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Plant and mouse EB1 proteins have
opposite intrinsic properties on the dynamic
instability of microtubules

Arthur T. Molines'*'®, Virginie Stoppin-Mellet?, Isabelle Arnal and Frédéric M. Coquelle'*

Abstract

Objective: Most eukaryotic cells contain microtubule filaments, which play central roles in intra-cellular organiza-
tion. However, microtubule networks have a wide variety of architectures from one cell type and organism to another.
Nonetheless, the sequences of tubulins, of Microtubule Associated proteins (MAPs) and the structure of microtubules
are usually well conserved throughout the evolution. MAPs being known to be responsible for regulating microtubule
organization and dynamics, this raises the question of the conservation of their intrinsic properties. Indeed, knowing
how the intrinsic properties of individual MAPs differ between organisms might enlighten our understanding of how
distinct microtubule networks are built. End-Binding protein 1 (EB1), first described as a MAP in yeast, is conserved in
plants and mammals. The intrinsic properties of the mammalian and the yeast EB1 proteins have been well described
in the literature but, to our knowledge, the intrinsic properties of EB1 from plant and mammals have not been com-
pared thus far.

Results: Here, using an in vitro assay, we discovered that plant and mammalian EB1 purified proteins have different
intrinsic properties on microtubule dynamics. Indeed, the mammalian EB1 protein increases microtubules dynamic

while the plant EB1 protein stabilizes them.

Keywords: Microtubules, End-binding protein 1 (EB1), Cytoskeleton, Microtubule dynamic instability, Plants

Introduction

The regulation of the intra-cellular network of cytoskel-
etal filaments is a critical part of cellular function in
eukaryotes. Microtubules are found in most eukaryotes
and their structure is well preserved [1]. Depending on
the kingdom, microtubules are involved in different pro-
cesses [2]. Nonetheless, Microtubule Associated Pro-
tein (MAP), which are major regulators of microtubule
dynamics, are present across these organisms. One might
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assume that protein properties are conserved between
organisms, but such an assumption is worth testing.
Indeed, the End-Binding protein 1 (EB1), known to
be a major organizer of the complex system of proteins
recruited at the growing tip of microtubules in mam-
malian cells [3], is conserved in plants [4] and yeasts
[5] (Mal3p in fission yeast, Bimlp in budding yeast).
In mammalian cells and yeasts, EB1 recruits part-
ners through its EBH (End Binding Homology) domain
or its EEY sequence in C-terminal domain. The EBH
domain allows EBL1 to recruits proteins containing S(X)IP
domains, while the EEY sequence found in the C-termi-
nus allows EB1 to interact with proteins containing CAP-
Gly domains, such as P150%MVEP and CLIP-170 [6, 7].
Arabidopsis possesses three orthologs of EB1 [4, 8, 9],
AtEB1-a, AtEB1-b and AtEBl1-c. AtEBl1-a and AtEB1-b
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share around 60% of similarity at the amino-acid level
with EB1 from mammals while AtEB1-c is more diver-
gent. The EBH domain is present in EB1 from plants and
S(X) IP domains are found in numerous proteins. Inter-
estingly, there is no known CAP-Gly containing proteins
in Arabidopsis and the plants orthologs of EB1 lack the
EEY domain (Fig. 1la) but possess instead a stretch of
acidic amino-acids [4].

On one hand, the conservation of EB1 localization
at the tip of growing microtubules between mammals
and plants and the relatively high similarity of sequence
suggest a conservation of its properties. On the other
hand, since the separation of the viridiplantae and the
opisthokonts clades, EB1 intrinsic properties could have
diverged between plants and mammals/fungi. The mam-
malian version of EB1 has been purified and its effect on
microtubule dynamics extensively studied both in vivo
and in vitro [10]. In contrast, the plant EB1 roles in devel-
opment and microtubule network organization have been
explored using knock-out mutants and loss-of-function
mutants, revealing functions in touch sensing and micro-
tubule bundling [11-13] but its intrinsic properties have
not been extensively studied in vitro yet.

We set out to evaluate the effect of purified plant and
mammalian EB1 proteins on microtubule dynamics in
an in vitro reconstituted system. We compared the pro-
teins in identical conditions (same tubulin, tubulin con-
centration and concentration of EB1) by measuring
their effect on the parameters of microtubule dynamic
instability (rates of growth and shrinkage, frequency of
catastrophe).

Main text

Methods

Protein expression and purification

See supplemental material for the methods on proteins
purification Additional file 1.
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Sample preparation
See supplemental material for details
preparation.

on sample

TIRF microscopy

Samples were observed on an inverted microscope
(Nikon, TI-E) with a 60X 1.49 TIRF immersion oil objec-
tive. The microscope was equipped with iLAS? TIRF sys-
tem (Roper Scientific), a Evolve 512 camera (EMCCD,
Photometrics), and controlled with Metamorph (Molec-
ular Devices). Observations were done with two excita-
tion lasers at 491 nm and 561 nm.

Estimation of dynamic instability parameters

from the movies

Kymographs were obtained from the calibrated movies
using KymoToolbox Image] plugin (F. Cordeliéres). Rates
of growth and shrinkage were measured for each event
and then pooled. The catastrophe frequency was esti-
mated per microtubule then pooled per condition.

Statistical analysis

For the control, the mammalian EB1 and the plant EB1
conditions 66, 41, and 65 MT tracks were analyzed respec-
tively. The data come from at least 2 independent experi-
ments. These allowed the observation of 533, 533, and 652
events of growth and 277, 515, and 462 events of catastro-
phe respectively. For each dataset, we choose to mention
the median and the 95% confidence interval in the text
because the data are not distributed normally. The distri-
butions were compared using the PlotOfDifferences web-
app (BioRxiv, Goedhart, https://doi.org/10.1101/578575).
p-values and effect size were obtained from the bootstrap
analysis available in the web-app. For more information
about effect size please go to the following website: https
://thenode.biologists.com/quantification-of-difference
s-as-alternative-for-p-values/research/.

(See figure on next page.)

Fig. 1 Comparison of the effect of mammalian and plant EB1 protein on microtubule dynamics. a Protein sequence homology between EB1

proteins from mice (Mus musculus) and plant (Arabidopsis thaliana). Mice EB1 (Q61166.3), EB1a (Q7XJ60.1) EB1b (Q9FJJ5.1) EB1c (QIFGQS6.1). Note
that the final EEY motif found in the EB1 proteins from mice (and other mammals) is not present in the plant EB1. Representative kymographs of
microtubule seeds (in red) growing in presence of 15 uM of tubulin (b), 15 uM of tubulin and 75 nM of EB1 from mammals (c), and 15 uM of tubulin
and 75 nM of EB1-b from plant (d). All kymographs are oriented with the +end to the top. e is a schematic of the ideal microtubule tracks for each
condition based on the average parameters of their dynamic instability estimated from the kymographs in (b-d). The schematic also shows how
the parameters are estimated from the kymographs. Graphs in (f-j) show the growth rate (f), the shrinkage rate (h) and the catastrophe frequency
(j) of microtubules grown in 15 uM of tubulin (black), 15 uM of tubulin and 75 nM of EB1 from mammals (red) or 15 uM of tubulin 75 nM of EB1-b
from plant (green) as jittered dots (visibility: 0.1). The summary of the data is shown as a boxplot, with the box indicating the interquartile range
(IQR), the whiskers showing the range of values that are within 1.5*IQR and a horizontal line indicating the median (visibility: 0.9). The notches
represent for each median the 95% confidence interval (approximated by 1.58*IQR/sqrt(n)). Asterisks indicates statistically significant difference,
(p<0.001) obtained from the bootstrap analysis (see methods for details). Plots in (g, i, k) show the absolute effect size, relative to the 15 uM tubulin
condition for the growth rate (g), the shrinkage rate (i) and the catastrophe frequency (k). The bootstrap samples that are used to calculate the 95%
confidence interval of the effect size are shown as a distribution. 95% confidence intervals are represented as black bars
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Results

We used TIRF microscopy to compare the effect of
75 nM of EB1 from plant or mice on microtubule (MT)
polymerized from 15 pM of tubulin. Samples were pre-
pared at room temperature in micro-chambers and rap-
idly mounted on the microscope at 36 °C to be observed
at 0.2 fps for at least 30 min (see Methods for more
details).

MTs dynamic instability parameters were determined
from manual kymograph analysis (see Methods for more
details) (Fig. 1la—d). In the control condition (Tub), in
absence of any EB1 protein, MTs polymerization rate
is 1.1 [1.08-1.15] um min~' (Median [95% confidence
interval]), the depolymerization rate is 30 times higher,
33.3 [31.8—35] um min~! and the catastrophe frequency
is 0.16 [0.14-0.19] event min~! (Fig. le—i). Those val-
ues are in great agreement with previous experiments
from the lab and others [14]. The addition of EB1 from
mice slowed down the depolymerization rate to 25.4
[22.2-25.4] pm min~! (p-value <0.001) but speeds up the
growth rate to 1.7 [1.6-1.72] um min~! (p-value <0.001)
and increases the catastrophe frequency by around
threefold to 0.50 [0.46—0.57] event min~' (Fig. le—i).
This observation corresponds to the well-known effect
of mammalian EB1 on MTs dynamics described previ-
ously in reconstituted cell-free systems [15]. Surprisingly,
in presence of EB1 from plant, MTs growth and shrink-
age rates are decreased to 0.8 [0.78—0.83] pym min~’
(p-value<0.001) and to 254 [254-27] pum min~}
(p-value<0.001) respectively (Fig. le, g). Additionally,
EB1 from plant has no effect on the catastrophe fre-
quency, 0.17 [0.16-0.20] event min~' (p=0.364) (Fig. 1i,
j)- The rescue frequency couldn’t be compared because
no rescue events were observed in any of the experi-
ments carried out. Additionally, we decided to compute
the dynamicity value for each condition in order to esti-
mate and compare the rate of tubulin dimers exchange at
the MT tip. The dynamicity is calculated as described in
Vasquez et al. 1997 [16] and expressed in dimers sec™ ..
The comparison of the dynamicity reveals the opposite
intrinsic properties that the mammalian and the plant
protein have on MT dynamics. Indeed, the mammalian
EB1 increases dynamicity from 57 dimers sec™! in the
control condition to 76 dimers sec™ while the plant EB1
decreases it to 39 dimers sec ™.

Conclusions

Our experiment suggests that the plant and the mam-
malian EB1 proteins have different intrinsic properties
on MTs dynamics. Indeed, the mammalian EB1 is known
to make microtubule more dynamic, increasing growth
rate and catastrophe frequency while surprisingly the
plant EB1-b protein seems to stabilize microtubules by
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Table 1 Description of the parameters of microtubules
dynamic instability for the three conditions used in this
study

Tub (15 uM) Tub Tub
(15 uM)+EB1 (15 pM) +AtEB1-b
mouse
N (MT) 66 41 65
N (Growth) 533 533 652
N (Shrinkage) 277 515 462
Growth time (sec) 105,375 60,965 152,680
Shrinkage time 3775 4165 4805
(seq)
Growth distance 1951 1689 2054
(um)
Shrinkage distance 1948 1695 2047
(um)
Growth Rate (um/  1.11 1.66 0381
min)
Shrinkage rate (um/ 30.96 2442 25.56
min)
Dynamicity (dimer/ ~58 ~78 ~41

sec)

Parameters have been pooled from all the available observations

reducing both growth and shrinkage rates. The opposite
effects of EB1 from mice and EB1-b from plant on micro-
tubule dynamics are well recapitulated by their effects on
the dynamicity parameter (see Table 1 for details).

Limitations

In this work, we decided to purify and use EB1-b,
among the three orthologs identified in Arabidopsis,
because it is the one showing the strongest phenotypes
in plants when knocked-out or mutated [11, 13] and
the most similar one to its mammalian counterpart [4,
8, 9]. Knowing the dissimilarity in sequence between
EB1-b and EBl-a or EB1l-c, continuing this work by
comparing EB1-a, EB1-b and EB1-c to the mammalian
EB1 would give more information regarding the conser-
vation of the intrinsic functions of those proteins. Fur-
thermore, EB1 binds MT as a dimer and it seems that
EBl-a and EB1-b can form homo- and hetero-dimers
in vitro [17]. One could assess if the composition of the
dimers changes their effect on MT dynamics. Moreo-
ver, in mammals and yeast EB1 is known to recruit a
network of proteins to the microtubule tip. The effect
of the combination of all these partners on microtubule
dynamics is not known and could be more important
than the intrinsic properties of EBI itself. One could
assess the ability of the mice and plant version of EB1 to
recruit various mammalian and plant partners such as
CLIP-170 or CLASP. Additionally, the experiment was
done using purified tubulin from calf brain. Tubulin
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from different sources could influence the functions of
EBI from plant and mice due to differences in tubulin
composition and/or post-translational modifications.
Indeed, Arabidopsis presents a great diversity of alpha
and beta tubulins and tubulin purified from tobacco
possesses a different combination of post-translational
modifications than brain tubulin [18]. Although, inter-
pretation was made easier having a reference point
(mammalian EB1 on brain tubulin) to which we could
compare the plant EBI1, reproducing the work using
plant tubulin would be beneficial. Comparing the effect
of mammalian and plant EB1 protein on the dynamics
of MT formed with tubulin from brain or plant would
tell us about the specificity of the MT-EB1 interaction
for EB1 functions. EB1 is a plus-tip tracking protein
in vivo and this activity can be reproduced in vitro but
it is sensitive to both salt and EB1 concentration. Here,
we used conditions known to allow the mammalian
EB1 protein to tip-track and modulate MT dynamics.
We assumed that the plant EB1 would behave the same
way. One could reproduce the experiments with a fluo-
rescently labelled plant EB1 to assess its ability to track
MT tip (as opposed to lattice binding) and to compare
comet length. Additionally, the MT network in Arabi-
dopsis exhibits MT treadmilling [19], a process during
which a MT simultaneously shrinks from its minus-
end and grows from its plus-end. This phenomenon
is rare in other eukaryotes. To reach such a state, the
rates at both ends must be very similar. The ability of
the plant EB1 proteins to dampen microtubule dynam-
ics could be important in this context. Indeed, the
rates at the minus-end being notoriously slow reducing
the dynamic of the plus-end could help matching the
dynamics of the two ends. This possible role could be
evaluated by measuring the proportions of treadmilling
MTs in plant lacking EB1 proteins.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513104-020-05139-6.

Additional file 1. Additional methods on protein expression, purification,
and sample preparation.

Abbreviations
MAPs: Microtubule Associated proteins; EB1: End-binding protein 1; MT:
Microtubule.

Acknowledgements

We are very grateful to Prof. Takashi Hashimoto for providing us with plasmids
allowing expression of the EB1-b protein in bacteria and to Dr. Fabrice
Cordelieres for the KymoToolBox ImageJ Plug-In (https://github.com/fabri
cecordelieres?tab=repositories). This work was supported by a grant from the
Université Paris-Sud-"Attractivité—2013"Program to FMC. ATM was supported
by a doctoral fellowship from the Ministére de I'Enseignement Supérieur et
de la Recherche. This work was supported by the Photonic Imaging Centre

Page 5 of 6

at Grenoble Institute Neuroscience (Univ Grenoble Alpes—INSERM U1216),
which is part of the IBiSA-certified ISV core facility.

Authors’ contributions

ATM and FMC designed the study and purified the EB1 protein from Arabidop-
sis. VSM and IA provided the purified EB1 protein from mouse and the purified
tubulin as well as the expertise to realize the experiments. ATM performed

the experiments under VSM guidance. All authors read and approved the final
manuscript.

Funding

This work was supported by a grant from the Université Paris-Sud-
"Attractivité—2013"Program to FMC. ATM was supported by a doctoral fellow-
ship from the Ministére de I'Enseignement Supérieur et de la Recherche. This
work was supported by the Photonic Imaging Centre at Grenoble Institute
Neuroscience (Univ Grenoble Alpes—INSERM U1216), which is part of the
IBiSA-certified ISAV core facility.

Availability of data and materials
The datasets analyzed during the current study are available from the cor-
responding authors.

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consented to publish.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Cell Biology, Institute for Integrative Biology of the Cell
(12BC), CEA, CNRS, Université Paris-Saclay, 91198 Gif-Sur-Yvette Cedex, France.
2 Université Grenoble Alpes, Grenoble Institut des Neurosciences, BP170,
38042 Grenoble Cedex 9, France. ® Present Address: Department of Cell

and Tissue Biology, University of California San Francisco, San Francisco, CA
94143, USA. # Present Address: Institut Curie—Centre de Recherche, CNRS,
UMR3347/INSERM U1021, Université Paris-Saclay, 91405 Orsay, France.

Received: 19 February 2020 Accepted: 14 June 2020
Published online: 22 June 2020

References

1. Richard McIntosh J, O'Toole E, Morgan G, Austin J, Ulyanov E, Ataul-
lakhanov F, et al. Microtubules grow by the addition of bent guanosine
triphosphate tubulin to the tips of curved protofilaments. J Cell Biol.
2018;217:2691-708.

2. Wasteneys GO. Microtubule organization in the green kingdom: chaos or
self-order? J Cell Sci. 2002;115:1345-54.

3. Mimori-Kiyosue Y, Shiina N, Tsukita S. The dynamic behavior of the
APC-binding protein EB1 on the distal ends of microtubules. Curr Biol.
2000;10:865-8.

4. Mathur J, Mathur N, Kernebeck B, Srinivas BP, Hullskamp M. A novel
localization pattern for an EB1-like protein links microtubule dynamics to
endomembrane organization. Curr Biol. 2003;13:1991-7.

5. Tirnauer JS, O'Toole E, Berrueta L, Bierer BE, Pellman D. Yeast Bim1p
promotes the G1-specific dynamics of microtubules. J Cell Biol.
1999;145:993-1007.

6. Akhmanova A, Steinmetz MO. Tracking the ends: a dynamic protein
network controls the fate of microtubule tips. Nat Rev Mol Cell Biol.
2008;9:309-22.

7. Akhmanova A, Steinmetz MO. Microtubule +TIPs at a glance. J Cell Sci.
2010;123:3415-9.

8. Gardiner J, Marc J. Putative microtubule-associated proteins from the
Arabidopsis genome. Protoplasma. 2003;222:61-74.

9. Meagher RB, Fechheimer M. The arabidopsis cytoskeletal genome. Arab
B. 2003. https://doi.org/10.1199/tab.0096.


https://doi.org/10.1186/s13104-020-05139-6
https://doi.org/10.1186/s13104-020-05139-6
https://github.com/fabricecordelieres?tab=repositories
https://github.com/fabricecordelieres?tab=repositories
https://doi.org/10.1199/tab.0096

Molines et al. BMC Res Notes (2020) 13:296

Coquelle FM, Vitre B, Arnal |. Structural basis of EB1 effects on microtubule
dynamics. In: Biochemical Society Transactions. 2009. p. 997-1001.

. Bisgrove SR, Lee YRJ, Liu B, Peters NT, Kropf DL. The microtubule plus-end

binding protein EB1 functions in root responses to touch and gravity
signals in Arabidopsis. Plant Cell. 2008;20:396-410.

Gleeson L, Squires S, Bisgrove SR. The microtubule associated protein
END BINDING 1 represses root responses to mechanical cues. Plant Sci.
2012;187:1-9.

Molines AT, Marion J, Chabout S, Besse L, Dompierre JP, Mouille G, et al.
EB1 contributes to microtubule bundling and organization, along with
root growth, in Arabidopsis thaliana. Biol Open. 2018;7:bio030510.
Wieczorek M, Bechstedt S, Chaaban S, Brouhard GJ. Microtubule-associ-
ated proteins control the kinetics of microtubule nucleation. Nat Cell Biol.
2015;17:907-16.

Vitre B, Coquelle FM, Heichette C, Garnier C, Chrétien D, Arnal I. EB1
regulates microtubule dynamics and tubulin sheet closure in vitro. Nat
Cell Biol. 2008;10:415-21.

Page 6 of 6

16. Vasquez RJ, Howell B, Yvon AMC, Wadsworth P, Cassimeris L. Nanomolar
concentrations of nocodazole alter microtubule dynamic instability
in vivo and in vitro. Mol Biol Cell. 1997,8:973-85.

17. Komaki S, Abe T, Coutuer S, Inzé D, Russinova E, Hashimoto T. Nuclear-
localized subtype of end-binding 1 protein regulates spindle organiza-
tion in Arabidopsis. J Cell Sci. 2010;123:451-9.

18. HottaT, Fujita S, Uchimura S, Noguchi M, Demura T, Muto E, et al.
Affinity purification and characterization of functional tubulin from
cell suspension cultures of Arabidopsis and tobacco. Plant Physiol.
2016;170:1189-205.

19. Shaw SL, Kamyar R, Ehrhardt DW. Sustained microtubule treadmilling in
Arabidopsis cortical arrays. Science. 2003;300:1715-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Plant and mouse EB1 proteins have opposite intrinsic properties on the dynamic instability of microtubules
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Methods
	Protein expression and purification
	Sample preparation
	TIRF microscopy
	Estimation of dynamic instability parameters from the movies
	Statistical analysis


	Results
	Conclusions
	Limitations

	Acknowledgements
	References




