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Abstract. We have calculated the free energy differences
between four conformers of the linear form of the opioid
pentapeptide DPDPE in aqueous solution. The con-
formers are Cyc, representing the structure adopted by
the linear peptide prior to disulfide bond formation, £,
and fg, two slightly different f-turns previously identi-
fied in unconstrained molecular dynamics simulations,
and Ext, an extended structure. Our simulations indicate
that Sz is the most stable of the studied conformers
of linear DPDPE in aqueous solution, with f., Cyc
and Ext having free energies higher by 2.3, 6.3, and
28.2 kcal/mol, respectively. The free energy differences
of 4.0 kcal/mol between . and Cyc, and 6.3 kcal/mol
between f; and Cyc, reflect the cost of pre-organizing
the linear peptide into a conformation conducive for
disulfide bond formation. Such a conformational change
is a pre-requisite for the chemical reaction of S—S bond
formation to proceed. The relatively low population of
the cyclic-like structure agrees qualitatively with ob-
served lower potency and different receptor specificity of
the linear form relative to the cyclic peptide, and with
previous unconstrained simulation results. Free energy
component analysis indicates that the moderate stability
difference of 4.0-6.3 kcal/mol between the f-turns and
the cyclic-like structure results from cancellation of two
large opposing effects. In accord with intuition, the
relaxed fS-turns have conformational strain 43-45 kcal/
mol lower than the Cyc structure. However, the cyclic-
like conformer interacts with water about 39 kcal/mol
strongly than the open f-turns. Our simulations are the
first application of the recently developed multidimen-
sional conformational free energy thermodynamic inte-
gration (CFTI) protocol to a solvated system, with fast
convergence of the free energy obtained by fixing all
flexible dihedrals. Additionally, the availability of the
CFTI multidimensional free energy gradient leads to a
new decomposition scheme, giving the contribution of
each fixed dihedral to the overall free energy change and
providing additional insight into the microscopic mech-
anisms of the studied processes.
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1 Introduction

Disulfide bonds perform a wide range of biological
functions, participating in a number of biochemical
reactions [1, 2], stabilizing native three-dimensional
structures of proteins [3, 4], and inducing conformations
important for biological activity in short peptides such
as conotoxin [5], endothelin [6], oxytocin, and vasopres-
sin [7]. Disulfide bridges have been utilized in peptide
drug design to constrain the peptides to high affinity
conformations for their receptors [8]. One such peptide is
the opioid DPDPE (Tyr-p-Pen-Gly-Phe-p-Pen), where
Pen is penicillamine, or f3, f-dimethylcysteine. The cyclic
form of DPDPE, designed with topographical and
conformational constraints [8], is a highly specific o
opioid. One of the reasons for the intensive research
focused on DPDPE and other opioids is that their
affinity and selectivity for different receptors are strongly
correlated with conformations. DPDPE has been the
object of a large number of studies, including low energy
conformational search [9, 10], molecular mechanics with
NMR constraints [11], quenched molecular dynamics
[12], molecular dynamics simulations [13-17], X-ray
crystallography [18], and NMR [11, 19, 20].

In what follows we use the terms “linear DPDPE” to
specifically denote the reduced, acyclic [DPDPE(SH),]
form of the studied peptide, “‘cyclic DPDPE” to specif-
ically denote the oxidized, disulfide-bridged form. In a
recent study, we have generated 1 ns length molecular
dynamics (MD) trajectories of both linear and cyclic
forms of the DPDPE peptide in aqueous solution, aimed
at delineating the influence of the disulfide bond on
peptide properties [21]. In that work we were able to
rationalize the observed differences in potency and
membrane permeability between linear and cyclic
DPDPE in terms of the variation of their physical



properties found in the simulations: structural flexibility,
diffusion rates, and dipole moments [21]. The simulation
results identified two type IV fS-turn conformers as sta-
ble, representative structures of linear DPDPE in solu-
tion. This was based on the fact that two independent
1 ns simulations of linear DPDPE, starting from a cy-
clic-like and an extended initial structure, converged to
similar conformations of IV f-turn character. Addi-
tionally, the simulations indicated a low population of
the presumably biologically active cyclic-like structure
for linear DPDPE. Because of the limited conforma-
tional sampling in the unconstrained trajectories, this
population was difficult to quantify.

The primary goal of this work is to use free energy
simulations to obtain a quantitative measure of the
population of the cyclic-like structure relative to the
p-turns for linear DPDPE. This result will provide an
estimate of the population of the biologically active form
of linear DPDPE in aqueous solution. Further, the cal-
culated free energy difference will also reflect the cost of
folding or pre-organizing the linear peptide into a con-
formation conducive for disulfide bond formation. This
will provide valuable information on the pre-organiza-
tion step, which is a requisite for S—S bond formation
in all disulfide-bridged peptide systems. Besides our
primary calculation, which evaluates the free energy
difference between the cyclic-like structure and the f-
turn it converges to after 1 ns simulation, we also obtain
free energy differences between the extended conforma-
tion and the final f-turn it converges to in unconstrained
molecular dynamics, and between the two f-turn con-
formations.

In our simulations we use the recently developed
conformational free energy thermodynamic integration
(CFTI) protocol [22, 23]. In this method, MD simula-
tions are performed for a series of intermediate struc-
tures between an initial and final conformer, with all
flexible dihedrals in the system kept fixed at each point.
In the CFTI approach, constraining all the soft degrees
of freedom of the system has two goals. First, by
restricting the conformational space explored by the
flexible solute, fast convergence of the free energy is
achieved, and conformational sampling problems are
effectively overcome [22, 23]. Second, the method yields
not only the derivative of the free energy along the
chosen reaction path between the initial and final state,
but also the full conformational free energy gradient:
derivatives of the conformational free energy with re-
spect to all the fixed coordinates at each path point. This
provides more information about the free energy surface
of the studied system at no increase in computational
cost over standard thermodynamic integration ap-
proaches [22-24].

The results presented here are the first estimate of the
pre-organization free energy and also the first applica-
tion of the new CFTI protocol to a solvated system. The
CFTI approach to accelerating convergence of thermo-
dynamic averages through severely restricting available
configurational space is philosophically different from
that of other methods currently in use. For example, the
locally enhanced sampling (LES) method introduces
multiple copies of a selected subsystem and effectively

275

increases the system flexibility [25], while the weighted
histogram analysis method (WHAM) optimizes the
statistical treatment of the available data in standard
simulations [26, 27]. In applications presented here, the
CFTI approach is similar to Monte Carlo simulations
with fixed solute geometries [28] or exploration of one-
dimensional reaction paths defined by simultaneous
variation of several internal coordinates [29, 30]. The
additional advantage of the CFTI method is the avail-
ability of the multidimensional free energy gradient. This
has been used previously to perform free energy opti-
mization and calculate second derivatives of the free
energy in model systems [22, 23].In this work we use the
free energy gradient to introduce a new type of free
energy decomposition: conformational free energy site
contributions, which provides additional insight into the
molecular mechanism of the simulated processes.

2 Methods

The simulations focus on four conformers of the linear peptide
DPDPE(SH),, denoted by Cyc, B, fr and Ext, described in
Table 1 and Fig. 1. These conformers have been generated in two
previous unconstrained molecular dynamics simulations of 1 ns
length, called cyl-DPDPE and lin-DPDPE in [21]. Simulation cyl-
DPDPE started at the Cyc structure and reached the - conformer
in its final stage. Cyc was obtained from a conformer of cyclic
DPDPE (2’ of [11]) with the disulfide bond removed and geometry
optimized with harmonic dihedral constraints. It was chosen to
represent the structure adopted by the linear peptide prior to di-
sulfide bond formation and is presumably the biologically active
conformer. Simulation lin-DPDPE started in the Ext structure and
reached f in its final stage. Ext was obtained by energy optimi-
zation of an arbitrary extended structure with all trans dihedrals
restrained by with harmonic dihedral constraints. Since the two
independent 1 ns simulations converged to similar conformers, .
and S, we concluded that these type IV f-turns were stable, rep-
resentative conformations of linear DPDPE in aqueous solution
[21].

Three free energy simulations were performed, along paths
connecting structures Cyc — f-, Ext — fz, and - — ;. Each
simulation consisted of a series of steps; at each step an interme-
diate structure between the initial and final point was simulated for
60 ps (20 ps equilibration and 40 ps trajectory generation), using
the CFTI protocol with all dihedrals needed to determine the
conformation of the peptide kept fixed [22, 23].

Table 1. Dihedral values (degrees) for the four conformers of
DPDPE(SH),

Dihedrals Cyc Be e Ext

@ 111 128 118 168
qSi -100 -144 -164 178
¢ -73 -87 -100 -176
qsf 84 127 108 168
W 165 90 143 -173
W2 14 -145 -147 -180
s -18 -36 84 178
A —47 —44 -30 -174
b4 -163 -155 -179 -174
7 177 174 -173 179
pel -179 -84 —67 -175
xn —74 —54 175 179
7 51 60 73 76
pe 68 150 96 75




276

d

Fig. 1a—d. Studied structures of linear DPDPE in aqueous solu-
tion. a Cyc conformer. b Ext conformer. ¢ - conformer. d f
conformer. Atom coding: C, white; N, dark gray; O, black; S, light
gray, shown with enlarged radius; H atoms not shown for clarity

The Cyc — f, energy simulation consisted of 29 steps, with
steps 1, 12, and 29 taken directly from the cyl-DPDPE trajectory
[21]. Step 1 corresponded to the Cyc structure, i.e. the frame used to
initiate the cyl-DPDPE trajectory, step 12 to the final frame of the
equilibration phase of cyl-DPDPE, and step 29 to the f~- conformer
(the final frame of cyl-DPDPE). Structures 2-11 were equally
spaced along a straight line connecting 1 and 12 in dihedral angle

space. Similarly, structures 13-28 were along a straight line con-
necting 12 and 29 in dihedral angle space. At steps 1, 12, and 19,
trajectory frames from the cyl-DPDPE simulation containing a
DPDPE(SH), and 875 TIP3P waters box were directly used to
perform free energy simulations. For the intermediate structures,
the peptide was rebuilt in its new conformation in the solvent cavity
of the last frame of the previous free energy step, followed by a
brief energy minimization with fixed dihedrals.

The Ext — f3; free energy simulation involved 13 steps, with
step 1 taken as the Ext conformer, i.e. the frame used to initiate the
lin-DPDPE trajectory, and step 13 as f; (the final frame of lin-
DPDPE). The f- — pg simulation connected the S~ and fg
structures by 13 intermediate steps. In both Ext — i and - — fg
the intermediate structures were on a straight line in dihedral angle
space connecting the respective initial and final states.

The free energy simulations were performed for a system con-
sisting of linear DPDPE(SH), and 875 water molecules in a body-
centered cubic cell based on a cube of edge a = 37.86 A, at constant
volume and with periodic boundary conditions. At every simula-
tion point the temperature was brought to 300 K by multiple
velocity rescaling during the equilibration phase. The trajectory
generation phase was then carried out at constant energy. Average
temperatures from the different simulation points were between 294
and 305 K; temperature fluctuations were 5 K in each case. The
simulation conditions thus approximately correspond to an (NVT)
system at 300 K. All 14 dihedrals necessary to determine the con-
formation of DPDPE were kept fixed during the simulations. As
listed in Table 1, these included all backbone ¢ and y dihedrals and
most sidechain dihedrals; only dihedral angles corresponding to
rotations of the peptide bonds, methyl groups, bonds involving
hydrogen atoms, and termini were left unconstrained. The
CHARMM 22 all-hydrogen parameter set was used in the simu-
lations [31] with the same parameters for Pen as used in [21]. The
Verlet algorithm with a time step of 2 fs was used in trajectory
generation. SHAKE constraints were applied to all bonds involving
hydrogen atoms. A nonbonded cutoff distance of 12.0 Awas used,
with van der Waals terms smoothly eliminated by a switching
function between 10 and 12 A and electrostatic interactions re-
moved by shifting [32]. The truncation distance for the nonbond
interaction lists was 14.0 A. The lists were updated using the heu-
ristic or “‘as needed” algorithm, which performs an update every
time any atom moves by more than half the difference between the
list cutoff and the nonbond cutoff, in our case (14 — 12)/2 =1 A,
since previous list was built.

Using the CFTI protocol, we have calculated directly both the
derivative of the free energy with respect to the reaction path
0A/02:

o4 JoU 19U 8¢,
5= <m> = <Za—¢km M

k=1

and the 14 individual derivatives 94/9&;:

0A oU
—={— =1,....14 2
0 <85k> =l @

with respect to all fixed coordinates along the path. The negligibly
small generalized force terms involving the Jacobian were ignored
[22, 23]. The free energy gradient along the path [Eq. (1)] and the
individual free energy derivatives (Eq. 2) were integrated using
linear interpolation of the derivative, to give overall free energy
changes A4 and individual dihedral contributions A4, k=
1,...,14 (Tables 2, 3). Since the volumes contained within the
atomic van der Waals spheres of the initial and final peptide
structures differed by less than 1 A3, we expect that for the studied
processes the Helmholtz and Gibbs free energy changes should be
similar.

Using the linear relationship between the potential energy and
free energy change characteristic for all thermodynamic integra-
tion methods, we decompose the overall A4 into contributions
from peptide internal strain, nonbonded interactions within the
peptide (solute-solute term), and interactions of the peptide with
the solvent water (solute-solvent term). The internal strain com-
ponent consists of bond stretching, Urey-Bradley, angle, proper,
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Table 2. Conformational free

energy simulation of linear Component Cyc — e Ext — fg Be = Be

DPDPE; changes in free energy

and its components (kcal/mol) Free energy, A4 -4.0£0.7 =282 +£09 -23+£0.8
Entropy, —TAS -66.1 £ 31.2 10.4 + 36.4 39.2 + 336
Potential energy, AU 62.1 £ 31.2 -38.6 + 36.4 —41.5 + 33.7

Free energy components

Internal strain of solute 3.5+ 0.1 -33+0.1 -1.3+£0.1
Solute-solute interaction -46.8 £ 0.1 -89+ 0.1 -0.6 + 0.1
Solute-solvent interaction 39.3 £ 0.9 -16.0 £ 1.2 -0.4 + 1.1

Table 3. Individual dihedral site contributions to the overall free energy change

Dihedral Cyc — f Ext — f; Pc— Pe

A& (°) AA; (kcal/mol) A& () AA; (kcal/mol) A& (°) AA; (kcal/mol)

P? 17 -0.4 £ 0.1 -50 -73+£0.2 -10 -04 +£0.1

¢ —44 0.3 +0.1 18 -0.1 £0.1 -20 -0.1 £0.1

Pt -14 -04 £0.3 76 -34+£02 -13 -0.5+0.1

¢ 43 1.0+ 0.2 —-60 -6.8 £0.2 -19 -0.7 £ 0.1

! =75 0.7+0.2 —44 -28+£0.2 53 -0.8 £0.2

s -159 =73 £0.6 33 -24+£0.1 -2 0.0 £ 0.1

W3 -18 20+04 -94 1.3+0.2 120 1.3 +£0.3

Pt 3 -0.5+£0.1 144 -1.3+£0.5 14 0.2 +0.1

0 8 1.0 + 0.1 -5 0.3 +0.1 -24 -0.5+0.1

el -3 0.3 +0.1 8 0.7 £ 0.1 13 0.5+ 0.1

pe 95 -1.9£0.2 108 -5.7+£0.3 17 -2.1£0.1

7 20 -0.5 + 0.1 —4 0.1+0.1 ~131 21+03

P 9 -0.2 + 0.1 -3 -0.2 £ 0.1 13 0.1 £ 0.1

X% 82 1.9+ 0.2 21 0.5+ 0.1 -54 -1.5+0.1

and improper dihedral deformation terms. The nonbonded inter-
actions are a sum of van der Waals and electrostatic terms. The
sum of the internal strain and solute-solute interaction terms en-
compasses all the energy components involving atoms of the solute
only, and may be called the conformational strain contribution.
The decompositions described above are nonrigorous, and do not
yield path-independent thermodynamic functions. However, they
are a useful tool in analyzing the molecular details of the overall
effects.

Within each simulation step, statistical errors of the averages in
Egs. (1, 2) were obtained as standard deviations of the mean of sub-
averages obtained by dividing the data into 20 contiguous blocks.
The statistical uncertainties of the free energies were then obtained
by applying standard error propagation to the formula for the
numerical integral, which is effectively a trapezoidal rule (see
above).

Our simulations are the first application of the recently devel-
oped CFTI algorithm to a solvated system [22, 23]. In the CFTI
method, simulations with several coordinates kept fixed yield the
derivatives of the free energy with respect to all coordinates in the
set. This approach was shown to converge very quickly in vacuum
simulations when all ““soft”” degrees of freedom were kept fixed [22,
23]. In the case of the peptide molecule in solution, the averaging is
done both over the “hard” degrees of freedom of the peptide and
over the solvent distribution around the constrained solute. The
simulations performed here show that restricting the sampled
configuration space by fixing the peptide conformation leads to
quickly convergent averages also in the presence of solvent. From
relatively short simulations (20 ps equilibration and 40 ps trajec-
tory generation per step), we obtain reliable estimates of the free
energy derivatives. For both 04/9/ and 04/0¢&,, absolute values
were in the 0.1-20.0 kcal/(mol rad) range, while statistical errors
were 0.3-1.5 kcal/(mol rad), with a positive correlation between the
two quantities. This led to uncertainties of overall free energy
change of below 1 kcal/mol (Table 2). In this initial application we
made no attempt to lower uncertainties by optimizing the selection
of path points or simulation lengths. Since the thermodynamic

integration approach calculates the local values of the free energy
derivatives along the reaction path, the path points (windows) may
be quite widely spaced, and overlap between distributions sampled
in consecutive windows is not necessary, unlike the case in umbrella
sampling or thermodynamic perturbation calculations.

The following example further illustrates the power and use-
fulness of the CFTI approach in treating flexible systems in solu-
tion. To determine the starting and final structures of the free
energy path we used individual trajectory frames, which are
somewhat arbitrary but have reasonable internal geometry and
solvation. To make sure that this did not introduce significant bias
into our simulations, we used the free energy gradient calculated at
the end points of the reaction path to estimate the free energy
change involved in a transition from the structure in the chosen
frame to that of the corresponding 20 ps MD average structure
containing that frame: A4 =", (04/9¢&;)AE,, where A¢; is the
change in dihedral £, £k =1,...,14. The calculated free energy
changes were small, of the order of 0.1 kcal/mol, indicating that no
large bias was introduced.

The calculations were performed using the program CHARMM
version 22 [31, 32], modified to enable CFTI simulations as de-
scribed in [22], on several IBM RS/6000 workstations at the
Departments of Chemistry and Biochemistry of the University of
Kansas, Lawrence, the Molecular Graphics and Modeling Labo-
ratory and the Kansas Institute for Theoretical and Computational
Science. One step of the free energy simulation protocol took about
3 days CPU time on an RS/6000-550.

3 Results and discussion

The linear DPDPE conformers considered here are
described in Fig. 1 and Table 1. The free energy
simulation results are presented in Fig. 2 and Tables 2
and 3.
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Cyc

I,?f’ _____ Pe .

Fig. 2. Free energy diagram of the four studied conformers of
linear DPDPE. Helmholtz free energy differences in kcal/mol

3.1 Overall results

The calculated overall free energy changes A4 were
—4.0 £ 0.8 kcal/mol for the Cyc — f. “unfolding”
transition, —28.2 £0.9 kcal/mol for the Ext — fg
transition, and —2.3 £ 0.8 kcal/mol for the f. — fg
transition (Table 2). The most stable of the examined
conformers is thus Sz, with f., Cyc, and Ext having
free energies 2.3, 6.3, and 28.2 kcal/mol higher,
respectively. The predicted conformer population ratios
are thus 42 000:860:1 for f;:f:Cyc; the population of
the extended conformer should be negligible. The
corresponding free energy level diagram is shown in
Fig. 2.

The two f-turn structures, - and f;, are the most
stable among those considered. This is in accord with
the unconstrained nanosecond simulations of linear
DPDPE(SH),, which converged to these conformers
[21]. The relatively low population of the cyclic-like
structure also agrees qualitatively with the uncon-
strained simulation results [21]. The Cyc conformer
represents the structure adopted by the linear peptide
prior to disulfide bond formation, while the two f-
turns are representative stable structures of linear
DPDPE. The free energy differences of 4.0 kcal/mol
between S and Cyc, and 6.3 kcal/mol between f; and
Cyc, reflect the cost of pre-organizing the linear peptide
into a conformation conducive for disulfide bond for-
mation. Such a conformational change is a pre-requi-
site for the chemical reaction of S—S bond formation
to proceed.

The two f-turn conformers, - and B, are similar in
Cartesian space, with a backbone rms deviation of 1.6 A,
but exhibit some significant differences in several dihe-
dral angles (Table 1). These differences lead to a greater
stability of the B structure. The Cyc — - and Ext —
pr free energy simulations connect the initial and final
structures of our two previous unconstrained 1 ns linear

DPDPE trajectories, cyl-DPDPE and lin-DPDPE, re-
spectively [21]. Since both the Cyc — f~ and Ext — f
free energy simulations result in a negative free energy
change, this suggests that the underlying unconstrained
trajectories describe nonequilibrium relaxation processes,
with the peptides evolving from initial higher free energy
(lower probability) states to final lower free energy
(higher probability) structures.

It is not surprising that the extended conformation,
which was just a guess used to generate a starting
structure for long-time MD simulations [21], is highly
unfavorable.

3.2 Energy-entropy decompositions

The energy-entropy decomposition results are presented
in Table 2. Owing to significantly higher statistical
errors, these results are much less reliable than the
overall A4. It appears that the CFTI approach, while
leading to quickly converging free energy values, does
not provide improved energy-entropy results compared
to other methods [33, 34]. In the Ext — S, and - — B
simulations, the energetic and entropic contributions are
lower in magnitude or comparable to their respective
errors, and no reliable conclusions can be drawn from
these results.

In the Cyc — f. simulation, entropic and energetic
terms were —7T'AS = —66 £ 31 kcal/mol and AU = 62 £
31 kcal/mol, respectively, suggesting that the [, con-
former is entropically favored over Cyc. The large
entropy change may be rationalized in terms of the po-
tential energy components: the decrease of intramolec-
ular strain leads to more disorder in the peptide, while
the less favorable interactions with the solvent lead to
disorder in the water. The free energy components are
discussed in more detail below.

3.3 Component analysis: solute and solvent

Using the linear relationship between the potential
energy and free energy change characteristic for all
thermodynamic integration methods, we decompose the
overall A4 into contributions from peptide internal
deformations, nonbonded interactions within the pep-
tide (solute-solute term), and interactions of the peptide
with the solvent water (solute-solvent term). The results
are given in Table 2.

In the Cyc — [ simulation the contributions are:
3.5 kcal/mol from internal deformations, —46.8 kcal/
mol from solute-solute, and 39.3 kcal/mol from solute-
solvent interactions. Thus our results indicate that the
preference of the linear peptide for the f-turn is due to
significantly more favorable solute-solute interactions in
that conformer. The sum of the solute-solute and inter-
nal strain terms, —43.3 kcal/mol, represents the confor-
mational strain energy released after the peptide is
allowed to relax from the cyclic-like to the . structure.
This provides a quantitative measure for the intuitive
concept of release of strain energy after removal of the
S—S conformational constraint. Interactions with the



solvent water provide a compensating effect, preferen-
tially stabilizing the cyclic-like structure. Strong solute-
solvent interactions have been seen previously in
standard MD simulations of cyclic DPDPE [13, 21],
which exhibits parallel orientation of carbonyl groups,
aggregation of hydrophobic groups, and an exception-
ally high dipole moment. The two large effects of inter-
nal strain and solvation have opposite signs and mainly
cancel, leading to a moderate conformational free energy
difference between the cyclic-like and f- structures. This
appears to be a general property of solution thermody-
namics of biological systems, where large contributions
hidden in the overall free energy change are revealed by
theoretical analysis [33].

In the - — Py simulation, all free energy compo-
nents were small and negative, with contributions of
—1.3,-0.6, and —0.4 kcal/mol from internal strain,
solute-solute, and solute-solvent interactions, respec-
tively. This indicates that the main reason for the higher
stability of the f; structure is its lower conformational
strain relative to fi-. The solvation of the two f con-
formers is the same within the statistical errors (see
Table 2). Because of the small magnitude of the - — fi¢
free energy components, the sources of the stability
difference between fi; and Cyc are essentially the same as
between fi- and Cyc. Adding up the Cyc — - and . —
fr components shows that the the f; structure has less
favorable internal strain and solvation by 2.2 kcal/mol
and 38.9 kcal/mol, respectively, while having more
favorable intramolecular nonbonded interactions by
47.4 kcal/mol.

In the Ext — f; simulation, all the free energy
components were negative, with internal strain contrib-
uting —3.2 kcal/mol, solute-solute interactions —8.8 kcal/
mol, and solute-solvent interactions —15.9 kcal/mol.
Thus, the f; conformer is favored over the arbitrary
extended structure in all energetic aspects, having both
lower conformational strain and better interactions with
solvent.

3.4 Component analysis: individual dihedrals

Our conformational free energy simulation method,
CFTI, yields the 14-dimensional free energy gradient
along the reaction path, as in Eq. (2). Integrating each of
the components (04/9&,), k = 1,...,14, along the path
enables the determination of the contribution of con-
formational change in each of the dihedrals to the
overall free energy change. This leads to a novel free
energy decomposition scheme, which may be called

conformational site contribution analysis. As with
all free energy decomposition schemes, this is not
thermodynamically rigorous, but leads to useful

insights into peptide structure, function, and possi-
bly design of peptide and peptidomimetic drugs.
The site contribution analysis results are presented
in Table 3 .

In the case of the Cyc — f transition in linear
DPDPE, the largest contribution to the overall free en-
ergy change —7.3 kcal/mol, comes from 2. This dihe-
dral also undergoes the largest conformational shift. A

279

conclusion from this decomposition result is that in or-
der to stablhze the peptide in the Cyc conformation, a
constraint at y? needs to be added. Such a constraint is
indeed generated by the disulfide bond in cyclic DPDPE
in which our previous 1 ns simulations show ¥ re-
maining in the gt conformer [21]. The free energy de-
compositions suggest that other types of constraints, e.g.
chemical modifications, might also be effective. Several
other dihedral angles have site contrlbutrons of absolute
magnitude of 1 kcal/mol or more Y3, 2.0 kcal/mol; (j)
1.0 kcal/mol; 1, 1.0 kcal/mol; y}, —1 9 kcal/mol and y3,
1.9 kcal/mol. In the case of the ¢°, 11, and y3 dihedrals
the free energy contributions may be rationalized by
their large shifts in the Cyc — ﬁc conformational tran-
sition. However, for y° and x1 the structural shifts are
small, and the large contributions unexpected. As found
in other free energy decomposition schemes, a number of
contributions of opposing sign contribute to the overall
observed effect [33].

All the backbone dihedrals except for ¢ contribute
significantly to the free energy change in the Ext — f;
simulation, with ¢> and ¢° havrng largest terms. An-
other major contributor is y{. In this transition, involv-
ing a large negative overall A4, most of the major
components are also negative, wrth the 1.3 kcal/mol
contribution from Y being the only exception. This
analysis agrees with the solute-solute and solute-solvent
decompositions described above, indicating that the
conformer is favorable relative to the extended one in all
res ects The dihedrals with the largest site contributions
(¢%, ¢°, and x}) undergo large structural shifts in the Ext
— Py transition; however two dihedral undergoing
shifts close to 1()0° W3 and ¥, have only moderate
contributions.

Most of the individual dihedral site contributions are
small in the - — f5 srmulatron The largest terms were
for lﬁ3 1.3 kcal/mol; y} —2.1 kcal/mol; and %3 1.5 kcal/
mol. These values largely reflect the structural shift in
the i — [ transition.

3.5 Correction for thermodynamic state

The free energy differences obtained from our con-
strained simulations refer to strictly specified states,
defined by single points in the 14-dimensional dihedral
space. Standard concepts of a molecular conformation
include some region, or volume in that space, explored
by thermal fluctuations around a transient equilibrium
structure. To obtain the free energy differences between
conformers of the unconstrained peptide, a correction
for the thermodynamic state is needed. To obtain an
estimate of the correction, one starts with the standard
chemical definition of the free energy difference between
conformers I and J: Adyy =~ AGyy=—kT In Py/P;, where
Py and Py are populations, or probabilities of the two
states. These probabilities may be expressed as integrals
of the probability density p over volumes of conforma-
tional space assigned to the respective conformers. In
terms of the quantities defined in the Methods section,
the probability density is simply related to the free energy
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surface: p(&) = Z(&)/Z = exp(—A(&)/kT)/Z where & is
used to denote the whole collection of conformational
coordinates (&, &y, ..., &,). If one then assumes that (1)
A is a multidimensional parabolic function in the vicinity
of each conformer, e.g. for conformer I:

AQ) ~AE) +E S HY B E—SE-8) ()
=1

and (2) contributions close to the bottom of the parabola
dominate in each of the volume integrals, then each
volume integral may be approximated by the integral of
the appropriate local parabolic expansion over all space.
The population of a given conformer may then be
approximated by

exp(—A(E) /kT) (2nkT)™/?
P = 7 A 1/2

)

where A(&)) is the free energy at the bottom of the
parabola describing conformer I and |H| is the deter-
minant of the matrix of free energy second derivatives
with respect to the m selected conformational coordi-
nates, evaluated at this position. The formula for the free
energy difference between conformers I and J then
becomes

AAU = —kT 11’1}j
b5
] o, L |Hy|

=A(&) —A(&) + 2len ] (5)
where the first two terms in the last equation represent
the quantities calculated in our work (Table 2), i.e. free
energy difference between two points in 14-dimensional
space, and the final term is the desired correction due to

thermal fluctuations.

The determinant |H;| may be calculated from the
well-known connection between the free energy second
derivative matrix H and the covariance matrix of the
selected degrees of freedom C:H = kTC~!, where
Cij = ((& — (&))(& = (&)))) [35]. For each of the four
selected conformers, three 20 ps simulations were per-
formed with each of the dihedrals, which were kept fixed
in the free energy simulation constrained in its initial
value with a harmonic restraint potential $4(¢ — bo)’,
with decreasing force constants £ = 3, 2, and 1 kcal/
(mol rad?). The logarithms of the determinants |Cy| of
the covariance matrices were calculated and extrapo-
lated to £ = 0 for each conformer I. The correction to
the free energy difference between conformers 1 and J
was then calculated as (—1/2)kTIn(|Cy|/|Ci1]) at £ =0
[24]. The corrections obtained were —0.2 kcal/mol for
Cyc — f¢, 0.8 kcal/mol for Ext — f3;, and 0.2 kcal/mol
for B — Pg, respectively. These corrections are com-
parable to the errors of the calculated free energy dif-
ferences and do not affect the conclusions [24]. Thus it
appears that the multidimensional free energy gradient
obtained by fixing all flexible dihedrals in a pentapeptide
may be integrated to obtain free energy differences
between conformers without introducing significant
bias.

4 Conclusions

We have used computer simulations to explore the free
energy surface of the linear form of the opioid penta-
peptide DPDPE in aqueous solution by calculating free
energy differences between four conformers, denoted by
Cyc, B¢, Bg, and Ext. The f-turn conformations, - and
fr, had been previously identified as stable, representa-
tive solution structures for linear DPDPE in uncon-
strained molecular dynamics simulations. The Cyc, or
cyclic-like, conformer was similar to a proposed struc-
ture of the cyclic form of DPDPE, chosen to represent
the structure adopted by the linear peptide prior to
disulfide bond formation; the Ext conformer was an
extended structure, with all trans dihedrals.

Our simulations indicate that 55 is the most stable of
the studied conformers of linear DPDPE in aqueous
solution, with i~ having 2.3 kcal/mol higher free energy.
The cyclic-like Cyc conformer was less stable than both
p-turns, with free energy 4.0 kcal/mol over . and 6.3
kcal/mol over f. Finally, the least stable extended
structure had a free energy of 28.2 kcal/mol over f;.

Our primary result is the determination of the free
energy differences between the representative stable
structures i and f; and the cyclic-like conformer of
linear DPDPE in aqueous solution. These free energy
differences, 4.0 kcal/mol between f. and Cyc, and
6.3 kcal/mol between f; and Cyc, reflect the cost of
preorganizing the linear peptide into a conformation
conducive for disulfide bond formation. Such a confor-
mational change is a pre-requisite for the chemical re-
action of S—S bond formation to proceed. The predicted
population ratio is 42 000:860:1 for f;:f.:Cyc. The rel-
atively low population of the cyclic-like structure, which
is presumably the biologically active conformer, agrees
qualitatively with the observed lower potency and dif-
ferent receptor specificity of the linear form relative to
the cyclic peptide. This low population is also in accord
with previous unconstrained simulation results, from
which such a population could not reliably be extracted
owing to limited sampling.

Component analysis of the free energy difference
between the -turns and the cyclic-like structure indicate
that the moderate stability difference of 4.0-6.3 kcal/mol
is a result of the cancellation of two large opposing ef-
fects. In accord with intuition, the relaxed f-turns have
conformational strain 43-45 kcal/mol lower than the
Cyc structure. However, the cyclic-like conformer is able
to interact much more strongly with water than the open
p-turns, by ca. 39 kcal/mol. Such strong peptide-water
interactions are in accord with previous simulations of
the cyclic form of DPDPE.

Our simulations are the first application of the recently
developed CFTI protocol to a solvated system [22,23]. In
this method, MD simulations are performed for a series
of intermediate structures between an initial and final
conformer, with all flexible dihedrals in the system kept
fixed at each point. This approach has two important
advantages. First, because all “soft” degrees of freedom
of the solute are fixed, the simulations do not suffer from
conformational sampling problems common in other free
energy simulation protocols, and all averages converge



very quickly. Second, the method yields not only the de-
rivative of the free energy along the chosen reaction path
between the initial and final state, but also the free energy
gradients with respect to all the fixed coordinates at each
path point. This provides more information about the
free energy surface of the studied system at no increase in
computational cost over standard thermodynamic inte-
gration approaches. The CFTI thermodynamic averages
converged quite quickly, over tens of picoseconds. This is
contrast to standard one-dimensional reaction path sim-
ulations, for example using the peptide end-to-end dis-
tance as the reaction coordinate, which generally require
much longer sampling at each window. By averaging over
the hard degrees of freedom of the solute and over the
solvent distribution around the constrained solute, well
defined thermodynamic states are generated at the ends
and at the intermediate steps of the path, and the internal
strain energy term is included in the free energy evalua-
tion. Our results indicate that the CFTI method is a
powerful, useful tool for simulating flexible molecules in
solution. In our future work we plan to use the multidi-
mensional free energy gradient to perform free energy
optimization for such systems.
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