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Microtubule is not a 
helical object

Figure 5. (a) The extended lat- 
tice model of a microtubule 
(upper part), and the model of 
a kinesin head-decorated 

microtubule (lower part). An- 
gled green arrows indicate a 
continuous helix. (b) Tube lat- 

tice labeled the same as in a. 

tice bond is situated on the other side of  the microtubule. As 

for the in vivo microtubule, we did not observe the double 

seam line in vivo, but due to the relatively small number of 

microtubules clearly decorated with kinesin head compared 

with those in vitro, we can not exclude the existence of dou- 

ble seam lines. Even if  it does not exist in vivo, still we think 

the structure reflects the tubulin property in the absence 

of MAPs. 

Tubulin-Motor Protein Interactions 

Microtubule surface lattice also plays important roles as a 

track for motor  proteins such as kinesin and dynein. Kinesin 

follows the microtubule's protofilament axis from minus- 

to plus-end (19), while dynein moves with 1.85 + 0.45 rota- 

tion for every micrometer of axial movement plus- to minus- 

end (25). Thus, how these motor  proteins interact with 
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Overview

• Ruby-Helix

• Conventional helical reconstruction

• Asymmetric helical reconstruction

• (Ruby-Helix demo)



Ruby?

• Interpreted scripting language

• Object-oriented
Everything is object

• Free

• For detail, see http://www.ruby-lang.org



Ruby is getting popular

• In Amazon.com,  ranking (April 6th, 2006)

Ruby on Rail:        321
(11th in computer)

Programming Ruby:   667

Learning Perl:           1721

Learning Python:       5721



Ruby Features
Simple, easy to learn

• Gigantic set of built-in libraries

• Portable

• Interpreted

• Object oriented

• Very popular for web application scripting 
(Ruby on Rail)

Ruby for high-level work, with compute-
intensive work in C/C++/Fortran libraries



Ruby-Helix architecture

Ruby-Helix Application Layer

GSL FFTW3 GTKNArray

Ruby-Helix Core Library

M
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Helical Image Analysis

Higer Level Libraries : Ruby

Lower Level Libraries : C

Application Scripts : Ruby

NArray works like Matlab



Sample script:
conversion to polar 

coordinate

angle

r

x

y

x = r * cos(angle)
y = r * sin(angle)



Ruby-Helix script

x = r * cos(angle)
y = r * sin(angle)



Conventional

Helical reconstruction

http://www.biomachina.org/courses/structures/07.html

See also a lecture by Moody:



Many biological 
molecules form helices

• Nucleotide ⇒  DNA

• Actin ⇒ Actin filament

• Tubulin ⇒ Microtubule

• Flagellin ⇒ Flagella

• Membrane Proteins



First 3D reconstruction 
from EM

Nature (1968)



averaged was approximately 41,000. For the three-dimensional
image reconstruction, we included layer-line data within an ellip-
soid in the Fourier space that covers a resolution of 4.0 Å in the
direction of the filament axis and 5.0 Å in the equatorial direction.
The map was calculated by helical image reconstruction with the
parameters listed in Supplementary Table 1. The density map in
Fig. 1a demonstrates that a-helices and b-sheets are clearly resolved
throughout themolecule, although individual strands of b-sheets in
domains D2 and D3 are rather difficult to identify without super-
imposing the atomic model of F41. Especially in the filament core
domains, D0 and D1, the map revealed the path of a-helical
backbone and even some large side chains (Fig. 1b and Supplemen-
tary Fig. 1).
Flagellin isolated from the SJW1103 strain of Salmonella typhi-

murium consists of 494 amino acid residues. The atomic model of
the F41 fragment19 includes 395 residues fromAsn 56 to Arg 450 and
lacks 55 amino-terminal and 44 carboxy-terminal residues. We first
docked the F41 model with its three domains, D1, D2 and D3, into
the density map as a rigid body, but we found that small modifi-
cations were necessary. We moved and reoriented domain D3 to fit
into the map and also modified the conformation of the two ends of
a-helices in the terminal regions of F41, which are both in domain
D1, extended these a-helices further down, and then traced the
missing terminal chains with large side chains as fiducial in the
spoke region and domain D0. The positions and orientations of
densities assigned to several large side chains allowed unambiguous
model building of the terminal chains. The complete atomic model
thus built was refined by the program FEX-PLOR, which is an
extension of FX-PLOR24. FX-PLOR is a version of X-PLOR that was
modified to refine the structure of macromolecular assemblies with
helical symmetry. We implemented amplitude-weighted phase

residuals so that an atomic model can be refined against phases
instead of amplitudes. To check the validity of the atomic model
against the density map, figure of merit (FOM) obtained by
combination of the electron microscopy phase and the model
phase was calculated as defined in equation (1) of Supplementary
Table 2.

Structure of flagellin and the filament
Flagellin consists of four linearly connected domains labelled D0,
D1, D2 and D3, which are arranged from the inside to outside of the
filament (Fig. 1a). The N-terminal chain starts from D0, going
through D1, D2 and reaches D3, and then comes back through D2
and D1, and the C-terminal chain ends in D0. Although all three
domain connections are formed by pairs of short antiparallel
chains, the one that connects domains D0 and D1 is longer than
the other two, and therefore it is called the spoke region. Flagellin in
Fig. 1a is viewed perpendicular to the filament axis. The overall
shape of flagellin looks like an upper case Greek gamma (G) with a
vertical dimension of about 140 Å and a horizontal dimension
of about 110 Å. Throughout this paper, whenever the structure is
viewed in this direction, the top and the bottom corresponds to the
distal and proximal side of the flagellum, respectively.We also define
the distal side as ‘up’ and proximal side as ‘down’ and describe the
structure accordingly.

The ribbon diagram of the Ca backbone in Fig. 2a shows the
chain folding. The terminal chains form an a-helical coiled coil in
domain D0. The N-terminal a-helix (labelled ND0 in Fig. 2a) starts
fromGln 2 and extends up to Ser 32, whereas the C-terminala-helix
(CD0) starts from Ala 459 and extends down to Ser 491. The spoke
region consists of two chains (NS and CS), one from Ser 32 to Ala 44
and the other from Glu 454 to Ala 459. The N-terminal a-helix in

Figure 1 Density maps of the flagellar filament with the atomic model of full-length
flagellin superimposed. a, The whole molecule, prepared with O41. Domains D0, D1, D2,

D3 and the spoke region are labelled D0, D1, D2, D3 and S, respectively. b, Magnified
stereo view of the terminal chains in domain D0. The magnified area is indicated by a box

in a. The atomic model of a subunit at the centre is drawn in stick representation and
atoms are coloured as: carbon, yellow; nitrogen, blue; oxygen, red. The other subunits

surrounding it are drawn in thin wire representation and are coloured pink. The figure was

prepared with XTALVIEW45 and RASTER3D46. Contour levels of the maps are about 2j.
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Bacterial flagellar filament

ions to flow through. How do the 158 rotational movements of the
inner sheets of the a-subunits, communicated to the membrane-
spanning domain, destabilize the girdle and open the pore? The
structural details imply a simple mechanical model for the mecha-
nism (Fig. 6). First, the allosteric change in the ligand-binding
domain, which affects primarily the a-subunits, brings about the
rotations of their inner sheets. Second, the rotations of the inner
sheets are transmitted by their connectedM2 helices to the girdle, or
gate, at the middle of the membrane. Third, the twisting movement
weakens the hydrophobic side-to-side interactions that hold the
girdle together. As a result, the helices ‘collapse’ back against the
outer protein wall, making alternative hydrophobic contacts in a
configuration that is permeable to the ions.
The integrity of the girdle, like that of other symmetrical

assemblies, may depend on equal interactions between each of its
components. Thus when only one of these components is suffi-
ciently perturbed, the neighbouring component will lose a set of
interactionsmaintaining its position in the assembly, setting in train
cooperative changes that cause the whole structure to flip. The
action of just two ligand-binding subunits transmitted to a sym-
metrical pore may well represent an optimal way to achieve fast and
robust gating kinetics, while minimizing the number of activating
molecules.

Discussion
The structure of the pore, and our picture of the working protein,
are in excellent agreement with the results obtained from several
well characterized mutations. Mutations in the pore domain that
would affect gating can be divided into three categories: (1) those
that influence the coupling between the M2 helices and the ligand-
binding domain; (2) those that influence the side-to-side inter-
actions between the M2 helices; and (3) those in other regions that
interfere with their movements. An example in category (1) would
be the natural mutation of a-Ser269Ile, at the end of M2 next to the
inner sheet of the ligand-binding domain (Fig. 4b). This mutation is
the cause of a congenital myasthenic syndrome (CMS), and pro-
longs the apparent open-channel lifetime34,35. However, the lifetime
is not altered by the same mutation at equivalent positions in any
of the three non-a-subunits35, consistent with the special role
played by the a-subunits in transmitting the conformational

change. 1-Thr264Pro is another CMS mutant, which gives rise to
spontaneous and prolonged channel openings36. It is an example in
category (2), because the residue (aligning with a-Thr 254; Fig. 4b)
is a component of the girdle, or gate. The introduction of the helix-
bending proline at the gate would be expected to weaken it and shift
the equilibrium in favour of open events. The CMS mutation a-
Val285Ile, which leads to abnormally brief channel openings37, is an
example in category (3). a-Val 285 is on the M3 helix close to a-
Val 261 on M2 (Fig. 2b), and the larger isoleucine side chain in this
position could facilitate interaction between the non-moving (M3)
and moving (M2) parts, consistent with the interpretation that the
mutant stereochemically inhibits the gating movements37. Finally,
several experiments have highlighted the uniqueness of the girdle-
stabilizing leucine residue (at a-Leu 251) in relation to the gating
mechanism. One observation is that replacement of the leucine by
serine increases the opening sensitivity of the channel by the same
amount, independent of which subunit is mutated32. This property
supports the idea that symmetry is important in determining the
integrity of the gate.

Our results from electron images have yielded the first detailed
information about the fold and arrangement of the protein chains
forming the pore of a transmitter-gated ion channel. They clarify the
nature of the gate in the ACh receptor, and suggest how ACh
entering the ligand-binding domain triggers pore opening. It is
possible that other neuronal ion channels make use of the same
physical principles to achieve precise control of ion flux across the
lipid bilayer. A

Methods
Specimen preparation and imaging
Tubular crystals were grown from the postsynaptic membranes of Torpedo marmorata
electric organ in 100mM sodium cacodylate, 1mM calcium chloride, pH 6.8, using fish
killed in the autumn38. They were applied to pre-irradiated holey carbon grids, having high
electrical conductivity, and frozen rapidly by plunging into liquid-nitrogen-cooled ethane.
Images were recorded at 4 K in ice over holes, using a 300-kV field emission microscope
incorporating a top-entry liquid-helium-cooled stage10 (magnification, £36,800; defocus
range, 9,000–16,000 Å; dose, ,20 electrons Å22).

ACh receptor tubes are helical assemblies of protein and lipid molecules arranged on a
p2 surface lattice6. We examined four helical families ((216,6); (218,6); (217,5);
(215,7)), with diameters ranging from 770 to 832 Å (Table 1).

Analysis of images
The basic methods for selecting and analysing the images in terms of helical Fourier
transforms have been described11,38,48. At higher resolution in the equatorial direction,
many of the layer-lines overlap and interfere with one another. But different tubes give rise
to different patterns of overlap, because of slight variations in orientation of the surface
lattice, and the interference error is largely averaged out after many images have been
combined38. Altogether 72 unique overlap patterns, within the four helical families, were
identified and analysed. Correction for Ewald sphere curvature was calculated from the
helical geometry39.

The tubes contain various distortions that give rise to serious loss of signal at
resolutions higher than ,10 Å. We corrected for the distortions by dividing the tubes
into short segments, fitting successive segments independently to a reference structure,
and then adding the segments to the reference data set after the misalignments had been
removed11. The reference data set, for each helical family, was thus updated in a cumulative
way. In this study the improved reference structure, resulting from addition of many
images, allowed the segment length to be shortened to a mean value of 679 Å (compared
with 759 Å previously38; see Table 1), without increasing the alignment error, thus
improving the accuracy of the correction procedure.

To obtain an appropriate scaling for the amplitudes, we compared the experimental
measurements with calculated values, using a model tube having the receptor replaced by
just the ligand-binding domain in one case, and by the AChBP structure7 in the other. To
determine the helical transform of the ligand-binding domain, we calculated the helical
density waves, g(n,r), by Fourier–Bessel inversion of the layer-line data40,41, and then back-
transformed using only those g(n,r) terms lying within the relevant radial range (indicated
by the green box in Fig. 1). The helical transform of AChBP, in the equivalent lattice
positions, was calculated from the AChBP coordinates (1I9B from the Protein Data Bank),
using a program written by M. Stowell. Plots of the ratios of the amplitudes in the two
Fourier transforms, at equivalent points along the layer-lines, indicated there were two
components to the resolution-dependent loss of signal from the receptor: a pronounced
fall-off at low resolution, and a more gradual ‘fade-out’ at higher resolution
(Supplementary Fig. 2). These effects could be attributed, respectively, to the presence of a
proportion of receptors that were not properly ordered on the surface lattice and to
imaging deficiencies, such as beam-induced movement and radiation damage42. Similar
resolution-dependent fall-offs were observed with all helical families. The loss of signal in

Figure 6 Proposed model for the gating mechanism. The ACh-induced rotations in the a-
subunits8 are transmitted to the gate—a hydrophobic barrier to ion permeation—through

the M2 helices. The rotations destabilize the gate, causing the helices to adopt an

alternative configuration which is permeable to the ions. The helices move freely during

gating because they are mainly separated from the outer protein wall and connected to it

by flexible loops, containing glycine residues (G). S-S is the disulphide-bridge pivot in the

ligand-binding domain, which is anchored to the fixed outer shell of the pore. The relevant

moving parts are shaded.
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Acetylcholine receptor

Two atomic structures 
by helical reconstruction in 2003



New Techniques

• IHRSR (2000, Egelman)

• Solvent flattening (2000, Yonekura & 
Toyoshima)

• Asymmetric helical reconstruction (2004, 
Kikkawa)

• Separation of overlapped layer lines (2005, 
Wang & Nogales)



Basic idea of 
helical reconstruction
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What 3D structure 
generates these spots 
in Fourier transform?

?
(6,2)(-6,2)



Or what 3D structure 
generates the 2D 

pattern? 

?
(6,2)(-6,2)



There are many 
solutions.. 



n = 5
n = 10

n = 1

n = 3

!(r,", z) = Jn(2#rR)cos(n"! 2#lz/c) (1)

R = 6, l = 2

1

!(r,", z) = Jn(2#rR) cos(n"! 2#lz/c) (1)

R = 6, l = 2

1



Assigning Bessel orders 
=

guessing the structure 
&

interpolating 3D space



+

+

+
.......

“indexing”

sum



Advantages and Disadvantages of 
Fourier Space

• Advantages

S/N is higher at lower resolution

Data size is smaller, faster computation

• Disadvantages

Needs ordered structures

Needs distortion corrections

Indexing is difficult



Microtubule is not a 
helical object

Figure 5. (a) The extended lat- 
tice model of a microtubule 
(upper part), and the model of 
a kinesin head-decorated 

microtubule (lower part). An- 
gled green arrows indicate a 
continuous helix. (b) Tube lat- 

tice labeled the same as in a. 

tice bond is situated on the other side of  the microtubule. As 

for the in vivo microtubule, we did not observe the double 

seam line in vivo, but due to the relatively small number of 

microtubules clearly decorated with kinesin head compared 

with those in vitro, we can not exclude the existence of dou- 

ble seam lines. Even if  it does not exist in vivo, still we think 

the structure reflects the tubulin property in the absence 

of MAPs. 

Tubulin-Motor Protein Interactions 

Microtubule surface lattice also plays important roles as a 

track for motor  proteins such as kinesin and dynein. Kinesin 

follows the microtubule's protofilament axis from minus- 

to plus-end (19), while dynein moves with 1.85 + 0.45 rota- 

tion for every micrometer of axial movement plus- to minus- 

end (25). Thus, how these motor  proteins interact with 
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(n,l) can be 
non-integer!



20

(n=1, l=1)-helix



20

(n=2, l=1)-helix



(n,l) helices

0 n

l = 2

l = 3

l = 0

l = 1



20 4 3

(n=1.5,  l=1)-helix



n = 5
n = 10

n = 1

n = 2.5?
!(r,", z) = Jn(2#rR)cos(n"! 2#lz/c) (1)

R = 6, l = 2

1

!(r,", z) = Jn(2#rR) cos(n"! 2#lz/c) (1)

R = 6, l = 2

1



seam free 
side

seam side

projection

!(r,", z) = Jn(2#rR) cos(n"! 2#lz/c) (1)

R = 6, l = 2

1



“M”(asa Kikkawa) 
Function

M!(x, !) =
1

2!
e!i!(!+"/2)

! 2"

0
ei(x cos(#!!)+!#)d", (0 ! ! < 2!) (16)

By a change of variable "" = " " ! " !/2, it is rewritten as

M!(x, !) =
1

2!

! 3!
2 !!

!!!!
2

e!ix sin#!+i!#!
d"". (17)

For 0 < ! < ! (see appendix), we have

M!(x, !) = J!(x) +
1

!
ei!("/2!!) sin (!#)

! #

0
e+ix cos ! cosh $e!x sin! sinh $!!$ d$.

(18)

For ! < ! < 2!, we have

M!(x, !) = e!i"!J!!(x)"1

!
ei!("/2!!) sin (!#)

! #

0
e+ix cos ! cosh $e+x sin! sinh $+!$ d$.

(19)

When # = n is an integer, sin (!#) = 0 and the “remnant” second term
vanishes. Thus we recover the known result Mn(x, !) = Jn(x).

Note that
J!!(x) = J!(x) cos #! " Y!(x) sin #!, (20)

where Y! is a Bessel function of the second kind. When # is a half-odd integer,
e!i"!J!!(x) can be replaced by an equivalent expression iY!(x).

2.6 Discrepancy between the M-function and the Bessel functions.

In either case, the M-functions are related to the Bessel functions. For a
fractional (non-integral) #, the M-function depends on ! and is not identical
to a Bessel function. In the following, we consider the fractional case. The
discrepancy (“error”) between the M-function and the Bessel function is given
by an integral expression.

The integrand contains the factor e!x| sin!| sinh $ for 0 < ! < 2!. For ! #= 0, !
this suppresses the integrand for large x. Thus the discrepancy vanishes in the
limit of large x and the asymptotic behavior of the M-function is given by the
Bessel functions.

For the special values ! = 0, !, the discrepancy is not small and the M-
function cannot be approximated by the Bessel function. This is natural as

7
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M-function ≈ 
 Bessel function



Application to 
a model image



= +

A model image of the 
kinesin-microtubule 

complex



near far (seam side)

conventional
helical reconstruction



Application to 
experimental images



Application to the kinesin-
microtubule complex



Experimental Image of Kinesin-
Microtubule complex



3D reconstruction

conventional
asymmetric

from single image
(~150 subunit)



Applications of the 
Asymmetric Helical 

Reconstruction



• High resolution studies of motor-
microtubule complex

• Other less ordered helical structures, such 
as bacterial flagella and TMV

• Implementation of AHR is being done as a 
part of Ruby-Helix.

Applications
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