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Abstract

The kinesin superfamily of microtubule associated motor proteins share a characteristic motor domain which both hydrolyses ATP and binds
microtubules. Kinesins display differences across the superfamily both in ATP turnover and in microtubule interaction. These differences tailor
specific kinesins to various functions such as cargo transport, microtubule sliding, microtubule depolymerization and microtubule stabilization.
To understand the mechanism of action of a kinesin it is important to understand how the chemical cycle of ATP turnover is coupled to the
mechanical cycle of microtubule interaction. To dissect the ATP turnover cycle, one approach is to utilize fluorescently labeled nucleotides to
visualize individual steps in the cycle. Determining the kinetics of each nucleotide transition in the ATP turnover cycle allows the rate-limiting step
or steps for the complete cycle to be identified. For a kinesin, it is important to know the rate-limiting step, in the absence of microtubules, as
this step is generally accelerated several thousand fold when the kinesin interacts with microtubules. The cycle in the absence of microtubules
is then compared to that in the presence of microtubules to fully understand a kinesin’s ATP turnover cycle. The kinetics of individual nucleotide
transitions are generally too fast to observe by manually mixing reactants, particularly in the presence of microtubules. A rapid mixing device,
such as a stopped-flow fluorimeter, which allows kinetics to be observed on timescales of as little as a few milliseconds, can be used to monitor
such transitions. Here, we describe protocols in which rapid mixing of reagents by stopped-flow is used in conjunction with fluorescently labeled
nucleotides to dissect the ATP turnover cycle of a kinesin.

Video Link

The video component of this article can be found at http://www.jove.com/video/52142/

Introduction

The kinesins are a superfamily of proteins characterized by a highly conserved motor domain1. The kinesin motor domain interacts with
microtubules in a nucleotide-dependent manner. Members of the kinesin family display a range of functions from translocating kinesins,
which carry cargo in a directed fashion along microtubules, to non-translocating microtubule end-binding kinesins, which regulate microtubule
dynamics2,3.

Kinesins use the turnover of adensosine-5’-triphosphate (ATP) to regulate their interaction with the microtubule cytoskeleton4-6. The conformation
of the kinesin motor domain and therefore its affinity for the microtubule depends on its nucleotide state: ATP, ADP, ADP.Pi or no nucleotide can
be bound (Figure 1). To understand the molecular mechanism of a kinesin, an understanding of the relationship between ATP turnover and
microtubule interaction is required. Therefore, a major goal in the kinesin field is to characterize the functional properties of different nucleotide
states and the kinetics of the transitions between them both in the presence and absence of microtubules.

 

Figure 1. The simplest ATP turnover cycle for a kinesin consists of four possible states: nucleotide-free (Φ), ATP-bound, ADP.Pi-bound
and ADP-bound. Each of the four transitions is characterized by a forward and backward rate constant (kx and k-x respectively).
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To understand how the chemical cycle of ATP turnover is coupled to the mechanical cycle of microtubule interaction, one must determine which
step in the ATP turnover cycle is rate limiting in the absence of microtubules and then determine how the cycle is altered by the presence of
microtubules. The simplest ATP turnover cycle consists of four individual chemicals steps: (1) ATP binding to the empty site (Φ denotes the
empty site, i.e., nucleotide-free kinesin); (2) ATP cleavage; (3) phosphate dissociation and (4) ADP dissociation (Figure 1). The rate-limiting step
sets the rate constant for the complete ATP turnover cycle. Therefore, to determine which step is rate limiting each of the individual transitions
must be measured and compared to the rate constant for the complete cycle. Methods to measure the overall ATP turnover cycle rate constant
are not described here but can be found in reference 7. Here, we describe methods by which rate constants for individual chemical steps can
be determined. There are a number of methods available to study individual transitions in the turnover cycle of a nucleotide hydrolyzing protein.
The methods presented here take advantage of the properties of nucleotides labeled with the fluorophore methylanthraniloyl, usually referred to
as mant, which display a change in fluorescence intensity upon binding to protein8. The mant group is used because its small size means that,
when coupled to the ribose (Figure 2A), it generally has little or no effect on the kinetics of nucleotide binding or hydrolysis9-12. Here, we present
protocols describing the use of mant-labeled nucleotides, in conjunction with stopped-flow fluorescence, to allow observation of nucleotide
binding and dissociation in the ATP turnover cycle of a kinesin.

Protocol

1. Determination of the Fluorescence Intensity Change upon Binding of Mant-labeled
Nucleotide.

1. Add 1 μM mant-labeled nucleotide to 1 μM kinesin (final concentrations) in an appropriate reaction buffer. Typically a buffer that benefits
microtubule growth and stability is used (see discussion). A commonly used buffer contains 80mM piperazine-bis-2-ethanesulfonic acid
(PIPES) pH6.9, 1mM MgCl2 and 1mM ethylene glycol-bis-2 aminoether-tetraacetic acid (EGTA).
 

Note: The concentration of kinesin stated in all protocols refers to the concentration of nucleotide binding sites (i.e., motor domains). Different
kinesins exist as monomers, dimers or tetramers and so can contain more than one nucleotide-binding site per molecule.

2. After an incubation period (1-3 min) and using a standard fluorimeter, measure the emission spectrum for the mant-labeled nucleotide-kinesin
complex. Use an excitation wavelength of 365nm and measure emitted light from 400-500 nm in 1nm increments.

3. Make a solution of 1mM mant-labeled nucleotide in the same reaction buffer used in Step 1.1.
4. Measure the emission spectrum for the mant nucleotide only sample, as previously described (see Step 1.2).
5. Normalize the spectra to the signal at the wavelength of peak fluorescence intensity of the spectrum of mant nucleotide in solution (i.e.,

without kinesin) by dividing through by this value.
6. Plot the normalized spectra (e.g., Figure 2B) to observe fluorescence intensity differences between the mantATP-bound and/or mantADP-

bound kinesin and mant nucleotide in solution.

2. Measurement of the Association and Dissociation Rate Constants for mantATP

1. To a solution of up to 20 μM kinesin (see discussion) in any appropriate Mg2+-free buffer (e.g., 80mM PIPES pH6.9, 1mM EGTA, 0.1%
Tween20), add 1 mM (final concentration) ethylenediaminetetraacetic acid (EDTA) and 1 mM (final concentration) dithiothreitol (DTT).   Note:
Addition of Tween20 to the buffer is recommended as it reduces/prevents loss of kinesin protein on the column used for buffer exchange
(Steps 2.3 and 3.3)

2. Incubate the solution at 25 °C for 15 min.
3. Separate free nucleotide and EDTA from the kinesin using a gravity flow G-25 sephadex gel filtration column according to manufacturer’s

instructions (see list of materials).
1. Equilibrate the column with at least 3 column volumes of an appropriate Mg2+-free buffer (see Step 2.1). Load the kinesin-containing

solution onto the column. Prepare a collection tube by adding an appropriate volume of 100mM magnesium chloride solution to the
empty tube, such that the final concentration of magnesium chloride is 1 mM after collection of the kinesin solution.  Immediate addition
of magnesium chloride helps stabilise the nucleotide-free kinesin.

2. Elute the kinesin using an appropriate Mg2+-free buffer. Kinesins are unstable when free of nucleotide so it is important to work quickly.
Store the nucleotide-free kinesin on ice and use within 1-2 hr.

4. During or prior to preparation of nucleotide-free kinesin, prepare a mantATP concentration series in the same reaction buffer as the final
solution of nucleotide-free kinesin. Determine the range of concentrations of mantATP required according to the available concentration of
kinesin with a typical series ranging from 0.1 to 50 μM (see step 2.5 and discussion).

5. Prepare a concentration series of nucleotide-free kinesin. For each concentration of mantATP (Step 2.4), a concentration of nucleotide-free
kinesin should be prepared such that the mant-labeled nucleotide is in 5 to 10-fold molar excess over kinesin nucleotide binding sites.

6. Set the excitation wavelength on the stopped-flow fluorimeter to 365 nm and collect emitted light at >400 nm using a long-pass filter.
7. Starting with the lowest concentration of mantATP, mix the mantATP with an appropriate concentration of nucleotide-free kinesin in a 1:1 v/

v ratio using a stopped-flow fluorimeter (Figure 3A and 3B Inset). Note: The reactants are diluted by 50% upon mixing. Keep a note of the
nucleotide concentration both pre and post mixing (i.e., 3.0/1.5 μM) to avoid confusion.

8. Fit the change in fluorescence intensity measured at each concentration of mantATP to an exponential function plus a line of constant
negative slope to account for photobleaching of the mant group (i.e., Fluorescence = A0.exp(kobs.t)+(m.t+c), where A0 is the amplitude, kobs
is the rate constant and t is time, see Figure 3B and discussion). From these fits determine a rate constant (kobs) at each concentration of
mantATP. Each kobs is a convolution of an association and dissociation rate constant (Figure 1, k1 and k-1).

9. Deconvolve the association and dissociation rate constants by plotting kobs against mantATP concentration (e.g., Figure 3C). Fit these data
to a linear function (i.e., kobs = k1[mantATP] + k-1) to obtain the gradient and y-axis intercept. The gradient represents the rate constant for
mantATP association (Figure 1, k1) with the units M-1s-1. The intercept represents the dissociation rate constant (Figure 1, k-1) with units of
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s-1 (see discussion). Note: This approach can also be applied to determine the ADP association and dissociation rate constants (Figure 1, k-4
and k4) by using mantADP as the nucleotide.

3. Measurement of the Dissociation Rate Constant for mantADP

1. To a solution of 2 μM kinesin in a suitable reaction buffer (e.g., 80 mM PIPES pH6.9, 1mM MgCl2, 1mM EGTA, 0.1% Tween20), add 50 μM
mantADP (final concentration).

2. Incubate at 25 oC for 30 min.
3. Remove excess mantADP and other free nucleotide by buffer exchanging the kinesin into the chosen reaction buffer using a G-25 sephadex

column (see list of materials) according to manufacturer’s instructions. The kinesin motor domain should now be loaded with mantADP.
4. Set the excitation wavelength on the stopped-flow fluorimeter to 365 nm and collect emitted light at >400 nm using a long-pass filter.
5. Mix the mantADP.kinesin complex (~1μM) with a 50-fold or greater molar excess of unlabeled ATP in a 1:1 v/v ratio using a stopped-flow

fluorimeter (Figure 4A and 4B Inset).
6. Fit the decrease in fluorescence intensity observed over time to a single exponential function plus a line of constant negative slope to account

for photobleaching of the mant group (i.e., Fluorescence = A0.exp(kobs.t)+(m.t+c), where A0 is the amplitude, kobs is the rate constant and t is
time, see Figure 4B and discussion). The kobs determined from this fit is the rate constant for dissociation of ADP (Figure 1, k4) with units of
s-1 (see discussion).

Representative Results

An increase in fluorescence intensity of the mant group is typically observed upon binding of mant-labeled nucleotide to a kinesin. However,
the magnitude of such a signal change is dependent on the particular kinesin in question. Therefore, it is useful to perform equilibrium
measurements to confirm both the presence and magnitude of a fluorescence intensity change before progressing to kinetic assays.
Representative fluorescence spectra for mantATP and mantADP, both in solution and in complex with the kinesin-13, MCAK, are shown
in Figure 2B. These data highlight the fluorescence intensity increase displayed by both mantATP and mantADP upon binding to MCAK.
The change in fluorescence intensity upon binding of mant nucleotide to a kinesin is used to report on the association and dissociation of
both ATP and ADP (Sections 2 and 3). In the case of MCAK, a fluorescence intensity difference is observed between mantATP.kinesin and
mantADP.kinesin9.

Figure 3A depicts the reaction that occurs upon mixing mantATP with nucleotide-free kinesin. Representative data illustrating the increase in
fluorescence intensity that occurs upon binding of mantATP to the kinesin-13, MCAK is shown in Figure 3B. Data of the type shown in Figure
3B is collected at a range of mantATP concentrations. A plot of the rate constants (kobs) determined versus the mantATP concentration is shown
in Figure 3C. Fitting these data to a linear function (i.e., kobs = k1[mantATP] + k-1) allows deconvolution of the rate constants that contribute to
kobs (Step 2.8). Therefore, enabling the determination of both the association and the dissociation rate constant for mantATP (Figure 1, k1 and k-1
respectively).

Figure 4A depicts the reaction which occurs upon mixing mantADP.kinesin with an excess of unlabeled ATP. The data in Figure 4B shows
the fluorescence intensity decrease observed for mantADP upon dissociation from the kinesin-13, MCAK. By fitting this data to an exponential
function (Step 3.6) the rate constant for dissociation of mantADP is determined directly.

 

Figure 2. Nucleotides labeled with the fluorophore methylanthraniloyl (mant) are used to isolate individual steps in the ATP turnover
cycle. (A) Structure of mantATP showing the position of the mant fluorophore conjugated to either the 2’ or 3’ position on the ribose. (B)
Normalized fluorescence spectra for mantATP and mantADP in solution (mAXP) and mantATP and mantADP in complex with the kinesin MCAK
(mATP+MCAK and mADP+MCAK). The mantATP spectra are normalized to the fluorescence at max for mantATP in solution and the mantADP
spectra are normalized to fluorescence at max for mantADP in solution. The spectra of the mant nucleotides mixed with MCAK are collected at
1 min post mixing. The concentration of reagents and fluorimeter settings are as described in protocol steps 1.1 and 1.2.
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Figure 3. Measurement of the association rate constant of mantATP. (A) Schematic depicting the reaction which takes place post mixing
by stopped-flow: mantATP (mATP) binds to nucleotide-free kinesin. The fluorescence intensity of the mant group increases upon binding to the
protein. (B) Fluorescence signal change (black) observed upon mixing mantATP (25 M) with MCAK (5 M nucleotide-free, ). This data is fit (red
dashed) to a single exponential function plus a line of constant negative slope, which accounts for photobleaching of the mant fluorophore (see
discussion). Inset: Contents of the syringes prior to mixing on the stopped-flow fluorimeter. (C) Rate constants (kobs) determined for the reaction
of mantATP with nucleotide-free MCAK plotted against concentration of mantATP. This plot will have a linear region with the gradient being the
association rate constant (Figure 1, k1) with units of M-1 s-1 and the y-intercept being the dissociation rate constant (Figure 1, k-1) with units of
s-1. Please click here to view a larger version of this figure.

 

Figure 4. Measurement of the dissociation rate constant for mantADP. (A) Schematic depicting the reaction which takes place post mixing
by stopped-flow: kinesin preloaded with mantADP is diluted into an excess of unlabeled ATP. Dissociating mantADP is replaced by unlabeled
ATP, thereby preventing the back reaction of mantADP association (see discussion). The fluorescence intensity of the mant group decreases
upon dissociation from the protein. (B) Fluorescence decrease observed upon the dissociation of mantADP from the kinesin MCAK. The
fluorescence signal (black) is fit (red dashed) to a single exponential plus a line of constant negative slope to account for photobleaching of the
mant group (see discussion). The rate constant determined is the rate constant for dissociation of mantADP (Figure 1, k4). Inset: Contents of the
syringes prior to mixing on a stopped-flow fluorimeter. Please click here to view a larger version of this figure.

Discussion

Here, we present protocols for observation and analysis of the kinetics of transitions between nucleotide states for a kinesin. These protocols
utilize the rapid mixing method stopped-flow in conjunction with fluorescently labeled nucleotides. Methods of this type have been used
extensively to study nucleotide binding and dissociation for a variety of kinesins9-11,13-16. The methods described do not allow observation of
phosphate release (Figure 1, Step 3). However, stopped-flow fluorescence can be used to observe this transition by using a phosphate sensing
protein to couple the production of phosphate to a fluorescence intensity change17. The methods presented use nucleotides labeled with the
small fluorophore methylanthraniloyl (mant), which generally exhibit an increase in fluorescence intensity when bound to protein. Furthermore,
the mant fluorophore, when conjugated to either the 2’ or 3’ position on the ribose, often has little or no effect on the binding, dissociation or
hydrolysis of the nucleotide9-12. Mant-labeled nucleotides are readily available from commercial sources (see list of materials) and are provided
as mixtures of the 2’ and 3’ conjugate as they quickly re-equilibrate when purified to a single isomer8. Mant-labeled nucleotides make excellent
reporter molecules by which the kinetics of nucleotide binding and dissociation can be observed.

The use of fluorescently labeled nucleotides means that the read out of the assays described is a real time change in fluorescence intensity.
This makes these assays ideal for stopped-flow fluorescence, which allows rapid mixing of reagents and real time observation of changes in
fluorescence associated with the subsequent reaction. The combination of stopped-flow as the mixing technique and fluorescence as the method
of detection produces a system that is relatively sample efficient. For example, to acquire the data shown in Figure 3C requires 0.8 - 1.0 mg of
purified kinesin-13, MCAK, and to acquire the data shown in Figure 4B requires ~0.3 mg of purified kinesin-13, MCAK. One drawback of the
use of mant as a fluorophore is that it is prone to photobleaching. This can be observed in isolation from kinesin reaction kinetics by mixing a
solution of mant-labeled nucleotide with reaction buffer, in the absence of kinesin, in the stopped-flow. A slow decrease in fluorescence intensity
is observed as the mant group becomes bleached. Over the range of timescales used in the protocols described photobleaching of the mant
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group is well described by a linear function. Therefore, a simple way to correct data for photobleaching is to fit to an exponential function with a
baseline described by a linear function (i.e., m.t + c) rather than the more common flat baseline, described by a single parameter.

mantATP binding

When measuring rate constants for association and dissociation of mantATP (Section 2) the ADP, which remains associated with the kinesin
nucleotide-binding site in the absence of microtubules, must be removed. This allows mantATP association and dissociation (Figure 1, step 1)
to be observed in isolation from ADP dissociation. To achieve this the kinesin is incubated with at least a 50-fold excess of EDTA over nucleotide
binding sites (Step 2.1). The EDTA sequesters Mg2+ ions causing Mg2+ to dissociate from the nucleotide-binding pocket, which results in release
of the nucleotide11. Therefore, when carrying out steps 2.1 - 2.3, it is vital to use a buffer free of Mg2+. The nucleotide-free kinesin protein is
buffer exchanged to separate it both from free nucleotide and from EDTA. To accomplish this separation, a disposable gravity-flow gel filtration
column is sufficient and is simple and rapid to use (see list of materials). The interaction of mantATP with nucleotide free kinesin is carried out at
a range of mantATP concentrations (Step 2.4) to enable deconvolution of the association and dissociation rate constants (Step 2.8). The theory
behind experiments of this type is well described in reference 18. In performing these experiments one begins with the lowest concentration
of mantATP. This removes the necessity for wash steps between different concentrations. It will likely be necessary to adjust the sensitivity of
the stopped-flow fluorimeter as the mantATP concentration is increased. The mantATP concentration must always be in at least 5-fold excess
over the concentration of kinesin nucleotide binding sites to maintain pseudo first order conditions. However, as the concentration of mantATP is
increased, the signal change can become swamped as the fraction of nucleotide that binds to kinesin decreases. Therefore, the concentration of
the kinesin is also increased for each new concentration of mantATP such that the concentration of mantATP is never greater than 10-fold molar
excess over nucleotide binding sites (Step 2.6).

mantADP Dissociation

Although association and dissociation rate constants for mantADP can be determined by the same method described for mantATP (Section
2). Dissociation of ADP from a kinesin can be directly observed by preloading the nucleotide-binding site with mantADP (Steps 3.1–3.3) The
mantADP.kinesin complex is then mixed with an excess of unlabeled ATP (step 3.5). The excess unlabeled ATP prevents rebinding of mantADP
to the kinesin and thereby allows the dissociation reaction (Figure 1, k4) to be observed in isolation from association of mantADP. In this assay
the concentration of unlabeled ATP must be at least a 50-fold molar excess of nucleotide binding sites. The theory behind this assay is well
described in reference 18. This direct method gives a more accurate value for the dissociation rate constant than the extrapolation to the y-axis
described in Step 2.8.

Inclusion of Microtubules

The methods described can also be used to determine the kinetics of nucleotide binding and dissociation in the presence of microtubules.
Microtubules are introduced to the nucleotide containing syringe prior to mixing in the stopped-flow:the lower syringe in Figure 3B and 4B
(Insets). In this configuration, the kinesin will meet the nucleotide at the same time as it meets the microtubules. Stabilized microtubules are
used, where the lifetime of the tubulin polymer is extended by the use of either a stabilizing chemical, such as taxol, or a nonhydrolysable
GTP analogue, such as guanosine-5’-[(α,β)-methyleno]triphosphate (GMPCPP, see list of materials). It is possible to use two cycles of
tubulin polymerization with GMPCPP to make microtubules that can be stored for many months in liquid nitrogen9,19. The use of pre-prepared
microtubules significantly reduces the practical difficulties in performing these assays. To include microtubules in the assays, it is important to use
a reaction buffer suitable for microtubule stability. The buffer of choice is PIPES based, with the most commonly used buffer containing 80 mM
PIPES pH 6.9, 1 mM MgCl2 and 1 mM EGTA (known as BRB80)20,21.

The methods described are not restricted to use with kinesins, but can be adapted and applied to any nucleotide binding protein. For example,
similar methods have been applied to the ATP turnover cycle of members of the myosin family of molecular motors12,22 and the use of mant
labeled guanosine nucleotides further extends methods of this type to GTP hydrolyzing proteins23,24.
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