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ABSTRACT Microtubule-associated proteins (MAPs) are a functionally highly diverse class of
proteins that help to adjust the shape and function of the microtubule cytoskeleton in space
and time. For this purpose, MAPs structurally support microtubules, modulate their dynamic
instability, or regulate the activity of associated molecular motors. The microtubule-binding
domains of MAPs are structurally divergent, but often depend on electrostatic interactions
with the negatively charged surface of the microtubule. This suggests that the surface
exposure of positive charges rather than a certain structural fold is sufficient for a protein to
associate with microtubules. Consistently, positively charged artificial objects have been
shown to associate with microtubules and to diffuse along their lattice. Natural MAPs,
however, show a more sophisticated functionality beyond lattice-diffusion. Here, we asked
whether basic electrostatic interactions are sufficient to also support advanced MAP function-
ality. To test this hypothesis, we studied simple positively charged peptide sequences for the
occurrence of typical MAP-like behavior. We found that a multivalent peptide construct
featuring four lysine-alanine heptarepeats (starPEG-(KA7)4)—but not its monovalent KA7-
subunits—show advanced, biologically relevant MAP-like behavior: starPEG-(KA7), binds
microtubules in the low nanomolar range, diffuses along their lattice with the ability to switch
between intersecting microtubules, and tracks depolymerizing microtubule ends. Further,
starPEG-(KA7), promotes microtubule nucleation and growth, mediates depolymerization
coupled pulling at plus ends, and bundles microtubules without significantly interfering with
other proteins on the microtubule lattice (as exemplified by the motor kinesin-1). Our results
show that positive charges and multivalency are sufficient to mimic advanced MAP-like
behavior.
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The eukaryotic microtubule cytoskeleton is key to vital cellular
processes such as intracellular transport (Verhey et al., 2011), cell
migration (Dogterom and Koenderink, 2019), and mitosis (McIntosh,
2016). During these altogether highly dynamic processes, the shape
and functionality of the microtubule cytoskeleton have to be
continuously adjusted in space and time. In addition to molecular
motors, these adjustment are aided by a multitude of microtubule-
associated proteins (MAPs) that have the capacity to 1) modulate
the dynamic instability of microtubules (Goodson and Jonasson,
2018) (i.e., the stochastic transition from growing to shrinking phases
and vice versa; Brouhard and Rice, 2018), 2) regulate the activity
of molecular motors (Dixit et al., 2008; Drechsler et al., 2014;
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Roberts et al., 2014), and 3) mediate the interaction of microtubules
with each other (Scott et al., 1992; Bieling et al., 2010) and with
particular cellular substructures (Goldberg, 2017; Monda and
Cheeseman, 2018). Depending on their task, MAPs can associate
with the microtubule lattice in general or target specific microtubule
substructures such as the less dynamic minus end (Akhmanova and
Hoogenraad, 2015) or the GTP-rich highly dynamic plus end
(Akhmanova and Steinmetz, 2008).

The structures of the involved microtubule-binding domains
(MTBD) can be highly diverse, suggesting that the capacity to bind
microtubules has arisen independently on several occasions during
cytoskeletal evolution:

— loops in a-helical stretches: during mitosis, the kinetochore-
bound Ska-complex (consisting of Ska1l, -2, and -3) couples
chromosomes with the plus end of depolymerizing microtubules,
facilitating the congression and subsequent anaphase separa-
tion of sister chromatids (Hanisch et al., 2006; Gaitanos et al.,
2009; Welburn et al., 2009; Auckland et al., 2017). Microtubule
binding occurs via a noncanonical winged-helix motif within Ska’
that consists of eight o-helical stretches followed by a C-terminal
B-hairpin. Mutational analysis has shown that three basic patches
within the interhelical loops (R155/R236/R245, K183/K184/
K203/K206, and K217/K223/K226/K227) contribute to a multi-
partite microtubule-binding mode of Skal (Abad et al., 2014).
A similar MTBD has been reported for PRC1, a microtubule
cross-linker that organizes anti-parallel microtubule bundles in
the spindle midzone/midbody during mitosis (Bieling et al.,
2010; Lee et al., 2015). The MTBD of PRC1 consists of three -
helices that adopt a spectrin-like fold, exposing a conserved
patch of basic amino acids (R377/K387/K390) within the loop
between helices 1 and 2 that are essential for tubulin binding
(Subramanian et al., 2010).

- o-helices: the centrosomal scaffolding protein CEP135 is essen-
tial to centriole biogenesis in human cells (Kleylein-Sohn et al.,
2007). In Drosophila, CEP135 is involved in the initiation of the
central microtubule pair assembly, an activity that requires a
microtubule-binding and stabilizing activity associated with its
N-terminus (Carvalho-Santos et al., 2012). Recent work described
that the N-terminus of CEP135 dimerizes into a parallel coiled-
coil exposing the basic amino acids K101/K104/K108 that are
essential to microtubule binding (Kraatz et al., 2016).

— B-sheet/-hairpin: the actin cross-link factor 7 connects the actin
and the microtubule cytoskeleton at tight junctions, keeping
them dynamic during tissue morphogenesis (Kodama et al.,
2003; Ma et al., 2017). Its MTBD consists of a central 5-strand -
sheet exposing a flexible B-hairpin that harbors the basic amino
acids K53/R63/R66/R69/R75, which are essential to microtubule
binding (Ma et al., 2017).

Thus, while structurally divergent, all these MTBDs strictly require
the presence and surface exposure of basic amino acids. This sug-
gests that the interaction between these MAPs and the microtubule
lattice occurs primarily through electrostatic interactions with the
exposed acidic C-termini (E-hooks) (Nogales et al., 1999; Okada
and Hirokawa, 2000) of single tubulin subunits and does not crucially
depend on a certain secondary/tertiary structure. In fact, microtu-
bule binding can occur even in the absence of any complex protein
folds, as demonstrated by the intrinsically disordered structural MAP
tau (Kellogg et al., 2018) or by positively charged artificial nanopar-
ticles that also bind and diffuse along the microtubule lattice
(Minoura et al., 2010). Structural determinants, however, become
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important when MAPs target particular substructures of the microtu-
bule such as the plus end (by the TOG-domain, e.g., XMAP215 or
the CH-domain, e.g., EB1) or the minus end (by the CKK-domain,
e.g., CAMSAP1T). Microtubule binding by these specialized
MAPs often occurs in between two neighboring microtubule proto-
filaments and often also depends on additional hydrophobic
interactions (Slep and Vale, 2007; Maurer et al., 2012; Atherton
etal., 2017).

In summary, the current literature suggests that any peptide/
protein exhibiting a certain distribution of positive surface charges
can bind to and diffuse along the microtubule lattice. Natural MAPs,
however, exhibit a wide range of advanced functionality beyond
lattice diffusion, which, among others, include modulation of
microtubule dynamics (Goodson and Jonasson, 2018), nucleation/
severing of microtubules (Roostalu et al., 2015; McNally and Roll-
Mecak, 2018; Thawani et al., 2018), following the growing or shrink-
ing microtubule plus ends (Akhmanova and Steinmetz, 2008;
Maciejowski et al., 2017; Volkov et al., 2018), or coupling cellular
structures to the dynamic microtubule ends (Monda and Cheese-
man, 2018). The comparison of published MTBDs made above
suggests that positive charges are sufficient to also support those
advanced, biologically highly relevant MAP functions independently
of the actual binding domain fold, but experimental evidence has
been lacking so far.

To test this hypothesis, we designed simple, tuneable lysine-
alanine peptide constructs and asked to what extent these
positively charged constructs will mimic advanced MAP behavior.
While we did not observe significant microtubule binding for short
peptides (4-7 KA repeats), we show that a tetravalent construct, in
which four (KA); peptides are linked via a branched polyethylene
glycol (PEG) chain, shows significant binding in the low nanomolar
range. Moreover, this construct mimics a wide range of MAP-like
behavior as it 1) diffuses along the microtubule lattice and tracks
depolymerizing microtubules ends, 2) nucleates microtubules and
modulates their dynamics, 3) mediates force coupling to depoly-
merizing microtubule plus ends, and 4) cross-links and bundles
microtubules without 5) affecting the biology of other microtubule-
associated proteins (as exemplified by kinesin-1). We hence show a
proof of principle that multivalent electrostatic interactions are
indeed sufficient to support biologically relevant functionality of
artificial MAPs (in vitro) and discuss possible applications for those
constructs. On the basis of our observations, we further hypothesize
that multivalency is a key feature of a subset of natural MAPs
defining their functionality.

RESULTS

To test our hypothesis that the exposure of positive charges on a
protein surface is sufficient to confer advanced MAP-like behavior,
we have chosen a bottom-up approach asking whether simple posi-
tively charged peptides can bind to the microtubule lattice.

starPEG-(KA7)4 binds microtubules in the low nanomolar
range by electrostatic interactions with C-termini of tubulin
In a first approach, we synthesized short peptides of four to seven
lysine-alanine repeats (KA4, KA5, KA6, KA7; see Figure 1A for a
general scheme) and labeled them with 5-carboxytetramethylrho-
damine (TAMRA) to visualize and quantify their microtubule-binding
capacity on surface-bound, taxol-stabilized ATTO 647N-labeled
microtubules using total internal reflection fluorescence (TIRF)
microscopy. However, even at high nanomolar concentrations, the
longest construct (i.e., 250 nM KA7) shows only weak microtubule-
binding activity (Figure 1C, left). To increase the microtubule affinity
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of our peptide constructs, we then conjugated four KA7 units to a
10 kDa 4-arm PEG chain (starPEG). In the resulting multivalent
construct (starPEG-(KA7)4-TAMRA; Figure 1A), 6.2 nm PEG arms
spatially separate single KA7 units, allowing them to interact with
the microtubule surface independently of each other (Figure 1A;
Supplemental Figure S1). This tetravalent construct eventually binds
taxol-stabilized microtubules with a Ky of 30 £ 6 nM (Figure 1, B and
D, as well as Supplemental Figure S2 for higher-contrast versions of
the 0 and 5 nM conditions) and saturation is reached at ~200 nM
starPEG-(KA7)4-TAMRA. A charge-inverted control construct (i.e.,
starPEG-(DA7)4-TAMRA), in contrast, does not show any microtu-
bule binding even at high nanomolar concentrations (i.e., >250 nM)
(Figure 1C and Supplemental Figure S2). We hence conclude that
microtubule binding occurs neither via the PEG-backbone nor via
the TAMRA dye, but likely depends on electrostatic interactions
between the positively charged KA-repeats and the negatively
charged microtubule surface.

Assuming an electrostatic-binding mode, we would predict
starPEG-(KA7)4-TAMRA microtubule binding to be salt- and pH-
sensitive, as increasing the ionic strength of the buffer is expected
to electrostatically shield the charges of the peptide (and the
microtubule), while raising the pH to the pK,-value of the lysine
side chain (pK, = 10.3) will discharge the KA7-repeats—both
reducing the microtubule affinity of starPEG-(KA7);-TAMRA. We
hence tested the microtubule-binding affinity of 50 nM starPEG-
(KA7)4-TAMRA in an ionic strength range from I = 180 mM to | =
350 mM (Supplemental Figure S3, left) and in a pH range from 6.8
to 9.0 (Supplemental Figure S3, right). In both cases, the microtu-
bule affinity of starPEG-(KA7)4-TAMRA drops exponentially with
increasing ionic strength or increasing pH, thereby supporting our
initial assumption.

The electrostatic interaction of starPEG-(KA7)4-TAMRA with the
microtubule is likely mediated by the exposed acidic C-termini of
o~ and B-tubulin (see Figure 1A). To test this, we removed the C-
termini by a subtilisin protease treatment (Alper et al., 2014) of
GMP-CPP/taxol ~ double-stabilized microtubules (Supplemental
Figure S4), which completely abolishes microtubule binding of
starPEG-(KA7)4-TAMRA (Figure 1E). Thus, in summary, we conclude
from our binding studies that starPEG-(KA7)4 binds microtubules in
the low nanomolar range by electrostatic interactions with C-termini
of tubulin.

starPEG-(KA7), diffuses along the microtubule lattice,
switches between intersecting microtubules, and tracks
depolymerizing microtubule plus ends

We next examined the behavior of single starPEG-(KA7)4-TAMRA
molecules on taxol-stabilized ATTO 647N-labeled microtubules
using TIRF microscopy. Molecules show extended episodes of
diffusion along the microtubule lattice (Figure 2A) with a diffusion
coefficient of ~0.3 pm?s" (i.e., CVE: D = 0.30 um?"' + 0.06 and
MSD: D = 0.33 £ 0.04, mean = SEM, N = 998) (Figure 2B). Owing to
their multivalency and the generous backbone dimensions (Figure
1A), single molecules are able to switch their microtubule track at
microtubule-microtubule intersections, which occasionally involves
a certain period of time, during which starPEG-(KA7)4-TAMRA
molecules are associated with both intersecting microtubules at
the same time (Figure 2C).

The starPEG-(KA7)4-TAMRA molecules also “track” the depoly-
merizing plus end of dynamic Alexa 674-labeled microtubules
grown from dimly labeled biotinylated GMP-CPP-stabilized seeds
as observed by TIRF microscopy (Figure 2D). Tracking, however, is
not a result of a specific association of starPEG-(KA7);-TAMRA with
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the plus end. Rather, the starPEG-(KA7),-TAMRA molecules appear
to move by biased diffusion in a wave preceding the depolymeriz-
ing microtubule end (Figure 2D; Supplemental Movie S1). Hence,
we assume that starPEG-(KA7),-TAMRA, in principle, is able to track
a depolymerizing minus end as well. However, we could not observe
any minus-end-tracking event, which might be explained by either
the fast depolymerization rates or the short depolymerization dis-
tances at the minus end. In the first case, the peptide is lost from the
end, as it is not able to keep up with the depolymerization rates by
diffusion and in the latter case starPEG-(KA7);-TAMRA does not ac-
cumulate sufficiently to be visible against the starPEG-(KA7)4-
TAMRA background on the lattice (please note the delay after
catastrophe until the signal of plus end tracking starPEG-(KA7),-
TAMRA becomes evident in Figure 2D).

starPEG-(KA7)4-TAMRA tracks the depolymerizing plus end with
high efficiency given that in average only ~30% of microtubule-
bound starPEG-(KA7),-TAMRA intensity is lost during one depoly-
merization event. Since the microtubules shorten on average by
~60% during those events, end-tracking concentrates starPEG-
(KA7)4-TAMRA molecules on the remaining microtubule lattice
about twofold (Figure 2E). Once a rescue event occurs, starPEG-
(KA7)4-TAMRA is unable to track the growing microtubule plus end
but expands by diffusion onto the newly polymerized microtubule
lattice (Supplemental Figure S5).

starPEG-(KA7)4 promotes the growth and nucleation of
microtubules

Since starPEG-(KA7)4-TAMRA tracks and accumulates at the depo-
lymerizing microtubule plus end (i.e., the major site for addition
and loss of tubulin dimers), we asked whether starPEG-(KA7),—
like other MAPs (Goodson and Jonasson, 2018)—is able to modu-
late microtubule dynamics. We therefore observed the dynamics
of Alexa 647-labeled microtubules in the presence of 50 and
100 nM starPEG-(KA7)4-TAMRA by TIRF microscopy and com-
pared them to the microtubule dynamics in the presence of 50 nM
starPEG-(DA7),-TAMRA or the absence of any peptide (buffer con-
trol, MOCK) (Figure 3A). While 50 nM starPEG-(DA7)4-TAMRA do
not change microtubule dynamics compared with MOCK control,
the addition of 50 or 100 nM starPEG-(KA7),-TAMRA increases the
growth velocity significantly. In addition, 100 nM but not 50 nM
starPEG-(KA7),-TAMRA significantly reduces the rescue frequency
(Figure 3B).

On the basis of our observation that starPEG-(KA7),-TAMRA
efficiently promotes microtubule growth and due to its structural
analogy (i.e., four microtubule-binding entities) to potent natural mi-
crotubule polymerases and nucleation factors such as XMAP215
(Brouhard et al., 2008; Widlund et al., 2011; Roostalu et al., 2015;
Thawani et al., 2018), we hypothesized that starPEG-(KA7), might
also exhibit some microtubule nucleation activity. To test this, we
omitted the stabilized GMP-CPP seeds from our dynamic microtu-
bule assay setup and observed the formation of microtubules in the
absence of any peptide (MOCK) or in the presence of 100 nM star-
PEG-(DA7)4-TAMRA or starPEG-(KA7),-TAMRA by TIRF microscopy.
Microtubules were allowed to form for 5 min from subcritical con-
centrations of Alexa 647-labeled tubulin and were bound to the
glass surface by an immobilized rigor kinesin-1 mutant (Nakata and
Hirokawa, 1995; Rogers et al, 2001; see also Materials and
Methods). The average number of microtubules per field of view
(FOV) at t = 5 min was determined and corrected for the average
number of microtubules FOV at the beginning of the experiment
(t =0 min). While hardly any new microtubules nucleate during the
5-min period in the absence of any peptide (0.6 £ 0.4 MT per minute
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and field of view £ SD) or in the presence of 100 nM starPEG-(DA7),-
TAMRA (0.8 £ 1.0), robust nucleation is evident in the presence of
100 nM starPEG-(KA7)4-TAMRA (9 + 2.5) (Figure 3C; Supplemental
Movie S2). Hence, starPEG-(KA7),-TAMRA indeed acts as a nucle-
ation factor.

starPEG-(KA7), mediates force coupling with
depolymerizing microtubule plus ends

In the presence of starPEG-(KA7)4-TAMRA, microtubules in our dy-
namic microtubule setup eventually picked up surface-associated
tubulin aggregates that started to diffuse along the microtubule
lattice and tracked depolymerizing plus ends (Figure 3A, blue
arrowheads). As this behavior was not evident in the presence of
starPEG-(DA7),-TAMRA or in the absence of any peptide (Figure
3A), it is likely to originate from the microtubule binding and plus
end tracking activity of starPEG-(KA7)4. We hence speculated that
starPEG-(KA7), is able to couple microtubules (or other structures)
to the (pulling) forces generated by depolymerizing microtubules,
like it has, for example, been described for the plus end tracking
Ndc80 and Ska-complexes at the kinetochore (Welburn et al., 2009;
Volkov et al., 2018). Thus, we analyzed our dynamic microtubule
data for depolymerizing events, during which the depolymerizing
plus end traverses a second intersecting microtubule and asked
whether the depolymerizing end manages to cross-link and pull the
intersecting microtubule. Indeed, we observed frequent pulling
events in the presence of 50 or 100 nM starPEG-(KA7)4-TAMRA
(Figure 4, A and B; Supplemental Figure S6A; Supplemental Movies
$3.1-53.3 and S5.1-55.3), but none in the presence of the nega-
tively charged starPEG-(DA7)4-TAMRA or in the absence of any pep-
tide (Figure 4B). Hence, pulling of intersecting microtubules crucially
depends on the presence of starPEG-(KA7),.

In line with this, pulling events (Figure 4A) are initiated by the
accumulation of starPEG-(KA7),-TAMRA between the plus end
and the microtubule intersection (Figure 4A, white arrowheads).
Plus ends that once have accumulated sufficient starPEG-(KA7),4
are able to carry out multiple consecutive pulling events during the
same shrinkage event (Supplemental Figure S6A; Supplemental
Movies S5.1 and S5.2). Interestingly, the likelihood of pulling
events to occur peaks at 50 nM starPEG-(KA7)4 (Figure 4B), sug-
gesting that there is an optimal (local) concentration of starPEG-
(KA7)4 for a pulling event to happen. To test this, we measured the
starPEG-(KA7)4-TAMRA intensity at depolymerizing microtubule
ends in the frames they traverse the intersecting microtubule (i.e.,
the first frame of a pull or pass event) and grouped them according
to the outcome of the encounter (i.e., pull or pass). At 50 nM
starPEG-(KA7),, pulling microtubule plus ends exhibit a higher

starPEG-(KA7)4-TAMRA accumulation than those just passing the
intersecting microtubule (Figure 4C). Raising the starPEG-(KA7)4
concentration to 100 nM inverts this ratio and passing plus ends
feature a higher amount of starPEG-(KA7);-TAMRA (Figure 4C).
Fitting Gaussians to the intensity distribution of the pooled data
from both conditions reveals three discrete intensity subpopula-
tions of passing plus ends (low, medium, and high intensity),
while the starPEG-(KA7),-TAMRA intensity at pulling ends is best
described by a single Gaussian intensity profile. The maximum of
the pulling end intensity distribution locates right in between the
maxima of the low and medium intensity subpopulations of the
passing end intensity distribution, thereby defining the optimal
amount of end-bound starPEG-(KA7), that allows pulling events to
occur (Figure 4C). In our interpretation, starPEG-(KA7),-TAMRA
amounts below the optimum are not capable of providing suffi-
cient cross-linking and end-tracking activity to support pulling,
while amounts above the optimum saturate all binding sites on
both intersecting microtubules, thereby preventing any microtu-
bule cross-linking needed for pulling to occur.

Given that end-tracking starPEG-(KA7); couples a second
intersecting microtubule to the forces generated by a depolymer-
izing plus end, we next estimated the forces starPEG-(KA7), is
able to transduce during a pulling event. For this we approxi-
mated the microtubule bending forces generated during pulling
events that satisfy the small angle (<30°) solution of the beam
equation for a clamped rod whose free end is deflected by a
transverse force applied to it (Howard, 2001). Then the bending
force is given by

F = (3E1/3)y(L)

Using Fiji, we measured the length L of the deflected microtu-
bule (i.e., the distance between the hinge point of the pulled micro-
tubule and the microtubule intersection) and the deflection of the
free tip y(L) (see scheme in Supplemental Figure S6B). Assuming the
bending stiffness of a GTP-capped microtubule (i.e., El = 26 Nm;
Mickey and Howard, 1995), we calculated the respective bending
forces for 11 events and corrected for the direction of the force
applied by the depolymerizing microtubule according to: Feorrected =
F/cos (o), with o being the angle between the depolymerizing mi-
crotubule and a thought line that runs perpendicular to the bent
microtubule, originating from its hinge point (see scheme in Supple-
mental Figure S6B). Calculated forces ranged between 1.6 and
8.4 pN with a mean of 4.2 £ 2.7 pN (mean £ SD, N = 11) (Supple-
mental Figure S6B) and thus fit into the range of forces that are
coupled by natural MAPs (Akiyoshi et al., 2010; Miller et al., 2016;

FIGURE 1: The starPEG-(KA7), binds to microtubules at low nanomolar concentrations via electrostatic interactions
with the microtubule e-hooks. (A) Schematic overview of the synthetic peptides (KA7, [I] left and starPEG(KA7),,

[l1] right) used in this study. Scheme on the left shows the hypothetical interactions of a positively charged KA7 peptide
with the negatively charged C-terminal extensions (e-hooks) of a tubulin heterodimer (o.-, B-tubulin) exemplified by
o-tubulin 1B and B-tubulin 4B. Not drawn to scale. (B) Binding of tetravalent starPEG-(KA7),-TAMRA molecules (top
panel row) to taxol-stabilized Atto647N-labeled microtubules (bottom panel row) at indicated concentrations. Please
refer to Supplemental Figure S2A for an extended concentration range. (C) Binding of the charge-inverted starPEG-
(DA7),-TAMRA version (negative control) or a monovalent KA7 peptide to Attoé47N-labeled microtubules.
Arrangement as in B. Please refer to Supplemental Figure S2B for high-contrast pictures of 0 nM, 5 nM starPEG-(KA7);,-
TAMRA, and 250 nM starPEG-(DA7)4-TAMRA. (D) Saturation binding curve of starPEG-(KA7),-TAMRA showing the
concentration-dependent fluorescence intensity of microtubule associated TAMRA normalized to saturating conditions
at 500 nM. Error bars depict the SD of five independent experiments. Blue line is a Michaelis-Menten model fit.

(E) Binding of starPEG(KA7)4-TAMRA (cyan) to brightly Atto647N-labeled subtilisin-treated (bright red, marked with an
asterisk) and dimly Atto647N-labeled nontreated (dim red) CMP-CPP/taxol double-stabilized microtubules. From left to
right: overlay, tubulin, starPEG-(KA7),-TAMRA, twofold magnifications of boxed areas in the single color channels.
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Helgeson et al., 2018; Volkov et al., 2018).
As pulled microtubules occasionally were
strongly deflected (e.g., beyond a small an-
gle of 30°) and often stayed attached to the
pulling microtubule after maximal deflec-
tion, our force approximation is conserva-
tive and likely represents the lower bound of
the maximal forces that can be transduced
by starPEG-(KA7)s.

FIGURE 2: starPEG-(KA7), diffuses along the
microtubule lattice, switches tracks at
microtubule intersections, and tracks the
depolymerizing plus end of dynamic
microtubules. (A) Representative kymographs
showing the diffusion of 1 nM starPEG-
(KA7)4-TAMRA along the lattice of taxol-
stabilized microtubules at 25°C in BRB80.

(B) Mean square displacement analysis (top)
and covariance-based estimator of the
diffusion coefficient D (bottom) of starPEG-
(KA7)4-TAMRA at 25°C in BRB8O. Error bars in
MSD plot (top) are the SE. Data are fitted
with a linear regression. The dashed line in
the CVE plot (bottom) indicates the 95%
confidence interval and the calculated mean
D value is weighted for molecule trajectory
length/data points. (C) Track-switching of
single starPEG-(KA7)4-TAMRA at microtubule
intersections. Top pictures show the
geometry of intersecting taxol-stabilized
Atto647N-labeled microtubules
superimposed by the trajectories (blue) of
single starPEG-(KA7)4-TAMRA molecules (i.e.,
M1 and M2) tracked by FIESTA. Bottom
kymographs derived by line-scans along the
respective substrate microtubules (MT1-4)
show the diffusional movement of single
starPEG-(KA7)4-TAMRA molecules (i.e.,
molecule 1 and molecule 2). Switch events are
indicated by orange bars above and below
the respective kymographs. (D) starPEG-
(KA7)4-TAMRA (top row and cyan, bottom
row) tracks the depolymerizing plus end of
dynamic Alexa 647-labeled microtubules
(red, bottom row) grown from GMP-CPP-
stabilized seeds at 35°C. White arrowheads
indicate end-tracking starPEG-(KA7),-TAMRA
molecules and blue arrowheads their maximal
compression at the end of depolymerization
events. (E) Tracking efficiency of starPEG-
(KA7),-TAMRA. Left: schematic definition of
the parameters and time points used for the
graphs on the right. Magenta data points
show the fraction of total microtubule-
associated starPEG-(KA7),-TAMRA intensity
that remains bound to the microtubules
during individual tracking events (n=19).
Cyan data points show the relative
microtubule length remaining at the end of
individual tracking events. Blue data points
are the normalized starPEG-(KA7),-TAMRA
intensity values divided by the normalized
microtubule length values; values above 1
indicate accumulation of starPEG-(KA7),-
TAMRA in terms of intensity per length.
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starPEG-(KA7)4 accumulates in microtubule overlaps and
drives the formation of microtubule bundles

The force coupling between intersecting microtubules by depoly-
merizing starPEG-(KA7),-TAMRA-decorated microtubule plus ends
already suggests that starPEG-(KA7), is a potent microtubule cross-
linker—a feature we would expect due to its multivalent microtu-
bule-binding interfaces (see Figure 1A). Hence, we asked whether
starPEG-(KA7)4 also supports extensive microtubule cross-linking
and bundling. In fact, we observed pronounced microtubule bun-
dling during the time course of our dynamic microtubule assays in
the presence of 50 or 100 nM starPEG-(KA7),-TAMRA, but not in the
presence of 50 nM starPEG-(DA7),-TAMRA (Figure 5A). In general,
starPEG-(KA7)4-TAMRA-driven microtubule bundling occurs by the
lateral zippering of existing microtubules (Figure 5B, Supplemental
Movies S6 and S4.1, and Supplemental Figure S7) or by guided
(co-)polymerization of microtubules along each other, irrespective
of their relative orientation (i.e., parallel or anti-parallel; Figure 5B;
Supplemental Movies S4.2 and S4.3).

Additionally, low-density starPEG-(KA7)4-TAMRA preferentially
binds to or accumulates in overlaps of taxol-stabilized microtubules
(Figure 5, C and E), indicating that the peptide has a higher affinity
to microtubule overlaps as compared with single microtubules. As
expected, this effect is lost near a half-saturating starPEG-(KA7),-
TAMRA concentration, at which single microtubules are evenly
occupied and peptides on overlapping microtubules compete with
peptides from the respective other microtubule for binding sites
(Figure 5, D and E).

starPEG-(KA7), does not interfere with kinesin-1 stepping
on microtubules

Having established the MAP-like properties of starPEG-(KA7)4, we
sought to test its impact on natural MAPs, here represented by the
conventional kinesin, kinesin-1. Kinesin-1 is a molecular motor that
carries out the main load of plus end-directed microtubule-depen-
dent cellular transport (Verhey et al., 2011). Kinesin motility is sensi-
tive to physical roadblocks as the motor's mean velocity, run length,
and dwell time negatively correlate with the density of roadblocks
on the microtubule. When encountering a static road block, single
kinesin-1 motors enter a waiting state that lasts for ~0.4 s and is re-
solved either by detachment of the motor or by continuation of
walking (Schneider et al., 2015). When experiencing molecular
crowding on the microtubule lattice by motile obstacles such as
diffusive MAPs or other motors, kinesin-1 motors show a reduced
mean landing rate, dwell time, velocity, and run length (Telley et al.,
2009; Conway and Ross, 2014). Further, kinesin-1 motors are not
able to penetrate into cohesive high lattice densities of MAPs (e.g.,
tau islands; Siahaan et al., 2019). Thus, this motor is a sensitive re-
porter for any obstacles (such as starPEG-(KA7)4) on the microtubule
lattice.

We hence added increasing amounts of starPEG-(KA7),-TAMRA
(i.e., 5 and 25 nM) to a conventional stepping assay reconstituting
the motility of constitutively active rat kinesin-1 (i.e., rKin430-GFP,
lacking the autoinhibitory kinesin-1 tail) on taxol-stabilized microtu-
bules. The starPEG-(KA7)4-TAMRA significantly decreases the land-
ing rate of kinesin-1 in a concentration-dependent manner (Figure
6A), presumably by physically blocking landing sites or shielding the
negative surface charge of the substrate microtubules. However,
once a kinesin motor has successfully landed, its motility is not sig-
nificantly affected by diffusing starPEG-(KA7)4-TAMRA molecules on
the lattice. While, for unknown reasons, the velocity of kinesin-1 mo-
tors is slightly increased in the presence of starPEG-(KA7),-TAMRA,
this effect does not scale with the peptide concentration (Figure 6B)
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and is therefore unlikely to be caused by direct motor peptide inter-
actions (like a road block mechanism). Furthermore, starPEG-(KA7),-
TAMRA does not significantly affect the motor's average dwell time
(Figure 6C) nor the average motor run length (Figure éD) at any
given concentration. We hence conclude that lattice-bound diffu-
sive starPEG-(KA7), does not physically interfere with kinesin-1
motility.

DISCUSSION

starPEG-(KA7), steps up to the performance of

natural MAPs

With starPEG-(KA7)4, we here describe an artificial peptide that fea-
tures many aspects of MAP functionality. We hence sought to com-
pare its microtubule performance to those of natural MAPs. For a
fair comparison, we searched the literature for a close structural
and functional analogue of starPEG-(KA7)4, that is, a multivalent
MAP with low structural complexity that relies mainly on electro-
static interactions to interact with the microtubule. Interestingly, we
found it in the well-studied tau protein, a MAP involved in the
pathogenesis of several neuropathies such as Alzheimer or Pick’s
disease (Goedert et al., 2017). While KA7 peptides adopt a random
coil structure (Wieduwild et al., 2013), tau is intrinsically disordered
and contains four microtubule-binding repeats that mediate the
longitudinal binding of the elongated tau peptide along the ridge
of a protofilament (Kellogg et al., 2018).

The dissociation constant of starPEG-(KA7), (30 + 6 nM) is com-
parable to the lowest of the reported tau dissociation constants
ranging from 16 £ 5 nM (Makrides et al., 2004) to 1.1 pM (Gustke
et al., 1994; see also Elie et al., 2015) for full-length tau. Both pep-
tide and protein have a similar diffusion coefficient, that is, 0.3 +
0.03 pm?s™ for starPEG-(KA7)4 at 25°C and 160 mM ionic strength
and 0.336 + 0.062 um?s~" for tau at 35°C and 124 mM ionic strength
(Hinrichs et al., 2012). Like starPEG-(KA7),, tau can also switch
microtubules at intersections (Hinrichs et al., 2012). Furthermore,
tau also shows nucleation activity (Gustke et al., 1994) and bundles
microtubules in vivo (Chung et al., 2016) and in vitro (the latter, how-
ever, only at high concentrations in the lower millimolar range; Scott
etal., 1992). Finally, the concentration-dependent increase in micro-
tubule growth by starPEG-(KA7)4 and tau is nearly identical (Ramirez-
Rios et al., 2016).

In summary, the artificial starPEG-(KA7)4 steps up to the perfor-
mance of a natural MAP, showing biologically relevant functionality
such as microtubule cross-linking, microtubule bundling, microtu-
bule nucleation, microtubule growth promotion, tracking of depoly-
merizing microtubule ends, and force coupling to depolymerizing
ends. We therefore consider starPEG-(KA7),—to the best of our
knowledge—as a first prototype of an artificial MAP.

Multivalency as a critical parameter for MAP functionality
The simplicity of starPEG-(KA7)4 allows us to speculate the origin
of MAP functions that are relevant for biological processes and to
identify key features that define a MAP (Figure 7). Our work and
that of others show that electrostatic interactions with the acidic
tubulin C-termini are sufficient to mediate microtubule binding
and allow lattice diffusion. Both properties set the "identity” of a
MAP, as they allow proteins (Subramanian et al., 2010; Abad
et al., 2014; Kraatz et al., 2016; Ma et al., 2017), (single KA7-)
peptides (this study), or even artificial beads (Minoura et al.,
2010) to associate with a microtubule, although binding and
diffusion, per se, are not sufficient to carry out any relevant
biological functions (apart from being a roadblock or targeting
factor for other proteins).
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Linking multiple positively charged microtubule-binding entities
together, however, constitutes—based on our starPEG-(KA7)4 re-
sults—a quantum leap in terms of functionality. Suddenly, the pep-
tides show microtubule affinity in the nanomolar range, cross-link
and bundle microtubules, support microtubule growth, and are able
to link objects (i.e., in this case another microtubule) to depolymer-
izing microtubule ends. This suggest that multivalency—as defined
by the capacity to bind the microtubule by multiple, spatially sepa-
rated and independent microtubule-binding entities—is another
key feature, one that sets the “functionality” of a MAP. We note,
however, that the dependency on multivalent microtubule-binding
entities might be restricted to MAPs that primarily rely on electro-
static interactions for microtubule binding (e.g., such as Skaft,
Widlund et al., 2011; Abad et al., 2014) and appears not to be
strictly essential to MAPs that feature additional, hydrophobic inter-
actions with the microtubule lattice (e.g., XMAP215; Slep and Vale,
2007).

The concept of multivalency can be found intrinsically in several
natural MAPs (e.g., tau and XMAP215; Widlund et al., 2011; Kellogg
et al., 2018), but is also often achieved by the formation of higher-
order complexes (e.g., Ska and Ndc80 complexes; Jeyaprakash
et al., 2012; Volkov et al., 2018). Besides the aforementioned tau
protein, the microtubule polymerase and nucleation factor
XMAP215/ch-TOG is another prototype for intrinsic multivalency. It
features five N-terminal tumor overexpressed gene (TOG) domains,
each of which is capable to bind free o-/B-tubulin, and an additional
positively charged microtubule lattice domain in between TOG
domains 4 and 5 (Widlund et al., 2011). Full polymerase activity of
XMAP215 requires the presence of TOG 1 and 2 as well as an ad-
ditional microtubule-binding entity (i.e., the lattice binding domain
[Widlund et al., 2011] or the laterally binding TOG 5 domain [Byrnes
and Slep, 2017])—and thus a trivalent protein. Full microtubule
nucleation activity of XMAP215 in contrast requires the full set of
TOG domains and thus a pentavalent protein (Thawani et al., 2018).
A common theme of both, microtubule polymerization and nucle-
ation, is the idea that XMAP215 uses its C-terminal end beyond
TOG 4 to bind to the growing microtubule end or a conucleation
factor (i.e., the gamma tubulin ring complex), while recruiting free
tubulin from solution using TOG 1-4 (Al-Bassam and Chang, 2011;
Thawani et al., 2018) alleviating its incorporation into the microtu-
bule lattice or the nascent microtubule seed. A similar mechanism
could also account for the nucleation activity and growth-promoting
activity of starPEG-(KA7)4. Being tetravalent, starPEG-(KA7)4 could
bring together four tubulin dimers alleviating the nucleation of a
microtubule seed, while end-bound peptide could promote incor-

poration of free tubulin subunits from solution into the growing lat-
tice. This however, requires some affinity of starPEG-(KA7),4 to free
tubulin dimers—an aspect we unfortunately could not address in
this study due to technical issues (i.e., detection) associated with the
small size of the peptide.

A good example for multivalency through complex formation is
the kinetochore resident Ndc80 complex, which couples chromo-
somes to the dynamic plus ends of k-fiber microtubules. Single
Ndc80 complexes associate with the microtubule lattice already at
low picomolar concentrations, but fail to track depolymerizing plus
ends, unless they form a higher-order complex with the kinetochore
components CENP-T and MIS12 in a 3:1:1 (Ndc80:CENP-T:MIS12)
ratio (Volkov et al., 2018), associate with the—as well microtubule-
associated—Ska complex (Helgeson et al., 2018; Schmidt et al.,
2012), or are artificially oligomerized (Powers et al., 2009).

Although starPEG-(KA7), phenocopies most of the functionality
that can be found in natural MAPs, it completely lacks those traits
that define the specificity of a MAP. Due to its structural simplicity,
starPEG-(KA7)4 will bind to any other negatively charged biomole-
cule surfaces (e.g., phospholipid bilayers or the DNA phosphori-
bose backbone) and therefore lacks any substrate specificity. In fact,
the KA7-PEG system has been previously used to noncovalently
cross-link other negatively charged polymers, including highly sul-
phated polysaccharides such as heparin or conductive polymer
PEDQOT:PSS, resulting in stable hydrogel networks (Wieduwild et al.,
2013; Xu et al., 2018). Further, starPEG-(KA7), does not recognize
the tubulin nucleotide state nor any particular substructure of the
microtubule (e.g., plus ends, minus ends) and therefore also fails to
track the growing microtubule end. Further, it is not capable of
modulating any specific microtubule dynamics parameter other
than microtubule growth, and finally, it is not possible to regulate
the activity of starPEG-(KA7)4 in space or time by, for example, post-
translational modifications. Hence, all these biological-relevant
specificity traits must be encoded by a third critical property, which
is likely the structural fold that defines the local environment of a
microtubule-binding entity and their spatial alignment with each
other or the substrate.

The potential of artificial MAPs

To test the importance of particular structural folds, future work
should therefore try to transform functional artificial MAPs—like
starPEG-(KA7),—into selective artificial MAPs by the addition of
defined but limited local environments and structural elements.
This requires the development of an easily modifiable modular ar-
tificial MAP system. For this, starPEG-(KA7)4 will be a good starting

FIGURE 3: starPEG-(KA7), promotes microtubule growth and nucleation. (A) Kymographs showing the dynamicity of
Alexa 647-labeled microtubules at 35°C in the presence of starPEG-(KA7),-TAMRA or starPEG-(DA7),-TAMRA at the
indicated concentrations in BRB80. MOCK corresponds to an empty buffer control. Magenta/gray pictograms below
the kymographs indicate the polarity of microtubules as judged by the dynamicity of the respective ends. Blue
arrowheads indicate the diffusion of small tubulin aggregates along the lattice of dynamic microtubules that eventually
convert into end-tracking events during episodes of depolymerization. (B) Parameters, describing the dynamics of
microtubules at 35°C in the absence or presence of the indicated peptides at given concentrations in BRB80. Mean
values of three independent experiments are given with their respective SE of the mean. The probability values were
derived from a Mann-Whitney test. Total data set size is given on the right. (C) Spontaneous microtubule nucleation/
growth of Alexa 647-labeled microtubules at 35°C in the absence or presence of the indicated peptides at the given
concentrations in BRB80. Top row shows representative snapshots of a complete field of view (FOV, 81.4 x 81.4 um) in
the Alexa 647 channel at time O for the given conditions. Bottom row shows complete FOV images after 5 min
incubation at 35°C. Please note that 0/5-min image pairs do not show the same FOV. For development of microtubule
growth in the same FOV please refer to Supplemental Movie S2. Right graph shows the number of microtubules that
nucleate de novo per FOV and minute at the given conditions. Data points indicate the mean value of individual
experiments (10 FOVs each). Probability values were derived from a Mann-Whitney test.
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point, as previous studies with artificial KA-repeat-
bearing peptides already showed that KA-repeat-
mediated electrostatic interactions are easily tuned
by the number or spacing of repeats (Wieduwild
et al., 2013) and not disturbed by the addition of
further sequences to the KA motif (Tondera et al.,
2017). Such a modular system eventually may be
used to establish a library of engineered "“one fea-
ture—one function” reference artificial MAPs. This
library would enable us to make functional predic-
tions of uncharacterized natural MAPs and, more
importantly, to design and produce modular artifi-
cial MAPs tailored to fulfill a specific task. Modular
artificial MAPs, designed for the task and cheap to
produce in larger amounts and maybe even switch-
able, will be valuable tools to probe and modulate
microtubule biology in vivo and in vitro.

However, even in its current state, starPEG-(KA7),4
can serve as a versatile, easily modifiable, and cheap
to produce tool for nanotechnical applications that
aim to modulate the microtubule lattice, modify
microtubule interacting proteins, or functionally
engineer microtubules for nanotechnological appli-
cations (see Supplemental Figure S8). On the basis of
the functionality of starPEG-(KA7)s, we think it is suit-
able for 1) the dynamic and reversible fluorescence-
labeling of microtubules in vitro, 2) the reversible
physical and electrostatic screening of microtubules
in vitro, 3) the targeting of modifying enzymes to
the microtubule lattice in vitro, 4) processivity modifi-
cation of molecular motors, 5) functionalization of
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starPEG-(KA7), bundles microtubules. (A) Representative images showing the microtubule organization of
dynamic Alexa 647-labeled microtubules after 15 min incubation at 35°C in the absence or presence of the indicated
peptides at given concentrations in BRB8O. (B) Stills of Supplemental Movies $4.1-54.3 showing different modes of
starPEG-(KA7),-TAMRA-mediated microtubule overlap formation; MT-zippering and (anti-)parallel guided polymerization.
The respective top rows show the starPEG-(KA7),-TAMRA (50 nM) signal only; the bottom rows show the starPEG-(KA7),-
TAMRA (cyan) together with Alexa 647-labeled tubulin (red). White arrowheads indicate the resulting microtubule
overlaps. (C, D) Fluorescence images of starPEG-(KA7);-TAMRA (top) on microtubule overlaps (bottom). Intensity profiles
derived by line scans along the microtubule are shown in the graphs above. The starPEG-(KA7),-TAMRA intensity profile
is shown in light (5 nM) and dark blue (25 nM, average intensities in orange); the microtubule intensity profile is shown in
gray (average intensities in magenta). Vertical lines depict the average intensity across the indicated range. Numbers are
average * SE. NR, normalized ratio (see also E) (E) Normalized intensity ratio of microtubule-bound starPEG-(KA7),4-
TAMRA (at 5 and 25 nM), that is, the average starPEG-(KA7),-TAMRA intensity on microtubule overlaps divided by the
corresponding average intensity on single microtubules normalized by the same value ratio measured in the tubulin
channel. Horizontal bars indicate median. Values above 1 mean accumulation within the overlap and values below 1
exclusion from the overlaps; n =16 and 15, respectively. P value is derived from a Mann-Whitney test.
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FIGURE 6: starPEG-(KA7), interferes with microtubule binding of kinesin-1 but not with its
motility. (A) Kymographs showing the motility of GFP-labeled truncated rat kinesin-1
(rKin-430-GFP) on taxol-stabilized microtubule in the presence of starPEG-(KA7),-TAMRA at
25°C and the indicated concentrations. Kinesin landing rates are given below the kymographs.
Probability values are derived from a Mann-Whitney test. (B) Frequency distribution of kinesin-1
velocities in the presence of starPEG-(KA7),-TAMRA at 0 nM (magenta), 5 nM (cyan), and 25 nM
(blue). The dashed lines indicate the respective 95% confidence intervals. Numbers given are
maxima of Gaussian fits = SE. Probability values are derived from a Mann-Whitney test.

(C, D) Cumulative frequency plots of kinesin-1 dwell time (C) and run length (D) in the presence
of starPEG-(KA7),-TAMRA at the indicated concentrations. Color coding of the data as in B.
Numbers given are the respective half-maxima + SE. Probability values are derived from a
Mann-Whitney test.

with 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate
activation on an automated solid-phase
peptide synthesizer (ResPep SL, Intavis,
Cologne, Germany). For good peptide
quality, each amino acid was coupled
twice with fivefold excess, and all nonre-
acted amino groups were capped with
acetic  anhydride, the same way
5(6)-TAMRA was coupled to the N-termi-
nus of the peptides on the resin. The
peptide was cleaved off the resin with tri-
fluoroacetic acid/triisopropyl silane/water/
dithiothreitol  (DTT)  (90[vol/vol]:5[vol/
vol]:2.5[vol/vol]:2.5[m/vol]) for 1.5 h. The
product was precipitated and washed with
ice-cold diethyl ether. Peptide purification
was performed via reverse-phase high-
pressure liquid chromatography (HPLC) on
a preparative HPLC (Waters, Milford, MA)
equipped with a preparative C18 column
(AXIA 100A, bead size 10 pm, 250 x
30 mm, Phenomenex, Torrance, CA).
Purity was confirmed by electrospray
ionization mass spectrometry (ACQUITY
TQ Detector; Waters, Milford, MA).

Synthesis of peptide-PEG conjugate.
Peptide-starPEG conjugate synthesis was
conducted via Michael addition reactions
between maleimide-terminated starPEG
(10 kDa) and cysteine-terminated KA7
peptides. Both components were solved
in phosphate-buffered saline, pH 7.4,
and mixed in a molar ratio of 1:5 (star-
PEG:peptide). The reaction mixture was
quickly sealed and stirred (MR Hei-
Standard, Heidolph, Schwabach, Germany)
at 750 rpm at room temperature overnight.
Uncoupled peptides and salt were re-
moved from the reaction mixture by dialyz-
ing the peptide-star PEG product for 2 d
against water using tubing with an 8-kDa
cut-off. In general, the final peptide prod-
ucts were lyophilized and kept at —20°C for
long-term storage.

For TIRF experiments, the respective
peptides were rehydrated in BRB80, pH 6.8
(i.e., 80 mM PIPES, pH 6.8, T mM MgCly, 1
mM ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N'-tetraacetic acid [EGTA]) and
stored as single-use aliquots at —20°C.

microtubules as plasmonic waveguides, or 6) measuring depolymer-  General TIRF-microscopy

ization-coupled pulling forces in vivo. TIRF microscopy experiments in this study were performed on an

Axio Observer Z1 microscope (Carl Zeiss Microscopy GmbH, Jena,
MATERIALS AND METHODS Germany) equipped with 488/532/642 nm laser lines (Omicron-
Peptide synthesis and labeling Laserage, Rodgau-Dudenhofen, Germany) and an iXon X3 EMCCD

General peptide synthesis. For peptide synthesis, all required  (Andor Technology, Belfast, UK). Image data were acquired using
chemicals were purchased from IRIS Biotech GmbH (Marktred- an alpha Plan-Apochromat 63x/1.46 Oil objective (Zeiss) with a
witz, Germany) unless otherwise specified. All peptides were  1.6-fold auxiliary magnification—achieving a final pixel size of
prepared using standard Fmoc chemistry on a solid-phase 159 + 3 nm. For temperature control, the objective was equipped
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with a water-supplied heating ring connected to a thermostatic
circulator (F-25-MC; Julabo, Seelbach, Germany).

Assays on stabilized microtubules

Microtubule preparation. Taxol-stabilized microtubules were
grown at 37°C for 1 h from 30 uM Atto647N-labeled pig brain tubu-
lin (labeled:unlabeled = 1:20) in BRB8O, pH 6.8, supplemented with
4 mM MgCl,, 1 mM GTP (Jena Bioscience GmbH, Jena, Germany),
and 4.8% (vol/vol) dimethyl sulfoxide (DMSQO). Microtubules were
sedimented at room temperature for 30 min at 17,000 x g and
resuspended in warm (i.e., 37°C) BRB80 supplemented with 10 uM
taxol (Sigma-Aldrich, Hamburg, Germany). Microtubules were
stored in the dark at room temperature and kept for a maximal 48 h.
GMP-CPP-stabilized microtubule were grown 37°C for 2 h from
2 pM Atto647N-labeled pig brain tubulin (labeled:unlabeled =
1:4 [bright] or 1:20 [dim]) in BRB80, 1 mM GMP-CPP (Jena Biosci-
ence). Microtubules were sedimented at room temperature for
30 min at 17,000 x g and resuspended in warm BRB80. For subtilisin
treatment, GMP-CPP microtubules were polymerized and sedi-
mented as above and resuspended in BRB80 supplemented with
10 pm taxol and 200 pg/ml subtilisin A (Sigma-Aldrich). Microtu-
bules were incubated for 1 h at 30°C before protease digest was
stopped by the addition of 10 mM phenylmethanesulfonyl fluoride
(Sigma-Aldrich). Microtubules were sedimented as above and resus-
pended in warm BRB80. The samples were split and analyzed on a
4-12/% precast SDS-PAGE gel (ThermoFisher, Langenselbold,
Germany) or directly used in the TIRF assay.

Assay setup. Anti—B-tublin antibodies (mouse, SAP.AG5, Sigma-Al-
drich) at 15 pg/ml were allowed for 10 min to bind to the silylated

glass surface of a flow cell. The surface then was blocked for 1 h with
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1% Pluronic F-127 (Sigma-Aldrich). Surplus Pluronic F-127 was
washed out using BRB80 and Atto647N-labeled microtubules were
allowed to bind to the anti—-B-tublin antibodies until the desired
density was reached (<1 min). Nonbound microtubules were
removed by BRB80 supplemented with 10 uM Taxol and the flow
cell was perfused with the assay mix, which had been precleared at
room temperature for 2 min at 17,000 x g. The assay mix contained
starPEG-(KA7)4-TAMRA, starPEG-(DA7),-TAMRA, and/or truncated,
GFP-labeled rat kinesin-1 (rKin'3°-GFP) at the indicated concentra-
tions in 80 mM PIPES, pH 6.8, 1 mM MgCly, 1 mM EGTA, 1 mM ATP
(Jena Bioscience, only in kinesin motility assay), 10 uM taxol, 50
pg-ml' casein, 10 mM DTT, 20 mM glucose, 0.2 mg-ml~" glucose
oxidase (Serva Electrophoresis GmbH, Heidelberg, Germany), and
20 pg-ml' catalase (Sigma-Aldrich). Evaluation of the ionic strength
and pH dependency of starPEG-(KA7);-TAMRA microtubule bind-
ing was carried out in 25 mM PIPES, pH 6.8 (BRB25), ionic strength
adjusted with 150-300 mM NaCl, or in pH-adjusted 50 mM Tris that
has been adjusted to the ionic strength of BRB80 using 145-180
mM NaCl. The flow channels were sealed with VALAP (Vaseline/
lanoline/paraffine, 1:1:1 wt/wt) and imaged at 25°C for a maximal
30 min. To minimize experimental variations, a full set of the respec-
tive experiments was conducted on the same day using the same
stock solutions in flow channels on the same glass coverslip.

Imaging the diffusion of starPEG-(KA7),. To describe the diffu-
sion of starPEG-(KA7)4-TAMRA along the microtubule lattice, 5-min
movies were recorded in a continuous stream with 100-ms exposure
using the 532-nm laser line at 40 mW. The position of the substrate
microtubules was determined by taking a snapshot before each
movie using the 642-nm laser line at 5.6 mW and 40-ms exposure
time. To minimize superimposition of multiple molecule traces for
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subsequent automated tracking, starPEG-(KA7);-TAMRA was im-
aged at 1 nM concentration. For microtubule binding by starPEG-
(KA7)4, flow chambers were assembled as described above and in-
cubated for 15 min on the microscope at 25°C. Then, snapshots of
the tubulin (642 nm) and the starPEG-(KA7), channel (532 nm) were
taken at random positions within the flow chamber using the above-
mentioned specifications. To assess the motility of rKin'#0-GFP
(Rogers et al., 2001) in the presence of starPEG-(KA7),-TAMRA,
5-min movies were recorded in a continuous stream with 100-ms
exposure using the 488-nm laser line at 5 mW. The position of the
substrate microtubules was determined by taking a snapshot before
each movie using the 642-nm laser line at 5.6 mW and 40- to 100-
ms exposure time. The amount of starPEG-(KA7),-TAMRA on each
microtubule was recorded by taking a snapshot before each movie
using the 532-nm laser line at 40 mW and 100-ms exposure time.

Analyzing the diffusion of starPEG-(KA7),. Tracking of single
starPEG-(KA7),-TAMRA molecules and calculation of the diffusion
coefficient D were carried out by FIESTA v1.6 (Ruhnow et al., 2011)
using the following settings (alterations from standard settings
only): threshold—relative intensity, height, 1; connecting—maxi-
mum velocity, 5000 nm-s™'; weights, 100% position; tracks—mini-
mum length, 5 frames; maximum break, three frames; maximum
angle, 180°. Resulting tracks were manually validated based on
the starPEG-(KA7),-TAMRA signal in the corresponding kymo-
graphs. Microtubule affinity of starPEG-(KA7);—the integrated to-
tal intensity of microtubule-bound starPEG-(KA7),-TAMRA and the
length of individual microtubules were measured in ImageJ. Over-
lapping or bundled microtubules were not considered for analysis.
For each condition, the mean intensity per micrometer was calcu-
lated and corrected for the chamber-specific background mean
values off the microtubules as well as for the microtubule-specific
background in the 532-nm channel (empty buffer control). To com-
pare different sets of experiments, individual data sets were nor-
malized to saturating conditions at 500 nM. Data fitting was done
in Origin 9 using the Michaelis-Menten fit function. Data fitting for
Supplemental Figure S3 was done in OriginPro 2015 using an ex-
ponential decay fit. Kinesin-1 motility—all rKin430 parameters
(i.e., landing rate, velocity, dwell time, and run length) were deter-
mined manually from individual kymographs using ImageJ. Data
fitting was done in Origin 9 using Gaussian and log-normal fits.

Dynamic microtubule assays

Seed preparation. Short microtubule seeds were grown at 37°C for
60 min from 18.5 pM biotinylated, Alexa 647-labeled pig brain tubu-
lin (biotinylated:labeled:unlabeled = 1:2:47) in BRB8O, pH 6.8, sup-
plemented with 1 mM GMP-CPP (Jena Biosciences) and 1 mM DTT.
The seed mix was stored in the dark at room temperature and kept
for a maximum of 48 h.

Assay setup. Anti-biotin antibodies (goat, B3640, Sigma-Aldrich)
at 70 pg/ml were allowed for 15 min to bind to the silylated glass
surface of a flow cell. The surface then was blocked for 1 h with 1%
Pluronic F-127. Surplus Pluronic F-127 was washed out using
BRB80 and biotinylated, dimly Alexa 647-labeled, GMP-CPP-
stabilized tubulin seeds were allowed to bind to the anti-biotin
antibodies until the desired density was reached (<1 min). Non-
bound seeds were removed by BRB80 and the flow cell was
perfused with the assay mix, which had been precleared for 2 min
at room temperature in a tabletop centrifuge at 17,000 x g. The
assay mix contained 14 pM Alexa 647-labeled pig brain tubulin
(labeled:unlabeled = 1:14) and starPEG-(KA7)4,-TAMRA or starPEG-
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(DA7)4-TAMRA at the indicated concentrations in 80 mM PIPES,
pH 6.8, 4 mM MgCly, T mM EGTA, T mM GTP, 0.27% (wt/vol)
methyl-cellulose, 0.8 mg-ml-' casein, 5 mM DTT, 67 mM glucose,
0.5 mg'ml-" glucose oxidase, and 0.27 mg-ml~" catalase. The flow
channels were sealed with VALAP and imaged at 35°C for maximal
30 min. All experiments were performed using the same, preali-
quoted labeled tubulin preparation. For each condition/concen-
tration, three independent experiments have been carried out. To
minimize experimental variations, a full set of experiments (i.e.,
MOCK, 50 mM starPEG-(DA7)4-TAMRA, and 50/100 mM starPEG-
(KA7)4-TAMRA) was conducted on the same day using the same
stock solutions in four flow channels on the same glass coverslip.

Imaging. Single-color time-lapse movies were recorded with one
frame per second using the 647-nm laser line at 100-ms exposure to
visualize the Alexa 647-labeled tubulin. Dual-color time-lapse
movies were recorded with one frame every 3 s using the 647-nm
laser line at 100-ms exposure to visualize the Alexa 647-labeled
tubulin and the 564-nm laser line at 100-ms exposure to visualize
starPEG-(KA7),-TAMRA.

Analyzing microtubule dynamics. Movies were analyzed and
processed with ImageJ. Kymographs were produced by the
MultipleKymograph ~ plug-in  (www.embl.de/eamnet/html/body
_kymograph.html). Parameters of microtubule dynamicity were
extracted manually from kymographs using ImageJ. The following
definitions were used: catastrophe frequency, number of catastrophe
events divided by the total time of growth; rescue frequency, number
of rescue events divided by the total time of shrinkage. The probability
values given in Figure 3B were derived from a Mann-Whitney U test.
The SE of mean was calculated from the mean of the respective values
per microtubule. To quantify the starPEG-(KA7), intensity during pull-
ing events the integrated intensity of a five-pixel diameter circle was
measured in the frame the depolymerizing plus end traverses the inter-
secting microtubules and locally corrected for the background. Data
fitting shown in Figure 4C was done in OriginPro 2015 using the mul-
tiple peak Gaussian fit tool. The probability values given in Figure 3C
were derived from a Mann-Whitney U test.

Nucleation assay. For the nucleation assay, we omitted the microtu-
bule seeds from our dynamic microtubule assay setup and treated
the glass surface of our flow cells in a different manner. First, a
His-tagged and truncated rigor variant of the rat kinesin-1 (i.e.,
rKin'-430. T%N_His,) (Nakata and Hirokawa, 1995; Rogers et al., 2001)
was allowed to bind the silylated glass surface for 15 min at ~600 nM
concentration. The surface was then blocked for 1 h with 1% Pluronic
F-127 and for 30 min with 0.8 mg-ml~" casein. Flow chambers were
rinsed with BRB80, perfused with assay mix (as above), and sealed
with VALAP. Flow channels were imaged at 35°C using the 647-nm
laser line at 75-to 100-ms exposure to visualize the Alexa 647-labeled
tubulin. First, snapshots from 10 random positions were taken, also
allowing for temperature equilibration. Then, a 5-min time-lapse
movie was recorded with one frame per second. Finally, snapshots
were again taken from 10 random positions within the flow cell. For
quantitative analysis, microtubules FOV were manually counted
using ImageJ. Since we aimed to quantify the de novo nucleation of
microtubules and we cannot formally exclude that starPEG-(KA7)4
facilitates templated nucleation on the lattice of already existing
microtubules, microtubule bundles that formed in the presence of
starPEG-(KA7), were counted as one microtubule only. Thus, the
actual number of microtubules nucleated de novo in the presence of
starPEG-(KA7), is higher than the apparent values given in Figure 3C.
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