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ABSTRACT: Nonaqueous biocatalysis is rapidly becoming a desirable tool for chemical and fuel synthesis in both the
laboratory and in industry. Similarly, ionic liquids are an increasingly popular anhydrous reaction media for a number of
industrial processes. Consequently, the use of enzymes in ionic liquids as efficient, environment-friendly, commercial
biocatalysts is highly attractive. However, issues surrounding the poor solubility and low stability of enzymes in truly an-
hydrous media remain a significant challenge. Here, we demonstrate for the first time, that engineering the surface of a
protein to yield protein-polymer surfactant nanoconstructs allows for dissolution of dry protein into dry ionic liquids.
Using myoglobin as a model protein, we show that this method can deliver protein molecules with near native structure
into both hydrophilic and hydrophobic anhydrous ionic liquids. Remarkably, using temperature dependent SRCD spec-
troscopy to measure half denaturation temperatures, our results show that protein stability increases by 55 °C in the ionic
liquid as compared to aqueous solution, pushing the solution thermal denaturation beyond the boiling point of water.
Therefore, the work presented herein could provide a platform for the realization of biocatalysis at high temperatures or

in anhydrous

solvent systems.

Introduction

Ionic liquids, organic salts with melting temperatures
typically below 100 °C, are becoming increasingly popular
as promising solvents for many industrial processes and
various other applications.”” The major draw for using
ionic liquids is their attractive and highly tuneable chemi-
cal and physical properties, including high thermal,
chemical, and electrochemical stabilities in conjunction
with negligible vapour pressures.” Recently, the applica-
tion of ionic liquids in solubilising biopolymers such as
cellulose and lignin has paved the way for the develop-
ment of new technologies to process lignocellulosic bio-
mass.?

While research into the various applications for ionic
liquids has progressed, the use of biocatalysts for a num-
ber of purposes has also been gaining ground.*" Enzymes
can perform many industrially relevant reactions under
significantly milder conditions than their chemical coun-
terparts. However, the low stability of proteins in
nonaqueous environments has limited their widespread
applicability to a select few processes. This creates a con-
flict between low-temperature aqueous processing, where
conditions are optimal for enzyme stability and selectivi-
ty, and organic solvent or high temperature processing,
which favour high substrate solubility and vastly im-
proved reaction kinetics respectively. We aim to resolve
this conflict through engineering protein surfaces towards
solubility and stability in anhydrous ionic liquid media,
providing a platform for high-temperature and nonaque-
ous bioprocessing.

There have been reported a number of studies concern-
ing proteins and enzymes in ionic liquids.”™ Despite this
interest, enzymes are poorly soluble in ionic liquids and
tend to be highly unstable in the absence of water. A
number of strategies are often employed to counteract
this, including solid support immobilization”” or dilution
with large amounts of water, which improves enzyme
solubility,” but at a potential cost to substrate solubility.
Alternatively, novel ionic liquids have been developed
that are specifically protein/enzyme friendly.**'>'*"® How-
ever, the high costs associated with these bespoke ionic
liquids will likely limit commercial application. Despite
these advances, the water content and low stability still
pose problems with respect to industrial applications, as
larger use of expensive proteins is coupled with difficult
separation of large amounts of water. Furthermore, recent
reviews by Naushad et al" and Gao et al.” highlight the
frequent contradictions that arise when studying the in-
teractions between proteins and ionic liquids, particularly
concerning how the chemical nature of the ions affects
protein stability and the role of water in this process. As a
result, despite the plethora of enzymes available for pro-
cesses in ionic liquids, there are to the best of our
knowledge, no examples of dry biocatalysts solubilized in
truly dry ionic liquids. This creates a need to develop new
biotechnologies whereby proteins and enzymes can be
both solubilized and stabilized in both dry hydrophobic
and hydrophilic ionic liquids. This will broaden the scope
of biocatalysis in ionic liquids, particularly if water can be
excluded and low thermal stability could be overcome, to
include the possibility of efficient nonaqueous biopro-



cessing in these novel solvent media, key examples being
the production of biodiesel or hydrophobic pharmaceuti-
cals.

Solvent-free liquid proteins are a new class of hybrid
material, where surface modification of proteins and en-
zymes, by introduction of a polymer-surfactant “organic
corona”, can allow for a protein-rich biofluid, devoid of
any solvent.”™ These have recently been shown to pre-
serve the three dimensional architecture of the biomole-
cule,”>” maintain backbone dynamics as if in water, and
retain biological function and enzymatic activity all in
the absence of water.** Furthermore, these novel fluids
significantly increase the thermal stability of the pro-
tein/enzyme®, and in the case of lipase, enzyme activity
was enhanced at temperatures up to 150 °C.** Molecular
dynamics simulations suggested that the dielectric con-
stant of the organic corona surrounding the protein mol-
ecules was similar to polar organic solvents.” One poten-
tial drawback limiting application of these fluids in their
own right is that their viscosity is in the kPa.s range.”
Mixing these biofluids with ionic liquids would decrease
this viscosity, and the enhanced thermal stability of the
modified protein would be well complemented by the
high thermal stability and negligible vapour pressure of
ionic liquids. The low dielectric of the modified surface
should be ideal for solubilizing proteins/enzymes in ionic
liquids and ought to provide protection from the ions,
which 6can be adept at disrupting hydrogen-bonded struc-
tures.”

Here, we demonstrate our surface modification tech-
nique with a model myoglobin system in the presence of
several ionic liquids. Specifically, we have synthesized
protein-polymer surfactant nanoconstructs, yielding a
protein rich biofluid that, to the best of our knowledge,
exhibits the first example of high solubility of a dry pro-
tein in both hydrophilic and hydrophobic ionic liquids.
Thermal stability of the modified myoglobin increases by
55 °C in ionic liquid solution as compared to aqueous so-
lutions, demonstrating a positive impact of the ionic lig-
uid on the modified protein’s stability. Our results
demonstrate that engineering the surface of a protein
favourably alters the manner in which it interacts with
ionic liquids. This could be a general pathway to realiza-
tion of ionic liquid soluble proteins and enzymes with
high thermal stability, leading to the development of bio-
catalysts for myriad non-aqueous bioprocessing opportu-
nities.

Materials and Methods
Preparation of protein-polymer surfactant biofluids

Protein-polymer surfactant nanoconstructs were pre-
pared using established methods.” Briefly, N,N'-bis(2-
aminoethyl)-1,3-propanediamine (Sigma, UK) was cou-
pled to the aspartic and glutamic acid residues of equine
skeletal muscle myoglobin (Mb - Sigma, UK) via car-

bodiimide activation. The resultant C-Mb solution was
dialysed against deionized water for 48 h and filtered us-
ing a 0.22 pum syringe filter. This solution was then added
to a neutralized solution of the surfactant ethylene glycol
ethoxylate lauryl ether (M,, ~ 690 g.mol™ - S - Sigma, UK)
and stirred for 12 h to produce the [C-Mb][S] nanocon-
struct. This was dialysed against deionized water for 48 h
to remove unbound S, and then freezedried to yield a
light brown powder that formed the solvent-free biofluid
after thermal annealing.

Synthesis of ionic liquids

For the ionic liquid synthesis, all reagents were bought
from Sigma UK, dried over P,O,, and with purified further
as necessary. 1-Butyl-1-methylpyrrolidinium chloride was
synthesized as  follows.  Freshly  distilled N-
methylpyrrolidine (311.65 g, 3.66 mol) was added dropwise
to a mixture of freshly distilled 1-chlorobutane (309.18 g,
3.33 mol) and ethyl acetate (300 mL). The reaction was
heated for 3 days at 75 °C and upon completion the mix-
ture was placed in a freezer overnight to encourage pre-
cipitation and then the solvent was removed via Schlenk
techniques. The precipitate was washed with ethyl ace-
tate, recrystallised in acetonitrile, and dried in vacuo to
yield 1-butyl-1-methylpyrrolidinium chloride (356.66 g,
60.3 %) as a white crystalline solid.

1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide  ([bmpy][NTf,]) was
synthesized as follows. A mixture of 1-butyl-1-
methylpyrrolidinium chloride (33.78 g, 0.19 mol) and di-
chloromethane (50 mL) was added to lithium bis-
(trifluoromethylsulfonyl)imide (60.29 g, 0.21 mol) and
stirred vigorously at room temperature for 24 h. The mix-
ture was filtered and washed repeatedly with deionized
water (10 x 100 mL) until no chloride traces remained
(tested with silver nitrate solution). The ionic liquid in
dichloromethane was purified through a short alumina
column topped with a thin layer of activated charcoal (ca.
< 5 mm). The solvent was then removed in vacuo (24 h)
giving 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (71.29 g, 89 %) as a col-
ourless viscous liquid.

Similarly,  1-butyl-1-methylpyrrolidinium  trifluoro-
methanesulfonate ([bmpy][OTf]) was synthesized as fol-
lows. A mixture of 1-butyl-1-methylpyrrolidinium chloride
(67.88 g, 0.38 mol) and acetone (50 mL) was added to
sodium trifluoromethanesulfonate (71.92 g 0.42 mol) and
the reaction was stirred for 48 h at room temperature.
The resulting organic phase was filtered and washed with
water until chloride tests proved negative (silver nitrate
test). The solvent was then removed via rotary evapora-
tion and the ionic liquid was passed through a short alu-
mina column topped with a layer of activated charcoal
(ca. < 5 mm). The remaining liquid was dried in vacuo (24
h) giving 1-butyl-1-methylpyrrolidinium  trifluoro-
methanesulfonate (72.15 g, 65.18 %) as a colourless viscous
liquid.



Spectroscopic methods

UV/Vis spectroscopy was performed on a Shimadzu
UV2600 fitted with a Peltier controlled heating environ-
ment. Aqueous solutions of Mb, C-Mb, and [C-Mb][S]
were measured in 10 mm quartz cuvettes at 25 °C. Sol-
vent-free [C-MDb][S] and [C-Mb][S] solutions were meas-
ured in 0.01 mm two-part quartz cell at 25 °C. All spectra
were recorded using the “Fast” setting with automatic
sampling enabled.

Synchrotron radiation circular dichroism (SRCD) spec-
troscopy was performed at Diamond Light Source on
beam line B23 using module A, fitted with a custom
Linkam stage for temperature control. Spectra were col-
lected between 260 nm and 180 nm with an integration
time of 2 s and data interval of 1 nm. Aqueous solutions
(0.1- 0.3 mg.mL", 10 mM pH 6.8 phosphate buffer) of Mb,
C-Mb, and [C-MDb][S] were run in 1 mm quartz cuvettes.
Solvent-free liquid [C-Mb][S] samples were measured as
thin films cast between quartz plates. For [C-Mb][S] in
ionic liquid, samples were prepared as 50 % solutions to
minimize solvent absorption, and cast as films between
quartz plates. Subsequent spectra of both solvent-free,
and ionic liquid solutions of [C-Mb][S] were normalized
to intensity recorded at 222 nm of samples in 0.01 mm
quartz cells (protein absorbance was too high to measure
spectra across the complete range in 0.01 mm quartz
cells). This was to ensure that mean residue ellipticity
could be reasonably calculated. Spectra were deconvolut-
ed to estimate secondary structure content with the
DICHROWEB service using the SP175 dataset, and the
CDSSTR analysis program.””*® Errors presented for the
secondary structure for the solvent-free and ionic liquid
solutions account for potential variation in film thickness
between samples. Thermal denaturation of [C-Mb][S]
samples (aqueous, solvent-free, and ionic liquid) were
performed using the above parameters. Solvent-free and
ionic liquid samples were measured in the temperature
range o - 210 °C with spectra recorded every 10 °C. Aque-
ous samples were measured in the temperature range 25 -
95 °C with spectra recorded every 5 °C. Heating rate was
set to 100 °C.min" and samples were equilibrated for 2
minutes before spectra were recorded.

FTIR spectroscopy was measured using a Perkin Elmer
Spectrum 100 fitted with a Specac attenuated total reflec-
tion (ATR) accessory. Spectra were recorded as accumula-
tions of 8 scans with a bandwidth of 2 cm™.

Results and Discussion

Conjugation of myoglobin (Mb) cationized with N,N'-
bis(2-aminoethyl)-1,3-propanediamine (C-Mb) with the
surfactant glycolic acid ethoxylate lauryl ether (S) yielded
a protein-polymer surfactant construct [C-Mb][S] with a
stoichiometry of 84 surfactant molecules per protein (SI
Fig. 1). Upon dehydration and thermal annealing, this
formed a dark brown-red, protein rich, solvent-free bio-

fluid with a melting temperature of 27 °C (amorphous-
solid to liquid transition, SI Fig. 2). The solvent-free liq-
uid was soluble in water and polar organic solvents such
as ethanol. Importantly, the protein-polymer surfactant
conjugates were highly miscible (solubility of >50 wt%)
with both hydrophilic ([bmpy][OTf]) and hydrophobic
([bmpy][NTL,]) ionic liquids (Fig. 1). The homogeneity of
modified myoglobin-ionic liquid mixtures was in stark
contrast to the heterogeneous mixture of unmodified Mb
and [bmpy][OTf] (maximum solubility of 5.6 wt%) and
the complete lack of mixing of unmodified Mb with
[bmpy][NTf,] (solubility of <o0.3 wt%, Fig. 1). Karl-Fischer
titration indicated water contents of 0.2 wt% and 0.3 wt%
for the [bmpy][OTf] and [bmpy][NTf,] mixtures respec-
tively. These values correspond to 12-19 water molecules
per [C-MDb][S] construct. This is significantly fewer than
the 526 water molecules to cover the accessible surface
area of Mb, and fewer than the 60 required as a “lower
limit” for protein motion.” As a result, although there is
residual water present, the systems can be affectively
thought as being water free.

Figure 1. Images showing 50 wt% mixtures of lyophilized Mb
in [bmpy][OTf] (a), [C-Mb][S] in [bmpy][OTf] (b), Mb in
[bmpy][NT£,] (c), and [C-Mb][S] in [bmpy][NTf,] (d). Sam-
ples were prepared by freezedrying aqueous solutions of pro-
tein and ionic liquid.
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Figure 2. UV/Vis spectra showing the Soret band region (a), ATR-FTIR spectra showing amide I and II region (b), and SRCD
spectra showing far-UV region (c) for aqueous [C-Mb][S] (black), solvent-free [C-Mb][S] (red), [C-MDb][S] in [bmpy][OTf] (blue),
and [C-Mb][S] in [bmpy][NTf,] (green). lonic liquid solutions were prepared at a [C-MDb][S] concentration of 50 wt%, and aque-
ous solutions were prepared with 10 mM phosphate buffer (pH 6.8). All spectra we recorded at 25 °C. ATR-FTIR was not record-

ed for aqueous solution due to water interference.

This demonstrates that modifying the protein surface to
form the solvent-free biofluids increased the solubility of
the dry protein in anhydrous ionic liquids, yielding the
first example (to the best of our knowledge at time of
writing) of a soluble protein solution in the near total
absence of water. Overcoming these solubility issues min-
imized protein aggregation in the hydrophilic ionic liquid,
and allowed for the introduction of protein into the more
hydrophobic [NTf,] system, which has not previously
been demonstrated.

To assess the impact of the ionic liquids on the 3-
dimensional global conformation of the modified protein,
the states of the secondary and tertiary structures of [C-
Mb][S] were determined using a number of spectroscopic
measurements. UV/Vis spectroscopy showed Soret bands
at 412 nm and 413 nm, and Q bands at 529 nm and 535
nm, for [C-Mb][S] in [bmpy][OTf] and [bmpy][NTf,] re-
spectively (Fig. 2a). This corresponds well with the Soret
and Q absorptions of [C-Mb][S] in the solvent-free liquid
state (413 nm, 535 nm) and in aqueous solutions (409 nm,
530 nm) [Fig. 2a]. This indicates that in aqueous and ionic
liquid solutions, and in the solvent-free liquid state, the
prosthetic heme group of Mb is still bound to the protein.
Furthermore, the topology of the binding pocket remains
unchanged in the different environments. Attenuated
total reflectance (ATR) FTIR spectroscopy showed amide

Table 1. Estimated secondary structure content as determined from SRCD spectra in Fig. 2c using the DICHROWEB service.” ™

I and amide IT bands at 1655 cm™ and 1545 cm™ respective-
ly for [C-Mb][S] in both ionic liquids and the solvent-free
state, indicative towards a highly conserved o-helical
structure (Fig. 2b). This is in broad agreement with the
UV/Vis spectra, demonstrating that the global confor-
mation of Mb is maintained even in the anhydrous ionic
liquids. The presence of highly conserved Mb structure
was confirmed using synchrotron radiation circular di-
chroism (SRCD), which showed negative peaks at 222 nm
and 208 nm with a positive peak at 195 nm for [C-Mb][S]
in the ionic liquid, solvent-free, and aqueous environ-
ments (Fig. 2¢). These peak positions are highly indicative
of a predominantly o-helical structure of [C-Mb][S],
agreeing well with the ATR-FTIR spectra. The SRCD spec-
tra revealed quite significant changes in the structure
content of [C-Mb][S] between the aqueous and non-
aqueous environments. Dehydration of aqueous [C-
Mb][S] nanoconjugates to yield the solvent-free liquid
caused a reversal in the ratio of the negative features at
208 nm and 222 nm, where the increase in the 222 nm
intensity suggested an increase in o-helical structure. This
was confirmed through deconvolution of the spectra us-
ing the DICHROWEB service,” * which showed that
there was indeed a moderate increase in a-helix content
from 51 % to 54 % upon dehydration (Table 1).
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o-helix / % B-sheet / % turns / % unordered / % NRMSD
[C-Mb][S]

51 u 1 27 0.009
aqueous
[C-Mb][S]

54+ 6 10+1 12+2 24 %5 0.004
solvent-free
[C-MDb][S]
[bmpy][OTS] 69+6 6+3 10 £2 15+3 0.005
[C-Mb][S]
[bmpy][NTF.] 61 8 1 20 0.008
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Figure 3. (a,b) SRCD spectra showing far-UV region for aqueous solutions of Mb (a) and [C-Mb][S] (b) showing response to
[bmpy][OTf] concentrations of o % (black), 20 % (red), 50 % (blue), and 80 % (green). (c) Plots of mean residue ellipticity at
222 nm against [bmpy][OTf] concentration for aqueous solutions of Mb (black triangles) and [C-MDb][S] (red squares).

Meanwhile, the SRCD spectra of [C-Mb][S] in ionic lig-
uids showed an increase in the absolute intensities of all
the spectral features, particularly the positive feature at
195 nm (Fig. 1c), with the increase in secondary structure
most apparent in [bmpy][OTf]. Deconvolution suggested
that moving from the solvent-free liquid state to
[bmpy][OTf] and [bmpy][NTf,] caused an increase in the
o-helix content of [C-Mb][S] to 69 % and 61 % (from 51%)
respectively (Table 1).

Increasing a-helix content was concomitant with a de-
crease in the unordered content, suggesting that the ionic
liquids were inducing a-helix formation and therefore
increasing structure, relative to both the aqueous and
solvent-free protein states. It must be noted that the
structure of aqueous [C-Mb][S] represents a destabilized
form of Mb (51 % o-helix content compared to 72 % o-
helix content for native Mb - SI Fig. 3, SI Table 1) due to
the cationization process causing a destabilization of the
native myoglobin state, such that a shift to a molten
globule state occurs as described previously.*

Therefore, the significant increase in secondary struc-
ture observed in the anhydrous ionic liquid solution could
be justified as an ionic liquid-induced reformation of the
native Mb global fold, as opposed to forming a new, non-
native structure. This structuration of the sections of un-
ordered backbone of [C-Mb][S] suggests that the ionic
liquids act as helix enhancing solvents, restoring the
structure of the modified protein toward that exhibited in
the unmodified state, consistent with polar organic envi-
ronments such as those containing fluoroalcohols.**>*
Furthermore, these observations suggest that the OTf
anion was able to interact with the biomolecule with
greater effect than NTf,, as may be expected given the
greater hydrogen bond basicity (8) of OTf.*? Additionally,
from a Hofmeister perspective, OTf should provide
greater stability than NTf,, and here that trend remains."”
However, it is worth noting that according to the overall
Hofmeister series, both of these anions ought to be desta-
bilizing. In the anhydrous solutions however, we see sig-
nificant stabilization of the protein fold, potentially high-

lighting the limitations of the series at high ionic liquid
concentrations (and here in the anhydrous ionic liquid)."
The interactions involved are therefore more complex,
and given the presence of the surfactant coronal layer, it
is likely that the relative molecular bulk and lower charge
density of NTf,” as compared to OTf, may also affect in-
teractions with the protein surface. It is often accepted
that anions with high f values and nucleophilicities inter-
act strongly with protein surfaces and destabilize them.”"
As a result, it is often assumed that proteins are stabilized
by an absence of these interactions. However, the results
presented here indicate a more subtle picture where fa-
vourable interactions between ionic liquid anions and
proteins can arise and promote structural integrity.

It is interesting to note that protein structuration only
occurred under anhydrous conditions. SRCD spectra of
aqueous solutions of Mb showed structure decreasing
with increasing concentration of [bmpy][OTf] (Fig. 3a), in
line with observations of proteins in organic solvents,
where low levels of water can often be destabilizing.>**
Although there was no increase in structure with ionic
liquid concentration, modification of the protein did pro-
vide some protection against these effects, as the struc-
ture of [C-Mb][S] only decreased at high (80 %) ionic lig-
uid concentrations (Fig. 3b). This becomes more apparent
using a plot of the mean residue ellipticity at 222 nm as an
indication of secondary structure (Fig. 3c). Although [C-
Mb][S] is in the aforementioned destabilized molten
globule state, more structure remained at high ionic lig-
uid concentration than for the native protein, demon-
strating that the surfactant corona around the modified
protein provides protection from the otherwise denatur-
ing effects of the ionic liquid. This moderate level of
structure preservation observed for [C-Mb][S] in response
to ionic liquid concentration was only valid for non-acidic
anions- these experiments repeated with the highly acidic
ionic liquid [N,,,,][HSO,] yielded no apparent benefit of
protein modification with respect to secondary structure
protection (SI Fig. 4). In these experiments, low concen-
trations (<10 %) of the ionic liquid destabilized both Mb

and [C-Mb][S], showing that the organic corona could not
5



offer any protection against the highly interacting HSO,
anion, and low pH, in aqueous conditions.

In light of the increase in secondary structure observed
for [C-Mb][S] in [bmpy][OT{] and [bmpy][NTf,], tempera-
ture dependent SRCD spectra were recorded to assess
whether this translated to an increase in thermal stability
of the modified protein when solubilized in the ionic lig-
uids (Fig. 4) relative to the solvent-free state. Increasing
the temperature from o °C to 210 °C saw progressive re-
ductions of the intensity of the spectral features at 222
nm, 208 nm, and 195 nm indicative of thermal denatura-
tion occurring over a large temperature range (Fig. 4a,b).
This showed that in pure ionic liquids, [C-Mb][S] was
dynamically free enough to sample the conformations
required to unfold, even at low (<30 °C) temperatures.
Furthermore, the presence of an isodichroic point at 204
nm suggests that the denaturation process occurred via a
two-state transition from a native state to a denatured
state. With this in mind, the SRCD data was used to con-
struct a plot of fraction denatured (f,) against tempera-
ture (Fig. 4¢). In neat [bmpy][OTf] and [bmpy][NTf,], [C-
Mb][S] had half denaturation temperatures (T,,) of 13 °C
and 108 °C respectively (Table 2). This was an increase in
thermal stability of 27/22 °C from the solvent-free liquid
state (T, = 86 °C, Fig. 4c¢, SI Fig. 5, Table 2) and 55/50 °C
from aqueous [C-Mb][S] (T, = 58 °C, Fig. 4¢, SI Fig. 6,
Table 2). The former results are in agreement with previ-
ous findings®*** that dehydration to form the solvent-
free liquid increased the thermal stability of the protein.
However, the latter results reveal that even generic ionic
liquids can further enhance this stabilization, despite an
increase in translational entropy offered by the lower pro-
tein concentration, mirroring the observed increases in
secondary structure (Fig. 2c, Table 1). This indicates that
the ionic liquids are interacting favourably with the pro-
tein, causing an increase in stability that is a direct re-
sponse to the increase in secondary structure. Concur-
rently, stabilization was marginally lower when the anion
was NTf,, signifying that the hydrophobicity of this ion

may offset some of the stability gains conferred by the
surfactant corona. Alternatively, in agreement with the
increase in secondary structure seen with the OTf anion,
the strength of interaction between the anion and protein
may be playing a role. Thermal stability in the ionic lig-
uids appears to be associated with a decrease in the coop-
erativity of the unfolding, as evidenced through a shal-
lowing of the slope of the unfolding curve (Fig. 4¢), indi-
cating that the ionic liquid induced structuration of [C-
Mb][S] came at a cost to protein flexibility, exacerbating
the relatively noncooperative unfolding of the molten-
globule like structure. This suggests that the observed
increase in structure was not a return to the compact
globule associated with Mb, but rather that the ionic lig-
uid may cause a shift in the mechanism of unfolding to-
ward multi-state denaturation. Unfortunately, the resolu-
tion of CD spectroscopy is not sufficient to establish this
absolutely and therefore a more detailed atomistic ap-
proach is necessary to confirm this hypothesis.

Using a two-state model of denaturation, justified by
the existence of an isodichroic point at 204 nm in the
SRCD data, we extracted values for the entropy (AS,,) and
enthalpy (AH,,) of denaturation from plots of fp (see Sup-
plementary Information for details). For [C-Mb][S] in
[bmpy][OTf], AS,, and AH,, were calculated as 89 J.K
"mol” and 9.8 kJ.mol”, and in [bmpy][NTf,] as 86 J.K
"mol” and 9.0 kJ.mol™ (Table 2, SI Fig. 7). Values of AS,,
and AH,, calculated for [C-Mb][S] in water were 170 J.K'
"mol” and 9.9 kJ.mol™ respectively (Table 2, SI Fig. 8).
Given the negligible change in enthalpy between the ionic
liquid and aqueous solutions, the observed stabilization
of the protein in the ionic liquids was entirely due to a
reduction in entropy. This is in broad agreement with the
decrease in cooperativity of the transition, and serves as
evidence that increased protein stability in the ionic liq-
uid was not result of any increase in favourable interac-
tions within the protein.
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Figure 4. (a,b) Temperature dependant Far-UV SRCD spectra showing thermal denaturation of [C-Mb][S] (50 % solutions) in
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lines) in accordance with a two-state model of denaturation.



T, /°C AS,, /J.K".mol” AH,, / kJ.mol™
[C-Mb][S] aqueous 58 £1 17117 9.9+0.2
[C-MDb][S] solvent-free 86.4 + 0.6 304 30 25.7£0.3
[C-Mb][S] [bmpy][OTf] u3 +4 896 9.8+ 0.1
[C-MDb][S] [bmpy][NTf,] 108 + 2 86 + 4 9.0 £ 0.1

Table 2. Thermodynamic parameters for the thermal denaturation of [C-Mb][S] in aqueous solution, the solvent-free state, and
in ionic liquid. Values calculated using a two-state model applied to temperature dependent SRCD spectra (See Supplementary

Information for

The observed AS,, for the OTf and NTf, ionic liquids
were comparable despite differences in f values and ex-
pected specific ion effects, suggesting entropic stabiliza-
tion was key across both systems. However, AH,, was
marginally lower in the NTf, ionic liquid, indicating that
the slightly lower stability of [C-Mb][S] in the more hy-
drophobic environment was predominately due to a small
change in enthalpy.

We rationalize this as the more hydrophobic nature of
[bmpy][NTf,] stabilizing the unfolded state of the protein
more than [bmpy][OTf], reducing the enthalpic cost of
denaturation. By contrast, AS,, and AH,, for solvent-free
[C-MD][S] were calculated at 304 ].K'.mol" and 25.7
kJ.mol™ respectively (Table 2, SI Fig. 9), showing that in
the absence of any solvent the situation is much more
complex. Any enthalpic gains from the increased strength
of stabilizing interactions within the protein in the ab-
sence of solvent were offset by the conformational free-
dom of the protein within the surfactant-coronal layer.
Since myoglobin has a propensity to occupy a molten
globule state, engineering the surface in the manner re-
ported herein causes such a change.™ It is therefore plau-
sible that increased stability upon transferring the protein
from an aqueous phase to an ionic liquid phase may be a
consequence of this unusual molten globule structure.
However, given that previous results indicate that modi-
fying more robust enzymes such as lysozyme or lipase
give greater stabilities than the myoglobin system™**, we
believe that the ionic liquid stability will be transferable.

In light of possible changes to the unfolding pathway of
[C-MD]([S] in the ionic liquid, reversibility of denaturation
was probed using UV/Vis spectroscopy (Fig. 5). Equili-
brating the [C-Mb][S]/[bmpy][OTf] mixture at 95 °C
caused a reduction and broadening in the Soret absorb-
ance concomitant with a blue shift in the peak position
from 412 nm to 393 nm (Fig. 5a). This indicates a change
in the global conformation of myoglobin consistent with
partial denaturation. On cooling to 25 °C, the Soret band
sharpened and returned to 412 nm with a >9o % recovery
in intensity. This demonstrates that in the ionic liquid
solution, the protein was able to recover the structure lost
at high temperatures, consistent with the high thermal
stability observed using SRCD (Fig. 4). Furthermore, once
in a (partially) denatured form, the protein was able to
refold to its previous structure. This was repeated with
[bmpy][NTf,] as the ionic liquid (Fig. 5b). On heating to

further details).

95 °C the Soret band once again reduced in intensity and
underwent a blueshift from 413 nm to 408 nm, indicating
a change to a more denatured structure, albeit slightly
more structured than for [C-Mb][S] in [bmpy][OTf]. Up-
on cooling to 25 °C, there was again a >9o % recovery in
the Soret intensity, with the peak position returning to
413 nm, indicating structural recovery in the more hydro-
phobic ionic liquid. These results are in broad agreement
with the SRCD data (Fig. 4), demonstrating further that
[C-MDb][S] has a high thermal stability in ionic liquids,
and also that the protein is able to refold from a partially
denatured state, in both hydrophilic and hydrophobic
ionic liquids. This indicated that despite apparent con-
striction of the protein in the ionic liquids, as evidenced
through the small changes in entropy on denaturation,
the protein was still able to sample multiple confor-
mations. Therefore, introduction of a coronal layer pro-
vides an interface between the protein surface (both na-
tive and denatured) and the ionic liquid, allowing for re-
versible perturbations in global conformation.
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Figure 5. UV/Vis spectroscopy showing [C-Mb][S] in
[bmpy][OTf] (a) and [bmpy][NT£,] (b) at 25 °C (black), after
incubation at 95 °C (red), and after cooling back down to
25 °C (blue).



Conclusions

Here, we have demonstrated that surface modification
of myoglobin, yielding the solvent-free liquid [C-Mb][S],
can be used as a platform to successfully solubilize the
protein in both hydrophilic and hydrophobic ionic liquids
in the absence of water. Spectroscopic methods (UV/Vis,
SRCD, FTIR) establish that there has been preservation of
the secondary and tertiary structures of the protein, with
significant structuration of the protein occurring, particu-
larly in the case of [bmpy][OTf]. This signifies that the
ionic liquids are an environment highly conducive to-
wards protein stability, and SRCD measurements con-
firmed that thermal denaturation occurs over a large
temperature range. With a denaturation temperature of
13 °C, some 55 °C higher than that in aqueous solutions,
we were able to show that modification of myoglobin not
only increased solubility in ionic liquids, but allowed for a
thermal stability surpassing what is possible in water.
Thermally induced unfolding and subsequent refolding
from 95 °C reinforced that the modified protein was ro-
bust towards both the ionic liquid medium and thermal
stresses. Using a two state model of denaturation, the
increase in thermal stability from the aqueous to the ionic
liquid phase appeared to be the result of decreasing en-
tropy of denaturation. We attribute this to subtle solvent-
induced changes in the unfolding mechanism, resulting
in lower cooperativity of the transition. This is possibly a
direct manifestation of a putative molten globule state of
[C-MD]([S], although a more complex set of interactions
between the ionic liquid and the protein is also possible.
The net result of high thermal stability, with reversible
unfolding indicates that the forces stabilizing protein
structure, as well dynamic flexibility, can be well main-
tained in, and even enhanced by, ionic liquids.

We have shown that through modification of the sur-
face of myoglobin, it is possible to greatly increase solu-
bility of the dry protein in dry ionic liquids. The resulting
protein rich fluids have highly conserved protein architec-
ture, and high thermal stability. The synthetic procedure
has previously been shown to be very versatile, with sol-
vent-free biofluids of a number of proteins,™
enzymes,*** and viruses” having been reported. In com-
bination with the results presented herein, we propose
that this biotechnology could provide a platform for the
realization of highly soluble ionic liquid and temperature
stable enzymes, providing pathways for improved bio-
catalysis in ionic liquids and generally homogeneous bio-
catalysis in anhydrous systems. As a result, we have be-
gun a research program investigating the stability and
function of industrially relevant enzymes such as lipase,
B-glucosidase, xylanase, and laccase in ionic liquids.
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