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Magnesium, ADP, and Actin Binding Linkage of Myosin V: Evidence for Multiple
Myosin V—ADP and Actomyosin V-ADP State$
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ABSTRACT. The [M¢?"] dependence of ADP binding to myosin V and actomyosin V was measured from
the fluorescence of mantADP. Time courses of MgmantADP dissociation from myosin V and actomyosin
V are biphasic with fast observed rate constants that depend on tR&] gl slow observed rate constants
that are [M@"]-independent. Two myosin ¥YMgADP states that are in reversible equilibrium, one that
exchanges nucleotide and cation slowly (strong binding) and one that exchanges nucleotide and cation
rapidly (weak binding), account for the data. The two myosiiWgADP states are of comparable energies,

as indicated by the relatively equimolar partitioning at saturating magnesium. Actin binding lowers the
affinity for bound Mg * 2-fold but shifts the isomerization equilibrius6-fold to the weak ADP binding
state, lowering the affinity and accelerating the overall rate of MgQADP release. Actin does not weaken
the affinity or accelerate the release of cation-free ADP, indicating that actin and ADP binding linkage is
magnesium-dependent. Myosin V and myositADP binding to actin was assayed from the quenching

of pyrene actin fluorescence. Time courses of myosirADP binding and release are biphasic, consistent
with the existence of two (weak and strong) quenched pyrene actomyesikDY conformations. We

favor a sequential mechanism for actomyosin V dissociation with a transition from strong to weak actin-
binding conformations preceding dissociation. The data provide evidence for multiple myd3ihand
actomyosir-ADP states and establish a kinetic and thermodynamic framework for defining the magnesium-
dependent coupling between the actin and nucleotide binding sites of myosin.

The myosin family of molecular motors constitutes a large for actin and accompanies the force-generating power stroke.
gene family of proteins that transport biological molecules ADP release generates actomyosin with no bound nucleotide,
along actin filament tracks and have been implicated in and the catalytic cycle begins again with ATP binding.

various cellular functions including membrane trafficking, Understanding the linkage between actin binding and the
cytokinesis, cell migration, and signal transductidn At chemical state of the bound nucleotide is a central issue in
least 18 different classes (classesxVIll) make up the  defining the mechanism of force generation and work output
family. All identified myosins possess a highly conserved by myosin motors. Actin binding weakens the affinity and
catalytic motor domain that binds actin, hydrolyzes ATP, accelerates the release of the hydrolysis products, ADP and
and performs the mechanical work. P, from myosin. In this regard actin can be considered a
The actomyosin ATPase cycle consists of a series of hycleotide exchange factor for myosiB) (similar to the
nucleotide-linked, biochemical reactions that are coupled to regulatory proteins that act on members of the G-protein
energetic and conformational changes in myognilyosin - family. In this system, binding of the exchange factor disrupts
without bound nucleotide binds actin filaments with high the coordination of the nucleotide-associated cation, which
affinity. ATP binding opens the actin-binding cleft of myosin, accelerates the overall release of the bound nucleotide (
which lowers its affinity for actin, causing myosin to Thijs mechanistic strategy has also been reported for other
dissociate from actin. Detached myosin undergoes a con-nycleotide exchange proteins such as profilin, which ac-
formational change that allows it to hydrolyze ATP to ADP  celerates nucleotide exchange from actin monon®rsnd
and R. The hydrolysis products remain bound noncovalently kinesin, where microtubule binding accelerates the release
to myosin, yielding the kinetically stable but thermodynami- of MgADP (6). It is clear that, for many proteins, coordina-
cally unstable high-energy myosiADP—P; intermediate.  tion of the nucleotide-associated cation frequently plays an

Myosin—ADP—P, binding to actin accelerates rate-limiting  important role in regulating the nucleotide binding affinities
P, release. This transition increases the affinity of myosin and kinetics of release.

Myosin V is a processive two-headed myosin that takes
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e I the affinities of Mg* for ADP, as determined by isothermal
201 titration calorimetry, and EDTA under our experimental
100 = - conditions. Essentially identical values were obtained
f; using the program MaxC 2.5 (http://www.stanford.edu/
- ~cpatton/).
— Time courses of fluorescence change were fitted to a sum
2 . of exponentials (eq 1) by nonlinear least-squares fitting using
d Pro-K software provided with the instrument:
S| L gt SR

Ficure 1: SDS-PAGE gel of recombinant myosin V-11Q. 12% n

SDS-PAGE analysis of purified myosin V-11Q (lanes 1 and 2) at F)=F,+ S A g Kt (1)

two different loading densities. Note the absence of actin contami- o ;

nation.

where F(t) is the fluorescence at timg F., is the final
fluorescence intensity); is the amplitudek; is the observed
rate constant characterizing ttk relaxation process, amd

is the total number of observed relaxations. The dead time
of the instrument determined from the reduction of 2,6-
dichlorophenolindophenol in absorbance mode< ms.
Fitting was limited to data beyond 3 ms to account for
instrument dead time and to exclude data acquired during
the continuous flow phase of mixing as recommended by
the manufacturer. Time courses shown are of unaveraged,
1000-point transients collected with the instrument in over-
sampling mode (intrinsic time constast30 us) or, where
indicated, the average of two individual traces. In most cases
the average of 36 transients was used for analysis.
EXPERIMENTAL PROCEDURES Uncertainties are reported as standard errors in the fits unless
stated otherwise.

; MantADP Dissociation KineticsMantADP release was

by HPLC, data not shown) was purchased from Sigma (St. e asured by competing an equilibrated sample of myesin
Louis, MO). ADP concentrations were determllned k_)}/ ab- antADP or actomyosinmantADP (in the presence of 4
sorbance at 259 nm usingse of 15400 M= cm™. mM EDTA or 0.2 mM MgCh) with >100-fold excess

_I\I-MethylanthraniloyI-ADP (mantADP, mixed 2 and 3 unlabeled ADP (in the presence of 4 mM EDTA or a range
isomers) was purchased from Molecular Probes (Eugene, OR ¢ [MgCl,]). Excess unlabeled ADP ensures that mantADP

Catalog No. M-12416, Lot No. 12B1-3);-Beoxy-mantADP  yisqqciation is irreversible. Fluorescendg & 297 nm) was
was synthesized as describ@. MantADP concentrations  yqpitored through a 400 nm long pass colored glass filter.

were determined usingzss of 23 300 M* cm®. MgCl, MantADP release from actomyosin \ADP—P; (and
solution (1 M) was purchased from American Bioanalytical. actomyosin \-ADP) was measured with the instrument in
Protein Expression and Purificatio®ingle-headed chicken sequential mixing mode: 2M myosin V was mixed with
myosin V-11Q with bound Iigh.t.chain 1sa (referred to as 1004M mantADP or mantATP (mixture of'’znd 3), aged
myosin V throughout) was pur|f|eo_l from Sf9 cells by Flag for ~2 s to allow for product (ADP-P, or the strong ADP
affinity c_hromat(_)graphy £ 9)‘. Purity was__>98% for all .. binding state) formation, and then mixed with BB actin
preparations (Figure 1). Actm was purified from rabbit filaments and 4 mM MgADP. Final concentrations are 0.67
skeletal _muscle and gel filtered over Sephacr.yl S-300HR. «M myosin V, 33 «uM mantADP or mantATP, 3Q:M
C&'-actin monomers were converted to Meactin mono- F-actin, and 2 mM MgADP
mers W'th 0'2. mM E.GTA and SQM (e_xcess over "’.‘Ct.m) MantADP Binding KineticsTime courses of mantADP
MgCl, immediately prior to polymerization by dialysis into binding were acquired under pseudo-first-order conditions
2“&9,\5/'0 (b::Jffaer: d(i% T1'\|\//|I Knc]?:j'al ;](LVI EI_?7T ’g) 1Prr?e':l/:o|'3(}—r?( 12 1 with [nucleotide]> [myosin or actomyosin]. Actomyosin
9 imigazole, pr 7.4). \cl "~ samples were prepared by mixing myosin witlxM actin

molar equiv) was used to stabilize actin filaments. filaments and equilibrating at 2%C for at least 10 min.

Stopped-Flow Measurementsll experiments were per- S .
. amples were treated with apyrase (potato, grade VIl, 0.1
formed in K50 buffer (50 mM KCI, 1 mM EGTA, 1 mM unit mL~? final) to ensure rigor (no nucleotide) conditions.

DTT, and 10 mM '|m|dazole, pH .7'0) supplemented with Actin Binding and Dissociation Kineticdlyosin V and
varying concentrations of Mgelsing an Applied Photo- . L o .

. myosin V—ADP binding to actin filaments was monitored
physics (Surrey, U.K.) SX.18MV-R stopped flow apparatus by fluorescence quenching of pyrene actin. Fluorescehge (
thermostated at 25H0.1) °C. The free [M@'] in solution _y 4 . gd Ey h : | f
(i.e. not bound to nucleotides or myosin) was calculated using _ 366 nm) was monitored throug a_400 nm long pass

e colored glass filter. Myosin V and myosin-VADP binding

— to actin flaments was measured under pseudo-first-order
1 Abbreviations: mantADP or mD, '@r 3)-O-(N-methylanthra-

niloyl) adenosine Bdiphosphate; MgmantADP, magnesium in complex conditions with [actinp> [myosin]. Myosin V and myosin

with mantADP; S1, fast skeletal muscle myosin subfragment-1; VY —ADP dissociation from pyrene actin filaments was
actoS1.ADP, S1 in complex with actin and ADP. monitored by mixing an equilibrated mixture of pyrene

on the affinity of myosin V for ADP T), enabling it to
simultaneously bind both actin and ADP with high affinity.

We initiated this study to determine the role of bound
magnesium in dictating the ADP and actin affinities of
myosin V and to evaluate if the coupling between actin and
ADP hinding to myosin V is [Mg"]-dependent. Our results
establish a kinetic and thermodynamic framework for defin-
ing the magnesium-dependent coupling between the actin
and nucleotide binding sites of myosin, and demonstrate that
actin weakens ADP binding to myosin V by disrupting
coordination of bound Mg and shifting the equilibrium
between two myosin VADP states to favor formation of
the state that binds nucleotide and cation weakly.

ReagentsADP (Sigma A-5285, purity 98% as assayed
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actomyosin V with>40-fold excess unlabeled actin fila-
ments. Mg*-free and saturating Mg conditions were
obtained by the addition of 4 mM EDTA or 5 mM Mg£l
respectively, to K50 buffer. Nucleotide-free conditions were
achieved by incubating myosin V with apyrase (0.1 unit
mL~1) at 25°C for 20 min. Time courses were corrected for
photobleaching by subtracting the time courses of pyrene
actin fluorescence acquired under identical experimental
conditions.

Isothermal Titration CalorimetryThe affinity of Mg?*
for ADP was measured at 25:0.1) °C in K50 buffer
essentially as described(, 11 with a MicroCal (Northamp-
ton, MA) MCS isothermal titration calorimeter. DTT was
not included in the reaction buffer to eliminate DTT related
baseline problems. Data analysis was done with Origin
software accompanying the instrument.

RESULTS

A. [Mg?"] Dependence of MantADP Dissociation from
Myosin V. MantADP dissociation from myosin V was
measured by competition with unlabeled ADP. In the
presence of 3 mM free Mg, the time course of fluorescence
change after mixing myosin ¥YmantADP (mixed 2and 3
isomers) with excess MgADP follows a double exponential
(Figure 2A) with fast (10.8t 0.9 s%) and slow (2.2+ 0.1
s 1) observed rate constants. The time course' afedxy-
mantADP dissociation from myosin V also follows a double
exponential (Figure 2C) with fast (13:80.5 s'%) and slow
(2.3+£ 0.1 s'1) observed rate constants comparable to those
of the mixed isomers, confirming that the biphasic time
courses are not due to the mixed @nd 3-labeled isomers.
The relative amplitude of the fast and slow phases for both
mantADP and 2deoxy-mantADP are 30% and 70%, re-
spectively. The time course of mantADP release whe
mixing with excess MgATP is also biphasic with a fast
observed rate constant of 12t00.1 s'* and slow observed
rate constant of 2.0t 0.03 s?! (data not shown). This
indicates that the ADP biphasic dissociation from myosin V
is independent of the competing unlabeled ligands.

n
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Ficure 2: Kinetics of MantADP dissociation from myosin V and

actomyosin V. (A) Time courses of fluorescence change upon

mixing an equilibrated mixture of 206M mantADP and 0.&«M

myosin V with an equal volume of (curdeDTA) 4 mM ADP with

final conditions after mixing of 4 mM EDTA, or (curvilg) 4

mM MgADP with final conditions after mixing of 3 mM free Mg.

Data was collected on a split time base with fewer data points after

200 ms, accounting for the reduced noise level. Inset: Time courses

shown on a shorter time scale. The smooth lines through the data

represent best fits to single (curae= EDTA rate constant: 47.3

s1) or double (curveb = Mg, rate constant: 10.8 (30%) and 2.2

s71(70%)) exponentials. The data traces represent the averages of

two individual transients. (B) Time courses of fluorescence change

after mixing an equilibrated mixture of 2éM mantADP and 0.8

0.5

uM actomyosin V with an equal volume of (cun&EDTA) 4 mM

ADP with final conditions after mixing of 4 mM EDTA, or (curve

Mg, rate constant: 13.87% (80%) and 1.0 st (20%)) 4 mM
MgADP with final conditions after mixing of 3 mM free Mg.

The data traces represent individual unaveraged transients. The

The observed rate constant of the fast dissociation dependsmooth lines through the data represent best fits to single (curve
strongly on the magnesium concentration and is saturated aEDTA rate constant: 44.7%) or double (curvéMg) exponentials.

~2 mM free Mg (Figure 3A). The slow phase is weakly
dependent on magnesium concentration (Figure 3B).

The time course of mantADP release from myosin V in

Inset: Time courses shown on a shorter time scale. (C) Time
courses of fluorescence decrease upon mixing an equilibrated
mixture of 20uM 2'-deoxy mantADP and (curvAM) 0.8 uM
actomyosin V or (curvé) 0.8«M myosin V with an equal volume

the presence of excess EDTA and no added magnesium (fre@f 4 mM MgADP with final conditions of 3 mM free M. Inset:

[Mg?*] ~ 0) can be well-fitted to a single exponential with
an observed rate constant of 4431.3 s (Figure 2A),
indicating that divalent cation-free ADP dissociates from
myosin V ~5 times more rapidly than MgADPK{(,p >
K-mg.mp in Scheme 1).

The time course of mantADP release from myosin V after
mixing an equilibrated mixture of myosin-vmantADP and
0.2 mM magnesium with excess EDTA (which leavek00
nM free Md?" in solution after mixing) deviates slightly from
a single exponential (data not shown), with a fast observed
rate constant of 44.@c 1.3 s and a small slow phase
amplitude comprising~4.5% of the total amplitude. Since
the rate of ADP dissociation measured by mixing myosin
V—MgADP with excess EDTA is essentially identical to
dissociation from myosin *ADP in the absence of Mg,
bound Mg+ must dissociate from myosin-vMgADP more

Same data plotted on a shorter time scale. The smooth lines through
the data represent best fits to double exponentials. The data traces
represent the average of two individual transients.

rapidly than cation-free ADP dissociates (i.e. Mglissoci-
ates from myosinMgADP at >47 s ' and ADP release is
not limited by Mg" dissociation). EDTA makes Mg
dissociation irreversible, and ADP is released as a divalent
cation-free species. If bound Mg dissociated only as a
complex with ADP, EDTA would bind Mg after MgADP
release and would not accelerate the observed mantADP
dissociation rate constant.

We interpret the biphasic time courses of mantADP release
in the presence of magnesium, the [Mgdependence of
the observed fast dissociation rate constant, and the weak
[Mg?*] dependence of the observed slow dissociation rate
constant to mean that there are two myosinADP states,
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50 Table 1: Summary of the Rate and Equilibrium Constants Outlined
~ 40 in Scheme 1
=, 30 ADP and MgADP Binding Mg" Binding
§ 20 Kmp (uM) 46 Kgb (M) 65+ 11
< 10 Kemp (UM 1579 92+02  Kygs(uM) 350+ 30
0 bemss Kemp (579 44.0+ 1.3
0 2000 4000 6000 473+ 1.3 ADP Isomerization
Mg (uM) 420+ 1.4 Kisom >10
free 463:': 238 Kisom,Mg 059
25 N Kwmg.mp («M) 1.8 K +isom,Mg (s 3.4
B k+Mg.mD (,qul 571) 49+ 02J kfisom,Mg (Sfl) 2.0
2.0 fo, s = ] kag,mD(Sfl) 10.8+ 0.9
T/;\ L5¢ = = = * M 9.0+ Oej KMg.mD,overaII(ﬂM) 0.67
Vg 1of * - ] aMeasured by competing myositMg?*—mantADP with 4 mM
=7 05—= = = o AM EDTA. P Measured in the presence of saturatirg?(mM) Mg?".
’ P ¢Measured in the presence no added?Mgnd in the presence of

0 000 4000 6000 2000 Eﬁ\-'lt—eArc :Etsgmﬁt:% ;rsotnf]ittr(llgibSrsé fét A(;:igure 3A9Estimated from the
[Mg*], (M) y P 9 :

FIGURE 3\1/ [Mg”] tdependenfle (CK) Ts%t]ADdP diSdSOCiatiOF; g]om rate constants and the fast phase amplitégg)(according
myosin V and actomyosin V. ependence of the ; -
observed rate constants of mantADP dissociation from myosin V to the following (see Appendix):

(fast, a; slow, ®) and actomyosin V (fas®; slow, l). Solid lines kf =k +k )
through the data represent the best fits to eq 5. (B) 3Yig ast —Mg*.mD +isom,Mg*

dependence of the slow observed rate constants of mantADP

dissociation from myosin V4) and actomyosin V). The solid

: ) oMy =k Komige.mp 3
lines represent the best fits to a straight line. kslow_ —isom,Mg*| | + k+ ( )
—Mg*.mD isom,Mg*

Scheme 1 Af _ ( I(7isom,Mg* )( I(*l\/lg“.mD )
Kisom, k-Meml ast

M.Mg.mD® ng M.Mg.mDB ﬁ ° M + MgmD k+isom,Mg* + k—isom,Mg* I(—Mg*.mD + k+isom,Mg*

k+isomMg kiMgmD (4)
it KMg,b i KMg,f . . .
Koisom g o The isomerization rate constarksisommg and K-isom mg*
(1 <« P=d .
M.mD . M.mD A M + mD were calculated by averaging isommg* @and K-isommg+ (cal-
+isom +mD

culated using eqgs 2, 3, and 4) values at saturati®yroM)
Mg?* (Figure 3, Table 1) and were used to calculate the
isomerization equilibrium constanKgommg = K-isom,mg+
K+isom Mg iN the presence of saturating 2 mM free) Mg+.
The value of 0.59 foKisommg (Table 1) indicates that the
equilibrium between the two myosin-VADP binding states
(M.Mg.mD* and M.Mg.m¥) favors formation of the strong
ADP binding state (M.Mg.mB).

one that readily exchanges cation with solution (M.Mg#/nD
and one that does not (M.Mg.n]p and favor the reaction
mechanism in Scheme 1 to describe the mechanism of ADP
and Mg" exchange from myosin V. In Scheme 1, M is
myosin V, Mg is the divalent magnesium cation, Mg.mD is
the Mgt—ADP complex, and mD is cation-free mantADP.
_Sc_heme L ignore_s format_ion of a coI_Iision com_plex which MantADP dissociates as a cation-free species with rate
is likely 10 be an |nterm_ed|at_e p_recedmg formation of fhe constantk_mp in the absence of cation, and as a metal
states along the nucleotide b |nd|.ng p"’?thWaV.- The top pathway]nucleotide complex with rate constdaiugmp in the presence

in Sche_me 1 represents ADP dissociation in the presence of ¢ saturating M@*. At intermediate M&" concentrations,
saturating M§+, and the bottom pathway represents ADP dissociation through both pathway& {igmo and K-mo)
dissociation n th'e 'abse'nce of kg The fast phase Qf contributes to the effective mantADP dissociation rate
mantADP dissociation, in the presence of magnesium, constant K wg-mo) Which can be expressed in terms of
represents dissociation through béthg.mp (with saturating and kg m as (see Appendix)

Mg2*) andk_mp (without Mc?*) pathways. EDTA chelates V9™ -mb

Mg?* and favors flux througlk_p (Scheme 1). K _wmgmpMal + K_pKyig

The single phase of ADP dissociation observed in the K_mg+.mp = Mg] + K )
absence of added Mgand in the presence of excess EDTA Mg.b

indicates that the M.mBstate (Scheme 1) is not significantly  \hereKy,is the dissociation equilibrium constant for kg
(=10%) populated when Mg is absent. Therefore, the pinding to myosin V with bound mantADP (M.Mg.mp
observed rate constant of the slow phakg.) in the The [Mg?*] dependence of the dissociation rate constant
presence (_)f saturating Mg represents contributions from K-mg-mp Was calculated using egs 2, 3, and 4 (Figure 3A).
isomerization of M.Mg.mB to M.Mg.mD’? (Kyisommg and The best fit of the [Mg"] dependence ok yg-mp to eq 5
K-isom,mg)- yields an affinity Kyg) of 65 + 11 «M for Mg2* binding

At any given Md*' concentration, the effective rate to myosin V—-mantADP (Figure 3A). Extrapolation of the
constantsk-mg+mp, Krisommgr andK-isommg+ (the symbol * data to the limit of [M@"] = 0 yields a rate constank(;p)
denotes any given [Md] to distinguish fromk_ygmp and of 42.0+ 1.4 s for divalent cation-free mantADP dis-
K+isommg the fundamental rate constants at saturating?fig sociation from myosin V, comparable to the rate measured
can be calculated from the fagt.{) and slow Ksow) Observed directly by mixing with excess EDTA and no added ¥g
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Scheme 2 Table 2: Summary of the Rate and Equilibrium Constants Outlined
k’—isom,Mg 5 k’—Mg,mD in Scheme 2
AMMgmD . AM Mg.mD Ko AM + Mgmb ADP and MgADP Binding M@ Binding
o Kot ® W K'vgs K'mp (uM) 45 K'mg,o (M) 110421
k —isom koD k'+mD (/,tM_l S_l) 10.24+ 0.7 KMgvf (,MM) 3504+ 30
AMmD® < AMmD* = AM + mD K-mp (s7) 44.4+ 0.4 o
K'vicom kv 447+ 1.0 ADP Isomerization
46.2+ 1.5 K'isom >10
1 . . 397:|: 1.5 K'isom,Mg 38
(47.3+ 1.3 s, Figure 2A). Extrapolation of the data to 'y o (uM) 23 K'+isommg (S72) 0.18
[Mg] = « indicates that M§"—mantADP dissociates more  Kiwgmp (@M~1sY) 6.2+ 0.80  K_isommg(S) 0.68
slowly with a rate constank{yg mp) of 9.0+ 0.6 s'* (Figure K -mg.mp () 138+02
3A). The rate and equilibrium constants of Scheme 1 are 14507 Kugmooveran(uM) 1.8
summarized in Table 1. aMeasured by competing myosiMg? —mantADP with 4 mM

o : - EDTA. P Measured in the presence of saturating2(mM) Mg?".
B. [Mg"] Dependence of mantADP Dissociation from ¢Measured in the presence no added?Mgnd in the presence of

Actomyosin VIn the presence of 3 mM fre_e Mg the time  EDTA. dEstimated from the best fit (Figure 3A9Estimated from the
course of fluorescence change after mixing actomyosin y-intercept of the best fit (Figure 5A).

V—mantADP with excess MgADP follows a double expo-
(1.0+ 0.1 s, 20%) observed rate constants. As with myosin 3A) vields an affinity K'vgs) of 110 + 21 uM for Mg?*

V in the absence of actin, the fast observed rate constantsyinding to actomyosin VmantADP (Figure 3A). Extrapola-
depend strongly on [Md] and saturate at2 mM free Mg tion of the data to the limit of [Mg] = 0 yields a rate
(Figure 3A) and the slow phases depend weakly onf¥lg  constant K _np) of 46.2 + 1.5 s'! for divalent cation-free
(Figure 3B). The time course of-Beoxy-mantADP dis-  mantADP dissociation from actomyosin V, comparable to
sociation from actomyosin V also follows a double expo- the observed rate constant measured directly in the presence
nential (Figure 2C) with fast (24.& 0.3 s') and slow (0.8 of excess EDTA and no added magnesium (44.7.0 s'%;

+ 0.1 s'!) observed rate constants. The slow phase was Figure 2B). Mg*—mantADP dissociates from actomyosin
smaller when ATP was used to displace bound mantADP \/ more slowly with a rate constank'( vgmp) of 14.5+ 0.7

(data not shown). s 1 (from the best fit), in agreement with published values

The time course of mantADP release from actomyosin V' determined under comparable conditioids 13, 14.
in the presence of excess EDTA and no added magnesium The fundamental isomerization rate constahtsisomvg
can be well-fitted to a single exponential with an observed gng K _isommgp Were calculated by averaging the values of
rate constant of 44.% 1.0 s (Figure 2B),~3 times more K +isom mg- @aNdK _isommg- @t =2 mM free M@, and yield an
rapid than with M@+ In addition, the time course of isomerization equi"brium ConStanK'Gsom,Mg = k'—isom,Mg{
mantADP release from actomyosin V after mixing an .. v of 3.8 (Table 2), indicating that the equilibrium
equilibratEd mixture of aCtomyOSin “‘VmantADP and 0.2 between the two actomyosin ADP b|nd|ng states
mM magnesium with excess EDTA (which leave$00 nM (AM.Mg.mD® and AM.Mg.mD¥) favors formation of the
free Mg* in solution after mixing) deviates slightly from a  weak ADP binding state (AM.Mg.mf). This is in contrast
single exponential (data not shown), with a fast observed to the myosin \-ADP complex, where the M.Mg.mBand
rate constant of 44.4- 0.4 s and a slow observed rate M.Mg.mD? equilibrium favors strong ADP binding
constant of 1.2t 0.2 s'* comprising~4—-5% of the total  (M.Mg.mD%). Therefore, actin binding shifts the isomeriza-
amplitude. tion equilibrium to favor weak ADP binding.

We favor a similar reaction mechanism (Scheme 2) to  C. MantADP Binding to Myosin VTime courses of
describe the biphasic time courses of mantADP release frommantADP binding to myosin V in the presence of 2 mM
actomyosin V and the [Mg] dependence of the mantADP  Mg2+ or excess EDTA are biphasic (Figure 4A). Without
dissociation rate constants. In Scheme 2, AM.Mg/mD magnesium, the slow phaseds10% of the overall signal,
exchanges bound cation rapidly and AM.Mg.fibes not  consistent with low population of the strong MgADP binding
exchange cation as supported by the lack of {Mg  state. The fast observed rate constants depend linearly on
dependence of the slow phase. Scheme 2 ignores formationhe mantADP concentration ([MgmD]) over the range
of a collision complex which is an intermediate preceding examined (Figure 5A, see eq A21 of Appendix),
formation of thefs states along the binding pathwai2j.

The top and bottom pathways (Scheme 2) represent ADP Kiast = KimgmplMIMD] + K_ygmp (6)
dissociation in the presence of saturating¥gnd in the

absence of Mg, respectively. The single phase of ADP permitting the rate constant& {iqmp and k-ygmp) to be
dissociation observed in the absence of added magnesiunpbtained from the slope angdintercept of the linear fit of

and excess EDTA indicates that the AM.m&late is not  the mantADP concentration dependence of the observed fast
populated to a great extent {0%) without Mg™. rate (Figure 5A). In the presence of saturating magnesium,

As described for myosin V in the absence of actin (Scheme the second-order association rate constant obtained from the
1), the rate constantk’, wgmp, K +isommg+ andk' —isommg+ at slope is 4.9+ 0.2uM~! s (Table 1), in agreement with
any Mg* concentration can be determined from the observed the published value§ (9, 13. The MgmantADP dissociation
fast and slow rate constants and the fast phase amplitudeate constantk(vg.mp) estimated from thg-intercept is 3.5
(egs 2, 3, and 4). The best fit of the [ffd dependence of + 1.6 s! (Figure 5A). In the presence of saturating
the rate constank(vg-mp), reflecting ADP dissociation from  magnesium, the observed rate constants of the slow phases
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FIGURE 6: Kinetics of myosin V and myosin ¥ADP dissociation
from actin filaments£Mg?*). Time courses of fluorescence change
upon mixing 12uM unlabeled actin with an equal volume of (curve
MgADP) 0.6 uM pyrene actomyosin V and 2 mM ADP (final
conditions: K50 buffer, 5 mM free M{), (curveMg?") 0.6 uM
pyrene actomyosin V (final conditions: K50 buffer, 5 mM free
Mg?"), (curve ADP-EDTA 0.6 uM pyrene actomyosin V and 2
mM ADP (final conditions: K50 buffer, 4 mM EDTA), or (curve
EDTA) 0.6 uM pyrene actomyosin V (final conditions: K50 buffer,

4 mM EDTA). The smooth lines through the data represent best
fits to double exponentials. The data traces represent the averages

actomyosin V. A. Time courses of fluorescence enhancement afterof 3—6 individual transients.

mixing 0.4uM myosin V with 6.4uM mantADP (final concentra-
tions) in 2 mM EDTA (curveEDTA) or 3 mM Mg?" (curve Mg).

with unlabeled ADP (47.3t 1.3 s'%, Figure 2A) and from

The data are of individual unaveraged transients. The smooth linesthe best fit of the [Mg'] dependence of the mantADP

through the data represent the best fits to double exponentials.

Inset: Same data plotted on a shorter time scale. (B) Time courses

of fluorescence enhancement after mixing M actomyosin V
with 6.4uM mantADP (final concentrations) in 2 mM EDTA (curve
EDTA) or 3 mM Mg+ (curve Mg). The data traces represent

dissociation rates to eq 5 (420 1.4 s%, Figure 3A).

D. MantADP Binding to Actomyosin Wime courses of
MgmantADP binding to actomyosin V are biphasic. The
second-order association rate constdtitvmp) obtained

individual unaveraged transients. The smooth lines through the datagrom the slope of the fast phase (Figure 5A) is &2.6

represent the best fits to double exponentials. Inset: Same dat

plotted on a shorter time scale.
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Ficure 5: Concentration dependence of mantADP binding to
myosin V and actomyosin V. (A) [MantADP] dependence of the

S = N W B W
T T T T

fast observed rate constants for mantADP binding to myosin V in

2 mM EDTA (@), actomyosin V in 2 mM EDTA), myosin V
in the presence of 2 mM free My (a), and actomyosin V in 2
mM Mg?*+ (O). The solid lines are the best linear fits of the data.

(B) [MantADP] dependence of the slow observed rate constants

for mantADP binding to myosin V€) and actomyosin VI{) in
the presence of 2 mM free Mg The solid lines are the best linear
fits of the data.

a

uM~1s™1 (Table 2), within a factor of 2 of published values
under comparable conditions,(9,13). The dissociation rate
constant of Mg mantADP K -wgmp) estimated from the
y-intercept is indistinguishable from the origin. In the
presence of saturating magnesium, the observed rate con-
stants of the slow phases ar®.5 s and do not display a
strong [mantADP] dependence (Figure 5B).

In the absence of magnesium, the slow phase is less than
10% of the overall signal, consistent with a small population
of the strong MgADP binding state. The second-order
association rate constant ks;mp = 10.2+ 0.7 uM 1 st
(Figure 5A, Table 2). The dissociation rate constant of cation-
free mantADP K _p) estimated from thg-intercept is 39.7
+ 5.1 s (Figure 5A), comparable to the value measured
directly by competition unlabeled ADP with mantADP in
the presence of excess EDTA and no added'™d4.7 +
1.0 s}, Figure 2B), and from thg-intercept value ([Mg']
= 0) of the best fit to the [Mg] dependence of the
mantADP dissociation rates to eq 5 (46:21.5 s, Figure
3A).

E. Determination of Mg Affinity for ADP.By isothermal
titration calorimetry the affinity of ADP for Mg under our
experimental conditions (K50 buffer, pH 7.0, 26) is 350
+ 30 uM (Tables 1 and 2).

F. Myosin V Dissociation from Pyrene Actin Filaments.
Strongly bound myosin V quenches the fluorescence of
pyrene actin~70% (7). Dissociation of strongly bound
myosin V from pyrene actin filaments was measured by

are ~0.4-3 s and show a weak dependence on the competition with unlabeled actin. Time courses of fluores-

[mantADP] (Figure 5B).

cence change under all conditions examined (2 mM ADP

In the absence of magnesium, the second-order associatios mM Mg?t, 2 mM ADP + 4 mM EDTA, 5 mM Mg, and

rate constant for mantADP binding to myosin V is %2
0.2 uM~1 s71 (Figure 5A, Table 1). The dissociation rate
constant of cation-free mantADP estimated from the
intercept k_mp) is 46.34+ 2.3 s (Figure 5A), comparable

4 mM EDTA) are biphasic with 511% of fast phase (Figure
6). The majority of actomyosin dissociation is slow with
observed rate constants ranging from 0.006 to 0.039 s
MgADP increases the dissociation rate constant of actomyo-

to the value measured directly by competition of mantADP sin (Table 3). The dissociation rate constants and amplitudes
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Table 3: Summary of the Rate Constants and Amplitudes of Actomyosin V Dissociation

2 mM ADP, 2 mM ADP,
5 mM Mg?* 4 mM EDTA 4 mM EDTA 5 mM Mg*
A (%) 90 95 89 91
ke (59 21.4+0.62 1.8+ 0.03 1.2+ 0.02 1.7+ 0.03
ke (s°1) 0.039 0.0002 0.006k 0.0001 0.023: 0.001 0.007+ 0.0001
KY b (s 21.0 1.69 1.02 1.63
K b (s 0.040 0.006 0.027 0.007
IS b (s 0.35 0.11 0.18 0.07
KS = G/ 0.113 0.056 0.149 0.104

2 kar, kas, andAgs are the observed fast rate constant, slow rate constant, and slow phase amphitute, andk’. are fundamental rate constants
defined by Scheme 4.

Scheme 3 species only, the fask{) and slow kg9 observed dissociation
AMY (D =2 A (L rate constants and the fast phase amplitulg) can be
) kY ) expressed in terms of the fundamental rate constants defined
™ 5 in Scheme 4 as follows (see Appendix):
AM* (L) == A+ M'(L)
¢ ky =K'+
Scheme 4
K ' J 2 ' ks,kv,v
AMU(L) == AM"(L) ==A+M"(1) kds =
54 i) kv_v + kj—
of the fast K4, Agr) and slow phaseskfs, Aqs), for each IS K
condition examined are listed in Table 3. Ay = - - (7)
. S o f IS w
The biphasic dissociation time course suggests that there >+ G K+ K

are two conformations of actomyosin V with quenched

pyrene fluorescence: a strong actin-binding conformation The fundamental rate constants calculated by eq 7 are
(AMS), and a weak actin-binding conformation (A)which summarized in Table 3. o _

allows two distinct mechanisms for actomyosin V dissocia- G- Myosin V Binding to Actin FilamentSime courses of
tion. Dissociation can follow either a parallel dissociation My0sin-ADP and myosir-MgADP binding to pyrene actin
mechanism (Scheme 3) or a sequential mechanism Viaﬂlaments follow double exponentla_lls with ;Iow phase_s that
isomerization from the strong (AMlto weak (AMY) actin- ~ comprise 23-32% of the total amplitude (Figure 7A). Time
binding conformation before dissociation (Scheme 4). In courses of myosin binding in the absence of ADP (with and
Schemes 3 and 4, (L) represents optional bound IigandsW'thOUt Mg?t, Figure 7A) foI_Io_w double exponentials with
(ADP and/or M@*). The unquenched collision complexes @ sm.aII slow phase comprising less than 5% of the total
(15, 16 are omitted for simplicity. Note that these are two amplitude. T.he observed rate constants 'of thg fast phases
quenched pyrene actomyosin states that are consideredKe) depend linearly on the actin concentration (Figure 7B,C).
“strongly bound” using the terminology of Geevds( 17. Solving Scheme 4 wherk{[A] > K with initial popula-

Determination of the scheme that accurately describestion of A + M:(L) states only yields (see Appendix)
actomyosin V dissociation requires the following consider-

— W W
ations. The observed 9®5% slow phase implies that the Kot = Ke[A] + k=
majority of actomyosin V is in the strong actin-binding 1S kY
conformation (AM) at equilibrium ¢ = 0) and that inter- Koo = IS+ KA @)
conversion between the two conformations is negligible. The s T KY[A] + K"

parallel scheme (Scheme 3) predicts that the two actomyosin

conformations dissociate independently. Because dissociationvhere ks and kys are fast and slow binding observed rate
of actomyosin V-ADP is biphasic, if the parallel scheme constants, respectively. Thus, the rate constants defined in
applied, time courses of myosinADP binding to actin  Scheme 4 for bindingd") and dissociationk", superscript
filaments would also be biphasic with amplitudes equivalent + is ysed to distinguish frork” for pyrene actin dissocia-

to those measured from dissociation (i.e:13% fast and  {jon measured directly by competition with unlabeled actin,
89—-95% slow phase, see Table 3), but this is not observedt4pe 3) from the weak actin-binding state (&NL)) can

(discussed below, binding displays either no slow phase orpe gptained from the slope awdntercept of the linear fit
68—77% fast phase). Therefore, we favor the sequential fom the [actin] dependence of the observed fast phase,
reaction mechanism to describe the reaction mechanism ofagpectively (Figure 7C). The observed rate constants of the
actomyosin V dissociation. slow phasesk,y should be hyperbolickfs ~ 1—2 s1) but

Fast dissociation is about 2 orders of magnitude more rapiddisplay little actin concentration dependence indicating that
than slow dissociatiork(’ > k®; Table 3). Solving Scheme  binding to the weak states is more rapid than dissociation
4 under the conditiork” > k> andk} = 0 (irreversible  from the weak binding statex{{A] > k"). The rate and
release, fulfilled by mixing with excess unlabeled actin), with equilibrium constants under all conditions examined (2 mM
the initial population distributed between ANand AMY ADP + 3 mM Mg?t, 2 mM ADP + 2 mM EDTA, 3 mM
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Ficure 7: Kinetics of myosin V and myosin ¥ADP binding to
actin filaments £Mg?"). (A) Time courses of fluorescence change
upon mixing 0.56:M pyrene actin filaments with (curielgADP)
0.056uM myosin V and 4 mM ADP (final conditions: K50 buffer,

3 mM free Mg"), (curve Mg?") 0.056 uM myosin V (final
conditions: K50 buffer, 3 mM free Mg), (curve ADP-EDTA
0.056u4M myosin V and 4 mM ADP (final conditions: K50 buffer,

4 mM EDTA), and (curveEDTA) 0.056 uM myosin V (final
conditions: K50 buffer, 4 mM EDTA). The smooth lines through
the raw data are the best fits to double exponentials (ciigdsDP,
ADP-EDTA and double exponentials with small slow phases
(curvesMg?t, EDTA). (B) Time courses of fluorescence change
upon mixing various concentrations of 10-fold excess pyrene actin
filaments (0.56:M, 1.12uM, and 2.24uM) with myosin V (0.056
uM, 0.11uM, and 0.22uM, respectively) and 4 mM ADP (final
conditions: K50 buffer, 3 mM free Mg). (C) Dependence of the
observed fast binding rate constaki) for myosin V on pyrene
actin filament concentration.

Table 4: Summary of the Rate Constants and Amplitudes of
Actomyosin V Binding

2mM ADP, 2mM ADP,
3mM Mg** 2mMEDTA 2mMEDTA 3 mM Mg"

Ao (%) 32 23 nd nd
KYb(uM~1sY) 48.8+48 34.1t14 421+ 25 46.4+6.2
KT (571 244+92 54+26 69 15.9+11.8
ko (s71) ~10 ~1 nd nd
KY = kYR 0.431 0.049 0.024 0.035

M
KA,overa)u(MM) 0.044 0.0026 0.0031 0.0033

@ kps and Aps is the observed rate constant of slow phase and fast
phase amplitude’.k} andk"" are fundamental rate constants defined
by Scheme 4. The superscript 1 is used here to distingksh
measured from pyrene actin release (Table 3). Kfeused to
calculate K is from pyrene actin release (from Table SNot
determined

Mg?*, and 2 mM EDTA) are summarized in Table 4. We
used the valuesk{) measured directly from dissociation
experiments for calculating the equilibrium constants (Table
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Ficure 8: Kinetics of product release from actomyosin-XDP

and actomyosin VADP—P.. (A) Time courses of fluorescence
change upon first mixing myosin V with mantADPnADP) or
mantATP (mADP-R), aging~2 s, then mixing with actin filaments
and excess MgADP in K50 containirg? mM MgCl, (saturating)
with the stopped flow in sequential mix mode. Final concentrations
are 0.67«M myosin V, 33uM fluorescent nucleotide, 3@M actin
filaments, and 2 mM MgADP. The smooth lines through the data
represent best fits to single (curveADP-R) or double (curve
mADP exponentials. The data traces represent unaveraged data
(curvemADP-R) or the average of two individual transients (curve
mADBP. (B) Dependence of the observed rate constkgy) (for
product release of mantADR.ffom actomyosin V as a function

of actin filament concentration.

4) because the weak binding state dissociation rate constants
(k") obtained from they-intercept are subject to large
uncertainties (Table 4).

H. Actin-Actvated Product Release from Myosin The
maximum actin-activated steady-state ATPase rate of myosin
V (kea) in the presence of 1 mM free Mg+ is 12—-16 s*
head (7, 9 (data not shown), suggesting that the slowl (

s 1) actomyosin-ADP isomerization is not along the pre-
dominant ATPase cycle reaction pathway. One possibility
is that the slow isomerization reflects an off-pathway kinetic
transition. To test this possibility we measured the rate of
actin-activated mantADP and mantABP; dissociation from
myosin V (Figure 8).

Time courses of actin-activated mantADP release are
biphasic, consistent with the formation of two myosiDP
states. The observed rate constants of the fast and slow phases
are comparable to those measured by competing bound
mantADP from actomyosin (Figures 2 and 3). In contrast,
time courses of mantADPP; dissociation follow single
exponentials (Figure 8A) with observed rate constants that
depend hyperbolically on the actin filament concentration
(Figure 8B). The maximum rate constant of mantADP release
from actomyosin -mantADP-P, is ~16 s!, comparable
to the maximum steady-state ATPase turnover rate and
dissociation of MgmantADP from the weak ADP binding
states, suggesting that, under these experimental conditions,
where there is no load on the actomyosin complex, the slow
isomerization observed with mantADP does not occur along
the ATPase cycle reaction pathway. This suggests that, in
the absence of load, the strong ADP binding state
(AM.Mg.mD®%) is not significantly populated during the
steady-state actomyosin V ATPase cycle.
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DISCUSSION

A. Evidence for Multiple Myosin ¥ADP and Actomyosin
V—ADP StatesThe biphasic MgADP binding and dissocia- o .
tion time courses are consistent with two stable ADP bound The coefficientisommg(1 + Kisommg accounts for contribu-
myosin V and actomyosin \/ states that are in reversible tions of the isomerization equlllbrlum to the overall ADP
equilibrium. One state (M.Mg.mi) readily exchanges affinity.

Kisom,Mg
KMg.mD,overallz KMg.mD(l + K (13)

isom,M

nucleotide and cation. The second (MMgﬁ)m”f]ds Slmllal’ly, the OVer.a” ADP dissociation equﬂlbl’lum con-
nucleotide and cation strongly. The M.Mg.1tBM.Mg.mD? stant from actomyosin V in the presence of saturating'Mg
isomerization equilibrium constant is near uniksgm vy = (K'mg.mp,overa)) €an be calculated from

0.59, K'isommg = 3.8, Tables 1 and 2), indicating that the K’

two states are of comparable energies and populated under K' =K' __isomMg (14)
equilibrium conditions. However, the slow rate constants for Mg-mD.overall = "= Ma-MDY 1 + K'iomm

isomerization indicate a reasonably large activation energy o o _
barrier. The overall affinity of ADP binding to myosin V
Actin binding weakens the Mg affinity 2-fold and shifts ~ (Kmgmp.overa) 1S 0.7 #M, and that of actomyosin V
the isomerization equilibriumi(isommg = 3.8, Table 2) to  (K'mgmp.overa) is 1.8uM (Tables 1 and 2). Therefore, actin
favor population of the weak ADP binding state (AM- Weakens overall MGADP binding to myosin V by a factor
Mg.mD’ in Scheme 2), favoring dissociation of di- ©Of 2.7 ('mgmp,overalKmg.mp overan = 2.7). _
valent-cation-free ADP and weakening the overall binding ~ C: Mechanism of Actin Binding to Myosin Xctomyosin
affinity of MgADP. Actin does not weaken the affinity or V. dissociation kinetics indicate that myosin release is
accelerate the release of cation-free ADP, indicating that thePIPhasic, consistent with twquenchedpyrene actomyosin
coupling of actin and ADP binding sites requires bound V States (‘strongly” bound and “weakly” bound). At equi-
Mg2*. Ilprlu_m, the majority of actomyosin V is in the strong actin-
Recently a manuscript characterizing the effect of mag- Pinding conformation as indicated by thed0% slow phase.
nesium on myosin VV ADP binding was published8), The amplitude. Consequently, we favor a sequential mechanism
majority of our measurements are in general agreement.for strongly bound myosin V dissociation from actin where

However, that study concluded that both myesiigADP actomyosin V isomerizes from the strong to the weak actin-
and acto,myosiﬁMgADP states readily exchanged bound binding conformation before dissociation. We should point
magnesium. We did not observe a [Mydependence of out that these are two quenched pyrene actomyosin states
the slow phése for ADP binding to myosin V or actomyosin and are therefore different from the A and R states of Geeves
V and favor a mechanism where the strong ADP binding €t @l- @5, 18 where the A state is an unquenched pyrene
states of myosin V and actomyosin V do not exchange bound 2ctomyosin state. o .
Mg?". Similar to overall ADP binding to myosin V and acto-

B. Overall MgmantADP Binding to Myosin V and Acto- myosin V, the overall dissociation equilibrium constant for
myosin V at Saturating [Mg]. The overall dissociation ~ MYosin V from actin is

equilibrium constant for myosin ¥MgADP (Kwg.mp,overa)) s
i i A
is defined as KA,overall = KVAV 1+ KS (15)
[M][Mg.mD] A
KMg.mD,overaII: o Vi s . A . .
(IM.Mg@.mD"] + [M.Mg.mD"]) where K3 is the equilibrium constant for interconversion

from the strong to the weak actin-binding state (Table 3)
and K} is the dissociation equilibrium constant for weak
actin binding (Table 4). MgADP weakens the affinity of
myosin V for actin~14-fold (Table 4). ADP or Mg" alone

has minimal 2-fold) effects on actin binding (Table 4),
which suggests that cation and nucleotide together (MgADP)

The equilibrium concentrations of strong)(and weak f§)
ADP binding states are determined by [myosin], [nucleotide],
and the equilibrium constants for ADP bindirg.mo) and
isomerization Kisommg from the strong ADP binding state
to the weak ADP binding state according to

5 1 weaken acting binding to myosin V dramatically.
[M-Mg.mD"] = ;——{M][Mg.mD] (10) It is possible that the two quenched actin-binding states
Mg.mD (AM¥.(Mg).ADP and AM.(Mg).ADP) represent the two
and mantADP isomerization states (AM.(Mg).riD and

AM.(Mg).mD?, respectively). However, the interconversion

o _ 1 5 rate constants from the two quenched actin-binding states
[M-Mg.mD Kisom’Mg[M.Mg.mD | (11) (K, andk® in Scheme 4) are different from the mantADP
isomerization rate constants (som (K-isom) andK'+isom (K+isom)
The sum of the two myosinAMgADP states is in Schemes 1 and 2), suggesting that the quenched acto-
myosin V conformations are distinct from the myosin
[M.Mg.mD] + [M.Mg.;nDﬁ] = V—mantADP isomerization states.
1 1 A pertinent question is to define which ADP-binding
KMg_mD\l+ Kisom'Mg)[M][Mg.mD] (12) isomerization state the M.(Mg).ADP complex populates

when binding and dissociating from actin. Our results
Therefore, Kygmp,overal CAN be expressed in terms of the indicate that, at equilibrium and in the presence of?NMg
individual equilibrium binding constants as follows: the majority of actomyosin V is in the weak ADP binding
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Scheme 5
KMg.mDpverall
M.Mg.mD M + Mg.mD
KAA,overall (MgADP) T¢ T‘L KA,nverall (no Mg, no ADP)
AM.Mg.mD AM + Mg.mD
K 'Mng.overall
Scheme 6
KymgmD
(A)M.Mg.mD” (AM + Mg.mD
Kyien N N Ky
(A)M.mD” (AM + mD
KmD

state (AM.Mg.mD), and the majority of myosin V is in the
strong ADP binding state (M.Mg.nmf). We therefore
conclude that the strong ADP binding state of myosin V
(M.Mg.mD®) binds actin and that dissociation occurs mostly
from the weak ADP binding state (AM.Mg.nflD Further-
more, in the absence of Mg the strong ADP binding states
of both actomyosin V and myosin V are not significantly

Biochemistry, Vol. 44, No. 24, 2008835

Scheme 7
AM.Mg.D*
™
AMMgD.P* = AM.MgD’ —= AM + Mg.D
N
M.Mg.D.P~

of saturating magnesium and in the absence of magnesium,
respectively.

In summary, the rate and equilibrium constants obtained
in this study provide a sound description, within reasonable
error, of the myosin, ADP, and actin binding linkage
consistent with the principles of thermodynamics.

E. Pathway of Product Dissociation in the Actomyosin V
Steady-State ATPase Cyclsctin-activated mantADP re-
lease from myosirMgmantADP-P;, but not myosin-
MgmantADP, does not show a slow phase, suggesting that,
under the conditions of no load, the myosiMgmantADP
isomerization and the M.Mg.nfDintermediate are off the
main ATPase cycle reaction pathway. However, under high
load, the velocity of actomyosin V is reduce2)f and the
dwell times between processive steps are increashdWe

populated, requiring that myosin V bind and dissociate only predict that, in response to an external load, population of

from the weak ADP binding states (M.mMir AM.mD?).

D. Thermodynamic Balance of the Actomyosin V Interac-

tion with ADP.Previous studies on the interaction of ADP

and actomyosin V used four equilibrium constants to define

the interaction of myosin V, MgADP, and actif)( This
model implicated a single myosin-VADP and a single
actomyosin \\-ADP state, and the product of the equilibrium

the strongly bound actomyosin V ADP state (AM.M§&)D
prolongs the lifetime of the force-generating step, as has been
suggested for several other myosi22,(23.

In addition, there may be another role for the strongly
bound ADP state of actomyosin V (AM.Mg4R Under
conditions where ADP can rebind actomyosin V, the slow
isomerization may be relevant. Under physiological nucle-

constants deviated greatly from the predicted value of 1. It otide concentrations (mM ATR4M ADP) the probability
was suggested that unresolved actomyosin ADP binding of ADP binding to single-headed myosin V is smalb).
states could account for the discrepancy in the thermody- However, modeling of myosin V processive run lengt?4) (

namic linkage 7).

suggests that ATP binding to the trailing head is slewd (1

In the present work, we identify two isomerization states uM~! s™%), raising the possibility that ADP rebinds and

for myosin V—ADP and two actomyosin ¥ADP confor-
mations and can now define theerall interaction of myosin
V-11Q with MgADP and actin filaments as shown in Scheme
5. In Scheme 5, M.Mg.mD and AM.Mg.mD represent both

ADP states and AM represents both actomyosin V confor-

contributes to termination of a processive run. Therefore,
under high concentrations of ADP, the strongly bound ADP
state (AM.Mg.D*) may become significantly populated and
result in a stalling or termination of the processive run.
We favor a pathway (Scheme 7) for the myosin V ATPase

mations. Using our overall equilibrium constants (Scheme cycle where binding of myosin-MgADPP, to actin induces

5), which incorporate the contribution of the ADP isomer- closure the actin-binding cleft and movement of Switch |
ization and the two actomyosin V conformations, we obtain (25, 2§ which disrupts magnesium coordination and ac-
a product (clockwise in Scheme 5) of 5.3. This value celerates Prelease, generating the weak ADP binding state
approaches unity more closely than previous analysis. that readily exchanges bound magnesium (AM.MgfnBs
However, the discrepancy in the thermodynamic linkage shown in Scheme 7, where is used to represent a state
could be significant, and additional states, such as the actin-that exchanges magnesium slowly ghid used to represent
binding states described by Geevé$)(or the ADP states  a state that readily exchanges magnesium (collision com-
identified by Rosenfeld with smooth muscle myosin18), plexes are omitted from the reaction scheme for clarity).
may exist and may contribute to the energetic imbalance if  This mechanism is significantly different from a published
they are populated and cannot be fully resolved with our model of ADP releasel@), where actomyosin YADP
current measurements. enters a strong ADP binding state followingrBlease and

In the absence of magnesium, the ADP isomerization statesthe ADP release pathway follows AM.Mg.nmtB~ AM.mD¢
M.mD® and AM.mD* are not significantly £ 10%) populated =~ — AM.mD# — AM + mbD in the presence of saturating
so the overall ADP dissociation equilibrium constants magnesium (i.e. magnesium is released first, and then ADP
(Scheme 5) reduce tByp and K'mp. The product of the  dissociates as a cation-free species). The rate-limiting step
equilibrium constants in Scheme 5 in the absence of'Mg in this pathway is AM.mB — AM.mD?#, reported a®_isom
is 1.2. = 40 s* (Figure 7 in ref18), which implies that the~16

Similarly, the interaction of ADP, myosin V, and Mg s ! turnover rate of actomyosin V is not limited by ADP
in the presence and absence of actin, is defined as shown irrelease from actomyosin.
Scheme 6. The products of the equilibrium constants (from F. Comparison to Other MyosinsThe existence of
Tables 1 and 2) in Scheme 6 are 1.6 and 2.1, in the presencenultiple actomyosirADP states has been identified in other
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myosins including brush border actomyosir2lF), smooth states would generate a small rotation of the lever arm. A

muscle myosin Il {9), and myosin X 28), but the subsequent conformational change (“closing”) of Switch 1

magnesium dependence of the stabilities of these states hawould help coordinate the bound magnesium and favor

not been investigated. formation of thea states, presumably opening the actin-
In addition, several studies have identified two ADP-bound binding cleft and weakening the affinity for actin.

states of fast skeletal muscle myosin (II) subfragment-1 (S1)

(29-37), and of the ternary actoS1.ADP compl&8{40). ACKNOWLEDGMENT
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first isomerization is thought to reflect a stereospecific
binding event (collision complex transition to A state), and APPENDIX
the second isomerization (transition between two R states) ] o )
to represent the force-generating conformational changes Al. Two-Step Sequential Binding MechaniSine 2-step
involving the shifting of the S1 regulatory domain, or lever seqpenﬂal mec_hamsm (Ignorln_g Colllslon cqmplex formation)
arm (41), which has been observed directly in structural for ligand (L) binding to myosin (M) is defined by Scheme
studies 42, 43. The mechanism of Conibear builds upon Al where L represents ADP or actin,-Mis the strong L
models proposed by TayloA4), White (45), and Geeves  gcheme Al
(39) and suggests that the two actoS1.ADP states of the
second isomerization may have a role in prolonging the M-L
actomyosin crossbridge in the presence of a Id2g). (If
the second isomerization states for fast skeletal muscle arepinding state, M(L) is the weak L binding state, and M
akin to the two actomyosin ¥ADP states we report here L represent dissociated states. The differential equations
(AM.Mg.D* and AM.Mg.D¥), then it is plausible that the  corresponding to Scheme Al are
actomyosin V strong ADP-binding state (AM.Md@*Dserves d[M-L]
ItgarS.almtam strong binding 