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Steady-state EB cap size fluctuations are determined
by stochastic microtubule growth and maturation
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Growing microtubules are protected from depolymerization by
the presence of a GTP or GDP/Pi cap. End-binding proteins of the
EB1 family bind to the stabilizing cap, allowing monitoring of its
size in real time. The cap size has been shown to correlate with
instantaneous microtubule stability. Here we have quantitatively
characterized the properties of cap size fluctuations during steady-
state growth and have developed a theory predicting their
timescale and amplitude from the kinetics of microtubule growth
and cap maturation. In contrast to growth speed fluctuations, cap
size fluctuations show a characteristic timescale, which is defined
by the lifetime of the cap sites. Growth fluctuations affect the
amplitude of cap size fluctuations; however, cap size does not
affect growth speed, indicating that microtubules are far from
instability during most of their time of growth. Our theory
provides the basis for a quantitative understanding of microtubule
stability fluctuations during steady-state growth.
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he dynamic nature of the microtubule cytoskeleton is es-

sential for its function: It allows for fast adjustments and
reorganizations of the internal cell architecture depending on the
state of the cell and its environment (1-3). At the heart of this
dynamicity is the propensity of microtubules to switch stochas-
tically between phases of growth and shrinkage, called dynamic
instability (4-6). GTP hydrolysis by lattice-incorporated tubulin
is ultimately responsible for this behavior (7, 8). After addition of
tubulin to the growing microtubule end, GTP hydrolysis and
phosphate release occur only after a delay. Hence, GTP-tubulins
are enriched in the microtubule end region, forming a protective
cap that stabilizes the growing microtubule (1, 9, 10).

Although details are still debated, the fast transition from growth
to shrinkage, called catastrophe, is thought to be triggered by the
loss of the GTP cap, likely as a consequence of stochastic fluctua-
tions in its size (4, 9, 11, 12). The exact properties of these cap size
fluctuations are unknown because the GTP in the growing mi-
crotubule end region cannot be directly visualized. However,
end-binding proteins of the EB family have been shown recently
to bind to the protective cap (13-16). Fluorescent EBs can
therefore be used to indirectly visualize the cap at the individual
microtubule level (14).

These studies revealed that the cap consists of hundreds of
tubulins in the stabilizing conformation and that they have a
roughly monoexponential distribution starting from the growing
microtubule end, giving rise to the comet-shaped appearance of
the EB binding region (13, 15, 17, 18). The majority of this EB
cap is lost during a period of several seconds before catastrophe
occurs (16, 19), indicating that the EB binding region is critical
for stability. In agreement with this notion, faster-growing mi-
crotubules that have larger caps were found to be more stable
after sudden tubulin removal (14). During regular steady-state
growth, cap size and microtubule stability seemed to fluctuate on
a timescale of several seconds (14), the origin of which is unclear.

In the simplest kinetic model cap sites are generated by tu-
bulin incorporation into the microtubule lattice, followed by a
growth-speed-independent maturation process that forms the
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mature lattice (13, 19, 20). Maturation corresponds to a con-
formational change, most likely associated with GTP hydrolysis
or phosphate release (15, 16, 19, 21). The maturation rate can be
experimentally determined from the characteristic length of the
EB binding region and the average microtubule growth speed, a
procedure called “comet analysis” (13, 19, 22).

Because freshly added tubulins can also dissociate from mi-
crotubule ends, the net tubulin incorporation rate is the difference
between the tubulin association and dissociation rates (23-27).
Therefore, in the simplest scenario only three rates—the tubulin
association, dissociation, and maturation rates—might be suffi-
cient to describe the kinetic network of the formation of the
protective cap (Fig. 14).

The quantitative investigation of microtubule growth fluctua-
tions, using mean-squared displacement (MSD) analysis, revealed
large growth fluctuations, suggesting fast association and dissociation
kinetics (23, 28). However, despite their presumed importance for
microtubule stability, the fluctuations of the protective cap size have
not yet been measured. Their properties, such as their typical am-
plitude and characteristic timescale, are unknown, and it is unclear
whether cap size fluctuations can contribute to growth fluctuations.

Intrinsic network noise has been extensively studied for gene
expression and other biochemical networks (29-34). The specific
properties of the noise were often found to be of functional
importance. Moreover, chemical network theory has demon-
strated that the fluctuation properties of a network are determined
by its topology and reaction rates.
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Fig. 1. Microtubule growth and cap properties from time-averaged data.
(A) lllustration of the single protofilament model with three kinetic rate
constants for tubulin association (k,), dissociation (ky) and maturation (k,,).
The length of a tubulin dimer, a, is 8/13 nm. (B) Schematic of the TIRF mi-
croscopy assay. (C) Image sequence from a representative dual-color TIRF
microscopy movie, acquired at a frame rate of 4 s~ (scale bar: 3 pm).
(D) (Top) Representative growth trajectories (position time traces) of mi-
crotubule plus ends for three tubulin concentrations as obtained by auto-
mated end tracking. (Middle) MD plotted over time calculated from 38, 25, and
17 growth trajectories with an average duration of 193 s, 196 s, and 148 s for
10 pM, 20 pM, and 30 uM tubulin, respectively. The mean growth speed v, was
extracted from fits to the data (black lines). (Bottom) Variance of the displace-
ment (MSD minus MD squared) plotted over time. The diffusion constant, D, and
the measurement noise, Iy, were extracted from fits to the data (black lines).
(E) Time-averaged comet-shaped spatial EB1-GFP fluorescence intensity profiles
were automatically generated from TIRF movies (with a total duration of 750 s,
1,950 s, and 1,050 s of growth for increasing tubulin concentrations). The mat-
uration rate constant, k,, of the cap reaction network is obtained with comet
analysis. (F) Table of mean growth speeds, diffusion constants, maturation rate
constants, and positional measurement noise estimates obtained from MD, MSD,
and comet analysis (errors given in brackets are SEM). a. u., arbitrary units.

Here, we develop a theory that predicts the fluctuation char-
acteristics of the protective cap during microtubule growth from
a simple kinetic network of cap formation. Using correlation
analysis we measured the properties of the cap size fluctuations
using EBs as a cap size marker and compared them to the
measured properties of the growth fluctuations. We find that, in
agreement with theory, growth fluctuations can be considered as
Gaussian white noise and cap size fluctuations are well described
by the mean-reverting Ornstein—Uhlenbeck (OU) process (35-37)
with a typical timescale that is determined entirely by the matura-
tion rate. This explains the timescale of previously observed stability
fluctuations during microtubule growth (14). Furthermore, the
expected and measured amplitude of the cap size fluctuations
indicates that microtubules are far from instability during most
of their growth time. Overall, the agreement between theory and
experiment suggests that the basic properties of the fluctuations
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in the size of the protective cap can be explained using a simple
kinetic model.

Theory

The Cap Reaction Network. We assume a single protofilament ki-
netic model for microtubule growth and cap formation summa-
rized by the following scheme and illustrated in Fig. 14:

ka
g2C - L
kq km

The cap, C, grows by the addition of GTP-bound subunits to the
microtubule end with an association rate k,, which is propor-
tional to the tubulin concentration. The cap shrinks by two pro-
cesses: (i) the dissociation of subunits from the microtubule end,
which occurs at a constant rate independent of the cap size, and
(if) depletion via maturation of cap sites into lattice sites, L, at
rate k,,n, where k,, is the maturation rate constant and » is the
number of cap sites. For simplicity this model neglects a recently
reported prematuration step. This step is considerably faster than
the maturation step, especially in the presence of EBI proteins,
making the pre-EB1 binding region much smaller than the EB
binding region (19).

Time-Averaged Properties of the Network. Previous studies (13, 19,
22, 23) have demonstrated how the three kinetic rate constants
of the cap reaction network can be derived from the time-averaged
properties of two observables: the growth trajectory of the
microtubule and the spatial distribution of its cap sites. The growth
trajectory represents a 1D Brownian “diffusion-with-drift” process
with mean growth speed and diffusion constant given by ref. 23:
Vo= (ks —kg4) a and D=1/2 (k, +ky) a*, respectively. Here a is
the length of a subunit in the single protofilament model,
considered to be the length of a tubulin dimer (8 nm) divided
by 13 (the typical number of protofilaments in a microtubule).

From comet analysis (SI Materials and Methods) the spatial
probability distribution is given by ref. 19, (P(x,)) =e1, where
P(x,1)is equal to 1 (0) if the subunit at position x, measured from
the terminal subunit, is a cap site (lattice site). The maturation
rate k,,, can be obtained from the growth speed v, and the av-
erage comet length /, because /=v/k,,. The average number of
subunits in the cap, u, is then given by //a:

= (ka —kg) /kim. (1]

Fluctuation Properties of the Network.

Growth velocity fluctuations. In the linear noise approximation (33)
(LNA) we can write an instantaneous velocity as v(t) =v, +&,(t),
where ¢,(¢) is a Gaussian white-noise term accounting for the
stochasticity of the microtubule growth (30, 32). The power in
the noise term is proportional to the sum of the rates of the
two Poisson processes of association and dissociation (11):
(&,(t) &) = (ko +kg)a5(t—t'), where §(t) is the Dirac delta
function. We calculate our measured velocity as v(f) = (L(f+
At) — L(t))/At and its autocovariance function (ACF) is given by
Cy(7) =4 a®(k, +kq)6.0, where A=1/At and & is the Kronecker
delta (see SI Materials and Methods for details). The form of this
ACF reflects the “memorylessness” of the growth fluctuations
(i.e., there is no characteristic timescale). The zero lag magni-
tude reveals the fluctuation amplitude,

o=\ alks+kq)a [2]

Cap size fluctuations. In the cap reaction network the size of the cap
fluctuates about its mean value driven away from equilibrium by
growth fluctuations. Following a perturbation the cap reverts
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back to its mean size via the maturation process on a charac-
teristic “relaxation” timescale z; this is the “mean-reverting”
property of the OU process.

To find the ACF of the cap size fluctuations we can write a de-
terministic equation for the evolution of the cap: n(f)= k, —
kq — kyun. In the LNA we perturb this expression about its mean and
again add a noise term, &1 (t) = —k,, on(t) +£.(t), to get an expres-
sion for the stochastic fluctuations. The Gaussian noise term, &, (¢), is
the sum of a component due to the growth fluctuations, &,(¢), and an
independent component due to the maturation step, £,,(¢), charac-
terized by the following (32): (£,,(¢) &, (t)) =km(n) 6(t—1t"). With
these expressions the ACF of the cap size fluctuations is given by
C.(7) = (kg /K )e %" (see SI Materials and Methods for details). The
maturation rate enters here as the inverse of the relaxation time,
characterizing the memory of the fluctuations. The zero lag
magnitude reveals the fluctuation amplitude,

e =/ka/km . [3]

Cross-covariance of growth velocity and cap size fluctuations. The cross-
covariance function (CCF) can also be found from the above ex-
pressions (see SI Materials and Methods for details). It is given by

Coe(t)=a (ko +kg)e ™™ U(z), [4]

where U(7) is the unit step function. The asymmetry of the CCF
results from causality in the network; the growth fluctuations
drive the cap size fluctuations but there is no feedback from
cap to growth (38).

Measurement Noise. In the presence of experimental measure-
ment noise, modeled as white Gaussian noise, the ACFs require
additional terms (see SI Materials and Methods and Fig. S1 for
details). The ACFs of the velocity and the cap fluctuations
become

Cl(2) =2 a* (kg +ka)b0 + A°T2(28,0 — b.ar)s [5]
! k” —kmt 2
Cé(z) = +T2%6,, [6]

respectively, where I', and I'. denote the amplitude of the posi-
tion and cap size measurement noise.

Results

To measure the properties of EB cap size fluctuations, micro-
tubules were grown from surface-immobilized GMPCPP-
stabilized seeds in the presence of purified Alexa568-tubulin
and GFP-tagged fission yeast EB1 (Mal3) (Fig. 1B), essentially
as described (13, 39) (SI Materials and Methods). Experiments
were performed at three different tubulin concentrations. Mi-
crotubule growth and EB cap size fluctuations were monitored
using dual-color time-lapse total internal reflection fluorescence
(TIRF) microscopy, with an image acquisition rate of four
frames per s (Fig. 1C). The growing plus ends of microtubules
were tracked (16, 40, 41), and the corresponding intensity of the
EB1-GFP signal in the microtubule end region was recorded
using an automated procedure (19) (SI Materials and Methods).
For analysis, we considered only continuous growth episodes of
at least 200-s duration (SI Materials and Methods, Table S1, and
Fig. S2), excluding catastrophe episodes.

Cap Formation Kinetics from Time-Averaged Data. First, we extracted
the time-averaged characteristics of the observed steady-state
growth trajectories. Representative trajectories show visible
fluctuations with faster growth at higher tubulin concentration, as
expected (Fig. 1D, Top). Mean growth speeds were determined by
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mean displacement (MD) analysis (Fig. 1D, Middle and SI Materials
and Methods) and the diffusion constant was quantified with MSD
analysis (Fig. 1D, Bottom and SI Materials and Methods),
characterizing the diffusion-with-drift process. From the MSD
analysis an estimate for the positional measurement noise was also
obtained. From the estimates of the diffusion constant and the mean
growth speed the tubulin association and dissociation rates can be
derived, which were found to be large compared with their difference
(Fig. S3), in agreement with the notion of fast assembly kinetics
(23, 42). The average EB cap length at plus ends was extracted
from time-averaged EB1-GFP intensity profiles (Fig. 1E) by comet
analysis (13, 14, 19). From the mean growth speeds and the comet
lengths the maturation rates were derived (SI Materials and
Methods). The time-averaged properties of the cap reaction
network are summarized in Fig. 1F.

Properties of Velocity Fluctuations. Next we used fluctuation
analysis to study the growth fluctuations directly. We obtained
velocity time series by calculating finite differences of the microtu-
bule positions at 2 Hz (SI Materials and Methods). Representative
velocity traces show that the velocities fluctuate randomly over time
(Fig. 24), resulting in Gaussian-shaped velocity distributions (Fig.
2B), as expected. We then calculated the ACF of the velocity traces
(Fig. 2C and SI Materials and Methods). The increasing magnitude
of the ACFs at the origin with increasing tubulin concentration
reflects the expected larger fluctuation amplitudes (intrinsic noise)
with growth speed due to faster association and dissociation kinetics
(Eq. 2), as also seen in the broadening of the velocity distributions
(Fig. 2B). Measurement noise also contributes to the magnitude at
the origin and causes the negative correlation at the shortest time
lag (Eq. 5). Estimates of the intrinsic noise and measurement
noise were extracted from the ACFs (SI Materials and Methods
and Fig. 2D). Their combined values agreed well with sigma
values of Gaussian fits to the velocity distributions (Fig. 2 B and
D), demonstrating consistency. The measurement noise was in the
expected range of the microtubule end tracking precision (40). In
further agreement with theory, the absence of a characteristic
correlation time reflects the Poissonian nature of the association
and dissociation of tubulin at growing microtubule ends.

The velocity fluctuation amplitude can also be predicted from
the results of MSD analysis (SI Materials and Methods) and
compared with the fluctuation analysis results. Measurement
noise estimates can be compared directly. Good agreement
confirms the close mathematical relationship between these two
methods (Fig. 2 E and F). However, the fluctuation analysis goes
further by explicitly showing that the velocity fluctuations are
“memoryless,” supporting the model of microtubule growth as
a Brownian diffusion-with-drift.

Properties of EB Cap Size Fluctuations. To measure directly the
properties of the EB cap size fluctuations we analyzed time series
of EB1-GFP intensities in the microtubule end region at 4 Hz.
As expected from theory (Eq. 1) representative time traces (Fig.
34) and histograms of EB1-GFP intensities (Fig. 3B) show
that the mean intensity, corresponding to the total cap size,
increases with tubulin concentration (i.e., growth speed) (13). Also
in agreement with theory (Eq. 3) the amplitudes of the fluctuations
increase with tubulin concentration (Fig. 3 A and B). Interestingly,
the intensity fluctuations give the impression of a strong low-
frequency structure, which was not seen in the velocity
fluctuations (Fig. 24).

We computed autocorrelation functions (normalized ACFs)
of the EB cap intensity fluctuations and found that in contrast to
the velocity fluctuations they showed an apparently mono-
exponential decay on a timescale of several seconds (Fig. 3C).
The loss of some correlation within the first time lag is the
expected consequence of white Gaussian measurement noise
(Eq. 6). As a control we also analyzed the Alexa568-tubulin
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Fig. 2. Fluctuation analysis of microtubule growth. (A) Representative
velocity fluctuation traces generated from finite differencing the position data
at 2 Hz. (B) Histograms of the velocity distributions (calculated with At = 1s)
show the average velocity and the SD increase with tubulin concentration (n =
1% 10% n=2x10% and n = 3 x 10* with increasing tubulin concentration).
(C) Plots of the average velocity ACF, indicative of Brownian diffusion in the
presence of white Gaussian measurement noise. The magnitude at the origin
increases with tubulin concentration due to larger growth fluctuations and
higher measurement noise. Dashed lines indicate values extracted from the
ACF. (D) Table of parameter estimates extracted from the ACFs in C. “Total
noise” estimates are given by C/(0) using Eq. 5 and can be compared with the
SD of the Gaussian fits to the velocity histograms in B. Errors in brackets are
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intensity in the microtubule end region; autocorrelation functions
revealed that in addition to the measurement noise signature a
slowly decaying correlation was detectable beyond the first time lag
(Fig. 3D). This correlated noise was present in both fluorescence
channels as demonstrated by cross-covariance analysis (Fig. S4 4
and B) and was therefore contributing to the measured autocorre-
lation functions (Fig. S4C). It is likely the consequence of thermal
motion of the microtubules in the z-direction of the sample (“mi-
crotubule wiggling”), expected to occur at this timescale (43),
leading to slow intensity fluctuations due to the exponentially
decaying profile of the TIRF evanescent field in the z-direction (44).

Therefore, we performed a monoexponential fit to the auto-
correlation functions of the Alexa568-tubulin intensity fluctua-
tions and a biexponential fit to the autocorrelation functions of
the EB cap size fluctuations sharing the decay time corre-
sponding to microtubule wiggling (SI Materials and Methods).
The shorter decay time of the biexponential fit gives an estimate
of the maturation rate, k,, (1/t). Extracted t values were in the
same range for all tubulin concentrations: 5.0 + 1.1, 8.1 + 1.2 s,
and 4.8 + 0.5 s for 10 pM, 20 pM, and 30 pM tubulin, re-
spectively. These values agree well with those obtained from
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comet analysis (Figs. 1F and 3E), providing independent support
for our simple model and confirming that the maturation rate is
essentially independent of the microtubule growth velocity (13,
20), as expected theoretically.

Next we determined the mean size of the EB cap and the am-
plitude of the cap size fluctuations from the autocorrelation func-
tions of the EB fluorescence intensity time traces (Fig. S5 4 and B
and SI Materials and Methods). We found again that both the mean
cap size and the fluctuation amplitude increased with tubulin con-
centration (i.e., with growth velocity), consistent with theory (Egs. 1
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Fig. 3. Fluctuation analysis of microtubule cap dynamics. (A) Representative
time traces of the EB1-GFP fluorescence intensity fluctuations at growing mi-
crotubule ends for three tubulin concentrations. (B) Histograms of EB1-GFP
intensity distributions show that the average signal and its SD increase with
tubulin concentration (n values as in Fig. 2B). (C) Autocorrelation functions
of the EB1-GFP intensity fluctuations. (D) Autocorrelation functions of the
Alexa568-tubulin intensity fluctuations (error bars are SEM) revealing a source
of correlated experimental noise. EB1-GFP intensity measurements are subject
to the same correlated noise. Global fits (black lines) to pairs of autocorrelation
functions (black dots) of Alexa568-tubulin (D) and EB1-GFP intensity (C) fluc-
tuations (S/ Materials and Methods and Fig. S4C) produced estimates for decay
rates due to EB1-GFP fluctuations (maturation rates) and correlated noise, re-
spectively. (E) Comparison of maturation times (k,,, ") from correlation analysis (C
and D) and comet analysis (Fig. 1E). (F and G) The mean cap size and the am-
plitude of the cap size fluctuations were obtained from EB1-GFP intensity time
traces and their autocorrelation functions after finding a proportionality factor to
convert fluorescence intensity into numbers of subunits (S/ Materials and Meth-
ods). These values were compared with the same quantities derived from the
time-averaged analysis (Fig. S5 B and C) (error bars are SEM). a. u., arbitrary units.
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and 3). The mean cap size increases from 266 subunits at 10 pM to
736 subunits at 30 uM (Fig. 3F), implying a cap of 20-60 tubulin layers
long (because 13 tubulin subunits comprise a layer) for our range of
experimental conditions. This is in agreement with earlier estimates
for microtubules growing in vitro (13, 14, 19) and in living cells (18).
Over the same range of tubulin concentrations the amplitude of the
fluctuations increased from 64 to 178 subunits (Fig. 3G).

The mean cap size and its fluctuation amplitude can also be
predicted from the analysis of time-averaged data, that is, of
spatial EB intensity profiles (comets), MD, and MSD plots (S
Materials and Methods); good agreement between the time-
averaged analysis and the fluctuation analysis further supports
the theory (Fig. 3 F and G). These results provide quantitative
characterization of the properties of EB cap size fluctuations and
their dependence on microtubule growth velocity.

Cross-Correlation of Growth Speed and Cap Size Fluctuations. The
topology of the cap reaction network defines a direction of
causality: Microtubule growth fluctuations affect cap size
fluctuations, but cap size fluctuations do not influence growth
fluctuations. For such a model, one expects a distinct cross-
correlation (normalized CCF) as shown by simulated data (Fig.
4 A and B). We computed the average cross-correlation functions
between the measured growth fluctuations and cap size fluctua-
tions for the three tubulin concentrations (Fig. 4C). The mixing of
two noisy signals resulted in relatively noisy cross-correlation
curves. Nevertheless, all curves clearly show an asymmetry with
exponential decays on the side of positive time lags and roughly
zero covariance at negative time lags, in qualitative agreement
with theory (Eq. 4). These observations further support the
topology of the reaction network and the derived theory for
steady-state microtubule growth velocity and cap size fluctuations.

Discussion

Here we have measured the fluctuations in the size of the pro-
tective cap of growing microtubules using fluorescent EB pro-
teins as cap markers. Using correlation analysis we have
characterized the properties of these fluctuations and have found
that the amplitude and characteristic timescale of the cap size
fluctuations can be understood quantitatively based on a simple
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Fig. 4. Cross-correlation analysis between growth speed and cap size fluctu-
ations. (A) An example microtubule length trajectory (Top) and its cap size
fluctuations (Bottom) from a full stochastic simulation of the cap reaction
network with added Gaussian noise replicating the experimentally measured
noise levels. (B) Cross-correlation of simulated data (20 tracks, 200 s long) shows
the expected one-sided exponential decay, demonstrating that growth fluc-
tuations drive cap size fluctuations. (C) Experimental cross-correlation functions
show a strongly asymmetric shape and the apparent monoexponential decays
at positive lag times are in qualitative agreement with theory.
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kinetic reaction network describing cap formation. Theoretical
expressions for the properties of the fluctuations have been
derived using concepts from chemical network analysis, previously
applied in studies of gene expression and other biochemical net-
works (29-31). The measured timescale and amplitude of the cap
size fluctuations agreed quantitatively with values predicted with
kinetic rates obtained from time-averaged data (comet and MSD
analysis), demonstrating consistency.

Interestingly, the cap size fluctuations show very different charac-
teristics compared with the growth velocity fluctuations. This is due to
the nature of the underlying chemical kinetic processes. Growth
speed fluctuations are determined by two Poisson processes, tubulin
association and dissociation (23, 26), whereas cap size fluctuations are
additionally determined by cap site maturation, most likely the
transformation of GTP (or GDP/Pi) tubulin to GDP tubulin (15, 16,
21). The instantaneous rate of cap site maturation depends linearly
on the fluctuating cap size, resulting in a process formally similar to
diffusion in a potential well (OU process). The cap represents a
mean-reverting system characterized by the timescale at which it re-
laxes back to its average size following a stochastic perturbation,
which is the inverse of the characteristic frequency (i.e., the matura-
tion rate constant). The relatively slow kinetics of cap site maturation
limits the response of the cap size to the fast growth fluctuations and
effectively attenuates the high-frequency perturbations caused by
the stochastic growth.

We can now explain the timescale of microtubule stability fluc-
tuations, as previously observed in tubulin washout experiments (14).
In these experiments, faster-growing microtubules with larger pro-
tective caps were more stable (14). However, the correlation be-
tween instantaneous microtubule stability and cap size was lost when
they were measured several seconds apart (14), which is indeed in
the range of the characteristic timescale of the cap size fluctuations,
as shown here. Hence, the maturation time in the range of seconds
as shown here (Figs. 1E and 3F) and elsewhere (13-15, 19, 20) sets
the timescale of instantaneous microtubule stability fluctuations.
This timescale also eliminates EB1 binding dynamics as a signifi-
cant source of EB1 fluctuations: For the experimental conditions
here, these dynamics occur on a ~100-ms scale and would only
contribute a few percent variation (SI Materials and Methods).

The observed asymmetry of the CCF of growth velocity and
cap size fluctuations indicate that in a steady growth state ve-
locity fluctuations drive cap size fluctuations, but not vice versa.
Whereas this supports the topology of the simple kinetic reaction
network of cap generation, it may also seem surprising, because
the mean cap size decreases strongly over several seconds before
catastrophe (16, 19), suggesting that cap size could affect growth
speed. However, here we excluded catastrophe episodes and
growth pauses from our analysis, because we wanted to focus on
steady-state growth alone. In fact, the observed CCF shows that
microtubules are remarkably stable, for most of their time in
steady-state growth. Together with recent observations of a sta-
bility threshold being in the range of 10-30% of the average cap
size (14, 16, 19) the amplitudes of cap size fluctuations as mea-
sured here and predicted by our theory indicate that this stability
threshold is indeed far from the mean cap size (~3 sigma).

Typical microtubule lifetimes at steady state are several hun-
dreds of seconds, much longer than the maturation time (24, 25,
45-49); how these two timescales are linked is not clear. Currently,
there is no exact agreement on the criterion for inducing catas-
trophe. Simple cap models have been criticized for not correctly
describing the measured dependence of steady-state microtubule
lifetimes on their growth speed (50). For a more comprehensive
model, finer detail on the structure of the cap, potentially influ-
enced by the nanoscale structure of the microtubule end itself,
such as the tapered or sheet-like extensions observed by electron
microscopy (48) may have to be considered (51). Furthermore,
defects (45) or lattice cracks (52-54) have been hypothesized
to exist and to provide alternative or additional constraints on
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microtubule stability (45, 50, 53, 54). Unfortunately, unlike cap size
fluctuations, the real-time observation of these other features is
currently not possible, limiting direct tests of these models.

Our quantitative understanding of the properties of the pro-
tective cap size fluctuations during steady-state growth, as de-
veloped here, will likely be useful in the future for the refinement
of existing models and possibly the development of new quan-
titative models explaining the lifetime of microtubules based on
the kinetic processes of growth and cap maturation, as well as for
their regulation by accessory proteins.
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Materials and Methods

In vitro microtubule dynamics assays were imaged by TIRF microscopy. Mi-
crotubule end tracking, data analysis, simulations, and theoretical work were
performed using programs written in MATLAB, Mathematica, and Image J.
Detailed procedures can be found in S/ Materials and Methods.

ACKNOWLEDGMENTS. We thank Philippe Cluzel for helpful discussions and
Gunnar Pruessner for data analysis advice. This work was supported by the
Francis Crick Institute, which receives its core funding from Cancer Research
UK Grant FC001163, Medical Research Council Grant FC001163, and Well-
come Trust Grant FC001163. This work was also supported by European
Research Council Advanced Grant Project 323042 (to C.D. and T.S.).

30. Ozbudak EM, Thattai M, Kurtser I, Grossman AD, van Oudenaarden A (2002) Regu-
lation of noise in the expression of a single gene. Nat Genet 31(1):69-73.

. Levine E, Hwa T (2007) Stochastic fluctuations in metabolic pathways. Proc Nat/ Acad
Sci USA 104(22):9224-9229.

32. Komorowski M, Migkisz J, Stumpf MP (2013) Decomposing noise in biochemical signaling

systems highlights the role of protein degradation. Biophys J 104(8):1783-1793.

33. Elf J, Ehrenberg M (2003) Fast evaluation of fluctuations in biochemical networks
with the linear noise approximation. Genome Res 13(11):2475-2484.

34. Walczak AM, Mugler A, Wiggins CH (2012) Analytic methods for modeling stochastic
regulatory networks. Computational Modeling of Signaling Networks. Methods in
Molecular Biology (Springer, New York), Vol 880, pp 273-322.

35. Uhlenbeck GE, Ornstein LS (1930) On the theory of the Brownian motion. Phys Rev 36:
823.

36. Ricciardi LM, Sacerdote L (1979) The Ornstein-Uhlenbeck process as a model for
neuronal activity. I. Mean and variance of the firing time. Biol Cybern 35(1):1-9.

37. Aalen OO, Gjessing HK (2004) Survival models based on the Ornstein-Uhlenbeck
process. Lifetime Data Anal 10(4):407-423.

38. Granger CWJ (1969) Investigating causal relations by econometric models and cross-
spectral methods. Econometrica 37:424-438.

39. Bieling P, Telley IA, Hentrich C, Piehler J, Surrey T (2010) Fluorescence microscopy
assays on chemically functionalized surfaces for quantitative imaging of microtubule,
motor, and +TIP dynamics. Methods Cell Biol 95:555-580.

40. Bohner G, et al. (2016) Important factors determining the nanoscale tracking pre-

cision of dynamic microtubule ends. J Microsc 261(1):67-78.

Ruhnow F, Zwicker D, Diez S (2011) Tracking single particles and elongated filaments

with nanometer precision. Biophys J 100(11):2820-2828.

42. Castle BT, Odde DJ (2013) Brownian dynamics of subunit addition-loss kinetics and
thermodynamics in linear polymer self-assembly. Biophys J 105(11):2528-2540.

43. Gittes F, Mickey B, Nettleton J, Howard J (1993) Flexural rigidity of microtubules and
actin filaments measured from thermal fluctuations in shape. J Cell Biol 120(4):
923-934.

44. Axelrod D, Thompson NL, Burghardt TP (1983) Total internal inflection fluorescent
microscopy. J Microsc 129(Pt 1):19-28.

45. Gardner MK, Zanic M, Gell C, Bormuth V, Howard J (2011) Depolymerizing kinesins
Kip3 and MCAK shape cellular microtubule architecture by differential control of
catastrophe. Cell 147(5):1092-1103.

46. Odde DJ, Cassimeris L, Buettner HM (1995) Kinetics of microtubule catastrophe as-
sessed by probabilistic analysis. Biophys J 69(3):796-802.

47. Janson ME, de Dood ME, Dogterom M (2003) Dynamic instability of microtubules is
regulated by force. J Cell Biol 161(6):1029-1034.

48. Chrétien D, Fuller SD, Karsenti E (1995) Structure of growing microtubule ends: Two-
dimensional sheets close into tubes at variable rates. J Cell Biol 129(5):1311-1328.

49. Geyer EA, et al. (2015) A mutation uncouples the tubulin conformational and GTPase
cycles, revealing allosteric control of microtubule dynamics. eLife 4:10113.

50. Bowne-Anderson H, Zanic M, Kauer M, Howard J (2013) Microtubule dynamic in-
stability: A new model with coupled GTP hydrolysis and multistep catastrophe.
BioEssays 35(5):452-461.

. Coombes CE, Yamamoto A, Kenzie MR, Odde DJ, Gardner MK (2013) Evolving tip
structures can explain age-dependent microtubule catastrophe. Curr Biol 23(14):
1342-1348.

52. Flyvbjerg H, Holy TE, Leibler S (1996) Microtubule dynamics: Caps, catastrophes, and
coupled hydrolysis. Phys Rev E Stat Phys Plasmas Fluids Relat Interdiscip Topics 54(5):
5538-5560.

53. Margolin G, et al. (2012) The mechanisms of microtubule catastrophe and rescue:
Implications from analysis of a dimer-scale computational model. Mol Biol Cell 23(4):
642-656.

54. Li C, Li J, Goodson HV, Alber MS (2014) Microtubule dynamic instability: The role of
cracks between protofilaments. Soft Matter 10(12):2069-2080.

55. Duellberg C, et al. (2014) Reconstitution of a hierarchical +TIP interaction network
controlling microtubule end tracking of dynein. Nat Cell Biol 16(8):804-811.

56. Quenouille MH (1956) Notes on bias in estimation. Biometrika 43:353-360.

57. Li XR (1999) Probability, Random Signals, and Statistics (CRC, Boca Raton, FL).

3

=

41.

=

5

ey

Rickman et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620274114/-/DCSupplemental/pnas.201620274SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1620274114

