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ABSTRACT Beta-peptides are emerging as an attractive class of peptidomimetic molecules. In contrast to naturally occurring
a-peptides, short oligomers of b-amino acids (comprising just 4–6 monomers) exhibit stable secondary structures that make
them amenable for quantitative, concerted experimental and theoretical studies of the effects of particular chemical interactions
on structure. In this work, molecular simulations are used to study the thermodynamic stability of helical conformations formed
by b-peptides containing varying proportions of acyclic (b3) and cyclic (ACH) residues. More specifically, several b-peptides
differing only in their content of cyclic residues are considered in this work. Previous computational studies of b-peptides have
relied mostly on energy minimization of molecular dynamics simulations. In contrast, our study relies on density-of-states based
Monte Carlo simulations to calculate the free energy and examine the stability of various folded structures of these molecules
along a well-defined order parameter. By resorting to an expanded-ensemble formalism, we are able to determine the free
energy required to unfold specific molecules, a quantity that could be measured directly through single-molecule force
spectroscopy. Simulations in both implicit and explicit solvents have permitted a systematic study of the role of cyclic residues
and electrostatics on the stability of secondary structures. The molecules considered in this work are shown to exhibit stable
H-14 helical conformations and, in some cases, relatively stable H-12 conformations, thereby suggesting that solvent quality
may be used to manipulate the hydrogen-bonding patterns and structure of these peptides.

INTRODUCTION

Synthetic oligomers designed to emulate the structural and

functional properties of natural peptides and proteins are

emerging as promising subjects for basic research (1–3).

b-Peptides, oligomers of b-amino acids, represent a particu-

larly well-studied class of unnatural foldamers (4,5). b-Amino

acids contain one additional backbone carbon atom (see Fig.

1) relative to the a-amino acids found in proteins. b-Peptides
have been shown to display high folding propensities relative

to a-peptides of comparable length. For example, b-peptides
containing as few as six residues adopt helical conformations

in water if the residues are properly selected (6–8), while

a-peptides must typically be two or three times longer to dis-

play significant helicity (9). b-Peptides appear to form a

larger variety of secondary structures than do a-peptides
(4,5). Only two hydrogen-bonded helices are known among

a-peptides (a and 310), while at least five have been reported

among b-peptides.
The b-peptides’ folding propensity can be controlled by

manipulating the substitution pattern of the b-amino-acid res-

idues. For example, b-amino-acid residues bearing a single

side chain, adjacent to the nitrogen (b3-residues), tend to

adopt a helix defined by 14-membered ring hydrogen bonds

(C¼O (i) – H-N (i�2)), termed the ‘‘14-helix’’ (4,5). The

folding propensity of b3-residues is only moderate, however;

residues with a six-membered ring constraint, e.g., trans-2-

aminocyclohexanecarboxylic acid (ACHC) residues, display

a much stronger 14-helical propensity (6,10). Residues with

a five-membered ring constraint adopt a different secondary

structure, the ‘‘12-helix,’’ which is defined by 12-membered

ring hydrogen bonds (C¼O (i) – H-N (i13)) (11). The

nomenclature employed in this work uses the term ‘‘H-14’’

helix to denote a helix with 14-member hydrogen bonds, and

‘‘H-12’’ to denote a helix with 12-membered hydrogen

bonds. The potential to program well-defined folding pat-

terns into b-peptide molecules, coupled to their resistance to

proteolytic degradation (12), has spawned a number of ef-

forts to explore a variety of biomedical applications for these

foldamers (13–18).

Experimental efforts aimed at characterizing the confor-

mation of b-peptides have often resorted to circular dichro-

ism. As shown in this work, conventional circular dichroism

experiments cannot probe the simultaneous existence of var-

ious types of folded b-peptide conformations, and fail to

provide a level of resolution that is commensurate with the

degree of control that can be currently achieved in the syn-

thesis of these molecules. Synthetic efforts aimed at pro-

ducing and characterizing various b-peptides have therefore
benefitted from parallel computational studies aimed at elu-

cidating the origins and validity of empirical correlations

between b-amino-acid substitution pattern and b-peptide
folding. Wu and Wang (19) used energy-minimization cal-

culations to evaluate the relative stability of a b-sheet, an
H-14 helix, and an H-12 helix in model b-dipeptides and

b-hexapeptides. Van Gunsteren and co-workers used molec-

ular dynamics simulations and the GROMOS96 biomolecular
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force field to study folding and unfolding transitions for several

b-peptides (20–22) and, more recently, to investigate the role

of side-chain branching on folding behavior (23). Hofmann

and co-workers performed energy-minimization calculations

(24) and thermodynamic integration (25,26) using the

CHARMM23.1 molecular mechanics force field to explore

several periodic structures of b-peptides. A different force

field, OPLS-AA (27), was employed in molecular dynamics

simulations by Jorgensen and co-workers to study b-peptides
(28) and to investigate the role of side-chain structure on

H-14 helicity (29).

It is important to emphasize that past computational studies

of b-peptides have relied exclusively on potential energy-

minimization or molecular dynamics approaches. As a result,

little is known about the free energy landscape of these mol-

ecules. Potential energy minimization calculations using in-

teractions generated by means of electronic-structure methods

have been limited to very short peptides of fewer than six

amino acids. Perhaps more importantly, potential energy-

minimized structures do not necessarily correspond to free

energy minima, and it is therefore unclear whether the struc-

tures considered in past studies were thermodynamically

stable. As mentioned above, molecular dynamics simulations

have also been used to examine relatively short trajectories of

b-peptides. Such simulations are limited to the study of rela-

tively fast (nanosecond scale) processes and can suffer from

sampling inefficiencies. The results of Monte Carlo simula-

tions presented in this work show that some of the free energy

barriers that separate local free energy minima could be

sufficient to trap a conformation in a metastable conformation

over the entire span of a long molecular dynamics simulation.

Past computational studies of b-peptides have not been

conclusive in demonstrating the validity of empirically

determined correlations between their chemical structure and

conformation. There is ample room for improvements both in

force-field parameters and in the methods employed

to characterize theoretically and experimentally the stable

and meta-stable conformations of these molecules.

Over the past few years, single-molecule force spectros-

copy has emerged as a promising new technique for charac-

terization of the folding processes and biological molecules,

including large proteins and DNA (30–32). We believe that

our understanding of b-peptides could be enhanced consid-

erably by force spectroscopy measurements. With this aim in

mind, in this work we examine the free energy required to

unfold specific b-peptides that have already been synthe-

sized in our laboratories by pulling on their ends. The free

energy generated in this manner could subsequently provide

the basis for transition-path ensemble simulations of the

actual folding process. The simulations presented in this work

have resorted to a novel Monte Carlo algorithm capable of

generating high accuracy estimates of the free energy landscape

of a system as a function of one or more order parameters.

These simulations also represent the first calculations of the

structure and free energy of b-peptides with cyclic side

chains. In contrast to past modeling studies of b-peptides, we
use a combination of molecular dynamics and density-of-

states based Monte Carlo simulations to improve sampling

of phase space, thereby arriving at reliable estimates of the

thermodynamic stability of the helical conformations adopted

by these molecules. An all-atom representation is adopted,

with CHARMM-like force field parameters. The solvent is

treated explicitly for the molecular dynamics runs, and as a

continuum for Monte Carlo and several longer molecular dy-

namics calculations. In agreement with experiments (6,33,34),

our simulations show that the use of cyclic constraints, as in

amino-cyclo-hexane-carboxylic acid (ACHC), greatly enhances

H-14 helicity in b-peptides. Simulations in a continuum also

suggest that electrostatic interactions play an important role

in the stability of these oligomers. The b-peptides, especially
those without cyclic constraints, are shown to exhibit

12-membered hydrogen bonding (in addition to H-14 heli-

ces) in a low dielectric environment. The relative stability of

these two helices is shown to depend on the dielectric of the

medium, suggesting that solvent quality could be exploited

to manipulate the secondary structure of these molecules.

Perhaps more importantly, our results provide a clear moti-

vation and a framework for using mechanical stretching

(force-extension plots) to characterize H-14 and H-12 heli-

ces. These conformations differ significantly in their optimal

lengths, and their existence and stability can be probed unam-

biguously by single-molecule pulling experiments.

MODEL AND METHODS

Protein model

We used an-all atom representation for the peptides considered in this work.

Based on the cyclic residue content, these peptides belong to three classes:

Acyclic: Homo-oligomers of b-alanine, [b3hAla]12 and [b3hAla]9.

One-third cyclic: nine-residue hetero-oligomers, [ACHC-b3Lys-b3Leu]3
and [ACHC-b3hAla-b3hAla]3.

Cyclic: nine-residue homo-oligomer of amino-cyclo-hexane-carboxylic

acid [ACHC]9.

While the majority of our calculations were performed on the three

peptides depicted in Fig. 2, some of the implicit-solvent simulations were

also performed on [b3hAla]9 and [ACHC-b3hAla-b3hAla]3 to achieve

chain-length and residue consistency. The interaction parameters employed

in this work were assigned in accordance with the CHARMM27 force field

(35). It should be noted that no standard CHARMM parameters are available

for b-amino-acid residues. The parameters were therefore assigned based on

FIGURE 1 Chemical structure of a b-amino-acid residue, with identifi-

cation of key torsion angles.
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similarity to the chemical structures of the molecules for which standard

CHARMM parameters are available. (These force-field files are available

from the authors.) The interactions between atoms are described by the

following potential energy function:

Utotal ¼ +
bonds

Krðr � reqÞ2 1 +
angles

Kuðu� ueqÞ2

1 +
dihedrals

Kf½11 cosðnf� dÞ�1 +
impropers

Kvðv� veqÞ2

1+
LJ

eij
sij

rij

� �12

� 2
sij

rij

� �6
" #

1 +
Coulombic

1

4peðrÞeo
qiqj

rij
:

(1)

A 1–3 exclusion principle was used for the nonbonded energy, and the

1–4 Coulomb interactions were scaled down by a factor of 0.4. A cutoff of

10 Å was used for both the electrostatic and van der Waals terms. A simple

force-shift scheme was employed for Coulombic interactions in a continuum

solvent, while for simulations in explicit solvent we used a smooth particle-

mesh Ewald technique (36). A simple cut-and-shifted potential was employed

for Lennard-Jones interactions.

Solvent treatment

Two different approaches were employed to describe solvent effects. First,

MD runs for the three peptides were performed in explicit solvents. Meth-

anol was used as a solvent for acyclic [b3h-Ala]12, whereas [ACHC]9 and

[ACHC-b3Lys-b3Leu]3 (with neutral side chains) were studied in water. The

CHARMMmodel parameters were used for methanol, and the TIP3P model

(37) was used for water. Periodic boundary conditions were employed in the

three directions, and electrostatic interactionswere computed througha smooth

particle-mesh Ewald method (36). These explicit solvent molecular dy-

namics simulations were conducted for up to 10 ns for each of the test mole-

cules considered in this study.

Second, long MD runs and Monte Carlo simulations were also performed

in a distance-dependent dielectric continuum. A force-shift scheme was used

for electrostatic interactions; the potential energy, as well as the forces, goes

to zero at the cutoff distance. The modified potential for the Coulombic in-

teractions is given by

UCoulombic ¼ +
1

4peðrÞeo
qiqj

rij
3 1� 2

r
2

ij

r
2

c

1
r
4

ij

r
4

c

 !
; (2)

where rij is the separation between point charges i and j and rc is the cutoff

radius. The distance-dependent dielectric (38,39) was modeled as a linear

function of separation between two point charges, e ¼ e(r) ¼ ar. Different
values of a (1, 1.2, 1.5, 2.0) were considered in this study to explore the

effect of polarity of the solvent on the secondary structure exhibited by

different b-peptides.

Simulation methods

Molecular dynamics

Molecular dynamics simulations using a multiple time-step algorithm (40)

were conducted with a short time step of 0.5 fs. The crystal structure of

[ACHC]6 was used to generate the model H-14 scaffold for the peptides.

Low-dielectric gas phase simulations of the peptides with acyclic residues

(acyclic, Fig. 2 a; and one-third cyclic, Fig. 2 b) also yielded H-12 helices.

MD simulations were also conducted starting from these two model helical

conformations, H-14 and H-12. Root mean-square deviations based on the

Ca atomswere calculated for theMD trajectories. To better characterize these

helices, we monitored the number of intramolecular 14-membered and

12-membered hydrogen bonds being formed by the peptide during the

simulations.

Expanded ensemble density of states (EXEDOS)

In addition to the MD runs, expanded ensemble density-of-states (EXEDOS)

Monte Carlo simulations were conducted in this work. Different types of

trial moves were employed. The first type consisted of hybrid molecular

dynamics/Monte Carlo displacements; the second type consisted of nonlocal

pivot attempts, and the third move consisted of a local random displacement

of a randomly selected amino-acid residue. Unlike molecular dynamics sim-

ulations, where sampling is generally limited to configurations in the vicinity

of a local energy minimum, the EXEDOS method permits sampling of both

H-12 and H-14 conformations and provides estimates of the free energy

difference between distinct populations. In recent work (41,42), we have

introduced EXEDOS implementations where intermediate states facilitate

the transition between configurations separated by large energy barriers. The

expanded states are usually defined by some reaction coordinate, j, and the

sampling in j-space is governed by unknown weights that are determined on

the fly as the simulation proceeds. The EXEDOSmethod has been employed

for studies of suspensions of colloidal particles in liquid crystals (41) and for

the reversible mechanical stretching of proteins (42). The reader is referred

to the literature for technical details. In this work, the reaction coordinate, j,

was chosen to be the end-to-end distance between the amino N of the second

residue from the N-terminus and the carbonyl C of the second residue from

the C-terminus. The two terminal residues are usually more free because of

insufficient hydrogen bonding and hence, to minimize the noise, penultimate

residues are used to define the reaction coordinate.

To facilitate convergence and sampling, the j-space was fragmented into

smaller overlapping domains or windows. Multiple, noninteracting replicas

of the peptide molecule were created and simulated in different boxes. Each

simulation box corresponds to a window with a specific range of j, and these

end-to-end distance ranges are assigned so that windows corresponding to

adjacent boxes overlap with each other. In addition to implementing regular

Monte Carlo moves, configurations in different boxes were swapped at

regular intervals during the simulation. Swapping ensured that systems in

individual windows did not get trapped in particular configurations as a

result of the bounds imposed by the window size. The ability to simulate

parallel replicas of the system gives the added advantage of speeding up the

calculations by having each replica run on a separate processor.

FIGURE 2 Chemical structure of three of the b-peptides studied in this

work: (a) [b3hAla]12; (b) [ACHC-b
3Lys-b3Leu]3; and (c) [ACHC]9.
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Calculation of helicity

The conformations of b-peptides during simulation were quantified in terms

of the root mean-square deviation from a model structure and helicity of the

chains. The helicity of the peptides was computed in two different ways. In

the first, a measure of helicity was obtained directly from the number of

H-14 or H-12 hydrogen bonds. For example, the H-14 helicity of a confor-

mation can be written as

Helicityhbonds ¼ NH�14

N
max

H�14

; (3)

whereNH–14 is the number of 14-membered hydrogen bonds in the chain and

Nmax
H�14 is the maximum number of H-14 hydrogen bonds in a perfect H-14

helical conformation of the peptide chain. A similar measure was used to

describe H-12 helicity.

A second estimate of helicity is based on the torsion angles f and c of the

peptide backbone. This expression was used to compute fractional helicity,

Helicitytorsions ¼
+
f;c

H
c3H

f

N
f;c ; (4)

where Nf, c is the number of f,c dihedrals, and Hc is the helicity contri-

bution from the torsion angle c defined as

H
c ¼

1 for jc� coj#a
1� ðjc�co j�aÞ

ðb�aÞ for a, jc� coj#b

0 for jc� coj. b

:

8<
: (5)

A similar definition was used for Hf. Based on the properties of a standard

H-14 helix, we have used co ¼ –140�, fo ¼ �135�, a ¼ 20�, and b ¼ 39�.
Equation 4 implies that the helicity of the peptide is the sum of contributions

from each of the backbone f- and c-dihedral angles. Unlike the previous

definition (Eq. 3), which assigns discrete values to helicity, Eqs. 4 and 5

provide a gradual estimate.

RESULTS AND DISCUSSION

Secondary structure formation in b-peptides

We begin by describing the results of molecular dynamics

simulations of the three b-peptides in a distance-dependent

dielectric continuum. It is experimentally known that

b-peptides containing exclusively b3-residues and/or ACHC

residues exhibit a propensity to form 14-membered hydro-

gen bonds (6,33,34,43–46). Model H-14 helices were gener-

ated from the crystal structure of [ACHC]6 in H-14 helical

conformation (as shown in Fig. 3), and were used as initial

conformations for the MD runs. These model helices were

simulated in the presence of a distance-dependent dielectric

with different values of a. Fig. 4 shows the time evolution of

H-14 helicity, computed in two different ways (as discussed

in Model and Methods) for [b3hAla]12 simulation starting

with an initial conformation in a H-14 helical state. The

b-peptide is able to maintain its H-14 conformation over a

simulation time of 100 ns. It is also observed that, in some

cases, denaturation at high temperatures followed by annealing

leads to 12-membered hydrogen bonding in [b3hAla]12. Such

H-12 helices have been reported as metastable (H-14 helix

being the most stable) by earlier computational studies

(19,25,29). Fig. 5 shows that, if started from an H-12 confor-

mation, a simulation of [b3hAla]12 remains in that helical

conformation over the entire duration of a long MD simula-

tion. As mentioned earlier, the inability of MD simulations to

sample the transformation of one helical structure into an-

other, severely limits the usefulness of these calculations.

Increasing the polarity of the continuum solvent by raising

the dielectric from a¼ 1.0 to a¼ 1.2 destabilizes both H-12

and H-14 helices. This is also in agreement with experi-

mental results indicating that, compared to water, fewer polar

solvents enhance the secondary structure of b-peptides. Note
that lowering the Coulombic interactions by increasing a
appears to destabilize the H-12 helix more than the H-14

helix (Fig. 4, a versus b). Earlier, Hofmann et al. (25) had

reported results for b-peptides using the Gasteiger charges

(CHARMM23.1 molecular mechanics force field), which are

lower than the partial charges employed in this study. Our

own exploratory runs with the Gasteiger charges reveal that

lowering the charges severely destabilizes the H-12 popu-

lation; H-14 is only marginally destabilized. These findings

highlight the importance of electrostatic interactions in the

stability of these peptides and also suggest that one may ma-

nipulate the secondary structure by tuning solvent quality.

Effect of dielectric on H-14 helicity

We now look more closely into the effect of the dielectric

medium on the stability of H-14 helices for the three

b-peptides. For the case of all-acyclic residues ([b3hAla]12),

Fig. 6 a shows that while the H-14 helix is the stable structure
for e ¼ 1.0 r and 1.2 r, further increments of the dielectric

strength lead to a disruption of the 14-membered hydrogen

bond pattern. A similar behavior is seen for the one-third

cyclic peptide,[ACHC-b3Lys-b3Leu]3, as shown in Fig. 6 b.

FIGURE 3 Schematic representation of three of the

b-peptides in H-14 helical conformations: (a) all-acyclic

[b3hAla]12; (b) one-third cyclic [b3hAla]12; and (c) all-

cyclic residues [ACHC]9.
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Compared to the acyclic case, the stability of the H-14 he-

lix formed by the one-third cyclic peptide is enhanced, as the

b-peptide is able to maintain its conformation in a more polar

solvent (e¼ 1.5 r). The use of all-cyclic residues, as in Fig. 6
c, further enhances H-14 stability. Even for the case of

highest dielectric, the peptide maintains its H-14 helical con-

formation. This is consistent with the experimental findings

(6,33,34) for b-peptides with trans-substituted cyclohexane

rings (ACHC), where H-14 helicity is enhanced and the

peptide can maintain its secondary structure in aqueous sol-

vents. We are led to conclude that both H-14 and H-12 are

stable helices under in-vacuo conditions, but are destabilized

to a different extent in a polar solvent. These two helices dif-

fer in their dipole moment and the accessible surface area.

The H-12-helix exhibits a smaller dipole moment and a larger

surface area; it is more easily destabilized when the polarity

of the solvent is increased. At the same time, the extent of H-14

helicity in a polar solvent can be increased by using steric

interactions in the form of cyclic (six-membered) constraints.

Thermal stability of b-peptides in explicit solvent

MD runs in a continuum solvent predict that H-14 helix is the

most stable conformation for the b-peptides. However,

peptides comprising all-acyclic and one-third cyclic residues

also exhibit metastable H-12 helices. We now explore the

stability of these secondary structures in explicit solvents.

Organic solvents are believed to enhance the secondary

structures due to their reduced ability to hydrogen-bond with

the peptide. To investigate this hypothesis, [b3hAla]12 was

studied in explicit methanol. The use of cyclic residues can

increase the H-14 helical propensity and help the peptides

maintain their secondary structure in aqueous solution; we

therefore simulate [ACHC]9 and [ACHC-b3Lys-b3Leu]3 in

TIP3P water. The MD simulation runs are performed at two

different temperatures.

Fig. 7 shows the time evolution of the root mean-square

deviation (based on backbone a-carbon atoms) of the three

peptides from their corresponding model H-14 helical states.

At low temperatures, the three peptides are stable with respect

FIGURE 4 H-14 helicity of [b3hAla]12 in a continuum solvent using

distance-dependent dielectric: (a) e¼ 1.0 r and (b) e¼ 1.2 r. The solid lines

correspond to H-14 helicity computed from the torsion angles and the dotted

lines correspond to the estimate from the number of H-14 hydrogen bonds.

FIGURE 5 H-12 helicity of [b3hAla]12 in a continuum solvent using a

distance-dependent dielectric: (a) e ¼ 1.0 r and (b) e ¼ 1.2 r. Increasing the

dielectric constant reduces the H-12 helicity to an extent greater than in the

H-14 case.The helicity is estimated from the number ofH-12hydrogen bonds.
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to their H-14 states; minor deviations of the order of 1–3 Å

arise from the movement of the free ends of the molecules

(which are less stabilized due to insufficient hydrogen bonds

on one side). The acyclic case of [b3hAla]12 is easily desta-

bilized when the temperature is raised to 350 K. The other

two b-peptides are more stable, with [ACHC]9 exhibiting

the highest stability at elevated temperatures of 400 K. This

corroborates the experimental finding that ACHC-based cyclic

residues enhance H-14 helical propensity.

We also examined the stability of the model H-12 helices

in explicit solvents. Only the cases of all-acyclic and one-

third cyclic residues exhibited 12-membered hydrogen-bonding

as an alternate secondary structure in a distance-dependent

dielectric. The all-cyclic case of [ACHC]9 did not show any

H-12 formation. We therefore investigated the stability of an

H-12 conformer of [b3hAla]12 in explicit methanol at 280 K

and that of [ACHC-b3Lys-b3Leu]3 in explicit water at 290 K.

Fig. 8 shows that the H-12 helical character of these two

peptides disappears in,1 ns. Unlike their H-14 analogs, the

FIGURE 6 Effect of dielectric constant on the H-14 helical propensity of

the three peptides. The H-14 conformations are stabilized more as the content

of cyclic residues is increased.

FIGURE 7 Root mean-square deviation from model H-14 helix computed

based on C-a carbon atoms for the three b-peptides in explicit solvents:

(a) acyclic; (b) one-third cyclic; and (c) all-cyclic residues.
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H-12 conformations are greatly destabilized by interactions

with explicit solvent molecules. Note, however, that H-12

helices are unstable in methanol and water; but b-peptides
containing acyclic residues could exhibit 12-membered hydro-

gen bonding in organic solvents of low polarity. Our distance-

dependent dielectric calculations hint that organic solvents of

low dielectric strength might stabilize the H-12 helices in the

acyclic b3-substituted peptides. While no such H-12 forma-

tion has been reported in the literature for these peptides, it is

important to note that past experimental studies have relied

on circular dichroism (CD) to monitor secondary structure

formation in b-peptides. As mentioned earlier, CD is unable

to unravel the existence of complex or mixed populations of

folded structures. Fig. 9 shows calculated CD curves for pure

H-14 and H-12 helices. Also shown are model CD spectra

for mixed populations (H-14 1 H-12) obtained by linear

interpolation. The figure suggests that CD data only provide

a qualitative view of secondary structure, and may not be

able to identify low fractions (e.g., 15%) of H-12 population

mixed in a pool of H-14 or vice versa.

EXEDOS on b-peptides

Although MD simulations provide an estimate of the sta-

bility of these peptides, their ability to sample configurational

space is limited. Only when a structure is highly unstable

(and therefore likely to disappear within a few nanoseconds)

can MD runs provide some measure of stability. As shown in

Figs. 4 and 5,MD simulations of low-energy,metastable struc-

tures are unable to escape from the starting conformation

and are not capable of visiting neighboring minima on a

timescale of 100 ns. To overcome this problem, in addition to

molecular dynamics simulations, we use gas-phase density-

of-states (EXEDOS) calculations (42) and investigate the role

of dielectric constant on the relative stability of the two pre-

dominant helices: the H-12 and H-14. These two helices cor-

respond to different optimal lengths, with H-12 being longer

than the corresponding H-14 helix.

The EXEDOS simulations are therefore performed in the

end-to-end distance ensemble, as this clearly separates the

H-12 population from theH-14. The results are obtained in the

form of potentials of mean force (PMF) along the end-to-end

distance. These PMF estimates are obtained to within an ad-

ditive constant, and are therefore arbitrarily shifted on the

y axis to match the values at the longest extension. This also

provides an estimate of the mechanical strength (or exten-

sional modulus) of these helices, a quantity that could bemea-

sured directly in single-molecule force spectroscopy. For each

peptide (acyclic, one-third cyclic, and all-cyclic), simulations

are conducted at two different dielectric strengths.

Figs. 10, 11, and 12 show the PMF obtained for the re-

spective peptides and also the average secondary structure as

a function of peptide length. The secondary structure is

reported in terms of number of 14-membered and 12-

membered hydrogen bonds being formed. Each of the

peptides exhibits a pronounced minimum at an extension

corresponding to the optimal length of an H-14 helix. For the

case of acyclic and one-third cyclic peptides, in addition to

the H-14 minimum, there is a weaker secondary minimum at

the extension corresponding to an H-12 helix. This second-

ary minimum is weaker for the case of one-third cyclic than

that for all-acyclic. The free energy difference between H-12

and H-14, which is ;14.4 kJ/mol for [b3hAla]12, increases

to an ;24.8 kJ/mol upon incorporation of one-third cyclic

residues. To be consistent with respect to chain length and

amino-acid side chains, similar EXEDOS computations were

also performed on [b3hAla]9 and [ACHC-b3hAla-b3hAla]3.

For the peptide ([b3hAla]9), reducing the chain length re-

sulted in a reduction of the free energy difference between

the two populations (H-12 and H-14) to ;8 kJ/mol. For the

one-third cyclic case, [ACHC-b3hAla-b3hAla]3 led to a free

energy difference of ;12.5 kJ/mol, consistent with its re-

duced propensity toward H-14 formation as compared to

[ACHC-b3Lys-b3Leu]3. The all-cyclic case of [ACHC]9

FIGURE 8 H-12 helicity for the b-peptide comprising all acyclic residues

(solid line) and one-third cyclic residues (dash-dot line) in explicit solvent.

The H-12 helices are unstable and quickly disappear in the presence of

explicit solvent interactions.

FIGURE 9 Model CD spectra for mixed populations.
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does not exhibit an H-12 minimum, and the only stable con-

formation is the H-14 helix. These results confirm that use of

ACHC-based cyclic constraints enhances H-14 propensity

and destabilizes H-12 formation. When the dielectric con-

stant of the continuum solvent is increased, the secondary

structures become less stable. Even though the free energy

difference between the H-14 and H-12 helix is reduced, H-12

helices are easier to disrupt because they correspond to a

weaker free-energy minimum. This is consistent with the

results of molecular dynamics simulations shown in Fig. 4.

The free energy profiles determined in this work suggest

that, in high polarity solvents, the all-cyclic molecules fold

rapidly and directly into the H-14 conformation. In contrast,

in lower polarity solvents and for lesser cyclic contents, the

b-peptides considered in this work could also fold in a two-

step process, first reaching an H-12 conformation and then

adopting an H-14 conformation. These ideas will be explored

by means of transition-path ensemble simulations in future

work.

Effect of cyclic residues

The main difference between the structural properties of the

H-12 and H-14 helices lies in the torsion angle, u (see Fig. 1

for definition). While u is equal to 60� for the case of a model

H-14 helix, it is ;95� for an H-12 helix (the sign may differ

depending on the chirality of the molecule). The use of trans-
substituted cyclohexane rings (ACHC) places constraints on

the peptide backbone and forces the u-value to be 60�. As a
result, the H-12 helix is greatly destabilized. In addition,

cyclic residues make the stability of H-14 less dependent on

the electrostatic interactions. The peptide is now stabilized

by the favorable dihedral angle potential. Therefore, chang-

ing the solvent from less polar to an aqueous solution has a

smaller effect on the H-14 helicity of cyclic peptides than

that of their acyclic analogs.

FIGURE 11 (a) Potential of mean force associated with end-to-end

distance of the one-third cyclic b-peptide, [b3hAla]12. (b) Number of H-14

and H-12 hydrogen bonds as a function of peptide extension. The two

minima in the PMF correspond to H-14 conformations (shorter j) and H-12

conformations (longer j).

FIGURE 10 (a) Potential of mean force associated with end-to-end dis-

tance of the acyclic b-peptide, [b3hAla]12. (b) Number of H-14 and H-12

hydrogen bonds as a function of peptide extension. The two minima in the

PMF correspond to H-14 conformations (shorter j) and H-12 conformations

(longer j). Different curves correspond to different dielectric constants.
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Comparison of mechanical strength of
a- and b-peptides

In an earlier study (42), we presented results of EXEDOS

calculations on a united-atom model of poly(a)-alanine. Short
oligomers of a-alanine were shown to form stable a-helices
in the presence of a distance-dependent dielectric and an

implicit solvent based on the accessible surface area of the

peptide (39). The calculations for b-peptides presented in

this work were performed with an all-atom model, which is

slightly different than that employed for a-alanine. These dif-
ferences not withstanding, it is of interest to compare the

mechanical strength of the a-helix formed by 15-mer

a-alanine and the H-14 helices formed by the three peptides

studied in this work. In Fig. 13 we compare the amount of 1),

external work; and 2), external force needed to stretch dif-

ferent helices from their optimal lengths, j0. The figure

shows that the H-14 helices formed by b-peptides are me-

chanically stronger than an a-helix of comparable length.

This could prove to be a significant design feature in favor of

b-peptides for peptidomimetic applications. Within the limits

of errors associated with these calculations, we can also

conclude that the use of cyclic residues further enhances the

mechanical strength of these peptides.

CONCLUSION

We have presented a detailed computational analysis of the

thermodynamic stability of b-peptides in the context of

single-molecule force spectroscopy, both in a dielectric con-

tinuum and in explicit solvents. We have examined in a

systematic manner the effect of cyclic residue content on

b-peptide stability and conformation. In contrast to earlier

computational studies that relied on potential energy

minimization or molecular dynamics simulations, our den-

sity-of-states based Monte Carlo simulations have revealed

the existence of distinct populations of folded structures.

FIGURE 12 (a) Potential of mean force associated with end-to-end dis-

tance of the all-cyclic b-peptide, [ACHC]9 . (b) Number of H-14 and H-12

hydrogen bonds as a function of peptide extension. Unlike the other two

peptides there is only one minimum in the PMF corresponding to H-14 con-

formation.

FIGURE 13 Comparison of mechanical strength of different peptides. (a)
External work and (b) external force needed to stretch the four peptides from

their optimal end-to-end distance. The H-14 helix formed by b-peptides has

greater mechanical strength than the conventional a-helix.
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Furthermore, our calculations have generated unambiguous,

high-accuracy estimates of the free energy and relative sta-

bility of the two predominant populations of helices. Even

though optimization of the force-field parameters for these

synthetic amino acids remains an open area of research, we

have shown that CHARMM-like parameters can be used to

explain many of the experimentally observed behaviors of

cyclic-substituted b-peptides. Cyclic residues are found to

enhance H-14 helicity in theb3-peptides andmake themmore

stable in aqueous solution. The dielectric constant of the

mediumplays a key role in governing the stability ofH-12 and

H-14 secondary structures. Our results suggest that the quality

of the solvent can be used to manipulate hydrogen-bonding

patterns in these molecules. The H-12 helices have a smaller

dipole moment and are more easily destabilized in a polar

solvent. At the same time, use of cyclic constraints can be

exploited to render H-14 helices more robust and less sen-

sitive to solvent polarity. Interestingly, comparison of the

mechanical strength of cyclic-residue substituted b-peptides
shows that the helical structures adopted by these molecules

are more mechanically stable than those formed by a-amino-

acid oligomers.

The results of our calculations indicate that single-

molecule force spectroscopy could probe unambiguously the

relative stability and free energy of the various conforma-

tions assumed by b-peptide foldamers. Furthermore, prelim-

inary calculations reveal that such conformations could be

highly sensitive to foldamer concentration. The free energy

profiles determined in this work will now be used to examine

the folding process of b-peptides by means of transition-path

ensemble simulations. Plans are currently underway to mea-

sure the reversible work required to unfold distinct molecules.
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