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Introduction
Abstract
Whereas the vertebrate muscle myosin heavy chains
(MHCs) are encoded by a family of Mhc genes, most
insects examined to date contain a single Mhc gene
and produce all of the different MHC isoforms by
alternative RNA splicing. Here, we found that the
migratory locust, Locusta migratoria, has one Mhc
gene, which contains 41 exons, including five alternative exclusive exons and one differently included
penultimate exon, and potentially encodes 360 MHC
isoforms. From the adult L. migratoria, we identified
14 MHC isoforms (including two identical isoforms):
four from flight muscle (the thorax dorsal longitudinal
muscle), three from jump muscle (the hind leg extensor tibiae muscle) and seven from the abdominal
intersegmental muscle. We purified myosins from
flight muscle and jump muscle and characterized
their motor activities. At neutral pH, the flight and the
jump muscle myosins displayed similar levels of in
vitro actin-gliding activity, whereas the former had a
slightly higher actin-activated ATPase activity than
the latter. Interestingly, the pH dependences of the
actin-activated ATPase activity of these two myosins
are different. Because the dominant MHC isoforms in
these two muscles are identical except for the two
alternative exon-encoding regions, we propose that
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All animal movements are powered by the contraction of
striated muscles. The molecular motors that drive striated muscle to contract are a special type of class II
myosin, striated muscle myosin. Striated muscle myosins are hexamers consisting of two myosin heavy
chains (MHCs), two essential light chains (ELCs) and
two regulatory light chains (RLCs) (Geeves & Holmes,
2005). MHC contains three distinct domains: the
N-terminal motor domain, the neck region and the
C-terminal coiled-coil tail (Szentgyorgyi, 1953; Rayment
et al., 1993; Geeves & Holmes, 1999). The motor
domain contains the ATP-binding site and the actinbinding site and is able to convert the energy from ATP
hydrolysis into mechanical work. The neck region contains two isoleucine-glutamine (IQ) motifs, which associate with two light chains, ELC and RLC, and functions
as a lever arm to amplify the conformational change in
the motor domain. The coiled-coil tail enables myosin to
form a dimer and to assemble into thick filament.
Whereas the vertebrate MHC isoforms are encoded
by a family of Mhc genes, most examined insects contain a single Mhc gene (Bernstein & Milligan, 1997;
Odronitz & Kollmar, 2008). The Mhc genes have been
identified in 21 insect genomes: the mosquitoes Aedes
aegypti, Anopheles gambiae and Culex pipiens, the silkworm Bombyx mori, the red flour beetle Tribolium castaneum, the wasp Nasonia vitripennis, the honeybee Apis
mellifera str. DH4, the human louse Pediculus humanus
corporis and 13 Drosophila species (Odronitz & Kollmar,
2008). Analyses of these Mhc gene structures have indicated that all insects, except the mosquitos Aedes
aegypti and Culex pipiens, have a single Mhc gene,
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which produces all MHC isoforms as a result of alternative splicing of five to nine clusters of mutually exclusive
exons and a differently included penultimate exon that
might either be spliced in or out (Odronitz & Kollmar,
2008).
The Drosophila Mhc gene contains 19 exons, including five clusters of alternative exclusive exons and one
differently included penultimate exon (George et al.,
1989). Four regions of the motor domain of the Drosophila MHC are encoded by alternative exclusive exons: a
portion of the N-terminal SH3 region encoded by two
exon-3 variants, one lip of the nucleotide-binding pocket
(ATP-lip) by four exon-7 variants, the relay by three
exon-9 variants and a portion of the converter by five
exon-11 variants. Thus, 120 different versions of the
motor domain can be generated by the alternative exons
in Drosophila. In addition, the S2 hinge (the hinge
between subfragment 2 and light meromyosin) region in
the tail is encoded by two exon-15 variants and the
penultimate exon-18 encodes a single amino acid
carboxyl-terminus of the tail and its splicing out allows
the use of exon-19, which encodes a 27 amino acid
carboxyl-terminus. Thus, four different versions of the
tail are encoded by the Drosophila Mhc gene. Theoretically, the Drosophila Mhc gene can generate 480 MHC
isoforms. So far, at least 14 Drosophila MHC isoforms
have been identified (Bernstein & Milligan, 1997).
The roles of the alternative splicing variants of the Mhc
gene in the enzymatic properties of myosin have been
studied by transgenic replacement of the alternative
exons in Drosophila (Bernstein & Milligan, 1997; Swank
et al., 2001, 2003, 2004; Miller et al., 2009; Ramanath
et al., 2011; Zhao & Swank, 2013). For instance,
exchanging exon-7a of the indirect flight muscle MHC
with exon-7d of the embryonic body wall muscle MHC
affected the ATPase activity, flight ability and filament
structure, but not the actin-gliding velocity, suggesting that
the ATP-lip encoded by the alternative exon-7 participates
in the interaction of myosin and the nucleotide (Miller
et al., 2005; Swank et al., 2006). The relay and the converter encoded by alternative exons in the Drosophila
myosin differentially affect ATPase activity, in vitro motility,
myofibril structure and muscle function (Kronert et al.,
2008, 2012; Bloemink et al., 2009). Mutation in the converter domain affected the rate constant of the hydrolysis
step, whereas an additional mutation in the relay domain
was able to restore the ATPase toward wild-type values
(Bloemink et al., 2016), suggesting that the interaction
between the relay domain and converter domain is important for fine-tuning myosin kinetics, in particular ATP binding and hydrolysis. Exchanging the S2 hinge of indirect
flight muscle MHC with that of the embryonic MHC produces distinct myosin and thick filament structures and
contractile properties (Suggs et al., 2007; Miller et al.,

2009). These results indicate that the motor properties of
myosin and the structure of muscle fibre are modulated
by the alternative splicing variants.
Locusts are important agricultural pests. In addition,
well known for their ability to fly and to jump, locusts
have long served as a model for studying insect muscle
physiology (Pfluger & Duch, 2011; Snelling et al.,
2012a,b,c). The physiologies of flight muscle and jump
muscle of the locust are very different. Whereas a
migratory locust can fly for several hours without stopping, it primarily uses jumping to escape predators and
to achieve the take-off velocity necessary for flight.
Thus, it is expected that the muscle structures and contractile properties of locust flight muscle and jump muscle are substantially different. Indeed, it has been shown
that their ultrastructures are quite different (Biserova &
Pfluger, 2004; Kirkton et al., 2005; Snelling et al.,
2012c). However, little is known about how locust muscle contractile proteins, particularly the muscle myosins,
are fine-tuned for their functional niches. Recently, the
genome of the migratory locust, Locusta migratoria, has
been completely sequenced (Wang et al., 2014), enabling us to investigate the structure and function of L.
migratoria muscle myosins at the molecular level.
In the present study, we found that, similar to most
insects examined to date, L. migratoria has only one
Mhc gene and expresses multiple isoforms by alternative
splicing of a number of exons in a tissue-specific manner. The L. migratoria Mhc gene contains 41 exons,
including five alternative splicing exons and a penultimate exon that can be spliced in or out. Theoretically,
the L. migratoria Mhc gene can produce 360 MHC isoforms and we identified 13 of these in three adult
muscles, including four from flight muscle (the dorsal
longitudinal muscle), three from jump muscle (the hind
leg extensor tibiae muscle) and seven from the abdominal intersegmental muscle. To compare the biochemical
and enzymatic properties of myosins in flight muscle
and jump muscle, we purified muscle myosins from
these two muscles. Interestingly, we found that the pH
dependences of the actin-activated ATPase activities of
these two muscle myosins are different.
Results
The L. migratoria Mhc gene structure
We first obtained the partial sequence of the L. migratoria Mhc gene by TBLASTN searches against the
genome of L. migratoria (Wang et al., 2014), using the
Drosophila melanogaster MHC protein as a query.
Based on the partial sequence of the L. migratoria Mhc
gene, we designed the primers and obtained the partial
cDNA of flight muscle MHC. The complete cDNA
sequence of the flight muscle MHC was obtained by 30 C 2016 The Royal Entomological Society, 25, 689–700
V

Locusta migratoria muscle myosin

A

Motor Domain

Exon 1

6

IQX2

11

16

21

Coiled-coil
26

31

691

Tail tip
36

41

1

45800
3(a,b)

10(a,b,c)

14(a,b,c,d,e)

20(a,b,c)

30(a,b)

40(+/-)

N-SH3

ATP-lip

Relay

Converter

S2 hinge

Tail tip

B
60

ATP-lip

Relay
Converter
N-SH3

Figure 1. (A) Diagram of the Locusta migratoria myosin heavy chain (Mhc) gene showing the exon–intron structure. The gene structure is shown using the
following colour coding: light grey, intron sequence; dark grey, common exons; colours, alternatively spliced exons. The transcriptional and translational start
sites and the stop codon sites are shown. N-SH3, the N-terminal SH3 subdomain; S2 hinge, the hinge between subfragment 2 and light meromyosin. (B)
The structure of the chicken skeletal myosin motor domain with two IQ motifs (protein data bank (PDB) ID: 2MYS) showing the regions encoded by
alternative spliced exons in the L. migratoria Mhc gene. The colour coding is the same as in (A).

and 50 -rapid amplification of cDNA ends (RACE) PCR.
The flight muscle MHC cDNA was 6386 bp in length,
encoding 1953 amino acid residues (Fig. S1).
The BLASTN search of the flight muscle MHC cDNA
sequence against the L. migratoria genome showed that
there are several gaps in the Mhc gene. Therefore, we
performed genomic cloning with L. migratoria genomic
DNA as template and obtained the complete sequence
of the Mhc gene. The L. migratoria Mhc gene (GenBank
accession no.: KU516821) spans  45 800 bp (Fig. S2).
To define its exon structure, we analysed the Mhc gene
using the online tool Scipio (http://www.webscipio.org/
search; Odronitz et al., 2008; Hatje et al., 2011) and
identified 41 exons, including five clusters of alternative
splicing exons and the differentially included penultimate
exon-40 (Figs 1A, S2).
The L. migratoria MHC contains three distinct domains.
The motor domain is encoded by exon-2 to 220, the neck
domain by exon-21 and 222, and the tail by exon-23 to
241 (Fig. 1A). Four regions of the motor domain are
encoded by mutually exclusive exons (Figs 1B, 2),
C 2016 The Royal Entomological Society, 25, 689–700
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including a portion of the N-terminal SH3 region by two
exon-3 variants (3a and 3b), a region at the lip of the ATP
binding site (ATP-lip) by three exon-10 variants (10a, 10b
and 10c), the relay by five exon-14 variants (14a, 14b,
14c, 14d and 14e) and a portion of the converter by three
exon-20 variants (20a, 20b and 20c). Thus, 90 different
versions of the motor domain can be generated as a result
of alternative RNA splicing of four mutually exclusive
exons. The S2 hinge region in the tail is encoded by two
exon-30 variants (30a and 30b). Exon-40 encodes a 12
amino acid carboxyl-terminus of the tail and its splicing
out allows the use of exon-41, which encodes a 27 amino
acid carboxyl-terminus. Thus, four different versions of
the tail can be generated as a result of alternative RNA
splicing of mutually exclusive exon-30 and penultimate
exon-40. Theoretically, the L. migratoria Mhc gene can
generate 360 MHC isoforms.
Except exon-20, all mutually exclusive exons of the L.
migratoria Mhc gene are completely conserved in length.
The converter encoded by exon-20b is two amino acid
residues longer than those encoded by the other
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Figure 2. Myosin heavy chain (MHC) amino acid sequence comparisons between the alternative exons of Locusta migratoria and two other taxa. The
encoded amino acid sequence of the major transcript in L. migratoria (Lm) flight muscle MHC (MHC-FL-1) is compared with those of Drosophila
melanogaster (Dm) indirect flight muscle MHC and Gallus gallus (Gg) skeletal muscle MHC. Note that the major transcript in L. migratoria flight MHC
encodes the alternative exons-3b, 210c, 214a, 220a, 230a, and 240.

C 2016 The Royal Entomological Society, 25, 689–700
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Table 1. Distribution of myosin heavy chain (MHC) isoforms in three muscle types in Locusta migratoria
Exonk

Frequency (%)

Muscle

MHC isoform*

3

10

14

20

30

40†

cDNA clone‡

RNA-seq§

Accession number

Flight muscle

MHC-FL-1
MHC-FL-2
MHC-FL-3
MHC-FL-4
MHC-JP-1
MHC-JP-2
MHC-JP-3
MHC-AB-1
MHC-AB-2
MHC-AB-3
MHC-AB-4
MHC-AB-5
MHC-AB-6
MHC-AB-7

b
b
b
b
b
b
b
a
a
a
b
a
a
a

c
a
a
c
a
a
a
b
b
b
b
b
b
b

a
a
b
b
a
a
a
c
c
d
c
d
d
b

a
a
a
a
a
a
a
c
b
c
b
b
b
b

a
a
a
a
b
a
b
b
b
b
b
b
b
b

1
1
1
1
1
1
–
–
–
–
–
1
–
–

76.2
9.5
9.5
4.8
85.0
10.0
5.0
30.0
20.0
15.0
15.0
10.0
5.0
5.0

86.1
11.9
1.3
0.7
72.9
8.2
18.9
/
/
/
/
/
/
/

KU533780
KU533781
KU533782
KU533783
KU533784
KU533781
KU533785
KU533786
KU533787
KU533788
KU533789
KU533790
KU533791
KU533792

Jump muscle

Abdominal intersegmental muscle

*MHC-FL-2 and MHC-JP-2 are identical. FL, flight muscle; JP, jump muscle; and AB, abdominal intersegmental muscle.
‘1’ and ‘–’ indicate the splicing in or out of exon-40, respectively. Exon-40 encodes a 12 amino acid carboxyl-terminus of the tail and its splicing out allows
the use of exon-41, which encodes a 27 amino acid carboxyl-terminus.
‡
Based on PCR and sequencing analysis of 20 cDNA clones for jump muscle and abdominal intersegmental muscle, and 21 cDNA clones for flight muscle.
§
Based on transcriptome sequencing of flight muscle and jump muscle. ‘/’ indicates that data has not been tested.
k
The lower case letter (a, b, c and d) indicate the variants of alternative exons.
†

variants of exon-20. Thus, the length of MHC can be
1953 (with exon-20a/c and exon-40 spliced in), 1955
(with exon-20b and exon-40 spliced in), 1968 (with
exon-20a/c and with exon-40 spliced out) or 1970 (with
exon-20b and with exon-40 spliced out).
The tissue distributions of MHC isoforms in L. migratoria
To determine the tissue distributions of MHC isoforms,
we analysed the transcripts encoding MHC isoforms in
three muscles of adult L. migratoria, ie flight muscle (the
thorax dorsal longitudinal muscle), jump muscle (the
hind leg extensor tibiae muscle) and the abdominal intersegmental muscle. We first cloned the MHC cDNAs
from these three muscles and then determined the alternative splicing exons of at least 20 clones from each
muscle by PCR and/or DNA sequencing. We identified
four MHC isoforms in flight muscle, three in jump muscle
and seven in the abdominal intersegmental muscle
(Table 1). Amongst the four MHC isoforms identified in
flight muscle, MHC-FL-1 (3b/10c/14a/20a/30a/401) is
the dominant isoform, accounting for 76.2% of the total
Mhc transcripts. The dominant isoform in jump muscle,
MHC-JP-1 (3b/10a/14a/20a/30b/401), accounts for 85%
of the total Mhc transcripts. By contrast, the seven MHC
isoforms identified in abdominal intersegmental muscle
are distributed rather evenly. As MHC-FL-2 and MHCJP-2 are identical, in total 13 MHC isoforms were identified from these three muscles.
We also examined the MHC isoforms in flight muscle and
jump muscle using an RNA-seq (transcriptome sequencing)
approach with a next-generation sequencing platform. The
C 2016 The Royal Entomological Society, 25, 689–700
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distributions of MHC isoforms in these two muscles were
consistent with those obtained from cDNA cloning (Table 1).
Isolation of myosin from flight muscle and jump muscle
To compare the motor function of the flight and the jump
muscle myosins, we purified muscle myosin from these
two muscles in adult L. migratoria. The proteins obtained
at each purification step of the flight muscle myosin
were analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE; Fig. 3). About
500 lg muscle myosin was obtained from 200 mg flight
muscle or from 300 mg jump muscle. Mass spectrometry was performed to determine the identities of the
bands in SDS-PAGE, which are MHC (200 kDa), paramyosin (120 kDa), RLC (25 kDa) and ELC (19 kDa)
(Fig. S3). SDS-PAGE showed the resulting preparation
of purified myosin was 90% pure for MHC and the light
chains and contained small amounts of actin, paramyosin and a protein with very high molecular mass (> 220
kDa) (Fig. 3B).
The ATPase activities of the flight and the jump muscle
myosins
We first measured the Ca21-ATPase activity of the flight
and the jump muscle myosins (Table 2). At pH 6.0, both
the flight and the jump muscle myosins exhibited Ca21ATPase activities of 6–7 /s/head, which is similar to that
of the Drosophila indirect flight muscle myosin (Swank
et al., 2001). Both the flight and the jump muscle myosins displayed substantially lower Ca21-ATPase activity
at pH 7.0 and pH 8.0 than at pH 6.0 (Table 2).
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Figure 3. Purification of myosins from flight
and leg muscle of adult Locusta migratoria.
(A) Sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) of the
proteins in each step of the purification of
myosin from flight muscle. Lane 1, the whole
homogenate; 2 and 3, the supernatant and
precipitant, respectively, after treatment with
Triton-X100; 4 and 5, the supernatant and precipitant, respectively, after extraction with
MEB, respectively; 6 and 7, the supernatant
and precipitant respectively, after dilution with
7 volume of H2O in the presence of 5 mM
MgCl2 and 1 mM ATP. For details, see Experimental procedures. (B) SDS-PAGE of the purified flight muscle myosin (lane 1) and the jump
muscle myosin (lane 2). The identity of each
band is indicated on the right. MHC, muscle
myosin heavy chain; RLC, regulatory light
chain; ELC, essential light chain.

Similar to the Drosophila muscle myosins (Swank
et al., 2001), both the flight and the jump muscle myosins displayed very low basal Mg21-ATPase activities
(the activity in the absence of actin; Table 3), which
were less than 1% of the Ca21-ATPase activities. The
Mg21-ATPase activities of both muscle myosins were
markedly activated by actin following the Michaelis–
Menton equation (Fig. 4A). At pH 7.0, the maximum
actin-activated Mg21-ATPase activity of the flight muscle
myosin was 24% higher than that of the jump muscle
myosin (1.516 6 0.046 vs. 1.222 6 0.047 /s/head), and
the Kactin (the required concentration of actin when the
activity of myosin is half activited by actin) of the flight
muscle myosin was substantially higher than that of the
jump muscle myosin (3.08 6 0.23 vs. 1.79 6 0.08 lM)
(Fig. 4A and Table 3).
As locust flight muscle contains substantially more
mitochondria than jump muscle (Snelling et al., 2012c),
we expected that the motor functions of the flight and
the jump muscle myosins might have different pH
dependences. Therefore, we measured their actinactivated Mg21-ATPase activities over the pH range
6.0–8.0. Mg21-ATPase assay was conducted in the
presence of 30 lM actin to ensure that the ATPase
activity was fully activated by actin. Whereas that of
Table 2. Ca21-ATPase activities of the flight and the jump muscle myosins (/s/head)
pH

Flight muscle myosin

Jump muscle myosin

6.0
7.0
8.0

6.02 6 0.15 (3)a
2.77 6 0.01 (3)bc
2.15 6 0.10 (3)d

6.15 6 0.12 (3)a
2.99 6 0.23 (3)c
2.62 6 0.12 (3)b

All values are mean 6 SD.
Values in parentheses indicate number of myosin preparations.
The values with different superscript letters are significantly different
(P < 0.05; one-way analysis of variance, Tukey’s test).

the flight muscle myosin was largely constant, the
ATPase activity of the jump muscle myosin was substantially increased as the pH decreased from 7.5 to 6.0
(Fig. 4B). By contrast, the actin-activated ATPase activities of both myosins were substantially decreased when
the pH increased to 8.0 (Fig. 4B and Table 3).
The actin-gliding activities of the flight and the jump
muscle myosins
We further compared the function of the flight and the
jump muscle myosins using an in vitro actin-gliding
assay. Similar to the Drosophila muscle myosin (Swank
et al., 2001), both the flight and the jump muscle myosins produced smooth and continuous movements of
actin filaments at high surface myosin concentration in
the presence of methylcellulose and at low ionic
strength. We observed the greatest movements in the
presence of 3 mg/ml myosins in the assay solution
containing 0.4% methylcellulose and in the absence of
KCl. The velocities of actin filaments glided by the flight
and the jump muscle myosins were 3.33 6 0.11 and
3.57 6 0.20 lm/s, respectively (Fig. 5A, B).
To compare the pH dependence of the muscle myosins,
we measured their actin-gliding activities over the pH
range 5.0–8.0. Surprisingly, neither the flight muscle myosin nor the jump muscle myosin was able to produce
smooth movements of actin filaments at acidic pH (Fig.
5C). At pH 6.5 or below, actin filaments were observed to
bind to the myosin-coated surface but to fail to move.
Discussion
The L. migratoria Mhc gene structure
In the present study, we determined and characterized the
L. migratoria Mhc gene. Similar to other insects examined
to date, L. migratoria has only one Mhc gene and expresses
multiple isoforms by alternative splicing of a number of
C 2016 The Royal Entomological Society, 25, 689–700
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Table 3. Mg21-ATPase activities of the flight and the jump muscle myosins
Myosin

V0 (/s/head)

pH

Flight muscle myosin

6.0
7.0
8.0
6.0
7.0
8.0

Jump muscle myosin

Vmax (/s/head)
a

Kactin (lM)
a

0.047 6 0.008 (3)
0.022 6 0.006 (3)b
0.023 6 0.005 (3)b
0.049 6 0.008 (3)a
0.024 6 0.009 (3)b
0.021 6 0.004 (3)b

3.889 6 0.458 (3)a
3.08 6 0.23 (4)a
6.079 6 1.043 (3)c
3.716 6 0.741 (3)a
1.79 6 0.08 (4)b
5.734 6 1.343 (3)c

1.602 6 0.033 (3)
1.516 6 0.046 (4)c
0.803 6 0.023 (3)e
1.678 6 0.013 (3)b
1.222 6 0.047 (4)d
0.490 6 0.017 (3)f

V0, the Mg21-ATPase activity in the absence of actin; Vmax, the maximum actin-activated Mg21-ATPase activity; Kactin, the required concentration of actin
when the activity of myosin is half activited by actin.
All values are mean 6 SD.
Values in parentheses indicate number of repetitions.
All assays were carried out using three preparations of myosin, except that the assays at pH 7.0 were done using two preparations of myosins and each preparation was assayed twice.
Within each column, the values with different superscript letters are significantly different (P < 0.05; one-way analysis of variance, Tukey’s test).

The alternative splicing exons of the L. migratoria and
the Drosophila Mhc genes encode the same regions, ie
the N-terminal SH3 region, the ATP-lip region, the relay,
the converter, S2 hinge and the C-terminal tail. With the
exception of the converter variants, the variants of the
regions encoded by the alternative exons of the L.
migratoria Mhc gene are conserved in length and are
largely homologous to those encoded by the Drosophila
Mhc gene (Fig. S4). In particular, the two variants of the
N-terminal SH3 and the two variants of the S2 hinge of
the L. migratoria MHC are highly homologous to the corresponding variants of the Drosophila MHC. These
observations indicate that L. migratoria and Drosophila
use the same strategy to modulate the muscle myosin

exons in a tissue-specific manner. Remarkably, the regions
encoded by the alternative splicing exons of the Mhc gene
in L. migratoria are identical to those in Drosophila, although
the total numbers of exons in these two taxa are different.
Although the Drosophila Mhc gene and the L. migratoria
Mhc gene contain 19 and 41 exons, respectively, both of
them contain five alternative exclusive exons and a penultimate exon that can be spliced in or out. Theoretically, the
Drosophila Mhc gene and the L. migratoria Mhc gene
encode 480 and 360 MHC isoforms, respectively. So far, at
least 14 isoforms of the Drosophila MHC and 13 isoforms of
the L. migratoria MHC have been identified. We expected
that more Mhc isoforms will be identified in other muscles of
L. migratoria at different developmental stages.
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Figure 4. The actin-activated Mg21-ATPase activities of the flight and the jump muscle myosins. (A) The actin dependence of Mg21-ATPase activities of the
flight and the jump muscle myosins. Mg21-ATPase activity was assayed at pH 7.0 in the presence of 0–30 mM actin. Mg21-ATPase activity in the absence of
actin was subtracted from each data point (< 0.03 s21). Curves are the least squares fits of the data points based upon the Michaelis-Menten equation
V 5 (Vmax * [actin]/Kactin1 [actin]) where Vmax is the maximum actin-activated Mg21-ATPase activity, Kactin is the required concentration of actin when the
activity of myosin is half activited by actin, V is the ATPase activity of myosin at different concentrations of actin. The Vmax and Kactin from multiple assays are
summarized in Table 3. Values are the mean 6 SD from four independent assays of two preparations, each preparation was assayed twice. (B) The pH
dependence of the actin-activated ATPase activities of the flight and the jump muscle myosins. The Mg21-ATPase assay was carried out in the presence of
30 mM actin with 50 mM imidazole-ethanoic acid buffer system for pH 6.0 and imidazole-HCl for pH 6.5–8.0. Values are the mean 6 SD for the assays of three
independent preparations. Asterisks denote a statistically significant difference (P < 0.05, Student’s t-test).
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Figure 5. In vitro actin-gliding activities of the flight and the jump muscle myosins. (A, B) Histograms of the actin filament velocities from the in vitro actingliding assay of the flight muscle myosin (A) and the jump muscle myosin (B) at pH 7.4. Each histogram was fitted with a Gaussian curve to obtain the average velocity and SD. n, number of moving filaments. The data were obtained from one preparation of the flight muscle myosin or the jump muscle myosin.
(C) Effects of pH on the actin-gliding activities of the flight and the jump muscle myosin. Values are reported as the mean 6 SD of the average velocities of
three independent preparations. At least 25 moving filaments (at pH 7.0) or at least 50 moving filaments (at pH 7.4 or 8.0) were used for each Gaussian fit.
Note that actin filaments were observed to bind to the myosin-coated surface but failed to move at pH 6.0 and 6.5.

function and underscore the importance of these regions
in regulating the motor function of myosin.
The functional difference between the flight and the jump
muscle myosins in L. migratoria
The most interesting finding in this study is that,
between pH 7.5 and 6.0, the jump muscle myosin displays an acidic enhancement of actin-activated ATPase
activity, whereas the activity of the flight muscle myosin
is largely constant. This result is probably related to the
physiological functions of flight and jump muscles. L.
migratoria can fly for several hours without stopping and
thus the metabolism in flight muscle is fully aerobic. In
other words, the substrates in locust flight muscle are
completely oxidized and no anaerobic products, such as
lactate and H1 ions, are accumulated during flight. By
contrast, the locust primarily uses jumping to escape
predators and to achieve the take-off velocity necessary
for flight. Therefore, it would make sense for the locust
to rely more on anaerobic metabolism to supply energy
for power jumps. Consistent with this notion, flight muscle has been found to contain substantially more mitochondria than jump muscle (Snelling et al., 2012c),
indicating that the energy in flight muscle is largely generated from the citric acid cycle and that in jump muscle
is from glycolysis. Consistent with this, it has been
shown that the lactate concentration in jump muscle
increases substantially after jumping for 1 min (Kirkton
et al., 2005). Therefore, it would be evolutionarily advantageous that the contraction function of jump muscle is
more resistant to acidosis than that of flight muscle.
In contrast to the ATPase assay results, neither the
flight nor the jump muscle myosin was able to move

actin filament at acidic pH. Although we do not know the
reason for this discrepancy, it is not unprecedented for
these two assays to have produced contradictory results.
Rabbit skeletal muscle myosin has a considerable level
of actin-activated ATPase activity of at pH 6.0 (about
half of that at pH 7.0) (Stone & Prevost, 1973), but has
no actin-gliding activity at pH 6.5 or below (Kron &
Spudich, 1986). A systematic study on the factors affecting the movement of actin filaments driven by skeletal
muscle myosin showed that in vitro actin-gliding assays
with myosin do not work well at low pH (Homsher et al.,
1992). Another example is that micromolar levels of
Ca21 stimulate the actin-activated ATPase activity of
unconventional myosin-5, but inhibit its in vitro actingliding activity (Cheney et al., 1993).
Structural basis for the different pH dependence between
the flight and the jump muscle myosins
The actin-activated ATPase activity of the jump muscle
myosin was increased as the pH decreased from 7.5 to
6.0, whereas that of the flight muscle myosin was largely
unchanged over the same pH range. As the dominant
MHC isoforms in flight and jump muscle, respectively
MHC-FL-1 and MHC-JP-1, account for at least 75% of the
total transcripts of Mhc in the corresponding type of muscle, it is reasonable to assume that the myosins isolated
from these two muscles represent the properties of the
dominant MHC isoform, including the pH dependency.
MHC-FL-1 and MHC-JP-1 are identical except for the two
alternative exon regions. MHC-FL-1 contains the exon10c and the exon-30a regions, and MHC-JP-1 contains
the exon-10a and the exon-30b regions. We propose that
the specific residue(s) in MHC-JP-1 are responsible for
C 2016 The Royal Entomological Society, 25, 689–700
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Figure 6. Amino acid sequence comparisons of the flight muscle myosin
heavy chain 1 (MHC-FL-1) isoform and the jump muscle MHC-JP-1 isoform
in the areas encoded by different exons in the Locusta migratoria Mhc gene.
MHC-FL-1 and MHC-JP-1 are identical except for the exon-10 and the
exon-30 regions. (A) Comparison of the amino acid sequences encoded by
exon-10a and -10c. MHC-FL-1 and MHC-JP-1 contain the exon-10c and the
exon-10a region, respectively. (B) Comparison of the amino acid sequence
of the S2 hinge (the hinge between subfragment 2 and light meromyosin)
regions encoded by exon-30a and -30b. The S2 hinges of MHC-FL-1 and
MHC-JP-1 are encoded by exon-30a and -30b, respectively. Top panel,
cross-section of interacting coiled-coil heptads when viewed from the Cterminal end of the parallel a-helices. Bottom panel, sequence alignment of
the S2 hinges encoded by exon-30a and -30b. The overall charge is shown
on the right. Lower-case letters indicate amino acid residue positions in the
a-helical heptad repeat. Red coloured letters indicate acidic residue; blue
coloured letters, basic residue; yellow shaded letters, hydrophobic residue; |,
identical residue; *, conserved residue.

the acidification enhancement of the actin-activated
ATPase activity of the jump muscle myosin.
The alternative exon-10 region (residues 301–335)
forms a part of the lip of the ATP-binding site and a portion
of the adjacent external surface in the upper 50 kDa fragment of the motor domain (Fig. 1B). Given the close proximity of the exon-10 region to the ATP-binding pocket, it is
possible that the exon-10 region modulates the ATP hydrolysis cycle. Indeed, swapping the Drosophila Mhc exon-7
(corresponding to exon-10 of the L. migratoria Mhc gene)
of the indirect flight MHC isoform and that of the embryonic
MHC isoform resulted in a 20–30% increase in the actinactivated ATPase activity of the parent MHCs (Miller et al.,
2005). Eight of the 35 amino acid residues encoded by L.
migratoria Mhc exon-10a and -10c are different, and four
of them are nonconserved substitutions (Fig. 6A). The
exon-10a and the exon-10c regions are conserved in the
charged residues, and neither of them contains His residue. Therefore, the different pH dependence between the
flight and the jump muscle myosins is unlikely to be
because of the presence of the different exon-10 variants.
The alternative exon-30 encodes the S2 hinge region
(residues 1222–1247), which is predicted to form a less
C 2016 The Royal Entomological Society, 25, 689–700
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stable coiled-coil than the flanking regions. Following the
nomination in Drosophila MHC, we used the terminology
hinge A and hinge B to describe the S2 hinges encoded
by exon-30a and by exon-30b, respectively. It has been
shown that the alternative S2 hinge regions not only
affect the length of the Drosophila MHC rod but also
myosin kinetics (Suggs et al., 2007; Miller et al., 2009).
Eighteen of 26 amino acid residues differ between
hinge A and B of L. migratoria MHC, and three of these
have charge changes (Fig. 6B). The net charge of hinge A
is 0 and that of hinge B is 21. Importantly, the location of
the only His residue in hinge A (ie His1224) is different
from that in hinge B (ie His1242). His residues are known
to play a key role in determining the pH dependence of a
protein’s function (Berenbrink, 2006; Grimsley et al.,
2009; Tanio & Kohno, 2009). Because the jump muscle
myosin but not the flight muscle myosin displayed an acidification enhancement of the actin-activated ATPase activity, we propose that this enhancement is related to His1242
(in hinge B of MHC-JP-1) rather than His1224 (in hinge A
of MHC-FL-1). The acid dissociation constant (pKa) of the
side chain of His in protein is 6.6 6 1.0 (Grimsley et al.,
2009) and therefore, at physiologically relevant pH values,
a small shift in pH will change the average charge of His.
Thus, acidification will increase the average positive
charge of the side chain of His1242, thus altering the myosin structure and function.
Similar to other coiled-coils, the S2 hinge possesses the
characteristic heptad repeats (a, b, c, d, e, f, g; Fig. 6B).
The hydrophobic residues at positions a and d form a
hydrophobic seam between two a-helices of the coiled-coil,
and the hydrophilic residues in positions b, c and f are at
the surface and are free to interact with the neighbouring
molecules. His1242 is located at position c. Charge interactions are known to play a key role in molecular packing of
muscle myosin coiled-coil rods into filament (Straussman
et al., 2005). Thus, the positively charged His1242 at acidic
pH might interact with the negatively charged residue(s) of
a surrounding rod, thus affecting the molecular packing of
myosin filament and the motor function.
Based on the above analyses, we propose that the
His1242 in hinge B is probably responsible for the acidification enhancement of the actin-activated ATPase activity of
the jump muscle myosin. As His1242 is highly conserved in
hinge B of the MHCs of other insect species (Odronitz &
Kollmar, 2008), the acidification enhancement of the
motor function at a physiological pH range might be a
common property of insect MHCs that contain hinge B.
Experimental procedures
Insects and reagents
L. migratoria used in experiments were from gregarious colonies maintained for more than eight generations in the Institute
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of Zoology, Chinese Academy of Sciences. The nymphs
were fed on fresh wheat seedlings and bran in metal boxes
(40 3 40 3 40 cm) at a density of 200–300 insects per container at 30 6 28C and a 14 h:10 h (light: dark) photoperiod.
Unless otherwise indicated, restriction enzymes and DNA modifying enzymes were purchased from New England BioLabs
(Beverly, MA, USA). Oligonucleotides were synthesized by Invitrogen (Beijing, China). Actin was prepared from rabbit skeletal
muscle acetone powder according to Spudich & Watt (1971).
Phosphoenolpyruvate, 2,4-dinitrophenyl-hydrazine, and pyruvate
kinase were from Sigma-Aldrich (St Louis, MO, USA).

High-Fidelity DNA Polymerase (New England BioLabs) with primers of 50 -ATGCCTGGAATGCCAAAGAAGAC-30 and 50 TTAGAATTCGCCTTCAGGATGGAG-30 , and cloned into pEASY
Bluntvector (TransGen Biotech, Beijing, China). At least 20
clones from each tissue were analysed by PCR and/or DNA
sequencing to determine their splicing variants. PCR analyses
were performed using KOD Plus (TOYOBO, Tokyo, Japan) with
the primers listed in Table S1 under the following conditions:
948C for 2 min followed by 20 cycles of 948C for 15 s, 558C for
30 s, 688C for 1 min, and a final extension of 688C for 5 min.

RNA-seq library preparation and Illumina sequencing
Determination of the L. migratoria muscle Mhc gene
sequence
The L. migratoria muscle Mhc gene was identified by a
TBLASTN search against the Locusta migratoria whole-genome
shotgun contigs (WGS) database using Drosophila muscle
MHC protein isoform K (National Center for Biotechnology Information Reference Sequence: NP_724008.1) as the query. The
full-length sequence was covered by three consecutive contigs
(accession nos: AVCP010943076, AVCP 010943077 and AVCP
010943078), indicating that L. migratoria has a single Mhc
gene.
Based on the DNA sequence of the L. migratoria Mhc gene,
we designed primers and obtained the partial cDNA of the flight
muscle MHC by reverse-transcription PCR. The RNA was prepared from flight muscle of female 8-day-old adult L. migratoria
using Trizol (Invitrogen, Carlsbad, CA, USA). First-strand cDNA
for RACE was synthesized using SMARTScribeTM reverse
transcriptase (Clontech, Mountain View, CA, USA) and amplified by PCR using PfuUltra II Fusion HS DNA Polymerase
(Stratagene, La Jolla, CA, USA). To obtain the complete cDNA
sequence, we performed 50 - and 30 -RACE. The 50 -RACE product was amplified with PfuUltra II Fusion HS DNA Polymerase
(Stratagene) using the reverse primer 50 -GCTTCCATT
CGCCAATGATCTTGTCG-30 and the nested reverse primer,
50 -CAGCAGTCTTCTGGTTGATGTCGCCC-30 . The 30 -RACE
was performed using the forward primer 50 -GGCTTT
CGACAAGATCATTGGCGAATG-30 and the nested forward
primer 50 -CGAGAACACAAGGAAGAACCACCAGCG-30 .
Using the full-length cDNA of the flight muscle MHC
as query, we performed a BLASTN search against the
L. migratoria WGS database and again obtained three consecutive contigs. As there were gaps between these three contigs
and several repeated sequences within the contigs, we
determined these sequences by genomic DNA cloning and
sequencing.

Determination of the L. migratoria muscle Mhc splicing
variants
Total RNAs were prepared from flight muscle (the thorax dorsal
longitudinal muscle), jump muscle (the hind leg extensor tibiae
muscle) and abdominal intersegmental muscle of an 8-day-old
adult female L. migratoria using Trizol (Invitrogen) and reverse
transcribed to cDNA using an AccuScriptHigh Fidelity 1st Strand
cDNA Synthesis Kit (Agilent, Santa Clara, CA, USA).
Full-length MHC cDNA was amplified by PCR using Q5

Total RNAs were prepared from flight and jump muscle of one
female 8-day-old adult L. migratoria using Trizol. RNA quantity
and quality were determined by Agilent 2100 Expert (Agilent).
Poly(A) mRNA was isolated using a Dynabeads mRNA Purification Kit (Invitrogen, Carlsbad, CA, USA). Paired-end RNA-seq
libraries were prepared using an RNA-Seq Library Preparation
Kit for Whole Transcriptome Discovery following the manufacturer’s protocol (Gnome gen, San Diego, CA, USA) and
sequenced using the Illumina Hiseq 2000 platform (Illumina,
San Diego, CA, USA).

Isolation of myosin from flight and jump muscle
Flight muscle (the thorax dorsal longitudinal muscle) and jump
muscle (the hind leg extensor tibiae muscle) were dissected
from a female 8-day-old adult L. migratoria, and then quickly
frozen with liquid nitrogen and stored at 2808C. Muscle myosin
was purified as described previously (Swank et al., 2001) with
minor modifications. All procedures were performed at 48C,
unless otherwise indicated.
Frozen muscle (200 mg flight muscle or 300 mg jump
muscle) was homogenized in 2.5 ml YMG [20 mM potassium
phosphate, pH 7.0, 2 mM MgCl2, 1 mM ethylene glycol tetraacetic acid (EGTA), 10 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, 0.01 mg/ml leupeptin, and 50% (volume/
volume) glycerol] with a glass homogenator and centrifuged at
8600 g (Eppendorf 5415R centrifuge, Eppendorf, Hamburg,
Germany) for 5 min. The supernatant was discarded and the
pellets were resuspended in 1.5 ml YMG containing 2% (volume/volume) Triton X-100 (AMRESCO, Solon, OH, USA), incubated on ice for 30 min and centrifuged at 8600 g for 5 min.
The pellet was subjected to two cycles of homogenization and
centrifugation at 8600 g for 5 min with 2 ml YM (YMG without
glycerol). The pellet was resuspended in 380 ll of 1 M KCl,
50 mM potassium phosphate, pH 6.8, 5 mM MgCl2, 0.5 mM
EGTA, 10 mM sodium pyrophosphate, 10 mM DTT, 1 mM
PMSF and 0.01 mg/ml leupeptin and incubated on ice for 15
min. After being clarified by centrifugation at 8600 g for 5 min,
the supernatant was diluted 25-fold with H2O and incubated on
ice overnight to precipitate myosin. The pellet was collected by
centrifugation at 100 000 g (Beckman TLA 100.3 rotor, Beckman, Brea, CA, USA) for 30 min and then resolved in 60 ll
MEB (2.4 M KCl, 100 mM histidine, pH 6.8, 0.5 mM EGTA and
10 mM DTT) and incubated on ice for 30 min. After being clarified by centrifugation at 15 700 g for 5 min, the supernatant
was slowly mixed with 7 volume of H2O, 5 mM MgCl2 and
C 2016 The Royal Entomological Society, 25, 689–700
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1 mM ATP were added, and then the mixture was clarified
again by centrifugation at 60 000 g for 30 min. The supernatant
was diluted 10-fold with H2O and incubated on ice for 1 h to
precipitate myosin. The precipitated myosin was collected by
centrifugation at 100 000 g for 30 min and then dissolved in
50 ll storage buffer (0.5 M KCl, 20 mM 3-(N-Morpholino)propanesulfonic acid sodium salt, pH 7.0, 2 mM MgCl2 and 10 mM
dithiothreitol). Finally, the dissolved myosin was clarified by centrifugation at 13 000 rpm for 10 min and stored on ice. The
myosin concentration was determined by absorbance at
280 nm (1 absorbance unit at 280 nm is equal to 2.0 mg/ml
myosin). The typical yield of myosin was 500 lg. The function
assays were performed immediately after myosin preparation.

Mass spectrometry
The purified myosin samples were subjected to SDS-PAGE
(4–20%) and Coomassie Blue staining. The protein bands were
excised, trypsin-digested and analysed by liquid chromatogrammass spectrum/mass spectrum analysis on high-resolution
instruments EASY-nLC 1000 and Q Exactive Thermo, Waltham,
MA, USA. Raw files were processed by Thermo XCALIBUR (version 2.2) for peptide/protein identification.

ATPase assay
Mg21-ATPase activity was measured in a plate-based, ATP
regeneration system as described previously (Li et al., 2008) with
some modifications. Unless otherwise indicated, the ATPase
activity of myosin was measured in a solution containing 0.2
lM myosin, 50 mM buffer solution (see below), 20 mM KCl,
2 mM MgCl2, 1 mM DTT, 0.25 mg/ml bovine serum albumin,
1 mM ATP, 2.5 mM phosphoenol pyruvate, 20 U/ml pyruvate
kinase, 0.1 mM EGTA and actin up to 30 lM at 258C. The buffer
between pH 5.0 and 6.0 consisted of imidazole and ethanoic
acid, and that between pH 6.5 and 8.0 of imidazole and HCl.
The reaction was stopped at various times between 10 and 60
min by adding 25 ll reaction solution to a well of a 96-well plate
containing 100 ll of 0.36 mM 2, 4-dinitrophenyl hydrazine and
0.4 M HCl. After incubation at 378C for 15 min, 50 ll of 2.5 M
NaOH and 0.1 M ethylenediaminetetraacetic acid were added to
each well and the absorptions at 450 nm were recorded in a
microplate reader.
Ca21-ATPase activity was measured in 50 mM imidazole-HCl
(pH 6.0–8.0), 10 mM CaCl2, 20 mM KCl, 0.25 mg/ml bovine
serum albumin, 0.3 mM ATP and 10 nM muscle myosin at
258C. The released phosphate was determined by the malachite
green method (Kodama et al., 1986).

In vitro actin-gliding assay
The actin-gliding activity of L. migratoria muscle myosin was performed as described previously (Swank et al., 2001), except for
the following modifications: (1) the coverslip of the flow cell without nitrocellulose treatment was used for the assay; (2) AB contained 50 mM instead of 25 mM imidazole (pH 7.4) and 20 mM
instead of 25 mM KCl; and (3) the final assay solution contained
50 mM imidazole-HCl (pH 6.0–8.0) and did not contain KCl.
C 2016 The Royal Entomological Society, 25, 689–700
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Supporting Information
Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:
Table S1. Primer information for cDNA clone test of alternative exons.
Figure S1. The cDNA sequence and the corresponding amino acid
sequence of the primary isoform of the Locusta migratoria flight muscle
MHC (MHC-FL-1). Underlining indicates the regions encoded by alternative spliced exons.
Figure S2. The nucleotide sequence and the corresponding amino acid
sequence of the Locusta migratoria muscle myosin heavy chain (Mhc)
gene. The nucleotide numbers are labelled; the positive numbers indicate nucleotides within the gene and the negative numbers indicate 50 flanking sequences of the gene. Encoded amino acids are given as oneletter codes below the first nucleotide of each codon and are aligned
with the exons. The nucleotides underlined in exon 41 are consensus
polyadenylation signals; the known polyadenylation site is indicated by
the solid triangle above the sequence; the boxed sequences indicate
stop codons.
Figure S3. Identification of the bands of purified flight muscle myosin
sample in sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE). (A) SDS-PAGE of purified flight muscle myosin. Lane 1,
molecular mass marker; 2, locust muscle myosin sample. The protein
bands were visualized by Coomassie blue staining. The indicated bands
were cut out and subjected to liquid chromatograph-mass spectrum/mass
spectrum analysis. (B1–B3) Three peptides corresponding to myosin
heavy chains (MHCs). (C1, C2) Two peptides corresponding to regulatory
light chains (RLCs). (D1, D2) Two peptides corresponding to essential light
chains (ELCs). (E1, E2) Two peptides corresponding to paramyosin.
Figure S4. The protein sequence alignment of the alternative exons of
the Locusta migratoria and Drosophila myosin heavy chain. Yellow shading indicates the identical residues. Green and blue shading indicate the
conserved residues.
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