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Spectrin superfamily proteins play essential roles in cells by inter-
linking various cytoskeletal components and bridging the cytoske-
leton to both the cell membrane and the nucleus. Characterized by
the spectrin repeat (SR) domain, this superfamily features a unique
bundle of three antiparallel a-helices. These SRs often appear as
tandem repeats linked by short segments, serving as tension-
bearing structural units that support the cytoskeleton and act as
signaling hubs for numerous proteins. Although the cooperative
force-dependent unfolding of tandem spectrin repeats is well-
documented, the precise molecular mechanisms remain unclear.
In this study, we used the paradigmatic tandem SR (SR3-SR4) of a-
actinin as our model system. Our results reveal that cooperativity
arises from the salt bridges on the linker between the two domains.
Additionally, we found that the salt bridge mechanically stabilizes
the two domains, extending the lifetime of SR3—SR4 by 10 to 100
times compared to individual domains. Our full-atom MD simula-
tions show that the linker salt bridge is a major force-bearing point,
and its disruption leads to the mechanical unfolding of the domains.
Finally, combining AlphaFold structural prediction and single-
molecule manipulation studies of other spectrin superfamily pro-
teins, we demonstrate that linker salt bridge-mediated cooperativ-
ity and stabilization is a potentially conserved molecular
mechanism governing the mechanical responses of SRs in spectrin
superfamily proteins.
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New concepts

Spectrin superfamily proteins play pivotal roles within cells by cross-
linking diverse cytoskeletal elements and establishing connections
between the cytoskeleton, cell membrane, and nucleus. The hallmark
feature of this superfamily is the spectrin repeat (SR) domain, often found
as tandem repeats with short a-helical linkers. This work employs a
combination of single-protein magnetic tweezers and molecular
dynamics simulations to elucidate the role of the o-helical linker
connecting tandem SRs in spectrin superfamily proteins. Our study
reveals that this linker facilitates inter-domain salt-bridge interactions,
thereby dominating the mechanical stabilization and cooperative
unfolding of adjacent SRs. Our results propose a potentially conserved
molecular mechanism governing the mechanical stabilization and
cooperativity of neighboring SRs within spectrin superfamily proteins.

Introduction

In cells, the actomyosin cytoskeleton consists of actin filaments,
actin-binding proteins that organize the filaments into diverse
structures, and myosin fibers responsible for the dynamic con-
traction of these filaments. The actomyosin cytoskeleton inter-
faces with other cytoskeletal elements such as intermediate
filaments and microtubules through specific connecting pro-
teins and associates with both the cell membrane and the
nuclear membrane via sets of adaptor proteins.'™ Actomyosin
contraction or external mechanical disturbances produce
dynamic tension within the filaments and related proteins,
resulting in networks that are highly dynamic yet remarkably
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stable. These networks facilitate cells mechanosensing and
mechanotransduction capabilities, which are vital for regulating
cell-matrix and cell-cell adhesions, cell migration, differentia-
tion, growth, tissue repair, and embryonic development.'™

The associated, tension-bearing, mechano-sensitive proteins
are indispensable for this robust system. Examples include the
actin filament cross-linking protein, o-actinin, which assembles
the filaments into fibers; the membrane-associated actin-binding
proteins, spectrin and dystrophin, which maintain the cell shape
and the stability and structure of the cell membrane;>” the plakin
family proteins, which act as linkers among actin filaments,
microtubules, and intermediate filaments® and connect inter-
mediate filaments to the cell and nuclear membranes; and the
nesprin family proteins, which link the cytoskeleton and the
nuclear membrane.’ These proteins belong to the spectrin super-
family. The signature domain of this superfamily, the spectrin
repeat (SR), is a characteristic bundle of three antiparallel
a-helices, 106-122 amino acids long. SRs in these proteins exist
as tandem repeats with short linkers, acting as tension-bearing
structural modules and hubs for numerous signaling proteins.

Dynamic tension is transmitted through tandem SRs, making
their tension-dependent structural dynamics crucial for their
functional activities. Intriguingly, cooperative unfolding behaviors
have been frequently observed among the tandem SRs of various
proteins, including spectrins,'®™* dystrophin,"® utrophin,'® and
o-actinin,'” as revealed by various biophysical technologies over
the past few decades. Previous pioneering research on spectrins
emphasized the significance of the helical nature of inter-domain
linkers in maintaining cooperativity between the domains.'*™*
Nonetheless, the specific molecular mechanism governing the
cooperativity of the tandem SRs and their linkers remains unclear.

In this work, we employed the paradigmatic tandem spec-
trin repeats (SR3-SR4) of a-actinin-1,"""'° often regarded as the
ancestral protein of the family, as our model system to explore
the molecular mechanism underlying the cooperativity of the
tandem SRs. Using a single-protein manipulation platform with
magnetic tweezers, we directly quantified the unfolding force
distributions and mechanical lifetimes of the SR3-SR4 tandem
repeat, as well as the individual SR3 and SR4 domains. Intrigu-
ingly, we found that SR3-SR4 not only unfolds cooperatively but
also exhibits a mechanical lifetime substantially greater than
that of either SR3 or SR4 alone. This observation suggests a
significant mechanical stabilization effect resulting from inter-
domain interactions. Our molecular dynamics simulations
revealed that the linker between SR3 and SR4 plays a vital role
in augmenting the mechanical stability of both SR4 and SR3
through linker-mediated salt bridges, which was experimen-
tally confirmed by corresponding mutations that remove
the salt bridges. AlphaFold3 predicts the existence of similar
linker-mediated inter-domain salt bridges among spectrin
superfamily proteins, suggesting inter-domain cooperativity in
mechanical unfolding, supported by single-molecule mechan-
ical unfolding experiments with dystrophin SRs. Overall, our
findings uncover a potentially conserved molecular mechanism
governing the mechanical stabilization and cooperativity of
neighboring SRs.
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Experimental section
Single-protein manipulation and analysis

A vertical magnetic tweezer setup was combined with a
disturbance-free, rapid solution-exchange flow channel for con-
ducting in vitro protein stretching experiments.>*** All in vitro
protein stretching experiments were performed in a solution
containing 1x PBS, 1% BSA, 1 mM DTT, and 10 mM sodium
L-ascorbate at 22 + 1 °C. The force calibration of the magnetic
tweezer setup introduces a 10% uncertainty due to the hetero-
geneity in the diameter of paramagnetic beads,”® while the
determination of the bead height in the magnetic tweezer setup
has an uncertainty of approximately 2-5 nm due to the thermal
fluctuation of the tethered bead and the camera’s resolution.>?
Raw data obtained from magnetic tweezer experiments were
analyzed using OriginPro or MATLAB software and plotted using
OriginPro. Single molecular tether between the bead and the
surface was ensured by monitoring microbeads’ positional
changes in the x-, y-, and z-directions during stepwise unfolding
or refolding events. In the case of a single tether, a discrete
change in extension along the z-axis corresponding to the
unfolding or refolding of a protein domain is accompanied by
minimal or no displacement in the x and y directions.*

In the single-molecule manipulation experiments, at least
three independent individual single molecules are stretched for
multiple cycles for each assay, such as the linear force-loading
assay shown in Fig. 1 and the force-jump assay shown in Fig. 2.
The total number of data points is indicated in each figure
panel. All data points are included for the statistical analyses,
such as the normalized unfolding force distribution in Fig. 1
and the characteristic lifetime fitting in Fig. 2.

Seven plasmids were prepared for the expression of the
protein constructs for single-molecule stretching experiments:
three plasmids for a-actinin SR domains: (1) pET151-Avi-(ACTN1-
SR3-SR4)-Spy, (2) pET151-Avi-(ACTN1-SR4)s-Spy,'” and (3) pET151-
Avi-(ACTN1-SR3-SR4)M8025Aa,Glu630A g1y and four plasmids for
dystrophin SR domains as described previously."” The DNA frag-
ments containing the genes were synthesized by geneArt/IDTg-
block/Sangon, assembled using the seamless DNA Assembly Kit,
and validated through sequencing. Each plasmid was co-
transformed with a BirA plasmid and expressed in Escherichia coli
BL21 (DE3), cultured in LB media with D-Biotin (Sigma Aldrich),
and then affinity-purified through a 6His-tag. Detailed sequence
information for the constructs can be found in Text S1 (ESIt).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out using the
GROMACS software,** employing the Amber99SB-ildn force field
and the explicit TIP3P water model.”>*® The model for the
spectrin repeats was based on the structure of Chicken Gizzard
Smooth Muscle o-actinin (PDB: 1SJJ).*® The system was solvated in
a 150 mM NaCl aqueous solution. To ensure overall charge
neutrality, additional Na ions were added to compensate for the
net negative charge of the solute. Initial energy minimization was
performed using the steepest descent method. Subsequently,
100 ps of NVT (constant number of particles, volume, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Force-dependent unfolding of SR3—-SR4, SR3, and SR4 domains. (a) Top panel: Design of the single-molecule construct of the SR3—SR4 molecule. The
example structure of SR3-SR4 is taken from PDB: 15JJ,*® where blue represents SR3, green represents SR4, and red represents the linker. Bottom panel:
Illustration of the single-molecule experiments where the construct is specifically tethered between a paramagnetic bead (via a DNA handle) and a coverslip
surface. The illustration on the lower right showcases three experimental designs: SR3-SR4, (SR4)s, and SR3—-SR4 with the vinculin-D1 domain bound to SR4,
respectively. (b) Top panel: Typical force-bead height curves of the SR3-SR4 construct during the force-increase scan at a loading rate of 1 pN s~*. Five
consecutive curves are depicted by colored lines, obtained by applying 10-point FFT smoothing to the raw gray data. Middle panel: Each rupture transition step in
the scan is marked by a hollow circle. The dashed curve in the panel represents the theoretical estimation of the force-dependent step size for cooperative
unfolding of SR3—-SR4 (upper) and individual SR3/SR4 unfolding (lower). Bottom panel: Normalized histograms of rupture force distributions (N = 218). (c) Top
panel: Typical force-bead height curves of the (SR4)s construct during the force-increase scan at a loading rate of 1 pN s~. Middle panel: Each rupture transition
step in the scan is indicated by a hollow circle. Bottom panel: Normalized histograms of SR4 rupture force distributions, plotted based on N = 214 data points. (d)
Top panel: Typical force-height curves of the SR3—SR4 domain in the presence of vinculin-D1 bound to SR4, obtained at a loading rate of 1 pN s~*. Middle panel:
Force-dependent step sizes of SR3 unfolding observed during the force-increase scans. The dashed curve in the panel represents the theoretical estimation of
the force-dependent step size for SR3 unfolding transition. Bottom panel: Normalized histograms of rupture force distributions (N = 42).

temperature) followed by 1 ns of NPT (constant number of A constant temperature of 300 K was maintained using a
particles, pressure, and temperature) equilibration were con- Nosé-Hoover thermostat,”” while the pressure was kept at 1 bar
ducted, both with harmonic positional restraints applied to the using isotropic coupling to a Parrinello-Rahman barostat.?®
heavy atoms of the protein. Throughout all simulations, long-range electrostatic interactions
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Fig. 2 Force-dependent lifetimes of SR3-SR4, SR3, and SR4 domains. (a) A representative force-jump measurement depicting the force-dependent
lifetime of the SR3-SR4 molecule. The black arrows indicate the changes in the bead height caused by the structural transitions (unfolding) of the
construct. The construct was subjected to a low force of approximately 1 pN for around 10 seconds (depicted by the dark gray lines) to facilitate the
formation of the SR3-SR4 complex. Subsequently, the force was rapidly increased to approximately 19.6 pN (as shown by the red lines in the example)
until the complex rupture was observed. The force was then reduced to approximately 1 pN to allow the molecule to refold. (b) and (c) Representative
force-jump cycles of (SR4)g and the SR3-SR4 bound with vinculin, respectively. (d) The force-dependent lifetimes of SR3-SR4, SR3, and SR4. The hollow
green/blue/black circles represent individual lifetimes measured at the corresponding forces. The solid green/blue/black squares represent the
characteristic lifetimes at the respective forces. The green/blue/black lines correspond to the fitting curve based on Bell's model. The horizontal error
bars reflect a force calibration uncertainty of 10 to 15%, stemming from bead heterogeneity. The vertical error bars represent the standard error of the

mean. The zero-force unfolding rates kO and transition distance 4 are as follows: 4.4 x 10~

3.0 x 1075 st and 1.7 nm (SR3-SR4), respectively.

were treated with the particle mesh Ewald method.>® The con-
straints for heavy atom-hydrogen bonds were applied using the
LINCS procedure.*®

Steered molecular dynamics (SMD) simulations were per-
formed using harmonic springs with a spring constant of
k = 300 pN nm™", and various equilibrium lengths are con-
nected between the C, atoms of residues at the N-terminal and
the C-terminal. For each equilibrium spring length, the SMD
simulation was performed for 80 ns, consisting of a 50 ns
equilibration stage and a 30 ns production stage, with the total
simulation time for each spectrin repeat exceeding 1 ps. The
free energy and force profiles were obtained using WHAM
umbrella sampling analysis.>!*? The average force values were

1752 | Nanoscale Horiz., 2025, 10, 1749-1759

4s7land 2.3 nm (SR4), 3.9 x 10~ s~* and 4.7 nm (SR3), and

also directly obtained based on the average spring extension
Ax, F = kAx as well. Thus, the spring constant was determined
to be sufficiently stiff to constrain the regional fluctuations, yet
soft enough to allow overlapping of regional fluctuations that is
needed for umbrella sampling.**

The force differences were computed using force distribution
analysis (FDA).>* For each frame, the pairwise forces AF; between
two residues i and j can be obtained by summing up atomic forces
between these two residues. To measure the force propagation
through the protein, subtraction of the pairwise forces between
the selected state and the reference state was performed:

AFij — |F2elected _ F‘;'eference|. (1)

This journal is © The Royal Society of Chemistry 2025
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By summing up all the residue-based pairwise forces, the
force of each residue was obtained:

AF; =Y AFy. (2)
=

For each case, AF; was averaged over the last 30 ns simula-
tions. The FDA was performed on each individual trajectory per
condition, and the resulting average forces of the mutant were
subtracted from those of the wild type. The networks shown are
connected graphs of residues with force differences above a
given threshold.

Results and discussion

Enhanced mechanical stability of the SR3-SR4 tandem due to
inter-domain cooperativity

In order to investigate the force-dependent unfolding behaviour of
a-actinin SR3-SR4, we prepared single-molecule constructs that
consist of the SR3 and SR4 as well as the linker between the
domains (referred to as SR3-SR4, 500th-745th a.a., UniProt
P12814), or six repeats of SR4 (621th-745th a.a., UniProt P12814,
referred to as (SR4)s), spanned between an N-terminal biotinylated
AviTag and a C-terminal SpyTag (Fig. 1a). The two tags enable
specific tethering of the target protein between a spyCatcher-
coated coverslip surface and a super-paramagnetic bead, utilizing
streptavidin-labeled DNA handles as spacers between the bead and
the coverslip surface."””** Subsequently, we applied an external
force to the SR3-SR4 or (SR4), molecule using a magnetic tweezers
setup® and observed the structural dynamics of the domains
under force. These dynamics were reflected by corresponding
changes in the bead height. Here we note that the linker regions
prior and after the target domain/domains are kept in the con-
structs to better mimic the physiological conditions. The detailed
sequence information of the constructs could be found in the
supporting Text S1 (ESIt).

The top panels of Fig. 1b and c display the typical force-bead
height curves for the SR3-SR4 and (SR4), tether during linear
force-increase scans, respectively, with a physiologically relevant
loading rate of 1 pN s~ *.*>*® The middle and bottom panels of
Fig. 1b and c illustrate the corresponding force-step size graph
and the normalized unfolding force distribution for SR4 and
SR3-SR4, obtained from N =214 and N = 218 force-increase scan
cycles, respectively. We note that bead-height changes during a
force change can result from both molecular extension and bead
rotation due to torque rebalance. In contrast, a stepwise bead-
height change during which force remains nearly unchanged
reflects a change in molecular extension, such as during protein
domain unfolding or refolding.>*”

The unfolding curves of (SR4)s show characterized step-wise
unfolding of individual independent domains. The unfolding
forces are peaked at around 11.0 + 0.2 pN (mean + standard
deviation) based on Gaussian fitting. In sharp contrast, for the
SR3-SR4 construct, concurrent unfolding of both domains with
a single large step size that equals the sum of two domain
unfolding, or nearly concurrent unfolding of the two domains

This journal is © The Royal Society of Chemistry 2025
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with a small time interval at forces of 20.8 £ 0.2 pN was
predominant. The concurrent or nearly concurrent unfolding
indicates strong cooperativity between SR3 and SR4. Impor-
tantly, this also results in a strong mechanical stabilization of
SR4, evidenced by an increased unfolding force of about 10 pN.

To investigate whether this cooperativity also enhances the
mechanical stabilization of SR3, we utilized the D1 domain of
vinculin, which is known to bind a high-affinity site in SR4 in its
unfolded conformation®® and maintains SR4 in the unfolded state
when the force is reduced.'” We stretched the SR3-SR4 molecule
in the 200 nM vinculin-D1 domain in solution, ensuring that a
vinculin-D1-bound unfolded SR4 disrupts the inter-domain coop-
erativity between SR3 and SR4. The top panel of Fig. 1d illustrates
typical force-bead height curves for SR3-SR4 (vinculin-D1 bound)
during linear force-increase scans at a loading rate of 1 pN s~ .
The middle and bottom panels of Fig. 1d show the corresponding
force-step size graph and the normalized unfolding force distribu-
tion of SR3, obtained from N = 42 force-increase scan cycles. The
SR3 domain unfolds at forces of 15.1 & 0.1 pN, roughly 5 pN less
than the unfolding forces of SR3-SR4.

Next, we further explored the mechanical stabilization
effects of the inter-domain interaction of the SR3-SR4 mole-
cule. To directly quantify the force-dependent lifetime of the
SR3-SR4 molecule, as well as that of the individual SR3 and SR4
domains, we implemented force-jump-cycle procedures (Fig. 2).
Initially, the SR3-SR4 molecule was held at a small force of
~1 pN for ~30 seconds to allow folding. Then, we increased
the force to a target level (e.g., ~19.6 pN in Fig. 2a, shown
in red) and maintained it until the unfolding events were
observed. These were indicated by one large step of bead height
jump or two sequential, close steps. Subsequently, we reduced
the force to permit refolding of the SR3-SR4 for the next cycle.
By repeating such force-jump-cycles multiple times at target
forces ranging from ~12 pN to ~23 pN, we obtained a pool of
lifetimes for each target force, leading to a force-dependent
average lifetime. Similar force-jump-cycles were used for six
repeats of SR4 (Fig. 2b), as well as the SR3-SR4 molecule in the
presence of vinculin-D1 (Fig. 2c), to ascertain the force-
dependent lifetime of individual domains. It is worth noting
that, for the SR3-SR4 molecule with vinculin-D1 in solution,
an additional step of force at ~3 pN for 5 s was included to
increase the exposure time of the unfolded SR4, thereby ensur-
ing vinculin-D1 re-binding to VBS in the unfolded SR4 if the
vinculin-D1 was disassociated during higher forces. For the six
repeats of SR4, a pseudo-dwell-time analysis method was imple-
mented to calculate the force-dependent lifetime of SR4.%°

Fig. 2d illustrates the force-dependent lifetime of the SR3-
SR4 tandem (black), SR3 (blue), and SR4 (green). The inter-
domain interaction between SR3 and SR4 markedly stabilizes
the domains, resulting in a significantly extended mechanical
lifetime when compared to SR3 or SR4 alone. The individual
SR4 domain endures ~ 100 seconds at a force of ~5 pN, and it
can last for a duration in seconds at forces up to 10 pN. In sharp
contrast, the force-dependent lifetime of the SR4 domain
within the SR3-SR4 tandem increases by nearly two orders of
magnitude. Furthermore, the differential transition distances A
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of SR3, SR4, and the SR3-SR4 tandem seem to indicate that the
force-induced unfolding pathways of SR3, SR4, and the SR3-
SR4 tandem are distinctly different.

Overall, the results suggest that there is an inter-domain
interaction between SR3 and SR4 that results in strong coop-
erativity in mechanical unfolding of the two domains and
contributes substantially to the mechanical stabilization of
both SR3 and SR4.

Disruption of linker-mediated salt bridges precedes the
mechanical unfolding of SR3-SR4, SR3, and SR4

To investigate the molecular intricacies of the inter-domain
interactions between SR3 and SR4 that contribute to the
cooperative unfolding and mechanical stabilization effect of
the domains, we conducted molecular dynamics (MD) simula-
tions on the SR3-SR4 complex as well as the individual SR3 and
SR4 domains. Since the X-ray structure of human a-actinin-1
has not been reported, the model of the spectrin repeats for the
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simulation studies was based on the structure of a-actinin-2 of
smooth muscle (PDB: 1S]]),"® which agrees well with the
structural prediction using AlphaFold3*® (Fig. S1, ESI{).
In these simulations, harmonic spring constraints were applied
to the protein domains, using the same spring constant k =
300 pN nm ' (top panels of Fig. 3a—c). As we incrementally
increased the equilibrium length of the spring, the proteins
began to unfold gradually. Forces were directly obtained from
the spring constraints with different equilibrium lengths (illu-
strated as dots in bottom panels of Fig. 3a—c).

Using cubic spline interpolation, continuous force-distance
curves for SR3, SR4, and the SR3-SR4 complex were generated
(as shown by the curves in Fig. 3a—c). Integration of the force
with respect to the end-to-end distance of the protein allowed
us to derive free energy profiles (Fig. S2, blue lines, ESIf).
These are in agreement with the global unbiased free energy
profiles obtained via constrained local fluctuations with differ-
ent spring equilibrium lengths using the standard weighted
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Fig. 3 Mechanical stabilization of SR3-SR4 through the linker-mediated salt bridge. (a)—(c) Top panels: Schematic representation of molecular
dynamics simulations illustrating the stretching of SR3-SR4, SR4, and SR3. Harmonic spring constraints with an identical spring constant of k =
300 pN nm~* were applied. The equilibrium length of the spring was incrementally adjusted to unfold the proteins gradually. Bottom panels: Force versus
end-to-end distance profiles for (a) SR3, (b) SR4, and (c) SR3—-SR4 from MD simulations. Black dots depict the average forces directly obtained from the
spring constraints at various equilibrium lengths, while the continuous curves are generated through cubic spline interpolation. The average minimum
distances between SR3-SR4 residues, (d) Glu621 and Arg625, and (e) Glu630 and Arg633 were monitored during the stretching process. These distances
reflect the persistence of salt bridges between the linker and SR3/SR4. Significant increases in the distance indicate the detachment of residues,

corresponding to the force drops in (e).
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histogram analysis method (WHAM, see Fig. S2, ESIt).>' As the
equilibrium length of the spring increased, the end-to-end
distance of the protein extended, and the force on SR3, SR4,
and the SR3-SR4 complex initially increased slowly. Upon
stretching to a specific distance, a substantial drop in force
was observed, signifying a partial structural transition.

During the stretching process, the microstructure of SR3/
SR4/SR3-SR4 undergoes a transformation, as depicted by the
representative structures in Fig. S2-S4 (ESIT). For SR3, when the
end-to-end distance d = 5.1 nm, there are no significant
changes in the structure of SR3. Interestingly, at d = 5.8 nm,
the Lys556-Asp616 salt bridge is abolished, accompanied by a
decrease in the stretching force, which corresponds to the first
peak in Fig. 3a. As SR3 protein is stretched further from d =
6.2 nm to d = 6.8 nm, the Arg518-Glu565 salt bridge breaks,
corresponding to the last peak in Fig. 3a (Fig. S3, ESI). Salt-
bridge residues also play a significant role during the stretching
process of SR4. From d = 4.9 nm to d = 6.8 nm, the Lys633—
Asp703 and Arg673-Glu733 salt bridges are abolished, and the
o-helices unwind from the C terminus (Fig. S3, ESIY).

In the case of SR3-SR4, the o-helical linker partially unwinds
(residues 621 to 630) at d = 12.4 nm, corresponding to the first
peak in Fig. 3c. The breaking of the Glu621/Glu622-Arg625 salt
bridge occurs at d = 13.6 nm, and the highest peak in Fig. 3c
corresponds to the abolishment of salt bridges with Glu630,
Arg633, and Asp703 (Fig. S5, ESIt). The average minimum
distances between residues Glu621 and Arg625, Glu630 and
Arg633 (the salt bridges between the linker and SR3-SR4)
during the stretching process are recorded in Fig. 3d and e,
respectively. The substantial increase in the distance signifies
the unbinding of residues, which directly corresponds to the
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force drops in Fig. 3c. These results indicate that the Glu621/
Glu622-Arg625 and Glu630-Arg633 salt bridges are crucial
during the gradual partial unfolding process of SR3-SR4. Over-
all, the results reveal that mechanical destabilization of SR3-
SR4, SR3 and SR4 starts from disruption of salt bridges on the
linker between SR3 and SR4, strongly suggesting a crucial role
of these linker-mediated salt bridges in their mechanical
stability.

Point mutations in the salt-bridge-coordinating residues
destabilize the SR3-SR4

To further evaluate the role of the linker-mediated salt bridges in
modifying the mechanical stability of SR3-SR4, point mutations
Arg625Ala and Glu630Ala were introduced into linker residues in
MD simulations (Fig. 4). Analysis of the per residue root-mean-
square-fluctuation (RMSF) revealed global differences across
most residues between the wild type and the mutant (Fig. S6,
ESIT), suggesting that the point mutations Arg625Ala and
Glu630Ala destabilize SR3-SR4. A harmonic spring with a con-
stant k = 300 pN nm " was applied to the SR3-SR4 mutant, with
increasing equilibrium lengths used to stretch the protein. The
force-distance curve is depicted in Fig. S7 (ESIt), displaying a
force level during stretching clearly lower than that in Fig. 3c.
This demonstrates that residues Arg625 and Glu630 significantly
influence the unfolding force of SR3-SR4.

To elucidate the structural and mechanical changes in the
Arg625Ala and Glu630Ala mutants, we conducted a force distribu-
tion analysis (FDA, see the Methods section) in full-atom MD
simulations.*® Introducing a mutation can alter the force distribu-
tion, providing insights into how the mutation affects the force
propagation pathway.** We examined the force distribution in the
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Fig. 4 Destabilization of SR3-SR4 due to point mutations in the linker in MD simulations. (a) Comparison of internal residue-based forces between the
mutant and wild-type SR3-SR4 at different force thresholds (purple bars), highlighting the mutation residues Arg625/Glu630Ala (indicated by black
arrows). (b) Comparison of salt bridges between the linker and SR3/SR4 in the wild-type SR3—-SR4 (upper panel) with those in the mutant SR3-SR4 (lower
panel). (c) Trajectory-averaged minimum distances between residue pairs 625 and Glu621, 625 and Glu622, 630 and Arg633, as well as Arg633 and

Asp703, in both wild-type and mutant SR3-SR4.
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mutant SR3-SR4, comparing the magnitude of the differences to
the wild type to identify the allosteric pathways. Fig. 4a illustrates
the network of residue pairs displaying changes in inter-residue
forces exceeding a specific threshold (purple bars). The mutation
notably affects the force change more in the SR4 domain than in
the SR3 domain, indicating that the linker residues enhance the
mechanical stability of SR4 and further stabilize SR3-SR4. Impor-
tantly, the mutations result in more than 50 pN force changes at
the sites corresponding to the linker-mediated salt bridges in the
wild type, suggesting that the linker-mediated salt bridges are
critical force-bearing sites.

The FDA shows that force propagation began from the
mutation points Arg625Ala and Glu630Ala (marked with black
arrows in the bottom panel in Fig. 4a), transmitting to the SR3
and SR4 domains through salt bridges with Glu621, Glu622,
and Arg625 and Glu630, Arg633 and Asp703, respectively. To
identify salt bridges vital for the structural stability of SR3-SR4,
we calculated the minimum distance of salt-bridge residues in
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the wild type and mutant, which indicates the interaction
strength between two residues (Fig. 4c). In the mutant SR3-
SR4, the distance between residues 625 and Glu621/Glu622 and
between residues 630 and Arg633 is markedly higher than that
in the wild type SR3-SR4, indicating robust interactions
between these residues in wild type SR3-SR4, with point muta-
tions leading to the abolition of the salt bridges. Additionally,
the difference in the distance between Arg633 and Asp703 may
suggest that the formation of the Glu630-Arg633 salt bridge
may also influence residues outside the mutation points,
possibly exerting an allosteric effect on SR4 to further stabilize
the protein structure.

To experimentally confirm the role of the linker-mediated
salt bridges in the cooperative mechanical unfolding and
mechanical stabilization of the SR3-SR4, we constructed a
single protein stretching construct containing the SR3-SR4
domain with the mutations on salt-bridge-coordinating resi-
dues, termed SR3-SR4AT8624AIaGIu629A1a  p1are we pote that

104 8 pN

Lifetime (s)
- = R

-
Q
.
.

10-2 T T L] T T
7 8 9 10 11 12 13

Force (pN)

Fig. 5 Destabilization of SR3-SR4 due to point mutations in the linker revealed by single-molecule stretching. (a) Single-molecule design of the SR3—

SR4AT9624AaGUB29AE onstryct, which breaks the linker-mediated inter-domain salt-bridges. (b) Four representative force—bead height curves of the

SR3—GR4AT9624A.GlUG29A g ring linear force-loading scans with a loading rate of 1 pN s, (c) The force—step size graph of the two SR domain unfoldings
obtained from the linear force-loading scans (N = 143). The light gray and gray symbols indicate the first and second unfolding events during a scan. The
dashed lines are theoretical calculations of the force-dependent step sizes of the SR3 and SR4, as well as the SR3 and SR4. (d) The resulting normalized
distribution of the unfolding forces. The lines are Gaussian fitting of the distribution. (e). Representative time—bead height curves during force-jump scans
at three targeting forces: 8 pN, 10 pN, and 12 pN. (f) The force-dependent lifetimes of the two SR domains in the SR3—SR4Ar9624A.GLU629AE onstryct.
Gray symbols indicate the raw data, and the colored symbols indicate the characterized lifetime. The lines are Bell model fitting of the experimental data,
which gives the zero-force unfolding rates k3 and transition distance 4 for 87 + 4.6 x 10 *s *and 23+ 0.9 nm (red) and 49 £ 17 x 10 °s *and 2.1 +
1.3 nm (blue), respectively.
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Arg624 and Glu629 of human o-actinin 1 correspond to Arg625
and Glu630 for v-actinin-2 of smooth muscle (PDB: 1SJ]),"® respec-
tively. We then performed similar force loading experiments on the
mutated SR3-SR4 (Fig. 5a). Fig. 5b-d show the representative
force-bead height curves of the SR3-SR4A™864AIaGlu629A1 qypipe
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linear force-increase scans with a loading rate of 1 pN s~ . Fig. 5¢
and d show the resulting force-step size graph and normalized
force distributions of the unfolding events (N = 143). Clearly, the
cooperative unfolding events of SR3 and SR4 at ~22 pN were
vanished. Instead, two separated unfolding events occurred with
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Fig. 6 Highly conserved linker-mediated inter-domain salt-bridges among the spectrin superfamily. (a) The percentages of linker-mediated inter-
domain salt-bridges among the spectrin superfamily. The example protein sequences are based on the UniProt database (dystonin: Q03001; dystrophin:
P11532; a-actinin: P12814; B-spectrin: QOH254; a-spectrin: P02549); the structures are predicted by AlphaFold3.%° (b)—(e) Comparison of the predicted
linker inter-domain salt bridges in dystrophin’s 24 SR domains and the force-dependent unfolding dynamics of dystrophin. The single-molecule
stretching experiments on dystrophin are repeating experiments consistent with our previous publication.’® The potential assignments of the predicted

structure and the unfolding events are indicated by arrows in the panels.
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peak forces at 8.9 £ 0.3 pN and 12.5 £+ 0.1 pN. In addition, we
further quantified the force-dependent lifetimes of the two
domains in SR3-SR4AT8024AlaC629A1 (pio 56 and f) and showed
that the force-dependent lifetimes of the mutated domains
decreased by over 100-1000 times compared to those of the wild-
type SR3-SR4.

Altogether, these results support the conclusion that the
linker-mediated salt-bridge leads to mechanical stabilization
and cooperativity of the SR3-SR4 domains, while point muta-
tions in the salt-bridge-coordinating residues vanish the coop-
erativity and destabilize the SR3-SR4 domains.

In this study, using single-protein manipulation and mole-
cular dynamics simulation technologies, we investigated the
force-dependent mechanical stability of the paradigmatic tandem
SR (SR3-SR4) domains from o-actinin. Our results clearly demon-
strate that linker-mediated salt bridges result in inter-domain
interactions, which in turn lead to strong cooperativity and
stabilization during the mechanical unfolding of these domains.

We propose that linker-mediated salt bridges may represent
a conserved molecular mechanism underlying the frequently
observed cooperative mechanical unfolding of SR tandems.
Indeed, analysis of AlphaFold3-predicted structures of various
spectrin superfamily proteins, including a-actinin, o-spectrin,
B-spectrin, dystrophin, and dystonin (Fig. S8, ESIt),*® reveals
linker-mediated bridges in over 50% of the neighboring SR
domains (Fig. 6a). Our previous studies on the force-dependent
unfolding dynamics of all 24 SR domains in the dystrophin
protein®® demonstrated multiple concurrent unfolding events
between neighboring SR domains. This finding is consistent
with the mechanism based on linker-mediated salt bridges
analyzed from structures predicted by AlphaFold3 (Fig. 6b-e).*
Altogether, short helical linker-mediated inter-domain salt
bridges may be a conserved molecular mechanism utilized by
tandem SRs for mechanical stabilization and cooperativity of
neighboring domains.

Cooperative mechanical unfolding of multiple domains
concurrently or nearly concurrently has a significant impact
on tension transmission. This process releases tension when
pulling a tandem of domains over a large tension magnitude
due to the sudden release of a long flexible polypeptide poly-
mer, suggesting a potential role in the mechanical protection of
force-transmission linkages. This is particularly important
given the large and rapid extension ranges of spectrin super-
family proteins, such as spectrin networks, nesprins, and
dystrophin, during large-scale dynamic cellular deformation
and muscle contraction.*'™*?

Cooperative mechanical unfolding of multiple domains con-
currently or nearly concurrently also leads to strong mechanical
stabilization of SRs, which may play a significant role in
mechanotransduction. Some SRs contain signaling sites buried
within the folded domain."”*® The mechanical enhancement
results in auto-inhibition of these signaling sites, requiring a
much higher tension threshold to activate the signaling pathway.
Using o-actinin SRs as an example, the SR4 domain contains a
vinculin binding site."”*® The salt-bridge mediated increase in
mechanical stability results in a higher activation force threshold
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to expose the buried binding site for vinculin binding.*® Addi-
tionally, some SRs may bind their partners in their folded state.**
For such SRs, the enhanced mechanical stability offers higher
resilience against mechanical stress for such binding partners.

Salt-bridge mediated mechanical stabilization might be a
conserved molecular mechanism not only for SRs but also for
other protein domain types to regulate their mechanical
behaviors.*>*® Interestingly, it has been recently reported that
the salt-bridge formed within the modulation domains (M1-
M3) of the C. elegans a-catenin leads to strong mechanical
stabilization of the M1 domain, which is mechanically weak by
itself. This results in a high activation force threshold to expose
the buried signaling protein binding site within the M1.°

An insightful finding from this study is that it is possible to
introduce mechanical stability at a specific site within a domain
or at the domain-domain interface, which additionally leads to
domain-domain cooperativity during mechanical unfolding.
This can be utilized as a guiding principle in bioengineering to
tune the mechanical properties of various protein domains or
protein-protein interactions, promising useful applications in
the development of future protein based functional materials.
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