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ABSTRACT:Kinesin-1 is anATP-drivenmolecularmotor that transports various cargoes in cells, a process that
can be regulated by the kinesin tail domain. Here, kinesin ATPase activity and motility were inhibited in vitro
by interacting the kinesin heavy chain C-terminal tail domain with the kinesin N-terminal motor domain.
Though the tail domain can directly interact with microtubules, we found 70% of tail domains failed to bind
in the presence of >100 mM (high) KCl, which also modulated the ATPase inhibition manner. These
observations suggest that self-inhibition of kinesin depends on electrostatic interactions between the motor
domain, the tail domain, and a microtubule. Furthermore, we observed self-regulated behavior of kinesin at
the single molecule level. The tail domain did not affect motility velocity, but it did lower the binding affinity
of the motor domain to the microtubule. The decrement in binding was coupled to ATPase inhibition.
Meanwhile, the tail domain transfected into living cells not only failed to bind to microtubules but also
inhibited the motor domain and microtubule interaction, in agreement with our in vitro results. Furthermore,
at high potassium concentrations, the self-regulation of kinesin observed in cells was like that in vitro. The
results favor a way tail inhibition mechanism where the tail domain masks the microtubule binding site of
the motor domain in high potassium concentration.

Conventional kinesin (kinesin-1) is amotor protein that moves
along microtubules by using the energy from ATP1 hydrolysis in
order to transport membrane-bound proteins and synaptic
vesicles in cells (1, 2). It works as a tetramer composed of two
heavy chains (120 kDa each) and two light chains (60 kDa
each) (3, 4). Each heavy chain has a motor domain (amino acids
1-340) that is composed of at least one microtubule binding
domain and a catalytic core which hydrolyzes ATP at the
N-terminus (5), a global tail domain which binds cargoes (6, 7)
at the C-terminus, and a long R-helical coiled-coil region between
themotor and the tail domains (8). There are several flexible sites,
or hinges, which enable kinesin to form compactly within its long
R-helical coiled-coil region. Although the light chains bind near
the tail domains and play important functions in vivo (9-11), they
are inconsequential to kinesin motility (12).

Of particular interest are the hinge sites. When kinesin is
compactly folded at these sites, ATP hydrolysis and kinesin
motility are greatly suppressed (13-15). When the tail domain
without cargo approaches the motor domain (folded form),
ATPase activity dramatically decreases due to the inhibition of
ADP release (16). Cargo binding to the tail domain causes the tail
domain to release from the motor domain (unfolded form),
activating both ATPase and kinesin motility (17). Thus, kinesin

motility is thought to be self-regulating by conforming between a
folded and unfolded state.

More recently, the interaction of the tail domain and motor
domain was structurally revealed using a cryoelectron micro-
scope, indicating that the tail-motor interactionwithin kinesin is
strikingly similar to the interaction of small GTPase and their
regulators (18). This suggests that kinesin may share similar
regulatorymechanismswith other p-loop proteins. Thus, the self-
regulation of kinesin is a potential model for the operating
principle behind NTPase proteins in general.

Currently, there are three widely accepted models explaining
the self-regulation of kinesin motility. One has the tail domain
mask the motor’s microtubule binding sites such that it sterically
blocks binding (Figure 1A, steric inhibition model) (14). Another
argues that the tail domain represses an essential motor domain
conformational change during motility (Figure 1B, allosteric
inhibition model) (16). The last model assumes that one kinesin
motor domain is swung by the β-sheet linker (also known as the
neck linker and is located immediately behind themotor domain)
during the ATPase cycle causing the other motor domain to bind
to the forward tubulin binding site in a manner that resembles
human walking (19). This model argues that movement of the
motor domain is inhibited by the tail domain binding to the neck
linker such that the tail domain acts as an anchor, inhibiting
kinesin movement (Figure 1C, anchor model) (20). Regardless,
the correct model should also incorporate the facts that the tail
domain binds not only to the motor domain but also to the
microtubule (16) and that full-length kinesin constructs can still
move along microtubules, albeit less effectively (20).

To help identify which of these models is most appropriate, we
prepared separate motor domains and tail domains to observe
microtubule-stimulated kinesin ATPase and conducted single

†This workwas supported by theGrant-in-Aid for ScientificResearch
and Technology program of the Japanese Science and Technology
Corporation (PRESTO).
*Corresponding author. Tel: 81-6-6879-4632. Fax: 81-6-6879-4634.

E-mail: a_iwane@fbs.osaka-u.ac.jp.
1Abbreviations: ATP, adenosine triphosphate; DK, Drosophila kinesin;

EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol tetraacetic
acid; GFP, green fluorescent protein; GST, glutatione S-transferase; SDS,
sodium dodecyl sulfate; SIT, silicone target intensified tube.



Article Biochemistry, Vol. 49, No. 22, 2010 4655

molecule imaging while altering the concentration of the tail
domain and the assay conditions, especially the potassium
chloride concentration. From these data, we propose a regulation
model for kinesin motility dependent on the kinesin tail domain.

MATERIALS AND METHODS

Malachite Green and casein were obtained from Nakarai
Tesque (Kyoto, Japan). PIPES, EDTA, andEGTAwere obtained
from Dojindo Laboratories (Kumamoto, Japan). Cy3 and Cy5
were obtained from Amersham Pharmacia Biotech UK (Poole,
U.K.). All other chemicals were obtained from Sigma Chemical
Co. (St. Louis, MO). All assays were performed at 25 �C.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed using a 15% separating gel.
Construction of Escherichia coli Expression Plasmids.

Kinesin constructs were derived from the original Drosophila
cDNA clone according to the method by Yang et al (5). The
cDNA clone of DK411 (amino acids 3-411) was inserted
into the E. coli expression vector pGEX-4T-1 (General Electric
Healthcare Bio-Science Corp., NJ) at theXhoI site, as previously
described (21). DK411 maintained its ability to move proces-
sively along microtubules and bind to the tail domain with
binding site, which includes amino acids 357-367 (17). DK411
was constructed with glutathione S-transferase (GST) fusion
protein at the N-terminus. To label at the C terminus with Cy3-
maleimide, a reactivated cysteine-containing fragment, Leu-Gly-
Pro-Gly-Gly-Gly-His-Arg-Lys-Cys-Phe, was introduced, as pre-
viously described (22). The cDNA clone of the DK893
tail encoded from amino acids 893-975 was inserted into the
E. coli expression vector pET-28a (EMD Biosciences Inc., CA)
at the NcoI-ScaI site. This construction encoded amino acids
927-945, which include the binding sites for both the motor
domain and microtubules (16). The DK893 tail was constructed
with a histidine tag at the N-terminus.
Protein Expression and Purification. DK411 were pre-

pared and labeled with Cy3, as previously described (22). The
Cy3/peptide ratio of DK411-bound Cy3, estimated from Cy3
and the peptide concentration of DK411, was determined by
FluorImager595 (Molecular Dynamics, Sunnyvale, CA) and
kept at <0.3 to avoid motility inactivation (22). The DK893 tail

was expressed in E. coli. BL21(DE3)pLysS and purified by
histidine tag affinity chromatography. The BL21 harvest was
lysed in 10 mL/g wet cells using lysis solution (50 mM PIPES-
KOH, 150 mM NaCl, 20 mM imidazole, pH 7.5) and sonicated
four times for 30 s on ice. The supernatant of this solution
centrifuged at 20000g for 20 min at 4 �C was bound to 250 μL of
His-Bind resin (Novagen, Germany) for 60-90 min also at 4 �C.
The resin was loaded into a column and washed two times with
10mL of wash solution 1 (50mMPIPES-KOH, 150mMNaCl,
50 mM imidazole, pH 7.5) and one time with 10 mL of wash
solution 2 (50 mM PIPES-KOH, 150 mM NaCl, 80 mM
imidazole, pH 7.5) to remove nonspecifically bound proteins.
The DK893 tail was eluted with elution solution (50 mM
PIPES-KOH, 150 mM NaCl, 100-300 mM imidazole, pH
6.8). A higher protein concentration (>10 μM) fraction was
dialyzed three times with dialysis solution (12 mM PI-
PES-KOH, 2 mM MgCl2, 1 mM EGTA, pH 6.8) for 2 h at
4 �C. Part of the DK893 tail was labeled with Cy3 at the
N-terminus. The Cy3/peptide ratio estimated from Cy3 and the
peptide concentration of the DK893 tail was approximately 1.0.
ATPase Assays. The microtubule-stimulated ATPase of

DK411wasmeasuredbyamodifiedMalachiteGreenmethod (23).
The ATPase activity of 10 nM unlabeled DK411 was measured
in 0-1 μM tail domains (DK893 tail), 0-5 μM microtubules,
0-150 mM KCl, 1 μM Taxol, and 1 mM ATP in 12 mM
PIPES-KOH, 2 mM MgCl2, and 1 mM EGTA, pH 6.8 at
25 �C, and determined by acquiring Pi release data at 30, 90, 150,
210, 270, and 330 s. Data were fitted with a least-squares method.
Cosedimentation Assays of the Kinesin Tail Domain and

Microtubules. Kinesin tails bound to microtubules were sepa-
rated from unbound tails by centrifugation. Samples of the
DK893 tail and microtubules were mixed in 12 mM PIPES-
KOH, 2 mM MgCl2, and 1 mM EGTA, pH 6.8, at various
potassium chloride concentrations, incubated at 25 �C for
15 min, and centrifuged at 400000g for 10 min at 25 �C. The
extracts of the supernatant and pellet were analyzed by
SDS-PAGE. The quantity of the tail domain bound to the
microtubules was calculated from the intensity of the CBB
staining using the public domain program Scion Image.
Single-MotorMotility Assays. Single-motor motility assays

were performed according to previous methods (22). A flow
chamber was made by placing a 25 μm�18 mm �9 mm glass
plate over a cleaned quartz slide with two spacers in between.
Cy5-labeled microtubules (20 μg/mL) were applied to the
chamber. Microtubules were fixed onto the glass surface. After
5 min, nonbound microtubules in the chamber were washed
out with casein solution (10 mM Trizma base, 100 mM NaCl,
5 mg/mL casein). The glass surface was coated with casein to
avoid nonspecific binding of DK411. After unbound casein was
removed by washing with assay solution (1 mM ATP, 50 mM
KCl, 0.5% β-mercaptoethanol, and oxygen scavenger system in
20 mM PIPES-KOH, 10 mM potassium acetate, 4 mMMgCl2,
2 mM EGTA, 0.2 mM EDTA, pH 6.8), kinesin solution (1 nM
DK411, 0-1000 nMDK893 tail plus assay solution) was loaded
onto the chamber (24). Observations were performed by using a
total internal reflection fluorescence microscope at 25 �C (25).
Optics and Image Analysis. An ∼50� 50 μm2 area was

illuminated by a green laser (532 nm; CrystaLaser, NV). Cy3
fluorescence was filtered using a high-pass wavelength filter
(transmission wavelength =580-630 nm; Asahi Spectra Co.,
Japan) and imaged by a GenIV image intensifier (VH4-1845;
Videoscope, Ontario, Canada) coupled with a SIT camera

FIGURE 1: Schematic drawing of three different models for kinesin
self-regulation by the tail domain. (A) Steric inhibition model.
(B) Allosteric inhibition model. (C) Anchor model. See the introduc-
tion for details.
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(Hamamatsu Photonics, Japan) at video rate. A low-pass filter
was used on noisy image data to identify the location of
Cy5-labeled microtubules. After contrast enhancement by an
Argus-20 image processor (Hamamatsu Photonics), the image
was recorded by a digital video recorder DSR-20 (Sony, Japan)
for later analysis.

Image analysis was performed by using custom-made soft-
ware. Fluorescence intensities were obtained using a rolling
eight-frame average, which reduced the fluctuations by summing
the intensities of an 8 � 8 pixel window and reduced the
background intensity. DK411 positions were measured from
the centroid of the fluorescent spots. Standard deviations of the
position of DK411 rigidly attached to the glass surface were
25-35 nm. Nonspecific binding of DK411 to the glass surface
was observed, but the binding duration was less than 100 ms.
In order to distinguish precisely between nonspecific binding
and microtubule binding, we defined the former as the dis-
appearance of the fluorescence intensity within four frames
(132 ms). A computer program was used to judge DK411
attachments and detachments to the microtubule to avoid
experimenter bias. The travel distance was defined as the distance
from the association to the dissociation of DK411 and micro-
tubule. The velocity was estimated by tracking the motility and
then applying a linear least-squares method to the trace.
Cotransfection ofDK411 and theDK893Tail into a Living

Cell. pDK411-AcGFP: The DK411 cDNA clone (amino
acids 3-411) was inserted into the mammalian N-terminal
fusion protein with the GFP expression vector pAcGFP-N1
(BD Biosciences) at the BglII site. pmCherry-DK893 tail: The
coding sequence for mCherry (BglII-AgeI fragment) was ob-
tained from the mammalian expression plasmid pmCherry-C1
(BD Biosciences). After the cDNA clone of DK (893 tail) was
inserted into the mammalian C-terminal fusion protein with the
GFP expression vector pAcGFP-C2 (BD Biosciences) at the
EcoRI site, we exchanged the mCherry coding sequence for the
AcGFP coding sequence in a manner that prevented any coding
frame shift. A glycine-rich flexible chain DNA fragment was
created by annealing the two oligonucleotidesG-richFC forward
(50 GATCTTGGGTGGTGGTGGTGACGACGCTCCTG-
GTG 30) and G-rich FC reverse (50 AATTCACCAGGAGCG-
TCGTCACCACCACCACCCAA 30). The fragment was then
inserted between the BglII and EcoRI sites between the mCherry
and DK (893 tail) genes. Cotransfection assay: African green
monkey kidney Cos-7 cells (American Type Culture Collection)
were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum. Transient transfections were
done with Fugene-6 (Roche Biochemicals, Switzerland) accord-
ing to the manufacturer’s instructions. DNA concentration was
0.02 μg/μL. Twenty-seven hours after cotransfection, cells were
trypsinized and replated on Matrigel (BD Biosciences) coated
coverslips and incubated for 3-7 h.

RESULTS

Effect of Potassium Chloride on the Tail Domain Bind-
ing to Microtubules and on ATPase.We constructed DK411
and the DK893 tail from Drosophila’s kinesin heavy chain. The
357-367 amino acid region of DK411 is a binding site for the
937-945 amino acid fragment of the DK893 tail (14). The
microtubule-stimulated ATPase of DK411 was inhibited by
adding the DK893 tail (Supporting Information Figure S1 and
Table 1), as seen in previous reports (14, 16). Vmax (saturation of

ATPase activity) decreased as the exogenous DK893 tail concen-
tration increased but was never fully inhibited. On the other hand,
Km (half-maximalATPase rate) was unaffected by theDK893 tail.

Table 1: Tail-Mediated Inhibition of Microtubule-Stimulated ATPase

DK893 tail (nM) KCl (mM) Vmax
a (1/mol/head/s) Km

a (μM)

0 0 23.4 0.71

0 50 24.6 1.3

0 150 22.2 1.6

300 0 14.0 0.37

300 50 11.8 1.4

300 150 10.5 1.4

500 50 9.8 1.3

1000 50 2.4 1.3

aVmax and Km values were calculated by a least-squares method and
averaged over four or five different measurements.

FIGURE 2: Potassium chloride concentration dependence of the
DK893 tail binding to microtubules and its inhibition of ATPase.
(A) Dependence at various potassium chloride concentrations from
cosedimentation assays. The binding affinity decreased with an
increase in potassium chloride concentration. (B) Ratio between
ppt to ppt þ sup in (A). (C) Fluorescent image of the Cy3-labeled
tail domain while bound to microtubules at 0 mM KCl. Bar
represents 2 μm. (D-F) Effect of potassium ion on inhibition
(Lineweaver-Burk plot) at 0 (D), 50 (E), and 150 mM KCl (F).
Solid lines indicate ATPase in the absence of the DK893 tail; broken
lines indicate ATPase in the presence of 300 nM DK893 tail. See
Table 1 for Vmax and Km.
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It has been reported that the tail fragment including the
897-911 amino acid fragment could bind to microtubules
in vitro (16, 26). But if this binding competed with DK411, then
increasingDK411 should result in a subsequent increase inKm of
the microtubule-stimulated ATPase, which we did not observe,
which indicates noncompetitive inhibition.We suspected that the
inhibition manner depends on the solution condition, especially
salt concentration. Therefore, we carried out cosedimentation
assays of microtubules and the DK893 tail at various potassium
chloride concentrations (0-150 mM KCl) (Figure 2A). Fewer
than 10%of the DK893 tail failed to bind tomicrotubules at 0 or
25 mMKCl, approximately 30% failed at 50 mMKCl, and 70%
failed at 100 and 150mMKCl (Figure 2B). These results indicate
that theDK893 tail binds tomicrotubules in a potassium chloride
concentration-dependent manner. To confirm that these results
were due to the DK893 tail domain binding to the microtubule
and not some artifact, we directly observed the interaction under
a fluorescent microscope (Figure 2C).

To investigate the effect of potassium chloride concentration
on tail-mediated inhibition of microtubule-stimulated ATPase,
we measured microtubule-stimulated ATPase at various potas-
sium chloride concentrations in the presence of 300 nM DK893
tail (Figure 2D-F and Table 1). At 50 and 150 mM KCl, Vmax

was approximately half that in the absence of the DK893 tail
going from 24.6 to 11.8 head/s/mol and 22.2 to 10.5 head/s/mol,
respectively (Figure 2E,F), whereasKmwas unchanged (Table 1).
In contrast, both Vmax and Km decreased at 0 mM KCl when
changing the DK893 tail concentration from 0 to 300 nM from
Vmax = 23.4 to 14.0 head/s/mol and Km = 0.71-0.37 μM, res-
pectively (Figure 2D). SinceDietrich and colleagues have directly
observed that the tail domain simultaneously contacts the kinesin-1
head and themicrotubule at lower ionic strength (15mMNaClþ
15 mM imidazole) by electron cryomicroscopy (18), it follows
that the DK893 tail is involved in cross-linking DK411 to the
microtubules, which in turn increases the DK411 affinity for
microtubules during the ATPase assay. On the other hand, the

tail domain had a much higher affinity for the motor domain
than the microtubule at high potassium chloride concentration
(>50 mM KCl; data not shown), as previously reported (14).
This did not, however, affect the motor’s affinity for the micro-
tubule.
Motility of Individual Self-Regulated Kinesin. Fluore-

scently labeled DK411 movement was observed by using a total
internal reflection fluorescent microscope (Figure 3). Unfortu-
nately, we could not detect DK411 movement in 150 mM KCl
because such high potassium chloride concentration decreased
the probability of DK411 interaction with the microtubules.
When the concentration of DK411 increased, signals from single
fluorophores were buried in the background noise due to the high
number of DK411 molecules in solution. Therefore, we used
50mMKCl since the inhibition manner between 50 and 150 mM
KCl was similar (Figure 2E,F) and found that Cy3-labeled
DK411 moved processively along a microtubule (Figure 3A),
much like that previously reported using lower potassium
chloride concentration buffer (20-23). We added the DK893
tail into the assay solution to investigate its effects on DK411
motor motility in 1 mM ATP (Figure 3B-D). Even at 1000 nM
DK893 tail, almost all fluorescent spots, all indicating DK411,
moved unidirectionally and processively (Figure 3D). As a
control, DK411 in the rigor state and ADP state were observed
(Figure 3E). Both showed different behavior from ATP condi-
tions.

If the DK893 tail anchored to both DK411 and the micro-
tubule (Figure 1C), we would expect to observe still motions
during DK411 movement, consistent with a previous report (20).
However, these were not observed (Figure 3B-D). We speculate
that the single molecular behaviors were sensitive to the buffer
condition, as they were for the ATPase assay in solution kinetics.
Hence, we also carried out single molecule motility assays at low
potassium concentration (10 mM potassium acetate) (Supporting
Information Figure S2). DK411 sometimes paused during its pro-
cessive movement along a microtubule (Supporting Information

FIGURE 3: Movement of a self-regulated motor domain under a total internal fluorescence microscope. (A) Sequential images of a single
Cy3-labeled DK411 moving along a microtubule. Processively moving DK411s are shown by arrows. (B-D) Five typical traces of the motor
domainat 1mMATP in the absence (0 nM(B)) andpresenceof theDK893 tail (500 nM(C) and 1000nM(D)). (E) Five typical traces of themotor
domain in the rigor state (solid lines) and ADP state (broken lines) at 0 nM DK893 tail.
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Figure S2B, broken blue circles), again consistent with the previous
report (20). Thus, we speculate that the DK893 tail bound both
DK411 and microtubule and prevented the DK411 of forward
movements and conclude that the anchormodel is inappropriate for
explaining kinesin’s tail-mediated inhibition at 50 mM KCl.

To investigate the motile properties of DK411 when inhibited
by theDK893 tail, we analyzed the velocity and travel distance of
Cy3-labeled DK411 in the absence and presence of the DK893
tail (Figure 4). The travel distance was defined as the distance
between the sites whereDK411 attaches to and detaches from the
microtubule. The velocity of DK411 distributed as a single
Gaussian function with a peak at 0.52 μm/s (Figure 4A). The
addition of the DK893 tail did not affect DK411 velocity
(Figure 4B,C). The constant velocity indicated that the DK893
tail did not inhibit the ATPase cycle of DK411 bound to the
microtubule. Histograms of the travel distance at various DK893
tail concentrations are shown in Figure 4D-F. The average
travel distances at 0, 500, and 1000 nM DK893 tail were 0.57,
0.47, and 0.39 μm, respectively. This decrease wasmost likely due
to the DK893 tail being bound to the microtubule (Figure 2A,B).
Although the travel distance decreased with increasing levels of
the DK893 tail, the extent of the effect was less than that on

ATPase in solution (Supporting Information Figure S1 and
Table 1).

In contrast to the change in travel velocity, the binding rate of
DK411 to microtubules decreased remarkably with the addition
of theDK893 tail (Figure 5A). The binding rate was calculated as
the frequency of 1 nM DK411 binding to 1 μm microtubule for
1 min. The binding rates in the presence of 0, 500, and 1000 nM
DK893 tail were 0.76, 0.42, and 0.16 /μm/min, respectively. This
suggests that the DK411-DK893 tail complex failed to bind to
the microtubule or could associate and dissociate from the
microtubule within 120 ms since we detected a fluorescent spot
moving for four video frames (1 frame = 30 ms) (see Materials
and Methods).

There remained two ways in which we believe the kinesin tail
inhibits motility: by suppressing interaction between DK411 and
the microtubule or promoting detachment. Assuming that the
DK893 tail masks the microtubule binding site from DK411,
inhibition of DK411-microtubule binding by the DK893 tail
should not depend on the nucleotide state. Therefore, we
investigated the effect of adding the DK893 tail against the
binding of DK411 to microtubules while in the ADP state
(Figure 5C). The binding rate decreased 2-fold upon adding
500 nM DK893 tail. Combining this with our single molecule
imaging assay data led us to conclude that theDK893 tail inhibits
interaction between the DK411 and microtubule but does not
slow the ATPase cycle.

FIGURE 4: Effects of the DK893 tail on the velocity and travel
distance of single DK411. The velocity (A-C) and travel distance
(D-F) of an individual Cy3-labeled motor domain were determined
from the traces in Figure 3B-D. The histograms in (A)-(C) were
fitted to a single Gaussian function with peaks of 0.45, 0.50, and
0.46 μm/s for (A)-(C), respectively. The histograms in (D)-(F) were
fitted to a single exponential function with travel distances of 0.57,
0.4, and 0.39 μm, respectively.

FIGURE 5: InhibitionofDK411binding tomicrotubules. (A)Typical
images of several DK411 bound to amicrotubule. (B) Binding rate of
DK411 to microtubules at various DK893 tail concentrations in
1 mMATP. The binding rate of the moving DK411 to microtubules
was defined as the number ofDK411molecules per 1μmmicrotubule
per 1min. (C) Comparison of the binding rate in the presence ofATP
and ADP. The binding rate was standardized.
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A decreased binding rate was observed also at 10 mM
potassium acetate going from 0.78 to 0.33 /μm/min (Suppor-
ting Information Figure S2A,B), despite the concentration of the
exogenous tail being only 30 nM. In this condition, the associa-
tion time, which is proportional to the travel distance, also
decreased (Supporting Information Figure S2E,F, 1.91-0.81 s).
In conjunctionwith the results seen inFigure 2A-C,we conclude
that the tail domains covered the surface of the microtubules.
Inhibition of the DK893 Tail against DK411 Binding

Microtubule in Living Cells. Because at 150 mM KCl the
DK893 tail inhibited the interaction between the DK411 and
microtubules in vitro, we investigated if a similar effect occurs
in vivo. By applying immunofluorescence, one report found
indirectly that the tail domain does interact with microtubules
in cells (27). We aimed to directly observe this interaction by
transfecting mCherry-DK893 tail and DK411-AcGFP into
Cos-7 cells and viewing under a confocal fluorescent microscope
(Figure 6). TheDK411-AcGFP expressed cell showsmany lines
labeled with GFP, indicating DK411 localized along the micro-
tubules (Figure 6A). In the cell cotransfected with mCherry-
DK893 tail and DK411-AcGFP, neither bound to microtu-
bules, although they did show colocalization everywhere in the
cell except at the nucleus (Figure 6B). Even a cotransfected cell
that expressed mCherry-DK893 tail at low levels showed
microtubules labeled with DK411-AcGFP (Figure 6C). This
was presumably the result of mCherry-DK893 tail binding to
DK411-AcGFP, which prohibited the latter from binding to the
microtubules.

DISCUSSION

In this study, we attempted to clarify the mechanism by which
the kinesin tail domain inhibits the motility of its motor domain,
finding that this inhibition depends on the potassium concentra-
tion (Figure 2). The number of tail domains bound to a
microtubule dropped 70% in >100 mM KCl (Figure 2A,B)
whereas its affinity for DK411 was relatively unaffected (14).
Effects were also seen in ATPase (Figure 2D-F). At low Kþ

concentration (<50 mM), the tail domain could interact with
both the motor domain and the microtubule (Figure 2) (16, 20),
which decreased the Km of the microtubule-stimulated ATPase
(Figure 2D). Furthermore, we observed “stop and go” move-
ments by discrete DK411 at such concentrations (Supporting
InformationFigure S2). In combination, these results support the
anchor model (Figure 1C). However, at high Kþ concentration
(>100 mM), the tail domain could anchor neither the motor
domain nor amicrotubule (Figure 4 and Supporting Information
Figure S2), thus leaving Km unchanged (Figure 2E,F). Further-
more, we did not see inhibited DK411 motility when using single
molecule imaging. Alongwith the fact that we did not observe the
obvious localization of the tail domain alongmicrotubules in cells
(Figure 6), our results suggest a large proportion of the kinesin
tail domain does not bind to the microtubules but to the motor
domain. Physiologically, we surmise that kinesin floats in the
cytosol until it binds to a cargo but that weak binding by the tail
domain to the microtubule keeps kinesin near the microtubule
while awaiting its cargo.

In single molecule imaging observations, while the addition of
the DK893 tail suppressed the binding of DK411 to the micro-
tubules, it did not affect velocity (Figures 4 and 5). This suggests
that the tail domain does not inhibit the motility of a microtubule-
interacting motor domain and that the microtubule-stimulated

FIGURE 6: Localization of DK411-AcGFP and mCherry-DK893
tail in aCos-7 cell. (A)Typical imageofDK411-AcGFP localization
in a Cos-7 cell. The right panel is a magnification of the area within
the dotted white square in the left panel. (B) Typical image of
DK411-AcGFP and mCherry-DK893 tail colocalization in a
Cos-7 cell. (C) Typical image of DK411-AcGFP and mCherry-
DK893 tail colocalization in a different Cos-7 cell. The inset panel
is a magnification of part of the cell to the right where mCherry-
DK893 tail was not seen to be sufficiently expressed. Bars represent
5 μm.
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ATPase rate does not change. Furthermore, full-length, folded
kinesin is known to detach from a microtubule in the presence of
ATP but not in AMPPNP (16). Therefore, we argue that while the
tail domain suppresses the interaction of the motor domain to the
microtubule, it does not block the binding site completely. These
observations can be described by the allosteric inhibition model
(Figure 1B). Additionally, it was revealed that the tail domain
inhibits Mg2þ-free ADP release in the absence of any micro-
tubules (28) and that the tail domain directly interacts with the
switch I region of the motor domain (18). Therefore, it is most
likely that any conformational changes corresponding to ATP
hydrolysis are suppressed by the tail domain.

We also estimated the apparent ATPase of a moving DK411
molecule in the single molecule imaging assay. DK411 moves
processively with successive 8 nm steps, and each step couples
with one ATP hydrolysis (29). Knowing this and noting that
because the ATPase of the motor domain is activated only when
the motor domain interacts with a microtubule, unlike the case
for in vitro experiments, the apparent ATPase is calculated as
(velocity)/(unitary step size) � (binding rate) � (travel distance),
which decreased from 24.4/s in 0 nM DK893 tail to 3.6/s in
1000 nM DK893 tail. The ratio of these two values (0.15 =
3.6/24.4) is in good agreement with our solution assay (Vmax

ratio: 0.10 = 2.4/24.6, Table 1). Therefore, single molecule
imaging observations reflected the ATPase inhibition observed
in bulk assays.

Still, the allosteric inhibition model has its flaws. According to
this model, the DK411-DK893 tail complex should adopt the
behavior of DK411 with no tail in the ADP state since DK411
with theDK893 tailmaintains the ability to bind to amicrotubule
and ADP. However, although we observed one-dimensional
diffusions by DK411 for ∼0.5 μm along a microtubule in
1 mM ADP (Figure 3E), we saw no such diffusions in 1 mM
ATP and high DK893 tail concentrations (Figure 3D). Further-
more, a decrease in the binding rate by adding the DK893 tail
was observed in 1 mM ADP (Figure 5C), which in combination
with our imaging results implies the tail domain masks the
microtubule binding site of the motor domain. Moreover,
Hackney and colleagues reported that one tail domain in a dimer
is sufficient to inhibit the ATPase activity of the two heads (30).
This may cause the tail domain to inhibit only the back head while
the front head is unaffected and can therefore bind to the micro-
tubule, which will compromise processive movement (20, 21, 31).

In conclusion, combining previous reports with our present
data leads us to believe a combination of the steric inhibition and
allosteric inhibition models (Figure 1A,B) is best for describing
the tail’s regulation at physiological conditions while the anchor
model applies at low potassium chloride conditions. This is in
large part because the tail domain did not bind tomicrotubules in
a cell (Figure 6) and that during motility the DK411-DK893 tail
complex does not interact with the microtubule but instead
dissociates into its subunits, allowing free DK411 to interact
instead. Upon binding to a microtubule, DK411 cannot be
bound by the DK893 tail due to steric limitations enabling
DK411 to move processively. However, the DK893 tail can still
weakly bind to a microtubule to disrupt DK411 motility. In the
ATP state, this ability results in the lead head pushing the rear
head forward (32, 33) such that the tail domain inhibits only the
rear head, which leads to premature dissociation and no proces-
sive movement.

In living cells, it is most likely that kinesin floats in the cytosol
without interacting to a microtubule while awaiting cargo to

bind. Once cargo does bind, however, we speculate that the tail
domain dissociates from the motor domain, allowing kinesin to
bind to and move processively along the microtubule in order to
transport cargo to its intended destination. If true, this self-
regulation would be an effective means to prevent kinesin from
hydrolyzing ATP unnecessarily when no cargo is being carried.
To confirm this regulation, future studies will need to examine
whether the tail domain interacts with the motor domain within
full-length kinesin inside a living cell.
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