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Abstract: The constraints exerted on the molecular edifices by different environmental parameters
are not the same, which is translated by different adaptive strategies. Thus, for the extracellular
and periplasmic enzymes of marine organisms which are directly exposed to environments in
which large variations in temperature and salinity can occur, it is not an easy task to separate the
adaptation of the enzyme to one of the two environmental parameters without the involvement of
the other. In such a scenario, a comparative study of a marine psychrophilic and an estuarine mes-
ophilic endonuclease I wasundertaken. The different salt optima of the enzymes were taken into
consideration when the temperature-dependent enzymatic properties were characterized, but the
results did not show an adaptive strategy at the molecular edifice. For that purpose, we employed
multiple all-atom explicit solvent and ions molecular dynamics simulations, in conjunction with
different temperatures at the nanosecond time scale to analyzethe structural flexibility of the cold
adapted enzyme, endonuclease I psychrophile marine (VsEndA), and its mesophile homologous
enzyme, endonuclease I mesophile estuarine (VcEndA). The Root Mean Square Fluctuation
(RMSF) profiles of the two enzymes are almost similar with the most flexible residues located at
the loop regions for both enzymes. We underlined a different trend against temperature for the
two enzymes. The cold adapted enzyme was dominated by the lowest temperatures of T = 300
and T = 318 K, compared to its warm adapted homologous counterpart for which the highest
temperature studiedwas T = 326 K as the dominantone. The lifetimes of the hydrogen bonding
network of the most flexible residues of both enzymes correlate well with the RMSF of the consid-
ered enzymes.

Keywords: psychrophile enzyme; molecular dynamics; temperature effect; flexibility

1. Introduction

Temperature is among the most important environmental factors of any living spe-
cie. The identification of the mechanisms of adaptation to different temperature condi-
tions are of crucial importance, both in fundamental research [1-4] and for industrial
applications which are aimed at developing new biocatalysts that are active at various
ranges of temperatures [5,6]. Temperature affects the kinetic energy of molecules, includ-
ing that of biomolecules such as proteins and their rates of collision and reaction, the
strength of the molecular interactions, and other physico-chemical properties. The rela-
tionship between the temperature of growth of the organisms and the biophysical prop-
erties of their proteins were extensively explored [7]. The most dominant effect of the
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temperature is on the stability of proteins, such as proteins unfolding (i.e., the loss of
their 3D distinct structures) beyond a certain temperature (the melting point, Tm).

The environmental adaptation to extreme temperatures haveended in enzymes
which possess the appropriate melting points (for example, high global configurational
stability). However, the adaptation of the temperature also creates different rate-
temperature profiles so that enzymes present a maximal rate to the temperature of
growth of the organisms.Thermophiles enzymes arethe most studied example. They are
strongly thermostable and expose maximal rates at temperatures of 260 °C [8].

In agreement with their high configurational stability, thermophiles enzymes ex-
pose a higher level of structural packaging [9-11] and a lower configurational flexibility
when compared to mesophiles enzymes and enzymes of organisms living in moderate
temperatures (20 °C-45 °C) [8-10]. Psychrophiles enzymes, isolated from organisms
adapted to cold environments, include the other extreme. They are considered very un-
stable in terms of configurational stability and are flexible enough near 0 °C [7,12-14].

In their respective operating temperatures, the catalytic efficiencies (values of
Keat/km) of thermophiles, mesophiles, and psychrophiles enzymes seem similar [15]. Con-
sequently, from an evolutionary point of view, each of the three classes of enzymes is
just as competent on the metabolic plan in its own operational physiological tempera-
ture. The functional characterization of extremophiles proteins that is concentrated on,
up to now ,iswhat is obvious that is, the effects of temperature on thermophiles proteins
and psychrophiles, and the salinity on halophiles proteins. However, several environ-
ments in which extremophiles prosper are extreme toward more than a single parame-
ter. For example, in the field of psychrophiles research, the majority of enzymes studied
to date were extracellular and of marine origin [16]; consequently, a problem arises in
the conclusions which must be drawn from the mechanisms of cold adaptation. Are the
observed adjustments a result of the real adaptation to the low temperature, or the com-
bination of an adaptation to salt and to cold?

The choice of the non-marine psychrophiles (of fresh water) as an objective of study
is proposed as a solution [16]. The interaction between both types of adaptation is inter-
esting in itself; however, it is possible to conceive experiences in a way which facilitates
the separation of both effects. The first steps toward this approach were taken in a com-
parative study of the endonuclease I psychrophile marine and mesophile estuarine
(VsEndA and VcEndA, respectively) [17]. The different optimum for salt of both en-
zymes was considered when the enzymatic properties dependent on the temperature
were characterized. In the discussion, the authors underlined the importance of the
measures made in the buffer solutions which were as physiological as possible.

Molecular dynamics simulation is the best suited tool available to estimate the base
comparative of the thermostability of homologous proteins; psychrophiles and meso-
philes. Consequently, several comparative molecular dynamics studies aimed to esti-
mate the dependence of the dynamics of psychrophiles and mesophiles proteins to-
wards temperature [18-22]. Recently, a comparative study of the two homologues en-
zymes VsEndA and VcEndA using molecular dynamics simulation at T = 296 K and 150
mM of NaCl for both enzymes was reported [21]. The two enzymes did not show a dif-
ferent trend in terms of structural flexibility when the root mean square fluctuation
(RMSF) of both enzymes was compared. Except for the C-terminal region, which is more
rigid in VcEndA which is caused by more electrostatic interactions and hydrogen bonds.
With the aim to clarify the role of the salt effect when handling the temperature study of
homologous enzymes, we report here the analysis of molecular dynamics simulation tra-
jectories of the psychrophile enzyme Vibrio SalmonicidaVsEndA and the mesophile en-
zyme Vibrio cholera VcEndA. The optimum values of salt concentration for each en-
zyme were used [17] when the temperature effect was considered:175 mM for VcEndA,
and 425 mM for VsEndA, respectively.
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2. Materials and Methods

All molecular dynamics simulations presented in this study are realized using the
CHARMmMm?27 force field [23,24] implemented in the GROMACS 4.5.3 [25,26] software,
using periodic conditions. The starting crystal structures of both enzymes, the psychro-
phile (VsEndA) and the mesophile (VcEndA), were downloaded from the protein data
bank, with the PDBentries 2PU3 and 2g7f [17], respectively. Missing amino acid residues
in VsEndA (19-22; ALA-PRO-PRO-SER) and in VcEndA (20-22; ALA-PRO-ILE) were
added using a simple homology modelling procedure in the modeler [27]. The full-
length structures were obtained by treating the original structures from the PDB as a
template and building a comparative model using the full sequence. Finally, a loop re-
finement was done on the model generated with all the residues. Hydrogen atoms were
added with the GROMACS program. The native structures were centeredin a dodeca-
hedral box and immersed with TIP3P water molecules [28]: 8611 and 8660, for VsEndA
and VcEndA, respectively. The minimal distance between the protein atoms and the
edge of the box was 1 nm. So, we obtained a box size of 8.326 x 8.326 x 5.887 nm?, and
7.474 x 7.474 x 5.285 nm?, for VsEndA and VcEndA, respectively. To ensure the electro
neutrality of the system, 16 and 5 water molecules were replaced by Cl- ions, in the
simulation box of VsEndA and VcEndA, respectively. Additional Cl- and Na* ions were
added (36 CI-/31 Na* and 120 Cl-/104 Na*) to create the desired salt concentrations of 175
mM for VcEndA and 425 mM for VsEndA, respectively.

In order to ensure equilibrium of the MD sample, several steps were followed as
described earlier [22]. Productive MD simulations were performed for 10 ns in the NPT
ensemble using the Berendsen coupling algorithm ensemble [29] at different tempera-
tures (T =276 K, T =300 K, T =318 K and T = 326 K) with a pressure P =1 bar and 2 fs
time-step with the LINCS [30] algorithm. The Van der Waals and Coulomb interactions
were truncated at 1.2 nm and the electrostatic interactions were calculated using the Par-
ticle Mesh Ewald (PME) method [31,32]. The non-bonded pair list was updated every 5
steps and conformations were stored every 2 ps.

The root mean square deviation (RMSD) was calculated with g_rms for the back-
bone atoms of each protein and by taking the starting structure of the simulation as the
reference structure. The radius of gyration and the secondary structures were calculated
using the g_gyrate and do_dssp programs, respectively. The root mean square fluctua-
tion (RMSF) per residue wascalculated with r_rmsf for the Ca atoms of each protein and
by taking as the reference structure the average structure of the simulation. Hydrogen
bonding lifetimes were calculated using g_hbond and the -ac autocorrelation analysis
option using the method developed by Luzar and Chandler [33,34].

3. Results and Discussion
3.1. The Global Structural Stability

The root mean square deviation (RMSD) calculated for the backbone of the psy-
chrophile enzyme VsEndA and its homologous counterpart, the mesophile enzyme
VcEndA, are reported in Figure 1a,b. In general, we notice that the values of the RMSD
for both proteins do not exceed 2.5 A, reflecting rather stable trajectories. The increase in
the temperature does not really influence the RMSD of the mesophile enzyme (VcEndA)
as shown in Figure 1b, especially for temperatures ranging from 300 K to 326 K, with ra-
ther close average values of the RMSD of 1.09 A, 1.02 A and 1.06 A at temperatures of
300 K, 318 K and 326 K, respectively. However, the lowest curve of the RMSD recorded
corresponds to the temperature of 276 K, fluctuating around an average value of 0.82 A.
The RMSD of the VcEndA enzyme reaches the equilibrium more quickly than that of the
VsEndA enzyme, occurring at times reaching 4 ns.

The VSEndA enzyme presents values of the RMSD that are more important than
those of its homologous counterpart, the VcEndA, particularly at temperatures of 276 K,
318 K and 326 K, and where the corresponding average values of 0.99 A, 1.15 A and 1.47
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A were observed. However, for the temperature of 300 K, the average value of the
RMSD for the VsEndA is lower than that observed for the VcEndA (1.06 A). In compari-
son with the mesophile enzyme, the RMSD plots of the psychrophile enzyme are more
distinct to each other, and the RMSD increases with the temperature to reach a maximal
average value of 1.47 A for the calculated trajectory at 326 K. An additional parameter
reflecting the structural changes is the gyration radius (Rg) of the protein, a measure of
the compactness of the structure of the protein (Figure 1c,d) illustrating the gyration ra-

dius along the trajectory of both enzymes VsEndA and VcEndA, respectively.
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Figure 1. Root meansquare deviation (a,b), and the gyration radius as a function of temperature (c,d) of the endonucle-
ase I psychrophile marine (VsEndA) (at left) and endonuclease I mesophile estuarine (VcEndA) (at right).

The potential energy of the system as the sum of bond, angle, torsion, and non-
bonded terms can also be used as a simple measure of system stability. Thus, we present
the evolution of the potential energy of both enzymes during the molecular dynamics
simulations, for the different values of temperature (Figure 2). The potential energy plots
show that all the molecular systems were well equilibrated and remained stable through
the 10 ns of molecular dynamics simulations. For both enzymes, we observe the same
trend concerning the temperature; the potential energy increases with temperature.
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Figure 2. Potentialenergy of VsEndA (a), and VcEndA (b).

As the temperature of the system is increased, the internal energy of the molecule
will increase too, which is consistent with the structural flexibility. The internal energy
may include the translational energy, vibrational and rotational energy, as well as the
energy involved in chemical bonding and that involved in non-bonding interactions. So
with the increase in temperature, the system has to overcome more energy barriers to
stabilize; thus, the potential energy values for both enzymes are higher than at low tem-
peratures. Finally, the potential energies of the psychrophile enzyme and the mesophile
enzyme stabilize to different values for the same temperature due to different topologi-
cal terms.

3.2. The Structural Flexibility

A more detailed picture of the difference in the mobility of residues, within a simu-
lation and between two homologous enzymes, can be obtained from the RMSF (root
mean square fluctuation) plot along the trajectory. The RMSF wascalculated from Ca at-
oms of the average structure of the simulation and for different temperatures.

Figure 3 showsan illustration of the RMSF of Caatoms within a residue of both en-
zymes, the psychrophile (VsEndA) and the mesophile (VcEndA). The protein regions
characterized by large values of the RMSF are in most cases situated in corresponding
positions in VSEndA and VcEndA, although the intensity of the fluctuations is often dif-
ferent. The analysis of the RMSF values clearly shows the important structural flexibility
of the loop region (residues 51-53), with regard to the remaining structure of both pro-
teins (Figure 3a,b). When we compare the maximal value of the structural flexibility of



Chem. Proc. 2021, 3, 128 7 of 13

this loop region between the psychrophile and mesophile enzymes, we find almost simi-
lar values of the RMSEF: 0.2133 nm recorded for the residue ASN52 at the temperature T
= 300 K for VsEndA (Figure 3a), and 0.2112 nm recorded for the residue LYS53 at the
temperature T = 326 K for its homologous counterpart, VcEndA (Figure 3b).This region
of the protein is of crucial importance as it is close to the binding site of DNA in the
structure of Vvn(Vibrio vulnificus nuclease) [17]and thus, can potentially have an effect
upon the catalytic activity of both enzymes.
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Figure 3. The root meansquare fluctuation (RMSF) as a function of temperature, (a) VsEndA and (b) VcEndA.

Another important region (residues 90-96) presents a very high RMSF for both ho-
mologousenzymes. Belonging to the a5 motif in the secondary structure of both proteins
(Figures 3-6), and located near the active site ARG99, the LYS96 has a value of the RMSF
equal to 0.191 nm at T = 318 K (Figure 3a), this residue is replaced by the polar residue
GLNY96 in the structure of the VcEndA, with the highest value of the RMSF (0.1729 nm)
registered at T = 326 K, for this residue (Figure 3b).
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Figure 4. Structure alignment of VsEndA and VcEndA enzymes, using the ESPript 3.0 program [35]. The numbers indi-
cate cysteines involved in disulfure bridges.
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Figure 5. Secondary structure of VSEndA as a function of temperature; (a) 276 K, (b) 300 K, (c) 318 K, (d) 326 K.



Chem. Proc. 2021, 3, 128 90f 13

Secondary structure Secondary structure

— T T T T T T T T —T T T T T T T T T T T T T
0 2000 4000 6000 8000 1000 0 2000 4000 6000 8000 1000

Time (ps) Time (ps)
[J Coil [l B-Sheet [l B-Bridge [l Bend [] Turn [l A-Helix [l 3-Helix [ Coil [l B-Sheet |l B-Bridge [l Bend [] Turn [l A-Helix [l] 3-Helix
(a) (b)
Secondary structure Secondary structure

— T T T T T
4000 6000 8000

Time (ps) Time (ps)
[ Coil [l B-Sheet |l B-Bridge [l Bend [] Turn [l A-Helix [l 3-Helix [ Coil [l B-Sheet [l B-Bridge [l Bend [] Turn [l A-Helix [l 3-Helix
(c) (d)
Figure 6. Secondary structure of VcEndA as a function of temperature; (a) T=276 K, (b) T=300K, (c) T=318 Kand (d) T

=326 K.

(b)

Figure 7. Superposition of the mean structures of the VsEndA (a), and the VcEndA (b), at different temperatures; black,
red, green, blue, corresponding to T =276 K, T =300 K, T = 318 K and T = 326 K respectively. The structure alignments
were made with VMD 1.9.2 [36]. Residues in CPK representation illustrate the most flexible parts of the enzymes.

Two more regions of the VsEndA enzyme (residues 182-184 and 224-225) wereob-
served with a high flexibility at T =318 K. Located in a loop region, between two motifsa
(a8 and a9), the LYS182 reaches the maximal value of the RMSF equal to 0.1324 nm. Fur-
thermore, the RMSF of the polar residue TYR225 located in the motif all, reaches the
value of 0.1248 nm atthe same temperature T = 318 K (Figure 3a).The loop region of the



Chem. Proc. 2021, 3, 128

10 of 13

VsEndA (36-38) is also characterized by an important flexibility recorded at T = 300 K,
with the highest value of the RMSF observed for the polar residue TYR38 (0.1451 nm).
On the other hand, this same loop region of the mesophile VcEndA enzyme, is rather
stable under the influence of the change in temperature and does not show a different
structural mobility.

The RMSF profile of the VcEndA enzyme is also marked by an increase inthe flexi-
bility of the hydrophobic residue GLY140 at the temperature T = 326 K (0.1564 nm). Lo-
cated in the loop region between two 3 sheets (85 and £6), this residue is preserved in
the primary structure of the VsEndA but has no influence on the flexibility of the psy-
chrophile enzyme.

At the opposite of the mesophile enzyme where the structural flexibility is domi-
nated by a single temperature (with the highest studied at T = 326 K), the psychrophile
enzyme shows a different behavior with respect to the temperature effect. The dominant
temperatures on the structural flexibility of this enzyme are lower than its mesophile
homologous counterpart; in particular, at T = 300 K and T = 318 K. Furthermore, itaffects
two main regions: ASN52 and LYS96, with greater RMSF intensities than its mesophile
homologous counterpart.

Comparable structural flexibilities were observed between the VsEndA and
VcEndA enzymes for the loop N-terminal region, for all temperatures studied here (Fig-
ure 3). However, the C-terminal region of the VcEndA enzyme (Figure 3b) shows a more
pronounced flexibility than its homologous counterpart, the VsEndA (Figure 3a), for the
simple reason that the primary structure of the latter ends with the CYS228 residue (Fig-
ure 4) involved in a disulfure bridge with the CYS207 residue, whichimpedes its flexibil-
ity,whereas the primary structure of the VcEndA ends with the ASN230 residue (Figure
4), which is free at the end of the polypeptide chain of the enzyme. The superposition of
the mean structures from the trajectories of molecular dynamics simulation, for the two
enzymes at each considered temperature reveal the same more flexible regions than the
rmsf profile (Figure 7).

3.3. Hydrogen Bond Lifetime
3.3.1. The Psychrophile Enzyme VsEndA

Intermolecular and intramolecular hydrogen bond lifetimes, calculated for the most
flexible residues of the psychrophile enzyme VsEndA, TYR38, ASN52, LYS96, LYS182
and TYR225, according to temperature, are included in Table 1.

Table 1. Intermolecular and intramolecular hydrogen bond lifetimes (ps) for VsEndA enzyme as a
function of temperature.

Temperature 276 K 300 K 318 K 326 K
Tyr38_BB_Wat 24.504 4.664 -66.291 5.167
Tyr38_SC_Wat 5.136 4.480 2.312 2.503

Tyr38_BB_P 87.630 357.496  382.376 42.699

Tyr38_SC_P none 38.040 none none

Asn52 BB_Wat 3.938 2.636 8.453 2.644
Asn52_SC_Wat 2.568 1.832 1.300 0.989

Asn52 BB P none 97.19 none none
Asn52 SC P none 130.661 9.132 -93.1
Lys96_BB_Wat 1.675 1.488 1.046 0.918
Lys96_SC_Wat 5.849 3.092 2.069 1.665

Lys96_BB_P 50.979 59.337 90.849 19.532

Lys96_SC_P 31.262 19.126 17.477 21.534

Lys182_BB_Wat 13.875 121.496  -16.277 2.157
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Lys182_SC_Wat 4.317 2.903 1.743 1.677
Lys182_BB_P 199.917 226.472 79.354 37.415
Lys182_SC_P -11.894 15.507 797.646 76.648

Tyr225_BB_Wat 20.737 7.027 3.549 3.436

Tyr225_SC_Wat 2.590 1.851 1.542 1.368
Tyr225_BB_P 854.846 401.057  775.720 159.523
Tyr225_SC_P 198.984 103.911  510.568 2.001

The most flexible residues (TYR38 and ASN52) of the VSEndA enzyme at T = 300 K
(Figure 3a), compared to the other temperatures, present the lowest values of the hydro-
gen bond lifetimes between the surrounding water molecules and the backbone part
(BB) of the residues in question, atthe same temperature (4.664 ps for the TYR38 and
2.636 ps for the ASN52 (Table 1)). This is in good agreement with the flexibility profiles
of the enzyme (Figure 3a).

The smallest values of the hydrogen bond lifetimes formed with the backbone part
(BB) of the LYS96 and the water molecules are observed for the highest temperatures,
318 K and 326 K, with 1.046 ps and 0.918 ps, respectively. This result of the lifetime val-
ues joins perfectly with the RMSF profile according to the temperatures (Figure 3a),
where the RMSF values are the highest at 0.191 nm and 0.161 nm for the temperature
318 K and 326 K, respectively. Although the difference between the two values of the
hydrogen bonding lifetimes at T =318 and T = 326 K is relatively small, the value record-
ed at T =326 K, 0.918 ps is due to the diffusion of the water molecules surrounding the
backbone of the lysine, which increases with the temperature.

The role of the dynamics of the solvent in the structural relaxation of globular pro-
teins was already studied at the microscopic level. The molecular dynamics results of the
globular protein Ribonuclease A (RNase), establish firmly a correlation between the mo-
bility of water molecules on the surface of the protein and the diffusive movements of
the latter [37]. The complete structural relaxation requires a relaxation of the network of
the hydrogen bonding through the translational movement of water molecules; this is as
important with the rise of the temperature, where we noted shorter hydrogen bonding
lifetimes.

A similar explanation is given with regard to the side chain (SC) of LYS96 which
forms shorter hydrogen bonds with water at T = 326 K. The hydrogen bonding lifetimes
between the protein and the side chain of LYS96 are relatively low at318 K when com-
paring to the other temperatures;thisled us to believe that, as well as the intermolecular
hydrogen bonds formed with water molecules, the intramolecular hydrogen bonds can
also influence the dynamics of the protein.

Both residues, LYS182 and TYR225 are characterized by shorter intermolecular and
intramolecular hydrogen bond lifetimes at T = 326 K, compared with the other tempera-
tures. However, we can clearly see that lifetimes of hydrogen bonding recorded at T =
318 K between the side chain of LYS182 and water (1.743 ps) and between the backbone
of TYR225 and water (3.549 ps) are relatively close to those recorded at T = 326 K, which
supports the conclusion that the hydrogen bond lifetimes calculated for the most flexible
regions of the VsEndA enzyme are in correlation with the RMSF profile of the same en-
zyme.

3.3.2. The Mesophile Enzyme VcEndA

In Table 2 we report the intramolecular and intermolecular hydrogen bonding life-
times formed with the most flexible residues of the mesophile enzyme VcEndA: LYS53,
GLN96 and GLY140, for the various values of the temperature.We can clearly see, ac-
cording to Table 2, that the hydrogen bonding lifetimes formed between the considered
residues and water molecules are the shortest at T = 326 K, compared with the other val-
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ues of the temperature. Such results areattributed to the important diffusion of water
molecules onto the surface of the mesophile enzyme at the highest temperature studied
(326 K).

Table 2. Intermolecular and intramolecular hydrogen bonds lifetimes (ps) for VcEndA enzyme as
a function of temperature.

Temperature 276 K 300 K 318 K 326 K
Lys53_BB_Wat 7.786 16.241 7.691 5.408
Lys53_SC_Wat 4.362 3.471 1.906 1.878
Lys53_BB_P none —2748.665 37.428 25.194
Lys53_SC_P 79.268 101.087 80.117 96.125
GIn96_BB_Wat 2.043 1.637 0.936 0.937
GIn96_SC_Wat 1.846 1.293 0.821 0.559
GIn96_BB_P 144.256 504.247 30.880 96.679
GIn96_SC_P 143.457 71.147 37.072 22.270
Gly140_Wat 8.630 9.920 3.771 1.400
Gly140_P none None -93.416 0.001

4. Conclusions

Temperature is one of the most important factors that govern the enzyme dynamics
and activity. Therefore, it is necessary to understand the molecular mechanisms of the
adaptation to the temperature of the contemporary enzymes.

In a first step toward such an objective, we undertook, in this paper, the effect of
temperature on the pair of homologous enzymes: the cold adapted enzyme, the Vibrio
SalmonicidaVsEndA and the mesophile enzyme Vibrio cholera VcEndA. The molecular
dynamics simulations with various temperatures are carried out withthe optimal condi-
tions in salt (NaCl) for every enzyme, such as the experimental study already made on
the pair of enzymes [17]. The structural analysis, in terms of RMSD, gyration radius and
secondary structure of these two enzymes reveals stable trajectories at the considered
temperatures, 276 K, 300 K, 318 K and 326 K. The RMSFprofiles of both enzymes are
similar with the most flexible residues of both homologousenzymesappearing at the
loop regions and are identical in the primary structure of both enzymes (residues 52-53
and 96). However, the temperature effect is not the same for these considered regions.
The cold adapted enzyme presents a structural flexibility more important at low tem-
peratures (300 K and 318 K), compared with the mesophile enzyme, for which the tem-
perature which presents major flexibility is the highest studied (326 K). The lifetimes of
hydrogen bonds of almost all of the most flexible residues of both enzymes correlate
well with the RMSF of the considered enzyme.
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