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Lissencephaly is a devastating neurological disorder

caused by defective neuronal migration. The LIS1 (or

PAFAH1B1) gene was identified as the gene mutated in

lissencephaly patients, and was found to regulate cytoplas-

mic dynein function and localization. In particular, LIS1 is

essential for anterograde transport of cytoplasmic dynein

as a part of the cytoplasmic dynein–LIS1–microtubule

complex in a kinesin-1-dependent manner. However, the

underlying mechanism by which a cytoplasmic dynein–

LIS1–microtubule complex binds kinesin-1 is unknown.

Here, we report that mNUDC (mammalian NUDC) interacts

with kinesin-1 and is required for the anterograde trans-

port of a cytoplasmic dynein complex by kinesin-1.

mNUDC is also required for anterograde transport of

a dynactin-containing complex. Inhibition of mNUDC

severely suppressed anterograde transport of distinct cyto-

plasmic dynein and dynactin complexes, whereas motility

of kinesin-1 remained intact. Reconstruction experiments

clearly demonstrated that mNUDC mediates the interaction

of the dynein or dynactin complex with kinesin-1 and

supports their transport by kinesin-1. Our findings have

uncovered an essential role of mNUDC for anterograde

transport of dynein and dynactin by kinesin-1.
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Introduction

Lissencephaly is a severe human neuronal migration defect

characterized by a smooth cerebral surface, mental retarda-

tion and seizures (Dobyns, 1989; Dobyns et al, 1993). The

LIS1 gene was the first gene cloned in any organism impor-

tant for neuronal migration, as it was deleted or mutated

in humans with lissencephaly in a heterozygous manner

(Reiner et al, 1993). LIS1 and its binding protein, NDEL1,

regulate cytoplasmic dynein (Niethammer et al, 2000; Sasaki

et al, 2000; Gupta et al, 2002; Wynshaw-Boris, 2007). We

recently reported that LIS1 and NDEL1 cooperatively regulate

anterograde transport of cytoplasmic dynein in a kinesin-

dependent manner (Yamada et al, 2008). In addition, NDEL1

also regulates microtubule organization with Aurora-A,

which is essential for neurite extension (Mori et al, 2009).

Interestingly, half of LIS1 is degraded through calpain-

dependent proteolysis, and that inhibition or knockdown

of calpains protects LIS1 from proteolysis, which leads to

the rescue of the phenotypes in Lis1þ /� mouse (Yamada

et al, 2009).

Accumulating evidence has uncovered an evolutionarily

conserved pathway that involves LIS1 and cytoplasmic dy-

nein (Morris et al, 1998a; Efimov and Morris, 2000; Han et al,

2001; Vallee et al, 2001; Vallee and Tsai, 2006; Wynshaw-

Boris, 2007; Zhuang et al, 2007). Aspergillus nidulans and

other filamentous fungi produce long linear mycelia through

which the nuclei migrate in a regular, ordered manner.

Genetic analysis of fungi displaying defective nuclei migra-

tion led to the identification of a large number of proteins

involved in this process (Xiang et al, 1995; Morris et al,

1998a; Minke et al, 1999; Efimov and Morris, 2000). For

example, mutations of nudA (cytoplasmic dynein heavy

chain) and other subunits of the dynein complex, including

nudC (mammalian NudC, mNudC), nudE (Ndel1 and Nde1)

and nudF (Lis1), inhibit nuclear migration. Among the nud

gene family, NUDC has been implicated in the regulation of

dynein-mediated nuclear migration, suggesting that NUDC

has a role in translocation of nuclei in proliferating neuronal

progenitors as well as in migrating neurons, similar to the

conserved mechanism of nuclear movement displayed by

other members of the nud family in A. nidulans, as well as

during neuronal migration in the developing mammalian

brain (Morris et al, 1998a; Aumais et al, 2001, 2003).

Despite extensive characterization of the relationship in the

nud gene family, information of an mNUDC role in the

regulation of motor proteins remains poorly understood.

Here, we report that mNUDC is an essential molecule for

the anterograde transport of cytoplasmic dynein and

dynactins. We demonstrated that mNUDC co-migrated with

cytoplasmic dynein, dynactins and kinesin-1. Inhibition of

mNUDC by a blocking antibody against mNUDC severely

perturbed anterograde transport of cytoplasmic dynein

and dynactins, whereas kinesin-1 movement remained

intact. Depletion of mNUDC by siRNA affected subcellular
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distribution of cytoplasmic dynein and dynactins. In vitro

motility assays using purified kinesin-1 and recombinant

mNUDC revealed that mNUDC supports transport of micro-

tubules and dynactins by kinesin-1. Our data suggest that

mNUDC mediates the binding of cargo molecules with

kinesin-1, which is required for the anterograde transport of a

cytoplasmic dynein complex and a separate dynactin complex.

Results

mNUDC co-migrates with kinesin-1 and cytoplasmic

dynein and dynactins

To address the function of a mammalian homologue of NudC

(mNudC), we monitored the dynamics of mNUDC fluores-

cence recovery after photobleaching (FRAP) using dorsal root

ganglia (DRG) neurons (Yamada et al, 2008). We expressed

GFP–mNUDC in DRG neurons and traced the movement of

GFP–mNUDC by FRAP. Interestingly, mNUDC was almost

exclusively transported in an anterograde manner (Figure 1A,

Supplementary Figure S1B), suggesting that mNUDC was

degraded after anterograde transport to the nerve terminals

by the plus-end-directed motor kinesin. We recently demon-

strated that LIS1 is essential for the anterograde transport

of cytoplasmic dynein as a part of the cytoplasmic dynein–

LIS1–tMT complex in a kinesin-dependent manner (Yamada

et al, 2008). We hypothesized that mNUDC might be required

to mediate the connection between this cytoplasmic dynein–

LIS1–tMT complex and kinesin-1. To address this possibility,

we first examined the co-migration of mCherry–mNUDC

with GFP–kinesin light chain-1 (GFP–KLC-1) using confocal

microscopy (Supplementary Figure S1C). We observed that

during anterograde transport, mCherry–mNUDC co-migrated

with GFP–KLC-1 (Figure 1B, Supplementary Movie 1). We

also measured the frequency of co-migration, and observed

that they were commonly co-migrating (Figure 1G: KLC-1/

mNUDC, 79%), suggesting that mNUDC is frequently present

in a kinesin-1 complex. We next examined the co-migration

and frequency of co-migration of GFP–TUBB3 and GFP–

dynein intermediate chain-1 (GFP–DIC1) with mCherry–

mNUDC, and found highly frequent co-migration of these

two proteins during anterograde transport (Figure 1C, D

and G, Supplementary Movie 2 and 3: TUBB3/mNUDC,

60%; DIC1/mNUDC, 63%). These observations suggest that

mNUDC is co-localized with a tMT–LIS1–cytoplasmic dynein

complex during antergrade transport by kinesin-1.

Dynactin is a multisubunit protein complex, which is

required for most, if not all, types of cytoplasmic dynein

activity in eukaryotes. Dynactin binds dynein directly and

allows the motor to traverse the microtubule lattice over long

distances. A single dynactin subunit, P150Glued, is sufficient

for both activities, yet dynactin contains several other sub-

units that are organized into an elaborate structure. It is

currently believed that the bulk of the dynactin structure

participates in interactions with a wide range of cellular

structures, many of which are cargoes of the dynein

motor (Schroer, 2004). P150Glued and dynamitin, P50, are the

most highly characterized dynactin proteins. We therefore

addressed whether mNUDC is involved in the transport

of P150Glued and dynamitin. FRAP analysis revealed that

GFP–P150Glued and GFP–dynamitin were transported in

both directions in the DRG (Supplementary Figure S1D and

E, and 3A and B). We also examined co-migration of

P150Glued and dynamitin with mNUDC, and found highly

frequent co-migration of these proteins during anterograde

transport (Figure 1E–G, Supplementary Movie 4 and 5:

P150Glued/mNUDC, 47%; dynamitin/mNUDC, 47%). These

observations suggest that mNUDC is not only a component

of a tMT–LIS1–cytoplasmic dynein complex, but it is also

co-localized with dynactins during anterograde transport

by kinesin-1.

mNUDC directly binds kinesin-1

To determine whether mNUDC can bind kinesin-1, we per-

formed an immunoprecipitation assay. Mouse brain lysates

were subjected to immunoprecipitation. Endogenous

mNUDC was efficiently precipitated by an anti-mNUDC anti-

body (Figure 2A), along with KHC, DIC and P150Glued, but

these proteins were not precipitated with the control serum

(Figure 2A). Inversely, we performed an immunoprecipita-

tion assay using an anti-KHC antibody (Figure 2B).

Endogenous KHC was efficiently precipitated by an anti-

KHC antibody (Figure 2B), along with mNUDC, DIC and

P150Glued, but these proteins were not precipitated with the

control serum. We further examined immunoprecipitation by

an anti-DIC antibody, and found co-precipitation of KHC with

DIC (Figure 2C), consistent with direct binding of DIC to

KLC1 or KLC2 by yeast two-hybrid and affinity chromato-

graphy, as previously reported (Ligon et al, 2004). We there-

fore addressed whether mNUDC is required for interaction

of cytoplasmic dynein with kinesin-1 by an immunoabsorp-

tion assay. An anti-mNUDC antibody efficiently removed

endogenous mNUDC from the DRG extract (Figure 2D),

resulting in a suppression of immunoprecipitation of DIC

and P150Glued with KHC or immunoprecipitation of KHC

with DIC (Figure 2E and F), suggesting that binding of DIC

and KHC was mediated by mNUDC. Much of axonal transport

is vesicular. We therefore examined whether the anterograde

transport of dynein was mediated by a protein complex or

within the context of a vesicle. To address this issue, we

performed immunoprecipitation without or with detergent

(0.3% NP-40) to disrupt vesicles. Immunoprecipitation

of DIC and P150Glued with KHC or immunoprecipitation of

KHC with DIC was similar in the presence or absence

of detergent (Figure 2G and H), suggesting the presence of

vesicle-independent protein complexes. We examined direct

protein interactions by pull-down assays using recombinant

proteins expressed in bacteria. We were not able to find direct

interaction of mNUDC with KHC (data not shown), whereas

clear interaction of mNUDC and KLC1 was detected (Figure 2I

and J). We also performed MT pull-down assay under pre-

sence or absence of mNUDC (Figure 2K and L). Although the

precipitation of kinesin-1 with MTs was mildly augmented

by the presence of mNUDC, this augmentation was not

significant.

Knockdown of mNUDC by siRNA results in abnormal

localization of dynein components and membranous

organelles

To determine the role of mNUDC in the regulation of cyto-

plasmic dynein and dynactins, we downregulated endogen-

ous mNUDC by RNAi and examined the effects of mNudC

gene silencing on mNUDC levels and distribution of LIS1,

NDEL1, cytoplasmic dynein and dynactins. Cells transfected

with mNUDC siRNA displayed a reproducible and significant
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(480%) reduction in the amount of steady-state 42-kDa

mNUDC protein 48 h after transfection (Figure 3A, left

panel). By contrast, mNUDC levels in cells transfected with

control siRNA were unaffected (Figure 3A, right panel). We

co-transfected a control GFP vector to monitor cell shape and

avoid misinterpretation of our results due to alteration of

cell shape. In control cells, cytoplasmic dynein, LIS1, NDEL1,

P150Glued and dynamitin exhibited a dispersed outward

distribution with a gradient emanating from the centrosome,

whereas mNUDC-depleted cells displayed an abnormal peri-

nuclear accumulation (Figure 3B and D). We further exam-

ined the effect of depletion of mNUDC on the distribution

of membranous organelles. In control cells, mitochondria,

lysosomes, b-COP-positive vesicles and early endosomes

were distributed homogenously within the cell. In sharp

contrast, mNUDC-depleted cells displayed abnormal perinuc-
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Figure 2 mNUDC is required for the formation of complexes of kinesin with P150Glued and DIC. Total cell extracts from mouse brain were
subjected to immunoprecipitation with (A) an anti-mNUDC antibody, (B) an anti-KHC(H2) antibody and (C) an anti-DIC(74.1) antibody. About
5% of the input (pre-IP) and 20% the immunoprecipitates (post-IP) were separated by SDS–PAGE and western blot with antibodies against the
proteins are indicated on the right side. One of three independent experiments is shown. (D) Endogenous mNUDC was immunoabsorbed from
brain extract. Immunoabsorption clearly removed endogenous mNUDC. mNUDC removed brain extracts were immunoprecipitated (E) with an
anti-KHC(H2) antibody and (F) with an anti-DIC(74.1) antibody. About 5% of the input (pre-IP) and 20% the immunoprecipitates (post-IP)
were separated by SDS–PAGE and western blot with antibodies against the proteins are indicated on the right side. One of three independent
experiments is shown. Note: Co-precipitates of KHC, P150Glued and DIC disappeared after immunoabsorption by an anti-mNUDC antibody.
Total cell extracts from mouse brain were subjected to immunoprecipitation (G) with an anti-KHC(H2) antibody and (H) with an anti-DIC(74.1)
antibody under presence (0.3% NP-40) or absence of detergent. About 5% of the input (pre-IP) and 20% the immunoprecipitates (post-IP)
were separated by SDS–PAGE and western blot with antibodies against the proteins are indicated on the right side. One of three independent
experiments is shown. Note: detergent did not affect co-immunoprecipitation, suggesting that the binding of KHC and DIC was not mediated by
membranous structures. Pull-down assays using recombinant protein expressed in bacteria. (I) Pull-down by GST–KLC1 or (J) GST–mNUDC.
Untagged mNUDC and untagged KLC1 were precipitated with GST–KLC1 and GST–mNUDC, respectively. GST was used as negative control.
About 20% of the input and the pull-down precipitates were separated by SDS–PAGE and stained by Comassie brilliant blue. (K, L) Microtubule
pull-down assay. We examined whether mNUDC augments precipitation of kinesin-1 with microtubules. In comparison with absence of
ATP condition, presence of ATP facilitated dissociation of kinesin-1 from microtubules, indicating that kinesin-1 is functionally active
(**Po0.01). Under the presence of ATP, mNUDC slightly augmented precipitation of kinesin-1 with microtubules, but it was not statistically
significant (NS: not significant). We performed three independent sets of experiments. S and P indicate supernatant and precipitant,
respectively.
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Figure 3 Depletion of mNUDC by siRNA displays severe perturbation of cytoplasmic dynein and dynactins. (A) Downregulation of mNUDC by
siRNA. Extracts from mouse embryonic fibroblast (MEF) cells transfected with siRNA–mNUDC or control siRNA collected at different time
points were immunoblotted with an anti-mNUDC antibody and an anti-bactin. (B) Depletion of mNUDC induces perinuclear accumulation
of dynein intermediate chain1 (DIC1), LIS1, P150Glued, dynamitin and NDEL1. (C) Depletion of mNUDC induces aberrant distributions
of membranous organelles, including mitochondria, lysosomes, b-COP and endosomes. (D) Statistical analysis of each distribution in MEF
cells. Compared with control, mNUDC was depleted by siRNA and rescued by mutated CFP–mNUDC. The P-value was calculated using
Student’s t-test.

mNUDC is required for plus-end-directed transport
M Yamada et al

&2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 3 | 2010 521



lear clustering (Figure 3C and D). These mislocalizations

were clearly rescued by exogenous expression of siRNA-

resistant CFP–mNUDC (Figures 3D and 4), suggesting that

mNUDC may be required for anterograde transport of these

components.

mNUDC is required for anterograde transport

of cytoplasmic dynein and a dynactin complex

We next wanted to know whether mNUDC is required for

anterograde transport of cytoplasmic dynein and dynactins.

Functional analysis of mNUDC by siRNA-mediated depletion

was technically challenging, as the slow loss of mNUDC

resulted in death of the DRGs, similar to the effect of loss

of LIS1. We therefore analysed the anterograde dynamics of

each protein by treatment of DRG neurons with blocking

antibodies against mNUDC (Yamada et al, 2008) (Supple-

mentary Figure S2A). The administration of an anti-mNUDC

antibody for 1 min to permeabilized DRG neurons clearly

abolished anterograde transport of mNUDC, suggesting that

this antibody effectively blocked mNUDC function (Supple-

mentary Figure S3C). Although mNUDC antibody treatment

did not affect the anterograde movement of kinesin-1

(Figure 5A), anterograde transport of TUBB3 and DIC1 was

severely perturbed in the presence of this antibody (Figure 5B

and C). These findings suggest that mNUDC connects

kinesin-1 and a tMT–LIS1–cytoplasmic dynein complex (see

Figure 8).

We next addressed whether mNUDC is involved in the

transport of P150Glued and dynamitin. Blocking of mNUDC

function by the inhibitory antibody completely suppressed

anterograde transport of GFP–P150Glued and GFP–dynamitin

(Figure 5D and E), suggesting that mNUDC also functions to

connect kinesin-1 and dynactins. We inversely examined

whether blocking antibodies against P150Glued or dynamitin

interfere with anterograde transport of other molecules.

We first confirmed that blocking antibodies against

P150Glued and dynamitin efficiently abolished anterograde

and retrograde movements of P150Glued and dynamitin, res-

pectively (Supplementary Figure S3D and E). Suppression of

P150Glued or dynamitin by these blocking antibodies failed to

display any suppressive effect on the anterograde transport of

mNUDC (Supplementary Figure S3F and G), suggesting that

P150Glued or dynamitin are not required for the binding of

mNUDC with kinesin-1.

A cytoplasmic dynein complex and a dynactin complex

are separately transported to the plus-end of MTs

A tMT–LIS1–cytoplasmic dynein complex, as well as

P150Glued and dynamitin are transported to the plus-end of

MTs in an mNUDC-dependent manner, although it was un-

clear whether they were all transported as a single complex.
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Figure 4 Rescue experiments of depletion of mNUDC by siRNA by the expression of mutated mNUDC. (A) We introduced mutations
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mitochondria, lysosomes, b-COP and endosomes by depletion of mNUDC were also rescued by the expression of mutated CFP–mNudC.
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Before addressing this issue, we first examined the co-migra-

tion of P150Glued and dynamitin during anterograde transport.

P150Glued and dynamitin frequently co-migrated (Figures 1G

and 5F: P150Glued/dynamitin (anterograde), 53%), and the

frequency of co-migration was similar during anterograde

and retrograde movement (Figure 1G: P150Glued/dynamitin

(anterograde), 53%; P150Glued/dynamitin (retrograde), 63%),

suggesting that P150Glued and dynamitin are part of the

same complex during anterograde transport. Inhibition of

P150Glued by a blocking antibody did not exhibit any sup-

pressive effect on anterograde transport of KLC1, TUBB3 and

DIC1 (Figure 6A–C), and similar results were found after

functionally blocking dynamitin (data not shown), sugges-

ting that dynactins are not essential components for antero-

grade transport of a tMT–LIS1–cytoplasmic dynein complex.

We further explored co-migration of DIC1 and P150Glued, and

found less frequent co-migration of these two proteins than

the co-migration of either protein with mNUDC (Figures 1G

and 6D: DIC1/P150Glued, 6%), whereas DIC1 and P150Glued

co-migrated frequently in retrograde transport (Figure 1G and

6D: DIC1/P150Glued, 67%). These data suggest that dynactins

are not co-migrating with a cytoplasmic dynein complex.

Instead, cytoplasmic dynein and dynactin are separately trans-

ported to the plus-end of MTs.

We next examined whether blocking of either P150Glued

or dynamitin perturb transport of other components. Sup-

pression of P150Glued and dynamitin by a blocking antibody

completely abolished retrograde transport of P150Glued, dy-

namitin and DIC1 (Figure 6E–G). In clear contrast, blocking

of P150Glued did not perturb anterograde transport of

dynamitin (Figure 6F and Table I), and other components (data

not shown). Interestingly, although blocking of dynamitin did

not perturb the anterograde transport of DIC (data not

shown), it did suppress anterograde transport of P150Glued

(Figure 6E and Table I). These results imply that dynamitin is

required for stable binding of P150Glued to other dynactin

components, including Arp1, whereas P150Glued is not re-

quired for binding of dynamitin to Arp1, which is consistent

with previous reports (Echeverri et al, 1996; Eckley et al,

1999). However, removal of dynamitin did not suppress

binding of P150Glued to other dynactin components, which

might imply that P150Glued is capable of binding to Arp1

directly, and that dynamitin is required for making a more

stable complex.

Time (s) 
    0      5     10    15   20    25    30    35    40    45

F Merge

peripheral

soma

EGFP-P150Glued mCherry-dynamitin

5 μm

Soma

Peripheral

Soma

Peripheral

Soma

Peripheral

Time (s) 
    0      5     10    15   20    25    30    35    40    45

Time (s) 
    0      5     10    15   20    25    30    35    40    45

5 μm 5 μm

A   EGFP-KLC

With normal rabbit serum
With anti-mNUDC

B    EGFP-TUBB3

With normal rabbit serum
With anti-mNUDC

1.2

1.0

0.8

0.6

0.4

0.2

0

F
R

A
P

0        15       30       45        60
Time (s)

1.2

1.0

0.8

0.6

0.4

–0.2

0

0.2

D  EGFP-P150Glued

With normal rabbit serum
With anti-mNUDC

1.2

1.0

0.8

0.6

0.4

–0.2

0

0.2

E  EGFP-dynamitin

With normal rabbit serum
With anti-mNUDC

1.2

1.0

0.8

0.6

0.4

0.2

0

   EGFP-DIC1
1.2

1.0

0.8

0.6

0.4

–0.2

0

0.2

With normal rabbit serum
With anti-mNUDC

C

0        15       30       45        60
Time (s)

F
R

A
P

F
R

A
P

0        15       30       45        60
Time (s)

F
R

A
P

F
R

A
P

0        15       30       45        60
Time (s)

0        15       30       45        60
Time (s)

Figure 5 FRAP analysis of dynamics of cytoplasmic dynein and dynactins in the presence of an anti-mNUDC antibody. FRAP analysis of DRG
neurons expressing: (A) EGFP–KLC1, (B) EGFP–TUBB3, (C) EGFP–DIC1, (D) EGFP–P150Glued, (E) EGFP–dynamitin with an anti-mNUDC
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mNUDC. (F) Imaging of dynamic co-localization of EGFP–P150Glued and mCherry–dynamitin in DRG neurons. Note: EGFP–P150Glued and
mCherry–dynamitin are co-migrating during anterograde transport. Downward movement indicates the anterograde transport by kinesin-1.
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Figure 6 Separate movement of a cytoplasmic dynein complex and a dynactin complex. FRAP analysis of DRG neurons expressing (A) EGFP–
KLC1, (B) EGFP–TUBB3 and (C) EGFP–DIC1 with an anti-P150Glued antibody. Note: inhibition of P150Glued did not affect anterograde transport
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Recombinant mNUDC supports the transport of MTs

and dynactin by purified kinesin-1

Our data suggest that mNUDC mediates binding of tMT–

LIS1–cytoplasmic dynein complex and dynactins with kine-

sin-1 for anterograde transport. To obtain more conclusive

direct evidence, we performed in vitro transport experiments

using recombinant mNUDC and native kinesin-1 purified

from porcine brain. Taxol-stabilized fluorescence-labelled

(FL-Cy3, -Cy5 or -tetramethyl rhodamine (TMRA)) MTs

were adsorbed onto the surface of a microscope perfusion

chamber, fixed as ‘rails.’ Next, pre-incubated mixtures of

native kinesin-1, FL-labelled soluble MTs (‘transportable

MTs’), and FL-labelled dynactin components and recombi-

nant mNUDC were introduced. Interestingly, a substantial

fraction of native kinesin-1 purified from porcine brain also

contained endogenous mNUDC (Figure 7A). Quantitative

western blotting using recombinant or purified protein as

references revealed that the molecular ratio of endogenous

mNUDC and kinesin-1 is 1.00:2.89 (Figure 7B and C). To

examine the effect of mNUDC in this in vitro reconstruction

assay, we removed endogenous mNUDC by immunoabsorp-

tion using an anti-mNUDC antibody to obtain mNUDC-free

kinesin-1 (Figure 7A). The purified kinesin fraction displayed

MT-activated ATPase activity regardless of whether endogen-

ous mNUDC was bound or not (data not shown). This ATPase

activity was not influenced by the addition of recombinant

mNUDC, suggesting that mNUDC is not essential for ATP

hydrolysis. We optimized the conditions for in vitro transport

experiments to avoid any confusion derived from transport

by kinesin-1 that was attached to the chamber surface

directly. In the absence of attached rail MTs, FL-labelled

transportable MTs were rarely attached on the surface of a

perfusion chamber (Figure 7D, column 1). Furthermore, no

obvious movement of FL-labelled transportable MTs was

detected. We next wanted to exclude the possibility of non-

specific binding of FL-labelled transportable MTs on the

surface of a perfusion chamber. We examined the frequency

of FL-labelled transportable MTs in the presence of FL-

labelled rail MTs without kinesin-1, and found no attachment

of FL-labelled transportable MTs (Figure 7D, column 2),

indicating that non-specific binding of FL-labelled transpor-

table MTs was extremely low. In addition, we also confirmed

that recombinant mNUDC does not tether MTs, and thereby

does not confer artificial activation when MTs are in close

proximity (Figure 7D, column 4). Thus, we concluded that

attachment of FL-labelled transportable MTs was mediated by

kinesin-1 that bound rail MTs on the surface of a perfusion

chamber, and its movement was driven by kinesin-1. We

examined the effect of mNUDC-free kinesin-1, and found no

obvious attachment and transport of FL-labelled transporta-

ble MTs (Figure 7D, column 3), suggesting that mNUDC-free

kinesin-1 is incapable of binding and transporting MTs. In

sharp contrast, addition of recombinant mNUDC dramatically

facilitated the attachment of FL-labelled transportable MTs

(Figure 7D, column 5; Supplementary Movie 6). In addition,

the transport of 62.5% of attached FL-labelled transportable

MTs was seen (Figure 7D, column 5). The velocity of transport

for mNUDC and kinesin-1-mediated MTs was 0.47±0.07 mm/

s, which is similar to the rates of regular speed of kinesin-1

(Vale et al, 1985a, b). We next examined the effect of native

kinesin-1 that was not depleted of endogenous mNUDC.

Interestingly, native kinesin-1 transported FL-labelled trans-

portable MTs efficiently (Figure 7D, column 6, 23.9%), sug-

gesting that a substantial fraction of native kinein-1 contains

endogenous mNUDC. We further examined the behaviour

of FL-labelled transportable MTs in the presence of mNUDC-

depleted kinesin-1, recombinant mNUDC and a blocking

antibody against mNUDC. In this case, the effect of the

addition of recombinant mNUDC was completely erased by

a blocking antibody against mNUDC, and FL-labelled trans-

portable MTs were unable to attach (Figure 7D, column 7).

Finally, we examined whether the in vitro motility assay is

inhibited by AMPPNP (Figure 7D, column 8) or EHNA

(Figure 7D, column 9) as a control. AMPPNP clearly inhibited

motile MTs, whereas EHNA displayed only a mild suppres-

sive effect (21.9%). These observations demonstrated

that mNUDC is essential for binding of MTs with kinesin-1

to transport MTs. We further examined whether mNUDC

directly binds MTs through an MT pull-down assay (Supple-

mentary Figure S4A and B). In the absence of MTs, mNUDC

were detectably precipitated (lane 1, 2). In contrast, mNUDC

precipitation was clearly increased in the presence of MTs

(lane 5, 6), an increase that was slightly augmented by

addition of kinesin-1 (lane 9, 10), suggesting that mNUDC

directly binds to MTs (see Discussion section).

We next addressed whether mNUDC is able to mediate the

attachment and transport of dynactins and kinesin-1. We

purified a dynactin complex from porcine brains, and ob-

tained highly purified dynactins (Figure 7E). In this case, we

used native kinesin-1 in which endogenous mNUDC was not

depleted. We optimized conditions such that FL-labelled

dynactins were rarely attached on the surface of a perfusion

chamber in the absence of FL-labelled ‘rail’ MTs attached to

the surface (Figure 7F, column 1). Without native kinesin-1,

only a small fraction of dynactin was attached, and mobile

FL-labelled dynactins were not observed (Figure 7F, column 2),

suggesting that the observed movement was due to moving

dynactin particles instead of artificial dynactin particles that

are stuck to moving MTs. We also confirmed that recombi-

nant mNUDC does not tether MTs and dynactins, and there-

fore does not result in artificial activation when MTs and

dynactins are in close proximity (Figure 7F, column 4). We

next added native kinesin-1 and found only marginal facil-

itation of the attachment of FL-labelled dynactins that re-

mained immobile (Figure 7F, column 3). Further addition of

recombinant mNUDC to native kinesin-1 resulted in the

significant augmentation of attached FL-labelled dynactins

(Figure 7F, column 5; Supplementary Movie 7). Although it

was not as efficient as with MTs, additional recombinant

Table I Changes in t1/2 (s) of fluorescence recovery with anti-
dynamitin or anti P150Glued antibody

EGFs Antibody t1/2±s.e.m. (s)

EGFP–P150 Normal rabbit serum 4.3±0.62
i
**Anti-dynamitin 7.1±0.58

EGFP–dynamitin Normal rabbit serum 11.9±1.02
i
NS

Anti-P150 10.8±1.62

NS, not significant.
The fluorescence recoveries of EGFP–dynamitin were not signifi-
cantly changed with anti- P150Glued antibody, whereas the recov-
eries of EGFP–P150Glued displayed significant reduction with anti-
dynamitin antibody. **Po0.01.
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mNUDC clearly stimulated movement of FL-labelled dynac-

tins (Figure 7F, column 5, 18.5%). These effects of recombi-

nant mNUDC were completely abolished by the addition of a

blocking antibody against mNUDC (Figure 7F, column 6).

Finally, we examined whether this motility of dynactin

was inhibited by AMPPNP (Figure 7F, column 7) or EHNA

(Figure 7F, column 8) as a control. AMPPNP clearly inhibited

motile dynactins, whereas EHNA displayed only a mild

suppressive effect (15.6%). These results indicate that the

mNUDC is sufficient for mediating attachment of dynactins

and transport in this in vitro assay. A dynactin complex is

capable of binding MTs directly, and thereby might be

2.0

Anti-KHC

Anti-mNUDC
1. 2. 3.

1. Input

2. Kinesin fr. absorbed by rabbit serum

3. Kinesin fr. absorbed by anti-mNUDC

CBB staining

0 0.05 0.1 0.2 0.5

2.0

BSA Std.

0.1 0.2 0.3 0.4 0.5

(y= 2.0 x 107)x +188 429

R2=0.98

GST-mNUDC
Purified KHC

0

2.0

4.0

6.0

8.0

10.0

12.0

In
te

ns
ity

 o
fs

pe
ci

fic
 b

an
d 

(x
 1

06 )

BSA (μg)

Specific intensity (2 μl) Conc. (μg/μl) Molecular conc. (μM)

BSAStd.
(μg)

GST-mNUDC (μl)

Purified KHC (μl)

8 507 175
1 269 770

0.208
0.027

3.01
0.22

0

0 2.0 6.0

3.0

Anti-mNUDC
GST-mNUDCStd.

(ng)

Endogenous mNUDC (μl)

0

2.0

4.0

6.0

8.0

10.0

y=(8.0 x 107)x +24 157
R2=0.99

In
te

ns
ity

 o
f s

pe
ci

fic
 b

an
d 

(x
 1

05 )

Endogenous mNUDC

Specific intensity (3 μl) Conc. (μg/μl) Molecular conc. (μM)

785 283 3.17 0.076

GST-mNUDC (ng)

Molecular ratio of endogenous KHC/mNUDC=0.22/0.076=2.89

0 2.0 4.0 6.0 8.0 10 12

GST-mNUDC Std.

FL-labelled rail MT – + + + + + + + +
Kinesin fr.2 – – – – – + – – –

FL-labelled tMT + + + + + + + + +
Recombinant mNUDC + – – + + – + + +

Preimmune rabbit serum + + + + + + – + +
Anti-mNUDC – – – – – – + – –

N 20 20 20 20 20 20 20 20 20

EHNA (1 mM) – – – – – – – – +
AMPPNP (4 mM) – – – – – – – + –

T
he

 n
um

be
r 

of
 a

tta
ch

ed
 tM

T
(6

5 
x 

50
 μ

m
2 )

Mobile tMT
Immobile tMT

Kinesin (ΔmNUDC) + – + – + – + + +

0

5

10

15

20
**P<0.01

250
150

37

50

75
100

kDa

250
150

37

50

75

100

kDaP150Glued

P50
Arp1

Ant
i-P

15
0

Ant
i-P

50

IBDynactin fraction
CBB

P135

FL-labelled rail MT + + + + + + +
Kinesin fr. 1 – + – + + + +

Recombinant mNUDC – – + + + + +
FL-labelled dynactin fr. + + + + + + +

Preimmune rabbit serum + + + + – + +
Anti-mNUDC – – – – + – –

N 20 20 20 20 20 20 20

Mobile dynactin complex
Immobile dynactin complex

T
he

 n
um

be
r 

of
 a

tta
ch

ed
 d

yn
ac

tin
(6

5 
x 

50
 μ

m
2 )

EHNA (1 mM) – – – – – – +
AMPPNP (4 mM)

–
+
+
+
+
–

20
–
– – – – – – + –

0

10

20

30

40

50

**P<0.01

0

0.2

0.4

0.6

0.8

1.0

TMRA-tMT TMRA–dynactin complex

NS NS
NS

K
in

et
ic

s 
of

 m
ot

ili
ty

 (
μm

/s
)

(n=19)
Cont.

(n=19)
EHNA
(1 mM)

(n=19)
Cont.

(n=19)
EHNA
(1 mM)

A

C

E

G

F

D

B

mNUDC is required for plus-end-directed transport
M Yamada et al

The EMBO Journal VOL 29 | NO 3 | 2010 &2010 European Molecular Biology Organization526



transported as a complex with MTs. Further experiments will

be need to provide supporting evidence for this possibility.

Although EHNA displayed a mild suppressive effect on

the motility of MTs or dynactins, EHNA did not perturb the

speed of kinesin-1-dependent transport of both components

(Figure 7G).

Discussion

Here, we report that mNUDC is an essential protein that

connects kinesin-1 with a cytoplasmic dynein complex

and an apparently distinct dynactin complex. Inhibition of

mNUDC resulted in severe perturbation of anterograde trans-

port, including a cytoplasmic dynein–LIS1–tMTcomplex, and

a dynactin complex (Figure 8). Inhibition of mNUDC abol-

ished anterograde transport of membranous organelles, in-

cluding mitochondria and lysosomes. The siRNA-mediated

depletion of mNUDC also perturbed subcellular distributions

of these organelles, suggesting that mNUDC might be a

broadly acting adaptor molecule for kinesin-1. By contrast,

motility of KLC1 was maintained nearly intact after depletion

of mNUDC (Gindhart et al, 1998; Rahman et al, 1999), sup-

porting the interpretation that mNUDC is an adaptor rather

than a functional component of kinesin-1-like kinesin light

chains. Our in vitro transport assay also shows that mNUDC

is required for MT binding and transport by kinesin-1.

Kinesin-1 transported a substantial fraction of MTs after the

addition of recombinant mNUDC (62.5%), whereas recombi-

nant mNUDC moderately facilitated the attachment and

movement of dynactins (18.5%).

Although these findings provide important insights into

the transport of dyneins and dynactins by kinesin via

mNUDC, the complete elucidation of a mechanism by

which a dynein complex or a dynactin complex is transported

by kinesin-1 will require further studies. First, the precise

structure of MTs used for transport of cytoplasmic dynein is

not known, nor is it known whether there is a clear distinc-

tion between transportable and stationary MTs in vivo.

mNUDC might bind microtubules through accessory micro-

tubule-associated proteins that were co-purified with tubulin,

instead of directly binding to microtubules. Second, the

reason for less efficient facilitation of dynactin transport

remains unknown. For in vivo transport of dynactins, it is

possible that additional components are required to mediate

binding of dynactins and kinesin-1. It is known that the

ATPase cycle of kinesins-1 is allosterically controlled by

microtubule binding (Kuznetsov and Gelfand, 1986), and

kinesin-1 switches from an inhibited state to a motile state

upon cargo binding (Hackney et al, 1992; Stock et al, 1999).

To address precise structures of kinesin-1-dependent trans-

port, characterization of each kinesin–cargo complex is

required. Third, much of axonal transport is vesicular. Our

experiments suggest that anterograde transport of dynein

or dynactins is vesicle independent. Further characterization

of kinesin–cargo complex is required to address these

remaining questions.

The activation of cytoplasmic dynein requires dynactins, a

complex that contains multiple subunits, including the 150-

kDa dynactin protein and the actin-related proteins: Arp1 and

Arp11 (Holleran et al, 1998). Our previous study discovered

that cytoplasmic dynein moves in an outward direction

Figure 7 In vitro transport experiments using purified native kinesin from porcine brains and recombinant mNUDC. (A) Immunoabsorption of
endogenous mNUDC by an anti-mNUDC antibody. We found a substantial amount of purified kinesin-1 was bound by endogenous mNUDC
(lane 1). We removed this endogenous, bound mNUDC in the observation chamber by immunoabsorption using an anti-mNUDC antibody,
which efficiently removed endogenous mNUDC (lane 3). (B) Quantitative western blotting for endogenous mNUDC bound to kinesin-1. For
determination of molecular ratio between kinesin-1 and mNUDC, we first made a calibration curve on the basis of the intensity of CBB staining
using BSA as reference. The summary is shown at the bottom. In these experiments, we define the concentration of recombinant mNUDC
(0.208mg/ml, 3.01 mM) and purified kinesin-1 (0.027mg/ml, 0.22mM). (C) Using the above information, we determined the concentration of
mNUDC bound to kinesin-1 by western blotting. Recombinant mNUDC used for reference disclosed the concentration of mNUDC bound to
kinesin-1 (3.17 mg/ml, 0.076mM). Finally, we calculated the ratio of kinesin-1:mNUDC as 2.89. (D) Examination of FL-labelled transportable
MTs behaviour. Open column indicates immobile attachment of FL-labelled transportable MTs on the observation chamber, whereas solid
column indicates mobile FL-labelled transportable MTs. Combinations of introduced proteins are shown on the left. The total numbers of
observed chambers are shown on the bottom. Note: addition of recombinant mNUDC dramatically facilitated the attachment of FL-labelled
transportable MTs, and stimulated their transport by kinesin-1 (column 5). Interestingly, native kinesin in which endogenous mNUDC was not
removed displayed similar pattern with kinesin-1 supplemented with recombinant mNUDC (column 6). (E) Comassie brilliant blue staining
and western blotting analysis of purified dynactins. The dyanctin fraction was highly purified, and contaminated proteins were not detectable.
(F) Examination of FL-labelled dynactin behaviour. Open column indicates immobile attachment of FL-labelled dynactins on the observation
chamber, whereas solid column indicates mobile FL-labelled dynactins. Combinations of introduced proteins are shown on the left. Total
numbers of observed chambers are shown on the bottom. Note: additional recombinant mNUDC dramatically facilitated attachment of FL-
labelled dynactins. Additional recombinant mNUDC stimulated their transport by kinesin-1, but it was less efficient than MTs (column 5). (G)
Comparison of transport speed of MTs or dynactins by kinesin-1 between under the presence and the absence of EHNA conditions. The P-value
was calculated using Student’s t-test. NS indicates not significant.
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Transportable microtubule (tMT)
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Figure 8 Model for the regulation of protein and organelle trans-
port by mNUDC. Schematic representation of the role of mNUDC as
an adaptor molecule for anterograde transport by kinesin-1.
mNUDC mediates the connection between MTs and dynactins.
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towards the plus ends on the transportable MTs as cytoplas-

mic dynein is held in an inactive form (Yamada et al, 2008),

However, the underlying mechanism by which cytoplasmic

dynein is insulated from its activating machinery was un-

known. Our studies provide a potential mechanism for this

observation. We unexpectedly discovered that a dynactin

complex is transported in a separate mNUDC–kinesin-1

complex to the plus-end of MTs distinct from the tMT–

LIS1–cytoplasmic dynein complex. Dynactin enhances the

processivity of the dynein motor and also mediates some

interactions with cargoes, which is essential for retro-

grade transport (Schroer, 2004). In fact, inhibition of either

P150Glued or dynamitin by blocking antibodies severely

perturbed retrograde transport of cytoplasmic dynein. Pre-

sumably, the independent transport of these two components

ensures that the retrograde transport activity of cytoplasmic

dynein is inactive during anterograde transport of dynein to

the plus-end, and these two components may be assembled

thereafter to activate dynein as a retrograde motor.

Our model for a mechanism by which cytoplasmic dynein

is transported to the plus-end of MTs will provide an explana-

tion for the puzzling observations made by several investi-

gators that the normal broad cytoplasmic distribution of

components of the LIS1–NDEL1–cytoplasmic dynein complex

are localized in a perinuclear pattern when any of these

components, especially LIS1, is reduced (Niethammer et al,

2000; Sasaki et al, 2000; Smith et al, 2000; Toyo-oka et al,

2003; Yingling et al, 2008). It also provides an explanation for

the observation that loss of LIS1 results in reduction of astral

mictrotubules, reduction of cortical dynein and impairment

of cortical microtubule capture in mitotic cells (Faulkner et al,

2000; Yingling et al, 2008). mNUDC is essential for the

binding of kinesin-1 and the cytoplasmic dynein–LIS1–tMT

complex, and reduction of mNUDC results in mitotic defects

(Aumais et al, 2003). It is likely that some of the mitotic

defects displayed by LIS1-deficient cells result from disrup-

tion of the kinesin-mediated transport of dynein as seen after

depletion of mNUDC. However, mitotic cells lack the long

processes of neuronal cells, and also have a high soluble pool

of dynein. Recruitment from this soluble pool in spherical

cells with a much smaller diameter may be sufficient

to support mitosis, and there may be little contribution

of LIS1-mediated transport of dynein to the overall

dynein supply in such cells. Context-specific mechanisms of

dynein transport are further questions that will be addressed

in future experiments.

Nuclear migration has a fundamental developmental role

in many higher and lower eukaryotes. Genetic analysis of

nuclear migration in A. nidulans has led to the identification

of a large number of proteins involved in this process and are

referred to as nud genes (Morris et al, 1998a). These nud

genes are classified into three categories, that is, nudA and

nudG encode cytoplasmic dynein heavy chain and light

chain, respectively (Morris et al, 1998a, 1998b). These

genes are motor proteins and its accessory molecules.

However, nudK and nudM encode actin-related proteins and

P150Glued, respectively, which are part of dynactin (Xiang

et al, 1999; Zhang et al, 2003). Nde1/Ndel1 and Lis1 are

mammalian homologues of nudE and nudF, which are re-

quired for the regulation and localization of cytoplasmic

dynein (Xiang et al, 1995). Our findings uncovered the new

role of mNUDC as an adaptor molecule of kinesin-1. Thus,

mNUDC could be considered as a gene in a new fourth

category, which includes proteins that mediate interactions

between kinesin-1 and cytoplasmic dynein. Interestingly,

there are other mNUDC family proteins in mammals. For

example, depletion of mammalian NudC-like protein (NudCL)

by RNAi in HeLa cells inhibits cell growth and induces mitotic

arrest with multiple mitotic defects, which subsequently result

in cell death (Zhou et al, 2006). In addition, depletion of NudCL

also results in the aggregation of dynein intermediate chain

throughout the cytoplasm during mitosis (Zhou et al, 2006).

Although the precise characterization of this family of proteins

has not yet been performed, it is possible that they may have a

broad range of functions to facilitate binding of kinesin-1 to

target molecules or organelles. This new role for mNUDC will

be useful for the understanding of the crosstalk between

cytoplasmic dynein and kinesin-1.

Materials and methods

Vectors used for expression in DRG and recombinant proteins
The complementary DNAs carrying full length of open reading
frame of each of the proteins were conjugated to pEGFP (Clonetech)
or mCherry vector provided by Dr Roger Tsien (UCSD). Recombi-
nant protein for kinesin light chain1 or mNUDC was generated
using pGEX-4T expression vector (GE Healthcare Biosciences).
Protein purification was performed using glutathione Sepharose 4B
(GE Healthcare Biosciences) according to the manufacturer’s
recommendation. To remove GST tag, we treated recombinant
protein with thrombin (Merck), followed by absorption of thrombin
by benzamidine Sepharose 6B (GE Healthcare Biosciences).

DRG preparation, culture and fluorescence recovery
measurement after photobleaching (FRAP)
The DRGs from post-natal mice were dissociated using a previously
described method (Lindsay, 1988). During dissociation of cells, D-
MEM was used with 10% heat-inactivated bovine serum, 200 ng/ml
2.5S mNGF (Sigma) and 5 mM uridine/deoxfluorouridine (Sigma).
The cells were plated onto poly-D-lysine-coated dishes (MatTek) and
cultured in the above medium for 48–72 h. The DRGs were
transfected with vectors to express various proteins immediately
after dissection using the Basic Nucleofector kit for primary neurons
(Amaxa Biosystems). Fluorescence recovery measurement after
photobleaching (FRAP) was carried out with an LSM 510 META
confocal microscope (Carl Zeiss). Open box-shaped regions cover-
ing an axon were bleached 80–100 mm in length using the line-scan
function at 488/405 nm, and recovery of fluorescence was
monitored 10 mm in length at the proximal or distal side using the
time-series function at 4-s intervals for up to 60 s. Anterograde flux
was defined by the recovery of fluorescence at the proximal region,
whereas retrograde flux was defined by the recovery at the distal
region. A spacer region between two observatory areas ensured
prevention of overlapping recovery from the opposite side.

For treatment with the blocking antibody, DRG neurons were
permeabilized by 8mM digitonin (Calbiochem) on ice for 1 min and
washed with PBS containing 5% (w/v) bovine serum albumin
(BSA; Wako), followed by administration of an anti-mNUDC
antibody (8 mg/ml), an anti-P150Glued antibody (8 mg/ml) or an
anti-dynamitin antibody (8 mg/ml). Observation of FRAP recovery
was the same as described above. For the FRAP data of EGFP–
P150Glued and EGFP–dynamitin, t1/2 (s) was calculated using Origin
Software (Microcal Software, Northhampton, MA).

Microtubule-binding assays
Purified kinesin from porcine brain was mixed with GST–NudC in
the absence or presence of 10 mM ATP. The final concentration of
kinesin was 35 mg/ml. The molar ratios of kinesin to NudC were 1:0,
1:1 and 1:3. MAP-depleted tubulin (0.4 mg/ml) and 50mM taxol
were added to the mixture, and then incubated for 5 min at room
temperature. After kinesin binding, the microtubules were collected
by centrifugation at 200 000 g for 10 min at room temperature using
a 120.2 rotor in an Optima TLX ultracentrifuge (Beckman Coulter,
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Fullerton, CA). The supernatants and pellets were separated and
subjected to electrophoresis. The images of the gels were digitized
and the bands were quantified by densitometry.

Microtubule-binding assays of mNudC
The MAP-depleted tubulin (0.8 mg/ml) was assembled in 50mM
taxol, then mixed with mNudC (8mg/ml). Before mixture of
mNudC, some of the samples were treated with kinesin (16 mg/
ml). The microtubules and mNudC were incubated for 5 min at
room temperature. After mNudC binding, microtubules were
collected by centrifugation at 200 000 g for 10 min at room
temperature using a 120.2 rotor in an Optima TLX ultracentrifuge
(Beckman Coulter). The supernatants and pellets were separated
and subjected to electrophoresis. After electrophoresis, proteins
were transferred to PVDF membrane. The blots were probed with
antibody raised against mNudC, followed by donkey anti-rabbit IgG
conjugated to alkaline phosphatase. The blots were developed using
the BCIP/NBT phosphatase substrate system.

Imaging of protein movements
For tracking mCherry– and EGFP–fused proteins in axons of DRG
neurons from post-natal mice, an IX81 inverted microscope
(Olympus) equipped with an FV-1000 confocal imaging system
(Olympus) was used and controlled by MetaMorph software (MDS
Analytical Technologies).

Generation of antibodies against mNUDC, P150Glued

and dynamitin
To make anti-mNUDC, P150Glued or dynamitin antibodies, we
immunized New Zealand white rabbits with a GST-conjugated
recombinant mNUDC (70–200 AAs), P150Glued (210–300 AAs) or
dynamitin (1–230 AAs) expressed in bacteria and purified by
GST–Sepharose (GE Healthcare) according to standard procedures.
The antisera against mNUDC (70–200 AAs) protein, P150Glued

(210–300 AAs) protein or dynamitin (1–230 AAs) protein were
collected, and purified by Hi-Trap NHS-activated HP columns (GE
Healthcare) coupled with the antigens used, mNUDC (70–200 AAs),
P150Glued (210–300 AAs) or dynamitin (1–230 AAs).

siRNA preparation and transfection
Deprotected and double-stranded 21-nucleotide RNAs were synthe-
sized by Japan Bio Service (Saitama, Japan) to target the mouse
mNudC sequence, 50-AACACCTTCTTCAGCTTCCTT-30 as recom-
mended in the study by Aumais et al (2003) (JCS). Firefly (Photinus
pyralis) luciferase siRNA served as a negative control. siRNAs were
re-suspended in RNase-free water at a final concentration of 20mM
and stored at �201C until use. Mutated mNudC carrying 50-
AACACCTTCTTCAGTTTCCTT-30 for rescue experiments was gener-
ated by QuickChange (Stratagene). EGFP-fused mutated mNudC
was transfected for rescue experiments.

Immunocytochemistry
After 24 h, cells were fixed with 4%(w/v) ultra-pure electron
microscopy-grade paraformaldehyde for 15 min at room tempera-
ture and permeabilized with 0.2% Triton X-100 for 5 min at room
temperature. Cells were then blocked with 5% (w/v) BSA and Block
Ace Powder (DS Pharma Biomedical) in PBS and incubated with
anti-mNUDC, anti-LIS1, anti-DIC (Chemicon), anti-P150Glued, anti-
dynamitin, anti-b-COP (Sigma) and anti-EEA1 (Sigma) followed by
incubation with Alexa546-conjugated anti-rabbit IgG (Molecular
probes) or Alexa546-conjugated anti-mouse IgG (Molecular Probes).
Each incubation was performed for 1 h at room temperature. Slides
were mounted in ultra-pure electron microscopy-grade glycerine
(Merck) containing 100 nM 40, 6-diamidino-2-phenylindole (DAPI).
Immunofluorescence analyses were examined with a laser scanning
confocal microscope (TCS-SP5, Leica) and controlled by Photoshop
software.

For detection of phenotypes after mNUDC depletion by siRNA,
lysosomes and mitochondria were labelled by LysoTracker Green
DND-26 (Molecular Probes) and pEYFP-Mito (Clonetech), respec-
tively. Nucleus was labelled by Hoechst 33258 (Hoechst). For
detection of clearer images, all images were captured in live condi-
tions using the TCS-SP5 confocal microscope systems (Leica).

Sucrose gradient centrifugation and immunoprecipitation
experiments
For sucrose gradient centrifugation experiments, 3�106 DRG
neurons or 5�106 MEF cells transfected with fluorescence-tagged
vector were cultured on poly-D-lysine-coated dish (BD Biocoat) and
were collected and lysed in 1 ml of detergent-free PMEE buffer
(35 mM PIPES (pH 7.2), 5 mM MgSO4, 1 mM EGTA, 0.5 mM EDTA,
1 mM DTTand 0.5 mM ATP), followed by centrifugation for 5 min at
15 000 rpm at 41C. About 600ml of cell lysate was layered onto
4.2 ml of 15–30% linear sucrose gradient and centrifuged in a
Hitachi P55ST2 swinging bucket rotor at 100 000 g for 16 h at 41C.
The sucrose gradients were fractionated into 15 300-ml fractions.
Tyroglobulin (19.2 s), ferritin (16.5 s), catalase (11.2 s) and albumin
(4.3 s) were used as markers. For immunoprecipitation experi-
ments, DRG neurons were lysed in immunoprecipitation buffer
(35 mM PIPES (pH 7.2), 5 mM MgSO4, 1 mM EGTA, 0.5 mM EDTA,
1 mM DTT and 0.2% NP-40), followed by centrifugation for 3 min
at 15 000 rpm at room temperature. Immunoprecipitation experi-
ments were carried out from mouse brain extracts in using an
anti-mNUDC rabbit polyclonal antibody, an anti-kinesin heavy
chain antibody (H2, Chemicon) and an anti-dynein intermediate
chain antibody (74.1, Chemicon) bound to protein G–Sepharose
(GE Healthcare) in immunoprecipitation buffer for 1 h at room
temperature. After five washes with the same immunoprecipitation
buffer, bound proteins were eluted by boiling in SDS–PAGE sample
buffer. The antibodies used are as follows: an anti-kinesin heavy
chain antibody (H2, Chemicon), an anti-dynein intermediate chain
antibody (74.1, Chemicon) and anti-P150Glued mouse monoclonal
antibody (BD Bioscience). For immunoabsorption, mouse brain
extracts were incubated with 25mg anti-mNUDC antibody, anti-
P150Glued antibody or anti-dynamitin antibody, which had been
conjugated with protein-A or protein-G Sepharose (GE Healthcare),
at room temperature for 1 h. Supernatant was further subjected to
immunoprecipitation analysis.

In vitro motility assay
The previously described in vitro motility assay (Yamada et al,
2008) was modified for transportable microtuble (tMT) or
dynactins. A coverslip (18�18 mm; Matsunami Glass) was placed
on the center of another coverslip (24� 42 mm; Matsunami Glass)
using two strips of double-coated tape to make a flow chamber.
Kinesin (Wagner et al, 1991), dynactins (Bingham et al, 1998) and
tubulin (Vallee, 1986) were purified from fresh porcine brain as
reported previously, with some modification. The tubulin was
labelled with Cy3 mono-Reactive Dye Pack (GE Healthcare), Cy5
mono-Reactive Dye Pack (GE Healthcare) or FluoReporter Tetra-
methyrhodamine Protein Labeling Kit (Invitrogen). Fluorescent MTs
were prepared by co-polymerization of labelled and unlabelled
tubulin at a molar ratio of 1:100 and 1:750 for FL-labelled
transportable MT and FL-labelled rail MT, respectively. For assays,
MTs with a length of 2–5mm as tMTs and with a length of 20–50mm
as rail MTs were prepared. Polymerization was performed in BRB80
buffer (80 mM PIPES (pH 6.8), 1 mM MgCl2, 1 mM EGTA) contain-
ing 6 mM GTP at 371C for 30 min and 33 mM Taxol (Sigma) was
added to maintain the polymerization. The dynactin complex was
eluted from the Hi-Trap Q column (GE Healthcare) with approxi-
mately 250 mM KCl (Toba and Toyoshima, 2004) and labelled with
Cy3, Cy5 or TMRA. First, anti-a tubulin (0.5 mg/ml, TU-02, Santa
Cruz Biotechnology) was introduced into the observation chamber
and absorbed onto the glass for 10 min. The following were then
added in sequence: (1) 5 mg/ml BSA in BRB80 buffer to remove
unabsorbed the antibody and to block the glass surface for 2 min.
(2) 20–30mg/ml of FL MT in BRB80 buffer containing 1 mM ATP,
33 mM Taxol and an oxygen scavenger (4.5 mM glucose, 216mg/ml
glucose oxidase, 36mg/ml catalase, 1% 2-mercaptoethanol) as the
‘rail MTs’ for 20 min. (3) 5 mg/ml BSA in BRB80 buffer to remove
unabsorbed the antibody and to further block the glass surface
for 5 min. (4) FL-labelled tMT (transportable MTs, 30 mg/ml) or
FL-labelled dynactin (0.2–0.3 mg/ml), kinesin (2–5 mg/ml),
GST–mNUDC (60–80mg/ml) and pre-immune rabbit serum
(400 mg/ml) or anti-mNUDC (400mg/ml) were pre-incubated at
371C for 5 min and then introduced into the chamber. Fluorescent
MTs and dynactins were imaged using a conventional inverted
fluorescence microscope (ECLIPSE TE2000-U, Nikon) with an oil-
immersion objective lens (Plan Apo TIRF, � 100, NA¼ 1.45, Nikon)
and analysed by Andor SOLIS (Andor technology).
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Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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