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Deep eutectic solvents (DESs) have emerged as powerful environments to enhance enzymatic
reactions, formulate therapeutic proteins, and develop protein-based biomaterials. Despite the wide
range of properties that could be achievable through the compositional design of DESs, protein
solubilization only happens in a relatively narrow range of hydrophilic DESs. Here, we use surface-
modification for the generalized solubilization of proteins in both hydrophilic and hydrophobic DESs.
Using surface-modified myoglobin as a model, we show that both DES polarity and hydrogen bond
capacity play important roles in dictating the conformational state of the protein. In the hydrophilic DES
the protein displays a near-native conformation with an improvement of the thermal stability of + 28 °C
compared to aqueous solutions. In contrast, hydrophobic DESs stabilize partially folded intermediates
which can refold from temperatures as high as 190 °C. As such, our approach provides a platform to
generalize protein incorporation into anhydrous DESs that could be exploited in biocatalysis,

biomolecule stabilization, and biomaterials.

Controlling the structure and function of proteins is critical for the devel-
opment of biomaterials and expanding the repertoire of enzyme-based
biocatalysis. In these regards, deep eutectic solvents (DESs) are potentially
powerful tools for modulating enzyme activity and biomolecule
architecture'. DESs are non-aqueous solvents typically obtained through the
mixture of a hydrogen bond acceptor (HBA, e.g., choline chloride) and a
hydrogen bond donor (HBD, e.g,, glycerol). When mixed at a specific molar
ratio (1:2 choline chloride:glycerol), these components elicit a depression in
the melting point of the mixture beyond that of the ideal mixture of the
precursors, as governed by hydrogen bonding, electrostatics, and van der
Waals interactions, yielding a room-temperature liquid phase™. The most
attractive characteristic of DESs is the possibility of formulating them
through a virtually infinite number of combinations of precursors, which
results in an extremely wide variety of solvents with varied physiochemical
properties (e.g., hydrophobicity, solvent cohesivity, and charge density) that
allow these “designer” solvents to be tailored for a specific application.
Recently, DESs have been shown to support protein folding™®, enzymatic

catalysis™"’, biomolecule stabilization'"", protein crystallization”, and to

support the development of protein-based eutectogels'*"®. These develop-
ments are all linked by the fine control of protein conformational state as
dictated by both specific solvent-protein and non-specific interactions of the
solvation matrix around the protein'”'*. Furthermore, DESs provide unique
opportunities for biocatalysis through the solubilization of otherwise
recalcitrant molecules'®”, coupled with the relative ease of recycling the
DES-biocatalyst system™..

Although there has been a rapid evolution in the field, current research
is limited by biomolecule solubility in DESs. This is particularly obvious for
hydrophobic DESs, since no evidence of protein stabilization has been
reported thus far. While hydrophilic DESs constitute a powerful platform,
the inclusion of hydrophobic DESs would greatly expand the application
prospects of these solvents for biomaterial design and biocatalysis™. For
example, alternative enzymatic routes could be explored by finding a media
for the solubilization of aqueous insoluble substrates or even inducing
enzyme promiscuity toward specific substrates””. Additionally, the
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solubilization of hydrophobic pharmaceutical compounds could be
exploited for drug delivery applications'>*, Protein engineering, such as
directed evolution and mutagenesis, has become the benchmark method to
tailor protein stability and function in DESs™**’. However, these methods are
typically costly with respect to time and instrumentation required, and do
not provide a general pathway for DES incorporation. In contrast, facile
surface-engineering of proteins with a polymer-surfactant corona is a ver-
satile method for protein solubility and stabilization in a broad range of non-
aqueous solvents” . In particular, surface-modified proteins have been
effectively incorporated into anhydrous ionic liquids, allowing to exploit
enzymatic activity in unconventional media***’, and potentially showing
the suitability of this approach for the generalized solubilization of proteins
in DESs.

Here, we explore the structure and stability of surface-modified myo-
globin solubilized in a series of compositionally varied DESs. Previous
studies demonstrated that protein modification was required to solubilize
proteins in anhydrous ionic liquids, where the protein retain a globular
structure regardless the polarity of the solvent™. In contrast, DESs introduce
the possibility of accessing different conformational states in acute response
to solvent composition. In doing so, the compositional design of DESs
impacts protein structure and stability in a highly nuanced way that depends
on both solvent polarity and hydrogen bonding capabilities. Notably,
hydrophobic solvents allow for a near fully recoverable secondary structure,
even after near complete disordering at temperatures as high as 190 °C. As
such, we show that DESs are a powerful platform for the fine control of
protein conformation and stability. In particular, we demonstrate that
protein surface-modification allows for generalized solubilization, poten-
tially informing further research in the deployment of DESs for the design of
biomaterials and as a key component of future biocatalysis engineering.

Results and discussion

Myoglobin was chosen as a well-characterized archetype for this investi-
gation, as its structural response to changes in the chemical environment is
well known® . The protein was surface-modified using established tech-
niques to yield the protein-polymer surfactant nanoconjugate [C-Mb][S]*".
To investigate the effect of DES composition on protein structure and sta-
bility, [C-Mb][S] was dissolved in three solvents of varying hydrophobicity
and hydrogen bond capabilities as determined from the Kamlet-Taft
parameters (Table 1, Supplementary Fig. 1), namely: 1:2 choline chlor-
ide:glycerol (ChCLGlyc)™, 1:4 tetrabutylammonium chloride:glycerol
(TBAC:Glyc)”, and 1:2 tetrabutylammonium chloride:octanoic acid
(TBAC:OA)™. All solutions were homogeneous and isotropic in appear-
ance, confirming full incorporation of the nanoconjugate in the three
anhydrous DESs.

Far-UV synchrotron radiation circular dichroism (SRCD) was used to
determine the impact of the DESs on the secondary structure of the solvated
myoglobin nanoconstruct (Fig. 1a). Overall, SRCD data showed subtle
changes in myoglobin secondary structure as compared to the aqueous
control, where spectra deconvolution using BeStSel revealed the differences
between the solvents (Table 2)””. The secondary structure of [C—Mb][S] in
ChCl:Glyc was estimated at being broadly the same to that in aqueous
conditions, only differentiated by a slight decrease of the a-helix content that
was concomitant with an increase of the P-sheet content. In contrast,
replacing the hydrogen bond acceptor to TBAC caused measurable changes

Table 1 | Empirical Kamlet-Taft parameters of the DESs

System a B m*

ChCl:Glyc 0.91+0.03 0.53+£0.02 1.12+0.01
TBAC:Glyc 0.86 +0.04 0.65+0.00 1.12+0.00
TBAC:0A 0.50+0.03 0.91+0.01 0.84 +0.02

hydrogen bond donating (a), the hydrogen bonding accepting ability (8) and the polarizability (*).
The values were calculated following the protocol presented in the Supplementary Methods and
Note 1.

to the local folding of myoglobin, with a decrease in the a-helix in favor of
more unordered secondary structure content. In the most hydrophobic DES
tested, TBAC:OA, the helicity of [C-MDb][S] significantly increased com-
pared to that in TBAC:Glyc.

In light of the impact on secondary structure, we used small angle
neutron scattering (SANS) and UV-vis to investigate the effect of DES
composition on the tertiary structure of the protein (Fig. 1b, ¢). In agreement
with SRCD, the SANS analysis for [C-Mb][S] in ChCL:Glyc confirms a
preserved globular conformation of the protein with similar dimensions to
that in aqueous solution (Fig. 1b, Table 2)*. In fact, the SANS signal
attributed to the nanoconstruct folding (Supplementary Note 3) displayed a
similar shape in ChCl:Glyc, aqueous buffer, and 150 mM NaCl aqueous
solution upon deconvolution of interparticle interactions. This indicated
that the form factor and, thus, the conformation of the protein nanocon-
struct was similar in these solvents. This observation was confirmed by UV-
vis (Fig. 1c), which showed a Soret absorption band centered at 409 nm,
indicative of maintained tertiary structure that was equivalent to that
observed in aqueous solution. However, the interactions between protein
nanoconstructs in solution changed upon solvent replacement. Unlike in
aqueous buffer, supramolecular clustering of the globular nanoconstructs in
ChCl:Glyc was observed in the SANS signal at low q (q <0.06 A, Porod
slope =2.4 +0.2), possibly associated to the screened electrostatics in the
DES™. Although no aggregation was observed during sample preparation or
characterization, it should be noted that samples were centrifuged at
13200 rpm for 10 min to remove any possible aggregates. Thus, the signals
arising at low q of the SANS data are attributed to the formation of [C-Mb]
[S] clusters. The SANS results of [C-Mb][S] in TBAC:Glyc showed a shift in
tertiary structure that was also in agreement with the corresponding SRCD
spectra. Specifically, there was a slight reduction in the minor radius to
18.0 A and a 1.7-fold increase in the major radius of the protein (Table 2).
This suggested the stabilization of a compact molten globule, possibly
mediated by hydrophobic and electrostatic interactions”, where the native
tertiary structure of the protein nanoconjugate was partially disrupted with
the associated impact on the secondary structure. Again, this was confirmed
with UV-vis, which showed a main Soret band at 409 nm with the
appearance of an intense shoulder at ca. 385 nm (Fig. 1c), attributed to
partially unfolded states present in this DES, and consistent with a molten
globule architecture™. This shift in the structure of [C-Mb][S] in TBAC:Glyc
aligns with the previously observed tendency of DESs to partially disrupt the
ordered regions of certain proteins, such as BSA, often associated with
specific solvent-protein interactions'”'®,

In contrast, particularly given to the highly ordered secondary struc-
ture observed by SRCD, the SANS results for [C-Mb][S] in TBAC:0A
indicated a significant shift in the overall morphology with a reduction in the
minor radius to 11.3 A and a dramatic 5.7-fold increase in the major radius
(Table 2). This suggested a near total loss of native tertiary structure, but
with preserved local folding as suggested by CD analysis. In fact, the
experimental cross-sectional size is similar to that of isolated secondary
structure motifs (e.g., ca. 6 A for an isolated a-helix)*, and the low-q scat-
tering showed the characteristic feature of an entangled network of unfolded
protein domains (Porod slope = 1.8 +0.2)*". UV-vis confirmed the dis-
ruption of tertiary structure with a broad Soret band now centered at 385 nm
(Fig. 1c), indicative of major changes in the heme binding pocket™. We
hypothesize that the amphipathic nature of the hydrogen bond donor
(octanoic acid) in this DES is behaving in a similar manner to surfactant
denaturants, attacking the hydrophobic pockets of the myoglobin and
causing a loss of the globular structure’”’. However, this solvent promotes
the ordering of the secondary structure into helical motifs, as observed for
peptides in the presence of ionic amphiphiles®.

These results showed that DES composition greatly impacted both
secondary and tertiary structure of the solubilized protein. To determine the
origin of these changes, Kamlet-Taft parameters for these solvents were
determined using standard spectroscopic assays (Table 1)**. Both
ChCl:Glyc and TBAC:Glyc had comparable polarities (%) but differed in
hydrogen bond acidity and basicity (« and f3 respectively). Given the ability
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Fig. 1| Structural characterization of [C — Mb][S]. The protein nanoconstruct was
dissolved in H,O (gray squares), ChCl:Glyc (red triangles), TBAC:Glyc (blue cir-
cles), and TBAC:OA (green diamonds): a SRCD spectra, b SANS data and fits, and
¢ UV-vis absorbance normalized to absorbance at 280 nm. For SANS character-
ization the solvents were deuterated, and isotopic labeling did not cause any
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significant change in protein behavior (Supplementary Note 2). The fits in (b) are
presented for the entire g-range (black solid lines) and for the high q-expansion of
the data (dashed lines). Data and models in (b) have been offset for clarity. Where
not seen, error bars are within the markers. All data were recorded at 25 °C.

Table 2 | Calculated secondary structure content and structural features of [C — Mb][S]

System a-helix / % B-sheet/ % Turn/ % Unordered / % eq/ A oo/ A
ChCl:Glyc 51.1 17.9 10.5 20.5 22.3+0.8 65.3+2.4
TBAC:Glyc 345 10.4 11.2 43.9 18.0+1.1 115+ 6
TBAC:0A 65.6 8.8 14.2 11.4 11.3+14 390 +40
Water 57.2 9.1 9.7 24.0 21.4+04 68.3+1.9

The results were derived from the analysis of the CD, SANS, and UV-vis data shown in Fig. 1. The structural parameters derived from SANS analysis are: roq — equatorial radius and ry, — polar radius.

of these two solvents to direct a certain degree of [C-Mb]([S] folding, changes
in the secondary and tertiary structure of [C-Mb][S] could be attributed to
the differences in hydrogen bonding capabilities of the solvents. Specifically,
the increase in hydrogen bond basicity for TBAC:Glyc may indicate a
greater ability to disrupt hydrogen bonding within the protein, which could
cause the partial unfolding of the protein secondary structure and, con-
comitantly, the overall conformation'®. Conversely, the lower polarity of
TBAC:OA, as expected from the large hydrophobic domain of the fatty
acid®®, dominates the interaction between protein and solvent, thus causing
an increase in the helicity and the unfolding of the tertiary structure of the
protein. These findings contrast with the behavior of [C-Mb][S] in ionic
liquids, as the protein nanoconstruct displayed similar structure despite
varying the properties of the solvents™.

Having observed how DES composition affected the structure of the
solubilized protein, we turned to temperature-dependent measurements to
probe this further and examine any relationship to protein stability. Pre-
vious investigations showed that the modified proteins become more
thermally resilient when solubilized in ionic liquids™. Temperature-
dependent SRCD confirmed that this was also the case for DESs. The
SRCD data display a gradual decrease in the ordered secondary structure of
[C-Mb][S] with increasing temperature, as expected from the thermal
denaturation of the protein secondary structure (Fig. 2). In DESs, dena-
turation proceeded analogously to aqueous environments conforming to a
2-state denaturation, but over a much extended temperature range than in
water (Fig. 2d)*.

Asanticipated, the half denaturation temperature (T,,) of [C-Mb][S] in
DESs was higher than in aqueous solution (Table 3, Fig. 2e). The greatest
increase in T,,, was observed in ChCl:Glyc, with a 27.6 °C improvement in
the thermal stability of the protein. Reflecting the observed differences in

structure (Fig. 1), the stability of the protein in the hydrophobic DESs was
lower than in ChCl:Glyc. The loss of folding resulted in a decrease in the
thermal stability of the protein, with the partially folded states in TBAC:Glyc
displaying a T, of 74.7 °C and the unfolded conformations in TBAC:0A
melting at 68.6 °C. Despite the lower T, the secondary structure of [C-Mb]
[S] in the hydrophobic DESs seems to be more temperature resilient, as
observed in the SRCD signal, compared to that in ChCl:Glyc, which almost
vanished at high temperature. In fact, the overall conformation in TBAC-
based DESs remains practically unchanged at 75 °C and 125 °C, while [C-
Mb][S] in ChCl:Glyc unfolds and aggregates at high temperature (Supple-
mentary Note 4).

Thermodynamic analysis (Table 3, Fig. 2f) suggested that the relative
stabilization in DESs was driven by a reduction in the entropy of dena-
turation (AS;,) compared to aqueous solutions, offsetting the apparent
reduction in the enthalpic (AH,,,) barrier. This is possibly attributed to the
stabilization of a conformationally flexible structure in DESs that can gra-
dually adapt to heating, consistent with a shift in hydrogen bond and
polarity patterns between these two solvents. The results suggest that the
greater hydrogen bond basicity and lower hydrogen bond acidity of
TBAC:Glyc was destabilizing the structure of the protein. Similarly, the
lower polarity and amphipathic character of TBAC:Glyc further perturbs
the cohesivity of the intra-protein interactions that controls and maintains
folding'.

Previous work showed that [C-MDb][S] was able to refold from high
temperatures upon cooling in anhydrous conditions”. In a bid to elucidate a
greater understanding of the potential mechanism to DES-dependent
structuration of [C-Mb][S], we therefore turned to SRCD and SANS
refolding studies (Fig. 3). In ChCl:Glyc, SRCD showed that once in the
denatured state (190 °C), [C-Mb][S] did not recover any structure once
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Fig. 2 | Temperature-dependent far-UV SRCD spectra of [C — Mb][S] in dif-
ferent solvents. a ChCl:Glyc, (b) TBAC:Glyc, (c) TBAC:OA, and (d) aqueous buffer,
showing progressive thermal denaturation between 0 °C (blue) and 200 °C

(red) in DESs and between 20 °C (blue) and 90 °C (red) in aqueous buffer. All data
were recorded in 5 °C steps. e Plots of fraction denatured against temperature and (f)
Gibbs free energy of denaturation as a function of temperature over the linear
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transition region of [C—Mb][S] in DESs. These parameters were calculated from
SRCD data for [C-Mb][S] in ChCl:Glyc (red triangles), TBAC:Glyc (blue circles),
TBAC:OA (green diamonds), and water (black squares). Data in were fitted to the
models (dotted lines) to determine the thermodynamics of protein denaturation as
described in the Supplementary Methods.

returned to ambient temperatures (Fig. 3a). SANS revealed that this was
likely the result of a non-specific aggregation process, as shown by the major
increase of the signal at q < 0.04 A, that occurred at temperatures around
the T, (Fig. 3d). Conversely, in TBAC:Glyc [C-Mb][S] was able to recover a
significant amount (76%) of secondary structure after being fully denatured
at 190 °C (Fig. 3b). Temperature-dependent SANS profiles indicated that
this was also reflected in the global conformation of the protein (Fig. 3e), as
our results show the unfolding of the protein at 125 °C (req = 10.6+0.7 A,
Ipo =872+ 127 A), with a near complete return of dironensions from aboYe
the denaturation temperature (roq = 194+0.6A, 1,,=958+42A,
Table S1). Likewise, the protein’s ambient secondary structure was well-
preserved for [C-Mb][S] in TBAC:OA (87%) (Fig. 3¢). Again, this return of
structure was also observed in the SANS profiles, where initial conformation
is completely regained with no evidence of temperature-induced degrada-
tion (Fig. 3f).

These refolding studies demonstrate that protein structure and stability
are intrinsically linked to DES composition. ChCl:Glyc was able to maintain
aqueous-like secondary and tertiary structure and provide the necessary
environment for robust thermal stability. However, protein denaturation

Table 3 | Thermodynamic parameters associated to the
thermal denaturation of [C — Mb][S] in DESs with varied
hydrophobicity

Solvent Tm/°C AS,, / J-K'mol™ AH,, / kJ-mol™
ChCl:Glyc 91.4+14 80.7 +4.6 29.6+1.7
TBAC:Glyc 74.7+21 148+ 6 51.3+2.1
TBAC:0A 68.6 +1.6 177 +13 59.6+4.4

Aq. buffer 63.3+1.2 426 +70 140+ 20

Details on the determination of these parameters are presented in the Supplementary Methods.

occurred via irreversible formation of aggregates. In comparison, whilst
TBAC:Glyc caused some structural instabilities in the protein that resulted
in a subtle loss of ordered secondary structure, high levels of refolding were
possible from very high temperatures (190 °C). Kamlet-Taft parameters
suggest that ChCl:Glyc and TBAC:Glyc differ mainly in the hydrogen bond
ability of the solvent. As such, the TBAC:Glyc hydrogen bonding capabilities
dictate the destabilization of a partially folded state of the protein by favoring
protein-solvent interactions, which in turn provide a thermodynamic basis
for refolding through a thermally resilient conformation. Interestingly,
significant refolding ensues a corresponding destabilization of the folded
state, where perhaps the lower hydrogen bond acidity means unsatisfied
hydrogen bonding in the denatured state. The greater refolding capability
observed in TBAC:OA supported this hypothesis. Specifically, TBAC:0A
has a lower hydrogen bond acidity and polarity than TBAC:Glyc, and
refolding capability increased accordingly.

Taken together, our results indicate an intimate relationship between
protein structure and DES composition. Previous investigations have
demonstrated that interactions with DESs, mainly electrostatic*>*’,
hydrophobic**, and hydrogen bond***, dictate the mesoscopic structure of
macromolecules. Protein secondary structure retention appears to be linked
to hydrogen bond acidity and basicity of the solvent, whereas protein tertiary
structure is controlled by solvent polarity. As previously observed for
polymer solvation in DESs, the weaker interaction of ChCl:Glyc allows the
protein to fold into a near-native conformation, while an increase in basicity
displaces intra-protein interactions and causes its partial unfolding™. In
contrast, TBAC:OA disrupts the global structure of [C-Mb]([S], which could
be attributed to the amphipathic nature of the DES constituents, as it has
been shown that solvotropes can penetrate the hydrophobic domains of
macromolecules and alter their overall structure in DESs"*’. Intriguingly,
there also appears to be a balance that could be shifted whereby hydrogen
bond capabilities of the solvent could be tuned to enhance refolding of the

Communications Chemistry | (2025)8:173


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01571-6

Article

@ o 107 (b) o 107 o 109
() (] (]
o © ©
€ o E 0 E o
(S 10 ° -10 e S -10 S
< < 5 <
L 2 .0
T -20 T -20 T -20
o & =
3 3 ]
£ -30 1 £ -30 2 -30
O O O
T T T T 1 T T T T 1 T T T T 1
200 210 220 230 240 250 200 210 220 230 240 250 200 210 220 230 240 250
Wavelength / nm Wavelength / nm Wavelength / nm
(d) 100

I(q) /cm’

Fig. 3 | Refolding experiments of [C-Mb][S]. a-c Far-UV SRCD of [C-Mb][S]
dissolved in ChCl:Glyc (a), TBAC:Glyc (b), TBAC:OA (c), showing spectra at 30 °C
(blue circles), 190 °C (red triangles), and subsequent recovery after returning to

30 °C (green squares). SANS profiles for [C-Mb][S] dissolved in do-ChCl:dg-Glyc
(d), d36-TBAC:ds-Glyc (e), and d36-TBAC:d;4-OA (f) showing temperature

dependence at 25 °C (blue circles), 125 °C (red triangles) and upon returning to

25 °C (green squares). The fits are presented for the entire q-range (black solid lines)
and for the high g-expansion of the data (dashed lines). Data and models in (d), (e),
and (f) have been offset for clarity. Where not seen, error bars are within the markers.

protein. It is clear that this phenomenon cannot be simply understood in
terms of isolated interactions between the DES constituents with the protein,
and further studies are required to understand this effect. Regardless, our
work indicates that DESs generally provide a suitable environment for high
thermal stability, can support renaturation of completely disrupted struc-
tures, and provide a unique opportunity to fine-tune the global architecture
of the protein.

Conclusions

In conclusion, we have demonstrated that DES composition acutely affects
the structure and stability of solubilized proteins. Whilst the thermal sta-
bility of proteins in DESs is greatly improved, both the hydrogen bond
capability and the polarity of the solvent have different effects on the pro-
tein’s secondary structure, tertiary structure, collective behavior, and ability
to refold from a temperature-induced denatured state. By and large, our
results indicate that hydrogen bond capabilities dictate secondary structure,
whilst polarity mainly controls tertiary structure. Therefore, our results
showcase DESs as highly tunable environments for the fine control of
protein behavior. Furthermore, DESs —provided adequate composition—
allow for refolding from high temperatures (190 °C). As such, DESs are
capable of maintaining thermal resilience of the protein nanoconjugates as
well as modulating the reversibility of unfolding processes through the
design of solvent composition. Notably, these are seemingly connected to
the conformational state of the protein, ultimately dictated by solvent
composition.

These observations contrast with previous investigations of proteins in
ionic liquids where structure and stability were mostly independent of
solvent composition™. As such, combining surface engineering of proteins
with DES composition holds the potential to provide a platform for
developing new technologies involving these systems. For instance, folded
conformations of therapeutic proteins or enzymatically active proteins
could be exploited in non-aqueous biomolecular preservation or biocata-
lysis respectively'"*’. In addition, the great variety of conformational states
that can be achieved through the compositional design of DESs could be

exploited in the development of solvent-controlled biomaterials, where
partially folded and unfolded conformations lead to protein-based materials
with designed mechanical properties'®. The results presented here clearly
only scratch the surface of possible compositions and their impact on
protein structure and function. As such, our future studies will delve into the
behavior of protein nanoconjugates in a broad range of compositionally
designed DESs such as non-amphipathic hydrophobic DESs, ternary mix-
tures, and hydrated systems™*. Altogether, we expect this synthetically-
accessible approach will expedite the use of a wider range of DESs as protein
environments for a wide range of applications.

Methods

Surface modification of myoglobin

Myoglobin (Mb) was cationized using N,N-bis(2- aminoethyl)-1,3-propa-
nediamine (C—Mb) and combined with glycolic acid ethoxylate lauryl ether
(S) toyield the protein nanoconstruct [C—Mb][S]**”. The resulting product
was isolated by filtration and centrifugation using 10,000 MWCO cen-
trifugal filters.

Deep eutectic solvent formulation

The deep eutectic solvents 1:2 choline chloride:glycerol, 1:4 tetra-
butylammonium chloride:glycerol, and 1:2 tetrabutylammonium chlor-
ide:glycerol and the deuterated analogs were prepared by mixing the
components and heating at 60 °C under an argon atmosphere until a
homogeneous liquid was formed. Data for the deuterated molecules that
support the findings of this study are openly available via 10.5281/
zen0do.14202086. The residual water content in the neat DESs was deter-
mined using Karl—Fischer titration and found to be 0.42 +0.06 wt%,
0.28 + 0.12 wt%, and 0.22 + 0.08 wt% water for ChCl:Glyc, TBAC:Glyc, and
TBAC:OA respectively.

Small-angle neutron scattering
SANS experiments were performed on D33 at Institut Laue-Langevin—The
European Neutron Source. Data of protiated [C-Mb][S] in deuterated
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solvents was collected in the g-range between 0.005 and 0.33 A, Data
reduced with Grasp®', and were analyzed using SasView 5.0. The experiment
was conducted under the awarded beamtime 9-13-1062*.

Spectroscopy methods

UV—vis spectroscopy was conducted using a Shimazdu UV-2600i Spec-
trophotometer for protein characterization and a Implen NanoPhotometer
N60 Spectrophotometer for the determination of the Kamlet-Taft para-
meters. Data was collected between 220 nm and 800 nm.

In house CD measurements were performed on a Chirascan V100
spectrometer in the wavelength range between 180 and 280 nm. SRCD
measurements were performed on the beamline B23 at Diamond Light
Source using a custom Linkam stage for temperature control under the
awarded beamtime SM33225. Data was acquired in between 180 nm and
260 nm. CD spectra were analyzed using the platform BeStSel”’.

Samples were loaded in quartz cuvettes and the pathlength was selected
to optimize the signal-to-noise ratio for each technique.

Further details on the experimental aspects and data analyses are
presented in the Supplementary Methods.

Data availability
Data (ASCII files) are openly available under the Digital Object Identifier
(DOI): https://doi.org/10.5281/zenodo.10548643.

Received: 6 January 2025; Accepted: 23 May 2025;
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