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Deep eutectic solvents (DES) have recently been postulated as possible
environments where protein structure may be preserved in the
absence of water. Here we present our results towards understanding
protein conformation in choline chloride-based DES and mixtures with
water. Lysozyme and bovine serum albumin have been investigated by
means of circular dichroism and small-angle neutron scattering.

The investigation of proteins and enzymes in the absence of water
has experienced a recent upsurge with the emergence of neoteric
solvents, mainly deep eutectic solvents." The green character of
the latter has attracted attention for possible applications in
biochemistry and biocatalysis as an alternative to organic solvents
used in traditional processes.” Deep eutectic solvents have also
been postulated as a matrix where cell metabolism may occur
in extreme environments (e.g. cryogenic temperatures or total
absence of water).”> Therefore understanding the behaviour of
proteins in these solvents not only provides a new alternative to
aqueous solvents, but may also help to elucidate information on
protein activity in extreme environments.

Deep eutectic solvents are formed through the complexation
of an ionic species (e.g. choline chloride) and a hydrogen bond
donor (e.g. glycerol)." The interaction between these com-
pounds produces a large depression of the freezing point which
allows the formation of a stable solvent at room temperature.*
DES have been demonstrated to promote amphiphile self-
assembly of surfactants and phospholipids, both essential for
the formation of biological membranes.”™ Protein stability
has been investigated in various DES,'"°™"® and enzymatic
activity has been explored as an alternative to water for
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enzyme-catalysed reactions.'*'® Bacterial preservation has also
been demonstrated in DES."”

Unlike in organic solvents, where it has been shown that
enzymatic activity is dramatically reduced,'® DES and DES/water
mixtures have been shown to partially preserve such activity.'> The
structure of proteins in these media has been previously studied by
means of circular dichroism (CD)."° Although such studies provide
an insight on the secondary structure of proteins, information on
the overall conformation of the proteins in solution is yet missing
and not fully understood. In this communication we present the
first investigation on protein conformation and structure in pure
and hydrated DES. The extent to which these proteins remain
folded in the total or partial absence of water is explored here for
two model proteins: Hen egg white lysozyme and bovine serum
albumin (BSA). Circular dichroism was used to study changes in
the secondary and tertiary structure of the proteins, whilst protein
conformation in solution was investigated by means of small-angle
neutron scattering (SANS).% Protein characteristics have been
investigated and compared in terms of protein environment (pure
DES, DES/water mixtures and buffer) and thermal stability.

BSA structure has been investigated in choline chloride:glycerol,
and choline chloride:glycerol/water mixtures (two solvents: 75 wt%
and 50 wt% of DES) and buffer (phosphate buffered saline, 0.01 M,
pH = 7.4).§ Further investigations on conformational changes of
BSA with temperature are also presented here. Lysozyme has
been studied in choline chloride:urea, choline chloride:glycerol,
choline chloride:urea/water mixtures and buffer (same as above).
The systems investigated in the present study are summarised
in Table 1.

The CD spectra for BSA in these solvents is shown in Fig. 1. The
far-UV CD region is sensitive to changes in the secondary structure
of the protein while the near-UV CD region is sensitive to the
tertiary structure.'® Our measurements show that the secondary
structure of BSA does not vary between solvent environments.

The shape of the spectra in the far-UV region indicates the
presence of an alpha helix. The near-UV CD spectra of BSA in
buffer and in the DES/water mixtures appear to be similar,
indicating minimal differences between the tertiary structure of
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Table 1 Systems compared in the present study

Solvent Protein

Choline chloride:glycerol Bovine serum albumin
Choline chloride:glycerol/water

Phosphate buffered saline

Choline chloride:glycerol
Choline chloride:urea

Choline chloride:glycerol/water
Phosphate buffered saline

Lysozyme
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Fig. 1 CD spectra of BSA: (a) far-UV region and (c) near-UV region of BSA
in pure choline chloride:glycerol, choline chloride:glycerol/water mixtures
(50 and 75 wt% of DES) and phosphate buffer; (b) far-UV region and (d)
near-UV region of BSA in pure choline chloride:glycerol at different
temperatures.

the protein in these solvents. However, the spectrum of BSA in
pure choline chloride:glycerol is considerably different from
those solvents that contain water, indicating a difference in the
tertiary structure of the protein. Whilst CD is also sensitive to
small changes in the tertiary structure, it is not possible to
extract a detailed model from the data. However this technique
can be applied to follow changes in the protein folding while
varying the protein environment or temperature.'®™'

On heating the BSA samples to 80 °C with equilibration for at
least 1 hour before measurement, the CD spectra show a clear
decrease in the signal and therefore in the degree of secondary
structure of the protein. Also the near-UV region spectra showed a
significant loss of intensity and flattening of the signal, indicating
unfolding of the protein (Fig. 1c and d). These samples were
afterwards re-equilibrated at room temperature and remeasured
demonstrating that the change was not reversible and therefore
indicative of denaturation.*

Lysozyme secondary structure gives a CD signal arising
from a combination of alpha helices and beta sheets in buffer
solution.>® The secondary structure of lysozyme in DES has
been previously investigated by Esquembre et al. and Xin et al.
using CD."®"* Qur results were found to be in agreement with
those previously published, showing a minimal change of the
alpha helices and beta sheets in choline chloride:glycerol, and
choline chloride:urea."® Lysozyme has also been studied using
CD in a choline chloride:trehalose:water buffer, showing an
increase in the thermostability of the protein.'?
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Small-angle neutron scattering data were analysed following
a well-established procedure for proteins in solution, using the
Indirect Fourier Transformation approach.’*?*> Examining the
data using this technique provides a good way to follow con-
formational changes in the protein. Guinier analysis was used
to obtain the extrapolated intensity at zero scattering angle,
I(0), and the radius of gyration, Ry, of the protein (see ESIT).
These parameters were subsequently used to plot the data and
use a normalised Kratky analysis.*®*” This dimensionless plot
provides an assessment of protein conformation, showing peak
maxima at /3 for globular particles regardless of concentration,
composition and size. Deviations from this condition suggest
asymmetry or flexibility in the protein structure.

The pair distance distribution function, p(r), shows that the
maximum dimension of the scatterer (Dpay), and therefore the
protein conformation, vary between pure DES and DES/water
mixtures. In the case of BSA in pure p-choline chloride:p-glycerol,
Dpax was found to be larger than in buffer but significantly
shorter that the denatured protein (131 & 4 A vs. 314 + 12 A)
(Fig. 2b), indicating a partially folded structure with a R, of
42.2 + 0.4 A (see ESIY). The Dy of BSA was fitted to 98 + 3 A in
75/25 DES/water mixture and 94 + 5 A in 50/50 DES/water, whilst
they showed a R, of 28.4 + 0.2 and 28.2 + 0.3 A, respectively.
These values are close to those seen in the buffered solution
where D = 93 + 3 A and R, = 28.1 + 0.3 A.

The addition of water appears to allow a more efficient
folding into a globular shape, with the normalised Kratky plot
showing how the protein changes from globular in DES/water
systems to a less symmetric conformation in pure choline
chloride:glycerol (Fig. 2c). This suggests that this difference is
related to changes in the local environment of the functional
groups that promote the folding of the protein. As has been
previously demonstrated, despite the presence of the hydro-
phobic effect and specific ion-ion interactions on surfactant-
DES systems,®” the solvation ability of DES differs from water
and therefore the mechanism of solvation still remains unclear.

The hydrated systems however do not follow the same beha-
viour. The fits indicate that BSA conformation is maintained,
even at high concentration of DES acting as a co-solvent. This
observation would support the hypothesis which argues that DES
structure is maintained even at high water concentration, with
discrete strongly bonded DES clusters remaining in solution,
which do not directly interact with the protein.”® Thus, water
could form a shell protecting the protein and providing a favour-
able environment for the protein.

In agreement with our CD results, BSA was found to undergo
hot denaturation above 80 °C, irreversibly losing its conforma-
tion. Cold denaturation was not observed, with the protein
remaining folded after cooling down to —80 °C (see ESIt).

In the case of lysozyme, choline chloride:urea and choline
chloride:glycerol DES were tested as solvents for the protein. As in
the BSA/DES systems, lysozyme was found to remain partially folded
in both of the pure DES (Fig. 2d). The scattering from the protein in
choline chloride:glycerol indicates that the protein folding is similar
to that in choline chloride:urea (Dy,ax = 57.3 £ 1.1 A, R,=17.2 £
0.8 A and 58.0 = 0.8 A, R, = 17.8 =+ 1.0 A, respectively) (Fig. 2e).
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Fig. 2 SANS data from (a) BSA and (d) lysozyme in different solvents. The black dashed lines correspond to the best fits using the Inverse Fourier
Transformation approach. Pair distance distribution function of (b) BSA and (e) lysozyme in different solvents. Normalised Kratky plot of (c) BSA
and (f) lysozyme in different solvents. The grey lines correspond to the position of the maximum, which is indicative the presence of globular structures

in solution.

This is surprising given that urea has been widely used as a
natural agent to cause denaturation of proteins,"* and yet here
lysozyme retains its structure in a solvent with a high content of
urea. Lysozyme in mixtures of choline chloride:glycerol and water
showed a similar structure. The protein seems to retain its
structure in these mixtures, with small differences in conformation
compared with that seen in the pure buffer. However these
differences in the structure can be appreciated in the normalised
Kratky plot (Fig. 2f), where the peak diverges from the position of
the completely folded lysozyme structure in buffer.

Esquembre et al. presented investigations on lysozyme activity
in pure and hydrated solvents.'® These results showed a decrease
of the protein activity with increasing concentration of DES in the
solvent. Although the conformation of lysozyme does not vary
between hydrated DES and buffer, the activity of the protein
decreases in the presence of the DES. Similar observations have
been also reported for lysozyme in different ionic liquids, where
the structure of the protein is maintained but the activity is
reduced.>**° We believe that although the protein structure is
not affected, the high ionic strength and slower diffusion, arising
from higher viscosity of the DES solution, hinder the interaction
of the interaction sites with the bacteria used in the assay.

Conclusions

DES and mixtures of those with water have been investigated as
media to support protein folding. Circular dichroism has
shown that the secondary structure of the proteins examined
is minimally affected as the solvent varies from phosphate
buffer to pure DES. Near-UV measurements have provided
information regarding the change of the tertiary structure of
the protein. These results showed that the protein folding was
similar in buffer and DES/water mixtures (75/25 and 50/50).

This journal is © the Owner Societies 2017

However a considerable change was found for the protein
solubilised in pure DES. BSA was found to irreversibly denature
once heated up to 80 °C, showing that the DES provided no
improvement in thermostability for this protein in the present
systems. As shown by CD, this transition affects both the
secondary and tertiary structure of the protein.

Small-angle neutron scattering studies provided information
about the structure of two proteins in DES. The structure of BSA
and lysozyme in pure DES was found to be partially folded, as
can be seen through the pair distance-distribution function. Our
fits situate the structure of BSA in pure choline chloride:glycerol
between the optimal conformation in buffer and the denatured
elongated structure. In the case of glycerol and urea, these
different hydrogen bond donors were found to promote a similar
partially-folded conformation of lysozyme in the pure DES.

Interestingly the proteins in DES/water mixtures showed
minimal differences from the proteins in buffer, despite the
concentrations of DES being rather high (50 and 75 wt% of DES).
Further investigations will be needed to determine whether this
high concentration of DES is acting as a co-solvent, and therefore
retaining its solvent structure regardless the presence of water,
or the components are found dissociated in such media.

Based on our results on protein conformation in DES, we
hypothesize the conformation-activity relationship as follows:
protein conformation is dependent on the local environments
of the amino acids that promote protein folding - these amino
acids may also be part of the active site of the protein which is
responsible for its enzymatic activity. The presence of pure DES,
replacing water around the amino acids in the active site
therefore promotes partially folded conformations and reduces
the activity via a combination of specific binding and reduction
of solvophobic effects. In the case of hydrated DES, water may
form a shell around those active sites, allowing the folding
of the protein as in buffer. However, the presence of DES
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molecules in the system still decreases the activity by limiting
the diffusion of components and limiting the binding between
protein and the bacteria used in the standard lysozyme assay.

Overall, the results presented here provide a new insight
into protein folding in deep eutectic solvents and their mixtures
with water. The decrease of enzyme activity observed by others
in pure DES'>"*3"3? can likely be explained through the more
unfolded conformation seen in pure DES compared to buffer
solutions. However, the addition of water allows the protein
to adopt a more normal conformation and could restore
enzyme activity.
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i CD measurements were taken using a Jasco J-815 spectrometer. Data
were normalised to protein concentration and molecular weight. SANS
measurements were performed on Sans2d at the ISIS Facility, STFC,
(UK).** Indirect Fourier Transformation analysis of SANS data was done
using then GNOM software from the ATSAS package.***> Technical
details about measurements and data analysis are included in the ESI.
§ Choline chloride: glycerol (1 :2 mole ratio) and choline chloride : urea
(1:2 mole ratio) were prepared by mixing the precursors at 80 °C until
homogeneous liquids were formed. Proteins were dissolved following
the procedure described in the ESL{
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