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Abstract The structure of tubulin has recently been sol-
ved by electron crystallography of zinc-induced tubulin
sheets. Because tubulin was studied in apolymerized state,
themodel containsinformation ontheinteractionsbetween
monomersthat giveriseto the af dimer aswell as contacts
between adjacent dimers that result in the structure of the
protofilament. The model includes the binding site of ta-
xol, an anti-cancer agent that acts by stabilizing microtu-
bules. The present tubulin model gives the first structural
framework for understanding microtubul e polymerization
and its regulation by nucleotides and anti-mitotic drugs at
the molecular level.
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Introduction

The many roles served by microtubules make them essen-
tial to the life of all eukaryotic cells. These critical func-
tions along with their fascinating biophysical properties
have made microtubules interesting to scientists from
many disciplineswho have sought to understand the mech-
anisms that are involved in microtubule functions in the
cell. The wealth of data that has been gathered over the
years hasled to many significant insights, but theinterpre-
tation of the data has been incomplete without knowledge
of the basic structure of tubulin, the main protein compo-
nent of microtubules. The tendency of tubulin to polymer-
ize, which is an essential property for microtubule forma-
tion, results in a number of polymeric forms besides mi-
crotubules. Among these are 2-dimensional crystalline
sheets, first described over thirty years ago (Larsson et al.
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1976), that form in the presence of Zn™ and are thus fre-
quently referred to as “zinc-sheets.” This polymer is well
suited to study by electron crystallography, atechniquethat
has recently developed as a complement to x-ray crystal-
lography in studies of small, especially thin, crystals. Ear-
lier we had shown that these crystals could provide high-
resolution structural information (Downing and Jontes
1992; Nogaleset al. 1995), and we have now extended the
previous work with the determination of an atomic model
of the tubulin dimer from electron crystall ographic data at
3.7 A resolution (Nogales et al. 1998a).

Tubulin structure

Figure 1 shows ribbon diagrams of the tubulin structurein
views corresponding to the inside and outside of the mi-
crotubule. The structures of a and B tubulin are very sim-
ilar, with identical topology and differences mainly lim-
ited to loop regions. Each monomer isformed by a pair of
central beta sheets surrounded by helices. The relation
between the sequence and structureisshowninFig. 2. The
a and S tubulin sequences are aligned, and residue num-
bering is based on that alignment and includes two gapsin
the sequence of Stubulin. We previously identified which
subunitis 3(Nogaleset al. 1995) based on the preferential
binding of taxol (Rao et al. 1994). Determination of thein-
side-outside orientation of the protofilament asit would be
in amicrotubul e was based on correlation of thelower res-
olution maps with freeze-fracture images and 3-D recon-
structions of microtubules (Wolf et al. 1996). Most of the
outside surface of the microtubule is formed by a pair of
antiparallel helices with along connecting loop. The hel-
ices appear to form most of the surface that interacts with
motor molecules, while the loop is involved in contacts
between monomers along the protofilaments. The last 10
residues at the C-terminus of a, and 18 in (3, are not re-
solved in the map, presumably due to disorder resulting
from their high charge density, but they are clearly located
on the outside of the microtubule. Previous evidence had
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Fig. 1 aRibbon diagram of the 8 monomer viewed from the inside
of a microtubule. Helical segments (H1-H10) and beta strands
(B1-B10) are marked to allow correlation with the sequence (see
Fig. 2). b View of the dimer from the outside of a microtubule. The
B monomer, on the bottom, is shown in alighter gray. Helices H11
and H12 are marked in this view, which also shows the longitudinal
interaction between monomers. The plus end of the microtubule is
down in this figure (see text)

also indicated that the C-terminus must be accessible for
interaction with MAPs on the outside of the microtubule
(Cross et al. 1991).

The N-terminal section of the sequence forms a Ross-
mann fold of alternating alpha helices and parallel beta
strands that constitutes the nucleotide binding domain in
each monomer. It has previously been recognized that tu-
bulin shares little sequence homology with other GTP-
binding proteins, and there was some expectation that the
structure would be substantially different. The tubulin to-
pology isdifferent from that of the classical GTPases, with
altered connectivity among some of the strands and differ-
ent nucleotide binding strategy (Nogales et al. 1998b).
These differences make if difficult to identify elementsin
tubulin that would correspond to the switch regionsin pro-
teins such as p21 Ras, EF-Tu or transducin. The signature
motif of tubulins, a glycine-rich loop of residues
GGGTGSG, interacts with the phosphates as predicted by
analogy with the P loop of the GTPases (Mandelkow et al.
1985). There are in fact interactions with the nucleotidein
each of theloopsthat link the first six beta strands with the
subsequent helices. At the end of the monomer opposite
the nucleotide binding site are residues between H7 and
H8 that had been predicted to interact with the nucleotide,
based on comparisons with GAPDH and other nucleotide-
binding proteins (Mandelkow et al. 1985). This region in
each of the monomers approaches the nucleotide in the ad-
jacent monomer. Thefact that hydrolysisfollows polymer-
ization suggests that this part of the structure acts as a
GTPase activator, either directly in away similar that in
the Ras-GAP complex (Scheffzek et al. 1997) or indirectly
by influencing the conformation of the adjacent monomer
around the y phosphate.

The location of the nucleotide binding site at the sur-
face of the monomer suggests both the polarity of the
monomer and the boundary of the dimer. It is known that
the nucleotidein Sisexchangeablein the dimer, while the
nuclectide in a is not exchangeable under normal condi-
tions. Thus it is most reasonable to expect that the dimer
is as shown in Fig. 1b, with the nucleotide in a buried at
the interface between a and 8 monomers. Furthermore, it
has been shown that the nucleotide in 8 can exchange with
the solution at the plus end, but not at the minus end, of a
microtubule (Mitchison 1993). This follows simply from
our dimer model if the dimer is oriented with the 3 subunit
at the plus end, so that the nuclectidein Bisexposed at the
surface of the dimer aswell as at the microtubule plus end.
Further evidence that B tubulin is at the plus end comes
from images of the ends of motor-decorated microtubules
opened into sheets (Hirose et al. 1995) and the observation
that an anti-a antibody binds only at the minus ends (Fan
et al. 1996).

Our previous studies on the comparison of images of
negatively-stained sheets and opened microtubule ends
(Wolf et al. 1996) had led us to the opposite conclusion,
that a tubulin was the subunit crowning the plus end. We
have now generated projections of the protofilaments as
they would appear in the zinc and microtubule sheets us-
ing the tubulin atomic model in order to understand why
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Fig. 2 Sequences of a and S tubulin as used in building the atom-
ic model, and secondary structure assignments. All of the experimen-
tal work has been done with bovine brain tubulin, but in the absence
of sequencesfrom cow, we have used the pig sequences (Krausset al.
1981), which are expected to be virtually identical. The numbering
used in the text corresponds to that of Kraus et al. (1981) in order to
relate most clearly to the structure. Secondary structure elements,
corresponding to the labels of Fig. 1, are marked

wepreviously cametothewrong conclusion. Itisnow clear
that a rotation of about 20 degrees around the protofila-
ment axisisrequired to fit the protofilament into a micro-
tubule (manuscript in preparation). Figure 3 shows projec-
tions of the atomic model calculated with limited resolu-
tion and viewed as they are seen in the zinc sheets and as
they are presumed to be in microtubules. In the negative
stain imagesthereisacontinuous band of density that runs
along the protofilament near one edge (Wolf et al. 1996).
The relative polarities of the two sheets had been inter-
preted on the basis of the position of this band and on the
asymmetry of the monomer projections. As seen in
Fig. 3, rotation of the protofilament moves the center of
mass and changes the asymmetry in these low resolution
imagesin away that suggests an inversion of the protofil-
ament direction.

The position of the nucleotide in 3 at the interface
between dimers also suggests the nature of the conforma-
tional change that has been proposed to follow hydrolysis
of the nucleotide. Given that the nucleotide state is differ-
ent in the two monomers of the model, the similarity of the
structures of a and S, especially around the nucleotide, is
remarkable. However, it is now recognized that in micro-
tubules hydrolysisinduces some stressin the structure, but
thelatti ce contacts between dimerskeep the structure close

REKAFLHWYTGEGMDEMEF TEAESNMNDLVSEYQQYQDATADEQGEFEEEGEEDEA

Fig. 3a, b Projectionsof the atomic model calculated with low res-
olution (6 A resolution cutoff, temperature factor B = 1000) to ap-
proximate images of negatively-stained samples. a Orientation as
seen in the zinc sheets, with plus end down. b Rotated 20 degrees
around protofilament axis corresponding to orientation in a micro-
tubule, and rotated 180 degreesaround axisperpendicul ar totheplane
of the figure, i.e. plus end up

to that of the GTP-bound state (Caplow et al. 1994). Upon
rapid disassembly of microtubules, the protofilaments peel
off and curl. In addition, tubulin-GDP can be madeto poly-
merize into closed rings and double rings of about 14-16
dimers. Thus the tubulin-GDP state has become known as
the curved conformation, and the tubulin-GTP state as the



Fig. 4a, b Protofilament models. a A protofilament containing
GTP in all the exchangeable sites of Bis straight, as is a protofila-
ment inamicrotubuleeven after GTPishydrolyzedto GDP. AsGDP-
contai ning protofilamentsdisassemblefrom amicrotubule, they curl,
possibly by kinking at the inter-dimer interface near the exchange-
able nucleotide site

straight conformation. We have proposed that the curving
seen in the GDP state may reflect aconformational change
that occurs mainly at the dimer interface producing a kink
between dimers, as illustrated in Fig. 4 (Downing and
Nogales 1998).

All of our samples were stabilized with taxol, which
binds to and stabilizes the zinc-sheets against low
temperature depolymerization, much as it does in micro-
tubules. Tubulin bound to taxol can polymerize eveninthe
absence of GTP. This suggests that the presence either of
the y phosphate or of taxol stabilizes the tubulin confor-
mation that favors polymerization. The 3.7 A map displays
clear density for the taxol molecule that has been included
in the atomic model using the crystal structure of taxotere,
ataxol analogue. The position and orientation of the tax-
oid are consistent with anumber of experimental observa-
tions. Crosslinking studies have localized residues 3:1-31
near the C13 side chain of taxol (Rao et al. 1994), which
in the model is close to the end of the helix H1 near (3.25.
The C2 phenyl group of taxol can be crosslinked to the re-
gion 3:217-231 (Rao et al. 1995), and in the model isclose
to [3:212-222. A recent study has identified the mutation
of Phe272 to valine as related to taxol resistance in a cell
culture line (Giannakakou et al. 1997). Phe272 sitsin the
beta strand on the back of the taxoid, and its side chain
interacts with the C3' phenyl ring of taxol. Interestingly,
one of the significant differences between the a and

Fig. 5 Hypothetical model of colchicine-tubulin interaction. The
orientation correspondsto theview fromtheleft side of Fig. 1b, with
the inside of the microtubule on the left of this figure. A model of
colchicine has been positioned in a way that agrees with available
dataon the binding site. The C ring sits between Cys356 and the loop
containing Cys241 in 3, the A ring is adjacent to the loop near the N
terminus containing Val 37, and the B ring facesthe @ monomer. Both
colchicine and taxol bind on the side of tubulin that faces the lumen
of the microtubule, with colchicine near the a-f interface and taxol
bound within the 8 monomer

monomers is at the taxol site. An 8-residue insertionin a
tubulin is situated in aloop that coversthe region that cor-
responds to the taxol binding site in B tubulin.

The nature of other drug binding sites is of particular
interest, and while no drugs besides taxol have been visu-
alized in the sheets, some insights can be gained on the
binding of other drugs by integrating biochemical datainto
the model structure. There is much data, for example, on
the colchicine binding site. Crosslinking studies have
shown the proximity of the binding site to Cys356 in S,
with the sulfur of the cysteine expected to be within 3 A
of the C3 oxygen on the A ring of colchicine (Bai et al.
1996). Other experiments show crosslinking of colchicine
to two other sites, one within residues 1-46 and one in
216-243,dsoin B(Uppuluri et a. 1993). Furthermore, the
crosslinking of Cys241 and Cys356 in tubulin abolishes
binding of colchicine (Roach and Luduefia 1984). It has
also been shown that colchicineinteracts with a, although
the primary contacts appear to be with 3, and it has been
suggested that the B ring should project toward a (Wolff
and Knipling 1995; Banerjee et al. 1997). Thus the region
of tubulin that interactswith colchicine, near the a-Binter-



face and on the side facing the microtubule lumen, iswell
enough characterized to model the interaction. In Fig. 5, a
colchicine molecule in the conformation that was deter-
mined by x-ray crystallography has been modeled into the
dimer structure to indicate the location that is suggested
by the available evidence. Colchicineis known to bind in
atwo-step process, which is generally interpreted as com-
prising a rapid association followed by stronger binding
associated with a conformational change in the tubulin
dimer (Garland 1978; Diaz and Andreu 1991). It is tempt-
ing to supposethat the conformational change may involve
anincreaseinthecontacttoresiduesinhelix H2 of a, which
isjust above the colchicine in this model. This hypotheti-
cal model may suggest rational experiments aimed at fur-
ther understanding the nature of colchicine binding aswell
asrelated effects. For example, it isnot yet clear why col-
chicine enhances the intrinsic GTPase activity of tubulin
or how this effect would vary among the different isotypes
(Banerjee 1997). This type of question can be addressed
more directly now on the basis of the structure.

Tubulin is the second self-assembling protein of the
eukaryotic cytoskeleton whase structure has been solved.
Inthe case of actin, the crystal structure wasthat of the un-
polymerized protein (in fact, bound to a second molecule
to prevent self-assembly) (Kabsch et al. 1990). Under-
standing the structure of the polymerized form involved
the complex modeling of actin into the F-actin fibers
(Holmes et al. 1990), with results not always unambigu-
ously clear. On the other hand, the structure of tubulin has
been obtained in a polymerized form. Although the inter-
actions between protofilaments in the zinc-sheets and in
microtubules have to be different, the extensive interac-
tions between monomers and dimers at the longitudinal
interfaces are certain to be extremely similar between these
two polymer forms. Docking of the tubulin dimer into the
microtubule thus involves only two degrees of freedom, a
rotation with respect to the protofilament axis and a trans-
lation paralel to it (manuscript in preparation). Such a
model of themicrotubulewill reveal thesitesof lateral inter-
actions in microtubules, completing our knowledge of the
tubulin residues involved in microtubul e polymerization.

Conclusion

The atomic model of tubulin allows us to begin to under-
stand the biophysical properties of microtubules. We can
identify residues involved in nucleotide binding and poly-
merization along the protofilament, and can model inter-
actions between protofilaments and with drugs and other
proteins. Aswe extend the resolution and refine the model
to more accurately define the side chain orientations, the
significance of particular side chain interactionsin micro-
tubule polymerization and stability should become more
clear. We should also be able to understand how tubulin
mutations produce their particular phenotypes. Some of
these can already be understood. For example, removing
charged residues in the motor-binding regions of Sisle-
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thal (Reijo et a. 1994), presumable due to an unfavorable
interaction with the motors. We anticipate being abletore-
late differences among isotypes to their different proper-
ties. The function of various post-translational modifica-
tions may become clear, although at the moment some are
quite mysterious. For example, Lys40 in a is frequently
acetylated. Lys40 isin one of the loops that protrude into
the lumen of the microtubule, and it is not yet clear what
interactions would be modified by this acetylation. The
model already providesthe basisfor understanding anum-
ber of observations about tubulin’s behavior, and should
suggest a new generation of experiments aimed at further
understanding in detail the mysteries of this vital part of
the cytoskeleton.
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