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ABSTRACT
The cytoskeleton provides structure and plays an important role in cellular function such as migration,
resisting compression forces, and transport. The cytoskeleton also reacts to physical cues such as fluid
shear stress or extracellular matrix remodeling by reorganizing filament associations, most commonly
focal adhesions and cell-cell cadherin junctions. These mechanical stimuli can result in genome-level
changes, and the physical connection of the cytoskeleton to the nucleus provides an optimal conduit
for signal transduction by interfacing with nuclear envelope proteins, called nesprins, within the LINC
(linker of the nucleus to the cytoskeleton) complex. Using single-molecule on single nuclei assays, we
report that the interactions between the nucleus and the cytoskeleton, thought to be nesprin-
cytoskeleton interactions, are highly sensitive to force magnitude and direction depending on
whether cells are historically interfaced with the matrix or with cell aggregates. Application of
»10–30 pN forces to these nesprin linkages yielded structural transitions, with a base transition size
of 5–6 nm, which are speculated to be associated with partial unfoldings of the spectrin domains of
the nesprins and/or structural changes of histones within the nucleus.
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Introduction

Cells are very sensitive to physical forces. A quintessential
exampleofthisisendothelialcellsdelineatingbetweenlam-
inar and turbulent flow.1,2 Depending on the flow profile,
endothelialcellsareabletorespondquicklyandreprogram
theirentireproteinexpressionprofile.3,4Mechanistic stud-
ies investigatingwhich signaling cascades andmechanical
connections are responsible for phenotype change were
conductedbydirectlyprobingthecell surfaceandtheasso-
ciated cell-cell and cell-matrix interfaces.5,6 Because cyto-
skeletal elements conduct the majority of physical inputs
on the cell, it is critical to study how these forces propagate
within the cell, particularly as theypropagate to a termina-
tionpointsuchasthenucleus.

Much of the research in mechanotransduction has
focused on the plasma membrane where cell-cell

adhesion complexes and focal adhesions serve as mecha-
nosensors.7 Similarly, proteins at each end of cytoskeletal
filaments serve not only as anchors for filaments but also
as mechanosensors.8 While interest in cytoskeletal
anchoring at the nuclear envelope has developed over the
past decade, it remains challenging to study because
accessing the nuclear-cytoskeletal interface is difficult.

The first demonstration of a physical linkage
between the nucleus and the plasma membrane repre-
sented a seminal shift in defining the mechanism by
which the cell’s external environment physically con-
nects to organelles deep within the cytoplasm.9 In
endothelial cells, shear stress applied to cells has been
shown to displace cytoskeletal elements (e.g. actin,
vimentin) and nodal structures (e.g., focal adhesions,
cadherin junctions).10 It is logical that similar protein
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elements on the outer nuclear membrane could be just
as mechanically rich. In fact, magnetic bead micro-
rheology on lamin A-deficient fibroblasts allowed for
greater bead displacement coupled with higher
reported forces compared with wild type fibroblasts,
thus further suggesting that subtle changes in nuclear
envelope proteins can yield cellular phenotype
changes.11 However, the microrheology experiment
stopped short of single-molecule interrogations of the
nuclear envelope.

The principal nuclear envelope proteins engaging
the cytoskeleton are known as nesprins, of which there
are many isoforms and splice variants, which are key
components of the LINC (linker of nucleus to cyto-
skeleton) complex. The cytoskeleton is principally
composed of 3 major protein filaments: actin, inter-
mediate filaments, and microtubules (plus their asso-
ciated molecules). Nesprins 1 and 2 primarily bind
actin, nesprin 3 binds intermediate filaments via the
actin-binding domain (ABD) of plectin, and nesprin 4
binds microtubules through kinesin intermediates,12-16

as seen in Fig. 1a. Disruption or inhibition of these pro-
teins results in decreased cell stiffness and nucleus
deformation.17 It should be noted that nesprins 1 and
2 have also been found to have some affinity for micro-
tubule motor proteins,18,19 but this should not affect
our results as the nuclei are isolated from cells in our
assay, removing the cytoskeleton and any cytoskeleton
associated machinery (Figures S1 and S2).

Methods to probe nesprin biology have been lim-
ited to basic in vitro and in vivo studies that manipu-
late gene expression or truncated forms of the nesprin
protein itself.18,20,21 A direct connection to gene
expression was recently seen in genetically engineered
bacteria with fluorescent chromatin-binding proteins
subjected to surface magnetic twisting cytometry. The
study demonstrated that increasing force in specified
loading directions allowed for greater chromatin
unfolding and promoted transcription of sterically
repressed genes.22 Another group also attempted to
probe nuclear mechanical responses at the nesprin
node using magnetic tweezers,23 but the study used
antibodies rather than the native cytoskeletal ligands
and the antibody epitopes do not allow for force to be
applied in a manner similar to the native nesprin-
cytoskeleton configuration.

Despite these insightful studies, little is known
about the physical dynamics of the interaction of
nesprins with their cytoskeletal partners that

ultimately lead to potential changes in gene expres-
sion. Thus, there remains an unmet need for new
assays that investigate the effects of force on LINC
complex proteins, conformational changes and pro-
tein-protein/protein-chromatin interactions. Optical
tweezer based single-molecule assays provide pick-
and-place force application with high spatial (nm),
temporal (ms), and force (pN) resolution, allowing for
the elucidation of molecular mechanisms previously
out of reach.8 Here, we isolated single nuclei and
developed a semi-situ single-molecule on single nuclei
assay to probe how force inputs are handled at the
nuclear envelope at the single protein level via individ-
ual cytoskeletal elements (actin or plectin-ABD)
bound to beads and actively coupled to the nuclear
surface (Fig. 1b).

Results

We focused on the effects of three factors on the
mechanotransduction of signals from the cytoskeleton
to the nucleus: the specific interaction at the nuclear
membrane (actin-nesprin 1/2 vs. plectin ABD-nesprin
3), the direction of force application (normal vs. shear)
(Fig. 1c), and cell culture condition biases as dictated
by pre-measurement growth conditions (tissue culture
polystyrene (TCPS) vs. polyethylene glycol (PEG)-
poly(e-caprolactone) (PCL) block copolymer). TCPS
permits uninhibited cell binding to the entire culture
surface. PEG-PCL is a softer culture substrate than
TCPS, and inclusion of PEG reduces binding to the
substrate. Hence PEG incorporation forces increased
cell-cell interactions to avoid anoikis (Fig. 1d–e).
Human mesenchymal stem cells (hMSCs) were cho-
sen due to their large nuclei and their known altered
phenotype when cultured as single cells on TCPS ver-
sus as aggregates on PEG-PCL.24 The morphological
changes that result from these growth conditions at
the cellular level are mirrored in the nucleus and con-
served throughout the 4 hour maximum experimental
window in which isolated nuclei were used.

During purification, the cytoskeletal and cyto-
plasmic components of the cell are removed from the
nucleus to yield isolated nuclei, as outlined in the
methods. To ensure nucleus isolation was complete
and residual cellular material was not interfering in
our experiments, we fixed and stained isolated nuclei
for calnexin (endoplasmic reticulum, ER, protein) and
actin, as seen in Figures S1 and S2, respectively.
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Residual cellular material can sometimes be seen in
DIC when a nucleus has not been fully isolated from
the cell, but successfully isolated nuclei show no evi-
dence of residual material. Additionally, we fixed and
stained isolated nuclei from cells grown on both TCPS
and PEG-PCL and confirmed the presence of nesprins
1–3 post-isolation (Fig. S3).

While it is possible F-actin could bind to proteins
(other than nesprin 1/2) associated with the nucleus,
such as FHOD1, as demonstrated in Kutscheidt
et al.,25 it is unclear whether FHOD1 is present here as
it is not a membrane-anchored protein. Additionally,
if FHOD1 were present, it would be expected that
F-actin would also be bound to nesprin 1/2 as FHOD1

Figure 1. (a) The environment near the nuclear membrane is complex and includes the interactions of cytoskeletal elements with
nesprins which are associated with the SUN protein in the periplasm. (b) A general representation of the optical tweezer based assay
design for characterization of specific cytoskeleton-nesprin interactions. (c) Binding was achieved by bringing the bead close to the
nucleus and waiting for binding, after which force was applied by moving the sample stage to apply either a shear or normal force. Cells
were grown on either TCPS (d) or PEG-PCL (e) plates leading toward cell-matrix or cell-cell adhesion biases, respectively.
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crosslinks nesprin-2G and stabilizes its interactions
with actin. This would result in off-path transitions if
the interaction between actin and either nesprin or
FHOD1 were interrupted and off-path results were
eliminated from our analysis, as described later. Alter-
natively, plectin-ABD exclusively binds nesprin 3. Pre-
vious work by the Sonnenberg laboratory15,26 has
shown that the recruitment of plectin-ABD to the
nuclear envelope (NE) requires nesprin-3a and that
even a single point mutation of nesprin-3a is sufficient
to disrupt the recruitment of plectin-ABD to the NE.
Taking the aforementioned studies and purity of our
isolated nuclei into consideration, we are confident in
our targeting of nesprin-cytoskeleton interactions.

Single molecule interactions were achieved through
serial dilution of the cytoskeletal component during
bead functionalization such that fewer than 50% of
beads yielded productive binding. Control beads
(non-functionalized streptavidin beads) showed mini-
mal or no binding to the nuclear membrane (0–2 of
20 beads). Binding was achieved by holding a bead
fixed in a trap on the nucleus surface. Force was then
applied by moving the sample stage at 20 nm/s, result-
ing in a loading rate of 1.8 § 1.2 (STD) pN/s, which

varied with changes in trap stiffness and nuclear com-
pliance. In the case of actin functionalized beads, only
interactions forming free tethers were used for data
collection ensuring that the beads are functionalized
with F-actin (Figure S4 and videos S1 and S2). The
tether length varies with the length of the specific actin
filament and the location of binding, but it is esti-
mated that tethers ranged from 300 nm – 1 mm in
length.

Abrupt changes in bead position (Fig. 2a), referred
to as transitions, were observed for all conditions.
A range of transition sizes were present and larger
transitions (> 23 nm) were more prevalent in the
actin data. Some transitions were clustered through
quick succession of multiple smaller events. Each bead
displacement was analyzed as a separate transition
(see the Supplemental Note). Full ruptures, indicating
the complete disruption of the nesprin-cytoskeleton
interaction, were observed, but were rarer under PEG-
PCL conditions (2.5% compared with 9.8% for TCPS
nuclei) (Table S1).

Top-down plots of these transitions were critical in
distinguishing between on- and off-path transitions.
On-path transitions were defined as transitions that

Figure 2. (a) Representative traces depicting transitions during force application. Full rupture (i) and small transitions (i-iii) are observed.
In some cases, multiple transitions are present in the same trace. (b) A representative top-down plot depicting an on-path transition in
which the transition follows the same path back toward the origin as during force application. (c) A representative top-down plot
depicting an off-path transition in which the transition does not result in a position along the path of force application.
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followed the path of force application back toward the
origin (Fig. 2b), while off-path transitions indicated a
displacement that shifts to a point creating a new vec-
tor with respect to the direction of force application
(Fig. 2c). Off-path transitions were twice as common
in actin data (13.5%) as they were in plectin-ABD data
(7.8%). Further transition analysis was only completed
for on-path transitions. As nesprins 1/2 contain actin-
binding domains, more than one nesprin may bind
along an actin filament simultaneously.

A closer look at the transitions reveals shifts in
transition forces given changes in experimental condi-
tions, particularly with respect to force application
direction and cell culture surface. For actin we see a
shift to a higher transition force for TCPS nuclei,
22.8 § 1.5 (SEM) pN, vs. PEG-PCL nuclei, 17.6 § 0.9
(SEM) pN, when force is applied normal to the nuclei
(Fig. 3a). This trend is reversed with a shear force,
resulting in transition forces of 15.2 § 1.6 (SEM) pN
for TCPS nuclei and 23.1 § 1.7 (SEM) pN for PEG-
PCL nuclei (Fig. 3b). Additionally, the trends seen in
plectin-ABD are consistent with those observed in
actin. Again, we see a shift to higher transition forces
for TCPS nuclei, 20.5 § 1.3 (SEM) pN, vs. PEG-PCL
nuclei, 13.4 § 1.0 (SEM) pN, when force is applied
normal to the nuclei (Fig. 3a). The trend is reversed
with a shear force, resulting in transition forces of 18.6
§ 2.1 (SEM) pN for TCPS nuclei and 22.6 §
1.1 (SEM) pN for PEG-PCL nuclei (Fig. 3b). Collec-
tively, the above transition force results indicate that
normal forces stabilize nuclear interactions for TCPS

nuclei while shear forces stabilize interactions for
PEG-PCL nuclei.

Small transitions were conserved across all experi-
mental conditions, yielding a consistent median tran-
sition size (Table S1). A closer look at transition sizes
revealed a base transition size of 5–6 nm across all
conditions (Fig. 4), with larger transition populations
up to approximately 23 nm. A distribution of transi-
tion sizes pooled from all conditions (N D 276) exhib-
its structure fitting well to a multiple Gaussian
(Fig. S6) with a strong peak representing the base tran-
sition size at 5.6 nm, a shoulder at 10.1 nm, and a
weak tail centered near 19.2 nm. Transitions larger
than approximately 23 nm were less abundant and no
longer followed a specific trend.

In a few cases, we observed reversible transition
behavior within the trace. These transitions, occurring
in quick succession, are characteristic of a structural
change at equilibrium, and similar reversible behavior
has been reported in other systems.27,28 The transi-
tions, as observed in Fig. 5a, have a time constant,
with respect to transition lifetime, of 0.011 s (Fig. S7).
Interestingly, reversible transitions were observed over
a range of forces including at 1.5–2.5 pN, 20–25 pN,
and »32 pN. Similar to the transition sizes in the
non-equilibrium data, multiple transition size peaks
emerged (Fig. 5b) including a base transition size of
5.1 nm, consistent with the 5–6 nm base transition
size seen earlier, two strong peaks at 7.9 and 10.2 nm,
and a small additional peak centered near 15.2 nm
(N D 249).

Figure 3. A comparison of median transition sizes and mean transition forces for actin and plectin-ABD interactions on nuclei from cells
grown on both TCPS and PEG-PCL when force is applied (a) normal and (b) shear to the nuclei. The data indicate that the interactions of
PEG-PCL nuclei are stronger when subjected to shear forces while TCPS nuclei are stronger when subjected to normal forces. All error
bars are standard error on the mean (SEM). N incorporated into each point in the normal direction are as follows: Actin/TCPS D 42,
Actin/PEG-PCL D 40, Plectin-ABD/TCPS D 59, Plectin-ABD/PEG-PCL D 48. N incorporated into each point in the shear direction are as
follows: Actin/TCPS D 49, Actin/PEG-PCL D 54, Plectin-ABD/TCPS D 40, Plectin-ABD/PEG-PCL D 44.
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Figure 5. Equilibrium transitions are present in some traces, usually during the force ramp, as seen in (a) and result in a distribution of
transition sizes (b) with Gaussian means at 5.1, 7.9, 10.2, and 15.2 nm. The sum of the Gaussians is shown in black while the single
Gaussian distributions are dashed gray lines.

Figure 4. Scatter plots of transition size vs. transition force and a histogram of transition size for (a) actin interactions with normal force
(b) actin interactions with shear force (c) plectin-ABD interactions with normal force, and (d) plectin-ABD interactions with shear force.
The fits overlaying each histogram represent the base transition size of 5–6 nm present in each condition and the dashed line at 23 nm
indicates the value at which trends in the transition sizes are no longer observed.
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Discussion

Using optical tweezers to actively present cytoskeletal
ligands to nesprin proteins on single isolated nuclei,
we observed a mechanically rich system, operating in
the force range of 10s of piconewtons. The magnitude
of these transition forces was highly dependent on the
force application direction (normal or shear) and cell
culture conditions, and defined the forces required for
cytoskeletal machinery to interact with the nuclei as
the cell adapts to external physical cues. The nature of
the shift in transition force between cell growth condi-
tions suggests that hMSCs (and perhaps many other
cell types) have the ability to alter their force sensing
mechanism, allowing for the cells to react to physical
stimuli at a nuclear level in a function-specific way.
This type of phenomenon has been shown for hMSC
differentiation in tunable hydrogels where the
mechanics of the initial gel impart a mechanical mem-
ory and influence cell differentiation lineage choice
following an in situ gel stiffness switch.29

To start, it is important to consider why the
observed transition forces are different between cul-
ture substrates. The answer may lie in the morphology
of the nuclei that results from their cell culture condi-
tions. hMSCs on TCPS exhibit a flatter, polarized
morphology coupled with a cell-matrix interaction
bias (Fig. 1d). Isolated TCPS nuclei adopt this mor-
phology with dimensions approximated to be near
15–20 mm £ 7–10 mm £ 3–5 mm. The PEG-PCL
environment yields cells, and nuclei, with a more
spherical, morphology and a cell-cell interaction bias
(Fig. 1e) with a nucleus diameter of »7–9 mm. While
the volumes between these populations of nuclei
should be similar, their surface areas are vastly differ-
ent with TCPS nuclei easily having a surface area
25–30% greater than that of PEG-PCL nuclei. This
means that variation in morphology requires differen-
ces in the internal architecture (including chromatin-
histones and lamin mesh structure) as well as the
spacing of nesprins on the surface of the nuclei, which
could result in minute changes in the presentation of
these heteropolymers. These unique geometries could
then lead to differences in force requirements.30 In
addition, growth conditions could affect several cellu-
lar and nuclear parameters not specifically tested here,
including differential expression of LINC complex
components, nuclear envelop protein organization,
and chromatin structure/remodeling, all of which

could contribute to the differences in behavior
observed here.

Critical to the function of the LINC complex, the
interaction of the SUN protein to the c-terminal
region of a nesprin, the KASH domain, is a covalently
linked disulfide bond. Previously published research
used dominant negative KASH domains in fibroblasts
to demonstrate that the lack of the disulfide bond
decouples the physical link between the cytoskeleton
to the nucleus,31 and it is unlikely any observed transi-
tions in our data were caused by disruption of the
SUN-KASH link. Therefore, transition forces observed
in our data likely originate from either within the
nucleus (LINC-chromatin interactions) or between
the nesprin-cytoskeletal filaments.

Like focal adhesions, LINC complexes can be rather
fluid within the nuclear membrane,17 allowing us to
speculate that multiple LINC complexes may aggre-
gate and resist higher forces.32,33 This focal adhesion-
like networking has been found on the nuclear enve-
lope. The transmembrane actin-dependent nuclear
(TAN) line phenomena, which are generated by arrays
of nesprin 2 and SUN2 proteins, shape the nucleus
when cells migrate or reshape to their environment.34

In such cases the distribution of parallel LINC com-
plexes provide anchor points to sustain higher force
loads that manipulate nucleus shape. Networked
LINC complexes could potentially subject the nucleus
to much higher forces, mirroring focal adhesion net-
works, transmitting mechanical inputs directly to the
nucleus and its contents.

In evaluating on- and off-path transitions,
we observe that off-path and larger transitions are
more common in actin interactions. The rod like struc-
ture of actin permits binding with nesprins at multiple
points that can lead to large and/or off-path transitions
if one interaction dissociates (Fig. S8a). Plectin is more
accurately modeled as a single point (Fig. S8b) and is
therefore expected to be on-path. Nesprins can also
self-dimerize through interactions between spectrin
repeats.35-37 Thus, loss of these dimers may also be
responsible for off-path transitions.

Small on-path transitions are thought to represent
structural unfoldings or conformational changes
somewhere along the loading pathway into the
nucleus. This is supported by the observed reversible
equilibrium behavior described in the results (Fig. 5a).
While it is impossible to pinpoint the location of
structural changes given the complexity of the load
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pathway, possibilities include changes within the spec-
trin repeats of their respective nesprins, linker zones
between spectrin repeats, sliding or rearrangement of
spectrin repeat helicies, or chromatin rearrangement
within the nucleus itself as chromatin is intricately
linked to nuclear membrane proteins via the lamina
layer.38

The roughly 100-residue long spectrin repeats con-
sist of 3 helices in anti-parallel arrangement.39,40

Unfolding spectrin repeats with atomic force micros-
copy (AFM) revealed unfolding as an all-or-nothing
event between 23 and 42 nm at forces ranging from
25–80 pN.41-44 The study by Lenne et al. using a tetra-
mer R16 spectrin repeat, revealed a 15 nm partially
unfolded state at forces of 60 pN.44 Their experiments,
while at a much higher loading rate than our own
(»160 pN/s vs. 1.8 § 1.2 (STD) pN/s), revealed that a
10-fold decrease in loading rate can result in as much
as a 20% decrease in transition force.44 Based on this
observation, the transition forces we observe are con-
sistent. Our testing conditions also approach physio-
logic conditions as hMSCs can crawl 3 mm/hr over a
stiffness gradient.45 Constant force measurements by
Aubin-Tam et al. showed in a study using filamin sub-
strate that their »98 aa extensions corresponded to
14–19 nm at forces of 7–14 pN.46 Our observed transi-
tions near 15 nm are, therefore, consistent with full
spectrin unfoldings while smaller transitions of
5–10 nm could be attributed to the unfolding of a sin-
gle helix. It should also be noted that the studies of the
folding of spectrins reveal a variety of stabilities and
partially structured states that could parallel unfolding
transitions with the application of force and may
explain the observation of multiple transition sizes.47

Unlike the short polymers of previous studies,41,44

the native nesprins here contain high numbers of
spectrin repeats with nesprin 1, 2, and 3 containing
74, 56, and 8 repeats, respectively.15,48 The greater
diversity of spectrin sequence/strength in long spec-
trin repeats can lead to lower loading rates and partial
unfolding states. Additionally, a study of the smaller,
inner nuclear membrane protein, nesprin-1a, high-
lights the additional complexity of nesprins. The study
found that the stability of the spectrin-like repeats
(SLRs) of nesprin-1a is affected by a largely disor-
dered adaptive domain (AD) between repeats 5 and
6.35 The giant nesprin 1/2 isoforms found at the outer
nuclear membrane, which are the focus here, contain
more of these ADs, making the biophysics of these

proteins more complicated. Further investigation of
the impact of ADs on SLRs in necessary to better
understand nesprin structure and stability.

Nesprin size and complexity have meant that bio-
physical studies on full nesprin proteins have been
rare, but it should be noted that Arsenovic et al.49

have previously observed mechanical force across
nesprin-2G by incorporating a FRET biosensor into
the protein. This work proves nesprins, and by exten-
sion the LINC complex, play a key role in the mecha-
notransduction pathway to the nucleus. The work also
noted the sensitivity of nesprin-2G to cytoskeletal ten-
sion, cell shape, and nuclear stiffness (studied by lamin
mutations). Our work also demonstrates the sensitiv-
ity of the nuclear mechanotransduction to force and
cell shape (by way of growth conditions).

The unfolding of a single helix within a spectrin
repeat may also explain the reversible transitions
(hopping) we observed. Grum et al. noted that the
a-helices between spectrin repeats can slide and
undergo conformational rearrangement that shorten
the end-to-end distance of the spectrin repeat and sug-
gested this could be due to bending of the linker
regions.50 Years later, Paramore and Voth found that
once a linker region was disrupted, spectrin repeats
became less stable, allowing lower forces to further
unfold the repeat.51 Thus, our observed transitions
may be the result of linker unfolding.

Another possible source of our transitions is chro-
matin-histone unbinding and reorganization. In single
molecule studies, these have been shown to distort
with 5–6 pN and can result in the dissociation of
approximately 70 base pairs (»23 nm).52,53 These
forces are within the transition forces we observe and
brings to light the possibility that gene rearrangement
could result solely from mechanical manipulation.
While these transitions are larger than what we typi-
cally observe here, the histone system is anchored to
the lamina layer within the nucleus, which may reduce
the observed transition magnitude due to its viscoelas-
tic nature.38

There are many mechanisms used to transfer sig-
nals including diffusion, active transport, and
mechanical coupling. As seen here and in previous
studies,54,55 mechanical coupling is crucial to cellular
function. The question remains: why has mechano-
transduction evolved as a method of signal transfer?
Diffusion can be severely limited within the cell due
to the crowded intracellular environment56 and
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motor-based transport is limited to velocities of
approximately 1 mm/s. However, physical coupling
has been reported to allow signal transmission at up
to 6 mm/s.57-59 From an energy perspective, mechani-
cal transitions are similar to the chemical energy
required for other biological processes. Using an aver-
age force of 20 pN and an unfolding distance of
5–23 nm, we estimate an energy requirement per tran-
sition per interaction of 24–112 kT at room tempera-
ture, which is equal to approximately 1–5 ATP
hydrolysis events. Therefore, mechanotransduction
allows for signal transduction that is not only fast and
stable but also reconfigurable through efficient physi-
cal manipulation and structural variation.14,15,60

In conclusion, we have provided new insights into
the behavior and response of specific cytoskeletal
interactions with the nucleus, including the impor-
tance of the cell culture conditions and the resulting
nuclear response to varying force conditions. Prior to
the present study, the mechanical response of nuclei
had been revealed through AFM and micropipette
experiments. We supplement this through direct
manipulation of single nuclei at physiologically rele-
vant forces and loading rates. Despite this, there is still
much to be learned about how the nucleus senses,
receives, and translates mechanical signals. Further
development of this system that includes fluorescence
reporting of chromatin opening or rearrangement in
real-time could directly connect mechanical input to
chromatin alteration and transition states ripe for
transcription or repression. Our work on single nuclei
and single molecule experiments on nesprin domains
and smaller spectrin homopolymers provide a bridge
to live cell experiments that probe protein network
function. Additionally, future technology that could
produce and purify the 750–1000 kDa sized nesprin
proteins may help identify specific zones of the protein
that are susceptible to unfolding and further charac-
terize the nature of nesprin conformational states.
Moreover, CRISPR/Cas9 modulation of nesprin iso-
form expression can elucidate further mechanical and
biochemical roles at the nuclear membrane.

Materials and methods

Polymer substrate preparation

5% PEG (MW D 2000 Da) -95% PCL (PEG-PCL) was
synthesized using methods described previously.61

Spin-coated polymer films were prepared with a

commercial spin-coater (Laurell Technologies, North
Wales, PA, USA) on 10 cm Pyrex Petri dishes (Corn-
ing Inc.). Specifically, 1% weight/volume (w/v) solu-
tion of PEG-PCL in tetrahydrofuran (THF, Sigma
Aldrich) was spun for 2 min at 1,500 RPM on Petri
dishes (1 ml solution/sample). All samples were then
exposed to constant cold-trap vacuum for �30 min to
remove excess solvent. Dishes were UV sterilized for
60 min before use.

Cell culture

hMSCs were purchased from Lonza. hMSCs were
maintained in complete media (CM) composed of
a-minimum essential media with nucleosides
(aMEM, Life Technologies) with 16.7% fetal bovine
serum (Life Technologies), 1% penicillin/streptomycin
(Life Technologies), and 4 mg/mL plasmocin (Invivo-
Gen). Cells were kept in a humidified incubator at
37 �C and 5% CO2, and media was replaced twice
each week. For all experiments, hMSCs (passage 5)
were seeded at a density of 10,000 viable cells/cm2, as
determined by exclusion of Trypan blue, and cultured
for 3 to 4 d.

Nucleus enrichment

After hMSCs were cultured for 3 to 4 d on either tissue
culture polystyrene (TCPS) or PEG-PCL, cells were
washed with PBS-/-, trypsanized, diluted with culture
media and centrifuged for 5 minutes at 400 g. The
supernatant was removed and the pellet was resus-
pended in 15 mL of Buffer A (10 mM HEPES, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM DTT and 0.05% NP-40)
with 1% v/v protease inhibitors. The suspension was
incubated on ice for 20 minutes in a large dounce
homogenizer and subsequently subjected to 15–20
dounce motions with plunger B. The dounced suspen-
sion was cold centrifuged (4 �C) for 10 minutes at
218 g. The supernatant was removed and the nucleus
pellet was resuspended in 200 mL of nucleus wash
buffer (0.2 M sucrose, 10 mM HEPES, and 1 mM
MgCl2) with 1% v/v protease inhibitors.

Generation of actin-functionalized beads

Biotinylated actin was created such that actin and bio-
tinylated actin were present in a 10:1 ratio. First, 5 mL
of 10 mg/mL pure actin (Cytoskeleton - AKL99) in
deionized water is mixed with 5 mL of 1 mg/mL
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biotinylated actin (Cytoskeleton - AB07). Then
100 mL of General Actin Buffer, GAB, (5 mM Tris-
HCl, 0.2 mM CaCl2, 0.5 mM DTT, 0.2 mM ATP) was
added and the mixture placed on ice for 1 hour. Actin
was then polymerized by adding 11 mL of Actin Poly-
merization Buffer, APB, (50 mM Tris-HCl, 500 mM
KCl, 2 mM MgCl2, 2 mM CaCl2, 2 mM DTT, 5 mM
ATP) and incubating on ice for 20 minutes. After
polymerization, actin filaments were stabilized by add-
ing 5 mL phalloidin (Life Technologies – A22282) and
incubating on ice in the dark for 1 hour. Actin was
then diluted as needed through dilution into a 10:1
GAB/APB buffer mixture. 8 mL of 1.09 mm streptavi-
din-coated polystyrene beads (Spherotech – SVP-10–
5) were mixed with 5 mL biotinylated actin filaments
(diluted 10,000 times from stock into 10:1 GAB/APB
buffer), 0.6 mL ATP (100 mM), and 45 mL of nucleus
wash buffer and allowed to mix on a rotator for
30 minutes at room temperature. The generation of F-
actin before bead functionalization and its presence
after bead functionalization is confirmed in Figure S5.

Generation of plectin-ABD-functionalized beads

Plectin-ABD functionalized beads were created by
binding purified plectin-ABD protein to streptavidin
beads via a glutathione linker. Biotinylated glutathione
was first created by mixing 4 mL of 5 mg/mL biotiny-
lated maleimide (Sigma – B1267) in DMSO with
50 mL of 10 mg/mL glutathione (ThermoScientific -
78259) in deionized water and incubating at 4 �C on a
rotator overnight to generate biotinylated glutathione.
Streptavidin beads were then functionalized with glu-
tathione by mixing 10 mL of 1.09 mm streptavidin
beads pre-diluted 20 times in PBS (pH 7.4), 30 mL of
the overnight biotinylated glutathione solution, 2 mL of
biotinylated bovine serum albumin (b-BSA, 5 mg/mL),
and 58 mL PBS. The solution was then incubated on a
rotator at room temperature for 1 hour. Excess and
unreacted reagents were removed from the bead solu-
tion and the buffer exchanged to nucleus wash buffer
by centrifuging the sample 2 times for 3.5 minutes at
9250 rpm and resuspending the beads in nucleus wash
buffer each time. After the second centrifuge step, the
beads were resuspended in 200 mL of nucleus wash
buffer, 2 times that in the original solution. Upon com-
pletion, the resulting bead solution was sonicated using
a cup sonicator for 2 minutes at 20%. Plectin-ABD
(Litjens et al.62) was then added to the bead solution at

single molecule concentrations by mixing 50 mL gluta-
thione bead solution, 50 mL plectin-ABD (diluted
1:1 million in nucleus wash buffer, 5 ng/mL), and 1 mL
ATP (100 mM) and incubating the mixture on a rota-
tor at room temperature for 2 hours.

Slide preparation

Slides were prepared by creating a 10–15 mL flow cell
using potassium hydroxide (KOH) etched coverslips
coated in poly-L-lysine, standard microscope slides,
and double-sided tape. After etching, the coverslips
were coated in poly-L-lysine (Sigma Aldrich – P8920)
by applying a layer of 3% poly-L-lysine solution in
ethanol to one side of a coverslip (»200 mL). The cov-
erslip was then placed in the oven at approximately
90 �C until the ethanol was fully evaporated. The flow-
cell was then created using double-sided tape, ensur-
ing the poly-L-lysine coated side of the coverslip faces
the slide. Upon formation of the flowcell, a 20 mL
nuclei sample was loaded onto the slide and incubated
at room temperature for 30 minutes to allow the
nuclei to become immobilized on the surface. Passiv-
ation of the surface was then achieved by adding
20 mL of a 10 mg/mL solution of bovine serum albu-
min, BSA, (Sigma Aldrich – A7030) in nucleus wash
buffer to the flowcell and allowing the slide to incubate
at room temperature for 10 minutes. Finally, 20 mL of
the appropriate bead solution was added to the flow-
cell. The flow cell was then sealed and the slide was
placed on the microscope.

Data acquisition

A slide was loaded onto a custom built inverted micro-
scope with an optical trap and an isolated nucleus
found in the field of view. Then a functionalized bead
was located, brought near a side of the nucleus that
was oriented along an axis of the sample stage, and
focused such that the edge of the nucleus was clear.
The bead was then calibrated and the stiffness found
using the variance. During calibration, the KhroneHite
anti-alias filter is set to a cut-off frequency of 30 kHz
to allow for complete sampling. Upon calibration, the
bead was carefully brought into contact with the
nucleus by manually moving the sample stage. This
was repeated 3–4 times in an effort to initiate binding.
If binding did not occur within a few tries, the bead
was discarded and a new one found. If binding
occurred, the bead became tethered to the nuclear
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membrane. The bead was then centered using a cus-
tom LabVIEW program and data acquisition initiated.
Data was acquired at a sampling frequency of 3 kHz
with an anti-alias cut-off of 1.5 kHz. Upon initiation,
the sample stage was moved in the desired direction
(normal or tangential to the nuclear membrane).
Experiments used a slow force ramp with a velocity of
20 nm/s, resulting in a loading rate of 1.8 § 1.2 (STD)
pN/s). At the end of a ramp, the sample could be
stepped back to the center (2 mm/s) and pulled again.
This can be repeated several times. After force applica-
tion, the user simply waits for a transition to occur.
Upon observance of transition(s), force can be applied
again in the same way.

Each bead and each nucleus was only used once,
however, it is possible to obtain several transitions
from a single bead-nucleus interaction.

Data analysis

All data analysis was completed using custom Matlab
scripts. Data were collected at a 3 kHz sampling fre-
quency and averaged using an exponentially weighted
moving average over a 10 point time period during
analysis. The force of each trace is found by removing
any baseline in the position and the multiplying the
nanometer position measurements by the trap stiff-
ness. Transitions were then determined to be on- or
off-path using a top-down view of the respective trace
(Fig. 2). On-path transitions were kept while off-path
transitions were discarded and omitted from further
analysis. Distributions fit were found using the cftool
Matlab tool and constraints were also set such that
each Gaussian in a multiple Gaussian fit had equal
variances and if more than 2 peaks were found, each
peak was separated by the same distance. In the cases
in which equilibrium-like transitions were observed,
the transitions were analyzed in the same manner but
kept as a separate data set.
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