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ns and free-energy landscape of
serine proteinase K in relation to its cold-
adaptation: a comparative molecular dynamics
simulation study and the underlying mechanisms†

Peng Sang, ‡ab Xing Du,‡cd Li-Quan Yang,b Zhao-Hui Meng*a and Shu-Qun Liu*ac

The physicochemical bases for enzyme cold-adaptation remain elusive. The current view is that

psychrophilic enzymes are often characterized by enhanced flexibility at low temperature to obtain

higher catalytic efficiency, but the determinant behind this phenomenon is less well known. To shed

light on the physicochemical bases for enzyme cold-adaptation, we conducted comparative molecular

dynamics simulations on mesophilic proteinase K and its homologous psychrophilic counterpart. Results

revealed that psychrophilic proteinase K had increased flexibility in regions near or opposite to active site

or substrate-binding pocket. Comparison between the large concerted motions derived from essential

dynamics (ED) analyses indicated that the degree of motion and direction of some regions in

psychrophilic proteinase K could enlarge the substrate-binding pocket, thereby favoring catalytic

efficiency and cold-adaptation. Free-energy calculations based on metadynamics simulations revealed

a more “rugged” and complex free-energy landscape (FEL) for psychrophilic proteinase K than that for

mesophilic proteinase K, implying that the former had richer conformational diversity. Comparison

between the structural properties of the mesophilic and psychrophilic forms of proteinase K during MD

simulations showed that the increased flexibility of the psychrophilic form resulted most probably from

the reduced number of inter-atomic interactions and increased number of dynamic hydrogen bonds. A

refined model of FEL was proposed to explain the effect of water molecules in facilitation of enzyme

cold-adaptation.
1. Introduction

“Psychrophiles”1 are mainly represented by microorganisms
such as bacteria,2 archaea,3 algae,4 or yeast5 but also by plants
and animals.6,7 At extremely low temperatures, psychrophiles
must have a set of cold-adaptation mechanisms to maintain the
integrity of their membranes and protein structures while
guaranteeing membrane mobility and protein function.
Discovering and clarifying these mechanisms have funda-
mental roles for understanding the interaction between life and
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the environment, the mechanism and driving force behind
biodiversity and the secret of the origin of life.8,9

Enzymes (which are proteins) are fundamental for every life
process. Enzymes are the best target to study the mechanism
behind the cold adaptation of psychrophiles. In recent years,
many studies have focused on the relationship between the
structure and function of psychrophilic enzymes and the cold-
adaptation of psychrophiles.10–16 A general theory for cold-
adaptation has not been formulated. However, psychrophilic
enzymes are oen characterized by enhanced exibility at low
temperatures to obtain higher catalytic efficiency (kcat/Km) and
to cope with the reduction of metabolic uxes and chemical
reaction rates.17 Nevertheless, the higher conformational exi-
bility also gives rise to lower thermostability, which may result
in enzyme inactivation. Comparative structural investigations
of psychrophilic enzymes and their homologous mesophilic
counterparts have revealed that they are oen characterized by:
reduced contact in the number of native atoms; reduced
number of salt bridges; increased hydrophobicity on their
surface; more and longer surface-exposed loops; more glycine
residues.16,18
This journal is © The Royal Society of Chemistry 2017
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Nevertheless, different enzymatic families can follow
different strategies to cope with a low-temperature environ-
ment,19,20 suggesting that differences in static structure and
intra-molecular interactions may be not the main reason
behind the cold-adaptation of psychrophilic enzymes. That is,
the physicochemical basis for enzyme cold-adaptation is not
known.12

Proteins are dynamic entities in cellular solution.21 The
functional properties of a protein are decided not only by its
relatively rigid structure but even more importantly by its
“dynamic personalities”. These are characterized by the ther-
modynamics (the relative populations/probabilities/lifetimes of
the conformational states) and kinetics (conformational tran-
sition that leads to a population redistribution between these
conformational states) of the protein under the “free energy
landscape” (FEL) theory.21–23 It is well established that protein
dynamics are rooted in intramolecular thermal motion of atoms
and their interactions with water molecules, and the latter have
essential roles in the folding, structural stability, exibility and
function of proteins.24,25 Although there are only minute
conformational differences between crystallized homologous
psychrophilic and mesophilic structures,26 the physicochemical
property and dynamic motion of water molecules at different
temperatures is signicantly changed in the actual protein–
solvent system.24 For example, liquid water at low temperature
(0–4 �C) is characterized by higher density, viscosity and
dielectric constant than at high temperature (50–100 �C).24

These differences are due to the changes in thermal dynamics
(dynamic personalities) of water molecules at different
temperatures, and affect the dynamic personalities of proteins,
and also their thermostability and function through protein–
solvent interactions. Therefore, the inuence of water mole-
cules in the conformational state and dynamics of proteins
should be taken into count when studying the mechanisms of
cold-adaptation of psychrophilic enzymes. Otherwise, the static
structure determined by X-ray diffraction reects merely the
average conformational state at a certain crystallization condi-
tion. For homologous psychrophilic enzymes, these conforma-
tional differences reect the different crystallization condition
but not the physicochemical basis for interpreting the cold-
adaptation mechanism of psychrophilic enzymes. To explore
the physicochemical mechanism of cold-adaptation of
psychrophilic enzymes, their protein–solvent FEL should be
reconstructed and compared with its homologous mesophilic
counterpart. Nevertheless, these types of study are rarely re-
ported due to the limited experiment approach and timescale of
molecular dynamics (MD) simulation.

Proteases are enzymes that can hydrolyze peptide bonds in
other proteins through catalytic reactions. Serine proteases are
enzymes present in almost all organisms, and their catalytic
reactions can bring about diverse functional consequences,
such as digestion, immune response, blood coagulation and
reproduction.27 A common catalytic mechanism that involves
an identical stereochemistry of the “catalytic triad” Asp–His–Ser
and the “oxyanion hole” has been established. Due to their near
ubiquity and functional diversity, serine proteases oen serve as
excellent models to study the structure–function relationship of
This journal is © The Royal Society of Chemistry 2017
proteins and the mechanism of their temperature adapta-
tion.28–30 As a typical subtilase, the structure of proteinase K in
mesophilic and psychrophilic organisms has been shown in X-
ray crystallographic studies26,31 (Fig. 1A and B), and proteinase K
has high structural resemblance in these two types of organism.
Proteinase K has a well-dened global fold and is composed of
15 b strands, six a helices and one 3/10 helice (Fig. 1A). The
catalytic triad consists of Asp39, His69, and Ser224. The
substrate-recognition site is primarily formed by two segments,
Gly100–Tyr104 and Ser132–Gly136,32 and is well conserved
among subtilases (the residues are numbered according 1IC6
structure). The primary structural differences between meso-
philic and psychrophilic proteinase K are found in their
exposed and buried surfaces. These differences may be related
to temperature-dependent variation in the physical properties
of water, which indicates that the hydrophobic effect may have
a signicant role in the cold-adaptation of psychrophilic
enzymes.26 In addition, psychrophilic proteinase K is charac-
terized by more hydrogen- and ion-pair interactions than that in
the mesophilic form.

Static structures of these two types of proteinase K provide
invaluable insights into the cold-adaptation of the serine
protease family. However, many dynamic aspects, such as
molecular motion, conformational diversity and the FEL in
relation to cold-adaptation, are unclear if only the static struc-
tures are available. To shed light on the physicochemical bases
for the cold-adaptation of serine proteases, mesophilic and
psychrophilic proteinase K were used as starting structures for
standard MD and metadynamics (MetaD) simulations.33,34

Conventional structural properties and dynamic variations of
these two forms of proteinase K were examined and compared.
In addition, the FEL of mesophilic and psychrophilic proteinase
K was constructed and used to explore the mechanism under-
lying the cold-adaptation of this enzyme.
2. Materials and methods
2.1 Preparation of the starting structure

The high-resolution crystal structure of mesophilic proteinase K
(PDB code ¼ 1IC6 (ref. 31)) from Tritirachium album and
psychrophilic subtilisin-like protease (PDB code ¼ 1SH7 (ref.
26)) from Vibrio sp. PA-44 were used as starting models for the
MD simulation. Before performing the MD simulation, all
hetero atoms, such as NO3 and water crystals, were removed but
Ca2+ was retained.
2.2 MD simulation

Energy minimizations and MD simulations were performed
using GROMACS soware35 with the GROMOS96 43a1 force
eld. The two structural models were individually solvated with
the single point charge (SPC) water model36 in cubic boxes with
a solute-wall minimum distance of 14 Å. Aer a rst steepest
descent energy minimization with positional restraints on the
solute, 5Cl� and 4Na+ were added, respectively, in the 1IC6 and
1SH7 systems to neutralize the overall system charge, leading to
a total of 52 118 and 59 902 atoms for these two systems. The
RSC Adv., 2017, 7, 28580–28590 | 28581
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Fig. 1 Ribbon representation of mesophilic (A) and psychrophilic (B) serine proteases. These structures were obtained from PDBwith PDB codes
1IC6 and 1SH7. a helices, b strands, and loops are colored red, yellow, and green, respectively. The catalytic triad residues are shown as stick
models. Ca2+ is shown as blue spheres.
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systems were subjected to second energy minimization until no
signicant energy change could be detected. Then, the systems
were simulated by four successive 200 ps position-restrained
dynamics runs with decreasing harmonic positional restraint
force constants on the solutes (Kposres ¼ 1000, 100, 10 and 0 kJ
mol�1 nm�2). The production MD simulations were performed
for 40 ns on a Linux cluster with 40 colony-forming units (CPUs)
used.

The following MD protocols were used: the integration time
step was 2 fs; center-of-mass motion was removed every single
time step; non-bonded pairs were updated every 10 time steps;
electrostatic interactions were treated with a particle mesh
Ewald (PME) summation algorithm37 with an interpolation
order of 4, Fourier grid spacing of 0.135 nm and Coulomb
radius of 1.0 nm; the van der Waals (VDW) interaction cut-off
radius was 1.4 nm; protein and non-protein (solvent and
counter-ion) components were independently coupled to a 300
K heat bath for 1IC6 and a 283 K heat bath for 1SH7 with
a coupling constant s_t of 0.1 ps; the pressure was maintained
by weakly coupling the system to an external pressure bath at 1
atm with a coupling constant s_p of 0.5 ps;38 velocities were
generated randomly at startup from a Maxwell distribution
corresponding to 300 K; LINCS algorithm39 with order 4 was
used to constrain the bond lengths to their equilibrium posi-
tions; the structural coordinates were saved every 10 ps.
2.3 Geometrical properties

The geometrical properties of the 1IC6 and 1SH7 structures
during MD simulations, such as the number of hydrogen bonds
(NHB), solvent accessible surface area (SASA), number of native
contacts (NNC), and radius of gyration (Rg), were calculated
using the programs g_hbond, g_sas, g_mindist and g_gyrate
within GROMACS, respectively.
2.4 Essential dynamics (ED)

ED40,41 or, equivalently, principal component analysis (PCA) in
mathematics, is a powerful tool for ltering large-scale
concerted motions from a structural ensemble. Aer
28582 | RSC Adv., 2017, 7, 28580–28590
diagonalization of the covariance matrix built from atomic
uctuations in a trajectory, a set of eigenvectors and corre-
sponding eigenvalues were obtained. The eigenvectors are
directions in conformational space and represent the collective
motions of atoms along those directions. The eigenvalues
represent the mean square uctuations (MSF) of atoms along
corresponding eigenvectors. It has been shown that the rst few
eigenvectors dene an essential conformational subspace
within which the most signicant large concerted motions (or
the major motion modes) take place.42 The covariance matrices
of Ca atoms for the 1IC6 and 1SH7 MD trajectories were built
and diagonalized using the program g_covar within GROMACS
soware. The projections of trajectories onto the eigenvectors
were performed using the g_anaeig program within GROMACS.

Combined ED is a useful method for comparing the ED
properties of two simulations on similar systems.43 In the
present study, combined ED analysis was performed on
a trajectory constructed through concatenating the 1IC6 and
1SH7 MD trajectories. Analysis and comparison of the proper-
ties (i.e., the projection distribution/average value and mean
square displacement (MSD)) of different parts of the projection
along the combined eigenvector provide a powerful way for
evaluating similarities and differences in equilibrium uctua-
tions (or average structures) and dynamics between these two
forms of serine protease.

2.5 PTMetaD-WTE simulation

To reconstruct the FEL of the mesophilic and psychrophilic
serine protease, MetaD simulations44 combined with the
parallel tempering (PT) scheme were performed in the well-
tempered ensemble (WTE) on 1IC6 and 1SH7. It is widely
accepted that a PTMetaD-WTE simulation can compensate for
the weaknesses of both PT and MetaD. For detailed description
of PTMetaD-WTE, readers can refer to the study of Papaleo
et al.45 and Barducci et al.46

In the present study, the nal snapshots of the standard MD
simulations were used as the initial conformations of PTMetaD-
WTE. We used eight replicas (at 300, 312, 325, 332, 337, 342, 352
and 360 K) in each of which a 100 ns well-tempered MetaD
This journal is © The Royal Society of Chemistry 2017
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simulation was performed, leading to total trajectory of 0.8 ms
for 1IC6 or 1SH7. The simulations were performed using
GROMACS soware augmented with Plumed soware.47 The
force eld used in each simulation system was Amber99SB*-
ILDN.48

With regard to the principal parameters used in the
PTMetaD-WTE simulations, the initial Gaussian height was 3 kJ
mol�1 and was added every 1 ps, the Gaussian width was 500,
and the bias factor was set to 50. Other simulation parameters
and conditions were the same as those used for in the standard
MD simulation.
3. Results
3.1 Structural stability check during simulations

The uctuation equilibrium and structural stability of the 1IC6
and 1SH7 duringMD simulations were examined bymonitoring
the backbone root mean square standard deviation (RMSD)
with respect to their starting structures as a function of simu-
lation time. The RMSD curves of 1IC6 and 1SH7 (black lines)
showed a steady increase during the rst 10 ns (Fig. 2). Aer-
wards, these two curves exhibited a relatively stable uctuation
with the uctuation amplitude being less than z0.05 nm,
suggesting that our MD simulations reach equilibrium aer
z10 ns.

To investigate the contribution of external loops to the
overall structural deviation, we calculated the backbone RMSD
of the loops and secondary structure elements of 1IC6 and 1SH7
during simulations. Interestingly, for 1IC6 and 1SH7 structures,
the “loop backbone” (backbone of the loop), “complete back-
bone” (backbone of all residues) and “secondary structure
backbone” (backbone of the secondary structure elements)
showed the largest, moderate, and lowest RMSD values,
respectively. This nding indicated that the conformational
uctuations originated mainly from the loops linking the
secondary structure elements (Fig. 2, red and green lines).
Considering the stability of 1IC6 and 1SH7 structures during
Fig. 2 Time evolution of backbone RMSD values with respect to the star
green lines indicate the RMSD of the complete backbone, secondary stru
value is indicated in parentheses.

This journal is © The Royal Society of Chemistry 2017
the simulations, we nally selected the 30–40 ns parts as the
equilibrium trajectories of these two simulation systems for
further analyses of structural properties and ED.
3.2 Geometrical properties

Various geometrical properties, including NHB, SASA, NNC,
and Rg, were calculated from the equilibrium MD trajectories
using default parameters. Table 1 lists the comparison between
the average values and standard deviations of these geometrical
properties. These properties were very similar because only
minor differences were observed in their average values.
However, subtle changes in some geometrical properties can
still reect the differences of 1IC6 and 1SH7 during simulation.
For example, the 1IC6 possessed more NHB and NNC than
1SH7, indicating a greater number of inter-atomic interactions,
contacts and regular structural elements in 1IC6 than in 1SH7.
When compared with 1SH7, the reduced Rg reected more
compact packing of 1IC6. There were no clear differences
between 1IC6 and 1SH7 in terms of solvent-accessible surface in
our simulation. These results indicate that 1IC6 was, on
average, in a more compact and stable state than 1SH7.

In addition, we computed the number of dynamic HBs (total
number of HBs formed in the simulation). There were 942 and
962 HBs in the 1IC6 and 1SH7 MD simulation, and the average
HB persistency (i.e. average HB stability) were 20.39% and
18.63% respectively. This result suggests that the number of
HBs and their persistency has been optimized to improve the
conformational exibility during cold adaptation of serine
protease. We also computed the dynamic HBs between protein
and water molecules, the total HB number and the average HB
persistency are 138845, 0.241% and 146992, 0.241% for 1IC6
and 1SH7, respectively.
3.3 Comparison of structural exibility

To evaluate and compare the structural exibility between 1IC6
and 1SH7, per-residue backbone average root mean square
ting structure during MD simulations. (A) 1IC6. (B) 1SH7. Black, red, and
cture backbone, and loop backbone, respectively. The average RMSD

RSC Adv., 2017, 7, 28580–28590 | 28583
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Table 1 Average geometrical properties (standard deviations are shown in parentheses) calculated from equilibriumMD trajectories of 1IC6 and
1SH7

NHBa SASAb (Å2) NNCc Rgd (Å)

RMSDe (Å)

All bbf SS bbg Loop bbh

1IC6 214(7) 10 903(196) 135 066(827) 166.3(0.48) 1.41(0.19) 0.95(0.1) 2.03(0.2)
1SH7 210(7) 10 677(152) 133 903(753) 167(0.44) 1.48(0.17) 1.2(0.16) 2.01(0.21)

a Number of hydrogen bonds. A hydrogen bond is considered to exist if the donor–hydrogen–acceptor angle is >120� and the donor–acceptor
distance is <3.5 Å. b Total solvent-accessible surface area. c Number of native contacts. A native contact is considered to exist if the distance
between two atoms is <6 Å. d Radius of gyration. e RMSD relative to respective starting structures. RMSD values were calculated through
superposition on the backbone elements in the starting structures. f Backbone RMSD values of all residues. g Backbone RMSD values of
secondary structure elements. h Backbone RMSD values of loop regions.
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uctuation (RMSF) values were computed fromMD trajectories.
Fig. 3 shows the comparison of RMSF proles constructed on
the basis of structure–structure alignments obtained with Dali
(ESI Fig. S1†)49 and three-dimensional (3D) backbone repre-
sentations colored according to RMSF values. The common
high-exibility regions for 1IC6 and 1SH7, which were arbi-
trarily dened as those with RMSF >0.1 nm, were observed in
surface-exposed loops, N- and C-termini, and the beginning or
end of SSEs (secondary structure elements) (Fig. 3A). On the
contrary, the core regions of 1IC6 and 1SH7 had lower RMSF
values, which can be observed more intuitively in Fig. 3B and C.
Close examination of Fig. 3 reveals that 1SH7 did not feature
overall higher exibility with respect to 1IC6. The regions with
higher RMSF in 1SH7 than in 1IC6 included residues 97–112,
132–151, 154–166, 170–179, and 186–218 (the residue number
here and in the following analysis was numbered according to
the 1IC6 structure). Of these, some residues in segment 97–112
formed S3 and part of S4 substrate-binding pockets; region 132–
151 was part of S1 and S4; region 154–166 was part of S1. The
regions with higher RMSF in 1IC6 than in 1SH7 included resi-
dues 10–24, 149–153 and 240–279. These regions were located
mainly on the N- and C-termini, and their high RMSF value may
have resulted from the sequence insertions/deletions in the
structure alignment. Of these, segment 10–24 included a1, b2
and the loop connecting them; segment 149–153 was the loop
connecting a4 and b8 and was located in the opposite direction
of substrate-binding site 132–136; segment 240–279 included
b14, b15, a6 and the loop connecting it with a5 (240–246). In
addition, there was no signicant RMSF difference in the core
regions of 1IC6 and 1SH7. The RMSF differences of the catalytic
triads of these two forms of proteinase K were minute. The
values for D39, H69, and S224 were 0.0431, 0.0496, and
0.0562 nm in 1IC6 and, for D37, H70, and S220, they were
0.0447, 0.0508, and 0.0547 nm in 1SH7, respectively.
3.4 ED analyses

ED analyses of MD trajectories of 1IC6 and 1SH7 structures
revealed that only a few eigenvectors possessed signicant
eigenvalues (Fig. 4). Diagonalization of the covariance matrices
revealed total mean square uctuation (TMSF) values of 1.63
and 1.85 nm2 for 1IC6 and 1SH7, respectively, suggesting that
1SH7 experienced a larger magnitude of uctuation during
28584 | RSC Adv., 2017, 7, 28580–28590
simulation. In particular, each of the rst 5 eigenvectors had
a larger eigenvalue in the 1SH7 simulation than in the 1IC6
simulation (Fig. 4), reecting larger uctuations of 1SH7 along
each of the rst few eigenvectors. In addition, for the 1IC6 and
1SH7 trajectories, the rst 30 eigenvectors contributed 66.2%
and 73.8% of the total TMSF (see Fig. 4, inset), respectively.
Therefore, most of the internal motions of proteinase K were
conned within a subspace of very small dimensions.

Fig. 5 shows the projection extremes of the rst eigenvector of
1IC6 and 1SH7. Here, we focused mainly on the differences in
large concerted motions in relation to cold-adaptation. For the
motion details of proteinase K, readers could refer to the study of
Liu et al.42 who found that the large concerted motions of 1IC6
and 1SH7 originated mainly from displacements of the surface-
exposed loops or N- and C-termini. These regions oen located
near or opposite the active site. Upon comparison, 1SH7 had
a relatively larger displacement than 1IC6 in these regions of the
structure, as visualized by Fig. 5. These regions mainly included
residues 66–68, 95–99, 121–125, 160–169, 184–192, 211–217, and
221–224. Of these regions, segment 95–99 preceded the substrate-
binding site 100–104; segment 121–125 was located between the
a3 that follows segment 100–104 and the b4 that precedes
segment 132–136; segment 160–169 was part of the substrate-
binding pocket S1; segment 184–192 followed segment 160–169
through b10; segment 211–217 preceded segment 221–224, the
end of which the catalytic residue Ser224 was located through b13.
These regions almost neighbored or were located above or below
the substrate-binding site through connection of a secondary
structure, which had a relatively smaller displacement. As studied
by Liu et al.,42 large concerted motions in regions opposite
substrate-binding sites can mediate or modulate conformational
changes in substrate-binding regions. In conclusion, the relatively
larger displacement of these residues may be related to cold-
adaption. For the substrate-binding site (100–104 and 132–136),
signicantly enhanced displacement was not observed in
segment 100–104, but segment 132–136 had a larger displace-
ment in 1SH7 than in 1IC6. When considering the catalytic triad
residues, Asp39 and His69 had a small displacement in 1IC6 and
1SH7, and this was probably caused by a strong electrostatic
interaction between them. Ser224 had a much larger displace-
ment in the 1SH7 structure than in the 1IC6 structure due to the
large displacement of neighboring residues 221–224 and 214–216.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Comparison between the structural flexibility of 1IC6 and 1SH7. (A) Per-residue average backbone RMSF profiles calculated from MD
trajectories of 1IC6 (black line) and 1SH7 (red line). The gap of the curves corresponds to the insertion or deletion in the structural alignment, and
SSEs were marked according to the 1IC6 structure. The residues are numbered according to the 1IC6 structure. (B) and (C) are 3D backbone
representations of 1IC6 and 1SH7 structures mapped with per-residue average backbone RMSF values, respectively. The backbone color ranges
from red to blue and corresponds to a line from thin to thick, and denotes that the backbone RMSF varies from the lowest to the highest values.
(B) and (C) were generated using UCSF Chimera.
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Residues having a larger displacement in 1IC6 than in the
1SH7 included segments 151–154 and 240–246. Of these
segments, 151–154 was linked to segment 132–136 through
This journal is © The Royal Society of Chemistry 2017
helix a4, and the latter showed only a small uctuation. We
inferred that the larger displacement of segment 151–154 could
inuence the motion of 132–136 to have a closing effect of the
RSC Adv., 2017, 7, 28580–28590 | 28585
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Fig. 4 Eigenvalues for 1IC6 and 1SH7 structures as a function of eigenvectors. The main plot shows the eigenvalues of only the first 30
eigenvectors. The inset shows the cumulative contribution of all eigenvectors to the total MSF. 1IC6: black line; 1SH7: red line.
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substrate-binding pockets S1 and S4, but this was not obvious in
the 1SH7 structure. The relatively spacious pocket in 1SH7 may
favor substrate-binding efficiency and cold-adaption.

Combined ED analyses were performed using the 30–40 ns
trajectories of the 1IC6 and 1SH7 structures. Fig. 6 shows the
projections of merged trajectories onto the combined eigen-
vectors as well as the properties of these projections. The
eigenvector projection provided information about time-
dependent conformational changes. The differences in projec-
tion distribution/average value and MSD provided information
about differences in large concerted motions/equilibrium states
Fig. 5 Large concerted motions of 1IC6 (A) and 1SH7 (B) described b
extracted from projection of the trajectory onto the eigenvectors are colo
two states, but do not represent the transition pathway.

28586 | RSC Adv., 2017, 7, 28580–28590
and in dynamics, respectively. Only in the case of the rst
eigenvector could the projection be found with signicantly
different distributions and average value (Fig. 6A and B). This
indicated obviously different large concerted motions or equi-
librium states between these two forms of proteinase K along
the combined eigenvector 1.

The second, third and fourth combined eigenvector projec-
tions demonstrated a gradually increasing degree of overlap
between the two halves of the projections. This suggested the
gradually increasing similarity in concerted motions between
these two forms of proteinase K, and this could also be reected
y eigenvector 1. The linear interpolations between the two extremes
red from blue to red to highlight the structural differences between the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Properties of the projections of the merged trajectory onto combined eigenvectors. (A) Projections of the merged trajectory (1IC6: 0–10
ns; 1SH7: 11–20 ns) onto the first four combined eigenvectors. (B) Distributions of these four projections. Distinct distribution can be found only
in the projection along eigenvector 1. (C) Average values of projections of the first 30 eigenvectors as a function of the eigenvector index. (D)
MSDs of projections of the first 30 eigenvectors as a function of the eigenvector index. The average value and MSD of the projection along
a combined eigenvector were calculated separately for two equal halves of the projection that represent 1IC6 and 1SH7, respectively.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 28580–28590 | 28587
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by the projection average values shown in Fig. 6C. Fig. 6D shows
the MSDs of the projections, which could be used to investigate
the difference in protein dynamics/exibility between 1IC6 and
1SH7 during simulation. As shown in Fig. 6D, the overall trends
of the two curves were similar, with the third eigenvector of 1IC6
and the second eigenvector of 1SH7 having the largest MSD
values, indicating that the most signicant conformational
shi/diffusion occurred in these two subspaces. Nevertheless,
the rst ve eigenvectors exhibited a strikingly higher MSD
value for 1SH7 than for 1IC6. Together with the minor differ-
ence in MSD values of other eigenvectors, these results indi-
cated that the 1SH7 structure experienced a larger
conformational shi (or had greater higher exibility) than the
1IC6 structure in conformational space. These data were in
agreement with the results of structural-property analyses
detailed above.
3.5 Free-energy calculations

The FEL values of 1IC6 and 1SH7 were constructed using the
projections of their own rst (PC1) and second (PC2) eigenvec-
tors, given as CV1 and CV2, respectively, in the PTMetaD-WTE
simulation. These two eigenvectors spanned an essential
subspace contributing z35% to the total MSF within the
conformation space sampled by the standard MD simulation.
Fig. 7A and B show the FEL values for 1IC6 and 1SH7, respec-
tively. For the 1IC6 structure, there was only one main free-
energy well/basin in the global free energy minimum region,
indicating only one stable conformational state resided within
this well. In the 1SH7 structure, there were three main free-
energy wells in the global free energy minimum region. A
comparison between the full view of the FEL values of these two
forms of proteinase K revealed that the FEL of 1SH7 spanned
larger ranges of PC1 and PC2 and exhibited a more rugged free-
Fig. 7 FEL values of 1IC6 and 1SH7. (A) 1IC6. (B) 1SH7. The FEL values are
own first (PC1) and second (PC2) eigenvectors, respectively. The color b

28588 | RSC Adv., 2017, 7, 28580–28590
energy surface than 1IC6. In addition, the FEL of 1SH7 con-
tained a greater number of local free-energy minima.

Evaluation of the exchange efficiency, convergence and
temperature ergodicity of PTMetaD-WTE simulation are shown
in ESI Fig. S2–4.† The FEL values and free-energy proles con-
structed from our PTMetaD-WTE simulations may have been
incomplete due to the limited sampling time. However, such
free-energy calculations are still useful for characterizing the
differences in thermodynamics and kinetics between these two
forms of proteinase K.

4. Discussion

Although the static structures of psychrophilic enzymes and
their homologous mesophilic counterparts provide invaluable
insights into the cold-adaption of various enzyme families, the
physicochemical bases for enzyme cold-adaptation remain
unknown. To explore the protein exibility, molecular motion,
thermodynamics and kinetics in relation to cold-adaption, we
performed 40 ns standard MD and 800 ns MetaD simulations
on mesophilic and psychrophilic proteinase K. Comparative
analyses of RMSD, RMSF, geometrical properties and ED sug-
gested that mesophilic proteinase K assumes a relatively more
compact and stable conformational state than that of psychro-
philic proteinase K during simulation.

Flexibility plays an important part in protein function. For an
enzyme, conformational exibility is fundamental for its ability
to adopt various conformations during catalytic processes, and
local conformational exibility in regions involved in the
catalysis is crucial for substrate degradation.20,50,51 It is widely
accepted that psychrophilic enzymes are oen characterized by
enhanced exibility of the whole structure or distinct regions,
which could be favor their cold-adaption.52,53 In the present
study, we performed MD simulations on the same two proteins
constructed as a function of projections of the MD trajectory onto their
ar represents the relative free-energy value in kcal mol�1.

This journal is © The Royal Society of Chemistry 2017
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used by Tiberti et al.20 They found that psychrophilic proteinase
K did not feature an overall higher exibility with respect to the
mesophilic form, but that regions near the substrate-binding
cle or around calcium-binding sites showed enhanced exi-
bility. Our study is in good agreement with that of Tiberti et al.
and, apart from the crucial functional regions studied by Tiberti
et al., regions not directly involved in catalysis but close or
opposite to functional sites also showed enhanced exibility.
Our ED analyses also showed differences in large concerted
motions of psychrophilic and mesophilic proteinase K.
Although the large concerted motions of these two forms of
proteinase K originated mainly from displacements of the
surface-exposed loops which were oen near or opposite the
active site, psychrophilic proteinase K had a relatively larger
displacement than mesophilic proteinase K in these regions. As
studied by Liu et al.,42 the large concerted motions of regions
near or opposite substrate-binding regions can affect or
mediate the opening/closing of substrate-binding pockets.
Therefore, the higher exibility and larger displacement of
psychrophilic proteinase K could enhance enzyme activity in
low-temperature conditions through acceleration of absorption
and release of its substrate.16

To explore the physicochemical bases for enzyme cold-
adaptation, we constructed the FELs of psychrophilic and
mesophilic proteinase K using PTMetaD-WTE simulation.
Psychrophilic proteinase K had a larger, more “rugged” and
complex free-energy surface than mesophilic proteinase K.
These features would mean that the psychrophilic form had
more conformational sub-states, richer conformational diver-
sity, and more complex dynamic behavior than mesophilic
proteinase K. The difference in FEL between these two types of
proteinase K could be related to their conformational exibility,
which is determined by the number of dynamic HBs and their
persistency.54 For example, the increased number of dynamic
HBs and shorter persistency make the FEL of 1SH7 have more
local energy minima and thus a wider funnel. Our results are in
good agreement with those of Feller et al.,19 which suggested
a “folding funnel” model for psychrophilic and thermophilic
enzymes.

Together with the result of our dynamic study and previous
static structural comparison of these two forms of proteinase K,
we can provide an interpretation of enzyme cold-adaption based
on FEL theory. That is, although the 3D structure of these two
forms of serine proteinase K is very similar, the difference in
their amino-acid composition could make them undergo
different interactions with water molecules. For example,
psychrophilic proteinase K is characterized by increased
hydrophobicity on its surface as well as a greater number and
longer surface-exposed loops, which make it more valuable for
collision with water molecules. The solvent has an essential
role in protein dynamics,55–57 so enhanced interactions with
water molecules will cause psychrophilic proteinase K to have
more uctuations compared with mesophilic proteinase K,
especially in certain specic regions of the active site. The
enhanced exibility of psychrophilic proteinase K could
increase its conformational diversity, which is reected by its
more rugged FEL.
This journal is © The Royal Society of Chemistry 2017
In conclusion, we suggest that the enhanced interaction with
water molecules leads to the increased exibility of some local
regions of psychrophilic proteinase K. This phenomenon gives
it higher catalytic efficiency than that of mesophilic proteinase
K in a low-temperature environment.
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