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ABSTRACT Microtubule plus-end depolymerization rate is a potentially important target of
physiological regulation, but it has been challenging to measure, so its role in spatial organi-
zation is poorly understood. Here we apply a method for tracking plus ends based on time
difference imaging to measure depolymerization rates in large interphase asters growing
in Xenopus egg extract. We observed strong spatial regulation of depolymerization rates,
which were higher in the aster interior compared with the periphery, and much less regula-
tion of polymerization or catastrophe rates. We interpret these data in terms of a limiting
component model, where aster growth results in lower levels of soluble tubulin and micro-
tubule-associated proteins (MAPs) in the interior cytosol compared with that at the periph-
ery. The steady-state polymer fraction of tubulin was ~30%, so tubulin is not strongly de-
pleted in the aster interior. We propose that the limiting component for microtubule
assembly is a MAP that inhibits depolymerization, and that egg asters are tuned to low mi-
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crotubule density.

INTRODUCTION

Microtubules undergo rapid polymerization dynamics in many
cell types, as first revealed by polarization microscopy (Inoué and
Sato, 1967). Polymerization dynamics occur mostly on plus ends
and are well-approximated by a two-state dynamic model of dy-
namic instability (Dogterom and Leibler, 1993). Plus-end behavior
is described by four parameters in this model: polymerization,
depolymerization, catastrophe, and rescue rates. These parame-
ters are regulated in both space and time to promote robust or-
ganization of intracellular structures and allow for rapid responses
to internal and external cues. Most recent biology and mecha-
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nism studies focused on polymerization and catastrophe rates, in
part because multiple factors are known to regulate these param-
eters, and in part because they are the easiest to measure in cells.
Tracking of the plus-tip binding proteins EB1/3 allows measure-
ment of polymerization rate with high reliability, and inference of
catastrophe rate from comet lifetime with somewhat lower reli-
ability. In contrast, depolymerization rates are harder to measure.
Most studies reporting depolymerization rates focused on pure
tubulin systems or on manual measurements of small numbers of
microtubules at the periphery of living cells (Desai and Mitchison,
1997; Brouhard and Rice, 2018). As a result, we know rather little
about regulation of depolymerization rates in complex microtu-
bule structures such as the mitotic spindle or microtubule asters.
Here, we apply imaging-based methods to systematically mea-
sure microtubule depolymerization rates in Xenopus egg extract,
and report spatial regulation of depolymerization for the first
time.

One important emergent property from the four dynamic
instability factors, combined with nucleation, is the fraction of
polymerized tubulin at steady state, which we will call the “polymer
fraction.” In a closed system like a cell, an increase in microtubule
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mass leads to depletion of soluble subunits, which limits further as-
sembly giving rise to a negative feedback of microtubule growth.
When continuously supplied with GTP, the system comes to a steady
state where the polymer fraction is approximately constant over
time, and sufficient tubulin remains in solution to power robust po-
lymerization of GTP-capped plus ends. The steady-state polymer
fraction in interphase tissue culture cells was found to be 60-
80% (Zhai and Borisy, 1994; Kim et al., 2012). What determines this
value, and its significance for regulation, are largely unknown. Neg-
ative feedback from microtubule mass on further assembly in a
closed system was conceptualized in the “component limitation”
model for mitotic spindle size (Mitchison et al., 2015). A feedback of
this kind is inevitable, but its precise mechanism is nonobvious. For
pure tubulin, polymerization rate is a linear function of soluble dimer
concentration (Desai and Mitchison, 1997; Brouhard and Rice,
2018). Thus, increased microtubule mass in a closed system de-
creases polymerization rate by subunit consumption. Catastrophe
rate should increase in parallel, assuming it negatively correlates
with polymerization rate as in most models (Walker et al., 1988;
Gardner et al., 2008). This assumption has been questioned for
growing ends (Gardner et al., 2011), but not for shrinking ends to
our knowledge. In physiological contexts, tubulin need not be
the only limiting component in a closed system. Microtubule-associ-
ated proteins (MAPs) that regulate dynamics are also depleted
when microtubule mass increases, by binding to microtubules. MAP
limitation could provide a negative feedback from polymer fraction
to microtubule growth. How individual dynamic instability parame-
ters would respond to MAP limitation is unknown, because different
MAPs regulate different parameters.

Xenopus egg extract provides undiluted, metabolically active cy-
toplasm that reconstitutes physiological polymerization dynamics
and is useful for investigating regulatory mechanisms (Field and
Mitchison, 2018). It also allows microscopy-based scoring of large
numbers of dynamic microtubules in a relatively homogeneous envi-
ronment that is ideal for quantitative analysis. Here, we focus on in-
terphase asters, which model the egg-spanning asters that position
centrosomes, nuclei, and cleavage furrows during early divi-
sions (Wihr et al., 2010; Field et al., 2015). These asters grow to
hundreds of microns in radius at a rate of ~20 pm/min. EB1 tracking
showed that the microtubules within them are relatively short, ~16
pm on average. Their plus-end dynamics are in the bounded regime
of dynamic instability, so they polymerize transiently, but are biased
toward eventual depolymerization with a half-life of ~1 min (Ishihara
et al., 2016). The aster as a whole grows because each microtubule
nucleates more than one daughter microtubule during its lifetime by
a poorly understood branching process. The density of plus ends is
approximately homogeneous within interphase asters, and there are
two interesting boundaries: the stationary microtubule organizing
center (MTOC) and the growing aster periphery. The MTOC nucle-
ates continuously and is thought to provide the information that di-
rects microtubule polarity. The periphery controls the rate of aster
expansion and determines whether expansion is bounded or un-
bounded. Plus ends at the periphery polymerize into a microtubule-
free environment, while those in the aster interior polymerize into an
environment that is dense in microtubules, and as we will show be-
low, partially depleted of soluble subunits. Many questions remain
about these asters, including the polymer fraction, minus-end
behavior, and whether dynamics differ between the interior and
periphery. These dynamical properties likely have important implica-
tions for aster mechanics and function. Here, we report that plus-end
depolymerization rate is subject to strong spatial regulation and
infer that this parameter is important in feedback regulation of
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polymer fraction. Mechanistically, we interpret this observation in
terms of a model where the depolymerization rate is regulated by
MAP depletion.

RESULTS

Polymerization rate increases slightly at the aster periphery
We first investigated the spatial variation of plus-end polymerization
and catastrophe rates using standard EB1 comet tracking methods
(Figure 1A and Supplemental Movie 1). We found that the polymer-
ization rate remained relatively constant at 30.9 pm/min (N = 9348
tracks, SD 5.52, SEM 0.06) as a function of distance from the center
of asters (Figure 1B). We detected an ~10% increase in polymeriza-
tion rate at the aster periphery 33.7 £+ 10.9 pm/min (mean, std) com-
pared with the interior 30.0 £ 9.5 pm/min (mean, std). The plus-end
density is lower at the periphery compared with the aster center
(Figure 1C), and resulted in a slight anti-correlation between plus-
end density and polymerization rate (Figure 1D). This anti-correla-
tion was smaller than reported in an independent study (Geisterfer
et al., 2020).

Next, we asked whether the plus-end catastrophe rate showed
spatiotemporal variation using EB1 comet lifetimes as a proxy. The
average EB1 comet persisted for 19 s, which corresponds to a catas-
trophe rate of 3.1 per min. This value did not show much variation
as a function of location or plus-end density (Figure 1E). These mea-
surements performed with wide-field imaging were consistent with
our previous measurements with spinning disk confocal micros-
copy (Ishihara et al., 2016). Therefore, we expect our measurements
to be sensitive to spatial variation in catastrophe rate. In summary,
our analysis of EB1 comet imaging demonstrated a modest 10%
increase in polymerization rate at the aster periphery, where local
plus-end density is relatively low, and no measurable differences in
catastrophe rate.

Spatial regulation of depolymerization rates

To measure microtubule depolymerization rates, we applied tubulin
intensity difference analysis. This method relies on collecting high-
quality tubulin images at frequent intervals using total internal reflec-
tion fluorescence (TIRF) microscopy, subtracting the intensity of se-
quential frames to generate time difference images, then applying a
tracking algorithm. It allows tracking of polymerizing and depoly-
merizing ends even when most microtubules are in small bundles as
is the case in egg extract asters. Our previous analysis of growing
and shrinking ends used manual kymograph analysis of difference
images and was restricted to the interior of the interphase as-
ters (Ishihara et al., 2014). Here, we applied a newly developed auto-
mated workflow (Caldas et al., 2019, 2020), and systematically com-
pared spatial differences in polymerization dynamics (Figure 2A). In
brief, this method applies a low pass spatial filter to the difference
images, followed by particle-based tracking to quantify many micro-
tubule ends. Using this workflow, the polymerization rate was found
to have a mean of 32.0 £ 4.5 um/min (mean, std) in the aster interior,
and 32.0 £4.0 pm/min (mean, std) in the periphery (Figure 2B, upper
panel). Polymerization rates exhibited a sharp, unimodal histogram,
which overlapped for the interior and periphery with no statistical
difference. In contrast, the depolymerization rate showed a striking
difference in the aster interior versus periphery. The depolymeriza-
tion rate was 36.3 £ 7.9 pm/min (mean, std) in the aster interior, com-
pared with 29.2 + 8.9 pm/min (mean, std) at the aster periphery. The
distribution of the depolymerization rates was spread out and had a
positive skew in the aster interior, and a negative skew in the aster
periphery. In summary, our analysis based on an improved intensity
difference analysis showed that polymerization rates are similar in
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FIGURE 1: EB1 tracking-based measurements of microtubule plus-end polymerization rate and

catastrophe rate during aster growth. (A) Time-lapse movies of EB1-GFP comets are analyzed by

particle tracking. Region in the white box is magnified on the right. Purple spots show the

location of individual EB1 comets in this frame, while the trailing lines show the trajectory of the

corresponding plus end for the preceding 10 s. The velocity of EB1 comets report microtubule
polymerization rate. (B) Polymerization rate as a function radial distance from the center of the
aster. N = 9348 EB1 tracks are represented as blue dots. Filled black circles and the shaded
region indicate the mean and the SD of the polymerization rate for each spatial bin. The
estimated mean difference in the periphery (distance > 300 pm) vs. interior (50 pm < distance
< 280 pm) for t = 1.5 min was 3.7 ym/min (95% CI = [2.4, 4.9]). (C) EB1 comet density as a
function radial distance. (D) Polymerization rate vs. EB1 comet density. Filled black circles and
error bars indicate the mean and the SD of polymerization rate for each EB1 density bin. The
different colors correspond to the same time points as in the previous panel. The estimated
mean difference in the dense (0.066 1/um?) vs. sparse (0.022 1/pm?) was 3.8 pm/min (95% Cl =
[2.6, 5.0]). (E) Catastrophe rate is calculated from the duration of EB1 tracks and plotted over
radial distance. Filled black circles and the shaded region indicate the mean and the
corresponding 95% confidence interval for the catastrophe rate for each spatial bin. Original
data used for this analysis is Supplemental Movie 1. Scale bars, 100 pm and 10 pm.

the aster periphery relative to the interior, while depolymerization

rates show strong spatial variation and are faster inside asters.

Tubulin difference imaging revealed other useful information on
polymerization dynamics. Plus-end polymerization and depolymer-
ization rates were both variable, but over fairly narrow ranges, so
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the data supported a two-state model of
dynamic instability over alternatives such as
a biased random walk (Needleman et al.,
2010). Our time sampling was not frequent
enough to score rate fluctuations within
bouts of depolymerization. We observed
few outward-moving depolymerization
events (<5%, all restricted to the periphery).
We also saw very few inward-moving po-
lymerization events. These data suggest
minus ends neither polymerize nor depoly-
merize on the timescale of our imaging,
and are perhaps capped.

Laser ablation-induced

depolymerization rates

To gain additional information on aster
dynamics, we used femtosecond laser abla-
tion to artificially induce depolymerization.
Ablation along a line normal to the micro-
tubule axis triggers a spatially defined, syn-
chronous wave of depolymerization (Decker
and Brugués, 2015; Decker et al., 2018).
Using circular patterns, we ablated microtu-
bules at a fixed distance from the center of
asters (Figure 3A and Supplemental Movie
4). We were not able to reliably cut and
measure at the aster periphery due to the
low microtubule density. Intensity difference
analysis (Figure 3B) revealed a resulting
wave of depolymerization that moved in-
ward at a constant rate (Figure 3C). No out-
ward-moving wave was detected. This sin-
gle inward wave is consistent with a model
in which (a) the majority of microtubules are
oriented with plus ends outward, (b) cut
plus ends immediately depolymerize, and
(c) newly formed minus ends are stable. By
applying this laser ablation assay to multiple
asters, we measured an average depoly-
merization wave velocity of 33.5 + 9.4 ym/
min (mean, std) with a 31.5 pm/min median
value, similar to the rate of spontaneous de-
polymerization in the aster interior (Figure
2B). The average depolymerization rate was
surprisingly variable between asters and ex-
tract batches (Figure 3D). This variability
suggests that the plus-end depolymeriza-
tion rate is not governed by microtubule
structure alone, which should be constant,
but also by the precise concentration of
MAPs and motors that regulate depolymer-
ization, which are likely to vary between ex-
tract batches. We found no correlation be-
tween the rate of depolymerization wave
and the distance at which the ablation was
induced (15-100 pm; Supplemental Figure

2). Overall, these observations confirm that depolymerization rates

are variable, and we find no statistical distinction of rates between

plus ends following a natural catastrophe versus ablation.
Careful analysis of microtubules density versus time following
laser ablation offers insights into the organization of microtubule
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FIGURE 2: Intensity difference-based measurement of polymerization and depolymerization rates in the interior and
the periphery of microtubule asters. (A) TIRF microscopy movies of fluorescent tubulin were subjected to intensity
difference analysis, which revealed a spatial map of polymerization and depolymerization for the interior (<100 pm away
from the MTOC) and peripheral (>200 pm from the MTOC with few microtubules) region of microtubule asters. These
images correspond to Supplemental Movies 2 and 3. (B) The distributions of polymerization and depolymerization rates
measured from N = 6 interior movies and N = é peripheral movies. The polymerization rate (median 32.0 vs. 32.0 ym/
min) showed no statistical difference in the interior vs. periphery (p-value = 0.819, t test). The depolymerization rate
(median 37.6 vs. 26.7 pm/min) was higher in the interior (p-value = 4.44e-16, two sample Kolmogorov-Smirnov tests)
with estimated difference of mean and median depolymerization rates of 7.1 pm/min (95% Cl =[5.9, 8.3]) and 11.0 pm/
min (95% Cl = [8.4, 12.4]). Vertical lines indicate the mean for each distribution. See Supplemental Figure 1 for analysis

of individual movies. Scale bar, 20 pm.

assemblies (Brugués et al., 2012; Decker et al., 2018). We found that
the strength of the depolymerization wave (i.e., the area under the
curves of the summed differential intensities) decreased with pro-
gression (Figure 3E). This is explained by the fact that depolymeriza-
tion is halted when individual plus ends reach their corresponding
minus ends. Thus, this observation provides evidence that minus
ends exist throughout the aster, and confirms our previous proposal
that asters are built of short microtubules (Ishihara et al., 2016).

Aster growth results in spatial gradients of soluble tubulin
and MAPs

Spatial regulation of depolymerization rate could be due to com-
plex biochemical schemes, such as activation of a dynamics-regu-
lating kinase in the aster interior. We cannot rule out this kind of
hypothesis, but prefer an interpretation based on component limi-
tation, in part because this is a mechanistically simpler hypothesis,
and in part because component limitation is inevitable in a closed
system. Component limitation is a relevant consideration when
comparing microtubule dynamics between the inside and periph-
ery of large asters because aster cytosol is not well mixed by diffu-
sion on relevant time and length scales. Specifically, the aster grows
ballistically into fresh cytosol outside the aster much faster than its
interior can diffusively equilibrate with that fresh cytosol. A simple

Péclet number calculation serves to make this point. Consider the
advective transport  Lu

dimensionless Péclet number: Pe = —p =—. While
diffusive transport D
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a typical protein molecule is transported in a diffusive process with

2

cytoplasmic diffusion coefficient p = 360& (Salmon et al., 1984),
min

aster growth is a ballistic or advective process, that is, radius in-

m
creases linearly with time, with a velocity u= 20“—, (Ishihara et al.,
min

2014). Given a relevant length scale L, we evaluate the magnitude
of the Péclet number. The extremes are as follows: Pex>1, periph-
eral microtubules grow so fast that they will always grow into fresh
cytoplasm with plenty of available material. Pex1, aster growth is
limited by the diffusive transport of material to the aster periphery.
At a depth of L =200 um from the aster periphery, which is typical
for our internal measurements, Pe = 11, so diffusion makes little
contribution to supplying subunits. Thus, we expect the aster inte-
rior to effectively constitute a closed system, shut off from fresh cy-
tosol supplied by diffusion from the outwardly growing aster
boundary.

To seek evidence for depletion of soluble subunits by growing
asters, we imaged fluorescently labeled tubulin and analyzed its in-
tensity profile as a proxy of local tubulin concentration, summing
both polymer and soluble forms (Figure 4A). The center of asters
showed the highest signal, reflecting the highest microtubule poly-
mer density. In addition, we noticed an annular region at the aster
periphery with ~4% lower value of fluorescence signal relative to the
background cytosol levels (Figure 4B). We interpret this as evidence
for depletion of soluble tubulin by aster growth. Considering the
potential contribution of background signal, the 4% decrease of

Molecular Biology of the Cell
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FIGURE 3: Measurement of depolymerization rates following laser ablation. (A) An interphase aster was subjected to a
circular laser cut with radius 56 pm (left), which induced a wave of microtubule depolymerization (Supplemental Movie
4). The resulting movie was used to construct a differential intensity movie (right and Supplemental Movie 5). Dotted
wedge region indicates the region excluded from image analysis. (B) Radial sum of differential intensities at different
time points (from dark to light blue) of the same laser cut experiment. The area under each curve equals the mass of
microtubules depolymerized per time interval of 5 s. Vertical dotted line indicates the location of the laser cut. (C) For
each cut, the peak position of the differential intensity travels at constant speed. (D) Depolymerization rates measured
from N =16 laser cuts positioned at 15-56 um from the center of the aster. (E) The area under differential intensity
curves decreases as the depolymerization wave travels inward. This example corresponds to the cut depicted in panels

A-C. Vertical dotted line indicates the location of the laser cut.

tubulin intensity is a lower bound for the degree of depletion. The
intensity profiles of EB1-GFP (Figure 4B) and Tau-mCherry (Supple-
mental Figure 3) showed a similar spatial pattern, suggesting that
MAPs may also be depleted to some degree. Finally, we compared
the relative position of tubulin/EB1 intensity profiles to that of the
EB1 comet density profile (Figure 4B). This suggested that even the
most peripheral plus ends exist in a cytosolic environment that is 4%
(or more) depleted of tubulin and EB1 compared with unconsumed
cytosol. The half-width of the depleted zone extended ~50 pm be-
yond the growing aster periphery, which is smaller than the typical
aster radius. This analysis indicated that soluble protein levels may
vary across subregions of growing asters due to subunit
consumption.

DISCUSSION

Systematic measurement of dynamic instability parameters
over space

The initial motivation of this study was to test our previous assump-
tion that microtubule dynamics was spatially homogenous during
aster growth (Ishihara et al, 2016). EB1 tracking experiments
showed that the catastrophe rate was largely constant over hun-
dreds of microns (Figure 1), and the polymerization rate was ~10%
higher in the periphery than the interior. Intensity difference imaging
showed that the depolymerization rate varied from modal values of
~20 pm/min at the aster periphery to ~40 pm/min in the interior
(Figure 2). Average values were closer, 29 versus 36 pm/min. Follow-
ing laser ablation, plus ends depolymerized at 22-48 pum/min
(Figure 3). This may be the first report of systematic spatial variation
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of depolymerization rate. We also found that individual depolymer-
ization rates were more variable within individual asters than polym-
erization rates, and also that average depolymerization rates tended
to vary more between extract batches.

The use of multiple methods to measure microtubule dynamics
highlighted their relative strengths as well as some discrepancies.
Notably, we detected a 10% increase in polymerization rate at the
periphery with the EB1 tracking method but not the TIRF intensity
difference method despite larger measurement variation (SD) in the
former. This may be because the EB1 tracking method (i) reports a
large number of observations across a large 600 x 600 pm field of
view providing statistical power and (i) allows unequivocal determi-
nation of plus-end locations with respect to the center of the aster.
In contrast, the TIRF method is limited to a small 80 x 80 pm field of
view, which must be fixed in one position for 2 min of the time-lapse
acquisition before moving to another position. During this time, the
peripheral region is moving outward due to aster growth. Thus, our
definition of the periphery in the TIRF method is less precise, pos-
sibly explaining the high position-to-position variability in the pe-
ripheral depolymerization rate (Supplemental Figure 1) and the fail-
ure to detect the difference in polymerization rate in the interior
versus periphery. Despite these limitations in the TIRF intensity dif-
ference method, we found evidence of spatial regulation for depo-
lymerization rate, suggesting that the effect size on depolymeriza-
tion is much larger than for polymerization. We anticipate future
studies to develop novel probes and methods that provide better
measurements of depolymerization, which is clearly understudied in
the field.

Regulation of MT depolymerization rates | 873
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Limiting component hypothesis for the spatial regulation of

depolymerization rate

Multiple hypotheses could be considered to account for the ob-
served spatial regulation of depolymerization rates, including chem-
ical activity gradients or timer mechanisms coupled to the nucleo-
tide state in the microtubule lattice (Bollinger et al., 2020; Roostalu
et al., 2020). We will focus on component depletion models be-
cause this is the simplest hypothesis; the growth of structures in
confined cytoplasm necessarily consumes the available building
blocks and limits further growth (see Introduction). Consistent with
such a model, we found evidence for depletion of soluble tubulin
and EB1 inside asters by imaging (Figure 4), and a Péclet number
calculation showed that the cytosol inside and outside growing as-
ters does not mix by diffusion once the distance between them is
larger than ~50 pm. We considered three candidate limiting factors:
tubulin, MAPs, and GTP. GTP is our least favored candidate, though
we cannot rule it out. It diffuses faster than proteins and the concen-
tration and turnover rate of tubulin are probably insufficient to sig-
nificantly perturb the GTP/GDP ratio in the aster interior relative to
the periphery.

Tubulin is the most obvious limiting component in a microtubule
system, and is assumed to be limiting in previous models. As tubulin
concentration decreases, the literature predicts that plus ends
should grow more slowly and catastrophe more often (see Introduc-
tion). However, we observed little spatial variation in these parame-
ters, though EB1-measured growth rates trended in the expected
direction (Figure 1). One reason for a lack of effect of depletion on
polymerization rate may be that the steady-state polymer fraction in
our system is relatively low, ~30% (Materials and Methods, Tubulin
polymer fraction estimate), which is the upper bound for difference
in soluble tubulin concentration inside and outside asters. Given this
small difference and lack of literature on how soluble tubulin levels
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regulate depolymerization, we explore alternative candidates for
the limiting component that is responsible for the spatial regulation
of depolymerization rates.

One or more MAPs that regulate depolymerization are our pre-
ferred candidate for the limiting factor. Several MAPs have been
shown to slow down depolymerization rates (Drechsel et al., 1992;
Andersen and Karsenti, 1997). We propose that one or more MAPs
that are present at low concentrations relative to microtubule poly-
mer binds to microtubules at lower density in the interior compared
with the periphery, resulting in faster depolymerization in the inte-
rior (Figure 5A). The key parameters that determine whether a given
MAP can cause spatial regulation in this way are concentration in
cytosol and affinity to the microtubule lattice, which together deter-
mine whether the MAP is significantly depleted by microtubule
binding. We present a toy model to illustrate how these parameters
may help us predict which MAPs regulate depolymerization (see
Materials and Methods, A model of single MAP species binding to
microtubule lattice). The model predicts the fraction of freely diffus-

M free

ing MAP molecules and the site occupancy of the microtu-

total

bound - hoth of which decrease with microtubule

bule lattice g =

polymer concentration P as expected (see Figure 5B). For a hypo-
thetical MAP whose abundance is 0.2 uM and associates with micro-
tubules with a relatively tight dissociation constant of 100 nM, the
fractional occupancy of the microtubule lattice decreases from 0.67
to 0.12 when the polymer concentration increases from 0 to 1.6
pM. We argue that such 5.6-fold difference in microtubule lattice
occupancy may be sufficient to cause differences in depolymeriza-
tion rate that account for spatial regulation. Soluble tubulin, in
contrast, only decreases by 0.7-fold. In Table 1, we summarize how
different MAPs present in the frog egg are predicted to change their
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FIGURE 5: Proposed model for the regulation of depolymerization rate by a MAP species as the limiting component.
(A) We consider the equilibrium of a single MAP species that associates with the microtubule lattice with dissociation

constant Ky = k—2 We hypothesize that the degree at which a microtubule is bound by this MAP species slows down the

1

depolymerization rate. This effect is greater in the aster periphery, where the microtubule density is lower. (B) Fraction
of free MAP and occupied microtubule lattice as a function of microtubule concentration for a hypothetical MAP

present at 0.2 pM.

lattice occupancies. Based on the predicted fold change lattice oc-
cupancies, we favor EML4, MAP7, and its homologues MAP7DT1,
MAP7D2, and MAP1B as candidate regulators of depolymerization
that are subject to component limitation effects in large interphase
asters, leading to faster depolymerization in the interior. Given this
long list of candidate factors, it was not practical to deplete them in
this studly.

Our proposal that a spatially varying MAP:microtubule ratio
regulates depolymerization comes with several limitations. First,
while a single, low-abundance, tight-binding MAP was considered
in our model, multiple MAPs may regulate the depolymerization
rate in eggs. The total abundance of all MAP species (see Supple-
mental Table 1 for an expanded list of MAPs in the frog egg) easily
exceeds 2 uM. Thus, in a more realistic scenario, multiple MAP spe-
cies may compete for microtubule binding and their order of as-
sociation is governed by their abundances and affinities. Kinases
such as Cdk1, MARK, and Nek may regulate the affinity of these
MAPs (Drewes et al., 1992; lllenberger et al., 1996; Drewes et al.,
1997, Ookata et al., 1997; Chang et al., 2001; Adib et al., 2018).
Our current model is a useful starting point for future studies that
consider complex multispecies dynamics of cytoskeletal self-orga-
nization including the mitotic spindle (Good et al., 2013; Hazel
et al., 2013; Rieckhoff et al.,, 2019, 2020). Second, while most
MAPs that slow down depolymerization have been reported to
accelerate polymerization in minimal conditions (Drechsel et al.,
1992; Andersen et al., 1994; Andersen and Karsenti, 1997), we ob-
served little regulation of polymerization rate in our aster reactions.
We speculate that, in a cellular context where the synergistic effects
of XMAP215 and EB1 play a prominent role in modulating plus-end
dynamics (Kinoshita et al., 2001; Zanic et al., 2013), our hypotheti-
cal MAP may not further accelerate polymerization. It will be inter-
esting to carefully revisit depolymerization rates in other cellular
and reconstitution systems.
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Biological implications

Our findings have both general and egg-specific implications. In all
cells with dynamic microtubules, a negative feedback from growth
to further assembly must exist to prevent all the tubulin from polym-
erizing and leave enough in the soluble form to support rapid po-
lymerization of growing ends at steadly state. Since the original for-
mulation of the dynamic instability model, this feedback was
assumed to occur by component limitation of polymerization and
catastrophe rates, where the limiting component was tubulin itself
or a polymerization-promoting MAP (see citations in Introduction).
Component limitation of depolymerization rates was not consid-
ered, mainly because this reaction is insensitive to tubulin concen-
tration. Here, we propose that depletion of a limiting MAP can pro-
vide the necessary negative feedback by increasing depolymerization
rate. This finding could be frog egg-specific or much more general.
We do not expect spatial regulation of depolymerization rate in
small cells because the soluble components of cytoplasm are well
mixed by diffusion. One way to test how component limitation regu-
lates microtubule dynamics in small cells might be to carefully mea-
sure changes in dynamics as cells recover from a cold shock or no-
codazole washout.

In large eggs cells, our findings have implications for the mor-
phology and mechanics of the asters that position centrosomes and
cleavage furrows during cleavage divisions. Previously, we modeled
egg aster growth as a combination of polymerization dynamics and
autocatalytic nucleation at the periphery (Ishihara et al., 2016). We
assumed spatially unform dynamics for simplicity. To prevent the
uncontrolled exponential growth expected from an autocatalytic
process, we had to assume negative feedback from growth to fur-
ther assembly, which we implemented as a logistic function that
made no mechanistic assumptions. Our current findings suggest
that this feedback occurs mainly by increased depolymerization rate
in the aster interior, and that it leads to a steady state with a relatively
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Gene Abundance Ky 0 at 0 at 0 fold
symbol Protein description (nM) (nM) Reference lowP P=1.6pM change
MAP4 Microtubule-associated protein, 964.5 300 Tokuraku et al., 2003; 0.76 0.45 1.69
XMAP230 Andersen et al., 1994
EML2 Echinoderm microtubule-associated  578.18 ?
protein-like 2
EML4 EML4 protein 504.2 180 Eichenmuller et al., 0.74 0.27 2.74
2001
EML1 Echinoderm microtubule-associated ~ 135.67 ?
protein-like 1
MAP7 Ensconsin 91.3 460 Monroy et al., 2020 0.17 0.04 4.25
MAP1B Microtubule-associated protein 1B, 84.68 200 Andersen and 0.3 0.05 6.0
XMAP310 Karsenti, 1997
MAP1S MAP1S light chain 66.04 ?
MAP7D1 MAP7 domain-containing protein 1 46.97 ?
MAP7D2  MAP7 domain-containing 2 protein 8.55 ?

variant 2 (fragment)

Protein abundance in the frog egg is from proteome data in Wihr et al. (2014). For those with reported dissociation constants (Andersen et al., 1994; Andersen and
Karsenti, 1997; Eichenmiiller et al., 2001; Tokuraku et al., 2003; Monroy et al. 2020), we provide the estimated value of 6, the fractional occupancy of the microtu-
bule lattice at low (i.e., excess MAP) and high polymer concentrations (P = 1.6 pM). See Supplemental Table 1 for an extended list of MAPs.

TABLE 1: Summary of microtubule-associated proteins (MAPs) that may slow down plus-end depolymerization rate.

low polymer fraction, estimated as ~30% tubulin polymerized.
Higher microtubule stability at the periphery might account for the
higher density of microtubules often observed at the periphery of
growing asters in fixed images (Mitchison et al., 2012). Low polymer
density may be important for how centrosomes move in response to
force from dynein distributed through the cytoplasm (Wiihr et al.,
2010). Egg asters are gels comprising a network of relatively short
microtubules entangled with F-actin and organelles (Pelletier et al.,
2020). Microtubules are the stiffest component of this composite
gel, so the bulk stiffness of the aster is likely to depend strongly on
the tubulin polymer fraction. We speculate that a low polymer frac-
tion allows the aster gel to deform in response to forces from dynein
and the ingressing furrow while maintaining sufficient connectivity
to transmit forces across large length scales.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Aster reconstitution in Xenopus egg extract

Interphase microtubule asters were reconstituted in Xenopus egg
extract with anti-AurkA—-coated beads as microtubule organizing
centers (Field et al., 2014, 2017). All reactions were supplemented
with a 0.04 mg/ml p150-CC1 fragment of dynactin to inhibit dynein
motor activity.

Measurement of polymerization and catastrophe rates from
EB1 comets

Wide-field images were acquired on a Nikon Eclipse Ni-E upright
microscope equipped with a CFl Plan Apochromat Lambda 20x
0.75 NA objective lens (Nikon), Nikon motorized XY stage, and
Hamamatsu ORCA-Flash4.0 LT scientific CMOS camera, driven by
NIS-Elements. EB1-GFP was supplemented to the reactions at a fi-
nal concentration of 200-400 nM. EB1 comets were imaged at 2 s
intervals, and analyzed with TrackMate (Tinevez et al., 2017). For
identifying spots, the LoG detector was used with 2.0 pm spot diam-
eter, threshold 10.0, no median filter, subpixel localization enabled.
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For linking tracks, the LAP tracker was applied with a max search
radius of 3 pm without gap closing. The results were further analyzed
by a custom script written in Python to calculate the polymerization
velocity (average of the frame-to-frame velocity for each track) and
the catastrophe rate (fitting an exponential function to the comet
duration distribution). The DABEST-Python package was used for
statistics and effect size estimation (Ho et al., 2019).

Measurement of polymerization and depolymerization rates
of microtubule ends

Physiological microtubule polymerization and depolymerization
rates were measured by TIRF microscopy and tubulin intensity dif-
ference analysis. Briefly, asters labeled with Alexa 647-labeled bo-
vine tubulin were assembled under K-casein—coated coverslips and
imaged with TIRF microscopy (Ishihara et al., 2014). The Nikon Ti-E
motorized inverted microscope was equipped with a Nikon motor-
ized TIRF illuminator, Perfect Focus, a Prior Proscan |l motorized
stage, Agilent MLC400B laser launch (488 nm, 561 nm, 647 nm),
and an Andor DU-897 EM-CCD camera. Alexa 647-labeled bovine
tubulin was imaged with a 100x CFl Apo 1.49 NA TIRF objective
lens (Nikon) with or without 1.5x Optovar. Stream acquisition of im-
ages at 500-ms intervals was performed using the RAM capture
mode in NIS-Elements software (Nikon Instruments). We defined
the aster interior as fields of view (FOVs) with the artificial MTOC in
the corner (= center of the FOV less than 100 um from the center of
the aster), while peripheral regions were chosen as the leading edge
of the growing aster with very few microtubules in the FOV (= center
of the FOV at least 200 pm from the center of the aster).

To obtain spatial information regarding polymerization and de-
polymerization rates, we applied a recently developed workflow
used to quantify treadmilling dynamics in bacterial cytoskeletal fila-
ments (Caldas et al., 2019, 2020). This method allows one to track
hundreds of growing and shrinking microtubule ends in an auto-
mated manner, overcoming the limitations of a standard manual
kymograph analysis. We first constructed differential time-lapse
movies by subtracting the intensity differences between each of the
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two consecutive frames. This image-processing step removes static
objects from the movie while regions containing intensity fluctuations
give rise to either a positive or negative signal (speckles), which cor-
responds to growth (polymerization) or shrinkage (depolymeriza-
tion) rates, respectively. Next, the particle-tracking software for Im-
ageJ, TrackMate (Tinevez et al., 2017), was used to automatically
detect and follow the resultant moving speckles to rebuild trajecto-
ries for analysis. Finally, a custom Python script is used to quantify
densities and rates of all the detect spots along their trajectories. For
TrackMate, we used the LoG (Laplacian Gaussian) detector with an
estimated diameter of 1 pm to detect the moving spots. To discard
potential false positives, we considered only particles with a signal-
to-noise ratio lower than 0.8 and a track displacement distance
larger than 1 pm. To build the final trajectories, we used the “Simple
LAP tracker” with a “Max linking distance” of 1 um, a “Maximal gap-
closing distance” of 1 pm, and a “Max frame gap” of five frames.
Later, we only considered for analysis trajectories longer than 5 s. To
construct the distributions in Figure 2B, we pooled the frame-to-
frame velocities for each track without averaging. The DABEST-Py-
thon package was used for statistics and effect size estimation (Ho
etal., 2019).

Measurement of laser cutting-induced depolymerization
rates

During the cutting experiments, interphase asters were labeled with
Atto565 porcine tubulin and imaged using a Nikon microscope (Ti
Eclipse) with a Yokogawa CSU-X1 confocal spinning disk, an EMCCD
camera (Andor iXon DU-888), a 60x 1.2 NA water immersion objec-
tive, and the software AndorlQ for image acquisition. Laser cutting
and image analysis were done as described in Decker et al. (2018)
with the only difference that the laser pulse repetition rate was re-
duced by a pulse picker (APE pulseSelect) from 80 MHz to 20 kHz
for some of the cuts, which reduced the probability of destroying
the asters. In brief, the sample stage was moved according to the
desired cut shape in multiple z planes to reach a cut depth of ~2 ym
around the focal plane. The resulting inward traveling microtubule
depolymerization wave was recorded at two to five frames/s. The
measurement of the polymerization speed involved calculating dif-
ferential intensities from the raw images with a time difference of
2-3 s (see Figure 3 and Supplemental Movies 4 and 5). These dif-
ferential intensities were integrated with respect to the radius lead-
ing to a Gaussian-shaped integrated intensity profile plotted over
the radius for each time point. Using the peak position of fitted
Gaussians to these profiles, we determined the distance that the
depolymerization wave traveled over time. The slope of this trav-
eled distance over time plot equals the depolymerization speed of
the cut microtubules, which was constant over the entire time that
the wave was visible (in agreement with depolymerization in meta-
phase spindles and monopoles; Decker et al., 2018).

Fluorescence intensity—based estimation of local depletion
of tubulin and MAPs

Wide-field images were acquired on a Nikon Eclipse Ni-E upright
microscope equipped with a CFl Plan Apochromat Lambda 20x
0.75 NA objective lens (Nikon), Nikon motorized XY stage, and An-
dor Zyla 4.2 Plus scientific CMOS camera, driven by NIS-Elements.
Alexa 647-labeled bovine tubulin, EB1-GFP (110 nM final), Tau-
mCherry (20 nM final; Mooney et al., 2017), and/or Alexa 568-la-
beled 10 kDa dextran were supplemented to the reactions. Dark
current subtraction and flat field correction were applied to both
channels. A custom script written in MATLAB was used to quantify
the fluorescent intensity as a function of radial distance from the
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MTOC (Pelletier et al., 2020). Alexa 568-labeled dextran showed a
flat intensity profile with respect to the aster as expected for a
molecule that shows no spatial variation (Supplemental Figure 4).
Spot detection of EB1 comets was performed with TrackMate as
described above.

Tubulin polymer fraction estimate

To estimate the fraction of tubulin that is in polymer state, we per-
formed a simple calculation based on our measurements. Specifi-
cally, we calculated the total concentration of microtubule polymer
in the interior of our aster reactions:

p-L
[MTpolymer] = PTA

where

p: number of microtubules per volume [#/pm?3]
L: average length of a microtubule—16 pm (Ishihara et al., 2016)
p: pitch of tubulin dimers—8 nm/13 heterodimers

Na: Avogadro’s number— 6*10% heterodimers/mol

By analyzing a z-stack of EB1-GFP images, we measured the
thickness of a reaction prepared by squashing 4 ul of extract under
an 18 x 18 mm coverslip as ~10 um. Further, we found that a single
focal plane of a 20 x 0.75 NA lens captures as much as 30-40% of
all EB1 comets that are axially distributed in such reaction. Thus, we
G . fcat + fres

estimate the microtubule density from p=—
dq) fres

o number of microtubules per area in a single focal plane—0.08
per pm?

d: thickness of the coverslip reaction—10 um

¢: fraction of EB1 comet detected in a single focal plane—0.35
feat: catastrophe rate—3.3 [1/min] (Ishihara et al., 2016)

fes: rescue rate—2.0 [1/min] (Ishihara et al., 2016)

The ratio of catastrophe and rescue rates allows us to account for
the shrinking plus ends, which are not detected by EB1 comets. We
estimate that asters contain [polymer] = 2.65 uM of polymerized tu-
bulin. Comparing this value to the abundance of tubulin heterodi-
mers in the frog egg, 8.6 pM (Wiihr et al., 2015), we estimate that
~31% of tubulin is in the polymer form.

A model of single MAP species binding to microtubule
lattice

We consider a single MAP species M (total concentration Miqy,)) that
binds and unbinds from the microtubule lattice (total concentration
P). Let S denote the concentration of free lattice sites and ky and k;
denote the binding and unbinding rates, respectively.

Mfree +S= Mbound

Conservation of MAP species: Miotal = Miree + Mbound
Conservation of microtubule lattice sites: P= S + Myound
The equation for mass action kinetics is:

deound

dt = k1 I\/IfreeS - kZMbound

dM bound

Solving for the steady-state solution =0, we find

i -
Moouna =~ (P Mgt +Ko ~(P+ My +Kp )? — 4PM oy )

2
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This allows us to calculate (fraction free MAP) = Miee _ 1-
total Mtotal
and (fractional lattice occupancy)= 0= @ :
Animal experimentation
This study was performed in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. All animals at Harvard Medical
School were handled according to approved institutional animal
care and use committee (IACUC) protocols (IS00000519) of Harvard
Medical School. The protocol was approved by the Harvard Medical
Area Standing Committee on Animals (SIRIUS/Procurement no.
2762). All animals at MPI-CBG were handled according to the direc-
tive 2010/63/EU on the protection of animals used for scientific pur-
poses, and the German animal welfare law under the license docu-
ment no. DD24-5131/367/9 from the Landesdirektion Sachsen
(Dresden)-Section 24D.
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