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Abstract The work uses MD simulation to study effects of
five water contents (3 %, 10 %, 20 %, 50 %, 100 %v/v)
on the tetrahedral intermediate of chymotrypsin -
trifluoromethyl ketone in polar acetonitrile and non-polar
hexane media. The water content induced changes in the
structure of the intermediate, solvent distribution and H-
bonding are analyzed in the two organic media. Our results
show that the changes in overall structure of the protein
almost display a clear correlation with the water content in
hexane media while to some extent U-shaped/bell-shaped
dependence on the water content is observed in acetonitrile
media with a minimum/maximum at 10–20 % water con-
tent. In contrast, the water content change in the two organic
solvents does not play an observable role in the stability of
catalytic hydrogen-bond network, which still exhibits high
stability in all hydration levels, different from observations
on the free enzyme system [Zhu L, Yang W, Meng YY, Xiao
X, Guo Y, Pu X, Li M (2012) J Phys Chem B 116(10):3292–
3304]. In low hydration levels, most water molecules main-
ly distribute near the protein surface and an increase in the
water content could not fully exclude the organic solvent
from the protein surface. However, the acetonitrile solvent
displays a stronger ability to strip off water molecules from
the protein than the hexane. In a summary, the difference in

the calculated properties between the two organic solvents is
almost significant in low water content (<10 %) and become
to be small with increasing water content. In addition, some
structural properties at 10~20 %v/v hydration zone, to large
extent, approach to those in aqueous solution.

Keywords Molecular dynamics simulation . Organic
media . Tetrahedral intermediate of chymotrypsin .Water
content

Introduction

Enzymatic reaction in aqueous-organic media has attracted
worldwide interest since it has many distinctive characteris-
tics compared with that in aqueous environment, such as,
lesser side reactions, higher thermal stability, higher solu-
bility for enzyme substrate, and so on [1, 2]. However, low
catalytic activity of enzymes presented in the non-aqueous
media limits its further applications. Experimental studies
have shown that proteins, in order to retain their activity in
anhydrous solvents, require some water molecules to be
present and also found that the enzyme activity is associated
with the water content. Some research works have revealed
that low hydration level could lead to a drop of enzyme
activity, and conversely, high hydration level could increase
the enzyme activity but lose the advantage in organic media
[3–12]. Thus, how to control hydration conditions to obtain
an optimal activity of enzyme in non-aqueous media
becomes pivotal in application. Many experimental efforts
have been devoted to explore the correlation between
the water content and the enzyme activity. Kijima [13]
investigated the correlation between the activity of α-
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chymotrypsin and the concentration of water/organic sol-
vent mixtures (10 %–100 %). Partridge [4] discussed the
thermodynamic stability and the kinetic stability of α-
chymotrypsin in water/acetonitrile solvent mixtures at low
water content. The study about secondary structure and
enzyme activity of α-chymotrypsin and the trypsin was also
carried out in three organic solvents (ethanol, 1,4-dioxane,
and acetonitrile) with various hydration levels [14]. These
experiment research works showed that the enzyme ac-
tivity in organic solvents with low concentration is close
to that in aqueous solution, and enzyme could maintain
its catalytic activity in organic solvents with high con-
centration. However, the influence mechanism of water
content on the enzyme structure and its activity is still
disputable. In fact, it is difficult for experiments to probe
atomistic details of organic solvent–enzyme–essential
water interaction at different hydration levels, and to
determine the subtle structure changes in the active site
owing to the complexity of the enzyme structure and the
molecular nature of the issue. Therefore, more relevant
studies and information are needed to understand well
the mechanism. Molecular dynamics simulations could
provide a molecular level view of the solute-solvent
interaction and could reveal dynamic behavior of pro-
teins. The method has been successfully used to study
enzymes in aqueous solution [15–18] and non-aqueous
media [19–22] to obtain microscopic information at the
molecular level and supplement for experimental investi-
gations. Micaêlo [21] used MD to investigate cutinase in
five organic solvents with different water contents, and
discussed its dynamical properties and distribution of
water and organic solvent around protein surface. Yang
[23] studied the structure and flexibility of subtilisin in
three organic solvents and pure water using MD simula-
tion. Trodler and Pleiss [24] discussed the correlation
between enzyme flexibility and the organic solvent
through simulating the Candida Antarctica lipase B in
aqueous environment and organic solvents. Li Cong [25]
analyzed the structure and activity of CALB in six sol-
vents with different polarity using MD simulation and
suggested that the activity of enzymes in non-polar sol-
vent is higher than that in polar solvent. Wedberg [26]
used MD method to study dynamic properties of CALB
in aqueous and four organic solvents with different water
contents and predicted its activity changes through cal-
culating free energies. All the results above showed that
the water content and organic solvent play a significant
role in the enzyme structure and flexibility. However, it
should be noted that these previous investigations only
focused on the isolated enzyme without any substrates or
inhibitors. The observations derived from these works
provide valuable information for understanding effects
of water content on the enzyme structure, flexibility and

some other specific properties at the molecular level.
However, they are still limited to gain systematic insight
into the effect of water content and organic solvent on the
function of enzyme since the enzyme activity is closely
associated with substrates and transition state [27, 28].
However, the information concerning enzyme-substrate
complex or transition state in non-aqueous media remains
elusive.

Serine protease is one of the most used enzyme family. Its
catalytic mechanism [29] is generally acid–base catalysis,
which depends on three amino acid residues (viz., histidine,
aspartate, and serine) and includes acylation and deacylation
steps. In the acylation reaction, His57 acts as a general base
to accept a proton from hydroxyl of Ser195 and then the
Ser195 attacks the carbonyl of the peptide substrate to yield
a tetrahedral intermediate, which is the rate-controlling step
in the catalytic reaction. The structure of the tetrahedral
intermediate is very close to that of the transition state.
Thus, the knowledge about the intermediate is important
in understanding the catalytic mechanism. However, it is
difficult for experiments to obtain directly the information
owing to the very short lifetime of the tetrahedral inter-
mediate of the enzyme/substrate. Indeed, the experimental
and theoretical knowledge about the intermediate was
mainly derived from indirect studies on the tetrahedral
intermediates of enzyme-inhibitors or enzyme/substrate-
like. For example, some experimental and theoretical
works successfully revealed some factors, which influence
the enzyme activity in aqueous solution, through analyz-
ing active site of the tetrahedral intermediate [30–35].
However, the information about the intermediate has been
absent in non-aqueous enzymatic catalysis, as mentioned
above. Thus, we, herein, selected the tetrahedral interme-
diate of chymotrypsin and trifluoromethylketone as a
model of the transition state and used the MD method
to study it in polar acetonitrile and non-polar hexane
media with different water contents. Our work focused
on the effects of the water contents on the overall struc-
ture of the enzyme, solvent distribution and hydrogen
bonding in the two organic media. The observation de-
rived from the work should provide some new insight
added to the previous studies for better understanding
the structure and function of enzyme in non-aqueous
media.

Computational details

All molecular dynamics simulations were done using AM-
BER 10.0 program [36]. The AMBER03 force field [37]
was used for γ-chymotrypsin, and the TIP3P model [38]
was applied to the water molecules. The GAFF force field
[39] was utilized for the organic solvent molecules and

2526 J Mol Model (2013) 19:2525–2538



trifluoromethylketone, and their atom types were allocated
using AMTECHAMBER module [40]. The initial coordi-
nate of the crystallographic tetrahedral intermediate of γ-
chymotrypsin - trifluoromethylketone was obtained from
Brookhaven Protein Data Bank (its entry code is 6GCH
[41]). In the X-ray structure, the enzyme molecule consists
of three peptide segments (1–11, 16–146, 151–245)
connected by disulfide bonds. The intermediate contains
237 residues and one inhibitor (viz., trifluoromethyl ke-
tone). Five hydration contents (3 %, 10 %, 20 %, 50 %,
100 % (v/v)) were considered in the work. As a reference,
the intermediate in pure organic solvents without any water
molecule was also studied. In aqueous and organic solu-
tions, we retained all crystal waters (188). Extra water
molecules were added on the surface of protein by a solvent
shell with certain thickness dependent on the water content
and then solvated by acetonitrile or hexane using the
XLEAP utility. The rectangle periodic box was set up so
that any solute atom is at least 12 Å from any of the box
edges for the organic media systems and 10 Å for the
aqueous system. Three chloride ions were introduced in
order to neutralize the system. To remove bad contacts in
the initial geometries of these systems, three energy min-
imizations (5000 steps for the solvent molecules followed
by 5000 steps for the protein and, finally, 5000 steps for
the whole system) were done by the same procedure: the
steepest descent method for the first 3000 steps for relax-
ation of the close contacts, followed by conjugate gradient
algorithm for the remaining part. After minimizations, the
systems were heated gradually from 0 to 300 K within
120 ps. Then, 2 ns dynamic simulations were carried out
with periodic boundary conditions in the NVT ensemble
at 300 K using the Berendsen temperature coupling [42].
Finally, 8 ns NPT simulation (T=300 K and P=1 atm)
was performed. A time step of 2 fs was utilized for all
MD simulations. The SHAKE algorithm [43] was utilized
for constraining all the bonds involving a hydrogen atom
with a tolerance of 1.0×10−5Å. Non-bond interactions
were handled with a 12 Å atom-based cutoff. Particle-
Mesh-Ewald (PME) method [44, 45] was applied to han-
dle the long-range electrostatic interactions. The last 2 ns
trajectory was saved every 1 ps for analysis. All of the
MD results were analyzed, using analysis module of AM-
BER 10.0 and some other developed specific trajectory
analysis software.

Results and discussion

RMSD and RMSF values of the enzyme

The root-mean-square deviation (RMSD) is usually used to
compare the deviation between the structure of a dynamic

protein and the structure of its native state and can be
calculated in terms of Eq. 1.

RMSD v;wð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1

vi � wið Þ2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1

vix � wixð Þ2 þ viy � wiy

� �2 þ viz � wizð Þ2
� �s

ð1Þ
Where v and w denote the two proteins and n denotes the

number of atoms of the protein. Herein, the RMSD is for the
deviation from the crystal structure of the protein in aqueous
solution. The averaged RMSD values over the last 2 ns
trajectories are calculated and listed in Table 1. As shown
in the Fig. 1, the RMSD of the enzyme in hexane medium
decreases with increasing water content. However, the
RMSD values in the acetonitrile medium do not display
such a clear variation trend as the non-polar hexane medi-
um. For acetonitrile medium, the RMSD value at 20 %
hydration level is close to that at 10 % level and both values
are smaller than those at the other hydration levels (includ-
ing 50 % water content) but still larger than that in aqueous
solution. The RMSD change in the acetonitrile medium
seems to display U-shaped dependence on the water content
since the RMSD value is minimized at the hydration level of
10–20 % and it becomes larger at the other water contents
(either lower or higher than 10–20 % water content), as
shown in Fig. 1. The U-shaped dependence of the structure
variation on the water content was observed for the
RMSD value of free lipase in nonpolar solvent (tert-butyl
alcohol, MTBE) [26]. Interestingly, the U-shaped depen-
dence in our work is observed in the polar solvent rather
than non-polar solvent. This difference suggests that the
correlation of the protein structure with the water content
also depends on the type of protein, and the inhibitor may,
to some extent, play a role in influencing the correlation.
The U-shaped dependence of the RMSD on the water
content could partly rationalize some experimental find-
ings that some enzyme activities or enantioselectivities are
maximized at a specific hydration level (called a bell-
shaped dependence) [46, 47].

Compared to hexane medium, the RMSD values in ace-
tonitrile solvent are smaller at the same hydration level. In
order to provide a visual view for the solvent induced
conformation deviation from the crystal structure, Fig. 2
presents a superimposition of the crystal structure and the
average structures of the enzyme in aqueous solution and
the two organic media. The average structures in Fig. 2
come from 1000 snapshots taken on the last 2 ns trajectory
at 2 ps interval. In Fig. 2, only 0 % (viz., pure organic
solvent) and 3 % water contents are selected as representa-
tives of the two organic media. We take the average
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structure into account since it may be more representative of
what can be observed experimentally by NMR or crystal-
lography. An inspection of Fig. 2a and b shows that there is
larger structure deviation from the crystal in hexane medium

than that in acetonitrile. This phenomenon is especially
apparent in pure organic media without any water molecule
(see Fig. 2b), where the protein is significantly compressed
toward the inside with respect to those in pure acetonitrile

Table 1 The RMSD and RMSF
values of the enzyme, active
residues, inhibitor
trifluoromethyl ketone (labeled
as APF246) over the last 2 ns
trajectories (Å) and their stan-
dard deviation a

aACN denotes acetonitrile media,
HEX denotes hexane media

Water content 100 % 50 % 20 % 10 % 3 % 0 %

RMSD

All atom ACN 2.26±0.05 2.42±0.05 2.35±0.06 2.33±0.06 2.42±0.60 2.63±0.07

HEX 2.26±0.05 2.38±0.08 2.47±0.08 2.53±0.06 2.59±0.03 3.07±0.03

Backbone ACN 1.54±0.08 1.69±0.06 1.53±0.07 1.49±0.08 1.55±0.06 1.87±0.07

HEX 1.54±0.08 1.64±0.08 1.71±0.09 1.82±0.07 1.90±0.05 2.16±0.03

APF246 ACN 0.70±0.13 0.97±0.09 0.74±0.14 0.96±0.10 0.95±0.10 0.62±0.14

HEX 0.70±0.13 0.69±0.15 0.78±0.13 0.93±0.10 0.93±0.09 0.58±0.14

HIS57 ACN 0.28±0.07 0.25±0.06 0.23±0.05 0.25±0.06 0.24±0.06 0.30±0.06

HEX 0.28±0.07 0.24±0.06 0.23±0.05 0.27±0.07 0.28±0.07 0.25±0.06

SER195 ACN 0.17±0.04 0.14±0.04 0.14±0.04 0.16±0.04 0.13±0.03 0.21±0.05

HEX 0.17±0.04 0.14±0.04 0.15±0.04 0.14±0.04 0.16±0.04 0.20±0.05

ASP102 ACN 0.25±0.07 0.24±0.06 0.22±0.06 0.22±0.06 0.23±0.06 0.20±0.05

HEX 0.25±0.07 0.23±0.06 0.20±0.05 0.24±0.06 0.22±0.06 0.26±0.07

RMSF

All atom ACN 0.90±0.11 0.84±0.06 0.72±0.06 0.84±0.07 0.83±0.05 0.81±0.06

HEX 0.90±0.11 0.89±0.07 0.89±0.10 0.89±0.05 0.71±0.04 0.68±0.05

Backbone ACN 0.58±0.02 0.54±0.04 0.48±0.03 0.56±0.03 0.53±0.02 0.52±0.02

HEX 0.58±0.02 0.58±0.05 0.57±0.03 0.57±0.03 0.48±0.02 0.44±0.02

APF246 ACN 0.42±0.06 0.47±0.10 0.44±0.05 0.42±0.05 0.41±0.05 0.41±0.05

HEX 0.42±0.06 0.50±0.06 0.42±0.05 0.44±0.05 0.41±0.05 0.40±0.04

HIS57 ACN 0.16±0.05 0.17±0.04 0.16±0.04 0.17±0.05 0.16±0.04 0.16±0.04

HEX 0.16±0.05 0.30±0.03 0.17±0.05 0.19±0.04 0.16±0.05 0.16±0.04

SER195 ACN 0.10±0.03 0.12±0.02 0.11±0.02 0.11±0.03 0.10±0.03 0.10±0.03

HEX 0.10±0.03 0.19±0.02 0.11±0.03 0.14±0.02 0.10±0.03 0.11±0.03

ASP102 ACN 0.14±0.04 0.16±0.04 0.15±0.04 0.14±0.04 0.14±0.04 0.14±0.04

HEX 0.14±0.04 0.23±0.03 0.15±0.04 0.17±0.03 0.15±0.04 0.15±0.04

Fig. 1 The correlations of
RMSD and RMSF of backbone
atoms of the enzyme, and radius
of gyration (RAD) of the
enzyme with the water contents.
ACN denotes acetonitrile
media. HEX denotes hexane
media
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and aqueous solutions. The variation trend is not surprising.
Indeed, there are 31 charged residues located outside the
enzyme (see Fig. 2c and d), which should be sensitive to the
changes in solvent composition and favor a polar medium. As
illustrated in Fig. 2c and d, some significant rearrangement
occurs to many charged residues and some uncharged ones in
organic solvents, and the sidechains of those residues re-
orientate toward the inside to greater extent in pure hexane
medium than in pure acetonitrile medium in order to reduce
the internal energy of the system. The behavior should con-
tribute to the observation that there are larger RMSD values in
neat hexane media than those in neat acetonitrile media. A
careful comparison of Fig. 2c with Fig. 2d further shows that
the rearrangement of the charged residues presents to a lesser
extent in the organic media with 3 % water content than the
neat organic media, implying the importance of the essential
water.

On the whole, the RMSD result suggests that the non-
polar solvent could cause greater structure changes than the
polar solvent, consistent with the previous observation de-
rived from free lipase in six organic solvents [25], which
suggested that its RMSD values increase as the polarity of
the solvents decreases. In that study, the RMSD of the lipase
increases as the solvent polarity decreases. In addition, the
total RMSD values of enzyme are larger in neat acetonitrile
and hexane media than in those hydrated by various water
contents. This observation suggests the importance of the
water in stabilizing the protein structure in non-aqueous

media, consistent with results from our previous work [48]
on free chymotrypsin in acetonitrile medium, which indicat-
ed that the crystal waters in organic media play an important
role in preserving native protein structure and some proper-
ties associated with the catalytic activity.

The root-mean-square fluctuation (RMSF) is a measure
of the deviation between the position of particle i and some
reference position, as defined by the Eq. 2.

RMSF ¼ 1

T

XT
tj¼1

xi tj
� �� ex i� �2 ð2Þ

Where T is the time over which one wants to average, and
exi is the reference position of particle i. Typically, this
reference position will be the time-averaged position of the
same particle i, which is considered as the average coordi-
nate over the last 2 ns trajectories in the work. The RMSF
about the averaged equilibrium conformation often serves as
an indicator to estimate flexibility of protein, which was
suggested to be a character related with the protein activity
[23, 25]. Both Table 1 and Fig. 1 show the calculated RMSF
values of the protein and some important residues at differ-
ent water content levels. Data in Table 1 shows that the
RMSF values of the proteases in the hexane medium in-
crease with increasing water content and become almost
constant at higher than 10 % water content. Similar to the
RMSD variation, the RMSF values in acetonitrile medium
do not present a clear correlation with the water content but

Fig. 2 The superimposition of
the averaged structures of
chymotrypsins in aqueous
(blue), hexane (red) and
acetonitrile (yellow) media over
the last 2 ns trajectories. The
crystal structure (green) of the
enzyme is employed as a
reference in all cases. The
protein structures are drawn
based on the second structure.
The charged residues are further
shown as stick (c, d). The 3 %
(a, c) and the 0 % (b, d) water
contents are selected as
representatives in organic
media
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display to some extent U-shaped dependence on the water
content with a minimum value at about 20 % water content,
as illustrated by Fig. 1.

In addition, we also calculate the average RMSD and
RMSF values of the three catalytic residues (His57, Ser195,
Asp102) and the inhibitor (viz., trifluoromethylketone). As
can be seen from Table 1, the RMSD and RMSF values of
the three active residues and trifluoromethylketone are
much smaller than those of the total protein at all hydra-
tion levels, suggesting the relative rigidity of the catalytic
residues. Figure 3 representatively presents a superimpo-
sition of the average structure of the three catalytic resi-
dues (viz., His57, Asp102 and Ser195) and the inhibitor
in aqueous solution and the two organic media with 3 %
water content. It can be seen from Fig. 3 that there are only
minor displacements for the active residues and the inhibitor
between the three media, further displaying the relative ri-
gidity of the active site. MD simulations on free chymotryp-
sin in aqueous solution, acetonitrile medium [48] and acyl-
chymotrypsin in aqueous solution [49] also found that the
active site residues present smaller fluctuations than the rest
of the protein. The relative rigidity of the active site implies a

possibility that enzyme could retain activity in these hydra-
tion conditions.

Gyration radius

Gyration radius is the RMS distance of each atom to their
centroid [50], and can be used to characterize the variation
of overall structure of proteases induced by the solvent and
the water content. Table 2 lists the gyration radius of pro-
teases calculated over the last 2 ns simulation. It can be seen
that the radius of gyrations are almost 16 Å in the two media
with different water contents, showing that there are no
significant changes in the overall structure of the protein
for these solvent compositions. Figure 1 also reveals the
correlation between the gyration radius and the water con-
tent in the two media. It is clear that the radius of gyration in
acetonitrile medium is slightly higher than that in hexane
medium at the same water content level, indicating that the
structures of proteases in the hexane solvent are more com-
pact than those in the acetonitrile solvent, which may be
attributed to greater rearrangement of hydrophilic residues
toward the inside induced by the non-polar media rather

Table 2 Summary of radius of gyration (RAD), SASA, hydrophobic (or hydrophilic) exposed SASA, the number of intra-protein hydrogen bonds (HB),
salt bridges (SB) and their standard deviations in acetontrile (ACN) and hexane (HEX) media with different water contents over the last 2 ns simulation

Water contents 100 % 50 % 20 % 10 % 3 % 0 %

RAD (Å) ACN 16.67±0.05 16.71±0.04 16.71±0.04 16.74±0.04 16.66±0.03 16.44±0.03

HEX 16.67±0.05 16.58±0.04 16.60±0.04 16.47±0.03 16.31±0.03 16.17±0.03

SASA (×103Å2) ACN 11.36±0.15 11.38±0.15 11.64±0.13 11.45±0.14 11.23±0.12 10.85±0.11

HEX 11.36±0.15 11.26±0.12 11.17±0.13 10.88±0.12 9.88±0.09 9.56±0.08

Hydrophobic% ACN 25.45±0.23 27.22±0.13 28.00±0.21 29.27±0.22 28.96±0.25 29.95±0.26

HEX 25.45±0.23 26.92±0.20 26.48±0.22 27.03±0.24 29.00±0.23 33.17±0.26

Hydrophilic% ACN 74.55±0.44 72.78±0.43 72.00±0.57 70.73±0.54 71.04±0.45 70.05±0.46

HEX 74.55±0.44 73.08±0.51 73.52±0.40 72.97±0.48 71.00±0.47 66.83±0.42

HB ACN 182±6 192±6 196±6 197±6 211±6 249±5

HEX 182±6 190±6 186±5 192±6 230±6 300±7

SB ACN 2±1 3±1 4±1 3±1 10±1 14±1

HEX 2±1 6±2 7±2 7±2 13±1 15±1

Fig. 3 The superimposition of
the averaged structures of three
catalytic residues (viz., His57,
Asp102 and Ser195) and the
inhibitor trifluoromethylketone
(APF246) over the last 2 ns
trajectories in aqueous solution
(blue), hexane media with 3 %
water content (red) and
acetonitrile media with 3 %
water content (yellow).
Hydrogen atoms are not shown
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than the polar. The most compact structures revealed by the
smallest gyration radii are observed in the neat organic
solvents relative to these systems hydrated, which are
16.44 Å and 16.17 Å in the neat acetonitrile and hexane
media, respectively. As shown in Fig. 1, the differences of
gyration radii between the two organic solvents at low
hydration levels (< 20 %) are greater than those in high
water content (≥ 20 %). The effect of water content on the
gyration radius of the enzyme is reduced when the water
percentage exceeds 10 %, as shown in Fig. 1.

In addition, we also calculate the number of intra-protein
hydrogen bonds (HB) and salt bridges (SB) (see Table 2).
The number of the intra-protein interaction is the highest in
pure organic solvent due to lack of water molecules,
resulting in the smallest radius of gyration. In the level of
micro-hydration (viz., 3 % water content, which only con-
tain 188 crystal waters), the numbers of intra-protein salt
bridges and HBs are much more than those in higher hydra-
tion levels. In general, the number of these interactions dis-
plays a drop with increasing water content when the water
content is lower than 20%, after which continuous increase in
the water content has much less effect on the number of these
intra-protein interactions in the two organic media. In com-
parison of the polar and non-polar solvents, the number of HB
in hexane medium is greater than that in acetonitrile system
only when the water content is lower than 10 % while the
number of SB is almost higher in hexane media than that in
acetonitrile at all the hydration levels.

Solvent accessible surface area (SASA)

Solvent accessible surface area (SASA) can be considered to
be an indicator of how the different parts of a protein can
interact with each other and be affected by the medium.
Thus, we calculate the SASA [51] using the VMD program

[52], defined by rolling a probe of given size (1.4 Å) around
a van der Waals surface of the protein. Table 2 lists the total
SASA values and the percentages of hydrophilic SASA and
hydrophobic SASA over the last 2 ns simulation in the two
media with different hydration levels. The result shows that
the total SASA value increases with increasing water con-
tent in hexane medium, consistent with the gyration radius
variation values. It is not unexpected since the increase in
the gyration radius should be a consequence of looser struc-
ture of protein, thus resulting in a rise in the SASA. A
significant increase in the SASA value is observed in the
water content range from 0 % to 10 %, after which the
increasing extent in the SASA induced by the increasing
water content become small. When the water content is
higher than 50 %, the SASA approaches to the value
obtained in aqueous solution. Similar to the RMSD and
RMSF variations in acetonitrile medium, the total SASA
values in this medium do not display similar dependence to
the hexane medium. When the water content is lower than
20 % in acetonitrile medium, an increase in the water
content would cause a rise in the total SASA values.
However, at higher water content level than 20 %, a
continuous increase in the water content resulted converse-
ly in a drop of the SASA value. The total SASA variation
trend in the acetonitrile medium displays a bell-like de-
pendence on the water content (see Fig. 4) since it is
maximized at about 20 % hydration level and becomes
smaller at the other water contents (either higher or lower
water contents than 20 %). In comparison of the two
organic media, the SASA values of the protein in the
hexane medium are lower than those in acetonitrile for
all hydration levels, as a consequence of more compact
structure in hexane medium than acetonitrile.

To gain further observations about SASA of residues, we
focus on SASA variations of hydrophobic and hydrophilic

Fig. 4 Correlations of solvent
accessible surface area (SASA,
103Å2) (a), hydrophobic (b)
and hydrophilic (c) SASA (%)
of the enzyme with water
contents. ACN denotes
acetonitrile media. HEX
denotes hexane media
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residues with increasing hydration level. The percentages of
hydrophobic SASA and hydrophilic SASA relative to the
total SASA (SASA %) are calculated at all hydration levels.
The results are listed in Table 2 and shown in Fig. 4. There
are obvious correlations between the percentages and the
water content. In the two organic solvents, the hydrophilic
SASA presents a rising trend with increasing water content
while an opposite trend is observed for the hydrophobic
SASA.

H-bond analysis in the active site

Since the HB network in active region plays an important
role in enzyme catalytic reaction [29, 34], we analyze the
hydrogen bonding between the three catalytic residues (viz.,
Ser195, His57, Asp102), trifluoromethylketone (Apf246)
and the solvent molecules at all hydration levels. It is noted
that the criteria used for a hydrogen bond in the MD part are
solely geometric. The hydrogen bonding is considered to be
present if the distance between hydrogen-bonding acceptor
and hydrogen-bond donor is less than 3.5 Å and meanwhile,
the angle between any two of hydrogen-bonding acceptor
atoms, hydrogen atoms or hydrogen-bond donor atoms is
greater than 120°. A hydrogen bond is considered to be stable
if it exists over more than 90 % of the trajectory time. Table 3
lists the hydrogen bonding between the active residues and
trifluoromethylketone in the last 2 ns simulation.

As shown in Table 3, the hydrogen bonding of NE2@
His57…OG@Ser195 and OD1@Asp102…ND1@His57
exists for more than 99 % simulation time at all hydration
levels. It implies that the two hydrogen bonds are very

stable, insensitive to the changes in the type of organic
solvent and the water content. The observation is different
from the free enzyme system [48], in which the hydrogen
bond between the Asp102 and the His57 residues is very
stable in acetonitrile medium and aqueous solution but the
H-bond between the His57 and Ser195 residue is broken
over most of the simulation time. The stable H-bonds in
the intermediate system imply possibility of catalytic
activity at different hydration levels. Although the two
H-bonds are very stable in the two organic media with
different hydration levels, the solvent type and water
content should influence their strength, judged from the
different H-bond distances presented in these systems.
However, we can not obtain a clear correlation between
the H-bond strength and the water content in the MD
work. High level computation should be needed to fur-
ther address the question.

The experimental study on the structure of chymotrypsin-
trifluoromethyl ketone inhibitor complex in aqueous solu-
tion [41] already revealed that there is strong H-bonding
between the trifluoromethyl ketone inhibitor and
Ser195/Gly193 in aqueous solution, which favors stabiliza-
tion of the tetrahedral intermediate. Thereby, we analyzed
the hydrogen bonding between oxygen atoms of
trifluoromethyl ketone and the Ser195/Gly193 residues. As
shown in Table 3, the hydrogen-bonds of O2@Apf246…
N@Ser195 and O2@Apf246…N@Gly193 exists over al-
most 100 % simulation time in the two media at all hydra-
tion levels, displaying high stability. Similarly, the water
content should influence the strength of the H-bonds since
these H-bond distances are different with varying water

Table 3 Percentage occupation (%) of hydrogen bonds in the active site/their average distances (in Å) in acetonitrile (ACN) and hexane (HEX)
media with different water contents a

Water content 100 % 50 % 20 % 10 % 3 % 0 %

NE2@His57-OG@Ser195 ACN 100/2.820 99.9/2.883 100/2.837 100/2.845 100/2.833 100/2.814

HEX 100/2.820 100/2.847 100/2.850 100/2.838 99.9/2.792 99.9/2.785

OD1@Asp102-ND1@His57 ACN 99.7/2.843 100/2.880 99.8/2.79 99.8/2.79 99.8/2.791 99.8/2.77

HEX 99.7/2.843 99.9/2.837 100/2.807 99.6/2.844 99.5/2.803 100/2.846

OD2@Asp102-ND1@His57 ACN 98.9/3.000 90.01/3.141 84.22/3.197 88.81/3.162 91.51/3.147 76.62/3.21

HEX 98.9/3.000 93.81/3.113 73.43/3.256 96/3.083 87.01/3.171 78.72/3.19

O@Ser214-N1@Apf246 ACN 60.74/3.213 0 2.5/3.412 21.58/3.308 5.09/3.382 87.01/3.16

HEX 60.47/3.213 19.68/3.304 3.5/3.337 68.33/3.198 59.04/3.213 91.91/3.10

O2@Apf246-N@Ser195 ACN 100/2.881 99.9/2.811 100/2.807 100/2.791 100/2.766 100/2.804

HEX 100/2.881 100/2.866 100/2.803 100/2.85 100/2.812 100/2.751

O2@Apf246-N@Ser193 ACN 99.9/2.883 100/2.874 100/2.903 99.8/2.845 99.9/2.92 100/2.783

HEX 99.9/2.883 98.5/2.988 100/2.880 97.4/2.949 100/2.782 100/2.749

a OG@Ser195 denotes OG atom of Ser195 residue. NE2@His57 and ND1@His57 denote NE2 and ND1 atoms of His57 residue, respectively.
OD1@Asp102 and OD2@Asp102 denote OD1 and OD2 atoms of Asp102 residue, respectively. N@Ser195 and N@Ser193 denote N atoms of
Ser195 and Ser193 residues, respectively. O@Ser214 denotes O atom of Ser214 residue. O2@Apf246 denotes O2 atom of inhibitor trifluoromethyl
ketone
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content. Although so, the H-bond distances calculated also
do not display a clear correlation with the water content. The
H-bonding of O@Ser214…N1@Apf246 was also reported
by the experiment [41]. However, the simulation result
shows that the H-bond is not as far stable as the H-bonds
of O2@Apf246…N@Ser195 and O2@Apf246…
N@Gly193. The H-bond has relatively high time occupancy
only in neat organic solvent compared to the other solvent
compositions, implying that it should be destabilized by the
existence of water.

In addition, we also analyze the H-bonding between the
solvent molecules penetrated into the active site and some
important residues, as listed in Table 4. The result shows
that there is nearly no H-bonding between the water mole-
cules and the three catalytic residues (the life time is less
than 1 %, so not listed in Table 4). However, there is stable
hydrogen bonding between the water molecule and carbonyl
oxygen atom of trifluoromethyl ketone since it exists over
more than 90 % simulation time in the two media with
different hydration levels, suggesting its insensitivity to the
organic solvent and the water content. The observation
above already indicates that the carbonyl oxygen atom of
trifluoromethyl ketone could form stable H-bond with the

N-H bond of the Ser195 residues at all hydration levels.
Thus, it can be drawn that the carbonyl oxygen atom of
trifluoromethyl ketone simultaneously forms H-bond with
one water molecule and the Ser195 residue, which should
stabilize the tetrahedral intermediate. The water content and
the polarity of organic solvent have a minor role in the
existence of the H-bond. In addition, it can be observed that
one water molecule residing in the active site forms H-bond
with the F atom of trifluoromethyl ketone, consistent with
the experimental observation [41]. Furthermore, our results
also show that the H-bond has high life-time at>3 % water
content levels.

On the other hand, we also analyze the H-bonding be-
tween the organic solvent molecule and these active resi-
dues. The result shows that there is no H-bonding (data is
not shown), different from the observation derived from the
previous free chymotrypsin in the acetonitrile solvent with
3 % water content [48], which showed that the acetonitrile
molecule penetrating into the active site could form H-bond
with the active residues. In order to gain insight into this
phenomenon, we calculate the number of solvent molecules
in the active region (listed in Table 5), defined by 5 Å
distance from the OG@Ser195 atom. The result shows that
there is nearly no organic solvent penetrating into the active
site, especially in hexane medium with more than 10 %
water content. Whereas there is at least one water molecule
penetrating into the active site in the two organic media with
different hydration levels. In acetonitrile medium with 3 %
water content, the number of acetonitrile molecules (see
Table 5) residing in the active site in the tetrahedral inter-
mediate system is significantly less than that of the free
chymotrypsin system [48], where there are about five ace-
tonitrile molecules penetrating into the active site. The dif-
ference suggests that the inhibitor would prevent the solvent
molecule from penetrating into the active site. Furthermore,
we calculate the distance between the active residues (viz.,
OG@Ser195, OD1@Asp102, OD2@Asp102) and their

Table 4 Percentage occupation (%) of H-bonds between the solvent
penetrated into the active site and inhibitor trifluoromethyl ketone
(labeled as Apf246) in acetonitrile (ACN) and hexane (HEX) with
different water contents over the last 2 ns simulationa, b, c

Water contents 100 % 50 % 20 % 10 % 3 %

O2@Apf246-O@WAT ACN 91 104 192 23 97

HEX 91 123 103 116 95

F@Apf246-O@WAT ACN 137 96 53 13 20

HEX 137 175 245 180 34

a O2@Apf246 denotes O2 atom of inhibitor trifluoromethyl ketone
b F@Apf246 denotes F atom of inhibitor trifluoromethyl ketone
c O@WAT denotes O atom of water molecule

Table 5 Number of water molecules and organic molecules within 2.5 Å region from protein surface and in the active region (defined by 5 Å distance
from oxygen of Ser195) and their standard deviations in acetonitrile (ACN) and hexane (HEX) with different water contents over the last 2 ns simulation

Water contents 100 % 50 % 20 % 10 % 3 % 0 %

No. of molecules around the protein surface (2.5 Å)

Water molecule ACN 492.4±11.9 336.2±14.7 290.2±12.0 220.1±8.7 113.1±4.6 /

HEX 492.4±11.9 437.8±10.9 424.3±10.8 384.3±10.5 174.0±3.3 /

Organic molecule ACN / 72.0±7.3 98.1±8.0 125.7±8.3 164.6±8.5 194.5±8.4

HEX / 24.3±3.5 34.0±4.1 46.5±5.1 105.6±5.7 131.5±5.9

No. of molecules in the active site(5 Å)

Water molecule ACN 1.3±0.6 2.4±0.6 1.1±0.3 0.3±0.5 1.1±0.2 0

HEX 1.3±0.6 2.1±0.9 1.9±0.8 2.1±0.8 1.0±0.2 0

Organic molecule ACN 0 0.3±0.5 0.4±0.6 1.3±0.7 0.6±0.7 0.7±0.7

HEX 0 0 0 0 0.4±0.5 0.3±0.5
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nearest oxygen atoms of water molecules. The result shows
that these distances are larger than 3.5 Å. As a consequence,
these solvent molecules could not form H-bond with the
catalytic residues. It is the absence of the perturbation of
solvent molecules in the active site that contributes to high
stability in the H-bond network of these catalytic residues.
Whereas, there are a few water molecules penetrating into
the active site in the free enzyme system and they could
form H-bond with the active residues, thus, significantly
weakening the stability of the H-bond between the Ser195
and His57 residues, as confirmed by our previous work [48].

In addition, we also analyze the hydrogen bonding be-
tween the solvent molecule and N-H@Gly193 and N-
H@Ser195 of the oxyanion hole. The result shows that there
is no H-bonding between the organic solvent and the two
residues since the organic solvent hardly penetrates into the
region. Although it is observed that a few water molecules
could penetrate into the region, the nearest water molecules
to the N-H@Gly193 and N-H@Ser195 locate almost more
than 3.5 Å distance from the two groups. As a result, there is
nearly no H-bond formed between the water molecule and
the oxygen atom, but on occasion H-bonding existed with
life time less than 10 %. The observation is also different
from the free enzyme system [48], where water and aceto-
nitrile molecules could penetrate into the oxyanion hole and
can form stable HBs with the Gly193 residue. Further anal-
ysis reveals that the N-H@Gly193 and N-H@Ser195 could
form relatively stable H-bond with the inhibitor, which
significantly influences the formation of the H-bond be-
tween the water molecule and the oxyanion hole (viz., N-
H@Gly193 and N-H@Ser195).

Solvent distribution around protein

The enzyme hydration plays an important role in the struc-
ture and function of protein. It is revealed that the water

molecules closely bound with the protein significantly affect
the structure and dynamical property of enzyme in non-
aqueous media. To gain insight into the distribution of water
around protein surface, we calculate the number of water
molecules within 2.5 Å region from the protein surface in
respectively aqueous solution and two organic media with
different water contents (see Table 5). We focus on the 2.5 Å
region since some research works [21] suggested that it is
the first hydration shell directly interacting with protein.
Figure 5 further displays the correlation between the number
of solvents within the 2.5 Å region and the water content. It
is apparent that the number of water molecules gradually
increase as the water content increases while the number of
organic molecule displays an opposite trend. In all hydration
levels, the number of water molecules within the 2.5 Å
region is greater in hexane medium than that in acetonitrile,
indicating that the acetonitrile solvent has stronger ability to
strip off water molecules from the protein surface.

To visually view the distributions of the water and the
organic solvent molecules around the protein, we select the
3 % water content as a representative to calculate spatial
probability density distribution of the solvent molecules on
the basis of the last 2 ns trajectories. The average densities
of the bulk water, acetonitrile and hexane are calculated to
be 0.03344, 0.0116 and 0.0046 atoms/Å 3, respectively. The
cutoff values of contour level shown in Fig. 6 are 5, 14 and
36 times higher than the average density of bulk water,
acetonitrile and hexane solvents, respectively, which could
provide a clear picture for viewing the solvent distributions
around the protein. As illustrated by Fig. 6, the spatial
contours enclosing high probability regions of the water
molecules of the 3 % water content mainly locates on the
protein surface and a fraction in the protein interior, not
diffusing into the bulk organic solvent. A comparison of
Fig. 6a with Fig. 6b indicates that the water molecules
around protein surface is significantly more in hexane media

Fig. 5 The correlations of the number of water molecules (a) and organic molecules (b) within 2.5 Å region from protein surface with water
contents in acetonitrile (ACN) and hexane (HEX) media

2534 J Mol Model (2013) 19:2525–2538



than that in acetonitrile, consistent with the number of water
molecules in the 2.5 Å region from the protein surface
calculated above. In addition, Fig. 6c and d further suggest
that the water molecules on the protein surface seem to be
clustered mainly nearby the hydrophilic residues represent-
ed by the hydrophilic surface while the organic solvents
mainly distribute nearby the hydrophobic residues repre-
sented by the hydrophobic surface.

To gain more insight into the solvent molecule distribution
around the protein surface, we further calculate the concen-
tration percentage of water molecules and organic molecules
within solvation layer around protein in all hydration levels.
The solvent around protein surface is partitioned into shells of
1 Å thickness. Average values of solvent molecule amount in
every shell are obtained over the last 2 ns trajectories. The
solvent concentration in each shell is defined as the percentage
of the amount of organic solvent in each shell relative to the
total amount of corresponding solvent within 12 Å. Figure 7
shows the correlation of solvent (viz., water molecules, ace-
tonitrile, and hexane molecules) concentration with protein-
to-solvent distance, which is helpful for us to extract informa-
tion about intermolecular interaction and local structure
of solutions and to detect aggregation phenomena in
multicomponent liquid systems.

As shown in Fig. 7a and b, the acetonitrile and hexane are
not evenly distributed over the protein surface. There is an
organic rich solvation layer (viz., first solvation layer) at ca.
3 Å from protein and the location of the layer is hardly

affected by different water contents. However, the water
content can influence the concentration of organic solvent
in the solvation layer. The concentration of organic solvent
in the rich region decreases as the water content increases.
As can be seen from Fig. 7, the effect of water content on the
concentration of hexane in the first solvation layer is more
significant than that of acetonitrile when the water content is
lower than 10 %. However, when the water content is higher
than 10 %, the concentration of hexane molecules in the first
solvation layer changes little with continuous increase in the
water content and approaches the bulk density. While for
acetonitrile medium, the concentration of it in the first
organic solvation layer is the highest at all hydration levels,
implying that the water molecule does not completely ex-
clude the acetonitrile molecules from the protein surface.
Figure 7c and d shows that the water concentrations around
the protein are not constant. The phenomenon is more
pronounced in low hydration levels. For example, the water
around the protein presents higher concentration relative to
the bulk concentration, especially in the case of ≤10 % water
content. It can be observed that the first hydration layer
(viz., the highest hydration layer) locates at ca. 2 Å distance
from protein in acetonitrile medium when the water content
is lower than 20 %. Increasing water content, the highest
hydration layer is postponed to ca. 3 Å distance and the
concentration of water around the protein gradually ap-
proaches to be constant. In the case of ≥50 % water content,
the distribution of water seems to be constant and close to

Fig. 6 The spatial density
distribution of water and
organic molecules around the
protein in acetonitrile (a, c) and
hexane (b, d) media, and the
protein corresponds to the
average structure of γ-
chymotrypsin-
trifluoromethylketone over the
last 2 ns simulation, the
contours enclose regions with a
probability density above five
times the average density for
water (purple contour), 14
times for acetonitrile (orange
contour), and 36 times the
average density for hexane
(lime contour). The average
structure of the enzyme was
drawn according to the second
structure (a, b) and the
hydrophobic surface area
(silver) and the hydrophilic
surface area (blue) (c, d)
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the values of the bulk density. Similar variations are ob-
served in hexane medium, but, with the rich hydration shell
moved to~3 Å distance at lower water content (10 %).

These observations above suggest that the water molecules
are mainly distributed around protein surface at the low hy-
dration level, consistent with the spatial density distribution
above. The distribution could weaken the direct interaction
between the organic molecules and the protein, which should
play an important role for the proteases to retain its catalytic
activity in micro-hydrated polar and nonpolar solvents.

Conclusions

In this work, we select the tetrahedral complex of
chymotrypsin-trifluoromethyl ketone as a model of the tran-
sition state of chymotrypsin in catalytic reaction, and employ
MD method to study the effect of five water contents (3 %,
10 %, 20 %, 50 %, 100 %v/v) on its structure, solvent
distribution and H-bonding in polar acetonitrile and non-
polar hexane media. Our objective is to provide some helpful
information at molecular level for better understanding the

effects of water content on the structure and function of
enzyme in non-aqueous media.

In the time scale of the simulation, it can be observed that
the calculated RMSD and RMSF values display a clear
correlation with the water content in hexane medium.
Namely, the RMSD of enzyme decreases with increasing
water content while the RMSF displays a reverse trend.
However, the correlation between these two parameters
and the water content can not be observed in polar acetoni-
trile solvent, where the RMSD and RMSF values display to
some extent U-shaped dependence on the water content with
a minimum somewhere between 10 % and 20 %. A com-
parison of the two parameters between the two organic
solvents revealed that the RMSD is lower in polar acetoni-
trile media than that in nonpolar hexane at<50 % water
content level and the difference between the two solvents
decreases with increasing water content. The RMSF value is
higher in acetonitrile medium than that in hexane at low
water content (<10 %), after which an opposite trend occurs
for the two solvents. The reason should be attributed to the
fact that there are fewer water molecules around the protein
in acetonitrile medium due to its stronger ability to strip off

Fig. 7 The water (WAT), acetonitrile (ACN) and hexane (HEX) concentration in every shell (1 Å) within 12 Å around protein (distance in Å). The
left panel (a, c) is for the acetonitrile media, and the right panel (b, d) is for the hexane media
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the water molecule than the non-polar hexane at the same
water content, thus disfavoring the flexibility of protein.

The radius of gyration and solvent-accessible surface area
in hexane medium are lower than those in acetonitrile at all
hydration levels, suggesting that the enzyme structure in non-
polar solvent is more compact than that in polar. The differ-
ence in the two parameters between the two organic media is
more obvious at low water content (<10 %), after which the
difference is reduced by a continuous increase in the water
amount. The water content induced changes in the number of
H-bonds and salt bridges could rationalize the variation trend
of the SASA and the radius of gyration at different hydration
levels. Namely, the greater the number of H-bonds and salt
bridges, the more compact the protein structure. Judging from
the SASA variation, we could assume that the hydrophobic
and hydrophilic side chains both reorient themselves on the
protein surface owing to changes in the water content.

H-bond analysis in the active site reveals that the water
contents in the two organic solvents do not play an observable
role in the stability of hydrogen-bond network between the
three catalytic residues since the H-bonds present high stabil-
ity at all hydration levels. The observation is different from the
previous research on the free enzyme. Indeed, it is observed
that the existence of trifluoromethyl ketone makes the solvent
molecules (including water molecules and organic solvent
molecules) hardly penetrate into active site of enzyme. It is
the lack of the perturbation effects of solvent molecules in the
active site that leads to high stability of the catalytic H-bond
network. While for the free enzyme, there are solvent mole-
cules penetrating into the active site and they could form H-
bond with the catalytic residues, as confirmed by our previous
work. Thus, the stability of the H-bond network is weakened
in the free enzyme system.

Solvent distribution around the protein surface shows that
an increase in the water content produces no significant
effect on the location of richest solvation layer of organic
solvent since their position almost retains at the 2–3 Å
distance from the protein surface at all hydration levels,
suggesting that the increase in the water content could not
fully exclude organic molecules from the protein surface.
However, it was observed that the rich layer of water is
closer to protein than that of organic solvent at low hydra-
tion level. It seems that these water molecules create one coat
around protein surface and exclude organic solvent within the
scale of simulation time. On the whole, the organic solvent
distribution around protein is not even but presents micro
heterogeneity. Similar heterogeneity is observed for the distri-
bution of water molecules at low hydration level (<10 %),
where the water molecules mainly distribute near the hydro-
philic residues of the protease, and the number of water
molecules around the enzyme surface in hexane medium is
larger than that in acetonitrile, confirming stronger ability of
acetonitrile to strip off water. When the water content is higher

than 50 %, the water concentration approaches to be even and
is close to bulk density.

In summary, the variation trend of these calculated struc-
ture properties (e.g., RMSD, RMSF, SASA, HB, etc.) in the
organic solvents with 10~20 %v/v water content approaches,
to a large extent, to those in aqueous system, providing a
support for the experimental observations that there is a bell-
shaped dependence on the water content or an optimal water
content for the catalytic activity of some enzymes in non-
aqueous media. Thus, the observations from the work could
provide useful information for understanding the correlation
between enzyme catalytic activity and the water content.
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