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Motor proteins not actively involved in transporting car-

goes should remain inactive at sites of cargo loading to

save energy and remain available for loading. KIF1A/

Unc104 is a monomeric kinesin known to dimerize into

a processive motor at high protein concentrations.

However, the molecular mechanisms underlying mono-

mer stabilization and monomer-to-dimer transition are not

well understood. Here, we report an intramolecular inter-

action in KIF1A between the forkhead-associated (FHA)

domain and a coiled-coil domain (CC2) immediately fol-

lowing the FHA domain. Disrupting this interaction by

point mutations in the FHA or CC2 domains leads to a

dramatic accumulation of KIF1A in the periphery of living

cultured neurons and an enhancement of the microtubule

(MT) binding and self-multimerization of KIF1A. In addi-

tion, point mutations causing rigidity in the predicted

flexible hinge disrupt the intramolecular FHA–CC2 inter-

action and increase MT binding and peripheral accumula-

tion of KIF1A. These results suggest that the

intramolecular FHA–CC2 interaction negatively regulates

KIF1A activity by inhibiting MT binding and dimerization

of KIF1A, and point to a novel role of the FHA domain in

the regulation of kinesin motors.
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Introduction

Within the cell, it stands to reason that activation of motor

proteins is tightly regulated to save energy and keep motors at

sites of cargo loading (Hackney et al, 1992). Mechanisms of

motor activation have been relatively well characterized in

conventional kinesin (reviewed in Cross and Scholey, 1999). It

is thought that, in the absence of cargo, the kinesin heavy-

chain C-terminal domain folds back and inhibits the

N-terminal motor domain’s microtubule (MT) binding and

MT-stimulated ATPase activity. This inhibition is further en-

hanced by the association of the heavy-chain tail with the light

chain. It is hypothesized that this autoinhibition is relieved by

cargo binding, upon which processivity is initiated.

Analysis of the human genome predicts a total of 45

kinesin motors (Miki et al, 2001) with a variety of structures

(Hirokawa, 1998; Goldstein and Yang, 2000). These motors

may also have diverse mechanisms of activation, although

little is known about them. One of these kinesins, Unc104/

KIF1A, is known to transport synaptic vesicle precursors

(Hall and Hedgecock, 1991; Otsuka et al, 1991; Okada et al,

1995) and mediate fast and processive neuronal transport

in vivo (Zhou et al, 2001; Lee et al, 2003). Recently, two

important molecular mechanisms underlying the activation

of KIF1A/Unc104 have been reported; clustering of Unc104 in

PtdIns(4,5)P2-containing rafts on the surface of cargo vesicles

(Klopfenstein et al, 2002) and conversion of monomeric

Unc104/KIF1A into a processive dimer at high motor con-

centrations (Tomishige et al, 2002). However, there are still a

number of unanswered questions. What are the molecular

mechanisms underlying the stabilization of KIF1A monomers

and the monomer-to-dimer transition of KIF1A? Does the

monomer-to-dimer transition of KIF1A previously demon-

strated in vitro function as a key regulatory mechanism for

KIF1A activation in vivo? And finally, what are the physiolo-

gical factors that regulate this transition?

In the region following the N-terminal motor domain,

KIF1A has two prominent CC domains (CC1 and CC2) that

are expected to assist in KIF1A dimerization (Vale, 2003).

Between CC1 and CC2, KIF1A contains a forkhead-associated

(FHA) domain, which is a phosphoprotein-binding module

found in a wide variety of proteins in prokaryotes and higher

eukaryotes (Li et al, 2000; Durocher and Jackson, 2002; Tsai,

2002). It is not known, however, whether the FHA domain of

KIF1A interacts with phosphoproteins, whether it regulates

KIF1A function, or whether it is functionally associated with

the flanking CC1 and/or CC2 domains.

Here, we report that an intramolecular interaction between

the FHA domain and CC2 negatively regulates KIF1A activity.

These results point to a novel role of the FHA domain in the

regulation of KIF1A, and suggest the possibility of similar

regulation in other FHA domain-containing kinesins.

Results

The CC2 domain negatively regulates KIF1A

KIF1A contains, in addition to the neck CC, two prominent

CC domains (CC1 and CC2, aa 429–462 and 625–679,
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respectively) that flank the FHA domain (aa 488–604;

Figure 1A). To determine whether the CC and FHA domains

are involved in the regulation of KIF1A, we generated EGFP-

tagged deletion variants of KIF1A (Figure 1A) and determined

their subcellular distribution in living neurons, as well as

their ability to bind MTs. We determined the subcellular

distribution of KIF1A deletions by live imaging in living

neurons rather than immunostaining of fixed neurons to

minimize the potential problems associated with immunos-

taining signal amplification.

Interestingly, a fragment of KIF1A containing only the

N-terminal motor domain (MD, aa 1–365) showed a dramatic

accumulation in distal regions of the neurites in a large

proportion of observed neurons (91%, n¼ 32 cells;

Figure 1B). In contrast, MD with a point mutation in the

motor domain (MD-T312M) known to disrupt KIF1A activity

(Lee et al, 2003) showed a greatly reduced peripheral accu-

mulation (16%, n¼ 25) and a mainly diffuse distribution

pattern throughout the neurons (Figure 1B), suggesting that

peripheral accumulation is driven by the activity of the motor

domain. A KIF1A construct containing the motor domain plus

the neck CC (MN, aa 1–425; the neck CC spans aa 366–397)

showed a high peripheral accumulation (100%, n¼ 24),

similar to that of MD (91%). An even broader KIF1A con-

struct containing the motor, neck CC, and CC1 domains (MC,

aa 1–489) also exhibited peripheral accumulation (54%,

n¼ 28; Figure 1B), although the degree of peripheral accu-

mulation was smaller than that of the MD (91%). A KIF1A

construct containing the motor, neck CC, CC1, and FHA

domains (MCF, aa 1–615) showed good peripheral accumula-

tion (93%, n¼ 27; Figure 1B). Surprisingly, a KIF1A construct

containing the motor, neck CC, CC1, FHA, and CC2 domains

(MCFC, aa 1–680), which is identical to KIF1A-MCF except

for the addition of the aa 65 residues containing the CC2

domain, showed only minimal peripheral accumulation

(10%, n¼ 42) with a mainly diffuse distribution pattern

(Figure 1B). In addition, MCFC-FLAG in which the C-terminal

EGFP domain was replaced with a much smaller FLAG tag

showed a diffuse subcellular distribution similar to that of

MCFC-EGFP (data not shown), suggesting that the loss of

peripheral accumulation in MCFC is not a result of the EGFP

addition to the C-terminus. The expression level of MCFC-

EGFP was not different from that of other KIF1A deletion

variants in both heterologous cells (Figure 1A) and cultured

neurons (data not shown), suggesting that the expression

levels of MCFC are unlikely to explain its loss of peripheral

accumulation. Taken together, these results suggest that the

CC2 domain exerts negative effects on KIF1A activity in vivo.

A previous study demonstrated that the kinesin heavy

chain is negatively regulated through inhibition of MT bind-

ing (Kuznetsov et al, 1989). To determine whether the CC2-

dependent negative regulation of KIF1A involved inhibition

of MT binding, we tested MT-binding activity of the KIF1A

deletions using the previously described MT cosedimentation

assay (Verhey et al, 1998). Among KIF1A deletions expressed

in HEK293T cells, MD, MN, MC, and MCF showed cosedi-

mentation with MTs that were significantly better (MD,

0.8870.01, mean7s.d., n¼ 5, *Po0.0001; MN, 0.7470.03,

n¼ 3, *Po0.0001; MC, 0.5270.04, n¼ 4, *Po0.0005;

0.8970.07, n¼ 4, *Po0.0001) than that of full-length

KIF1A (Full; 0.3570.02, n¼ 4; Figure 1C and D). In contrast,

MCFC showed limited MT binding (0.2570.05, n¼ 4) similar

to that of Full (Figure 1C and D). These results indicate that

the MT-binding characteristics of KIF1A deletion variants

correlate with their peripheral accumulation in living neu-

rons, suggesting that MT binding is likely to be one of the key

mechanisms mediating CC2-dependent negative regulation

of KIF1A.

The CC2 domain is necessary and sufficient for negative

regulation of KIF1A

The above results suggest that CC2 is capable of exerting a

negative effect on KIF1A activity. To determine whether CC2

is required for the negative regulation of KIF1A, we generated

Figure 1 The CC2 domain negatively regulates KIF1A. (A) A sche-
matic showing the coiled-coil probability of KIF1A. EGFP-KIF1A
deletion variants are shown along with their expression levels in
HEK293T cells. MD, motor domain; N, neck CC; C, CC; F, FHA
domain; LBD, liprin-a-binding domain (Shin et al, 2003); P, PH
domain. The schematic shows only the two most prominent coiled
coils of KIF1A. Note that relatively weak coiled coils, including the
neck coiled coil (aa 366–397) and one near aa 800, are invisible and
weakly visible, respectively, in this high-stringency prediction. (B)
Subcellular distribution pattern of KIF1A deletions in living neu-
rons. Cultured hippocampal neurons at days in vitro (DIV) 14–18
were transfected with EGFP-KIF1A deletions and visualized 48–72 h
after transfection. MD, MN, MC, and MCF accumulated in the
periphery of neurons (arrowheads), whereas MD-T312M and
MCFC were diffusely distributed. Scale bar: 10mm. (C) MT-binding
properties of the KIF1A deletions. Lysates of HEK293T cells trans-
fected with KIF1A deletions were incubated with taxol-stabilized
MTs, and the sedimented (P) KIF1A proteins, along with those in
the supernatant (S), were analyzed by immunoblotting with EGFP
antibodies. (D) Quantitative analysis of the MT binding
(mean7s.d.) of KIF1A deletions. Significant increases (*, compared
to Full) are indicated.
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and tested a full-length KIF1A mutant lacking the CC2

domain (Full-DCC2; Figure 2A). In transfected neurons,

Full-DCC2 showed a markedly increased peripheral accumu-

lation (100%, n¼ 30; Figure 2B), which is in sharp contrast to

the behavior of the full-length KIF1A (Full-WT; no peripheral

accumulation and association with moving particles;

Figure 2B) (Lee et al, 2003), but is similar to the peripheral

accumulation observed in MD, MN, and MCF (91, 100, and

93%, respectively; Figure 1B). In addition, MT binding of

Full-DCC2 was significantly increased (0.8870.03, n¼ 4,

*Po0.0001; Figure 2C and D) over that of Full (0.3570.02,

n¼ 4; Figure 2C and D), to levels similar to those of MD, MN,

MC, and MF (0.8870.01, 0.7470.03, 0.5270.04, and

0.8970.07, respectively; Figure 1C and D). Taken together,

these results suggest that the CC2 domain is both necessary

and sufficient for negative regulation of KIF1A.

The FHA domain is required for CC2-dependent negative

regulation of KIF1A

The FHA domain of KIF1A is located immediately upstream

of CC2. To test whether the FHA domain is also involved in

the regulation of KIF1A, we generated KIF1A deletion var-

iants lacking the FHA domain in the backbone of MCFC and

Full (MCFC-DFHA and Full-DFHA, respectively).

Surprisingly, despite the presence of the CC2 domain,

MCFC-DFHA exhibited enhanced peripheral accumulation

(75%, n¼ 32) and MT binding (0.6170.04, n¼ 4,

**Po0.0001) compared to that of MCFC (10% and

0.2570.05, respectively; Figure 2B–D). Full-DFHA also ex-

hibited a significantly increased peripheral accumulation

(70%, n¼ 30) and MT binding (0.6870.08, n¼ 3,

*Po0.0005; Figure 2B–D), compared to that of Full (no

peripheral accumulation; MT binding, 0.3570.02). These

results, together with the results from Figure 1, suggest that

the FHA domain does not exert negative effects on KIF1A by

itself, but that it is required for CC2-dependent negative

regulation of KIF1A.

The FHA domain of KIF1A interacts with CC2

To test whether the functional association between the FHA

domain and CC2 occurs through a physical interaction, we

generated a CC2-containing GST fusion protein (GST–CC2)

and used a pull-down assay to check for its interaction with

EGFP-tagged KIF1A deletion variants expressed in heterolo-

gous cells (Figure 3A and B). We found that GST–CC2 was

able to pull down MCF, but not MD or MC (Figure 3A),

suggesting that CC2 interacts with the FHA domain but not

with the motor domain, the neck CC, or CC1. In addition,

GST–CC2 did not pull down MCFC, suggesting that the FHA–

CC2 intramolecular interaction is favored over an intermole-

cular interaction. GST alone did not pull down any of the

KIF1A deletion variants tested. When tested against the single

domains of KIF1A (CC1, FHA, or CC2), GST–CC2 pulled

down FHA, but not CC1, as expected (Figure 3B).

Intriguingly, GST–CC2 also pulled down CC2, suggesting

that the CC2 domains form self-multimers and may partici-

pate in the formation of the recently reported KIF1A dimers

(Tomishige et al, 2002).

In reverse pull-down assays, a GST fusion protein contain-

ing the FHA domain (GST–FHA) pulled down CC2, but not

CC1 or FHA (Figure 3C), indicating that the FHA domain

specifically interacts with CC2, and that it is not involved in

the formation of self-multimers. As expected, GST–FHA did

not pull down MD, MC, MCF, or MCFC (Figure 3D), further

confirming that the FHA domain specifically interacts with

CC2 and that the FHA–CC2 intramolecular interaction within

MCFC is favored over an intermolecular interaction.

Figure 2 The CC2 and FHA domains are required for the negative
regulation of KIF1A. (A) A schematic representation of the deletion
variants of KIF1A-Full and MCFC, and their expression levels in
heterologous (HEK293T) cells. Full-WT, full-length wild-type
KIF1A. (B) Subcellular distribution of KIF1A deletions in living
cultured hippocampal neurons. Scale bar: 10 mm. (C) MT binding of
the KIF1A deletion variants. (D) Quantitative analysis of the MT
binding of KIF1A deletions. Significant increases (*, compared to
Full-WT; **, compared to MCFC) are indicated.

Figure 3 The FHA domain of KIF1A interacts with CC2. (A–D)
Pull-down of KIF1A deletions. EGFP-KIF1A deletions expressed in
HEK293T cells were incubated with GST–CC2 (A, B), GST–FHA (C,
D), or GST alone (A–D), and the precipitates were analyzed by
immunoblotting with EGFP antibodies.
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Disrupting the FHA–CC2 interaction by point mutations

in the FHA domain increases KIF1A activity

The FHA domain contains several conserved residues, some

of which are known to be important for the recognition of

target phosphoproteins (Li et al, 2000; Durocher and Jackson,

2002). To determine whether the conserved residues in the

KIF1A FHA (G519, R520, H540, and D564) are involved in

CC2 recognition, we performed pull-down assays with point

mutations of these residues. GST–CC2 failed to pull down

mutants G519R and H540A, but was able to bring down

mutants R520A and D564A (Figure 4A). This suggests that

the two conserved residues (G519 and H540) in the KIF1A

FHA are important for CC2 recognition.

We further tested the effect of the FHA point mutations on

peripheral accumulation of KIF1A in living cultured neurons

(Figure 4B). MCFC variants with the FHA point mutations

(G519R, H540A, and double mutation of G519RþH540A)

showed markedly increased peripheral accumulation (50%,

n¼ 22; 57%, n¼ 23; and 87%, n¼ 23, respectively;

Figure 4B) that were quite different from the mainly diffuse

distribution of wild-type MCFC (10% accumulation;

Figure 1B). In contrast, MCFC with the D564A point mutation

showed a mainly diffuse distribution (5%, n¼ 20; Figure 4B),

similar to that of wild-type MCFC (Figure 1B). The MCFC

mutants with enhanced peripheral accumulation (G519R,

H540A, and G519RþH540A) also showed a corresponding

increase in MT binding (0.6270.12, n¼ 3, *Po0.005;

0.7270.07, n¼ 3, *Po0.0001; 0.8670.03, n¼ 3,

*Po0.0001, respectively) to levels that are significantly

higher than that of wild-type MCFC (0.2570.05). In contrast,

MCFC with the D564A point mutation showed MT binding

(0.3070.03, n¼ 3) comparable to that of the wild type

(Figure 4C and D). A milder mutation at G519 (G519A

rather than G519R) showed peripheral accumulation and

MT binding similar to that of G519R (data not shown). The

G519R point mutation in the full-length context (Full-G519R)

also caused enhanced MT binding (0.6770.10, n¼ 3,

*Po0.005) to a level significantly better than that of wild-

type KIF1A-Full (0.3570.02). Taken together, these results

suggest that disruption of the FHA–CC2 interaction by point

mutations in the FHA domain increases peripheral accumula-

tion and MT binding of KIF1A.

Disrupting the FHA–CC2 interaction by point mutations

in CC2 increases KIF1A activity

The importance of some conserved FHA residues in CC2

recognition (Figure 4) suggests that the KIF1A FHA domain

may recognize phosphopeptide ligands. To explore this pos-

sibility, we first tested whether the phosphorylatable residues

of CC2 (Y649, T657, Y658, Y667, or S669) are involved in the

interaction with the FHA domain. Intriguingly, GST–FHA

failed to pull down EGFP–CC2 with a Y649F mutation,

whereas it pulled down all others (wild type, T657A,

Y658F, Y667A, and S669A; Figure 5A). In a control pull-

down, GST alone did not bring down any of the tested

proteins (Figure 5A). Moreover, MCFC with the Y649F point

mutation (MCFC-Y649F), but not others (wild-type, T657A,

and Y658F), was pulled down by GST–CC2 (Figure 5B),

suggesting that this pull-down occurred by an intermolecular

interaction between GST–CC2 and the FHA domain that had

been released from the intramolecular CC2 interaction by the

Y649 point mutation. In control experiments, MCFC-Y649F

was not pulled down by GST–FHA (Figure 5B). The circular

dichroism pattern of CC2 with the Y649F point mutation was

essentially identical to that of wild-type CC2 (data not

shown), suggesting that the effects of the Y649F point muta-

tion were not caused by a significant structural change, but

rather by a specific loss of the hydroxyl group from the CC2

Y649. Introduction of the same CC2 mutations (Y649F,

T657A, Y658F, Y667A, and S669A) into GST–CC2 did not

affect their ability to pull down EGFP–CC2 (Figure 5C),

suggesting that these mutations, including Y649F, do not

affect CC2–CC2 self-multimerization. These results suggest

that the Y649 residue in the KIF1A CC2 is required for

intramolecular FHA–CC2 interaction, but not for CC2–CC2

multimerization.

In cultured neurons, MCFC-Y649F showed a dramatic

peripheral accumulation (100%, n¼ 30) that sharply con-

trasts to the mainly diffuse distribution of wild-type MCFC

(Figure 5D). Immunofluorescence staining of MCFC Y649F-

expressing neurons with antibodies against neuronal mar-

kers, including MAP2 and neurofilament-H (markers for

dendrites and axons, respectively), revealed that the trans-

fected neurons were morphologically intact, suggesting that

the observed peripheral accumulation is not caused by non-

specific morphological disruptions (data not shown). In con-

trast, MCFC with other point mutations (T657A and Y658F)

showed a mainly diffuse distribution similar to that of wild-

type MCFC (Figure 5D).

Consistent with these results, MCFC-Y649F, but not MCFC

with other mutations (T657A and Y658F), showed a signifi-

cant increase in MT binding (0.9070.01, n¼ 3, *Po0.0001;

Figure 5E and F) relative to wild-type MCFC (0.2570.05).

MT-binding assays with these KIF1A proteins expressed in

cultured hippocampal neurons yielded similar results (data

not shown). When AMP-PNP, a nonhydrolyzable ATP analog,

Figure 4 Disrupting the FHA–CC2 interaction by point mutations in
the FHA domain increases KIF1A activity. (A) GST–CC2 pull-down
of MCF with point mutations in the FHA domain. (B) Subcellular
distribution of MCFC-EGFP containing FHA point mutations in
living cultured hippocampal neurons. Scale bar: 10mm. (C) MT
binding of MCFC containing FHA point mutations. (D) Quantitative
analysis of MT binding of the MCFC mutants. Significant increases
(*, compared to MCFC-WT) are indicated.
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was replaced with ATP in the MT-binding assay, the MT

binding of MCFC-Y649F (expressed in heterologous cells)

was significantly decreased (0.8570.05 in AMP-PMP versus

0.5870.06 in ATP, n¼ 4, *Po0.001), whereas that of MCFC-

wild type was not significantly changed (0.1870.05 in AMP-

PMP versus 0.1570.09 in ATP, n¼ 4, P¼ 0.62; Figure 5G),

indicating that a portion of the MT binding of MCFC-Y649F is

ATP sensitive. The ATP-insensitive portion of the MT binding

of MCFC-Y649F may be due to the reported electrostatic

interaction between the K loop in the motor domain and

the E hook in tubulin (Okada and Hirokawa, 1999, 2000). In

support of this, the motor domain only (MD in Figure 1A)

also exhibited a significant but partial ATP-dependent reduc-

tion in its MT binding (0.9170.05 in AMP-PMP versus

0.3670.12 in ATP, n¼ 3, *Po0.005). Further quantitative

analysis of the MT binding of MCFC (wild type and Y649F) in

the presence of various MTconcentrations indicated an B30-

fold increase in the apparent MT-binding affinity in the

mutant, as calculated by comparison of MT concentrations

required for half maximal MT binding (6.0 and 0.2 mM for

wild type and Y649F, respectively; Figure 5H). In the full-

length context, the Y649F point mutation (KIF1A-Full-Y649F)

also showed a small but significant increase in MT binding

(0.4470.02, n¼ 3, *Po0.005), when compared to wild-type

Figure 5 Disrupting the FHA–CC2 interaction by point mutations in CC2 increases KIF1A activity. (A) GST–FHA pull-down of EGFP–CC2 with
point mutations. (B) Pull-down of MCFC-EGFP containing point mutations in CC2 with GST–CC2, GST–FHA, or GST alone. (C) Quantitative
analysis of the pull-down of mutated EGFP–CC2 with GST–CC2. (D) Subcellular distribution of MCFCs with CC2 point mutations in living
cultured hippocampal neurons. Scale bar: 10mm. (E, F) MT binding of MCFC-EGFP mutants, and quantitative analysis of the MT-binding
results. A significant increase (*, compared to MCFC-WT) is indicated. (G) MT binding of MCFC-EGFP (wild type and Y649F) in the presence of
AMP-PNP or ATP. (H) MT binding of MCFC-EGFP (wild type and Y649F) at various MT concentrations.
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Full (0.3570.02, n¼ 4). This suggests that, in the context of

full-length KIF1A, the Y649F mutation may not be sufficient

to disrupt fully the FHA–CC intramolecular interaction. This

possibility is further supported by the fact that KIF1A-Full

lacking the whole CC2 domain shows a markedly increased

MT binding (0.8970.03, n¼ 4) (Figure 2C and D). Taken

together, our data indicate that disrupting the FHA–CC2

interaction by point mutations in CC2 increases peripheral

accumulation and MT binding of KIF1A.

Enhanced MT binding of KIF1A induced by the

disruption of the FHA–CC2 interaction occurs through

the motor domain

Our results indicate that point mutations disrupting the FHA–

CC interaction increase MT binding of KIF1A (Figures 4 and

5). What might be the molecular mechanisms underlying this

change? It may occur through the N-terminal motor domain

and/or the region outside the motor domain containing the

CC and FHA domains. When the Y649F mutation was intro-

duced into an MCFC construct lacking the motor domain

(NCFC-Y649F; aa 351–681), its MT binding (0.3170.07,

n¼ 3) was not significantly higher (P¼ 0.139) than that of

wild-type NCFC (0.2170.05, n¼ 3; Figure 6A and B). This is

in contrast to the B3.6-fold increase in MT binding seen with

MCFC-Y649F (0.9070.01) relative to wild-type MCFC

(0.2570.05; Figures 5E, F and 6A, B). These results suggest

that disrupting the FHA–CC2 intramolecular interaction en-

hances the MT binding of KIF1A through the motor domain.

Disruption of the FHA–CC2 interaction enhances KIF1A

multimerization

Based on the reported dimerization in KIF1A/Unc104

(Tomishige et al, 2002) and our observation that the KIF1A

CC2 interacts with both the FHA domain and itself (Figure 3),

we hypothesized that, in addition to the increased MT bind-

ing, disruption of the FHA–CC2 interaction may lead to

enhanced dimerization of KIF1A. To test this hypothesis,

we first established a coimmunoprecipitation assay in

which KIF1A multimerization could be visualized. When

HEK293T cell lysates doubly transfected with differentially

tagged MCFC constructs (MCFC-EGFP and MCFC-FLAG) were

immunoprecipitated with FLAG antibodies, MCFC-EGFP was

co-precipitated with MCFC-FLAG (Figure 7A), whereas singly

expressed MCFC-EGFP was not brought down by FLAG

antibodies. This indicates that MCFC can form self-multi-

mers, consistent with the reported dimerization of KIF1A/

Unc104 (Tomishige et al, 2002). Next, we tested the effect of

the Y649F mutation on KIF1A multimerization. When

HEK293T cell lysates doubly transfected with MCFC-Y649F-

EGFP and MCFC-Y649F-FLAG were incubated with FLAG

antibodies, the coimmunoprecipitation of MCFC-Y649F-

EGFP was significantly increased by B83% (coimmunopre-

cipitation efficiency of 4.5670.97%, n¼ 6, *Po0.0005),

when compared to that of wild-type MCFC (2.5070.29%,

n¼ 6; Figure 7A and B). These results suggest that disrupting

the FHA–CC2 interaction increases KIF1A dimerization.

A flexible hinge in CC2 allows the intramolecular FHA–

CC2 interaction

We used structural model building to test whether the linker

between the FHA domain and CC2 is sufficiently long and

flexible to allow intramolecular FHA–CC2 interaction. We

first built a model of the FHA domain of KIF1A by comparing

it to other FHA domains with known X-ray or NMR struc-

tures. This model predicted that the KIF1A FHA domain

spans aa 488–604 and contains 11 antiparallel b-strands and

a small C-terminal a-helix (Figure 8A). Modeling of the linker

connecting the FHA domain and CC2 (aa 605–624; 20 resi-

dues) predicted that it contains two distinct regions: a pro-

line-rich region (aa 605–617; 13 residues; the gray region in

Figure 8B) and an a-helix (aa 618–624; seven residues; the

wheat region in Figure 8B). The proline-rich region is pre-

dicted to form a loop structure that has limited flexibility due

to its three proline residues (aa 608, 613, and 616). The helix

has a weak propensity for coiled-coil formation, but smoothly

merges with the a-helical structure of CC2 (aa 625–679),

which has a strong propensity for coiled-coil formation.

Although the length (20 residues) of the linker is apparently

long enough to allow intramolecular interaction, these pre-

dicted structures may limit the flexibility that is required for it

to function as a hinge.

However, we found a flexible aa stretch in the N-terminal

region of CC2 (QGID; aa 630–633) that does not have a

predicted a-helical structure and hence may function as a

hinge (Figure 8B). To support this hypothesis, we changed

Gly631 (a helix breaker) within the QGID stretch to Phe or

Ala, which was predicted to change the QGID stretch into an

a-helix. We reasoned that these hinge-removing point muta-

tions would change CC2 from bent to straight and make it

difficult for Y649 in CC2 to interact with the FHA domain

(Figure 8B). As expected, KIF1A constructs containing these

point mutations showed various signs of limited intramole-

cular FHA–CC2 interaction. MCFC-G631F could be signifi-

cantly pulled down by GST–CC2 (Figure 8C), which contrasts

with the lack of pull-down of wild-type MCFC by GST–CC2

(Figure 3A). In addition, MCFC-G631F showed significantly

enhanced MT binding (MCFC-G631F, 0.6070.09, n¼ 4,

Figure 6 Enhanced MT binding of KIF1A induced by the disruption
of the FHA–CC2 interaction occurs through the motor domain.
(A) MT binding of EGFP-NCFC (wild type and Y649F) and MCFC-
EGFP (wild type and Y649F). (B) Quantitative analysis of the results.
A significant increase (*, compared to wild type) is indicated.
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*Po0.0001 versus wild-type MCFC, 0.1470.06, n¼ 4; Figure

8D,E) and a dramatic peripheral accumulation in neurons

(94%, n¼ 53; Figure 8F). We obtained similar results from

the G631A mutation (data not shown). Taken together, these

results suggest that the QGID stretch in CC2 may function as a

flexible hinge that allows the intramolecular FHA–CC2 inter-

action.

Discussion

In the present study, we identified an intramolecular interac-

tion between the FHA and CC2 domains of KIF1A that

negatively regulate its activity. The FHA domain is generally

known as a phosphoprotein-binding module (Li et al, 2000;

Durocher and Jackson, 2002; Tsai, 2002). Within KIF1A CC2,

we identified Y649 as being critical for FHA binding (Figure 5)

and showed that removing the hydroxyl group of Y649 by a

point mutation (Y649F) disrupted the FHA–CC2 interaction.

These results might seem to suggest that the phosphorylation

of Y649 could regulate the FHA–CC2 interaction, thereby

regulating KIF1A activity. However, our additional data do

not appear to support this possibility. Specifically, treatment

of heterologous cells expressing EGFP–CC2 with pervana-

date, an inhibitor of protein tyrosine phosphatase, did not

increase the phosphotyrosine levels of CC2. In addition,

treatment of EGFP–CC2 with various protein tyrosine phos-

phatases did not affect its pull-down by GST–FHA. More

directly, immunoblot analysis with phosphotyrosine antibo-

dies on various KIF1A proteins from the pellet and super-

natant fractions of the MT-binding assays did not reveal any

differential levels of tyrosine phosphorylation between the

two fractions. Furthermore, both wild-type and mutant

Figure 7 Disruption of the FHA–CC2 interaction enhances KIF1A
multimerization. (A) Enhanced self-multimerization in MCFC by
the introduction of the Y649F mutation. To compare self-multi-
merization in wild-type and mutant (Y649F) MCFC, HEK293T cells
were doubly transfected with MCFC constructs differentially tagged
with EGFP and FLAG (MCFC-wild-type-EGFPþMCFC-wild-type-
FLAG; lanes 1–4, or MCFC-Y649F-EGFPþMCFC-Y649F-FLAG;
lanes 5–8). Cell lysates were immunoprecipitated with FLAG anti-
bodies and characterized by immunoblotting with EGFP and FLAG
antibodies. Cells singly transfected with MCFC-wild-type-EGFP or
MCFC-Y649F-EGFP were used as controls. FLAG-tagged MCFCs
(wild-type and Y649F) are visible in self-immunoprecipitation
lanes (lanes 3,7) but not in input lanes (2.5%; lanes 1,5), perhaps
due to a relatively low sensitivity of the FLAG antibody. Note that
the coimmunoprecipitation level of MCFC-EGFP was increased by
the mutation. (B) Quantitative analysis of the coimmunoprecipita-
tion results. A significant increase (*, compared to MCFC-WT) is
indicated.

Figure 8 A flexible hinge in CC2 allows the intramolecular FHA–
CC2 interaction. (A) A ribbon diagram of the FHA domain of KIF1A
based upon homology modeling. P488 and R604 indicate the
residues at the N- and C-terminal ends of the FHA domain,
respectively. G519 and H540 (purple) are two residues critical for
the FHA–CC2 interaction. (B) A ribbon diagram of a model for the
intramolecular FHA–CC2 interaction and the flexible hinge. The
FHA domain (green; aa 488–604) is connected to CC2 (yellow; aa
625–679) via a linker containing a proline-rich region (gray; 13
residues; aa 605–617; prolines at aa 608, 613, and 616) and an a-
helix with a weak propensity for coiled-coil formation (wheat;
seven residues; aa 618–624). This a-helix merges with the a-helical
structure in CC2. The N-terminal region of CC2 contains a small
flexible stretch (QGID; aa 630–632) containing a helix-breaking
residue (G631). The bidirectional arrow indicates the reversible
transition between the bent (yellow) and straight (blue) conforma-
tions of CC2. Some side chains are shown by balls and sticks. Our
model predicts that the flexible hinge of CC2 allows the intramole-
cular FHA–CC2 interaction. (C) Increased pull-down of MCFC-
G631F. Lysates of HEK293T cells transfected with MCFC-EGFP
(wild type, Y649F and G631F) were incubated with GST–CC2 or
GST alone, and the precipitates were immunoblotted with EGFP
antibodies. Input: 2%. (D, E) Increased MT binding of MCFC-G631F.
MT binding of mutant (G631F) MCFC-EGFP was compared to that
of MCFC-wild type and MCFC-Y649F (D) and quantified (E).
Asterisks in MCFC-G631F (0.6070.09, n¼ 4) and MCFC-Y649F
(0.8870.11, n¼ 4) indicate significant changes (*Po0.0001 for
both) compared to MCFC-WT (0.1470.06, n¼ 4). (F) Increased
peripheral accumulation in MCFC-G631F-expressing neurons. Scale
bar: 10 mm.
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(Y649F) MCFC constructs showed similar phosphotyrosine

levels, suggesting that Y649 is unlikely to be a site of tyrosine

phosphorylation. Endogenous KIF1A proteins immunopreci-

pitated from pervanadate-treated or untreated cultured neu-

rons did not reveal any detectable levels of phosphotyrosine.

Taken together, these in vivo and in vitro results suggest that

endogenous KIF1A is unlikely to be tyrosine phosphorylated,

and that if any tyrosine phosphorylation occurs in KIF1A the

site may not be Y649. In addition, these data strongly suggest

that the hydroxyl group, but not the phosphate group, of

Y649 is a key determinant of the FHA–CC2 interaction.

Although the involvement of the hydroxyl group of conserved

tyrosine residues in various protein–protein interactions is

commonly observed, that is, regulation of the dimerization of

a fungal kinesin by a tyrosine in the neck domain (Schafer

et al, 2003), the general notion that FHA domain is a

phosphoprotein-binding module does not fit with our data.

One possible explanation for this discrepancy is that the

KIF1A FHA, unlike other FHA domains, may recognize un-

phosphorylated peptides. Early studies in the field convin-

cingly demonstrated that the FHA domain recognizes a short

stretch of peptides containing either phosphorylated Thr or

Tyr (Li et al, 2000; Durocher and Jackson, 2002). NMR and X-

ray crystallographic analyses of various FHA domains com-

plexed with peptide ligands indicated that the phosphate

group of the peptides appears to be recognized by the same

set of FHA residues including the Arg residue that corre-

sponds to Arg 520 of KIF1A (Westerholm-Parvinen et al,

2000; Tsai, 2002). However, our KIF1A R520A point mutation

did not disrupt the FHA–CC2 interaction (Figure 4A), sug-

gesting that the FHA–CC2 interaction may not require phos-

phorylated Y649. Alternatively, a novel surface on the KIF1A

FHA that is distant from the conventional phosphopeptide-

binding surface may be involved in the recognition of

unphosphorylated Y649. It has been shown that both the

conventional phosphopeptide-binding surface and a distinct

phospho-independent binding surface on the FHA domain of

Chk2, a human DNA damage response kinase, are used to

recognize target proteins (Li et al, 2002). Of these two

possibilities, the first one appears to be supported by our

observation that the FHA–CC2 interaction is disrupted by

KIF1A FHA point mutations located on the conventional

phosphopeptide-binding surface (G519 and H540) (Figure 4).

A recent review, however, has pointed out that the highly

conserved Gly and His residues, which are not in direct

contact with peptide ligands but have been frequently mu-

tated in various studies, may contribute to not only stabiliz-

ing the architecture of the peptide-binding surface but also

the tertiary structure of the whole FHA domain (Durocher

and Jackson, 2002). Thus, our results are compatible with

both possibilities, which may not be mutually exclusive.

We demonstrated that the FHA–CC2 interaction negatively

regulates the MT binding of KIF1A (Figures 4 and 5) and that

disruption of this interaction enhances MT binding of KIF1A

mainly through the N-terminal motor domain (Figure 6). A

possible explanation for these results is that the FHA and/or

CC domains directly interact with the motor domain, steri-

cally hindering the MT binding of the motor domain.

However, our results indicate that neither the FHA nor

the CC2 domains interact with the KIF1A motor domain

(Figure 3A and D). In addition, a protein containing both

the FHA and CC2 domains did not interact with the motor

domain in a pull-down assay. These results suggest that a

physical interaction between the motor domain and the

FHA and/or CC2 domains is unlikely to regulate MT

binding directly. Alternatively, the FHA or CC2 domain may

inhibit the MT binding of the motor domain by an allosteric

modulation.

Another important consequence of disrupting the FHA–

CC2 intramolecular interaction in KIF1A is enhanced motor

multimerization (Figure 7). In addition, our data indicate that

the KIF1A CC2 interacts with itself, but not with CC1 and the

neck CC (Figure 3A and B). These results, along with the

reported KIF1A dimerization (Tomishige et al, 2002), strongly

supports a model in which a ‘parallel’ dimer of two full-

length KIF1A molecules is stabilized by small self-dimeriza-

tions of the neck CC, CC1, and CC2 domains (Vale, 2003).

Disrupting the FHA–CC2 intramolecular interaction may in-

duce the dimerization of CC2 first, followed by the dimeriza-

tion of CC1 and finally that of the neck CC, in a ‘zippering’

fashion. Conversely, factors favoring the intramolecular inter-

action would destabilize the CC2–CC2 dimer first and then

the others, in an ‘unzipping’ fashion.

A flexible hinge located in the N-terminal region of CC2

appears to allow the intramolecular FHA–CC2 interaction

(Figure 8). In support of this hypothesis, point mutation of

G631 in the hinge to one of two a-helix-forming residues (Phe

or Ala) caused disruption of the intramolecular FHA–CC2

interaction, as evidenced by the increased pull-down of

MCFC G631F by GST–CC2 (Figure 8C), enhancement in

KIF1A MT binding (Figure 8D and E), and marked peripheral

accumulation of KIF1A in neurons (Figure 8F). These results

suggest that the a-helix-forming mutations make the hinge

more rigid and inhibit the intramolecular FHA–CC2 interac-

tion, hence activating KIF1A. A possible argument against

these results is that the G631F or G631A mutations in CC2

might simply weaken the affinity between the FHA and CC2

domains. However, this is unlikely because MCF was readily

pulled down by GST–CC2 G631F and G631A, to levels com-

parable to that of wild-type GST–CC2. We propose that the

flexible hinge may allow reversible transition between the

bent and straight conformations of CC2, which facilitate the

intramolecular FHA–CC2 interaction and CC2–CC2 dimeriza-

tion, respectively. In addition, these mechanisms may con-

tribute to the reported reversible monomer-to-dimer

transition of KIF1A (Tomishige et al, 2002).

Recently, a cryo-electron microscopy study revealed that

two neck helices (H1 and H2) of Caenorhabditis elegans

Unc104, which correspond to the neck CC and CC1 domains

of KIF1A, respectively, form a parallel dimer in the self-folded

monomeric conformation and an intermolecular dimer in the

dimeric state (Al-Bassam et al, 2003). This suggests that the

self-folded conformation may inhibit KIF1A monomers,

whereas the dimeric conformation likely enhances KIF1A

activity. This report and our results are highly complemen-

tary in many aspects. The self-folded, repressed conformation

of Unc104 may explain our finding that the addition of CC1 to

MN (motorþneck CC) slightly inhibits KIF1A in MT binding

and neuronal accumulation assays (Figure 1). The decrease

in MT-binding affinity of Unc104 in the ATPase assay follow-

ing addition of the region containing the FHA domain (aa

447–653; corresponding to the FHAþCC2 domains in KIF1A)

to Unc104 (aa 1–446; corresponding to the motorþneck

CCþCC1 in KIF1A) is consistent with our observation that
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the addition of the FHAþCC2 domains to MC (motorþneck

CCþCC1) in MCFC markedly lowers its MT binding and

peripheral accumulation (Figure 1). Our results extend the

Unc104 study by further dissecting the FHA-containing region

of Unc104 (aa 447–653) into two independent domains (FHA

and CC2) and identifying a novel intramolecular interaction

between them required for KIF1A inhibition. Conceptually,

the notion that an intramolecular interaction between coiled

coils (H1/neck CC and H2/CC1) can regulate motor function

is similar to our conclusion that a coiled-coil (CC2)-mediated

intramolecular interaction can regulate motor function.

Finally, the fact that the same outcome (enhanced KIF1A

activity) was induced by the disruption of two independent

intramolecular interactions (H1/neck CC-H2/CC1 and FHA–

CC2) suggests that the two interactions are functionally

interconnected. Exploration of these mechanisms would be

an interesting direction for future studies.

What are the physiological factors that could induce dis-

ruption of the intramolecular FHA–CC2 interaction? It has

been shown that high motor concentrations in solution or on

membranes can induce the transition of KIF1A/Unc104

monomers to processive dimers (Klopfenstein et al, 2002;

Tomishige et al, 2002). Thus, an obvious candidate for

disruption of the FHA–CC2 interaction would be high local

concentrations of KIF1A, which may weaken the FHA–CC2

interaction, shift the balance toward the CC2–CC2 interaction

and favor KIF1A dimerization. Alternatively, the trigger could

be the interaction of the KIF1A FHA with other proteins, that

is, KIF1A cargoes. It should be noted that the KIF1A FHA

contains the conserved Arg520 and thus can possibly interact

with phosphate groups in target proteins. Although the

R520A point mutation does not disrupt the FHA–CC2 intra-

molecular interaction (Figure 4A), this does not necessarily

exclude the possibility that the KIF1A FHA may bind to

phosphoproteins in an intermolecular fashion.

Finally, the domain structure of KIF1A, in particular the

position of the FHA domain between CC1 and CC2, is

conserved in other members of the KIF1/Unc104 family,

including C. elegans Unc104, Drosophila CG8566-PD, and

mammalian KIF1 isoforms (KIF1B, KIF1C and KIF1D)

(Otsuka et al, 1991; Nangaku et al, 1994; Rogers et al, 1997;

Dorner et al, 1998). Moreover, multiple sequence alignment

analysis of these kinesins reveals conservation of the critical

residues required for the FHA–CC2 intramolecular interaction

and the flexible hinge; the FHA G519 and H540, CC2 Y649,

and hinge G631 residues are strictly conserved. This suggests

that the FHA–CC2 intramolecular interaction may be a com-

mon regulatory feature in the KIF1/Unc104 family. Notably, a

domain structure similar to that of KIF1/Unc104 is also found

in KIF13, another family of FHA-containing kinesins, includ-

ing Caenorhabditis elegans KLP-4, Drosophila kinesin-73,

mouse KIF13B, and human GAKIN (Li et al, 1997;

Nakagawa et al, 1997; Hanada et al, 2000). However, the

critical residues for the FHA–CC2 interaction are not con-

served in these kinesins. Thus, it remains to be determined

whether the KIF13 family kinesins are similarly regulated by

the FHA–CC2 intramolecular interaction.

In summary, the present study identifies the FHA domain-

mediated intramolecular interaction as a novel autoinhibitory

switch for the regulation of KIF1A activity. Furthermore, this

novel intramolecular mode of FHA action may be applicable

to the regulation of other FHA-containing proteins involved in

numerous processes including DNA repair, transcription, cell

cycle arrest, signal transduction, and protein degradation.

Materials and methods

Constructs
EGFP-full-length KIF1A in GW1 has been described (Lee et al,
2003). MD, MN, MC, and MCF (aa 1–365, 1–425, 1–489, and 1–615)
of KIF1A were subcloned into pEGFP-N1 (Clontech). MCFC-EGFP
was made by subcloning aa 1–680 of KIF1AþEGFP from Full-EGFP
into GW1. MCFC-FLAG was generated by inserting aa 1–681 into
pBK(D)-FLAG. Full-EGFP-DFHA and Full-EGFP-DCC2 were made by
subcloning aa 1–489þ 616–1695 and 1–615þ 680–1695 (from Full-
EGFP) into GW1, respectively. For MCFC-DFHA, aa 616–681 was
added to MC-EGFP. EGFP–CC1, FHA, CC2, and NCFC were made by
subcloning aa 396–489, 460–615, 585–681, and 351–681 into
pEGFP-C1. Constructs with point mutations were generated by
QuickChange kit (Stratagene). For GST fusions, FHA (462–615)
and CC2 (574–684) were subcloned into pGEX-4T1 (Amersham
Biosciences).

Cell culture and transfection
HEK293T cells, maintained in DMEM containing 10% fetal bovine
serum, were transfected by the calcium phosphate method
(Invitrogen) at 50–60% confluence. Cell extracts were prepared 2
days after transfection. Primary hippocampal neuronal cultures
were prepared as described previously (Lee et al, 2003) and
transfected by the calcium phosphate method.

Image acquisition from living neurons and image analysis
Transfected neurons on coverslips were set on a perfusion chamber
with a thermostat (371C) and maintained in MEM supplemented
with 1 mM pyruvate and 60mM N-acetyl L-cystein during the
observation. Images were captured by a confocal microscope
(LSM510, Zeiss) and analyzed using the MetaMorph software
(Universal Imaging). To measure peripheral accumulation of KIF1A,
we compared the immunofluorescence intensity of KIF1A at neurite
tips (1–3 neurites with the most prominent accumulation per
neuron) and an adjacent region in the same neurite (B10–30mm
away). Cells with fluorescence ratios (tip/adjacent region) greater
than a factor of 4 were counted as representing cases of positive
peripheral accumulation. Statistical significance was assessed using
Student’s t-test.

MT-binding assay
The MT-binding assay was performed as described previously
(Verhey et al, 1998). Briefly, transfected HEK293T cells were
solubilized in ice-cold lysis buffer (LB; 25 mM HEPES/KOH,
115 mM KþCH3COO�, 5 mM NaþCH3COO�, 5 mM MgCl2, 0.5 mM
EGTA, 1% Triton X-100, pH 7.2) containing protease inhibitors.
After removing insoluble materials by centrifugation of the lysates
at 50 000 rpm (TLA 100.2 rotor; Beckman) at 41C for 30 min, the
supernatant was added with AMP-PMP (50-adenylylimidodipho-
sphate) or ATP (2.5 mM final), taxol (20 mM), and taxol-stabilized
MTs (1 mg/ml). After 30 min incubation at room temperature, the
mixture was overlaid on top of an LB bed containing 10% sucrose
and 20mM taxol, centrifuged at 30 000 rpm (SW55Ti rotor) at 221C
for 30 min, and washed with LBþ taxol. The samples were
immunoblotted with EGFP antibodies.

GST pull-down assay
GST fusion proteins were purified using glutathione sepharose 4B
resin (Amersham Biosciences). HEK293 cells transfected with
various KIF1A constructs were solubilized with phosphate-buffered
saline containing 1% Triton X-100. After centrifugation at 22 000 g at
41C for 30 min, the supernatant was incubated with glutathione
sepharose 4B resin pre-bound with 10mg of GST fusion proteins for
1 h at 41C. Precipitated proteins were analyzed by immunoblotting
with EGFP antibodies.

Coimmunoprecipitation
Transfected HEK293 cells were solubilized with phosphate-buffered
saline containing 1% Triton X-100 and protease inhibitors. After
centrifugation at 22 000 g at 41C for 30 min, the supernatant was
incubated with anti-FLAG M2-agarose (Sigma) for 2 h at 41C.
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Precipitated proteins were immunoblotted with EGFP (Clontech)
and FLAG (Sigma) antibodies.

Structural model building
Homology modeling of the FHA domain of KIF1A was performed
using MODELLER v6 (Sali and Blundell, 1993). The homologous
structures were detected using the threading servers GenTHREA-
DER (Jones, 1999) and 3D-PSSM (Kelley et al, 2000). The atomic
coordinates of the FHA domains from Chk2, Rad53 FHA1, Rad53
FHA2, and KAPP (PDB #1GXC, 1G6G, 1J4K, and 1MZK, respec-
tively) were selected as templates for model building. Before
submission to MODELLER, the sequence–structure alignment
obtained from the threading servers was manually edited to adjust
the boundary of FHA domain (aa G488–A604) in accordance with
that of the closely related Xenopus Unc104 FHA domain (Xklp4)

(Westerholm-Parvinen et al, 2000). The best model with the lowest
MODELLER restraint energy was kept and further refined by energy
minimization of the side chains. The backbone of CC2 model was
constructed from an a-helix template, and assignment of secondary
structures was performed using the NPS server (Combet et al,
2000). The bent helix model of CC2 and the final FHA–CC2
interaction model were manually constructed. The figures were
prepared using PyMOL (http://www.pymol.org).
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