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Abstract
Microtubules nucleation, dynamic instability and mechanical properties are regulated by tubulin-tubulin
longitudinal and lateral interactions. It is thus crucial to develop assays that can investigate potential
modi�cations of these interactions due to tubulin post-translational modi�cations or mutations. Here we
describe a detailed protocol for a method to monitor tubulin oligomerization at a step before MT
nucleation occurs, using a FRET-based assay. Brie�y, the principle of the technique is to measure over
time the �uorescence emitted by a FRET pair of �uorophores when tubulin dimers interact with each other
below the critical concentration for microtubules self-assembly. This technique can also be used to
monitor more speci�cally lateral interactions between proto�laments each labelled with one FRET pair of
�uorophores. The experiment can be completed within 2-3 hours.

Introduction
Microtubules \(MTs) are composed of 13 proto�laments that interact laterally to form a hollow tube.
These proto�laments are themselves the result of the longitudinal interaction between tubulin dimers1.
MTs can self-assemble from free tubulin in solution in presence of GTP, this process is reversed by
hydrolysis of the GTP into GDP which trigger MT disassembly2. In vitro, MT nucleation is temperature-
dependent \(polymerize at 37°C and depolymerize at 4°C) and is limited by the critical concentration for
tubulin self-assembly, which is usually around 10 μM for puri�ed brain tubulin. Interestingly, MTs are
anisotropic material with longitudinal interaction between tubulin dimers that are much stronger than
lateral ones3. Thus, the current model of in vitro MT nucleation is that tubulin dimers interact �rst
longitudinally to form proto�laments and then laterally to form a tubulin sheet that will close into a tube1.
_In vitro_, the initial formation of tubulin sheets is a limiting step in MT nucleation and the oligomers
population \(proto�laments and sheets) is small and dynamic1,4, it is therefore di�cult to study and
quantify pre-nucleation intermediates. The slowly hydrolysable GTP analog GMPCPP and small
molecules such as taxol can stabilize tubulin oligomerization and enhance MT nucleation and are often
used to study tubulin self-assembly5,6. Another major problem in the �eld is that it is very di�cult to study
separately longitudinal and lateral interactions between tubulin dimers, due to the tubulin self-assembly
properties. Although tubulin-tubulin interactions are crucial for MT nucleation, they also regulate other MT
properties such as dynamicity and mechanics7. It is thus crucial to develop assays that can investigate
potential modi�cations of these interactions due to tubulin post-translational modi�cations or
mutations8. Some methods have been already developed to study longitudinal interactions between
tubulin dimers using EM microscopy or AFM by measuring and characterizing the length and curvatures
of proto�laments9,10. Indentation of the MT lattice can be achieve by AFM and give valuable information
on longitudinal and lateral interaction between tubulin dimers11. These techniques, although very precise,
are either technically challenging or demand time-consuming analysis. Here we describe a detailed
protocol for a method to monitor tubulin oligomerization at a step before MT nucleation occurs, using a
FRET-based assay. We took advantage of the tubulin critical concentration for self-assembly to work at a
concentration at which no MT nucleates, but at which tubulin oligomerization still occurs. The principle of
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the technique is to measure over time the �uorescence emitted by a FRET pair of �uorophores when
tubulin dimers interact with each other \(here we chose to label one population of tubulin with DyLight
650 �uorophore and another population of tubulin with rhodamine �uorophore). This technique can also
be used to monitor more speci�cally lateral interactions between proto�laments labelled with either
DyLight 650 or rhodamine �uorophores. To conduct the proto�lament association assay, we �rst
assembled taxol-stabilized proto�laments at low tubulin concentration \(0.5 to 5 μM) and at 4°C to limit
sheet formation and avoid MT nucleation. We stop the proto�laments elongation by the exchange of GTP
for GDP by dialysis \(always in presence of taxol to keep the proto�laments stabilized). Then we measure
the FRET emitted �uorescence from the lateral interaction between the proto�laments at 32°C.
**Advantages of the technique:** - Dynamically monitors tubulin oligomerization before MT nucleation. -
Requires only small amount of tubulin protein. - Allows a quanti�cation of tubulin oligomers formation
under different conditions \(for examples: compare different nucleotides, drugs, effect of tubulin post-
translationnal modi�cations, tubulin mutations). **Disadvantages of the technique:** - Need imaging
techniques such as EM to verify actual tubulin longitudinal or lateral interactions. - Is not an absolute
quantitation of the tubulin oligomerization.

Reagents
- MilliQ water - PIPES \(Sigma, BioXtra P8203) - 1 M MgCl2 - 0.1 M GTP \(Sigma, G8877) - 10 N KOH - 100
μM Taxol in DMSO \(Sigma T-7402) - 1 M DTT - 100% Glycerol - 0.1 M GDP \(Sigma G7127) - 10 mM
GMPCPP \(Jena Bioscience, NU-405) **Proteins:** - Unlabeled tubulin. - Rhodamine-labelled tubulin. -
DyLight-650-labelled tubulin. This assay requires su�cient amounts of tubulin to label two batches of
tubulin with one FRET pair of �uorophores. Tubulin proteins are usually puri�ed from brain because of
the high concentration in tubulin and MAPs in neural tissues, and can be puri�ed as previously described
by Castoldi et al., 200412, using two cycles of polymerization-depolymerization in a high-molarity buffer.
Labelling of tubulin with the �uorophore dye can be done as previously described by Hyman et al. 199113.
For the protocol presented here, it is recommended to have a �uorophore to tubulin stoichiometry below 1,
to decrease the chances of having more than one �uorophore per tubulin dimer.

Equipment
- Nanodrop. - D-tube Dialyser Mini \(MWCO 6-8 kDa, Novagen). - Stirring magnet. - Magnetic stirrer. - TLA-
100 rotor \(Beckman). - Ultracentrifuge \(Beckman). - Fluorimeter \(FluoroMax, Horiba). - 30 μl micro-Cell
cuvette \(Model 1923, Horiba). - Micro-Cell cuvette adapter \(Model 1923A, Horiba). - 1 ml Hamilton
syringe. - Ice bucket.

Procedure
1. Prepare BRB80 5x: 400 mM K-PIPES, 5 mM MgCl2, 5 mM EGTA, pH 6.85. Can be stored at 4°C \(up to a
week). **Δ Critical steps before the experiments:** 2. Before initiating experiments, tubulin purity needs to
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be assessed by SDS-page and Coomassie staining. If contaminants are present, tubulin needs to be
further puri�ed through a cycle of polymerization/depolymerization in PIPES high molarity buffer as
described in Castoldi et al., 200312. 3. Tubulin concentration and labelling stoichiometry need be precisely
measured using a nanodrop spectrophotometer. 4. The critical concentration for self-assembly needs to
be measured for the speci�c tubulin preparation using a microtubule nucleation assay14. 5. Before
conducting the FRET assay, unlabeled and labelled tubulin need to be centrifuged for 5 min at 227,000 x
g \(TLA100, Beckman) to remove aggregates. The cleared tubulin must be kept on ice at all time and not
kept more than a few hours before starting the experiments. **A) Preparing the free tubulin mix for the
FRET self-assembly assay** 6. Prepare the free tubulin mix: Prepare 50 μl of free tubulin mix at a �nal
concentration of 5 μM \(in presence of GTP) or 0.5 μM \(in presence of GMPCPP) by mixing: - The
required amounts of labelled and unlabeled tubulin stocks to obtain 10% of tubulin labelled with
rhodamine dye and 10% labelled with the DyLight 650 dye. - In a 1x BRB80 buffer with glycerol 5%
glycerol, 1 mM DTT and 1 mM of nucleotide \(GDP, GTP or GMPCPP). **For example:** With a stock
solution of 75 μM of unlabeled tubulin, 50 μM of 20% DyLight 650-labelled tubulin and 50 μM of 50%
rhodamine-labelled tubulin. For a 5 μM free tubulin mix: - 1 μl of unlabeled tubulin - 2.5 μl of DyLight 650-
labelled tubulin - 1 μl of rhodamine-labelled tubulin - 9.1 μl of 5x BRB80 - 2.5 μl of glycerol - 0.5 μl of DTT
\(0.1M stock solution) - 0.5 μl of nucleotide \(GTP at a stock solution of 0.1 M) - QSP with MilliQ water to
a �nal volume of 50 μl. It is desirable to prepare the mix buffer �rst, then add the tubulin and prior to
begin the experiment add the GTP. **Δ Critical step:** Keep tubulin and tubulin mix on ice at all time. The
Micro-cell and Hamilton syringe should be kept at 4°C \(or on ice) to avoid warning up the tubulin mix
before measurement is initiated. The �uorimeter should be turn on at least 30 min before use and the
temperature controller set at 32°C. The Micro-cell adapter should be set up on the �uorimeter and pre-
equilibrated at 32°C to allow the reaction mix to reach temperature rapidly. 7. Mix gently by pipetting \
(avoid to create bubbles). 8. Using the Hamilton syringe to transfer the tubulin mix in the Micro-Cell. 9.
Place quickly the Micro-cell on its holder \(pre-equilibrated at 32°C) in the �uorimeter and start the
measurement. 10. The emitter �uorophore \(DyLight 650) is excited at 561 nm and the acceptor
�uorescence of rhodamine recorded at 702 nm with a 4 nm bandwidth at 15 s capture interval, 10 s
measurement time, and for a total acquisition time of 30 min. **Data analysis:** - For each time point, the
background �uorescence measured at time zero is subtracted from the �uorescent signal. - The
oligomerization rate is calculated by measuring the slope of the progress curve before steady-state is
reached. - If steady-state is not reached within the time frame of the experiment, then the slope of the
entire curve is used to calculate the rate. **B) Preparing the proto�lament mix for the FRET self-assembly
assay** 7. Prepare the proto�lament mix: Prepare 200 μl of proto�lament mix at a �nal concentration of
0.5 μM, for each �uorescently labelled tubulin by mixing: - the unlabeled tubulin and Rhodamine or
DyLight-650 tubulin to obtain a �nal concentration of 10% tubulin bearing a �uorophore. - In a 1x BRB80
buffer with glycerol 5% glycerol, 1 mM DTT and 1 mM of nucleotide \(GDP, GTP or GMPCPP). **For
example:** With a stock solution of 80 μM of unlabeled tubulin, 50 μM of 20% DyLight 650-labelled
tubulin and 20 μM of 50% rhodamine-labelled tubulin. For a 0.5 μM DyLight 650-labelled proto�lament
mix: - 0.625 μl of unlabeled tubulin - 1 μl of DyLight 650-labelled tubulin - 40 μl of 5x BRB80 - 10 μl of
glycerol - 2 μl of DTT \(0.1M stock solution) - 2 μl of taxol \(50 mM stock solution) - 2 μl of nucleotide \
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(GTP at a stock solution of 0.1 M) - QSP with MilliQ water to a �nal volume of 200 μl. And For a 0.5 μM
rhodamine-labelled proto�lament mix: - 1 μl of unlabeled tubulin - 1 μl of rhodamine-labelled tubulin - 40
μl of 5x BRB80 - 10 μl of glycerol - 2 μl of DTT \(0.1M stock solution) - 2 μl of taxol \(50 mM stock
solution) - 2 μl of nucleotide \(GTP at a stock solution of 0.1 M) - QSP with MilliQ water to a �nal volume
of 200 μl. It is desirable to prepare the mix buffer, then add the tubulin and lastly the GTP and taxol. 7.
Incubate on ice for 30 min. 8. Transfer the proto�lament mix in the D-tube Dialyser Mini. 9. Dialyze the
proto�laments for 1 h against 100 ml of 1x BRB80 supplemented with 0.5 μM taxol. 10. Carefully transfer
the proto�lament mix to a 1.5 ml tube with cut off pipette tip. 11. Add GDP to 1 mM �nal to the
proto�lament mix. 12. Mix equal volumes of Rhodamine labelled proto�laments \(20 μl) and DyLight-650
proto�laments \(20 μl) for a �nal volume of 40 μl. 13. Mix gently by pipetting \(avoid to create bubbles)
14. Using the Hamilton syringe transfer the tubulin mix in the Micro-Cell. 15. Place quickly the Micro-cell
on its holder \(pre-equilibrated at 32°C) in the �uorimeter and start the measurement. 16. The emitter
�uorophore \(DyLight 650) is excited at 561 nm and the acceptor �uorescence of rhodamine recorded at
702 nm with a 4 nm bandwidth at 15 s capture interval, 10 s measurement time, and for a total
acquisition time of 30 min. **Data analysis:** - For each time point, the background �uorescence
measured at time zero is subtracted from the �uorescent signal. - The oligomerization rate is calculated
by measuring the slope of the progress curve before steady-state is reached. - If steady-state is not
reached within the time frame of the experiment, then the slope of the entire curve is used to calculate the
rate.

Timing
The preparation of all the buffer and reagents can be done in 1 h \(the BRB80 5x buffer can be prepared
in advance). The proto�lament mix preparation can be prepared in 2 h. The measurements at the
�uorimeter are 30 minutes long. Thus the whole procedure can be done in half a day.

Troubleshooting
**No signal:** - The tubulin concentration should be measured to ensure that it is not below 5 μM in
presence of GTP or not below 0.5 μM in presence of GMPCPP or taxol + GTP. - Try a fresh aliquot of
nucleotide. - Prepare fresh BRB80 buffer, making sure to use KOH and not NaOH to adjust the pH. - Check
the self-assembly properties of the tubulin stocks \(labelled and unlabeled) by a microtubule nucleation
assay using �uorescence imaging14. Usually the critical concentration for microtubule self-assembly is
around 10 μM for brain tubulin. Adjust your tubulin concentration for the assay using your tubulin critical
concentration for microtubule self-assembly by using half of the critical concentration in presence of GTP
and 1/20th in presence of GMPCPP for example. - For the proto�lament assay: check proto�lament
formation in the proto�lament mix in electron microscopy by negative staining5. **Variability in signal
intensity:** - Check the concentration of the tubulin mix before adding the nucleotide using the nanodrop.
- Test the self-assembly properties of the unlabeled and labelled tubulin stocks using a microtubule
nucleation assay14. - Clear the tubulin stock by ultracentrifugation to remove inactive aggregates or large
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oligomers before preparing the mix. - Check the quality of the proto�lament preparations in electron
microscopy by negative staining5. - Try to add anti-fading reagents to prevent photobleaching. - Check for
air bubbles in the Micro-cell before and after measurement. Air bubbles can appear during the experiment
and affect the measurement of the �uorescent signal. Be sure to clean the Micro-cell before and after the
experiment with 2 M HCl to avoid bubble formation.

Anticipated Results
No increase in emitted �uorescence should be detected in the presence of GDP with the free tubulin mix.
In contrast, in the presence of GTP, tubulin oligomerizes at 5 μM in the absence of stabilizing agents \
(such as taxol) and an increase in the emitted �uorescence intensity is detected over the course of the
experiment. In the presence of taxol or GMPCPP, microtubules will nucleate at 5 μM tubulin concentration,
thus the tubulin concentration needs to be set at 0.5 μM to avoid microtubule nucleation. Although this
technique is quantitative and allow to compare result between two conditions \(two isotypes of tubulin,
post-translational modi�cation or tubulin mutations), it is desirable to use complementary analysis in
particular negative staining electron microscopy to obtain visual con�rmation of proto�laments and
sheet formation. FRET between �uorophores on neighboring tubulin dimers can in theory result from
either longitudinal or lateral interactions. However, it has been proposed that proto�laments formation
might reach an equilibrium within less than 5 min10. Since emitter �uorescence steadily increases over
the �rst 15 min in the presence of GTP, it is conceivable that longitudinal interactions are established
before �uorescence measurement is initiated and that the assay monitors mostly lateral interactions.
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