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ABSTRACT: Microtubule architecture can vary with eukaryotic species, with different cell types, and with
the presence of stabilizing agents. For in vitro assembled microtubules, the average number of protofilaments
is reduced by the presence of sarcodictyin A, epothilone B, and eleutherobin (similarly to taxol) but
increased by taxotere. Assembly with a slowly hydrolyzable GTP analogue GMPCPP is known to give
96% 14 protofilament microtubules. We have used electron cryomicroscopy and helical reconstruction
techniques to obtain three-dimensional maps of taxotere and GMPCPP microtubules incorporating data
to 14 Å resolution. The dimer packing within the microtubule wall is examined by docking the tubulin
crystal structure into these improved microtubule maps. The docked tubulin and simulated images calculated
from “atomic resolution” microtubule models show tubulin heterodimers are aligned head to tail along
the protofilaments with theâ subunit capping the microtubule plus end. The relative positions of tubulin
dimers in neighboring protofilaments are the same for both types of microtubule, confirming that conserved
lateral interactions between tubulin subunits are responsible for the surface lattice accommodation observed
for different microtubule architectures. Microtubules with unconventional protofilament numbers that exist
in vivo are likely to have the same surface lattice organizations found in vitro. A curved “GDP” tubulin
conformation induced by stathmin-like proteins appears to weaken lateral contacts between tubulin subunits
and could block microtubule assembly or favor disassembly. We conclude that lateral contacts between
tubulin subunits in neighboring protofilaments have a decisive role for microtubule stability, rigidity, and
architecture.

Microtubules are key actors in the cytoskeleton of eu-
karyotic cells where they play important roles in organizing
the spatial distribution of organelles during interphase and
of chromosomes throughout cell division. They can be
extremely stable as in cilia and flagella or very dynamic as
in the mitotic spindle. Microtubules are∼25 nm diameter
hollow tubes with walls made from tubulin heterodimers
stacked head to tail at 8 nm intervals to form “protofilaments”
that run lengthwise along the wall. These protofilaments
associate laterally with an∼0.9 nm offset such that tubulin
subunits in neighboring protofilaments describe a 12 nm
pitch, left-handed, helical pathway around the microtubule.
Microtubule architecture in living cells depends on the
number of protofilaments, usually 13, but a very wide range
is possible (1-6).

TheR andâ tubulin subunits have very similar sequences
and three-dimensional structures (7). By treating the subunits
as identical, the nomenclatureN:S provides a simple clas-
sification of different microtubule structures via the two most
prominent surface lattice features, the number of proto-
filaments (N) and the number of lateral helices (S, called

S-start helices). In vitro, pure tubulin can assemble into many
microtubule polymorphs with a wide range of protofilament
numbers, typically in the range 10e N e 16, and with 2e
S e 4. Microtubules can accommodate this wide range of
protofilament numbers by a rotational adjustment of their
surface lattice, giving long-pitch superhelical protofilaments
as confirmed by electron cryomicroscopy. The conservation
of the lateral contacts between protofilaments has been
proposed as the driving force for this accommodation process
(8-12).

In 1998, an atomic resolution structural model of the
tubulin heterodimer was obtained by electron crystallography
of taxol-stabilized zinc sheets (7). Since protofilaments in
zinc sheets and microtubules have the same longitudinal
packing, this gives a putative model of the inter- and
intradimer contacts along the protofilaments. Neighboring
protofilaments are aligned antiparallel in zinc sheets and
parallel in microtubules, making it more difficult to detect
possible lateral contacts between microtubule protofilaments.
This question was addressed by docking zinc sheet proto-
filaments into a 20 Å resolution map of microtubules
obtained by electron cryomicroscopy (13). A major structural
feature involved in lateral interactions between tubulin
subunits was found to be the M loop situated betweenâ
strand S7 andR helix H9 (structural features of theâ subunit
are shown in Figures 3 and 5) (7, 13-15). In â tubulin, this
loop is influenced by the antimitotic drug taxol that binds to
a nearby site, occupied inR tubulin by an eight-residue insert
in the loop between S9 and S10. The stabilization of

† Work supported by grants from the Association pour la Recherche
sur le Cancer and from the Re´gion Rhône-Alpes. R.H.W. acknowledges
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microtubules by taxol blocks cell division, leading to the
use of this drug for chemotherapy of certain forms of cancer
(16). In addition, taxol has the interesting property of
modifying microtubule architecture by reducing the average
number of protofilaments (17-19).

Microtubules have a remarkable dynamical polarity, as
witnessed by the different growth and shrinkage rates of their
two ends (20). In many cells, microtubules grow outward
from the microtubule organizing center (MTOC)1 toward the
cell membrane with the fast growing (plus) end leading and
with the minus end remaining embedded in the MTOC.
These networks, and the polar distribution of microtubules
in the mitotic spindle, provide pathways for dynein and
kinesin, allowing these ATP-dependent microtubule motors
to participate in cell division and to engage in intracellular
transport and organization. Both motor proteins can detect
the underlying structural polarity of microtubules and move
in specific directions with unerring accuracy (21). The kinesin
motor domain interacts specifically with tubulin, and “deco-
ration” with the kinesin motor domain has been used to
determine the surface lattice organization of microtubules
using electron microscopy: identical tubulin subunits are
aligned along the lateral helices; this is known as the B lattice
(22-24). As a result, interprotofilament contacts involve
identical tubulin subunits with the important proviso that the
B lattice has complete helical continuity only for an even
number of lateral “monomer” helices (22, 25). Consequently,
for the 13 protofilament, 3 start (13:3) microtubules usually
found in eukaryotic cells, there will beR to â contacts
between a single pair of protofilaments. This “seam” is most
likely a direct consequence of the microtubule growth process
with tubulin dimers adding endwise onto sheets that protrude
from the microtubule extremity (26, 27). It is an open
question as to whether the seam has a functional role such
as providing a “weak link” facilitating microtubule dis-
assembly.

Subtle differences betweenR andâ tubulin are implicated
in the relationship between the structural and dynamic
polarity of microtubules. Considerable efforts have been
made to relate the tubulin dimer orientation to microtubule
polarity leading to the current picture withâ tubulin capping
the microtubule plus end andR tubulin the minus end (28-
30). Microtubule assembly requires the presence of GTP at
the E (exchangeable) site on theâ subunit, and hydrolysis
accompanies microtubule growth so that microtubules are
mostly made up of “GDP tubulin” with the growing end
capped by GTP tubulin, probably limited to the endmost
tubulin dimer. During microtubule growth, theR subunit of
an incoming tubulin dimer will interact with the in situâ
subunit and provoke GTP hydrolysis. TheR tubulin capped
minus end will behave differently since GTP inR tubulin is
buried within theRâ interface and is neither exchangeable
(N site) and nor hydrolyzable. Microtubules formed in the
presence of the slowly hydrolyzable analogue GMPCPP are
more stable than GDP microtubules, suggesting that GDP

tubulin is required for microtubule disassembly (31). GDP
tubulin is thought to have a natural curved conformation as
witnessed by the ring-like structures produced when micro-
tubules disassemble. In addition, some proteins, such as
stathmin, interfere with microtubule assembly either by
sequestering tubulin or by destabilizing microtubules. The
presence of stathmin at the microtubule plus end could block
microtubule growth by inducing protofilament curvature
similar to the conformation of the two tubulin dimers
complexed to a stathmin-like domain observed recently by
X-ray crystallography (32).

We first determined how a number of stabilizing agents,
epothilone B, sarcodictyin A, eleutherobin (for a brief
description of these drugs, see refs33and34and references
cited therein), taxotere, and GMPCPP, influence microtubule
architecture. We then used electron cryomicroscopy and
helical reconstruction techniques to obtain three-dimensional
maps of two different microtubule architectures, incorporat-
ing data to 14 Å resolution: (i) 14:3 microtubules (not strictly
helical) assembled in the presence of GMPCPP and (ii) 15:4
microtubules (strictly helical) assembled in the presence of
the antimitotic drug taxotere.

The dimer packing within the microtubule wall and the
putative longitudinal and lateral interactions between tubulin
subunits are examined by docking the crystal structure of
the tubulin dimer into our improved microtubule maps. We
compare the lateral contact geometry between tubulin
subunits for the two microtubule lattices. Simulated images
calculated from “atomic resolution” microtubule models are
used to confirm the docked tubulin dimer orientation within
the microtubule protofilaments. Finally, we suggest that the
crystal structure of tubulin associated with a stathmin-like
domain indicates how a curved tubulin conformation could
weaken lateral contacts between tubulin subunits and either
block microtubule assembly or favor protofilament separation
during plus end disassembly.

EXPERIMENTAL PROCEDURES

Tubulin was prepared and purified as described (35).
Control microtubules were assembled from pure tubulin in
the presence of excess GTP in assembly buffer as described
(19). Similarly, microtubules were assembled from pure
tubulin at 10µM with an additional 20µM of the following
drugs: epothilone B, sarcodictyin A, eleutherobin, and
taxotere. GMPCPP microtubules were assembled as de-
scribed (31). Specimens were prepared for electron cryo-
microscopy as described previously (19). Preliminary data
were obtained using a Philips CM200 with a LaB6 source
and a liquid nitrogen cooled Gatan 626H side-entry stage.
Micrographs were recorded under low dose conditions at a
nominal electron optical magnification of 38000×. The
lengths of each type of microtubule were measured directly
on photographic prints for each assembly condition and the
results expressed as a percentage of the total length of all
microtubules.

For 3D image reconstruction, images of 14:3 and 15:4
microtubules, selected using their characteristic moire´ pattern
contrast (9, 10), were digitized using a modified Optronics
P1000 scanner with a raster corresponding to about 3.25 Å
at the specimen. The quality of the digitization was later
checked using a ZEISS SCAI scanner. Preliminary image

1 Abbreviations: ATP, adenosine 5′-triphosphate; CCF, cross-
correlation coefficient; CTF, contrast transfer function; FOM, figure
of merit; GMPCPP, guanylylR,â-methylenediphosphonate; GDP,
guanosine 5′-diphosphate; GTP, guanosine 5′-triphosphate; GMPCPP
microtubule, microtubules assembled in the presence of GMPCPP (a
similar notation is used for tubulin and for other nucleotides and drugs);
MTOC, microtubule organizing center.
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treatment was carried out, as described, on Silicon Graphics
workstations using SUPRIM software (36) and some in-
house procedures. Fourier transforms were calculated for 512
by 4096 pixel regions (Supporting Information, Figure 1).
Layer line data were extracted using in-house procedures,
and the MRC helical program package (37) was used for
tilt correction, alignment, etc. Preliminary reconstructions to
18 Å resolution were calculated using layer lines within the
first CTF maximum.

Further images were recorded at a nominal 40000×
magnification using the liquid helium cooled stage installed
on the JEOL3000FEG in the laboratory of Y. Fujiyoshi,
Kyoto. A total of 500 images of GMPCPP microtubules were
recorded over a defocus range of 1-2 µm. The defocus was
calculated using 512 by 512 pixel regions extracted from
the carbon background visible at the edges of the micrographs
using a procedure similar to that adopted by Morgan et al.
(38). Sometimes, we were able to verify the defocus against
the value found within the ice layer over a hole. Only images
with negligible astigmatism were retained. The measured
defocus is accurate to(2%. For each defocus a theoretical
CTF (weak amplitude, weak phase object approximation)
was calculated to find the best fit with the maxima and
minima positions of the experimental data, and the radial
intensity fall off was compensated by a envelope function
equivalent to that due to the angular illumination aperture
(39). This procedure gives an estimate for the CTF of each
image (Supporting Information, Figures 2 and 3).

Ten images, corresponding to about 22 000 tubulin het-
erodimers, were selected for the final GMPCPP microtubule
reconstruction. For each microtubule image, layer lines were
extracted from the 512 by 4096 Fourier transform, for near
and far sides, at positions corresponding to multiples of
vertical heightsZN, ZS (Z ) lZN + kZS, l andk are integers)
even if there was no clearly visible “diffraction” peak. In

addition, background “layer lines” were extracted at inter-
mediate positions. A similar procedure was adopted for the
seven micrographs selected from the 72 image data set
obtained for taxotere microtubules. The layer line data were
averaged over the complete data set:

whereFav(n,R,Z) is the average Fourier coefficient alongR
for thenth order Bessel component on the layer line at height
Z above the equator.Fi is the coefficient for theith member
of the data set andKi(R,Z) is the value of the CTF at the
radial positionR on theZ layer line; see, for example, ref
40. Each averaged layer line was compared to the averaged
background and a local figure of merit (FOM) calculated
along each layer lineZ (Supporting Information, Figure 4):

The summation runs over the data set,i ) 1, N. Note thatN

FIGURE 1: Three-dimensional structures of (a) GMPCPP microtubules (yellow) and (b) taxotere microtubules (blue). The isosurface
representations are cut lengthwise to show the inner (left) and the outer (right) surfaces of the microtubules (plus end upward).

Table 1: Stabilizing Agents Influence Microtubule Architecturea

protofilaments 11 12 13 14 15 16

control 0 0 35 55 10 0
taxol 3 60 35 2 - -
eleutherobin 1 57 41 2 - -
sarcodictyin A 0 43 51 5 - -
epothilone B 0 22 67 11 1 0
taxotere - 2 30 38 26 4
GMPCPP - 0 3 96 - -
a Microtubules assembled in the presence of GTP (control), antimi-

totic drugs, and GMPCPP are observed by electron cryomicroscopy
and classed according to the number of protofilaments as assessed from
the characteristic image contrast (8, 9). For each assembly condition,
the values are expressed as percentages of the total length and rounded
off to the nearest integer. For example, zero indicates a value less than
or equal to 0.5 whereas dashes indicate no observed microtubules.

Fav(n,R,Z) ) ∑iFi(n,R,Z)Ki(R,Z)/∑iKi
2(R,Z)

FOM(n,R,Z) ) |∑iFi(n,R,Z)|/∑i|Fi(n,R,Z)|
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) 20 for GMPCPP microtubules, andN ) 14 for taxotere
microtubules, counting near and far data from one image as
two data sets. Layer line peaks are then selected on the
criteria that their value is greater than 3σn (standard deviation
of the local noise) and that their FOM is significantly greater
than 0.5, corresponding to a highly acceptable phase error
(41). 3D density maps are calculated using an in-house
modification of the MRC Fourier-Bessel inversion program
HLXFOUR (37).

The crystal structure (7) of the tubulin dimer (T) was
docked into the 3D density map using a computational
procedure developed in house (42) to obtain the position and
orientation ofT maximizing the cross-correlation coefficient

where the summation covers the pixelsi ) 1, N in a selected
volumeD of the density map (pixel valuesDi, averageDav)
and in the tubulin dimer (pixel valuesTi, averageTav). The
volumeT is calculated from the tubulin structure PDB file
at 14 Å resolution to match the resolution of the microtubule
density map. Potential docking positions are located by
initially fitting the atomic resolution model into the micro-
tubule density map by eye. The extracted volumeD includes
the putative tubulin docking position.C is calculated forD
covering a range of starting positions.

RESULTS

(a) Microtubule Surface Lattice in the Presence of
Stabilizing Agents.Specimens were prepared for electron
microscopy shortly after microtubule assembly in the pres-
ence of stabilizing agents as described in Experimental
Procedures. We found that microtubules can be stable at
room temperature for 10 days or more after assembly. Table
1 shows that epothilone B, sarcodictyin A, and eleutherobin
behave similarly and, like taxol (17-19), favor microtubule
populations with reduced numbers of protofilaments com-
pared to the control assembly, suggesting that this group of
drugs stabilizes microtubules by a similar mechanism. The
presence of taxotere gives, on the average, microtubules with
more protofilaments than the control assembly. Assembly
in the presence of GMPCPP gives 96% of 14 protofilament
microtubules. This highly defined microtubule population is
unique for microtubule-stabilizing agents examined to date
and implies that the nucleotide influences the lateral interac-
tions between tubulin subunits in adjacent protofilaments.

On the basis of these results we decided to investigate the
three-dimensional structures of microtubules with two dis-
tinctly different surface lattices: 14:3 microtubules assembled
in the presence of GMPCPP that are not strictly helical and
the 15:4, strictly helical, microtubules assembled with
taxotere.

(b) Microtubule Structures.Figure 1 shows isosurface
representations of three-dimensional reconstructions at about
14 Å resolution of (a) GMPCPP and (b) taxotere micro-
tubules. As we expected, and verified on the computed
Fourier transforms (Supporting Information, Figure 1), the
R and â tubulin subunits are indistinguishable at this
resolution. The outer surface views show parallel, compact

protofilaments separated by deep grooves. The main con-
tacts between protofilaments are at the bottom of the grooves
with large windows (about 15 by 25 Å for taxotere, 15 Å
by 20 Å for GMPCPP) giving direct access to the micro-
tubule lumen. Each protofilament is shifted lengthwise by
about 9 Å with respect to its neighbor. The outermost surface
of the protofilaments is quite smooth and the inner surface
rough. There is an∼40 Å repeat in the density distribution
along the protofilaments corresponding to the spacing
between theR andâ tubulin subunits. As viewed from the
outer surface, the right-hand sides of the protofilaments in
GMPCPP and taxotere microtubules are quite similar (for
GMPCPP microtubules there is one longer extension of
density into the groove just above the windows). The left-
hand sides are rather different: strongly indented with
extensions into the interprotofilament region for GMPCPP,
whereas for taxotere this side has smoother undulations.

C ) ∑i(Di - Dav)(Ti - Tav)/

[∑i(Di - Dav)
2∑i(Ti - Tav)

2]1/2

FIGURE 2: Tubulin crystal structure docked into the GMPCPP
microtubule map (gray isodensity surface). TheR andâ subunits
are shown respectively as lighter and darker blue ribbon representa-
tions. (a) Part of two neighboring protofilaments viewed from the
microtubule outer surface. (b) End-on view of these protofilaments
from the microtubule plus end. (c) Side view of a protofilament
across the thickness of the microtubule wall.

Microtubule Structure Biochemistry, Vol. 40, No. 27, 20018003



GMPCPP microtubules appear to have more extensive
interprotofilament contacts.

Figure 2 shows front, top, and side views of the tubulin
dimer structure docked into the GMPCPP microtubule
reconstruction as described in Experimental Procedures. The
cross-correlation coefficientC ) 0.83 (0.81 for taxotere)
indicates the excellent quality of the docking. Visual inspec-
tion shows there are no overlapping subunits, no significant
structural elements outside the isodensity surface, and no
large empty spaces inside. The rough inner surface matches
features such as the long H1-S2 loop. The longitudinal
interfaces between subunits appear similar to those in the
zinc sheet protofilaments as previously described and will
not be discussed in detail (7).

We suppose lateral contacts between subunits in adjacent
protofilaments are possible if (a) the carbon backbones of
neighboring tubulin subunits are within 3-6 Å of each other
and (b) the 3D reconstructions show significant density
crossing the grooves between the protofilaments. Both
reconstructions show connections at the bottom of the
grooves between protofilaments where the M loop in one
tubulin subunit interacts with H3 and loops H1-S2, H2-
S3 in the neighboring subunit. The GMPCPP microtubule
map suggests that lateral contacts may extend over a range
of radii, as measured from the microtubule axis. The M loop
and H1-S2 interact at a radius of 100-110 Å; at about 125
Å, the end of the M loop leading into H9 could contact the
helix H3; further out, at a radius of 130-135 Å, there is a
possible contact between loop H10-S9 and the C-terminal
end of H4. Although H4 and the H10-S9 loop are not very
close in the docked tubulin structures, the tubulin conforma-
tions may be different in taxol-stabilized zinc sheets and in
GMPCPP microtubules. This is quite feasible since loop
H10-S9 is close to the nucleotide binding site on the next
subunit along the protofilament. The glycine-rich tubulin

signature loop T4 (GGGTGS), at the N terminus of H4,
interacts with the phosphates in the nucleotide so the position
of H4 could depend on the nucleotide state. Another
possibility concerns putative contacts between the H6-H7
loop and H3. Again, although these regions are rather far
apart in docked tubulin neighbors, they could be influenced
either by the nucleotide via loop T3 or by taxotere via H6
and H7. The possible lateral contacts just described are
shown in Figure 3. It must be borne in mind that at the
present stage we can only propose putative contact zones.
Higher resolution microtubule reconstructions and an im-
proved tubulin structure will be required to accurately
identify specific interactions between individual side chains.

We have compared the relative positions of tubulin dimers
in neighboring protofilaments, as docked for GMPCPP and
taxotere microtubules, and find their positions match to
within (2 Å (Supporting Information, Figure 5). Since the
precision of the independent docking process for the two
maps at 14 Å resolution is expected to be about 3 Å (43),
this indicates that the significantly different surface lattices
of GMPCPP (14:3) and taxotere (15:4) microtubules have
essentially the same interprotofilament contacts. We conclude
that maintaining these lateral contacts is the essence of the
accommodation process by which microtubules adapt to a
wide range of protofilament numbers (8, 9).

Atomic resolution models can be built using the tubulin
dimer crystal structure and the helical parameters of the two
types of microtubule. Projection maps calculated from these
models are comparable to micrographs obtained by electron
cryomicroscopy and show the moire´ patterns and the arrow
contrast expected for 14:3 and 15:4 microtubules (44). The
arrows indicate the microtubule polarity and, together with
the docking process described above, provide an unambigu-
ous and independent determination of the tubulin dimer
orientation within the protofilaments (Supporting Informa-

FIGURE 3: Putative lateral contacts between tubulin subunits in GMPCPP microtubules (stars for taxotere microtubules). (a) Residues are
identified by the color code yellow, blue, and red according to their position in the groove between protofilaments as seen in (b) a cross
section of part of the microtubule wall and in (c) the ribbon diagram of theâ tubulin subunit viewed from the microtubule lumen.
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tion, Figure 6). Theâ subunit caps the microtubule plus end,
and theR subunit is at the minus end. In addition, the models
provide a good estimate of the resolution required to visualize
specific structural features. For example, Figure 4 shows two
dimers, in neighboring protofilaments, generated at 15 Å
(Figure 4b) and 8 Å (Figure 4c) resolution, respectively. The
15 Å resolution model shares many features on the outer
and inner surface with the 3D reconstructions as seen in
Figures 4a and 1. We believe the differences seen on the
outer surface, corresponding mainly to helices H11 and H12,
arise because a number of weaker reflections away from the
azimuth are absent in our present data set.

DISCUSSION

Taxol, sarcodictyin A, epothilone B, and eleutherobin give
long-term stability to in vitro assembled microtubules, and
judging from their behavior in reducing the average numbers
of protofilaments incorporated into microtubules, they appear
to have similar effects on lateral interactions between tubulin
subunits in adjacent protofilaments. Taxotere increases the
average protofilament number, indicating that this drug must
have different interactions within the taxol binding region
of â tubulin. GMPCPP is unique in producing so many

identical microtubules (96% 14 protofilament microtubules).
The implication that the nucleotide influences lateral interac-
tions between protofilaments is, at first site, surprising since
the exchangeable site on theâ subunit lies at the longitudinal
interface between tubulin dimers along the protofilaments.
However, several regions directly involved with nucleotide
binding could possibly affect the position of helices or loops
involved in lateral interactions (13, 15).

Docking the atomic structure of the tubulin dimer into the
14 Å resolution microtubule maps gives an unambiguous
orientation of the tubulin dimer within a protofilament and
confirms the essential features of the longitudinal interactions
between complementary surfaces of the tubulin subunits
deduced from the zinc sheet structure (7, 13-15). For
GMPCPP microtubules the density between the proto-
filaments suggests lateral interactions over an extended
thickness between protofilaments, in the range of 100-135
Å from the microtubule axis. The docking and a pseudo-
atomic resolution microtubule model show that the tubulin
dimer is aligned head to tail along protofilaments with theâ
subunit capping the microtubule plus end. This gives an
independent, structure-based confirmation of microtubule
polarity suggested by a variety of other methods (28-30).
Essentially the same lateral interactions exist between tubulin
subunits for two quite different microtubule architectures,
supporting the proposal that these interactions are the driving
force behind the accommodation mechanism that allows
microtubules to adapt to a wide range of protofilament
numbers in vivo as in vitro (8, 9).

There are, indeed, many well-documented examples of
organisms and cell types in which the usual 13 protofilament
microtubules are replaced by microtubules with different
numbers of protofilaments, and it has been established that
â tubulin is particularly important for determining micro-
tubule architecture (45). A good example is provided by the
nematodeCaenorhabditis elegans, which has microtubules
with 11 protofilaments in most somatic cells apart from six
touch receptor neurons containing 15 protofilament micro-
tubules. Themec-12R tubulin and themec-7â tubulin genes
are highly expressed in the touch cells and give a cell-specific
tubulin heterodimer (46, 47). Mutations in either gene
typically lead to touch-insensitive animals lacking 15 proto-
filament microtubules, butmec-7 has been much more
extensively studied (4). In Figure 5, the blue markers indicate,
for the nematodeâ tubulins mec-7, ben-1, and tub-1, the
residues differing from pigâ tubulin. Only seven residues
are unique to mec-7â tubulin. Two of these, T127 and C293,
are in regions involved in lateral contacts, and four other
residues in the M loop differ from pigâ tubulin. Savage et
al. suggested in 1989 that the region between residues 260
and 300 is important for interactions between protofilaments
(4). More recently, a systematic study of 45 mutations in
mec-7has allowed sequence alterations to be correlated with
mutant phenotypes (48). Three severe recessive alleles have
mutations in the tubulin signature region and may fail to
bind GTP. Many of the dominant mutations disrupt micro-
tubule assembly, and the mutation sites, shown in green, were
found in three clusters that were proposed to be important
for longitudinal and lateral interactions between tubulin
subunits within the microtubule wall. This is now strikingly
confirmed by the structural results. Residues 171-188 (loop

FIGURE 4: Experimental and computed structures of tubulin dimers
in neighboring protofilaments. Isodensity surfaces viewed from the
microtubule inside (left) and outside (right). Panels: (a) as seen in
the 3D GMPCPP microtubule map, (b) computed at 15 Å resolution
from the tubulin crystal structure, and (c) computed at 8 Å
resolution.
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T5 and helix H5) are involved in longitudinal contacts,
residues 243-249 (loop T7) interact with theγ phosphate
on the next tubulin subunit along the microtubule and are
also involved in longitudinal contacts, and residues 286-
318 are in the M loop region and are involved in lateral
contacts.

The tub-1 andben-1â tubulins incorporated into the 11
protofilament microtubules in the other nematode somatic
cells share a substitution of alanine for the usually invariant
proline 287 at the beginning of H9 (49). Alanine scan
mutagenesis ofâ tubulin in another organism, the yeast
Saccharomyces cereVisiae, shows that lethal substitutions are
mainly grouped in regions close to the longitudinal or lateral
interfaces (50). A point mutation E288K in theDrosophila
testes specificâ2 tubulin gives defective tubule morphology
both in vivo and in vitro (51). The remarkable cold stability
of microtubules in two Antartic fish (Notothenia coriiceps
andChionodraco rastrospinosus) was recently discussed in
terms of specific features in tubulin sequences (52). Unusual
or unique residues at the molecular surface localize to the
inside of the microtubule and to loops involved in lateral
contacts. It was suggested that two such residues within the
M loop, G280 and S285 in theâ subunit, increase the loop
flexibility and strengthen lateral interactions.

It is interesting that theâ tubulin M loop is also involved
in microtubule stabilization by the taxol family of drugs (13-
15) and probably by the other drugs investigated here.
Microtubules assembled in the presence of taxol have fewer
protofilaments than those assembled with taxotere (Table 1),
suggesting that the M loop has a specific conformation for
each of these drugs. The most important difference between

taxol and taxotere is at the end of the side chain connected
to C13 in the taxane ring. At this position (C5′) taxol has an
aromatic ring (AR3) and taxotere atert-butyl group
[O-C(CH3)3]. These may interact differently with H7,
thereby modifying the interaction of the aromatic ring (AR2)
with helix H1, loop S9-S10, and perhaps withâ strand S7.
This could lead to slightly different interactions of the M
loop with the taxane rings in taxol and in taxotere, thereby
modifying the position of the M loop so that it acts as an
effector both for microtubule stability and for protofilament
number. This is supported by the strong immobilization of
the C13 side chain when taxol binds to the tubulin dimer
whereas the taxane ring itself is immobile only when the
dimer is incorporated into the microtubule wall (53). Note
that taxol-resistant human ovarian cancer cells haveâ
tubulins with mutations near the beginning of the M loop
(P270V) and in the S9-S10 loop (A364T) (54).

GMPCPP microtubules also have greater stability com-
pared to standard microtubules containing mainly GDP
tubulin. Intuitively, the GMPCPP (GTP-like state) might be
expected to strengthen lengthwise interactions along the
protofilaments, giving another possibility for microtubule
stabilization. However, our three-dimensional maps suggest
that taxoids could favor strong but flexible contacts near the
inner surface of the microtubule wall whereas GMPCPP
microtubules appear to have more extensive lateral interac-
tions across the groove between protofilaments. We note that,
on one hand, GMPCPP microtubules are significantly more
rigid than GDP and taxol microtubules (55-60) and that,
on the other hand, the precisely defined number of proto-
filaments obtained during tubulin assembly in the presence

FIGURE 5: Sequence of pigâ tubulin with corresponding structural features,â strands S,R helices H, and turns T. Residues involved in
lateral contacts are shown in red. Blue tags indicate residues inC. elegans, mec-7, ben-1, and tub-1â tubulins that differ from pigâ
tubulin. Light blue indicates similar residues and dark blue weakly similar and different residues. Green tags indicate mutation sites in
severe domininant and semidominant alleles in mec-7 (47). The red and gray boxes outline respectively lateral and longitudinal contact
regions with clusters of tagged residues.
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of GMPCPP unambiguously shows the strong influence of
the tubulin nucleotide state on lateral interactions between
protofilaments. This leads to the suggestion that lateral
interactions are the important factor in microtubule stability
and that an increased number of contacts between proto-
filaments may explain the greater rigidity of GMPCPP
microtubules.

Many results suggest that tubulin has a straight “GTP-
like” form and a bent GDP-like form corresponding to the
curved protofilaments that peel off the plus end of micro-
tubules and to tubulin rings observed when microtubules
depolymerize (61, 62). In this view, it is the lateral
interactions within the microtubule wall that constrain GDP
tubulin to hold a straight conformation until released during
disassembly. A curved conformation has recently been
observed in the crystal structure of two GDP tubulin dimers
complexed with anR helical stathmin-like domain from the
neural protein RB3 (32). It was also shown that, when placed
at the microtubule plus end, the helical stathmin-like domain
is offset to one side of a protofilament. Figure 6 shows that
the tubulin-stathmin-like crystal structure, fitted to a mi-
crotubule plus end, rather than just coiling the protofilament
directly away from the microtubule wall, curves the proto-
filament extremity so as to pull directly on the M loop contact
in the neighboring protofilament. This could specifically
hinder lateral contacts required for microtubule growth or,
alternatively, favor disassembly by weakening the inter-
protofilament contacts that stabilize microtubules.

In conclusion, lateral contacts between tubulin subunits
in neighboring protofilaments appear as the key factor for
defining the microtubule surface lattice and number of
protofilaments, for microtubule assembly and disassembly,

for microtubule stabilization by “taxol-like” antimitotic drugs,
and for determining microtubule rigidity.
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SUPPORTING INFORMATION AVAILABLE

(1) Images of microtubules in vitreous ice and computed
diffraction pattern; (2) experimental contrast transfer function
curve, fit to theoretical curve, and averaged contrast transfer
profile for the GMPCPP microtubule data set; (3) data for
images used for reconstructions, defocus and source size used
for CTF correction, layer-line positions for unit reciprocal

FIGURE 6: The curved configuration of tubulin dimers interacting with stathmin may weaken lateral contacts between protofilaments. The
crystallographic structure of the complex between two tubulin dimers (the backbones of tubulinR1â1 andR2â2 are shown in blue) and a
stathmin-like helical domain (yellow) from the neural protein RB3 (32) is fitted to the plus end of the GMPCPP microtubule map (chicken
wire) with theR1 subunit at the docking position as shown in Figure 2. (a) Section across a protofilament showing the curved tubulin-
stathmin complex peeling away from the microtubule wall. (b) End-on view looking from the minus end toward the microtubule plus end.
The stathmin-like domain is offset into the groove between protofilaments and pulls tubulin subunits directly away (white arrow) from the
M loop contacts with subunits in the neighboring protofilament.
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lattice vectors, and phase residuals; (4) layer-line data for
GMPCPP and taxotere microtubules with corresponding
background noise and figure of merit (FOM) as defined in
Experimental Procedures; (5) relative positions of tubulin
dimers as docked into neighboring protofilaments for
GMPCPP and taxotere microtubules; (6) microtubule polarity
and tubulin dimer orientation from computed images using
the atomic structure of tubulin and the microtubule helical
parameters. This material is available free of charge via the
Internet at http://pubs.acs.org.
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