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Structural insight into microtubule stabilization and
kinesin inhibition by Tau family MAPs

Hideki Shigematsu">*@®, Tsuyoshi Imasaki>**@®, Chihiro Doki®, Takuya Sumi*®, Mari Aoki*®, Tomomi Uchikubo-Kamo»®, Ayako Sakamoto®®,

Kiyotaka Tokuraku®®, Mikako Shirouzu®®, and Ryo Nitta*@®

The Tau family microtubule-associated proteins (MAPs) promote microtubule stabilization and regulate microtubule-based
motility. They share the C-terminal microtubule-binding domain, which includes three to five tubulin-binding repeats.
Different numbers of repeats formed by alternative splicing have distinct effects on the activities of these proteins, and

the distribution of these variants regulates fundamental physiological phenomena in cells. In this study, using cryo-EM, we
visualized the MAP4 microtubule complex with the molecular motor kinesin-1. MAP4 bound to the C-terminal domains of
tubulins along the protofilaments stabilizes the longitudinal contacts of the microtubule. The strongest bond of MAP4 was
found around the intertubulin-dimer interface such that MAP4 coexists on the microtubule with kinesin-1 bound to the
intratubulin-dimer interface as well. MAP4, consisting of five repeats, further folds and accumulates above the intertubulin-
dimer interface, interfering with kinesin-1 movement. Therefore, these cryo-EM studies reveal new insight into the structural
basis of microtubule stabilization and inhibition of kinesin motility by the Tau family MAPs.

Introduction

The tau family of microtubule-associated proteins (MAPs), in-
cluding Tau, MAP2, and MAP4, promote microtubule assem-
bly and stability in vertebrates. Tau and MAP2 are abundant
in the axons and dendrites of neurons, respectively, and they
contribute to neuritogenesis, whereas MAP4 is distributed in
glial cells and many other nonneuronal cells including muscle
tissues (Drewes et al., 1998). They all share a similar architec-
ture composed of a conserved C-terminal microtubule-binding
domain and an N-terminal projection domain that is distinct in
each MAP (Fig. 1 A; Dehmelt and Halpain, 2005). The former
consists of tubulin-binding motifs of ~18 residues known as
assembly promoting (AP) sequences. These are arrayed in three
to four imperfect tandem repeats in Tau and MAP2 and in three
to five repeats in MAPA4, separated by flexible linkers. Differ-
ent numbers of repeats are generated by alternative splicing of
a single gene, thereby producing several isoforms that are ob-
served in all tau family MAPs (Ennulat etal., 1989;Joly etal., 1989;
Aizawa et al., 1990).

There have been several studies that described different effects
produced by the distinct isoforms of MAPs on microtubule dynam-
ics or on the motility of microtubule-based motor. Isoforms of Tau
containing three (3R) or four (4R) tubulin-binding repeats have

distinct effects on microtubule dynamics; 4R-tau protects micro-
tubules from depolymerization much more robustly than 3R-tau
(Panda et al., 2003). Consistently, the increasing ratio of 4R-tau to
3R-tau is considered to lead to frontotemporal dementia (FTDP-
17; Hardy et al., 1998; Spillantini and Goedert, 1998). Moreover,
the splicing variants MAP2a, MAP2b, and MAP2c are differen-
tially expressed during the progression of neuronal development,
suggesting that they play distinct roles (Gamblin et al., 1996). For
MAP4, a different number of repeat sequences from 3R to 5R al-
ters the microtubule bundling activity in vitro (Tokuraku et al.,
2003). More recently, differential expressions of MAP4 isoforms
in skeletal muscle cells were reported (Mogessie et al., 2015). The
3R-MAP4 aligns dynamic microtubules into antiparallel bundles to
organize the paraxial microtubule array required for muscle cell
differentiation, whereas 5R-MAP4 does not. 3R-MAP4 is expressed
during the myogenesis of skeletal muscles, whereas 5R-MAP4 is
majorly expressed in mature skeletal muscle cells or cardiomyo-
cytes. These studies collectively indicated that the splice variants
with different numbers of tubulin-binding repeats are temporo-
spatially regulated to achieve their distinct roles.

Tau family MAPs also reportedly inhibit kinesin- and
dynein-dependent transport along microtubules (Hagiwara et
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al., 1994; Ebneth et al., 1998; Trinczek et al., 1999; Seitz et al.,
2002; Tokuraku et al., 2007). This inhibition is predominantly
caused by a direct competition between MAPs and kinesins for
microtubule binding. The attachment frequency of motors is
reduced in the presence of MAPs, although kinesin moves nor-
mally once it attaches to the microtubule (Trinczek et al., 1999).
However, in addition to the direct competition for microtubule
binding, 5R-MAP4 completely impedes the movement of kinesin
even after the kinesin attaches to the microtubule (Tokuraku et
al., 2007). Considering that the 5R isoform has been found only in
nonneuronal MAP4 and not in neuronal Tau or MAP2, a distinct
regulation for organelle transport might be necessary in both
neurons and nonneuronal cells.

Because of the physiological importance of the Tau family
MAPs, numerous studies have focused on their biochemical prop-
erties and/or structures. However, natively unfolded molecules
exist in these proteins (Schweers et al., 1994), which preclude de-
tailed structural analyses. Quick-freeze deep-etch EM elucidated
that Tau and MAP2 bind to the outer surface of the microtubule
lattice and that the length of the projection domain can regulate
microtubule spacing (Hirokawa et al., 1988; Chen et al., 1992).
Cross-linking studies identified the potential binding regions
on a- or B-tubulins as the C-terminal helices H11 and H12 and
the C-terminal E-hook (Chau et al., 1998). Subsequent cryo-EM
studies consistently indicated that the tubulin-binding repeats
of Tau or MAP2 bind longitudinally along the outer ridge of the
microtubule protofilament (Al-Bassam et al., 2002; Santarella
et al., 2004). However, another cryo-EM analysis also suggested
that Tau binds to the inner microtubule surface adjacent to the
paclitaxel-binding site (Kar et al., 2003). Thus, because of the
limited resolution of cryo-EM studies, the structural property of
Tau/MAP2/MAP4 that get attached to the microtubules remains
incompletely understood.

Here we present a cryo-EM reconstruction of the MAP4-
kinesin-1-microtubule complex. We used two types of MAP4
constructs, 4R-MAP4 (termed as PA,T; Tokuraku et al., 2007) and
5R-MAP4 (termed as PA;T; Tokuraku et al., 2007) because their
biochemical properties, the effects for the microtubule stability,
and the microtubule-based kinesin-1 motility were well studied
(Fig. 1 A; Tokuraku et al., 2003, 2007). Either 4R-MAP4 or 5R-
MAP4 coexists with kinesin-1 on the microtubule; MAP4 exists
around the intertubulin-dimer interface of the microtubule,
whereas kinesin-1 is located around the intratubulin-dimer in-
terface of the microtubule. 5R-MAP4 is much more stabilized on
the microtubule than 4R-MAP4, probably owing to the interaction
of kinesin-1, which accumulates far above the intertubulin-dimer
groove. Thus, we provide the first structural evidence for microtu-
bule stabilization by MAP4 as well as the inhibitory effect of MAP4
for kinesin-dependent transport along the microtubule.

Results

MAP4 and kinesin-1 can be simultaneously bound to

the microtubules

We first examined the microtubule-binding ability of both
4R-MAP4 and 5R-MAP4 (Fig. 1 A) by performing microtubule
copelleting assays (Fig. 1 B). In comparison with tubulin alone,
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alesser number of tubulins were found in the supernatant frac-
tions, indicating that more tubulins had polymerized into micro-
tubules in the presence of 4R-MAP4 or 5R-MAP4 even at a molar
concentration one-third of the tubulin concentration. The molar
ratio between MAP4 and tubulin monomer in the pellet fractions
is ~1:4-5 at a saturated concentration of MAP4 (Fig. 1 C). No sig-
nificant difference was found in the tubulin binding ratio be-
tween 4R-MAP4 and 5R-MAP4 (unpaired ttest; P = 0.436). If one
tubulin-binding repeat in the AP sequence of MAP4 is bound to
one tubulin monomer as previously predicted (Chau et al., 1998;
Al-Bassam et al., 2002), four to five tubulin-binding repeats
would be required to achieve this stoichiometry. In this case,
most of the tubulin-binding repeats of 4R-MAP4 or 5R-MAP4
should contribute toward microtubule binding.

Next, we investigated the microtubule-binding properties
of MAP4 and kinesin-1. We tested whether kinesin-1 and MAP4
affect the binding of each other to the microtubule. The 5-uM
microtubule surface was first saturated by 20 uM kinesin-1,
and 3.2, 6.4, 9.6,12.8, and 16 uM 4R-MAP4 or 5R-MAP4 was sub-
sequently added. As a control, MAP4 binding in the absence of
kinesin-1 was also examined. Consequently, kinesin-1 did not
interfere with the binding of 4R-MAP4 or 5R-MAP4 to the mi-
crotubule, and MAP4 binding did not affect kinesin-1binding to
the microtubule (Fig. 1, D and E). We also performed the opposite
experiment. The 5-pM microtubule surface was first saturated
by 10 uM 4R-MAP4 or 5R-MAP4, and 4, 8, 12, 16, or 20 puM kine-
sin-1 was subsequently added. As a control, kinesin-1 binding
in the absence of MAP4 was examined. Consequently, neither
4R-MAP4 nor 5R-MAP4 blocked kinesin-1 from binding to the
microtubule, and kinesin-1 binding did not cause MAP4 to dis-
sociate from the microtubule (Fig. 1, F and G). Therefore, MAP4
can coexist with kinesin-1 along the microtubule, and the num-
ber of MAP4 or kinesin-1molecules bound to the microtubule is
not affected by the saturating conditions of the other molecule.
In other words, the binding stoichiometry between MAP4 and
tubulin or between kinesin-1 and tubulin did not change in the
presence of kinesin-1 or MAP4, respectively. However, it should
be noted that the possibility of competition between MAP4 and
kinesin-1 upon attachment to the microtubule should not be ex-
cluded because we observed the binding of MAP4 and/or kine-
sin-1 to the microtubule in the equilibrium state. One possible
explanation is that the binding sites of MAP4 and kinesin-1 in
the microtubule are at different locations or that MAP4 has two
or more binding sites, at least one of which is different from the
kinesin-1binding site.

Cryo-EM reconstruction of the MAP4-kinesin-1-

microtubule complex

Microtubule-binding assays indicated that MAP4 and kinesin-1
simultaneously attached to the microtubules. Thus, we performed
cryo-EM analysis of the 4R-MAP4-kinesin-1-microtubule and
5R-MAP4-kinesin-1-microtubule complexes. Because GDP-
microtubule combined with paclitaxel (taxol-microtubule) was
used in our previous study of kinesin-1 inhibition by 5R-MAP4
(Tokuraku et al., 2007), the taxol-microtubule was also used in
the cryo-EM reconstruction procedure. Fast Fourier transform of
the micrograph showed the layerlines at 4 and 8 nm derived from
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Figure 1. MAP4 and kinesin-1 can be simultaneously bound to the microtubules. (A) Primary structure of MAP4 and its microtubule-binding fragments
5R-MAP4 and 4R-MAP4. (B-G) Microtubule cosedimentation assays. All experiments were performed three independent times, and the concentrations of
bound protein were calculated from each SDS-PAGE gel. Error bars in graphs represent SD (n = 3). (B) Typical SDS-PAGE gels of microtubule-binding assays of
4R- or 5R-MAP4 without kinesin-1. (C) Concentrations of bound MAP4 fragments when 16 uM 4R- or 5R-MAP4 was incubated with microtubules (in the absence
of kinesin-1). There was no significant difference between the bound 4R- and 5R-MAP4. (D) Typical results for binding of 4R- or 5R-MAP4 to microtubules in
the presence of 20 uM kinesin-1. (E) The concentrations of bound 4R- or SR-MAP4 and kinesin-1 in the presence of 20 M kinesin-1. The concentrations of
bound 4R- or 5R-MAP4 in the absence of kinesin-1 are also shown. (F) Typical results of microtubule-binding assays of kinesin-1 with 16 uM 4R- or 5R-MAP4.
Sup, supernatant; ppt, precipitate. (G) The concentrations of bound kinesin-1 and 4R- or 5R-MAP4. The concentrations of bound kinesin-1in the absence of

MAP4 are also shown.

one tubulin-monomer repeat and one tubulin-dimer repeat (Fig.
S1 A). Considering that the micrograph of MAP4-microtubule
complex in the absence of kinesin-1 revealed a layer line only at
4 nm (Fig. S1 B), MAP4 would not be bound to the microtubule
at periodic intervals according to the three to five tubulin mono-
mers (12, 16, and 20 nm); rather, each tubulin binding repeat in
MAP4 would recognize each tubulin-monomer.

The cryo-EM reconstructions of the 4R-MAP4-kinesin-1-
microtubule and the 5SR-MAP4-kinesin-1-microtubule were per-
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formed at an overall resolution of ~7 A; the average resolutions in
the tubulin region were <5 A (Fig. 2; Fig. S1, C and D; and Fig. S2, C,
D, G, and H). The lower resolution of surface densities correspond-
ing with kinesin-1and MAP4 in our cryo-EM reconstruction could
be due to their flexibility and/or substoichiometric binding (Fig. S2,
Dand H). In this complex, kinesin-1was in the ATP state, mimicked
by the ATP analogue adenylyl-imidodiphosphate (AMP-PNP). The
conformation of kinesin-1and the microtubule in both reconstruc-
tions are quite similar to the previously resolved cryo-EM structure
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Figure 2. Cryo-EM reconstructions of MAP4-kinesin-1-microtubule complex. (A and D) Cryo-EM reconstruction of 5R-MAP4-kinesin-1-microtubule
complex. Green, a-tubulin; light blue, B-tubulin; pink, kinesin-1; purple, residual densities (5R-MAP4). (B and E) Cryo-EM reconstruction of 4R-MAP4-kinesin-1-
microtubule complex. Yellow, residual densities (4R-MAP4). (C and F) Cryo-EM reconstruction of kinesin-1-microtubule complex. Red, residual densities.
(A-C) Cryo-EM reconstructions observed from the outer surface of microtubules. (D-F) Cryo-EM reconstructions observed from the inside of microtubules.

of the kinesin-1-microtubule complex (Atherton et al., 2014). The
atomic models of kinesin-1 and the a-, B-tubulin-dimer (PDB ID:
4UYO0) were well fitted with our cryo-EM densities (Fig. S2, A, B,
E, and F). The a-, B-tubulin-dimer conformation is essentially the
same in both 4R-MAP4 and 5R-MAP4 complexes.

After rigid body fittings of atomic models of kinesin-1and the
tubulin monomer, the cryo-EM maps were segmented based on a
cutoff distance of 5 A from the fitted atomic models using UCSF
Chimera (Pettersen etal., 2004). The 5R-MAP4-kinesin-1-micro-
tubule (Fig. 2 A) and 4R-MAP4-kinesin-1-microtubule (Fig. 2 B)
complexes are compared with the kinesin-1-microtubule com-
plex without MAP4 (Fig. 2 C). They were divided into four seg-
ments, the kinesin-1 segment (pink in Fig. 2, A-C), a-tubulin
segment (green in Fig. 2, A-C), B-tubulin segment (light blue in
Fig. 2, A-C), and the remaining segment (purple, yellow, or red
in Fig. 2, A-C). Consequently, more densities were found in the
remaining segments of the 5R-MAP4 complex than in that of the
4R-MAP4 complex (Figs. 2, A and B; and Fig. S3, A-C). Consider-
ing that the least remaining segments were found in the kine-
sin-1-microtubule complex without MAP4, most of the densities
found in the 5R-MAP4-kinesin-1-microtubule complex and 4R-
MAP4-kinesin-1-microtubule complex are supposed to be de-
rived from the MAP4 structure. Indeed, these densities were also
not observed in the previously reported cryo-EM reconstruction
of kinesin-1-taxol-microtubule complex without MAP4 (EMD-
2770; Atherton et al., 2014), suggesting that the presence of MAP4
contributes to them. The C-terminal tail of the a- and f-tubulins
(E-hook) may also be stabilized by MAP4 and thus possibly con-
tribute to the residual density.

Shigematsu et al.
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The remaining segments appeared to be much smaller than
expected from the molecular weight of MAP4 moiety (4R-MAP4,
50.0 kD; 5R-MAP4, 52.7 kD), possibly because of the flexible na-
ture of MAP4. The densities were concentrated on the right-hand
side of the protofilament ridge around the intertubulin-dimer
interface in both 4R-MAP4 and 5R-MAP4 complexes (purple in
Fig. 2 A and yellow in Fig. 2 B). Although kinesin-1 was mainly
bound to the left-hand side of the protofilament ridge, MAP4
densities seem to be interrupted by the kinesin-1 densities. In
addition, almost no extra density was observed on the lateral
contact or inside of the microtubule, suggesting that there is no
stable region of MAP4 located on the lateral side or inside of the
microtubule (Fig. 2, D-F).

Structural detail of MAP4-kinesin-1-microtubule binding
We focus on the MAP4 densities in the MAP4-kinesin-1-micro-
tubule complex to investigate further the remaining densities.
The most prominent density was found around the intertubu-
lin-dimer groove, which serves as the polymerization inter-
face (Fig. 3, A and B). MAP4 is bound to both a- and B-tubulin
to bridge the interface, thus stabilizing the polymerized micro-
tubules. The density of 4R-MAP4 is found only around this site
(Fig. 3 B). On the other hand, 5R-MAP4 extends toward the plus-
and minus-end sides along the C-terminal helices (H11 and H12)
of tubulins (Fig. 3, A and C). However, it seems to be interrupted
around the intratubulin-dimer groove where kinesin-1 occupies
the microtubule surface.

To further investigate the structural detail of 5R-MAP4 bind-
ing, the recently reported atomic model of Tau was superim-
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Figure 3. Structural detail of MAP4-kinesin-1-microtubule binding. (A) Cryo-EM reconstruction of SR-MAP4-kinesin-1-microtubule complex seen from

the right side of the protofilament (left) and from the surface (right). Green, a-

tubulin; light blue, B-tubulin; pink, kinesin-1; purple, 5SR-MAP4. Higher threshold

density for MAP4 is shown in opaque. (B) Cryo-EM reconstruction of 4R-MAP4-kinesin-1-microtubule complex. Green, a-tubulin; light blue, B-tubulin; pink,
kinesin-1; yellow, 4R-MAP4. Higher threshold density for MAP4 is shown in opaque. (C) Magnified view of black dotted rectangle in A shown with Tau (blue;
PDB ID: 6CVN). A 180°-rotated view is also presented. (D) Magnified view of red dotted rectangle in A shown with Tau. The anchor point sequences of Tau and
corresponding sequence of MAP4 are also presented. (E) Amino acid sequences of the tubulin-binding repeat of bovine 5SR-MAP4 and 4R-MAP4.

posed on our 5R-MAP4-kinesin-1-microtubule complex (PDB
ID: 6CVN; Kellogg et al., 2018). Consequently, a part of the MAP4
density, which runs along the C-terminal helices (H11 and H12)
of a- and B-tubulins around the interdimer groove, overlaps with
the repeat sequence of Tau structure from amino acid Val 256 to
Lys267 (solid magenta lines in Fig. 3, C and D). In reference to
the Tau structure, the length of the overlapping region might be
equivalent to the length of one tubulin-binding repeat sequence,

Shigematsu et al.
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namely the “anchor point” (Kellogg et al., 2018). It suggests that
MAP4 would be bound to the C-terminal helices of the micro-
tubule through one tubulin-binding repeat, similar to the Tau-
microtubule interaction.

However, overlap was found between the Tau structure and
kinesin-1 around the intradimer groove, suggesting that 5R-
MAP4 in the presence of kinesin-1 could not take a similar elon-
gated structure as Tau (Fig. 3, C and D). In our reconstruction,
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5R-MAP4 further extends upward or rightward to the space
surrounded by B-tubulin, a-tubulin, and two neighboring kine-
sin-1s, running along the microtubule axis (dotted magenta lines
inFig. 3, C and D). Thus, one tubulin-binding repeat should bind
directly to C-terminal helices of the microtubule, and the other
repeats connected by the conserved PGGG flexible sequence or/
and the N-terminal proline-rich region may fold back upward or
rightward to occupy the space between two neighboring kine-
sin-1 molecules along the protofilament (Fig. 3, C-E).

At the intratubulin-dimer interface, lower density was found,
possibly to the L12 loop of kinesin-1 occupying this space (Fig. 3,
A, C,and D). In fact, the L12 loop is rich in basic residues that repel
the tubulin-binding repeat of MAP4, which is also rich in basic
residues. The suspected competition for microtubule attachment
between Tau family MAPs and kinesin-1 might be occurring at
this site (Hagiwara et al., 1994; Ebneth et al., 1998; Trinczek et al.,
1999; Seitz et al., 2002; Tokuraku et al., 2007).

Discussion

In this report, we visualized the cryo-EM structure of Tau fam-
ily MAPs 4R- and 5R-MAP4, forming a complex with kinesin-1
and microtubules. We also successfully illustrated the struc-
tural difference between 4R-MAP4 and 5R-MAP4 bound to the
microtubule. These cryo-EM reconstructions not only provide
the structural basis for microtubule stabilization by Tau family
MAPs, but they also provide the structural mechanism for the
inhibition of kinesin-dependent transport by Tau family MAPs.

Tau family MAPs are intrinsically disordered proteins, so
they do not take a uniform shape in solution. Thus, it is chal-
lenging to visualize their structure using x-ray crystallogra-
phy or cryo-EM. Tau is known to form filamentous aggregates
called neurofibrillary tangles whose structure were recently
reported by high-resolution cryo-EM study without micro-
tubules (Fitzpatrick et al., 2017). The low-resolution cryo-EM
studies of the MAP-microtubule complex revealed the probable
MAP-binding site on the microtubule (Al-Bassam et al., 2002;
Santarella et al., 2004). More recently, near-atomic-resolution
structure of Tau using a synthetic Tau construct was confirmed
in a low-resolution cryo-EM study. Kellogg et al. (2018) reported
that the conserved tubulin-binding repeats within tau adopt ex-
tended structures along the surface ridge of the protofilament.
Tau-microtubule bonds were the strongest around the intertu-
bulin-dimer groove, namely the anchor point, which was also
conserved in the MAP4-kinesin-1-microtubule complex de-
scribed in our study (Fig. 3, C and D; and Fig. 4). MAP4 bridges
a- and B-tubulins at the anchor point, thereby stabilizing the
longitudinal contacts of the microtubule.

Tau family MAPs are known to inhibit the microtubule-based
kinesin motility (Hagiwara et al., 1994; Ebneth et al., 1998;
Trinczek et al., 1999; Seitz et al., 2002; Tokuraku et al., 2007). As
described above, MAP4 with three or four tubulin-binding re-
peats competes for microtubule-binding with kinesin-1. MAP4
with five repeats further stops kinesin-1 motility even after
kinesin-1 is already bound to the microtubule (Tokuraku et al.,
2007). From the structural study presented here, MAP4 in the
presence of kinesin-1 mainly binds to the anchor point around
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Figure 4. Structural model of microtubule binding of MAP4 and kinesin
inhibition by MAP4. MAP4 is bound to the microtubule through the anchor
point around the interdimer interface and through the weak binding site
around the intradimer interface. Kinesin-1 competes against MAP4 for the
weak binding site and finally eliminates MAP4 from the weak binding site.
MAP4 is still anchored at the anchor point, and the rest of the regions may
fold and accumulate above the interdimer interface.

the intertubulin-dimer interface, whereas a considerably lower
MAP4 density was found around the intratubulin-dimer in-
terface to which kinesin-1 binds (Fig. 3, A and B). Considering
that Tau is weakly bound to the microtubule around the intra-
tubulin-dimer interface (weak binding site; Kellogg et al., 2018),
the distribution of MAP4 might be reflected by the competitive
binding of MAP4 and kinesin-1 to the microtubule. A sufficient
concentration of kinesin-1 might remove MAP4 from the weak
binding site (Fig. 4). However, MAP4 still remains anchored at
the anchor point, and the remaining detached region of MAP4
may fold and accumulate above the intertubulin-dimer groove.
Thus, although MAP4 and kinesin-1 compete to bind to the weak
site at the intratubulin-dimer interface, they can simultaneously
bind to the microtubule after a state of equilibrium is achieved;
MAP4 and kinesin-1 are bound to the interdimer and intradimer
interface, respectively, in the equilibrium state (Figs. 1 and 3A).
It should also be noted that as opposed to the kinesin motor bind-
ing, the binding of dynein to the microtubule was not inhibited
by Tau family MAPs (Dixit etal., 2008). Tau and MAP4 structures
clearly indicate that the microtubule-binding domain of dynein
does not compete with the MAP4-binding site on the microtu-
bule; our finding is consistent with the results of a previous study
in which kinesin and dynein motilities were differentially regu-
lated by Tau (Fig. S3 D; Dixit et al., 2008).

The concentrations of tubulin in living cells including cardio-
myocytes were estimated to be as high as several micrometers,
and the concentrations of MAP4 and kinesin-1 in cardiomyo-
cytes were approximately one order of magnitude lower than
that of tubulin (Gard and Kirschner, 1987; Mozziconacci et al.,
2008; Fishilevich et al., 2016). These data suggest that in vitro
protein concentrations used in these biochemical and structural
studies are not far from the in vivo conditions. Thus, it is not a
great surprise that the increased concentration of 5R-MAP4 in
cardiomyocytes induced by mechanical stress or pressure over-
load reportedly interfered with the microtubule-based trans-
port of junctophilin-2 or B-adrenergic receptor by kinesin-1
(Cheng et al., 2005; Zhang et al., 2014). Cryo-EM results of the
present study provided the structural basis for kinesin inhibi-
tion by 5R-MAP4. In the 5R-MAP4-microtubule complex, MAP4
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accumulation above the anchor point is much stronger than that
of 4R-MAP4 (Fig. 3, A and B). The folded 5R-MAP4 density be-
came equivalent to the kinesin-1 densities at the forward and
rear sides of the anchor point, suggesting the presence of some
interactions between 5R-MAP4 and microtubule-bound kine-
sin-1 (Fig. 4). Thus, some other mechanism may be responsible
for kinesin inhibition caused by the direct binding of 5R-MAP4 to
kinesin-1, for example, a decrease in or blocking of the kinesin-1
ATPase activity at some point.

Overall, our cryo-EM study provides a detailed structural
view of the Tau family MAPs bound to the microtubule. It pro-
vides insight on the molecular mechanisms underlying microtu-
bule binding, microtubule stabilization, and kinesin inhibition
by MAPs, although the interaction sites between MAP4 and ki-
nesin-1 are still not fully understood because of the flexibility
or the heterogeneity of MAP4 structure. Future structural and
cell biological studies are warranted to elucidate all the functions
of Tau family MAPs, including the mechanism of microtubule
bundling or how MAPs organize the microtubule in living cells.

Materials and methods

Protein purification

Tubulin was purified from porcine brain by six cycles of cold-in-
duced microtubule depolymerization and warm-induced micro-
tubule repolymerization (Yajima et al., 2012). A high-molarity
Pipes buffer (1 M Pipes, pH 6.8, adjusted with KOH, 1 mM EGTA,
and 1 mM MgCl,) was used to remove contaminating MAPs. The
bovine microtubule-binding domain fragments of MAP4, 4R-
MAP4, and 5R-MAP4 were expressed in Escherichia coli BL21
(DE3) cells (Novagen) and purified by cation exchange chro-
matography (HiTrap SP HP; GE Healthcare), followed by hy-
drophobic chromatography (HiTrap butyl FF; GE Healthcare;
Tokuraku et al., 2003). The mouse kinesin-1 (KIF5C) motor do-
main (residues 1-345 and a 7-His-tag) was expressed in E. coli
BL21 (DE3) cells (Novagen) and purified by immobilized metal
affinity chromatography (HisTrap; GE Healthcare) followed
by cation exchange chromatography (Mono S; GE Healthcare;
Morikawa et al., 2015).

Microtubule cosedimentation assay

For the simultaneous binding of kinesin-1and MAP4, 5 uM (final
concentration) tubulin was polymerized in PEM buffer (100 mM
Pipes-KOH, pH 6.8, 1 mM MgCl,, and 1 mM EGTA) containing 20%
glycerol and 1 mM GTP at 37°C for 60 min and then stabilized by
incubating with 10 uM taxol at 37°C for 5 min. The taxol-stabi-
lized microtubules were incubated with various concentrations
(0-20 uM) of kinesin-1 at 37°C for 5 min. Subsequently, various
concentrations (0-16 uM) of MAP4 fragments were added and
incubated at 37°C for another 5 min. Samples were centrifuged
at 25,000 g for 15 min at 37°C using a SI00AT6 rotor in an ul-
tracentrifuge himac CS100GX II (Hitachi Koki). The separated
supernatant and pellet fractions were loaded onto SDS-PAGE
gels and stained with Coomassie brilliant blue R250. All sam-
ples were electrophoresed three times using different gels, and
band intensities were analyzed using Image] (National Institutes
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of Health). Statistical analysis was conducted using Prism 6.0
(GraphPad Software).

Grid preparation and cryo-EM data collection

10 pM tubulin was polymerized in polymerization buffer (PEM-
GTP and 7% DMSO) at 37°C for 60 min. Taxol was added in a
stepwise manner to attain a final concentration of 10 uM. 10 pM
4R-MAP4 or 5R-MAP4 was subsequently added to the solu-
tion. Kinesin-1 was diluted to 10 uM in PEM buffer with 1 mM
AMP-PNP. A 5-pl drop of the polymerized microtubule-MAP4
(3-10 uM) was placed onto a glow-discharged holey carbon grid
(R2/2; Quantifoil). After 30 s, the solution was wicked away with
a piece of Whatman no. 1filter paper, and a 5-ul drop of kinesin-1
(10 pM) was quickly applied. After another 60 s, the grid was
washed with PEM buffer containing 5 mM AMP-PNP, blotted
for 5 s with blot force of 20, and then plunge-frozen into liquid
ethane by using a semiautomated vitrification device (Vitrobot
Mark IV; FEI) in 100% humidity at 27°C. Data acquisition was per-
formed by using 200-kV field emission cryo-EM (Tecnai Arctica;
FEI) at 78,000-fold nominal magnification with an FEI Falcon II
direct detection camera under low-dose condition in the data ac-
quisition software Serial EM (Mastronarde, 2005). All the data
were collected by using Falcon Hack as a video with 34 subframes
at 45 e”!/pixels/s in a total electron dose of 55 e}/A2 and a pixel
size of 1.28 A/pixel. The defocus range of the dataset was set to a
range of -1.5 to -2.5 pm.

Image processing and 3D reconstruction from cryo-EM images
Image processing was performed using the software Motion-
Corr (Li et al., 2013) and CTFFIND3 (Mindell and Grigorieff,
2003) as described previously (Yamagishi et al., 2016); im-
ages without a significant drift and astigmatism were used for
further analysis. Images of a 14-protofilament microtubule
complexed with MAP4 and kinesin-1 were selected and semi-
automatically straightened using the “unbend” program of Ru-
by-Helix (Metlagel et al., 2007). Segments were extracted at a
spacing of 80 A using a box size of 768 x 768 pixels. The stack
file combined by the “add to stack” command of IMOD (Kremer
etal., 1996) was then applied to the seam-search scripts (Zhang
and Nogales, 2015). We used EMD-6353, the kinesin that at-
taches to the GDP-microtubule as the 3D reference model to
precisely separate a- and B-tubulin (Zhang and Nogales, 2015).
The local refinement was performed twice using Frealign ver-
sion 9 (Grigorieff, 2007), followed by determination of the
seam position. Using refined alignment particles with the cor-
rect seam, 3D structures were reconstructed assuming either
pseudohelical symmetry (HP) or no symmetry (C1). The helical
parameters for three-start tubulin monomers (twist and rise)
were measured using Relion helix toolbox program (Scheres,
2012) from the Cl reconstruction and applied to the next HP
reconstruction. Two rounds of seam search were performed to
obtain the final reconstruction. The resolution was analyzed
using Fourier shell correlation. Local resolutions were esti-
mated using ResMap program (Kucukelbir et al., 2014). A nega-
tive B-factor (-200) was applied to sharpen the final map using
Bfactor program (http://grigoriefflab.janelia.org/bfactor).
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Atomic model fitting and refinement

The atomic structures of kinesin-1 and a- and B-tubulins in the
kinesin-1-tubulin complex model (PDB ID: 4UYO; Atherton et al.,
2014) were independently fitted into the cryo-EM density map
using the Fit in Map tool in UCSF Chimera (Pettersen et al., 2004).

Accession numbers

Cryo-EM maps have been deposited to the EMDB under accession
codes EMD-9637 for 5R-MAP4-kinesin-1-microtubule complex
and EMD-9638 for 4R-MAP4-kinesin-1-microtubule complex.

Online supplemental material

Fig. S1 shows the resolution and data collection statistics for
the cryo-EM reconstructions of MAP4-kinesin-1-microtu-
bule complex. Fig. S2 shows the local resolution estimates of
the MAP4-kinesin-1-microtubule complex structures. Fig. S3
shows that dynein does not compete the microtubule binding
site with MAP4.
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