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Cell Science Microtubule Dynamics
Rebecca Heald and Eva Nogales

Stabilizing Destabilizing Dynamic
factors factors instability

Folding factors
Severing

LAV
£
3,
o
A

s}
",

2

‘.}:;;
}‘i 'L
2 '

Nucleation

Depolymerizing
kinesin
' ®
y e

Pa
v : »
g Tubulin sequestering r
Co-polymerizing factors or GTP hydrolysis

Cirrn
5‘%:.5 End-binding MAPs ¢
W .o,

F .J‘( _—
ill Dis1p, TOG,

@ . \'.LTUHC Stu2p,

Folding : d
cofactors:  ®TTUOUlN o MAP2, MAP4  XMAP215, CLIP170, APC, CLASPs
ZYG-9, Msps Bik1p, EB1 LIS1/dynein-dynactin Katanin 1 Stathmin

AtoE 0 Grips




Microtubule Structure & Zinc-Sheets




Electron Crystallography
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2-D Crystals

Layer Group - P211
Lattice - a=80, b=92, ¢=90 A, y=90°

Amplitude and Phase Set
Resolution Cutoff - 3.7 A
Number of Structure Factors - 12.000

Electron Diffraction

Number of Patterns - 18 (0°), 57 (45°), 19 (>50°)
Rfriedel - 19 %

Rmerge - 25 %

Image Data
Number of Images - 12 (0°), 51 (45°), 86 (255
Phase Residuals - 28.0° (<1 A),1 9.8° (14-7 A),
300(7 ),367"54A)
6" (4-3.7 A)



Raw Data and Density Map




Tubulin Structure




Protofilament assembly and GTP Hydrolysis
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Nat. Struc. Biol. 5, 451-458

Nogales et al. (1998)



Microtubule Structure
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Nogales et al. (1999)
Cell 96, 79-88



G6TP Hydrolysis and Microtubule Depolymerization

y-phosphate bound by T2 and T3

N-loop and H3 equivalent of
Switch I and Switch IT regions




Input Data & Refinement

Original Data:

149 images

94 diffraction patterns
Additional Data:

114 diffraction patterns

*Maximum likelihood - Phases in target function
* Constrained temperature factor refinement:
- overall anisotropic femperature factor

Rfactor - 23.2
Free Rfactor - 29.7



GTP and Taxol Sites
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Zinc and Sheet Formation
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High Resolution Microtubule Structure

Single Particle Approach

Li et al. (2002)
Structure 10, 1317-1328







The Dynamic Nature of Microtubules

GTP and Tubulin Structure
1 - 6TP-bound tubulin required for self-assembly
: ' 2 - Hydrolysis upon polymerization
- Conly Rieder 3 - Metastable Structure:
"GTP cap"

Conformational Strain
4 - Endwise Peeling (relaxed conformation)




GDP-Tubulin Rings

"Bumpy" side
(MT inside surface)

"Flat" side
(MT outside surface)

Nicholson et al. (1999)
Cell Biochem. Biophys. 31, 175-183




DP-Tubulin Helical Crystals

Nogales et al. (2003)
Curr. Opi. Struc. Biol. 13, 256-261.
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The two layers of the helical crystals come from the same plane lattice
where, a=47 A, b=61 A, 0=123.8.



Traditional Helical Reconstruction
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Almost all the layer lines are composed of two

Bessel orders, except those with N



Theory of the reconstruction algorithm

The double-layered tube is a summation of two tubes with independent
orientations, which in Fourier-Bessel space is mathematically described
by the following equation relationships on each layer line.

F(R,Z)=G, (R, Z)exp{i[N, P, —27/z, ]}
+Goyr (R, Z)exp il Noyr P our =277z 411 1}

Gour(R,Z) Gour (R, Z) explil N oyr P our =27z o1 1}

In the above equations, N is the Bessel order of the certain layer line of
helix. For the reconstruction of the double-layered tubes, what we actually
need is the G, and G, ;. Once they are calculated, the reconstruction

thus can be done.



The Fourier Transform of a given projection image of a tube is given by:

F,(R,Z)=G(R,Z)exp{i[N, P, —27Uz, ]}
+ Gy (R, Z) exp il Noyr Pour =277z 51 1}

If we collect projection images of M tubes, we’ll have M equations such as:

Fobs,k (R,Z)=G (R, Z)exp {i[NINcDIN,k _27iZIN,k]}
+Goyr (R, Z)exp {i[NOUTcDOUT,k - 27EZOUT,k]}9k =12.M

If the orientations of the inner and outer helices of each image could be
determined (all the ®,, z,\, Pout: Zout)s the Gy and G ;7 could then be
calculated by solution of the above equations (Crowther et al., J. Mol. Biol. 1985,
method ).

An alternative way to obtain G and G ; is averaging the Fourier terms of
certain layer lines from many different images after assign the Bessel orders and
orientations of the goal helix (Miyazawa et al., J. Mol. Biol. 1999, method II).

For instance, apply the Bessel orders and orientations of the inner helix to all the
observed Fourier terms and average them:

_ 1M .
F= HzFobs,k expi[27Zz y , = NP 1} =G (R, Z)
=

1 & ,
+Goyr(R,Z) i Z eXPUL(NovrPourx =272z oyr ) =~ (N Py =272z, )1}
k=1




Iterative Algorithm

Raw images
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Backprojection for Inner and Outer Layers
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