Comparison and validation of force fields for deep eutectic solvents
in combination with water and alcohol dehydrogenase
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ABSTRACT: Deep eutectic solvents (DESs) have become popular as environmental-friendly solvents for biocatalysis. Molecular
dynamics (MD) simulations offer an in-depth analysis of enzymes in DESs, but their performance depends on the force field chosen.
Here we present a comprehensive validation of three bio-molecular force fields (CHARMM, Amber and OPLS) for simulations of
alcohol dehydrogenase (ADH) in DESs composed of choline chloride and glycerol/ethylene glycol with varying water content. Dif-
ferent properties (e.g., protein structure and flexibility, solvation layer, H-bonds) were used for validation. For two properties (vis-
cosity and water activity) also experiments were performed. The viscosity was calculated with the periodic perturbation method,
whereby its parameter dependency is disclosed. A modification of Amber was identified as best performing model for low water
contents, whereas CHARMM outperforms the other models at larger water concentrations. An analysis of ADH’s structure and in-
teractions with the DESs revealed similar predictions for Amber and CHARMM.

INTRODUCTION

The usage of enzymes for the development of greener and
sustainable alternatives for synthesis routes has become a key
factor in the chemical industry.! The choice of the solvent plays
thereby a central role in developing future biocatalytic applica-
tions. In the past years, deep eutectic solvents (DESs) have
emerged as a new solvent class for biocatalysis®® and have been
labeled as the ‘solvent of the 21st century’.® The DESs, as first
described by Abbot et al.,'° can be formed by mixing a quater-
nary ammonium salt (e.g., choline chloride (ChCl)), acting as a
hydrogen bond acceptor (HBA), with a hydrogen bond donor
(HBD, e.g., glycerol, urea). It has to be stated that the presence
of hydrogen bonding alone is not a sufficient definition for a
DES. In order for the DES to be called a “deep” eutectic the
eutectic point of the mixture has to be considerably lower than
the eutectic of an ideal solution®! (e.g., AT ~ 40K for ChCI-
Gly'?), which is caused by strong attractive interactions be-
tween the two DES components. This non-ideality of DESs is a
key feature for biocatalysis, as it widens the range of accessible
solvents,>1314 that are solid as pure components, and can lead to
a lower availability of the DES constituents as a reaction part-
ner.’® As deep eutectic solvents can be tailored from natural
components, they meet the requirements of sustainable and en-
vironmental-friendly solvent alternatives for biochemical reac-
tions.

A popular group of sustainable DESs is based on choline
chloride as HBA. Commercial names were assigned to these
mixtures according to their HBD for example, glyceline (glyc-
erol), reline (urea) or ethaline (ethylene glycol). However, this
nomenclature can lead to the false impression, that the for-
mation of a DES led to a creation of a new substance. Unlike
ionic liquids (ILs), deep eutectic solvents are neither new sub-
stances nor any kind of pseudo-components; instead they are
simply binary mixtures.* Hence, here we use the common con-
vention of labelling the DESs by its constituents, that are ChCl-

Gly (choline chloride : glycerol (molar ratio 1:2)) and ChCI-EG
(choline chloride : ethylene glycol (molar ratio 1:2)) rather than
using the commercial names (glyceline and ethaline).

Molecular dynamics (MD) simulations represent a vital tool
to gain deep insights into the behavior of enzymes in a DES
environment. In conjunction with experimental investigations,
they can offer a comprehensive perspective on the enzyme ca-
talysis and can help to guide the selection of solvents for bio-
catalytic applications. However, the choice of the interaction
model in MD, the so-called force field, crucially influences the
accuracy of these simulations. Starting with the work of Perkins
et al.11” much effort has been made in developing force fields
specifically for deep eutectic mixtures.'5-2! One adjustment, that
many DES force fields have in common, is a modification of
the electrostatics within the DESs.?? Based on the force field
developments for ILs,?2% it was found that the intermolecular
attractions within ILs and DESs are systematically overesti-
mated by force fields that use net charges of +1 for charged
molecules. Ab initio molecular dynamics revealed a charge
transfer between the components of ILs and DESs in liquid so-
lution.?*? In the developments of many non-polarizable force
fields for DESs, this charge transfer is implicitly accounted for
by scaling the partial charges of the DESs constituents.*6-2!
However, a universal degree of charge scaling, that is applied
to either only the HBA or both DES constituents, could not be
found.?? For instance for the DESs consisting of choline chlo-
ride and glycerol, Perkins et al.*® found an optimized scaling
factor of 0.9 for the charges within the HBA, whereas Doherty
and Acevedo®® and Mainberger et al.'® achieved the best results
using a factor of 0.8 and 0.75, respectively, while also scaling
the charges of the HBD. Contrary to this charge scaling ap-
proach, Chaumont et al.?® could improve the performance of the
GAFF model by adjusting the Lennard-Jones (LJ) interactions
rather than the partial charges of ChCI-Gly and ChCI-EG. In
other cases?®*? a non-scaled force field has been used to gain



deep insights into the structural role of water in DES/water mix-
tures. Although these non-polarizable force fields have proven
to correctly reflect static properties and the liquid structure of
DESs, the prediction of dynamic properties, such as diffusion
coefficients and viscosities, was shown to be challenging.?? Po-
larizable force fields can in theory provide an alternative strat-
egy to reflect the polarization states within the DESs in the sim-
ulations and thus largely improve the prediction of dynamic
properties.®* MD simulations using polarizable force fields, on
the other hand, are more computationally demanding compared
to their non-polarizable counterparts, which is of particular im-
portance for large protein systems containing more than 250000
atoms, as investigated within this article. One major aim of in-
vestigating the enzymatic behavior in DESs is the screening of
different DES components, their ratio in the eutectic mixture as
well as finding the optimal water content. With these screening
studies in mind, the investigations within this work are re-
stricted to commonly used non-polarizable force fields. Never-
theless, with growing computational resources polarizable force
fields can offer detailed studies of specific systems of interest.

The high viscosity of many deep eutectic mixtures has be-
come one hurdle for industrial applications® as well as sufficient
convergence of molecular simulations. In general, the dynamic
viscosity of fluids can be determined from MD simulations by
equilibrium MD (EMD) and non-equilibrium MD (NEMD)
methods.** For solutions with a high viscosity (> 5 mPas) and
therefore a slow dynamic behavior, the use of NEMD methods
is suggested due to a better convergence compared to EMD.35:%
On the other hand, EMD methods allow to simultaneously ana-
lyze other transport properties (e.qg., diffusion coefficients) from
the same trajectory.*® For a thorough review on EMD to com-
pute transport properties from MD simulations the reader is re-
ferred to Maginn et al.*> A popular NEMD method to determine
the viscosity from MD is the periodic perturbation method.3+%
Within this method, the acceleration amplitude A of an external
shear field has to be selected with care, as it can distort the equi-
librium, if set too high. Although different approaches of choos-
ing this amplitude for viscosity estimates of DES systems have
been used,'3%° a systematic investigation of its influence on sim-
ulations of DESs has not been performed. Here, we present an
in-depth discussion on the chosen amplitude for the system in
question.

The variety of available bio-molecular force fields for DESs
demands a systematic investigation of their capability for stud-
ying enzymes in DESs with MD simulations. Therefore, inter-
action models from three different bio-molecular force field
families (CHARMM, Amber, and OPLS) are tested to represent
the deep eutectic mixtures of choline chloride with glycerol or
ethylene glycol. These force fields include different approaches
to treat the ionic charges in the simulations and have already
been applied to study DESs in the past.16-19%38-41 \Whereby, the
here tested force fields based on Amber and OPLS have been
specifically tuned towards representing DESs in the MD simu-
lations.16-1

The effect of deep eutectic and organic solvents on the cata-
lytic behavior of enzymes has mainly been studied by MD sim-
ulations for lipases®42-#* with these studies recently being ex-
tended to other enzyme classes.*>! In a prior publication®* we
presented the first investigation of alcohol dehydrogenase from
horse liver (HLADH) in the DES composed of choline chloride
and glycerol by experiment and simulation. Herein, HLADH is
chosen as a model enzyme to systematically elucidate the force

field performances for MD simulations of alcohol dehydrogen-
ases in DESs. In addition, we emphasize that the outcome of the
force field comparison within this work may also be transferra-
ble to other enzyme simulations. Since enzymes are not func-
tional in water free systems, a certain amount of enzyme-bound
water is always needed.* Therefore, we investigate all systems
with a DES plus water, where the water concentration is varied
from 0% to 100%. First, we elucidate the force field perfor-
mance for DES/water mixtures without protein. For better vali-
dations, viscosities and thermodynamic activities were deter-
mined experimentally. Thereafter, force field influences on the
HLADH structure and HLADH’s solvation layer in pure DES
and DES/water mixtures are compared.

METHODS

The experimental and computational methods, that are nec-
essary to present and discuss the results of this work, are sum-
marized in the following paragraphs.

Experimental measurements of water activity (ay) and
viscosity n

Mixtures (5 mL) of ChCI-Gly or ChCI-EG with various wa-
ter contents of 0-100% were freshly prepared and mixed at
60°C for 1 hour in 25 mL sealed glass bottles. The thermody-
namic water activity (ay,) of these mixtures were then deter-
mined at room temperature (24-25°C) using HMT337 Humid-
ity and Temperature Transmitter (vaisala, Vantaa, Finland).
Here, the ay, was measured based on the ratio of the water va-
por pressure in the DES/water mixtures (p) to the vapor pres-
sure of pure water (p,).

aw = p/Po 1)

The dynamic viscosity (n) of the DES/water mixtures was
measured on 2 mL sample with a Brookfield Digital Rheometer
(Model DV-111 Ultra, Brookfield Engineering Laboratories Inc.,
MA, USA) equipped with a spindle CPE41, at different shear
rates between 0.2s? and 500s? at room temperature (24—
25°C).
Force fields

Figure 1 shows structures of choline, glycerol, and ethylene
glycol. A central atom, that is needed for the calculation of solv-
ation layers, is highlighted for each molecule.

For simulating the DESs based on the Chemistry at Harvard
Macromolecular Mechanics (CHARMM) force field model,
the topologies and parameters for choline, chloride, glycerol
and ethylene glycol were taken from the CHARMM General
Force Field (CGenFF) version 4.1.%47 Thereby, the force field
parameters of CGenFF*47 were not specifically adjusted to-
wards the DESs, but tuned to represent a variety of components
(e.g., glycerol, heptane). Nevertheless, CGenFF has already
been applied for studying the effect of water on the structure of
ChCI-Gly® as well as studying the effect of ChCl-Urea on the
catalytic activity of lipase®® and lyosozyme.*® Note, that for
CHARMM refined parameters for ethylene glycol exist,*
which were already used to simulate ChCI-EG.* However, to
be consistent with the ChCI-Gly, we are using the original
CGenFF parameters for ethylene glycol here. For all simula-
tions within this work, that use CGenFF as model for the DES
molecules, the interactions of HLADH are calculated by the
CHARMM36m force field®® with a cut-off radius r,,; = 1.2 nm
for the LJ- and electrostatic interactions. The forces for the LJ-
interactions are thereby smoothly switched between 1.0 and
1.2 nm.



CN4

ehtylene glycol

choline

glycerol

Figure 1. Representations of choline, glycerol and ethylene glycol
as CPK model (carbon: cyan, oxygen: red, nitrogen: blue, hydro-
gen: grey). Central heavy atoms, that are necessary to determine the
solvation layer of these molecules are highlighted. The software
VMD5%52 was used for this visualization.

The force field parameters for the simulations using the Gen-
eral Amber Force Field (GAFF) are based on the work of Per-
kins et al.**Y" further referred to as GAFF-DES. They have
taken the partial charges of choline chloride from a restrained
electrostatic surface potential (RESP) calculation and were
scaled by a factor of 0.9 in order to intrinsically represent charge
transfer within the DES.® Lennard-Jones parameters as well as
all parameters for the bonded and intra-molecular interactions
were kept from the original GAFF.> Baz et al.*® and Zhang et
al.5* have successfully applied this force field to study proper-
ties of ChCI-Gly and ChCI-EG, here we use the same parame-
ters as these authors. In the simulations using GAFF-DES to
represent the DES molecules, the protein interactions are mod-
eled with the Amber03* force field.*® Contrary to prior applica-
tions of GAFF-DES to validate the force field'®"!° and study
the effect of water on the ChCI-Gly,*® the simulations per-
formed within this work use a cut-off radius 7., = 0.9 nm in
accordance to the parametrization of the protein force field Am-
ber03*.%° In line with Amber03*,% the LJ-potential is thereby
shifted to zero at the cut-off and analytical dispersion correc-
tions for pressure and energy are included.

The topologies for the DES molecules based on the Opti-
mized Potential for Liquid Simulations — All Atom (OPLS-AA)
force field were taken from Doherty and Acevedo'®%¢ and fur-
ther referred to as OPLS-DES. The parameters for choline chlo-
ride were derived from prior developments of ionic liquid force
fields,5”%® whereas the parameters for the HBD (e.g., glycerol)
are based on the OPLS-AA force field.>® In contrast to the de-
velopments of GAFF-DES, ' a charge scaling factor of 0.8 has
been applied not only to choline chloride but also to the HBD.
Non-bonded interactions were fine-tuned by Doherty and
Acevedo®® to fit radial distribution functions derived from ab
initio MD simulations and neutron diffraction data. To repre-
sent HLADH in the simulations using OPLS-DES®® within this
work the interactions of the protein were modeled with the
OPLS-AA/M force field.56* Contrary to the work of Doherty
and Acevedo,®® a cut-off radius ., = 1.1 nm was applied in
accordance with the protein interaction model OPLS-AA/M.°
The forces from the LJ-interactions were thereby smoothly

switched to zero between 0.9 and 1.1 nm. Very recently the au-
thors of the OPLS-DES force field have parametrized further
DES components, whereby a different parameterization strat-
egy was used.52

The TIP3P force field®® was used to represent water in all
MD simulations that are performed within this work. In case of
simulations using CGenFF/CHARMM36m the CHARMM-
TIP3P variant5% has been used, which is a slight modification
of the original TIP3P model.%

Molecular dynamics simulations

The following paragraph explains the set-up for the molecu-
lar dynamics simulations for ChCI-EG using GAFF-DES,*®
CGenFF*47 and OPLS-DES*® as well as for ChCI-Gly using
GAFF-DES® and CGenFF.“4" These simulations are per-
formed with the software package GROMACS version
2019.4.%%-%8 Details of the MD simulation procedure for mix-
tures of ChCI-Gly and water using the OPLS-DES force field'®
can be found in a prior publication.** For estimating time de-
pended errors for various properties from the MD simulations
the block averaging technique® was utilized. Details of the cho-
sen time frames and block sizes can be found in the correspond-
ing figure captions.

DES/water mixtures

The equilibration of highly viscous DES systems has been
shown to be challenging.?? To overcome the issues due to the
slow dynamic behavior of many DESs, different equilibration
schemes have been proposed. Based on the equilibration of pol-
ymer systems,” Perkins et al.}” proposed a pressure compres-
sion and decompression scheme that consists of sub-simula-
tions in the isothermal-isobaric (NPT) and canonical (NVT) en-
semble at different temperatures and pressures. Others (e.g., Liu
et al.,”* Huang et al.**) have enhanced the mixing of DESs or
ionic liquids by increasing and decreasing the temperature dur-
ing the equilibration. Within our study we tested both ap-
proaches and found the temperature annealing similar to Liu et
al.”™* to 500 K to deliver the best results based on diminishing
energy drifts. Therefore, the following scheme is used to equil-
ibrate the DES-water mixtures.

First, cubic boxes with periodic boundary conditions were
built using packmol.”? A summary of the compositions of the
DES-water mixtures can be found in Tables S1 and S2 (in the
SI). An energy minimization using the steepest decent algo-
rithm for 5000 steps was followed by a 1 ns NVT simulation at
298.15 K. To integrate Newton’s laws of motion the leap frog
integrator’ with a time step of 1 fs was used. The temperature
of the system was adjusted by the velocity rescale thermostat™
with a time constant of 7 = 1 ps. All bonds with hydrogen at-
oms were by LINCS™ or in case of water by the SETTLE algo-
rithm.” To enhance the mixing of the DES components the sys-
tem temperature was increased to 500 K during 1 ns and kept at
500 K for a duration of 20 ns. In this and the following steps a
time step of 2 fs was applied. The system was subsequently
cooled down to 298 K during 1 ns, which was followed by a
2 ns NPT simulation. Whereby, the Berendsen barostat”” was
used to control the pressure of the system at 1 bar. Afterwards,
production runs at 298.15 K and 1 bar were performed for
50 ns. The pressure control was switched to the Parrinello-Rah-
man barostat’® with a time constant 7, = 5 ps and an isothermal
compressibility k., = 5 X 1075 bar~!. Long-range electrostatic
interactions were modeled by the smooth Particle-Mesh



Ewald™ (PME) method with a PME order of 4 in all MD simu-
lations. The last 20 ns of the trajectory were used to analyze hy-
drogen bonds, radial distribution functions (RDFs), the density
p of the solution and mean-squared displacements. Whereby, a
cut-off distance donor acceptor of ryg = 0.35 nm and a cut-off
angle between hydrogen — donor acceptor of ¢y = 30 deg
was used to characterize the hydrogen bonds.

Protein simulations

Starting with the crystallographic structure of HLADH
(PDB entry 6091),%° cubic boxes with a box length of 13.6 nm
were built and solvated using packmol.” Whereby, initial posi-
tion of 251 water molecules, that were found to be structural
relevant, were preserved. The selection of these structural water
molecules was based on the experimental B-factors. With re-
strained positions of all heavy protein atoms, an energy mini-
mization using the steepest decent algorithm was performed for
5000 steps. Bonds including hydrogen atoms were fixed by us-
ing LINCS™ or in case of water using SETTLE.” In all MD
simulations the leap frog algorithm™ for integration the equa-
tions of motion was used. Following the energy minimization,
the systems were equilibrated in five MD steps as already de-
scribed in a previous publication* (see Figure S10 of this refer-
ence). First, a 2 ns NVT simulation at 298.15 K using a time
step of 1 fs was performed. Similar to the DES-water mixtures,
the temperature has afterwards been increased to 500 K during
1 ns and kept at 500 K for 20 ns by switching the time step to
2 fs. After decreasing the temperature back to 298.15 K during
1 ns, the protein structure was stepwise released in two consec-
utive NVT simulations for 0.5 ns by restraining the positions of
the protein backbone and C,-atoms of HLADH, respectively.
The temperature elevation combined with restraining the heavy
protein atoms, protein backbone and C,-atoms of HLADH in
the three release steps allows to improve the mixing of the sol-
vent without distorting the protein structure. The release of the
enzyme structure is followed by a 2 ns NPT equilibration at 1
bar with the Berendsen barostat.”” Afterwards, a production run
of 100 ns at 298.15 K and 1 bar (now Parrinello-Rahman baro-
stat’®) is performed, whereby the last 40 ns of the trajectory
were used for the analysis of the protein structure and protein-
solvent interactions. The same settings as for the DES-water
mixtures were used to control the temperature and pressure of
the system as well as model the LJ-interactions and electrostat-
ics. To increase statistical significance, two replica simulations
starting from two independent initial positions and initial veloc-
ities were performed for each data point. A summary of all com-
positions in the protein simulations can be found in Tables S3
and S4 (see the SI).

Analytical methods

Based on the NPT sampling for the DES-water mixtures fur-
ther MD simulations were performed to determine the free-en-
ergy of solvation of water G$' and the dynamic viscosity 1 of
the solution.

Due to the ionic nature of choline chloride, the mole fraction
of a component in the DES-water mixtures can be defined in
different ways. Within this work the mole fraction is defined
from the number of molecules in the simulation N by

N;
X = )

NH,0+Ncp++Nc1—-+NuBD

treating the choline and chloride ions each as individual species.

Determination of the free energy of solvation

The solvation free energy AGS"™ of water can be calculated
from MD simulations by stepwise decoupling the interactions
of one water molecule from its surrounding. For a smooth tran-
sition between the two states (liquid mixture and ideal gas) a
scaling factor scheme has to be chosen in order to get overlap-
ping states.®! First the coulomb interactions of the water mole-
cule were stepwise decoupled form its surrounding using the
following linear A-scheme: Acouioms = (0, 0.125, 0.25, 0.375,
0.5,0.625, 0.75, 0.875, 1). Afterwards the LJ-interactions of the
decoupled water molecules were stepwise scaled by the follow-
ing scheme: 4;; = (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.65, 0.7,
0.75, 0.775, 0.8, 0.825, 0.85, 0.9, 0.95, 1). Whereas the LJ-
potentials were modified with a soft-core potential using agc =
0.5, gsc = 0.3 and a power of 1. Bonded interactions within the
decoupled water molecule were preserved, which means, that
the water molecule is in its ideal gas state after decoupling from
the liquid solution. In case of bond constraints, a few changes
had to be made compared to the NPT simulations. The LINCS™
algorithm was used for constraining the hydrogen bonds within
the decoupled TIP3P water molecule. The Fourier dihedrals®
within the DES molecules as used in OPLS-DES?® needed to be
converted to Ryckaert-Bellemens functions. Each step in the A-
scheme was simulated for a total simulation time of 12 ns using
the first 1 ns for equilibration. Whereby the last snapshot of the
NPT simulations was used to start the first A-point, the other A-
points were started from the previous steps after the simulation
had reached 1 ns.

The solvation free energy for water in the respecting liquid
mixture AGg9"™ (xw) is then estimated using thermodynamic in-
tegration (T1).8283 Integrated curves® for the calculation of the
solvation free energy are exemplarily shown in Figure S1 in the
Sl for the system of ChCI-Gly with 40 mol% water for all three
investigated force fields. The activity coefficient of water in the
corresponding solutions can be calculated from the difference
of the solvation free energy in the DESs mixture AGge"™ (xw)
and pure water AGE"Y (xy, = 1) as reference state by

AGE" Gew) A6 ew=D)) _p(xw)

Yw = eXp( pon >p(xw:1) ®)
with p(xy) as number density of the simulation, R as universal
gas constant and T as system temperature.3®84 Whereby, the
number density p(xy) is defined by

%iN;

plrw) = Zis, (4)
with (V (xy)) as time averaged volume of the simulation before
the decoupling of one water molecule. This allows the calcula-
tion of the activity of water ay, using the mole fraction xy, as
defined in equation 2.

aw = Yw " Xw ®)
In order to enhance statistical significance, replica simulations
for in a minimum of three individually decoupled water mole-
cules were performed. This means, that information from at
least 1.7 us simulation time is included in each data point.

Determination of the dynamic viscosity

For systems with viscosities higher than 5 mPas, it is rec-
ommended to use a NEMD method.®® Therefore, in this work
the shear viscosity is determined by the periodic perturbation
method.3*¥ In this method an external force in form of an co-
sine shaped shear field




a,(z) = Acos (Zl—zn . z) (6)

is applied on the system with [, as length of the simulation box
along the z-axis and A as amplitude of this acceleration field.
This will result in a velocity field

Uy (2) = v(1 - e-%) cos (22 7) -

within the liquid solution, with ,. as relaxation time of the sys-
tem and V as amplitude of the velocity field. This velocity field
can be measured and related to the viscosity using the following
formula:

A plZ

= Vin ®)

with p as density of the simulation box.3* The acceleration am-
plitude A has to be chosen for the periodic perturbation method.
Whereby, A should not be too large, as it could distort the equi-
librium of the solution.3* But it should also be large enough to
get reliable statistics® and to be distinguishable from the ther-
mal velocity,® this allows the signal-to-noise ratio to be large
enough.®® Unfortunately, there is no method how to choose the
value for A for a specific system. Zhao et al.®” plotted A against
the obtained viscosity and extrapolated a linear fitto 4 = 0 to
obtain the viscosity for the undisturbed system. However, they
noted that the assumption of a linear dependency requires fur-
ther investigations.®” Nevertheless, others have adopted this
method (e.g., Doherty and Acevedo,'® Sneha et al.®8). For vis-
cosity estimates of DES systems, different approaches of choos-
ing the acceleration amplitude have been used. For example,
Doherty and Acevedo'® extrapolated the results from different
amplitudes to the undistorted system. Ferreira et al.,?° on the
other side, used a fixed amplitude of A = 0.001 nm ps~2 for
all viscosity calculations. In consequence, we investigated the
influence of the amplitude over a range of three orders of mag-
nitude on the viscosity for water, three ChCI-Gly systems, and
two ChCI-EG systems (all simulated with the GAFF-DES force
field) covering a wide range of viscosity magnitudes (see Figure
S2 in the SI). The shape of all curves is similar, where at larger
amplitudes the viscosity diverges because it decreases with in-
creasing A. However, for smaller A the viscosity converges to
a fixed value. If A is further decreased below 0.002 nm ps~2,
the results start to fluctuate. These fluctuations and the larger
error bars at lower amplitudes indicate poor statistics for these
simulations. For a better comparison, these data points are nor-
malized by the viscosity at 4 = 0.002 nm ps~2. Figure 2 sum-
marizes the dependency of the normalized viscosity for the
tested DESs systems and water. All systems show a similar
trend and converge at A = 0.002 nm ps~2, whereas the con-
verged region of water is larger than for the DES systems. The
converged region specifies the range of amplitudes were a com-
promise between good statistics of the simulation without dis-
torting its equilibrium is found. Therefore, A =
0.002 nm ps~2 is used for the viscosity calculations within this
work.

It would be interesting to see, if such a dependency could
also be found for other systems allowing to identify at which
amplitudes the values converge. Ferreira et al.?° used a fixed
amplitude of A = 0.001 nm ps~2 to investigate DES systems,
which fits to the converged region observed within this work.
Zhao et al.¥” used amplitudes between 0.08 and 0.16 nm ps 2
and found a linear relation with the viscosity for all 15 investi-
gated systems. For this A range, all systems (even water) in-
vestigated here are in the region where 7 is depending on A.

Importantly, the region of constant water viscosities (see Figure
S2d in the SI) coincides with the TIP3P viscosity obtained ear-
lier with the periodic perturbation method® (A =
0.005 nm ps~2) and the Green-Kubo relation.® Song and Dai®®
have investigated the influence of the acceleration amplitude A
on viscosity calculations of water models (TIP5P and SPC/E)
and found a stable plateau for A4 < 0.005 nm ps~2. For larger
amplitudes they revealed a viscosity variation, which is in good
agreement with the TIP3P dependency found in this work. A
similar amplitude dependency was also shown for a different
water model and methanol accompanied with a demonstration
that smaller amplitudes result in larger error bars.*
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Figure 2. Normalized dynamic viscosity 1/1.4-0.002 Of mixtures
of ChCI-Gly or ChCI-EG and water from molecular dynamics sim-
ulations using GAFF-DES?® and TIP3P® in dependency of the am-
plitude A. The viscosity is determined by the periodic perturbation
method and normalized by the viscosity of the simulation using the
amplitude A = 0.002 nm ps~2 for comparison. The dashed lines
are added to guide the eye.

A theoretical error estimation can be used to optimize the
simulation set-up.* The error g,, is calculated from the geome-
try of the simulation box and the sampling time t, by

3
4mn2  [kgT
. = n B (9)
T Aplyf taV

with kg as Boltzmann constant, T as system temperature and V
as volume of the simulation box.** From equation 9 it can be
seen that the shape of the simulations box can be altered to im-
prove the accuracy of 7. Therefore, cuboid simulation boxes
that are elongated along the z-axis (I, = 20 nm) were built us-
ing packmol™ with densities from the prior NPT simulations.
The number of DES and water molecules was increased by a
factor of 1.5 for better statistical behavior (Table S5 in the SI).
After an energy minimization, the NVT simulations, that are
used for the viscosity estimates, were equilibrated using the
same temperature annealing scheme as the NPT simulations.
However, the 2 ns NPT equilibration is not necessary for the
NVT simulations and has therefore been omitted. After the
equilibration, the acceleration field with an amplitude of A =
0.002 nm ps~2 was applied and a sampling of the velocity field
was performed for a simulation time of 105 ns with the last
100 ns for sampling. In the case of large viscosities
(> 150 mPa s) the simulation time was increased to 305 ns for a
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of the water mole fraction xyy, estimated from molecular dynamic simulations in comparison to literature experimental values (open triangles:
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better convergence. For this simulation set-up, the errors calcu-
lated from the trajectories (block averaging) of the systems, that
were used to test the amplitudes, coincide well with the theoret-
ical error from equation 9. (Figure S3 in the SI). Only for large
amplitudes, which resulted in smaller viscosities, the simulated
errors are higher than the theoretical ones.

RESULTS AND DISCUSSION

In the following paragraphs the three force fields GAFF-
DES,*®Y CGenFF**" and OPLS-DES®?® are systematically
tested and validated for simulating ChCI-Gly and ChCI-EG in
mixtures with water. The goal of this comparison is to elucidate
the strengths and weaknesses of each model.

Validation of force fields for deep eutectic solvents

The performance of MD simulations strongly depends on the
used interaction model. Before combining the DESs with an en-
zyme, the DES model performance should be validated without
the presence of a macromolecule. For this purpose, the liquid
density p, the thermodynamic activity of water ayy and the dy-
namic viscosity n are determined from MD simulations and
compared to experimental measurements and literature data.
Besides the calculation of bulk phase properties, a key strength
of MD simulations is the in-depth understanding of the micro-
structure of DESs. Therefore, the important interactions within
the DES/water mixtures are assessed by determining character-
istic radial distribution functions and hydrogen bond interac-
tions.



Static properties of deep eutectic solvents

Although the liquid density p is rarely used for directly fit-
ting force field parameters, it often delivers a good initial im-
pression of the accuracy of the interaction models. The simu-
lated room temperature densities p of mixtures of ChCI-EG and
ChCI-Gly with water are shown in Figure 3. In general, all three
tested force fields describe the density in quantitative agreement
(max. 2% deviation) with the experimental correlation from
Yadav et al.®°2 This accurate prediction of the liquid density
for scaled and non-scaled non-polarizable force fields is con-
sistent with the reported densities of recent developments of
DESs interaction models.?

The thermodynamic activity of water ay, is an important
property to understand enzyme hydration in non-aqueous reac-
tion media. For instance, Wedberg et al.*® linked the bulk phase
water activity to the hydration of Candida antarctica lipase B
(CALB) in different organic solvents. In order to study this ef-
fect for enzymes in solutions with a low water content, the force
fields have to correctly reflect the activity of water in these mix-
tures.

Figure 4 shows the activity of water ayy at room temperature
in mixtures of ChCI-Gly and ChCI-EG with water determined
from MD simulations in comparison to experimental measure-
ments performed within this work and literature values.*%3%
The experiments (open symbols) show a negative deviation
from the ideal behavior (solid line) for both DES/water mix-
tures, which indicates attractive interactions between water and
the DES components. CGenFF and OPLS-DES show similar
results for the activity of water in ChCI-EG. They underestimate
the activity at low water concentrations (xy, < 0.5) but have a
good agreement with the experiments for a large water content.
GAFF-DES, on the other side, shows a better agreement with
the experiments for low water concentrations (xy, < 0.4), how-
ever, for larger concentrations it rather predicts an ideal behav-
ior than the measured negative deviation. In case of ChCI-Gly,
CGenFF shows a similar behavior to ChCI-EG by slightly un-
derestimating the activity for low water concentrations and giv-
ing a good description of ayy at larger water contents. Despite
using up to five replica simulations, this underestimation at
30 mol% and 17 mol% water may be the result of a bad statis-
tical behavior of these simulations as indicated by large error
estimates. While OPLS-DES gives comparable activities for
low water contents, it predicts a positive deviation for 80 mol%
of water, which disagrees with the experiments. GAFF-DES
gives a similar curve for the activity as in ChCI-EG. The simu-
lations show a good agreement for low water concentrations
(< 40%) but predict an ideal behavior for large x,. This contra-
dicts the findings of Baz et al.*® as they observed a good agree-
ment with experimental measured ay, in ChCI-Gly throughout
the entire water concentration range using the same GAFF-DES
with a different cut-off r.,, = 1.5 nm for the LJ- and electro-
static interactions. Though, Baz et al.® performed the MD sim-
ulation at elevated temperatures of 320.15 K and 360.15 K in-
stead of 298.15 K as within this work. It has to be noted, that
the choice of the cut-off radius may have an impact on the solv-
ation free energy of water in solutions with a high ion density.
Free-energy estimates from simulations using a larger cut-off of
Teut = 1.5 nm for GAFF-DES resulted in a slightly lower value
of AGRY =-23.627+0379 compared to AGRY =
—23.582 %+ 0.157 for ., = 0.9 nm. However, this difference
is not significant due to the large uncertainties obtained in the
free-energy calculation. Concerning the activity calculations

from MD simulations in general, there are two opposing effects
influencing its accuracy. As already pointed out by Baz et al.®
the calculations of the activity imply a large sensitivity towards
the solvation free energy estimates. This effect becomes in par-
ticular pronounced for large water concentrations. The sam-
pling quality, on the other hand, is much better at larger water
contents and reduced at high DES concentrations due to a slow
dynamic behavior.

To the best of our knowledge this work includes the first
presentation of thermodynamic activity data calculated for
ChCI-Gly and ChCI-EG using CGenFF and OPLS-DES,
whereas Baz et al.®® already published a study of the thermody-
namic activity of water in ChCI-Gly using GAFF-DES. Overall,
the non-scaled CGenFF*647 force field gives a good description
of the thermodynamic activity of water in the investigated
DES/water mixtures in particular for large water contents. This
agrees with prior force field developments, which showed that
static properties of DESs can be well reproduced in MD simu-
lations by non-scaled interaction models.?? While OPLS-DES?®
can be used in a similar fashion for ChCI-EG, it predicts a pos-
itive deviation in ChCI-Gly for large water concentrations mak-
ing it less applicable to these ChCI-Gly/water mixtures. In the
case of water contents below 40 mol% water, GAFF-DES,¢7
which uses scaled electrostatics, delivers better results than
CGenFF*47 put fails to predict the negative deviation at large
water contents for both tested DESs.

Dynamic viscosity

Correctly reflecting the dynamic behavior of DESs in MD
simulations has been a large hurdle for the developments of
non-polarizable DESs force fields. For Interaction models that
are not fine-tuned towards DESSs, an overestimation of the elec-
trostatic interactions between the DES molecules usually re-
sulted in a poor description of dynamic properties such as un-
derestimated self-diffusion coefficients and overestimated vis-
cosities.?? To implicitly include polarization effects within the
DES, a reduction of the electrostatic interactions, e.g., by scal-
ing the partial charges of the DES molecules, has often im-
proved the predictions of dynamic properties by the DESs force
fields.?? In contrast to this widely used approach, Chaumont et
al.% accomplished a similar improvement in the description of
self-diffusion coefficients for ChCI-Gly and ChCI-EG by ad-
justing the Lennard-Jones parameters of the oxygen and hydro-
gen of the hydroxyl groups for GAFF.

As representative for the dynamic behavior within the MD
simulations the three investigated force fields are tested to re-
produce the dynamic viscosity n of DES/water mixtures. The
viscosity is a collective variable, which includes contributions
from every molecule within the solution, and is much easier to
access in an experiment compared to for example, self-diffusion
coefficients. Figure 5 displays viscosity estimates from the pe-
riodic perturbation method*%" at 298.15 K and 1 bar in com-
parison to experimental measurements for varying water con-
tents. The viscosity measurements of this work are in line with
recently reported experimental studies for ChCI-EG and ChCI-
Gly in mixtures with water.>% The experiments show an expo-
nential decrease from 325 mPas and 41 mPas for ChCI-Gly
and ChCI-EG, respectively, down to the viscosity of pure water.
In case of ChCI-Gly inconsistencies in the viscosity measure-
ments have been reported in the literature. While the experi-
mental viscosities of ChCI-Gly with xy, = 0 given in Figure 5
range between 325 mPa s and 365 mPa s, a different value of
259 mPa s was found by Abbot et al.® Yadav et al.** explained
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this difference by a higher moisture in the samples of Abbott et
al.%® While the viscosity estimates from all simulations qualita-
tively reflect the exponential decrease, the results reveal large
quantitative differences at low water concentrations between
the tested force field models. The non-scaled CGenFF signifi-
cantly overestimates the dynamic viscosity for both DES/water
mixtures and in particular for low water contents (< 50 mol%)
by up to two orders of magnitude. To probe the influence of the
charge transfer, an ad hoc scaling of the electrostatic interac-
tions for choline and chloride in CGenFF by a factor of 0.9 was
tested. Indeed, the viscosity could be reduced significantly (Fig-
ure S4 in the SI). The obtained viscosities are comparable with
the ones from GAFF-DES, where also a scaling of 0.9 was used.
However, rigorously developing a fine-tuned DESs force field
from CGenFF would demand further adjustments. Neverthe-
less, this demonstrates why the charge transfer was implicitly
included in the non-polarizable force fields. The two scaled
force fields GAFF-DES and OPLS-DES deliver a much better
description of the dynamic viscosity for ChCI-EG that are in
line with previous reported values. Comparing with our GAFF-
DES result, Zhang et al.> found a similar viscosity for pure
ChCI-EG (also GAFF-DES) using a Green-Kubo approach,
which again testifies our choice of the amplitude A =
0.002 nm ps~2. Celebi et al.” used the Einstein relation to cal-
culate viscosities (303 — 363 K) for ChCI-EG from simulations
with the GAFF-DES force field. Comparing their results with
the experimental data of Wang et al.,® shows also an overesti-
mation of the viscosity. Despite including charge scaling fac-
tors, OPLS-DES significantly overestimates the viscosities for
ChCI-Gly at low water contents. The close agreement of OPLS-
DES with the experimental viscosity at 298 K as reported by
Doherty and Acevedo®® could not be reproduced within this
work, although the radial distribution functions for pure ChCI-
Gly (Figure 6) are in agreement with the values given in Ref 16.
They have introduced the OPLS-DES force field and found n =
258.8 mPa s for ChCI-Gly and n = 38.5 mPa s for ChCI-EG
while using a set of acceleration amplitudes and extrapolating
to A = 0. The chosen amplitudes of Doherty and Acevedo®® are

in the range of 0.04 to 0.24 nm ps™~2, but neither the exactly
used amplitudes nor the A — n dependencies for the different
DESs were specified. In the methods section we have discussed
the periodic perturbation methods in detail and found, in agree-
ment with others, 2 a plateau region, where 7 is independent
of A. For example, the viscosity for water should be taken from
the plateau region (see Figure S2d in the Sl), as this corresponds
with the reported literature value for TIP3P, whereby it was ob-
tained with different methods.88 Using larger amplitudes and
extrapolating, would lead to different results. Therefore, the dis-
crepancies between our results and Doherty and Acevedo®® are
likely due to their extrapolation to A = 0. A plateau region
could probably not be observed in their work because of the ap-
plied amplitude range. Jahn et al.* investigated different OPLS-
variants and found that the CCCO, OCCO, and HOCH dihe-
drals of glycerol in the OPLS-AA force field have a large influ-
ence on glycerol’s dynamic properties and microstructure. Tun-
ing these three dihedrals®®*® could significantly improve the
self-diffusion coefficient of glycerol, which was underesti-
mated by two orders of magnitude by the original OPLS-AA
parametrization.®® We adjusted these dihedrals in the OPLS-
DES force field (Table S6 in the Sl), which could drastically
reduce the viscosity of pure ChCI-Gly to be in the same order
of magnitude as GAFF-DES and an ad-hoc scaled CGenFF ver-
sion (Figure S5).

GAFF-DES shows in general the best quantitative agree-
ment with the experiments for both DES/water mixtures,
though, it still overestimates the viscosity for the pure DESs by
a factor of two. This is supported by the viscosity estimates pro-
vided by Baz et al.® as they observed an overestimation of the
viscosity of ChCI-Gly and water mixtures by GAFF-DES at
298 K and 320 K. The order and differences of the viscosities
for the water free systems of the different force fields are sup-
ported by the mean-squared displacements for chloride shown
in Figure S6 of the SI. These mean-squared displacements were
calculated from the NPT simulation trajectories (see Methods
section). For the systems with viscosities > 1000 mPa s the



movement is extremely limited, which was also confirmed by
visual inspection.

The findings of this work emphasize that, in accordance with
the literature,'6-2°22 3 scaling of electrostatic interactions is a vi-
able tool to overcome the limitations of non-polarizable force
fields for DESs and to correctly reflect their dynamic behavior.
However, if a charge scaling is necessary and the only way to
improve non-polarizable force fields remains to be an open dis-
cussion.? In general, GAFF-DES provides the best representa-
tion of the viscosity of ChCI-EG and ChCI-Gly in the MD sim-
ulations with CGenFF not being suitable to calculate the viscos-
ity of DESs at water contents below 50 mol%. While OPLS-
DES delivers a reasonable description of the viscosity of ChCI-
EG, it underperforms for the dynamic behavior of ChCI-Gly.

Interactions within the deep eutectic solvent

Besides the determination of physiochemical properties of
the DESs, MD simulations offer deep insights into their micro-
structure und provide a suitable tool to understand the interac-
tions within a DES. This can help to reveal the origin of DESs
as well as to design future deep eutectic mixtures. For a thor-
ough review about the interactions within different DESs the
reader is referred to the review of Wagle et al.>® In the follow-
ing, radial distribution functions of important interactions be-
tween the DES components as well as characteristic hydrogen
bond interactions are discussed. A validation of these properties
with experimental measurements is rather difficult, hence, the
radial distribution functions and hydrogen bonds are only com-
pared between the three force fields. Nevertheless, this compar-
ison can identify differences in the description of the DESs
characteristics by the force fields.

Figure 6 shows radial distribution functions for some repre-
sentative interactions between the oxygens of the HBDs (Ogyy:
all three oxygen of glycerol and Ogg: both oxygen of ethylene
glycol), the chloride ion (Cl) and the oxygen from the choline
ion (Ocn). In case of the glycerol — glycerol interactions (Figure
6b) all three force fields show similar peaks although slightly
shifted in their location. CGenFF, however, deviates from the
other force fields for the description of the ethylene glycol —
ethylene glycol RDFs (Figure 6a) by showing a much lower
height for the first peak. Though GAFF-DES and CGenFF show
identical peaks for the choline — chloride (Figure 6e-f) interac-
tion, the radial distribution functions for chloride — HBD (Fig-
ure 6¢-d) results in a smaller peak height for GAFF-DES. This
reflects the charge scaling of choline and chloride, that has been
implemented in GAFF-DES. The observed peak positions for
the chloride interactions in CGenFF and GAFF-DES are in
close agreement with the radial distribution functions provided
by Weng and Toner®! and Baz et al.*® The interactions of chlo-
ride with the other components in OPLS-DES, on the other side,
are not as pronounced as for the other force fields with the ex-
ception of chloride — ethylene glycol (Figure 6f). Nevertheless,
the presented RDFs for OPLS-DES are in agreement with the
published data from Doherty and Acevedo.*® In general, the
sharp peaks in the radial distribution functions of the chloride
ion with the oxygen of the HBD and HBA (Figure 6c-f) high-
light the important role of chloride that is bridging the interac-
tions between HBA and HBD in choline chloride-based DESs.*
This is supported by the fact that the interactions between cho-
line — choline (Figure 6i-j), choline — HBD (Figure 6g-h) and
HBD — HBD (Figure 6a-b) are much weaker compared to the
other ones. For these interactions GAFF-DES and CGenFF

show similar characteristics with the exception of the first peak
missing in the choline — choline radial distribution functions for
GAFF-DES, which has already been pointed out.® This hints
that no hydrogen bonds are formed between two choline mole-
cules in GAFF-DES. In case of OPLS-DES, the radial distribu-
tion functions rather show a flat plateau than distinct peaks for
the choline — choline as well as the choline — HBD interactions.

In summary, the comparison of radial distribution functions
shows that besides including different treatments of the charges
all force fields display the DES characteristics consistently and
in qualitative agreement. The largest deviation between the
force fields were found for chloride, where the RDFs of
CGenFF and GAFF-DES reflect the charge scaling.

Deep eutectics are known for their typically strong hydrogen
bond interactions. Simulations on the molecular level can un-
ravel these interactions and identify the role of a water on the
microstructure of deep eutectic mixtures. Figure 7 and 8 display
the characteristic hydrogen bonds that are present in ChCI-Gly
and ChCI-EG, respectively. The values of the different force
fields are normalized by the number of choline chloride mole-
cules in the simulations for comparison purposes. In case of
ChCI-Gly, the hydrogen bonds between water and the DES
components are similarly increasing with varying water content
for all three force fields with the exception of the glycerol —
water hydrogen bonds for OPLS-DES (Figure 7e). Surprisingly,
the number of hydrogen bonds between water and glycerol
formed by OPLS-DES are constant instead. Combined with the
increase of the glycerol — glycerol (Figure 7c) and simultaneous
rapid decrease of the choline — glycerol hydrogen bonds (Figure
7b), which are not present for the other force fields, this indi-
cates a separation of a glycerol phase with increasing water con-
tents. Figure 9 reveals this unusual formation of glycerol self-
aggregation (yellow) in the simulation using OPLS-DES for
ChCI-Gly at 80 mol% water. This observation is a clear indica-
tion of phase separation. While such an arrangement of glycerol
is neither observed in the experiment nor present for the other
two interaction models (Figure S7 in the Sl), it strongly suggests
being a force field artifact within OPLS-DES. It has to be men-
tioned, that a testing of the TIP4P% force field for water and an
increased cut-off radius for the LJ- and electrostatic interactions
could not resolve this cluster formation. Because, in contrast to
GAFF-DES, OPLS-DES also scaled the charges of glycerol,*®
a simulation using glycerol parameters that are rescaled has also
been performed. The phase separation also occurred for this
simulation using the modified OPLS-DES, which proves that
the scaling of the HBD in OPLS-DES does not induce this be-
havior. In addition, the CCCO, OCCO, and HOCH dihedrals in
glycerol in the OPLS-AA force field have proven to drastically
affect the microstructure of glycerol.®® However, adjusting
these dihedrals accordingly®*®°® (see Table S6) could not resolve
the observed phase separation. Molecular dynamics studies al-
ready revealed a heterogeneity in the DES microstructure struc-
ture, 22101103 however, it did not appear to such a large degree.
Besides this study of OPLS-DES a similar phase separation
phenomenon for ChCI-Gly/water mixtures at 90 mol% water
was observed by Ahmadi et al.*® in their MD simulations using
the GROMOS force field 53A6.

GAFF-DES and CGenFF, on the other hand, describe the
hydrogen bonds within the DESs in a consistent manner without
predicting a phase separation. Instead, the number of hydrogen
bonds formed between the DES constituents decrease, if the
amount of water in the system is raised. This dependency agrees
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Figure 6. Radial distribution functions for the pure DES at 298.15 K between representative atoms within ChCI-EG (left) and ChCI-Gly
(right). The representative atoms include the oxygen of choline (Ocn), the chloride atom (Cl), both oxygen of ethylene glycol (Oec) and all
three oxygen of glycerol (Oaly). The radial distribution functions were calculated from the last 20 ns of the trajectories. Solid blue line:
GAFF-DES, dash-dotted green line: OPLS-DES®® and dashed orange line: CGenFF.4647

with the data provided by Baz et al.® (GAFF-DES) and sup-
ports the interpretation of the effect of water on the DES struc-
ture given by Ma et al.'® They describe the arrangement of
DES/water mixtures with increasing water content in three
phases. First, water diffuses into the DES super cluster and
therefore its characteristics do not change considerably. By

adding more water to the system, water breaks the super cluster
into smaller clusters until the DES components are completely
dissolved and individually hydrated.’** In the data of CGenFF,
a small difference occurs at low water concentrations, where the
choline — glycerol hydrogen bonds (Figure 7b) exhibit a small
increase. Weng and Toner,3 who also observed this trend using
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CGenFF, described water as having a “Janus-faced” role on the apart. While this structure enhancing effect of water can be seen
DES structure of ChCI-Gly. They state that at low concentra- in the CGenFF data, it is not observed in the simulations of

tions water can intensify the DES hydrogen bond characteristics GAFF-DES. In case of GAFF-DES, the hydrogen bonds be-
up to 35.8 wt% until water starts to break the DES structure tween the DES constituents instead decrease steadily over the



Figure 9. Snapshot of the molecular dynamics simulation of ChCI-
Gly-water at 80 mol% water using the OPLS-DES?® force field.
Glycerol (yellow), choline (blue) and water (red) are displayed as
licorice and chloride (green) is displayed as a VDW-sphere with
the sphere radius scaled by a factor of 0.5. VMD5%52 was used for
visualization.

entire concentration range, suggesting that water does not have
such a structure improving effect.

The hydrogen bonds of ChCI-EG (Figure 8) give a similar
picture of the DES-DES and DES-water interactions compared
to ChCI-Gly, that are consistent with the radial distribution
function depicted in Figure 6. With increasing water content,
the hydrogen bonds between water and the ChCI-EG become
more probable and the characteristic interactions within the
DES weaken. This diminishing effect, however, is reduced at
low water concentrations indicating that water diffuses into the
DES structure before breaking the interactions within ChCI-EG
apart. In contrast to ChCI-Gly, no phase separation is observed
for OPLS-DES. Instead, it gives a similar depiction of the DES
interactions as the other force fields. Interestingly, the hydrogen
bond data of ChCI-EG generated with CGenFF would lead to a
similar interpretation of a structure enhancing effect of water on
the DES structure at low water concentrations, as stated by
Weng and Toner®® for ChCI-Gly. However, the results of
GAFF-DES and OPLS-DES do not support such a conclusion.

The behavior of HLADH in DES/water mixtures

After the validation of the three force fields GAFF-DES,®%"
OPLS-DES® and CGenFF,*“ these interaction models are
combined with the corresponding protein parameters (Am-
ber03*,% OPLS-AA/M,*® CHARMM36m®). The goal of this
chapter is to elucidate the differences of the force fields in order
to find the best force field for investigating the behavior of
HLADH in these DES/water mixtures. Such a molecular dy-
namics study can support the experimental investigation to gain
deeper insights into the behavior of enzymes in DES-water mix-
tures.®“2 Therefore, representative structural properties of
HLADH and its interactions with the solvents are monitored
and discussed. The phase separation observed in the MD simu-
lations of ChCI-Gly/water mixtures using OPLS-DES clearly

invalidates the usage of the force field for this case. As such a
phase separation has also been observed for a different force
field,* the simulations of HLADH in ChCI-Gly using OPLS-
DES are included in order to discuss the implications of such a
force field artifact on protein simulations in DESs.

Figure 10 summarizes characteristic properties that reflect
the enzyme structure in various DES/water mixtures for ChCl-
EG (Figure 10a-c) and ChCI-Gly (Figure 10d-f). Figure 10a+d
show the root mean square deviations (RMSD) of all C,-atoms
of HLADH in comparison to the crystallographic structure
(PDB entry 6091%%). Figure 10b+e summarize the number of
hydrogen bonds that are formed between amino acids within the
enzyme and Figure 10c+f display the flexibility of all C,-atoms
of HLADH expressed as root mean square fluctuations
(RMSF). In a prior publication®* some flexible parts of the en-
zyme structure were omitted in the calculations of the RMSD
and RMSF due to their large impact on these properties. How-
ever, since these flexible regions may change for different force
fields, all structural properties discussed within this work are
calculated from all C,-atoms of HLADH. Figure S8 (see the SI)
shows the difference between the RMSD and RMSF from this
work (only OPLS-DES/OPLS-AA/M) and the data published
by Huang et al.*

The RMSD (Figure 10a+d) of HLADH in ChCI-EG and
ChCI-Gly gives a similar dependency of the water concentra-
tion for all three fore fields. In highly concentrated DES solu-
tions, the enzyme structure is much closer to the crystallo-
graphic structure than in an aqueous environment. The data of
the radius of gyration (Figure S9 in the SI) support this state-
ment. The RMSD also indicates that the structure of HLADH
in low water media differs from the structure in pure water,
which might have implications on its enzymatic activity. Even
the simulations with OPLS-DES representing ChCI-Gly give a
similar trend compared to the other force fields. This indicates
that the protein structure is not significantly affected by the ob-
served phase separation for ChCI-Gly by OPLS-DES. The larg-
est discrepancy in the RMSD between the three force fields oc-
curs at 100 mol% water. While CGenFF/CHARMM36m and
GAFF-DES/Amber03* give a comparable value at these con-
centrations, the simulations of HLADH in OPLS-DES/OPLS-
AA/M result in a much lower RMSD. The difference between
AMBER- and CHARMM-based force fields and OPLS and
GROMOS force fields were recently also shown by Petrovic et
al.,’® where their study revealed a better performance of
AMBER and CHARMM.

The decrease in intra-protein hydrogen bonds (Figure
10b+e) shows that the enzyme actively alters its surface for the
interaction with water. Being smaller — as well as more mobile
— than choline or glycerol and providing a good hydrogen bond
interaction partner, water is able to diffuse into the enzyme
structure and replace the intra-protein hydrogen bonds. Alt-
hough all three force fields describe the hydrogen bonds within
the protein in qualitative agreement, quantitative differences oc-
cur. OPLS-AA/M generally predicts a larger amount of intra-
protein hydrogen bonds, in particular in pure water. This con-
firms, that HLADH arranges in a different structure in the aque-
ous environment in the simulations using OPLS-AA/M com-
pared to the other two force fields. GAFF-DES/Amber03*, on
the other hand, displays the lowest number of intra-protein hy-
drogen bonds in particular at low water contents.
CGenFF/CHARMM36m shows similarities with OPLS-
DES/OPLS-AA/M in the number of hydrogen bonds at water
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Figure 10. Structural properties of HLADH in mixtures of ChCI-EG (top) and ChCI-Gly (bottom) in dependency of the water mole fraction
xw at 298 K and 1 bar. Left: Time averages of the root mean square deviations of the C, atoms of HLADH with respect to the PDB structure
(PDB entry 6091%°) for the last 40 ns of the trajectory. The error bars indicate 95 % confidence intervals of block averages with a block size
of 5 ns. Middle: Time averages of intra-protein hydrogen bonds averaged over the last 40 ns seconds of the trajectory using a cut-off distance
of 0.35 nm and a cut-off angle of 30°. The error bars indicate 95 % confidence intervals of block averages with a block size of 5 ns. Right:
Root mean square fluctuations of the C, atoms of HLADH averaged over the last 40 ns and both protein chains. Blue circles; GAFF-DES!®

/ Amber03*,% green squares: OPLS-DES® / OPLS-AA/M® and orange triangles: CGenFF*¢47 / CHARMM36m.°

concentrations below 50 mol% but agrees with GAFF-DES
/Amber03* for larger water contents. In general, the deviations
between the three force fields are comparably low with a maxi-
mum of 2%.

In case of the RMSF of HLADH in the DES/water mixtures
(Figure 10c+f) a similar trend compared to the RMSD can be
observed. The enzyme is much more rigid in highly concen-
trated DES solutions in comparison to the aqueous environ-
ment. This behavior of the enzyme is not special for these DESs,
as a less flexible enzyme structure could also be observed in the
studies of enzymes in organic solvents**#4and in a recent inves-
tigation of lipase in ChCl+urea.*® Kumari et al.,* on the other
hand, observed an increase in the flexibility of lysoenzyme in
ChCl+urea/water mixture compared to the pure aqueous case.
Similar to the RMSD, the largest differences in the RMSF be-
tween the three force fields occur for large water concentra-
tions, where OPLS-DES/OPLS-AA/M predicts a much lower
flexibility of HLADH. The small differences in the enzyme
flexibility at low water content may be explained by the diverg-
ing representation of the dynamic viscosity. For instance,
CGenFF overestimates the viscosity of low water solutions,
which resulted in a less flexible enzyme structure in the corre-
sponding simulations. GAFF-DES, on the other side, estimating
the lowest dynamic viscosity of the tested force fields led to a
more flexible enzyme in the simulations.

Although the combination of the OPLS-DES force field for
ChCI-Gly and TIP3P representing water led to a formation of a
second glycerol phase, the structural behavior of HLADH
seems to be mostly unaffected by this phase separation. Instead,
the RMSD, intra-protein hydrogen bond and RMSF in the sim-
ulations of OPLS-DES/OPLS-AA/M mostly agree with the de-
scription of HLADH in the DES/water mixtures by

CGenFF/CHARMM36m and GAFF-DES/Amber03*. This
might be explained by the location of HLADH in the simula-
tions of HLADH using OPLS-DES, where a phase separation
occurred. The enzyme is located at the interface of the glycerol
and ChCl/water phases. Thereby, its main volume is incorpo-
rated in the ChCl/water phase. Nevertheless, some part of the
enzyme is still in contact with the glycerol phase. The location
of HLADH in the simulations combined with its structural
properties suggests, that ChCIl has a much larger impact on
HLADH’s conformation in the DES solutions compared to
glycerol. In case of large water contents, however, the values
for OPLS-DES/OPLS-AA/M diverge from the other to force
fields. Since it is also the case in the pure agueous environment,
this effect might be caused by the OPLS-AA/M force field and
not affected by the representation of the DESs by OPLS-DES.

Enzyme-solvent interactions

In addition to the structural behavior of HLADH in the
DES/water mixtures, the interactions between enzyme and sol-
vent molecules are of particular importance to understand the
catalytic performance of HLADH in these environments. For
instance, a sufficient hydration of HLADH is essential for its
bioactivity.* Although some enzyme-bound water has to be
preserved, the rest of the “bulk” water can in theory be replaced
by an organic solvent or DES.*® While the experimental deter-
mination of the hydration levels of enzymes is difficult, its com-
putation from MD simulations is rather straight forward. There-
fore, and due to their importance, the hydration and solvation
layers of HLADH in the investigated solutions were compared
for the different force fields.

Figure 11 shows the hydration layer of HLADH in the sim-

ulations with ChCI-EG and ChCI-Gly in dependency on the wa-
ter content. A water molecule is thereby defined to be in the



hydration layer, if its oxygen is within 3.5 A of any non-hydro-
gen protein atom.**1% This corresponds to the end of the first
peak in radial distribution functions around the enzyme. At wa-
ter concentrations below 50 mol% all three force fields give
comparable values for the hydration layer of HLADH in ChClI-
EG and ChCI-Gly with the largest discrepancy occurring for
OPLS-DES at 40 mol% in ChCI-Gly. This means that although
the liquid structure of ChCI-Gly in OPLS-DES is not reflected
correctly, the hydration layer is represented in agreement with
the other force fields. Above 50 mol% of water, the hydration
layers show small differences, where CGenFF/CHARMM36m
predict a larger hydration than the other force fields. In analogy
to the structural data, the hydration layer in pure water that is
computed by OPLS-AA/M disagrees with the hydration layer
from CHARMM36m and Amber03*. This effect might be
caused by a difference in the conformation of HLADH in aque-
ous simulations as indicated by Figure 10.

Although the OPLS-DES force field leads to a cluster for-
mation with increasing water concentrations, the interaction of
HLADH with water seems to be mostly unaffected by these
clusters in particular for low water contents. As discussed
above, HLADH is mainly located in the ChCl/water phase. The
similar hydration of HLADH in the OPLS-DES simulations
compared to the other force fields might be caused by two con-
trasting effects. The concentration of water is larger in the
ChCl/water phase compared to the total concentration, while
the surface of HLADH in contact with the aqueous phase is re-
duced, as some amount of HLADH is in direct contact with the
glycerol phase. In addition, the interaction between water and
the protein is rather unique as water was the only solvent that
could diffuse into the enzyme structure contrary to glycerol and
choline chloride. This also means, that the conclusions of an
earlier publication** about the behavior of HLADH in ChClI-
Gly/water mixtures using OPLS-DES/OPLS-AA/M as force
field could be confirmed by the simulations performed using
GAFF-DES/Amber03* as well as CGenFF/ CHARMM36m.

Besides the hydration layer, the interactions of HLADH with
the DES components are of particular interest in order to find a
suitable reaction environment for the enzyme. Figure 12 shows
the solvation layers of choline (Figure 12a+d), chloride (Figure
12b+e) and the HBD (Figure 12c+f) in dependency of the water
content. In analogy to water, a chloride ion is considered in the
solvation layer, if it is within a distance of 3.5 A of any non-
hydrogen atom of the protein. Due to the larger size of the cho-
line and HBD molecules, a different cut-off for the solvation
layer had to be chosen. The decision of these cut-off distances
is based on radial distribution of the solvent around the enzyme.
Choline is considered in the solvation layer, if its central carbon
(CN4) is within 6 A of a heavy protein atom. For glycerol the
cut-off is 5 A and based on the central carbon (CG2), for eth-
ylene glycol 4 A and based on the carbon CE1.

The solvation layer of choline (Figure 12a+d) displays a
nearly linear decrease in ChCI-EG as well as ChCI-Gly.
Though, the number of choline molecules on HLADH’s surface
in ChCI-EG are by up to 60 molecules larger compared to ChCI-
Gly. All three force fields give quantitively agreeing results
with the exception of OPLS-DES/OPLS-AA/M for ChCI-Gly
(Figure 12d). Figure 12b+e depicts a similar linear decrease for
chloride with quantitative discrepancies between the three force
fields. OPLS-DES/OPLS-AA/M give the largest solvation layer
of chloride by starting from ~200 molecules in case of the pure
DESs followed by CGenFF/CHARMM36m (~150 for ChCl-

EG, ~130 for ChCI-Gly). The combination of GAFF-DES and
Amber03* predict, on the other side, a much lower chloride
solvation with ~100 and ~80 chloride molecules for ChCI-EG
and ChCI-Gly, respectively. These quantitative differences di-
minish for increasing water contents.

Figure 12c+f reveal an unusual dependency of the solvation
layer of HBD (either glycerol or ethylene glycol). In contrast to
choline or chloride, the solvation layers of the HBD do not de-
crease but stay almost constant when the concentration of water
is raised up to 50 mol%. This indicates a high affinity of
HLADH towards interacting with glycerol and ethylene glycol.
Starting between 50 mol% and 70 mol% the amounts of HBD
on HLADH’s surface is then drastically reduced. With the ex-
ception of ChCI-Gly computed by OPLS-DES/OPLS-AA/M,
the three tested force fields give similar trends for the HBD
solvation that are consistent with the other solvation layers. In
CGenFF/CHARMM36m and OPLS-DES/OPLS-AA/M the in-
teractions with chloride are slightly preferred over the HBD,
whereas GAFF-DES/Amber03* shows a higher affinity to-
wards the HBD. The description of OPLS-DES/OPLS-AA/M
differs from this trend and shows a much lower solvation of
glycerol with large fluctuations occurring between the concen-
trations.

As already discussed, the combination of OPLS-DES and a
water force field resulted in a formation of glycerol clusters and
subsequently into phase separation. This effect is clearly visible
in the solvation data provided in Figure 12d-f, as the solvation
layers for OPLS-DES/OPLS-AA/M in ChCI-Gly significantly
differ from the description of the other force fields. They sug-
gest that the protein is in closer contact to choline and chloride
than to glycerol, which could be confirmed by visual inspection.
Interestingly, the interaction sites of glycerol seem to be re-
placed by choline chloride in the ChCl/water phase. This con-
sequently resulted in a similar hydration of HLADH compared
to the other force fields despite phase separation. The arrange-
ment of the enzyme in the ChCl/water phase can explain the
discrepancies for OPLS-DES observed in ChCI-Gly. On the
other hand, the solvation with water (Figure 11b) remained un-
changed.

GAFF-DES and OPLS-DES have introduced charge scaling
of different components of the DES in order to improve the dy-
namic behavior of the DESs in MD simulations. These reduced
charges can, on the other hand, impact the interaction of the
DES with a biomolecule e.g., their capabilities to form hydro-
gen bonds. Excluding the data of the ChCI-Gly/water mixtures
using OPLS-DES, that are clearly influenced by the phase sep-
aration, the solvation layers indicate that the charge scaling has
a diminishing impact on the enzyme-solvent interactions for the
tested systems. A charge scaling factor of 0.8 and 0.9 applied to
choline in OPLS-DES and GAFF-DES, respectively, did not in-
fluence its interaction with HLADH in the simulations, as all
three force fields gave similar solvation layers of choline. The
interaction with the HBDs (glycerol and ethylene glycol) are
preferred in the simulations using GAFF-DES. However,
OPLS-DES (partial charges scaled by 0.8) and CGenFF (no
charge scaling) give a similar number of ethylene glycol mole-
cules in direct contact with the enzyme, which is suggesting that
the non-bonded LJ-parameters have a larger impact on the en-
zyme-solvent interactions. This is supported by the ordering of
the solvation layers of chloride, as it does not reflect the amount
of applied charge scaling in the respective force fields. On the
other side, the LJ-well-depth &;; of chloride ions is much
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smaller in GAFF-DES (g, = 0.418 k] mol~*) compared to the
other force fields (OPLS-DES: 0.619 kj mol™%, CGenFF:
0.628 k] mol™1), which contributes to the observation of fewer
chloride ions in the solvation layer.

In conclusion, CGenFF/CHARMMS36m and GAFF-
DES/Amber03* show a similar and consistent behavior for the
solvation layer with the latter favoring the HBD and
CGenFF/CHARMM36m favoring the chloride ion. Up to

50 mol% the additional water in the system replaces choline and
chloride on the surface of HLADH. Surprisingly, the number of
glycerol and ethylene glycol molecules stays constant until
roughly 50 mol%. Afterwards, the HBD is also replaced on the
surface by water molecules. This indicates a preferred interac-
tion of the enzyme with the HBD. Its implications on the bio-
catalytic performance of HLADH, however, remain to be inves-
tigated in the future. The solvation data show, that the OPLS-



DES force field is not suitable to elucidate the behavior of
HLADH in the DES composed of choline chloride and glycerol.

Conclusions

The force field comparison within this work could reveal
strengths and weaknesses of different DESs force fields using
the liquid density p, thermodynamic water activity ay, and dy-
namic viscosity n for validation. The static and dynamic prop-
erties for low water concentrations (< 40 mol%) are best repro-
duced by the GAFF-DES'Y force field. However, for larger
water concentrations (> 50 mol%) CGenFF*“7 and to some ex-
tend also OPLS-DES*® (for ChCI-EG) reproduce the water ac-
tivity in better agreement with the experimental data, while also
correctly reflecting the viscosity. An in-depth analysis of char-
acteristic radial distribution functions and hydrogen bonds
within the DES uncovered an unusual formation of glycerol
clusters with increasing water content in the simulations of
ChCI-Gly using OPLS-DES. Since this effect was neither seen
in the experiment nor present for the other tested force fields,
we conclude that OPLS-DES®® is not a suitable interaction
model for ChCI-Gly/water mixtures.

The observed phase separation for ChCI-Gly by OPLS-DES
did not significantly influence the structure of HLADH in the
MD simulations. All three tested force field combinations pre-
dict a similar rigid structure of HLADH in the DES mixtures at
low water contents, that is closer to the crystallographic struc-
ture (PDB entry 6091) than in an aqueous environment. The
largest deviation in the enzyme structure were observed for the
pure aqueous case and can be attributed to the protein force
fields.’® While the force field artifact within OPLS-DES did
not affect the structure of HLADH as well as its hydration layer,
which could confirm the conclusions form an earlier publica-
tion,* it led to a different interaction with the DESs. The impli-
cations of the structural behavior of HLADH as well as the solv-
ation effects of the DESs, that are observed in the MD simula-
tions within this work, on the catalytic performance of the en-
zyme are yet to be shown.

Furthermore, we investigated the influence of the accelera-
tion amplitude on the viscosity calculations. For high ampli-
tudes we found decreasing viscosities, which is an indication of
a distortion of the equilibrium. For very low amplitudes the re-
sult is fluctuating. However, in between these two regimes there
is a range for which the result is independent of the amplitude
and as such being the region of interest.

In summary, in most cases the force fields gave similar re-
sults. However, the observed differences can guide the choice
of the suitable force field. The OPLS-DES*® cannot be recom-
mended to be used for ChCI-Gly/water mixtures, due to the ob-
served phase separation. The CGenFF*647 was the only tested
force field that was not optimized for DES, which results in
large deviation for the viscosity at low water concentrations.
Especially, due to the findings for the water activity and the vis-
cosity, the GAFF-DES? force field seems to be preferential for
xw < 0.5, while CGenFF*#" outperformed the other force
fields for larger water concentrations. For enzyme simulations
in DES water mixtures the most notable difference was ob-
served in the number of chloride ions and HBD in the solvation
layer. Unfortunately, a lack of suitable experimental data pre-
vents the usage of this data as selection criterion.
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SPC/E, extended simple point charge model; LINCS, Linear Con-
straint Solver; PME, Particle-Mesh Ewald summation; RDFs, ra-
dial distribution functions; PDB, Protein Data Base; NPT, isobaric-
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