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The Microtubule

* Microtubules are among most important
components of the cytoskeleton

* Fundamental part of many physiological
processes:
* intracellular transport
» cell motility
» cell polarization
- cell division




The Tubulin Dimer - The Microtubule Building Block




Tubulin dimers
assemble longitudinally

! Protofilament
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The Nucleotide Binding Pocket ¢,
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 GIP

Exchangeable site
(E-site)

Beta Su
(GD

Free tubulin can
exchange GDP
for GTP

Non-exchangeable
site (N-srte)

Alpha Subunit
(GTP)



The Nucleotide Binding Pocket
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Beta Subunit _; ‘-,,
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The Nucleotide Binding Pocket

Beta Subunit

GTP hydrolysis to
(GDP)

GDP weakens the
£ -/ > inter-tubulin contacts

Alpha Subunit
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Microtubule Dynamic Instability
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Microtubule Dynamic Instability
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Atomic-Resolution Structures
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Subnanometer-Resolution CryoEM Structures
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FEI Titan EM (aka “The Beast”)

* C3 active, parallel illumination

e 300keV
e 2K CCD, no DD = film collection

.+ No Leginon =Tecnai Low Dose

__ * Side-entry holder

== * “\W\eird State’ feature!
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In an EM micrograph, alpha tubulin is
indistinguishable from beta tubulin




Human Kinesin Monomer

Rice et al. Nature, Dec 1999

Mutation in switch |l region
inhibits ATP hydrolysis, stably
binds to microtubules
(plasmid from Vale lab, UCSF)




Heterogeneous Protofilament Symmetries & Seam
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Remove images with drift/
beam induc;e.d -motion
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2D classification (IMAGIC MSA/MRA)
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2D classification (IMAGIC MSA/MRA)




2D classification (IMAGIC MSA/MRA)
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Refinement Scheme (EMAN2/SPARX Libs)

Masked particle
segments with mixed
protofilament numbers

13 & 14pfs



Refinement Scheme (EMAN2/SPARX Libs)

Masked particle
segments with mixed
protofilament numbers

(13 & 14pfs)

13 & 14pf
Initial models




Refinement Scheme (EMAN2/SPARX Libs)

Ly

Masked particle
segments with mixed
protofilament numbers

(13 & 14pfs)

o o

Particles are sorted by muilti-
model projection matching
using 13pf and 14pf models

Asymmetric back projection
of each pf symmetry




Low-resolution asymmetric densities
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Determine helical symmetry of each pf
number using only monomer density
(Egelman’s hsearch_lorentz)
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Applying Pseudo-Symmetry
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13 protofilament
turn = -27.67°
rise = 9.51A
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14 protofiiament
turn = -25.75°
rise = 8.89A
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Applying Pseudo-Symmetry

Average symmetry mates in Fourier space

during back projection



Applying Pseudo-Symmetry (|4pf example)

For each protofilament density, use the helical
parameters to symmetrize the density with pf-|
symmetry mates



Applying Pseudo-Symmetry (|4pf example)

For each protofilament density, use the helical
parameters to symmetrize the density with pf-|
symmetry mates



Applying Pseudo-Symmetry (|4pf example)
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For each protofilament density, use the helical
parameters to symmetrize the density with pf-|
symmetry mates



Applying Pseudo-Symmetry (|4pf example)

For each protofilament density, use the helical
parameters to symmetrize the density with pf-|
symmetry mates



Applying Pseudo-Symmetry

Extract protofilament containing
symmetrized tubulin dimers



Generating Seamed Density
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AP 14 protofilament
Nl 5 turn = -25.75°

rise = 8.89A

Regenerate 13 or 14-fold
microtubule with seam



Pseudo-Helical Microtubule Reconstruction
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Particle segments with
mixed protofilament #'s

l

Projection matching & back projection
using multiple pf models

l

For each, find helical parameters
(Ed Egelman’s hsearch lorentz)

Over symmetrize using helical
parameters (real space)

l

Extract the “good” protofilaments &

create new models using helical params

l

Final refinement in FREALIGN with
same averaging & pf extraction

931e49)!
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Removing “bad” microtubules
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FREALIGN refinement
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FREALIGN refinement

220

200 |
180F e
0] e

140 |
120

100 |

80 -

6OO 20 40 60 80 100



Inesin

%
+
—
2
o
0
O
ol
2
O

2 (Isec exposur

311 Flms acqu

o

25e /A

ired

1N

252 used for process
92,581 segments

60 ratio | 3:14pfs)

(40




Microtubule at 4.7A Resolution (FSC=0.143)

Y LA A " o™ - v #
"'_":J‘ s ;,'a;v‘w_-n‘ \ "':"

. - - % . S - nw. A
. ..'\."~t~ v s 14 DY : g~
R s L Sy JSAONT PINZCY oy G A f R PR
el , ) NP ik A ¢ } v o LAY oy 5
- N el ~ QU AN £ LRI b
> N 5 ot ’) » ‘ .~ . _.'. ~ : - J ) -+ , 1 D 7 - ﬁ . -: ) O
| \&“ ) (;", " \ ’\ TV
. ;o ‘ , . . "\ » - o

» =t
M .
R
‘ ' ‘-
oY Ry
. ¢ LS
)

\ '/'-. ,.‘ b
'T' [ r‘--‘ a °
y ,'.-:. ".’1.’:’_',-‘ y, '.. ,‘ 9

e
._'I’ X
.- - -~
[ ) l.c"- B s de
. A .

e
-~ "‘1')\ p - - e
SN



1 e AN wllE WA (Vv /TN [Pl W "L—‘ TNy -/ v VN Ay e /

Mlcrotubule at 4 7A Resolut|on (FSC =0. l43) z\l




Acknowledgements

'\ 4

| Paul Adams & |eft Heaa
(LBNL)

HOWARD HUGHES
MEDICAL INSTITUTE

Damon Runyon ,
FEreeee ‘m

7 Y Founiain "
Fva Nogales (UCB/LBNL)




