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A Variable Domain near the ATP-Binding Site in
Drosophila Muscle Myosin Is Part of the Communication
Pathway between the Nucleotide and
Actin-binding Sites
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Drosophila expresses several muscle myosin isoforms from a single gene by
alternatively splicing six of the 19 exons. Here we investigate exon 7, which
codes for a region in the upper 50 kDa domain near the nucleotide-binding
pocket. This region is of interest because it is also the place where a large
insert is found in myosin VI and where several cardiomyopathy mutations
have been identified in human cardiac myosin. We expressed and purified
chimeric muscle myosins from Drosophila, each varying at exon 7. Two
chimeras exchanged the entire exon 7 domain between the indirect flight
muscle (IFI, normally containing exon 7d) and embryonic body wall muscle
(EMB, normally containing exon 7a) isoforms to create IFI-7a and EMB-7d.
The second two chimeras replaced each half of the exon 7a domain in EMB
with the corresponding portion of exon 7d to create EMB-7a/7d and EMB-
7d/7a. Transient kinetic studies of the motor domain from these myosin
isoforms revealed changes in several kinetic parameters between the IFI or
EMB isoforms and the chimeras. Of significance were changes in nucleotide
binding, which differed in the presence and absence of actin, consistent with
a model in which the exon 7 domain is part of the communication pathway
between the nucleotide and actin-binding sites. Homology models of the
structures suggest how the exon 7 domain might modulate this pathway.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

The conventional myosin II mechano-enzyme uses
the energy from ATP hydrolysis to power muscle
contraction. Myosin II, the main component of the
muscle thick filament, is a hexameric protein formed
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by two myosin heavy chains (MHC), two essential
light chains and two regulatory light chains. The
catalytic myosin heads protrude from the surface of
the thick filament and form strong transient interac-
tions with the actin-containing thin filament. Sum-
mation of the interactions by many myosin heads
with the thin filament generates force and motion
that result in muscle fiber shortening.
Striated muscle fibers, which include skeletal and

cardiac, exhibit a range of shortening velocities. A
large body of evidence supports the hypothesis that
variation in myosin heavy and light chain isoforms
accounts for the diversity in contraction velocities
of these fibers.1,2 Early studies described a relation-
ship between the steady-state ATPase activity of
myosin isoforms and contraction velocity of muscle
fibers expressing the same myosin isoforms, sug-
gesting that biochemical changes inMHC contribute
to the observed diversity.3,4 Numerous subsequent
analyses established a correlation between myosin
d.
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isoform kinetic properties and their actin filament
in vitro motilities or in vivo muscle shortening velo-
cities. Recent crystallographic and cryo-electron
microscopy observations have revealed a conserved
structural mechanism5,6 for these myosin isoforms
further supporting the proposal that differences in
the kinetic properties rather than mechanical prop-
erties of the myosin isoforms govern the contraction
velocities of striated muscle fibers.
Recent investigations using an invertebrate model,

Drosophila melanogaster, assessed whether a similar
kinetic mechanism exists for muscle myosin iso-
forms in this organism. The studies focused on
two of the 15 known myosin isoforms,7–9 the em-
bryonic body wall muscle isoform (EMB) and the
indirect flight muscle isoform (IFI). Kinetic analyses
of these isoforms using myosin or myosin subfrag-
ment 1 (S1) revealed less than a twofold difference
in nearly all measured steady-state and transient
kinetic parameters.10,11 These small kinetic differ-
ences are in clear contrast to the results from mea-
suring in vitro actin filament velocities and the
frequency of maximum power generation and the
rate of tension redevelopment in fibers, which
together show that IFI supports substantially faster
actin filament and fiber contraction velocities than
the EMB isoform.10–13 A recent study of the effects
of ATP, ADP and Pi concentration on IFI and EMB
fiber kinetics may shed some light on this lack of
correlation. The results from this study show that
the IFI and EMB-containing fibers respond very
Figure 1. Location and amino acid sequence of the Dros
structure minus the light chains (2MYS pdb) is shown with re
domain, colored red; the location of residues 301, 318 and 3
myosin isoforms, the exon 7 sequence was split in half: (1) 301–3
7d/7a, the 7a surface domain was replaced by 7d and in EM
sequences of exon 7 in the IFI, EMB and four chimeric isoforms
to their origin (IFI/exon 7d are green and EMB/exon 7a are m
differently to ATP, ADP and Pi; the authors con-
cluded that the rate-limiting step for the IFI isoform
is Pi release while the EMB isoform rate-limiting
step is the isomerization step prior to ADP release.14
To better understand the relationship between

myosin kinetics and in vivo fiber shortening velo-
cities in Drosophila, analyses have focused on the
regions that vary between the IFI and EMB isoform.
Myosin isoform diversity in Drosophila is generated
by alternatively splicing six of the 19 exons from
a single Mhc gene7,9,15; the IFI and EMB isoforms
differ in all six regions. To address the function of
each variable region, chimeric myosin isoforms
were created by sequentially exchanging each vari-
able domain between the IFI and EMB isoforms.
Subsequent generation of transgenic flies expressing
these chimeric isoforms allowed for assessment of
the changes to muscle function in vivo and MHC
function in vitro.10,11,13,16–19

The exon 7 domain (colored red in Figure 1) forms
the upper lip of the ATP-binding site (residues 319–
335) and a portion of the adjacent external surface
(residues 301–318). IFI and EMB spliced transcripts
include exon 7d and 7a, respectively, which are two
of four isovariants in this exon cassette. Previously,
exons 7d and 7a were exchanged between the IFI
and EMB transcripts to produce chimeric myosin
isoforms IFI-7a and EMB-7d. Initial in vitro and
in vivo results suggested the exon 7 domain modu-
lates myosin isoform function by affecting the life-
time of a state where myosin is detached or weakly
ophila exon 7 domain. (a) The chicken skeletal S1 crystal
sidues 301–335, which correspond to the Drosophila exon 7
35 are indicated. To create EMB-7a/7d and EMB-7d/7a
18 (surface domain) and (2) 319–335 (lip domain). In EMB-
B-7a/7d the 7a lip domain was replaced by 7d. (b) The
are aligned; non-conserved residues are colored according
agenta).
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attached to actin.16 A second study of the indirect
flight muscle (IFM) mechanical properties of IFI-7a
and EMB-7d transgenic flies showed that the exon
7d domain also affects the duration of a strongly
bound state that influences fiber speed and flight
performance.17

Here we used transient kinetic analyses to per-
form a detailed investigation of the modulatory role
of the exon 7 domain on Drosophila myosin isoform
biochemical kinetics. Four chimeric isoforms were
used; two were the IFI-7a and EMB-7d isoforms
previously created.16 The other two isoforms were
designed to independently test the influence of
the residues that vary between the exon 7a and 7d
domains on EMB isoform kinetic properties. We
created these isoforms by replacing separately each
sub-domain (lip or surface domain) of exon 7a in
EMB by the same region of exon 7d, thus producing
the EMB-7d/7a (includes 7d surface domain resi-
dues 301–318) and EMB-7a/7d (includes 7d lip
domain residues 319–335) isoforms (Figure 1(b)).
Using these four isoforms, we measured several
biochemical transitions in the myosin cross-bridge
cycle.
We found that substitution of the entire exon 7a

domain in the EMB isoform with exon 7d (EMB-7d)
slightly reduced the ATP-induced dissociation rate
of acto-S1 and significantly enhanced the rate of
coumarin-ADP (eda-deac ADP) release but had no
influence on the ADP affinity for acto-S1. Exchan-
ging the entire exon 7d domain of IFI with exon 7a
(IFI-7a) reduced the ATP-induced dissociation rate
and the rate of eda-deac ADP release from IFI but
enhanced the ADP affinity for acto-S1. When
exchanging either the exon 7d lip or surface domain,
we observed no change in the steady-state ATPase
rate as seen with EMB-7d, but there were changes in
both the eda-deac ADP release rate from S1 and in
the affinity of ADP for acto-S1. Collectively, the
kinetic differences measured in these four isoforms
indicate that exchanging or splitting the exon 7
domain produced novel biochemical interactions
governing Drosophila myosin kinetic transitions.
Homology models derived for the IFI, EMB and
four chimeric isoforms suggest a structural mechan-
ism by which sequence changes in the exon 7
domain influence Drosophila myosin kinetics.
Together the kinetic perturbations and modeling
data reveal the exon 7 domain is part of the
communication pathway between the nucleotide
and actin-binding sites.
Table 1. Steady-state kinetic parameters for the exon 7 doma

Myosin isoform EMBa

Basal ATPase rate (s−1 head−1) 0.07±0.01
Vmax (s

−1 head−1) 0.7±0.05 (5)
KM actin (μM) 0.8±0.2

Values are the mean±S.E. with parentheses indicating the number of
a EMB data are from Littlefield et al.10 and EMB-7d data are from M
b p<0.05 determined by Student's t-test as compared to EMB-7d.
c p<0.05 determined by Z-test on the parameter fits of Vmax and K
Results

Generation of transgenic flies

To address which non-conserved residues
between exon 7a and 7d contribute to the functional
differences in myosin isoforms EMB and EMB-7d,16

we generated two constructs, EMB-7a/7d and EMB-
7d/7a. Both chimeric myosin isoforms substituted
exon 7d residues in place of the exon 7a residues
normally present in the EMB isoform (Figure 1). In
EMB-7a/7d residues 319–335 (lip sub-domain) were
exchanged and in EMB-7d/7a residues 301–318
(surface sub-domain) were exchanged. To mediate
germline transformation of Drosophila, each P ele-
ment construct was injected separately into yw
embryos along with a helper plasmid, Δ2–3, con-
taining a transposase source required for insertion of
the P element into chromosomal DNA.20,21 Trans-
formed flies with appropriate insertion events were
crossed into a Mhc10 background. Mhc10 is null
for MHC in the indirect flight and jump muscles.22

This genetic background eliminates myosin isoform
expression only in these muscle types and allows for
assessment of in vivo function and purification
of transgenic myosin without contamination from
endogenous myosin. These techniques yielded three
independent fly lines for the EMB-7a/7d isoform
and five independent fly lines for the EMB-7d/7a
isoform. A single fly line expressing the greatest
amount of MHC for each mutant was used for myo-
sin purification. Each myosin preparation yielded
300–400 μg from approximately 150–180 flies.

Steady-state Mg2+ATPase assays of chimeric
myosin isoforms

A previous study showed an increase in the basal
and actin-activated Mg2+ATPase activity when the
exon 7d domain was exchanged for exon 7a in the
EMB background (Table 1, EMB-7d isoform).16 We
determined the Mg2+ATPase activity for the chime-
ric myosin isoforms EMB-7a/7d and EMB-7d/7a.
The basal and maximal (Vmax) actin-activated ac-
tivities for both isoforms were similar to the EMB
isoform and did not show any increase in activity
as seen with the EMB-7d isoform (Figure 2 and
Table 1). The elevation of the ATPase activity
therefore requires the whole exon 7 exchange, i.e.
neither half of the exon can produce the effect on its
in chimeric myosin isoforms

EMB-7da EMB-7a/7d EMB-7d/7a

0.13±0.02 0.06±0.01b 0.08±0.02b

0.91±0.04 (6) 0.6±0.02 (5) 0.6±0.01 (5)
0.5±0.09 0.3±0.04c 0.2±0.02c

preparations.
iller et al.16

M (EMB-7a/7d and EMB-7d/7a versus EMB-7d or EMB).



Figure 2. Actin-activated Mg2+ATPase activity of
EMB-7a/7d and EMB-7d/7a isoforms. The maximal
actin-activated ATPase activities for the exon 7 domain
chimeric myosin isoforms (filled triangles, EMB-7d/7a;
open circles, EMB-7a/7d) show no difference compared to
the EMB isoform (open squares) but are decreased relative
to the EMB-7d isoform (filled circles). Data were collected
and fit with V=Vmax [actin]/(KM+[actin]) to determine
Vmax and KM (Table 1). EMB data are from Littlefield
et al.10 and EMB-7d data are from Miller et al.16
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own. However, the KM value for actin with either
isoform showed a three to fourfold decrease relative
to the EMB isoform and a 1.5–2-fold decrease rela-
tive to the EMB-7d isoform. The decrease of the KM
is not simple to interpret but could reflect an
increased affinity of these myosin isoforms for actin.

Production of Drosophila S1 isoforms

In order to measure the transient kinetic para-
meters, each myosin isoform was digested with
α-chymotrypsin to produce S1, the catalytic globu-
lar domain. Chymotryptic digestion eliminates the
α-helical rod domain and the regulatory light chain,
but leaves the essential light chain intact. The S1 is
soluble at low salt and produces minimal aggrega-
tion. The samples contained relatively pure S1
(∼100–200 μg) with minor contamination resulting
from over-digestion of the myosin.11
Table 2. Transient kinetic parameters measured for the exon

S1 isoform IFIc IFI-7a EM

K1k+2 (10
6 M−1 s−1) 0.75±0.08 0.33±0.07 0.91

k-D (s−1) 7.5±1.3d 4.7±0.8d,e 1.8±
KD (μM)a 7.5 4.7 1
KAD (μM) 409±26e 239±52d,e 587
k-AD (s−1)b 4090 2390 58
KAD/KD 55 51 3

Values are mean±S.D. based on a minimum of three preparations. K1k
of acto-S1. KD and KAD are dissociation equilibrium constants determin
rate constant (e.g. K3=k−3/k+3). k-D and k-AD are the ADP dissociation
KAD/KD is the thermodynamic coupling constant describing the relat

a Data are estimated from k-D assuming an association rate constan
b Data are estimated from KAD assuming an association rate consta
c Data are from Miller et al.11
d p<0.05 determined by Student's t-test as compared to IFI.
e p<0.05 determined by Student's t-test as compared to EMB.
Dissociation of coumarin ADP (eda-deac ADP)
from S1 (k-D)

To estimate the rate constant of ADP dissociation
from S1 in the absence of actin, the change in
fluorescence of a coumarin-labeled ADP (eda-deac
ADP42) was measured upon displacement of eda-
deac ADP by ATP binding to S1.23 Previously, it was
shown that this coumarin-labeled analog has very
similar kinetic properties compared to ADP. When
using eda-deac ADP the ADP release rate (k-D) was
unchanged for rabbit fast-skeletal myosin S1, the
Dictyostelium myosin head fragment (M765-1R) and
rat EDL myosin S1.23

A single laser flash released 15–20 μM ATP from
cATP (100 μM) and the fluorescence change result-
ing from eda-deac ADP release was well described
by a single exponential function. Exchange of the
full exon 7a or exon 7d domain into the IFI or EMB
isoform, respectively, resulted in an alteration of the
rate constant for eda-deac ADP release (k-D) in the
direction of the donor domain; the eda-deac ADP
release rate constant from IFI-7a (4.7(±0.8) s−1) and
EMB-7d (4.3(±0.7) s−1) were very similar and the
values lie between those of IFI (7.5(±1.3) s−1) and
EMB S1 (1.8(±0.4) s−1; Table 2 and Figure 3).
The eda-deac ADP release rate constants for EMB-

7a/7d and EMB-7d/7a S1 were 2.6(±0.4) s−1 and
6.1(±0.8) s−1, respectively (Table 2). Including the
IFI exon 7d lip domain (EMB-7a/7d) results in a
rate close to the IFI S1 rate (7.5(±1.3) s−1). On the
other hand, including the exon 7d surface domain
(EMB-7d/7a) yields a rate closer to the EMB S1
rate.11 With EMB-7a/7d the eda-deac ADP fluo-
rescence decreased on displacement, in the same
direction as for the IFI, EMB and EMB-7d iso-
forms (Figure 3(a) and (c)). There was no correlation
between the direction of the fluorescence change
and the affinity of the analogue for S1. Surprisingly,
the results with EMB-7d/7a showed a fluorescence
increase as did IFI-7a (Figure 3(b) and (d)). Similar
variation in the direction of fluorescence changes
has been observed previously with vertebrate and
Dictyostelium S1 isoforms23 and reflects differences
7 chimeric S1 isoforms

Bc EMB-7d EMB-7a/7d EMB-7d/7a

±0.13 0.64±0.05 0.67±0.18 0.66±0.14
0.4d 4.3±0.7d,e 2.6±0.04d,e 6.1±0.08e

.8 4.3 2.6 6.1
±48d 596±39d 191±59d,e 220±33d,e

70 5960 1910 2200
26 139 73 36

+2 is the second-order rate constant for ATP-induced dissociation
ed by division of the dissociation rate constant by the association
rate constants in the absence and presence of actin, respectively.

ionship between actin and ADP affinities.28

t of 106 M−1 s−1.
nt of 107 M−1 s−1.



Figure 3. Rate of eda-deac ADP
dissociation (k-D) from Drosophila
S1 isoforms. The rate constant for
ADP dissociation (k-D) from S1 in the
absence of actin was determined.
Addition of ATP (15 μM) from
cagedATP (100 μM) by a single
laser flash displaced the eda-deac
ADPbound to S1. The change in eda-
deac ADP fluorescence upon release
from S1 was measured and fit with a
single exponential to determine k-D.
Exchange of either the exon 7a or
7d domain resulted in a modulation
of the eda-deac ADP release rate.
The dissociation rate for EMB-7d
((a) 4.3 s−1) is faster than EMB ((a)
1.8 s−1) while that of IFI-7a ((b)
4.7 s−1) is slower than IFI (7.5 s−1).
The observed rate constant of eda-
deac ADP dissociation (k-D) from
EMB-7a/7d (c) and EMB-7d/7a (d)
S1 gave mean values of 6.1 s−1 and
2.6 s−1, respectively. The conditions
were: 20 mM MOPS, 30 mM KCl,
5 mMMgCl2, 10 mM DTT, pH 7.
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in the local environment of the protein bound
fluorophore.

Determination of the ATP-induced dissociation
rate (K1k+2) of acto-S1

To determine the second order rate constant gov-
erning the dissociation of acto-S1 by ATP (K1k+2: see
Scheme 1), 1 μM actin and 1–3 μM S1 were pre-
incubated and then dissociated byATP released from
cATP. A single sample was subjected to a series of
laser flashes decreasing in intensity to release varying
concentrations of ATP. The rate of change in light
scattering (kobs) was recorded for each laser flash and
could be well described by a single exponential at
each ATP concentration (data not shown). The linear
slope of a graph of kobs versus ATP concentration de-
termines the apparent second-order rate constant
for thedissociationof acto-S1byATP (Figure4). Both the
values for IFI-7a acto-S1 (0.33(±0.07) μM−1 s−1) and
EMB-7d acto-S1 (0.64(±0.05) μM−1 s−1) showed de-
creases relative to the previously reported values for
IFI (0.75(±0.08) μM−1 s−1) and EMB acto-S1 (0.91(±0.13)
Scheme 1. The interaction of S1 with actin, ATP and
ADP. M, A, T and D symbolize S1, actin, ATP and ADP,
respectively.
μM−1 s−1), respectively11 (Table 2). The kinetic rates
for the ATP-induced dissociation of EMB-7a/7d
(0.67± 0.18 μM−1 s−1) and EMB-7d/7a (0.66(±0.14)
μM−1 s−1) acto-S1 (Figure 4(b)) were similar to the
dissociation rate observed for EMB-7d, but lower
than the dissociation rate for EMB acto-S1 (Table 2).

Determination of ADP affinity (KAD) for acto-S1

The equilibrium dissociation constant for ADP
(KAD) from acto-S1 provides a measure of the ADP
affinity for S1 in the presence of actin. Competition
between ADP and ATP binding to acto-S1 allows
the measurement of KAD (for details see Weiss
et al.).24 To determine the ADP affinity in a single
S1 sample, the ATP-induced rate of acto-S1 dissocia-
tion was measured repeatedly as the concentration
of ADP increased. The change in the light scattering
measured for each ADP concentration was fit with
a single exponential to determine kobs. The KAD
values for the isoforms (except for EMB-7a/7d S1,
see below) determined from the applied hyperbolic
fits (equation (1)) to the graph of krel versus ADP
concentration (Figure 5) are presented in Table 2.
The KAD value for EMB-7d is not different from
EMB11 but the IFI-7a KAD is 1.5–2-fold lower than
that of IFI.11 Unexpectedly, the KAD value for EMB-
7d/7a S1 showed a threefold decrease (tighter ADP
affinity) relative to EMB-7d and EMB S1 KAD values
and a twofold decrease relative to the KAD for
IFI S1 (409(±26) μM).11 The significance of these KAD
changes was confirmed by running a Student's t-test
for all the mutants, as compared to IFI and EMB
(see Table 2). Interestingly, the plot of the krel versus



Figure 4. Kinetic determination of the ATP-induced
dissociation rate (K1k+2) of the S1 isoforms from actin. The
second-order rate constant for the dissociation of S1 from
actin is determined from a linear fit to the plot of the kobs
versus [ATP]. Light scattering transients monitoring
dissociation of the acto-S1 complex (data not shown)
were fitted with a single exponential at each ATP concen-
tration in order to determine the kobs. (a) The linear fits
yielded values of 0.33(±0.07) 106 M− 1 s− 1 for IFI-7a (filled
triangles) as compared to as compared to 0.75(±0.08)106

M− 1 s− 1 for IFI (open triangles). (b) The linear fits yielded
mean values of 0.67(±0.18) 106 M− 1 s− 1 for EMB-7a/7d
S1 (filled triangles) and 0.66(±0.14) 106 M− 1 s− 1 for
EMB-7d/7a S1 (open triangles) as compared to 0.91(±0.13)
106 M−1 s−1 for EMB S1 (open squares) and 0.64(±0.05)
106 M−1 s−1 for EMB-7d S1 (filled squares).
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ADP concentration for EMB-7a/7d exhibited a
sigmoidal shape; this behavior was consistent in
each of the preparations for this isoform. As a result,
the curve could not be fit with equation (1); instead
an apparent KAD was determined by calculating the
ADP concentration at which 50% inhibition was
observed. This yielded a value of 191(±59) μM for
EMB-7a/7d acto-S1 ADP affinity. Again the KAD for
this isoformwas two to threefold lower (tighter acto-
S1 ADP affinity) than the values determined for the
IFI, EMB and EMB-7d S1 isoforms.

Homology models

Both Drosophila IFI and EMB myosin head se-
quences showed significant sequence identity with
various other myosin super family members. A
sequence identity of 60% (±1%) was found when
aligning IFI and EMB myosin head sequences with
class II scallop myosin, thus enabling us to build
well-resolved homology models. SWISS-MODEL
generates reliable models for target-template pairs
sharing >40% sequence identity. When the sequence
identity is as high as 60% then the quality of target–
template pairs is generally very good, with the
majority of the models deviating between 0.5–1.0 Å
from the template.25 Crystal structures are available
of the various states of scallop myosin during the
cross-bridge cycle and these were chosen to generate
3D homology models of the IFI and EMB myosin
heads and also of the chimeras obtained after
swapping exon 7 completely (IFI-7a and EMB-7d)
or after swapping a part of exon 7 (EMB-7a/7d and
EMB-7d/7a). Three of the scallop myosin structures
used here contain a nucleotide in the binding pocket
and they represent various conformational states of
myosin during the cross-bridge cycle: the actin-
detached state (ExPDB 1kk8) contains ADP-BeFx,
the pre-powerstroke state (ExPDB 1qvi) contains
ADP-VO4 and a novel conformation contains
partially bound ADP-SO4 (ExPDB 1s5g). The other
scallop myosin structure does not have a nucleotide
in the binding pocket (ExPDB 1sr6) and this one
represents the near-rigor state of myosin. The
generated models have Ramachandran Z-scores of
−0.475(±0.182) and average packing Z-scores of
−1.069(±0.064), which were within the expected
range for well-refined structures. The overall topolo-
gy of the models was similar to that of the scallop
myosin II templates (average rmsd of the backbone
is 0.45(±0.25) Å). Overlaying the two wild-type
models for Drosophila IFI and EMB and their
respective exon 7 chimeras revealed a high degree
of similarity in backbone structure, apart from the
region in the converter area (exon 11). The kinetic
properties of this region have been described in
detail elsewhere11 and therefore will not be dis-
cussed here.

General description of the exon 7 area

In the exon 7 area, the rmsd value of the myo-
sin backbone between IFI and EMBwas <0.05 Å and
followed the same topology for both isoforms. For
descriptive purposes, we use the same nomencla-
ture for secondary structure elements as described,
previously.26 A small helix (helix J) at the N terminus
of the exon 7 domain is followed by a longer loop
and then another longer helix (helix K: 327–341). The
N terminus (327–335) of helix K is the C-terminal
part of the exon 7 area. Figure 6 shows the structure
of the exon 7 region (colored red) for both IFI and
EMB using the scallop structure, ExPDB 1qvi, as
a template. The residues that vary between the IFI
and EMB isoform are indicated in Figure 1(b). In the
N-terminal part of exon 7, residue 304 is located
before helix J and residues 313 and 314 immediately
after this helix. The loop region between the two
helices contains variable residues 323 and 324 while
helix K in the C-terminal part of exon 7 has three
variable sites: 328, 332 and 334.



Figure 5. The affinity of ADP (KAD) for acto-S1. The dissociation of acto-S1 was induced by ATP in the presence of
ADP ranging from 0–1500 μM. The light scattering traces were fitted with single exponentials to determine the kobs.
Hyperbolic plots of the kobs versus ADP concentration were fitted with an equation derived from Scheme 1 (kobs=K1k+2
([ATP]/(1 + [ADP]/KAD)) to determine KAD. Shown are the relative kobs (krel) versus ADP concentration plots for easier
comparison. (a) The fits yielded a value of 607(±44) μM for EMB-7d (open squares) as compared to 587(±38) μM for EMB
(filled squares). (b) The fits yielded values of 409(±26) μM (open circles) for IFI and 239(±32) μM for IFI-7a (filled circles).
The KAD for EMB-7a/7d (c) and EMB-7d/7a (d) S1 isoforms were measured with the following alterations. The
dissociation of acto-S1 was calculated in the presence of 0–400 μMADP and the KAD for EMB-7a/7d S1 was determined to
be the ADP concentration at 50% inhibition. All preparations for EMB-7a/7d produced the sigmoidal-shaped curve
observed here. The fits yielded values of 191(±59) μM for EMB-7a/7d and 220(±33) μM for EMB-7d/7a.
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Exon 7 area: highly conserved interactions

Sequence alignments (Figure 7) showed that only
two exon 7 residues are highly conserved: G318 and
D327. Inspection of the homology models revealed
that D327, located at the N terminus of helix K, is
involved in a strong salt-bridge toward R283 (Figure
6). This salt-bridge was present in all homology
models and has also been found in crystal structures
of other myosins, including skeletal and smooth
chicken myosin II (ExPDB 2MYS and 1BR4) and
Dictyostelium myosin II (1FMV), in addition to
members of other myosin classes, such as myosin I
(myosin-1E, 1LKX), myosin V (1OE9) andmyosin VI
(2BKH). Sequence alignments also showed that R283

and its neighboring residues are highly conserved.
These residues interact with the well-conserved
switch 1 region, in particular K236, or with residues
that are located around G318 in the exon 7 domain.
Together, these residues around R283 form the “relay
area” and provide a mechanism by which the exon 7
domain is able to “sense” the conformation of switch
1. The location of G318 in the middle of the loop
between helix J and K may function to orient the
interacting residues properly towards the relay area
(Figure 6). No variable residues in exon 7 are
involved in direct contacts with either switch I or
this relay area, indicating this switch I sensitivity is a
conserved feature of both isoforms.

Exon 7 area: non-conserved interactions

Careful inspection of the exon 7 area in the ho-
mology models revealed close interactions between
the ribose oxygen and the side-chain of the non-
conserved residue 324 in all three states containing
a nucleotide. Measurements of the hydrogen-bond
distances between the H-donor (either asparagine
in IFI or serine in EMB) and the H-acceptor of
the nucleotide indicated that the asparagine (N324)
side-chain is closer to the ribose moiety than the
serine (S324) side-chain. This difference was most
pronounced in the pre-powerstroke state, with the
N324 hydrogen donor almost 1 Å closer to the ribose



Figure 6. Interactions of the exon 7 domainwith nearby structural elements. Homologymodel of IFI in the pre-power-
stroke state (ExPDB 1qvi: bound nucleotide is ADP-VO4), showing the exon 7 area (residues 301–335 in red), the relay
area (magenta), switch I (green) and helix L (yellow). The highly conserved salt-bridge between exon 7 residue D327 and
relay area residue R283 is indicated. Note the proximity of switch I toward the relay area. Interactions from the non-
conserved exon 7 residues Y313 and D327 toward helix L (yellow) are also shown.

1058 The Drosophila Muscle Myosin Exon 7 Domain
oxygen than the S324 hydrogen donor (Figure 8).
Comparison of the conformations with a partially
bound nucleotide showed the N324 H-donor is about
0.5 Å closer than the S324 side-chain (not shown).
Lastly, in the actin-detached state only the N324 side-
chain was able to form a hydrogen bond toward the
nucleotide (not shown). All these observations
indicate that an asparagine at position 324 allows a
greater number of direct contacts with the bound
nucleotide than a serine.
Other non-conserved residues in the exon 7 area

were found to make contacts with nearby regions, in
particular helix L (yellow in Figure 6, 345–361),
which follows the exon 7 region (Figure 6). The N
terminus of the exon 7 area makes contacts with the
C terminus of helix L whereas the C terminus of the
exon 7 region makes contacts with the N terminus of
helix L. It is worth noting that the variable residues
at position 313 and 314 (H313I314 in EMB or Y313N314

in IFI) are interacting with helix L (Figure 6) and that
these contacts vary between myosin conformational
states. In the near-rigor state, i.e. the myosin
conformational state without a nucleotide in the
binding pocket (ExPDB 1sr6), residues 313 and 314
make very weak contacts toward residues 355–360
of helix L and only the side-chain of N314 is involved
in the formation of hydrogen bonds towards helix L.
In the three states containing a nucleotide (actin-
detached, pre-powerstroke and a novel conforma-
tion with the partially bound ADP-SO4), however,
the contacts between helix L and these residues
become much stronger thereby allowing the side-
chain hydroxyl of Y313 to form a hydrogen bond
toward helix L (K365). These results indicate that the
exon 7d domain, which contains both Y313 and N314

(Figure 1(b)), is able to form more contacts toward
helix L than does the exon 7a domain. In addition,
the homology models that used the actin-detached
state (ExPDB 1kk8) and the pre-powerstroke state
(ExPDB 1qvi) showed that the variable residue at
position 304 (L/F) interacts with residue 357 on
helix L (not shown).
Discussion

Previously, exchange of the exon 7 domain
between the IFI and EMB isoforms was found to
increase steady-state Mg2+ATPase rates in the
resulting IFI-7a and EMB-7d chimeric isoforms, but
not to alter actin filament velocities generated by
these isoforms compared to IFI and EMB, respec-
tively. Expression of the IFI-7a and EMB-7d chimeric
isoforms in the IFM (in place of the IFI) resulted in
minimal effects on locomotion when compared to
IFI and EMB, respectively. The EMB-7d transgenic
flies showed improved stability of the muscle
structure (uniformity of length and packing of



Figure 7. Myosin sequence alignments. Sequence alignment of various myosins showing the exon 7 region (in the
boxed area), together with loop 1, switch I and the relay area. An asterisk (*) means that the residues are identical in all
sequences in the alignment;(:) represents conserved substitutions, whereas (.) indicates semi-conserved substitutions.
Only two residues in exon 7 are 100% conserved (G318 and D327) of which D327 forms a salt-bridge towards the highly
conserved R283 (scallop numbering). Note that myosin VI has an insert in the middle of the exon 7 domain. The
corresponding cardiomyopathy sites in the exon 7 domain and helix L are indicated (▾).
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actin and myosin filaments in the muscle fiber)
compared to EMB transgenic flies, which show sig-
nificant deterioration of muscle structure within
a few days after eclosion.27 Collectively, these data
led to the conclusion that the exon 7 domain
modulates kinetic transitions that govern the attach-
ment of myosin to actin.16 A follow up study in-
vestigated the influence of the exon 7 region on IFM
fiber mechanical properties and found the IFI-7a
exchange produced minimal alterations to IFM
function.17 The only observed difference was a
slight decrement in flight ability at 15 °C. Exchanging
EMB-7d, however, produced significant increases in
the frequency of maximum power generation and
the rate of tension redevelopment and higher active
stiffness in these fibers compared to the EMB fibers.
In order to produce these effects, myosin must be
strongly bound to actin. Therefore the EMB-7d
exchange must additionally influence the lifetime
of a strongly bound state of the EMB cross-bridge
cycle that does not limit actin filament velocity.17
Here we used a detailed kinetic analysis to under-
stand how sequence variation in the exon 7 domain
influenced biochemical transitions in Drosophila
myosin isoforms to clarify the modulatory role of
this domain.

Steady-state kinetics of Drosophila exon 7
chimeric isoforms

We sought to determine if either of two distinct
areas of the IFI exon 7d domain might be re-
sponsible for driving the kinetic properties of myo-
sin isoforms. Interestingly, exchanging only a part
of the exon 7d domain in creating the EMB-7a/7d
and EMB-7d/7a isoforms had little effect on the
maximal actin-activated Mg2+ATPase activity but
decreased the KM two to threefold as compared
to the EMB isoform. This was in contrast to the
EMB-7d isoform, which showed a 30% increase
in maximal actin-activated ATPase activity but no
effect on the KM as compared to the EMB iso-
form.10,16 Overall, these data suggest that variable
residues in either half of the exon 7d domain
mediate an increase in actin affinity but both halves
of the exon 7d domain coordinate to produce the
increase in ATPase activity observed with the EMB-
7d isoform.



Figure 8. Interactions of residue
324 with the nucleotide. Close-up of
the interactions between exon 7
domain residue 324 and the bound
nucleotide in the pre-powerstroke
state. Inspection of the homology
models indicates that the H-donor
of the asparagine side-chain found
in the exon 7d region (a) is almost
1 Å closer to the nucleotide oxygen
than the H-donor of the serine side-
chain found in 7a (b).
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Transient kinetics of Drosophila exon 7 chimeric
isoforms

In general, the differences observed in the transient
kinetic experiments of EMB-7d, EMB-7a/7d and
EMB-7d/7a as compared to the IFI and EMB
isoforms indicate that the interactions with the
nucleotidemade by the exon 7d domain are different
from those for the exon 7a domain. Previously, a
fourfold difference between the rate constants of
eda-deac ADP release from IFI and EMB in the
absence of actin was observed.11 Presently, a three-
fold change for the EMB-7d and EMB-7d/7a iso-
forms resulted from altering only exon 7. EMB-7d is
more like IFI than EMB in this parameter and EMB-
7d/7a is even more similar to IFI. These results
suggest that the other variable domains do not play
a major role in defining this parameter and that
the surface domain of exon 7 has the most influence
on ADP release in the absence of actin. The exon 7
domain might influence the interaction of nucleo-
tide with the motor domain directly or indirectly.
Homology modeling indicated that N324 (present in
the lip of exon 7d in the IFI isoform) can make a
shorter hydrogen bond to the oxygen of the ADP
than can S324 in exon 7a of the EMB isoform.A simple
argument therefore predicts a more tightly bound
ADP, and a lower release rate constant (k-D) in IFI
than in EMB. However, the result was opposite to
what was predicted; the IFI ADP release rate is faster
than the EMB isoform. Thus, the role of the exon 7
domain in ADP binding is more indirect than via a
single hydrogen bond between the exon 7 domain
and the nucleotide.
The effect of the exon 7 domain on eda-deac ADP

affinity suggested that this domain could also affect
ATP and ADP-binding in the presence of actin. Here,
we observed that the apparent second-order rate
constant of ATP binding (K1k+2) decreased by 30%
when all or part of exon 7a was replaced by 7d in the
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EMB isoform and when 7a replaced 7d in the IFI
isoform. In addition, the affinity of acto-S1 for ADP
(KAD) was reduced more than twofold for either the
lip or surface domain exchanges and the IFI-7a
isoform, but was unchanged for EMB-7d. Together
these results confirm the ability of the exon 7 domain
to modulate nucleotide-binding parameters in the
presence of actin and may help to explain the
differences in nucleotide affinity recently observed
between the IFI and EMB-containing fibers.14

Additional observations support the conclusion
that the interactions between the exon 7 domain and
the nucleotide differ depending on the presence of
version 7a or 7d. The plot of krel versus ADP concen-
tration for the EMB-7a/7d S1 isoform exhibited an
unusual sigmoidal shape (Figure 5(c)), rather than
the characteristic hyperbolic shape observed with
all other S1 isoforms. For IFI-7a and EMB-7d/7a S1
(Figure 3(b) and (d)), we also observed a difference
in the direction of the coumarin fluorescence signal
relative to all other S1 isoforms; these results
probably reflect local structural differences in the
probe environment.
Myosin is capable of binding both actin and

ADP simultaneously; the ratio KAD/KD (Table 3) or
KDA/KA describes the effect of actin on ADP affinity
or the effect ofADPon actin affinity, respectively, and
is termed the thermodynamic coupling constant.28

Fast skeletal myosins exhibit a high coupling
constant (∼50) indicating that the presence of actin
significantlyweakensADPaffinity and vice versa. The
coupling for IFI-7a (51), EMB-7d (139), EMB-7a/7d
(73) and EMB-7d/7a (36) S1 suggests that the exon 7
domain interactions with the nucleotide in these
isoforms are more similar to IFI (55) than to EMB
(326). For EMB-7d S1 the alteration in KD but not
KAD reveals the exon 7d domain has more influence
on interactions in the nucleotide-binding pocket in
the absence of actin than in the presence of actin.
On the other hand, the changes in both KAD and KD
for the IFI-7a, EMB-7a/7d and EMB-7d/7a S1
indicate that these exon 7 regions interact differ-
ently with the nucleotide, thus modulating the
response of myosin to the presence or absence of
actin.

Molecular mechanism by which the exon 7
region modulates Drosophila myosin isoform
function

The location of the exon 7 domain places certain
residues in favorable positions for potential direct
interactions with the nucleotide (Figure 8). Several
studies have established that the upper 50 kDa
domain, which includes the exon 7 area, moves as
myosin transits through the biochemical cycle.29–32

At a minimum, these results show that the domain is
shifting position in response to actin and/or the
nucleotide state. Yet, only a single study of pre-
powerstroke and near rigor scallop myosin crystal
structures implicates direct interaction of an exon 7
domain residue with the nucleotide.33 This study
observed an interaction between N321 (S324 in
Drosophila exon 7a and N324 in exon 7d regions:
Figure 8) and the diphosphate moiety of ADP that
strengthened as myosin transitioned from the pre-
powerstroke to near rigor state. None of the other
surrounding residues appeared to form any direct
interactions. In Drosophila myosin isoforms, the
variation at this position in 7a (a serine) versus 7d
(an asparagine) suggests a possible direct mechan-
ism for modulation of the kinetics observed here and
in previous studies.10–13,16–19 Examination of the
remaining non-conserved residues (Figure 1(b))
between 7a and 7d uncovers no obvious changes
in charge (unless the histidine at 313 is protonated),
a few changes in polarity (for instance, I/N314 and
T/A334), a change in flexibility (A/P323) and a
change in size (A/G328). If the direct interaction
between the nucleotide and residue 324 exists in
Drosophila myosin isoforms, variation in the other
non-conserved residues may modulate the strength
of this interaction and affect kinetic transitions.
The idea discussed above is supported by the

homology models, which indicate that the exon 7
domain could act as part of the signal relay pathway
between the nucleotide binding site and the actin
binding site through the following mechanism.
Residue 324 (“lip domain”), which varies between
IFI and EMB, makes direct contact with the nucleo-
tide and is able to “sense” the state of switch I via a
highly conserved salt-bridge between D327 and R283

(and contacts around R283, the “relay” area) toward
switch I. Although one should interpret the mea-
sured distances with care, all the homology model
which contain N324, show that the side-chain of this
residue is consistently closer to the nucleotide than
the models which have a serine at that position.
Additional variable residues at the N terminus of the
exon 7 domain (304, 313 and 314) are subsequently
involved in relaying the signal toward helix L. The
exon 7d domain makes more contacts toward both
the nucleotide and helix L than 7a, which might
result in a more efficient signal relay and faster ADP
release in the absence of actin. We observed that
introduction of 7a into IFI reduces ADP release rates
significantly (Table 3), whereas introducing 7d into
EMB enhances ADP release rates. Comparing EMB-
7d/7a, which has an increased ADP release rate, to
EMB-7a/7d, which has a k-D value close to EMB,
suggests the N terminus of the exon 7 domain may
have more effect on the efficiency of signal relay
than the C terminus. This result is confirmed by the
homology models, which indicate that the variable
residues at the N terminus of exon 7 are involved in
relaying the signal towards helix L. In the presence
of actin, the picture is more complex because other
variable domains are involved, in particular those
encoded by exons 3 and 9. One should also keep in
mind that these homology models are based on
myosin crystal structures without actin present,
since actomyosin structures are not yet available.
Apart from EMB-7d, all the other chimeric S1
isoforms show much higher ADP affinity in the
presence of actin as compared to EMB (Table 2), in-
dicating that the communication pathway between
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the actin-binding site and the nucleotide-binding site
is altered in these isoforms.
The observation that myosin VI has two extra

inserts,34 compared to other myosins, is also of in-
terest because insert 1 is in the middle of the exon 7
area (Figure 7). Kinetic measurements suggested
that this insert has a crucial function in slowing ADP
release and ATP-induced actomyosin dissociation.34

The myosin VI structure reveals that the presence of
insert 1 does not alter the conformation of switch I
relative to the upper 50 kDa domain. However, the
presence of insert 1 does allow for a repositioning of
helix K, which is now able to interact directly with
switch 1 and also protrudes within the nucleotide-
binding pocket, resulting in a decrease in nucleotide
accessibility. Additional support for the hypothesis
that the exon 7 domain is part of the signal relay
pathway between the nucleotide and actin-binding
sites comes from the observation that both the
exon 7 domain and helix L in β-myosin heavy chain
contain several sites that, when mutated, cause hy-
pertrophic cardiomyopathy. Mutations have been
reported for F312/C (Van Driest et al.35), V320/M
(Havndrup et al.36), A326/P (Van Driest et al.35), and
E328/G (Yu et al.37). The equivalent residues in
Drosophila are I/N314, V322, A/G328 and E330 re-
spectively (see Figure 7). We propose that these
mutations alter myosin function by disrupting the
relay pathway between the nucleotide and actin-
binding sites.

Conclusions

This study was designed to investigate in detail
the modulatory effects of the exon 7 domain on
Drosophila myosin isoform kinetics. Our results
indicate that the sequence differences created in
the IFI-7a, EMB-7d, EMB-7a/7d and EMB-7d/7a
isoforms induced biochemical and structural
changes in the exon 7 domain, thereby influencing
attached and detached myosin kinetic transitions.
Homology models suggest a mechanism by which
the exon 7 domain transmits these changes between
the nucleotide and actin-binding sites. Interestingly,
all Drosophila myosin isoform kinetic parameters
that have been measured in vitro (Table 3 and Miller
et al.11) show small differences (fourfold or less)
between isoforms. Thus, small kinetic modifications,
controlled by sequence differences in the variable
domains, are sufficient to tune Drosophila myosin
isoforms for their physiological function.
Materials and Methods

Preparation of exon 7 chimeric sub-domain
transgenes

To create P element based constructs EMB-7a/7d and
EMB-7d/7a, we exchanged small parts of exon 7d into the
EMB-encoding transgene (P [w+Mhcemb] w3 orMhcemb)27 to
replace portions of the endogenous exon 7a. The following
primers to exon 4 (containing a StuI site), to exon 8
(containing a BglII site), and to exon 7a and exon 7d were
generated in order to amplify the replacement DNA by
PCR: primer W (exon 4): 5′ GAAGGCCTTCGGTAAC-
GCCA 3′; primer X (exon 7a reverse): 5′ GGTGTAACA-
GAGGGTCCCATTTCATTGAC 3′; primer Y (exon 7d
forward): 5′ CCACATTGTCTCCCAGGGTAAAGTAA-
CTG 3′; primer M (exon 7a forward): 5′ ACAGTGACC-
TTGCCCTGGGATACGTTATAGT 3′; primer N (exon 7d
reverse): 5′ TACTATAACGTATCCCAGGGCAAGGTCA-
CTGTA; primer Z (exon 8): 5′ GAAGATCTCAAACCAG-
CAATA 3′.
To produce the exon 4 to exon 8 fragment with either

exon 7a/7d or 7d/7a, the final DNA segment was gen-
erated using three rounds of PCR followed by ligation of
the final PCR fragment into a vector. To create EMB-7a/7d,
the EmbDNA (Mhcemb)27 was used as a template in the first
PCR reaction with primers W and X, yielding an ∼270 bp
band. A second PCR reaction with EMB-7d DNA16 as a
template for primers Yand Z generated a band of∼460 bp.
An overlapping region between the products of these two
PCR reactions allowed them to be mixed together and
serve as a template for the final PCR reaction. Prior to
amplification of the full-length product (730 bp) using
primers W and Z, the 3′ ends were extended during an
incubation period to create the full length template. The
final PCR product was gel purified and digested with StuI
(exon 4 – primer W) and BglII (exon 8 – primer Z) and
ligated into the Litmus 29 vector (New England BioLabs,
Beverly, MA). To generate the final EMB-7a/7d construct,
Mhcemb DNA was digested with StuI (exon 4) and SphI
(exon 17) to isolate a 12 kb fragment containing a portion
of EmbDNA and the vector. A second digest of theMhcemb

DNA with BglII (exon 8) and SphI (exon 13) isolated a
fragment of∼1.2 kb including exons 8–13. A triple ligation
between these two fragments (12 kb and 1.2 kb) and the
StuI (exon 4) to BglII (exon 8) fragment digested from the
Litmus 29 construct produced a plasmid containing exon
7a/7d but missing exons 13–17. To create the final EMB-
7a/7d DNA, this plasmid was digested with SphI, depho-
sphorylated and then ligated together with a fragment
containing exons 13–17 that was isolated from a SphI
digest of Mhcemb DNA. All enzyme sites and the exon 7
region were sequenced to verify proper ligation and
orientation of all fragments prior to large scale DNA
purification.
To create EMB-7d/7a, a similar procedure was used.

The differences include: the first PCR reaction contained
EMB-7d DNA16 as a template for primers W and N
while the second PCR utilized MhcEmb 27 as a template
for primers M and Z. Details for the final round of PCR
and ligation of exon 4 to exon 8 into the Litmus 29
vector were the same as described above for EMB-7a/7d.
In addition, the steps to produce the final EMB-7d/7a
construct were analogous to that described for EMB-7a/7d.
Again, all ligation sites and the exon 7 region were
sequenced to verify that no errors were introduced du-
ring creation of the P element constructs. An EcoRI site
present at the end of exon 7d was used to distinguish
between the EMB-7a/7d and EMB-7d/7a DNA. When
digested with EcoRI, the former construct produced 4
bands and the latter yielded three bands.
Transformation of Drosophila with chimeric exon 7
transgenes

To create the transgenic organisms, 600–800 yw em-
bryos were injected with EMB-7a/7d or EMB-7d/7a DNA
(0.4 mg ml−1) along with Δ 2–3 helper plasmid DNA
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(0.06 mg ml−1), serving as the source of transposase
necessary for insertion of the P element vector into the
germline DNA.20,21 Viable flies were crossed to the yw fly
line; progeny resulting from these matings were screened
for pigmented eyes indicating germline transformation
by insertion of the P element vector. Standard genetic
crosses with the balancer line w1118; CyO/Bl; TM2/TM6b
were used to map each chromosome insertion event. Indi-
vidual fly lines with inserts mapping to chromosome 1 (X),
3 or 4 were crossed into a Mhc10 background, which is
null for MHC production in the indirect flight and jump
muscles,22 in order to eliminate endogenous MHC expres-
sion in these muscle types.

Transgene and protein expression

To determine proper transgenic expression of the
altered Mhc gene, mRNAwas extracted (RNeasy, Qiagen,
Valencia, CA) from 60–80 transgenic fly dorsolongitudinal
IFMs expressing either EMB-7a/7d or EMB-7d/7a tran-
scripts in a Mhc10 background.22 In separate PCR reac-
tions, the isolated mRNA from each transgenic fly line
was used as a template for primers flanking the exon 7
domain. The sequence of the primers are as follows: exon
5 (+) 5′ GGCTGGTGCTGATATTGAGA 3′ and exon 10 (−)
5′ TGTTGGTCAGCTTCTCCGAGA 3′. Each PCR reaction
amplified a 900 bp band from exon 5 to exon 10 that
was subsequently ligated into the pGEM–T easy vector
(Promega, Madison, WI) and sequenced to confirm the
change (exon 7a/7d or 7d/7a in place of exon 7a).
Protein expression studies determined the level of

myosin isoform accumulation in the IFMs of transformed
flies in the Mhc10 null background.22 The results are
presented as mean±S.E. This method was previously
described.16 For each myosin isoform, a single fly line
expressing the highest level of MHC was selected for
characterization. To produce EMB-7a/7d line 2 was used,
which expressed at 97(±3)% of wild-type MHC. For EMB-
7d/7a line 200A was used, which expressed 105(±3)% of
wild-type MHC.

Drosophila myosin isolation and S1 preparation

Myosin was purified, according to described methods,12

from the IFM tissue (dorsolongitudinal fibers) of 150–180
transgenic flies expressing the MHC isoform of interest in a
Mhc10 background. For myosin steady-state Mg2+ATPase
assays the resulting myosin pellets (300–400 μg) were
resuspended in 30–50 μl of myosin storage buffer (0.5 M
KCl, 20mMMops (pH 7.0), 2 mMMgCl2 and 10mMDTT).
The final myosin concentration was determined at 280 nm
absorbance with an extinction coefficient of E1%=0.53 cm−1

38 and a molecular mass of 200 kDa. To produce S1 by α-
chymotrypsin (Worthington Biochemical Corp., Lake-
wood, NJ) digestion, the final myosin pellets were
resuspended in 60–100 μl of digestion buffer (120 mM
NaCl, 20 mM Na2PO4, 1 mM EDTA (pH 7.0), 4 mM DTT)
and prepared as described.11 S1 concentration was quanti-
fied at 280 nm absorbance using an extinction coefficient of
E1%=0.75 cm−1 and a molecular mass of 115 kDa. A typical
S1 preparation yielded 100–200 μg; all purified S1 isoforms
were stored on ice at 4 °C and used within two weeks.

Actin isolation

F-actin was extracted from chicken skeletal muscle ace-
tone powder and quantified using described methods.39
Final actin pellets were resuspended in actin storage buffer
(0.1 M KCl, 4 mM imidazole, 2 mM MgCl2, 0.5 mM ATP,
1 mM sodium azide and 1 mMDTT(pH 7.0)), stored on ice
at 4 °C, and used within one month of preparation for
actin-activated Mg2+ATPase assays.
Rabbit skeletal muscle actin was used for transient

kinetic experiments and prepared according to the
method of Spudich and Watt.40 Quantification of the
purified actin was based on a molecular mass of 42 kDa
and an extinction coefficient of E1%=1.104 cm−1 at
280 nm absorbance.41 Prior to use, rabbit F-actin was
mixed with an equimolar concentration of phalloidin and
incubated at 4 °C for at least 4 h in order to stabilize the
filaments.

Steady-state Mg2+ATPase assays

Myosin steady-state basal and actin-activated Mg2+ATPase
assays were performed immediately following puri-
fication using malachite green/ammonium molybdate to
detect phosphate production according to methods de-
scribed.10 Data collected from multiple myosin prepara-
tions (n≥5) activated with 0–7.5 μM actin in a low salt
buffer (20 mM KCl, 20 mM imidazole, 0.1 mM CaCl2,
5 mMMgCl2 (pH 6.0) and 10 mMDTT) were averaged, fit
with a two- parameter regression to determine the Vmax
and KM values and reported as mean±S.E. (SigmaPlot,
v7.101, SPSS Inc).

Chemicals

Caged ATP (cATP) was purchased from Molecular
Probes and coumarin-labelled ATP (3′-O-{N-[2-(7-diethyl-
aminocoumarin-3-carboxamido)ethyl]carbamoyl}ATP
abbreviated to eda-deac ATP or ADP) was a gift from
Martin Webb (National Institute for Medical Research,
Mill Hill, London, UK). The cmATP (eda-deac ATP analog)
was prepared for use in the transient kinetic studies
according to methods described previously.42

Flash photolysis system

Due to the small amount of protein available and the
relatively poor fluorescence signal changes observed
with pyrene-labeled actin, flash photolysis was the
method of choice to investigate the kinetic properties of
the Drosophila myosin S1 isoforms. In particular, the ATP-
induced dissociation of the acto-S1 complex and the ADP
affinity, either in the presence (KAD) or absence of actin
(KD), were investigated. The flash photolysis experimen-
tal system, described earlier,11,24 was used to monitor the
ATP-induced dissociation of the acto-S1 complex by
following changes in the light scattering signal and to
monitor the dissociation of nucleotide from S1 by
fluorescence changes. In brief, the 20 μl sample was
held in a quartz cuvette and ATP was liberated by a
single 5 ns flash at 353 nm from a neodymium-yttrium-
aluminum-garnet laser (Surelite I-10; 70 mJ maximum
power) along the vertical axis of the cell at a rate of 90
s−1 to start the reaction. Both absorbance (to determine
the ATP concentration) and light scattering (to monitor
the acto-S1 complex) or fluorescence (to determine eda-
deac ADP release) were measured from the cuvette
simultaneously following the laser flash. White light
>389 nm was introduced to the sample from a 100 watt
halogen lamp and the change in the amount of light
scattered at 90° was monitored after each flash. The
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absorbance at 405 nm was measured with a monochro-
mator to determine the amount of ATP liberated from
caged ATP during each laser flash. Coumarin fluores-
cence changes were detected by monitoring the emission
through a 455 nm cut-off filter after excitation at 434 nm
(75-watt xenon/mercury lamp).
All light scattering experiments were conducted in

a low salt buffer (30 mM KCl, 5 mM MgCl2, 20 mM
Mops (pH 7.0) and 4 mM DTT) with 1 μM actin, 1–3 μM
S1, 500 μM cATP, 10 mM DTT and either apyrase
(2 units/ml: ATP-induced dissociation of acto-S1) or
ADP (various concentrations) and a glucose-hexokinase
system (0.03 unit/ml hexokinase, 1 mM glucose and
100 μM Ap5A: KAD determination). Each sample was
subjected to multiple laser flashes. During KAD determi-
nation ADP and cATP were added after each flash. eda-
deac ADP dissociation experiments were also performed
in this low salt buffer and contained 4 μM S1, 10 μM
eda-deac ATP (source of eda-deac ADP) and 100 μM
cATP.
Analysis of the transient kinetic data

The following equation was derived from the interac-
tion of actin and S1 with ATP and ADP shown in Scheme 1
and was used to determine KAD:

kobs ¼ K1kþ2ð½ATP�=ð1þ ½ADP�=KADÞÞ ð1Þ

where kobs is the observed rate constant for the ATP-
induced dissociation of acto-S1; K1k+2 is the second-order
rate constant for ATP binding to acto-S1; KAD is the
equilibrium dissociation constant for the binding of ADP
to acto-S1. The equation krel=kobs/ko was used to deter-
mine the relative rate constant (krel) shown in Figure 6,
where ko is the value when the [ADP]=0.
Homology modeling

Three-dimensional homology models were generated
for the Drosophila IFI and EMB myosin motor domain and
the exon 7 mutants using the SWISS-MODEL automatic
comparative protein modeling server, as described.43

Briefly, SWISS-MODEL uses four steps: template super-
position, target–template alignment, model building and
energy minimization. The templates are weighted by their
sequence similarity to the target and significantly deviat-
ing atom positions are excluded. Since the template
coordinates cannot be used to model regions with
insertions or deletions in the target–template alignment,
an ensemble of fragments compatible with the neighbor-
ing stems is generated using constraint space program-
ming (CSP). The best loop is selected using a scoring
scheme, which includes force field energy, steric hin-
drance and hydrogen bond formation. If no suitable loop
can be identified, the flanking residues are included in the
rebuilt fragment to allow for more flexibility. Reconstruc-
tion of the model side-chains is based on weighted
positions of corresponding residues in the template
structures. Starting with conserved residues, the model
side-chains are built by iso-sterically replacing template
structure side-chains. Possible side-chain formations are
selected from a backbone dependent rotamer library and
the most likely conformation is selected using a scoring
function that assesses favorable interactions (e.g. hydro-
gen-bonds, disulfide bridges) and unfavorable close
contacts. Finally, the generated model is subjected to
steepest descent energy minimization using the GRO-
MOS96 force field. The primary sequences of the
Drosophila IFI and EMB isoform were pairwise aligned
with the sequence of four scallop myosin structures as
templates (ExPDB 1kk8, 1qvi, 1s5g and 1sr6) using the
CLUSTALW alignment protocol. The alignments were
then submitted to the alignment interface of SWISS-
MODEL and the generated models were validated using
WHAT CHECK.44
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