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Abstract Quantum mechanical and molecular dynamics methods were used to

analyze the structure and stability of neutral and zwitterionic configurations of the

extracted active site sequence from a Burkholderia cepacia lipase, histidyl-seryl-glu-

tamin (His86-Ser87-Gln88) and its mutated form, histidyl-cysteyl-glutamin (His86-

Cys87-Gln88) in vacuum and different solvents. The effects of solvent dielectric

constant, explicit and implicit water molecules and side chain mutation on the structure

and stability of this sequence in both neutral and zwitterionic forms are represented. The

quantum mechanics computations represent that the relative stability of zwitterionic

and neutral configurations depends on the solvent structure and its dielectric constant.

Therefore, in vacuum and the considered non-polar solvents, the neutral form of the

interested sequences is more stable than the zwitterionic form, while their zwitterionic

form is more stable than the neutral form in the aqueous solution and the investigated

polar solvents in most cases. However, on the potential energy surfaces calculated, there

is a barrier to proton transfer from the positively charged ammonium group to the

negatively charged carboxylat group or from the ammonium group to the adjacent

carbonyl oxygen and or from side chain oxygen and sulfur to negatively charged

carboxylat group. Molecular dynamics simulations (MD) were also performed by using

periodic boundary conditions for the zwitterionic configuration of the hydrated mole-

cules in a box of water molecules. The obtained results demonstrated that the presence

of explicit water molecules provides the more compact structures of the studied mol-

ecules. These simulations also indicated that side chain mutation and replacement of

sulfur with oxygen leads to reduction of molecular flexibility and packing.
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1 Introduction

Lipases (EC 3.1.1.3) are important enzymes with a broad variety of industrial

applications due to the multiplicity of reactions they catalyze. Due to their unique

structural characteristics, lipases can catalyze reactions including organic substrates

at the interface of organic and aqueous phases and can preserve their catalytic activity

in organic solvents, biphasic systems and in micellar solutions (see Grochulski et al.

1993; Pugazhenthi and Kumar 2004; Han and Rhee 1986). The rising interest in lipase

mainly lies in their efficiency in the syntheses of enantiomerically pure products.

Synthesis of only one enantiomer, instead of racemic mixtures, is a necessity in

pharmaceutical industry because often only one enantiomer has the desired activity,

whereas no activity or even undesirable side effects reside in the other enantiomer.

Our QM/MM study concentrates on the lipase active site from Burkholderia
cepacia (formerly Pseudomonas cepacia) because of the industrial importance of

these enzymes and lack of quantum mechanics (QM) studies in this regard.

This lipase has an active site where the reaction is catalyzed by a catalytic triad

(Ser87, Asp264, and His286). There is a large amount of experimental data

available for B. cepacia lipase (BCL): The enantioselectivity and substrate

specificity of the lipase from P. cepacia (Tuomi and Kazlauskas 1999; Tafi et al.

2000; Tomić and Kojić-Prodić 2002), kinetic measurements (Schmid and Verger

1998; Ljubovic and Sunjic 2000; Faber 1997), crystal structures of native enzyme

and its complexes with the triglyceride like- and secondary alcohol ester like-

inhibitors (Kim et al. 1997; Lang et al. 1998; Lui’c et al. 2001) and MD simulations

(Tafi et al. 2004; Guieysse et al. 2003).

As we know, Hydration and mutation are important issues in molecular biophysics.

The effect of hydration on the binding properties of proteins is still not fully

understood. Often protein modeling is performed without explicit water molecules.

On the other hand, the stability of proteins is partly determined by hydrophobic forces,

which are mostly attributed to water. Proteins fold such that the polar side chains are

exposed to the water and the hydrophobic side chains are closely packed inside.

Hence, proteins in their native states are compact and not extended (Creighton 1993).

The importance of water molecules in the active site of proteins have been clearly

shown and presented in the literature where attempts have failed to model proteins,

without taking into account water explicitly (Tajkhorshid et al. 1997).

Many of the current models treat solvation macroscopically. In particular it is not

common to treat the structural and electronic effects of solvent molecules explicitly

in quantum calculations (Jalkanen and Suhai 1996). In addition, many empirical

force field calculations have not treated the effect of the solvent explicitly (Honig

et al. 1993). Hence, we have investigated one of the BCL active site sequences,

His86-Ser87-Gln88,and have studied the effect of solvation and side chain mutation

of catalytic serine at a microscopic level on the structure and stability of zwitterionic

and neutral configurations by using quantum mechanical and molecular dynamics
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methods. This sequence can be considered as an example of a small model

biomolecule with hydration phenomena analogous to the effect of solvation and side

chain mutation on protein conformation.

In order to get realistic starting models for His-Ser-Gln sequence in vacuum and

aqueous solution, His86-Ser87-Gln88 sequence of lipase enzyme was extracted. In

addition, the active site Ser87 was replaced with Cys87 in both zwitterionic and

neutral forms to investigate the effects of side chain mutation of catalytic serine on

the molecular stability; structure and flexibility (see Fig. 1).

Molecular dynamics (MD) simulations were also performed using periodic

boundary conditions for the zwitterionic form of His86-Ser87-Gln88 and His86-

Cys87-Gln88 hydrated structures in a box of water molecules as described in Sect.

2.1, in order to study the effect of explicit water molecules and side chain mutation

on the structure, its stability and its flexibility.

Fig. 1 The optimized structures of His-Ser-Gln (a) zwitterionic and (b) neutral sequence in B3LYP/6-
31G* level of theory
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Based on quantum mechanical studies and MD simulations, the aim of this work

is to present quantitative answers to the following questions concerning the

zwitterionic and neutral configurations of the interested compounds:

1. Which form, the zwitterionic or the neutral one, is more stable in vacuum, and

polar or non-polar solutions?

2. What is the solvent dielectric constant effect on the relative stability and

polarity of zwitterionic and neutral forms?

3. What is the effect of side chain mutation and replacement of sulfur with oxygen

on the structural stability, molecular flexibility and polarity in both zwitterionic

and neutral configurations?

4. What is role of explicit water molecules on the structural parameters of

zwitterionic form in aqueous solution?

5. How can the resonance energy associated with donor–acceptor interactions in

the zwitterionic and neutral structures of the interested compounds influence the

relative stability of the corresponding sequences?

6. How can the donor–acceptor interactions influence the occupancies of the

involved bonds, both in their zwitterionic and neutral structures?

2 Computational Details

2.1 Molecular Dynamics Simulations

The coordinate of utilized B. cepacia lipase (BCL) in this study was obtained from

the crystal structure with entry number 3LIP in the Brookhaven Protein Data Bank.

His86-Ser87-Gln88 sequence of the enzyme was then extracted from BCL, serine

side chain was mutated, and His86-Cys87-Gln88 sequence was obtained by using

Swiss Pdbviewer software (Guex and Peitsch 1997).

All calculations were done using the chemistry at Harvard molecular mechanics

(CHARMM) program (Brooks et al. 1983) with the all atom 22 protein force field

(MacKerell et al. 1998). Initial hydrogen positions were calculated using the

HBUILD facility (Brünger and Karplus 1988) of the CHARMM program. The

neutral state of the His residue were determined in all computations.

All molecular dynamics simulations were carried out with periodic boundary

conditions.

The zwitterionic structure was solvated at the center of a 33A� 9 33A� 9 33A�
cube of pre-equilibrated water molecules at T = 300 K and p = 1 atm. The water

molecules for which the oxygen atoms were closer than 2.8 A� to any non-hydrogen

peptide atom were removed. The resulting molecular systems contained 591 and 585

atoms for His-Ser-Gln and His-Cys-Gln sequences, respectively. The water

molecules plus peptide system were minimized in CHARMM by performing 1,500

steps of steepest-descent (SD) minimization followed by 1,500 steps of adopted basis

Newton–Raphson (ABNR) minimization (Jacoby et al. 1972; Wiberg 1965). The

systems were gradually heated from 0 to 300 K in a 1,200 ps period. An equilibration
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period of 1,200 ps followed, and molecular dynamics simulations of 40 ns at 300 K

were performed.

After equilibration, the trajectory coordinates were recorded every 1 ps during

a 40 ns simulation. Newton’s equations were integrated using the leapfrog

Verlet algorithm with a time step of 2 fs using the TIP3P (Jorgensen et al. 1983)

water model, which is normal for simulations of solvated biomolecules when the

hydrogens are constrained with a SHAKE algorithm (Berendsen et al. 1984),

which is the case here. A non-bonded group based cut-off of 14Å was used, and

the non-bonded pair list was updated every 100 steps. Standard analyses were

performed on the calculated trajectories, which include time evolution of the root

mean square deviation (RMSD) of coordinates with respect to the starting

structure, to determine general stability, root-mean-squared fluctuations (RMSF)

and the radius of gyration (Rg). Hydrogen bonds and their life-times were

calculated during the simulations using the criterion r (H-Acceptor) 2.4 A�.

Diffusion coefficients were computed over the simulation time using the Einstein

relation.

2.2 Molecular Modeling and DFT Calculations

Density functional theory (DFT) and molecular orbital (MO) calculations were

carried out using MP2/3-21G*//B3LYP/3-21G*, B3LYP/6-311G*//B3LYP/6-31G*

and B3LYP/6-31G*//B3LYP/6-31G* levels of theory with the GAUSSIAN 98

program package (Frisch et al. 1998). Energy minimum molecular geometries were

located by minimizing energy, with respect to all geometrical coordinates without

imposing any symmetrical constraints. Input structures for quantum mechanical

calculations were obtained by molecular dynamics simulations utilizing CHARMM

program. To model the bulk effects on zwitterionic and neutral configurations, the

volume calculation was performed to determine cavity radii required for the use in

the Onsager solvent model. The Onsager model as implemented in Gaussian 98 is a

reaction field continuum model and is a method to predict the solvation effect on

properties of the solute without considering explicit solvent molecules (Foresman

and Frisch 1996; Tomasi and Persico 1994). Application of the Onsager continuum

model requires a cavity radius and a dielectric constant.

Natural bond orbital (NBO) analysis was then performed on optimized structures

in vacuum and different solvent media by using B3LYP/6-31G* level of theory by

NBO 3.1 program (Glendening et al. 1988; Reed et al. 1988). The natural charges of

heavy atoms, the antibonding and lone pair orbital occupancies in the optimized

structures of compounds His-Ser-Gln and His-Cys-Gln, the stabilization energies

associated with LP(1) O10 ? r* N1–H5,LP(2) O10 ? r* N1–H5, LP(1) O38 ? r*

o25–H32 LP(2) O38 ? r* o25–H32, LP(1) O38 ? r* S25–H32,LP(2) O38 ? r* S25–H32

delocalizations for the zwitterionic structure and LP(1) O10 ? r* o39–H5, LP(2)

O10 ? r* o39–H5, LP(1) O2 6 ? r* o25–H32 LP(2) O26 ? r* o25–H32, LP(1)

O26 ? r* S25–H32,LP(2) O26 ? r* S25–H32 delocalizations for the neutral structure

were calculated by using NBO analysis.
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3 Results and Discussion

3.1 Quantum Mechanics Calculations

Ab initio molecular orbital (MO) and Beck’s three parameter hybrid with the Lee–

Yang–Parr correlation functional, B3LYP (Becke 1993; Lee et al. 1988), methods

along with the 3-21G(d),6-31G(d),6-311G(d) basis sets were used for geometrical

optimizations and single-point energy calculations of zwitterionic and neutral

configurations of His-Ser-Gln and His-Cys-Gln sequences. The effects of solvent

dielectric constant, explicit water molecules and side chain mutation on the structural

parameters were investigated.

All methods used confirmed that in vacuum and the considered non-polar

solvents (Carbon Tetrachloride and Diethyl Ether), the neutral configuration of the

interested sequences is more stable than the zwitterionic configuration, while their

zwitterionic configuration is more stable than the neutral configuration in the

aqueous solution and the polar solvents (Dimethyl sulfoxide, DMSO, Ethanol and

Tetrahydrofuran, THF,) in most cases (see Table 1). So, it can be concluded that on

the potential energy surfaces studied, there is a barrier to proton transfer from (1) the

positively charged ammonium group to the negatively charged carboxylat group. (2)

The ammonium group to the adjacent carbonyl oxygen. (3) Side chain oxygen and

sulfur to negatively charged carboxylat group.

The results also recall that the solvent bulk considerably stabilizes zwitterionic

form rather than vacuum. In addition, energy variance between neutral and

zwitterionic forms in vacuum is more than it is in different solvent media. Therefore,

in most cases, increase in energy variance between neutral and zwitterionic forms

results from increase in solvent dielectric constant.

On the other hand, our findings demonstrate that the energy variance between neutral

and zwitterionic configurations of His-Ser-Gln sequence is more than it is for His-Cys-

Gln in water bulk while it is less in vacuum. Moreover, the side chain mutation doesn’t

have the regular effect on the energy variance in different solvent media (His-Ser-Gln

vs. His-Cys-Gln values).However, it mainly depends on the solvent structure.

The comparison of structural parameters represent that their values are different

in vacuum and different solvent media while they are very similar in water and polar

solvents (see Table 2).

A useful aspect of NBO method is that it gives information about interactions in

both filled and virtual spaces that could enhance the analysis of intra-and

intermolecular interactions. The second order Fock matrix was carried out to

evaluate the donor–acceptor interactions in the NBO basis. The interactions result in

a loss of occupancy from the localized NBO of the idealized Lewis structure into an

empty non-Lewis orbital. For each donor (i) and acceptor (j), the stabilization

energy E (2) associated with the delocalization i ? j is estimated as:

Eð2Þ ¼ DEij ¼ qi
F i; jð Þ2

ej � ei
ð1Þ

Where qi is the donor orbital occupancy, ei and ej are diagonal elements and F (i, j)
is the off diagonal NBO Fock matrix element.
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The performed NBO analyses demonstrate that the zwitterionic structure has the

strong resonance energies for LP (1) O10 ? r* N1–H5, LP (2) O10 ? r* N1–H5,

LP(1) O38 ? r* o25–H32, LP(2) O38 ? r* o25–H32, LP(1) O38 ? r* S25–H32 and

LP(2) O38 ? r* S25–H32 delocalizations. These strong hydrogen bonds indicate that

there is a proton transfer from the positively charged ammonium group to the

adjacent carbonyl oxygen and from side chain oxygen and sulfur to negatively

charged carboxylat group. Hence, the zwitterionic structure stabilizes in vacuum

and the considered non-polar solvents. These results also show that by increasing

the solvent dielectric constant, the mentioned resonance energies, N1–H5 bond

length and r* N1–H5,r* o25–H32 and r* S25–H32 antibonding pair orbitals occupancies

decrease while LP O10 lone pair orbital occupancy increases.

The neutral structure also has the strong resonance energies for LP (1) O10 ? r*

O39–H5 and LP (2) O10 ? r* O39–H5 delocalizations (see Table 3).our findings show

that by increasing of solvent dielectric constant, the investigated resonance energies,

O39–H5 bond length and r*O39–H5 antibonding pair orbital occupancy increase.

However, in neutral structure, a proton transfer is from the carboxylic group to the

adjacent carbonyl oxygen and the neutral structure stabilizes in water and the

considered polar solvents.

Therefore, it can be concluded that the energy variance and relative stability of

zwitterionic and neutral structures are controlled by LP O10 ? r* O39–H5 resonance

energies.

The dipole moment is the first derivative of the energy with respect to the applied

electric field. It is a measure of the asymmetry in the molecular charge distribution.

Dipole moment of neutral and zwitterionic configurations of His-Ser-Gln and His-

Cys-Gln sequences are reported in Table 1 at B3LYP/6-31G* level of theory. The

obtained results reveal that the zwitterionic form of interested sequences has a

higher dipole moment than the neutral form in all of the tested media. This fact

reveals that the charge distribution in the neutral form is more symmetric than it is

in the zwitterionic form in the interested level of theory. The table of data also

demonstrates that by increasing of solvent dielectric constant, the dipole moment of

the studied sequences increases. Hence, the highest dipole moment is perceived in

aqueous solutions.

On the other hand, these results show that the side chain mutation doesn’t have

the regular effect on the dipole moment in different solvents (His-Ser-Gln vs. His-

Cys-Gln values). However, it is mainly depended on the solvent structure.

3.2 Molecular Dynamics Simulations

Here, we present the results of MD simulations for the zwitterionic form of both

His-Ser-Gln and His-Cys-Gln sequences, focusing on the obtained data in a long-

term trajectory of 40 ns at T = 300 K generated as described in Sect. 2.1. Overall,

the studied structures remain stable. The obtained results from time series analysis

show that the RMSD and Rg average values for His-Cys-Gln are higher than those

for His-Ser-Gln (2.616489 and 4.384516 Å vs. 2.434384 and 4.106820 Å), while

the RMSD and Rg rms fluctuations for His-Cys-Gln are lower than those for
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His-Ser-Gln (0.272080 and 0.146458 Å vs. 0.402369 and 0.190850 Å). Both

sequences also have the similar RMSD and Rg fluctuation ranges during the

simulation period. These facts indicate that the side chain mutation and

replacement of sulfur with oxygen leads to reduction of molecular packing and

fluctuations.

On the other hand, the average structural parameters and RMS fluctuations of the

backbone dihedral angles of the studied sequences were evaluated from the 40 ns

MD trajectory (see Table 2). It can be seen, that the rotameric states of the involved

residues are, in most cases, freer to change during the simulation in His-Ser-Gln

than in His-Cys-Gln. Since histidine residue has the large imidazol ring as side

chain. Hence, RMS fluctuations of involved dihedral angles (u1–9, u6–18, u6–19) are

minimal in both interested sequences. According to the table data, the related

dihedral angles to backbone-side chain atoms are freer to change during the

simulation than those in the backbone- backbone.

As we know, the CHARMM force field uses flexible bond, angle bends, dihedral

bond torsions, improper dihedral bond torsions, Lennard/Jones terms for non-

bonded interactions and 1–4 interactions, electrostatic interactions between partial

charges located at the atoms and Urey/Bradley (UB) terms for 1–3 interactions. The

general form of the potential is given by:

UðRÞ ¼
X

bonds

Kb b� b0ð Þ2þ
X

angles

Kh h� h0ð Þ2þ
X

dihedrals

Kv 1þ Cosðnv� dÞð Þ

þ
X

impropers

Ku u� u0ð Þ2þ
X

nonbond

eij
Rmin;ij

rij

� �12

�2
Rmin;ij

rij

� �6
" #

þ qiqj

eirij

 !

þ
X

UB

KUB S� S0ð Þ2 ð2Þ

The comparison of the obtained structures from quantum mechanics optimiza-

tions in different media and the average structure from MD simulations in water box

represent that the explicit water molecules cause a decrease in bond length, bond

and torsional angles strains of the studied structures, which can increase the stability

of the investigated structures. These results are in good agreement with the

experimental results on the protein structure (Havel 1996). The RMS fluctuations of

the backbone atoms in the interested sequences were also evaluated from the 40 ns

MD trajectory for each atom individually (see Tables 4, 5). By averaging these

RMS fluctuations over all backbone atoms belonging to a given residue, we got a

measure of the flexibility of each residue. The fluctuations of the backbone atoms

together with the hydrogen-bonding pattern provide a consistent description of the

structural flexibility of the studied sequences. According to the obtained results, it is

evident that due to formation of strong hydrogen bonds between the positively

charged ammonium group and the negatively charged carboxylat group with

simulated water molecules, middle residues are more flexible than the terminal

residues in both sequences. In addition, RMS fluctuations over all backbone atoms

belonging to the residues of His-Ser-Gln sequence are higher than those of His-Cys-

Gln sequence. On the other hands, the study of hydrogen bonding pattern of the

interested sequences represents that average occupancy and life time of hydrogen
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bonds in His-Cys-Gln sequence are higher than those in His-Ser-Gln sequence.

However, it can be concluded that large values of average occupancy and lifetime of

hydrogen bonds are in general associated with small average fluctuations.

4 Conclusion

The above reported quantum mechanics calculations and molecular dynamics

simulations provide a reasonable picture from structural and energetic for one of the

considered active site sequences of B. cepacia lipase,His86-Ser87-Gln88, and its

mutated form, His86-Cys87-Gln88.effectively, the results show that:

– The relative stability of zwitterionic and neutral configurations depends on the

solvent structure and its dielectric constant. The obtained results show that

increase in the energy variance between neutral and zwitterionic forms results

from increase in solvent dielectric constant.

– The NBO analyses represent that the energy variance and relative stability of

zwitterionic and neutral structures are controlled by r* N1–H5 and r* O39–H5

antibonding pair orbital occupancies.

– The comparison of the obtained structures from quantum mechanics optimiza-

tions in different media and the average structure from MD simulations show

that the explicit water molecules cause a decrease in bond length, torsional and

bond angles strains of the studied structures, which can increase the stability of

the investigated structures.

– These simulations also indicated that side chain mutation and replacement of

sulfur with oxygen leads to reduction of the molecular flexibility and packing.

Table 4 RMS fluctuations (RMSF) of the backbone atoms for each residue containing His-Ser-Gln and

His-Cys-Gln sequences

RMSF (A�)

N C C a C b O S

His-Ser-Gln

His 4.9491 4.4760 4.7744 5.1979 4.803 –

Ser 5.1198 4.9417 5.0590 5.1979 5.2717 –

6.1919

Gln 4.9491 4.4760 4.7744 5.1979 4.7719 –

4.5605

His-Cys-Gln

His 4.1054 3.5323 3.8508 4.4642 3.6277 –

Cys 5.0366 4.4951 4.6191 4.4642 4.5231 4.3310

Gln 4.1054 3.5323 3.8508 4.4642 4.5022 –

3.9911
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– RMS fluctuations over all backbone atoms belonging to the residues of His-Ser-

Gln sequence are higher than those of His-Cys-Gln sequence. On the other hand,

the study of hydrogen bonding pattern demonstrates that average occupancy and

lifetime of hydrogen bonds in His-Cys-Gln sequence are higher than those in

His-Ser-Gln sequence. However, it can be concluded that large values of

average occupancy and lifetime of hydrogen bonds are in general associated

with small average fluctuations.

Table 5 Lifetime average and occupancy of donor/acceptor of hydrogen bonds (HB) from MD simu-

lations for His-Ser-Gln and His-Cys-Gln sequences

His-Ser-Gln His-Cys-Gln

Lifetime (ps) Occupancy Lifetime (ps) Occupancy

His-Ser-Gln

HB donor/acceptor

H3 ?OH2 48 20 – – –

H3 ?OH2 170 – 280 –

H4 ? OH2 28 40 – – –

H4 ? OH2 59 – – 60 –

H4 ? OH2 80 10 – – –

H4 ? OH2 200 10 – – –

H5? OH2 6 10 – – –

H5 ? OH2 203 10 – 20 –

H11? OH2 191 130 – –

H22? OH2 117 – – 10 –

H25? OH2 64 – – 10 –

H25? OH2 184 50 – – –

H33? OH2 58 140 – – –

H33? OH2 46 10 – – –

H33? OH2 129 – – 40 –

H33? OH2 139 10 – – –

HE21? OH2 112 10 – – –

H47? OH2 20 – – 60 –

H48? OH2 150 – – 10 –

Atomic species

H3 47.8540 1.0815 49.2729 1.1013

H4 43.5497 1.1073 47.597 1.1042

H5 47.6211 1.0810 48.5510 1.1058

H22 31.5015 0.5088 22.8860 0.9635

H25 32.8655 0.9778 11.7444 0.6480

H11 96.9750 0.9698 30.2714 0.5298

H33 40.6640 0.7502 39.0260 0.8615

H47 15.0401 0.5633 14.6144 0.5780

848 17.8593 0.7238 17.5719 0.7635
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