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ABSTRACT Macrophages use filopodia to withdraw particles toward the cell body for phagocytosis. This can require substan-
tial forces, which the cell generates after bio-mechanical stimuli are transmitted to the filopodium. Adaptation mechanisms to
mechanical stimuli are essential for cells, but can a cell iteratively improve filopodia pulling? If so, the underlying mechanic adap-
tation principles organized on the protein level are unclear. Here, we tackle this problem using optically trapped 1 um beads,
which we tracked interferometrically at 1 MHz during connection to the tips of dorsal filopodia of macrophages. We observe re-
petitive failures while the filopodium tries to pull the bead out of the optical trap. Analyses of mean bead motions and position
fluctuations on the nano-meter and microsecond scale indicate mechanical ruptures caused by a force-dependent actin-mem-
brane connection. We found that beads are retracted three times slower under any load between 5 and 40 pN relative to the no-
load transport, which has the same speed as the actin retrograde flow obtained from fluorescent speckle tracking. From this duty
ratio of pulling velocities, we estimated a continuous on/off binding with 74 = 2+74,, With measured off times 74 = 0.1-0.5 s.
Remarkably, we see a gradual increase of filopodia pulling forces from 10 to 30 pN over time and after failures, which points
toward an unknown adaptation mechanism. Additionally, we see that the attachment strength and friction between the bead
and filopodium tip increases under load and over time. All observations are typical for catch-bond proteins such as integrin-talin
complexes. We present a mechanistic picture of adaptive mechanotransduction, which formed by the help of mathematical
models for repetitive tip ruptures and reconnections. The analytic mathematical model and the stochastic computer simulations,
both based on catch-bond lifetimes, confirmed our measurements. Such catch-bond characteristics could also be important for
other immune cells taking up counteracting pathogens.

SIGNIFICANCE Filopodia of macrophages catch and retract pathogens to clear pathogens in the body, -even against
counteracting forces. The concepts of filopodia pulling at targets, rupturing, and reconnecting is of relevance for future
nano-technological systems. Actin-related restructuring at the filopodia tips is so small and fast that common microscopy
techniques are not good enough to uncover the underlying molecular processes. However, by microsecond probing the
temporal changes of the particle’s thermal motion, which is in contact with the filopodia tip, distinct nano-mechanical
quantities can be extracted, providing a detailed mechanistic picture about the underlying biophysics. Remaining open
questions are not answered by biochemical manipulation but by two independent mathematical models, which are based
on catch-bond characteristics.

INTRODUCTION surroundings and hence must be able to adapt to environ-
mental conditions with specific signaling pathways that
trigger the cellular response (1,2). One important type
of external signals transmitted to cells are mechanical
cues (3,4). Specialized leukocytes, such as macrophages,
possess abundant filopodia that continuously sense and
process different external biochemical and mechanical
stimuli. Mechanical sensing is mediated through the filo-

Multicellular eukaryotic organisms such as animal species
are able to adapt their forces to catch counteracting preys
under different conditions. In a comparable way, single
cells, which work as semi-autonomous units, are in con-
stant physical and chemical interactions with their
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forces and possibly are mechano-adaptative under load to
maintain their function.

When macrophage cells use filopodia to catch pathogens
as a preparation for phagocytic uptake, they usually pull the
attached particles toward the cell body by dynamic dorsal fi-
lopodia. But even with static, adherent filopodia, particles
are transported along filopodia in a surfing-like manner
and are later taken up and digested (5-7). The withdrawal
process constitutes an important element of the immune
response and enhances the efficiency of macrophage cells
in eliminating pathogens. In order to retract particles suc-
cessfully, filopodia must be able to form stable attachments
and to exert considerable forces, especially relevant in the
context of motile opposing targets like living bacteria.
Another optical-tweezers-based study found that HeLa filo-
podia are limited in their capability to retract against coun-
teracting forces in the pN range and that reversible actin
tethering at the tip controls force transduction (8). Macro-
phage filopodia have been seen to overcome considerably
larger forces (5,6). Using mainly physics methods, our study
investigates which elements of filopodia crucially limit
force transduction in macrophages and whether macrophage
cells react to opposing motile pathogens by mechanical
adaptation.

For many mechanosensitive processes, the actin cyto-
skeleton is believed to be crucial for signal transmission
and subsequent cellular action. Filopodia contain a core
of actin filaments, which are arranged in parallel bundles
and form the backbone of filopodia, which ensures me-
chanical stability (9). The actin filaments inside the filo-
podium are shifted toward the cell body in a constant
rearward movement termed “retrograde flow” (10). This
movement originates mainly from two characteristic pro-
cesses. The first is the inward push of actin monomers,
which polymerize at the actin tip (11) with help of for-
mins (12). Second, myosin II motors in the cell cortex
(where filopodia are emanating from the actin network)
contribute to retrograde flow in filopodia and lamellipodia
by constant pulling (13). A recent study (12) showed that
beads unbind from filopodia tips when the backbone pull-
ing force releases, e.g., by myosin II depletion. At the tip
of filopodia, several adhesion proteins are enriched, which
can interact with the actin network via intermediate pro-
teins such as talin. In macrophages, particularly immune
receptors like FcR or integrin complement receptors are
expressed. Integrins seems to transported toward filopodia
tips by myosin X (14-16), which is possibly also involved
in the attachment of pathogens (17). Best known from
focal adhesions, the mechano-sensitive transmembrane
protein integrin (18,19) binds to the long and slender pro-
tein talin, where both proteins switch between active and
inactive states (17,20). Integrin connects through talin and
the protein vinculin to the actin fibers (20,21), which
together define the viscoelastic properties of focal adhe-
sions or possibly also of filopodia tips.

Pulling of macrophage filopodia

In this study we want to answer the question how mecha-
nosensitive adhesion proteins can organize mechanotrans-
duction and force adaptation during filopodia pulling.

Our study is organized as follows: first, we show how to
measure mean adaptive forces and binding strengths from
fluctuating particles, which are visco-elastically attached
to the tip of filopodia and which we control and track in po-
sition with a photonic force microscope. The three-dimen-
sional (3D) position traces allow us to obtain relevant
molecular binding parameters at the connection between
the filopodium tip and the bead surface. These parameters
are set in relation to fluorescence data to estimate on-/off-
binding times of the bead to the actin backbone. In addition,
we show that the binding parameters depend on the pulling
strength of the filopodium. We demonstrate and quantify
ruptures and rebindings at the filopodium tip upon exceed-
ingly strong counteracting forces. We show that an adapta-
tion of the bond formation at the tip and the pulling forces
occurs over time. The observation of repetitive failures
together with an overall increase in pulling force are
confirmed by a nano-mechanical, mathematical model.
See also Video S1.

MATERIALS AND METHODS
Cell preparation

J774 mouse macrophages (ATCC TIB-67, Manassas, VA, USA www.atcc.
org/cell-products) transfected with pLife Act-TagGFP2 (ibidi GmbH,
Grafelfing, Germany) were cultured in Dulbecco’s modified Eagle medium
(GlutaMAX, Invitrogen Life Technologies, Carlsbad, CA, USA) and in a
37°C and 5% CO, atmosphere until the desired cell density for the exper-
iments was reached (approx. 30% confluency). This cell line tested negative
for mycoplasma. J774 cells are rich of FcyRs and complement and integrin
receptors (22). The adherent cells are provided on microscope coverslips,
which have been sterilized by an autoclave prior to cell preparation. All ex-
periments were performed at 37°C temperature in buffer medium with 10%
fetal bovine serum (containing also fibronectin) to provide nutrients and
ensure near-physiological conditions. One pm sized carboxylate polysty-
rene beads (catalog number #08226, Polysciences, Warrington, PA, USA)
were added to the medium at the start of each experiment.

Microscopy

We use differential interference contrast microscopy with a 1.2 numerical
aperture (NA) objective lens (C-Apochromat 63x/1.20W Corr M27, Carl
Zeiss, Jena, Germany) providing 320 nm lateral spatial resolution at high
contrast to reveal the smallest structures, such as filopodia, at the cell pe-
riphery. Incoherent, low-power illumination with a white LED and a sensi-
tive sSCMOS camera (Hamamatsu ORCA Flash4.0 v.2, Hamamatsu, Japan)
allows fast imaging at minimal phototoxicity.

We use photonic force microscopy to record and analyze the diffusive
behavior of a bead in the vicinity of cells with nano-meter precision on a
MHz spectral bandwidth. This is illustrated in Fig. 1. Here, the same 1.2
NA objective lens creates a tightly focused beam from a near-infrared laser
(2W Nd:GdVO4 solid-state laser, Smart Laser Systems, Berlin, Germany),
which constitutes the optical trap for the 1 um beads used in this study. The
incident electric field interferes with the fields scattered at the bead and at
the cell. Two quadrant photo diodes (QPDs) located in the back focal plane
of the detection lens (W Plan-Apochromat 63 x/NAy, = 1.0, Carl Zeiss)
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Microscope setup and data acquisition. (A) Sketch of optical setup with beam path for laser trapping and tracking (red), fluorescence imaging

(bluelgreen), and bright-field imaging (purple). (B) The optically trapped bead moves within the trap potential by 0.15 pm in x and y and 0.3 pum in z di-
rections, driven by thermal noise and forces of the filopodium tip. The fluctuation dominated bead trajectories in x, y, and z are recorded at 1 MHz by
two QPDs and are used to analyze the bead interactions. (C) Sketch indicating counteracting optical and filopodial forces during retraction through the actin
backbone (BB). The inset shows a magnified filopodia tip region from D (orange frame). (D) Bright-field and fluorescence images of LifeAct GFP J774 cells
during retraction of the filopodium, which is connected to the bead at all three time points (see white arrows). Bright-field and fluorescence images are ac-

quired simultaneously with two cameras. To see this figure in color, go online.

with different sensitivities record these voltage signals, which are then con-
verted into the transversal bead displacements b,(f) and by(t) (QPD1) and
the axial bead displacement b(f) (QPD2), respectively.

RESULTS

Microscopy, optical tweezing, and position
tracking

We use an experimental approach in which we combine
photonic force microscopy (5,23) and fluorescence micro-
scopy as depicted in Fig. 1 A. An optical trap is formed
by a stabilized, highly focused 1064 nm near-infrared laser.
The optical trap is used to hold 1 pm carboxylated, but
otherwise uncoated, polystyrene beads and present them
to J774 macrophage cells as artificial pathogens. Polysty-
rene beads are opsonized by various molecules of the cell
medium including fibronectin and have been successfully
used as artificial phagocytic models systems to induce filo-
podia retraction in previous studies (5-7). Using interfero-
metric particle tracking via two QPDs, the trajectory of
the bead can be followed with nm precision on a MHz time-
scale as depicted in Fig. 1 B. Analysis of the probe’s position
mean values and fluctuations allows us to investigate the
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transport and binding of the bead with unmatched spatio-
temporal precision and to extract the stiffness and friction
parameters (see Eq. 1), which describe the viscoelastic prop-
erties of the surroundings of the bead. These parameters can
be used to characterize mechanical properties of the attach-
ment between bead and filopodium. The sample is concur-
rently imaged with low-power bright-field microscopy at a
wavelength of 430 nm and fluorescence microscopy using
a 491 nm laser for excitation of GFP fluorescence. Fluores-
cence can be excited either by illuminating the sample ho-
mogenously or by using a strongly inclined and focused
laser to illuminate only structures of interest and to reduce
out-of-focus blur (Fig. 1 A, blue beam). The tracking data
are combined with time-lapse movies of both the whole
cell in bright-field images and labeled cellular structures
like the actin cytoskeleton in fluorescence images as shown
in Fig. 1 D. Although in both imaging modes the filopodium
directed to the bead can be well recognized, the direct
connection between tip and bead is invisible. However,
the bead’s position fluctuations allowed us to identify the
change in the tip connection precisely.

MHz-rate QPD tracking allows us to measure the bead’s
center position 7;(f) = 7j(r) + b;() in directions j = x, y, z



on all timescales. The strategy in this article is to, on the one
hand, analyze mean bead motions 7;(¢) and forces on long-
term timescales £ > 11 (,,,) to describe transport and filopodia
failing (Fig. | B, black traces). On the other hand, position
fluctuations b;(¢) and thermal forces Fy, provide information
about the bond strength between the filopodium tip and the
bead on short timescales ¢ < #. This is indicated in Fig. | B,
where colored traces indicate r;(f) = 7;(¢) + b;(r) and the
low-pass filtered traces 7;(¢) are shown in black. The averaging
time t; = 5 ms is about 10 times as long as the bead’s
longest relaxation time in the stationary optical trap at position
r=0.

In our optical tweezers experiments, a bead of radius R ex-
periences a tug of war between the optical trapping force on the
bead Fyq, the filopodium tip connecting force Fyp, and the
cellular retraction force Fgg_ As shown in Fig. | B, the back-
bone (end) position rgp(t) = rp(f) + ro(t) (with ro(r) =
r;»(t) + R) increases with the bead displacement rp,(f) and

Pulling of macrophage filopodia

viscosity 7). The tip force Fyp(t) = (v.,() *Vpa(t))
+(kip(r) *Tpa(r)) varies in time not only with rp(¢) but
also with the friction v, (¢) and elasticity «,(t) at the tip.
This connection between the filopodium tip and the bead
surface follows complicated mechanisms, which we want
to unravel in this study.

Motion on short timescales t <« t,

Here, we assume that a BB moving slowly relative to
the thermal position fluctuations, i.e., on short timescales
t << t; = 5 ms, the bead transport is negligible (vgp =

il 300nm __ 1.5nm :
alBB< T T = R 0). In this case, Eq. 1 corresponds to

a parallel connection of damped springs prestressed with
Fpg(ty). From the force equality Fp(Tpa, 1) = Fip(Tip, 1),
we find (K()pt JF'YM%) Toa +Fu(t) = (Kt[p JF'Y,,'I,%) ("BB -
R — rpq), which results in the following Langevin equation
of motion for a fixed pulling distance rpzpz and pulling force

with the elongation r;,(7) of a “molecular spring” at the tip. Fpp(to)= kip(rps(fy) —R) with yn»p% (rsg — R) =0:
ad
S (Kopf Jr’<n‘p)"bd + (Yhd + 7,,',,) &rbd — Fpp(to) = —Ful(t)
()
—1 _ _
t>10 (1/Kope+ 1/kip)  *Toa  —  Fs(Toalto))=0.

Description of forces and motions

We need a mechanistic model to interpret and understand
the measurement results. To test the mechanistic model
for correctness, we developed the following mathematical
model, expressed by equations of forces, motions, and me-
chanical parameters. Nearly every figure is described and
explained in more detail by an equation, containing param-
eters from the figure.

The most relevant forces, describing the bead motions at
the filopodium tip (which we can measure), are the pulling
force of the backbone (BB) Fpp, the forces acting on the
bead F, including the thermal force Fy,, and the forces
F,, acting on the tip connection. As illustrated in Fig. |
C, the pulling force Fpp acts on viscoelastic structures
coupled in series such that the displacement of the BB end
rap(t) = Tip(t) + rpa(r) + R splits up in the stretching ry,
of the tip bonds and the displacement r,; of the bead (radius
R) from the trap center.

In a serial connection, the resulting force is the same in all
elements, i.e., Fpp(rss) = Fpa(Ypa) = Fip(Tsp). The force
on a trapped bead Fy(rpa) = Fope(t) = Kopr*Tpa(t)+ Ypa®
%rhd(t) is the sum of the optical force and the friction force,
which depends on the bead transport velocity v,(f) =
fpq(t) and where v,, = 6anR (at surrounding fluid

Motion on longer timescales t > t,

By averaging all motions over the time ¢;, fluctuations can
be neglected. The average pulling velocity of the BB
i f Fpgdt = Vpp, is driven by myosin II motors (Fig. 1 C)
and results in a mean pulling force Fgp(Tpp(to)) at a given
time point #y. This situation corresponds to a serial arrange-
ment of damped springs with k,, and k,,,, where their dis-
placements add up after the system nearly equilibrates
such that the stiffnesses approximately add up inversely,

: -1 _ -1 —1
Le., Koym = Ktip +K0pt‘

Under load, bead transport becomes three times
slower than actin retrograde flow

Here, we investigate the link between bead retraction and
actin retrograde flow using J774 macrophages stably trans-
fected with actin-EGFP. The actin-EGFP monomers are
incorporated into filaments, but due to stochastic variations,
their distribution along filaments vary and lead to bright or
dark sections along the filaments. These EGFP “speckles”
can be tracked in time-lapse movies as they move together
with the actin BB at velocity vzz(#). To enable the tracking
of speckles, the filopodium of interest is locally excited
with a highly inclined laser beam of 491 nm wavelength,
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illuminating an area of only 5 X 5 pum in the plane of the
filopodium. The configuration illustrated in Fig. 2 A prevents
strong out-of-focus blur, hence ensuring a sufficient signal-
to-noise ratio to identify speckles in dorsal filopodia far
away from the coverslip. With a dual-path imaging unit
(see Fig. 1), we measure bright-field and fluorescence in par-
allel to directly compare bead and actin velocities. The veloc-
ities of the bead v,(f) and of the BB EGFP-speckle vgp(7)
(see Fig. 2 A and B) are obtained by fitting lines to kymo-
graphs of time-lapse movies as depicted in Figs. 2 C and S2.

When the optical trap is switched off (F,,, = 0) after the
bead connects to a filopodium, only bead drag forces coun-
teract the pulling force Fgp (zero-load case). For 1 um beads
in aqueous solution, the drag force in our experiments is
approximately F.,, = 1 fN at v;; = 0.15 pm/s and, there-
fore, is orders of magnitude lower than the trap forces. In
the case without loading force, the measured BB velocities
vary between 100 and 270 nm/s in different experiments but

B Bead transport
and BB coupling

A Oblique fluorescence
illumination of filopodium

D Velocity with w/o load E Velocity comparison

F Velocity-force: Experiment

are always strongly correlated with the measured bead ve-
locity (Fig. 2 D and E, blue markers). The average actin
retrograde flow velocity from 15 retractions is vgg = 173
* 69 nm/s, and the average bead velocity is v,y = 153 *+
64 nm/s. Beads are never transported faster than the move-
ment of the actin filaments and are, on average, 12% slower
(see Eq. 2). In this zero-load case (F,,; = 0), all blue dots are
found close to the dashed line, indicating approximately
equal velocities vgp = v,y (see Fig. 2 E). Beads and actin
filaments always move toward the cell body (minus end),
never away from it. A similar relationship predicted by a
catch-bond cluster theory (which will be explained in a
later section) is shown in the same figure, where the ratio
O = v,4/vpp of bead velocity and BB velocity is always
smaller than 1 (see bead velocities under load shown by
red dots below dashed line v,; = vpp).

To retract optically trapped beads presented to the cell, fi-
lopodia pulled with forces in the range of Fpp = 1-40

Bead tracking

Kymograph

Kymograph

G Velocity-force: Theory
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FIGURE 2 Analysis of actin speckle in actin-EGFP J774 cells and correlation with bead velocity during retraction. (A) Sketch of the measurement prin-
ciple. The focused laser beam is tilted such that only the filopodium is illuminated with a limited depth of field. (B) Scheme illustrating the bead transport
velocity relative to actin velocity and BB polymerization velocity over the tip gap length x,,,,. (C) Bead motion (bright-field image) relative to actin speckle
motion (fluorescence image). Kymographs of time-lapse movies of bead and fluorescently labeled filopodium BB during one pulling event are averaged in
space within the dashed rectangular regions of interest. The kymograph through the fluorescent filopodium shows a moving signal edge (see white arrow), of
which the velocity is determined. The actin retrograde flow is faster than the bead movement, indicating partial coupling with a duty ratio Q. (D) Average
speed of actin retrograde flow and bead transport with (red) and without (blue) optical loading force. Vertical error bars are STDs. (E) Relationship between
bead velocity and BB velocity determined from speckle analysis and from theory. Beads never move faster than the actin retrograde flow but slow down about
threefold under force load. (F) Measured bead velocities are 50-270 nm/s at nearly-zero load (F,,; < 4 pN, blue shaded area) and decreased to 10-100 nm/s
depending on the loading/pulling force (F,,, > 4 pN, red shaded area). Vertical error bars are STDs, horizontal error bars are pooled data. (G) Velocity-force
relationship based on a catch-bond cluster model for three different bond numbers N,, and two off-binding times 7,z For nearly-zero-load forces (blue
shaded area) bead velocities can reach the BB velocity vgg. With increasing loading forces (F,,; > S5pN, red shaded area), velocities vy decay differently
fast to below 100 nm/s depending on N;,, and 7. To see this figure in color, go online.
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pN. Fig. 2 D-F demonstrate that bead transport is load
dependent since already forces in the low pN range slow
the bead down considerably, to an average velocity of
Vpa = 55 £ 36 nm/s, which is only about 1/3 of the average
velocity of free beads. The optical force depends on the
displacement of the bead from the trap center; therefore,
the counteracting force is not constant during experiments
in which the filopodium withdraws the bead from the trap.
However, analysis of tracking data showed that the bead ve-
locity is not directly correlated to the optical forces in the
range that we analyze (Figs. 2 F and S1); therefore, all
speckle tracking data were evaluated together. Remarkably,
the mean actin retrograde flow velocity vgg = 160 nm/s is
nearly independent of the reduced bead velocity under
load (see also Fig. S2). Fig. 2 F summarizes the experi-
mental results, where the bead velocities in the zero-load
case (blue shaded area) can be as high as the BB velocities
but is instantly reduced to about v, /g = 1/3, on average,
when the loading force F,,, becomes larger than 3 pN.

Velocities of bead and BB are different: The model

On timescales of some 10 ms (¢ >> t;), continuous, not
resolvable linker detachments of the BB from the membrane
(Fgg — 0) occur with a mean off time Top relative to a mean
on time 7,,. This leads to an average vp;, which is the
measurable BB velocity vgp multiplied by the transport
duty ratio Q7 = Ton/(Ton +7o5) < 1 (see Fig. 2). The on
time 7,,(F) reduces under force F (see Eq. 5), i.e., when
the BB tip is in contact with the filopodia membrane before
detachment. The time 7, after detachment of the BB tip de-
pends on how fast the BB tip increases in length at mean ve-
locity vy, to close the gap of length x,,, i.€., Tof = Xeap/
Vip. The velocity of the tip of the retracting BB v, =
Vpoty — Vpp 1s the polymerization speed V., reduced by
the constant retrograde flow velocity vgp of the BB. Hence,
the measured mean bead retraction velocity Vpy(F) = Vpp*
Or(F) can be expressed as

on F
Vpa(F) = Vg * TZF)(-F)Tﬁv
= e T @

Ton (F ) + nglp/ vlipl

As shown in Fig. 2 D and E, we find equal velocities of
bead and actin BB for zero-force load F,,, i.e., we have
Vpa(F = 0) = vgp (with Q7 = 1 and 7,4 = 0). However,
under force load, we observe a reduction of the bead retrac-

tion speed by a factor of mfﬁ%o) =1+ %:% relative

to the load-free case, i.e., based on Eq. 2, we find that the
averaged off time is twice the averaged on time, 7oy = 2+
(Ton(F >0)). The tip velocity v, might depend on the force
load as well, such that 7,5 (F) = Xeqp/Viip(F) (see section
S7 of the supporting material). Fig. 2 F and G illustrate
Eq. 2, where we used 7,,(F) = 7 (F,N) from Eq. 5.

Pulling of macrophage filopodia

A mean lifetime 7,,, of a few 100 ms at a load force of a
few pN in actin plus end direction has been reported (24)
for the actin linker molecule talin as part of a catch-slip
bond pair with the integrin receptor. This maximum
force at a 0.5 s lifetime has been used for the calculated
velocity force relations in Fig. 2 G, where a cluster of
totally N, bonds are most stable for low forces
F,, < 5 pN, leading to high bead velocities (blue shaded
area). For F,,, > 5 pN, the velocities decay quickly
below v, < 100 nm/s depending on N,,, and 7,4 (within
the red shaded region), which coincides well with the
experimental results.

Bead fluctuations decrease during filopodia
binding and pulling

Neither fluorescence nor differential interference contrast
microscopy allows us to decipher the processes at the filo-
podium tip, as shown by the two snapshots at t = 33.5 and
36.5 s in Fig. 3 A (see arrows). The tip connection factors
Kep and vy, for stiffness and friction can only be extracted
from high-frequency fluctuation data (Fig. 3 B and D).
Fig. 3 B depicts exemplarily two exponential decays of
the autocorrelation function AC[b(f)] analyzed within a
time window of df = 5 ms prior to and after connection
of the filopodium based on Eq. 3. While AC(0) provides
Kk, the slope of AC(7) provides vy at arbitrary time points
t. By interferometric tracking of the bead fluctuations close
to the filopodia tips, we measured both the change in the
mean bead displacements ¥(7) and in the position fluctua-
tions b(z) during binding, as illustrated in Fig. 3 C. Here,
71 (t) and 7)(r) are the lateral and radial displacements
within 70 nm (in green and red, respectively), which
are proportional to the loading force of the BB retraction
Fgp (1) = F,,(1), corresponding to 7 pN at maximum.
Although changes in fluctuation width are hardly visible
in the top plot of Fig. 3 C, AC fluctuation analysis reveals
distinct and typical changes in bond stiffness k() and the
measured friction parameter 7,,(f) at the filopodia tips
(see Eq. 3). Prior to connection to the filopodium tip (see
dark red arrow at t; = 33s), the fluctuation behavior is
defined by the optical trap, and no directional dependency
is visible, such that K| =KL and Y=Y L However, upon
connection to the tip, both values of «;, and v,;, increase
manyfold within less than a second at about f;, = 34.5 s,
as indicated by the orange and blue arrow in the two
graphs. The corresponding sketches in Fig. 3 C indicate
the changes in fluctuation widths by the lateral green and
radial red double arrows. Two seconds later, at 7, =
36.5s (blue arrow), both mean bead displacement and
loading force increase significantly, while fluctuation
widths and their autocorrelation times decrease signifi-
cantly in the radial direction, meaning that the tip connec-
tion becomes stiffer and more viscous, i.e., that k) > « |
and v > v, .
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eters k and v (at time points #; and 7,) are extracted from the autocorrelation function AC(t) of the bead trajectory that changes upon binding. (C) Mean
displacements (dark colors) and position fluctuations (light colors) of the bead, binding stiffness ,;,, and friction v,;,. Depicted are values for k and v in
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the bond during pulling. To see this figure in color, go online.

Bead fluctuations reveal binding stiffnesses: The model

On short timescales t << #;, = 5 ms, bead transport is negli-
gible, i.e., vgg = 0 (see Eq. 1). The bead performs a diffusive
overdamped motion driven by thermal forces F,(f), resulting
in a particle trajectory b(t) = (b.(t), by(t), b-(t)), which
gives access to important molecular parameters. In this
case, Eq. | reads (v -+7,p)b(t) + (ko Hip)b(1) = Fur(1),
which corresponds to diffusive motion in a single 3D har-
monic potential.

Approximating quasi-thermal equilibrium, the equiparti-
tion theorem 3K (1) co(n) = kgT provides reliable
values of the total stiffness k;; = K, + Ksp for each time
point #;, by measuring the root-mean-square fluctuation

widths ¢ =1/(b(¢)*) within time windows of about 5 ms,
corresponding to 5000 points. By fitting the exponentially
decaying autocorrelation function AC[b;(r)] = (b;(t)*)
exp(—17/7q), the autocorrelation times 7o; = v;/k; in
lateral and radial direction j = L, || (Fig. 3 D) and the total
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viscous drag on the bead v, ; = V,q; + Ysp; are also ob-
tained according to

Kot j (tL)
Ytotj (tL)

AC(t,1) = * exp

3)

— T e

kp
Kj(tL)

The resulting mechanical parameters Ky (f) = Kior)
(t) — Koprj and 7y,,(11) Yiorj(tL) — 7Ypaj» obtained
for each time window, are plotted over the course of an
experiment in Fig. 3 B.

Bond strength at filopodia tips increases with
pulling force

We observed that the measured bond stiffness «,;, and the
measured friction parameter v, at the filopodia tips in di-
rection of the pulling force Fpp (radial direction) are not
constant but evolve dynamically during retractions for
different bead trajectories r)(¢) or retraction forces Fpg(?),



as depicted in Fig. 4 A and B (and Fig. S5). Although stiff-
ness and friction values vary between experiments and over
time, depending on the architecture, thickness, and length of
filopodia, we found that, in general, both bond stiffness
Kip(Fpp) and friction v, (Fpp) increase under load Fyg. In
the investigated force range between O and 30 pN, the
average bond stiffness increases threefold and the average
friction twofold (Fig. 4 B) A very similar result is provided
by our computer simulations, as discussed later.

Based on this increase in stiffness of the bead tip connec-
tion, the simplest assumption is that the number N(z, Fpp) of
bonds attached at filopodia tips increases. These bonds form
the mechanical link between the bead and the stiff actin
core, as sketched in Fig. 4 C. The attached adhesion mole-
cules at filopodia tips form a bond cluster, and the applied
load is distributed among the bonds. Mechanically, each
molecular adhesion protein can be seen as a Kelvin-Voigt
element that is defined by its physical properties, which
are the protein elasticity, defined by the bond stiffness x4
and the protein viscous properties, i.e., the friction param-
eter v,.q (see Eq. 4). As bonds at the tip are mechanically
arranged in parallel, their individual properties are summed
up as indicated in Fig. 4 C. A rise in the overall bond stift-
ness K.y therefore points to an increase of individual bind-
ing proteins, which increases the stiffness of the overall
bond. The growth of a cluster of adhesion bonds under force
is, at first glance, counterintuitive. However, this force-

Pulling of macrophage filopodia

dependent increase in stiffness has been observed in several
adhesion processes, and the responsible adhesion proteins
are termed catch (slip) bonds (see Fig. 5 and discussion).

Stiffness and friction of tip connection: The model

The connection between the filopodium tip and the bead is
expected to be established by several bonds, which are
modeled (in the simplest and most typical case) by damped
molecular springs with x4 and 7y,,,; and which are acting in
parallel to the membrane with viscoelastic parameters
Kmem(t) and 7,0, (1). As shown in Figs. 4 C and 5 B, the num-
ber N(t, Fpg) of bonds, which are arranged in lateral direc-
tion j = L (bond arrangement function A |, # Aj), varies
with time and pulling force Fpp, such that the stiffness of
the bonds can be modeled as

Kiipj(Fpp) = Aj * N(Fpp) * Kpna + Kimem “4)

and v, (Fpg), correspondingly. Eq. 4 describes an
increasing connection stiffness (friction, correspondingly)
with pulling force, as shown by the dashed light blue lines
in Fig. 4 B (i.e., for the case N(Fgp) ~ Fgp).

Catch-bond cluster model of filopodia tips

As further analyzed in Fig. 6, the bead-filopodium connec-
tion reveals a sawtooth-like bead retraction trajectory and
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FIGURE 4 Characteristics of bonds at filopodia tips. (A) Dependence of the radial stiffness ,;;, and radial friction vy, of the bond under load Fg. Different
colors show the parameters from seven independent retraction experiments. (B) The red dots show averaged values from the seven experiments depicted in
(A). Vertical and horizontal black error bars are STDs. In direction of retraction, the radial bond stiffness and bead damping increase under load. Blue dots are
the results from the simulation. The dashed light blue line represents the analytical model. (C) Sketch for bond formation at filopodia tips, where more bonds
connect under force. Mechanical properties of individual bonds add up, leading to increased stiffness and friction. To see this figure in color, go online.
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quickly changing viscoelastic properties. How can this
observation be explained by several molecular key players
enabling force transduction in the filopodium tip? As illus-
trated in Fig. 5 A, we model changes in viscoelasticity and
ruptures with a minimal mechanistic picture, which results
in the mechanical (mathematical) model based on Kelvin-
Voigt elements (i.e., damped springs) sketched in Fig. 5 B.
As explained later, the connection between the optically
trapped bead (in gray, k., and 7;4) and tip must be ar-
ranged in series. For our mechanistic (Fig. 5 A) and math-
ematical (Fig. 5 B) model, we assume that several parallel
receptors (green) are connected in series to several parallel
linkers (purple). This connection shows a catch-slip-bond
on-/off-binding behavior to actin (red) depending on the
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loading force Fgp of the actin BB, which is generated by
myosin II motors (blue) (see also Eq. 5). For a rupture of
all N bonds after the time 7y, leading to a failure in filopo-
dia pulling, it is the serial connection between membrane
and bead (brown/rose) that prevents the bead relaxation
to the trap center (F,,, = 0). If the membrane detaches
from the tip of the filopodium, as seen during failure
events, a short membrane tube (<100 nm length) is pulled
out at the tip.

Number of catch bonds at tip: The model

The number of closed bonds N(¢,f) depends on the momen-
tary pulling force f = F/N, which is assumed to be equally
distributed over the N bonds. The rate equation can be



approximated by N = ky,* (N —N) — ko (LF)*N =
V(N,kon) — u(N,F), with rebinding rate v(N) and unbinding
rate u(N,F). Here, N, is the total number of available bonds
and k,, the constant on-binding rate, whereas the force off-
binding-dependent rate is ko (F)=ko-exp(— (F+F.)/
Fo)+ko+exp((F +F;) /Fo) (25,26). The term k. (F) is a
catch-slip off-binding rate, which decreases for moderate
forces and increases for stronger pulling forces. This
behavior is typical for catch (slip) bonds such as integrins
(see also catch-bond cluster model of filopodia tips and sec-
tion S8 in the supporting material). Here, Fy = kT/0 is a
characteristic force corresponding to the (s)lip-(c)atch path
length & (kT = thermal energy). The zero force is rate
ko (0) = ko-exp(—F. /Fy) +ko-exp(Fs /Fo). At the force
Frax = V2 (Fsy + F_), a single catch bond has a maximum
lifetime 7,4 (F) = 1/koy(F) (Fig. 5 C, black curve). For a
talin-actin bond, we estimated 7,4 = 0.5 s at F,,, = 4
pN (24).

For the steady-state N = 0 or v(N) = u(N,F), the relation
between closed bonds N and pulling force F(N) up to a
maximum rupture force F,,, can be determined (see section
S9 in the supporting material).

The lifetime of the bond cluster 7y (N, F) can be ob-
tained by summing up the unbinding rates u(N,F) of
the number Ny = N,,/2 of bonds in equilibrium, weighted
by the ratios of re- and un-binding rates, v/u =
kon(Niot = N)/kog (% F)N, of each bond (26,27).

Ny 1 Niot

Tfail (Nm[,F> ’; <M(l’l,F) + M;H
1 "S(i ko)
u(n,F) iI:[n u(i,F)

This average time Ty (Nsor, F) between failures of the
cluster (see Figs. 6 B, 7 A, and S11) first grows and then
shrinks with the BB pulling force F as shown in Fig. 5
C. Here, one can see that the maximum lifetime
increases with pulling force and that the overall
lifetime increases with the total number N,,, of bonds
involved. For small catch-bond clusters with N,,, < 15
and 7, = 0.5 s, one obtains lifetimes 77,; = 0.1-3 s
close to the experimental values. However, for slightly
shorter single-bond lifetimes (e.g., 7,4+ = 0.3 s; Fig. 5 C,
dashed lines) or slightly higher bond number (N,,, = 20)
lifetimes quickly become much larger than the measured
lifetimes.

The failure probability  ppu(t, N, F) = 1 — exp
(=t /7it(Nit, F)) increases monotonically with time and
reaches the 100% value the earlier, the lower V,,,. However,
the rupture probability as a function of pulling force decreases
strongly until the maximum single-bond force F,,,, = 4 pN is
reached (Fig. 5 D). For F > F,,,,, the probability increases

again but rather differently depending on ©,,, and the pulling
time. For example, after t = 1 s of pulling at F = 15 pN

®)

Pulling of macrophage filopodia

with k,, = 2 Hz, one finds for N,,, = 5 and N,,, = 15,
Pril(1s,5) = 92% but pyi(ls,15) = 17% or at F = 5 pN,
Pril(1s,5) = 46% but ppi(ls, 15) = 16%. See also
Fig. S12.

Bead retractions are interrupted by failures and
reconnections

When macrophage filopodia retract optically trapped
beads, they can exert significant forces in order to pull
the bead out of the optical trap (stronger than forces ex-
erted by HeLa cells (8)). Any loading force is transmitted
via the receptors attached to the bead and is ultimately
transferred to intermediate proteins linking bead and
actin BB and molecular motors pulling at the cortical
BB end.

In our experiments, we have regularly observed in
several (but not all) retractions that the pulling of the
bead is interrupted by sudden failure events (33 failures
in total). These events, shown exemplarily in the trace of
Fig. 6 A by orange arrows, are characterized by sudden
snap backs of the bead toward the trap center. Within the
fraction of a second (the time Tp.y), the bead drifts in a
rearward direction over some 10 nm (the distance x,,,)
before the transport restarts at velocity vgpQr (see
Fig. 6 B and Eq. 2). The time between two ruptures is
the lifetime of the bond cluster 7g;. For small forces
(Fgp < 5 pN), we find 74,; = 28s on average, which drops
off to 2—4 s for forces in the range 5-30 pN and to 74,; =
0.5 s for Fgp > 30 pN (see Fig. 6 and section S5 in the sup-
porting material).

Pulling, failing, and reconnection between bead and actin
BB are illustrated in the sketch of Fig. 6 C. The repetitive,
sawtooth-like trajectories are characterized by a maximum
in the BB pulling force F,,, (rupture force) or by the bead
displacement x,,, and a decay to a new minimal holding
force termed F,,,,,, for reasons explained later, correspond-
ing to a bead position x,,,,, (Fig. 6 B).

Analysis of the fluctuation data (Fig. 6 A and B) reveals
that the filopodium does not disconnect completely during
these failure events, since the bead does not snap back to
the trap center but rather stops at a position xj,,,. Corre-
spondingly, the measured counteracting force relaxes to a
minimum F,.,, = Kopr*Xpois» Which characterizes the re-
maining soft connection to the bead. In addition, both
radial stiffness and friction decay/increase from values
(Kyups Y rup) 10 (Kpnems Ymem) are roughly proportional to the
BB pulling force (Fig. 6 D) and are still significantly larger
than those of a purely optically trapped bead (Kopn?Ypa)-
Hence, the filopodium tip is still attached to the bead and
must stretch during the snap back of the bead without de-
taching. As further proof of this hypothesis, we found BB
rupture relaxation times 7,,, = 4 ms by exponential fitting,
which are significantly longer than relaxation times of opti-
cally trapped beads in solution. The fluctuation data taken
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together point to a sequence of events that occur during
failures as shown in Fig. 6 C and that will be detailed in
the discussion. The calculation results shown in Fig. 6 E
should reproduce the experimental results of Fig. 6 B and
D to test our understanding. This minimal analytical model
is based on the bead velocities in forward (vgp+*Qr) and
backward (v,;,) directions, on a fixed polymerization time
Tpory, and on a force-dependent time to the next failure
Tii(F) based on Eq. 5. From these four parameters, the
model produces a rupture force F},, and a minimal holding
force F,,.,,, which both can increase over time. This is ex-
plained by the following “rupture and reconnection”
model.

Fig. 6 F demonstrates that both the minimal holding force
F,., and stiffness «,,,, increase after failures with the
rupture force F,,,, which is necessary to induce the failure.
In total, 30 BB rupture events are analyzed from
seven retraction trajectories. The approximately linear de-
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pendency of F,,,, and K., on F,,, is explained by Egs. 6
and 8. In the discussion, we reconsider why this is termed
“adaptation.”

Rupture and reconnection: The model

After all bonds have opened under load, i.e., after the mean
(on) time 7y, (Fpgg) according to Eq. 5, the BB ruptures
from both the filopodia tip and the bead, which is still
connected to the membrane, and then relaxes toward the
trap center at an intermediate position Xpqg (Fig. 6 A
and B, red trajectory). After such a failure, it takes
the (off) time 7,,, until bead transport continues with
Vpa(F) = vpp+Qr(F) according to Eq. 2. The time
Tpoly = Xgap/Viip 1S the time the BB (elongating at velocity
Vip) needs to close the gap of length xg,, to the membrane
by actin polymerization. The velocity Vi, = V,oy — Vpp is
the polymerization speed v,y reduced by the constant
retrograde flow velocity vgp of the BB. As displayed in
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Fig. 6 B, C, and E, a failure occurs at rupture time #. and
displacement X, (t.) with force Frup(t:) = Kope*Xup ()
and with bead fluctuations resulting in Ky (#,) and
Youp(tr). After the gap filling time 7,,, and distance
Xeap = Xmp — Xhold> the bead relaxation comes to an end
at time 7, = 1, + T,y and displacement xp04(%;). This cor-
responds to a hold force F,.n(t;), which is just the mem-
brane force that slows down the snap back of the bead
into the trap center. We find Fiuen(fs) = Kopr*Xnota(ts) =
Kopt* (Xrup (1) — Xgqp(ts)), and hence

Fmem(ts) = F'up(t) - (KOP’ ° xga[’(tS))

- 1
= Frup(tr) - (Kopt * Vtip ¢ Tpoly)~

(6)

Fig. 6 E illustrates this relation by a calculated, sawtooth-
like bead retraction trajectory over 4 s including pulling and
failure (see calculated x(t) in sections S12 and S13 in the
supporting material). The time until failure (see 74;(F) in
the next section) increases with the number of bonds N,
and so does the membrane force F ., (t;). The experimental

Biophysical Journal 121, 3224-3241, September 6, 2022 3235



Michiels et al.

results of Fig. 6 F confirm the relationship in Eq. 6. In
particular, they show a force adaptation in the sense that
the membrane force Fn,(f;) increases with the rupture
force Fp(t-). The latter is always slightly larger by the
small mean force difference Kop*{(Xeqp(fs)) = 100%-
50nm = 5 pN, as indicated by the black and blue dashed
line.

After all bonds have opened within 77,;(F), the number of
closed bonds N(t, F) drops to zero, and the connection stiff-
ness and friction drop to Kyem (#5) and v,,., (¢;). Based on the
assumptions in the equations above, the change in stiffness
can be described by

Krup(ter) = Kmfm(tS;F) +N([,.,F) * Kbnd (7)

and v, (t,) correspondingly, which agrees with the experi-

mental result of Fig. 6 D. Solving for «,,,, and replacing

Kmem With the optical force per rupture length, one

can see that the minimum stiffness of the rupture, i.e., the

connection of the bead to the membrane can be written as
1

Kmem (FI'M[)) - Frup * X
rup

- N(tl‘vF) * Kbnd, (8)
in agreement with the results of Fig. 6 F, where K., =
100 ... 600 pN/pum increases approximately linearly
with Fy.

Numerical catch-bond cluster simulation
reproduces failures and adaptation

In addition to the simplified analytical model and based on
the equations, we performed numerical computer simula-
tions, which gave us the possibility to compare the bead
displacement x(¢) relative to the loading force Fpp(f) and
the number N(f) of bound linkers between the bead and
the actin BB. In addition, the model should give answers
about the mechanisms and times for reconnections between
BB and membrane, which is elementary for efficient filopo-
dia pulling. The situation at filopodia tips was modeled as a
cluster of catch bonds with stochastic binding and force-
dependent stochastic off binding using a Gillespie algorithm
(28). The rearward pull of the actin BB was simplified as a
backward motion with constant velocity vgg. The parame-
ters used to describe the mechanical protein properties are
partly derived from measurements but are also based on
meaningful assumptions, which can be found in Table S1.
The results shown in Fig. 7 are arranged in a comparable
style to the experimental results in the previous figures.
Fig. 7 A displays a simulated trajectory for a bead displace-
ment and the proportional pulling force (red), together with
the corresponding bond cluster dynamics (dark brown).
Here, the number of closed bonds N(¢) fluctuates consider-
ably during pulling, whereas the average of N(f) increases
approximately linearly under force. When forces become
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too high, the cluster collapses, leading to a failure event.
Fig. 7 B displays a zoom in on one failure event: as the num-
ber of bound bonds N drops below a critical value, the re-
maining bonds unbind in an avalanche-like manner until
N = 0. Fig. 7 C shows that the lifetime of the catch-bond
cluster depends nonlinearly on the loading forces and the
number of bonds (29). Without load-dependent adaptation
of the filopodium tip connection, the retraction curve does
not rise (first graph), and a force threshold is visible.
Assuming a continuous increase of bonds N,,, ~ ¢ and total
stiffness ,,,.,, ~ t with time, as shown in the graph, filopodia
pulling against higher forces becomes possible, and rupture
forces increase. However, sequential failures (green arrows),
i.e., incomplete, partial reconnections prevent a significant
increase in displacement and holding force F,,,, over time
(second graph). Remarkably, partial reconnections are rare
for a simulated catch-bond cluster, which rebinds
constantly, i.e., independent of force after ruptures, leading
to a characteristic increase in F,,,, over time (third graph).
This increase in the minimal (holding) force (blue dashed
line) is what we call adaptation.

Partial reconnections (green arrows) occur in simulated
trajectories, as depicted in Fig. 7 E, when the catch-bond
cluster cannot rebuild in time under load. Partial reconnec-
tions with very similar characteristics can be observed also
in some experiments (Fig. 7 D) but can be recognized only
rarely.

DISCUSSION

How can one image and understand processes that are invis-
ible with common microscopy technology? Fig. 1 shows
high-quality fluorescence and bright-field images of filopo-
dia connecting to an optially trapped bead but without mak-
ing the connection visible. Through its actin BB, the
filopodium repetitively pulls at the bead and fails until—in
some cases—it succeeds and withdraws the bead. In most
cases, however, the pulling force transduced by the filopo-
dium tip increases with subsequent failures. This is what
we call adaptive mechanotransduction. The filopodium
connection to the trapped bead is invisible, but it changes
continuously in strength, structure, and dynamics during fi-
lopodia pulling. We revealed these changes in connection
by the fluctuation displacements of the bead, which we
measured interferometrically in 3D at microsecond resolu-
tion and with nano-meter precision. To better understand
our results, we have established a mechanistic model (as
summarized in Fig. 5) based on bead motions, where the
actin BB inside the filopodium is viscoelastically connected
by molecular linkers to the cell membrane and then to the
bead (outlined in Fig. 1 C). This mechanistic model is sub-
stantiated and confirmed by the results from an analytical
mathematical model and from numerical computer simula-
tions, where we minimized the number of components and
parameters.



Mathematical modeling

The number of biophysical components defined the number
of parameters in our models, which becomes apparent by 1)
looking at the multiple-bond tip connection and 2) a descrip-
tion of the sawtooth-like bead displacements. The latter is
characterized by times of polymerization or times until fail-
ure by the length x,,,, the BB velocity or the tip velocity
(slopes of the sawtooth curves), and the corresponding
rupture force and the minimal holding force (identified as
membrane force). Most of these parameters have been taken
from the experiments. The missing parameters, e.g., for the
catch-bond model, have been taken from the available data
from literature by testing the influence of unknown param-
eter variation for the analytical model (see section S16 in
the supporting material). The influence of the catch-bond
cluster dynamics was also investigated by performing sto-
chastic simulations (see text of Fig. 7).

Hence, it is not important whether the number of avail-
able bonds is N,,, = 10 or 20 or whether the forces are 10
or 20 pN (which are all values occurring in our experi-
ments), but it is important to learn that they are within the
correct order of magnitude and how they influence the slope
of the rupture curve. This way the model helps to understand
and confirm our mechanistic model.

Our mechanistic model allows us to explain several obser-
vations during filopodia pulling, among which a very striking
effect is failing and rupture on the one hand but an increase of
the tip connection strength and the pulling force on the other
hand. This adaptation of the cellular retraction system allows
the immune cell to increase its efficiency during capture and
uptake of particles and pathogens.

Bead transport slows down under load, but
retrograde flow remains constant

Using oblique, confined fluorescence illumination, we could
significantly increase the image contrast of a single dorsal fi-
lopodium. Thereby, we were able to observe that the velocity
of actin EGFP speckles (the retrograde flow velocity) equals
the bead retraction velocity when there is no loading force.
However, under load of 5 ... 30 pN (exerted by the optical
trap), the bead transport is, on average, about three times
slower than the actin backward flow driven by myosin motors
in the cortex (see Fig. 2). This indicates a continuous on and
off binding at the tip, such that bead transport—although on
nonmeasurable timescales—is interrupted more often than it

is established (duty ratio Q7 (F >0) = % = % =

1=+ 3).From Q7= 1 -3 we find that bead and membrane bind
to actin with the averaged on- and off-binding times 7,5 =
2+7,,(F >0), a behavior typically for molecular clutchs
known from the integrin-talin complex. Since no measurable
stops are visible during regular bead transport, the actin poly-
merization at the BB seems to close any gaps quickly (we
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found 7,5 = Tpor = Xgqp/Vsip = 0.1s) and on short distances
below the optical resolution limit. Within 7, the polymeri-
zation velocity must be much faster than the BB retrograde
flow, which was found to be vgg = 0.17 = 0.07 pm/s.
Remarkably, actin retrograde flow does not decrease under
force, and stands in contrast to previous assumptions that
retrograde transport is limited by the ability of motor proteins
to pull against force (5).

We want to point out that the mathematical model fits well
to the following two experimental observations (Fig. 2 G): i) a
threefold decrease in transport velocity for loading forces
F > 4 pN, and ii) high bead transport velocities v, (nearly
90% of the BB velocity) at low loading forces F < 4 pN.
This combination was only possible with low bond numbers
(Ntor = 5-15) together with short off-binding times 7,7 = <
0.1 s—0.5 s. For future experiments it would be challenging
to confirm and estimate N, by fluorescence stoichiometry,
the off-/on-binding times by high-resolution fluorescence
tracking of f-actin end proteins.

Connection strength at tip increases with number
of bonds during filopodia retraction

Using fast photonic force microscopy measurement technol-
ogy with MHz bandwidth, we read out increases in bond stiff-
ness and viscosity with increasing pulling force Fgp through
nm changes in fluctuation widths and microsecond changes
in position correlations. We attribute the observation depicted
in Fig. 4 to an increase in the overall number of engaged
bonds. We minimized measurement artifacts after careful
corrections for calibrations of nonlinearities (see sections
S2 and S3 in the supporting material). Bead fluctuations
decrease in amplitude and relaxation time upon contact and
during bead retraction (Fig. 3 C and D), which is equivalent
to an increase in binding strength and friction during retrac-
tion (Fig. 3 A). This behavior is typical for enthalpic springs
and cannot be explained with entropic springs, which require
too long to form a significantly high gradient in state density
during continuous BB transport. The bond strength «,;,(Fip)
increasing with force Fpp is visible only in pulling direction,
whereas the lateral strength remains constant, i.e., no further
lateral connections at the tip are established over time. This
can be explained by the long, slender architecture of the po-
tential key players, integrins (19) and talins, which switch be-
tween active and inactive states (20) to connect the receptor
(through vinculin) to the actin fibers (20,21), each with elas-
ticity kpn,s. The changing connection strength can be ex-
plained as follows: whereas lateral (angular) fluctuations of
the bead center appear amplified by the R = 500 nm distance
of the connection point to the bead center, the radial stiffness
increases over time likely because of an increasing number
N(t) of elastic bonds (integrin clustering), such that
Kip(Fpg) ~ N(Fpg)*Kpng (Eq. 4). This is not in contradiction
to the continuous on/off binding of the linkers mentioned
above.
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Catch-bond cluster regulates force transduction
at filopodia tips

Various adhesion proteins are enriched at filopodia tips, and it
is likely that several proteins are involved in binding (12) and
that attachments are regulated by clusters of bonds. This al-
lows the conclusion that the total number of available bonds
N, increases steadily by diffusion or active myosin X trans-
port to the tip (30), which does not mean that the number of
closed bonds N < N, increase in the same way. This is the
case for catch (slip) bonds, which reveal a lifetime 7,;; first
increasing at low forces up to a maximum F,,,, and only
then decreasing again for higher forces (Fgp > F,4.), Similar
to slip bonds (Fig. 5 C). The integrin-talin-actin molecular
clutch illustrated in Fig. 5 is a well-known catch-bond com-
plex, which fits with our experimental observations (29). For
an F-actin-talin bond, we estimated 7¢,;; = 0.5sat F,,,, = 4
pN in barbed end pulling direction (24). Based on the model,
the cluster lifetime at the maximum force increases nonli-
nearly with the number of bonds (N,,, = 5-15) leading to
Trair = 0.5-3 s and a failure probability <50% for forces
Fax = 5-35 pN (Fig. 5 C and D), which agrees well with
our experimental observations. This variable bond lifetime
is significant for many adhesion processes, including this
one. The catch-bond behavior is characterized by its
avalanche-like unbinding of all bonds in the cluster for
loads >F,,,.. Exactly this was observed in our experiments
(Figs. 2 F, 6 B, C, and 5 D) and was confirmed by the simpli-
fied mathematical model (Fig. 2 G) and by our numerical
simulations (Fig. 7 A—C and E). We show in section S15 in
the supporting material that the observed behavior of pulling,
failing, and bond enforcement is not possible with slip bonds.
We have investigated and shown for the first time that catch-
bond clusters characterized filopodia target binding and pull-
ing. This target binding characteristic is likely also important
for other immune cells taking up counteracting pathogens
and thereby for the function of the immune system.

Failures by breakage of actin-membrane links and
quick repair during pulling

Filopodia pulling at high forces is interrupted by significant
rupture events despite an increasing number of bonds form-
ing a cluster at the filopodium tip (Fig. 6). This behavior
could be understood by not only analyzing the mean bead
positions but also the position fluctuations, which encode
the binding strengths k,;,. In combination with an analytical
model, we could generate a mechanistic picture of failing
events, consisting of pulling, rupture, snap back, re-poly-
merization, and reconnection as shown in Fig. 6 C: as pull-
ing forces at F,,,, become too high after time 74 (Nor, Frup ),
the cluster of bonds at filopodia tips collapses, and the bead
disconnects from the stiff actin BB. This is reflected in a
sudden drop of the connection stiffness «,;, and pulling force
(Fig. 6 B and D). Subsequently, load is transferred onto the
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membrane, which stretches out by the distance x,,, and
forms a small membrane tube at filopodia tips until the var-
iable membrane holding force F,,.,, prevents further elonga-
tion. In the experiments, this process is revealed by two
facts: first, the stiffness of the connection and the displace-
ment of the bead do not drop to zero, indicating that the
membrane of the filopodium is still connected to the bead.
Furthermore, the strongly damped bead relaxations (see sec-
tion S6 in the supporting material) of up to 200 nm point to-
ward a deformable cellular connection, which cannot be
established by proteins at the filopodium tip. Within a few
100 ms (time T,,), we see that the cellular retraction ma-
chinery resumes pulling quickly after failures. This fits
well with the picture of tip ruptures in Fig. 6 D: as a gap
forms at filopodia tips between actin and membrane, the
polymerization velocity at the tip is increased (see section
S7 in the supporting material), while retrograde flow
remains constant (8,31). When the gap of length x,,, =
Xrup — Xnoia has refilled within 7,,,, and the first linkers
have reconnected, the cell can resume pulling. The number
of linkers reconnecting to the tip within 7, is decisive for
the adaptive mechano-transduction, as discussed in the next
section. From the mean displacements, we calculate
the polymerization velocity v,,, = v, + vgg = 350-
550 nm/s, which is high compared to previously reported
numbers for other cell types in the range of 50-200 nm/s
(8,32). This fast re-polymerization allows the cell to over-
come comparably high forces even in the case of initial
breakage events. The connection between bead and recep-
tor/membrane is able to withstand forces of more than 30
pN, which are higher than reported for, e.g., HeLa cells
with F,,,. = 17 pN (8). From the sudden increase in the
3D fluctuations, i.e., the drop off in stiffness to a minimum
level Kjoi1q = Kmem» We clearly see that the connection rup-
tures directly at the tip of filopodia. Since the fluctuations
reveal that the membrane is still attached, the weakest link
in the connection is between actin and membrane, which
makes talin a likely candidate with an estimated maximal
lifetime 7¢,; at approximately 4 pN, whereas integrin has
a Ty, at approximately 25 pN (19). In contrast to aforemen-
tioned studies about filopodia pulling, our experiments
reveal quick repair mechanisms, which are essential for
the success of macrophage filopodia pulling.

Adaptation of tip structure under force ensures
success of filopodia pulling

In pulling experiments with multiple failures, we observe
an overall bead retraction out of the trap in 95% of all
cases, even if ruptures cause intermittent set-backs. Addi-
tionally, we see no force threshold above which retraction
stops (8) since filopodia could withdraw trapped beads at
F,,; > 40 pN (5,7). The overall increasing pulling force
indicates that failures do not necessarily have a negative
influence, which can result from several effects. Most



important is a fast reconnection of the bead to the BB
(within time 7,,), i.€., a fast closing of the gap by poly-
merization with velocity Vo = Vip + Vg = Xgap/Tpoly
(see sawtooth profiles in Figs. 6 and S15). We show by
Fig. 2 that the retrograde flow velocity vgp remains con-
stant, independent of pulling force Fgg. We measured a
slight increase in reconnection velocity vy, ~ Ve With
Fgg, whereas the gap length x,,, did not show unique de-
pendency on Fpp, i.e., it remained constant on average
(Fig. S8). It might be possible that the polymerization ve-
locity might increase with larger gap sizes because of
less steric hindrance. However, this will require further
and more advanced experiments in the future. The BB tip
must catch up to the bead relaxing toward the trap center
as soon as possible. If the BB cannot elongate faster, the
relaxation of the bead connected to the membrane must
be slowed down in order to decrease the gap length Xgqp,.
This is only possible if the membrane connection to the
bead becomes stiffer and more viscous over time, and
this effect was indeed observed, as shown in Figs. 3, 4,
and 6 D. Remarkably, this effect could only be detected
from high-frequency thermal fluctuations of the bead.

A possible explanation for the adaptive mechanotrans-
duction, i.e., the increase of membrane viscosity and stiff-
ness (Fig. 4), is a change in the lipid composition, which
occurs upon many chemical or mechanical perturbations
at any synthetic (33,34) or cell membrane (35). Besides
liquid ordering, this includes recruitment of sphingomyelin,
cholesterol, and lipids with saturated fatty acyl chains, as
well as further adhesion molecules or proteins such as integ-
rins (Fig. 7 C), which all lead to a change in lipid mobility
and friction in the membrane. This ongoing membrane
diffusion and reorganization process leads to an enhanced
holding force F,,.n, stiffness ke, and friction 7,
(Fig. 6 B and C), but whether it is even accelerated by repet-
itive ruptures of the BB linkers, i.e., by repetitive stimuli
needs to be investigated in future studies. For instance, for-
mins, which are one likely candidate involved in tip linking,
could hinder force adaptation by using formins inhibitors
(12). Established biochemical strategies, i.e., to knock out
potential membrane proteins at the filopodium tip might
be a further way to go, although a direct link between pro-
tein knockouts and a malfunction of the filopodia pulling
mechanism is difficult to ensure.

However, only by the repetitive failures could we define
the minimum holding (membrane) force F,,.,,, which indi-
cates the required change in the membrane tip composition.
Putting all the acquired knowledge from Figs. 1, 2, 3, 4, 5,
and 6 together, we generated the numerical simulation,
which produced the same temporal increase in the remain-
ing membrane force F,,,, (indicated by the blue dashed
line in Fig. 7 C) and corresponds to an adaptive strength-
ening of the filopodium-bead connection, which becomes
apparent through repetitive failures, triggered by mechani-
cal force. What is the role of the catch-bond cluster
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behavior of the potential talin-integrin complex? At low
forces (FF < 5 pN), the cluster ruptures quickly, and repet-
itive small failures occur (although often not visible). For a
sudden force increase, but not a slow increase, of the pull-
ing force (F > 5 pN), however, the cluster becomes stable
over a broad range of forces (Figs. 5 C, S11, and S12).
Also, this principle is further refined by the numerical sim-
ulations: Fig. 7 C (bottom) shows that the most pronounced
mechano-adaptation is only possible if the catch-bond clus-
ter rebinds instantaneously after rupture and reconnec-
tion—independent of any pulling force. This stable
situation prevents sequential short failures during recon-
nection (Fig. 7 C, green arrows), i.e., prevents the tip
connection breaking immediately before a sufficiently sta-
ble cluster has been rebuilt. Only by careful fluctuation
analyses could the concept of partial (incomplete) recon-
nections be identified (Fig. 7 D) and used for the simula-
tions (Fig. 7 E) to thereby understand the nano-scale
effects of force adaptation from a (bio-)physical point of
view. The membrane force and tension seem to hold
the bead and enable efficient repair mechanisms through
stable cluster reconnections after bead-receptor-linker-actin
breakages.

CONCLUSION

We have employed a combination of fast probe fluctuation
measurements and computer simulations to identify nano-
meter scale processes at filopodia tips on times between mi-
croseconds and seconds. Our strategy is alternative to the
various established fluorescence-based techniques, which
reach their limits when fast tip connection changes result
in motion blur, as shown in Fig. 1. However, retrograde
transport of actin speckles allowed us to determine impor-
tant parameters in this study. Only with the high-frequency
fluctuations of the attached bead have we been able to make
conclusions about the changing connection stiffness and vis-
cosity at the filopodium tip. Without mathematical equa-
tions, we would not have known how to analyze the
fluctuation data or how to identify and proof characteristic
quantities describing failure and transport. This holds for
the milliseconds scale, where bead transport was found to
be three times slower than the retrograde actin BB flow,
but also for the seconds scale, where rupture and reconnec-
tions reveal the fail and pull behavior. Through the precise
and fast 3D interferometric particle tracking, we could
extract actin polymerization velocities or gap lengths of
30-100 nm in the filopodia tips and, most importantly, the
effect of incomplete ruptures or reconnections, which hinder
the efficiency of filopodia pulling. These effects, tiny on
both temporal and spatial scales, might have been disre-
garded without checking their relevance through numerical
simulations. And last but not least, the concept of catch-slip
bonds forming clusters at the filopodia tips were the decisive
element to describe the observed behavior and to understand
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the sensitive pulling of filopodia. Only by analytical models
and computer simulations of multiple bonds within a cluster
connecting to the bead could we validate the observed times
between failures at measured loading forces. These models
provided convincing results when based on the catch-(slip-)
bond characteristics of a single talin-integrin connection.
We cannot exclude other specific and nonspecific molecular
binding, but with this specific catch-bond behavior, all
measured results in this study could be confirmed quantita-
tively by the mathematical models, generating a mechanistic
picture about filopodia pulling. Although future studies with
fluorescence techniques, small-molecule inhibitors, or ge-
netic up- or down-regulation must help to identify and
confirm the relevant proteins at the distal end of filopodia,
the goal to understand adaptation and optimization in
nano-scale systems upon external stimuli will hardly be
possible without computer models and microsecond data
acquisition.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2022.07.028.
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SUPPLEMENTARY MATERIAL

S1. Force-dependence of bead velocity in optical trap

Analysis of pulling experiments against counteracting optical forces allows us to determine the force-
dependency of the bead velocity vy (Figure S 1A). The optical forces, which we employ and for which we
can determine the velocity, range from Fo,e = 1 pN to approximately 30 pN. For forces smaller than 1 pN,
displacements in our settings were so low that we could not determine a velocity reliably. We found an
average velocity of approximately 50 pN. Interestingly, the bead velocity seems to be independent of the
counteracting force in this range as depicted in Figure S 1B. This is remarkable, as we see considerably
higher bead velocities for beads transported at Fqp: = 0, where only the drag force in the range of 1fN to 1pN
controls the velocity. Similar findings were presented by Kress et al.(1)
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Figure S 1: Bead velocity in dependence of counteracting optical force from three independent experiments. A) brightfield images
with 3 kymographs from different time points. B) Blue dots are derived from videotracking of freely pulled beads when the optical
trap is switched off. Red dots are derived from particle tracking data of optically trapped beads.



Velocities of beads and eGFP speckles obtained from kymographs

Velocities from 1um beads recorded in brightfield (DIC) mode and actin backbone speckles recorded in
fluorescence mode are analyzed by lines placed manually along the edges of pronounced intensity variations
in each two kymographs. An error of 10% is accepted by manually placing the lines as shown in the

following five examples (10 kymographs).

BB = 71nmyg

v

Figure S 2: Velocity analysis by kymographs, which have been recorded in parallel. Kymographs encoding bead velocities voa from
brightfield images (shown in grayscale) and backbone velocities ves from fluorescent images (shown in fire scale). Pixel size is
103nm in horizontal direction for both cameras. Pixel size in vertical direction is 0.554 s for the fluorescent camera and 0.124 s

for the brightfield camera.



S2. Influence of an external force on the extraction of fluctuation parameters.

During experiments the values for x may rise strongly. As « rises, the axis intercept AC(z=0) of the
autocorrelation function (AC) of the trajectory drops and the influence of external influences on the AC
becomes more pronounced. In Figure S 3a a simulated retraction (blue curve; constant pulling velocity of
100 nm/s is assumed) is depicted alongside the simulated trajectory of a bead in a stationary trap (red). In
both cases, the bead is confined in a very strong harmonic potential with x = 0.5 pN/nm.

The stiffness parameter x was calculated from the AC as described in Section 2. Figure S 3B left shows the
stiffnesses over time for the displaced bead in blue and the undisturbed bead in red. The corresponding ACs
are displayed on the right. It can be seen that a significant difference in « arises if no correction is applied.
This can be prevented by fitting the AC with an exponential with offset (Figure S 1C) or by pre-filtering

data with a 400Hz highpass filter (Figure S 3D).
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Figure S 3: Adjusting data evaluation can minimize the effects of external force on the calculated fluctuation parameters. In (A) the
simulated trajectories for a pulled (blue) and for an undisturbed bead (red) in a stiff potential are shown. In (B),(C),(D) the stiffness
parameter k calculated for both sets (left) and the corresponding AC curves including the exponential fits (right) are shown. Dots
in left graphs denote individual measurement points, lines the average values. The values in (B) are calculated using standard
routine and the external movement causes significant distortion in AC and k. This can be prevented by fitting an offset (C) or pre-
filtering data (D).



S3. High-pass filtering bead position fluctuations

To find out to what extent external disturbances actually play a role in real data sets, a bead retraction
curve was subjected to different forms of filtering before analysis. In Figure S 4A, the experimentally
measured bead displacement is shown for one retraction event. In this case, the bead connects with the
filopodium at around 5 s, a short pulling attempt is made, the attempt fails and the bead shaps back at 12 s,
but the filopodium subsequently pulls again and is successful. In Figure S 4B, the calculated cellular
stiffness parameter « is depicted for the unprocessed data set (green curve, no HP) or highpass (HP) filtered
with different corner frequencies (HP100 — HP800). Comparison of the stiffness curves x before binding
(t < 5s) shows that the highpass filtering leads to a small positive offset of x when analyzing fluctuations of
a free bead. The offset increases with increasing corner frequency. This is likely due to a small portion of
the bead’s fluctuations at lower frequencies being removed by the filtering. The constant offset does
however not affect the shape of curves and the qualitative development of fluctuation parameters and is
therefore not of great concern for biophysical analysis.

A 300

displacement in nm
—
=]
=
Nd U J1aa

B . . . .
0.5 | —— k noHP |
' kK HP100 '
g 0.4 K HP200
< — k HP400
d — k HP600
o 0.3+ —— k HP800
c
v 0.2
0.1 -
5 10 15 20 25 30 35
timeins

Figure S 4: Influence of highpass filtering on the calculated stiffness parameter k. In (A) the bead retraction curve is shown and
the timepoints of binding and a failure are indicated. The data was filtered with different corner frequencies (HP100 - HP800)
before k was calculated (B). Between 0 — 400 Hz filtering has a marked impact on curve shapes, while above 400 Hz only a small
offset is added to k with increasing filtering.

In the regime of 0 — 400 Hz, filtering does have a strong impact on the shape of the curves when the bead is
connected to the cell. In the temporal development of k derived from unprocessed data (green curve) neither
the binding at t = 3 s nor the failure at t = 12 s lead to a notable change of cellular stiffness parameter «.
Intuitively this seems very unlikely from a biophysical point of view. These are the experimental situations
where filtering is the greatest effect, since these changes not only lead to an offset, but to a completely
different evolution of the fluctuation parameter «.

It is likely that a significant amount of external movements caused by the cell occurs at frequencies below
400 Hz. The corner frequency of 400 Hz was therefore in the following used to pre-process fluctuation data.
Intriguingly, the stages of the experiment where changes in filtered and unfiltered data are especially high
are not necessarily associated with strong and fast cellular pulling.



4. Development of kKmem and Fem in experiments with multiple failures

In some experiments we observed a series of several, subsequent failure events. In these cases we analyze
how characteristic mechanical parameters change over the course of one pulling experiment. We observe
for both the membrane holding force Fmem and the membrane stiffness kmem that parameters increase with
the number of failures as depicted in Figure S 5A,B indicating that these physical parameters of the
filopodium rise during pulling.

In conclusion, this is another observation supporting the assumption of a force-dependent adaptation of the
filopodium. The rupture force Frp rises only in some experiments with several failures, but not in general
as depicted in Figure S 5C.
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Figure S 5: Development of holding force Fmem (A) and stiffness kmem (B) during retraction for five independent experiments in
which more than one rupture occurred. Both parameters show a tendency to increase with number of ruptures. (C) Development of
rupture force during retraction for five independent experiments in which more than one rupture occurred. There is no overall
tendency for the rupture force to increase with number of ruptures.



Sb. Lifetime of actin-bead connection under force

From the observed failures we can derive an approximated lifetime of the bead-actin connection at the tip
under force. Since pulling forces vary during experiments and we cannot control the loading rate, the
results depicted in Figure S 6 can give only an estimate. The resulting force-dependent lifetime is
calculated from the time that the cell pulls against force in a certain range, divided by the number of
failures, which happen in this force range. At very low forces (< 5 pN) ruptures are unlikely and only very
isolated events could be observed. We see a lifetime until failure of tri(F) = 26.8 £ 15 s for forces F <

5 pN; a drop to rougly t#i(F) =3 s (see green arrow) in the range of F = 5-20 pN and a decrease to less
than tri(F) = 0.5 s for forces F > 30 pN. Since the lifetime was calculated only from six experiments
including failures, it represents a lower limit. Actual lifetimes may vary strongly from filopodium to
filopodium, depending on the individual architecture and thickness of the filopodium. However, the
quantiative coincidence between the numerial simulations is very good.

40 —-8- experiment
J - simulation
E 30— N T
E -
E 20 N ]
10—~ constant lifetime
0 - :

0 5 10 15 20 25 30 35
Feen in pN
Figure S 6: Lifetime of actin-bead connection under force. The red markers represent measurement results derived from six

independent experiments including failures. The blue markers indicate the lifetime of the simulated filopodia tips with catch bond
clusters and membrane-actin connection.

S6. Exponential bead relaxation towards trap center after failures

When a failure happens, the bead shaps backwards towards the trap center in a rapid motion. Due to the
high temporal resolution of the interferometric tracking, we can record these shap-backs in detail. When
zooming in, an exponential relaxation of the bead towards the new holding position Xnoq is Vvisible (see
Figure S 7). This movement can be fitted with an exponential function and the characteristic relaxation time
constant Trp can be determined. The average Ty measured from 29 events is 37 £ 45 ms. The measured
values show strong variations, but are all considerably longer than expected for a free bead in solution . The
value is also considerably larger than the autocorrelation time to, Which is calculated from the fluctuation
parameters and typically in the range of 100 ps. This indicates a strong damping of the snap back motion of
the bead (because t = «/y in the case of overdamped motion). We assume this to be the stretching of the
membrane tube at filopodia tips during failures, which might be governed by the outflow of membrane
lipids, which is a plastic rather than elastic deformation process (2).
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Figure S 7: A) 2s of backbone pulling is followed by a 0.1 s failure period. B) Movement of the bead during one failure event. The
trajectory of the bead can be fitted linearily or by an exponential function as indicated by the black line.

S7. Relation between gap length, repolymerization speed and rupture force

A question that arises is how the overall snapback distance, i.e. the gap length Xgp = 4x depend on the
rupture force during experiments. Figure S 8A depicts the relationship between Fy: and Xgap and shows that
the the average snap-back distance remains constant during experiments and is independent of rupture force.
Even as the rupture force increases, the amplitude of drops remains in the same range. This translates to an
overall progress of the cell during pulling, as failures that happen at larger forces do not lead to a complete
snap back of the bead.

Another parameter that rises (by almost a factor of two) with increased force at rupture is the tip velocity
Viip. The dependency of vip on Fryp is depicted in Figure S 8B. An increase of the tip velocity means that the
actin filament grows back faster after rupture of the actin-membrane connection. Consequently, it can catch
up with the membrane and the attached bead in shorter time. Both do help the cell to fill the gap at the tip
faster and resume pulling more quickly.
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Figure S 8: A) Amplitude of the jump Ax in dependence of rupture force Frupt. Data shown is from seven independent pulling
experiments in which one or several ruptures happened. A correlation between Frupt and Ax cannot be determined. B) Tip velocity
viip in dependence of rupture force Frup. Shown are the raw data points (red) and the pooled data points (black).



S8. Lifetime of a single catch-slip bond

Catch(-Slip) bonds show a counterintuitive behavior as their lifetime initially increases under force. Under
high forces stability decreases again, leading to a lifetime peak for individual bonds at a finite force. Catch
bonds have been observed for many adhesion receptors including several isoforms of integrin receptors and
bacterial adhesion molecules such as FimH(3-5)(3-5)>°.

Mathematically a two pathway model (in which unbinding is possible via two alternative pathways)
describes catch bond characteristics. The catch path unbinding is opposed by application of force whereas
the slip path unbinding is enhanced by force (6, 7). According to ref. (6), the force and temperature
dependent unbinding rate for a single catch bond with catch and slip path characteristic length scales & ~ &
and zero force unbinding rates ko, kos respectively can be expressed by

ky(F) =k, (exp(~(F + F)/ Fy) +exp((F + )/ Fy)) = 2k, -coSh( R )'oc‘1 (S1)

where F,, =(F, +F,)/2 is the force at the maximal lifetime is indicated in Figure S 9. k;(F) is a catch-
slip off-binding rate, which decreases for moderate forces and increases for stronger pulling forces. This
behavior is typical for catch-(slip-) bonds such as integrins. Here, Fo = kT/J is a characteristic force
corresponding to the (s)lip or (c)atch path length & and k,,(0) ~ k,exp(-F,/F,)+k,exp(F, / F,) is the zero-
force rate (KT = thermal energy). At the force % (Fs+F¢), a single catch bond has a maximum life time
Ton (F) =1/ Ky (F).
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Figure S 9: A catch slip bond is characterized by and off-binding rate exponentially decreasing with pulling force plus an off-
binding rate exponentially increasing with force. The inverse of this rate is the lifetime of the cluster, which shows the maximum at

the force F,,, :(FS + Fc) /2, which is the average of the slip force and the catch force, which are based on a slip path length and

catch path length of about 1 nm. In the example here, the slip force and the catch force are either 3 pN and3 pN (red curve) or 2
pN and 3 pN (blue curve).

Derivation of cosh(F) dependency of the off-binding rate of a single bond, which was used to calculate the
plots in Fig. S8:

ks (F) =k -exp(=F  Fy.) +k,, -exp(F / F,)
~k,-(exp(—(F+F,)/ F,)+exp((F +F,)/ F)))
=k, (exp(~(F -3 (F. +F))/F,) +exp(+(F -1 (F, + F)) /R, ))-exp(~ 4 (F, - F) /) (S2)
=2k, (cosh((F (R, +F))/R,))-exp(~4(F. ~F) /R,
=2k, -(cosh((F = Fp )/ F)) -

S9. Slip bond and catch bond cluster under force

Slip bond clusters and catch bond clusters differ in their characteristic behaviour under force. The
equilibrium condition of a cluster under a certain load is reached for the condition dN/dt= 0 for the cluster

equation N =k, - (N, —N)—K (& F)-N . Due to stochastic variations, this is not on every timepoint the

number of bonds, which are actually attached, but the number around which the cluster size will fluctuate
at a given force. The number of attached bonds in the equilibrium condition, or the stable number of bonds,
is termed Ns. For slip bond cluster, Ns drops under force, leading to a decrease in cluster size. This is depicted
in Figure S 10A for a simulated slip bond cluster. In contrast, a catch bond cluster grows under force,
reflected in an increase of the number Ns. This is depicted in Figure S 10B.
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Figure S 10: (A) Characteristics of a cluster with a reservoir of Ntot = 100 slip bonds with kbT/E = 1 pN, ko = 1/s and kon = 1/s
under force. The force dependent change in number of attached bonds dN/dt is plotted versus the number of attached bonds N. The
arrows mark the equilibrium condition. At higher forces the number of attached bonds Ns drops, at 30 pN a stable situation is not
even possible anymore for this cluster. (B) Characteristics of a cluster with a reservoir of Ntot = 100 catch bonds with individual
lifetime peak at 3.6 pN under force. The force dependent change in number of attached bonds dN/dt is plotted versus the number of
attached bonds N. The left zero crossing of dN/dt is the unstable solution; the right zero point marked by the black arrows defines
the stable solution Ns. The number Ns of bonds bound on average rises as load is increased.



S10.  Lifetime of catch bond clusters depend on different variables

As described in the main text, the time between two ruptures (if observable) depends on various parameters
among which the most important are the number of available bonds N and the pulling force F. Here, we
compare different cluster lifetimes for different unbinding rates kon = 0.5 Hz and kon = 1 Hz, as well as the
the number N;s of bonds in the equilibrium situation, which was set by default to Ns ~ Niot/2.

In the figure below, it can be seen that most of the parameters have an influence on the lifetime curves
til(F), which is however not significant for the results discussed in the manuscript.
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Figure S 11: (A,D) Lifetimes of catch bond clusters varying with force for different number of bonds (Nwt = 10,20,30) at two different
on-binding rates. (B) Three different ratios g/r of rebinding to unbinding rates. (C) lifetimes of catch bond clusters varying with
force for different different small bond numbers (Nwt = 3,6,10,15). (E) Cluster lifetime varying the force for Nwt = 20 at three
different on-binding rates. (F) Cluster lifetime varying the force for Niwot = 20 at three different numbers of bonds in the equilibrium
Ns = 5,10,15,20.



S11.  Failing probability of a catch bond cluster as a function of time and pulling force

The probability pri that a cluster of Ny available bonds fails (i.e. collapses) after a time t of continous
pulling with force F is given by  p (t, Ny, F,Ky)) =1—exp(—t/ 74 (N, F,K;0) ) (8) (9). Here, a higher
on-binding rate leads to a slower increase of the failing probability. The probability 1-ps.i that the cluster
holds over a time correspondingly is  P.gq (t, Ny, F) = exp(—t/rfai,(Ntot,F)).

Figure B shows that the probability that a bond cluster ruptures within to = 1s at low forces F < 4 pN hardly
depends on the number of bonds Ny or the on-binding rate kon. On the one hand this shows that one failures
and ruptures are likely at the beginning of pulling. On the other hand, it indicates that for pulling forces F >
4 pN the failing probability decreases significantly, such that efficient pulling of filopodia is possible for
different numbers of bonds and on-binding rates, which cannot be measured experimentally.
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Figure S 12: (A) failure probability as a function of time for three different bond cluster sizes (Nwt = 10,20,30) and unbinding times
kon = 1 Hz and 0.5 Hz. The larger the bond cluster size and the higher the on-binding rate, the slower increases the failing
probability. (B) Probability that a cluster of (Nt = 10,20,30) bonds fails after = = 1s as a function of pulling force.



S12.  Simple model for sawtooth like pulling and failing

The sawtooth like bead movement in Figure 5E consists of pulling periods and reconnection (repair) periods.
In the first phase the bead is pulled at velocity vss-Qr over the period tsil(F,Nwt), i.e. the time between two
ruptures (lifetime of bond cluster). A relatively fast snap back of the bead towards the trap center occurs at
vee. Within a fraction of a second (period tyoly) the bead drifts in rearward direction over some 10 nm (the
distance Xgap), before the transport restarts.

The following calculation sets these two velocities and two periods into relation to investigate the overall
displacement and the rupture frequency Kup(F,Niot) = (trirttpoy) ™ for a situation where the pulling force is
kept constant for some seconds. For simplicity the off-binding time tpoy = 0.1s, the pulling velocity ves/3
and the tip velocity viip = 500nm/s are kept constant.
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Figure S 13: Sawtooth like bead position changes indicating pulling and failing, which is characterized by the lifetime of the cluster,
which varies with the pulling force and the number of available bonds. The rupture frequency is high (>5Hz) at low forces and
remains approximately constant over a broad range of forces



S13.  Adaptation and tip velocity

We have shown that especially three parameters improve during the course of one pulling experiment: These
are the holding or membrane force Frem and the corresponding displacement Xnoiq as Well as the stiffness
xmem OF the filopodium after ruptures. In addition, there is a slight tendency for tip velocity vy to increase as
rupture force increases (see Figure S 8B).

The velocity vy, determines how long it takes the actin tip to polymerize back to the membrane and the bead
at the tip of the membrane tube. If the actin tip caught up with the bead and the membrane before exponential
relaxation has fully completed, this would decrease the jump amplitude Xgap and lead to an increase of the
snap back position Xnoiw and consequently of Frem. The numerical simulation shows however, that even a
twofold increase of vy relative to the measured values does not have any impact on the snap back amplitude
as depicted in Figure S 14 since the exponential relaxation of the bead is comparably much faster.
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Figure S 14: Numerical simulation: Influence of the tip velocity viip after rupture on jump amplitude (gap length) xgap and final bead
position xnoid. A twofold increase of viip does not influence the snap back of the bead. An arrow indicates the point at which the actin
tip reconnects to the bead and membrane. The green curve of the actin tip and the red curve of the bead position do not overlap
completely at his point since the spatial extension of adhesion proteins between is considered.



S14.  Model for overall retraction velocity and degree of adaptation (learning)

With an optimal pulling force an optimal overall retraction velocity v,..,(F,N) can be achieved, which we

call the optimal adaptation. Positions Xmem(t) increases linearly with time with the average speed Vmem(F,N),
which is defined by pulling periods, reconnection periods and 2 velocities. For simplicity the off-binding
time tpoy = 0.15, the pulling velocity vss/3 and the tip velocity vi, = 500nm/s are kept constant.
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Figure S 15: (A) Positions xmem(t) increases linearly with time with the average speed vmem(F,N). (B) Overall retraction velocities
as a function of pulling force for three different bond cluster sizes (Nt = 10,15,20). (C) Degree Qu of adaptation (learning) as a
function of pulling force for three different bond cluster sizes (Nwt = 10,15,20). The retraction towards the cell is given for Qu > 1.



S15.  Numerical simulations filopodia pulling with slip bond cluster

Contrary to catch bond clusters, slip bond clusters generally decrease in size under load (10). The patterns
of cluster growth (increased bond stiffness k and friction y) and intermittent failure events, which we observe
experimentally, could not be reproduced accurately in simulations by assuming slip bond clusters (see
Figure S 16). In a slip bond cluster the number of bonds will initially rise as binding is established, but drop
quickly as pulling continues and load is increased (Figure S 16a,b). The cluster is driven subsequently and
rapidly into an unstable regime and collapes (failure). When averaging the overall bond stiffness and
viscosity over many attempts, we see an initial increase in bond stiffnes k and friciton y, which results from
the initial binding phase. However, as force further increases, both parameters start to drop again (Figure S
16¢,d).
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Figure S 16: Simulated filopodia retraction assuming a slip bond cluster. A) Simulated trajectory of the bead with multiple failures.
B) Number of attached bonds during pulling. While the number increases initially for each rebinding event, it drops quickly again
under load. C),D) Averaged dependence of bond stiffness x and friction y on counteracting force. While an initial rise is visible (due
to re-establishment of cluster after failures), both parameters drop again as load increases.



S16.

Table of measured failure parameters

Table S 1: Parameters measured in 30 analyzed failure events from filopodia retraction attempts.

event# | Frup (pN) Fmem (PN) | AF (pN) AK (pN/um) Kmem (PN/UM) | Trup (S) 70 (S) Toff (S)
1 8.7 6.2 2.47 0.106 8.6e-02 0.026 8.8e-05 0.47
2 17.4 12.47 4.9 0.276 0.282 0.2 6e-05 3.77
3 20 12.3 7.6 0.237 0.253 0.178 7.8e-05 0.429
4 26 15.9 10.2 0.649 0.329 0.06565 4.3e-05 0.219
5 18.4 16.4 1.9 - 0.33 0.011 6.9e-05 0.049
6 20.7 15.8 4.85 0.185 0.277 0.0477 7.7e-05 0.0969
7 23 17.2 5.7 0.351 0.253 0.047 7.5e-05 0.1169
8 194 16.5 2.9 0.09.7 0.271 0.02 7.1e-05 4.4115
9 25 20.7 4.4 0.442 0.452 0.0261 6.1e-05 0.105
10 25.7 21.1 4.66 0.639 0.53 0.0175 5.9e-05 0.0877
11 15.2 8.95 6.28 0.346 0.24 0.0072 6e-05 0.067
12 9.9 2.2 7.75 0.731 0.634 0.023 5e-05 0.61
13 10.8 1.9 8.86 0.1137 8.8e-02 0.065 7.5e-05 0.34
14 9.34 4.3 5.1 0.9 0.101 0.015 6.8e-05 0.159
15 9.75 5.9 3.8 0.065 0.115 0.0029 7.1e-05 0.265
16 7.6 4.42 3.25 0.061 0.106 0.041 7e-05 0.044
17 6.4 2.61 3.77 5.5e-02 9.98e-02 0.0145 6.7e-05 0.235
18 7.3 4.12 3.2 2.6e-02 0.113 0.0174 7.2e-05 0.11
19 8 5.2 2.79 4.4e-02 0.111 0.0049 8.1e-05 0.279
20 215 0.5 21 0.783 4.1e-02 0.0062 0.00099 1.35
21 12.8 4.23 8.6 9.1e-02 0.269 0.027 6e-05 0.17
22 24.2 14.6 9.6 2.481 0.243 0.0076 6.1e-05 0.094
23 22.3 19.6 2.68 1.18 0.382 0.045 7.1e-05 -
24 19.7 16.9 2.72 0.213 0.309 0.051 7e-05 -
25 17.1 14.1 3.05 6.3e-02 0.215 0.0056 7.2e-05 0.104
26 30.8 26.8 3.97 0.265 0.71 0.045 6.7e-05 -
27 26.9 21.2 5.66 - 0.69 0.0043 7.7e-05 -
28 21.2 14.4 6.79 0.22 0.49 0.066 1e-05 1.94
29 14.9 11.6 3.3 - 0.581 0.027 8.3e-05 -
30 10.5 2.54 7.93 0.372 9.97e-02 0.00035 0.000158 | 6.22
Average | 17.02 + 11.36 + 5.66 £ 0.407 £ 0.290 £ 0.0372 = 1.01e-04 + | 0.867
6.98 7.24 3.72 0.52 0.192 0.0459 1.67e-04 1.585

S17.

Parameters used for the simulation

The parameters used for the stochastic gillespie simulation of a clatch bond cluster at filopodia tips shown
in Figure 7 of the paper are listed below.

ves= 50 nm/s

Vpoly =400 nm/s
Kopt = 100 pN/pum
Kmem = 200 pN/pm

Ymem = 10 pN-ms/pm = 10nN-s/m

Krec = 250 pN/um
Yrec = 40 pN-ms/pum
Kiink = 100 pN/um
Yiink = 10 pN-ms/um
Nt = 40
Fc=4.5pN

Fs=4.6 pN

ko=0.5



The total number of bonds Nyt Was set to 40. This is a realistic value assuming that the membrane coats the
bead by an area of around 0.2- um? and taking a receptor spacing corresponding to the spacing of integrins
found in focal adhesions of around 50 - 100 nm (11)

The values that are used to model xrec, kmem and xiink can be compared to those of molecules for which values
can be found in existing literature. However, such data is at present sparse. There exist some reported values
for the stiffness of integrin or talin molecules mostly having been obtained using AFM force spectroscopy
measurements. Here the receptor stiffness is chosen as krc = 250 pN/um. The value corresponds to an
average number of five receptors with a stiffness of individual receptors of 50 pN/um. The stiffness
parameter set for the linker is «jink = 100 pN/pUm yiink = 10 pN-ms/um according toour measuremnts. These
values lie within the reported range of elasticities for integrin and talin (12-14). The membrane stiffness
parameter xmem = 200 pN/pum and ymem = 10 pN-ms/pm were estimated from the conducted measurements.

Although we have choesen the most probable and reliable parameters according to literature and our own
measurements, there can be other sets of parameters that allow to reproduce the experimental results at least
partially. Once the exact molecular composition of the bond is known the model can be refined by using
more precise input parameters. Furthermore, in reality it is likely that the number of receptors Nt also
changes, which would additionally influence the behavior of the measured xrec and prec.

At present, it is important to note that the dynamic building, enforcement and sudden instability of the tip
connection in principle can be remodeled accurately by assuming a catch bond cluster, linking the actin BB
to the bead.
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