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Myosin Motors: The Chemical Restraints
Imposed by ATP

I. Rayment‡ and J. Allingham

University of Wisconsin, Department of Biochemistry, Madison, Wisconsin, USA

Most molecular motors use ATP. This is not surprising since this is the univer-
sal currency of energy for most of life’s processes. The question to be addressed
in this chapter is how does the fundamental chemistry of ATP hydrolysis in-
fluence the observed organization of linear molecular motors seen today with
a focus on myosin. This chapter is written to ask in simple terms what can
be gained by reconsidering the chemistry of ATP hydrolysis.

2.1 Chemistry and Thermodynamics of ATP Hydrolysis

Adenosine triphosphate is a simple molecule whose hydrolysis to either ADP
and inorganic phosphate or AMP and pyrophosphate is used to drive many
otherwise thermodynamically unfavorable reactions. Its value arises from
the large exergonic free energy associated with these hydrolysis reactions
(∆G◦ ′ = −32.2 and −30.5 kJ ·mol−1 respectively [1]). Compounds such as
ATP are often referred to as “high energy” intermediates, which is a qualita-
tively convenient way of accounting for its role in biological processes. How-
ever, such terminology is inadequate for explaining the molecular basis for its
exergonic properties, or more importantly, accounting for the chemical and
atomic details that are seen in the enzymes that use this substrate.

From the chemical perspective the phosphoester bond joining the β and
γ phosphoryl groups is no different from any other single phosphorous oxy-
gen linkage, so that the high energy is not associated with the linkage itself.
Indeed, ATP is a surprisingly stable molecule in aqueous solution, which con-
tributes to its value as a participant in biological transformations. The source
of the large free energy of hydrolysis arises from differences in electronic and
electrostatic properties of the reactants and products. One source of the free
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energy change is the reduction in the electrostatic repulsion between the neg-
atively charged groups of the phosphoanhydride on hydrolysis. Likewise there
is greater resonance stabilization for the products. Another source is increased
solvation of the products relative to the reactants. These details influence how
ATP is accommodated by all enzymes that utilize ATP but are particularly
important where the energy of hydrolysis is utilized to generate work, because
they dictate when and how the free energy is released. It is important to real-
ize that the free energy of hydrolysis cannot be directly transferred from the
bond cleavage event, since in solution this energy would be lost immediately
to the solvent. Instead, the conversion of the free energy of hydrolysis into
work must be coupled to differences in binding energy for the reactants and
products by the motors during their motile cycles.

The actual free energy released upon ATP hydrolysis depends on the con-
centration of the reactants and products as well as the pH, divalent metal
ion concentration, and ionic strength. These variables are difficult to measure
accurately and vary depending on time and location within an organism, but
under normal physiological conditions ∆G is estimated to be ≈50 kJ ·mol−1.
Importantly, divalent cations such as Mg2+ have a high affinity for ATP and
are always involved in phosphoryl transfer reactions, so that in all instances
the true substrate is M2+ ATP rather than the nucleotide alone. These vari-
ables have a profound influence on myosin’s hydrolytic and motor function
where parameters such as ADP and phosphate concentration are well known
to influence and in many cases regulate the activity of myosin [2–4].

2.2 Hydrolysis of MgATP

The hydrolysis of ATP is fundamentally a phosphoryl transfer reaction which
has been studied extensively both in biological and chemical systems. From
the latter it is widely accepted that the transfer of the phosphoryl moiety
from ATP to water is predominantly a dissociative process that proceeds
through a metaphosphate-like transition state with little bond order to the
attacking nucleophile (water) or leaving ADP (Fig. 2.1) [5]. There has been
extensive discussion over the nature of the transition state for phosphoryl
transfer within an enzyme active site. Most of the questions focus on whether
the observed rate enhancement is the result of transition state stabilization
of a fundamentally metaphosphate-like transition state or whether it is the
result of a shift to a more associative mechanism where there is expected to
be substantial bond formation between the attacking water molecule and the
phosphorus atom. This is a very difficult question to address experimentally
for myosin due to the complexity of its kinetic cycle. Techniques such as kinetic
isotope effects, which allow one to probe the nature of the transition state,
are difficult to apply because the bond cleavage event is not the rate-limiting
step.
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Fig. 2.1. Hydrolysis of ATP. The exact charges and resonance structure of the meta-
phosphate like transition state are not defined since this depends on the extent of
bond cleavage and formation

Regardless of the ambiguity surrounding the nature of the transition state
for enzymatically catalyzed systems, it is clear that these catalysts dramati-
cally increase the rate of hydrolysis relative to that which happens in solution.
The first order uncatalyzed rate in water at pH 7 and 25 ◦C is ∼5×10−9 · sec−1

(Calculated from [5] and [6]), whereas the bond-splitting rate of ATP hydrol-
ysis by myosin at 25◦C is >100 · sec−1 which represents a rate enhancement
of ∼2×1010. Indeed, based on the Eyring equation it can be estimated that a
rate enhancement of 2× 1010 demands a reduction in free energy of the tran-
sition state for hydrolysis of ∼57 kJ ·mol−1. Although this rate enhancement
sounds impressive, it is fairly modest compared to many other enzymatically
catalyzed reactions [7]. Given the intrinsic stability of ATP in solution, the
evolution of an effective way of reducing the free energy of the transition
state for the hydrolytic step is central to the use of phosphoanhydrides as
an effective energy source. In the absence of a dramatic rate enhancement
these compounds would be kinetically useless as energy sources. This rate en-
hancement is a fundamental property of the active site of myosin that must
be explained in molecular terms before a full understanding of its chemical
mechanism is achieved.

2.3 Kinetic Cycle for Myosin

The fundamental kinetic cycle of myosin is well established and although there
are important differences between myosin isoforms they all appear to follow
the general cycle shown in Fig. 2.2 (For excellent reviews of the kinetics of
myosin and its isoforms see [8–12]).

The cycle is often viewed as starting at a point where myosin is bound
to actin in the absence of ATP (the rigor state), though this is not the most
populated state for most myosins. The first step in the cycle is the bind-
ing of MgATP to myosin which induces a series of conformational changes
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Fig. 2.2. Traditional kinetic cycle for myosin. A schematic of the alternation be-
tween the strongly and weakly bound states depending on the nucleotide bound to
myosin

in myosin that lower the binding affinity of myosin for actin from ∼2 ×
107 M−1 to ∼1.5 × 102 for skeletal muscle myosin [13, 14]. In the second
stage, also accompanied by a conformational change in the myosin head, ATP
is hydrolyzed but not released from the active site. This is often described as
the metastable state because bond cleavage has occurred, yet the hydrolysis
products have not been released. The conformational change at this stage may
be viewed as “priming” the molecule for the powerstroke. Thereafter myosin
acquires a renewed affinity for actin and during rebinding to actin, phosphate
is released and the powerstroke initiated. The release of phosphate is seen
as the key step in the transition from the weakly bound non-stereospecific
states to the strongly bound stereospecific states. The final kinetic step is
the release of MgADP. The scheme shown here implies at least four distinct
conformations for myosin around the pathway.

At first sight, the hydrolytic cycle utilized by myosin appears counterin-
tuitive since the hydrolysis event is uncoupled from the force generating step,
but on more careful examination, it is a scheme in which the fundamental
chemistry associated with the hydrolysis of ATP can be accommodated effi-
ciently within a biological machine. The issue here is one of rate constants
and efficiency.

Even though it is comfortable to feel that biological motors are fast, in
molecular terms they are quite slow, both in the speed with which they move
and their kinetic turnover number. Typically the fastest myosin motor, such as
the unconventional myosin from characean alga [15], moves at ∼50 µm · sec−1

whereas the typical turnover number of actin-activated skeletal myosin is
∼10 · sec−1 though many are much slower. In contrast, the intrinsic bond
cleavage rate for ATP hydrolysis by myosin is >100 · sec−1, where the lower
value for the overall turnover number reflects that the slow step is product re-
lease [16,17]. This fundamental paradox is true for all molecular motors. Thus,
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in all motors there must be some form of modulation of the rate constants
for binding and release of product in order to accommodate the fundamental
differences in rate between the chemical and biological processes. Remark-
ably, these adaptations allow biological motors to operate with outstanding
thermodynamic efficiency (upwards of 50% for some myosin-based motors).

The scheme that has evolved for myosin reflects that for most isoforms the
motor spends only a limited time associated with actin. That is, myosin has
a low duty ratio, which is defined as the fraction of time spent on actin [18].
In those cases where myosin spends a considerable time bound to actin (as
with myosin V for example), modulation of the release rate of ADP changes
the motor from a low to high ratio motor [19,20].

2.4 Structures of Myosin

At this time there is a wealth of structural information available for myosin
from a wide variety of classes of myosin. These form the foundation of a sound
model for the contractile cycle, which though not complete, provides insight
into the utilization of ATP as an energy source. A summary of the high-
resolution structures that have been deposited in the Protein Data Bank is
given in Table 2.1. The current structures can be divided into roughly three
classes: the prehydrolysis state, metastable state, and almost rigor. At present
major structural questions that need to be addressed are the structure of the
actomyosin complex both in the presence and absence of ADP.

The first molecular model for myosin was derived for chicken skeletal
myosin subfragment-1 which revealed the overall architecture of the myosin
head [21], much of which is shared by all myosin isoforms. On the basis of
this structure a model for the contractile cycle was proposed [22], much of
which has been shown to be correct. As seen in Fig. 2.3a, the myosin head is
characterized by a motor domain attached to an extended α-helical segment
that serves as a binding site for two light chains (in skeletal muscle myosin).
The globular motor domain is split by two clefts. One of these constitutes
the nucleotide-binding pocket, whereas the other divides the distal part of the
molecule into an upper and lower domain (often referred to as the 50 kD do-
mains reflecting earlier proteolytic studies on myosin.) The second cleft is now
understood to mediate the conformational changes in the nucleotide-binding
site with the actin binding interface. It is now well established that the motor
domain alone is sufficient to generate force through its hydrolysis of ATP and
interaction with actin, where the extended helical segment that binds the light
chains serves to amplify the conformational changes and increase the size of
the power stroke.

Initially it was unknown where the structure of chicken skeletal myosin
subfragment-1 fit into the contractile cycle for myosin since the structure was
solved in the absence of nucleotide. The approximate fit of the tail and motor
domain into the image reconstruction suggested that the overall arrangement
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Pre-hydrolysis State (Chicken skeletal myosin II)

Metastable State (Chicken smooth myosin II)

Rigor-like State (Chicken myosin V)

Regulatory
Light Chain

Essential
Light Chain

N-Terminal
25 kDa region

Upper Domain
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Lower Domain
of 50 kDa region
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Fig. 2.3. Major conformational states of myosin. The pre-hydrolysis state (top) is
represented by the structure of the S1 portion of chicken skeletal myosin II (PDB
code 2MYS) [21]. The major subdomains are labeled and have been colored similarly
for each myosin isoform shown. Light chains have been included in their respective
conformations bound to the lever arm of each model. The metastable state (middle)
is represented by the MgADP.Alf4 form of chicken smooth muscle myosin II (PDB
code 1BR1) [28]. The rigor-like state (bottom) is represented by the apo form of
chicken myosin V (PDB code 1OE9) [29]
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of domains might be similar to the rigor state, however an unfavorable inter-
action between the lower 50 kD domain of myosin and actin implied that the
cleft should close when myosin binds to actin [22]. To examine this question,
the structure of the motor domain of myosin II from Dictyostelium discoideum
(S1dC) was determined in the presence of nucleotide analogs that mimicked
the prehydrolysis and transition state for hydrolysis [23–26]. This revealed that
the structure observed in chicken skeletal myosin subfragment-1 represents a
prehydrolysis state (post-rigor) where the cleft that splits the 50 kD region
is open and is configured in such a way that it is unable to hydrolyze ATP.
In particular, the hydrogen bonding network at the apex of the nucleotide-
binding pocket is unable to support the in-line nucleophilic attack of a water
molecule on the γ-phosphate.

The open nature of the 50 kD cleft appears to be the defining feature of
the prehydrolysis state, rather than the relative orientation of the light chain
binding domain since structural studies of scallop myosin reveal that this sec-
tion of the molecule can adopt a wide range of conformations [27]. This is
consistent with the energetics of the contractile cycle. The key feature of the
prehydrolysis state is that it should bind ATP tightly and cause a reduction
in the affinity of myosin for actin. The determinant for this property resides
in the motor domain, whereas the position of the tail is unimportant imme-
diately after release from actin. Indeed, it could be argued that a single well
defined position for the tail in the prehydrolysis state would be energetically
unfavorable since it would reduce the off-rate of myosin from actin and would
slow the conformational change to the metastable state.

In the contractile cycle, understanding the peculiarity of the metastable
state is central to establishing the molecular connection between ATP hydrol-
ysis and energy transduction. Structural studies with transition state analogs,
first with Dictyostelium S1dC [23, 24] and then with chicken smooth muscle
myosin motor domain with its essential light chain [28], revealed how the active
site is configured for ATP hydrolysis and provided insight into the molecular
basis for retention of hydrolysis products. Importantly, the structural studies
of smooth muscle myosin motor domain with its essential light chain show a
major change in orientation of the light chain-binding region relative to the
motor domain, which is communicated from the nucleotide-binding site via the
converter domain (Fig. 2.3b). It is widely accepted that this conformation is
representative of the start of the powerstroke (pre-powerstroke conformation)
and is the best model for the metastable state.

The final stage in the contractile cycle involves the rebinding of myosin to
actin and release of first phosphate and then MgADP. Phosphate release is
known to be the committing step in initiating the powerstroke. This is clearly
a multi-step process and at this time there are still questions about the final
structure of acto-myosin. Fortunately, the recent structures of myosin V have
provided insight into the conformational changes that are associated with this
process [29,30]. The original studies on chicken skeletal myosin subfragment-1
suggested that the large cleft in the 50 kD region of the motor domain might



2 Myosin Motors: The Chemical Restraints Imposed by ATP 23

close when myosin binds to actin. Indirect evidence for this has been provided
through the use of spectroscopic probes [31] and electron microscopy [32,33],
however the most definitive evidence has come from the study of myosin V [29]
and more recently from the structures of myosin VI [34].

Structural studies of myosin V show that for this myosin isoform the large
cleft is closed when the protein is in the apo form and the lever arm is in a po-
sition characteristic of that in the actomyosin rigor complex (Fig. 2.3c) (PDB
accession numbers 1OE9, 1W8J) [29]. Furthermore, the nucleotide-binding
elements (P-loop, Switch I and II) within the nucleotide-binding pocket,
(including the β-sheet), have adopted previously unseen conformations that
interfere with ATP binding, demonstrating the structural communication be-
tween myosin’s actin-binding surface and nucleotide-binding site. This com-
munication is transmitted through the coordinated movement of subdomains
that are interconnected at conserved points within the motor domain of all
myosins. The β-sheet of the motor domain is an essential component of this
communication network.

In the apo structure of myosin V, closure of the cleft involves repositioning
the upper 50-kDa subdomain relative to the N-terminal subdomain, produc-
ing a much closer alignment of the upper and lower 50-kDa subdomains. This
results in exclusion of a substantial amount of water relative to the solvent con-
tent observed in open cleft myosin structures. In addition, the conformation
of the nucleotide-binding pocket is altered relative to the weak actin-binding
pre-hydrolysis state such that the distance between the P-loop and switch I
has increased sufficiently to disable their ability to coordinate Mg2+ and for
switch I to interact with the nucleotide. Also, the position of the P-loop ob-
served within the active site appears to obstruct nucleotide entry. Switch II
has adopted a new conformation as well. This element is one of the intercon-
nection points described above that is intimately involved in positioning the
subdomains that are involved in cleft closure and movement of the lever arm.

The structure of myosin V rigor-like crystals soaked with MgADP showed
a slight movement of the P-loop to accommodate the nucleotide, which was
held weakly (PDB accession numbers 1W7I [30]). However, no additional re-
arrangements of the switch I element were observed that would enable coor-
dination of Mg2+ or the γ-phosphate. This provides strong evidence for the
order of products release as Pi >Mg2+ > ADP. Based on the conformational
changes spanning the pre-hydrolysis state for myosin II to those observed in
the rigor-like state of myosin V, it is predicted that the sequence of events
following the initial binding of the phosphate chain of ATP to the P-loop
would involve an inward movement of switch I, through flexion of the β-sheet,
in order to stabilize the γ and β-phosphates and Mg2+ [30]. As part of the
communication network of the motor domain, repositioning of switch II dur-
ing these events would then stimulate opening of the cleft and progression to
the low actin-affinity pre-hydrolysis state [35].

While these structures emphasize the connection between the actin-binding
interface and nucleotide-binding site during the contractile cycle, they also
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reveal the gap in our knowledge of the structural states that embody a tight
actin-binding state with tightly bound MgADP, as well as a state showing the
release of phosphate.

2.5 Active Site of Myosin

The structural studies of the metastable state, as mimicked by the structures
with transition state analogs, provide insight into how the chemical proper-
ties of ATP are accommodated by this family of molecular motors. As noted
earlier, myosin provides dramatic rate enhancement for the hydrolysis of ATP
compared to the uncatalyzed rate in water. Indeed, the bond splitting rate
achieved is far higher than the stepping rate of this family of molecular mo-
tors. It appears that this is achieved first and foremost by providing a frame-
work that positions the hydrolytic water in the correct location for in-line
acceptance of the metaphosphate-like species present at the transition state.
Partial closure of the 50 kDa cleft and the associated rearrangement of the
hydrogen-bonding network around the γ-phosphoryl moiety is a central com-
ponent of this framework. This conformational change also serves to isolate the
active site from bulk solvent, which aids in retention of the hydrolysis product
(Fig. 2.4). Of course the movements of the loops associated with the active
site are also coupled to large conformational changes that serve to prime the
molecule for the powerstroke.

In earlier years it was suggested that myosin and most other phosphoryl
transferases would require or utilize a base to catalyze the removal of the
proton from the “attacking” nucleophile. This suggestion has profoundly in-
fluenced progress in the literature and discussion of ATP and GTP dependent
hydrolytic processes. Indeed, the reaction scheme shown in Fig. 2.1 is highly
unfavorable unless the proton on the attacking water molecule is removed.
The question is when is the proton removed and where does it go? Is it ab-
stracted by a base (side chain in the active site) or does it depart later in
the reaction pathway? Under normal circumstances the pKa of a proton on
water or an alcohol is ∼14. Furthermore, in efficient acid/base catalysis the
pKa’s of the catalytic groups generally match the pKa of the proton that is
removed.

The structures of the MgADP ·VO4 complexes indicate that no catalytic
base is present in the active site of myosin, which suggests that the water
molecule is not deprotonated prior to its attack on the γ-phosphorous atom.
Overall this arrangement is consistent with the solution studies of phosphoryl
transfer, which indicate that the transition state should be metaphosphate-
like and would predict that there is little bond formation to the nucleophile.
If this is true, then it implies that formation of the bond to the attacking
water occurs after the transition state is reached and that bond formation will
lead to a decrease in the pKa of the attached protons, which will facilitate
proton transfer. Thus the question becomes where does the proton on the
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a

b

P-Loop

Switch II

Fig. 2.4. Superposition of Dictyostelium S1dC in the prehydrolysis and metastable
state as mimicked by the complexes with MgADP ·BeFx and MgADP ·VO4. (a)
shows an overview of the molecules to reveal the long range effects of binding a
transition state analog in the active site. (b) shows the local changes associated with
the γ-phosphate binding pocket. In particular the altered conformation of Switch
II serves to close-off the active site from bulk solvent and position the water for
nucleophilic attack on the γ-phosphoryl moiety. In this figure the entire polypeptide
chain for the MgADP ·BeFx complex is included where the lower domain of its 50 kD
region is depicted in yellow. For clarity only lower domain of the 50 kD region and
C-terminal segment are shown for the MgADP ·VO4 complex. These are depicted
in red and cyan respectively. The figure was prepared with the program Pymol from
coordinates with the accession numbers 1MMD and 1VOM respectively [23,24]
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water molecule (now seen as being attacked by metaphosphate) go? This is
an important issue, since early kinetic studies show that the proton produced
in the hydrolysis of ATP is released at the same time as the phosphate [36],
which implies that the proton from the nucleophilic water remains in the
active site in the metastable state.

Computational and experimental studies on small G-proteins, which uti-
lize a similar nucleotide binding motif, suggest that the ultimate base in their
hydrolytic reactions is the γ-phosphate [37, 38] which raised the possibility
that these enzymes and myosin proceed via a mechanism that incorporates
substrate-assisted general base catalysis. At one extreme this would entail
transfer of the proton from the attacking water molecule to the γ-phosphate
followed by nucleophilic attack by a hydroxyl anion where this would im-
ply an associative mechanism. Solution kinetic measurements do not support
this mechanism [39], but together the results suggest that the proton from
the hydrolytic water is eventually transferred to the γ-phosphate. How this
is achieved is subject to discussion. Direct transfer of the proton from the
water molecule to a phosphoryl oxygen would require a four-center transfer
which is stereochemically unfavorable. In myosin, a six center transfer has
been proposed in which the proton is shuttled by hydrogen exchange from the
hydrolytic water to the γ-phosphate via Ser236 [24].

The structures of the transition state complexes provide a satisfactory
explanation for how myosin catalyzes the hydrolysis of ATP, but there remains
the question of what prevents the release of inorganic phosphate once the
hydrolytic event has occurred. This is important since the stability of this
state is a central feature of the motile cycle of myosin.

Insight into the stability of the metastable state can be gained by simply
considering the chemistry of ATP hydrolysis. Based on the earlier descrip-
tion of the source of the free energy, the metastable state must accomplish
the following. It must minimize the loss of free energy due to reduction in
the electrostatic repulsion between the negatively charged groups of the phos-
phoanhydride upon hydrolysis. In addition, it must prevent the resonance
stabilization and solvation of the products relative to the reactants. Although
no structure is available for the true metastable state, calculations which place
the phosphate into the active site provide insight into how these molecular
restraints are accommodated by the active site (Fig. 2.5) [40].

The issue of electrostatic repulsion appears to have been solved by the po-
lar/ionic environment that neutralizes the charge on the γ- and β-phosphates.
Every lone pair on the phosphoryl oxygens participates fully in hydrogen
bonding or ionic interactions, the latter of which include contributions from
the magnesium ion and Lys185. This same set of interactions prevents the
phosphate ion (in the model) from being solvated. The few water molecules
that are observed in the ADP ·VO4 complex participate in a well-ordered hy-
drogen bonding network. Finally the ionic environment serves to localize the
protons on the phosphate and eliminates resonance stabilization and prevents
their loss to solvent.
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Fig. 2.5. Model for the interaction of phosphate with the metastable state. (a)
shows a stereo view of the γ-phosphate pocket in the MgADP ·VO4 form of S1Dc
myosin II. Hydrogen bonds are shown as dashed yellow lines. Mg2+ and its coor-
dinating bonds are shown in orange. Waters involved in the coordination of the
γ-phosphate and Mg2+ are labeled W1 to W5. W1 is depicted as the attacking nu-
cleophile partially bound to the vanadate moiety. (b) shows a stereo view of the
MgADP.VO4 form of S1Dc with phosphate modeled in place of vanadate. Modeling
of phosphate into the active site was done by superimposing the coordinates for
the phosphoanhydride chain from the molecular dynamics and combined QM/MM
reaction path calculations described in reference [40] onto those of the MgADP.VO4

form of S1Dc (PDB accession number 1VOM, [24]). The putative positions of the
protons acquired by phosphate during hydrolysis are shown as H1 and H2. The path
of a portion of the proton shuttling route is shown as dashed red lines. The phos-
phate atoms are shown in magenta, oxygen in red, vanadate in cyan, nitrogen in
blue, hydrogen in white, carbon atoms of myosin in green, and the nucleotide in
yellow. The figures were prepared with the program Pymol
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From the perspective of this model, release of phosphate, which occurs at
the start of the power stroke, might easily be triggered by a small change
in the ionic interactions within the γ-phosphate binding pocket. Although
the exact nature of this signal is unknown, release of the hydrolysis product
in an ordered manner is essential for establishing a conformational cycle in
which energy can be converted into work. It is also clear from the structural
studies to date that phosphate must depart via a different route from which
it entered [41].

2.6 Comparison with G-proteins: Molecular Switches

The active site for myosin shares considerable structural similarities with that
of the G-proteins so that developments in this field have profoundly influenced
our understanding of myosin [42]. The widely used “switch I” and “switch II”
nomenclature to describe conformational switches associated with the mag-
nesium and γ-phosphate binding sites, respectively, arose from studies of the
G-proteins [43]. From a functional view-point, both of these groups of pro-
teins utilize a hydrolytic event to change the binding affinity of the protein
for its ligands (both proteins and nucleotides). G-proteins can be viewed as
molecular switches that alternate between GTP and GDP forms, which dif-
fer in their biological function. In general terms the GDP form is inactive in
signaling whereas the GTP form is active. In the absence of other factors,
the rate of hydrolysis of GTP by G-proteins is exceedingly slow (for in-depth
reviews see [44] and [45]). The close similarity between the active sites of
the G-proteins and myosin suggests that there should be strong mechanistic
similarities (Fig. 2.6).

Arg85'

Asn233

Gly457
Gly62

H2O

Mg2+

P-Loop

GDP

ADP

Fig. 2.6. Comparison of the ATP and GTP γ-phosphate binding pocket in myosin
and the G-proteins. Myosin and RhoA are depicted in yellow and cyan respectively.
The figure for the myosin S1dC ·MgADP ·VO4 and RhoA ·GDP ·AlF−

4 complexes
was prepared with the program Pymol from coordinates with the accession numbers
1VOM and 1TX4 respectively [24,48]
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As noted above, G-proteins by themselves are exceedingly poor GTPases,
whereas when bound to G-protein activating proteins (GAPs) they hydrolyze
GTP at ∼15 s−1, which is ∼105 faster than the uncatalyzed rate [46]. Struc-
tural studies of Ras and Rho, two small G-proteins, bound to their respective
GAPs in the presence of MgGDP ·AlFx which mimics the transition state
for hydrolysis, show how catalysis is achieved [47, 48]. In the activated state,
most but not all, GAPs insert an arginine residue into the active site [49]. In
those proteins that utilize an arginine, this is an essential part of the catalytic
machinery [50]. It has been proposed that, the arginine stabilizes the negative
charge on the transition state in an associative mechanism, however its role
in a more dissociative mechanism is less clear.

A major functional difference between the G-proteins and myosin is the
maintenance of the metastable state in myosin, which allows for a three state
system. In the G-proteins, which alternate between two conformations, there is
no requirement for controlling the release of the free energy of hydrolysis once
the bond-cleavage event has occurred. Careful examination of the structure
of RhoA and its GTPase-activating protein complexed with MgGDP ·AlF4

together with a model of how phosphate might bind indicates that in this
active site the phosphate released from the hydrolysis of GTP would not exist
as H2PO−

4 (Fig. 2.7). Rather, the ionic environment surrounding the terminal
AlF−

4 or phosphate (as modeled) demands that at least one proton must be lost
after the initial bond cleavage and transfer of the proton from the attacking
water molecule to the γ-phosphate must occur. This is due to the presence of
the highly conserved glutamine and arginine residue, which when phosphate
is modeled in the active site are expected to form hydrogen bonding and ionic
interactions with the same phosphoryl oxygen. This is in contrast to myosin
where the same phosphoryl oxygen serves as a hydrogen bond donor to Ser236
and acceptor to Ser181 (Fig. 2.8). Release of a proton will result in a decrease
in free energy due to resonance stabilization. This will also encourage release
of the phosphate from the active site due to charge repulsion between the
terminal phosphoryl group of GDP and inorganic phosphate. Kinetic studies
reveal that phosphate release is fast and not the rate limiting step in the
GAP-activated hydrolytic process [46].

Comparison of the active site of G-proteins with that of myosin suggests
that the catalytic arginine is not strictly required for hydrolysis, since myosin
does not have such a residue and it is not observed in all activated com-
plexes [49]. In myosin, the side chain of Asn233 takes the place of the arginine
guanidinium group. The role of the arginine might be to stabilize the prod-
uct and prevent phosphate from being retained in the active site. Certainly
the presence of an additional positive charge in the active site close to the
γ-phosphoryl moiety will lower the pKa of the phosphate and encourage the
release of protons.

It is of interest that no structures of GDP ·VO4 bound to a G-protein
have been reported [51]. Rather, complexes have only been seen with AlF−

4 ,
which clearly cannot be protonated. The absence of vanadate complexes is
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Fig. 2.7. Model for the interaction of phosphate with the metastable state of
the Rho/GAP GTPase. (a) Shows a stereo view of the γ-phosphate pocket in the
MgGDP. AlF−

4 form of RhoA and its GTPase-activating protein. Hydrogen bonds
are shown as dashed yellow lines. Mg2+ and its coordinating bonds are shown in or-
ange. Waters involved in the coordination of the γ-phosphate and Mg2+ are labeled
W1 to W3. W1 is depicted as the attacking nucleophile bound (red dashed line) to
the AlF−

4 moiety. (b) Shows a stereo view of the MgGDP. AlF−
4 form with phosphate

modeled in place of AlF−
4 . Modeling of phosphate was done by superimposing the

coordinates for the phosphoanhydride chain from the molecular dynamics and com-
bined QM/MM reaction path calculations described in reference [40] onto those of
the MgGDP. AlF−

4 form of the Rho/GAP GTPase (PDB accession number 1TX4).
The orientation of Gln63 has been modified to illustrate a potential structural tran-
sition and hydrogen bond formation upon GTP hydrolysis. The phosphate atoms
are shown in magenta, oxygen in red, aluminum in grey, fluorine in pink, nitrogen
in blue, hydrogen in white, carbon atoms of Rho/GAP GTPase in cyan and yellow,
and the nucleotide in green. The figures were prepared with the program Pymol
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sitions and the hydrogen bonds and Mg2+ interaction for the γ-phosphate in S1Dc
myosin. (b) Shows the interactions in the γ-phosphate pocket of Rho/GAP GTPase.
In this figure phosphate atoms are shown in magenta and oxygen atoms (including
W2 from Fig. 2.7) are in red

consistent with the hypothesis that G-proteins have an active site that is
complementary to a deprotonated phosphate, which is expected to shift the
equilibrium towards hydrolysis and release of phosphate.

Comparison of the active sites of myosin and the G-proteins provides an
explanation for why myosin is able to maintain the metastable state and
control the release of free energy from the hydrolysis of ATP. It is of interest
then, whether the same principles are maintained in other molecular motors
such the kinesin superfamily which move along microtubules.

2.7 Kinesin Based Motors

The kinesin family of molecular motors has more members than the myosin
superfamily and in many ways is intellectually more challenging because many
kinesins are intrinsically processive motors. The study of kinesins has a much
shorter history, but fortunately, developments over the last several years have
established a sound kinetic model for its motile cycle [52]. A brief summary
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of the kinetic model for conventional kinesins is presented in order to allow
for a discussion of the nucleotide-binding site in the molecular motor.

This group of proteins is characterized by their ability to travel long dis-
tances along microtubules, which serve as their tracks, without dissociating.
These motors are defined as having a very high duty ratio [18]. As with many
members of the myosin superfamily, conventional kinesins are dimeric mole-
cules where normal movement depends on interactions between the two motor
domains.

Kinesins come in many shapes and sizes, but are all characterized by having
a segment of their sequence that can be identified as a motor domain. This
motor domain contains a core of typically ∼330 amino acids which is much
smaller than the motor domain of myosin (∼760 amino acids). Also, in contrast
to the myosin superfamily which predominately places its motor domain at
the N-terminus, the motor domain in the kinesin superfamily may be located
at either end or in the middle of the polypeptide. In keeping with their major
function as machines for moving organelles, all kinesins have sections that have
been implicated in cargo-binding, where in many cases this includes additional
proteins (light chains). Also, in most cases the polypeptide chain that connects
the motor domain to the rest of the molecule includes an α-helical segment
that allows the motor domains to homodimerize.

As noted, kinesins move their cargoes along microtubules where most ki-
nesins appear to move in a processive hand-over-hand manner along the fila-
ment (Fig. 2.9). Each step corresponds to a longitudinal translation of ∼80 Å
which is equivalent to the distance between equivalent sites on adjacent tubu-
lin heterodimers. Thus, the fundamental question is how is the hydrolysis of
ATP coupled to a unitary step along the filament and how is futile loss of
hydrolysis products prevented.

The kinetic cycle for conventional kinesin is complex. A recent model for
the stepping activity of kinesin is shown in Fig. 2.9 [53, 54]. A central com-
ponent of this model is that the two motor domains are enzymatically out of
phase, which ensures that only one head is firmly attached to the microtubule
at a time. This scheme starts with head 1 tightly bound with the other in a
dissociated state coordinated to ADP. Binding of ATP to head 1 prompts a
conformational change that causes the head 2 to swing forward to the next mi-
crotubule binding site where head 2 enters a weakly bound state which rapidly
releases ADP. Hydrolysis of ATP in head 1 is followed by tight binding of head
2 to the leading site. Loss of phosphate from head 1 allows detachment of the
now trailing head. A key component of this model is the strain dependent
communication between the two heads which provides directionality to the
cycle as well as providing a resolution to the earlier confusion associated with
the solution studies [54]. It also places the hydrolysis and phosphate release at
a specific location in the cycle, which is thermodynamically essential for an
energy transducing system. Significantly, both for myosin and kinesin phos-
phate release is coupled to a rate-limiting step in the hydrolytic cycle. There-
fore, as with myosin, the structural states of kinesin that lead up to and
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Fig. 2.9. Kinetic cycle for kinesin-based motors. Adapted from Fig. 2.1 in reference
[53] and [54]

follow the hydrolysis of ATP are central to understanding the molecular basis
of energy transduction.

A large number of high-resolution structures are available for motor do-
mains of members of the kinesin superfamily together with a few structures
of dimeric species. These include several structures of kinesin motor domains
bound to non-hydrolysable and transition-state analogs. The implications of
these structures in developing a model for the stepping cycle have been re-
cently reviewed [55].

As with myosin, there is no high resolution structure for kinesin bound
to microtubules, however an image reconstruction of the motor domain of
KIF1A in its ADP and ADPPCP state bound to microtubules [56] has
provided insight into the overall arrangement of the active site of kinesin
relative to the α/β subunits of the tubulin monomers. As shown in Fig. 2.10,
the nucleotide-binding site lies in close proximity to an α/β tubulin dimer.
This reconstruction in conjunction with the more recent structures of KIF1A
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+ end- end

Kif1A motor domain

Fig. 2.10. Model for the interaction of one motor domain of kinesin with two α/β
heterodimers of tubulin based on an image reconstruction of the motor domain
from KIF1A bound to microtubules [56]. The orientation was chosen to show the
close relationship between the nucleotide binding site and the microtubule-binding
interface. The figure was prepared with the program Pymol from coordinates with
the accession number 1IA0 [56]

bound to transition state analogs forms the basis of the current model for the
stepping cycle of the kinesin superfamily of molecular motors [57].

The structure of the kinesin motor domain bears many topological simi-
larities to myosin, even though it is considerably smaller (Fig. 2.11) [58–60].
It utilizes a P-loop motif to coordinate the nucleotide and contains the same
switch I and II elements common to the G-proteins [61]. As such the require-
ments for hydrolyzing ATP and retaining the hydrolysis products seen in
myosin should be observed in these structures. The initial structures of mem-
bers of the kinesin superfamily all contained ADP reflecting the high affinity
of kinesin for the hydrolysis product. The second phase of structures incorpo-
rated non-hydrolyzable analogs and complexes of vanadate and metalofluoride
with MgADP all bound to the motor domain of KIF1A [56, 57]. It should be
noted that KIF1A is a monomeric kinesin and has been associated with a
diffusive Brownian mechanism [62,63], however it has also been demonstrated
that this motor can dimerize and under these circumstances functions as a
processive motor [64]. Given the sequence and structural similarity between
KIF1A and conventional kinesins it is likely that this motor shares the same
molecular mechanism for energy transduction described above.

Examination of the MgADP ·AlFx complex with KIF1A motor domain
suggests, based on the discussion developed earlier for myosin and the
G-proteins, that the observed complex does not represent either the phos-
phate pre-release structure or a model for the transition state for hydrolysis.
As can be seen, the active site is quite open and there are limited contacts
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Human Kinesin Motor Domain (1BG2)

Fig. 2.11. Comparison of myosin subfragment 1 and a kinesin motor domain. This
shows the topological similarities surrounding the nucleotide-binding site these two
classes of motor domain. The secondary structural elements that are shared by both
motor domains are depicted in blue. The figure was prepared with the program
Pymol from coordinates with the accession numbers 2MYS and 1BG2 [21,58]

between the protein and the terminal AlFx moiety (Fig. 2.12). In addition the
absolutely conserved glycine residue in Switch II is not coordinated directly
to the AlFx moiety as observed in myosin or the G-proteins, which suggests
that the transition state analog has not bound in the location expected for
the γ-phosphoryl group. Likewise, the components of Switch I are not coordi-
nated to the magnesium ion as found in all other P-loop containing proteins.
It can be readily envisaged that in its current form, this conformation could
not retain phosphate since there is nothing that will prevent the loss of pro-
tons or provide charge neutralization necessary to retain the product in the
active site. Simple chemical consideration of the requirements for hydrolyzing
ATP and retention of the hydrolysis product, in conjunction with the kinetic
model, suggests that there is much more to be learned about the active site
of the kinesin superfamily. It can be stated with certainty that the none of
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Fig. 2.12. Stereo view of the coordination of AlF3 to the kinesin motor domain
of KIF1A. The P-Loop, Switch I, and Switch II are depicted with red, green, and
cyan carbon atoms, respectively. The hydrogen bonding and ionic interactions of the
AlF3 moiety with the contents of the active site are shown in dashed red lines. As
can be seen, the coordination sphere of this phosphate analog is far from complete.
The figure was prepared with Pymol with coordinates with the accession number
1VFX [57]

the current high-resolution models reflect the true state for the active site
of kinesin when it is bound to microtubules prior to or after the committing
chemical step.

2.8 Conclusions

The study of molecular motors draws on disciplines that cover all fields of sci-
entific endeavor extending from cell biology, through chemistry and biochem-
istry, into physics and mathematics. Progress is made when the understanding
gained from one area is applied across interdisciplinary boundaries. Ironically
the fundamental constraints observed and accepted within one discipline are
often unknown to others. The purpose of this review has been to reconsider
the fundamental chemical features of nucleotide hydrolysis within the context
of recent developments in our structural and kinetic knowledge of the motile
cycles of myosin and kinesin.

Simple consideration of the source of free energy from the hydrolysis of a
phosphodiester bond provides immediate insight into the observed organiza-
tion of the kinetic cycles of linear motors. Because of the great differences in
kinetic rate of bond hydrolysis and cycle time of the motors, both myosin and
kinesin have evolved mechanisms for coupling the release of product with a
fundamental step in the motor cycle. In turn, this demands that the motor
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proteins themselves must have a structural framework or defined conforma-
tion that serves to retain the hydrolysis products. While it is clear how this
is achieved for myosin, it is less clear that this state has been defined for the
kinesin superfamily. For both systems, questions of communication between
interacting components still remain. In the case of myosin it is unknown how
the interactions between actin and myosin serve to trigger the release of phos-
phate, whereas for the kinesin superfamily, the exact nature of the signal from
one head to the other which triggers the release of phosphate remains to be
discovered.

Acknowledgements

We thank Dr. Qiang Cui (Department of Chemistry, University of Wisconsin)
for stimulating discussions. This work was supported by a research grant to
IR from the National Institutes of Health (AR35186) and by a fellowship to
JSA from the Canadian Institutes of Health Research (64606).

References

1. W. P. Jenks (1976). Handbook of biochemistry and molecular biology: proteins.
G. D. Fasman. Cleveland, Ohio, CRC Press. 1, pp. 296–304.

2. M. Nyitrai and M. A. Geeves (2004). Adenosine diphosphate and strain sensi-
tivity in myosin motors. Philos Trans R Soc Lond B Biol Sci 359, pp. 1867–77.

3. Y. Takagi, H. Shuman, et al. (2004). Coupling between phosphate release and
force generation in muscle actomyosin. Philos Trans R Soc Lond B Biol Sci 359,
pp. 1913–20.

4. A. V. Somlyo, A. S. Khromov, et al. (2004). Smooth muscle myosin: regulation
and properties. Philos Trans R Soc Lond B Biol Sci 359, pp. 1921–30.

5. S. J. Admiraal and D. Herschlag (1995). Mapping the Transition State for ATP
Hydrolysis: Implications for Enzymatic Catalysis. Chemistry and Biology 2,
pp. 729–739.

6. S. J. Admiraal and D. Herschlag (1999). Catalysis of phosphoryl transfer from
ATP by amine nucleophiles. Journal of the American Chemical Society 121, pp.
5837–45.

7. R. Wolfenden (2003). Thermodynamic and extrathermodynamic requirements
of enzyme catalysis. Biophys Chem 105, pp. 559–72.

8. M. A. Geeves and K. C. Holmes (1999). Structural mechanism of muscle con-
traction. Annu Rev Biochem 68, pp. 687–728.

9. J. Howard (2001). Mechanics of motor proteins and the cytoskeleton. Sunder-
land, Mass., Sinauer Associates, Publishers.

10. S. Wakelin, P. B. Conibear, et al. (2002). Engineering Dictyostelium discoideum
myosin II for the introduction of site-specific fluorescence probes. J Muscle Res
Cell Motil 23, pp. 673–83.

11. E. M. De La Cruz and E. M. Ostap (2004). Relating biochemistry and function
in the myosin superfamily. Curr Opin Cell Biol 16, pp. 61–7.



38 I. Rayment and J. Allingham

12. W. Zeng, P. B. Conibear, et al. (2004). Dynamics of actomyosin interactions
in relation to the cross-bridge cycle. Philos Trans R Soc Lond B Biol Sci 359,
pp. 1843–55.

13. L. E. Greene and E. Eisenberg (1978). Formation of a ternary complex: actin,
5′-adenylyl imidodiphosphate, and the subfragments of myosin. Proc Natl Acad
Sci USA 75, pp. 54–8.

14. J. A. Sleep and R. L. Hutton (1978). Actin mediated release of ATP from a
myosin-ATP complex. Biochemistry 17, pp. 5423–30.

15. T. Kashiyama, N. Kimura, et al. (2000). Cloning and characterization of a
myosin from characean alga, the fastest motor protein in the world. J Biochem
(Tokyo) 127 pp. 1065–70.

16. C. R. Bagshaw and D. R. Trentham (1973). Reversibility of Adenosine-
Triphosphate Cleavage by Myosin. Biochemical Journal 133, pp. 323–328.

17. H. D. White, B. Belknap, et al. (1997). Kinetics of nucleoside triphosphate
cleavage and phosphate release steps by associated rabbit skeletal actomyosin,
measured using a novel fluorescent probe for phosphate. Biochemistry 36
pp. 11828–36.

18. J. Howard (1997). Molecular motors: structural adaptations to cellular func-
tions. Nature 389, pp. 561–7.

19. M. Nyitrai, G. Hild, et al. (2000). Flexibility of myosin-subfragment-1 in its
complex with actin as revealed by fluorescence resonance energy transfer. Eur
J Biochem 267, pp. 4334–8.

20. S. S. Rosenfeld, A. Houdusse, et al. (2005). Magnesium regulates ADP dissoci-
ation from myosin V. J Biol Chem 280, pp. 6072–9.

21. I. Rayment, W. R. Rypniewski, et al. (1993). Three-Dimensional Structure of
Myosin Subfragment-1: A Molecular Motor. Science 261, pp. 50–58.

22. I. Rayment, H. M. Holden, et al. (1993). Structure of the Actin-Myosin Complex
and its Implications for Muscle Contraction. Science 261, pp. 58–65.

23. A. J. Fisher, C. A. Smith, et al. (1995). X-ray Structures of the Myosin Mo-
tor Domain of Dictyostellium discoideum Complexed with MgADP ·BeFx and
MgADP ·AlF−

4 . Biochemistry 34, pp. 8960–72.
24. C. A. Smith and I. Rayment (1996). X-ray structure of the Magnesium(II).

ADP.Vanadate Complex of the Dictyostelium discoideum Myosin Motor Domain
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