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Cdh1 concentration 0.4 nM) or HeLa cell extract (2 ml)*® was incubated with 4 p.g anti-
Cdc27 antibody for 4 h at 4 °C. Immune complexes were captured on protein A Sepharose
(Biorad) (50 ul), washed four times in XB buffer (20 mM HEPES pH 7.8, 100 mM KCI,
5mM MgCl,) supplemented with 1% Triton-X100, washed once with XB buffer with
300 mM NaCl, and once with XB. A total of 5 ul of washed beads were incubated with 1 pl
355-labelled Skp2, UbCH-10 (2.8 pM) (Boston Biochem), E1 (1 pM) (Boston Biochem) and
an ATP-regenerating system™ in a final volume of 7.5 pl at room temperature with shaking.
Ubiquitin (Boston Biochem) or methyl-ubiquitin (Boston Biochem) (10 mgml ™ 1) was also
included, as indicated. Aliquots of 1 ul of the ubiquitination reactions were removed,
boiled in SDS-containing sample buffer and resolved by SDS-PAGE.

SiRNA

siRNAs were purchased from Dharmacon and transfected into subconfluent cells using
Oligofectamine (Invitrogen) according to the manufacturer’s instructions. Cdh1 siRNAs
were named according to the first Cdh1 codon in their recognition sites and corresponded
to Cdh1 nucleotide sequences 266-286 (Cdh1-127), 305-325 (Cdh1-166), 338-358
(Cdh1-199), 566-586 (Cdh1-427) and 602—622 (Cdh1-463). The Cdh1-199 siRNA* and
Skp2 siRNA™ were described previously. An siRNA corresponding to a ‘scrambled’
cyclin A sequence (sense strand 5'-AACAACCUGCCCGCGACGGAA-3') and a firefly
luciferase siRNA served as negative controls.

Pulse—chase analysis

After transfection and synchronization, cells were grown in cysteine/methionine-free
media (Invitrogen) for 20 min and labelled in media supplemented with trans-label (50 ul
per 100-mm plate, 14 mCiml ™", ICN) for an additional 20 min. Cells were washed twice
with PBS and chased with DMEM supplemented with 10% fetal bovine serum, 2 mM
cysteine and 2 mM methionine. At various time points thereafter cell extracts were
prepared in PBS containing 1% Triton-X100 and incubated with anti-HA antibody
coupled to protein A sepharose (Santa Cruz) for 24 h at 4 °C. Immunoprecipitates were
washed four times in PBS 1% Triton-X100, once in RIPA buffer, and analysed by
SDS-PAGE.
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Microtubules are cytoskeletal polymers of tubulin involved in
many cellular functions. Their dynamic instability is controlled
by numerous compounds and proteins, including colchicine' and
stathmin family proteins®’. The way in which microtubule
instability is regulated at the molecular level has remained
elusive, mainly because of the lack of appropriate structural
data. Here, we present the structure, at 3.5 A resolution, of
tubulin in complex with colchicine and with the stathmin-like
domain (SLD) of RB3. It shows the interaction of RB3-SLD with
two tubulin heterodimers in a curved complex capped by the SLD
amino-terminal domain, which prevents the incorporation of the
complexed tubulin into microtubules. A comparison with the
structure of tubulin in protofilaments* shows changes in the
subunits of tubulin as it switches from its straight conformation
to a curved one. These changes correlate with the loss of lateral
contacts and provide a rationale for the rapid microtubule
depolymerization characteristic of dynamic instability. More-
over, the tubulin—colchicine complex sheds light on the mecha-
nism of colchicine’s activity: we show that colchicine binds at a
location where it prevents curved tubulin from adopting a
straight structure, which inhibits assembly.

Tubulin, an of heterodimer initially identified as the cellular
colchicine-binding protein®®, is the target of numerous small-
molecule ligands that interfere with microtubule dynamics, several
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of which are of clinical use, in particular for cancer treatment. Most
of them bind to one of three different sites: the colchicine, vinblas-
tine and taxol sites. Whereas the taxol site has been identified in the
structure of tubulin protofilaments in Zn-sheets*, the locations of
the other two sites are still uncertain (see, for example, ref. 7).
Tubulin also interacts with regulatory cellular proteins, among
which stathmin®®, or each SLD of its related vertebrate proteins,
sequesters two tubulin heterodimers™>'°.

We previously reported a partial structure of the tubulin:RB3-
SLD complex (T2R)"!, determined on the basis of the structure of
the tubulin heterodimer in Zn-sheets. This defined the complex as a
head-to-tail assembly of two tubulin molecules whose curvature is
maintained by a long RB3-SLD «-helix modelled as a ~90-residue
poly-Ala o-helix whose direction could not be assigned. The current
tubulin—colchicine:RB3-SLD complex structure has been deter-
mined at higher resolution using experimental phases to avoid
model bias'?. It allows us (1) to trace and refine the RB3-SLD
polypeptide chain in interaction with tubulin along nearly its entire
length, (2) to rebuild tubulin heterodimers and compare their
structures in a curved, soluble assembly and in protofilaments
and (3) to define the interactions of tubulin with colchicine.

In the complex, RB3-SLD adopts a hook-like shape accommo-
dating the two bound tubulin heterodimers (Fig. 1a). RB3-SLD
comprises three domains: an N-terminal ‘cap’ domain (residues 4 to
28) that is conserved in the stathmin family, a variable linker
domain (residues 29 to 45) and a conserved, mostly o-helical
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carboxy-terminal domain (residues 46 to 145)". Within the N-
terminal cap domain, residues 7 to 23 form a @$-hairpin (Fig. 1b)
that extends the -sheet of the intermediate domain* of the
a-tubulin subunit located at one end of the T2R complex. This
extension, together with nearby interactions (Fig. 1c), contributes
significantly to the stability of the tubulin—colchicine:RB3-SLD
complex. Interestingly, Ser 16, which is conserved in the stathmin
family and phosphorylated in stathmin in response to a number of
signals', is located in the tight turn of the 3-hairpin (Fig. 1¢) and its
phosphorylation could inhibit proper formation of the N-terminal
cap structure. Furthermore, the residues of tubulin interacting with
the N-terminal cap mediate longitudinal contacts between tubulin
heterodimers assembled in protofilaments'. The SLD would there-
fore sterically hinder the incorporation of the T2R complex at the
(+)-end of microtubules via its N-terminal cap (Fig. 1b), in
addition to maintaining the curvature via its C-terminal helix'".
The capping interaction also explains why RB3-SLD (data not
shown) and stathmin, but not an N-terminally truncated form,
prevent the formation of tubulin rings>'®. The SLD linker domain
involves a proline-rich region that diverges most among SLDs in the
stathmin family>". This region has no regular secondary structure
and is the least ordered part of RB3-SLD in the complex.

Finally, in the RB3-SLD C-terminal domain, electron density
for the largest side chains together with three selenomethionine
markers permitted the unambiguous assignment of the helical
register. In the structure, the majority of the side-chains that
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Figure 1 The tubulin—colchicine:RB3-SLD complex. a, The complex includes two tubulin
of3 heterodimers, with colchicine bound to 8 subunits at the interface with . The
RB3-SLD connecting region (residues 29-45) is from tubulin—podophyllotoxin:RB3-SLD,
where it is clearest (podophyllotoxin is a competitive inhibitor of colchicine binding to
tubulin®). b, The B hairpin (orange) in the N-terminal domain of RB3-SLD caps the T2R
complex, extending the 3 sheet (yellow) of the intermediate domain in the 1 subunit. The
extensive overlap with a protofilament (+)-end 8 subunit'®, preventing the addition of the
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T2R complex to a microtubule, is illustrated. ¢, Interactions of RB3-SLD residues with
tubulin (except for the least-well-defined RB3-SLD connecting region and for the
extension of the tubulin intermediate domain 3-sheet) represented by yellow connecting
areas. Red bars, residues of the a-helix pointing towards tubulin. Dashed lines, main-
chain hydrogen bonds in the extension of the intermediate domain 3-sheet. Within the
internal repeat (grey), identical residues are connected in blue (thick blue, side-chain
pointing towards tubulin). Asterisks indicate positions of stathmin phosphorylation sites.

199




letters to nature

point towards tubulin are defined and most of the previously
proposed tubulin residues that interact with stathmin are con-
firmed"" (Fig. 1c). The interacting SLD residues include the residues
of the mostly hydrophobic seam proposed to be responsible for the
interaction'’, but also at least as many polar/charged residues. The
data also show that, as hypothesized previously", each sequence of
the repeated pair present in the C-terminal a-helix is identically
positioned relative to the corresponding tubulin heterodimer.
Remarkably, side chains of six of the 13 repeated residue pairs
point away from tubulin (Fig. 1c), raising the possibility of a
function of the duplicated sequence and these conserved residues
in addition to tubulin binding.

A comparison of the structure of tubulin heterodimers in T2R
(which is similar to that of GDP—tubulin in curved protofila-
ments'') and in straight protofilaments demonstrates three import-
ant differences. First, a rotation of 11.6° = 1.0° is required to
superimpose their a and § subunits in the T2R complex. This is
not affected by the presence of colchicine, because this rotation
was unchanged in lower-resolution diffracting crystals that did not
include colchicine.

Second, the relative orientation of the three tubulin subunit
domains'®*—the N-terminal nucleotide-binding domain, the inter-
mediate domain and the C-terminal domain made of two antipar-
allel ou-helices—is different. The nucleotide-binding and C-terminal
domains of each subunit form a rigid block: the root-mean-square
deviation (r.m.s.d.) of Ca positions in secondary structure elements
of these domains in the curved (this work) and straight* structures
is 0.9A. In both « and B, however, an 8° and 11° rotation,
respectively, of their intermediate domains is required to super-
impose them in the two structures (the r.m.s.d. of the positions of
Ca atoms in secondary structure elements after superposition is
0.8A) (Fig. 2a).

Third, there are noticeable local differences between the curved
and straight structures. They comprise conformational changes in
loops located at longitudinal interfaces in protofilaments'® and also
changes in the long, flexible, M and H1-S2 loops, mostly due to the
influence of crystal packing (for the nomenclature of tubulin
secondary structure elements and loops, see ref. 4). Changes at
the intradimer a—f interface comprise a movement of the § subunit
T7 loop and H8 helix, which lie close to the colchicine-binding site
(the rm.s.d. of Ca positions after superlmposmon of the § subunit
intermediate domains is 4.9 A, maximum deviation is 6.6 A) as well
as differences in the conformations of the o subunit T5 and H6-H7
loops. The latter accompanies a 1.5A translation of the H7 helix
along its axis. Changes between the curved and straight structures at
the interdimer o—f interface are even more extensive, with two
major differences, both in the 8 subunit: a different T5 loop
conformation and a movement in one block of the H6-H7 loop
following a 2.5 A translation of the H7 helix along its axis, dragging
along the C-terminal end of helix H6. In the conformation they
adopt in the curved T2R structure, the T5 and H6-H7 loops of a
subunit would interfere with the neighbouring subunit positioned
as across a longitudinal straight protofilament interface (Fig. 2b;
Supplementary Fig. 1).

The T5 and H6-H7 loops contribute to the establishment of a
kinetic barrier between tubulin straight and curved structures,
because they switch between two conformations when this tran-
sition happens. The unfavourable interactions of the H6—H7 loop
that prevent the straight assembly of tubulin heterodimers will be
observed unless the H7 helix switches back to its location in the
straight structure. This helix connects the nucleotide-binding and
intermediate domains; in both the o and 8 subunits and in the
curved and straight structures, residues in its C-terminal half
contact (3-strands S7, S8 and S10 of the intermediate domain. As
a consequence, for the H7 helix to occupy its location in the
straight structure, the intermediate domain will rotate towards
the nucleotide-binding domain (Fig. 2c). This rotation allows the
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tubulin structure in microtubules to be stabilized through lateral
interactions mediated in the intermediate domain by the M loop
and, to a smaller extent, by the H9 and H10 helices™.

The movements described here do not directly or solely depend
on GTP hydrolysis because they occur both in GTP-bound

a
b
p222 /
- I 4 Interdimer
p— F
§ X (protofilament)

Straight Curved

(protofilament)

Figure 2 Tubulin subunit changes between the curved and straight structures.

a, The N-terminal nucleotide-binding and C-terminal domains of 8 subunits in T2R and
protofilaments are superimposable. Changes in the intermediate domains secondary
structure elements, the H6—H7 helices as well as the T5 and H6—H7 loops (bright colours)
in T2R (green) and protofilaments (orange) are shown. Poorly defined M-loop residues
that were not traced are presented as a dashed line. b, The interference between a T2R
8 subunit and a protofilament o subunit positioned as across an interdimer longitudinal
interface. For clarity only two 3 subunit residues, 8222 and 3177, which would make
strongly disfavoured interactions with helix H10 of the o subunit (with the main-chain and
residue o329, respectively), are presented. ¢, Cartoon representing the displacement of
the intermediate domain () in o and 8 during their curved-to-straight conformation
switches.
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o subunits and GDP-bound § subunits. The coupling of unfavour-
able longitudinal interactions to the movement of the intermediate
domain suggests a reciprocal link between straight tubulin assembly
and lateral interactions: lateral interactions force the straight tubu-
lin conformation to be adopted and allow microtubules to assemble
and, reciprocally, straight tubulin assembly allows lateral inter-
actions to be established all along microtubule protofilaments.

a
b
a
—
@
(30}
@0
[
c

(protofilament)

Intradimer

Figure 3 The colchicine-binding site on tubulin. a, DAMA-colchicine superimposed on
electron-density maps. The 3.5 AF obs—F calc OMit map (cyan) is contoured at 3¢. The 4 A
F obs—F calc Maps calculated with colchicine (red, contoured at 3o) and with DAMA-
colchicine but F oy of a tubulin—colchicine:RB3-SLD complex (green, contoured at
—3.30) are also presented. b, The colchicine site in the tubulin—colchicine:RB3-SLD
complex (bright colours: tubulin loops and secondary structure elements contacting
colchicine). ¢, Interference between colchicine binding and the straight conformation of
tubulin in protofilaments. An o subunit is positioned near a colchicine-bound 8 subunit as
across an intradimer longitudinal contact in a protofilament. The a-tubulin subunit is
prevented from occupying this position because of: (1) steric hindrance between
colchicine and residues 101, 181 and GTP; and (2) colchicine forcing the T7 loop, H8
helix (for clarity, only side chains of two interfering residues—o.71 and 3251—are
presented) and the Lys 3352 side chain to interfere with oe-tubulin.
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Our observations also suggest that, in addition to a loss of lateral
interaction energy, depolymerization of one protofilament induces
a destabilization of the neighbouring one whose intermediate
domains it contacts, by letting it curve. Indeed, curvature causes
additional losses of lateral (see above) and of longitudinal inter-
action energy, as longitudinal interactions are much less extensive in
curved structures than in microtubules (the longitudinal interface
areas are 1,960 A% and 2,200 A in T2R compared with 3,000 A% in
straight protofilaments'®). This will lead to easier onset of micro-
tubule disassembly and to enhanced depolymerization speed of
GDP—tubulin, two essential features of dynamic instability.

An unresolved issue is the structural mechanism by which GTP
regulates microtubule dynamics. One possibility is that binding of
GTP to the tubulin § subunit results in a conformational change
that locks the H7 lever helix® in its straight tubulin structure
position through interactions at its N-terminal end. This would
be propagated to the a—f3 interface and possibly to the o subunit
owing to an induced movement of the intermediate domain,
‘winding up’ the tubulin heterodimer into a straighter’' or ready-
to-be-straightened conformation. In microtubules, lateral inter-
actions would then double-lock the H7 helix through contacts at
its C-terminal end with the intermediate domain, as described
above. Following GTP hydrolysis, the first lock would be loosened;
the tubulin heterodimer would then be maintained in its straight
structure thanks to lateral interactions, but ready to curve and
disassemble in an auto-catalytic process as soon as these inter-
actions are lost.

The colchicine-binding site in tubulin (Fig. 3) was identified
during refinement by inspection of the o ,-weighted® Fp,F caic
electron-density difference maps (highest peak height, colchicine, is
12 g; first peak at a different location is 6 ¢). There is one such site on
each tubulin heterodimer. We also determined the 4.2 A structure of
a ternary tubulin—podophyllotoxin:RB3-SLD complex and found
that podophyllotoxin binds to tubulin at the same site as colchicine
(Supplementary Fig. 2), consistent with its ability to compete with
colchicine binding®. A complex where colchicine was replaced by
N-deacetyl-N-(2-mercaptoacetyl)-colchicine (DAMA-colchicine)
allowed us to establish the location of the N-acetyl group and to
define unambiguously the colchicine orientation in its asymmetric
electron density (Fig. 3a). The colchicine site is mostly buried in the
intermediate domain of the § subunit, boxed in by strands S8 and
S9, loop T7 and helices H7 and H8. Colchicine also interacts with
loop T5 of the neighbouring o subunit (Fig. 3b), consistent with the
observation that colchicine stabilizes the tubulin heterodimer®.

The structure correlates well with biochemical data showing that
B318 tubulin variants have a reduced sensitivity to colchicine®®, and
that colchicine derivatives substituted at the methoxy positions of
ring A can be crosslinked with Cys 3241 (ref. 7). These studies were
performed in the absence of any SLD, so the location of colchicine in
the tubulin:RB3-SLD complex is expected to be very similar to that
in tubulin. It is interesting to note that there is a movement of the T7
loop and of the H8 helix in the tubulin—colchicine complex
compared with protofilament tubulin, which makes space available
for colchicine binding. This movement is one reason that the
observed colchicine site differs from previously proposed sites
modelled on the basis of the protofilament structure of tubulin’.

The effect of colchicine on microtubules has been studied in vitro
using the preformed tubulin—colchicine complex, which incorpo-
rates at the end of microtubules®. At a low concentration of
tubulin—colchicine, microtubule growth is hindered and microtu-
bule dynamics is inhibited, whereas at high concentration micro-
tubules depolymerize'. What is the structural basis for these effects?
Microtubule stability requires both longitudinal and lateral inter-
actions between tubulin molecules; the M loops of straight tubulin
subunits are the central elements of the latter interactions'®>. When
tubulin—colchicine is added to a microtubule, the lateral contacts of
the subunit at the newly formed end of the protofilament are not
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established because the M loop is displaced (by more than 9 Ain the
structure). This is because the straight tubulin conformation is not
adopted, as it would lead to a steric clash of colchicine with the
o subunit (Fig. 3c). The microtubule mass will stay preserved as
long as the proportion of missing lateral contacts remains small.
This will be the case at low concentrations of added tubulin—
colchicine, as observed'. By contrast, at high tubulin—colchicine
concentrations, as the proportion of missing lateral contacts
increases, destabilized microtubule ends will lead to disassembly.
In conclusion, our data establish a relationship between the onset
and speed of microtubule disassembly and the changes in tubulin
subunits when tubulin switches from its straight to its curved
conformation. They further provide a molecular description of
the interaction of RB3-SLD and colchicine with tubulin. We expect
that our results will be useful also for the development of novel
therapeutic colchicinoid analogues. |

Methods

Protein purification and crystallization
See Supplementary Information.

Data collection and structure determination
The crystals often cracked upon soaking and were radiation sensitive, so hundreds had to
be screened for isomorphous pieces suitable for data collection under cryogenic
conditions. All data were collected on ID14-4 at the European Synchrotron Radiation
Facility (ESRF). Despite the relatively weak diffraction power of the crystals, excellent
data could be obtained, especially at low resolution (10-6 A). In contrast to several other
structures of large complexes, we have chosen a strategy to minimize the presence of heavy
atoms and carefully examined the decay of anomalous signals during data collection.
Where possible, data were corrected for radiation dnamage". i
Experimental phases were obtained using a 3.5 A native data set, a 4.0 A SeMet SAD
(single-wavelength anomalous dispersion) data set collected at 15K, a 3.8 A PIP SAD data
set and a 4.5 A Yb MAD (multiple-wavelength anomalous dispersion) data set. Data set
statistics are given in Supplementary Table 1. The program SHARP*® was used for phasing,
aided by an iteration of phasing and model refinement, using model phases as external
phases in the refinement of the heavy atom sites. The asymmetric unit contains two
tubulin heterodimers and one molecule of RB3-SLD. The experimental phases were
further improved by density-averaging the two o- and two 3-tubulin subunits separately,
using the program DM?. The resulting 354 experimental map is of excellent quality
(Supplementary Fig. 3) and reveals many side chains after sharpening by applying
a resolution-dependent factor exp(—de), where d is the resolution and B = —50 A2
(ref. 22).

Model building and refinement

The register of the RB3-SLD sequence and electron density was unambiguously
determined using the SeMet sites as anchors and verified by the presence of density of
larger side chains such as Tyr 63, His 78 and His 129. The program REFMAC*** was used
for restrained positional refinement with a maximum-likelihood target function including
experimental phase information. About 5% of the residues are currently modelled as
alanines. The two o and two 3 subunits were restrained separately by non-crystallographic
symmetry. The R-factor (R..) is 23% (25%) for all reflections between 20 and 3.5 A and
I/o; > —3. An example of the final map is in Supplementary Fig. 1b. The position of the
sulphur atom in DAMA-colchicine was ascertained by refining a model with DAMA-
colchicine using diffraction data from a complex containing colchicine and locating a
negative peak in the Fp—F i map close to the location of the sulphur atom (Fig. 3a).

Structure analysis

The angle of the rotation that superimposes tubulin subunits in the T2R complex was
determined by least squares using coordinates of tubulin:RB3-SLD complexes determined
from independently collected diffraction data sets. The value given is the average of 20
determinations, using ten data sets. The largest conformationally invariant fragment in
tubulin subunits when comparing the straight and curved structures was identified using a
genetic algorithm™.
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