
Neurodegenerative Mutation in Cytoplasmic Dynein Alters Its
Organization and Dynein-Dynactin and Dynein-Kinesin
Interactions*□S

Received for publication, August 25, 2010 Published, JBC Papers in Press, October 2, 2010, DOI 10.1074/jbc.M110.178087

Wenhan Deng‡, Caroline Garrett‡, Benjamin Dombert‡, Violetta Soura‡, Gareth Banks§, Elizabeth M. C. Fisher§,
Marcel P. van der Brug¶, and Majid Hafezparast‡1

From ‡School of Life Sciences, University of Sussex, Brighton BN1 9QG, United Kingdom, the §Department of Neurodegenerative
Disease, University College London Institute of Neurology, London WC1N 3BG, United Kingdom, and the ¶Department of
Neuroscience, Scripps Research Institute, Jupiter, Florida 33458

A single amino acid change, F580Y (Legs at odd angles
(Loa), Dync1h1Loa), in the highly conserved and overlapping
homodimerization, intermediate chain, and light intermediate
chain binding domain of the cytoplasmic dynein heavy chain
can cause severe motor and sensory neuron loss in mice. The
mechanism by which the Loamutation impairs the neuron-
specific functions of dynein is not understood. To elucidate
the underlying molecular mechanisms of neurodegeneration
arising from this mutation, we applied a cohort of biochemical
methods combined with in vivo assays to systemically study
the effects of the mutation on the assembly of dynein and its
interaction with dynactin. We found that the Loamutation in
the heavy chain leads to increased affinity of this subunit of
cytoplasmic dynein to light intermediate and a population of
intermediate chains and a suppressed association of dynactin
to dynein. These data suggest that the Loamutation drives the
assembly of cytoplasmic dynein toward a complex with lower
affinity to dynactin and thus impairing transport of cargos that
tether to the complex via dynactin. In addition, we detected
up-regulation of kinesin light chain 1 (KLC1) and its increased
association with dynein but reduced microtubule-associated
KLC1 in the Loa samples. We provide a model describing how
up-regulation of KLC1 and its interaction with cytoplasmic
dynein in Loa could play a regulatory role in restoring the ret-
rograde and anterograde transport in the Loa neurons.

Cytoplasmic motor dynein is a multisubunit motor protein
involved in the retrograde (minus end) transport of membra-
nous organelles, signaling endosomes, kinetochores, and
other cargos along microtubules (MTs)2 (1, 2). It consists of

two �530-kDa homodimerized heavy chains (DHC, encoded
by a single gene Dync1h1), and several intermediate chains
(DYNC1I1, here referred to as DIC, encoded by two genes
Dync1i1 and Dync1i2), light intermediate chains (DYNC1L1,
here referred to as DLIC, encoded by two genes Dync1li1 and
Dync1li2), and light chains (here referred to as DLC, encoded
by at least six genes Dynlt1, Dynlt3, Dynlrb1, Dynlrb2, Dynll1,
and Dynll2), which assemble into different dynein subcom-
plexes (3–8). DHC is composed of a carboxyl-terminal head
domain with ATPase activity for motility along MTs and an
amino-terminal tail domain, which mediates DHC-DHC ho-
modimerization and binding of DIC and DLIC subunits to the
complex (4). DLCs bind to the complex through their associa-
tion with DICs (9–11). DICs also mediate the association of
dynein with dynactin, another multisubunit complex com-
posed of p150Glued, p50, and several other polypeptides (12,
13). Dynactin mediates the binding of some cargos to the dy-
nein complex, and it also regulates dynein activity (14, 15).
The compositional complexity of dynein plays a key role in

dynein function, and it is essential in targeting dynein to its
cargos. The subunit diversity is thought to be responsible for
the wide range of interacting binding partners and cargos to
the dynein complex, but it has made the elucidation of dynein
subunit composition and organization, and their roles in dy-
nein functions, more challenging. In addition, splice varia-
tions and phosphorylation of DICs and DLICs increase the
diversity of cytoplasmic dynein subcomplexes (16–20). In
vitro assays have shown that the dynein complex could be
separated into two distinct subpopulations. One is a stable
subcomplex composed of DHC and DLICs, and the second
subcomplex contains DICs and DLCs (10, 21).
We have previously shown that autosomal dominant point

mutations causing F580Y and Y1055C substitutions in DHC
in the Legs at odd angles (Loa) and Cramping 1 (Cra1) mice,
respectively, give rise to a progressive motor deficit in het-
erozygous Dync1h1�/Loa (referred to hereafter as �/Loa) and
Dync1h1�/Cra1 mice (22). In addition, we showed that in cul-
tured motor neurons, isolated from E13.5 homozygous
Dync1h1Loa/Loa (referred to as Loa/Loa from this point on-
ward) embryos, this mutation impairs retrograde axonal
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transport leading to motor neuron degeneration and death of
the homozygous pups within a day after birth (22). Subse-
quent studies by Chen et al. (23) and Ilieva et al. (24) showed
significant loss of spinal cord � motor neurons, as well as pro-
prioceptive sensory neurons in �/Loamice. Moreover, point
mutations in the p150Glued subunit of dynactin have been
linked to motor neuron disease in humans (25, 26).
In this study, we have used a cohort of biochemical meth-

ods combined with the in vivomammalian-protein-protein
interaction trap (MAPPIT) system (27) to examine the effects
of the Loamutation on the interactions between dynein/dyn-
actin components and on the assembly of dynein. We found
that a lighter subcomplex of dynein is enriched in the Loa, at
the expense of a heavier subcomplex, and that the association
of mutant dynein to dynactin is reduced. In contrast, the
binding affinities of dynein to DICs, DLIC1, and Tctex-1
(through DIC) are significantly increased in the Loamutant
protein compared with those in the wild type. These data sug-
gest that the Loamutation changes the conformation of DHC,
modulating its interactions with DICs (and Tctex-1), DLIC1,
and dynactin. In addition, we show that the kinesin light
chain 1 (KLC1) expression and its interaction with the dynein
complex is modified, possibly as a compensatory mechanism
in response to impaired retrograde transport in Loa.

EXPERIMENTAL PROCEDURES

The experiments were performed under license from the
UK Home Office (Animals Scientific Procedures Act 1986),
following local ethical review.
Mice and Tissue Preparation—�/Loa heterozygote female

and male mice were intercrossed to produce wild type and
Loa/Loamice, which were identified by genotyping for muta-
tions in the Dync1h1 gene from tail DNA (22). Brains isolated
from two or more E13 embryos or newborn pups were ho-
mogenized in homogenization buffer, PBS without calcium or
magnesium (PBS�) (Invitrogen), supplemented with 1� pro-
tease inhibitors (Roche Applied Science), and 10 �l ml�1

phosphatase inhibitors 1 and 2 (Sigma). A volume 9� weight
of tissue was used. Following homogenization, samples were
centrifuged for 10 min at 16,000 � g at 4 °C for immunoblot-
ting and 20 min for immunoprecipitation. The supernatants
were collected and protein concentrations determined using a
BCA protein assay kit (Pierce).
Sucrose Density Gradient Centrifugation—Mouse brains

were homogenized on ice in a Dounce homogenizer in 4 vol-
umes of PBS� buffer containing protease inhibitor mixture
(Roche Applied Science) and phosphatase inhibitor mixture
(Sigma), followed by centrifugation at 800 � g. Supernatants
were isolated, and their protein contents were quantified us-
ing the BCA protein assay kit (Pierce). Density purification
experiments used 2 mg of total protein in soluble extracts of
mouse embryo brains to sediment through 5 ml of linear den-
sity gradient consisting of 5–20% sucrose prepared in PBS�
buffer as described in Collins and Vallee (28). The gradients
were centrifuged at 237,000 � g for 4 h in an SW55Ti rotor
(Beckman Instruments) at 4 °C. Gradient fractions (each 0.45
ml) were collected and stored at �80 °C for subsequent
analysis.

Immunoprecipitation—Immunoprecipitation from brain
extracts was carried out as described previously (29, 30).
Briefly, primary antibody was first allowed to bind protein
A-Sepharose beads (Zymed Laboratories Inc.) and then incu-
bated with equal amounts of brain extract of Loa/Loa and
wild type overnight at 4 °C. For immunoprecipitation of DHC,
anti-DHC antibody was cross-linked to cyanogen bromide-
activated Sepharose 4B beads (Sigma) and then incubated
with brain extract overnight at 4 °C as above. After washing
three times with PBS buffer, proteins were eluted into SDS-
PAGE sample loading buffer by boiling for 5 min, and the
equal volumes were loaded onto a gel for immunoblot
analysis.
For �-protein phosphatase treatment, the immunoprecipi-

tated dynein was precipitated with an acidified acetone/meth-
anol method to remove SDS. The pellet was treated with
�-protein phosphatase (New England Biolabs) for 1 h at 30 °C
or mock-treated in the supplied buffer as a control, in accord-
ance with the manufacturer’s instructions.
Preparation of MT-associated Proteins—Cytoplasmic dy-

nein was prepared from brains of newborn mice by a modified
taxol-based procedure (28). The tissue was minced in 4 vol-
umes of PHEM buffer (30 mM PIPES, 50 mM HEPES, pH 7.1, 1
mM EGTA, and 2 mM MgCl2) containing 250 mM sucrose,
protease inhibitor mixture (Roche Applied Science), phospha-
tase inhibitor mixture (Sigma), and 0.5 mM dithiothreitol. The
homogenate was centrifuged at 16,000 � g for 30 min at 4 °C.
The supernatant was recovered and centrifuged at 192,000 �
g for 1 h in an SW55Ti rotor (Beckman Instruments) at 4 °C.
The supernatant (cytosolic extract) was recovered, and taxol
and AMP-PNP were added to 20 �M and 1 mM, respectively.
The sample was warmed to 37 °C for 5 min. MT-associated
proteins were sedimented at 30,000 � g at 4 °C for 30 min
through a cushion of 7.5% sucrose in PHEM buffer. The MTs
were washed twice with 500 �l of PHEM sample extract
buffer as above but containing 5 �M Taxol and recentrifuged
to sediment MTs at 30,000 � g at 4 °C for 30 min. The pellet
was resuspended in 200 �l of SDS-PAGE sample loading
buffer for subsequent analysis.
RNA Isolation and Illumina Bead Arrays—Two wild type

and homozygous Loa E13 mouse brains were collected, and
RNA was isolated using the TRIzol reagent (Invitrogen) fol-
lowing the manufacturer’s protocol with some modifications.
Prior to homogenization with TRIzol, the brains were
weighed, snap-frozen in liquid nitrogen, and crushed using a
porcelain pestle and mortar until they turned into a fine pow-
der. 1 ml of TRIzol was added per 100 mg of brain weight, and
the samples were homogenized using a tight glass Teflon ho-
mogenizer. After a 5-min incubation at 25 °C, chloroform was
added at a ratio of 1 to 5 to the amount of TRIzol previously
used, and the samples were shaken by hand for 15 s and incu-
bated at 25 °C for 3 min. The RNA from each sample was col-
lected after centrifugation at 12,000 � g for 15 min at 6 °C and
was transferred in fresh tubes where it was mixed with isopro-
pyl alcohol at a ratio of 1 to 2 to the amount of TRIzol used
for the initial homogenization. After 10 min of incubation at
25 °C and centrifugation at 12,000 � g for 10 min at 6 °C, the
RNA pellet was washed by vortexing once with 75% ethanol at
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equal amounts to the TRIzol used in the initial homogeniza-
tion and centrifuged at 7,500 � g for 5 min at 6 °C. The result-
ing RNA pellets were air-dried for 10 min, resuspended in 20
�l of RNase-free water, and finally incubated at 57 °C for 10
min before being snap-frozen in liquid nitrogen and stored at
�80 °C. 2 �l of each sample were run on a 1% agarose gel
alongside a 100-bp ladder to test the integrity of the RNA.
Illumina mouse oligonucleotide arrays (Mouse-6_V1) were

used according to the manufacturer’s instructions as de-
scribed previously (31). Briefly, 500 ng of total RNA was pro-
cessed for each sample, and standard Quality Control was
performed prior to analysis. Differential expression values
were derived using the Illumina Beadstudio software suite.
Western Blotting—12.5% SDS-PAGE or precast NuPAGE�

4–12% gels were used in the immunoblotting experiment.
Electrophoresis was carried out on an XCell SurelockTM mini-
cell device (Invitrogen) at room temperature. Proteins were
then transferred to polyvinylidene difluoride membrane (GE
Healthcare). Blots were probed with anti-p150Glued/135 (1:
300; Santa Cruz Biotechnology), anti-DHC polyclonal (1:200;
Santa Cruz Biotechnology), anti-p150Glued (1:400; BD Trans-
duction Laboratories), anti-DIC (1:1000; gift from Dr. Kevin
Pfister, University of Virginia), anti-DIC1 (1:2000), anti-
DLIC1 monoclonal ab72 (1:2000), anti-DLIC1/2 monoclonal
ab77 (1:2000), anti-DIC2 (1:200; Santa Cruz Biotechnology),
anti-Tctex-1 monoclonal (1:200; gifts from Dr. Kevin Pfister),
and anti-KLC1 polyclonal antibody (1:200; Santa Cruz Bio-
technology). Proteins were detected using alkaline phospha-
tase-linked secondary antibodies with the CDP-STAR chemi-
luminescence system (Sigma) or horseradish peroxidase-
linked secondary antibodies with the SuperSignal West Dura
extended duration substrate (Pierce).
MAPPIT—MAPPIT was used to quantify the interactions

of DIC isoforms with wild type or Loa DHCs, according to the
method described by Eyckerman et al. (27, 32). In MAPPIT, a
heterologous “bait” polypeptide is fused to a receptor chimera
consisting of the extracellular domain of the erythropoietin
receptor fused to the transmembrane and cytosolic domains
of a leptin receptor variant F3 (LR-F3) that carries tyrosine to
phenylalanine mutations that eliminate the functional STAT3
recruitment. A heterologous “prey” polypeptide was fused to a
fragment of the gp130 cytokine receptor component, and it
contains four functional STAT3 recruitment sites. If bait and
prey interact then, upon EPO-induced receptor activation, the
gp130 receptor fragment was phosphorylated, and a STAT3-
dependent signal was obtained that can be measured using
the Firefly luciferase reporter gene. Furthermore, the Renilla
luciferase gene, whose expression is independent of prey-bait
protein interactions, is also used to account for variances in
transfection efficiency.
In this study, DIC isoforms were subcloned into the pMG1-

SVT vector (prey). The DHC fragments encompassing the
coding sequences for residues 268–992 of wild type and mu-
tant DHCwt and DHCLoa, respectively, were subcloned into
the pSel1-FKBP12 vector (bait). All constructs were sequence
verified.
HEK293T cells were cultured in 35-mm dishes at a density

of 4 � 105 cells/dish and standard DMEM in a 37 °C, 5% CO2

incubator. The MAPPIT assay was performed using the Dual-
Luciferase reporter assay system (Promega), following the
manufacturer’s protocol. The constructs were cotransfected
with the following constructs: pSell-DHCwt or pSell-DHCLoa

and individual pMG1-DIC isoforms 1A, 1C, 1D, 1E, 2A, 2B, or
2C; Firefly luciferase reporter gene and Renilla luciferase (as a
transfection-efficiency control), using Lipofectamine 2000
(Invitrogen). Transfections using the pSel1-p53, pMG1-SVT,
Firefly, and Renilla luciferases were used as positive controls
for protein-protein interaction. 24 h after transfection, the
cells were trypsinized with 0.25% trypsin and were split in 6
wells of equal cell numbers in 96-well plates where half of the
samples were stimulated with erythropoietin (EPO) (1 unit
per well), and the rest were left untreated to serve as negative
controls. Cell lysis was achieved by incubation of the cells
with 20 �l per well passive lysis buffer for 15 min on a rocking
plate at room temperature. The Firefly and Renilla luciferase
activities were measured using LARII and Stop and Glo (Pro-
mega), respectively, as priming agents on a Lucy Luminome-
ter (Labtec Instruments). The results were analyzed using the
Stingray software.
Immunocytochemistry—HEK293T cells were cultured on

glass coverslips in 35-mm dishes at a density of 2 � 105 cells
per dish containing standard DMEM in a 37 °C, 5% CO2 incu-
bator. The cells were fixed and permeabilized with 0.5% glut-
araldehyde and 0.1% Triton X-100 for 1 min in warmed up
CB buffer (137 mM NaCl, 5 mM KCl, 1.1 mM Na2HPO4, 0.4
mM KH2PO4, 2 mM MgCl2, 2 mM EGTA, 5 mM PIPES, 5.5 mM

glucose, pH 6.1) to preserve the cytoskeleton, rinsed twice in
CB buffer, and incubated for 15 min at room temperature
with 1% glutaraldehyde in warmed CB buffer. The cells were
rinsed twice in warmed CB buffer followed by a 5-min incu-
bation in 0.5 mg ml�1 sodium borohydride at room tempera-
ture with period agitation. The recombinant FLAG-DHCwt or
FLAG-DHCLoa were visualized using the anti-FLAG mouse
primary antibody (1:400; Sigma) followed by the Alexa Fluor
456 goat anti-mouse IgG secondary antibody (1:200; Molecu-
lar Probes). The cells were visualized using a Delta Vision
microscope.
Quantitative PCR (qPCR)—For qPCR, RNA was extracted

using the NucleoSpin II RNA extraction kit, and cDNAs were
generated using the Promega reverse transcription system.
Gene sequences were found in the National Center for Bio-
technology Information (NCBI) data base and were cross-
referenced using a Basic Local Alignment Search Tool
(BLAST) to those found on the Protein Knowledgebase
(NniProtKB) data base. Primers were designed from this in-
formation using the primer design tools (Invitrogen). qPCRs
were carried out by adding 2� QuantiTect SYBR Green PCR
master mix (Qiagen) to 1 mM each of forward and reverse
primers as follows: KLC1 tcttcccaaatgacgaggac and ctgtacac-
cagggccaagat, and 18S rRNA gccgctagaggtgaaattctt and cattct-
tggcaaatgctttcg, respectively. 1.5 �g of cDNA was required
per reaction, and the overall reaction volume was made up to
30 �l with RNase-free water. A Stratagene Mx4000 qPCR ma-
chine was set to denature at 95 °C for 15 min before 40 cycles
of 94 °C denaturation for 30 s, annealing at 56 °C for 30 s, and
elongation at 72 °C for 30 s. A dissociation curve followed
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each real time cycle. All data sets were collected from at least
three brains for each genotype, and each qPCR was carried
out in triplicate.
For analysis, the mean 18S CT for each genotype was sub-

tracted from the CT triplicates of the gene of interest to give a
normalized �CT. The mean �CT of the wild type was then
subtracted from the triplicate �CT values of the gene of inter-
est for �/Loa and Loa/Loa to give a calibrated ��CT. To cal-
culate a fold change, the �CT of the wild type gene of interest
triplicates was divided by the mean �CT of the wild type re-
sulting in a mean value of 1. A fold change for the other geno-
types was calculated by 2���CT for each triplicate. Fold
changes were analyzed across the experiments using
GraphPad and a Mann-Whitney U test of significance.
Quantifications and Statistical Analysis—Film exposures

used for quantification were below saturation, as established
by multiple exposures. Images were scanned for quantifica-
tion using an image scanner with software ImageMaster Lab-
scan version 3.01 (Amersham Biosciences). Signal density was
summed in the area of the bands, and the intensity of film
background was subtracted using ImageQuant TL 2005 (Am-
ersham Biosciences). Statistical analysis was performed using
GraphPad Prism. Data were analyzed by Mann-Whitney U
test or two-way ANOVA followed by Bonferroni post-tests.
Significance was set at p � 0.05.

RESULTS

Loa Mutation Alters the Composition of Cytoplasmic Dy-
nein Complex—In our Western blot analysis of the brain ho-
mogenates for the levels of DHC, DIC, and DLIC, we did not
find any difference in protein levels between the wild type and
Loa (data not shown). However, we detected a subtle reduc-
tion in the intensity of the higher molecular weight variant of
DIC in homozygous Loa when compared with the wild type
(Fig. 1A). As DIC undergoes phosphorylation, we treated
these samples with �-protein phosphatase to examine
whether the observed difference is a result of altered phos-
phorylation modification of DIC in the Loa. As shown in Fig.
1B, following the phosphatase treatment the higher molecular
weight DIC variant almost disappears in both genotypes, indi-
cating that the post-translational phosphorylation of DIC is
reduced in Loa.

Phosphorylation of DIC plays an important role in the reg-
ulation of cytoplasmic dynein function. Thus, we asked
whether the Loamutation affects the organization of dynein
and the integrity of the dynein-dynactin complex. Therefore,
we performed sucrose density gradient (5–20%) sedimenta-
tions on equal amounts of brain homogenates, isolated from
1-day-old (P1) Loa/Loa and wild type mice. Western blot
analysis of the gradient fractions revealed that as expected
most of the dynein complex sedimented at 20 S (Fig. 1C).
However, we consistently observed a slight shift of DHC, DIC,
and DLIC components of the dynein complex toward the
lighter fraction 6 in the Loa/Loa homogenates (Fig. 1C, lane
6). In contrast, fractions 9 and 10 showed clear reductions of
the signal intensities in these proteins in the Loa/Loa samples
compared with the wild type (Fig. 1C, lanes 9 and 10). Distri-

bution and levels of p150Glued, however, remained similar be-
tween the genotypes in all fractions.
As p150Glued levels appeared to be almost identical giving a

value of 1.06 for the p150Loa/Loa/p150�/� ratio in fraction 6,
we normalized the signals against p150Glued for each genotype
(Fig. 1D). This analysis revealed that the relative signal inten-
sities for DHC were 22.0 � 5.7% (mean � S.E., n 	 4) in Loa/
Loa but 5.1 � 3.0% (mean � S.E., n 	 4) in the wild type (Fig.
1D). Relative DIC signal intensities were 33.3 � 4.0% (mean �
S.E., n 	 4) in Loa/Loa but only 6.2 � 3.8% (mean � S.E., n 	
4) in the wild type (Fig. 1D). Moreover, DLIC1/p150Glued ra-
tios showed the same trend, 13.8 � 7.7% (mean � S.E., n 	 4)
in Loa/Loa and 3.6 � 2.4% (mean � S.E., n 	 4) in the wild
type (Fig. 1D). Two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post-tests revealed that there is a signifi-
cant difference between the genotypes (p 	 0.0001, residual
degrees of freedom 	 24) and that the differences in DHC
and DIC were statistically significant (p � 0.05 and p � 0.001,
respectively). We also analyzed the DIC/DHC and DLIC1/
DHC ratios between the genotypes, but they did not show any
significant changes in Loa/Loa versus wild type samples in
this fraction (data not shown), suggesting that the stoichiome-
try of these subunits in fraction 6 of the Loa samples is similar
to that in the wild type. Because dynein light chain Tctex-1
was present in low amounts in fraction 6, reliable quantitative
data could not be obtained from this subunit in these assays.
Impaired Interactions of DHC/DIC and Dynein/Dynactin in

the Loa—The above data prompted us to examine the DHC-
DIC associations and the interaction of the p150Glued subunit
of dynactin with the dynein complex in more detail. We used
anti-DHC and anti-p150Glued antibodies to pull down these
polypeptides and their associated proteins in a series of im-
munoprecipitation assays (Fig. 2). Western blot analysis re-
vealed that when we immunoprecipitated the dynein-dynac-
tin complex with anti-DHC antibody there was consistently
more DIC but less p150Glued present in the Loa/Loa samples
compared with the wild type (Fig. 2A). On the other hand,
when we used anti-p150Glued antibody to pull down the com-
plex, we reproducibly detected less DIC and DHC in Loa/Loa
samples compared with the wild type (Fig. 2B).
Quantitative analysis of the input samples was carried out

by taking the DIC/p150Glued ratios for each genotype and
measuring fold changes against the wild type. As shown in
Fig. 2, C and D, for input control, this ratio for the Loa is
0.998 � 0.05 (mean � S.E.) of that in the wild type, indicating
that same amount of proteins were used in the IPs. For quan-
tification analysis of the signals in the IP with anti-DHC anti-
body, we took the DIC/DHC and p150Glued/DHC ratios for
each genotype and measured the fold changes against those in
the wild type. This analysis showed that the DIC/DHC ratio
was 1.3 � 0.05 (mean � S.E., n 	 3)-fold higher in the Loa/
Loa than that in the wild type (Fig. 2C) and that this differ-
ence was statistically significant (p � 0.001). Conversely, the
p150Glued/DHC ratio was 1.2 � 0.05 (mean � S.E.; n 	 3, p �
0.001)-fold lower in the Loa/Loa relative to that in the wild
type (Fig. 2C).
Analysis of the signals in the IP with p150Glued antibody,

using the same approach but applying DIC/p150Glued and
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DHC/p150Glued ratios, revealed that these ratios were 2.3 �
0.05 (mean � S.E.; n 	 8, p � 0.001)- and 1.3 � 0.06 (mean �
S.E.; n 	 2, p 
 0.05)-fold lower in Loa/Loa compared with
that in the wild type, respectively (Fig. 2D). These differences
were statistically significant except for DHC/p150Glued ratios,
which nonetheless showed the same trend as the DIC/
p150Glued ratios.

Collectively, these data suggest that the Loamutation in
DHC enhances the affinity of this subunit to DIC, and conse-
quently, the DIC-p150Glued interaction is compromised in the
Loa.
Mutated DHC Enhanced the Interaction of DIC and DLIC1

with DHC—To further investigate the interactions between
DHC and its protein partners, we cosedimented the cytoplas-
mic dynein-dynactin complex with MTs from the cytosolic
fraction of newborn mouse brain tissues. We used taxol to
stabilize the MTs and AMP-PNP to promote binding of dy-
nein to the MTs. Equal total protein quantities were exam-
ined in 4–12% gradient SDS-PAGE followed by comparative
Western blot analysis of dynein components in Loa/Loa ver-
sus wild type. The blots were probed with antibodies against
DHC, p150Glued/p135, DIC1/2, DIC1, DIC2, DLIC1, and
DLIC1/2. As shown in Fig. 3A, cytoplasmic dynein and
p150Glued/p130 subunits of dynactin were successfully cosedi-
mented with the MTs.
Signals from the “input” indicated that equal amounts of

protein were used in the pulldown. We analyzed the amounts
of the MT-associated dynein and dynactin subunits in Loa/
Loa or wild type by taking their ratios over DHC levels for
each sample, and we quantified them relative to those in the
wild type (Fig. 3B). Two-way ANOVA analysis showed that
the genotype has a significant effect (p 	 0.0001, residual de-
grees of freedom 	 48) on the overall fold changes in protein
ratios. There were no significant differences (p 
 0.05; n 	 5)
in the p150/DHC ratios between the genotypes (Fig. 3, A and
B). Using the DIC74.1 pan-antibody that recognizes all DIC
polypeptides (DIC1/2), we observed a trend in enhanced af-
finity of mutant DHC to DICs manifested as a 1.1 � 0.08
(mean � S.E.)-fold increase in Loa/Loa DIC/DHC ratio rela-
tive to the wild type, but Bonferroni post-tests did not show
this difference as statistically significant (p 
 0.05; n 	 5) (Fig.
3, A and B).

However, when we used anti-DIC1- and anti-DIC2-specific
antibodies, the ratios were 1.4 � 0.07 (mean � S.E.)- and
1.2 � 0.03 (mean � S.E.)-fold, respectively, higher in Loa/Loa

FIGURE 1. Loa mutation alters the composition of cytoplasmic dynein
complex. A, newborn mouse brains were homogenized in homogenization
buffer and then centrifuged at 16,000 � g for 10 min at 4 °C. Equal quanti-
ties were loaded onto 12.5% gel for immunoblotting. The blot was probed
with antibodies against p150Glued, DIC, and �-actin. There is a subtle re-
duction in the intensity of the higher molecular weight variant of DIC in
homozygous Loa. B, newborn mouse brains were homogenized in homoge-
nization buffer without phosphatase inhibitor and then centrifuged at

16,000 � g for 10 min at 4 °C. The supernatants were treated with (first 4
lanes) or without (last 4 lanes) �-phosphatase, and the equal quantities were
loaded on to 12.5% gel for immunoblotting. The blot was probed with anti-
bodies against DIC and �-actin. This result revealed that the subtle reduc-
tion of the higher molecular weight DIC variant in Loa is due to post-transla-
tional phosphorylation. C and D show that the Loa mutation alters the
composition of cytoplasmic dynein complex. C, 5–20% sucrose gradients
were loaded with 2 mg of protein of wild type (�/�, top) and Loa/Loa (bot-
tom) cytosolic extracts of newborn mouse brain. Equal volumes of fractions
were examined in 4 –12% gradient SDS-PAGE followed by immunoblotting.
The blot was probed with antibodies against DHC, p150Glued/135, DIC,
DLIC1, and Tctex-1. Denser fractions are to the right. The results reveal that
the dynein complex slightly shifts to lighter fractions in Loa. D, bar graph
shows the densitometry quantification and analysis of the bands in fraction
6 in C normalized against p150Glued signals.
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compared with the wild type. These differences were statisti-
cally significant (p � 0.001 for DIC1 and p � 0.05 for DIC2;
n 	 5). In addition, DLIC1/2/DHC and DLIC1/DHC ratios
were 1.25 � 0.05 (mean � S.E.)- and 1.36 � 0.07 (mean �
S.E.)-fold higher in the Loa/Loa compared with those in the
wild type, respectively (Fig. 3B). Statistical analysis of these
data also revealed significant differences between the geno-
types (p � 0.01 for DLIC1/2 and p � 0.001 for DLIC1; n 	 5).
These data are consistent with the results from the immuno-
precipitations with anti-DHC antibody (Fig. 2), supporting
the notion that the DIC-DHC and DLIC-DHC interactions
are enhanced in Loa/Loa.
Dynein Light Chain Tctex-1 Is More Tightly Associated with

DIC in Loa/Loa—The assembly of dynein subunits is an inter-
dependent process, and there is evidence implicating DIC
and DLCs in stabilizing the dynein complex (10). The above
data suggested that the Loamutation in the overlapping DIC
and DLIC binding domains of DHC compromises not only
the DIC-DHC and DLIC-DHC interactions but also those of
dynein-dynactin. Moreover, some studies have suggested that

the stability of DIC dimers and their binding efficiencies to
dynactin and DHC are enhanced by conformational changes
to the DIC polypeptides, which are brought about by DLCs
(11, 13, 33–36).
Thus we asked whether the altered DIC-DHC binding

properties have any effects on the DLC-DIC interactions. To
this end, we carried out salt extraction assays on dynein com-
plex immunoprecipitated with the anti-DIC74.1 antibody fol-
lowed by Western blot analysis detecting for Tctex-1, DHC,
DIC, and DLIC. We used 200–500 mM NaCl for stepwise ex-
traction of immunoprecipitated dynein subunits. The results
of these assays revealed that the dynein complex pulled down
by the anti-DIC antibody was stable in 200 mM NaCl and that
even in 300 mM NaCl only a small part of dynein polypeptides
were released from the beads (Fig. 4A). Interestingly, we ob-
served differences between Loa/Loa samples and the wild
type at higher salt concentrations (Fig. 4A).
Quantification analysis of these data showed that the

amounts of extracted DHC and DLIC relative to DIC were
not significantly different between the genotypes. But the Tc-

FIGURE 2. Altered interactions of DHC/DIC and dynein/dynactin in Loa. A, antibodies against DHC were cross-linked to cyanogen bromide-activated
Sepharose 4B beads to coimmunoprecipitate both the dynein DIC subunits and dynactin from cytosolic extracts of newborn mouse brains. There was no
difference between �/� and Loa/Loa in the precleaned brain homogenates, as control (right panel, Input), but differences between �/� and Loa/Loa in IP
DIC and p150Glued are present (left panel). B, antibody against dynactin p150Glued coimmunoprecipitated both DHC and DIC subunits from cytosolic extracts
of newborn mouse brains. There was no difference between �/� and Loa/Loa in the precleaned brain homogenates (right panel), but immunoprecipitated
DIC and DHC were different between �/� and Loa/Loa (left panel). C, ratios of DIC/DHC and p150Glued/DHC in Loa/Loa were compared with those of �/�
by densitometry quantification of DIC and p150Glued bands in A. Two-way analysis of variances (ANOVA) and Bonferroni post-tests indicated that there is a
significant difference between the genotypes (p � 0.0001, residual degrees of freedom 	 19) and that the fold changes in Loa/Loa DIC/DHC and p150Glued/
DHC ratios are significantly different relative to �/� (p � 0.001 for both ratios). D, DIC/p150Glued and DHC/p150Glued ratios in Loa/Loa were compared with
those in �/� by densitometry quantification of DIC, DHC, and p150Glued bands in B. ANOVA and Bonferroni post-tests showed that the genotype signifi-
cantly affects the ratios (p � 0.0001, residual degrees of freedom 	 22) and that the fold change in Loa/Loa DIC/p150Glued ratio is significantly different rela-
tive to �/� (p � 0.001). DHC/p150Glued ratios were not significantly different (p 
 0.05), but they showed the same trend as DIC/p150Glued ratios.
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tex-1/DIC ratios were significantly different between the Loa/
Loa and wild type at 400 (p � 0.001) and 500 mM (p � 0.001)
salt concentrations. They were 0.32 � 0.01 (mean � S.E.) in
wild type compared with 0.07 � 0.01 (mean � S.E.) in Loa/
Loa at 400 mM and 0.60 � 0.03 (mean � S.E.) in wild type
compared with 0.38 � 0.05 (mean � S.E.) in Loa/Loa at 500
mM salt concentrations (Fig. 4B). These data therefore suggest
that the Tctex-1 polypeptides are more stably associated with
DIC in Loa/Loa compared with that in the wild type and that
the Loamutation indeed affects the organization of dynein
complex.
LoaMutation Enhances the DHC-DIC Interactions in Vivo—

To confirm the above biochemical data, we utilized the in vivo
MAPPIT system and the luciferase activity as a reporter for
protein-protein interactions in this system, as described un-
der “Experimental Procedures.” We examined the interac-
tions of a fragment encompassing residues 268–992 of mu-
tant or wild type DHC with a set of DIC isoforms (37) that we
had cloned into the MAPPIT vectors. This approach allowed
us to quantify the level of interactions of DIC isoforms with
the wild type and mutant fragments of DHC (DHCwt and DH-
CLoa, respectively), under physiological conditions. We used
these DHC fragments as they span the mutation site at resi-
due 580 and because the full-length DHC is 4644 amino acids
long, making the cloning and transfection of mutant and wild
type recombinant constructs extremely complicated.
We used the Renilla luciferase construct, which constitu-

tively expresses Renilla luciferase, as a control for transfection
efficiencies and against which we could normalize the expres-
sion of EPO-induced Firefly luciferase in the transfected cells.
Analysis of the levels of the Firefly luciferase activation in
HEK293T cells cotransfected with the bait-DHCwt or bait-
DHCLoa fragments, and the prey-DIC1 isoforms A and C–E

or prey-DIC2 isoforms A–C showed reporter gene activation
after EPO stimulation (supplemental Fig. 1). For quantifica-
tion analysis of the protein-protein interactions in these as-
says, we measured the ratios of Firefly luciferase activity in the
cells stimulated with EPO (EPO�) over those in unstimulated
(EPO�) cells. As shown in Fig. 5, there is a trend in higher
Firefly luciferase activity in the cells cotransfected with indi-
vidual DICs and the mutant DHC, compared with those co-
transfected with the wild type DHC (Fig. 5).
ANOVA and Bonferroni post-test analyses on these data

confirmed this trend and revealed a significant overall effect
exerted by the genotype (p 	 0.0073, residual degrees of free-
dom 	 87). Moreover, cells that harbor the mutant DHC
fragment and DIC-2A isoform showed the most striking
(�2.5-fold) and statistically significant (p � 0.01; n 	 9) in-
crease in the Firefly luciferase activity, compared with those
harboring the wild type DHC (Fig. 5). These data indicate that
the affinity of mutant DHC to DIC isoforms, in general, and
that of mutant DHC to DIC2A, in particular, is enhanced. In
addition, the overall trend in increased affinity between DIC
and the mutant DHC versus the wild type supports the above
biochemical data (Fig. 2A).
Interaction of Cytoplasmic Dynein with Kinesin Is Altered in

the Loa—Interaction between cytoplasmic dynein and the
plus end-directed motor kinesin I has been shown to be medi-
ated by direct interactions between DIC and kinesin light
chains (KLCs) (38, 39). Our microarray analysis of brain tis-
sues isolated from E13.5 homozygous Loa versus that of the
age-matched wild type embryos highlighted the modified ex-
pression of KLC1 in the Loa. We confirmed the data by per-
forming qPCR and showed that there is a Loamutation dose-
dependent increase in KLC1 transcripts in Loa/Loa and
�/Loa versus that of the wild type (Fig. 6A). Protein expres-

FIGURE 3. Mutated DHC enhanced the interaction of DIC and DLIC1 with DHC. A, microtubule-associated proteins were prepared from newborn mouse
brains. Dynein complex was enriched in the microtubule pellet (MT proteins). Equal total protein was loaded in each lane (MT proteins in first two lanes; in-
put in last two lanes). The blot was probed with antibodies against DHC, p150Glued/135, DIC1/2, DIC1, DIC2, DLIC1, DLIC1/2, and Tctex-1. B, quantification of
dynein-complex composition in MT-associated proteins and comparison of �/� with Loa/Loa in A. Two-way ANOVA followed by Bonferroni post-tests re-
vealed that the fold change in the p150Glued/DHC ratio in MT-bound dynein-dynactin complex is not statistically different between �/� and Loa/Loa; but
those of DIC1/2/DHC, DIC1/DHC, DIC2/DHC, DLIC1/2/DHC, and DLIC1/DHC ratios are significantly higher in Loa/Loa compared with those in �/�.
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sion analysis of KLC1 in E13 brains also showed a trend for
up-regulation in both �/Loa and Loa/Loa (Fig. 6, B and C).
As our biochemical and in vivo data had shown altered in-

teractions between mutant DHC and other dynein-dynactin
components, we asked whether the Loamutation affected the
interaction between DIC and KLC1 as well. To this end, we
carried out MT binding and immunoprecipitation assays and
detected for DIC and KLC1 polypeptides.
KLC1 present in the supernatant (unbound) of P1 brain

homogenates following a MT binding assay was greater in
Loa/Loa than in wild type, almost to significance (p 	 0.0530)
(Fig. 7, A and B). Complementary to this, the KLC1 pulled
down with the MTs was significantly less (p 	 0.03) in the

Loa/Loa compared with wild type (Fig. 7, C and D). Surpris-
ingly, immunoprecipitation of KLC1 with DIC showed a
higher amount of KLC1 cosedimenting with DIC in Loa/Loa
when compared with wild type (Fig. 7, E and F), indicating
that there are perhaps both local and global mechanisms at
work to restore the balance of inadequately distributed or-
ganelles, neurotrophic factors, and motor proteins in
Loa/Loa.
Population of DHC and DLIC1 Polypeptides Form Phosphor-

ylation-dependent Supercomplexes—In our investigations into
the dynein complex stability, we noticed that when the com-
plex is immunoprecipitated with anti-DIC 74.1 antibody, the
anti-DLIC1 antibody detects large protein species that are
similar in size to DHC in transfer blots from SDS-PAGE as-
says (supplemental Fig. 2A). Conversely, probing the blots
with the anti-DHC antibody revealed a band in the DLIC re-
gion (supplemental Fig. 2B). We suspected that a fraction of
the DLIC1 polypeptides are strongly associated with DHC in
the form of supercomplexes, which migrate differently to de-
natured/linear DHC. We therefore analyzed the protein con-
tents of gel slices along a lane of the SDS-PAGE from these
IPs using mass spectrometry Q-TOF. We detected DIC and
DLCs (including Tctex-1 and LC8) only in the gel slices that
corresponded to the molecular weights of these polypeptides.
Interestingly, however, there were peptide hits for DLIC1/2
and DHC in the high molecular weight region of the gel as
well as in the 50–60-kDa region corresponding to DHC and
DLIC polypeptides, respectively (data not shown). Moreover,
the number of DHC peptide hits in the 50–60-kDa region
was a small fraction of those in the high molecular weight
region, but they span the full length of the DHC, suggesting
that a small population of the DHC polypeptides forms super-
complexes with DLIC polypeptides. To ascertain whether this
interaction is phosphorylation-dependent we treated the pull-
downs with �-protein phosphatase under native conditions.
Interestingly, almost all the DLIC signals in the high molecu-

FIGURE 4. Dynein light chain Tctex-1 is more tightly associated with
DICs in Loa/Loa. A, dynein complex was immunoprecipitated from cytoso-
lic extracts isolated from newborn mouse brains using anti-DIC antibody.
Proteins were sequentially eluted from the Sepharose 4B beads by stepwise
increases in NaCl concentration from 200 to 500 mM, followed by a final
extraction with 2% SDS-PAGE loading buffer. Equal volumes of the eluates
were loaded on to 4 –12% gradient SDS-polyacrylamide gels followed by
electrophoresis and immunoblotting to detect DHC, DIC, DLIC1, and Tc-
tex-1. The results revealed that the dynein complex is stable in 200 mM

NaCl, and only a small part of dynein polypeptides was released from the
beads in 300 mM NaCl. However, much more Tctex-1 was released from the
beads at 400 and 500 mM NaCl in �/� than in Loa/Loa. B, Tctex-1/DIC ratio
of Loa/Loa was compared with that of �/� by densitometry quantification
of Tctex-1 and DIC bands. The Tctex-1/DIC ratios are significantly different
between Loa/Loa and �/� at 400 mM NaCl (p � 0.001) and 500 mM NaCl
(p � 0.001), n 	 4.

FIGURE 5. Mutant DHC interactions with DIC-2A isoform is significantly
enhanced in vivo. Firefly luciferase reporter construct was cotransfected
with p53 bait alone, SV40 large T antigen (SVT) prey alone, or both con-
structs together in HEK293T cells as controls. Cotransfection of p53 bait and
SV40 large T antigen prey resulted in marked increase in the reporter gene
activity. Cotransfection of the constructs harboring wild type or mutant
DHC bait with individual DIC isoform preys produced varying levels of
the reporter gene activation, but mutant DHC interaction with DIC-2A
isoform gave rise to a significant increase (p � 0.01) in the reporter gene
activation when compared with the interaction between wild type DHC
and this isoform.
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lar weight region disappeared and that of the DLIC1 increased
(supplemental Fig. 3A). Similarly, the DHC signal in the lower
band shifted upwards (asterisk in supplemental Fig. 3B), but
the DHC signal in the 50–60-kDa region remained un-
changed. However, there was no difference between Loa and
wild type in these assays.

DISCUSSION

The neurodegenerative consequence of the F580Y substitu-
tion in the Loamouse is intriguing as it is within the highly
conserved tail domain of DHC, the largest subunit of the cy-
toplasmic dynein complex and where DHC homodimeriza-
tion as well as DIC and DLIC binding occur (2, 22, 40). DICs
function as adaptors for dynactin, hence mediating membra-

nous-cargo transport, and they also act as intermediary sub-
units for DLC and other small protein binding.
The location of the Loamutation suggests that this muta-

tion could impair the homodimerization of the dynein com-
plex. Our data, however, do not support this possibility, be-
cause in density gradient assays we did not observe
sedimentation of any dissociated heavy chains at �12 S (41)
in the mutants, but the dynein complex sedimented at the
20 S region in both wild type and mutant samples as expected
(Fig. 1) (28, 42).
Biochemical studies on dynein components have shown

that the DIC-DLC subcomplex could be isolated as two pools
as follows: one almost exclusively composed of IC2 gene
products and few DLCs, and the other containing equal
amounts of DIC1 and DIC2 gene products plus four DLCs
(10). These multiple DIC phosphorylations, alternative splice
sites, and multiple possible DLC compositions result in a het-
erogeneous population of dynein molecules for specific inter-
actions with a wide range of cargos. Impairment of compo-
nents of these pools could explain the unique phenotype
observed in Loamice (22).
The shift in the sedimentation of dynein components from

denser sucrose gradient fractions to lighter fraction 6 in the
Loa samples suggests that a fraction of a subpopulation of
dynein complexes with larger components is depleted in the
Loa. Moreover, the stepwise dissociation of the dynein sub-
units with NaCl indicated that the dynein light chain Tctex-1
is more tightly associated with DIC in Loa than in wild type
and that consequently and/or concurrently these compromise
the p150Glued binding, and thus association of dynactin, to
dynein in Loa.
Previously, we used the GST-pulldown method to investi-

gate the interaction of mutant versus wild type DHC with DIC
isoforms, using 342-amino acid fragments of the DHC en-
compassing the Loamutation site (43). These nonquantitative
assays, however, did not show any significant difference be-
tween the mutant and wild type DHC interactions with the
DIC isoforms (43). Our current in vivo analysis using MAP-
PIT, however, supports increased affinity of the DICs with
DHC in Loa relative to the wild type.
MAPPIT requires subcloning of interacting polypeptides

into bait and prey vectors. As subcloning and expression of
the large DHC transcripts, wild type and Loa, are exception-
ally problematic, we subcloned an �2-kb fragment of the wild
type and Loa cDNA, encoding 725-amino acid polypeptides
and spanning the Loamutation site, into the MAPPIT vec-
tors. Interaction between p53 and SV40-large-T antigen, used
as controls in these assays, produces a significant activation of
the reporter gene Firefly luciferase. In the samples, however,
the activation of the reporter gene was not as much as the
controls. This could be caused by the obligatory use of a non-
functional fragments of the DHC in these assays.
Interestingly, when we switched the DHCs to the prey vec-

tor, for cytosolic expression under the strong SR� promoter,
and the DICs to the bait vector, for SV40-promoter-driven
expression and translocation to the plasma membrane, we
observed no activation of the reporter gene. An explanation
for the lack of the reporter gene activation came to light after

FIGURE 6. KLC1 is up-regulated in Loa. A, RNA was extracted using a
NucleoSpin II RNA extraction kit from at least three E13 brains from each
genotype. cDNA was generated with the Promega reverse transcription
system, SYBR Green master mix, and a Stratagene Mx4000 qPCR system was
used for analysis. qPCR analysis revealed up-regulation of KLC1 in �/Loa
(p 	 0.006) and Loa/Loa (p � 0.0001) compared with wild type and be-
tween �/Loa and Loa/Loa (p 	 0.0003). B and C, protein analysis also re-
vealed a trend for up-regulation in �/Loa and Loa/Loa; n 	 4. E13 brains
were homogenized in homogenization buffer and then centrifuged at
16,000 � g for 10 min at 4 °C. Equal quantities were loaded onto NuPAGE
4 –12% gradient gel for immunoblotting.
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immunocytochemical analysis revealed aggregation of the
DHC fragments in the transfected cells, which predictably
would not be interacting with the bait-DICs on the plasma
membrane (supplemental Fig. S3). The MAPPIT data, how-
ever, indicate a general trend in increased affinity of all, ex-
cept IC-1A and IC-1D, to mutant DHC. Moreover, the inter-
action between mutant DHC and DIC-2A was markedly
significant (Fig. 5).
King et al. (10) have demonstrated that there are strong

affinities between dynein DHCs and DLICs to form a stable
and exclusive dynein subcomplex. Our data support this find-
ing, and we show that a phosphatase-sensitive DHC-DLICs
subcomplex remains intact even after boiling in Laemmli
sample buffer (supplemental Fig. 3). Interestingly, it appears
that the Loamutation enhances the affinity of DLIC1 and
possibly DLIC2 to the dynein complex (Fig. 3).
Our immunoprecipitation, MT binding, and in vivo assays

demonstrate increased affinity of mutant DHC to DICs-Tc-
tex1 and DLICs but reduced interactions with the p150Glued
subunit of dynactin. Collectively, these data support the no-
tion that the Loamutation confers structural changes to DHC
to induce two possible consequences, with regard to the as-
sembly of dynein complex, as depicted in Fig. 8A. 1) The mu-
tant DHC preferentially binds to specific DIC and DLIC iso-
forms, and the DHCLoa-bound DIC isoforms are mainly
associated with DLCs and KLC1 than with p150Glued, leading
to an imbalance in abundance of dynein subcomplexes and
subsequently the inadequate presence of dynactin-associated
dynein in the Loa. 2) Upon tighter binding of the DIC to mu-
tant DHC, the Loamutation confers structural changes to the
DIC and promotes enhanced affinity to Tctex-1 and reduced
binding to p150Glued. This is a plausible possibility as the
binding domains for Tctex-1 and p150Glued on DIC are in
close proximity (2).
Indeed, disruption of dynactin in postnatal motor neurons

impairs retrograde transport and the long term survival of
motor neurons in vivo (44). In addition, dynactin is proved to

FIGURE 7. Association of KLC1 with microtubules is reduced in Loa/Loa.
Tissue was prepared in PHEM buffer (see “Experimental Procedures”). The
homogenates were then centrifuged at 16,000 � g for 30 min at 4 °C. The
supernatant was recovered and centrifuged at 192,000 � g for 1 h at 4 °C.
Taxol and subsequently AMP-PNP were added. Microtubule-associated pro-
teins were sedimented at 30,000 � g at 4 °C for 30 min through a cushion of
7.5% sucrose in PHEM buffer. Microtubules were resuspended in PHEM
sample extract buffer containing 5 �M Taxol and recentrifuged to sediment
the microtubules. The pellet was resuspended in SDS-PAGE sample loading
buffer, and equal volumes were loaded for Western blot (WB) analysis. A
and B, there was more KLC1 in the supernatant of Loa/Loa following micro-
tubule-associated protein purification when compared with wild type. C
and D, KLC1 pulled down with microtubules was greater in wild type com-
pared with Loa/Loa (p 	 0.03). E and F, immunoblotting of KLC1 pulled
down with DIC and with mouse IgG, as negative control. Homogenized E13
brains were centrifuged at 16,000 � g for 10 min at 4 °C before superna-
tants were incubated with Sepharose protein A beads with agitation for 1 h
to pre-clear. Anti-DIC or mouse IgG (as negative control) antibodies were
bound to Sepharose protein A beads at a concentration of 1.2 �g per 1.3
mg of protein. Beads were then washed in PBS and incubated overnight
with the pre-cleared homogenates. Beads were washed with either PBS or
PBS� plus 0.01% detergent (Tween 20) to eradicate nonspecific binding.
Detergent washes did, however, reduce the overall KLC1 detected. There
was no DIC or KLC1 detected bound to the IgG negative controls with de-
tergent washes. More KLC1 was pulled down with DIC in the Loa/Loa com-
pared with wild type (F).
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improve dynein motor activity by increasing its processivity in
vitro (45), and isolated DHC-DLIC subcomplex reduced the
microtubule gliding activity (46). Hence, the results of im-
paired dynein-dynactin and higher affinity of DHC-DLIC in
this study may explain the results found by Hafezparast et al.
(22), which showed the frequency of the high speed carriers
was reduced and the stationary pauses were increased in ret-
rograde transport of a fluorescently labeled fragment of the
tetanus toxin in Loa/Loamotor neurons.

qPCR analysis showed a significant up-regulation of KLC1
expression in both �/Loa and Loa/Loa when compared with
wild type. Protein expression has also shown a trend in this
direction. The majority of kinesin is found in the soluble cyto-
solic pool where, at a physiological ionic state, it is held in an
inactive, folded conformation, where the tail domain binds
the heavy chain head, preventing unnecessary energy expend-
iture by inhibiting ADP release and interactions with micro-
tubules (47, 48). KLCs have been shown to have a role in sta-

FIGURE 8. Model. Figure shows a schematic representation of the effects of the Loa mutation on the dynein complex and its likely consequences on the
regulation of the anterograde transport.
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bilizing and regulating this state by pushing apart the two
dimerized heavy chain motor domains (47). KLC1 binds ki-
nesin heavy chain stalk and tail through its amino-terminal
heptad repeats. Cargo bound to KLC through the tetratri-
copeptide repeats of KLCs at the carboxyl terminus may
induce the inactive conformation of kinesin to unfold into
an active state allowing microtubule binding and hydrolysis
of ATP (47, 49, 50).
In the Loa/Loamouse, retrograde transport kinetics are

impaired (22), likely leading to an imbalance of neurotrophic
factors and an increase of dynein at the microtubule plus end.
An elevated expression of KLC1 to hold kinesin heavy chain
inactive may compensate for this imbalance by inhibiting fur-
ther plus end transportation (Fig. 8B). Our data from purified
microtubule-bound proteins support this theory as more
KLC1 is present in the supernatants of Loa/Loa compared
with wild type, and there is more KLC1 bound to microtu-
bules for transportation in the wild type (Fig. 7, A–D).
KLC isoforms have been shown to determine specificity for

cargos, and dynein has been shown to interact with KLC
through DIC (38, 51). Immunoprecipitation revealed a greater
association of KLC1 with DIC in Loa/Loa compared with wild
type (Fig. 7, E and F). Thus, at a local level in the Loa/Loa
mouse, detection of reduced retrograde transport/trophic
signaling may signal for the cell to send more dynein to the
cell periphery in preparation of retrograde transport. The in-
teraction between KLC1 and DIC would enable kinesin com-
plex activation for this to occur (Fig. 8C). A wider regulatory
mechanism may prevent the anterograde transport of further
cargo to the cell periphery to try and restore the global bal-
ance as discussed above across the cell as a whole (Fig. 8B).
Future structural analysis of the mutant DHC and its inter-

actions with DIC and DLIC, plus identification of specific car-
gos whose transport are compromised in the Loa, will provide
clues into the molecular basis of the motor and sensory neu-
rodegeneration phenotype in the Loamice. In addition, fur-
ther examination of kinesin dynamics and the anterograde
transport in the Loamice could highlight the global regula-
tory mechanisms that control axonal transport.
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