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Methods) considering the same buffer condition in unbound and bound (1 and 2) state or

different buffer conditions (1 and 2) and the same state.
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Figure 4: Hydrophobic and ionic reagents change the IF-microtubule bond properties. (a)
Valid unbinding rates r, . and potential widths z,, to simulate the experimental data shown
in Fig. 3c, e and g for the different buffer conditions: pure CB (gray), CB with TX100
(orange) and CB with additional magnesium (blue). 7,4 and z, pairs, which are valid
for several buffer conditions, are color coded by mixed colors. 7, and z, increase from
additional magnesium chloride across pure CB to added TX100. (b) Energy landscape for
the theoretical modeling of the IF-microtubule bond: A two-state model (unbound, bound)
is sufficient to describe the experimental data shown in Fig. 3. From the binding and
unbinding rates, we can calculate the differences in activation energies, E 4, and E 4, see Eq.
(9), of bonds in different buffer conditions to open or close. However, the absolute values
cannot be determined, as indicated by the graph break (black double-lines). For different
buffer conditions, the position of the energy barrier relative to the unbound and bound state,
xp and x,,, respectively, changes.

Surprisingly, both TX100 and additional magnesium only mildly affect the activation
energies. Yet, for TX100 we observe a marked increase in distance to the transition state, z,,
(compare Fig. 4b orange to gray), which we interpret as a “looser binding” between the IF
and the microtubule. Thus the force-dependent term in Eq. (1) becomes more pronounced.

TX100 can interact with hydrophobic residues and forces the filaments to stay further apart.
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Thus, the bond breaks at lower forces. Consequently, this further confirms that there is a
hydrophobic contribution to the interactions in CB.

In contrast to TX100, magnesium acts as a divalent counterion between two negative
charges, further strengthening the bond and keeping it closed even at higher forces. It
lowers the distance to the transition state (compare Fig. 4b blue to gray) and the influence
of the force-dependent term in Eq. (1). Hence, the opening of the bond depends less on the
applied force compared to bonds in pure CB. Since CB already includes 2 mM magnesium,
we assume that there is an electrostatic contribution to the interactions observed in CB as
well.

We have shown that there are hydrophobic and electrostatic contributions to the interac-
tions between [Fs and microtubules and we have derived key parameters of these interactions
by combining experiments with theoretical modeling. To better understand how these inter-
actions lead to the observed changes in microtubule dynamics, we again apply a modeling
approach. We consider a microtubule as a dynamic lattice with GTP and GPD dimers?%-26
as sketched in Fig. ba. The lattice consists of 13 protofilaments and has a seam between the
first and 13th protofilament. We describe the microtubule dynamics by three reactions: (i)
A GTP dimer associates with a rate r,, (ii) a GTP dimer is hydrolyzed with a rate rp,,, or
(iii) a GDP or GTP dimer dissociates with a rate rqq or 74, respectively, which depends on
the number of neighboring dimers, see Eq. (13) in Materials and Methods. A snapshot of the
simulated microtubule during growth is shown in Fig. 5b. With a Monte-Carlo simulation,
we obtain typical simulated kymographs (Fig. 5¢). As for the experiments (semi-transparent
data in Fig. 5d-f), we determine the growth rate, the catastrophe and the rescue frequency

from the simulations (opaque in Fig. 5d-f).
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Figure 5: A Monte-Carlo simulation shows that temporarily binding IFs stabilize dynamic
microtubules. (a) Ilustration of the reaction rates (top) and simulated microtubule lattice
with 13 protofilaments and a seam with a longitudinal displacement of 1.5 dimers (bottom).
(b) Typical simulated microtubule growing from a GMPCPP seed with dimers either in the
GTP (purple) or GDP state (cyan). (c¢) Typical length-time plot (kymograph) of a simulated
microtubule in 20 pM free tubulin solution without vimentin tetramers (left) or in 25 pM
free tubulin solution with vimentin tetramers (right). (d-f) We reproduce the experimental
data shown in Fig. 1d-f (shown here in a semi-transparent fashion) with our Monte-Carlo
simulation (opaque). (d) Addition of vimentin neither changes experimental nor simulated
microtubule growth rates at 20 or 25 pM. For clarity, the complete standard deviation of the
experimental data is not shown, but presented in Fig. 1. (e) Addition of vimentin lowers the
catastrophe frequency of dynamic microtubules for both tubulin concentrations studied here.
(f) In case of 25 pM free tubulin, the rescue rate increases due to the stabilizing effect of
surrounding vimentin IFs. The circle areas scale with the total microtubule depolymerization
time as in the representation of the experimental data.

To simulate microtubules in the presence of vimentin IFs, we consider the interactions of
IFs and microtubules measured with OT experiments again. We calculate the approximate
binding energy of microtubules and vimentin IFs from the effective binding and unbinding
rates extracted from the OT experiments and simulations, see Eq. (10), to be AGp.mt = 2.3
kgT as sketched in Fig. 4b. We apply this value and the viscosity of the liquid as well as the
vimentin filament length (see Supplementary Fig. 1) used in the TIRF experiments to the
simulated dynamic microtubules. We assume that IFs stochastically bind to individual tubu-

lin dimers in the microtubule lattice, thus, stabilizing them by increasing their total binding
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energy in the lattice by 2.3 kgT. In agreement with our experimental data, the transient
binding of IFs leaves the growth rate unaffected. Intriguingly, we observe that IF binding
to tubulin dimers in the lattice reduces the catastrophe frequency. The increased binding
energy of a dimer also raises the rescue frequency. These results are in striking agreement
with our observation in TIRF experiments, while the only additional input to the simulation
that includes the surrounding vimentin IFs are the parameters from OT experiments. Thus,
stochastic, transient binding of IFs to microtubules as in the OT experiments is sufficient to

explain the observed changes in microtubule dynamics in presence of IFs.
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Figure 6: We estimate the binding energy of a single tubulin dimer by combining our OT
and TIRF experiments. (a) From the OT experiments including the simulations, we de-
termine the unbinding rate of microtubules and vimentin IFs r, ¢ and the released energy
—AGip.yr during unbinding. (b) In TIRF experiments, a tubulin dimer dissociates from the
microtubule and the vimentin IF, so that the total energy —AGy, — AGrp.mt is released. We
calculate the catastrophe frequency of a microtubule fea 1pvr in case a vimentin IF is bound
to the microtubule. (¢) We estimate the average binding energy AGy, of a tubulin dimer
in the microtubule lattice before catastrophe by subtracting the released energies from (b)
(—AGwp — AGrrmr) and by dividing the unbinding rate r, ¢ of microtubules and vimentin
IFs by the catastrophe frequency fea ir-m of microtubules bound to a vimentin IF as in Eq.
(16) in Materials and Methods.

By combining the results from OT and TIRF experiments, we estimate the total bind-
ing energy of a tubulin dimer within the lattice at the microtubule tip before catastrophe.
From the OT experiments, including the corresponding simulations, we calculate the IF-

microtubule bond energy AGipvr = 2.3 kg1’ and the unbinding rate 7, o of microtubules
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and vimentin IFs (Fig. 6a). From the TIRF experiments, we determine the catastrophe
frequency feat1p-mr Of a microtubule bound to a vimentin IF. At the beginning of the catas-
trophe, a vimentin IF unbinds from the tubulin dimer, so that the energy AGeyt is re-
leased. Simultaneously, the dimer depolymerizes from the lattice and the energy AGy, is
set free (Fig. 6b). The only additional energy released during microtubule catastrophe in
TIRF experiments compared to the OT experiments is the binding energy to the surround-
ing tubulin dimers (Fig. 6¢). Thus, comparing the rates of IF-microtubule unbinding and
microtubule catastrophe during binding to a vimentin IF as in Eq. (16) in Materials and
Methods, results in an estimation of the average tubulin binding energy AGy, = 5.1 kgT
and 5.2 kg7 in the lattice at the tip for 20 and 25 pM tubulin concentration, respectively.
These values for AGy, are on the order of magnitude expected from literature.??” To the
best of our knowledge, there is no other experimental value available of the tubulin dimer
binding energy in the non-stabilized microtubule lattice. Thus, from a broader perspective,
our combination of experiments is a general approach to determine such binding energies
and could be transferred to all proteins which bind to microtubules.

Our study examines interactions between microtubules and vimentin IFs. We show that
vimentin [Fs stabilize microtubules by direct interactions, which is in strong contrast to
previous findings,'* where, however, only interactions between microtubules and short IF
peptides were considered. Whereas the microtubule growth rate remains unchanged, the
stabilization by vimentin IFs leads to a reduction in the catastrophe frequency and increased
rescue of depolymerizing microtubules. We pinpoint the source of this stabilizing effect to
a stochastic, transient binding of IFs to microtubules by directly measuring the interactions
of single filaments. Both hydrophobic and electrostatic effects are involved in bond forma-
tion. The presence of cations likely contributes to the attractive interactions between the
negatively charged filaments. The buffer in which we conduct the measurements contains
potassium and magnesium, two of the most abundant cations in cells.*? The free magnesium

concentration is on the order of a few mM in most mammalian cells,*® similar to our exper-
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iments. Magnesium ions have been previously described to cross-link vimentin IFs,** 48 and
we show that it can modulate the IF-microtubule bond strength. Since our magnesium con-
centrations are close to physiological values, the magnesium induced IF-microtubule binding
we observe may occur in cells as well. Therefore, although molecular motors and cross-
linkers contribute to establishing links between IFs and microtubules in cells, it is possible
that more fundamental, direct attractive interactions also participate in the crosstalk of
the two cytoskeletal subsystems in cells. The interactions we observe might thus be linked
to cytoskeletal phenomena observed in cells such as the coalignment of microtubules and
vimentin IFs in migrating epithelial cells'® and the coexistensive network formation in mi-
grating astrocytes.'® There is growing evidence that a mechanical coupling between the
cytoskeletal subsystems is necessary for many cellular functions such as polarization, mi-
gration and mechanical resistance.?%%°° In particular, vimentin deficient cells exhibit a less
robust microtubule network orientation'® and stronger microtubule fluctuations,'” and they
show impaired migration, contractility and resistance to mechanical stress.?™>3 Therefore,
future research might help to explore the implications of our findings for cell mechanics and
function. Furthermore, our study fosters understanding of emergent material properties of
hybrid networks composed of cytoskeletal filaments and provides a basis for interpreting
rheology data. Our combination of experiments also offers a new approach to estimate the
tubulin bond energy within the microtubule lattice, which is a vital parameter to understand

microtubule dynamics, mechanics and function. 2’27

Materials and Methods

Vimentin purification, labeling and assembly

Vimentin C328N with two additional glycines and one additional cysteine at the C-terminus
is recombinantly expressed as previously described® % and stored at -80°C in 1 mM EDTA,

0.1 mM EGTA, 0.01 M MAC, 8 M urea, 0.15-0.25 M potassium chloride and 5 mM TRIS
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at pH 7.5.5% After thawing, we label the vimentin monomers with the fluorescent dye
ATTOG647N (AD 647N-41, AttoTech, Siegen, Germany) and with biotin via malemeide
(B1267-25MG, Jena Bioscience, Jena, Germany) as described in Refs. 57-59. We mix labeled
and unlabeled vimentin monomers, so that in total 4% of all monomers are fluorescently la-
beled, a maximum of 20 % is biotin labeled and all other monomers are unlabeled.?3% We
reconstitute vimentin tetramers by first dialyzing the protein to 6 M urea, 50 mM phoshate
buffer (PB), pH 7.5, and then in a stepwise manner to 0 M urea (4, 2, 0 M urea) in 2 mM PB,
pH 7.5,% followed by an additional dialysis step into 0 M urea, 2 mM PB, pH 7.5, overnight
at 10°C. To assemble vimentin into filaments, we dialyze the protein into assembly buffer,

i.e. 100 mM KCI, 2 mM PB, pH 7.5, at 36°C overnight. 5660

Tubulin purification and labeling

We purify tubulin from fresh bovine brain by a total of three cycles of temperature-dependent
assembly and disassembly in Brinkley buffer 80 (BRB80 buffer; 80 mM PIPES, 1 mM EGTA,
1 mM MgCly, pH 6.8, plus 1 mM GTP) as described in Ref. 61. After two cycles of polymer-
ization and depolymerization, we obtain microtubule-associated protein (MAP)-free neuro-
tubulin by cation-exchange chromatography (1.16882, EMD SOj3, Merck, Darmstadt, Ger-
many) in 50 mM PIPES, pH 6.8, supplemented with 0.2 mM MgCl, and 1 mM EGTA.%? We
prepare fluorescent tubulin (ATTO488- and ATTO565-labeled tubulin; AttoTech AD488-35
and AD565-35, AttoTech) and biotinylated tubulin (NHS-biotin, 21338, Thermo Scientific,
Waltham, Massachusetts, USA) as previously described.% In brief, microtubules are poly-
merized from neurotubulin at 37°C for 30 min, layered onto cushions of 0.1 M NaHEPES,
pH 8.6, 1 mM MgCl,, 1 mM EGTA 60% v/v glycerol, and sedimented by centrifugation
at 250,000 x g 37°C for 1 h. We resuspend microtubules in 0.1 M Na-HEPES, pH 8.6, 1
mM MgCly,1 mM EGTA, 40 % v/v glycerol and label the protein by adding 1/10 volume
100 mM NHS-ATTO or NHS-biotin for 10 min at 37°C. We stop the labeling reaction by

adding 2 volumes of BRB80x2, containing 100 mM potassium glutamate and 40% v/v glyc-
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erol. Afterwards, we centrifuge microtubules through cushions of BRB80 containing 60%
v/v glycerol. We resuspend microtubules in cold BRB80 and perform an additional cycle
of polymerization and depolymerization before we snap-freeze the tubulin in liquid nitrogen

and store it in liquid nitrogen until use.

Microtubule seeds for TIRF epxeriments

We prepare microtubule seeds at 10 pM tubulin concentration (30% ATTO-565-labeled tubu-
lin and 70% biotinylated tubulin) in BRB80 supplemented with 0.5 mM GMPCPP at 37°C
for 1 h. We incubate the seeds with 1 pM taxol for 30 min at room temperature and then sed-
iment them by centrifugation at 100,000 x g for 10 min at 37°C. We discard the supernatant
and carefully resuspend the pellet in warm BRB80 supplemented with 0.5 mM GMPCPP
and 1 pM taxol. We either use seeds directly or snap freeze them in liquid nitrogen and store

them in liquid nitrogen until use.

Sample preparation for optical trapping experiments

We prepare stabilized microtubules with biotinylated ends for optical trapping by first poly-
merizing the central part of the microtubules through step-wise increase of the tubulin con-
centration. Initially, a 3 pM tubulin (5% ATTO-488-labeled) solution in M2B buffer (BRB80
buffer supplemented with 1 mM MgCly) in the presence of 1 mM GMPCPP (NU-405L, Jena
Bioscience) is prepared at 37°C to nucleate short microtubule seeds. Next, the concentration
is increased to a total of 9 uM tubulin in order to grow long microtubules. To avoid further
microtubule nucleation, we add 1 pM tubulin at a time from a 42 uM stock solution (5%
ATTO-488-labeled) and wait 15 min between the successive steps. To grow biotinylated
ends, we add a mix of 90% biotinylated and 10% ATTO-565-labeled tubulin in steps of 0.5
pM from a 42 pM stock solution up to a total tubulin concentration of 15 pM. We centrifuge

polymerized microtubules for 10 min at 13000 X g to remove any non-polymerized tubu-

17


https://doi.org/10.1101/2020.05.20.106179
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.106179; this version posted May 20, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

lin and short microtubules. We discard the supernatant and carefully resuspend the pellet
in 800 pl. M2B-taxol (M2B buffer supplemented with 10 pM taxol (T7402, Merck)). By
keeping the central part of the microtubules biotin-free (see color code in Fig. 2a: biotin-
free microtubule in cyan and biotin labeled microtubule ends in green), we ensure that any
streptavidin molecules detaching from the beads cannot affect interaction measurements by
cross-linking the filaments.

For measurements in the microfluidic chip by optical trapping, we prepare four solutions
for the four different microfluidic channels as sketched in Fig. 2a: (I) We dilute streptavidin-
coated beads with an average diameter of 4.5 pm (PC-S-4.0, Kisker, Steinfurt, Germany)
1:83 with vimentin assembly buffer. (II) We dilute the vimentin IFs 1:667 with vimentin
assembly buffer. (III.) We dilute the resuspended microtubules 1:333 with CB. (IV.) We
combine suitable buffer conditions for microtubules and for vimentin IFs, respectively, to a
combination buffer (CB) containing 1 mM EGTA (03777, Merck), 2 mM magnesium chloride,
25 mM PIPES (9156.4, Carl Roth, Karlsruhe, Germany), 60 mM potassium chloride (6781.3,
Carl Roth) and 2 mM sodium phosphate (T879.1 and 4984.2, Carl Roth) at pH 7.5. We
include an oxygen scavenging system consisting of 1.2 mg/mL glucose (G7528, Merck), 0.04
mg/mL glucose oxidase (G6125-10KU, Merck), 0.008 mg/mL catalase (C9322-1G, Merck)
and 20 mM DTT (6908.2, Carl Roth). Additional 0.01 mM taxol (T1912-1MG, Merck)
stabilizes the microtubules. For measurements with TX100, we add 0.1 % (w/v) Triton-
X 100 (TX100; 3051.3, Carl Roth) and in case of measurements with a total magnesium
concentration of 20 mM, we add 18 mM MgCl,. We filter the solutions with a cellulose acetate

membrane filter with a pore size of 0.2 pm (7699822, Th. Geyer, Renningen, Germany).

Optical trapping experiment

We perform the OT experiments using a commercial setup (C-Trap, LUMICKS, Amsterdam,
The Netherlands) which is equipped with quadruple optical tweezers, a microfluidic chip and

a confocal microscope. Beads, microtubules, measuring buffer and IFs are flushed into four
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inlets to the microfluidic chip as sketched in Fig. 2a. For each measurement, four beads are
captured and then calibrated in the buffer channel using the thermal noise spectrum (Fig.
2al). One bead pair (beads 1 and 2) is moved to the vimentin IF channel and incubated
there until a filament binds to beads (Fig. 2all.). Meanwhile, the other bead pair (beads 3
and 4) is kept in the measuring buffer channel, so that no filaments adhere to those beads.
To capture a microtubule (Fig. 2alll.), beads 3 and 4 are moved to the microtubule channel,
while bead 1 and 2 stay in the measuring buffer channel. Once a microtubule is bound to
beads 3 and 4 and an IF to beads 1 and 2, the bead pair with the IF is horizontally turned by
90° (Supplementary Fig. 3a) and moved up in z-direction by 4.9 ym. The bead pair holding
the IF is moved in the x-y-plane so that the central part of the IF is positioned above the
center of the microtubule (Fig. 2alV. and Supplementary Fig. 3a). To bring the IF and
microtubule into contact, the IF is moved down in z-direction until the microtubule is pushed
into focus or slightly out of focus. The IF is moved perpendicularly to the microtubule in
the x-y-plane at 0.55 num/s, while we measure the forces in the z- and y-direction on bead
1. Simultaneously, we record confocal images to see whether an interaction occurs. In case
no interaction occurs after two movements in the z-y-plane, the IF is moved down in z-
direction by 0.4 pm and the movement in the z-y-plane is repeated. The experiment ends
when the microtubule breaks off the bead, or the IF or microtubule breaks. We measured
57 pairs of microtubules and vimentin IFs in CB, 38 pairs with TX100 and 36 pairs with
additional magnesium chloride. In total, we moved the IFs 744 times perpendicularly to
the microtubules in CB, 704 times in CB with TX100 and 542 times in CB with additional
magnesium chloride.

The OT data are processed with self-written Matlab (MathWorks, Natick, Massachusetts,
USA) scripts. For each filament pair, we analyze the component of the force Fy, acting on
bead 1 in the y-direction, since the forces in z-direction are balanced by the IF, as sketched
in Supplementary Fig. 3b. From the raw force data, we manually select the force data

containing an interaction. Due to interactions of the energy potentials of the different traps,
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some data sets exhibit a linear offset which we subtract from the data. From the interaction-
free force data, we determine the experimental error by calculating the standard deviation
in the force of the first 20 data points. We define an interaction as soon as the force Fy, as
shown in Fig. 2d deviates by more than 5o from the mean of the first 20 data points, where
or is the standard deviation of the force without interactions in each data set. The force
increases as shown for a typical measurement in Fig. 2d, until the interaction ends with a
fast force decrease as marked by AFy,. We do not take breaking forces below 0.5 pN into
account because they may be caused by force fluctuations. Since the force detection of trap
1 is the most accurate one in the setup, we analyze the force on bead 1 only. To determine
the total breaking force Fz, we multiply the force F, acting on bead 1 in y-direction with
a correction factor cp that is based on the geometry of the experiment. cr depends on the
distance between bead 1 and 2 dyr and the distance dip_yr from bead 1 to the contact point

of the IF and the microtubule as sketched in Supplementary Fig. 3c:

op = MT_ (3)
dIF-MT

For the total force F acting on the IF-microtubule bond, we get:
F, C = CFF 1y -
Thus, when an IF-microtubule bond breaks, the total force difference Fg is:

FB = CFAFly . (4)

Preparation of passivated cover glasses for TIRF experiments

We clean cover glasses (26x76 mm?, no. 1, Thermo Scientific) by successive chemical treat-
ments: (i) We incubate the cover glasses for 30 min in acetone and then (ii) for 15 min in

ethanol (96% denatured, 84836.360, VWR, Radnor, Pennsylvania, USA), (iii) rinse them
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with ultrapure water, (iv) leave them for 2 h in Hellmanex IIT (2% (v/v) in water, Hellma
Analytics, Miillheim, Germany), and (v) rinse them with ultrapure water. Subsequently,
we dry the cover glasses using nitrogen gas flow and incubate them for three days in a 1
mg/mL solution of 1:10 silane-PEG-biotin (PJK-1919, Creative PEG Works, Chapel Hill,
North Carolina, USA) and silane-PEG (30 kDa, PSB-2014, Creative PEG Works) in 96%
ethanol and 0.02% v/v hydrochloric acid, with gentle agitation at room temperature. We
subsequently wash the cover glasses in ethanol and ultrapure water, dry them with nitrogen

gas and store them at 4°C for a maximum of four weeks.

TIRF experiments

We use an inverted microscope (IX71, Olympus, Hamburg, Germany) in TIRF mode equipped
with a 488-nm laser (06-MLD, 240 mW, COBOLT, Solna, Sweden), a 561-nm laser (06-DPL,
100 mW, COBOLT) and an oil immersion TIRF objective (NA = 1.45, 150X, Olympus).
We observe microtubule dynamics by taking an image every 5 s for 15 — 45 min using the
CellSense software (Olympus) and a digital CMOS camera (ORCA-Flash4.0, Hamamatsu
Photonics, Hamamatsu, Japan).

For TIRF experiments, we build flow chambers from passivated cover glasses and double
sided tape (70 pm height, 0000P70PC3003, LiMA, Couzeix, France). We flush 50 pg/mL
neutravidin (A-2666, Invitrogen, Carlsbad, California, USA) in BRB80 into the chamber
and incubate for 30 s. To remove free neutravidin, we wash with BRB80. Afterwards, we
flush microtubule seeds diluted 300 x in BRB80 into the chamber and incubate for 1 min
before we remove free floating seeds by washing with BRB80 supplemented with 1% BSA.
Then, a mix containing 0.5 mg/mL (corresponding to 2.34 pM) vimentin tetramers (4%
ATTO-565-labeled), 20 pM or 25 pM tubulin (20% ATTO488-labelled), 0.65% BSA, 0.09%
methyl cellulose, 2 mM phosphate buffer, 2 mM MgCl,, 25 mM PIPES, 1 mM EGTA, 60
mM KCl, 20 mM DTT, 1.2 mg/mL glucose, 8 ng/mL catalase and 40 png/mL glucose oxidase,

pH 7.5, is perfused into the chamber. To avoid evaporation and convective flow, we close
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the chamber with vacuum grease and place it on the stage of the TIRF microscope that is
kept at 37°C.

From the TIRF movies, kymographs are created using the reslice function of ImageJ (Im-
ageJ V, version 2.0.0-rc-69/1.52p). From the kymographs, microtubule growth velocities,
catastrophe and rescue frequencies are estimated. We calculate the catastrophe frequency

for each experiment as

total number of catastrophe events

Jeatexp = total microtubule growth time

and the rescue frequency as

total number of rescue events

f resc —

total microtubule depolymerization time

The total growth time is 800-2000 min per condition, the total depolymerization time 50-70

min per condition.

Determination of vimentin filament length distributions

To measure the lengths of vimentin filaments (see Supplementary Fig. 1), we prepare five
1.5 mL reaction tubes with 15 pL of a mix of 2.3 pM vimentin tetramers in CB including
all additions as used for the TIRF experiments such as methyl cellulose, GTP and oxygen
scavenger (see previous section for the exact composition of the buffer). We then incubate
the mix at 37°C for 5, 10, 20, 30 or 45 min. The filament assembly is stopped by adding 25
volumes of buffer to the tubes. 5 pL of each diluted mix are then pipetted on a cover glass and
a second cover glass is placed on top. Images are taken with an inverted microscope (IX81,
Olympus) using the CellSense software (Olympus), a 60x oil-immersion PlanApoN objective
(Olympus) and an ORCA-Flash 4.0 camera (Hamamatsu Photonics). The filament lengths
are measured using the semi-automated JFilament 2D plugin (Lehigh University, Bethlehem,

PA, USA, version 1.02) for ImageJ (version 2.0.0-rc-69/1.52p).
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Modeling

Parameters for optical trapping experiments and modeling

Table 1: Parameters obtained from OT experiments (E), from modeling (M) and from

literature (L).

Parameter

Description

Value E/M/L

b(t)

AGIF—MT

AC:IF—MT,TXlOO

AGrr-MmT,Mg

dIF

Fp

Probability that an IF-microtubule
bond is closed

[F-microtubule bond energy in pure
CB

[F-microtubule bond energy with ad-
ditional TX100

[F-microtubule bond energy with ad-
ditional magnesium chloride

Length of the filament between the IF-
microtubule interaction junction and
bead 3 in OT experiments as sketched
in Supplementary Fig. 3c

Binding activation energy of an IF-
microtubule bond

Unbinding activation energy of an IF-
microtubule bond

Density function of the exponential
distribution to determine the time
(un-)bindung of an IF-microtubule
bond

Breaking force in OT experiments

23
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F, Force increase during entropic stretch- M
ing of a vimentin IF

kp Boltzmann constant 1.38-107% J/K L6

A Mean time until an (un-)binding event M

of an [F-microtubule bond

L¢ Contour length of a vimentin IF E
Lp Persistence length of a vimentin IF 1.5 pm L5865
n; Total number of IF-microtubule inter- E

actions of OT experiments in a specific

buffer

o(t) Probability that a bond closes at a cer- M
tain time ¢

Pu(t) Probability that a bond unbinds at a M

certain time ¢

5,0 Constant prefactor of the binding rate M
ro(t)

T off Effective binding rate in pure CB 1.07-1072 57! E

T'b off TX100 Effective binding rate with additional — 0.56 - 1072 s~ ! E
TX100

T'b off Mg Effective binding rate with additional 1.3-1072 57! E

magnesium chloride
() Force-dependent binding rate of a vi- M

mentin IF and a microtubule

Tu,0 Constant prefactor of the unbinding M
rate 1, (t)
Teff Effective unbinding rate in pure CB (0.11 £0.10) s7* M
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T off TX100 Effective unbinding rate with addi- (0.26 4 0.20) s ! M
tional TX100

T yeff, Mg Effective unbinding rate with addi- (0.15 £ 0.08) s7! M
tional magnesium chloride

Tu(t) Force-dependent unbinding rate of a M
microtubule and a vimentin IF

t Time E, M

t* Duration of entropic stretching of a vi- M
mentin IF in OT experiments

ty Time wuntil binding of an IF- E, M
microtubule bond

teont Total time in which the IF and micro- E
tubule are unbound in OT experiments

in a certain buffer

ty Duration of a closed IF-microtubule E, M
bond

dt Discretization time step 0.05s M

T Time scale of force decrease in OT ex- 0.1s E, M
periments

T Temperature E, M

v Velocity of the lowest bead 3 as 0.55 pm/s E

sketched in Supplementary Fig. 3 dur-

ing OT experiments

w Final constant loading rate in OT ex- E
periments
x End-to-end distance of a vimentin IF E, M

25


https://doi.org/10.1101/2020.05.20.106179
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.106179; this version posted May 20, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ty, Distance from bound to transition (0.17 £ 0.05) nm M
state in pure CB

L0y, TX100 Distance from bound to transition (0.23 +0.13) nm M
state with additional TX100

Ty Mg Distance from bound to transition (0.08 % 0.08) nm M
state with additional magnesium chlo-

ride

Two-state model for IF-microtubule interactions

We model IF-microtubule interactions as single molecular bonds to understand the force-
dependent behavior in different buffer conditions. The bond can either be in a closed or in an
open state with force-dependent stochastic transitions between these two states, as sketched
in Fig. 4b. In the experiment, we move the IF with a constant speed v perpendicularly to

the microtubule, as shown in Fig. 2b and Supplementary Fig. 3a. Once the bond closes,

58,65

the IF with an average persistence length of Lp = 1.5 pm is stretched to its full contour

length L. Thus, the entropic force F, relates to the end-to-end distance o = vt as3™38

T 2LpF, kT
 _ coth _
e ( kT ) 2LpF, (5)

with the Boltzmann constant kg and the temperature T. dir is the length of the filament
between the IF-microtubule junction and bead 3 as sketched in Supplementary Fig. 3c.

In the simulation, we assume a linear force increase from time ¢t* on.3?%° The linear force
increase is set by the experimental force rate w, which we determine from a linear fit to the

second half of the experimental force data of each interaction. t* is determined as the time

dFe

when the force increase o

due to a decreasing entropy is the same as the experimental force

aF. .
dt* -

rate w, i.e. w =

26


https://doi.org/10.1101/2020.05.20.106179
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.106179; this version posted May 20, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

F.(x =wvt) for t <t
F(t) = : (6)
wt for t > t*

Once the bond breaks at a force Fp after a time t,, we assume an exponential force

relaxation on a characteristic time scale of 7:

F(t) = Fpexp(—(t —t,)/7) for t > t,. (7)

We indeed observe a fast, exponential-like force decay in our experiments. However, the
time resolution is not sufficient to fit 7 precisely. We set 7 = 0.1 s as this results in force
versus time curves similar to our experiments.

All variables with the index b refer the binding process and the index u represents the
unbinding process. We describe the force-dependent binding and unbinding rates as follows:
We assume that the binding and unbinding rates r,(t) and r,(t), respectively, depend on a
reaction prefactor 74,/.,0, the activation energy for binding or unbinding F 45/4,, the thermal

energy kg1 and the potential width of the two states xb/u:41

—F —F(t)x —FE F(t)x,
r(t) = 750 €Xp ( kB;b) - exp (%) ,Tu(t) = Ty exp (@—’%) - exp (kEB—)T) . (8)

The force-independent parameters 73,/,,0 and Ep/4, result in an effective zero-force rate

—E ap)au )

Tbeff/u.eff = Tb,0/u,0 €XP < T
B

in which 7y, e can be determined from the experimental data in Fig. 3c, e and g: We calculate
the total contact time .oyt of the IF and microtubule without an interaction and the number

of initiated interactions n; between IFs and microtubules from the experimental data:
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1
Tpeff =
tcont

If we assume the same prefactor for the binding or unbinding process, i.e. 75,9 = 7,,0,* the
ratio of two effective binding or unbinding rates for different experimental buffer conditions 1
and 2, or two different states (bound, unbound) sheds light on the differences in the activation
energies for these buffer conditions or states. For the binding rates for two different buffer
conditions, the activation energy difference is:

Tbeff,1 exXp (%)

Tpeff,1
= - = kgTIn (L) =FEapo— Eapa s (9)
Tb,eﬂ,2 exp (7141—’41&:'2> rb,ef‘f,?

B

and likewise for the rates for the unbound state.

In the same way, we can calculate the absolute energy difference AGip.yt between the

bound and unbound state for the same buffer condition:*!

AGIF—MT == —k?BTIIl <Tu—7eff> . (10)

T'peff

Here, the sum of the potential widths x; 4+ x, nm provides the total distance between the
bound and unbound state, which we assume to be the same for all experimental conditions.
The rate equations in Eq. (8) ensure that detailed balance is satisfied.*!

Thus, from these considerations and from the experiment, we know L¢, w, 7 and 7y o,
but neither 7, nor z, or x,. We simulate the binding and unbinding reactions for the
known parameters and vary z, from 0 nm up to 0.9 nm in steps of 0.01 nm and 7.g, from
0.02 up to 0.6 s~! in steps of 0.01 s~. We determine x; by calculating x, = 0.4nm — z,,
since the maximum value of z, is below 0.4 nm.

The binding and unbinding process cannot be described in a closed analytical expression
due to the time dependence in the exponential expression of the reaction rates.% Therefore,

we consider two different approaches to determine the breaking force histograms which we
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compare to the experimental data: (i) We solve the rate equations directly numerically,
which is the fastest way to calculate the force histograms. (ii) We simulate the force-time
trajectories of single bonds, which allows us to directly compare single simulated trajectories
to our experimental data. Both approaches result in the same force histograms as shown in

Fig. 3c, e and g.

Numerical solution of the two-state Model

To solve the rate equations in Eq. (8) numerically, we define b(¢) as the probability that the

[F-microtubule bond is closed. Thus, the temporal behavior of b can be described as:

db

3 = ~Ta(t) - b(8) + re(t)(1 = b(2)), (11)
= —b(t)ry cf €Xp (Fki);fu> + (1 = b(t))rpemexp (%) ) (12)

We solve numerically for b(t) with the Matlab function ode45. To obtain a histogram of
breaking forces, we differentiate b(t) with respect to ¢ and, thus, determine the probability

pu(t) that the IF and microtubule unbind at a certain time ¢:

db

To calculate the probability-force diagram, which we know from experiments, we deter-

mine p, as a function of F, i.e. p,(t(F)) by inverting F'(¢) as described in Eq. (6).

Monte-Carlo simulation of single molecular bonds described by the

two-state model

To obtain single force-time trajectories of an IF-microtubule bond, we simulate the binding

and unbinding process in several steps: (i) The time until an individual binding event is
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determined by choosing a random time ¢, from an exponential distribution with the density

function f(¢) and a mean value of A\ = (r(¢, F = 0))~1:67:68

f(t) = Aexp(=At).

The bond is now closed after time ¢,. The force starts to increase as described in Eq.
(6). (ii) As the unbinding rate depends on the force, which increases with time, the mean
(ro(F(t)))~! of the exponentially distributed unbinding time t,, changes with increasing force.
Thus, it is not straightforward to determine the time until unbinding with a single step as
in (i). Instead, we split ¢, into small time intervals dt. We set dt = 0.05 s as a compromise
between accuracy and computation time, which is the same as the experimental time resolu-
tion. The time is increased in steps of d¢ and after each step, the unbinding rate is evaluated.
The probability p, that the bond breaks in the considered time interval is p, = 7, (F(t))dt,
where we approximate the exponentially increasing unbinding rate as a constant for small dt.
If a random number drawn from a uniform distribution between 0 and 1 is greater than p,,
the bond stays closed, otherwise it opens. If the bond remains closed, the time is increased
by dt, the force is updated and step (ii) is repeated until the bond breaks. (iii) Once the
bond breaks, the force decreases as described by Eq. (7). Since the bond can close with
a force-dependent rate while the force decays, the time is increased stepwise again and the
probability to rebind is evaluated as in step (ii) with p, = 7(¢, F'(¢))dt. If the force decreases
to a value below 0.001 pN, the force is set to 0 pN and the algorithm is repeated starting at
step (i).

As the IFs and microtubules have slightly different lengths for different measurements,
the force rate differs between the experiments. To account for these different rates, we run
the simulation until 1000 breaking events are recorded for each experimental force rate w.
The final distribution of breaking forces results from the normalized sum of distributions of

breaking forces for all force rates. This final distribution is compared to the experimental data
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with the Kolmogorov-Smirnov test.® If the experimental and the simulated distributions do
not differ more than allowed for a 5% significance level,® we accept the parameters 7, o
and x, as shown in Fig. 4a. To calculate the energy diagram in Fig. 4b, we determine
the centroids of the accepted parameter regions in Fig. 4a. We determine the standard
deviations from the distributions in Fig. 4a assuming that r, s and z, are independent.
The simulated breaking force histograms do not depend on the exact value of x; in the range
of 0.2 to 1.5 nm since 7, ¢ dominates the force-dependent term in Eq. (1). We do not observe
a sufficient number of rebinding events under force to determine x;, from the experiment.

For clarity, xp + z,, is set to 0.4 nm in Fig. 4.

Parameters for TIRF experiments, modeling and simulations

Table 2: Parameters obtained from OT experiments (O), from TIRF experiments (T), from
modeling of TIRF experiments (M), simulation input parameters (I) and parameters known
from literature (L).

Parameter Description Value O/T/M/I/L
arg Diameter of a vimentin IF 11 nm 160
d Dimensions in which a vimentin fila- 3 M

ment can diffuse during TIRF experi-
ments
D Average diffusion coefficient of a vi- LM
mentin filament in the TIRF experi-
ment
AGrr.mt  Association energy of a vimentin IF to (2.3 +1.3) kgT O
a microtubule
AGiatd Lateral association energy of a GDP 1.5 kgT 1

dimer
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AGhatt Lateral association energy of a GTP 3.5 kT I
dimer
AGy, Total average energy of a tubulin 5.1 kgT (20 O, T,M

dimer in the microtubule lattice before ~ pM), 5.2 kgT

catastrophe (25 pM)

feat, exp Experimentally observed catastrophe 0.123 min~! (20 T
frequency of microtubules with sur- nM), 0.107
rounding vimentin [Fs min~! (25 uM)

feat, m-mr  Catastrophe frequency of microtubules M

while interacting with a vimentin IF

feat, MT Experimentally observed catastrophe 0.180 min~! (20 T
frequency of microtubules nM), 0.156

min~! (25 pM)

Jrese Simulation rescue frequency at 25 pM 0.03 s7! I
tubulin without IFs

frese, IF Simulation rescue frequency at 25 nM 0.17 s71 I
tubulin with IFs

¢ Mesh size of the vimentin network in 0.63 pm E, L3271

TIRF experiments

n Viscosity of sample studied in TIRF 3 mPas L™
experiments
I length of a vimentin IF monomer when 42 nm L,60

incorporated in a filament

Lp Persistence length of a vimentin IF 1.5 pm L5865
n Number of lateral neighbors of a tubu- I
lin dimer
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nig

nvr

DPov

Pgeo

Di

Tb,md

Tdd,0

Tat,0

Number of monomers of a vimentin IF
which may interact with a microtubule
when the IF and microtubule are in
contact

Number tubulin dimers which may in-
teract with a vimentin monomer when
the IF and microtubule are in contact
Number of protofilaments in a simu-
lated microtubule

Percentage of time a vimentin filament
spends at the bottom of a certain vol-
ume

Probability that a vimentin monomer
is in contact with a tubulin dimer dur-
ing a TIRF experiment

Probability that a vimentin monomer
interacts with a tubulin dimer
Random number between 0 and 1
Binding rate per vimentin monomer
and tubulin dimer

Collision rate of a vimentin monomer
and a tubulin dimer
Depolymerization rate of a GDP dimer
without lateral neighbors
Depolymerization rate of a GTP dimer

without lateral neighbors

33
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Tdd

Tat

Thy

T

T'g,20

7dg,25

Td

Vg

Depolymerization rate of a GDP dimer
taking the number of neighbor dimers
into account

Depolymerization rate of a GTP dimer
taking the number of neighbor dimers
into account

Hydrolysis rate of GTP dimers
Interaction rate of IFs and micro-
tubules in the TIRF experiments
Polymerization rate of GTP dimers per
protofilament for 20 pM free tubulin
concentration

Polymerization rate of GTP dimers per
protofilament for 25 pM free tubulin
concentration

Any reaction rate in simulation

Time

Time it takes a filament to diffuse
through a certain volume
Approximate velocity of a diffusing vi-
mentin IF in a certain volume

Random number between 0 and 1

7 st
0.07 s71

1.3s7!

22571

M, 1,74

Model of a dynamic microtubule

We base our model of a dynamic microtubule on Refs. 20 and 26 and run Monte-Carlo

simulations with a self-written Python code (Beaverton, Oregon, USA) to obtain simulated

kymographs. We assume a microtubule lattice with n,s = 13 protofilaments that has a

34


https://doi.org/10.1101/2020.05.20.106179
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.106179; this version posted May 20, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

helical pitch of 3 monomers per turn as sketched in Fig. 5a. Thus, there is a seam formed
by protofilaments 1 and 13, which are displaced by 1.5 dimers. All dimers incorporated in
the lattice interact with two lateral and two longitudinal dimer positions. At the seam, the
dimers interact with two half dimers across the seam. The microtubule is represented by a
matrix in the simulation and the state of the dimer is entered at a corresponding position in
the matrix. A dimer position can be either unoccupied or occupied by a GTP dimer (purple
in Fig. 5a, b), a GDP dimer (blue in Fig. 5a, b) or a GMPCPP-dimer (green in Fig. 5a,
b). We set the first three dimer layers to GMPCPP dimers, which represent the seed in
the experiment. The GMPCPP dimers cannot depolymerize. To avoid artifacts from the
starting conditions, we start the simulations with a microtubule consisting of 30 layers of
GDP dimers, which have four layers of GTP dimers on top representing the tip.2°

To simulate microtubule dynamics, we determine four different reaction rates (i-iv) as
sketched in Fig. 5a (top): (i) The polymerization rate r, when a GTP dimer binds to the
tip of the microtubule, (ii) the depolymerization rate r4 of a GTP dimer when a GTP dimer
falls off the lattice, (iii) the hydrolysis rate ry, of a GTP dimer to a GDP dimer and (iv) the
depolymerization rate ryqy of GDP dimers. Since we use a buffer which is also compatible
with vimentin filament assembly, these simulation parameters differ from the parameters
used in literature.?%2%7 We summarize all important simulation parameters in Table 2. We
calculate the different reaction rates (i-iv) as follows:

(i) The polymerization rate for GTP dimers is concentration dependent.?’ To match

the growth rate to the experimentally observed one, we set it to r,2 = 1.3 dimers s

per protofilament for 20 pM free tubulin concentration and to r, 25 = 2.2 dimers s~ per
protofilament for 25 pM free tubulin concentration.

(ii)/(iv) The depolymerization rate of GTP and GDP dimers depends on the number of
lateral neighbors n. For each lateral dimer, the depolymerization rate is lowered by a factor

of exp(—AGiatt/1ata) due to the change in total bond energy AGu. = 3.5 kg1 for a GTP
dimer and AGjaq = 1.5 kT for a GDP dimer:?°
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(13)

_nAGlatt/latd
kT ’

Tdat/dd = Tdt/dd,0 €XP (

For no lateral dimers, we assume an unbinding rate of 740 = 9.93 - 10~* s~! for GTP and
Tago = 643 s7! for GDP. We assume that only the dimers at the tip of a protofilament can
depolymerize. 26

(iii) We set the hydrolysis rate to 7 s™' to obtain a tip size which results in the same
change in catastrophe frequency as observed in our experiments. This rate is on the same
order of magnitude as assumed in Ref. 20. A dimer can only hydrolyze, if it has a neighbor
in the same protofilament towards the direction of growth.?%?¢ Since we do not observe
rescue in our experiments for a free tubulin concentration of 20 pM and the precise reason

75

for rescue is unknown,” we assume that the rapidly disassembling microtuble is “locked”

in the disassembly state and no rescue occurs because GTP dimers polymerize faster then
GDP dimers depolymerize.”™ Yet, we observe rescue at a concentration of 25 pM, which we
implement in our simulation as occurring with a rate of frese = 0.03 s71.7

To simulate a kymograph of a dynamic microtubule, we calculate all possible reaction
rates. For each possible reaction with rate R, a random number z between 0 and 1 is drawn,

with which we determine the time until the next realization of a certain reaction: 2067

—Inz

R

t=

(14)

The reaction with the smallest time is set to be the next occurring reaction. The mi-
crotubule matrix containing the dimer states is updated correspondingly as shown for a
snapshot of a typical microtubule configuration in Fig. 5b. We run 100 simulations for a
total simulated time of 900 s each to obtain comparable amounts of experimental and simu-
lated data. We record the length of the shortest protofilament during the simulation, which
results in simulated kymographs. We plot typical simulated kymographs in Fig. 5c¢ (left)

for 20 pM free tubulin without surrounding vimentin and in Fig. 5c (right) for 25 pM free
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tubulin with surrounding vimentin.

Model of a dynamic microtubule stabilized by IFs

Our OT experiments show that IFs directly interact with microtubules. By comparing the
binding and unbinding rates, we determine the energy difference AGp.\r between the bound
and unbound state of the IF-microtubule interactions. Thus, if an IF binds to a microtubule
dimer, the total binding energy of the dimer in the microtubule lattice is increased by

AGrr.mT, which lowers the total energy sum in the exponential term of Eq. (13):

_nAGlatt/latd - AGIF-MT ) (15)

Tdt/dd = Tdt,0/dd,0 €XP ( kT
From the OT experiments, we know the binding rate of I[Fs and microtubules. To estimate
the collision rate of IFs and microtubules in the TIRF experiment, we determine the binding
rate for one vimentin monomer and one tubulin dimer 74 ,,4 from 13 ¢¢. To do so, we normalize
the binding rate 7,4 by the number of possibly interacting vimentin monomers np and
tubulin dimers nyr:
T'b eff

Tvmd = — o >
MIFNMT] -

where v is the velocity of the IF moving perpendicular to the microtubule and [,, is the length
of a vimentin IF monomer incorporated in the filament. v/l,, is the rate of nip vimentin
monomers which may interact with the microtubule during this movement. Note that 7y, is
unitless and can also be understood as the probability of a vimentin monomer and a tubulin
dimer to interact.

We calculate the average diffusive velocity vy of a vimentin filament in the TIRF ex-
periment by determining the mesh size ( = 0.63 pm from the protein concentration of the
vimentin network "™ and the time 7, it takes for a filament to diffuse through a volume of ¢3.

The estimated viscosity "®  ~ 3 mPas of the sample in TIRF experiments deviates from the
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viscosity of water, since the sample in TIRF experiments contains 0.09% methylcellulose.
The diameter”” ajp of a vimentin filament is 11 nm. The diffusion occurs in three dimen-
sions d = 3 with a diffusion coefficient™ of D = kT In(¢/arr)/(37¢(n). We determine the

approximate diffusive velocity:

- ¢ _¢2dD _ 2dkpTIn(¢/arr)
T (3mn

Since the vimentin filaments form a network and not all tubulin dimers are in touch with
a filament at the same time, we calculate the geometric probability pge, of a dimer to be
in contact with an IF pge, = 6arr/¢ = 0.105. A vimentin filament can only interact with a
microtubule with a diameter of dy;r &~ 25 nm, see Ref. 73, at the bottom of the sample, so
that only pyy = dyr/¢ = 0.04 of the total volume are relevant for interactions. Together
with the binding rate 7y ,,q4 from the OT experiments, we obtain an interaction rate r; of IFs

and microtubules in the TIRF experiments:

Vg
Ti = T'bmdMIFTIMT l_pgeopr
m
o Tbeff Vq
= ———— " TUFNMT 7 PgeoPbV
MIFNMT ] - lm,

T'peff 1
= Tvdpgeopbv ~0.07s .

We calculate the probability p; that an IF is bound to a microtubule by assuming an

equilibrium between binding and unbinding IFs:

7”1'(1 - pi) = Tu,effPi -

The unbinding rate is determined from OT experiments as well. We find p; ~ 40%.
Consequently, in our simulation, we draw a random number r between 0 and 1 and if r» < p;,

the depolymerization rate changes as described in Eq. (15). If > p;, the depolymerization
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rate remains unchanged.

The additional binding energy of IFs to microtubules also decreases the depolymerization
rate of potential rescue sites, thus, rescue occurs more often. Thus, the frequency for rescue
sites with surrounding vimentin filaments increases from fresc = 0.03 s71 t0 frese, 1r = 0.17
s~!. The rescue frequency of microtubules with surrounding filaments is lower than we would
expect if we calculate fresc exp(AGrmt/ksT) s7! = 0.3 s71, however, in the same order of
magnitude. Our model is probably too simple to describe this discrepancy arising from the
poorly understood rescue process. "

We do not observe binding of the IFs to tubulin dimers as Fig. 1b suggests, thus, the

term for the growth rate remains unchanged.

Estimate of tubulin dimer binding energy by combining results from

optical trapping and TIRF experiments

We can estimate the tubulin dimer binding energy by combining the results from OT and
TIRF experiments. First, we calculate the catastrophe frequency feas, vt 0f @ microtubule
when a vimentin filament continuously interacts with all dimers. We know the experimentally
observed catastrophe frequency without vimentin in solution fea vt and with vimentin in
solution feat exp from the TIRF experiments. The observed catastrophe frequency in presence
of vimentin results from a combination of microtubules which are in contact with a vimentin
IF and which are not in contact with an IF. The probability that a microtubule monomer and
a vimentin IF are in contact is p;. Thus, the observed catastrophe rate fea; exp in presence of
vimentin IFs and the catastrophe rate fea, v for microtubules continuously interacting

with a vimentin IF are:
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featexp = (1 — ;) feat, M1 + Di feat, t-MT

caex_l_ica s -
Jeat, IR-MT = Jeatenp = (1 = Pi) fout, ~ 0.039min"! for 20 pM and 0.035 min~! for 25 pM.

Di

During depolymerization of the microtubule, the additional energy of a GTP dimer in the
microtubule lattice AGy, is released. Therefore, we assume that the only energy difference
between the dimer, which is incorporated in an microtubule and which unbinds from an
IF monomer in the OT experiments, and the last dimer, which depolymerizes just before
an microtubule catastrophe in the TIRF experiments, is AGy,. Thus, we can combine the
catastrophe rates from TIRF experiments and the unbinding rates of the OT experiments

to calculate AGy:

Ty eff Ath)
— = eX , 16
Jeat,IP-MT P ( kT (16)
AGy = kgTIn (ﬂ) ~ 5.1 kgT for 20 pM and 5.2 kgT for 25 pM.
fcat,IF—MT
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