8508 Biochemistry2002,41, 8508-8517

Kinetic Characterization of the Weak Binding States of Myosin V
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ABSTRACT:. Myosin V is a molecular motor shown to move processively along actin filaments. We

investigated the properties of the weak binding states of monomeric myosin V containing a single 1Q
domain (MV 11Q) to determine if the affinities of these states are increased as compared to conventional
myosin. Further, using a combination of non-hydrolyzable nucleotide analogues and mutations that block
ATP hydrolysis, we sought to probe the states that are populated during ATP-induced dissociation of

actomyosin. MV 11Q binds actin with Eyq =

4 uM in the presence of ATFS at 50 mM KCI, which is

10—20-fold tighter than that of nonprocessive class Il myosins. Mutations within the switch Il region
trapped MV 11Q in two distinct M.ATP states with very different actin binding affiniti€g £ 0.2 and

2 uM). Actin binding may change the conformation of the switch Il region, suggesting that elements of
the nucleotide binding pocket will be in a different conformation when bound to actin than is seen in any

of the myosin crystal structures to date.

Myosin V is an actin-based motor protein that is capable
of moving processively along actii{3) (i.e., proceeding

kiy
through more than one catalytic cycle per encounter with [AM+ATP *AM(ATP)I = [AMATP =*AM.ADP.P]

actin). Since myosin V and myosin VI are the first myosins

suggested to move processively, similar to members of the ., .

kinesin family of motor proteins, it is of interest to determine

what enzymatic and kinetic features lead to their processive M+ ATP _=M(ATP)

behavior.

Initial characterizations of myosin V noted that it remained
bound to actin in the presence of ATR).(This led to
speculation that the M.ATP and M.ADP.Pi states of myosin
V might have much higher actin affinities than the corre-
sponding states of myosin Il. However, delineation of most
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greater affinity for actin than the corresponding states of

myosin Il is an open question.

Although the actin affinity of different myosin isoforms
may vary, the coupling that occurs between the nucleotide-

of the kinetic steps (Scheme 1) in the ATPase pathway of and actin-binding regions may be well conserved. Crystal-

monomeric myosin V §—9) revealed that myosin V

lographic studies have determined that myosin contains a

primarily populates an ADP state in the presence of actin conserved structural core that includes the switch | and Il

and ATP. Myosin V binds ATP similarly to myosin I, but
it hydrolyzes ATP extremely fast in the absence of actin
(ke3), and it binds to actin Ki9) and rapidly releases
phosphate K;4') in the posthydrolysis AM.ADP.Pi state,
which results in a rate-limiting ADP-releask,§') step.

Thus, myosin V has a higher duty ratio (i.e., fraction of
ATPase cycle myosin is strongly bound to actin) than myosin
II, which allows it to have a higher affinity for actin in the
presence of ATP5—8). However, whether the normally
weak binding states (AM.ATP and AM.ADP.Pi) have a
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regions, which coordinate the nucleotide in a manner similar
to kinesin and G-proteins (reviewedi6). The conformation

of the switch Il region appears to directly affect the position
of the light chain binding region, which is thought to function
as a lever arm during force generatidd); In contrast, the
switch | region has not been found to change conformation
in the structures studied thus far. However, it is unclear
whether the switch | and Il regions may also play a role in
altering the conformation of the actin-binding region in a
nucleotide-dependent manner.

To investigate the weakly bound states and examine the
coupling between the nucleotide- and actin-binding regions
of myosin V, we have used two different strategies. First
we have used non-hydrolyzable ATP analogues (ASEnd
AMPPNP) to trap myosin V in the prehydrolysis ATP states.
These analogues are of particular interest in light of the fact
that high-resolution structures of myosin Il with either
analogue bound at the active site are essentially the same
(12), while the corresponding affinities of myosin for actin
are quite different13—15). Second, we made single-point
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mutations in the switch Il region of myosin V, G440A and
E442A, that were shown to inhibit the hydrolysis of ATP in
studies oDictylosteliumand smooth muscle myosin 0L§—
19). The G440A mutant eliminates a highly conserved
hydrogen bound to the¢ phosphate of ATP, whereas the
E442A mutant disrupts the coordination of the water
molecule involved in the hydrolysis of ATP and eliminates
a highly conserved salt bridge.
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ATP as described2@). The final concentrations were 2.5
uM MV 11Q and 10«M ATP.

Intrinsic Tryptophan Fluorescence Measurements of MV
11Q. Steady-state tryptophan fluorescence of WT and mutant
MV 11Q was measured in KMg50 at20 °C with an Alpha-
scan fluorimeter (Photon Technology International, Alpha
Scan, Brunwick, NJ). A sample oi/M MV 1IQ was excited
with a wavelength of 295 nm and the fluorescence emission

These two methods have allowed us to delineate a numberspectrum scanned from 36@00 nm. The fluorescence

of weakly bound states of myosin V and provide new insights
into the coupling between the nucleotide- and actin-binding
regions of myosin. In addition, our results allow us to

emission spectrum was corrected for background fluores-
cence and dilution effects.

Stopped-Flow Measurements and Kinetic Modelifrgin-

speculate on the role that the weak binding states play insjent kinetic experiments were performed in a Applied

the mechanism of myosin V processivity.

EXPERIMENTAL PROCEDURES

Reagents.All reagents were the highest purity com-
mercially available. ATP was prepared fresh from powder
(Roche Molecular Biochemicals, 99.7% pure by HPLdata
not shown). ATRPS' and AMPPNP (Roche Molecular
Biochemicals) were purified by ion-exchange chromotog-
raphy (purity,>98%).N-Methylanthraniloyl (manf)labeled
ADP and ATP were prepared as describ2@)(and mant
labeled AMPPNP was obtained from Molecular Probes. ATP

Photophysics (Surrey, UK) stopped-flow with a dead-time
of 1.2 ms. Tryptophan fluorescence was measured by exciting
the sample at 295 nm and the emission measured using a
320 nm long pass filter (Oriel Corp., Stratford, CT). Pyrene
actin was excited at 365 nm, and mant-labeled nucleotides
were excited by energy transfer at 295 nm or directly at 365
nm; the fluorescence emission of both pyrene and mant was
measured using a 400 nm long pass filter (Oriel Corp.,
Stratford, CT).

Nonlinear least-squares fitting of the data was done with
software provided with the instrument or Kaleidagraph

and ADP concentrations were determined by absorbance a{Synergy Software, Reading, PA). Uncertainties reported are

259 nm usingezsg of 15400 Mt cm™L. Nucleotides were
prepared prior to use in the presence of equimolar MgCl
Myosin V cDNA Construction, Expression, and Purifica-

standard error of the fits unless stated otherwise.

Actin Co-Sedimentation AssayslV 11Q (1uM) was
equilibrated with a range of actin concentrations 80 «M)

tion. Site-directed mutagenesis was performed on a constructfor 30 min on ice. Samples o34 mM ATPyS, 5-15 mM

of chicken myosin V containing a single 1Q motif (\WT MV
11Q) (residues +792) to substitute glycine 440 (G440A MV
11Q) or glutamate 442 (E442A MV 11Q) with alanine. The

baculovirus system was used to express mutant and wild-

type chicken myosin V which contained a C-terminal FLAG
tag for purification purposes). All myosin V constructs

were coexpressed with the essential light chain LC-T¥a (
and purified using an anti-FLAG affinity chromotography.

AMPPNP, or 1 mM ATP were added just prior to ultracen-
trifugation at 4°C in a TLA 120.1 Beckman or at 95 000
rpm for 30 min. Samples were prepared as stated above for
measurements performed at 25, except the samples were
incubated for 10 min at 2%5C prior to ultracentrifugation at

25 °C. The amount of actin-bound myosin was determined
by comparing the amount of MV 11Q heavy chain in the
supernatant, normalized to the absence of actin, using

The purity was greater than 95% based on Coomassie stainedcanned Coomassie stained SDS gels or HPLC analysis,

SDS gels.

Actin was purified from rabbit skeletal muscle using an
acetone powder metho®1) and gel filtered. Actin was
labeled with pyrene iodoacetamide (Molecular Prob2g) (
when necessary.

Steady-State ATPase Adty of MV 11Q.All assays were
performed in KMg50 buffer (50 mM KCI, 1 mM EGTA, 1
mM MgCl,, 1 mM DTT, and 10 mM imidozole HCI pH
7.0, 25°C). Steady-state ATP hydrolysis by MV 11Q LC-
1sa (56-100 nM) was examined using the NADH-linked
assay 6), with a final MgATP concentration of 1 mM.
ATPyS hydrolysis was examined by measuring the time
course of ADP production using HPLC (final concentrations,
MV1IQ = 0.2-1.0uM and ATP/S = 0.5-1 mM).

Determination of ADP-Pi Burst. The amplitude of the
ADP—Pi burst of MV 11Q was determined in KMg50 buffer
at 25°C using an activated charcoal extraction method to
measure thé?Pi generated from the hydrolysis of-f2P]-

! Abbreviations: HPLC, high-performance liquid chromatography;
mantADP, N-methylanthraniloyl, 2deoxyadenosine'&liphosphate;
mantATP, N-methylanthraniloyl, 2deoxyadenosine’8&riphosphate;
ATPyS, adenosine '§y-thio]triphosphate; AMPPNP, adenosing 5
(By-imidotriphosphate).

yielding essentially the same results. The amount of con-
taminating ADP in the supernatant was determined by HPLC,
which was only significant in the experiments with AJ®
(2% at 4°C and <10% at 25°C), and the data were
corrected for the amount of AM.ADP using the competitive
binding equilibrium equation: [AM.ADP])/[AM.ATRS] =
([ATP')/S]/KAprs)/{ 1+ ([ATP’}/S]/KAprs) + ([ADP]/KADP)},
whereKarp,s andKapp are the affinities of ATPS and ADP

for actomyosin V. The dissociation constant for actaf?)

was determined by fitting the data to the quadratic equation
[AM] = {([M]o + [A]o + K™ £ [(M] o + [A]o + KP)?

— 4 ([A]o[M] 0)]°%}/2, where [M}, [A]o, and [AM] are the
actin, myosin, actomyosin concentrations, respectivady. (

RESULTS

Steady-State MV 11Q ATPase Adtlj. The steady-state
turnover of ATP by MV 11Q is very slow (0.0278) in the
absence of actin and is limited by phosphate relekss, (
while actin activates the ATPase more than 500-f&lgak
~ 15 5%, Katpase~ 2 uM) and causes ADP release to be
rate-limiting 6—7). MV 11Q hydrolyzes ATR'S at a very
slow rate at #C (<0.008+ 0.001 s?), and actin does not
activate the ATPase activity (Table 1). At 26, MV 11Q
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Table 1: Steady-State ATPase Properties of WT and Mutant MV 11Q

Trp fluorescence Pi burst 0 actin 10uM actin
MV (nucleotide) enhancement (% increase) (Pirhead™) ATPase (s'-head?) ATPase (s'-head?)

WT(ATP) 13 &2) 0.9 & 0.1p < 0.06 (& 0.001} 17 (£ 0.2p
WT(ATPyS) 25°C 0 n.d. 0.24 0.1F 0.02 (& 0.004¥
WT(ATPyS) 4°C n.d. n.d. < 0.008 ¢ 0.001¥ 0.024 ¢ 0.004y
WT(AMPPNP) 8 (-2) n.d. n.a. n.a.
G440A(ATP) 0 @ < 0.01(£ 0.01f < 0.04 (£ 0.01p
E442A(ATP) 8 (1) o* < 0.0001 & 0.0y < 0.01 ¢ 0.019

2 Rapid quench of MV $P-y]ATP. ¢HPLC.® NADH coupled assay! Single turnover tryptophan fluorescence.

Scheme 2 ————r—r————T—— —
K, K, Ky K K K : A W%M ° ATP
M+ ATP < M(ATP) <> M* ATP <> M** ATP <> M**ADP.Pi <> M.*ADP <> AM I ®° ar ® S, «  AMPPNP

S MNR, o ATPYS

hydrolyzes ATR'S at a similar or slightly faster rate than o& Nucleotide-fred

that of ATP (0.24- 0.1 and<0.064 0.001 s?, respectively).
The turnover of ATRS is inhibited by actin (0.028- 0.004
s tat 10uM actin) (see Table 1) in an actin-concentration-
dependent manner (inhibition was 50% of maximum inhibi-
tion at ~3 uM actin, data not shown). AMPPNP was not
hydrolyzed by MV 11Q at 4 or 28C over a 30 min period.
The turnover of ATP by the G440A and E442A MV 11Q
mutants was extremely slow and was not activated by actin
(Table 1). Neither mutant generated a Pi burst ([ADH|/
[myosin]) which was found to be near 1 for WT MV 1IQ
(5, 6) (Table 1). The steady-state turnover of ATP measured
in the NADH coupled assay was extremely slow for both R N N N NN
the G440A and E442A MV 11Q mutants in the absence 300 320 340 360 380 400

Relative Fluorescence (AU)

(=0.01+ 0.01 st and=<0.05+ 0.01 s%, respectively) and Wavelength (nm)
presence of actin0.014 0.04 st and<0.01+ 0.0 s},
respectively) (see Table 1). A single turnover of ATP [ B L V\'/T(IA"ll“P)'

hydrolysis by the E442A MV 11Q mutant in the absence of
actin monitored using the intrinsic tryptophan fluorescence = |
signal (see section below) demonstrated the turnover of ATP < |
by this mutant, determined at a higher resolution than the
that of NADH assay, is at least 100-fold slower than that by
WT MV 11Q (<0.0001+ 0.000 01 s?) (Table 1).

Tryptophan Fluorescence Enhancement of MV 11Q Nucle-
otide Complexedlo determine the predominant steady-state
intermediates of MV 11Q in the presence of ATP analogues
and mutant MV 11Q in the presence of ATP, we examined
the intrinsic tryptophan fluorescence of MV 11Q (Figure 1
and Table 1). Studies on myosin Il have determined that the
intrinsic tryptophan fluorescence signal increases upon ATP
binding (M*.ATP) and increases further upon formation of
the hydrolysis-competent state (M**.ATP), which precedes et L L
and limits the rate of ATP hydrolysis (see Scheme 2, where 300 320 340 360 380 400
M* represents enhanced tryptophan fluorescen2g) Z6). Wavelength (nm)

It has been propoged that t_he increase m.tryptophanFlGUREli Nucleotide-dependent intrinsic tryptophan fluorescence
fluorescence of myosin V monitors the formation of the gnpancement of MV 11Q. (A) Tryptophan fluorescence enhance-
hydrolysis-competent state (M**.ATP), which is the step mentof WT MV 1IQ in the presence of ATP, A8, or AMPPNP

(Ksz) that precedes and limits ATP hydrolysis, but does not binding compared to the absence of nucleotide. (B) The tryptophan
respond to ATP bindingky) (5). fluorescence enhancement of G440A or E442A MV 11Q upon ATP

s : binding compared to the nucleotide-free conditions. The fluores-
The results summarizing the nucleotide-dependent chang€ o . "of 14M myosin V 11Q in KMg50 buffer at 25°C in the

in the tryptophan fluorescence of MV 1IQ are shown in presence and absence of 108 ATP or ATP analogues was
Figure 1. The tryptophan fluorescence of WT MV 11Q excited at 295 nm, and the emitted fluorescence was measured in

increased 1215% in the presence of ATP, increaseel1®% a fluorimeter from 300 to 400 nm. The percent increase in

in the presence of AMPPNP, and did not increase in the tryptophan fluorescence intensity relative to nucleotide free condi-
- S tions is summarized in Table 1.

presence of ATPS (Figure 1A). The intrinsic fluorescence

of G440A MV 11Q did not increase in the presence of ATP,

while the intrinsic fluorescence of E442A MV 1IQ increased Nucleotide Binding to MV 1IQ Monitored with Mant-

7—8% (Figure 1B). Labeled NucleotidedVe measured ATFS and AMPPNP

E442A(ATP) ]
©  G440A(ATP) ]
Nucleotide-free|

Relative Fluorescence
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Table 2: Transient Kinetic Analysis of Mutant and WT MV 1I1Q

MV 11Q LC-1sa nucleotide binding nucleotide binding nucleotide binding dissociation apparent actin
nucleotide to myosin to actomyosin to actomyosin from actin affinity
complex Kiki2 (‘MM71 Sfl) Ki'ko' (MMfl Sfl) Ki' (uM) ko' (Sfl) K@PRuM)

WT (ATP) 1.4 @&0.2f 1.0 &0.1p 925 109) 899 43y -

WT (ATPyS¥ n.d. n.d. n.d. 10£3.7p 4.0 (£1.0¢

WT (ATPyS) 2.1 ¢0.03y 0.16 @0.04y° 400 (£160) 66 @10y 13 2.0y

WT (AMPPNP) 0.07 £0.01p 0.003 ¢0.0001% 248 (+81) 0.8 ¢-0.1y 0.3 0.1y

G440A (ATP) 1.3 0.1y 0.005 @0.001Y 398 (+71) 2.2 0.1y 0.2 (+0.02y

1.2 0.1y
E442A (ATP) 2.7 £0.67 2.3 (+0.2p 387 (+40) 874 28y 1.6 @0.2y

aTrp Fluorescence. Pyrene Actin FluorescencéMeasured at 4C. 9 Sedimentation Assay.Mant Fluorescence.

binding to MV 11Q and actomyosin V 11Q by competition 300 —r—r—rmr
with the fluorescently labeled nucleotide, mantADP (Figure A

2 and Table 2). The fluorescence of mantADP increases X
when bound to myosin. Therefore, we could monitor the rate
of ATPyS (Figure 2A) or AMPPNP (Figure 2B) binding to -
MV 11Q by its ability to compete with mantADP. The rate _ 200 —
of nucleotide bindingk.ps (sec)?, increased linearly as a 3
function of ATP analogue concentration and was fit to the
equatiorkyps (sec) = knp[MantADP]+ Kanand ATP analog], 2
assuming irreversible binding of the nucleotide to myosin =<
(27), whereknp andkanang are the second-order rate constants

for mantADP and ATP analogue binding to MV 1IQ, i
respectively. The rate of mantADP binding to MV 11Q was 5014
determined to be BM ! s™1. The second-order rate constant

Fluorescence (AU)

005 0.0 _ 015 020]
Time (sec)

for ATPyS binding to myosin V Kik;,) was found to be Y S A N S T I
2.1+ 0.1uM~t s, similar to that of ATP Kiki, = 1.4+ 0 50 100 150 200 250 300
0.1 uM~t s7Y), while AMPPNP bound at a rate 10-fold P or ATP M

slower Kiki = 0.18 + 0.10 uM~! s7). The rate of 25 — ,[AMPPI\,I o ,YS.] i ———

mantAMPPNP binding to MV 11Q was within-23-fold
(Kikiz = 0.07 + 0.01uM1 s71) of that determined with
the mantADP competition method, suggesting this method 20
is a valid for estimating the association rate constants. In
addition, the linear fit of the mantAMPPNP binding data ~__
extrapolates through zero, suggesting this nucleotide analogue § 15 -
binds MV 11Q essentially irreversibly and validates this
assumption made in the mantADP competition method. The 8
rate of ATP/S binding to actomyosin V 11Q monitored with
the mantADP competition method was determined to be 10
20-fold slower Ki'ky2' = 0.09 4+ 0.01 uM~?1 s7%) than in 5
the absence of actin (data not shown).

The binding of ATP to G440A MV 11Q in the presence i
and absence of actin, monitored by direct binding of 0 . Ll L
mantATP, was found to be similar to that of WT MV 11Q 0 50 100 150 200 250
(Kikiz andKy'k' ~ 1-2 uM~t s71) (Table 2). [mantAMPPNP] uM

Nucleotide Binding Monitored by Intrinsic Tryptophan
FluorescenceThe maximum rate of the tryptophan fluores- ) o , ,

FicurRe 2: Nucleotide binding to myosin 1IQ monitored by

cence signal Ob.tam.ed from the plot m.’s asa funptlon of competition with mant ADP or direct binding with mantAMPPNP.
ATP concentration is thought to monitor formation of the A fixed amount of mantADP (&M) and different concentrations
hydrolysis-competent step with ATR .6 + k-35) because  of (A) ATPyS or AMPPNP were mixed with M MV 11Q. The

ki2 > ki3, (see Scheme 2). In addition, the initial slope of rate of nucleotide bindingkos (Sec)?, increased linearly as a
this plot defines the second-order rate constant for ATP function of ATP analogue concentration and was fit to the equation

- . . Kobs (s€C)t = kmp[mantADP] + KanaiodATP analog] assuming
binding. The increase in tryptophan fluorescence ObserVEdirreversible binding of the nucleotide to myosin. (Inset: Time course

upon AMPPNP binding to MV 11Q was used to monitor o flyorescence enhancement after mixing mantADP and 100
the rate of binding of this nucleotide, which was similar xM AMPPNP with 0.5:M MV 11Q. The solid line is the best fit
(Kiki2 = 0.06 4 0.01uM~* s7%) to that determined by the  to a single exponential with a rate of 44180.9 s1)(B) The rate
mantAMPPNP binding method. The maximum rate of of mantAMPPNP binding to MV 11Q was measured by mixing 1

. . - uM MV 11Q with varying concentrations of mantAMPPNP.
tryptophan fluorescence signal obtained with AMPPNP (4.1 (Inset: Time course of fluorescence enhancement after mixing 100

+ 0.2 s) (Figure 3A) was 200-fold slower than that with ;M mantAMPPNP with 1«M MV 11Q. The solid line is the best
ATP. fit to a single exponential with a rate of 6:2 0.8 s'1.)
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Ficure 3: Kinetics of the nucleotide-induced increase in tryptophan
fluorescence of WT and E442A MV 11Q. Dependence of khg

on the nucleotide concentration. (AyM WT MV 11Q was mixed
with varying concentrations of AMPPNP, and (BuM E442A

MV 11Q was mixed with varying ATP concentrations. Data points
represent the average of-B transients, and the solid lines are the
best fits to a hyperbola. (Inset A: Time course of fluorescence
enhancement after mixing@M MV 11Q with 200 uM AMPPNP.
Inset B: Time course of fluorescence enhancement after mixing 1
uM E442A MV 11Q with 10uM ATP. The solid lines represent
the best fit to a single exponential with a rate of 3%.04 s for
inset A and 24.7 0.5 s'1 for inset B.)

200 1000

The tryptophan fluorescence increase of E442A MV 11Q
was used to measure the rate of ATP bindikgk({, = 2.7
+ 0.6 uM~* s71), which was similar to that of WT MV 11Q
(Kikz = 1.4 4+ 0.2 uM™1 s71) (Table 2). The nucleotide-

Yengo et al.

Scheme 3

Ky ke’ Ks Ksa
AM + ATP &> AM(ATP) & A*M.ATP & A* + M AATP & M* ATP
ko’

actomyosin complex and recovers upon formation of a
weakly bound actomyosin complex. Formation of the weakly
bound states of MV 11Q induced by nucleotide binding

occurs in two steps; a rapid binding of nucleotide to

actomyosin K1'), followed by a slower isomerizatiorKg')

to the weakly bound conformation (see Scheme 3, where
A* represents unquenched pyrene actin fluorescence).

The initial slope of the curve is a measure of the rate of
nucleotide binding to actomyositK{k:,'). The maximum
rate is a measure of the forward rate constant for the
isomerization stepk(,'), whenk,"> k_,' or the equilibrium
constantKsg' andKs, are high enough to favor the forward
reaction. The plots demonstrating the ATP-induced popula-
tion of weakly bound actomyosin V 11Q are shown in Figure
4, and the calculated rate and equilibrium constants are
summarized in Table 2. The amplitude of the pyrene
fluorescence transient induced by binding of saturating
concentrations of AT$S or AMPPNP to actomyosin V 11Q
was 100% recovered, indicating thiat,> k ;' and the
binding of these nucleotides is essentially irreversible. Mixing
ATPyS with pyrene actomyosin V 1IQ resulted in a
fluorescence transient that was best fit by two exponentials,
with a maximum rate of the slow and fast phases calculated
to be ~7 and~70 s%, respectively. The slow phase was
thought to be due to the small amount of ADP contamination
in the ATP/S prep that competitively inhibits the binding
of ATPyS to actomyosin V. The rate of AS binding to
actomyosin V 1IQ Ki'ky2'= 0.16 + 0.04 uM~* s71) was
10-fold slower than that of ATPK'k2’= 1.0+ 0.1 uM™*

s 1) and resulted in a 10-fold slower rate of formation of
the weakly bound actomyosin compléx { = 66+ 10 %)
compared to that induced by ATP bindink,{ = 899 +
43s1), while the equilibrium constant for rapid ApS
binding to actomyosin V 11Q was 2-fold tighter than that
for ATP (1K; = 400 + 160 and 925+ 109 uM,
respectively) (Figure 4A and Table 2). The pyrene actin
fluorescence transients induced by AMPPNP binding to
actomyosin V 11Q were also best fit by two exponentials,
of which the slower phase was modeled as the ADP-inhibited
rate, as suggested for A¥B. The second-order rate constant
for the AMPPNP-induced population of weakly bound
actomyosin V 11Q K;'k+»'= 0.003+ 0.000xM~*s™) and

the maximum rate of formation of the weakly bound

dependence of the rate of tryptophan fluorescence enhanceconformation ki»' = 0.8 s* 4 0.1 s'!) were much slower

ment was best fit to a hyperbola. However, the difficulty in
obtaining data points at high ATP concentration8Q0uM),

due to the lower amplitude of the tryptophan fluorescence
signal with E442A MV 11Q, does not allow us to completely
rule out a linear fit of the data. The data fit to a hyperbola

suggest that the formation of the hydrolysis-competent state,

derived from the maximum rate of the tryptophan fluores-
cence signalk;z, + k-3, = 7314+ 128 s'*) (Figure 3B and
Table 2), was very similar to that of WT MV 11Q (778
16 s%) (6).

Population of the Weakly Bound States Monitored with
Pyrene Actin Fluorescenc&he fluorescence from pyrene
actin is quenched upon formation of the strongly bound

than that with ATP, while the rapid rate of AMPPNP binding
was 2-3-fold tighter (1K, = 248 £ 81 uM) (Figure 4B
and Table 2).

The ATP-induced population of the weakly bound a€to
E442A MV 11Q was very different from actoG440A MV
11Q. The properties of the ATP-induced population of weakly
bound acte-E442A MV 11Q (1K, = 387 + 40 uM,
Ki'kip'= 2.3+ 0.2uM 1 s ki = 874+ 28 s%) were
nearly identical to WT MV 11Q (Figure 4D and Table 2).
The amplitude of the pyrene fluorescence increase following
ATP binding to acte-G440A MV 11Q was 76-80%
recovered, indicating that.,' is not> k_,', and thus ATP
binding may be more reversible with this mutant. Therefore,
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FiGure 4: ATP- and ATP-analogue-induced population of weakly bound actomyosin V 11Q monitored by pyrene actin fluorescence.
Dependence of the rate of the fluorescence increlagg (pon mixing 0.5uM WT MV 11Q bound to 0.5uM pyrene actin and varying
concentrations of ATPS (A) or AMPPNP (B), as well as 0.6M MV G440A (C) or E442A (D) 11Q bound to 0.56M pyrene actin mixed

with varying ATP concentrations. The fluorescence increase in the presence gBAFFAMPPPNP was fit to two exponentials, and the

fast phase was modeled to be the AABPor AMPPNP-induced dissociation (shown in A and B), while the slow-phase was modeled as the
ADP-inhibited rate (maximum rate of7 s * for ATPyS and~0.2 s for AMPPNP). All other experiments were fit to single exponentials,

and the error bars represent the standard error of the fit. The solid lines are best fits to a hyperbola. The data represent the summary of
experiments from at least two separate protein and nucleotide-analogue preparations.

the rate and equilibrium constants describing the interaction pyrene actin concentration, was used to determine the affinity
of ATP and acte-G440A MV 1IQ are referred to as  of the G440A MV1IQ mutant for pyrene actin in the presence
Ki'k:2'?PP and kyp'@PP. Acto—G440A MV 11Q had an equi-  of ATP (~0.6 uM) (data not shown).
librium constant for rapid ATP binding that was-3-fold
tighter (1K, = 398+ 71 uM) than that for WT acte-MV
11Q. In addition, acte-G440A MV 11Q had a much slower
second-order rate constant for ATP binding,'k,'2"P=
0.0054 0.001uM~* s7%), in contrast to that monitored by
mantATP Ki'ki2'=1.24+ 0.1uM~1s™1), and populated the
weakly bound states at a much slower rdte'fPP= 2.2 +
0.1 s1) (Figure 4C and Table 2).

Affinity for Actin. The apparent affinity of MV 11Q for

DISCUSSION

The ability of myosin V to move processively along actin
filaments requires that myosin V does not diffuse away from
actin during multiple catalytic cycles. We have studied the
weakly bound states of myosin V and ascertained that these
states have a higher affinity for actin compared to the
nonprocessive class Il myosins and thus may contribute to

actin (K# in the presence of nucleotide analogues or myosin V’s ability to move processively. Our results also

G440A and E442A MV 11Q in the presence of ATP was have rev_ealgd a number of states t_hat are _involved in the
determined using actin cosedimentation assays (Figure 5 anommunication between the nucleotide-binding pocket and
Table 2). The apparent affinity of MV 11Q for actin in the the actin _mterface, and thus ATP-induced dissociation of
presence of ATPS was in the micromolar rang&£eP = actomyosin.

4.0 + 1.0 uM and 13.0+ 2.0 uM at 4 and 25°C, Tryptophan Fluorescence of Myosin V Monitors the
respectively) after correcting the data for the amount of ADP Formation of the Hydrolysis-Competent Stafhe tryp-
bound to actomyosin V 11Q~20% at 4°C and~80% at tophan fluorescence results with the nucleotide analogues
25°C) (Figure 4A). MV 11Q had a much higher affinity for ~and switch Il mutants can be interpreted in terms of Scheme
actin in the presence of AMPPNR£PP= 0.30+ 0.03uM) 4, modified from the scheme of myosin 25, 26), where

that was independent of temperature (Figure 4A). The E442A M* represents enhanced myosin tryptophan fluorescence.
MV 11Q was determined to have an affinity for actin in the Since myosin V contains the conserved nucleotide-
micromolar rangeK** = 1.6 + 0.2 uM) in the presence  sensitive tryptophan residue (Trp-510 in skeletal muscle
of ATP at 25°C, while G440A MV 1IQ had a~10-fold myosin 1), it was proposed that the typtophan fluorscence
higher affinity for actin K& = 0.20 £ 0.02 uM). In increase probably monitors formation of the hydrolysis-
addition, the amplitude of the ATP-induced dissociation of competent step as has been shown in myosi@8| 29) or
acto—G440A MV 11Q, which decreased as a function of the transition from an open to a closed conformatib).(
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nucleotide analogues suggest that they can effect formation
and/or stabilization of the closed state. The intrinsic tryp-
] tophan fluorescence of MV 11Q does not change in the
] presence of ATPS even though MV 1IQ binds AT
rapidly and is capable of hydrolyzing this nucleotide
analogue. ATPS may slow the formation of the M*.ATP
state in MV 11Q, proceed through the M*.ATP to the
] M*.ADP.Pi state rapidly, and rapidly leave the M*.ADP.Pi
1 A state, preventing its accumulation. In addition, the hydrolysis
] of ATPyS by MV 1IQ is highly temperature-dependent and
suggests myosin V mainly populates the M.ATP state at
et ] lower temperature. AMPPNP can induce a tryptophan
O P fluorescence increase in MV 11Q, despite its inability to
Ot ] hydrolyze AMPPNP. However, the amplitude of the fluo-
0 10 20 30 40 50 60 rescence enhancement was0% of the enhancement
[Actin] pM observed with MV 11Q in the presence of ATP, and the
————— T maximum rate of formation of the hydrolysis-competent or
| closed state was 200-fold slower than that of MV 11Q. Since
the rate of mantAMPPNP binding was determined to be
faster &~12 s!) than the maximum rate of tryptophan
fluorescence enhancement, the data suggest that AMPPNP
binds to MV 1IQ, followed by a slower rate of formation of
the hydrolysis-competent state. §, + k_zp). Thus, AMPPNP
binding to MV 11Q induces formation of the closed state at
a much slower rate than that of ATP, may reduce the
equilibrium constant between the open and closed states, and
results in population of a mixture of the M.ATP and M*.ATP
states in the absence of actin.
The switch Il mutants also trap myosin V in two different
M.ATP states, suggesting a conserved structural mechanism
Od i for formation and stabilization of the closed state. The
0 10 20 30 40 50 60 G440A MV 11Q mutant binds ATP in a manner similar to
[Actin] uM WT MV 1IQ but does not populate the closed state, as
indicated by the absence of an ATP-induced tryptophan
FicUrRe 5. Apparent affinity for actin of MV 1IQ nucleotide  flyorescence change. The intrinsic fluorescence signal of the

complexes. Actin cosedimentation assay of MV 11Q:{d) in the ; ; ; :
presence of (A) ATPS (3 mM) C) or (B) AMPPNP (5 mM) ®) E442A myosin V increased in the presence of ATP with an

at 4°C (inset) or 25°C. (B) MV G440A (1uM) (<) or E442A (1 amplitude that wa&_SOO/_o of WT MV 1IQ in the presence

uM) () 11Q in the presence of ATP (1 mM) at 2&. The amount of ATP, while the kinetics of the tryptophan fluorescence
of actin-bound myosin was determined by measuring the amount enhancement of E442A MV 11Q were similar to those of
of MV 11Q in the supernatant and pellet using Coomassie stained \\/T MV 11Q. Sutoh and colleagues demonstrated that the

SDS-gels or HPLC analysis (see Materials and Methods). The data : - . . - .
were gorrected for the a)rlnougt of AM(ADP) by using the)competi- corresponding mutations Dictyosteliummyosin I1 yielded

tive binding equilibrium equation (see Materials and Methods). The Sim”ar re§U|tS 18). In addition, the c_orresponding.se}lt-bridge
dissociation constant was determined by fitting the data to the mutation in smooth muscle myosin Il gave a similar result
quadratic equation (see Materials and Methods). The data represen{19), but altering the charge at this position in Dicty myosin
the summary of experiments from at least two separate protein || prevented formation of the closed statk7). Therefore,

T
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preparations. the conserved switch Il glycine, which forms a hydrogen
Scheme 4 bond to they phosphate, appears to be absolutely essential
Open  Closed  Closed to drive rotation of the switch Il helix and formation of the
M+ ATP &> M(ATP) & M.ATP & M* ATP ¢> M*ADP.Pi <> MADP &> AM closed conformation. In addition, our data suggest that the

conserved salt bridge between the switch | and Il regions is

. . . not essential for formation of the closed conformation but
Therefore, in the presence of ATP, myosin V predominantly may affect the equilibrium between the open and closed
populates the M*.ADP.Pi state. Our data suggest that, as for.qnformations.
myosin Il, there are two different prehydrolysis ATP states Affinity for Actin in the Weak Binding StateShe
in myosin V: a low-tryptophan fluorescence state (M.ATP  experiments performed in the presence of actin can be
or open) not capable of hydrolysis and a high-tryptophan summarized in the following scheme (Scheme 5), in which
fluorescence state capable of hydrolyzing ATP (M*.ATP or ATP* represents enhanced mantATP fluorescence, M*
closed). Overall, our results support observations that forma- represents enhanced myosin tryptophan fluorescence, and A*
tion of the hydrolysis-competent or closed state, which limits represents unquenched pyrene actin fluorescence. Scheme
the rate of ATP hydrolysis, is extremely rapiet700 s?) 5 demonstrates which state(s) we propose, WT or mutant
in MV 11Q (5). MV 11Q, mainly populate(s) in the presence of actin and
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Scheme 5 a posthydrolysis M.ADP.Pi state such as that proposed by
[N b Sleep and Hutton34) as well as Taylor35), or a state off
GA40A ATPYS/E442A the normal ATPase pathway of myosin V .
AM(ATP) <> AMATP*<> A*M.ATP* <> A*M* ATP* The G440A MV 11Q mutant traps myosin V in an M.ATP-
T l“"M T l“"M T lz“'”” state that has a relatively high affinity for actitn@.2 uM)

and ATP, suggesting this mutant uncouples the actin and
nucleotide binding sites. The tryptophan fluorescence of
) , , G440A MV 11Q mutant did not increase in the presence of
saturating nucleotide analogue or ATP concentrations, ATp even though it bound ATP with a similar affinity to

respectively. The two methods that were used to monitor \y pmy 11Q in the presence and absence of actin (Table

the affinity of MV 11Q for actin, pyrene actin fluorescence 5y The high affinity of the G440A MV 11Q mutant for actin
and actin cosedimnetation, allowed us to identify a state that 5.4 s ability to quench pyrene actin fluorescence in the

is bound to actin, weakly tethered, but does not quench thepresence of ATP suggests this mutant occupies a state

pyrene actin fluorescence. intermediate between weak and strong binding (AM.ATP*).
Previous results suggest ATP binding to actomyosin V Studies on myosin Il suggest that a higher affinity for
11Q results in a rapid isomerization to a weak binding state nucleotide would result in a lower affinity for actir3§).
that promotes dissociation from actif, 8). Actin cosedi- The results of the G440A MV 11Q mutant bound to ATP
mentation and pyrene actin dissociation data suggest thalsuggest myosin V may be capable of adopting a state that
ATPyS induces a weakly bound statéq(= 4 uM) that can bind actin and ATP with moderate affinities. If this state
dissociates actomyosin V 11Q. Also, the steady-state turnoveris a normal part of the actomyosin V pathway, it is not
of ATPyS by MV 1IQ is inhibited by actin with a significantly populated because the ATP-induced dissociation
concentration dependence that is similar to the affinity for of actomyosin V is extremely rapid1000 s?).
actin measured by cosedimentation assays. The E442A MV The results with the G440A MV 1IQ mutant also
1IQ mutant in the presence of ATP, which is trapped in & demonstrate that the mantATP and pyrene actin fluorescence
mixture of the M.ATP and M*ATP states in the absence of signals report two different structural transitions during the
actin, had a similar affinity for actin§2 uM), suggesting  actomyosin ATP cycle (see Scheme 5). These results suggest
this mutant may populate primarily the A*M.ATP* state in  that two different conformational changes occur when ATP
the presence of actin. In addition, previous experiments havebinds actomyosin; first the nucleotide binding region changes
determined that the affinity of the A*M* ATP* state, which  conformation to bind ATP tightly, which alters the environ-
is the same structural state as the A*M*.ADP.Pi state, has ament of the mant fluorophore (AM.ATP*), then there is an

MATP* < MATP* < M* ATP*

weak affinity for actin €10 uM) (5). Interestingly, MV jsomerization from a strong to a weak actomyosin complex
11Q’s affinity for actin in the M.ATP-state at 50 mM KClis  (A*M.ATP*), which alters the environment of the pyrene
much tighter than that of class Il myosins30 «M) (13— fluorophore. The G440A mutant separates these two signals,

15), suggesting that the actin binding region of myosin Vis which were previously thought to occur in the same step.
different from that of nonprocessive class Il myosins. Since Both steps occur rapidly in WT MV 11Q and myosin Il and
the binding of myosin to actin in the weak binding states is therefore cannot be resolved.

thought to be mediated by a charged loop (loop3p) 81), ATP-Induced Dissociation of Actomyos@oordination of
unresolved by crystallographic studies, the additional chargedthey phosphate of ATP is critical to induce the weakly bound
residues in or around this loop may contribute to myosin actomyosin complex. Previous results suggest that the switch
V’s increased affinity for actin in the weak binding states as || region communicates conformational changes at the
suggestedq). nucleotide binding site to the light chain binding regidi)(

The pyrene fluorescence of actomyosin V 1IQ fully Our results suggest that altering interactions with the
recovers in the presence of AMPPNP indicating this ATP phosphate, either by using a nucleotide analogue or by
analogue can induce a state that does not quench pyrenenutating a residue (G440A) involved in binding the
while its affinity for actin remains relatively high+0.3uM). phosphate, decreases the isomerization kat8 from strong
The tryptophan fluorescence results with AMPPNP suggest to weak binding. Thus, conformational changes in the switch
this analogue can induce formation of the closed state Il region may also be coupled to changes in the actin-binding
(M*.ATP) in the absence of actin, but actin binding may region.
cause the MV 1I1Q.AMPPNP complex to shift to a state  The rate of this isomerization is quite fastin WT MV 11Q
intermediate between weak and strong binding. Experimentsin the presence of ATF({;' ~ 1000 s?) and was reduced
with AMPPNP and muscle myosin Il also suggest that ~1000-fold with AMPPNP K.,'3*~ 0.8 s'1), ~500-fold in
AMPPNP can induce a state that has a higher affinity for the G440A mutant K;,'3 ~ 2 s™%), and ~10-fold with
actin than that in the presence of ATP or A7 (13). In ATPyS (k2 ~ 70 s'Y). The nucleotide-analogue-induced
addition, AMPPNP can induce activation of the thin filament isomerization from strong to weak binding was also found
in muscle 82) and results in cross-bridges that are immobile to be reduced in skeletal muscle myosin 114), which
and stereospecifically bound to acti®3]. Actomyosin V suggests that the structural interactions of the nucleotide in
11Q in the presence of AMPPNP does not represent the samehe active site of myosin are well conserved between class
state as the acteG440A MV 11Q mutant in the presence Il and V myosins.
of ATP even though they have similar affinities for actin, Crystallographic studies with myosin Il suggest that
because the G440A MV 11Q mutant quenches pyrene actin.AMPPNP and ATRS are coordinated in the active site of
Therefore, it is unclear what state actomyosin V 11Q myosin similarly to ATP, with a few specific differences
represents in the presence of AMPPNP, but it could representthat may be responsible for the different biochemical



8516 Biochemistry, Vol. 41, No. 26, 2002

properties observed with these two nucleotide analo@@®@s (
The structure of AMPPNP bound to myosin displays a
different hydrogen bonding pattern around the nucleotide
than that of ATP, which likely reduces its affinity for myosin
and slows the formation of a weak binding conformation in
the presence of actin. In the case of AR the only
difference is the sulfur atom, which replaces one of the
oxygen atoms of the phosphate of ATP, disrupts hydrogen
bonds that normally form with solvent molecules. Thus, very
subtle structural difference between ATP analogues and ATP
can have a dramatic effect on the hydrolysis step and 2
formation of the weak binding conformation.

In the G440A MV 11Q mutant, removal of the hydrogen
bond between glycine 440 and thehosphate of ATP may
eliminate rearrangements of the switch Il region and prevent
formation of the closed statel§). Our results add to the
previous results by suggesting conformational changes in the
switch Il region are essential for forming the weak binding
conformation, which may involve opening of the actin-
binding cleft 88, 39). This suggests that strong actin binding
may alter the conformation of the switch Il region and that
ATP binding to actomyosin changes the conformation of the
switch Il region, which is necessary for forming a weakly
bound conformation of myosin.

Implications for Processity of the Natve Myosin V
Dimer. One model 2, 23) proposes that a relatively high
affinity for actin in the M.ADP.Pi state is important for the
mechanism of myosin V or myosin VI processivity. This
model suggests that the probability of entry into the strong
actin binding states is a product of the two equilibrium
constants, M.ADP.Pi binding to actin Kg) and phosphate
release K4'), which determines the degree of processivity
of myosin V. Furthermore, it was proposed that after initially
binding to actin in the M.ADP.Pi state, actin may induce
formation of a state that precedes phosphate release and has
an actin affinity that is intermediate between weak and strong
(23). Since the M.ATP state has a relatively high affinity
for actin, the affinity of the M.ADP.Pi state for actin may
also be relatively high compared to nonprocessive myosin
II. In addition, our results with AMPPNP show that myosin
V is capable of forming a state that is intermediate between
weak and strong actin binding. Therefore, a relatively high
affinity for actin in the M.ADP.Pi state and extremely fast
and irreversible phosphate release could both be important o4
for the processivity of myosin V.

In conclusion, our results show that myosin V has a higher
affinity for actin than muscle myosin Il in the weak binding
states. Our results suggest that specific interactions between ,,
ATP and myosin are extremely important for generating a
weak binding conformation and promoting dissociation from
actin. We provide direct evidence that during the ATP-
induced dissociation of actomyosin the nucleotide binding
region of myosin changes conformation, which is then
transmitted to create changes in the actin-binding region.
Specific mutations and analogues can partially uncouple the
communication between the two sites. This draws further 28.
attention to the likelihood that high-resolution structures of
the actin-myosin complex will reveal different conforma-
tions of the active site elements and the elements connecting 5
them to the actin interface than have been seen in the myosin
structures solved thus far.
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