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Three-dimensional image of tubulin in 
zinc-induced sheets, reconstructed 

from electron micrographs 

Introduction 

Analysis of the three-dimensional structure of intact 
eukaryotic microtubules has so far been limited to a 
resolution of about 4 nm. The problems, both in the case 
of imaging individual specimens by electron micros- 
copy’ -3 and in the case of X-ray diffraction of oriented 
gels of microtubules 4-h is that the helical symmetry of 
microtubules is fairly low, with only 13 independent views 
of the subunits in one image of a whole microtubule. This 
leads to overlap ofdifferent contributions at relatively low 
resolutions in all microtubule diffraction patterns, whe- 
ther they are obtained directly by X-ray diffraction, or by 
optical diffraction of electron microscope images. In the 
case of X-ray diffraction, there is of course the additional 
problem that, without additional data (for example, from 
heavy atom derivatives of the structure), even the relative 
phases of the non-overlapping contributions are 
unknown. 

In principle, greater resolution information could be 
obtained by electron microscopy from a small series of 
images showing individual microtubules tilted through 
small angles to provide further independent views of the 
subunits. In practice, it has been found difficult to prepare 
specimens so that the helical symmetry is well preserved in 
three dimensions. This appears to be because of a 
tendency for the microtubul’es to shrink down towards the 
support grid as a result of dehydration. But without the 
help of helical symmetry, a large number of different views 
is required to reconstruct a three-dimensional density 
distribution. Extended crystalline sheets of tubulin pro- 
vide specimens more suitable for the latter type of image 
analysis. since the information in each view can be 
averaged over a large number of repeating units in two 
dimensions to improve the ratio of signal to noise. This 
allows data from different views to be combined more 
reliably. Suitably large arrays of tubulin protofilaments 
assemble when zinc ions are added to buffers normally 
used for microtubule reassembly’.‘. 

The projected structure of the zinc-induced sheets in 
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negative stain has been studied in some detail in two- 
dimensional projection”-“. It appears that these sheets 
are made up of parallel arrays of the same longitudinal 
protofilaments that constitute normal microtubules, but 
that the protofilaments are arranged with alternating 
polarity. rather than all having the same longitudinal 
polarity as in a microtubule’. In fact, a zinc-induced sheet 
has P2, symmetry, with screw dyad axes in the central 
plane of the sheet and normal to the protofilaments”‘. The 
projected images clearly show each protofilament to be 
made up of pairs of 4 nm x 5 nm globular subunits, 
believed to represent individual Y and /j tubulin mo- 
nomers; thus confirming the result suggested by the low 
resolution structural analysis of flagellar microtubules’. 
The images of the subunits in zinc-induced sheets agree 
well with those obtained from normal sheets, or opened- 
out microtubules”. suggesting that the structure of the 
protofilaments is fairly constant and that the angular vieu 
they present is similar in both types of sheet structure. The 
latter conclusion is supported by the observation that the 
interprotofilament spacing is essentially identical in both 
types of sheet. 

This paper describes the reconstruction of a thrce- 
dimensional image of negatively stained Line-induced 
sheets, from a series of tilted views, following the general 
principles proposed by DeRosier and Klug” and first put 
into practice for studying the three-dimensional structure 
of two-dimensional crystalline arrays by Henderson and 
Unwin’“. As the tubulin sheets are smaller in cxtcnt and 
appear to be more radiation sensitive than the arrays of 
Htrlohuctrrium purple membrane, whose unstained struc- 
ture Henderson and Unwin were able to analyse to 0.7 nm 
resolution”, this present study has been restricted to a 
lower resolution (to about 2 nm) analysis of negatively 
stained specimens. that is. sheets embedded in a thin layer 
of electron-dense stain. Staining has the advantage of 
greatly increasing the contrast between the protein and it.s 
surroundings. but does mean that WC are studying the 
density distribution of stain rather than of the protein 
itself. The resolution limit we encounter is probably set by 



the properties of the negative stain and its interaction with 
the protein. The data are dependent on the way in which 
the stain covers the surfaces of the protein molecules and 
penetrates spaces between them. Also, the apparent 
shapes of the protein molecules may be distorted by 
interaction with the stain both in the hydrated state and 
during the dehydration which occurs during specimen 
preparation. Nevertheless, the resulting three- 
dimensional model, which has been briefly described ~4, 
has been shown to give quite reasonable agreement with 
data obtained by X-ray diffraction of microtubules in 
hydrated gels ~'~'. The present paper gives details of the 
three-dimensional data collection and analysis. 

Experimental 
Electro, microscopy 

Negatively stained specimens were prepared from 
bovine brain as previously described ~o. Also as before, the 
specimens were imaged by minimum beam electron 
microscopy, following the technique of Unwin and 
Henderson ~ 5. Low dose images (approximately 500 dec- 
trons/nm:) of tilted specimens were obtained by placing 
carbon-covered electron microscope grids, supporting 
negatively stained specimens in random orientations, in 
specially tilted specimen holders ~ 5 with fixed tilt angles of 
21 , 35 and 51 . Images were photographed at a nominal 
magnification of 25 000 ×. 

Some of the grids of negatively stained specimens, after 
being scanned in the electron microscope as described 
above, were embedded in Araldite and sectioned normal 
to their surface. It was found necessary to mount the 
embedded grids horizontally rather than vertically, for 
sectioning from above: otherwise the floated sections 
invariably split along the sliver of grid. The sections were 
picked up on uncoated grids and viewed without further 
staining. 

Amdysis qlimtil'idual images 
Images were screened by optical diffraction to select 

those with a high degree of order and a suitable degree of 
underfocus (see below). Even in images of highly tilted 
specimens, it was possible to identify the orientation of the 
protofilaments and thereby index the intensity maxima in 
the diffraction patterns. The problem of whether an image 
should be turned upside-down or not, to bring it into 
precisely the same relative orientation as the others, could 
not be solved at this stage but had to await phase 
information. 

The selected images were digitised by densitometering 
part of each electron micrograph on a square raster, at 
intervals corresponding to about 0.4 nm, and 512 × 512 
point Fourier transforms were calculated from 512 × 512 
point image arrays as described previously ~ 0. The result- 
ing planes through reciprocal space were thus sampled on 
a square grid with spacings of about 0.005 nm ~. Points of 
the reciprocal lattice were separated by 20 30 of these grid 
spacings. A value tk~r the relative phase at each lattice 
point (h, k) was obtained by interpolation from the 
complex values at the nearest four grid points. A value for 
the intensity at the lattice point was calculated by 
averagmg the intensities {squares of calculated ampli- 
tudes} at all the points within a radius of two grid spaces 
from the calculated position of the lattice point. The 
background intensity in the region of the lattice point was 
estimated in a similar way by averaging over points in the 
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annulus between radii of 2 grid spaces and 4 grid spaces. 
Thus, an amplitude value for the lattice point, corrected 
for background noise was obtained from the square root 
of the difference between these two averages. This back- 
ground correction was felt to be necessary in the present 
work because the individual images could not be so highly 
selected for quality as in the two-dimensional study I o, nor 
could each point in 3-D reciprocal space be averaged over 
a sufficiently large number of samples to render the noise 
contribution negligible. No attempt was made to correct 
the amplitudes for the non-uniformity of the contrast 
transfer function, which tends to reduce the effect of high 
resolution features 1~'. Phase corrections were not re- 
quired, since only diffraction patterns in which all the 
required reflections fell within the first maximum of the 
contrast transfer function were used in the analysis. 

Combination oI data.li'om dills'rent imaqes 
As discussed by others ~-~, the three-dimensional 

Fourier transform of a crystal only one unit cell thick in 
one direction consists of continuous lines of intensity 
maxima parallel to that axis. As diagrammed in Figure 1 
for the case of Zn-tubulin sheets, the diffraction pattern 
from each electron microscope image (being a simple 
projection of the 3-D structure, in the case of thin 
biological specimens see Erickson and  Klug ~6) con- 
stitutes a central plane through the 3-D Fourier trans- 
form, cutting each of the lattice lines at one point. 
(Although, in the present case, because of the P21 
symmetry of the sheets, values at a second point along 
each line can be derived from the intersection of the plane 
with the symmetry-related line see caption to Figure 1). 

The distance along a particular lattice line, Z(h, k), of the 
point of intersection depends on the angle (01, between the 
tilt axis and the protofilament axes (as viewed before 
tilting), and the tilt angle 0¢'): 

Z(h, k) = (ha* cos 0 + kb* sin 0) tan ~9 (3) 

where a* and b* are the reciprocal cell dimensions in the 
directions of the /7 and k axes. 

We determined the value of 0 for each micrograph, from 
the measured angle, 0', between the tilt axis and the 
protofilament direction as it appeared in the image (i.e. 
after tilting), from: 

tan 0 = tan ()'./'cos ~ (4) 

The value of the tilt angle, I/J, for each set of tilted images 
was checked by measuring the apparent reciprocal cell 
parameters, a*', b*' and 7",  in their optical transforms, 
since: 

tan {7" - 0') = tan (7* - 0) cos 

a*' = a*(l +cos  0 tan I/J) 12 (5) 

b* '=b*( l  +sin 0 tang/j) I 2 

where a*=1/9.8  nm ~ b * = 1 / 8 2  nm ~ 7*= 90 
(Reference 10). 

The sampling required to adequately define the va- 
riations in amplitude and phase along the lines in 
reciprocal space is related to the thickness of the struc- 
ture ~ 3. ~ ~.. As our sheets are less than 10 nm thick (since X- 
ray diffraction data suggest that the difference between the 
inner and outer radii o f a  microtubule is 7 8 nm'~-~'), we 
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Figure 1 Intersection of a plane with the intensity distribution (represented as solid rods) in the three-dimensional diffraction pattern 
of a Zn-tubulin sheet, effectively a crystal one unit cell thick in one dimension. The intensities on the tilted plane represent the two- 
dimensional diffraction pattern of a particular projected view of the three-dimensional structure, in which the protofilaments lie at an 
angle 0' to the tilt axis, after being tilted through angle tp from the normal. The indexing in two directions in reciprocal space 01, k) is as 
defined for the normal projection *°. (It applies to a unit cell in the crystal with dimensions a =9.8 rim, corresponding to the spacing of 
pairs of protofilaments, and b = 8 nm, the axial repeat of the tubulin dimers.)The third dimension in reciprocal space is defined by the 
continuous variable, Z. The labelling of the axes was chosen to follow other studies of tubulin protofilament structure ~ ~ ~x 8 and does 
not correspond to that conventionally used in crystallography for P2~ symmetry. With our conventions the symmetry of the structure 
requires the following phase (~) and amplitude (iFI) relations: 

(pill, k, Z)=/ l~-q~(- l l .  k, ZI "~ 

IFl(h, k, Z )=IFI ( -h ,  k, ZI 

(p(ll, 0, Z)= lln + (pih, O, - Z )  [ 

IFl(ll, O, Z)= IFl(ll, 0, - Z )  

Thus, for 11=0, ~p=0 or ~z. Furthermore, for k =0: 

(l) 

have sought  to sample  the lines, out to points  cor respond-  
ing to nm resolution, at intervals of no more  than  1/30 
nm 1 . T h e d a t a ,  which inc lude10 images at 21 tilt, 19at  
35 and 11 at 51 , actually contain  sufficient r edundancy  
that  most  of the interpolated values at 1/'30 n m - 1  
intervals are derived f rom several different independent  
values (see Results, and Fi,~ture,s 4a i): thus, a significant 
fraction of any noise should have been averaged out. 

The redundancy  in the da ta  also assisted in finding the 
c o m m o n  phase origin in each image, by a compar i son  of 
the phase of each lattice point  with those of ne ighbour ing  
sample points  f rom other  images. Some of the images 
needed to be turned ups ide-down to agree with the others,  
in which case the tilt angle ~b in equat ions  3 5 became - ~p. 
The less tilted views were first correlated with the original 
untilted data  (phases shown in Table  1) and views at 
higher tilt angles were subsequent ly  incorpora ted  into the 
collection (cf. Reference 13). 

After all the tilt da ta  had been gradual ly  collected in this 
way, a few cycles of refinement of the phase  origin in each 
image were carried out  to produce  the smoothes t  com-  
binat ion of data  a long all the var ious (h, k, Z) lines (using a 

weighted least-squares fit). At the same time, an ampl i tude  
scaling factor for the t ransform of each image was 
calculated,  to give the best agreement  with average  
neighbour ing  values of ampli tude.  A single scaling factor 
for all the lattice points  in the t ransform of an individual 
image was used, since there were insufficient reflections 
per image to allow relative scaling of the t ransform in 
radial shells. Finally, after scaling of the ampl i tude  values, 
smooth ly -va ry ing  interpolated complex values were cal- 
culated at regular intervals (1/30 nm ~) a long each 
t ransform line f rom a simple distance-weighted average of 
all samples  in the vicinity, i.e., using the symbols  defined in 
Fi~lure 1 : 

F(h, k, Z) exp (iq~)= 

1/"N~ F~exp (i(pj) sin (:zd(Z - Zfl)/0zd(Z - Zfl) 
J 

s u m m e d  between ( Z - 0 . 0 3 3 )  and (Z+0.033);  N is the 
number  of  samples  in this region. The  nominal  thickness 
of the sheet in the z-direction is d =  10 rim. In calculat ing 
the in terpola ted  values, samples from the original Z = 0  
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Table i Summary of data in reciprocal space 

h k 

at Z=0*  

Relative 
Relative phase 

amplitude ( _+ R MS) 3-D data RMS-3D 

0 0 
1 0 
2 0 850 0 
3 0 
4 0 250 236 
6 0 106 30 
0 1 78 0 
3 1 66 50 
0 2 158 0 
I 2 302 338 
2 2 135 290 
3 2 135 324 
4 2 91 53 
5 2 72 196 
6 2 63 245 
0 3 96 0 
I 3 71 314 
2 3 85 136 
3 3 69 227 
I 4 110 185 
2 4 78 77 
3 4 104 64 

+1) 

_+4) 
_+ 10) 
+16) 
+ 24) 
+9) 
+5) 
_+8) 
_+ 12) 
+22) 
_+ 29) 
_+37) 
+_7) 
_+23) 
_+20) 
+_ 16) 
_+ 10) 
_+ 20) 
+21) 

+ 
+ 42 
+ 12 
+ 12 
+ 22 

+ 14 
+ 21 
+ 19 
+ 25 

* Data on the Z=0 plane were derived by enforcing perfect P2] 
symmetry on the values published by Baker & Amos]~): RMS values are 
the root mean square errors in the relative phases. The indexing ofh and 
k is as defined previously ~c~ see Figure 1. +, in the column headed 3-D 
data indicates that a plot showing how this reflection varies with Z is 
included in Figure 4 (except for h=O, k -0, which can be seen in Figure 
5e: other terms, which were already relatively weak, were found to fall 
rapidly to noise level away from Z =0. RMS-3D was calculated for each 
lattice line [see Figure 4) from ~ZIFI-'A(I)Z/ZIFI 2 ] where A@ reprcsents the 
difference between an individual sample phase and the corresponding 
smoothed interpolated value and IFI is the interpolated amplitude at that 
point. The overall weighted RMS phase difference for all the tabulated 
data is 17 : this can be compared with a weighted RMS value of 8 for 
jusl the Z=0 data 

data,  being derived from an average of four highly selected 
images, were given eight times the weight of samples from 
individual  tilted images. Fur thermore ,  a final smooth ing  
was applied by eye to some parts of the curves, where the 
large ampl i tude  scatter ment ioned  in the Results section 
still gave rise to too rapid f luctuations in the interpolated 
values. At tempts  to perform the in terpola t ion  by fitting a 
series of sin (~dZ)/(gdZ) functions to the values a long each 
line had earlier been abandoned  because of the large 
ampl i tude  var ia t ions  at different sample points. 

Incorporation ql data J)'om intages q[ sectioned sheets 
Selected images of sectioned sheets which showed 

recognisable views (see Results) were a l so  digitised and 
their Four ier  t ransforms calculated; these provided con-  
t inuous  t ransform values along certain of the [h, k, Z) lines. 
In some cases, such samples overlapped data  already 
obta ined  from tilted images, so that a relative ampl i tude  
scaling factor could be estimated for the two types of data. 
Scaled values for lines (0, 0, Z) and (1,0, Z) which were not  
sampled by tilting, were extracted from the t ransforms of a 
n u m b e r  of images of sections and added to the 3-D data  
set (see Figure 4a and b). 

Three-dimensional image reconstruction 
Three-d imens iona l  Four ier  maps were calculated using 
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a program written by G. Reeke, the maps  being produced 
in the form of contoured  sections, drawn by a Ca lcomp 
plotter 1°. A three-dimensional  balsa-wood model was 
constructed from one of the con tour  levels. 

R e s u l t s  

Images and optical di[li'action patterns 
As described under  Experimental ,  it was found to be 

fairly easy to determine the relative or ienta t ions  of 

Figure 2 Electron micrographs of zinc-induced tubulin sheets, 
negatively stained with 1",, uranyl acetate and recorded with 
minimal electron doses (see Reference 10). In these positive 
images, stain appears dark, while protein, revealed by absence of 
stain, appears to be white. The specimens were tilted relative to 
the electron beam: (a) was tilted through 35 ; (c) and (e) through 
51 . (b), (d) and (f) show parts of (a), (c) and (e), respectively, at 
higher magnification ( x 200,000). The direction of the tilt axis is 
marked by broken lines in each image, together with the angle 0' 
between the tilt axis and the projected protofilament axes in (a), 
(c) and (e). The protofilaments are aligned vertically in (b), (d) and 
(f). The outlined areas in (a), (c) and {e) are 200 nm squares which 
were densitometered as 512×512 point arrays for digital 
processing 
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Figure 3 Optical diffraction patterns from rectangular regions ofzinc-tubulin sheets, including those shown in Figure 2; protofilamenl 
axes were oriented vertically in each case. The axes labelled h and k are as shown in Figure 1. Reflections (h = 2 k =0) and l h -  0, k = 2) are 
ringed in each pattern. (a) is from an untilted sheet (~'[ Reference 10); (b) was tilted through 35 (c[ Fi,qure 2a): (el and (dt were tilted 
through 51 ~' (cf. Fi,qures 2c and e). The broken lines in {b)4d) show the direction of the tilt axis in each case 

individual specimens randomly oriented on tilted electron 
microscope grids, even in highly tilted views (see Figure 2). 
Thus, the lattice points in the optical diffraction patterns 
(e.g. Fi,qures 3b d) were readily indexed, without requiring 
a tilt series of views for each specimen. 

Because of the P2, symmetry lO of the structure, lines of 
maxima in the three-dimensional Fourier transform at (h, 
k, Z) and ( - I1, k, Z) are closely related {see Figure 1 ), and 
data from them may be combined. It was found that, of the 
maxima appearing on the Z = 0 plane (see Figure 3a), only 
the six strongest related pairs {and their Friedel-rclated 
maxima) remained above noise level for a significant 
distance from that plane (see Table 1). The intensity of the 
other (weaker) maxima dropped quite rapidly to noise 
level and could not be measured in most of the tilted 
transforms. This was true for all reflections with odd 
values of k, arising from the small differences between the 
two types of tubulin monomer  subunits, which alternate 
along the protofilaments TM. However, two additional 
reflections (1,0, Z) and (3, 0, Z), absent on the Z = 0  plane 
in accordance with the P2~ symmetry,  appear  quite 
distinctly in the tilted transforms (see Fiqures 3c and d}. 

Data curves,lbr (h, k, Z) lines 
Of the eight independent reflections which are above 

noise level away from the Z = 0  plane, all but (1,0, Z) and 
( 1,2, Z) faded out within the tilt range covered. ( 1,0, Zt had 
in fact only just begun to appear and was relatively weak, 
while the intensity of(l ,  2, Z) had fallen to about 0.25 of its 
maximum value. This meant that only data for {1, 0, Z) 
and (0, 0, Z) (which had been sampled only sit Z = 0t were 
seriously missing from the 2 nm data obtained from tilted 
views. 

When the relative phase origins had been refined and 
the polar orientations of the images had been chosen to 
give the best agreement between data from different 
micrographs (see Experimental), the sampled phases 
along each lattice line gave the curves shown in Figure 4. 
There is a fair amount  of scatter m the individual vahies, 
especially sit points where the amplitudes arc relatively 
low, but the average values for each lattice line follow a 
smoothly varying curve. The weighted root mean square 
differences between the phases of the interpolated values 
and thc individual sample values arc listed in Table 1 for 
each of the strong lattice lines• As expected, the average 
phase errors are lower for the stronger lattice lines. 

Even after the application of an overall amplitude 
scaling .factor ['or each image, however, the amplitudes 
along the (h, k, Z)lines tend to show rather a large amount 
of scatter, lntich more than for the phases (sec l"iHure 4L 
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Figure 4 The relative phases in degrees [upper plot in each section) and amplitude values on an arbitrary, but consistent, scale {lower 
plots) along the main lattice lines of the three-dimensional Fourier transform of a Zn-tubulin sheet. Indices h and k (cf. Figure 1) are 
indicated in each plot. Values along the abscissae are reciprocal nm and represent the distance Z along the axis normal to the h and k 
axes. Note that values at _+Z are related for lines with k = 0  {plots (a) (d)), as described under Experimental. Arrows indicate the cut-off 
point along each line corresponding to 2 nm resolution. Sample values derived from the computed Fourier transforms of individual 
images of tilted sheets are shown as filled circles {phases) and filled squares [amplitudes). The phase values are those obtained after 
refinement of the phase origin in each image to give the best overall agreement with the average. The amplitudes plotted are those 
obtained after relative scaling of whole individual transforms [see Experimental). Empty circles [phases) and empty squares {amplitudes) 
in (a) and (b) show values obtained by analysing images of sections normal to the sheets. The phase origins were chosen and the 
amplitudes scaled to match the tilt data by comparing common data on (1,0, Z), [2, 0, Z) and (1,2, Z){section data not shown in last case). 
Amplitudes for (0, 0, Z) were similarly scaled. The continuous lines represent the smoothed interpolated values along each lattice line, 
obtained by averaging the complex values at nearby sample points. The overall errors in the interpolated phases on each lattice line are 
indicated ill Table I 

This seems to be a c o m m o n  feature of data from 
negatively stained images (see e.g. Reference 17). The 
extent of the scatter seems to be more  or less independent 
of the absolute  value of the amplitude.  Fortunately ,  the 
reconstructed image is rather less sensitive to errors in 

a m p l i t u d e  than to phase errors. 

Data .[i'om section.s 
As ment ioned above,  the data obtained by tilting lack 

values in reciprocal Space in a conical  zone  around the Z- 

axis. Without  these data, the resolution in the recon- 
structed image would  be anisotropic  and features in the 
map  would  be smeared in the direction normal  to the 
sheets, lmages  of sect ions normal  to the plane of  the sheets 
were used to explore the missing v o l u m e  of reciprocal 
space. To ensure that the two types of data would  be as 
consistent  as possible,  specimens  were negatively stained 
before being embedded  in plastic, rather than being 
posit ively stained after sectioning. Most  of the images 
obtained showed only the overall  stain distribution from 
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Figure 5 (a) (d} Examples of images of sections cut normal to 
negatively stained Zn-tubulin sheets supported on carbon 
coated grids. The sheets show up as pairs of parallel lines of 
negative stain. The images are oriented so that the carbon film is 
below each specimen. In some cases, the sheets show some 
substructure, as in (a) and (b), which illustrate the two classes of 
identifyable image (see text); the spacing of the transverse 
striations in (b) is about 2/3 that in (a). (e) and (f) are optical 
diffraction patterns of (a) and (b) respectively. Notice the 
meridional (0, 0, Z) transform line in both cases. The strong non- 
meridional line of intensity in (e) is thought to be (2, 0, Z) (cf. 
Fi.~lure 4b), while the weaker line in (f) probably represents ( 1, 2, 
Z) (i.e. Figure 4./) 

one side of a sheet to the other (providing data for the (0, 0, 
Z) line in reciprocal space), but a small number  of more 
distinct views was obtained, as shown by the examples in 
Figures 5a and b. The two classes of distinctive view which 
were identified are thought to represent sections normal 
to the protofilaments (Figure 5a), providing data for the (h, 
0, Z) lines, and normal to the transverse 4 nm oblique 
striations (Figure 5b) observed in normal views of Zn- 
tubulin sheets v'~° providing data for the (1, 2, Z) trans- 
form line. 

It was observed that the scctions apparently shrink 
after they have been cut, as the measurements obtained 
from them are consistently 207~, less than those obtained 
for the same dimensions in unsectioned sheets viewed face 
on. The shrinkage could not have occurred during 
embedding since the copper support grids were then still 
intact. Also, it seems unlikely that the discrepancy could 
be due to a misinterpretation of the distinctive views 
obtained. Possibly, the net shrinkage would have been less 
if the sections had been spread out on the water bath of the 
microtome, by the application of organic solvent vapour: 
the latter was not done as it caused most of the sections to 
split along the line of the grid. However, it should be 
pointed out that the measurements in question were m 
directions parallel, not normal, to the knife edge. 

Optical transforms of images of sections (e.g. Fi~lure 5e) 
suggest that the missing (1, 0, Z) line is of considerably 
weaker amplitude than the (2, 0, Z) line and could possibly 
be ignored. However, values for the amplitude and phase 
distributions on (1, 0, Z) were extracted from tile com- 
puted Fourier transform ofFi~lure 5a and were included in 
the data for completeness (see Figure 4a). The most 
important information from the sectioned views relates to 
the overall stain distribution (0, 0, Z), as this is completely 
unsampled in the tilted views. It is clear that the stain lies 
mainly in two layers on either side of the sheets, with a 
minimum stain density occurring in the central plane of 
the sheet: the strongest intersubunit connections, there- 
fore, are probably found in the central plane. The total 
thickness of the stain protein stain sandwich appears to 
be only about 5 nm, although there is some indication of 
additional material extending beyond the upper layer of 
stain. Some of this probably represents non-tubulin 
associated proteins (see Discussion), but there may also be 
fine extensions from the tubulin subnnits. 

Tire reconstructed imaoe 
The overall resolution of the Fourier map calculated 

from the combined data (Table 1 and Fiqure 4) is about 2 
nm; data on the Z = 0  plane actually go out to 1.6 nm 
resolution ~°, but away from this plane the intensity along 
most of the transform lines fades to noise level even before 
the 2 nm resolution limit is reached. This sort of limit to 
the resolution is what one would expect for negatively 
stained specimens. 

The main features of the reconstructed density distri- 
bution and its relation to the projected image (Figure 
6a) are shown in Fiqures 6b i and 7. The two exposed 
surfaces of each protofilament are very different in 
appearance, one being smoothly rounded, the other much 
flatter and marked by a longitudinal groove down its 
centre. As a result, the protofilaments have a blunt spear- 
head shape in cross-section (Figure 6b). The longitudinal 
division of the protofilaments at intervals of 4 nm into 
monomer  subunits can be clearly detected on both 
surfaces, as can the slight differences which distinguish the 
two species of monomer  in a tubulin dimer. The differ- 
ences are fairly subtle, less than one might expect even 
from the small differences observed in projection (Fiqure 
6a), suggesting that the latter are due mainly to a slight 
difference in the orientation of the two kinds of subunit. 
The greatest difference between monomers in the three 
dimensional structure occurs on the flatter surface, where 
each subunit is divided into two domains. One kind of 
subunit seems to be more deeply divided than the other. 

The main stain-excluding region in the centre of each 
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Figure 6 P,ojections, [a) and (b), and sections. (c) (i), through the reconstructed three-dimensional image of negatively stained Zn- 
lubulin sheets. (at is a face-on projection of parts of 3 protofilaments. (b) is a projection down the protofilament axes: the positions of 
sections (c) (i) are indicated by horizontal lines in (b). The separation between adjacent planes (c) (i) is 0.6 nm. The variation in density is 
,epresented in each case by evenly spaced contour levels. Regions dominated by negative stain are shown shaded, while relative absence 
of stain (indicating the presence of protein) is represented by unshaded contours. Each globular unit at 4 nm intervals along a 
longitudinal protofilament is thought to represent a protein monomer of ~ or//-tubulin. The two boxes superimposed on every section 
each enclose what appears to be a single tubulin heterodimer. The axial repeat Q Q is 8 nm and the boxes are 4.9 nm wide. 
Neighbouring protofilaments are related by P2~ symmetry, about screw dyad axes normal to their own axes and in the central plane of 
the sheet. Features at the boundaries of the protofilaments are labelled in (a) to agree with the projected image shown by Baker & 
Amos I~. 

subunit  is roughly ellipsoidal and appears to be obliquely 
tilted relative to the protofi lament axis in both face-on 
and side views. This can be seen by following the course of  
the con tour  peaks th rough  the series of sections in Figure 
6c i. The obliquity of the subunits in projection (Figure 
6a) has allowed a tentative identification ~° of the relative 
or ientat ion of protofi laments in these sheets and in 
normal  microtubules.  The images labelled I in Figures 6 
and 7 are thought  to represent the view o f a  protof i lament  
f rom the outside of a microtubule;  in other  words,  the 
rounded side probably  occurs on the outside surface of a 
microtubule  and the flatter, grooved side on the inside 
surface. This identification is supported by the agreement  
between the appearances  of the cont inuous  ridged surface 
of  the protofi laments in this structure and the outside of  a 
three-dimensional  reconstructed image of intact flagellar 
microtubules  ~ (see later, Figure 8). 

The interprotofi lament  contacts  are clearly very much 
less extensive than the intraprotof i lament  bonds.  On all 
the sections in Figure 6c i, the stain density (shaded 
con tour  levels) thins out somewhere in the two regions P 
to Q and R to S. The region P to Q appeared in the two- 
dimensional  projection (Figure 6a) to conta in  two distinct 
points  of  contact  at P and Q~ 0 but a single b roader  area of 
contact  seems more  likely from the three-dimensional  
density distribution. Similarly a broad  contact  between R 
and S in the longitudinal direction is now suggested in 
place of a single contact  point at the level of R. 

Discussion 

G o o d  agreement  between this three-dimensional  image 
and images of  negatively stained tubulin protofi laments 
in more  normal  structures confirms our  earlier im- 
pression TM that  the substructure,  and rotat ional  orien- 
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tation about their axes, of protofilaments in zinc-induced 
sheets is very similar to that in microtubules. Comparison 
of the present model with images of normal tubulin 
assemblies has allowed us to identify the surfaces cor- 
responding to the inside and outside of a normal micro- 
tubule 1"~. As discussed in more detail elsewhere la, the 
reconstructed image described here can readily be related 
to a number of different electron microscope images of 
tubulin protofilaments, which previously appeared to be 
rather disparate. The inner surface of the present pro- 
tofilament model closely resembles the bilobed ap- 
pearance of the two-dimensional images obtained by 
Erickson TM (qt: Fi~,tures 8a and hi, which were of opened 
out microtubules presumably stained most strongly on 
the inside surface. The projected image shown by Crepeau 
et ,/.<', also of no.mal  sheets, is probably similarly biased 
towards the appearance of the inside surfacc. On the other 
hand, as mentioned above, the three-dimensional image 
of flagellar microtubules reconstructed by Amos and 
Klug ~ bears a close resemblance to the outer surface of the 
present model protofilamcnt structure. This is demo- 
nstrated in Fi,qures 8c and d where the flagellar micro- 
tubule model is compared with a model constructed of 
Zn-tubulin protofilaments rearranged to conform to the 
normal polar structure of a microtubule. The ['lagellar 
model, being of rather low {4 nm) resolution, does not, 
however, show the same detail on its inner surface ~not 
shown here) as the Zn-tubulin model and gives no 
indication of the longitudinal cleft down the centre of each 
protofilament. One reason for this may be that insufficient 
negative stain may reach the inside surfaces of intact 
microtubules. 

The model shown in Fib, lure 8d is also in good agree- 
ment with microtubule cross-sections observed in elec- 
tron micrographs of embedded and sectioned material. A 
cross-sectioned view derived from the model (Fi.qure 9at 
agrees well with the clear electron microscope images 
resulting from pretreatment of the sectioned material with 
tannic acid ~'~2° or thioureae~a in which the interprotofila- 
ment connections appear  to be at inner radii. The 

alternative arrangement of model protofilaments, with 
the wedge-shapes pointing inwards, has a quite different 
appearance in cross-section iFiqure 9h), which does not 
agree with the electron microscope images. 

The strong structural similarity between thc three- 
dimensional images of the two kinds of monomer  subunit 
is what one would expect from the apparently close 
homology between their sequences e2. It is also consistent 
with the apparent ability of tubulin to assemble in two 
different dilner arrangements, with interprotofilament 
associations either between unlike monomer subunits, as 
in the case of the A-tubule of flagellar doublets I and 
flagellar central singlet tubules 2~, or between like 
monomers,  as in the case of the flagellar B-tubule ~. 

The precise arrangement of tubulin dimers in a tubulin 
assembly may be determined by one or more of the so- 
called microtubule-associated proteins(MAPs) which co- 
purify with tubulin. These proteins were present in the 
preparations of zinc-induced tubulin sheets studied in the 
present work. But as pointed out previously ~'L they may 
not make a significant contribution to the reconstructed 
image. This is becausc, although MAPs probably con- 
stitute about 25"o of the total protein, only about 10",, of 
each molecule is thought to be bound directly to tu- 
bulin 2a. while the rest forms an apparently flexible 
filamentous projection 2s'2~' whose contribution should be 
averaged out of the data. Thc location of lhe bound 
portions of the MAPs Imaybc only 2.5<'<, of total protein) 
presents a difficult problem, which is probably insoluble 
using negatively stained specimens. 

The structural results described here havc been cor- 
related in some detail ~4 with the information available 
from X-ray diffraction: a calculated diffraction pattern for 
the rearranged model shown in Fi~lure 8d being compared 
with the measured X-ray diffraction patterns obtained 
from oriented hydrated specimens 5'". The first obvious 

Figure 7 (at A model rcprescnting the three-dimensional reconstructed image of part of a Zn-tubulin sheet. Notice the dilltrent 
appearances of the surfaces presented by adjacent protofilaments. The boxes enclose pairs of monomer subunits as in Figm'e 6. In view I. 
the longitudinally continuous surface appears to be divided into monomer subunits consisting of single globular domains. In view 11. 
monomer snbunits separated by oblique channels each appear to be dissected sideways into two domains by longitudinal grooves. The 
relationship between the two surfaces can bc seen more clearly in (b). (b) Two different sidc views era length of protofilament equivalent 
the second from the left in (a). Individual monomer subunits probably slope up from left to right in the left-hand view and down in 
the right-hand view. This was deduced by following the regions of strongest density through successive sections ill Fiotlre 6 
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protofi lament  is significantly reduced in apparent  extent 
by such a positive staining effect. Conversely,  the sizes of 
the stain-filled grooves on the 'inside' surface of the 
protofi laments are probably  exaggerated. 

The differences between the calculated diffraction pat- 
tern based on the structure of the negatively stained Zn- 
tubulin protofi laments and the measured X-ray diffrac- 
tion pattern can mostly be explained in terms of effects 
such as these~'L However,  the detailed compar i son  sug- 
gested that negative stain tends particularly to over- 
emphasize the oblique grooves on the "inside" surface of 
the protofilaments,  and the reason for this is not  yet clear. 

The remaining uncertainties in the structure at this 
resolution, due to the distort ing effects of negative stain, 
may be resolvable by studying the three-dimensional  
structure of unstained specimens of tubulin sheets. The 
use of such specimens would also allow a better chance of 
making quanti tat ive measurements  and might therefore 
even lead to location of the M A P s  by a compar i son  of  the 
structures of sheets assembled with and without  non-  
tubulin components .  The possibility of such a study to 
suitably high resolution will depend on the preparat ion of 
sufficiently large and well-ordered sheets. Meanwhile,  the 

Figure 8 "Normal" arrangements oftubulin protofilaments; the 
boxes in each image enclose 8 nm long by 5 nm wide 
heterodimers as in Figure.s 6 and 7. {a) Two-dimensional image 
of part of a negatively stained opened-out brain microtubule, 
reconstructed from the data of Erickson~U: the latter did not 
include any information about the weak 8 nm axial repeat which 
distinguishes the two kinds of monomer subunit. (b) Models of 
Zn-tubulin protofilaments (t'rom Figure 7), rearranged to repre- 
sent a C-shaped normal sheet. This corresponds to part of (dk 
opened-out and seen from the inside surface. (c) Model of an 
intact flagellar microtubule ~, in which the monomer subunits of 
the 13 protofilaments lie along a set of 3 shallow left-handed 
helices. Dimers (of which two are outlined)in adjacent protofila- 
ments are in a staggered arrangement. The basal end of the 
flagellum would be towards the top of the model in this view. (d) 
Zn-tubulin protofilament models rearranged with the subunit 
arrangement in (c). The polarity of the protofilaments was 
chosen to give the best agreement between the two structures 

CI 

i ' ' I ' ~ I 
o 5 1o I s n m  

difference in the two types of data  is in the apparent  depth 
of the protofilaments.  Whereas the X-ray diffraction 
patterns have been interpreted in terms of a cylinder with 
inner and outer  radii of  7 8 nm and 15 nm respectively, 
indicating a thickness of 7 8 nm, the negatively stained 
sheets appear  to be only about  5 nm thick. This difference 
may arise partly from shrinkage of  the stained specimens 
due to dehydrat ion.  Another  likely effect, which would 
reduce the apparent  dimensions, is positive staining of  the 
protein surface. In particular, it is likely that the pro t rud-  
ing longitudinal ridge on the outside surface of  each 

I 

b 

F i g u r e  9 Projected views of short lengths of model protofila- 
ments arranged to form a cylinder. The dimensions of the 
protofilaments were stretched radially by 40% to compensate 
for the apparent shrinkage in the z-direction of the original 
sheets (see text). (at and (b) show two different possible orien- 
tations of the protofilaments, with either their rounded surfaces 
(a) or their flat surfaces (bt on the outside of the cylinder. As 
discussed in the text, (a) is believed to be the arrangement found 
in a normal microtubule (see also Fiqm'e 8c and d) 
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present three-dimensional map provides an image of 
tubulin which is more consistent with all available 
information than any previous individual image of 
tubulin. 
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