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Abstract The cycle of ATP turnover is integral to the

action of motor proteins. Here we discuss how variation in

this cycle leads to variation of function observed amongst

members of the kinesin superfamily of microtubule asso-

ciated motor proteins. Variation in the ATP turnover cycle

among superfamily members can tune the characteristic

kinesin motor to one of the range of microtubule-based

functions performed by kinesins. The speed at which ATP

is hydrolysed affects the speed of translocation. The ratio

of rate constants of ATP turnover in relation to association

and dissociation from the microtubule influence the pro-

cessivity of translocation. Variation in the rate-limiting

step of the cycle can reverse the way in which the motor

domain interacts with the microtubule producing non-

motile kinesins. Because the ATP turnover cycle is not

fully understood for the majority of kinesins, much work

remains to show how the kinesin engine functions in such a

wide variety of molecular machines.

Keywords Kinesin � ATPase � Microtubule � ATP

turnover cycle

Definitions

ATPase Molecules of ATP hydrolysed per

motor domain per second

Basal ATPase ATPase in the absence of

microtubules or unpolymerised

tubulin

Microtubule

stimulated ATPase

Maximum ATPase (Vmax) at

saturating concentrations of

polymerised tubulin

Introduction

The kinesins are a superfamily of proteins that use the

hydrolysis of ATP to regulate their interaction with the

microtubule cytoskeleton (Lawrence et al. 2004; Miki et al.

2005; Marx et al. 2009; Kinesin Home Page). The family is

defined by a highly conserved motor domain (Marx et al.

2009; Sack et al. 1999). The motor domain acts as a

nucleotide-gated switch: its conformation depends on

whether ATP, ADP�Pi, ADP or no nucleotide is bound

(Hirose et al. 2006; Kikkawa et al. 2001; Yun et al. 2001).

The function of the different conformations is, in part, to

regulate the affinity of the motor domain for the microtu-

bule (Hackney 1994; Crevel et al. 1999; Ma and Taylor

1997). The motor domain switches between states of low

and high affinity for the microtubule (the so-called strongly

bound and weakly bound states) as nucleotide binds, is

hydrolyzed and the products released. In turn, binding of

the motor domain to the microtubule influences the kinetics

of changes in the nucleotide state and therefore the tran-

sitions between the different conformational states of the

motor domain. The reciprocal influence of the nucleotide

state on microtubule binding and the microtubule on

nucleotide binding and hydrolysis leads to coupling

between the chemical and mechanical cycles, driving the

operation of these nanomachines. As in the myosin field, a
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major goal in the kinesin field is to characterize the func-

tional properties of the different nucleotide states and the

kinetics of the transitions between them.

Despite the high sequence conservation of motor

domains between different sub-families of kinesin, typically

50 % sequence identity, there is a remarkable diversity of

kinetic and structural properties of the nucleotide-gated

switch. This diversity accounts, to a large extent, for the

remarkable variety of biological functions performed by the

kinesin superfamily. Kinesins fall into several major sub-

families, denoted kinesin-1 to kinesin-14, as well as many

orphan kinesins (Kinesin Home Page; Lawrence et al. 2004;

Endow et al. 2010). The cell biological functions of kinesins

include the translocation of organelles such as membrane-

bounded vesicles (kinesin-1 and -3; Hirokawa et al. 2009),

RNA particles (kinesin-1; Kanai et al. 2004; Gaspar 2011),

intraflagellar transport particles (kinesin-2; Cole et al. 1998;

Ou et al. 2005), and chromosomes (kinesin-4 and -7;

Mazumdar and Misteli 2005); microtubule sliding (kinesin-

5 and -14; Peterman and Scholey 2009), microtubule

depolymerisation (kinesin-8 and -13; Howard and Hyman

2007; Wordeman 2005, and the kinesin-14 Kar3; Huyett

et al. 1998; Saunders et al. 1997) or microtubule nucleation/

elongation (the kinesin-7s, Kip2p and CENP-E; Huyett

et al. 1998; Sardar et al. 2010, and the kinesin-10 NOD; Cui

et al. 2005). In this review, we discuss the ATP turnover

cycle (Fig. 1) of different members of the kinesin super-

family and show how differences in the kinetics of the

cycle, together with variation in the properties of the dif-

ferent nucleotide states, can account for many of the

observed functions of different kinesins.

Translocating and microtubule-regulating kinesins

Members of the kinesin superfamily studied to date fall

into one or both of two major classes: translocating kine-

sins that move with respect to the microtubule lattice (e.g.

kinesin-1, -2, -3, -4, -5, -7, -8, -14); and microtubule-reg-

ulating kinesins that bind to microtubule ends and regulate

polymerization or depolymerization (e.g. kinesin-7, -8, -10,

-13). The translocating kinesins can in turn be divided into

two classes: highly processive motors (e.g. kinesin-1, -7,

-8) that individually can take many steps along a micro-

tubule before dissociating (i.e. long run lengths), and less

processive motors (e.g. kinesin-3, -5, -14) that take only

one or a few of steps along the lattice before dissociating.

The microtubule-regulating kinesins can in turn be divided

into depolymerases (kinesin-8, -13 and perhaps -14) that

antagonize growth, assemblers (the kinesin-7s CENP-E

and Kip2 and the kinesin-10 NOD) that promote growth,

and inhibitors that antagonize both growth and disassembly

(kinesin-8). Table 1 summarizes the main functional clas-

ses of kinesins.

The ATP turnover mechanisms of processive

translocating kinesins

The founding and most intensively studied kinesin sub-

family is kinesin-1 (conventional kinesin). Members of the

kinesin 1 family are the classic cargo carriers able to take

many steps along the microtubule (Howard et al. 1989;

Svoboda et al. 1993), even when working against an elastic

(Svoboda and Block 1994; Meyhofer and Howard 1995;

Gittes et al. 1996) or viscous load (Hunt et al. 1994). The

main characteristic of the ATP turnover cycle of the

kinesin 1 family is that it is limited by ADP dissociation

(Fig. 1, k4), which is very slow in the absence of micro-

tubules and accelerated approximately 5000-fold by

microtubules (Hackney 1988). Through accelerating ADP

release, microtubules increase the ATPase rate from 0.01

s-1 to approximately 50 s-1 (Kuznetsov and Gelfand 1986;

Hackney and Stock 2008).

The ATP turnover cycles of other highly processive

kinesin subfamilies have not been studied in such detail as

the kinesin-1s, so it is not possible to say that these are the

definitive characteristics of a processive translocase.

However, several other processive kinesins have been

characterized to a lesser extent and fit with this basic

framework. The ATPase cycle of the mitotic kinesin

CENP-E, a member of the kinesin 7 family, has been

studied in the presence of microtubules (Rosenfeld et al.

2009). The basal ATPase cycle has yet to be determined,

therefore it is unknown if it possesses the same rate lim-

iting step of ADP dissociation characteristic of other

translocating kinesins. It is also unknown to what degree

microtubules stimulate the basal ATPase. However, infor-

mation from the ATP turnover cycle in the presence of

microtubules can shed light on the processivity of a kine-

sin. The rate constant for the bimolecular association of the

Fig. 1 The minimal ATP turnover cycle for an ATP hydrolysing

enzyme such as a kinesin. There are four possible nucleotide states:

nucleotide free (/), ATP-bound, ADP–Pi-bound, and ADP-bound
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kinesin with the microtubule can be estimated by dividing

the microtubule-stimulated ATPase (also termed Vmax or

kcat) by the concentration of microtubules at which the

ATPase is half saturated (K0.5, MT). This value assumes that

only 1 ATP is hydrolysed per encounter with the micro-

tubule (Hackney 1995a). By comparing this value with

either a theoretical limit for such a bimolecular association

or a measured value obtained by detecting each productive

encounter of a kinesin with the microtubule by monitoring

the stimulated release of ADP (kbi) (Hackney 1995a), it is

possible to determine if the assumption of 1 ATP hydro-

lysed per microtubule encounter is correct. In the case of

kinesin-1, the ratio of kcat/K0.5, MT to kbi suggests that

*120 ATPs are hydrolysed per encounter of a motor with

the microtubule; this is consistent with the high

processivity of the kinesin-1 family (Hackney 1995a). For

CENP-E, kcat/K0.5, MT = 134 lM-1s-1; because this is

fivefold larger than the theoretical limit for protein-protein

binding (Hackney 1995b) these data suggest that CENP-E

produces multiple cycles of ATP turnover per microtubule

encounter. If each turnover results in a step, then there are

many steps per microtubule encounter, indicating proces-

sive movement (Rosenfeld et al. 2009).

One of the most highly processive translocating kinesins

is the kinesin-8 family member from S. cerevisiae, Kip3p

(Varga et al. 2006). The full cycle of this kinesin has not

been determined in the absence or presence of microtu-

bules and so the rate-limiting step of the basal cycle is not

known. However, the degree of stimulation of the basal

ATPase by microtubules is much less that that for kinesin-

Table 1 Functional properties of kinesin sub-families

Kinesin

subfamily

Examples Translocase Processive Sliding Microtubule regulation

Kinesin-1 KHC (Coy et al. 1999), Kif5 (Kanai et al. 2000) Yes (?end) Yes No No

Kinesin-2 Fla10 (Kozminski et al. 1995) Yes (?end) Yes No No

Kinesin-3 Kif1 (Okada and Hirokawa 1999) Yes (?end) no No No

Kinesin-4 Kif4 (Sekine et al. 1994) Yes (?end) Yes Yes (anti-||) Depolymerisation, ?end

Kinesin-5 Eg5 (Sawin et al. 1992) Yes (?end) no Yes (anti-||) Deploymerisation (?end)

Kinesin-7 CENP-E (Wood et al. 1997) Yes (?end) Yes No Elongation

Kinesin-8 Kip3 (Varga et al. 2006) Yes (?end) Yes No Depolymerisation (?end)

Kinesin-10 NOD (Afshar et al. 1995) No N/a No Polymerization (?end)

Kinesin-13 MCAK (Wordeman and Mitchison 1995) No (diffusive) N/a No Depolymerisation (? & -end)

Kinesin-14 NCD (Chandra et al. 1993) Yes (-end) No Yes (anti-||) Depolymerisation (-end)

Table 2 Microtubule-stimulated ATPase and translocation speeds for selected kinesins

Protein Kinesin

family

MT stimulated

ATPase (s-1)

Velocity

(nm s-1)

Source

D. melanogaster KHC 1 44 770 Coy et al. (1999)

R. rattus Kif5c 1 33 460 McVicker et al. (2011)

H. sapiens ‘cys-light’ KHC 1 31 420 Yildiz et al. (2008)

M. musculus Kif1a 3 110 140 Okada and Hirokawa (1999)

N. crassa NcKin3 3 23a 590 Adio et al. (2006)

A. thaliana FRA1 4 5.9a 400 Zhu and Dixit (2011)

X. laevis Eg5 5 1.9 63 Lockhart and Cross (1996)

X. laevis CENP-E 7 12a 340 Yardimci et al. (2008), Rosenfeld et al. (2009)

S. cerevisiae Kip3p 8 1.8 12 Gupta et al. (2006)

D. melanogaster NCD 14 2.3a 140 Case et al. (1997), Shimizu et al. (1995)

S. pombe Klp2 14 3.8a 42 Braun et al. (2009)

S. pombe Plk1 14 2.0 42 Furuta et al. (2008)

a The ATPase activity was not measured under the same conditions as the motility and may be underestimated. Italicized values indicate non-

processive motors
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1: only a little over tenfold compared to the 5000-fold

stimulation seen for kinesin-1 (Gupta et al. 2006). Also, the

ratio of kcat/K0.5, MT is small (0.7 lM-1s-1 (Gupta et al.

2006)): more than 40-fold lower than the theoretical limit

for the bimolecular association of a molecule the size of

kinesin (Hackney 1995b) and more than threefold lower

than the measured value for a kinesin-1 (Hackney 1995a).

A possible explanation is that the ATPase measurements

are done under much lower ionic strength buffer conditions

compared to the motility assays: the motility is very

dependent on the ionic strength, and in particular the on-

rate increases strongly as the ionic strength is increased

(Varga et al. 2009).

Even a single-headed kinesin can exhibit high proces-

sivity. The kinesin-3, Kif1a, has a mean run length

equivalent to *100 steps along the microtubule lattice

(Okada and Hirokawa 1999). This processivity is not

governed by the walking model common to 2-headed

translocating kinesins, in which one head anchors the

kinesin to the microtubule whilst the other takes a step, but

relies on the weakly bound state maintaining the single

head on the lattice long enough to allow it to find the next

binding site (Okada and Hirokawa 2000). This mode of

action is reflected in the relationship between the ATPase

of Kif1a and its translocation velocity (Fig. 2, arrow).

Kif1a hydrolyses many ATPs for each forward step

reflecting the low degree of coupling between stepping and

ATP turnover in this single-headed system.

Low-processivity translocating kinesins

The best studied of this group are the mitotic kinesins of

the kinesin-5 and kinesin-14 families. Members of these

families have been shown the have broadly similar ATP

turnover cycles to that of the highly processive kinesin-1

family. The kinesin-5 motor Eg5 and the kinesin-14 motor

NCD both have basal turnover cycles limited by ADP

dissociation and which are stimulated many hundred-fold

by microtubules (*300-fold and *1000-fold for Eg5 and

NCD, respectively) (Lockhart and Cross 1996; Cochran

et al. 2004; Lockhart and Cross 1994; Pechatnikova and

Taylor 1997). It is in the finer details of the ratio of the

various rate constants associated with the chemical and

mechanical cycles that the explanation for their low pro-

cessivity is found. For NCD the ratio of the microtubule-

stimulated ATPase to the rate constant for dissociation of

NCD from the microtubule upon binding nucleotide is 0.3

(Pechatnikova and Taylor 1997). Thus, NCD turns over on

average 0.3 ATP molecules before dissociation from the

microtubule, implying that NCD tends to dissociate from

the microtubule before completing the ATP turnover cycle

and this is reflected in low processivity of translocation.

Relationship between ATPase rate and velocity

of translocation

The kinesin-1 step size is 8-nm (Svoboda et al. 1993;

Carter and Cross 2005), corresponding to a single binding

site per tubulin dimmer (Ray et al. 1993; Harrison et al.

1993). We expect that all the processive kinesins will have

8-nm steps, so if stepping is tightly coupled to ATP turn-

over, we expect that the speed will be

v ¼ 2� 8� kcatðnm=sÞ ð1Þ

where kcat is the ATPase rate per motor domain and the two

is due to processive motors having two motor domains. If

the motor is weakly coupled we might expect multiple

ATPs hydrolysed per step. The alternative, that there are

many steps per ATP has been ruled out in the case of

kinesin-1 as single-molecule tracking shows that there are

no bursts of steps at low ATP concentrations (Hua et al.

1997; Schnitzer and Block 1997). Figure 2 shows translo-

cation velocity plotted against the ATPase for several ki-

nesins. There is a strong correlation between speed and

ATPase, consistent with coupling between the chemical

and mechanical cycles. A similar correlation is seen with

myosin motors: myosin-II isoforms from faster muscles

have higher ATPase rates (Barany 1967). In the case of

kinesins, most points fall above or close to the line corre-

sponding to one step per ATP hydrolysed (Eq. 1), consis-

tent with at least one ATP being required per 8 nm step.

Only the single-headed kinesin, Kif1a, hydrolyses many

ATP per step (arrow in Fig. 2). For the best-studied motor,

Fig. 2 The microtubule stimulated ATPase for selected kinesins

plotted against the measured velocity for these kinesins determined

from either stepping or gliding assays (data from Table 2). The closed
symbols denote data in which both assays were performed under

identical or near-identical conditions. The open symbols denote data

in which the assays are performed under different conditions, and the

ATPase may not be fully activated. The solid line corresponds to 1:1

coupling between the ATPase and stepping velocity with a step size

of 8 nm (Eq. 1). Highlighted region indicates data for kinesin-1. The

arrow indicates data for the monomeric kinesin, Kif1a
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kinesin-1, in which both velocity and ATPase have been

measured under almost identical conditions, there is very

close agreement with Eq. 1, indicating that there is a tight

coupling of one ATP per step (highlighted in Fig. 2).

Microtubule-regulating kinesins

Members of the kinesin-10 and kinesin-13 families do not

function as the majority of other kinesins. They have no

translocating activity but instead interact with the micro-

tubule lattice in a diffusive manner, remaining in a weakly

bound state rather than cycling through alternate weak and

strong binding states as do the translocating kinesins (Cui

et al. 2005; Hunter et al. 2003; Helenius et al. 2006;

Cochran et al. 2009). The only members of these families

to have their ATP turnover cycles studied in detail are the

kinesin-10, NOD and the kinesin-13, MCAK. Both these

kinesins have been found to have atypical basal ATPase

cycles, in that the rate-limiting step is the cleavage of ATP

(Fig. 1, k2) rather than ADP dissociation (Fig. 1, k4)

(Cochran et al. 2009; Friel and Howard 2011). For both

MCAK and NOD this results in the motor domain pre-

dominantly meeting the microtubule lattice in an ATP-

containing state rather the ADP containing state in which

translocating motors predominantly exist in solution. For

MCAK, this implies that the motor domain initially binds

tightly to the microtubule lattice, as the ATP state is a

strong-binding rigor state (Helenius et al. 2006). After

interaction with the microtubule, ATP is rapidly hydroly-

sed and the MCAK motor domain enters one of the weakly

microtubule bound nucleotide states, ADP�Pi or ADP. This

is the reverse of the initial interaction with the microtubule

of a translocating kinesin such as kinesin-1 (Fig. 3). In

the weakly bound nucleotide states MCAK diffuses on

the microtubule lattice, until it either detaches from the

microtubule or reaches the microtubule end. The microtu-

bule end accelerates the dissociation of ADP, stimulating a

nucleotide exchange of ADP for ATP. This results in tight

binding of the ATP containing motor domain, facilitating

tubulin dissociation from the microtubule end (Moores

et al. 2003; Hunter et al. 2003). In this way MCAK’s ATP

turnover cycle is tuned to enable this kinesin to identify and

bind to microtubule ends where it can effect its activity as a

depolymerase. The ATPase rate for MCAK is stimulated

*5000-fold by the presence of microtubules, the micro-

tubule in general accelerates the ATP cleavage step and the

microtubule end specifically further stimulates the ATPase

by accelerating ADP dissociation (Friel and Howard 2011).

Rate-limiting ATP cleavage in the basal ATPase cycle

may be a characteristic feature of non-motile kinesins.

This step is also rate limiting in the basal ATP turnover

cycle of the kinesin-10 NOD (Cochran et al. 2009).

However, how this atypical ATP turnover cycle adapts

NOD for its function of maintaining attachment to the

microtubule plus end remains unclear. The ATPase rate of

the NOD motor domain has been measured in the pres-

ence and absence of microtubules. However, the effect of

microtubules on ATP turnover by the isolated motor

domain is unresolved. One study indicates that the

microtubule stimulates the ATPase rate for NOD by more

than 2000-fold (Matthies et al. 2001); whilst a second

study indicates that microtubules do not stimulate the

ATPase activity of NOD (Cochran et al. 2009). It has been

suggested that NOD tracks microtubule ends by having a

different response to the microtubule end than to the lat-

tice (Cochran et al. 2009), in the same way as determined

for MCAK (Friel and Howard 2011). However, no evi-

dence as yet exists to show that this is the case. Never-

theless, rate-limiting ATP cleavage in the basal ATPase

cycle combined with microtubule end-specific stimulation

of step/s in the cycle may be characteristic features of

non-motile, microtubule-end-tracking kinesins.

Members of the kinesin superfamily perform a variety of

microtubule-based functions, including different speeds of

translocation, different degrees of processivity, tracking the

microtubule end and regulation of microtubule dynamics.

Variation in the ATP turnover cycle amongst superfamily

members provides one way in which the characteristic

motor domain can be tuned to different functions. Dis-

section of the cycle of ATP turnover of a kinesin, both in

the presence and absence of microtubules, can help explain

the particular behaviour observed. The precise nature of the

way in which a kinesin utilises ATP must be known as well

as the nature of its interaction with the microtubule to fully

comprehend the action of an individual kinesin.

Fig. 3 Comparison of the association with the microtubule (MT) of

the non-motile kinesin MCAK and the translocating kinesin-1

according to nucleotide state. The ATP turnover cycles are aligned

with respect to the rate-limiting step (RLS) in the absence of

microtubules (bold line). The kinesin will meet the filament

predominantly in the nucleotide state prior to the RLS. Interaction

with the filament accelerates the RLS driving the motor protein to the

next nucleotide state in the cycle. The change in affinity triggered by

the microtubule-stimulated change in nucleotide state is reversed for

MCAK compared with kinesin-1
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