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Abstract In this work, we used molecular dynamic (MD)
simulation to study trypsin with and without a six-amino-
acid peptide bound in three different solvents (water, aceto-
nitrile and hexane) in order to provide molecular information
for well understanding the structure and function of enzymes
in non-aqueous media. The results show that the enzyme is
more compact and less native-like in hexane than in the other
two polar solvents. The substrate could stabilize the native
protein structure in the two polar media, but not in the non-
polar hexane. There are no significant differences in the
conformation of the S1 pocket upon the substrate binding
in water and acetonitrile media while a reverse behavior is
observed in hexane media, implying a possible induced fit
binding mechanism in the non-polar media. The substrate
binding enhances the stability of catalytic H-bond network
since it could expel the solvent molecules from the active
site. The enzyme and the substrate appear to be more appro-
priate to the reactive conformation in the organic solvents
compared with aqueous solution. There is much greater
substrate binding strength in hexane media than the water
and acetonitrile ones since the polar solvent significantly
weakens electrostatic interactions, which are observed to be
the main driving force to the binding. In addition, some
residues of the S1 pocket could remain favorable contribu-
tion to the binding despite the solvent change, but with

differences in the contribution extent, the number and the
type of residues between the three media.
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Introduction

Non-aqueous enzymatic catalysis has been one of the most
active areas in enzymology in recent years and attracted con-
siderable research interests [1–5]. The interests mainly stem
from its synthetic and processing advantages with respect to
aqueous environment, for example, lower side reactions with
water, higher selectivity and thermostability. However, as
known, the enzymes have very low activities universally in
organic media and there are still widely different or even
contradictive opinions on explaining the drop of the activity.
Some research works reported that the organic solvent de-
creases the flexibility of enzyme, and reduces its activity
accordingly [6–9]. However, some investigations indicated
that the enzymatic activity is not directly associated with its
flexibility [5, 10]. In addition, some studies suggested that the
penetration of organic solvents into the active site of enzymes
should play an important role in reducing the activity of
enzymes [2, 11]. In fact, these different opinions are mainly
attributed to the complexity of the system composition and the
structure of proteins, which lead to difficulty in experimentally
detecting subtle conformational variations induced by the
organic solvents. To date, no experimental technique has been
able to provide a detailed structural-dynamics description of
this phenomenon. Thus, the structure and function of enzymes
in non-aqueous media is still not fully understood, especially
at the molecular level, which limits its further application. To
survey this issue, a number of MD simulation studies of pro-
teins in water/organic solvent mixtures have been performed
to supplement experimental investigations [12–22] since the
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molecular dynamics simulation could provide a molecular
level view of the solute-solvent interactions and reveal the
dynamic behavior of proteins [23–26]. The organic solvent
induced changes in the structure and dynamics of enzymes,
solvent distribution and hydration mechanism were discussed
in these MDworks. However, the previousMD studies almost
all centered on apo-enzyme systems without substrate bound.
Little information was reported for the complex system of
enzyme and substrate. Although the observations from the
free enzyme systems provide valuable information for under-
standing the structure and function of enzymes in non-aqueous
media, the detailed aspects of the dynamic processes of
substrate binding almost remained unstudied in the field.
Similarly, the information has been very limited on experi-
ments since a Michaelis complex would instantly lead to the
product state under the regular experimental conditions,
resulting in difficulty in experimentally detecting the dynamics
process of the substrate binding. However, the dynamic pro-
cess is crucial in the catalytic function of enzymes [27–29].
Thus, it is necessary to obtain the information at the atomic
level using MD method.

On the basis of these considerations above, we, in the work,
carried out MD simulations on trypsin with one peptide sub-
strate bound in three media (viz., aqueous, acetonitrile and
hexane). Trypsin is a typical representative of serine proteases,
which is one of the most extensively studied families of
enzymes. As accepted, its catalytic mechanismmainly depends
on three amino acid residues [30]. (viz., His57, Asp102,
Ser195), which form a hydrogen bond network (see Fig. 1).
By means of the network, the catalytic reaction is performed
[30, 31]. The acetonitrile [32] and hexane [33] solvents were
chosen in the work due to the fact that the catalytic activities of
enzymes are significantly associated with the polarity of or-
ganic solvents used [5, 10, 34–36]. For example, subtilisin was
exhibited to be higher activity in polar tert-Amyl alcohol and
acetone media than non-polar hexane one [34]. However, α-
chymotrypsin was observed to have higher activity in non-
polar octane than highly polar acetonitrile [10, 35]. Similarly, it
was reported that the transesterification activity of cutinase is
higher in n-hexane than that in acetonitrile [36]. To gain insight
into the effects of polar and non-polar organic solvents on the
structure and the function of trypsin, we selected acetonitrile
and hexane as representative polar and non-polar organic
media in the work. The two solvents were often used in
nonaqueous enzymatic catalysis [32, 33].

It is noted that the two organic media used in the work
include the crystal waters in the trypsin structure due to the
importance of essential water in maintaining catalytic activi-
ties of enzymes in nonaqueous media [1–5]. The organic
media with inclusion of the crystal waters may be served
as microhydration non-aqueous environment. Experimental
research already revealed that bulk water is not absolutely
necessary and enzymes can function in media with very

little water content [37]. In some cases, as little as tens of
molecules of water on a protein are sufficient for observ-
able catalytic function [38, 39].

In addition, the trypsin without the substrate (named as
free enzyme), as a reference, was studied in the work. By
comparison of the free enzyme system with the complex one
in three media, we could examine the solvent effects on the
enzymatic structure, solvent distribution and substrate binding
as well as changes in these properties induced by the substrate
binding. Indeed, some different observations from the previous
studies on free enzyme systems were obtained in this work.
Thus, the work could provide new insight adding to previous
studies so that we could well understand the structure and
function of enzymes in organic media.

Methods and materials

The initial coordinate of trypsin-substrate system was obtained
from the X-ray crystal structure of trypsin with an inhibitor
bound (PDB code 1MCT [40]), which contains 223 residues
and 135 crystal waters. The sequence of the substrate was
taken from the inhibitor at the active site (Cys3-Pro4-Arg5-
Ile6-Trp7-Met8, this serial number came from the original
inhibitor sequence). The scissile bond of the substrate is located
between the Arg5 and Ile6 residues. The complex system
constructed above was successfully used to study catalytic
factors in aqueous solution [30].

Fig. 1 Illustration of the secondary structure of trypsin with its catalytic
triad residues (ball and stick) and substrate (yellow stick), derived from
the crystal structure. The green dot lines denote hydrogen bond
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In this work, the initial structure of free trypsin without the
substrate was obtained mainly through removing the inhibitor
from the crystal structure of the 1MCT for the following
reasons. Firstly, the identical structure of the enzyme between
the complex system and the free one is necessary in the study
in order tomore reliably observe the substrate binding induced
differences in the calculated properties (for example, struc-
tures, solvent distributions and so on). However, there is no
crystal structure of the free enzyme available, which has the
sequence that is identical to the enzyme in 1MCT structure.
Secondly, some experimental and calculated studies [30, 31]
on trypsin in aqueous solution indicated that no observable
conformation changes occur when trypsin is bound to sub-
strates or inhibitors. In fact, the following MD results derived
from aqueous environment in this work also confirmed the
finding. Furthermore, we also usedMD to simulate the crystal
structure of the free trypsin (PDB code 2PTN [41]) using
the method described latter. The 2PTN also contains 223
residues with the inclusion of 82 crystal waters. But, 42
out of the 223 residues are different from the enzyme in
the 1MCT complex and the 42 residues are located far
from the active site and S1 pocket. The results derived
from the 2PTN are similar to those derived from the free
enzyme constructed above (see supporting information
Tables S1–S2), further confirming that it should be reasonable
to use the free enzyme constructed through removing the
substrate to study the effects of the solvent and the substrate.
To neutralize the system, six chloride ions were added into the
models.

Molecular dynamics (MD) simulations were performed
using the program AMBER11 [42] with parm99SB force
field [43]. Three solvent environments were considered in
this work, viz., aqueous solution (labeled as WAT) as a
reference, acetonitrile media (labeled as ACN), hexane media
(labeled as HEX). Water was represented by the TIP3P [44]
model. Two organic solvent molecules were parameterized.
The geometric parameters were derived by ab initio geometry
optimization on the HF/6-31G* level using Gaussian 09 [45]
in the gas phase. The partial charge was calculated using the
RESP program [46] of AMBER11 to the electrostatic poten-
tial. In organic solutions, we still retained all 135 crystal
waters in 1MCT structure. Extra water and organic solvent
molecules were added using the LEAP utility. The rectangle
periodic box was set up so that any solute atom is at least 10Å,
12 Å, 14 Å from any box edges for the aqueous, acetonitrile
and hexane systems, respectively. As a result, the number of
water molecules in WAT is 8610 for the complex system and
8587 for the free system. The number of acetonitrile mole-
cules in ACNmedia is 2147 for the complex system and 1987
for the free system. The complex and free systems in hexane
media (viz., HEX) contain 1441 and 1440 hexane molecules,
respectively. The calculated densities of 1.02 (water) g cm−3,
0.80 (acetonitrile) and 0.68 g cm−3 (hexane) were in good

agreement with corresponding experimental values [47] of
1.00 g cm−3, 0.79 g cm−3 and 0.66 g cm−3, respectively.

Before production run, all systems were prepared by a
series of combined energy minimizations (the steepest
descent method for the first 3000 steps, the conjugate
gradient algorithm for the second 2000 steps). After the
minimizations, the systems were heated gradually from
0 to 300 K within 120 ps. Then 5 ns dynamics simula-
tions were carried out with periodic boundary conditions
in the NVT ensemble at 300 K using the Berendsen
temperature coupling [48]. Finally, 95 ns NPT simulation
(T=300 K and P=1 atm) was performed in the canonical
ensemble. For all MD simulations, a time step of 2 fs
was utilized. The SHAKE algorithm [49] was applied to
constrain all the bonds involving a hydrogen atom with a
tolerance of 1.0× 10−5 Å. Nonbond interactions were
handled with a 12 Å atom-based cutoff. The particle-
mesh-Ewald (PME) method [50, 51] was applied to treat
the long-range electrostatic interactions. The trajectory
was saved every 2 ps for analysis. All of the MD results
were analyzed using the analysis module of AMBER11
and VMD [52] as well as some other developed specific
trajectory analysis software.

Results and discussion

Root-mean-square deviations (RMSD)

The root mean square deviation (RMSD) is for deviation
from the crystal structure of trypsin. The RMSD values of
backbone atoms of the enzyme were plotted as a function of
time in Fig. 2. As shown in Fig. 2, after 50 ns, the RMSD
values in the three media present minor fluctuations and
approach equilibration, suggesting that all systems were well
relaxed and stable within the scale of 100 ns simulation time.
The average RMSD values over the last 20 ns simulation
in the three media are listed in Table 1. It is apparent that
the RMSD values in three solvents follow the order of
HEX>ACN>WAT for the free and complex systems,
indicating that the enzyme structures in the organic solvents
have a larger deviation from the crystal structure. Moreover,
the deviation in the non-polar solvent is higher than that
in the polar solvent, consistent with observations from
previous research works [17, 21, 53–55]. A comparison
of the free enzyme with the complexed one (see Table 1
and Fig. 2) shows that the trypsin with the substrate
bound exhibits smaller RMSD values than the free one
in the two polar media (viz., acetonitrile and water) while a
reverse trend is presented in the non-polar hexane. The obser-
vation implies that the six-amino-acid peptide substrate would
stabilize the trypsin native structure in the polar media, but
destabilize it in the non-polar one.
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In addition, we also calculated the RMSD values of each
residue, as shown in Fig. 3 and Fig. 4. It can be seen from
Fig. 3 that the RMSD values of most residues follow the order
of HEX>ACN>WAT, either for the free or the complexed
enzyme, consistent with the variation trend of the total RMSD
values above. As shown in Fig. 4, the RMSD values of most
residues of the free enzyme are greater than those of the
complexed one in the polar water and acetonitrile media.
The difference is more pronounced in acetonitrile solvent than
that in aqueous solution. As a result, the average RMSD value

of the free enzyme is larger than that of the complexed one in
the two polar solvents, further confirming the stabilization
effect of the substrate on the enzyme native structure in the
polar media. In contrast, most residues of the free enzyme
have larger deviations from the crystal structure than those of
the complexed one in hexane media (see Fig. 4), exhibiting
unfavorable effects of the substrate on stabilization the
enzyme native structure in the non-polar media.

The specificity of serine proteases is usually associated
with the S1 pocket, which is adjacent to the surface and

Fig. 2 The RMSD values of
backbone atoms of trypsin with
respect to the simulation time in
aqueous (labeled as WAT),
acetonitrile (labeled as ACN)
and hexane (labeled as HEX)
media for the free enzyme (top)
and the complex system
(bottom). The RMSD is for
deviation from the crystal
structure

Table 1 Summary of the RMSD values (in Å unit) of backbone atoms,
radius of gyration (Rg), the percentage of the α-helix and β-sheet,
SASA and the percentage of hydrophobic and hydrophilic SASA (%)

and their standard deviation over last 20 ns trajectories for aqueous
solution (WAT), acetonitrile (ACN) and hexane (HEX) media

System Freea Complexb

Media WAT ACN HEX WAT ACN HEX

RMSD of protein

backbone 1.047±0.104 1.254±0.085 1.624±0.067 0.928±0.060 1.218±0.076 2.158±0.113

Rg and the percentage of the helix and sheet

Rg (Å) 16.53±0.05 16.48±0.05 16.26±0.04 16.42±0.05 16.34±0.03 16.27±0.03

α-Helix% 6.0±0.2 5.6±0.2 5.0±0.2 7.2±0.3 4.7±0.2 4.4±0.2

β-Sheet% 32.8±0.5 32.4±0.4 32.6±0.5 32.6±0.5 32.7±0.5 32.0±0.4

Total SASA, hydrophobic and hydrophilic residues SASA/total SASA

SASA(×103 Å) 10.54±0.15 10.15±0.14 9.69±0.11 10.32±0.15 9.96±0.11 9.74±0.12

Hydrophilic% 75.95±0.54 72.59±0.69 71.39±0.73 72.57±0.87 71.85±0.50 68.63±0.62

Hydrophobic% 24.05±0.54 27.41±0.69 28.61±0.73 27.43±0.87 28.15±0.50 31.37±0.62

The RMSD values are for deviations from the crystal structure
a Free denotes the free enzyme system
b Complex denotes the enzyme-substrate complex system
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bordered with the side chains of residues 189–192, 214–216,
and 224–228 [31]. Thus, we, herein, especially concern the
changes in the S1 pocket induced by the solvents and the
substrate binding. Similar to observations above, the RMSD
values of the S1 pocket residues are slightly larger in aceto-
nitrile media than those in aqueous solution (see Fig. 3) for
the free enzyme system. However, significantly larger devia-
tions of the S1 pocket from the native protein are presented in
the non-polar hexane solvent for the free enzyme. The obser-
vation implies a large variation of the pocket shape in the non-
polar solvent, which is probably associated with the specificity
change to some extent. To more clearly evaluate the effect of
organic solvent on the S1 pocket, we used VMD to show its
structure in the three media, based on the average protein
structure over the last 20 ns trajectories (see Fig. 5). As can
be seen from Fig. 5, there are no large differences in the S1
pocket structure between the aqueous solution and the aceto-
nitrile media for the free enzyme. However, the S1 pocket
exhibits a relatively closed state in the acetonitrile media
compared with the aqueous solution. Interestingly, there are
significant differences in the S1 pocket structure between the
hexane media and the two polar solvents for the free enzyme.
The S1 pocket is almost fully closed in hexane media com-
pared with aqueous solution and acetonitrile ones, indicating
that the non-polar solvent could induce larger changes in
the S1 pocket conformation than the polar organic one. The
observations derived from Fig. 5 are consistent with the
calculated RMSD values above, which could rationalize
experimental findings that the organic solvent could change
substrate specificity. Different from the free enzyme system,
the RMSD values of the S1 pocket in the complex systems do
not present significant differences between the three solvents,

as revealed by Fig. 3. The observation also displays the role of
the substrate in stabilizing the S1 pocket structure. Compared
with the free enzyme, the substrate binding only induces
minor conformational changes in the S1 pocket in aqueous
solution and polar acetonitrile media, as shown in Fig. 5. The
observation is `consistent with the experimental finding in
aqueous solution [31] that there are no observable confor-
mation changes when trypsin is bound to substrates or
inhibitors. However, a comparison of the free enzyme with
the complexed one in hexane media shows that the non-polar
solvent could cause large changes in the S1 pocket conforma-
tion (see Fig. 4 and Fig. 5), implying that a classical induced
fit binding mechanism may be operative in the non-polar
media. However, the behavior has been not reported for
chymotrypsin and trypsin in aqueous solution.

In addition, we also analyzed the RMSD values of the
three active residues (viz., His57, Asp102 and Ser195) since
the conformation of the active site should play an important
role in maintaining optimal activity of the enzyme. As shown
in Fig. 3, the three active residues of the enzyme with or
without the substrate bound exhibit much lower RMSD
values than most residues of the protein in the three media,
displaying small mobility. The results are consistent with
previous observations derived from free chymotrypsin in
hexane [53] and acyl-chymotrypsin in aqueous solution
[56]. In order to provide a visual view for the solvent induced
conformation deviation from the crystal structure, Fig. 6
presents a superposition of the three catalytic residues of
the last frame structures between the three media and the
crystal one. It can be seen from Fig. 6 that there are only
minor conformation displacements between the three media
and the crystal structure for the active residues of the free

Fig. 3 A comparison of
average RMSD values of per-
residue of the protein between
aqueous solution (WAT),
acetonitrile (ACN) and hexane
(HEX) media over the last 20 ns
trajectories for the free enzyme
(top) and the complex (bottom)
systems. The RMSD is for
deviation from the crystal
structure. The residues that
correspond to the S1 pocket are
highlighted in gray and the three
catalytic residues are
highlighted in black lines
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enzyme and the complexed one, further displaying the relative
rigidity of the active site. The relative rigidity of the active site
residues should contribute to the fact that enzymes could
remain catalytic activity in the polar and non-polar medium
with low water-content [57–59]. In addition, the RMSD
values of the three residues are similar between the complex
system and the free enzyme one, indicating that the substrate

binding does not play an observable role in influencing the
structures of the active residues.

Radius of gyration and secondary structure

The radius of gyration is defined as the mass-weighted RMS
distance of a collection of atoms from their common center

Fig. 5 Conformations of S1
pockets of the free enzyme (top)
and the complexed enzyme
(bottom) in aqueous solution
(WAT), acetonitrile (ACN) and
hexane (HEX) media, derived
from the average structure over
last 20 ns trajectories. Red,
yellow and green denotes S1
pocket, substrate and the other
residues around S1 pocket,
respectively

Fig. 4 A comparison of average
RMSD values of per-residue
between the complex and free
enzyme over the last 20 ns
trajectories in aqueous (WAT),
acetonitrile (ACN) and hexane
(HEX). The RMSD is for
deviation from the crystal
structure. The residues that
correspond to the S1 pocket are
highlighted in gray
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of mass [60]. Hence, this analysis could give us insight into
the overall dimensions of the protein. The radius of gyration
(Rg) is commonly estimated in terms of Eq. 1 [61]:

Rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼i

m1 ri
!−rcom��!� �2

XN

i¼1

mi

vuuuuuuut
; ð1Þ

where N is the number of atoms and rcom is the center-of-
mass position of the protein, while mi and ri are the mass and
position of atom i, respectively. Table 1 lists the average
radius of gyration calculated over the last 20 ns in the three
media. In the two enzyme states, the radius of gyrations
are in the order of WAT>ACN>HEX, displaying a posi-
tive dependence on the solvent polarity. Namely, lower the
polarity of solvent, more compact the enzyme structure.
On a whole, the gyration radiuses of the enzyme with or
without the substrate bound are similar between the three
media (nearly 1.6 nm), indicating that the solvent changes
and the substrate binding only play minor role in influencing
the overall structure of the enzyme.

To gain more insight into the effect of the solvents and the
substrate on the trypsin conformation, we also calculated
the secondary structures of the protein in the three media
using DSSP algorithm implemented in Amber program
[62] and the calculated results are listed in Table 1. The
data in Table 1 shows that the solvent and the substrate
hardly influence the β-sheet structure of the enzyme.
However, it is slightly easier for the α-helix structure
to be influenced by the solvent and the substrate, but still
with small extent. As can be seen from Table 1, the
organic solvent could reduce the content of α-helix.
Although the substrate is far away from the α-helix
regions, its binding still induces a slight increase in the
α-helix content in aqueous solution and a slight drop in
acetonitrile and hexane media, as revealed by a comparison of
the free enzyme system with the complexed one.

SASA (solvent-accessible surface area)

Solvent accessible surface areas (SASA) were calculated
using the program VMD defined by rolling a probe of given
size (1.4 Å) around a van der Waals surface of the protein,
which could provide information of how different parts of a
protein can be affected by media. Table 1 lists the calculated
SASA and the relative hydrophobic as well as the hydrophilic
surface percentage for 1000 snapshots, which were selected
from the last 20 ns trajectories at the interval of 20 ps.

An inspection of Table 1 reveals that the total SASA
values follow the order of HEX<ACN<WAT in both the
complex and the free enzyme systems, in agreement with the
variation trend of radius of gyration. A comparison of the
total SASA between the complexed enzyme and the free
enzyme exhibits slight differences, suggesting that the sub-
strate binding only plays a minor role in influencing the total
SASA. To gain more insight into the variation of SASA, we
analyzed SASA variations of hydrophobic and hydrophilic
residues. The percentage of hydrophilic SASA and hydro-
phobic SASA relative to the total SASA (SASA %) are
calculated in the three media and listed in Table 1. Similar
to the variation trend of the total SASA, the percentage of
hydrophilic SASA follows the order of HEX<ACN<WAT
while a reverse trend is observed for the percentage of
hydrophobic SASA. A comparison of the free enzyme and
the complexed one reveals that the substrate binding induces
an increase in the hydrophobic SASA and a decrease in the
hydrophilic SASA. The variation is more pronounced in
strong polar water environment and non-polar hexane media
compared with polar acetonitrile solvent. The observation
indicates that the solvent and the substrate make some
hydrophobic and hydrophilic side chains reorient them-
selves on the protein surface. And some of the polar side
chains, which are originally accessible to the solvent in
the free enzyme state, are buried into the interior of the
trypsin, and some non-polar side chains become to be
exposed to the solvents. As a result, the hydrophobic
surface area is increased with decreasing solvent polarity
or upon the substrate binding while a reverse trend is
observed for the hydrophilic surface area.

Distribution of solvents and crystal water

In order to gain insight into the distribution of water and the
organic solvents around the protein, the spatial probability
density distribution of solvents were calculated by binning
atoms positions from rms coordinate fit frames over all
protein atoms at 20 ps intervals into (0.5)3m grids over the
last 20 ns trajectories.

The number densities of the bulk water, acetonitrile and
hexane solvents are calculated to be 0.03344, 0.0116 and
0.0046 atoms/Å3. The contour level cutoff values in Fig. 7

Fig. 6 A superimposition of the three catalytic residues of the free
(free) and complexed (complex) enzymes between the crystal structure
and the last frame structure in three media. Hydrogen atoms are not
shown. Color code: blue, crystal structure; red, aqueous solution;
green, acetonitrile solution; yellow, hexane solution

J Mol Model (2013) 19:3749–3766 3755



are 5, 14 and 36 times average density of bulk water, aceto-
nitrile and hexane, which could provide a clear picture for the
distribution of the two organic solvents and the crystal water
around the protein. As shown in Fig. 7, the spatial contours
enclosing high probability regions of the crystal waters are
mainly located at the protein surface and a fraction in the
protein interior, not diffusing into the bulk organic solvent.
In addition, the density of crystal water molecules around the
protein in hexane media is significantly higher than that in
acetonitrile one both for the complex system and the free
enzyme one. To obtain quantitative information of the solvent
distribution around the protein, we also calculated the number
of solvent molecules within 2.5 Å distance from the protein
surface (see Table 2) since the 2.5 Å distance is generally
considered as the first hydration layer interacting with the
protein [17]. As show in Table 2, most of the crystal
water molecules in the organic solvents are located in
the 2.5 Å region, especially in hexane media, where the
number of water molecules in the region is much more
than that in acetonitrile media, either for the free enzyme
or the complexed one. The quantitative observations are
consistent with Fig. 7, suggesting that the acetonitrile has
stronger ability to strip off water from the protein than the
hexane. Similarly, there is little difference in the distribution of
the water and organic solvent around the protein between the
free enzyme and the complex systems, judging from Fig. 7
and Table 2.

As can be seen from Fig. 7, there are some water and
organic solvent molecules penetrating into the protein inte-
rior. To gain further insight into the distribution of solvents in
the active site, we calculated the average resident number of
acetonitrile, hexane and water in the active pocket, defined as
the space within 5 Å centered at the atom OG@Ser195
owing to its crucial role in the catalytic reaction (see Table 2).
The data in Table 2 shows that there are 2∼10 water mole-
cules and 1∼3 organic solvent molecules resided in the
active site for the free enzyme, with more water molecules
in the hexane media and more organic solvent molecules in
the acetonitrile one. For the complex system, there is nearly
no water molecule or organic solvent molecules penetrating
into the 5.0 Å region in acetonitrile and hexnae media, but
there are about two water molecules located in the active
site in aqueous solution. The observations reveal that the
peptide substrate could expel the solvent molecule from
the active site and further confirm the observation above
that the acetonitrile has stronger ability to strip off water
molecule than the hexane.

H-bond analysis in the active site

As revealed, the hydrogen bond network between the three
active residues (viz., His57, Asp102 and Ser195) plays an
important role in the catalytic ability of serine proteases [31,
63]. Thus, we, in the part, carried out a detailed analysis of
H-bonding between the three residues (see Table 3). Herein,
the criteria used to define hydrogen bond are solely geometric.
We consider one hydrogen bond to be presented if both the
distance between hydrogen atom-acceptor and hydrogen
atom-donor is less than 3.5 Å and the angle between the
hydrogen bond donor atom, hydrogen atom, and acceptor
atom is more than 120° criteria are satisfied simultaneously.
A hydrogen bond is considered to be stable if it exists
for>90 % of the trajectory time.

As can be seen from Table 3, the H-bonding between the
Asp102 and the His57 residues has been stably existed over
more than 95 % life time, suggesting that the H-bonding is
very stable and insensitive to the solvent changes and the
substrate binding. However, the solvent and the substrate
should induce minor changes in the H-bond strength, deduced
from the differences in the H-bond distances between the
systems under study. In contrast, the solvent and the substrate
could significantly influence the H-bonding between the
His57 and Ser195 residues. For the enzyme without the sub-
strate bound, the H-bond is broken in most of the simulation
time in water and acetonitrile media but could stably exist in
non-polar hexane media with lifetime of 95 %. We also
calculated the H-bonding between the Ser195 residue and
the water molecule (see Table 3). In the free enzyme systems,
the calculated result shows that there is H-bonding between
the Ser195 and the water molecule over more than half of the

Fig. 7 The spatial distribution of water and organic molecules around
the protein for the free enzyme (a, b) and the complexed one (c, d). The
protein corresponds to the average structure of trypsin over the last
20 ns equilibrium trajectory. The contours enclose regions with a
probability density above five times the average density for water (red
contour), 14 times for acetonitrile (blue contour) and 36 times for
hexane (cyan contour). The average structure of the enzyme was drawn
according to its second structure
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simulation time in aqueous solution and acetonitrile media
while a low life time (15 %) is observed in hexane media. The
observations should partly contribute to the instability of the
H-bond in water and acetonitrile media and the stability in
hexane solvent for the free enzyme. Different from the free
enzyme system, the substrate binding significantly enhances
the H-bonding between the His57 and Ser195 residues, as
demonstrated by higher lifetime in the complex system rela-
tive to the free one (see Table 3). As revealed above, there is
no water molecule penetrating into the active site to form H-
bond with the Ser195 residue for the complexed enzyme in
acetonitrile and hexane media. While for the complex system
in aqueous solution, only very occasional H-bond with life-
time of 7 % is formed between water and the Ser195 residue,
which should play to some extent role in perturbing the H-
bonding between the His57 and Ser195 residues. As a result,
the life time of the H-bond between the two residues is ∼53 %
for the complex system in aqueous solution, significantly
lower than those in the other two organic media.

The key distances between the substrate and the catalytic
residues

As generally accepted in the catalytic mechanism of serine
proteases, the Ser195 residue attacks the carbonyl of the pep-
tide substrate, assisted by the His57 residue acting as a general

base to withdraw the proton from the Ser195, to yield a tetra-
hedral intermediate in the acylation reaction step [31]. There-
fore, we focus on the effects of the solvents on the distance
between the OG@Ser195 atom and the carbonyl carbon atom
of Agr5 of the peptide substrate (viz., C@Arg5). Figure 8 plots
the distance between the OG@Ser195 and the C@Arg5 atoms
vs time in the three media. It is apparent that the distance is
slightly fluctuated around 3.0 Å in the organic solvents in most
of the simulation time, close to the reactive distance. However,
it displays large fluctuations in aqueous solution, larger than
3.5 Å in more than half of the simulation time.

As observed above, in aqueous solution, there have been
1∼2 water molecules located in the active site during the
whole simulation time. Therefore, it is reasonable to assume
if the water molecule resided in the active site results in the
large distance between the OG@Ser195 atom and the
C@Arg5 one in aqueous solution. We analyzed the distance
between the OG@Ser195 atom and the nearest water molecule
(viz., O@H2O) to it. As shown in Fig. 8, there is a negative
correlation between the two distances (viz., OG@Ser195…
C@Arg5 and OG@Ser195…O@H2O). Namely, the larger
the distance of OG@Ser195…O@H2O, the smaller the dis-
tance of OG@Ser195…C@Arg5, vice versa. The observation
confirms the assumption above that the perturbation of the
water molecules penetrating into the active site leads to larger
fluctuations in the distance of OG@Ser195…C@Arg5 in

Table 3 Average distances of hydrogen bonds (in Å) and their percentage occupation (%) in aqueous solution (WAT), acetonitrile (ACN) and hexane
(HEX) media over the last 20 ns trajectories

System Free (%/Å) Complex (%/Å)

Media WAT ACN HEX WAT ACN HEX

NE2@His57⋅⋅⋅OG@Ser195 32/2.90 31/3.04 95/2.89 53/2.90 100/2.87 100/2.88

OD2@Asp102⋅⋅⋅ND1@His57 100/2.88 100/2.83 99/2.91 100/2.84 98/2.89 96/2.88

O@H2O⋅⋅⋅OG@Ser195 79 % 59 % 15 % 7 % 0 % 0 %

NE2@His57 depicts OG atom of His57 residue. OG@Ser195 depicts OG atom of Ser195 residue. OD2@Asp102 depicts OD2 atom of Asp102
residue. ND1@His57 depicts ND1 atom of His57 residue. O@H2O depicts O atom of the water molecule

Table 2 Average number of water molecules (water) and organic solvent molecules (organic) residing in the surface of the protein and the active site
over the last 20 ns trajectories for aqueous solution (WAT), acetonitrile (ACN) and hexane (HEX) media

System Free Complex

WAT ACN HEX WAT ACN HEX

No. of solvent molecules residing within 2.5 Å region from the surface of protein

Water molecule 418±12 85±6 121±3 463±12 82±4 126±3

Organic molecule / 152±9 110±6 / 159±8 109±6

No. of solvent molecules siding in the active sitea (5 Å)

Water molecule 8.3±1.4 1.5±1.1 3.2±0.5 1.6±1.2 0±0 0±0

Organic molecule / 2.4±1.1 1.3±0.6 / 0±0 0±0

a Average number of solvent molecules in the active site, defined as the space with 5.0 Å centered at the atom OG@Ser195

“/” denotes no organic molecule in aqueous solution
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aqueous solution than the other two organic solvents. As
revealed above, there are nearly no solvent molecules
penetrating into the active site for the complex system in the
two organic media. It should be the absence of the perturba-
tion of solvent molecule that partly contributes to smaller
OG@Ser195…C@Arg5 distance in the organic media than
that in aqueous solution for the complex system.

As revealed by experiments, the catalytic reaction mainly
depends on the attack of OG@Ser195 to C@Arg5 and the
assistance of the H-bond network among the Ser195, His57
and Asp102 residues. Thus, the effects of solvents on these
distances should be associated with the variation of the
enzyme activity. Figure 9 summarizes the three distances of
NE2@His57…OG@Ser195, ND1@His57…OD2@Asp102
and OG@Ser195…C@Agr5 in 1000 snapshots selected from
the last 20 ns trajectories at the interval of 20 ps. The results
show that the three distances in 989 of 1000 snapshots are
almost smaller than 3.5 Å in hexane media. In acetonitrile

media, the three distances are also smaller than the value of
3.5 Å in 933 of 1000 snapshots, slightly less than hexane
media. It seems that the enzyme and the substrate are appro-
priate to the reactive conformation in the two organic solvents,
which may be associated with the fact that the enzyme
could retain activity in micro-hydrated organic media. The
result should be attributed to more compact structure of the
enzyme induced by the organic solvent and the absence of
perturbation of solvent molecules in the active site. In
contrast, the three distances approach to the reactive con-
formation only in less than half of 1000 snapshots (viz.,
431 snapshots), which should be attributed to the pertur-
bation of water molecules in the active site. However, in
fact, the enzymatic activity is higher in several orders of
magnitude in aqueous media than in organic media [1, 5,
10, 64], suggesting that these key distances presented in
the initial binding step seem to play no dominant role in
the enzymatic activity.

Fig. 8 The time-dependent
distances between the
OG@Ser195 atom and the
C@Arg5 atom in aqueous
(WAT), acetonitrile (ACN) and
hexane (HEX) solution and the
distances between OG@Ser195
atom and oxygen atom of the
water molecule (O@H2O)
closest to it in aqueous solution
(WAT), derived from the last
20 ns trajectories
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Analysis on MM/GBSA binding free energy

To study the thermodynamics of the interaction between
the substrate and the enzyme in the three media, binding
free energy calculations were performed using molecular
mechanics generalized Born/surface area (MM/GBSA)
method [65]. The binding free energyΔGbinding was calculated
using Eq. 2

ΔGbinding ¼ Gcomplex− Genzyme þ Gsubstrate

� �
: ð2Þ

Where Gcomplex, Genzyme and Gsubstrate are the free energies
of the complex, enzyme, and substrate, respectively. The free
energies are estimated as a sum of four terms (see Eq. 3).

G ¼ Egas þ Gpsolv þ Gnpsolv−TS ð3Þ
Where Egas is the molecular mechanics energy of the

molecule expressed as the sum of the internal energy of the
molecule plus the electrostatic and van der Waals interactions,
Gpsolv and Gnpsolv are the polar and nonpolar contribution to
solvation energy of themolecule, respectively. T is the absolute
temperature and S is the molecule entropy. Similar to many
investigations [66–73], the change in solute entropy was not
included in the free energy calculations in the work since we
mainly focus on the relative order of binding affinities.

The GB model (IGB=2) was used to calculate the polar
contribution to the solvation energy. The nonpolar contribu-
tion was determined on the basis of solvent-accessible surface
area (SASA) using the LCPO method (see Eq. 4).

ΔGnpsolv ¼ 0:0072�ΔSASA ð4Þ
The value of 1 was used for the interior dielectric con-

stant, while values of 80, 37.5, and 1.88 were used for the
exterior solvent dielectric constant for water, acetonitrile and
hexane, respectively. Snapshots without the water and or-
ganic molecules as well as chloride ions were extracted from
the MD trajectories in the last 20 ns at 20 ps intervals for the
energy analysis. Table 4 lists the calculated energy and its
components in the three solvents. NegativeΔGbinding values
in Table 4 mean that the binding between the enzyme and the
substrate is spontaneous in the three media. The binding
strength in acetonitrile media is slightly weaker by 2.8 kcal-
mol−1 than that in aqueous solution. However, the ΔGbinding

value in hexane media is high up to −195.3 kcal mol−1, much
higher than those in water and acetonitrile solvents. Rashidi
determined Michaelis–Menten kinetic values for the oxida-
tion of phenanthridine by aldehyde oxidase in the absence
and presence of a volume of the water-miscible organic
solvents (including N-N-dimethylformamide, acetonitrile,
tetrahydrofuran, 1-propanol, 2-propanol, ethanol, pyridine,
dioxane, and methanol solvents) that produces 30 % inhibi-
tion [74]. Their results predicted that the substrate affinity to
the active site of the enzyme should be increased in the

organic solvent-containing medium since the kinetic Km

values determined are smaller in the organic solvents than
aqueous solution. In addition, kinetic parameters of rice per-
oxidase determined in 40% organic solvents were observed to
be lower in low-polar chloroform than that in polar ethanol
[75]. In terms of the relationship between the binding strength
and the kinetic Km value, it can be assumed that the binding
strength between the peroxidase and the substrate in ref. [75]
is greater in the low-polar chloroform than that in polar
ethanol. Our calculation results provide a support for these
experimental observations above. As indicated by some
experimental studies, higher catalytic activities were often
observed for some enzymes in nonpolar solvents compared
with the polar ones [2–5]. Laane [76] studied the rules for
optimization of biocatalysis in organic solvents and con-
cluded that the biocatalysis in organic solvents is low in
polar solvents and high in non-polar ones. Feng [21] studied
the activity of CALB in organic solvent using MD simulation
and indicated that the activation energy of CALBwas lower in
non-polar solvents than that in polar solvents. It seems that the
higher binding energy in non-polar solvent revealed by the
work may rationalize the previous findings to some extent.

To gain insight into the driving force for the binding
strength, we also analyzed the binding free energy components.
Data in Table 4 suggest that the Coulombic interaction (ΔEele)
and van der Waals interaction (ΔEvwd) are the main driving
force to the binding strength in the three media, in particular
for the Coulombic interaction, which is highly attractive.

Table 4 Energetic analysis (in kcal mol−1) of trypsin-substrate com-
plex and their standard deviations in aqueous solution (WAT), acetoni-
trile (ACN) and hexane (HEX) media

Media WAT ACN HEX

ΔEele
a −117.7±15.7 −103.6±13.0 −220.4±15.3

ΔEvdw
b −62.7±4.9 −61.1±4.2 −70.6±5.0

ΔEgas
c −180.4±15.3 −164.7±12.2 −291.1±14.8

ΔGnpsolv
d −8.6±0.4 −8.1±0.3 −9.7±0.3

ΔGpsolv
e 131.7±13.5 118.2±10.3 105.5±5.4

ΔGsolv
f 123.1±13.4 110.3±10.3 95.8±5.4

ΔGele
g 14.1±5.7 14.7±5.2 −114.9±10.7

ΔGbinding
h −57.3±4.8 −54.5±4.7 −195.3±10.0

a Non-bonded electrostatic energy calculated by the MM force field
b Non-bonded van der walls contribution from MM force field
c Absolute free energy in gas phase
d Nonpolar contribution to the solvation free energy
e Polar contribution to the solvation free energy calculated
f Solvation free energy
g Total electrostatic energy contribution to the binding energy
h Binding energy

ΔEgas=ΔEele+ΔEvdw,ΔGsolv=ΔGnpsolv+ΔGpsolv

ΔGele=ΔEele+ΔGpsolv,ΔGbinding=ΔEgas+ΔGsolv
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Moreover, the Coulombic interaction ΔEele in hexane media
is high up to −220.4 kcal mol−1, much larger than those in
aqueous solution (−117.7 kcal mol−1) and acetonitrile media
(−103.6 kcal mol−1). The strong Coulombic attraction in the
three media is largely offset by the unfavorable electrostatic
solvation free energy (ΔGpsolv), as shown in Table 4. The
result is expected since the Coulombic interaction is generally
anti-correlated with the electrostatic solvation free energy
ΔGpsolv [77]. An inspection of Table 4 shows that the net
electrostatic contributions ΔGele disfavors the binding in
aqueous solution and acetonitrile media, consistent with pre-
vious studies in aqueous solution [77–81]. The observation
suggests that the polar solvent would disfavor the binding
between the enzyme and the substrate. In contrast to the
finding in the polar solvent, the electrostatic contribution is
strongly favorable to the binding in non-polar hexane media.
Indeed, our previous work, which studied effects of solvents
with different polarity on the H-bond strength between form-
amide (as a model of protein) and the water molecule using
continuum dielectric model, already revealed that the binding
strength is decreased with increasing solvent polarity through
reducing the electrostatic interaction [82], which is consistent
with the observation from this work.

Important residues contributed to the substrate binding

Interfacial residues in the complex can be identified by
considering the inter-atomic distance between the enzyme
and the substrate [83, 84]. Residues across the interface with
distances below a cut-off are considered as interacting. The
cut-off distance is computed as the sum of van der Waal’s
radii of interacting atoms plus 0.5 Å [83, 84]. PSAIA soft-
ware was used to identify the binding interface residues.
Figure 10 representatively shows the binding interface of
the crystal structure. Table 5 lists the calculated results in
the three media, derived from the average structure over the
last 20 ns trajectories. As expected, in aqueous solution, the
residues of the S1 pocket are almost located in the binding
interface and the interfacial residues also include oxygen
hole residues (Gly193-Ser195). In acetonitrile media, the
interfacial residues are similar to those in aqueous solution,
along with minor variations in the number and the type of
residues. However, significant changes in the number and
the type of interfacial residues are observed in hexane media
(see Table 5), compared with water and acetonitrile media.
These observations further exhibit the solvent induced
changes in the conformation of the enzyme, especially in the
non-polar hexane solvent. However, in the three media, most
of the S1 pocket residues are preserved in the interface, for
example, the Asp189, Gly216 and Gly226 residues, which
account for trypsin’s specificity for the substrate containing
arginine [31]. In addition, the oxygen hole residues (Gly193-
Ser195) are also preserved in the interface in the three media.

In order to further identify the important residues contributed
to the binding, we also decomposed the binding energy on a
per-residue basis to obtain the contribution from structural
elements, in terms of Eq. 5.

ΔGi−binding ¼ Gi−trypsin:substrate−Gi−trypsin ð5Þ

Where Gi-trypsin.substrate and Gi-trypsine represent the energy
of the ith residue in the complexed and the free trypsin,
respectively. The energy for the residue i can be calculated
using Eq. 6.

Gi−A ¼ Gi−gas þ Gi−solv ð6Þ

WhereGi-A denotesGi-trypsin.substrate orGi-trypsin above;Gi-gas

is the gas phase internal energy of the residue i computed by
AMBER force field; Gi-solv is the solvation energy of the ith
residue, including contribution from both polar (Gi-polar) and
nonplar (Gi-nonpolar). The polar contribution was calculated
with GB model. The nonpolar contribution arising from cavity
formation and van der Waals interactions between the solute
and the solvent was estimated using Eq. 4. Similar to the
binding free energy calculation, snapshots without the water
and organic molecules and chloride ions were extracted from
the last 20 ns MD trajectories at 20 ps intervals for the calcu-
lation of binding energy decomposition on a per-residue. On
the basis of calculated ΔGi-binding, we could identify the resi-
dues with significant impact on the trypsin-substrate binding
(see Fig. 11). A comparison of Fig. 11 with Table 5 reveals that
the interaction between the trypsin and the substrate is domi-
nated by some high energy residues located in the binding
interface. The rest of the binding energy comes from low

Fig. 10 Residues in the binding interface between the enzyme and the
substrate, calculated using PSAIA software for the crystal structure.
Pink and green denote the S1 pocket residues and the other residues in
the binding interface, respectively. Substrate is shown by a light blue
wire mesh
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energy residues with a broad spatial distribution in the protein,
which may be considered as a background interaction.

In aqueous solution, the His57, Tyr151, Asp189, Ser190,
Gln192, Trp215 and Gly216 residues are observed to signifi-
cantly contribute to the binding energy, as revealed by Fig. 11.
Further analysis indicates that theAsp189, Ser190, and Gly216
residues favor the binding mainly via electrostatic interactions
(see Fig. 12 and supporting information Table S3) and the
backbone atoms of these residues form hydrogen bonds with
the substrate, as illustrated in Fig. 13. The other two S1 pocket

residues (viz., Gln192 and Trp215), the His57 and Tyr151
residues contribute their substrate affinity mainly through van
derWaals interactions. Indeed, the Tyr151 andGln192 residues
also form hydrogen bonds with the substrate (see Fig. 13),
which significantly favor the Coulomb binding energy by −9.7
and −14.2 kcal mol−1 (see supporting information Table S3),
respectively. However, the favorable contribution derived from
the H-bonding is largely offset by unfavorable polar solvation
energy (9.3 kcal mol−1 for Tyr151 and 14.1 kcal mol−1 for
Gln192). As a net result, the van der Waals interactions

Table 5 The binding interface residues of the complex system in aqueous solution (WAT), acetonitrile (ACN) and hexane (HEX) media, derived
from the average structure over the last 20 ns trajectories

Name and serial number of amino acid

WAT ACN HEX

S1 pocket Asp189 Ser190 Gln192 Ser214 Try215
Gly216 Gly226 Val227 Tyr228

Asp189 Ser190 Gln192 Ser214 Trp215
Gly21 Gly226 Val227

Asp189 Ser190 Gln192 Trp215 Gly216
Gly226

other Phe41 Leu99 Tyr151 Gly193 Asp194
Ser195 Val213 Tyr217 Pro225

Phe41 Lys60 Leu99 Try151 Gly193
Ser195 Val213 Tyr217 Gly218
Ala221

Phe41 Lys60 Arg62 Leu99 Asn143
LYS145 Ser146 Gly148 Ser149
Try151 Gly193 Asp194 Ser195
Val213 Gly219Ala221

Fig. 11 Per-residue binding
energy ΔGi for the substrate
binding in aqueous (WAT),
acetonitrile (ACN) and hexane
(HEX) media and only
high energy residues
(|ΔGi|≥2 kcal mol−1)
are shown
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between the two residues and the substrate instead display
dominant contributions to the binding.

In acetonitrile media, those residues, which are observed to
favor the binding in aqueous solution, still retain their favor-
able contribution (see Fig. 11 and Fig. 13). However there are
some changes in their contribution extents, as reflected by the
differences in these energy values between aqueous solution
and acetonitrile media (see Fig. 11 and supporting information
Table S4). Besides these residues above, the residues Phe41,
Lys60 and the two residues located in the oxyanion hole (viz.,
Asp194 and Ser195) also significantly exhibit favorable con-
tribution to the binding energy in acetonitrile media, which are
observed to only play a minor role in favoring the binding in
aqueous solution. The Phe41 and Ser195 residues favor the
interaction mainly through van der Waals interactions while

the Lys60 and Asp194 residues contribute to the binding
affinity mainly through the electrostatic interactions (see
Fig. 12). In addition, significantly favorable contribution from
the Tyr151 residue observed in aqueous solution is largely
weakened by acetonitrile media. These observations further
confirm that the residues in the binding interface occur to
some extent reorientations in acetonitrile media, compared
with aqueous solution.

Surprisingly, the favorable or unfavorable contributions
from the residues are observed to be much larger in the non-
polar hexane solvent than those in the polar water and aceto-
nitrile media. Some residues favoring the binding in the polar
solvents, for example the Asp189, Ser190, Gln192 and
Gly216 residues, still preserve their favorable contribution in
the non-polar hexane (see Fig. 11 and Fig. 13), but with much

Fig. 12 Energy decomposition
into contributions from van der
Waals energy (vdw), the sum of
Coulombic interaction and the
polar solvation energy
(Coulomb+GB), and the
nonpolar term of solvation
energy (NP) for the residues
whose absolute value of binding
energy was greater than
2.0 kcal mol−1. WAT denotes
aqueous solution. ACN denotes
acetonitrile media and HEX
denotes hexane media
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larger extent. Besides these residues, some other residues,
which do not present favorable contribution to the binding in
aqueous solution and acetonitrile media, are observed to
strongly favor the binding in hexane media, further confirming
the changes in the conformation of binding surface induced by
the hexane solvent. For instance, theArg62, Asp100 andAsp102
residues significantly contribute to the binding energy mainly
through electrostatic interactions (see Fig. 12 and supporting
information Table S5) in hexane media, resulting from the H-
bonding of the residue Arg62 with the substrate and the Cou-
lombic interaction between the negative charge of the Asp100
and Asp102 residues and the positive charge of the Arg5 residue
of the substrate (also see Fig. 13). On awhole, in threemedia, the
favorable residues contribute to the binding affinity mainly
through electrostatic interactions, consistent with the analysis of
the total binding energy above. Furthermore, the effects aremuch
stronger in non-polar hexane media than those in the other two
polar solvents. Not surprisingly, the polarity of water and aceto-
nitrile solvent should weaken the electrostatic interactions be-
tween the favorable residues and the substrate, as confirmed by
our previous work [82]. Thus, the favorable residues could
exhibit much larger contribution to the binding affinity in hexane
media than in the two polar solvents. As a result, the total
binding energy between the enzyme and the substrate is
observed to be largest in the non-polar hexane solvent.

Conclusions

Using 100 ns MD simulations, we studied the trypsin with or
without a six-amino-acid peptide bound in aqueous solution
and the two organic media (acetonitrile and hexane) with the
inclusion of 135 crystal waters. The effects of the organic

solvent and the substrate binding on the structure of enzyme,
solvent distribution, intra-protein and protein-substrate in-
teractions in non-aqueous media are studied by comparison
of the results from these systems.

The results indicate that the trypsin in organic media has
larger deviation from the crystal structure than that in aqueous
solution either for the free state or the complexed form, and the
deviation is more significant in non-polar hexane than that in
polar acetonitrile media. In the free enzyme system, the S1
pocket in hexane media is significantly different from those in
polar water and acetonitrile solvents, presenting a fully closed
state while it exhibits open states in the two polar solvents. The
observations suggest that there are to some extent changes in
the specificity of the enzyme induced by the non-polar organic
solvent. However, no large difference in the S1 pocket structure
is observed for the complexed enzyme between the three
media, which may stem from the substrate stabilization. The
observation implies that the six-amino-acid peptide substrate
may induce a fit binding mechanism in non-polar hexane
media, which was not experimentally observed in the polar
water and acetonitrile solvents. Similarly, the stabilization effect
from the substrate binding is also observed for the overall
structure of the enzyme in the polar solvents (water and aceto-
nitrile). In contrast, the substrate could destabilize the native
structure of the enzyme in the non-polar hexane media.

Although no unwinding or denaturation of the enzyme is
observed in the organic solvents within the scale of the simu-
lation time, the enzyme exhibits more compact structure in the
organic solvents than aqueous solution, especially for hexane
media. In addition, the organic solvents also induce some
reorientations of the hydrophobic and hydrophilic side chains.
Accordingly, a decrease in the SASA is observed in the organic
media and the reduced extent is larger in hexane media than

Fig. 13 Representative
interactions between some
higher energy residues in the
binding interface
(|ΔGi|≥2 kcal mol−1) and the
substrate in aqueous (WAT),
acetonitrile (ACN) and hexane
(HEX) solution. Line and stick
denotes substrate and higher
energy residues of trypsin,
respectively. The green dotted
line denotes hydrogen bond.
The red line denotes the Arg5
residue with positive charge of
the substrate
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acetonitrile one. The substrate binding and the decrease of
solvent polarity lead to an increase in the hydrophobic surface
while a reverse trend is observed for the hydrophilic surface
area. However, the solvent and the substrate only play a minor
role in the secondary structure of the enzyme. In addition, the
substrate did not play an observation role in the distribution of
the solvent around the protein surface. The crystal water in the
organic solvents is mainly clustered on the protein surface, not
diffusing into the bulk organic solvent. However, the acetontrile
solvent exhibits stronger ability to strip off the bound water
from the protein surface than the hexane one. The catalytic H-
bond network and the key distance between the Ser195 residue
and the substrate seem to appear more productive Mixchaeils
complex conformation in the organic solvents (viz., acetonitrile
and hexane) than aqueous solution. The results may partly stem
from more compact structure of the enzyme caused by the
organic solvent and the absence of perturbation of solvent
molecules in the active site owing to the substrate’s expelling.

The binding free energy indicates that the non-polar hexane
solvent could yield a muchmore favorable binding between the
substrate and the enzyme than the polar water and acetonitrile
solvents. Further analysis reveals that the four residues of the S1
pocket (viz., Asp189, Ser190, Gln192 and Gly216) keep favor-
able affinity to the binding in the three media, displaying an
insensitivity to the solvent variation. However, the organic
solvents cause to some extent changes in the number and the
type of residues favoring the binding as well as the contribution
extent, especially for the non-polar hexane. The favorable
residues contribute to the binding affinity mainly through elec-
trostatic interactions while the polar solvent could significantly
weaken the electrostatic interactions. As a result, the binding
strength between the substrate and the enzyme is much
larger in the non-polar hexane solvent than those in the polar
water and acetonitrile ones. However, as confirmed by ex-
periments [1, 5, 10, 64], the enzymatic activity is typically
several orders of magnitude lower in organic media compared
with aqueous solution. Based on that fact, it seems that the
organic solvent induced higher stability of the catalytic H-bond
network, shorter key distance associated with the catalytic
reaction and stronger substrate binding strength in the initial
binding steps may play no dominant role in influencing the
enzymatic activity. Some other changes induced by the solvent
in the initial (for example protein overall structure variations)
and successive reaction steps may corporately contribute to the
drop of enzymatic activity in organic solvents.

On a whole, the work provides a systematic study on the
substrate induced structural and dynamics changes for the
trypsin in the polar and non-polar organic media and the
effects of the solvents on the substrate binding. Some new
and different observations from previous free enzyme systems
are obtained in the work, which could help us to better
understand the structure and the function of enzyme in the
initial reaction phase of non-aqueous enzymatic catalysis.
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