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The surface topography of opened-up microtubule
walls (sheets) decorated with monomeric and dimeric
kinesin motor domains was investigated by freeze-
drying and unidirectional metal shadowing. Electron
microscopy of surface-shadowed specimens pro-
duces images with a high signal/noise ratio, which
enable a direct observation of surface features below
2 nm detail. Here we investigate the inner and outer
surface of microtubules and tubulin sheets with and
without decoration by kinesin motor domains. Tubulin
sheets are flattened walls of microtubules, keeping
lateral protofilament contacts intact. Surface shad-
owing reveals the following features: (i) when the mi-
crotubule outside is exposed the surface reliefis dom-
inated by the bound motor domains. Monomeric mo-
tor constructs generate a strong 8 nm periodicity, cor-
responding to the binding of one motor domain per a-
B-tubulin heterodimer. This surface periodicity largely
disappears when dimeric kinesin motor domains are
used for decoration, even though it is still visible in
negatively stained or frozen hydrated specimens. This
could be explained by disorder in the binding of the
second (loosely tethered) kinesin head, and/or disor-
der in the coiled-coil tail. (ii) Both surfaces of undeco-
rated sheets or microtubules, as well as the inner sur-
face of decorated sheets, reveal a strong 4 nm repeat
(due to the periodicity of tubulin monomers) and a
weak 8 nm repeat (due to slight differences between
«a- and B-tubulin). The differences between «- and
B-tubulin on the inner surface are stronger than ex-
pected from cryo-electron microscopy of unstained
microtubules, indicating the existence of tubulin sub-

domain-specific surface properties that reflect the
surface corrugation and hence metal deposition dur-
ing evaporation. The 16 nm periodicity visible in some
negatively stained specimens (caused by the pairing
of cooperatively bound kinesin dimers) is not detected
by surface shadowing.
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Introduction

Structural aspects of the interactions between kinesin and
microtubules have been investigated by several authors
using negative stain and cryo-electron microscopy and
3-Dimage analysis (for recent reviews see Amos and Hirose,
1997; Mandelkow and Hoenger, 1999; Vale and Milligan,
2000). The availability of atomic resolution X-ray struc-
tures of monomeric and dimeric kinesin (Kull et al., 1996;
Sack et al., 1997; Kozielski et al., 1997) and ncd (Sablin
et al., 1996, 1998) in combination with the near-atomic
resolution EM-structure of zinc-induced tubulin sheets
(Nogales et al., 1998) now provide detailed pictures of the
microtubule structure (Nogales et al., 1999) and of the ki-
nesin-tubulin complex (Hoenger et al., 2000; Kikkawa et
al., 2000). There is now a general consensus on the tubulin
interaction and binding geometry of monomeric kinesin
and ncd (Hirose et al., 1995; Hoenger et al., 1995; Kikkawa
etal., 1995; Arnal et al. 1996; Hoenger and Milligan, 1997).
However, the microtubule binding properties of dimeric
motor constructs are more complicated to investigate
than the ones from monomers. Recent cryo-EM and scan-
ning transmission electron microscopy (STEM)-based
mass determinations (Mdller et al., 1992) demonstrated
the complexity of dimeric kinesin interaction with micro-
tubules (Thormahlen et al., 1998; Hoenger et al. 2000).
While there is agreement on the arrangement of dimeric
ncd (a retrograde kinesin-like motor) on the microtubule
surface (Sosaetal., 1997; Hirose etal., 1998), divergentin-
terpretations have been given for the interaction of dimer-
ic kinesin with microtubules (Arnal et al., 1996; Hirose et
al., 1996, 1999; Hoenger et al., 1998, 2000). This situation
has prompted us to study motor-microtubule complexes
using complementary structural methods.

The tubulin ‘sheets’ (in the definition used here) are
opened-up walls of microtubules and therefore exhibit
nearly the same axial and lateral contacts between tubulin
subunits as intact microtubules (Erickson, 1974), in con-
trast to the zinc-induced tubulin sheets which exhibit dif-
ferent lateral contacts between protofilaments (Amos and
Baker, 1979; Tamm et al., 1979) and which have been used
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for the crystallographic determination of tubulin structure
(Nogales etal., 1998). Tubulin sheets have been used pre-
viously for studying the arrangement of tubulin monomers
(Crepeau et al., 1977), the relationship between associat-
ed microtubule walls (Mandelkow and Mandelkow, 1979),
and the relationship between open microtubule walls
polymerized onto microtubules. They have as well been
an important tool for determining microtubule polarity in
cells (Heidemann and Mclintosh, 1980). The sheets have
also been used to investigate the 3-D binding geometry
of monomeric ncd and kinesin (Hoenger et al., 1995;
Hoenger and Milligan, 1997) with negative stain electron
microscopy and tilt-series 3-D reconstruction. Tubulin
sheets are easy to handle with EM techniques that involve
preadsorbtion to a carbon film (such as negative staining)
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because this causes them to flatten out and makes them
suitable forimage reconstruction, but they are not conven-
ient for cryo-EM of frozen-hydrated samples because
they retain their intrinsic cylindrical curvature (Mandelkow
etal., 1991; Chrétien et al., 1995).

We applied freeze-drying and unidirectional tantalum/
tungsten (Ta/W) shadowing to tubulin sheets decorated
with monomeric and dimeric kinesin constructs to further
investigate the binding properties of kinesin by using a
method that allows to directly observe the surface topog-
raphy with no need for computational data averaging and
merging. Thisis made possible by the high signal/noise ra-
tio of unidirectional shadowing and its explicit limitation of
contrast enhancement to surface-exposed structural fea-
tures. In comparison to this, the contrast contribution from

Fig.1 Freeze-Drying and Unidirectional Surface Shadowing of Intact Microtubules.

Athinlayer of Ta/W (~0.5 nm)is applied to the surface of microtubules under an elevation angle of 45 degrees and in the azimuthal direction
asindicated by the circled arrows, asisin all following figures. These preparations yield images, which show specifically the surface topog-
raphy of the objects under investigation. Due to the intrinsic flexibility of lateral protofilament contacts in microtubules the shadowing
procedure causes flattening so that the top surface of the microtubule collapses onto the bottom surface. Unlike for in the presence of
motor proteins or other MAPs, which protect the integrity of microtubules, there is a strong tendency to depolymerize. The oligomeric
structures in the background are multiples of tubulin dimers (8 nm length) which break off from the sheets as illustrated in (C). Alternative
shadowing directions reveal slightly different information. Shadowing in a direction roughly perpendicular to the protofilament axis (A)
reveals the wavy, rim-like outer surface of protofilaments with large grooves in-between protofilaments (A). Insets show a Fourier-filtered
area and a contour plot of an average of approx. 400 crystallographic unit cells in which a- and B-tubulin have very similar shapes. A some-
what different appearance is obtained when the shadowing direction is pointing along the protofilament axis (B). Here the distinction
between «- and B-tubulin becomes more obvious and allows outlining individual dimers (see Fourier-filtered area and contour plot). (C)
Negatively stained tubulin sheets illustrating that protofilaments break off in multiples of tubulin dimers. The brackets in the top and in the
middle panelindicate a gap of 4 dimers (32 nm). The arrows point to gaps of single dimers (8 nm). Scalebars =50 nm, axial repeats ininsets
=8nm, lateral protofilament spacing =5 nm.



non-surface exposed features is negligible. The appear-
ance of a ‘shadow’ is caused by the directed metal vapor
applied under a fixed azimuthal (indicated by circled ar-
rows in every figure) and elevation angle (here kept con-
stant at 45 degrees). This reveals images with a quasi-3-D
appearance relative to surface modulations, somewhat
comparable to an aerial photograph at sunset. Applied to
regular, 2-D crystalline arrays this technique allows to di-
rectly observe surface features to 3—4 nm. The resolution
may be easily pushed below 1 nm on 2-D crystalline arrays
using computational averaging (e.g. Walz et al. 1996).
Here we took advantage of a freeze-drying/metal shadow-
ing unit (Midilab; Gross et al., 1990) which allows transfer-
ring shadowed specimens directly into the specimen
chamber of a Philips CM12 cryo-electron microscope.
By using this setup we could apply Ta/W shadowing with-
out a stabilizing carbon coat (C-backing) obscuring fine
structural details. In standard shadowing approaches a
C-backing layer is necessary to minimize post-shadowing
artifacts (rehydration, metal oxidation etc; Walz et al.,
1996) during the exposure of the specimen to air and
warming to ambient temperature.

It could be demonstrated by this work that surface
shadowing constitutes a very suitable method to directly
image the intrinsic disorder of randomly (double-) bound
dimeric motor head constructs on the surface of 2-D crys-
talline arrays of tubulin sheets. As expected from previous
results, monomeric kinesin motor heads bind to sheets in
a regular B-lattice type pattern (Amos and Klug, 1974) re-
vealing a strong 8 nm periodicity. Dimeric kinesins, how-
ever, revealed a significantly less ordered surface caused
by their binding characteristics as predicted by Hoenger
et al. (2000). Interestingly, the sheet surface correspond-
ing to the microtubule inner side revealed surprisingly
strong differences between the «- and B-tubulin units,
similar to earlier observations made on negatively stained
samples (Hoenger et al., 1995; Hoenger and Milligan,
1997).

Results

Surface Features of Undecorated Microtubules
and Tubulin Sheets

The surface topography of microtubules reveals in a
very direct way several structural features that have been
found previously in 3-D reconstructions from negatively
stained tubulin sheets (Crepeau et al., 1978; Hoenger et
al., 1995), zinc-induced sheets (Amos and Baker, 1979),
and frozen hydrated intact microtubules (e.g. Sosa et al.,
1997; Hoenger et al., 1998). The outer rims of protofila-
ments (facing the outer microtubule surface) form a windy
path which is best seen on pictures where the azimuth of
shadowing direction lies roughly perpendicular to the
protofilament axis (Figure 1A). Only a few minor topogra-
phy modulations along the protofilament axis are visible.
These modulations are more pronounced on images with
a shadow azimuth pointing approximately along the
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protofilament direction (Figure 1B). These images also re-
veal more distinct features of the individual tubulin
monomers. Unfortunately it is not possible on these pic-
tures to clearly assign a- and B-tubulin to the 2-D aver-
ages. Even in the presence of taxol, EM-preparations of
plain tubulin sheets, and in particular cryo-preparations
such as freeze-drying and embedding in vitreous ice, are
usually accompanied by a large amounts of free tubulin
oligomers, which show up very clearly with this technique
(see background in Figure 1A, B). This fragmentation is
much less visible when microtubules are decorated with
motor proteins or other MAPs, demonstrating the stabiliz-
ing effect of these associated proteins (see Figure 2). The
(negatively stained) images of Figure 1C illustrate that
tubulin is lost from the sheets in multiples of a-tubulin
dimers (Figure 1C, brackets) or sometimes even as single
dimers (Figure 1C, arrows). Microtubules, which undergo
a freeze-drying process, do not maintain their tubular
structure but always appear as flattened double-layered
sheets (Figure 1A, B), indicating the flexible character of
lateral protofilament contacts. Without this intrinsic flexi-
bility the formation of flat sheets would probably not be
possible atall.

Surface Shadowing of Tubulin Sheets Decorated
with Monomeric Kinesin Heads

Decoration of tubulin sheets with monomeric kinesin head
domains lacking the coiled-coil dimerization domain
(nK343) allows a direct determination of inner and outer
microtubule surface to a resolution of better than 4 nm
(judged from the clear visibility of axial 4 nm repeats on the
inner surface of sheets) without any need for computa-
tional averaging. Inner and outer surfaces of tubulin
sheets decorated with monomeric kinesin heads are illus-
trated in Figure 2. The motor decoration strongly en-
hances the B-lattice type pattern (Amos and Klug, 1974;
Song and Mandelkow, 1993) and the axial 8 nm repeats of
individual aB-tubulin dimers (Figure 2A, ‘outer surface’).
Inner microtubule surfaces, on the other hand, reveal the
finer 4 nm repeat of the individual tubulin monomers,
which are rather similar at that resolution (Figure 2A, ‘inner
surface’). The assignment of inner and outer surface is
particularly obvious from the flattened ‘corkscrew’ struc-
ture of Figure 2B where the sheet flips over in alternating
orientations, and the two sides of the tripartite composite
sheet folded over in Figure 2C. Tubulin sheets have a
strong tendency to associate laterally into composite
sheets (Mandelkow and Mandelkow, 1979; Figure 2A and
C). This association may occur side-by-side with opposite
orientation (Figures 2C, 3A and 3D), reminiscent of the lat-
eral contacts between composite microtubule walls in
cells (e.g. in flagellar doublet or triplet microtubules or
‘S-shapes’). After flattening, decoration, and shadowing
the alternating orientations become visible as alternating
repeat patterns (outside surface dominated by 8 nm re-
peat and lattice lines inclined up and to the left in the
direction of the left-handed helix of microtubules; inside
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Fig.2 Surface-Shadowed Tubulin Sheets Decorated with Monomeric Motor Domains (nK343) Clearly Reveal the Difference between

Inner and Outer Microtubule Surfaces.

(A) A strong axial 8 nm repeat appears on sheets when the outer, motor-decorated, surface is exposed. This regular pattern corresponds
to the axial repeat of tubulin dimers with one motor domain on each dimer. The inner surface exhibits a clearly different pattern
corresponding to the axial elongation of approx. 4 nm of individual tubulin monomers. When a coiled sheet becomes flattened on the grid
(B) the alternating domains have opposite orientations and therefore distinct repeat patterns (4 nm for exposed inside surface, 8 nm for
exposed outside surface). Tubulin sheets have atendency to associate laterally in several conformations. They frequently associate along
the openly exposed lateral protofilament contacts (C), which are covered in intact microtubules. This leads to composite sheets with
alternating orientations and repeat patterns. The inset in A shows a crystallographic average of the outer surface (boxed area). Scalebars

=100 nm.

surface dominated by 4 nm repeat and lattice lines in-
clined up and to the right). Even when sheets are joined
with opposite orientation, this leaves two choices for the
relative polarities (same polarity, as in microtubules, or op-
posite polarity, as in zinc-sheets). The polarities can be de-
duced from the density distributions of the motor surface
(see Figure 2A, 3B, E). Initial polarity determinations have
been carried out on negatively stained composite sheets
(Hoenger and Milligan, 1996).

The images also illustrate that the ‘B-lattice’ arrange-
ment of tubulin in the microtubule wall is by far the pre-
dominant one, where tubulin dimers in adjacent protofila-
ments are nearly in register (with a small stagger of ~0.9
nm, generating the Js-helix seen in the lower part of Figure
2A). Both the ‘B’ and ‘A’ lattice were originally thought to
occur in flagellar doublet microtubules (with adjacent
tubulin dimers roughly in register or roughly half-stag-
gered; Amos and Klug, 1974). However, it appears that the

A lattice-interaction is restricted to the closure of a micro-
tubule wall (‘seam’) and therefore rarely observed in
opened-up sheets. Such seams are a structural peculiari-
ty of most microtubules; they correspond to a lattice mis-
match that interrupts the helical symmetry of the micro-
tubule (Mandelkow et al. 1986; Kikkawa et al., 1994; Song
and Mandelkow, 1993, 1995). One explanation may be
that seams, and therefore A-type interactions, are much
weaker than B-type contacts. Individual sheets may sim-
ply split apart along these contacts. On the other hand,
tubulin sheets are believed to be a polymeric form which
occurs mostly in the earlier stages of polymerization and
are the precursor of closed microtubules (Erickson, 1974;
Mandelkow et al., 1991; Chretien et al., 1995). In this case
the lattice mismatch would only occur during the closing
process into a microtubule, and therefore sheets formed
under the conditions used here may never have seams
(seealso Chretien etal., 1995; Desai and Mitchison, 1997).



Inner and Outer Surface Topography of Tubulin Sheets
Decorated with Monomeric Kinesin Domains

Figure 3A-F shows the results from crystallographic aver-
aging of surface features with respect to different shadow-
ing azimuthal angles. Taken together, Figures 3A-C and
Figures 3D-F reveal a good picture of the surface topogra-
phy of the outer and inner surface of kinesin-decorated
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tubulin sheets, which compares well with existing 3-D
data. The topographies of the outer surfaces show com-
parable features to 3-D reconstructions of frozen hydrated
kinesin-microtubule complexes (e.g. see Hoenger et al.,
1998, 2000) and even allow an indirect polarity determina-
tion. Judging by the accumulation of metal (which appears
bright) the kinesin head appears clearly higher and slight-

Fig.3 Digital Image Analysis of Unidirectionally Shadowed Motor-Decorated Tubulin Sheets Reveals the Structural Details of the Outer
Surface (Decorated) and Inner Surface (Non-Decorated) to a Resolution of Approx. 2 nm.

Two shadowing directions at different azimuth angles are shown (circled arrows). (A) Image with a shadowing direction roughly perpen-
dicular to the protofilament axis. Fourier-filtered and averaged areas from outer (B) and inner surface (C) illustrate the pronounced
structural differences. On decorated outer surfaces the method of surface shadowing reveals predominantly the surface of the motors.
The underlying outer tubulin surface is essentially hidden below. The apparent shape of the motor unit can be determined from the differ-
ent shades of increasing metal depositions (bright). Accordingly the highest points and steepest slopes on the surface are the brightest
areasinthe averages, whichin (B) and (E) point towards the plus end of the sheets (right, white arrow). This corresponds well with the shape
of a kinesin head as determined from recent 3-D reconstructions and allows a polarity assignment as shown here, consistent with the
preferential association of kinesin with B-tubulin (see Song and Mandelkow, 1993; Hoenger et al., 1998). The shadowing direction in panel
A reveals the slightly tilted position of the motors with its highest elevation towards the plus-end of the protofilament. (D) Image of a
specimen shadowed roughly along the protofilament axis (D). The different shadowing directions reveal the shape of the attached kinesin
motor domain. The lower and slightly flatter end points towards the minus-end (E; for a detailed description of polarity determinations for
2-D and 3-D maps of microtubules see Hoenger and Milligan 1996). Interestingly we have never observed any lattice seams (A-lattice
interactions) within a sheet. The axial shadowing direction (D) strongly emphasizes the axial 8 nm repeat corresponding to tubulin dimers
arranged on a B-lattice, corresponding to a strong 8 nm lattice line in the diffraction patterns of both examples (see Song and Mandelkow,
1993). Note that averaged areas of inner surfaces also reveal significant differences between «- and B-tubulin (see also Figure 5).
Scalebars =50 nm.
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ly narrower towards one side (the plus-end) of the protofil-
ament and lower and flatter towards the other side (see
Figure 3B and E; Fourier-filtered arrays marked with a
frame on Figure 3A and D). There is a slight tilt of the head
with respect to the protofilament axis, which is particular-
ly clear with an axially directed evaporation angle as

monomeric kinesin
motor domains

X E- P

dimeric kinesin
motor domains

shown in Figure 3D and E. The intensities of averaged
shadowgraphs (Figure 3, leftinserts in C and F) can be ap-
proximated using a 3-D volume from a helical reconstruc-
tion of kinesin-microtubule complexes with a computedil-
lumination under the same azimuthal and elevation angles
(Figure 3, right insets in C and F). Surface shadowing re-

Fig.4 Decoration of Tubulin Sheets with Monomeric Kinesin (nK343, A) and Dimeric Kinesin (K379, B).

The pronounced 8 nm periodicity observed with monomeric kinesin (A, image and filtered image below) largely disappears in this sample
ofasheet decorated with dimeric kinesin (B, image and filtered image below). This is explained by alack of ordered binding where akinesin
dimer may become attached to the tubulin lattice either with both heads bound to different -tubulin monomers, or with only one head
bound directly [the second one being loosely tethered, possibly in different spatial arrangements as illustrated on the sketches in (A)
and (B); see Hoenger et al., 2000]. In exceptional situations the binding of dimeric kinesin (sK395) may occur in a cooperative manner,
revealing an axial periodicity of 16 nm (C, negatively stained specimen). This corresponds to the two heads of a kinesin dimer bound to
two consecutive tubulin dimers (see Thormahlen et al., 1998). However, so far we have not been able to reproduce these patterns for

shadowed specimens. Scalebars =50 nm.



veals mostly structural features from the bound motor
domains. The underlying tubulin surface lattice is mostly
hidden in the shadow of the motors (Figure 3B, E). Inter-
estingly, «- and B-tubulin look remarkably different on the
inner side of tubulin sheets, observed with both shadow-
ing azimuths shown in Figure 3C and F (see also Figure 5).
This particular finding is discussed in more detail below.
This is unexpected since on cryo-images made in the
absence of decoration the two tubulin subunit types are
almost indistinguishable at this resolution (Nogales et al.,
1999).

Decoration with Dimeric Kinesin Constructs
Generates a Disordered Surface Superimposed
on an Ordered Binding Pattern

In contrast to the decoration pattern of monomeric kinesin
head domains (Figure 3, Figure 4A), the decoration with
dimeric kinesin (rk379) does not generate a well-ordered
periodic surface structure (Figure 4B). This is in striking
contrast to negatively stained or frozen hydrated speci-
mens where decoration by kinesin monomers and dimers
leads to similar images (Hoenger et al., 1998; Thorméahlen
etal., 1998). The disorder effect caused by dimersis strict-
ly due to the bound kinesin, since the inside surface still
shows the clear 4 nm periodicity typical of tubulin subunits
(see lower part in Figure 4B). The distinct appearances
must therefore be explained by the different imaging
methods. The images obtained from both negatively
stained and frozen hydrated particles represent a projec-
tion of the entire structure along the electron beam and are
therefore dominated by the overall mass distribution, giv-
en by the tubulin and kinesin molecules, most of which are
in a periodic arrangement. Since monomeric and dimeric
kinesins bind such that each B-tubulin has one firmly at-
tached motor domain, both yield similar images in a first
approximation. On the other hand, unidirectional shadow-
ing reflects the relief of the surface, independently of the
underlying mass distribution. If the surface is irregular one
would obtain ‘blurred’ pictures such as in Figure 4B.
What effects could cause the disorder? There are two
likely possibilities, disorder in the ‘loosely bound’ head
and disorder in the coiled-coil neck. As suggested previ-
ously (Hoengeretal., 2000), kinesin dimers can attachin at
least two modes, either with both heads firmly attached to
two different tubulin dimers, or with one head firmly at-
tached and the second head loosely tethered. In a realistic
situation (depending on the kinetics of decoration) one
would expect a mixture of tubulin dimers with only one
firmly bound kinesin head, with one firmly and one loosely
bound head, and perhaps tubulin dimers without any
bound kinesin. The projected structure would still be dom-
inated by the tubulin lattice and the firmly anchored ki-
nesin heads, but the surface would become highly irregu-
lar. This scenario would be consistent with the fractional
stoichiometries observed by STEM (Thorméhlen et al.,
1998; Hoenger et al., 2000). In addition, kinesin dimers are
joined together by their helical tail, which under the condi-
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tions of shadowing is likely to collapse in random orienta-
tions, thus contributing further to an irregular surface.

In contrast to the situation described above, there are
certain conditions (over which we do not have full control
yet) where dimeric kinesin binds to microtubules in a high-
ly cooperative and regular fashion, such that each head of
akinesin dimer binds to a 3-tubulin subunit, and the bound
kinesin dimers align in register. This generates a super-pe-
riodicity of 16 nm (Thormahlenetal., 1998), asillustrated in
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Fig. 5 Averages and Contour Plots of Unidirectionally Shad-
owed Motor-Decorated Microtubule Walls Whose Inner Surface
Is Exposed and Therefore Not Decorated with Motor Domains.
Structural differences between «- and B-tubulin are very apparent
in all averages obtained from different shadowing azimuths as
marked with arrows (A — C). All diffraction patterns show a weak,
but noticeable 8 nm-lattice line. Unlike the outer surface of micro-
tubules, which exhibit an almost continuous wavy rim in axial di-
rections (see Figure 1), the inner surfaces show stronger lateral
connections and deep laterally running grooves separating the
inner protrusions of tubulin monomers (see Heuser, 1986). The
shadowed specimen in (A) agrees well with the inner surface
topography of a helically reconstructed frozen-hydrated micro-
tubule (D). Note that the rendered surface in the reconstruction (D)
was illuminated along the protofilament axis, similar to the shad-
owing direction in (A). The ap-tubulin dimer assignment in (A) is
based on this comparison. Scale bars =5 nm.
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the negatively stained example of Figure 4C, obtained by
decoration with sK395. Thus far, this feature has not been
detected in metal shadowed specimens, either because
the conditions for cooperative binding were not met, or
because the 16 nm periodicity — if it existed — was obliter-
ated by the collapse of the protruding coiled-coil neck do-
mains onto the surface in random orientations.

The Surface Topographies

of the Inner Sides of Decorated and Plain Tubulin
Sheets Reveal Significant Structural Differences
between a- and B-Tubulin

One of the unexpected findings of this work was the rela-
tively pronounced structural difference between - and 3-
tubulin on the inside surface of a microtubule wall. This
was observed for a variety of azimuthal angles varying
around 90 degrees (Figure 5A-C, circled arrows indicating
the shadow azimuth). We have previously observed simi-
lar differences on tilt-series 3-D reconstructions of nega-
tively stained tubulin sheets and sheets of tubulin-motor
protein complexes (Hoenger et al., 1995; Hoenger and
Milligan, 1997). Atopograph obtained with an azimuth an-
gleas shownin Figure 5A compares wellwith the inner sur-
face of a 3-D reconstruction from frozen-hydrated helical
15-protofilament microtubules shown with a simulated il-
lumination under a comparable angle (Figure 5D). This al-
lows an indirect assignment of the protofilament polarity
and defines the aB-tubulin dimer boundaries (compare
Figure 5A and D). Although the origin of this feature is
currently unknown, the observation by two independent
methods argues that the structural differences between
«- and B-tubulin are genuine. The fact that even the finest
resolved features show the directional nature of the shad-
owing process implies that decoration artifacts (non-uni-
form distribution of metal grains due to preferential nucle-
ation on the surface) are negligible. The result is notable
because model calculations based on the recently solved
high-resolution structure of zinc-induced tubulin sheets
(Nogales etal., 1998) would notimply that structural differ-
ences between the two units would be so obvious at the
resolution of approx. 2 nm. We therefore suggest that a
microtubule either contains structural features, or is capa-
ble of conformational changes, which are not accounted
for by the currently available structure of tubulin deduced
from zinc-induced sheets. More specific investigations
will be necessary to assess the nature of these observa-
tions in more detail.

Discussion

Although high-resolution structures of motor proteins and
tubulin have been obtained over the past few years, many
features of the interaction between microtubules and mo-
tors that generate movement are still unknown. This ap-
pliesin particular to the structural aspects of microtubule-
motor complexes. These complexes are generally not
suitable for high resolution X-ray diffraction studies so that

one hastorely onintermediate resolution electronimaging
approaches, combined with image processing and recon-
struction. Their advantage is that they can be applied in a
number of ways, which yield distinct and complementary
views of the structure. In recent years we have studied mi-
crotubule walls (sheets) without or with decoration by var-
jous recombinant kinesin constructs, using negatively
stained or unstained frozen-hydrated samples which rep-
resent a reliable approximation to the native structure. In
both cases one obtains projection views from which the
surface topography can only be extracted indirectly by tilt
series and image reconstruction (for a review see Man-
delkow and Hoenger, 1999). In the present study we have
addressed the surface structure directly, using unidirec-
tional metal shadowing at the highest possible resolution
in a specially designed apparatus (MIDILAB; Gross et al.,
1990).

The results confirm some structural features anticipat-
ed by previous results, but they also reveal novel aspects
of the decorated microtubule structure:

() Microtubules are flattened during the specimen
preparation but otherwise retain the groove and ridge
structure typical of the longitudinal protofilaments. In the
absence of motors or other MAPs, even taxol-stabilized
microtubules are labile, and protofilament fragments rep-
resenting the breakdown products can clearly be recog-
nized throughout the background (Figure 1). This means
that in principle the method lends itself to time-resolved
studies of processes such as assembly or motor binding.
The disassembly occurs in multiples of the tubulin dimer,
consistent with its role as the building block of micro-
tubules.

(i) There is a clear distinction between the inner and out-
er surface of decorated microtubules. The inner surface
resembles that of a pure microtubule lattice and is domi-
nated by the 4 nm repeat of tubulin monomers. Only the
outer surface binds kinesin heads and therefore shows the
8 nm repeats typical of one strongly bound head per tubu-
lin heterodimer (Figure 2).

(iiiy Where the lattice is visible, it clearly reveals the B-lat-
tice in which adjacent tubulin dimers are nearly in register.
Seams where adjacent tubulin dimers are half-staggered
(A-lattice interaction) are extremely rare, arguing that the
B-lattice is the preferred mode for aggregation.

(iv) The surface features of bound kinesin heads com-
pare well with those deduced from the frozen-hydrated
specimens, indicating that shadowing yields a faithful rep-
resentation of the native structure (Figure 3). The polarity
of the bound kinesin can be identified and agrees with the
model proposed earlier (Hoenger et al., 1998).

(v) The 16 nm super-period, due to cooperative binding
of kinesin dimers, has been detected by negative staining
but not by shadowing (Figure 4), nor on frozen-hydrated
specimens, possibly because of the inherent disorder in
the surface of bound kinesin dimers.

(vi) The low degree of order found with kinesin dimers is
in strong contrast to the high order when monomers dec-
orate the microtubule lattice. This is an unexpected find-



ing; it suggests that the attachment of dimers can take dif-
ferent routes, with loosely tethered heads possibly ac-
counting for the disorder, in combination with the collapse
of the coiled-coil tails onto the surface. In this regard, the
surface relief is distinctly different from the bulk structure
obtained from image reconstruction of frozen-hydrated
specimens (e.g. Hoenger et al., 2000).

(vii) The tubulin structure itself shows features of 8 nm
periodicities, especially on the inside surface, which were
not anticipated by previous experiments and are not ex-
plained by the current tubulin structure.

(viii) Finally, perhaps the greatest advantage of the
method isits high inherent contrast, which allows interpre-
tation at detail below 4 nm resolution without any image
enhancement. This means that even non-periodic struc-
tural features can be studied. We therefore expect that the
method will help to bridge the gap between structural and
kinetic studies, and between the study of single particle in-
teractions and large macromolecular assemblies.

Materials and Methods

Expression of Monomeric and Dimeric Kinesin Constructs

Kinesin constructs used here were Neurospora kinesin nK343
(monomeric; Figures 2, 3, 4A), (a kind gift of Dr. M. Schliwa and Dr.
G. Woehlke, Muenchen), squid kinesin sK395 (dimeric; Figure
4C), and rat kinesin rK379 (dimeric; Figure 4B). Plasmids coding
for rat kinesin constructs were cloned and expressed as de-
scribed in Kozielski et al. (1997a). Briefly, to obtain pErk379 the
BamHI-Saul-fragment of the rat kinesin gene (kindly provided by
S. Brady, unpublished) was inserted into a pET-3a vector modi-
fied to contain the same sites with a stop codon. The plasmids
were expressed in E.coli BL21 (DE3) cells. Recombinant rK379
could be obtained in soluble form from the bacterial extracts.
E. coli cells were grown in LB Medium and expression of kinesin
was induced with 0.4 mm IPTG at a cell density corresponding to
AB00 = 0.6 —0.8. Cells were harvested after 16 hours of induction
at 25°C, resuspended in lysis buffer (50 mm PIPES, pH 6.9, 60 mm
NaCl, 1 mm MgCl,, 0.5 mm EGTA, 2 mm DTT, 1 mm PMSF) and
lysed with a French press. Purification was done by ion exchange
chromatography on phosphocellulose and MonoQ followed by
gel filtration on a G-200 Hiload 16/60 column (Pharmacia). Squid
kinesin was expressed and purified according to Song and Man-
delkow (1993).

Motor Decoration of Tubulin Sheets

Tubulin was prepared by phosphocellulose chromatography pre-
ceded by a MAP-depleting step as described (Mandelkow et al.,
1985). Preparation of motor-decorated tubulin sheets was per-
formed as described in Hoenger and Milligan (1997). Briefly, tubu-
lin at 5 mg/ml was polymerized for 30 minutes at 37 °C in 80 mm
Pipes pH 6.8, 4 mm MgCl, (= BRB80) supplemented with 10%
DMSO, 2mm GTP and the resulting microtubules and sheets were
stabilized with 20 pm taxol. Monomeric and dimeric kinesin was
added to the polymerized sheet solution ata 2.5-fold excess over
potential binding sites (tubulin dimers). To one volume of a tubulin
solution at 0.5 mg/ml we added one volume of a kinesin solution
at a concentration of 1 mg/ml. AMP-PNP was supplemented to a
final concentration of 20 pM. The resulting mix was incubated for
3 -4 min and then directly applied to glow-discharged carbon-
coated electron microscopy grids.
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Freeze-Drying and Metal Shadowing

A few microlitres of a tubulin sheet solution (with or without com-
plexed motors) at a concentration of approx. 0.5 mg/ml tubulin
was applied to carbon-coated grids and adsorbed for 2 — 3 min.
Then the grids were washed twice in BRB80 and once in double-
distilled water, blotted to remove excess liquid and quick-frozen
in liquid nitrogen. Frozen grids were then transferred to the so-
called ‘Midilab’. The Midilab is a unique design of the lab of H.
Gross and is essentially a freeze-drying/metal shadowing unit,
which is mounted onto the column of a Philips-CM12 electron mi-
croscope at the height of the specimen stage and allows for a di-
rectvacuum cryo-transfer of specimensinto the microscope onto
a modified GATAN cryo-holder (Gross et al., 1990). In the Midilab
samples were freeze dried for 2 hours at 180 K and a pressure of
<5 X 107 mbar. Properly dried specimens were subsequently
unidirectionally shadowed with a 0.5 nm thick layer of tantalum/
tungsten (Ta/W) at an elevation angle of 45 degrees. Unlike for
regular preparations, which have to be transferred through air, no
carbon backing is needed in this setup, which results in a signifi-
cant increase of resolution and a higher signal/noise ratio. The
contrast created by the metal coat is so high that the contrast
component resulting from unstained material below the surface
remains negligible.

Image Analysis

Images were recorded by a GATAN-794 Multiscan CCD camera
(GATAN, Pleasanton, CA, USA) at an electron dose of 500 — 1000
electrons/nm?. Suitable areas for Fourier filtering and averaging
were computationally unbend using the MRC-based SPECTRA
platform (Schmid et al., 1993), Fourier filtered, and averaged us-
ing the MRC (Henderson et al., 1986) and SUPRIM packages
(Schroeter and Bretaudiere, 1996). The Fourier filtered images
and averages in Figure 4B and C were obtained assuming lattice
parameters with 16 nm axial repeats (corresponding to two con-
secutive tubulin dimers along the protofilament axis). All other
averages assumed an 8 nm axial repeat, according to the length
of one tubulin dimer. The lateral lattice parameters were always
kept according to the lateral distance between two protofila-
ments (= ca. 5 nm). Helical 3-D reconstructions as the one shown
in Figure 5D have been obtained from frozen-hydrated specimen
of helical 15-protofilament microtubules as described in Sosa
etal. (1997) and Hoenger et al. (1998).
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