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The Kinesin-1 Tail Conformationally Restricts the Nucleotide Pocket
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ABSTRACT We have used electron paramagnetic resonance and fluorescence spectroscopy to study the interaction between
the kinesin-1 head and its regulatory tail domain. The interaction between the tails and the enzymatically active heads has been
shown to inhibit intrinsic and microtubule-stimulated ADP release. Here, we demonstrate that the probe mobility of two different
spin-labeled nucleotide analogs in the kinesin-1 nucleotide pocket is restricted upon binding of the tail domain to kinesin-1 heads.
This conformational restriction is distinct from the microtubule-induced changes in the nucleotide pocket. Unlike myosin V, this tail-
induced restriction occurs independent of nucleotide state. We find that the head-tail interaction that causes the restriction only
weakly stabilizes Mg2þ in the nucleotide pocket. The conformational restriction also occurs when a tail construct containing
a K922A point mutation is used. This mutation eliminates the tail’s ability to inhibit ADP release, indicating that the tail does not
inhibit nucleotide ejection from the pocket by simple steric hindrance. Together, our data suggest that the observed head-tail inter-
action serves as a scaffold to position K922 to exert its inhibitory effect, possibly by interacting with the nucleotide a/b-phosphates in
a manner analogous to the arginine finger regulators of some G proteins.
INTRODUCTION

The kinesin-1 motor protein translates the energy derived

from ATP hydrolysis into the plus end-directed transport

of intracellular cargo along microtubules (MTs). The

majority of kinesin-1 inside cells exists in a regulated state

(1). Regulated kinesin-1 adopts a folded conformation that

is tightly ADP-bound and has weak MT affinity (2). This

folding can occur in the absence of kinesin light chains,

although the light chains confer additional regulatory

function (3,4). In the folded conformation, the Hinge II

region in the kinesin-1 coiled-coil stalk bends, and an inter-

action occurs between the neck coiled-coil and the tail

coiled-coil (Fig. 1 A) (5–7). This stabilizes the folded confor-

mation and positions the C-terminal regulatory tail domains

to directly interact with and inhibit the N-terminal ATPase

heads (8,9). Kinetic data show that the tail inhibits intrinsic

and MT-stimulated ADP release from kinesin-1 (2,10).

A critical lysine residue (K922) in the conserved QIAKPIRP

motif of the tail is required for inhibition (2,11). The mech-

anism by which the tail, specifically the critical K922

residue, inhibits ADP release is unknown.

We have recently demonstrated by photochemical cross-

linking and cryo-electron microscopy (cryo-EM) that the

regulatory QIAKPIRP sequence of the tail interacts in the

vicinity of the Switch I element of the head, near the kine-

sin-1 nucleotide pocket (12). Switch I, together with Switch

II, form a g-phosphate-sensing mechanism (Fig. 1 B) that is

structurally conserved in the nucleotide pockets of kinesins,

myosins, and G proteins (13–16). The nucleotide pocket of

kinesin-1 undergoes a conformational change upon binding
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to MTs, which was observed as a restriction of the mobility

of electron paramagnetic resonance (EPR) probes attached to

the ribose oxygens of ADP or other diphosphate nucleotides

on kinesin-1 and the kinesin family member ncd (17,18).

This is thought to correspond to a ‘‘closing’’ of Switch I

that promotes the hydrolysis of ATP when the motor binds

MTs. A salt bridge forms between Switch I and Switch II

to stabilize this ‘‘closed’’ (proximal to the nucleotide) state.

In contrast, a cryo-EM structure of a kinesin-1 tail fragment

(residues 823–944) complexed with the head on MTs shows

an ‘‘open’’ (distal to the nucleotide) Switch I conformation

(12), which is associated with the strong nucleotide-binding

state seen in crystal structures (19,20). This is consistent with

the tail’s role in preventing MT-stimulated ADP release.

There are several possible mechanisms for tail-mediated

regulation of ADP release and several potential reasons

why the K922 residue is critical. Because kinesins and

G proteins share multiple structural elements, it has been

suggested that they may also be regulated in a similar fashion

(10,12). Release of GDP from G proteins is inhibited by

binding partners called guanine nucleotide dissociation

inhibitors (GDIs). RhoGDIs and RabGDIs are two nonho-

mologous classes of GDIs that act similarly to inhibit GDP

release. Both classes can stabilize specific conformations

of the Switch I/Switch II g-phosphate sensors that are incom-

patible with nucleotide ejection. RhoGDIs and RabGDIs can

also coordinate the Mg2þ ion in the nucleotide pocket, either

as a separate mechanism or in concert with the Switch I/

Switch II interaction to further stabilize a bound nucleotide

(21–23). The third major class of GDIs, known as GoLoco

proteins, inhibits GDP release by positioning a critical argi-

nine finger to stabilize the a/b-phosphates of a bound nucle-

otide (14,24). Based on the homology between kinesins and

G proteins, a kinesin-1 head-tail interaction could position

doi: 10.1016/j.bpj.2008.11.069

mailto:s-rice@northwestern.edu


2800 Wong et al.
FIGURE 1 EPR probes and kinesin-1 constructs used. (A) K349 and K420

head constructs and the Tail944 tail construct are shown below a schematic of

the full-length kinesin heavy chain dimer. Head residues are tan, coiled-coil

residues are gray, and predicted globular tail residues are black. These

constructs have been described previously (12). (B) Close-up view of the kine-

sin-1 motor domain (Protein Data Bank (PDB) 1bg2) (19) showing the bound

nucleotide and components of the nucleotide pocket. The P-loop, Switch I, and

Switch II nucleotide pocket elements are colored orange, red, and cyan, respec-

tively. The G234 residue in Switch II is depicted in spacefill representation.

The 20 and 30 ADP ribose oxygens (where the 20,30-SLATP nitroxide spin label

is attached) are indicated by arrows. The figure was generated using Pymol

(39); (C) Chemical structures of the nucleotide analogs are shown. 20,30-
SLATP is derived from ATP via ribose modifications. SSL-NANTP is derived

from a substituted phenylring-amino-ethylspacer-triphosphate structure.
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the critical K922 tail residue to inhibit ADP release by one or

more of these mechanisms: through direct or indirect interac-

tions with the g-phosphate sensors, Mg2þ ion, a/b-phos-

phates, ribose oxygens, or coordinating water molecules.

Interestingly, kinesin-1 stands apart from myosins and

G proteins because its nucleotide pocket is on the surface

of the protein and highly exposed to the aqueous environ-

ment (19,25,26). The regulatory tail binds to the kinesin-1

head in the vicinity of Switch I and the nucleotide pocket,

leading to the idea that the tail might function by sterically

blocking ADP release. The role of the critical K922 in this

scenario could be structural and not enzymatic; it may be

required for the proper interaction of the tails with the heads

so that other elements can inhibit nucleotide release.

Here, we use EPR spectroscopy to show that the kinesin-1

tail causes a conformational change around the nucleotide

pocket that restricts the mobility of spin-labeled nucleotides.

The EPR spectra of kinesin-1 heads bound to tails show

a decrease in mobility that is qualitatively similar to the

spectra of kinesin-1 bound to MTs. However, the tail-

induced restriction of probe motility is significantly different

from that caused by MT-induced ‘‘closing’’ of Switch I.

Importantly, the conformational restriction occurs regardless

of whether the Switch I/Switch II g-phosphate sensor is

intact and independent of the regulatory K922 residue. These

data support a mechanism for tail-mediated inhibition in

which tail residues form interactions in and around the

nucleotide pocket, acting as structural supports for head-

tail interactions that are not directly involved in inhibition.

The supporting structure positions K922 to act as a critical

inhibitory agent, possibly by interacting with the nucleotide

a/b-phosphates.

MATERIALS AND METHODS

Cloning and purification of constructs

Untagged cysteine-light monomeric (K349) and dimeric (K420) head

constructs of human kinesin-1 heavy chain, as well as the G234A mutant,

were received from R. Vale (University of California, San Francisco, CA).

These constructs were expressed and purified as described (18). Tail944

was expressed and purified as described (12). The K922A tail mutant was

generated using a Quikchange II site-directed mutagenesis kit (Stratagene,

Cedar Creek, TX). The primers used were 50-GCATTCTGCACAGATTGC

TGCG CCTATTCGTCCCGGG C-30 and its complementary sequence.

Exchange of spin-labeled nucleotide analogs into
kinesin-1

K349 or K420 heads were dialyzed for 3 h into Labeling buffer (40 mM

MOPS, 2 mM MgCl2, 1 mM EGTA, 100 mM NaCl, pH 7.0). The protein

was concentrated to ~200 mM and mixed with 20,30 spin-labeled ATP

(20,30-SLATP) or Spiro spin-labeled 2-[(4-azido-2-nitrophenyl)amino]ethyl

triphosphate (SSL-NANTP) at a ~1:1 molar ratio. These probes are

described in Fig. 1 C. 20,30-SLATP was synthesized by N. Naber. SSL-

NANTP was supplied by J. Grammer, X. Chen, and R. Yount (Washington

State University, Pullman, WA). The 20,30-SLATP probe was incubated with

kinesin-1 for 1 h, and unbound probe was removed by centrifuging the
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mixture through a Micro Bio-Spin column (Bio-Rad Laboratories, Hercules,

CA) equilibrated with Labeling buffer. The EPR spectrum was then re-

corded. For SSL-NANTP labeling, kinesin-1 was incubated with SSL-

NANTP and 0.1 mg/ml myokinase overnight to facilitate the exchange of

the spin probe into kinesin-1. Unbound probe was removed as described

above, and the EPR spectrum was recorded.

Binding of kinesin-1 tails to heads

Tail944 and TailK922A solutions were concentrated using Centricon

centrifugal filters (Millipore, Billerica, MA) and washed several times

with a buffer containing 25 mM HEPES, 2 mM MgCl2, 1 mM EGTA,

300 mM NaCl, pH 7.0. The final concentration of the protein was adjusted

to ~250 mM. Additional NaCl was added to labeled kinesin-1 heads to bring

the salt concentration to 300 mM NaCl. A fourfold molar excess of tails was

added to a solution of labeled heads. The resulting mixture was dialyzed

overnight into 25 mM HEPES, 2 mM MgCl2, 1 mM EGTA, 50 mM

NaCl, pH 7.0. The EPR spectrum of the resulting solution was then recorded.

For experiments involving AlF4, solutions of 2 mM AlCl3, and 10 mM NaF

were freshly added to the kinesin-1 mixture before the EPR spectrum was

recorded. The time course of nucleotide release experiments was performed

by adding 10 mM ADP to the kinesin-1 head-tail solution. The mixture was

rapidly mixed by pipetting, inserted into a 25 ml capillary within ~30 seconds,

and placed in the EPR cavity for time-dependent measurements.

EPR spectroscopic measurements

EPR measurements were performed with a Bruker EMX EPR spectrometer

from Bruker Instruments, Inc. (Billerica, MA). First derivative, X-band

spectra were recorded in a high-sensitivity microwave cavity using 50 s,

100-gauss-wide magnetic field sweeps. The instrument settings were as

follows: microwave power, 25 mW; time constant, 164 ms; frequency,

FIGURE 2 Kinesin-1 tails induce a conformational restriction of the

nucleotide pocket that differs from the conformational changes that occur

upon microtubule binding. Spectra of 20,30-SLADP-bound kinesin-1 are

shown in the absence of tail (cyan), in the presence of tail (black), and in

the presence of MTs (red). Spectra of SSL-NANDP are not shown because

of a large spectral component corresponding to free probe. Arrows and

dashed lines mark the EPR spectral splittings of kinesin-1 heads bound to

the nucleotide spin probe in the presence of tails. The splittings between

the low field peak (P1) and high field dip (P5) of the immobilized compo-

nents, and full cone angles corresponding to these splittings, are shown

below the spectra.
9.83 GHz; modulation, 1 gauss at a frequency of 100 kHz. Each spectrum

used in data analysis is an average of 5–50 sweeps from an individual

experimental preparation. For nucleotide release experiments, 11 s scans

were taken at a 25 gauss field sweep that detects the high-field peak of the

free probe in the EPR spectrum, and these were fit to a single exponential

function. All experiments were performed at room temperature.

Mant-ADP release assays

Dimeric K420 heads (15–20 mM) were incubated with 100 mM Mant-ADP

for 12–60 h at 4�C to allow exchange into the nucleotide pocket. Excess

nucleotide was removed by batch binding and elution from Whatman P11

phosphocellulose resin (Whatman, Kent, United Kingdom). Head and tail

proteins were dialyzed separately into assay buffer (20 mM HEPES,

30 mM potassium acetate, 20 mM imidazole, 2 mM MgCl2, 0.1 mM

EGTA, 5 mM b-mercaptoethanol, pH 7.2) before experiments. Protein

concentrations were adjusted to 6 mM K420 and 15 mM tails for all

experiments. Steady-state fluorescence measurements were collected on

a TimeMaster fluorescence lifetime spectrometer from PTI, Inc. (Birming-

ham, NJ). The sample was excited at 360 nm, and emission was measured

at 450 nm. For the standard nucleotide release experiments, 280 mM ATP

was used to initiate Mant-ADP release. For Mg2þ release experiments,

a mixture of 7 mM EDTA þ 280 mM ATP was used to initiate the reaction.

All experiments were performed at room temperature.

RESULTS

Kinesin-1 tails restrict the mobility of EPR probes
in the nucleotide pocket

Previous EPR spectroscopy experiments with spin-labeled

nucleotides showed that MT binding induces the Switch I

element of kinesin-1 to ‘‘close’’ into the nucleotide pocket

(17), and these results were later corroborated by high-

resolution cryo-EM structures (13,17). We used the same

EPR probes on kinesin-1 heads in the presence of truncated

tails added in trans to assess whether the tail, like MTs,

induces conformational changes in the kinesin-1 nucleotide

pocket. For these experiments, we exchanged two spin-

labeled nucleotide analogs, 20,30-SLATP and SSL-NANTP

(Fig. 1 C), into the nucleotide pockets of truncated kinesin-

1 monomeric or dimeric heads (residues 1–349, designated

K349, or residues 1–420, designated K420; Fig. 1 A). We

then measured EPR spectra in the absence and presence of

a kinesin-1 tail fragment (residues 823–944, designated

Tail944; Fig. 1 A). Due to kinesin-1’s intrinsic ATPase

activity, the nucleotide analogs were hydrolyzed into their

diphosphate forms in the period before measurements were

taken.

Both 20,30-SLADP and SSL-NANDP probes are partially

immobilized by binding to the kinesin-1 nucleotide pocket

(Fig. 2). The splittings of the immobilized components of

20,30-SLADP-bound K349 are 43.3 � 0.1 gauss, consistent

with previously reported data (17). Griffith and Jost (27)

have shown that the EPR spectra of nitroxide spin labels

can be modeled as rapid, subnanosecond mobility within

a cone, where the angle of the cone approximates the steric

restriction in mobility caused by the protein surface adjacent

to the probe. The spectra observed for kinesin-1 correspond
Biophysical Journal 96(7) 2799–2807
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to a wide cone angle of 133.2 � 0.2� within which the probe

can diffuse, indicating that the ribose oxygens on nucleotides

bound to kinesin-1 are remarkably open to the aqueous

environment. In contrast, the SSL-NANDP spin-label ring

is attached to the 20 carbon atom of NANTP, which corre-

sponds to the 50 carbon position of ADP based on the crystal

structure of NANTP-based analogs bound to myosin (28).

This positions the probe deeper inside the nucleotide pocket

than the spin-label ring on the ribose of 20,30-SLADP (17).

Additionally, the spiro linkage to the SSL-NANDP spin

moiety is more restrictive to motion than the ester linkage

of 20,30-SLADP. Thus, larger splittings are seen when

SSL-NANDP is bound to kinesin-1 in solution, 60.3 � 0.1

gauss, corresponding to a narrower 77.2 � 0.2� cone angle

through which the probe can diffuse (Fig. 2). Although our

probes’ true region of diffusion is unlikely to be a geometric

cone, it is nonetheless constructive to compare the spectra

observed here with the simulations of Griffith and Jost (27)

to quantify the degree of probe mobility.

In the presence of Tail944, the mobility of both EPR

probes is restricted. The splittings of 20,30-SLADP increase

to 45.6 � 0.1 gauss. These values correspond to a decrease

in probe mobility from a cone angle of 133.2 � 0.2� for

20,30-SLADP on heads alone to 124.8 � 0.2� in the tail-

bound state. With SSL-NANDP-bound K349, the splittings

also increase after addition of Tail944 to 63.2 � 0.1 gauss

(65.1 � 0.2� cone angle). For all these measurements, we

used ~20 mM heads and ~80 mM tails. The change in EPR

signal due to the tails was saturated such that increasing

tail concentration did not significantly change the EPR

spectrum, and this concentration is in large excess of the

reported Kd (<0.1 mM) for a head-tail interaction (10).

Thus, we anticipate that all heads are tail bound under these

conditions.

The observation that a decrease in mobility occurs with

two different analogs that place probes at different positions

in the nucleotide site indicates that the changes in mobility

due to the kinesin-1 tail are not due to a simple local change

in structure, but reflect a more global restriction of the area

around the nucleotide pocket. We next sought to explore

the role of this tail-induced restriction in kinesin-1’s regula-

tory mechanism.

The tail-induced conformational restriction
is distinct from the changes observed
in the nucleotide pocket upon MT binding

The spectra of 20,30-SLADP and SSL-NANDP exhibit two

major components in the presence of MTs: a highly mobile

component corresponding to free probe and a more immobi-

lized component corresponding to probe that is bound to

kinesin-1 on MTs (17). The large amount of free probe

reflects kinesin-1’s weak affinity for these probes, and

diphosphate nucleotides in general, when it is bound to

MTs (29). Nevertheless, at the high protein concentrations

used, we were able to compare immobilized spectral
Biophysical Journal 96(7) 2799–2807
components of MT-bound or tail-bound heads containing

spin-labeled nucleotides. The values we measured for the

EPR spectral splittings of kinesin-1 on MTs agree with previ-

ously reported results (17).

Similar to MTs, the tail restricts the nucleotide pocket.

However, our results suggest that tails and MTs restrict the

nucleotide pocket in different ways. The splitting of the

immobilized components of 20,30-SLADP-bound K349

or K420 in the presence of Tail944 is 45.6 � 0.1 gauss

(124.8 � 0.2� cone angle), which differs from that of

MT-bound K349 (47.9� 0.3 gauss, 117.3� 0.5� cone angle;

Fig. 2). The difference is more prominent in K349 containing

SSL-NANDP, which has a splitting of 63.2 � 0.1 gauss

(65.1 � 0.2� cone angle) in the presence of Tail944 and

67.0 � 0.3 gauss (44.9 � 0.9� cone angle) in the presence

of MTs.

Head-tail binding and the observed
conformational changes do not specifically
require ADP in the kinesin-1 nucleotide pocket

The significant structural homology between G proteins,

kinesins, and myosins led us to postulate that the kinesin-1

head-tail interaction could share similarities with interactions

seen between the myosin V head and tail as well as between

GDIs and G proteins. However, there is a significant differ-

ence between the regulatory mechanisms of myosin V and

G proteins. Whereas GDIs seem to bind with nearly equal

affinity to their cognate G proteins in GDP and GTP states

(30), head-tail interactions in myosin V appear to be nucleo-

tide dependent. Nucleotide-linked conformational changes

in the head can promote tail binding, and tail-induced inhibi-

tion of actin binding is observed more prominently when

ADP is in the nucleotide pocket (31).

To test whether the observed kinesin-1 head-tail interaction

depends on nucleotide state, we added 2 mM AlCl3 and

10 mM NaF to 20,30-SLADP-bound K349, to generate 20,
30-SLADP�AlF4 bound to heads, which is an ATP analog state

(32–34). The EPR spectrum of 20,30-SLADP-bound K349 did

not change after addition of AlF4. Likewise, the spectrum re-

sulting from tail-induced immobilization of the probe was

identical in the absence and presence of AlF4 (Fig. 3). In a

complementary experiment, we added 20,30-SLATP to

a G234A mutant of K349. The G234A mutation results in a

motor that cannot form the Switch I/Switch II salt bridge

that serves as kinesin-1’s g-phosphate sensor (33). G234A

kinesin-1 is also unable to hydrolyze ATP, thus a 20,
30-SLATP probe exchanged into its nucleotide pocket

remains in a triphosphate state. G234A K349 containing

20,30-SLATP showed the same spectral shift as wild-type

K349 containing 20,30-SLADP after addition of Tail944

(Fig. 3). Together, the data suggest that the head-tail interac-

tion can occur independent of an intact g-phosphate sensing

mechanism, and regardless of the presence or absence of the

nucleotide g-phosphate. This is consistent with how GDIs

bind their partner G proteins in both nucleotide states, but
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FIGURE 3 The tail-induced conformational change

occurs independent of nucleotide state. Spectra of

kinesin-1 bound to 20,30-SLADP or 20,30-SLATP are shown

in the absence of tail (cyan), in the presence of tail (black),

and in the presence of tail and 2 mM AlCl3 þ 10mM NaF

(pink). EPR spectral splittings are indicated as in Fig. 2.

G234A kinesin-1 does not hydrolyze ATP, so the

probe in the nucleotide pocket remains 20,30-SLATP (not

20,30-SLADP). 2 mM AlCl3 þ 10 mM NaF induces an

ADP�AlF4 triphosphate mimic state. The tail-bound spec-

tral splittings are identical in the absence and presence of

AlF4 or the G234A mutation, indicating that the tail-

induced conformational restriction can occur with ADP

or ATP in the pocket.
effectively rules out a mechanism that involves the tail

targeting the g-phosphate sensors.

The tail-induced conformational restriction only
weakly stabilizes Mg2þ in the nucleotide pocket

Mg2þ is required for tight binding of nucleotides to kinesin

motors, and chelation of Mg2þ efficiently strips away the

bound nucleotide (35). Mg2þ is also a target for some

guanine nucleotide exchange factors (GEFs) that remove

GDP from G proteins by disrupting Mg2þ binding (36).

We tested the possibility that the tail could stabilize a bound

nucleotide by coordinating Mg2þ in the nucleotide pocket.

We performed Mant-ADP-release experiments using

EDTA to chelate Mg2þ out of the K420 nucleotide pocket.

Our data show that Tail944 only marginally affected

EDTA-induced removal of the Mg2þ ion (release rate of

0.073 � 0.006 s�1 for K420 alone vs. 0.055 � 0.005 s�1

for K420 in the presence of Tail944; Fig. 4). This trend is

consistent with results from Hackney and Stock (10), who

showed that the tail weakly inhibits initial Mg2þ release

(reported rates of 0.037 s�1 for heads alone and 0.025 s�1

for heads in the presence of a tail construct). They concluded

that most, if not all, of their observed decrease in rate could

be explained by the inhibition of the intact Mg�ADP

complex occurring simultaneously. In our experiments,

EPR spectra of 20,30-SLADP-bound heads in the presence

of Tail944 very quickly lost any immobilized component

from bound nucleotide after addition of EDTA (faster than

the time required to measure spectra). Thus, the tail-induced

effect may not be significant, in which case we conclude that

the tail does not bind either directly or indirectly to stabilize

Mg2þ in the nucleotide pocket. Even if the effect is signifi-

cant, tail stabilization of Mg2þ does not appear to be the

major contributing factor to inhibition of nucleotide release

in solution. However, the possibility exists that the tail could

inhibit specific MT-induced mechanisms for triggering

Mg2þ release, as our experiments did not assess MT-

stimulated Mg2þ release explicitly.
The K922 residue is critical for inhibition but not
required for inducing the conformational
restriction observed during head-tail interactions

Results by several groups have identified the tail K922

residue as critical to regulation (2,11). The mutation

FIGURE 4 The tail only weakly inhibits release of Mg2þ from the

nucleotide pocket. Removal of Mg2þ from the nucleotide pocket is followed

sequentially by rapid release of bound nucleotide. Normalized time-

dependent traces of Mant-ADP release from K420 occurring after addition

of EDTA þ ATP are shown. Smooth lines are weighted first-order fits to

the normalized average traces. Rates and standard deviations are shown

below the curves (n ¼ 5 for both samples). The rate of Mant-ADP release

from EDTA-treated K420 was only marginally different in the absence

and presence of Tail944.
Biophysical Journal 96(7) 2799–2807
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K922E in fungal kinesin results in an unregulated motor that

accumulates at hyphal tips (11), and deletion of residues

920–922 (DIAK) abolishes regulation in human kinesin-1

(2,4). The reason why K922 is critical is not known. It could

be a structural lynchpin that is required for the proper inter-

action of the tails with the heads to inhibit ADP release by

a steric blocking mechanism. In this case, we would expect

a K922A mutation to disrupt proper binding of tails to

Switch I and the nucleotide pocket. Alternatively, other

elements in the tail may interact with the head to properly

position K922 for inhibition by binding to the nucleotide

or coordinating nucleotide-sensing elements into a tightly

bound configuration. If this is the case, we expect that

a K922A mutation would abolish regulation without having

a significant effect on the structure of the tail bound to the

head.

To distinguish between the possibilities discussed above,

we tested whether the characteristic conformational restric-

tion of the nucleotide pocket occurs in the presence of

Tail944 containing a K922A point mutation (TailK922A).

We found that TailK922A induces an identical restriction of

20,30-SLADP and SSL-NANDP EPR probes as wild-type

Tail944 (Fig. 5). Next, we measured rates of 20,30-SLADP

release from K420 in the presence of Tail944 or TailK922A

(Fig. 6, A and C). K420 alone released 2030-SLADP at a rate

of 0.0177� 0.0004 s�1. In the presence of Tail944, the release

rate was slowed to 0.0101 � 0.0004 s�1. Whereas Tail944

inhibited the rate of 20,30-SLADP release in solution,

TailK922A had no effect (release rate of 0.0189� 0.0013 s�1)

despite the fact that it induces an identical restriction of EPR

FIGURE 5 K922A tails induce similar structural changes as wild-type

tails. Spectra of 20,30-SLADP-bound kinesin-1 are shown in the presence

of Tail944 (black) and in the presence of TailK922A (orange). Only the

20,30-SLADP spectra are shown because of the large free component in

SSL-NANDP spectra. EPR spectral splittings are indicated as in Fig. 2.

The 20,30-SLADP and SSL-NANDP splittings of monomeric (K349) and

dimeric (K420) head spectra are the same with Tail944 or TailK922A.

The Tail944 and TailK922A spectra are hard to distinguish because they

are almost perfectly superimposed on each other.
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probe mobility as Tail944. Because the accuracy of rates

measured by EPR is limited by low time resolution and

difficulties in mixing, we confirmed our results in an indepen-

dent assay by measuring K420 Mant-ADP release rates.

Similarly, the rate of ADP release was inhibited by Tail944

but not TailK922A (Fig. 6, B and C). The rates determined

by fluorescence spectroscopy are different by a factor of

2–3 from those determined by EPR. This is likely due to the

structural differences between the Mant-ADP reporter and

the 20,30-SLADP probe. The data reinforce the fact that

K922 is critical for inhibition, but it does not participate in

the head-tail interaction that causes a conformational restric-

tion of the nucleotide pocket. As a corollary, we conclude

that restriction of the nucleotide pocket alone does not inhibit

ADP release. Therefore, the tails do not appear to prevent

nucleotide release via a steric blocking mechanism.

The combined data lead us to believe that the tail-induced

conformational changes we observe in the nucleotide pocket

may be a stabilizing interaction between the tail and the head

that is not directly involved in the tail’s regulatory function.

This is the first evidence of a stabilizing interaction between

the kinesin-1 tail and the nucleotide pocket in the head. It is

possible that the tail-induced restriction of the nucleotide

pocket serves to increase the binding affinity of the kine-

sin-1 tail and head, and to specifically position the regulatory

K922 residue to inhibit nucleotide release.

DISCUSSION

We have shown that the kinesin-1 tail induces a specific

conformational restriction of the nucleotide pocket. This

conformational restriction is not caused by the ‘‘closing’’

of Switch I that has been observed when kinesin-1 binds

MTs (13,17). In fact, it may have the opposite effect on

Switch I. Dietrich et al. (12) reported that the tail induces

a conformation of Switch I that is similar to the conforma-

tion seen in crystal structures, in which ADP is very tightly

bound. The tail-induced restriction of the nucleotide pocket

observed here may be due to stabilizing interactions

between the tail and the head that hold the tail in place to

induce tight binding of the head to the nucleotide and the

corresponding ‘‘open’’, or solution-like conformation of

Switch I.

As the spin label on 20,30-SLADP is directly attached to

the 20/30 ribose oxygens, it serves as a direct sensor for

interactions that might involve them. Because the TailK922A

fragment restricts the mobility of our EPR probes exactly like

Tail944, we rule out the possibility that K922 interacts with

the ribose oxygens of the bound nucleotide. Because

TailK922A is incapable of inhibiting nucleotide release, this

also tells us that the tail does not block nucleotide exit by

a steric hindrance mechanism involving the conformational

restriction of the nucleotide pocket that we observe. However,

the data remain consistent with a possible interaction of the

K922 residue in the vicinity of the a/b-phosphates. Such an
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FIGURE 6 Wild-type tails inhibit nucleotide release, whereas K922A

tails have no effect. Normalized time-dependent traces of nucleotide release

from K420 occurring after addition of ATP are shown. Smooth lines are

weighted first-order fits to the normalized average traces. (A) Release of

20,30-SLADP. Data points shown are the averages � standard error of 4–6

measurements. (B) Release of Mant-ADP. Data points shown are averages

of 4–8 measurements. Standard errors in these traces are too small to display.

(C) Calculated rates for 20,30-SLADP and Mant-ADP. Rates and errors are

given by the weighted first-order exponential fits shown in (A) and (B).

The value for Mant-ADP release from K420 alone is consistent with

published data on Mant-ADP release rates from kinesin-1 heads (40). The
interaction would not necessarily hinder the mobility of 20,
30-SLADP or SSL-NANDP probes, as the spin labels are

somewhat distal to the phosphates. The observed mobility

shifts likely occur as a result of positioning K922, which

although critical to the tail’s activity, is not required for the

tail to bind to the nucleotide site.

A comparison of the kinesin-1 head-tail interaction

with GDI/G protein interactions leads us to a possible model

for tail-mediated inhibition. It is known that the GoLoco class

of GDIs inhibit GDP release by inserting an arginine finger

into the nucleotide binding site to coordinate the a/b-phos-

phates (14). Interestingly, a R516A mutation of the critical

arginine in the RGS14 GDI results in a tenfold reduction in

GDI activity, and an R516F mutation completely abrogates

activity (24). However, the mutations do not decrease the

ability of the GDI to complex with its partner G protein.

This is the phenomenon observed between the kinesin-1

head and tail. Furthermore, when the structures of the

GoLoco-G protein complex and kinesin-1 are aligned using

the conserved P-loop (GxxxxGKS/T) and Switch II (DxxG)

motifs, we see that the inhibitory GoLoco peptide is

positioned in the same area we predict the kinesin-1 tail to

be based on our previous cross-linking data (Fig. 7, A–D).

In the superimposed structure, the critical GoLoco arginine

is perfectly positioned to coordinate the a/b-phosphates of

kinesin-1’s bound ADP.

In crystal structures of nucleotide-free G proteins

complexed with GEFs, the P-loop lysine, which formerly con-

tacted negative charges on the a/b-phosphates, is rotated

away to interact with acidic residues either on the G protein

or a glutamic acid finger on the GEF (36). Although no

causality is implied between the loss of this lysine-phosphate

interaction and nucleotide release, we note that the presence of

the tail K922 residue may serve to preserve a stabilizing inter-

action for the nucleotide a/b-phosphates. Analysis of the

G protein/GEF complexes also reveals that the position of

Switch I is dramatically altered in these crystal structures. In

particular, coordination of the Mg2þ ion by a critical hydroxyl

is lost. It is possible that MTs, acting as a nucleotide exchange

factor, may likewise remove Switch I from the Mg2þ ion, re-

sulting in sequential ADP release. This mechanism has been

proposed for the actin-myosin V system (37,38). Indeed, if

this were also the mechanism for MT-stimulated ADP release

from kinesin-1, then it makes sense that our previously pub-

lished cryo-EM structure of the kinesin-1 head-tail-MT

complex shows Switch I in a solution-like position (12); the

tail prevents MTs from moving Switch I. In solution,

however, this does not seem to be the predominant mecha-

nism. As mentioned, the tail only marginally affects release

of Mg2þ from the nucleotide pocket. Additionally, Hackney

20,30-SLADP data measured by EPR are different due to the lower affinity

of kinesin-1 for the spin-labeled nucleotides. Both experiments demonstrate

that the K922A Tail-944 is unable to inhibit nucleotide release from K420.
Biophysical Journal 96(7) 2799–2807
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FIGURE 7 A possible role of the tail

K922 residue in kinesin-1 inhibition.

(A) Structure of the RGS14 GDI GoLoco

region complexed to the Ras-like

domain of Gai1 (PDB 1kjy) (24). The

RGS14 GoLoco region that contains

the critical regulatory arginine finger is

shown in purple. Switch I and Switch

II in Gai1 are indicated in red and cyan,

respectively. (B) The RGS14 GDI

GoLoco motif superimposed onto the

kinesin-1 crystal structure (PDB 1bg2)

(19). The same superposition is shown

in (C) without Gai1. Kinesin-1 was

aligned with the Gai1 Ras-like domain

using the P-loop (GxxxxGKS/T) and

Switch II (DxxG) motifs that are

conserved between G proteins and motor

proteins. Switch I and Switch II are indi-

cated as above. The kinesin-1 tail inter-

acts with Switch I in approximately the

same area that RGS14 is positioned in

the structure, as shown by chemical

cross-linking (12). In a manner analo-

gous to RGS14 and Gai1, scaffolding

interactions could position K922 to

coordinate the nucleotide a/b-phos-

phates as a ‘‘lysine finger’’. Close-up

views of the bound nucleotide and

RGS14 regulatory arginine are shown

in approximately the same orientation

as (A–C) for Gai1 (D) and kinesin-1

(E). Figures were generated with Pymol

(39).
and Stock (10) have shown that the tail can still strongly

inhibit Mg-free nucleotide release. Thus, there may be

multiple routes for nucleotide release in solution and on

MTs, and K922 may inhibit some of these.

Based on the work presented here, we propose a model

wherein the tail K922 may act as a GoLoco-like ‘‘lysine

finger’’ by interacting directly with the nucleotide a/b-phos-

phates, which explains our observed lack of dependence on

the nucleotide g-phosphate. In this scenario, the tail K922

keeps the nucleotide in the pocket by the K922-phosphate

interactions coupled with the head-tail stabilizing interac-

tions. This would appear to be the likely mechanism in solu-

tion. Upon MT binding, K922 may work in conjunction with

a separate tail-induced mechanism, possibly the stabilization

of Switch I in an ‘‘open’’ conformation, to prevent MT-stim-

ulated Mg2þ and ADP release. We await a complete structural

view of the head-tail complex to verify our proposed model.
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