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ADP Inhibition of Myosin V ATPase Activity
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ABSTRACT The kinetic mechanism of myosin V is of great interest because recent evidence indicates that the two-headed
myosin V molecule functions as a processive motor, i.e., myosin V is capable of moving along an actin filament for many
catalytic cycles of the motor without dissociating. Three recent publications assessing the kinetics of single-headed myosin
V provide different conclusions regarding the mechanism, particularly the rate-limiting step of the cycle. One study (De La
Cruz et al., 1999, Proc. Natl. Acad. Sci. USA. 96:13726-13731) identifies ADP release as the rate-limiting step and provides
a kinetic explanation for myosin V processivity. The others (Trybus et al., 1999, J. Biol. Chem. 274:27448-27456; Wang et al.,
2000, J. Biol. Chem. 275:4329-4335) do not identify the rate-limiting step but conclude that it is not ADP release. We show
experimental and simulated data demonstrating that the inconsistencies in the reports may be due to difficulties in the
measurement of the steady-state ATPase rate. Under standard assay conditions, ADP competes with ATP, resulting in
product inhibition of the ATPase rate. This presents technical problems in analyzing and interpreting the kinetics of myosin
V and likely of other members of the myosin family with high ADP affinities.

INTRODUCTION

The myosin superfamily of actin-based motor proteins isconsistent with the observed processivity of the native two-
currently known to include at least 15 classes. The cellulaheaded molecule (De La Cruz et al., 1999). The myosin V
roles of these myosins are likely to be extremely variedconstruct characterized consists of the motor with one of six
(Mooseker and Cheney, 1995), which undoubtedly requireight-chain/calmodulin-binding domains, or IQ motifs and a
both structural and enzymatic specializations. In the specifitightly bound essential light chain. We refer to this as
case of myosin V, a recent report demonstrates that a singleyyosin  V-11Q. While the overall ATPase mechanism
two-headed molecule is capable of moving an actin filamen{Scheme 1) is conserved among all characterized myosins,
and able to move along an actin filament for several ATP-the rate constants of the myosin-V ATPase are significantly
driven cycles before dissociating (Mehta et al., 1999). Thidifferent from those characterized previously. The key fea-
confirms much speculation that myosin V is a processiveures of the myosin-V kinetic mechanism are (De La Cruz et
motor, based on its role in vesicle trafficking (Titus, 1997).al., 1999): 1) rate-limiting ADP releask () when bound to
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We determined the rate constants for a single-headed myctin; 2) a high ADP affinity, both onK{) and off Kg)
osin V motor ATPase cycle and provided a mechanismactin; 3) a rapid ATP hydrolysik( ; + k_3); and 4) a rapid
(non-rate-limiting) P release K, }) on actin. The key dif-
ferences in myosin V compared with other myosins is that
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(Scheme 1). The rate of ADP release limits the rate ofare likely to be consistent with ADP release being the
transition from the strongly bound states to the weaklyrate-limiting step in the myosin V kinetic cycle generating a
bound states. For skeletal muscle myosin |kdRease limits  motor with a high duty ratio (De La Cruz et al., 1999).
the steady-state ATPase cycle, and thus the predominant

steady-state intermediates are either detached or weak

attached to actin (Scheme 1). Thus the implication of changE/XPERIMENTAL PROCEDURES

ing the rate-limiting step to ADP releask,¢) is that it  Proteins and reagents

creates a myosin that spends the vast majority of its a'Ctm,&ll reagents were of the highest purity available. ATP was purified by

activated CyC|e in State(s) that are Strongly bound to aCtIrQ:mion exchange chromatography99.5% purity), and the concentration
(i.e., a motor with a high duty ratio). was determined by absorbance at 259 nm, usjgg= 15.4 mM L cm %,
Two other reports on the kinetics of single-headed myo-n some cases, ATP+99.7% purity confirmed by high-performance liquid
sinVv (Trybus etal., 1999: Wang et al., 2000) do not Supporphromatography (HPLC); Roche Biochemicals) was used without further
our conclusions or the conclusion that myosin Vis a pro_|c>urification, with identical results. Actin was purified from rabbit skeletal
. . . . . muscle and gel filtered (MacLean-Fletcher and Pollard, 1980). Ca-actin
cessive motor. While neither study included direct measurej,,s converted to Mg-Actin with 0.2 mM EGTA and 504 MgCl, before
ments of ATP hydrolysis or the rate of Release, both polymerization by dialysis against three changes of 0.5 L of KMg50 buffer
reported ADP release rates that were considerably fastgs0 mM KCI, 1 mM MgCl, 1 mM EGTA, 1 mM DTT, 10 mM imidazole
release was not rate-limiting in the actomyosin Vv ATPaseconstruct consisting of the myosin V motor domain and the first IQ motif
. . - . . (myosin V-11Q) with bound essential light chain (LC-1sa) was expressed
cycle. While this may reflect isoform differences, this seems, 4 purified as described (De La Cruz et al., 1999).
unlikely, given that most of the kinetic parameters measured
are in general agreement (Table 1), with the major exception L . .
of the steady-state ATP hydrolysis rate (Table 1). In thisQuench flow kinetics and simulations
report, we provide data and kinetic simulations demonstratatp hydrolysis measurements were made at 25°C in KMg50 buffer with
ing that the steady-state rates measured by Trybus et a. KINTEK (Austin, Texas) RQF-3 quench flow apparatus, using
(1999) and Wang et al. (2000) may be artifactually low and[y—32P]ATP (De La Cruz et al., 1999). Actomyosin V-11Q solutions were

TABLE 1
ATPase cycle

Rate constants of the monomeric myosin V

treated with 0.002 U mi* apyrase (potato grade VII, high ADP:ATP ratio)

for 30 min on ice before use. ATP hydrolysis by phalloidin-stabilized actin
filaments treated with apyrase was minimal during the time course of the
experiment and was subtracted from the data in the presence of myosin.
Kinetic modeling and simulations (De La Cruz et al., 1999) were per-
formed using a complete (Scheme 1) or simplified (Scheme 2) reaction

Parameter Value Reference : TPIEEE - )
mechanism. The simplified mechanism assumes that hydrolysis and P
Turnover rate Vmay 15s* De La Cruz et al. (1999)*  release are>100 s, which has been confirmed by direct measurement
149s* Fig. 4, this report (De La Cruz et al., 1999).
33st Trybus et al. (1999) Kk "
33st Wang et al. (2000) N
ATP binding Kk)S  0.7uM's®  De La Cruz et al. (1999) AM + ATP— AM.Products? AM + Products
0.7uMts?t Trybus et al. (1999) -
0.23uM~*s 1T Wang et al. (2000) Scheme 2
ADP binding k_5) 13uM st De La Cruz et al. (1999)
~9 uM~tg U Trybus et al. (1999)
15uM~ts™¥  Wang et al. (2000) Steady-state ATPases
ADP releasel, 1) 16s?t De La Cruz et al. (1999)
~14 51 Trybus et al. (1999) The steady-state ATPase activity was measured witffiP]ATP (Pollard
115s? Wang et al. (2000) and Korn, 1973) or by fluorescence, using the NADH-coupled assay
ADP affinity (K%) 0.9 uM De La Cruz et al. (1999) (Furch etal., 1998) at 25°C in KMg50 buffer with an Applied Photophysics
2 uM Trybus et al. (1999) (Surrey, UK) SX.18MV stopped-flow apparatus. Monitoring NADH oxi-
0.77 uM Wang et al. (2000) dation by absorbance at 340 nm gave essentially the same results as

*50 mM KCI, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT, 10 mM imidazole

(pH 7.0), 25°C.

100 mM KCI, 5 mM MgCh, 1 mM EGTA, 1 mM DTT, 10 mM HEPES

(pH 7), 20°C.

¥100 mM KClI, 2 mM MgCh, 0.1 mM EGTA, 1 mM DTT, 10 mM MOPS

(pH 7.0), 20°C.

SRate constants are defined as in Scheme 1.

Calculated from figure 9 of Wang et al., which shows 200 ATP
dissociating actomyosin V at a rate of 45.8's

IThese values were calculated from the reported ADP release rates arguty ratio measurements (steady state)

affinities because they were not reported (Wang et al., 2000) or because

they were at variance with the measured dissociation rate constant arithe fraction of strongly bound myosin V-11Q heads was determined from
equilibrium binding affinity (Trybus et al., 1999).

fluorescence (not shown). Myosin V-11Q-00 uM) was pretreated with
apyrase (0.02 U mi* for 30 min.) to remove contaminating ADP. The
reaction was initiated by mixing 0.4 or 4 mM MgATP with an equal
volume of actomyosin (40 or 90 nM myosin and a range of actin concen-
tration) in 2x reaction mix (40QwuM NADH, 1 mM phosphoenolpyruvate,

40 U ml™? lactate dehydrogenase, 200 U Thipyruvate kinase, KMg50
buffer). The background contribution from actin and apyrase in the absence
of myosin was minimal€1%) and was subtracted from the time courses.

the amplitude of pyrene-actin fluorescence quenching immediately after
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the addition of 2 mM MgATP to actomyosin V-1IQ in KMg50 buffer rapid time points before the ADP reaches a concentration
treated with apyrase to remove contaminating ADP. The extent of fluoresthgt effectively competes with ATP. As discussed by De La

cence quenching of pyrene actin is linearly proportional to the amount o : - :
myosin V-11Q bound to the actin (De La Cruz et al., 1999). The value forfcruz et al. (1999)’ a hlgh ADP aﬁlmty and rap|d rate of

100% strongly bound myosin V-11Q was obtained from the maximum ADP binding are responsible for the inhibition.
guenching in the absence of ATP. The fluorescence of pyrene-actin in the

absence of myosin V-11Q was taken to be 0% strongly bound heads. . . .
Simulation of transient and steady-state

time courses

RESULTS AND DISCUSSION . ) .
We performed kinetic simulations to determine the effect of

Transient and steady-state ATP hydrolysis by product inhibition as a function of assay time and ATP
myosin V concentration at a very low (20 nM) myosin V-11Q concen-

We obtained the time course of the transient and steadyation and saturating actin (Fig. 2). These simulations serve
state phases of ATP hydrolysis by quench flow kinetic®S & helpful guide for determining the most appropriate
methods (Fig. 1). The initial rapid burst of Production ~ conditions for the assay of myosin V ATPase activity. A
observed within the first 50 ms of the time course (Fig. 1,SimPlified two-state mo?f' that assumes ATP hydrolysis
inse) is due to the rapid hydrolysis of ATP that occurs 2nd R release are-100 s~ (De La Cruz et al., 1999) and
before the rate-limiting step in the cycle (Scheme 1). The\DP release is slow (Table 1) and rate-limiting (De La Cruz
burst is followed by a slower linear phase and, on a longeft &l 1999) requires only the rate constants for ATP bind-
time scale, a nonlinear phase. The linear phase that occurs
within the first 150 ms is the true steady-state myosin V-11Q
ATPase rate, and the slower nonlinear phase is due to the
progressive inhibition of the ATPase activity by ADP and —
subsequent depletion of ATP. We modeled the kinetic pro--5
file using rate constants determined independently (De LaZ’

Cruz et al., 1999) for ATP bindind{ik3), ADP dissociation &
(K'.5), and ADP binding K_5; Scheme 1 and Fig. 1). The -g
simulated transient shows clearly that the true steady—statg‘i
ATPase rate can only be determined by the acquisition ofi
=
<
=
°
T T = : : L
0 50 160 150 200 250 300
\2% time (sec)
-‘E 16 """ LA L B S A B A
= ~ B ]
g L ;
E § 12 S\N .
— — : \\; 4
& ‘g 10 \\\ T E
< < 8 \‘\ T~ T8
- 8 \ \‘\\\ b i
g 6r — I
o L \\ \\\ c ]
. | 4 — T T ]
time (sec) & : — T d
< 20 I :
FIGURE 1 Time course of ATP hydrolysis by myosin V-11Q measured 0" ‘

by quench flow. Conditions: 50 mM KCI, 1 mM Mg&lilmM EGTA, 1 0 50 100 150 200 250 300
mM DTT, 10 mM imidazole (pH 7.0), 3.24M myosin V-1IQ, 7.5uM
actin filaments, and 100.M MgATP, 25°C. The solid line is a simulation
using our experimentally determined rates for ATP bindingeRase, and
ADP binding. (nset) The initial time course of hydrolysis, showing the P FIGURE 2 Simulations of myosin V steady-state ATPase activiy. (
burst and linear phase of the steady-state ATPase rate. The data points frddimulated time courses of ATP hydrolysis by 20 nM myosin VatX
the inset were published by De La Cruz et al. (1999). Note that the turnovemM, (b) 500 uM, (c) 200 uM, (d) 100 uM, and €) 50 uM MgATP with
rate of ~11 s * head* determined from the linear region is in close an (initial) [ADP] of zero. B) Effective ATPase rate as a function of assay
agreement with the predicted value of 12.2 at 100uM MgATP (Fig. 2 time (20 nM myosin V). The curves are labeled agirNote that at<200

B, curve d. M ATP, the initial V,,,, is partially limited by ATP binding.

time (sec)
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ing, ADP release, and ADP binding (see Experimentalsteady-state rate (Fig. B). Others have reported the re-
Procedures). The two-state model allows the steady-staguirement for the removal of contaminating ADP from ATP
parameters to be determined, using the rate constants frogtock solutions (Wang et al., 2000), as we do when neces-
the three published myosin V kinetic papers (De La Cruz esary (see Experimental Procedures). However, it is equally
al., 1999; Trybus et al., 1999; Wang et al., 2000). Simulaimportant to recognize the need for measuring the steady-
tions (Fig. 2) were performed using the rate constants of Datate ATPase rate on a rapid time scale before inhibition
La Cruz et al. (1999) (Table 1), which are comparable toby ADP.
those determined by Trybus et al. (1999) but differ from
Wang et al. (2000) in the rate of ATP binding. Similar
results (not shown) were obtained with a more comple
model (Scheme 1), using a complete set of rate constan
(De La Cruz et al., 1999). Typically, the steady-state ATPase rate is measured over a
There is clearly a dramatic reduction in the ATPase rataime course of several minutes, using radioactive (Pollard
within minutes of initiation of the assay (Fig. 2). Inhibition and Korn, 1973) or colorimetric (White, 1982) assays. The
occurs with ATP concentrations as high as 1 mM. Publishednost commonly used method for the assay of radioactive
reports (Wang et al., 2000) used ATP concentrations as lowiorganic P (used by Wang et al., 2000) has a minimum
as 200uM (Fig. 2, curve 9 and have most likely underes- detection limit of 2—4 nmol (Pollard and Korn, 1973), while
timated the true steady-state ATPase rate (see also Fig. &,colorimetric assay (used by Trybus et al., 1999) is less
discussed below). The inhibition is even more dramatic withsensitive and has a minimum detection limit of 25 nmol
a slower ATP binding rate (Table 1; Wang et al., 2000),(White, 1982). Assuming standard assay conditions and
because the inhibition results from the inability of ATP to volumes (Pollard and Korn, 1973; White, 1982), the mini-
compete with a high rate of ADP binding. mum assayable concentration® uM P, for the radioac-
Note that the true steady-state ATPase rates can be déve assay and 3@M for the colorimetric assay. As seen
termined if measurements are made before the ADP corfrom the simulated time courses (Fig. 2), aftquM ATP is
centration is high enough for it to effectively compete with hydrolyzed, the ATPase is already significantly inhibited
ATP (Fig. 2A). Under standard assay conditions (Trybus etover a broad range of ATP concentrations. Using the myo-
al., 1999; Wang et al., 2000), inhibition occurs within the sin and ATP concentrations of Wang et al. (2000) and
first few seconds of turnover (Fig. B). It is important to  assuming that the steady-state actin-activated ATPase rate
stress that after 60 s the time courses appear to be lineajas measured over a period of 20—-300 s, simulations (Fig.
(Fig. 2A) and can be incorrectly analyzed as being the true?) of the time courses predict steady-state ATPase rates of
2.3 s ! (using the rate constants obtained by Wang et al.
(2000)) and 3.5's! (using the rate constants of Trybus et al.
(1999)), even though ADP release is rate limiting at 11.5

imitations of assay methods

70¢ s tor 14 s %, respectively.
601 To demonstrate that the low ATPase rates can be ac-
g g counted for by the accumulation of ADP, we measured the
3 50¢ steady-state ATPase rate of myosin V-11Q (Fig. 3) under the
3 406 conditions of Wang et al. (2000), using the radioactive
E ; (Pollard and Korn, 1973) and the NADH-coupled (Furch et
£ 30¢ al., 1998) assays (Fig. 3). Unlike the radioactive assay, the
= 20; NADH-coupled assay utilizes an ATP-regenerating system
[9: ; ] that prevents the accumulation of ADP. Both time courses
< 10 4 ] appear linear during the experiments, but they yield dramat-
0w L ] ically different ATPase rates (Fig. 3). The radioactive assay

0 50 100 150 200 250 300 generates a turnover rate of 4.0'swhen the data are fit
over a range of 60—-300 s. Note that the intercept of the fit
clearly deviates from the origin. This apparent ATPase rate

FIGURE 3 Direct comparison of ATPase assay methods. Conditions: 5(5S comparable to the rates reported by Trybus etal. (1999)
mM KCI, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT, 10 mM imidazole (pH ~@nd Wang et al. (2000). In contrast, the NADH-coupled
7.0), 20 nM myosin V-1IQ, 1M actin, 0.2 mM MgATP, 25°C. Curva assay yields a steady-state turnover rate of T2 which is

is the steady-state ATPase rate measured using the NADH-coupled assglye true steady-state rate at 0.2 mM MgATP (Fid8)2The

or (@) from 2P, liberation. Curveb is a simulation of the predicted time simulations (Fig. 2) and measured time courses (Figs. 1 and

course, using Scheme 2ufve cin Fig. 2). The straight line through the . L
data points represents the best linear fit from 60 to 300 s and yields g’) show Clearly th_at one Cann_Ot determine the rate'“mltmg
turnover rate of 4.0¢ 0.1) ATP s* head . The NADH-coupled assay ~St€p accurately without assaying the steady-state ATPase on

(curve 9 yields an ATPase rate of 12 ATP head ™. a rapid time scale before inhibition by ADP or by using an

time (sec)
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ADP buffer to maintain a low steady-state ADP concentra-tent with motility assays by Wang et al. (2000) showing that
tion (Fig. 3,curve 3. myosin V translocates actin filaments at very low motor
Time courses of steady-state ATPase activity measured idensities. Furthermore, because myosin V is believed to
the presence of 2 mM MgATP with the NADH-coupled serve similar functions in all higher organisms (Titus,
assay are also linear (Fig. 4). Product inhibition is not1997), it is unlikely that a high duty ratio is needed to
observed because ADP does not accumulate to levels thperform these functions in chicken, and a low duty ratio is
compete with the ATP in the medium (2 mM). By HPLC sufficient in mice.
(not shown) we measured7 uM ADP at equilibrium Trybus et al. (1999) conclude that myosin V has a low
under our assay conditions of 2 mM ATP, so the maximumduty ratio, based on the observation that it does not quench
ATPase rate measured approximates the true steady-stgigrene actin (indicating strong binding) in the presence of
turnover number (Fig. B). TheV,,,, of actomyosin V-11Q  ATP (figure 9 from Trybus et al., 1999). This is clearly in
is 14.9 (- 0.8) s * head * (Table 1), and th& 1pasiS 1.5  conflict with our conclusion (De La Cruz et al., 1999) that
(= 0.4) uM, in agreement with our earlier measurementsmyosin V has a high duty ratio. However, the resolution of
(De La Cruz et al., 1999). the apparent discrepancy stems from the actin concentration
(0.5 uM) used in the quenching experiment of Trybus et al.
(1999). Because the rate of myosin V entering the strong
states is limited not by ;Release but by the rate of disso-
While there may be minor kinetic differences between theciated myosin V-ADP-Pbinding to actin, the duty ratio
chicken (De La Cruz et al., 1999) and mouse (Trybus et al.depends on the actin concentration (De La Cruz et al.,
1999; Wang et al., 2000) myosin V isoforms, rate-limiting 1999). In the published measurement of De La Cruz et al.
P, release, rather than ADP release, is not consistent with 61999), a duty ratio of 0.7 was measured directly by steady-
high duty ratio motor. While Rrelease could be slower than state fluorescence quenching of 1.8 pyrene actin. This
ADP release and account for the observed steady-state ratigsthe predicted duty ratio if entry into the strongly bound
(simulations not shown) of Wang et al. (2000) and Trybusstates is limited by myosin-ADP;Rinding to actin with a
et al. (1999), such a myosin would spend most of its time inate constantk( o) of 4.7 uM~* s™* (De La Cruz et al.,
weakly bound or detached states (Scheme 1), like skeletdl999) and exit from the strongly bound states is limited by
muscle myosin II. For instance, a Rlease rate of 3.3 ¢  ADP release K,) at 16 s* (De La Cruz et al., 1999)
and an ADP release rate of 11.5'§Wang et al., 2000) or according to the relation
~14 s * (Trybus et al., 1999) predicts a duty ratio-eD.2
that is independent of actin concentration (at [Actin]5 Duty ratio = (k_g[Actin])/(k_¢[Actin] + k\5) (1)
uM). However, this low duty ratio appears to be inconsis-

Implications for the myosin V duty ratio

This result was confirmed and extended by steady-state
measurements of pyrene actin fluorescence quenching (pro-
portional to the fraction of myosin strongly bound to actin)

] concentration was 0.pM, which predicts a rate of myosin
e V-ADP-P. binding to actin of~2 s *. When the ADP
/ dissociation rate of~14 s obtained by Trybus et al.
- (1999) is used, a duty ratio of 0.1 is expected (Fig. 5),
e R e ST explaining the lack of a significant steady-state pyrene-actin
80 100 quenching. On the other hand, Trybus et al. (1999) conclude
time (sec) that ~85% of myosin V is weakly bound to actin in the
presence of 1 mM ATP, based on a steady-state light-
FIGURE 4 Measurement of myosin V-11Q actin-activated ATPase ac-Scattering assay at/dM actin at 20°C. However, given that
tivity with the NADH-coupled assay. Conditions: 50 mM KCI, 1 mM theK,, measured is 2@M under similar conditions (Trybus
MgCl,, 1 mM EGTA, 1 mM DTT, 10 mM imidazole (pH 7.0), 45 nM et al., 1999), it is unlikely that the light-scattering signal is
myosin V-11Q, 2 mM MgATP, 25°C, anct(irve g 13 uM, (b) 6 uM. (©)  qye entirely to weakly bound myosin V. The light-scattering
2 uM, (d) 1 uM, and €) 0.5 uM actin filaments. Inse) The actin . . .
dependence of the turnover number witif,g,, of 14.9 (+ 0.8) s *head* Slgna! may be (_jue to a combm_athn of Strongly bound
and aK xrpaee0f 1.5 (+ 0.4) uM obtained from the best fit of the datato MYOSin V resulting from contaminating ADP as well as
a rectangular hyperbola. weakly bound and strongly bound states in the cycle.

70 : S ML o // by myosin V-11Q over a range of actin concentration in the
~ 60F% :; R a : presence of MgATP (Fig. 5). The solid line through the data
% 50 7\5 9 / : b //{ represents the duty ratio calculated with Eq. 1 and our
— L5 e : / // ; experimentally determined rate constants (De La Cruz et al.,
T 40:3 3{ ’ o 1999).
§ LS < ] In the experiment of Trybus et al. (1999), the actin
e
2
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1.0 ; P , directly and not be assumed to be limiting the steady-state
=) IR s turnover rate.
= T . . . .
2 08 In summary, the most plausible interpretation is that the
o ‘i . actin-activated cycle of myosin V is limited by the rate of
£ 06 ] ADP release. Consequently, myosin V has a high duty ratio
o that depends on the actin filament concentration, consistent
3\ [97] P 1 . . . .
S g 04/ . with the native, two-headed molecule being processive on
R g actin filaments. While we cannot rule out isoform properties
o021 leading to kinetic differences, it is likely that any such
- ; differences will be minor, given that the myosin V class of
0 motors is thought to fulfill similar cellular roles in all higher

0 5 10 15 20 25 30 35 40  grganisms. It is much more likely that the apparent discrep-

[Actin] (UM) ancies in the three reports on the kinetics of myosin V stem
from the difficulty of measuring the steady-state ATPase

FIGURE 5 The duty ratio of myosin V-11Q depends on the actin fila- activity.

ment concentration. The fraction of myosin V-11Q strongly bound to actin

was determined from the extent of fluorescence quenching in the presence

of 2 mM (@) or 100 uM (M) MgATP. The solid line through the data

represents the duty ratio calculated with Eq. 1 and our experimentallyVe thank Dan Safer for performing HPLC and for assistance with quench-

determined rate constants for ADP release and ARRaRsin V-1IQ flow measurements, Amber L. Wells for assistance with protein expres-

binding to actin filaments (De La Cruz et al., 1999). Conditions: 50 mM sion, and Yale E. Goldman for reading the manuscript.

KCI, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT, 10 mM imidazole (pH 7.0),
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