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Abstract

Actin and microtubule filaments, with their auxiliary proteins, enable the cytoskeleton to carry out vital
processes in the cell by tuning the organizational and mechanical properties of the network. Despite their
critical importance and interactions in cells, we are only beginning to uncover information about the
composite network. The challenge is due to the high complexity of combining actin, microtubules, and
their hundreds of known associated proteins. Here, we use fluorescence microscopy, fluctuation, and
cross-correlation analysis to examine the role of actin and microtubules in the presence of an antiparallel
microtubule crosslinker, MAP65, and a generic, strong actin crosslinker, biotin-NeutrAvidin. For a fixed
ratio of actin and microtubule filaments, we vary the amount of each crosslinker and measure the
organization and fluctuations of the filaments. We find that the microtubule crosslinker plays the principle
role in the organization of the system, while, actin crosslinking dictates the mobility of the filaments. We
have previously demonstrated that the fluctuations of filaments are related to the mechanics, implying that
actin crosslinking controls the mechanical properties of the network, independent of the microtubule-
driven re-organization.

Introduction

The cytoskeleton is composed of interacting biopolymer filaments that regulate the spatial organization
and mechanical properties of the cell. Actin filaments are composed of two protofilaments made from
actin monomers, helically twisted with a diameter of 7 nm and a persistence length of 10 gm '3. Actin
filaments and their actin binding proteins (ABPs) govern cell migration, contraction, and cell signaling *.
Microtubules are composed of tubulin protein dimers that form a lattice of 13 protofilaments that roll into
a tube to create a hollow cylinder structure with an outer diameter of 25 nm and a persistence length of
Imm 7. Microtubules, the microtubule associated proteins (MAPs), and enzymes control intracellular
transport, mitotic spindle formation, and cellular organization. The distinct structures and physical
properties of these cytoskeletal subunits enable the cell to maintain its integrity during cell growth,
differentiation, division, and motility 2.

Characterizing the dynamics and mechanics of composite cytoskeletal networks is important for both
biological and synthetic applications. On the biological front, intracellular experimental are complex and
uncontrolled. Clean, reproducible in vitro experiments enable the elucidation of fundamental principles of
cytoskeletal organization and mechanics #'°. From a synthetic materials view, cellular composite
networks inspire the design and fabrication of smart synthetic and biomimetic materials with tunable
mechanical properties 12,
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Most of the studies of in vitro reconstitution of cytoskeletal filaments have been conducted in a network
of either actin or microtubule filaments. The mechanics and dynamics of co-entangled and crosslinked
actin networks have been characterized in the presence of various crosslinkers with different structures
and strength, such as alpha-actinin, fascin, palladin, arp 2/3, arg, filaminA, and biotin-NeutrAvidin '3-22, Tt
has been shown that actin crosslinkers can increase elasticity and stiffness of the network and lead to the
formation of actin bundles 18192324 Microtubule network organization and mechanics have also been
explored in the presence of MAP65, Asel, PRCI, biotin-NeutrAvidin, and active crosslinkers like various
types of kinesin motors with different movement direction and speed 3253, The viscoelasticity
measurements showed that entangled microtubule networks are soft elastic solids while intermediate
amounts of crosslinkers make a stiffer gel of filaments 4°.

Despite their biological relevance, few studies have explored composite networks of actin and
microtubule filaments. These studies have shown that the interactions between these filaments lead to
unexpected emergent properties '441-33, For example, we have previously shown that actin filaments,
rather than microtubules, govern the microscale elasticity and mobility of actin-microtubule composite
networks comprised of equal molar ratios of actin monomers and tubulin dimers '*!44. We showed that
this effect was due to the smaller mesh size of the network of actin filaments compared to that of the
microtubules in the composite'4. Here, we sought to examine networks with more comparable mesh sizes
from similar total filament lengths. Using a fixed ratio of actin to microtubules, we independently varied
the actin and microtubule crosslinkers. We used biotin-NeutrAvidin to permanently crosslink actin
filaments, and MAP65 to transiently crosslink microtubules. We found that actin crosslinkers tune the
mobility of the composite network: actin becomes less mobile, while microtubules become more mobile.
Microtubule crosslinkers, on the other hand, control the co-localization of actin and microtubule filaments
in the composite network.

Materials and Methods

Rabbit skeletal actin, biotinylated actin, and rhodamine-labeled actin were purchased from Cytoskeleton
(AKL99, AB07, ARO0S) and resuspended at 2 mg/ml, 1 mg/ml, and 1.5 mg/ml, respectively, in Ca Buffer
G (2 mM Tris pH 8.0, 0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl,) and stored at -80°C. Lyophilized
porcine brain tubulin, biotinylated tubulin, fluorescent HiLyte 488-labeled tubulin, and fluorescent HiLyte
647 tubulin were purchased from Cytoskeleton (T240, T33P, TL488M, TL670M). Porcine tubulin and
biotinylated tubulin were resuspended to 5 mg/ml in PEM-100 [100 mM PIPES (pH 6.8), 2 mM MgCl,, 2
mM EGTA] and stored at - 80°C. HiLyte 488 or 647-labeled tubulin was resuspended to 5 mg/ml using a
ratio of 1:10 fluorescent labeled tubulin:unlabeled-tubulin in PEM-100 and stored at -80°C.

Two different types of crosslinkers were used in composite networks of actin and microtubules. To
crosslink actin filaments, biotin-NeutrAvidin crosslinker complexes were prepared according to
previously published protocols 1314, To crosslink microtubule filaments, GFP labeled and unlabeled
MAPG65-1 was used that was expressed and purified from bacteria as previously described 36343,

Composite networks were made by mixing tubulin, G-actin, and crosslinkers in PEM-100 solution. For
visualization, biotinylated, rhodamine labeled actin filaments were pre-polymerized in PEM-100 and 2
mM ATP by incubation for 1 hour in room temperature. To visualize microtubules, all filaments were
labeled with HiLyte 488 or HiLyte 647. Pre-polymerized, rhodamine-labeled actin filaments were
prepared at 5 uM with 1:1 rhodamine labeled actin:unlabeled actin monomer ratio and 0, 0.04, 0.08, or
0.16 biotin-actin:total actin monomer ratio. A mixture of unlabeled and HiLyte 488-labeled or HiLyte
647-labeled tubulin (with 3:100 labeled:unlabeled tubulin, 9.1 uM total), unlabeled actin monomer (1.43
uM final concentration) and pre-polymerized rhodamine labeled actin filaments (1.43 4M final
concentration) were added to the PEM-100 buffer with 1 mM ATP, I mM GTP and 5 uM Taxol. Oxygen
scavenging agents (4.5 mg/ml glucose, 4.3 mg/ml glucose oxidase, 0.7 mg/ml catalase, and 0.5% [3-
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mercaptoethanol,) were added to the solution to inhibit photobleaching. Additionally, 0.025% Tween was
included to block the chamber surface from protein binding. The mixture was pipetted into a ~10 uLL
sample chamber made of a glass slide and cover slip attached via permanent double stick tape (3M). The
ends were sealed by epoxy and the sample chamber incubated at 37°C for 30 minutes to form the
composite network.

At the concentrations of actin and tubulin proteins used, 1.4 uM and 9.1 uM, respectively, the mesh size
of actin and microtubule networks are estimated as &, = 0.3/c,"? = 1.22 um and &, = 0.89/c;"> = 0.89 um,
respectively, where ¢, and ¢y are the actin and tubulin concentrations in units of mg/ml 38, We can
estimate the total polymer length in our 10 ul experimental chamber from the concentrations and known
geometries of the filaments. For actin, we estimate that there are 27 actin monomers in a 72 nm length of
actin filament. Given the concentration of 1.4 uM, we estimate the total polymer length, when all actin
monomers go into polymer form to be 2.4 x 10* m. For microtubules, we estimate that there are 13
dimers for a 12 nm length of filament. Given the concentration of 9.1 uM, we estimate the total polymer
length, when all tubulin dimers are polymerized to be 5 x 10* m. These two total polymer lengths are the
same order of magnitude, so we conclude that the total polymer length present is approximately one-to-
one. In all of the presented data, the total molar concentration of actin and tubulin were fixed while the
crosslinker concentrations varied. NeutrAvidin:actin molar ratios of R =0, 0.02, 0.04, and 0.08 were
examined for actin crosslinking. For microtubules, three different percentages of MAP65, 0%, 3%, and
10%, were tested. The % represents the percentage of tubulin dimers that are bound to MAP65
crosslinkers. The percent bound was determined from the known equilibrium dissociation constant, as
previously described 2°. We specifically use different nomenclature for the amount of actin and
microtubule crosslinkers because this is the nomenclature from prior literature 1314253 and to make it less
confusing about which filament crosslinker we are referring.

We use a Nikon Ti-E inverted microscope with a 60x water immersion objective (NA = 1.38) with
scientific-CMOS camera (Zyla). The pixel size was 108 nm/pixel and the diffraction limit was around 300
nm, roughly corresponding to 3 pixels. The microscope can record 2048x2048 images in green and red
channels alternatively to visualize fluorescent HiLyte 488-labeled microtubules and rhodamine labeled
actin filaments. For each experiment at a specified actin and microtubule crosslinker ratio, 5-10 time
series were recorded that were 1 to 1.5 minutes each. The exposure time was 60 ms and 100 ms for the
green and red channels, respectively.

To quantify the mobility of the composite network, FIJI/Image] was used to analyze each channel
separately, as described previously >4, Briefly, the standard deviation and average of the intensity of an
image series were measured. Then the mean values of each channel were measured and used to calculate
<¢>/<I> where <J> is the average standard deviation of intensity measurement over the entire time
series and </> is the average intensity mean over time series. These measurements were calculated for
the actin and microtubule fluorescence channels separately. The value of this ratio determined the
mobility of actin and microtubule filaments within each composite network.

To characterize the co-localization of microtubules and actin filaments, we calculated the cross
correlation between microtubule and actin fluorescence channels for the same location and time. For each
image of the same region in the chamber recorded from the actin channel and the microtubule channel, we
can calculate the local normalized cross-correlation value for a region of n pixels. The definition of
normalized cross correlation is:

1 Ia ), _alm ), — Mm
<1a*1m>=gz (a(x,y) — 1) Im(%,Y) — tm)

Eq1l

X,y 0q0m

where I,(x,y) and I,(x,y) are the intensity values for the x and y coordinates of the selected, corresponding
regions of interest over which the normalized cross correlation is calculated. The parameters u, and u,,
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are the mean intensity values, and o, and g,, are the standard deviations of intensities for the same region.
This definition of normalized cross correlation returned values between -1 and +1, where +1 values
denote high correlation between the actin and microtubule images and were depicted in white, -1 values
indicated anti-correlation between the actin and microtubule images and were depicted in black;
intermediate scaled linearly in grey.

We can use this definition of the normalized cross-correlation function to create correlation maps, which
are images that show where the actin and microtubule images are highly correlation (white) or anti-
correlations (black). We created these maps by sweeping a square window to selection the region over
which we calculated the normalized cross correlation. The interrogation window, defined by
characteristic size d, contained (2d + 1)? pixels. Correlation maps could be created using different window
sizes, calculating the normalized cross correlation (Eq. 1) over the n = (2d + 1)? pixels, and assigning the
central pixel of the window with the correlation value. The borders of the correlation map were trimmed
by removing d pixels from the borders as this method leaves a frame of uncalculated pixel values *.

We used different interrogation window sizes to calculate correlation maps and determine the optimal
window size, d, based on the diffraction limitation of optical microscopy and the quality of the resulting
image. In order to compare between experiments, we averaged the correlation values from the entire
correlation map to give a single number for the normalized cross correlation of one set of actin and
microtubule images.

Results and Discussion

To assess the dynamics of the composite network of actin and microtubule filaments, we co-polymerized
actin filaments and microtubules so as to have similar total polymer length and mesh sizes. We
systematically altered the actin crosslinkers:actin monomers ratio, R, and the percentage of tubulin dimers
bound to MAP6S5 crosslinkers (%). These control parameters resulted in altered arrangements of the
network structure and tuned the mobility of the networks.

Composite network without actin crosslinkers

We first looked at the mobility of a composite network of actin and microtubule filaments with no actin
crosslinkers present. To crosslink microtubule filaments, we tested MAP65 at 0%, 3%, and 10%, and
recorded fluorescence images of the actin and microtubules (Fig. 1A). At 0% MAP65, the composite
network of actin and microtubules co-polymerized to form an entangled network, as we have previously
examined '*!4. The microtubule filaments and tracer actin filaments showed little structure when imaged in
wide field epi-fluorescence (Fig. 1A, i-iii)). When MAP65 was introduced to the system (3%), microtubule
filaments formed thin, over 10 um long, bundles (Fig. 1A, iv-vi). The bright background in the microtubule
channel suggests the presence of microtubules that remained un-crosslinked. The actin filaments were
uniformly distributed as well, implying that they are unaffected by the microtubule crosslinking at this
concentration.

At 10% MAPG65, the microtubule bundles were denser and longer (Fig. 1A, vii-ix). The background in the
microtubule channel was lower, implying that most microtubules were in bundles. Unlike at the lower
concentrations, MAP65 at 10% displayed actin structures. Interestingly, the actin bundles appear to be
coincident with the microtubule structures. The co-localization of actin filaments and crosslinked
microtubule filaments is obvious in the merged channel (Fig. 1A, ix).

In addition to the organization of the networks, we directly quantified the mobility of the composite
networks, as we have previously measured '>'4. The mobility was deduced from the average standard
deviation normalized by the average intensity, <d>/</>, from time series data of the microtubule and actin
fluorescence channels, separately. These data were taken for several fields within a chamber to perform the
averaging (N = 5 - 10 measured time series for each chamber). Interestingly, the mobility of composite
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networks with zero actin crosslinking (R = 0) and increasing microtubule crosslinking by MAP65 at 0%,
3%, and 10% did not depend on the MAP65 crosslinking, despite the noticeable change to the structure of
the composites (Fig. 1B).

A

3% MAP65 0% MAP65

10% MAPG5

B 0.07
0.06
0.05
0.04
0.03

<8>/<I>

0.02
0.01

Microtubules

Actin Mer

20 um
B == =
[———]
— == ===
B fAActin

W Microtubules|

0 |
0% MAP65 3% MAP65 10% MAP65

Figure 1. Composite networks of
microtubule and actin filaments without
actin crosslinkers. (A) Representative images
of (i, iv, vii) microtubules, (ii, v, viii) actin
filaments, and (iii, vi, ix) merge channels with
microtubules (cyan) and actin (red) for 0%, 3%,
and 10% MAPG65 without actin crosslinking (R
= 0). Colors outlined correspond to the colors in
part (B). Scale bar is 20 um. (B) The standard
deviation of pixel intensity over time and space,
<¢>, was calculated and normalized by the
average of pixel intensity over time and space,
<[>. Box-whisker plot for <¢>/<[> ratio for
0%, 3%, and 10% MAP65 (N = 7, 8, 6
independent time series) is shown separately for
actin (hashed) and microtubule (solid)
networks.
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Co-localization of microtubule and actin

We were surprised to observe that actin and microtubules co-localized at high MAP65 (10%). Although
the co-localization appeared obvious, we sought to quantify the amount of co-localization using a cross-
correlation between the actin and microtubule signals in the same location (Fig. 2, Supp. Fig. S1). Each
image was 2048x2048 pixels with a magnified pixel size of 108 nm; the cross-correlation value for each
pixel exists between +1 to -1. The brightest white points corresponded to highly correlated areas with the
magnitude of +1; the darkest black regions indicate anticorrelation between the images with a value of -1.
Cross correlations between actin and microtubule channels were calculated using different interrogation
window sizes, d, where d is the number of pixels in both directions around the central pixel (Fig. 2B).

We found that the interrogation window size did impact our analysis. If the window size was too small (d
= 1), the data was dominated by shot noise, which is uncorrelated, by definition (Fig. 2Bi). Considering
the diffraction limit for these images was 250 — 325 nm or ~3 pixels, any calculation for window size
below that does not carry physical information and would be dominated by noise, as shown for the
smallest window size. When d = 5, there are bright patterns that correspond to the co-localized actin and
microtubule bundles, indicating that actin and microtubule channels are highly correlated at those
locations (Fig. 2Bii). These bright areas expand at window sizes of 10 and 15 pixels (Fig. 2Biii-iv).
However, when the window size increased, the resolution of the structure decreased. The signal from the
bundle was smeared out over the window, and information was lost. Due to this empirical assessment, we
chose a window size of d = 5 to perform all cross-correlation analysis to quantify and compare the actin-
microtubule co-localization.

We assessed that the cross correlation was not a result of fluorescence bleed-through between the actin
and microtubule channels. This is obvious from inspection of several images where highly fluorescent,
non-bundled regions in the microtubule channel are not bright in the actin channel (Fig. 2A, arrows, Supp.
Fig. S2). These variations in microtubule intensity are likely clumps of aggregated tubulin protein that are
incapable of forming filaments. Our tubulin clarification procedure removes most of these aggregates, but
some always remain. In this case, the aggregates were useful to demonstrate that the co-localization we
observe was not due to signal bleed through.
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Figure 2. Cross correlation of
microtubule and actin channels. (A)
Representative image of (i) microtubule and
(i1) actin networks in the same location for
R =0 and 10% MAPG65. Scale bar is 20 ym.
Bright regions in the microtubule channel
(arrow) are not observed in the actin
channel, implying bleed-through is not
present. (B) Calculated cross-correlation
maps for the same microtubule and actin
images from (A) for different window sizes,
d,whend=1,5, 10, 15 (i-vi). Optimal
window size was chosentobe d =5 (n =
121 pixels) and used throughout to compare
different experiments. (C) Box-whisker
plots of the average cross correlations
between microtubule and actin channels
averaged over the entire cross-correlation
map created with window size d = 5 pixels
for networks with no actin crosslinking (R =
0) and increasing MAP65 0%, 3%, 10%. (N
=38, 9, 8 independent time series)
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Using the optimal window sizes, we can compare the cross correlation of the actin and microtubule
signals as a function of MAP65 concentration. In the absence of actin crosslinkers, the cross correlation
was an accurate reporter of what was obvious from images: the actin co-localization increased with
MAPG65 percent bound (Fig. 2C). Given the dependence on MAP65 concentration, we can think of two
possible mechanisms for this co-localization: (1) actin can bind to MAP65 with a low affinity and is being
co-crosslinked into bundles with microtubules, or (2) microtubule bundles are sweeping up the actin into
the large bundles of microtubules. In order to assess these two possible mechanisms, we performed
control experiments to examine the organization of actin in the presence of MAP65 without microtubules
present. We found that in the presence of 10% MAPG65, actin appeared as typical entangled networks with
no effect on the actin structure (Fig. 3A). In order to be sure that the MAP65 was not associating with
actin filaments — even weakly — we repeated the measurement using a GFP-labeled MAP65 and imaged
the network in both channels (Fig. 3B). We found no obvious association of the MAP65 with actin and no
structure in the MAP65 channel to imply interaction between the filaments (Fig. 3B).

Finally, by closely examining regions where we did observe co-localization between microtubules and
actin, we found that particularly thick microtubule bundles in the presence of 10% MAP65 could show
individual actin filaments within larger bundle structures (Fig. 3C). We used ImageJ/F1JI to create a
temporal color code of the time series for the actin and microtubule channels, which overlaid successive
images in different colors, as given by the time-color scale (Fig. 3D). When using a spectrum color scale,
parts of the image that did not move over time appear white (all colors) in the temporal color code image.
The microtubule bundle was mostly white due to low fluctuations (Fig. 3Di). Most of the actin filaments
appeared as rainbows because they were able to fluctuate (Fig. 3Dii). The actin filaments that were co-
localized with the microtubule bundle displayed as white — implying that they did not fluctuate over time,
likely because they were stuck inside the microtubule bundle. Prior work has shown that the spacing
between microtubules within MAP65 driven bundles is 25 — 35 nm ¢ , more than enough space to trap an
actin filament of width of 10 nm. Together, these observations support a mechanism where the actin is
swept up into the microtubule bundles and not being co-crosslinked with microtubules due to an
interaction between MAP65 and actin.

The mechanism for actin-microtubule co-localization mediated by MAP65 is different from previously
reported actin-microtubule interactions mediated by proteins originally thought to be only actin or
microtubule binding partners. In those prior reports, naturally occurring proteins, such as CLIP-170, mDia
61 or engineered proteins, such as TipAct *® served as crosslinkers between individual growing actin or
microtubules and surprisingly altered the growth rates as well as the organization of these filaments.
Another exciting study used tau and fascin to co-organize actin and microtubules 2. In all of these
examples, the experiments showed specific interactions between the filaments and the crosslinkers.
Further, these experiments were performed in quasi-2D, which is distinct from the work presented here,
which is specifically interested in 3D networks of actin-microtubule composites. Ultimately, these
exciting co-crosslinkers can be utilized to alter the properties of the 3D networks we are creating in this
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Figure 3. Actin and MAP65 do not
interact without microtubules. (A) Actin
network with 10% MAPG65. Scale bar is 20
um. (B) Representative image of (i) actin
and (ii)) GFP-MAP65. Scale bar is 10 ym.
(C) (i) Large, thick bundle of microtubules
in the presence of 10% MAPG65. (ii) Actin
filaments co-localized within the bundle.
(iii) Merge of microtubules (cyan) and actin
(red). Scale bar is 10 gm. (D) Temporal
color code of a 1-minute time series of (i)
microtubules and (ii) actin shows that actin
within the microtubule bundle does not
fluctuate as much as actin outside of the
bundles. Temporal color code scale uses the
spectrum color scale from 0 — 123 s.
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The role of actin crosslinkers in the fluctuation dynamics of actin and microtubules

We have previously shown that actin network crosslinking has a profound effect on the mobility and
viscoelastic nature of actin-microtubule composite networks '*!4. In our prior works, the microtubule
network was less dense compared to the actin network, which may have been the reason for the actin’s
control over the mechanical properties. To determine the impact of actin crosslinking by NeutrAvidin
when actin and microtubule mesh sizes are comparable, we prepared co-polymerized actin and
microtubule filaments without MAP65 crosslinkers, and with an increasing ratio of NeutrAvidin:actin R =
0, 0.02, 0.04, and 0.08. The actin and microtubule networks were imaged directly and the organization
and mobility were measured for each filament type using time series.

We found that the microtubule network of the composite did not appear to have gross changes in
morphology as the actin crosslinking ratio was increased (Fig. 4A). Actin filaments did tend to form a
mesh-like network with some clusters of filaments at the highest tested ratio, R = 0.08, similar to our prior
results 13. NeutrAvidin molecules have four potential binding sites in a tetrahedral arrangement allowing
the actin network to be oriented in a variety of angles when crosslinked. While some actin bundling can
occur, the actin bundles are far less obvious than the microtubule bundles created by the antiparallel
crosslinker, MAP65.

For multiple locations in several chambers, the mobility <d>/</> was measured and compared for
networks without microtubule crosslinking and increasing actin crosslinking (R = 0, 0.02, 0.04, 0.08). In
general, we found that the mobility of both actin and microtubules depended on the actin crosslinking
(Fig. 4B). This indicated that the network mobility and viscoelastic properties were controlled by the actin
network and its crosslinking ratio 3.

Of interest, we found that the microtubule mobility increased, while the actin mobility decreased (Fig.
4B). Perhaps it is not surprising that actin would become less mobile when crosslinked. Indeed, we have
shown that in our prior work %1949, Strikingly, and distinct from our prior work, microtubule motility
significantly increased as the actin crosslinking increased. The enhanced microtubule mobility may result
from the increased free space when actin filaments become crosslinked, giving microtubules more space
to fluctuate. This implied that the actin was bundling on a scale that was smaller than we can detect in the
microscope, as we previously noted 31949,

In our prior works, the actin mobility is almost always higher than the microtubule mobility due to the
inherent high flexibility of actin filaments compared to microtubule filaments '#!°4°, These prior works
often had equimolar actin monomers and tubulin dimers, resulting in more actin filaments than
microtubules. Specifically, the number of actin filaments was greater than the number of microtubules
due to the fact that the microtubule requires 13 dimers to nucleate and form a filament, compared to two
actin monomers needed for actin filaments. Here, we purposely chose an actin-microtubule ratio to result
in similar amounts of actin and microtubule polymer length and mesh sizes. In this study, the tubulin
fraction is ~87%. In one prior work, we altered the relative ratio of actin and tubulin to change the
network from 100% actin to 100% microtubules for entangled networks without crosslinkers. Significant
changes in the mobility and mechanics of the network occurred when the actin and microtubule polymer
mass were similar #°. In that study, entangled networks with high fractions of tubulin had low mobilities
for actin and microtubules, with actin’s mobility slightly higher than microtubules #°. Excitingly, we show
here that when actin-microtubule filament ratios are more similar, the mobility of actin decreases as a
function of actin crosslinking, and the microtubule mobility increases.

10
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actin crosslinking. (A) Representative images
of microtubules (i, iv, vii, X) and actin (ii, v,
viii, xi). Merged images (iii, vi, iX, xii) display
microtubules (cyan) and actin (red) networks
as the actin crosslinking is increased R = 0,
0.02, 0.04, 0.08 in the absence of microtubule
crosslinkers (N =7, 6, 8, 5 independent time
series for increasing R). Colors outlined
correspond to the colors in part (B). Scale bar
is 20 um. Arrows denote regions where there
is high fluorescence in one channel without
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space and then normalized by the mean of
B 0.08 : pixel intensity, </>, for (i) microtubules and
. mMicrotubule —_— (i1) actin as a function of actin crosslinking

% ratio.
A 0.06

0.02

R=

0.04

R

0.08

R=

_X 0.05
o 0.04 .
\%

0.03| e i

0.02
0.01F .

i
R=0 R=0.02 R=0.04 R=0.08

0.08
0.07
A 0.08| 1

% 0.05 —_—

S 0.04f 1
0.03
0.02
0.011 p

B Actin

|

R=0 R=0.02 R=0.04 R=0.08

11



Soft Matter

High microtubule crosslinking causes co-localization of actin and microtubules, while actin
crosslinking controls filament mobility

We previously discussed the co-localization of actin and microtubule filaments in the absence of actin
crosslinkers (R = 0) and demonstrated that it was highly correlated at 10% MAP65 (Figs. 1,2). We wanted
to test if the actin crosslinking had further effects to enhance or negate the actin-microtubule co-localization
driven by MAP65. To investigate this phenomenon, we changed the NeutrAvidin:actin ratio, (R)
systematically while maintaining the MAP65 at 10% bound (Fig. 5). For all actin crosslinker ratios (R = 0,
0.02, 0.04, 0.08), the microtubules displayed long bundles distributed randomly through the whole sample
in the imaging plane as well as the depth of the experimental chamber (Fig. 5SA). As for the entangled
networks, actin filaments appeared to co-localize with the microtubule bundles (Fig. 5A).

We quantified the co-localization using cross-correlation maps with the optimal window size of d = 5 (Fig.
5B). All the networks had high cross correlation between actin and microtubules when high MAP65 (10%)
was present, and there was no significant change in the cross correlation due to the actin crosslinking ratio
(Fig. 5B).

We measured the mobility of actin and microtubules in composite networks with high microtubule
crosslinking (MAP65 at 10%) as a function of actin crosslinking ratio (R). As above, we determined the
mobility of this crosslinked network by measuring the mean of standard deviation over time, <¢>, and the
mean of intensity over time, </>, when the actin crosslinking was R = 0, 0.02, 0.04, and 0.08. For
microtubules, the mobility increased as more actin crosslinkers were added (Fig. 4C). For actin filaments,
adding more actin crosslinkers reduced actin filament mobility. The trend for both actin and microtubules
was similar for 10% MAPG65 as shown above for 0% MAP65 (Fig. 3B). These results imply that the actin
crosslinkers have the most influence on network mobility. From our prior work with actin-microtubule
composites, we also know that the viscoelastic properties of the networks depend on the actin network
mobility, implying that the MAP65 has little effect on the network mechanics.
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We showed that microtubule bundling by MAP65 can significantly affect the organization of actin and
microtubules, specifically causing co-localization (Figs. 1,2,5). Using the GFP-labeled MAP65 protein, we
can perform three-color imaging to localize the microtubules, actin, and MAP65 simultaneously (Fig. 6A).
For an example network with 10% MAP65 and R = 0.02 actin crosslinking, we found that the MAP65 and
microtubules exactly correlated their organizations. The actin also correlated with the microtubules and
MAPG6S5, but there were additional actin filament signals outside of the bundles (Fig 6Aii). Using the
temporal color code, it is clear that the actin associated with the bundles is not as mobile as the actin in the
background, also shown in figure 3 (Fig. 6B, 3D).

Although the microtubule crosslinker had profound effects on the microtubule and actin organizations, it
had insignificant effects on the mobility of the actin and microtubule filaments (Fig. 6C). This trend
continued for all variations of Netravidin crosslinker (R =0, 0.02, 0.04, 0.08) and MAP65 percentage bound
(0%, 3%, 10%) (Fig. 6C). One interesting future avenue would be to explore other microtubule bundling
agents. It is known that MAP65 crosslinkers reduce the flexural rigidity of microtubule filaments 2, but
other microtubule-associated proteins, such as tau, make microtubules stiffer 7-93. Future studies using these
crosslinking and stiffening associated proteins could have different results on the mobility.

In order to ensure that these effects on mobility were not caused by inadvertent effects of the crosslinkers
to the wrong filament within the network, we performed control experiments with actin in the presence of
MAPG65 (Fig. 3) and microtubules in the presence of Neutravidin (Supp. Fig. S3). For each of these tests,
we used the higher crosslinker concentration (10% MAP65 and R = 0.08). The mobility of these networks
were measured and shown as a gray bar (Fig. 6C). For microtubules in the presence of NeutrAvidin, the
median mobility is similar to that of microtubules with R = 0 (Fig. 6C i-iv), implying that the control
network behaves like the composite without actin crosslinkers (Fig. 6). Consequently, we can conclude
that microtubule filaments and NeurAvidin molecules do not interact in this composite network. Further,
the higher mobility than control could be due to the increased volume compared to when the other part of
the network is present.

For the samples with actin in the presence of MAP65, without microtubules and without NeutrAvidin (R =
0), the median and the distribution of mobility exhibited higher mobility compared to 10% MAP and R =0
in the presence of microtubule filaments. This result mirrors the imaging results (Fig. 3) that suggest that
MAPG65 and actin do not associate to form bundles of actin. implies that great amount of MAP65 could not
form bundles of actin filaments and did not lower the mobility of actin network as was shown for higher R
values. Interestingly, the mobility of the actin in the absence of microtubules was significantly higher than
observed with microtubules present (Fig. 6C v-viii). This could be due to the increased volume to move
when the microtubules were absent.

One interesting observation was that, despite the co-localization of actin with microtubules when the
MAPG65 was 10% (Fig. 2,4), the actin mobility is not equal to the microtubule mobility. This result implied
that these co-localized actin filaments did not dominate the fluctuation dynamics in the actin network. That
is corroborated by the imaging data and the temporal color code data of the actin which shows significant
mobility from the free actin filaments, despite a fraction being immobilized in the bundles (Fig. 3D, 6B).

We also noted that there was a relatively large jump in actin mobility when doubling the actin crosslinker
concentration from R = 0.02 to 0.04. An additional doubling of the actin crosslinkers (R = 0.08) has no
further effect, as if the network mobility has hit a saturation level (Fig. 6). This same activity was observed
in our recent publication examining actin crosslinking in composite networks 4.

Unlike actin, the microtubules did not show a discrete jump in the mobility as a function of actin
crosslinking. Instead, the trend of increasing microtubule mobility was gradual as a function of actin
crosslinking (Fig. 5). Comparing this data to our recent publication of actin crosslinking in composites
without microtubule crosslinking, we see similar results . Namely, the microtubule mobility appears
higher than the actin mobility for R = 0.04-0.08. We conjecture that the mobility changes come from actin

14

Page 14 of 19



Page 15 of 19 Soft Matter

bundles at a level that allows increased microtubule mobility, but is too small to observe with the resolution
of the light microscope.

A Microtubule
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Figure 6. Mobility of composite networks of microtubule and actin filaments with varying
crosslinkers. (A) Example three-color image of a network with (i) microtubules and (ii) actin crosslinked
with (iii) 10% GFP-MAP6S5, and NeutrAvidin R = 0.02. Three-color image merge showing microtubules
(blue), MAPG65 (green), and actin (red). Scale bar is 10 um. (B) Example mobility of the images from (A)
using ImageJ/F1J1 temporal color code function shows (i) microtubules, (ii) actin, and (iii) MAP6S.
Microtubules and act both do not move, which a subset of actin does move outside of the bundles. (C) All
mobility measurements for microtubules (i — iv) and actin (v- viii) as a function of actin crosslinking (R)
and MAP65 binding show an overall dependence on actin crosslinking but not on MAP65 binding (N = 5
- 10 independent time series). Horizontal gray bars denote control data of only one type of filament in the
network.

15



Soft Matter

Discussion and Conclusions

Composite actin and microtubule networks are important regulators of intracellular organization and
mechanics. We found here that the microtubule crosslinking and bundling can control the organization of
actin-microtubule networks, but the actin crosslinking controls the dynamics of both filament types, and
likely the mechanics of the network. This result was rather unexpected given that one of the tenants of
biological and soft matter is a relationship between structure and function. In this composite network, the
obvious morphological changes driven by microtubule crosslinking by MAP65 (ie. the large co-localized
actin-microtubule bundles), are not affecting the dynamics nor the mechanics of the entire network, as
might have been predicted.

Despite the large structural changes, the fluctuation dynamics of the composite network are controlled only
by the actin portion, and the extent of crosslinking of the actin. Reorganization of the network due to actin
crosslinking is difficult to distinguish given the resolution of fluorescence microscopy, but we expect that
the actin filaments are locally bundled and linked. Despite the lack of obvious change of the organization
with actin crosslinking, the fluctuations of the actin and microtubules change significantly. Of particular
interest is that the microtubules become the more mobile fraction of the network when the actin filaments
are highly crosslinked (R > 0.02). We observed this effect in a recent publication when R = 0.04 — 0.08, but
the apparent change in mobility and the difference between actin and microtubule mobilities were not as
striking in that prior study as we present here (Fig. 5). The difference could be due to the increased number
of microtubule filaments compared to our prior work or the higher labeling of the microtubules revealing a
more mobile population. Future work with active crosslinkers (motors) of either actin or microtubules could
reveal exciting mechanical feedback when included in composite cytoskeletal networks with stable
crosslinkers.
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