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Molecular dynamic study of subtilisin Carlsberg in aqueous and nonaqueous solvents

Anthony Cruza1, Eunice Ramireza*, Alberto Santanaa2, Gabriel Barlettab3 and Gustavo E. Lópeza4

aChemistry Department, University of Puerto Rico, Mayaguez, Puerto Rico; bDepartment of Chemistry, University of Puerto Rico at
Humacao, Humacao, Puerto Rico

(Received 28 March 2008; final version received 17 August 2008 )

Using molecular dynamics simulations, we have obtained an important insight into the structural and dynamical changes
exerted by a nonaqueous solvent on the serine protease subtilisin Carlsberg. Our findings show that the structural properties
of the subtilisin–acetonitrile (MeCN) system were sensitive to the amount of water present at the protein surface. A decrease
or lack of water promoted the enzyme–MeCN interaction, which increased structural changes of the enzyme primarily at the
surface loops. This effect caused variations on the secondary and tertiary structure of the protein and induced the opening of
a pathway for the solvent to the protein core. Also, disturbance of the oxyanion hole was observed due to changes in the
orientation in the Asn-155 side chain. The disruption of the oxyanion hole and the changes of the tertiary structure should
affect the optimal activity of the enzyme.

Keywords: enzyme catalysis; essential waters; enzyme stability

1. Introduction

Research endeavours associated with non-aqueous enzy-

mology have found their way into all areas of chemistry,

including biomedical research, as enzymes have been

successfully used for the synthesis of bio-relevant

compounds [1]. The study of enzymes in non-aqueous

media is a particularly exciting field of research due to all

the advantages that such media introduce. These include

the increased solubility of hydrophobic substrates,

favourable shifts of reaction equilibrium [2], increased

thermostability of enzymes [3], minimisation of side

reactions [4], altered substrate specificity and the ability to

perform reactions that are kinetically or thermodynami-

cally unfavourable in water [5].

There are still major drawbacks that preclude us from

using enzymes to their full potential. Particular issues are

the fact that enzymes are frequently less active in organic

solvents than in water [6], that they lose most of their

activity after prolonged exposure to organic solvents [1]

and that there is a lack of predictability of enantio- and

regioselectivity of the enzymes [7]. The decrease in

enzymatic activity could be driven by the nature of the

solubilisation processes used to maintain the enzyme in an

organic environment. Also, various factors including

water content, solvent polarity, enzyme flexibility, metals

and salt interactions, changes in structure and reaction

pathways [8] could be related to the changes in the enzyme

activity. As a consequence of all the factors mentioned

above, the trial-and-error method remains the most

effective approach to achieve the desired reaction

outcome.

It is known that the hydration per cent of the media

greatly influences the dynamics and activity exhibited by

an enzyme. Micaelo and collaborators applied molecular

dynamics/molecular mechanics methodologies to study

the enzyme cutinase in hexane with various hydration

conditions (0–25% w/w). They found that at low amounts

of water (0–2.5% w/w) the enzyme is extremely rigid,

whereas at higher water content (over 25% w/w) the

protein will be denaturalised because of an increase in its

flexibility. On the other hand, with a 5–10% w/w of water

the structural and dynamic properties of cutinase resemble

the native form, with a higher enzymatic activity [9].

In addition, they showed that water exerts control on the

enantioselectivity of this enzyme, which preferentially

stabilises the R enantiomer in the range of 5–10% w/w of

water [10]. Recently, a similar behaviour was observed

with the serine protease cutinase in an ionic liquid

environment [11]. As observed with hexane, the optimum

hydration condition for the protein was 5–10%, with

higher hydration percentages denaturising the enzyme.

Furthermore, the protein displays a bell-shape-like

behaviour relative to the amount of water present, the

same that occurs in organic solvents. This result suggested

that the processes observed in the enzyme are very similar

in the organic and ionic liquid medium. However, the

stability of the enzyme in an ionic liquid medium depends

directly on the nature of the anionic species selected.
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Another important factor related to the stability of

enzymes is the polarity of the media. Micaelo and Soares

[12] found that as the polarity of the solvent increases the

amount of water necessary to observe native-like structure

also increases. They also established that the polarity of the

solvent affects the behaviour of the water at the protein

surface. A dramatic decrease of subtilisin BPN’ [13] and

subtilisin C [6] activity has been observed experimentally as

the polarity of the organic solvent increases. To understand

this behaviour at a molecular level, molecular dynamics

simulations have been performed to mimic the experimental

conditions of subtilisin BPN’. In the simulations, the enzyme

was exposed to three different solvent environments (octane,

tetrahydrofurane and acetonitrile (MeCN)) of increasing

polarity. In the timescale of the simulations it was found that

the solvent did not affect the overall structure and flexibility

of the enzyme when compared to the enzyme in the aqueous

media. The most appreciable difference between the systems

was the partitioning of the ‘essential water molecules’

between the enzyme surface and the bulk solvent. It was

observed that segregation of the water molecules to the

surface increased with the polarity of the solvent. This

behaviour reflects the tendency of organic solvents to strip

water molecules from the enzyme surface, reducing the

enzyme activity [12,14]. Simulations performed with

cutinase reveal the formation of water clusters on the protein

surface [12]. The size of these clusters increases as the

solvent polarity decreases. As expected, the water clusters

hydrated the charged and polar residues located at the surface

of the protein.

In this study, molecular dynamics simulations were

performed to obtain a molecular description of the structural

and dynamical changes exerted by a non-aqueous solvent

(MeCN) in subtilisin Carlsberg (sCa). The simulations were

designed to take into account the effect of MeCN in the

protein with and without the inclusion of essential water.

As defined by the simulation scheme described below, the

inclusion of essential water corresponds to a 4.6% w/w

hydration of the enzyme. The results obtained provided a

detailed description of the structural changes occurring in the

protein due to solvent–protein interactions. In order to have

an idea of possible changes in the enzyme activity, the effect

caused by the solvent in the structure of the oxyanion hole

was monitored.

2. Methods

We have investigated the structure and dynamics of

the serine protease sCa in several environments. Table 1

summarises the details of the modelled environments, where

the amount of water molecules in each of the systems was

varied. Specifically, the first and third systems studied had

the protein in an aqueous media and in an organic solvent,

respectively, whereas the second system conserved the

essential water in the organic solvent as described below.

Although the third system might not be prepared

experimentally because even after lyophilisation treatment

the system will conserve some water molecules, it was

considered here as an extreme case corresponding to

exposure to organic solvent for very long periods of time.

The starting structure and coordinates of sCa were

downloaded from the Protein Data Bank (PDB code:

1SCN) [15,16]. All the simulations were performed using the

GROMACS simulation package [17,18]. For the non-

aqueous systems, a three-site model with the same moment

of inertia as MeCN was used to provide the description of the

solvent molecule [19]. The downloaded protein structure

included 141 water molecules from which 65 were used to

perform the simulation with MeCN. The selection of these 65

water molecules was based on the amount of water present

in the structure of sCa in anhydrous dioxane (PDB code:

1AF4) [20]. These molecules, termed ‘essential’ water, are

located primarily at the surface of the protein. This number of

molecules has been found to be necessary for the protein to

conserve its catalytic activity in a non-aqueous environment

[21–23]. Also, five water molecules between 3.5 and 4.0 Å

from the ions present in the crystal structure were preserved,

for a total of 70 essential water molecules. The SPC water

model [24] was used to simulate the water present in the

MeCN simulations and for the solvent in the aqueous system.

Periodic boundary conditions were used in all directions.

Since we expected to observe a high degree of

unfolding in the protein, the system was placed in a cubic

box with a distance of 5.0 nm from its periodic image,

preventing any interaction between them. The energy of

the systems was minimised with the steepest descent

algorithm, and 600 ps of position restrain dynamics was

performed. The final system configuration generated from

this procedure was used as a starting point for the

production run. The GROMOS96 43a1 force field [25,26]

Table 1. The simulated systems: (i) the enzyme with ions in water (sCaZH2O), (ii) enzyme with ions and surface waters in MeCN
(sCaZMeCN) and (iii) enzyme with ions in MeCN (sCaZMeCNNW).

System name Water molecules

Ions

Ca2þ Naþ Cl2 Solvent Solvent molecules

sCaZH2O 141 2 1 4 H2O 36,093
sCaZMeCN 70 2 1 4 MeCN 10,638
sCaZMeCNNW 0 2 1 4 MeCN 10,661

The italicised numbers correspond to the ions added to neutralise the total system charge.
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was used for all systems, and all simulations were carried

out at constant temperature, pressure and number of

molecules. To maintain the temperature at 298 K and

pressure at 1 atm, Berendsen weak coupling was used,

with a coupling constant of 0.1 ps for temperature and

0.5 ps for the pressure [27]. A twin-range cut-off of

0.9/1.4 nm for van der Waals interactions was applied, and

the particle mesh Ewald algorithm was used for long-range

electrostatic interactions [28]. Neighbour lists were

utilised and updated every five steps, and all protein and

water bond lengths were constrained using the LINCS and

SETTLE algorithm, respectively [29,30]. A time step of

2 fs was used in all simulations, with a total simulation

time of 30 ns for the system with water as a solvent, and

92 ns for the systems with MeCN. The coordinates were

saved every picosecond, and were analysed using the

GROMACS v. 3.2.1 simulation package [17,18].

The molecular graphics images were generated using

the Visual Molecular Dynamics software [31].

To characterise quantitatively the global flexibility of the

protein, the Lindemann’s disorder index, DL, was

computed considering all the atoms present in the enzyme.

This value was obtained using the following equation:

DL ¼
1

a0

P
ikDr

2
i l

N

� �1=2

; ð1Þ

where a0 is the most probable non-bonded near-neighbour

distance, N is the number of atoms and Dri stands for the

fluctuation in position of atom i from its average position.

Lindemann’s disorder index has been shown to be useful in

determining the flexibility and stability of proteins [32,33].

Specifically, if the value of DL is between 0.1 and 0.14, the

protein has a solid-like nature (low flexibility), whereas for

values higher than 0.14, the protein behaves in a liquid-like

form (high flexibility) [32–34].

To obtain information related to how much the structure

of the protein deviates from the crystal, the root-mean-

square deviation analysis (RMSD) and the root-mean-

square fluctuations (RMSF) were computed. The RMSD

was computed as a function of time, and as in previous

studies it was used to monitor the convergence of the

simulation. It has been extensively discussed in the

literature that when the RMSD oscillates around a constant

value (variation of 3 Å) the system has converge to a stable

of metastable state, and hence the simulation can be

terminated. In this study, this criterion was used to

determine the extension of the simulations performed.

The RMSD computed was determined as a function of

residues and it provided information of structural variations

in specific regions of the protein. The time evolution of the

radius of gyration (Rgyr) and solvent accessible surface area

(SASA) were monitored during the simulation. The averages

for these properties were computed for the last 6 ns of the

simulation. As explained in previous studies [35], if the

simulation reaches RMSD that oscillates around a constant

value (variation smaller than 3 Å), it can be assumed that the

system has converged to a stable or a metastable state. Thus,

during the discussion, we are going to use equilibrium or

stable state as a way to describe that the system has

converged to one of these configurations.

The SURFNET package [36] was used to calculate

volumes of certain regions of the protein. The program

defines the path volume by filling the empty regions with

spheres of a variable radius. We chose a minimum radius

for the gap spheres of 0.8 Å and a maximum of 4.0 Å.

The spheres were then used to calculate a three-

dimensional density map, using a grid separation of 0.8 Å.

3. Results and discussion

As stated, the RMSD values were used to obtain information

related to how much the structure of the protein deviates

from the X-ray crystalline structure in the different

environments. Figure 1 shows the variation in RMSD as a

function of time for the sCaZH2O (panel (a)) and the

organic solvent (panel (b)) systems, where the sCaZMeCN

and sCaZMeCNNW are coloured grey and black, respect-

ively. The sCaZH2O system reached a constant RMSD

value at approximately 30 ns, whereas the protein in the

organic solvent was run for 92 ns to reach a stable or

metastable state. The average values computed over the last

6 ns of the simulation for sCaZH2O, sCaZMeCN and

sCaZMeCNNW were 0.20, 0.55 and 0.50 nm, respectively.

It was observed that the values of RMSD for sCaZMeCN

and sCaZMeCNNW increased by 64 and 59%, respectively,

when compared with the one obtained for sCaZH2O. These

results reveal a considerable change in the structure of the

protein when it interacts with the organic solvent. On the

other hand, the variation in the structure of the protein in

the two MeCN systems showed different trends during the

course of the simulation. Specifically, during the first 30 ns

the sCaZMeCNNW system displayed larger structural

changes than the sCaZMeCN, agreeing with previous

simulation studies performed with subtilisin in MeCN that

suggested that the absence of essential water slightly

increases the RMSD value of the protein [3]. However, from

30 to 92 ns of simulation time the changes in the structure of

the protein for the sCaZMeCN system were larger than for

sCaZMeCNNW, with an 11% increment during the last 6 ns.

Hence, the essential water, or low water content, slightly

increased the changes in the structure of the protein within

this timescale. These results are in agreement with the

results obtained by Micaelo and Soares [12], where cutinase

was studied under various organic solvent at different

hydration content. They observed small changes in the

structure of the protein from that of the crystal when low

water contents (.10% w/w) were used in MeCN.
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In order to obtain information related to the variation

in the flexibility of the protein in the various environments,

the Lindemman disorder index was computed. Our results

showed that sCaZH2O was the least flexible system with a

value of DL ¼ 0.12, whereas sCaZMeCN and

sCaZMeCNNW showed higher flexibility with values of

DL of 0.17 and 0.19, respectively – an increment of 31 and

37%, respectively, when compared with the aqueous

system. Hence, changing the solvent from water to MeCN

caused a significant increment in the flexibility of the

protein, which is in accordance with the significant change

in the structure observed in the organic solvent.

Figure 2 shows the RMSF as a function of amino acids

average over the last 6 ns. From the different panels, it can

be observed that both MeCN systems exhibited consider-

able changes in most amino acids compared with the

sCaZH2O system, with a significant increment in the values

of RMSF for the surface loops. When the two systems with

MeCN as a solvent are compared (Figure 2(d)), it can be

observed that the sCaZMeCN system exhibited higher

values of RMSF in the residues comprising the 100–120

and 130 – 140 amino acid sequence, while the

sCaZMeCNNW showed higher deviations in the 150–

170, 185–200 and 300–330 regions. The sCaZMeCNNW

system exhibited considerable changes primarily in two

regions near the surface loops, which involve residues 103–

108 and 130–140. The first region overlapped thea-helix 4

(H4), which includes residues 103–107, while the latter

include residues forming the a-helix 5 (H5), which is

composed of residues 132–146. The variations in these

regions in the sCaZMeCN system were negligible.

Detailed analysis of the structural modifications previously

described on this system shows that the H5 helix undergoes

a partial unfolding of residues 132–134, caused mainly by

the translation of the loop formed by residues 124–131.

This translation induced a change in the orientation of the

carbonyl oxygen of residue Ser-131, breaking the helical

hydrogen bond with the amide hydrogen of residue Thr-

132. This change is the first step of a chain effect leading to

the transformation from a-helix to random coil of the

region. The amino acid residues comprising the H4

followed the same unfolding behaviour caused by the

increment in flexibility towards the end of the loop in

residues 92–104. Clearly, these results indicate that MeCN

is interacting with the protein, and hence inducing changes

in different regions of the protein. The changes occurring

depend on the presence of essential water and consequently

the surface residues have different chain rearrangements for

both systems.

The conformational changes previously described

were confirmed by the values obtained for SASA and

Rgyr, which are closely related to each other because as the

size of the system decreases, the surface area-to-volume

ratio decreases. Specifically, the values of Rgyr for

Figure 1. RMSD time evolution of sCaZH2O (panel (a)), sCaZMeCN (panel (b), grey) and sCaZMeCNNW (panel (b), black).
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sCaZH2O, sCaZMeCN and sCaZMeCNNW are 1.63, 1.79

and 1.78 nm, respectively, and the SASA values are 105,

154 and 153 nm2, respectively. Clearly, for the MeCN

systems, an increment in these structural properties was

observed, suggesting a change in the tertiary structure of

the protein. This increment in size can be attributed to the

discussed motion of the surface loops, which gives a more

open conformation.

Interestingly, a detailed analysis of snapshot configur-

ations showed that the structural changes occurring in the

various systems opened a path for the solvent to the

protein’s core. The opening of this path is shown in Figure 3,

where the conformations adopted by various loops are

shown by a surface representation, i.e. loops L1 and L2 for

the sCaZH2O (panel (a)), sCaZMeCN (panel (b)) and

sCaZMeCNNW (panel (c)). Evidently, the L1 and L2 loops

moved away from each other in the MeCN systems,

adopting a conformation that opened a path to the protein

core. This opening is the result of residues Gly(100),

Ser(101), Tyr(104) and Ser(130) changing its orientation,

as well as a peptide bond displacement. As the number of

water molecules decreases in the system, the aperture

becomes larger. Moreover, the aperture between the loops

in the sCaZMeCN system was detected only after a certain

number of water molecules were removed from the protein

surface by MeCN. The movement of the L1 loop also

affected the Xe-binding site previously identified by

Prage et al. [37], primarily due to changes in orientation

and conformation of the Leu-126, which is common to both

the opened path and the Xe pocket. Moreover, some of the

residues comprising this pocket also coincide with residues

in the oxyanion hole near the catalytic triad.

In Figure 3, the distance between the loops and the path

volume representation (grey) showed that the aperture is

larger in the sCaZMeCNNW than in the other two systems,

making the protein core more accessible to the organic

solvent. The path volumes obtained for the openings were

434, 735 and 775 Å3 for the sCaZH2O, sCaZMeCN and

sCaZMeCNNW, respectively. This result corroborates that

large amounts of solvent could reach the protein core in the

Figure 2. RMSF by residue about the Ca time average structure for the last 6 ns of the simulation: (panel (a)) all the systems, (panel (b))
differences between sCaZMeCN and sCaZH2O systems, (panel (c)) differences between sCaZMeCNNW and sCaZH2O and (panel (d))
difference between sCaZMeCNNW and sCaZMeCN systems.
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sCaZMeCNNW system, thus inducing significant confor-

mational changes in the protein, ultimately affecting the

enzyme activity. The above result is relevant to molecular

description in enzymology because solvation of the protein

core has been identified as an important step in the unfolding

process [38], which decreases the enzyme activity and

stability.

It is important to mention that it was expected that both

MeCN systems converge to the same average configur-

ation, i.e. if the essential water was being stripped from

sCaZMeCNNW, then the system should be similar to

sCaZMeCN. However, our results showed that these

systems have slightly different structural and dynamical

properties. The reason for this is that the conformational

changes occurred by two different mechanisms and in the

timescale of our simulation, two different metastable states

were reached.

Figure 4 shows the time evolution of the number of water

(panel (a)) and MeCN (panel (b)) molecules for the

sCaZMeCNsystemwithin 2.7 Å of theprotein surface. It can

be observed in Figure 4(a) that during the simulation, the

amount of water on the enzyme’s surface decreased due to

the high dielectric constant of the organic solvent.

The organic solvent strips away water molecules from the

protein surface to the bulk solvent during the first 50 ns.

Hence, initially the organic solvents primarily interact with

Figure 3. Surface representation of the sCaZH2O (a), sCaZMeCN (b) and sCaZMeCNNW (c) systems. The amino acid residues
comprised in the L1 (96–104) and L2 (125–132) sequences are highlighted with blue, red and green for the sCaZH2O, sCaZMeCN and
sCaZMeCNNW, respectively. The volume of the path (grey) is highlighted for a better appreciation of the generated path.

Figure 4. Number of water (a) and solvent (b) molecules within 2.7 Å of the protein surface for the sCa–MeCN system.
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the enzyme water layer on the surface rather than with the

enzyme itself [8]. Beyond this point, the structure of

subtilisin started to undergo structural changes due to the

entrance of MeCN into its core. As observed in Figure 4(b), a

continuous increase of solvent molecules inside the protein

was observed until 50 ns, when an average of 311 MeCN

molecules was reached. Consequently, the lack of water

facilitates the organic solvent entrance to the protein, thus

causing a direct disruption of the structure of this system.

An important factor to be considered in an enzymatic

system is the variation of the active site due to the interaction

with the solvent. Our results showed that the structural

changes suffered in the different systems do not affect all the

residues present in the active site of the enzyme. Table 2

shows the average distance between atoms of catalytically

important residues (catalytic triad). The conformation

between the atoms involved in the catalytic triad in all

systems maintained a favourable distance to form the

hydrogen bond (2–3.5 Å) necessary to carry out its function.

The major disruption observed in the active site of the

systems containing MeCN as solvent was a change in the

orientation of the Asn-155. Usually, to be catalytically

effective this residue chain points to the catalytic triad.

However, in the MeCN systems the chain rotates, pointing to

the loop comprising residues 156–163, which cause a

disruption of the oxyanion hole and the Xe pocket. The

disruption of the oxyanion hole will affect the enzyme’s

activity as various experimental [8,39] and theoretical [40]

studies have identified. The reason for this is that the rate-

limiting step in the enzymatic activity of this protein is

related to the stabilisation of a tetrahedral intermediate,

which involves the oxyanion hole. Since the side chain of the

Asn-155 will not participate in the stabilisation of

the tetrahedral intermediate, it has been postulated that the

reaction rate is affected.
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