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ABSTRACT: In this study, ectoine is produced by Streptomyces.sp IBRC-M PTCC 10615.
Fermentation parameters such as flow regime, gas hold up, mass transfer coefficient, and mixing time
were optimized by statistical analysis. Streptomyces. sp produced a maximal ectoine concentration
of 270 mmol/kg at optimal conditions of ectoine and L-aspartic acid. Also, the amount of mass transfer,
gas hold up, and mixing time were determined 0,41/s ,0.3, and 40 s, respectively. The amount of ectoine
was measured by HPLC. Furthermore, Molecular Dynamics (MD) simulation was used for studying
the solubility of ectoine in aqueous media. Equilibrium data such as temperature, potential energy,
and volume graphs showed that the solubility of ectoine is 25 % more than glycerol. Also, all
the achieving graphs from the equilibrium of simulation were confirmed the appropriate structure of the system.
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INTRODUCTION

Ectoines are generally distributed in halotolerant
eubacteria and halophilic bacteria. Nevertheless, ectoines
typically not only hold osmotic activity, but also, have the
capability to protect biomolecules in cells such as proteins,
membranes against dehydration and enzymes, drying,
freezing and heating [1]. Ectoine (1, 4, 5, 6-tetrahydro-2-
methyl-4-pyrimidinecarboxylic acid) is a natural
compatible solute, which serves as a protectant in many
bacterial cells. At first, ectoine was identified
in Ectothiorhodospira halochloris, an extremely halophilic
phototrophic bacterium. Furthermore, the application of
ectoine has been approved in skin care products, cosmetics
and other biochemical or medical fields[2—-4]. Hence,
ectoine produced by Marinococcus, Halomonas ssp.
and Streptomyces strain C-2012 have been extensively
considered as remarkable candidates for applications
associated with molecular biology, agriculture, medicine,
pharmacy and food processing[1]. Streptomyces,
the largest genus of Actinobacteria, are Gram positive mycelia
bacteria that have the ability to survive in unfavorable
conditions of environment such as saline soils [5-8].
Bioreactors are considered via a definitely directed
circulation flow which can be driven in fluidized or fluid
systems through propeller or jet drive and generally in gas-
liquid systems by liquid pump or airlift drive[9-11].
In some studies, Ectoine production was done using
bioreactors however, none of them considered the
hydrodynamic parameters and mass transfer in the
bioreactors.

In molecular dynamics simulation, the structure and
main properties of the material such as stability,
intermolecular penetration, and interactions between
phases are better shown [12—-14]. Additionally, molecular
dynamic simulation can be employed to study the behavior
of complex materials in molecular-scale, and is used
innumerous branches of science, especially biology and
nanotechnology [15-17]. This kind of simulation has been
noticed in many sub-disciplines because it can be used to
predict the drug effect. Of the most essential studies in the
field of medicine are biologic treatments for prevalent
cancers, using structures such as liposome and mycelium
[18-23]. An example of their application is when
the simulations are used to select the best type of alloy
for analyzing the wave space [24,25]. In numerous
morphological structures [26-28], the effect of material
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size on thermodynamic parameters and reactivity [29,30]
and even the survey of dynamic properties and heat
exchangers effects [31,32]were considered using
molecular dynamic simulations.

In this study, ectoine is produced by Streptomyces.sp
IBRC-M PTCC 10615. Optimization calculations of
the fermentation parameters such as flow regime, gas hold up,
mass transfer coefficient and mixing time were carried out.
Moreover, molecular dynamic simulation systems were
created in Visual Molecular Dynamics (VMD) to compare
the water-glycerol and water-ectoine models. The activity
of ectoine as a suitable structure was investigated
in comparison to glycerol, by analyzing the results
of temperature, potential energy, kinetic and volume graphs.

EXPERIMENTAL SECTION
Bacterial strains and culture conditions

Streptomyces. Sp, an ectoine-producing strain
was purchased from the Persian type culture collection.
Fermentation medium ISP 11 was used for the preparation
of Streptomyces. sp seeding material (g/l): malte extract
10, yeast extract 4, sucrose 4, agar 18 [33].

The seeding material was prepared by inoculation
of Streptomyces. sp at 37 °C for 6 days. The fermentation
flasks were incubated at 37 °C for 6 days at 150 rpm.
Biomass production was measured by the cell dry weight (CDW)
method And the Ectoine concentration was measured
by HPLC.

Hydrodynamic and mass transfer coefficients

The flow regime was assayed by the fermentation
medium, for the prediction of flow patterns of the gas-
liquid flow. The gas bubble flow in the vessel was
photographed with Canon PowerShot S3 IS which is
a high-speed camera[34-39]. The essential time for
recognizing a specific percentage of concentration
homogeneity is defined by the mixing time(tm) [39]. Tracer
methods were used to calculate the mixing time.
This technique is based on measuring the time needed
for the decay of a pulse of a tracer (a dye) that is added to various
aeration flows [37,40-46]. In this research, Brilliant Blue
G (A = 595 nm) at a total concentration of 0.5mg/l
was added to the bioreactor containing 6L of fermentation
medium. A spectrophotometer (PG instruments T60
American) was used for recording the amounts of optical
density. The repetition of each experiment was performed
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in triplicates. Gas hold up (g) and k.a o were defined
via the dynamic gassing out quantity and the suitable
techniques of measuring the wvolume expansion,
respectively[37,47,48]. The mass balance of DO in the
bioreactor gives Eq. (1) [48]:

dc, /dt=k,a(C*-C,) 1)

Where C. is the concentration of DO, the saturated
oxygen concentration is C*and t is time [49,50]. Moreover,
kia (oxygen) and & were determined by changing
the values of aeration and agitation.

Experimental design

Optimization of ectoine production in the bioreactor
was carried out via the design expert software 7. This method
was used for finding the relationship between the variables
and for obtain their optimum amounts. Thus, ectoine (A) and
L-aspartic acid (B) were carefully chosen as efficient
parameters. Then, 13 experimental runs through three-level
central composite design (CCD) were carried out [51,52].

Molecular dynamic simulation

The aim of the simulation is the investigation of ectoine
solubility in comparison to glycerol. All steps of
simulation were carried out according to basic
thermodynamic  principles and main parameters.
Furthermore, the production of ectoine was evaluated
in the experimental phase and the solvability of ectoine
in water was investigated using the MD software.

Computational method

First of all, PDB and the protein file of ectoine
were downloaded from PubChem (ID: 126041) and RCSB
(DOI:  10.2210/pdb5svz/pdb), respectively. Oligomer
glycerol was built via the Material Studio software.
The structures were optimized for achieving the stable
conformation of them. For optimization of the represented
structures with this simulation software, compass |||
as a powerful force field with conformer module was used.
In various fields, the application of force field compass ||||
was considered. The structure of detergents and drug
delivery are the important fields of compass |||| equation.
The tertiary structures of glycerol PDB were minimized
(steepest descent steps: 1000 by step size). Also, the
crystal of glycerol was downloaded in RCSB (DOI:
10.2210/pdb1ldi/pdb). Finally, the minimum controller

Research Article

Production and Solubility of Ectoine: ...

Vol. 39, No. 6, 2020

value at constant temperature (ki) having the lowest
binding energy and frequent cluster were investigated.
For each of the simulation boxes, a RMS ligand was designed
for starting the conformation of the molecular dynamic.

Molecular dynamic

The complex of ectoine and glycerol were centered
in a cubic box water (triple point charge: TIP3P immersed via
the periodic boundary conditions having the distance of
10 Angstrom (A) from each side of the wall. Sodium chloride
(NaCl) was used to neutralize the negative charges present
n the aqueous media. The electrostatic interactions
were calculated by the Particle Mesh Ewald (PME) technique.
A cut-off of 10 A was applied to Lennard-Jones interactions.
During 10,000 steepest-descent, the coupling of algorithm
was used for maintaining a constant temperature and pressure
for simulations of various components [53] for minimization
of energy steps. Thus, position-constrained molecular
dynamics (MD) were simulated under isothermal-isobaric
(NVT) ensemble for 500 ps. Eventually, the result of
simulation were studied under the canonical isothermal-
isochoric (NPT) ensemble via NAMD 1.2.9 version [54-56]
with the time step of 30000 ps. For simulation of ectoine,
CHARMM General Force Field (CGenFF) was employed
[57]. The CHARMM General Force Field (CGenFF) covers
a wide range of chemical groups present in biomolecules
and drug-like molecules, including a large number of heterocyclic
scaffolds. The parameterization philosophy behind the force
field focuses on quality at the expense of transferability,
with the implementation concentrating on an extensible force field.
CHARMM force field is the best choice for molecular
rotating calculation of macro molecules such as ectoine.
Therefore, the freedom of the molecular movement
in the simulation box was proved by applying this force field
in the steps of the molecular dynamic [58]. The VMD software
was used for visualizing the trajectories of structures and their
analysis, which include the volume and Kinetic energies,
energy potential per sections and temperature graphs [59].

RESULTS AND DISCUSSION
Hydrodynamic  parameters and mass
coefficients (kLa)

The results of various aeration and agitation rates
on flow regimes of fermentation medium for ectoine
production were investigated. The bubbly (homogeneous)
flow regime was considered with the equal radial

transfer
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scattering of bubbles size. The slug and bubbly types are
two flow regimes, which were found according to some
bubbles moving at high aerations in the presence
of the number of small. It was found that the slug flow regime
was seen when the gas flow rate increased to 0.17vvm
and the diameter of bubble is 0.3mm in optimal conditions.
In addition, in the fermentation medium, the evaluation
results of the mixing time in various aerations were considered.
By increasing the aeration, the mixing time was decreased.
However, no significant effect is observed when the aeration
was reduced. Hence, in the optimum conditions,
the mixing time reached to 40s [45].

The effects of various aerations on the gas hold up
in the bioreactor were also investigated. The gas hold up
was enhanced by increasing aeration. However, their
correlation was not significant at higher gas flow rates.
In all aeration regimes, the gas holds up was improved
by increasing the liquid velocity inside the vessel.
In addition, the optimized amount of gas hold up was 0.3.
Furthermore, at optimal conditions, the mass transfer
in the fermentation medium for ectoine production was 0.41/s.

Optimization of parameters for ectoine production

The effect of L- aspartic acid and ectoine on the growth
of Streptomyces. sp IBRC-M PTCC 10615 were
investigated. The maximum production of biomass
and ectoine were obtained at 150 rpm. The goal of conducting
fermentation in flasks is to maximize ectoine production.
The number of regression coefficients were calculated
and the fitted equation (2) (in terms of coded values)
for the prediction of the production of ectoine (Y) was
as follows (R? = 0.89):

Y =77.5+47.50A-19.50B + 136A” )

Where A and B are ectoine and L-aspartic acid values,
respectively. The importance of each coefficient,
demonstrated with p-values, is also given in this table.

In this study, the value of the determination coefficient
(R? =0.89) shows that the variability of response could be
described with the model. The differentiation of
the quadratic model was used for obtaining the optimal
values of the variables for achieving maximum production
of ectoine. The predicted optimum production of ectoine
corresponding to these values is about 270 mmol/kg.
To confirm the model accuracy for predicting the maximum
value of ectoine production, additional experiments
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Fig. 1: Contour plot for ectoine production.

in triplicates using the optimized essential aspects
were carried out. The experimentally determined production
of ectoine at optimal conditions was 281 mmol/kg
(281 g/L), which were confirmed by the model’s prediction.
The graphical representation of the regression equation is
the 3D contour plots which are planned to demonstrate
the interaction of the variables. The plots of elliptical
contour determine that the interaction is essential
for the enhancement of optimum production of ectoine.
The entire relationships between factors and responses
can be better realized via examining the planned series of
contour plots (Fig. 1) generated from the predicted models
(Eq. 2). As presented in Fig. 1, the contour plot of
responses for ectoine production is 281 mmol/kg
at optimum conditions. Other studies presented at the optimal
conditions, Halomonas elongata, and Halomonas salina
BCRC 17875 produced 16 g¢/L ,and 14g/L  biomass
and ectoine, respectively [1,2]. The ectoine genes ect ABC
from the halophilic bacterium Halomonas elongata
were successfully introduced into Escherichia coli K-12
strain BW25113 under the arabinose-inducible promoter.
To our delight, a large amount of ectoine was synthesized
and excreted into the medium during the course of whole-
cell bio catalysis, using aspartate and glycerol as the direct
substrates. At low cell density of 5 OD/mL in the flask,
under the optimal conditions (100 mM sodium phosphate
buffer (pH 7.0), 100 mM sodium aspartate, 100 mM KCl
and 100 mM glycerol), the concentration of extracellular
ectoine was increased to 2.67 mg/mL. At the high cell
density of 20 OD/mL in the fermenter, a maximum titer
of 25.1 ¢g/L ectoine was achieved in 24 h [60].
The researchers, To understand the mechanisms of ectoine-
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Fig. 2: a) The final Atomistic models of ectoine. b) Visualization of the structural changes induced in ectoine chains due
to the inclusion of water. c¢) Snapshot of the final Atomistic models of glycerol. d) Visualization of the structural changes
induced in glycerol chains due to the inclusion of water.

induced osmoprotection in Sinorhizobium meliloti,
a proteomic examination of S. meliloti cells grown
in minimal medium supplemented with ectoine was
undertaken. This revealed the induction of 10 proteins.
The protein products of eight genes were identified by using
matrix assisted laser desorption ionization—time-of-flight
mass spectrometry [61].

Simulation results

In this research, two simulation boxes were created
which contain molecules of water, ectoine and glycerol.
Hence, the interactions of compounds were simulated
via the VMD molecular dynamic software. As presented
in Fig. 2, the molecules of ectoine and glycerol were shown.
According to the molecular dynamic calculations,
a number of diagrams from various variables were achieved
such as pressure, temperature, volume, potential and
kinetic energy. Analysis of charts showed that the amount
of ectoine production in the aqueous media significantly
depends on various variables. For investigation of
solubility and volume variation, three essential parameters
such as temperature, potential and Kinetic energy
were studied. For evaluation of the reactivity and the stability
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of the system, the equilibrium and regularity of the system
and reactivity of ectoine in the intended temperature were
demonstrated via the potential, Kkinetic energy and
temperature, respectively. The obtained result diagrams
show the changes of compounds individually in a given
time interval.

Temperature analysis

Temperature is an essential factor in all steps
of the simulation process. The solvability of glycerol and ectoine
molecules were investigated at ambient temperature
as a constant intended temperature. Moreover, the parameter
of temperature must be changed with 10-grade intervals
of temperatures. The changes in temperature would continue
until the equilibrium is reached. Equilibrium is due
to the sustainability of the reactive structure and the ability
of the structure to react rapidly with the system. As presented
in Fig. 3a, the peaks of interaction between ectoine
and water increase with a gradual slope with a rational rhythm
after 5000 time steps at ambient temperature (298 K).
Eventually, the reactions were balanced in a temperature
of 294 K and the oscillations around this temperature
continued until 30,000 versus time steps (vs TS).
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Fig. 3: a) Temperature variation of ectoine. b) Temperature variation of glycerol.

In addition, as shown in Fig. 3b, the input temperature
for simulation box of glycerol is 298 K but the beginning
of energy production in the system starts at 240 K.
Therefore, the peaks of the glycerol graph were gradually
increased until 298 K due to the insolubility in water, and
latterly to reach equilibrium of glycerol at the intended
temperature.

Rezazadeh et al., (2018), investigated the efficacy
of Fe/starch nanostructures for increasing the production
of biosurfactant. They demonstrated that the controlling
of temperature is an essential step in the MD simulation
system. Nose-Hoover thermostat controlled each part
of the simulation [62]. Furthermore, the high initial peak
on the temperature graph was indicated by a high-energy
reaction.

Potential energy variations

One of the important parameters for analysis
of reactivity in the simulation system is the potential energy.
The lower potential energy, the higher capability of
structures and system. Moreover, variation of 1000 Kcal/mol
energy in a small time interval can be ideal and logical
to be explained as potential energy. Hence, ascending
or descending oscillation for more than 1000 Kcal/mol
results in the destruction and disintegrating
of the structure. The potential energy of ectoine
was presented in Fig. 6a. The amount of potential energy
reached to 180500 Kcal/mol by enhancing 1000 Kcal/mol
of energy after 2500 ps. The logical rhythm of fluctuations
continues (100 Kcal/mol; descending of potential energy)
which shows the ideal conditions. Likewise, the potential
graph of glycerol was balanced after 18000 ps as shown
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in Fig. 6b. The amount of energy increased until
27000 Kcal/mol demonstrated inappropriate conditions.
Therefore, rapid reactivity time is an important factor
for required solvents in various detergents. ones positive
abilities of ectoine is the rapid reactivity time in
comparison to glycerol. Rezazadeh et al. (2018) reported
that the energy graphs could be organized by two
significant factors, stability and interaction between
compounds of systems. The results confirmed that by
adding nanoparticles, the production of biosurfactant were
increased. Likewise, the value of energy was increased by
the ability of zero valent iron nanostructure [62]. Other
researchers investigated the core-shell of CNT and
NanoWire (NW) platinum via molecular dynamic.
The results of the total potential energy displayed
a considerable downward trend in the first time step (125 ps)
then the slope of graph suddenly descended. In contrast to
the decreasing of energy, stability and equilibrium of
system (CNT-NW) were achieved due to the regular
increasing of contact areas between the CNT and nanowire
platinum [63].

Kinetic Results

Kinetic energy is investigated to study the equilibrium
and regularity of system. The relationship between
the variation of temperature and energy are direct. Hence,
the more regular temperature changes in the system are
dependent on the more reactivity and equilibrium of
kinetic energy. By comparing the diagrams of Fig.5 a and b,
it is observed that the ascending slope of glycerol
was increased until 10000 Kcal/mol, which shows
the instability and illogical enhancement of kinetic energy.
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Fig. 5: a) Variations of ectoine kinetic energy vs TS. b) Variations of glycerol kinetic energy vs TS.

Likewise, the ectoine graph demonstrated the stability
and reactivity of the system as a purpose of kinetic energy
due to enhancement of 4000 Kcal/ mol energy descend within
50000ps. In addition, the more positive value of kinetic
energy would be more reliable and acceptable.
Mortazavifar et al. (2018) predicted the drug delivery and
adsorption of carmustine on the surface of boron nitride
nanotube via MD simulation. the results showed
enhancement in the number of contacts between the two
measured fragments, and the energy and stability
of the system significantly decrease throughout the adsorption
process [63].

Volume analysis of ectoine

As mentioned in the results of temperature, potential
and kinetic graphs, the structure of ectoine demonstrates
a more environmental and systemic sustainability
in comparison to the glycerol molecule. Therefore,
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decreasing the volume of the ectoine structure would
result in more solvability and reactivity of ectoine
in the water. Also, all the achieved graphs from the equilibrium
of simulation confirmed the appropriate structure
of the system. According to Fig. 6a, the volume diagram
for ectoine initially increased, up to 5000ps time steps.
After thorough analysis of decreasing the volume of ectoine,
higher solvability was detected in 3000 time steps. Also,
the high hydrophobicity and solubility of ectoine in water
is shown in Fig. 6a, where the structural size of ectoine
was decreased within the time steps. As a result,
the volume changes of ectoine reached from 2.845e+006
angstrom to 2.825e+006 angstrom in comparison to the
control diagram. The volume graph of glycerol presented
low volume changes, approximately 0.2 angstrom.
Eventually, the higher solubility and reactivity of ectoine
than glycerol in the aqueous media was approved
via MD.
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CONCLUSIONS

Ectoine is a natural metabolite matrial that acts
as a protective material for the survival of organisms under
extreme osmotic stress. Streptomyces.sp IBRC-M PTCC
10615 produced ectoine as a natural material metabilic in
the fermentation broth. The aerobic bacteria,
Streptomyces. sp was grown by batch fermentation using
a bioreactor at the temperature of 37°C for a period of
6 days. Statistical analysis was used for optimization of the
essential parameters such as the mass transfer coefficient,
gas hold up and mixing time which were 0,41/s and 0.3,40 s,
respectively. Moreover, Molecular Dynamics (MD)
simulation was empolyed for evaluating the solubility
of ectoine in comparison to glycerol in the aqueous media.
The resulting graphs such as temperature, potential energy
and volume graphs demonstrated that the solubility of
ectoine is 25% more than glycerol. Therefore,
the extrication of energy and temperature is due to
exothermicity of the ectoine reaction in the aqueous media.
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