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Cells to Study Microtubule-Protein Complexes by Cryo-
Electron Microscopy
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Microtubules are an important part of the cytoskeleton and are involved in intracellular
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organization, cell division, and migration. Depending on the posttranslational

Citation modifications, microtubules can form complexes with various interacting proteins.

Bak, J., Landskron, L., These microtubule-protein complexes are often implicated in human diseases.

Brummelkamp, T.R.,

Perrakis, A. Extracting Modified Understanding the structure of such complexes is useful for elucidating their

Microtubules from Mammalian Cells to mechanisms of action and can be studied by cryo-electron microscopy (cryo-

Study Microtubule-Protein Complexes
by Cryo-Electron Microscopy. J. Vis. EM). To obtain such complexes for structural studies, it is important to extract
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microtubules containing or lacking specific posttranslational modifications. Here, we
describe a simplified protocol to extract endogenous tubulin from genetically modified

Date Published mammalian cells, involving microtubule polymerization, followed by sedimentation

March 3, 2023 using ultracentrifugation. The extracted tubulin can then be used to prepare cryo-

electron microscope grids with microtubules that are bound to a purified microtubule-

Dol binding protein of interest. As an example, we demonstrate the extraction of fully
10.3791/65126 tyrosinated microtubules from cell lines engineered to lack the three known tubulin-
URL detyrosinating enzymes. These microtubules are then used to make a protein complex

with enzymatically inactive microtubule-associated tubulin detyrosinase on cryo-EM
jove.com/video/65126

grids.

Introduction

Microtubules are a crucial part of the cytoskeleton; they
are involved in different functions such as cell migration
and division but also contribute to intracellular organization.
To adapt to different functional fates, microtubules interact
with a variety of microtubule-associated proteins (MAPSs),

enzymes, and other proteins, which we will collectively

refer to as "microtubule-interacting proteins." The microtubule
binding of these proteins can be guided by different tubulin
modifications, commonly referred to as the "tubulin code"!.
Examples of this preference are the mitotic centromere-
associated kinesin (MCAK)2 and the dynein-dynactin CAP-

Gly domain of p150%, which preferably associate with
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tyrosinated tubulin, while the kinesin motors centromere-
associated protein E (CENP-E)4 and kinesin-2° prefer tubulin

that lacks the C-terminal tyrosine.

While a variety of methods can be employed to study
microtubule-protein interactions, cryo-electron microscopy
(cryo-EM) is often used to study these interactions at near-

6,7

atomic resolution®:. In recent years, cryo-EM structures

have revealed how large motor proteins such as dynein8 9,10
and kinesin'!, +TIP proteins such as EB3'2:13 gnd MCAK™4,

15’16, and even small molecules

other proteins such as Tau
such as paclitaxel, peloruside, and zampanolide17 interact
with microtubules. To study microtubule-protein interactions,
microtubules are typically extracted from the porcine brain8.
Following this, most in vitro studies, including cryo-EM
microtubule structures, are carried out using porcine brain
tubulin. The results of these studies, therefore, obscure
the importance of the heterogeneous nature of tubulin
modifications'® between tissues and cell types. This creates
a particular problem when investigating a protein that requires
or prefers a specific modification to bind to microtubules. This

can be illustrated with tyrosinated tubulin, the substrate for

microtubule detyrosinase MATCAP.

Detyrosination is a tubulin modification in which the C-
terminal amino acid tyrosine of a-tubulin is lacking, which
is associated with mitotic, cardiac, and neuronal function20.
While fully tyrosinated microtubules are the ideal substrate
for MATCARP, this is largely absent in commercially available
microtubules from the porcine brain due to the function
of the vasohibins?!:22 and MATCAP23 detyrosinases in
this tissue?2:23,24,25,26 Although commercially available
HelLa tubulin does mostly contain tyrosinated microtubules,

detyrosination could occur, and this source of tubulin is,

therefore, less suitable for creating a uniform sample for cryo-

EM analysis.

To stimulate the binding of MATCAP to microtubules and
create a homogeneous sample for structural analysis, we
sought a source of microtubules that is fully tyrosinated.
To this end, a MATCAP and vasohibin-deficient cell line
was created, which was used to extract fully tyrosinated
microtubules. The extraction procedure was based on
well-established protocols that use repeated cycles of
polymerization and depolymerization of the microtubules to
extract tubulin from brain tissue or cells18'27’28'29*30, with
only a single polymerization step and centrifugation over a
glycerol cushion. Using MATCAP as an example, we then
demonstrate how these microtubules can be used for cryo-
EM studies. To prepare cryo-EM grids, a two-step application
protocol at a low salt concentration is described. The
methods in this paper describe the extraction of customizable
microtubules at sufficient amounts and purity to perform cryo-
EM analysis and provide a detailed protocol on how to use
these microtubules to create protein-microtubule complexes

on cryo-EM grids.

Protocol

NOTE: See the Table of Materials for details related to all

the materials and equipment used in this protocol.

1. Cell culture

NOTE: All cell culture should be done in a sterile laminar flow

hood.

1. To follow this protocol, first thaw a vial of frozen cells
in a 37 °C water bath. Here, we use a genetically

modified HCT116 cell line that lacks the three known
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detyrosinating enzymes, VASH1, VASH2, and MATCAP,

to create tyrosinated tubulin.

Prepare a @ 10 cm plate containing 10 mL of the
appropriate cell culture medium.

NOTE: In this protocol, DMEM (Dulbecco's modified
Eagle medium) supplemented with 10% v/v FCS (fetal
calf serum) and penicillin/streptomycin antibiotic (culture
medium) was used for the genetically modified HCT116

cell line.

Count the cells, and seed ~2.5 x 10% viable cells (~20%
confluence) in the prepared 10 cm plate. Shake the plate
gently to evenly distribute the cells. Incubate the dish in
a 37 °C cell-culture incubator gassed with 5% (v/v) CO,
until the cells reach 80%-90% confluence.

NOTE: Typically, this takes 3 days for HCT116 cells, but
the time could depend on the specific seeding density

and cell line used.

Discard the cell culture medium using a pipette or
vacuum aspirator and wash the dish 2 x 5 mL of PBS.

NOTE: Take care not to dispense the PBS too forcefully
onto the cell monolayer as this could detach the cells from

the plate.

Add 1-2 mL of trypsin, and incubate the cells in the

incubator for 2-5 min to detach the cells.

Add 2 mL of the culture medium to the plate to quench

the trypsin.

Split the cell suspension into three to five equal parts and
reseed them to expand the cells in culture medium until

6-12 confluent 15 cm plates are obtained.

2. Harvesting

1.

Wash the cells gently with 10 mL of PBS (1x) to remove

any cell culture medium.

Detach the cells from the plates by incubating the cells
for 5 min at room temperature with 3 mL of ice-cold PBS
supplemented with 5 mM EDTA (sterileffiltered) and,

subsequently, using a cell scraper.

Collect the cells in a 50 mL tube on ice, and spin down

(10 min, 250 x g).

1. Note the volume of the harvested cells with the
volumetric scale on the 50 mL tube.
NOTE: The expected volume can be anywhere
between ~0.5 mL and 4 mL. PAUSE STEP: Flash-
freeze the cell pelletin LN2, and store at =20 °C until
use. Note that the cell pellet can be stored only for a
few weeks or months. If the pellet is kept longer, then
it could resultin a decreased yield or no microtubules

at all.

3. Microtubule extraction

NOTE: Keep everything for steps 3.1-3.5 on ice; everything
from step 3.6 onward should be kept warm (30-37 °C).

Prepare 10 mL of ice-cold lysis buffer containing 100 mM
PIPES/KOH (pH 6.9), 2 mM EGTA/KOH, 1 mM MgCly, 1

mM PMSF, and one protease inhibitor tablet (mini).

Resuspend the harvested cell pellet in 1:1 v/v lysis buffer
(if in doubt about the exact volume, take less lysis buffer

rather than more).

Lyse the cells by sonication: 15 s on, 45 s off, amp 30,
four cycles (determine the conditions experimentally, and

change according to the sonicator).

1. After sonication, collect a sample for SDS-PAGE
analysis: 2 yL of lysate + 18 pL of water + 5 pL of
5x SDS sample buffer.
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NOTE: Check under a standard light microscope if

the cells have indeed fully lysed.

4. Pipette the lysed cells into a centrifugal tube. Spin for 1 h
at 100,000 x g at 4 °C in an ultracentrifuge rotor to clear
the lysate.

NOTE: Make sure all pockets in the rotor are dry and

clean to ensure the correct balancing of the centrifuge.

5. Use a syringe to take the cleared lysate out. Take care to

not disturb the pellet as well as the floating layer on top.

1. Collect a sample of the cleared lysate: 2 pL of lysate

+ 18 uL of water + 5 pL of 5x SDS sample buffer.

2. Carefully rinse the pellet, and scoop up a little bit of
the pellet by swirling a P10 pipette tip through the
pellet; add 200 pL of water and 50 uL of SDS buffer.

6. Supplement the supernatant from the previous step with
1 mM GTP and 20 uM paclitaxel to polymerize the
microtubules; for a volume of 1 mL, add 10 pL of 2 mM
paclitaxel and 10 pyL of 100 mM GTP.

CAUTION: Paclitaxel may cause skin irritation, serious
eye damage, respiratory irritation, genetic defects,
damage to an unborn child, and damage to organs.
Prolonged or repeated exposure causes damage to
organs. Do not breathe, spray, or dust the substance
in any way. Wear rubber nitrile gloves to prevent skin

contact.

7. Incubate the GTP/paclitaxel-supplemented supernatant

for 30 min at 37 °C to allow the microtubules to assemble.

8. During this incubation step, allow the rotor and the

ultracentrifuge to warm up to 30 °C.

9. Prepare the cushion buffer: Add 0.6 mL of glycerol to 0.4
mL of lysis buffer, and supplement the mixture with 20

UM paclitaxel. Prewarm the cushion buffer to 37 °C.

10.

11.

12.

13.

14.

15.

Add 800 pL of cushion buffer to an ultracentrifuge tube.
Pipette the GTP/paclitaxel-supplemented lysate carefully
on top of the cushion buffer.

NOTE: Prevent the mixing of the cushion buffer and the
lysate by pipetting very gently.

Spin for 30 min at 100,000 x g at 30 °C in an
ultracentrifuge rotor. Mark the outward-facing edge of
the centrifugation tube to easily recognize where the

microtubule pellet should form.

Remove the cushion buffer carefully using a pipette,

taking care not to disturb the microtubule pellet.

1. Collect a sample of the cushion buffer: 2 yL + 18 uL
of water + 5 uL of 5x SDS sample buffer.

Wash the pellet carefully 3x with warm lysis buffer to
remove the glycerol. Gently dispense the warm buffer
next to the pellet (not flushing the liquid directly over the
pellet), rotate the tube a few times to remove as much
glycerol as possible from the pellet and the walls of the
tube, and then aspirate and repeat.

NOTE: If the glycerol is not washed off properly, the grid
will melt very quickly under the electron illumination. This
might be evidenced by high particle movement, creating

blurry images.

Prepare resuspension buffer with the following
ingredients: 100 mM PIPES/KOH (pH 6.9), 2 mM EGTA/
KOH, and 1 mM MgCl,, and warm the buffer to 37 °C.

Resuspend the washed pellet gently with a cut tip in ~50
pL of prewarmed resuspension buffer, and keep the tube

at 37 °C.

1. Collect a sample of the resuspended pellet fraction:

2 uL + 18 pL of water + 5 yL of 5x SDS sample buffer.
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TIP: The cut tip prevents the breaking of the
microtubules. Prepare a metal heating block to 37
°C, and keep this in a polystyrene box so that
the sample tubes can be transported easily without

cooling them down to room temperature.

4. Cryo-EM grid preparation

1. Prepare the plunge freezer device by installing the
blotting paper. Warm the plunge freezer up to 30 °C,
and set the humidification to 100%. Allow ~30 min to

equilibrate the temperature and humidity.

2. Prepare the settings of the plunge freezer to two
applications, and run through the whole program once to
be sure the settings are set properly. Ensure that the first
application has a force of 10, 2 s blot time, and 0 s wait
time and that the second application has a force of 10,

6.5 s blot time, and 10 s wait time.
3. Glow-discharge the cryo-EM grids at 30 mA for 60 s.

4. Cool the polystyrene container assembly down with LN2,
and prepare liquid ethane in a metal cup by condensing

ethane gas into a cold metal cup.

5. Prepare a dilution buffer with the following components:
100 mM PIPES/KOH (pH 6.9), 2 mM EGTA/KOH, and 1
mM MgCly, and warm it to 37 °C.

6. Dilute the microtubule-interacting protein 1:1 v/v with
dilution buffer just before applying it to the grids to ensure
the salt concentration is lowered (we used a final salt

concentration of 50 mM NaCl). Keep the mixture at 37 °C.

7. Grab a glow-discharged grid with plunge-tweezers and

click them into the plunge freezer.

8. Position the polystyrene container with liquid ethane

in the plunge freezer, and run through the prepared

program: first apply 3.5 uL of microtubule solution to the
grid, let the plunge freezer blot the grid, then immediately
apply 3.5 yL of freshly diluted protein, and lastly, let the

plunger blot and plunge-freeze the grid in liquid ethane.

9. Transfer the grids into a grid storage box, and store them

in an LN2 dewar until imaging.

Representative Results

We investigated the tubulin detyrosinase MATCAP bound to
tyrosinated microtubules by cryo-EM. To do so, we extracted
fully tyrosinated microtubules from a genetically modified
HCT116 cell line lacking all three known detyrosinating
enzymes, VASH1/2 and MATCAP. We used 6-12 confluent
15 cm dishes to extract the microtubules from approximately
0.5-4 mL of cell pellet (Figure 1). After the second
centrifugation step (step 3.11), this yields a visible but
small and transparent pellet (Figure 11). The microtubule
yield is typically ~75 ug. If the pellet is not visible, this
might indicate a problem in one of the previous steps,
such as an incorrect microtubule polymerization temperature,
problems with the quality of the used GTP or paclitaxel,
or the addition of too much lysis buffer, resulting in a
tubulin concentration that is too low for polymerization.
To assess the quality and concentration of the extracted
microtubules, we analyzed samples on a Coomassie-stained
SDS gel (Figure 2A). These analyses indicated that the
extracted microtubules were relatively pure. The interpolated
microtubule concentration derived from BSA quantification
was ~1.4 mg/mL. This agrees well with the number measured

with a spectrophotometer (Figure 2B,C).

The freshly extracted microtubules can directly be used to
make samples for cryo-EM. The microtubules should look
intact and abundant on the micrographs. For further cryo-

EM analysis, it is key to have a low microtubule density per
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micrograph to avoid the microtubules crossing over each
other (Figure 3A). Broken microtubules or those that are not
visible might indicate that the microtubules depolymerized
(e.g., due to a low temperature or GTP hydrolysis) or that
the blotting and plunge freezing parameters were not set
correctly. The background around the microtubules is dense,

presumably with unpolymerized tubulin.

The molecular weight of MATCAP is 53 kDa, and it
has a globular catalytic domain just below the size
of a tubulin monomer. The decoration of MATCAP on
the microtubule could, therefore, be detected visually.
Microtubules that did not bind MATCAP showed "smooth"
edges, whereas microtubules that bound MATCAP had

"rough" edges, characterized by electron-dense dots on

the microtubule surface (Figure 3B). MATCAP-bound and
MATCAP-unbound microtubules could also be distinguished
in the calculated 2D classes, although due to shape and
size, this might differ for other microtubule-interacting proteins
(Figure 3C). To confirm that the density indeed belongs to the
protein of interest, one can take advantage of experimentally
determined or predicted structures. We also suggest making
a control grid that contains microtubules only for comparison.
This indicates whether the microtubules were polymerized
and extracted intact at a sufficiently high concentration and
that the plunge freezing process was executed correctly. We
noticed that the microtubule abundance decreased in grids

with a second MATCAP application.
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Figure 1: Visual guidance of the experimental steps. (A) Cell pellet before lysis; (B) sonicated cells in an ultracentrifuge
tube before centrifugation; (C) sonicated cells in an ultracentrifuge tube after centrifugation; (D) syringe with the cleared
supernatant; (E) residual pellet after supernatant removal, including a "white floating layer"; (F) P10 tip with a cell debris
pellet for the SDS Coomassie gel; (G) GTP/paclitaxel-supplemented supernatant before incubation; (H) GTP/paclitaxel-
incubated supernatant on top of a glycerol cushion in an ultracentrifuge tube; (1) clean microtubule pellet after the second

centrifugation step. Please click here to view a larger version of this figure.
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Figure 2: Microtubule purity and concentration determination. (A) Coomassie-stained SDS page gel showing the
samples taken during the extraction protocol and a BSA concentration comparison. S1 and P1 correspond to the supernatant
and pellet after the first centrifugation step, respectively. S2 and P2 similarly correspond to the second centrifugation step.
(B) A non-linear regression line of the relative BSA quantities derived from A. The interpolation of the microtubule band
around 50 kDa in the P2 (microtubules) lane indicates a final concentration of 1.42 mg/mL. (C) The spectrophotometric
analysis of the resuspended microtubules (P2) measured by two people and corrected for the combined extinction coefficient
of TUBA1A and TUBB3 (0.971) indicates a mean and standard deviation concentration of 1.46 mg/mL + 0.14 mg/mL. Please

click here to view a larger version of this figure.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com March 2023193 - 65126 - Page 8 of 14
License


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/65126/65126fig02large.jpg
https://www.jove.com/files/ftp_upload/65126/65126fig02large.jpg

jove

Figure 3: Example micrographs. (A) Example micrographs showcasing microtubules bound to MATCAP. The microtubules
indicate by a green box are intact, decorated, and can be used for the cryo-EM analysis. The microtubule indicated by the
orange box is an intact and decorated microtubule but is positioned close to the microtubules left of it; therefore, it is less
suitable to include in the cryo-EM analysis. The microtubules in the red box are crossing over and broken. These should

be excluded from the cryo-EM analysis. (B) A zoomed-in view of the green encircled microtubule of the left panel. The

red arrowheads indicate the black dots that only appeared on the microtubules in the micrographs that had an application

of MATCAP and, thus, likely correspond to MATCAP bound to the microtubule. (C) Example 2D classes of microtubule
particles picked from A that showed high and low decoration and a 2D class from a different dataset for which we observed
no decoration by MATCAP (right-most panel). Scale bars = (A) 50 nm, (B) 25 nm, (C) 10 nm. Please click here to view a

larger version of this figure.
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anti a-tubulin (mAb: DM1A)

I:l anti tyrosination (mAb: YL1/2)

° anti detyrosination (pAb: AB3201)

anti glutamylation (mAb: B3)

IIl anti glutamylation (mAb: GT335)

anti glutamylation (pAb: IN105)

Figure 4: Inmunoblot analysis of microtubules derived from MATCAP-deficient and VASH1/2-deficient triple

knockout (TKO) HCT116 cells, commercial porcine brain, and HeLa tubulin. Abbreviations: TKO = triple knockout; mAb

= monoclonal antibody; pAb = polyclonal antibody. Please click here to view a larger version of this figure.

Discussion

This method describes how to rapidly extract endogenous

tubulin  from cell lines and subsequently decorate

those microtubules on cryo-EM grids. Microtubules are

a cold
t31

temperature-sensitive. They depolymerize in

environment and polymerize in a warm environment®". |t is,
therefore, critical to execute the sonication and clearance
spin (steps 1.1-1.5) at 4 °C to solubilize the tubulin. If any
factors were stabilizing the microtubules so well that they
would not depolymerize in this step, these microtubules
and the stabilizing factors would be discarded in the pellet
after the initial clearance spin. After (re)polymerizing the
microtubules, it is important to keep the solution containing
the polymerized microtubules warm at all times. We extracted
the microtubules from HCT116 cells, which are deficient in
the VASH1, VASH2, and MATCAP proteins. Other cell lines,

as well as tissues, can be used to extract microtubuleszg,

although the contaminants, tubulin isotypes, and yield could

be very different from what is described here. Overexpressing
plasmids that contain modifying enzymes can also be used to

introduce specific tubulin modifications.

Other 18,27,28,29,30

protocols use multiple cycles of
polymerization and depolymerization of the microtubules to
obtain microtubules void of other interacting proteins. Here,
we have simplified these protocols and only polymerize the
microtubules once. It is possible that because of this single
polymerization, these microtubules may co-sediment with
other microtubule-interacting proteins. However, we have
found that this protocol gives sufficiently pure microtubules
for cryo-EM purposes. If a purer sample is needed for
specific assays, additional cycles of polymerization and
depolymerization could yield a purer sample, though this
might be at the expense of the microtubule yield. In this
protocol, we used paclitaxel to polymerize the microtubules.
could bias the microtubule lattice

However, paclitaxel

toward a certain twist and rise, which could interfere with
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the microtubule affinity of the protein of interest. Other
microtubule-stabilizing reagents could be used if paclitaxel
is unsuitable; examples of these reagents are non-taxane
molecules such as peloruside or non-hydrolyzable GTP

variants such as GMPCPP17:32

To structurally investigate proteins that bind to microtubules
on cryo-EM grids, one needs to bind a sufficient amount
of the protein of interest to the microtubules. A commonly
occurring problem is that protein complexes that are stable in
solution fall apart on the grid. For forming the protein complex
on the grid, it was crucial to first layer the microtubules
and then apply the microtubule-binding protein with a
low salt concentration to the microtubule-coated grid, thus
assembling the protein complex directly on the grid. Others
have similarly reported a low-salt33-34 protocol and a two-

step application34:35.36

protocol for successful microtubule
decoration. ltis likely that a lower salt concentration biases the
protein complex toward a more stable interaction due to the
decreased electrostatic charges. However, due to the low salt
concentration, the protein of interest is at risk for precipitating.
Therefore, it is highly recommended to keep the protein at
or around physiologically relevant salt concentrations until
shortly before vitrifying the grids. This two-step application
protocol likely prevents the protein complex from falling apart
during the blotting or plunge-freezing steps. In this protocol,
we used the Vitrobot. However, faster vitrification methods
(VitroJet) or the use of blot-free grids (Puffalot) or devices that
have both properties (chameleon) could potentially overcome
the two-step application, but these are currently not widely

available for testing.

The final resolution of the reconstructed cryo-EM density
can be affected by a number of factors, including the

movement of the microtubule-binding protein relative to the

microtubule and the level of decoration that can be achieved.
Higher microtubule decoration is likely beneficial to the
final resolution obtained in the 3D density reconstruction.
This can be limited by a few factors, such as the
highest protein concentration that is obtained during the
purification of the microtubule-binding protein, the lowest
salt concentration that the microtubule-interacting protein can
withstand without aggregating, and the binding mode of the
microtubule-interacting protein (e.g., the protein could span
more than one tubulin dimer, thus hindering a 1:1 binding
ratio). Although the resolution of the cryo-EM reconstruction
might be compromised by sparsely decorated microtubules,
computational analysis can circumvent a lot of problems,
as exemplified by a recently reported microtubule-protein

complex structure that was extremely sparsely decorated®.

The protocol we describe here presents a quick, low-cost
method to obtain microtubules suitable for cryo-EM purposes.
In contrast to commercially available porcine brain tubulin, the
microtubules derived from MATCAP-deficient and vasohibin-
deficient HCT116 cells are fully tyrosinated (Figure 4).
Commercial HelLa tubulin, an expensive reagent, in principle,
is relatively uniformly tyrosinated and contains little other
modifications* such as glutamylation, but batches might
vary, and modification could only be achieved in vitro. An
advantage of extracting microtubules from custom-made cell
lines is the flexibility one has to overexpress or delete tubulin-
modifying enzymes, such as tubulin detyrosinases, to create
a more homogeneous pool of microtubules. This can benefit
the decoration and uniformity of the cryo-EM sample and will
ultimately benefit the ease and quality of the cryo-EM density

maps and molecular structures derived from this sample.
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