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Thermal fluctuations assist mechanical signal propagation in coiled-coil proteins
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Recently, it has been shown that the long coiled-coil membrane tether protein early endosome antigen 1
(EEA1) switches from a rigid to a flexible conformation upon binding of a signaling protein to its free end.
This flexibility switch represents a motorlike activity, allowing EEA1 to generate a force that moves vesicles
closer to the membrane they will fuse with. It was hypothesized that the binding-induced signal could propagate
along the coiled coil and lead to conformational changes through the localized domains of the protein chain that
deviate from a perfect coiled-coil structure. To elucidate, if upon binding of a single protein the corresponding
mechanical signal could propagate through the whole 200-nm-long chain, we propose a simplified description
of the coiled coil as a one-dimensional Frenkel-Kontorova chain. Using numerical simulations, we find that an
initial perturbation of the chain can propagate along its whole length in the presence of thermal fluctuations.
This may enable the change of the configuration of the entire molecule and thereby affect its stiffness. Our work
sheds light on intramolecular communication and force generation in long coiled-coil proteins.

DOI: 10.1103/PhysRevE.104.054403

I. INTRODUCTION

Coiled-coils (CCs) are structural protein motifs composed
of two or more intertwined α-helices. They play essential
roles in multiple cellular processes, including gene regulation,
muscle contraction, and cell signaling [1]. Early endosome
antigen 1 (EEA1) is an extended fibrous protein with a large
dimeric-CC domain that guides vesicles coated with the small
GTPase Rab5 to early endosomes [2] [see Fig. 1(a)]. It has
recently been shown that unbound EEA1 is rather stiff and be-
comes more flexible when active Rab5 selectively binds to its
N-terminus [3] as measured by the almost fourfold decrease
of the effective persistence length. The entropic force of the
flexible chain brings the tethered vesicle closer to the endo-
some membrane to facilitate the downstream vesicle fusion.
Next, guanosine triphosphate (GTP) hydrolysis breaks the
interaction between EEA1 and Rab5, suggesting reversibility
of this process. Similar behavior has been observed for other
long CC tethering proteins, such as the golgin family [4–7],
as well as in motor proteins. In dynein, for instance, the stalk
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consists of a 15-nm-long dimeric CC that strongly changes its
flexibility upon binding of adenosine triphosphate (ATP) [8].
Additionally, it has been shown that the dimeric CC in the
Streptococcus M1 protein switches between two conforma-
tions due to destabilizing residues [9]. These observations
show that CCs are not simply elastic rods playing a structural
role inside cells, but are also functional allosteric molecules
that can switch between diverse conformations and are con-
trolled by ligands.

Structurally, the center part of EEA1 folds as a long canon-
ical homodimeric CC of approximately 200 nm (1275 amino
acids) on almost its total length [10] with a nearly straight
conformation. The sequence of α-helices forming ideal left-
handed CCs shows a periodic structural motif of hpphppp
known as the heptad repeat, where h and p are the hy-
drophobic and polar residues, respectively [11]. In an aqueous
environment, the CC fold is formed by the assembly of α-
helices driven mainly by hydrophobic interactions established
between the h residues of different strands. The regularity
in the α-helix amino acid sequence of EEA1 is interrupted
by short irregular regions distributed along the structure,
which we will call discontinuities, where the amino acid
sequences deviate from the heptad repeat periodicity. These
irregularities yield short domains which have a lower proba-
bility of assembling as a coiled-coil structure [see Fig. 1(b)].
While the nature of the fold in these regions is not known,
the recent findings have related the flexibility change with
the presence of such discontinuities; the mutant EEA1 that
lacks these regions does not show the stiffness switch [3].
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FIG. 1. Modeling hydrophobic interactions between strands in
a canonical coiled-coil structure. (a) Sketch of the EEA1 structure.
(b) Coiled-coil fold prediction for EEA1 in humans [16]. (c) Register
shift between the α-helices of the EEA1 after Rab5 binding at the
N-terminus. (d) Sketch of the application of the Frenkel-Kontorova
model to map the hydrophobic contacts stabilizing the two α-helical
strands forming a homodimeric canonical coiled-coil protein. (e)
Frenkel-Kontorova model represented by a chain of beads connected
by harmonic springs in the periodic potential. EB and l0 are the
strength and the period of the hydrophobic interaction potential,
respectively, where l0 is also the half turn separating two hydrophobic
residues and the equilibrium length of the harmonic spring (with the
spring constant k) connecting two beads.

Therefore, we hypothesize that the ideal CC-fold regions
could be involved in the energy transmission of the Rab5-
EEA1 interaction through the whole structure whereas the
discontinuities could be responsible for inducing the confor-
mational change. We propose that binding of Rab5 introduces
a mechanical perturbation in the form of a relative shift of
two α-helices with respect to each other. When this shift
happens within the CC-fold domain, it has no effect on the
protein conformation. However, when the shift happens in
the irregular domain, it effectively makes the region of the
nonideal fold larger [see Fig. 1(c)]. We hypothesize that in
an unperturbed state the discontinuity region still allows the
protein to keep its stability in the highly persistent conforma-
tion [Fig. 1(c), left panel]. However, when the discontinuity

expands due to the shift and invades into the flanking ideal
fold domains [Fig. 1(c), right panel] it could lead to the
instability in the polymer conformation within these regions.
To ensure energy transmission, the ideal CC regions in EEA1
must have a structure capable of propagating the perturbation
with a sufficient signal amplitude to the discontinuity regions
without destroying the dimeric-CC fold. At the same time, the
perturbation should be able to travel through the discontinuity
itself so that the shift could affect multiple discontinuities
along the polymer contour to change its global conformation.

Different model approaches have addressed the unusual
elastic properties of allosteric CCs. Flexibility differences
in a dimeric-CC structure have been observed in a model
composed by two flexible intertwined rods representing the
α-helices’ backbones. In this description, both bending and
twisting vibrational modes are necessary to introduce changes
in the global free energy of the CC upon ligand binding
that are sufficiently large to be compatible with a flexibility
allosteric transition [12]. However, in the EEA1 transition,
the change in elasticity is not homogeneous but localized in
rather short discontinuities of the CC pattern [3]. A reminis-
cent behavior to that in the EEA1 has been suggested for
single α-helices when affected by stresses along or perpen-
dicular to the long axis of the peptide. Above a certain force
threshold, helical polymers such as α-helices bend at specific
points along its length, which soften the structure overall, al-
though the flexibility distribution along the molecule is rather
heterogeneous [13,14]. Relatedly, the structural response of
CC to applied forces, including the amplification of small
perturbations, has been also observed in molecular dynamics
simulations in a mechanoelastic canonical CC model [15].
These studies suggest possible underlying mechanisms of the
flexibility switch in CC structures upon application of force,
e.g., due to a ligand binding, assuming that the perturbation
at one end has propagated through the whole CC and a new
equilibrium state is immediately established. In contrast to
the above work, the main question addressed here is the study
of the intramolecular propagation dynamics of a perturbation
starting at one end of the CC through the protein’s whole
structure within the biologically relevant time [3].

To investigate the feasibility of such an energy trans-
mission mechanism from the physical point of view, we
applied an overdamped one-dimensional Frenkel-Kontorova
(FK) model [18] to a range of problems of signal transduction.
We analyzed the dynamics of dislocations in FK chains for
the length scales and timescales characteristic of the EEA1
protein, and we find that thermal fluctuations are necessary for
the signal to propagate through the whole structure. Moreover,
we provide the range of parameters when such signal propa-
gation is feasible within the experimentally measured time.
Finally, based on our results, we briefly discuss how a small
perturbation can trigger the change of the global properties of
EEA1.

II. THE FRENKEL-KONTOROVA MODEL APPLIED
TO COILED-COIL STRUCTURES

The hydrophobic interactions between strands in an ideal
CC fold can be described in terms of a one-dimensional FK
chain [18] [see Figs. 1(d) and 1(e)]. The original FK model
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was introduced in the late 1930’s to describe defect dynamics
in solids. In the context of biological systems, it has been used
to model phenomena such as friction [19,20], protein fold-
ing [21], chromatin dynamics [22], and DNA breathing [23].

When applied to CCs, this model is coarse grained to
the hydrophobic residue level, where each heptad repeat is
described by two beads connected by a spring. The periodic
potential with amplitude EB and period l0 characterizes the
strength of the hydrophobic interaction between residues of
opposite strands. Since the two α-helices forming the dimeric
CC in EEA1 have an identical amino acid sequence and align
in parallel [10], the effect of the hydrophobic interactions in
the FK chain was chosen to be commensurate where the equi-
librium length of the springs l0 coincides with the potential
period. We note that for the wild-type EEA1 CC with dis-
continuities, the hydrophobic interactions will not be perfectly
periodic. The elastic constant k of the spring connecting two
neighboring beads is related to the contributions from both the
rigidity at small stretches and the hydrogen bonds established
between the third and fourth nearest neighbors in α-helices
(half heptad repeat).

We introduce the Rab5-EEA1 interaction as a register shift,
i.e., a relative sliding of half a heptad repeat in one α-helix
with respect to the other. This mechanism could introduce
long-distance communication along the CC fold at a low
energetic cost, since it does not involve the exposure of hy-
drophobic residues to the aqueous environment [see Fig. 1(c)].
Register shifts have been suggested as a mechanism respon-
sible for the allosteric communication along the homodimeric
CC forming the stalk of dynein [24,25], and is also involved
in signal transmission along transmembrane proteins [26].
Below, we first show that thermal fluctuations are necessary
to ensure the propagation of an initial perturbation on one
extreme through the whole length of the chain. Then, we study
the chain parameters which allow for the signal transmission
and relate these results to the EEA1 protein. We conclude by
discussing how the presence of a discontinuity might affect
the signal propagation.

We have modeled the canonical coiled-coil regions in
EEA1 by means of an overdamped FK chain. The equation
of motion for the ith bead in terms of Langevin dynamics is

γ
dxi(t )

dt
= −∂Ui(t )

∂xi
+ ξi(t ), (1)

where xi(t ) is the position of the bead, γ is the friction
introduced by both the medium and the interaction be-
tween opposite strands, and ξi(t ) is a Gaussian white noise
describing thermal fluctuations, satisfying 〈ξi(t )〉 = 0 and
〈ξi(t )ξ j (t ′)〉 = 2γ kBT δ(t − t ′)δi, j . The potential energy Ui(t )
is given by

Ui(t ) = −EB

2
cos

(
2πxi

l0

)

+ k

2
[(xi+1 − xi − l0)2 + (xi−1 − xi − l0)2]. (2)

The initial perturbation from Rab5 binding is introduced
by generating a compression (kink) of length l0 between
the leftmost pair of beads of the FK chain and keeping the
position of the first bead fixed. This leads to an excess of

the elastic energy due to the register shift. We then analyzed
the dynamics of the potential energy distribution per bead
on the FK chain Ui(t ). The signal propagation analysis was
performed by averaging single kink trajectories for kinks
introduced in one of the extremes and in the center of the
chain. The signals were postprocessed using the Savitzky-
Golay filter [27]. We then analyzed the propagation front xfr

[see Fig. 2(c)], defined as the length at which the filtered signal
amplitude reaches the threshold energy, which is the mean en-
ergy of the beads introduced solely by temperature in a resting
chain.

III. CHARACTERIZATION OF THE SIGNAL
TRANSMISSION

The energy transport along the FK chain is a result of two
processes: the relaxation of the contraction and a diffusive
propagation of the kink due to thermal effects.

In the absence of thermal fluctuations, or at low temper-
ature, the contraction applied to the extreme affects only a
limited region of the chain with a characteristic size λ =
l2
0

√
k/EB [18,19], known as the kink width, and does not

propagate further [see Fig. 2(a)]. The chain rapidly reaches
a new equilibrium configuration, where the elastic energy ac-
cumulated by the register shift δU = kl2

0 /2 is either dissipated
or redistributed along the few monomers of the chain.

Importantly, at intermediate temperatures (Ui � kBT ),
thermal fluctuations assist the chain monomers in crossing the
potential barrier enabling further propagation of the energy. A
single kink diffuses while maintaining a constant kink width.
The relaxation of the kink due to the elastic and viscous forces
occurs much faster than the characteristic time of the stochas-
tic kink hopping over the potential barriers. As a result, these
two phenomena can be decoupled [28] leading to diffusion-
dominated transport of energy at large timescales. Too high
temperatures (Ui < kBT ) would melt the coiled-coil structure
by spontaneously generating kink-antikink pairs along the
chain and thus also abrogate the transport.

The kink jumps are more frequent as the bond energy
EB (potential barrier) decreases, so the overall diffusive sig-
nal propagation is faster for decreasing EB. Furthermore, the
propagation is enhanced in stiffer chains, i.e., by increas-
ing the elastic constant k, since the energy introduced in
the initial perturbation is greater [see Fig. 2(c)]. This phe-
nomenon is reminiscent of the motion of a Brownian particle
or a polymer in a tilted washboard potential [29]. The reg-
ister shift in our model plays a similar role of tilting the
potential.

The potential energy distribution at chain positions away
from the boundary x > λ shows a diffusive evolution at large
times [see Fig. 2(b)]. We consider the time evolution of the
energy peak at xpk at t = 0 with the reflecting boundary at
x = 0. We obtain the corresponding solution of the diffusive
equation using the method of image,

P(x � 0, t ) = A0√
4πDt

{
exp

[−(x − xpk)2

4Dt

]

+ exp

[−(x + xpk)2

4Dt

]}
, (3)
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FIG. 2. Signal propagation analysis. (a) Evolution of the potential energy distribution profile along a Frenkel-Kontorova chain in the
absence of thermal fluctuations with EB = 1kBT and k = 100kBT nm−2. The initial contraction relaxes and does not propagate. (b) Potential
energy distribution profile averaged over 5000 trajectories for identical chains affected by thermal fluctuations, normalized by the average
energy per bead in a chain without perturbations, 〈Ui,0〉. In this case, the compression is active and propagates diffusively. The averaged signal
has been filtered by applying the Savitzky-Golay algorithm with a window size of 51 data points [27] (black). The fit curve (red) corresponds
to the solution to the diffusion equation with a reflecting boundary at x = 0 with the diffusion constant D extracted from the fit. (c) Dynamics
of the position of the potential energy front x f r for different EB and k pairs, indicated in brackets. The front position xfr is the position where the
filtered signal reaches the threshold. The units of EB and k are kBT and kBT nm−2, in all plots, respectively, where T is the room temperature.

where A0 is the normalization constant. By using this for-
mula [red line in Fig. 2(b)], we extract the diffusion constant
D of the kink. In our situation, xpk is expected to be
very close to the reflecting boundary, at the distance of
the order of the kink width. For simplicity, we do not
specify this value and just use it as an additional fitting
parameter.

IV. RELATION TO THE CASE OF THE EEA1
COILED-COIL PROTEIN

The parameter set used to reproduce the physiological
conditions at which CC proteins are functional is listed in
Table I. The equilibrium distance between two beads corre-
sponds to the length of a turn in canonical CCs, l0, which
has an approximate value of 0.5 nm [30,31]. The range of
the elastic constant k corresponds to the stretching of coiled-
coil regions of myosin in the limit of small pulling forces,
where the elasticity is entropic, until the first hydrogen bond
in the α-helix (half heptad repeat) is broken at roughly k0 =
65kBT nm−2 [32], where T = 300 K is the room temperature,
which is consistent with the maximum longitudinal bending
stiffness of the tropomyosin coiled-coil used in Ref. [15].

TABLE I. Choice of biologically relevant parameters for the
Frenkel-Kontorova model applied to describe ideal coiled-coil
structures.

Parameter Range Reference

Turn length L, l0 0.5 nm [30,31]
Chain length N 400 beads [38]
Hydrophobic int. EB < 4kBT [35]
Elastic constant k 1–65kBT nm−2 [15,32,33]
Dyn. water viscosity ηw 0.85 pN ns nm−2 [34]
Activation energy EA < 20kBT [39]

For short peptide chains, the elastic constant k is reduced to
values around 40kBT nm−2 [33]. The friction coefficient γ is
estimated using the Stokes law γ = 6πηR with the dynamic
viscosity of water at 300 K, ηw = 0.85 pN ns nm−2 [34],
and assuming the amino acid radius R to be of the order of
l0/2. We estimate a maximum strength of the hydrophobic
interactions of 4kBT , that corresponds to the hydration po-
tential of isoleucine [35], although accurate measurements of
the solvation free energies of biomolecules are difficult to
access experimentally [36,37]. Since the CC structure is not
melting, but sliding, this value for EB might be overestimating
the hydrophobic interaction established between the residues
of opposite strands. Similarly, the energy required for trans-
ferring buried residues from the interior to the protein surface
is much lower than its full solvation [35]. Since the Rab5-
EEA1 interaction and the consequent signal propagation occur
without GTP hydrolysis [3], an upper limit for the activation
energy EA is 20kBT .

The ranges of k and EB that would allow the signal to
propagate until the opposite end of the EEA1 protein are
shown in Fig. 3. The diffusion constant D has been obtained
by fitting the solution to diffusion equation (Gaussian dis-
tribution) in an unbounded domain to the average of 2000
kink trajectories generated at the center of the chain. The
diffusion constant D for kinks introduced both at the cen-
ter and at the extreme of the chain are equivalent in the
long-time limit. We note that for the case of a single par-
ticle in a periodic potential, we may estimate the diffusion
constant by using the Kramers’ argument. Indeed, it gives a
qualitatively similar trend to the simulation data of the FK
chain (data not shown). However, the quantitative behavior
is radically different because neighboring monomers in the
FK chain tend to move simultaneously due to mechanical
coupling.

The sum of the energy contributions required to overcome
the potential barrier EB, and to compress the first monomer
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FIG. 3. Diffusion coefficient of a kink generated in the center
of a Frenkel-Kontorova chain for different chain stiffness k and
bond energy EB, each extracted from the energy average of 2000
kink trajectories, normalized by the minimum diffusion constant re-
quired to transmit the signal, D0, the maximum chain stiffness, k0 =
65kBT nm−2, and the maximum activation energy, EA = 20kBT . The
upper limit (magenta) corresponds to the limit where the activation
energy cannot overcome the first potential barrier. The orange line
limits the cases where the diffusion constant is D0. Hydrophobic
bond energy differences EB below 1kBT (EB/EA = 0.05) lead to
unstable chains (white). Finally, the maximum energy released be-
tween a pair of hydrophobic residues EB is approximately 4kBT
(EB/EA = 0.2) [35] (light green).

to a length l0, must not surpass the energy released by the
hydrolysis of a GTP molecule (≈20kBT ),

1
2 kl2

0 + EB � 20kBT . (4)

This provides an upper limit for the values of the elastic
constant k and the bond energy EB (shown in orange). The
time required to complete a full EEA1-Rab5 cycle is around
tc = 0.1 s [3]. This delimits the minimum required signal
speed according to tc � 〈N2〉/2D, where N is the length of the
chain. From the results shown in Fig. 3 and the physiological
parameters in Table I, we predict the ranges for the hydropho-
bic interaction energy EB ∈ (1.0, 4.0)kBT and an elasticity
range of k ∈ [10, 150]kBT nm−2 to k ∈ [10, 125]kBT nm−2

depending on EB, allowing for signal propagation in EEA1 at
physiological conditions. Hydrophobic contacts EB with less
than 1kBT lead to unstable chains due to the spontaneous gen-
eration of kink-antikink pairs already observed in the results
(white dotted line).

V. CONCLUSIONS

How a local interaction affects the global property of a
molecule is an important question in physical and biolog-
ical systems. Recent experiments on the membrane tether
EEA1 have shown that binding of the small GTPase Rab5
to the N-terminus of EEA1 significantly reduces the bending
stiffness of this long coiled-coil protein. To elucidate this
phenomenon, we proposed a simplified description of the CC
as a finite-length FK chain, modeling ligand binding as a
register shift. Using numerical simulations, we found that the
signal can reach the other end of the chain only in the presence
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FIG. 4. (a) Sketch of the discontinuity model. (b) Potential en-
ergy distribution profile at t = 1 μs averaged over 5000 trajectories
for chains with EB = 1kBT and k = 100kBT nm−2 affected by ther-
mal fluctuations, which include a discontinuity (light gray line)
affecting the region highlighted in light red, normalized by the av-
erage energy per bead in a chain without perturbations, 〈Ui,0〉. This
distribution is compared with that of a chain with the same k, EB

properties which does not have a discontinuity (black line), discussed
in Fig. 2(b). Both filtered signals have been obtained by applying the
Savitzky-Golay algorithm with a window size of 51 data points [27]
on the original signal averages. The fit curves (dashed lines, red and
blue for the no-discontinuity and discontinuity cases, respectively)
correspond to the solution to the diffusion equation with a reflecting
boundary at x = 0 with the indicated diffusion constant D values
extracted from the fit.

of thermal fluctuations. Importantly, we determine the range
of parameters that enable the intramolecular communication
within the experimentally estimated time; those can be used to
predict the elastic parameters and the hydrophobic interaction
strength of the EEA1 CC.

It is worth noting that due to the simplicity of the model, we
neglect a few features of the original system. First, while the
CCs are three-dimensional (3D) objects, we have treated them
as being effectively one dimensional. Since the ratio of length
and diameter of EEA1 is ∼100, all the vibrational motions
along the radial (transverse) direction are much faster than
along the protein contour. We can thus assume that all the
radial motions are averaged out as the signal propagation is
a much slower process. With this simplification, however, the
bending stiffness of the CC is not explicitly taken into account.
Therefore, the question of how bending stiffness changes re-
mains an open problem. Instead, the main focus of our study
is on how the signal propagates along the long CC chain.

Second, while we considered a signal propagation through
an ideal CC, a natural question arises whether the disconti-
nuities themselves could hinder the signal propagation. Thus
we also tested whether signal propagation is still possible in
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the presence of a “discontinuity.” Since the precise molecular
nature of the discontinuity is not known, we model it in a
relatively simplistic manner: by a single potential period of
half depth of the normal case. The physical reason is that
while the hydrophobic interaction weakens at a discontinuity,
the electrostatic interaction still exists. Similarly, this size
of the discontinuity domain in the FK model roughly corre-
sponds to the size of a discontinuity from CC-fold data [see
Fig. 1(b)]. In this setting, we find that signal propagation is
only modestly hindered (see Fig. 4). We therefore suggest that
while the discontinuity does not affect the signal propagation
along the chain, it can promote the conformation change. As
illustrated in Fig. 1(c), the register shift increases the size of
the nonideal fold. This can lead to the conformation change at
many discontinuities along the protein contour decreasing its
local bending stiffness and globally decrease protein persis-
tence length. Our results also indicate that the EEA1 is in the
vicinity of the critical point between stable (stiff) and unstable
(flexible) states where the ligand binding can trigger flexibility
transition but only in the presence of thermal fluctuations.
This phenomenon is another illustration of the common dual
role of thermal fluctuations in biological systems [40]: While
too large thermal fluctuations can make the system unstable,

too small thermal fluctuations cannot lead to the flexibility
transition. In other words, thermal fluctuations are not “harm-
ful” to the CC, but, in this case, essential for its biological
function.

Lastly, we note that while the conformation changes of rel-
atively short CCs (≈ 10 nm) have been investigated in many
experimental studies, there are only a few studies for longer
CCs. To further investigate the signal transduction mechanism
in the EEA1, we propose to chemically cross-link the two
α-helices at different sites [41], for example, at the seven dis-
tinct cysteine residues located within the predicted coiled-coil
region. The cross-linking would prevent signal propagation,
and hence the flexibility transition would not occur. In this
way, one could test the idea of thermal noise-induced signal
propagation along EEA1 CC and thus would be an important
step for experimental verification of the theoretical predictions
of this work.
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