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Abstract

Atomic force microscopy (AFM) is widely utilized to visualize the molecular motions of biomolecules. Comparison of
experimentally measured AFM images with simulated AFM images based on known structures of biomolecules is often
necessary to elucidate what is actually resolved in the images. Experimental AFM images are generated by force measure-
ments; however, conventional AFM simulation has been based on geometrical considerations rather than calculating forces
using molecular dynamics simulations due to limited computation time. This letter summarizes recently developed methods to
simulate topographic and three-dimensional AFM (3D-AFM) images of biopolymers such as chromosomes and cytoskeleton
fibers. Scanning such biomolecules in AFM measurements usually results in nonequilibrium-type work being performed.
As such, the Jarzynski equality was employed to relate the nonequilibrium work to the free energy profiles, and the forces
were calculated by differentiating the free energy profiles. The biomolecules and probes were approximated using a supra-
coarse-grained model, allowing the simulation of force-distance curves in feasible time. It was found that there is an optimum
scanning velocity and that some of polymer structures are resolved in the simulated 3D-AFM images. The theoretical back-
ground adopted to rationalize the use of small probe radius in the conventional AFM simulation of biomolecules is clarified.
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Introduction

Atomic force microscopy (AFM) is a type of scanning probe
microscopes and measures forces between the probe and the
samples (Morita et al. 2002). AFM can visualize topographic
images of samples by drawing surfaces on which a constant
force, called the setpoint, acts. That is, AFM images show
isoforce surfaces on the samples. Strictly speaking, it is iso-
frequency shift images in frequency modulation AFM and
iso-amplitude shift images in amplitude modulation AFM,
but here “isoforce” is used for simplicity.

AFM was originally developed for application to samples
in a vacuum (Binnig et al. 1986), and later AFM measurement
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at the atomic resolution became possible even in liquid as
well (Fukuma et al. 2005). It is now applied to biomolecules
(Miiller et al. 1999), and even dynamic molecular motions are
visualized after the development of high-speed AFM (Ando
2022). Another state-of-the-art AFM is the three-dimensional
AFM (3D-AFM) (Fukuma and Garcia 2018). It maps forces
between the probe and the samples in 3D space to visualize
3D distribution of molecules by measuring force-distance
curves, also known as force spectroscopy, at each x and y
position, where z is the height from the substrate surface.
This technology was first applied to solvent molecules on
substrate surfaces (Fukuma et al. 2010) and recently was used
to visualize 3D organization of intracellular components in
living biological cells (Penedo et al. 2021).

It should be noted that “topography” in AFM is an iso-
force surface. The molecular shapes seen in the topography
generally reflect the forces, but they are not in perfect agree-
ment. Therefore, it is important to calculate the forces to
simulate AFM images. Such simulations in a vacuum have a
rich history and refer to the papers by Hofer et al. (2003) and
Jelinek (2017) for such simulations. This letter concentrates
on the simulations of AFM images for biomolecules.
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Conventional simulations of AFM images of biomole-
cules were based on a geometrical consideration by assum-
ing hard collisions between the probe and the samples
(Markiewicz and Goh 1995; Necas and Klapetek 2012;
Niina et al. 2020; Amyot and Flechsig 2020). Typically, the
probe is considered to be a cone shape, and the geometry of
the tip is assumed to be characterized by two parameters:
cone angle and tip radius. Using these parameters, simu-
lated AFM images are computed as surfaces over which the
probe moves while keeping a fixed distance from the sample.
Accordingly, simulated AFM images in biological systems
are generally equidistance surfaces from the samples, as if
they were drawn using a pair of compasses. However, as
is well known, biological molecules are soft and move in
liquid. For example, it was found that structural parts that
change their configurations in tens of nanosecond are diffi-
cult to be resolved with AFM measurements (Sumino et al.
2013). As such, it is beneficial to simulate AFM images of
biomolecules by calculating forces.

Computations of force-distance curves
at solid-liquid interfaces

Apart from biomolecules, it is important to see how force-
distance curves were computed in solid-liquid systems. Two
papers reported the calculations of force-distance curves on
the CaF, and calcite substrates in water by assuming that the
probe is also made by CaF, or calcite (Watkins and Shulger
2010; Reischl et al. 2013). Their strategy was to (1) compute
the free energy profiles or potential of mean forces (PMF)
and (2) differentiate them with respect to height to yield the
force-distance curves. To compute the free energy profiles,
free energy calculation methods such as the umbrella sam-
pling or the free energy perturbation method can be used
(Frenkel and Smit 2002).

Another prediction is based on a theoretical approach
(Watkins and Reischl 2013; Amano et al. 2013). Their strat-
egy is to (1) compute water distribution on the solid sub-
strates and (2) convert water distribution to force-distance
curves via a theoretical formula. To compute the water dis-
tribution, we can use MD simulation (Watkins and Reischl
2013) or integral equation theory (Amano et al. 2013). To
establish a theoretical formula to convert from distribution to
force-distance curve, the tip was assumed to be the same as
solvent (i.e., water molecules); thus, this approach is called
as solvent tip approximation (STA). This is an approxima-
tion, but computational cost is much cheaper than computing
the free energy profiles.

One important thing is that both approaches assume that
the systems are in equilibrium. Note that all these studies
drew the force-distance curves in solid-water interfaces.

Typical tip vertical scanning velocity (v,,) ranges from
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1 to 100 pm/s. Accordingly, when v, =100 pm/s, tip
moves only 1 Ain1 us. Meanwhile, in 1 us, water mol-
ecules are considered to take almost all orientations and
directions around the tip, since the orientational lifetime
of water molecules is in the order of picosecond (Ohmine
and Tanaka 1993). This short lifetime of water molecule
orientational motion rationalizes the assumption where the
systems are in equilibrium. Generally, when the velocity
of samples (vg,pe) are faster than vy, the systems reach
equilibrium during an oscillation cycle (Fig. 1, left).
Using thermodynamic integration, the Helmholtz free
energy or PMF difference between state i and j (AF)) is
calculated by the following equation (Frenkel and Smlt

2002):
/ <aV(,1)> "

where V and A are the potential energy function and a cou-
pling parameter, respectively. The angular bracket denotes
an ensemble average. To calculate the force-distance curve,
A is the height from the substrate surface, z. It is natural to
assume that the initial state i is the moment at the surface
(z=0), s0 4;1s 0 and 4; is z. Accordingly, the above equation

becomes
z av Zz

F(z) = / ( a(z)>dz:— / (f.(2)) dz,
0 < z 0

where the lowercase f stands for the force, and f, is the
z-component of f. As noted above, the forces in AFM meas-
urements (f,pyy) are the derivative of PMF:
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Fig.1 Schematic pictures of scanning in solid-liquid interface and
biomolecules in liquid. The biopolymer is a single fiber with colored
from red (one end) to blue (the other end)
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Accordingly, in this case (Vi <Vimple)s the forces in
AFM measurement are equivalent to the so-called mean
force (Fig. 1, left).

Difficulties in computing force-distance
curves for biomolecules from all-atom MD
simulations

It is worthwhile to estimate the simulation time for comput-
ing a force-distance curve using all-atom MD simulations.
Force-distance curves in AFM measurements usually have
peaks up to the Debye distance, which depends on the ion
concentration and approximately 1 nm from the sample at
100 mM. Considering the molecular motion of biomole-
cules, the distance to be computed is 2 nm at the shortest.
When v, =100 um/s, the simulation time is 20 ps. Depend-
ing on the machine configuration, the simulation speed using
a GPU and the AMBER package is currently ~ 200 ns/day for
a system having approximately 100,000 atoms, which is an
average or relatively small system for biological simulations.
Thus, it takes 100 days to compute a single force-distance
curve for this system and more days for larger systems. In
particular, 10,000 force-distance curves have to be computed
to simulate a 3D-AFM image, when the 3D-AFM image is
composed of 100 x 100 curves. Accordingly, coarse-grained
approaches should be taken (Arkhipov et al. 2009).

Another problem is that most biomolecules move (rela-
tive to solvent) very slowly. For example, the gates of ion
channels move in hundreds of microseconds (Jensen et al.
2012), and dynamics of chromosome takes milliseconds or
longer (Nozaki et al. 2017). Thus, most biological systems
never reach equilibrium at typical scan velocity (Fig. 1,
right). As such, the above approach to calculate PMF can-
not be employed, and another approach should be developed
to simulate force-distance curves.

scan

A method to compute 3D-AFM images
of biopolymers

Sumikama et al. developed a method to compute 3D-AFM
images of biopolymers (Sumikama et al. 2022). DNA and
proteins, two of the major class of biomolecules, are biopol-
ymers. Chromosomes and probes were approximated by
bead-spring polymer model, a kind of supra-coarse-grained
simulation model. The simulation system consisted of a frac-
tal globule polymer, previously considered as a model for
the interphase chromosomes (Lieberman-Aiden et al. 2009),
and the probe.

To calculate the force-distance curves inside the globular
polymer, the Jarzynski equality was employed (Jarzynski
1997). From this equality, we can estimate the free energy
difference by the work done in the nonequilibrium process

(W):
AF = —kgTIn{exp(—W /kgT)) 2)

where kg and T are the Boltzmann constant and the tempera-
ture, respectively. The forces in AFM measurements were
then calculated by differentiate the free energy difference
(Fig. 1, right):

oln{exp(—W /kgT))

Jarm = kgT 0z 3)

Simulated force-distance curves
and 3D-AFM images of biopolymers

Using Eq. (3), force-distance curves were computed. The
force-distance curve for scanning inside the biopolymer is
shown in Fig. 2. This curve is calculated at the center of
the globule. Because of the super coarse-graining, it takes
only ~ 16 min to compute a single curve using a single core
CPU (Intel Xeon Gold 2.4 GHz) when the polymer has 2000
beads and the probe has 50 beads. Several peaks are seen
inside the polymer due to the large forces exerted when the
probe pushes the fiber away during penetration. Thus, the
peaks are not noise but actually reflect the polymer configu-
ration in most cases (Sumikama et al. 2022).

The exceptions were as follows: first, when the polymer
avoids the penetrating probe, a sufficiently detectable force

800 T T
600 .
5, 400 | -
[0}
£
o“ 200 + i
L
0
14 y. 3
-300 0 800 600
Z [nm]

Fig.2 The force-distance curve inside the biopolymer and a snapshot
during scanning
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does not act (Sumikama et al. 2022). It means that the fiber
structure is not always resolved even though the fiber is
there. This is computational evidence showing the difficulty
of resolving the quickly fluctuating parts of biomolecules
by AFM, which was found in the paper by Sumino et al.
(2013). Another exception is broadened peaks (Sumikama
et al. 2022). The probe sometimes drags the fiber down for
a while, and relatively large forces continuously act during
the dragging (Sumikama et al. 2022). In this case, the forces
are observed where there was originally no fiber.

It is notable that almost no detectable peaks are observed
when the force-distance curves are simulated using the
Eq. (1) (Sumikama et al. 2022). This is because the motion
of pushing away fibers is intrinsically a nonequilibrium
process. The Eq. (1) is not suitable to calculate this non-
equilibrium work because it assumes that the process is in
equilibrium.

In order to simulate a 3D-AFM image, the force-dis-
tance curves have to be computed while changing the x
and y position of the probe. This change in probe posi-
tion determines the resolution of the images in the x and y
directions. When scanned area is 500 nm X 500 nm and the
resolution is 2.5 nm, 40,401 (=201 x201) force-distance
curves have to be computed. Accordingly, it takes ~ 646,416
(=~16x%40,401) min (~450 days) to simulate a 3D-AFM
image. If 100 cores are simultaneously available, simulation
time is reduced to less than 5 days.

Three xy-slices of the simulated 3D-AFM image are
shown in Fig. 3. In these images, fiber structures are seen
in some places where the polymer lies in the xy-plane and
strong forces act with the penetrating probe. In a compari-
son of these fiber structures in the force mapping with the
polymer model, it was found that polymer structures are
indeed, but not completely, resolved in the 3D-AFM image

200

Force [pN]

Fig.3 Simulated 3D-AFM image. Three xy-slices of the 3D-AFM
image are shown with the color key for the force

@ Springer

(Sumikama et al. 2022). It was clarified that no fiber struc-
ture was observed when the Eq. (1) was used to simulate
3D-AFM images of the same polymer structure (Sumikama
et al. 2022). This again signifies the importance of using the
Jarzynski equality to simulate the forces acting in the AFM
measurements of biopolymers.

The developed method was validated by comparison
with 3D-AFM experiments of cytoskeleton fibers, one of
the major biopolymers (Sumikama et al. 2022). 3D-AFM
images of cytoskeleton fibers have been measured previously
(Penedo et al. 2021). In the images, high force regions run
up and down in 3D space, reflecting the fiber structure. In
the xz-slices of the 3D-AFM images, the high force regions
at the center of the fibers were extended downward because
of dragging. As a result, elongated triangles were visible.
This characteristic shape was reproduced in the simulated
3D-AFM images on the straight fiber structures (Sumikama
et al. 2022). Therefore, the method developed was in qualita-
tive agreement with the experiments.

Finally, the dependency of 3D-AFM images on v,,, was
investigated: v, ranged from 0.1 to 10 um/s, while the most
probable speed (v,,) of the fiber corresponding to vy,
remained constant at 0.2 um/s (Sumikama et al. 2022). As
expected, when vy, <vy,,, the fiber can easily avoid the
penetrating probe. In this case, the forces were generally
too weak to be detected in real experiments. Conversely,
when when vy, 2> vy, (€.8., Vcan > ~36vy,,), strong repul-
sions act in many locations. This causes the static noise in
the 3D-AFM images and makes it difficult to see the fiber
structures in the images. Accordingly, the optimum velocity
range for v ,, was found to be 10-15v,,,,.

scan

Simulated topographic images
of biopolymers

As mentioned above, usual AFM images are the topographic
images. In the previous paper, we developed a method to
simulate topographic images by calculating the forces
between the polymers and the probe (Sumikama et al. 2020).
Accordingly, these images correspond to isoforce surfaces.
On the other hand, once 3D-AFM images are simulated,
images nearly identical to those simulated by the method
developed in the paper by Sumikama et al. (2020) can be
obtained within the numerical error by tracing the height at
which the force equals the setpoint in the 3D-AMF images.

Simulated isoforce surface images were clearer than the
equidistance surface or conventional simulated AFM images
of biomolecules due to deep indentation (Sumikama et al.
2020). Unnaturally rounded shapes of biomolecules, usually
seen in the equidistance surfaces, were remarkably reduced
in the isoforce surface images.
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One known problem in predicting AFM images of
biomolecules is that the simulated size of molecules did
not match to the experimental ones unless the size of the
probe in simulation was reduced to 2-50% of that used in
the experiments (Uchihashi et al. 2011; Rodriguez-Ramos
et al. 2016; Kozai et al. 2017). As such, a theoretical back-
ground to support the validity of using such a small probe
size should be clarified. The equidistance surfaces while
varying the probe size were simulated and were compared
to the isoforce surface. It was found that a very similar image
to the isoforce surface image was obtained when the probe
size was reduced to approximately 30% because the probe
can approach the polymer beyond the equidistance surfaces
against the repulsion between the probe and the sample due
to the setpoint (Sumikama et al. 2020). This rationalizes the
conventional use of a reduced probe size in predicting AFM
images of biomolecules.

Summary

In this short letter, the conventional method to compute
AFM (or equidistance surface) images of biomolecules
based on geometrical considerations was described. In this
simulation, the positions of the biomolecules are usually
fixed; thus, they never reach equilibrium and there are no
nonequilibrium processes. The difficulty in computing force-
distance curves for biomolecular systems using all-atom
MD simulations was discussed. The method to calculate
force-distance curves at the solid-water interface was also
explained. The water molecules around the probe equili-
brate quickly. Accordingly, the derivative of the computed
free energy profiles gives the force-distance curves. Then,
a recently developed method for simulating force-distance
curves and 3D-AFM images of biopolymers was described.
Since the scanning process of biomolecules is nonequilib-
rium because their motions are mostly slower than the scan-
ning velocity, the Jarzynski equality should be employed. An
optimum scanning velocity was found to exist, and at this
velocity, some, but not all, polymer structures are indeed
resolved in the simulated 3D-AFM images. The theoretical
background of the reduced probe size in the conventional
AFM simulations was clarified by comparing topographic
images drawn by isoforce surfaces with the equidistance sur-
faces drawn by conventional AFM simulations. An impor-
tant future issue is to establish a method to convert 3D-AFM
images to actual biomolecular structures, which would be
helpful to predict structures of biomolecules by the 3D-AFM
experiments.

Acknowledgements T.S. is grateful to Prof. Fukuma (Kanazawa Uni-
versity), Prof. Foster (Aalto University, Kanazawa University), and
Dr. Miyazawa (Kanazawa University) for fruitful discussions. The

calculation was carried out on the supercomputers at the Research
Center for Computational Science in Okazaki, Japan (Project:
23-IMS-C101).

Author contribution The author contributed to the study conception
and design, material preparation, drafted the manuscript, and approved
the final manuscript.

Funding This work was supported by World Premier International
Research Center Initiative (WPI), Ministry of Education, Culture,
Sports, Science and Technology (MEXT), Japan, and Precursory
Research for Embryonic Science and Technology (PRESTO), Japan
Science and Technology Agency (JST) (JPMJPR20K®6).

Data availability The data are available from the corresponding author.

Declarations

Ethical approval This article does not contain any studies associated
with animals or with human participants.

Consent for publication The author has received consent to publish.

Competing interests The author declares no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 changes
were made. 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/4.0/.

References

Amano K, Suzuki K, Fukuma T, Takahashi O, Onishi H (2013) The
relationship between local liquid density and force applied on a tip
of atomic force microscope: a theoretical analysis for simple liq-
uids. J Chem Phys 139:224710. https://doi.org/10.1063/1.4839775

Amyot R, Flechsig H (2020) BioAFMviewer: an interactive interface
for simulated AFM scanning of biomolecular structures and
dynamics. PLOS Comput Biol 16:e1008444. https://doi.org/10.
1371/journal.pcbi.1008444

Ando T (2022) High-speed atomic force microscopy in biology.
Springer

Arkhipov A, Roos WH, Wuite GJL, Schulten K (2009) Elucidating the
mechanism behind irreversible deformation of viral capsids. Bio-
phys J 97:2061-2069. https://doi.org/10.1016/j.bpj.2009.07.039

Binnig G, Quate CF, Gerber Ch (1986) Atomic force microscope. Phys
Rev Lett 56:930-933. https://doi.org/10.1103/PhysRevLett.56.930

Frenkel D, Smit B (2002) Understanding molecular simulation. Aca-
demic Press

Fukuma T, Garcia R (2018) Atomic- and molecular-resolution mapping
of solid-liquid interfaces by 3D atomic force microscopy. ACS
Nano 12:11785-11797. https://doi.org/10.1021/acsnano.8b07216

Fukuma T, Kobayashi K, Matsushige K, Yamada H (2005) True
atomic resolution in liquid by frequency-modulation atomic force

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.4839775
https://doi.org/10.1371/journal.pcbi.1008444
https://doi.org/10.1371/journal.pcbi.1008444
https://doi.org/10.1016/j.bpj.2009.07.039
https://doi.org/10.1103/PhysRevLett.56.930
https://doi.org/10.1021/acsnano.8b07216

2064

Biophysical Reviews (2023) 15:2059-2064

microscopy. App Phys Lett 87:034101. https://doi.org/10.1063/1.
1999856

Fukuma T, Ueda Y, Yoshioka S, Asakawa H (2010) Atomic-scale dis-
tribution of water molecules at the mica-water interface visualized
by three-dimensional scanning force microscopy. Phys Rev Lett
104:016101. https://doi.org/10.1103/PhysRevLett.104.016101

Hofer WA, Foster AS, Shulger AL (2003) Theories of scanning probe
microscopes at the atomic scale. Rev Mod Phys 75:1287-1331.
https://doi.org/10.1103/RevModPhys.75.1287

Jarzynski C (1997) Nonequilibrium equality for free energy differ-
ences. Phys Rev Lett 78:2690-2693. https://doi.org/10.1103/
PhysRevLett.78.2690

Jelinek P (2017) High resolution SPM imaging of organic molecules
with functionalized tips. J Phys Condens Matter 29:343002.
https://doi.org/10.1088/1361-648X/aa76c7

Jensen M@, Jogini V, Borhani DW, Leffler AE, Dror RO, Shaw DE
(2012) Mechanism of voltage gating in potassium channels. Sci-
ence 336:229-233. https://doi.org/10.1126/science.1216533

Kozai T, Sekiguchi T, Satoh T, Yagi H, Kato K, Uchihashi T (2017)
Two-step process for disassembly mechanism of proteasome
o7 homo-tetradecamer by a6 revealed by high-speed atomic
force microscopy. Sci Rep 7:15373. https://doi.org/10.1038/
s41598-017-15708-8

Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M,
Ragoczy T, Telling A, Amit I, Lajoie BR, Sabo PJ, Dorschner
MO, Sandstrom R, Bernstein B, Bender MA, Groudine M, Gnirke
A, Stamatoyannopoulos J, Mirny LA, Lander ES, Dekker J (2009)
Comprehensive mapping of long-range interactions reveals fold-
ing principles of the human genome. Science 326:289-293.
https://doi.org/10.1126/science.1181369

Markiewicz P, Goh MC (1995) Simulation of atomic force micro-
scope tip—sample/sample—tip reconstruction. J Vac Sci Technol
B 13:1115-1118. https://doi.org/10.1116/1.587913

Morita S, Wiesendanger R, Meyer E (2002) Noncontact atomic force
microscopy. Springer

Miiller DJ, Fotiadis D, Scheuring S, Miiller SA, Engel A (1999) Elec-
trostatically balanced subnanometer imaging of biological speci-
mens by atomic force microscope. Biophys J 76:1101-1111.
https://doi.org/10.1016/S0006-3495(99)77275-9

Necas D, Klapetek P (2012) Gwyddion: an open-source software for
SPM data analysis. Open Phys 10:181-188. https://doi.org/10.
2478/s11534-011-0096-2

Niina T, Fuchigami S, Takada S (2020) Flexible fitting of biomolecular
structures to atomic force microscopy images via biased molecular
simulations. J] Chem Theory Comput 16:1349-1358. https://doi.
org/10.1021/acs.jctc.9b00991

Nozaki T, Imai R, Tanbo M, Nagashima R, Tamura S, Tani T, Joti
Y, Tomita M, Hibino K, Kanemaki MT, Wendt KS, Okada Y,

@ Springer

Nagai T, Maeshima K (2017) Dynamic organization of chromatin
domains revealed by super-resolution live-cell imaging. Mol Cell
67:282-293. https://doi.org/10.1016/j.molcel.2017.06.018

Ohmine I, Tanaka H (1993) Fluctuation, relaxations, and hydration in
liquid water. Hydrogen-Bond Rearrangement Dynamics. Chem
Rev 93:2545-2566. https://doi.org/10.1021/cr00023a011

Penedo M, Miyazawa K, Okano N, Furusho H, Ichikawa T, Alam MS,
Miyata K, Nakamura C, Fukuma T (2021) Visualizing intracel-
lular nanostructures of living cells by nanoendscopy-AFM. Sci
Adv 7:eabj4990. https://doi.org/10.1126/sciadv.abj4990

Reischl B, Watkins M, Foster AS (2013) Free energy approaches for
modeling atomic force microscopy in liquids. J Chem Theor Com-
put 9:600-608. https://doi.org/10.1021/ct3008342

Rodriguez-Ramos J, Perrino AP, Garcia R (2016) Dependence of the
volume of an antibody on the force applied in a force microscopy
experiment in liquid. Ultramicroscopy 171:153-157. https://doi.
org/10.1016/j.ultramic.2016.09.007

Sumikama T, Foster AS, Fukuma T (2020) Computed atomic force
microscopy images of chromosomes by calculating forces with
oscillating probes. J Phys Chem C 124:2213-2218. https://doi.
org/10.1021/acs.jpcc.9b10263

Sumikama T, Canova FF, Gao DZ, Penedo M, Miyazawa K, Foster
AS, Fukuma T (2022) Computed three-dimensional atomic force
microscopy images of biopolymers using the Jarzynski equality. J
Phys Chem Lett 13:5365-5371. https://doi.org/10.1021/acs.jpcle
tt.2c01093

Sumino A, Sumikama T, Iwamoto M, Dewa T, Oiki S (2013) The open
gate structure of the membrane-embedded KcsA potassium chan-
nel viewed from the cytoplasmic side. Sci Rep 3:1063. https://doi.
org/10.1038/srep01063

Uchihashi T, Iino R, Ando T, Noji H (2011) High-speed atomic force
microscopy reveals rotary catalysis of rotorless F1-ATPase. Sci-
ence 333:755-758. https://doi.org/10.1126/science.1205510

Watkins M, Reischl B (2013) A simple approximation for forces
exerted on an AFM tip in liquid. J Chem Phys 138:154703. https://
doi.org/10.1063/1.4800770

Watkins M, Shulger AL (2010) Mechanism of contrast formation in
atomic force microscopy in water. Phys Rev Lett 105:196101.
https://doi.org/10.1103/PhysRevLett.105.196101

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


https://doi.org/10.1063/1.1999856
https://doi.org/10.1063/1.1999856
https://doi.org/10.1103/PhysRevLett.104.016101
https://doi.org/10.1103/RevModPhys.75.1287
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1088/1361-648X/aa76c7
https://doi.org/10.1126/science.1216533
https://doi.org/10.1038/s41598-017-15708-8
https://doi.org/10.1038/s41598-017-15708-8
https://doi.org/10.1126/science.1181369
https://doi.org/10.1116/1.587913
https://doi.org/10.1016/S0006-3495(99)77275-9
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.1021/acs.jctc.9b00991
https://doi.org/10.1021/acs.jctc.9b00991
https://doi.org/10.1016/j.molcel.2017.06.018
https://doi.org/10.1021/cr00023a011
https://doi.org/10.1126/sciadv.abj4990
https://doi.org/10.1021/ct3008342
https://doi.org/10.1016/j.ultramic.2016.09.007
https://doi.org/10.1016/j.ultramic.2016.09.007
https://doi.org/10.1021/acs.jpcc.9b10263
https://doi.org/10.1021/acs.jpcc.9b10263
https://doi.org/10.1021/acs.jpclett.2c01093
https://doi.org/10.1021/acs.jpclett.2c01093
https://doi.org/10.1038/srep01063
https://doi.org/10.1038/srep01063
https://doi.org/10.1126/science.1205510
https://doi.org/10.1063/1.4800770
https://doi.org/10.1063/1.4800770
https://doi.org/10.1103/PhysRevLett.105.196101

	Computation of topographic and three-dimensional atomic force microscopy images of biopolymers by calculating forces
	Abstract
	Introduction
	Computations of force-distance curves at solid–liquid interfaces
	Difficulties in computing force-distance curves for biomolecules from all-atom MD simulations
	A method to compute 3D-AFM images of biopolymers
	Simulated force-distance curves and 3D-AFM images of biopolymers
	Simulated topographic images of biopolymers
	Summary
	Acknowledgements 
	References


