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Association of Helical b-Peptides and their Aggregation Behavior from the
Potential of Mean Force in Explicit Solvent

Clark A. Miller,† Samuel H. Gellman,‡ Nicholas L. Abbott,† and Juan J. de Pablo†*
†Department of Chemical and Biological Engineering, and ‡Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin

ABSTRACT Helical b-peptides have been shown to fold into well-defined structures. In aqueous solution, some b-peptides self-
assemble into nanoscale fibers, aggregates, and liquid crystalline phases. Molecular simulations, at an atomistic level, are used
to examine, in a systematic manner, the interactions between distinct b-peptide molecules. The relationship between side-chain
chemistry (and position along the backbone) and, in particular, aggregation behaviors, is assessed by calculating the potential of
mean force or dimerization free energy of two peptides in explicit water. The free energy profiles as a function of separation for
helical, amphiphilic b-peptides are consistent with experimental observations, and help explain the origins of aggregate or fiber
formation in solution. Close examination of the energetic and entropic contributions to the free energy reveals that, depending on
the position of certain side groups along the molecule, the tendency of two peptides to aggregate can be driven by entropy or by
energy, respectively. In contrast to findings from previous works that employed a coarse representation of the solvent, it is shown
that water-peptide interactions play key roles in the association behavior of b-peptides.
INTRODUCTION

There is considerable interest in understanding protein

aggregation both in vivo and in vitro. Protein aggregation

has been associated with a number of diseases (including

Alzheimer’s, Huntington’s, and diabetes). In the pharmaceu-

tical industry, protein aggregation can lead to a number of

processing and therapeutic issues. Synthetic b-peptides

represent a particularly intriguing class of molecules for

fundamental studies of protein association. Because they

are oligomers of b-amino acids, b-peptides offer consider-

able control over the secondary structure (1–5). By resorting

to particular side chains (e.g., cyclic groups), one can confer

considerable stability to the folded structure of the molecules

in aqueous solution, thereby enabling association studies in

which a folded structure is preserved and the aggregation

process is not marred by complex unfolding events. In addi-

tion, by altering the sequence of hydrophilic and hydro-

phobic groups along the molecule, one can examine in

a systematic manner the role of distinct forces in the aggre-

gation of oligopeptides in solution.

A limited subset of the experimental literature on

b-peptides has begun to examine their propensity to self-

assemble (6–15). In an early study, cyclic b-peptides were

synthesized to form nanotubes that acted as artificial ion chan-

nels (6). It was suggested that the electric dipole moment of

these nanotubes could play a role in the voltage and gating

mechanisms for these artificial channels. Later, a 10-residue

amphiphilic b-peptide was shown to form small aggregates

in solution by analytical ultracentrifugation (7). A more recent

study has identified the formation of fibrils by a nonhelical
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b-peptide (8); in contrast, helical b-peptides have been found

to form helical bundles (9,10). One of these studies observed

the formation of spheres and membranes and attributed the

self-assembly to hydrophobic interactions (10). Qiu et al.

(11) and Daniels et al. (12) have synthesized b-peptides that

display specific aggregation characteristics; their crystal

structure is consistent with a bundle of eight b-peptides

with buried b3-homoleucine side chains (12). Taken together,

these studies serve to illustrate the complexity that can emerge

from simple alterations to relatively small molecules, and the

possibilities offered by b-peptides in fundamental studies of

self-assembly and protein aggregation.

A recent experimental study showed that four, sequentially

similar helical b-peptides, in fact exhibit quite different aggre-

gation behaviors (13,15). The particular b-peptides consid-

ered in that work were 10-residues long. Three of the residues

were hydrophilic. Their sequences were

1a: (b3-hTyr)-[ACHC-ACHC-(b3-hLys)]3;

1b: (b3-hTyr)-[ACHC-ACHC-(b3-hLys)]-[ACHC-(b3-

hLys)-ACHC]-[(b3-hLys)-ACHC-ACHC];

2a: (b3-hTyr)-[ACHC-(b3-hPhe)-(b3-hLys)]3; and

2b: (b3-hTyr)-[(b3-hLys)-(b3-hPhe)-ACHC]-[(b3-hPhe)-

(b3-hLys)-ACHC]-[ACHC-(b3-hPhe)-(b3-hLys)].

Here, the abbreviations refer to proteinogenic side chains

with b3-hTyr¼ b3-homotyrosine, b3-hLys¼ b3-homolysine,

and b3-hPhe ¼ b3-homophenylalanine. The ACHC refers to

trans-2-aminocyclohexanecarboxylic acid. The correspond-

ing chemical structures and diagrams of side-chain presenta-

tion are given in Fig. 1. Peptides 1a and 2a were designed with

the hydrophilic residues on one face of the helix, whereas

peptides 1b and 2b were designed with the hydrophilic

residues distributed on each of the three faces. The formation

of higher-order structure was assessed by examining the

emergence of liquid crystalline behavior. In the case of 1a,
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FIGURE 1 Structures and stick

representations of the b-peptides

considered in this work. The side chains

are colored with the cyclic (ACHC)

residues in green, the b3-homolysine

residues in blue, the b3-homotyrosine

residue in red, and the b3-homophenya-

lanine residues in purple. For clarity,

hydrogens have been removed. Stick

representations were made using VMD

(61). Also included is a summary of

the experimental work on higher order

structures (13,15).
a lyotropic liquid crystalline phase was observed at 10 wt %

(13). Peptide 1b was not observed to form a liquid crystalline

phase (13). Because of the difference in facial display of

hydrophilic residues between 1a and 1b, it was proposed

that in the case of 1a, hydrophobic forces drive the aggrega-

tion of individual peptides into higher order structures, which

then formed a liquid crystalline phase. In a follow-up study

(15), peptides 2a and 2b were studied for liquid crystalline

behavior. Peptide 2a did not form a liquid crystalline phase

(up to 15 wt %), whereas 2b did at 10 wt % (15). These obser-

vations suggested that something more than hydrophobic-

driven assembly was at work in these molecules. Also in

that study, the structures formed by 2a and 2b were observed

by cryo-transmission electron microscopy (TEM) and small-

angle x-ray scattering (15). It was reported that 2a formed

small aggregates (radius <50 nm) at 8 wt %, and that 2b
formed long fibers (length >1 mm). The experimental obser-

vations described in this paragraph are summarized in Fig. 1.

The ability to form a variety of assembled structures in solu-

tion resulting from small changes in primary sequence empha-

sizes the need to develop molecular models capable of

describing the assembly process.

Past computational work on b-peptides has mainly focused

on the folded structure of individual molecules that arises for

a given sequence of amino acids (16–21). In a previous report

(22), we examined the thermal and mechanical stability of

helical b-peptides using expanded ensemble density of states

and molecular dynamics simulations. We found that torsional

and electrostatic interactions are largely responsible for the

mechanical stability of b-peptides. In a more recent study

(23), we analyzed the mechanical stability of b-peptides in

both explicit and implicit solvent models. It was shown that

although both the explicit and implicit solvent models lead

to similar helical structures, the use of an approximate implicit

solvent model exacerbates the resistance to mechanical

deformation. In contrast, the explicit solvent treatment is

successful at capturing the energetic and entropic contribu-

tions to peptide stability, as well as the intriguing temperature

dependence of some of the peptide’s mechanical stability.
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Few computational studies have attempted to examine the

self-association of b-peptides. Recently, we presented a study

of the aggregation of collections of b-peptide molecules using

a multiscale approach (24). The free energy between two

peptides was determined using atomistic simulations, and

a coarse-grained model was developed that matched the free

energy profile of the atomistic model. Electrostatic interac-

tions, in particular the helical dipole moment, were found to

be an important contributing factor in the self-assembly

process. However, the solvent was treated implicitly. In light

of the importance that hydrophobic forces may play in the

self-association of b-peptides, it is of interest to perform the

atomistic simulations in explicit water. In a series of works

by Martinek et al. (8,10) and Hetényi et al. (9), ab initio and

molecular dynamics simulations were used to show that those

b-peptides that form fibrils or membranelike structures in

experiment are also stable over 3-ns trajectories in computer

models of those structures. The molecular dynamics simula-

tions from the literature (8–10) were performed in water,

with b-peptides made entirely of cyclic residues. However,

they did not examine the effects of side chains (and sequence)

on the assembly of b-peptides.

Peptide association can be investigated by determining the

potential of mean force (PMF) between two peptides. It is of

interest to point out that this quantity has been calculated

before for a-peptides (25–27). Curtis et al. (25) used Monte

Carlo simulations and an implicit solvent model to examine

the PMF between two polyalanine and two polylysine

a-peptides. Soto et al. (26) used replica exchange molecular

dynamics simulations to determine the PMF of polyalanine

(decamer) in cyclohexane at multiple temperatures. These

authors reported the existence of both b-sheet and a-helical

dimers. Electrostatic (dipole-dipole) interactions were found

to stabilize side-by-side antiparallel a-helical dimers. Mac-

Callum et al. (27) used molecular dynamics simulations in

explicit water to determine the PMF between two polyala-

nine and two polyleucine a-peptides (20-mers), but did so

with a fixed orientation. They found a large unfavorable

enthalpic cost and favorable increase in entropy that led to
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the hydrophobic association of the a-helices. They also

found a decrease in peptide-peptide energy, increase in

peptide-water energy, and decrease in water-water energy

upon association.

In this work, we determine how amino-acid sequence and

side-chain selection affect the assembly of b-peptides, and do

so with an explicit solvent representation. We examine the

self-assembly of b-peptides 1a, 1b, 2a, and 2b by deter-

mining the PMF between two peptides, and we use our

results to interpret available experimental evidence for aggre-

gation of these four peptides. In the sections that follow, we

describe the simulation model and the methods used to deter-

mine the PMF. We then present the results of our calcula-

tions and discuss them in the context of recent experimental

observations.

MODEL AND METHODS

Molecular model

For our studies we consider proteinogenic amino acids and use their

common abbreviations (as in (1,2)). The side chains for the b-peptides

considered in this work are substituted on the b-carbon, but we also consider

cyclically constrained residues, formed from ACHC (Fig. 1). One of the

desirable attributes of b-peptides is that different types of helices can be

designed by changing the residues involved and their sequence (1). The

helices are named according to the hydrogen bonding between N–H and

C¼O. For example, a 14-helix has 14 atoms between the hydrogen bond

of atoms C¼O(i) and H-N(i-2). The ACHC residue has been shown exper-

imentally (28,29) and theoretically (22) to stabilize the 14-helix. In experi-

ments and simulations, each of the four peptides forms a stable 14-helix

(13,15,23). The structures of the four peptides are shown in Fig. 1.

The CHARMM27 (30,31) all-atom force field is used to model these

b-peptides. Note, however, that the CHARMM force field does not include

all the parameters necessary for b-peptides. The parameters for peptides

1 and 2 are the same as in our previous study (23) and are included as

Supporting Material.

The potential energy function employed in this work is of the form

U ¼ Uðrij; b;j; n;f;uÞ, where rij ¼ jxj – xij is the distance between site i

and j; xi are the Cartesian coordinates of site i; b is the bond length between

connected sites; j is the angle between successive bonds; f is the dihedral

angle; n is the multiplicity of the dihedral angle; and u is the improper dihe-

dral angle (30,31). The potential energy is then defined by

U ¼
PN2
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The first summation represents the Lennard-Jones interaction between sites,

N is the number of sites, 3ij is the Lennard-Jones well-depth, and sij is the

position of the minimum in the potential. The second summation accounts

for the electrostatic (Coulombic) energy between sites, where qi is the charge

of site i, and 3o is the vacuum permittivity. The other summations correspond

to the bond energy between connected sites, the angle energy between

successive bonds, the dihedral energy, and the improper dihedral energy.

The corresponding constants, kb, kj, kf, and ku, and the value for the loca-
tion of the minimum energy, b0, j0, f0, and u0 are described in the literature

(32,33). In addition, a 1–3 exclusion principle was used for nonbonded inter-

actions and the 1–4 Coulombic interactions were scaled by 0.4, consistent

with the CHARMM force field (30).

Molecular dynamics simulations were performed using the GROMACS

(34–36) simulation package. The TIP3P model (37) of water was selected

for explicit solvent simulations to be compatible with the CHARMM force

field. Lennard-Jones interactions were truncated with a twin-range scheme at

1.0 and 1.5 nm. The electrostatic interactions were calculated using

a particle-mesh Ewald technique (38) with a short-range cutoff of 1.0 nm,

a maximum relative error of 10�5, and a fourth-order spline. The peptides

were simulated with each b3-homolysine and the N-terminus protonated.

To counter the positive charge of each peptide (with a net charge of þ4),

chloride ions were included in the simulation cell. We used 3000 water

molecules and a cubic box with a length ~4.4 nm. Larger system sizes

were also considered for 1a and 2b with 4870 and 4851 water molecules

and rectangular boxes of z4 nm� 4 nm� 8 nm. Molecular dynamics simu-

lations were first performed at constant pressure (1 bar) and temperature

(300 K) using the Berendsen method (39) for a brief equilibration period

(<1 ns). The thermostat had a coupling of 0.2 ps and the barostat had

a coupling of 0.1 ps and a compressibility of 0.45 � 10�4 bar. The bonds

were constrained to equilibrium lengths using SETTLE (40) for water and

LINCS (41) for all other bonds and a time step of 0.002 ps was used. Produc-

tion simulations were run in the NVT ensemble for 5 ns and the properties

were averaged over at least 4.5 ns. Longer simulations of 10 ns were also

performed for peptides 1a and 2b with properties averaged over the last 9 ns.

The helicity of the peptide was calculated from the dihedral angles f

(C(¼O)-N-Cb-Ca) and j (Cb-Ca-C(¼O)-N) using the expression

Hdih ¼

P
f;j

HfHj

Nf;j

; (2)

where Nf, j is the number of f- or j-angles. Hf is defined as

Hf ¼
1 if jf� foj%a

1� jf�foj�a
b�a

if a < jf� foj%b
0 if jf� foj > b

;

8<
: (3)

and a similar definition was used for Hj. The parameters a, b, fo, and jo

depend on the type of helix. For the 14-helix a ¼ 20, b ¼ 39, fo ¼ –135,

and jo¼ –140, whereas for the 12-helix a¼ 20, b¼ 39, fo¼95, and jo¼103.

We also determined the overall potential energy and its various contribu-

tions, such as Lennard-Jones or electrostatic energies. The end-to-end

distance (Fig. 2) was defined as the distance from the nitrogen of the amino

group on the second residue from the N-terminus to the carbon of the carbonyl

group on the second residue from the C-terminus. The end-to-end distance

was defined in that manner because the first and last residues are more likely

to fluctuate from the folded state. The orientation between the two peptides

(cos(q1)) was determined by analyzing the dot product between the two

end-to-end vectors. When cos(q1) ¼ 1, the peptides are parallel and when

cos(q1) ¼ �1, they are antiparallel. A second orientation vector (cos(q2)) is

determined by analyzing the dot product between the end-to-end vector of

the first peptide with the separation vector. When cos(q2) ¼ 0, the peptides

are side-by-side and when cos(q2) ¼ 1, the peptides are aligned end-to-end.

Potential of mean force

The PMF represents the reversible work required to arrive at any point along

a chosen reaction coordinate x. In this study, the reaction coordinate is

defined as the distance between the Ca carbon of the fifth residue between

two peptides, x (Fig. 2). For this reaction coordinate, the PMF, w(x), repre-

sents the free energy of aggregation between two molecules.

Several methods are available to calculate the PMF, including umbrella

sampling (42), the constraint-force method (43), and the stochastic

expanded-ensemble density-of-states method (44). A recent summary and

Biophysical Journal 96(11) 4349–4362
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FIGURE 2 The reaction coordinate and end-to-end

distance used in this article. The backbone is shown as

sticks and the spheres represent the atoms used to define

the reaction coordinates. The end-to-end distance is defined

as the separation between the nitrogen on the N-terminus

and the carbonyl carbon of the C-terminus. The reaction

coordinate, x, is defined as the distance between the Ca

carbons of the fifth residue for each residue.
comparison of methods to determine the PMF using molecular dynamics

showed that calculating the PMF from the so-called constraint-force method

(see below) gives good results (43). One can obtain the PMF by integrating

over the force

wðxÞ ¼
Z x

x0

�
f
�
r
0�ir0 dr

0 þ 2kBT lnðx=x0Þ þ C; (4)

where w is the PMF; x is the reaction coordinate; hf(r0)ir0 is the mean force at

a particular value of separation; kB is Boltzmann’s constant; T is the temper-

ature; and C is a constant of integration. This constant can be chosen to

match a reference value for w. In this work, the largest separation is given

a reference value of zero. The simulations are run by constraining the reac-

tion coordinate to a specific value and monitoring the force required to

constrain the simulation to that value. After performing the simulation at

several values of the reaction coordinate, one can integrate Eq. 4 to arrive

at w. The simulations are run in the NVT ensemble at 300 K. For rectangular

boxes, the peptides are restricted to move along the longest dimension (z) of

the box by applying harmonic restraints in the x and y direction on the Ca

carbon of the fifth residue.

Replica-exchange molecular dynamics
simulations

Replica exchange molecular dynamics simulations (45–49) were performed

to assess the effects of temperature on association. Using a parallel version
of the GROMACS simulation software, 13 replicas were spaced every 5�

between 270 and 330 K. The simulations were performed in the NVT

ensemble for 10 ns while exchanges were proposed every 100 time steps.

All other parameters were the same as described above for molecular

dynamics simulations.

RESULTS AND DISCUSSION

The PMFs of the four peptides considered in this work are

shown in Fig. 3. The results are consistent with previous

experimental evidence of peptide association, as will be dis-

cussed. We also characterized the orientation between the

two peptides as described above and those results are given

in Fig. 4.

The PMF of peptide 1a exhibits a local minimum near

x¼ 0.75 nm of ~2 kBT. Although the rest of the curve is gener-

ally repulsive, this free energy profile could be consistent with

the formation of higher-order structures. In experiments,

peptide 1a forms a liquid crystalline phase (13), although

the exact nature and underlying structure of those phases is

unclear. Aggregation of 1a was also observed by analytical

ultracentrifugation (7) experiments in which the monomer

was shown to be in equilibrium with a tetramer. Although
FIGURE 3 The contributions to the PMF between two

peptides as a function of peptide separation.

Biophysical Journal 96(11) 4349–4362
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FIGURE 4 The probability distribution of orientations

between two peptides at the minima in the PMF in

Fig. 3. Shown is the 1a at 0.75 nm, 2a at 0.75 nm, and

2b at 0.85 nm and 2.0 nm.
the PMF in Fig. 3 corresponds to the free energy of dimer

formation in dilute solution, at higher concentrations the

peptide could conceivably associate into tetramers or larger

multimeric structures. Examination of the orientation

between the two peptides provides some insights into plau-

sible higher order structure. Fig. 4 shows the probability

distribution of the angles at the local minimum of the free

energy (x¼ 0.75 nm). From the dot product of the end-to-end

vectors, cos(q1), the angle is between 0� and 40�, indicating

that the peptide helices adopt a parallel orientation. The dot

product of the end-to-end and separation vectors, cos(q2),

adopts an angle close to 90�, indicative of a side-by-side

configuration. Both parallel and antiparallel helical orienta-

tions were found in the crystal structure of a bundle of eight

helical b-peptides (12). The observation here of a parallel

arrangement is consistent with this structure. A snapshot of

the peptide in this orientation is presented in Fig. 5. It shows

the two peptides arranged side-by-side with their hydrophobic

faces pointed toward each other.

A rearrangement of the hydrophilic b3-homolysine resi-

dues leads to peptide 1b. The PMF is repulsive at all separa-

tions considered here. Experiments indicate that peptide 1b
does not exhibit a liquid crystalline phase (13) or any
tendency to aggregate. The PMF shown in Fig. 3 is consis-

tent with that observation.

The PMF for peptide 2a exhibits a minimum of 4 kBT at

0.75 nm. Examination of the relative orientation of the mole-

cules shows that at this separation (Fig. 4), the peptides are

oriented at an angle of q1 z 120� and side-by-side (q2 z
110�), in a manner that buries the hydrophobic residues

and shields them from the solvent. In this case, the peptides

are not perfectly antiparallel, but adopt a specific angle

(Fig. 5). Again, the antiparallel helical orientation is consis-

tent with what has been observed in a crystal structure of

a bundle of eight b-peptides (12). Experiments on peptide

2a did not provide evidence of liquid crystalline behavior,

but TEM images did reveal the formation of small aggregates

(15). The small aggregates are consistent with the minimum

in the PMF and the strong tendency for side-by-side orienta-

tion observed in our simulations. It is interesting to make

a comparison of this peptide with its analog 1a, which has

six ACHC residues compared with the three ACHC and

three b3-hPhe residues of 2a. Both exhibit shallow minima

(of a few kBT) that correspond to a side-by-side orientation.

But subtle differences between the two arise from the sub-

stitution of three ACHC residues with b3-hPhe. First, the
FIGURE 5 Stick representations of b-peptides 1a, 2a, and 2b at the free energy minima. The figures are colored with the cyclic (ACHC) residues in green,

the b3-homolysine residues in blue, the b3-homotyrosine residue in red, and the b3-homophenyalanine residues in purple. For clarity, hydrogens have been

removed. These figures were made using VMD (61).
Biophysical Journal 96(11) 4349–4362
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minimum of 2a is a global, deeper minimum, compared

with the slight local minimum of 1a; the minimum is twice

as deep in the case of 2a. Second, the orientation at the

minimum position of 2a deviates more from the antiparallel

helical arrangement than that in 1a.

The PMF corresponding to peptide 2b exhibits two minima

at ~0.8 and 2 nm, each with a depth of a few kBT. The first

minimum at 0.8 nm is local, and appears to be similar in

many respects to the side-by-side minimum of peptides 1a
and 2a. Fig. 4 shows that at close separations the peptide

end-to-end vectors are antiparallel (q1 z 150�) and in

a side-by-side orientation (q2 z 90�). For the global

minimum near 2 nm, the peptides are also antiparallel, but

exhibit a broader distribution (q1 z 90�–160�). The end-to-

end and separation vectors adopt an orientation ranging

from side-by-side (q2 z 90�) to end-to-end (q2 z 30�). A

representative configuration shown in Fig. 5 shows these

two peptides at a separation of 2 nm. These snapshots show

how, at short separations, the peptides align side-by-side,

whereas at larger separations they can align in an end-to-

end manner. Experiments indicate that peptide 2b forms

a liquid crystalline phase, and TEM images show that long

fibers are formed at large concentrations (15). We therefore

speculate that the formation of fibers observed in experiments

is a result of this end-to-end association. The side-by-side

association could lead to fibers of a larger diameter or inter-

fiber association.

The PMFs shown in Fig. 3 for the interaction of peptides

1a, 1b, 2a, and 2b show how delicate peptide-peptide self-

assembly can be. Subtle changes in the organization of the

hydrophilic groups and the substitution of different hydro-

phobic groups can lead to diverse association phenomena.

We find that the PMF results qualitatively agree with the

experimental evidence and reveal what orientations can be

adopted in the assembly process.

Examination of the energetic and entropic contributions to

the PMF provides some insights into the mode of interaction

during the formation of peptide dimers. Throughout the

simulation, the potential energy is monitored and averaged

for each value of the reaction coordinate. The entropic

term is then calculated using the relationship w(x) ¼ DU –

TDS. The results are also shown in Fig. 3, where the ener-

getic term is shown as a dashed line and the entropic term

as a dotted line. The estimated error in the PMF is <1 kBT,

whereas that of the energy and entropy is ~3 kBT; thus, small

variations in energy and entropy during the peptide associa-

tion process are not statistically meaningful. Note, however,

that the general trends observed upon association of the

peptides are significant, in particular whether the entropy

or energy changes are positive or negative.

The interaction between peptide 1a molecules at short

distances (<1 nm) is entropically favorable. The potential

energy of interaction actually increases as two molecules

are brought closely together. Near the local minimum in

the PMF at x ¼ 0.8 nm, as seen in Fig. 3, during formation
Biophysical Journal 96(11) 4349–4362
of a dimer of 1a, the entropy of the system increases enough

to overcome the energetic penalty and drive the association

process. The association of 1a is consistent with a traditional

hydrophobically driven assembly process, which is largely

entropy-driven (50). A close examination of the conforma-

tions of the two peptides reveals that the molecules line up

their hydrophobic faces and, at small separations, no water

is left between them (Fig. 5). The PMF of the peptide also

exhibits a small barrier that must be overcome for the mole-

cules to find the minimum of the hydrophobically associated

dimer. Barriers such as these have also been observed in the

dissociation of ions in water, and the transition has been

related to the rearrangement of the structure of water upon

dissociation (51). In a similar manner, the water surrounding

the hydrophobic groups must move from between the two

peptides before the assembly can take place.

The PMF of peptide 1b is mainly repulsive. Both the ener-

getic and entropic terms increase as the peptides are brought

together. Overall, we see an increase in energy upon associa-

tion that is larger than that observed for peptide 1a. Recall that

1b presents a b3-homolysine group on each face of the helix.

As the two faces approach each other, the interaction between

positively charged amine groups could lead to a larger repul-

sive energy. Overall, it is observed that peptide 1b exhibits

pronounced energy changes as the molecules are brought

into proximity. At some particular separations the energy of

attraction is particularly favorable (e.g., at x ¼ 1.8 nm), but

such deep minima are always accompanied by large entropic

penalties that inhibit association. The central finding of this

comparison is that a simple change in the presentation of

hydrophilic groups can lead to the peptides being more repul-

sive in solution, thereby indicating how sensitive hydrophobi-

cally driven assembly can be to the presentation or orientation

of hydrophilic groups.

The PMF of peptide 2a exhibits some similarity with that of

peptide 1a. In both cases, the minimum in the PMF is found

near 0.8 nm, but for peptide 2a, it appears to be a global

minimum. In contrast to peptide 1a, however, the energetic

term is increasingly repulsive as the peptides are brought

together, whereas the entropic term becomes increasingly

attractive. For peptide 2a, the magnitudes of the energetic

and entropic terms are larger than for 1a, and the balance

between the repulsive energetic term and the attractive

entropic term leads to a deeper minimum. In this case, the

association process is clearly driven by entropy and is not

favored by energy.

The PMF of peptide 2b exhibits two minima. Near the

global minimum at 2 nm, the energetic term is at a minimum,

whereas the entropic term is at a maximum. Our results indi-

cate that upon scrambling the sequence of the peptide from

2a to 2b, the assembly process is driven by energy, and no

longer by entropy (in contrast to 2a). The energy is observed

to increase again as the peptides get closer. The local

minimum at 0.8 nm is barely noticeable and it corresponds

to a slight minimum in the entropic term at that separation.
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It is driven by entropy, and is reminiscent of that observed

for peptide 1a.

The energetic term can be further decomposed into

nonbonded and bonded interactions. The bonded interactions

do not change significantly along the reaction coordinate.

This is a somewhat expected result, since the overall confor-

mation of the peptides does not change significantly as the

peptides are brought together. In contrast, the nonbonded

interactions exhibit pronounced changes upon association.

Fig. 6 shows the average Lennard-Jones and electrostatic

contributions to the energy at each value of the reaction

coordinate, along with the change in total potential energy.

The data for peptide 1a indicate an overall increase in the

potential energy. The Lennard-Jones contribution to this

term decreases with decreasing peptide separation and the

Coulombic energy increases. This rise in electrostatic energy

dominates the potential energy, and leads to an increase in

the overall potential energy.

For peptide 1b we find a pronounced minimum in the

potential energy near 1.3 nm. This minimum is accompanied

by a large decrease in the Coulombic energy and a small

increase in the Lennard-Jones energy. Aside for the particular

separation of 1.3 nm, the Lennard-Jones term remains largely

unchanged as a function of separation, even at close peptide

distances, where the Coulombic term increases appreciably.

The potential energy of peptide 2a increases at close sepa-

rations and is slightly larger than for 1a. Both peptides

exhibit increases in the Coulombic energy at close separa-

tions, but only peptide 2a shows a small increase in the Len-

nard-Jones energy of the system. This appears to be a key

difference in the energetics of the hydrophobic assembly of

the two facially amphiphilic peptides, influencing both the

energy of association and the PMF profile. Peptide 2b is

different from the others in that the potential energy exhibits

a minimum near 2 nm. This potential energy profile is domi-
nated by the Coulombic energy, particularly at large separa-

tions. At a separation of 1.3 nm, the Lennard-Jones term

starts to decrease as the peptides come closer together.

For all four peptides considered here, the overall potential

energy follows the same underlying trends as the Coulombic

energy, and the Lennard-Jones contributions exhibit little

variation with peptide separation. In previous work we have

shown that the helix dipole moments of b-peptides are quite

large (35–50 Debye) (24). The configurations observed at

the free energy minima correspond to antiparallel side-by-

side orientations or end-to-end parallel orientations. Both of

these orientations are similar to those corresponding to the

minimum-energy configurations of dipolar molecules. Also

note that each of the four peptides has a net charge of þ4,

a fact that partially explains why the Coulombic energy

increases as the peptides approach each other.

Role of water during association

Water plays an important role in the association of the

peptides. The influence of water can be examined in more

detail by looking at the nonbonded peptide-water energy,

the solvent-accessible surface area (SASA), and the hydrogen

bonds of the system. The nonbonded energy was decomposed

into three terms: peptide one-atoms and peptide two-atoms

(DUpp); peptide and water atoms (DUpw); and water-water

atoms (DUww). The magnitude reported between peptide

and water atoms is obtained by averaging the DU for peptide

one-water and peptide two-water atoms. The results for each

peptide are shown in Fig. 7.

Analysis of the nonbonded energy terms of peptide 1a
reveals that the energy of interaction between the peptides

decreases by ~10 kBT when they are brought together. Despite

the repulsive total potential energy, the peptide-peptide contri-

bution is favorable. In contrast, for peptides 1a, 2a, and 2b, the
FIGURE 6 The contributions to the potential energy as

a function of peptide separation.
Biophysical Journal 96(11) 4349–4362
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FIGURE 7 Water-peptide properties as a function of peptide separation. (Top) Peptide-water energies. (Bottom) Change in peptide SASA (DA).
energy between each peptide and the water increases upon

association. This trend, which is particularly pronounced for

peptides 2a and 2b, occurs because fewer water atoms are in

contact with peptide atoms as the two peptides approach

each other. The increase of water-peptide energy is accompa-

nied by a decrease of water-water energy. The energy can be

thought of in terms of hydrogen-bond formation. As hydrogen

bonds are lost between the peptide and water, new hydrogen

bonds are formed between water molecules. Note that the

peptide-water energy is generally larger for peptide 2b, and

that it exhibits a drop in DUpw near 2 nm, which corresponds

to the absolute minimum in the PMF.

The results for peptide 1b are somewhat dissimilar from

those for the other peptides. The peptide-peptide energy

decreases upon association, but the water-peptide interaction

does not exhibit a monotonic increase as the peptides

approach each other. It is interesting to note that despite the

peptide-peptide attraction being more favorable for 1b than

for 1a (�20 kBT compared with �10 kBT), it is peptide 1a
that has been observed to aggregate. Peptide 1b does not

aggregate. This further underscores the importance of under-

standing the role of solvent (water) in mediating the peptide

association process.

Overall, we find a decrease in DUpp as the two peptides are

brought closer. This is accompanied by a decrease in DUww

while the peptide-water energies, DUpw, increase. There are

similarities in the general trends, but differences between

each peptide arise when looking at the quantitative change

in energy upon association. The strength of these interactions

is an important factor in determining the change in potential

energy upon association. We also note that in most cases, the

magnitude of the peptide-water energy increase is larger than

the magnitude of the decrease in both peptide-peptide and

water-water energies. Thus, the increase in potential energy

upon association is mainly due to the large increase in

peptide-water energy.

Biophysical Journal 96(11) 4349–4362
It is of interest to consider the hydrophobic assembly

process in the context of the so-called SASA of the peptide

atoms as a function of separation. SASA is commonly

used for peptides and proteins as a measure of the free energy

of solvating polar or nonpolar groups. Implicit solvent

models (52–54) often include a term proportional to the

hydrophobic or hydrophilic SASA. Examining the result in

explicit solvent simulations should show how well an

implicit solvent model might represent the association of

the peptides. Fig. 7 shows the change in SASA relative to

the value at largest separations (DA). The total DA decreases

for all four peptides as the separation decreases. Although

small changes in the hydrophilic SASA are apparent,

Fig. 7 reveals much larger changes in hydrophobic SASA.

In Fig. 8, this leads to a decrease in the fraction of hydro-

phobic SASA upon association of the peptides from 0.68

at large separations down to 0.65 at small separations.

FIGURE 8 Comparison of the fraction of peptide hydrophobic SASA for

each b-peptide.
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The change in total SASA from large to small separation is

also very similar for peptides of the same sequence. Peptides

1a and 1b decrease by z3 nm2, whereas peptides 2a and 2b
decrease by z4 nm2. This stands in contrast to the hydro-

philic SASA, which shows minimal change (<1 nm2) at small

separations. The one exception appears to be peptide 2b,

which decreases by 1 nm2. On the other hand, the change in

hydrophobic SASA is more in line with what is observed

for the total SASA. Peptides 1a and 1b behave in a qualita-

tively and quantitatively similar manner, both decreasing by

2.5 nm2. For peptide 2a, there is a larger change in hydro-

phobic SASA upon aggregation (4 nm2) than for peptide 2b
(2 nm2). Note that at small separations we observed a change

in entropy (–TDS) of �20 kBT for 2a and �10 kBT for 2b.

The factor of 2 in both TDS and DAhydrophobic could indicate

a relationship between the entropy and hydrophobic SASA.

The fraction of hydrophobic SASA is a function of the

behavior of hydrophobic and hydrophilic SASA. Peptides

1a, 1b, and 2a all show significant decreases in the fraction

of hydrophobic surface area. Despite having a decrease in

hydrophobic SASA, peptide 2b shows a relatively small

decrease in the fraction of hydrophobic SASA. In the associ-

ated state, peptide 1a has the lowest fraction of hydrophobic

SASA. The decrease in fraction of hydrophobic SASA is

consistent with the hydrophobic driven assembly observed

above.

A recent study (55) measured the forces between two

linear alkanes in water using atomic force microscopy.

From those measurements, a surface energy density of DG¼
21 kJ/mol/nm2 was inferred for hydrophobic surfaces. It is

of interest to compare that magnitude with the free energies

calculated in this work for peptides. Fig. 7 shows a decrease

of hydrophobic surface area of ~2–4 nm2. This implies

a decrease in free energy of 16.8 or 33.6 kBT, which is too

large to explain the minima of 2–5 kBT observed in this

work.

It is instructive to discuss other recent work (56,57) that has

examined the organization of water confined between two

hydrophobically patterned surfaces. The authors found that

water forms an icelike layer between two hydrophobic

surfaces (57). They also found the local water density near

a hydrophobic patch surrounded by a hydrophilic surface

was larger than the local water density near a completely

hydrophobic surface (56). That work further emphasizes the

notion that the presentation of hydrophobic and hydrophilic

surfaces can have profound effects on the structure of water.

It also suggests that the value of the total hydrophobic surface

area needs to be understood in the context of the size of

the individual patches of surface area, and that the presenta-

tion of distinct hydrophobic surfaces may have profound

effects on the thermodynamics of hydrophobic association.

Within that context, our work demonstrates that the sequence,

particularly the facial-versus-scrambled display of hydro-

philic side chains, affects the thermodynamics of peptide

association. The scrambled sequence may be thought of as
a hydrophobic patch surrounded by a hydrophilic surface

and thus increase the local water density near the hydrophobic

groups.

Another important relationship between the association

of peptides and their sequence may come from the size of

the hydrophobic patches. It is known that the structure of

water varies with the size of hydrophobic solutes (58). Past

work (58) has shown how, for the transfer of small nonpolar

solutes into water, the enthalpy and entropy decrease,

whereas for large nonpolar solutes, the enthalpy and entropy

both increase. What occurs here may also be a manifestation

of that idea: the facially amphiphilic peptides present a larger

hydrophobic surface, and the nonfacially amphiphilic

peptides present smaller hydrophobic patches broken up by

hydrophilic patches. Changes in presentation of hydrophobic

side chains affect the enthalpic and entropic terms that drive

peptide association.

The number of hydrogen bonds formed between peptide-

peptide, peptide-water, and water-water atoms was also deter-

mined (data not shown). Peptide-peptide hydrogen bonds

were not observed in the results of all four peptides. Peptides

1a and 1b also exhibited no significant change in peptide-

water or water-water hydrogen bonds upon association. For

peptide 2a, the number of peptide-water hydrogen bonds

(DNpw) decreased by 4, whereas the number of water-water

hydrogen bonds (DNww) increased by the same amount.

The lost peptide-water hydrogen bonds are gained by water-

water hydrogen bonds, producing a neutral overall change

in hydrogen bonds during peptide association. Peptide 2b
also showed a decrease of peptide-water hydrogen bonds,

DNpw z –6. However, it was accompanied by a decrease in

water-water hydrogen bonds, DNww < 0. The larger decrease

in peptide-water hydrogen bonds for peptide 2b may be

explained by the presentation of a hydrophilic residue on

each face of the helix. As the peptides approach each other,

they must give up some of the hydrogen bonds it would

form in isolation. The lost peptide-water hydrogen bonds

are not reformed by water-water or peptide-peptide hydrogen

bonds.

Origins of entropy

For energy, it is possible to dissect the contributions to the

potential energy to gain insights into the association process,

but for the entropy it is more difficult to divide the total

entropy its multiple components, including the entropy of

the water and that of the peptide, which is further divided

into peptide intramolecular, translational, and orientational

entropy.

The entropy change of water is a result of the hydrophobic

effect (59). When the hydrophobic face is exposed to the

solvent, hydrogen bonds are formed within the water phase

that surrounds the cavity formed by the hydrophobic side

chains. Upon association of the peptides, the hydrophobic

faces no longer are in contact with the water and the structure

Biophysical Journal 96(11) 4349–4362
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of water decreases. Under this view, the loss of a well-

defined water structure would therefore lead to an increase

in entropy (DSwater > 0) upon peptide association.

The second term, the peptide internal entropy, is related to

the stability of the b-peptide helix itself. The secondary

structure of these peptides has been shown to be particularly

stable (22,23). To examine the possible effect of self-

assembly on the secondary structure, we have determined

the average helicity as a function of peptide separation, x,

(Fig. 9). The average helicity of the peptides lies between

0.6 and 1.0. The helical stability indicates that, as the

peptides aggregate, their conformation does not change

over the separations studied here. The helicity is similar to

those reported in previous work on the mechanical stability

of the same four peptides (23). Our results suggest that the

change in internal entropy of the peptide is negligible.

Upon association, the peptides adopt preferred orienta-

tions (Fig. 4), and the translational and configurational

entropy is expected to decrease. At large separations, the

peptides are not expected to exhibit a preferred orientation.

The overall change in entropy (DStotal) is therefore a result

of two competing contributions—a decrease in the peptide

orientational and translational entropy (DSpeptide < 0) and

an increase in the water entropy (DSwater > 0). What is inter-

esting is that the facially amphiphilic peptides (1a and 2a)

both exhibit an increase in entropy (TDS) of 10–20 kBT.

For these peptides, the magnitude of the change in water

entropy is greater than the magnitude of the decrease in

orientational entropy. In contrast, the isomers 1b and 2b
exhibit small decreases or no change in the total entropy

upon association, which suggests that DSwater z –DSpeptide.

The competition between the hydrophobic effect and

peptide entropy can also be understood in light of previous

results (24) in implicit solvent, in which a decrease in

entropy was observed for peptide 1a. The implicit solvent
Biophysical Journal 96(11) 4349–4362
calculation captures the decrease in peptide entropy but

does not explain the decrease in water entropy. As discussed

in previous work with implicit and explicit solvent models

with single peptides (23), the implicit model does not

successfully account for the energetic and entropic interac-

tions between two peptides. A recent study (60) highlighted

the need to examine the structural details of the solvent to

understand the unfolding of hydrophobic polymers in water.

Hydration played an important role in the underlying ther-

modynamics and led to cold-induced unfolding of hydro-

phobic polymers in water (60).

Effect of temperature

The energetic and entropic contributions to the free energy for

peptide-peptide association can be further examined by inves-

tigating the effect of temperature. For peptide 1a, both DU and

DS are positive, suggesting the counterintuitive prediction

that by increasing T, the magnitude of –TDS would increase,

w would become more negative, and the peptides would

exhibit a more pronounced tendency to aggregate. This

phenomenon could be viewed as cold-induced disaggrega-

tion. The first minimum of peptide 2b near 0.8 nm would

exhibit a similar response to temperature, since it also has

positive DU and DS. However, the second minimum of

peptide 2b near 2.0 nm has a negative DU and a negative

DS. Increasing T should therefore make –TDS more positive

and w would become less negative (or less favorable).

To evaluate these predictions, replica exchange simula-

tions were performed on liquid-crystalline forming peptides

1a and 2b as described in Model and Methods. The config-

uration at the free energy minima was taken as the starting

configuration for replica exchange molecular dynamics

simulations between 270 and 330 K. The effect of T for 1a
is shown in Fig. 10, with probability distributions of the
FIGURE 9 The average helicity (14-helix) as a function

of peptide separation.
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peptide separation and peptide angle. At high temperature,

the peptide separation exhibits two peaks near 0.7 and 0.8

nm, whereas for lower temperatures, two peaks are observed

near 0.7 and 0.9 nm. At all temperatures, the peptide separa-

tion stays within a range of 0.6–1.0 nm, suggesting that the

associated state is relatively stable, even at high tempera-

tures. The peak at the smaller distance is significantly more

pronounced. The peptide angle distribution corresponds to

a parallel orientation at low T, but becomes broader at higher

T. In terms of the peptide orientational entropy, DSorient

becomes more negative at lower temperatures. Experimental

observations (13) of peptide 1a indicate that the liquid

crystalline phase is abolished upon heating from 31� to

41�C. This is consistent with our simulations, which show

that increasing T leads to a broader angle distribution. This

change in the angle distribution may be responsible for the

disappearance of a liquid crystalline phase.

The result for the first minimum of 2b is shown in Fig. 11.

The peptide remains in the side-by-side antiparallel arrange-

ment from the PMF simulation. The peptide separations

range from 0.7 to 1.6 nm, with distributions at lower T reach-

ing larger separations than at higher T. This behavior is again

a

b

FIGURE 10 (Color online) The distributions of peptide separation and

peptide angle (q1) as a function of temperature for peptide 1a.
consistent with our anticipation of cold-induced disaggrega-

tion. The peptides maintain the antiparallel arrangement, and

the distribution is narrower at lower T. The angle distribution

is narrower than 1a, at all temperatures. From these simula-

tions it can be seen that the first minimum of 2b does not

appear to be affected by high temperatures, whereas at low

temperature the minimum appears to become less stable.

This result is contrary to what may be expected of peptide

association: that decreasing temperature should favor associ-

ation. If the side-by-side association of peptide 2b is indeed

stabilized by entropy, our results suggest that lowering the

temperature would cause less association of the peptides.

The result for the second minimum of 2b is shown in

Fig. 12. Both the peptide separation and peptide angle distri-

butions are broad relative to the results for the side-by-side

minima of 1a and 2b. Although the peptide angle distribu-

tion starts in the antiparallel orientation, it samples a broad

range of antiparallel to parallel orientations. The data do

not provide a clear temperature trend, but do show that this

minimum near 2.0 nm is less specific than the side-by-side

minimum.

a

b

FIGURE 11 (Color online) The distributions of peptide separation and

peptide angle (q1) as a function of temperature for peptide 2b starting

from 0.75 nm.
Biophysical Journal 96(11) 4349–4362
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CONCLUSION

Using molecular simulations we have determined the PMF

between b-peptides of different sequence and display of

side chains. We have examined four different peptide

sequences, each of which manifests a different association

behavior in experiments. By determining the free energy of

association between two peptides, we obtained minima that

are consistent with experimental observations of fibers and

aggregates in solution. We confirm the idea that simple

changes in peptide sequence can lead to dramatic changes

in aggregation, find that the peptide secondary structure is

stable during association, and find that the assembly process

is heavily influenced by electrostatic and hydrophobic inter-

actions.

For peptides 1a, 2a, and 2b we find evidence to support the

hypothesis that the peptides assemble as a result of hydro-

phobic forces. The free energy minima correspond to relative

orientations of the peptides in which their hydrophobic faces

are buried and shielded from the water. We also find that the

entropy of the system increases upon assembly, which fits

a

b

FIGURE 12 (Color online) The distributions of peptide separation and

peptide angle (q1) as a function of temperature for peptide 2b starting

from 2.0 nm.
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with the hypothesis that the water becomes less structured

when it is no longer exposed to hydrophobic atoms.

Measuring the hydrophobic SASA of the peptides confirms

that there is a decrease in both the absolute value and fraction

of hydrophobic SASA. Further evidence for the hydrophobic

assembly process is observed in the decrease of the non-

bonded water-water energy and the increase in the nonbonded

peptide-water energy upon association.

Peptide 1b was not found to associate. Whereas the struc-

ture of 1a was designed to be facially amphiphilic, 1b
contains hydrophilic residues on each face of the helix. For

1a, the entropic term stabilizes the associated peptides while

the energetic term destabilizes the associated state. For 1b,

the energetic term was also found to be largely repulsive

but the entropic term did not drive association as with 1a.

The behavior of 1b stands in contrast to 2b, which does asso-

ciate. In the case of the nonfacially amphiphilic peptide 2b,

the associated state is stabilized by energy. However, the

facially amphiphilic isomer, peptide 2a, associates because

of entropy. Simple changes in the presentation of the side

chains, as is the case of facial or nonfacial display of hydro-

philic groups, can lead to significant changes in the entropic

or energetic forces that stabilize the associated state.

Electrostatic interactions are found to play an important

role. Minimization of the electrostatic terms by using more

polarizable counterions, adding excess salt, or modifying

the overall charge of the molecule could alter and increase

considerably the tendency of the molecules to associate.

Alternatively, the assembly process could be inhibited by

reducing the polarity of the solvent. Changing to a less polar

solvent, such as methanol, may also disrupt the hydrophobic

forces that drive aggregation. Because of the favorable

entropic term, another alternative to promote or hinder aggre-

gation would be to change the temperature. By increasing

the temperature, the magnitude of the entropic term would

increase and could strengthen aggregation if the energetic

term is constant. Conversely, a decrease in temperature may

reduce the magnitude of the entropic term and reduce the

strength of the aggregation. This idea was tested by replica

exchange molecular dynamics simulations for two liquid

crystalline forming peptides. It was found that increasing

temperature leads to a decrease in association for peptide

1a, whereas a decrease in temperature may lead to a less stable

associated state for peptide 2b.

Ongoing work involves creating coarse-grain models

based on the PMF profile to examine the long-range struc-

tures that form. Atomistic simulations become increasingly

expensive when one tries to examine hundreds or thousands

of peptides assembling in solution. We suggest that further

structural characterization of peptides 1a and 1b (e.g., with

TEM) would add important knowledge to verifying our

predictions of the PMF. Force spectroscopy experiments

may also provide ways to validate our results by providing

quantitative magnitudes for the forces between two peptides.

By pursuing these and other studies we hope to increase our
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understanding of and ability to control association of

b-peptides and peptides in general.

SUPPORTING MATERIAL

The coordinate (*.crd), PDB (*.pdb), and parameter (*.psf) files for each of

the four peptides studied in this work, and the force field or *.param file used

for the simulation of these peptides, are available at http://www.biophysj.

org/biophysj/supplemental/S0006-3495(09)00675-4.
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