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Abstract: To obtain detailed information about the effect of the solvent temperatures on protein
dynamics, multiple long molecular dynamics (MD) simulations of serine protease proteinase K
with the solute and solvent coupled to different temperatures (either 300 or 180 K) have been
performed. Comparative analyses demonstrate that the internal flexibility and mobility of proteinase
K are strongly dependent on the solvent temperatures but weakly on the protein temperatures.
The constructed free energy landscapes (FELs) at the high solvent temperatures exhibit a more rugged
surface, broader spanning range, and higher minimum free energy level than do those at the low
solvent temperatures. Comparison between the dynamic hydrogen bond (HB) numbers reveals that
the high solvent temperatures intensify the competitive HB interactions between water molecules
and protein surface atoms, and this in turn exacerbates the competitive HB interactions between
protein internal atoms, thus enhancing the conformational flexibility and facilitating the collective
motions of the protein. A refined FEL model was proposed to explain the role of the solvent mobility
in facilitating the cascade amplification of microscopic motions of atoms and atomic groups into the
global collective motions of the protein.

Keywords: solvent mobility; hierarchical dynamics of proteins; free energy landscape;
conformational sampling

1. Introduction

Proteins are important bio-macromolecules because they perform a vast variety of functions
and involve virtually every process within cells. However, proteins are not static entities but
undergo complex internal motions, which are essential for their functions [1,2]. Therefore, a deeper
understanding of protein functions needs to investigate their dynamic behaviors.
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In a protein–solvent system or under physiological conditions, protein molecules are immerged
in an aqueous solvent and thus the dynamic behaviors of the water molecules and the protein–solvent
interactions are fundamental to the structural, dynamic, and functional properties of the proteins [3–7],
including facilitating protein folding [8,9], maintaining structural stability/flexibility [10–12],
mediating protein–ligand binding [13,14], accelerating enzymatic catalysis [15,16], and inducing
protein glass transition [17–19].

The FEL, which is defined as a function describing the conformational states/substates of a
protein with the corresponding Gibbs free energy of the protein–solvent system, is a seminal concept in
characterizing and explaining many aspects of the protein dynamics and functions [2,20–23]. Due to an
absolute advantage of the water molecules in terms of both quantity and mass compared to the solute
molecules, the changes in entropy and enthalpy of the solvent will make a substantial contribution
to the change in Gibbs free energy of the protein–solvent system [22,24,25], and the protein–solvent
interactions also play a crucial role in shaping the FEL [26]. In the first fast stage of protein folding,
i.e., the hydrophobic collapse that results in the molten globule intermediate, the solvent entropy
maximization contributes substantially to the lowering of the system free energy [27–29]. In the
following bottleneck stage, the formation of water network on the protein surface and the formation
of HBs between the protein and water also contribute to lowering the system free energy via an
enthalpy decrease [22,25,30]. The protein native state residing at the bottom (the global free energy
minimum region) of the funnel-like FEL (or folding funnel) is not a single, rigid conformer but exists
as an ensemble of statistically populated conformational states/substates [31–33]. The hierarchically
organized free energy wells (i.e., an organization that the low-tier wells reside within the high-tier wells,
and the lower tier the wells are, the lower are barrier heights between these wells [33]) determines
the hierarchy of protein dynamics—different structural components feature differentiated amplitudes
and timescales of the fluctuations [2]. Of particular note is that the solvent is able to influence protein
dynamics at various hierarchical levels. It has been shown that the fast residue side chain rotations
occurring on picosecond (ps) timescale are coupled to the hydration-shell fluctuations, and that
the relatively slow loop motions occurring on nanosecond (ns) timescale are slaved to bulk-solvent
motions [4,5,34,35]. Furthermore, the complete exchange of protein-bound water molecules arising
from water translational motions have been proposed to be necessary for protein structural relaxation
that allows anharmonic and collective motions in proteins [36]. Because the hierarchical arrangement
of free energy wells determines that the higher-tier protein motions result from the lower-tier
fluctuations [34,37,38], it is reasonable to postulate that the protein collective motions, which involve
the entire protein structure and occur on the timescales of microsecond (µs) to millisecond (ms), are a
consequence of the accumulation of loop motions and side chain rotations, in which the solvent
motions play an important role [22,39,40].

The mobility of the atoms, and further, of the atomic groups and the molecules, is temperature
dependent because the temperature is a fundamental determinant of the atomic thermal energy.
A generally observed phenomenon is that the protein conformational flexibility increases/decreases
with the elevated/decreased temperatures of the protein–solvent system. The fact that solvent
fluctuations affect protein dynamics at various hierarchical levels raises a question of whether the
temperature of the solvent, or that of the protein itself, is a primary factor in determining the internal
motions of the protein. The second law of thermodynamics determines that the thermal energy always
distributes as evenly as possible over the entire protein–solvent system, thus making it difficult to
distinguish experimentally the effect of the solvent temperatures from that of the protein temperatures
on protein dynamics [41]. The method of MD simulation can be a valuable alternative, since it can
create a thermodynamic system with the protein at one temperature and the solvent at a different
temperature [41]. Using such a simulation procedure, Vitkup et al. [42] have shown that, in the
temperature range 180–300 K, the elevated solvent temperature, and hence the increased solvent
mobility, plays an essential role in enhancing the amplitude of atomic fluctuations in the protein,
but that the temperatures of the protein itself only weakly affect the amplitude of protein atomic
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fluctuations. Despite this pioneering work, the detailed information about effects of the solvent
temperatures on the molecular motions and conformational space sampling of the protein, as well
as on the FEL of the protein–solvent system, remains unclear. Moreover, the question of how the
solvent mobility dictates the hierarchical dynamics, from the low-tier group fluctuations to the high-tier
collective motions of the protein, remains unanswered.

In order to resolve the above issues, in the present work the proteinase K (which is a
subtilisin-like serine protease from Tritirachium album limber with a broad-spectrum degradation
capability to degrade proteins [43,44]) in explicit solvent was subject to a series of MD simulations
with temperatures of the protein and the solvent coupled to either 180 or 300 K. Proteinase K was
chosen because it is a medium-sized globular α/β protein (279 amino acids) with an available
high-resolution X-ray crystal structure [45] and, in particular, its dynamic properties, molecular
motions, and structure–dynamics–function relationship have been investigated by us in a series of
simulation/modeling studies [46–52]. The long, multiple-replica MD simulations with different initial
atomic velocities [53,54] were performed on each system of different protein/solvent temperature
combinations to guarantee a more effective sampling of the conformational space accessible to
proteinase K. Apart from comparative analyses of several structural properties, the differences in the
sampled protein conformational spaces, collective motions, and constructed FELs between different
temperature combinations were compared. The reasons for the enhanced mobility/flexibility of
proteinase K caused by the elevated solvent temperature were discussed in depth based on the
competitive HB interactions between the protein and solvent and between atoms within the protein.
Finally, a refined FEL model was proposed to explain the role of the solvent in determining the
hierarchical dynamics of proteins.

2. Results

2.1. Evaluation of the Conformational Sampling

The time evolution of backbone RMSD relative to the starting structure was computed for each
replica of the four simulation systems. The results (Supplementary Figure S1) show that for the systems
P180/S180 and P300/S180, proteinase K requires only a few ps to reach stable RMSD values, and for
the systems P180/S300 and P300/P300, the protein requires about 600 ps and about 1 ns to reach an
approximate equilibrium, respectively. In order to guarantee the consistency of our data over time
among the four simulation systems, the first 1-ns trajectories were discarded and only the equilibrated
portions (1–15 ns) of each replica were concatenated, thus yielding four 84-ns single joined trajectories.

The cosine contents for the first three eigenvectors derived from ED analyses of the replicas
and of the joined trajectories were calculated to assess the conformational sampling. The results
(Supplementary Table S1) show that, for the independent replicas of each simulation system, most of
their eigenvectors have significantly higher cosine contents (close to 1) than the corresponding
eigenvectors of the single joined trajectory (~0.006 to ~0.2). This suggests that the regions of
conformational space sampled by these independent replicas are displaced in different directions
from the starting structure, resulting in different but partially overlapping samplings. Our strategy of
performing the multiple, long simulations therefore improves the ergodicity of the system and achieves
a relatively higher degree of sampling convergence in the joined trajectory than in the individual
replicas. Consequently, the single joined trajectories of the four simulation systems were used for
further analyses except where otherwise specified.

2.2. Structural Properties

Table 1 lists the average values and standard deviations (in parentheses) for several structural
properties of proteinase K calculated based on the joined trajectories at different combined
temperatures. Under the combination of P180/S180, proteinase K has the largest average values for
NNC and SSE while the smallest average values for RMSD and SASA, whereas under the P300/S300
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combination, proteinase K has the smallest average values for NNC and SSE but the largest values for
RMSD and SASA. This implies that the simulations at the combined temperature P180/S180 lead to the
most stable structure and the most compact packing of proteinase K, whereas the opposite situations
occur when simulations were performed at P300/S300. Interestingly, although the differences in
structural properties between P300/S180 and P180/S300 are minor, proteinase K has a greater number
of inter-atomic contacts, more compact packing, and smaller structural deviation from the starting
structure when the solvent temperature is at 180 K than when at 300 K. In conjunction with larger
standard deviations of all structural properties at P180/S300 than at P300/S180, these results indicate
that the effect of the solvent temperature overwhelms that of the protein temperature, resulting in a
higher rigidity/flexibility at the low/high solvent temperature.

Table 1. Average structural properties (standard deviations are in parentheses) of proteinase K
calculated from the joined MD trajectories at the four combined temperatures.

Temp a (K) RMSD b (Å) SASA c (Å2) NNC d Rg e (Å)
SSE f

α-Helix β-Sheet Turn

P180/S180 0.62 (0.03) 10,574 (96) 137,766 (474) 16.6 (0.3) 69.9 (1.6) 62.0 (2.4) 42.7 (3.5)
P300/S180 0.68 (0.04) 10,679 (136) 136,887 (620) 16.6 (0.3) 69.6 (1.6) 61.4 (2.7) 40.0 (3.6)
P180/S300 0.90 (0.08) 10,767 (162) 136,502 (756) 16.7 (0.5) 69.7 (1.7) 59.2 (3.7) 40.0 (4.7)
P300/S300 1.24 (0.18) 10,972 (192) 134,821 (947) 16.7 (0.5) 69.6 (1.9) 57.7 (5.1) 32.4 (5.0)

a Temperatures of the protein (P) and the solvent (S); b Root mean square deviation of the backbone atoms with
respective to the starting structure; c Total solvent accessible surface area; d Number of native contacts. A native
contact is considered to exist if the distance between two atoms is less than 6 Å; e Radius of gyration; f Number
of residues in the corresponding secondary structural elements.

When the solvent temperatures increase from 180 to 300 K while the protein temperatures remain
unchanged, e.g., at 300 K (or 180 K), the NNC and number of residues in SSE decrease by 1.5% (0.9%)
and 6.6% (3.3%), respectively, and the RMSD and SASA increase by 82.3% (45.2%) and 2.7% (1.8%),
respectively; when the solvent temperatures remain at 300 K (or 180 K) while the protein temperatures
increase from 180 to 300 K, the NNC and number of residues in SSE decrease by 1.2% (0.6%) and 5.4%
(2.1%), respectively, and the RMSD and SASA increase by 37.8% (9.7%) and 1.9% (1.0%), respectively.
These results reveal that, although the changes in protein temperatures have effects on structural
properties of proteinase K, their effects are weaker and quantitatively smaller than those of the solvent
temperature changes.

The Rg of proteinase K is 16.6 and 16.7 Å when the solvent is at 180 and 300 K, respectively,
independent of the protein temperature. In addition, for all of the structural properties, their standard
deviations follow the order P180/S180 < P300/S180 < P180/S300 < P300/S300, implying that proteinase
K experienced larger structural variations and hence, a stronger internal mobility, during simulations
at the high solvent temperatures than at the low solvent temperatures.

2.3. Structural Flexibility

Per-residue Cα root mean square fluctuation (RMSF) was computed from the joined trajectories
to evaluate and compare the structural flexibility of proteinase K under the four different temperature
combinations (Figure 1A). As shown in Figure 1A, although proteinase K exhibits the highest
and lowest overall structural flexibility at the combined temperatures P300/S300 and P180/S180,
respectively, the low (P300/S180) and high (P180/S300) solvent temperatures significantly reduce and
elevate the overall protein flexibility, respectively, leading to very similar flexibility profiles between
P300/S180 and P180/S180, and between P180/S300 and P300/S300. Therefore, the intensity of atomic
fluctuations, and hence the protein internal flexibility, is strongly related to the solvent temperatures.
Of particular note is that the solvent temperatures have a greater influence on the flexibility of loop
regions than on that of the SSEs. For instance, the intensity of loop fluctuations is drastically increased
and decreased when the temperature combination goes from P180/S180 to P180/S300 and from
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P300/S300 to P300/S180, respectively, whereas the corresponding changes in the intensity of SSE
fluctuations are smaller, implying that the solvent-temperature-dependent changes in protein flexibility
originate from the loop motions.
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Figure 1. Flexibility profiles of proteinase K calculated from the joined trajectories at the four combined
temperatures. (A) Per-residue Cα RMSF profiles as a function of residue number. SSEs were marked
along the horizontal axis with spirals and arrows representing α (or 3/10) helices and β strands,
respectively; (B) Cα RMSF values as a function of distance from the protein core to the protein surface.
In both (A) and (B), the black, red, green, and blue lines are profiles corresponding to the combined
temperatures P180/S180, P180/S300, P300/S180, and P300/S300, respectively.

In order to further determine the effect of the solvent temperatures on flexibility of the entire
protein structure, we computed the Cα RMSF values as a function of distance to the protein
surface (Figure 1B). As shown in Figure 1B, whether at the protein surface or in the protein core,
the RMSF values are in an order P300/S300 > P180/S300 > P300/S180 > P180/S180 and, for these four
combinations, a consistent trend is observed: RMSF values increase with increased distance from the
protein core to the surface. However, the degree of this increase is different, with the most dramatic
increase observed for P300/S300, large increase for P180/S300, and small increase for P300/S180 and
P180/S180, ultimately leading to the amplitudes of atomic fluctuations, which are distributed over the
entire protein structure, in the order P300/S300 > P180/S300 > P300/S180 > P180/S180.

For all four temperature combinations, the largest amplitudes of atomic fluctuations occur
invariably on the protein surface. This is mainly due to: (i) the lack of structural packing environment
for the surface-exposed atoms; and (ii) the direct interactions/contacts between the protein surface
atoms and the water molecules. Nevertheless, the ordinal increase in RMSF values of the protein
core from the low to the high solvent temperatures indicates that the mobility of the solvent can also
determine the amplitude of atomic fluctuations in the protein core. The small increases in RMSF
values from P180/S180 to P300/S180 reveal that elevating the temperature of the protein does make a
contribution, to some extent, to its own mobility. Moreover, the degrees of these RMSF increases are
relatively consistent over the entire protein structure (from the core to the surface), which may reflect a
pure thermal relaxation of the protein arising from the elevated protein temperature. When compared
to P300/S180, under the P180/S300 combination the protein shows not only significantly higher
surface and near-surface RMSF values but also slightly higher core RMSF value. This result reveals
that the high surface mobility caused by the high solvent temperature is not only transmitted to the
protein core, but also improves the mobility of protein core.

2.4. ED and Collective Motions

In order to investigate the effect of the solvent temperatures on the collective motions (or global
large-scale concerted motions) of proteinase K, ED analyses were performed on protein Cα atoms
using the joined trajectories of the four simulation systems.
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The total mean square fluctuation (TMSF) values obtained by diagonalization of the covariance
matrices are 2.97, 1.33, 0.64, and 0.47 nm2 for the combinations of P300/S300, P180/S300, P300/S180,
and P180/S180, respectively, indicating that proteinase K experiences significantly larger atomic
fluctuations when the solvent temperatures are at 300 K than when at 180 K, in agreement with
the above structural flexibility analysis. When the temperature combination goes from P300/S180
to P300/S300 and from P180/S180 to P180/S300, the TMSF values increase by 3.64- and 1.83-fold,
respectively; the TMSF values increase by 1.23- and 0.36-fold when the temperature combination goes
from P180/S300 to P300/S300 and from P180/S180 to P300/S180, respectively. These results reveal
that elevating the temperature of the solvent makes a substantial contribution to increasing protein
fluctuations. Although elevating protein temperature also contributes to protein fluctuations, such a
contribution is quantitatively smaller, especially when the solvent temperature is at 180 K.

Figure 2 shows the eigenvalues as a function of eigenvector index. The four simulation systems
share a common trend: the largest eigenvalue is for the first eigenvector and then the eigenvalues
decrease with increased eigenvector index until they reach a minimum plateau. However, the degree
of the steepness for these four eigenvalue curves is different and follows an order P300/S300 >
P180/S300 > P300/S180 > P180/S180. Apparently, the first few eigenvectors of P300/S300 have
the highest eigenvalues among those of the four combinations. The second highest, low, and the
lowest eigenvalues of the first few eigenvectors are observed for the P180/S300, P300/S180 and
P180/S180, respectively. These results indicate that the high solvent temperatures enhance greatly the
anharmonic atomic motions and thus promote the global collective motions of the protein along the
first few eigenvectors. In contrast, at the low solvent temperatures (i.e., P300/S180 and P180/S180),
the first few eigenvectors have eigenvalues only slightly higher than those of eigenvectors with higher
index, implying that the insignificant anharmonic atomic motions predominate along the first few
eigenvectors, and as thus, the collective motions of the protein are greatly suppressed.
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Figure 2. Eigenvalues as a function of eigenvector index derived from ED analyses of the joined
trajectories at the four combined temperatures. Only eigenvalues of the first 30 eigenvectors (total is 837)
are shown. Black line: P180/S180; red line: P180/S300; green line: P300/S180; blue line: P300/S300.

Figure 3 shows the projection extremes of the first eigenvector, which represent the most significant
collective motions of proteinase K at each combined temperature. It should be noted that the linear
interpolations between these two extremes are not the conformational transition pathway between
the two extremes but emphasize merely the conformational differences between them. Under the
P300/S300 combination (Figure 3D), proteinase K exhibits the most significant collective motions that
involve conformational displacements over the entire structure, with the large and small displacements
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observed in the surface-exposed loops and SSEs, respectively. The second significant collective motions
of proteinase K are observed for the P180/S300 combination (Figure 3C), which involve conformational
displacements in most of the surface loops and some of the SSEs. Under the P300/S180 (Figure 3B)
and P180/S180 (Figure 3A) combinations, most of the structural regions in the protein do not exhibit
apparent displacements and only a very limited number of surface-exposed loops exhibit the large
displacements. These observations are consistent with the eigenvalue order of the first eigenvector
described above, both suggesting that the high solvent temperatures promote the global collective
motions of the protein.
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trajectories at the four combined temperatures: (A) P180/S180; (B) P300/S180; (C) P180/S300;
and (D) P300/S300. The linear interpolations between the two extremes are colored from blue
to red to highlight conformational differences between these two states but do not represent the
transition pathway.

Combined ED analyses were performed to investigate the differences in ED properties. There are
six possible pairwise combinations among the four joined trajectories; for purpose of clarity, we choose
only the pair of P300/S180–P180/S300 to demonstrate the effect of the solvent temperatures on ED
properties. Figure 4 shows the projections of the merged trajectories onto the combined eigenvectors
and the properties of these projections. Only in the case of the first combined eigenvector can
the projection be well separated (top panel, Figure 4A), which is reflected clearly by the distinctly
different projection distributions (top panel, Figure 4B) and average values (Figure 4C) between
P180/S300 and P300/S180. This reveals that the changes in the protein and solvent temperatures lead
to different equilibrium fluctuations and average structures of proteinase K along the first combined
eigenvector. Starting from the combined eigenvector 2, the two equal halves of the projection show
gradually increasing overlap between their distributions, as well as increasing similarity between
the average values, e.g., when reaching the eigenvector 30, the projection distributions overlap into
a near-Gaussian distribution and the average values are almost identical. These results indicate a
gradually increasing similarity between the motion modes and average structures of the protein under
these two temperature combinations, implying that the degree of harmonicity in protein motions
increases with increased eigenvector index.
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Figure 4. Eigenvector projections and their properties obtained from combined ED analysis
of the merged MD trajectories of P300/S180 and P180/S300. (A) Projections of the merged
trajectory (P300/S180: 0–84 ns; P180/S300: 84–168 ns) onto the combined eigenvectors 1–4 and
30; (B) Distributions of the corresponding eigenvector projections; (C) Average values of the first
30 eigenvector projections as a function of eigenvector index; (D) Mean square displacement (MSD)
values of the first 30 eigenvector projections as a function of eigenvector index. The projection properties
(average and MSD values) were calculated separately from the two equal halves of a combined
eigenvector projection that correspond to the P300/S180 and P180/S300 parts, respectively.

Of particular note is that for each of the first few combined eigenvectors, the right half of the
projection (corresponding to P180/S300) exhibits a larger amplitude of the fluctuations than the left
half of the projection (corresponding to P300/S180) (Figure 4A). This reflects that at the high solvent
temperature, proteinase K experiences more dramatic conformational changes along these combined
eigenvectors than at the low solvent temperature. Figure 4D shows the MSD values for the two halves
of the projection as a function of eigenvector index, which can be used to quantitatively compare
the difference in degree of the protein conformational shifts at different combined temperatures.
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Apparently, most of the eigenvectors (with the exception of eigenvectors 5 and 13) have significantly
larger MSD values when the combined temperature is at P180/S300 than when at P300/S180, revealing
that the high solvent temperature greatly facilitates the conformational shifts/changes of the protein
in a subspace spanned by these eigenvectors.

2.5. Sampled Conformational Subspaces

In order to examine the influence of the solvent temperatures on the extent of conformational
space explored by proteinase K, the four joined trajectories were projected onto a two-dimensional
conformational subspace spanned by the first two eigenvectors (Figure 5). As shown in Figure 5,
proteinase K explores similar shapes of the sampled regions under the temperature combinations
P180/S180, P300/S180, and P300/S300, with the smallest and largest regions observed for P180/S180
and P300/S300, respectively. The second largest region is observed for the P180/S300; although this
region exhibits a different shape with respect to the other three ones, it not only covers the entire
regions of P180/S180 and P300/S180, but also has the largest overlap with that of P300/S300, revealing
that the simulations at the high solvent temperatures enlarge the sampled conformation space of
the protein.
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Figure 5. Projections of the joined MD trajectories onto the two-dimensional conformational
subspace spanned by the first two eigenvectors: (A) P180/S180; (B) P300/S180; (C) P180/S300;
and (D) P300/S300.

As described above, elevating solvent temperature facilitates not only greatly the protein surface
atomic fluctuations but also to a certain extent the fluctuations of atoms in the protein core (Figure 1B).
In order to further determine the influence of the solvent temperatures on the sampling degrees of
the protein core, core periphery, and surface loops, these three structural parts were projected onto
the subspace spanned by the first two eigenvectors (Supplementary Figure S2). Visualization of the
sampled conformational spaces reveals that: (i) for all four temperature combinations, the protein
surface loops, core periphery, and protein core sample the largest, moderate, and smallest regions,
respectively; (ii) the surface loops sample significantly more extended regions at the high solvent
temperatures (P180/S300 and P300/S300) than at the low solvent temperatures (P300/S180 and
P180/S180); and (iii) the core periphery and protein core explore relatively larger regions at the high
solvent temperatures than at the low solvent temperatures. The above results reveal that the increased
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solvent temperatures facilitate not only the conformational sampling of the surface loops but also those
of the structural parts that have no direct contacts/interactions with the solvent, in agreement with the
comparative analysis of RMSF values as a function of distance to the protein surface.

2.6. Free Energy Landscapes

Figure 6 shows the FELs of the protein–solvent systems at the four combined temperatures
as a function of two-dimensional conformational subspace (Figure 6A–D) and of one-dimensional
eigenvector projection (Figure 6E,F). It should be pointed out that: (i) the present ns-timescale
MD simulations sample only a limited portion of the protein accessible conformational space
(e.g., the conformational space close to the native state but containing no the unfolded states);
(ii) despite the reduction of dimensionality to the two- or one-dimensional space, protein
conformational space is highly multi-dimensional; and (iii) the eigenvector projection biases towards
second-order correlations of protein motions that result in conformational populations with mixed
properties [55]. Therefore, the eigenvector-projection-based FELs constructed from the metadynamics
simulations are incomplete, representing only a major portion of the landscape but containing no
detailed characteristics of the free energy surface (e.g., multiple minima or hierarchical arrangement
of the free energy wells). Nevertheless, comparison between these FELs is still useful in probing
characteristic differences resulting from alternation of the solvent/protein temperatures because the
differences in statistical trends are still preserved.
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energy value in unit of kJ/mol; (E,F) One-dimensional FELs along the projection of the eigenvectors
(E) 1 and (F) 2. Black line: P180/S180; red line: P180/S300; green line: P300/S180; blue line: P300/S300.
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As shown in Figure 6A–D, all four FELs present a funnel-like shape. However, it is apparent
that the FELs of the low solvent temperatures (P180/S180 and P300/S180) exhibit a perfectly smooth
surface, whereas the surfaces of P180/S300 and P300/S300 feature a weak and strong rough character,
respectively. This implies that the high solvent temperatures are able to produce local free energy
minima either on the funnel wall or at the funnel bottom, thus increasing the protein conformational
diversity or the number of conformational states/substates near the native state and hence the flexibility
of the protein. The width of the FELs, from the bottom to the top outer surface, is found to be narrowest
for P180/S180 and P300/S180, whereas for P180/S300 and P300/S300, the funnel width is obviously
wide and the widest, respectively (Figure 6E,F). This reveals that the high solvent temperatures
greatly increase the conformational entropy of the protein, whereas the protein temperatures have
only minor effect on the protein conformational entropy. Another interesting result is that the FEL
corresponding to the P300/S300 has a pronounced higher minimum free energy level than the other
three FELs. Although the other three FELs have similar minimum free energy values, the value of the
P180/S300 is slightly higher than those of P180/S180 and P300/S180. This suggests that proteinase
K has lower thermostability (or structural stability) at the high solvent temperatures than at the low
solvent temperatures.

2.7. HB Interactions

HBs are the most important class of non-covalent interactions/forces that can contribute not only
to the stability [56,57] but also to the flexibility [58,59] of the protein. In order to ascertain the origin of
the characteristic differences in FELs under the four temperature combinations, we calculated the HB
properties for both static and dynamic HBs within the protein and between the protein and solvent
based on the joined MD trajectories.

Table 2 lists the properties of the static and dynamic HBs formed inside the protein. The static
HB number, which refers to that averaged over all frames in a trajectory, is 239.2 ˘ 5.3, 232.9 ˘ 6.1,
229.0 ˘ 6.8, and 215.6 ˘ 7.8 for P180/S180, P300/S180, P180/S300, and P300/S300, respectively. A clear
trend is that at the low solvent temperatures the protein has higher numbers of internal HBs than at the
high solvent temperatures, although lowering the protein temperature (when the solvent temperatures
remain unchanged) can still increase the HB number, e.g., 6.3 from P300/S180 to P180/S180 and
13.4 from P300/S300 to P180/S300. The static HBs play a crucial role in stabilizing protein structure
because the HB formation is an exothermic electrostatic interaction that contributes to lowering the
system free energy via a negative enthalpy change. In this context, the static HB number can be
considered as indicative of the structural stability/rigidity. Therefore, the above results show that
the low solvent temperatures increase the protein structural stability/rigidity through increasing the
static HB number. Interestingly, the number of the dynamic HBs, which refers to the total number
of HBs that have ever appeared in a MD trajectory, exhibits an opposite trend with respect to that
of the static HBs. As shown in Table 2, significantly higher dynamic HB numbers occur at the high
solvent temperatures (P180/S300 and P300/S300) than at the low solvent temperatures (P180/S180 and
P300/S180), indicating that elevating the solvent temperature increases the number of the dynamic HBs
inside the protein. The dynamic HB number is inversely correlated with the average HB persistency:
the higher the number of the dynamic HBs, the lower is the average value of the bond persistency,
and vice versa (Table 2); this implies that it is the increase of the low-persistence HBs that leads to an
increase in the dynamic HB number. A low-persistence HB forms transiently and is easy to break
during a simulation so that its donor and/or acceptor can form new HBs with the neighboring donor
and/or acceptor atoms, thus leading to competitive HB interactions and, ultimately, the increase in
the number of the dynamic HBs. Because the competitive interaction is able to cause conformational
transition, the dynamic HB number can be considered as indicative of the structural flexibility or
even as an approximate measure of the protein conformational entropy. To this end, the high solvent
temperatures increase the protein flexibility/mobility through increasing the dynamic HB number.
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Table 2. Properties of HBs within proteinase K calculated from the joined MD trajectories at the four
combined temperatures.

Temp a (K) Number b Persistency c (%)

Stat d Dyna e M–M f M–S g S–S h Dyna e M–M f M–S g S–S h

P180/S180 239.2 (5.3) 540 217 215 108 44.3 66.7 25.7 36.1
P300/S180 232.9 (6.1) 712 262 294 156 30.7 49.3 17.7 23.9
P180/S300 229.0 (6.8) 1121 297 515 309 18.8 42.0 10.1 11.2
P300/S300 215.6 (7.8) 1987 469 979 539 9.4 23.5 4.5 5.8

a Temperatures of the protein (P) and the solvent (S); b Number of the corresponding HBs; c Average HB
persistency of the corresponding HBs; d Average static HBs in each frame. Standard deviations are in parentheses;
e Dynamic HBs in a trajectory; f Main chain-main chain HBs in a trajectory; g Main chain-side chain HBs in a
trajectory; h Side chain-side chain HBs in a trajectory.

Protein internal HBs involve either the main chains or the side chains of amino acid residues
and therefore can be divided into three classes: the main chain–main chain, main chain–side chain,
and side chain–side chain HBs. Although elevating the solvent temperature increases the numbers of
all these three classes of HBs, the bonds involving the side chains (including main chain–side chain
and side chain–side chain HBs) make a greater contribution than do the main chain–main chain HBs
to the increase in the dynamic HB number (Table 2). This is not surprising, because the side chains
have a larger degree of freedom than the main chains and as thus are more sensitive to changes of the
solvent temperature.

Table 3 lists the properties of the static and dynamic HBs formed between the protein and
the solvent, which directly reflect the changes in protein–solvent interactions among the four
temperature combinations. The high solvent temperatures (P180/S300 and P300/S300) result in
the lower/higher numbers of the static/dynamic protein–solvent HBs than do the low solvent
temperatures (P180/S180 and P300/S180), resembling the situations of the protein internal HBs.
The increased static protein–solvent HB interactions at the low solvent temperatures suggest the
role of the low-temperature water molecules in rigidifying/freezing the protein structure. Because
of the significantly enhanced mobility of the water molecules when the solvent temperatures go
from 180 to 300 K, the numbers of the dynamic HBs at the high solvent temperatures are at least
two orders of magnitude higher than those at the low solvent temperatures (Table 3). This is also
reflected by the two orders of magnitude reduced HB persistency from the low- to the high-solvent
temperatures, suggesting that it is the high-frequency competitive interactions between different water
molecules and the protein atoms that give rise to the increased dynamic HB number and thus, the
increased mobility of the protein. For all four temperature combinations, the HBs formed between
the amino acid side chains and the water molecules (side chain-solvent HBs) account for ~90% of the
corresponding dynamic HBs and exhibit a slightly lower persistency than the main chain–solvent HBs,
revealing that the side chains are the primary participant of the protein–solvent HBs or, in other words,
water molecules affect the protein dynamics mainly through their interactions with the amino acid
side chains.

Table 3. Properties of HBs formed between proteinase K and the solvent calculated from the joined
MD trajectories at the four combined temperatures.

Temp a (K) Number b Persistency c (%)

Stat d Dyna e M–Solv f S–Solv g Dyna e M–Solv f S–Solv g

P180/S180 391.3 (11.7) 8475 627 7848 4.62 8.34 4.32
P300/S180 377.2 (11.7) 17,960 1435 16,525 2.10 3.34 1.99
P180/S300 363.8 (14.3) 743,864 74,319 669,545 0.05 0.07 0.05
P300/S300 330.4 (14.8) 1,034,810 120,772 914,038 0.03 0.03 0.03

a Temperatures of the protein (P) and the solvent (S); b Number of the corresponding HBs; c Average HB
persistency of the corresponding HBs; d Average static HBs in each frame. Standard deviations are in parentheses;
e Dynamic HBs in a trajectory; f Main chain-solvent HBs in a trajectory; g Side chain-solvent HBs in a trajectory.
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3. Discussion

“Glass transition” (or dynamical transition) of proteins, like that of glass-forming liquids [60,61],
is a well-established phenomenon for all proteins manifesting as a dramatic change in their dynamical
properties at approximately 200 K [17–19,42,62], i.e., at temperatures above 200 K, the protein
dynamic behavior is dominated by the large-scale collective motions involving the entire protein
structure, while at temperatures below 200 K, the simple harmonic atomic vibrations predominate,
thus resulting in the cease of the protein activity. Because the dried proteins do not show any dynamical
transition [36,63,64] and the glass transitions in the protein and its hydration water occur at roughly the
same temperature [17,65], the protein glass transition is believed to be induced by the glass transition of
the solvent. In order to provide detailed information about the effect of the solvent temperatures on the
changes in dynamics of the protein and, further, to probe the mechanism by which the solvent mobility
dictates the hierarchical dynamics of the protein, we take advantage of the molecular simulation
technique in which the protein and solvent temperatures are coupled to either 300 K (above the protein
glass transition temperature) or 180 K (below the transition temperature). In contrast to the previous
MD study performed on a relatively small protein carboxy-myoglobin (153 amino acids) with a short
production simulation time (only 100 ps) [42], our simulations were performed on a relatively large
globular protein (279 amino acids), the serine protease proteinase K, with application of the long,
multi-replica simulation strategy to ensure a more effective and extensive conformational sampling of
the protein. Indeed, the evaluation of cosine contents for the first few eigenvectors shows that the single
joined trajectories from the multiple simulations achieve a higher degree of sampling convergence than
the individual replicas, and therefore our comparative analyses based on these joined trajectories can
reflect differences in intrinsic dynamic properties of proteinase K caused by different protein/solvent
temperature combinations.

As a necessary complement to this work, we have also evaluated the influence of protein
temperatures on the solvent mobility by calculating the mean square displacement (MSD) of the
solvent in the P300/S180 and P180/S300 trajectories. The results (Supplementary Figure S3) show that
under the P180/S300 combination, the water molecules demonstrate a free diffusion behavior, and
thus, are not “frozen” by the low protein temperature, whereas under the P300/S180 combination the
MSDs of the hydration water and bulk water are characterized by an initial rise followed by a plateau
formation, reflecting that the water molecules are in a structurally arrested, glass-like state. Of interest
is that in the P300/S180 system the hydration water molecules are found to have slightly higher MSD
values than the bulk water during both the rising and plateau stages. This indicates that although the
hydration water molecules remain still localized or arrested around the protein surface (i.e., they are
not “melted” by the high temperature of the protein), the high temperature of the protein can improve,
to a certain extent, their diffusivity due to the physical contacts between the protein and the hydrated
water molecules. Taken together, it can be concluded that the protein temperatures have only a very
limited effect on the diffusivity (mobility) of the solvent.

The comparative analyses of several static structural properties and of conformational flexibility
reveal that the solvent temperatures have an overwhelming effect, when compared to the protein
temperatures, on these properties and atomic fluctuations of proteinase K. For instance, the changes of
the solvent temperatures can lead to significant changes in average structural properties investigated
(Table 1), Cα RMSF profiles (Figure 1A), and TMSF values, whereas the changes of the protein
temperatures only result in minor changes in the structural properties and flexibility of proteinase
K. Our results are consistent with previous MD simulation on myoglobin [42], both revealing the
dominant role of the solvent temperature in determining the internal mobility and flexibility/rigidity
of the protein.

The ED analyses reveal that at the high solvent temperatures, the motion mode described by the
first eigenvector is the global collective motions involving displacements of the entire protein structure.
On the contrary, at the low solvent temperatures, the large displacements were observed only in very
limited structural regions, indicating that the low solvent temperatures greatly suppress the collective
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motions of proteinase K. Further combined ED analyses reveal that the dramatic conformational shifts
occur only at the high solvent temperatures, while at the low solvent temperatures, the simple harmonic
fluctuations predominate even along the first few eigenvectors. In our previous MD studies [46–49],
the collective motions of proteinase K have been shown to not only lead to the breathing/twisting of
the substrate-binding channel and pockets, but also play a role in modulating dynamic behaviors of
the structural regions not directly involved in the catalysis but indirectly influencing the enzymatic
function. Thus, the global collective motions of proteinase K are related to the substrate binding,
orientation, catalysis, product release, and the regulation of these processes. The disappearance of the
global collective motions below glass transition temperature explains why the proteins will cease to be
active upon the glass transition.

The comparison between RMSF values as a function of distance to the protein surface, in
conjunction with the comparison between sampling degrees of the conformational space explored
by the protein core, core periphery, and surface loops at the four combined temperatures, reveals
that: (i) the surface mobility can transmit to the core periphery and further to the core; and (ii) the
mobility and sampling degrees of the non-surface-exposed regions are proportional to those of the
protein surface. In light of the above findings, we can propose the following rough scenario: the high
mobility of the water molecules, which arises from the high solvent temperatures, can lead to more
frequent collisions/interactions with protein surface when compared to water molecules at the low
temperatures, and therefore results in larger atomic fluctuations and structural displacements of the
protein surface, especially of the solvent-exposed loop regions that lack the structural constraints. Such
a high mobility can further transmit via specific mechanic mechanism to the protein core periphery
and finally to the protein core, thus causing the global collective motions of the protein.

The number of dynamic HBs can be considered as a representative of competitive interactions
within the protein and between the protein and the solvent because of the universal distribution of
HBs in the protein–solvent system. Comparison between protein–solvent HB numbers reveals that the
high solvent temperatures result in more intense competitive interactions between the water molecules
and the protein surface atoms than do the low solvent temperatures. In addition, elevating solvent
temperature also facilitates greatly the competitive interactions between atoms within the protein. In a
previous theoretical study, Agarwal has investigated the transfer of energy from the solvent to the
protein by adding kinetic energy to solvent molecules in the hydration shell, and the results show
that within a short time, the solvent kinetic energy is transferred to the protein residues even more
than 8 Å away from the protein surface, resulting in increased mobility of the protein [35]. Taken
together, it is reasonable to conclude that it is the competitive interactions that transmit solvent kinetic
energy/mobility to the protein surface and further to the protein interior, ultimately leading to an
overall increased conformational flexibility and the collective motions of the protein.

Comparison between our constructed FELs reveals that elevating the solvent temperature
increases the conformational substates and conformational entropy while reducing the thermostabilility
of the protein. These results, in conjunction with the data presented in this work and available from
the literature [2,4,5,33,34,66], allow us to propose a more refined FEL model to explain the effect of the
solvent temperatures on the protein dynamics (Figure 7). It should be point out that: (i) the FEL model
plotted in Figure 7 is not original, but is mainly based on the model documented in references [2]
and [66]; (ii) the information about the conformational transitions occurring on timescales of µs to
ms comes from the experimental data rather than the MD data presented in this work; and (iii) the
model presented here is to highlight the role of the solvent mobility in determining the hierarchical
dynamics of proteins as described follows. First, the elevated solvent temperature increases the
kinetic energy of water molecules and hence their mobility. This will result in the high-frequency
collisions/competitive interactions of the water molecules with the protein surface (especially with
the surface-exposed amino acid side chains) and thus cause the rotational motions of the side chains.
As shown in Figure 7, side chain rotations correspond to the tier-2 dynamics, which occur on the
timescale of ps and involve crossing among the tier-2 free energy wells. Second, the accumulation of
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side chain rotations will break the local non-covalent interactions involved in the loop regions that lack
the structural constraints, which in turn exacerbates the competitive interactions between residues and
water molecules and as thus leads to the loop motions on the protein surface (i.e., the ns-timescale tier-1
dynamics that involve crossing among the tier-1 free energy wells). Finally, by perturbing the water
network (hydration shell) around the protein surface [6,67,68] and increasing interactions of the loops
with the other protein structural parts [35], the large loop fluctuations will facilitate the competitive
interactions between atoms within the protein, thus transmitting the solvent kinetic energy over the
entire protein structure and leading to the global collective motions of the protein (i.e., the tier-0
dynamics that occur on the timescales of µs to ms and involve crossing among the tier-0 free energy
wells). Therefore, the high mobility of the solvent, which arises from its high temperature, plays
a crucial role in facilitating the cascade amplification of microscopic motions of atoms and atomic
groups into the protein global collective motions. However, the low solvent mobility, which results
from its low temperature, will inhibit such cascade amplification through suppressing the competitive
interactions between atoms within the protein and between the protein and solvent, ultimately leading
to insignificant anharmonic motions of the protein as observed in this study.
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Figure 7. A proposed FEL model to explain the effect of the solvent mobility on protein dynamics.
This model is represented as a hierarchical organization of free energy wells (i.e., the smallest tier-2
wells are within the relatively large tier-1 wells, and the tier-1 wells are within the largest tier-0 wells),
which dictates the hierarchical dynamics of the protein (i.e., different structural components feature
different amplitude and timescale of the fluctuations). The tier-2 and tier-1 substates and tier-0 states
(A and B) are located within respective free energy wells. The tier-2, tier-1, and tier-0 dynamics, which
are defined as conformational interconversion between respective substates/states, involve the side
chain rotations on ps timescale, loop motions on ns timescale, and collective motions of the entire
structure on timescale of µs to ms, respectively. The tire-0 dynamics are a result of the accumulation of
the tier-1 and tier-2 dynamics. By exacerbating the competitive interactions between the protein and
solvent and between atoms within the protein, the solvent mobility plays its role in facilitating the
cascade amplification of microscopic motions of atoms and atomic groups into the global collective
motions of the protein (for details, see the text).

4. Materials and Methods

4.1. Simulation System

The high-resolution X-ray crystal structure of proteinase K (0.98 Å, PDB ID: 1IC6) [45] obtained
from Protein Data Bank (www.pdb.org) was used as an initial structure for MD simulations. The hetero
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atoms and crystallographic water molecules were removed while the protein atoms and the two
bound Ca2+ cations were retained. The treated structure was soaked in a periodic cubic box filled
with the single point charge (SPC) [69] water molecules, with the minimum distance of solute-box
edges set to 1.4 nm. 53 chloride ions and 48 sodium ions were introduced, respectively, to the
protein–solvent system by replacing the corresponding numbers of water molecules to obtain a
150-mM salt concentration while neutralizing the overall charge of the system, ultimately leading to a
total of 51,926 atoms in the system.

4.2. MD Simulations

All MD simulations were performed using the GROMACS software package [70] with the
GROMOS96 43a1 force field implemented on a parallel architecture.

Initially, the system was subject to energy minimizations (1000 steps of steepest descent followed
by 1000 steps of conjugate gradient method) until no significant energy change could be detected.
The molecular mechanics optimization was followed by four successive 200-ps position-restrained
dynamics runs at 300 K with a gradual decrease in harmonic positional restraint force constant on
the solute (Kposres = 1000, 100, 10 and 0 kJ¨ mol´1¨ nm´2). In the production MD runs, the solute
(protein and Ca2+) and the solvent (water and counterions) were separately coupled to the v-rescale
thermosat [71] at either 180 K or 300 K with a common coupling constant of 0.1 ps, thus resulting in
four simulation systems of different temperature combinations: P300/S300, P180/S300, P300/S180,
and P180/S180 (here the “P” and “S” refer to the protein and solvent, respectively). In order to improve
the efficiency of conformational sampling, six independent 15-ns production MD simulations were
performed for each system, initializing MD runs with different initial atomic velocities taken from a
Maxwell distribution of the corresponding temperature. The obtained MD trajectories for the same
system but characterized by different initial velocities are referred to as replica 1 to replica 6.

The other simulation protocols used are: the pressure was maintained by weakly coupling
the system to an external pressure bath at one atm with a coupling constant of 0.5 ps; the LINCS
algorithm [72] with order 4 was used to constrain the heavy atom bond lengths to their equilibrium
positions, allowing an integration time step of 2 fs; long-range electrostatic interactions were treated
using Particle-mesh Ewald (PME) summation method [73] with interpolation order of 4, Fourier grid
spacing of 0.135 nm, and Coulomb radius of 1.0 nm; van der Waals (VDW) interactions were truncated
at a cut-off of 1.4 nm; center-of-mass motion was removed every 1 time step; non-bonded pair list was
updated every 10 steps; the structural frames were saved every 10 ps.

4.3. Trajectory Stability and Sampling Convergence

Trajectory stability was evaluated by computing the time-dependent backbone root mean square
deviation (RMSD) relative to the starting structure. For each system of the temperature combinations,
the equilibrated parts of each replica were concatenated together to obtain a single joined trajectory,
representative of different sampling directions around the starting structure.

The degree of the convergence of conformational sampling was evaluated by computing the
cosine contents of the first few eigenvectors obtained from essential dynamics (see below for details of
ED) analyses of the MD trajectories, including replicas 1–6 and the single joined trajectories at each
combined temperature. Since the first few eigenvectors represent the most significant motions of the
protein, their cosine similarity is a good indicator to assess whether the conformational sampling
is converged or not [74]. If the first few eigenvectors have a high cosine content (i.e., close to 1),
the corresponding largest scale motions in the protein dynamics resemble random diffusion, and thus
the sampling is insufficient on the timescale of the simulation [54]. In contrast, the value close to 0
means a converged sampling.
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4.4. Structural Properties

The static structural properties of each frame extracted from the joined equilibrium trajectories,
including the solvent accessible surface area (SASA), number of native contacts (NNC), radius of
gyration (Rg), backbone RMSD with respect to the starting structure, and number of residues in
secondary structural elements (SSE) were calculated using the programs g_sas, g_mindist, g_gyrate,
g_rms, and do_dssp [75] within GROMACS, respectively. These properties were then averaged over
all the frames in a trajectory.

4.5. Properties of HBs

The protein internal HBs and the protein–solvent HBs were detected using the program g_hbond
within GROMACS and the Hydrogen Bonds plugin within VMD [76], respectively. The geometric
criteria chosen for a HB are: minimum angle of 120˝ for donor–hydrogen–acceptor and maximum
donor–acceptor distance of 3.5 Å. The HB persistency, which is used as an index of the bond stability,
is defined as the fraction of the frames in which a specified bond exists out of the total frames contained
in a trajectory. The HBs that exist in an extracted structural frame are defined as the static HBs;
the corresponding HB number is referred to as the static HB number. The HBs that have ever existed
in a trajectory are defined as the dynamic HBs; the corresponding number is referred to as the dynamic
HB number. The numbers of HBs, including the dynamic and static, were counted for both the protein
internal HBs and protein–solvent HBs.

4.6. Essential Dynamics (ED)

ED [77,78], which is equivalent to the principal component analysis (PCA) in mathematics,
is a powerful tool for reducing the high-dimensional data down to the low-dimensional aspects
that reveal the large-scale concerted motions (or collective motions) of the protein. This method is
based on a diagonalization of the covariance matrix built from atomic fluctuations in a trajectory,
yielding a set of the eigenvectors and corresponding eigenvalues. The eigenvectors are directions
in the conformational space and represent the collective displacements of groups of atoms along
those directions; the eigenvalues are atomic mean square fluctuations (MSF) of the corresponding
eigenvectors. Generally the first few eigenvectors constitute an essential conformational subspace
within which the most significant large-scale concerted motions take place. The covariance matrices of
Cα atoms were built and diagonalized using the program g_covar within GROMACS; the projections
of trajectories onto the eigenvectors were performed using the g_anaeig program within GROMACS.

A useful method for comparing the ED properties of two simulations is the combined ED [79].
In this method, ED is performed on a combined trajectory concatenated from different simulations.
The differences in projection properties (i.e., the distribution, average value, and mean square
displacement (MSD) of the projection) between different parts of the combined eigenvector can provide
information on differences in equilibrium fluctuations (or average structures) and in conformational
shifts between different simulations.

4.7. Metadynamics and FEL

The Metadynamics [80,81] is a powerful tool for both accelerating rare event sampling and
reconstructing FEL by introducing a history-dependent bias potential acting on a restricted number of
collective variables (CVs). The well-tempered metadynamics [82] is an improved version that solves
the convergence problem of the standard metadynamics through decreasing the bias potential growth
rate. Therefore, the well-tempered metadynamics simulations were performed to reconstruct the FELs
of the systems under the four different protein/solvent temperature combinations.

The CV1 and CV2 used in metadynamics simulations were projection of MD trajectory onto the
eigenvectors 1 and 2, respectively. The starting structure was the final snapshot from the standard MD
simulation. The initial Gaussian height was set to 0.4 kJ/mol and was added every 2 ps; the Gaussian
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width was set to 0.35 nm; the bias factor was set to 10. Other simulation parameters and conditions
are the same as those in the standard MD simulations. The well-tempered metadynamics simulations
were run for 100 ns, followed by FEL constructions using the weighted histogram analysis method
implemented in Plumed [83].

5. Conclusions

By performing multiple, long MD simulations on the proteinase K-solvent system with the
protein and solvent coupled to either 300 or 180 K, we demonstrate that the temperatures of the
solvent, when compared to the temperatures of the protein itself, have an overwhelming effect on
protein dynamics. The flexibility, mobility, global collective motions, and sampled conformational
spaces of proteinase K are greatly enhanced (or suppressed) by elevating (or lowering) the solvent
temperature, whereas the changes of the protein temperature exert relatively weak effect on the above
properties. The constructed FELs reveal that proteinase K has more conformational substates, larger
conformational entropy, and lower thermostabilility at the high than at the low solvent temperatures,
but these thermodynamic properties are independent of the protein temperatures. Elevating the
solvent temperature increases the mobility/kinetic energy of the water molecules. By comparing the
dynamic HB numbers in the MD trajectories at different combined temperatures, we demonstrate
that it is the competitive interactions between water molecules and surface-exposed protein atoms
and between atoms within the protein that transmit the solvent kinetic energy over the entire protein
structure, ultimately leading to enhanced conformational flexibility and collective motions of the
protein at the high solvent temperatures. Finally, we propose a refined FEL model to explain the role of
solvent mobility in facilitating the cascade amplification of microscopic motions of atoms and atomic
groups into the protein global collective motions.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/
2/254/s1.

Acknowledgments: We greatly thank the two anonymous reviewers for their constructive criticisms and valuable
comments. This work was supported by the National Natural Science Foundation of China (31160181, 31370715,
81160025, and 81560075), the National Basic Research Program of China (2013CB127500), and the Program for
Excellent Young Talents, Yunnan University, China.

Author Contributions: Peng Sang and Qiong Yang performed the experiments, analyzed the data,
and participated in designing the study and drafting the manuscript. Xing Du, Nan Yang and Li-Quan Yang
performed parts of the experiments and participated in analyzing the data. Xing-Lai Ji and Yun-Xin Fu read and
revised the manuscript. Zhao-Hui Meng and Shu-Qun Liu designed the study, coordinated the work, and wrote
and revised the manuscript. All authors contributed to and approved the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Karplus, M.; Petsko, G.A. Molecular dynamics simulations in biology. Nature 1990, 347, 631–639. [CrossRef]
[PubMed]

2. Henzler-Wildman, K.A.; Kern, D. Dynamic personalities of proteins. Nature 2007, 450, 964–972. [CrossRef]
[PubMed]

3. Brooks, C.L., III; Karplus, M. Solvent effects on protein motion and protein effects on solvent motion:
Dynamics of the active site region of lysozyme. J. Mol. Biol. 1989, 208, 159–181. [CrossRef]

4. Fenimore, P.W.; Frauenfelder, H.; McMahon, B.H.; Parak, F.G. Slaving: Solvent fluctuations dominate protein
dynamics and functions. Proc. Natl. Acad. Sci. USA 2002, 99, 16047–16051. [CrossRef] [PubMed]

5. Frauenfelder, H.; Chen, G.; Berendzen, J.; Fenimore, P.W.; Jansson, H.; McMahon, B.H.; Stroe, I.R.; Swenson, J.;
Young, R.D. A unified model of protein dynamics. Proc. Natl. Acad. Sci. USA 2009, 106, 5129–5134. [CrossRef]
[PubMed]

6. Zhang, L.; Yang, Y.; Kao, Y.T.; Wang, L.; Zhong, D. Protein hydration dynamics and molecular mechanism of
coupled water-protein fluctuations. J. Am. Chem. Soc. 2009, 131, 10677–10691. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/347631a0
http://www.ncbi.nlm.nih.gov/pubmed/2215695
http://dx.doi.org/10.1038/nature06522
http://www.ncbi.nlm.nih.gov/pubmed/18075575
http://dx.doi.org/10.1016/0022-2836(89)90093-4
http://dx.doi.org/10.1073/pnas.212637899
http://www.ncbi.nlm.nih.gov/pubmed/12444262
http://dx.doi.org/10.1073/pnas.0900336106
http://www.ncbi.nlm.nih.gov/pubmed/19251640
http://dx.doi.org/10.1021/ja902918p
http://www.ncbi.nlm.nih.gov/pubmed/19586028


Int. J. Mol. Sci. 2016, 17, 254 19 of 22

7. Fogarty, A.C.; Duboué-Dijon, E.; Sterpone, F.; Hynes, J.T.; Laage, D. Biomolecular hydration dynamics:
A jump model perspective. Chem. Soc. Rev. 2013, 42, 5672–5683. [CrossRef] [PubMed]

8. Frauenfelder, H.; Fenimore, P.W.; Chen, G.; McMahon, B.H. Protein folding is slaved to solvent motions.
Proc. Natl. Acad. Sci. USA 2006, 103, 15469–15472. [CrossRef] [PubMed]

9. Lucent, D.; Vishal, V.; Pande, V.S. Protein folding under confinement: A role for solvent. Proc. Natl. Acad.
Sci. USA 2007, 104, 10430–10434. [CrossRef] [PubMed]

10. Papoian, G.A.; Ulander, J.; Eastwood, M.P.; Luthey-Schulten, Z.; Wolynes, P.G. Water in protein structure
prediction. Proc. Natl. Acad. Sci. USA 2004, 101, 3352–3357. [CrossRef] [PubMed]

11. Pace, C.N.; Treviño, S.; Prabhakaran, E.; Scholtz, J.M. Protein structure, stability and solubility in water and
other solvents. Philos. Trans. R. Soc. Lond. B 2004, 359, 1225–1235. [CrossRef] [PubMed]

12. Levy, Y.; Onuchic, J.N. Water and proteins: A love-hate relationship. Proc. Natl. Acad. Sci. USA 2004,
101, 3325–3326. [CrossRef] [PubMed]

13. Levy, Y.; Onuchic, J.N. Water mediation in protein folding and molecular recognition. Annu. Rev. Biophys.
Biomol. Struct. 2006, 35, 389–415. [CrossRef] [PubMed]

14. Billeter, M.; Güntert, P.; Luginbühl, P.; Wüthrich, K. Hydration and DNA recognition by homeodomains.
Cell 1996, 85, 1057–1065. [CrossRef]

15. Affleck, R.; Xu, Z.F.; Suzawa, V.; Focht, K.; Clark, D.S.; Dordick, J.S. Enzymatic catalysis and dynamics in
low-water environments. Proc. Natl. Acad. Sci. USA 1992, 89, 1100–1104. [CrossRef] [PubMed]

16. Garczarek, F.; Gerwert, K. Functional waters in intraprotein proton transfer monitored by FTIR difference
spectroscopy. Nature 2006, 439, 109–112. [CrossRef] [PubMed]

17. Doster, W.; Cusack, S.; Petry, W. Dynamical transition of myoglobin revealed by inelastic neutron scattering.
Nature 1989, 754–756. [CrossRef] [PubMed]

18. Rasmussen, B.F.; Stock, A.M.; Ringe, D.; Petsko, G.A. Crystalline ribonuclease A loses function below the
dynamical transition at 220 K. Nature 1992, 357, 423–424. [CrossRef] [PubMed]

19. Smith, J.; Kuczera, K.; Karplus, M. Dynamics of myoglobin: Comparison of simulation results with neutron
scattering spectra. Proc. Natl. Acad. Sci. USA 1990, 87, 1601–1605. [CrossRef] [PubMed]

20. Bryngelson, J.D.; Onuchic, J.N.; Socci, N.D.; Wolynes, P.G. Funnels, pathways and the energy landscape of
protein folding: A synthesis. Proteins 1995, 21, 167–195. [CrossRef] [PubMed]

21. Dill, K.A. Polymer principles and protein folding. Protein Sci. 1999, 8, 1166–1180. [CrossRef] [PubMed]
22. Li, H.M.; Xie, Y.H.; Liu, C.Q.; Liu, S.Q. Physicochemical bases for protein folding, dynamics,

and protein-ligand binding. Sci. China Life Sci. 2014, 57, 287–302. [CrossRef] [PubMed]
23. Ji, X.L.; Liu, S.Q. Is stoichiometry-driven protein folding getting out of thermodynamic control? J. Biomol.

Struct. Dyn. 2011, 28, 621–623. [CrossRef] [PubMed]
24. Liu, S.Q.; Xie, Y.H.; Ji, X.L.; Tao, Y.; Tan, D.Y.; Zhang, K.Q.; Fu, Y.X. Protein folding, binding and energy

landscape: A synthesis. In Protein Engineering; Kaumaya, P.T.P., Ed.; Intech: Rijeka, Croatia, 2012; pp. 207–252.
25. Yang, L.Q.; Ji, X.L.; Liu, S.Q. The free energy landscape of protein folding and dynamics: A global view.

J. Biomol. Struct. Dyn. 2013, 31, 982–992. [CrossRef] [PubMed]
26. Halle, B. Protein hydration dynamics in solution: A critical survey. Philos. Trans. R. Soc. Lond. B 2004,

359, 1207–1224. [CrossRef] [PubMed]
27. Agashe, V.R.; Shastry, M.C.R.; Udgaonkar, J.B. Initial hydrophobic collapse in the folding of barstar. Nature

1995, 377, 754–757. [CrossRef] [PubMed]
28. Haran, G. How, when and why proteins collapse: The relation to folding. Curr. Opin. Struct. Biol. 2012,

22, 14–20. [CrossRef] [PubMed]
29. Dill, K.A.; Ozkan, S.B.; Shell, M.S.; Weikl, T.R. The protein folding problem. Annu. Rev. Biophys. 2008,

37, 289–316. [CrossRef] [PubMed]
30. Dill, K.A.; Chan, H.S. From Levinthal to pathways to funnels. Nat. Struct. Biol. 1997, 4, 10–19. [CrossRef]

[PubMed]
31. Frauenfelder, H.; Sligar, S.G.; Wolynes, P.G. The energy landscapes and motions of proteins. Science 1991,

254, 1598–1603. [CrossRef] [PubMed]
32. Boehr, D.D.; Nussinov, R.; Wright, P.E. The role of dynamic conformational ensembles in biomolecular

recognition. Nat. Chem. Biol. 2009, 5, 789–796. [CrossRef] [PubMed]
33. Ansari, A.; Berendzen, J.; Bowne, S.F.; Frauenfelder, H.; Iben, I.E.; Sauke, T.B.; Shyamsunder, E.; Young, R.D.

Protein states and proteinquakes. Proc. Natl. Acad. Sci. USA 1985, 82, 5000–5004. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/c3cs60091b
http://www.ncbi.nlm.nih.gov/pubmed/23612685
http://dx.doi.org/10.1073/pnas.0607168103
http://www.ncbi.nlm.nih.gov/pubmed/17030792
http://dx.doi.org/10.1073/pnas.0608256104
http://www.ncbi.nlm.nih.gov/pubmed/17563390
http://dx.doi.org/10.1073/pnas.0307851100
http://www.ncbi.nlm.nih.gov/pubmed/14988499
http://dx.doi.org/10.1098/rstb.2004.1500
http://www.ncbi.nlm.nih.gov/pubmed/15306378
http://dx.doi.org/10.1073/pnas.0400157101
http://www.ncbi.nlm.nih.gov/pubmed/14993602
http://dx.doi.org/10.1146/annurev.biophys.35.040405.102134
http://www.ncbi.nlm.nih.gov/pubmed/16689642
http://dx.doi.org/10.1016/S0092-8674(00)81306-9
http://dx.doi.org/10.1073/pnas.89.3.1100
http://www.ncbi.nlm.nih.gov/pubmed/1310539
http://dx.doi.org/10.1038/nature04231
http://www.ncbi.nlm.nih.gov/pubmed/16280982
http://dx.doi.org/10.1038/337754a0
http://www.ncbi.nlm.nih.gov/pubmed/2918910
http://dx.doi.org/10.1038/357423a0
http://www.ncbi.nlm.nih.gov/pubmed/1463484
http://dx.doi.org/10.1073/pnas.87.4.1601
http://www.ncbi.nlm.nih.gov/pubmed/2304919
http://dx.doi.org/10.1002/prot.340210302
http://www.ncbi.nlm.nih.gov/pubmed/7784423
http://dx.doi.org/10.1110/ps.8.6.1166
http://www.ncbi.nlm.nih.gov/pubmed/10386867
http://dx.doi.org/10.1007/s11427-014-4617-2
http://www.ncbi.nlm.nih.gov/pubmed/24554472
http://dx.doi.org/10.1080/07391102.2011.10508598
http://www.ncbi.nlm.nih.gov/pubmed/21142237
http://dx.doi.org/10.1080/07391102.2012.748536
http://www.ncbi.nlm.nih.gov/pubmed/23297835
http://dx.doi.org/10.1098/rstb.2004.1499
http://www.ncbi.nlm.nih.gov/pubmed/15306377
http://dx.doi.org/10.1038/377754a0
http://www.ncbi.nlm.nih.gov/pubmed/7477269
http://dx.doi.org/10.1016/j.sbi.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22104965
http://dx.doi.org/10.1146/annurev.biophys.37.092707.153558
http://www.ncbi.nlm.nih.gov/pubmed/18573083
http://dx.doi.org/10.1038/nsb0197-10
http://www.ncbi.nlm.nih.gov/pubmed/8989315
http://dx.doi.org/10.1126/science.1749933
http://www.ncbi.nlm.nih.gov/pubmed/1749933
http://dx.doi.org/10.1038/nchembio.232
http://www.ncbi.nlm.nih.gov/pubmed/19841628
http://dx.doi.org/10.1073/pnas.82.15.5000
http://www.ncbi.nlm.nih.gov/pubmed/3860839


Int. J. Mol. Sci. 2016, 17, 254 20 of 22

34. Fenimore, P.W.; Frauenfelder, H.; McMahon, B.H.; Young, R.D. Bulk-solvent and hydration-shell fluctuations,
similar to alpha- and beta-fluctuations in glasses, control protein motions and functions. Proc. Natl. Acad.
Sci. USA 2004, 101, 14408–14413. [CrossRef] [PubMed]

35. Agarwal, P.K. Role of protein dynamics in reaction rate enhancement by enzymes. J. Am. Chem. Soc. 2005,
127, 15248–15256. [CrossRef] [PubMed]

36. Tarek, M.; Tobias, D.J. The dynamics of protein hydration water: A quantitative comparison of molecular
dynamics simulations and neutron-scattering experiments. Biophys. J. 2000, 79, 3244–3257. [CrossRef]

37. Palmer, R.G.; Stein, D.L.; Abrahams, E.; Anderson, P.W. Models of hierarchically constrained dynamics for
glassy relaxation. Phys. Rev. Lett. 1984, 53, 958–961. [CrossRef]

38. Henzler-Wildman, K.A.; Lei, M.; Thai, V.; Kerns, S.J.; Karplus, M.; Kern, D. A hierarchy of timescales in
protein dynamics is linked to enzyme catalysis. Nature 2007, 450, 913–916. [CrossRef] [PubMed]

39. Sang, P.; Yang, L.Q.; Ji, X.L.; Fu, Y.X.; Liu, S.Q. Insight derived from molecular dynamics simulations into
molecular motions, thermodynamics and kinetics of HIV-1 gp120. PLoS ONE 2014, 9, e104714.

40. Xie, Y.H.; Tao, Y.; Liu, S.Q. 153 Wonderful roles of the entropy in protein dynamics, binding and folding.
J. Biomol. Struc. Dyn. 2013, 31, 98–100. [CrossRef]

41. Karplus, M.; McCammon, J.A. Molecular dynamics simulations of biomolecules. Nat. Struct. Biol. 2002,
9, 646–952. [CrossRef] [PubMed]

42. Vitkup, D.; Ringe, D.; Petsko, G.A.; Karplus, M. Solvent mobility and the protein “glass” transition.
Nat. Struct. Biol. 2000, 7, 34–38. [PubMed]

43. Ebeling, W.; Hennrich, N.; Klockow, M.; Metz, H.; Orth, H.D.; Lang, H. Proteinase K from Tritirachium album
Limber. Eur. J. Biochem. 1974, 47, 91–97. [CrossRef] [PubMed]

44. Morihara, K.; Tsuzuki, H. Specificity of proteinase K from Tritirachium album Limber for synthetic peptides.
Agric. Biol. Chem. 1975, 39, 1489–1492. [CrossRef]

45. Betzel, C.; Gourinath, S.; Kumar, P.; Kaur, P.; Perbandt, M.; Eschenburg, S.; Singh, T.P. Structure of a serine
protease proteinase K from Tritirachium album Limber at 0.98 Å resolution. Biochemistry 2001, 40, 3080–3088.
[CrossRef] [PubMed]

46. Yang, L.Q.; Sang, P.; Tao, Y.; Fu, Y.X.; Zhang, K.Q.; Xie, Y.H.; Liu, S.Q. Protein dynamics and motions in
relation to their functions: Several case studies and the underlying mechanisms. J. Biomol. Struct. Dyn. 2014,
32, 372–393. [CrossRef] [PubMed]

47. Tao, Y.; Rao, Z.H.; Liu, S.Q. Insight derived from molecular dynamics simulation into substrate-induced
changes in protein motions of proteinase K. J. Biomol. Struct. Dyn. 2010, 28, 143–157. [CrossRef] [PubMed]

48. Liu, S.Q.; Meng, Z.H.; Fu, Y.X.; Zhang, K.Q. The effect of calciums on the molecular motions of proteinase K.
J. Mol. Model. 2011, 17, 289–300. [CrossRef] [PubMed]

49. Liu, S.Q.; Meng, Z.H.; Fu, Y.X.; Zhang, K.Q. Insights derived from molecular dynamics simulation into the
molecular motions of serine protease proteinase K. J. Mol. Model. 2010, 16, 17–28. [CrossRef] [PubMed]

50. Liu, S.Q.; Liang, L.M.; Tao, Y.; Yang, L.Q.; Ji, X.L.; Yang, J.K.; Fu, Y.X.; Zhang, K.Q. Structural and dynamic
basis of serine proteases from nematophagous fungi for cuticle degradation. In Pesticides in the Modern
World—Pests Control and Pesticides Exposure and Toxicity Assessment; Stoytcheva, M., Ed.; Intech: Rijeka,
Croatia, 2011; pp. 333–376.

51. Liang, L.M.; Liu, S.Q.; Yang, J.K.; Meng, Z.H.; Lei, L.P.; Zhang, K.Q. Comparison of homology models and
crystal structures of cuticle-degrading proteases from nematophagous fungi: Structural basis of nematicidal
activity. FASEB J. 2011, 25, 1894–1902. [CrossRef] [PubMed]

52. Liu, S.Q.; Meng, Z.H.; Yang, J.K.; Fu, Y.X.; Zhang, K.Q. Characterizing structural features of cuticle-degrading
proteases from fungi by molecular modeling. BMC Struct. Biol. 2007, 7, 33. [CrossRef] [PubMed]

53. Caves, L.S.; Evanseck, J.D.; Karplus, M. Locally accessible conformations of proteins: Multiple molecular
dynamics simulations of crambin. Protein Sci. 1998, 7, 649–666. [CrossRef] [PubMed]

54. Papaleo, E.; Mereghetti, P.; Fantucci, P.; Grandori, R.; de Gioia, L. Free-energy landscape, principal component
analysis, and structural clustering to identify representative conformations from molecular dynamics
simulations: The myoglobin case. J. Mol. Graph. Model. 2009, 27, 889–899. [CrossRef] [PubMed]

55. Ramanathan, A.; Savol, A.J.; Langmead, C.J.; Agarwal, P.K.; Chennubhotla, C.S. Discovering conformational
sub-states relevant to protein function. PLoS ONE 2011, 6, e15827. [CrossRef] [PubMed]

56. Shirley, B.A.; Stanssens, P.; Hahn, U.; Pace, C.N. Contribution of hydrogen bonding to the conformational
stability of ribonuclease T1. Biochemistry 1992, 31, 725–732. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0405573101
http://www.ncbi.nlm.nih.gov/pubmed/15448207
http://dx.doi.org/10.1021/ja055251s
http://www.ncbi.nlm.nih.gov/pubmed/16248667
http://dx.doi.org/10.1016/S0006-3495(00)76557-X
http://dx.doi.org/10.1103/PhysRevLett.53.958
http://dx.doi.org/10.1038/nature06407
http://www.ncbi.nlm.nih.gov/pubmed/18026087
http://dx.doi.org/10.1080/07391102.2013.786395
http://dx.doi.org/10.1038/nsb0902-646
http://www.ncbi.nlm.nih.gov/pubmed/12198485
http://www.ncbi.nlm.nih.gov/pubmed/10625424
http://dx.doi.org/10.1111/j.1432-1033.1974.tb03671.x
http://www.ncbi.nlm.nih.gov/pubmed/4373242
http://dx.doi.org/10.1271/bbb1961.39.1489
http://dx.doi.org/10.1021/bi002538n
http://www.ncbi.nlm.nih.gov/pubmed/11258922
http://dx.doi.org/10.1080/07391102.2013.770372
http://www.ncbi.nlm.nih.gov/pubmed/23527883
http://dx.doi.org/10.1080/073911010010524953
http://www.ncbi.nlm.nih.gov/pubmed/20645649
http://dx.doi.org/10.1007/s00894-010-0724-6
http://www.ncbi.nlm.nih.gov/pubmed/20446009
http://dx.doi.org/10.1007/s00894-009-0518-x
http://www.ncbi.nlm.nih.gov/pubmed/19466463
http://dx.doi.org/10.1096/fj.10-175653
http://www.ncbi.nlm.nih.gov/pubmed/21350115
http://dx.doi.org/10.1186/1472-6807-7-33
http://www.ncbi.nlm.nih.gov/pubmed/17511867
http://dx.doi.org/10.1002/pro.5560070314
http://www.ncbi.nlm.nih.gov/pubmed/9541397
http://dx.doi.org/10.1016/j.jmgm.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19264523
http://dx.doi.org/10.1371/journal.pone.0015827
http://www.ncbi.nlm.nih.gov/pubmed/21297978
http://dx.doi.org/10.1021/bi00118a013
http://www.ncbi.nlm.nih.gov/pubmed/1731929


Int. J. Mol. Sci. 2016, 17, 254 21 of 22

57. Takano, K.; Yamagata, Y.; Funahashi, J.; Hioki, Y.; Kuramitsu, S.; Yutani, K. Contribution of intra- and
intermolecular hydrogen bonds to the conformational stability of human lysozyme. Biochemistry 1999,
38, 12698–12708. [CrossRef] [PubMed]

58. Xie, B.B.; Bian, F.; Chen, X.L.; He, H.L.; Guo, J.; Gao, X.; Zeng, Y.X.; Chen, B.; Zhou, B.C.; Zhang, Y.Z. Cold
adaptation of zinc metalloproteases in the thermolysin family from deep sea and arctic sea ice bacteria
revealed by catalytic and structural properties and molecular dynamics: New insights into relationship
between conformational flexibility and hydrogen bonding. J. Biol. Chem. 2009, 284, 9257–9269. [PubMed]

59. Papaleo, E.; Tiberti, M.; Invernizzi, G.; Pasi, M.; Ranzani, V. Molecular determinants of enzyme cold
adaptation: Comparative structural and computational studies of cold- and warm-adapted enzymes.
Curr. Protein Pept. Sci. 2011, 12, 657–683. [CrossRef] [PubMed]

60. Nienhaus, G.U.; Frauenfelder, H.; Parak, F. Structural fluctuations in glass-forming liquids: Mössbauer
spectroscopy on iron in glycerol. Phys. Rev. B 1991, 43, 3345–3350. [CrossRef]

61. Angell, C.A. Formation of glasses from liquids and biopolymers. Science 1995, 267, 1924–1935. [CrossRef]
[PubMed]

62. Ringe, D.; Petsko, G.A. The 'glass transition' in protein dynamics: What it is, why it occurs, and how to
exploit it. Biophys. Chem. 2003, 105, 667–680. [CrossRef]

63. Fitter, J. The temperature dependence of internal molecular motions in hydrated and dry alpha-amylase: The
role of hydration water in the dynamical transition of proteins. Biophys. J. 1999, 76, 1034–1042. [CrossRef]

64. Cordone, L.; Ferrand, M.; Vitrano, E.; Zaccai, G. Harmonic behavior of trehalose-coated
carbon-monoxy-myoglobin at high temperature. Biophys. J. 1999, 76, 1043–1047. [CrossRef]

65. Wood, K.; Frölich, A.; Paciaroni, A.; Moulin, M.; Härtlein, M.; Zaccai, G.; Tobias, D.J.; Weik, M. Coincidence
of dynamical transitions in a soluble protein and its hydration water: Direct measurements by neutron
scattering and MD simulations. J. Am. Chem. Soc. 2008, 130, 4586–4587. [CrossRef] [PubMed]

66. Kleckner, I.R.; Foster, M.P. An introduction to NMR-based approaches for measuring protein dynamics.
Biochim. Biophys. Acta 2011, 1814, 942–968. [CrossRef] [PubMed]

67. Fogarty, A.C.; Laage, D. Water dynamics in protein hydration shells: The molecular origins of the dynamical
perturbation. J. Phys. Chem. B 2014, 118, 7715–7729. [CrossRef] [PubMed]

68. Buchli, B.; Waldauer, S.A.; Walser, R.; Donten, M.L.; Pfister, R.; Blöchliger, N.; Steiner, S.; Caflisch, A.;
Zerbe, O.; Hamm, P. Kinetic response of a photoperturbed allosteric protein. Proc. Natl. Acad. Sci. USA 2013,
110, 11725–11730. [CrossRef] [PubMed]

69. Berendsen, H.J.C.; Postma, J.; van Gunsteren, W.; Hermans, J. Interaction models for water in relation to
protein hydration. In Intermolecular Forces; Pullman, B., Ed.; Reidel: Dordrecht, The Netherlands, 1981;
pp. 331–342.

70. Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: A package for molecular simulation and trajectory
analysis. J. Mol. Model. 2001, 7, 306–317.

71. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity-rescaling. J. Chem. Phys. 2007,
126, 014101. [CrossRef] [PubMed]

72. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G. LINCS: A linear constraint solver for molecular
simulations. J. Comp. Chem. 1997, 18, 1463–1472. [CrossRef]

73. Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N.log (N) method for Ewald sums in large
systems. J. Chem. Phys. 1993, 98, 10089–10092. [CrossRef]

74. Hess, B. Convergence of sampling in protein simulations. Phys. Rev. E 2002, 65, 031910. [CrossRef] [PubMed]
75. Kabsch, W.; Sander, C. Dictionary of protein secondary structure: Pattern recognition of hydrogen-bonded

and geometrical features. Biopolymers 1983, 22, 2577–2637. [CrossRef] [PubMed]
76. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38.

[CrossRef]
77. Amadei, A.; Linssen, A.B.M.; Berendsen, H.J.C. Essential dynamics of proteins. Proteins 1993, 17, 412–425.

[CrossRef] [PubMed]
78. Balsera, M.A.; Wriggers, W.; Oono, Y.; Schulten, K. Principal component analysis and long time protein

dynamics. J. Phys. Chem. 1996, 100, 2567–2572. [CrossRef]
79. van Aalten, D.M.; Amadei, A.B.; Linssen, A.; Eijsink, V.G.; Vriend, G.; Berendsen, H.J.C. The essential

dynamics of thermolysin: Confirmation of the hinge-bending motion and comparison of simulations in
vacuum and water. Proteins 1995, 22, 45–54. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bi9910169
http://www.ncbi.nlm.nih.gov/pubmed/10504240
http://www.ncbi.nlm.nih.gov/pubmed/19181663
http://dx.doi.org/10.2174/1389203711109070657
http://www.ncbi.nlm.nih.gov/pubmed/21827423
http://dx.doi.org/10.1103/PhysRevB.43.3345
http://dx.doi.org/10.1126/science.267.5206.1924
http://www.ncbi.nlm.nih.gov/pubmed/17770101
http://dx.doi.org/10.1016/S0301-4622(03)00096-6
http://dx.doi.org/10.1016/S0006-3495(99)77268-1
http://dx.doi.org/10.1016/S0006-3495(99)77269-3
http://dx.doi.org/10.1021/ja710526r
http://www.ncbi.nlm.nih.gov/pubmed/18338890
http://dx.doi.org/10.1016/j.bbapap.2010.10.012
http://www.ncbi.nlm.nih.gov/pubmed/21059410
http://dx.doi.org/10.1021/jp409805p
http://www.ncbi.nlm.nih.gov/pubmed/24479585
http://dx.doi.org/10.1073/pnas.1306323110
http://www.ncbi.nlm.nih.gov/pubmed/23818626
http://dx.doi.org/10.1063/1.2408420
http://www.ncbi.nlm.nih.gov/pubmed/17212484
http://dx.doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1103/PhysRevE.65.031910
http://www.ncbi.nlm.nih.gov/pubmed/11909112
http://dx.doi.org/10.1002/bip.360221211
http://www.ncbi.nlm.nih.gov/pubmed/6667333
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1002/prot.340170408
http://www.ncbi.nlm.nih.gov/pubmed/8108382
http://dx.doi.org/10.1021/jp9536920
http://dx.doi.org/10.1002/prot.340220107
http://www.ncbi.nlm.nih.gov/pubmed/7675786


Int. J. Mol. Sci. 2016, 17, 254 22 of 22

80. Laio, A.; Gervasio, F.L. Metadynamics: A method to simulate rare events and reconstruct the free energy in
biophysics, chemistry and material science. Rep. Prog. Phys. 2008, 71, 126601. [CrossRef]

81. Spiwok, V.; Lipovová, P.; Králová, B. Metadynamics in essential coordinates: Free energy simulation of
conformational changes. J. Phys. Chem. B 2007, 111, 3073–3076. [CrossRef] [PubMed]

82. Barducci, A.; Bussi, G.; Parrinello, M. Well-tempered metadynamics: A smoothly converging and tunable
free-energy method. Phys. Rev. Lett. 2008, 100, 020603. [CrossRef] [PubMed]

83. Bonomi, M.; Branduardi, D.; Bussi, G.; Camilloni, C.; Provasi, D.; Raiteri, P.; Donadio, D.; Marinelli, F.;
Pietrucci, F.; Broglia, R.A.; et al. PLUMED: A portable plugin for free-energy calculations with molecular
dynamics. Comp. Phys. Commun. 2009, 180, 1961–1972. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1088/0034-4885/71/12/126601
http://dx.doi.org/10.1021/jp068587c
http://www.ncbi.nlm.nih.gov/pubmed/17388445
http://dx.doi.org/10.1103/PhysRevLett.100.020603
http://www.ncbi.nlm.nih.gov/pubmed/18232845
http://dx.doi.org/10.1016/j.cpc.2009.05.011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	Evaluation of the Conformational Sampling 
	Structural Properties 
	Structural Flexibility 
	ED and Collective Motions 
	Sampled Conformational Subspaces 
	Free Energy Landscapes 
	HB Interactions 

	Discussion 
	Materials and Methods 
	Simulation System 
	MD Simulations 
	Trajectory Stability and Sampling Convergence 
	Structural Properties 
	Properties of HBs 
	Essential Dynamics (ED) 
	Metadynamics and FEL 

	Conclusions 

