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Anisotropy in mechanical unfolding of protein upon
partner-assisted pulling and handle-assisted pulling
Nisha Arora1, Jagadish Prasad Hazra 1✉ & Sabyasachi Rakshit 1,2✉

Proteins as force-sensors respond to mechanical cues and regulate signaling in physiology.

Proteins commonly connect the source and response points of mechanical cues in two

conformations, independent proteins in end-to-end geometry and protein complexes in

handshake geometry. The force-responsive property of independent proteins in end-to-end

geometry is studied extensively using single-molecule force spectroscopy (SMFS). The

physiological significance of the complex conformations in force-sensing is often disregarded

as mere surge protectors. However, with the potential of force-steering, protein complexes

possess a distinct mechano-responsive property over individual force-sensors. To decipher,

we choose a force-sensing protein, cadherin-23, from tip-link complex and perform SMFS

using end-to-end geometry and handshake complex geometry. We measure higher force-

resilience of cadherin-23 with preferential shorter extensions in handshake mode of pulling

over the direct mode. The handshake geometry drives the force-response of cadherin-23

through different potential-energy landscapes than direct pulling. Analysis of the dynamic

network structure of cadherin-23 under tension indicates narrow force-distributions among

residues in cadherin-23 in direct pulling, resulting in low force-dissipation paths and low

resilience to force. Overall, the distinct and superior mechanical responses of cadherin-23 in

handshake geometry than single protein geometry highlight a probable evolutionary drive of

protein-protein complexes as force-conveyors over independent ones.
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M
echanical tension, as one of the critical cues in phy-
siology, regulates several biological processes, including
gene-expression1–4, blood-coagulation5, cell adhesion6,7,

muscle function8,9, hearing10–12, bacterial anchorage13–15, and
more. Biomacromolecules, especially proteins with unique vis-
coelastic properties, primarily serve as force-sensors or conveyors
and orchestrate such mechanoresponsive processes. Interestingly,
two configurations among the protein-based force-sensors/con-
veyors are commonly observed in physiology. In one, a single
protein links the source and the response points of the mechanical
cue in an end-to-end configuration and transmits further. Con-
nectin protein that regulates contraction of striated muscle
tissues16,17, elastin in the extracellular (EC) matrix that imparts
elasticity and resilience to tissues18,19 fall in this category. The
second configuration is more abundant in nature. The mechanical
stimuli in this configuration are transmitted through protein-
complexes where the protomers interact over an overlapping
binding interface in a handshake configuration. Von-Willebrand
factor interacts with the cell-surface glycoproteins of platelets in
this configuration and facilitates blood coagulation under the
mechanical cue from hydrodynamic shearing20,21. Nonclassical
cadherins form heterophilic tip-link complexes in handshake
configuration and transduce mechanical inputs in hearing and
balance22. Other cadherins, too, form homophilic handshake
complexes at the cell-cell junction and regulate morphogenesis23.
Actomyosin complexes regulate mechanoresponsive cell-
motility24–26. Interestingly, the function and evolution of
protein-protein interactions in signal transduction are well versed,
the evolutionary importance of such protein complexes in force-
transduction is still elusive.

Conventionally, force spectroscopy (preferably at the single-
molecule level) is utilized to decipher the thermodynamics,
kinetics27,28, and molecular mechanisms29,30 of force-transduction
through force-sensor proteins under in-vitro mechanical stimuli. In
single-molecule force spectroscopy (SMFS), the protein of interest
(POI) is either attached with marker polyproteins or DNA and
pulled from one end with a mechanical spring. This can be
described as ‘handle (or hook)-assisted pulling’ (HAP). In HAP, the
mechanical spring-handle connects to the POI either specifically via
thiol-bonds31–33, non-covalent ligand-receptor interactions using
biotin-streptavidin complexes34, cohesin-dockerin complexes35, Ni-
NTA-His complexes36, or non-specifically. Finally, the quantitative
dependency of force-resilience on the intrinsic factors like the
secondary-structure compositions, conformational entropy, short-
range and long-range interactions, hydrogen-bond (H-bond) net-
work, hydrophobic core, domain arrangements37, etc. are deci-
phered from the unfolding/refolding force-extension relations. It is
interesting to note that the force-response of proteins is also sen-
sitive toward the directions of pulling. Anisotropy in the mechanical
response of proteins like GFP38,39, ankyrin40, GB139,41, srcSH342,
etc., are observed with the change in pulling direction or tethering
geometry.

While SMFS undoubtedly enriched the mechanobiology of
proteins, the HAP conveniently imitates the working model for
type one configuration of force-sensors/conveyors. Therefore, the
fundamental question, whether the HAP based force-spectroscopy
is suitable to decipher the force-responsive nature of proteins in
the second type of force-sensors, remains still elusive. Instead, the
SMFS for the second type of force-sensing configuration is
exclusively used to understand the force-resilience of the com-
plexes but not for the constituent proteins. We define the second
configuration of pulling in force spectroscopy as ‘partner-assisted
pulling’ or PAP. Intuitively, PAP and HAP are geometrically
different and expected to follow different force-resilience
mechanisms. With an overarching objective of elucidating the
evolutionary thirst for developing two configurationally different

force-sensors, here, we plan to experimentally decipher the dif-
ference in the force-responsive properties of HAP and PAP and
highlight the underlying molecular mechanisms.

To elucidate the difference between HAP and PAP, we plan to
use a natural force-sensor from the second configuration but with
a strong binding affinity to partners. Tip-links that serve as
gating-spring in hearing43,44 are known to form strong adhesive
interactions between constituent proteins, cadherin-23 (Cdh23)
and protocadherin-15 (Pcdh15)45. These two proteins as tip-links
receive tensile forces of varying magnitudes ranging from 10 to
100 pN from sound-stimuli and convey the force to ion channels
during mechanotransduction in hearing. Interestingly, the life-
time of the tip-links complex is measured at varying tensile
forces using PAP-based SMFS46; however, the force-responsive
behaviour of the constituent cadherins has conveniently been
measured using HAP configuration47,48. Whether the complex
configuration of tip-link has any implication on the force-
response of constituent cadherins is thus unclear. Here, we plan
to utilize the strong binding affinity of the Cdh23-Pcdh15 to
understand the mechanoresponsive behaviour of Cdh23 in PAP
mode and decipher how PAP is different from HAP. To note,
SMFS using AFM has obtained an off-rate of 4.5 × 10−3 ± 4.9
× 10−5 s−1 and distance to the transition state of 0.18 ± 0.03 nm
of the tip-link complex when measured using the two outermost
domains of tip-link cadherins49. We notice higher mechanical
resilience of Cdh23 during pulling in PAP mode compared to
HAP. The aggravated mechanical response of Cdh23 in PAP may
also have an impact on the evolution of protein-protein com-
plexes as force-conveyors over a single spring protein.

Results
Design of HAP and PAP modes. Being a nonclassical cadherin
family of proteins, Cdh23 has 27 EC domains and Pcdh15 has 11
EC domains, apart from the transmembrane and cytosolic com-
ponents. Two outermost EC domains at the N-terminals, EC1-2,
of both cadherins overlap in a handshake geometry and form the
tip-link complex45. For SMFS using HAP and PAP modes with
an Atomic Force Microscopy (AFM), we use the entire EC region
of Cdh23 (Cdh23 EC1-27). The C-terminus of Cdh23 is recom-
binantly modified with sortag (-LPETGSS) for covalent ancho-
rage to glass-coverslips using sortase A50 and expressed in
mammalian Expi-CHO cell lines (Supplementary Fig. 1). For
HAP, we have recombinantly modified the N-terminus of Cdh23
with Avitag (See Methods) for enzymatic conjugation of single
biotin using BirA (Fig. 1a). For PAP, the N-terminus of Cdh23 is
left unaltered; however, the AFM cantilever is covalently modified
with Pcdh15 EC1-2 as a partner for pulling Cdh23 by utilizing
tip-link complexation (Fig. 1b) (See Methods).

HAP and PAP feature distinctly different unfolding patterns of
Cdh23. Single-molecule pulling of polyproteins comprising
repeats or identical domains in tandem feature sawtooth pattern
of protein-unfolding where the unfolding peaks are evenly
separated along the extension. Though Cdh23 possesses multiple
EC domains in tandem, such well-behaved unfolding force-
extension patterns are not observed in both HAP and PAP. This
is expected for Cdh23 as the EC domains, though feature similar
structural architectures with seven β-strands and connecting
loops, possess diversity in constituent amino acid residues with
sequence similarities <30%51. The variety is reported even in the
interdomain linkers that are usually 11–12 residues long but vary
in the amino acid sequences and their affinities toward Ca2
+-ions. It is important to note that the interdomain linkers in
cadherins bind with Ca2+-ions (three for canonical linkers)52,
and reduce the conformational entropy of the proteins. Cdh23
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possesses both canonical and noncanonical linkers. Noncanonical
linkers lack the Ca2+-affinity and bind to two or less Ca2+-ions in
physiological conditions, thus increasing the conformational
entropy of proteins.

We observe multiple unfolding peaks from the single-molecule
pulling of Cdh23 in both HAP and PAP (Fig. 1c–f and
Supplementary Fig. 2). Interestingly, distinctly higher force
resistance by Cdh23 is noticed in PAP configuration than HAP
from the overall unfolding force-distributions at varying loading
rates (LR) (Supplementary Fig. 3). To highlight the differential
effects of pulling stereography on Cdh23, we measure the change
in contour length (ΔLC) from the Worm-like chain (WLC) model
fit to the force-extension curves and generate histograms of ΔLC
including all unfolding events for HAP and PAP53 (Eq. 1,
Methods). Four distributions of ΔLC is observed for both HAP
and PAP, with peak-maxima at 6.4 ± 0.4, 15.9 ± 0.3, 24.5 ± 0.3,
33.7 ± 0.2 nm and 6.5 ± 0.5, 16.9 ± 1.4, 24.6 ± 0.6, 33.2 ± 0.9 nm,
respectively (Fig. 1g, h). Four distributions of ΔLC indicate the
multistep unfolding of Cdh23 in both HAP and PAP. It may be
noted that the multistep unfolding is already reported from an in

silico pulling of a single domain of Cdh23 (Cdh23 EC1)54. Further,
while analyzing individual force-extension curves, we notice
differences in the unfolding patterns in the spectra for both HAP
and PAP (Fig. 1c–f). Incidentally, the static distribution of ΔLC fails
to highlight differences; however, the probability distributions of
each extension distinctly point out the differences in unfolding
preference for HAP and PAP (Fig. 1j). Across all extensions, we
observe a higher probability for a shorter extension of 6.5 nm for
PAP. On the contrary, the probabilities of longer stretches of 24.5
nm and 33.2 nm are dominant in HAP. Further, HAP features an
initial low-force (most-probable force, Fmp= 52.4 ± 3.2 pN) exten-
sion of 75.0 ± 2.2 nm followed by a sawtooth pattern of unfolding
(Fig. 1c, e, i, & Supplementary Fig. 4). The initial low-force
stretching may correspond to the entropic extension of the protein.
Contrary to HAP, multiple unfoldings with short extensions with a
peak-maximum of 6.5 ± 0.3 nm is preferentially observed for PAP
configuration at the initial low-force regime (Fmp= 44.6 ± 2.4 pN)
(Fig. 1i & Supplementary Fig. 4).

Generally, one residue contributes 0.38 nm to the extension of a
protein. Accordingly, ~6.5 nm, ~16 nm, ~24.5 nm, and ~33 nm of
extensions originate from the unfolding of 17, 42, 64, and 89
residues. On average, linkers and domains are comprised of 12 and
96 residues, respectively. Therefore, ~6.5 nm and ~33 nm exten-
sions can intuitively be attributed to the unfolding of linker and
domain, respectively. Likewise, the origins of ~16 nm and ~24.5 nm
extensions cannot be assigned explicitly due to a lack of in-depth
knowledge on the domain-wise unfolding. These extensions may
arise from the partial unfolding of domains (intermediate states) or
partial unfolding of both domain and linker.

To derive the quantitative kinetic models for all four ΔLC
extensions, we segregate the unfolding events based on ΔLC and
plot the comparative unfolding force-distributions with LR for both
HAP and PAP (Fig. 2a–d). Raw data for force-distributions are
provided in Supplementary Data 1. Here, too, the higher unfolding
forces are observed for PAP for all ΔLC (except for ~6.5 nm) at all
LR. From the Bell–Evans model fit (Eq. 2, Methods)55,56 to the Fmp

vs. loading rate plots (Fig. 2e–h, Supplementary Fig. 5), we
determine the intrinsic unfolding transition rates (k0u) and the
widths (xβ) of their potential barriers of the extensions, and further

Fig. 1 Distinct unfolding propensity of Cdh23 in HAP and PAP

configurations. a Schematic representation of HAP of Cdh23 using AFM

where the C-terminus of Cdh23 is covalently attached to glass coverslip

using sortagging. The N-terminal of Cdh23 is recombinantly modified with

biotin and pulled by streptavidin-coated cantilevers. b Scheme of PAP

configuration depicting the partner-assisted pulling of Cdh23 EC1-27 with

Pcdh15 EC1-2 (red). c and e Representative force-extension curves of

Cdh23 in HAP (black) at 2000 nm s−1 and 3000 nm s−1 pulling speeds,

respectively. Both curves depict an initial long stretch followed by sawtooth

patterns. d and f Representative force-extension features of Cdh23 in PAP

(red) at 2000 nm s−1 and 3000 nm s−1 pulling speeds respectively. Both

curves exhibit multiple unfolding peaks at the initial stretches, followed by

sawtooth patterns of unfolding. The dotted green lines in (c–f) are the WLC

model fit. g and h Distributions of ΔLc of Cdh23-stretching in HAP (black

line) (n= 838 unfolding events) and PAP (red) (n= 946 unfolding events),

respectively. The data are combined for all loading rates. Solid lines

represent the Gaussian fits exhibiting four unfolding peaks. i Distributions

of initial long and short stretches of Cdh23 obtained in HAP (black) and

PAP (red), respectively. The data are plotted for all the force curves

obtained at different pulling velocities. Gaussian fittings of the histograms

(solid black line) exhibit a mean length gain of 75.0 ± 2.2 nm in HAP and

6.5 ± 0.3 nm in PAP. Errors mentioned are the standard error of fitting.

j Probability distributions of four different stretches of Cdh23 in HAP

(black) and PAP (red).

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02445-y ARTICLE

COMMUNICATIONS BIOLOGY |           (2021) 4:925 | https://doi.org/10.1038/s42003-021-02445-y | www.nature.com/commsbio 3

www.nature.com/commsbio
www.nature.com/commsbio


activation barrier height (4G*) of the escape-energy diagrams
(Tables 1 and 2 and Supplementary Tables 1 and 2). We obtain
higher xβ and faster k

0
u in HAP than PAP for ΔLC of ~16 nm, ~24.5

nm and ~33 nm. While the faster-unfolding transition rates directly
indicate easier escape in HAP (Fig. 2i), higher xβ values (Fig. 2j)
make the potential energy barrier of protein folding more
susceptible to force in HAP (Fig. 2k, l, Supplementary Fig. 6).
Overall, we measure four unfolding states of Cdh23 in both HAP
and PAP; however, their relative populations and potential energy
diagrams differ between HAP and PAP. We estimate the critical
force (FC) for unfolding from the kinetic parameters of protein
folding, i.e., the force-equivalent to diminish the potential barrier of
extensions. We notice the lowest FC for ~6.5 nm extension in PAP
and ~24.5 nm extension in HAP, indicating two different most
susceptible states in two pulling geometries. Incidentally, the
distributions of ΔLC do not directly reflect the same, and the
discrepancy may arise from the assumption that the pulling
direction (in both HAP and PAP) is always aligned with the
distortion or the xβ. However, in likelihood, the pulling directions
alter with extensions.

Dynamic network structures of Cdh23 under tension differ for
HAP and PAP. PAP steers the unfolding of longer extensions

through a steeper and narrower energy barrier, thus makes pro-
teins more resilient to large perturbations in response to force
than the HAP. However, the molecular mechanisms that provide
more mechanical stability in proteins in PAP configuration than
HAP are still elusive. To decipher, we plan for all-atom steered
molecular dynamics (SMD) simulations57,58 mimicking experi-
mental PAP and HAP methods and perform dynamic network
analysis to identify the structural contributions in force-
dissipation for both PAP and HAP59. We further construct the
force-propagation pathways in the proteins in response to
mechanical tension using the Floyd–Warshal algorithm from the
dynamic network structure of the protein.

However, the major roadblock for SMD of Cdh23 is its giant
length of EC domain (Cdh23 EC1-27, MW: 320 kD) and lack of
structural knowledge of all the EC domains51. We, therefore, use
a truncated variant of Cdh23, Cdh23 EC1-5 that can form the
complete complex with Pcdh15 as in tip-links (EC1-2 of Cdh23
and Pcdh15) and also propose the force-propagation pathways
through the noninteracting domains after mechanical perturba-
tions. Among EC1-5 of Cdh23, only EC1-3 is structurally solved
(PDB: 5W4T). We thus modeled the EC 4-5 domains using the I-
TASSER server60,61 and aligned EC1-3 and EC 4-5 in PyMOL62

based on amino acid sequence match. Next, we used the aligned

Fig. 2 Cdh23 exhibits higher mechanical tolerance in PAP configuration compared to HAP. The distributions of unfolding forces of Cdh23 at

different pulling velocities (500, 1000, 2000, 3000, 5000 nm s−1) have been plotted for four different extensions of (a) ~6.5 nm, b ~16 nm, c ~24.5 nm, and

(d) ~33 nm for both HAP (black) and PAP (red). The solid and the dashed blue lines are the kernel density estimates (KDE) for HAP and PAP, respectively.

The most probable unfolding forces are chosen from the maximum counts in the KDE. e–h The monotonous increase in the most probable unfolding forces

with loading rates (loading-rate= pulling velocity × spring constant of the cantilever) is plotted for four different ΔLcs. Errors reported are the standard

error. The solid lines are the Bell–Evans model fit to the force-loading rate data for (e) ~6.5 nm, f ~16 nm, g ~24.5 nm, and (h) ~33 nm. i and j Distributions of

the intrinsic lifetime (τoff) and xβ of all four extensions are shown respectively for HAP (black) and PAP (red) (mean ± SD from n= 3 independent

experiments). k and l Schematics of potential energy barriers for extensions of Cdh23 of ~6.5 nm (black), ~16 nm (red), ~24.5 nm (green), and ~33 nm

(blue) are drawn as per the kinetic parameters for HAP and PAP, respectively.
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structures of Cdh23 domains (EC 1-3 and EC 4-5) and
constructed the Cdh23 EC1-5 using template-based homology
modeling in SWISS-MODEL63. Finally, we minimized the energy
of the modeled Cdh23 EC1-5 structure using all-atom Gaussian
Accelerated Molecular Dynamics (GAMD) simulations using
NAMD (version 2.14) (See Methods). CHARMM36 force field
and TIP3P water model are used for the simulations. Finally, the
refined structures from GAMD are used in the constant velocity
SMD simulations at three relatively slow pulling velocities, 1 Å/ns,
2.5 Å/ns, 5 Å/ns, and with spring of stiffness 7 kcal mol−1Å−2. To
model the HAP configuration in SMD we anchored the C-
terminus of the protein and pulled from N-terminal (Fig. 3a). For
PAP configuration, we first obtained the complex structure of
Cdh23 EC1-5 and Pcdh15 EC1-2 from the homology modeling of
the known heterodimeric structure of Cdh23 EC1-2-Pcdh15 EC1-
2 complex (PDB ID: 4AQ8). To model PAP configuration, we
used the tip-link complex comprising Cdh23 EC1-5 and Pcdh15
EC1-2, where the C-terminus of Cdh23 EC1-5 was anchored and
the complex was pulled from the axially opposite C-terminus end
of Pcdh15 EC1-2 (Fig. 3b).

We construct the dynamic network structure of the protein from
the correlation of positional fluctuations of residues over a large
number of SMD trajectories. We consider SMD trajectories till the
domain unfolding. αC atoms of all residues are regarded as nodes in
the network structure. Edges in the network are created between
nodes if both of them stay within the vicinity of 4.5 Å for 75% of the
simulation time. To illustrate the physical meaning of a network
structure, we then perform the centrality measurements and deduce
the importance of nodes in the network. ‘Closeness centrality’
denotes the inverse of all possible shortest distances from one node
to others64,65. A Higher value of closeness centrality of a node
indicates shorter distances to all other connected nodes. Thus, the
traverse of information (directed mechanical tension) is more
effective through a node possessing higher closeness centrality. We
measure higher closeness centrality for each residue in HAP than
PAP (Fig. 3c), indicating that the transfer efficiency of mechanical
force is more elevated in the HAP mode of unfolding. ‘Betweenness
centrality’ of a node denotes the number of times it falls in the
shortest distance between two nodes. We estimate higher between-
ness centrality of residues in PAP than HAP (Fig. 3d), indicating a
more compact, homogeneous, and well-connected residue in PAP
than HAP. Overall, the high betweenness centrality and low
closeness centrality for PAP suggest a dense intramolecular
communication for information passage in PAP than HAP, and
thus a better dissipation of information in PAP over HAP.

To identify the web of nodes critical for information transmis-
sion, we determine all possible suboptimal paths of force-
propagation that are within the 20 nodes from the optimal path.
As reported previously, suboptimal paths of force transmission
from one protein to the partner in PAP pass through an orthogonal
pathway, thus reducing mechanical perturbation on the partner
complex49,66. Further, we notice a wider spread of suboptimal paths
throughout the β-strands and loops in the noninteracting domains
of Cdh23 EC1-5 in PAP configuration (Fig. 3f), indicating high
efficiency in force-dissipation. Whereas, in HAP, the suboptimal
paths instead follow narrow spreading in Cdh23 EC1-5, encom-
passing fewer nodes. The narrow distribution of the paths limits the
propagation of external stimuli through a smaller number of nodes,
hence less dissipation of stimuli, making the protein vulnerable
toward mechanical force (Fig. 3e).

PAP is equivalent to spatially distributed multiple-point pull-
ing over a single-point pulling in HAP. In HAP, the first point
of pulling is at the terminal where force transmission occurs from
the handle to the anchored protein via a single point. Whereas, in
PAP, the force transmission from one protein to the partner
depends on the binding strength and the area of the binding
interface. The Cdh23-Pcdh15 complex engages in multiple H-
bonds and salt-bridge interactions between the interacting EC1-2
domains. Thus, an applied mechanical tension at the C-terminal
of Pcdh15 transfers to Cdh23 at multiple points in the binding
interface (Fig. 3f, Supplementary Fig. 7). We, therefore, hypo-
thesize that the PAP mode is stereographically a ‘spatially
distributed multiple-point pulling’ of HAP. To test, we have
identified the residues on Cdh23 that fall in the suboptimal
paths of force transmission from Pcdh15 to Cdh23 with high
probability. We then perform SMD simulation by anchoring the
C-terminal of Cdh23 and pulling the Arg(71), Gln(137), Ser(142)
in independent simulations (Fig. 3g, inset). The SMDs mimic
the HAP mode of pulling except for different pulling residues.
Subsequently, we determine the suboptimal path of force pro-
pagation for individual SMD trajectory and superimpose all paths
on Cdh23 E C1-5 (Fig. 3g). As expected, the combined network of
three different SMDs from three different residue pulling shows
the characteristics of suboptimal paths obtained in PAP mode.
Paths are widely distributed throughout β-strands in the indivi-
dual domain, thus validating our hypothesis that PAP mode of
pulling can be attributed to a spatially distributed multipoint
pulling scenario.

Table 2 The kinetic parameters of all unfolding steps of Cdh23 EC1-27 in HAP mode.

Extension (nm) Lifetime(s) (mean ± s.d.) Transition state distance (xβ)

(nm) (mean ± s.d.)

Energy barrier (4G�) FCðpN Þ¼G=xβ

6.4 ± 0.4 0.026 ± 0.004 0.086 ± 0.008 17.1 kBT 198.8

15.8 ± 0.3 0.010 ± 0.003 0.071 ± 0.006 16.2 kBT 228.2

24.5 ± 0.3 0.039 ± 0.003 0.108 ± 0.007 17.5 kBT 162.0

33.7 ± 0.2 0.030 ± 0.005 0.088 ± 0.004 17.2 kBT 195.4

Table 1 The kinetic parameters of all unfolding steps of Cdh23 EC1-27 in PAP mode.

Extension (nm) Lifetime (s) (mean ± s.d.) Transition state distance (xβ) (nm) (mean ± s.d.) Energy barrier (△G*) FC(pN)=△G*/xβ

6.5 ± 0.5 0.038 ± 0.007 0.096 ± 0.009 17.4 kBT 181.2

16.9 ± 1.4 0.027 ± 0.003 0.054 ± 0.005 17.1 kBT 316.6

24.6 ± 0.6 0.052 ± 0.004 0.079 ± 0.006 17.7 kBT 224.0

33.2 ± 0.9 0.061 ± 0.004 0.074 ± 0.005 17.9 kBT 241.9
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Discussion
Mechanical force orchestrates many significant biological pro-
cesses via directly triggering signaling pathways, inducing allos-
tery, altering conformations of bio-macromolecules, and
changing ligand-receptor affinities or more. Nature has thus
developed various biological force sensors/conveyors (natural
spring) to aid the process of force perception in organisms. Some
force-sensors bridge the loading point and support point inde-
pendently and respond to mechanical stimuli directly. Titin
protein that defines the elasticity of muscle is the most popular
member in this group. Generally, springs in this group perceive a
higher magnitude of mechanical stimuli. The other group of
force-sensors, prevalent in nature, are protein-protein complexes
with an overlapping binding interface. Tip-links, cell-adhesion
complexes are typical examples in this group. They perceive a
relatively low magnitude of force. While the mechanics of the
independent force sensors have extensively been elucidated using
state-of-the-art single-molecule manipulation tools, the func-
tional difference of the second type of force-sensors is largely
missing. A clear understanding of the functional difference may
lead us to identify the evolutionary thirst of nature for both types
of force-sensors. Using an AFM-based force-generator, here we
decipher the differences in the force-responsive properties of a
biological spring protein, Cdh23, between direct pulling (HAP)
and indirect pulling via a partner (PAP).

The mechanical response of Cdh23 differs in HAP and PAP. In
PAP mode, Cdh23 not only withstands a higher magnitude of
force than HAP but also prefers unfolding with the shorter
extension of contour lengths. The shorter extension of Cdh23 of
~6.5 nm refers to linker extension. Preference in linker extension
over domain unfolding in PAP may facilitate the faster response
of tip-links as force-conveyor as well as dissipater. It may be
noted that force-induced extension in contour length directly
relates to energy-dissipation. Lower the extension, lower is the
dissipation, conversely lower energy storage with the folded form.
Thus, it is pertinent to say that the protein-complex as force-
conveyor may be effective at the low-force stimuli. The potential
energy landscape of unfolding of Cdh23 also differs between HAP
and PAP; noticeably, the width (xβ) of the potential barrier is
higher in HAP than PAP. Higher resistance to mechanical per-
turbation and steep potential barrier of protein unfolding in PAP
clarifies why unbinding of protein-protein complexes under force
in SMFS rarely notice any unfolding prior to dissociation. In
contrast, the same force range is sufficient to unfold proteins via
direct pulling67–69.

In-depth analysis of the dynamic network structures of Cdh23
under mechanical tension reveals higher efficacy in the information
transformation through the amino acid residues in Cdh23 during
HAP than PAP. Mechanical stimulus is the information here.
Efficient force transfer makes the amino acid network in Cdh23 less
mechano-resistive in HAP. Estimation of force propagation path-
ways that correlate with the mechnaostability of proteins supports
the distinct differences between HAP and PAP. In HAP, the sub-
optimal paths of force propagation from the force-loading point to
support point are narrowly distributed among Cdh23 domains, thus
impeding the load distribution evenly throughout Cdh23, effectively
reducing the dissipation efficiency of external mechanical pertur-
bations. In PAP, the force propagation from the force-loading
partner to support partner transmits through orthogonal paths,
thus limiting the effective work done by the force on support
protein instantaneously. Further, the suboptimal paths of force-
propagation through Cdh23 are evenly distributed throughout the
domains, thus involving a large number of amino acid residues in
disseminating the external perturbations and making the complex
spring less vulnerable.

Fig. 3 Dynamic network structures of Cdh23 under tension in HAP and

PAP modes. a Schematic representation of HAP in SMD. Black blocks

represent the domains of Cdh23 EC1-5, where the C-terminal is anchored, and

the N-terminal is pulled with a spring. b Schematic representation of PAP in

SMD, depicting Cdh23 EC1-5 in black and Pcdh15 EC1-2 in red. Arrows guide

the direction of the force. c Closeness centrality obtained for all the residues of

Cdh23 EC1-5 in HAP (black) and PAP (red) configurations have been plotted.

Residues register a higher closeness centrality value in HAP compared to PAP.

d Normalized betweenness centrality obtained for all the residues of Cdh23

EC1-5 in HAP (black) and PAP (red) shows higher betweenness values in PAP

than HAP for most of the residues. e All the sub-optimal force-propagation

paths (blue) from N-termini of Cdh23 EC1-5 to C-termini for HAP obtained

from a dynamic network analysis of SMD pulling trajectory are overlaid on the

ribbon structure of Cdh23 EC1-5 (gray). Here, solid blue tubes denote edges,

and blue spheres denote nodes. Arrows guide the zoomed regions of respective

EC2, EC3, EC4 domains and the domain regions devoid of any suboptimal path

of force propagation are marked with black oval lines. f Sub-optimal force-

propagation paths for PAP overlaid on the ribbon diagram of complex Cdh23

(EC1-5) -Pcdh15 (EC1-2). Zoomed regions of EC2, EC3, and EC4 highlight

the widely distributed sub-optimal paths in all the strands of domains, unlike

suboptimal paths in HAP of Cdh23. g Inset shows schematics of three

independent SMD simulations of Cdh23 EC1-5 pulling from residues R71, Q137,

and S142 and anchoring C-termini of Cdh23 EC1-5. Suboptimal paths of force

propagation are constructed for all three independent simulations. Suboptimal

paths obtained from pulling using R71 (yellow), Q137 (blue), S142 (green) are

overlaid on the cartoon representation of Cdh23 EC1-5 (gray).
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Why are the suboptimal paths distributed throughout the
domains of Cdh23 in PAP? We hypothesized that the simulta-
neous pulling of Cdh23 from spatially distributed multiple points
in PAP is responsible for the difference in mechanoresponse in
oppose to terminal pulling in HAP. Anisotropy in the mechan-
oresponse of proteins with the pulling geometry and directions is
known38,40. We thus refer PAP as combinations of the aniso-
tropic response of proteins when simultaneously pulled from
spatially distributed multiple points, thus effectively at multiple
directions. Accordingly, we run three independent SMD simu-
lations on Cdh23 EC1-5 pulling from the three most probable
residues that lie at the overlapping interface of the complex and
play a seminal role in force transmission from Pcdh15 to Cdh23.
Combined suboptimal paths from all three SMD trajectories show
that the network is well distributed throughout the domains.
So, pulling from one point in the HAP mode concentrates the
force on certain paths rather than distributing it throughout
the complex, making certain regions extremely vulnerable
toward applied force and initiates unfolding of domains in
Cdh23. Contrary to HAP, multiple points of force transmission
to Cdh23 in PAP diverge the applied force throughout the
domains of Cdh23 protein and reduce the effect of applied force
on the domains.

Conclusion
Force application on Cdh23 using its interacting partner Pcdh15
and traditional handle-assisted pulling from terminals (using
streptavidin-biotin conjugate handle here) yield variable elastomeric
responses of Cdh23 exhibiting stronger mechanical fold architecture
in the preceding approach. Stronger mechanical fold architecture is
inferred from the higher force-resilience properties in SMFS studies.
Higher force-resilience is attributed to the multipoint force appli-
cation in a partner-assisted pulling leading to distribution of force
throughout Cdh23 fold modules. A narrow distribution of force in
distinct regions of Cdh23 is noticed in direct pulling using
streptavidin-biotin conjugation. Our study may infer that the force-
sensors in the inner ear as a heteromeric complex of Cdh23 and
Pcdh15 provide extra resilience to input force from a wide range of
sound stimuli (5–120 dB in human). Although, the universal
applicability of our method requires extensive study with other
elastic protein systems in both of the force-steering configurations,
our findings indicate the importance of measuring the viscoelastic
properties of biological springs in their physiological configuration.

Materials and methods
Cloning, expression, and purification of mammalian expressed proteins. We
recombinantly modified the N-terminus of Cdh23 EC1-27 construct with Avitag
(15 amino acid sequence, PLGGIFEAMKMELRD)70 and the C-terminus with sort-
tag (LPETGSS), GFP, and 6× His-tag, respectively. While GFP was to monitor the
expression level, the sort-tag was used to covalently attach the protein onto the
surface for force spectroscopy studies. Avitag was used for HAP using streptavidin-
biotin. Further, to express the protein in the media, we included a signal peptide
sequence before Avitag. All constructs, recombinant Cadh23 EC1-27 and Pcdh15
EC1-2, were cloned in pcDNA3.1 (+) vector for expression. All proteins were
expressed in the Expi-CHO expression system (ThermoFisher Scientific). Trans-
fection was done according to the manufacturer’s guidelines and then incubated for
7 days. After 7 days, we centrifuged the cells at 2000 rpm for 15 min and collected
the media. We dialyzed the media in HEPES buffer at 4 °C and purified the
proteins using Ni2+-NTA (Qiagen) based affinity chromatography. The compo-
sition of the buffer is: 25 mM HEPES, 50 mM KCl, 200 mM NaCl, and 50 µM
CaCl2 (pH-7.6)(Hi-Media). After purification, the presence of proteins was con-
firmed from the SDS-PAGE and western blots.

Surface modification protocol. Glass-coverslips were activated using air plasma
and subsequently washed with piranha solution for 2 h, followed by a thorough
wash with deionized water. Coverslips were then etched using 1 M KOH for 15 min
and washed with deionized water by sonicating for 10 min three times. Subse-
quently, the surfaces were silanized using v/v 2% APTES (3-Aminopropyltriethoxy
silane) (Sigma-Aldrich) in 95% acetone and cured at 110 °C for 1 h. The
amine exposed surfaces were reacted with Maleimide-PEG-Succinimidyl ester

(Mal-PEG2-NHS) (Sigma-Aldrich) in a base buffer (100 mM NaHCO3, 600 mM
K2SO4, pH 8.5) for 4 h. The PEGylated surfaces were subsequently incubated with
100 µM polyglycine peptide, GGGGC, at room temperature (RT) for 7 h for
cysteine–maleimide reaction. Polyglycine on coverslip acts as a nucleophile for
sortagging. Coverslips were then washed thoroughly with water and stored in a
vacuum desiccator prior to protein attachment.

We used less stiff Si3N4 cantilevers (NITRA-TALL from AppNano Inc., USA)
for force-spectroscopy studies. After silanization, the cantilevers were treated
differently for PAP and HAP. For PAP, the cantilevers were PEGlyated with
Maleimide-PEG-Succinimide ester (Mal-PEG2-NHS), and then Polyglycine
reaction was performed as described above to attach Pcdh15 EC1-2 covalently.

For HAP, after silanization, cantilevers were PEGylated with NHS-PEG2-NHS
followed by incubation with 0.1 mg/mL Streptavidin (Sigma-Aldrich). Finally,
cantilevers were washed in a buffer to remove excess streptavidin and stored at 4 °C
until use.

Single-molecule force spectroscopy using AFM. C-terminus of Cdh23 was
immobilized on the polyglycine coated glass coverslip using sortagging reaction in
the presence of enzyme Sortase A50. After sortagging, biotinylation reaction was
performed at the N-terminus of attached Avitag-Cdh23 protein using in-vitro BirA
biotinylation protocol71,72. For this, we incubated the Cdh23 attached coverslip
with mixture of Biotin (50 µM), ATP (10 mM), BirA (1 µM), MgCl2 (10 mM) in
low salt SEC buffer (10 mM HEPES, 50 mM KCl, 10 mM NaCl, and 50 µM CaCl2)
at RT for 1 h. Then, we washed the coverslip two times with buffer. Similarly, the
C-terminus of Pcdh15 EC1-2 was immobilized on Si3N4 cantilevers using sortag-
ging protocol. The Spring constant of the cantilevers was measured following the
thermal fluctuation method73. After modifying the coverslip and cantilever with
proteins, we performed dynamic force-ramp measurements using Atomic Force
Microscope (AFM) (Nano wizard 3, JPK Instruments, Germany). We brought the
cantilever down at 2000 nm s−1, waited for 0.5 s for proteins to interact, and finally
retracted at velocities varying from 500, 1000, 2000, 3000, and 5000 nm s−1. At
each pulling speed, we recorded 10,000 force curves. All experiments were repeated
three times with fresh batch of proteins. Analyses of the force-extension curves
were performed using already validated home-written MATLAB programs.

For the control experiment, we modified the surface of the coverslip with Cdh23
EC1-27 and pulled the protein with polyglycine-coated cantilevers via non-specific
attachments. We obtained an overall 0.4 ± 0.2% of events for each loading rate
which is 1/5 times lower than specific pulling either in HAP or PAP. Further, we
observed an end-to-end extension of 48.7 ± 1.2 nm for all the events obtained in the
control experiment, whereas end-to-end extension for specific pulling peaks at
256.6 ± 27.2 nm in HAP and 186.6 ± 24.4 nm in PAP.

Multiple binding/unbinding is another crucial issue in SMFS. To overcome,
several strategies are out in the literature. The density of molecules on surfaces is
one such important parameter that is controlled to reduce multiple interactions in
SMFS. Interactions with multiple molecules at a single pulling are a common
problem in both HAP and PAP. We took a systematic approach to reduce such
multi-molecule interactions. We control the density of specific protein molecules
by using a mixture of bi-functional and mono-functional PEG at varying ratios. In
our previous work (Biochem J (2019) 476 (16): 2411–2425), we have measured the
interaction strength between Cdh23 EC1-2 and Pcdh15 EC1-2 using dynamic force
spectroscopy. For Cdh23 EC1-2 vs. Pcdh15 EC1-2, where no unfolding associated
unbinding was noticed, 2% bi-functional PEG was doped with mono-functional
PEG. We observed more than 97% of force curves with single unbinding features,
indicating that 2% surface coverage by proteins is good enough for detecting single
unbinding events accurately for proteins with two domains. We then performed
unbinding experiments with Cdh23 EC1-10 and Pcdh15 EC1-2 at 2% and 1%
surface coverages. Notably, pulling Cdh23 EC1-10 with Pcdh15 EC1-2 undergo
unfolding associated unbinding. We observed 41 ± 3% of events featuring
unfolding before unbinding irrespective of surface coverage, indicating that the
features are majorly contributed from unfolding associated unbinding and not
from multiple unbinding. We, thereafter, fixed the surface coverage to 1% and
performed experiments with Cdh23 EC1-27 by pulling with Pcdh15 EC1-2. The
percentage of force curves featuring multiple unfolding did not increase
significantly. However, the number of unfolding per force curves increased with
domain numbers. Together with Poisson distributions, these observations indicate
that our experimental data are dominated by unfolding associated unbinding and
not by multiplex unbinding. However, absolute quantification of the contributions
from multiple interactions is impossible in our case.

Worm-like chain (WLC) model fit. Unfolding force and change in contour length
(ΔLc) of proteins upon unfolding was measured from the fitting of WLC equation
(Eq. 1) of polymer elasticity53 to the sawtooth force-extension patterns.

F xð Þ ¼
kBT
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� �

ð1Þ

where F is the unfolding force, p is the persistence length, x is the end-to-end
length, and Lc is the contour length of the protein, kB is the Boltzmann’s constant,
and T is the temperature. After fitting each peak, unfolding force (F) and contour
length (Lc) is obtained for all different pulling velocities.
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Contour length change (ΔLC) was measured from the difference between two
consecutive Lc values of unfolding peaks and plotted as histograms. Most probable
ΔLC values were estimated from the Gaussian fitting of the histograms. Unfolding
forces measured from the WLC fits were plotted as histograms for each pulling
velocity. For each histogram, we construct frequency distribution using the Kernel
density smoothing function (in MATLAB). For the Kernel density estimation, we
determined the bandwidth using the following equation46,74–76

H ¼ 1:06n�1=5σ

H: bandwidth, n: number of measurements and σ=min{σx, IQR/1.34} where σx:
standard deviation and IQR is the interquartile range.

Further, LR were estimated directly from the multiplication of spring constant
and pulling velocity of the cantilever.

Kinetic parameters such as intrinsic unfolding transition-rate ðk0uÞ and distance
to transition state (xβ) for unfolding were obtained from the fitting of Fmp vs.
loading rate plots with Bell–Evans equation55,56.

FðLRÞ ¼
kBT

xβ

 !

ln
ðLRÞxβ

k0ukBT
ð2Þ

Activation barrier height (4G*) was estimated from Arrhenius equation:

4G* ¼ �kBT:ln k0u=A
� �

ð3Þ

Here, k0u is the unfolding transition rate, and A is the Arrhenius frequency factor.
For protein dynamics, the value of A is 109 s−1 38,77.

Molecular dynamics simulation. Systems for the MD simulations were prepared
using QwikMD58 plugin of VMD78. Protein was aligned to the Z-axis and solvated
using TIP3P water system in a box maintaining a distance of 15 Å from the edges
of the box. Na+ and Cl− ions were placed at a final concentration of 150 mM
randomly in the box. Simulations were performed using NAMD57 version 2.14 and
CHARMM36 force field79. After fixing the atom-positions of the protein molecule,
the system was minimized for 5000 steps and then 5000 steps of system mini-
mization without any restraints, followed by increasing the system’s temperature to
300 K at a rate of 1 K for 600 steps. Equilibration of the system was performed for
5 ns. Then GAMD simulation was performed for 20 ns80,81. Noose–Hover
method82,83 was followed to maintain 1 atm pressure, and the Particle mesh Ewald
(PME) method83 was followed to treat the long-range interactions.

For steered molecular dynamics, we used the structure of Cdh23 EC1-5, refined from
GAMD. To mimic HAP, the C-terminus of Cdh23 EC1-5 was anchored, and pulling
was carried out from N-terminus. In PAP, a complex of Cdh23 EC1-5 and Pcdh15 EC1-
2 was used where the C-terminus of Cdh23 EC1-5 was anchored, and pulling was
performed from the C-terminus of Pcdh15 EC1-2. In the multipoint pulling scenario,
pulling was performed in three independent simulations by anchoring the C-terminus of
Cdh23 EC1-5 and pulling using Arg71, Ser142, and Gln137 residues of Cdh23 EC1-5.
All the SMD simulations were carried out at three different pulling velocities of 1 Å/ns,
2.5 Å/ns, and 5Å/ns.

Dynamic network analysis. Dynamic network analysis has been carried out using
NetworkView, plugin of VMD59 and other associated tools. For the network
construction, all the α-C’s were considered as nodes. Edges were created between
two nodes if they lie in the vicinity of 4.5 Å of a heavy atom for 75% of the
simulation time. Neighboring alpha carbon atoms were not considered for the
analysis procedure as it will lead to trivial paths. Edges were weighted using cor-
relation coefficient calculated from correlation matrix using carma84. Suboptimal
paths were determined using subopt script of VMD, which uses the Floyd–Warshal
algorithm85. For HAP, we estimated the suboptimal paths between the N-terminus
and C-terminus of Cdh23 EC1-5. For PAP, the estimation of suboptimal paths
started from the C-terminus of Pcdh15 EC1-2 and extended till the C-terminus of
Cdh23 EC1-5.

Statistics and reproducibility. We have performed all the experiments in tripli-
cates with fresh batch of proteins by using new set of coverslip and cantilevers.
Erros are estimated as standard error from experiment replicates and standard
error of fitting as applicable.

Associated content. Supplementary figures and tables are attached separately in
supplementary document.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The source data underlying the graphs are available as Supplementary Data 1. Any
remaining information along with original force curves are available from corresponding
author upon reasonable request.

Code availability
All home-written MATLAB codes were used for the analysis and codes are available at a
Github repository https://github.com/Singlemoleculelab-IISERM/Arora-et-al-
Communicaton-Biology86.

Received: 10 February 2021; Accepted: 7 July 2021;

References
1. Tajik, A. et al. Transcription upregulation via force-induced direct stretching

of chromatin. Nat. Mater. 15, 1287–1296 (2016).
2. Therizols, P. et al. Chromatin decondensation is sufficient to alter nuclear

organization in embryonic stem cells. Science 346, 1238–1242 (2014).
3. Miroshnikova, Y. A., Nava, M. M. & Wickström, S. A. Emerging roles of

mechanical forces in chromatin regulation. J. Cell Sci. 130, 2243–2250 (2017).
4. Strzyz, P. Mechanotransduction: may the force be with you. Nat. Rev. Mol.

Cell Biol. 17, 533 (2016).
5. Qiu, Y., Myers, D. R. & Lam, W. A. The biophysics and mechanics of blood

from a materials perspective. Nat. Rev. Mater. 4, 294–311 (2019).
6. Parsons, J. T., Horwitz, A. R. & Schwartz, M. A. Cell adhesion: integrating

cytoskeletal dynamics and cellular tension. Nat. Rev. Mol. Cell Biol. 11,
633–643 (2010).

7. Leckband, D. & Prakasam, A. Mechanism and Dynamics of Cadherin
Adhesion. Annu. Rev. Biomed. Eng. 8, 259–287 (2006).

8. Lemke, S. B. & Schnorrer, F. Mechanical forces during muscle development.
Mech. Dev. 144, 92–101 (2017).

9. Felsenthal, N. & Zelzer, E. Mechanical regulation of musculoskeletal system
development. Development 144, 4271–4283 (2017).

10. LeMasurier, M. & Gillespie, P. G. Hair-cell mechanotransduction and cochlear
amplification. Neuron 48, 403–415 (2005).

11. Muller, U. & Gillespie, P. G. Mechanotransduction by Hair Cells: models,
Molecules, and Mechanisms. Cell 139, 33–44 (2010).

12. Hudspeth, A. J. How hearing happens. Neuron 19, 947–950 (1997).
13. Thomas, W. E., Trintchina, E., Forero, M., Vogel, V. & Sokurenko, E. V.

Bacterial adhesion to target cells enhanced by shear force. Cell 109, 913–923
(2002).

14. Aprikian, P. et al. The bacterial fimbrial tip acts as a mechanical force sensor.
PLoS Biol. 9, 1–16 (2011).

15. Gordon, V. D. & Wang, L. Bacterial mechanosensing:the force will be with
you, always. J. Cell Sci. 132, 1–9 (2019).

16. Herzog, W. The role of titin in eccentric muscle contraction. J. Exp. Biol. 217,
2825–2833 (2014).

17. Rief, M., Gautel, M., Oesterhelt, F., Fernandez, J. M. & Gaub, H. E. Reversible
unfolding of individual titin immunoglobulin domains by AFM. Science 276,
1109–1112 (1997).

18. Urry, D. W. et al. Elastin: a representative ideal protein elastomer. Philos.
Trans. R. Soc. B Biol. Sci. 357, 169–184 (2002).

19. Black, L. D., Allen, P. G., Morris, S. M., Stone, P. J. & Suki, B. Mechanical and
failure properties of extracellular matrix sheets as a function of structural
protein composition. Biophys. J. 94, 1916–1929 (2008).

20. Reininger, A. J. Function of von Willebrand factor in haemostasis and
thrombosis. Haemophilia 14, 11–26 (2008).

21. Fu, H. et al. Flow-induced elongation of von Willebrand factor precedes
tension-dependent activation. Nat. Commun. 8, 1–12 (2017).

22. Kazmierczak, P. et al. Cadherin 23 and protocadherin 15 interact to form tip-
link filaments in sensory hair cells. Nature 449, 87–91 (2007).

23. Takeichi, M. Cadherin cell adhesion receptors as a morphogenetic regulator.
Science 251, 1451–1455 (1991).

24. Keeling, M. C., Flores, L. R., Dodhy, A. H., Murray, E. R. & Gavara, N.
Actomyosin and vimentin cytoskeletal networks regulate nuclear shape,
mechanics and chromatin organization. Sci. Rep. 7, 1–14 (2017).

25. Wolf, K. et al. Physical limits of cell migration: control by ECM space and
nuclear deformation and tuning by proteolysis and traction force. J. Cell Biol.
201, 1069–1084 (2013).

26. Heisenberg, C. P. & Bellaïche, Y. Forces in tissue morphogenesis and
patterning. Cell 153, 948–962 (2013).

27. Wiita, A. P., Ainavarapu, S. R. K., Huang, H. H. & Fernandez, J. M. Force-
dependent chemical kinetics of disulfide bond reduction observed with single-
molecule techniques. Proc. Natl Acad. Sci. U. S. A. 103, 7222–7227 (2006).

28. Guinn, E. J., Jagannathan, B. & Marqusee, S. Single-molecule chemo-
mechanical unfolding reveals multiple transition state barriers in a small
single-domain protein. Nat. Commun. 6, 1–8 (2015).

29. Marszalek, P. E. et al. Mechanical unfolding intermediates in titin modules.
Nature 402, 100–103 (1999).

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02445-y

8 COMMUNICATIONS BIOLOGY |           (2021) 4:925 | https://doi.org/10.1038/s42003-021-02445-y | www.nature.com/commsbio

https://github.com/Singlemoleculelab-IISERM/Arora-et-al-Communicaton-Biology
https://github.com/Singlemoleculelab-IISERM/Arora-et-al-Communicaton-Biology
www.nature.com/commsbio


30. Li, L., Huang, H. H. L., Badilla, C. L. & Fernandez, J. M. Mechanical unfolding
intermediates observed by single-molecule force spectroscopy in a fibronectin
type III module. J. Mol. Biol. 345, 817–826 (2005).

31. Grandbois, M., Beyer, M., Rief, M., Clausen-Schaumann, H. & Gaub, H. E.
How strong is a covalent bond. Science 283, 1727–1730 (1999).

32. Zimmermann, J. L., Nicolaus, T., Neuert, G. & Blank, K. Thiol-based, site-
specific and covalent immobilization of biomolecules for single-molecule
experiments. Nat. Protoc. 5, 975–985 (2010).

33. Cecconi, G., Shank, E. A., Bustamante, C. & Marqusee, S. Biochemistry: direct
observation of the three-state folding of a single protein molecule. Science 309,
2057–2060 (2005).

34. Sedlak, S. M. et al. Monodisperse measurement of the biotin-streptavidin
interaction strength in a well-defined pulling geometry. PLoS ONE 12, 1–16 (2017).

35. Vera, A. M. & Carrión-Vázquez, M. Direct Identification of Protein–Protein
Interactions by Single-Molecule Force Spectroscopy. Angew. Chem. - Int. Ed.
55, 13970–13973 (2016).

36. Montana, V., Liu, W., Mohideen, U. & Parpura, V. Single molecule probing of
exocytotic protein interactions using force spectroscopy. Croat. Chem. Acta
81, 31–40 (2008).

37. Brockwell, D. J. et al. Pulling geometry defines the mechanical resistance of a
β-sheet protein. Nat. Struct. Biol. 10, 731–737 (2003).

38. Dietz, H., Berkemeier, F., Bertz, M. & Rief, M. Anisotropic deformation
response of single protein molecules. Proc. Natl Acad. Sci. U. S. A. 103,
12724–12728 (2006).

39. Paul, S. & Venkatramani, R. Estimating the Directional Flexibility of Proteins
from Equilibrium Thermal Fluctuations. J. Chem. Theory Comput. 17,
3103–3118 (2021).

40. Lee, W. et al. Mechanical anisotropy of ankyrin repeats. Biophys. J. 102,
1118–1126 (2012).

41. Li, Y. D., Lamour, G., Gsponer, J., Zheng, P. & Li, H. The molecular
mechanism underlying mechanical anisotropy of the protein GB1. Biophys. J.
103, 2361–2368 (2012).

42. Jagannathan, B., Elms, P. J., Bustamante, C. & Marqusee, S. Direct observation
of a force-induced switch in the anisotropic mechanical unfolding pathway of
a protein. Proc. Natl Acad. Sci. U. S. A. 109, 17820–17825 (2012).

43. Assad, J. A., Shepherd, G. M. G. & Corey, D. P. Tip-link Integrity and
Mechanical Transduction in Vertebrate Hair Cells. Neuron 7, 985–994 (1991).

44. Qiu, X. & Müller, U. Mechanically gated ion channels in mammalian hair
cells. Front. Cell. Neurosci. 12, 1–10 (2018).

45. Sotomayor, M., Weihofen, W., Gaudet, R. & Corey, D. P. Structure of a Force-
Conveying Cadherin Bond Essential for Inner-Ear Mechanotransduction.
Nature 492, 128–132 (2012).

46. Mulhall, E. M. et al. Single-molecule force spectroscopy reveals the dynamic
strength of the hair-cell tip-link connection. Nat. Commun. 12, 1–15 (2021).

47. Bartsch, T. F., Hengel, F. E., Oswald, A., Dionne, G. & Chipendo, I. V. The
elasticity of individual protocadherin 15 molecules implicates cadherins as the
gating springs for hearing. Proc. Natl Acad. Sci. 116, 11048–11056 (2018).

48. Oroz, J. et al. Nanomechanics of tip-link cadherins. Sci. Rep. 9, 1–9 (2019).
49. Hazra, J. P. et al. Broken force dispersal network in tip-links by the mutations

induces hearing-loss. Biochem. J. 476, 2411–2425 (2019).
50. Srinivasan, S., Hazra, J. P., Singaraju, G. S., Deb, D. & Rakshit, S. ESCORTing

proteins directly from whole cell-lysate for single-molecule studies. Anal.
Biochem. 535, 35–42 (2017).

51. Jaiganesh, A. et al. Zooming in on Cadherin-23: structural Diversity and
Potential Mechanisms of Inherited Deafness. Structure 26, 1–16 (2018).

52. Sotomayor, M., Weihofen, W. A., Gaudet, R. & Corey, D. P. Structural
Determinants of Cadherin-23 Function in Hearing and Deafness. Neuron 66,
85–100 (2010).

53. Bustamante, C., Marko, J., Siggia, E. & Smith, S. Entropic elasticity of lambda-
phage DNA. Science 265, 1599–1599 (1994).

54. Garg, S. et al. Weakening of interaction networks with aging in tip-link
protein induces hearing loss. Biochem. J. 478, 121–134 (2021).

55. Bell, G. I. Models for the Specific Adhesion of Cells to Cells. Science 200,
618–627 (1978).

56. Evans, E. & Ritchie, K. Dynamic Strength of Molecular Adhesion Bonds.
Biophys. J. 72, 1541–1555 (1997).

57. Nelson, M. T. et al. NAMD: a parallel, object-oriented molecular dynamics
program. Int. J. High. Perform. Comput. Appl. 10, 251–268 (1996).

58. Rudack, T. et al. QwikMD — Integrative Molecular Dynamics Toolkit for
Novices and Experts. Sci. Rep. 6, 1–14 (2016).

59. Eargle, J. & Luthey-Schulten, Z. NetworkView: 3D display and analysis of
protein.RNA interaction networks. Bioinformatics 28, 3000–3001 (2012).

60. Roy, A., Kucukural, A. & Zhang, Y. I-TASSER: a unified platform for automated
protein structure and function prediction. Nat. Protoc. 5, 725–738 (2010).

61. Yang, J. et al. The I-TASSER suite: protein structure and function prediction.
Nat. Methods 12, 7–8 (2015).

62. DeLano, W. L. Pymol: An open-source molecular graphics tool. Newsl. Protein
Crystallogr. 40, 82–92 (2002).

63. Arnold, K., Bordoli, L., Kopp, J. & Schwede, T. The SWISS-MODEL
workspace: a web-based environment for protein structure homology
modelling. Bioinformatics 22, 195–201 (2005).

64. Sethi, A., Eargle, J., Black, A. A. & Luthey-Schulten, Z. Dynamical networks in
tRNA:protein complexes. Proc. Natl Acad. Sci. 106, 6620–6625 (2009).

65. Böde, C. et al. Network analysis of protein dynamics. FEBS Lett. 581,
2776–2782 (2007).

66. Ott, W. et al. Mapping Mechanical Force Propagation through Biomolecular
Complexes. Nano Lett. 15, 7370–7376 (2015).

67. Valbuena, A., Vera, A. M., Oroz, J., Menéndez, M. & Carrión-Vázquez, M.
Mechanical properties of β-catenin revealed by single-molecule experiments.
Biophys. J. 103, 1744–1752 (2012).

68. Bajpai, S. et al. α-Catenin mediates initial E-cadherin-dependent cell- cell
recognition and subsequent bond strengthening. Proc. Natl Acad. Sci. U. S. A.
105, 18331–18336 (2008).

69. Wu, F. et al. Homophilic interaction and deformation of E-cadherin and
cadherin 7 probed by single molecule force spectroscopy. Arch. Biochem.
Biophys. 587, 38–47 (2015).

70. Ie, S. C. Use of Peptide Libraries to Map the Substrate Specificity of a Peptide-
Modifying Enzyme: a 13 Residue Consensus Peptide Specifies Biotinylation in
Escherichia coli. Nat. Biotechnol. 6, 12–17 (1993).

71. Gautier, A. & Hinner, M. J. Site-Specific Protein Labeling: Methods and
Protocols. 1–267 (2015).

72. Cull, M. G. & Schatz, P. J. Biotinylation of proteins in vivo and in vitro using
small peptide tags. Methods Enzymol. 326, 430–440 (2000).

73. Hutter, J. L. & Bechhoefer, J. Calibration of atomic-force microscope tips. Rev.
Sci. Instrum. 64, 1868–1873 (1993).

74. Bura, E., Zhmurov, A. & Barsegov, V. Nonparametric density estimation and
optimal bandwidth selection for protein unfolding and unbinding data. J.
Chem. Phys. 130, 1–15 (2009).

75. Cheng, W., Arunajadai, S. G., Moffitt, J. R., Tinoco, I. & Bustamante, C.
Single-base pair unwinding and asynchronous RNA release by the hepatitis C
virus NS3 helicase. Science 333, 1746–1749 (2011).

76. Moffitt, J. R. et al. Intersubunit coordination in a homomeric ring ATPase.
Nature 457, 446–450 (2009).

77. Bieri, O. et al. The speed limit for protein folding measured by triplet-triplet
energy transfer. Proc. Natl Acad. Sci. U. S. A. 96, 9597–9601 (1999).

78. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics.
J. Mol. Graph. 14, 33–38 (1996).

79. Best, R. B. et al. Optimization of the additive CHARMM all-atom protein
force field targeting improved sampling of the backbone φ, ψ and side-chain χ
1 and χ 2 Dihedral Angles. J. Chem. Theory Comput. 8, 3257–3273 (2012).

80. Miao, Y., Feher, V. A. & McCammon, J. A. Gaussian Accelerated Molecular
Dynamics: unconstrained Enhanced Sampling and Free Energy Calculation.
J. Chem. Theory Comput. 11, 3584–3595 (2015).

81. Pang, Y. T., Miao, Y., Wang, Y. & McCammon, J. A. Gaussian accelerated
molecular dynamics in NAMD. J. Chem. Theory Comput. 13, 9–19 (2017).

82. Martyna, G. J., Tobias, D. J. & Klein, M. L. Constant pressure molecular
dynamics algorithms. J. Chem. Phys. 101, 4177–4189 (1994).

83. Feller, S. E., Zhang, Y., Pastor, R. W. & Brooks, B. R. Constant pressure
molecular dynamics simulation: the Langevin piston method. J. Chem. Phys.
103, 4613–4621 (1995).

84. Koukos, P. I. & Glykos, N. M. Grcarma: a fully automated task-oriented
interface for the analysis of molecular dynamics trajectories. J. Comput. Chem.
34, 2310–2312 (2013).

85. Floyd, R. W. Algorithms 97. Shortest Path Commun. 5, 345 (1962).
86. Arora et al. (2021) https://github.com/Singlemoleculelab-IISERM/Arora-et-al-

Communicaton-Biology

Acknowledgements
This work was supported by the Wellcome Trust/ DBT Indian Alliance fellowship
[grant number: IA/I/15/1/501817] awarded to SR. SR acknowledges the financial support
provided by The Wellcome Trust/DBT Intermediate fellowship by Indian Alliance and
Indian Institute of Science Education and Research Mohali, India (IISERM). We thank
Professor Raj Ladher, National Centre for Biological Science, India for providing Cdh23
and Pcdh15 mammalian constructs. NA is thankful to CSIR-India for providing fel-
lowship. JPH is thankful to IISERM for the financial support.

Author contributions
S.R. conceived the idea. J.P.H., N.A., and S.R. designed all the experiments and
analyzed the data. N.A. and J.P.H. expressed and purified the proteins. J.P.H. and
N.A. made the figures. J.P.H. and S.R. wrote the paper. N.A., S.R. and J.P.H.
edited the paper.

Competing interests
The authors declare no competing interests.

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02445-y ARTICLE

COMMUNICATIONS BIOLOGY |           (2021) 4:925 | https://doi.org/10.1038/s42003-021-02445-y | www.nature.com/commsbio 9

https://github.com/Singlemoleculelab-IISERM/Arora-et-al-Communicaton-Biology
https://github.com/Singlemoleculelab-IISERM/Arora-et-al-Communicaton-Biology
www.nature.com/commsbio
www.nature.com/commsbio


Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-021-02445-y.

Correspondence and requests for materials should be addressed to J.P.H. or S.R.

Peer review information Communications Biology thanks the anonymous reviewers for
their contribution to the peer review of this work. Primary Handling Editors: Nicholas
Kurniawan and Anam Akhtar. Peer reviewer reports are available.

Reprints and permission 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.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, 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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02445-y

10 COMMUNICATIONS BIOLOGY |           (2021) 4:925 | https://doi.org/10.1038/s42003-021-02445-y | www.nature.com/commsbio

https://doi.org/10.1038/s42003-021-02445-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Anisotropy in mechanical unfolding of protein upon partner-assisted pulling and handle-assisted pulling
	Results
	Design of HAP and PAP modes
	HAP and PAP feature distinctly different unfolding patterns of Cdh23
	Dynamic network structures of Cdh23 under tension differ for HAP and PAP
	PAP is equivalent to spatially distributed multiple-point pulling over a single-point pulling in HAP

	Discussion
	Conclusion
	Materials and methods
	Cloning, expression, and purification of mammalian expressed proteins
	Surface modification protocol
	Single-molecule force spectroscopy using AFM
	Worm-like chain (WLC) model fit
	Molecular dynamics simulation
	Dynamic network analysis
	Statistics and reproducibility
	Associated content

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


