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icrotubules are dynomic po|ymers that stochas-

tically switch between growing and shrinking

phases. Microtubule dynamics are regulated by
guanosine triphosphate (GTP) hydrolysis by B-tubulin, but
the mechanism of this regulation remains elusive because
high-resolution microtubule structures have only been re-
vealed for the guanosine diphosphate (GDP) state. In this
paper, we solved the cryoelectron microscopy (cryo-EM)
structure of microtubule stabilized with a GTP analogue,
guanylyl 5'-a,B-methylenediphosphonate (GMPCPP), at
8.8-A resolution by developing a novel cryo-EM image
reconstruction algorithm. In contrast to the crystal structures

Introduction

Microtubules play significant roles in various fundamental phy-
siological processes, including intracellular transport, cell moti-
lity, cell polarization, and cell division (Verhey and Gaertig, 2007;
Hirokawa et al., 2009a). Each microtubule is a dynamic polymer
that stochastically switches between growing and shrinking
phases. The hydrolysis of GTP by 3-tubulin is the energy source
for the dynamics and has many implications for cellular func-
tions (Howard and Hyman, 2009; Kueh and Mitchison, 2009).
However, the atomic mechanism underlying micro
tubule dynamics has remained elusive. The atomic structures of
microtubules have only been revealed for the GDP-bound state
(Nogales et al., 1998; Gigant et al., 2000; Lowe et al., 2001;
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of GTP-bound tubulin relatives such as y-tubulin and bac-
terial tubulins, significant changes were detected between
GMPCPP and GDP-taxol microtubules at the contacts
between tubulins both along the protofilament and be-
tween neighboring protofilaments, contributing to the sta-
bility of the microtubule. These findings are consistent with
the structural plasticity or lattice model and suggest the
structural basis not only for the regulatory mechanism of
microtubule dynamics but also for the recognition of the
nucleotide state of the microtubule by several microtubule-
binding proteins, such as EB1 or kinesin.

Lietal., 2002; Ravelli et al., 2004; Hirose et al., 2006; Kikkawa
and Hirokawa, 2006; Bodey et al., 2009; Fourniol et al., 2010;
Sui and Downing, 2010), whereas the structures of the GTP-
bound state have only been reported based on low-resolution
(14-18 A) cryo-EM images (Meurer-Grob et al., 2001; Wang and
Nogales, 2005). Recently, the crystal structures of tubulins in
both the GTP- and GDP-bound states have been reported as a
complex with the RB3 protein or for the closely related proteins
v-tubulin and bacterial tubulins (Aldaz et al., 2005; Oliva et al.,
2007; Rice et al., 2008; Aylett et al., 2010; Nawrotek et al.,
2011). Small conformational differences between the GTP- and
GDP-bound states were observed at the nucleotide-binding
interface of B-tubulin. An idea designated the structural plas-
ticity or lattice-constraint model was thus proposed, in which
the conformational changes involved in switching between the
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Figure 1. The nucleotide contents and the estimated resolution based on
FSC. (A) Analysis of the nucleotide contents by FPLC. Three chromatograms
are shown: GDP-taxol microtubule (top), GMPCPP microtubule prepared
by one cycle of GMPCPP uptake (middle), and GMPCPP microtubule pre-
pared by three cycles of GMPCPP uptake (bottom). The occupancies of
GMPCPP in the E site are shown at the right side of each chromatogram.
mAU, milli-absorbance unit. (B) FSC function for the resolution estimation.
The datasets of GMPCPP microtubule images were split in half to make two
independent reconstructions, and the FSC function was calculated for the
whole map (32.5 nm x 32.5 nm x 32.5 nm).

growing and shrinking phases are generated by the synergy
between the nucleotide effect and the restraint in the microtubule
lattice (Rice et al., 2008; Kueh and Mitchison, 2009; Aylett
et al., 2011).

Here, we report the high-resolution cryo-EM structures of
microtubules in the GTP-bound state with a resolution better than
10 A (8.8 A at Fourier shell correlation [FSC] = 0.5). Statistically
significant conformational changes were detected at tubulin—
tubulin interfaces, both along the protofilaments and between
neighboring protofilaments, providing a structural basis for the
regulatory mechanism of microtubule dynamics.

Results and discussion

Structural features of the

GMPCPP microtubule

The 3D structure of microtubules has initially been recon-
structed using a helical method (Hirose et al., 2006; Kikkawa
and Hirokawa, 2006), but single-particle approaches become
necessary to overcome difficulties to extend resolution. Previous
studies achieved resolutions better than 10 A using reference-
based single-particle analysis (Lietal., 2002; Sui and Downing,
2010). In these studies, however, the differences between a- and
B-tubulins were neglected because they are indistinguishable
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at low spatial resolution. Hence, we have developed a new
algorithm based on the reference-free single-particle analysis
to solve the microtubule structure with the clear discrimina-
tion between a- and (3-tubulins. A single-particle analysis was
modified to use the helical symmetry of the microtubule, and
the tubulin dimer was treated as the minimal asymmetric unit.
We first solved the structure of paclitaxel (taxol)-stabilized GDP
microtubules (GDP-taxol microtubules) to validate the new
algorithm (Figs. S1 and S2). This 9.7-A structure was consistent
with the previously reported GDP-taxol microtubules (Li et al.,
2002; Sui and Downing, 2010). We then applied this algo-
rithm to a microtubule polymerized with the slowly hydro-
lyzable GTP analogue GMPCPP (Hyman et al., 1992, 1995).
The cryo-EM structure with >90% occupancy of GMPCPP
of B-tubulins (Fig. 1 A) was solved by averaging >320,000
tubulin dimers. The resolution extended to 8.8 A according to
the conservative criteria of FSC = 0.5 (Fig. 1 B). This GMP-
CPP microtubule structure was significantly different from the
GDP-taxol microtubule structure, and we describe and discuss
the differences between these two structures in the following
paragraphs. In this paper, we assume that most of the struc-
tural differences are a result of the difference of the nucleotide;
however, it is possible that taxol, a well-known microtubule
stabilizer, will affect the microtubule lattice structure. Future
structural analyses of the GMPCPP-taxol microtubule and GDP
microtubule without taxol will be required for the understanding
of the conformational effects by taxol and nucleotide states.

The overall structure of the GMPCPP microtubule is
mostly similar to that of the GDP-taxol microtubule, except for
two features (Figs. 2 A and S1 A). The first feature is the holes at
the junctions of four tubulin monomers (Fig. 2 A). The sizes of
these holes, in general, are smaller in the GMPCPP microtubule
than in the GDP-taxol microtubule (Fig. S1 A). The shapes of
the holes at the junction of four tubulin dimers (intertubulin
dimer interface; dashed circles in Fig. 2 A), which exhibits a
smaller heart shape, are different from those at the intratubulin
dimer interface (dashed squares in Fig. 2 A), suggesting that
the inter- and intratubulin dimer junctions might be fortified
in the GMPCPP microtubule in a different way. The second
feature is the lateral contacts. Additional lateral contacts are
formed between the B-tubulins of neighboring protofilaments
in the GMPCPP microtubule (arrowheads in Fig. 2 A).

The cross-sectional view clearly illustrates two layers of
lateral contacts in the GMPCPP microtubule. Fig. 2 B shows
a contour plot of a section perpendicular to the microtubule
axis. Owing to the twist of the protofilaments (superhelix) of
the 15-protofilament microtubule, this section shows all struc-
tural informations of the asymmetrical unit in our map (o- and
- tubulin dimer), and the a helices that run roughly parallel
to the microtubule axis are particularly well resolved (Fig. 2 B
and Video 1). In the cross-sectional view, each tubulin monomer in
the GDP-taxol microtubule appears as a single mass (Fig. S1 B),
whereas each tubulin monomer in the GMPCPP microtubule
appears as two separated masses (Fig. 2 B). Consequently, the
GMPCPP microtubule takes a double-layered ring structure
(Fig. 2 B; the red dashed circle shows the cleft between the two
layers). The additional lateral contacts unique to the GMPCPP
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Figure 2. Cryo-EM structure of a GMPCPP microtubule. (A) A low-pass-
filtered GMPCPP microtubule seen from the outside with a 10-A cutoff for
the fair comparison with the GDP-taxol microtubule (Fig. S1). The plus end
is up. « and B show the positions of - and B-tubulins, respectively. The
dashed orange circles and squares show the holes in the microtubule wall.
The purple and cyan planes show sectioning planes for views in B and Fig. 3,
respectively. Arrowheads indicate OCs. (B) Contour plot of a cross-section
at 10-A resolution observed from the plus end. Most of the « helices are
well resolved as the local maxima of the densities. The arrowheads show
OCs, and the dashed circle shows the low-density region at the middle of
the tubulin monomers. Also see Figs. ST and S2 and Video 1 for the com-
parison between GMPCPP and GDP-taxol microtubules. Bars, 2 nm.

microtubule are the contacts between the outer layer masses of
B-tubulin (arrowheads in Fig. 2 B). Here, we designate these
contacts as outer contacts (OCs) and the contacts between the
inner layer masses as inner contacts (ICs).

For a clearer presentation of the lateral contacts between
adjacent B-tubulins, contour plots sectioned at the middle of
[-tubulin that is the parallel plane to the helical axis made by the
neighboring -tubulins are shown (Fig. 3). Both the OCs and ICs
are clearly formed in the GMPCPP microtubule (Fig. 3, A and B),
whereas only the ICs are formed in the GDP-taxol microtubule
(IC in Fig. 3 C). Statistical analyses detected significant decreases
in the density at the middle of B-tubulins in the GMPCPP micro-
tubule (blue in Fig. 3 D). This reflects the apparent separation
of the outer and inner layers. Significant increases in the density
(red in Fig. 3 D) were detected near the contacts between the
outer masses (red in Fig. 3 D), reflecting the formation of the OCs
(arrowheads in Fig. 3 [A and B]). Thus, the apparent structural fea-
tures of the GMPCPP microtubule were statistically validated.

Atomic model fitting into the GMPCPP
microtubule map

To gain clearer insights into the structural changes of micro-
tubules during GTP hydrolysis, the atomic model of the tubulin-
dimer with GDP-taxol in the zinc-induced tubulin sheet (Protein

Figure 3. Conformational differences of B-tubulin between a GMPCPP
and a GDP-taxol microtubule. (A-C) Contour plots at the middle of B-tubulin
(see Fig. 1 A for the sectioning plane]. Both the 8. 8-A (A) and low-pass—
filtered 10-A (B) maps _are presented for the GMPCPP microtubule.
The low-pass—fillered 10-A map is presented for the GDP-axol microtubule
(C). The contour level of the outermost green shell is adjusted at 1.4 o
for all three maps. (D) Statistical significance of differences (t map) be-
tween the low-pass—fillered GMPCPP and GDP-taxol microtubules with a
10-A cutoff. Red and blue show increases and decreases in the GMPCPP
microtubule, respectively. Dark colors, light colors, and the mesh show
significance levels of P < 1074, P < 1073, and P < 1072, respectively.
Arrowheads indicate OCs. Bars, 2 nm.

Data Bank accession no. 1JFF) was fitted to our cryo-EM map
(see Materials and methods for detail). As expected from the
differences of the GMPCPP map from the GDP-taxol map, the
GDP-taxol tubulin model does not fit well to the GMPCPP map.
We have tried flexible fitting using Flex-EM (Topf et al., 2008)
to estimate the atomic model of GMPCPP-tubulin. Through this
trial, we have noticed that most of the differences between the
maps can be explained by the relative movements among the
subdomains and that the conformational changes in the subdo-
main are much smaller. Therefore we have divided the atomic
model into four subdomains: N1 domain (aa 1-94), N2 domain
(aa 95-203), I domain (aa 204-382), and C domain (aa 383—end).
These four subdomains were fitted as rigid bodies to the map.
The model thus derived fitted well to the map without further
flexible fitting (Figs. 4, S2, and S3 and Video 2). However, it
should be noted that this model is a conservative approximate
model. The positions of the most of the secondary structures are
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Figure 4. Conformational changes in a- and B-tubulin
monomers. (A, C, E, and G) Contour plots with statisti-
cal significance. Colorings of t maps are same as in
Fig. 3D. (B, D, F, and H) Rigid body fitting of the atomic

model. Regions with large subdomain movements are
shown (N2 domain of B-ubulin in B and D, N1 domain
of a-tubulin in F and H, and | domain of a-tubulin in H).
The gray and colored ribbons show atomic models
before and after subdomain fitting, respectively. The

a-tubulins are colored red (N domain) and cyan
(I domain), whereas the B-tubulins are colored brown
(N domain) and blue (I domain). Sectioning planes
and orientations of the views for C-D, E-F, and G-H
are shown in A (black boxes). The brown circle shows
the tight bond af the intratubulin dimer junction. The
star indicates the putative site for Lys-40 of a-tubulin.
Bars, 2 nm.

supported by the density in the map, so that we can safely de-
scribe the conformational changes at the secondary structure
level. Further details, such as the positions of some specific res-
idues, require higher-resolution maps. In the following para-
graphs, we describe the major conformational changes within
the tubulin monomers in the microtubule lattice according to
the following orientations: top refers to the plus-end side, bot-
tom refers to the minus-end side, right and left refer to the lat-
eral surfaces, and outer and inner refer to the outer and inner
surfaces of the microtubule.

Conformational changes in -tubulins

In B-tubulin, the N2 domain (helices H3—HS5), which is located
on the top and outer left side, rotates 16 degrees counterclock-
wise relative to the other subdomains. The rotation axis is almost

JCB « VOLUME 188 « NUMBER 3 » 2012
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parallel to the microtubule (Fig. 4, B, D, and F). Comparisons
with the GDP-taxol structure (gray in Fig. 4 [B, D, and F]) show
that the movement of the N2 domain helices H3—H5 can explain
most of the structural changes of B-tubulin detected in Fig. 3 D.
The decreases and increases in the density of B-tubulin in the
GMPCPP microtubule correspond well to the outward move-
ment of the N2 domain (Fig. 4, A and B). This movement will
enable H3 and H4 (H4-S5 loop) of the N2 domain to reach H9
and the H10-S9 loop of the I domain, thereby allowing the OC
to be formed (OC in Fig. 4 [B and D]). The IC between [3-tubulins
is formed between the M loop and H1-S2 loop (IC in Fig. 4 B),
both of which will not make large conformational changes, and
is thus essentially the same as in the GDP microtubule.

These two layers of lateral contacts formed in the GMP-
CPP microtubule are very suggestive. GMPCPP microtubules
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are known to have higher flexural rigidity than GDP-taxol micro-
tubules (Mickey and Howard, 1995), which might reflect this
additional lateral contact in the GMPCPP microtubules. Further-
more, they might correspond to the two modes of lateral contacts
reported for the previous low-resolution cryo-EM structure of
GMPCPP-tubulin ribbons (Wang and Nogales, 2005; Wu et al.,
2009), the tube bond, and the sheet bond. Their positions and
sizes suggest that the tube bonds correspond to the ICs and the
sheet bonds correspond to the OCs. Our atomic model indicates
that the OCs are supported by charged or long side-chain resi-
dues, whereas the ICs are mediated by short-reach hydrophobic
residues. These observations are consistent with the scenario
proposed by Wang and Nogales (2005) and Wu et al. (2009).
At the plus end of the polymerizing microtubule, the long-reach
OC (sheet bond) will be formed first, and, thus, an open sheet
structure will be formed at the plus end. The formation of the IC
(tube bond) will then follow to close the sheet and form the micro-
tubule structure. After GTP hydrolysis, the OC will be broken,
and the GDP microtubule lattice will only be supported by the
IC, which will destabilize the microtubule lattice (Video 3).

Conformational changes in «-tubulins

In a-tubulin, both the N1 domain and I domain show large
movements relative to the other domains (Fig. 4, E-H). The
I domain of a-tubulin is located immediately above the GTP
hydrolysis pocket of 3-tubulin (E site) and forms the right wall
of the protofilament. The I domain rotates 10 degrees around
the axis nearly perpendicular to the protofilament (Fig. 4 H).
Among the helices in this I domain, helix H7 is thought to serve
as a shaft that regulates the longitudinal contacts (Ravelli et al.,
2004), which will involve the conformational changes in the N1
domain described in the following paragraphs.

The N1 domain is located on the inner left side of a-tubulin
(Fig. 4, F and H). It makes close contacts with the I domain, and
the rotation of the I domain will be conveyed to the N1 domain.
In fact, the N1 domain rotates in the opposite direction to the
I domain, which apparently compensates for the rotation of the
I domain. This rotation will rearrange both the inter- and intra-
tubulin dimer junctions.

At the N-terminal end of the N1 domain, the helix H2
rotates and moves toward the lumen side of the microtubule
(Fig. 4, F and H). This rotation generates the tight bridging
between this helix and the H1-S2 loop of the B-tubulin above
(dashed circle in Fig. 4 H), fortifying the longitudinal contact at
the intratubulin dimer interface (Fig. 4, E-H). As a consequence,
the axes of N-terminal helices H1 and H2 become more paral-
lel to the microtubule axis, which might favor the straight con-
formation of the GMPCPP microtubule and might explain the
stability and the stiffness of the GMPCPP microtubule (Mickey
and Howard, 1995).

At the C-terminal end of the N1 domain, helix H1 and the
following H1-S2 loop of a-tubulin are very flexible and were
missing in the previous atomic models in the GDP-taxol micro-
tubule (Gigant et al., 2000; Lowe et al., 2001; Ravelli et al.,
2004). In the GMPCPP microtubule, however, clear densities
corresponding to this region were identified (Figs. 4 [G and H]
and S2 B); these make the notch of the heart-shaped hole at the

interdimer interface (Figs. 2 A [dashed circles] and 4 [G and H]).
This suggests that the conformational changes of the N1 domain
of a-tubulin in the GMPCPP microtubule will stabilize the con-
formation of helix H1 and the H1-S2 loop by making extensive
longitudinal and lateral contacts at the junction of four tubulin
dimers (intertubulin dimer interface). Thus, the HI1-S2 loop of
a-tubulin can mediate interactions that gather four tubulin
dimers, a role similar to doublecortin (Fourniol et al., 2010), to
initiate the polymerization and/or stabilization of the plus end
of the microtubule. Interestingly, the a-tubulin—specific but highly
conserved Lys-40, whose acetylation is known to affect micro-
tubule stability and various cellular functions (Verhey and
Gaertig, 2007), is located in this loop (star in Fig. 4 H). This in-
dicates that the conformational change of this region is very
fundamental for microtubule formation and dynamics and sug-
gests the functional importance of the conserved posttransla-
tional modification of Lys-40.

Implications for the interactions with
microtubule-binding proteins and the
regulation of the microtubule dynamics
Recent studies have suggested that some microtubule-binding
proteins can discriminate between the nucleotide states of micro-
tubules. For example, the plus-end—tracking protein EB1 was
reported to show higher affinity for GMPCPP microtubules than
for GDP microtubules (Zanic et al., 2009). This preferential
binding to the GTP-bound state is proposed as the plus-end—
tracking mechanism for EB1. We recently reported that a micro-
tubule motor kinesin, KIF5, has 3.5 times higher affinity for
GMPCPP microtubules than for GDP microtubules and that this
preference will guide KIF5 into the axon of a neuron (Nakata
et al., 2011). A mutational analysis in our study further suggested
that loop L11 of KIFS is essential for this preferential binding
to GMPCPP microtubules.

High-resolution cryo-EM studies of the kinesin—microtubule
complex suggested that loop L11 of kinesin will bind to the
cleft between the C-terminal end of helix H4 of B-tubulin and
helix H11’ of a-tubulin (kinsein-binding site [KB] in Fig. 5;
Nitta et al., 2004; Hirokawa et al., 2009b). Thus, the movement
of helix H4 of B-tubulin is very suggestive for the mechanism
of the preferential binding of kinesin to GMPCPP microtubules.
In the GMPCPP microtubule, the C-terminal half of helix H4
is pushed up toward kinesin (Fig. 5 A), and its C terminus appa-
rently makes a longitudinal contact with helix H11” of a-tubulin
(Fig. 5 C). Thus, the putative binding site for loop L11 of ki-
nesin is exposed toward kinesin in the GMPCPP microtubule,
which will serve as the structural basis for the preferential binding
of kinesin. Future high-resolution cryo-EM studies for kinesin-
GMPCPP microtubules will examine these possibilities.

The lower-resolution cryo-EM study of the EB 1-microtubule
complex suggested that the binding site for EB1 will be close to
the OC, which is adjacent to the L11-binding site (des Georges
et al., 2008). Thus, EB1 can use the presence of the OC as a sig-
nature for the GTP state. Recently, however, EB1 was reported
to have much higher affinity to GTPyS microtubules (Maurer
etal.,2011), suggesting the possibility that GTPyS-microtubule
has a different conformation that favors the binding of EB1.

Conformational changes in microtubules ¢« Yajima et al.
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Figure 5. Proposed mechanism for the rec-
ognition of GTP microtubules by kinesin and
EB1. (A) GTP form of B-tubulin seen from the
plus end. Binding site (KB) for loop L11 (blue)
of kinesin (white ribbon) is elevated toward
kinesin. (B) GDP form of B-tubulin seen from
the plus end. Binding site for kinesin is down
and away from kinesin (see Video 3 for de-
tails). (C) Side view of KB formed between he-
lix H4 of B-tubulin and helix H1 1’ of a-tubulin.
(D) View from the outside of the microtubule.
KB is located near an OC as the putative bind-
ing site for EB1 (EB). The conserved acetylation
site of Lys-40 of a-tubulin (star) is accessible
from outside of the microtubule. Bars, 2 nm.

The view from the outside of the GMPCPP microtubule
(Fig. 5 D) further suggests another potential signature for the
conformation. The H1-S2 loop of a-tubulin, especially the con-
served acetylation site Lys-40 (star in Fig. 5 D), is also adjacent
to the OC and can be reached from the outside of the micro-
tubule. It has long been unclear how the acetylation in the lumen
of the microtubule can play important roles for the regulation
of microtubule-based processes, but our structure suggests that
some proteins may recognize the acetylated Lys-40 from the
outside of the microtubule.

Finally, our results suggest the possibility that some pro-
teins may regulate the microtubule dynamics by stabilizing or
destabilizing the conformation reported here. For example, if
certain proteins bind to the OCs and stabilize them, the confor-
mational changes into the GDP microtubule structure will be
inhibited, and the microtubule will be stabilized. Conversely, if
certain proteins bind and break the OCs, the microtubule will
readily take the GDP-bound conformation and become destabi-
lized. These scenarios suggest new mechanisms of action for
microtubule stabilizers and destabilizers. Future studies to test
these models are awaited.

Materials and methods

Sample preparation and EM

Tubulin was purified from porcine brains by six cycles of polymerization/
depolymerization. A high-molarity Pipes buffer was used to remove con-
taminating microtubule-associated proteins. For GDP-taxol microtubules,
7.0 pM tubulin was polymerized in a polymerization buffer (100 mM
Pipes, pH 6.8, T MM EGTA, 1T mM MgCly, 1 mM GTP, 7% DMSO, and 10 pM
paclitaxel) at 37°C for 60 min. For GMPCPP microtubules, 3.0 pM tubulin
was incubated in a polymerization buffer (100 mM Pipes, pH 6.8, adjusted
by KOH, 1 mM EGTA, 1 mM MgCl,, 0.6 mM GMPCPP, and 5% DMSO)
at 4°C for 30 min and then clarified by centrifugation at 4°C for 30 min at
100,000 g using a rotor (TLA-110; Beckman Coulter) in an ultracentrifuge
(TLX; Beckman Coulter). The supernatant was polymerized at 37°C for
120 min, and the microtubules were collected by centrifugation through
a 20% glycerol cushion at 27°C for 10 min at 20,000 g using a rotor
(TLA-45; Beckman Coulter) in an ultracentrifuge (TLX). This cycle for GMP-
CPP uptake into the microtubules was repeated three times to increase the
occupancy of GMPCPP on the E site.

A 5-pl drop of the polymerized microtubules was placed onto a
glow-discharged holey carbon film on a copper mesh grid (Maxtaform
HF35; Pyser-SGI). After 30 s, this solution was absorbed by filter paper
(no. 1; Whatman) and quickly replaced with an 8-pl drop of the same
buffer without microtubules. Immediately after absorbing this drop, the
grid was plunge frozen in liquid ethane at —185°C, cooled using liquid
nitrogen. The specimens were observed using a 200-kV field emission

JCB « VOLUME 198 « NUMBER 3 « 2012

cryoelectron microscope (JEM-2010F; JEOL) with a 626 cryotransfer
holder (Gatan, Inc.). Images were recorded at 40,000-fold magnifica-
tion on SO163 film (Kodak) with defocus values ranging from 1.3 to
2.8 pm.

The 15-protofilament and 2-start helix microtubules (15-protofilament
and 4-start for tubulin monomers) were identified by the moiré pattern, and
the optical diffraction pattern of the relative peaks near 1/40 A and the
microtubule polarity were determined. The selected film was digitized with
a charge-coupled device film scanner (Scitex Leafscan45; Leaf Systems) so
that the final pixel size of the digitized images was 2.5 A.

Image analysis

A high-pass—filtered cryo-EM image of a microtubule was cropped into
60 x 60-nm square pieces. The cropping frames were initially centered
along the microtubule at 150-nm intervals, closely corresponding to the
periodicity of the superhelix of the protofilament. These frames were cat-
egorized as class 1. Each of the cropping frames in class 1 was shifted
vertically by 8.28 nm, the length of a tubulin dimer, to produce the class 2 set.
This process was repeated fo create 18 classes (150/8.28 = 18). The
positions of the frames were then iteratively adjusted o improve the con-
trast score of the class-averaged image (Ogura and Sato, 2006). After the
simulated annealing, the frame infervals between the neighboring classes
were measured to exclude the segments with the lattice failures or distor-
tions. The contrast transfer function (CTF) correction of class averages were
then performed with Imagic V (Image Science). The CTF parameters for
each micrograph were based on defocus values determined by CTFFIND3
(Mindell and Grigorieff, 2003). After the rotational and translational
parameters of each class average was iteratively refined by the modified
simulated annealing method (Ogura and Sato, 2006), the 3D structure
was reconstructed from this set of CTF-weighted average of microtubule
images with different defocus values using the simultaneous iterative re-
construction technique (Penczek et al., 1992). The angular inferval of each
class average was optimized to be 23.82 degrees, which is derived from
the supertwist of the microtubule with 15 protofilaments and 2 starts. These
iterative processes fo refine the in-plane and helical parameters contributed
to increasing the resolution of our maps. After the averaging of the whole
tubulin dimers within the resulting reconstruction of microtubules, a 3D fast
bilateral filter created with MATLAB (MathWorks, Inc.) was applied for
noise reduction without blurring (a MATLAB function of bilateral3 written
by Igor Solovey). A Bfactor of 400 A? using the program EM-BFACTOR
was then applied to compensate for amplitude attenuation at higher resolu-
tions (Ferndndez et al., 2008).

Atomic model fitting

We used the atomic model of the tubulin dimer obtained by electron crys-
tallography (Protein Data Bank accession no. 1JFF; Lowe et al., 2001) as
the initial model. The Fit in Map tool in UCSF Chimera (Pettersen et al.,
2004) was used for the rigid body fitting of the atomic models into the den-
sity maps with the guidance of fitting score (average map value [AMV]).
For the first round of the fitting, the atomic model of each monomer was
treated as a rigid body to fit into the map. Each tubulin monomer was fitted
well to our GDP-4axol microtubule (AMV = 175.4 and 177.4 for a- and
B-tubulins, respectively) but did not fit well to the GMPCPP microtubule
(AMV = 158.3 and 162.6, respectively), especially in the regions that
showed marked structural differences. Therefore, we divided the tubulin
monomer atomic model into three subdomains, as previously reported:
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N domain (aa 1-203), | domain (aa 204-382), and C domain (aa 383-
C terminal). The | domain and C domain fitted well to the map by rigid
body fitting, but the fitting of the N domain was still poor, providing only
modest improvements (AMV = 162.4 and 168.4, respectively). Hence,
we further divided the N domain into two domains: N-terminal half (N1
domain, aa 1-94) and C+erminal half (N2 domain, aa 95-203). After
division into these four subdomains, the atomic models of both «- and
B-tubulins fitted well to the cryo-EM density map (AMV = 168.5 and 170.8,
respectively; Figs. 4, S2, and S3 and Video 2).

Statistical analysis

The statistical significance of differences between the GMPCPP and GDP-
taxol cryo-EM maps was examined by Student's t test. As the final 3D map
was made by averaging 25 independent protofilament segments, these in-
dependent segments were used as the dataset for the t fest. The maps be-
fore final averaging were low-pass filtered at 10 A to remove noise in the
higher—spatial frequency domain and to match the resolution difference.
Then, they were divided info 25 independent datasets (400 A x 400 A x
105 A). The t value was calculated for each voxel after normalization of
the average and the variance (degrees of freedom = 48).

Determination of nucleotide composition

Polymerized microtubules were denatured by the addition of 8 M urea in
100 mM Tris-HCl, pH 7.2, followed by heating to 100°C for 1 min. The
solution was then diluted with 1 vol of water and filtered through a 10,000kD
cutoff centrifugal filter unit (Amicon Ultra-4; EMD Millipore) followed by
washing through the filter with 2 vol of water. The filirate was analyzed
by fast protein liquid chromatography (FPLC) using a 1-ml 5/50 GL anion-
exchange column (Mono Q; GE Healthcare) in 100 mM Tris-HCI, pH 8.0,
and eluted with a 0-400 mM gradient of NaCl. The peak areas were
analyzed and recorded for their OD254 using FPLC software (UNICORN;
GE Healthcare). The standards used were 0.5-2.0 nmol of GMPCPP, GTP,
GMPCP, and GDP, evaluated separately from the sample under analysis.

Online supplemental material

Fig. S1 shows the cryo-EM structure of a GDP-taxol microtubule solved by
our new algorithm. Fig. S2 shows the 3D cryo-EM density maps of a GMP-
CPP and GDP-taxol microtubule with fitted atomic models in stereo. Fig. S3
shows the comparison between the experimental and simulated maps of
the GMPCPP microtubules fitted with the atomic model seen from the minus
end. Video 1 shows a sequence of the contour plots of GMPCPP micro-
tubule and GDP-taxol microtubule seen from the plus end. Video 2 shows
the 3D density map of GMPCPP microtubule with fitted atomic models seen
from the minus end of the microtubule. Video 3 shows the conformational
change of B-tubulin in stereo. Online supplemental material is available at

http://www.icb.org/cgi/content/full /jcb.201201161/DC1.
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