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Coiled-coil domains within and between proteins play important structural roles in biology. They consist of
two or more � helices that form a superhelical structure due to packing of the hydrophobic residues that pattern
each helix. A recent continuum model showed that the correspondence between the chirality of the pack to that
of the underlying hydrophobic pattern comes about because of the internal deformation energy associated with
each helix in forming the superhelix. We have developed a coarse-grained atomistic model for coiled coils that
includes the competition between the hydrophobic energy that drives folding and the cost due to deforming
each helix. The model exhibits a structural transition from a non-coiled-coil to coiled-coil state as the contri-
bution from the deformation energy changes. Our model is able to reproduce naturally occurring coiled coils
and essential features seen in unzipping experiments. We explore the force-extension properties of these model
coiled coils as a function helix length and find that shorter coils unfold at lower force than longer ones with the
required unfolding force eventually becoming length independent.

DOI: 10.1103/PhysRevE.80.061909 PACS number�s�: 87.15.ak, 87.15.hm, 87.15.La

I. INTRODUCTION

Proteins are polymers whose three dimensional structure
is built from simpler secondary structural elements: helical
backbone sections called � helices or straight backbone sec-
tions called � strands. For a given protein, the final fold
consists of a unique packing of its secondary structural ele-
ments. An examination of known protein structures reveals
that the number of folds, consisting of a specific packing of
secondary elements, is much smaller than the actual number
of known protein structures �1�. One of the most ubiquitous
folds is a coiled coil which consists of two or more � helices
that wrap around each other to form a superhelical structure.
They have several biological functions, from mediating
protein-protein interactions to forming mechanically impor-
tant structural elements, such as the necks of molecular mo-
tors �e.g., kinesin and myosin�. Because they are often sub-
ject to mechanical stresses inside cells, understanding how
they fold and respond to forces is of physical and biological
interest.

For a given coiled coil, the superhelical structure and its
stability are dictated by the underlying amino-acid sequence
of the helices forming the coil. The superhelix forms due to
the packing of repeating hydrophobic residues that wind
around each alpha helix. Naturally occurring coiled-coils
form left-handed superhelical structures caused by a repeat-
ing seven amino acid motif called a heptad repeat, which has
hydrophobic residues placed at specific positions in the 7mer
that generate a left-handed winding hydrophobic strip.
However, by varying the sequence, other superhelical struc-
tures are possible �such as a right-handed coiled coil�, and
several have be rationally designed �2�. Thus coiled coils
provide a model system for studying the relationship be-
tween protein sequence and structure.

The folding kinetics of coiled coils has been studied both
in bulk using fluorescence techniques �3–5�, and at the
single-molecule level through the application of force to a
single coiled-coil structure �6–9�. These studies have eluci-
dated the folding trajectory of coiled coils and how stability

depends on sequence. In particular, �6� provided a high-
resolution map of the gradual unzipping of coiled coils of
differing lengths. In this experiment, a single coiled-coil do-
main �leucine zipper� was subject to a loading force using an
atomic force microscope �AFM� that pulled apart the coiled
coil from one end, while the other end remained linked �see
Fig. 1�a��. They were able to see transitions corresponding to
the sequential pulling apart of the superhelical turns. By fit-
ting a multistate model to their data they were able to extract
key folding parameters such as the energy to form a turn and
nucleate the coiled coil, and how these depend upon the se-
quence of the underlying heptad repeat.

Recent theoretical work, using a continuum model for the
� helices, has shown how the superhelical structure arises as
a competition between the energy gained from packing the
hydrophobic residues and the cost of deforming the helices
�10�. In that work they showed that the structure which mini-
mizes the total energy is a superhelix whose twist is the same
as the underlying twist of the hydrophobic strip of each he
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FIG. 1. �Color online� �a� Schematic of a coiled coil consisting
of two � helices that wrap around each other to form a superhelical
structure. We consider cases where the force is applied perpendicu-
lar or along the long axis of the coiled coil. �b� The deformations
associated with the bend and twist normal modes of an � helix
calculated from the spring model given in Eq. �3�.
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lix. In the absence of any energetic cost of deformation, they
predict that it should be possible for a variety of different
structures to form; all satisfying the criterion to pack the
hydrophobic residues together.

To complement the above experimental and theoretical
work, we have developed a coarse-grained atomistic model
to study the formation of coiled coils and their mechanical
properties under an applied load. Previous work explored the
packing of rigid helices to study helix-bundle formation �11�,
and now we allow for the helices to have flexible degrees of
freedom. To model coiled-coil formation we consider a
simple energy function which consists of three contributions:
a contribution from the hydrophobic energy gained by pack-
ing together the hydrophobic residues, an energetic cost for
deforming each � helix, and finally the work done by applied
forces to the coiled coil. In particular it is computationally
efficient, using the collective motions �normal modes� of
each helix �12� to explore the space of possible structures,
analogous to the backbone parameterization used in �13�. For
a range of parameters, this simple model is able to produce
coiled coils as free-energy ground-state structures for se-
quences that have either left-handed or right-handed chiral-
ity. In the absence of any applied force, we examine how
coiled-coil formation depends on the weight of the energetic
cost to deform the helices. We find that there is a transition
from a non-coiled-coil structure to a coiled-coil fold at a
particular deformation cost. Also, simulated coiled coils fit
well to naturally occurring ones over a broad parameter
range. With a fixed set of parameters that can produce coiled-
coil structures, we study the mechanical unfolding properties
as a function of length. We apply a force perpendicular to the
long axis of left-handed coiled coils to reproduce the unzip-
ping results of single-molecule experimental work �6,8,9�.
Our results are able to capture the essential features seen
experimentally, including the effects of sequence mutation.
We also consider applying a load parallel to the axis of right-
handed coiled coils to see when the coiled coil will unwind
as it is pulled along its length �see Fig. 1�b��. For parallel
load, we consider two possible experimental situations where
both helices are being pulled or just one at a time. Most of
the time we see a collective unfolding of the coiled coil
where the unzipping or untwisting of the ends leads rapidly
to the unwinding of the entire coil. In the case of parallel
applied force for the right-handed coiled coils, we also find
that the unfolding force is smaller for shorter coils that pos-
ses less than two superhelical turns in comparison to longer
coiled-coil structures where it becomes roughly length inde-
pendent. We find that the changes in the force required to
unzip the coiled coils is not significant for different lengths.
These predictions should be readily testable experimentally.

This paper is organized as follows: in Sec. II we present
the details of our coarse grained model for the structure of
coiled coils and the energy function used for folding, Sec. III
presents the Monte Carlo �MC� approach that we use in
simulating coiled-coil folding or unfolding, Sec. IV presents
a comparison between left-handed coiled structures gener-
ated from our model and naturally occurring ones. Section V
presents the results of unzipping the left-handed coiled coils,
which has been done with two different approaches of con-
stant speed and constant incremental force. Section VI pre-

sents results of using simulated annealing to find the free-
energy ground-state structures of right-handed coils as a
function of the deformation cost, and finally in Sec. VII we
show the results of unfolding right-handed coiled coils of
various lengths under a parallel applied load using our Monte
Carlo approach.

II. ENERGY FUNCTION FOR COILED COILS

Coiled coils consist of two or more � helices that wrap
around each other to form a superhelical structure. To repre-
sent the structure of each helix we use the C� atoms of the
helical backbone. Each undistorted � helix has 3.6 residues
per turn, with a rise of 1.5 Å / residue and a helix radius,
rh=2.3 Å. The helices making up the coiled coil interact via
the energy function that we now detail.

Instead of considering all of the different interactions that
exist between the various amino acids, we assume that the
residues are either hydrophobic �H� or polar �P� since the
superhelical structure is driven to form primarily by the hy-
drophobic force. Besides the hydrophobic force, there is an
energetic cost associated with deforming each helix. In our
model, these are the two dominant energetic terms which
govern coiled-coil formation. In addition to these two ener-
gies, we consider the application of applied forces that do
work on the coiled coil. Putting these contributions together,
we arrive at the total energy, E, of a coiled coil,

E = EH + wBEB − �
i

F� i · R� i, �1�

where EH is the energy from hydrophobic contacts between
the residues of helices in the structure, EB is the associated
energy due to deformations of the bonds of each helix, de-
scribed by the spring model below, wB is the associated
weight of the bending energy to the overall energy, F� i is an
externally applied force �e.g., an optical trap, and AFM�, and
R� i is the displacement between the first residues of both he-
lices when an external force is applied perpendicular to the
coiled-coil axis or the end-to-end displacement of the ith
helix in the case of applying a parallel load.

To model the hydrophobic energy, EH we use a Lennard-
Jones 6–12 potential given by

EH = �
i�j

NH

�
k,l

��tk
i ,tl

j��� r0

rk,l
i,j �12

− 2� r0

rk,l
i,j �6	 , �2�

where the sum is over all pairs of residues between the NH
helices, with tk

i being the type of the jth residue of the ith
helix, and rk,l

i,j is the distance between the kth and lth residues
of helices i and j. The energy of a given interaction is deter-
mined by ��t1 , t2�, where t=H or t= P, and where we take
��H ,H����H , P����P , P� with ��H ,H��2��H , P� to favor
separation of H and P.

The helices in a coiled coil are distorted from their ideal
straight helical configuration and an energetic cost must be
assigned to these distortions. We use a ball and spring model
to represent the deformation energy of each helix. The pa-
rameters of the model �i.e., spring constants� were deter-
mined by fitting the resulting normal modes to the principal
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deformations of alpha-helices in the protein data bank �12�.
The model contains four springs: nearest neighbor, next- and
next-next-nearest neighbors, and one for hydrogen bonding
between the i and i+4 residues. The energy EB is given by

EB = �
i

�
j

�
l=1

4
1

2
kl�r� j,j+l

i − r�l�2, �3�

where r� j,j+l
i is the vector between the j and j+ l residues of

the ith helix. The parameters for the model are:
k1=100 Å−2, k2=20 Å−2, k3=20 Å−2, and k4=7 Å−2 and
the spring rest lengths are r1=3.8 Å, r2=5.4 Å, r3=5.0 Å,
and r4=6.2 Å.

In the next section we describe how we find the structure
that minimizes the total energy, Eq. �1� using Metropolis
Monte Carlo and a move set centered around the normal
modes of each � helix.

III. GENERATING COILED-COIL STRUCTURES: USING
NORMAL MODE MOVE SET

To study the formation and unfolding properties of coiled
coils using the energy function outlined in Sec. II we use a
MC simulation. Molecular dynamics has been applied to
study the force response of coiled coils �14�, but we have
chosen to use MC, an approach that has been applied to
study other unfolding and protein-protein interaction prob-
lems �15–19�. In any Monte Carlo simulation of protein
structure, an appropriate move set must be chosen such that
the space of possible structures can be fully sampled in a
computationally reasonable amount of time �19�. Since mov-
ing each C� atom individually would lead to inordinately
long folding times, we have chosen to use the normal modes
and the six translational and rotational degrees of freedom of
each helix as a move set. We calculate the normal modes of
an � helix using the spring model defined by Eq. �3� �12�.
Each mode has a corresponding eigenvector, �xi that gives
the unit displacement from the undistorted helix �see, for
example, the bend and twist modes in Fig. 1�b��. Thus the
coordinates of a deformed helix can be written as

x� = R��,�,�� · �x�0 + �
i

ai�xi� + T� , �4�

where x� contains the 3N coordinates of a N-residue helix, x�0
are the coordinates of an undistorted helix, ai is the ampli-
tude of the ith normal mode, R�� ,� ,�� is the rotation matrix
corresponding to the rotation by the Euler angles, �, �, and
�, and T� is a translation of the helix in three-dimensional
�3D�. The 
ai�, 
� ,� ,��, and 
Ti� form the move set used in
the Monte Carlo simulation, with corresponding step sizes
�ai. We adjust �ai continually throughout the simulation to
obtain a 50% acceptance rate for each move. Instead of using
all the normal modes, only a fraction of the entire set are
used—the low-energy collective motions of the residues
making up the helix. Dependence on the results to this mode
cutoff will be discussed below.

Starting from an unfolded state �see Fig. 2�a��, we obtain
the lowest-energy structures of Eq. �1� using simulated an-
nealing. The simulation starts with the Nh helices randomly

oriented in space such that they do not intersect and that their
centers of mass reside within a sphere of radius �10 Å. We
use the following temperature schedule Ti+1=Ti /�. We have
found that using 1.75	T0	2.5 and 1.1	�	1.2 with eight
or more temperature steps are able to constantly produce
coiled-coil structures. We use on the order of 500 000 Monte
Carlo steps at each temperature. For longer helices L�70
residues, we have also found that adding a random kick is
useful at getting the simulation out of local minimum. The
random kick is implemented by adding a kick probability
pkick and a kick amplitude, akick. At a given MC step, if a kick
is successful, then a randomly selected mode’s �ai=akick. Us-
ing a pkick=0.1 and akick=10 is adequate to get the longer
coiled coils out of local energy minimal.

IV. GENERATING NATURALLY OCCURRING
LEFT-HANDED COILED COILS

Most naturally occurring coiled coils are left handed, such
as kinesin and myosin. Left-handed coiled coils form due to

FIG. 2. �Color online� Structure of coiled coils formed from two
50mer � helices. �a� Initial random configuration of two unde-
formed � helices. �b� Final left-handed coiled-coil structure. �c�
Final right-handed coiled-coil structure showing more than one full
wind of the superhelix.
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a heptad repeat that has hyrophobic residues at the first and
the forth positions. To study left-handed helices we have
chosen the sequence repeat of the canonical leucine zipper
GCN4 �20�. Structurally, each �-helical turn contain 3.5 resi-
dues and so each heptad contains two turns. In a leucine
zipper the first and the forth positions of the heptad repeat
are occupied by valine �V� and leucine �L� and every eight
�-helical turns �28 residues�, valine is replaced by asparagine
�N� which is a polar amino acid. Given the leucine zipper
sequence, we used our model to generate left-handed struc-
tures that could be compared to the naturally occurring one.
The energies of interactions between residues were chosen to
be ��H ,H�=3kBT, ��H , P�=0.25kBT, and ��P , P�=0.1kBT.
�Making ��H , P� as large as 1kBT had little effect on the final
coiled-coil structure�. We set the interaction distance be-
tween two residues to be r0=5.2 Å. The parameters for the
deformation energy are as in Sec. III, and it is scaled by wB
that has units of energy. An example of simulated coiled
coils is shown in Fig. 2�b�.

To get better insight into how the weight of deformation
wB changes the resulting coiled-coil structure, we calculated
the root-mean-square �rms� distance between the simulated
structures and the crystal structure for GCN4 from the pro-
tein data bank �20�. Specifically, for each value of wB we
generated ten structures and computed the average rms to the
GCN4 structure �see Fig. 3�. We found that using only 28
normal modes was sufficient to generate reproducible rms
results. Higher modes had negligible amplitudes—this will
cease to be the case when loads are applied to the coiled
coils. As can be seen in Fig. 3 at low wB, the cost of defor-
mation is low resulting in structures with high pitch and
hence a poor rms. At high wB, the cost of deformation is so
high that helices behave as rigid rods, resulting in a poor rms
that plateaus above a certain wB. However, there is a broad
range of wB where the rms is low �below 1.5 Å� showing
that our simple energy model is capable of reproducing the
shape of the naturally occurring leucine zipper.

V. UNZIPPING LEFT-HANDED COILED COILS

Recently, the mechanical properties of leucine zippers
have been studied by unzipping them using single molecule

approaches �6–9�. In particular, the force-extension curves of
leucine zippers of different lengths as well as leucine zippers
with point mutations have been measured �6�. These mea-
surements revealed that the coil would unzip in stages under
constant velocity pulling measurements and that point muta-
tions where the asparagine �N� is substituted with valine �V�
would lead to an overall stabilization of the coil �6�. Using
our model, we simulated the experiments above by unzip-
ping left-handed coils of differing lengths as well as coiled
coils that possess point mutations.

In our simulation, we apply a load perpendicular to the
axis of the coiled coil at the first residues of each helix in the
coiled coil. We consider two different ways of applying the
external force: one is by increasing the distance between the
first residues of the helices using a constant displacement
�i.e., AFM experiment� and the other is by using an incre-
mental force. In both cases there is a spring between the third
last residues of each helix acting as a cysteine bridge, pre-
venting the end of the coil from separating, just as in experi-
ments.

As in the experiment �6�, we choose different lengths of
leucine zipper with 10,18 and 26 �-helical turns referred to
as LZ10, LZ18, and LZ26, respectively �21�. We used 24, 26,
and 28 modes for each length, respectively. For the case of
perpendicular pulling, adding more modes did not change the
results of the unzipping simulations as the amplitudes of
higher-order modes are negligible. We used wB=0.2 and
T=1.0 in all simulations.

For the constant displacement simulation, the separation
between the first two residues is increased gradually by 
d�
and at each separation both helices equilibrate by MC. After
equilibration we calculate the average energy of the structure
and the average force from,


F̄i+1
 =
Ēi+1 − Ēi


d
, �5�

where Ēi is the average energy at step i. The results presented
below are for a choice of 
d=1.0 Å. Changing 
d is
equivalent to pulling at different velocities, the results of
which will be presented elsewhere. At each step the structure
was relaxed for �2�10 000Nmode MC steps that works out
to be �500 000 for the lengths of coils studied and we find
that our unzipping results become insensitive to the number
of MC steps used. A simulation stops when the coiled-coil
fully unzips, marked by EH going to near zero.

In Fig. 4, we show the calculated force-extension curves
for the LZ10, LZ18, and LZ26 sequences. For each length,
ten structures were generated and pulled ten times, and what
is shown is the average force-extension curve from these
runs. We first considered the situation of an “ideal” leucine
zipper sequence where every N that occupies the first posi-
tion of a heptad repeat is replaced by hydrophobic V �Fig.
4�a��. As in the experiment, we see a staged unzipping,
marked by rises and falls in the force as a function of length.
Initially there is an increase in force required to break the
hydrophobic contacts at the end, which then decreases as the
coil becomes more unzipped. The number of stages increases
with length, with the stages of the shorter coils occurring at
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FIG. 3. Root-mean-square �rms� distance between simulated
structures and crystal structure for GCN4 �20� as a function of
deformation weight wB. Shown is the average rms for ten structures
generated at each value of wB. Parameters for the model are given
in the text.
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the same locations in coils of longer length. LZ10 only dis-
plays a single transition, LZ18 has two clear stages, and
LZ26 has three. For the longer helices, the sequence possess
several runs of hydrophobic contacts that produce the transi-
tions seen around 4 and 9 nm. We next consider the effects of
changes in sequence. The wild-type sequences possess Asn
residues in place of Val at certain heptads. We treat N as a
P-type residue, though it is capable of forming hydrogen
bonds which we neglect. Nevertheless, because of its polar
character it is experimentally seen to have a destabilizing
effect on the force-extension curves. As can be seen in Fig.
4�b� the substitution of Asn decreases the initial required
force to unzip the first section of the coil, consistent with
what was seen experimentally �6�. Its presence does not seem
to change the number of stages in the unzipping process.
Experimentally, only one N was changed to V in LZ18, so it
will be interesting to see whether changing all the Ns to Vs
has any effect on the number of unzipping stages.

We now move on to consider unzipping the coiled coils
by applying a constant force perpendicular to the coil at the
first residues of each helix. The force is gradually increased
until the coil completely unzips �see Fig. 5�a��. We define the
transition force as the minimum force required to unzip the
coiled coil. To locate this transition force we calculate the
thermodynamic susceptibility of the hydrophobic energy de-
fined as

�H =
dEH

dF
, �6�

where EH is hydrophobic energy and F is applied force. The
transition force corresponds to the force where �H has its
maximum value �see Fig. 5�b��. There is only a single tran-
sition force, since once this force is met, the entire coil un-
zips since all the forces required to unzip the later stages are
less than the first transition �see Fig. 4�. For the results
presented below, we used a force increment of


F=0.25kBT /Å. The pulling results depend on 
F, with
larger 
F being equivalent to faster pulling rates, and these
results will be presented elsewhere.

In Fig. 6 we show the calculated transition force as a
function of leucine zipper length, from the smallest LZ10 to
the longest LZ26. What is shown is the average transition
force found from by pulling on ten different structures at
each length, ten times. As can be seen the force needed to
unzip coiled-coil structures that have Val substituted for Asn
is higher, consistent with the observation that Val substitu-
tions produce more stable structures �6�. The transition force
is also seen to gradually increase with length for both wild-
type and mutated sequences. This could have been inferred
from the constant displacement results �Fig. 4� as the force of
the first transition is seen to increase with length. This was
also seen experimentally �6�. Hence our model confirms the
experimentally observed increase in stability of longer leu-
cine zippers.

We now move on to consider the mechanical properties of
coiled coils under a parallel load and in particular right-
handed coiled coils that form more superhelical turns per
unit length.
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FIG. 4. Simulated force-extension curves for leucine zippers of
differing lengths, LZ10, LZ18, and LZ26. �a� Results for sequences
where Asn residues at the first position of heptad repeats replaced
by Val. �b� Results for wild-type sequences that contain Asn resi-
dues at the first site of select heptad repeats.

0 5 10 15
Force(pN)

0

200

400

d<
E

H
>

/d
F

0 5 10 15
-200

-150

-100

-50

0

<
E

H
>

(k
B
T

)

(a)

(b)

FIG. 5. �a� Average hydrophobic energy vs applied force for
LZ18. �b� Thermodynamic susceptibility, Eq. �6� for the curve
shown in �a�. The unfolding or transition force is defined to be the
force corresponding to the peak in the susceptibility.

30 40 50 60 70 80 90 100
Length(Number of residues)

4

6

8

10

12

F
tr

an
s(p

N
)

Val - hydro
Asn - polar

FIG. 6. Transition force for leucine zippers as a function of
length. �Solid line� sequences with select Asn replaced with Val �see
text�. �Dashed Line� Wild-type leucine zipper sequences �21�.
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VI. DEPENDENCE OF RIGHT HANDED COILED-COIL
STRUCTURE ON DEFORMATION ENERGY

As mentioned in Sec. IV most naturally occurring coiled
coils are left handed although right-handed coiled coils have
been rationally designed �2�. For coiled coils based on the
heptad repeat sequence, the periodicities of the superhelical
structures are on the order of 80–100 residues for the
completion of one full wind. We have chosen to study helices
patterned with a right-handed hydrophobic strip that has a
periodicity of 32 residues so that several wrappings are pos-
sible for lengths N	100 residues. �Superhelical structures
such as collagen although not built from � helices have mul-
tiple windings over a span of 100 residues�. The sequence
repeat that we chose to use which leads to a right-handed
hydrophobic strip is a tetramer given by HHPP. We set the
parameters as left-handed coiled-coil parameters and for the
deformation energy are as in Sec. III.

Using the above parameters and the simulated annealing
approach outlined in Sec. III, we generated sets of structures
at different values of wB. The resulting average energy of
each set of structures is shown in Fig. 7. For wB�0.1 the
helices are essentially rigid rods and the resulting packs have
higher energy. In this case the deformation energy EB domi-
nates and the stiff helices are not able to satisfy all their
hydrophobic contacts. For long helices with 50 or more resi-
dues and at wB�0.2, helices behave as rigid rods and the
total energy no longer varies as wB increases. For shorter
helices, the energy does not plateau because due to their
short length, they are able to make contacts between the
hydrophobic residues at the both ends of helices. An example
of a coiled-coil structure that is produced from the simulated
annealing simulation is shown in Fig. 2�c�. If wB is made too
small, then the hydrophobic residues cause unphysical com-
pactification of the � helices. Hence in our simulations, we
only ever see coiled-coil structures that adopt the same
chirality as the hydrophobic strip that winds around each
helix. In principle, if wB was able to be made arbitrarily
small, then it should be possible to see multiple structures

emerge that satisfy the packing of the hydrophobic strip, as
predicted in �10�.

As mentioned in Sec. III, we do not use all the 3N normal
modes of a helix of length N. In Fig. 9 we show the ampli-
tudes of the normal modes in the final coiled-coil configura-
tion at zero applied force, for the situation where 90 modes
were used to make the structure. For modes above 30 the
amplitudes are negligible and we find that we do not need to
use them in generating the coiled-coil structures starting
from an unfolded configuration. When the coiled coil is un-
der an applied force, then this restriction is lifted as there are
higher-order modes which do end up contributing to the un-
folding process. This will be discussed in the following sec-
tion.

To get further insight into how differences in the structure
of coiled coils of different lengths affect the total energy, we
compare the normalized bending and hydrophobic energy as
a function of helix length �see Fig. 8� for coils generated
using fixed wB=0.08. For helices with N	50, the resulting
coiled coils have less hydrophobic contact energy per residue
than those which are longer. They also are less deformed
from their ideal helical configuration and so have overall less
deformation energy. Above N=50, the coiled coils form
more than one complete superhelical wrapping and are able
to satisfy more hydrophobic contacts. However, the better
packing corresponds to larger deformations and hence an
overall higher deformation energy than that of shorter heli-
ces. Nevertheless, at larger lengths the contact and deforma-
tion energy become length independent �see Fig. 8� showing
that the resulting superhelical structure is periodic. Thus add-
ing more residues just continues the established periodic
structure.

VII. MECHANICAL UNFOLDING PROPERTIES OF
RIGHT-HANDED COILED COILS

In many biological situations, such as for molecular mo-
tors whose necks consist of a coiled coil, the load is often
exerted parallel to the axis of the coiled coil. In this section
we consider the unfolding properties of the coiled-coil struc-
tures generated in Sec. VI subject to a force applied parallel
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FIG. 7. Dependence of the average hydrophobic energy EH on
the weight of the deformation energy wB for right-handed coiled
coils patterned with HHPP sequence repeat. For a given wB the
average energy was computed using 15 different coiled-coil struc-
tures generated from the simulated annealing approach outlined in
Sec. III.
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to their long axis �see Fig. 1 for a schematic�. We consider
the possibility of applying a force to just one or both of the
helices. We use the Monte Carlo approach of unzipping the
coiled-coil structures as described in Sec. V, except now the
force is applied parallel to the coiled coil.

Under tension, the helices try to keep their hydrophobic
contacts, but when the force is large enough their hydropho-
bic contacts break. As we discussed in Sec. V this force is
called transition force. For most of the unfolding studies, just
as for leucine zippers, we tend to see one large transition
where the entire coiled-coil unfolds; there are smaller
transitions, especially at initially low applied forces
�F	5kBT /Å� when the ends of the coiled coil fray slightly.
The force corresponding to the peak in the thermodynamic
susceptibility �Eq. �6�� we define as the transition force,
Ftrans. The transition force varies with length, and we now
show how it changes depending on whether only one helix or
both are pulled.

Before moving on to discuss the results of the pulling
studies, we again comment on the number of normal modes
used in carrying out the Monte Carlo simulation. When gen-
erating the coiled-coil structures in Sec. VI, we found that
only �30 modes were necessary. Now when there is an ap-
plied load, we find that significantly more modes need to be
included in order to generate consistent results. This is be-
cause there are higher-energy stretch modes which contribute
to the unfolding process. This is shown in Fig. 9, where we
show the mode amplitudes at different applied force. Some
of the modes decrease in amplitude due to the unwinding of
the coil �e.g., several of the modes between 10 and 20�,
whereas a number them increase �e.g., mode 19, 36, and 55�
due to the stretching of the coil. We have found that using
more than 30% of the modes for a given length produces
consistent transition forces �see Fig. 10�. Using lesser modes
causes the transition force to be higher across all lengths and
there was far more variation as a function of length.

We now discuss the results for the case of pulling on just
one of the helices. For small coiled coils with 45 or less
residues. there is no transition force—the coiled coil
smoothly unwinds. For longer lengths the helix on which no
force is applied stretches along with the other, and then at the
transition force, it springs free, returning to its relaxed unde-
formed configuration. In Fig. 11�a�, we plot the transition
force as a function of length. For coiled coils above N=60,
the structure consists of two or more full windings, and we
see an increase in the force needed to unfold the coiled coil.
There is some variation in the force as a function of length,

and we attribute this to the shearing that happens for some
structures since residues on the ends that are being pulled do
not line up perfectly along the long axis of the coil. Thus
there will be periodic changes with length as the end-to-end
vector departs from being parallel to the long axis.

For the case when both helices are being pulled, we ap-
plied an equal force to both. Thus the total load is twice that
of case when one helix was being pulled. Because both he-
lices are being pulled, they tend to stretch in unison, thereby
being able to maintain their hydrophobic contacts. Now for
all studied lengths, N
30, we find that there is a transition
force where the coil unfolds. The transition force as a func-
tion of length for the case where both helices are pulled is
shown in Fig. 11�b�. Similar to that found for the case where
only one of the helices was pulled, we find that smaller coils
unfold at lower forces than longer coils �N�60�. It also
takes about twice the force of that applied to a single helix to
unfold the coil. For lengths greater than 60 residues, the
force required to unfold the coil is essentially length inde-
pendent. Some variation with length is again observed, and
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as before we attribute this to the change in the amount of
shear that occurs as the length of the coil changes.

VIII. DISCUSSION

In summary, we have presented a simple energy model for
coiled-coil formation and a computational approach that al-
lows for the efficient generation of coiled-coil structures. Be-
cause of its simplicity and dependence on relatively few pa-
rameters, it can be adjusted to accommodate a variety of
different coiled-coil structures.

We first used the model to study the folding properties of
leucine zippers. Using just two types of residues, hydropho-
bic, and polar, the model was able to fit the naturally occur-
ring leucine zipper GCN4. We then simulated the unzipping
of leucine zippers of differing lengths and with point muta-
tions. Our model was able to capture all of the essential
results seen experimentally �6� such as staged unfolding
when pulled at constant velocity, increased stability of coils
when Val is substituted for Asn, and the overall increase in
stability with coiled-coil length. The effects of pulling at dif-
ferent velocities can easily be incorporated into the model
and this will be a subject of future research.

With respect to the prediction that it is the deformation
energy that selects for the chirality of the resulting coiled-
coil structure �10�, our work has made some progress at ad-
dressing this prediction using an atomistic model. At a par-
ticular cost for the deformation energy, the model transitions
from generating noncoiled structures as the � helices are too
rigid, to coiled coil structures, where the superhelical twist
matches that of the underlying hydrophobic strip that pat-
terns each helix. However, when the deformation energy was
given a small weight, we were unable to generate structures
whose twist departed from that of the hydrophobic strip with
the resulting structures possessing unphysical distortions. Fu-
ture work will focus on keeping weight on the high-energy
deformations, thus preserving the structural integrity of the �
helices while allowing the energetic cost associated with the
collective motions to be made arbitrarily small. This should
allow us to explore the possibility of generating coiled-coil
structures with chiralities that are different from that of the
hydrophobic strip when there is little or no deformation cost.

Our results from studying the mechanical unfolding prop-
erties of right-handed coiled coils suggest several interesting
predictions. First, when pulled along the long axis, we con-

sistently find that in nearly all unfolding simulations, the
coiled coils unfold in one large transition. We also found that
coils that possess less than two full superhelical wrappings
unfold at lower force than those that possess more. Addition-
ally, pulling on both helices simultaneously will require a
higher force to unfold the coil than the situation when only
one helix is pulled. Current experiments have applied forces
perpendicular to the long axis of the coil, but we expect that
it should be relatively straightforward to pull along the long
axis as has been done for other coiled-coil structures such as
fibrin �22�. Thus these predictions should be readily tested. It
will be interesting to see whether the coil unwinds before the
hydrogen bonds that form the secondary structure of the �
helices break as these energies are of similar magnitude. In
our model we have separated these effects considering only
the unwinding due to the breaking of the hydrophobic con-
tacts. Adjusting the spring model to allow for the breaking of
bonds is a topic for future work.

Because of the chiral nature of coiled-coil structure, using
experimental approaches such as magnetic tweezers that al-
low for the application of torque will be of interest. Magnetic
tweezers have been used to apply torque to study the wind-
ing of DNA �23,24�, and they could be applied to coiled coils
to study both the uncoiling and supercoiling of the superhe-
lical structure. Incorporating torque is relatively straightfor-
ward in our model and will be explored in future work.

Lastly, naturally occurring coiled coils possess sequence
disorder, namely, there are positions along the sequence that
differ from the repeating heptad unit. Prior work has made
progress on identifying how substitutions affect the stability
of the resulting fold in specific situations. Using our model it
should be possible to quantify how the distribution of disor-
der affects the stability and kinetics of coiled-coil formation.
Preliminary results suggest that strategically placed sequence
disorder can drastically speed up the kinetics of folding, al-
lowing the coiled coil to escape otherwise low-lying ener-
getic traps. It will be interesting to see if naturally occurring
coiled coils exploit sequence disorder to alter the kinetics,
besides just affecting stability.
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