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Kinase D-interacting substrate of 220 kDa/ankyrin repeat-rich membrane spanning (Kidins220/ARMS) is a conserved
membrane protein mainly expressed in brain and neuroendocrine cells, which is a downstream target of the signaling
cascades initiated by neurotrophins and ephrins. We identified kinesin light chain 1 (KLC1) as a binding partner for
Kidins220/ARMS by a yeast two-hybrid screen. The interaction between Kidins220/ARMS and the kinesin-1 motor
complex was confirmed by glutathione S-transferase-pull-down and coimmunoprecipitation experiments. In addition,
Kidins220/ARMS and kinesin-1 were shown to colocalize in nerve growth factor (NGF)-differentiated PC12 cells.
Using Kidins220/ARMS and KLC1 mutants, we mapped the regions responsible for the binding to a short sequence of
Kidins220/ARMS, termed KLC-interacting motif (KIM), which is sufficient for the interaction with KLC1. Optimal
binding of KIM requires a region of KLC1 spanning both the tetratricopeptide repeats and the heptad repeats, previously
not involved in cargo recognition. Overexpression of KIM in differentiating PC12 cells impairs the formation and
transport of EGFP-Kidins220/ARMS carriers to the tips of growing neurites, leaving other kinesin-1 dependent processes
unaffected. Furthermore, KIM overexpression interferes with the activation of the mitogen-activated protein kinase
signaling and neurite outgrowth in NGF-treated PC12 cells. Our results suggest that Kidins220/ARMS-positive carriers
undergo a kinesin-1–dependent transport linked to neurotrophin action.

INTRODUCTION

The correct development of the nervous system relies on the
ability of axons and dendrites to recognize their targets.
During this highly regulated process, neurons migrate and
differentiate in response to gradients of specific growth fac-
tors, collectively termed neurotrophins, which regulate mul-
tiple neuronal functions, including cell survival, differenti-

ation, synaptic function, and plasticity (Bibel and Barde,
2000; Chao, 2003; Huang and Reichardt, 2003). The mamma-
lian neurotrophin family includes four different members:
nerve growth factor (NGF), brain-derived neurotrophic fac-
tor (BDNF), and neurotrophin 3 and 4/5 (NT3 and NT4/5).
Their binding to the p75 neurotrophin receptor (p75NTR) and
to members of the Trk family of tyrosine kinases initiates
signaling by triggering receptor dimerization and autophos-
phorylation. Activated receptors are then able to recruit
several adaptor proteins, which will in turn start different
and often antagonistic signaling cascades. Despite the essen-
tial role of neurotrophins in the development and mainte-
nance of the nervous system, several aspects of their traf-
ficking and biological activity are still elusive.

Neurotrophin function undergoes multiple levels of reg-
ulation. The pathways activated by a specific neurotrophin
are determined not only by the ligand itself but also by the
temporal and spatial pattern of stimulation (Segal, 2003). In
addition, the specificity of their cellular response relies on
the balance between local and distal action of the receptor–
neurotrophin complex, which may derive from the interac-
tion with specific modulators and/or their recruitment to
long-range axonal transport routes (Smith and Scott, 2002;
Huang and Reichardt, 2003). The characterization of new
factors involved in these processes thus represents a crucial
step toward a better understanding of the regulation of
neurotrophin signaling.

Among these players, kinase D-interacting substrate of 220
kDa (Kidins220) (Iglesias et al., 2000), also known as ankyrin
repeat-rich membrane spanning (ARMS) (Kong et al., 2001),
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forms a ternary complex with p75NTR and TrkA, and recruits
CrkL, an adaptor protein mediating the sustained activation
of mitogen-activated protein kinase (MAPK) in response
to neurotrophins (Arevalo et al., 2004; Chang et al., 2004).
Kidins220/ARMS is a highly conserved integral membrane
protein, which was initially isolated as a substrate for pro-
tein kinase D (PKD), a serine/threonine kinase involved in
the modulation of several cellular processes, such as prolif-
eration and Golgi trafficking (Ghanekar and Lowe, 2005).
PKD has recently been shown to regulate Kidins220/ARMS
transport from the trans-Golgi network (TGN) to the plasma
membrane (Sanchez-Ruiloba et al., 2006).

Primary sequence analysis of Kidins220/ARMS predicts
11 ankyrin repeats within the N-terminal region, whereas
the C-terminal segment contains a proline-rich stretch, a
SAM-like domain, and a PDZ-binding motif (Figure 1A).
Both the N and C terminus are exposed to the cytoplasm
(Iglesias et al., 2000; Kong et al., 2001). Sequence homology
and the presence of a Walker A and B domains determined
the inclusion of Kidins220/ARMS in the new KAP family of
P-loop NTPases, whose members are predicted to mediate
the assembly and disassembly of protein complexes associ-
ated with the inner surface of cell membranes (Aravind et al.,
2004). Kidins220/ARMS is mainly expressed in brain and
neuroendocrine cells, such as PC12 cells, where it concen-
trates at the tip of neurites upon differentiation (Iglesias et
al., 2000). Kidins220/ARMS has also been shown to be as-
sociated to lipid rafts in PC12 cells, cortical neurons, and
synaptosomes (Cabrera-Poch et al., 2004). These observa-
tions, together with the fact that this protein is a down-
stream effector of neurotrophins and ephrins (Kong et al.,
2001), have led to the suggestion that Kidins220/ARMS
might play a role in the process of neuronal differentiation
(Arevalo et al., 2004).

Despite the recent studies elucidating the role of Kidins220/
ARMS in neurotrophin response (Arevalo et al., 2004, 2006;
Chang et al., 2004), many questions remain open regarding the
relationship between the biological function of this protein and
its targeting to growth cones and/or specific domains of the
plasma membrane. To elucidate this issue, we undertook a
yeast two-hybrid approach, which allowed us to identify kine-
sin light chain 1 (KLC1), a subunit of conventional kinesin, as
Kidins220/ARMS-interacting partner and to investigate the
role of this complex in NGF-dependent responses.

MATERIALS AND METHODS

Chemicals and Antibodies
Reagents were from Sigma-Aldrich (St. Louis, MO), unless otherwise speci-
fied. The monoclonal antibody against Kidins220/ARMS and the rabbit poly-
clonal antibody anti-synaptotagmin I (Syt) were raised against the glutathione
S-transferase C-terminal region (1209–1762) of Kidins220/ARMS (GST-KC)
fusion protein (see below) and the C2A domain of Syt, respectively, by the
Cancer Research UK Antibody Service (London, United Kingdom). Mouse
monoclonal antibodies anti-kinesin heavy chain (KHC) (H2) and kinesin light
chain (KLC) (L1) are from Chemicon International (Temecula, CA). Rabbit
polyclonal antibodies were as follows: Kidins220/ARMS (Iglesias et al., 2000),
KLC (BAbCO, Richmond, CA), phospho-mitogen–activated protein kinase
(P-MAPK) (9101S; Cell Signaling Technology, Beverly, MA), Sunday Driver/
c-Jun NH2-terminal kinase (JNK) interacting protein-3 (SyD/JIP-3) (Cavalli et
al., 2005), whereas the goat polyclonal antibody anti-kinesin-3 was from Santa
Cruz Biotechnology (Santa Cruz, CA). AlexaFluor488- and Texas Red-conju-
gated secondary antibodies were from Invitrogen (Paisley, United Kingdom).

Plasmids and Yeast Two-Hybrid Screen
pcDNA3-HA-KLC-HR and pcDNA3-HA-KLC-TPR were a kind gift from Dr.
K. J. Verhey (Harvard Medical School, Boston, MA) (Verhey et al., 1998, 2001).
The construct encoding full-length SyD/JIP-3 was a gift from Dr. V. Cavalli
(Washington University, St. Louis, MO). The construct encoding full-length
protein phosphatase 5 (Pp5) was a gift from D. Barford and J. Yang (The

Institute of Cancer Research, London, United Kingdom). KLC1 deletion mu-
tants were amplified using the primers listed in Supplemental Table S1 and
then subcloned into the pPCR-Script Amp SK(!) cloning vector by using the

Figure 1. Direct interaction between Kidins220/ARMS and kine-
sin-1. (A) Schematic representation of Kidins220/ARMS. The KC
domain of Kidins220/ARMS (residues 1209-1762), which was used
as bait in the yeast two-hybrid screen, is indicated. TMs, transmem-
brane domains. (B) KLC1 binds GST-KC in an in vitro pull-down
assay using 35S-labeled KLC1. The Coomassie staining of the SDS-
PAGE gel corresponding to this experiment is available in Supple-
mental Figure S3Aa. (C) The kinesin-1 motor complex binds to
GST-KC. PC12 cells and rat brain extracts were incubated with
GST-KC, GST prebound to glutathione beads, or with empty beads
(Be). The bound material was analyzed by Western blot by using
anti-KHC and anti-KLC antibodies. The Ponceau staining of the
nitrocellulose membranes corresponding to this experiment is avail-
able in Supplemental Figure S3Ab. (D) Native Kidins220/ARMS
and kinesin-1 form a complex in PC12 cells. PC12 cell lysates were
incubated with either anti-KHC or anti-myc monoclonal antibodies,
and the immunoprecipitated material was subsequently analyzed
by Western blot by using anti-Kidins220/ARMS, anti-SyD/JIP-3,
anti-KHC, and anti-KLC antibodies. Lanes T show 1/10 (B) or 1/100
(C and D) of the starting material for comparison. In lanes U and B,
"1 and 80% of the unbound (U) and bound (B) material are loaded,
respectively. The amount of SyD/JIP-3 associated with kinesin-1 is
about fivefold the amount of Kidins220/ARMS. The nonlinear de-
tection of KLC versus KHC in C and D is likely to be dependent on
the properties of the anti-KLC antibody, which does not allow a
concentration-dependent recognition of KLC in the same range of
KHC and Kidins220/ARMS. The limitations of the anti-KLC anti-
body for the quantitative visualization of KLC have been docu-
mented previously (Pfister et al., 1989; Stenoien and Brady, 1997).
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PCR-Script Amp Cloning kit (Stratagene, La Jolla, CA), according to the
manufacturer’s instructions. The C-terminal region (1209–1762) of Kidins220/
ARMS (KC) was amplified by polymerase chain reaction (PCR) by using rat
Kidins220/ARMS cDNA (Iglesias et al., 2000) as template and inserted in
frame in the pGEX-KG vector (GE Healthcare, Little Chalfont, Buckingham-
shire, United Kingdom). KC deletion mutants were amplified using the
primers listed in Supplemental Table S2 and then subcloned into the EcoRI/
NotI sites of pGEX-4T3-HA (Lalli et al., 1999). Constructs used in the yeast
two-hybrid pairwise testing were amplified using the primers listed in Sup-
plemental Table S3 and then subcloned into the EcoRI/NotI site of the
pGBKT7 vector (baits) or in the EcoRI/XhoI sites of the pGADT7 vector
(preys), both from Clontech (Mountain View, CA). KC(Y1379A) was derived
from the pGBKT7 vector encoding KC, by using the QuikChange XL site-
directed mutagenesis kit and the same primers used for mRFP-KIM(Y24A)
(see below). Monomeric red fluorescent protein (mRFP)-KLC-interacting mo-
tif (KIM) was prepared using a vector derived from pEGFP-C2 (BD Bio-
sciences, San Jose, CA), where the sequence encoding enhanced green fluo-
rescent protein (EGFP) had been substituted with the one of mRFP (Campbell
et al., 2002). The plasmids mRFP-KIM(Y24A) and EGFP-Kidins220/
ARMS#KIM were derived from vectors encoding mRFP-KIM and EGFP-
Kidins220/ARMS, respectively, by using the QuikChange XL site-directed
mutagenesis kit and the primers listed in Supplemental Table S2. The plasmid
pE/L-KIM was obtained by inserting the coding sequence of KIM in a vector
bearing the pE/L virus promoter (Frischknecht et al., 1999). KLC1 splice variant
C (accession no. M75148) was amplified from a rat brain cDNA library (OriGene
Technologies, Rockville, MD) and cloned in pGEM-T easy vector (Promega,
Madison, WI). All the constructs were verified by direct sequencing.

The yeast two-hybrid screen was carried out using a Matchmaker System 2
(Clontech) following the manufacturer’s instructions. The KC fragment of
Kidins220/ARMS fused with GAL4-binding domain in pGBKT7 was used as
bait to screen a rat brain cDNA library in the pACT2 vector by using the
AH109 yeast reporter strain. Approximately 7 $ 105 transformants were
screened. Positive interacting clones were selected for growth on Ade%/
His%/Trp%/Leu%/X-!-gal plates and analyzed by direct sequencing. "-Ga-
lactosidase activity was measured using the yeast "-galactosidase assay kit
(Pierce Chemical, Rockford, IL), according to the manufacturer’s instructions.

In Vitro Transcription-Translation, GST Pull-Down, and
Coimmunoprecipitation Assays
Recombinant GST-KC and its deletion mutants were expressed at 30°C in the
Escherichia coli TG1 strain (Lalli et al., 1999). 35S-labeled proteins were gener-
ated using TnT Quick-coupled transcription/translation system (Promega)
and Redivue l-[35S]methionine, 15 mCi/ml (GE Healthcare). For pull-down
assays, GST-fusion proteins were bound to glutathione-Sepharose beads in
Hank’s buffer (20 mM HEPES-NaOH, pH 7.4, 0.44 mM KH2PO4, 0.42 mM
NaH2PO4, 5.36 mM KCl, 136 mM NaCl, 0.81 mM MgSO4, 1.26 mM CaCl2, and
6.1 mM glucose) containing 0.1% bovine serum albumin (BSA) (Hank’s-BSA)
for 1 h at room temperature. Beads were then blocked with 2% BSA in Hank’s
for 1 h at 4°C and washed with Hank’s-BSA. In vitro-transcribed/translated
proteins were precleared on glutathione-Sepharose beads for 1 h at 4°C and
then incubated with either prebound GST-KC fragments or GST alone for 2 h
at 4°C in Hank’s-BSA. Beads were then washed six times with ice-cold
Hank’s-BSA in the presence of 250 mM NaCl, 0.1% Triton X-100, and resus-
pended in loading buffer. Eluted proteins were then analyzed by SDS-PAGE
and autoradiography.

PC12 or rat brain extracts were used as a source of endogenous kinesins.
PC12 cells were scraped and lysed in 10 mM Tris-HCl, pH 8.0, 150 mM KCl,
1% NP-40, 1% glycerol, 1 mM EDTA, 0.1 mM dithiothreitol, and protease
inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) for 30 min 4°C under
constant agitation. Rat brains were extracted in the same buffer by using a
Teflon homogenizer (Wheaton Science Products, Milville, NJ) and then incu-
bated as described above. After centrifugation at 16,000 $ g for 60 min at 4°C,
extracts were incubated with immobilized GST-KC fragments or GST over-
night at 4°C. Alternatively, cell lysates were incubated with anti-KHC or
anti-myc monoclonal antibodies, and immunocomplexes were isolated by the
addition of protein G-Sepharose Fast Flow (GE Healthcare) for 1 h at 4°C.
After six washes with lysis buffer, bound proteins were eluted in loading
buffer and analyzed in SDS-PAGE followed by Western blot by using the
appropriate primary antibody. After incubation with horseradish peroxidase-
conjugated secondary antibodies (Dako UK, Ely, Cambridgeshire, United
Kingdom), immunoreactive bands were revealed by enhanced chemilumines-
cence (GE Healthcare). Intensity of the bands in Coomassie-stained protein
gels, Ponceau-stained nitrocellulose membranes, and immunoblots were
quantified by using the NIH Image software (http://rsb.info.nih.gov/nih-
image/). The amount of GST-fusion protein loaded in each lane was normal-
ized to the amount of GST in the corresponding control, taking into consid-
eration the different molecular weights.

Immunofluorescence
PC12 cells were grown on poly-l-lysine–coated coverslips and differentiated
with 100 ng/ml NGF (Alomone Labs, Jerusalem, Israel) in DMEM for 72 h
(Herreros et al., 2001). Rat spinal cord motor neurons (MNs) were purified

from E14 Sprague-Dawley embryos and maintained in culture as described
previously (Bohnert and Schiavo, 2005). For immunocytochemistry experi-
ments, cells were fixed with 3.7% paraformaldehyde in phosphate-buffered
saline (PBS) for 15 min at room temperature, washed with PBS, incubated
with 50 mM NH4Cl for 10 min, and rinsed and permeabilized with blocking
buffer (2% BSA, 0.25% porcine skin gelatin, 0.2% glycine, 15% fetal calf serum,
and 0.1% Triton X-100, in PBS) for 1 h. Primary antibodies were diluted in PBS
containing 1% BSA, 0.25% porcine skin gelatin, and 3% fetal calf serum
(antibody dilution buffer) and incubated for 1 h at room temperature. After
rinsing with PBS, secondary antibodies diluted in antibody dilution buffer
were applied for 30 min at room temperature. Cells were then washed and
mounted with Mowiol 4-88 (Harco, Lynchburg, VA). Images were acquired
by confocal microscopy (LSM510; Carl Zeiss, Jena, Germany) by using a 63$
Plan-Apochromat oil immersion objective. Colocalization was quantified us-
ing the LSM510 software. For each couple of proteins analyzed, the percent-
age of Kidins220/ARMS, SyD/JIP-3, or Syt-positive pixels that overlapped
with KHC- or KIF1A-positive pixels was calculated.

Transfection and Microinjection
PC12 cells were transfected with 0.5 #g of DNA and 1–2 #l of Lipofectamine
(Invitrogen) in Opti-MEM (Invitrogen). Five hours after transfection, the
medium was replaced with DMEM containing 100 ng/ml NGF, and 72 h later,
the cells were fixed and analyzed by confocal microscopy. In selected exper-
iments, HeLa cells were infected with the A36R-YdF recombinant vaccinia
virus (Rietdorf et al., 2001). To induce high levels of protein expression in
infected cells, all transfected genes were under the control of the viral pE/L
promoter. At 4 h postinfection, cells were transfected with pE/L mRFP, pE/L
mRFP-KIM, or pE/L mRFP-TPR (Rietdorf et al., 2001) by using Lipofectin
(Invitrogen) according to manufacturer’s instructions and processed for im-
munofluorescence after 4 h. Virus particles were visualized by labeling in-
fected cells without permeabilization with an anti-B5R antibody (Schmelz et
al., 1994), followed by incubation with AlexaFluor488-conjugated anti-rat
antibodies.

For microinjection, PC12 cells were plated on MatTek dishes (MatTek,
Ashland, MA) and differentiated for 2–4 d in DMEM containing 100 ng/ml
NGF, 0.1% fetal calf serum, and 0.1% horse serum. Cells were microinjected
with 50 #g/ml EGFP-Kidins220/ARMS plasmid alone or in combination with
20 #g/ml mRFP-KIM(Y24A) or 20 #g/ml mRFP-KIM. After overnight recov-
ery, cells were washed with nonfluorescent DMEM without phenol red,
riboflavin, folic acid, penicillin/streptomycin, and supplemented with 30 mM
HEPES-NaOH, pH 7.3 (DMEM%), and imaged by low-light time-lapse mi-
croscopy. Images were taken every 2 s with a Nikon Diaphot 200 inverted
microscope equipped with a Nikon 100$, 1.25 numerical aperture Plan dif-
ferential interference contrast oil immersion objective by using an XF-100
Filter set (Omega Filters; Omega Optical, Brattleboro, VT) to detect EGFP-
tagged proteins and an XF-102 Filter set (Omega Filters) to detect mRFP-
tagged proteins. Images were acquired with a Hamamatsu C4742-95 Orcal
cooled charge-coupled device camera (Hamamatsu Photonic Systems, Bridge-
water, NJ) controlled by the Kinetic Acquisition Manager 2000 software
(Kinetic Imaging, Nottingham, United Kingdom). Exposure times varied
between 55 and 333 ms. Moving carriers were tracked using the MetaMorph
software (Molecular Devices, Sunnyvale, CA), and the point tracking data
were imported into a custom-written Mathematica 5.2 (Wolfram Research,
Long Hanborough, Oxfordshire, United Kingdom) notebook, which identifies
the extremes of the tracked particles and the linear displacement from their
origin. The notebook also calculates the total distance traveled (obtained by
summation of the distances between tracked points), and the average speed
(obtained from “total distance traveled”/time). The length of the movies
analyzed was constant, and all the visible particles were tracked. For the
speed analysis, we considered only tracking data from carriers that were
moving more than 4 #m from their origin.

For the quantitative analysis of neurite outgrowth, PC12 cells were trans-
fected with mRFP, mRFP-KIM(Y24A), or mRFP-KIM and differentiated with
100 ng/ml NGF for 3 d. Images were acquired by confocal microscopy
(LSM510; Carl Zeiss) by using a 40$ Plan-Apochromat oil immersion objec-
tive. We considered differentiated cells as those with at least one neurite
longer than twice the diameter of the cell body.

P-MAPK Signaling
PC12 cells were transfected with the indicated constructs and treated with
NGF as described above. After 62 h, the medium was replaced by complete
growth medium without NGF for 5 h. To stimulate sustained P-MAPK
signaling, cells were treated with 100 ng/ml NGF in DMEM, 0.1% fetal calf
serum, 0.1% horse serum for 40 min, and then fixed and immunostained for
P-MAPK. For quantitation, the P-MAPK mean fluorescence intensity of indi-
vidual cells was measured using ImageJ 1.34S (http://rsb.info.nih.gov/ij/).
The average value for untransfected cells was set to 100% and compared with
the mean fluorescence intensity of transfected cells. To determine the basal
fluorescence intensity of P-MAPK (corresponding to 0%), cells were fixed and
stained for P-MAPK after the 5-h incubation in complete growth medium. The
specificity of the P-MAPK signal was verified by preincubating cells for 30
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min with mitogen-activated protein kinase kinase inhibitor PD98059 (5 #g/
ml; Calbiochem, San Diego, CA) and performing the NGF treatment in the
presence of the inhibitor, followed by fixing and staining for P-MAPK. The
P-MAPK mean fluorescence intensity of these cells was similar to the basal
fluorescent intensity described above (data not shown).

RESULTS

Kidins220/ARMS Directly Interacts with KLC
To gain insight on the function of Kidins220/ARMS, we
sought to identify its interacting partners by performing a
yeast two-hybrid screen of a rat brain cDNA library by using
the C-terminal part of Kidins220/ARMS (KC) as bait (Figure
1A). Among other hits (see Supplemental Table S4), we
identified KLC1 splice variant C, a subunit of kinesin-1 (also
known as conventional kinesin or KIF5A), as an interacting
protein. Kinesin-1 is a heterotetramer of two heavy chains
(KHC) and two light chains. KHCs contain the ATPase
motor domain responsible for the movement along micro-
tubules, whereas KLCs are involved in the modulation of
KHC activity and cargo binding. Four genes encoding KLCs
have been identified in mice: KLC1 is enriched in the ner-
vous system, whereas KLC2 and KLC4 are ubiquitously ex-
pressed, and KLC3 shows a restricted expression to sperma-
tids (Rahman et al., 1998; Junco et al., 2001; Carninci et al.,
2005). In addition, three KLC1 splice variants (KLC1 A–C)
have been identified in rat brain, which are characterized by
different C termini (Cyr et al., 1991). The observation that
Kidins220/ARMS concentrates at the neurite tips in differ-
entiated PC12 cells (Iglesias et al., 2000) prompted us to
consider the possibility that Kidins220/ARMS trafficking is
mediated by kinesin-1 via a direct interaction with KLC.

The binding of KC to KLC1 was first verified by an inde-
pendent pairwise yeast two-hybrid analysis on high-strin-
gency medium (see Supplemental Figure S1A). The number
of colonies obtained by cotransformation of yeast with KC-
and KLC1-encoding plasmids was in the range of that
obtained with KLC1 and SyD/JIP-3, a well known KLC1-
binding protein (Verhey et al., 2001). Furthermore, we con-
firmed this interaction by GST pull-down, by using a
GST-KC fusion protein and in vitro-translated rat KLC1. The
binding of KLC1 to GST-KC was specific, because no inter-
action of KLC1 with GST alone was observed (Figure 1B).
We also performed GST pull-down experiments on PC12
cell lysates and rat brain extracts. In both cases, we were able
to detect a specific interaction between GST-KC and the
native kinesin-1 holocomplex, because both the heavy and
light chains of the motor complex were found associated
with GST-KC beads (Figure 1C). Neither control glutathione
beads nor immobilized GST bound endogenous kinesin-1
under these conditions.

The ability of the endogenous Kidins220/ARMS to inter-
act with the kinesin-1 motor complex was then assessed in
PC12 cell lysates by coimmunoprecipitation with an anti-
body directed against KHC, and immunoblotting with a
Kidins220/ARMS antiserum as well as with anti-KHC and
anti-KLC antibodies. Confirming the results obtained with
GST pull-downs, we detected the association of endogenous
Kidins220/ARMS with KHC, KLC1, and KLC2. This bind-
ing was specific because a control antibody did not lead to
the recovery of this complex with the beads. Under the same
experimental conditions, kinesin-1 displays a robust inter-
action with other proteins, such as SyD/JIP-3 (Figure 1D).
Quantification of the amount of Kidins220/ARMS interact-
ing with kinesin-1 in PC12 cell lysates suggests that only a
fraction of Kidins220/ARMS ("1%) is bound to this molec-
ular motor under these conditions, whereas the recovery of

SyD/JIP-3, which we have chosen as a control for the coim-
munoprecipitation efficiency, is 5% of the total. Unfortu-
nately, we were unable to coimmunoprecipitate kinesin-1
with anti-Kidins220/ARMS antibodies. This negative result
may be due to steric hindrance caused by the binding of the
anti-Kidins220/ARMS antibody to the KC domain, which
could block KLC binding. The binding of Kidins220/ARMS
to kinesin-1 was observed in lysates from cells either treated
or untreated with NGF, indicating that the formation of this
complex is independent of neurotrophin stimulation (data
not shown). These data confirm the interaction detected by
the yeast two-hybrid screen and suggest that the endoge-
nous Kidins220/ARMS and kinesin-1 form a complex in
PC12 cells and rat brain.

Kidins220/ARMS and Kinesin-1 Colocalize in
Differentiated PC12 Cells
We then asked whether Kidins220/ARMS colocalizes with
kinesin-1 in NGF-differentiated PC12 cells. Kidins220/
ARMS and KHC displayed a punctate distribution in cell
bodies as well as neurites, characterized by extensive clus-
tering at the neurite tips (Figure 2A, a–d). To provide a
quantitative analysis of the level of codistribution of
Kidins220/ARMS and the kinesin-1 complex, we deter-
mined the degree of colocalization of Kidins220/ARMS as
well as that of a range of control proteins, with different
members of the kinesin family (Figure 2B). SyD/JIP-3, used
here as a positive control, exhibited an 82% overlap with
KHC (Figure 2A, e–h), whereas Syt, which is known to be
transported by kinesin-3/KIF1A and not by kinesin-1
(Okada et al., 1995), showed only 28% colocalization with
KHC (Figure 2A, i–l). We found that 58% of Kidins220/
ARMS colocalized with kinesin-1 (Figure 2A, a–d), whereas
only 28% overlapped with kinesin-3 (Figure 2A, m–p). A
partial overlap between the distribution of Kidins220/
ARMS and both KHC and KLC was also observed in MNs,
mainly in dendrites and growth cones (see Supplemental
Figure S2). These results indicate that Kidins220/ARMS and
kinesin-1 specifically colocalize to an internal compartment
targeted to neuronal processes in PC12 cells and primary
neurons.

The Region 83-296 of KLC1 Mediates the Binding to
Kidins220/ARMS
KLCs are characterized by two main regions: a series of
heptad repeats (HR) at the N terminus, and six tetratri-
copeptide repeats (TPRs) at the C terminus (Figure 3A;
Gindhart and Goldstein, 1996). The HR-containing region is
known to mediate the interaction with KHC, whereas the
TPR motifs have been shown to dock kinesin-1 to specific
cargoes (Karcher et al., 2002; Hirokawa and Takemura, 2005).
We tested the ability of KC to interact with the TPR motifs of
KLC by pairwise yeast two-hybrid analysis. Surprisingly,
yeast growth was severely reduced in cotransformation with
KC- and KLC-TPR–expressing plasmids and was abolished
with KC and Pp5-TPR, an unrelated TPR-containing protein
(Das et al., 1998; see Supplemental Figure S1). To identify the
region of KLC involved in the binding to Kidins220/ARMS,
we generated a series of truncated versions of rat KLC1 and
tested them in pull-down experiments using GST-KC (Fig-
ure 3). In agreement with the data obtained from the yeast
two-hybrid analysis, we found that the KLC region contain-
ing the TPR motifs (KLC1-C and -F; Figure 3) binds KC with
very low efficiency and that a portion of the HR domain and
the linker region (aa 83-199) together with the first two TPR
motifs (aa 199-296) are required for the interaction (KLC1-H;
Figure 3). The need of a portion of the HR region for the
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binding to KC has been independently confirmed by pair-
wise yeast two-hybrid analysis (see Supplemental Figure
S1). Interestingly, the removal of the region 1–63 from KLC1
seems to enhance the binding to KC above the levels ob-
served with full-length KLC1 in GST pull-down, raising the
possibility that it might act as a regulatory region (Figure 3).
Altogether, these results suggest that Kidins220/ARMS
binds to kinesin-1 by using a novel docking site on KLC1,
which includes both HR and TPR motifs.

The KIM Domain of Kidins220/ARMS Is Sufficient for
KLC1 Binding
Ligands usually interact with KLC via a short sequence close to
their C termini (Terlecky et al., 1995; Gatto et al., 2000; Scheufler
et al., 2000). The absence of sequence homology between Ki-
dins220/ARMS and other known KLC-binding proteins, to-
gether with the new binding determinants recognized by Ki-
dins220/ARMS on KLC1, suggest that the interaction between

these two proteins is mediated by a novel motif. To map this
domain, we generated a series of KC deletion mutants (Figure
4A), which we expressed as GST-fusion proteins and tested in
pull-down assays using in vitro transcribed-translated KLC1
(Figure 4C) or PC12 cell lysates (Figure 4D). Using this ap-
proach, we were able to identify the region between residues
1356 and 1395 as sufficient, and between 1361 and 1390 as
necessary, for the binding to KLC1. We named the region
1356–1395, which is predicted to fold as a helix (http://robetta.
bakerlab.org/), KIM (Figure 4B). KIM represents a novel kine-
sin-1–interacting signature, because it does not bear any simi-
larities to other proteins reported to interact with KLC. Fur-
thermore, it specifically binds kinesin-1, as shown by its
inability to interact with other kinesins, such as kinesin-3 (Fig-

Figure 2. Kidins220/ARMS and kinesin-1 colocalize in PC12 cells.
(A) PC12 cells treated for 3 d with NGF were stained with poly-
clonal (b) or monoclonal (n) anti-Kidins220/ARMS, polyclonal anti-
SyD/JIP-3 (f), polyclonal anti-Syt (j), monoclonal anti-KHC (c, g,
and k), or polyclonal anti-kinesin-3 (o) antibodies and analyzed by
confocal microscopy. Bars, 5 #m. (B) The percentage of colocaliza-
tion of the indicated proteins in neurites is shown. Kidins220/
ARMS:KHC, n & 16 neurites; SyD/JIP-3:KHC, n & 11 neurites;
Syt:KHC, n & 16 neurites; for Kidins220/ARMS:kinesin-3, n & 22
neurites. Error bars represent SEM.

Figure 3. The region 83–296 of KLC1 mediates the binding to Ki-
dins220/ARMS. (A) Scheme of the KLC1 mutants used in this study.
The empty box corresponds to the heptad repeats region, whereas the
gray ovals represent the TPR motifs. The putative inhibitory region for
the Kidins220/ARMS–KLC interaction (aa 1-63) is marked by a dashed
line. The ability of each mutant to bind Kidins220/ARMS is reported
on the right: !, !100%; !!, !200%; !/%, ! '25%; and %, no
binding. (B) The ability of in vitro 35S-labeled KLC1 mutants to bind
GST-KC is shown. Intensity of the bands was quantified as described
in Materials and Methods. 1/25 of the starting in vitro transcription/
translation mixes is loaded in T for comparison. The Coomassie stain-
ing of the SDS-PAGE gels corresponding to this experiment is available
in Supplemental Figure S3B.
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ure 4D). The interaction between KIM and KLC is highly
specific, because single point mutations of several of the amino
acid residues of KIM to alanine, such as Tyr24 in KIM(Y24A)
(corresponding to residue 1379 of the full-length protein), abol-
ished the binding to kinesin-1 in GST pull-down (Figure 4D).
The inhibitory effect of the Y1379A mutation on the binding of
KC to KLC1 was confirmed by pairwise yeast two-hybrid
analysis, as shown by both number of colonies and "-galacto-
sidase activity (Supplemental Figure S1).

To confirm these findings for the full-length Kidins220/
ARMS in a cellular context, we transfected PC12 cells with
constructs encoding either the full-length EGFP-Kidins220/
ARMS, or a mutant lacking the KIM domain (EGFP-
Kidins220/ARMS-#KIM). We then stained the cells with an
antibody against KHC and analyzed the distribution of the
proteins by confocal microscopy (Figure 4E). Both the full-
length Kidins220/ARMS (Figure 4E, a) and the #KIM mutant
(Figure 4E, d) are expressed at the same level in NGF-differ-

entiated PC12 cells, and accumulate in discrete structures upon
transfection. However, although Kidins220/ARMS-positive
structures were found both in the cell bodies and in the neu-
rites (Figure 4E, a and c), the majority of Kidins220/ARMS-
#KIM was confined to cell bodies (Figure 4E, d and f). A
marked overlap of kinesin-1 with EGFP-Kidins220/ARMS was
observed (Figure 4E, a–c, arrowheads, and insets), whereas no
colocalization was found between KHC and the mutant lack-
ing the KIM domain (Figure 4E, d–f, and insets). These findings
indicate that the KIM domain of Kidins220/ARMS is respon-
sible for the recruitment of the kinesin-1 complex both in vitro
and in neuronal cells.

Kidins220/ARMS Is a Kinesin-1–specific Cargo
The accumulation of Kidins220/ARMS at neurite tips im-
plies the existence of an active targeting mechanism respon-
sible for its peripheral localization in differentiating PC12
cells. To visualize this process in real time, we imaged cells

Figure 4. KIM is sufficient for the binding of Ki-
dins220/ARMS to KLC. (A) Scheme of the Ki-
dins220/ARMS mutants used in this study. The abil-
ity of each mutant to bind KLC1 is reported on the
right (!, binding, %, no binding). The position of the
KIM motif is highlighted by the dashed line. (B)
Sequence of the KIM motif (KC-K). The asterisk in-
dicates the tyrosine (residue 1379 of the full-length
protein) that is mutated to alanine in KIM(Y24A). (C)
The ability of some of the KC mutants expressed as
GST-fusion proteins to bind in vitro 35S-labeled
KLC1 is shown. We loaded 1/25 of the starting in
vitro transcription/translation mix in T for compar-
ison. The Coomassie staining of the SDS-PAGE gel
corresponding to this experiment is available in Sup-
plemental Figure S3Ca. (D) The KIM motif is suffi-
cient to bind the native kinesin-1 motor complex.
PC12 cells lysates were incubated with either GST or
GST-fusion proteins prebound to glutathione-beads,
as indicated. The bound material was analyzed by
Western blot by using anti-kinesin-3, anti-KHC, and
anti-KLC antibodies. T corresponds to 10 #g of total
lysate. The Ponceau staining of the nitrocellulose
membrane corresponding to this experiment is avail-
able in Supplemental Figure S3Cb. (E) PC12 cells
were transfected with EGFP-Kidins220/ARMS (a–c)
or EGFP-Kidins220/ARMS-#KIM (d–f), and stained
with anti-KHC antibody (b and e). Full-length Ki-
dins220/ARMS-positive puncta are positive for
KHC (c; arrowheads and inset), whereas there is no
significant overlapping between KHC and the mu-
tant lacking the KIM domain (f; inset). Asterisks
indicate transfected cells. Bars, 5 #m.
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microinjected with EGFP-Kidins220/ARMS by time-lapse
fluorescent microscopy. EGFP-Kidins220/ARMS is localized
to discrete vesicular structures, which show a bidirectional
movement along the neurites. On treatment with NGF, these
Kidins220/ARMS-positive carriers accumulate at the tips of
growing neuronal processes (see Supplemental Movie S1), in
agreement with the immunofluorescence data on fixed cells.
Figure 5A shows a time series of an EGFP-Kidins220/ARMS
carrier (arrowhead) moving along a neurite toward the

growth cone. The average speed of these carriers is 0.41 (
0.05 #m/s (Figure 5B), which is compatible with the rate
observed for kinesin-mediated transport (Woehlke and
Schliwa, 2000; Hirokawa and Takemura, 2005).

Given that Kidins220/ARMS is actively transported in
PC12 cells and binds KLC via the KIM motif, kinesin-1
might be responsible for the intracellular trafficking of Ki-
dins220/ARMS. If this is the case, the KIM peptide is pre-
dicted to have a dominant-negative effect, because its bind-
ing to KLC should block the interaction with full-length
Kidins220/ARMS and impair its transport. To test this hy-
pothesis, we coinjected EGFP-Kidins220/ARMS with either
mRFP-tagged KIM or mRFP-KIM(Y24A) and analyzed their
effect on the formation and transport of Kidins220/ARMS-
positive structures by time-lapse microscopy. First, we mon-
itored the transport of EGFP-Kidins220/ARMS–positive
structures in the presence of KIM(Y24A), and we compared
it to the case where only EGFP-Kidins220/ARMS was ex-
pressed. We found that the coexpression of KIM(Y24A) did
not have any effect on the speed of the moving carriers,
whose behavior was indistinguishable from the control sam-
ples (0.45 ( 0.10 #m/s; Figure 5B). In contrast, the average
speed of the carriers in cells overexpressing KIM was re-
duced to 0.16 ( 0.02 #m/s (Figure 5B). However, the num-
ber of structures per neurite was unaffected by KIM overex-
pression (5.69 ( 0.87 structures for cells expressing
KIM(Y24A), 5.38 ( 0.93 for cells expressing KIM; Figure 5C),
suggesting that the presence of this peptide does not inter-
fere with the formation of the EGFP-Kidins220/ARMS–pos-
itive structures but rather that it selectively impairs their
trafficking. In agreement with this hypothesis, the average
maximum displacement of the EGFP-Kidins220/ARMS–
positive carriers was significantly reduced in KIM-express-
ing cells in comparison with KIM(Y24A)-microinjected sam-
ples (3.5 ( 0.63 #m versus 7.1 ( 1.03 #m) (Figure 5D and
Supplemental Movies S2 and S3). Quantitative kinetic anal-
ysis revealed that in KIM-expressing cells, the majority
(86%) of the Kidins220/ARMS-positive structures are sta-
tionary (maximum displacement between 0 and 3.9 #m),
and only 14% move farther away (Figure 5E, black bars). In
contrast, in cells microinjected with the inactive KIM(Y24A)
mutant, 54% of the particles have a maximum displacement
between 0 and 3.9 #m, and the remaining cover longer
distances, up to 45 #m (Figure 5E, white bars). Overexpres-
sion of KIM, therefore, results in a net increase in the num-
ber of structures that are either stationary or undergo only
short-range movements. Altogether, these findings suggest
that KIM overexpression displays a dominant-negative ef-
fect on the transport of Kidins220/ARMS-positive carriers,
causing a reduction in both their maximum displacement
and average speed, and support the hypothesis that the
trafficking of Kidins220/ARMS is mediated by the kinesin-1
complex.

Does KIM selectively prevent Kidins220/ARMS transport
or does it act as a general inhibitor for kinesin-1–dependent
trafficking? To discriminate between these two possibilities,
we tested whether different forms of kinesin-mediated trans-
port are affected by KIM overexpression. Vaccinia virus
reaches the surface of infected cells by exploiting a kinesin-
1–dependent mechanism (Rietdorf et al., 2001). Once at the
plasma membrane, the virus switches from a microtubule-
based to an actin-based motility and then spreads to neigh-
boring cells (Newsome et al., 2004). The viral membrane
protein A36R is required for actin-based motility and kine-
sin-1 recruitment, which occurs via the TPRs of KLC (Ward
and Moss, 2004). Vaccinia virus transport therefore repre-
sents an ideal system to test KIM function. To this end, HeLa

Figure 5. KIM overexpression impairs Kidins220/ARMS traffick-
ing in PC12 cells. (A) EGFP-Kidins220/ARMS is transported along
neurites in PC12 cells. (a) Phase image of a microinjected cell. (b)
Time series of the boxed area. Arrowheads indicate an EGFP-Ki-
dins220/ARMS–positive moving carrier. Bar, 5 #m. (B–E) NGF-
treated PC12 cells were coinjected with plasmids driving the expres-
sion of EGFP-Kidins220/ARMS alone or in combination with either
mRFP-KIM, or mRFP-KIM(Y24A). (B) The average speed of EGFP-
Kidins220/ARMS–positive carriers is decreased by mRFP-KIM ex-
pression. (C) The average number of EGFP-Kidins220/ARMS–pos-
itive carriers per neurite is not affected by the overexpression of
mRFP-KIM. n & 13 neurites were analyzed for both conditions. (D)
The average maximum displacement of EGFP-Kidins220/ARMS–
positive carriers is reduced in mRFP-KIM–expressing cells. The
analysis of the movement of EGFP-Kidins220/ARMS positive car-
riers is shown in E (see text and Materials and Methods for details). A
4-#m binning starting from 0 was applied. n & 24 carriers for
EGFP-Kidins220/ARMS–expressing cells, n & 70 carriers for EGFP-
Kidins220/ARMS– and mRFP-KIM–expressing cells; n & 74 for
EGFP-Kidins220/ARMS– and mRFP-KIM(Y24A)–expressing cells.
Error bars represent SEM.
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cells were infected with the vaccinia A36R-YdF strain
(Rietdorf et al., 2001) and subsequently transfected with
mRFP (Figure 6A), mRFP-KIM (Figure 6B) or mRFP-TPRs
(Figure 6C). Extracellular viral particles were then visual-
ized by wide-field microscopy in absence of permeabiliza-
tion (see Materials and Methods). Strikingly, we found that
mRFP-KIM overexpression did not affect the ability of the
virus to reach the plasma membrane (Figure 6, compare b
and e), suggesting that mRFP-KIM does not perturb its
kinesin-1–dependent transport. In contrast, the overexpres-
sion of the TPR domain impaired the transport of the viral
particles to the cell periphery (Figure 6, compare b and h).
Altogether, these experiments indicate that KIM is not a
general inhibitor of kinesin-1 function but rather that it
blocks the recruitment of Kidins220/ARMS by interfering
with a specific binding site on KLC.

KIM Overexpression Reduces MAPK Phosphorylation and
the NGF-dependent Differentiation of PC12 Cells
Kidins220/ARMS has been linked to NGF signaling and
sustained MAPK activation (Arevalo et al., 2004, 2006), rais-
ing the possibility that the kinesin-1–dependent targeting of
Kidins220/ARMS plays a role in its signaling function. To
test this hypothesis, we examined the effect of KIM overex-
pression on the NGF-dependent activation of the MAPK
pathway. We chose this dominant-negative strategy over a
small interfering RNA (siRNA) approach, because down-

regulation of Kidins220/ARMS by siRNA has been previ-
ously reported to reduce MAPK activation (Arevalo et al.,
2004), but it does not directly answer the question of
whether a kinesin-1–dependent transport of Kidins220/
ARMS is required for NGF signaling. To examine the acti-
vation of MAPK, we transfected PC12 cells with either
mRFP-KIM or mRFP-KIM(Y24A), and upon short treatment
with NGF (see Materials and Methods), cells were stained for
the phosphorylated form of MAPK (P-MAPK). As shown in
Figure 7A, the P-MAPK labeling was reduced in mRFP-
KIM–transfected cells compared with nontransfected cells,
whereas the KIM(Y24A) mutant had no significant effect.
Quantitative analysis of the mean fluorescence intensity of
these samples revealed that mRFP-KIM–transfected cells
showed a reduction of 40% in the P-MAPK staining com-
pared with mRFP-KIM(Y24A)–expressing samples or non-
transfected cells (Figure 7B). This result suggests that the
kinesin-1–dependent transport of Kidins220/ARMS might
be required for downstream events in NGF signaling.

The NGF-mediated activation of the MAPK pathway
plays a major role in promoting neuronal differentiation in
PC12 cells (Vaudry et al., 2002). In light of the results de-
scribed above, interfering with Kidins220/ARMS transport
by KIM overexpression is predicted to reduce PC12 cells
differentiation. To test this hypothesis, we transfected undif-
ferentiated PC12 cells with mRFP, mRFP-KIM, or mRFP-
KIM(Y24A) before NGF treatment (Figure 8). Cells were

Figure 6. The translocation of vaccinia virus to the plasma mem-
brane is unaffected by KIM. HeLa cells were infected with the
A36R-YdF vaccinia virus strain, and 4 h later they were transfected
with mRFP (A), mRFP-KIM (B), or mRFP-TPR (C). After a further
4 h, cells were processed for immunofluorescence in absence of
permeabilization, and extracellular virus particles were visualized.
The distribution of the virus on the plasma membrane is indepen-
dent of the overexpression of mRFP-KIM (compare b and e),
whereas it is reduced by the overexpression of the mRFP-TPR
domain (compare b and h). Bars, 5 #m.

Figure 7. Overexpression of KIM reduces the phosphorylation of
MAPK in PC12 cells. (A) PC12 cells were transfected with mRFP-
KIM (a–c) or mRFP-KIM(Y24A) (d–f) and then fixed and immuno-
stained for P-MAPK (c and f). mRFP-KIM–expressing cells show a
reduced P-MAPK staining compared with nontransfected cells and
mRFP-KIM(Y24A)–expressing cells. Transfected cells are marked
with asterisks. Bars, 5 #m. (B) The mean fluorescence intensities of
untransfected cells and cells overexpressing mRFP-KIM or mRFP-
KIM(Y24A) were determined as described in Materials and Methods.
mRFP-KIM, n & 74 cells; mRFP-KIM(Y24A), n & 63 cells; nontrans-
fected cells, n & 204 derived from three independent experiments.
Error bars represent SEM.
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fixed after 3 d, and differentiation was then quantified. KIM
overexpression caused a 40% reduction in the percentage of
differentiated cells, whereas the transfection of KIM(Y24A)
was ineffective (Figure 8B). These results indicate that KIM
overexpression interferes with neurite outgrowth in NGF-
treated PC12 cells, suggesting that the kinesin-1–dependent
transport of Kidins220/ARMS participates in neuronal dif-
ferentiation.

DISCUSSION

The diverse outcomes triggered by trophic stimuli are
achieved through the precise compartmentalization of effec-
tor molecules, which ensure the activation of different sig-
naling cascades according to the temporal and spatial pat-
tern of stimulation (Smith and Scott, 2002). Molecular
motors play a key role in determining the appropriate re-
sponse to growth factors by delivering neurotrophin recep-
tor complexes to specific domains of the plasma membrane
as well as by targeting activated receptors to local and
long-range trafficking routes (Verhey and Rapoport, 2001;

Yano and Chao, 2004; Howe and Mobley, 2005; Zweifel et al.,
2005). The kinesin-1 family of molecular motors is impli-
cated in the transport of an increasing number of proteins,
which include cytoskeletal components (Xia et al., 2003;
Kimura et al., 2005; Utton et al., 2005); receptor-associated
factors, such as GRIP and GRIF (Setou et al., 2002; Brickley et
al., 2005; Hoogenraad et al., 2005); and the synaptosome-
associated protein of 25 kDa (SNAP25) and SNAP23
(Diefenbach et al., 2002). Kinesin-1 has also been shown to
play a crucial role in the transport of organelles, such as
synaptic vesicles (Su et al., 2004) and lysosomes (Nakata and
Hirokawa, 1995). Furthermore, kinesin-1 localization has
been recently shown to be a marker of axonal specification
(Jacobson et al., 2006). Based on these observations, the gen-
eral principle that signaling pathways are linked to the
activity of molecular motors, and in particular, to kinesin-
1–mediated processes, has recently emerged. The JNK path-
way, which relies on the binding of JIPs and related factors
to the TPR motifs of KLC (Bowman et al., 2000; Verhey et al.,
2001), represents probably the most compelling example in
support to this model. Our findings provide new evidence
for the link between molecular motors and signaling net-
works, suggesting that the kinesin-1–mediated transport of
Kidins220/ARMS plays a role in the NGF-triggered activa-
tion of the MAPK pathway.

Following up our initial observation that the C-terminal
portion of Kidins220/ARMS interacts with KLC in a yeast
two-hybrid screen, we established that this protein interacts
with kinesin-1 both in PC12 cells and in brain tissue. In
addition, Kidins220/ARMS and kinesin-1 display an over-
lapping distribution along the neurites of NGF-treated PC12
cells and primary neurons. To map the binding determi-
nants between Kidins220/ARMS and KLC1, we generated a
series of mutants of both proteins. Interestingly, we found
that the region of KLC containing the TPR repeats, which in
most cases mediates the interaction with specific cargoes
(Karcher et al., 2002; Hirokawa and Takemura, 2005), was
not sufficient for optimal binding to Kidins220/ARMS. A
stretch of amino acids extending to the N-terminus of KLC,
which spans the linker region and about half of the HR
repeats (aa 83-199), is required in addition to the first two
TPR motifs (aa 199-296). This binding mode is also distinct
from that recently described for rootletin, a component of
ciliar rootlets, which involves only the HR domain of KLC
(Yang and Li, 2005). The engagement of a portion of the HR
domain in Kidins220/ARMS binding does not preclude its
interaction with KHC and the recruitment of a functional
kinesin-1 motor complex (Figure 1D and 5). Furthermore,
this novel binding interface would potentially allow the
simultaneous interaction of other cargoes with the remain-
ing TPR motifs. Kidins220/ARMS may therefore mediate
the recruitment of components of the neurotrophin signal-
ing pathway onto neurite transport carriers. Altogether,
these results are indicative of the unique nature of the inter-
face used by Kidins220/ARMS for its binding to kinesin-1.
As a consequence, interfering with this interaction is un-
likely to affect other kinesin-1–dependent processes. Inter-
estingly, the removal of the region 1–63 of KLC1 results in
an increased binding efficiency of Kidins220/ARMS, sug-
gesting that the N-terminus of KLC1 might act as a regula-
tory domain. These findings offer new insights on novel
aspects of KLC regulation, which will be analyzed in future
studies.

Using a similar approach, we were able to restrict the
region responsible for the binding of Kidins220/ARMS to
KLC to a small sequence within its C-terminus, which is
sufficient for this interaction. This region, termed KIM (aa

Figure 8. KIM overexpression inhibits neurite outgrowth in PC12
cells. (A) Undifferentiated PC12 cells were transfected with mRFP (a
and b), mRFP-KIM (c and d), or mRFP-KIM(Y24A) (e and f); treated
for 3 d with NGF; and analyzed by confocal microscopy. Bars, 20
#m. (B) Percentage of differentiated cells in each condition is shown.
Differentiation in mRFP-expressing cells was set to 100%. Between
50 and 140 cells were counted for each experiment (n & 3). Error
bars represent SEM.
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1356-1395), represents a novel kinesin-1 binding motif, be-
cause it does not bear any similarities with other proteins
reported to interact with KLC. Crucially, both targeting to
the neurite tips and colocalization with KHC are lost in a
Kidins220/ARMS mutant lacking the KIM domain. These
findings confirm the novelty of the recognition interface
between Kidins220/ARMS and kinesin-1, and further our
understanding on how different cargoes interact indepen-
dently with this multifunctional motor complex.

The observation that Kidins220/ARMS accumulates at the
neurite tips of NGF-differentiated PC12 cells (Iglesias et al.,
2000) suggests that its targeting to these structures might be
mediated by kinesin-1. By imaging EGFP-Kidins220/ARMS in
PC12 neurites, we were able to visualize Kidins220/ARMS
carriers, which moved bidirectionally over long distances with
an average speed compatible with a kinesin-1–mediated trans-
port (Woehlke and Schliwa, 2000). Overexpression of the iso-
lated KIM domain reduces both the total displacement and the
average speed of the Kidins220/ARMS carriers, suggesting
that this domain acts as a dominant-negative inhibitor for the
trafficking of the Kidins220/ARMS-KLC1 complex. This inhi-
bition was specific for Kidins220/ARMS trafficking, because
other kinesin-1–dependent processes, such as vaccinia virus
targeting to the plasma membrane, were unaffected. The KIM
peptide therefore represents a unique and specific tool to dis-
sect the dynamics of Kidins220/ARMS transport in vivo.

Scaffolding proteins have a crucial role in the regulation of
signaling pathways, because they channel the flow of infor-
mation toward proper cellular responses by holding to-
gether preassembled signaling complexes (Pawson and
Nash, 2003). In PC12 cells, neurotrophins can trigger both
proliferation and differentiation. In this system, the transient
activation of MAPK signaling is associated with a prolifer-
ative outcome, whereas the sustained activation of the same
pathway leads to neuronal differentiation (Marshall, 1995;
Vaudry et al., 2002). Kidins220/ARMS has been recently
shown to connect activated Trk receptors to the downstream
CrkL–C3G–Rap1 complex by providing a scaffold where
receptors and downstream modulators come into contact
with each other. The recruitment of these factors on Ki-
dins220/ARMS and the formation of a stable signaling plat-
form lead to a prolonged activation of the MAPK pathway,
which ultimately contributes to neurite outgrowth and dif-
ferentiation (Arevalo et al., 2004, 2006). Here, we show that
KIM overexpression reduces the activation of the MAPK
pathway and PC12 cell differentiation in response to NGF.
On this basis, we suggest that the cellular responsiveness to
neurotrophins depends on the correct delivery of Ki-
dins220/ARMS-positive carriers to the neurite tips, which is
driven by the recruitment of the kinesin-1 motor complex to
these transport organelles. However, the possibility that
KIM overexpression affects not only the interaction with
kinesin-1 but also other signaling events linked to neurite
outgrowth cannot be dismissed. This is particularly relevant
in light of the multiple binding partners and phosphoryla-
tion sites identified for Kidins220/ARMS (Iglesias et al.,
2000; Kong et al., 2001; Arevalo et al., 2004). Likewise, other
molecular motors might also be involved in the transport of
Kidins220/ARMS at specific stages of development and/or
in different cell types.

In conclusion, the formation of a complex with the KLC
subunit of kinesin-1 is necessary for the transport and intra-
cellular localization of Kidins220/ARMS. We propose a
model in which the kinesin-1–mediated transport of Ki-
dins220/ARMS is required for the correct targeting of this
scaffolding protein to neurite tips and might regulate the
cellular response to neurotrophic stimuli.
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