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Abstract

The myosin superfamily consists of more than 35 classes (each consisting of

multiple isoforms) that have diverse cellular activities. The reaction pathway of

the actin-activated myosin ATPase appears to be conserved for all myosin

isoforms, but the rate and equilibrium constants that define the ATPase path-

way vary significantly across the myosin superfamily, resulting in kinetic differ-

ences that that allow myosins to carry out diverse mechanical functions.

Therefore, it is important to determine the lifetimes and relative populations

of the key biochemical intermediates to obtain an understanding of a particular

myosin’s cellular function. This chapter provides procedures for determining
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the overall and individual rate and equilibrium constants of the actomyosin

ATPase cycle, including actomyosin binding and dissociation, ATP binding, ATP

hydrolysis, phosphate release, and ADP release and binding. Many of the

methods described in the chapter are applicable to the characterization of

other ATPase enzymes.
1. Introduction

Myosins are motor proteins that use ATP hydrolysis to generate force
and power motility along actin filaments. The myosin superfamily consists
of more than 35 classes, each consisting of multiple isoforms, which have
diverse cellular activities (Berg et al., 2001; Foth et al., 2006).

The reaction pathway for the actomyosin ATPase cycle appears to be
conserved for all myosin isoforms (De La Cruz and Ostap, 2004); that is, the
kinetic intermediates, and the order in which these intermediates are
populated, are the same (Fig. 6.1). In the absence of ATP, myosin binds
tightly to actin. ATP binding induces a conformational change in myosin
that weakens its actin affinity and causes myosin to detach from actin. ATP
is hydrolyzed to ADP and inorganic phosphate (Pi), and the hydrolysis
products remain bound to myosin. Myosin rebinds to actin and the force
generating power-stroke accompanies subsequent phosphate release. ADP
is released, and the cycle repeats upon ATP binding (Bagshaw et al., 1974;
Geeves and Holmes, 1999; Johnson and Taylor, 1978; Lymn and Taylor,
1971; Rosenfeld and Taylor, 1987).

The rate and equilibrium constants that define the ATPase pathway vary
significantly across the myosin superfamily, resulting in kinetic differences
that allow myosins to carry out diverse mechanical functions (De La Cruz
and Ostap, 2004; De La Cruz et al., 1999, 2001; El Mezgueldi et al., 2002;
A.M(ATP)

n 3 and 4: steady-state ATPase and binding measurements.

 5B.ATP binding and actomyosin dissociation Section 5D: Pi release

Section 5C:ATP hydrolysis

Section 5E: ADP release

Section 5A:
actomyosin binding

K1T K2T KPi K2D K1D

KAKdiss

KH

KAPi

A.M.ATP

M.ATP M.ADP.Pi

A.M.ADP.Pi A.M.ADP A.M(ADP) A.M

M

� � � � �

6.1 The minimum actomyosin ATPase cycle reaction scheme. The individual reaction
nd corresponding sections in which they are described are boxed and colored. For
, we have omitted some of the biochemical intermediates that are not significantly
ated during steady-state ATP cycling in the presence of actin. The rate and
brium constants are defined as the reaction proceeds from left to right.
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Kovacs et al., 2003). Therefore, it is important to determine the lifetimes
and relative populations of the key biochemical intermediates to obtain an
understanding of a particular myosin’s cellular role. The rates of the con-
version between intermediates must be determined by transient kinetic
analysis, and steady-state properties must be determined in terms of rate
and equilibrium constants. This chapter provides procedures for determin-
ing the key rate and equilibrium constants of the actin-activated myosin
ATPase outlined in Fig. 6.1. Single-molecule and actin-filament gliding
assays provide valuable information regarding force generation and work
output (i.e., motility) driven by myosin motors and can reveal how external
loads affect specific ATPase cycle transitions (Laakso et al., 2008; Oguchi
et al., 2008; Uemura et al., 2004; Veigel et al., 2003). However, we limit our
discussion in this chapter to the experimental determination of the rate and
equilibrium constants governing ATP utilization in solution, in the absence
of external load. Although the assays described in the chapter are optimized
for studying actomyosin interactions, many of the methods described are
applicable to the characterization of other ATPase enzymes.
2. Reagents and Equipment Used for all Assays

A. Solution conditions and temperature: We typically perform experi-
ments in KMg50 buffer (50 mM KCl, 2 mM MgCl2, 1 mM EGTA,
2 mM dithiothreitol, and 10 mM imidazole, pH 7.0) at 25 �C so that we
can compare the behavior of different myosin types. Similar experimental
conditions have been used to measure numerous non-muscle myosins
including myosin-Is (El Mezgueldi et al., 2002; Lewis et al., 2006; Ostap
and Pollard, 1996), myosin-III (Dose et al., 2007), chicken myosin V (De La
Cruz et al., 1999), porcine myosin VI (De La Cruz et al., 2001; Robblee
et al., 2004, 2005), and human myosin VIIb (Henn and De La Cruz, 2005),
but the relatively high ionic strength makes experiments with some myosins
difficult.

B. Actin: Actin is purified from rabbit skeletal muscle (Spudich andWatt,
1971), pyrene-labeled with pyrenyl iodoacetamide as needed (Kouyama
and Mihashi, 1981), gel-filtered over Sephacryl S-300HR equilibrated in
G-buffer (5 mM Tris (pH 8.0), 0.2 mM ATP, 0.5 mM DTT, 1 mM NaN3,
and 0.1 mM CaCl2) and stored at 4 �C. The bound Ca2þ should be
exchanged by adding 0.2 mM EGTA and 50 mM MgCl2 (excess over
[total actin]) immediately prior to polymerization by dialysis against
KMg50 buffer. The dialysis step polymerizes actin and also removes free
ATP, which could interfere with some of the assays. It is therefore impor-
tant to ensure proper dialysis so that the final polymerized actin sample has
essentially no free ATP. Phalloidin (1.1 molar equivalents) should be added
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to stabilize polymerized actin filaments. This stock should be stored at 4 �C
and used within 2 days.

C. Myosin: Kinetic assays typically use myosin fragments prepared by
proteolysis or recombinant myosins that contain only the motor and regu-
latory domains. Myosins that form filaments or higher-order oligomers
may be problematic due to protein aggregation and lack of solubility,
which complicates data analysis. Some myosins have very high-nucleotide
affinities, resulting in the copurification of ATP or ADP. Apyrase (grade
VII, <0.1 units mL�1) can be added to stock solutions to convert
contaminating ADP and ATP to AMP. When using apyrase, ensure that
low concentrations are used so as not to interfere with the kinetic
measurements.

D. Nucleotides: We prepare stock solutions of nucleotides from dry
powder of the free acid form, adjust the pH to 7.0 with KOH and store
as 20–100 mM solutions at �20 �C or �80 �C. Nucleotide concentrations
are determined by absorbance using molar extinction coefficients (e) of
15,400 M�1 cm�1 at 259 nm for unlabelled (ATP and ADP), and
23,300 M�1 cm�1 at 255 nm for mant-labeled nucleotide (mantATP
and mantADP, both mixed and single 20-deoxy or 30-deoxy isomers).
We add a molar equivalent of MgCl2 to nucleotide solutions immediately
before use. When characterizing myosins with high ADP affinities, it is
critical to purify ATP from contaminating ADP (1%–2%) by HPLC (De La
Cruz et al., 2000a). Similarly, it is critical to purify ATPgS from contam-
inating ADP generated by spontaneous hydrolysis immediately before use
(Yengo et al., 2002).

E. Fluorescence spectrophotometer: Equilibrium-binding measurements that
monitor changes in fluorescence or light scattering require an instrument
with fluorescence detection capabilities. Numerous instruments are com-
mercially available, both for measuring samples in optical cuvettes or multi-
welled plates. Instruments equipped with excitation and emission
monochromators are best because they permit evaluation of changes in
wavelength as well as intensities, but instruments equipped with optical
filters are also adequate provided changes in intensity are significant. These
and all instruments used for kinetic and equilibrium analysis should be
temperature controlled, as many of the ATPase cycle rate and equilibrium-
binding constants have significant enthalpic components and are therefore
sensitive to temperature.

F. Stopped-flow apparatus: Real-time acquisition of reaction time courses
with millisecond time resolution is needed to measure the myosin ATPase
cycle rate constants, as many of the experimentally observed and elementary
rate constants are typically on the order of several hundred per second or
faster. A variety of rapid mixers with absorbance and fluorescence detection
are commercially available. Those driven by compressed air or stepper
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motors offer the most efficient perturbation and rapid mixing time. We
have used instruments from KinTek, Applied Photophysics, and Hi-Tech,
as well as in-house assembled instruments with satisfactory and reproducible
results. Actin-activated Pi release from myosin is done following two mix-
ing events (first with ATP then with actin; discussed subsequently) and
requires an instrument capable of performing experiments in a sequential
mixing configuration.

Manually driven rapid mixers that can be used with absorbance or
fluorescence spectrophotometers are also available (De La Cruz and
Pollard, 1994), but they are subject to longer mixing and dead times and
are therefore only adequate for measuring slow reactions (<100 s�1). In
addition, manually driven mixers require more material than the conven-
tional stopped-flow instruments and are therefore not practical for charac-
terization of myosin motors that can be purified in small quantities.

G. Quenched-flow apparatus: Several rapid mixing chemical-quench-flow
instruments are commercially available. As with the stopped-flow, milli-
second time resolution is needed to measure rapid rates and rate constants.
We use the KinTek Model RQF-3 instrument.
3. Steady-State ATPase Activity of Myosin

3.1. High salt ATPase activity of myosin

The ATPase activities of some myosins are activated by the presence of
high-salt and divalent cation chelators in the absence of actin (Chalovich
and Eisenberg, 1982). These assays measure nonphysiological ATPase activ-
ities but are useful for determining the number of active myosins in a
preparation and for measuring relative myosin concentrations in binding
assays (e.g., section 4). The following procedure detects the steady-state
hydrolysis of radioactive ATP and has the advantage of being insensitive to
phosphate-contaminated myosin samples (Lynch et al., 1991). Nonradioac-
tive methods for measuring phosphate are also available (Pollard, 1982),
including a commercially available detection methods (Lanzetta et al., 1979;
Webb, 1992).

Stock Solutions

1. 2� Kþ/EDTA assay solution (1.0M KCl, 30 mM Tris, pH 7.5, 10 mM
EDTA) or 2� NH4

þ/EDTA assay solution (0.8 M NH4Cl, 50 mM
Tris, pH 7.5, 70 mM EDTA).

2. Isobutanol-benzene at 1:1 mixture
3. Silicotungstic-sulfuric acid. Mix 2 parts of 10 N sulfuric acid with 5 parts

of 6% aqueous silicotungstic acid.
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Working solutions (freshly made)

1. Stop mixture. For each reaction tube, mix 1 mL of the isobutanol-
benzene mixture with 0.25 mL of the silicotungstic-sulfuric acid mix-
ture. This is most easily done using repipetter bottles. Aqueous and
organic phases will form in each tube, with the organic phase on top.

2. Ammonium molybdate (10% solution). Dissolve 1 g of ammonium
molybdate in 10 mL of water.

3. Prepare the ATPase assay solution by adding 1 mM [g-32P]ATP (1 Ci
mol�1) and diluting to 1�, keeping in mind the volume of myosin to be
added (see subsequent sections).

Method

1. ATPase reaction: Equilibrate the ATPase reaction mixture from which
time points will be removed to the experimental temperature. Initiate
the reaction by adding myosin.

2. Time points: Every minute for 5 min, remove 100 mL of the ATPase
reaction, quench by adding to a predispensed stop-mixture tube, vortex
vigorously for 10 s, add 100 mL of the ammonium molybdate solution,
and vortex for 10 s.

3. Separate phases: Separate the organic and aqueous phases by centrifuging
briefly for 1 min at �1000�g. This step minimizes background counts
from unhydrolyzed ATP.

4. Determine phosphate concentration: Transfer 500 mL of the organic phase
(the top phase that contains free phosphate) to a scintillation vial with the
appropriate scintillation fluid. Determine the specific radioactive activity
of the [g-32P]-ATP by adding aliquots of the ATPase reaction solution
directly to scintillation vials.

5. Determine the ATPase rate: The slope of a plot of the phosphate concentra-
tion as a function of time yields the ATPase rate of the reactionmixture in
units of Pi liberated per unit time, typically seconds. Dividing the value of
the ATPase rate by the concentration ofmyosin, yields the concentration-
normalized ATPase rate in units of ATP hydrolyzed s�1 myosin�1.
3.2. Actin-activated Mg2þ-ATPase activity of myosin

Determination of the actin-activated steady-state ATPase activity of myosin
is the important first step in understanding the kinetic properties of the
motor, and simply requires measuring the products of ATP hydrolysis (ADP
or inorganic phosphate) as a function of time as explained for the high-salt
ATPase activity of myosin described previously. When performed under
the appropriate conditions, the assay reports the maximum rate at which
myosin hydrolyses ATP in the absence of actin (no), the maximum ATPase
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rate of myosin in the presence of saturating actin (kcat), and the actin
concentration-dependence of the myosin ATPase activity (KATPase).

We prefer the NADH-coupled assay to measure the steady-state ATPase
activity of myosin motors over other familiar detection methods including
the colorimetric assay and radiolabeled ATP assay (discussed previously)
because of the real-time detection, sensitivity, and regeneration of ATP
from liberated ADP (see De La Cruz et al., 2000a). The assay relies on
monitoring the change in absorbance or fluorescence that is coupled to the
oxidation of NADH through a series of coupled enzymatic reactions.
Pyruvate kinase converts phospho(enol )pyruvate (PEP) and the ADP
generated from the steady-state ATP hydrolysis of myosin or actomyosin
to ATP and pyruvate via a phosphoryl transfer reaction, which is subse-
quently converted to lactate by lactate dehydrogenase (LDH) in a reaction
that is coupled to the oxidation of NADH to NADþ. NADH absorbs
340 nm of light, but NADþ does not; NADH is also fluorescent. Therefore,
the NADH concentration can be readily monitored by absorbance or
fluorescence. The overall reaction stoichiometry is such that one NADH
molecule is consumed per ADP, permitting the concentration of ADP
liberated, and therefore ATP hydrolyzed by myosin or actomyosin, to be
readily determined from the loss of NADH.

Stock solutions and instrumentation

1. Absorbance (or fluorescence) spectrophotometer equipped with time-
based data acquisition

2. Lactate dehydrogenase (LDH; 4000 U mL�1 in KMg50 containing 50%
glycerol)

3. Pyruvate kinase (PK; 10,000 U mL�1 KMg50 containing 50% glycerol)
4. Phospho(enol)pyruvate (PEP; 100 mM, pH adjusted to 7.0)
5. NADH (we use lyophilized 1-mg aliquots and prepare 5� cocktail

solution in the vial)
6. 5� cocktail solution: KMg50 buffer supplemented with 1 mM NADH,

100 U mL�1 LDH, 500 U mL�1 PK, and 2.5 mM PEP.
7. Note, LDH, PK, and PEP can be stored at �20 �C. NADH should be

stored in the dark.

Method

1. The method described is one for manual mixing using an absorbance (or
fluorescence) spectrophotometer in time-based acquisition mode and
optical microcuvette but can be easily adapted for other volumes or
automated mixing using a stopped-flow apparatus.

2. In a cuvette, mix 20 mL of 5� cocktail solution with myosin (at a final
concentration of 20–200 nM) with 60 mL of KMg50 buffer.
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3. Add 20 mL of 10 mM ATP in KMg50 to the cuvette and mix by
pipetting. We prefer to aliquot large volumes because it makes it easier
to mix by pipetting.

4. Start recording the time course of absorbance (or fluorescence) change at
340 nm. Continue for 100–200 s. The time course should be linear with
a negative slope and starting value corresponding to 200 mMNADH and
the optical path length. If the initial absorbance is low, it is possible that
contaminating ADP in one of the solutions consumed the NADH
before the start of the experiment.

5. Repeat steps 1–4 in the presence of a range of [actin]. Actin should be
added in place of KMg50 buffer as stated in step 2. Be certain that the
[myosin] is identical in all samples and that the [actin] be the only variable
among samples. Although the ATPase rate of actin alone is typically
negligible, it can be significant at high concentrations and should be
accounted for when determining the true ATPase rate of myosin.

6. Use the extinction coefficient of NADH (e340 ¼ 6220 M�1cm�1) to
convert absorbance at 340 nm to [ADP]. When using fluorescence
detection, a standard curve with known ADP concentrations must be
obtained.

7. Generate a plot of the time course of ADP production ([ADP] versus
time) and fit to a linear function (Fig. 6.2A). The slope yields the steady-
state ATPase rate in units of [ADP] per unit time, typically expressed in
seconds ([ADP] s�1). Divide this observed rate by the [myosin]. This
normalized rate has units of ADP myosin�1s�1, but is often expressed in
units of s�1, as one ATP is hydrolyzed per catalytic cycle of myosin.

8. Generate a plot of the steady-state rate of ADP production (in units of
[ADP] [myosin] �1 s�1) versus the [actin]. A hallmark of myosin motors is
that they are activated by binding to actin so the ATPase rate will increase
as a function of the [actin]. The data should follow a rectangular hyper-
bola (Fig. 6.2B) and fitted to the Briggs-Haldane steady-state equation:

Rate ¼ vo þ kcat½Actin�
KATPase þ ½Actin�

� �
: ð6:1Þ

The intercept is the ATPase rate of myosin alone in the absence of
actin (n0), but it is usually indistinguishable from the origin and an
unreliable measurement, and is best measured by a single turnover
experiment (see De La Cruz et al., 1999). The kcat (determined from
the best fit, not the data) is the maximum actin-activated ATPase rate of
myosin (i.e., catalytic turnover number),KATPase is the concentration of
actin needed to reach half maximal activation of myosin ATPase activity
(i.e., apparent KM for actin). Note that reliable determination of the
active myosin concentration is critical for determining the kcat and any
uncertainties in myosin concentration or catalytically inactive motors
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Figure 6.2 Steady-state ATPase activity of myosin VI. (A) Time course of ATP turnover
by 100 nM myosin VI at 16 (a), 8 (b), 4 (c), 2 (d), 1 (e), and 0 mM ( f ) actin filaments
using the NADH-coupled assay. (B) Actin filament concentration dependence of the
steady-state turnover rate of myosin VI. The solid line through the data points is the
best fit to Eq. (6.1), with kcat¼ 8.3� 0.2 s�1 andKATPase¼ 2.8� 0.3 mM. Data are from
(De La Cruz et al., 2001).
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will introduce uncertainties in kcat. If the data appear linear, then samples
at higher [actin] are needed. If this cannot be achieved due to the high
viscosity of the samples, lowering the ionic strength could lower the
KATPase. Cases in which data points are acquired with the myosin con-
centration not at concentrations at least 10 times greater than that of actin
should be fitted to a quadratic form of Eq. (6.1) (Henn et al., 2008).

9. Controls and troubleshooting. The final [ATP] according to this method
is 2 mM. It is important that this be sufficient to saturate myosin and
yield the maximum rate possible. Whether this condition is fulfilled can
be evaluated by following the procedure described earlier, but measur-
ing the KM for ATP from the [ATP]-dependence of the ATPase rate of
myosin in the presence of saturating [actin]. When measuring the
KATPase, the [ATP] in the samples should be >10 times greater than
theKM for ATP. Similarly, when measuring the KM for ATP, the [actin]
should be >10 times greater than the KATPase.
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It is essential to confirm that the overall coupled assay reaction is more
rapid than the ATPase rate of myosin or actomyosin. This is done by simply
adding a small volume of concentrated ADP and monitoring the change in
absorbance or fluorescence. The rate of absorbance change reflects the rate
at which the coupled assay can convert free ADP in solution to the observed
spectroscopic signal change. This rate must be more rapid than the ATPase
rate measured for (acto)myosin in order for the experimentally measured
ATPase rate to accurately reflect that of (acto)myosin.

Addition of ADP is also useful as a troubleshooting aid. If weak or no
ATPase activity is detected, simply add ADP to the reaction mix. If there is a
change in absorbance upon addition of ADP, then a lack of an observed
ATPase activity is not due to a faulty reaction component in the assay mix
or instrument configuration. Rather, the sample itself has little ATPase
activity. Increasing the myosin concentration will accelerate the ATPase rate
proportionally and could provide a reliable signal.
4. Steady-State Measurement of Actomyosin

Binding Affinities

The steady-state binding of actin and myosin is defined as:

Aþ hMi>hAMi with Kd ¼ ½A�½hMi�
½AhMi� ; ð6:2Þ

where, Kd is the dissociation equilibrium constant, and < > signifies a
distribution of chemical states. TheKd value depends on the conformational
state of the myosin (as determined by the bound nucleotide, scheme 6.1), so
the overall, observed Kd during steady-state ATPase cycling depends on the
affinities and distribution of the myosin intermediate states. The affinity of
myosin for actin is highly dependent on the solution ionic-strength, and in
many cases, binding experiments are performed at ionic strengths lower
than the physiological condition to allow for experimentally measurable
Kd’s. Actin sedimentation assays pioneered by Chalovich and Eisenberg
(1982) and pyrene-actin fluorescence quenching assay first described by
Kouyama and Mihashi (1981) and developed for myosin by (Geeves,
1989; Criddle et al., 1985) are the most commonly used techniques to
measure steady-state actomyosin affinity.
4.1. Sedimentation assays

Sedimentation assays quantitate the concentration of myosin that pellets
with actin after high-speed centrifugation. This method is most useful for
determining the effective binding constants of a population of myosin states,
for example during steady-state ATP hydrolysis.
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Method

1. Experimental mix. Mix myosin at a constant concentration that is at least
50-fold lower than the Kd for the interaction and actin directly in a
200-mL TLA-100 centrifuge tube (Beckman). Actin concentrations are
titrated to a final concentration that is �5-fold greater than the Kd.
Appropriate control samples include (a) myosin in the absence of actin,
(b) actin in the absence of myosin, and (c) actin and myosin in the
absence of nucleotide.

2. Add nucleotide. Nucleotides that are hydrolyzed by myosin (e.g., ATP
and ATP-g-S) should be added to the centrifuge tubes immediately
before centrifugation. The actomyosin steady-state ATPase rate should
be considered to ensure (a) the nucleotide substrate is not depleted during
the experiment and (b) products of the ATP hydrolysis reaction do not
affect the population of the steady-state intermediates. When assaying
nucleotide analogues, one should ensure that the analogues are pure and
do not contain contaminants that bind with a tighter affinity than the
analog of interest. If the fraction of bound myosin is going to be deter-
mined via SDS-PAGE (see subsequent sections), a small amount of each
sample should be saved before centrifugation (precentrifuged control).

3. Centrifuge. Centrifuge samples at 250,000�g for 20 min at the appro-
priate temperature. Carefully remove supernatants from the tubes as they
are taken out of the rotor. Keep track of the expected location of the
protein pellets, as they may be difficult to see. Transfer supernatants to
1.5-mL microfuge tubes on ice without disturbing or contacting the
pellet. Save the centrifuge tubes containing the pellet.

4. Detection of fraction of actin-bound myosin. The most common meth-
ods for determining the fraction of myosin bound to actin are (a)
measurement of the ATPase activity of myosin in the supernatant and
(b) resolution and quantitation via SDS-PAGE.
a. ATPase activity. Measurement of the NH4/EDTA ATPase activity

(section 3.1) provides a sensitive method for determining the concen-
tration of myosin that remains in the supernatant after centrifugation
and does not detect inactive myosins that may contaminate
the protein preparation. The fraction of myosin bound ( fb) at each
condition is determined by:

fb ¼ 1� ATPase Activity of Supernatant

ATPase Activity of no-Actin Supernatant

� �
: ð6:3Þ

b. SDS-PAGE. The protein pellets are resuspended in SDS-PAGE
sample buffer to the original sample volume, heated to 100 �C for
2 min and resolved by SDS-PAGE. Pelleted samples are resolved side
by side with the precentrifuged controls (see No. 3, earlier). The fb is
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determined by dividing the quantity of myosin in the pellet by the
quantity of myosin in the precentrifuged control. Myosin concentra-
tions are determined by scanning stained gels, so protein standards of
known concentration must be run on every gel to ensure linearity of
detection. Coomassie blue is the most commonly used gel stain, and
it is easily quantitated using a standard gel-documentation system or
flatbed scanner. However, we found Sypro protein dyes to be more
sensitive to low protein concentrations and more precisely deter-
mined when scanned with a fluorescence scanner (e.g., Typhoon
Imager; Lin et al., 2005; Manceva et al., 2007).

5. Determination of the dissociation equilibrium-binding constant (Kd).
Binding experiments are performed when the myosin concentration is
kept at a constant concentration �10-fold lower than the Kd with the
maximum actin concentration �5-fold the Kd. The actin affinities for
different myosin isoforms vary >100-fold, so the protein concentrations
depend on the isoform being investigated. Multiple experiments may be
required to determine the appropriate concentration ranges. The Kd is
determined by fitting the fraction bound ( fb) to the hyperbolic
relationship:

fb ¼ ½Actin�
Kd þ ½Actin� : ð6:4Þ

The Kd’s are determined by non-linear least-squares fitting using any of
the widely available commercial or Web-based fitting programs. Linear
transformations of the data are problematic in that they make error
analysis difficult and, given the accessibility of computers and non–linear
regression software, they are not recommended.
4.2. Pyrene fluorescence measurements

The fluorescence of pyrene-labeled actin is linearly quenched by the bind-
ing of one myosin in the ‘‘strong binding’’ AM or AM.ADP state to one
polymerized actin subunit (scheme 6.1). Pyrene-actin fluorescence is not
quenched by binding of myosins in the ‘‘weak binding’’ AM.ATP or AM.
ADP.Pi states (scheme 6.1). Thus, this method is best suited for
(a) measuring that affinity of the strong AM or AM.ADP states, and
(b) measuring the fraction of myosins in these states strong binding during
steady-state ATPase cycling (De La Cruz et al., 2000b; Henn and De La
Cruz, 2005). It is not suitable for measuring the total fractions of myosin
bound during steady-state ATPase cycling.
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Method

1. Titration and detection of binding. Add pyrene-actin at the desired
concentration to a fluorescence cuvette. Most fluorometers are very
sensitive and detect linear changes of pyrene-actin fluorescence at con-
centrations <100 nM in a 100-mL cuvette. The excitation peak of
pyrene-actin is 365 nm. Single-wavelength readings at �410 nm are
sufficient for performing titrations, but scanning the emission wave-
length for each sample between 375 nm and 450 nm is preferable, as it
allows one to detect wavelength shifts and anomalous scattering due to
air bubbles or protein aggregation. Experiments are performed by add-
ing concentrated myosin solutions directly to the pyrene-actin-contain-
ing fluorescence cuvette or by preparing separate samples for each
titration point. One must ensure that the actin concentration is not
diluted as a result of myosin additions. Dilution of the sample is avoided
by including pyrene-actin with the titrated myosin. The fractional
saturation of pyrene-actin filaments ( fb) is calculated by:

fb ¼ ðFo � FÞ
ðFo � F1Þ ; ð6:5Þ

where Fo is the fluorescence signal in the absence of myosin, and F1 is the
signal at infinite myosin concentration.

Determination of dissociation constant: Binding experiments are per-
formed when the actin concentration is kept at a constant concentration of
�10-fold lower than the Kd with the maximum myosin concentration
of�5-fold theKd. The actin concentration is kept constant to avoid changes
in Fo and F1 during the titration. TheKd is determined by fitting a plot of fb
versus myosin concentration to the hyperbolic relationship Eq. (6.4).

If the AM and AM.ADP bind myosin with high affinity (Kd < 0.1 mM ),
the pyrene-actin concentration (as defined previously) may be below the
detection limit of the fluorometer. If this is the case, the pyrene-actin in the
cuvette is increased to a concentration �2-fold lower than the Kd. The
binding curve is no longer hyperbolically related to the myosin concentra-
tion under these conditions, but rather is fit using the following quadratic
Eq. (6.6):

fb ¼
½Ao� þ ½Mo� þ Kd �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Ao�2 � 2½Ao�½Mo� þ 2½Ao�Kd þ ½Mo�2 þ 2½Mo�Kd þ K2

d

q
2½Ao� ;

ð6:6Þ



170 Enrique M. De La Cruz and E. Michael Ostap
where [Ao] and [Mo] are the total actin and myosin concentrations, respec-
tively. It is important to ensure that the experiments are being performed at
concentrations in which the curve is sensitive to the Kd.
5. Transient Kinetic Analysis of the Individual

ATPase Cycle Transitions

Steady-state characterization of the actin-activated myosin ATPase is
an important step to understanding motor activity. Quantitative determina-
tion of the kcat and (apparent) KM for actin and ATP describe reliably
the overall cycling behavior of myosin and can reveal valuable insight to
the physiological role of various myosin isoforms. However, it is immedi-
ately obvious that the simplified two- to three-step reaction mechanism
generally assumed for Michaelis-Menten or Briggs-Haldane steady-state
kinetic analysis does not reliably account for the minimal ATPase cycle of
(acto)myosin (scheme 6.1) and that steady-state characterization will not
provide any information regarding the identity and distribution of tran-
siently populated intermediates that play critical roles in contractility, force
generation and motility, nor will it provide any information regarding the
lifetimes of these intermediates. As a result, diversity in function and motor
activities that arise from differential population of biochemical cycling
intermediates will be transparent to steady-state characterization. For exam-
ple, the steady-state ATPase activity of high duty ratio myosin are qualita-
tively similar to some low-duty-ratio myosins in that they are activated by
micromolar actin concentrations (De La Cruz et al., 1999, 2001), yet they
have dramatically different kinetic behaviors that confer unique motor
activity and allow them to perform different functions. Limiting the kinetic
analysis of these myosin motors to steady-state ATPase characterization
would never have revealed their important differences.

While steady-state characterization provides valuable information
regarding the overall behavior of myosin, transient kinetics focuses on
measuring the individual ATPase cycle reactions in isolation. The objective
of transient kinetic analysis is to directly observe and identify biochemical
intermediates populated during ATP cycling, determine the lifetime and
distribution of these intermediates, and define the preferred reaction path-
way through the ATPase cycle. A final goal of a thorough transient kinetic
analysis is to account for the observed steady-state behavior and constants in
terms of the fundamental rate and equilibrium constants of the ATPase cycle
pathway shown in scheme 6.1.

The transient kinetic approach is rather straightforward and requires
only three things: (1) a signal, chemical (e.g., chemical cleavage of ATP)
or optical (e.g., fluorescence, light scattering, absorbance, anisotropy),
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(2) rapid physical (temperature or pressure) or chemical (changing reactant
concentrations) disruption of a system at equilibrium, and (3) observation of
the time course of approach to the new equilibrium with appropriate time
resolution. We describe in the following sections the signals to monitor for
particular ATPase cycle reactions and focus our discussions on rapid mixing
techniques in which perturbation arises from the rapid mixing of reactants
in single (two solutions) or double (three solutions) mixing events and the
time course to new equilibria are measured as a function of the reactant
concentration.

When performing rapid mixing, stopped-flow measurements, it is
important to adjust the experimental conditions so that the concentration
of one reactant is unchanged during the reaction. Otherwise, time courses of
even simple, one-step reactions will deviate from single exponential behav-
ior. This condition is easily achieved by ensuring that the concentration of
one reactant is mixed at�10 times the concentration of the other so that the
concentration at equilibrium of the reactant in excess will change by	10%.
This condition is referred to as pseudo–first order condition and should be
maintained whenever possible. It should be clarified that the concentration
of the reactant in excess is used to determine the rate constants.

Reaction time courses will follow single or a sum of exponentials and
should be fitted to the following function describing a linear sum of
exponentials:

SðtÞ ¼ S1 þ
Xn
i¼ 1

Aie
�kit; ð6:7Þ

where S(t) is the signal at time t, S1 is the final signal intensity, Ai is the
amplitude, ki is the observed rate constant (kobs) characterizing the ith
relaxation process, and n is the total number of observed kinetic phases.
The value of n can vary among experiments but will usually be either one
(single exponential) or two (double exponential). In some cases there will be
an additional, linear component in the data. In this case, Eq. (6.7) will be
modified to include a contribution to this linear phase (discussed
subsequently).
5.1. Myosin binding to and dissociation from actin

Determination of the rate constants of myosin binding to and dissociation
from actin allows the calculation of the actomyosin rigor affinity (KA;
Fig. 6.1). These rate constants also reveal information about myosin struc-
tural transitions that occur upon actin binding (e.g., De La Cruz et al., 1999;
Taylor, 1991). Binding is most simply measured by monitoring the fluores-
cence of pyrene-actin upon mixing with myosin, and dissociation is
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measured by mixing pyrene-actin-myosin complexes with excess unlabeled
actin. It is essential for proteins to be free of contaminating ADP or ATP
when measuring binding of rigor myosin, so treatment of samples with
apyrase is advisable (see previous sections). Inclusion of saturating ADP
permits measuring myosin-ADP binding to actin.

Myosin (and myosin-ADP) binding to actin can often be modeled as a
simple one-step binding process:

A

 þM>
KA

A
:M ; ðScheme 6:1Þ
where A** is the high fluorescence state and A* is the low fluorescence
(quenched) state of pyrene actin. Although one-step binding is considered
here, there is evidence for multistep (Henn and De La Cruz, 2005; Taylor,
1991) and additional actin-bound states for several myosins isoforms
(Hannemann et al., 2005; McKillop and Geeves, 1993; Rosenfeld et al.,
2000).

Method

1. Myosin binding to pyrene-actin. Myosin (syringe A) is mixed with
phalloidin-stabilized pyrene-actin (syringe B) in a stopped-flow fluorom-
eter. Fluorescence time courses are acquired at multiple pyrene-actin
concentrations. The myosin concentration after mixing is typically
�0.1 mM. To satisfy pseudo–first order conditions, the actin concentra-
tion should be�10-fold in excess of the myosin concentration. To retain
adequate signal-to-noise in the fluorescence transients, the myosin con-
centrationmay have to be increased as the actin concentration is increased.

2. Dissociation of myosin from pyrene-actin. Myosin bound to pyrene-
actin is mixed with 50- to 100-fold higher concentrations of unlabeled
actin in a stopped-flow fluorometer. The pyrene-actomyosin concen-
trations is typically �0.5 mM after mixing.

3. Data analysis. Fluorescence time courses of myosin binding to actin are
usually best fit to single exponential functions, yielding actin concentra-
tion dependent kobs. A linear fit of a plot of kobs versus actin concentra-
tion yields an apparent second-order rate constant for binding in units of
M�1s�1, which range from �1 � 106 M�1s�1 to �1 � 107 M�1s�1.
Many myosins have a hyperbolic dependence of kobs on the actin
concentration, indicating two step binding (see Taylor, 1991).

Fluorescence time courses of the dissociation of myosin from pyrene-
actin are usually best fit by a single exponential function. The dissociation
rate constant varies significantly among myosins, ranging from �0.1 s�1 for
muscle myosins to <0.01 s�1 for nonmuscle myosins.
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5.2. ATP binding to actomyosin

ATP binding weakens the affinity of myosin for actin and dissociates the
complex (Lymn and Taylor, 1971). ATP binding to all myosins (M) occurs
in at least two steps with formation of a nonspecific collision complex, AM
(ATP), that exists in rapid equilibrium (K1T

0) with nucleotide-free actomy-
osin (AM ), followed by an isomerization (K2T

0) to a state (AMT) that
dissociates rapidly from actin (kdiss):

A:M þ ATP>
K1T

0
A:MðATPÞ >kþ2T

0

k�2T
0

A:M :ATP

"# Kdiss

M :ATP þ A

ðScheme 6:2Þ

The three of the most efficient methods to measure ATP binding to
actomyosin are (1) ATP-dependent dissociation of myosin from pyrene-
labeled actin filaments, (2) monitoring the reduction in light scattering that
occurs when myosin dissociates from (unlabeled) actin filaments, and (3) the
fluorescence enhancement associated with binding of the nucleotide analogue
mantATP (Hiratsuka, 1983). MantATP is valuable because one monitors
the nucleotide and/or myosin (via energy transfer to mant from tryptophans
at the nucleotide binding site) directly but can be used over a limited concen-
tration range. Pyrene fluorescence provides the best signal-to-noise ratio and a
broad ATP concentration working range (up to 20 mM). However, it has the
disadvantage that it cannot distinguish between weakly bound, attached states
(scheme 6.1) and those that are detached from actin. Light scattering is also
very sensitive and has the advantages that it monitors actin attachment,
regardless if myosin is strongly or weakly bound (scheme 6.1), and does not
require fluorescent modification of actin or nucleotide. The combination of
the three methods will identify if fluorescent modification of actin or nucleo-
tides disrupts the intrinsic properties of the natural, unmodified substrates.
We limit our discussion to the use of pyrene actin fluorescence or light
scattering, as the detection methods are most sensitive and can be used to
measure ADP binding (discussed subsequently).

Method

Determination of equilibrium/completely detached intensity: Before start-
ing an experiment, the scattering or fluorescence intensity of actin alone.
Rapidly mix (pyrene) actin (0.2–1 mM ) with KMg50 buffer in a stopped-
flow (lex ¼ 365 nm, emission measured through a 400-nm long-pass
filter for pyrene; light scattering can measured at 300–320 nm). The time
course should be relatively flat. The signal intensity reflects that of actin
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alone after mixing and will be the final, equilibrium intensity of the
experimental ATP-induced actomyosin dissociation transients, provided
all of the bound myosin dissociates from actin upon addition of ATP. It
should be noted that not all of themyosin need dissociate in the presence of
ATP and an equilibrium signal that differs from actin alone can be indica-
tive of physiological function. This behavior is a characteristic of high duty
ratio motors that remain attached to actin (when present even at low
micromolar concentrations) in the presence of ATP (De La Cruz et al.,
1999, 2000b, 2001; Henn and De La Cruz, 2005). However, inactive
myosin heads that bind but do not dissociatewill also yield this behavior, so
independent measurements of myosin activity should be acquired.

Determination of starting point: (Pyrene) actomyosin (0.2–1 mM at a 1:1
stoichiometry; syringe A) is rapidly mixed with buffer (syringe B). This
establishes the low pyrene fluorescence or high light-scattering intensity
from which kinetic transients should originate.

Experiment: Acquire time courses of fluorescence change after mixing with
a range of ATP concentrations (0–several mM ).

Data analysis and interpretation: Time courses of pyrene fluorescence
enhancement (Fig. 6.3A), mantATP fluorescence, and reduction in
light scattering (Fig. 6.3A) usually follow a single exponential with
observed rate constants that depend hyperbolically on the ATP concen-
tration (Fig. 6.3B) and should be fitted to the following equation:

kobs ¼ KIT
0½ATP�

1þ KIT
0½ATP�

� �
kþ2T

0: ð6:8Þ

The best fit parameters yield K1T
0 (as an association equilibrium constant

in units of M�1) and the maximum isomerization rate constant achieved at
saturating ATP (kþ2T

0).
The values of K1T

0 and kþ2T
0 have significance. Myosins that bind ATP

weakly and slowly (i.e., myosins I (Coluccio and Geeves, 1999; Lewis et al.,
2006) and VI (De La Cruz et al., 2001; Robblee et al., 2005) do so because
the observed K1T

0 is very large and weak. Consequently, physiological ATP
concentrations can be nonsaturating. Formation of a (nucleotide-free) acto-
myosin state that cannot bind nucleotide (closed versus open) contributes to
the weak K1T

0 of myosins I and VI. Actin-attached myosin VI dimers
communicate allosterically by shifting K1T

0 to favor the open state, which
accelerates ATP binding (Robblee et al., 2004). Intramolecular load can also
affect the kþ2T

0 value of some myosins (Robblee et al., 2004).
There are some cases in which ATP binding to actomyosin does not

follow a single exponential. Deviations from a single exponential including
double exponential behavior (Coluccio and Geeves, 1999; Lewis et al.,
2006) and lag phases (Robblee et al., 2005) can be indicative of an
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isomerization between a closed actomyosin state that cannot bind nucleo-
tide and an open one that can. But one must be careful when interpreting
data, as contaminating nucleotide could also yield deviations from a single
exponential (De La Cruz et al., 2001).
5.3. ATP binding and hydrolysis by myosin

ATP hydrolysis (KH) is the biochemical transition closely linked to the
structural change that results in the reverse power stroke, or repriming, step.
The rate and equilibrium constants for this transition are most commonly
determined in the absence of actin, because (a) ATP is normally hydrolyzed
when myosins are detached from actin during normal cycling (scheme 6.1),
and (b) the posthydrolysis M.ADP.Pi state has a dramatically longer lifetime
in the absence of actin, due to slow phosphate release (kþPi

0), which
simplifies experimental design and interpretation ( Johnson and Taylor,
1978; Lymn and Taylor, 1970). The two most common methods for
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measuring the rate of ATP hydrolysis are detection of changes in the
intrinsic tryptophan fluorescence of myosin using stopped flow, and the
detection inorganic phosphate production using quenched flow.

5.3.1. Intrinsic tryptophan fluorescence
ATP binding to some myosins that contain a tryptophan at position 512
results in an enhancement in the intrinsic myosin fluorescence as follows:

M þ ATP >
K1TK2T½M :ATP or M
:ATP�>kþH

k�H

M

:ADP:Pi !;

ðScheme 6:3Þ

where the M* and M** are enhanced fluorescence states of myosin. The
magnitude and origin of intrinsic tryptophan fluorescence enhancement is
myosin-isoform dependent. For example, the fluorescence of skeletal and
smooth-muscle myosin II increases upon population of the M.ATP state
and increases further upon population of the M.ADP.Pi state. Vertebrate
myosin I, Dictyostelium myosin II, and vertebrate myosin V have fluores-
cence enhancements that only correlate with the population of the M.ADP.
Pi state, while the fluorescence of myosins VI is relatively insensitive to
nucleotide binding (De La Cruz et al., 2001).

Method

1. Myosin (syringe A) is rapidly mixed with ATP (syringe B) in a stopped-
flow fluorometer (lex ¼ 280–295 nm, emission measured through a
320-nm long-pass filter). The required myosin concentration depends
on the size of the signal change upon binding of nucleotide and on the
sensitivity of the instrument. For most published investigations, 0.1–
0.5 mM has been sufficient. Myosin must be free of contaminants,
particularly contaminants that contain tryptophans that contribute to
the fluorescence signal. The myosin preparation must also be homoge-
neous, otherwise the fluorescence transient may contain multiple com-
ponents that are difficult to interpret.

2. Acquire time courses of fluorescence change at multiple ATP concen-
trations. Fluorescence time courses are acquired at concentrations from
�1 mM to 1–2 mM ATP.

3. Data analysis. Most myosins bind ATP rapidly and irreversibly, and
release phosphate very slowly in the absence of actin. Therefore, inter-
pretation of the ATP dependence of the fluorescence time courses is
straightforward, in that the reaction can be considered a two step
pathway, where an irreversible ATP-binding step is followed by a
reversible first-order hydrolysis reaction. The two common cases for
interpretation and analysis of the fluorescence signal are as follows.
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a. Case 1: Individual high fluorescence state
When the ATP-induced change in the fluorescence originates from
the population of the M.ADP.Pi state, the fluorescence time-course
at each ATP concentration is best fit by a single exponential function
Eq. (6.7). A plot of kobs versus the ATP concentration is hyperbolic,
with the maximum value of kobs corresponding to the sum of the
forward and reverse rates of ATP hydrolysis (kþH þ k�H). A linear fit
of the plot at low ATP concentrations yields the apparent second-
order rate constant for ATP binding (K1T

0kþ2T
0).

b. Case 2: Multiple high fluorescence states.
Data analysis is more complicated when the fluorescence signal in the
presence of ATP is the linear combination of multiple conforma-
tional states. The best characterized example is skeletal-muscle myo-
sin II, where the M*.ATP state has a fluorescent enhancement
intermediate between the M and M**.ADP.Pi state ( Johnson and
Taylor, 1978). As the ATP concentration is increased, the fluores-
cence time course will be best fit to the sum of two exponentials,
where kobs1 reports the rate of population of the M*.ATP state and
kobs2 reports the rate of population of the M**.ADP.Pi state. A linear
fit of kobs1 versus the ATP concentration reveals the apparent second-
order rate constant for ATP binding, and the maximum rate of kobs2
yields kþHþ k�H. At high ATP concentrations (>500 mM), the time
course of the population of the M*.ATP state might be too fast
(>1000 s�1) to be recorded by most stopped-flow instruments,
resulting in the resolution of only a signal that is best fit by a single
exponential function, corresponding to kþH þ k�H.

5.3.2. Quench flow
The rate of ATP hydrolysis and the equilibrium constant are determined by
measuring the time dependence of phosphate production using a quench-
flow apparatus. In this technique, myosin is mixed with ATP, aged for a
specified time, and then quenched with acid, which denatures the myosin
and stops the ATPase reaction. Because myosin is denatured, phosphate that
was sequestered in the active site in the M.ADP.Pi state is also measured.

Quenched-flow experiments are more labor-intensive than stopped-
flow, as a single time course requires phosphate determinations from multi-
ple time points at relatively high myosin concentrations. However, the
advantage is that it is a direct measurement of ATP hydrolysis.

Method

1. Myosin is mixed with [g-32P]-ATP (1 Ci mol�1) in a quenched-flow
instrument. When using the KinTek RQF-3 instrument, 35 mL of
myosin is mixed with 35 mL of [g-32P]-ATP, the reaction is aged for a
specified time, then mixed with quenching solution (2M HCl,
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0.35 mM NaH2PO4). The myosin concentration is typically >1 mM
after mixing, with higher concentrations being better. The ATP con-
centration should be high enough so that rate of ATP binding does not
limit the rate of ATP hydrolysis. For example, if the rate of ATP binding
is 5 � 106 M�1s�1, and the rate of ATP hydrolysis is 50 s�1, one would
select an ATP concentration of at least 25 mM.

2. Acquire multiple time points. Enough points are acquired to resolve the
time-course of ATP hydrolysis. For example, if ATP hydrolysis occurs at
a rate of 50 s�1, points every �10 ms are acquired for 100–150 ms.
Longer time courses are acquired to resolve the steady-state phase of
ATP hydrolysis. Quenched time points are kept on ice, and the free
phosphate concentration is determined as soon as possible to minimize
acid hydrolysis of the ATP.

3. Determine phosphate concentration. There are multiple methods for
determining the free phosphate concentration, including thin layer
chromatography (Gilbert et al., 1995; Henn et al., 2008) and the molyb-
date method described earlier. We prefer the method developed by
White (White and Rayment, 1993), in which equal volumes of the
quenched reaction are mixed with a 10% activated charcoal slurry in
quench solution and centrifuged at �12,000�g. The supernatant con-
tains phosphate, and the charcoal fraction contains ATP and ADP. The
supernatant and a volume of the total reaction mix are separately added
to scintillation vials and counted. The radioactivity counted from each
time point is normalized against the total counts in the total reaction mix
to account for pipetting errors.

4. Data analysis. Phosphate release from most myosins in the absence of
actin (kþPi

0) is very slow, so time courses of phosphate concentration
formed is composed of burst and linear phases (Fig. 6.4). The burst phase
reports formation of the M.ADP.Pi state, and the linear phase reports the
rate of steady-state ATP turnover. When the phosphate concentration
is normalized by dividing by the myosin concentration, the time course
is fit by:

½Pi�
½Myosin� ¼

KH

1þ KH

� �
ð1� e�kobstÞ þ ðksstÞ; ð6:9Þ

where kobs ¼ (kþH þ k-H) and kss is the steady-state turnover rate. The burst
amplitude is given by (KH/(1 þ KH)). In most cases, kss is slow and can be
ignored. Knowing KH and kobs, one can calculate the hydrolysis (kþH) and
ATP resynthesis (k-H) rate constants:

kþH ¼ KHkobs

1þ KH

and k�H ¼ kobs � kþH: ð6:10Þ
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5.4. Actin-activated Pi release

Multiple methods for measuring Pi are available, including the molybdate
and charcoal extraction assays described earlier. These assays are not suited
for real-time measurements and offer poor time resolution because they are
typically done by manual mixing. In addition, the assays involve denatur-
ation of the myosin and determination of total Pi formed, and can therefore
not distinguish bound Pi from free Pi released to the solution. The MESG/
phosphorylase assay (Webb, 1992) is advantageous in that it provides real-
time acquisition of free Pi in solution that can be monitored by absorbance.
However, it has a sensitivity of �1 mM and can only measure rates up to
90 s�1 when the purine nucleoside phosphorylase enzyme is present at very
high concentrations (>50 mM ). While this is adequate for many experi-
mental systems, it is too slow for measuring actin-activated Pi release from
many myosin isoforms, which can be �100 s�1 (De La Cruz et al., 1999;
White et al., 1997).

Actin-activated Pi release from myosin-ADP-Pi can be rapid (>100 s�1)
and be measured only using the fluorescently labeled mutant of the
Pi-binding protein (MDCC-labeled PiBiP; (7-diethylamino-3-((((2-malei-
midyl)ethyl)amino)carbonyl) coumarin)-labeled phosphate binding protein)
developed by Martin Webb (Brune et al., 1994; White et al., 1997) with the
stopped flow with the instrument in sequential mixing mode. PiBiP has the
advantage over other detection methods in its sensitivity (10 nM) and ability
to measure rapid rates and rate constants (>700 s�1) in real time, though it
can be difficult if significant Pi contaminates the solutions and glassware
(which it always does). Background Pi must be removed from all solutions,
syringes and the instrument with Pi ‘‘mop’’ solution: 7-methylguanosine
(0.2–0.5 mM ) and purine nucleoside phosphorylase (0.1 units mL�1), for at
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least 1 h. We treat the instrument with mop solution overnight before
performing an experiment.

To accurately measure transient Pi release from actomyosin, the ATP
binding (K1kþ2) and hydrolysis rate constant (kþH þ k-H) must be known.
The experiment is done by first mixing myosin with ATP under single or
multiple turnover conditions, ageing for sufficient time to allow ATP
binding and hydrolysis to occur (typically ms–s), and then rapidly mixing
with a range of actin filament concentrations in the second mix. There is
�5-fold enhancement in the fluorescence of PiBiP with Pi binding (lex ¼
430 nm, 455 nm long pass emission filter). PiBiP should be present at
5–10 mM and preferably included in the myosin, nucleotide, and actin
solutions so that Pi binding to PiBiP is more rapid than Pi release from
(acto)myosin. The rate and equilibrium constants of Pi binding to MDCC-
PiBiP in KMg50 buffer and 25 �C are: kþ ¼ 117 (� 8) mM�1 s�1,k- ¼
24 s�1, and Kd ¼ 0.20 mM (Henn and De La Cruz, 2005).

Method

1. Configure the stopped-flow instrument into sequential (i.e., double
mixing) mixing mode

2. Treat instrument with mop solution
3. First mix and aging time: Rapidly mix myosin (syringe A) with ATP

(syringe B) and age for sufficient time that ATP binding and hydrolysis
(but not Pi release from myosin) occur. The myosin concentration
needed will depend on the enzymatic behavior of the myosin, particu-
larly the equilibrium constant for ATP hydrolysis (KH). In our experi-
ence, an initial mix with � 4 mM myosin is a good starting point if KH

favors the post hydrolysis states. If the value ofKH is such that a significant
fraction of the myosin-bound nucleotide will remain as ATP, higher
myosin concentrations will be needed. The ATP concentration can be
less than (single turnover) or greater than (multiple turnover) that of
myosin. Myosin motors that bind ADP rapidly and with high affinity
can be forced to undergo a single turnover (De LaCruz et al., 2001; De La
Cruz et al., 1999) even when [ATP] >> [myosin] by including excess
(mM) ADP in the actin syringe (discussed subsequently).

4. Second mix: Rapidly mix the aged myosin-ATP/ADP.Pi with actin
(syringe C) over a broad concentration range (0–tens of micromolar). If
the myosin motor being characterized binds ADP strongly and rapidly,
including mMADPwith the actin solution will ensure that ATP will not
bind myosin after the initial round of product release and that a single
turnover of Pi release will be measured.

5. Convert fluorescence intensity to Pi concentration by acquiring a stan-
dard curve.

6. Data analysis: Experimental time courses will follow single or double
exponentials under single turnover conditions and single (or double)
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exponentials with a slope (steady-state) under multiple turnover condi-
tions in the presence of actin. Time courses in the absence of actin will
appear flat over the seconds timescale, as Pi release from myosin alone is
very slow (�0.02 s�1). We will limit our discussion of the analysis to
time courses that follow either a single exponential or a single exponen-
tial with a steady-state slope (Fig. 6.5A) but refer the reader to notable
exceptions (White et al., 1997).

Plot the observed rate constant of the exponential phase versus the
[actin]. The [actin] dependence should either be linear or hyperbolic
(Fig. 6.5B). If linear, the slope yields the second-order association rate
constant of myosin-ADP-Pi binding to actin (KAPikþPi

0; scheme 6.1) and
the maximum rate of actin-activated Pi release (kþPi

0) is more rapid than the
fastest experimentally observed rate constant. If hyperbolic, the maximum
observed rate constant reflects the rate of Pi release from actomyosin (kþPi

0;
Pi rebinding, k�Pi

0, does not contribute since Pi release is irreversible in the
presence of PiBP) and the [actin] needed to reach half of kþPi
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dissociation constant of myosin-ADP-Pi binding to actin (KAPi). The slope
under multiple turnover conditions reflects the steady-state ATPase rate
activity at the actin and ATP concentrations present and should compare to
that measured by other methods.
5.5. ADP release

The most reliable and informative way to measure ADP binding to acto-
myosin is by evaluating how it affects the pyrene fluorescence enhancement
associated with ATP binding (described previously). The fluorescence of
mantADP can also be monitored, as described for mantATP earlier, but it is
less sensitive than the pyrene fluorescence assays we describe subsequently.

ADP binding to pyrene actomyosin is not associated with a fluorescence
change, so competition approaches are used to obtain the kinetic and
equilibrium binding parameters. There are two different ways to design
an experiment, both of which involve keeping the [ATP] constant and
varying the [ADP]. One approach is to measure how ATP binds to a
preequilibrated mixture of actomyosin and ADP (i.e., mix actomyosin �
ADP with a solution of ATP). In this case, the [ADP] equilibrated with
actomyosin is varied (Geeves, 1989). The second is to see how actomyosin
responds to addition of a solution containing both ATP and ADP (i.e., mix
actomyosin with a solution of ATP and ADP). The observed time courses
will follow single or multiple exponentials in either case, depending on the
ADP (and ATP) binding properties (Hannemann et al., 2005). Measuring
exactly how the time courses vary with [ADP] permits determination of the
binding mechanism and constants.

We note that performing the ADP/ATP competition experiments both
ways can serve as a useful diagnostic tool. If ADP binds actomyosin in a
rapid equilibrium, time courses of pyrene fluorescence enhancement will
follow single exponentials with observed rate constants that become slower
as [ADP] increases regardless of how the mixing is done. If ADP dissociation
from actomyosin is slow and not a rapid equilibrium, time courses will
follow multiple exponentials at [ADP] that are �Kd for ADP binding and
single exponentials at high (i.e., saturating) [ADP], regardless of how the
mixing is done. Subsequently we describe how time courses could behave
for each experiment and how to analyze each possible case.
5.5.1. ATP binding to an equilibrated mixture of actomyosin
and ADP

The rate of ADP release, and the affinity of ADP for actomyosin is most
commonly determined by measuring the rate of ATP-induced dissociation
of myosin from pyrene-actin in the presence of ADP as given by the
following scheme:
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A
:M :ADP >
K2D

0
K1D

0

A
:M þ ATP!k0 A

 þM :ATP�
ðScheme 6:4Þ

The nucleotide concentrations and the method of data analysis depends on
the affinity of ADP for the actomyosin complex. Two approaches are
described subsequently.

Case 1: This procedure is used for myosins that have relatively weak
ADP affinities. Experimental conditions are set so the rates of binding and
dissociation of ADP are rapid compared with the rate of ATP binding.

Method

1. Determination of ADP affinity. Pyrene-actomyosin (�1.0 mM ) equili-
brated with ADP is mixed with ATP in a stopped-flow fluorometer.
Final ADP and ATP concentrations depend on the myosin properties,
but 50 mMATP and 0–500 mMADP are suitable starting concentrations.

2. Fluorescence intensities of transients increase due to the dissociation of
myosin from pyrene-actin, and the transients should fit a single expo-
nential function to obtain a rate (kobs). If the time course is best fit by two
exponential rates, see Case 2. A plot of kobs versus ADP concentration
should be hyperbolic (Fig. 6.6), where kobs is related to the ADP
concentration by:

kobs ¼ k0

1þ ½ADP�
K2D

0K1D
0
; ð6:11Þ

where k0 is the observed rate constant of ATP binding and actomyosin
dissociation in the absence of ADP at a given ATP concentration
(K1T

0kþ2T
0 [ATP]; Fig. 6.1), and K2D

0 K1D
0 is the overall dissociation

constant for ADP binding to actomyosin (Fig. 6.1).
3. Determination of the ADP dissociation rate constant (kþ2D

0). Pyrene-
actomyosin (�1.0 mM) equilibrated with ADP is mixed with ATP in a
stopped-flow fluorometer. The ADP concentration should be high
enough that all myosin active-sties have a bound ADP. For example, if
the Kd is 20 mM, the ADP concentration should be�100 mM. The ATP
concentration should be high enough to displace the ATP. In this
example, 1 mM ATP is sufficient.

The fluorescence time course should fit a single exponential function,
where the rate is equal to rate of ADP dissociation (Fig. 6.1). The rate of
ADP association can now be calculated by dividing the dissociation rate by
the Kd determined earlier.



0.001

1.0

0.8

0.6

0.4

0.2
0 5 10 15

[ADP] (mM)

A
sl
ow

 (
no

rm
al

iz
ed

)

20 25 30 35

P
yr

en
e-

ac
ti
n 

fl
uo

re
sc

en
ce

0.01

A

B

ADP release (kslow)

ATP binding to nucleotide-free myosin (kfast)

Pyrene-actomyosin.ADP

ATP

0.1
Time (s)

1 10

Figure 6.6 ADP dissociation determined by ATP-induced dissociation of pyrene-actomyo1b.
(A) Pyrene fluorescence transient obtained by mixing 0.15 mMmyo1b equilibrated with
2 mM ADP with 1 mM ATP. The time course is presented on a log scale to show the
slow and fast exponential phases. (B) Normalized amplitude of the slow phase obtained
by fitting pyrene transients to double exponential functions (Eq. (6.7)) as a function of
ADP concentration. The solid line is a fit of the data to Eq. (6.12). Data are from (Lewis
et al., 2006).

184 Enrique M. De La Cruz and E. Michael Ostap
Case 2: This procedure is used for myosins that have tight ADP affinities.
Experimental conditions are set so the rate of ADP dissociation is slow
compared with the rate of ATP binding.

Method

1. Pyrene-actomyosin (�0.20 mM ) equilibrated with ADP is mixed with
ATP in a stopped-flow fluorometer, and the pyrene fluorescence is
monitored as a function of time. Final ADP and ATP concentrations
depend on the myosin properties, but 1.0 mM ATP and 0–50 mM ADP
are suitable starting concentrations.

The fluorescence of the time courses increases due to ATP-induced
dissociation of myosin from pyrene-actin. At low ADP concentrations, the
data should be best fit by the sum of two exponential rate functions
(Eq. (6.7)). The observed rate constant of the fast component (kfast) reports
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rapid binding of ATP to the fraction of nucleotide-free pyrene-actomyosin
(Fig. 6.6A). The slow observed rate constant (kslow) reports ADP release. At
high ADP concentrations, the pyrene-actomyosin should be saturated with
ADP, and the transient is dominated by the slow component.

A plot of the relative amplitude of the slow component (Aslow) versus the
ADP concentration is hyperbolic (Fig. 6.6B), and the overall ADP affinity
(K2D

0K1D
0) is obtained by fitting the data to:

Aslow ¼ ½ADP�
K2D

0
K1D

0 þ ½ADP� : ð6:12Þ
5.5.2. ATP and ADP binding to actomyosin
ADP binding can also be measured by kinetic competition in which a
solution of ATP and ADP race to bind free actomyosin. In this case,
nucleotide-free actomyosin is rapidly mixed with solutions of ATP supple-
mented with ADP. The ADP concentration is varied over a broad range. As
described for the experiments earlier, time courses will follow single or
double exponentials depending on the ADP-binding mechanism and con-
stants. We discuss both possible cases and how to analyze the data to extract
the actomyosin-ADP binding constants.

Case 1. Time courses follow single exponentials with kobs that gets slower with
[ADP]. If time courses of fluorescence change after mixing pyrene actomy-
osin with a solution of ATP and ADP follow single exponentials at all [ADP]
examined, ADP binds in a rapid equilibrium. As observed formixing ATP to
a pre-equilibrated actomyosin and ADP solution, the observed rate constants
should become slower as [ADP] increases. Identical results are obtained by
both mixing methods because ADP equilibrates rapidly with actomyosin
during the mixing time in this experiment. That is, equilibrium between
actomyosin and ADP is reached during the mixing time as it would if the
sample were allowed to equilibrate before mixing with ATP. The
actomyosin-ADP binding affinity can be determined as described earlier.

Case 2. Time courses follow double exponentials. When ADP release is
slower than ATP binding and not in rapid equilibrium, time courses of
pyrene fluorescence enhancement after mixing a solution of ADP and ATP
actomyosin are biphasic and follow double exponentials (Figs. 6.7A–7B)
with fast and slow phases that depend on the [ADP] when the [ATP] is held
constant (Figs. 6.7C–7D). The method simply involves mixing actomyosin
with a solution of ATP in which ADP is varied over a broad concentration
range. The [ADP] dependence of the fast phase observed rate constant may
depend hyperbolically on the [ADP] (Fig. 6.7C), indicating that ADP
binding, like ATP binding occurs via a two-step binding process and that
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competitive ATP and ADP binding to actomyosin (AM) can be described
by the following parallel reaction mechanism:

A
:M þ ATP>
K1T

0

A
:MðATPÞ >kþ2T
0

k�2T
0
A

:M :ATP;

"# K1D
0

A
:MðADPÞ
kþ2D

0 "# k�2D
0

A
:M :ADP

ðScheme 6:5Þ

where A** denotes a high (unquenched) pyrene fluorescence and the
parentheses indicate collision complexes in rapid equilibrium with
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dissociated species. K1T
0 denotes an association constant and K1D

0 denotes a
dissociation constant to reflect progression through the ATPase cycle
(Fig. 6.1). Note that this nomenclature differs from the papers in which
this method was described (Henn and De La Cruz, 2005; Olivares et al.,
2006; Robblee et al., 2004, 2005).

The observed rate constant of the fast phase (kfast) reflects the depletion of
free actomyosin and therefore depends on the sum of the observed rate
constants for ATP (kATP) andADP (kADP) binding, which can be expressed as:

kATP ¼ K1T
0 ½ATP�kþ2T

0

1þ K1T
0 ½ATP� þ ½ADP�

K1D
0

and

kADP ¼
½ADP�k�2D

0

K1D
0

1þ K1T
0 ½ATP� þ ½ADP�

K1D
0
;

ð6:13Þ

when nucleotide binding is irreversible which is fulfilled when nucleotide
dissociation is slower than binding.

The [ADP]-dependence of the fast phase observed rate constants (kfast)
should be fitted to a rectangular hyperbola in the form of the following
expression:

kfast ¼
K1T

0 ½ATP�kþ2T
0 þ ½ADP�k�2D

0

K1D
0

1þ K1T
0 ½ATP� þ ½ADP�

K1D
0

; ð6:14Þ

with the ATP binding constants (K1T
0 and kþ2T

0) constrained to the values
obtained independently from ATP binding experiments (described previ-
ously). These constraints allow the ADP binding parameters (K1D

0 and k-2D0)
to be readily obtained.

The slow phase of the reaction arises from actomyosin-ADP formed
from kinetic partitioning during the fast phase that subsequently dissociates
bound ADP then binds ATP to populate the high fluorescence, weak
binding states. The [ADP]-dependence of the slow phase observed rate
constant (kslow) also follows a hyperbola (Fig. 6.7D), but with negative
amplitude (i.e., it becomes slower as [ADP] increases). The slow observed
rate constant is equal to the rate constant of ADP dissociation (kþ2D

0) times
the probability that ATP will bind instead of ADP (kATP/(kATP þ kADP))
and should be fitted to the following equation with the ATP-binding
parameters (K1T

0 and kþ2T
0) constrained, as when fitting the fast phase

(described previously):
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kslow ¼ kþ2D
0kATP

kATP þ kADP

� �
: ð6:15Þ

When kATP >> kADP (e.g., when [ADP] approaches zero and/or
[ATP] >> [ADP]), ADP rebinding (kADP) is insignificant; ADP release is
essentially irreversible; and kslow simplifies to kþ2D

0. The rate constant of
ADP release from actomyosin (kþ2D

0) can therefore be readily obtained by
extrapolating the best fit of kslow versus [ADP] to the limit of [ADP]¼ 0 (i.e.,
the intercept, Fig. 6.6D).

The overall ADP binding affinity is given by the product of both
equilibrium constants (K1D

0K2D
0) and can be determined from the values

of K1D
0, k-2D0 (obtained from fast-phase analysis), and kþ2D

0 (obtained from
slow-phase analysis). The final amplitudes reflect the equilibrium partition-
ing among strong and weak binding states as dictated by the nucleotide
binding affinities and concentrations (Henn and De La Cruz, 2005;
Robblee et al., 2004).
6. Kinetic Simulations

We have focused most of this chapter on designing and carrying out
steady-state binding and transient kinetic experiments to directly measure
the individual myosin ATPase cycle reactions and analyzing the
concentration-dependence of the observed behavior by non–linear regres-
sion to extract the fundamental rate and equilibrium constants. There are
often instances in which individual ATPase cycle reactions cannot be
measured and/or experimental conditions required for the fitting equations
to apply are not fulfilled (i.e., pseudo–first order conditions). In these cases,
one must rely on kinetic simulations and global fitting to analyze the
experimental data. Although analyzing experimental data with analytical
solutions of the rate equations is ideal, deriving them can be complex and
labor intensive (Henn et al., 2008; Johnson, 1986), particularly if analysis of
the amplitudes is desired (Hannemann et al., 2005). Kinetic simulations can
therefore be viewed as a practical and extremely valuable alternative. We
would argue that kinetic simulations should be considered an essential part
of any transient kinetic analysis, at a minimum to confirm that the derived
model and associated binding constants reliably account for the experimen-
tally observed data, including the amplitudes. We also regularly use kinetic
simulations to help design experiments (e.g., what concentrations and
timescales to collect data).

Because of space limitations, we will not discuss the use of kinetic
simulations and global fitting in the kinetic analysis of myosin motors.
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Rather, we direct the reader to some key papers in which kinetic simula-
tions have been used to characterize complex reaction pathways (Frieden,
1983; Moore and Lohman, 1994), authoritative reviews (Frieden, 1994),
and tutorials (Wachsstock and Pollard, 1994), and we recommend various
kinetic simulation programs that can be readily accessed for free through the
Internet. We also remind readers that it is very unlikely that the constants
used to fit a complex, multistep mechanism are a unique solution to the
data, as only a small subset of the kinetic parameters may influence the
observed signal of a given experiment. Therefore, constraining measured
constants to the experimentally determined values will minimize the num-
ber of unknown fitting parameters and increase the likelihood of reliably
identifying and characterizing unobservable chemical transitions.

Most kinetic simulation programs available are modern, user-friendly
programs based on the original KINSIM program developed by Carl
Frieden and colleagues (Dang and Frieden, 1997). These programs simulate
reaction time courses of a molecular mechanism provided by the user by
deriving and numerically solving the differential equations for the concen-
trations and flux of all chemical species identified in the mechanism.
KINSIM has a companion program, FITSIM, which permits fitting mech-
anism parameters to real data. In general, we use KINSIM to identify
plausible mechanisms that can account for the experimental data (and
eliminate many that cannot) then use FITSIM to fit the data and extract
the rate and equilibrium constants that best account for the data according
to the defined reaction mechanism. The more recent kinetic simulation
programs incorporate both simulation and fitting modules into a single
program. We recommend KINSIM/FITSIM (www.biochem.wustl.edu/
cflab/message.html), Tenua (http://www.geocities.com/tenua4java/), and
Dynafit (http://www.biokin.com/dynafit/). We also recommend the
KinTek Global Kinetic Explorer (http://www.kintek-corp.com/) and
Berkeley-Madonna (http://www.berkeleymadonna.com/), but these must
be purchased to access the complete software package with importing and
saving options.
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