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Abstract

Myosin is the major protein in skeletal muscles including those of fish and shellfish. The characteristics
of this protein are closely related to the biological function and the quality and physical properties of muscle
food. In the myosin rod (the coiled-coil region of myosin), several amino acid residues, known as skip
residues, seem to destabilize the ordered structure (heptad repeat). These residues might be responsible
for reducing thermal stability. Attempts were thus made to examine the role of these residues in the rod of
squid myosin, based on the thermodynamic properties of synthetic peptides which have been designed to
mimic the partial sequence of myosin heavy chain from the squid Todarodes pacificus mantle muscle. Five
peptides, namely, with the sequence of Trp'***-Ala'*’? having the skip residue Glu'**” at the center (Peptide
WT), without the skip residue (Peptide A), with the replacements of the skip residue (Glu) by Ile, Gln and
Pro (Peptides E/I, E/Q, and E/P, respectively) to modify the helix forming propensity, were synthesized. The
results obtained showed that the stability of the peptides as measured by circular dichroism spectrometry
was in the order of Peptide A > Peptide WT > Peptide E/Q > Peptide E/P > Peptide E/I. It is suggested that
the presence of the skip residues dexterously tunes the stability or flexibility of the coiled-coil structure, thus
possibly regulating thick filament formation and further gel formation ability of myosin.
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Stabilitas Termal Peptida Sintetis yang menyerupai Daerah Sekuen yang Mengandung
Skip Residue pada Myosin Rod Cumi-Cumi

Abstract

Miosin adalah protein utama pada otot rangka (skeletal muscle) yang terdapat pada ikan dan kerang-
kerangan. Sifat protein ini berhubungan dengan fungsi biologisnya dan sifat fisik dari muscle food. Beberapa
residu asam amino, yang disebut juga skip residue berperan dalam ketidakstabilan struktur (hepted repeat)
dari miosin rod (daerah koil-koil miosin). Asam amino-asam amino ini bertanggungjawab pada penurunan
stabilitas termal. Penelitian ini dilakukan untuk memeriksa peran residu beberapa asam amino pada rod
miosin dari cumi-cumi, berdasarkan sifat termodinamika pada peptida sintetik yang didesain mirip sekuen
parsial miosin heavy chain otot mantel cumi-cumi (Todarodes pacificus). Lima peptida, yang dimulai dari
sekuen posisi Trp***-Ala®”> mempunyai skip residue Glu'*> pada pusat (peptida WT), tanpa skip residue
(Peptida A), dengan penggantian skip residue (Glu) dengan Ile, Gln dan Pro (peptida E/I, E/Q, dan E/P)
untuk memodifikasi kecenderungan pembentukan heliks yang disintesis. Hasil yang diperoleh menunjukan
bahwa stabilitas peptida berurutan Peptide A > Peptide WT > Peptide E/Q > Peptide E/P > Peptide E/I yang
diukur dengan spektro circular dichroism. Adanya skip residue mempertajam stabilitas atau fleksibilitas
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struktur koil, sehingga memungkinkan berperan dalam pembentukan thick filament dan kemudian formasi

gel dari miosin.

Kata kunci: koil-koil, myosin, residu, peptida sintetis, stabilitas termal

INTRODUCTION

Myosin is the principal contractile
component in muscles and makes up the
major protein in the myofibril (Harrington and
Rogers 1984). A number of studies showed that
myosins are widely distributed in all eukaryotic
organisms, from amoebae and yeasts to higher
plants and mammals (Volkmann and Baluska
1999, Sellers 2000, Sokac and Bement 2000).
It is established that several myosin isoforms
and superfamily are expressed in a single cell,
and their recognized numbers increase by the
aid of molecular biological approaches (Sokac
and Bement 2000, Berg et al. 2001). The
structural and functional properties of fish
and shellfish myosins have been intensively
studied, because of their importance in muscle
contraction under various habitat conditions
and also in their gel forming ability.

Although force is generated by the
interaction of myosin heads with actin
filament, force transduction requires the
assembly of myosin molecules. In skeletal
muscles including from fish and shellfish,
myosin assembles into stable thick filaments.
Muscle myosins and those found in other
tissues belonging to the Class II, called as
conventional myosins, resemble each other
both structurally and functionally. Only
the myosins belonging to Class II are able
to form thick filaments via the side-by-side
association of the long coiled-coil rods. The
conventional myosin molecule is a hexameric
protein composed of a pair of heavy chains
(approximately 200 kDa) and two pairs of
light chains (approximately 20 kDa). The
N-terminal half of the heavy chain folds into
a globular head domain, while the C-terminal
halves of the heavy chains wrap around to
form an o-helical coiled-coil rod domain
(Fraser and MacRae 1973, Harrington and
Rodgers 1984, Warwick and Spudich 1987). In
the head region are located not only the active
site for myosin ATPase but also the binding
sites for actin and light chain subunits. The rod
portion itself is responsible for the assembly of
myosin molecules into filaments.
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The coiled-coil structure of the myosin
rod is formed by the packing of two
extended a-helices against one another via
the characteristic heptad repeats of seven
amino acids. The positions of each amino
acid in one unit are labeled a through g from
the N-terminal side. The a and d positions
are frequently occupied by hydrophobic
amino acids to form hydrophobic bonding
at the interface of two helices, whereas the
e and g positions tend to be occupied with
polar amino acids facilitating the salt bridge
formation. The other positions, located at the
outer surface of the rod, tend to be occupied
with hydrophilic amino acids. Therefore,
the residues at the a, d, e, and g positions
are responsible for the stability of coiled-
coil structure. Such positioning is almost
complete in tropomyosin which has a coiled-
coil structure throughout the entire molecule.
In the case of myosin heavy chain, however,
the ordered structure of the coiled-coil region
is partially destabilized by the presence of
several extra residues, known as skip residues
(Matulef et al. 1998, Straussman et al. 2005).
The rod sequences of some myosins contain
the heptad repeats which are interrupted by
the presence of four skip residues, resulting in
an imperfect coiled-coil structure.

A key sequence required for myosin
filament formation consists of 29 residues
located close to the C-terminus of the rod. This
region, called as assembly competent domain
(ACD), hasacharacteristic charge distribution.
The domain was originally found in rabbit
skeletal myosin, but later was identified in
many conventional myosins (Sohn et al. 1997),
and is also found to be present in the squid
myosin. On the other hand, the presence of
skip residues has been known in mammalian
myosins and is considered to be involved in
slight local bending of the rod.

In the present study, the role of the skip
residues found in molluscan (squid) myosin
was investigated by thermodynamic analyses.
Namely, five synthetic peptides of 30mer
which mimic the partial sequence of squid
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myosin rod were prepared, and the effects of
the presence or absence of the skip residue and
its replacement by other amino acids on their
thermal stability differences were measured,
taking the helical contents as a parameter.

MATERIALS AND METHODS
Chemicals

Sodium phosphate, potassium chloride,
tricine, 2,2.2-trifluoroethanol (TFA),
dithiothreitol (DTT) and acrylamide used in
the present study were of reagent grade and
purchased from Wako (Osaka, Japan).

Preparation of synthetic peptides
The complete cDNA sequence of squid
Todarodes pacificus myosin heavy chain has
been deposited to GenBank with an accession
number GU338005 (Figure 1). The sequence
(Trp™* to Ala"?) in the rod region (skip

M35YDPSDPDMEFLCLTRQKLMEATS IPFDGKKNCHYPDPDFGFVGAEIQS TKGDEVTVKT DK TQETRVVKK DD IGQRNP PKFEMNME]

binding
THNLRSRYESGFIYTYSGLFCIAINPYRRLPIVYT!

ATP-binding

residue 2) was targeted in this study, because of
its estimated higher helical propensity among
the four counterparts in the rod region. Five
peptides, namely, Peptide WT (wild type,
one skip residue located at the middle of four
heptad repeats, NH2-WRSKFES EGAARAD
E LYDSKRK LQAELSEA-COOH) and
Peptide A (containing four heptad repeats
without any skip residue, NH, -WRSKFES
EGAARAD LYDSKRK LQAELSEA-COOH)
and point-mutated ones with the replacements
of the skip residue (Glu) by Ile, Gln and Pro
(Peptides E/I, Peptide E/Q, and Peptide E/P,
respectively) to modify the helical propensity,
were synthesized by Fmoc method as reported
previously (Ozawa etal. 2009) (Table 1). All the
peptides except Peptide A (29mer), which the
skip residue was deleted, were 30mers. These
peptides were provided as approximately 95%
purity.

MANLTFLNEASI 100
19

ATP-b

SKRRAEMPPHLFSTADNAYQYMLODRENQSMLITGESGAGKTENTKKVIQYFALVAAS 200

A”SGGKFJY AuKYKJEYKG”LEDQIVQCNPVZEAYGNAETTRNNNSSRFGKFXPAﬂF:TQbYlAG%ElEm {LLEKSRVTYQQSAERNYHIFYQLLSPA 300

FPENIEKILAVPDPGLYGFINQGTLTVDGI DDEEEMGLTDTAFDVLGE TDEEKLSMYKCTGC I LHLGEMKWKORGEQAEADGTAEAEKVAFLLGVNAGDL 400

actin-binding

LECLLKPKIKVGTEYVTQGRNKDCVINS IAALAKSLY DRMENWLYRRVNQTLDTKA]
actin-

FIGVLDIAGFEIFDENSFEQLCINYTNERLQQ HMEV 500

LEQEEYKKEGIVWEFIDFGLDLOACIEL IEKPMGILSILEEECMFPKASDTSFKNKLY DNHLGKNPMFGKPKPPKAGCAEARFCLHRYAGSVSYSTAGHL 600

(50/20kDa)  actin-binding
DENKDPINENVVELLONSKEPIVKMLEFTE PEDTSPAGGKKKKGKSAAFQTTSSVEKESLNKLMKNLY STHPEFVRCTIPNELKTPGMIDEALVL

SH-1

GVLEGIRICREGEPNRI

ATP-binding SH-2
700

ELC-binding
MRDERLSKIISMFQAHIRGYLM 800

EAW“ELbDQIDQL!YVRQPH

KTQLRAEMDDVQS

B IMM

VGOLTKLKSSLGASLEDAKRSLEDEGRLRAKLOREVRNI

SEAHDTADT

AGLEKAKERLOGELEDLAIDVEI

DESERRRLK

*
RHEAETQKSMREVDRREVKELSFOQEEDRKNYERMOELVDKLONKIKTYKRQVEEARETAATNLAKFR 1500

KVOQELEDA

1939

Figure 1 The deduced amino acid sequence of myosin heavy chain from Japanese flying squid
Todarodes pacificus mantle muscle. The region focused in the present study is contained
in a box. The junction regions between the 25 kDa, 50 kDa and 20 kDa domains as well
as the heptad repeat sequences in the S2 and LMM regions are underlined. The skip
residues are indicated with the asterisk. ATP-, actin- and essential light chain (ELC)-
binding sites, the assembly competent domain (ACD) as well as the reactive cysteine
residues (SH-1 and SH-2) are shown in italicized bold faced letters. The sequence has
been deposited to GenBank with the accession number GU338005.
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Table 1 The sequences of the synthetic peptides used in this study

Peptides Sequence Size
Peptide WT NH,-WRSKFESEGA ARADELYDSK RKLQAELSEA-COOH 30mer
Peptide A NH_-WRSKFESEGA ARAD - LYDSK RKLQAELSEA-COOH 29mer
Peptide E/I NH,-WRSKFESEGA ARADILYDSK RKLQAELSEA-COOH 30mer
Peptide E/Q NH,-WRSKFESEGA ARADQLYDSK RKLQAELSEA-COOH 30mer
Peptide E/P NH, -WRSKFESEGA ARADPLYDSK RKLQAELSEA-COOH 30mer

Circular dichroism (CD) spectrometry o =[0]222/( - 36000) (1)

These peptides were dissolved in 10 where a=K/(1+K) (2)

mM sodium phosphate (pH 7.0) containing
0.1 M KCI, 1 mM DTT, 0.01% NaN3 and
40% TFE, and analyzed by CD spectrometry
in the temperature range of 2 °C to 60 °C.
CD spectra were measured with a J-720
spectropolarimeter (JASCO, Tokyo, Japan),
equipped with a jacketed cell of 0.2 mm
optical path length under constant N2 flux.
Wavelength and protein concentration for
measurement were set in the range of 240
nm to 190 nm and 1 mg/mL, respectively.
a-Helical content was calculated based on the
mean residue ellipticity at 222 nm ( [0]222)
(Yang et al. 1986, Wallimann et al. 2003).

The thermal stability of the peptides was
compared taking the two criteria, namely, the
midpoint of melting temperature (Tm) and
the enthalpy for folding (AH). The values for
Tm and AH were calculated based on the
assumption that the unfolding can be fit by
a helix-coil transition. After normalization
to a scale of 0 to 1, the ellipticity data
were modified by the following equations
(Yang et al. 1986):

kDa

where K = exp{(AH/RT )(T /Tm) - 1} (3)

Tricine polyacrylamide gel
electrophoresis (Tricine PAGE)

The purity of these peptides was checked
by Tricine PAGE (Schigger and Jagow
1987) with a slight modification as reported
previously for tropomyosin peptide using
4% polyacrylamide gel for stacking, 10%
gel for spacing and 16% gel for separation
(Ozawa et al. 2009). Protein concentration
was determined by bicinchoninic acid (BCA)
method (Smith et al. 1985) using a kit (GE
Healthcare Life Sciences Co. Ltd.) and bovine
serum albumin as a standard.

Secondary structure prediction
Secondary structures of the peptides were
predicted using the programs from ExPASy
Proteomics Tools for secondary structure
prediction (AGADIR) (Mufioz and Serrano
1999), under the conditions at pH 7.0, 278 K,
and ionic strength of 0.12. The 1200 kinds of
peptides were analyzed by AGADIR program

2 3 4 5

Figure 2 Purity check of the peptides by Tricine PAGE. M, molecular weight markers; 1, Peptide
WT; 2, Peptide A; 3, Peptide E/I ; 4, Peptide E/Q; 5, Peptide E/P. One pg of each peptide
was applied to each lane. The gel of 16% polyacrylamide was used.
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Table 1 The sequences of the synthetic peptides used in this study

Peptide E/P Peptide E/I Peptide E/Q  Peptide WT  Peptide A
Tm (°C) -53.7 -52.3 -21.3 -4 1
AH (kJ/mol) -9.6 -11.7 -16.2 -16.8 -19.2

to evaluate the performance of the algorithm,
whereas the average deviation of the prediction
from experimental values (obtained from CD
measurements) was only by 2% less than the
calculated helical content, with a standard
deviation of 6 (helical content %).

RESULTS AND DISCUSSION
Purity of the peptides

The Rf values of the peptide bands
on the gel did not correspond well to the
molecular weight calculated from the amino
acid sequences (Figure 2): i.e., the expected
molecular weights from amino acid sequence
were 3,471 for Peptide WT, 3,342 for Peptide
A, 3,456 for Peptide E/I, 3,471 for Peptide E/Q,
and 3,440 for Peptide E/P. All the peptides
were found to be of high purity. The results
may have possibly come from the differences
of amino acid composition for each peptide.

CD spectrometry
The CD spectrometry of the peptides
was carried out in the presence of 40% TFE,

known as an a-helix stabilizer (Nelson and
Kalenbach 1986, Jaravine et al. 2001, Corréa
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and Farah 2007). Table 2 shows the melting
temperature (Tm) and the enthalpies (AH)
of the five peptides as the thermodynamic
parameters of structural stability calculated
based on the results of CD spectrometry. In
the table, the peptides are aligned in the order
of increasing Tm. As far as the calculated
AH values are concerned, Peptide A was
considered to be most resistant to thermal
decay of helical structure. It was followed by
Peptide WT and Peptide E/Q. The values for
Peptide E/P and Peptide E/I were clearly lower
compared to those of the other peptides. It is
thus suggested that Pro, a helix breaker, and
Ile, a hydrophobic amino acid, can greatly
perturb the local structure.

The hydrophobic bonds in the coiled-
coil gave large AH values, which determine
the cooperativity of the unfolding. Larger
AH values favor fast unfolding of proteins,
while smaller AH values would slow down the
unfolding even at the higher temperatures.
Large AH values may allow the region
containing the skip peptide to be flexible.
TFE seemed to result in the reduction of
cooperativity of a-helix unfolding. The AH

Wavelength (nm)

[01,,, (deg-cm?-dmol)

-10000

h°X
. 0-0-0-0

-20000
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Figure 3 Effects of temperature on the CD spectra of Peptide WT. The measurements were carried
out at 5.7°C (e), 21.1°C (0), 45.1°C (A), and 57.8°C (A) in 10 mM sodium phosphate
(pH 7.0) containing 0.1 M KCI, 1 mM DTT, 0.01% NaN3, and 40% TFE. Peptide

concentration was 1.0 mg/mL.
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Figure 4 Temperature dependency of the molar ellipticity of the peptides at 222 nm. Peptide WT
(M), Peptide A (), Peptide E/1 ([1), Peptide E/Q (/\) and Peptide E/P (O).

and Tm values showed similar tendency in
relation with the a-helical contents.

Theboth ends of a coiled-coil are known to
be weakened by the lack of backbone hydrogen
bonds, namely, the initial four NH groups
and final four CO groups lack intrahelical
hydrogen-bonding partners (Baldwin and Ros
1999). On the other hand, the stability and
unfolding of a-helix depend on the ability of
forming a coiled-coil structure.

One representative set of spectra of
Peptide WT measured at various temperatures
are shown in Figure 3. The typical spectra for
coiled-coil demonstrated that the peptides
formed helical structures. Comparison of
the behavior of Peptide WT and Peptide A
during thermal treatment from 4 °C to 60 °C
demonstrated that deletion of the skip residue
did not affect the formation of the helical
structure at the temperature higher than
325 °C, though slight differences were
observed at lower temperature (Figure 4).
The helix contents of the peptides with the
mutations at the skip residue (Peptides E/I,
E/Q, and E/P) were clearly lower compared to

that of wild type.
Four skip residues are conserved
throughout the conventional myosins,

though the ones in the subfragment-2 (S-2)
region of myosin are not so well conserved.
In the present study, the stability of coiled-
coil structure was greatly increased by the
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substitution of a skip residue Glu by Pro, Gln
and Ile. The stability was slightly increased by
deleting this skip residue, suggesting that it is
involved in the destabilization of myosin rod.
It is likely that the residue is rather responsible
for local perturbation of coiled-coil formation
or bending of the myosin rod. The higher
solubility of S-2 is likely to be due to its shorter
length. However, a series of studies using
rod fragments produced by proteolysis or by
molecular biological methods have shown
that deletions from its extreme C-terminus
greatly increase its solubility (Nyitray et al.
1983, Sinard et al. 1990, Atkinson and Stewart
1992), whereas deletions of the N-terminus
of light meromyosin (LMM) hardly cause
changes in solubility. Therefore, the solubility
of myosin rod is considered to be governed
by a local solubility difference. Incidentally,
the detailed structural characteristics of
squid heavy meromyosin (HMM) have been
reported (O’Neall-Hennessey et al. 2013).

The rod region of myosin heavy chain
consists of two parallel a-helical polypeptide
chains of about 600 residues. Myosin heavy
chain polymerizes by side-by-side interaction
especially through the assembly competent
domain (ACD). In the present study, the five
synthetic peptides with the sequence of squid
myosin rod (heavy chain) were prepared and
their thermal stabilities were compared. The
thermostability was measured to investigate
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the effects of amino acid substitution or
deficiency of the skip residue. As a result, clear
differences in stability of a-helix between the
peptides were recognized (Figure 4, Table 2),
suggesting that the skip residues are important
for regulating the stability of the rod region.
No attempts have so far been made to the
involvement of skip residues in the partial
destabilization of the rod region by using
synthetic peptides.

The synthetic peptides of 30mer (except
Peptide A) corresponded to approximately
four heptad repeats (7x4 amino acids), and
therefore, the length of the peptides was
considered to be long enough to form a
coiled-coil structure. In relation with this, the
synthetic peptide (ProProGly)10 mimicking a
collagen fragment existed as a trimer at 11°C,
suggesting these 30mer peptides formed
a triple helix like that of native collagen
(Kobayashi et al. 1970). The reason for the
designing of these peptides was due to the
difficulty in the efficiency of the synthesis
of peptides longer than 30mer, especially
considering of their yield.

The net scores became negative when
the skip residues, which are mostly occupied
by a negatively charged residue, are deleted.
Actually the skip residues are wedged in the
28 residue repeat zones of the myosin rod. If
there was no skip residue at all, the matching
between the positive and negative peaks in the
corresponding zones in the rod region could
be maximized when the stagger is exactly
any odd multiple of 14 residues. Therefore,
the presence of skip residues causes a frame
shift of the heptads which could modify
the intermolecular interaction across the
corresponding zones of the rod. The presence
of four skip residues in the skeletal myosins
may be involved in the flexibility of the
intermolecular interactions, when compared
to those which have three skip residues.

Tropomyosin (TM), a regulatory protein
present on actin filaments, possesses a coiled-
coil structure along the entire molecule,
similar to the myosin rod, but there is no skip
residue in TM. Studies on the structure of
a-TM from rabbit skeletal muscle fragment
(residues 176-273, fused to GCN4, a eukaryotic
transcriptional activator protein) revealed

Masyarakat Pengolahan Hasil Perikanan Indonesia

that Ala cluster and the broken core regions
destabilize the entire molecule (Greenfield et
al. 1998). The Ala cluster, where consecutive
Ala or Ser residues are clustered at the core,
would allow TM to bend at either end of the
cluster, so that TM could wrap around the
actin filament.

On the other hand, the broken core region
is formed around the acidic core residues,
as in Ala®-Asp™-Met'", Tyr**-Glu***-
Tyr**! and GIn**-Tyr*’, and is associated
with an increase in the spacing between
the two a-helices forming a coiled-coil,
leaving a hole in the middle of the core. The
core residues in the hole are exposed to the
solvent, resulting in substantial destabilization
of the entire molecule. The N-terminal
region of this fragment (254-262) shows a
typical two-stranded coiled-coil, whereas
the C-terminal region (263-284) consists
of a-helices (22 residues in length) that are
separated from each other and are stabilized
by crystal packing forces. The pairs of GIn**
and Tyr* side chains does not display the
usual symmetric “knobs-into-holes” packing
pattern. Therefore, a skip residue system is
quite unique to the myosin rod for tuning
its flexibility. TM does not polymerize in a
side-by-side manner and thus does not form
a thick filament. Though myosin rod and TM
have nearly perfect coiled-coil structures, the
strategies for filament formation greatly differ
from each other.

The molecular basis of myosin assembly
is essential in understanding the mechanism
of muscle contraction and also the gel
formation. All the sequences of the myosins
have been reported had similar patterns
(Warrick and Spudich 1987), as recognized by
the seven-residue repeat characteristic for the
coiled-coil structure (Crick 1953). Especially,
the periodicity in the charged residues with a
repeat of 28 residues seems to be important
(Parry 1981, McLachlan and Karn 1982). As
a result, the positively and negatively charged
zones appear alternatively over the molecule.
Such a unique pattern suggests that the
electrostatic interactions between the zones
provide the energy for myosin assembly, if the
molecules were staggered by an odd multiple
of 28/2 residues (McLachlan and Karn 1982).
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Actually, the staggers of 14.3 and 43 nm as can
be recognized in the thick filaments of myosin
and in the paracrystals of LMM correspond to
the staggers caused by the 98 residues (namely
7 x 28/2) and the 294 residues (namely 21
x 28/2), respectively (Huxley 1963). It is
thus likely that such charge periodicity is an
important factor for the assembly of myosin
molecules.

Squid myosin shows unique properties
unlike fish muscle myosins (Zhang et al. 2017,
Konno 2017). However, the information on
molecular mechanism of muscle contraction
in coleoid is still fragmentary (Shaffer and Kier
2016). The effects of salt concentration on the
behavior of skip residues should be examined
to know more about the mechanisms of gel
formation and freezing/thawing induced
structural changes of squid myosin (Garcia-
Séanchez et al. 2015). Furthermore, the fact
revealed in the present study could help
understanding of the behavior of squid
myosin throughout processing (Deng et al.
2015, Cortés-Ruiz et al. 2016).

CONCLUSION

The present study suggests that the skip
residues in the squid myosin rod are involved
in partial destabilization of this region. It may
be closely related to the polymerization of
myosin molecule, thus possibly affecting the
gel formation ability of this myosin. Further
studies are needed to reveal the role of these
residues in resistance of this myosin against
freezing and thawing.
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