
Nanoscale Self-Assemblies in Biological Molecules:
Structures and Interactions of Microtubules and Microtubule-Associated-Molecules

PART II 
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Multi-length scale imaging of MTs



Marvin Lee Minsky is a cognitive scientist in the 
field of artificial intelligence (AI), co-founder of 
MIT's AI laboratory, and author of several texts 
on AI and philosophy. Minsky was an adviser on 
the movie 2001: A Space Odyssey (1968) 

Seeing is believing

Light Microscope: Confocal Microscope 

http://microscopy.duke.edu/780upmanual.html
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The amplitude of the optical field at any
point beyond is the superposition of all the
secondary wavelets.
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Hecht “Optics”

SAXS reveals Assembly Structures of MTs
Ø Young’s single slit experiment



SAXS reveals Assembly Structures of MTs
Ø Young’s double slit experiment



SAXS reveals Assembly Structures of MTs
Ø Diffraction by many slits



SAXS reveals Assembly Structures of MTs
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Airy Disk, limit of resolution

0)u(J1 =
a
Rl lD 221.min =when : the radius of the Airy disk

Dl is the center-to-center separation of the images.

min)l/(1 D : the resolving power

lD ~)l( min
: the electron microscope utilizes equivalent
wavelength of about 10-4 to 10-5 of light.

al /~)( min 1D
: the Mount Palomer telescope has a mirror 5 m in
diameter. At 550 nm it has an angular limit of
resolution of 2.7 ´ 10-2s of arc. In contrast, the human
eye of 2 mm pupil, with l = 550 nm, has 1 min of arc.

Airy rings

D = 0.5 mm

D = 1.0 mm

D = 1.5 mm



Small angle X-ray scattering (SAXS)

Synchrotron SAXS in BL-4C (PAL); 40M SANS (KAERI)

SAXS instrument provides cutting edge capabilities for probing large length 
scale structures such as polymers, biological macromolecules, meso- and 
nano-porous materials, and molecular self-assemblies. 



SAXS Study
(i) Tau is a molecular switch regulating the radial curvature of tubulin

BL-4C SAXS II at PAL (Pohang Accelerator Laboratory)

MT form factor



1st box
• The electron density Drtubulin = 0.07817 

electron/Å3.  (rwater = 0.33 electron/Å3)
• The wall thickness 49 Å.

2nd box
• The diameter of tau d » 6.88 Å. 
• The mass density of tau 1.41 g/cc.
• Drtau = 0.005 electron/Å3 for F4RS = 1/10 (rtau

= 0.462 electron/Å3).

3rd box
• Rg = 1.927 N0.6 = 41.2 Å for projection domain 

of short tau
• Drtau = 0.0009 electron/Å3

SAXS Study
(i) Tau is a molecular switch regulating the radial curvature of tubulin

Rg



Ø The dimensions of denatured proteins scale with polypeptide length by means of
the power law relationship expected for random-coil behavior

Rg= a ∙ N3/5

J. Kohn, K. Plexco, et al. PNAS, 101 (2004)

Rg of Denatured Proteins

Full length 
3RS

Projection domain 
of 4RS
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Ø The dimensions of most chemically denatured proteins scale with polypeptide
length by means of the power law relationship expected for random-coil behavior

Mandelkow, et al. Biochem (2008)

Rg of Denatured Proteins
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SAXS Study
(i) Tau is a molecular switch regulating the radial curvature of tubulin

The electron density contrast between the layer of 
tau and water is negligible. Main parameter allowed 
to give the fit of x-ray data to this model is the inner 
radius of MTs <Rin

MT>. 

Shift in the mean number of PFs from 13 to 14. Non-
integer values measured in X-ray imply a variation in 
the distribution of Npf in MTs.

<Npf> = 13.5 implies there are equal numbers of MTs 
with either 13 or 14 protofilaments. 



SAXS Study
(i) Tau is a molecular switch regulating the radial curvature of tubulin

The change in co of MTs by tau binding.

Main change in the radius occurs at low 
coverage of tau, for example, ~75 % change 
has occurred at 0.1, 10 % coverage of tau 
on the MT surface.         ………..  
Allosteric role of tau

KCl suppresses the electrostatic 
interaction between tau and MTs, resulting 
in desorption of tau molecules from MTs, 
and a decrease in the radius. 

The electrostatic interaction is dominant 
for the attachment of tau to MTs.

<Npf> = 13
C = 1/Ro

C¢ = 1/Ro¢
<Npf¢> = 14

tau

M.C. Choi, et al., Biophy. J. 97; 519 (2009)



SAXS Study
(ii) sp4+ is a molecular switch triggering the axial curvature of tubulin

Spermine

BMT

MT

ITT

BITT

M. Ojeda-Lopez,  et al., Nature Materials 13 195 (2014)

We quantitatively determined the 
nature of the BMT-to-BITT
transformation pathway, which 
results from a spermine-triggered 
conformation switch from straight 
to curved . 

The inverted tubulin columns 
consist of helical PFs with a tight 
pitch, not stacks of rings of c-PFs.


