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SUMMARY
Microtubules (MTs) are dynamically unstable polar biopolymers switching between periods of polymerization
and depolymerization, with the switch from the polymerization to the depolymerization phase termed catas-
trophe and the reverse transition termed rescue.1 In presence of MT-crosslinking proteins, MTs form parallel
or anti-parallel overlaps and self-assemble reversibly into complex networks, such as themitotic spindle. Dif-
ferential regulation of MT dynamics in parallel and anti-parallel overlaps is critical for the self-assembly of
these networks.2,3 Diffusible MT crosslinkers of the Ase1/MAP65/PRC1 family associate with different affin-
ities to parallel and antiparallel MT overlaps, providing a basis for this differential regulation.4–11 Ase1/
MAP65/PRC1 family proteins directly affect MT dynamics12 and recruit other proteins that locally alter MT
dynamics, such as CLASP or kinesin-4.7,13–16 However, how Ase1 differentially regulates MT stability in par-
allel and antiparallel bundles is unknown. Here, we show that Ase1 selectively promotes antiparallel MT over-
lap longevity by slowing down the depolymerization velocity and by increasing the rescue frequency, specif-
ically in antiparallelly crosslinked MTs. At the retracting ends of depolymerizing MTs, concomitant with
slower depolymerization, we observe retention and accumulation of Ase1 between crosslinked MTs and
on isolated MTs. We hypothesize that the ability of Ase1 to reduce the dissociation of tubulin subunits is suf-
ficient to promote its enrichment at MT ends. Amathematical model built on this idea shows good agreement
with the experiments. We propose that differential regulation of MT dynamics by Ase1 contributes to
mitotic spindle assembly by specifically stabilizing antiparallel overlaps, compared to parallel overlaps or
isolated MTs.
RESULTS AND DISCUSSION

Ase1 selectively promotes the persistence of
antiparallel microtubule overlaps
To study the interactions of Ase1 and dynamic microtubules

(MTs), we employed total internal reflection fluorescence (TIRF)

and interference reflection microscopy (IRM) time-lapse imaging

of immobilized, GMPCPP-stabilizedMT seeds in the presence of

free tubulin (30 mM) and fluorescently labeled Ase1 (10, 42, and

420 nM) (STAR Methods). We observed dynamic, Ase1-deco-

rated MT extensions polymerizing from the MT seeds. When a

polymerizing MT plus end encountered another MT, it either

crossed the other MT or formed a bundle with it (Figures 1A,
Current Biology 34, 4071–4080, Septe
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1B, and S1A; Videos S1A–S1F), depending on the angle of inci-

dence and Ase1 concentration (Figure S1B). As previously re-

ported,6 antiparallel bundles formed even at large initial angles

of incidence (up to 40� at higher Ase1 concentrations), while

parallel bundles mostly formed at initial angles below 20� (Fig-

ure S1B). In the absence of Ase1, MTs never bundled, even

when very close to each other over extended periods of time

(Figure S1C; Video S1G). We then quantified the lifetimes of par-

allel and antiparallel overlaps in these experiments. Although at

10 nM Ase1 we found that antiparallel overlaps were no more

stable than parallel ones (Figure 1C), with increasing Ase1 con-

centration a difference between the lifetimes increased, with

antiparallel overlaps having higher lifetimes (Figure 1C). We
mber 9, 2024 ª 2024 The Authors. Published by Elsevier Inc. 4071
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Figure 1. Ase1 selectively promotes the persistence of antiparallel MT overlaps

(A) Kymographs of two MTs polymerizing toward each other in the presence of Ase1-mNeonGreen, subsequently forming a region of antiparallel MT overlap

(scale bars, 5 mm and 10 min). In sketches, dynamic extensions with GDP lattices are red and stabilized GMPCPP seeds are blue. The teal bars next to

(legend continued on next page)
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hypothesized that this effect could be due to increased densities

of Ase1 molecules bound in antiparallel overlaps compared to

parallel ones, as reported earlier.6 Indeed, with 10 and 42 nM

Ase1 in solution, the observed Ase1 densities on antiparallel

overlaps were much higher than on parallel ones (Figure 1D).

At 420 nM Ase1, we observed the density of Ase1 to be similar

to Ase1 densities on antiparallel and parallel bundles (Figure 1D).

The measured values, however, represent the total density of

Ase1 at the position of the overlap, which might differ from the

density of Ase1 molecules directly engaged in MT crosslinking

by being bound simultaneously to both MTs. Importantly,

despite similar decoration levels by Ase1 at 420 nM, antiparallel

overlaps nevertheless were significantly more stable than paral-

lel ones (Figure 1C). Combined, these data show that Ase1

selectively promotes the lifetimes of antiparallel overlaps.

Ase1 differentially regulates the dynamics of
microtubules in parallel and antiparallel overlaps
The relative stability of antiparallel overlaps at high Ase1 concen-

trations may, in part, owe to the fact that antiparallel overlaps

grow twice as fast as parallel ones, since both MTs polymerize

in opposite directions. However, our data suggest that antipar-

allel overlaps may be additionally stabilized by altered MT dy-

namics. To investigate this question, we quantifiedMT dynamics

for various Ase1 concentrations (Figures 2 and S2A). We found

that polymerization velocities were similar for all MTs, either iso-

lated or bundled, across all tested Ase1 concentrations (Fig-

ure 2A). The catastrophe frequencies slightly decreased with

Ase1 concentration similarly in isolated or bundled MTs (Fig-

ure 2B). Importantly, we found both depolymerization velocities

and rescue frequencies to be sensitive to both Ase1 concentra-

tion and the MT organization (Figures 2C and 2D). At 420 nM

Ase1, MTs depolymerized markedly slower than at lower Ase1

concentrations. Further, at 42 and 420 nM Ase1, antiparallel

MTs displayed a marked decrease in depolymerization velocity

and a pronounced increase in rescue frequency compared to

isolated and parallel MTs (Figures 2C and 2D). Our results at

42 nM Ase1 may indicate that this effect is due to the increased

number of Ase1 molecules observed on antiparallel MTs as

compared to parallel and isolated MTs. At 420 nM Ase1, howev-

er, the decrease in depolymerization velocities and pronounced

increase in rescue frequencies persist despite indistinguishable

Ase1 densities on antiparallel versus parallel MT overlaps

(Figures 2E and 2F). The number of Ase1 molecules localized

to the MT overlap was the only factor we could identify as influ-

encing the frequency of rescues (Figures 2D and 2F). Note, how-

ever, that the number of molecules directly participating in the

crosslinking process, i.e., simultaneously bound to both cross-

linked MTs, is not measurable in this assay. Combined, these

results demonstrate that Ase1 can differently modulate MT
kymographs indicate the presence of regions of overlap (we only counted regions

stabilized by GMPCPP did not count). The orange lines indicate a termination of

(B) Kymographs of two MTs polymerizing in a parallel configuration in the presen

(C) Survival probability of antiparallel and parallel overlaps, showing the probabilit

after its formation (STAR Methods). Semitransparent regions indicate 95% lowe

(D) Quantification of the density of Ase1-mNeonGreen on isolated MTs and (ant

number of analyzed MT bundles, ***p < 0.001 (Tukey’s test).

Panels show data for MT plus ends (minus ends generally were not analyzed).

See also Figure S1 and Video S1.
dynamics in parallel and antiparallel overlaps, resulting in stabi-

lization of antiparallel MT overlaps.

Slower MT depolymerization coincides with
accumulation of Ase1 at depolymerizing MT ends
To investigate the mechanism underpinning Ase1-dependent MT

stabilization, we next examined the localization of Ase1 on MTs.

Although on polymerizing MTs Ase1 did not exhibit any specific

localization, on depolymerizing MTs, we observed that Ase1

accumulated at MT ends (Figures 1 and S2B). We thus repeated

the experiments at a higher frame rate and altered experimental

conditions to analyze this process (STAR Methods; Figures S3A

and S3B). We had chosen an Ase1 concentration (1 nM) at

which we observed very little Ase1 binding to isolated MTs while

observing prominent binding to antiparallel overlaps (Figures 3A,

3D, and S3C; Video S2). At the depolymerizing ends of overlaps

and isolated MTs, we observed accumulation of Ase1 molecules

(Figures 3A, 3B, and S3D). We found that as Ase1 accumulated at

the disassembling tip, the velocity of the MT disassembly

decreased for both, for overlaps and isolated MTs (Figures 3A–

3F and S3E). We next compared Ase1 accumulation at the ends

of antiparallel overlaps and isolated MTs, after adjusting the

bulk Ase1 concentrations to reach comparable Ase1 densities

on the MTs. This was achieved by imaging antiparallel overlaps

at 1 nM Ase1 and isolated MTs at 6 nM Ase1 (Figures 3G and

S3C).We found that although isolatedMTs at 6 nMAse1 accumu-

lated more Ase1 than antiparallel MTs at 1 nM Ase1, these iso-

lated MTs did not depolymerize slower than the antiparallel MTs

at 1 nM (Figures 3B, 3C, 3H, and 3I). While recent results indicate

that gradual slowdownof disassembly is an inherent feature ofMT

depolymerization,17 in the absence of Ase1 we had not observed

any slowdown in MT depolymerization comparable to what we

observed in the presence of Ase1 (Figures S3F and S3G). More-

over, we found that with an increasing amount of accumulated

Ase1 at the MT tip, as well as with an overall increase in local

density of Ase1 molecules at the tip, the probability of rescue

increased (Figures 3A–3J and S3H). We repeated the experiment

with both Ase1 and tubulin removed from the solution. As

MTs started to depolymerize, Ase1 still accumulated at the

depolymerizing ends, indicating that the accumulates are

composed of Ase1 molecules that were already bound to the

MT lattice before catastrophe (Figure S3I; Video S3). As recently

reported with a synthetic MT crosslinker,18 we also observed

that a depolymerizing MT end would drag other MTs, indicating

that substantial forces could be transmitted by this mechanism

(Figure S3J; VideoS3). In summary, our experiments demonstrate

that lattice-bound Ase1molecules are swept by the depolymeriz-

ingMT ends and that the number of swept Ase1molecules corre-

lates with reduced depolymerization velocity and increased

rescue probability.
where the two partakingMT regions are constituted byGDP-tubulin, i.e., a seed

the overlapping period, as evaluated for (C).

ce of Ase1-mNeonGreen, sometimes forming a region of overlap.

y that an overlap formed by two dynamic MT extensions persists at a given time

r and upper confidence bounds.

i)parallel bundles (STAR Methods). The numbers below the boxes denote the
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Figure 2. Ase1 differentially regulates the dynamics of microtubules in parallel and antiparallel overlaps

(A–D) Polymerization velocity (A), catastrophe frequency (B), depolymerization velocity (C), and rescue frequency (D) of dynamic MT plus ends in different

configurations and in the presence of varying concentrations of Ase1-mNeonGreen.

(E) Depolymerization velocity (see A) versus Ase1-mNeonGreen density on a given MT or bundle divided by number of MTs in that bundle (i.e., the density as

shown in Figure 1D is divided by 2 in the case of parallel and antiparallel MTs).

(F) Rescue frequency (see D) versus Ase1-mNeonGreen density (see Figure 1D).

All plots show results for the same experiments as shown in Figure 1. *p < 0.05, **p < 0.01, ***p < 0.001 (Tukey’s test). Boxplots are weighted by the length of a

sampled period of polymerization or depolymerization. In boxplots, the numbers indicate the number of recorded events; in bar plots, the numbers indicate the

sum of the length of all sampled periods of polymerization or depolymerization (in minutes). In bar plots, the height of the bar indicates the catastrophe/rescue

frequency as determined from all timelapses (number of total events divided by total duration of depolymerization), while the error bars indicate the lowest and

highest rates as determined from each isolated timelapse; velocities are normalized to the median velocity of isolated MTs (STAR Methods).

See also Figure S2.
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Stabilization of terminal tubulin subunits by Ase1 is
sufficient to reproduce Ase1 sweeping and reduced MT
depolymerization velocity
To mathematically analyze the molecular mechanism that

causes Ase1 to accumulate at depolymerizing MT ends while

reducing their depolymerization velocity, we developed a simple

model for an isolatedMT. Thismodel treats theMT as a 1D lattice

of repeating Ase1 binding sites representing tubulin hetero-

dimers of one MT protofilament and neglects its 3D nature and

protofilament structure (STAR Methods). Ase1 binding, unbind-

ing, and hopping to adjacent lattice sites are represented as sto-

chastic events. The associated rates, kon ; koff ; kh (Figure 4A), are

determined experimentally (Table S1). Only one Ase1 molecule

can be attached to any one tubulin heterodimer, meaning that

Ase1 can hop only to unoccupied neighboring sites. When

reaching the end of an MT, Ase1 can either hop away from this
4074 Current Biology 34, 4071–4080, September 9, 2024
end (if the proximal binding site is unoccupied) or unbind with

rate koff , as modeled previously.20 MT depolymerization is

modeled discretely with stochastic detachment of the terminal

heterodimer. The rate of depolymerization is affected by Ase1

(Figure 4B). Specifically, this rate is k0d when the terminal tubulin

is free of Ase1 and kd = ð1 � UÞk0d otherwise. The value of k0d is

calibrated from the MT depolymerization velocity in the absence

of Ase1, measured experimentally (Table S1). The parameter

U˛ ½0;1� specifies the effect of Ase1 on depolymerization. If

U = 0, Ase1 has no effect, while if U = 1, the terminal subunit

cannot unbind while Ase1 is bound. For U> 0, this model leads

to an accumulation of Ase1 near the depolymerizing end

accompanied by a decrease of the depolymerization velocity

(Figures 4C–4E, S4A, and S4B). The accumulation occurs

because subunits without Ase1 are more likely to be lost at the

plus end. Selective loss of tubulin without Ase1 thus increases



Figure 3. Slower MT depolymerization coincides with accumulation of Ase1 at depolymerizing MT

(A, D, and G) Kymographs of the plus end of depolymerizing MTs in the presence of Ase1-GFP in solution. The stabilized GMPCPP-MT seeds were labeled with

15% rhodamine and 15%Alexa 647 (or, alternatively, with 2%Alexa 647), while the free tubulin in solution was labeled with 7% rhodamine. In sketches, dynamic

(legend continued on next page)
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the density of Ase1 at the depolymerizing end, creating a positive

feedback that counteracts MT depolymerization. At steady

state, the system can be characterized by the probability P1 of

the terminal site to be occupied and the rate of subunit loss,

which is kd = k0dð1 � UP1Þ. This model is sufficient to highlight

the fundamental consequences of stabilizing the terminal tubulin

subunits but did not fully match the experimental data. We thus

generalized this model, assuming that the rate of loss of terminal

tubulin subunits is reduced by the same factor ð1 � UÞ if an Ase1
molecule is present in either of the N-terminal sites. Thus, this

rate is kd = kd0

"
1 � Uf1 �

Yi = N

i = 1

ð1 � PiÞg
#
, where Pi is the

probability of site i being occupied by Ase1. Model parameters

were set from experimental measurements except for U and N

(Table S1). Models with large values of N are unlikely, since

they would require Ase1 to influence the detachment of a

distant tubulin subunit. We considered the previous model,

model 1 (N = 1), where only Ase1 bound to the terminal subunits

affects its unbinding, and model 2 (N = 3), where unbinding is

also affected by the 3 terminal subunits. For these two models,

we systematically varied U and compared the model results

with the experimental data. Specifically, we aimed to reproduce

the timescale of accumulation of Ase1 and the total amount of

Ase1 accumulated and depolymerizing velocity reached at

steady state (Table S2). We got the best match with model 2

and U = 0.9 (Figures S4A and S4B), which could reproduce the

extent and timescale of Ase1 accumulation as well as the

steady-state depolymerization velocity for isolated MTs at

6 nM Ase1 (Figures 4C and S4A). With the same parameters,

we could recapitulate the Ase1 accumulation timescale and

steady-state accumulation for isolated MTs at 1 nM Ase1

(Figures 4D and S4B). In the case of overlaps at 1 nM of Ase1,

both models predict a lower number of swept Ase1 molecules

than we had measured experimentally but correctly predict

that Ase1 molecules have a bigger impact on MT depolymeriza-

tion in the case of overlaps (Figures S4A–S4C). In summary, built

on a simple assumption of how Ase1 would affect the tubulin un-

binding rate, this model explains the Ase1 sweeping at shrinking

MT ends associated with the slowdown of MT disassembly and

recapitulates quantitatively the behavior of the isolated MTs at

6 nM Ase1, and within an order of magnitude for 1 nM Ase1.

In this work, we show that Ase1 selectively stabilizes antipar-

allel overlaps without substantially affecting the dynamics of iso-

lated MTs or MTs in parallel overlaps. In mitotic spindles and

other bipolar MT arrays, this can lead to selective stabilization

of the array’s central regions, while keeping the rest of the array

dynamic and pliable. We observed Ase1 sweeping, the
extensions with GDP lattices are colored red and stabilized GMPCPP seeds are c

and 1 min; contrast and balance vary from panel to panel (each kymograph show

(B, E, and H) The number of additional Ase1 molecules at the end of depolymeriz

represents data extracted from one line scan.

(C, F, and I) The frame-to-frame depolymerization velocity of MTs over time (analo

limits in temporal resolution, the velocity measurement right after catastrophe un

(J) Rescue frequency plotted over number of additional Ase1 molecules at the M

respective bin. The number of rescues observed in the same bin (N) was then di

parentheses refers to the number of MTs) to estimate the rescue frequency. The

0.67. For an example event, see (A). *p < 0.05, **p < 0.01, ***p < 0.001 (Tukey’s t

See also Figure S3 and Videos S2 and S3.
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accumulation of lattice-bound, diffusible Ase1 at depolymerizing

MT ends, termed ‘‘protein sweeping’’ or ‘‘herding,’’ which is

analogous to the in vitro behavior of the MT-severing enzyme

spastin and the kinetochore-associated Ndc80 and Dam1 com-

plexes.21–27 Like Ase1, Dam1 andNdc80 complexes accumulate

at depolymerizing MT ends and decrease depolymerization

velocity.

We produced simple models based on the assumption that

Ase1 reduces the detachment of terminal tubulin subunits

when bound at the MT tip. This assumption, when allowing

for diffusion of Ase1 molecules along the protofilament, leads

to both a decrease of MT depolymerization velocity and accu-

mulation of Ase1 at the tip of shrinking MTs. Sweeping occurs

because subunits without Ase1 are more likely to be lost at the

plus end, and their loss increases the density of Ase1 at the

depolymerizing end. Our model quantitatively recapitulated

the behavior of the system for 6 nM Ase1 (Figure 4C), and

within an order of magnitude for 1 nM Ase1 (Figure 4D). Given

the low density of Ase1 molecules at 1 nM concentration

(<1% of tubulin dimers bound to Ase1), the discrepancy

may be due to stochasticity of the system. Our model did

not include MT rescues; however, if one assumes that each

crosslink reached by a depolymerizing MT tip has a chance

of inducing rescue, as proposed by Stoppin-Mellet et al.,12

we expect a positive correlation between Ase1 density and

rescue frequency, consistent with our experimental data.

The quantitative disagreement with experimental data for anti-

parallelly crosslinked MTs might be due to the fact that Ase1

is not distributed evenly between the protofilaments of a

crosslinked MT, with protofilaments involved in crosslinking

containing higher densities of Ase1 (Figure 1D). A more com-

plex model accounting for protofilament interactions would be

needed for overlaps, informed by experimental measurements

of such interactions. Finally, Ase1 is known to display multi-

merization within antiparallel MT overlaps,28 which, as re-

ported recently, is an important factor involved in slowdown

of motor-driven MT sliding.29 Multimerization, especially

when promoted by the herding of Ase1 molecules at depoly-

merizing MT tips, might add another layer of complexity to

the Ase1-mediated regulation of MT dynamics, possibly re-

sulting in the addition of nonlinearities to the otherwise linear

relationship between catastrophe frequency and tubulin con-

centration.30 Conversely, herding of the Ase1 crosslinkers

might be involved in the slowdown of MT sliding propelled

by molecular motors, if the protein traffic jam at the MT tip in-

creases the friction that motors must overcome. Though the

cases of MT depolymerization and MT sliding are different in

that MT depolymerization does not involve MT movement
olored blue or light blue (in case of the weakly labeled seeds). Scale bars, 5 mm

s a different MT). White arrows highlight rescue events.

ing MTs, plotted over the time passed since the catastrophe. Each data point

gous to B, E, and H). Because the exact time of catastrophe is unknown due to

derestimates the actual velocity.

T end. The duration depolymerized at a respective x value was added to the

vided by the sum of depolymerization durations (shown in min; the number in

correlation coefficient (weighted19 by sums of depolymerization durations) is

est).
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Figure 4. Stabilization of terminal tubulin subunits by Ase1 is sufficient to reproduce Ase1 sweeping and reduced MT depolymerization

velocity

(A and B) Cartoons representing model assumptions (STAR Methods).

(A) Ase1 binding, unbinding, and hopping to neighboring sites are stochastic events with constant rates, kon ;koff ;kh. Only one Ase1 molecule can be attached to

any one tubulin heterodimer, so moving or binding to an occupied binding site is not allowed (red crossed arrow on the right). Ase1 does not fall off from theMT by

hopping at its plus ends (red crossed arrow on the left).

(legend continued on next page)
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and thus no movement of Ase1 binding sites, herding-driven

Ase1 multimerization appears plausible by locally increasing

Ase1 density. The possibility of Ase1 molecules acting coop-

eratively to promote rescues for antiparallel MTs specifically is

intriguing and would offer the cell a lever for modulating the

rescue-promoting effect of MT crosslinking. A combination

of these factors could explain the stronger stabilizing effect

of Ase1 on antiparallel overlaps.

Our results show that the presence of diffusible MT cross-

linkers is sufficient to establish enduring antiparallel MT overlaps,

such as those found in the midzone of mitotic spindles. In such

context, Ase1 can work cooperatively with other MT rescue fac-

tors such as CLASP14 or provide an alternative mechanism for

selective lifetime enhancement of antiparallel overlaps. We

speculate that the impact of diffusible crosslinkers on MT dy-

namics may be tunable by posttranslational modifications of

either the crosslinkers or the MT surface. Such a tunability has

recently been proposed for a seemingly related capacity of

Ase1, namely the braking of MT sliding caused bymolecular mo-

tors.31,32 For actin filament overlaps, it has been observed that

F-actin crosslinkers slow down actin depolymerization,33,34 sug-

gesting that crosslinker-dependent stabilization of filamentsmay

be a fundamental mechanism in cytoskeletal systems.
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Python Python Software Foundation https://www.python.org/; RRID: SCR_008394

Code for creating kymographs this authorgroup Zenodo: https://doi.org/10.5281/zenodo.3270572

Code for analyzing kymographs and recreating
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MATLAB (R2019a) MathWorks https://www.mathworks.com/products/matlab.html;

RRID: SCR_001622

ImageJ 1.52 (FIJI) Schindelin et al.35 https://imagej.nih.gov/ij/; RRID SCR_002285

Other

Amicon Ultra-15 Merck Cat#UFC910024
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zdenek

Lansky (Zdenek.Lansky@ibt.cas.cz).

Materials availability
The plasmid Ase1-mNeonGreen-6xHis (pET11 backbone) is available from the lead contact upon request.

Data and code availability

d All original code used to generate and analyze the theoretical model simulations has been deposited at Zenodo and is publicly

available as of the date of publication (Zenodo: https://doi.org/10.5281/zenodo.12169420). The DOI is listed in the key re-

sources table (modelling code). The simulation data generated with the code as well as the experimental data used to compare

with the theoretical results are deposited in the same Zenodo entry. To ensure reproducibility of the computational environ-

ment, the python library dependencies were managed using poetry (see key resources table).

d All original code used for analyzing kymographs (see ‘‘estimation of amount of Ase1 being swept’’ in method details) and rec-

reating Figures 1, 2, and 3 has been deposited at Zenodo (Zenodo: https://doi.org/10.5281/zenodo.12517251). Tabular data
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fromwhich graphs in Figures 1, 2, 3, and S1–S3 can be recreated are also available there. Any additional information required to

reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ase1-GFP and Ase1-mNeonGreen were expressed in e.coli cells (Altium International, #230280).

METHOD DETAILS

Ase1 expression and purification
Ase1-GFP6 and Ase1-mNeonGreen were expressed in E. coli strain BL21 (DE3) (Altium International, #230280). After harvesting the

cells, the cell pellet was resuspended in 5 mL ice-cold phosphate buffered saline (PBS) and stored at - 80�C for further use. For cell

lysis, the cells were homogenized in 30 mL ice-cold His-Trap buffer (50 mMNa-phosphate buffer, pH 7.5, 5% glycerol, 300 mM KCl,

1mMMgCl2, 0.1% tween 20, 10mMBME, 0.1mMATP) supplementedwith 30mM imidazole, Protease Inhibitor Cocktail (cOmplete,

EDTA free, Roche, #11873580001) and benzonase (Novagen, #70664) to the final concentration of 25 units/mL, then sonicated, and

finally centrifuged at 45000 x g for 60 min at 4�C in the Avanti J-26S ultracentrifuge (JA-30.50Ti rotor, Beckman Coulter). The cleared

cell lysate was incubated in a lysis buffer-equilibrated Ni-NTA resin (HisPur Ni-NTA Superflow Agarose, Thermo Scientific) for 2 h at

4�C. The Ni-NTA resin was sequentially washed with wash buffer I (His-Trap buffer supplemented with 60 mM imidazole), and wash

buffer II (His-Trap buffer supplemented with 60 mM imidazole and 700 mM NaCl). Ase1-GFP was eluted in His-Trap buffer supple-

mented with 300 mM imidazole. For Ase1-mNeonGreen, after wash buffer II, the resin was washed again in wash buffer I, now

supplemented with the 3C PreScisson protease (Merck Milipore, #71493), which cut Ase1-mNeonGreen off the column, at the 3C

protease cleavage site positioned in between the mNeonGreen and the 6xHis-tag. The mixture was incubated over night at 4�C.
Next day the beads were removed and the cleaved protein was collected. Ase1-GFP and Ase1-mNeonGreen were concentrated

by spinning the sample at 3500 RPM at 4�C using a 100kDa centrifugal filter tube (Amicon Ultra-15, Merck, #UFC910024). The sec-

ond purification step for Ase1-mNeonGreen involved size exclusion chromatography, performed using a Superdex 200 10/300 col-

umn. The size exclusion buffer consisted of 100 mM Tris, 150 mM NaCl, 1 mM MgCl₂, 1 mM DTT, 0.05% Tween, 0.1 mM ATP, and

10% glycerol. Fractions containing the protein were collected, concentrated, The final protein concentrations were measured with a

NanoDrop ND-1000 spectrophotometer (Thermo Scientific) at both 280 and 506 nm absorbance. Protein was flash-frozen in liquid

nitrogen and stored at �80�C. All steps in the purification were performed at 4�C.

Microtubule seeds assembly
Porcine brains were obtained from a local abattoir and used within approx. 4 h of death. Porcine brain tubulin was isolated using the

high-molarity PIPES procedure.36,37 Biotin-labeled tubulin was purchased from Cytoskeleton Inc. (#T333P). GMPCPP-microtubule

seeds were polymerized from 4 mg/mL tubulin (labelled depending on assay, as described in ‘‘experimental chamber preparation’’)

for 2 h at 37�C in BRB80 supplemented with 1mM MgCl2 and 1mM GMPCPP (#NU-405, Jena Bioscience). The polymerized MTs

were centrifuged for 30 min at 18000 x g in a Microfuge 18 Centrifuge (Beckman Coulter). After centrifugation, the pellet with MTs

was resuspended, kept in BRB80 at room temperature and used within one week.

Experimental chamber preparation
For TIRF experiments, chambers were assembled by melting thin strips of parafilm in between two glass coverslips silanized with

0.05% dichlorodimethylsilane (DDS, #440272, Sigma).20 Chambers were never re-used for additional experiments. For some exper-

iments, flow chambers were fabricated on silicon-on-insulator substrate with a diameter of z100 mm and nominal value of the top

silicon layer thickness of 50 mm based on a design prepared in Nanolithography toolbox software.38,39 Two lithography steps were

performed, one defining the flow chamber, the second one for through holes. We etched the top silicon and stopped it at the buried

SiO2 layer with no Si residue there, followed by anodic bonding of the silicon wafer with fabricated chambers and through holes to the

corning glass type Corning 7740 with nominal thickness of 170 mm, subsequent dicing by a diamond blade dicing saw into isolated

chips and coating with FAS-17 fluorosilane.40

Biotin antibodieswere flushed into the channels for 1min (#B3640, Sigma, 20 mgmL�1 in PBS). The glass surfacewas then blocked

by incubation with 1%Pluronic (F127 in PBS, #P2443, Sigma) for at least 20min, followed bywashwith TIRF assay buffer (see below).

Biotinylated, GMPCPP-stabilized, fluorescence-labeled MTs in BRB80 (80 mM Pipes/KOH pH 6.9, 1 mMMgCl2, 1 mM EGTA) were

then flushed into the channel and bound to the biotin antibodies. Subsequently, the buffer in the flow cell was exchanged for assay

buffer (see below). Then, Ase1 in assay buffer was flushed into the flow cell at the final assay concentration stated in the main text,

together with tubulin. Set A experiments (Figures 1, 2, S1, and S2) were performed at room temperature and with 30mM unlabeled

tubulin present in solution. Set B experiments (Figures 3, 4, and S3) were performed at 29�C and with 14mM tubulin, 7% of which

was labeled with rhodamine. In the case of set B experiments, non-biotinylated GMPCPP-stabilized MTs were flushed into the

flow cell and bound to the templateMTs that were sparsely covered sparsely with Ase1 (these steps were performed before the assay

buffer had been flushed in). TheseMTs were labelled with both rhodamine and Alexa 647 (represented in sketches in dark blue), while
Current Biology 34, 4071–4080.e1–e6, September 9, 2024



ll
OPEN ACCESSReport
the templates were only (very weakly) labelled with Alexa 646 (represented in sketches in light blue). To prevent evaporation in order

to avoid changes in component concentrations, the channels were sealed after flushing in the assay buffer.

Assay buffer
The following buffer components common to all used buffers: 20mMPIPES pH6.9, 10mMHEPESpH7.2, 0.5mMEGTA, 1mMMgCl2,

0.5mMMg-ATP, 0.67mMGTP (Jena Bioscience, #NU-1012), 0.67% Tween 20, 6.7mMDTT, 0.3 mg/mL Casein, 13.5mMD-Glucose,

0.3 mg/ml glucose oxidase and 0.03 mg/ml catalase. The buffer for set A experiments, in addition to these components, contained

70mM KCl, and 0.1% methylcellulose (Sigma, #M0512), 0.1% glycerol, 1mM sodium phosphate and 1mM ATP. The buffer for set B

experiments, in addition to the components common to all buffers, contained 116mM KCl and 0.065% methylcellulose (Sigma,

#M0512).

Imaging
Labeled proteins were visualized sequentially by switching between the corresponding channels (Chroma filter-cubes) using Nikon-

Ti E microscope equipped with a 100x Nikon TIRF objective in combination with a Hamamatsu Orca Flash 4.0 sCMOS camera (set A

experiments) or 633 Zeiss oil immersion TIRF objective in combination with a Andor iXon DV 897 (Andor Technology) EMCCD cam-

era (set B experiments). In the case of set A experiments, at Ase1 concentrations lower than 40nM, interference reflectionmicroscopy

(IRM) was used to visualize the MTs (using the same objective and camera).41 The acquisition rate was 5 s for set A experiments and

2.5 s for set B experiments, the exposure time was 100ms for both cases. For set B experiments, the Alexa 647-labeled MT seeds

were imaged before the start of the time lapse, and only the Ase1-mNeonGreen channel was imaged during the time lapse. For set B

experiments, the rhodamine (tubulin) and the GFP (Ase1) channel where imaged sequentially, whereas every 40th frame the Alexa 647

channel was imaged in place of the GFP channel, in order to track the location of the GMPCPP-stabilized seeds (which we with this

data determined to not move significantly during experiment time).

Image analysis
Data was analyzed using FIJI 1.5235 and custom-written MATLAB (Mathworks) routines (https://doi.org/10.5281/zenodo.12517251).

Overlap lifetime estimation

The lifetime of regions of MT overlap was estimated for two different configurations: Antiparallel overlaps, where two dynamic exten-

sions met and formed a dynamic ‘‘midzone’’, and parallel bundles of two dynamic extensions (as shown in Figure 1). For both anti-

parallel and parallel overlaps, lifetime was taken to start upon the bundling of the dynamic (GDP) lattices of each involved MT (for

antiparallel configurations, we additionally required both plus ends to be within 3 mm to each other upon start of the event). Lifetime

was taken to end upon one of the involved MTs to shrink back to its GMPCPP-stabilized region for parallel bundles, and upon the

midzone ceasing to exist for antiparallel bundles. The plot is a Kaplan-Meier plot, which adequately accounts for cases where an

overlapping region survived until the end of the recorded time-lapse Video (i.e., cases which were right-censored) (Figure 1C was

generated by using the MATLAB function ecdf with setting ‘‘survival’’ and alpha = 0.05).

Estimation of parameters of MT dynamics

Parameters of MT dynamics, for set A experiments, have been estimated by generating kymographs and approximating the location

ofMTplus ends over time and spacewith straight lines (the Ase1-mNeonGreen signal was used to visually trackMT ends, asMTwere

not imaged directly). For set B experiments, we used FIESTA to determine the locations of MTs.42 Both methods yielded polymer-

ization and depolymerization velocities. Rescues were identified as events where a MT switches from depolymerization to polymer-

ization before reaching the GMPCPP-stabilized seed, and catastrophes were events where polymerization was followed by depo-

lymerization. Rescue and catastrophe frequencies were estimated by dividing the number of rescues respectively catastrophes

by the sum of the total distance depolymerized respectively polymerized by all plus ends. In the case of set A experiments, we tested

the 10nM only during the revision, during a timewhere room temperatures were less stable. Therefore, MT velocities differed from our

initial experiments across all Ase1 concentrations. To be able to pool the results from these experiments with our initial results, we

multiplied the velocities of these experiments by the following factor: Themean polymerization respectively depolymerization velocity

of isolatedMTs at 42nM of the initial experiments divided by themean respective velocity of isolatedMTs at 42nM of the experiments

performed during revision (thesemean velocities were weighted by the duration of each polymerization/depolymerization event). The

resulting factors were 0.4 for polymerization and 0.39 for depolymerization.

Single fluorophore quantification

Fluorescent signal of a single Ase1-mNeonGreen dimer was determined by generating intensity time-traces of Ase1-mNeonGreen

molecules and estimating the height of the occurring steps in change of intensity (only small steps, i.e., steps likely to be bleaching

steps). The number of steps was first estimated by eye, and this number was used as input for the findchangepoints function of

MATLAB to determine the position of the steps (by detection of significant changes of the mean value). To yield the intensity per

Ase1 dimer, the median of the heights of these steps was calculated and multiplied by two. For the estimation of single Ase1-

GFP dimers, the intensity of single diffusive spots of GFP signals on MTs has been taken at very low concentration of Ase1-GFP

in the buffer (no bleaching data available for these experiments). For estimation of single fluorophores for set B experiments we

did not have bleaching data available, insteadwemeasured the intensity of diffusingmolecules (whichmay overestimate the intensity

per single molecule).
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Ase1 density estimation

Area selections along the MT length (only regions with at least one dynamic extension present were measured) were used to readout

the mEGFP or mCherry fluorescent signal and to estimate the integrated signal intensity of GFP- or mNeonGreen-labeled Ase1

bound to the MT. The signal in regions directly adjacent to the MT was subtracted as background signal. The density of GFP- or

mNeonGreen -labeled Ase1 bound to the MT was then estimated by dividing the integrated intensity by the estimated intensity

per single fluorescent molecule (either GFP or mNeonGreen, see below) and the length of the region. The signal per length

(S) measured on isolated MTs was used to correct for the reduced illumination intensity in outer regions of the field of view, in cases

where a region of interest (ROI) was located in such a region (Scorrected(ROI) = S(ROI) *S(isolated MT in center of field of view) / S(iso-

lated MT near ROI).

Estimation of amount of Ase1 being swept

To estimate the number of swept Ase1 molecules for corresponding panels in Figures 3, 4, and S3 (set B experiments), we first ob-

tained density traces for each frame during a MT depolymerization period. These traces were obtained by summing the pixel inten-

sities perpendicular to the MT, i.e., by generating a kymograph where each pixel represents such a sum (https://doi.org/10.5281/

zenodo.3270572). For each frame f we analyzed the corresponding density trace Df as follows. (1) We computed Ds by subtracting

the density trace Dbefore_catastrophe of the MT before the catastrophe had occurred from Df (Ds = Df - Dbefore_catastrophe) (2) We obtained

x = 0 = XDsmax, the location of the local maximum of Ds in vicinity of the MT plus end. (3) We obtained XDsright by finding the first local

minimum of Ds to the right of XDsright (to reduce the effect of noise, we smoothed Ds for this computation). ‘‘Right’’ of Ds, in our chosen

coordinate system, means toward the MT seed (x > 0). (4) XDsleft = XDsmax – 471nm (471 nm = 3 pixels). (5) We computed DA. DA is

equal to Df to the left of XDsmax, and equal to Ds + Df(XDsmax) – Ds(XDsmax) to the right of XDsmax. (6) We fitted a distribution YF (shape see

below) plus an error function YE to DA between XDsleft and XDsright. We required both YF and the error function to not have any x-offset:

YF was a right-sided decaying exponential exp(-x/ l) (YF = 0where x < 0, andwith l bounded between 1 and 1000 nm) convolved with

a Gaussian exp(-x2/ 2s2) (with s bounded between 180 and 190 nm to account for the point spread function of our setup; this same s

had been used as input for YE). We also fixed G + E (plus a constant value) to approach the minimum of DA to the left of the end, and

the average of DA to the right of XDsright (the average of DA within 5 mm from XDsright, giving more weight to values close to XDsright). (6)

We then summed the Ase1 density below YF (as discretized in x by the pixel size), which we took as a proxy for the number of swept

Ase1-GFP molecules after dividing by the intensity per Ase1 dimer (obtained as described above).

Fluorescence recovery after photo bleaching (FRAP)

Biotinylated GMPCPP-stabilized MTs were immobilized on the coverslip. We then flushed in the same assay buffer as for set A ex-

periments, incubated until the Ase1 density on MTs reached a steady-state, and subsequently bleached Ase1-mNeonGreen mole-

cules and recorded the recovering Ase1-mNeonGreen signal. We fitted the resulting recovery curve to the expression Ds – c exp(-bt),

where Ds is the steady state density, and c and b are fitting parameters. Results for fitting parameter b are shown in Figure S4D.

Mathematical modelling
The scripts to reproduce themodelling, and to plot experimental and theoretical results from Figures 4 and S4 can be found in https://

doi.org/10.5281/zenodo.12169420.

Assumptions

The model of Ase1 accumulation on depolymerizing MTs, and its effect on depolymerization velocity (Figure 4A) is built on the

following assumptions.

(1) We neglect interactions between protofilaments and only consider a one-dimensional lattice, where lattice of size a = 8nmstart

at index i = 1 at the plus end, extending to i = 400.

(2) Only bound Ase1 molecules are considered by recording the presence or absence (0 or 1) of Ase1 in each lattice site. Bound

Ase1 molecules exchange with solution with two constant rates (kon ;koff ). Binding is only allowed if the lattice site is empty

(Figure 4A). koff was directly measured, and kon was adjusted to match the Ase1 equilibrium density on MTs (Table S1).

(3) Ase1 particles on the lattice undergo unbiased diffusion characterized by a constant hopping rate (kh). Hopping is only allowed

to an empty site (Figure 4A). The rate kh is calculated from the experimentally measured diffusion coefficient of Ase1 (Table S1),

as kh = D=a2.

(4) The Ase1 particle in the terminal site (i = 1), cannot hop past the MT end (red arrow on the left of Figure 4A), but can detach

with rate koff .

(5) The terminal lattice site may dissociate from the MT, with rate kd which depends on the presence of Ase1, according to each

model:
e4
a. In Model 1, it occurs with rate k0d if the terminal lattice site is not occupied (Figure 4B top), and with rate ð1 � UÞk0d if it is

occupied (Figure 4B bottom). U is a parameter between zero and one. If U = 0, the presence of Ase1 has no effect,

and if U = 1, the first tubulin subunit cannot unbind if it is bound to Ase1.

b. In Model 2, the rate of tubulin subunits loss at the plus end is reduced by a factor ð1 � UÞ if any of the N terminal sites is

occupied. At steady state, this rate is kd = kd0

"
1 � Uf1 �

Yi = N

i = 1

ð1 � PiÞg
#
, wherePi is the probability of site i being occupied

by Ase1.
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k0d is derived from the depolymerization rate of MTs in the absence of Ase1 (v0), measured experimentally (Table S1), such that

k0d = v0=a.

(6) If the terminal lattice site dissociates when a molecule of Ase1 is bound to it, this Ase1 is lost as well (Figure 4B, bottom).

Simplification to a system of constant size

Since terminal subunits are more likely to be lost when they are without Ase1 than when they are with Ase1, any dissociation event

increases the density of Ase1 remaining on theMT. This effect is only present at theMT end, and away from the end, the probability of

a binding site being occupied is only determined by the binding and unbinding constants: a = kon=ðkon + koff Þ.
Therefore, we can restrict the model to a section of the MT with L lattice sites, as long as the probability of finding a molecule at

position L is close to a.When a depolymerisation event happens, we shift the lattice indexes such that site i + 1 becomes site i, and set

Pi = L = a.

Mean field theory

The system can be solved using amean-field approximation, by just considering the ensemble of Pi, the average probability of a site i

being occupied and neglecting higher-order correlations between neighbouring sites. We can then write a set of discrete differential

equations to represent the dynamics of the system:

dPi

dt
= ðPi+1 + Pi� 1 � 2PiÞkh + ð1 � PiÞkon � Pikoff + ðPi+1 � PiÞkd

Specific equations apply at the boundaries i = 1 and L:

dP1

dt
= khðP2 � P1Þ � P1koff + ð1 � P1Þkon + kdP2 � k0dP1ð1 � UÞ
dPL

dt
= 0

The terms of the equation are associated with the rates of diffusion, binding, unbinding (kh; kon ;koff ) which are constant, and the

depolymerization rate (kd), which is affected by lattice occupancy in a different way in each model (see Assumptions).

For Model 1, kd = k0dð1 � UP1Þ.
For Model 2, kd = kd0 ½1 � U+U

Qi = N
i = 1 ð1 � PiÞ�.

This dynamical system can be evolved from any initial conditions, converging to the unique steady-state solution for a set of given

parameters. Assuming that the MT is at binding equilibrium when it starts depolymerizing, we initially set Pi = a for all sites. From

those initial conditions, we integrate the equations numerically using Python’s odeint function (see source code).

Modelling of overlaps
To model MT overlaps (Figure 4E), we assume that the Ase1 measured in the overlaps (see Image Analysis above) is evenly distrib-

uted among 3 protofilaments that are involved in crosslinking the MTs. We neglect the other protofilaments. We had also modelled 2

protofilaments instead of 3, which did not fit the experimental data as well as 3 protofilaments.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were quantified by pooling data from multiple experiments performed on at least two different days. No data was

excluded from the study.

Data representation
In all boxplots presented in the figures, horizontal midline indicates the median; plus symbols indicate the mean; bottom and top box

edges indicate the 25th and 75th percentiles, respectively; the whiskers extend to the most extreme data points not considered as

outliers (the functionAlternative boxplot from the IoSRMATLAB Toolbox has been used); the numbers indicate the sample size. Stars

indicate statistical significance as determined by applying theMATLABmultcompare function on test data derived from theMATLAB

anova1 (one-way ANOVA) function. One star denotes p < 0.05, two stars denote p < 0.01, and three stars denote p < 0.001. A line

without a star denotes no statistically significant difference. For Figures 3J and S3H, the total length of a given error bar equals two

times the square root of the number of the rescues in the corresponding bin divided by the sum of the time depolymerized in the

corresponding bin.

Comparison of experimental data and model
To compare the predicted and observed timescale of Ase1 accumulation (t) and Ase1 accumulation at steady state (Aend), the accu-

mulated Ase1 as a function of time was fitted to Aendð1 � e� t=tÞ in experiments and model predictions (e.g., Figure 4C for isolated

MTs at 6nM of Ase1). In the model, the accumulation of Ase1 at any given timepoint is defined as ðPi = L
i = 0PiÞ � aL. As a proxy of ve-

locity of depolymerization at steady state, we used the average velocity of depolymerization observed after 20 s of depolymerization
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in experiments and compared it to the depolymerization velocity at the last simulated timepoint (Figure 4C). The 95% confidence

intervals of these magnitudes were estimated using the bootstrap method. For each experimental condition with N depolymerization

events, a thousand sets of N depolymerization events were drawn through sample with replacement. For each of those sets, t and

Aend were calculated by fitting all observations in the set, and the average velocity after 20 s was calculated. Then, the distribution of

each magnitude across all sets was used to calculate the 95% confidence intervals (see source code).
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