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ABSTRACT

The ability of neat deep eutectic solvents (DESs) to influence protein structure and function has gained
considerable interest due to the unstable nature of enzymes or therapeutic proteins, which are often
exposed to thermal, chemical, or mechanical stresses when handled at an industrial scale. In this study,
we simulated a model globular protein, lysozyme, in water and six choline chloride-based DES using
molecular dynamics simulations, to investigate the structural changes in various solvent environments,
giving insights into the overall stability of lysozyme. Root mean square deviation (RMSD) and root
mean square fluctuations (RMSF) of the C-o. backbone indicated that most DESs induced a less flexible
and rigid lysozyme structure compared to water. The radius of gyration and end-to-end distance calcu-
lations pointed towards higher structural compactness in reline and levuline, while the structure of
lysozyme considerably expanded in oxaline. Protein-solvent interactions were further analysed by
hydrogen bonding interactions and radial distribution functions (RDF), which indicated a higher degree
of lysozyme-hydrogen bond donor (HBD) interactions compared to lysozyme-choline hydrogen bond-
ing. Surface area analysis revealed an overall % increase in total positive, negative, donor, and acceptor
surface areas in malicine and oxaline compared to water and other DESs, indicating the exposure of a
larger number of residues to interactions with the solvent. Reline, levuline, and polyol-based DESs com-
paratively stabilized lysozyme, even though changes in the secondary/tertiary structures were observed.
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1. Introduction for biomolecules and have the potential to be safer alterna-
tives than other solvents. The most recent research and
efforts in using DESs are focussed on stabilizing and activat-
ing proteins and enzymes. Moreover, it has been reported
that pure urea has the ability to induce protein denaturation.

However, small-angle neutron scattering (SANS) data

Deep Eutectic Solvents (DESs) are complexes of a hydrogen
bond donor and an acceptor combined in a specific molar
ratio to achieve a deep depression in their freezing point,
forming homogeneous liquids at room temperature (Smith
et al, 2014). DESs are known for a range of favourable char-

acteristics, such as non-volatility, low toxicity, ease of prepar-
ation, abundant availability of precursors, chemical stability,
and the ability to solvate various molecules (Gurkan et al.,
2019; Paiva et al., 2014; Ptotka-Wasylka et al., 2020). DESs are
being researched as green solvents in metal finishing
(Abbott et al., 2013; Smith, 2013), extraction and synthesis
media (Weiz et al., 2016; Zhang et al., 2012), biomass proc-
essing (Barbieri et al, 2020; Kumar et al., 2016), gas absorp-
tion and solubilization (Garcia et al., 2015), and for handling
flow assurance problems in the oil industry (Hu et al., 2021;
Sanati et al, 2021). Understanding protein stability, enzym-
atic activity, and molecular recognition requires a thorough
knowledge of conformation and dynamics (Almeida et al.,
2022; Kist et al.,, 2021). DESs provide a suitable environment

revealed that lysozyme maintained its structural integrity
when exposed to a ChCl: urea based deep eutectic solvent
(DES) (Sanchez-Fernandez et al., 2017). This line of research is
gaining prominence due to the emergence of biocatalysts
(Bommarius & Paye, 2013; Woodley, 2019) and protein thera-
peutics (Leader et al., 2008; Liu et al., 2021). Major bottle-
necks in protein stability, shelf life, and purification are often
encountered during the utilization, formulation and storage
at an industrial scale (Patzold et al.,, 2019). Since structural
stability is closely linked to protein functionality, there is a
need to screen efficient, biocompatible, and easily available
alternative solvents.

Lysozyme is a 129-residue murein hydrolase belonging to
the class of ovo-antimicrobials due to its capability of
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hydrolysing peptidoglycan found in bacterial cell walls. It
comprises of a single polypeptide chain, constituting two
domains and an active cleft, with an overall globular struc-
ture stabilised by four disulfide linkages. The active site of
lysozyme comprises Glu35 and Asp52. Lysozyme has various
applications as natural antimicrobials for food preservation,
antibiotics, analgesics, and anti-inflammatory agents, and in
the cosmetic industry, making it a commercially important
protein (Ercan & Demirci, 2016; Kumari et al., 2020). It has
served as a benchmark protein for several early investiga-
tions on protein dynamics (Smith & van Gunsteren, 1994),
hydrogen bond networks in proteins (Yokomizo et al., 2005),
and thermal stability (Meersman et al., 2010) in aqueous
media. Esquembre et al. (2013) investigated the effects of
pure and hydrated reline and glyceline on the thermal stabil-
ity, refolding capability, and activity of lysozyme. Normalized
fluorescence and far Ultra-Violet (UV) Circular Dichroism (CD)
spectra indicated structural compactness and a negligible
change in the protein secondary structure in both DESs.
However, increasing the temperature led to an irreversible
denaturation of lysozyme in reline, and a partially reversible
denaturation in glyceline, as the decrease in the mean fluores-
cence energy was more pronounced in reline compared to
glyceline. Folding intermediates dominated by secondary
structures were observed at different temperature ranges,
with a higher structural compactness in glyceline and buffer
compared to reline. The activity of lysozyme in glyceline was
severely reduced compared to that in buffer. However, hydra-
tion or removal of DES by dialysis facilitated the recovery of
the initial structure and activity of the enzyme. Similar results
were obtained by Sanchez-Fernandez et al. (2017), who
extrapolated data from small-angle nuclear scattering (SANS)
to obtain the radius of gyration (R) of lysozyme in reline and
glyceline. While the secondary structures remained relatively
unaffected, lysozyme assumed a partially unfolded structure,
with R, of 17.2+£0.8 and 17.8+1.0A in glyceline and reline,
respectively. The reduction in enzyme activity was attributed
to the high viscosity of both DESs and a change in the lyso-
zyme conformation in the DESs compared to buffer.
Sanchez-Fernandez et al. (2022) studied the effect of
hydrated reline and glyceline on the structure and stability
of lysozyme, along with immunoglobulin, and bovine serum
albumin (BSA). UV-visible, SANS, and far UV CD spectra
revealed a non-monotonic change in the conformations of
each protein when exposed to DESs in increasing water con-
centrations. At lower water concentrations, water displaced
chloride ions, promoting solvent-protein interactions that
caused a partial unfolding of the protein. Higher water con-
centrations disrupted the hydrogen bonding network of the
DES and caused water to preferentially solvate the protein
instead of the DES. Lysozyme recovered its tertiary structure
completely after rehydrating the neat DES. The study con-
cluded that the level of hydration and subsequent protein-
solvent interactions also govern protein folding to a great
extent. Sanchez Fernandez et al. (2022) also reported the
ability of pure glyceline to store high concentrations of lyso-
zyme. UV-Visible and SANS spectra of lysozyme/glyceline sys-
tems with varying lysozyme concentrations (4-143 mg/mL)
indicated that the protein retained its globular nature

without aggregating. However, a change in the secondary
and tertiary structures in dilute and concentrated systems
was observed. The solubility of lysozyme in glyceline
(143 mg/mL) was greater than that in aqueous saline buffers
and pure glycerol. The study also proved the ability of glyce-
line to preserve lysozyme (28 mg/mL) at room temperature
(20°Q) for 40days, after which it was successfully recovered
by extensive dialysis or hydration with a negligible deterior-
ation in its structure and activity.

Belviso et al. (2021) performed the experimental investiga-
tions using high-resolution X-ray diffraction to probe the DES
component’s interactions with lysozyme residues. It was con-
cluded that Choline ions strongly interact with residues Trp62
and Trp123 of lysozyme. Besides protein stability studies, the
role of carboxylic acid-based DESs in the crystallization and
extraction of lysozyme have also been investigated (Belviso
et al, 2021; Xu et al, 2019) which could significantly cut
down protein purification and production costs. Lysozyme fib-
rillation in carboxylic acid-based DESs has been studied to aid
the synthesis of potential nanomaterials (Silva et al., 2018).
Although experimental studies provide insights into the struc-
ture and dynamics of proteins in DESs down to the secondary
structure level, analysis of protein-solvent interactions at a
molecular level using molecular dynamics (MD) simulations
gives us further insights into protein stability. Several MD
simulation studies have been performed to investigate the
effects of neat or hydrated DESs, mainly reline, glyceline, and
ethaline, on the structure and stability of lipase (Kovacs et al.,
2022; Monhemi et al, 2014; Shehata et al, 2020), alcohol
dehydrogenase (Bittner et al., 2021, 2022), lysozyme (Kumari
et al,, 2020), BSA (Kumari et al,, 2022), and other small pro-
teins (Pal et al., 2020; Sarkar et al., 2017).

Kumari et al. (2020) analysed the structural changes in
lysozyme in neat and hydrated reline using root mean
square deviation (RMSD), root mean square fluctuations
(RMSF), Ry, and hydrogen bond analysis. The C-a backbone
of the protein underwent an initial shift in conformation in
neat reline, which remained unchanged for the rest of the
simulation. In contrast, increased RMSD and RMSF meant
more drastic conformational changes observed in 50/50
reline/water mixtures. Lysozyme in pure reline had the high-
est solvent accessible surface area (SASA) and R, indicating
a partial unfolding of the protein structure due to the
replacement of ordered helical coils with unordered bends
that left certain buried residues exposed to the solvent.
However, the structure was rigid and stable compared to its
native form in water. Reline-protein interactions were charac-
terized by hydrogen bonds, dominated by protein—choline,
which decreased upon adding water.

In a recent study conducted by Parisse et al. (2023) the
force field parameters of pure DES were calibrated through
the measurement of pair distribution functions. Furthermore,
the stability of lysozyme in mixtures of aqueous glyceline
was evaluated. The research conducted in this study intro-
duced an alternative approach to assess protein flexibility
through the computation of a dynamic cross-correlation
matrix (DCCM) for atomic displacements. The experimental
findings revealed that the presence of DES led to a reduction
in the correlated motion of lysozyme’s atoms within its



backbone. This observation indicates an increase in the rigid-
ity of the protein’s structure. Nevertheless, the functional
properties of lysozyme were not negatively impacted by the
DES, as evident from the continued presence of characteristic
fluctuations associated with its function. The findings of the
study indicated that the RMSF, RMSD, and radius of gyration
values were consistent across all three force fields used to
analyze the properties of the DES.

Recent research has highlighted the growing importance of
DESs in protein storage and stability. However, the interaction
between DESs and lysozyme at the molecular level has only
been investigated in a limited number of studies. Although
previous studies have investigated the interactions between
lysozyme and a limited number of deep eutectic solvents
(DESs) (Yadav & Venkatesu, 2022), there is a necessity to
broaden the range of DESs examined by molecular dynamics
(MD) simulations, extending beyond reline and glyceline. This
work aims to examine the impact of six distinct choline chlor-
ide-based DESs as shown in Table 1—reline, glyceline, ethaline,
levuline, malicine, and oxaline—on the structure and stability
of lysozyme using MD simulations. The selection of DESs was
based on their representation of three distinct categories of
hydrogen bond donors (HBDs), specifically amides, polyols, and
carboxylic acids. This choice was made to provide a compara-
tive analysis of their respective interactions with lysozyme and
the resulting effects. The structural, dynamic, and protein-solv-
ent interactions within each system were comprehensively
examined through the computation of various metrics, includ-
ing RMSD, RMSF, R, end-to-end distance, radial distribution
function (RDF), surface area, and hydrogen bond analysis. The
MD simulations over a simulation period of 120ns were ana-
lyzed, and the obtained results were subsequently compared
to those observed in the protein-water system.

2. Computational details

MD simulations were carried out using Desmond MD code
(Bowers et al., 2006) within the Schrodinger simulation soft-
ware (Release, 2021). The 3D structure of lysozyme without

Table 1. Deep eutectic solvents contain specific molar ratios of different
hydrogen bond donors (HBD) and choline chloride (ChCl).

HBD Molar ratios Name of DES
Urea 1:2 Reline
Glycerol 1:2 Glyceline
Ethylene glycol 1:2 Ethaline
Levulinic acid 1:2 Levuline
Malic acid 1:1 Malicine
Oxalic acid 1:1 Oxaline
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ligands was imported from the Protein Data Bank (PDB ID:
1AKI) with a resolution of 1.5A. Protein preparation was
employed to process the protein structure before building
the systems. Chemical Component Dictionary (CCD) was
used to assign bond orders. Selenomethionines, which are
often experimentally used to ease protein crystallisation,
were converted to methionines. In addition, disulphide
bonds were created, waters beyond 3A from heteroatom
groups were removed, and hydrogen bond assignment was
refined based on sample water orientations at a pH of 7.
Restrained minimisation was conducted to converge all
heavy atoms to RMSD within 03A using the latest
Optimised Parameters for Liquid Simulations (OPLS4) (Lu
et al, 2021) force fields.

The minimized protein was solvated in water using the
Single Point Charge (SPC) water model, and a cubic simula-
tion box having dimensions of 70A. Eight CI” ions were
added to the system to neutralise the positive charges on
lysozyme. Lysozyme-DES systems were built using the struc-
tures of the hydrogen-bond acceptor (HBA), choline chloride
(ICh™1ICIT]), and different hydrogen-bond donors (HBDs) for
each DES (urea, glycerol, ethylene glycol, levulinic acid, malic
acid, and oxalic acid). . One lysozyme molecule was solvated
in [Ch™][CI"] and the respective HBD in their eutectic molar
ratios. The number of solvent molecules and the dimensions
of the simulation box of each system are tabulated in Table
2. A cubic simulation box was considered in all cases. While
the DESs in this study are being referred using different
names, it should be noted that they represent binary eutec-
tic mixtures of respective HBA and HBDs, and not unique
compounds (Bittner et al., 2021).

The solvent molecules were explicitly defined to simulate
a bulk solvent environment and to identify protein-solvent
interactions. The current OPLS4 force field has shown great
promise in understanding protein folding and for accurate
prediction of protein reorganization free energy to predict
binding free energies for ligands accurately (Fajer et al,
2023). In this work, OPLS4 force fields were used to describe
the bonded and non-bonded potentials of each DES to
describe the properties of DESs (Doherty & Acevedo, 2018;
Maity et al., 2020; Salehi et al, 2019; Sarkar et al, 2017).
Particle mesh Ewald summations were used to sum up long-
range interactions over the periodic images, requiring the
system to be electrically neutral. Hence, 8 chloride ions were
added to each system (Frenkel & Smit, 2002). For the simula-
tion run, firstly, a relaxation protocol was applied, consisting
of a 20 ps NVT Brownian minimisation at 10K, followed by a
20ps NPT Brownian minimisation at 100K, ending with a

Table 2. Number of molecules of solvent considered for each system, along with simulation box dimensions (one molecule of lysozyme was incorporated into

each system, with eight additional ClI™ ions for neutralization.).

System (molar ratios) Name of DES Water Choline (Ch™) Chloride (CI") HBD Simulation box size (A%)
Lysozyme-water - 10,438 - - - 70.059 x 67.881 x 71.012
Lysozyme—ChCl/urea (1:2) Reline - 1000 1000 2000 71.598 x 70.648 x 75.731
Lysozyme—ChCl/glycerol (1:2) Glyceline - 1000 1000 2000 78.856 x 74.421 x 72.997
Lysozyme—ChCl/ethylene glycol (1:2) Ethaline - 1000 1000 2000 78.031 x 78.758 x 79.99

Lysozyme—ChCl/levulinic acid (1:2) Levuline - 1000 1000 2000 83.512 x 83.024 x 82.502
Lysozyme—-ChCl/malic acid (1:1) Malicine - 1333 1333 1333 81.230 x 80.313 x 81.447
Lysozyme—ChCl/oxalic acid (1:1) Oxaline - 1333 1333 1333 75.388 x 77.222 x 77.841




4 A. HEBBAR ET AL.

100 ps NPT MD stage at 100K. Brownian minimisation was
again run for 100ps. A 40ns NPT equilibration run at
1.01325 bar was carried out, followed by an NVT production
run for 120 ns. The temperature for the production run was
set to 300K to simulate room temperature, and a time step
of 2fs was considered. Nose Hoover thermostat with a relax-
ation time of 1ps and Martyna Tobias-Klein barostat (iso-
tropic coupling) with a relaxation time of 2 ps were used. A
cut-off radius of 9A was chosen for Coulombic interactions.

3. Results and discussion
3.1. Protein structures in water and various DESs

Figure S1 shows the final tertiary structure of lysozyme in
water. Secondary structures are represented in various col-
ours in the figure. Further, the final lysozyme structures in six
DESs studied, are shown in Figure S2. Reline is observed to
induce a compact structure form of lysozyme, which indi-
cates a change in its overall tertiary structure. While lyso-
zyme maintains a slightly unfolded structure in glyceline, a
certain degree of expansion is observed compared to reline.
The structures of the protein in ethaline and levuline are
comparable to that in water. Further, elongation in the lyso-
zyme structure is observed in malicine. Lysozyme in oxaline,
on the other hand, is in the form of an unfolded structure.

3.2. Root mean square deviation (RMSD)

The RMSD of C-o atoms of lysozyme provides a measure of
the average structural deviations in its backbone with simula-
tion time compared to a reference frame. The RMSD of frame
x is calculated using the following equation:

1 N
RMSD, = Nz (r,f(tx) - ri(tref))2 (1)

i

where r; and N are the ith and total number of C-a atoms,
respectively. The position of atom i at time t, is superposed
over its position at the reference time t,r to get position r;. The
square of the relative displacements in the atom is summed
over all the N selected atoms in each frame and averaged out.
This procedure is repeated for all the frames in the trajectory.

Figure 1 represents the RMSD of lysozyme in all seven
systems, represented as a moving average over 100 data
points to reduce noise and visualize data effectively. Frame 0
was considered as the reference frame in all cases. RMSD val-
ues underwent a steady rise, which ultimately stabilised
around a thermal average of around 0.75 A towards the end
of the simulation (after 90 ns) for most DES systems except
glyceline and oxaline, where the C-o deviations increased
steadily from 0.5 A in the beginning, to 1.25 and 1A, respect-
ively even at the end of the simulation. However, the devia-
tions in all seven systems were within 1-3 A,

The RMSD magnitudes of lysozyme in water are often
greater compared to the majority of DESs, with fluctuations
observed around 1.25 A. It suggests that the lysozyme exhib-
its reduced structural stability in an aqueous environment

—— Lysozyme in Water
——  Lysozyme in Reline

——  Lysozyme in Glyceline
Lysozyme in Ethaline
Lysozyme in Levuline
Lysozyme in Malicine

1.5

——  Lysozyme in Oxaline

RMSD (A)

| | | | | | | | | | |
0 10 20 30 40 50 60 70 8 90 100 110 120
Time (ns)
Figure 1. Root mean square deviations of lysozyme in water (black), reline
(red), glyceline (green), ethaline (orange), levuline (blue), malicine (maroon),
and oxaline (turquoise) over the entire simulation time of 120 ns.

3 T

Lysozyme in Water

Lysozyme in Reline

——  Lysozyme in Glyceline
Lysozyme i

RMSF (A)
n

! ! .
25 50 75 100 129
Residue Number

Figure 2. Root mean square fluctuations of lysozyme residues in various solv-
ent media. Colour scheme is as follows: Water in black, reline in red, glyceline
in green, ethaline in orange, levuline in blue, malicine in maroon, and oxaline
in turquoise.

when compared to a DES medium. While this deviates from
the findings of Kumari et al. (Kumari et al.,, 2020), which
revealed that lysozyme had a larger RMSD value in reline
compared to water, their study also found that RMSD varia-
tions were less pronounced in reline. The observed phenom-
enon was attributed to a decrease in local protein dynamics,
which can be related to an increase in solvent viscosity. The
findings of the present study demonstrate that the presence
of lysozyme in reline resulted in the lowest RMSD value, sug-
gesting that it imparted the highest degree of backbone
rigidity when compared to alternative solvents.

3.3. Root mean square fluctuations (RMSF)

RMSF provides crucial insights on the local flexibility of every
protein residue, averaged over the simulation time t as
shown in the following equation:

RMSF; = \/((R; — (R))?) 2

Where R; is the position vector of atom i and the angled
brackets represent the time average over the entire MD run.
Figure 2 represents the RMSF of all the 129 residues of lyso-
zyme in water and six DESs, taken with respect to the C-«
atoms of each residue. The peaks indicate the residues
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undergoing the highest number of fluctuations during the
simulation. Higher fluctuations are generally expected at the
terminals (unless the ends of the protein are capped during
preparation) and at bends, while regions having «-helix and
p-sheet secondary structures are stabilised by hydrogen
bonding and tend to show limited mobility.

Three areas of highest flexibility were observed around
the active site region (residues 35-52), bend regions in
Domain Il (residues 54-79), and the C-terminal region. The
flexibility of the active site region is the highest for lysozyme
in water, followed by oxaline. However, the overall fluctua-
tions around the active site are subdued in the DESs com-
pared to water, with reline, levuline, and malicine showing
the least RMSF of 0.3A from residues 45-52. Ethaline and
glyceline induce weak peak fluctuations in this range.
Glyceline induced a drastic fluctuation of residue 70, reach-
ing a value of around 2.5 A, followed by water and ethaline.
This is also reflected in the RMSD results, where the lyso-
zyme backbone undergoes increased deviations in glyceline.
Similar fluctuations at the turn around the 119th residue
were observed in ethaline, followed by water.

The urea and carboxylic acid based DESs tend to suppress
bend movements to a greater extent, which could be attrib-
uted to a higher solvent viscosity. Fluctuations in the o-helix
region (around the 100th residue) were significantly lower in
all DESs except levuline, where peak intensities were compar-
able to those in water. Overall, the average RMSF of the pro-
tein backbone is lower in most DES media compared to
water, indicating an increase in structural rigidity, and is sup-
ported by the RMSD results. The RMSF observed in our study
for the C-o atoms are consistent with the findings reported
in a recent study conducted by Parisse et al. (2023). For the
majority of residues, RMSF exhibits a range that is below
0.15 nm. Significant alterations in the RMSF are observed spe-
cifically at residue 70. The findings of our study indicate a
range in the RMSF, ~0.25nm. Additionally, it should be
noted that our simulations exclusively used pure glyceline
DES, whereas Parisse et al. (2023) employed a mixture of gly-
celine and water (80:20 w/w).

3.4. Radius of gyration (Ry) and end-to-end distance

While protein compactness has been defined as the ratio of
its accessible surface area to the spherical surface area occu-
pying the same volume as the protein, Lobanov et al. (2008)
correlated the folding rate and structural compactness of
proteins to their radius of gyration, which assumes a differ-
ent range of values for various classes of proteins, according
to their secondary structures. Radius of gyration (R) is calcu-
lated using the following equation:

doirtm
2oimi

where r; is the position of atom i with respect to the center
of the molecule and m; is the mass of atom i. The changes
in Ry throughout the simulation time for the six DES systems
are shown in Figure 3(a), with the corresponding values
obtained in water for comparison. Moving averages have

Ry = 3)
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Figure 3. (a) Radius of gyration and (b) end-to-end distances of lysozyme in
various solvent media. Colour scheme is as follows: Water in black, reline in red,
glyceline in green, ethaline in orange, levuline in blue, malicine in maroon, and
oxaline in turquoise.

Table 3. Mean radius of gyration and time series standard deviation of lyso-
zyme in various solvent media (all measurements in A).

Mean radius Time series
Solvent of gyration standard deviation
Water 14.11 0.097
Reline 13.95 0.030
Glyceline 1434 0.044
Ethaline 14.37 0.044
Levuline 13.78 0.037
Malicine 14.44 0.064
Oxaline 15.82 0.037

been applied over 100 data points. The mean R, and time
series standard deviation over 120 ns of simulation time for
all systems are tabulated in Table 3. The radius of gyration of
lysozyme in water is obtained as 14.25 A, which stabilized to
14.11 A after 40ns. This agrees with the values obtained in
the literature (Kumari et al., 2020). R, in reline is slightly
lower than that in water, with a difference of 0.16 A, indicat-
ing that the structure of lysozyme has become more com-
pact. This was also seen in the 3D protein structure in reline
(Figure S1(b)). However, the absolute value (13.95 A) deviates
from that of the experimentally obtained value of 17.8A
(Sanchez-Fernandez et al., 2017) and 16.5 A obtained in MD
simulations (Kumari et al., 2020), which could be attributed
to differences in force field parameters adopted in this study
in comparison to the findings of Kumari et al. (2020). OPLS4
force fields showed the highest decrease in lysozyme ‘Ry
among all systems in comparison to water with levuline.
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The R, of lysozyme in glyceline and ethaline stabilized at
14.3 A, which was slightly higher than that in water, suggest-
ing an expanded globular structure. This is consistent with
the RMSF results, which hinted at considerable fluctuations
in the bend regions. The most significant increase in R, was
observed for lysozyme in oxaline, with an average value of
15.82A, indicating that the protein has significantly
expanded and undergone a relatively drastic change in its
secondary structure, as indicated in Figure S1(g).

The dynamics of various biomolecules like DNA and cer-
tain proteins can be obtained by modelling them as semi-
flexible chains (Cifra et al,, 2008), using the worm-like chain
model. This models a semi-flexible chain by dividing it into N
segments of a fixed length L,. Three parameters are defined:
the end-to-end distance, which is the distance between one
end of a chain to the other end, the extended chain length,
the distance between the ends of a fully extended chain;
and the persistence length, the distance beyond which the
molecule chain has greater flexibility at equilibrium. The
mean squared end-to-end distance, is defined by the follow-
ing equation (Zhang et al., 2019; Brinkers et al., 2009):

(h*) = 2LpLo[1 = (Lp/Lo)(1—exp(—=Lo/Lp))] (4)

where (h?) is the mean squared end-to-end distance, Lo is
the extended chain length and Lp is the persistence length.
The average end-to-end distances, extended chain, and per-
sistence lengths of lysozyme in each solvent system are
tabulated in Table 4. The end-to-end distance as a function
of simulation time for each system is depicted as moving
averages over 100 data points in Figure 3(b). All systems
show a near constant extended chain length of around
214 A, which is several orders of magnitude larger than the
average persistence length (2A), indicating that lysozyme is
a flexible protein, due to its globular nature (Gerrits et al.,
2021).

The lysine (LYS1) and leucine (LEU129) are the first and
last amino acids in the lysozyme polypeptide chain. LYS1
and LEU129 lie in Domain | of lysozyme, both are part of
flexible bend regions. The average end-to-end distance was
31.823 A in water, which kept undergoing drastic fluctuations
throughout the simulation time. This was also depicted in
the RMSF result of the C-terminal. The end-to-end distance
in glyceline stabilised to a value comparable to that in water
after 50ns. Reline and ethaline induced least fluctuations in
the end-to-end distances, indicating a rigid domain structure,
however, the residue distance was greater in ethaline. While
the end-to-end distances of lysozyme in ethaline and oxaline
were comparable, R; results indicate a more expanded

Table 4. Average end-to-end distances, persistence length, and time series
standard deviation of lysozyme in various solvent media.

structure in oxaline, indicating that the major secondary
structural changes have occurred in other regions of the pro-
tein. Malicine recorded the highest and most fluctuating
end-to-end distance of lysozyme amongst all DESs, suggest-
ing a disruption in the structure of domain |, leading to an
increase in the residue distances, as also shown by the calcu-
lated Ry value of 14.44 A,

3.5. Hydrogen bonds

A hydrogen bond between a donor and an acceptor atom is
assigned when the distance between them is within 2.5A
and the angle between them (donor atom—acceptor
atom—hydrogen atom) is within 45°. Hydrogen bonding
governs intra-protein and protein-solvent interactions, and,
in the case of DESs, HBA-HBD interactions as well, and can
be instrumental in understanding how the interactions in the
system change in various DESs (Pal et al., 2020; Sarkar et al.,
2017). Table 5 outlines the average number of protein-
protein hydrogen bonds in each system, along with protein-
choline, protein-HBD, and protein-water interactions, the
absolute numbers normalized according to the number of
species present in the system for comparison. The number of
hydrogen bonds within lysozyme fluctuated around an aver-
age value in all DESs throughout the simulation time.
Levuline and ethaline supported the formation of maximum
intra-protein hydrogen bonds, followed by reline and mali-
cine, where the hydrogen bonding interactions were compar-
able to that in water. A higher number of lysozyme-HBD
interactions were observed compared to lysozyme-choline
interactions for all DES systems, higher than the average
number of lysozyme-water interactions, indicating that the
DESs indeed have a significant effect on the structure of the
protein. Similar results were observed in a study by Belviso
et al. (2021), where an analysis of the protein crystal struc-
ture with the DES showed choline undergoing strong inter-
actions with the Trp62 and Trp123 residues of lysozyme.
Four major binding sites were observed between urea and
residues at different regions of the protein, indicating signifi-
cant HBD-protein interactions.

Glyceline and malicine showed the highest number of
lysozyme-glycerol and lysozyme-malic acid interactions,
which could be attributed to a greater number of hydrogen
bond donating functional groups compared to the other
HBDs. Glyceline and oxaline also induced a sharp decrease
in intra-protein interactions, and an increase in lysozyme-
choline hydrogen bonds, indicating a change in the overall
protein conformation, however, the effects were markedly

Table 5. Number of hydrogen bonds in various solvent media for protein-pro-
tein, protein-choline, protein-HBD, and protein-water normalized to the num-
ber of choline, HBD, and water molecules in the system.

End-to-end Time series Persistence

Mixture distance (A) standard deviation (A) length (&)  Mixture  Protein—protein  Protein—choline  Protein-HBD  Protein-water
Water 31.823 1.817 2392 Water 120 - - 0.024
Reline 32.968 0.607 2.568 Reline 125 0.017 0.045 -
Glyceline 30.780 0.930 2212 Glyceline 97 0.014 0.050 -
Ethaline 35.222 0.491 2.938 Ethaline 130 0.005 0.047 -
Levuline 33.259 0.768 2616 Levuline 145 0.004 0.046 -
Malicine 36.004 0.784 3.101 Malicine 127 0.012 0.052 -
Oxaline 34.863 0.760 2.871 Oxaline 80 0.012 0.047 -
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different. While lysozyme in glyceline showed higher RMSD
and RMSF values, the overall Ry remained at 14.3 A, showing
smaller changes in secondary structure compared to oxaline,
where the R, increased to 15.8 A. Figures S1(c,g) also support
these observations, where lysozyme in oxaline shows an
expanded structure compared to that in glyceline. The num-
ber of lysozyme-choline hydrogen bonds in oxaline steadily
increases towards the end of the simulation time, hinting at
interactions with the exposed tryptophan residues (Belviso
et al., 2021; Sanchez-Fernandez et al., 2022). Overall, the
nature of the HBD also plays a crucial role in protein struc-
ture, supported by earlier observations of neat DESs, such as
glyceline forming a protective hydration layer around lyso-
zyme, thus retaining its globular nature and backbone rigid-
ity, even though a change in the secondary structure is seen
(Sanchez-Fernandez et al., 2022). Further, RDF for the follow-
ing pairs: lysozyme — HBD, lysozyme - choline, and lysozyme
— chloride is discussed in Supplemental Data (Figure S3).

3.6. Surface areas

An analysis of the protein surface provided insights into its
extent of folding and the relative distributions of charges,
hydrophobic groups, total donor, and acceptor residues pre-
sent on its surface. Hence, we can predict the extent of pro-
tein-solvent or protein-ligand interactions, or protein
aggregation (Belviso et al., 2021). The total surface area, sum
positive, sum negative, total donor, and total acceptor sur-
face areas were calculated for each system and the percent-
age relative deviations in each DES with respect to the
corresponding surface areas in water were found out, as
shown in Figure 4.

All DES systems showed an increase in the total lysozyme
surface areas compared to water, with levuline and malicine
reporting a higher increase compared to other DES systems.
Reline, ethaline, and glyceline were the only DESs to show
some degree of variations in the distribution of residues hav-
ing a positive potential at the protein surface compared to
water, while lysozyme in all DESs underwent significant varia-
tions in the distribution of negative, donor, and acceptor res-
idues on its surface. A decrease in certain types of surface
residues seen in the first four systems indicates a possible
rearrangement of the secondary structure, and an increase in
the protein structural compactness compared to water. The
highest increase in both donor and acceptor groups with

220
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Figure 4. Percentage deviations of total surface area, sum positive, sum nega-

tive, sum donor, and sum acceptor surface areas of lysozyme in all six DES sys-

tems, with water as the reference solvent.
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respect to water was seen in malicine and oxaline, which can
be attributed to a partial unfolding of the structure, exposing
more protein residues to interact with surrounding mole-
cules. This also increases the aggregation propensity of lyso-
zyme within such solvents, as experimentally observed in
certain COOH-based DESs (Silva et al., 2018).

4, Conclusions

The focus of this investigation was to examine the impact of
water and six distinct choline chloride-based deep eutectic
solvents (DESs) containing urea, glycerol, ethylene glycol, levu-
linic acid, malic acid, and oxalic acid as their hydrogen bond
donors (HBDs) on the structure and conformation of lysozyme.
This was achieved using the molecular dynamics (MD) simula-
tions. The analysis of root-mean-square deviation (RMSD) and
root-mean-square fluctuation (RMSF) indicated a notable
reduction in the flexibility of the backbone in the majority of
DES systems when compared to water. The structure of levu-
line and reline exhibited greater compactness compared to
water, while the presence of oxaline significantly increased
the R, value. The lysozyme structure was comparatively flex-
ible in glyceline and ethaline. These results were substantiated
by the 3D protein structures obtained towards the end of the
simulation. Hydrogen bond analysis showed more lysozyme—
HBD, followed by lysozyme—chloride interactions. While both
glyceline and oxaline showed a decrease in intra-protein
hydrogen bonding, oxaline induced a drastic change in the
overall conformation of lysozyme, expanding its structure. In
contrast, glyceline seemed to retain its globular nature even
though fluctuations in the bend regions were observed.
Malicine and oxaline also caused a substantial increase in the
distribution of the total negative, donor, and acceptor residues
on the protein surface compared to water, indicating a prob-
able exposure of buried residues to the surrounding environ-
ment. Further refinement of force field parameters and
experimental validation of these results can provide additional
insights into the role of neat DESs as protein storage and sta-
bilisation media.
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