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ABSTRACT: While most of the sequence of myosin’s motor domain is highly conserved among various
organisms and tissue types, the junctions between the 25 and 50 kDa domains and the 50 and 20 kDa
domains are strikingly divergent. The 50-20K loop is positioned to interact with actin, while the 25-50K
loop is situated nearer the ATP binding site [Rayment, I., et al. (1993)Science 261, 50-58]. Chimeric
studies of the 50-20K loop [Uyeda, T. Q.-P., et al. (1994)Nature 368, 567-569; Rovner, A. S., et al.
(1995)J. Biol. Chem. 270(51), 30260-30263] have shown that this loop affects actin activation of ATPase
activity. Given the function of myosin as a molecular motor, it was proposed that the 25-50K loop might
specifically alter ADP release [Spudich, J. A. (1994)Nature 374, 515-518]. Here we study the role of
this loop by engineering chimeras containing theDictyosteliummyosin heavy chain with loops from two
enzymatically diverse myosins, rabbit skeletal andAcanthamoeba. The chimeric myosins complement
the myosin null phenotype in vivo, bind nucleotide normally, interact normally with actin, and display
wild-type levels of actin-activated ATPase activity. However, the rate of ADP release from the myosins,
normally the slowest step involved in motility, was changed in a manner that reflects the activity of the
donor myosin. In summary, studies ofDictyosteliummyosin heavy chain chimeras have shown that the
50-20K sequence specifically affects the actin-activated ATPase activity [Uyeda, T. Q.-P., et al. (1994)]
while the 25-50K sequence helps determine the rate of ADP release.

Myosins are actin-based motors that use the energy of ATP
hydrolysis to carry out muscle contraction and a variety of
cellular functions, including cytokinesis (1, 2), cell-surface
receptor capping (3), and developmental processes (4).
Conventional myosin, or myosin II, has been characterized
in many systems, and although myosin isoforms are highly
homologous throughout most of the catalytic domain, their
enzymatic properties are variable as determined by their
ATPase rates and unloaded shortening velocities (5).
Structural, biochemical, and biophysical studies of myosin

II have allowed predictions to be made about the mechanisms
involved in the actin-myosin cycle. One proposal was that
two proteolytically sensitive, solvent-exposed loops which
were not resolved in the crystal structure (6) could be critical
for modulating theVmax of the ATPase cycle and the
maximum velocity of movement (7). Proteolysis at these
loops divides skeletal myosin S11 into three fragments of
25, 50, and 20 kDa (8), and Reisler and co-workers showed
that proteolysis of the 50-20K loop affects the actin-activated
ATPase activity while proteolysis of the 25-50K loop affects
motility (9). The 50-20K loop, or loop 2, lies in the actin-
binding face, and chimeras ofDictyosteliummyosin with
loop 2s from other myosins were found to have actin-

activated ATPase activities which correlated with that of the
donor myosins (10). The 25-50K loop, or loop 1, lies nearer
the ATP-binding pocket, and due to this proximity, it is
possible that changes in this loop could affect nucleotide
binding or product release.
To study the role of loop 1 in the actin-myosin cycle,

we have made chimeras ofDictyosteliummyosin II with loop
1s fromAcanthamoebamyosin II and rabbit skeletal myosin
II. We found that the chimeras’ ATPase activities, actin
interactions, and nucleotide binding properties are virtually
unchanged by loop 1 modifications, while ADP release is
affected by these changes in a manner that correlates with
the activities of the donor myosins. Interestingly, the limit
to the rate of motility ofDictyosteliummyosin seems to
involve two steps, that of ADP release and actin-myosin
dissociation, rather than simply ADP release as is the case
for vertebrate myosins (11). Engineering changes in loop 1
specifically changed the rate of one strongly bound step, ADP
release.

MATERIALS AND METHODS

Plasmid Construction.Standard methods were used for
all DNA manipulations (12), and all myosin vectors encode
either full-length or subfragment-1 (S1) ofDictyostelium
myosin II. Restriction enzymes were from New England
BioLabs. A common 3′ oligonucleotide primer encoding a
SalI site and individual mutagenic 5′ primers encoding the
loop and anXbaI site were used with template pLittle-myosin
(13) to PCR-synthesize 0.2 kb fragments containing the
loops: SalI oligo 1, 5′-CACTCAAGAGATGGTCGACATCT-
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TCAAAGG-3′; AclI oligo, 5′-GCTCTAGAACACCACCT-
(T/G)CATTACGACCAGCGACAGATG-3′; and RBXI oli-
go, 5′-GCTCTAGAACACCTTGCATTTTA(C/A)CTGGAG-
TTGGTTCTTCTTTCTTTTTATCATTACGACCA-
GCGACAGATG-3′.
The PCR products were subcloned into pBluescript,

sequenced, and then subcloned into the pBIGmyosin vector
(13) with a uniqueSalI site in the myosin sequence at
nucleotide 487 and a uniqueXbaI site at nucleotide 627. The
fragment between theSalI andXbaI sites had been replaced
with a 950 bp sequence to allow identification of full-length
myosin clones containing the proper loop fragments (pBIG-
myoA11 and pBIGmyoR11). To create the S1 loop con-
structs, the pBIGmyosin loop vectors were digested with
BsaBI andBstXI, and these 1.5 kb fragments were purified
and ligated with the pTIKL-OE-S1-His6 vector (a generous
gift from T. Q.-P. Uyeda) which had been partially digested
with BsaBI followed by digestion withBstXI.
Dictyostelium Manipulations.All cells were grown at 22

°C in HL5 medium with 17% FM medium (Gibco BRL),
100 units/mL penicillin, and 100µg/mL streptomycin.
Plasmids were electroporated into HS1, a myosin II null
strain (14). Transformants were selected for and maintained
with 5 µg/mL G418 (Gibco BRL). Cells transformed with
the full-length myosin vectors were grown in suspension,
while S1-transformed cells were grown on 530 cm2 Petri
dishes (Nunc). Cells were developed on lawns ofKlebsiella
aerogeneson SM/5 agar plates (15).
Protein Purification. Full-length myosins (Mr ) 500 kDa)

were purified fromDictyosteliumas described by Ruppel et
al. (14); cells were lysed in low-salt EDTA buffer, extracted
with Mg2+ ATP, and subjected to two rounds of myosin
filament assembly-disassembly. Myosin was treated with
bacterially expressed myosin light chain kinase A containing
the activating point mutation T166E (16) and analyzed by
urea-glycerol PAGE (14, 17). The myosin concentration
was determined by a Bradford assay (18) using rabbit skeletal
myosin as a standard.
S1 proteins (Mr ) 130 kDa) were purified according to

the procedure of Manstein and Hunt (19) as modified by
Giese and Spudich (20). Briefly, cells were washed and
depleted of ATP while lysing, and the cytoskeleton was
pelleted. The pellet was extracted with Mg2+ ATP, and the
resulting supernatant was loaded onto a Ni2+-affinity column,
washed with 300 mM sodium acetate and then with 30 mM
imidazole, and eluted in a 30 to 300 mM imidazole gradient.
Fractions were analyzed by SDS-PAGE, pooled, dialyzed
against 10 mM HEPES buffer overnight, and loaded onto
two 1 mL HiTrap Q columns in series (Pharmacia). The
S1 protein eluted in a gradient of 0 to 500 mM KCl and
was dialyzed against 25 mM HEPES (pH 7.4), 25 mM KCl,
5 mM MgCl2, and 1 mM DTT (21). The concentration was
determined spectrophotometrically at 280 nm using an
extinction coefficient of 0.8 cm2/mg. All assays were carried
out on at least two preparations of myosin or S1 and are
reported as an average of the values.
Actin (Mr ) 42 kDa) was purified from chicken skeletal

muscle according to the method of Pardee and Spudich (22),
and the concentration was determined spectrophotometrically
using an extinction coefficient of 0.62 cm2/mg at 290 nm.
Phalloidin was added at a slight molar excess to stabilize
actin for light scattering experiments.

In Vitro Motility Assays.MLCK-A-treated myosin motil-
ity was measured using standard sliding filament assay
methods (23) at 30 °C. Concentrated myosin was first
incubated with 0.2 mg/mL actin and 5 mM ATP and
centrifuged to remove dead myosin heads. Myosin (0.8 mg/
mL) in assay buffer [AB, 25 mM imidazole (pH 7.4), 25
mM KCl, 4 mM MgCl2, 1 mM EGTA, and 10 mM DTT]
was incubated in a flow cell for 2 min before blocking with
BSA; unlabeled actin was introduced to block dead myosin
heads, and then rhodamine-labeled skeletal F-actin was
added, followed by AB/BSA containing 8-10 mM ATP,
0.8% methylcellulose, and an oxygen scavenger system.
Actin filaments were tracked at 30 frames/s with a frame
grabber board (Scion Corp.), and images were processed
using NIH Image, as previously described (24).
ATPase Assays.Myosin ATPase activities were deter-

mined by measuring release of labeled Pi using [γ-32P]ATP
according to the method of Clarke and Spudich (25) as
modified by Ruppel (14). Low-salt Mg2+ATPase reaction
mixtures contained 25 mM imidazole (pH 7.4), 25 mM KCl,
4 mM MgCl2, 1 mM DTT, 3 mM ATP, 0.1 mg/mL myosin,
and either 0 or 1 mg/mL actin.
Stopped-Flow Spectrophotometry. Stopped-flow experi-

ments were performed at 20°C with an Applied Photophys-
ics DX.17MV sequential stopped-flow spectrophotometer.
Light was provided by an Osram xenon lamp and passed
through an Applied Photophysics SpectraKinetic monochro-
mator. Reactions were followed by measurement of 2′(3′)-
O-(N-methylanthraniloyl) nucleotide fluorescence excited at
290 nm and monitored at 90° through a KV 380 nm cutoff
filter. Light scattering experiments were performed using
an excitation wavelength of 340 nm and monitoring at 90°
through a WG 335 cutoff filter. Data were analyzed by a
least-squares fitting procedure (Kaleidagraph, Abelbeck
Software). Assays were carried out in buffer [25 mM
HEPES (pH 7.4), 1 mM DTT, and 5 mM MgCl2] containing
either 25 or 100 mM KCl.

RESULTS

Chimera Construction. The sequence of the myosin II
head is fairly well-conserved evolutionarily except at two
solvent-exposed, flexible loops that vary considerably in size
and sequence. Full-length and subfragment-1 constructs of
chimeric myosins were created by replacing loop 1 of
Dictyosteliummyosin II with those ofAcanthamoebamyosin
II (pBIG-A11) and rabbit skeletal myosin II (pBIG-R11)
(Figure 1), as determined by sequence alignment (5). These

FIGURE 1: Chimera construction. The loop 1 sequence (5) of
Dictyosteliummyosin II (in the box) was replaced with the loop 1
sequence fromAcanthamoebaand rabbit skeletal myosin II by PCR
and transformed intoDictyosteliummyosin null cells.
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myosins were chosen because of their range of motile
activities;Acanthamoebamyosin, with an unloaded sliding
velocity of 0.3µm/s (26), may be considered a slow myosin,
while skeletal myosin is fast [5-8.8µm/s (27, 28)] compared
to Dictyosteliummyosin [3µm/s (29)].
The crystal structures of head fragments of both chicken

skeletal (6) and Dictyosteliummyosin II (30) have been
determined, and loop 1 appears to be flexible or to adopt
more than one conformation in both proteins, because no
electron density could be resolved or modeled for the loop
in either structure. The location of these unresolvable loops
corresponds well with the assignment of the loop by sequence
alignment, and has given us confidence that we have chosen
the borders of the loop correctly. Additionally,Acan-
thamoebamyosin’s sequence is similar toDictyostelium
myosin [about 60% identical (5)] except at the loops,
allowing the selection of the loop border even in the absence
of a crystal structure forAcanthamoebamyosin II. Because
of the similarity betweenAcanthamoebaandDictyostelium
sequences, and the position of the loop borders in the
Dictyosteliummyosin crystal structure, it is likely that the
substitution of theAcanthamoebaloop is not simply a
deletion of the loop.
Loop 1 Chimeras Are Functional in ViVo. Dictyostelium

cells require myosin for cytokinesis (1, 2) and at two stages
of development into fruiting bodies (31). Myosin null cells
transformed with either of the myosin chimera vectors
(pBIG-A11 and pBIG-R11) grew in suspension at normal
rates and developed into fruiting bodies, fully complementing
the myosin null phenotype. Western blots indicate that
expression levels were comparable to the levels of wild-type
myosin expression (data not shown). One advantage of the
Dictyosteliumsystem is that it provides an in vivo test for
myosin function; the normal in vivo activities and expression
levels showed that the changes at the loops did not cause
the protein to become unstable or to fold improperly.
Loop 1 Changes Do Not Affect ATPase ActiVity. The

steady-state rate of ATP hydrolysis by myosin is known to
be limited by product release and is stimulated by the
addition of actin. ATPase assays were used to determine
whether changes at loop 1 affect these activities. Purified
myosins were assayed for low-salt Mg2+ (basal) and actin-
activated ATPase activities at 1 mg/mL actin (Figure 2). Both
loop 1 chimeric myosins had basal and actin-activated
ATPase activities that were similar to wild-type myosin
activities (0.1 and 0.7 s-1, respectively) rather than the
activities of the donor myosins (3 s-1 with 15 µM actin for
Acanthamoebamyosin and 20 s-1 with 23 µM actin for
skeletal heavy meromyosin), indicating that the loop 1
changes have no effect on phosphate release or actin

activation. This is in contrast to the loop 2 chimeras, which
displayed large changes in actin-activated ATPase activity,
including a 5-fold higher ATPase activity at 1 mg/mL actin
for the skeletal chimera compared to wild-typeDictyostelium
myosin (10). Thus, changes at the two loops have extremely
different effects on ATPase activity.
Loop 1 Changes Do Not Affect Nucleotide Binding.2′(3′)-

O-(N-Methylanthraniloyl), or mant, analogues of ATP and
ADP, which display enhanced fluorescence upon binding to
myosin subfragment-1 (S1), were used in stopped-flow
spectrophotometric assays to determine nucleotide binding
rate constants (Table 1). S1 (0.25µM final concentration)
was mixed with 2.5-25µMmantATP (Figure 3a) or 1.25-
7.5µMmantADP (Figure 3b) (final concentrations), and the
fluorescence increase upon mant nucleotide binding was
monitored. The second-order rate constants for binding
mantATP (7× 105 M-1 s-1) were found to be similar for
the chimeras and wild-type S1 and are close to values
published previously forDictyosteliumS1 (21). The two
chimeras’ mantADP binding constants are equal to that of
wild type (about 6× 105 M-1 s-1) within error. In contrast,
rabbit S1 binds both mantATP and mantADP with rate
constants of 3× 106 M-1 s-1 (21). We also found that the
second-order rate constant of binding of mantATP to the
actin-S1 complex (1× 105 M-1 s-1) was not affected by
changes in loop 1. Thus, the loop 1 changes do not
significantly affect the rate constants of nucleotide binding.
In Vitro Velocity Is Affected by Loop 1 Sequence Changes.

The skeletal chimera displayed choppy movement and
filament shredding, which usually indicates the presence of

Table 1: Summary of Rate Constants of the Interaction of Mant Nucleotides with Rabbit S1,DictyosteliumS1, theAcanthamoebaChimera,
and the Skeletal Chimeraa

nucleotide apparent rate constant rabbit S1
Dictyostelium

S1
Acanthamoeba
chimera S1

skeletal
chimera S1

mantATP kon× 10-6 (M-1 s-1) 3.2b 0.7( 0.1 0.7( 0.1 0.7( 0.1
mantADP kon× 10-6 (M-1 s-1) 2.9b 0.5( 0.1 0.6( 0.1 0.6( 0.1
mantADP koff (s-1) 0.3 1.5( 0.0 1.1( 0.1 2.9( 0.1
mantADP koff/kon (µM) (calculated) 0.1 3.0 1.8 4.8

a Values were rounded to the nearest 0.1. All measurements in the table were carried out in 100 mM KCl to compare with previously published
values, but the mantADPkoff was also measured with 25 mM KCl (see the text).bRabbit S1 was used as a control, and results agree with previously
published results (21).

FIGURE 2: Actin-activated ATPase activities of native and loop 1
chimeric myosins. TheDictyosteliumand chimeric myosins (in
hatched bars) display activities near 0.7 s-1 with 1 mg/mL actin;
the activity of nativeAcanthamoebamyosin is 3 s-1 with 0.63 mg/
mL actin (26), and the rabbit skeletal HMM activity is 20 s-1 (27).
Higher activities have been cited for skeletal myosin (45). The value
for HMM rather than myosin is quoted because the conditions
described are most similar to the conditions used in this study (10).
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inactive myosin heads; the motility assay is extremely
sensitive to these “dead heads” because they bind to actin
filaments and create drag. After actin-affinity purification
and treatment of bound myosin with unlabeled actin, which
removes inactive heads, movement was still not smooth. We
obtained an average of 3.0( 0.3 µm/s for the skeletal
chimera velocity; the wild-type myosin average was 3.3(
0.6 µm/s, and theAcanthamoebachimera moved smoothly
at 1.2( 0.3 µm/s under the same conditions (Figure 4).
MantADP Release Rates Are Altered by Loop 1 Sequence

Changes.To determine nucleotide release rates from S1 in
the absence of actin, the decrease in fluorescence upon
dissociation of S1-mantADP complexes was monitored
(Figure 5). Under low-salt conditions (to compare with
actin-S1-mantADP release rates described below),Dicty-

osteliumS1 released mantADP at a rate of 2.5( 0.1 s-1;
the skeletal chimera released mantADP at twice this rate (4.9
( 0.4 s-1), and theAcanthamoebachimera’s rate was slower
than that of the wild type (1.9( 0.1 s-1). Under high-salt
conditions (to compare with previously published results),
the rates were 1.5, 2.9, and 1.1 s-1 for DictyosteliumS1, the
skeletal chimera S1, and theAcanthamoebachimera S1,
respectively (Table 1). Note that the values obtained for
koff in this experiment are very close to the values obtained
by extrapolation through they-intercept of the mantADP
binding slope. Using the values forkoff and kon, we
determined that skeletal myosin has an approximately 30-

FIGURE 3: Nucleotide interactions with S1 chimeras. (a) MantATP
(2.5-25 µM final concentration) was mixed with 0.25µM S1
(final), and an increase in fluorescence was observed;kobsvs [mant
nucleotide] was plotted to obtain the apparent second-order binding
constant. In both figures,DictyosteliumS1 is designated by filled
circles, the skeletal chimera by open circles, and theAcanthamoeba
chimera by filled triangles, and their rate constants of mantATP
binding are 7.0, 7.3, and 6.9× 105 M-1 s-1, respectively. The open
triangles in panel a represent rabbit skeletal S1 rates, and the rate
constant (2.6× 106 M-1 s-1) is similar to previously published
values. (b) MantADP (1.25-20µM final concentration) was mixed
with 0.25µM S1. The second-order binding constants are 5.2, 5.9,
and 5.7× 105 M-1 s-1 for Dictyostelium, the skeletal chimera, and
theAcanthamoebachimera, respectively.

FIGURE 4: Histogram of observed velocities.Acanthamoeba
chimera, skeletal chimera, and wild-typeDictyosteliummyosin
velocities were measured in the in vitro motility assay at 30°C,
and for each myosin type, about 40 actin filaments were tracked at
30 frames/s using the Scion frame grabber board and then analyzed
with NIH Image. Average values( standard deviation are as
follows: 1.2( 0.3 µm/s for theAcanthamoebachimera (cross-
hatched), 3.0( 0.3 µm/s for the skeletal chimera (shaded), and
3.3( 0.6 µm/s for the wild-typeDictyosteliummyosin (solid).

FIGURE 5: MantADP release from S1. S1 (0.5µM) was preincu-
bated with 2.5µM mantADP, and the complex was mixed in the
stopped-flow device with 80µM ATP. Shown are sample traces
from this experiment done in 100 mM KCl; in these examples,
DictyosteliumS1 (b) releases mantADP at 1.5 s-1, the skeletal
chimera (O) releases at 4.8 s-1, and theAcanthamoebachimera
(2) releases at 1.0 s-1. The wild-type andAcanthamoebachimera
traces were fitted to their entire time courses (5 and 10 s,
respectively) rather than the 2 s limit shown in the figure.
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fold stronger affinity for nucleotide compared to the chimeras
or DictyosteliumS1 (Table 1).
To determine the release rate in the presence of actin,

complexes of actin, S1, and mantADP in low-salt buffer were
preformed and allowed to equilibrate; this complex (actin-
S1-mantADP) was then rapidly mixed with excess ATP at
20 °C, and the fluorescence decrease as a result of mantADP
release from the complex was monitored (Figure 6). Note
that we used an excitation wavelength of 290 nm, rather than
the methylanthraniloyl excitation wavelength of 345 nm.
Under conditions where S1 binds strongly to actin, only a
small fraction of the mantADP is bound to actin-S1,
resulting in a low relative signal when excited at 345 nm;
excitation at 290 nm allows one to look specifically at the
mantADP which is bound to S1 and excited through
fluorescence energy transfer. The rate of mantADP release
from actin-S1 is 2 orders of magnitude higher than the rate
of mantADP release from S1 alone, and the rates were
significantly different for the loop 1 chimeras andDi-
ctyosteliumS1 (Table 2). WhileDictyosteliumS1 released
mantADP at a rate of 250 s-1, theAcanthamoebachimera
released the nucleotide at only 90 s-1. The skeletal chimera
displayed rates which were at or above the limits of
resolution for the instrument (>500 s-1) at this temperature.

At 15 °C, the skeletal chimera released mantADP at an
average of 480 s-1, while the rates of the wild type and the
Acanthamoebachimera slowed to 230 and 50 s-1, respec-
tively. Changes at loop 1 cause the mantADPkoff in the
presence of actin to drop to1/3 of the rate of the wild type
in the Acanthamoebachimera’s case and to double in the
skeletal chimera’s case. Thus, we have seen both an increase
and a decrease in this off rate as a result of changing the
loop 1 sequence.
Loop 1 Affects Only One Strongly Bound State.As noted

above, changes in the loop 1 sequence did not alter the
apparent rate constant of mantATP binding to actin-S1
complexes. Additionally, loop 1 changes did not affect the
rate of actin-S1 dissociation, which we measured by adding
an excess of ATP to an actin-S1 complex and measuring
the change in light scattering as the complex dissociated. At
20 °C in 25 mM KCl, this rate is about 130( 20 s-1, which
is slower than previously reported [450 s-1 (21)], but the
latter was measured with 100 mM KCl. Therefore, of the
three steps associated with strong binding to actin (ADP
release, ATP binding, and actin-S1 dissociation), only the
rate of ADP release was affected by changes in the loop.
To make valid comparisons with motility data, we carried

out stopped-flow assays at 30°C with 25 mM KCl. We
found that the mantADP release rate from wild-typeDicty-
osteliumS1 increased to 340( 40 s-1 at this temperature
and the actin-S1 dissociation rate increased to 270( 30
s-1, while the rate of mantATP binding remained near 1×
105 M-1 s-1. While the mantADP release rate from the
skeletal chimera was too fast to measure at 30°C, the
mantATP second-order binding constant and actin-S1
dissociation rate at 30°C both agreed with values obtained
with wild-type DictyosteliumS1 (Figure 7), as at 20°C.

DISCUSSION

In studies of vertebrate muscle myosins, it was shown that
unloaded shortening velocity is limited by ADP release from

FIGURE 6: MantADP release from actin-S1 at 20°C. Complexes
of 2.5 µM actin, 1µM S1, and 5µM mantADP were preformed
and allowed to equilibrate, and then these actin-S1-mantADP
complexes were rapidly mixed with 20 mM ATP. The excitation
wavelength was 290 nm, and fluorescence above 380 nm was
monitored. The skeletal chimera released ADP at twice the rate of
Dictyostelium, and theAcanthamoebachimera’skoff was1/3 of the
rate ofDictyostelium(Table 2). Representative traces from a series
of at least four superimposing traces are shown, with rates of>500,
245, and 89 s-1 for the skeletal chimera S1 (O), DictyosteliumS1
(b), and theAcanthamoebachimera S1 (2), respectively. The traces
were fitted to their entire time course rather than to the 30 ms limit
shown in the figure.

Table 2: MantADP Release from Actin-S1a

temperature
(°C) rabbit S1

Dictyostelium
S1

Acanthamoeba
chimera S1

skeletal
chimera S1

20 >500 250( 40 90( 14 >500
15 >500 230( 50 50( 22 480( 90

aMantADP off rates (s-1) from actin-S1-mantADP complexes
were determined at 20 and 15°C as described in Figure 3.

FIGURE 7: Actin-S1 dissociation at 30°C. Actin-S1 complexes
were formed by mixing 2.5µM phalloidin-stabilized actin with 1
µM S1; dissociation occurred upon mixing with 50 mMMg2+ ATP.
Skeletal chimera and wild-typeDictystosteliumpoints are shown
as open and closed circles, respectively. Traces shown are an
average of five consecutive traces and fit to single exponentials.
Fits to a single exponential show that both complexes dissociated
at 270 s-1 at 30°C.
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actin-myosin, and therefore, in vitro velocity measurements
are an indirect measure of ADP release rates (11). From in
vitro sliding velocities, nativeAcanthamoebamyosin [0.34
µm/s (26)] would be predicted to release ADP at near1/10
the rate of nativeDictyosteliummyosin, while skeletal
myosin [5-8 µm/s (27, 28)] would be expected to release
ADP at about twice the rate ofDictyosteliummyosin. The
ADP release rate for skeletal myosin has been estimated to
be near 500 s-1 (32). Although the rate changes we have
seen simply as a result of altering the loop 1 sequence
indicate that the loop alone does not fully determine the rate
of ADP release, the effects of these substitutions on the rate
of ADP release, in the absence of any other changes in the
rest of the motor, are significant.
Loop 1 may be viewed as a modulator of ADP release

from S1. Substituting the loop ofDictyosteliummyosin with
that ofAcanthamoebaand skeletal myosins causes a decrease
and an increase, respectively, in ADP release, both in the
presence and in the absence of actin. In the absence of actin,
however, skeletal myosin releases mantADP much more
slowly thanDictyosteliummyosin does (0.3 vs 1.5 s-1). It
would appear that skeletal myosin is more efficient in its
use of nucleotides, binding them strongly until they are
activated by actin. Therefore, it is not necessarily surprising
that the level of ADP release may be much lower for skeletal
myosin than forDictyosteliummyosin. Thus, if we could
create chimeras of skeletal myosin with the loop 1 of
DictyosteliumandAcanthamoebamyosin, we might expect
their activities to be even lower than 0.3 s-1. It is the
variation of the activities of the chimeras from the activity
of the wild-typeDictyosteliummyosin which is notable.
Both the in vitro velocity of theAcanthamoebachimera

and mantADP release from the actin-chimeric S1 complex
are about1/3 of the rate of the wild type, which is in
agreement with the model of Siemankowski and White.
However, the skeletal chimera, which releases mantADP at
about twice the rate of the wild type, does not show an
obvious 2-fold increase in in vitro velocity. In agreement
with previous studies, we have found that both the second-
order rate constants for ATP binding to actin-Dictyostelium
S1 (1× 105 M-1 s-1) and actin-DictyosteliumS1 dissocia-
tion (100-300 s-1) are 1 order of magnitude lower than the
values for skeletal S1 (2.5× 106 M-1 s-1 and 5000 s-1,
respectively). As a result, at physiological ATP concentra-
tions (1-2 mM), the three steps of ADP release, ATP
binding, and actin-S1 dissociation are on the same order of
magnitude (100-500 s-1). This is quite different from the
case of skeletal S1, whose ADP release is much slower than
either ATP binding or actin-myosin dissociation. Thus, if
ADP release is sped up enough, it should no longer be the
rate-limiting step ofDictyosteliumvelocity; instead, the ATP
on rate and subsequent actin-myosin dissociation rates,
which are not affected by changes in loop 1, may limit
velocity, and we would expect to reach a maximum in vitro
velocity which is independent of the rate of ADP release.
Additionally, if the steps after ADP release and before actin-
myosin dissociation are strongly bound, they may cause the
“rigor” binding and the subsequent actin filament shredding
that we see in the skeletal chimera motility assays. The
lengthened ADP-bound state of theAcanthamoebachimera
has slowed its motility, while the skeletal chimera’s velocity
is not increased markedly because the actin-myosin dis-

sociation also contributes to the rate-limiting step of motility.
In this study, we have used the 2′(3′)-O-(N-methylan-

thraniloyl) analogues of ATP and ADP to monitor nucleotide
binding to and dissociation from the S1 chimeras. MantATP
interactions with S1 have been reported to closely mimic
those of ATP with S1 (32). The affinity of mantADP
binding to S1 alone is 10-fold higher than that of ADP
binding; however, the affinities of mantADP and ADP
binding to actin-S1 are very similar (32). Additionally, the
ADP-BeFx component is positioned very similarly in the
crytal structures ofDictyosteliumS1 bound to Mg2+-
mantADP-BeFx (33) and Mg2+-ADP-BeFx (30). There-
fore, it is not unreasonable to assume that changes in loop 1
which affect mantADP release from actin-S1 also affect
the ADP release rate in the same manner.
While the results reported here are the first direct measure-

ments of rates of mantADP release from myosin loop
chimeras, studies of alternatively spliced smooth muscle
myosin and scallop myosin (34) have shown that changes
at loop 1 affect in vitro motility (35) and thus possibly ADP
release, but changes in ATPase rates were seen as well. It is
not clear whether the differences in results are due to the
type of myosin used as the host, the expression systems used,
the borders of the loops chosen, or the nature of the loops
themselves. Our studies have shown that changes at loop 1
of Dictyosteliummyosin cause changes in ADP release in a
manner that correlates with the activity of the donor myosin,
while having little effect upon ATPase activity. It has been
observed previously that there is no direct correlation
between actin-activated MgATPase activity and in vitro
motility (7, 8, 11, 36). A proteolytic study of rabbit skeletal
HMM (9) showed that independent cleavage of loop 1 and
loop 2 affects motility and ATPase activity separately,
supporting the idea that the loops can independently affect
these rate-limiting steps of the cycle.
Although these loops are generally considered to be

nonconserved, a study of the sequences of the loops revealed
that change in the loops is actually suppressed in myosins
with similar kinetics (H. V. Goodson, H. Warrick, and J. A.
Spudich, in preparation). The loops may have provided a
site for evolutionarily fine-tuning the activity of the motor
through changes in enzymatic activities or regulation. In
fact, Rovner et al. (37) have found that changes at loop 2
disrupt regulation of smooth muscle myosin.
It is not apparent how loop 1 functions to alter ADP

release. Studies of glutathione synthetase (38), dihydrofolate
reductase (39), pancreatic lipase (40), chymotrypsin and
trypsin (41), and other enzymes with flexible loops (42) have
shown that short stretches of amino acids are able to protect
substrates from bulk solvent, expose catalytic groups upon
reorientation, stabilize intermediates, define substrate speci-
ficity, and determine the flexibility of active sites. Biophysi-
cal studies will be necessary to determine the mechanism
by which loop 1 may be affecting myosin kinetics. Our study
does not eliminate the possibility that length, rather than
sequence, determines the rate of ADP release; we will
address that issue by creating additional chimeras with long
loops from slow myosins.
Previously regarded as simple linkers of highly conserved

sequences, solvent-exposed, nonconserved loops are now
considered to be important in modulating the kinetics of
enzymatic reactions (41, 43, 44). Studies of the loops of
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myosin have shown that these linker peptides may in fact
be important for modifying kinetics to optimize an isoform
for a particular function without altering conserved catalytic
residues.
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