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ABSTRACT Biological systems provide a complex environment that can be understood in terms of its dielectric properties. High
concentrations of macromolecules and cosolvents effectively reduce the dielectric constant of cellular environments, thereby
affecting the conformational sampling of biomolecules. To examine this effect in more detail, the conformational preference of
alanine dipeptide, poly-alanine, and melittin in different dielectric environments is studied with computer simulations based on
recently developed generalized Born methodology. Results from these simulations suggest that extended conformations are
favored over a-helical conformations at the dipeptide level at and below dielectric constants of 5-10. Furthermore, lower-dielectric
environments begin to significantly stabilize helical structures in poly-alanine at ¢ = 20. In the more complex peptide melittin,
different dielectric environments shift the equilibrium between two main conformations: a nearly fully extended helix that is most
stable in low dielectrics and a compact, V-shaped conformation consisting of two helices that is preferred in higher dielectric
environments. An additional conformation is only found to be significantly populated at intermediate dielectric constants. Good
agreement with previous studies of different peptides in specific, less-polar solvent environments, suggest that helix stabilization
and shifts in conformational preferences in such environments are primarily due to a reduced dielectric environment rather than
specific molecular details. The findings presented here make predictions of how peptide sampling may be altered in dense cellular

environments with reduced dielectric response.

INTRODUCTION

Biological cells provide highly complex environments at the
molecular level of detail (1-3). The resulting physicochem-
ical properties play a critical role in determining the structure
and dynamics of proteins and nucleic acids, thereby control-
ling their biological function (4). As prominent examples,
cellular environments allow proteins to fold into unique
native conformations (5,6) and provide the necessary level of
solvation to stabilize the biologically most relevant B-form of
DNA (7,8). Conformational preferences are modulated fur-
ther through varying concentrations of cosolvents, in partic-
ular osmolytes (9-11), through the presence of other
biomolecules such as chaperones (12,13), specific ligands
that may induce conformational change upon binding (14,15),
and macromolecular crowding in general (16-20). These
cases can be understood in terms of specific molecular inter-
actions, entropic effects due to confinement (19-22), and
from a purely thermodynamic perspective as deviations from
ideal solution behavior (23).
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Another view of how cellular environments may affect the
conformational sampling of biomolecules is based on elec-
trostatic theory where different solvent environments are char-
acterized primarily by their dielectric properties. Although
cellular interiors largely consist of aqueous solvent, the di-
electric properties may vary substantially. At one extreme, the
phospholipid tails in the interior of biological membranes
provide an extremely hydrophobic environment with a static
dielectric constant near 1 (24). However, most biological
cosolvents and high concentrations of peptides also lower
the static dielectric response from pure water (25). Proteins
occupy 20-40% of the cellular volume (2) and have a
dielectric constant between 2 and 20 (26-28). Furthermore,
high concentrations of cosolvents such as sugars lower the
dielectric constant of aqueous solvent to values between 30
and 70 (25), whereas the dielectric response of water itself is
also reduced simply by the presence of hydrophobic com-
pounds in its vicinity (29). Consequently, one may estimate
that the average effective dielectric constant of dense cellular
environments lies between 10 and 40. This is in contrast to
many experimental or computational studies of biological
macromolecules that are carried out in dilute solutions with a
dielectric constant close to 78, the value for pure water (25). A
focus on a single, macroscopic dielectric environment greatly
simplifies the highly dynamic heterogeneity that is present in
cellular systems on the molecular level. It also neglects
entropic effects that may arise due to crowding or mixing (20).
However, the dielectric continuum view offers the advantage
of amore general perspective without any further assumptions
about the specific molecular nature of a given cellular envi-
ronment. A few cases of structural changes in biomolecules in
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the presence of low-dielectric environments have been
previously documented (30,31), but more general insight is
still incomplete.

Electrostatic theory predicts that a reduction of solvent
polarizability enhances charge-charge interactions and dimin-
ishes the advantage of sequestering hydrophobic components
away from solvent. However, it is not obvious how this is
reflected in altered biomolecular conformational preferences
as a function of the dielectric constant of the environment.
Experimental and computational studies of proteins and pep-
tides in aqueous solvent with significant concentrations of
organic cosolvents have offered some insight into this ques-
tion (32-36). Alcohol-based cosolvents such as TFE (32,34),
HFIP (33,37,38), and HFA (39) have been found to stabilize
the helical contents of peptides compared to pure aqueous
solution. The helix stabilization would be expected from a
strengthening of the hydrogen-bonding interactions in lower
dielectric environments. However, B-sheets or B-hairpins are
also stabilized in some cases (40,41). In another example, sim-
ulations of surfactant protein C suggest that helicity present in
higher dielectric solvents is lost in low-dielectric chloroform
solvent at the expense of more extended structures (42). Other
studies of proteins in nonaqueous, low-dielectric environ-
ments have suggested that the dynamics of enzymes is sig-
nificantly altered in nearly dry organic solvent media (43,44),
which has significant implications for their catalytic efficien-
cies in such environments (45).

Although experimental methods always examine specific
chemical environments, computational methods can explore
the conformational sampling of biomolecules as a function of
the dielectric environment by employing continuum dielectric
models (46). Such models have been successfully used for a
long time to study biological systems in aqueous solvent (47)
and also more recently in the context of biological membranes
that can be described by multiple layers with different
dielectric constants (48—50). Interactions of an explicit solute
with partial charges from a classical molecular mechanics
force field with a dielectric continuum are rigorously de-
scribed by the Poisson equation (51,52). The resulting im-
plicit model of the environment is easily coupled with
standard molecular dynamics techniques, especially when the
computationally highly efficient generalized Born (GB) ap-
proximation to the solutions of the Poisson equation is used
(53). Recent modifications to the standard GB implementa-
tions extend its applicability to the entire range from low- to
high-dielectric environments (54,55). As a result, it has be-
come possible to carry out extensive conformational sampling
with an implicit solvent model that accurately reflects the
effect of different dielectric environments. In the study
described here, such implicit solvent simulations were applied
to explore the conformational sampling of three small pep-
tides (alanine dipeptide, poly-alanine, and bee venom melittin)
as a function of the dielectric environment.

Blocked alanine dipeptide serves as the prototypical
model of peptide backbone thermodynamics and kinetics.
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Alanine dipeptide has been studied extensively, especially
with theoretical methods (36,56—62). The potential of mean
force (PMF) as a function of the two main degrees of free-
dom, the peptide torsion angles ¢ and i, is well established
in vacuum and aqueous solvent (57,60-64). Although there
are variations depending on the theoretical model that is
applied, the general consensus is that alanine dipeptide in
aqueous solvent has dominant minima at torsion angles cor-
responding to a-helical and extended C5/poly-proline II(PPII)
conformations. Additional important local minima are located
at the oy, and C7,4 conformations. In vacuum, the dominant
minima shift to the extended C5 and C7.4 conformations (64,
66,67). In aqueous solution, a debate remains as to whether
the global minimum in alanine dipeptide is located at the
poly-proline II conformation (68—70). However, the confor-
mational preference of alanine dipeptide at intermediate di-
electric constants is not well characterized. In particular, it is
unclear at which dielectric constant a-helical conformations
become destabilized relative to extended conformations.

In poly-alanine, the conformational preference of the
peptide backbone from alanine dipeptide is combined with the
ability to form backbone C=O/N-H hydrogen bonds and
consequently secondary structure elements. There is a long
history of experimental and computational studies of poly-alanine
(46,71-78). Results from these studies have established strong
helical propensity upon addition of low-dielectric solvents
such as TFE (79) and methane (80). In aqueous solvent the
helical propensity of short poly-alanine peptides is reduced
(75,77,81), but the exact amount of helicity depends on the
peptide length, whereas results from previous studies also
vary as a function of the force field in theoretical studies
(46,73,82), experimental peptide capping (83), and the inter-
pretation of experimental data (84).

Melittin from bee venom is a 26-residue amphiphilic pep-
tide with the sequence GIGAVLKVLTTGLPALISWIKRK-
RQQ that is known to be very sensitive to the environment
(85). Melittin forms a slightly bent helix when associated with
phospholipid membranes (86-90), but retains a high fraction
of helical conformations in aqueous solvent only when it
aggregates to a tetramer under conditions of high salt concen-
tration and high pH (91,92) or in the presence of dielectric-
lowering cosolvents such as TFE, HFIP, HFA, methanol, or
ethanol (37). In aqueous solution with low pH, melittin is
monomeric and lacks helical structure due to the highly charged
KRKR segment at the C-terminal (93). NMR structures de-
termined in 35% v/v HFIP (94), in 50% v/v hexafluoroacetone
(95), in methanolic solution (96), and in perdeuterated
dodecylphosphocholine micelles (97) have found helical
structures even at low pH. Melittin has also been studied
through computer simulations with different explicit solvents
(34,35,89,98,99). The results are generally consistent with the
experimental findings and suggest increased helicity in lower
dielectric media. In aqueous solution, melittin has been
reported to be partially helical (35,99), or B-hairpin like (98)
depending on the force field that was used. Furthermore,
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partially helical, V-shaped conformations were observed in
moderately polar HFIP/water mixtures (98).

Extensive simulations of alanine dipeptide, poly-alanine,
and melittin in different continuum dielectric environments
are presented here. They generally confirm the findings from
experiment and theory. However, rather than being simply
confirmatory, these results suggest that the variation in con-
formational sampling in different solvent environments is in
fact primarily due to the dielectric properties of the sur-
rounding medium rather than specific molecular interactions.
Furthermore, significant changes in conformational sampling
are observed when the dielectric environments changes only
by arelatively modest amount from dilute aqueous solution. It
is possible that similar changes in conformational preferences
also occur in dense cellular environments. The results are
described and discussed in more detail in the following
sections.

METHODS

Molecular dynamics (MD) simulations of three small peptides: blocked
alanine dipeptide, poly-alanine (As), and melittin from bee venom were
performed. To describe the effect of solvent dielectric constant on structure
and dynamics of the three peptides, an implicit solvent representation was
used. In this model, the solvation free energy (AGyy) of a given solute is
decomposed into electrostatic contributions from a dielectric continuum
model (AG.iy) and nonpolar contributions (AGy):

AC;slv = AGelst + AC;np~ (1)

The electrostatic solvation free energy was obtained according to the
generalized-Born (GB) formalism (100):
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where ¢, is the solute cavity dielectric constant, &, is the solvent dielectric
constant, g; is the atomic charge of the ith atom in electron units, 7j; is the
interatomic distance between the ith and the jth atoms in Angstroms, a; is the
so-called effective Born radius of the ith atom in Angstroms, and F is a
dimensionless empirical parameter set to 8 in this study. The GBMYV variant
(101,102) was used to calculate the Born radii to obtain accurate solvation
energies in close agreement with direct solutions of the Poisson equation
(103).

A recent extension to the GBMV method was applied that allows
reproduction of solvation energies from Poisson theory for different
dielectric environments (54). This is achieved by calculating the effective
Born radius as a function of the solvent dielectric constant according to the
expression:
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The integration is performed over the interior space of the solute except
for the spherical region of a radius R; centered at the ith atom (R; is the van
der Waals radius of the ith atom).

In all of the simulations, the dielectric constant was set to a value of
1 inside the solute cavity and to values ranging between 2 and 80 for the
surrounding medium. All GBMV parameters were set as described in the
original GBMYV references (101,102) except for 8 = —12 and Sy = 0.65,
which were changed to improve the numerical stability of the simulations
(104). The GBMV method also provides an estimate of the solvent-accessible
surface area (Asasa) that was used to calculate the nonpolar solvation free energy
according to the standard solvent-accessible surface area model (AG,, =
Y X Agasa) (105). In all cases, the same value of 5.42 cal/(mol AZ) was used
as the surface tension parameter (7y) to focus this study on a comparison of
different dielectric environments.

Standard molecular dynamics simulations at 300 K were carried out for
alanine dipeptide, whereas the replica exchange method (106,107) was used
to enhance conformational sampling of poly-alanine and melittin. All
simulations were carried out with CHARMM (108), version c32a2 for
alanine dipeptide and melittin and version c33a2 for poly-alanine. The
Multiscale Modeling Tools for Structural Biology (MMTSB) tool set (109)
was used to facilitate the replica exchange molecular dynamics (REX-MD)
simulations in conjunction with the CHARMM program and to analyze the
simulation results. VMD was used to generate molecular graphics (110).

The CHARMM?22 all-atom force-field parameters (111) were employed
in combination with the CMAP ¢/ torsion potential correction (64,112,
113). Based on a recent comparison between implicit and explicit solvent
sampling of the Ramachandran map, a slightly modified CMAP potential
was used to better match the explicit solvent results at ¢ = 80 (61). Because
the peptide systems are small, no cutoff was applied for calculating
nonbonded interaction energies. An integration time step of 1 fs was used for
the alanine dipeptide simulations and a time step of 1.5 fs was used for the
simulations of poly-alanine and melittin. The SHAKE algorithm (114) was
applied to constrain bonds involving hydrogen atoms. The temperature of
the system was controlled by using Langevin dynamics (115). For sim-
ulations of alanine dipeptide and poly-alanine, a friction coefficient of 5 ps '
for all nonhydrogen atoms was used except for backbone oxygen and
nitrogen atoms where friction coefficients were set to 20 and 10 ps ™',
respectively, according to previous tests (61). For melittin, a uniform friction
coefficient of 10 ps~' was used for all nonhydrogen atoms.

Alanine dipeptide was acetylated at the N-terminal and blocked with
N-methylamide at the C-terminal. Initial peptide torsion angles were set to
values of ¢ = —65° and ¢y = —40° in the a-basin. MD simulations were
equilibrated for 2 ns and then continued to a total length of 500 ns for each of
the following solvent dielectric constants: ¢ = 2, & = 5, ¢ = 10, ¢ = 20, and
e = 80.

Poly-alanine, which was also acetylated at N-terminal and blocked with
N-methylamide at the C-terminal, was folded from a fully extended con-
formation with the replica exchange algorithm. Eight temperatures spaced
exponentially between 300 and 500 K were used. Each replica exchange
cycle consisted of 500 steps (0.75 ps) of molecular dynamics simulation. A
total of 59,000 cycles (44 ns) were completed, of which the last 22.5 ns were
used for analysis to allow sufficient time to establish an ensemble of folded
conformations. Poly-alanine was simulated with solvent dielectric constants
of ¢ =5, ¢ =20, and ¢ = 80.

Monomeric melittin from bee venom was simulated starting from the
crystallographic structure (Protein Data Bank (PDB) code 2MLT (92)) with
an acetylated N-terminus and methylated C-terminus. The replica exchange
algorithm was used with eight temperatures spaced exponentially between
300 and 400 K. A total of 110,000 cycles (82.5 ns) each with 500 molecular
dynamics steps were carried out for each for solvent dielectric constants of
e =15,¢=20,& =40, and ¢ = 80. The last 60,000 cycles (from 37.5 to 82.5
ns) were used for analysis to allow for sufficient equilibration. As part of the
analysis, conformations of melittin were clustered based on mutual
similarity with the K-means method implemented in the MMTSB Tool
Set (109) with a clustering radii of 3 and 4 A.
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PMFs were calculated from the replica exchange simulations with
weighted histogram analysis (116,117) to take advantage of the conforma-
tional sampling at higher temperatures. The percentage of successful replica
swaps between adjacent temperatures was 35-40% in the poly-alanine
simulations and 40-45% in the melittin simulations indicating significant
overlap only between adjacent temperatures. As a consequence, the
weighted histogram analysis of the melittin simulations carried out at 300
K effectively only includes sampling from replicas at 300 and 313 K.

The analysis of poly-alanine includes a calculation of helicity as a
function of residue number. An O(i) — H-N(i + 4) distance of <2.6 A was
used as the criterion to determine the presence of a helical residue following
previous work (118). In the analysis of melittin, a bending angle between the
N- and C-terminal helices was calculated as the angle between the average
O(i) — H-N(i + 4) vectors for residues 2—-5 and residues 16-20.

RESULTS
Alanine dipeptide

Molecular dynamics simulations of alanine dipeptide (Fig.
1 A) were carried out over 500 ns in implicit solvent with
different dielectric constants. PMF at 300 K calculated as a
function of peptide backbone angles ¢ (C-N-C,-C) and
(N-C,-C-N) are shown in Fig. 2. Fig. 2 also includes an
adiabatic map in vacuum for comparison that was obtained
from the implicit solvent energies after minimizing the
molecular geometries while restraining ¢ and i angles to
grid points across the entire map. At a dielectric constant of
80 (Fig. 2 A), the energy surface shows the familiar features
of the Ramachandran map with minima at the right-handed
a-helix conformations (ar/a’), the extended B-forms (C5
and PPyy), the seven-atom ring form C7,,, and the left-handed
a-helix o in agreement with previous theoretical studies
(56-61). At ¢ = 80, the ag and PPy conformations have the
lowest energies and are essentially equienergetic. These
results reflect recent modifications of the CHARMM force
field to match high-level ab initio data as well as the
distribution of ¢/¢s torsions from the PDB (64,113,119).

A

FIGURE 1 Structures of simulated systems in this study: blocked alanine
dipeptide (A), poly-alanine A;s (B), bee venom melittin from PDB 2MLT
with hydrophobic residues in white, polar residues in green, basic residues in
blue, and proline in orange (C). Graphics were generated with VMD. (110)
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When the dielectric constant of the environment is
reduced, the relative conformational preferences shift from
PPy to fully extended C5 conformations, from ag to o’ and
also from the a-basin to the B-basin. These effects are subtle
for intermediate dielectric constants but dominate at ¢ = 2,
where only a single global minimum is located at fully
extended conformations. In vacuum (¢ = 1), the global min-
imum remains at extended conformations, whereas a second
minimum appears at C7.4. Previous studies have reported the
global minimum of alanine dipeptide at C7.4, but the relative
stability of extended B-conformations compared to C7.q is
sensitive to the level of theory in ab initio calculations. In
high-level LMP2/cc-pVQZ calculations, C5 and C7., were
found to have comparable stability, although the minimum at
CT7¢q is still lower in energy (119). To balance gas phase
energetics with condensed phase properties in a fixed charge
model, the entire B-region was lowered further relative to the
a-region to match PDB distributions of ¢/ angles and
reproduce equilibrium structures of protein test systems in
the final version of the CMAP version of the CHARMM
force field (119). As a result, fully extended conformations
are slightly lower than C7.4 in vacuum. Significant changes
are also observed on the right-hand side of the Ramachandran
map (ar, C7,4) as a function of the dielectric environment.
The relative stability of the «; basin decreases at ¢ = 5 and
below. At the same time, a new minimum appears around
¢ = 80, y = —60 at the transition state between o and C7,,.

To further quantify the results, the relative free energies of
selected minima with respect to the ag conformation are
tabulated in Table 1. The data show that at ¢ = 5 the initially
slight preference for a-conformations shifts to the C5/Py
minimum, whereas the C7.4 and a; -C7, transition states are
reduced significantly at ¢ = 10.

The long timescale of the simulations also allows the
analysis of kinetic rates for conformational transitions be-
tween the selected basins. The corresponding results are given
in Table 2. They indicate that the kinetic rates of transitions
between the a and B (C5/PPy) basins are significantly
accelerated as the dielectric constant is decreased from ¢ = 80.
This is a direct consequence of the lowered relative free
energy of the C7 transition state. In contrast, the kinetic rates
for transitions between the 8 and «; basins are reduced in less
polar environments. Only few transitions between ¢ < 0° and
with ¢ > 0° are observed at ¢ = 5 and below.

Although the changes in thermodynamic and kinetic
properties in reduced dielectric environments can be trans-
lated into modified secondary structure propensities and
altered backbone flexibility at the level of proteins, large
changes are not observed unless the dielectric constant is
reduced to ¢ = 5 or below.

Poly-alanine

The study of alanine dipeptide only considers the backbone
propensities at the level of a single pair of peptide groups. It
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function of ¢/ dihedral angles in alanine dipep-
tide from implicit solvent simulations with differ-
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neglects the significant energetic contributions from hydro-
gen bonding that vary to a great extent as a function of the
dielectric environment due to electrostatic screening effects.
To examine the change in conformational preferences in a
longer peptide that can form hydrogen bonds, folding sim-
ulations of poly-alanine (A;s; Fig. 1 B) were carried out in
different dielectric environments. As would be expected from
a strong helix-promoting amino acid, only helical or largely
disordered conformations were observed. The results in Fig.
3 show a preponderance of helical conformations at 300 K,
the lowest temperature of the replica exchange simulations,
but also the expected increased stability of helical confor-
mations in lower dielectric environments. The average helicity
is found to be 91.6% at ¢ = 80, 92.4% at ¢ = 20, and 95.0%
at ¢ = 5. As temperature increases, helical conformations are
lost above ~360 K with ¢ =80 and above 380 K with
& = 20, whereas the helical form persists until close to 500 K
with ¢ = 5. The statistical significance of these results was
tested by examining block averages over three intervals
between 10.5 and 44 ns. The results in Supplementary Table
S1 show that convergence is clearly not achieved after 22 ns,
but the variations are generally small between the third and
fourth intervals. Hence, the interval from 22 to 44 ns was
used for the above analysis. The remaining fluctuations in

TABLE 1 Relative free energies of selected alanine dipeptide
conformation in different dielectric environments from
potentials of mean force (¢ > 1) and adiabatic map (¢ = 1)

¢ Y =80 £6=20 ¢=10 ¢=5 ¢=2 ¢=1
agr —65 —40 0.0 0.0 0.0 0.0 0.0 0.0
o —100 0 043 036 024 0.07 —-047 -1.31
Cleq =75 75 3.50 3.19 2.77 220 028 -2.73
PPII —60 145 0.18 0.11 0.09 0.05 —0.26 —1.08
C5 —155 160 0.61 042 017 -020 —1.51 —-3.52
ar 60 50 1.40 1.36 1.34 198 1.83 226
ap -CTy 80 —60 4.83 5.00  4.63 430 151 —1.08
CTax 50 —150 292  2.66 2.53 3.07 229 175

All values are given in kcal/mol.

-120-60 0 60 120 -120-60 0 60 120

helicity between the second and third interval may be used to
estimate errors in the average values over the entire 22- to
44-ns segment.

Melittin

Bee venom melittin (Fig. 1 C) was simulated in different
dielectric environments to examine how conformational sam-
pling of a peptide with a more diverse amino acid sequence is
affected by a change in environment. Results obtained from
the last 45 ns of the replica exchange simulations are given in
Figs. 4 and 5 as well as Table 3. Conformations of melittin are
conveniently analyzed in terms of their radius of gyration and
the bending angle between the N- and C-terminal helical
sections. Fig. 4 shows the two-dimensional PMF maps at 300
K as a function of these two reaction coordinates. Each PMF
map is augmented with a plot of the dominant conformational
clusters obtained according to mutual structural similarity
between structures extracted from the replicas at 300 K with a
maximum clustering radius of 3 A. Corresponding represen-
tative conformations from the dominant clusters are shown in
Fig. 5.

At ¢ = 5, conformations of melittin are mainly a-helical
with large bending angles between 120 and 160°. Most of
structures are found in a single cluster with a slightly kinked
long helix that is highly reminiscent of previously observed
conformations of melittin when associated with phospholipid

TABLE 2 Kinetic rates from implicit solvent simulations of
alanine dipeptide between selected conformational basins

e =280 e =20 e=10 e=>5 =2

a — B 3.87 (881) 5.01 (1043) 6.36 (1280) 11.12 (2035) 84.42 (8581)
B — a 4.01 (883) 4.25 (1039) 4.99 (1275) 7.21 (2038) 24.07 (8581)
B — ap 024(52) 020(@9) 0.14@36) 003(8)  0.00 (1)
ar — B 421 (52) 3.86 (46) 3.05(34)  321(10) 053 (1)

All values are given in ns~'. Number of observed transitions are given in
parentheses.
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FIGURE 3 Per-residue helical propensity as a function of temperature for
poly-alanine (A;s) from replica exchange implicit solvent simulations with
different dielectric environments: ¢ = 80 (A), ¢ = 20 (B), ¢ = 5 (C). The
presence of helical structure is determined as a distance of <2.6 A between
backbone O (i) and N-H (i + 4) atoms.

bilayers (89,99) and when forming tetramers in aqueous
solvent (92). This conformation is similar to the x-ray struc-
ture of the tetrameric form (with a bending angle of 120°) in
aqueous solution with pH = 5.0 (92), to the NMR structure in

TABLE 3 Percentage of dominant conformations of bee
venom melittin (see Fig. 5) sampled in different dielectric
environments at 300 K during the last 45 ns of the respective
replica exchange simulations

Conformation e =280 e =40 e =20 e=1>5

1 0.0 (0.0) 33.5 (6.8) 36.7 (5.7) 97.4 (2.1)
2 1.8 (1.8) 10.3 (6.8) 0.0 (0.0) 2.6 (2.1)
3 80.9 (4.3) 42.5 (13.9) 30.6 (1.9) 0.0 (0.0)
4 10.8 (1.7) 13.2 (1.1) 24.5 (7.4) 0.0 (0.0)
5 32 (2.1 0.0 (0.0) 8.0 (0.2) 0.0 (0.0)

Errors of the averages given in parentheses are estimated according to
a/V/N from =SD o of N = 3 block averages (see Supplementary Table
S2).
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FIGURE 4 Conformational sampling of bee venom melittin in different
dielectric environments with ¢ = 80 (A and E), ¢ =40 (B and F), ¢ = 20 (C
and G), and ¢ = 5 (D and H) from replica exchange simulations. Left side
panels (A-D) show potentials of mean force (AG) at 300 K from WHAM
analysis as a function of radius of gyration and helical bending angle.
Contour levels are at 0.25 kcal/mol increments from 0 to 5 kcal/mol and in
1 kcal/mol increments from 5 to 10 kcal/mol. Color shading is similar to Fig.
2. Right side panels (E-H) indicate largest clusters based on mutual
structural similarity that are populated at least 5% of the time. Color coding
corresponds to relative cluster size in the following order: red > blue >
green > cyan > magenta > black.

perdeuterated dodecylphosphocholine micelles (with a bend-
ing angle of 120°-160°) (97), and to conformations from
simulations in an explicit DPPC bilayer (99) (bending angle
180°) and in an implicit membrane environment (90) (bend-
ing angle near 155°). An alternate minor conformation iden-
tified by the cluster analysis is also largely extended but has a
more pronounced kink at the central P14 residue.

In contrast, with a high dielectric environment, & = 80,
melittin predominantly samples mostly compact conforma-
tions. The dominant minimum has a bending angle of around
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40°, which actually corresponds to three slightly different
V-shaped conformations according to the cluster analysis.
Similar conformations have been reported previously from
explicit water simulations of melittin (99) and in HFIP/water
solvent (98). The compact structures found at the higher
dielectric environment also match NMR data of melittin in
35% v/v HFIP (dielectric constant ¢ = 57(38)), consistent
with two helical segments bent by an angle of 73 * 15° (94).
As shown in Fig. 6, the compact conformations involve
formation of a hydrophobic core at the expense of backbone
hydrogen bonding that is lost at the turn when compared to a
fully extended structure. Based on the structures from the
simulation, the W19 residue (shown in orange) is predicted
to play a central role in stabilizing this particular conforma-
tion. This matches experimental results where mutations of
W19 have resulted in lower helical populations in aqueous
solvent (120,121). Extended conformations are also sampled
at ¢ = 80, but with lower probability. In addition, there is
broad conformational sampling of a variety of different
conformations including partially unfolded conformations
with large radii of gyration.

At intermediate dielectric constants of ¢ = 20 and ¢ = 40
(Fig. 4, B and C), compact and extended conformations
appear to be in equilibrium. However, at ¢ = 20 a third min-
imum appears with a very small bending angle of 20° that leads
to a nearly parallel helix arrangement. Furthermore, confor-
mational sampling of extended conformations with ¢ = 40
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FIGURE 5 Representative conformations of bee venom
melittin from the most populated clusters shown in Fig. 4
in different dielectric environments with ¢ = 80 (A), ¢ = 40
(B), ¢ = 20 (C), and ¢ = 5 (D). Numbers indicate major
conformational families. Hydrophobic residues are shown
in white, polar residues in green, and basic residues in blue.
All structures are aligned at the C-terminal helix. Graphics
were generated with VMD (110).

includes the minor conformation also seen at ¢ = 5, but that
structure is essentially missing at ¢ = 20. The differences in
conformational sampling between ¢ = 40 and ¢ = 80 and
between ¢ = 40 and ¢ = 20 are remarkable and indicate that
even modest changes in the dielectric environment can have
significant consequences.

FIGURE 6 Dominant conformation of bee venom melittin at ¢ = 80
highlighting the formation of a hydrophobic core. Residues are colored
according to type as in Fig. 5. Trp-19 is shown in orange. Graphics were
generated with VMD (110).
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To better compare the conformational sampling of melittin
at different dielectric constants, conformations from all
values of ¢ were clustered together with a clustering radius of
4 A. The resulting five major families are indicated in Fig. 5.
Conformation No. 1 is the nearly fully extended conforma-
tion, No. 2 is extended but with a more pronounced kink, No.
3 is a compact V-shape structure, No. 4 is bent further with
nearly parallel helices, and in conformation No. 5 the two
helices lie in orthogonal planes with an angle of 90°. Table 3
shows how each of these conformations are sampled at dif-
ferent dielectric environments. To estimate sampling con-
vergence and reliability of the reported percentages, a block
average analysis was carried out. Block averages of the
cluster population percentages were calculated for three time
intervals during the last 45 ns of the replica exchange runs.
The individual results given in Supplementary Table S2 in-
dicate substantial variations in some cases. From the stan-
dard deviations, it is possible to calculate error estimates for
the overall averages as reported in Table 3. The data clearly
shows that the two major conformations Nos. 1/3 decrease/
increase with increasing dielectric constant. However, the
other three conformations vary with the dielectric constant in
a less predictable fashion. Conformation No. 4 appears to
become increasing stable with decreasing dielectric constant
but disappears abruptly at ¢ = 5. Conformation No. 5 appears
to be preferred at ¢ = 20, but is also observed with ¢ = 80.
Conformation No. 2 is populated most significantly at ¢ = 40,
but the statistical error is large indicating that its population
could in fact be more similar to the other dielectric values with
more extensive sampling.

DISCUSSION

Extensive simulations of three peptides with continuum
dielectric environments using different dielectric constants
are presented in this study. As a whole, these simulations
show significant changes in the conformational sampling of
peptides between high (¢ = 80), intermediate (¢ = 10-40), and
low dielectric (¢ = 2-5) environments. The main findings are
a shift to extended conformations and reduction of kinetic
barriers at the level of a single dipeptide and an increased
propensity to form backbone hydrogen bonds at lower
dielectric environments that lead to increased helicity in
poly-alanine and the preference of straight conformations
versus compact, highly bent conformations in melittin. By
essentially confirming previous studies of peptides in differ-
ent explicit solvent environments, these results suggest that
the dominant effect determining peptide stability in different
environments does in fact stem from the degree of polariz-
ability in the surroundings rather than specific molecular
interactions. Molecular details remain relevant, however, in
determining the effective dielectric constant of a given
environment.

The focus on dielectric properties offers the advantage of
conceptual simplicity but neglects other important physico-
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chemical effects. The nonpolar contribution to the solvation
free energy captures van der Waals interactions and the cost of
cavity formation. A solvent-accessible surface-area-dependent
nonpolar solvation energy term was included in these calcu-
lations but not adjusted as a function of dielectric constant to
emphasize the electrostatic effect of a change in solvent polar-
izability. A less polar environment with a lower dielectric
constant would be expected to incur a lower energetic penalty
for forming solute cavities. However, dense cellular environ-
ments may have the opposite effect of disfavoring larger
molecular cavities through macromolecular crowding.

The view followed here essentially emphasizes the change
in enthalpic interactions with a crowded cellular environment.
This is in contrast to past analyses of molecular crowding that
have focused on the essentially entropic effect of reducing the
number of accessible conformations for a given molecule
through steric hindrance and confinement in the presence of
nearby macromolecules (20,122,123). However, a full
account of cellular crowding ultimately needs to incorporate
both aspects. The dielectric treatment of cellular environ-
ments presented here could be extended easily to include the
repulsive effect of steric hindrance through a standard cost-of-
cavity nonpolar term proportional to the solvent-accessible
surface area of a given molecule (105). The best choice for the
proportionality constant is not immediately clear, but could be
determined from test simulations of peptides and proteins in
confined environments or environments with explicit spher-
ical crowding agents as proposed in previous studies (122—
124). This approach would assume that molecular crowding
is isotropic in nature, however, anisotropic environments
could in principle be accommodated as well.

The implicit description of the environment also may
neglect specific interactions of the studied peptides with the
solvent environment. In particular, the structuring of water
due to molecular crowding may not be reflected fully with an
implicit model. However, previous simulations of proteins
and nucleic acids with implicit solvent have been found to be
in excellent agreement with explicit solvent simulations
despite the lack of specific solvent interactions (61,125).
This is especially remarkable in the case of nucleic acids that
are well known to interact with solvent in a highly specific
manner (126), suggesting that specific solvent interactions
are captured at least in part through local solvent polarization
in the mean-field model. It is therefore likely that the addi-
tional effects of water structuring, apart from lowering the
environmental dielectric constant, are not neglected to a
significant extent compared to a fully explicit treatment.

The presented results invariably depend on the underlying
force field and its limitations. Solvent polarizability is im-
plicitly taken into account, but the lack of polarizability in the
peptide force field that was used may not fully reflect the
energetic implications in response to a change from a polar to
ahydrophobic environment. Overall, the results are within the
range of previous studies, but it may appear that helical
structures are slightly too favorable compared to experimental
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data, although further experimental and computational stud-
ies are needed to more clearly address this issue. Possible
causes include the underlying ¢/i torsion potential and the
previously reported tendency of generalized Born methods to
possibly overstabilize salt-bridge formation (127). An over-
stabilization of strong electrostatic interactions would favor
helix formation to maximize the number of hydrogen bonds.
However, because of overall good agreement of the presented
data with other experimental and computational studies, any
such limitations do not appear to significantly affect the
qualitative and semiquantitative predictions made here.

Since all amino acids except glycine and proline exhibit
similar ¢/ angle maps (128), the results for alanine dipep-
tide are key in understanding peptide backbone propensities
as a function of the dielectric environment. Based on results
from this study, a preference for extended conformations
versus «-helical conformations is present at dielectric
constants below ¢ = 5. a-Helical backbone conformations
are stabilized in solution by the interaction of arelatively large
dipole moment with the polar solvent (66). The destabiliza-
tion of a-helical backbone conformations in low-dielectric
environments can be understood based on increased electro-
static repulsion of the carbonyl oxygen atoms and amide hy-
drogen atoms due to decreased screening. The fully extended
C5 conformation avoids such repulsion and offers an elec-
trostatically favorable C=0O/N-H interaction between neigh-
boring peptide groups. Furthermore, the extended conformation
is entropically more favorable (66). At very low dielectric
constants (¢ = 1-2), the C7., conformation begins to
dominate where an intramolecular hydrogen bond is essen-
tially formed between C=0O and N-H of adjacent peptide
groups. At the same time, the other C=0O/N-H pair is at larger
distance but also contributes favorably to the electrostatic
energy. Because C7 is at the transition point between a- and
B-conformations, the change in relative stabilities increases
kinetic rates of /B interconversions at lower dielectric con-
stants. Although the changed conformational preferences in
alanine dipeptide in low dielectric environments are expected
to have implications for secondary structure formation in pro-
teins, we generally do not see a strong effect until the dielectric
constant is lowered below ¢ = 10. Such environments may be
encountered in the interior of proteins or in biological mem-
branes, but dense cellular environments may not be sufficient
to strongly shift the conformational preferences according to
our data.

The introduction of the possibility of longer-range intra-
molecular hydrogen bonds changes the preferences in pep-
tide conformations as a function of the solvent dielectric
constant. Poly-alanine is predominantly a-helical at the low
dielectric constant and becomes less structured as the solvent
dielectric constant increases due to increased competition
between intramolecular hydrogen bonding and interactions
with the polar solvent. At the same time, nonhelical struc-
tures partially reduce the exposure of the hydrophobic methyl
groups of alanine to polar solvent. Reports of the helicity of
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poly-alanine in aqueous solution vary widely between 10
and 80% (46,73,75,77,81,82,129,130). Although our study
with A;s clearly shows the destabilization of helical con-
formations in high-dielectric versus low-dielectric environ-
ments, our estimate of 84% for A5 at 300 K is at the high
end of previous estimates. However, similar amounts of
helicity were found experimentally for only slightly longer
Ay, peptides (81). Interestingly, a change from ¢ = 80 to ¢ =
20 increases helicity at the termini but does not appear to
affect thermal stability to a significant extent. In contrast, a
change from ¢ = 20 to ¢ = 5 dramatically increases stability
to the extent that partial helical structures are still present at
the highest temperature, 500 K, of the replica exchange
simulation. Because the force-field parameters and implicit
solvent model have limited applicability at such high tem-
peratures, the actual folding temperature cannot be reliably
estimated. Nevertheless, the trends described here are ex-
pected to remain valid. Our results qualitatively agree with
increased stability of helical poly-alanine in less polar sol-
vents such as TFE/water mixtures (79), confirming that helix
destabilization in water can be understood primarily as a
dielectric effect.

The most interesting case studied here is melittin. It was
found that even relatively modest changes in the dielectric
constant can significantly shift conformational preferences.
Melittin has been reported to be in random coil form except
for residues 5-9 and 14-20 in aqueous solution with a low
pH near 4.0, although the labile proton exchange measure-
ments cannot easily distinguish between mostly disordered
conformations and rapid exchange between multiple ordered
conformations (93,131). Furthermore, the addition of salt or
phosphates, slightly increased temperature, and increased pH
are known to shift the equilibrium to a tetrameric form of
helical melittin (131). Increased pH is assumed to neutralize
the N-terminus and K23 thereby reducing charge repulsion
(131). The simulations presented here were carried out with
an acetylated, neutral N-terminus. Consequently, it may be
expected to find a larger degree of helicity at ¢ = 80 than for
the zwitterionic form. The analysis of sampled conforma-
tions at ¢ = 80suggests large conformational variability
including many different partially helical, extended, and
disordered structures. However, the helical V-shaped struc-
ture shown in Fig. 6 represents the dominant conformer with
a break in helicity around residue 14. Because only a single
copy of melittin was simulated, tetrameric aggregation as in
the experiments could not be observed. Burial of hydropho-
bic residues is a central feature of the tetrameric form of
melittin (92) and also appears to play a role in the stability of
the V-shaped structure that was observed here. Compact,
mostly helical structures of melittin similar to the V-shaped
structure found here were also identified in recent explicit
water simulations along with significant structural fluctua-
tions over the course of a 30-ns trajectory (99). These sim-
ulations are in contrast to another recent simulation study of
melittin that reported a nearly complete loss of helicity in
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aqueous solvent with a significant fraction of 3-sheet forma-
tion (98). However, the findings of the latter simulations may
be explained by the use of the GROMOSY6 force field (132),
which is known to favor B-sheets over a-helices compared
to other force fields (133). In low-dielectric environments,
melittin is predominantly helical with large bending angles.
NMR structures of melittin obtained in micelles (97) or ex-
plicit simulations in lipid bilayers (89,99) show similar struc-
tures despite the more heterogeneous character of biological
membranes. Furthermore, NMR structures in 50% v/v HFA
(39) or methanolic solution (96) and studies of melittin in
other alcohols (37,38) also find helices with larger bending
angles. Based on the data presented here, all of these ex-
periments can be interpreted in terms of the low-dielectric
constants in such environments.

At intermediate dielectric constants of ¢ = 20 and ¢ = 40
the PMFs in Fig. 4 show an equilibrium between extended and
compact helical structures. This can be compared with the
NMR structure of melittin in 35% v/v HFIP (94) with a
dielectric constant of 57 (38), which indicates two helical
segments with a bending angle of 73 * 15° and significant
flexibility. The average conformational sampling at ¢ = 40
closely matches the NMR data, although our simulations
suggest the presence of two major conformations with bend-
ing angles smaller and larger than 73° rather than a single,
flexible conformation.

In mixtures of less polar cosolvent and water, the
cosolvent may preferentially associate with a given peptide.
An example is the preferential solvation by alcohol seen in
NMR experiments (94) and explicit simulation studies (98).
Although molecular details are neglected in the continuum
dielectric approach followed here, the preferential solvation
of lower dielectric cosolvents effectively reduces the dielec-
tric constant even further from the value for bulk mixtures
with water. This effect might explain the similarity of the
NMR results for melittin in 35% v/v HFIP to our simulation
results at a lower dielectric constant than bulk HFIP/water
solutions.

The data presented here offer new insights into how
different dielectric environments affect the conformational
sampling of peptides. In particular, extended conformations
are favored over a-helical conformations at the dipeptide
level at and below dielectric constants of 5—10. Furthermore,
lower-dielectric environments begin to significantly stabilize
helical structures at ¢ = 20 and below as observed in poly-
alanine. In more complex peptides such as melittin, different
dielectric environments may result in altered conformational
preferences with some conformations only populated to a
significant extent at intermediate dielectric constants.

The results are generally in good agreement with previous
studies of different peptides in less-polar solvent environ-
ments. This suggests that helix stabilization and shifts in
conformational preferences in such environments are primar-
ily due to areduced dielectric environment rather than specific
molecular details. Molecular details appear to be crucial only
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insofar as they determine the effective solvent polarizability
near the peptide. The findings presented here are expected
to be relevant for dense cellular environments, where the
effective dielectric constant may be significantly reduced
from dilute aqueous solvent. However, further studies are
clearly needed to examine the effect of complex cellular
environments on the sampling and dynamics of biomolecules
in a more complete manner.

SUPPLEMENTARY MATERIAL
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