Information). The second derivatives of the Gibbs
free energy with at least one derivative in pressure, Δα and Δβ,
are subject to largest uncertainty of all the reported
thermodynamic variables. For example, exclusion of the highest
density isochore simulation in the GB1 β-hairpin fit yields re-

entrant behavior (Δβ > 0) with an island of stability at large
pressure, shown in Figure 8. Note that a possible island of
stability was also reported by extrapolation to large negative
pressure by Larios and Gruebele.3 The extrapolations rely upon
accurately quantifying the second derivatives of the change in
the Gibbs free energy upon unfolding, which are numerically
small and subject to large statistical error. As reported
previously,31 the entropy change from the simulations is
smaller than what is found in experiment.
Figure 9 illustrates how the behavior of the trp-cage and GB1

β-hairpin under negative pressure is related to the position of
the center of the elliptical stability diagram relative to the
spinodal. For example, the center of the trp-cage ellipse is high
enough with respect to the spinodal to observe low pressure
unfolding, whereas the center of the GB1 β-hairpin ellipse is
much lower than the spinodal such that only high pressure
unfolding may be observed.

Figure 5. Stability diagram of the trp-cage, similar to Figure 4, except
that colors denote the following isochores: 0.96 g/mL (blue), 0.99 g/
mL (red), and 1.15 g/mL (green).

Figure 6. Stability diagram of AK16 peptide, similar to Figure 4, except
that colors denote the following isochores: 0.93 g/mL (blue), 1.16 g/
mL (red), and 1.26 g/mL (green).

Figure 7. Free energy profile of the folded state structures “a” and “b”
of the trp-cage (Figure 1) at 299 K as a function of the backbone rmsd
for the following isochores: 0.96 g/mL (blue), 0.99 g/mL (red), and
1.15 g/mL (green).
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4. DISCUSSION AND CONCLUDING REMARKS
To our knowledge, this is the first systematic simulation study
of protein folding in a metastable liquid under isotropic tension
(negative pressure). We found that the effect of negative
pressure on stability depends on the structure of the protein,
and each of the three peptides considered exhibts a different
stability diagram in the P−T plane. Although the trp-cage is

destabilized by application of negative pressure, the GB1 β-
hairpin and AK16 peptide are stabilized by the same condition.
Comparison of the simulation results to experiment are

important in validation of the protein model. Though the
temperature derivatives of the change in Gibbs free energy, ΔS0
and ΔCP, may be favorably compared with experiment (Table
1), experimental results for both high and low pressure
dependence of the change in Gibbs free energy for the trp-cage
and GB1 β-hairpin are lacking. Some pressure stability data for
larger proteins are available. However, simulations of protein
folding for explicit water, all-atom models are only computa-
tionally feasible for fast-folding, smaller miniproteins and
peptides, such as those considered in this work (see, however,
ref 59). Experimental studies of the pressure stability of
miniproteins and peptides would aid in the validation and
improvement of all-atom explicit water−protein models. For
AK16 peptide, simulations with both Amber03* and
CHARMM2236 find ΔV0 to have the opposite sign as in
experiment35 (Table 1); however, simulations at high pressure
give the correct sign for ΔV. Interestingly, one other case where
high pressure simulation results agreed with ambient pressure
experiments better than ambient pressure simulations is when
structure “a”, most closely resembling the NMR structure of the
trp-cage,33 was more favored at higher pressures (Figures 1 and
7). One possible explanation is that the equation of state of
TIP3P water utilized in both the Amber03* and CHARMM22
force fields underestimates the density of water relative to
experiment at T > 280 K and P = 1 bar.60 Protein simulations
may benefit from the use of improved water models,61,62 such
as Amber ff03w optimized for simulations with TIP4P/2005.63

An intriguing extension of this work is to investigate the
effect of cosolutes on the pressure stability of proteins.
Experimentally, it was found that crowding increased the
pressure stability of staphylococcal nuclease.64 It is not
understood how the shape of the protein stability diagram
(e.g., Figure 9) changes upon the addition of denaturants,
stabilizers or crowding agents (e.g., does the elliptical diagram
shrink or expand with denaturants and stabilizers, respectively,
or does the center of the ellipse shift?). The computation of
protein stability diagrams with all-atom protein models30 is
clearly a powerful technique that may be applied to understand
many of these questions.

■ ASSOCIATED CONTENT

*S Supporting Information
Additional data including simulation convergence, protein
structural order parameters, complete thermodynamic fits,

Table 1. Thermodynamic Parameters for the Two-State Model

trp GB1-β AK16

sima expb57 sim exp58 sim exp35

T0, P0 (K, bar) 298, 1 298, 1 297, 1 297, 1 298, 1 298, 1
ΔG0 (kJ/mol) 3.1 (6) 3.2 (2) 1.5 (3) 0 −2.9 (2)
ΔS0 (J/mol/K) 49 (2) 160 (6) 49 (1) 160 34 (1)
ΔV0 (ml/mol) 0.6 (2) −3.6 (6) −3.4 (6) 10.5 (3)
Δα [(mL/mol)/K] 0.03 (1) 0.016 (2) −0.023 (6)
Δβ [(mL/mol)/bar] −1.0(4) × 10−4 −6(6) × 10−5 7(2) × 10−4

ΔCP [(kJ/mol)/K] 0.31 (1) 0.3 (1) 0.203 (7) 0.086 (3)
Tf
c (K) 342 (5) 318 (1) 323 (3) 297 213 (2)

aSim is the abbreviation for simulations from this work. bExp is the abbreviation for experiments from other studies. cTf is the temperature where
ΔG(Tf,P0) = 0.

Figure 8. Illustration of re-entrant phase behavior as an artifact of
extrapolation for the GB1 β-hairpin. Colored lines denote simulations
at the following isochores: 0.96 g/mL (red), 1.01 g/mL (blue), 1.15 g/
mL (yellow), and 1.27 g/mL (green). The solid black line is the locus
of 0.5 fraction folded, obtained by fit to all isochores, and the dashed
black line was obtained by fit to only the three lowest density
isochores.

Figure 9. Colored lines are the loci of 0.5 fraction folded for the trp-
cage (magenta) 0.5 fraction folded for GB1 β-hairpin (blue) and 0.25
fraction folded for AK16 peptide (green). Dashed lines indicate
extrapolation of the thermodynamic model, and unbroken lines are in
the vicinity of simulation data. The black line is a numerical estimate of
the spinodal of the bulk solution.
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and error analysis are provided. This material is available free of
charge via the Internet at http://pubs.acs.org/.
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