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研究成果の概要（和文）：ヒトβ3チューブリンの262番目のアルギニン残基の変異により神経軸索の正常な伸長
が阻害され、外眼筋線維症の原因となる分子メカニズムを明らかにした。この病気でみられる神経軸索の伸長異
常を in vitro で再現し、更にここに結合するキネシンの KIF21A および KIF5B に変異を入れることで分子の
結合が回復すること、in vitro および in vivo での神経軸索の伸長も回復できることを示した。これらのキネ
シンは、β3チューブリンの伸長、短縮を制御していると考えられるため、これらのキネシンが微小管の機能を
を調節していることも示唆された。

研究成果の概要（英文）：Mutation at R262 amino acid residue of human beta3 tubulin impairs axon 
growth which leads to congenital fibrosis of extraocular muscles type 3. A model of the axon growth 
defects was constructed, which was rescued by a mutation at L12 loop of KIF21A or of KIF5B. These 
mutations recover the binding of these kinesin molecules to microtubules composed of beta-3 tubulin.
 These kinesins may control the dynamics of beta-3-tubulin rich microtubules which play essential 
roles in neuronal development. Our result suggests that these kinesin control the dynamics of such 
microtubules and these microtubues are important for axon growth and steering during brain 
morphogenesis.

研究分野：生物物理学
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１．研究開始当初の背景 
遺伝子解析技術の発達により、さまざまな種
類の神経発達異常疾患の原因がチューブリ
ン遺伝子の変異であることが明らかとなっ
てきた。例えば 3型の外眼筋繊維症は、外眼
筋を支配する神経の発達異常、脳梁の発達不
全、四肢の発達不全などが、β3 チューブリ
ンの変異によって引き起こされることが近
年報告された。また、少数であるが、この疾
患がキネシン遺伝子の変異によって引き起
こされる例も報告されている。 
	 一方、我々はヒトのチューブリン遺伝子を
昆虫細胞に導入し、ヒトのチューブリンタン
パク質を大量発現、単離精製する技術を開発
した。このヒト組換えチューブリンは微小管
を形成し、またモータータンパク質と相互作
用するなど、正常な機能を発揮することから、
さまざまな病気の分子メカニズムの解析に
使用できることが期待された。この技術を使
用して、3 型の外眼筋繊維症の分子メカニズ
ムの分子メカニズムを解明するため、本研究
を企画した。 
 
 
２．研究の目的 
ヒトの 3型外眼筋繊維症を引き起こすβ3チ
ューブリン変異の主要なものは、キネシンの
チューブリン結合部位と一致することが知
られている。一方、262 番目のアルギニンの
変異については、このアミノ酸残基がどのよ
うな機能を果たしているのか明らかではな
い。このアミノ酸残基も同様にキネシン結合
部位であるという仮説を確かめるために、こ
のアミノ酸を変異させたヒトの変異β3 チュ
ーブリンを発現、単離精製して、その機能解
析を行うとともに、キネシンとの結合メカニ
ズムの解明を行う。この in vitro での生物物
理学的な解析を元に、これらのタンパク質の
機能を補うことができるキネシン変異のデ
ザインも試みる。このような変異を作出する
ことが可能であれば、単離精製したタンパク
質だけでなく、細胞内、および個体レベルで
もこの機能が解析できるようになることが
期待される。 
 
 
３．研究の方法 
前述のように、ヒトのα1β3 チューブリンの
野生型およびβ3 チューブリンの 262 番目の
アルギニンに変異を導入した変異チューブ
リンタンパク質を発現、単離精製することで、
そのキネシンとの相互作用メカニズムを解
析する。反応キネティックスの測定および 1
分子レベルでの運動解析を行う。これらを、
これまで得られてきたチューブリンの構造-
機能相関との比較を通じて、どのようにチュ
ーブリンの機能が損なわれるかを明らかに
する。	
	 更に、この異常をレスキューするキネシン
変異体のスクリーニングおよび、そのレスキ

ューメカニズムの解明も行う。レスキューメ
カニズムの構造的な解析を行うとともに、多
数存在するキネシンスーパーファミリータ
ンパク質のどのキネシンがこのメカニズム
に関与しているかも調査する。	
	 一方、これらの分子レベルの現象と、個体
レベルの異常との関係を理解するため、マウ
スを用いて、この異常を解析することができ
るモデル系を構築し、実際の神経発達異常で
の解析も行う。	
	
	
４．研究成果	
ヒトβ3 チューブリンの 262 番目のアルギニ
ン残基	(R262)	をヒスチジンおよびアラニ
ンに置換した変異チューブリンの単離精製
に成功し、変異チューブリンからなる微小管
上でキネシンの ATP 加水分解サイクルに異常
が生じ、運動できないことを示した。	

 

図 1	β3 チューブリンの変異によるキネ
シン運動異常	(a)	一分子運動アッセイ
による運動解析の結果。(b)	ATP 加水分
解アッセイの結果。	
	
	
この運動異常は、キネシンの	ATP	加水分解
サイクルのうち強結合	(AMPPNP	結合状態)
と弱結合状態	(ADP	結合状態)の両方に異常
が起こっていることが明らかとなった。これ
まで、チューブリンのキネシン結合部位の変
異では、強結合または弱結合のどちらかに異
常が起こる変異しか知られていなかったが、
このアミノ酸残基は、ATP 加水分解に伴う構
造変化の前後ともに結合を支える重要な結
合部位であることが明らかとなった。	
	 この R262	は、キネシンの	L12	ループと呼
ばれる微小管結合ドメインと結合している
こともわかった。そこで、この	L12	ループ
に変異を導入し、微小管への結合が回復する
ものをスクリーニングしたところ、L12 ルー
プのアスパラギン酸をアルギニンに置換し
た変異体が、変異微小管に結合できるだけで
なく、運動機能も回復することを見いだした。
この回復では、キネシンと微小管との強結合、
弱結合の両方が回復していることも明らか
となった。	
	

reported charged-to-alanine tubulin mutants12,17, the TUBB3
R262A mutant was also expressed. The WT, R262H and R262A
tubulins were purified using His and FLAG tags and polymerized
into MTs (Supplementary Fig. 2b), but the yield of R262C tubulin
was too low for use in biochemistry experiments due to the low
solubility of the protein.

In the single-molecule motility assays using total internal
reflection fluorescence microscopy, the two-headed KIF5B motor
(human KIF5B construct HK432 at a concentration of 0.4 nM)
did not bind to R262H or R262A MTs (Fig. 2a; Table 1), while it
did move on the WT MTs at a velocity of 0.57±0.19 mm s! 1

(mean±s.d., N¼ 480). In the former cases, the kinesin scarcely
bound to the mutant MTs even when the kinesin concentration
was raised to 20 nM. Moreover, in MT-gliding assays using native
KIF5, R262H and R262A MTs could not move on the kinesin-
coated glass surface, while WT MTs moved at a velocity of
0.65±0.08 mm s! 1 (mean±s.d., N¼ 120). Therefore, the R262
residue in TUBB3 is critical for kinesin–MT interaction.

Measurement of MT-activated kinesin ATPase activity revealed
that the R262H and R262A mutations reduced the ATP
hydrolysis rate (kcat) to 17 and 23% of that of WT, respectively,
and increased the value of apparent Michaelis–Menten constant
(K0.5MT) 9.7 and 10 times of that of WT, respectively (Fig. 2b;
Table 1). This result contrasts to our previous observation with
the acidic critical residues in b-tubulin17. The charged-to-alanine
mutations in acidic residues E410A and D417A, located in H12 of
b-tubulin, have also been shown to impair kinesin motility.
However, in the ATPase measurement, these mutations did not
affect the value of kcat (Supplementary Table 1). They only
elevated the value of K0.5MT. The result indicates that basic
residue R262 plays a distinct role, different from the role of other
acidic residues in b-tubulin.

A mutant kinesin rescues motility impaired by TUBB3 mutation.
According to the crystal structure of the kinesin–tubulin
complex20, b-R262 is a binding partner for D279 in the kinesin
L12 loop in the nucleotide-free state (Fig. 3a). Adjacent to D279
in L12, there exists a highly conserved R278 (Fig. 3b), known to
be most influential in determining the affinity of kinesin with the

MT14. The substitution of R278 resulted in a 15-fold increase in
the value of ATPase K0.5MT. Because the b-R262A mutation in
tubulin shows a similar high impact on K0.5MT (Supplementary
Table 1), we hypothesized that the role of b-R262 might be to
guide the kinesin residue R278 to its binding partner (presumably
D417 in the H12 helix of b-tubulin) by forming a salt bridge with
the adjacent D279. According to this hypothesis, kinesin might
move on the R262A MT if the residue R278 can bind to its
partner residue(s) on an MT without being guided by b-R262.

To test this possibility, we attempted to engineer such a mutant
kinesin that can move on an R262A MT by introducing the
D279N and D279R mutations to the L12 loop of kinesin. Our
expectation was that the reduction or reversal of the negative
charge at D279 might reduce the electrostatic repulsion between
D279 of kinesin and D417 and/or E421 of b-tubulin, allowing the
adjacent R278 in kinesin to approach its binding partner(s).

In a single-molecule motility assay, both D279R KIF5B and
D279N KIF5B moved on WT MTs at a velocity comparable to
that of WT KIF5B (Fig. 3c,d, upper panel; Table 1). We found
that D279R KIF5B moved on R262A MTs, but D279N KIF5B did
not (Fig. 3c, lower panel). In an independent experiment, we
confirmed that D279R KIF5B was not constitutively active;
it could not move on b-E410A MTs, which was previously shown
to be critical for kinesin motility12. Altogether, these results
demonstrated that the mutation D279R, but not D279N,
recovered the motility of KIF5B on R262A MTs. We also
investigated whether the mutation D279R can recover the
motility of KIF5B on R262H MTs, but the motility was not
restored.

Along with motility, the D279R KIF5B mutation showed
enhanced ATPase activity by R262A MTs (Fig. 3e; Table 1). The
K0.5MT value was slightly higher than that of the WT–WT pairs.

Despite the recovered motility and ATPase activity in the
paired mutant combinations of D279R KIF5B and R262A MT,
their interaction differed from that of WT KIF5B–WT MTs in
their motile and biochemical properties, as described below.

In a single-molecule motility assay, the binding frequency of
D279R KIF5B to R262A MT was higher than that of the WT–WT
combination (Table 1). Moreover, the movement of D279R
KIF5B on the R262A MT was less smooth than the WT–WT
combination. It stochastically passes between two modes, that is,
a fast-moving mode and a sluggish mode, thus giving rise to the
distribution of instantaneous velocities in two Gaussians (Fig. 3d).
In the former mode, D279R KIF5B moved at a velocity slightly
higher than that of the WT–WT combination (Table 1). In the
latter, D279R KIF5B was either stalled at the same position or
showed bidirectional drag along a R262A MT, thereby producing
no net displacement. Such motility properties are unique to this
paired mutant combination. Our previous analyses have shown
that the charged-to-alanine mutations in the acidic residues of
both a- and b-tubulin simply lowered the binding frequency
and/or velocity of kinesin17. Regarding the binding affinity of the
KIF5B–MT complex, a co-sedimentation assay using a minimal
motor (a single-headed KIF5B construct, HK349) revealed
that the affinity in the paired mutant combination (D279R
KIF5B-b-R262A MT) was still lower than that of the WT–WT
pair, showing a 2-, 10- and 2-fold increase in Kd values in the
ADP, nucleotide-free and AMPPNP states, respectively, as
compared with the WT–WT pair (Fig. 3f; Supplementary
Fig. 3; Supplementary Table 2). Even though the affinity did
not fully recover in the paired mutant combinations, the D279R
mutation was highly effective in suppressing the R262A mutation
effect, considering the large increase in Kd values brought about
by the R262A mutation (B6-, B70- and B90-fold increase in
the ADP, nucleotide-free and AMPPNP states, respectively, as
compared with the WT–WT pair).
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Figure 2 | Effect of tubulin mutations b-R262H and b-R262A on
single-molecule motility and MT-activated ATPase activity of the KIF5B
motor. (a) Kymographs of kinesin motility. Horizontal bar, 5 mm; vertical
arrow, 10 s. (b) The ATPase activity of KIF5B activated by WT (blue circles),
R262H (green diamonds) or R262A MTs (red circles). All data obtained
from four independent measurements for WT, three measurements for
b-R262H and three measurements for b-R262A are plotted in the graph.
Smooth curves were the best fit for the Michaelis–Menten equation with
kcat and K0.5MT values given in Table 1.
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図２	β3 チューブリンの変異によるキネ
シン運動異常を回復できるキネシン	
(KIF5B)	変異体	(上)	一分子運動アッセ
イによる運動解析の結果。(下)	ATP 加水
分解アッセイの結果。	
	
	
	 次に、この回復変異体を用いて、細胞およ
びマウス個体において、外眼筋繊維症で見ら
れる神経発達異常の原因を明らかにする実
験を行った。まずβ3 チューブリンに変異を
導入した遺伝子を発現させると、マウスの大
脳皮質細胞からの神経軸索の伸長が遅くな
ることを確認した。ここに、キネシンの回復
変異体を発現させると、軸索の伸長の遅れが
有意に回復することが明らかとなった。	
	
	

図３	β3 チューブリンの変異による軸索
の伸長異常の回復。キネシン運動異常を
回復できるキネシン 	 (KIF5B)	変異体	
( 左 )KIF5B	 変 異 体による回復（右）
KIF21A 変異体による回復。	
	
	

同様の現象はマウスの個体レベルでも検証
することに成功した。マウス胎児脳にエレク
トロポレーション法で変異遺伝子を導入し、
神経伸長の異常が確認された。また、キネシ
ンの回復変異体を同時に導入した個体では、
伸長が正常になることも確認された。	
	

	
図４	β3 チューブリンの変異による脳梁
の伸長異常の回復。キネシン運動異常を
回復できるキネシン	(左)遺伝子導入の
マーカーとして同時に導入した	GFP	の
局在。（右）変異チューブリンに付加した
ペプチドタグに対する抗体で染色したも
の。	
	
	 ここに関与するキネシンとして、これまで
関与が示唆されてきた	KIF21A 以外に	KIF5B
も関与していることが明らかとなった。
KIF21A は神経末端での微小管の安定化に、一
方 KIF5B は、軸索伸長の初期における神経突
起の伸長に寄与していると考えられる。	
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basic residue mutation could inhibit the in vitro motility of
kinesin when expressed in TUBB3. Our analyses revealed that the
R262H or R262A mutations in TUBB3 impaired kinesin motility
and the MT-activated ATPase of a two-headed KIF5B motor
(Fig. 2; Table 1). Similar to an earlier study that reported a low
yield of R262C tubulin in rabbit reticulocytes11, the poor yield of
R262C TUBB3 prevented us from examining its effects on
motility. However, the observation in yeast cells that both R262C
and R262H mutations decreased Kip3p accumulation on the plus
end of MTs indicated that R262C might impair kinesin motility if
tested in vitro.

Having established the importance of the basic residue b-R262
in kinesin motility, our next questions were which residues of
kinesin interact with b-R262 and how does this interaction
contribute to the kinesin–MT interaction. A drastic reduction in
kcat by b-R262H or b-R262A mutations indicates that b-R262
might play a crucial role in mediating the structural signals
required for ATPase activation. It contrasts with the role of the

critical acidic residues in b-tubulin (b-E410 and b-D417) that
increase the affinity of kinesin to MT (K0.5MT) without affecting
kcat (Supplementary Table 1)17. According to the crystal structure
of the kinesin–tubulin complex and the model of the kinesin–MT
complex based on cryo-EM images20,26,27, b-R262 is a binding
partner for D279 in the kinesin L12 loop in the nucleotide-free
and ATP-bound states (Fig. 3a). Upon MT binding, the
rearrangement of salt bridges near this pair may contribute to
the conformational change in kinesin, leading to ADP release
from the nucleotide pocket20,27. The sequence of the L12 loop
and the adjacent a5 helix is highly conserved in kinesin,
indicating the importance of this region in its function
(Fig. 3b).

Earlier work using alanine-scanning mutagenesis of kinesin
showed that while the residue substitution at D279 reduced the
value of ATPase K0.5MT to about half of that of the WT, the
substitution in the adjacent R278 resulted in a more than 15-fold
increase in this value (Supplementary Table 1)14. The latter
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Figure 3 | Motility rescue by D279R KIF5B. (a) Molecular structure of the kinesin–MT interface surrounding b-R262 of tubulin (PDB: 4LNU)20. A pair of
charged residues, R278 (cyan spheres) and D279 (red spheres), in the kinesin L12 loop (brown) can be seen facing R262 in b-tubulin (blue spheres).
(b) Alignment of L12 loop and the adjacent a5 helix sequences. The PYRDS motif (red box) is highly conserved in the kinesin families. (c) Kymographs of
KIF5B motility on WT MTs and b-R262A MTs. Horizontal bar, 5 mm; vertical arrow, 5 s. Motility parameters are given in Table 1. (d) Histogram of the KIF5B
velocities on WT and b-R262A MTs. (e) The ATPase activity of D279R KIF5B activated by WT MTs (&) or R262A MTs (&). All data obtained from
four and three independent measurements (for WT and b-R262A, respectively) are plotted in the graph. Dashed curves represent the best fits to the
Michaelis–Menten equation with kcat and K0.5MT values given in Table 1. The ATPase activities of WT KIF5B (shown in Fig. 2b) are included as
references (—, WT–MT; —, R262A MT). (f) Dissociation constants of the KIF5B–MT complex determined by a co-sedimentation assay. ‘NF’ represents a
nucleotide-free condition. Errors indicate errors in fitting the curve of the equilibrium binding data to the hyperbola (the raw data and exact number of Kd

values are shown in Supplementary Table 2).
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basic residue mutation could inhibit the in vitro motility of
kinesin when expressed in TUBB3. Our analyses revealed that the
R262H or R262A mutations in TUBB3 impaired kinesin motility
and the MT-activated ATPase of a two-headed KIF5B motor
(Fig. 2; Table 1). Similar to an earlier study that reported a low
yield of R262C tubulin in rabbit reticulocytes11, the poor yield of
R262C TUBB3 prevented us from examining its effects on
motility. However, the observation in yeast cells that both R262C
and R262H mutations decreased Kip3p accumulation on the plus
end of MTs indicated that R262C might impair kinesin motility if
tested in vitro.

Having established the importance of the basic residue b-R262
in kinesin motility, our next questions were which residues of
kinesin interact with b-R262 and how does this interaction
contribute to the kinesin–MT interaction. A drastic reduction in
kcat by b-R262H or b-R262A mutations indicates that b-R262
might play a crucial role in mediating the structural signals
required for ATPase activation. It contrasts with the role of the

critical acidic residues in b-tubulin (b-E410 and b-D417) that
increase the affinity of kinesin to MT (K0.5MT) without affecting
kcat (Supplementary Table 1)17. According to the crystal structure
of the kinesin–tubulin complex and the model of the kinesin–MT
complex based on cryo-EM images20,26,27, b-R262 is a binding
partner for D279 in the kinesin L12 loop in the nucleotide-free
and ATP-bound states (Fig. 3a). Upon MT binding, the
rearrangement of salt bridges near this pair may contribute to
the conformational change in kinesin, leading to ADP release
from the nucleotide pocket20,27. The sequence of the L12 loop
and the adjacent a5 helix is highly conserved in kinesin,
indicating the importance of this region in its function
(Fig. 3b).
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15-fold increase is outstanding, given that residue substitutions in
all other kinesin sites brought at most only a fourfold increase in
K0.5MT. This outstanding impact of R278A mutation in kinesin is
comparable to the 10-fold increase in K0.5MT by the R262A
tubulin mutation (Supplementary Table 1).

Such similarly potent effects of kinesin R278A and tubulin
R262A on K0.5MT values, and the close proximity of these two
residues in three-dimensional space, suggest the possibility that
b-R262 in tubulin may interact with D279 in the L12 loop of
kinesin, and thereby mediate the encounter of adjacent R278 to
its binding partner (presumably D417 in the H12 helix of
b-tubulin) (Fig. 5a). In other words, because the MT is highly
negatively charged, before (or concomitant with) binding with
kinesin R278, the negative charge of D279 in the kinesin may
need to be neutralized by electropositive b-R262 on the MT;
otherwise, the D279 of kinesin and the D417 and/or E421 of
b-tubulin will repel each other and prevent R278’s access to the
MT. This hypothesis is consistent with the local structural change
at the binding interface, as shown in the models of kinesin–MT
complexes15,27,28 and molecular dynamics simulations29.

This hypothesis predicts that kinesin might move on the
R262A MT if the kinesin residue R278 can bind to its partner
residue(s) on an MT without mediation by R262. Indeed, D279R

KIF5B moved on a b-R262A MT (Fig. 3c,d; Table 1), indicating
that a reversal of negative charge at D279 might have allowed
the R278 to approach its binding partner without a charge
neutralization of D279. In this mutant pairs, the lack of a
D279-b-R262 (KIF5B–MT) salt bridge might have been
compensated for by the electrostatic interaction of D279R-b-
E421 (Fig. 5b). That D279N KIF5B did not move on R262A
MTs is also consistent with our hypothesis; the electrostatic
attraction between the putative binding sites is reliant on only a
single pair of charged residues (Fig. 5c), which might be too weak
for the kinesin–MT interaction to occur (see further discussion
below).

In the D279R KIF5B-b-R262H MT mutant pairs, neither the
motility nor the ATPase was rescued (Table 1). This result is not
surprising considering the high histidine activity in molecular
interactions30. Because histidine is capable of interacting with
various amino acids, the mutation R262H might have modulated
the MTs by hydrogen bonding(s), which cannot be compensated
by D279R KIF5B11.

Our concluding question was what was the role of a pair with
opposite charges in kinesin motility? In the paired mutant
combination D279R KIF5B-b-R262A MT, its motile and
biochemical properties differed from that of the WT–WT
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by immunofluorescence via TUBB3-fused V5 tag or kinesin-fused HA tag. Cells were also stained for axonal marker, tau-1. Scale bar, 5 mm. (b) Effects of
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15-fold increase is outstanding, given that residue substitutions in
all other kinesin sites brought at most only a fourfold increase in
K0.5MT. This outstanding impact of R278A mutation in kinesin is
comparable to the 10-fold increase in K0.5MT by the R262A
tubulin mutation (Supplementary Table 1).

Such similarly potent effects of kinesin R278A and tubulin
R262A on K0.5MT values, and the close proximity of these two
residues in three-dimensional space, suggest the possibility that
b-R262 in tubulin may interact with D279 in the L12 loop of
kinesin, and thereby mediate the encounter of adjacent R278 to
its binding partner (presumably D417 in the H12 helix of
b-tubulin) (Fig. 5a). In other words, because the MT is highly
negatively charged, before (or concomitant with) binding with
kinesin R278, the negative charge of D279 in the kinesin may
need to be neutralized by electropositive b-R262 on the MT;
otherwise, the D279 of kinesin and the D417 and/or E421 of
b-tubulin will repel each other and prevent R278’s access to the
MT. This hypothesis is consistent with the local structural change
at the binding interface, as shown in the models of kinesin–MT
complexes15,27,28 and molecular dynamics simulations29.

This hypothesis predicts that kinesin might move on the
R262A MT if the kinesin residue R278 can bind to its partner
residue(s) on an MT without mediation by R262. Indeed, D279R

KIF5B moved on a b-R262A MT (Fig. 3c,d; Table 1), indicating
that a reversal of negative charge at D279 might have allowed
the R278 to approach its binding partner without a charge
neutralization of D279. In this mutant pairs, the lack of a
D279-b-R262 (KIF5B–MT) salt bridge might have been
compensated for by the electrostatic interaction of D279R-b-
E421 (Fig. 5b). That D279N KIF5B did not move on R262A
MTs is also consistent with our hypothesis; the electrostatic
attraction between the putative binding sites is reliant on only a
single pair of charged residues (Fig. 5c), which might be too weak
for the kinesin–MT interaction to occur (see further discussion
below).

In the D279R KIF5B-b-R262H MT mutant pairs, neither the
motility nor the ATPase was rescued (Table 1). This result is not
surprising considering the high histidine activity in molecular
interactions30. Because histidine is capable of interacting with
various amino acids, the mutation R262H might have modulated
the MTs by hydrogen bonding(s), which cannot be compensated
by D279R KIF5B11.

Our concluding question was what was the role of a pair with
opposite charges in kinesin motility? In the paired mutant
combination D279R KIF5B-b-R262A MT, its motile and
biochemical properties differed from that of the WT–WT
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by immunofluorescence via TUBB3-fused V5 tag or kinesin-fused HA tag. Cells were also stained for axonal marker, tau-1. Scale bar, 5 mm. (b) Effects of
R262H and R262A TUBB3, D279R KIF5B and D325R KIF21A overexpressions on axon length. Lengths of 110–200 axons were measured. Error bars indicate
s.e.m. *, ** and NS indicate Po0.05, Po0.01 and PZ0.05, respectively (ANOVA followed by post hoc pairwise Wilcoxon–Mann–Whitney tests).
(c) Commissural axons in P3 mouse brain, transfected with (from above to below) WT TUBB3, R262A TUBB3 alone and R262A TUBB3 plus D325R KIF21A.
Commissural axons were stained by anti-GFP antibody reacting with EYFP reporter. (d) Commissural axons were stained by antibody labelling V5 tag of
recombinant TUBB3. (c,d) The broken line and red arrowheads indicate the midline and the tip of the axon, respectively. Scale bar, 500mm. (e) Horizontal
distances between the midline and the tip of the axon bundle, averaged from four to nine mouse brains (mean±s.e.m.). *, *** and NS indicate Po0.05,
Po0.001 and PZ0.05, respectively (ANOVA followed by post hoc Tukey–Kramer tests). (b,e) Single-molecule motility of the equivalent combination, data
for which are shown in Fig. 3 and Supplementary Table 3, is indicated in blue (þ /" ) below the graph. NS, not significant.
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Figure 2. (A) Hypothetical effects of tubulin mutations on microtubule functions. MAPs: microtubule 

associated proteins. (B) Schematic illustration of CFEOM3 disease phenotypes. Stalling of trochlear nerves 

(red) and/or failure of oculomotor nerves to reach the correct target (blue) are often observed. A decrease in 

the number of commissural nerves was also observed (Tischfield et al., 2010). (C) A model of the 

microtubule (MT)-kinesin interaction mechanism in axon growth and guidance elucidated from CFEOM3 

phenotypes and studies in which CFEOM3 pathogenesis was targeted.  
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