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INTRODUCTION

T
he study of peptides, and in particular of peptide

folding/unfolding, has become one of the most inno-

vative and challenging areas of biophysical–biochem-

ical research which provided in the past several years

a large body of relevant data based on both experi-

mental and computational methods.1–6

Peptides proved to be excellent model systems to study

protein folding/unfolding, allowing the characterization of

the mechanism of formation of the protein basic structural

elements.7–9

MD simulations have been widely used in the last decade

to study the atomistic behavior of solvated peptides includ-

ing structural/conformational transitions, clearly providing

detailed information with temporal and spatial resolution

unachievable by experimental methods.10–13 Given the rapid

increase in computing power, the higher efficiency of algo-

rithms and the improving of the force fields over the past

years, computer simulations can play an essential role in

folding/unfolding studies, allowing nowadays the explicit

simulation of fast peptide folding/unfolding events.14–17 In

previous articles,18,19 we quantitatively characterized the

folding/unfolding kinetics and thermodynamics of simple

peptides by using MD simulations and advanced theoretical

models based on statistical mechanics.

In this study, we use as simple model system the cyclic b-

hairpin 6-meric peptide (GS6) analog of Gramicidin S (GS).

GS analogues containing 6, 8, 10, 12, 14, and 16 residues

were largely studied with circular dichroism spectroscopy,

showing, in the series composed by GS6, GS10, G14, a higher

propensity to form ordered b-sheet with respect to the

others.20 The solution structures of GS6, GS10, GS14 have

been solved by NMR spectroscopy,20,21 revealing that they

form stable antiparallel b-hairpin structures, bordered by
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two Type II0 b-turns. The dynamics of b-turn formation and

the folding/unfolding rates of the same peptides were investi-

gated using equilibrium Fourier transform infrared spectros-

copy and T-jump relaxation probed by time-resolved

infrared spectroscopy.22

The aim of the present study is to quantitatively repro-

duce the experimentally observed properties to test the accu-

racy of the theoretical–computational approach employed,

providing a deeper understanding of the thermodynamic

and kinetic mechanism involved in the folding/unfolding

process of GS6 and, more in general, of small peptides.

The article as organized as follows. In the theory section,

we briefly outline the statistical mechanical model, based on

the Quasi Gaussian Entropy (QGE) theory,23–26 we utilize to

describe the peptide folding/unfolding thermodynamics.

Such a model, specifically designed to treat conformational

transitions, has been introduced and described in details in a

previous article.19

In the theory section, we also illustrate how to model in a

simple way the folding/unfolding kinetics, discussing the

effects of the possible presence of kinetically coupled degrees

of freedom. Finally, in the results section, we show the ther-

modynamics and kinetics of GS6 folding/unfolding as pro-

vided by the theoretical–computational model employed,

comparing our results with the available experimental data.

METHODS

MD Simulations Protocol
The initial structure of cyclo[(Lys-dTyr-Pro)2] was created using

Pymol version 0.99 (DeLano Scientific) on the basis of the experi-

mental chemical structure.20,21 Geometry optimization of that

structure was done by using the empirical potential energy function

of the GROMOS96 43a1 force field.27 The peptide, in its starting

conformation, was solvated with water and placed in a periodic

cubic box large enough to contain the peptide and 0.5 nm of solvent

on all sides. The two lysine side chains were protonated as to repro-

duce a pH of about 7: two negative counterions (Cl2) were then

added by replacing two water molecules to achieve a neutral condi-

tion. Molecular Dynamics simulations, in the NVT ensemble, with

fixed bond lengths28 were performed with the GROMACS software

package29 and with the GROMOS96 43a1 force field. Water was

modeled by the simple point charge (SPC) model.30 A nonbond

pairlist cutoff of 9.0 Å was used, and the long-range electrostatic

interactions were treated with the particle mesh Ewald method.31

The isokinetic temperature coupling32 was used to keep the temper-

ature constant at the desired value. After various equilibration MD

runs, six all-atom MD simulations in explicit water at six different

temperatures and with different time lengths were carried out: 400

ns at 280 K, 300 ns at 310 K, 300 ns at 360 K, 180 ns at 400 K, 60 ns

at 500 K, and 60 ns at 600 K. For the last two simulations, a time

step of 1 fs was used, while for the others the time step was 2 fs.

THEORY

Thermodynamic Characterization

Given a system in thermodynamic equilibrium, the change in

free energy on going from a reference state, ref, of the system

to a generic state, i (e.g., from unfolded to folded), at con-

stant temperature and constant volume can be evaluated as:

DAref!i ¼ �RT ln
pi

pref

ð1Þ

where R is the ideal gas constant, T is the absolute tempera-

ture and pi and pref are the equilibrium probabilities of find-

ing the system in state i and state ref, respectively. We con-

sider the conformational space and relative free energy as

defined by the reaction coordinates given by the two dis-

tances between the oxygen and nitrogen atoms involved in

the two hydrogen bonds (H-bonds). By projecting the MD

trajectories onto the plane defined by these conformational

coordinates (see Figure 1), we were able to identify three

regions corresponding to three secondary structure states

(conformational states): the folded state (F) in which both

H-bonds are formed; the intermediate state (I) in which only

one of the two H-bonds is formed; and the unfolded state

FIGURE 1 Projection of the trajectory at 310 K on the plane of

the two N��O (H-bond) distances between Lys residues. Three con-

formational states can be defined: the folded state (F) in which both

H-bonds are formed, the intermediate state (I) in which only one of

the two H-bonds is formed, and the unfolded state (U) in which

none of the H-bonds is formed.
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(U) in which none of the two H-bonds is formed. For every

region, the corresponding MD frames were counted provid-

ing the equilibrium probabilities and hence, according to Eq.

(1), the free energy changes DAref?i. Note that the variation

of the Helmholtz free energy, due to the conformational

transition of the peptide in the simulation box, exactly corre-

sponds to the peptide chemical potential change (i.e., DAref?i

5 Dlref?i). Such peptide chemical potential variations and

the mean potential energies of the whole simulation box,

taken for each conformational state for a set of temperatures

(see Methods), were utilized to obtain, by a fitting procedure,

a detailed model of the peptide partial molar thermodynam-

ics according to the QGE theory as described in details in a

recent article.19 Such a QGE model provides the temperature

dependence of the peptide chemical potential change and

related partial molar properties according to19:

Dl ¼ Du0
0 � Dc 0v0T0KðTÞ þ p0ðTÞDv � RT ln c ð2Þ

where Du0
0 and Dc0v0 are the variations of the partial molar

excess internal energy and isochoric heat capacity with

respect to the reference state at the reference temperature T0

(in our case T0 5 310 K), Dv is the partial molar volume

change with respect to the reference state and R ln c corre-

sponds to a partial molar entropic term due to hard body

effects. Moreover, p0 is the pure solvent excess pressure and

KðTÞ ¼ 1

d0

þ T

T0d
2
0

ln 1 � d0T0

Tð1 � d0Þ þ d0T0

� �
ð3Þ

with d0 a temperature independent dimensionless constant

obtained by the pure solvent simulations.

Note that Du0
0, Dc0v0, Dv, and R ln c are the parameters,

corresponding to the physical properties fully defining the

QGE model, which are obtained via the fitting procedure.

Kinetic Characterization

To describe in a simple way the kinetics of the folding–

unfolding process, we may consider a single conformational

degree of freedom q as defined by the bisector of the plane

identified by the two hydrogen bonds coordinates in Figure 1

by using the free energy profile along q, as obtained via

DAðqÞ ¼ �RT ln
qðqÞ
qðqref Þ

ð4Þ

with q(q) the equilibrium probability density, we may readily

obtain the complete kinetics of the folding/unfolding transi-

tions by solving a Fokker-Plank type equation33:

@qðq; tÞ
@t

¼ D

KT
q

d2DA

dq2

� �
þ @qðq; tÞ

@q

� �
dDA

dq

� �� �

þ D
@2qðq; tÞ

@q2

� �
ð5Þ

where q(q,t) is the time-dependent probability density and D

is the diffusion coefficient along q (in the present case at 310

K, D 5 1.66 3 1024 nm2/ps). It must be remarked that such

a model is sufficiently accurate only within the approxima-

tion of an instantaneous relaxation of all the other degrees of

freedom during the diffusion along q. When some degrees of

freedom other than q relax at a comparable rate of the diffu-

sion along the chosen reaction coordinate, a proper kinetic

model must include such degrees of freedom and their cou-

pling. This can be accomplished either explicitly including all

the relevant reaction coordinates in the Fokker-Plank type

equation or implicitly considering the effects of the other

degrees of freedom by monitoring the fluctuation time-

behavior of q as provided by MD simulations, hence still

describing the kinetics via a single reaction coordinate.

In the present case, the trajectory of the reaction coordi-

nate q (see Figure 2) reveals the presence of two distinct fluc-

tuation regimes corresponding to two free energy basins (see

Figure 3) and characterized by different fluctuation distribu-

tions: one peaked at about 0.4 nm (corresponding to the

folded state basin) and the other peaked at about 1.0 nm

(corresponding to the unfolded state basin). It must be noted

that the two identified distributions significantly overlap in

FIGURE 2 Time evolution of the reaction coordinate q during

the MD run at 310 K.
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the 0.7–0.9 nm range, hence indicating that GS6 folding/

unfolding kinetics is characterized by the relaxation of a set

of coupled degrees of freedom corresponding to the inter-

conversion kinetics of the two q-fluctuation regimes. In this

article, we define the transition from one fluctuation regime

to the other as occurring when the reaction coordinate

reaches the value corresponding to the peak of the other

regime (e.g., starting from the folded state, when q reaches

1.0). In this way, we may easily subdivide the q trajectory

into subparts corresponding to a single fluctuation regime

and hence evaluate the mean lifetime for the folded to

unfolded and reverse transition. In practice, the use of such a

criterion for the MD simulation data of GS6 at 310 K, pro-

vides 4 and 3 blocks of the q trajectory for the folded and

unfolded state, respectively (the lower and upper fluctuation-

blocks in Figure 2).

The mean time interval of the folded/unfolded blocks

(i.e., the average of the corresponding time intervals), gives

hence the estimate of the unfolding/folding mean lifetime.

RESULTS AND DISCUSSION
As mentioned in the theory section, we used the plane

defined by the two (H-bonds) N��O distances between Lys

residues as conformational space to describe the relevant

conformational state of GS6. Using 0.43 nm as cut-off dis-

tance for the formation of each hydrogen bond (0.43 nm cor-

responds to the probability minimum of the N��O distance

distribution, see Figure 4), the chosen conformational space

may be divided into three regions representing different con-

formational states: the folded state (F) in which both H-

bonds are formed; the intermediate state (I) in which only

one of the two H-bonds is formed; and the unfolded state

(U) in which none of the two H-bonds is formed.

It is worth to note that the density peaks of the folded and

unfolded states in Figure 1, corresponding to the free energy

minima and relative structures along the bisector of the plane

in Figure 1 (see Figure 3), clearly indicate that the b-hairpin

structure is relatively stable in GS6 in agreement with experi-

mental data.20,21 The Type II0 b-turns are stabilized by the

intraturn hydrogen bond, involving the Lys residues. More-

over, our MD simulations provide for the folded state the

correct (i.e., experimentally observed) arrangement of the

residues in each b-turn with D-Tyr and Pro residues in posi-

tions i11 and i12, respectively, and their side chains relative

arrangement in line with the so-called equatorial-axial rule.

In the unfolded state, the b-hairpin structure is completely

disrupted with the main chain of the peptide distorted and

proline and tyrosine residues no more in the proper arrange-

ment of the b-turn.

FIGURE 3 Free energy variation (at 310 K) along the reaction

coordinate q, defined by the bisector of the plane given by the two

N��O (H-bond) distances between Lys residues. Two local minima

can be observed corresponding to the folded (left) and the unfolded

(right) states. Two representative snapshots of the folded and

unfolded states extracted from the MD run at 310 K are also

reported below the corresponding minimum. Hydrogen bonds are

represented with dotted lines.

FIGURE 4 Distribution function (at 310 K) of the distance

between the nitrogen and the oxygen atoms involved in the hydro-

gen bonds. The left peak corresponds to the folded structure while

the right peak corresponds to the unfolded one.
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In Figure 5, we report the temperature dependence of the

unfolding chemical potential change and the isochoric internal

energy change, Duv 5 (@bDl/@b)v, as provided by the QGE

model. In the figure, we also report the corresponding values as

obtained by the conformational probabilities and mean poten-

tial energies given by the MD simulations. To test severely the

accuracy of the model prediction, we compare in Figure 6 the

isochoric excess heat capacity change due to the peptide inser-

tion into the solvent as obtained by the QGE model with the

corresponding values as provided by MD data (the latter were

evaluated by using the mean square fluctuations of the simula-

tion box potential energy). Note that these MD-based values

were not used within the parameterization procedure of the

model. From these figures it is clear that the accuracy (within

the noise) of the QGE model in describing and predicting the

peptide thermodynamics as provided by the MD simulations.

Interestingly, the unfolding chemical potential change

shows a negative broad maximum centred at �450 K indicat-

ing that the unfolded state is thermodynamically more stable

in the whole temperature range considered with an increased

stability for lower and higher temperatures. When consider-

ing the energetic and entropic contributions to the unfolding

chemical potential change, as provided by the QGE model

(see Figure 7), it clearly emerges that the unfolded state is

characterized by a lower entropy and energy than the folded

FIGURE 5 Plot of the unfolding chemical potential change

(upper panel) and isochoric internal energy change (lower panel) as

a function of temperature along the isochore. In the figure, the

circles represent the values obtained by the direct use of MD data

with their relative error bar, while the solid line represents the corre-

sponding QGE model prediction.

FIGURE 6 Plot of the excess isochoric heat capacity change due

to the peptide insertion into the solvent. In the figure, the circles

represent the values obtained by using the mean square potential

energy fluctuation of the simulation box with the relative error bars,

while the solid line represents the corresponding QGE model pre-

diction.

FIGURE 7 Plot of the unfolding partial molar entropy change

(upper panel) and internal energy change (lower panel) of the pep-

tide as a function of temperature along the isochore as provided by

the QGE model.
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state, hence indicating a reduction of the peptide partial

molar entropy coupled to an energetic optimization due to

the unfolding process. Such a counterintuitive thermody-

namic behavior, observed and described in details in a recent

article for a completely different peptide,19 is driven by the

charged and/or polar groups solvent exposure occurring

upon unfolding and causing a relevant solvent rearrangement

in the peptide first solvation shells leading to the peptide

partial molar volume reduction (electrostriction).

To characterize in a simple way the kinetics of the folding/

unfolding transitions, we have considered a single reaction

coordinate q as defined by the bisector of the plane utilized

to define the conformational space (see Figure 1). The use of

a Fokker-Plank type equation to obtain the kinetic rate con-

stants is appropriate only within the approximation that all

the other degrees of freedom may be considered as instanta-

neously relaxed along the reaction coordinate transition. As

evidenced in the theory section the reaction coordinate fluc-

tuation as provided by the MD simulations (see Figure 2) are

incompatible with such an assumption, as clearly shown by

the significant overlapping of the distributions for the folded

and unfolded q-fluctuation regimes.

According to the method briefly outlined in the theory

section, we define the transition from one fluctuation regime

to the other (within our approximation, the folding/unfold-

ing transition) as occurring when the reaction coordinate

reaches the value corresponding to the peak of the other re-

gime. At 310 K, we obtain 31 ns for the unfolding mean life-

time and 59 ns for the folding mean lifetime (10 ns and 27 ns

are the corresponding standard errors), in good agreement

with the experimentally measured values at 324 K (71 ns and

100 ns for the unfolding and folding mean lifetime, respec-

tively).22 Interestingly, the use of the Fokker-Plank type equa-

tion for the single reaction coordinate considered, provides a

significantly faster kinetics (1.2 ns and 1.4 ns for the unfold-

ing and folding lifetimes) indeed confirming its inaccuracy

due to the presence of kinetically coupled degrees of freedom

involved in the folding/unfolding transitions.

The nature of the hidden degrees of freedom coupled to

the reaction coordinate chosen is elusive, probably involving

the peptide side chains and solvent molecules, and beyond

the scope of the present article. However, given the interest

on the folding/unfolding kinetic mechanism, the characteri-

zation of the coupled degrees of freedom involved in the fold-

ing/unfolding transitions will be addressed in a future article.

CONCLUSIONS
In the present study, the folding/unfolding process for the

Gramicidin analogue GS6 has been extensively investigated

by the use of MD simulations coupled to statistical mechani-

cal models to characterize the thermodynamics and kinetics

of the process. Such an approach allowed to quantitatively

obtain the peptide folding/unfolding partial molar thermo-

dynamics and the corresponding kinetic rate constants.

Results show that GS6 unfolded state is characterized by a

lower entropy and energy than the folded one, as a conse-

quence of the peptide partial molar volume decrease. Such a

thermodynamic behavior driven by the charged and/or polar

groups solvent exposure (electrostriction), is in line with our

previous data on a completely different small peptide.19 It is

worth to note that the emerging electrostriction-driven fold-

ing/unfolding thermodynamics as evidenced by the small

peptides we studied, is likely to be a specific feature of

solvated small peptides where the effects of intramolecular

interactions and configurational freedom are relatively small

compared to the peptide-solvent thermodynamic coupling.

However, the present data confirm that the solvent exposure

of charged and/or polar chemical groups typically results in

electrostriction effects, hence possibly implying that electro-

striction may play a significant role also in larger peptides

and even in proteins.

Characterization of the folding/unfolding kinetics pro-

vided clear indications that a set of coupled degrees of free-

dom is involved in the relaxation process, hence implying

that a simple one-dimensional Fokker-Plank type equation

cannot be used to model accurately the kinetics. The analysis

of the reaction coordinate trajectory in terms of fluctuation

regimes (i.e., fluctuation distributions) allowed a simple

identification of folding and unfolding transitions, providing

estimates of the corresponding mean lifetimes which match

rather well the experimentally determined values.
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