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ABSTRACT: Three conserved glycine residues in the reactive thiol regioDidfyostelium discoideum
myosin Il were replaced by alanine residues. The resulting mutants G680A, G684A, and G691A were
expressed in the soluble myosin head fragment M761-2R [Anson, M., Geeves, M. A., Kurzawa, S. E.,
and Manstein, D. J. (199@MBO J. 15 6069-6074] and characterized using transient kinetic methods.
Mutant G691A showed no major alterations except for a marked increase in baSalAVIBase activity.
Phosphate release seemed to be facilitated by this mutation, and the addition of actin to G691A stimulated
ATP turnover not more than 3-fold. In comparison to M761-2R, mutant constructs G691A and G684A
showed a 4-fold reduction in the rate of the ATP cleavage step. Most other changes in the kinetic properties
of G684A were small £2-fold). In contrast, substitution of G680 by an alanine residue led to large
changes in nucleotide binding. Compared to M761-2R, rates of nucleotide binding we36-26ld slower

and the affinity for mantADP was approximately 10-fold increased due to a 200-fold reduction in the
dissociation rate constant of mantADP. The ATP-induced dissociation of actin from th@88acomplex

was normal, but the communication between ADP and actin binding was altered such that the two sites
are thermodynamically uncoupled but kinetically actin still accelerates ADP release.

Cells undergo a wide variety of motile processes that are (LCBD) or regulatory domain. It has been shown that
driven by molecular motors, enzymes that transduce thereplacement of the LCBD with genetically engineered
chemical energy of ATP hydrolysis into mechanical force domains of similar rigidity and dimensions produces func-
and displacement. The most extensively studied motor tional motors with kinetic properties similar to those of the
protein is myosin I, the motor that drives muscle contraction parentDictyostelium discoideummyosin Il (3). The advan-
and other essential motile processes in eukaryotic cells ( tages of such engineered myosin head fragments (MHFs)
2). The myosin head fragment, also termed subfragment-Llinclude high levels of expression, ease of purification, and
or S1} consists of an amino-terminal head domain and a functional competence, facilitating their use in structural and
long a-helix that extends from the globular part of the head functional studies.

and forms a complex with the essential (ELC) and regulatory  Here we have used one such construct, M761-2R, corre-
(RLC) light chains. Both actin and nucleotide binding sites sponding to amino acid residues 161 of the globular head
are located within the globular part of the head, frequently domain ofD. discoideunmyosin Il fused to twoo-actinin
referred to as catalytic or motor domain as it acts as an repeats, to study mutations in the reactive thiol region. This
independent functional motor unit in vitro. The CompleX well-conserved region Corresponds to a hefitelix situated
formed by the long carboxy-terminethelix and both light i the lower part of the motor domain, between the nucleotide
chains is referred to as the light chain binding domain pinding site and the regulatory domain. In skeletal muscles
this region contains two reactive sulfhydryls SH1 and SH2,
corresponding to C707 and C697 in the chicken myosin
heavy chain sequence.

It was suggested that changes in the nucleotide state of
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the active site lead to conformational changes in the reactive
thiol region @). The two sulfhydryls in this region can be
cross-linked by a variety of reagents bridging distances of
2—18 A (5—7). Myosin with SH1 and SH2 cross-linked
within a distance b3 A is predicted to hold the nucleotide
“trapped” in the active site with no measurable ATPase
activity (8). Chemical modification of SH1 and SH2 resulted
in dramatic alteration of myosin ATPase activity and actin
binding affinity, and nucleotide binding alters the separation
between SH1 and SH®,(10). The reactive thiol helix of

D. discoideummyosin Il contains three glycine residues
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corresponding to G680, G684, and G691 (corresponding tothe myosin  mutants were the following:G680A
residues 699, 703, and 710 in chicken skeletal myosin), and(5 CTCGACCAATTACGTTGCAATACTGTCCTCGAAGGT-
one of the thiol positions (SH1) is occupied by a threonine ATCGTATTAC), G684A (5GTTGCAATGGTGTCCTCG-
residue (T688). A bend in the helix occurs at residue C678 AAGCTATTCGTATTACTCGTAAAGGTTTC), andG691A
(SH2), close to an absolutely conserved glycine (G680), and (5 CGAAGGTATTCGTATTACTCGTAAAGCTTTCCC-

the helix ends with a second absolutely conserved glycine AAATCGTATTATCTATGC) with the mutated residues in
(G691). A third glycine (G684) is conserved among the class italics. All myosin constructs were confirmed by sequencing.

Il myosins. It was suggested that these glycines act as swivels  strains and Growth Conditions. D. discoideuransfor-

or fulcrums and that their replacement by bulkier residues mants were grown at 2C in HL-5C containing (per liter):
may block transition between conformations OCCUrring during 5 g of protease peptone (Merc@ g of Bacto yeast extract
the motor cycle and trap the motor in otherwise short-lived (pifco), 2.5 g of Bacto tryptone (Difco), 2.5 g of casein
states §). Winkelmann and co-workers reported the mutation peptone (Merck), 10 g ob-glucose, 0.35 g of N&IPO;,

of G699 of chicken skeletal myosin (corresponding to G680 gnd 1.2 g of KHPO, (pH 6.5). Cells were grown either on
in D. discoideurnto alanine, resulting in a more than 100- 9 c¢m plastic Petri dishes or in 100 mL conical flasks on a
fold reduction in the ability of the mutant protein to support - gyratory shaker at 190 rpm. Plasmids were transformed into
filament Slldlng in vitro q.l) Similar results were obtained Orf* cells by e|ectr0porationl@|_, 15) Transformants were
with mutants G680V and G691V @. discoideunmyosin selected and continuously grown in the presence qfd/0

I (12) In both Studies, it was shown that replacement of mL of the aminog'ycoside G418 (G|bCO BRL) Transfor-

G680 (or the equivalent residue in chicken skeletal myosin) mants were screened for the production of the recombinant
with a bulkier residue results in low ATPase activities and myosin motor domains as described previoudl§)(

has a dominant effect on actin filament sliding in vitro.
Filament movement in assays with 9:1 mixtures of wild-
type and mutant motor domains resembled that of a pure
mutant population1, 12).

In the present work we used an integrated molecular
genetic and kinetic approach to investigate the role of the

Protein Purification Cells producing the wild-type and
mutant myosin motor domains were gronm 5 L flasks
containing 2.5 L of HL-5C. The flasks were incubated on
gyratory shakers at 190 rpm and Z1. Cells were harvested
at a density of about 5.5 10° mL~? by centrifugation for
X . . . . .~ 7 min at 2400 rpm in a Beckman J-6 centrifuge and washed
three conserved glycine residues in the reactive thiol region once in phosphate-buffered saline. The His-tagged motor

of D. discoideunmyosin Il. Glycine to alanine changes were i e e purified as described by Manstein and Hunt
obtained at each position by site-directed mutagenesis. Our(16) The purified protein could be stored a0 °C for

resultg showed that Tep'ac'”g G680 with ala_nlne prod_uces dseveral months without apparent loss of enzymatic activity.
long-lived actomyositADP complex. A detailed transient

kinetic characterization of the changes showed that the Rabbit skeletal muscle actin was purified by the method
G680A construct has a 30-fold slower ATP binding rate, an Of Lehrer and KewarX7). The preparation of pyrene-labeled

11-fold higher affinity for ADP, an 810-fold slower basal actin was as previously describexf]. Bradford's assay was

ATPase rate, and a 5-fold higher affinity for actin. The acto used for the determination of protein concentration taking
G680A complex has a 180-fold higher affinity for ADP. In BSA as standard1f).

contrast, alanine mutagenesis of G684 and G691 resulted in Stopped-Flow Experiments and Fluorescence Titration.
few changes in their transient kinetic properties. No constant Stopped-flow experiments were performed for transient
changed by more than a factor of 3 except for-éb4fold kinetic measurements at 2GQ with a Hi-Tech SF61 stopped-
reduction in the ATP cleavage rate constant for both flow spectrophotometer equipped with 100 W Xe/Hg lamp
constructs and a 10-fold higher affinity of ATP for acto and a monochromator. Pyrene- and mant-fluorescence were

G684A. G691A showed a marked elevation of basal ATPase €xcited at 365 and 366 nm, respectively, and detected after

activity and little activation upon the addition of actin. passing through a KV 389 nm cutoff filter. Tryptophan
fluorescence, excited at 290 nm, was monitored through a
MATERIALS AND METHODS WG 320 nm cutoff filter. Data were stored and analyzed

using software provided by Hi-Tech Scientific (Salisbury,

Plasmid Construction and Mutagenesiolecular cloning ~ U-K.). Transients shown are the average of three to five
techniques were performed as described in Sambrook et alconsecutive shots made on the stopped-flow machine. All
(13). Enzymes were obtained from Boehringer Mannheim concentrations refer to the concentration of the reactants after
and New England Biolab&scherichia colistrain XL1Blue ~ Mixing in the stopped-flow observation cell. Typically
(Stratagene, Heidelberg) was used for the amplification of Working volumes of 70Q:L were used to obtain one data
plasmids. The expression vectors used for the production ofset. The data obtained with the mutants are compared with
mutant myosin constructs were based on pDXA_am and the Ol’iginal data obtained with M761-2R referred to as wild
were created as described earli). (The point mutations  type in this work. Unless mentioned otherwise, the experi-
were introduced in M761-2R, a fusion construct comprising mental buffer was 20 mM MOPS, 5 mM Mgg£land 100
the first 761 residues of tHa. discoideunmhcAgene linked ~ MM KCI (pH 7.0).
to codon 264 extending to 505 of tBe discoideunu-actinin Transient Kinetic Properties of the MHF Constructs
gene. All constructs were tagged at their C-terminus with Previous studies of M761-2R have shown that the interaction
the peptide Asp-Ala-Leu-(His) Plasmids encoding M761-  of this construct with nucleotide and actin follows the same
2R with glycine to alanine mutations were created by site- basic mechanism that was described for S1 from rabbit fast
directed mutagenesis using the Quick-change kit obtainedskeletal muscle myosin and other muscle myosi?g). (
from Stratagene, Germany. The oligonucleotides used to PCRTherefore, the dynamics of ATP binding and hydrolysis by
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Table 1: Steady-State ATPase Activities of Mutant and Wild-Type
Myosin Head Fragmerits

actin-activated
Mg?"-ATPase

MHF basal Mg" high-salt C&" Kapp ket  KealKapp
construct ATPase (s!) ATPase (51) M) (s1) (M7is?)
M761-2R 0.12 1.1 110 2.7 02610
G680A 0.02 0.1 140 21 0.151C°
G684A 0.20 1.0 120 36 081C
G691A 0.48 0.9 40 12 0810

a All measurements were performed at 3D. Experimental condi-
tions for all measurements are as described in the Methods section.

complex both the affinity of actin for myosilkKpa) and the
affinity of ADP for myosin Kap) are weakened2d).

Determination of ATPase Actty. Steady-state ATPase
assays were performed as described previodsly25). The
values forke./Kapp Were calculated from the initial slope of
the data fit to the MichaelisMenten equation. Estimates of
the individual Michaelis-Menten parameters were obtained
from double-reciprocal plots. Additionally, ATPase assays
were performed in the presence of 88 mM ATP to

the myosin constructs were analyzed in terms of the model .onfirm that the amount of ATP was not rate-limiting for

shown in Scheme 1 based on that of Bagshaw e4a). (n

this and the following schemes a notation is used that

the mutant myosin constructs.

distinguishes between the constants in the presence an??ESULTS

absence of actin by using bol#.(;, K;) versus italic type
(k+1, Ky); subscripts A and D refer to actitKg) and ADP

(Kp), respectively.

Asterisks represent different protein conformations as

detected by intrinsic protein fluorescence, anddf theith
step is defined as the association constamk. (k).

Experiments in the presence of actin were analyzed in terms

of models developed by Millar and Geeve22f and

Siemankowski and White2@). In this scheme (Scheme 2)
A and M represent actin and myosin motor domain construct,

respectively.

Protein Purification High synthesis levels were obtained
with M761-2R and all of the mutant constructs described in
this study. The histidine-tagged recombinant proteins were
purified to homogeneity by binding to actin and release with
ATP followed by Nt chelate affinity chromatography. An
average Yyield of 2 mg of myosin head fragment was obtained
per gram of cells. The purified proteins wer®5% pure as
estimated from the Coomassie blue-stained Sp&yacryl-
amide gel. The mutant constructs did not behave significantly
different from wild-type construct M761-2R in this purifica-

A rapid equilibrium is reached betweerrM and ATP

after mixing acteMHF and ATP, defined by the association tion. .
constantK;, followed by isomerization of the ternary  Steady-State ATPase Assaiydrolysis of ATP by the
complex which limits the maximum rate of actin dissociation wild-type and the mutant myosin constructs was measured

from the complex. Thus the observed rate constant for the under three different conditions, namely, basal ATPase, actin-

were measured under low salt and in the presence 6f Mg
(Table 1). Basal ATPase activity of M761-2R was 0.12 s
and that of mutant G684A was 0.2'sMutant G680A has

In the presence of ADP, the two nucleotides compete to bind & reduced basal ATPase activity of 0.02,svhile mutant
to A-M. Assuming a rapid equi”brium between- and G691A showed an elevated basal ATPase aCt|V|ty of 0.48

the ADP bound statekys for a fixed ATP concentration is S - High-salt C&" ATPase rates measured for G684A,
given by the equation G691A, and M761-2R were similar, while G680A gave a
10-times slower high-salt Ca ATPase rate.
Kons = Ko/(1 + [ADPJ/K pp) )

Activation of ATPase activity by actin was examined over
a wide range of actin concentrations—80 u«M). At
wherek; is the observed rate constant in the absence of ADP concentrations of actin much lower thKg,, the dependence
and dissociation constaltap represents the affinity of ADP  of the apparent ATPase rate on actin concentration could be
for the actomyosin complex28). fit to a straight line and the apparent second-order rate
Scheme 3 illustrates coupling between actin and the constantK../Kapp of the reaction could be determined from
nucleotide binding site. In this scheme all constants are the slope of this line. Estimates &y, and ko were ob-
defined as dissociation constants. The presence of actin altersained from double-reciprocal plots (Table 1), but as the
the affinity of ADP for myosin and vice versa. The ADP maximum actin concentrations accessible were below the
affinity for MHF is given asKp, and the affinity of myosin  estimated value df.p, the values must be treated with some
for actin is defined a& a. In forming the ternary AM-ADP caution.

Kobs = [ATP]K 1k o/(1 + K, [ATP]) (1)
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Table 2: Transient Kinetic Analysis of Nucleotide Binding to
Myosin Head Fragmerits

nucleotide rate constant M761-2R G680A  G684A G691A
ATP Kikiz2(M™1s71) 1.1x 10° 35x 10* 0.5x 10F 1.1x 10°
kis+kos(sh) 45 44 8.2 11
mantADP kip(M~1s1) 6.7x10° 0.4x 1P 5x 1P 6x 10°
k-p(s ™) 2.60 0.01 0.88 1.62
Kp (uM)P 3.90 0.25 1.76 2.70
ADP Kp (uM)© 14 1.3 7 9

a Experimental conditions for all measurements: 20 mM MOPS, 5
mM MgCly, and 100 mM KCI (pH 7.0), 20C.  Calculated valuek{p/
kip). ¢ Dissociation rate constant for ADP measured from ADP
inhibition of pyr-actin binding to MHF.

ATP and mantATP Binding to MHF (K, kis + k-3).
Binding of mantATP to mutant myosin head fragments was
monitored from the 2.2-fold increase in fluorescence ob-
served following the addition of substoichiometric concentra-

tions of mantATP to each construct. The observed process

could be fit to a single exponentiaF[= Fo(1 — e kd)].

The observed rate constank,f) values were linearly
dependent on the concentration of mantATP in the range
5—-25uM. The second-order rate constaltK.,) is defined

by the slope of the best-fit line (data not shown); values of
Kiky, were similar for M761-2R and G691A but 30- and
2-fold slower for G680A and G684A (Table 2).

Binding of ATP was monitored by the change in intrinsic
protein fluorescence following the addition of excess of ATP.
A 9% increase in fluorescence was observed for all myosin
constructs, and the observed process was analyzed a
described for mantATP binding. Valueslgfsobtained with
ATP in the range 5100u4M were similar to those obtained
for mantATP binding in the 525 uM range. At higher
concentrations of ATPX1 mM), kopsvalues were no longer
linearly dependent upon [ATP] and were best fit to a
hyperbola kops = kma{ ATP)/([ATP] + Kos)) (Figure 1A).

For S1, the plateau of the hyperbola was assigned to the
rate for the ATP cleavage stek.§ + k_3) and the second-
order rate constant t&:k,,. We assume that the same
assignment holds for th®. discoideummyosin motor
domain. G684A and G691A gave similar values for the rate

of the cleavage step, and both mutants are about 4-fold slower

than M761-2R. In contrast, the value obtained for G680A
was similar to that obtained for M761-2R. Previously, we
have reported similar variability ik,3 + k-3 values with
various myosin head fragments showing otherwise similar
kinetic behavior 20). According to Scheme 1, a strict
hyperbolic dependence &f,s upon ATP concentration is
not expected, since ATP binding is presumed to be a rapid
almost irreversible phenomenon. Therefd{gs defines the
ATP concentration at whicK;k[ATP] ~ (ki3 + k-3)/2.

At ATP concentrations in the range from 5 to 100, the
apparent second-order rate constant for ATP binding to
myosin head fragment¥(k;,) was in agreement with the
calculated values obtained frokn./Kos Once again, the
values were similar for M761-2R, G684A, and G691A but
30-fold lower for mutant G680A.

Binding of mantADP to Myosin Head Fragmentsdk
Binding of mantADP to myosin head fragments was
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Ficure 1: Binding of ATP and mant-nucleotides to myosin head
fragments. (A) Rate of ATP binding to myosin head fragments.
Dependence of the observed rate constant of fluorescence change
on [ATP] in the range 0.26 mM. Data were fit to a hyperbola as
described in text. The resulting rate constants are summarized in
Table 2. The second-order rate constamtgs) were similar for

ATP and mantATP binding. (B) Binding of mantADP to myosin
head fragments. Dependence of the observed process on mantADP
concentration (550uM). The data were fit to a straight line, with

the second-order rate constant of ADP bindikgp] defined by

the slope of the line. (D) Rate of ADP displacement from myosin
head fragments. Stopped-flow record of fluorescence decrease upon
binding of 400uM ATP to 1.0uM MHF, premixed with 1uM
mantADP. The observed rate constarkspf are summarized in
Table 2. The symbols correspond to thediscoideummyosin head
fragments M761-2Rm), G680A @), G684A (&), and G691A ¥).

Buffer conditions: 20 mM MOPS, 5 mM Mggland 100 mM

KCI (pH 7.0), 20°C.

monitored by observing the exponential increase in fluores- uM. The second-order rate constant was measured from the

cence. The observed rate constants were linearly depend
ent on the concentration of mantADP over the rang®&6

slope of the plot obtained in Figure 1B. The values obtained
for M761-2R, G684A, and G691A were similar, while the
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A 380 ——————— —T —— factor of 2-3 from the wild-type value. At higher concentra-

] tions of ATP, the rate constants were no longer linearly
dependent on ATP concentration and could be fit to a
hyperbola as predicted from Scheme 2 and eq 1 (Figure 2A).
The values obtained fdr,, for the mutant myosin constructs
and M761-2R were comparable. This indicates that the
mutations primarily affeckK ;, and consequently, ATP binds
: 1 more tightly to the actdVHF complexes of the mutant

300

250

200
o
2150+
=]

1004 B ) constructs G680A and G684A than to the respective myosin
5| J head fragments alone.
50 - o o ADP Inhibition of ATP-Induced Dissociation of aetdHF
ATPEM) (Kap). The affinity of ADP for pyr-actoMHF was deter-
A mined from the inhibition of ATP-induced dissociation of

ATP (mM) pyr-actoMHF as described by eq 2. The observed rate of
dissociation was reduced for all constructs when excess ATP

B 10 . . : . — was added to pyr-actblHF with varying concentrations of

ADP (Figure 2B). The reaction was monophasic for M761-
2R, G684A, and G691A. The data obtained for these
constructs were fit to eq 2 and gave values of 215, 82, and
125uM for M761-2R, G684A, and G691A, respectively.

In contrast, the presence of small amounts of ADP in pyr-
actoG680A produced biphasic dissociation reactions (Figure
3A). Over the concentration range-8 uM ADP, kqpsVvalues
for the two phases were independent of the ADP concentra-
tion with the fast phase being identical to tkgs in the
absence of ADP. The slow phase was 34 $he amplitude
: : : : of the 2 phases varied with ADP concentration as shown in
0 200 400 600 800 Figure 3B, being entirely fast phase at zero [ADP] and

ADP (uM) entirely slow phase at [ADP}> 10 uM. The [ADP]
Ficure 2: ATP-induced dissociation of the pyr-adHF com- dependence of the amplitudes could be described by hyper-
plexes. (A) Determination of the maximum rate of ATP binding to  polic functions as shown in Figure 3B. The fraction of pyr-
pyr-actoMHF. Data over the range from 0.005 to 3.5 mM ATP  5.15b,GB80A that is free of ADP dissociated at 40" €Kops
were fitted to a hyperbolic function. The rate constants for the . S
isomerization step are given by the plateau values. The observed" th_e absence Of ADP), which in turn was the rate of ATP
rate constant is linearly dependent on ATP concentrations in the binding. The fraction of pyr-actG680A that has ADP bound
range 5-25uM (insert). The fitted parameters are summarized in dissociated at a rate limited by the rate of ADP dissociation
Table 3. (B) Plot ofkondko versus [ADP]: competitive binding of (3.1 s1), The data are thus compatible with a titration of

ATP and ADP to pyr-actdviHF. The dissociation constants of the _ ;
ADP complexes were determined by fitting the plot to the equation PY" actoG6BOA by ADP with &K ap of 1.24M. Thus ADP

kondko = 1/(1+ [ADP]/K a0), wherek, corresponds to the observed binds tightly to acteG680A Wlth a slow rate _of ADP release.
rate constant in the absence of ADP. The symbols correspond toThe values oK ap andk.ap give an association rate constant
the D. discoideunmyosin fragments M761-2Rl), G6S0A @), for ADP of kipp = K_ap/Kap = 2.6 x 106 M1 s1,
G684A (a), and G691A ¥). Buffer conditions: 20 mM MOPS, 5 The tight binding of ADP to act680A suggests that
mM MgCl,, and 100 mM KCl (pH 7.0), 20C. ADP competes efficiently with ATP for the actomyosin-
binding site. To test this further, we examined the ATP-
rza)\te constant measured for G680A was 16-fold slower (Tableinduced dissociation of actB680A by premixing 5Q:M

' _ o ) ATP with various concentrations of ADP. As in the experi-

ADP Dissociation from Myosin Head Fragmentsdk  ment where ADP was premixed to ad&680A, the presence
The rate of mantADP dissociation was measured by moni- of ADP produced two phases. The amplitude of the fast phase
toring the decrease in fluorescence upon displacement ofgecreased and the slow phase increased with an increase in
mantADP from the MHFmantADP complex by the addition  ADP concentration, and the two amplitudes were equal in
of excess ATP. The rate of mantADP releakep] from size at approximately 26M ADP. The reduction irkops of
G680A, G684A, and GE91A was 260-, 3-, and 1.6-fold the slow phase with increasing ADP concentration is a
slower than the rate measured for M761-2R (Figure 1C, measure of efficiency with which ATP replaced the ADP
Table 2). that dissociated from actB680A. Thekoysof the slow phase

ATP-Induced Dissociation of actdHF (Kik+,). Binding (Figure 3C) and analysis of the amplitudes suggest that 20
of ATP to pyr-acteMHF complexes was monitored by uM ADP and 50uM ATP bound to acteG680A with equal
observing the exponential increase in pyrene fluorescencerates; the second-order rate constant for ADP binding was
as the complex dissociates upon addition of excess ATP.approximately 2.5 times higher than that of ATP. This
The observed rate constants were linearly dependent uporconclusion is also supported by the analysis of the observed
ATP concentration in the range from 5 to 2M, and the rate constant of the fast phase that increased linearly with
second-order rate constartsk,, are defined by the slopes increasing [ADP] (Figure 3D). For a model where ADP
of the best-fit lines shown in Figure 2A (insert). The values binding and ATP binding are essentially irreversible on the
of K,k obtained for the mutant constructs differed by a time scale of the fast phasky,{fast phasej= ki[ATP] +

bs/ kO

o

x

0.0
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Ficure 3: ADP inhibition of ATP-induced dissociation of the pyr-a6&80A complex. (A) Fluorescence changes observed when 100

uM ATP is mixed with 0.5uM actoG680A premixed with ADP concentrations of 0.1, 0.2, 0.4, andd/\/B The dissociation reaction

shown is biphasic. (B) [ADP] dependence of the observed amplitudes of the dissociation reaction with mutant myosin G680A. The best fits
to the hyperbola are superimposed and diyig values of 1.25 and 1.16M for the slow ©) and fast @) phases, respectively. The
observed rate constants for the slow and fast phases for mutant G680A are plotted in panels C and D. The results are summarized in Table
3. Buffer conditions: 20 mM MOPS, 5 mM Mgg&land 100 mM KCI (pH 7.0), 20C.

Table 3: Results of the Transient Kinetic Analysis of the Actomyosin Complexes

nucleotide rate constant M761-2R G680A G684A G691A
Nucleotide Binding to actHF

ATP Kikiz (M71sY) 1.55x 1¢° 5.5x 1P 55x 1P 3.1x 10
Ky (M™h 250 1515 2500 685
Ki2(s7h) 504 310 255 365

ADP Kap (uM) 215 1.2 82 125
Kiap (M~1s71)P nd 2.6x 1¢° nd nd
K_ap (s79) >100 3.1 >50 >90
K an/Kp 14.3 0.92 115 13.9

Actin Binding to MHF

kKia (M~1s7) 1.3x 1C° 0.5x 10° 1.1x 1P 1.0x 1C°
k-a (s 5.6x 103 0.4x 103 14.0x 1073 1.4x 1073
Ka (NM)b 4.3 0.8 13.2 1.4
Kpa = KaKapn/Kp (nM)b 61.5 0.7 151.8 19.5
Kipa (M71s7h) 0.19x 10° 0.14x 1C¢ 0.21x 108 0.18x 10°
K_pa (s7H)P 11.7x 1073 0.1x 1078 32x 1073 35x 1073
k-palk-a 2.0 0.25 2.2 25

a Experimental conditions for all measurements: 20 mM MOPS, 5 mM Mgiid 100 mM KCI (pH 7.0), 20C. P Calculated values; nd, not
determined.

ko[ADP], wherekr andkp are the apparent second-order rate binding of excess pyr-actin to myosin head fragmeg®.(
constants of ATP and ADP binding, respectively. The slope The observed rate constants were plotted against the pyr-
of the fitted line gives a second-order rate constant of ADP actin concentration, and in each cakgs was linearly

binding of 2.6x 1® Mt s compared to Ix 1° M~1s™? dependent upon actin concentration over the range studied
for ATP (Figure 3D, Table 3). (0.5-3.0uM) (Figure 4A). This is compatible with a simple
Actin Binding to Mutant Myosin Head Fragments. ). one-step binding mechanism (Scheme 3), whiesig =

The rate of actin binding was measured by following the [Alk4a + k-a. The values of the second-order rate
exponential decrease in pyrene fluorescence observed upomonstants of pyr-actin bindindc{,) obtained from the slopes
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A4 T T . T stated abovelps = [Alkia + k-a was 5.7, 4.5, 4.5, and

] 2.5 st for M761-2R, G691A, G684A, and G680A, respec-
tively. A single-exponential reaction was also observed in
*7 T the presence of saturating concentrations of ADP, lkapd

. values were reduced to 0.76, 0.72, 0.85, and 0.5% §1*

for M761-2R, G691A, G684A, and G680A respectively,
where kops = [A]lkipa + k_pa (see Scheme 3). The

F reduction inky,sas a function of ADP concentration provides
1 ] a convenient way to measure the affinity of ADP for the
¢ . myosin head.
. Assuming thak _pa < [A]k+pa and that ADP is in rapid

— equilibrium with the myosin head fragments on the time scale
0.0 0.5 1.0 1.5 2.0 25

_ of the measurements, one would expect a single exponential
pyr-actin (uM) at all ADP concentrations where
B T T T T L T
104 J Kobs = [Al K A(Kp/{ Kp + [ADP]}) +
1 [AlK ;oA ([ADP]/{Kp, + [ADPI}) (3)
0.8 4
\ and Kp is the affinity of ADP for myosin (Scheme 3). A
@ 0.6 1 single exponential was observed in all cases, andkihe
N values plotted against the ADP concentration are shown in
:§o4- | Figure 4B. The fit to eq 3 is superimposed in Figure 4B,
. d . 1 giving Kp values for the mutants G680A, G684A, and
0.2 =2 G691A that are 11-, 2-, and 1.5-fold lower than the value of
) L 14 uM obtained for M761-2R (Table 2).
o0 0 2 50 400 600 800 1000 DISCUSSION
ADP (uM)

FiGure 4: Interaction of pyr-actin with myosin head fragments In this study we used steady-state and transient kinetics
(A) Dependence of the rate of pyr-actin binding to myosin head to analyze the effgct Of_ mptatlons_ G6SOA’ G684A, and
fragments on pyr-actin concentration. The data were fit to a straight G69_1A on nucleotide bmd_mg, actin .blnt.dlng, aﬂd com-
line, the slope of which gives the second-order rate constants for munication between nucleotide and actin binding sites of the
binding to actin K..»). All of the resulting values are summarized  myosin head fragment. Mutant motor domain G691A showed

in Table 3. (B) ADP inhibition of the rate of pyr-actin (8V) no major changes except for a 4-fold reduction in the rate at
binding to myosin head fragments. The dissociation constants of . -
the MHFADP complexes were determined by fitting the gt/ which ATP cleavage occurs, as well as an increase of the

kia Vs ADP concentrations according to eq 3. The symbols basal ATPase. The change in basal ATPase suggests an
correspond to thé®. discoideummyosin head fragments M761-  increase in the phosphate release rate or the rate of the
2R (W), G6SOA @), G684A @), and G6I1A ¥). Buffer condi- conformational change opening myosin’s “back door”, which
tz'grlsc': 20 mM MOPS, 5 mM MgGl and 100 mM KCI (pH 7.0), jimits phosphate release. Furthermore, the presence of actin
' failed to accelerate phosphate release by more than 3-fold.
of the plots were almost identical for the mutant constructs The interaction of G691A with actin or nucleotide appeared
and M761-2R (Table 3). The intercefit,», was too small unperturbed in all other aspects studied. Thus in some way
to estimate in each case. the glycine to alanine substitution at this position interferes
Displacement of pyr-actin from pyr-actdHF (k_,). The with the ATP cleavage step and facilitates phosphate release
rate of actin dissociatiork( ) from the myosin constructs  in the absence of actin. These observations are compatible
was determined by displacing pyr-actin from pyr-atéiF with the results reported by Patterson et &P)(in which a
with an excess of unlabeled actin. The observed processfull-length myosin construct with a glycine to cysteine
could be fit to a single exponential whekg,s corresponds  substitution at position 691 showed elevated basal ATPase
directly tok_a. The rate of actin dissociation measured for and actin had little effect on ATP turnover. The ability of
mutant constructs G680A and G691A was 10- and 4-fold G691C myosin to support actin filament sliding was reduced
slower than for M761-2R, while G684A showed a slight but not in a dominant way; that is, the mutant has no braking
increase in the rate of actin dissociation (Table 3). The effect on motility supported by wild-type myosiiZ).
dissociation equilibrium constants for actin bindinigaj Comparison of the crystal structures of the myosin motor
show that the actin affinities of constructs G680A and G691A domain complexed with AD#BeF; (lever down) and ADP
are 5- and 3-fold lower than the value obtained for M761- V; (lever up) shows significant rearrangements around G691,
2R. with some of the largest rotations within the reactive thiol
ADP Inhibition of Pyr-Actin Binding to MHF (K, K+pa)- region occurring in th&V-bond of G691 and thé-bond of
In the presence of ADP, the rate of actin binding was reduced neighboring residue K69@8, 29). In the ADPV; structure,
more than 10-fold for many myosins and this is also true G691 is in an unusual conformation that may not be
for the constructs used here (data not shown). Studies of 8accessible to alanine. In the ABBeF; structure G691 is
uM pyr-actin binding to 0.5«M myosin construct showed clearly part of the helix, a conformation that is presumably
an exponential decrease in pyr-actin fluorescence, and asalso available to alanine. The observation that mutation
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G691A has no effect on nucleotide binding, actin binding, is consistent with a model that requires a transient opening
or the relationship between the two, yet does disturb of the nucleotide pocket for nucleotide binding and release
phosphate release and motility suggests that it lies on ato occur. Actin facilitates the opening of the pocket, but the
communication pathway between the phosphate “back door” binding of nucleotide within the pocket itself is unaffected.
and the movement of the converter and the lever arm. G691Confirmation of this interpretation will require detailed
is clearly not involved in nucleotide- or actin-induced measurement of the temperature dependence of the rate and
conformational changes within the motor domain; however, equilibrium constants.
we cannot exclude an additional effect of mutations at this  The kinetic behavior of G680A is similar to that observed
site on the mechanical coupling between motor domain andfor the truncated motor domain construct M752D,(32).
lever arm. For M754 we showed that the affinity of ADP for both M754
Mutant construct G684A showed small changes in most and acteM754 was 0.4«M, while the ADP dissociation rates
of its properties, for example, a 3-fold reduction in actin were 0.06 and 3.1$for M754 and acteVi754, respectively.
affinity and a 4-fold reduction in the rate of ATP cleavage. The loss of six carboxy-terminal residues leads to a
This result is in good agreement with the structural data that significant destabilization of the M754 protei83); however,
are available as the residue is part ofcghelix in both the we have no indication that point mutations at position G680
ADP-V; and ADPBeF; structures and seems to undergo only have similar consequences. If nucleotide binding requires
minor rearrangements between the “lever up” and “lever some opening of the nucleotide pocket, then this opening
down” states. Structural data also indicate that substitution must be inhibited in the absence of actin for both constructs.
of G684 by a larger, bulkier residue can be accommodated.M754 displayed a 20-fold reduction in the rate of ATP
Among the three mutant constructs examined, G680A binding to the free myosin motor, and the second-order rate
showed the most severe deviation from wild-type behavior constants for ATP binding to G680A were 30-fold slower
in its transient kinetic properties. Mutations at this position than that observed for the wild-type construct M761-2R.
were recovered by Patterson and co-workers in a screen ofOnce the nucleotide has bound, the pocket is more stable in
cold-sensitive myosin mutant8@, 31), and a myosin with the closed form, leading to more tightly bound nucleotide
a glycine to alanine mutation at an equivalent position was and slow dissociation rates. In the presence of actin, both
produced as a three-part chimera in a mouse myogenic cellATP and ADP bound faster to the pocket, compatible with
line myosin (L1). Steady-state kinetics and in vitro motility — actin facilitating pocket opening to allow nucleotide binding.
assays showed a slight inhibition of the mutant proteins basalOnce bound, ATP induced actin dissociation in the normal
and actin-activated ATPase, a-1000-fold reduction of its ~ way while ADP bound to the pocket tightly but had no effect
ability to support actin filament sliding, and a strong braking on actin affinity. Thus, truncation of the myosin motor at
effect on motility supported by wild-type myosidy, 12). position 754 or the point mutation at position 680 leads to
Mixtures containing 10% G680A or G680V strongly re- thermodynamic uncoupling of ADP and actin affinities. ADP
sembled the pure mutant population. Mutant G680V was binds tightly to the free and the actin-bound forms of both
found to have the same affinity for ADP and A¥®, and of the constructs, and actin must bind with similar affinity
the affinity of the mutant for nucleotide was found to be in the presence and absence of ADP due to the thermody-
40-fold higher than that of wild-type myosidZ). The work namic relationship defined by Scheme 3.
here shows that these conclusions are correct but that the
alterations are far more wide-reaching. ACKNOWLEDGMENT
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