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Chapter 13

Analysing the ATP Turnover Cycle of Microtubule Motors

Claire T. Friel, Clive R. Bagshaw, and Jonathon Howard 

Abstract

Proteins of the kinesin superfamily share a conserved motor domain, which both hydrolyses adenosine-
5¢-triphosphate (ATP) and binds microtubules. To determine the mechanism of action of a kinesin, it is 
necessary to relate the chemical cycle of ATP turnover to the mechanics of microtubule interaction. In 
this chapter, a number of methods are outlined by which the ATP turnover cycle of a kinesin can be 
analysed with a particular focus on the use of fluorescently labelled ATP and ADP analogues as a means 
of isolating individual steps in the cycle. By analysing the ATP turnover cycle of a kinesin, both in solution 
and in the presence of microtubules, the change in nucleotide state triggered upon microtubule binding 
can be determined. This provides information vital to understanding the coupling of the chemical and 
mechanical cycles that is integral to the action of members of the kinesin superfamily.
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Kinesins are a large family of proteins that use turnover of 
adenosine-5¢-triphosphate (ATP) to regulate their interaction 
with the microtubule cytoskeleton (1). Changes in the nucleotide 
state of the kinesin motor domain are stimulated by interaction 
with the microtubule, and in turn the affinity of a kinesin motor 
domain for the microtubule is altered according to its nucleotide 
state. The exact nature of the nucleotide-dependent interaction 
with microtubules varies among members of the kinesin super-
family producing kinesins tailored to different functions, such as 
cargo transport (2), microtubule sliding (3), and microtubule 
depolymerisation (4, 5). However, for all kinesins, ATP turnover 
is closely coupled to the interaction with microtubules which 
stimulates the ATP hydrolysis rate of a kinesin often by several 

1. Introduction
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1,000-fold above the basal ATP turnover rate. The precise nature 
of the way in which a kinesin hydrolyses ATP (chemical cycle) as 
well as the nature of its interactions with microtubules (mechani-
cal cycle) must be known in order to fully comprehend the action 
of an individual kinesin. In this chapter, a selection of protocols 
are described by which the ATP turnover cycle of a kinesin can be 
studied, particularly focusing on identifying the rate-limiting step 
in the basal ATP turnover cycle and how this is affected by inter-
action with microtubules.

	 1.	100  mM Mg-ATP: The disodium salt of ATP (Roche 
#10519979001) is made up to a concentration of 100 mM in 
100 mM MgCl2 and the pH adjusted to 6.9 with KOH. The 
concentration should be checked by absorption at 260 nm 
(e = 15,400/M cm) (6) and the solution stored in aliquots at 
−20°C.

	 2.	2¢/3¢-(N-methylanthraniloyl)-adenosine-5¢-triphosphate 
(mant-ATP) (Jena biosciences NU-202).

	 3.	2¢/3¢-(N-methylanthraniloyl)-adenosine-5¢-diphosphate 
(mant-ADP) (Jena biosciences NU-201).

	 4.	3 ¢-(N-methylanthrani loyl)-2 ¢-deoxy-adenosine-5 ¢-
triphosphate (mant-dATP) (Jena biosciences NU-203).

	 5.	G25 sephadex resin. It is convenient to use pre-packed 
columns, for example NAP-5 column (GE Healthcare #17- 
0853-01).

	 6.	C-18 column. For example, the Luna 3  m C18(2) 100 Å 
(Phenomenex).

	 7.	C-18 column running buffer: 100 mM potassium phosphate 
pH 6.5, 10  mM tetrabutylammonium bromide (TBABr) 
(Fluka #86860), plus acetonitrile, HPLC grade (Perbio 
#51101) as required, 10% (Subheading  3.1.1) or 30% 
(Subheading 3.2.2). Filter the buffer using 0.45-mm nylon 
filters prior to use.

	 8.	BIOMOL green reagent (Enzo Life Sciences AK-111).
	 9.	0.6  M perchloric acid, pre-cool on ice (Sigma-Aldrich 

#24425-2).
	10.	1 M Tris, 3 M KOH.
	11.	2 M HCl.
	12.	96-well plate (Greiner #655101).
	13.	Ethylenediaminetetraacetic acid (EDTA): 0.5 M stock solu-

tion in H2O, pH 8.0.

2. Materials
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	14.	Dithiothreitol (DTT): 1 M stock solution in H2O, make fresh 
from powder for use on the same day.

	15.	BRB80 buffer: 80 mM PIPES, KOH pH 6.9, 1 mM MgCl2, 
and 1 mM EGTA (see Note 4). This buffer is normally made 
up as a 5× stock solution (note that PIPES buffer is not very 
soluble in water until the pH is raised to ~6).

The starting point for an analysis of the ATP turnover cycle 
(Fig. 1) of a kinesin is to determine the complete ATP turnover 
cycle rate: the rate at which ATP is hydrolysed under steady-state 
conditions. To do this, the rate of product production (either 
ADP or Pi) is determined under saturating substrate (ATP) con-
centrations. This rate is governed by the slowest step in the ATP 
turnover cycle and as such is a measure of the rate-limiting step in 
the cycle. When the steady-state rate is normalised for the kinesin 
concentration, e.g. mmole Pi/mmole kinesin/second, it becomes 
equivalent to a first order rate constant for the reaction. This value 
is referred to in the literature by a number of different terms (e.g. 
ATPase rate and turnover rate); this variation in nomenclature can 
cause confusion (see Note 1). This rate constant may also be 
determined directly by transient-state methods (see Subheading 
3.2) allowing identification of the rate-limiting step in the cycle.

In order to measure the rate of ATP turnover under steady-
state conditions, the substrate (ATP) must be in large excess over 
the concentration of kinesin motor domains (see Note 2) such 
that the reaction proceeds under saturating ATP concentrations. 
High concentrations of ATP are required for a linear initial rate 
not only to minimise the depletion of ATP, but also to ensure 
that ATP remains competitive as ADP concentrations build up. 

3. Methods

3.1. Analysis of Overall 
Cycle

Fig. 1. The minimal ATP turnover cycle for an ATP-hydrolysing enzyme, such as a kinesin. 
Each kinesin motor domain can exist in four states with respect to nucleotide: nucleotide- 
free (φ), ATP-bound, ADP.Pi-bound, and ADP-bound.
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In principle, to ensure that the ATP concentration is saturating, a 
titration of ATP should be carried out to determine the point at 
which the rate of ATP turnover no longer increases with increas-
ing concentration of ATP. In practice, however, when working 
with micro-molar concentrations of kinesin, 2 mM ATP is gener-
ally found to be sufficient. Two methods are described by which 
the overall hydrolysis cycle rate can be determined: by following the 
production of ADP and the production of phosphate.

There is no optical spectroscopic signal by which ADP can be 
distinguished from ATP. Therefore, in order to directly monitor 
the production of ADP, it is necessary to take samples as the reac-
tion progresses and separate the product (ADP) from the substrate 
(ATP), for example by HPLC as described below (see Note 3).

	 1.	Set up reaction mix with 2 mM Mg-ATP in the chosen buffer 
(see Note 4).

	 2.	Start reaction by mixing kinesin (see Note 5) in chosen buffer 
with ATP-containing reaction mix (see Note 6).

	 3.	Incubate reaction at chosen temperature (normally, either 25 
or 37°C is used).

	 4.	Take samples at selected time points (see Note 7), and quench 
reaction by mixing with an equal volume of ice-cold 0.6 M 
perchloric acid.

	 5.	Neutralise samples by addition of the necessary volume of 1 M 
Tris, 3 M KOH, which is determined by trial reactions (e.g. if 
using 20 ml sample + 20 ml 0.6 M perchloric acid, 8 ml 1 M 
Tris, 3 M KOH is required). Neutralised samples can be stored 
at −80°C until all samples are ready for analysis.

	 6.	Spin samples at 17,000  g 13,000  rpm, Heraeus Biofuge 
Microcentrifuge for 10 min to remove precipitate.

	 7.	To separate ADP from ATP, run each reaction sample on a 
C-18 column (see Note 8) using isocratic flow with a 100 mM 
potassium phosphate, 10 mM TBABr, and 10% acetonitrile 
buffer (see Subheading 2, item 7). The flow rate used depends 
upon the pressure limits of the particular HPLC system and 
column used, but flow rates of ~1  ml/min are generally 
achievable.

	 8.	The presence of both ADP and ATP is measured by absor-
bance at 260 nm. The integrated area under the respective 
peaks provides a measure of the quantity of each nucleotide 
present in the sample (Fig. 2a).

	 9.	For each time point, calculate the proportion of ADP as a 
fraction of total nucleotide (area of ADP peak/[area of 
ADP + ATP peaks]).

3.1.1. Measuring 
Production of ADP
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Fig. 2.  (a) Example HPLC trace from a sample of the reaction of a kinesin with a saturating concentration of ATP. From 
this trace, ADP as a fraction of total nucleotide is calculated from area under the ADP peak divided by the sum of the 
areas under the ADP and ATP peaks. (b) Simulated data points (open circles), ADP as a fraction of total nucleotide 
[fraction(ADP)] versus time. The fraction(ADP) at each time point is determined from HPLC traces of the type shown in 
(a). The gradient (m) of a linear fit to these data gives the change in fraction(ADP) per unit time, from which the rate 
constant for ATP turnover can be calculated. (c) Simulated data points (open circles), fluorescence signal upon binding 
of mant-ATP to nucleotide-free kinesin. The fluorescence data is fit to an exponential function to obtain k

obs at each 
concentration of mant-ATP. A line of constant negative slope (m.t + c) is included, if necessary, in the fitting function to 
account for photo-bleaching of the mant group. (d) Simulated data points (open circles), kobs [obtained from traces, such 
as (c)] versus the concentration of mant-ATP. Fitting this data to a linear function gives k1 (gradient, association rate 
constant) and also k−1 (y-axis intercept, dissociation rate constant) (Fig. 1, step 1, when k−1 > k 2). (e) Simulated data 
points (open circles), mant-ATP as a fraction of total nucleotide [fraction(mant-ATP)] plotted against time. Data expected 
from the reaction of a kinesin with a sub-stoichiometric concentration of mant-ATP. The fraction(mant-ATP) is fitted to 
an exponential function to obtain k

obs for the hydrolysis of ATP. It is necessary to confirm whether this rate constant 
represents ATP binding or cleavage (Fig. 1, steps 1 and 2, see Note 18). (f) Simulated data points (open circles) showing 
the dependence of the complete ATP turnover cycle rate constant of a kinesin on the concentration of polymerised 
tubulin (microtubules). To obtain the ATP turnover rate (V

max) at saturating concentrations of polymerised tubulin 
([Tb]), the data is fit to the function shown – V0 is the ATP turnover rate in the absence of tubulin and Km is the concen-
tration of polymerised tubulin for which the half-maximal ATP turnover rate is observed.
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	10.	Plot the fraction of ADP against time (Fig. 2b). The change 
in the fraction of ADP is linear if the reaction is in the steady 
state (see Note 9).

	11.	Fit the linear region of the data to a linear function, the slope 
of which gives the change in fraction of ADP per unit time.

	12.	To convert the change in fraction of ADP to change in con-
centration of ADP per unit time, multiply by the initial 
concentration of ATP (in this case, 2 mM).

	13.	Convert this into the rate constant for hydrolysis by dividing 
by the concentration of kinesin motor domains (see Note 10).

	14.	The value obtained has units of reciprocal time (normally 
quoted in s−1) and represents the number of molecules of ATP 
hydrolysed per motor domain per second.

The progress of an ATP hydrolysis reaction can also be observed 
by monitoring the production of inorganic phosphate (Pi). As 
there is no signal by which phosphate can be directly observed, a 
secondary molecule is generally used via which Pi is detected. The 
most commonly used are molybdate/malachite green reagents 
that show an increase in absorbance at 620 nm when bound to 
inorganic phosphate. Such reagents can be prepared in the lab 
(7); however, there are a number of commercially available 
reagents (see Subheading 2, item 8).

	 1.	Set up reaction mix with 2 mM Mg-ATP in the chosen buffer 
(see Note 4).

	 2.	Start reaction by mixing kinesin (see Note 5) in chosen buffer 
with ATP-containing reaction mix (see Note 6).

	 3.	Incubate reaction at chosen temperature (normally, either 25 
or 37°C is used).

	 4.	Take samples at suitable time points (see Note 7) and quench 
the reaction by addition to an equal volume of 2 M HCl.

	 5.	Neutralise samples by addition of the necessary volume of 
1 M Tris, 3 M KOH, which is determined by trial reactions 
(e.g. if using 25 ml sample + 25 ml 2 M HCl, 17.5 ml 1 M Tris, 
3 M KOH is required).

	 6.	When all samples are completed, spin at 17,000  g 
13,000 rpm, Heraeus Biofuge Microcentrifuge for 10 min 
to remove precipitate.

	 7.	To analyse sample using a plate reader, transfer 50 ml of the 
sample supernatant to a 96-well plate. Add 50 ml BIOMOL 
Green Pi detection solution.

	 8.	Allow 20 min at room temperature for colour development 
(see Note 11).

	 9.	Measure absorbance at 620 nm in a plate reader.

3.1.2. Measuring 
Production of Inorganic 
Phosphate
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	10.	To convert the absorbance values to concentration of 
phosphate, a standard curve is required. Make a titration of 
an appropriate concentration range of phosphate standards 
(up to ~80 mM). Treat phosphate standards as the reaction 
samples (Subheading 3.1.2, steps 4–9).

	11.	Plot the concentration of phosphate against A620, and fit a 
linear function to the data to obtain the relationship between 
A620 and phosphate concentration. Use this to convert absor-
bance data into phosphate concentration.

	12.	Plot phosphate concentration against time over the time 
course of the reaction.

	13.	Fit the linear region of the data to a linear function, the slope 
of which is the change in phosphate concentration per unit 
time (see Note 9).

	14.	Convert this into the rate constant for ATP turnover by dividing 
by the concentration of kinesin motor domains (see Note 10).

	15.	The value obtained has units of reciprocal time (normally 
quoted in s−1) and represents the number of molecules of ATP 
hydrolysed per motor domain per second.

In order to determine which step in the cycle (Fig. 1) is respon-
sible for the rate constant for ATP turnover of the complete cycle 
(Subheading 3.1), each step must be individually analysed. It is 
important to identify the rate-limiting step in the absence of 
microtubules, as this step must be accelerated by interaction with 
microtubules to produce the microtubule-stimulated increase in 
the ATP turnover rate generally observed for kinesins. Also, when 
the rate-limiting step in the cycle is known, the predominant 
intermediate is known, and therefore the predominant nucle-
otide-bound state in the absence of microtubules. This allows one 
to identify the change in nucleotide state of the kinesin that is 
triggered by interaction with microtubules.

One method used to determine rate constants for individual 
steps in the ATP turnover cycle (Fig. 1) is to take advantage of the 
properties of nucleotides labelled with the fluorescent group 
methylanthraniloyl (mant) (8). The mant group is most often 
used because being one of the smallest available fluorescent 
groups, when conjugated to the ribose it generally has little or no 
effect on the kinetics of ATP hydrolysis (9–11).

The kinetics of ATP binding can be measured using mant-ATP 
taking advantage of the increase in fluorescence of the mant group 
that generally occurs upon nucleotide binding to the kinesin 
motor domain. To observe the kinetics of ATP binding, the ADP 
that remains trapped in the kinesin nucleotide-binding pocket 
in the absence of microtubules must be removed, allowing step 1 in 
the ATP turnover cycle to be observed in isolation (Fig. 1).

3.2. Analysis of 
Individual Cycle Steps

3.2.1. Association of ATP
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	 1.	To a solution of kinesin in any appropriate storage buffer 
(preferably Mg2+-free), add 1 mM (final concentration) EDTA 
pH 8 (see Note 12) and 1 mM (final concentration) DTT. 
The EDTA chelates Mg2+ ions causing the Mg2+ to be removed 
from the nucleotide-binding pocket. This in turn causes the 
nucleotide to be released (11).

	 2.	Incubate at 25°C for 15 min.
	 3.	Separate the free nucleotide from the protein by buffer 

exchanging into an appropriate Mg2+-free buffer (see Note 
13) using G25 sephadex resin (see Subheading 2, item 5).

	 4.	Immediately after buffer exchange, add 1 mM MgCl2 to the 
solution of nucleotide-free protein (see Note 14).

	 5.	Make up a concentration series of mant-ATP in the appropri-
ate reaction buffer. The range of concentrations of mant-ATP 
used depends on the concentration of kinesin available (see 
Note 15).

	 6.	To simplify the observed kinetics, the reaction is carried out 
under pseudo-first-order conditions: the concentration of 
mant-ATP is in at least fivefold excess over the concentration 
of nucleotide-free protein. Therefore, it is assumed that the 
concentration of free mant-ATP remains constant over the 
course of the reaction; for further information on binding 
and dissociation kinetics, see (12).

	 7.	Starting with the lowest mant-ATP concentration, rapidly 
mix the reactants (mant-ATP and nucleotide-free kinesin) in 
a 1:1 v/v ratio using a stopped-flow fluorimeter (see Note 
16). The fluorescence of the mant-ATP is excited at 365 nm, 
and the emitted fluorescence above 400 nm is collected via a 
long-pass filter (GG400, Schott).

	 8.	The observed rate constant (kobs) at each mant-ATP concen-
tration is determined by fitting the observed fluorescence 
increase to an exponential function (Fig. 2c) (see Note 17).

	 9.	Plot the rate constants determined against the concentration 
of mant-ATP. There is a linear relationship between the 
observed rate constants and the concentration of mant-ATP, 
the gradient of which represents the association rate constant 
for mant-ATP (Fig. 1, k1) with units of M−1/s (Fig. 2d).

In order to determine whether the rate-limiting step is before or 
after the hydrolysis step, it is necessary to follow the kinetics of 
the ATP cleavage (hydrolysis) reaction (Fig. 1, step 2). This can 
be done using an excess of molar concentration of ATP over kinesin 
and determining if there is a burst of liberated phosphate when 
the reaction is terminated by an acid quench (which releases any 
bound phosphate) (13). It is also useful to determine the kinetics 

3.2.2. Cleavage of ATP
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of ATP hydrolysis under single turnover conditions, i.e. mixing a 
molar concentration of motor domain in excess of the molar con-
centration of substrate (ATP). Multiple cycles of hydrolysis are 
prevented allowing transient intermediate species to be observed. 
However, in order that the ATP-binding phase is rapid compared 
with the rate-limiting step, it is necessary to use a kinesin concen-
tration greater than the Km for ATP, which may be difficult to 
achieve in practice (see Note 18).

As the reaction progresses, samples are quenched, denaturing 
the kinesin and releasing the protein-bound nucleotide. By sepa-
rating the products using HPLC as described below, it is possible 
to observe the disappearance of the kinesin–ATP complex and 
thereby determine at least a lower limit for the rate constant for 
ATP cleavage (see Note 18).

When the reaction is carried out under single turnover condi-
tions, the concentration of ATP used is limited by the concentra-
tion of kinesin available. Since most kinesins can be expressed and 
purified only at low micro-molar concentrations, it may be neces-
sary to use mant-ATP and fluorescence detection to increase the 
sensitivity of the method. Alternatively, radioactive ATP with a 
labelled g-phosphate can be used. However, using a more sensi-
tive detection method will not overcome the problems associated 
with a kinesin, which has an inherently large Km, because the 
observed kinetics will be limited by the binding reaction. Whether 
the observed reaction is limited by binding or cleavage should be 
checked (see Note 19).

	 1.	Start reaction by mixing 1  mM nucleotide-free kinesin 
(Subheading 3.2.1, steps 1–4) motor domain (see Note 20) 
with 0.5 mM mant-deoxyATP (mant-dATP) (see Note 21).

	 2.	Quench reaction at various suitable time points (see Note 22) 
by injection onto a C-18 HPLC column (see Note 23).

	 3.	To separate mant-dATP from mant-dADP, run each sample 
over a C-18 column (see Note 24) using isocratic flow with a 
100 mM potassium phosphate, 10 mM TBABr, and 30% ace-
tonitrile buffer (see Subheading  2, item 7). The flow rate 
used depends upon the pressure limits of the particular HPLC 
system and column used, but flow rates of ~1 ml/min are 
generally achievable.

	 4.	The presence of both mant-dADP and mant-dATP is mea-
sured using the fluorescence of the mant group (lex = 355 nm, 
lem = 448 nm). The integrated area under the respective peaks 
provides a measure of the quantity of each nucleotide present 
in the sample.

	 5.	For each time point, calculate the proportion of mant-dATP 
remaining as a fraction of total nucleotide (area of mant-
dATP peak/[area of mant-dATP + mant-dADP peaks]).
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	 6.	Plot the fraction of mant-dATP/total nucleotide against time 
and fit the data to an exponential function in order to deter-
mine the rate constant for ATP cleavage (Fig. 2e).

For all kinesins studied to date, the dissociation of phosphate 
(Fig. 1, step 3) is faster than the cleavage of ATP (Fig. 1, step 2), 
so only a lower limit to the rate constant for the dissociation of 
inorganic phosphate can generally be determined. Detailed meth-
ods for the study of this step are, therefore, not described here. 
Information on observing Pi dissociation, by coupling the pres-
ence of Pi to the fluorescence signal of the phosphate-sensing 
protein, can be found in refs. 10, 14, 15.

To provide a signal by which the dissociation of ADP from a kine-
sin (Fig. 1, step 4) can be observed, ADP labelled with the mant 
fluorophore is used, again taking advantage of the signal differ-
ence generally observed between free mant-ADP and mant-ADP 
bound to the kinesin motor domain.

	 1.	The unlabelled ADP bound to the kinesin motor domain in 
the absence of microtubules is exchanged for mant-ADP by 
the following method: to a solution of the kinesin of interest, 
add mant-ADP to a concentration in at least 25-fold molar 
excess over the concentration of kinesin motor domains.

	 2.	Incubate at 25°C for 30 min.
	 3.	Remove excess mant-ADP and other free nucleotides from 

the protein by buffer exchanging into the chosen reaction 
buffer using G25 sephadex resin (see Subheading 2, item 5).

	 4.	The mant-ADP-loaded kinesin has a fluorescence signal, the 
loss of which is used to observe the dissociation of mant-
ADP.

	 5.	Rapidly mix the mant-ADP–kinesin complex (~1 mM) with a 
molar excess (50-fold or greater) of unlabelled ATP in a 1:1 
v/v ratio using a stopped-flow fluorimeter (see Note 25).

	 6.	The fluorescence of mant-ADP is excited at 365 nm, and the 
emitted fluorescence above 400 nm is collected via a long-
pass filter (GG400, Schott).

	 7.	The decrease in fluorescence, observed as the mant-ADP dis-
sociates from the kinesin, is fit to an exponential function 
from which the rate constant for dissociation of ADP (Fig. 1, 
k−4) is determined with units of s−1 (see Note 26).

To determine the effect of microtubules on the ATP turnover 
cycle, one must determine the rate constant of the complete ATP 
turnover cycle in the presence of microtubules. This can be done 
by either of the methods described in Subheading 3.1. The rate-
limiting step in the microtubule-stimulated ATP turnover cycle 

3.2.3. Dissociation  
of Phosphate

3.2.4. Dissociation of ADP

3.3. Effect of 
Microtubules
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can then be determined by analysing the individual steps in the 
cycle (Subheading 3.2) in the presence of microtubules.

	 1.	Measure the rate constant of the complete cycle (as described 
in Subheading 3.1) at a range of concentrations of polymerised 
tubulin (microtubules) (see Note 27).

	 2.	To determine the maximum ATP turnover rate constant at 
saturating concentrations of polymerised tubulin (microtu-
bules), plot the rate constant for ATP turnover against the con-
centration of polymerised tubulin. Fit the data to a hyperbolic 
function which allows the determination of the Vmax (i.e. the 
rate constant of the complete  cycle for the kinesin under study 
in the presence of saturating polymerised tubulin) (Fig. 2f).

	 3.	The rate constants for individual steps in the ATP turnover 
cycle (Fig. 1) can then be measured (according to the methods 
in Subheading 3.2) in the presence of a saturating concentra-
tion of polymerised tubulin (microtubules) in order to deter-
mine how the rate constants are affected by interaction of the 
kinesin with microtubules. At this point, the focus should be 
on steps in the cycle that are accelerated by the interaction 
with microtubules (i.e. have a rate constant in the absence of 
microtubules lower than the microtubule-stimulated ATP 
turnover rate).

	 4.	The same procedure can be carried out to determine the 
effect of unpolymerised tubulin (free a/b-heterodimers) on 
ATP hydrolysis. This information can also be useful in uncov-
ering the molecular mechanism of the action of a kinesin.

	 1.	Much confusion in the literature has been caused by the ten-
dency for the term “rate constant” to be shortened to “rate”. 
These terms are not equivalent. A rate refers to a change in 
concentration with time and has units of concentration (or 
amount) per unit time. A rate constant is the coefficient that 
relates the rate to the concentration of reactants – effectively, 
it is the rate at unitary concentration(s) of the reactants (anal-
ogous to a molar absorption coefficient). The units of a rate 
constant depend on the molecularity of the reaction, e.g. s−1 
for uni-molecular, M−1/s for bi-molecular reactions. Rates 
can be positive or negative and generally increase with increas-
ing concentrations (the law of mass action). Rate constants 
are positive coefficients, but observed rate constants can 
increase or decrease with increasing concentration.

	 2.	In the context of studying the reaction of a kinesin with 
ATP, it is convenient to determine the molar concentration 

4. Notes
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as the  concentration of ATP-binding domains (i.e. the 
monomer concentration). Kinesin molecules consist of dif-
ferent numbers of nucleotide-binding domains: monomeric, 
dimeric, and tetrameric.

	 3.	It is possible to indirectly monitor the production of ADP by 
linking it to the spectroscopic signal of another molecule. 
This has the advantage of keeping the steady-state ADP con-
centration very low and preventing product inhibition of the 
kinesin, and also allowing the reaction to be continuously 
monitored (7).

	 4.	The choice of reaction buffer is dependent on the kinesin 
under study. However, in general, a buffer is chosen that is 
suitable for microtubules, and therefore facilitates further 
studies in the presence of microtubules. One of the most 
commonly used buffers for this purpose is BRB80 
(Subheading 2, item 15). Extra salt (e.g. KCl) is often added 
to BRB80 to modulate the interaction of the kinesin under 
study with microtubules. The solubility of many kinesins is 
limited in buffers suitable for microtubule stability. Therefore, 
for long-term storage, a more suitable buffer is generally used 
and the kinesin exchanged into the reaction buffer directly 
prior to use.

	 5.	The concentration of kinesin used is chosen depending on its 
particular kinetics. If the rate of product production is slow, 
the concentration of kinesin used may be increased to pro-
duce detectable levels of product over a practical time period. 
It may be necessary to carry out some test reactions to deter-
mine the most suitable conditions, but make sure that the 
steady-state criteria remain satisfied and the reaction is moni-
tored for a time corresponding to two or more turnovers.

	 6.	The method of mixing used to start the reaction depends on 
the kinetics of the reaction. For a reaction under steady-state 
conditions, manual mixing is generally fast enough to allow 
observation of the subsequent reaction. If the reaction kinet-
ics are too fast for manual mixing, a more rapid mixing tech-
nique, such as quench flow, may be used (16).

	 7.	The time points selected depend on the rate of product pro-
duction (see Note 5). Choose times points that give a good 
number of data points (>4) over the linear range of the reac-
tion (see Note 9).

	 8.	The Luna 3 m C18(2) 100 Å, 100 × 4.6 mm (Phenomenex), 
gives excellent separation of ADP from ATP with relatively 
short run times (~10 min).

	 9.	Depending on the kinetics of hydrolysis and the time points 
taken, it is possible that a non-linear phase may be observed 
at the start of the reaction as the system approaches the steady 
state. Also, as substrate is consumed, the kinetics of the reaction 
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may become non-linear due to both substrate depletion and 
product inhibition; this generally occurs when as little as 10% 
of the substrate has been consumed.

	10.	Make sure to match the units of kinesin motor domain con-
centration with the concentration of nucleotide.

	11.	If samples are to be measured separately, as when using a 
spectrophotometer, stagger the addition of Biomol green 
reagent such that all samples have the same time for colour 
development between addition of the reagent and measure-
ment of absorbance.

	12.	The exact concentration of EDTA is not vital, but should be 
in at least 50-fold molar excess of the kinesin motor domain 
concentration. Also note that the concentration of EDTA 
must be in excess of any Mg2+ present in the kinesin storage 
buffer.

	13.	The kinesin should be exchanged into the buffer that is used 
for the reaction. If the chosen buffer contains Mg2+ (see 
Note 4), an Mg2+-free version should be used at this stage and 
the Mg2+ added after the buffer exchange step. To reduce loss 
of kinesin on the resin during buffer exchange, add 0.05% 
Tween-20 to the reaction buffer.

	14.	Re-addition of Mg2+ helps to stabilise the nucleotide-free 
kinesin. However, the apo-motor domains are still relatively 
unstable and the nucleotide-free kinesin should be kept 
on  ice  and used within a few hours. There are reports of 
nucleotide-free kinesin remaining active for up to 2  weeks 
when stored frozen in a high-salt glycerol buffer (17).

	15.	The concentration of the kinesin is generally changed in 
accordance with the concentration of mant-ATP so that it 
remains at between five- and tenfold molar excess over the 
concentration of kinesin motor domains. This is so the signal 
change due to the binding of mant-ATP to kinesin is not 
swamped by the fluorescence from free mant-ATP. The maxi-
mum concentration of mant-ATP at which the reaction can 
be monitored is, therefore, limited by the concentration of 
protein available.

	16.	It is important to account for the dilution of the reactants 
that occurs upon mixing. The concentration in the syringes 
prior to mixing is twice that in the reaction. It is the reaction 
(post mixing) concentrations of mant-ATP that should be 
used to determine the ATP association rate constant. It is 
worth noting both concentrations in the lab book/file tag, 
e.g. 10/5 mM ATP so that in later reference it is clear what 
was used (it is easy to divide by two twice if one’s memory 
fades!).

	17.	It may be necessary to include a linear component with a 
negative slope to the exponential fit function to account for 
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photo-bleaching of the mant-labelled nucleotide. The extent 
of photo-bleaching (and also mixing artefacts) can be deter-
mined by carrying out a control reaction in which mant-ATP 
is mixed with reaction buffer without kinesin. Also, tempo-
rary closing of the excitation shutter can be used to check if a 
drift is due to photo-bleaching or some other cause.

	18.	Single turnover conditions require that the binding step is 
rapid compared with the subsequent steps, if the latter are to 
be resolved. This is achieved by using concentrations of reac-
tants which are greater than the Km. For the scheme in Fig. 1, 
k1. [kinesin] should be >k−1 + k2, for the hydrolysis step to be 
resolved from the binding step.

	19.	One method of distinguishing between these possibilities is 
to monitor the reaction continuously via the fluorescence sig-
nal of the mant group in conjunction with the quenching-
type assay described. If the rate constant for the increase in 
fluorescence associated with the binding of mant-ATP to 
nucleotide-free kinesin matches the rate constant determined 
by the quenching assay, then ATP binding is slow and there-
fore the rate constant determined for the dissipation of the 
ATP–kinesin complex represents binding rather than cleavage 
of ATP.

	20.	Since it is often difficult to determine the exact concentra-
tions of active protein, a diagnostic test can be carried out to 
ensure that a reaction is proceeding under single turnover 
conditions. Double the concentration of protein and keep the 
concentration of ATP the same; if operating under single 
turnover conditions, the rate constants determined for steps 
following binding should be unaffected. This also provides a 
method to confirm which step the rate constant measured 
represents; if the rate constant measured represents the bind-
ing of ATP to the nucleotide-free kinesin, it will double upon 
doubling the protein concentration.

	21.	3¢-mant-2¢-deoxyATP (mant-dATP) is used rather than regu-
lar mant-ATP which is a mixture of 2¢/3¢-mant-ATP, and 
therefore gives two peaks for both ATP and ADP when the 
nucleotides are separated on a C-18 column.

	22.	It is necessary to collect a number of time points (preferably 
ten or more) over a reasonable timescale to get a good descrip-
tion of the progress of the reaction. It may be necessary to 
carry out some test reactions to get an idea of the timescale 
over which the reaction proceeds.

	23.	As mant-labelled nucleotides can be sensitive to harsh quench-
ing conditions, quenching can be carried out by injection of 
reaction samples directly onto the column. In this case, it is 
essential to use a pre-column/pre-filter to protect the resolving 
column from denatured protein and other precipitates.
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	24.	The mant label means that nucleotides bind more strongly to 
the column and are more difficult to separate. Therefore, a 
longer column may be required than for unlabelled nucleotides 
[e.g. Luna 3 m C18(2) 100 Å, 250 × 4.6 mm (Phenomenex)].

	25.	Excess unlabelled ATP is included to prevent rebinding of 
mant-ADP, therefore ensuring that only the dissociation of 
mant-ADP is observed. For further information on binding 
and dissociation kinetics, see (12).

	26.	It may be necessary to include a linear component with a 
negative slope to the exponential fit function to account for 
photo-bleaching of the mant-labelled nucleotide. In the case 
of the mant-ADP–kinesin complex, the extent of photo-
bleaching can be determined by performing a control 
reaction in which mant-ADP–kinesin is mixed with mant-
ADP–kinesin.

	27.	In these assays, microtubules stabilised using the non-
hydrolysable GTP analogue, GMPCPP, or the drug taxol are 
used. For information on how to prepare stabilised microtu-
bules, see refs. 18–20.
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