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Phenotypically Selected Mutations in Myosin’s Actin Binding Domain Demonstrate
Intermolecular Contacts Important for Motor Funcfion
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ABSTRACT. Here, we biochemically characterif¥ctyosteliummyosin |l mutants that were previously
phenotypically selected following random mutagenesis and shown to lie in the actin binding domain
[Patterson, B., & Spudich, J. A. (1996enetics 143801-810]. We show that the conditional loss of
myosin-dependent activity in vivo, which results from the mutations E531Q, P536R, and R562L, is likely
due to the loss of important contacts with actin. Purified wild-type and mutant myosin subfragments 1
(S1), expressed iDictyosteliumare alike in binding to actin and releasing it in an ATP-dependent manner.
Furthermore, the rates of ATP hydrolysis without actin are similar for the mutant and wild-type S1s.
Thus, the mutations in the actin binding site have little effect on ATP binding or product release in the
absence of actin. All three mutants, however, have impaired actin-activated ATPase activity, with apparent
second-order rate constants for actin interactions that-ag54old smaller than that of wild-type S1 at

30 °C. The mutations also cause defects in the ability to move actin, as measured by in vitro motility
assays of full-length myosins. On the basis of motility of a mixture of wild-type and mutant myosins,
there appears to be at least two classes of mutations, with the primary defect in either a weak or a strong
actin binding state. In summary, the activities in vitro of myosins with mutations in the actin binding site
suggest losses of important contacts with actin.

Directed movement and force production between myosin Scheme 1

and actin filaments, whether in muscle fibers or nonmuscle A + MeATP < A + M-ADP+P,

cells, are dependent on changing interactions between the i’[ n

two proteln's at specific points in myosin's ATPase cycle. AM > AsM-ATP 5 AMADP®, > A®MeADP—> AsM
As shown in Scheme 1, based on the work of Lymn and ATP P. ADP

i

Taylor (1971) and many others in the field, the associations

between myosin (M) and actin (A) are regulated by the ompjex during the ATPase cycle. The challenge remains

nucleotide bound to myosin. A strong “rigor” interaction 4 nderstand what these interactions are, as well as how
that occurs in the absence of nucleotide is disrupted Whe”they change during force generation.

myosin binds ATP. While bound to ATP or the products
of its hydrolysis, ADP and inorganic phosphatg (fmyosin

is in rapid equilibrium between the weakly actin-bound and
actin-free forms. The weak association with actin stimulates
P, release, and this release is coupled to a transition from
weak to strong actin binding. The force-generating step
occurs rapidly after this transition, but myosin remains tightly
bound to actin until ADP is released and another ATP is
bound [for reviews, see Huxley (1969), Goldman (1987),
and Geeves (1991)]. These changing interactions allow
myosin to generate a brief positive force and then to release
actin so that the myosin is not creating a drag force on actin
during the rest of the cycle. Furthermore, the coupling of
P, release to actin binding helps ensure that the energy of
ATP hydrolysis is used in a productive manner. Thus, the
interactions between actin and myosin are dynamic and

Of the actinr-myosin binding states, rigor is best charac-
terized due to its stability. Chemical cross-linking studies
and docking of the structures of the motor domain, myosin
subfragment-1 (S1) (Rayment et al., 1993b), with a model
of flamentous actin based on the actin monomer crystal
structure (Holmes et al., 1990) agree that in the rigor state
myosin can bind two adjacent actin monomers (Yamamoto,
1990; Rayment et al., 1993a; ScHer et al., 1993). The
docking suggests that there are numerous potential hydro-
phobic and ionic interactions that are likely to occur, although
the exact contacts will depend on the conformational changes
that occur as myosin binds actin. The aetiyosin weakly
bound state that can occur when ATP or APHs bound
to myosin is based on ionic interactions and can be shielded
by moderate salt concentrations. Myosin’s lysine-rich 50/
20 kDa loop in the actin binding region has been shown to
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Ficure 1: Potential contacts based on docking of S1 and actin filament structures. The crystal structure of chicken skeletal myosin (Rayment
et al., 1993b) is shown docked to a model of an actin filament (Sighret al., 1993). One actin monomer (referred to as the “first actin”

in the text) is shown in red, and four other actin monomers are shown in yellow. The line shows the orientation of the actin filament, with
the arrow head indicating the pointed end of the flament. The myosin heavy chain is in blue, the myosin essential and regulatory light
chains are shown in orange and purple, respectively. The spheres show the alpha carbon positions of the chicken myosin residues E538
(cyan), P543 (green), and K569 (magenta), which correspond to the mDiatgdsteliumresidues E531Q, P536R, and R562L. The figure

was prepared using the structure program MOLSCRIPT (Kraulis, 1991).

may in part be responsible for force production. Another trophic cardiomyopathy. This mutant was shown to have
possibility is that force generation is due entirely to a decreased actin activation of its ATPase ratg.{ was
conformational change of the head distal to actin, specifically decreased anl, for actin was increased by at least 3-fold
the light chain binding region (Whittaker et al., 1995; Uyeda each) and impaired activity in an in vitro motility assay
et al., 1996), and there is no motion at the actimyosin (Sweeney et al., 1994). Further work is needed for us to
interface during force production. If this were so, we would fully understand the role of specific interactions between
predict that the loss of specific contacts between actin andactin and myosin in force generation.
myosin may affect actin binding and/or release, but not We describe here a study of mutants Dittyostelium
myosin’s force-generating stroke. discoideummyosin Il that are located in the actin binding
Complementing the structural predictions, information site. These were isolated by Patterson and Spudich (1995)
about the interactions that occur between actin and myosinon the basis that cells expressing these myosin mutants have
throughout the cycle has come from molecular genetic very low myosin function at nonpermissive temperatures,
studies. For example, chimeric myosins with different but retain some function at higher temperatures. The
sequences at the highly variable region of the head knownmutations, E531Q, P536R, and R562L (which correspond
as the 50/20 kDa loop were shown to increase myosin’s actin-to the chicken skeletal myosin residues E538, P543, and
activated ATPase activity, without increasing the rates at K569, respectively), are located on the surface of the
which they move actin (Uyeda et al., 1994). The changes molecule in the actin binding domain as shown in Figure 1
in ATPase activity with such chimeras has been demonstrated(Patterson & Spudich, 1996). As cold-sensitive mutants, they
to be due to changes in the apparent weak-binding affinity have defects that do not abolish function, but rather limit it
to actin, orKn, for actin, with little effect orVnax (Rovner et at the low temperature in vivo. On the basis of their location,
al.,, 1995). Mutations at the negatively charged amino we hypothesized that these mutations under nonpermissive
terminus of actin have shown that this region affects both conditions may cause a failure of myosin to properly bind
myosin’s affinity for actin and th&na 0f the actin-activated  or release actin at distinct intermediate stages of the ATPase
myosin ATPase activity (Sutoh et al., 1991; Cook et al., cycle, and in this way obstruct myosin function.
1993). Such studies allow the correlation of structural sites We can guess at the nature of the contacts involved in
to biochemical functions. With the exception of the myosin particular mutations, based on the changes in charge or
loop chimeras, most of the mutagenesis has been done ormydrophobicity. However, partners for and the functions of
actin [for example, Johara et al. (1993) and Miller and Reisler these contacts are more difficult to predict. The docking of
(1995)]. The only single point mutation in myosin’s actin the crystal structures places E531Q and P536R against the
binding site that has been studied biochemically was made*first actin” monomer (Rayment et al., 1993a; Sttheo et
based on a mutation, R403Q, that causes familial hyper-al., 1993) in a hydrophobic region that has been shown to
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be important for rigor binding as well as actin activation cells, typically 50 g per preparation, were thawed with an
(Miller et al., 1996). The R562L mutation lies in the region additional 3 mL lysis buffer per gram of cells. The lysate
that was docked against the “second actin” monomer in awas depleted of ATP, and the actin-bound S1 was pelleted,
region that contains the charged pair E99/E100 (Rayment etwashed once, and then extracted with 2V&TP. The
al., 1993a). This pair has been shown to be important for resulting supernatant was loaded onto & Niffinity column
weak binding to myosin and to have little effect on myosin’s (Ni-NTA, Qiagen Inc.) and washed first with 300 mM
ability to move the E99A/E100A actin if the actin filaments sodium acetate and then 30 mM imidazole. Elution of S1-
are prevented from diffusing away (Miller & Reisler, 1995). Hiss was achieved with a 36300 mM gradient of imidazole,
The complementary charges of these actin and myosinand the protein typically eluted near 100 mM imidazole.
residues suggest a possible interaction of R562 [whoseSamples were analyzed on 15% SEFAGE. Pooled
positive charge is conserved in many myosins (Sellers & fractions were dialyzed briefly against 60% sucrose to
Goodson, 1995)] with the actin pair E9Q9/E100. If this is concentrate the sample and then overnight against 10 mM
the case, we expect the loss of charge on the myosin to haveHEPES, pH 7.4, 0.5 mM EDTA, 1 mM DTT, 4@g/mL
similar effects as the loss of charge on actin. TLCK, 0.1 mM PMSF, and 0.2 mM phenanthroline. The
Such mutants can demonstrate the importance of asample was loaded at 1 mL/min ond 1 mLHiTrap Q ion
particular residue in one or more types of actin binding. €xchange column (Pharmacia) and eluted with-200 mM
Understanding the defects of these mutations on a biochemi-KCl gradient. Due to differences in expression and affinity
cal level will help us define the number and nature of actin for the Ni-NTA between our S1 and the one used by

binding sites and the changes in binding interactions that Manstein and Hunt (1995), this additional column was
occur as part of myosin's stroke. required to achieve greater than 95% purity. Samples were

concentrated in a Centricon-30 concentrator (Amicon), and
the buffer was exchanged to 25 mM HEPES, pH 7.4, 25
) ) . ) mM KCI, and 1 mM DTT. Typical yields were 2 mg of S1
Plasmid Construction.All subcloning was done using  from 50 g of cells expressing pTIkB1-His, and 6 mg S1
standard procedures (Sambrook et al., 1989). Versions offom 25 g cells expressing pTIKDE-S1.
pLittle-S1-His* (where * represents any of the three i length myosins were purified fromictyosteliumas
mutations) containing the point mutations E531Q, PS36R, gescribed in Ruppel et al. (1994). Myosin was treated with
or R562L were created as follows. A purified 1 Eglll/ bacterially expressedictyosteliummyosin light chain kinase
Sad fragment from pTIKL:S1-His (Uyeda, T. Q.-P., un- A containing the activating point mutation T166E (Smith et
published data) was subcloned into the plasmids ptittle 5 1996). Actin was purified from chicken skeletal muscle
myo* each containing one of the point mutations (Patterson according to the method of Pardee and Spudich (1982). The
& Spudich, 1995) at th&glll and Sad sites. This deleted  oncentration oDictyosteliummyosin was determined by
roughly 2/3 of the myosin gene C-terminal to the point pragford assay (Bradford, 1976) using rabbit skeletal myosin
mutations as well as terminator sequence and replaced themyg 5 standard. The concentration of S1sHiabbit myosin,
with the equivalent myosin coding sequence up to V865 gng actin was determined spectrophotometrically, using the
followed by Pro-His-His-His-His-His-His-stop and a region  extinction coefficients 0.8 cimg (Ritchie et al., 1993), 0.53
of MyD 3’ flanking DNA. This creates a fragment equivalent c?/mg at 280 nm, and 0.62 &mg at 290 nm, respectively
to the myosin head fragment (Manstein et al., 1989a) with a (ryppel et al., 1994). The molecular masses of proteins were
6x histidine tag. Later experiments were done using 42 kDa for actin, 130 kDa foDictyosteliumS1, and 500
plasmids based on pTIKDE:-S1, which carries copies of kpa for Dictyosteliummyosin.
both myosin light chain genes (the regulatory light chain gene  aATpase AssaysWe used a modification of the assay
is fused to a six histidine repeat), as well as the truncated yescribed in Ruppel et al. (1994), measuring liberated
heavy chain (Uyeda, T. Q. P., unpublished data). This was qiolabeled P Buffer conditions were 25 mM imidazole,
used to make versions of pTIKDE:S1-His* by replacing pH 7.4, 25 mM KCI, 4 mM MgC}, and 1 mM DTT. ATP
the EcaNI/BsiXI fragment with equivalent fragments from  concentrations varied from 12:81 to 3 mM for measuring
pLittle-S1-Hig*. The presence of the mutations were ihe K, for ATP. When measuring actin activation, the
vgnﬁed by det'ermlnlng t'hat a 'secor)(iwd site (due'to a concentration of ATP was 3 mM. The ATP included roughly
silent change in the original pLitdeyo*) had been intro- 1 nCijuL [y-3?P]ATP. Typical protein concentrations were
duced. o ~ 0.4-1.54M S1with 0-75xM actin in a volume of 5QuL.
Dictyostelium Manipulations.All cells were grown in  Reactions were started by adding ATP and stopped at four
HL-5 (Sussman, 1987) with 17% FM Medium (Gibco BRL), time points by mixing 9uL of the reaction with 1uL of
100 units/mL penicillin, 10Q:g/mL streptomycin on petri  20% SDS and heating at 3& for 10 min to denature the
dlsheg at 22C. Plasm|ds_ were electroporated into HS1, a protein. To determine the amount 8fP]R liberated, 2uL
myosin Il null (nhcA) strain derived from JH10 (Ruppel et were spotted onto a PEI-cellulose thin layer chromatography
al., 1994) by standard procedures (Egelhoff et al., 1991). (TLC) plate (EM Separations Technology). The TLC was

MATERIALS AND METHODS

Transformants were selected for and maintained witty5
mL G418 (Gibco BRL).

Protein Purification. S1-His proteins were purified

run in 1.0 M formic acid, 0.4 M LiCl, and 50 mM NaR@o
separate ATP from ;Pbased on Crooke et al. (1994)].
Quantification was done by measuring the ratio of frée]f

according to the procedure of Manstein and Hunt (1995) with P to total 3P using a Phosphorimager 400 S (Molecular

the some modifications. Cells were harvested from 530 cm

Dynamics).

petri dishes (Nunc) by scraping. These were washed once Observed rates were corrected for ATP hydrolysis by actin
and then resuspended in 3 mL of lysis buffer per gram of and the Mg*ATPase of S1 in the absence of actiWma/

cells (wet weight). This was frozen dropwise in liquid
nitrogen and stored at80 °C. Lysis occurred when the

Km was determined by taking the slope of a line fit to the
linear phase of the ATPase rate vs concentration of actin.
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When appropriate, the entire set of data was fit to the 200 kD - T
Michaelis-Menten equation. All curve fitting was done "9 kB e e <— HC- His
using KaleidaGraph 3.0 (Abelbeck Software). BeKEY

Surface ATPase assays, used to measure the actin activa-
tion of myosin monomers, were done under the same buffer
conditions as solution ATPase assays. A fixed amount of
soluble myosin (in 200 mM KCI) was allowed to bind to a 30KD-
nitrocellulose coated cover-slip in a 1.8 ftow-cell, then
washed with assay buffer containing 1 mg/mL BSA. To
some samples, actin was then flowed in and allowed to bind i
to the myosin before being washed out with assay buffer.

The reaction was started by flowing in buffer with 3 mM

ATP (including 1 nCikL [y-2P]JATP) and 0.8% methyl <+—Ee

cellulose and incubating at 3 for various times. The 14K

reaction was stopped by washing the flow-cell with an excess

of stop buffer and collecting the flow-through. Freenas FIGURE 2 Purification of S1-Hig Fifteen percent SDSPAGE

precipitated and counted in a scintillation counter as de- of samples from a typical S1 preparation from cells expressing

scribed by Ruppel et al. (1994). pTIKL S1-OE, stained with Coomassie brilliant blue. Lane 1,
. whole-cell lysate; lane 2, second high-speed pellet; lane 3, ATP-

Fluorescence AssaysAll fluorimetry assays were per-  extracted supernatant; lane 4, pool of fractions from Ni-NTA
formed on an AMINCO-Bowman Series 2 fluorimeter (SLM-  column; lane 5, pool of fractions from HiTrap Q column. Positions
AMINCO). The Ky of S1 for actin in the absence of ATP  of mo_le%ular Werigm &Egyerr: 3{§t08:10¥v?]t00ﬂh§2,(Sndeir)%iﬂgﬂviit%f
was measurgd with pyrgne actin. Actin was labeled V\,”th ?nycﬁcl)r:/ve?abvgn?j \?vithout Hist%ine ta)g/;)g(RLC), andpepssential light
N-(1-pyrene)iodoacetamide (Molecular Probes) as describedchain (ELC) on right.
in Criddle et al. (1985) and stabilized with phalloidin.

Assays were performed in 25 mM HEPES, pH 7.4, 100 MM RESULTS

KCI, 2 mM MgCl,, and 1 mM DTT at 25 or 13C. Pyrene
actin (0.5uM) was titrated with varied concentrations of S1-
Hiss. The excitation and emission wavelengths were 365
and 407 nm, respectively. Data was fit to the equatiegs(

— Fo) = ((Ar + Sr + Kg) — ((Ar + Sr + Kg)? — 4A1S)%9)-
(Fobs — F»)(2A7)71, whereAr andS; are the concentrations
of actin and S1, respectively, ad andF.ns are the initial
and observed fluorescence values, solvingKgrand F.,

45 kD -

<«4— RLC - His

<+— RLC

Purification of Actve Mutants as S1The three myosins
with mutations in their actin binding sites, E531Q, P536R,
and R562L, had been isolated in a selection for cold-sensitive
myosins that required that myosin function was rapidly
regained when cells were moved from the nonpermissive
temperature of 13C to the permissive 26C (Patterson &
Spudich, 1996). This ensured that even at@3he myosin
, . . was stable in vivo, and so loss of activity was not due to
Fhe final level of fI.uores.cence guenching when all the actin denaturation of the protein. For this reason, we believed
is bound to myosin (Criddle et al., 1985). that it should be possible to purify these proteins &4

Cosedimentation AssayThe affinity of S1 for actin in without causing irreversible damage. This was supported
the presence of ATP was measured using cosedimentatiorby the observation that all purified mutants had an activity
assays essentially as described in DasGupta and Reislethat was stable when the proteins were stored on ice for
(1992). Phalloidin-stabilized actin (M) and S1 at several days or longer.
concentrations of 1:521 M were mixed in the same buffer The purification of S1-Hig forms of the cold-sensitive
used in the ATPases (25 mM imidazole, pH 7.4, 25 mM myosins containing the actin binding mutations is described
KCl, 4 mM MgCl,, and 1 mM DTT) and incubated at 22 in Materials and Methods and is shown in Figure 2. All
for 10 min before adding 3 mM ATP and immediately three mutants were isolated through a purification procedure
spinning at 200009 for 10 min in a Beckman TL-100 that required myosin function in the form of actin binding
ultracentrifuge. Pellets were resuspended in the original 2nd ATP-dependent release, demonstrating that they retain
volume of assay buffer, and the concentration of S1 was these properties even at@. The majority of S1, both wild-
determined by scanning Coomassie Blue stained gels withtyPe and mutant, pelleted with actin in the absence of ATP
an 1S-1000 Digital Imaging System (Alpha Innotech Corp.), and was found in the soluble fraction after extraction with

comparing the density of bands with known standards. ~ ATP. Further purification by affinity chromatography
produced a sample of greater than 95% homogeneity.

Mortility Assay. In vitro motility of full-length myosin,  ggcayse the yields of the preparations were similar between
which had been treated with myosin light chain kinase, was the mytant and wild-type S1s, we conclude that the mutants
measured by sliding filament assay using standard methodsjo not behave significantly differently from wild-type S1 in
(Uyeda et al., 1990). Myosin was briefly centrifuged under thjs purification.
solubilizing conditions in the presence of®! actin and 2 ATP Hydrolysis Rates of S1Solution ATPases were used
mM MgATP prior to assaying to precipitate heads that bound to characterize the overall activity of the motors. The S1
irreversibly to actin. Solutions of 0.8 mg/mL myosin were fragment was used rather than full-length myosin because
incubated in a flow-cell for 2 min before blocking with BSA.  of the insolubility of myosin (due to filament formation)
Assay buffer conditions were 25 mM imidazole, 25 mM KCl, under the experimental conditions necessary for ATPase
4 mM MgCl, 3 mM ATP, and 0.8% methyl cellulose, with  measurements. We were interested in determining how the
an oxygen scavenging system. Motility was measured at mutants differ from wild-type myosin in their ability to
30 °C. hydrolyze ATP, to retain the products of hydrolysis in the
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Table 1: ATPase Rates of S1

basal actin activation
Keat sd (s) VimalKm £ sd (s mM~1 actin)
30°C 20°C 13°C 30°C 20°C 13°C
wild-type 0.174+0.04 0.06+ 0.01 0.05+ 0.01 28+ 4 8.6+ 0.4 3.6+ 04
E531Q 0.14+ 0.02 0.08+ 0.01 0.057 0.004 1.2+0.2 0.2+0.1 0.0+ 0.1
% WT 87 140 110 4 2 0
P536R 0.14+ 0.03 0.08+ 0.0 0.06+ 0.02 45+ 0.3 1.6+ 0.1 0.60+ 0.07
% WT 84 130 120 16 19 17
R562L 0.16+ 0.05 0.06+ .01 0.052+ 0.005 7.6+ 0.7 1.0+ 0.1 0.494+ 0.06
% WT 94 110 100 27 12 14
Table 2: Apparent Affinity of S1s for ATP
Km (uM ATP)
wild-type 32+ 7
E531Q 22+ 7
P536R 298
R562L 36+ 10

absence of actin, and to accelerate the release of products in
the presence of actin. These are important characteristics

of the standard motor and thus useful parameters for
describing the effects of the various mutations. This assay
was performed at 30, 20, and 13 to examine whether the
mutant myosins exhibit in vitro the cold sensitivity observed
in vivo.

The mutations E531Q, P536R, and R562L did not
significantly change the MgATPase of S1 in the absence
of actin at any temperature assayed (Table 1). Therefore,
the release of Hn the absence of actin, which is the rate-
limiting step of the basal ATPase rate, is not greatly affected
in these mutants.

We also measured the apparent affinity for ATP in the
absence of actin, and found no significant difference between
any of the three mutants and wild-type. TKg for ATP is
approximately 3Q«M ATP at 30°C for the wild-type and
all three mutant S1s (Table 2). We interpret the lack of
significant changes in thK,, for ATP and the steady state
hydrolysis rate in the absence of actin as good indications
that these point mutations do not greatly affect the actin-
independent activities of the enzyme.

In contrast to their basal activities, the actin activation of
all of the mutants is greatly reduced compared to wild-type
(Figure 3 and Table 1). The slope of the linear portion of

the data was used to calculate the apparent second-order rat:

constantVna/Km, also known as the catalytic efficiency of
the reaction. Th&/./Kn, of wild-type S1 was determined
to be 28 s mM~! actin at 30°C. The activation by actin
of the mutants’ ATPase rates was significantly reduced and
ranges from nearly 30% (8 smM™1) of the wild-type rate
for R562L S1 to just 1.278 mM~* or 4% of wild-type for
E531Q S1. While the ATPase activation dropped with lower
temperatures for all S1s, the actin activation of P536R S1
changed roughly proportionally to wild-type with tempera-
ture, while R562L S1 became relatively more defective at
lower temperature. While the activation was 27% that of
wild-type at 30°C, it dropped to 14% at 13C. Thus, there
are apparent cold-sensitive defects in vitro as well as in vivo
for the R562L mutant. Although we do not believe that the
behavior of E531Q S1 is necessarily cold sensitive, being
very low at all temperatures, it is interesting to note that we
could detect no activation by actin of this mutant at°C3

In most cases, th,, for actin (which is a measure of the
apparent affinity of myosin for actin in its weak-binding

04
0 10 20 30 40 50 60 70

[actin] in uM
FiGURE 3: Actin activation of Mg+ ATPase of S1. The rates of
ATP hydrolysis were measured at (A) 3G, (B) 20°C, and (C)
£3 °C and corrected for basal ATPase rates under conditions
described in Materials and Methods. Symbols represent wild-type
(closed squares)E531Q (open triangles) P536R (closed dia-
monds) and R562L(open circles) Error bars show the standard
deviation of the data. Straight lines were fit to the initial slopes to
define Vma/Kn. (Values are shown in Table 1.) For wild-type and
R562L at 30°C (panel A), curves are fit to the entire data set using
the Michaelis-Menton equationVpyax = 2.4+ 0.3 and 0.6+ 0.2
s % K= 70+ 20 and 50+ 30 uM actin for wild-type and R562L
S1, respectively.

state) was too great to determikg andVmaxindependently
under the conditions used. At 3C, we were able to make
rough estimates o¥nax for the R562L and wild-type S1s.
When the full data set of the actin-activated ATPase of wild-
type and R562L Sl1s were fit to the Michaelislenten
equation, the predicteédnax for wild-type was 2.4+ 0.3 st
and R562L was 0.6 0.2 s'1. Due to the fact that none of
the data was taken well above tKg for actin, these rates
should be viewed with some skepticism; however, we feel
that the change observed\f.x for R562L S1 is significant.
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Ficure 4: Titration of pyrene actin with mutant S1s. The change

in fluorescence from 0.M pyrene-labeled actin with increasing

amounts of S1 is shown. Titrations were performed at°€5

Symbols represent wild-typéclosed squares)E531Q (open

triangles) P536R(closed diamonds)R562L (open circles) and
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Ficure 5: Cosedimentation of S1 with actin in the presence of
ATP. The amount of S1 that pelleted with 8V actin in the
presence of 3 mM MIATP was determined by densitometry of
Coomassie Blue stained gels as described in Materials and Methods.
Symbols represent wild-typégclosed squares)E531Q (open

error bars show the standard deviation of data. The curves showntriangles) P536R(closed diamonds)and R562L(open circles)

are fit to wild-type, E531Q, and P536R as described in Materials
and Methods to determine tlikg and the extent of quenching with
saturated bindindyq = 11, 140, 30, and 8 nM, and the fluorescence
was quenched down to 4 2, 14+ 1, 27+ 1, and 13+ 2% of

the initial fluorescence for the wild-type, E531Q, P536R, and R562L
S1s, respectively.

Actin Binding Affinity of Mutant S1sln order to address
the possibility that the low levels of actin activation of the
mutants’ ATPase rates were due to low affinity of the S1s
for actin, we compared the dissociation constaispf the

and error bars show the standard deviation of data. The curves
shown are the best fits to the data for wild-type (solid line) and
E531Q (dashed line). ThH€y was determined to be 1F# 2, 27+
1,28+ 1, and 17+ 2 uM for wild-type, E531Q, P536R, and
R562L S1, respectively.

In Vitro Motility of Mutant Myosins. The movement of
actin filaments by surface-bound myosin can indicate the
point in the cycle at which the myosin is defective. At high
myosin concentrations, mutants that are slowed only in

wild-type and mutant S1s in the absence of nucleotide, usingweakly bound states are expected to move actin at nhormal

pyrene-labeled actin at 28C (Figure 4). The affinity of
R562L S1 for actin is not significantly different from that

velocities, while those delayed in strongly bound states would
move actin more slowly (Siemankowski et al., 1985). We

of the wild-type. There is a small increase in the estimated measured the velocity of actin filaments in our standard
Kq of P536R S1 to 30 nM. However, this may not be motility assay using full-length myosins. Myosin was used
significantly different from the wild-type. By comparing the rather than S1 for this experiment because of the roughly
best fits of the data to models of different affinities, we 25-fold lower velocities observed for wild-ty@2ictyostelium
estimate that the error is such that the dissociation constantsS1 compared to myosin (Manstein et al., 1989b), probably
of wild-type and R562L S1s are between 5 and 25 nM, while due to incorrect orientation of the S1 on the nitrocellulose
that of the P536R mutant is 2840 nM. More notably, surface in the motility assay.

P536R S1 has a large change in the total quenching of the No uniform movement was observed for the E531Q,
pyrene label at saturation, which is 30% of the fluorescence P536R, or R562L myosins, although all of them bound actin
of pyrene-actin alone, compared to roughly 15% seen for in the absence of ATP. Under the same conditions, wild-
wild-type and the other mutants. This indicates that the type myosin moved actin at an average of 2®.3 um/s.
interaction between the bound myosin head and the pyreneWhile occasional brief, unidirectional movement of a single
is somehow perturbed in this mutant. The mutation E531Q actin filament was observed with R562L, at least 95% of
has caused a large change in affinity for actin in the absencefilaments observed wiggled at the ends without any uni-
of nucleotide, so that th&y is now between 120 and 170 directional movement. Strikingly, not only did P536R fail
nM. Thus, the mutations in the actin binding site have very to produce movement, but there was little difference in the

different effects on rigor binding. We also measuredKhe
of the myosin fragments at 13 and saw no significant
change from that observed at 26 (data not shown).

appearance of P536R-bound actin before and after adding
ATP, even at the ends of filaments, which tend to wiggle in
the presence of ATP with most forms of myosin. This

We examined the affinity of the S1s in the presence of suggests that P536R binds actin filaments tightly for an
ATP using cosedimentation assays (Figure 5). By using increased percentage of its ATPase cycle, which results in

densitometry to determine the amount of S1 bound /3

more heads tightly binding to an actin filament at any given

actin at a range of S1 concentrations (total) from 1.5 to 21 time.

uM, we found that theKqy for actin interacting with wild-

In order to better define the properties of the mutants, we

type S1is 1«M. This is about 1000-fold weaker than the also performed motility assays with equal concentrations of
interaction in the absence of nucleotide. The affinities of wild-type and mutant myosins to determine the ability of
the mutants for actin were 27, 28, and 4M for E531Q, the mutants to retard actin movement driven by wild-type
P536R, and R562L S1s, respectively. Thus, the affinity of myosin (Figure 6). This was done under concentrations at
the mutant S1s for actin in the presence of ATP is within which the wild-type myosin alone was sufficient for maxi-
2-fold that of wild-type S1. We also used cosedimentation mum velocity. The presence of E531Q or R562L myosin
in the absence of ATP to demonstrate th&5% of S1 was somewhat slowed the velocity of actin filaments, to ap-
capable of binding actin for both the wild-type and mutant proximately 75% the rate of the same amount of wild-type
Sis. protein alone. P536R myosin had a much greater effect,
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sF . monomers. The activation of the ATPase rate of R562L
' myosin monomers was determined by attaching the myosin
to a surface under solubilizing, high-salt conditions, and then
assaying under low salt ATPase buffer conditions. Under
conditions at which wild-type myosin hydrolyzed less than
0.1 nmol of ATP/min without actin and 1.0 nmol/min with
actin, an equal amount of R562L myosin hydrolyzed less
than 0.1 nmol/min both with and without actin. This
demonstrates that the loss of actin activation of R562L
WidType | WTe | W« WTa myosin, compared to that observed with R562L S1, is not
only E531Q P536R Re62L due to the formation of myosin filaments.

Ficure 6: Sliding velocities of mixtures of mutant and wild-type

myosins. Velocities were measured at @ under the conditions DISCUSSION

described in Materials and Methods. The mean sliding velocity

produced by wild-type myosin or by mixtures of equal amounts of ~ The isolation of conditional mutations in the actin binding
wild-type and mutant myosins are shown. Measurements were doneregion of the Dictyostelium myosin 1l heavy chain by

at protein concentrations at which the wild-type alone was sufficient : . . .
for maximum velocity. Error bars show the standard deviation of Patterson and Spudich (1996) provided us with a unique

velocity (um/s)
&
T

velocities of smoothly moving filaments. opportunity to understand why and how specific residues
are important for myosin function. Our hypothesis that the
1.2 - : myosin mutations E531Q, P536R, and R562L are defective

due to loss of important interactions between actin and
myosin has been supported by the data that shows that the
mutants have lost certain actin-dependent functions without
greatly changing the actin-independent properties of the
normal motor. The data is summarized in Table 3.

These mutations neither change the apparent affinity of
S1 for ATP in the absence of actin nor do they greatly perturb
the basal M§"ATPase rate at all temperatures measured.
Thus, it is clear that some properties of the molecule are

widtype  ES31Q  PS36R  RS62L unaffected by these substitutions, including nucleotide bind-
FiIGURE 7: Comparison of the actin activation of S1 and myosin ing and the tight regulation of product release.
Mg2*ATPases . The level of actin-activation above basal ATPase The interactions of the mutant myosins with actin are

of S1 (solid bars)and full-length myosin(stippled bars)with 24 C . . .
uM actin at 30°C is shown. Data has been normalized between all Significantly different from wild-type myosin. Although all

S1s or all myosins by dividing the observed rate of activation of mutants retain the ability to bind and release actin in an ATP-
each mutant by the appropriate wild-type rate. Error bars show dependent manner, even at low temperatures, they are greatly
standard deviation. impaired in the actin activation of their ATPase rates. Even

slowing movement to 35% of the wild-type myosin’s speed. at 30 °C, which is slightly above the in vivo permissive
This result is consistent with our hypothesis that P536R hastémperature, the mutant S1s are poorly activated by actin,
increased the strongly bound state time of the myosin. We With Vma/Kn values that range from 30 to just 4% of the
emphasize that this effect was not due to the presence ofild-type. Although in the presence of ATP none of the
denatured protein, as just before assaying them each proteidnutations causes even a 2-fold change in the binding of S1
was centrifuged in the presence of actin and ATP to remove to actin, E531Q S1 binds actin at least 10-times more weakly

insoluble protein as well as heads that irreversibly bound to than wild-type S1 in the absence of nucleotide. Thus, these
actin. experiments indicate that there are defects in the interactions

1

0.8

0.6

0.4

Normalized Actin Activation

0.2

0

Actin Activation of Mutant Myosin ATPasess a control of the mutant myosins with actin and that these defects are
for the activity of the mutant myosins, we measured their different for different mutants. .
solution ATPases with or without 24M actin and compared The motility assays on mixtures of equal amounts of wild-

them with the equivalent conditions of the ATPase assaystype and mutant myosins addressed the question of what
described above for the S1 forms of the proteins (Figure 7). points in the cycle are affected by the myosin mutations.
The ATPase rates of the myosin were quite reproducible This technique has been used to determine the load that
between preparations. We observed that the full-length myosin can put on actin during active cycling (Sweeney et
myosin and S1 forms of E531Q and P536R have ap- al., 1994; Ruppel & Spudich, 1996). Since there is little if
proximately the same proportion of actin activation compared any load placed on actin by the E531Q and R562L myosins,
to wild-type. Surprisingly, the R562L myosin is less they are probably inhibited prior to the weak-to-strong actin
activated than the corresponding S1. The activities of myosin binding transition. Thus, like wild-type myosin, the pre-
and S1 are not predicted to be necessarily identical, due todominantly populated intermediates are interacting only
a variety of factors including the filamentous state of myosin weakly with actin. In contrast, P536R myosin places
under the low-salt conditions used, as well as the regulation Significant drag on actin and thus is strongly bound to actin
of myosin (Tan et al., 1992) but not of S1 by phosphorylation for a significant fraction of the cycle time.
of the regulatory light chain (lkebe & Hartshorne, 1985). R562. We have shown that the reduced activation of the
We expected, however, to see an increase in activity of ATPase rate of R562L S1 is correlated with a reduction in
myosin with actin roughly proportional to that seen with S1. Vna (Figure 3). This could be caused by a normally rate-
The low activation of R562L myosin compared to S1 is limiting step being slowed or a different step that has become
not due to a difference in the ATPase of flaments versus rate limiting. Since the mutation at R562 does not cause
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Table 3: Data Summary

ATP hydrolysis (30°C) affinity for actin Kg)

apparent affinity basal actin activation —ATP +ATP motility of wild-type with
for ATP (Km) (uM) (s (mM~ts) (nM) (uM) mutant myosingm/s)
wild-type 32 0.17 28 11 17 2.6
E531Q 22 0.14 1.2 140 27 21
P536R 29 0.14 45 30 28 1.0
R562L 36 0.16 7.6 8 17 2.0

myosin to exert drag on sliding actin filaments, the slowed small decrease in the affinity in the presence of ATP,

step is likely to occur when myosin is only weakly associated suggests that the residue E531 is more important for the
with actin. Thus, the reducédyaxis probably due to arate  strong binding interactions than the weak. We suggest that
change at a step that occurs before actin is strongly bound this could also account for the poor actin activation observed
such as the ATP hydrolysis step or the step at which anin the ATPase assays, if the contact were important at the
initially weak interaction between actin and myosin becomes weak-to-strong actin binding transition as well as at the end
strong, simultaneously stimulating Rlease from myosin.  of the stroke (the rigor interaction). The low activation of

Because of the location in the actin binding site, we favor the ATPase activity by actin might then be due entirely to a

the model that the defect of the mutation at R562 is that it
is inhibited in this Prelease step that triggers the weak-to-
strong transition in actin binding, although other alternatives
cannot be ruled out without further kinetic analysis.

As discussed above, the docking of the S1 and actin crystal

decrease in th¥nay although our data does not rule out an

increase irkKy,. Our model is that E531 may be forming a

salt bridge with an actin residue throughout the strongly
bound state.

P536. The defects of P536R myosin are strikingly

structures led us to postulate that there may be an interactiondifferent from those observed for the mutations of R562 and
between R562 and the actin-charged pair E99/E100. AsE531. Surface-bound P536R myosin holds actin filaments
demonstrated by analysis of the actin mutant E99A/E100A firmly in the presence of ATP, inhibiting Brownian motion

by Miller and Reisler (1995), this pair of residues is important

of the actin filaments. It also significantly slows actin

for weak interactions between actin and myosin and may filaments that are being moved in sliding assays by wild-
also contribute to myosin’s actin-activated ATPase rate. Our type myosin. Such effects suggest that P536R myosin has
data for R562L are not consistent with this data, as we seeeither a longer than normal strongly bound state time or an

no change in the affinity for actin in the presence of ATP
with this mutant. Therefore, we conclude that the R562
residue of myosin is not interacting directly with the actin
E99/E100 charged pair.

The reason for the observed differences in the actin
activation of ATP hydrolysis between the S1 and myosin
forms of R562L is not clear (Figure 7). By comparing the
actin activation of surface-bound monomeric R562L myosin
to the wild-type, we have eliminated the possibility that the
differences in R562L myosin from S1 arise from the
formation of bipolar thick filaments by myosin. Another
potential explanation is that the full-length myosin form,
unlike S1, is regulated by light chain phosphorylation and

increase in the affinity of myosin for actin in the weakly
bound state. However, the increase in the affinity for actin
in the weak-binding state was ruled out by the cosedimen-
tation assays performed in the presence of ATP, which
showed that thé&, for actin is slightly increased from that

of wild-type S1 under these conditions. Thus, we believe
that when P536R myosin heads do become strongly bound
to actin, they spend an unusually long time in this state. This
could be due to a failure to release ADP, which would
prevent the rebinding of ATP and the release of the myosin
head from actin. Alternatively, it could result from a
significant stabilization of an interaction between actin and
myosin during the stroke. Such a strengthened interaction

so the myosin could be affected by both the change in the would be an especially exciting result as it does not appear
rate-limiting step discussed above and a change in regulationin rigor binding affinity (Figure 4) and would argue that there

Myosin’s 50/20 kDa loop, which lies in the actin binding

are interactions that are important in a strong binding

site, has been shown to play a role in regulation. Chimerasinteraction that occurs during the stroke, but not in rigor.

of loops from unregulated myosins placed in the regulated  Role of Myosin in lio. Comparison of the effects of these
smooth muscle heavy meromyosin fragment have beenmutations in vivo, observed by Patterson and Spudich (1995,

shown to be more actin-activated when the regulatory light
chain is unphosphorylated than the wild-type (Rovner et al.,
1995). Thus, changes in myosin’s actin binding site can
affect the regulation of actin activation. In the case of the

1996), and the in vitro results described here suggests a few
things about the requirements for myosin activity in the cell.
First of all, it appears that levels of activity far below wild-
type levels are sufficient for the myosin-requiring azide

mutation at R562, there appears to be the opposite effect, sqesponse irDictyostelium Cells were assayed for myosin

that the full-length myosin may be “hyper-regulated”. In
Dictyosteliummyosin, certain regions of the tail have been
shown to be required for regulation (Liu et al., 1996). Taken

function by determining their response to azide, which causes
cells with active myosin to round up and lose their attachment
to the substratum on which they are migrating. Cells lacking

tOgether, it seems pOSSible that a direct interaction of the myosin fail to undergo this response. P536R myosin, for

actin binding site with the tail is required for regulation and

which we observed no motor activity, was shown to respond

that this interaction may be strengthened by the mutation o azide far better than cells completely lacking myosin,

R562L.
E531. The mutant E531Q myosin has almost no actin

although less well than the other two mutants that do not
greatly impede actin sliding (Patterson & Spudich, 1996).

activation of its ATPase activity. The observed decrease in Differences between the conditions in vivo and in vitro,

affinity of S1 for actin in the absence of ATP, with only a

including the potential for the colocalization of actin and
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myosin to high concentrations, may be a large factor in the
ability of all of these mutant myosins to at least partially
function in vivo. The cold sensitivity observed in vivo has
been correlated to a cold sensitivity in vitro for R562L
myosin, but P536R myosin shows no indication of being
any more affected by temperature than wild-type myosin.

Thus, the in vivo phenotype for P536R myosin suggests that
there may be a temperature-dependent threshold, so that IoWyT624

levels of myosin activity may be sufficient at higher
temperatures and not at lower ones.
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myosin that lie in myosin’s actin binding site on its activity
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in this dynamic system. The effects of the mutations at the

residues E531, P536, and R562 are varied, illustrating the

different types of interactions between myosin and actin that
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