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A B S T R A C T   

Applications of lipases in low-water environments are found across a broad range of industries, including the 
pharmaceutical and oleochemical sectors. This includes condensation reactions in organic solvents where the 
enzyme activity has been found to depend strongly on both the solvent and the water activity (aw). Despite 
several experimental and computational studies, knowledge is largely empirical, and a general predictive 
approach is much needed. To close this gap, we chose native Candida antarctica lipase B (CALB) and two mutants 
thereof and used molecular dynamics (MD) simulations to gain a molecular understanding of the effect of aw on 
the specific activity of CALB in hexane. Based on the simulations, we propose four criteria to understand the 
performance of CALB in organic media, which is supported by enzyme kinetics experiments. First, the lipase must 
be stable in the organic solvent, which was the case for native CALB and the two mutants studied here. Secondly, 
water clusters that form and grow close to the active site must not block the path of substrate molecules into the 
active site. Thirdly, the lipase’s lid must not cover the active site. Finally, mutations and changes in aw must not 
disrupt the geometry of the active site. We show that mutating specific residues close to the active site can hinder 
water cluster formation and growth, making the lipase resistant to changes in aw. Our computational screening 
criteria could potentially be used to screen in-silico designed variants, so only promising candidates could be 
pushed forward to characterisation.   

1. Introduction 

The ability of lipases (EC 3.1.1.3) to catalyse reactions in organic 
solvents was first discovered in the 1930s, [1–4] but it was not until the 
1980s with Zaks and Klibanov’s work on porcine pancreatic lipase in 
2-pentanone that the field took off. [5,6] Since then, lipases have been 
incorporated into a broad range of different industries, including the 
oleochemical, biofuel, pharmaceutical, food, and agrochemical sectors. 
[7–12] Lipases are favoured as biocatalysts because of their high sub
strate specificity and regio-, chemo-, and enantioselectivity not only in 
hydrolysis, but also in e.g. esterification, transesterification, alcoholysis, 
and aminolysis reactions [13–15]. 

Numerous reports have shown that the enzymatic activity of lipases 
is highly correlated with the type of reaction medium and the reaction 

medium’s water content, which is often reported as water activity (aw). 
[16–19] In synthesis reactions (condensations, transacylations), water 
content is kept low to minimise hydrolysis. However, exhaustive drying 
can also inactivate certain lipases, presumably as essential water mol
ecules needed for protein flexibility are stripped from the protein. [20] 
The effects of aw on lipase activity depend strongly on the lipase. The 
esterification rate of most lipases increases with increasing aw, as seen 
for Candida rugosa and Pseudomonas cepacia, while other lipases display 
a bell-shaped activity profile. [17,19] This indicates that even at high 
aw, the esterification reaction is still dominant. Quite exceptionally, 
Candida antarctica lipase B (CALB) and Bacillus subtilis lipase exhibit a 
decrease in enzymatic activity when aw increases [21–23]. 

To date, several studies have investigated various enzymes in 
different organic media using a combination of experimental methods 
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and computational techniques such as molecular dynamics (MD) simu
lations; this interdisciplinary approach provides an avenue to under
stand how lipases are affected by the solvent composition on an atomic 
level. A recent study on lipase A from Bacillus subtilis in water, aceto
nitrile (ACN), dimethyl sulfoxide, and isopropyl alcohol using fluores
cence resonance energy transfer and MD simulations revealed two main 
factors governing the enzymatic activity. [24] First, the organic solvent 
displayed competitive binding to the active site, displacing the substrate 
molecules, and secondly, the organic solvents changed the geometry of 
the active site. The competition between substrate and solvent mole
cules has previously been shown to affect lipase activity. [25] The au
thors studied CALB in ACN, methyl tert-butyl ether (MTBE), tert-butyl 
alcohol, and hexane and found a linear correlation between ln(Vmax/Km) 
and the interaction energies between the solvent molecules and residues 
in the active site pocket. [25] Other studies have proposed that enzyme 
activity is correlated to the enzyme’s flexibility, which is connected to 
the solvent’s log(P). [26,27] A computational study by Trodler and 
Pleiss showed that the flexibility of CALB decreased with increasing log 
(P)-values of the solvents (water, methanol, chloroform, toluene, and 
cyclohexane) [28]. 

CALB is, to this day, one of the most used lipases in the industry 
because of its broad range of substrates, high enantioselectivity, ther
mostability, and stability in organic solvents. [29] We have previously 
shown that the activity of CALB in organic solvents is highly correlated 
with the reaction medium’s aw, as CALB’s specific activity decreases 
with increasing aw. [22] This correlation is seen in multiple solvents, 
including ACN, MTBE, and hexane, which have different physical and 
chemical characteristics, such as functional groups and log(P). Another 
study investigated CALB in MTBE at four different water activities using 
enzyme kinetics and MD simulations. The authors showed that water 
clusters are present at specific regions (referred to as ‘hot-spot’ regions) 
on the protein surface and that they grow with increasing aw. [23] The 
authors identified a ‘hot-spot’ region located close to the entrance of 
CALB’s active site groove and hypothesised that this water cluster can 
sterically hinder the path of substrate molecules to the active site and 
hence, may explain why CALB loses enzymatic activity at high aw. [23] 
It has been shown that in every ‘hot-spot’ region, one or more residues 
can form hydrogen bonds to the water molecules. [23] In the ‘hot-spot’ 
region close to the active site, the two acidic residues, Glu188 and Asp223, 
form hydrogen bonds to the water molecules, and we believe that these 
act as a nucleation site for the water cluster formation. 

To investigate the influence of Glu188 and Asp223 on water cluster 
formation, we designed two CALB mutants in-silico and studied them 
using MD simulations. In the first mutant, E188Q+D223N, the acidic 
residues were mutated to glutamine and asparagine. In the second 
mutant, E188Q+D223L, besides removing the acidic residues, the 
ability of aspartic acid’s side chain to form hydrogen bonds with sur
rounding water molecules was removed by mutating it to leucine. These 
mutations were chosen since the residues have a similar structural 
skeleton and would be less invasive compared to other residues, thereby 
not affecting the enzyme structure negatively. Native CALB (hereafter 
referred to as CALBnative) and two CALB mutants (E188Q+D223N and 
E188Q+D223L; hereafter referred to as CALBE188Q+D223N and CAL
BE188Q+D223L, respectively) were investigated at three water activities in 
hexane using MD simulations. The computational study revealed that in 
addition to water cluster formation, the lid conformation and the active 
site’s geometry also influence the lipase activity. To support the 
computational findings, the activities of CALBnative and the mutants 
were determined using an in-house assay, where the esterification re
action between butyric acid and ethanol was used as a model system 
[22]. 

2. Materials and methods 

2.1. In-silico studies 

The physicochemical properties of CALBnative and the two CALB 
mutants, CALBE188Q+D223N and CALBE188Q+D223L, were investigated at 
an atomic level using MD simulations. The lipases were simulated for 
100 ns in hexane with a varying number of water molecules, and the 
simulations were made as triplicates. The lipases were simulated with 
100, 200, and 300 water molecules to represent low, medium, and high 
aw. After the MD simulations, the water activities in the simulation 
systems could be calculated using the protocol designed by Wedberg and 
co-workers. [30] Additional simulations were performed for a pure 
hexane system as well as for CALBnative and the CALB mutants in com
plex with a substrate (butyric acid). All simulations were carried out in 
AMBER18 [31]. 

2.1.1. System preparation 
The three-dimensional structure of a hexane molecule was retrieved 

from PubChem, and the atom types were assigned by the General 
AMBER Force Field 2 (GAFF2). [32,33] The atomic point charges were 
calculated using the AM1-BCC charge model with Antechamber, which 
is a part of AMBERTOOLS. [31] 3119 hexane molecules were placed in a 
cubic box with a side length of 90 Å using PackMol. [34] The energy of 
the solvent box was minimised using single-point energy calculations, 
where initially, 1000 steps with the steepest descent method were per
formed, followed by 4000 steps of conjugated gradient minimisation. 
Afterwards, the solvent box was heated to 298.15 K during a 1 ns long 
MD simulation in the NVT (N = constant number of atoms, V=constant 
volume, T = constant temperature) ensemble. Lastly, the system was 
equilibrated for 1 ns during an NpT (N = constant number of atoms, p =
constant pressure, T = constant temperature) MD simulation. The MD 
simulation details for the heating and equilibration are given in Section 
2.1.2. The solvent box’s density after minimisation, heating, and 
equilibration was 0.665 ± 0.002 g/mL, which is in good agreement with 
the experimental density of hexane at 25 ◦C (0.66 g/mL) [32]. 

CALB consists of 317 residues and belongs to the α/β hydrolase-fold 
family with 10 α-helices and 7 β-strands. [35,36] Its active site consists 
of the catalytic triad Ser105, Asp187, and His224. The crystal structure of 
CALB retrieved from the Protein Data Bank (PDB: entry 5A71) with a 
resolution of 0.91 Å was used in the MD simulations. [35,37] The crystal 
structure was cleaned in PyMOL (version 2.4.1, Schrödinger, LLC) so 
that only chain A, which corresponds to the open conformation of CALB, 
and the 533 water molecules belonging to chain A were kept. The water 
molecules with the highest B-factors were deleted to obtain the desired 
number of water molecules. In addition, a proline was added to the 
C-terminus using the Builder module in PyMOL before the model for the 
native structure was saved. To prepare the mutants, the native model 
was loaded into PyMOL, and the Mutagenesis module was used to 
implement the point mutations at positions 188 and 223 before the 
models were saved. The models were protonated in H++ (version 3.0, 
http://biophysics.cs.vt.edu/H++). [38–40] The calculations were car
ried out at pH 7.0 with a salinity of 0.0 M, an internal dielectric constant 
of 10, and an external dielectric constant of 1.89, corresponding to 
hexane. [41] H++ computed Glu188 and Asp223 to be deprotonated and 
protonated, respectively, in the native model. The resulting coordina
tion and topology files were saved and converted into PDB-format using 
ambpdb, which is part of AMBERTOOLS. In accordance with Stauch and 
co-workers, Asp134 and Asp145 were protonated, while the active site 
histidine (His224) was single protonated with a proton at the δ-nitrogen. 
[35] The water molecules were lost during the calculations in H++; 
however, these were re-added to the models using PyMOL. To build the 
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simulation systems, the protonated proteins with water molecules were 
loaded into PyMOL together with the prepared solvent box of hexane. 
The proteins were placed in the solvent box’s centre, and hexane mol
ecules within 3 Å of the protein were deleted so that the final systems 
consisted of 2735 hexane molecules. Before the models were saved, two 
chloride ions were placed in the solvent box with CALBnative, and three 
chloride ions were placed in the solvent boxes with CALBE188Q+D223N 

and CALBE188Q+D223L to neutralise the systems. Afterwards, the residue 
and atom numbers were corrected using pdb4amber. The protein force 
field ff14SB, GAFF2, and the TIP3P water model were assigned to the 
models using LEaP. [42,43] The AMBER force fields were chosen in this 
study, as they have previously been used to study lipases in organic 
solvents [28,44]. 

2.1.2. Molecular dynamics simulations of lipase in organic solvent 
The simulation systems consisting of lipase, water, chloride ions, and 

hexane molecules were first energy minimised to remove possible bad 
contacts between atoms. [45] The number of minimisation steps was 
varied to achieve different starting conformations in the triplicate sim
ulations. Simulation 1, simulation 2, and simulation 3 consisted of 1000, 
1500, and 1800 steepest descent cycles followed by 4000, 3500, and 
3200 conjugated gradient cycles, respectively. During minimisation, a 
positional restraint of 10.0 kcal/(mol⋅Å2) was placed on the protein 
backbone atoms [31]. 

After the energy minimisation, the systems were heated to 298.15 K 
using the NVT ensemble. The temperature was increased linearly to 
298.15 K for 0.3 ns and afterwards kept at 298.15 K for 0.7 ns. The 
temperature was controlled with the Langevin thermostat, where a 
collision frequency of 5.0 ps− 1 was employed, and the initial velocities 
were generated using a pseudo-random number [46]. 

Following the heating step, the systems were equilibrated for 4 ns 
using the NpT ensemble. The temperature was kept constant using the 
Langevin thermostat, where a collision frequency of 1.0 ps− 1 was 
employed, while the Monte Carlo barostat was used to control the 
pressure. [47] Lastly, 100 ns long production runs were performed 
under the same conditions as in the equilibration. The trajectories from 
the production runs were subsequently used in the analyses. During the 
minimisation and MD simulations, a cut-off of 12 Å was employed for 
the non-bonded interactions, while the particle mesh Ewald method 
[48] was employed for the electrostatic interactions. Additionally, the 
SHAKE algorithm was used to constrain the lengths of bonds with 
hydrogen atoms allowing a time step of 0.002 ps. [49] The simulations 
were performed with periodic boundary conditions in all three Cartesian 
coordinates. 

2.1.3. Docking and MD simulations of lipase-substrate complexes 
A two-dimension model of a protonated butyric acid molecule was 

drawn using 2D Sketcher in Maestro (Schrödinger Release 2022–4, 
Schrödinger, LLC, USA), and the atom types and bond lengths were 
assigned by the OPLS4 force field. [50] Representative structures of each 
lipase at the three water activities (subsection 2.1.4) were used for the 
docking studies, which were carried out in Glide. [51,52] The receptor 
grids were prepared using an enclosed box with centre in Ser105, where 
the hydroxyl group of Ser105 was allowed to rotate. Afterwards, the 
protonated butyric acid molecule was docked into the receptors using 
Extra Precision (XP) mode and flexible ligand sampling. The dockings 
were performed without any constraints, with 0.15 partial charges cut 
off, and 0.80 van der Waals radius scaling. The docking runs were fol
lowed by a short minimisation performed using the default Glide set
tings. The lipase-substrate complexes were saved as PDB-files, and 
placed in the hexane solvent box, where hexane molecules within 3 Å of 
the protein were deleted using PyMOL. Similar to the previous setups, 

the systems were neutralised with two chloride ions for CALBnative, and 
three chloride ions for CALBE188Q+D223N and CALBE188Q+D223L. The atom 
types for butyric acid were prior to the MD simulations assigned by 
GAFF2, and the point charges were calculated using the AM1-BCC 
charge model. Likewise, ff14SB, GAFF2, and the TIP3P water model 
were assigned to the systems using LEaP. The systems were simulated in 
triplicates using the same procedure as for the previous MD simulations, 
with only two changes: (i) a positional restraint of 100 kcal/(mol⋅Å2) 
was placed on butyric acid and the active site residues (Ser105, Asp187, 
and His224) during the minimisation, heating, and equilibration steps to 
allow for proper alignment between butyric acid and residues in the 
active site region of the enzyme (note: restraint was not applied during 
production run) and (ii) the length of the production run was 20 ns (note: 
the last 15 ns of the production run was used in the subsequent 
analyses). 

2.1.4. Analyses 
The trajectories from the MD simulations of the CALBnative and the 

two CALB mutants were analysed using a combination of CPPTRAJ [53], 
which is part of AMBERTOOLS, and VMD (version 1.9.1) [54]. The 
stability of the simulations was investigated by calculating the backbone 
atoms’ root-mean-squared deviation (RMSD) with respect to the mini
mised structures using CPPTRAJ. Protein flexibility was deduced from 
the average root-mean-squared fluctuations (RMSFs) of the backbone 
atoms using CPPTRAJ. Representative structures of the models were 
extracted from the simulations using hierarchical agglomerative clus
tering in CPPTRAJ. The triplicate simulations of a lipase at a given aw 
were pooled, and the conformations were clustered based on the back
bone atoms’ RMSDs. The clustering was stopped when only ten clusters 
remained. The conformation closest to the biggest centroid of the cluster 
was denoted as the representative structure and used for further anal
ysis. The number of water molecules in contact with the protein was 
calculated using in-house VMD script. 

2.1.5. Water activity calculation 
After it had been established that the simulations had converged, aw 

of each simulation system was calculated using the last 10 ns of the 
simulations. [30] The aw cannot be determined prior to a simulation, as 
it is calculated from the ratio of water molecules close to the protein 
surface and water molecules in the bulk solvent. [30] The border be
tween the bulk and protein proximity region is determined with Eq. 1. 

xw(r) =
〈Nw(r)〉

〈Nw(r) 〉 + 〈Ns(r)〉
(1) 

Here, Nw(r) and Ns(r) represent the time-averaged (〈…〉) number of 
water and solvent molecules in a region from r-0.25 Å to r + 0.25 Å, 
where r is the distance to the protein surface. The distance was measured 
from the oxygen atom in water and the third carbon atom in hexane. 
xw(r) is the water mole fraction, which will converge to a constant value 
(bulk water) when plotted against r. The smallest r, where xw(r) is still 
constant will define the border to the bulk region; Fig. S1 presents the 
water mole fraction plots for CALBnative. Then aw is given by aw =

γw(xw)⋅xw, where γw(xw) is the activity coefficient for a binary solution at 
a given xw. As described by Wedberg and co-workers, γw(xw) can be 
approximated by the activity coefficient at infinite dilution (γ∞

w ), when 
xw is below 0.02. [30] In this study, all the simulations were performed 
at xw below 0.02. The activity can be described by the chemical po
tentials of the mixture (μw) and the pure state 

(
μo

w
)
. 

kB⋅T⋅ln(xwγw) = μw − μo
w (2) 

Employing Widom’s method on the chemical potentials, Eq. 2 can be 
rewritten to the following [55]. 
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kB⋅T⋅ln(xwγw) = ΔGsolv − ΔGwater + kB⋅T⋅ln
(

ρw

ρo
w

)

(3) 

In the limit, where xw → 0, i.e. at infinite dilution, Eq. 3 becomes: 

lnγ∞
w =

ΔGsolv − ΔGwater

kB⋅T
+ ln

(
ρo

solv

ρo
water

)

(4) 

Here, ΔGsolv and ΔGwater represent the Gibbs free energy of intro
ducing one water molecule into an organic solvent and water, respec
tively, ρo

solv and ρo
water (mol/dm3) are the molar densities of pure organic 

solvent and water, respectively, and T and kB are the absolute temper
ature and Boltzmann constant, respectively. 

ΔGsolv and ΔGwater can be calculated using thermodynamic integra
tion (TI), where the interactions between the solute and solvent are 
gradually decoupled by varying the interaction parameter (λ). The 
decoupling of the solute molecule was performed as a two-step protocol. 
First, the electrostatic interactions from the outgoing water molecule 
were decoupled by gradually removing the atomic partial charges as λ 
increased from 0 to 1. Second, the Lennard-Jones interactions were 
gradually decoupled from the non-charged solute molecule using the 
linear mixing soft-core scaling implemented in AMBER with the α con
stant set to 0.5 as λ increased from 0 to 1. [56] The procedure was as 
follows; one water molecule was introduced into a solvent box with 500 
hexane molecules or 999 water molecules. The simulation systems were 
prepared at λ = 0.5. First, the systems were minimised by 500 steepest 
descent minimisation steps. The temperature was then increased to 
298.15 K during a 500 ps NVT simulation, where the Langevin ther
mostat with a collision frequency of 5.0 ps− 1 and positional restraint of 
the atom (5.0 kcal/(mol⋅Å2)) were employed. [46] Afterwards, the 
systems were equilibrated for 500 ps in the NpT ensemble using the 
Langevin thermostat (collision frequency of 2.0 ps− 1) and the Monte 
Carlo barostat [47]. 

Two series of simulations were performed for each system to ensure 
statistical significance. The two simulation series were started from 
different configurations obtained from the equilibration after 400 ps and 
500 ps. TI for the solvation energies was based on twenty-four MD 
simulations where only λ varied (λ = 0, 0.05,…,0.95, 0.975, 0.99, 
0.999, 1). The systems were equilibrated for 100 ps before a 1 ns pro
duction run was performed, where the temperature and pressure were 
controlled using the Langevin thermostat (collision frequency of 
2.0 ps− 1) and Monte Carlo barostat. [46,47] TI yielded a solvation en
ergy of ΔGsolv,water = − 6.093 ± 0.004 kcal/mol and ΔGsolv,hexane = 0.8 

± 0.1 kcal/mol for water and hexane, respectively. In addition, the 
simulations yielded a density of 54 ± 2 mol/dm3 for water and 7.66 

± 0.03 mol/dm3 for hexane, which are close to the experimental den
sities of 55.21 mol/dm3 and 7.6 ± 0.3 mol/dm3. [57] Inserting the 
given densities and solvation energies in Eq. 4 yielded: ln

(
γ∞

w
)

=

9.69 ± 0.05. Table 1 summarises the number of water molecules used in 
each MD simulation and the resulting aw. To test how the length of the 
MD simulations affects the calculated water activities, the simulations 
for CALBE188Q+D223L with 300 water molecules were extended from 
100 ns to 400 ns. Noticeably, the length of the simulation did not affect 
aw, which was determined to be 0.9 ± 0.4 at both 100 ns and 400 ns. 

2.2. Experimental procedure 

The initial water activities were set, and the lipases’ specific activ
ities were measured using our previously described method. [22] The 
specific activities were determined using the esterification reaction be
tween butyric acid and ethanol yielding ethyl butyrate. 

2.2.1. Chemicals 
CALBnative, CALBE188Q+D223N, and CALBE188Q+D223L were provided 

by Novozymes A/S (Bagsværd, Denmark). Butyric acid, ethanol abso
lute, ethyl butyrate, HCl, hexane (≥98%), 1-hexanol, lithium chloride 
(LiCl), magnesium nitrate hexahydrate (Mg(NO3)2⋅6 H2O), and potas
sium sulfate (K2SO4) were purchased from Sigma-Aldrich GmbH 
(Steinheim, Germany). All chemicals were of analytical grade except 
hexane, which was of gas chromatographic grade. 

2.2.2. Protein preparation 
CALBE188Q+D223N and CALBE188Q+D223L were cloned, expressed, and 

purified as previously reported. [58] CALBnative was isolated from 
commercial Lipozyme CALB L. Prior to enzyme kinetics experiments, the 
lipases were transferred to phosphate buffer (10 mM NaH2PO4, 140 mM 
NaCl, 27 mM KCl, pH 7.0) by dilution of the original buffer (approx. 
8000x) and concentrated using a 10 kDa spin filter (Vivaspin Turbo 4, 
Sartorius, UK). The theoretical extinction coefficients (41285 M− 1 

cm− 1) were calculated with the ExPASy server using the protein se
quences. [59] The protein concentrations were measured in triplicates 
on an ND-1000 NanoDrop Spectrophotometer (Thermo Fischer Scien
tific, USA) at 280 nm. The concentrations were 35 mg/mL, 6.25 mg/mL, 
and 1.72 mg/mL for CALBnative, CALBE188Q+D223N, and CAL
BE188Q+D223L, respectively. The three lipases were aliquoted and stored 
at − 20 ◦C. 

2.2.3. Enzyme kinetics assay 
CALBnative (0.53 mg), CALBE188Q+D223N (0.5 mg), or CAL

BE188Q+D223L (0.25 mg) were mixed with organic reaction medium 
(5 mL) consisting of hexane with 50 mM butyric acid. The reaction 
medium with lipases was pre-equilibrated for 24 h above saturated salt 
solutions to set the initial aw. [22] The three salts LiCl (aw = 0.12), Mg 
(NO3)2⋅6 H2O (aw = 0.53), and K2SO4 (aw = 0.97) were used for the salt 
solutions. After the pre-equilibration, the volume of the reaction me
dium was corrected, and ethanol was added to initiate the enzymatic 

Table 1 
Results from MD simulations of the lipases at different water activities.  

Lipase Number of H2Oa aw 
Alignment RMSD 
(Å)b 

Simulation RMSD 
(Å)c 

SASA 
(Å2)* 103c 

Rg 

(Å)c 

CALBnative 
100 0.09 ± 0.04 — 0.95 ± 0.06 10.8 ± 0.2 18.03 ± 0.02 
200 0.6 ± 0.4 0.81 0.9 ± 0.3 11.1 ± 0.1 18.06 ± 0.03 
300 1.00 ± 0.09 0.86 0.8 ± 0.1 11.16 ± 0.01 18.05 ± 0.03 

CALBE188Q+D223N 
100 0.05 ± 0.03 0.81 1.1 ± 0.2 10.8 ± 0.2 18.08 ± 0.05 
200 0.6 ± 0.1 0.86 0.8 ± 0.1 11.1 ± 0.1 18.06 ± 0.03 
300 1.1 ± 0.3 0.88 0.86 ± 0.07 11.1 ± 0.1 18.04 ± 0.03 

CALBE188Q+D223L 
100 0.15 ± 0.07 0.79 0.83 ± 0.06 10.8 ± 0.1 18.03 ± 0.03 
200 0.6 ± 0.4 0.74 1.0 ± 0.2 11.1 ± 0.1 18.07 ± 0.03 
300 0.9 ± 0.4 0.83 0.75 ± 0.03 11.1 ± 0.3 18.04 ± 0.01  

a 100, 200, and 300 water molecules correspond to low, medium, and high water activities, respectively. 
b Structural alignment of the lipases’ representative structures to the representative structure of CALBnative at low water activity (100 H2O). The alignment was made 

in PyMOL. 
c RMSDs, SASAs, and Rgs are calculated from the MD simulations. RMSDs are calculated with respect to the minimised structures. 
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reactions. [22] The concentration of ethanol in the reaction medium was 
50 mM. At given time intervals, 100 µL samples were taken from the 
reaction flask, and the enzymatic reaction was stopped using 1 M HCl 
(10 µL). The produced amount of ethyl butyrate in the samples were 
analysed using a Perkin Elmer Clarus 500 gas chromatograph (Shelton, 
Connecticut, USA) with a flame ionisation detector, and 1-hexanol was 
used as an internal standard. [22] The samples were injected into the gas 
chromatograph using split injection with a ratio of 1:50 and an injector 
temperature of 200 ◦C. The components were separated using a Nukol 
column (15 m length, 0.31 mm i.d., and 0.25 µm df) with the following 
temperature gradient. Initially, the column was kept at 50 ◦C for 5 min, 
then the temperature was raised to 100 ◦C using a temperature ramp of 
25 ◦C/min and kept at 100 ◦C for 2 min. Afterwards, the temperature 
was increased at a rate of 25 ◦C/min to 175 ◦C and kept at 175 ◦C for 
2 min. The detector was kept at 260 ◦C. Helium (0.75 mL/min) was used 

as the carrier gas. The specific activities (mmol/min/mg) were calcu
lated from the initial reaction rate (mmol/mL/min) multiplied by the 
reaction volume (mL) and divided by the amount of enzyme (mg). Only 
the first 10% of the reaction (based on substrate conversion) was 
included in the calculations to ensure linearity [60]. 

3. Results and discussion 

We have previously shown that the rate of lipase-catalysed esterifi
cation reactions with CALB decreases with increasing aw, which is a 
quite unique feature for a lipase, and hypothesised that the lipase ac
tivity is affected by water cluster formation on the protein surface close 
to the active site, which may hinder the path of substrate molecules into 
the active site. [22,23] Two acidic residues (Glu188, Asp223) close to the 
active site region have been identified as the nucleation site for the 

Fig. 1. Structural analysis of CALBnative, CALBE188Q+D223N, and CALBE188Q+D223L at varying aw (given in the inset). (A) Structural alignment of the representative 
structures of CALBnative and the CALB mutants at low aw (100 H2O). The structures of CALBnative, CALBE188Q+D223N, and CALBE188Q+D223L are represented as ribbons 
and colored in grey, blue, and orange, respectively. Zoom-in on the active site residues. All structures are in the open conformation, which is defined by the distance 
between α-helix 5 and α-helix 10. [35,58] (B) Time evolution of the RMSD of the backbone atoms. (C) Average RMSFs of the backbone atoms based on the triplicate 
simulations. The residues in α-helix 5 and α-helix 10 are marked by grey bars. 
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water cluster formation. To test the hypothesis, we designed two CALB 
mutants with double mutations (CALBE188Q+D223N, CALBE188Q+D223L) 
and studied their physicochemical properties using MD simulations. The 
MD simulations revealed that the lipases’ activities were also governed 
by the lid conformation and the active site’s geometry. The computa
tional results were supported by experimentally determined specific 
activities calculated from the initial reaction rates of CALBnative and the 
two mutants using an in-house assay [22]. 

3.1. Molecular dynamics simulations 

Each variant was simulated in triplicates for 100 ns at three different 
water activities in hexane. Based on previous mechanistic studies of 
enzymes, we investigated four criteria that could affect lipase-catalysed 
reactions in low water environments: (i) Lipases must be stable in the 
organic solvent; [13,61,62] (ii) water clusters on the protein surface 
must not sterically hinder the entrance of substrate molecules into the 
active site; [23] (iii) lipases must remain in an open conformation, so the 
substrate molecules can enter the active site; [58,63,64] and (iv) the 
active site must remain in a catalytically competent conformation. 
[65–67] The four criteria are discussed in the following sections. 

3.1.1. Criterion 1: Stability 
The first part of the computational analysis was to investigate if 

CALBnative and the two mutants underwent conformational changes 
during the MD simulations in hexane. RMSDs and RMSFs were used to 
study global movements and local flexibility in CALBnative and the CALB 
mutants, respectively. Fig. 1 and Table 1 summarise the results, and as 
seen, CALBnative and the two mutants have highly similar RMSD and 
RMSF values. The RMSDs of CALBnative and the mutants are around 1 Å 
and stable throughout the simulations, indicating that the mutations and 
organic solvent do not introduce significant conformational changes. 
Low RMSDs have also been reported by Trodler and Pleiss for CALB in 
isopentane and cyclohexane (between 0.7 and 0.9 Å). [28] In addition, 
crystal structures of proteins soaked in organic solvents have shown that 
the structures do not differ from the structures obtained in water. [68, 
69] The low RMSDs are reflected in the low RMSF values, where most 
residues have an RMSF below 1 Å. The most flexible part of CALBnative 

and the mutants is the N-terminus. The results for CALBnative are in 
agreement with previous studies that have shown that CALBnative’s 
global structure is stable in hexane. [44,70] Noticeably, the global 
structures of CALBnative and the two CALB mutants behave almost 
identically during the simulations at the three water activities. The radii 
of gyration (Rg) and solvent accessible surface areas (SASAs) were 
calculated to investigate changes in the global surface characteristics of 
the lipases. The SASA and Rg values for CALBnative and the two CALB 
mutants are very similar at the different water activities (Fig. S2), which 
indicate that the mutations and aw do not affect the global surface 
characteristics of CALB. The latter has also been observed for CALB in 
tert-butanol, MTBE, ACN, and hexane. [25] We also see that the struc
tures resulting from the MD simulations are very similar when aligned 
(Fig. 1A and Table 1) indicating that CALBnative and the two mutants 
should be stable in hexane. To test if 100 ns long MD simulations were 
proficient to show that the structural integrity is maintained, 400 ns 
long MD simulations were made for CALBE188Q+D223L at aw = 0.9 ± 0.4. 
As seen in Fig. S3, the mutant’s RMSD, RMSF, SASA, and Rg remained 
stable and similar to those deduced from the 100 ns long simulations, 
indicating that the mutant is stable in hexane even in the extended 
simulations. 

3.1.2. Criterion 2: Limited water cluster formation 
The next step of the computational analysis was to investigate the 

environment around the active site before and after the point mutations 
of Glu188 and Asp223. These two residues are of interest, since they are 
located close to the active site region, and as reported previously, the 
residues may act as the nucleation sites (‘hot-spots’) for the growth of a 

water cluster (Fig. 2A, B) that potentially sterically hinder the entry of 
substrate molecules. [23] When aw is increased, the number of water 
molecules around the two residues also increases. We, therefore, 
hypothesised that mutating these two residues could limit the water 
cluster formation and, thereby, the lipase activity’s dependency on aw. 
As presented in Fig. 2C and Fig. 2D, mutating Glu188 and Asp223 to the 
corresponding amides still made it possible for the residues to form 
hydrogen bonds with the water molecules. However, the formed water 
clusters at low and high aw were significantly smaller than the water 
clusters observed for CALBnative. When Asp223 is mutated to leucine, the 
ability for its side chain to form hydrogen bonds is removed (Fig. 2E and 
Fig. 2F). 

The analysis in Fig. 2 is based on the last frame of the MD simulations 
to visualise the change in the water cluster formation caused by the 
point mutations. To quantify this change, the water molecules were 
tracked during the 100 ns long simulations. The results from the analysis 
are presented in Fig. 3 and Fig. S4. The number of water molecules 
around the active site and Glu188 and Asp223 increases with increasing 
aw for the CALBnative. At low aw, Glu188 and Asp223 are, on average, in 
contact with 3.6 ± 0.4 and 4.5 ± 0.6 water molecules, respectively, and 
the numbers increase to 3.9 ± 0.2 and 6.7 ± 0.9 at higher aw values. In 
contrast, the number of water molecules around the two mutated resi
dues is lower for the CALB mutants. CALBE188Q+D223N has, respectively, 
1.0 ± 0.6 and 3.4 ± 0.5 water molecules around residue 188 and res
idue 223 at low aw, which remains within the same uncertainty at higher 
aw (residue 188: 0.5 ± 0.3 and residue 223: 3.3 ± 0.4). Similarly, the 
increase in water molecules for CALBE188Q+D223L is limited; for residue 
188 and residue 223, the number increases from 1.4 ± 0.3 to 1.8 ± 0.2 
and from 3.4 ± 0.3 to 3.88 ± 0.09 water molecules, respectively. Based 
on the reduced water cluster formation observed in CALBE188Q+D223N 

and CALBE188Q+D223L we hypothesise that the mutants should not be 
negatively affected by high aw compared to CALBnative. 

3.1.3. Criterion 3: Lid movement and open conformation 
Skjøt and co-workers presented a 10 ns long MD simulation of CALB 

in explicit water, where they observed that α-helix 5 (residues 142–146) 
displayed high flexibility and that the helix moved closer to α-helix 10 
(residues 268–287). [58] The displacement of α-helix 5 towards α-helix 
10 correlates well with Stauch and co-workers’ crystallographic work, 
which revealed that α-helix 5 and α-helix 10 are responsible for the 
closed conformation of CALB. [35] When CALB moves into the closed 
conformation, several interactions and conformational changes occur, 
amongst others α-helix 5 becomes an unstructured loop, where Asp145 

loses its interactions with Ser150 (observed in the open conformation) 
and comes closer to Lys290 (closed conformation). [35,58] Inspired by 
the two studies, the lid conformations during the MD simulations were 
investigated. Fig. 1A and Fig. 1C show that, in contrast to the results of 
Skjøt and co-workers, no movement and structural change of the back
bone atoms in α-helix 5 are observed in any of our 100 ns simulations. 
The side chain distance between Asp145 and Ser150 remains around 
3.75 Å in CALBnative and CALBE188Q+D223L, which corresponds to the lid 
being in the open conformation (Fig. 4). The distance increases to 
around 7.0 Å in CALBE188Q+D223N at low and high aw (Fig. 4), which 
resembles a more closed conformation according to Skjøt and 
co-workers. [58] The distance between Asp145 and Ser150 in CAL
BE188Q+D223N fluctuates throughout the simulations between an open 
and closed conformation and hence, the lid movement only partially 
provides access of the substrate to the active site region (Fig. S5). 

The lid movement in CALBE188Q+D223N indicates that this variant 
may have a lower enzyme activity compared to CALBE188Q+D223L at low 
and high aw. 

3.1.4. Criterion 4: Optimal geometry of the active site 
The final analysis of CALBnative and the two CALB mutants focused on 

the geometry of the active site and was inspired by the recent work on 
lipase A from Bacillus subtilis. [24] Only when a catalytically competent 
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Fig. 2. Water cluster formation around residue 188 and residue 223. The last frame from the simulations of CALBnative (A+B), CALBE188Q+D223N (C+D), and 
CALBE188Q+D223L (E + F) at low (100 H2O) and high (300 H2O) water activity is used to visualise the change in the water cluster. 
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conformation is maintained during catalysis, the esterification reaction 
can occur. Additional MD simulations were carried out on the 
lipase-substrate complexes to study the active site arrangements. CALB 
catalyses the esterification reaction between butyric acid and ethanol by 
a ping-pong bi-bi mechanism, where a proton transfer between His224 

and Ser105 activates the serine, which can then attack the carboxyl group 
of butyric acid. [71] The reaction yields a water molecule. The resulting 
tetrahedral intermediate is afterwards attacked by ethanol, releasing the 
product (ethyl butyrate) and regenerating the lipase. Since butyric acid 
is the first substrate to enter the active site, additional MD simulations 

were performed on CALBnative, CALBE188Q+D223N, and CALBE188Q+D223L 

where a butyric acid molecule was docked into the active sites. We 
investigated the distance between Ser105(OG; pdb atom type notation) 
and His224(NE2) together with the distance between the carboxyl carbon 
in butyric acid and Ser105(OG). The results are summarised in Table 2 
and Fig. 5. Vetrano and co-workers performed an in-silico study of CALB 
in 30% acetonitrile and 30% tert-butanol and found that the active site 
could have different conformations. [67] A distance of 3.0 Å between 
Ser105(OG) and His224(NE2) corresponded to a direct hydrogen bond 
between the two residues, while a distance of 4.0 Å corresponded to a 
water-mediated hydrogen bond, where the required proton transfer 
between serine and histidine was possible through a Grotthus mecha
nism. [72] Lastly, they observed that distances above 4.5 Å corre
sponded to a broken hydrogen bond. From our MD simulations, we 
propose that the distance between Ser105(OG) and carboxyl carbon in 
butyric acid should be around 4.0 Å, while Ser105 and His224 should be 
either 3.0 Å or 4.0 Å apart for the esterification reaction to occur. 

As seen in Table 2 and Fig. 5, CALBnative may catalyse the reaction 
through direct and water-mediated hydrogen bonds. The amount of time 
CALBnative has a competent active site conformation decreases from 
41.1% at low aw to 12.7% at high aw. This correlates well with the 
decrease in CALBnative’s specific activity when aw increases. [22,23] 
Interestingly, the amount of time CALBE188Q+D223L has a competent 
active site arrangement increases from 30.05% at low aw, to 47.58% at 
medium aw, and to 61.02% at high aw. This suggests that the activity of 
CALBE188Q+D223L may be positively affected by increasing aw. The same 
gradual increase is not seen in CALBE188Q+D223N. 

3.2. Correlation to experimental enzyme kinetics 

From our computational results, we propose that the combination of 
the four criteria: (i) stability, (ii) limited water cluster formation, (iii) 

Fig. 3. Number of water molecules in contact with residue 188 and residue 223 
at low (aw ≈ 0.1, 100 H2O), medium (aw ≈ 0.6, 200 H2O) and high aw (aw ≈

1.0, 300 H2O). Data are shown for CALBnative (grey), CALBE188Q+D223L (orange), 
and CALBE188Q+D223N (blue). 

Fig. 4. Distance between Asp145(CG; pdb atom type notation) and Ser150(OG) at low (aw ≈ 0.1, 100 H2O), medium (aw ≈ 0.6, 200 H2O) and high aw (aw ≈ 1.0, 
300 H2O) monitored during the simulations. The distance between Asp145 and Ser150 represents movement of α-helix 5 going from an open (around 3.75 Å) to a 
closed (around 7.0 Å) conformation. Each point on the plot corresponds to a conformation during the simulations. The time evolution of the distance in CAL
BE188Q+D223N is presented in Fig. S5. 

Table 2 
Percentages of time CALBnative and the two mutants have an active site arrangement competent for catalysis.  

Lipase Number of H2Oa aw Direct H-bond Water mediated H-bond Total 

CALBnative 
100 0.09 ± 0.04 31.13% 9.97%  41.10% 
200 0.6 ± 0.4 6.12% 15.90%  22.02% 
300 1.00 ± 0.09 4.13% 8.62%  12.74% 

CALBE188Q+D223N 
100 0.05 ± 0.03 2.17% 13.47%  15.64% 
200 0.6 ± 0.1 4.15% 8.20%  12.35% 
300 1.1 ± 0.3 51.95% 3.23%  55.18% 

CALBE188Q+D223L 
100 0.15 ± 0.07 27.87% 2.18%  30.05% 
200 0.6 ± 0.4 37.25% 10.33%  47.58% 
300 0.9 ± 0.4 54.50% 6.52%  61.02% 

a 100, 200, and 300 water molecules correspond to low, medium, and high water activities, respectively. 
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open lid conformation, (iv) and catalytically competent conformation of 
the activity site residues and substrate can explain whether CALB- 
catalysed synthesis can occur in an organic solvent, and whether it is 
affected by aw. To test the hypothesis based on the computational 
findings, the specific activities of CALBnative and the mutants, CAL
BE188Q+D223N and CALBE188Q+D223L, were examined in hexane at water 
activities ranging from 0.12 to 0.97. The esterification reaction between 
butyric acid and ethanol, producing ethyl butyrate, was used as a model 
system. The specific activities of the CALBnative and the two CALB mu
tants were determined using the initial reaction rate as described in the 
Materials and Methods section (subsection 2.2.3). As seen in Fig. 6, the 

activity of CALBnative decreases from 17 to 11 mmol/min/mg as aw in
creases. The same trend has previously been shown in MTBE and ACN 
for soluble as well as immobilised CALB, as summarised in Table S1. [22, 
23] CALBnative’s activity profile fits well with the computationally 
observed water cluster formation and growth, and supports the hy
pothesis that the water cluster may potentially block the substrates’ path 
to the active site. [23] In addition, the MD simulations revealed that its 
active site became less competent for catalysis, as aw increases (Fig. 5). 

In comparison to CALBnative, the activity of CALBE188Q+D223N is 
largely unaffected by aw, while, interestingly, the activity of CAL
BE188Q+D223L even seems to rise with increasing aw. These observations 

Fig. 5. Conformation of the active site in CALBnative (top panels), CALBE188Q+D223N (middle panels), and CALBE188Q+D223L (bottom panels) at different aw. A distance 
between Ser105(OG) and His224(NE2) of 3.0 Å corresponds to a direct hydrogen bond, while a distance of 4.0 Å is a water-mediated hydrogen bond. A distance of 
4.0 Å between Ser105(OG) and carboxyl carbon in butyric is optimal for catalysis. 
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support the hypothesis that Glu188 and Asp223 facilitate the water cluster 
formation close to the active site, and that water cluster growth in this 
area can negatively affect CALB’s activity. The enzyme kinetics assay 
indicates that CALBE188Q+D223N is less active than CALBE188Q+D223L. 
From the MD simulations, it is seen that the lid in CALBE188Q+D223N is 
more dynamic favouring a closed conformation when compared with 
CALBE188Q+D223L which adopts a more open conformation (Fig. 4). In 
addition, studying the active site conformations revealed that CAL
BE188Q+D223L has a more competent arrangement for catalysis compared 
to CALBE188Q+D223N (Table 2 and Fig. 5). 

4. Conclusion 

In this study, we have investigated the effect of water activity on 
CALBnative and two mutated variants, CALBE188Q+D223N and CAL
BE188Q+D223L, in hexane using molecular dynamics simulations. We 
proposed four criteria for lipase activity in non-aqueous systems: i) the 
lipase must be stable in the reaction medium; ii) no hindrance for sub
strate molecule to enter the active site from water clusters on the protein 
surface; iii) an open lid conformation; and iv) a catalytically competent 
active site arrangement. The MD simulations revealed that water cluster 
formation close to the active site is facilitated by Glu188 and Asp223, and 
mutating these residues can reduce the water cluster formation, which 
may have a positive effect on the lipase activity at high aw. In addition, 
results from the MD simulations suggest that lid movements and the 
geometry of the active site also affect the lipase activity. To support our 
hypothesis, the specific activities of CALBnative, CALBE188Q+D223N, and 
CALBE188Q+D223L in hexane were determined using an enzyme kinetics 
assay. Whereas CALBnative, as seen before, showed a clear decrease in 
specific activity with increasing water activity, both mutants behaved 
differently with unaffected or even increasing specific activity (most 
significant for CALBE188Q+D223L). The broader scope of this approach 
remains to be validated in other systems (other enzymes, reactions, 
media). However, we suggest that these criteria may be employed to 
understand specifically lipase reactions in organic solvents, but also 
further to streamline the process of designing enzymes appropriate for 
industrial use. 
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