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The lattice as allosteric effector: Structural studies
of af3- and vy-tubulin clarify the role of GTP

in microtubule assembly

Luke M. Rice, Elizabeth A. Montabana, and David A. Agard*

Department of Biochemistry and Biophysics and Howard Hughes Medical Institute, University of California, San Francisco, CA 94158-2517

Contributed by David A. Agard, February 5, 2008 (sent for review December 26, 2007)

GTP-dependent microtubule polymerization dynamics are required
for cell division and are accompanied by domain rearrangements in
the polymerizing subunit, ap-tubulin. Two opposing models de-
scribe the role of GTP and its relationship to conformational change
in ap-tubulin. The allosteric model posits that unpolymerized
aB-tubulin adopts a more polymerization-competent conforma-
tion upon GTP binding. The lattice model posits that conforma-
tional changes occur only upon recruitment into the growing
lattice. Published data support a lattice model, but are largely
indirect and so the allosteric model has prevailed. We present two
independent solution probes of the conformation of af-tubulin,
the 2.3 A crystal structure of y-tubulin bound to GDP, and kinetic
simulations to interpret the functional consequences of the struc-
tural data. These results (with our previous y-tubulin:GTP+S struc-
ture) support the lattice model by demonstrating that major
domain rearrangements do not occur in eukaryotic tubulins in
response to GTP binding, and that the unpolymerized conforma-
tion of apB-tubulin differs significantly from the polymerized one.
Thus, geometric constraints of lateral self-assembly must drive
apB-tubulin conformational changes, whereas GTP plays a second-
ary role to tune the strength of longitudinal contacts within the
microtubule lattice. ap-Tubulin behaves like a bent spring, resist-
ing straightening until forced to do so by GTP-mediated interac-
tions with the growing microtubule. Kinetic simulations demon-
strate that resistance to straightening opposes microtubule
initiation by specifically destabilizing early assembly intermediates
that are especially sensitive to the strength of lateral interactions.
These data provide new insights into the molecular origins of
dynamic microtubule behavior.

dynamic instability | microtubules

icrotubules are hollow cylindrical polymers of aB-tubulin

that are critical for intracellular trafficking and formation
of the mitotic spindle required for chromosome segregation
during cell division. Although vitally important, the molecular
mechanisms underlying dynamic microtubule (MT) behavior are
poorly understood. Microtubule assembly requires GTP-bound
aB-tubulin, and GTP hydrolysis by B-tubulin is required to
generate dynamic MTs (reviewed in ref. 1). Structural studies
have demonstrated two extreme conformations of «B-tubulin: a
“straight” conformation observed in the MT lattice (2), and a
“curved” conformation observed in a structure of af-tubulin
complexed with colchicine and a stathmin-like domain (3) (Fig.
1). There are two opposing models for the relationship between
GTP and conformational change in ap-tubulin. The allosteric
model (recently reviewed in ref. 4) postulates that GTP binding
to aB-tubulin triggers long-range conformational changes yield-
ing a substantially straighter conformation that is prestructured
in solution for lateral interactions (5). The lattice model (6)
postulates that in solution, «af-tubulin adopts the MT-
incompatible, curved conformation independent of nucleotide
state. Thus, the conformational changes accompanying straight-
ening are the consequence, not the cause, of lattice assembly.
The role of GTP is to tune the strength of the MT lattice contacts
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Fig. 1. Two conformations of aB-tubulin, and conflicting models for the role
of GTP. (a) Longitudinal and lateral interaction surfaces are aligned in the
straight (1JFF, top), but not in the curved (1SAO0, bottom) conformation. In the
curved conformation, the a- and -tubulin protofilament and lateral interac-
tion axes are skewed by 11° and 6°, respectively; these rearrangements sep-
arate equivalent laterally interacting atoms by up to 6 A. (Inset) This misalign-
ment of interfaces destabilizes lateral interactions between curved af-
tubulins. (b) In the allostericmodel, GTP (circled in red) stimulates MT assembly
by inducing the straight, MT-compatible conformation in unpolymerized
aB-tubulin. Incorporation into the lattice is not associated with unfavorable
domain rearrangements (AGstraight = 0). () In the lattice model, unpolymer-
ized aB-tubulin remains curved even when bound to GTP. Incorporation into
the lattice requires unfavorable domain rearrangements (AGgiraight = E). The
lattice-acting GTP (circled in red) provides stronger lattice contacts to stabilize
the MT-bound straight conformation.

(Fig. 1) either directly (the y-phosphate interacting with con-
served residues in the a-tubulin T7 loop), or indirectly (the
y-phosphate directing local restructuring of proximal B-tubulin
residues to interact more optimally with a-tubulin). The con-
troversy remains unresolved in large part because most of the
evidence for either model is indirect. Here we present results that
argue strongly in favor of the lattice model. We then use kinetic
simulations to show that the lattice model predicts a selective
destabilization of critical nucleation intermediates, exaggerating
the difficulty of de novo polymer initiation.
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Fig.2. Structural features of y-tubulin:GDP. (a) F, — F electron density computed from the final model with GDP omitted. The nucleotide binding site of chain
A is shown. (b) The twofold noncrystallographic symmetry interaction between y-tubulins (Chain A, dark blue and yellow; Chain B, light blue and pale yellow).
The nucleotide binding sites (plus” ends) are top and bottom. (c) y-Tubulin:GDP (chain A, dark blue; chain B, light blue) and y-tubulin:GTP4S (tan) adopt the
same curved domain organization. See also Table S2. (Left) Helices H6 and H7. (Right) The intermediate domain B-sheet (helix H10, which would obscure the
view of the B-sheet, has been omitted for clarity). (d) y-tubulin:GDP (colors as in ¢) shows characteristic differences when compared with the straight

conformation of B-tubulin (PDB code: 1JFF, orange). Left and Right are as in c.

Because it has not been possible to determine the atomic
structure of «fB-tubulin:GTP, the allosteric model is largely
based on electron microscopic observations (e.g., ref. 7) that
showed straight (or, more recently, straighter; refs. 5 and 8)
protofilaments in MTs grown from GTP-bound ap-tubulin but
showed curved assemblies in samples of GDP-bound aB-tubulin.
Importantly, these data generally derive from large, multipro-
tofilament assemblies of ap-tubulin (5, 9).

Crystallographic studies of ap-tubulin and related proteins (3,
10-13) have begun to challenge the allosteric model. The crystal
structure of aB-tubulin bound to colchicine and a stathmin-like
domain provided the first atomic model for the curved confor-
mation (3), revealing that curvature at the heterodimer level was
generated by similar domain rearrangements in both «- and
B-tubulin subunits, despite GTP being bound to the a-subunit.
Our recently reported crystal structure of y-tubulin:GTP (10)
unexpectedly adopted this curved domain arrangement. Multi-
ple crystal structures of more distantly related monomeric
bacterial tubulin homologs also showed a curved domain ar-
rangement independent of the nucleotide bound (12, 14, 15)
(reviewed in ref. 4).

Solution experiments have also provided data arguing against
nucleotide-dependent conformational changes in unassembled
af-tubulin. Colchicine-type ligands destabilize MTs by binding
to a pocket in ap-tubulin that is only accessible in the curved,
unpolymerized conformation (3). Thus, if straight and curved
conformations result from GTP- and GDP-binding, then differ-
ences in the affinity of afB-tubulin for colchicines should be
observed. No such differences have been detected (17). More
directly, small-angle x-ray scattering (SAXS), which should be
sensitive to differences in domain arrangement, failed to detect
nucleotide-dependent conformational changes (18).

Unfortunately, the existing evidence is not yet sufficient to
unambiguously define which model is correct. The solution data
for unpolymerized ap-tubulin (SAXS and allocolchicine bind-
ing) were for technical reasons performed in the absence of
Mg?" known to be critical for proper high-affinity GTP binding.
They may therefore have failed to populate the fully active
aB-tubulin:GTP:Mg?* complex. The bacterial tubulin homologs
do not form MTs (19), and in fact do not make MT-like lateral
associations at all (13, 20). Therefore, they may not provide a
reliable model for any potential linkage between nucleotide state
and conformational change required by eukaryotic tubulins to
form the lateral associations necessary for MT assembly. Finally,
without an accompanying GDP-bound structure, it is impossible
to assert with confidence that domain rearrangements do not
accompany GTP-binding by y-tubulin.

In this work, we sought to better resolve the nature of potential
nucleotide-dependent conformational changes in eukaryotic
tubulins by directly studying eukaryotic tubulins. We determined
the atomic structure of human +v-tubulin:GDP, and thereby
provide the only GTP/GDP pair of eukaryotic tubulin structures.
We also used two independent methods, allocolchicine binding
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and SAXS, this time in the presence of Mg?", to directly probe
the solution conformation of unpolymerized «f-tubulin as a
function of bound nucleotide. Our results contribute to the rising
tide of evidence that, in both y- and af-tubulin, domain rear-
rangements do not occur in response to GTP binding. They
argue strongly for the lattice model, in which the GTP acts
indirectly to tune to strength of polymerization contacts. Ex-
ploring the potential consequences of this change in perspective
with kinetic models reveals that the lattice model predicts
unanticipated barriers affecting MT initiation intermediates.

Results

v-Tubulin:GDP Adopts a Curved Conformation Identical to That of
v-Tubulin:GTPyS. y-Tubulin crystallizes more readily than «f-
tubulin, allowing us to obtain a new crystal form of y-tubulin bound
to GDP [supporting information (SI) Table S1 and Fig. 2a]. These
better diffracting crystals (2.3 A) contain two +y-tubulins in the
asymmetric unit (Fig. 2b). The improved resolution allowed us to
identify a chain tracing error in our recent GTPyS (guanosine
5'-[y-thio]triphosphate) structure (10), extending the loop between
helices H11 and H12 and shifting the register of the C-terminal helix
by three residues (Fig. S1). The local structure of the nucleotide
binding site and the overall conformation of y-tubulin:GDP and
y-tubulin:GTPS are strikingly similar (overall C, rmsd 0.78 A and
0.63 A for chain A and chain B, respectively) (Fig. 2c). The domain
arrangement in the +y-tubulin:GDP structures closely resemble
those seen in the y-tubulin:GTP+S structure (10) and in the curved
af-tubulin crystal structures (Fig. 2c) (3, 11).

Lateral Interactions Between y-Tubulins Are Adaptable and Are Not
Regulated by Nucleotide. A key difference between the bacterial
and eukaryotic tubulins is the ability to form MT-like lateral
interactions. Lateral interactions similar to those that we ob-
served in the y-tubulin:GTP+S crystal (10) are again present in
the y-tubulin:GDP crystals despite different crystal packing
(Fig. S2). This indicates that MT-like lateral interactions be-
tween <y-tubulin monomers can occur independent of nucleotide
state (Fig. S2).

Our vy-tubulin structures clearly indicate that y-tubulin does
not undergo curved-straight domain rearrangements in response
to its nucleotide state. This lack of nucleotide-linked domain
rearrangements in momomeric tubulins is consistent with the
behavior of prokaryotic tubulin homologs (12-15), and distin-
guishes this family of proteins from signaling GTPases that are
known to switch conformation in response to nucleotide state.
This distinction likely arises because the tubulin fold is quite
different from that of the switching GTPases, lacking cognates
of the P-loop and switch regions that respond to nucleotide state
(21, 22). To rule out the possibility that these monomeric
tubulins behave differently from heterodimeric aB-tubulin, we
sought methods capable of reporting on the solution conforma-
tion of ap-tubulin in the absence of any higher-order self-
assembly.
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Fig. 3. The affinity of ap-tubulin for allocolchicine does not depend on
nucleotide state. (a) The colchicine binding pocket as observed in the crystal
structure of the curved conformation (1SAO, ref. 3). Colchicine (spheres) binds
between a- (pink) and B-tubulin (green), near the nonexchangeable GTP
(sticks). (b) Colchicine binding is not compatible with the straight conforma-
tion of aB-tubulin. Modeling colchicine into the straight conformation of
aB-tubulin reveals steric clashes with atoms a- and B-tubulin and the nonex-
changeable GTP. (c) Saturation binding curves of allocolchicine binding to
ap-tubulin in the presence of 1 mM GTP (blue, crosses) or 1 mM GDP (red,
squares). Dissociation constants obtained by fitting the curves (solid lines) are
0.79 = 0.15 uM and 0.74 = 0.15 uM for aB-tubulin:GTP and af-tubulin:GDP,
respectively.

Allocolchicine Binding Is Conformation-Dependent, but Allocolchicine
Affinity Is Independent of Nucleotide State. Colchicine-type drugs
are MT depolymerizers that bind in an open cleft between a- and
B-tubulin that becomes substantially occluded in the straight
conformation (3) (Fig. 3 @ and b). If GTP binding to B-tubulin
were to alter the balance between straight and curved af-tubulin
conformations, measurable nucleotide-dependent differences in
the colchicine binding affinity should result. We used allocolch-
icine, a well characterized colchicine analog (23, 24), to address
this question. Allocolchicine fluoresces only when bound to
aB-tubulin Fig. S3. A study performed before the af-
tubulin:colchicine structure was determined had attempted to
identify the colchicine binding site by examining the effect of
allocolchicine binding on the dissociation of «f-tubulin into
subunits (17). This work indicated that allocolchicine binds
af-tubulin with identical affinity when either GTP or GDP is
bound, but unfortunately Mg?* was omitted because it affected
the dissociation of aB-tubulin into subunits and therefore rep-
resented a confounding factor (25). To eliminate the possibility
that omitting Mg?* resulted in an artificial failure to observe a
nucleotide-dependent change in affinity, we performed similar
experiments with Mg?* present. The slow GTPase rate of
colchicine-bound aB-tubulin (26) and the ease of GDP exchange
(27, 28) combine to make measurements with GTP possible.
Equilibrium binding curves for af-tubulin:allocolchicine bind-
ing in the presence of 1 mM GTP or 1 mM GDP and 1 mM Mg?*

are shown in Fig. 3c. The measured affinity of af-tubulin for
allocolchicine (GTP: 0.79 £ 0.15 uM, GDP: 0.74 £ 0.15 uM) is
independent of the nucleotide bound to afB-tubulin. Thus, any
nucleotide-dependent conformational changes that might occur
in a3-tubulin cannot involve domain rearrangements that would
significantly alter the curvature of the heterodimer. To better
specify the actual solution conformation of unpolymerized «f-
tubulin, we turned to solution x-ray scattering.

SAXS Profiles for ap-Tubulin:GTP and aB-Tubulin:GDP Are Essentially
Identical and Indicative of the Curved Conformation. SAXS provides
a sensitive probe of the solution conformation, and has recently
been used to answer questions about conformation and confor-
mational change in other molecular systems (29-31). We pre-
dicted SAXS intensity profiles using structures representative of
curved (3) and straight (2) conformations of «f-tubulin (Fig.
4a). There is a significant fraction (=6%) of missing atoms in the
ap-tubulin models used to generate the calculated data (see
Methods), so we also calculated a SAXS profile from a more
complete model for the curved conformation that has the
y-tubulin structure in place of a- and B-tubulin (see Methods).
These predictions show small but significant differences over a
large part of the experimentally accessible scattering range (Fig.
4a). By working at relatively low af-tubulin concentrations and
by using buffer and temperature conditions that do not promote
assembly, we were able to measure SAXS profiles for GTP- or
GDP-bound ap-tubulin in the presence of 1 mM MgCl, (Fig. 4a).
Our results confirm and extend the earlier studies performed in
the absence of Mg?* (18). The intensity profiles and their
associated pair distance probability functions [P(r)] (Fig. 4b)
reveal that afB-tubulin does not undergo detectable curved-
straight domain rearrangements in response to nucleotide. Di-
rect fitting of the SAXS intensity curves indicates that our data
are best modeled by the most complete heterodimer in a curved
conformation (purple curve, Fig. 4c), closely followed by the
curved ap-tubulin conformation. Our SAXS analysis, the allo-
colchicine affinity, and the predominance of the curved confor-
mation in all structures of monomeric tubulins or bacterial
homologs (10, 12-15) together strongly argue for the lattice
model, in which a curved conformation of the «f-tubulin
heterodimer dominates independent of the nucleotide bound to
B-tubulin.

Discussion

aB-Tubulin has a unique structural property compared with
monomeric tubulins: curvature at the monomer level is amplified
within the heterodimer. The coupling of quaternary organiza-
tion to otherwise unfavorable structural transitions within each
monomer implies that the ap-tubulin heterodimer essentially
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Fig. 4. Small angle x-ray scattering shows that aB-tubulin:GTP and aB-tubulin:GDP adopt essentially identical curved conformations. (a) Predicted scattering

curves for straight (PDB 1JFF, brown), curved (PDB 1SAO0, green), and more complete curved (y-tubulin based model, purple) conformations of ap-tubulin show
differences over most of the scattering range. Measured scattering curves in the presence of 1 mM GTP (blue) or 1 mM GDP (red) are substantially identical.
Predicted and measured curves are offset to facilitate comparison. (Inset) Same comparison (with less offset between measured and calculated curves) over a
narrower Q (= 4msin6/A) range where differences between the calculated curves are most apparent. (b) Pair-distance probability distributions (colors as in a)
obtained from the calculated and measured curves in a. (c) Structural models fit to the aS-tubulin:GTP SAXS data (gray dots). Straight conformation (1JFF; brown:
X2 = 2.34), curved conformation (1SA0; green: x2 = 1.30), and a more complete model for the curved conformation (purple: x2 = 1.11). Fits are offset to facilitate
comparison. (d) Error-normalized residuals (lcaic — lexp)/Texp from the fits (same color scheme).

5380 | www.pnas.org/cgi/doi/10.1073/pnas.0801155105 Rice et al.


http://www.pnas.org/cgi/data/0801155105/DCSupplemental/Supplemental_PDF#nameddest=SF3

SINPAS

yd

d

a b
-« % % i g
%ﬁ\(}, % Q(\}, U IR (I S
AGmaight AG ight AGt ight AG ight qﬂ -§
straight strai straight A\ 5
=2E =0 =2E =JF -“ E

C 0 100 200 300 400 500

O O O O O - ew Time (arbitrary units)
&g xﬁ xﬁ Sy &kf § e
0285820 sN2N |
kNuel- U Nucl. kN~ N K Efon. % K Elon. & §
g 1y I, Nucleus,, ~ Polymer , 3
N 8
Nucleation Elongation 2

G (
straight

Fig. 5. Implications for the kinetics of MT initiation. (a) Assembly-dependent conformational change during MT initiation opposes lateral assembly. In the
absence of a straight MT lattice, both af-tubulins must change conformation for lateral association. For full straightening, the energetic penalty arising from
conformational change during initiation (AGstraight = 2E) will be double that during elongation. (b) Representation of a possible sequence of early MT initiation
intermediates, starting from curved «aB-tubulin. Pure longitudinal associations (gray arrows) do not require conformational change. To form lateral associations,
however, will frequently require that two aB-tubulins change conformation (red arrows). These initiation-specific events incur additional energetic costs
compared with elongation, and will be selectively disadvantaged (see Fig. 5c). (c) Representation summarizing the kinetic models (see Methods) used to
investigate potential consequences of the lattice model. Nucleation is modeled as an arbitrary number of consecutive bimolecular reactions governed by identical
association (ks) and dissociation (kM) rate constants. Red arrows indicate steps that incur the energetic cost of straightening. Once a critical oligomer is formed
(the nucleus, N subunits), elongation by monomer addition becomes energetically favorable and is governed by the same association rate constant (kf) and a
different dissociation rate constant (k'°"). The model treats plus and minus ends of the MT as kinetically indistinguishable (Fig. S4 presents a possible structural
explanation of these known kinetic differences). (d) Energetically unfavorable assembly-dependent conformational changes decrease the stability of nucleation
intermediates. The black curve corresponds to self-association of rigid subunits (no conformational change). The energetic cost of assembly-dependent
conformational change (AGstraight) Was estimated at 0.7 (blue), 1.1 (green), 1.4 (purple), and 1.6 (red) kT. This corresponds to 2-, 3-, 4-, or 5-fold reductions in the
apparent affinity of subunit associations and significantly decreases the apparent rate of MT assembly. (e) There is a multiplicative slowing effect when multiple
nucleation intermediates require energetically unfavorable assembly-dependent conformational change. The cost of assembly-dependent conformational
change as described in ¢ was compared by examining the initial polymerization rate among generic nucleation-elongation models identical except for the size
of the nucleus (2, gray; 3, pink; 4, cyan; 5, orange; see Methods).

behaves like a bent spring, resisting the straightening required to We performed kinetic simulations to explore the functional
align lateral interaction surfaces (Fig. 1). The lattice model  consequences of these conformational changes for MT initiation.
argues that GTP acts in trans, strengthening longitudinal inter- ~ MT assembly displays hallmarks (prolonged lag phase preceding
actions and thereby providing sufficient binding energy to recruit ~ rapid assembly) typical of so-called nucleation-elongation kinetic
and straighten (via lateral interactions) the unpolymerized, mechanisms (33), vyherein the rate of polymer fprmation depends
curved af-tubulin heterodimer (Figs. 1 and 5 and Fig. S4). on the concentration of. r}uclelz rare, energetically 'unfavo.rable
GDP-mediated longitudinal contacts are presumably too weak ohgomer§ of .the pol)'/m.erlzmg SUb"m_lt.S' Although a blocherplcally
to overcome the energetic barrier required to straighten the  COrTect kinetic description of MT initiation does not yet exist, we
curved, unpolymerized heterodimer. The default, curved con- ~ €Xplored the consequences of our observations using a simple
formation of aB-tubulin also means that the GTP so critical for ~ nucleation-clongation kinetic model (see Methods) that captures
assembly is presented in different structural contexts for addition ~ €ssential features of polymer initiation kinetics. To account for the
at opposite ends of the microtubule (Fig. S4). The intrinsic destabilization of early intermediates that we predict re‘s‘ult from thi
asymmetry of the curved conformation thus provides a struc- lattice mode?l, we lowered the efficiency of the ca rly nucleatloq

tural rationale that begins to answer a longstanding question: steps (se;: Fig. 5c and Methlods). The model predicts that dramatic
why do microtubule plus and minus ends show different dynamic changes in assembly behavior result from quite modest changes in

- L . L . L apparent affinity. For example, a nucleus of size 4 and a straight-
behavior and growth klngtlcs despite having identical affinities ening penalty AGaign: of as little 1.6 T (=1 kcal/mol) results in a
for unpolymerized subunits (32).

~10-fold increase in the time required to reach 10% polymerized
By specifying that the unpolymerized conformation of «f- o o POy :

JEY > . ‘ (Fig. 5d, red and black curves). The extreme sensitivity to nucle-
tubulin differs significantly from the polymerized one, the lattice

| AIIc 11 L ! ation means that even a modest straightening cost should signifi-
model implies that the MT lattice itself, and not the nucleotide,  cantly decrease the rate of assembly (Fig. 5d). Furthermore, the

is the allosteric effector. The lattice model predicts that, because  open lattice structure of the MT suggests that multiple nucleation
a prestraightened MT lattice does not exist during initiation,  intermediates will require this “double straightening” and therefore
lateral interactions will be selectively disadvantaged. Indeed,  that the associated energetic cost will be incurred multiple times
during an elongation step only one af-tubulin must straighten,  (e.g., Fig. 5 b and ¢, reactions with red arrows), producing a dramatic
but to establish a new MT Ilattice one or more associations in  multiplicative effect as the number of steps increase (Fig. 5e).

which two ap-tubulin heterodimers must simultaneously By assuming that aB-tubulin adopts only the fully curved or
straighten to permit lateral association (Fig. 5a). the fully straight conformation, we chose the simplest possible
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model to explore the kinetic implications of assembly-
dependent conformational change. Our demonstration that
the conformation of unpolymerized af-tubulin:GTP:Mg?* is
curved, along with EM or AFM results showing assembly/
disassembly intermediates with partial curvature (5, 8, 9, 34),
support the idea that straightening occurs incrementally in
response to multiple lateral associations (Fig. S5). In general
terms, progressive straightening means that the wider the
assembly, the more the curved heterodimer initiating a new
lateral layer must straighten. The energetic cost of straight-
ening could therefore manifest itself differently for interme-
diates of different width. Some partial straightening could
potentially occur in response to longitudinal self-association,
but the fact that partially curved af-tubulin assemblies nearly
always have at least two protofilaments has made this difficult
to determine unambiguously. We have focused on the role of
lateral assembly because full straightening is typically only
observed after tubulin assemblies are multiple protofilaments
wide. A full understanding of the allosteric mechanisms at
work in af3-tubulin assembly that can integrate these concepts
into a quantitative understanding of MT assembly dynamics
represents a major challenge for the future.

The general requirement that subunits change conformation
for self-assembly selectively exaggerates the difficulty of poly-
mer initiation and represents an unanticipated force that
should reduce the likelihood of spontaneous nucleation by
opposing lateral association. This additional barrier to poly-
mer formation may help explain why MT initiation in vivo is
especially dependent on a specific nucleator like y-TuRC (35)
that provides MT-like longitudinal stabilization necessary to
drive the otherwise unfavorable straightening of aB-tubulin
(Fig. S6). It also helps rationalize the remarkably low nucle-
ation efficiency of smaller y-tubulin assemblies like the y-tu-
bulin small complex (36), because these smaller assemblies can
only overcome a small number of the necessary lateral addi-
tions required for MT formation. Additionally, this new view
of MT assembly predicts that, although the y-phosphate of
GTP provides the driving force for assembly via lattice con-
tacts, it is the spring-like conformational strain within of-
tubulin that determines the energy stored in the metastable
MT lattice that is released upon catastrophe. Assembly-
dependent conformational change effectively means that poly-
mer formation and polymer disassembly are subject to differ-
ent energetic constraints. This uncoupling of assembly and
disassembly is likely important for MT dynamics in vivo.

Methods

Expression, Purification, and Crystallization of y-Tubulin. Protein expression,
purification, and crystallization was performed as reported ref. 10 with minor
changes.

Structure Determination. Diffraction data were collected at beamline 8.2.1
(HHMI) at the Advanced Light Source (Berkeley, CA). Data processing and reduc-
tion were carried out with HKL2000 (37). Molecular replacement searches and
refinement were carried out with phaser (38) and model building was performed
with O (39). Initial phases were determined by molecular replacement using a
y-tubulin search model (PDB 1Z5V, ref. 10) with all sidechains truncated to alanine
and all cofactors (GTPyS, Mg2*, colchicine, and waters) removed. A conservative
approach, along with the improved resolution compared with previous tubulin
structures, allowed us to identify a register shift error in H12, the C-terminal helix
of the protein (Fig. S1). Figures were made with PyMOL (40).

Allocolchicine Binding. Allocolchicine was prepared by Margot Paulick (U.C.
Berkeley) following established methods (23). Solutions of 4 uM af-tubulin
containing 0, 0.65, 1.3, 2.6, 5.2, 7.8, 11.7, 15.6, 23.4, or 31.2 uM allocolchicine
were prepared and equilibrated at 20°C for 2 h before measurement. For each
sample, emission spectra were collected between 380 and 420 nm using
excitation at 315 nm. The affinity of aB-tubulin:GTP and af-tubulin:GDP for
allocolchicine was determined by fitting the normalized fluorescence at 400
nm to the following equation:
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saturation = {(K4 + [ALLO] + [aB])

— \(Kq+ [ALLO] + [aB])> — 4 X [ALLO] X [aB]}
/(2 X [aB]),

where Kq represents the dissociation constant for allocolchicine binding, and
[ALLO] and [aB] denote the total allocolchicine and aB-tubulin concentra-
tions, respectively. See S/ Methods for more details.

Small-Angle X-Ray Scattering. Sample preparation, data collection, and the
models used for calculations are described in SI Methods. Pair distribution func-
tions were computed by using GNOM (41) from data such that 0 < Q <0.25,
choosing Dmax 50 that the curves tail smoothly to zero probability (95 A for 1JFF,
1SA0, and the y-tubulin based curved model; 101 and 103 Afor GTPand GDP data,
respectively). Radii of gyration determined from these calculated distributions
are29.6 A, 30.5 A, and 31.4 A for straight (1JFF), curved (15A0), and model curved
conformations, respectively, and 33.0 + 0.11 Aand 32.7 + 0.15 A for experimental
GTP- and GDP-bound ap-tubulin, respectively. The trimmed straight (1JFF),
curved (1SA0), and more complete y-tubulin based curved aB-tubulin models
were fit to the experimental GTP aB-tubulin SAXS data using CRYSOL (16).

Kinetic Simulations. Nucleation-elongation kinetic models were constructed to
explore the potential consequences of assembly-dependent conformational ex-
change. We used a generic model that ignores the structural details of oligomer
organization because the sequence of intermediates leading to microtubule
assembly is not known. Having assumed a bimolecular on rate constant of 1 x 108
M~1s~" and subunit concentrations in the 10 uM range, we chose dissociation
rate constants such that subunit addition was relatively high affinity during
elongation (k&°" such that K§°" = 1 uM) but significantly lower affinity during
nucleation (KN such that KU = 1 mM). These parameters capture the essence
of nucleation-elongation behavior, and the conclusions we draw are valid over a
broad range of parameters. The species at which subunit addition becomes
energetically favorable is called the nucleus. Kinetic equations corresponding to
a model with a nucleus consisting of N subunits are:

kg
af + ap2(apf);

Nucl
kr

ke
(aB)n-1 + ap NZ (aB)n
krucl
kt
(af)y + af > MT

ke
MT + a2 MT
kf]on

where the (ap); represent subcritical intermediates, MT represents the microtu-
bule polymer, ks is the bimolecular on-rate constant (assumed to be 1 X 108
M='s=1), and KM and kE'°" are the reverse rate constants for nucleation and
elongation, respectively, calculated so as to give the dissociation constants as-
sumed above. Asin othe r polymerization models, to avoid wholesale destruction
of polymers the reverse rate constant for initial polymer formation was set to 0.
Assembly kinetics were simulated in Berkeley Madonna (www.berkeleymadon-
na.com) assuming a monomer concentration of 10 uM, and the assembly-
dependent conformational change was modeled as a decrease in the affinity of
nucleation steps (increase in K,N“" by a factor of exp(AGstraight’k T), where AGstraight
denotes the estimated energetic cost for conformational change. Fractional
assembly was calculated from ([og8]; — [aBl)/([aBli — K§°"), where [af]i and [l
respectively denote the initial and time-dependent concentrations of unas-
sembled aB-tubulin, and K§°" denotes the dissociation constant for elongation.
To compare models with different number of intermediates, the time scale of the
unpenalized run from each model was rescaled such that 10% assembly occurred
at t = 10. Initial rates of assembly were calculated from 1/T190%, where Tigy,
denotes the time taken to reach 10% assembly.
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