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Abstract

Dystrophin is the largest protein isoform (427 kDa) expressed from the gene defective in 

Duchenne muscular dystrophy, a lethal muscle-wasting and genetically inherited disease. 

Dystrophin, localized within a cytoplasmic lattice termed costameres, connects the intracellular 

cytoskeleton of a myofiber through the cell membrane (sarcolemma) to the surrounding 

extracellular matrix. In spite of its mechanical regulation roles in stabilizing the sarcolemma 

during muscle contraction, the underlying molecular mechanism is still elusive. Here, we 

systematically investigated the mechanical stability and kinetics of the force-bearing central 

domain of human dystrophin that contains 24 spectrin repeats using magnetic tweezers. We show 

that the stochastic unfolding and refolding of central domain of dystrophin is able to keep the 

forces below 25 pN over a significant length change up to ~ 800 nm in physiological level of 

pulling speeds. These results suggest that dystrophin may serve as a molecular shock absorber that 

defines the physiological level of force in the dystrophin mediated force-transmission pathway 

during muscle contraction/stretch, thereby stabilizing the sarcolemma.
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Dystrophin is a 427 kDa (3685 residues) cytoskeletal protein expressed from the DMD gene 

defective in Duchenne muscular dystrophy, a lethal muscle-wasting disease that afflicts 1 in 

3500 live-born males.1–3 Dystrophin protein is comprised of four major domains: 1), actin-

binding domain (ABD) at the amino terminal domain that contains a pair of calponin 

homology (CH) modules; 2), the central rod domain that consists of 24 triple helical 

spectrin-like repeats (SR) interspersed with 4 putative hinge domains (H1,…,H4); 3), The 

cysteine-rich domain that encodes two EF-hand-like modules bounded by WW and ZZ 

modules; and 4), the carboxy-terminal domain that is unique to dystrophin and its 

homologues utrophin and the dystrobrevins.2, 4–12 The ABD, SR and EF-hand domains are 

structurally homologous to that present in several other actin binding proteins such as α-

actinins and β-spectrins.2, 4 The cysteine-rich C-terminus domains of dystrophin are 

responsible for interacting with sarcospan, α- and β-dystroglycan (DG), dystrobrevins (DB), 

syntrophins (SYN), and α-, β-, γ-, δ- sarcoglycan complex (SGC).2, 4–13 Together, these are 

now collectively termed as dystrophin-glycoprotein complex (DGC).2, 4–12

Dystrophin, together with its tightly associated complex, is localized within a cytoskeletal 

lattice termed costameres, which physically couple the sarcolemma and sarcomeres through 

extensive interacting networks.6–11, 14–17 Briefly, the ABD as well as SR11–15 domains of 

dystrophin link the complex to cytoskeleton through interacting with actin filament; the 

transmembrane β-DG and peripheral α-DG anchor the DGC to the cell membrane and 

contact with the ECM such as Laminin.6–11, 14–17
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Importantly, studies have established the critical role of dystrophin in stabilizing the 

sarcolemma against mechanical forces experienced during muscle contraction or stretch.
18–27 For instance, the absence of dystrophin in humans and the mdx mouse (which has a 

point mutation in DMD gene, resulting in nonfunctional dystrophin protein) leads to 

costamere disorganization,28–31 sarcolemma fragility,19–20, 32–33 muscle weakness and 

necrosis.21, 34–35 Sarcolemma fragility, muscle weakness and necrosis are all exacerbated by 

mechanical stress, improved by muscle immobilization, and corrected in the mdx mouse by 

transgenic expression of full-length dystrophin.19–27 However, the molecular mechanisms by 

which the dystrophin plays its mechanical stabilization roles are still elusive.

While the importance of N- and C-termini is apparent as the mechanical linkage of the 

cytoskeleton and sarcolemma, it has also been demonstrated that localization of dystrophin 

at the sarcolemma does not require simultaneous presence of the C-terminal domains and the 

N-terminal ABD domain.36–39 Importantly, the central rod region (or part of it) is required 

for high efficiency of rescue of the normal phenotype in mdx mouse, demonstrated by that 

minidystrophin containing at least 8 SR domains rescues the phenotype more efficiently than 

microdystrophin containing only 4 SRs.40–44 All these findings highlight the importance of 

the long central domain, which was mainly regarded as a scaffolding region previously.

To understand the roles of the central rod domain in mechanical regulation of dystrophin, it 

is critical to investigate the mechanical stabilities and dynamics of the force-bearing central 

domains, particularly, the 24 SR domains. Past decades, biophysical studies have advanced 

our understanding of the SR domains from various SR-containing proteins.45–49 Importantly, 

AFM force spectroscopy stretching of the mini-dystrophins has revealed the unfolding force 

distribution of partial central rod domain.45 However, a systematic information of force-

dependent unfolding and refolding dynamics of the full 24 SR domains is essential to gain 

the mechanical picture of the central rod domain, which is yet to be investigated.

In addition, besides the full-length dystrophin in muscle tissues, the DMD gene also contains 

four internal promoters that drive expression of distinct serially truncated proteins of 

dystrophin in non-muscle tissues, including Dp260, Dp140, Dp116, and Dp71.50 These 

truncated non-muscle isoforms mainly lack the N-terminal ABD and part of the central rod 

domain. How they may affect the mechanical regulation is also interesting.

To further reveal the roles of the dystrophin, especially the central rod domain in the 

mechanical stabilization of the sarcolemma, in this study, we systematically investigated the 

mechanical stability and the force-dependent unfolding/refolding transition rates of the 

force-bearing central domain of human dystrophin that contains 24 spectrin-repeats using 

magnetic tweezers.51–53 We show that the central domain of dystrophin is able to keep the 

forces below 25 pN over a significant length change up to ~ 800 nm in physiological level of 

pulling speeds. Based on these results, we propose that dystrophin may serve as a molecular 

shock absorber, through force-dependent unfolding and refolding of the SR domains, that 

defines the physiological level of force in the dystrophin mediated force-transmission 

pathway with large deformations during muscle contraction/stretch, thereby stabilizing the 

sarcolemma.
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RESULTS AND DISCUSSION

The mechanical stability and transition kinetics of central domain in dystrophin.

In order to investigate the mechanical stability and kinetics of the central domain in 

dystrophin, which contains the 24 SR domains (Fig. 1a), we constructed four fragments that 

cover the central domain: SR01–05, SR06–10, SR11–17, SR18–24, where the SR01–05 

contains the H2, and the SR18–24 contains the H3 (Fig. 1, Methods). By stretching each of 

the constructs, the unfolding/refolding dynamics of each SR domain can be probed and the 

mechanical properties of these domains can be quantified (Fig. 2&3).

Fig. 2a–d show the unfolding dynamics of the 24 SR domains (SR01–05 in panel a, SR06–

10 in panel b, SR11–17 in panel c, and SR18–24 in panel d) during force-increase scans 

with a force loading rate of 1 pN s−1. Unfolding dynamics at a higher loading rate of of 5 pN 

s−1 is also provided for comparison (Fig. S1). During the force-increase, each domain 

underwent unidirectional unfolding. The clear step-wise extension-jump during unfolding of 

each domain (arrows in the panels) suggests that the unfolding can be understood as a two-

state transition overcoming a high energy barrier separating the folded and unfolded states.

Assuming the unfolded state structure is a randomly coiled peptide, the contour length 

released during an unfolding step can be estimated based on the worm-like chain polymer 

(WLC) model of unfolded protein peptide with a bending persistence length of 0.8 nm,54–55 

from which the number of residues involved in the unfolding can be calculated based on a 

contour length of 0.38 nm per residue (Methods).56 The distribution of the estimated number 

of residues involved in the SR unfolding shows a major peak and a minor peak (Fig. 2f). The 

major peak of ~110 a.a. of residues is consistent with the number of residues in one SR 

domain. The minor peak of ~200 a.a., is consistent with simultaneous mechanical unfolding 

of two SR domains, suggesting potential cooperative unfolding of some of the domains.

The unfolding force distribution of all the SR domains at the loading rate are plotted in Fig. 

2e. Several different mechanical stability groups of these SR domains can be identified. For 

SR01–05, there are a major peak at ~ 16 pN, and a minor peak at ~7 pN. These two 

mechanical stability groups correspond to four and one SR domains, respectively, estimated 

based on the probability ratio through double Gaussian fitting. For SR06–10, there are a 

major peak at ~15 pN, corresponding to five SR domains. For SR11–17, there are a major 

peak at ~12 pN, and a minor peak at ~22 pN, corresponding to five and two SR domains, 

respectively. For SR18–24, there are a major peak at ~17 pN, and two minor peaks at ~30 

pN and ~40 pN, corresponding to four, two and one SR domains, respectively. The 

unfolding force distributions of the full 24 SR domains is obtained by merging the data from 

the four constructs (Fig. 2e, bottom panel). Here we note that the similar unfolding force 

distribution of the domains in the same group suggests similar mechanical stability of these 

domains, but does not imply cooperative unfolding of the domains.

The fully unfolded SR domains were then allowed to be re-folded during force-decrease 

scans with a loading rate of −0.1 pN s−1 (Fig. 3a–d). The refolding events of the domains are 

indicated by the step-wise extension-drops (arrows). In contrast to the unfolding force 

distribution, the refolding force distribution of all the SR domains shows a single peak at ~5 
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pN at the loading rate of −0.1 pN s−1 (Fig. 3e). The number of residues estimated based on 

the force-dependent refolding steps show a single peak of 100 a.a. of residues based on 

WLC model fitting assuming the unfolded state still exists in a randomly coiled peptide 

conformation at low forces around 5 pN (Fig. 3f). The consistency between the expected 

number of residues per SR (100–110 a.a) and the estimated number of residues from 

refolding step sizes of SRs suggest that refolding transition to the folded SR helix bundle 

occurs from a disordered peptide chain instead of a chain of three α-helices (Methods). The 

refolding force distributions of the full 24 SR domains is obtained by merging the data from 

the four constructs (Fig. 3e, bottom panel).

At forces outside the experimental force range, the force-dependent unfolding and refolding 

rates of these SR repeats can be estimated through extrapolation based on reasonable 

physical models. Previous studies have shown that the force-dependent unfolding rate of α-

helix-bundle domains can be described by Bell’s model,55, 57–60 ku
Bell(F) = ku

0exp(βFΔ), 

where β = 1
KBT , and Δ is the transition distance and ku

0 is the extrapolated zero-force 

unfolding the extrapolated zero-force rate. The unfolding force-distributions predicted by 

Bell’s model at the loading rate 1 pN s−1 can well fit the experimental data (blue lines, Fig. 

2e, Methods), which determine the best fitting kinetic parameters for each mechanical 

stability group (Table 1).

In contrast to unfolding, refolding of protein domains cannot be described by Bell’s model. 

This is because the unfolded state is a flexible peptide polymer, whose extension is sensitive 

to force at which refolding occurs. This leads to a force-dependent transition distance, 

Δf*(F), invalidating the assumption of a constant transition distance in Bell’s model. 

Therefore, we applied more generous Arrhenius equation, kf
Arrh(F) = kf

0exp −βΔϕ*(F) , 

where Δϕ*(F) = − ∫ 0
F Δf*( f )d f , is the force induced change to the free energy difference 

between the transition state and the unfolded state. Δf*(F) can be calculated based on the 

force-dependent extension difference between the transition state structure and the unfolded 

state structure.61–62 Assuming the transition state is a partially folded structure consisting of 

a folded core and an unfolded fraction that is modelled as peptide chain. Therefore, 

Δf*(F) = x * ,WLC(F) + x * , FJC(F) − xu
WLC(F), where x*,FJC(F) and x*,WLC(F) are the force-

dependent extensions of are the force-dependent extensions of the folded core and the 

peptide chain of the transition state, respectively, and xu
WLC(F) is the force-dependent 

extension of the peptide chain of the unfolded state. As shown in Fig. 3e, the refolding force 

distribution predicted by this model at the loading rate of −0.1 pN s−1 can well fit the 

experimental data (blue lines, Fig. 3e, Methods), which give rise to the best fitting kinetic 

parameters in Table 1.

By applying Bell’s model for unfolding events, and Arrhenius’ law for refolding events, we 

can estimate the force-dependent transition rates of these 24 SR domains over a range wider 

than that directly measured in experiments (Fig. 4a).
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Dystrophin as a molecular shock absorber, defining the physiological forces.

To estimate the tension in the dystrophin-mediated force transmission pathway during 

sarcomere contraction and relaxation cycles, we performed kinetics simulation by a revised 

Gillespie algorithm based on the force-dependent unfolding and refolding rates of the full 24 

SR domains (Supporting Text S1).63

Briefly, the 24 rod domains are treated as a one-dimensional lattice model. At a given 

extension of the rod, the force in the rod is estimated based on the structural states (i.e., 

folded or unfolded) of the domains in the rod and the force extension curves of the domains 

in the corresponding states. In addition, the four hinge regions, H2 and H3 in SR01–05 and 

SR18–24 as well as H1 and H4 at the two ends of the rod, are modeled as flexible chains 

which follow the WLC model.54 In response to the force, each rod domain undergoes 

stochastic structural transitions based on its force dependent unfolding and refolding 

transition rates (Fig. 4a). Both the time to the next transition event and the domain involved 

in that transition are stochastically determined based on transition rates of each domain.63 

After each transition, the structural states of the lattice were updated, and the resulting force 

was recalculated. Iteration of this process results in evolution of the structural states, causing 

force fluctuation in the rod, at a given extension. In addition, the stochastic kinetics 

simulation performed on a time varying extension of the rod can predict changes of tension 

and structural states of the rod domains at different pulling rates (i.e., the rate of total 

extension change).

Fig. 4b shows the resulting extension-force curves of the full central rod domain including 

the 24 SR domains and the four hinge regions at various pulling rates covering the range of 

possible in vivo conditions.64 At each pulling rate, the curves exhibit a saw-tooth pattern. 

Each tension-increase phase is a result of extension increase without structural changes, 

while each abrupt force-decrease/increase indicates unfolding/refolding of a domain that 

relaxes/increases the tension (Fig. 4c).

Importantly, over the wide range of pulling rates from 0.5 nm s−1 to 103 nm s−1, the average 

forces in the dystrophin is maintained below ~ 20 pN, with peak forces at ~ 5–30 pN, over a 

large extension range (up to ~ 900 nm, which is ~ 90% of the contour length of fullly 

unfolded central domain) (Fig. 4b). This extension range is close to the sarcomere length 

change during sarcomere contraction. Due to the transient nature, the peak forces might not 

impose a significant influence on the mechanical stability of the dystrophin mediated 

mechanotransmission. Further, at a constant extension ranging widely from 40 nm to 800 

nm, where the dystrophin rod likely contains a mixture of folded and unfolded SRs, the 

tension fluctuates within 25 pN (Fig. 4d). These results suggest that through the stochastic 

unfolding and refolding of the force-bearing SR domains, dystrophin has a potential to serve 

as a molecular mechanical shock absorber that keeps the force within certain level 

throughout the whole force-transmission pathway it mediates during dynamic sarcomere 

contraction and relaxation.

Previous studies reported mutants/isoforms of dystrophin that lack some of the SR domains 

(Fig. 1a). Particularly, dp427c and dp427p1 with mutated or truncated ABD domain, 

possibly lead to weaker actin filament binding through ABD domain; dp260–1 and dp260–2 
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with deletion of ABD and SR01–09, can only associate with actin filament through SR10–

15, leading to shorter length of the dystrophin. To investigate the effects of these dystrophin 

isoforms/mutants on the molecular mechanical shock absorber capability, we performed 

simulations with the corresponding numbers of SR domains as shown in Fig. 4d. The results 

show that, although the isoforms/mutants are capable of buffering forces within a similar 

level, they can only do so over a significantly shorter extension range compared to full-

length dystrophin.

In this study, we determined the force-dependent stability and kinetics of the 24 SR domains 

in the central domain of dystrophin. The 24 SR domains provide binding sites to a number 

of important proteins (Fig. 1a). The currently discovered interactors of the central domains 

include phospholipid (1st-3 SRs),65–68 Par-1b kinase (8th-9th SRs),69 actin filaments 

(11th-17th SRs),6, 70 neuronal nitric oxide synthase (nNOS) (16th-17th SRs),71 microtubule 

filaments (20th-24th).72–73 However, how force applied to dystrophin may affect these 

interactions is poorly understood.

Our results show that, the 24 SR domains can be unfolded over a force range from 5 – 40 pN 

(at loading rates in the order of 1 pN s−1). Therefore, the unfolding/refolding of the 24 SR 

domains may serve as mechanical switches of their interacting partners. Through unfolding 

of the SR domains, it turns off the interaction of those that target to the folded SR domain 

region, while it turns on those that target to the unfolded region of SR domains, and vice 
versa. Interestingly, it has been reported that mechanical loading regulates NOS expression 

and its activity in developing and adult skeletal muscle.74 Importantly, mechanical 

activation/deactivation of interactions appears a generic mechanism shared among a number 

of crucial mechanosensing proteins, such as talin, α-catenin, α-actinin, and titin etc.
53, 57–59, 75–77 It would be interesting to further investigate how binding partners of the 

force-bearing regions within dystrophin are regulated by force in the future.

In our body, the dystrophin pulling rate can vary over a wide range. In heart, heart beating 

involves cyclic stretching with a frequency in the order of 1 Hz and an extension change of 

sarcomere in the order of 1 μm. Assuming that dystrophin undergoes cyclic stretching-

relaxation processes with the similar frequency, and involves an extension change of similar 

range, the pulling rate of dystrophin in heart tissue can be roughly estimated in the order of 

1000 nm s−1. For skeletal muscle, the pulling rates depend on conditions, for example 

whether the person is doing exercise. Under most of conditions the pulling rates can be 

considered slower than 1000 nm s−1. Our simulations have been done over a wide range of 

pulling rate from 0.5 nm s−1 to 1000 nm s−1, which we believe covers most of the 

physiological pulling rate range of human muscles.

Our simulation results show that dystrophin, particularly its central domain, may serve as a 

molecular shock absorber that buffers the average forces in dystrophin over a range of ~5–25 

pN and peak forces up to 30 pN over a large extension change up to hundreds of nm till all 

SR unfolded. Therefore, it may play an important role that defines the physiological level of 

forces in the dystrophin mediated force-transmission pathway during muscle contraction/

stretch, thereby stabilizing the connections to sarcolemma and to sarcomere by preventing 

accumulation of large tension. In addition, the simulation results suggest that shortened 
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dystrophin isoforms/mutants are also capable of buffering forces within similar range. 

However, the extension range within which the force can be buffered, which is in 

proportional to the number of repeats, is decreased. Therefore, these shortened isoforms may 

lose their force buffering function when the deformation exceeds the extension range, 

impairing the mechanical stability of sarcolemma and sarcomere connections.

A quantitative understanding of force level in each important force-transmission pathway in 
vivo is crucial for deciphering the molecular mechanisms of mechanosensing proteins. In 

many important force-transmission pathways, one or more large rod-like proteins consisting 

of a tandem of repeats of structural domains are involved, such as talin in focal adhesion site, 

nesprins at nuclear membrane, and dystrophin at sarcolemma. All such large rod-like force-

bearing proteins have the potential to buffer force in the force-transition pathways they 

mediate. Current imaging technologies enable the measurement of the extension fluctuation 

of such force-bearing large rod-like proteins in living cells.78–79 Our study shows that the 

force fluctuation in the molecule can be estimated based on the extension fluctuation, 

providing the knowledge of force-dependent unfolding and refolding rates of the structural 

repeats. Therefore, we propose a method to measure the force in a force-transmission 

pathway in living cells, by combining in vitro measurement of the force-extension relation 

of the relevant force-buffering protein and in vivo measurement of the extension fluctuation 

of the corresponding protein. This method is different from the FRET-based force sensor,80 

providing an alternative approach for force-estimation in vivo with a force range up to tens 

of pN.

CONCLUSIONS

In summary, we experimentally determined the force-dependent stability of the 24 SR 

domains in the central domain of dystrophin, and propose that through the stochastic 

unfolding/refolding of the rod domains, dystrophin may serve as a molecular shock absorber 

that buffers the average forces in dystrophin over a range of ~5–25 pN and peak forces up to 

30 pN over a large extension change. Therefore, it may play an important role that defines 

the physiological level of forces in the dystrophin mediated force-transmission pathway 

during muscle contraction/stretch, thereby stabilizing the connections to sarcolemma and to 

sarcomere by preventing accumulation of large tension.

EXPERIMENTAL METHODS

Plasmids constructs and protein expression.

Four fragments of the dystrophin central rod domain (i.e., SR01–05: 338th-938th; SR06–10: 

939th-1466th; SR11–17: 1464th-2210th; SR18–24: 2209th-3044th) were synthesized by PCR 

using plasmid template containing the full-length human dystrophin sequence.70 Each of the 

four DNA fragments was then sub-cloned into expression vectors (pET151-TOPO) with an 

N-terminal avi-tag and a C-terminal spy-tag using HiFi DNA Assembly (NEBuilder®). Each 

of the resulting plasmids was co-transformed with a BirA plasmid and expressed in 

Escherichia coli BL21 (DE3) cultured in LB-media with D-Biotin (Sigma Aldrich), and 

affinity purified through His-tag.
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Single-protein manipulation and analysis.

A vertical magnetic tweezers setup,51, 53 was combined with a disturbance-free, rapid 

solution-exchange flow channel for conducting in vitro protein stretching experiments.52 All 

experiments were performed in solution containing: 1× PBS, 1% BSA, 2 mM DTT, 10 mM 

Sodium L-ascorbate at 21 °C.

Transition step size to residue number conversion.

The force-extension curve of a folded SR domain is determined by the rigid rotation 

fluctuation of a characteristic rigid-body with a length b ~ 4.5 nm, estimated from the PDB 

file of the folded SR domain,81 which is the distance between the two force-attaching points 

(i.e. the N- to C-terminal distance in our experiment). This force-extension curve can be 

described by the freely-jointed chain polymer model with a single segment: 

xFIC( f ) = b coth f b
kBT −

kBT

f b . The unfolded state of a domain can be a flexible peptide chain, 

and this force-extension curve can be described by the worm-like chain (WLC) polymer 

model through the Marko–Siggia formula, with a bending persistence length of A ~ 0.8 nm: 

f A
kBT = 1

4 1 − xWLC( f )
l

2 − 1
4 + xWLC( f )

l , 54–55 where l = n * l0 is the contour length of the 

unfolded domain, n is the number of residues of the domain, l0 = 0.38 nm is the contour 

length of per residue.56 Hence the unfolding/refolding stepsize is the extension differences 

of the domain before and after unfolding at the transition (unfolding/refolding) force, i.e., 

Δx( f ) = xWLC( f ) − xFJC( f ). Based on the above equations, the contour length l and the 

number of residues n involved in the transition can be obtained from the measured step-sizes 

of the transition at a given force.

Unfolding/folding kinetics and force distribution.

The unfolding and refolding force distributions of the SR domains obtained at given loading 

rates carry the information of the kinetics of the transition. The force-dependent unfolding/

refolding kinetics predicts an unfolding/folding force distribution, ρr(f), at a given loading r 

as:

ρr( f ) =

k( f )
r e

− ∫
f 0

f
( f ′)d f ′

r
, r > 0

k( f )
r e

∫
f 0

f
( f ′)d f ′

r
, r = − r

where the f0 = 0 pN for r > 0, and f0 is a sufficiently large value (30 at which the folding 

probability is zero for r < 0. f is the force where transitions occur. Equation on upper panel 

predicts the unfolding force distribution (r > 0), the bottom panel predicts the refolding force 

distribution (r = − |r| < 0). In the case of Bell’s model for unfolding transition, ρr(f) has a 

simple analytical solution.60 Based on above derived equations, the kinetics parameters of 
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unfolding and refolding of SRs can be determined by maximum likelihood fitting. The 

standard deviations of the kinetic parameters are obtained by bootstrap analysis (Supporting 

Text-S2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENT

We thank the Mechanobiology Institute (MBI) protein expression facility for protein purification, MBI Science 
Communications core for illustrative animation and manuscript proofreading. The research is funded by the 
National Research Foundation, Prime Minister’s Office, Singapore, under its NRF Investigatorship Programme 
(NRF Investigatorship Award No. NRF-NRFI2016–03 to J.Y.), the Ministry of Education under the Research 
Centres of Excellence programme (to J.Y., in part), Human Frontier Science Program RGP00001/2016 grant (to 
J.Y., in part) and Singapore Ministry of Education Academic Research Fund Tier 3 (MOE2016-T3-1-002 to J.Y., in 
part).

REFERENCE

1. Hoffman EP; Monaco AP; Feener CC; Kunkel LM, Conservation of The Duchenne Muscular 
Dystrophy Gene in Mice and Humans. Science 1987, 238, 347–350. [PubMed: 3659917] 

2. Hoffman EP; Brown RH Jr.; Kunkel LM, Dystrophin: The Protein Product of The Duchenne 
Muscular Dystrophy Locus. Cell 1987, 51, 919–928. [PubMed: 3319190] 

3. Koenig M; Beggs AH; Moyer M; Scherpf S; Heindrich K; Bettecken T; Meng G; Muller CR; 
Lindlof M; Kaariainen H; de la Chapellet A; Kiuru A; Savontaus ML; Gilgenkrantz H; Recan D; 
Chelly J; Kaplan JC; Covone AE; Archidiacono N; Romeo G, et al., The Molecular Basis for 
Duchenne Versus Becker Muscular Dystrophy: Correlation of Severity with Type of Deletion. Am. 
J. Hum. Genet 1989, 45, 498–506. [PubMed: 2491009] 

4. Koenig M; Monaco AP; Kunkel LM, The Complete Sequence of Dystrophin Predicts A Rod-Shaped 
Cytoskeletal Protein. Cell 1988, 53, 219–228. [PubMed: 3282674] 

5. Koenig M; Kunkel LM, Detailed Analysis of The Repeat Domain of Dystrophin Reveals Four 
Potential Hinge Segments That May Confer Flexibility. J. Biol. Chem 1990, 265, 4560–4566. 
[PubMed: 2407739] 

6. Ervasti JM, Dystrophin, Its Interactions with Other Proteins, and Implications for Muscular 
Dystrophy. Biochim. Biophys. Acta 2007, 1772, 108–117. [PubMed: 16829057] 

7. Jung D; Yang B; Meyer J; Chamberlain JS; Campbell KP, Identification and Characterization of The 
Dystrophin Anchoring Site on Beta-Dystroglycan. J. Biol. Chem 1995, 270, 27305–27310. 
[PubMed: 7592992] 

8. Ervasti JM; Campbell KP, Membrane Organization of The Dystrophin-Glycoprotein Complex. Cell 
1991, 66, 1121–1131. [PubMed: 1913804] 

9. Ibraghimov-Beskrovnaya O; Ervasti JM; Leveille CJ; Slaughter CA; Sernett SW; Campbell KP, 
Primary Structure of Dystrophin-Associated Glycoproteins Linking Dystrophin to the Extracellular 
Matrix. Nature 1992, 355, 696–702. [PubMed: 1741056] 

10. Huang X; Poy F; Zhang R; Joachimiak A; Sudol M; Eck MJ, Structure of A Ww Domain 
Containing Fragment of Dystrophin in Complex with Beta-Dystroglycan. Nat. Struct. Biol 2000, 
7, 634–638. [PubMed: 10932245] 

11. Chung W; Campanelli JT, Ww and Ef Hand Domains of Dystrophin-Family Proteins Mediate 
Dystroglycan Binding. Mol. Cell Biol. Res. Commun 1999, 2, 162–171. [PubMed: 10662592] 

12. Ponting CP; Blake DJ; Davies KE; Kendrick-Jones J; Winder SJ, Zz and Taz: New Putative Zinc 
Fingers in Dystrophin and Other Proteins. Trends Biochem. Sci 1996, 21, 11–13. [PubMed: 
8848831] 

13. Marshall JL; Crosbie-Watson RH, Sarcospan: A Small Protein with Large Potential for Duchenne 
Muscular Dystrophy. Skelet. Muscle 2013, 3, 1. [PubMed: 23282144] 

Le et al. Page 10

ACS Nano. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Campbell KP; Kahl SD, Association of Dystrophin and an Integral Membrane Glycoprotein. 
Nature 1989, 338, 259–262. [PubMed: 2493582] 

15. Straub V; Bittner RE; Leger JJ; Voit T, Direct Visualization of the Dystrophin Network on Skeletal 
Muscle Fiber Membrane. J. Cell Biol 1992, 119, 1183–1191. [PubMed: 1447296] 

16. Yoshida M; Ozawa E, Glycoprotein Complex Anchoring Dystrophin to Sarcolemma. J. Biochem 
1990, 108, 748–752. [PubMed: 2081733] 

17. Ervasti J; Campbell K, A Role for The Dystrophin-Glycoprotein Complex As A Transmembrane 
Linker between Laminin and Actin. J. Cell Biol 1993, 122, 809–823. [PubMed: 8349731] 

18. Ervasti JM, Costameres: The Achilles’ Heel of Herculean Muscle. J. Biol. Chem 2003, 278, 
13591–13594. [PubMed: 12556452] 

19. Weller B; Karpati G; Carpenter S, Dystrophin-Deficient Mdx Muscle Fibers Are Preferentially 
Vulnerable to Necrosis Induced by Experimental Lengthening Contractions. J. Neurol. Sci 1990, 
100, 9–13. [PubMed: 2089145] 

20. Clarke MS; Khakee R; McNeil PL, Loss of Cytoplasmic Basic Fibroblast Growth Factor from 
Physiologically Wounded Myofibers of Normal and Dystrophic Muscle. J. Cell Sci 1993, 106 (Pt 
1), 121–133. [PubMed: 8270618] 

21. Cox GA; Cole NM; Matsumura K; Phelps SF; Hauschka SD; Campbell KP; Faulkner JA; 
Chamberlain JS, Overexpression of Dystrophin in Transgenic Mdx Mice Eliminates Dystrophic 
Symptoms without Toxicity. Nature 1993, 364, 725–729. [PubMed: 8355788] 

22. Karpati G; Carpenter S, Small-Caliber Skeletal Muscle Fibers Do Not Suffer Deleterious 
Consequences of Dystrophic Gene Expression. Am. J. Med. Genet 1986, 25, 653–658. [PubMed: 
3789023] 

23. Mizuno Y, Prevention of Myonecrosis in Mdx Mice: Effect of Immobilization by The Local 
Tetanus Method. Brain Dev. 1992, 14, 319–322. [PubMed: 1456387] 

24. Vilquin JT; Brussee V; Asselin I; Kinoshita I; Gingras M; Tremblay JP, Evidence of Mdx Mouse 
Skeletal Muscle Fragility in Vivo by Eccentric Running Exercise. Muscle Nerve 1998, 21, 567–
576. [PubMed: 9572235] 

25. Mokhtarian A; Lefaucheur JP; Even PC; Sebille A, Hindlimb Immobilization Applied to 21-Day-
Old Mdx Mice Prevents the Occurrence of Muscle Degeneration. J. Appl. Physiol 1999, 86, 924–
931. [PubMed: 10066706] 

26. Petrof BJ; Shrager JB; Stedman HH; Kelly AM; Sweeney HL, Dystrophin Protects The 
Sarcolemma from Stresses Developed During Muscle Contraction. Proc. Natl. Acad. Sci. U. S. A 
1993, 90, 3710–3714. [PubMed: 8475120] 

27. Moens P; Baatsen PH; Marechal G, Increased Susceptibility of Edl Muscles from Mdx Mice to 
Damage Induced by Contractions with Stretch. J. Muscle Res. Cell Motil 1993, 14, 446–451. 
[PubMed: 7693747] 

28. Porter GA; Dmytrenko GM; Winkelmann JC; Bloch RJ, Dystrophin Colocalizes with Beta-
Spectrin in Distinct Subsarcolemmal Domains in Mammalian Skeletal Muscle. J. Cell Biol 1992, 
117, 997–1005. [PubMed: 1577872] 

29. Minetti C; Tanji K; Rippa PG; Morreale G; Cordone G; Bonilla E, Abnormalities in the Expression 
of Beta-Spectrin in Duchenne Muscular Dystrophy. Neurology 1994, 44, 1149–1153. [PubMed: 
8208414] 

30. Ehmer S; Herrmann R; Bittner R; Voit T, Spatial Distribution of Beta-Spectrin in Normal and 
Dystrophic Human Skeletal Muscle. Acta Neuropathol. 1997, 94, 240–246. [PubMed: 9292693] 

31. Williams MW; Bloch RJ, Extensive but Coordinated Reorganization of The Membrane Skeleton in 
Myofibers of Dystrophic (Mdx) Mice. J. Cell Biol 1999, 144, 1259–1270. [PubMed: 10087268] 

32. Menke A; Jockusch H, Decreased Osmotic Stability of Dystrophin-Less Muscle Cells from the 
Mdx Mouse. Nature 1991, 349, 69–71. [PubMed: 1985268] 

33. Matsuda R; Nishikawa A; Tanaka H, Visualization of Dystrophic Muscle Fibers in Mdx Mouse by 
Vital Staining with Evans Blue: Evidence of Apoptosis in Dystrophin-Deficient Muscle. J. 
Biochem 1995, 118, 959–964. [PubMed: 8749313] 

34. Carlson CG; Makiejus RV, A Noninvasive Procedure to Detect Muscle Weakness in the Mdx 
Mouse. Muscle Nerve 1990, 13, 480–484. [PubMed: 2366821] 

Le et al. Page 11

ACS Nano. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Torres LF; Duchen LW, The Mutant Mdx: Inherited Myopathy in the Mouse. Morphological 
Studies of Nerves, Muscles and End-Plates. Brain 1987, 110, 269–299. [PubMed: 3567525] 

36. Le Rumeur E; Winder SJ; Hubert JF, Dystrophin: More Than Just The Sum of Its Parts. Biochim. 
Biophys. Acta 2010, 1804, 1713–1722. [PubMed: 20472103] 

37. Dunckley MG; Wells KE; Piper TA; Wells DJ; Dickson G, Independent Localization of Dystrophin 
N- and C-Terminal Regions to The Sarcolemma of Mdx Mouse Myofibres in Vivo. J. Cell Sci 
1994, 107, 1469–1475. [PubMed: 7962190] 

38. Helliwell TR; Ellis JM; Mountford RC; Appleton RE; Morris GE, A Truncated Dystrophin 
Lacking The C-Terminal Domains Is Localized at The Muscle Membrane. Am. J. Hum. Genet 
1992, 50, 508–514. [PubMed: 1539591] 

39. Corrado K; Rafael JA; Mills PL; Cole NM; Faulkner JA; Wang K; Chamberlain JS, Transgenic 
Mdx Mice Expressing Dystrophin with A Deletion in The Actin-Binding Domain Display A “Mild 
Becker” Phenotype. J. Cell Biol. 1996, 134, 873–884. [PubMed: 8769413] 

40. Warner LE; DelloRusso C; Crawford RW; Rybakova IN; Patel JR; Ervasti JM; Chamberlain JS, 
Expression of Dp260 in Muscle Tethers The Actin Cytoskeleton to The Dystrophin-Glycoprotein 
Complex and Partially Prevents Dystrophy. Hum. Mol. Genet 2002, 11, 1095–1105. [PubMed: 
11978768] 

41. Wang B; Li J; Xiao X, Adeno-Associated Virus Vector Carrying Human Minidystrophin Genes 
Effectively Ameliorates Muscular Dystrophy in Mdx Mouse Model. Proc. Natl. Acad. Sci. U. S. A 
2000, 97, 13714–13719. [PubMed: 11095710] 

42. Watchko J; O’Day T; Wang B; Zhou L; Tang Y; Li J; Xiao X, Adeno-Associated Virus Vector-
Mediated Minidystrophin Gene Therapy Improves Dystrophic Muscle Contractile Function in 
Mdx Mice. Hum. Gene Ther 2002, 13, 1451–1460. [PubMed: 12215266] 

43. Sakamoto M; Yuasa K; Yoshimura M; Yokota T; Ikemoto T; Suzuki M; Dickson G; Miyagoe-
Suzuki Y; Takeda S, Micro-Dystrophin Cdna Ameliorates Dystrophic Phenotypes When 
Introduced into Mdx Mice As A Transgene. Biochem. Biophys. Res. Commun 2002, 293, 1265–
1272. [PubMed: 12054513] 

44. Judge LM; Haraguchiln M; Chamberlain JS, Dissecting The Signaling and Mechanical Functions 
of The Dystrophin-Glycoprotein Complex. J. Cell Sci 2006, 119, 1537–1546. [PubMed: 
16569668] 

45. Bhasin N; Law R; Liao G; Safer D; Ellmer J; Discher BM; Sweeney HL; Discher DE, Molecular 
Extensibility of Mini-Dystrophins and A Dystrophin Rod Construct. J. Mol. Biol 2005, 352, 795–
806. [PubMed: 16139300] 

46. An X; Guo X; Zhang X; Baines AJ; Debnath G; Moyo D; Salomao M; Bhasin N; Johnson C; 
Discher D; Gratzer WB; Mohandas N, Conformational Stabilities of the Structural Repeats of 
Erythroid Spectrin and Their Functional Implications. J. Biol. Chem 2006, 281, 10527–10532. 
[PubMed: 16476728] 

47. An X; Zhang X; Salomao M; Guo X; Yang Y; Wu Y; Gratzer W; Baines AJ; Mohandas N, Thermal 
Stabilities of Brain Spectrin and The Constituent Repeats of Subunits. Biochemistry 2006, 45, 
13670–13676. [PubMed: 17087521] 

48. Wensley BG; Batey S; Bone FA; Chan ZM; Tumelty NR; Steward A; Kwa LG; Borgia A; Clarke J, 
Experimental Evidence for a Frustrated Energy Landscape in A Three-Helix-Bundle Protein 
Family. Nature 2010, 463, 685–688. [PubMed: 20130652] 

49. Grum VL; Li D; MacDonald RI; Mondragon A, Structures of Two Repeats of Spectrin Suggest 
Models of Flexibility. Cell 1999, 98, 523–535. [PubMed: 10481916] 

50. Muntoni F; Torelli S; Ferlini A, Dystrophin and Mutations: One Gene, Several Proteins, Multiple 
Phenotypes. Lancet Neurol. 2003, 2, 731–740. [PubMed: 14636778] 

51. Chen H; Fu H; Zhu X; Cong P; Nakamura F; Yan J, Improved High-Force Magnetic Tweezers for 
Stretching and Refolding of Proteins and Short DNA. Biophys. J 2011, 100, 517–523. [PubMed: 
21244848] 

52. Le S; Yao M; Chen J; Efremov AK; Azimi S; Yan J, Disturbance-Free Rapid Solution Exchange 
for Magnetic Tweezers Single-Molecule Studies. Nucleic Acids Res. 2015, 43, e113. [PubMed: 
26007651] 

Le et al. Page 12

ACS Nano. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



53. Le S; Liu R; Lim CT; Yan J, Uncovering Mechanosensing Mechanisms at The Single Protein Level 
Using Magnetic Tweezers. Methods 2016, 94, 13–18. [PubMed: 26318089] 

54. Marko JF; Siggia ED, Stretching DNA. Macromolecules 1995, 28, 8759–8770.

55. Rief M; Pascual J; Saraste M; Gaub HE, Single Molecule Force Spectroscopy of Spectrin Repeats: 
Low Unfolding Forces in Helix Bundles. J. Mol. Biol 1999, 286, 553–561. [PubMed: 9973570] 

56. Winardhi RS; Tang Q; Chen J; Yao M; Yan J, Probing Small Molecule Binding to Unfolded 
Polyprotein Based on Its Elasticity and Refolding. Biophys. J 2016, 111, 2349–2357. [PubMed: 
27926836] 

57. Yao M; Qiu W; Liu R; Efremov AK; Cong P; Seddiki R; Payre M; Lim CT; Ladoux B; Mege RM; 
Yan J, Force-Dependent Conformational Switch of Alpha-Catenin Controls Vinculin Binding. Nat. 
Commun 2014, 5, 4525. [PubMed: 25077739] 

58. Yao M; Goult BT; Klapholz B; Hu X; Toseland CP; Guo Y; Cong P; Sheetz MP; Yan J, The 
Mechanical Response of Talin. Nat. Commun 2016, 7, 11966. [PubMed: 27384267] 

59. Le S; Hu X; Yao M; Chen H; Yu M; Xu X; Nakazawa N; Margadant FM; Sheetz MP; Yan J, 
Mechanotransmission and Mechanosensing of Human Alpha-Actinin 1. Cell Rep. 2017, 21, 2714–
2723. [PubMed: 29212020] 

60. Schlierf M; Li H; Fernandez JM, The Unfolding Kinetics of Ubiquitin Captured with Single-
Molecule Force-Clamp Techniques. Proc. Natl. Acad. Sci. U. S. A 2004, 101, 7299–7304. 
[PubMed: 15123816] 

61. Guo S; Tang Q; Yao M; You H; Le S; Chen H; Yan J, Structural-Elastic Determination of The 
Force-Dependent Transition Rate of Biomolecules. Chem. Sci 2018, 9, 5871–5882. [PubMed: 
30079200] 

62. Yuan G; Le S; Yao M; Qian H; Zhou X; Yan J; Chen H, Elasticity of The Transition State Leading 
to An Unexpected Mechanical Stabilization of Titin Immunoglobulin Domains. Angew. Chem. Int. 
Ed. Engl 2017, 56, 5490–5493. [PubMed: 28394039] 

63. Gillespie DT, Exact Stochastic Simulation of Coupled Chemical Reactions. J. Phys. Chem. A 
1977, 81, 2340–2361.

64. Bajanca F; Gonzalez-Perez V; Gillespie SJ; Beley C; Garcia L; Theveneau E; Sear RP; Hughes 
SM, In Vivo Dynamics of Skeletal Muscle Dystrophin in Zebrafish Embryos Revealed by 
Improved Frap Analysis. Elife 2015, 4.

65. Legardinier S; Raguenes-Nicol C; Tascon C; Rocher C; Hardy S; Hubert JF; Le Rumeur E, 
Mapping of the Lipid-Binding and Stability Properties of The Central Rod Domain of Human 
Dystrophin. J. Mol. Biol 2009, 389, 546–558. [PubMed: 19379759] 

66. Zhao J; Kodippili K; Yue Y; Hakim CH; Wasala L; Pan X; Zhang K; Yang NN; Duan D; Lai Y, 
Dystrophin Contains Multiple Independent Membrane-Binding Domains. Hum. Mol. Genet 2016, 
25, 3647–3653. [PubMed: 27378693] 

67. Legardinier S; Hubert JF; Le Bihan O; Tascon C; Rocher C; Raguenes-Nicol C; Bondon A; Hardy 
S; Le Rumeur E, Sub-Domains of the Dystrophin Rod Domain Display Contrasting Lipid-Binding 
and Stability Properties. Biochim. Biophys. Acta 2008, 1784, 672–682. [PubMed: 18261477] 

68. Nelson DM; Lindsay A; Judge LM; Duan D; Chamberlain JS; Lowe DA; Ervasti JM, Variable 
Rescue of Microtubule and Physiological Phenotypes in Mdx Muscle Expressing Different 
Miniaturized Dystrophins. Hum. Mol. Genet 2018, 27, 2090–2100. [PubMed: 29618008] 

69. Yamashita K; Suzuki A; Satoh Y; Ide M; Amano Y; Masuda-Hirata M; Hayashi YK; Hamada K; 
Ogata K; Ohno S, The 8th and 9th Tandem Spectrin-Like Repeats of Utrophin Cooperatively Form 
A Functional Unit to Interact with Polarity-Regulating Kinase Par-1b. Biochem. Biophys. Res. 
Commun 2010, 391, 812–817. [PubMed: 19945424] 

70. Rybakova IN; Humston JL; Sonnemann KJ; Ervasti JM, Dystrophin and Utrophin Bind Actin 
through Distinct Modes of Contact. J. Biol. Chem 2006, 281, 9996–10001. [PubMed: 16478721] 

71. Lai Y; Thomas GD; Yue Y; Yang HT; Li D; Long C; Judge L; Bostick B; Chamberlain JS; Terjung 
RL; Duan D, Dystrophins Carrying Spectrin-Like Repeats 16 and 17 Anchor Nnos to the 
Sarcolemma and Enhance Exercise Performance in A Mouse Model of Muscular Dystrophy. J. 
Clin. Invest 2009, 119, 624–635. [PubMed: 19229108] 

Le et al. Page 13

ACS Nano. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



72. Belanto JJ; Olthoff JT; Mader TL; Chamberlain CM; Nelson DM; McCourt PM; Talsness DM; 
Gundersen GG; Lowe DA; Ervasti JM, Independent Variability of Microtubule Perturbations 
Associated with Dystrophinopathy. Hum. Mol. Genet 2016, 25, 4951–4961. [PubMed: 28171583] 

73. Belanto JJ; Mader TL; Eckhoff MD; Strandjord DM; Banks GB; Gardner MK; Lowe DA; Ervasti 
JM, Microtubule Binding Distinguishes Dystrophin from Utrophin. Proc. Natl. Acad. Sci. U. S. A 
2014, 111, 5723–5728. [PubMed: 24706788] 

74. Tidball JG; Lavergne E; Lau KS; Spencer MJ; Stull JT; Wehling M, Mechanical Loading Regulates 
Nos Expression and Activity in Developing and Adult Skeletal Muscle. Am. J. Physiol 1998, 275, 
260–266.

75. Yao M; Goult BT; Chen H; Cong P; Sheetz MP; Yan J, Mechanical Activation of Vinculin Binding 
to Talin Locks Talin in An Unfolded Conformation. Sci. Rep 2014, 4, 4610. [PubMed: 24714394] 

76. Seddiki R; Narayana G; Strale PO; Balcioglu HE; Peyret G; Yao M; Le AP; Teck Lim C; Yan J; 
Ladoux B; Mege RM, Force-Dependent Binding of Vinculin to Alpha-Catenin Regulates Cell-Cell 
Contact Stability and Collective Cell Behavior. Mol. Biol. Cell 2018, 29, 380–388. [PubMed: 
29282282] 

77. Puchner EM; Alexandrovich A; Kho AL; Hensen U; Schafer LV; Brandmeier B; Grater F; 
Grubmuller H; Gaub HE; Gautel M, Mechanoenzymatics of Titin Kinase. Proc. Natl. Acad. Sci. U. 
S. A 2008, 105, 13385–13390. [PubMed: 18765796] 

78. Spadaro D; Le S; Laroche T; Mean I; Jond L; Yan J; Citi S, Tension-Dependent Stretching 
Activates Zo-1 to Control the Junctional Localization of Its Interactors. Curr. Biol 2017, 27, 3783–
3795. [PubMed: 29199076] 

79. Margadant F; Chew LL; Hu X; Yu H; Bate N; Zhang X; Sheetz M, Mechanotransduction in Vivo 
by Repeated Talin Stretch-Relaxation Events Depends Upon Vinculin. PLoS Biol. 2011, 9, 
e1001223. [PubMed: 22205879] 

80. Hohng S; Zhou R; Nahas MK; Yu J; Schulten K; Lilley DM; Ha T, Fluorescence-Force 
Spectroscopy Maps Two-Dimensional Reaction Landscape of The Holliday Junction. Science 
2007, 318, 279–283. [PubMed: 17932299] 

81. Sjoblom B; Salmazo A; Djinovic-Carugo K, Alpha-Actinin Structure and Regulation. Cell Mol. 
Life Sci 2008, 65, 2688–2701. [PubMed: 18488141] 

Le et al. Page 14

ACS Nano. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Experimental design of single dystrophin stretching.
(a) Illustration of the dystrophin structure and its localization in vivo. Several important 

binding partners of dystrophin are indicated in the panel. (b) Illustration of the experimental 

design of single dystrophin central domain stretching: the central domain of the dystrophin 

is segmentized into four fragments: SR01–05, SR06–10, SR11–17 and SR18–24. The 

SR01–05 contains the H2, and the SR18–24 contains the H3. Each protein construct is 

tagged with biotin-avi at N-terminus and spy at C-terminus. Through the tags, the protein 

constructs were specifically tethered between a 2.8-μm-diameter paramagnetic bead and a 

coverslip surface in a flow-channel. Forces on the fragments are controlled, and the resulting 

extension changes of the fragments are recorded through a magnetic tweezers system.
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Figure 2. Force-dependent unfolding of the full central rod domain.
(a-d) Typical force-extension curves of the central rod fragments (a: SR01–05, b: SR06–10, 

c: SR11–17, d: SR18–24) during force-increase scan with a loading rate of 1 pN s−1. Each 

stepwise extension jump indicates an unfolding event (black arrows). In each panel, multiple 

(>5) independent scan cycles are indicated by colors (10-points FFT smooth of raw data in 

gray). (e) Force distributions of the unfolding of the 24 SR in the central rod domain. The 

blue lines are the best fitting based on Bell’s model. The numbers on the panels indicate the 

number of SR domains involved in the distribution. (f) Distributions of the number of 

residues involved in each unfolding events. The blue lines are Gaussian fitting of the 

distribution. In e&f, “N” indicates the total unfolding events analyzed.
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Figure 3. Force-dependent refolding of the full central rod domain.
(a-d) Typical force-extension curves of the central rod fragments (a: SR01–05, b: SR06–10, 

c: SR11–17, d: SR18–24) during force-decrease scan with a loading rate of −0.1 pN s−1. 

Each stepwise extension drop indicates a refolding event (black arrows). In each panel, 

multiple (>5) independent scan cycles are indicated by colors (10-points FFT smooth of raw 

data in gray). (e) Force distributions of the refolding of the 24 SR in the central rod domain. 

The blue lines are the best fitting based on Arrhenius law. (f) Distributions of the number of 

residues involved in each refolding events. The blue lines are Gaussian fitting of the 

distribution. In e&f, “N” indicates the total refolding events analyzed.
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Figure 4. Dystrophin central domain as molecular shock absorber.
(a) The force-dependent unfolding (left) and refolding (right) transition rates based on 

experimental determined transition parameters. The four colours represent four segments 

(red for SR01–05, blue for SR06–10, magenta for SR11–17 and orange for SR18–24). There 

are eight lines for force-dependent unfolding rates for the eight kinetic groups of unfolding – 

two in SR01–05, one in SR01–10, two in SR11–17, and three in SR18–24. In contrast, there 

are four lines for force-dependent refolding rates. (b) The force fluctuations of the central 

domain during the linear extension increase up to 950 nm with various pulling rates 

(indicated by colors), obtained by Gillespie Kinetics simulation based on the experimental 

determined transition parameters. Inset shows the zoom-in of the force fluctuation 

(extension within 300–450 nm with 10 nm s−1 pulling rate). Each sudden force-drop 

indicates a domain unfolding. The blue arrow indicates the high-peak force, and the orange 

arrow indicates the low-peak force. (c) The pulling rate dependent forces on central domain. 

The mean force is calculated as the time average of the forces from the first force peak to the 

last force peak; The high-peak force refers to the force right before unfolding events, and the 

low-peak force refers to the force right after the unfolding events. The error bars indicate the 

standard deviation of the data. Each pulling-rate simulation was performed with 30 repeats. 

The total number of unfolding/refolding events vary as pulling-rate. (d) The extension 

dependent forces of the central domain. The symbols indicate the averaged forces at the 

corresponding extension over 1000 s constant extension clamping, the error bars indicate the 

Le et al. Page 18

ACS Nano. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



standard deviations. The blue data are simulations of full central domain with 24 SRs. The 

red data are simulations of truncated central domain with 11th to 24th SRs.
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