Dynamic actin cross-linking governs the
cytoplasm'’s transition to fluid-like behavior
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ABSTRACT Cells precisely control their mechanical properties to organize and differentiate
into tissues. The architecture and connectivity of cytoskeletal filaments change in response to
mechanical and biochemical cues, allowing the cell to rapidly tune its mechanics from highly
cross-linked, elastic networks to weakly cross-linked viscous networks. While the role of actin
cross-linking in controlling actin network mechanics is well-characterized in purified actin
networks, its mechanical role in the cytoplasm of living cells remains unknown. Here, we
probe the frequency-dependent intracellular viscoelastic properties of living cells using mul-
tifrequency excitation and in situ optical trap calibration. At long timescales in the intracel-
lular environment, we observe that the cytoskeleton becomes fluid-like. The mechanics are
well-captured by a model in which actin filaments are dynamically connected by a single
dominant cross-linker. A disease-causing point mutation (K255E) of the actin cross-linker o-
actinin 4 (ACTN4) causes its binding kinetics to be insensitive to tension. Under normal condi-
tions, the viscoelastic properties of wild-type (WT) and K255E+/- cells are similar. However,
when tension is reduced through myosin Il inhibition, WT cells relax 3x faster to the fluid-like
regime while K255E+/- cells are not affected. These results indicate that dynamic actin cross-
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linking enables the cytoplasm to flow at long timescales.

INTRODUCTION

The actin cytoskeleton is a network of filaments cross-linked by actin-
binding proteins. The cytoskeleton provides mechanical support
and drives cell motility and morphological changes (Fletcher and
Mullins, 2010). Cross-linking proteins undergo continuous cycles of
binding and unbinding, enabling the cell to act as an elastic solid at
short timescales and as a viscous fluid at long timescales (Kole et al.,
2005; Fischer-Friedrich et al., 2016). To characterize the mechanics of
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the active, viscoelastic cellular environment, we developed methods
to probe cytoplasmic mechanics in living cells over timescales rang-
ing from 0.02 to 500 Hz using an optical trap (OT). Active microrheol-
ogy as applied here is insensitive to nonequilibrium active cellular
processes like motor protein—based transport and cytoskeletal dy-
namics because only the response that is coherent with the applied
displacement is analyzed (Hoffman et al., 2006; Guo et al., 2014).
OTs can apply a local deformation directly in the cytoplasm of living
cells, while other commonly used active methods such as atomic
force microscopy (AFM) and magnetic twisting cytometry apply a
local deformation at the cell surface. The viscoelastic response is
described by the frequency-dependent complex shear modulus
G*(f) = G'(f) + G"(), where the real part G'(f) and the imaginary part
G"(f) correspond to the elastic (storage) and viscous (loss) modulus,
respectively. While the magnitudes of G'(f) and G”(f) reported in the
literature vary greatly between different measurements, their fre-
quency dependence is well conserved across different cell types and
experimental conditions (Hoffman et al., 2006). G'(f) and G"(f) in-
crease with frequency following a weak power law G*(f) ~ f* with o. =
0.05-0.35 from ~1 to ~100 Hz (Fabry et al., 2001, 2003; Alcaraz et al.,
2003; Balland et al., 2004; Puig-de-Morales et al., 2004; Stamenovi
etal., 2004; Deng et al., 2006; Hoffman et al., 2006; Wei et al., 2008;
Zhou et al., 2009; Guo et al., 2013, 2014; Gupta and Guo, 2017;
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FIGURE 1: The cytoplasm is a crowded viscoelastic matrix of cross-linked polymers and proteins. (a) Schematic of the
actin network being deformed by a microbead at frequencies (f) slower than the unbinding rate of the cross-linkers (ko)
before (opaque) and after deformation (transparent). Previously bound cross-linkers (blue heads) detach (magenta
heads), and the filaments are free to slide past one another and rearrange (curved arrows), resulting in a more viscous,
fluid-like network. (b) At frequencies faster than ko, the cross-linkers stay bound and interlock the filaments, resulting in
filament bending and a more solid-like, elastic response. (c) Schematic of the experimental setup showing the active
oscillation of bead in the intracellular environment by the OT (xi4p). Not to scale. (d) Representative brightfield image of

a live cell showing the optically trapped bead (arrow). Scale bar is 10 pm.

Gupta et al., 2019; Rigato et al., 2017) and a stronger power law G*(f)
~ B with B =0.5-1.0 for frequencies above ~100 Hz (Deng et al., 2006;
Hoffman et al., 2006; Mas et al., 2013; Rigato et al., 2017; Ahmed
et al., 2018). The weak power law has been attributed phenomeno-
logically to the soft glassy material (SGM) theory (Fabry et al., 2001;
Bursac et al., 2005; Deng et al., 2006) while the strong power law has
been explained by entropic filament-bending fluctuations (Gittes
et al., 1997; Gardel et al., 2004; Deng et al., 2006). However, at tim-
escales longer than 1 s (i.e., at frequencies below ~1 Hz) correspond-
ing to cell division and motility and morphological changes, active
microrheological data are scarce especially in the cytoplasm of living
cells. Microrheology using thermally driven particles is prone to errors
at these timescales from the contribution of active processes in the
cell (Hoffman et al., 2006; Guo et al., 2014). In purified actin networks,
transient cross-linking by actin-binding proteins governs the visco-
elastic properties at long timescales (Wachsstock et al., 1994;
Tharmann et al., 2007; Lieleg et al., 2008, 2009, 2011; Ward et al.,
2008; Broedersz et al., 2010; Yao et al., 2011). When these networks
are deformed at frequencies slower than the cross-linker's unbinding
rate (kof), the cross-linkers have enough time to unbind, allowing the
filaments to freely slide past one another, resulting in a more fluid-
like, viscous network (Figure 1a). At deformation frequencies faster
than ks, the actin filaments remain highly interconnected, resulting in
filament bending and a more solid-like, elastic network (Figure 1b).
We hypothesize that this role of dynamic actin cross-linking may allow
the actin cytoskeleton to become fluid-like during movement and
morphological changes, while also maintaining structural integrity.
While active microrheological studies on the cell surface have re-
ported weak power law scaling of mechanics at timescales down to
~0.1 Hz (Fabry et al., 2001, 2003; Alcaraz et al., 2003; Balland et al.,
2004; Puig-de-Morales et al., 2004; Stamenovi¢ et al., 2004, 2007,
Deng et al., 2006; Zhou et al., 2009), the distinct mechanical proper-
ties in the interior of the cell (Hoffman et al., 2006) at these long tim-
escales remain largely unexplored. OTs are well-suited to measure
these mechanical properties, and while several studies have reported
intracellular viscoelasticity (Wei et al., 2008; Guo et al., 2013, 2014;
Mas et al., 2013; Bergeron-Sandoval et al., 2017; Gupta and Guo,
2017; Gupta et al, 2019; Ahmed et al., 2018), the mechanics at
~0.01-1 Hz have not been quantified in detail. Experimental mea-
surements of slow dynamics are challenging due to the long observa-
tions required, and while in situ OT calibration provides more accu-
rate measurements (Fischer and Berg-Sorensen, 2007; Hendricks
et al., 2012; Blehm et al., 2013), it has often been neglected.
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RESULTS AND DISCUSSION

To perform simultaneous measurements over a wide frequency
range, we optically trap a 500-nm polyethylene glycol (PEG)-coated
bead located in the cytoplasm (Figure 1, ¢ and d; Materials and
Methods) and apply a multifrequency excitation input to the trap
position using an acousto-optic deflector (AOD). Because there are
significant elastic contributions from the cytoplasm and nonequilib-
rium active processes, the trap stiffness, ki, and the photodiode
constant, B4, cannot be calibrated using traditional methods relying
on thermal fluctuations. Here, we fitted a simple viscoelastic model
to the measured response to calibrate the optical trap in situ
(Hendricks et al., 2012). The frequency response function (FRF) is ob-
tained from the time domain signal of the photodetector and the
trap position (Figure 2, a and b). The magnitude and phase of
the FRF, as well as the power spectrum, are simultaneously fitted to
the model to estimate kip and Bpy. The magnitude response at fre-
quencies above ~1 Hz is well-captured by this simple viscoelastic
model, with a first inflection point at ~4 Hz representing the stiffness
of the cytoplasm and a second inflection point at ~200 Hz represent-
ing the combined stiffnesses of the cytoplasm and the OT (Figure 2b;
Supplemental Information). The resulting kisp and Bpq vary between
cells and between experiments due to variable optical properties
(Supplemental Figure S2), reinforcing the necessity for in situ calibra-
tion. Despite variability among cells, the product of kirap and Bq falls
within the same constant range, as reported previously (Farre et al.,
2012) (Supplemental Figure S2). The viscoelastic response measured
in entangled purified actin networks (Supplemental Figure S3) using
this method agrees well with the literature (Gittes et al., 1997; Mizuno
et al.,, 2008; Broedersz et al., 2010; Atakhorrami et al., 2014,
Gurmessa et al., 2019), and the response measured in a 20% PEG
water solution agrees well with data obtained from a rheometer
(Supplemental Figure S4). Once calibrated, kirap and Boqy are used,
along with the FRF, to obtain the complex shear modulus G*(f)
(Mizuno et al., 2008). Combined with multifrequency excitation, this
calibration method allows kirap, B, @and G*(f) to be obtained in a
single continuous measurement, thereby minimizing sources of error
(see the Supplemental Information). This approach has advantages
over other methods used to calibrate the OT in active, viscoelastic
media. Methods based on light momentum changes rely on captur-
ing most of the diffracted and scattered light (Farre et al., 2012).
However, organelles and other structures result in substantial refrac-
tion. An alternative method uses the active response to sinusoidal
inputs combined with the passive response for in situ calibration in
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FIGURE 2: Analytical methods to obtain the viscoelastic properties of the cytoplasm from optical trapping data.

(a) Sample trace of the trap position (xirap, black) and photodiode position (x,4, gray) in the time domain. Note that the
photodiode signal is acquired in volts and converted to nanometers after in situ calibration. (b) The magnitude and
phase of the response of the photodiode output signal to movements of the trap at each input frequency is captured by
the transfer function. The transfer function above 1 Hz is fitted (red) to the active part of a simple viscoelastic model
(inset) to obtain the trap stiffness kirap (PN/nm) and photodiode constant g (hm/V). The mechanical circuit (inset)
depicts the forces experienced by the bead from the OT and the viscoelastic environment. (c) The power spectrum of
the output between 250 and 2500 Hz (gray) resulting from thermal fluctuations is simultaneously fitted (red) to the
passive part of the model. Below 250 Hz, nonequilibrium active cellular processes, electrical noise (blue arrowhead), and
stage vibrations (magenta arrowhead) contribute to the response while above ~2500 Hz, the noise floor (dashed line) is
reached. The active response from the multifrequency excitation (red arrowheads) is visible. A slope smaller than 2
(cyan) indicates constrained diffusion. (d) The elastic (G’, solid circles) and viscous (G”, open squares) moduli are

obtained for each experiment (see the Supplemental Information).

viscoelastic medium (Fischer and Berg-Sorensen, 2007; Fischer et al.,
2010; Hendricks et al., 2012; Blehm et al., 2013, 2016; Mas et al.,
2013; Bergeron-Sandoval et al., 2017; Staunton et al., 2017; Ahmed
et al., 2018). kyqp can be obtained from the average ki, values at
each input frequency based on the ratio of the real part of the active
spectrum to the passive thermal spectrum at the same frequency
(Fisher and Berg-Sorensen, 2007; Fischer et al., 2010; Blehm et al.,
2013, 2016; Mas et al., 2013; Staunton et al., 2017; Ahmed et al.,
2018). Bog can be calibrated separately using an active oscillation of
the stage or the laser combined with the position readings from the
camera or photodiode. However, both ki, and B,q are sensitive to
sources of error as they are derived from a single frequency point.
Using multifrequency excitation and in situ calibration, we char-
acterize the viscoelastic properties of the cytoplasm of living cells at
frequencies ranging from 0.02 to 500 Hz. In wild-type (WT) fibro-
blasts, the measured moduli can be described by a double power
law (Figure 3a, magenta), yielding a weak power law (o0 = 0.116 £
0.021) at frequencies between ~1 and ~20 Hz and a stronger power
law above ~20 Hz (3 = 0.717 + 0.062), in excellent agreement with
previous observations (Deng et al., 2006; Mas et al., 2013; Guo
et al., 2014; Gupta and Guo, 2017). However, at frequencies below
~1 Hz, we observe a pronounced transition to a fluid-like response,
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apparent in the loss tangent (G"/G’), which reaches a minimum at ~1
Hz and increases steadily with decreasing frequencies. This transi-
tion to a more fluid-like regime occurs at timescales relevant to
slower processes such as cell migration (Kole et al., 2005; Lauten-
schlager et al., 2009) and cell division (Murthy and Wadsworth,
2005; Fischer-Friedrich et al., 2016) but is not well captured by the
power law model (Figure 3a, inset). A transition to fluid-like behavior
has been observed in mixtures of actin filaments and actin cross-
linkers in vitro, where the timescale is determined by the cross-linker
unbinding kinetics (Tharmann et al., 2007; Lieleg et al., 2008, 2009,
2011; Broedersz et al., 2010). The observation of a similar fluid-like
transition in cells is surprising as many cross-linking proteins with
different binding kinetics likely contribute to the viscoelastic re-
sponse. Several possible mechanisms might explain the single dom-
inant timescale for relaxation: 1) the slowest cross-linker dominates
the mechanical response, 2) o-actinin 4 is the dominant cross-linker
in the interior of the cells examined here, or 3) many cross-linking
proteins have similar binding kinetics.

The first term of the double power law model describes a SGM
at longer timescales, and the second term describes frequency scal-
ing from entropic filament fluctuations at shorter timescales (Deng
et al., 2006) (Figure 3b, top). The rheology of a SGM has been

Molecular Biology of the Cell
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FIGURE 3: The viscoelastic properties of the cytoplasm show relaxation dynamics at lower frequencies. (a) Elastic (G')
and viscous (G") moduli of WT fibroblasts (mean and 95% confidence interval from 1000 bootstrap samples; see
Materials and Methods). The fluid-like transition (i.e., relaxation) is visible at frequencies below ~1 Hz: reading from right
to left, there is a local G” minimum followed by a local G” maximum along with a drop in G, also evident in the loss
tangent (inset), with a minimum at ~1 Hz and a steady rise with decreasing frequency. The dynamic cross-linking model
(gray) captures the dynamics at lower frequencies better than the power law model (magenta; see Supplemental

Figure S5), with the local G” maximum corresponding to the relaxation frequency, f, = kos/2n (arrow). (b) Analytical
expressions of the models. From the power law model fit, o.= 0.116 £ 0.021 (mean and SD of the means) and B =0.717
+0.062. From the dynamic cross-linking model fit, koff = 0.24 Hz (see Figure 4b, gray) and = 0.509 + 0.0

empirically observed as elastically dominant and weakly scaling with
frequency with a constant loss tangent of ~0.1 (Sollich et al., 1997).
In contrast, our data indicate that the loss tangent of the cytoplasm
varies at frequencies below ~1 Hz and reaches 1.0, indicating an
equal viscous and elastic contribution at low frequencies (Figure 3a,
inset). A study using magnetic twisting cytometry of beads attached
to the cell cortex also observed a deviation from the SGM model at
these low frequencies (Stamenovi et al., 2007), suggesting that de-
spite the differences in mechanical properties between the cell cor-
tex and intracellular environment, a different rheological model
must be considered at these long timescales. A model that assumes
that mechanics are governed by the unbinding kinetics of a domi-
nant cross-linker (Lieleg et al., 2008) captures the data well (Figure
3a, gray). The first term of the dynamic cross-linking model is de-
rived from the Fourier transform of the exponentially decaying life-
time of cross-linked points. The first term decreases the plateau
elastic modulus G and increases the amount of viscous dissipation
in isotropically cross-linked actin networks (Lieleg et al., 2008). The
second term describes filament-bending fluctuations at shorter tim-
escales as before. The dominant cross-linker's characteristic times-
cale, koff, appears as a local maximum in the viscous modulus (Figure
3a) at the frequency of relaxation (f, = koi/2m). Fitting this model to
the measured moduli yields an estimate of k¢ = 0.24/s (Figure 4b)
for WT fibroblasts. This estimate is in agreement with unbinding
rates measured for several passive actin cross-linkers including o-
actinin, filamen, and fascin (Goldmann and Isenberg, 1993; Aratyn
et al., 2007). The dynamic cross-linking model was derived from
bulk rheology of actin polymer gels where the unbinding of cross-
linkers was related to bulk properties through the assumption that
Go ~ N*with x=1 (where N is the number of cross-linked points) in
a homogeneous and isotropically cross-linked network (Lieleg et al.,
2008). However, the cytoplasm is likely a composite network with
the coexistence of bundled, branched, and isotropically cross-linked
actin filaments, despite our efforts to probe the most homogeneous
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region of the cytoplasm (Figure 1, c and d). Additionally, cell orienta-
tion and deformation axis also result in anisotropic mechanical prop-
erties (Gupta et al., 2019). The same model with G ~ N* and x not
equal to 1 may account for some of this anisotropy. In addition, in
bulk rheology, the shear stresses are assumed to be evenly distrib-
uted at the microscale. Thus, the resulting mechanical response is a
summation of the contributions of individual cross-linkers across the
sample. However, in microrheology, an increased viscous dissipation
from the depletion of cross-linked points in the vicinity of the probe
is expected, causing a cross-over of elastic and viscous moduli at
lower frequencies (Lieleg et al., 2008). Thus, it may be possible to
further improve the fit to the model by including a stronger fre-
quency-dependent loss of cross-linking points.

Together, our data along with the fit to the model suggest that
dynamic cross-linking of the cytoskeleton results in a fluid-like transi-
tion of the cytoplasm. By modulating the cross-linking dynamics of
key cross-linkers, the cell could tune its viscoelastic properties in re-
sponse to biochemical or mechanical cues. Correspondingly, dys-
regulation of cytoskeletal cross-linking may contribute to disease
(Ehrlicher et al., 2015). To investigate the role of actin cross-linker
binding kinetics in governing cytoplasmic mechanics, we probe the
viscoelastic properties of cells heterozygous for an ACTN4 muta-
tion. ACTN4 is a ubiquitous cross-linker that dynamically cross-links
actin filaments with kyg~ 0.4 Hz (Goldmann and Isenberg, 1993) and
is involved in the formation of actin bundles (Weins et al., 2007). The
K255E mutation has been associated with focal segmental glomeru-
losclerosis (FSGS) (Kaplan et al., 2000). In FSGS, podocytes are less
able to resist cyclic loading, suggesting a dysregulation of the me-
chanical properties of the cytoskeleton (Feng et al., 2018). Indeed,
this mutation alone reduces cell motility while increasing cellular
forces in heterozygous cell lines through an interplay with tension-
generating myosin Il motors (Ehrlicher et al., 2015). Increased con-
tractility is believed to be due to the exposure of a cryptic actin-
binding site in the K255E mutant, resulting in its increased affinity
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FIGURE 4: Relaxation dynamics after alteration of a-actinin 4 binding kinetics and myosin Il disruption. (a) Elastic (G’)
and viscous (G") moduli of WT cells and ACTN4 K255E+/- mutant cells under control (top) and 50 pM BB-treated
(bottom) conditions (mean and 95% confidence intervals from 1000 bootstrap samples), along with the best fit to the
dynamic cross-linking model. Untreated WT cells (gray) and K255E+/- cells (light blue) show similar dynamics, with little
shift (1) in f, (arrowhead and vertical line). The f, shift to the right from WT to WT BB (black) is very apparent (2),
indicating faster relaxation. The f, shift from K255E+/- to K255E+/- BB (blue) is less apparent (3). (b) Unbinding rate (ko)
distributions (top and middle) and mean with 95% confidence interval (bottom) obtained from the bootstrap fits. The
untreated WT and BB-treated WT cells show different k¢ distributions (p = 0.08). ACTN4 has two principal actin-binding
sites (inset schematic, blue heads) and a third putative actin-binding site (cyan) that is exposed upon tension. Under
reduced tension, the WT ACTN4 is in its closed conformation due to the presence of a cross-bridge (yellow). The
untreated K255E+/- and BB-treated K255E+/- cells show similar k. distributions (p = 0.268). The untreated WT and
K255E cells also show similar ks distributions (p = 0.367). kot wr = 0.24 Hz, kost wr 88 = 0.89 Hz, koff k2552 = 0.37 Hz, and
Kkoff k255E BB = 0.52 HZ (mean and 95% confidence interval) are obtained (bottom). The difference between these
unbinding rates are proportional to the differences in f, numbered in panel a. (c) The difference between loss tangents
(AG"/G’) indicates that the mechanics of WT cells are tension sensitive while the K255E mutation reduces sensitivity

to tension. The empty square at 0.79 Hz indicates a frequency point that is present for only one of the two
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for actin (i.e., slower kg (Weins et al., 2007). In WT ACTN4, the
cryptic actin-binding site is thought to be exposed only when the
cross-linker is under tension, resulting in a catch-bond behavior (Yao
et al., 2011) (Figure 4b, top inset). The difference in the unbinding
rates of the WT ACTN4 and the K255E mutant results in a shift of f.
in purified networks (Ward et al., 2008; Broedersz et al., 2010; Yao
etal., 2011). In contrast, our results show no significant difference in
the mechanical properties of WT and K255E+/~ cells under normal
conditions (Figure 4a), possibly due to lower expression of K255E
mutant and other mechanical anisotropies in the region probed.
Overall, with kg wr = 0.24 Hz and kg kosse = 0.37 Hz (Figure 4b)
from the average best fit, our results suggest similar cross-linking
dynamics in the WT and K255E+/- cells under normal conditions
(Figure 4b, top and bottom insets).

To investigate the role of tension on ACTN4-binding kinetics, we
treat the cells with 50 uM blebbistatin (BB). BB reversibly locks myo-
sin Il in the low-affinity ADP-P; state, reducing tension in the actin
cytoskeleton (Kovacs et al., 2004). With 50 uM BB, a sufficient num-
ber of cells (Supplemental Figure S7) do not exhibit gross morpho-
logical changes and remain viable for mechanical measurements.
Surprisingly, we do not observe significant softening of the cyto-
plasm (Figure 4b) as reported previously (Guo et al., 2014). This may
be due to differences in BB treatment response levels inducing
more local heterogeneity, as depicted by the greater variability in
the data (Figure 4a, bottom) and the wider distribution of k¢ (Figure
4b, top), or differences in the in situ calibrated ,p and Byg values
(Supplemental Figure S2). It is also likely that the local cytoplasmic
microenvironment is less sensitive to actomyosin activity, and thus
BB treatment, compared with on the cortex where a much more
dramatic effect on magnitude is expected (Balland et al., 2004; Van
Citters et al., 2006). While the mechanics at fast timescales are not
affected, at long timescales we observe an approximately threefold
faster transition to fluid-like behavior in BB-treated WT cells, with ko
increasing from 0.24 to 0.89 Hz in the presence of BB (Figure 4a,
bottom). Interestingly, ks in K255E+/~ cells remained similar, with
koﬁ K255E = 0.37 Hz and koﬁ K255E BB = 0.52 Hz. The results suggest
that with reduced tension (through myosin Il inhibition), actin-bind-
ing kinetics differ in a manner that is consistent with the differences
between the binding kinetics of WT and K255E ACTN4 (Figure 4b,
top and bottom insets). While tension levels vary between cells and
within a single cell (Grashoff et al., 2010), it is expected that, on aver-
age, the tension levels are reduced with BB treatment. The active
cross-linker myosin Il may also directly play a role in regulating the
observed mechanics as shown previously in purified networks (Hum-
phrey et al., 2002; Koenderink et al., 2009) at intermediate and long
timescales. The effect of cross-linking dynamics on relaxation is also
readily apparent in the differences in loss tangent (Figure 4c).
Latrunculin A (Lat A) depolymerizes actin filaments by sequestering
free actin monomers (Yarmola et al., 2000). Interestingly, treating

WT cells with Lat A shifts the relaxation to faster timescales (Supple-
mental Figure S6), suggesting that actin filament disruption plays a
similar role in relaxation as the inhibition of intracellular tension
(Rigato et al., 2017). In Lat A-treated cells, the presence of fewer,
shorter actin filaments is expected to reduce the ability of ACTN4
and myosin Il to interact with and cross-link actin filaments, reducing
the tension generated and stored in the network (Koenderink et al.,
2009). This reduced number of cross-linked points does not alter the
frequency of relaxation in purified networks (Lieleg et al., 2008,
2009; Ward et al., 2008), suggesting that the shift in relaxation that
we observe in Lat A-treated WT cells results from changes in bind-
ing kinetics, similar to what is observed with BB treatment. In both
BB- and Lat A-treated cells (Figure 4 and Supplemental Figure S6),
the loss tangent indicates that the network is more fluid-like at lower
frequencies, consistent with previous observations using AFM
(Rigato et al., 2017). However, similar to BB treatment, and in con-
trast to previous studies (Zhou et al., 2009; Rigato et al., 2017), we
observe negligible differences in the magnitudes of G* with Lat A
treatment (Van Citters et al., 2006). Intermediate filaments, another
component of the cytoskeletal network, contribute approximatively
half of the mechanical resistance in the intracellular environment
(Guo et al., 2013) and thus help maintain mechanical integrity even
when the actin cytoskeleton is disrupted. Furthermore, cells that
show severe signs of actin cytoskeleton disruption are not viable for
mechanical measurements. Consequently, healthier cells (Supple-
mental Figure S7) were chosen preferentially to yield more consis-
tent and quantifiable results, which may partly explain the similar
magnitudes observed under BB and Lat A treatment. Overall, our
results show a shift in relaxation to faster timescales when myosin ||
is inhibited, particularly in the case of WT cells, suggesting an earlier
transition to the fluid-like regime consistent with the tension-depen-
dentdifferences in binding kinetics between WT and K255E ACTN4.

While perturbations to the cross-linked actin network modulate
the transition to fluid-like behavior, the mechanics at timescales >1
Hz are largely unaffected. Intermediate filaments (Guo et al., 2013)
and microtubules (Brangwynne et al., 2006; Robison et al., 2016)
also contribute to the mechanical response of the cytoplasm, par-
ticular in the cell interior (Hoffman et al., 2006; Van Citters et al.,
2006). Further studies are needed to dissect the relative roles of
actin, microtubules, and intermediate filaments in governing cell
mechanics.

Mechanical properties play an important role in the regulation of
many cellular functions and allow the cell to be solid enough to
provide structural support but also fluid enough to reorganize and
perform dynamic functions. By developing a novel method to
measure intracellular mechanics, our measurements reveal relax-
ation of the cytoskeleton at long timescales across all conditions,
pointing to a fundamental mechanical property of the cytoplasm. In
addition, a model that includes the binding kinetics of a dominant

conditions, resulting in no quantifiable difference. Distributions shifted above zero (red dashed line) indicate an increase
in the loss tangent, i.e., an increase in fluid-like mechanics (p values indicated above). Distributions shifted below zero
indicate a decrease in the loss tangent (p value indicated below). AG"/G’ between untreated K255E+/- and untreated
WT cells (gray) show narrow distributions about zero. AG"/G" between BB-treated WT and untreated WT cells (black)
show a general upward shift, indicating that the BB-treated WT cells are more viscous compared with untreated WT
cells. AG"/G' between BB-treated K255E+/- and untreated K255E+/- cells (blue) show a slight but consistent downward
shift, indicating that the BB-treated cells are slightly less viscous compared with untreated K255E cells. At 0.43 Hz, the
black curve is shifted upward while the blue remains slightly below zero. This indicates an earlier transition to the
fluid-like regime when WT cells are treated with BB compared with when K255E+/- cells are treated with BB. This
upward shift is consistent below 1 Hz, except at 0.097 Hz, indicating an overall increased fluid-like behavior at long

timescales upon BB treatment in WT cells compared with K255E+/- cells.
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actin cross-linker captures these relaxation dynamics well. However,
while our data suggest a relationship between mechanical relax-
ation and the cross-linking dynamics of ACTN4, many other cross-
linkers and motor proteins contribute, and it is unlikely that ACTN4
alone governs the viscoelasticity at these timescales. Other cyto-
skeletal components with their associated proteins may also con-
tribute to cytoplasmic relaxation through mechanisms that are yet to
be identified. Overall, we performed calibrated mechanical mea-
surements in the cytoplasm of living cells using optical tweezers and
related the relaxation dynamics observed to the binding kinetics of
ACTN4. Future work focusing on other cross-linkers and other com-
ponents of the cytoskeleton, as well as on simplified in vitro systems,
will add to the results reported here and provide a more complete
understanding of the mechanisms governing the fluid-like transition
of the cytoplasm.

MATERIALS AND METHODS

Cell culture and preparation

Two immortalized dermal fibroblast cell lines are used (Ehrlicher
et al., 2015). Cells are cultured in DMEM (Thermo Fisher Scientific),
supplemented with 10% fetal bovine serum (Thermo Fisher Scien-
tific) and 1% Glutamax (Thermo Fisher Scientific). Cells are passaged
at 80% confluency and seeded on glass coverslips 24 h before the
experiment at low enough confluency to minimize cell-cell contacts.
Fluorescent latex beads (500 nm diameter) (Thermo Fisher Scien-
tific) are PEG-coated following previously published protocols
(Valentine et al.,, 2004). Prior to the experiment, the beads are
washed and resuspended in hypertonic media (~10° beads/ml in
10% PEG 35000, 0.25 M sucrose in complete DMEM). The cells are
incubated for 1 h with the hypertonic media to allow the beads to
be phagocytosed. A gentle osmotic shock is administered to the
cells to burst endogenous membranes formed around the internal-
ized beads, minimizing further interactions of the bead with proteins
of the endocytic pathway (Nelson, 2009; Pierobon et al., 2009;
Bergeron-Sandoval et al., 2017). This shock is applied by incubating
the cells with a hypotonic solution for 3 min. The cells are then left
in the incubator in regular complete media for 1 h to recover from
the shock. Tracking the difference in mechanics over time of cells
hypotonically shocked at the same time shows no significant
changes (Supplemental Figure S8), suggesting that the 1-h recovery
period is enough. The coverslips are mounted on microscope slides
using double-sided tape to form a flow chamber. In some experi-
ments, media is replaced with complete media supplemented with
50 uM BB or 100 nM Lat A. Measurements start 15 min after treat-
ment, and cells are kept at 37°C using a heater (World Precision
Instruments) in a custom-built environmental chamber during all
optical trapping experiments.

Optical trap

The OT is installed on an inverted microscope (Eclipse Ti-E: Nikon;
1.49 NA oil-immersion 100x-objective). The near-IR 1064-nm laser
beam (10 W; IPG Photonics) is expanded to overfill the back aperture
of the objective. The bead position relative to the laser center is mea-
sured using a lateral effect photodiode (Thorlabs) positioned conju-
gate to the objective’s back focal plane. The laser is steered using
two-axis AODs (AA Optoelectronic) controlled through a field-pro-
grammable gate array and custom LabVIEW programs (National In-
struments). A multifrequency (~18 frequencies) excitation input wave
is applied to a single intracellularly located bead per cell. The fre-
quencies range from 0.02 to 1300 Hz (moduli obtained from 0.02 to
500 Hz), with corresponding amplitudes ranging from ~50 to ~1 nm.
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The frequencies of oscillation are selected to avoid harmonics. The
amplitudes are empirically chosen to yield a linear response from the
cytoplasm. No significant harmonic generation was observed from
the amplitudes applied, indicating that the measurements were per-
formed in the linear regime (Wilhelm et al., 2011). Measurement are
performed on beads located in the most mechanically homogeneous
region of the cell, midway between the cell periphery and perinuclear
region where distinct actin cytoskeleton organization exists.

Optical trap data analysis

Data are acquired at 200 kHz downsampled to 20 kHz or directly
acquired at 20 kHz (Supplemental Figure S1). kyap and Bpg are
obtained for each individual measurement as previously described
(Hendricks et al., 2012). In brief, the FRF (Supplemental Figure S9) is
obtained from the cross-spectral density of the bead displacement
and AOD using Welch's method in MATLAB. The window length is
chosen at each individual frequency to be an integer multiple of the
period of the input frequency to avoid leakage (Fischer and Berg-
Sorensen, 2007). The integer multiple is chosen to obtain the best
trade-off between frequency resolution and averaging. A simplified
viscoelastic model is simultaneously fitted to the FRF and the power
spectrum of the thermal response to obtain kirap and By (Hendricks
et al., 2012). The elastic and viscous moduli are directly obtained
from the FRF knowing kirap and Bpq (Mizuno et al., 2008). See Figure
2 and the Supplemental Information for more details.

Statistics and fits

One thousand bootstrap samples (random samples of the measure-
ments) are drawn from the data, and each bootstrap sample is fitted
to either the dynamic cross-linking model or the power law model,
providing distributions of fit parameters to be obtained for each
condition. The power law model consists of two frequency terms
raised to the power of o and P, respectively (see Figure 2b), added
together and scaled with constants A, B, and f. The real and imagi-
nary parts yield the elastic and viscous modulus, respectively. The
dynamic cross-linking model includes a k.g-dependent term. Gy is
the plateau elastic modulus, N is the number of cross-linked points,
a, b, ¢, d, and fy are scaling constants. The fits are done using the
nonlinear least-squares MATLAB function. Owing to differences in
excitation inputs applied across experiments, the number of experi-
ments (n) used to compute the mean bootstrap moduli at each fre-
quency varies slightly. To compare the two model fits, Bayesian in-
formation criteria (BIC) are used. Fitting bootstrap samples allows
statistics to be directly obtained and also allows a more representa-
tive comparison of the fit parameters between conditions, as op-
posed to directly fitting the mean of the data. See the Supplemental
Information for more details.
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