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• Stretching of individual CasSD do-
mains by AFM and magnetic tweezers

• CasSD domains are intrinsically disor-
dered with many native conformations.

• These conformations of CasSD only
have limited mechanical stability.

• The stable conformations may be
governed by similar weak interac-
tions.

• CasSD is a molecular mechano-sensor for
extension changes rather than forces.
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P130Cas is a docking protein essentially coordinating tyrosine-kinase-based signaling pathways associated with
cell adhesion and migration etc. Its central substrate domain (CasSD) can bind to Crk and includes 15 YxxP mo-
tifs, where most tyrosine phosphorylation happens. It has been shown that CasSD can be stretched to promote
phosphorylation, themechanism ofwhich needs to be explored in detail. Thus, it is important to uncover the na-
tive structure(s) of CasSD and the structural changes associated with mechanical stretching, both of which are
still unclear. Here, we used atomic force microscopy force mode and magnetic tweezers to stretch individual
molecules of CasSD constructs. Our results showed that the CasSD domain was intrinsically disordered. Natively,
CasSD domains took many conformations beside random coils, while most of these conformations possessed
limited mechanical stability. In magnetic tweezers experiments, the intramolecular interactions stabilizing the
varied native conformations of CasSD were found similar in strength. Such diversity in native conformations of
CasSD domains, as discovered here, should play important role in their signaling functions and their limited
strength should be relevant to the mechanical activation of those signaling pathways.
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1. Introduction

Crk-associated substrate (p130Cas) is a scaffolding protein center-
ing in cellular focal adhesion functions [1–3]. It is the substrate of
v-Src family kinases, essential for tyrosine-kinase-based signaling pro-
cesses. P130Cas is believed to be involved in cell adhesion, migration,
transformation, apoptosis, growth factor stimulation, cytokine receptor
engagement, bacterial infection, cancer cell invasiveness and resistance
to antiestrogenic drugs [4–10]. P130Cas contains multiple conserved
protein–protein interaction domains. They are an N-terminal Src ho-
mology 3 (SH3) domain that interacts with focal adhesion kinases
(FAK) and Dock180 etc. [11], a central substrate domain (CasSD), a
Src-binding domain (SBD), and a conserved C-terminal Cas-family ho-
mology (CCH) domain [10,12,13]. Both terminal SH3 and CCH domains
act as anchor points to localize p130Cas to focal adhesions (FAs) [3],
while the CasSD can bind to Crk to activate signaling events [14–16]
and SBD domains can also be associated with some biochemical signal
initiations [17].

Here, tyrosine phosphorylation is a biochemical pathway to re-
cruit downstream effectors in the signal events. The majority of tyro-
sine phosphorylation takes place at the 15 YxxP motifs of the CasSD
domain. For example, adaptor protein Crk and growth factor like
EGF receptor phosphorylate some of those tyrosine residues, thus cre-
ating binding sites for SH2 and PTB domains of downstream effectors
in the various signaling pathways. Interestingly, Sawada et al. showed
that upon cell stretching, the mechanical extension of CasSD can
make those YxxP motifs more accessible to phosphorylation [2].
Thus, p130Cas as a force-sensing protein was firstly demonstrated
in experiments, and CasSD was the primary region responsible for
converting mechanical signals into chemical ones, resembling that
of talin rods [18]. However, how it unravels under force to expose ty-
rosine phosphorylation sites still remains elusive. Even its native
structure(s) is still unavailable. On the other hand, multiple growth
factors, hormones, kinases/phosphorylases have been shown to regu-
late CasSD phosphorylation [12]. Whether the regulation by any of
these or other factors can be related to consequent changes in CasSD's
mechanical property is an important and interesting biophysical
question. Therefore, the understanding of the structure and mechan-
ical property of CasSD is essential, but to our knowledge, related
study has not been reported yet.

In this work, we present an investigation of the forced unfolding of
CasSD using single molecule force techniques, i.e. the force mode of
atomic force microscopy (AFM) and magnetic tweezers (MT). Here,
the low force capability of theMT canmimic the condition of stretching
during cell spreading, sowe are able to approach the structural informa-
tion of CasSD and its mechanical response. As a result, CasSD mainly
takes conformation of random coil, while many other mechanically sta-
ble conformations coexist. Most of those conformations of CasSD pos-
sess limited mechanical stability, and can be unraveled at a low force
around 5 pN at an unfolding rate of ~0.13 s−1. All evidences here
strongly suggest that CasSD be an intrinsically disordered (ID) domain.
Comparing it with those highly established ID protein, we speculate
that phosphorylation and change of local ionic strength may provide
mechanisms in vivo to shift its mechanical property, change the accessi-
bility of tyrosine residues and thus regulate the following signaling
pathways.

2. Materials and methods

2.1. CasSD recombinant protein expression and purification

Two types of chimeric proteins of mouse p130Cas substrate do-
main 115–420 (CasSD), one with I27 and the other with fibronectin
type III domain 7–10 (FnIII7–10), were expressed in Escherichia coli
BL21(DE3) Rosetta2 strain (Merck Biosciences, Darmstadt, Germany),
with a His6-tag on the C-terminal of both proteins and an avi-tag on
the N-terminal of the CasSD–FnIII7–10 fusion protein. Cells were incu-
bated at 37 °C for 3 h in ITPG-added LB culture for gene expression,
followed by sonication of the cell suspension in 50 mM potassium
phosphate pH 7.8, 300 mM KCl, protease inhibitor cocktail VII (Merck
Biosciences, Darmstadt, Germany) lysis buffer and centrifugation. Re-
combinant protein was purified from cell lysate by cobalt-affinity chro-
matography using HisPur cobalt resin (Thermo Scientific Pierce Protein
Research Products, Rockford, IL). The elution from resin was obtained
with 50 mM imidazole. PD-10 desalting column (GE Healthcare,
Waukesha, WI) was then used to achieve 1.5 mg/mL target protein in
a buffer containing 10 mM potassium phosphate pH 7.5, 100 mM KCl,
1 mM EDTA and 5% (v/v) glycerol, which is subjected to gel-filtration
chromatography using a Superdex 10/300GL columnon anÅKTApurifier
liquid chromatography system (GEHealthcare,Waukesha,WI). The puri-
ty of the recombinant proteins is final-checked by SDS-polyacrylamide
gel electrophoresis (PAGE).

In vitro biotination of the CasSD FnIII7–10 was achieved by incuba-
tion of purified proteins with 0.2 μM BirA (Avidity, CO) in a solution
of 50 mM Bicine–NaOH pH 8.3, 10 mM ATP, 10 mM magnesium ace-
tate, 50 μM D-biotin, 0.1 mM β-mercaptoethanol, 0.1 mM PMSF,
0.1 μg/mL aprotinin, and 0.1 μg/mL leupeptin, at 25 °C for 14 h.

2.2. Substrate and bead modification

Substrates were cleaned before any chemical modification. In de-
tails, both glass (Deckglaser, Germany) and quartz (UQG Optics, UK)
slides underwent sonication in ethanol for 30 min, followed by incuba-
tion in themixture of H2O2 andH2SO4 (3:7 in volume) at 100 °C for 1 h.
Then, the slides were sonicated sequentially in 1 MNaOH andwater for
20 min each. Silanization of slides was carried out in a solution of 1%
propylmethyldimethoxysilane (Alfa Aesar, MA), 4% water, and 95% eth-
anol for 15 min. Finally, two types of surfacemodificationwere done by
further chemical treatments of the slides. Ni2+–NTA glass slides were
obtained by incubation sequentially in 0.05% glutaraldehyde (Sigma
Aldrich, MO) solution for 1 h, in 1 μg/mL nitrilotriacetic acid (NTA)
(Sigma Aldrich, MO) for 30 min and in 100 mM NiSO4 (Alfa Aesar,
MA) solution for 1 h. Biotinylated quartz slides were obtained by incu-
bation in a mixed solution of 5 mM methyl-PEG-SVA (Laysan Bio, AL),
5 nM Biotin-PEG-SVA (Laysan Bio, AL) and 10 mM HEPES for 4 h.

Before MT experiments, biotinylated quartz slides were further
incubated with a mixture of 0.2 μg/mL neutravidin (Thermo, IL)
and 0.2 μg/mL Cas–fibronectin solutions at a molar ratio of 1:1 for
30 min [19]; then, in MT experiments, incubated with Ni2+–NTA
coated green-fluorescent beads. To prepare Ni2+–NTA coated
bead, dragon green-fluorescent carboxylic group-covered magnet-
ic bead (Bangs, IN) with a diameter of 2.8 μm were treated with
both 50 mg/mL Sulfo-NHS (Alfa Aesar, MA) and 50 mg/mL EDC
(Thermo, IL) in 50 mM MES (pH 4.7). After 20 min agitation at
room temperature, beads were washed with 50 mM HEPES
(pH 7.2), and incubated with 1 μg/mL NTA for 4 h. Then another
cycle of wash was carried out, followed by chelation in a 100 mM
NiSO4 (Sigma, MO) solution for 1 h and further incubation in a
2 mg/mL BSA solution.

2.3. AFM experiment

Protein stretching experiment under a high loading rate was
conducted on a commercial AFM (Veeco, Plainview, NY) in a buffer
of 125 mM sodium chloride, 25 mM HEPES, and pH 7.4. Before AFM
pulling experiments, ~20 μL of the protein solution (~10 μg/mL)
was deposited on Ni2+–NTA glass slides for 15 min, and then 1 mL
of the buffer solution was added. In each stretching cycle, the gold
coated cantilever (HYDRA2R-100NGG, Appnano Santa Clara, CA)
approached and was pushed against the surface at 800 pN for 2 s,
followed by withdrawn from the substrate. The approaching and
withdrawing of the cantilever were controlled at a constant velocity of
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600 nm/s. The AFM results were analyzed by home-written programs
in Labview. Unfolding trajectories were fitted with the Worm-Like-
Chain Model [20,21]:
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where F is the force, T is the room temperature, p the persistent
length, x is the extension and L0 is the contour length of themolecule.
The persistence length and the contour length are adjustable during
fitting. Then the contour length changes (ΔL) are calculated from
consequent unfolding events.

2.4. Magnetic tweezer experiment

Magnetic tweezers/evanescent nanometry [22] was used to investi-
gate the mechanical response of CasSD to forces of ~5 pN, as shown in
Fig. 1. A recombinant protein consisting of CasSD and fibronectin type
III domain 7–10 (FnIII7–10) (Fig. 4a) was expressed and linked to a fluo-
rescentmagnetic bead through the His6–Ni2+–NTA interaction and to a
quartz substrate through biotin–avidin–biotin bonds at its terminuses.
FnIII7–10 served as a spacer to keep the magnetic bead away from the
quartz surface upon stretching, resulting in the suppression of non-
specific interactions between them. A slow current ramp was applied
in a home-made electromagnetic tweezers, ranging from 0 A to 20 A
over a timespan of ~10 min. Accordingly, the force applied to the pro-
tein molecule increased slowly at a rate of 0.01 pN/s ~ 0.1 pN/s. During
Fig. 1. Scheme of electromagnetic tweezer/evanescent field. Details were described
previously [30]. Generally a single protein molecule was linked between a fluorescent
magnetic bead and a PEG-passivated quartz surface through the Ni2+–His-tag and
biotin–neutravidin conjugations. The paramagnetic bead was lifted upwards in magnetic
field as controlled by the current running through the magnetic tweezers. An evanescent
field was generated above the quartz surface from total internal reflection of the laser
beamat the quartz–water interface. Thefluorescence of beadswas excited in the evanescent
field, with its intensity monitored and correlated to the bead's axial position.
the force ramp, the extension of the molecule, equivalent to the
bead-surface distance, was monitored via the fluorescence intensity of
the bead by a EMCCD camera (QuantEM 512sc, Tucson, AZ) in the eva-
nescent field created by an IX71 total internal fluorescence (TIRF)
microscopy (Olympus, Japan) [22]. Trajectories of the extension in stair-
casemanner indicate unfolding of the proteinmodules in steps. From the
electric current recorded for each unfolding step, the unfolding forcewas
calculated according to the force calibration for beads (Supplementary
materials), and subsequently, WLC model with the persistence length
achieved from AFM results fitting (0.53 nm, Supplementary materials)
was applied to retrieve the ΔL from the unfolding step size.

3. Results

3.1. Unfolding CasSD by AFM reveals random unfolding behavior

To unfold CasSD by AFM, a chimeric construct of His6–(CasSD-I27)2
was used, inwhich theHis6-tag can act as the binding site for Ni2+–NTA
on the substrates (Fig. 2a). Two I27 domains provide a pair of unfolding
peaks (ΔL ~ 28 nm) in the force-versus-extension trajectories as the
signature of pulling the right molecule. Any force peak within the
same trajectory, other than the two I27 unfolding peaks, is presumably
resulted from unfolding CasSD domains. At least, one of the two CasSD
domains is flanked at each side by an I27 domain, so it can be sure
that this CasSD should be stretched if the two I27modules are unfolded,
no matter where the AFM cantilever may pick up the target protein.
Fig. 2. Unfolding CasSD-I27 recombinant protein using AFM. (a) A scheme of the
His6–(CasSD-I27)2 protein construct. As one CasSD was adjacent to one I27 domain
at each side, only those trajectories with two successive ~28 nm unfolding peaks
were picked for unfolding-CasSD analysis. (b) 58% of such curves show no unfolding
peaks from CasSD region. The rest 42% of the curves show one (e) or many peaks
(c) (d) from CasSD region. Various unfolding patterns were discovered among the
unfolding trajectories.

image of Fig.�2
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Fig. 2b to e shows some representative trajectories, where the last
two unfolding force peaks are attributed to the I27 signature. Because,
I27 domain is mechanically more stable, its unfolding force peak can
be identified by the higher force and the right ΔL (~28 nm) and
unfolding of CasSD should take place before I27 domains in the force–
extension trajectories. Among all unfolding trajectories, 75 curves
showed two successive I27 peaks, were identified as stretching individ-
ual target proteins. Out of them, 43 (~58%) shownounfolding peaks be-
fore two I27 ones, indicating that CasSD, in these cases, either has no
mechanical strength or unfolds at forces too small to be detected by
AFM (Fig. 2b). The rest of the trajectories show up to four unfolding
peaks of the CasSD domain (Fig. 2c to e). Furthermore, most target pro-
teins extended to around 250 nm before I27 domains were unfolded.
This matches the contour length of the construct under stretching:
two CasSD (118.5 nm each, given ~329 amino acids for a CasSD plus
the linker and 0.36 nm contour length per peptide) plus the size of
two native I27 domains, ~9 nm [23]. Such agreement further confirms
that the trajectories came from the right target molecules, and the pat-
terns (unfolding peaks or no any peaks) before the two I27 peaks
corresponded to unfolding of CasSD domains.

The AFM results indicate that the CasSD domains take diverse confor-
mations with varied stability. Only less than half (~42%) of these confor-
mations are mechanically stable enough, and unfolding of them results
in force peaks in the force–extension trajectories (Fig. 2), among which
significant diversity can be found. Even in trajectories with the same
number of unfolding steps, the unfolding patterns are not similar to
each other. Interestingly, though two CasSD could be unraveled each
time,most trajectories didn't show any repetitive unfolding pattern sim-
ilar to unfolding of poly-I27 [24] and poly-ubiquitin [25]. There is only
one trajectory (Fig. 2e), in which both CasSD domains fully unfolded in
a single step. The variation in conformation is clearer in the histograms
of ΔL and unfolding forces (Fig. 3). The distribution of ΔL (Fig. 3a) is
quite broad, ranged over 100 nm from a few nanometers to the
contour length of a full CasSD domain, and also random with no
Fig. 3. Histograms of CasSD contour length change during unfolding (a) and unfolding
force (b) retrieved from AFM experiment. Both datasets tend to be randomly dispersed
over the range, instead of forming Gaussian-fitted peaks as usually observed in struc-
tured proteins.
characteristic population preference similar to the mechanically stable
proteins. In most cases, the ΔL was smaller than that of a full CasSD
domain and the broad distribution implying multiple intermediate
states and the unfolding pathways of the CasSD domains. Similarly, the
unfolding forces also showed a random and broad distribution, ranged
from 30 to 160 pN (Fig. 3b), and no characteristic unfolding force was
identified. Importantly, no correlation between ΔL and unfolding force
was found.

3.2. Unfolding CasSD–fibronectin constructs at near equilibrium state

In aboveAFMexperiments, the CasSD constructwas stretched in a fast
manner, results in unfolding forces usually much higher than 20 pN. In
contrast, MT experiments can ramp the force very slowly (Fig. 4b, c)
and reach a force regime much closer to physiological conditions in vivo,
where the average mechanical force is estimated in the scale of a couple
of pN [26]. At a force ramping rate of 0.01 ~ 0.1 pN/s, the unfolding forces
of CasSD (Fig. 5) domains were lower than obtained above in AFM exper-
iments, while a broad distribution of forces was also observed, ranged
from 0.76 pN to 50 pN. However, unlike the random distributed
unfolding forces from AFM experiments, a majority of unfolding events
fromMT took place at forces within amuch smaller range. The histogram
of unfolding forces fromMTshowedapopulationpeak andwasfittedby a
Gaussian distribution centered at 4.96 pN with the width at half maxi-
mum of 8.8 pN. Here, non-feature unfolding of CasSD, as thosemeasured
in AFM pulling experiments, was not identified. This doesn't mean that
those unfolding events didn't exist, because no feature of those unfolding
events made them hard to be distinguished from failure measurements.
Fig. 4. Unfolding CasSD–fibronectin under magnetic tweezers. (a) A scheme of the
His6–CasSD–FnIII7–10–Avi construct. Fibronectin works as a long linker for better sup-
pression of non-specific interaction between magnetic bead and quartz surface. Typical
unfolding trajectories under an upward force clamp are shown in (b) and (c). Each
sudden increase in distance signifies unraveling of a protein structure.

image of Fig.�3
image of Fig.�4


Fig. 5. CasSD contour length change upon unfolding versus unfolding force under magnetic tweezers. a) The histogram of unfolding forces, where a Gaussian fit gives a peak around
4.96 pN and a half width of the half maximum around 4.4 pN. b) The 2-dimensional graph of the contour lengths versus forces, showing the random interspersion of unfolding
events on the contour length change/force plane. c) The dwell time analysis of CasSD unfolding events. Unfolding steps with known pre- and post-unfolding dwell time from
CasSD unfolding trajectories under magnetic tweezers were chosen. Raw data associated with each such step and spanning both dwell time were aligned depending on time of
course. Distance of all aligned mirror-image-of-Z-like curves were added up. The final curve was fitted with an exponential growth with an unfolding rate of 0.135 s−1. d) The his-
togram of contour length changes, showing almost even distribution along the whole range up to the full contour length of the CasSD domain.
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On the other hand, histogram of contour length change displays a rather
evenly-distributed pattern. Interspersion of unfolding events on the
force–ΔL plane (2D map in Fig. 5) reinforces such randomness.

It is also interesting to notice that, there is not any event associated
with both unfolding force above 15 pN and step size larger than 16 nm.
This blank area in the 2Dmapmay suggest the following deduction: for
interaction stabilizing CasSD native conformation, all long range inter-
actions are rather weak whereas short range interactions span a broad
force spectrum. Distribution of unfolding forces is most likely biased
by the slow rampmodewe used, inwhich unfolding probability is a sig-
moidal function of stretching force, making the shape of probability
density function and histogram of force both bell-like [27,28].

Besides unfolding events, 13 refolding steps were observed in the
ramping down experiment following the stretching (Fig. S3, Supple-
mentary materials). Out of them, four events share contour length
changes similar to prior corresponding unfolding steps, while the
rest shows contour length change in a random fashion. Refolding
events, though rarer to be observed, also implies a structural diversity
of CasSD population, as already demonstrated by unfolding events
(Supplementary materials).

3.3. Unfolding rates of CasSD in MT experiments

The period between any two successive CasSD unfolding events at
near-equilibrium state varies by orders of magnitude. The lower limit
of the observed dwell time was the time resolution of the camera sys-
tem, 0.044 s, within which it is impossible to differentiate any two
events occurring. Beginningwith section of chosen dwell time, followed
by the unfolding step and ending with a short flat segment of unfolded
state, 29 such unfolding trajectories were aligned according to their
time course and adjusted to same length by changing the extent of last
segment. After adding up their contour lengths, resulting curvewas fitted
by an exponential function with a time constant τ = 7.41 s, correspond-
ing to an unfolding rate of 0.135 s−1 (insert, Fig. 5). To test howmuch the
result was biased by the broad unfolding forces applied, all unfolding tra-
jectories described above were divided into two groups depending on
whether their unfolding force was larger than 10 pN. Analysis of both
groups revealed unfolding rates of 0.131 and 0.13 s−1 respectively, nearly
identical to each other and closed to 0.135 s−1 as well. Thus we believe
our result should represent the true unfolding rate under constant force
to a certain extent.
4. Discussions

4.1. CasSD is intrinsically disordered

AFM force spectroscopy is able to probe not only unfolding path-
ways of proteins but also their conformations, through the measure-
ments of their responses and the contour length changes (ΔL) [29].
If the protein is natively folded and mechanically stable, unfolding
events with characteristic ΔL and unfolding forces can be observed
in AFM force measurements. However, this is not the case for
CasSD. In our experiments, more than half of CasSD probed by AFM
presented featureless response to stretching, indicating most likely
random coil conformations. Though the rest of the trajectories of
CasSD showed patterns of unfolding events, diverse ΔL and unfolding
forces were observed, corresponding to varied stable conformations.
Similar unfolding trajectories were also reported for α-synuclein,
N2B isoform of cardiac I-band titin, VAMP2 and other PEVK region of

image of Fig.�5
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titin, while α-synuclein and N2B isoform are classified as ID proteins
[30–33]. Thus, CasSD should also belong to the group of ID proteins.

For those ID proteins, AFM force–extension trajectories with some
mechanical features were ascribed to α-helix, β-like structures or
weak interactions, all of which are mechanically more stable than
random coil. Our results indicate that CasSD might be a similar case.
Nevertheless, it was also noticed that CasSD is a proline-rich domain,
which could also take PPII helix conformations. Anyway, their ran-
dom and broad unfolding behaviors suggest folded states contributed
by various interactions between random points along the amino
sequence.

The existence of these states was also confirmed by the result of
magnetic tweezers experiment, where those conformations of
CasSD other than random coils tended to be similar in mechanical
stability. This is indicated by the preferred unfolding force under
close-to-equilibrium stretching aswell as the similar unfolding rates re-
gardless of the stretching force applied. Thus, either those interactions
stabilizing those conformations of CasSD are similar, or they are just
weak and coincidently show similar strength. On the other hand, the
unfolding contour length changes broadly distributed up to the contour
length of the whole CasSD domain. Therefore, those interactions can be
hydrophobic or electrostatic ones, or maybe even some weak interac-
tions between the 15 YxxP motifs, where PPII helix may be formed,
with varied lengths in between. Anyway, such interactions should be
weak and dynamic; otherwise, the conformations of random coils
could not dominate the distribution.

Though the majority conformations of random coils, the mechan-
ical stability of CasSD in other conformations is significantly low. In
AFM pulling experiments, unfolding forces of those trajectories with
noticeable events are much smaller than mechanical stable proteins,
e.g. ubiquitin and I27, when similar constant velocities of stretching
were adopted [24,25]. Under near equilibrium stretching in MT ex-
periments, the majority of unfolding forces are around 5 pN, which
is lower than unfolding force, ~7.6 pN of calmodulin, 13 pN of protein
L, and 19 pN of Rnase H at similar conditions [22,34,35]. It is obvious
that these proteins are less resistant to stretching compared with
most members in Bio-Molecule Stretching Database (BSDB) [36].
Unfolding rate provides another aspect for the same comparison.
CasSD unfolding rate at low force, α(5 pN) ~ 0.131 s−1, is consider-
ably larger than that of protein L which has α(13 pN) ~ 0.14 s−1,
α(0 pN) ~ 0.067 s−1, Rnase H with α(0 pN) ~ 3 × 10−4 s−1, and
E-cadherin with α(5 pN) ~ 0.027 s−1 [22,35,37], meaning even at
low force CasSD is more susceptible to unfolding than above proteins.
CasSD native structures are held by interactions of low strength, and
it also leads to the conclusion that CasSD is intrinsically disordered
as can be suggested by single-molecule force spectroscopy [38].

4.2. CasSD as force transducer

Over half of the residues in scaffold protein centering in cell
signaling and functions are predicted to be intrinsically disordered
[39]. As an ID protein, CasSD is also involved in signaling processes,
especially mechano-transductions, where mechanical signals are
converted to chemical signals by exposing phosphorylation sites
upon unfolding [2]. How the disordered nature of CasSD connects
with its mechano-transduction feature and other multiple functions
triggers our great interest, and we hope that understanding the in-
trinsic disordered states can shed light on more details of cellular
function and regulation of CasSD.

The 15 YxxP motifs of the CasSD can be phosphorylated by Abelson
tyrosine kinase, c-Src or focal adhesion kinase, etc. depending on cell
type and external stimuli [40]. For example, only motif 6–15 can be ef-
ficiently phosphorylated by Src [16]. Our results imply various native
conformations of CasSD, which should affect the accessibility of each
YxxP motif. Thus, this can be one of the reasons leading to different ef-
ficiencies of tyrosine phosphorylation by those kinases at different
conditions. In turn, different signaling pathways are invoked. Impor-
tantly, most native conformations of CasSD are not very stable, many
mechanical signals, such as forces and extensions of the F-actin, can
readily shift the populations of the conformations and change the bio-
chemical responses of CasSD.

PEVK domains of titin share great similarities with CasSD. They are
all ID regions, able to be phosphorylated, involved in mechanical
function, and composed of population of random coil and other con-
formations of some mechanical stability at same time. One significant
discovery about the former was their change of mechanical elasticity
due to different environments [41,42]. Upon stretching, an environ-
ment with higher ionic strength leads to lower persistence length
and extensibility of ID proteins [43,44]. Similarly, the conformational
equilibrium of α-synuclein shifts from random coil to β-sheets and
α-synuclein becomes more resistant to mechanical force in presence
of Cu2+ [30]. Such increments in ionic strength promote α-synuclein
oligomerization which explains the cause of some neurological dis-
eases [30], but destabilizes binding of PEVK to its partner protein
F-actin [45]. Likewise, phosphorylation has also been shown to in-
crease PEVK's stiffness [46–48]. This is reasonable as high ionic
strength promotes interaction between hydrophobic residues and
extra phosphoric group may regulate the surface charge distribution
resulting in additional intra-molecular interactions. However, such
change does not necessarily enhance interactions between IDP to its
partners. Here we extend this mechanism to CasSD and speculate
that it may undergo similar transformation in changing environment
to regulate tyrosine phosphorylation and downstream signaling path-
way. It also opens possibilities that actively modifying mechanical
property of CasSD, making it more resistant to unravel, may stand
for a novel technique to prevent metastasis of tumor cell, and a cure
to other relative conditions.

Summary

In this study, we used AFM and MT to stretch CasSD domains. The
results demonstrated that the native CasSD can take many conforma-
tions while the majority of them are random coils. This confirms its
nature as an intrinsically disordered protein. Most of the native con-
formations of CasSD turned out to have limited mechanical resistance.
Those non-random-coil conformations showed similar unfolding
forces and unfolding rates indicating that they were stabilized by sim-
ilar weak intramolecular interactions, which might be interactions
between YxxP motifs. Nevertheless, CasSD was ready to be extended.
Thus, instead of sensing forces, CasSD is more likely able to transform
any mechanical extension associated into biochemical signals.
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