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Microtubule network remodeling is essential for fundamental
cellular processes including cell division, differentiation, and motil-
ity. Microtubules are active biological polymers whose ends sto-
chastically and independently switch between phases of growth
and shrinkage. Microtubule treadmilling, in which the microtubule
plus end grows while the minus end shrinks, is observed in cells;
however, the underlying mechanisms are not known. Here, we use
a combination of computational and in vitro reconstitution ap-
proaches to determine the conditions leading to robust microtubule
treadmilling. We find that microtubules polymerized from tubulin
alone can treadmill, albeit with opposite directionality and order-of-
magnitude slower rates than observed in cells. We then employ com-
putational simulations to predict that the combinatory effects of
four microtubule-associated proteins (MAPs), namely EB1, XMAP215,
CLASP2, and MCAK, can promote fast and sustained plus-end-
leading treadmilling. Finally, we experimentally confirm the predic-
tions of our computational model using a multi-MAP, in vitro micro-
tubule dynamics assay to reconstitute robust plus-end-leading
treadmilling, consistent with observations in cells. Our results
demonstrate how microtubule dynamics can be modulated to
achieve a dynamic balance between assembly and disassembly
at opposite polymer ends, resulting in treadmilling over long pe-
riods of time. Overall, we show how the collective effects of mul-
tiple components give rise to complex microtubule behavior that
may be used for global network remodeling in cells.

microtubule | treadmilling | dynamic instability | microtubule-associated
proteins | in vitro reconstitution

Treadmilling is an evolutionarily conserved, nonequilibrium
behavior of cytoskeletal filaments entailing simultaneous

assembly at one polymer end and disassembly at the other end.
Treadmilling is a quintessential property of dynamic actin fila-
ments and is critical for cell motility in eukaryotic cells (1). In
bacterial systems, treadmilling of both actin-like and microtubule-
like polymers drives cell division and intracellular transport (2–5).
In contrast, the hallmark behavior of microtubules is “dynamic
instability” (6), where the microtubule plus and minus ends in vitro
independently switch between phases of assembly and disassembly
through transitions known as catastrophe and rescue. Cellular
studies of microtubule dynamics are commonly restricted to mi-
crotubule plus ends, as the minus ends are typically considered to
be anchored or capped (7). However, it is becoming increasingly
apparent that minus ends can be both free and dynamic in the
cytoplasm. Moreover, in situations where minus ends are not
stabilized, microtubules can treadmill with growing plus ends and
shrinking minus ends (8–19). For example, microtubule tread-
milling has been observed in the cortex of epithelial cells (10), in
cytoplasmic fragments of fish melanophores (8), in Drosophila S2
cells upon depletion of a minus-end capping protein Patronin (13),
and in microtubule cortical arrays in plants (9). In these systems,
free minus ends were generated in a variety of ways including
microtubule buckling and breakage (10), severing (14), de novo
nucleation (9), and release from nucleation sites (8) and also
destabilized through the action of microtubule depolymerases
(13). Furthermore, microtubule treadmilling by polymerization at

kinetochores and depolymerization at spindle poles have been
implicated in poleward microtubule flux within the mitotic spindle
(20). In all of these contexts, treadmilling may present a distinct
mechanism for microtubule turnover and can function in overall
microtubule network reorganization (9).
Earlier in vitro studies with purified tubulin investigated the

conditions required for microtubule treadmilling (21–27). While
microtubule treadmilling events were directly observed in some
cases, the rates and the directionality were very different from
those measured in cells (24, 25, 27). In cells, microtubule dy-
namics are regulated by a complex network of microtubule-
associated proteins (MAPs) that can alter microtubule growth
or shrinkage rates, modulate catastrophe or rescue frequencies,
and generally stabilize or destabilize microtubule polymers. A
number of MAPs are specifically targeted to microtubule ends
and can have preferential localization at one or the other end
(28). Thus, in principle, differential modulation of microtubule
dynamics at the two ends can lead to the observed microtubule
treadmilling in cells. Nevertheless, due to the complex interplay
between the biochemical regulation of microtubule ends and the
large network of regulatory factors in cells, the conditions lead-
ing to microtubule treadmilling have remained obscure.
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Treadmilling is a complex behavior of active polymers charac-
terized by polymerization at one polymer end and simulta-
neous depolymerization at the other end. Treadmilling is an
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cell motility, bacterial cell division and transport, and re-
organization of microtubule arrays in plants. Although micro-
tubule treadmilling occurs in many cellular contexts, how cells
coordinate growth at microtubule plus ends and shrinkage at
microtubule minus ends to achieve treadmilling is not un-
derstood. Here, we employ predictive computational modeling
and a multiprotein in vitro assay to reconstitute cellular-like
microtubule treadmilling. Our work provides a deeper un-
derstanding of how active polymer systems can be tuned to
give rise to robust yet dynamic cytoskeletal architectures.
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Results
Population Measurements of Microtubule Dynamics Predict Treadmilling
with Minus-End Directionality. To identify the conditions that would
permit microtubule treadmilling, we first investigated microtubule
dynamics over a range of tubulin concentrations, revisiting a
classic study by Walker et al. (29). Dynamic microtubule exten-
sions were grown from GMPCPP-stabilized “seeds” with fluo-
rescently labeled tubulin and imaged by total internal reflection
fluorescence (TIRF) microscopy (30) (Fig. 1A). The rates of
growth and shrinkage and the frequencies of rescue and catas-
trophe were quantified at both microtubule ends by kymograph
analysis (31) (Fig. 1 B–F). Using these population-level mea-
surements, we calculated the net polymer length gain/loss for each
end (also referred to as net subunit “flux”) (29, 32, 33):

JAnalytical = vgpg − vsps = vgfres − vsfcat
fres + fcat

,

where vg and vs are growth and shrinkage rates, pg and ps are
fractions of time spent in growth and shrinkage phases, and fres
and fcat are rescue and catastrophe frequencies, all independently
measured for microtubule plus and minus ends (Fig. 1G and also
see Materials and Methods). Analysis of the plus- and minus-end
flux rates revealed a range of tubulin concentrations (Fig. 1G,
shaded region, 3.7 to 6.9 μM; see Materials and Methods) for
which the minus ends are predicted to exhibit net growth (pos-
itive flux), while the plus ends are predicted to exhibit net shrink-
age (negative flux), consistent with previous reports (29, 32).
This observation identified a potential regime for microtubule
treadmilling with minus-end-leading directionality.

Individual Microtubules Grown with Tubulin Alone Can Display Treadmilling
with Low Flux Rates. To investigate whether individual microtu-
bules display treadmilling when grown in the conditions identi-
fied by our population-level measurements, we modified the
in vitro dynamics assay to exclude stabilized seeds, which in-
herently prevent microtubule treadmilling (Fig. 2A). Here, microtu-
bules were nucleated using guanosine-5′-triphosphate (GTP)-tubulin

and bound to coverslips with rigor kinesin-1 motors (Materials and
Methods); this approach had no significant effect on microtubule
dynamics (SI Appendix, Table S1). The tubulin solution was then
exchanged for a lower concentration of GTP-tubulin with a distinct
fluorescent label (6 μM), matching the predicted treadmilling regime
(Fig. 1G). The net subunit flux was measured at steady-state total
polymer length (SI Appendix, Fig. S1) for each microtubule end by
dividing the total polymer length gain/loss by the observation time:

JEmpirical = xf − xi
tf − ti

= Δx
Δt

,

where xi and xf are the initial and final position of a given end at
times ti and tf , respectively. All observed polymers displayed
catastrophe and rescue transitions consistent with microtubule
dynamic instability. We then classified each microtubule into one
of four distinct dynamic modes based on the net flux at each end:
1) both ends growing; 2) plus-end-leading treadmilling (net plus-
end growth and minus-end shrinkage); 3) minus-end-leading
treadmilling (net plus-end shrinkage and minus-end growth);
and 4) both ends shrinking (Fig. 2B; also see Materials and Meth-
ods and SI Appendix, Fig. S1). Based on this classification, 48%
of microtubules (88 out of 183) were treadmilling, of which 85%
(75 out of 88) displayed minus-end-leading treadmilling
(Fig. 2C), in agreement with a previous report (24). The average
flux was 0.48 ± 0.52 nm/s for minus ends and 0.0 ± 1.9 nm/s for
plus ends (mean ± SD, n = 183) (Fig. 2D), consistent with the
rates we obtained from the population-level measurements
(Fig. 1G). Thus, our population-level measurements successfully
predicted a condition permissive for minus-end-leading treadmil-
ling of individual microtubules.

Simulations Predict That Robust Plus-End-Leading Treadmilling Can
Be Induced by a Combination of MAPs. Our experiments revealed
that microtubules grown with tubulin alone can treadmill; however,
in contrast to cellular observations, treadmilling microtu-
bules in vitro displayed an order-of-magnitude lower fluxes and
predominantly minus-end directionality. We hypothesized that
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Fig. 1. Population-level measurements predict microtubule treadmilling with leading minus ends. (A) Schematic of the assay used to study the dynamics of
GTP-tubulin extensions grown from GMPCPP-stabilized microtubule seeds using TIRF microscopy. (B) Representative kymograph showing dynamic micro-
tubule extensions (green) growing from a stable microtubule “seed” (magenta). Quantification of (C) growth rate, (D) shrinkage rate, (E) catastrophe fre-
quency, and (F) rescue frequency of both microtubule ends over a range of tubulin concentrations. (G) Analytically calculated flux (net assembly/disassembly
rate) on microtubule ends as a function of tubulin concentration. Blue and red lines are weighted linear fits in C and G. The area highlighted in gray indicates
a range of tubulin concentrations consistent with minus-end-leading treadmilling behavior (Materials and Methods). Error bars are SEM.
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the action of regulatory MAPs drives the robust plus-end-
leading treadmilling observed in cells. Furthermore, we an-
ticipated that cellular-like treadmilling can only be achieved
through a complex interplay of multiple MAPs, simulta-
neously regulating both microtubule ends. For this reason, we
employed computational simulations to explore how ensem-
bles of MAPs may promote treadmilling (Materials and
Methods and SI Appendix, Fig. S2). We based our simulations
at the lower end of soluble tubulin concentrations in the predicted
treadmilling regime (4 μM; Fig. 1G), in which minus-end flux
approaches zero, predisposing minus ends for disassembly
(Fig. 3 A and B, SI Appendix, Table S2, and Movie S1). We
then increased the complexity in our simulations by sequentially
introducing MAPs constrained by published experimental results
on the effects of both individual and combinations of MAPs on
microtubule dynamics.
First, we sought to increase the plus-end growth rate in our

simulations to the levels typically observed in cells. XMAP215 is
a well-known microtubule polymerase that specifically promotes
microtubule plus-end growth (34, 35). In addition, XMAP215
synergizes with microtubule end-binding protein EB1 to further
increase microtubule growth rates in vitro (36). Although the
dominant effect of combining XMAP215 with EB1 is an increase
in the plus-end growth rate, a simultaneous increase in plus-end
catastrophe frequency was also observed (36). We simulated the
addition of XMAP215 and EB1 to the seedless microtubule
dynamics assay, taking all of the experimentally determined

parameters into account. We found that the majority of simu-
lated microtubules depolymerized completely within a few mi-
nutes (2.4 ± 1.2 min, mean ± SD, n = 96) despite the fast plus-
end growth rates, due to the relatively high catastrophe fre-
quency and minimal rescues (Fig. 3A, SI Appendix, Table S2, and
Movie S2). Thus, the net subunit flux at the plus ends in simu-
lations with XMAP215 and EB1 was even more negative than
the tubulin-alone condition; as a result, the majority of simulated
microtubules were still classified as minus-end-leading tread-
milling (Fig. 3 B and C).
To prevent complete polymer loss induced by the onset of

plus-end catastrophe, we next introduced CLASP2 into our
in silico assay. Members of the CLASP family are targeted to
microtubule plus ends via a direct interaction with EB1, where
they specifically lower catastrophe and increase rescue fre-
quency, without significantly altering the microtubule growth
rates (37–39). Our simulations of dynamic microtubules with
XMAP215, EB1, and CLASP2 resulted in high net plus-end flux
rates, comparable to those previously reported in cells, and the
overall prevention of polymer loss (Fig. 3 A and B, SI Appendix,
Table S2, and Movie S3). However, although a large fraction of
the in silico microtubules in this condition were classified as
plus-end-leading treadmilling (Fig. 3C), almost half of the mi-
crotubule population exhibited both-ends-growing behavior, due
to the small but positive subunit flux at the minus end.
To shift the majority of the microtubule population into

plus-end-leading treadmilling regime, we next sought conditions
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that would promote minus-end depolymerization. We hypothe-
sized that including a potent minus-end depolymerase would
increase the frequency of minus-end catastrophe, leading to
microtubule depolymerization and overall negative flux at the
minus end. MCAK, a kinesin-13 motor, is a well-studied mi-
crotubule depolymerase which promotes catastrophe and depo-
lymerizes both microtubule ends (40–42). A recent study found
that the presence of CLASP at microtubule plus ends protects
against MCAK’s destabilizing activity (38). Given that CLASP is
targeted to microtubule ends through its interaction with EB1

(37), and that EB1’s localization increases with the increasing
growth rate (43, 44), we expect that the protective effect of
CLASP will be restricted to the fast-growing microtubule plus
ends. Therefore, we simulated the addition of MCAK to
XMAP215, EB1, and CLASP2 to specifically affect microtubule
minus ends (Fig. 3A, SI Appendix, Table S2, and Movie S4). Our
simulations resulted in negative minus-end flux (−14.1 ± 0.6 nm/s,
mean ± SEM, n = 95), with the vast majority (98%) of in silico
microtubules exhibiting plus-end-leading treadmilling behavior
(Fig. 3 B and C, condition 4). Importantly, and as expected,
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simulating each of the four MAPs individually, using the exper-
imentally determined effects on microtubule dynamics (34, 36,
37, 42, 44), did not yield large positive plus-end flux values,
necessary for the robust plus-end-leading treadmilling behavior
(SI Appendix, Fig. S3). In contrast, combining the known effects
of XMAP215, EB1, CLASP2, and MCAK in our seedless
in silico microtubule dynamics assay predicted a regime for ro-
bust plus-end-leading microtubule treadmilling.

Multicomponent In Vitro Experiments Demonstrate Robust
Plus-End-Leading Microtubule Treadmilling. Having successfully
demonstrated conditions leading to plus-end-directed treadmilling
with MAPs in silico, we next set out to experimentally validate our
in silico predictions using the in vitro seedless reconstitution assay.
As before, we nucleated microtubules in the absence of MAPs
then exchanged the reaction solution to include 4 μM tubulin and
purified XMAP215, EB1, CLASP2, and MCAK proteins (SI Ap-
pendix, Fig. S4). We performed numerical analysis of flux sensi-
tivity to dynamic parameters to guide our choice of protein
concentrations (SI Appendix, Fig. S5 and Movie S5). We took
advantage of the known effects of the MAPs on microtubule dy-
namics as a function of individual protein concentration (34, 36,
37, 42) to determine the protein concentrations that will yield the
required activity of each MAP, as established in silico. Additionally,

we ensured that the protein concentrations used were within the
physiologically relevant range (45). Specifically, we used 100 nM
XMAP215 and 200 nM EB1 to increase growth rates to the same
extent as in our simulations (34, 36). In the presence of EB1,
CLASP2 strongly promotes plus-end stabilization at nanomolar
concentrations; we therefore used 20 nMCLASP2, which is predicted
to have a saturating effect in our in vitro assay (37). Finally, to induce
frequent catastrophes at the minus end, we used a high concentration
of MCAK (200 nM). Consistent with our predictions, we found that
the plus ends exhibited large positive flux (29.8 ± 2.0 nm/s, mean ±
SEM, n = 48; Fig. 4 A–C and Movie S6), while minus ends exhibited
net negative flux (−8.8 ± 1.1, mean ± SEM, n = 48; Fig. 4 A–C). The
vast majority (98%) of the observed microtubules were classified as
plus-end-leading treadmilling (Fig. 4D). These experimental results
corroborated our in silico predictions for the combined effects of
XMAP215, EB1, CLASP2, and MCAK on microtubule dynamics.
Therefore, we have demonstrated that a multicomponent system of
stabilizing, destabilizing and growth-promoting MAPs can re-
constitute robust, plus-end-leading microtubule treadmilling.

Discussion
In this study, we have reconstituted cellular-like microtubule tread-
milling in vitro. Using the power of predictive computational mod-
eling, combined with highly controlled experiments employing
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purified proteins, we showed how MAPs can tune microtubule
dynamics to give rise to complex polymer behavior. We learned
that robust, plus-end-leading microtubule treadmilling relies on
the action of MAPs, as no concentration of soluble tubulin alone
permits the sustained, simultaneous plus-end assembly and minus-
end disassembly required for persistent treadmilling toward mi-
crotubule plus ends. However, none of the MAPs we investigated
is sufficient for inducing robust plus-end-leading treadmilling on
its own. Importantly, when combined, MAPs can have non-
additive, synergistic, or antagonistic effects on microtubule dy-
namics (36–38, 46–50); in our simulations, we took into account
previously reported nonadditive effects of combinations of the
MAPs we used in this study (36–38). We showed that robust plus-
end growth can be achieved even at low tubulin concentrations
through the combined polymerase and rescue activities of
XMAP215, EB1, and CLASP2. However, minus ends are in-
herently more stable; therefore, minus-end destabilization neces-
sitates the action of a potent depolymerase (29, 44, 51). Indeed, in
our reconstitution, we found that the kinesin-13 MCAK is es-
sential for treadmilling. In cells, minus ends can be protected
against depolymerase activity by minus-end-targeted proteins from
the CAMSAP family and potentially other factors (7, 44). Accord-
ingly, depletion of Patronin, aDrosophila member of the CAMSAP
family, resulted in observations of treadmilling microtubules in
S2 cells (13). Therefore, the shift in balance between minus-end
stabilization and destabilization ultimately dictates condi-
tions favorable for microtubule treadmilling.
Microtubule turnover is essential for the remodeling of cyto-

skeletal networks in fundamental cellular processes. Even cyto-
skeletal structures with defined steady-state architectures, such as
the mitotic spindle, exhibit continuous polymer turnover. Al-
though the mechanisms underlying the poleward streaming of
microtubules within the spindle are not fully understood, simul-
taneous microtubule polymerization at kinetochores and de-
polymerization at the poles, a form of treadmilling, may contribute
to poleward flux (20). Notably, all of the proteins used in our
reconstitution of treadmilling play important roles in the spindle
architecture and have been implicated in the poleward flux
(52–54). In another context, the ability of individual microtubules
to treadmill can provide means to erase the defects and post-
translational modifications encoded in the microtubule lattice,
thus allowing the cell to rewrite the tubulin code (55–58). More
generally, treadmilling is a minus-end mechanism of microtubule
turnover and translocation that can be employed for global net-
work reorganization in processes such as cell motility and differ-
entiation. Our minimal-component reconstitution demonstrates
how microtubule treadmilling can arise through the concerted
actions of regulatory factors. To that end, our work provides a
deeper understanding of how active polymer systems can be tuned
to give rise to robust yet dynamic cytoskeletal architectures.

Materials and Methods
DNA Constructs. The cDNA encoding full-length human CLASP2γ (NCBI ac-
cession no. NM_001207044.1) was a gift from I. Kaverina, Vanderbilt Uni-
versity, Nashville, TN. MCAK-6His and XMAP215-7His insect expression
constructs were gifts from G. Brouhard, McGill University, Montreal, QC,
Canada (40, 59). Drosophila rigor 6His-kinesin-1(R210A) bacterial expression
construct was a kind gift from W. Hancock, The Pennsylvania State Univer-
sity, State College, PA (60).

Protein Preparation. Bovine brain tubulin was purified using the high-molarity
method (61). Tubulin was labeled with TAMRA, Alexa Fluor 488, and Alexa
Fluor 647 (Invitrogen) according to the standard protocols, as previously
described (30). Fluorescently labeled tubulin was typically used at a ratio of
between 5% and 10% of the total tubulin when growing dynamic microtubule
extensions.

The 6His-EB1 and 6His-CLASP2γ were expressed and purified as previously
described (36, 37). 6His-kinesin-1(R210A) was expressed in BL21(DE3)
Escherichia coli cells. The bacterial cell pellet was resuspended in lysis buffer

[50 mM sodium phosphate buffer (pH 7.4), 300 mM NaCl, 1 mM MgCl2,
0.1 mM adenosine 5′-triphosphate (ATP), 1 mM dithiothreitol (DTT), and
40 mM imidazole] containing protease inhibitors, lysozyme (1 mg/mL), and a
universal nuclease (25 U/mL ; Pierce) and incubated for 1 h at 4 °C. The lysate
was further processed by Dounce homogenization and sonication and clar-
ified by centrifugation for 30 min at 4 °C and 35,000 rpm in a Beckman L90K
Optima and 50.2 Ti rotor. The clarified lysate was applied to a HisTrapHP
column (GE Lifesciences) according to the manufacturer’s instructions and
eluted with 50 mM sodium phosphate buffer (pH 7.4), 300 mM NaCl, 1 mM
MgCl2, 0.1 mM ATP, 1 mM DTT, and 500 mM imidazole. Peak elution frac-
tions were pooled and buffer exchanged into storage buffer [50 mM sodium
phosphate buffer (pH 7.4), 300 mM NaCl, 1 mM MgCl2, 0.5 mM ATP, 1 mM
DTT, and 10% sucrose] using an Amicon centrifugal filter.

MCAK-6His and XMAP215-7His were expressed in baculovirus-infected
Sf9 insect cells using the Bac-to-Bac system according to the manufac-
turer’s instructions (Invitrogen) and purified by adapting previously pub-
lished protocols (34, 40, 59). Briefly, baculovirus-infected insect cells (BIIC)
stocks were prepared and used to infect Sf9 cells at a density of 106 viable
cells per mL with BIIC stocks at a ratio of 10–4 BIIC:total culture volume (62).
Cells were harvested 4 d after infection. Insect cell pellets were lysed by one
freeze–thaw cycle and Dounce homogenizing in lysis buffer containing
protease inhibitors. MCAK-6His cell pellets were lysed in 50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.5), 150 mM
NaCl, 5% glycerol, 0.1% Tween-20, 1.5 mM MgCl2, 1 mM DTT, and 0.5 mM
ATP. XMAP215-7His cell pellets were lysed in 50 mM HEPES (pH 7.5), 50 mM
NaCl, 5% glycerol, 0.1% Triton-X-100, and 1 mM DTT. Genomic DNA was
sheared by passing the lysate through an 18-gauge needle. Crude lysate was
clarified by centrifugation as described above and applied to a HisTrapHP
column (GE Lifesciences). His-tagged proteins were eluted with the follow-
ing elution buffers: 50 mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol,
1.5 mM MgCl2, 1 mM DTT, 0.5 mM ATP, and 300 mM imidazole for MCAK-
6His and 50 mM HEPES (pH 7.5), 300 mM NaCl, 10% glycerol, 1 mM DTT, and
500 mM imidazole for XMAP215-7His. For each protein, peak elution frac-
tions were pooled and applied to a Superdex 200 Increase 10/300 GL size-
exclusion column (GE Healthcare) in the following buffers: 20 mM HEPES (pH
7.5), 150 mM NaCl, 10% (vol/vol) glycerol, 1 mM MgCl2, 1 mM DTT, and
0.5 mM ATP for MCAK-6His and 10 mM Tris·HCl (pH 6.6), 10 mM Bis-Tris,
100 mM KCl, 10% glycerol, and 1 mM DTT for XMAP215-7His. Purified
proteins were snap-frozen in liquid nitrogen as single-use aliquots.

Dynamic Microtubule Assay. Microscope chambers were constructed as pre-
viously described (30). In brief, 22- × 22-mm and 18- × 18-mm coverslips were
separated by strips of Parafilm to create a narrow channel for the exchange
of solution (30). For the “seeded” assay, guanosine-5’-[(α,β)-methyleno]tri-
phosphate (GMPCPP)-stabilized microtubules were prepared according to
standard protocols (30, 63) and dynamic microtubule extensions were po-
lymerized from surface-immobilized GMPCPP-stabilized templates as pre-
viously described (30). For the “seedless” assay, dynamic microtubules were
prenucleated in solution with GTP and then attached to coverslips by
surface-bound rigor kinesin-1 motor protein [6His-kinesin-1(R210A)]. To
prepare the rigor kinesin-1–coated coverslips, silanized coverslips were first
rinsed with BRB80 [80 mM piperazine-N,N′-bis(2-ethanesulfonic acid), 1 mM
MgCl2, and 1 mM EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N
′-tetraacetic acid) (pH 6.8) with KOH] then incubated with anti-His antibody
(10 μg/mL, ab18184; Abcam) for 5 min and blocked with 1% pluronic F127 in
BRB80 for 30 min. Next, the anti-His antibody-coated coverslips were in-
cubated with 2 μg/mL rigor kinesin-1 in the presence of 8 mg/mL casein in
BRB80 for 15 min and then blocked with 1 mg/mL His-BSA for 10 min. Note
that for the seedless assay with tubulin alone, rigor kinesin-1 was non-
specifically adsorbed to coverslips based on previously published protocols
for microtubule gliding assays (64). In this case, coverslips were blocked with
1 mg/mL casein in BRB80 for 5 min, the rigor kinesin-1 was adsorbed to the
surface by incubating for 10 min in the presence of 1 mg/mL casein, and the
surface was washed with BRB80 including 1 mg/mL casein.

Imaging buffer containing concentrations of tubulin ranging from 4 to
15 μM tubulin, 1 mM GTP, and proteins at the concentrations indicated in
the text were introduced into the imaging chamber. The imaging buffer
consisted of BRB80 supplemented with 40 mM glucose, 40 μg/mL glucose
oxidase, 16 μg/mL catalase, 0.5 mg/mL casein, 50 mM KCl, and 10 mM DTT.
Additionally, 0.1% methylcellulose was used in the seeded assay to reduce
thermal fluctuations of long microtubule extensions, and 1 mM ATP was
included whenever MCAK was used. In the seedless assay microtubules were
prenucleated in the channels using 12 to 15 μM A647- or TAMRA-labeled
GTP-tubulin for 10 to 15 min, and then the solution was exchanged for 4 to
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6 μM A488-labeled GTP-tubulin and additional proteins when used, as
indicated in the text.

Microscopy. Imaging of microtubule dynamics in vitro was performed using a
Nikon Eclipse Ti microscope equipped with a 100×/1.49 numerical aperture
TIRF objective, Andor iXon Ultra EM-CCD (electron-multiplying charge-
coupled device), and NEO sCMOS (scientific complementary metal-oxide
semiconductor) cameras; 488-, 561-, and 640-nm solid-state lasers (Nikon
Lu-NA); Finger Lakes Instruments HS-625 high-speed emission filter wheel;
and standard filter sets. An objective heater was used to maintain the
sample at 35 °C. Images were acquired using NIS-Elements (Nikon). Micro-
tubules were imaged for 30 min with 2-s intervals for Figs. 1 and 4 and for
45 min postdilution with 15-s intervals for Fig. 2.

Image and Data Analysis. Image analysis was performed using Fiji (65). Time-
lapse of TIRF images were drift-corrected using the ImageJ plugins Template
Matching and Slice Alignment (66) and Image Stabilizer (67). Kymographs
were created using a custom ImageJ macro based on the Multi Kymograph
plugin. Plus and minus ends were distinguished based on their growth rates:
faster-growing ends were identified as the plus ends and the slower-growing
ends as the minus ends. Microtubule dynamics were characterized as pre-
viously described (31). Briefly, growth and shrinkage speeds were quantified as
the change in length divided by time. Catastrophe frequency was calculated as
the number of catastrophe events divided by total time in growth. Rescue per
shrinkage length (rres)was calculated as the number of rescues divided by total
length of shrinkage. Rescue frequency was calculated by multiplying the
shrinkage speed by rescue per shrinkage length (fres = vsrres).

For the seedless assay with tubulin alone, the first 10min of the 45-min-long
movies were not analyzed to ensure the analysis was restricted to steady-state
polymer behavior (SI Appendix, Fig. S1). To track the position of the micro-
tubule end over time, the beginning and the end of each growth and
shrinkage event were detected manually from the kymographs, and the in-
termediate end coordinates were assigned using interpolation assuming linear
rates, with a custom MATLAB code. To correct for possible residual microtu-
bule gliding, two-color kymographs were used. The corrected microtubule end
coordinates were then exported as data files for further analysis. The average
gliding rates determined were negligible (∼1 nm/s). Therefore, for seedless
assay with MAPs, the microtubule gliding was neglected.

The subunit flux was determined empirically, except for the seeded assay
with tubulin alone. For the seeded assay, fluxwas determined analytically at a
population level. Briefly, we calculated the rate of subunit addition and loss
(i.e., flux Janalytical), as a function of tubulin concentration for both plus and
minus ends using the measured dynamic parameters. An analytical expres-
sion used by earlier studies (29, 32, 33) is given by

Janalytical = vgpg − vsps ≡ vgfres − vsfcat
fres + fcat

,

where vg and vs are the growth and shrinkage rates, pg and ps are the
fraction of time spent in growth and shrinkage phases, and fcat and fres are
the catastrophe and rescue frequencies, respectively. This expression holds
true as long as a microtubule end can be classified as either growing or
shrinking at any given time. Given fres = vsrres, where rres is rescue per
shrinkage length, the errors for the flux values were calculated from indi-
vidual dynamics parameters using error propagation:

J = vgvsrres − vsfcat
vsrres + fcat

δJ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∂J
∂vg

δvg( )2 + ∂J
∂vs

δvs( )2 + ∂J
∂fcat

δfcat( )2 + ∂J
∂rres

δrres( )2√
∂J
∂vg

= vsrres
vsrres + fcat

∂J
∂vs

= fcat(vgrres − fcat)
(vsrres + fcat)2

∂J
∂fcat

= −vsrres(vg + vs)
(vsrres + fcat)2

∂J
∂rres

= vsfcat(vg + vs)
(vsrres + fcat)2

,

where δ is the error and ∂ represents partial derivative.

The net flux of the tubulin subunits onto the microtubule is given by

Jmicrotubule = Jplus + Jminus.

The positive flux at one end indicates that microtubules exhibit net growth at
this given end. Similarly, the negative flux at an end implies net shrinkage.
Note that the flux is expected to follow a linear trend as a function of tubulin
concentration in the positive flux range but becomes nonlinear in the regime
of tubulin concentration for which the flux is negative (33). Furthermore, the
negative flux values we determined for low tubulin concentrations have
relatively large errors due to the larger uncertainty in the measured dy-
namics parameters in this tubulin concentration regime. This analytical
method of flux calculation allows us to estimate negative fluxes at low tu-
bulin concentrations that cannot be directly observed in the seeded assay.
Negative flux can only be directly measured by prepolymerizing microtu-
bules and then diluting the tubulin concentration to the negative flux re-
gime, as we did for all of our subsequent seedless assay simulations and
experiments. For the seeded assay, the tubulin concentrations at which the
flux crosses the zero value were determined using weighted fits of the cal-
culated flux values over the range of concentrations for which the flux is
expected to follow a linear trend (33) (7 to 12 μM for the plus end and 5 to
12 μM for the minus end).

With the exception of the seeded assay with tubulin alone, in all other
instances the flux at individual microtubule ends was determined empirically.
Briefly, we measured the magnitude of net flux of subunits onto polymer
ends in a given time period by dividing the total change in length (gain or
loss) by the total time:

Jempirical = xf − xi
tf − ti

= Δx
Δt

,

where xi (xf ) is the initial (final) position of a given end at time ti (tf ). Δx is
the net polymer length gain/loss, while Δt is the “observation time.” Net
growth is associated with positive flux, while net shrinkage is associated with
negative flux. Similarly, as for the analytically calculated flux, the total flux
on the microtubule is the sum of the fluxes at plus and minus ends. Micro-
tubules were then grouped into four dynamic modes based on their fluxes at
the ends. To determine the extent to which our classification into dynamic
modes depends on the time window size used, we calculated the net flux
using a range of window sizes (1 to 30 min) and then classified each dynamic
microtubule segment into a dynamic mode (SI Appendix, Fig. S1). One of the
four dynamic modes was assigned to the middle time point of the sliding
window, then the window was moved by one time frame to determine the
next dynamic mode. As expected, the classification coincided with individual
events of microtubule catastrophe and shrinkage for small window sizes (<5
min) and therefore did not capture the global polymer behavior. Global
behavior was captured using larger window sizes, reaching a relative pla-
teau with window sizes greater than ∼10 min. Therefore, for further analysis
and classification, we used the entire polymer lifetime, considering micro-
tubules that were observed for >10 min.

Computational Model. Microtubules were modeled as one-dimensional rigid
rods, not interacting with each other. The growth and shrinkage speeds, and
catastrophe and rescue frequencies were given as inputs. The dynamics of
the two ends were independently simulated with a time step of τ = 10−5 s. In
every time step, a given microtubule end is in either a growing or shrinking
phase: The pause state was not included in the model. During each time
step, the given microtubule end grows (or shrinks) if a random number, p1 in
the interval [0,1] satisfies

p1 ≤ 1 − e−τv=d ,

where v is growth (shrinkage) rate, d = 8 nm=13 is the dimer size. Similarly,
a given microtubule end undergoes catastrophe (or rescue) if a random
number, p2 in the interval [0,1] satisfies

p2 ≤ fτ,

where f is the catastrophe (rescue) frequency.
At the beginning of the simulation, and at the onset of each new growth

(shrinkage) event, a new growth (shrinkage) speed and catastrophe (rescue)
frequency was chosen from Gaussian distributions with means as inputted
values and SD of 10% of the mean value. If a negative random number was
generated, a newnumberwas chosen from the distribution to ensure positive
parameter values.
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For visualization purposes, and to better mimic our in vitro TIRF dynamics
assay, microtubules were randomly placed in a two-dimentional surface with
random angles (0≤ θ≤ 2Π), with their center point coordinates lying within a
100- × 100-μm field of view. The computational model was developed in
Fortran 90. The realizations and post processing were parallelized using GNU
parallel (68) when applicable.

To assess our computational model, we first compared the input param-
eters with the simulation outputs for these parameters (SI Appendix, Fig. S2).
Fifty microtubules with initial lengths of 15 ± 2 μm were simulated for
30 min. After the simulations were complete, we calculated growth/shrink-
age rate for each individual growth/shrinkage phase of a given simulated
microtubule. We then performed a Gaussian fit to the cumulative distribu-

tion (CDF(v) = 1
2 [1 + erf(v−< v >

σv
̅
2̅

√ )]) of individual growth/shrinkage speeds

from all of the simulated microtubules in a given realization to obtain the
population mean and SD. Catastrophe/rescue frequencies were determined
by fitting an exponential decay function to the cumulative distribution
(CDF(t) = 1 − e−ft) of individual lifetimes of growth/shrinkage events from
all simulated microtubules in a given realization. Weighted mean values

were determined from 10 independent simulation realizations, with weights
being the inverse of half of the 95% confidence interval. Data were fitted in
MATLAB using the curve fitting tool.

Data Availability Statement. Additional data that support the findings of this
study are available in SI Appendix. All simulation codes used in this study are
available on GitHub (https://github.com/ZanicLab).
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