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Abstract KIF1Bf is a kinesin-like, microtubule-based
molecular motor protein involved in anterograde axonal
vesicular transport in vertebrate and invertebrate neurons.
Certain KIF1Bp isoforms have been implicated in different
forms of human neurodegenerative disease, with character-
ization of their functional integration and regulation in the
context of synaptic signaling still ongoing. Here, we char-
acterize human KIFIBf (isoform NMO015074), whose
expression we show to be developmentally regulated and
elevated in cortical areas of the CNS (including the motor
cortex), in the hippocampus, and in spinal motor neurons.
KIFIBp localizes to the cell body, axon, and dendrites,
overlapping with synaptic-vesicle and postsynaptic-density
structures.  Correspondingly, in  purified cortical
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synaptoneurosomes, KIF1BJf is enriched in both pre- and
postsynaptic structures, forming detergent-resistant com-
plexes. Interestingly, KIFIBS forms RNA-protein
complexes, containing the dendritically localized Arc and
Calmodulin mRNAs, proteins previously shown to be part of
RNA transport granules such as Pura, FMRP and FXR2P, and
motor protein KIF3A, as well as Calmodulin. The interaction
between KIFIBf and Calmodulin is Ca*>-dependent and
takes place through a domain mapped at the carboxy-terminal
tail of the motor. Live imaging of cortical neurons reveals
active movement by KIFIBf at dendritic processes, sug-
gesting that it mediates the transport of dendritically localized
mRNAs. Finally, we show that synaptic recruitment of
KIF1Bf s activity-dependent and increased by stimulation of
metabotropic or ionotropic glutamate receptors. The activity-
dependent synaptic recruitment of KIF1BJ, its interaction
with Ca>" sensor Calmodulin, and its new role as a dendritic
motor of ribonucleoprotein complexes provide a novel basis
for understanding the concerted co-ordination of motor pro-
tein mobilization and synaptic signaling pathways.
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Abbreviations

Arc Activity-regulated
cytoskeleton-associated protein

CaM Calmodulin

CMT2A Charcot-Marie-Tooth type 2A motor

neuron disease

DHPG S-3,5,-dihydroxyphenylglycine

DMEM  Dulbecco’s Modified Eagle’s Medium

FMRP Fragile X mental retardation protein

FXR2P  Fragile X-related protein 2

HBSS Hank’s balanced salt solution

KIFIBfS  Kinesin family member 1Bf

MEM Minimal essential medium (Eagle’s)

Pura Purine-rich element binding protein alpha

RT-PCR Reverse-transcription polymerase
chain reaction

Introduction

The members of the KIF1B subfamily (Kinesin-3 as per the
nomenclature of [1]) of motor proteins have attracted
considerable attention because of their important function
in anterograde axonal transport in neurons and their puta-
tive link to neurodegenerative disease. In human, KIF1B is
expressed in two isoform types, KIF1Boa, originally
reported as a mitochondrial transporter [2], and also shown
to interact with postsynaptic density and synaptic scaffold
proteins [3], and at least six, currently known, KIF1B f-like
forms (NM015074, AB088210-13, and AX039604). The
ABO088210-13 isoforms share a high level of sequence
identity with each other, with small differences over a
region of 40 amino acids (aa), and compared to NM015074
have an extra stretch of six aa and, significantly, an
“alternative C-terminus” (Fig. 1). AX039604 shares
characteristics of both, the AB series and NMO015074,
being largely identical to AB088210, but with an additional
40-aa stretch and possessing the characteristic C-terminus
of NM015074 (Fig. 1).

The KIF1B family has been linked to several diseases
affecting neural cells of the central nervous system.
KIF1Bf (isoform NMO015074) is reported as a transporter
of synaptic vesicle precursors and, in the case of a single
large Japanese family, was implicated in Charcot-Marie-
Tooth type 2A (CMT2A) motor neuron disease [4], a dis-
order commonly associated with mutations in the
mitochondrial GTPase mitofusin-2 [5]. KIFIBf isoform
ABO088210, highly enriched in the motor cortex, is signif-
icantly downregulated in the motor cortex of patients with
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Fig. 1 Human KIF1Bp isoforms. Schematic comparison of isoforms
NMO015074, AX039604 and AB088213 [the latter being representa-
tive of the AB088210-13 subgroup (AB)]. NM015074 (NM) and
AX039604 (AX) share a characteristic C-terminus (red) to which an
anti-peptide antibody was raised (indicated at the top). The AB series
have an alternative C-terminus (denoted by the dark green box) not
recognized by the antibody. AX and AB have an additional 6-aa
stretch (black box) close to the motor domain, and AX also has a
unique additional 40-aa stretch (gray box). The positions of the two
sets of oligonucleotides that are each specific to NM or AX only, and
can thus discriminate between NM and AX by PCR (Fig. 2b, d—f), are
indicated by arrows over the areas to which they hybridize. The
sequences of these oligonucleotide pairs are given in Online Resource
Table S1. The motor (yellow), FHA (light blue), and PH domains
(light green), as well as the two stretches of amino acids (black and
gray boxes), unique in certain isoforms, are highlighted. Numbers
denote aa positions

sporadic amyotrophic lateral sclerosis, another common
type of motor neuron disease [6]. Mechanistic insights into
the involvement of KIF1B family members in neuropathies
also come from C. elegans, whose KIF1Bf homologue,
UNC-104, is required for the anterograde transport of
synaptic vesicle precursors [7], possibly through interac-
tions with the cargo via a lipid-binding pleckstrin
homology domain in its stalk [8]. In a genome-wide
association study, a single nucleotide polymorphism (SNP)
in intron 5 of the KIFIB gene (shared by KIF1Bo and
KIF1Bf)) was found to be associated with susceptibility to
multiple sclerosis (MS) ([9], but see also [10, 11]).
Intriguingly, a tentative explanation for this link is pro-
vided by observations in zebrafish, where mutations or
RNA interference of KIF1Bo/ff prevent correct localization
of mRNAs encoding myelin proteins MBP and 36 K to
distal processes in myelinating oligodendrocytes, and cause
reduction of axonal outgrowth and reduced or ectopic
myelination in spinal neurons [12].

Other studies have indicated a wider role for KIF1Bf in
non-neural cell types, such as reports proposing a haplo-
insufficient tumor suppressor function [13—15]. This link of
the KIFIB family to cancer development is further
strengthened by a genome-wide association study that
assigned high statistical significance to an intronic SNP in
the KIF1B gene as a susceptibility locus for hepatocellular
carcinoma in carriers of chronic hepatitis B [16].
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The existence of multiple isoforms, necessitating iso-
form-specific characterization of gene expression and
function, and use of isoform-specific antibodies, compli-
cate the immediate correlation between the functional
analyses offered by different studies. More importantly,
despite the established involvement of KIF1Bf in vesicular
transport, less is known about the signaling pathways and
mechanisms regulating and modulating the function of
KIF1Bf in neurons. In this work, we identify regulatory
signals, including calcium and receptor signaling, that
influence the recruitment of KIF1Bf isoform NM015074 at
functional synapses, and identified a KIF1Bp-containing
RNA-—protein transport complex. The present study there-
fore gives fundamental insights into how mobilization and
interaction of motor proteins are integrated with synaptic
signaling and plasticity.

Materials and methods
Cells

Spinal motor neurons and cortical neurons were obtained
from E18-19 mice. Dissected spinal cords or cortex were
incubated with 4.5 mL HBSS, containing 0.02 % w/v
trypsin and 80 pg/mL DNase I for 15 min at 37 °C,
mechanically dissociated and centrifuged at 1,500g for
5 min. Dissociated cells were plated at a density of
12 x 10* cells/em? in MEM (Invitrogen), supplemented
with 10 % v/v horse serum (for spinal cord), or in Neu-
robasal A media (Invitrogen), supplemented with B27.
Primary neuron cultures were maintained 2-3 weeks in
vitro before use.

Mouse NSC-34 neuroblastoma, NIH 3T3 fibroblast cell
lines, human SH-SY5Y neuroblastoma and HeLa cells
were cultured in DMEM (Gibco/BRL), containing 10 %
v/v fetal calf serum (FCS), 2 mM glutamine, 50 U/mL of
penicillin/streptomycin, and maintained at 37 °C in 5 %
CO,. For induction and differentiation, SH-SYS5Y cells
were split and maintained for 10-12 days in DMEM with
2 % FCS and 10 puM retinoic acid.

Oligonucleotides and generation of plasmid constructs
All oligonucleotides, used for RT-PCR or plasmid con-
struct generation, were synthesized by MWG Biotech
(Germany). Their sequences and further details are given in
Online Resource Table S1.

Antibodies

A rabbit polyclonal antibody to synthetic peptide IRS-
KLSRRCPSQSKY [aa residues 1,756—1,770 in human

KIF1BfS (NMO015074)] was custom-made and affinity-
purified by Peptide Speciality Laboratories, Germany. It
was used at a dilution of 1:500 for immunoblotting and
1:300 for immunofluorescence (IF).

The following primary antibodies were used: mouse anti-
dynein (intermediate chain, 74 kDa) monoclonal antibody
(mab sc-13524) (Santa Cruz, 1:800 in immunoblot), mouse
anti-GST mab (Sigma, 1:4,000 in immunoblot), rat anti-
myelin basic protein (MBP) mab (Millipore, 1:2,500 in
immunoblot), rabbit anti-glial fibrillary acidic protein
(GFAP) polyclonal antibody (Sigma, 1:500 in immunoblot),
mouse anti-non-phosphorylated neurofilament H mab (SMI
32, Eurogentech, 1:1,000 in IF), mouse anti-MAP2 mab
(Abcam, 1:200 in IF), mouse anti-MAP2 mab (Sigma,
1:300 in IF), mouse anti-GAPDH mab (Chemicon, 1:20,000
in immunoblot), mouse anti-PSD-95 mab (BD Biosciences,
1:100 in IF and 1:1,000 in immunoblot), mouse anti-syn-
aptophysin mab (Abcam, 1:100 in IF and 1:1,000 in
immunoblot), mouse anti-SV2 mab (Developmental Stud-
ies Hybridoma Bank, 1:100 in IF), mouse anti-syntaxin 1
mab (Synaptic Systems, 1:5,000), mouse anti-SNAP25 mab
(Synaptic Systems, 1:1,000), mouse anti-CaM mab (Zymed,
1:30 in IF), rabbit anti-CaM (Abcam, 1:1,000 in immuno-
blot), rabbit anti-KIF3A (Abcam, 1:1,000 in immunoblot),
goat anti-MARCKS (Santa Cruz Biotechnology, 1:400 in
immunoblot), rabbit anti-Pura (Millipore, 1:100 for IF,
1:250 in immunoblot), mouse anti-FMRP (IC3, Millipore,
1:100 in IF), rabbit anti-FMRP (rAMII, 1:2,000 in immu-
noblot) [17], mouse anti-FXR2P (1:1,000 in immunoblot),
rabbit anti-FXR2P (Developmental Studies Hybridoma
Bank, 1:50 in IF), rabbit anti-KIF5A (Acris, 1:1,000 in
immunoblot), and rabbit anti-ELAVs (Santa Cruz, 1:1,000
in immunoblot).

The following secondary antibodies (Molecular Probes)
were used for IF: Alexa Fluor (AF) 488 chicken anti-rabbit
IgG (1:700), AF568 goat anti-rabbit IgG (1:2,000), AF488
goat anti-mouse IgG (1:700) and AF568 anti-mouse IgG1
(1:2,000). The following secondary antibodies were used for
immunobloting: HRP donkey anti-rabbit IgG (Santa Cruz,
1:60,000), HRP sheep anti-mouse IgG (Amersham, 1:8,000)
and HRP chicken anti-rat IgG (Santa Cruz, 1:20,000).

Nuclei were stained with Hoechst 33342 (0.5 pg/mL,
Invitrogen). Polymerized filamentous actin (F-actin) was
visualized at postsynaptic densities in mature dendritic
spines of cultured neurons using a phalloidin-AF647 con-
jugate (1:100, Molecular Probes) with 1 h incubation,
followed by three 5-min washes in PBS.

RNA extraction, reverse transcription semi-quantitative
PCR (RT-PCR)

For RT-PCR, poly(A) RNA was extracted from human
cells (HeLa, SH-SY5Y uninduced or induced with RA) or
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Fig. 2 a KIFIBfS (NM015074) mRNA expression pattern in human
tissues. Equivalent RT-PCR reactions from various human tissues,
including a mock reverse-transcription reaction as negative control
(—RT). Equivalent reactions for the mRNA of ribosomal protein L19
were used as internal standards (bottom panel). b—-d mRNA expres-
sion of KIFIB NM015074 versus AX039604 isoforms in the CNS.
Equivalent RT-PCR reactions specific to KIFIBfS isoforms
NMO15074 (top panels) and AX039604 (central panels), and
housekeeping gene L19 (bottom panels) for b areas of human cortex;
¢ mouse neural tissue, including spinal motor neurons; d mouse stage-
2 or stage-5 hippocampal neurons in vitro [18] or the hippocampus of
E13, E18 and juvenile mice, and from proliferating astroglial cultures.
e KIF1Bf (NM015074) mRNA expression in human and mouse cell
lines. Equivalent RT-PCR reactions reveal a pronounced expression
level of KIF1Bf mRNA in the mouse neuroblastoma NSC-34 line,

mouse cells (spinal cord neurons of 20 days in vitro, NSC-
34, NIH 3T3) or mouse tissues (cortex, cerebellum, hip-
pocampus from 3-month-old mice) with the RNeasy
Purification Kit (Qiagen) and 1 pg used for reverse tran-
scription using the Protoscript Reverse Transcription Kit
with a dT,3VN primer (New England Biolabs). Human
tissue RNA (from the tissues displayed in Fig. 2a, b) was
purchased from Ambion Inc. and reverse-transcribed to
cDNA in the same manner. RNA from total mouse cortex
was extracted with the Trizol reagent (Invitrogen) and
digested with RNase-free DNAse (RQ1, Promega). Addi-
tionally, mouse RNA from hippocampal neurons in vitro at
stages 2 and 5 (staging as per [18]), embryonic stages E13
and E18, juvenile animals (2.5 weeks) and pure astrocytic
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lower expression levels in mouse NIH 3T3 fibroblasts, and expression
below detection levels for other cell lines. Equivalent reactions for
L19 (bottom panel). f Protein expression of KIF1Bf in different brain
areas by immunoblot (top panels). Total protein extracts from mouse
cultured primary cortical neurons, NSC-34 or NIH 3T3 cells were
analyzed by western blotting, using the anti-peptide KIF1Bf
antibody. A signal, consistent with the predicted M, of
199.01 x 10* for KIFIBS was detected (e). Also consistent with
mRNA level for these cell lines, protein expression of KIFIBf in
NSC-34 is higher than in NIH 3T3 cells (bottom panels). Expression
of KIF1Bf protein in equivalent samples from different parts of the
mouse CNS (left); these signals are abolished if the antibody is pre-
absorbed with the antigenic peptide (right). Immunoreactivity for
GAPDH serves as internal loading control

cultures, derived from newborn mice (Fig. 2d), was
obtained as described by [19]. Semi-quantitative PCR
reactions from cells, tissues or cell lines (Fig. 2) were set
up with equivalent cDNA concentrations (starting with the
same amount of RNA) and using cDNA of ribosomal
protein 19 as a calibrator for normalization.

siRNA-mediated silencing

Catalogue and custom-made Stealth siRNA duplexes
(Invitrogen) were used for siRNA-mediated silencing
and scrambled siRNA ‘Low GC’ (a universal control for
siRNAs with low GC content; Invitrogen) was used as
negative control.
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Three pairs of custom-made siRNA duplexes were used
for sﬂencmg of KIF1Bf NM015074)
gaguguuucaeuuucuggugauaaa ¥ cu-
cgcaaagugaaagaccacuauuu’ (siRNAT)

5/ccuugugauuguuaeagcucccuuu31/3/ggaacacuaacaaugucg-
agggaaa (siRNA2)
ugagguggaugaagcugcaguugau ¥ acuccaccuacuucgacg—
ucaacua’ (siRNA3)

Transfections of NSC-34 cells with siRNAs were per-
formed using Lipofectamine 2000 (Invitrogen) with the
three sets of sSiRNAs used as a cocktail (molar ratios 1:1:1)
at a total concentration of 320 pM/transfection. A second
transfection was repeated 72 h after initial treatment. At
120 h, coverslips or cells were harvested for microscopic
imaging or RNA and protein analysis.

Immunoprecipitation and RT-PCR

Mouse brains (p21) were lysed in 150 mM NaCl, 50 mM
Tris—HCI pH 7.4, 1 % v/v Triton X-100, 40 U/mL RNase
OUT (Invitrogen), | mM DTT, 5 mM f-glycerol phos-
phate, 0.5 mM Naz;VO,, and 10 mg/mL PIC (Sigma).
After 5 min incubation on ice, lysates were centrifuged
for 8 min at 12,000g (4 °C), and 500 pg of protein from
the supernatant were used for the IP. Protein A Sepharose
beads (GE Healthcare) were saturated in 10 % w/v BSA
and heparin (2 mg/mL) in PBS, incubated with 3 pg of
native KIF1Bf antibody or purified rabbit IgGs (2 h at
4 °C), washed three times (150 mM NaCl, 50 mM Tris—
HCI pH 7.40, 1 % v/v Triton X-100), and finally incu-
bated with 500 pg of brain extract plus heparin (1 mg/
mL) for 1 h at 4 °C. Stringent washes with 1 M urea and
low salt (50 mM NaCl) followed the incubation. Proteins
were eluted by boiling of the beads in SDS-PAGE sample
buffer, separated by electrophoresis and immunoblotted to
a PVDF membrane (Millipore). RNA was eluted from the
immunoprecipitates, extracted (phenol/chloroform), and
precipitated in 2.5 volumes ethanol. Prior to RNA
extraction, and as an internal control for equal RNA
extraction from the test and negative control immuno-
precipitations, each immunoprecipitate was spiked with
200 ng of human BC200 RNA. First-strand cDNA syn-
thesis ensued, using p(dN)6 and 100 U of M-MuLV
RTase (Invitrogen), and was followed by PCR with
GoTaq (Promega) to assay for selected cDNAs and the
BC200 cDNA internal control (Fig. 8).

Yeast two hybrid screen and yeast mating assays
To screen for proteins that interact with KIF1Bf, the

GALA4-based Matchmaker Two Hybrid System 3 (Clontech)
was used in conjunction with a human adult brain cDNA

library, constructed in the DNA activation-domain-bearing
pACT, vector (Clontech). A partial cDNA of KIFIBf
(nucl. 1,980-5,313) was cloned as an in-frame Sall frag-
ment into DNA-binding domain fusion vector pAS2.1 and
used as bait. All procedures were performed according to
the Matchmaker User’s Manual. After five rounds of
selection, putative positive clones were validated by yeast
mating, followed by quadruple auxotrophy selection (-Leu,
-Trp, -His, -Ade) and pf-galactosidase filter assays, and
identified by DNA sequencing (MWG Biotech, Germany).

To map the CaM interaction site(s) of KIF1Bp, deletion
constructs of KIFIBf (M, C1-C5) were generated in
vector pAS2.1 [see Online Resource Table S1; Fig. 7c (see
below)] and tested by yeast mating against full-length CaM
in vector pACT,. Interaction was defined as the ability of
>95 % of resulting clones, containing both constructs, to
grow on quadruple auxotrophy selection and also display
f-galactosidase activity upon filter assay.

Bacterial expression of GST-tagged KIF1Bf constructs
and pull-down assays

For expression and purification of GST-tagged constructs
of KIF1Bf (constructs M, C1-CS5 in vector pGEX-4T-1, as
shown in Fig. 7¢), competent E. coli of the DL21 (DE3)
Lys-S strain were transformed with the plasmid construct,
and single-colony 1 mL cultures, grown in LB containing
50 pg/mL ampicillin and 30 pg/mL chloramphenicol, were
used (at 1:100) to inoculate 10 mL cultures. These cultures
were induced at exponential growth with 0.05 mM IPTG at
20 °C and sampled 3-18 h later.

For in vitro pull-down assays, the bacterial pellet was
resuspended in 1 mL lysis buffer [PBS containing 1 % v/v
Tween 20 and 1 tablet/50 mL of Complete (a protease
inhibitor cocktail by Roche)], lysed by ultrasonication and
centrifuged at 13,000 rpm for 15 min at 4 °C. Equal parts
of the soluble fraction were each mixed with 20 pL pre-
equilibrated CaM-Sepharose beads (GE Healthcare) in the
absence of Ca*" (5 mM EDTA to bind all free Ca®" ions)
or at increasing concentrations of Ca** (0.5, 1 and 2 mM
CaCl,) and incubated for 1 h at 4 °C with mild stirring.
Beads were then centrifuged at 2,000 rpm for 2 min at
4 °C, the supernatant kept as the unbound fraction, and the
beads (bound fraction) were then washed three times with
10 bead volumes of PBS, 1 % v/v Tween 20 and Complete.
Beads and the unbound fraction were each mixed with 5x
SDS-PAGE sample buffer and analyzed by electrophoresis,
followed by immunoblotting to assess interactions between
the different deletion constructs of KIFIBf and CaM.
Negative control samples, to exclude non-specific binding
of KIF1Bf constructs to the beads, consisted of samples
processed in an identical manner but using plain Sepharose
beads, rather than CaM-Sepharose beads in the assays.

@ Springer



340

D. C. Charalambous et al.

The same pull-down assay was repeated using native
KIF1Bj. Briefly, a total lysate from three 10 cm-dishes of
80 % confluent NSC-34 cells was prepared by ultrasoni-
cation in 0.5 mL of lysis buffer (150 mM NaCl, 10 mM
Tris pH = 7.4, 0.5 % v/v Tween-20, 10 % v/v glycerol,
10 mM f-mercaptoethanol, and 1 tablet/50 mL of Com-
plete protease inhibitor cocktail). The lysate was
centrifuged at 13,000 rpm for 15 min at 4 °C, and the
soluble fraction was mixed with 20 pL. pre-equilibrated
CaM-Sepharose beads and processed in exactly the same
manner as for the assays with recombinant proteins, in the
absence or presence of varying concentrations of Ca”".

Preparation of purified synaptoneurosomes

Synaptoneurosomes were purified from the cortex of
8-weeks-old mice, based on the original protocol of Nagy
and Delgado-Escueta [20], as used by Pilo-Boyl et al. [21]
and validated by Napoli et al. [22]. Specifically, each
cortex was homogenized in 10 mL homogenization buffer
(0.32 M sucrose, | mM EDTA, 1 mg/mL BSA and 5 mM
HEPES pH 7.4), centrifuged at 3,000g for 10 min at 4 °C,
the supernatant re-centrifuged at 14,000 rpm for 12 min at
4 °C and the pellet resuspended in 550 pL Krebs—Ringer
buffer (140 mM NaCl, 5 mM KCl, 5 mM glucose, 1| mM
EDTA and 10 mM HEPES pH 7.4). To this, 450 pL of
Percoll (45 % v/v) were added and mixed, and a synapto-
neurosomes-enriched top layer was collected after
centrifugation at 14,000 rpm for 2 min at 4 °C. The frac-
tion was washed twice in Krebs—Ringer buffer and
resuspended in 400 pl. Krebs/HEPES solution (140 mM
NaCl, 3 mM KCl, 1.25 mM NaH,PO,, 25 mM NaHCOs3,
2 mM CaCl, and 20 mM HEPES pH 7.4). The formulation
used provides purified functional synaptoneurosomes
(physiologically defined as synapses containing both pre-
synaptic termini, with synaptic vesicles, and post-synaptic
termini), as previously demonstrated [21, 22]. Where
specified, fractionation of purified synaptoneurosomes into
soluble extrasynaptic matrix, presynaptic matrix, and post-
synaptic densities was carried out as previously described
[23]. Stimulation of purified synaptoneurosomes (100 pg)
was carried out in Hepes—Krebs buffer at 37 °C with a final
concentration of 100 mM DHPG (S-3,5,-dihydroxyphe-
nylglycine) for 5 min, or with glutamatergic stimulators
(100 uM NMDA, or 5 pM AMPA or 100 pM glutamate,
or their combinations, all for 30 min), or with PMA
(phorbol 12-myristate 13-acetate; 200 uM for 30 min), or
with PKC inhibitor R0320432 (10 uM for 30 min), or with
KCl (55 mM for 15 min). Following these treatments,
synaptoneurosomes were placed on ice for 2 min and
centrifuged at 14,000 rpm for 30 s at 4 °C. Samples of
purified synaptoneurosomes or synaptoneurosome frac-
tions (5-15 pg) were analyzed by SDS-PAGE and
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immunoblotting to probe for the enrichment of KIF1Bf,
using appropriate pre- and post-synaptic markers as posi-
tive controls, or non-synaptic, non-neuronal markers as
negative controls (Figs. 5, 6).

Protein electrophoresis, immunobloting
and quantification of protein expression

SDS-PAGE, immunobloting and ECL visualization
(Amersham Pharmacia Biotech) were performed with
standard methods. Protein samples for SDS-PAGE were
prepared either by direct lysis of cells in 2x SDS-PAGE
Laemli sample buffer or by manual homogenization of
brain tissue in lysis buffer (100 mM NaCl, 10 mM MgCl,,
10 mM Tris-HCI, pH 7.5, 1 % v/v Triton X-100, 1 mM
DTT, 5 mM p-glycerol phosphate, 0.5 mM sodium ortho-
vanadate, a cocktail of protease inhibitors, and 1 U/mL
RNAse inhibitor), followed by solubilization with an equal
volume of 2x SDS-PAGE Laemli sample buffer. Digital
images of immunoblots were obtained with a Fuji LAS-
3000 mini camera.

Quantification of immunoblot signals was performed
with the AIDA Image Analyzer software v.4.22. For
quantification of protein expression (Fig. 6a, b, c), intensity
volumes (area x height) of protein signals were first nor-
malized to the GAPDH signal. The ratios of the average of
these values from six independent experiments to the
average of the control signal, including the standard devi-
ation (STD), were then calculated and plotted. Statistical
significance values were assessed by two-sample Student’s
t test and assigned as significant with p < 0.05 (*), or very
significant with p < 0.01 (¥*).

Immunolabeling, transient transfections,
and quantification of fluorescence images at dendritic
processes

Immunolabeling of cultured primary neurons was per-
formed as per [24]. NSC-34 cells were fixed/permeabilized
in methanol and processed for immunolabeling as per [25].

NSC-34 cells were transfected with the pEYFP-KIF1B 8
expression vector using Lipofectamine 2000 (Invitrogen)
with a transfection efficiency of 3040 %. Cells were
retrieved for immunofluorescence 24-48 h  post-
transfection.

For the analysis of KIF1Bf in functional synapses on
dendritic processes, we performed triple staining with an
anti-synaptophysin antibody (which marks presynaptic
sites), with phalloidin (which highlights points of F-actin
enrichment in the dendrites and postsynaptic sites), and
with the KIF1Bf antibody (Fig. 6d, e). To assess the
association of KIF1Bf first with the functional synapses,
we further developed an approach described earlier [24]. In
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short, a dedicated algorithm was applied using ImageJ and
the JaCoP plugin [26; http://rsb.info.nih.gov/ij/]. With this
algorithm, functional synapses were identified by the co-
appearance of pre- and postsynaptic markers in close
proximity (<0.4 pm). From this co-appearance, an exclu-
sion mask was created for larger aggregations (>650 nm)
and cell bodies, so that only medial and distal dendrites
(>35 um distal from the cell body) were considered for co-
localization analysis. Co-localization of the KIF1Bf signal
with the sites of functional synapses was then analyzed
based on Manders’ coefficients. For the analysis shown on
Fig. 6d, e, values were obtained from 4 different neuronal
culture experiments, analyzing 20 dendrites in total (from
20 cells in all 4 experiments) with about 120 synapses
examined per dendrite. Probability values were obtained
with a Student’s ¢ test with a two-tailed distribution and
two-sample equal variance.

Fluorescence, confocal and time-lapse microscopy

Immunofluorescence preparations were observed with
either a Zeiss Apochromat x63 1.3 NA oil lens on a Zeiss
Axiovert 200 M inverted fluorescence microscope, equip-
ped with a Zeiss AxioCam MRm camera, or with a Nikon
Plan Apo x60 1.4 NA oil lens, fitted on an upright Biorad
confocal scan head, mounted on a Nikon Eclipse E800
upright confocal microscope.

Time-lapse microscopy images were acquired from
mouse cortical primary neurons (div. 10-12) at 24 h after
transfection by calcium-phosphate precipitation [27] with
plasmid constructs pEYFP-KIFIBf [full-length KIF1B},
aa sequence equivalent to construct “F” in Fig. 7c (see
below)] or pEGFP-KIF1BS-C1 (construct “C1”, lacking
the motor domain; Fig. 7c). Neurons were imaged using an
Olympus IX81 inverted microscope, equipped with a
Hamamatsu ImageEM camera and a 1.3 NA UPLAFLN
x 60 objective lens. Temperature was kept constant (37 °C)
in a humidity chamber. Images were acquired at a rate of
one image per 10 s for at least 10 min. The coordinates of
the granules in the time-lapse videos were analyzed in each
frame for the distance and speed over 180 s using ImageJ
[28], according to [29, 30]. ImageJ was also used to gen-
erate kymographs (Fig. 9, see below).

Animal care

Strict institutional guidelines on animal care were adhered
to for experiments that required use of mouse cells or tis-
sues. Institutional guidelines were in compliance with
international laws and policies governing the use of ani-
mals (European Community Council Directive 86/609, OJa
L 358, 1, December 12, 1987 on the protection of animals
used for experimental and other scientific purposes).

Results

KIF1Bf (isoform NM015074) is a motor protein widely
expressed in the CNS: isoform specificity
and expression within the KIF1B family

To analyze the specific function/s and regulation of
KIFIBf in neuronal cells, we first studied its gene and
protein expression. To address the need for isoform spec-
ificity within the KIF1Bf§ subfamily in our experiments, we
raised and employed an anti-peptide antibody to the dis-
tinctive C-terminus of NM015074 (Fig. 1), thus precluding
the detection of the AB088210-13 series of isoforms,
which will accordingly not be further examined in this
work. Additionally, we discriminated between the expres-
sion of NMO015074 and AX039604 (which share the
common C-terminus) by utilizing NM- and AX-specific
oligonucleotide pairs (Fig. 1; Online Resource Table 1)
that we showed not to cross-hybridize with those two or the
additional KIF1Bf isoforms (as confirmed in the PCR tests
of Online Resource Fig. S1).

RT and semi-quantitative PCR analysis of NM015074
mRNA showed a widely spread expression profile with
differing abundance across several human tissues (Fig. 2a).
Furthermore, of the four regions of human cerebral cortex
examined, NM015074 was detected in motor and temporal
cortex and AX039604 in the motor cortex (Fig. 2b).

In mouse, both isoforms also appeared in other brain areas
such as the cerebellum and hippocampus as well as in the
spinal cord (Fig. 2¢). The developmental expression profile
of both isoforms in the mouse hippocampus was then
examined in more detail in hippocampi of E13 and E18
mouse embryos and juvenile animals, and in hippocampal
primary cultures (immature stage 2 and fully differentiated
stage 5, as per [18]; Fig. 2d). NMO015074 mRNA levels
appear to be developmentally regulated with an increased
expression at late embryogenesis (E18) and during early
postnatal development (juvenile). Given that a large pro-
portion of glial cells are present in the in vivo and in vitro
samples, and to distinguish possible differences between
neurons and glia, the analysis was extended to a pure astro-
cytic primary culture. Notably, neither of the two isoforms
was detectable in astrocytes (Fig. 2d), thus indicating that the
detected KIF1Bf expression came exclusively from neurons.

We further investigated KIF1Bf expression in different
human and mouse cell lines (HelLa, neuroblastoma SH-
SYSY non-induced or induced with retinoic acid, neuro-
blastoma NSC-34 and fibroblast NIH 3T3). KIF1Bp
NMO15074 expression was only detected in the NSC-34
line (high-level expression) and in NIH 3T3 (low-level)
(Fig. 2e). Therefore, the NSC-34 line, in addition to pri-
mary cultured spinal motor neurons, was also used in some
of the subsequent experiments.
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The sequence composition of the KIF1B family mem-
bers prevents the design of oligonucleotide primers for
KIFIBf that can, at the same time, discriminate KIB1B}
NMO1574 from both, its related beta isoforms (such as the
primers used in Fig. 2) and from the known alpha isoform,
KIF1Bo (NM008441). Therefore, in order to accurately
complete our gene expression analysis, we also designed a
set of KIF1Ba-specific primers and selectively tested per-
tinent tissues (see Online Resource Fig. S2 for validation).
The results revealed KIF1Bo expression in the hippocam-
pus and spinal cord motor neurons, but no expression in the
cortex and NSC-34 line; however, motor neuronal
expression of KIF1Ba does not interfere with our sub-
sequent experiments, because our anti-peptide KIF1B /-
specific antibody cannot detect the alpha isoform. Indeed,
immunoblotting using this anti-peptide antibody, raised
against the distinctive 15 aa of the KIF1Bf C-terminus,
revealed a specific protein band of the predicted size for
NMO015074 (M, of 199.01 x 10°) in primary cortical neu-
rons in culture, as well as in the NSC-34 and NIH 3T3 cell
lines (Fig. 2f). The intensity of the detected protein bands
was at a similar relative ratio between the two lines as their
mRNA levels (shown in Fig. 2e). Moreover, the protein
was detected in the same parts of the nervous system as the
mRNA. Detection of KIF1Bf was effectively abolished by
pre-absorption with the antigenic peptide, as further con-
firmation of its identity (Fig. 2f). For simplicity, KIF1BpS
isoform NMO015074, which is the subject of our study and
on which subsequent experiments concentrate, will be
referred to as KIF1Bf hereafter.

KIF1Bf is enriched at synaptic sites and co-localizes
with pre- and postsynaptic structures

Using the anti-peptide antibody against KIF1BfS, we
mapped the intracellular localization of the protein in pri-
mary mouse spinal motor neurons (Fig. 3), a selective
target for neurodegeneration in CMT2A and a cell type
where expression of KIF1Bf; was confirmed by RT-PCR
(Fig. 2¢). Double staining of mixed co-cultures of spinal
neurons (motor neurons, interneurons) and glia with SMI
32, a monoclonal antibody specifically labeling motor
neurons, revealed that KIF1BJ is selectively expressed in
motor neurons (Fig. 3a), but not in astroglia (not shown), in
accordance with the RT-PCR results of Fig. 2d showing
absence of signal in pure astroglial cultures.

Initially, we examined the overall topology of KIFIBfS
labeling in those motor neurons: KIF1B/f immunostaining
was punctate or granular and detectable both in the cell body,
and in the axon and dendrites (Fig. 3a). With the use of an
antibody to the dendritic microtubule marker MAP2, we
confirmed the expression of KIF1Bf in dendrites (Fig. 3b)
where the motor protein appears co-localized with PSD-95-
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positive, postsynaptic structures (Fig. 3c). Furthermore,
KIF1Bf also appears partially co-localized with puncta of
synaptophysin, a known presynaptic vesicle protein
(Fig. 3d). To consolidate these findings, we performed a
triple staining (Fig. 3E1, with E2-E5 showing a detail at
higher magnification) with fluorescently-labeled phalloidin,
which highlights points of filamentous F-actin enrichment
and hence mostly dendritic spines (Fig. 2E2, blue), anti-
synaptophysin antibody as a presynaptic marker (Fig. 3E3,
green), and anti-KIF1Bf (Fig. 3E4, red). Examination of the
labeled patterns consistently revealed colocalization of
KIF1B} both with synaptophysin puncta, marking presyn-
aptic sites (Fig. 3ES, yellow arrows), and F-actin sites on
dendritic spines, indicating postsynaptic density domains
(Fig. 3ES, white arrows). Thus, KIF1Bp-immunoreactive
structures were present both at pre- and postsynaptic sites.

Furthermore, as independent confirmation, we also
obtained results in clear agreement with this intracellular
localization of KIF1Bf in NSC-34, a spinal cord neuron—
neuroblastoma hybrid cell line, which expresses KIFIBf
(as detected by RT-PCR in Fig. 2e). It is known that NSC-
34 cells maintain many of the morphological and physio-
logical characteristics of spinal motor neurons, including
the ability to form synapses with myotubes [31], and
therefore express synaptic proteins. In NSC-34 cultures, the
anti-KIF1Bf antibody-labeled vesicular structures dis-
playing overlap both with PSD-95 (Fig. 4a) and
presynaptic vesicular protein SV2 (Fig. 4b). Consistently,
no co-localization of KIF1Bf puncta was observed when
NSC-34 cells were labeled with antibodies specific for
other membrane-bound cellular compartments, namely
mitochondria (SOD2), lysosomes (LAMP2), or the Golgi
(58 K Golgin protein) (Online Resource Fig. S3).

The co-localization of KIF1Bf with synaptic structures
in NSC-34 was further confirmed upon transient transfec-
tion of an YFP-tagged full-length KIF1Bf construct. In the
image shown in Fig. 4c, two neighboring cells are imaged,
one untransfected (bottom cell) and one transfected (top
cell); a high degree of co-localization of YFP-KIFIBf
fluorescence and SV2 immunoreactivity can be observed in
the transfected cell.

Finally, the native KIF1Bf-positive structures become
less pronounced upon siRNA-mediated silencing of
KIF1Bp (Fig. 4e). It is notable that, although depletion of
KIFIBf transcript is very efficient upon prolonged
silencing (Fig. 4d, top panels), the KIF1Bf protein appears
extremely stable even after 120 h of application of the
silencing regime, involving two siRNA transfections
(Fig. 4d, bottom panels). This protein stability likely
accounts for the residual persistence of the, albeit markedly
reduced, vesicular structures of NSC-34 seen in Fig. 4e.

To corroborate biochemically the synaptic localization
of KIF1BJf in neurons, as revealed by immunofluorescence,
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Fig. 3 Intracellular localization of KIF1Bf in mouse primary motor
neurons. a—d Red panels spinal motor neurons probed with antibodies
against (a) non-phosphorylated neurofilament H, SM132; (b) MAP2;
(c) PSD-95; (d) synaptophysin. Corresponding green panels represent
labeling for KIF1Bf. The red and green images are overlaid in the last
column. E1-5. Segments of dendritic processes from mouse spinal
cord motor neurons stained with AF647-phalloidin (blue, substituted
pseudocolour to visualize infrared emission), anti-synaptophysin
(green) or anti-KIF1Bf§ antibodies (red). EI A merged image displays

and further study its synaptic compartmentalization, we
subsequently analyzed synaptoneurosomal preparations,
isolated from mouse cortex. Synaptoneurosomal prepara-
tions consist of purified functional synapses containing both
pre- and postsynaptic termini [32] and can also be used to
study synaptic function in vitro. The purification protocol
we used (see “Materials and Methods™) guaranteed the
inclusion of physiologically functional and intact synapses,
as previously validated [21, 22]. Consistent with its cellular
localization, KIF1Bf was found enriched in the highly
purified synaptoneurosomal fraction, and co-purifying with

overlay
overlay

overlay detail

Phalloidin

overlay

Synaptophysin

overlay

KIF1BB

an overlay of the three labels. E2-E5 A magnified detail (corre-
sponding to the boxed area in panel EI) for each of the labels and
their overlay image is shown in these panels. Examples of localization
of KIFIBf at postsynaptic sites (co-localization with polymerized
F-actin, as revealed by phalloidin staining) are indicated with white
arrows (blue and red color merges to purple), while examples of co-
localization of KIFIB and synaptophysin (a presynaptic marker) are
indicated with yellow arrows (green and red color merges to yellow).
Scale bars (EI) 10 um, (E2-E5) 5 pm

typical synaptic protein markers PSD-95 and synaptophysin
[Fig. 5a, compare total brain (T) vs. synaptoneurosomal
(S) fractions]. Further fractionation of the synaptoneuros-
omal sample to its soluble, pre- and postsynaptic
components, as validated by correct segregation of appro-
priate markers in each case, reproducibly allowed detection
of KIF1Bp only in the pre- and postsynaptic compartments
(Fig. 5b). The clear absence of KIF1Bf from the soluble
component after detergent extraction strongly suggests that
the motor forms detergent-resistant complexes at the
vicinity of synaptic contacts, possibly bound to cytoskeletal

@ Springer



344

D. C. Charalambous et al.

PSD-95 / DNA

SV2/DNA

SV2/DNA

D E

\\8
'8P o0
kb \A-\?‘NP‘ “85-\?\\\\P “\00\‘

4

kDa S=s &% KIF1BB

Bt et S dynein

KIF1BB  neg. mock
SiRNA  siRNA

Fig. 4 Intracellular localization of KIFIBf in mouse neuroblastoma
NSC-34 cell line. NSC-34 cells stained with antibodies to a PSD-95
(red), b SV2 (red), with concurrent labeling of nuclei with Hoechst
33342 (blue). Green panels represent labeling with anti-KIF1Bp.
Scale bars (a) 20 pm, (b, ¢) 10 pm. ¢ NSC-34, transiently transfected
with pEYFP-KIF1Bf, green). Anti-SV2 staining is in red, and DNA
in blue. Of the two cells in the field, only the top cell is transfected:
YFP-KIF1Bf localization (green) overlaps extensively with that of
SV2 (red), therefore merging to yellow in the overlay. Scale bar
10 pm. d Quantification of silencing efficiency by RT semi-quanti-
tative PCR and immunoblot. Top two panels levels of KIF1Bff mRNA
at 120 h post-transfection in NSC-34 cells silenced with 320 pM of

or scaffolding structures. The presence of KIFIBf in both
the pre- and postsynaptic fractions was consistent with the
observed co-localization of KIF1Bf with pre- and
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overlay

KIF1BB RNAI

KIF1Bf-specific siRNA cocktail are compared to control-silenced
cells (negative control) and to mock-treated cells (no siRNA). RT-
PCR detection of L19 mRNA levels serves as internal control. Bottom
two panels KIF1Bf protein levels are compared in corresponding
samples. Detection of the intermediate chain of dynein serves as
loading control in the three samples. e KIF1Bf immunofluorescence
in silenced cells versus negative control-silenced cells. NSC-34 cells
were immunostained for KIF1Bf (green) and counterstained for DNA
(blue). KIF1B ff-silenced cells display a marked reduction in the signal
of KIF1Bp-positive vesicular structures when imaged at the same
exposure as negative control-silenced cells. Scale bar 10 pm

postsynaptic markers by immunofluorescence (Fig. 3c, d,
E1-ES5) and indicated that the motor may be bound to the
matrix/structural components on both sides.
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Fig. 5 a Detection of KIF1B in purified mouse synaptoneurosomes.
KIFIBf is detected in total lysates from the cortex (T; 5 pg total
protein) and is enriched in a sample of synaptoneurosomes purified
from the cortex (S; 5 pg). The level of detection of synaptophysin, a
presynaptic marker, and PSD-95, a postsynaptic marker, are evidence
of the enrichment of the synaptoneurosomal preparation, which was
essentially devoid of non-neuronal proteins, such as myelin basic
protein (MBP) and glial fibrillary acidic protein (GFAP). b Detection
of KIFIBf in further fractionated synaptoneurosomes. The synapto-
neurosomal preparation from mouse cortex was further fractionated
into its soluble, pre- and postsynaptic components and probed for
KIF1Bf in parallel with compartment-specific protein markers PSD-
95 and synaptophysin. KIFIBf was detected in both the pre- and
postsynaptic, but not in the soluble fraction. An amount of 15 pg of
protein was loaded from each fraction

Synaptic activation causes increased recruitment
of KIF1BJ to the synaptic area

Given the association of KIF1Bf§ with synaptic structures,
we next asked the question whether synaptic activity might
influence the recruitment of the motor protein to the active
synaptic sites. We therefore quantified KIF1Bf synaptic
recruitment with two independent assays, performed in the
absence or presence of synaptic stimulation. We conducted:
(1) biochemical assays with purified synaptoneurosomes,
and (2) morphological assays using mouse cortical neurons
in culture.

We employed DHPG (S-3,5,-dihydroxyphenylglycine),
a widely used agonist of group I metabotropic glutamate
receptors (mGluR1 and mGluRS) implicated in the induc-
tion of different forms of synaptic plasticity, to stimulate
synaptoneurosomal preparations. We observed, by quanti-
tative immunoblot, a statistically significant (p = 0.023)
increase by 50 % in the concentration of KIFIBf in the
stimulated synaptoneurosomes, compared with unstimu-
lated controls (Fig. 6a, b), while none of the other synaptic
markers tested (PSD-95, synaptophysin, syntaxin 1 and

SNAP-25) showed significant alteration after stimulation
(Fig. 6¢).

For independent confirmation, we quantified the effect
of DHPG stimulation in living cells. To visualize func-
tional synapses on dendrites, we performed triple staining
with phalloidin, which highlights points of polymerized
F-actin enrichment and hence dendritic spines, anti-syn-
aptophysin antibody as a presynaptic marker, and anti-
KIF1Bp (Fig. 6d). For KIF1Bf§ quantification, we applied a
mask that was created with a dedicated algorithm (modified
from [24]; see further details in “Materials and Methods™)
marking an area in the image lying within 0.4 pm of both
synaptophysin puncta and sites of F-actin and thus in close
vicinity to a synaptic contact. In this manner, we restricted
quantification of KIF1Bf signal to that associated with
functional synapses. In confirmation of our biochemical
results, analysis of images from four independent experi-
ments (total of 2400 synapses analyzed) revealed that
DHPG stimulation resulted in increased recruitment of
KIFIBf to the synaptic area (by 25 %), compared with
non-stimulated cells (statistical significance p = 0.03;
Fig. 6e).

We tested whether a similar activity-dependent increase
of the levels of KIF1Bf at the synapse could occur upon
general stimulation with KCl, metabotropic or ionotropic
glutamate receptor activation (Fig. 6f). Analysis of the
results using KCI or the different agonists, specific for
ionotropic and metabotropic glutamate receptors, and from
the PMA, a phorbol ester that directly activates PKC
(Online Resource Fig. S4), clearly showed that the levels of
KIF1Bf in purified synaptoneurosomes were markedly and
statistically very significantly increased by KCI activation
and glutamate signaling, but preferentially so upon NMDA
receptor activation (p = 0.0014; Fig. 6f).

On the basis of the combined experimental evidence, we
therefore conclude that synaptic concentration of motor
KIF1Bg is increased in an activity-dependent manner.

KIF1Bf interacts directly with Calmodulin (CaM)
in a Ca*"-dependent manner and through
its carboxy-terminal domain

To obtain insight into the functional significance of the
localization and activity-dependent modulation of KIF1Bf
recruitment to the synapse, we employed different
approaches to screen for its interacting partners. We first
sought to identify interacting protein partners for this motor
using a yeast two-hybrid screen. Of the 1.8 x 10° clones of
a human adult CNS cDNA library that were tested, using as
bait a fragment of KIF1Bf containing the non-conserved,
non-motor domain of the protein (construct “C1”, nt.
1980-5313), 54 positive clones were identified after five
rounds of selection (details in “Materials and Methods™).
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Fig. 6 a DHPG stimulation increases the amount of KIFIBf in
synaptoneurosomes. Immunoblot (representative of 8 independent
experiments) of protein extracts of cortical synaptoneurosomes either
resting (control) or treated with DHPG and probed for KIF1Bf, PSD-
95, synaptophysin, syntaxinl, SNAP-25, and also GAPDH (loading
control). b Quantification of the experiments shows a significant
increase of KIF1Bf protein levels in synaptoneurosomes after DHPG
stimulation (*p < 0.05; Student’s ¢ test). ¢ Quantification of PSD-95,
synaptophysin, syntaxinl and SNAP-25 levels in the same experi-
ments as in (b) shows no significant change. d, e DHPG stimulation
recruits KIFIBf to the synapses. d Cortical neurons resting (left
panels) or treated with DHPG (right panels), fixed, and stained with
phalloidin, anti-synaptophysin or anti-KIF1Bf antibodies. Merged

Of these, 25 positive clones contained partial cDNAs
derived from the CALM1 (Calmodulin 1) gene, 21 were
partial cDNAs derived from the CALM?2 gene and 8 from
the CALM3 gene. Although these three genes are localized
on distinct human chromosomes (chromosomes 14, 2, and
19, respectively; [33, 34]) and exhibit diverse 5’ and 3’
UTRs, because of the degeneracy of the genetic code, their
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images show an overlay of the mask that marks vicinity to a synapse
(green) and the KIFIBf signal in the control or after DHPG,
respectively (red). Arrows point to strong KIF1Bf signals in the
vicinity of synapses. Scale bar 10 um. e Quantification of KIF1Bf
fluorescence that fell into total synaptic areas, as defined by the mask
described in “Materials and Methods” (n = 20 neurons; *p < 0.05;
Student’s ¢ test). f Quantification of KIFIBf signal from 6 indepen-
dent experiments, showing increases of KIFIBf concentration in
synaptoneurosomes after stimulation of different types of glutamate
receptor (confirmation of PKC stimulation with PMA in Online
Resource Fig. S4). The most pronounced increase corresponds to
stimulation of the NMDA receptor (n = 20 neurons, 6 independent
experiments, **p = 0.0014; Student’s ¢ test)

ORFs are synonymous and completely identical at the aa
level and thus all encode the same protein, Calmodulin
(CaM).

To ensure that the interaction detected between KIF1Bf
and CaM was bona fide and to characterize it further, we
carried out several independent sets of experiments. First,
we examined the intracellular localization of KIF1Bf and
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Fig. 7 A1-A3 Partial co-localization of KIF1Bf and CaM in spinal
motor neurons. Double immunofluorescence for KIF1Bp (green) and
CaM (red) reveals their co-localization (yellow) in both the cell body
and neuronal processes (detail at higher magnif.). Scale bars 20 pm,
inset 10 pm. b Pull-down assays with cell extracts confirming the
interaction between endogenous KIF1Bf§ and CaM and demonstrating
its Ca”-dependence. CaM, immobilized on Sepharose beads, was
incubated with equivalent lysates (10 pg total protein) from NSC-34
cells in the presence of increasing Ca®*concentrations. Bound (B;
lanes 3, 5, 7, 9) and unbound proteins (U; lanes 2, 4, 6, 8) were
probed by immunoblot with anti-KIFIBfS (top panels). Sepharose
beads without CaM were used as negative control (top panels, lanes
10-13; B and U). An anti-dynein antibody (bottom panels) was used
as internal control for equal loading. Detection of endogenous
KIF1Bf; is obtained only in the presence of CaM (lanes 3, 5, 7, 9) and
is enhanced by increased Ca’** concentration, peaking at about

0.5 mM CaCl, (lane 5). ¢ Pull-down assays with recombinant
proteins confirming a direct interaction between KIF1Bf and CaM
and mapping the interaction site on KIFIBfS. CaM on Sepharose
beads was incubated with equivalent extracts of E. coli expressing
GST-tagged deletion constructs of KIFIBf (M, CI-C5; shown in
schematic form), in the absence (lanes 1-5) or presence of 1 mM
Ca>" (lanes 6-9). Bound (B) and unbound (U) proteins were probed
by anti-KIFI1Bf the KIF1Bf band is indicated by arrows, a lower
band appearing in some samples is a degradation product). Sepharose-
only beads served as negative control at the same conditions (lanes 4,
5, 8, 9). GST-vector-only was an additional negative control to
exclude interaction of the KIFIBf constructs and CaM via GST
sequences (vector; bottom panels). F full-length KIF1Bf, M motor-
domain-containing construct, C/-C5 non-motor-domain-containing
constructs. Constructs are also described in Table 1. Numbers
accompanying the construct sketches denote amino-acid residues
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Table 1 Mapping of the CaM interaction domain of KIF1Bf by in vivo and in vitro assays

In vivo interactions with full-length CaM by mating in In vitro pull-down assays of CaM with native KIF1Bf or recombinant protein fragments

S. cerevisiae

expressed in E. coli

Construct Result X gal expos Construct 0.0 mM (5 mM EDTA) 05mM 1.0 mM 2.0 mM (Ca2+)
pGBK/pGAD7 (pos. control) + 2h Native KIF1Bf* + ++ ++ ++
M (aa 1-660) - 3h M (aa 1-660) - NT - NT
C1 (aa 660-1770) ++ 2h Cl (aa 660-1770) - NT +++ NT
C2 (aa 660-1218) - 3h C2 (aa 660-1218) - NT - NT
C3 (aa 1218-1770) ++ 3h C3 (aa 1218-1770) + NT ++ NT
C4 (aa 1218-1549) + 3h C4 (aa 1218-1549) + NT + NT
C5 (aa 1549-1770) + 3h C5 (aa 1549-1770) + NT + NT
pAS2.1 (neg. cont) - 3h pGEX (neg. cont) - NT - NT

The left part displays mating assays with plasmid pACT2.1-CaM, carrying full-length Calmodulin, and the pAS2.1-KIF1Bf constructs shown
(numbers in parentheses denote amino acid (aa) residues in generated KIF1Bf protein fragments). Interaction was defined as the ability of >95 %
of resulting clones, expressing both constructs, to grow on quadruple selective media (-Leu, -Trp, -His, -Ade) and to also display f-galactosidase
activity upon filter assay. The right part shows assays conducted with native KIF1Bf§ or GST-tagged recombinant proteins from KIF1Bf deletion
constructs, expressed in E. coli and incubated with CaM-Sepharose beads and in the concentration of Ca*t indicated, with 0.0 mM CaCl,

established by chelation with 5 mM EDTA
NT Not tested

? The term native KIF1Bf refers to a reaction using total lysate (500 pg) from NCS-34 cells, incubated with CaM-Sepharose beads

CaM in mouse primary spinal motor neurons in culture by
immunofluorescence. We observed extensive co-localiza-
tion, as one would likely expect from interacting proteins
(Fig. 7A1-A3), both, in the cell body and in neuronal
processes (detail at higher magnification in the inset).

Second, we carried out a series of pull-down assays
using CaM-Sepharose beads incubated with extracts from
NSC-34 neuroblastoma cells in the presence of increasing
concentrations of Ca’" (from 0-2 mM CaCl,) (Fig. 7b).
These assays showed that (1) native KIFIBf was recov-
ered in the pellet fraction only when incubated in the
presence of CaM, consistent with an interaction between
the two proteins (Fig. 7b, compare lanes 3, 5, 7, 9 with
negative controls in lanes 10, 12), and (2) the interaction
was Ca’"-dependent, with recovery of the native KIF1B}
protein minimal in the absence of Ca*" and peaking in
the presence of 0.5 mM CaCl, (Fig. 7b, compare lanes 3,
5, 7 and 9 with progressively increasing concentrations of
Ca’™h).

Third, we demonstrated that the interaction between
KIFIBf and CaM is direct, confirmed its dependence on
Ca’" using in vitro pull-down assays with bacterially
expressed, recombinant proteins (Fig. 7c) and mapped the
CaM-binding site on a domain contained within the car-
boxy-terminal part of KIFIBfS (Fig. 7c; Table 1).
Analytically, Fig. 7c illustrates that the E. coli-expressed
GST-tagged C1 fragment of KIF1Bf (construct “C1”, the
fragment originally used in the yeast two-hybrid screen)
can bind to CaM immobilized on Sepharose beads, but
only in the presence of Ca®" (Fig. 7c, compare lanes 3
and 7 in panel Cl), while the corresponding N-terminus
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of KIFIBf, containing the motor domain (fragment
“M”), remains unbound in all circumstances (Fig. 7c,
compare lanes 3 and 7 in panel M). By testing progres-
sively smaller GST-tagged subfragments of C1 (constructs
C2-C5), we confined the CaM interaction site(s) of
KIFIBf to within the last 552 carboxy-terminal aa
(Fig. 7c, observe lanes 3 and 7 in panels C2, C3). If this
carboxy-terminal region is fragmented into two comple-
mentary segments of 331 and 221 aa (constructs C4 and
C5), both segments retain their CaM binding activity
(Fig. 7c, lanes 3 and 7 in panels C4, C5), suggesting that
either (1) there is more than one CaM site, or (2) that the
CaM binding site extends either side of aa 1549, the
position where the subfragments are split. The results of
these in vitro pull-down assays are summarized in Table 1
(left part). It is notable that both the native KIFIBf
(Fig. 7b) and recombinant subfragments C3-C5 (Fig. 3c)
retained some CaM binding activity even in the absence
of Ca”", either suggesting a negative regulatory function
for the amino-terminal part of KIFIBf or merely non-
specific interaction with Ca®'-depleted CaM (ApoCaM)
as a result of the protein fragmentation.

Finally, the same fragments of KIFIBf (M and C1-C5)
were also subcloned as GAL4 DNA-binding-domain
fusions and tested in vivo by yeast mating assays for
interaction with full-length CaM, expressed as a GAL4
DNA activation-domain fusion. The results, also summa-
rized in Table 1 (right part), were identical to those
obtained with the in vitro assays, thus confirming the
position of the CaM binding site(s) within the 552 carboxy-
terminal aa of KIF1Bp.
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A KIF1BJ particle contains neuronal RNA—protein
complexes

The identification of CaM as an interacting protein with
KIFIBf was consistent with the activity-dependent
recruitment of KIF1Bf to the synapse and a role in syn-
aptic signaling. Notably, there are examples of motor
proteins shown to mediate the transport of mRNA-con-
taining ribonucleoprotein particles to synapses, for
example, mRNA transport to dendrites by motors from the
conventional kinesin KIF5 subfamily [29, 35; reviewed by
36]. Dendritic transport granules have been shown to
contain several RNA binding proteins [29, 36]. We there-
fore investigated whether KIF1Bf is associated with RNA-
binding proteins and mRNAs that are synaptically local-
ized [37]. First, we immunoprecipitated the endogenous
KIF1BJ protein complex from mouse brain (Fig. 8a, top
panel, compare lanes 2 and 3). The presence of CaM
protein in this native complex from brain (Fig. 8a, second
panel) confirmed our previous findings using yeast two-
hybrid and pull-down assays (Fig. 7) and showed that the
complex containing the two interacting proteins is intact.
Additionally, we found that KIF1Bf coimmunoprecipitates
with Pura (purine-rich element binding protein alpha) [38,
39], FMRP (fragile X mental retardation protein) [22, 40,
41], and FXR2P (fragile X related protein 2) [42] (Fig. 8a,
panels 3-5), all of which are well-characterized compo-
nents of mRNPs complexes. Interestingly, we found that
the immunoprecipitated complex also contained the plus
end-directed KIF3A motor protein but not the conventional
dendritic kinesin KIF5 (Fig. 8a, panel 6). Of note, other
RNA binding proteins, such as ELAVs, are not part of the
KIF1Bf complex (Fig. 8a, panel 7), in agreement with its
association to KIF5 [29]. This would indicate that the
KIF1Bf-containing complex is distinct from the well-
characterized RNA-containing granule transported by KIF5
[29]. We further investigated the association of KIF1Bf
with the co-imunoprecipitated proteins in the dendrites of
cultured cortical neurons by double immunofluorescence.
As shown in Fig. 8b, KIF1Bf-positive puncta extensively
co-localize with Pura-, FMRP- and FXR2P-positive gran-
ules, consistently with the immunoprecipitation results.
We next investigated the presence of RNA species in the
KIF1Bf-containing complex. The analysis, by RT-PCR,
revealed the presence of Arc (activity-regulated cytoskele-
ton-associated protein) mRNA (Fig. 8c), a well-known,
dendritically localized mRNA [43—45]. Interestingly, Cal-
modulin mRNA was also part of this complex. Both were
specifically found in the KIF1BfS-immunoprecipitated
complex, but not in the negative control reaction (Fig. 8c,
compare lanes 2 and 3). The specific association of Arc and
Calmodulin mRNAs with the KIF1B f-containing complex
is further supported by the absence of non-synaptically or

other synaptically localized mRNAs such as eEIFla and
aCaMKII (Fig. 8c). These observations would suggest the
participation of KIF1Bff in RNP particles in association with
at least two dendritically targeted mRNAs, Arc and CaM.

Taken together, our results indicate that motor protein
KIFIBf forms dendritically localized RNPs, containing
some of the previously identified dendritically transported
mRNAs and proteins.

Processive dendritic movement mediated by KIF1Bf
in living cortical neurons

Kinesin-driven transport in axons has been extensively
studied [reviewed by 46]. Although a few examples of
kinesin-driven transport in dendrites have also been
described [29, 47, 48], less is known on the functional role
of kinesin-like proteins in dendrites. The identification here
of an RNA/protein complex associated with KIF1Bf, and
its dendritic localization (Fig. 3b, Online Resource Fig.
S5), raised the possibility that KIFIBf may mediate the
transport of this RNP in dendritic processes. To directly
assess this possibility, we employed transient transfection
of full-length YFP-KIF1Bf in mouse cultured cortical
neurons, and visualized and recorded the fluorescent pro-
tein by time lapse live-imaging over periods of 10 min
(Online Resource video 1). Fluorescent mobile YFP-
KIFIBf appeared in both axons (yellow arrow) and in
dendritic processes (red arrow) with a granular expression
pattern (Fig. 9a). Axons and dendrites were identified
based on their morphology as per [18]. We could observe
anterograde movement in axons but also detected slower
processive movement in dendritic processes. We focused
on the KIF1Bf dendritic transport and analyzed the
directionality and the speed of granule movement through a
series of time-lapse images, acquired at 10-s intervals over
a period of 180 s (neurons n = 10, granules n = 30) as
previously described [29, 30, see “Materials and Meth-
ods”] (Fig. 9b). In dendrites, KIF1Bf showed a speed of
up to 0.14 pm/s with average speed of 0.060 £ 0.034 pum/s
(Fig. 9b, left panel). This speed is similar to the one
observed for the dendritic speed of motor KIF5 [29] and
comparable with previously recorded values of mRNA
trafficking [47, 49, 50]. When we measured the net
movement of the granules over a period of 180 s, we
observed that the majority (58 %) moved in the antero-
grade direction, while the rest moved either retrogradely
(26 %) or displayed rapid back-and-forth movement
(16 %), covering an average distance of 0.9 &£ 2.1 pm
(Fig. 9b, right panel). Figure 9c (upper panels) displays a
series of time-lapse images to follow the movement of a
sample granule (traced by the arrowheads) for 180 s with
20 s intervals. Granule time course distance and speed
changes are shown (lower panels). The patterns of
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movement (explained as a result of the mixed polarity of
microtubules at proximal dendrites and competition with
retrograde motors, such as dynein) and the measured
speeds are again consistent with those detected for RNPs
transported by KIF5 [29] or other brain derived, dendri-
tically targeted RNPs [30, 51]. Altogether, these results
support our hypothesis that KIF1Bf-containing granules
transport RNA in dendrites.
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The complex we identified is not associated to KIFSA
(Fig. 8a), thus suggesting an active role of KIF1Bf in the
RNP transport. To rule out the possibility that the move-
ment we detected was not mediated by another motor
protein (such as KIF3A that we have identified as part of
the complex in Fig. 8a) that carried along KIF1Bf in a
passive, piggy-bag manner, we analyzed the movement of
a truncated KIFIBf lacking the motor domain (GFP-
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Fig. 8 a Immunoprecipitation (IP) for KIFIBf from mouse brain.
Analysis by western blot, using different antibodies, of the anti-
KIF1B -immunoprecipitated proteins revealed that KIFIBf and its
interacting protein Calmodulin (CaM) are part of the same complex.
Furthermore, the dendritically-localized RNA-binding proteins Puro,
FMRP and FXR2P, as well as the motor protein KIF3A, were also
detected in the same KIF1Bf complex. RNA-binding protein ELAVs
and the motor protein KIFSA were absent. Lane I represents 1/20
(25 pg) of the original extract used for immunoprecipitation (input),
lanes 2 and 3 show the immunoprecipitated protein using, respec-
tively, equal amounts of anti-KIF1Bf antibody or rabbit IgGs
(negative control). b Co-localization of KIFIBfS and dendritic
RNA-binding proteins in mouse cultured cortical neurons. Staining
of cortical neurons (12-14 div.) with anti-KIF1Bf (red panels) and
concurrent labeling with antibodies to Pura; FMRP; FXR2P (green
panels), reveal extensive pairwise co-localization in puncta (arrows)
in a detail of a dendritic process. Scale bar 5 pm. ¢ RT-PCR analysis
of the RNA content of the KIFIBf IP material. Calmodulin, Arc,
KIFIBp, TrkB, f-actin, eEIF10, f-catenin, CamKIlo, mRNAs were
amplified, following KIFIBf immunoprecipitation. Prior to RNA
extraction, each sample was spiked with 100 ng of exogenous human
BC200 mRNA, which was then tested by PCR to show that RNA
extraction, reverse transcription, and amplification efficiency was
equal across samples. Lane 1 represents the RT-PCR reaction of 1/20
of the original extract used for immunoprecipitation (input), lanes 2
and 3 represent the RNA immunoprecipitated using equal amounts,
respectively, of anti-KIF1Bf antibody and rabbit IgGs. CaM and Arc
mRNAs were detected in the KIF1Bf complex

KIF1BS-C1 construct of Fig. 7¢). In this case, we did not
observe either specific granule formation or movement,
but, instead, diffuse fluorescence, as previously shown for
KIF5A under the same conditions by Kanai et al. [29]
(Fig. 9d; Online Resource video 2). Similar findings were
obtained using a GFP-empty plasmid (data not shown).
These results indicated that the movement we analyzed by
the use of the full-length construct was bona fide, active
and specific. To better evaluate moving or immobile par-
ticles, we represented in two kymographs the fluorescence
changes along the dendritic segment over 180 s in neurons
transfected with YFP-KIFIBS or GFP-KIF1Bj-Cl,
respectively. As expected, kymograph analysis further
confirmed the absence of moving granules when the trun-
cated KIFIBf was expressed (Fig. 9e). In conclusion,
therefore, these combined experiments revealed a novel
role for KIFIBf as a motor protein mediating transport of
RNP particles, which contain RNA-binding proteins and
dendritically targeted Calmodulin and Arc mRNAs.

Discussion

The members of the KIF1A/KIF1B/UNC-104 (kinesin-3)
family of molecular motors have been shown by a number
of studies to transport synaptic vesicle structures [4, 7, 52].
Mechanisms about how signaling pathways may be regu-
lating vesicular transport are gradually emerging.
Association of such vesicles with the stalk domain or the

PH domains of kinesin-3 family motors (see Fig. 1) via
vesicle phosphoinositides is necessary for cargo recogni-
tion and binding [8]. Experimental evidence supports a
model where KIF1A motors exist in an autoinhibited state
in the absence of cargo, and this autoinhibition is relieved
following interaction with cargoes [53]. At least one
adaptor protein, the DENN/MADD, has been identified as
essential in the GTP-dependent axonal transport of Rab3-
containing vesicles [54]. In C. elegans, it has been pro-
posed that, upon cargo delivery at the pre-synaptic site,
kinesin-3 motor KIF1A/UNC-104 is locally degraded at the
synapse, likely via the ubiquitination pathway, and hence is
not recycled back retrogradely [55]. Furthermore, in
C. elegans, UNC-104 motor clustering along axons as well
as their motility is enhanced via multiple interactions with
synaptic scaffolding protein SYD-2 [56]. In non-neuronal
cells, i.e. in non-polarized epithelial cells, the post-Golgi
transport of p75 neurotrophin receptors by kinesin-3 family
motors (KIF1Ba and f8) appears to also involve interactions
with the PH domain [57].

While it is now well understood that a multitude of
molecular motors, including KIF1Bf, act in concert to
transport various cellular cargoes to the synapses of neu-
rons, the mechanisms that integrate cargo transport with
synaptic activity, or with synaptic assembly in developing
neurons or with remodeling of synapses in mature neurons
(plasticity), in response to neuronal activity [58] remain
largely uncharacterized.

Here, we provide novel findings that functionally char-
acterize KIFIBf in the context of synaptic signaling.
KIF1Bf is not neuron-specific but highly expressed in the
CNS and particularly prevalent in the motor cortex and
spinal cord motor neurons (Fig. 2). It is localized both
presynaptically in synaptic boutons and postsynaptically in
postsynaptic density structures of dendritic spines (Figs. 3,
4). KIF1Bp is enriched in isolated synaptoneurosomes, co-
fractionates in both pre- and postsynaptic fractions, and is
exclusively in a bound and detergent-resistant form, with
no detectable soluble KIF1Bf pool (Fig. 5). Stimulation of
metabotrobic or ionotropic glutamate receptors results in
increased KIF1Bf concentration at synaptic sites, revealing
an activity-dependent recruitment of the motor to synapses
(Fig. 6). In this study, Calmodulin was identified as a direct
binding partner of the motor (Fig. 7), via an interaction
domain within the 552 amino acids of the carboxy-terminal
tail of KIF1BJ, partly overlapping with the stalk domain
where interaction with DENN/MADD protein has previ-
ously been localized [54]. The CaM-KIF1Bf interaction is
dependent upon and facilitated by Ca®", with a possible
weak interaction also with the ApoCaM form (Fig. 7). This
is an important finding because it directly links KIF1Bf to
Ca*" via CaM, a universal Ca*" sensor protein, thus
indicating a possible mechanism of KIF1Bf regulation
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Fig. 9 Processive movement of YFP-KIFIBf granules in the den-
drites of living cortical neurons. a Example of a mouse cultured
cortical neuron transfected with plasmid pEYFP-KIF1Bf (full-length
construct in Fig. 7c), showing fluorescent granules. The dendrite in
this cell is indicated with a red arrowhead and the axon with a yellow
arrowhead. Scale bar 10 pm. b Histogram of the maximum speed of
30 granules (average & SD: 0.060 % 0.034 pm/s) (left panel); final
distances these 30 granules covered in 180 s (average £ SD:
0.9 + 2.7 um) (right panel). ¢ Upper panels a series of still images,
taken at 20-s intervals, from a time-lapse movie of the rectangular
area marked in (a), as an example of the movement of a granule
(arrowheads) for a period of 180 s. Scale bar 2 pm. The full video of
this sequence is given as an Online Resource videol. (The full video
of a sequence derived from a neuron transfected with pEGFP-
KIF1Bf-C1 is given as an Online Resource video2). Bottom panels
time course, during 180 s, of the distances covered by this represen-
tative granule from the start point, as traced by the arrowheads (upper
panels). Corresponding time course of the speeds of the sample
granule during the 180 s recording (right panel). d Equivalent
example of cortical neuron transfected with pEGFP-KIF1Bf-C1
(motor-less construct “C1” in Fig. 7c), showing diffuse fluorescent
labeling. The dendrite in this cell is indicated with a red arrowhead
and the axon with a yellow arrowhead. e Kymographs of neurons
transfected with pEYFP-KIF1Bf§ or pEGFP-KIF1B3-C1. Rectangular
areas marked in (a) and (d) indicate, respectively, the region selected
to generate the kymographs. Red dashed lines indicate the orthogonal
plane represented by the kymographs. Scale bar 1 pm

synaptic delivery of vesicles via KIF1Bf. This mechanism
may thus stimulate synaptic vesicle exocytosis by activating
bound KIF1BJ; or redistributing bound KIF1Bf§ on synaptic
vesicles upon presynaptic depolarization, which in turn
would tie in with the observed activity-dependent increase
of synaptic KIF1Bp recruitment.

Other examples of interaction of kinesin-like motors
with Ca®'-binding proteins have been reported: Ca®'-
dependent binding of CaM to the light chains (KLC) has
been previously documented in the case of heterotetrameric
conventional kinesin [59], and, although the CaM binding
site on KLC has not been determined, binding appears to
inhibit the ATPase activity of the heavy chains. In rat, the
KIF1Bf2 isoform (most similar to the human
ABO088210-13 isoform series) interacts with CHP (calci-
neurin B homologous protein) [60], a Ca**-binding EF-
hand protein with significant similarity to the phosphatase
calcineurin, involved in Ca®>"-dependent signal transduc-
tion pathways [61]. In mammalian neurons, kinesin KIF5-
powered mitochondrial mobility is inhibited upon Ca®"
influx in postsynaptic sites, via modulation by Mirol,
another Ca®*-binding EF-hand protein [62, 63]. In plants,
Ca™-dependent binding of CaM on a kinesin-like motor
(kinesin-like Calmodulin binding protein, KCBP) disrupts
this motor’s microtubule binding [64]. It would appear,
therefore, that regulation of motor protein properties and
activity by Ca’"-sensing proteins, in a Ca>"-dependent
manner, is a more generalized mechanism. This strategy
would be an effective mechanism for integration of motor
protein function and local synaptic activation.

We show here via co-immunoprecipitation experiments
that KIF1Bf forms RNP complexes containing its inter-
acting protein CaM, as well as RNA-binding proteins such
as Pure, FMRP, and FXR2P (with which KIF1Bf co-
localizes in dendritic processes; Fig. 8), and Arc and Cal-
modulin mRNAs (Fig. 8) [43—45]. Both mRNAs have a
bona-fide dendritic localization, and motor protein KIF5
has previously been shown to move anterogradely a large
protein-mRNA complex that includes Arc mRNAs in
dendrites [29]. Although some of the proteins (i.e. Pura and
FMRP) identified here are in common to the large RNP
granule transported by KIF5A [29], we believe that they
are distinct complexes as they have differences both in
their mRNA and protein components. The KIFIBf com-
plex lacks KIF5A and contains Arc and CaM mRNAs, but
not CaMKII mRNA, while the KIFSA complex lacks
KIFIBf and CaM proteins and includes Arc and CaMKII
mRNAs.

Our findings raised the possibility that KIF1Bf may be
one additional motor protein that mediates the dendritic
targeting of Arc and CaM mRNA in a distinct RNP com-
plex. Our hypothesis is consistent with all the indirect
experimental findings presented here i.e. (1) the localiza-
tion and enrichment of the motor with synaptic structures,
including the postsynaptic density, (2) its co-immunopre-
cipitation with the two mRNA species, and (3) its activity-
dependent recruitment to the synapse, but we also found
direct evidence of dendritic transport specifically and
actively mediated by KIFIBf in mouse cultured cortical
neurons (Fig. 9). This is one of the very few examples of a
function of KIF1Bp outside the context of axonal transport,
given the requirement for this motor for the localization of
myelin mRNA to oligodendrocyte processes in zebrafish
[12].

KIF1B f-mediated dendritic targeting appears of partic-
ular relevance for Arc mRNA, the transcript of an
immediate early gene that, upon synaptic stimulation, is
rapidly transported to active dendritic spines and is locally
translated, thus topically increasing Arc protein concen-
tration at postsynaptic terminals [45, 65, 66]. Arc has a
critical role in multiple forms of protein synthesis-depen-
dent synaptic plasticity [reviewed in 67]: it is involved in
the endocytosis of AMPA receptors, underlying long-term
depression (LTD) [68] and homeostatic plasticity [69, 70],
and in the formation of F-actin, underlying the consolida-
tion of long-term potentiation (LTP) [71]. It has emerged
from different studies that Arc gene expression can be
dynamically regulated by behavioral experience in brain
areas related to learning and memory, thus coupling
changes in neuronal activity patterns to synaptic plasticity
and thereby optimizing information storage in active net-
works [72, 73; reviewed in 74]. Pertinent to our findings,
the translation of Arc is induced within minutes of
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activation of group-I metabotropic glutamate receptors, a
response that is essential to mGluR-dependent LTD [75].
The pathway of Arc translational induction involves the
activation of translational elongation factor eEF2 via Ca
**/CaM [75). We found DHPG, an agonist of group-I
mGluR, to cause mobilization of KIF1Bf to synaptic sites
and identified Arc mRNA, CaM mRNA and CaM protein
as parts of KIFIBf ribonucleoprotein complexes. It is
therefore conceivable that, upon metabotropic glutamater-
gic stimulation, synaptic signaling, involving CaM,
activates the transport of Arc (and CaM) mRNAs to den-
dritic spines through the motor function of KIF1Bf. This
could generate a reinforcing loop, since local CaM syn-
thesis may facilitate the recruitment of more KIF1B}g,
consequently further increasing Arc mRNA levels. Given
that Arc mRNA is probably degraded at the first round of
translation, it would need to be continuously supplied over
a long period such as during LTD or LTP [76]. The speeds
of motor-mediated transport of RNPs in axons range from
0.08 pum/s (slow) to 4 um/s (fast) [51, 77, 78], while RNPs
in dendrites move with lower speeds ranging from 0.01 to
1 pm/s [30, 47-49, 79, 80]. KIF1Bf granules observed
here, under basal (unstimulated) conditions, move within
that range with a speed between 0.01 and 0.14 pum/s,
consistent with our model of KIF1Bpf-mediated RNA
transport.

Of note is the detection of plus end-directed motor
protein KIF3A in the ribonucleoprotein complex involving
KIFIBf (Fig. 8). KIF3A is a motor implicated in many
different important processes, such as intraflagellar trans-
port and ciliogenesis [81], signal transduction [82, 83],
transport of late endosomes and lysosomes [84, 85], the
establishment of neuronal polarity via the targeting of
PAR3 to the distal tip of the axon [86, 87], and even
mitosis [88]. Of particular relevance to this study, KIF3A
in neurons is detected within and probably transports tau-
mRNA-containing RNPs, locally translated in axons [89].
The presence of KIF3A in the KIF1Bf complex therefore
raises the possibility of alternative usage or switching to
distinct motors (i.e. KIFIBS and KIF3A) bound to a
common cargo (an mRNP complex) in the transport reac-
tion. This is not an unprecedented concept since motor
switching between plus end-directed kinesins and myosin
VA during centrifugal vesicular transport or, in the reverse
direction, the switching between minus end-directed cyto-
plasmic dynein and myosin VI have been demonstrated
[90, 91].

In conclusion, our combined findings about KIF1Bf, in
particular its established role as an axonal transporter and
its current emerging role as a dendritic transporter in
mammalian neurons, are direct pointers to a link of motor
activity with Ca*"-signaling pathways with dendritic tar-
geting of mRNA, translational regulation, and, eventually,
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synaptic plasticity, thus providing a firm basis for further
characterization of this functional relationship.
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