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A B S T R A C T

Dense-phase carbon dioxide (DPCD) can induce myosin denaturation and aggregation and result in the forma-
tion of a gel. To explore the mechanism that DPCD induce myosin the formation of gels, molecular dynamics
simulations were used to investigate the effects of DPCD on the structural properties of the myosin heavy chain
(MHC, GenBank Accession No: BAM65721.1) from Litopenaeus vannamei. In addition, the interaction between
the MHC and CO2 was explored under the coupling of pressure and temperature. To facilitate a better under-
standing and comparison, the structure of MHC was simulated in water at 0.1 MPa and 50 °C (called the myosin-
water system, MWS) and in water and DPCD at 25 MPa and 50 °C (called the myosin-water-DPCD system,
MWDS). The analysis of the root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) re-
vealed that the conformation of the MHC in both MWDS and MWS changed significantly relative to its initial
structure. Moreover, the results of the solvent-accessible surface area demonstrated that the MHC structure
changes from a compact arrangement to a looser arrangement in both MWDS and MWS. Finally, the results from
investigations into the secondary structures showed that the α-helix content of the MHC decreased, whereas the
β-turn and random coil content increased. Greater overall structural variations of the MHC were observed in
MWDS than those observed in MWS. DPCD exerts a substantial effect on the MHC structure because of its
hydrogen bonding, electrostatic repulsion and hydrophobic interactions with the MHC.

1. Introduction

Dense-phase carbon dioxide (DPCD) is a non-thermal food proces-
sing technology involving pressurized CO2 below 50 MPa and a treat-
ment temperature below 60 °C in the liquid, gaseous or supercritical
fluid state. Since Fraser [1] first reported that DPCD could inactivate
microorganisms, many researchers have investigated the effects of
DPCD on microorganisms [2], bacterial spores [3], enzymes [4,5] and
quality attributes [6] in liquid foods. In recent years, researchers have
also examined the applications of DPCD to solid foods [7–9]. However,
these studies revealed that DPCD can induce protein conformation
changes and denaturation [10–22]. The change of the protein con-
formation (denaturation) is a prerequisite for the aggregation of protein
molecules, whereas protein denaturation and aggregation can promote
physical or chemical cross-linking to form a gel network structure.
Under suitable conditions, DPCD has been reported to induce proteins
to form gels with improved qualities than those produced by traditional
methods. For example, DPCD-induced minced mutton gels have better
texture than those produced by a heating treatment [10]. Additionally,

a silk protein gel induced by DPCD was shown to have greater porosity,
a lower swelling ratio and better mechanical properties than that pro-
duced by citric acid [14]. Collagen from shark skin was successfully
induced to form hydrogels using DPCD at room temperature and 55 bar
for 16 h, representing a significant decrease in the processing time [15].
DPCD treatment can also be used to modify lamb meat proteins, leading
to weak protein–protein interactions and the formation of gel-like
structures [17]. The sheep longissimus dorsi muscle was used to prepare
sausage induced by DPCD treatment (10 MPa, 50 or 60 °C, 15 min). In
that study, DPCD treatment was shown to decrease the protein solu-
bility and changed the myosin secondary structure [20]. In our previous
study, we also noted that DPCD could induce shrimp surimi to form a
gel [13]. The technology that DPCD induced proteins the formation of
gels will mainly apply to processing meat products and surimi products
as well manufacturing medical products (artificial skin or prosthetics).

To explore the mechanism that DPCD induce proteins the formation
of gels, many studies have investigated the effects of DPCD on protein
secondary structure [10,14,18–20,22]. However, these experiments
were performed offline, and because the interaction between DPCD and

http://dx.doi.org/10.1016/j.jcou.2017.07.025
Received 6 March 2017; Received in revised form 28 May 2017; Accepted 27 July 2017

⁎ Corresponding author.
E-mail address: Lsc771017@163.com (S. Liu).

Journal of CO₂ Utilization 21 (2017) 270–279

Available online 05 August 2017
2212-9820/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/22129820
http://www.elsevier.com/locate/jcou
http://dx.doi.org/10.1016/j.jcou.2017.07.025
http://dx.doi.org/10.1016/j.jcou.2017.07.025
mailto:Lsc771017@163.com
http://dx.doi.org/10.1016/j.jcou.2017.07.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcou.2017.07.025&domain=pdf


protein cannot be observed directly, the underlying mechanism remains
unclear. Molecular dynamics simulations constitute a well-established
method for modeling protein structure and dynamics, the character-
ization of which provides insight into the workings of biomolecular
systems at spatial and temporal scales that are difficult to access ex-
perimentally [23]. Molecular dynamics simulations can be used to ad-
dress specific questions relating to the properties of a model system,
often more easily than by performing experiments on the actual system
[24]. Currently, molecular dynamics simulations are routinely used to
investigate the structure, dynamics and thermodynamics of biological
molecules and their complexes. In recent years, molecular dynamics
simulations have provided detailed information about the fluctuations
and conformational changes of proteins, but the literature on the in-
teractions between proteins and DPCD remains very limited. In this
work, building on our previous experiment [22], molecular dynamics
simulations are used to investigate the structural change of myosin and
the interaction between myosin and CO2 under the coupling of pressure
and temperature to elucidate the possible mechanism that DPCD in-
duces myosin the formation of gels.

2. Materials and methods

2.1. Simulation system

An all-atom molecular dynamics simulation of two systems (myosin
and solvent) was performed. The first simulation was initiated by dis-
solving myosin in water at 0.1 MPa and 50 °C; this is referred to as the
myosin-water system (MWS). The second simulation was started by
dissolving myosin in water and DPCD at 25 MPa and 50 °C; this is re-
ferred to as the myosin-water-DPCD system (MWDS). The pressure and
temperature values were selected based on the experimental values at
which DPCD was observed to induce gel formation from myosin [22].

2.2. Homology modeling of myosin

Myosin is the most important protein in muscle, and one of its main
functions is to form a gel during meat processing [25]. Myosin is
composed of two identical heavy chains and four light chains. The
myosin heavy chain (MHC) has the same ability as intact myosin to
form a gel. In contrast, the myosin light chain cannot form gels alone
and only plays a supporting role in MHC-base gel formation. Thus, the
MHC plays a very important role in the process by which gels are
formed from myosin [26]. The amino acid sequence of the MHC from
Litopenaeus vannamei has been registered in GenBank (GenBank Ac-
cession No: BAM65721.1) [27]. Although a myosin molecular includes
two MHCs, a MHC was selected for homology modeling and molecular
dynamics simulations in order to reduce the amount of computation.

According to the amino acid sequence (GenBank Accession No:
BAM65721.1) of the MHC, homology modeling was conducted using
Yet Another Scientific Artificial Reality Application (YASARA; http://
www.yasara.org/homologymodeling.htm), Iterative Threading
ASSEmbly Refinement (I-TASSER; http://zhanglab.ccmb.med.umich.
edu) and SWISS-MODEL (http://swissmodel.expasy.org). The results
are shown in Fig. 1. The MHC is organized into three structurally and
functionally different domains: the globular head domain, the α-helical
neck region, and the tail domain. A MHC is an asymmetric molecule
with a globular head and a long α-helix tail. In Fig. 1, the head domains
of the three MHC models (Fig. 1A, B and C) appear similar and globular,
whereas the tail domains differ significantly. The main reason for this
finding is that the structures modeled by I-TASSER and SWISS-MODEL
lack the terminal sequence template (> 1000). The tail domain
(Fig. 1B) of the MHC modeled by I-TASSER is a spiral structure with a
random coil, which is not consistent with the myosin structure. The tail
domain (Fig. 1C) of the MHC as modeled by SWISS-MODEL is composed
of two spiral structures, which are not intertwined to form a tail;
however, there is a loop in the middle. This result is also inconsistent

with the myosin structure. In contrast, YASARA uses multiple templates
to model structures, and the different peptide sequences use the dif-
ferent templates. Thus, the target structure can take advantage of the
more homologous and higher percentage templates, and as a result, the
modeled structure is more accurate. The tail domain of the MHC as
modeled by YASARA is composed of two intertwined spiral structures,
reflecting the characteristics of the myosin tail. The tail combines with
the globular head to form a complete MHC structure. Therefore, the
MHC structure (Fig. 1A) modeled by YASARA is relatively accurate.

The quality of the MHC model predicted by YASARA was checked
by PROCHECK analysis (http://services.mbi.ucla.edu/procheck/)
(Fig. 2), PROFILE 3D analysis (http://services.mbi.ucla.edu/verify_3D/
) (Fig. 3), and ERRAT analysis (http://services.mbi.ucla.edu/errat/)
(Fig. 4).

According to the PROCHECK analysis results (Fig. 2), the amino
acid residues in the core region of the twist angle account for 91.8%,
the amino acid residues in the permissive region account for 7.0%, the
amino acid residues in the maximum permissible region account for
0.7%, and the amino acid residues in the forbidden region account for
only 0.5%. The dihedral angles of 99.4% of the amino acid residues in
the ATG16L1 model are within reasonable limits, conforming to ste-
reochemical energy rules.

According to the PROFILE 3D analysis results (Fig. 3), the verified
score average of all amino acid residues is above 0.2, and the model
passes the Verify 3D test, indicating that the three-dimensional struc-
ture of MHC, as modeled by YASARA, is relatively reasonable and ac-
curate.

The ERRAT analysis results are shown in Fig. 4. As the overall
quality factor value increases, the three-dimensional structure im-
proves. Typically, the value for a high-resolution crystal structure can
reach 95%, whereas that of a structure with lower resolution may only
reach approximately 91%. The ERRAT value of the three-dimensional
structure of the MHC modeled by YASARA is 98.035% (Fig. 4), which is
fairly close to that of a high-resolution crystal structure, indicating that
the accuracy of the model is relatively high. As shown in Fig. 4, the
region corresponding to amino acids 565–575 requires special atten-
tion. The structure of this region is a loop; thus, it has greater elasticity.
Overall, the errors of most amino acids are within the specified range.

These results show that the three-dimensional structure of the MHC
as modeled by YASARA was more accurate and reasonable; therefore,
this model (Fig. 1A) can be used for molecular dynamics simulations.

2.3. Molecular dynamics simulations

To explore the interaction between myosin and DPCD, the two
systems (MWS and MWDS) were simulated using YASARA v16.7.22
software. The Assisted Model Building with Energy Refinement
(AMBER)-99 force field was used during the simulations [28]. Na+ and
Cl− were added to balance the charges of the system. The long-range
Coulomb force was calculated using the Particle-Mesh Ewald (PME)
algorithm with a cut-off radius of 8.0 Å. To maintain a constant pres-
sure and temperature for various components during the simulations,
the Berendsen coupling algorithm and manometer coupling algorithm
[29,30] were used. Each model and other molecules were packaged in a
periodic standard cubic box, and the complexes were placed in the
center of the box. A steepest-descent algorithm was applied to minimize
the energy of each system and relax the solvent molecules. The mole-
cular dynamics simulation of each system was performed for 20 ns with
a time step of 2.5 fs using the md_run.mcr script in YASARA, and a
conformation was output every 100 ps. The root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), solvent-accessible sur-
face area (SASA), secondary structure, and hydrogen bonds were ana-
lyzed by the md_analyze.mcr, md_analyzeres.mcr, and md_analyzer-
es.mcr scripts in YASARA, respectively. The electrostatic surface was
analyzed using YASARA. The hydrophobic interactions were analyzed
using Chimera [31]. The CO2-amino acid residue interaction was
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