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We report an entropic pulling force that commonly occurs in systems with
molecular or macroscopic binding. A particle binding to an object produces an
entropic pulling force on the object because the bound particle tends to
escape from this object to gain more entropy. This entropic pulling effect leads
to an entropic force of ~ kzT/l,, where kg is the Boltzmann constant, T is
temperature, and [, is the binding length. We validate this entropic pulling
effect through simulations and experiments. In macroscopic experiments, a
particle bound to a bead-chain on a vibration platform, where mechanical
vibration mimics thermal noise, produces an entropic force. In single-molecule
magnetic-tweezers experiments, multivalent ions binding to DNA exert an
entropic force to enlarge the DNA’s diameter, detected through precise
measurement of DNA twist change and twist-diameter coupling. The reported
entropic force has biological and technological implications. Cells may utilize
this entropic force to disassemble protein aggregates in neurodegenerative

diseases, while engineered molecular machines could harness it to exert

controlled force.

Forces in molecular systems can arise from various mechanisms,
including not only van der Waals interactions, electrostatic interac-
tions, and hydrogen bonds but also entropic forces'”. Entropic forces
are more prevalent than often assumed. A classic example is the
pressure of an ideal gas, which arises purely from entropic effects: gas
molecules expand to maximize their accessible volume, thereby
increasing entropy. This mechanism directly yields the pressure
equation: p ~ nT, where n is the molecular number density, and T is
temperature. Another illustrative example is the entropic force of a
DNA chain. A free DNA chain naturally adopts a random coil con-
formation to maximize its conformational entropy, just like other
polymers®. Stretching the DNA chain requires overcoming an entropic
force, because a stretched DNA has less conformational entropy.
Based on this entropic mechanism, the force-extension equation can
be derived, such as the Marko-Siggia formula’, which has been
experimentally validated through single-molecule techniques such as
magnetic and optical tweezers’"°.

In this work, we report a universal entropic pulling force arising
from binding. We demonstrate its existence through theoretical ana-
lysis, validate it using simulations as well as macroscopic and mole-
cular experiments, and discuss its biological significance.

Results

Entropic force in a diatomic molecule

To illustrate the concept of entropic force, we begin with a simple
example: how entropy influences the bond length of a diatomic
molecule (Fig. 1a). Consider a bond governed by a harmonic potential:
E/kpT =k (r — 1,,)2/2, where kg, is the spring constant. The bond
length r=1[, corresponds to the minimum energy. However, the
most probable bond length r* deviates from [, due to entropic
effects. The bond length follows the Boltzmann distribution:
P(r) ~ exp(—E /kgT) x 4mr?, where 4mr? considers the entropic con-
tribution of the configuration space. It means that with the first atom at
the origin, the possible positions of the second atom lie within a
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Fig. 1| Entropic pulling effects in many systems. a Bond-length distribution for a
harmonic bond. The peak location, [, + Al, is larger than the spring equilibrium
length, {,. b Entropic force and Al. ¢ Simulation snapshot of a membrane with a
bound particle. d The average z-position of different beads on the membrane. The
peak is located at the anchor. e Entropic force and deformation at the anchor.

f Snapshot of a chain with particle binding in a 2D simulation. g Average chain

—_——— &
===
AY

\ (m)

g2 Q

1 = = CG simulation = 4

[y —Eq. (4) L4 —Ea. )

! [}

1 ©

1 L

1 L2

Q

! 3

1 2

1 w

1

conformation shows a hump at the anchor for [, =8o. h Entropic pulling force at
the anchor. i Simulation snapshot of a rod with particle binding. j Entropic force
and deformation at the anchor. k Deformations of different beads on the rod. For
better viewing, the deformations on a rod are transformed to the deformations on a
flat surface. The peak is located at the anchor. I, m Entropic force at the anchor
when a harmonic or Coulomb potential is applied for the binding at the anchor.

spherical shell of volume 4mr?dr, when the bond length is within
[r, r +dr]. Maximizing In P(r) by solving 0InP/0r=0 yields the most

probable bond length r*=1,/2+/[; /4+2/kg,. This result implies an

entropic bond stretch: Al =y /l§/4+2/kSpr —1,/2. For the case where
I /4>2/kgy,, the equation simplifies to Al ~ 2/(l k). The resulting

restoring force, arising from the entropic displacement, is:

fentropy = ksprAI kBT ~ 2kB T/[b‘ (1)

This force pulls the atoms together and originates purely from
entropic effects—hence the term entropic force.

Entropic pulling effect on a membrane
Next, we examine the entropic pulling force generated by a particle
bound to a membrane (Fig. 1c). The bound particle tends to move away
from the membrane to maximize its configurational entropy, produ-
cing an effective entropic force that lifts the membrane. To validate
this effect, we performed Langevin dynamics simulations using the
LAMMPS package", modeling the membrane as a 9 x 9 square mesh of
beads with the 32 peripheral beads fixed at z=0. The membrane’s
elasticity, characterized by a modulus k., = 50k; T /02 (where g is the
bead diameter, our unit length), was calibrated by applying a vertical
force f,; to the central bead and measuring its displacement Az,
yielding K em = fpui/Az. A bound particle was attached to the central
anchor point via a harmonic potential £ /kyT = kg, (r — Ib)2/2, where r
is the particle-anchor distance. The bound particle also interacted with
membrane beads via a purely repulsive Lennard-Jones potential, i.e.,
the WCA potential®.

Simulations revealed that the bound particle induces an upward
displacement of the anchor point (Fig. 1d), consistent with entropic

pulling, alongside a localized downward force on nearby beads. This
dual effect arises from thermal motion: as the particle drifts away to
maximize entropy, it pulls the anchor upward, while collisions with
neighboring beads transfer downward momentum to them. The net
force on the membrane remains zero, but the spatial force distribution
deforms the membrane. We quantified the entropic pulling force as
Sentropy =KmemAz, finding it insensitive to kg, but inversely propor-
tional to ;. A fit to the data yields:

spr

fentropy = Zameka 7-/lbwn:hamem =0.45 (2)

The prefactor a e, = 0.45 is determined by the fit of the theore-
tical equation to simulation data. In the following parts of this manu-
script, we have several a values, which are the prefactors determined
by the fit of the theoretical equation to simulation or experimental
data. One likely reason why a,,., <1 is that the push-down effect near
the anchor partially offsets the pull-up force.

Entropic pulling effect on a chain
We now consider the entropic pulling effect for a particle bound to a
chain. To be consistent with the macroscopic experiments presented
below, we conducted Langevin dynamics simulations of a chain and a
bound particle in two dimensions (Fig. 1f). Our simulations show that
the bound particle pulls up the anchor point and pushes down nearby
beads (Fig. 1g). Figure 1h shows the fit to the entropic pulling force in
the simulations:
fentropy = Achainkp T /[ With &cpyin =0.7 3
The prefactor a i, = 0.7 is determined by the fit of the theoretical
equation to simulation data. Note that when switching from three
dimensions to two dimensions, the configuration space of the bound
particle changes from 4mr? to 2nr. Consequently, the coefficient 2 in
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Fig. 2 | Entropic pulling on a macroscopic chain. a A chain was placed on a
vibrating table and monitored by a camera on top. b Experimental snapshot of the
chain. A particle was bound to the chain via a spring, and it can hit the chain during
vibration. The positions of chain beads were recognized by OpenCV. ¢ Average
chain conformation with a bound particle shows a distinct hump at the anchor. The
sidechain length is [, =4 cm. d Comparison of average main-chain conformations
with upside binding (y > 0) and downside binding (y < 0). e Comparison of average
main-chain conformations with three sidechain lengths: {,=3,4 and 5 cm. The

anchor

sidechains are always upward. The solid line is from our simulation. f Time evolu-
tion of the anchor position in the y-direction. g Distributions of the anchor and
reference-bead positions: Q(Y y,chor) and Q(Y ¢¢). The binding is upside. The refer-
ence beads are labeled in (b) and located 5 beads away from the anchor point. The
bottom panel shows the corresponding potential-of-mean-force (PMF). h The dif-
ferences in PMFs between the anchor point and reference beads for [, =3, 4and5
cm. The dash lines are linear fits.

Egs. (1) and (2) reduce to 1 in Eq. (3). The fitting coefficient a p,,
accounts for approximations in the theoretical derivation.

Entropic pulling effect on a rod
Next, we consider the entropic pulling effect on a rod to understand
our DNA experiments presented below. We performed Langevin
dynamics simulations of a rod consisting of six layers of beads (Fig. 1i).
We set the bond stiffness and angle stiffness among beads such that
the rod diameter has an elasticity of k,,q =fp/AD=233 kg T /0. The
elasticity was determined by manually applying a force f, and mea-
suring the increase in rod diameter at the anchor point, AD. Then, we
attached a particle to a rod bead (anchor point) using a spring with the
spring constant kg, and spring length /,. Figure 1k shows the bound
particle induces an entropic pull-up at the anchor point and an
entropic push-down in the adjacent region, similar to the membrane
case. To clearly view the pull-up and push-down, Fig. 1k transforms the
deformation on a rod surface to the deformation on a flat surface.

Based on AD at the anchor point induced by the bound particle,
we calculated the entropic pulling force, fengopy =KroqAD. Figure 1l
shows the entropic force increases for a shorter [, as expected. The fit
to the simulation results in Fig. 1l yields:

fentropy = 2arodkB T/IbWith QArod = 0.35. (4)

The prefactor a,,q =0.35 is determined by the fit of theoretical

equation to simulation data. It is interesting to point out that for a rod

with particles binding inside the rod, we predict the entropic pulling
effect reduces the rod diameter, which was validated by our CG
simulations (see SI Sec 1).

To further mimic our experiments of DNA deformations by ions,
we assigned a negative charge (-Ze) to the anchor point and a positive
charge (+Ze) to the bound particle, where Z is the ion valance. In such a
setting, the Coulomb attraction between the anchor and bound par-
ticle replaces the spring. The Coulomb binding is not permanent and
may break during simulation. Accordingly, we change the theoretically
predicted entropic force to:

fentropy = 2‘Xrod VionkB T/lb ®)
where y;,, is the fraction of ion-rod binding conformations among all
conformations. We numerically obtained y;,, for different Z from
simulations. After considering y;,,, Eq. (5) agrees with the simulation
results for Z > 2. For Z <2, the ion particle decreases the rod diameter
through producing an osmotic pressure to the rod (Fig. 1m).

Entropic pulling in macroscopic experiments

To validate the entropic pulling, we performed macroscopic experi-
ments of a chain on a vibration table (Fig. 2a). Here, vibration was used
to mimic thermal noise in microscopic systems, which has been
applied in previous studies® ™ and supported by the agreement of
chain conformation-size distributions in macroscopic and microscopic
cases (see Sl Sec S3). Our idea is to examine whether a bound particle
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can pull the anchoring point of a chain through the entropic effect,
resembling Fig. 1g.

The chain consisted of 70 hollow iron beads connected by an iron
rod. Each bead had a diameter of 0.35cm, and the chain contour
length was 37 cm. We attached a particle to the center of the main
chain using a spring. To facilitate the attachment, the bound particle
was constructed of two beads (blue) and a short link (<0.2cm). A
spring connected the short link and the main chain. The spring length
was [, = 3, 4, or 5cm. The four beads at the chain ends were securely
fastened to the vibration table using black adhesive tapes, leaving 66
beads for vibration. The end-to-end distance was fixed as 30 cm to
optimize the magnitude of chain conformational fluctuation (see SI
Sec 2.2 for additional experiments with other end-to-end distances).
The electromagnetic vibration table operated with a linear bearing to
ensure vertical vibrations, with a frequency of 40 Hz and an amplitude
of 0.09 cm. This amplitude enables sufficient chain motion and redu-
ces the flipping of the bound particle between the two sides of the
main chain. During vibration, the bound particle swings as shown by
two example configurations in Fig. 2b. In each experiment, the vibra-
tion lasted for more than 10 minutes, and we recorded the video at a
frame rate of 100 per second for analysis.

We identified the position of each bead in every video frame using
OpenCV” (Fig. 2b). Figure 2c shows the average main-chain con-
formation with the bound particle, after subtracting the y-coordinate
of each bead in the absence of the bound particle. A hump at the
anchor point demonstrates the entropic pulling effect. The hump is
surrounded by two shallow depression regions, indicating the entropic
pulling-down effect. To confirm the hump was caused by the bound
particle, we switched the bound particle from the upside to the
downside of the main chain (Fig. 2d) and observed the switch of the
hump direction as expected. It is worth noting that if the hump is
caused by the gravity of the bound particle on an inclined platform, the
hump direction would remain unchanged for both binding directions,
because the pulling direction by the gravity of the bound particle is not
affected by the binding side. So, the switch of hump direction in Fig. 2d
excludes the possibility that the hump is caused by the gravitational
pulling on an inclined platform.

Figure 2e compares the humps for three different sidechain
lengths. As predicted by Eq. (5), a shorter sidechain induces a larger
entropic force, validated by experimental results in Fig. 2e.

Next, we performed a free-energy analysis. Figure 2f shows the
evolution of the y-coordinator of the anchor, Y ;,or, during vibration.
From it, we calculated the distribution, Q(Y ;ochor) (Fig. 2g) and the
potential of mean force (PMF): F o /(kgT)* = — IN[Q(Y anenor) - We
added a star symbol in (kzT)" to represent an effective Boltzmann
energy in the macroscopic experiments. We will see soon that (kz7)*
can be canceled out. To isolate the effect of the bound particle on the
PMF, we need to know the PMF in the absence of the bound particle. To
avoid the difference between different experiments, we used the PMF
of some reference beads, F ., in the same experiments with the bound
particle. These reference beads were selected 5-beads aways from the
anchor point such that they are not affected by the entropic pulling
and also locate in the middle of the chain, resembling the anchor point
(see SI Sec 2.3 for analysis of another reference bead). Then, we cal-
culated the difference: AF =F ,,or — Frer, Which corresponds to the
effect of the bound particle. The results of AF are presented in Fig. 2h.
Linear fits to AF give the equations: dAF /0Y y,chor = 0.24, 0.2, and 0.15
(kgT)*/cm for [,=3, 4, and S5cm, respectively. This linear
behavior agrees with the theoretical prediction in Eq. (3):
fentropy = Achain (ks T)" /1, Experimental results correspond to the
coefficient a,;, of 0.72, 0.8, and 0.75 for [, =3, 4, and 5 cm, respec-
tively. Note that (kzT)" shows up in both the experimental result of AF
and the theoretical prediction f ¢opy, allowing for comparison with-
out needing the explicit value of (kzT)". The effective Boltzmann
energy (kgT)" cancels out because the pulling force induced by
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Fig. 3 | Measurement of DNA twist changes induced by salt. a Setup of magnetic-
tweezer experiment. A torsion-constrained DNA was anchored between a glass
slide and a superparamagnetic microbead. DNA twist changes can be detected
through microbead rotation. b DNA twist changes induced by monovalent and
multivalent ions: Na* and CoHex>". The data for Na* are replicated from our pre-
vious study”.

binding is an entropic force, proportional to (kgT)", and the spring
constant of the entropic elasticity for the chain deformation is also
proportional to (kgT)". The ratio of these two terms is the chain
deformation magnitude, independent of (kzT)". See more discussion
in SI Sec 2.4.

Entropic pulling causes DNA deformation

Then, we present our DNA experiments, aiming to validate the entro-
pic pulling force induced by multivalent ion binding, as shown in
Fig. Im. We employed single-molecule magnetic-tweezers (MT)
experiments to measure DNA deformations induced by multivalent
ions (Fig. 3a).

MT experiments cannot directly measure DNA diameter. Alter-
natively, we adopted an approach: measuring twist change and then
inferring DNA diameter change based on negative twist-diameter
coupling. The approach was developed by Bustamante et al. '® and
extensively investigated in our recent studies to investigate DNA
deformations induced by salt, temperature, and force'**. The
approach achieves precise measurement of DNA twist change by
leveraging the twist accumulation along DNA: a tiny twist change, such
as 0.01 degrees per base pair, can accumulate over 13596 bp DNA in
our experiments and lead to 136 degrees of rotation of DNA ends,
which can be detected by MT.

Nature Communications | (2025)16:9604


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64670-x

a b e
Adding Na* Adding CoHex3* — 10 . , . , .
Electrostatic Entropic . & ® Na Entrc.)plc 'SE
screening pulling . Q o5k pulling R
. . Q —Eq. 6 x
3 z
5 0.0¢7=———— | : 0+
@w—D coupling w-D coupling 2-01F TE. E
202 TE- -
Twist 1 \3/_0.4 i i
305 L
A ) @ 00 02 04 06 08 1.0
Nying Per phosphate
(9 . . — 0.08—==——5 .
35.0—— \ 6 €, B----g, |
§34'8 [N | o g-OA i Electrostatic =~~~ g
5’34.6 L 03Me015M 1 4_@ 3 _ screening .
= 0.05 = = f }
5344t 008 thﬂﬁA- L S 03| A
2 0.4 mM 25 02} S
Fasgpena  lomRy 8ol ]
= CoHex®* 160 mM 3 0'0__ -9 )
3000 201 202 203 330 340 350 360 ° ' 0.1 1.0
Diameter (nm) Twist, w (degree) Csart (M)

Fig. 4 | Mechanisms for DNA diameter and twist changes. a, b Illustration of two
mechanisms: electrostatic screening and entropic pulling. Surface electrostatic
potentials were calculated by the APBS solver*. ¢ DNA twist versus diameter at
different ion concentrations. d The two-dimensional potential of mean force from

the simulation results at 0.08 mM CoHex*". e Connecting Na* or K* ions with DNA
phosphate groups by artificial springs, and the corresponding changes in DNA
diameter and twist. f Simulation results when turning off the artificial springs.

DNA twist and diameter are negatively coupled'’, which has been
pointed out by Bustamante et al. *® and other studies®. The mechanism
can be described as follows. DNA backbone length per base pair can be

expressed as s =1/ (Dw)? + h?, where D is DNA diameter, o is DNA twist

angle per bp, and 4 is the rise of two adjacent base pairs. The restraint
of s causes a negative coupling between D and w.

Figure 3b shows that increasing CoHex>* from 0.1pM to 0.1M
causes the decrease in the DNA twist of 0.16 degree/bp, which suggests
the enlarging of DNA diameter based on negative twist-diameter
coupling. The increase of DNA diameter by CoHex*>" agrees with the
entropic pulling effect by on a rod (Fig. Im).

Note that adding monovalent ions, e.g., Na*, induces an increase in
DNA twist (Fig. 3b), an opposite trend with respect to the effect of
trivalent ions, CoHex™. The increase of DNA twist by monovalent ions
has been measured and reported in our previous study”. We added
these existing results of monovalent ions to Fig. 3b in order to show the
surprising opposite trends induced by monovalent and trivalent ions.

Such opposite trends are predicted by Fig. Im because the
monovalent ion-DNA binding is weak and the ion-binding fraction y;,,
in Eq. (5) is small, which deactivates the entropic pulling effect. Instead,
the electrostatic screening effect dominates. Monovalent ions screen
DNA inter-strand repulsion, which reduces DNA diameter and then
increases DNA twist through twist-diameter coupling. The different
mechanisms for monovalent and multivalent ions are illustrated in
Fig. 4a, b. One might think the opposite effect of CoHex>* on DNA twist
is caused by DNA overcharging with multivalent cations. However, this
explanation is unlikely because DNA overcharging occurs only when
CoHex®" concentration exceeds a threshold (-1mM)*, while our
experimental result in Fig. 3b shows the same trend at very low con-
centrations of CoHex*>" down to 0.1 uM, where DNA overcharging has
not yet occurred.

To confirm the above mechanism for DNA deformations induced
by ions, we performed all-atom molecular dynamics (MD) simulations
of a 25bp dsDNA using the sequence CGACTCTACGGAAGGGCATC
TGCGC?. See Sl Sec 5.2 for simulation results of different DNA lengths.
We used the GROMACS program?* with AMBER OL15 force field”. For

each concentration of NaCl or CoHexCls;, we ran a simulation for
600 ns. Our simulations provide several results. First, they reproduce
two experimental trends: adding Na* increases DNA twist, while adding
CoHex*" decreases DNA twist (Fig. 3b). Second, they reveal that Na*
decreases DNA diameter, whereas CoHex™" increases DNA diameter, as
predicted. Third, our simulations observed the negative twist-diameter
coupling for DNA with CoHex?", similar to the case of DNA with Na*'’ as
shown in Fig. 4c. We quantify this coupling by the two-dimensional
potential of mean force (PMF) with respect to DNA twist and diameter
(Fig. 4d). Fitting the PMF" by F =k ,(Aw)? + kp(AD)? + k ,p AwAD yields
the coupling constant k,p=5.46 +0.56 kgT/deg.nm. This coupling
constant is insensitive to cg,, (Supplementary Table SI).

To further validate the entropic pulling effect, we performed
additional simulations: adding artificial springs between Na*ions (or K*
ions) and phosphate groups on DNA (Fig. 4e and SI Sec S5.3). These
artificial springs are used to make strong Na'-DNA binding, like
CoHex*. As expected, these artificially bound Na* or K* ions enlarge
the DNA diameter, like CoHex*. For comparison, the normal MD
simulation results without artificial springs are shown in Fig. 4f. Since
twist-diameter coupling is always effective, reversing the direction of
diameter change causes the reversal of the direction for twist change
(Fig. 4e, f).

Then, we validate the theoretically predicted entropic pulling
force induced by ions. The predicted and measured pulling forces
follow:

fpredicted _ zadnakB T/lb,

entropy

measured _
fentropy _kDAD

(6)

where [, =0.3 nm is the average distance between bound cations and
DNA phosphate groups, kj, ~ 275kgT/nm? is the elasticity of DNA
diameter”, and AD is DNA diameter variation induced by ion binding
and can be measured in simulations. By matching foran,® and
fg;i‘;g;f;d, we obtain a4, ~ 0.56, which is close to a,,q = 0.35 in Eq. (4).
The relationship between measured and predicted forces can be found

in SI Sec 1.5.
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Lastly, we apply the entropic pulling effect to calculate the DNA
twist change induced by CoHex>". First, we need to know the number
of CoHex*" ions binding on each DNA phosphate group, Ngg"s, for a
given cg,;.. We calculated N2 from our all-atom MD simulations (SI
Sec S5.4) and obtained the emplrical equation:

N2 = (ca/co) )

( salt/CO)

where ¢, =4.1M. Then, the entropic pulling force on each base pair is

kgT

L : LI 8
03x107° ®)

fp=2NPhoSf, =2 (Csa't M) x 2% 0.56 x

The first coefficient 2 is added because each base pair contains
two phosphate groups. Our previous study” has derived DNA twist
change induced by the force that enlarges DNA diameter:

- fok,
o [kwkpti <Z,D)1 ®

where k,, is the twist stiffness. As shown by the solid black line in
Fig. 3b, our theory roughly agrees with our experimental and simula-
tion results.

The above calculations using Eq. (9) only consider the entropic
pulling effect caused by the strong binding of CoHex**, but ignores the
electrostatic screening of inter-strand repulsion provided by CoHex>*
ions. In principle, both effects should exist. After considering the
electrostatic screening effect of CoHex>" ions and the background
NaCl, the effective force to change DNA diameter is the combination of
entropic pulling force and electrostatic repulsion force, f oje.:

fb =fp*Sfelec (10)

The derivation of f . can be found in our previous work and SI Sec.
S5.6 based on Manning’s theory®*. Substituting f, by f},, our theore-
tical calculations achieve better agreement with experimental and
simulation results, as shown in Fig. 3(b). See Fig. S21 for more details.

Biological relevance of the entropic pulling force

Cells generate force in multiple ways to accomplish different tasks.
Recent studies have found that entropic force can be generated in
many proteins, especially heat shock proteins (Hsps)? and intrinsically
disordered proteins®. These proteins are often bound to or restricted
by other objects. Some fragments of these proteins tend to escape to
gain more entropy, which produce entropic pulling force.

Recent studies have found that Hsp70, one type of Hsp protein,
utilizes entropic force to perform critical biological functions?, such as
unfolding misfolded proteins'*®*?° and disassembling protein
aggregates’. Protein aggregation is a key reason for neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease, and
hence controlling the entropic force can help to develop new ther-
apeutic approaches for neurodegenerative diseases"*°.

Entropic force is also produced and utilized by intrinsically dis-
ordered proteins for various cellular tasks, including facilitating
membrane-curvature sensing®>® and transporting peptides across
membranes’. For some partially disordered proteins, the disorder
segments of the protein can produce an entropic force to tune bio-
logical functions of the ordered segments of the protein®.

Compared with these previous studies, our work presents
experimental, analytical, and simulation results for the entropic force
in a series of systems. Integration of these results provides a simple yet
comprehensive understanding of the physical mechanism underlying
this entropic force.

Discussion

We have demonstrated a universal entropic pulling effect arising from
both molecular and macroscopic binding. From the viewpoint of sta-
tistical physics, a bound particle tends to explore more space to gain
more entropy. This tendency is restricted by the binding interaction,
resulting in an entropic force on the order of kzT/[,. At room tem-
perature (298K), kzT equals -4.114 pN-nm, and hence the entropic
force is on the order of pN given typical binding lengths on the nan-
ometer scale. This entropic force has biological and technological
implications. Cells may utilize it to disassemble pathogenic protein
aggregates in neurodegenerative diseases, while engineered molecular
machines could harness tunable binding to regulate entropic-force
generation. In addition, the opposite DNA twist changes induced by
multivalent and monovalent ions offer rich pathways to design stimuli-
responsive twisted DNA nanostructures and generate controlled
torque.

Methods

Coarse-grained and all-atom simulations

Coarse-grained Langevin dynamics simulations were implemented in
the LAMMPS program. The all-atom molecular dynamics (MD) simu-
lations of DNA molecules, ions, and water molecules were carried out
using the GROMACS program* with AMBER OLIS force field®. More
details can be found in SI.

Experiments with a chain on a vibration table

We placed a chain on a vibration table and validated the predicted
entropic pulling force produced by a bound particle to the anchor.
More details can be found in SI.

Single-DNA magnetic-tweezers experiments

We measured salt-induced DNA twist changes using the following
procedure®. (i) We prepared a single torsionally constrained double-
stranded DNA molecule, tethering one end to a glass slide and the
other to a magnetic bead. (ii) A constant pulling force of 0.3 pN is
applied while the DNA is rotated. For each rotation angle, we record
the DNA extension, generating a rotation-extension curve. The rota-
tion angle yielding the maximum extension corresponds to the tor-
sionally relaxed state, since both negative and positive torsions
shorten the DNA. (iii) While holding the same DNA molecule, we
change the buffer condition (e.g., by adding CoHex?*) and repeat the
rotation-extension measurement. The altered salt condition shifts the
torsionally relaxed point. This shift is quantified as the number of
rotation turns, N;,,,, which may be fractional. (iv) Finally, the change in
DNA twist angle per base pair is calculated as Aw = (Ny,,, X 360°) /N,
where Ny, ~ 13.6 x 10° is the number of base pairs in the DNA. More
details can be found in SI.

Data availability

The authors declare no competing interests. All data needed to eval-
uate the conclusions in the paper are present in the paper and the
Supplementary Information. Source data for figures are provided with
this paper. Source data are provided in this paper.

Code availability

The source code for coarse-grained all-atom simulations, as well as
analysis code, can be found via GitHub https://github.com/
cityuBiophysics/Entropic-Pulling-Force and https://doi.org/10.5281/
zenodo.17160714.

References

1. Rukes, V., Rebeaud, M. E., Perrin, L. W., De Los Rios, P. & Cao, C.
Single-molecule evidence of Entropic Pulling by Hsp70 chaper-
ones. Nat. Comm. 15, 8604 (2024).

Nature Communications | (2025)16:9604


https://github.com/cityuBiophysics/Entropic-Pulling-Force
https://github.com/cityuBiophysics/Entropic-Pulling-Force
https://doi.org/10.5281/zenodo.17160714
https://doi.org/10.5281/zenodo.17160714
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64670-x

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

De Los Rios, P., Ben-Zvi, A., Slutsky, O., Azem, A. & Goloubinoff, P.
Hsp70 chaperones accelerate protein translocation and the
unfolding of stable protein aggregates by entropic pulling. Proc.
Natl. Acad. Sci. USA 103, 6166-6171 (2006).

Sousa, R. et al. Clathrin-coat disassembly illuminates the mechan-
isms of Hsp70 force generation. Nat. Struct. Mol. Biol. 23, 821-829
(2016).

Wentink, A. S. et al. Molecular dissection of amyloid disaggregation
by human HSP70. Nature 587, 483-488 (2020).

Halladin, D. K. et al. Entropy-driven translocation of disordered
proteins through the Gram-positive bacterial cell wall. Nat. Micro-
biol. 6, 1055-1065 (2021).

Keul, N. D. et al. The entropic force generated by intrinsically dis-
ordered segments tunes protein function. Nature 563, 584-588
(2018).

Wan, H., Xu, D., Gao, L. & Yan, L.-T. Entropy-mediated nanoparticle
cellular uptake. Small Sci. 4, 2300078 (2024).

Flory, P. J. The configuration of real polymer chains. J. Chem. Phys.
17, 303-310 (1949).

Marko, J. F. & Siggia, E. D. Stretching dna. Macromolecules 28,
8759-8770 (1995).

Wang, M. D., Yin, H., Landick, R., Gelles, J. & Block, S. M. Stretching
DNA with optical tweezers. Biophysical J. 72, 1335-1346 (1997).
Thompson, A. P. et al. LAMMPS-a flexible simulation tool for
particle-based materials modeling at the atomic, meso, and con-
tinuum scales. Comput. Phys. Commun. 271, 108171 (2022).
Weeks, J. D., Chandler, D. & Andersen, H. C. Role of repulsive forces
in determining the equilibrium structure of simple liquids. J. Chem.
Phys. 54, 5237-5247 (1971).

Safford, K., Kantor, Y., Kardar, M. & Kudrolli, A. Structure and
dynamics of vibrated granular chains: Comparison to equilibrium
polymers. Phys. Rev. E 79, 061304 (2009).

Reis, P. M., Ingale, R. A. & Shattuck, M. D. Crystallization of a quasi-
two-dimensional granular fluid. Phys. Rev. Lett. 96, 258001 (2006).
Ben-Naim, E., Daya, Z., Vorobieff, P. & Ecke, R. E. Knots and random
walks in vibrated granular chains. Phys. Rev. Lett. 86, 1414 (2001).
Hastings, M., Daya, Z., Ben-Naim, E. & Ecke, R. Entropic tightening of
vibrated chains. Phys. Rev. E 66, 025102 (2002).

Bradski, G. The opencv library. Dr. Dobb’s J. Softw. Tools Profes-
sional Program. 25, 120-123 (2000).

Gore, J. et al. DNA overwinds when stretched. Nature 442, 836-839
(2006).

Zhang, C. et al. Twist-diameter coupling drives DNA twist changes
with salt and temperature. Sci. Adv. 8, eabn1384 (2022).

Tian, F.-J. et al. Universality in RNA and DNA deformations induced
by salt, temperature change, stretching force, and protein binding.
PNAS 120, 2218425120 (2023).

Liebl, K., Drsata, T., Lankas, F., Lipfert, J. & Zacharias, M. Explaining
the striking difference in twist-stretch coupling between DNA and
RNA: A comparative molecular dynamics analysis. Nucleic Acids
Res. 43, 10143-10156 (2015).

Besteman, K., Van Eijk, K. & Lemay, S. G. Charge inversion accom-
panies DNA condensation by multivalent ions. Nat. Phys. 3, 641-644
(2007).

Mathew-Fenn, R. S., Das, R. & Harbury, P. A. B. Remeasuring the
double helix. Science 322, 446 (2008).

Abraham, M. J. et al. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 1-2, 19-25 (2015).

Zgarbova, M. et al. Refinement of the sugar-phosphate backbone
torsion beta for AMBER force fields improves the description of Z-
and B-DNA. J. Chem. Theory Comput. 11, 5723-5736 (2015).
Manning, G. S. Electrostatic free energy of the DNA double helix in
counterion condensation theory. Biophys. Chem. 101102, 461-473
(2002).

27. Holehouse, A. S. & Kragelund, B. B. The molecular basis for cellular
function of intrinsically disordered protein regions. Nat. Rev. Mol.
Cell Biol. 25, 187-211 (2024).

28. Wyszkowski, H. et al. Class-specific interactions between Sis1
J-domain protein and Hsp70 chaperone potentiate disaggregation
of misfolded proteins. Proc. Natl. Acad. Sci. USA 118, 2108163118
(2021).

29. Rohland, L., Kityk, R., Smalinskaite, L. & Mayer, M. P. Conforma-
tional dynamics of the Hsp70 chaperone throughout key steps of
its ATPase cycle. Proc. Natl. Acad. Sci. USA 119, 2123238119
(2022).

30. Schneider, M. M. et al. The Hsc70 disaggregation machinery
removes monomer units directly from a-synuclein fibril ends. Nat.
Commun. 12, 5999 (2021).

31. Busch, D. J. et al. Intrinsically disordered proteins drive membrane
curvature. Nat. Commun. 6, 7875 (2015).

32. Zeno, W.F. et al. Synergy between intrinsically disordered domains
and structured proteins amplifies membrane curvature sensing.
Nat. Commun. 9, 4152 (2018).

33. Zeno, W. F. et al. Molecular mechanisms of membrane curvature
sensing by a disordered protein. J. Am. Chem. Soc. 141,
10361-10371 (2019).

34. Jurrus, E. et al. Improvements to the APBS biomolecular solvation
software suite. Protein Sci. 27, 112-128 (2018).

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (No. 12374216, No. 12074294 to X.-H.Z.; No. 12304254 to C.Z.; No.
22273080 to L.D.), CityUHK Institute of Digital Medicine, China Post-
doctoral Science Foundation (No. 2022TQ0242, 2023M732718), the
Fundamental Research Funds for the Central Universities (No.
2042023kf0156), the Research Grants Council of Hong Kong (No.
11313322, PDFS2425-1509) and Hubei Provincial Natural Science Foun-
dation of China (No. 2024AFEO08 and 2025AFAQ21 to X.-H.Z.). Open
Access made possible with partial support from the Open Access Pub-
lishing Fund of the City University of Hong Kong.

Author contributions

L.D. conceived the concept of the entropic pulling effect, X.H.Z.
designed DNA experiments, H.Z., Q.Q., Y.Z., and H.H. performed mac-
roscopic experiments, H.Z. performed coarse-grained simulations,

F.J. performed all-atom simulations, C.Z. and J.Z. performed DNA
experiments, and L.D. wrote the manuscript. All authors discussed the
results.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-64670-x.

Correspondence and requests for materials should be addressed to
Xing-Hua Zhang or Liang Dai.

Peer review information Nature Communications thanks Anne-sophie
Duwez, and the other, anonymous, reviewers for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Nature Communications | (2025)16:9604


https://doi.org/10.1038/s41467-025-64670-x
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64670-x

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:9604


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	A universal entropic pulling force caused by binding
	Results
	Entropic force in a diatomic molecule
	Entropic pulling effect on a membrane
	Entropic pulling effect on a chain
	Entropic pulling effect on a rod
	Entropic pulling in macroscopic experiments
	Entropic pulling causes DNA deformation
	Biological relevance of the entropic pulling force

	Discussion
	Methods
	Coarse-grained and all-atom simulations
	Experiments with a chain on a vibration table
	Single-DNA magnetic-tweezers experiments

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




