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Summary
We used an integrative approach to probe the significance of the interaction between the relay loop
and converter domain of the myosin molecular motor from Drosophila melanogaster indirect flight
muscle. During the myosin mechanochemical cycle, ATP-induced twisting of the relay loop is
hypothesized to reposition the converter, resulting in cocking of the contiguous lever arm into the
pre-power stroke configuration. The subsequent movement of the lever arm through its power stroke
generates muscle contraction by causing myosin heads to pull on actin filaments. We generated a
transgenic line expressing myosin with a mutation in the converter domain (R759E) at a site of relay
loop interaction. Molecular modeling suggests that the interface between the relay loop and converter
domain of R759E myosin would be significantly disrupted during the mechanochemical cycle. The
mutation depressed calcium as well as basal and actin-activated MgATPase (Vmax) by ~60%
compared to wild-type myosin, but there is no change in apparent actin affinity (Km). While ATP or
AMP-PNP binding to wild-type myosin subfragment-1 enhanced tryptophan fluorescence ~15% or
~8%, respectively, enhancement does not occur in the mutant. This suggests that the mutation reduces
lever arm movement. The mutation decreases in vitro motility of actin filaments by ~35%. Mutant
pupal indirect flight muscles display normal myofibril assembly, myofibril shape, and double-
hexagonal arrangement of thick and thin filaments. Two-day-old fibers have occasional “cracking”
of the crystal-like array of myofilaments. Fibers from one-week-old adults show more severe
cracking and frayed myofibrils with some disruption of the myofilament lattice. Flight ability is
reduced in two-day-old flies compared to wild-type controls, with no upward mobility but some
horizontal flight. In one-week-old adults, flight capability is lost. Thus altered myosin function
permits myofibril assembly, but results in a progressive disruption of the myofilament lattice and
flight ability. We conclude that R759 in the myosin converter domain is essential for normal ATPase
activity, in vitro motility and locomotion. Our results provide the first mutational evidence that
intramolecular signaling between the relay loop and converter domain is critical for myosin function
both in vitro and in muscle.
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The structure of the motor domain of myosin II has been determined at atomic-level resolution
for skeletal muscle, smooth muscle and non-muscle isoforms.1–4 Co-crystallization of myosin
with nucleotide analogs permitted visualization of various states of the mechanochemical cycle
and reconstruction of myosin lever arm movement from pre-power stroke through post-power
stroke.5–7 These structural studies, along with biochemical and biophysical approaches,
resulted in models for ATP’s role in cocking the lever arm and for the release of ATP hydrolysis
products following the lever arm power stroke.8 Mutations in amino acid residues that serve
as communication pathways between the nucleotide binding site and the lever arm show that
domain interaction is critical for myosin function in vitro and in the cellular slime mold
Dictyostelium.9,10

The importance of myosin domain interactions has not been addressed in regard to the
assembly, stability or function of muscle, largely due to the difficulty in creating transgenic
organisms with altered myosin heavy chain (Mhc) genes. In muscle sarcomeres, myosin-
containing thick filaments and actin-containing thin filaments are transiently connected by
myosin cross-bridges. The myosin lever arm located at the base of the cross-bridge ratchets
thin filaments past thick filaments, resulting in muscle contraction. The muscle
mechanochemical cycle is an ATP-dependent process, with the nucleotide state coupled to
conformational changes at the actin-binding site and in the lever arm.8

Here we probe the importance of myosin inter-domain communication in muscle by employing
an integrative approach using transgenic Drosophila melanogaster. This organism has a single
Mhc gene that encodes all MHC isoforms by alternative RNA splicing,11,12 as well as Mhc
null alleles that specifically knock out myosin accumulation in indirect flight muscles.13–15

Thus an Mhc transgene can be used to replace endogenous Mhc gene expression in a muscle
type that is not required for viability. We employed site-directed mutagenesis to disrupt the
interface between the myosin relay loop and the converter, two domains that are hypothesized
to serve as a communication pathway between the ATP binding site and the lever arm. We
show that this decreases ATPase activity and actin motility. Further, we demonstrate that the
normal relay-converter interface is essential for wild-type muscle function.

Communication to the converter domain
The ATP-dependent reorientation of the relay helix and the SH1 helix are proposed to drive
converter movement during the recovery step of the mechanochemical cycle.16–17 This results
in rotation of the linked lever arm into its cocked position. ATP acts by changing the
conformation of residues in the phosphate tube, which contains the P loop, Switch-1 and
Switch-2. The rearrangement of Switch-2 residues appears to be critical for kinking and tilting
of the relay helix, which changes the orientation of the relay loop. Through its contacts with
the relay loop, the converter domain is reoriented and drives the lever arm through a 25°
rotation.18 A subsequent Switch-2 and wedge-loop induced see-saw motion of the SH1 helix
results in a further 40° tilt of the converter and lever arm.18

The interaction of the relay loop with the converter domain occurs in all myosin crystal
structures examined (Fig. 1A). Making this connection constant during the mechanochemical
cycle still permits myosin to function in vitro.10 This was shown by cross-linking cysteines
that were substituted for isoleucine 508 in the relay loop and arginine 759 in the converter
domain of Dictyostelium myosin and demonstrating that actin binding and basal ATPase
activity were unaffected; however, 29% reductions in actin-activated ATPase and Km were
observed. Another study showed that disruption of this putative communication pathway
severely affects myosin function. Mutation of Dictyostelium relay loop residue isoleucine 508
to alanine prevented myosin-based cell division in vivo and disabled in vitro motility,
apparently as a result of reducing communication to the converter domain and inhibiting lever
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arm swing.9 Note that for the sake of consistency, we are using the chicken amino acid
numbering system that we have typically employed, as chicken fast skeletal myosin was the
first myosin described at atomic level resolution.2

The transgenic approach we used involves mutagenesis of the codon encoding arginine 759 to
glutamic acid in Drosophila muscle Mhc, followed by expression in Mhc-null indirect flight
muscles. Molecular modeling at the pre- and post-power stroke states (Fig. 1B,C) suggests that
replacing the hydrophobic portion of the arginine side chain (close to the protein backbone)
with the more polar glutamic acid side chain would disrupt the hydrophobic interactions with
relay loop residue isoleucine 508. Further, the shorter side-chain length in the mutant appears
to reduce interaction with polar asparagine 509, particularly in the pre-power stroke state.
Finally, the shorter side chain along with the charge change would eliminate interactions with
negatively charged residue aspartate 511 in the post-power stroke state (Fig. 1B,C).

Production of R759E transgenic lines
The Drosophila Mhc gene has five alternative versions of exon 11 that encode the central
portion of the converter domain. We used in vitro mutagenesis of exon 11e to transform the
codon encoding arginine 759 to glutamic acid. The expression of exon 11e has only been
detected in the indirect flight muscle,19,20 so this mutation should not disrupt function in other
muscle types or cause lethality. The mutant gene fragment was placed in the context of the
Mhc gene and transgenic lines were obtained by P element-mediated germline transformation
(see Table 1 legend). Transgenes were crossed into the Mhc10 line that is null for indirect flight
muscle MHC,14 so that the product and effects of the transgene could be assessed in the absence
of wild-type myosin. We characterized three independent lines that produced normal levels of
MHC in their indirect flight muscles (Table 1).

In vitro properties of R759E transgenic myosin
R759E myosin isolated from indirect flight muscles was tested as to ATPase activity, intrinsic
tryptophan fluorescence and ability to drive in vitro sliding of actin filaments compared to
wild-type control (PwMhc2) myosin. Ca and basal MgATPase activities of the mutant myosin
were reduced ~60% compared to wild type (3.96 ± 0.99 s−1 vs. 10.34 ± 0.73 for CaATPase
and 0.10 ± 0.04 s−1 vs. 0.26 ± 0.02 for basal MgATPase). Actin-activated MgATPase (Vmax)
was reduced by 63% (0.69 ± 0.06 vs. 1.86 ± 0.33 s−1), although Km values were not affected
by the mutation (Fig. 2A; Table 2). We analyzed intrinsic tryptophan fluorescence of the R759E
S-1 fragment compared to the wild-type control. This is the first such analysis of Drosophila
S-1. Consistent with findings for other myosins,9,21–23 wild-type Drosophila S-1 showed
enhanced tryptophan fluorescence upon binding with ATP (15%) or AMP-PNP (8%).
However, this enhancement did not occur in R759E S-1 (Fig. 2B). Assuming the main
contributor of tryptophan fluorescence is W510 (Fig. 1B,C), as is the case in other myosins,
21–24 and that the enhanced fluorescence mirrors ATP-induced relay movement and lever arm
swing,9,25 this suggests that disruption of the relay loop/converter domain interface prevents
efficient lever arm swing during the recovery stroke (see Conclusions). Further, it appears that
W510 is less accessible to solvent in R759E S-1 in the absence of nucleotide, as the mutant
protein yields a lower fluorescence intensity compared to an equal amount of wild-type S-1
(Fig 2B). In vitro motility assays showed that the ability of the converter mutant to drive actin
filament sliding decreased by 36% (4.3 ± 0.6 vs. 6.7 ± 1.1 μm s−1; Fig. 2C). The ATPase,
tryptophan fluorescence and in vitro motility data are summarized in Table 2.

Effects of the R759E mutation on muscle ultrastructure and locomotion
We used transmission electron microscopy to examine how the R759E mutation affects indirect
flight muscle myofibril assembly and maintenance. At the late pupal stage, myofibril structure
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appears normal (not shown), with normal thick and thin filament arrangements and intact
sarcomeres. This is true for adults at two hours post eclosion (Figs. 3A–D). At two days of age,
sarcomere structure is generally normal (Figs. 3E–H), but occasional cracks in the mutant
myofilament lattice occur (Fig. 3F). At one-week post eclosion (Figs. 3I–L), mutant myofibrils
show moderate to severe disruption. Hexagonal packing of filaments is not as regular (Fig. 3J),
with gaps in the myofilament lattice (Fig. 3L). Thus while mutant muscle assembly appears
normal, myofibrils degenerate as flies age.

We assessed the effects of the R759E mutation on locomotion by flight testing at two days and
at one week post-eclosion (Table 1). Flight ability is severely impaired in young flies, with a
flight index of ~1.5 compared to 4.4 for the transgenic control (the maximum index is 6.0 for
100% upward flight). While nearly 60% of the control flies flew upward, none of the mutant
flies were capable of doing so. At one week, the flight index of the mutant line was reduced to
~0.4, while that of the control did not change significantly (4.2). While 72% of the control flies
few upward or horizontally at one week, none of the R759E mutant flies could do so. All of
the mutants glided downward or were incapable of flight. This reduction in flight ability mirrors
the degeneration in myofibril structure noted above.

Conclusions
Our work presents the first mutational evidence that the linkage between the relay loop and
converter domain is necessary for normal muscle function. At the molecular level, the R759E
mutation substantially reduces basal and actin-activated ATPase activity as well as in vitro
actin filament sliding. The failure to observe enhanced tryptophan fluorescence upon ATP
addition suggests reduced ability of the lever arm to move into the pre-power stroke
configuration, perhaps as a result of inhibition of the 25° rotation proposed to arise from
interaction of the relay helix with the converter.18 This assumes that the fluorescence increase
in wild-type myosin is largely due to tryptophan 510, which has been shown to be the case in
both muscle and non-muscle myosins.21–24 Molecular modeling (Figure 1) suggests that the
relay loop/converter interface is significantly disrupted in the post-power stroke configuration,
and this may inhibit the ability of the relay loop repositioning to efficiently move the converter
domain and thereby trigger lever arm cocking and the subsequent power stroke. Disrupting the
relay loop-converter interface thus appears to feed forward to affect lever arm repositioning as
well as to feed back to the ATP binding pocket to reduce hydrolysis rate.

It is interesting that the R759E mutation does not grossly affect myofibril assembly. Indirect
flight muscles at both the late pupal and young adult stages appear structurally normal. This
contrasts with some myosin mutants in C. elegans and Drosophila wherein motor function
defects prevented thick filament accumulation.26,27 Minor myofibrillar disarray is detected in
R759E indirect flight muscle at 2 days of age, and more severe defects are seen at one week.
Hence the degeneration in structure, as well as further degeneration in function, appears to be
use related. It is important to note that at 2 days post-eclosion R759E muscle is essentially
normal in structure, yet is barely able to support flight. Thus the functional defects in ATPase
activity, lever arm swing and ability to translocate actin filaments are likely to give rise directly
to the poor flight ability observed in 2 day old flies, rather than causing defects in myofibril
assembly that secondarily result in defects in muscle function. We hypothesize that the
mutation re-tunes the motor so that its duty ratio is increased, resulting in the S-1 domain
remaining bound to the thin filament longer per cycle. Stretch by the opposing muscle set while
some of the heads remain attached to the thin filament could result in progressive structural
degeneration of the stretched myofibrils. We have found that chimeric myosins with slowed
kinetics and an increased duty ratio typically show this sort of degenerative phenotype.28,29

Overall we conclude that relay to converter communication is essential to the biochemical
properties of muscle myosin and the ability of muscle to function.
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Fig. 1.
Locations of the converter and relay domains of myosin, and the effects of mutating the R759
converter residue. (A) Mapping of the amino acids of the Drosophila indirect flight muscle
isoform (IFI) of myosin onto the scallop crystal structure in the pre-power stroke state (1qvi).
The relay domain encoded by alternative exon 9a is highlighted in blue, whereas the central
portion of the converter domain (residues 724–764) encoded by alternative exon 11e is shown
in green. Converter domain residue R759 is shown as a space-filling model. The homology
model was produced by fitting the Drosophila indirect flight muscle myosin S-1 amino acid
sequence to the coordinates of scallop myosin S1 using the automated mode of the Swiss-
Model homology modeling server (http://swissmodel.expasy.org/). PyMOL
(http://www.pymol.org/, DeLano Scientific, Palo Alto, CA, USA) was used to visualize the
output. (B) Interaction of converter domain residue R759 (green) with amino acid residues of
the relay domain [I508 (blue), N509 (red), W510 (yellow), D511 (gray)] in the pre-power
stroke state (left) and the post-power stroke state (1kk8; right). Space-filling models suggest
the hydrophobic region of R759 near the peptide backbone interacts with I508 in the pre-power
stroke state, while the polar terminal portion interacts with polar N509. In the post-power stroke
state, interactions with I508 and N509 are retained, plus the changed orientation of the relay
loop results in formation of a salt bridge between R759 and D511. See Bloemink et al.30 for
further modeling and discussion. (C) Interaction of mutated converter domain residue E759
with amino acid residues of the relay domain in the pre-power stroke state (left) and the post-
power stroke state (right). These models were produced as described above, except that E759

Kronert et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2011 May 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://swissmodel.expasy.org/
http://www.pymol.org/


replaced R759 prior to modeling. The negatively charged region of E759 is located near
hydrophobic I508, eliminating the hydrophobic interaction found in wild-type myosin. The
mutation also reduces interaction of residue 759 with polar N509, particularly in the pre-power
stroke state (left). Disruption of the relay loop/converter domain interface is exacerbated at the
post-power stroke state (right), since E759 is unable to form a salt bridge with negatively
charged D511. All residue numbers correspond to those of chicken skeletal muscle myosin.2
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Fig. 2.
Actin-activated ATPase activity, tryptophan fluorescence and in vitro motility of wild-type
control and R759E Drosophila myosin. (A) ATPase activities of myosins isolated from the
transgenic lines expressing wild-type (PwMhc2) and R759E mutant myosin were determined
as reported previously31,32 and described in the legend to Table 2. Chicken actin concentration
ranged from 0–2 μM. Basal Mg-ATPase activities obtained in the absence of actin were
subtracted from data points, which represent duplicate samples from six separate preparations
of myosin for each genotype. Data were fitted with the Michaelis-Menten equation (rectangular
hyperbola, y = ax/(b + x)). Vmax of R759E myosin was reduced by ~60% compared to wild-
type myosin, but Km for actin was not affected (see Table 2). (B) Tryptophan fluorescence of
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wild-type control myosin (left) and R759E myosin (right) in the absence and presence of 0.1
mM ATP or AMP-PNP. Myosin sub- fragment-1 (S-1) was prepared after chymotrypsin
digestion as previously reported.30,33 Intrinsic tryptophan fluorescence of control and R759E
S-1 (0.02 mg/ml, final concentration) was recorded at 25°C in the presence or absence of ATP
or AMP-PNP (0.1 mM each, pH 7.0) in 20 mM MOPS, pH 7.0, containing 100 mM KCl and
5 mM MgCl2 as previously described.9,22,23 The excitation wavelength for tryptophan
fluorescence was 295 nm and fluorescence emission was recorded at 310–370 nm, using a PTI
spectrofluorometer (Photon Technology International). The figure represents uncorrected
tryptophan fluorescence of control S-1 and R759E S-1 in the absence (closed circles) or in the
presence of ATP (open circles) or AMP-PNP (triangles). The fluorescence peak maxima (330
nm) in wild-type S-1 increased ~15% and ~8% upon incubation with ATP or AMP-PNP,
respectively. However, R759E S-1 tryptophan fluorescence remained unchanged upon
addition of either nucleotide. (C) Histograms comparing rates of in vitro actin sliding for wild-
type control and R759E myosin. Actin sliding velocities are shown from all continuously
moving actin filaments assessed from six preparations of each myosin type. The mutation
decreases filament motility by ~35% (see Table 2).
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Fig. 3.
Muscle structure of the dorsal longitudinal indirect flight muscle in the R759E myosin
converter mutant. Transmission electron microscopy, as previously described,34 was used to
determine the effects of transgene expression on muscle structure of the dorsal longitudinal
indirect flight muscles at three stages of adult development (two hours, two days and one week).
Cross-sections and longitudinal sections were obtained from females for each transgenic line,
with at least three different samples examined for each. Representative images are shown. (A)
Transverse section from PwMhc2 two-hour-old adults. (B) Transverse section from R759E
two-hour-old adults. Myofibril structure of R759E shows normal hexagonal packing of thick
and think filaments compared to PwMhc2. (C) Longitudinal section from PwMhc2 two-hour-
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old adults. (D) Longitudinal section from R759E two-hour-old adults. R759E sarcomere
structure is normal compared to PwMhc2. (E) Transverse section from PwMhc2 two-day-old
adults. (F) Transverse section from R759E two-day-old adults. Myofibril structure of R759E
shows subtle cracking with slight disruption in the hexagonal packing of thick and thin
filaments compared to PwMhc2. (G) Longitudinal section from PwMhc2 two-day-old adults.
(H) Longitudinal section from R759E two-day-old adults. R759E sarcomere structure appears
essentially normal compared to PwMhc2. (I) Transverse section from PwMhc2 one-week-old
adults. (J) Transverse section from R759E one-week-old adults. R759E shows further cracking
and more severe disruption of the normal hexagonal packing of thick and thin filaments
compared to PwMhc2 and R759E two-day-old adults. (K) Longitudinal section from PwMhc2
one-week-old adults. (L) Longitudinal section from R759E one-week-old adults. The
sarcomere structure of R759E is cracked and Z-bands are slightly disrupted compared to
PwMhc2 sarcomeres. Scale bars, 0.5 μm.
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