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Abstract

The structural transitions of proteins in aqueous solutions of various ionic liquids (ILs)
over a wide concentration range (x (mol% IL) = 0-30) were investigated using Fourier-
transform infrared and near-UV circular dichroism spectroscopy combined with
small-angle X-ray scattering. The proteins in the aqueous IL solutions showed two struc-
tural transition patterns: (i) the folded state — unfolded state — partial globular state
(a-helical formation disrupted tertiary structure) and (ii) the folded state — unfolded
state — aggregation (amyloid-like aggregation or disordered aggregation). We found
that the helical formation of proteins in the condensed IL solutions was strongly related
to the competition between the low polarity and denaturation effect of ions. Moreover,
the amyloid-like aggregate formation correlated with the competition between the size
of the confined water assemblies in the IL layer and the IL-amino acid residue interac-
tions. On the basis of these results, we discussed the future applications of ILs, including
their use as cryoprotectants for proteins and as agents for the suppression of amyloid
formation.

Keywords: protein, aqueous ionic liquid solution, aggregation, helix formation,
optical spectroscopy

1. Introduction

Aqueous mixtures of proteins and ionic liquids (ILs), which comprise organic cations and
anions and remain in the liquid state below 373 K, are employed in protein engineering appli-
cations, such as protein storage media, biocatalysts, and buffers [1-3]. Although these applica-
tions are based on the unique solvent properties of these mixtures, such as their solubility in
water and solution structure [2, 4], the detailed relationship between the proteins and aque-
ous IL solutions at the molecular level is unclear. Thus, to realize the protein engineering
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applications of ILs, numerous studies have been conducted on the structural stability and
activity of proteins in aqueous IL solutions [2-8].

For instance, Lange et al. [6] demonstrated that the addition of imidazolium-based ILs (up to
4 M) to renaturation buffers caused high protein renaturation without protein aggregation,
whereas addition to the folded protein induced a decrease in the structural stability. Many
aqueous IL solutions are found to degrade the structural stability and activity of proteins
at x (mol% IL) <6 [2, 3, 7, 8]. This decrease in protein stability in dilute aqueous IL solutions
can be explained by the Hofmeister series [7, 8]. This series ranks the relative influence of ions
on the physical behavior of a wide variety of aqueous processes ranging from colloidal assem-
bly to protein folding. Originally, it was assumed that the influence of ions on protein folding
was caused at least in part by “making” and “breaking” bulk water structures [9]. However,
these investigations of protein stability in dilute aqueous IL solutions have not sufficiently
considered essential properties of ILs. Thus, it is necessary to obtain basic information on
protein stability over a wide IL concentration range to realize protein engineering using ILs.

Recently, intriguing phenomena such as protein refolding and aggregate formation have been
observed in condensed IL solutions (x> 10) or pure IL. Imidazolium-based or alkylammonium-
based ILs at a concentration of x > 10 induce the formation of a-helical structures of protein,
such as human interleukin-2 [10] and succinylated concanavalin A [11]. Moreover, Hwang
et al. [12] showed that imidazolium- and pyridinium-based ILs promoted amyloid forma-
tion in a-synuclein and a-lactalbumin. Similarly, Debeljuh et al. [13] demonstrated that addi-
tion of protic ILs, such as triethylammonium-based ILs, to A31-40 peptide promotes amyloid
aggregation. These intriguing protein-refolding/amyloid-formation phenomena in condensed
ILs or pure ILs may be related to the essential properties of ILs and cannot be explained by
Hofmeiester series, as in the case of protein unfolding in dilute aqueous IL solutions.

Related to these phenomena, the solvent properties of ILs, such as viscosity and dielectric
constant, drastically change at a certain IL concentration [2]. These changes depend on the
amount of water in the mixture. In addition, it is known that IL solutions adopt a nanohetero-
geneous structure with a polar domain, i.e., the ionic parts of the cations and anions, and a
nonpolar domain, i.e., the alkyl chain of the cations [14-16]. In binary solutions under water-
rich conditions [17], IL-water mixtures adopt IL-aggregated structures that are surrounded
by bulk water molecules; therefore, the nanoheterogeneity of these systems is relatively low.
However, under IL-rich conditions wherein the mixtures exhibit molten-salt-like behavior,
the water molecules are scattered in the polar domain and self-assemble in the ILs. The water
molecules in this state are termed “confined water” [18, 19] and the nanoheterogeneity of
these systems is higher. As mentioned earlier, these solvent properties may contribute to
unique structural transitions of the proteins. Thus, detailed information on protein stability
over a wide range of IL concentrations is valuable, and this information would facilitate the
use of ILs in protein engineering applications.

This manuscript aims to determine the structural stabilities of various model proteins over a
wide concentration range of ILs using optical spectroscopy combined with small-angle X-ray
scattering (SAXS). The origin of the structural transitions of proteins in condensed aqueous IL
solutions has been discussed.
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2. Experimental methodology

2.1. Materials

Chicken lysozyme, bovine ribonuclease A (RNase A) and bovine 3-lactoglobulin (3-LG), horse
cytochrome ¢, bovine myoglobin, bovine rhodanese, and bovine insulin were purchased from
Sigma and were used without further purification. The ILs 1-butyl-3-methylimidazolium
chloride ([bmim][Cl]) (Kanto Chemical Co.), [bmim][NO,] (Sigma), [bmim][SCN] (Sigma),
1-ethyl-3-methylimidazolium nitrate ([emim][NO,]) (Iolitec) methylammonium nitrate
(MAN) (Iolitec), ethylammonium nitrate (EAN) (Iolitec), and propylammonium nitrate (PAN)
(Iolitec) were used in this study. All aqueous mixtures with concentrations of x (mol% IL)
were prepared by mixing the required amount of the IL and D,0 (Kanto Chemical Co.) at
room temperature. The prepared concentrations of the aqueous IL solutions were x = 0-30
because of the overlap of the cations with proteins in the Fourier-transform infrared (FTIR)
spectra. The concentrations of the proteins were adjusted to 20 mg mL™, which does not result
in protein aggregation in water (x = 0). Samples were loaded into a transmission cell with CaF,
windows and a Teflon spacer (50 pm) for FTIR and near-UV circular dichroism (CD) spectral
measurement under the same protein conditions as used in the condensed ILs. These spectral
analyses were performed using the GRAMS software (Galactic Software).

2.2. FTIR spectroscopy

The amide I' vibrational mode (deuterated peptide groups) in FTIR spectra is highly sensitive
to the secondary structure of proteins, and thus it serves as an indicator of a-helix and 3-sheet
formation [20]. FTIR spectra were recorded using a Nicolet 6700 FTIR spectrometer equipped
with a mercury-cadmium-telluride liquid-nitrogen detector. Typically, 512 interferograms
were collected to obtain spectra with a resolution of 4 cm™. Solvent spectra were also mea-
sured under the same conditions as those used for the protein solution measurements and
were subtracted from the protein solution spectra.

2.3. CD spectroscopy

Near-UV CD spectra in the range of 250-300 nm are sensitive to the presence of specific
rigid packing interactions between aromatic side chains, indicating changes in the tertiary
structure [21]. CD spectra were measured over a wavelength range of 250-300 nm on a
JASCO ]-820 spectropolarimeter. Typically, spectra were accumulated at a scan rate of
20 nm min™ in 0.1 nm steps. Five scans were averaged for each spectrum. The obtained
spectra were converted into mean residue ellipticity units using [0] = 0 _, /(10ncl), where 6,
is the observed ellipticity, [ is the path length, ¢ is the protein concentration, and 7 is the
number of residues.

2.4. SAXS

SAXS is a powerful technique for investigating protein size and the presence of protein aggre-
gation [22]. SAXS experiments were conducted using a Kratky camera system (BioSAXS-1000,
Rigaku Co.) at a brilliance of 56.0 kW mm™. CuKa radiation (A = 0.1542 nm) was selected and
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collimated using a parabolic multilayer mirror. The beam was focused by a converting optical
tool (CBO-f, Rigaku Co.). The beam size was 0.5 mm (V) x 0.1 mm (H) at the sample position,
and the camera distance was 500 mm. The combination of the 2D Kratky block and focusing
optics can achieve a wide g range. Here the scattering vector g is defined as 47tsin6/A (nm™).
A 2D detector (PILATUS 100 K/R) was used. Samples were put into quartz capillaries with a
diameter of 1.0 mm and a thickness of 0.1 mm. The scattering of the aqueous IL solutions was
subtracted, and the final scattering curve was obtained using the program PRIMUS.

3. Results and discussion

3.1. Structural transition of proteins in aqueous solutions with [bmim]-based ILs

As representative results, Figure 1a and b shows the FTIR amide I’ spectra of myoglobin and
cytochrome ¢ in aqueous solutions under concentrations of [bmim][NO,] up to x = 30. The
amide I’ spectra of both proteins change significantly as a function of [bmim][NO,] concen-
tration. The peaks at ca. 1615 and ca. 1690 cm™, which are due to the intermolecular B-sheet
structure and indicate myoglobin aggregation [23], are observed above x = 5. However, no
such peaks appear for cytochrome c over the studied [bmim][NO,] concentrations.

To further investigate the changes in the secondary structure of both proteins, we plotted the
changes in the maximum absorbance (Abs) values of these two proteins against the [bmim]
[NO,] concentrations, as shown in Figure 1c and d. For myoglobin, the first decrease in the
Abs value, indicating myoglobin unfolding, is observed in the region x = 1-5. The second
decrease in the Abs value, indicating the formation of an intermolecular (3-sheet structure, is
observed at x > 7. Thus, the addition of [bmim][NQO,] to myoglobin causes the fold — unfold
— intermolecular 3-sheet transition.

Conversely, a drastic decrease in Abs for cytochrome c is observed up to x =7, and it is notewor-
thy that the Abs value increases at x >7. From the second-derivative analysis of the FTIR spec-
tra, the peak at ca. 1645 cm™ indicates an increase in the disordered structure up to x =7, and
further addition causes the increase in the peak at ca. 1655 cm™, which indicates an a-helical
structure (inset in Figure 1d). Based on these FTIR spectra, the increase in Abs at x >7 is due to
the partial refolding of the secondary structure of cytochrome c. However, the partial refolding
at x > 7 is not sufficiently confirmed by only the FTIR result. If the partial refolding of cyto-
chrome c occurs at x > 7, the whole cytochrome c size would be smaller than in the unfolded
state and larger than in the folded state. Therefore, to further investigate the state of cytochrome
¢ in aqueous [bmim][NO,] solutions, we performed SAXS measurements.

Figure 2a shows a Guinier plot of cytochrome c in aqueous [bmim][NQO,] solutions where the
radius of gyration (R, was estimated. The Guinier equation is defined as follows:

I(q) = I(0)exp(-R *4*) (1)

where 1(0) is the intensity at g = 0. The Guinier equation is valid in the range of qu < 1. In this
study, despite the fact that the range 0 < R g <2 was employed, a linear relationship in the
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Guinier plots is observed. In aqueous [bmim][NO,] solutions, the R, values of cytochrome ¢
were obtained in the same manner. The R values of cytochrome ¢ are 13.4 A forx=0,25.0 A
for x=>5,and 15.0 A for x = 20. The R, Values atx=0and 5 are in good agreement with those of
the folded state (R =13.8 A) and unfolded state (R =24.0 A) reported by Cinelli et al. [24]. As
speculated above, the R, value of cytochrome c at x =20 is larger than that at x =0 and smaller
than that at x =5. Thus, cytochrome c at x =20 takes a more compact structure than at x =5 and
does not completely unfold without aggregation.
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Figure 1. FTIR spectra in the amide I" region of (a) myoglobin and (b) cytochrome ¢ in aqueous [bmim][NO,] solutions
at several [bmim][NO,] concentrations. Changes in absorbance of (c) myoglobin (Abs ., ) and (d) cytochrome
c (Abs,, ) as a function of [bmim][NO,] concentration. Inset figure shows the second derivative spectra of cytochrome
c in aqueous [bmim][NQO,] solutions at x =0, 5, and 10, respectively.

A similar result is also obtained using Kratky plots (Figure 2b). Kratky plots provide
insight into the compactness of a protein, i.e., a bell shape in the plot indicates a globular
protein, whereas a plateau, seen in the high g region, suggests that the protein is unfolded.
The addition of [bmim][NQO,] shifts the peak of the bell shape to a smaller g region, indi-
cating that the size of cytochrome c increases with increasing [bmim][NO,] concentration.
This implies that cytochrome ¢ in aqueous [bmim][NO,] solutions, even at high [bmim]
[NO,] concentrations, is not completely unfolded. Combination with FTIR and SAXS
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results indicate that the aqueous [bmim][NQO,] solution at x = 20 causes cytochrome c to
partially refold without aggregation.
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Figure 2. (a) Guinier plots and (b) Kratky plots of cytochrome c in aqueous [bmim][NO,] solutions at x = 0, 5, and 20.

Next, we measured the changes in the tertiary structure of both proteins induced by [bmim]
[NO,] using near-UV CD spectroscopy (Figure 3a and b). Although the negative CD intensity
at 290 nm for myoglobin and 288 nm for cytochrome c due to the aromatic residues drastically
decreases at [bmim][NQO,] concentrations of up to x =7, no increase in the negative CD inten-
sity occurs above x =7 (Figure 3c and d). This indicates that an increase in the [bmim][NO,]
concentration completely disrupts the tertiary structure of both proteins.

The results from the FTIR, SAXS, and near-UV CD analyses show that aqueous [bmim][NO,]
solutions of up to x = 5-7 cause myoglobin and cytochrome c to unfold. Further addition of
[bmim][NQ,] induces formation of the intermolecular (3-sheet for myoglobin and the par-
tially globular (PG) state, which is the a-helical formation disrupted tertiary structure, for
cytochrome c. Consequently, changes in the concentration of [bmim][NQO,] induce structural
transitions of the folded state — unfolded state — intermolecular 3-sheet aggregation for
myoglobin, and the folded state — unfolded state — PG state for cytochrome c. Similar struc-
tural transitions are observed in other proteins (3-LG, lysozyme, and RNase A) in aqueous
solutions with other [bmim]-based ILs ([bmim][Cl] and [bmim][SCN]), except for cytochrome
c in condensed [bmim][SCN] solutions (cytochrome c in this media takes the disordered-rich
aggregate) [24-28]. Figure 4 summarizes the structural transitions of proteins in aqueous
solutions over a wide IL concentration range.

The most remarkable result is that condensed solutions with [bmim]-based ILs cause the for-
mation of an a-helical structure, and intermolecular (3-sheets or disordered-rich aggregation.
From the previous results, the former state is similar to the intermediate in the on- or off-
pathway for the protein folding process [29], and the latter state is similar to the amyloid
structure associated with neurodegenerative conditions such as Parkinson’s disease [30, 31]
and the structure of the inclusion body in expression proteins [30, 32]. Thus, it is important to
reveal the origin of the structural formation of proteins in condensed aqueous IL solutions in
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Figure 3. Near-UV CD spectra in the amide I" region of (a) myoglobin and (b) cytochrome c in aqueous [bmim][NO,]
solutions at several [bmim][NO,] concentrations. Changes in ellipticity of (c) myoglobin ([0],,) and (d) cytochrome c

([6],4) as a function of [bmim][NO,] concentration.
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view of protein engineering application using ILs. In the following sections, we discuss the
preferential formation of the a-helical structure (PG state) in Section 3.2, and intermolecular
[-sheet aggregation in Section 3.3.

3.2. Helix formation ability of ILs for proteins

We found that condensed aqueous solutions with [bmim]-based ILs induce the helical forma-
tion disrupted tertiary structure (PG state) for some proteins. Generally, it is well known that
B-LG and RNase A, having substantial -sheet contents, take non-native helical formations
in aqueous alcohol solutions, such as 2,2,2-trifluoroetahnol [33-35]. This is termed alcohol
denaturation. The PG state in condensed IL solutions structurally resembles that from alco-
hol denaturation. Here, we focused on the details of helical formation ability of ILs for 3-LG
and RNase A.

Figure 5a and b shows the FTIR spectra of 3-LG and RNase A in aqueous [bmim][NQO,] solutions
of several concentrations. On the whole, the absorbance of both proteins at ca. 1635 cm™, indicat-
ing intramolecular [-sheet structure, decreases, and that at ca. 1656 cm™, indicating the a-helix
structure, increases with [bmim][NO,] concentration (Figure 5a and c). Both proteins undergo
helix formation at high [bmim][NO,] concentrations, though B-LG forms an intermolecular
[-sheet structure in addition to an a-helical structure. Characterization of the helix formation in
condensed aqueous [bmim][NO,] solutions reveals that it is similar to that seen for alcohol dena-
turation, which results in a direct 3-a transition. However, it is intriguing whether the condensed
[bmim][NO,] solutions induce direct 3-a transition, as in the case of alcohol denaturation.

We assessed the second-derivative FTIR spectra of 3-LG and RNase A in aqueous [bmim][NO,]
solutions at different concentrations of [bmim][NO,] (Figure 5c and d). Increasing the [bmim]
[NQ,] concentration up to x = 1-5 causes a decrease in the intramolecular 3-sheet structure
and an increase in the disordered structure of both proteins. With further addition of [bmim]
[NQ,] (up to x = 30), the disordered structure decreases and the a-helical content increases.
Conversely, our previous FTIR spectra showed that the intramolecular (3-sheet structure of
B-LG in the aqueous TFE solution drastically decreases with increasing TFE concentration,
and the a-helical content increases without the appearance of the disordered structure [26].
Importantly, the metastable intermediate, i.e., native B-sheet — disordered structure — non-
native a-helix, in the 3-a transition process, can be observed in aqueous [bmim][NO,] solu-
tions. Unlike alcohol denaturation (direct 3-a transition), the aqueous [bmim][NQO,] solutions
cause helix formation in B-LG and RNase A through an intermediate disordered structure.
Although similar helix formation ability is observed in [bmim][Cl], its ability is weaker than
[bmim][NQ,]. Besides, [bmim][SCN], representing a strong denaturant, does not show helix
formation ability.

Here we discuss the origin of helix-forming ability of [bmim]-based ILs for 3-LG and RNase A.
Generally, alcohol denaturation is thought to arise from solvent properties such as low polar-
ity. Low solvent polarity weakens the hydrophobic interactions that stabilize the compact
native structure of proteins while simultaneously strengthening the intramolecular electro-
static interactions, such as hydrogen bonds, and stabilizing secondary structures, particularly
the a-helix. The dielectric constant (¢) of the [bmim]-based ILs is low (e = 10-20) [36], similar
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to that seen in alcohols (32.6 for methanol [37] and 27 for TFE [38]). The results suggest that
[bmim]-based ILs cause an enhancement of the intramolecular hydrogen bonding in proteins
by removing water molecules from their proximity. Accordingly, the similar solvent polar-
ity of aqueous [bmim]-based ILs and aqueous alcohol solutions likely causes the structural
changes observed for both proteins and stabilizes their a-helix structure. While the condensed
[bmim][SCN] solutions, which is a strong denaturant, did not show the helix formation for
B-LG and RNase A. Thus, the helix-forming ability of [bmim]-based ILs depended on the
anionic species, and is related to the competition between the low polarity of condensed IL
and denaturant effect of anions showing the anion-protein interaction.
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Figure 5. FTIR (a and b) and second derivative (c and d) spectra of 3-LG and RNase A in aqueous [bmim][NO,] solutions
at several [bmim][NO,] concentrations.
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Next we discuss the generality of helix formation of ILs with NO,". The helix-forming ability
of [bmim][NO,] for proteins has been connected to its low polarity; however, similar solution
properties are also observed in other ILs with NO, anion. To elucidate the generality of helix
formation of B-sheet-rich proteins in ILs with NO, , we compared two imidazolium-based
ILs ([bmim][NO,] and 1-ethyl-3-methylimidazolium nitrate ([emim][NQ,])) and the three
alkylammonium nitrates (RAN-ILs): MAN, EAN, and PAN.

As a representative result, the FTIR spectra of RNase A in condensed aqueous solutions with
various ILs at x = 30 are shown in Figure 6a. Although the FTIR spectral shape of RNase A
in MAN shows slight RNase A unfolding, those with other ILs show a decrease in the native
sheet structure and an increase in the helix structure. The amounts of a-helix structures in
RNase A and -LG were determined using a curve-fitting method (Figure 6b). Notably, the
amounts of a-helix structures in RNase A (o) and (-LG (e) with the ILs (except for MAN)
are essentially the same (within estimated experimental errors). This indicates that the effect
of IL cations on the secondary structure of both proteins is negligible. The orders of solvent-
induced helix formation of RNase A and -LG are D,O << MAN << [emim][NO,] < EAN ~
PAN ~ [bmim][NO,] (the value of a-helical content of B-LG in [bmim][NQO,] is slightly lower
than those in EAN, PAN, and [bmim][NQO,] by the formation of intermolecular (3-sheets).
The present results indicate that condensed aqueous ILs with NO, solutions show a high
helix-forming ability for (3-sheet-rich proteins, such as RNase A and (3-LG.

On the basis of these results, we can conclude that the helix-forming ability of IL depended on
the anionic species rather than the cationic species. Besides, this ability is strongly related to
the competition between the low polarity and denaturation effect of anions.
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Figure 6. (a) FTIR spectra in the amide I’ region of RNase A at various ILs with NO,™ (x = 30). (b) Contents of the a-helical
structures of RNase A and 3-LG at various ILs with NO,™ (x = 30).

3.3. Ionic liquid-induced amyloid-like aggregation

Another intriguing phenomena associated with condensed IL solutions are the formation of
intermolecular (3-sheet structures (i.e., amyloid-like aggregation). As mentioned in Section 3.1,
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amyloid-like aggregation is related to neurodegenerative diseases such as Parkinson’s disease
and the structure of the inclusion body [30-32]. The origin of amyloid-like aggregate forma-
tion in ILs is related to the suppression of protein aggregation. Consequently, we focused
on amyloid-like aggregate formation in condensed aqueous solutions of [bmim][NO,] and
[bmim][SCN].

First, we address the case of [bmim][NO,]. Figure 7a shows the FTIR spectra of the eight
model proteins, which have different secondary structures and sizes in condensed aqueous
[bmim][NO,] solutions (x = 20). The FTIR spectra of rhodanese, a-chymotrypsin, 3-LG, myo-
globin, and clearly present peaks at ca. 1615 and ca. 1690 cm™, are indicating amyloid-like
aggregation. In contrast, the four remaining proteins (lysozyme, RNase A, cytochrome c,
and insulin) do not present these two peaks. Similar FTIR spectra are also obtained form an
aqueous [bmim][Cl] solution at x = 20. To investigate whether the four proteins aggregate,
their SAXS profiles were recorded [39]. The SAXS curves show a drastic increase in I(q)
below g = 0.03 nm™ for rhodanese, a-chymotrypsin, 3-LG, myoglobin, indicating protein
aggregation. However, the other four proteins do not aggregate, as indicated by their SAXS
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Figure 7. FTIR spectra of various proteins ((A) rhodanese, (B) a-chymotrypsin, (C) 3-LG, (D) myoglobin, (E) lysozyme,
(F) RNase A, (G) cytochrome ¢, and (H) insulin) in water (dotted line) and in ILs ((a) [bmim][NQ,], (b) [emim][NO,],
and (c) EAN) solutions (x = 20). The solid and dashed-dotted lines represent aggregated and nonaggregated proteins,
respectively.
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curves, which do not show a significant increase in I() below g =0.03 nm™. These results are
consistent with those from the FTIR experiments. The FTIR and SAXS results indicate that
aqueous [bmim][NO,] solutions at x = 20 promote the formation of amyloid-like aggregates
in rhodanese, a-chymotrypsin, -LG, and myoglobin, whereas the same solutions inhibit
aggregation for lysozyme, RNase A, cytochrome ¢, and insulin.

Here, to investigate the influence of the imidazolium cation alkyl chain length on the decrease
in amyloid-like aggregation, FTIR spectra were recorded for proteins in aqueous solutions
(x = 20) of [emim][NQ,], which has a shorter alkyl chain length (Figure 7b). Intriguingly,
the two peaks indicating an intermolecular [3-sheet structure are observed for rhodanese and
a-chymotrypsin. Conversely, the spectra of the other proteins do not contain these peaks,
and the six remaining proteins form an a-helical structure, as in the case of [bmim][NQO,].
The protein size at which aggregation occurs in aqueous [emim][NO,] solutions is larger
than that in aqueous [bmim][NO,] solutions. Thus, the formation of amyloid-like aggregates
depends on the alkyl chain length of the cation.

In order to gain insight into the amyloid-like aggregate formation, we have focused on the
solution structure and protein size. As discussed in Section 1, it has been suggested that the
structural changes of proteins in aqueous IL solutions are strongly related to the solution
structures of these media. 1-Alkyl-3-methylimdazolium-based ILs form nanoheterogeneous
structures containing polar and nonpolar domains. The solutions exhibit molten-salt-like
behavior, and the water molecules are scattered in the polar domain and self-assemble into
confined-water-type domains under IL-rich conditions. The SAXS and small-angle neutron
scattering (SANS) results imply that confined water exists in aqueous [bmim][NO,] solu-
tions at x = 20 [18, 19]. Moreover, an increase in alkyl chain length results in an enhance-
ment of nanoheterogeneity [40]. Thus, in the condensed aqueous IL solutions, a decrease in
the alkyl chain length of the cation may induce an increase in the size of the confined water
domains. In terms of the relationship between the protein structure and the solution structure
of the aqueous IL solutions, it has been suggested that proteins in condensed IL solutions are
hydrated with water molecules in IL layers [3, 41, 42]. Jaganathan et al. [41] demonstrated the
organization of ILs around hydrated cytochrome c in high-concentration ILs using molecular
dynamics simulations. Similarly, according to the analysis of transfer free energy (AG,) in
cyclic dipeptides from water to aqueous IL solutions conducted by Attri and Venkatesu [42],
ILs interact unfavorably with protein surfaces, thus promoting the formation of hydration
layers around the proteins.

On the basis of these results, we propose that aggregated proteins in aqueous [bmim][NO,]
or [emim][NQ,] solutions at x = 20 are even less sufficiently hydrated than the small-sized
proteins; therefore, protein-protein interactions are enhanced. However, the nonaggregated
proteins selectively interact with water molecules at aggregated water sites in the polar
domains. Consequently, the formation of amyloid-like aggregates is strongly related to the size
of the confined water domains in the IL layer. Unfortunately, further elucidation of the direct
correlation between the protein size and confined water in aqueous IL solutions is difficult.
Further experimental studies, such as investigations into the influence of aggregated water
in aqueous IL solutions with/without proteins using SAXS and SANS methods, are required.
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Next, we discuss amyloid-like aggregation in aqueous [bmim][SCN] solutions showing
the strong denaturant. Figure 8 shows the FTIR spectra of five of the investigated proteins
(cytochrome ¢, myoglobin, lysozyme, RNase A, and B-LG) at x = 30. Remarkably, the spectra
of four of the proteins (with the spectrum of cytochrome ¢ being the exception) clearly present
peaks attributable to intermolecular 3-sheet structures.

To further investigate the changes in the secondary structures of the proteins, we determined
their intermolecular-f3-sheet contents (3%) using curve-fitting analysis. The % values at
x =30 are 0% for cytochrome c, 11 + 1.6% for myoglobin, 34 + 3.5% for lysozyme, 21 + 4.0% for
RNase A, and 17 £ 3.2% for B-LG. Compared with the case of [bmim][NO,], the amyloid-like
aggregation patterns do not correlate with the protein size or with their secondary struc-
tures. Thus, the origin of the amyloid-like aggregation in aqueous [bmim][SCN] solutions is
an interesting topic. When structural transitions of proteins occur in aqueous solutions with
salts and ILs, the cations and anions interact directly with specific amino acid residues on the
proteins [43, 44], and this interaction is enhanced in condensed IL solutions. Consequently,
we focused on the relationship between the secondary-structure content of the proteins in the
condensed ILs and their amino acid residue contents.
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Figure 8. (a) Curve-fitted FTIR spectra in the amide I region of (A) cytochrome c, (B) myoglobin, (C) lysozyme, (D)
RNase A, and (E) B-LG in aqueous [bmim][SCN] solutions at x = 30. (b) Relationship between the 3% and amino acid
residues. Closed and open circles represent Lys and Gln residues, respectively.
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To investigate the correlation between the (3% values and the occurrence of 20 amino acid
residues in the five investigated proteins, we determined the correlation coefficient (R?) of
the relationship between (3% and the 20 amino acid residues of the proteins using the slope
of Figure 8b. Figure 9a shows R? value between amino acid residues of protein and %. The
value of 3% appears to be dependent on the presence of hydrophilic amino acid residues,
such as those on Lys, Arg, and Glu residues, rather than on the presence of hydrophobic or
aromatic amino acid residues, such as those on Ile, Tyr, and Phe residues. The amino acid
residues with R*> (.7 are those on Lys, Arg, and Glu residues. Because Lys and Arg residues
contain an amino group and Asn and Glu residues contain a carboxyl group, the former tend
to interact with SCN™ ions while the latter tend to interact with [bmim]* ions. An important
result is that the Lys residues exhibit the highest R* value. A straightforward interpretation of
this result is that SCN™ ions bind mainly to the Lys residues of proteins in aqueous solutions.
The present result is consistent with the previous X-ray diffraction studies that the SCN™ ions
weakly bind to the Lys and Arg residues of proteins in the crystalline state [45, 46].
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Figure 9. (a) Correlation coefficients (R?) between amino acid residues of proteins and the content of intermolecular
[-sheet structure (%). (b) FTIR spectra of PLL in aqueous [bmim][SCN] solutions at x = 0 and 30.

Here, we can speculate that a Lys-rich polypeptide does not form an intermolecular 3-sheet
structure in aqueous [bmim][SCN] solutions if Lys residues are directly related to the forma-
tion of intermolecular 3-sheet structures. To confirm this speculation, we measured the FTIR
spectra of poly-L-lysine (PLL) (Lys = 100%) in aqueous [bmim][SCN] solutions at x =0 and 30.
They are significantly different from the spectra of the model proteins, in which PLL does
not present the two peaks associated with intermolecular (3-sheet formation. Accordingly, we
propose that the SCN™ ions bind primarily to Lys residues in the proteins, and that Lys-rich
proteins do not undergo intermolecular (3-sheet formation in the presence of [bmim][SCN].
Thus, the formation of amyloid-like aggregates by the addition of [bmim][SCN] is related to
IL-amino acid residue interactions.

These results indicate that the origin of amyloid-like aggregate formation in [bmim][NQO,] is
different from that in [bmim][SCN]. The former is due to the relationship between the pro-
tein size and the confined water size in the IL layer, while the latter is due to IL-amino acid
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residue interactions. The SCN™ anion is a stronger denaturant than the NO,™ anion. As the
denaturation effect of the anions becomes stronger, the origin of amyloid-like aggregation
in condensed IL solutions changes from solution structural properties to the IL-amino acid
residue interactions.

3.4. Future application of protein engineering

We have discussed the unique structural transitions of proteins in aqueous solutions with
[bmim]-based ILs. Aqueous [bmim]-based IL solutions induce two structural transition pat-
terns: the folded state - unfolded state — intermolecular B-sheet aggregation for myoglo-
bin, and the folded state — unfolded state — partial globular state. These transitions are
strongly related to solution properties, such as the presence of confined water around the IL
layers (i.e., the nanoheterogeneity), a low polarity, and IL-amino acid residue interaction.
On the basis of these results, we propose that future applications of ILs in protein engineer-
ing may be as cryoprotectants for proteins and as agents for the suppression of amyloid
formation.

The inhibition of ice-nucleation and a high structural reversibility of proteins without protein
aggregation are important criteria for a protein cryoprotectant. Recently, Yoshimura et al.
reported that the aqueous IL solutions in the wide IL concentration range exhibit glassy for-
mation at 77 K [47]. In addition, the present study shows that condensed IL solutions cause
the helical formation for some proteins without protein aggregation. Related to these results,
we found that low temperatures (77 K) induce structural reversibility for lysozyme in aque-
ous [bmim][NO,] solutions [48]. After cooling, the lysozyme structure shows reversible tran-
sition without aggregation. Similar results were obtained in the case of RNase A in aqueous
solutions of choline dihydrogen phosphate [49]. Thus, condensed IL solutions forming the
glassy state at 77 K that induce helical formation without protein aggregation may be appli-
cable as cryoprotectants for proteins, specifically as cryopreservation agents for recombinant
proteins. However, in order to use ILs as cryoprotectants, it is necessary to investigate the
enzyme activity in condensed IL solutions after cooling and removal of the IL from aqueous
protein solutions.

As mentioned in Section 3.3, we have demonstrated that specific IL-amino acid residue inter-
actions in condensed IL solutions cause inhibition of amyloid-like aggregation (i.e., intermo-
lecular 3-sheet structures). Related to this, we found that [bmim][SCN], EAN, and PAN ILs
suppress thermally induced insulin amyloid formation [50]. Furthermore, condensed solu-
tions of EAN or PAN demonstrate a high protectant ability for the structure of monomeric
insulin. The affinity between ILs and specific amino acid residues in insulin is the main cause
of the suppression of insulin amyloid formation. Thus, ILs can potentially be used as agents
for the suppression of amyloid aggregation.

We proposed the applications of ILs in protein engineering as cryoprotectants for proteins
and as agents for the suppression of amyloid formation using properties of the condensed IL
solutions. In addition to these, the solution properties of condensed IL solution (the presence
of confined water around the IL layers, a low polarity, and IL-amino acid residue interaction)
will have a wide potential for applications of ILs in protein engineering in the future.
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4. Conclusion

We have investigated the structural transition of proteins in aqueous solutions of ILs over a
wide concentration range using FTIR and near-UV CD spectroscopy combined with SAXS.
Aqueous IL solutions induced two structural transition patterns; (i) the folded state —
unfolded state — partial globular state (a-helical formation disrupted tertiary structure),
and (ii) the folded state — unfolded state — aggregation (amyloid-like aggregation or dis-
ordered aggregation). These transition patterns are strongly related to the condensed IL
solution properties, such as the presence of confined water in the IL layers, low polarity,
denaturant effect of anions, and IL-amino acid residue interactions. On the basis of these
results, we proposed the new application of ILs as novel cryoprotectants and amyloid sup-
pression agents. The present results will be basic information for the design of ILs for pro-
tein engineering applications. Although we have fully investigated the structural properties
of proteins in aqueous IL solutions, detailed information on enzyme activity and methods
for the removal of ILs from these media is still required to use the protein engineering
applications.
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