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Two binding partners cooperate to activate
the molecular motor Kinesin-1
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he regulation of molecular motors is an important

cellular problem, as motility in the absence of cargo

results in futile adenosine triphosphate hydrolysis.
When not transporting cargo, the microtubule (MT)-based
motor Kinesin-1 is kept inactive as a result of a folded
conformation that allows autoinhibition of the N-terminal
motor by the C-terminal tail. The simplest model of Kinesin-1
activation posits that cargo binding to nonmotor regions
relieves autoinhibition. In this study, we show that bind-
ing of the c-Jun N-terminal kinase-interacting protein 1

Introduction

Long-distance intracellular trafficking is driven by kinesin
and dynein motors that carry cargoes along microtubule (MT)
tracks. Steady advances have been made in our understanding
of the structure and mechanics of motor proteins (Schliwa and
Woehlke, 2003; Mallik and Gross, 2004). Howeyver, less is known
about how motor proteins bind to the proper cargo, become
activated for transport, and deliver that cargo to the correct
cellular locale.

Several aspects of motor protein function are likely to be
regulated in cells, most notably regulation of the motor—cargo
and motor—MT interactions (Guzik and Goldstein, 2004; Mallik
and Gross, 2004). Recent work has begun to elucidate how mo-
tors attach to the appropriate cargoes (for review see Verhey and
Rapoport, 2001; Hirokawa and Takemura, 2005). A general pic-
ture is emerging whereby kinesin family members use adaptor/
scaffolding proteins to link to their cargoes, although examples
of direct interactions with transmembrane proteins exist (for re-
view see Hirokawa and Takemura, 2005). In the case of Kinesin-1
(formerly conventional kinesin or Kif5), the kinesin light
chain (KLC) subunit binds directly to JNK-interacting protein 1
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(JIP1) cargo protein is not sufficient to activate Kinesin-1.
Because two regions of the Kinesin-1 tail are required for
autoinhibition, we searched for a second molecule that
contributes to activation of the motor. We identified fas-
ciculation and elongation protein {1 (FEZ1) as a binding
partner of kinesin heavy chain. We show that binding
of JIPT and FEZ1 to Kinesin-1 is sufficient to activate the
motor for MT binding and motility. These results provide
the first demonstration of the activation of a MT-based
motor by cellular binding partners.

(JIP1), JIP2, and JIP3/Syd. As scaffolding proteins, the JIP proteins
function to organize JNK signaling as well as to link Kinesin-1
to vesicular cargoes (for review see Verhey and Rapoport, 2001;
Hirokawa and Takemura, 2005).

For regulation of the motor-MT interaction, most of
our understanding comes from work on Kinesin-1 (Verhey and
Rapoport, 2001). In the absence of cargo, Kinesin-1 is thought
to be inactive as a result of a folded conformation that enables
autoinhibition of the N-terminal motor domain by C-terminal
tail domains. Autoinhibition leads to a simple prediction for
how Kinesin-1 is activated: cargo binding to the Kinesin-1 tail
frees the motor domains for ATP-driven motility. Although
recombinant kinesin heavy chain (KHC) constructs can be
activated in vitro by binding artificial cargoes such as glass
slides or beads (Jiang and Sheetz, 1995; Coy et al., 1999), acti-
vation by cellular binding partners remains to be demonstrated.
Alternatively, cargo binding may not be sufficient to activate
Kinesin-1, and subsequent events may be required (Verhey and
Rapoport, 2001).

We set out to test these models for Kinesin-1 activation.
We show that binding of the JIP1 cargo protein to Kinesin-1
is not sufficient for activation. Thus, secondary mechanisms
must contribute to regulation of the motor-MT interaction.
We identify fasciculation and elongation protein { (FEZ) as
a binding partner for the KHC tail. We then show that JIP1
and FEZ1 cooperate to activate Kinesin-1 for MT binding
and motility.

Supplemental Material can be found at:
http://jcb.rupress.org/content/suppl/2007/01/02/jcb.200605099.DC1.html
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Results and discussion

Binding of the JIP1 cargo protein

is not sufficient to activate Kinesin-1

To test the model that cargo binding activates the motor, we
investigated whether the binding of JIP1 activates Kinesin-1.
Coexpression of myc-KHC + HA-KLC in mammalian cells (Fig.
1 A) results in a complete Kinesin-1 holoenzyme that can be
immunoprecipitated with antibodies to the myc (Fig. 1 B, lane 5)
or HA tags (Verhey et al., 1998). When coexpressed, Flag-JIP1
bound to the inactive Kinesin-1 molecule (myc-KHC + HA-KLC),
as shown by coimmunoprecipitation with antibodies to the myc
or Flag tags (Fig. 1 B, lanes 11 and 12). No proteins were
precipitated in the absence of specific antibodies (Fig. 1 B, lanes
1,4, 7, and 10).

A lysates
Flag-JIP1| = = | + +
Myc-KHC| + + | = +
HA-KLC| = + | = +

o8] @ @ <= Flag-JIP1

1 g9 == e «=Myc-KHC

84 == | <= HA-KLC

B coimmunoprecipitation

- - JP1 | JIP1
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- = FaguPr
- - 3 <+ Myc-KHC
- « HAKLC
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Figure 1. Binding of JIP1 to Kinesin-1 is not sufficient for activation.
(A) COS cell lysates expressing the indicated proteins were immunoblotted
with antibodies to the Flag (top) or myc and HA tags (bottom). (B) The in-
dicated lysates were immunoprecipitated (IP) with antibodies to the myc
or Flag tags or no antibody as a control (—). Precipitates were immuno-
blotted with antibodies to the Flag tag (top) or myc and HA tags (bottom).
(C) Prepolymerized taxol-stabilized MTs were added (+) or not added (—)
to the indicated lysates with either ATP (T) or AMPPNP (N). After sedimen-
tation, the MT pellets were immunoblotted with antibodies to the Flag (top)
or myc and HA tags (bottom). Panels are from different parts of the
same gel.
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We then used a MT-binding assay to test whether the
binding of Flag-JIP1 to Kinesin-1 activates the motor. Myc-KHC
expressed alone is not autoinhibited and can be cosedimented
with MTs in the presence of 5'-adenylylimidodiphosphate
(AMPPNP), a nonhydrolyzable analogue of ATP (Fig. 1 C, lane 3).
Coexpression of myc-KHC + HA-KLC recreates the auto-
inhibited Kinesin-1 holoenzyme (Fig. 1 C, lane 6; Verhey et al.,
1998). Interaction with Flag-JIP1 was not sufficient for activa-
tion, as the myc-KHC-HA-KLC-Flag-JIP1 complex did not
cosediment with MTs (Fig. 1 C, lane 12). Control experiments
demonstrated that the sedimentation of KHC is dependent on
the presence of MTs (Fig. 1 C, lanes 1, 4, 7, and 10) and that
the hydrolysis of ATP allows the motor to release from the MT
(Fig. 1 C, lanes 2, 5, 8, and 11).

These results suggest that an additional event is required
to activate Kinesin-1. One possibility is that phosphorylation or
some other posttranslational modification is involved (Verhey
and Rapoport, 2001). However, we have been unable to detect
any role for phosphorylation in the activation of Kinesin-1
(unpublished data). As the complete autoinhibition of Kinesin-1
requires both the KHC inhibitory tail and the KLC subunit
(Verhey et al., 1998; Adio et al., 2006), we hypothesized that
the autoinhibitory effects of both of these regions must be re-
lieved for activation.

FEZ1/UNC-76 binds to the inhibitory

tail of KHC

To identify potential cargoes and/or regulators of the KHC tail,
we performed a two-hybrid screen of a human brain library
using the stalk/tail regions of rat KHC (KHC(750-955); Fig. 2) as
a bait. 27 of the positive clones contained sequences encoding
either FEZ1 and FEZ2 (Fig. 2 A), which is consistent with an
interaction between the Drosophila melanogaster FEZ1 homo-
logue, UNC-76, and Drosophila KHC (Gindhart et al., 2003).
The interaction between mammalian FEZ1 and KHC was veri-
fied in vitro (Fig. S1 B, available at http://www.jcb.org/cgi/
content/full/jcb.200605099/DC1). FEZ/UNC-76 likely plays an
important if ill-defined role in axonal transport. First, the loss of
Unc-76 function results in defects in locomotion and axon out-
growth that are similar to Kinesin-1 mutants (Bloom and Horvitz,
1997; Gindhart et al., 2003). Second, genetic interactions have
been demonstrated between Unc-76 and both Khc and Klic
(Gindhart et al., 2003). Third, FEZ1/2 can facilitate neurite out-
growth in cultured cells (Kuroda et al., 1999; Miyoshi et al.,
2003; Okumura et al., 2004; Suzuki et al., 2005). Finally, FEZ1
can be cosedimented with MTs (Suzuki et al., 2005).

Two important domains have been identified within the
KHC tail: the highly conserved coiled tail and the inhibitory
globular tail (Fig. 2 B). Within the KHC inhibitory tail, the fold-
ing site interacts with the KHC motor/neck regions to generate
the folded conformation, thus positioning the IAK site for inhi-
bition of MT-stimulated ADP release (Fig. 2 B; Cross and
Scholey, 1999; Stock et al., 1999; Hackney and Stock, 2000;
Seiler et al., 2000; Bathe et al., 2005; Yonekura et al., 2006). To
determine which of the KHC tail regions are required for inter-
action with FEZ1, we used a directed two- hybrid assay. Trun-
cation of the KHC inhibitory tail or mutation of the folding site
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in the inhibitory tail abolished the interaction with FEZ1 (Fig. 2 C).
Interestingly, mutation of the C-terminal residues of KHC,
which are critical for the proper functioning of Neurospora
crassa KHC (Seiler et al., 2000), also abolished the interaction
with FEZ1 (Fig. 2 C). Importantly, FEZ is the first protein iden-
tified that binds to the inhibitory globular tail of KHC. These
data indicate that FEZI is not likely to be strictly a cargo of
Kinesin-1. This is supported by the diffuse localization of FEZ1
in neuronal cells (Fig. S1 E; Miyoshi et al., 2003) and the lack
of UNC-76 accumulation in Khc axonal jams (Gindhart et al.,
2003). Collectively, these results suggest that FEZ1 binding to
the KHC folding site could play a critical role in Kinesin-1 acti-
vation, perhaps by relieving the folded conformation.

FEZ1 and JIP1 cooperate to activate
Kinesin-1 in vitro

To test whether FEZ1 binding is sufficient to activate Kinesin-1,
COS cell lysates expressing tagged versions of KHC, KLC, and
FEZ1 (Fig. 3 A) were used in coimmunoprecipitation and MT-
binding experiments. Immunoprecipitation of KHC brought down
a complex of myc-KHC, HA-KLC, and FEZ1-hsv (Fig. 3 B),
demonstrating that FEZ1 interacts with inactive Kinesin-1.

340

o

Stalk

repeats

JIP1

Ce Tail 666

This interaction is not sufficient for the activation of Kinesin-1,
as the myc-KHC-HA-KLC-FEZ1-hsv complex did not cosedi-
ment with MTs in the presence of AMPPNP (Fig. 3 C).

We next tested whether the binding of both FEZ1 and JIP1
to their respective autoinhibitory regions, the KHC inhibitory
tail and the KLC subunit, is required to relieve autoinhibition.
Inactive Kinesin-1 motors (myc-KHC + HA-KLC) were mixed
with tagged versions of both FEZ1 and JIP1 (Fig. 3 A). An
interaction between Kinesin-1 and both Flag-JIP1 and FEZ1-
hsv was then demonstrated by coimmunoprecipitation (Fig. 3 B)
and a protease protection assay (Fig. S1 F). Control experi-
ments demonstrated that no interaction between Flag-JIP1
and FEZ1-hsv could be detected in the absence of Kinesin-1
(unpublished data). Importantly, the interaction of JIP1 and
FEZ1 with Kinesin-1 was sufficient to activate Kinesin-1 for MT
binding (Fig. 3 C).

To test whether the activation of Kinesin-1 by JIP1 and
FEZ1 resulted in MT-based motility, we generated fluorescent
protein (FP)—tagged versions of Kinesin-1. Monomeric versions
of the FPs enhanced CFP (mCFP) and citrine (mCit; a brighter
variant of enhanced YFP; Griesbeck et al., 2001) were used to
minimize dimerization artifacts. To increase the FP—Kinesin-1

TPR motifs

Hs Tail 799 HNLR| '_VQ;DTTVKKSV. EBLDND....covevens DGGGSANIKO K I SEBBANNSAE O BVEIRQ L VRN
Dm Tail 818 HNLR] VQ:DQQI‘RKNVVNEESE ............ EDGGSLENIKQK I SpBeaiNIBaD O VRO L Vidlis]

INL K R‘VVACQANQ.DTEGE DSLSGPENSKQOR I Q)i NIBAD K| KNfH|K[eB Y RID|
Nc Tail 739 DIVMKIS|ILMRDMONIICERVV|. ELEEISLDETRDEYNNVLRS SNNREXe]O KKMA)BBARNIAE| QIR[CBAY EIQ]

Binds FEZ

Figure 2. FEZ1 binds to the inhibitory tail of KHC. (A) Sche-
matic illustration of the domain structures of FEZ1, KHC, KLC,
and JIP1. Interacting regions are indicated with a double arrow.
TPR, tetritricopeptide repeat; PTB, phosphotyrosine binding.
(B) Sequence alignment of KHC tail domains from Homo sapiens
(Hs; GenBank/EMBL/DDBJ accession no. BAA25457),
+ Drosophila (Dm; P17210), Caenorhabditis elegans (Ce;
AAA28155), and N. crassa (Nc; P48467). Sequences were
aligned using T-Coffee (Notredame et al., 2000), converted
to ClustalW, and modified by ESPript 2.2. Green overline,
conserved coiled tail implicated in cargo binding; black over-
line, globular tail implicated in autoinhibition; dashed under-
line, folding site; asterisks, IAK sites; white text highlighted in
red, identical residues; red text on white background, con-
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served residues. (C) Ability of truncated or mutant versions of
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Nc Tail 808 RNERI O sigs 1 QEKMAQAN VEDRLEAAKAGISTRGLGTDAGL
Hs Tail 917 . .AHSAQHAZYTR. . . - PGHYPASSPTAVHAIRGGGGSSSNTHYQK. . .. .
Dm Tail 937 . .GPQAIKHAFIIH. . . .SGQ. . ... .. GAIAIRGGGAVGGP\i}PLAQVNPVNS
CeTail 783 .. .MNAPOMVIIIH. . . . PGQV.YTSPSAGM...SQGAPNGSNA.........
NcTail 878  GGFSIGSREAISY KWRDAVAGATATNPTIATLQONPPENKRS|SWFFQKS. . . .
Jedeokokokokok
c 830
KHC(750-830) Stalk
910
KHC(750-910) Stalk conserved
955
KHC(750-955) Stalk conserved  [infibitory. |
908 955
Wild Type RAKNMARRAHSAQIAKPIRPGHYPASSPTAVHAVRGGGGSSNSTHYQK
(908-917 Ala) AAAAAAAAANSAO [AKPTRPGHYPASSPTAVHAVRGGGGSSNSTHYQK
(920-929 Ala) RAKNMARRAHSAIAAAAAAAAAAYPASSPTA\/HAVRGGGGSSNSTHYOK
(930-938 Ala) RAKNMARRAHSAQIAKPI RPGHAAAAAAAAA]HAVRGGGGSSNSTHYOK
(939-946 Ala) RAKNMARRAHSAQIAKPI RPGHYPASSPTA\AAAAAAAAA‘SSNSTHYOK
(947-955 Ala) RAKNMARRAHSAQIAKPIRPGHYPASSPTAVHAVRGGGGAAAAAAAAA

KHC(750-955) to interact with FEZ1.
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Figure 3. FEZ1 and JIP1 cooperate fo activate Kinesin-1 in vitro. (A) COS
cell lysates expressing the indicated proteins were immunoblotted with anti-
bodies to the Flag tag (top) or to FEZ1 and the myc and HA tags (bottom).
(B) The indicated lysates were mixed and immunoprecipitated (IP) with anti-
bodies to KHC or the Flag tag or o no primary antibody as a control (—).
Precipitates were immunoblotted with antibodies to the Flag tag (top),
FEZ1 (middle), or myc and HA tags (bottom). (C) MT-binding assay as in
Fig. 1 C. MT pellets were immunoblotted with antibodies to the Flag tag
(top), FEZ1 (middle), or myc and HA tags (bottom). T, ATP; N, AMPPNP.
(B and C) Panels are from different parts of the same gel. (D-F) Single-
molecule motility assay. (D) Myc-KHC + 3xmCitKLC lysates were mixed
with lysates of mock-transfected cells (left) or cells expressing Flag-JIP1 and
FEZ1-hsv (right). Representative motile events along Cy5-labeled MTs
are shown in the kymographs (13 frames; 100-ms intervals). Bar, 1.0 pm.
(E) Speed histogram. MycKHC + 3xmCitKLC motors activated by JIP1
and FEZ1 move at a mean speed of 0.71 + 0.31 pm/s (n = 47). Data
are pooled from three separate experiments. (F) Single exponential decay
fitting (red line) of the run length histogram shows that the same motors
move processively for 0.46 = 0.05 pm/run.

signal over the cellular autofluorescence and to ensure that
observed motility was caused by assembled Kinesin-1 holo-
enzymes rather than active KHC subunits, the nonmotor KL.C
subunit was labeled with three tandem copies of mCit (3xmCit-
KLC). Extraction of FP—Kinesin-1 from COS cells resulted in
the movement of fluorescent spots along MTs in an in vitro mo-
tility assay (Fig. 3 D; Cai et al., 2007). When lysates expressing
myc-KHC + 3xmCit-KLC were mixed with lysates of mock-

JCB « VOLUME 176 « NUMBER 1 « 2007

transfected cells, very few motile events were observed (Fig.
3 D, left). However, when the same lysates were mixed with ly-
sates expressing Flag-JIP1 and FEZ1-hsv, a dramatic increase
in the number of motile events was observed (Fig. 3 D, right).
These activated motors moved with a speed (0.71 = 0.31 pwm/s;
Fig. 3 E) similar to recombinant KHC motors in the same assay,
although the processivity of our mammalian-expressed Kinesin-1
was lower (0.46 = 0.5 wm/run; Fig. 3 F). These results dem-
onstrate that JIP1 and FEZ1 cooperate to activate Kinesin-1 for
MT-based motility.

FEZ1 and JIP1 cooperate

to activate Kinesin-1 in live cells

To test whether JIP1 and FEZ1 cooperate to activate Kinesin-1
in vivo, bicistronic plasmids were generated for the coexpres-
sion of KHC-mCit, KLC-mECFP, FEZ1, and JIP1 (Fig. S2, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200605099/DC1).
To reveal the amount of Kinesin-1 that is in an active state in
vivo, we developed an assay to trap active FP—Kinesin-1 mole-
cules on MTs by the addition of AMPPNP to live cells tran-
siently permeabilized with streptolysin O (Fig. S3 A). Exposure
to AMPPNP resulted in the rapid accumulation of KHC-mCit
on MTs (Fig. 4 A and Video 1), whereas KHC-mCit + KLC-
mCFP remained cytosolic (Fig. 4 B and Video 2), indicating
that the Kinesin-1 holoenzyme is inactive in vivo. Coexpression
with either JIP1 or FEZ1 alone was not sufficient to activate
Kinesin-1 (Fig. S3 B and Videos 3 and 4). In contrast, coexpres-
sion with both JIP1 and FEZ1 resulted in the rapid accumulation
of Kinesin-1 on MTs (Fig. 4, C and D; and Video 5). A truncated
version of FEZ1 (FEZ1(1-308)) could not activate Kinesin-1
even in the presence of JIP1 (Fig. 4 E). Importantly, both JIP1
and FEZ1 accumulated on MTs with Kinesin-1 upon AMPPNP
addition (Fig. 4, C and D). For the first time, these results dem-
onstrate the activation of a MT-based motor by cellular binding
partners. Binding of both JIP1 to the KL.C subunit and FEZ1 to
the KHC tail likely relieves autoinhibition, freeing the motor
domains for MT-based motility (Fig. S3 C).

Dominant-negative constructs of FEZ1
disrupt Kinesin-1 transport

A role for FEZ1 in the activation of Kinesin-1 suggests that
in the absence of FEZ1, Kinesin-1 should remain inactive.
Indeed, the loss of UNC-76 function results in defects in
axonal transport (Bloom and Horvitz, 1997; Gindhart et al.,
2003). To test whether the loss of FEZ1 function specifically
disrupts Kinesin-1 transport, we analyzed the targeted delivery
of JIP1 to the tips of neurites in differentiated CAD cells. As
we have been unable to knock down FEZI1 protein expres-
sion by RNAI (not depicted), we used the truncated FEZ1
protein (FEZ1(1-308)) that cannot activate Kinesin-1 (Fig. 4 E).
The overexpression of myc-FEZ(1-308) caused a significant
decrease (P < 0.001) in JIP1 localization to the tips of neu-
rites (Fig. 5 C) that was similar to the loss of JIP1 transport
upon the expression of a Kinesin-1 dominant-negative protein
(Verhey et al., 2001). The overexpression of full-length myc-
FEZ1 or truncated myc-FEZ1(1-230) had less of an effect
(Fig. 5, A and B).
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Our results show that FEZ plays an important role in the
activation of Kinesin-1. Other FEZ partner proteins such as
PKC{, Disrupted-in-Schizophrenia-1, necdin, and E4B (Kuroda
et al., 1999; Miyoshi et al., 2003; Okumura et al., 2004; Lee et al.,
2005) may contribute to the regulation of Kinesin-1. Alterna-
tively, FEZ may function as both a regulator of Kinesin-1 and
a cargo-linker molecule for the Kinesin-1 transport of FEZ-binding
partners to the growth cone (Miyoshi et al., 2003), which is
reminiscent of the multiple roles dynactin plays in cytoplasmic
dynein transport processes (Schroer, 2004).

Autoinhibition of Kinesin-1 in the absence of cargo pre-
vents futile ATP hydrolysis and allows the rapid and specific
control of motor activity both temporally and spatially. Two
intramolecular interactions contribute to the autoinhibition
of Kinesin-1. First, the KHC inhibitory tail blocks the KHC
motor—MT interaction, and, second, the KLC tetritricopeptide
repeat motifs push the two KHC motor domains apart (Cai et al.,
2007). Here, we demonstrate that binding partners of both
the KHC tail and KLC subunit (FEZ1 and JIP1, respectively)
are required for the full activation of Kinesin-1 for MT bind-
ing and motility (Fig. S4 C, available at http://www.jcb.org/
cgi/content/full/jcb.200605099/DC1). Cargo binding may be a

KHC Y—— KHC+KLC——

FEZ1(1-308)

Figure 4. FEZ1 and JIP1 cooperate to activate Kinesin-1
in live cells. (A-E) COS cells expressing the indicated
profeins were exposed to AMPPNP for 10 min and
were fixed and stained. Bar, 25 pm. (F) Fluorescence
relocation index of Kinesin-1 over time was defermined
from videos (available at http://www.jcb.org/cgi/
content/full/jcb.200605099/DC1) taken during per-
meabilization and AMPPNP treatment. n values in
parentheses indicate the number of videos. Error bars
represent SD. #, P > 0.5; **, P < 0.001 compared
with KHC + KLC.

immunostain

general mechanism for activating molecular motors. For exam-
ple, autoinhibition of the kinesin-3 family member KIF1A is
likely relieved by the cargo-induced localized dimerization of
weak monomers (Klopfenstein et al., 2002; Lee et al., 2004).
Autoinhibition and cargo-dependent activation are also likely
to play a role in the regulation of actin-based myosin motors
(Li et al., 2005).

Plasmids and antibodies

Myctagged rat KHC, HA-tagged rat KLC, and Flag-tagged human JIP1
have been described previously (Verhey et al., 1998, 2001). Mutation of
loop 12 (Aloop12 = H275, R279, and K282 to Ala) and all other dele-
tions or mutations were made by QuikChange (Stratagene) or overlapping
PCR and were verified by sequencing. A full-length clone of FEZ1 was iso-
lated from a Marathon-Ready human brain ¢cDNA library (CLONTECH
Laboratories, Inc.) and inserted info the pLP-CMV-myc vector (CLONTECH
Laboratories, Inc.) or pPCDNA3 with an hsv-HIS tag. FPtagged KHC and
KLC were created in the vectors mCit/mECFP-NT and mCit/mECFP-C1
(CLONTECH Laboratories, Inc.). A four-aa linker (SGAG) was inserted be-
tween KHC and the FP, whereas a five-aa linker (GPVAT) was inserted
between KLC and the FP. For bicistronic vectors, a synthetic intron and the
internal ribosome entry site (IRES) from encephalomyocarditus virus (pIRES-
puro3; CLONTECH Laboratories, Inc.) were inserted immediately upstream
of the KHC-mCit or HA-KLC-mECFP start codons, which were shifted to a
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Figure 5. Dominant-negative FEZ1 disrupts
Kinesin-1 transport of JIP1. (A-D) Differenti-
ated CAD cells expressing myc-FEZ1 (A), myc-
FEZ1(1-230; B), or myc-FEZ1(1-308; C) or
untransfected cells (D) were double labeled
for the myc tag and endogenous JIP1 protein.
Arrows indicate tips of neurites in transfected
cells. Bar, 10 um. (E) Quantification of JIPT tip
staining. n values in parentheses indicate
the number of cells. Error bars represent SD.
*, P~ 0.01; **, P < 0.001 compared with
untransfected cells.

DIy

more optimal position for translation (i.e., to the 11th AUG from the oligo-
pyrimidine tract; Ohlmann and Jackson, 1999). Full-length FEZ1 or JIP1
sequences were then inserted immediately upstream of the synthetic
intron/IRES cassette.

Antibodies used were obtained as follows: myc and HA (Santa Cruz
Biotechnology, Inc.), Flag (Sigma-Aldrich), KHC (1614 [Chemicon] and 13
[Verhey et al., 1998]), and JIPT (152 [Verhey et al., 2001]). Polyclonal
antibodies to FEZ1 were generated against peptides comprising aa 1-19
(MEAPLVSLDEEFEDLRPSC; 429) or 342-362 (CLNTVIPYEKKASPPSVEDLQ;
432) as described previously (Verhey et al., 1998). Fluorescein- and
Rhodamine red-X-labeled secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories.

Two-hybrid screen

Plasmid pGBKT7-KHC(750-955) was expressed in yeast strain AH109.
A Matchmaker pretransformed human fetal brain library (CLONTECH
Laboratories, Inc.) in strain Y187 was screened by yeast mating. 46 of
the positive clones contained sequences encoding KLC as expected.
22 clones containing fragments of FEZ1 and five clones containing frag-
ments of FEZ2 were isolated from 7.5 x 10° transformants. For directed
two-hybrid analysis, cDNAs were cloned into plasmids pGBKT7 and
pACT2 and expressed in yeast strains AH109 and Y187, respectively.
A positive interaction was noted by growth on plates lacking histidine and
plates lacking adenine.

Cell culture, immunoprecipitation, MT binding,

and fluorescence microscopy

COS and CAD cells were cultured and transfected as described previously
except that TransIT-LTT (Mirus) was used for transfection (Verhey et al.,
2001). Cell lysis, immunoprecipitation, and MT binding were performed
as described previously (Verhey et al., 1998). Cells were processed for
immunofluorescence (Verhey et al., 2001) and mounted in 50% glycerol and

endogenous JIP1

8

8

5

8

8

JIP at tips (arb. Fl. units) [T1

\ " |
N
: \

FEZI  FEZ1(1-230) FEZ1(1-308) Untransfected

0.5% n-propyl gallate in PBS. Images of fixed cells were taken on a micro-
scope (BX51; Olympus) with a UplanFl 60x NA 1.25 oil immersion objec-
tive (Olympus) and CCD camera (DP70; Olympus) or on a microscope
(Axioplan; Carl Zeiss Microlmaging, Inc.) with a plan-Apochromat
63x NA 1.4 oil immersion obijective (Carl Zeiss Microlmaging, Inc.) and
color camera (Axiocam; Carl Zeiss Microlmaging, Inc.). Image) software
(National Institutes of Health [NIH]) was used to quantify JIP1 fluorescence
using the Free Hand option to select neurite tips and cell bodies. The mean
cell body fluorescence was subtracted from the mean neurite tip fluores-
cence to provide a measure of JIP1 transport in each cell. Higher fluores-
cence in tips relative to the cell body represents positive JIP1 transport. All
cells in each experimental condition were pooled for statistical analysis
(ttest; Microsoft Excel). Images were prepared with Photoshop (Adobe).

Live cell permeabilization and imaging
A coverglass was assembled in a Leiden’s chamber and maintained
at 37°C in Ringer’s buffer (10 mM Hepes, 155 mM NaCl, 5 mM KCl,
2 mM CaCly, 1 mM MgCly, 2 mM NaH,POy4, and 10 mM glucose,
pH 7.2). 0.1 ug/ml streptolysin O with 10 mg/ml BSA was added for
30 s, and the cells were rapidly washed three times with buffer | (25 mM
Hepes, 5 mM MgCl,, 115 mM KOAc, 5 mM NaOAc, 0.5 mM EGTA,
pH 7.2, and 10 mg/ml BSA) and placed in 1 mM AMPPNP in buffer I.
Images were acquired using an inverted microscope (Eclipse TE-300;
Nikon) with a planApo 60x NA 1.4 oil-immersion objective (Nikon) and
a cooled CCD camera (Photometrics Quantix; Roper Scientific) controlled
by MetaMorph 6.2r6 software (Universal Imaging Corp.). Excitation and
emission wavelengths were selected using a filter set (model 86006;
Chroma Technology Corp.) and filter wheel controller (Lambda 10-2; Sutter
Instrument Co.).

Relocation index was calculated on a frame by frame basis. In Image),
the MT pattern in the last frame was masked as MT Mask. The rest of the
cell, excluding the nucleus and any aggregated motor in the extreme cell
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periphery, was masked as Other Region Mask. These masks were applied
to each frame to measure the total fluorescence pixel intensities (Sum; wr
and Sum;, oper Region)- The ratio (Ri) of Sum; mr over Sum;, omer gegion Was cal-
culated for each frame. The Relocation index; was defined as the percent
change of R; as compared with before the addition of AMPPNP. A two-
tailed t test was used for statistical analysis.

In vifro single-molecule total internal reflection fluorescence microscopy

A 25 X 25-mm #1.5 coverglass and a microscope slide were assembled
into a flow chamber with double-sided tape (chamber volume of ~30 ul).
Cy5-labeled MTs in P12 buffer (12 mM Pipes/KOH, 1 mM EGTA, and
2 mM MgCly, pH 6.8) with 10 uM taxol were flowed into the chamber and
incubated at room temperature for 2 min. 15 mg/ml BSA (in P12 buffer
with 10 uM taxol) was then flowed in and incubated for 10 min. 50 wl of
oxygen scavenger buffer (1 mM DTT, T mM MgCly, 2 mM ATP, 10 mM
glucose, 0.1 mg/ml glucose oxidase, 0.08 mg/ml catalase, 10 mg/ml
BSA, and 10 uM taxol in P12) containing 10 wl total of COS lysate was
flowed in, and the chamber was sealed with wax. Objectivetype total
infernal reflection fluorescence microscopy was performed on a custom-
modified microscope (Axiovert 135TV; Carl Zeiss Microlmaging, Inc.)
equipped with an a-plan Fluar NA 1.45 objective, 2.5X optovar,
505DCXR dichroic and HQ540/70M emission filters (Chroma Technology
Corp.), and a back-illuminated EMCCD camera (Cascade 512B; Roper
Scientific). The 488-nm line of a tunable, single-mode, fiber-coupled argon
ion laser with Littrow prism (Schafter und Kirchhoff; Melles Griotf) at an
incident power of 0.55 mW was used for capturing video sequences at
10 Hz. Videos and images were prepared with ImageJ, Photoshop, and
Illustrator (Adobe).

Online supplemental material

Fig. S1 shows the characterization of FEZ1 and its interaction with KHC.
Fig. S2 shows the coexpression of FP—Kinesin-1 with FEZ1 and JIP1 via
bicistronic plasmids. Fig. S3 shows a live cell MTbinding assay. Videos 1 and
2 show the MT-binding activity of KHC-mCit (Video 1) and KHC-mCit +
KLC-mECFP (Video 2) in live COS cells. Video 3 shows the MT-binding
activity of KHC-mCit + KLC-mECFP expressed with JIP1 in live COS cells.
Video 4 shows the MT-binding activity of KHC-mCit + KLC-mECFP
expressed with FEZ1 in live COS cells. Video 5 shows the MT-binding
activity of KHC-mCit + KLC-mECFP expressed with JIP1 and FEZ1 in live
COS cells. Online supplemental material is available at http://www.jcb.
org/cgi/content/full /jcb.200605099/DC1.
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