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Abstract 

 
Solvents that support protein functionality are important for biochemical applications, and new 

solvents are required. Here we employ FTIR and fluorescence spectroscopies, small angle X- 

ray scattering (SAXS) and X-ray crystallography to understand conformational changes of 

lysozyme with ionic liquids (ILs) added. Spectroscopic techniques identified that the secondary 

structure of lysozyme was maintained at the lower IL concentrations of 1 and 5 mol%, though 

the Tryptophan environment was significantly altered with nitrate-based ILs present. SAXS 

experiments indicated that the radius of gyration of lysozyme increased with 1 mol% IL present, 

and then decreased with increasing IL concentrations. The tertiary structure, particularly the 

loop regions, changed as a function of IL concentration, and this depended on the IL type. The 

crystallographic structure of lysozyme with the IL of ethylammonium nitrate present confirmed 

the loop region was extended, and identified three specific binding sites with nitrate ions, and 

that the positively charged areas were IL sensitive regions. This work provides a detailed 

understanding of lysozyme conformational changes in the presence of ILs. This approach can 

be extended to other functionally-important proteins. 
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Proteins are abundant and complex macromolecules that are found in all cells, and are important 

for biological functions. The amino acid sequence, and their interactions, determine the 

particular structure of proteins, and this generally dominates their biological functions. 

Understanding protein structure-function relationships is a key requirement for advancing 

technological development in the biotechnology industry, pharmacology, and in fundamental 

molecular biology studies. The unique conformations of proteins can be easily altered by, for 

example, denaturants such as heat, acid, alkali, concentrated urea, organic solvents, and 

detergents1. Consequently, external factors have been extensively studied in protein chemistry 

for controlling protein behavior, such as solubility, stability, activity (for enzymes) and 

crystallization1-2. 

Water is the universal and natural solvent for proteins. However, it cannot satisfy the solvent 

requirements for many desirable protein applications. Hence numerous studies have pursued 

alternative solvents to identify those which can improve protein stability2-3. Traditional 

molecular organic solvents have been trialed, though they often lead to insufficient protein 

stability, and are typically volatile4. As an alternative solvent class to volatile media (i.e., water 

and organic solvents), ionic liquids (ILs) with low and negligible-volatility have drawn a lot of 

attention in recent decades as potential solvents for biological molecules5-6. ILs are liquids that 

are comprised of ions and have highly tunable properties through modification of the cation and 

anion structures7-9. Protic ILs (PILs) are a subclass of ILs which are formed through proton 

transfer from a Brønsted acid to a Brønsted base. This results in a hydrogen that is available for 

hydrogen bonding, which is a key feature of PILs8, 10. Most proteins generally suffer from low 

activity, stability and selectivity in neat ILs, and in recent years research efforts have been 

devoted to developing more compatible and improved IL systems for protein stabilization and 

biocatalysis5-6. In particular, the use of IL mixtures, especially with water, has achieved a range 

of desirable solvent properties for proteins5, 11-12. For example, aqueous PIL solutions of 

ethylammonium nitrate (over 10 mol% PIL) have been used to improve the solubility and 

stability of cytochrome c13 and lysozyme14. However, the lysozyme was shown to be unfolded 

in high concentration of ILs 14-16. 

The ideal 1:1 stoichiometry of the cation:anion for PILs is difficult to achieve in practice, and 

small variations can substantially change the pH of IL-water mixtures9. Previously, we have 

reported that non-stoichiometric PIL-water mixtures can be used for stabilization of lysozyme 

and lipase, which indicates some tolerance towards changes in pH due to non-stoichiometry17- 
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18. In addition, pH-stable IL systems have been developed for biocatalysis through the addition 

of small proportions of buffering agents19. In terms of IL selection, many previous studies have 

shown that the anion can dominate the IL properties20. For example, mesylate based ILs12, 18 

and choline coupled with dihydrogen phosphate (DHP)21 have been reported as bio-compatible 

ILs for proteins. However, we have also reported in a previous study on aqueous PILs 

containing nitrate or carboxylate anions that the cation, and cation-anion combination, can have 

a strong influence, where ethylammonium nitrate (EAN) and ethanolammonium formate 

(EtAF) stabilized lysozyme, whereas ethylammonium formate (EAF) and ethanolammonium 

nitrate (EtAN) were poor solvents for lysozyme17, 22. However, the preference of the ions can 

be related to the specific ion effect of proteins in the solution, which is due to the effect of ions 

on the local water structure and hydration of proteins11. 

The protein structural stability in the solvent is controlled by the inter and intra interactions 

between the protein molecules and the solvent species2. The interaction of ILs with proteins 

include ionic, hydrogen-bond and polar interactions. It is generally acknowledged that 

functionally important amino acid residues are mainly solvent-accessible on the protein surface, 

while structurally important residues are part of the protein core2. A range of techniques have 

been utilized to understand protein structure and interactions. The amide I band (1700−1600 

cm-1 region) is the most sensitive spectral region to the protein secondary structure for infrared 

spectroscopy and is due to the C=O stretching modes of the peptide linkages23. NMR techniques 

are time-consuming, while growing crystals for protein crystallography can be challenging. 

Therefore, these techniques are not suitable for high-throughput IL screening, which is needed 

to identify ILs with prospective properties. Instead, solution-based techniques, such as 

spectroscopic methods and small angle X-ray scattering (SAXS), have been used to explore the 

structure of proteins in a broad range of IL systems17. In recent years, the quality and throughput 

of SAXS experimental data has improved dramatically, and there has been an increase in the 

accuracy and quality of SAXS profiles24. 

Very limited work has been focused on understanding complex protein-IL solvent interactions, 

with the exception of recent studies using NMR25-26 and crystallography27. These studies have 

shown the specific interaction of the anions of ILs with proteins. However, detailed protein 

structural analysis can be achieved from SAXS data, though requires accurate and sufficiently 

precise SAXS patterns (systems with the subtracted solvent contribution, and free of 

nonspecific aggregation or interparticle interference). SAXS can be used to characterize unique 
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aspects of the protein shape28. In addition, ab initio bead modelling and/or atomistic modelling 

using domains of known structure (derived from crystallography or NMR experiments) can be 

used to get greater information from SAXS about the protein shape29. 

 
 
Figure 1. (a) Structures of the cations (ethylammonium (EA), butylammonium (BA), 

ethanolammonium (EtA), triethylammonium (TEA), and choline (Cho)) and anions (nitrate 

(N), mesylate (Ms), acetate (Ac) and dihydrogen phosphate (DHP)) with their abbreviations 

used in this work. (b) Schematic of the four techniques used for investigating conformational 

changes of lysozyme in ionic liquid-water mixtures. 

 
In this study, hen egg white lysozyme was used as a model protein, as it is a well-folded globular 

protein with ~40% α-helix and 10% β-sheet structures (6% antiparallel β-sheet) and considered 

as a near-spherical object 23, 30. Nine ILs were selected to enable structure-property relationships 
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to be developed, using the ions in Figure 1a. These were ethylammonium nitrate (EAN), 

butylammonium nitrate (BAN), ethanolammonium nitrate (EtAN), ethylammonium mesylate 

(EAMs), triethylammonium mesylate (TEAMs), choline mesylate (ChoMs), choline acetate 

(ChoAc), triethylammonium dihydrogen phosphate (TEADHP) and choline dihydrogen 

phosphate (ChoDHP). Two PIL concentrations in water of 1 and 5 mol% were the focus of the 

current study, with 10 and 16.7 (ca. 17) mol% used for comparison, since they include dilute, 

intermediate, concentrated and hydrated PILs. The pH was maintained at 8 for most solutions. 

Spectroscopic and SAXS techniques were employed to gain insight into the conformational 

changes of lysozyme in IL-water mixtures. Furthermore, we were able to crystallize the 

lysozyme in an EAN-water mixture, and the crystal model was included for conformational 

analysis. A summary of the techniques is provided in Figure 1b. The structural analysis is 

discussed in detail and used for an in-depth investigation of the structure of lysozyme in these 

IL systems. 
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2. Materials and Methods 
 
2.1. Sample preparation 

 
Ethylamine (70% in methanol), n-Butylamine (99.5%), ethanolamine (99%), triethylamine 

(≥99%), choline hydroxide (45% in methanol), nitric acid (70%), glacial acetic acid (>99.8%), 

methanesulfonic acid (>99.5%), phosphoric acid (≥85% in water) were obtained commercially 

from Sigma Aldrich and were all used without further purification. Choline dihydrogen 

phosphate (>98%) was purchased from Io-Li-Tec, Germany. The other ILs were synthesized as 

reported previously21, 31-32. In brief, the ILs were synthesized by neutralizing equimolar amounts 

of the corresponding acid and base. Excess water was removed under reduced pressure using a 

rotary evaporator followed by a freeze dryer. The water content of the ILs (solid ILs were 

dissolved in methanol) was measured using a Karl Fisher coulometer (Mettler Toledo DL39). 

The water content of all ILs was below 0.5 wt% after drying. The purity of ILs was confirmed 

by NMR. For the aqueous ILs, a specified amount of the ILs were gravimetrically mixed with 

MilliQ water to reach the required concentration (Table S1, ESI). The pH of the aqueous IL 

solutions was measured using a pH meter (Mettler Toledo) and then adjusted to an apparent pH 

of 8 by titrating with 2 M tris(hydroxymethyl)aminomethane (Tris) as previously described19. 

The molar concentration of the ions had very little change by the buffering. Taking 1 mol% and 

16.66 mol% as examples, the concentration of total ions increased to 1.003 and 16.737 mol% 

after buffer addition, respectively. 

Lysozyme from chicken egg white powder (E.C. 3.2.1.17; product code L6878) was obtained 

commercially from Sigma Aldrich and used as received. Lysozyme stock solutions were 

prepared by dissolving 200 mg/mL lysozyme lyophilized powder in Tris buffer (100 mM, pH 

8 or acetate buffer (0.1 M, pH 4). By mixing with IL-water mixtures, the protein concentration 

was adjusted to 20 mg/mL for FTIR and 5 mg/mL for fluorescence and SAXS experiments, 

respectively. 
 
2.2. Characterizations 

 
FTIR experiments were conducted using a Perkin Elmer spectrum 100/Universal diamond 

attenuated total reflectance (FTIR/ATR). Lysozyme (20 mg/mL) was equilibrated in each 

solvent for 1 hour before measurement. Each spectrum consisted of 64 scans with a resolution 

of 4 cm−1. The amide I band region (1550 – 1750 cm−1) was selected for analysis. Careful 
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background subtraction with each solvent was performed to minimize solvent contributions33. 

The spectra were smoothed (Savitzky-Golay) and normalized to the same intensity for ease of 

spectral comparison. 

The fluorescence spectra were collected using a Perkin Elmer EnSight Multimode Plate Reader. 

Protein samples were equilibrated for 1 hour before measurement. The fluorescence emission 

was recorded from 305 to 450 nm, with excitation at 290 nm. The spectra were plotted, a 

smoothing algorithm (Savitzky-Golay) applied, and the relative fluorescence calculated from 

the fluorescence of the protein in the IL sample relative to that of the protein in the buffer. 

SAXS experiments were carried out at the SAXS/WAXS beamline at the Australian 

Synchrotron, Melbourne, Australia. The setup had an automated well plate system, where each 

sample and the blank solvent was drawn into the same capillary to enable accurate buffer 

subtraction, as reported in our previous work17, 33. Ten successive frames of 1 s exposure were 

collected for each sample under flow. This system has been designed for weakly-scattering 

protein samples and reduces protein damage through minimizing the X-ray radiation dose per 

molecule. Lysozyme samples were equilibrated for 1 hour before measurement, and 50 μL of 

each sample was loaded into the 96-well plate used for the automated sampling setup. The q- 

range for all the SAXS experiments was 0.006 to 0.53 Å−1. Details of data collection can be 

found in Table S2 of the ESI. 

Scatterbrain 2.82 was used for SAXS data processing, and Chromixs and SREFLEX of the 

ATSAS software package were used for SAXS data analysis34-35. SAXS patterns are presented 

as the average of the measurements after careful blank subtraction of the corresponding 

solvent36. The patterns are presented offset for comparison in the figures. The radius of gyration 

(Rg) for lysozyme was calculated from the Guinier approximation through the ATSAS package. 

The distance distribution function P(r) and the maximum diameter (Dmax) were also obtained 

using the ATSAS software. CRYSOL was used to screen different lysozyme crystal structures 

(PDB ID 1dpw, 1dpx, 1lkr, 1lks, 1uco, 3a8z, 3ru5, 3wul, 3wum, 3wun and 193l), and 1dpw 

was selected as the closest match to the SAXS patterns. The crystallization buffer for 1dpw 

contained 50 mM Tris pH 8.0 and 70%(v/v) 2-methyl-2,4-pentanediol at pH 837. SREFLEX 

was used for refinement and normal mode analysis from the initial structure (1dpw)34. The 

discrepancies χ2 values of the initial structure with the SAXS patterns were provided, while the 

best refined models in different ILs were selected based on the χ2 values. An open-source 
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PyMOL v. 1.8.4.0 (https://pymol.org/) was used to visually analyze and generate figures. The 

surface electrostatic representation was prepared using APBS (Adaptive Poisson-Boltzmann 

Solver) 38. 

For the crystallography experiment, lysozyme was crystallized using the batch method. A stock 

solution of 200 mg/mL lysozyme in Tris buffer, pH 8, was prepared and diluted 10-fold in 1 

mol% EAN-water mixture (pH 8), resulting in a final concentration of 20 mg/mL. The sample 

was left to precipitate and crystallize overnight. A routine crystallography experiment was 

carried out where 1 crystal was isolated from the crystal solution and transferred to a cryo- 

protectant (Paratone® 8277, Hampton Research). The crystal was immediately flash-frozen in 

liquid nitrogen and mounted on the MX2 macromolecular beamline at the Australian 

Synchrotron. Data collection was carried out at 100 K on a single crystal. X-ray diffraction 

patterns were collected on the MX2 beamline using the Australian Cancer Research Foundation 

Dectris Eiger 16 M detector39. Data reduction and integration were performed using XDS40. 

Merging, indexing and scaling was done using Aimless and the CCP4 suite41, and 5% of the 

reflections were used for the Rfree calculations. Phaser was used to phase the model using the 

molecular replacement approach with 1dpw used as the search model42. Iterative cycles of 

model building and refinement were performed with Coot43 and Phenix v1.844, respectively. 

Data collection and refinement statistics can be found in Table S3. 



9  

3. Results and discussion 
 
3.1. FTIR and fluorescence spectroscopic study of lysozyme 

 
FTIR spectra of lysozyme in the IL-water mixtures were investigated, and changes in the amide 

I band (1650 cm-1) of lysozyme are shown in Figure 2 with respect to the control sample, i.e., 

lysozyme in buffer (Tris pH 8 or pH 4). In order to consider the total ion concentration in the 

IL-water mixtures, and to compare the effect of the different ions, we have represented the IL 

concentration in mol%. Lysozyme in EAN-water solutions containing 1 to 100 mol% EAN 

were initially explored. Concentrations of 1 and 5 mol% of the other PILs in water were then 

selected for study, based on the EAN results, and on previous studies17, 22. Additional higher 

concentrations were included for some PILs, e.g., 10 mol% for most ILs, and 17 mol% for 

hydrated TeaDHP and ChoDHP. It should be noted that the pH of the TEADHP and ChoDHP 

IL solutions were approximately 4, with a pH 4 buffer used for comparison for these. 

Figure 2a shows the amide I band (1700-1600 cm-1 region) of lysozyme in EAN-water mixtures 

as a function of IL concentration. The spectra of lysozyme in EAN 1 mol% and 5 mol% had a 

peak at ~ 1650 cm-1, and had a similar shape as lysozyme in buffer (pH 8), suggesting that the 

α-helix structure is well-maintained30. However, in higher concentrations of EAN (e.g. 10, 17, 

33, and 100 mol% EAN), the peak of the amide I band was redshifted, and the band was 

inhomogeneously broadened. In particular, an additional peak developed around 1609 cm-1, and 

the main peak shifted to ~1662 cm-1 in both 33 and 100 mol% EAN, which is indicative of 

intermolecular antiparallel β-sheet aggregation30, 45. The β-sheet shoulder, which would be 

observed at the high-frequency edge (1680 cm-1) of the amide I band, is not distinct for native 

lysozyme since it has only 6.2% β-sheet. This shift is attributed to unfolding in the helical 

structure and aggregate formation upon removal of water molecules at high concentrations of 

EAN, consistent with previous publications30, 33, 45. It is likely that the α-helix and β-sheets 

changed to loops17, 46, though it is difficult to correlate the spectral profiles observed in the 

amide I peak with specific lysozyme structural elements. Based on the results for EAN, two IL 

concentrations of 1 and 5 mol% were the focus in the following studies to observe the smaller 

structural changes where lysozyme is nominally stable, along with 10 mol% of the ILs where 

some larger structural changes were likely. 
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Figure 2. FTIR spectra of lysozyme in aqueous solutions of a) EAN, b) BAN, c) EtAN, d) 

TEAMs, e) EAMs, f) ChoMs, g) ChoAc, h) TEADHP and (i) ChoDHP. The control sample 

of lysozyme in a buffer at the same pH (pH 8 or pH 4), is included for comparison in each 

series. The red arrows refer to the shift of the amide I band, and the numbers indicate the 

wavenumber of the shifted peak position. The intensities are offset to enable easier 

comparison of the different samples. 
 
In general, all the spectra of lysozyme with ILs present are symmetric at 1 mol% and 5 mol%, 

demonstrating that the α-helix content was maintained30. However, there were noticeable 

changes with 10 mol% IL present for nearly all the ILs, and this was attributed to the loss of 

helical structure, along with possible aggregate formation (shoulders around 1680 cm-1 30, 45). 

In the two additional nitrate-based ILs, namely BAN and EtAN (Figures 2b and 2c), it is evident 

that the amide I band has a distinguishable shift with 10 mol% IL present. The amide I band in 

10 mol% EtAN had a slight redshift and narrower peak, which is similar to what was seen in 

10 mol% EAN. In contrast, a significant blueshift of lysozyme in 10 mol% BAN was observed, 
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suggesting a growing contribution of β-turn arrangements30. The amide I band of lysozyme in 

TEAMs, EAMs, ChoMs and ChoAc-water mixtures are shown in Figures 2d, 2e, 2f and 2g, 

respectively. These showed similar changes as a function of IL concentration for TEAMs, 

ChoMs and ChoAc, with the amide I band having a slight redshift at high IL concentrations, 

i.e. 10 and 17 mol%. These redshifts suggest the loss of helical structure, which was also 

observed in EAN and EtAN. However, while the peak for EAMs was broadened at 10 and 17 

mol%, there was no evident peak shift (Figure 2e). 

Figures 2h and 2i show that the amide I band of lysozyme had a negligible change in 1 mol% 

TEADHP and ChoDHP compared to lysozyme in the pH 4 buffer. Similarly, there was little 

change to the amide I band in 17 mol% ChoDHP, which is in agreement with a previous study 

on ChoDHP47. However, lysozyme in 17 mol% TEADHP showed a marked redshift, indicating 

structural change had occurred. 

Fluorescence spectroscopy was subsequently used to investigate the conformational changes of 

lysozyme in the IL-water mixtures. The spectra for all IL-lysozyme samples are provided in 

Figure S1 of the ESI and can be represented by the maximum intensity of the fluorescence 

(Imax), and the shift in wavelength at the maxima (λmax). Such changes are attributed to a polarity 

change of Tryptophan (Trp) residues in the protein globule12, 48. Lysozyme contains six helices, 

including A (5–15), B (25–36), C (80–83), D (88–101), E (109–115) and F (120–124), and a β- 

sheet and loops domain (41-79). Figure 3a shows the position of the six Trp residues in 

lysozyme, with four Trp residues in the α-helix regions and two Trp in the loops. As well, two 

of the Trp residues in the helix region are close to the active site, which includes residues Glu35 

and Asp52 and are in the cleft of the lysozyme structure. 
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Figure 3. a) Location of Tryptophan (Trp) residues in Lysozyme, with the helical structures A- 

F and β-sheet and loop regions identified. Fluorescence spectra parameters of lysozyme in 

buffers at pH 8 and 4, and in IL-water mixtures for b) Maximum fluorescence intensity (Imax), 

and c) maximum wavelength (λmax). The numbers in b) and c) are the mol% of the IL present. 
 
Figures 3b and 3c show the relative Imax and λmax of lysozyme fluorescence in the IL-water 

mixtures, and in the pH 8 and pH 4 buffers for comparison. For EAN, BAN and EtAN, the 

relative Imax was less than 20% of the pH 8 buffer, even with only 1 mol% of IL present (Figure 

3b), and the three ILs all had a similar Imax at the same concentrations. The Imax decreased with 

increasing IL content, and was very low when the nitrate IL concentrations were 5 mol% or 

higher. In addition, the λmax in these three ILs had a considerable shift to less than ~345 nm for 

all three concentrations, from 353 nm for the pH 8 buffer (Figures 3c). These decreases in Imax 

and redshifts in λmax indicate that these nitrate-based ILs may alter the environment of the Trp 

residues of lysozyme through substantial conformational changes and interactions. It has been 

reported that the nitrate also quenched most of the fluorescence of tyrosinase, suggesting that 

the nitrate anion is possibly a quencher of Trp fluorescence12. 

Regarding the three mesylate-based ILs of TEAMs, EAMs and ChoMs, they all had Imax 

decrease as a function of IL concentration (Figure 3b). The relative Imax of these ILs was 

maintained at around 40%, 30% and 15% compared to the pH 8 buffer at 1, 5 and 10 mol%, 

respectively. Notably, their Imax was at least two times higher than the three nitrate-based ILs at 
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the same IL content. The λmax of the three mesylate-based ILs had only a slight redshift (~5 nm) 

at 1 mol%, and a more significant redshift at higher IL concentrations (Figures 3c), particularly 

for TEAMs. For ChoAc, the relative Imax was similar to the mesylate based ILs for 1 and 5 mol% 

IL present, though it showed a significant increase at 10 mol% ChoAc (Figure 3b). However, 

we note that an increase in Imax does not always indicate enzyme stabilization12, 18, and this 

increase may be related to the slight change observed for the secondary structure, based on its 

amide I region (Figure 2f). 

Lysozyme retained ~60% of the intensity at both concentrations (i.e., 1 and 17 mol%) of 

TEADHP and ChoDHP, relative to the Imax in the pH 4 buffer. The λmax experienced a slight 

redshift of less than 5 nm (Figure 3b), which suggests that the Trp residues may be relatively 

stable with these two ILs present. This is consistent with the FTIR spectra for lysozyme in these 

ILs (Figures 3h and 3i). 

It is evident that the Trp fluorescence spectra of lysozyme are more sensitive than FTIR to 

changes in the ILs. This may be because the solvent exposure influences the strength and 

number of hydrogen bonds from the solvent to the lysozyme peptide groups. The anion of the 

ILs was observed to dominate the trends in the fluorescence intensity of lysozyme, with the 

degree of structural change from the IL anion following nitrate > mesylate > acetate and 

dihydrogen phosphate. 
 
3.2. SAXS study of lysozyme - Structural analysis of lysozyme in solution 

 
SAXS studies were performed to obtain information about the size and shape of lysozyme with 

the ILs present. Figure 4 shows the SAXS patterns of lysozyme in each IL-water mixture, with 

the radius of gyration (Rg) as a function of IL concentration provided in the inset. It should be 

noted that when 10 mol% of BAN was present there was a loss of intensity of lysozyme 

scattering for q above ~ 0.4 Å-1 (Figure 4b), which was attributed to an artifact caused by the 

BAN nanostructure peak at ~0.7 Å-1 49. For comparison, the SAXS patterns and Rg of lysozyme 

in standard buffers between pH 4 and 8 are provided in Figure S2. The uncertainties in the 

SAXS scattering are included in Figure S2, and are representative for the IL data. The Rg of 

lysozyme was ~14.3 at pH 7-8, which is consistent with the previous literature50. At pH 6 the 

Rg was 15.5 Å, with the slight increase attributed to this being the optimal pH of lysozyme51. 

The Rg decreased to 13.5 Å in the pH 4 buffer. It is reported that the radius of gyration (Rg) 

determined by SAXS is typically larger than that calculated from the atomic structure, owing 
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to the hydration layer52. Thus, to avoid breaking the hydration shell of lysozyme by ILs, the IL 

concentrations used in this study were below the hydration level for the protein 53. 

Interestingly, for the nitrate and mesylate-based ILs, the Rg values of lysozyme increased with 

1 mol% IL present, relative to Rg in the buffer, and then decreased with increasing IL content 

(Figure 4a-e), apart from ChoMs. After this decrease with increasing IL concentration the Rg 

values for lysozyme in the 17 mol% IL-water mixtures were still slightly higher than in the 

buffer. This suggests that the addition of these ILs results in the expansion of the lysozyme 

structure compared to that in the native state, with the greatest increase with 1 mol% of these 

ILs present. The SAXS patterns of lysozyme in the IL solutions of ChoMs, ChoAc, TEADHP 

and ChoDHP showed no obvious trends for their Rg values, and the values were between 15.5 

and 16.5 Å, which was larger than the buffers at pH 8 and pH 4 (Table S1). This implies that 

the lysozyme structure is likely to expand in all IL solutions, or at least those containing between 

1 to 17 mol% IL. The size increase of lysozyme as a more stretched state in the presence of 

salts (e.g., urea and guanidinium chloride) was reported previously54-55, which is consistent with 

the increase seen for ILs. Previously, fluorescence correlation spectroscopy and molecular 

dynamics simulations have shown a reduction in size (hydrodynamic radius) of lysozyme in the 

IL 1-methyl-3-pentylimidazolium bromide56. In that study, it was observed that increasing the 

IL concentration from ~0.3 to ~2 mol% led to a decrease of the protein radius, which was 

attributed to the displacement of the water solvation layer by ILs, particularly by the cation. 

However, this was for an imidazolium-based cation, which is expected to have stronger 

interactions than the cations in this study. 
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Figure 4. SAXS patterns of lysozyme in a) EAN, b) BAN, c) EtAN, d) TEAMs, e) EAMs, f) 

ChoMs, g) ChoAc, h) TEADHP and i) ChoDHP-water mixtures. The inset shows the radius of 

gyration, Rg, of lysozyme as a function of IL concentration, (based on Guinier plots provided 

in Figure S3). The offset was applied to readily enable visual comparison between the samples. 
 
Furthermore, we investigated a selection of the IL-water mixtures at pH 6 to compare to the 

data collected at pH 8, and the SAXS patterns and Rg values are provided in Figure S4. There 

was negligible difference between the SAXS patterns or Rg values at the two pH values, which 

indicates small pH changes of IL-water mixtures are not critical in comparison with the IL type 

and concentration. 

Figure S3 shows the Guinier plots, and these were linear for the region used to obtain Rg. It 

should be noted that the first twelve data points in the q range between 0.006 to 0.015 Å-1 show 

very high variability (large error bars as indicated in Figure S3). These were probably affected 

by instrumental background noise close to the beamstop, and hence these data were not used 

for any subsequent analysis. 



16  

The shape classification of the data (Figure 4) and the Guinier region indicates the protein is 

monomeric and little aggregation was present. In Figure S5, we observed a single P(r) peak for 

most ILs, which is consistent with monodisperse spheres. This resulting P(r) vs r profile further 

reveals that lysozyme forms a relatively consistent and monomeric structure with a Rg of 13-15 

Å in all ILs (Table S2). In addition, small tails are observed in the P(r) function in the presence 

of most of these ILs, with a maximum particle dimension (Dmax) of ~60 Å (Table S2). This 

further demonstrates that lysozyme had a slightly extended conformation in IL solutions. There 

were subpeaks in the P(r) function for 10 mol% BAN and 17 mol% EtAN and small shoulders 

for 10 mol% TEAMs, 5 mol% EAMs, 17 mol% EAMs and 17 mol% ChoDHP. These may be 

due to conformational changes in specific areas of lysozyme, which were also observed in the 

spectroscopic study, or may be artifacts due to the data transformation into real space. No 

meaningful P(r) could be obtained from the data for 17 mol% TEADHP. 

In general, the Rg and P(r) peak did not significantly change on the addition of these ILs, 

suggesting that lysozyme is unlikely to be significantly unfolded at high concentration of ILs. 

In addition, the Kratky plots (Figure S6) exhibit decreased intensity of the bell-shaped curve 

with increasing IL concentrations, demonstrating the well-folded structure of lysozyme is 

maintained, though its flexibility increased somewhat in the presence of the ILs. Such flexibility 

is likely related to the extended structure in the ILs. 

The SAXS data for the lysozyme with 1 and 5 mol% ILs was further analyzed. These IL 

concentrations were selected due to their monodispersed P(r) profiles (Figure S5). The 

lysozyme crystallographic structure (PDB: 1dpw, crystallized in 100 mM buffer) was initially 

fitted to the data using normal-mode analysis, followed by fitting the SAXS data with 

SREFLEX34. The modeling in SREFLEX uses the PDB structure as a starting point, then probes 

large conformational rearrangements and smaller localized movements to identify possible 

conformational changes to improve the fit to the experimental data. Figure 5 shows the initial 

lysozyme models (highlighted as yellow) with initial discrepancies χ2 values when fitting the 

1dpw PDB structure to the SAXS data, and the adjusted models after the SREFLEX adjustment. 

The statistical discrepancies χ2 values are provided with ~1.00 being the optimally adjusted 

models. Some large χ2 values could be due to the inherent limitation of SAXS-based refinement 

approaches for smaller conformational changes. 
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Figure 5. SREFLEX models of lysozyme in buffer (yellow) and IL-water mixtures at 1 mol% 

and 5 mol%: (a) EAN, (b) BAN, (c) EtAN, (d) TEAMs, (e) EAMs, (f) ChoMs, (g) ChoMs, (h) 

TEADHP and (i) ChoDHP. SREFLEX models were fitted based on corresponding SAXS 

patterns (Figure 4) and the crystal structure of lysozyme (PDB:1dpw, Figure S7). The 

discrepancies χ2 values of the initial model and the refined model were provided for each IL. 

based on discrepancies χ2 value from the modelling. 

In general, the adjusted models show little conformational changes in the helical structures with 

either 1 or 5 mol% ILs present. However, the lysozyme models in all the ILs, particularly 5 

mol% of TEAMs or EAMs, experienced a slight rotation and orientation in the helical 

structures, and an orientation in the β-sheet structures. As α-helix and β-sheets are supported 

by hydrogen-bonded strands, these regions on the protein surface may undergo slight transitions 

due to IL exposure30. Such orientation in the secondary structures may result in the changes 

seen for the Trp fluorescence. In addition, all the adjusted models were more stretched than the 

crystallographic model, particularly in the loop regions. This is because these loops are 
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intrinsically flexible and can adopt many different conformations30. In the three nitrate-based 

ILs at 1 mol% (Figures 5a-c), a more extended loop region was seen, whereas this region was 

slightly more compacted with 5 mol% of the nitrate ILs present. The flexibility in the loops was 

also observed for lysozyme with ~2 mol% of 1-methyl-3-pentylimidazolium bromide by 

fluorescence correlation spectroscopy and molecular dynamic simulation57. Additionally, the 

χ2 values for these 1 mol% nitrate-based ILs were over 1.1, which are larger than what is 

normally considered a reasonable value. This suggests that in addition to the major changes 

noted above, the nitrate ions are also causing a few minor conformation changes which the 

SREFLEX refinement process did not identify. 

The lysozyme conformation in ChoMs and ChoAc showed relatively small changes (Figures 5f 

and g), which suggests that they may be effective solvents for maintaining the structure. This 

is reflected by only slight changes in the FTIR spectra and Trp fluorescence (Figures 2f, 2g and 

3), and are in agreement with a previous study58. For TEADHP and ChoDHP (Figures 5h and 

i), the α-helix and β-sheet regions of lysozyme are shifted relative to the PDB 1dpw structure. 

These slight conformational changes in the secondary structure, along with the extended 

conformational changes in the loop regions, indicate that lysozyme is a stable protein with 

relatively flexible regions, agreeing with the previous concept of lysozyme as a “hard” 

protein59. 

The models obtained using SREFLEX for lysozyme in 10 and 17 mol% EAN, TEAMs and 

EAMs are provided in Figure S8. These show significant changes in the structures of lysozyme, 

indicating lysozyme may be unfolded or denatured. Thus, high concentration of these ILs may 

be unfavorable for lysozyme. It has been recognized that ILs may lower the protein–water 

interfacial tension and thus interact with the protein surface58, 60. It should be noted that the high 

salt concentrations (over 10 mol% in our study) contain ion pairs with electrostatic interactions 

with the protein61. Moreover, the high concentration of ILs could provide additional IL–protein 

interactions, which are dependent on the specific IL. 

3.3. X-ray crystallographic analysis of lysozyme 
 
We used X-ray crystallography for lysozyme in 1 mol% EAN to evaluate in detail the 

conformation of lysozyme in the presence of an IL. Images of the lysozyme crystals are 

provided in Figure S9, and the crystallography statistics in Table S3. Crystal sizes varied 

between 10-50 µm in the longest length and 5-25 µm in the shorter direction. It is worth noting 
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that, to the best of our knowledge, this is the first study using a batch method and IL-water 

mixtures (in the absence of other nucleating agents) for protein crystallization. With a resolution 

of 1.2 Å, we were able to explore the specific conformational changes of lysozyme, and the 

specific interactions between EAN and lysozyme. 

 
Figure 6. Crystal structural analysis of lysozyme in 1 mol% EAN-water mixture. The structure 

was solved to 1.2 Å resolution. a) Cartoon representation of the two molecules of lysozyme in 

a unit cell including molecule A (Mol A, red) and molecule B, (Mol B, purple) superposed with 

the published crystal model, PDB 1dpw (yellow), the black arrows indicate the changes in β- 

sheet and loops regions; b) Cartoon representation of Mol A and B with associated simulated 

annealing Fo-Fc omit maps of the labeled nitrate ions (A1-A7 in Mol A and B1-B7 in Mol B) 

from EAN contoured in blue; Specific nitrate ions binding interactions with the molecules are 

shown in c) A1 and B1, d) A2 and B3, e) A4 and B4; f) Specific interaction between nitrate 
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ions with Trp residues; g) Specific interaction between nitrate ions A7 with Arg128 residue; h) 

Surface charge representation of the lysozyme structure with nitrate ions present, where the red 

and blue colors correspond to negative and positive electrostatic potentials, respectively. 
 
The overall structure in 1 mol% of EAN was analyzed to a unit cell, space group P1211 with 

two molecules (molecule A (Mol A) and molecule B (Mol B) in Figure 6a), which is consistent 

with literature values for the unit cell of lysozyme62. Compared with the published lysozyme 

structure (PDB ID 1dpw), the overall structure in 1 mol% of EAN showed little change (RMSD 

value of 0.389 for Mol A and 0.489 for Mol B). However, the two molecules showed noticeable 

changes in the β-sheet and loops regions, with slight expansions (residues 41-79 in Mol B, 

Figure 6a). In addition, there was a slight loss of α-helix structure in residues 109-110 in Mol 

A, and residues 120-124 in Mol B. These changes agree with the SREFLEX model for the 

SAXS data of lysozyme in 1 mol% of EAN (Figure 6a), but to a lesser extent. Considering the 

proteins are more dynamic in solutions, the lysozyme conformation in solutions observed by 

SAXS is more flexible. While crystal packing forces may confine the flexibility of the lysozyme 

structure during crystallization in the IL solution, inducing less subdomain-level 

conformational changes than what is seen in solution. However, changes in the loop region 

(residues 41-79) were evident both in solution and crystallized lysozyme in 1 mol% EAN, 

indicating that these are the areas affected by the nitrate ions. 

Eight nitrate ions from EAN were identified in the crystal structures for Mol A and seven for 

Mol B as directly interacting with lysozyme. These were labeled A1-A7 and B1-B7 for the 

lysozyme molecules of Mol A and B, respectively, and are shown in Figure 6b. However, these 

nitrate interactions did not appear to contribute significantly to the conformational changes 

within the secondary structure of lysozyme but more on the peripheral solvent exposed areas of 

the protein. Importantly, all nitrate ions had hydrogen bonding with water molecules (Figure 

S10) and tend to interact with the lysozyme surface. This is owing to the displacement of the 

hydration layer by the IL56. Four of these nitrates were located in anion-binding pockets that 

seemed to be non-specific in both molecules, while three of the nitrates had specific binding 

(hydrogen bonds with distances around 4 Å) in the α-helix and loop and turn regions (Figures 

6c-e). These nitrate ions interacted with the same amino acids in both molecules. For example, 

both A1 and B1 nitrates interacted with Arg14 and His15, while both A2 and B3 nitrates 

interacted with Asp18, Ser 24 and Gln121. Both A4 and B4 nitrate ions interacted with three 
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Asn residues (65, 74 and 77). The nitrate ions seemed to have no preference to certain amino 

acids as they hydrogen bonded to different amino acids. 

Interestingly, we observed an interaction between the nitrate ion and Trp residues. Two 

different binding sites were identified in Figure 6f, with nitrate A3 bound to both Trp123 and 

Tyr23 in Mol A, while nitrate B7 interacted with Trp111 and Phe38 in Mol B. The binding of 

the nitrate ions in this area may account for the fluorescence changes detected in the 

fluorescence spectroscopy. The chromophore residues were blocked, leading to the decrease in 

fluorescence intensity which was observed for lysozyme in EAN (Figure 2). It was noted that 

the nitrate A3 and B7 bound to two water molecules on the protein surface, indicating that these 

interactions affect the protein solvation layer, although the hydration shell was observed to be 

retained. 

Specific interactions between nitrate A4 and B4 and the loop region (residue 41-79) were 

observed. Along with nitrates A5 and B5, these bonds may induce the overall conformational 

changes in the loop regions. In addition, it is noted that the interaction between nitrate A7 and 

Arg 128 in the N-terminal is an ionic bond, resulting in conformational changes of the amino 

acid in Mol A (Figure 6g). Similar ionic bonding was also observed in the previous study using 

sodium nitrate as the nucleating agent for lysozyme63. However, it seems that such ionic 

bonding is non-specific since the majority of 11 Arg residues in lysozyme did not bond with 

the nitrate. The regions favored by the nitrate ions are shown in Figure 6h. The nitrate ions are 

generally bound with the positively charged areas rather than specific amino acids. In contrast, 

the ethylammonium cation was not found in the electron density map of lysozyme. This is 

consistent with our findings, and previous reports, that the anions of ILs dominate their 

interactions with proteins63. Here we demonstrated that the anion of EAN directly interacts with 

the surface residues of lysozyme, whereas the cation did not, and the main interactions likely 

involved charged surface areas. 
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4. Conclusion 
 
We have investigated the conformational changes of a model protein, lysozyme, in nine IL- 

water mixtures both low and high concentrations. In contrast to previous studies where 

lysozyme was shown to be unfolded with high concentrations of ILs14-17, 56, we found lysozyme 

predominantly retained its native structure with some small changes in all the IL solutions in 

this study. FTIR and fluorescence spectroscopic studies demonstrated that the amide I region 

experienced a significant change with concentrations of 10 mol% ILs or greater, and that nitrate 

ions have a large effect on the Tryptophan residues. SAXS data and modelling revealed that 

lysozyme in the presence of 1 and 5 mol% ILs may have subtle changes in the helix structures, 

and slightly expanded β-sheets and loop regions. This flexibility at 1 and 5 mol% is similar to 

those previously observed in aqueous IL solutions56, however, higher IL concentrations 

generally led to the structure becoming more compact, with a noticeable change in the β-sheet 

structures. X-ray crystallography of lysozyme crystals grown in 1 mol% ethylammonium 

nitrate (EAN) identified that EAN affected the loops region of lysozyme (residue 41-79), which 

led to a noticeable increase in the overall volume. Specific interactions between the nitrate ions 

of EAN and the protein surface were identified, viz., hydrogen bonds and an ionic bonding 

network with the protein surface residues. The binding of nitrate anions to Tryptophan residues 

was attributed to causing the change in fluorescence of lysozyme in the presence of nitrate ILs. 

The positively charged areas on the surface of lysozyme were identified as favored sites for the 

nitrate ions. These findings show for the first time the interaction between an IL and lysozyme 

at an atomic level. This study proves IL-water mixtures are viable solvents for maintaining 

protein conformations, and has significant implications for manufacturing and health related 

uses of proteins. 
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