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ABSTRACT End-binding (EB) proteins associate with the growing tips of microtubules (MTs)
and modulate their dynamics directly and indirectly, by recruiting essential factors to fine-
tune MTs for their many essential roles in cells. Previously EB proteins have been shown to
recognize a stabilizing GTP/GDP-Pi cap at the tip of growing MTs, but information about
additional EB-binding zones on MTs has been limited. In this work, we studied fluorescence
intensity profiles of one of the three mammalian EB-proteins, EB3, fused with red fluorescent
protein (RFP). The distribution of EB3 on MTs in mouse fibroblasts frequently deviated from
single exponential decay and exhibited secondary peaks. Those secondary peaks, which we
refer to as EB3-islands, were detected on 56% comets of growing MTs and were encountered
once per 44 s of EB3-RFP comet growth time with about 5 s half-lifetime. The majority of
EB3-islands in the vicinity of MT tips was stationary and originated from EB3 comets moving
with the growing MT tips. Computational modeling of the decoration of dynamic MT tips by
EB3 suggested that the EB3-islands could not be explained simply by a stochastic first-order
GTP hydrolysis/phosphate release. We speculate that additional protein factors contribute to
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EB3 residence time on MTs in cells, likely affecting MT dynamics.

INTRODUCTION

Many cellular processes, including cell division, migration and polar-
ization depend on dynamic instability—a unique property of micro-
tubules (MTs), manifesting in their spontaneous switching between
phases of growth and shrinkage (Desai and Mitchison, 1997). It is
currently widely accepted that dynamic instability is explained by
the presence of a stabilizing cap, made of GTP-bound tubulin
subunits (Bowne-Anderson et al., 2013; Brouhard and Rice, 2018).
While the stabilizing cap is present at the MT tip, the MT can grow.
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When the stabilizing cap is lost due to stochastic GTP hydrolysis, or
dissociation of GTP-tubulins, or loss of lateral bonds between
them, MTs switch to the shrinkage (Zakharov et al., 2016). The
structure and dynamics of the stabilizing cap, however, have
remained elusive because of the lack of direct methods to visualize
it. Special antibodies have been developed to recognize GTP-
tubulins (Dimitrov et al., 2008), but due to their large size and slow
unbinding kinetics they did not allow dynamic study of nucleotides
distribution in the MT with sufficient temporal resolution. Important
insight into the MT tip came from the studies of end-binding (EB)
proteins, which currently serve as the best available natural probe to
study the stabilizing cap (Akhmanova and Steinmetz, 2015). EB-
proteins have been shown to sense nucleotide state of tubulins and
recognize the region, responsible for instantaneous MT stability in
vitro (Maurer et al., 2011; Duellberg et al., 2016). In mammals, EB-
proteins family is represented by three members, EB1, EB2 and
EB3, functioning as MT dynamics modulators and a platform for
recruiting many other factors to growing MT tips (Mustyatsa et al.,
2017). Studies in cells and on isolated MTs have demonstrated that
the EB proteins decorate the tips of the MTs with a comet-like
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distribution, slightly shifted from the very tip of the MT (Nakamura
et al, 2012; Maurer et al., 2014; Roth et al., 2019). Following
assumption that EB-proteins recognize GTP/GDP-Pi tubulins, whose
transition to GDP state is a first-order stochastic process, EB-profiles
on MTs were usually averaged and approximated with a single
exponential decay function to extract the characteristic comet
length during MT growth phase (Bieling et al., 2008; Seetapun et al.,
2012; Maurer et al., 2014). This approach carried information about
average properties of MT cap, but ignored potentially important
information about its fine structure. Individual EB profiles are usually
noisy, and contain additional peaks (Komarova et al., 2009;
Nakamura et al., 2012; Mohan et al., 2013), which could reflect the
presence of additional EB-binding zones, containing GTP/GDP-Pi-
tubulin, so called GTP/GDP-Pi remnants or islands (Dimitrov et al.,
2008; Aumeier et al., 2016). Frequency, positions, and dynamics
of these zones, which are thought to be important drivers of MT
rescue, have not yet been systematically examined.

In this study, we have undertaken analysis of the shape and
dynamics of EB3 distribution on growing MTs in fibroblasts with high
temporal resolution. We have found that the EB3 comet length and
shape remain constant on average over the MT growth phase,
although fluctuate significantly. Individual distributions of EB3
along MTs often deviate from exponential shape, forming relatively
long-lived EB3-islands. A well-characterized two-state kinetic model
of MT dynamics (VanBuren et al., 2002), modified to include EB3

decoration, failed to explain long-lived EB3-islands, suggesting that
additional factors contribute to EB3 binding to MTs.

RESULTS AND DISCUSSION

EB3-profile characteristics remain relatively constant
throughout EB3 comet lifetime

To study fine structure and dynamics of EB-proteins distribution on
MTs in live cells, we expressed EB3 tagged with red fluorescent pro-
tein (RFP) in 3T3 mouse fibroblasts. As expected, under moderate
expression level, EB3-RFP formed moving comet-like structures,
which we visualized with TIRF microscopy and recorded at 5 frames/s
rate (Figure 1, A and B). Kymographs of non-intersecting EB3-RFP
tracks were built and analyzed (Figure 1C). Comet intensity profiles
were then measured for each individual time frame of the kymo-
graphs by taking corresponding line-scans along the MT. Resulting
profiles showed normalized intensity as a function of coordinate
along the MT (Figure 1D), with x-axis pointed toward the growing
tip of the MT. Following previous work, we first assumed that EB3-
binding sites disappear as a first order process, so that the tail of the
EB3-RFP comet should be approximated as single exponential
function. The front of the comet can be approximated with a Gauss-
ian function (Figure 1D; Eq. 1 in Materials and Methods). Alignment
of multiple EB3-RFP profiles by the position of the maximum of the
fitting function revealed that on average exponential/Gaussian
function indeed described the data with a good determination
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FIGURE 1: Extraction and processing of EB3 profiles. (A) Snapshot of 3T3 fibroblast expressing EB3-RFP comets. Inset
zooms into an individual comet. (B) Maximal intensity projection of a stack of frames, visualizing different EB3-RFP
tracks. (C) Kymograph of EB3-RFP taken along the track highlighted in yellow in B. (D) Intensity profile along the dashed
line of C. Red shows fitting with exponential/Gaussian function. (E) Individual intensity profiles of EB3-RFP aligned by
the position of the maximum of the fitting function (see Materials and Methods). (F) Averaged EB3-RFP intensity profile

fitted with a piecewise exponential/Gaussian function (red).
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FIGURE 2: Time dependence of EB3 comet characteristics. (A) Amplitude of intensity of EB3-RFP comets as a function of
time. The orange line represents data fitted with one-phase association function: Y= Yo + (Ypjateau — Yo X (1 = exp(-Kx).
(B) Distribution of intensity amplitude values corresponding to all intensity profiles in N = 120 kymographs. (C) EB3-RFP
comet length as a function of time from comet birth. The orange line represents a fit with one-phase association function
like in A. (D) Distribution of EB3-RFP comet lengths corresponding to all intensity profiles in N =120 kymographs.

(E) Width of the EB3-RFP comet front (o) as a function of time. The orange line represents a fit with one-phase

association function as in A. (F) Distribution of EB3-RFP comet front width values corresponding to all intensity profiles in
N =120 kymographs. (G) Instantaneous MT growth rate as a function of time from comet birth. The orange line is a linear
fit. (H) Distribution of instantaneous EB3-RFP comet velocities corresponding to all intensity profiles in N = 120

kymographs. Data points in A, C, E, and G represent mean + SEM.

coefficient, R? = 0.91 (Figure 1, E and F). Therefore, we have used
that approximation to establish average dependences of EB3-RFP
profile characteristics on elapsed time from comet “birth” (Figure 2).

EB3-RFP intensity, reached 90% of peak value within 6 s after
comet birth (i.e., beginning of the MT plus end growth), and re-
mained relatively constant for the following period of MT elongation
(Figure 2, A and B). Length of the EB3-RFP comet reached a 90% of
plateau of ~0.6 pm within 8 s (Figure 2, C and D). This plateau value
corresponds to ~ 75 layers of GTP/GDP-Pi tubulin dimers, similar to
previously published values (Seetapun et al., 2012).

Width of the comet front, described by parameter o and show-
ing the sharpness of the front of EB3-RFP binding zone, convolved
with the point-spread function of RFP, reached 90% of plateau of
~0.5 pm within 2.5 s from the comet birth (Figure 2, E and F). After
attaining the plateau, no further continuous increase of the front
comet width was observed, suggesting either the lack of MT taper-
ing during its growth or failure of EB3-RFP to decorate tapered MT
end. Distribution of instantaneous EB3-RFP comet velocities was
broad, containing both positive and negative values, consistent
with a previous report (Rickman et al., 2017). Instantaneous EB3-RFP
comet velocities showed no statistically significantly change (within
95% confidence interval of the fit) over the period starting 3 s from
the comet birth (see Figure 2G). Initial 3-s segment of the curve,
characterized by overall higher velocities, was excluded from analy-
sis because of the low signal-to-noise ratio of the EB3-RFP comet
during this initial period.

EB3 profiles frequently exhibited stationary EB3-islands

In spite of good approximation of the average EB3-RFP profile by
a combination of Gaussian and exponential functions (Figure 1, E
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and F), we found that many individual profiles significantly devi-
ated from that model. Such deviations could represent either
additional complexities in EB3 binding to MTs or could be just due
to measurement noise, which is expected to be more pronounced
for dim comets, with poor signal-to-background ratio. To clarify
that point, we plotted the measure of goodness of fit (determina-
tion coefficient R?) for each profile as a function of EB3-RFP comet
intensity amplitude (Supplemental Figure S1). As expected, cor-
relation between poor goodness of fit and low comet intensity was
observed, but even for profiles with a high signal-to-noise level,
there were substantial and frequent deviations from the empirical
model function. Examination of the kymographs, which contained
outlier profiles, revealed that they often exhibited secondary EB3-
binding zones, besides the leading comet peak (Supplemental
Video). The shapes of additional EB3-binding zones were diverse
and frequently represented diffuse widening of EB3-RFP comet
profile (Figure 3A, brace) or sometimes clear patches of additional
EB3-RFP intensity, which we refer to as EB3-islands thereafter
(Figure 3, A and B, orange arrowheads).

It is noteworthy that in some cases we also observed fluorescent
spots, which were located on growing MTs-free background (Figure
3A, white arrowheads). Those spots, which were obviously distinct
from EB3-islands on growing MTs, could potentially contaminate
our data. Therefore, we quantified the number of fluorescent spots
per unit distance on MTs and on growing MTs-free background in
experimental kymographs (Supplemental Figure S2). This revealed
significant enrichment of the stationary fluorescent spots on MTs.
The validity of the quantification method was additionally verified
by its application to analogous simulated kymographs (see Supple-
mental Figure S2 and Materials and Methods for details).

EB3 islands in fibroblasts | 2107
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FIGURE 3: Deviation of EB3 profile from exponential shape and identification of EB3-islands on growing MTs.

(A) Example of kymographs poorly fitted by piecewise exponential/Gaussian function. Orange arrowheads mark
EB3-islands. White arrowhead marks stationary fluorescent spots on MT-free background. (B) Example series of
snapshots showing formation of an EB3-island (marked with orange arrowheadsw). The corresponding kymograph is
given in the next panel. (C) From left to right: raw kymograph of EB3-RFP on MT, the same kymograph with 1-s binning
and binned kymograph smoothed with 2D-Gaussian filter (filter radius = 1.5 pixel). (D) Sequence of profiles from
kymograph in C fitted with single-peak exponential-Gaussian function (red) and the double-peak function (green).

The EB3-islands were variable in their lifetimes and intensity,
making their automated identification and quantification nontrivial.
To facilitate that task, we binned kymographs, averaging each five
consecutive frames into one in order to reduce noise. Subsequently,
binned kymographs were subjected to 2D Gauss filtering with
1.5 pixel radius (Figure 3C). In the processed kymographs we could
unambiguously identify sufficiently large EB3-islands, using auto-
mated criteria, as described in detail in Materials and Methods. Our
approach for EB3-island identification relied on fitting the EB3-RFP
intensity profile with a single-peak and multiple-peak functions
(Supplemental Figure S3A). If the latter fit happened to be a consid-
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erable improvement over a single exponential/Gaussian fit, we
defined the profile as containing an EB3-island. One clear example
of an EB3-island, identified as a persistent secondary intensity peak,
lasting from the 12th second of EB3-RFP comet lifetime until the
19th second, is shown in Figure 3D.

Overall, we quantified 82 EB3-islands on 120 MTs in live fibro-
blast cells. Durations of the lifespan of EB3-islands were distributed
exponentially with half-lifetime of 5.1 s (Figure 4A).

EB3-islands did not follow the main peak of EB3-RFP comet
intensity, but rather remained immobile on MTs becoming more
distant from the front comet over time (Figure 4B). EB3-islands

Molecular Biology of the Cell
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Quantification of EB3-islands. (A) Distribution of lifetimes of EB3-islands (gray bars). The red curve is
exponential fit. (B) Position vs. time plot for eight representative tracks of EB3-RFP comets (red) and EB3-islands (black)
in the same kymographs showing that EB3-RFP comets are moving with the growing MT tip, while the EB3-islands
remain static. (C) MT and EB3 seen in separate channels and overlaid. Yellow arrowheads point at EB3-islands outside
intersections with MTs; white arrowheads point at EB3-island on MT intersection. (D) Intensity profile of tubulin and EB3
signal along the MT. Arrowheads are colored as in C. (E) Distributions of EB3-island sizes. Red, blue, and black bars
correspond to EB3-islands, located at MT intersections in fixed cells, outside MT intersections in fixed cells and in live
cells, respectively. (F) Distributions of EB3-island locations relative to the growing MT tip. Red and blue curves
correspond to EB3-islands at MT intersections and outside of MT intersections, respectively. The green curve shows
distribution of the lengths of MT segments, which were analyzed.

appeared on average once per 44 s of EB3-RFP comet growth time, ~ gesting that their appearance was random. Likewise, there was no
which corresponded to a spatial frequency of one EB3-island per  correlation between the frequency of EB3-islands formation and
9.3 um of MT length. We did not observe any clear trend in  velocity of the corresponding EB3-RFP comets (Supplemental

the enrichment of EB3-islands on younger or older comets, sug-  Figure S3B).
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EB3-islands originate from the growing EB3 comets and at
MT intersections

In all cases that we observed on relatively short growing MT seg-
ments in live cells, EB3-islands originated from the main EB3-RFP
comet, rather than arose in a region distant from the growing tip of
the MT. However, it has been recently established, that GTP-tubulins
can incorporate into MT lattice, and thus they might form additional
sites for EB3 binding away from the growing MT tip. For not yet
clearly understood reasons, these sites of tubulin exchange often
arise at MT intersections (Aumeier et al., 2016; de Forges et al., 2016;
Vemu et al., 2018). To estimate fraction of EB3-islands, arising at MT
intersections and originating from the growing tip, we fixed the cells,
expressing EB3-RFP and immuno-stained them for tubulin. Tubulin
staining allowed locating MT crossovers and examining longer MT
segments (median MT length of 8.7 pm in fixed vs. 5.4 um in live
cells). Out of 163 islands, which we detected on 76 MTs from 29 fixed
cells, 82 (50.3%) were located at MT intersections (Figure 4, C and D,
and Supplemental Figure S4, white arrowheads). The rest of the EB3-
islands were found outside the MT intersections (Figure 4, C and D,
and Supplemental Figure S4, yellow arrowheads). There was no dif-
ference in spatial frequency of EB3-islands in live cells and in fixed
cells outside of the regions of intersection with other MTs (one island
per 9.3 vs. 9.1 um of MT length, respectively). Sizes of EB3-islands
located at MT crossovers and outside of them were not statistically
different (Figure 4E). Occurrence of EB3-islands outside of MT inter-
sections was higher near the growing MT tips, as quantified in the
Figure 4F. On the basis of this and our live cells imaging data, we pro-
pose that EB3-islands, located in the vicinity of the MT tips, predomi-
nantly represent stationary EB3-binding zones originating from the
growing MT tips.

Average EB3-profile but not EB3-islands can be
recapitulated in the computational models with different
geometries of EB3-tubulin binding
It is conceivable that the EB3-islands that we observed could
arise purely due to the stochastic nature of the GTP hydrolysis/
phosphate release. In that scenario, EB3-RFP would mark randomly
forming remnants of the GTP/GDP-Pi cap. To test this possibility in
a more rigorous manner, we applied a simple and well characterized
two-state Monte-Carlo model of MT dynamics (VanBuren et al.,
2002). The model was modified to include decoration of the MT
with EB3 proteins. The binding site for calponin homology domains
of EB-proteins is known to be located in the corner of four tubulin
dimers (Maurer et al., 2012; Zhang et al., 2015), but the energetic
contribution of each tubulin into EB-protein binding is not yet estab-
lished. Therefore, we examined several reasonable EB3 binding
options: with one, two, or four GTP tubulins sufficient (Figure 5A).

For simplicity, EB3 concentration was assumed to be high enough
to saturate all available binding sites on the MT immediately. We kept
most of model parameters, responsible for MT dynamics in vivo, as
suggested in (Castle et al., 2017). Tubulin concentration was set to be
11 pM, providing ~17 um/min mean rate MT growth, closely match-
ing our experimental data and consistent with previous estimates of
free tubulin concentration in fibroblasts (Hiller and Weber, 1978). EB3
comet length in the model was dependent on GTP hydrolysis con-
stant and the EB3-tubulin binding rule (Figure 5B). However, for each
binding rule, it was possible to find a GTP hydrolysis constant value
lying roughly in the range of experimental estimates: from 0.085 to
0.3 57" (O'Brien et al., 1987; Melki et al., 1996).

For consistency between analyses of experimental and simu-
lated data, we generated kymographs of simulated EB3 tracks on
growing MTs by convolving the positions of EB3 with a point spread
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function and added pixel and background noise (Figure 5, C-E).
Simulated kymographs were analyzed using the same custom
MATLAB scripts, which we had applied to experimental data. This
simulation produced EB3 profiles, very well described with our
piecewise exponential/Gaussian fitting function (Eq. 2). Secondary
peaks of EB3 intensity were virtually never observed in the simula-
tions, irrespective of the EB3 binding rule (see representative
profiles in Figure 5, C-E). Hence, we concluded that the EB3-islands
could not be explained by stochastic first-order GTP hydrolysis and
must have a more complex nature.

Potential origin and role of EB3-islands

Although individual EB comet kymographs in some published
reports displayed non-monotonous profiles along MTs (Komarova
et al., 2009; Nakamura et al., 2012; Mohan et al., 2013; Roth et al.,
2019), to the best of our knowledge, those decoration patterns were
not systematically analyzed before. Evidence for stationary EB3-
islands on MTs presented in this work indicates that the EB3 binding
to MTs in live cells is not yet fully understood. Our computational
modeling rules out the simplest of the explanations for EB3-islands.
Namely, we argue that random GTP-hydrolysis, leading to appear-
ance of tubulin patches, remaining in GTP-state by pure chance, is
not compatible with observed frequency and lifetime of EB3-islands.
However, one cannot exclude the possibility that some unknown
factors locally slow down GTP hydrolysis in cellular MTs, leading to
longer lifetime of some GTP-tubulin patches (Figure 5F). Previously
published data suggest that EB3 itself can stimulate nucleotide
hydrolysis (Zhang et al., 2015); thus if some additional factors locally
prevented EB3 from doing so, a GTP-island would have appeared.
Moreover, such GTP-tubulin patches, or GTP-islands, could arise not
only due to delayed GTP hydrolysis, but also because of the MT
“repair” process. The latter refers to a recently characterized phe-
nomenon of GTP-tubulin exchange between the soluble pool and
the MT shaft (Schaedel et al., 2015; Aumeier et al., 2016), which can
be additionally enhanced by severing enzymes (Vemu et al., 2018),
leading to accumulation of EB-proteins on the freshly incorporated
GTP-tubulin lattice. Another possible scenario is that EB3 proteins in
the islands are kept bound to the MT because of the action of some
unknown protein factor. That factor could act either via forming a
complex with multiple EB3 proteins, thereby prolonging their resi-
dence time on MTs, or via binding simultaneously to EB3 and tubu-
lin, thus effectively increasing EB3 affinity for MTs.

Despite their catastrophe promoting effects on MT dynamics in
purified systems in vitro, EB-proteins conversely stabilize MTs in live
cells (Komarova et al., 2009). This activity, likely mediated by EB-
binding partners, might lead to promotion of MT rescues by EB3-
islands. Indeed, positioned near the growing MT tips, EB3-islands
may create an additional stabilization zone, so that MTs, experienc-
ing catastrophes, rescue almost immediately, as shown recently with
high-frequency recording of MT dynamics (Guo et al., 2018). Thus,
EB3-islands could facilitate small oscillations of MT ends near the
cell margin, a behavior which was described previously to be impor-
tant for high precision targeting of focal adhesions (Krylyshkina
etal., 2003). However, further work is required to elucidate the phys-
iological role of EB3-islands in that and potentially other cellular
processes.

MATERIALS AND METHODS

Cell culture, transfection, and fluorescence microscopy
NIH-3T3 fibroblasts were maintained in DMEM supplemented with
25 mM HEPES (PanEco, Russia), 10% fetal calf serum (PAA Laborato-
ries, Austria), 2 mM L-glutamine and 0.8 mg/ml gentamicin at 37°C at
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FIGURE 5: Analysis of potential origin of EB3-islands. (A) Schematics of a computational model of growing MT tip
decoration with EB3 proteins. (B) Dependence of EB3 comet length in the model as a function of GTP hydrolysis
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dotted lines represents the range of experimentally estimated comet length. (C-E) Representative kymographs of EB3
comets in simulations with different GTP hydrolysis constant values and respective representative intensity profiles.
Orange is a fit with exponential/Gaussian function. (F) Schematic of the hypothetical mechanism of EB3-island formation.

5% COj. Cell suspension obtained with trypsin-EDTA (PanEco,
Russia) was plated in 35-mm Petri dishes. The cell density was ad-
justed so that spreading cells did not contact each other. EB3-RFP
gene was cloned into a pGPV lentiviral vector containing copRFP as
a reporter and puromycin as drug selection marker (Eurogene,
Russia). The lentiviral vector was transduced into HEK293 packaging
cells (ATCC # CRL-11268) with XtremeGENE HP DNA transfection
reagent according to manufacturer’s protocol, viral harvest was
collected in 36 and 72 h after transfection and then used for trans-
duction of 3T3 cells. On five separate experimental days, we
recorded time-lapse videos of N = 59 NIH-3T3 fibroblast cells on a
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Nikon Tl microscope, equipped with TIRF Apochromat 100x/1.49 oil
immersion objective, Andor iXon3 EMCCD camera and 488- and
561-nm lasers. Temperature was kept near 37°C with Bioptech ob-
jective heater. Images were recorded every 0.2 s with NIS Elements
software. N = 39 of those cells were used for the final kymographs.

Cell fixation and immunostaining. NIH-3T3 fibroblasts with stable
expression EB3-RFP protein were fixed with 100% methanol
for 15 min at —20°C and washed three times with phosphate-
buffered saline (pH 7.2-7.4) for 10 min each. To visualize MTs, cells
were stained with antibodies to o-tubulin (mouse, clone DM1A,
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Invitrogen, batch#TC2479053) and then stained with secondary
goat anti-mouse antibodies conjugated with Cy-2 (Sigma-Aldrich).
In both cases, the dilution of antibodies was 1:100; the time of
incubation with antibodies was 1 h in 37°C. N = 60 cells were
recorded for analyses using the same imaging system as for live
cells, plus an extra differential interference contrast image was taken
for every cell.

Analysis of dynamics of EB3 in live cells

From recorded videos, N = 120 EB3-RFP tracks were selected for
further analysis, according to the following criteria: 1) EB3-RFP
comets should not intersect each other during entire growth pe-
riod, since the intersection would contribute to the fluorescence
intensity of a particular area at a certain time; 2) the moment of
appearance of the comet should be clearly observed; 3) EB3-RFP
comets should not reach the periphery of the cell, where they
merged and became indistinguishable; 4) EB3-RFP comet track
is at least 2 um long. Kymographs of selected EB3-RFP tracks
were built in ImageJ and then processed with custom MATLAB
scripts.

For each kymograph, the moment of EB3 comet birth was manu-
ally defined as a time frame when the EB3-RFP comet became
distinguishable from background noise. Intensity profiles of the
kymogram for all frames after comet birth were processed as follows.
First, the background intensity, determined from the MT-free seg-
ment of the kymogram, was subtracted from each intensity profile.
Second, each entire intensity profile was fitted with exponential-
Gaussian piecewise function in MATLAB:

A*e d +B, x< xg
I(x)= , (1

X—Xo

A*ei( ° J +B, x> xq

Here I(x) is the background-subtracted EB3-RFP fluorescence
intensity profile; x is the coordinate along MT; A is the amplitude
of fluorescent intensity of the comet; xg is a fitting parameter, de-
fined as the coordinate along the comet track, where the maximal
intensity is achieved; d is the EB3-RFP comet length parameter; ¢
is the width of the front of the comet. Outcomes of this fitting
were further automatically filtered to exclude clear outliers, such
as xp outside of the kymograph length, peak intensity below
the background noise level, or instantaneous EB3 comet velocity
> 200 pm/min.

Identification of EB3-islands on kymographs

To quantify EB3-islands, every five consecutive frames of raw kymo-
graphs were averaged into a 1-s frame and then filtered with a 2D
Gaussian filter with 1.5-pixel radius. Intensity profiles of processed
kymographs were analyzed with an automated EB3-island detecting
an algorithm. The algorithm started by fitting each profile with an
exponential-Gaussian function (Eq. 1). At the next step, the profile
was fitted with a more complex function, containing one additional
Gaussian peak:

X—Xo _(x—x;]
Age d +Aye \ o , X< X
(x)=1 " ? ° 2

X—Xo X=Xz

Aoe_[ Oo ] +A297( 02 ) , X 2 Xo

Here index O marks the characteristics of the main EB3 comet
peak; Ay, 0y, and xg are its amplitude, front width and position, re-
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spectively; while index 2 corresponds to the characteristics of the
secondary peak.

EB3-island detection by the algorithm included the following
criteria:

1. the profile must have been better fitted with the double-peak
function (Eq. 2) than with the single-peak function (Eq. 2), which
was formalized with the following criterion:

(1 _Rgp )/(1 _R12p) < Cimprovement (3)

where R,zp, RZZP are the determination coefficients of the fits with
one-peak and two-peak functions, respectively, and Cimprovement
is a threshold of fit improvement. To account for the fact that
shorter profiles have less space for extra peaks and, thus are
more easily fitted, this coefficient scales with profile length, go-
ing from 0.5 to 0.8.

2. The intensity amplitude of the second Gaussian peak was greater
than 15% of the intensity amplitude of the EB3-RFP comet to be
distinguishable from noise.

3. The secondary Gaussian peak should have been well separated
from the main EB3-RFP comet peak (see Eq. 2), so that

Xo=xp+d (4)

Analogously, the algorithm then attempted to fit third and fourth
Gaussian peaks to the profile to account for the possibility of
more than one island being present at a time.

To measure lifetimes of EB3 islands, we applied a grouping algo-
rithm, which was developed to identify EB3-RFP intensity peaks,
corresponding to the same EB3-island observed at different time
frames of the kymograph. This algorithm defined intensity peaks at
different time frames as corresponding to the same EB3 island
based on the following criteria: 1) the intensity peaks were distinct
from the main EB3 comet; 2) they were located not more than 600
nm from each other; 3) they existed for at least two consecutive
seconds. The lifetime of such EB3-islands was defined as the time
from the moment when the main EB3-RFP comet has originally
passed the location of the island until the time this EB3-island was
no longer detected by the algorithm. This portion of the algorithm
also automatically recorded the length, lifetime, and average growth
rate of the MT segment that has polymerized during this growth
event, thus allowing us to quantify directly both spatial and tempo-
ral frequency of the EB3-islands.

Quantification of EB3-islands in fixed cells

In fixed cells, a different EB3-island detection algorithm was used to
account for the presence of data from tubulin channel and the
absence of data on the EB3-island dynamics. At the first step, indi-
vidual long (>2 pm) MTs with a clearly visible EB3-RFP comet at the
end were manually traced in the tubulin channel in ImageJ. Each MT
was traced with a segmented line from the plus end for as long as it
remained unambiguously visible. Coordinates of the multisegment
lines and manually defined positions of MT intersections were then
passed into custom fully automated MATLAB script. This script cre-
ated linescans along each MT in both tubulin and EB3 channels. MT
length was calculated as the distance along the linescan segment,
where intensity in the tubulin channel was above the lower 10% of
intensities of the linescan. EB3-islands were defined as areas of the
linescan in the RFP channel, where EB3-RFP intensity was 4 SD
above the average intensity of the background intensity level for at
least three consecutive pixels. The background area was determined
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as the lowest 35th percentile of EB3-RFP intensities along the lines-
can. The first EB3-RFP peak in each profile was considered to be the
main EB3-RFP comet. The second peak and beyond were consid-
ered as EB3-islands. The MATLAB script automatically calculated
the size of those islands, their positions relative to the plus end of
the MT, and whether or not each individual EB3-island was located
within an area of intersection with a different MT. When applied to
random frames from live cell data, this EB3-island quantification
algorithm provided an estimate of the spatial frequency of EB3-
island formation, which was consistent with that of the more
detailed algorithm, described in Identification of EB3-islands on
kymographs above.

Quantification of fluorescent dots on MTs and on MT-free
background in kymographs

To evaluate the number of fluorescent spots on MTs and on MT-free
background, we developed a semiautomated MATLAB script, which
allowed the operator to click on fluorescent stripes and speckles on
the kymographs and to define a region corresponding to a MT.
Using that input information, the script then calculated the density
of fluorescent objects per unit length on MT versus MT-free
background. As a control for the script performance, we examined
simulated kymographs with stripes and speckles randomly distrib-
uted on MTs and beyond (Supplemental Figure S2). As expected, in
that case, the algorithm did not reveal any statistically significant
difference in the density of spots per unit length on MT versus MT-
free background.

Computational modeling

We used a published model of MT dynamics as a starting platform
for simulations (Van Buren et al., 2002; Castle et al., 2017). All model
parameters were taken as in Castle et al. (2017), except for tubulin
concentration, which was fine-tuned to provide experimentally
observed MT growth rates. To incorporate EB3 into the model, we
defined its binding site to be located in the corner of four tubulin
dimers. Depending on the EB3-binding rule, one, two, or four tubu-
lin dimers in contact with EB3 were required to be in the GTP-state.
We postulated that all binding sites were immediately decorated by
EB3 as soon as they were formed. Likewise, EB3 was considered
detached as soon as the binding site vanished. EB3 did not deco-
rate GDP-tubulins or incomplete binding sites (lacking at least one
of the four tubulin dimers). We did not take into account effects of
EB3 on MT dynamics and GTP hydrolysis rate. To simulate kymo-
graphs, we convolved EB3 with a Gaussian function with width
corresponding to a point spread function of RFP molecule. Then
we introduced Gaussian noise with the amplitude, estimated from a
MT-free background region of experimental kymographs, and
subjected the kymograph to pixelation. Intensity profiles on simu-
lated kymographs were then fitted with piecewise exponential/
Gaussian function (Eq. 2) to extract EB3 comet characteristics.
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