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A B S T R A C T   

Ions are important to modulate protein properties, including solubility and stability, through specific ion effects. 
Ionic liquids (ILs) are designer salts with versatile ion combinations with great potential to control protein 
properties. Although protein-ion binding of common metals is well-known, the IL effect on proteins is not well 
understood. Here, we employ the model protein lysozyme in dilute and concentrated IL solutions to determine 
the specific ion binding effect on protein phase behaviour, activity, size and conformational change, aggregation 
and intermolecular interactions. A combination of spectroscopic techniques, activity assays, small-angle X-ray 
scattering, and crystallography highlights that ILs, particularly their anions, bind to specific sites in the protein 
hydration layer via polar contacts on charged, polar and aromatic residues. The specific ion binding can induce 
more flexible loop regions in lysozyme, while the ion binding in the bulk phase can be more dynamic in solution. 
Overall, the protein behaviour in ILs depends on the net effect of nonspecific interactions and specific ion 
binding. Compared to formate, the nitrate anion induced high protein solubility, low activity, elongated shape 
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and aggregation, which is largely owing to its higher propensity for ion binding. These findings provide new 
insights into protein-IL binding interactions and using ILs to modulate protein properties.   

1. Introduction 

In nature, proteins are often faced with multiple stresses such as 
temperature, pH, solvents, molecular and ionic additives, and interfacial 
tension and elasticity. Since most proteins require solvents to maintain 
their structures, it is a common practice to modulate stresses using salt 
additives in water. Although salts (including self-buffering agents, 
ammonium sulphate and guanidinium chloride) are widely used to 
control protein solubility, stability and activity, the number of known 
ion types acting as stabilisers or modifiers is limited. Ionic liquids (ILs) 
are an alternative solvating media type to the common high-melting 
salts and volatile media like water. ILs are designer solvents 
comprised of ions which have low to negligible volatility, and highly 
tunable physiochemical properties through modification of the cation 
and anion structures [1–3]. Compared with common salts, ILs typically 
have weaker Coulombic interactions, but many form distinct hydrogen 
bonding interactions, particularly in protic ILs (PILs) where protons are 
transferred [4,5]. Furthermore, ILs can engage in hydrophobic in
teractions by incorporating ions with alkyl chains [6]. One notable 
advantage of many select ILs is their ability to mix with water in any 
ratio, significantly expanding the concentration range of possible ionic 
additives [7,8]. Hence, the high solubility in water, the relatively simple 
synthesis and the frequently benign precursors of PILs render them 
easily accessible and suitable for high-throughput screening of protein 
solvent formulations [2,9]. 

Using water as a co-solvent with ILs is a common approach, where 
both the IL and protein concentration can be largely diluted. Effects of 
ions are regularly interpreted by Hofmeister series, and specific ion or 
electrostatic screening effects [7,10–12]. These effects are, however, 
often empirical and treat each ion independently, despite the known 
importance of ion pairing [13]. To date, structure–property relation
ships for specific ion effects on protein stability and hence protein-ion 
interactions is still an active area of discussion [14,15]. 

Characterizing proteins and their interactions with ions is often 
problematic owing to signal interference, the small free energies of the 
interactions and the occurrence of protein aggregation [16,17]. Previous 
investigations using ILs mainly employed a range of spectroscopic 
techniques to identify protein structural changes and the folding/ 
unfolding transition, with IL concentration and the anion and nano- 
heterogeneous structure of ILs as the main controlling factors [18–20]. 
Recently, solution-based small-angle X-ray scattering (SAXS) has 
emerged as a high-accuracy and high-throughput approach [21,22], and 
can characterize protein size, shape, structure, and aggregation in ILs 
[23–25]. For example, SAXS-based structural models show that aqueous 
ethylammonium nitrate (EAN) maintained lysozyme structure [26]. 
However, concentrated ILs led to distinct protein aggregation and 
conformational changes, even with different ion species and stabilizers 
[24,26,27]. Protein crystallography is the principal technique to deter
mine protein structures, despite being a complicated, multiparametric 
and time-consuming process. The first protein crystallization investi
gation involving ILs utilized NaCl with EAN as precipitants for lysozyme 
[28]. Since then, several studies have used ILs as additives to control 
protein crystallization behaviour with high yields and reproducibility 
[29–32]. Surprisingly, few protein structures have been determined 
with ILs present [33]. Only our previous lysozyme structure (PDB 7JMU) 
reported that anions directly interacted with the protein surface when 
using EAN as the precipitant [26]. Therefore, it is unclear whether ILs 
can generally act as precipitants for protein crystallization. Protein 
crystallization and phase behaviour with ILs present remains under- 
explored. In addition, although recent studies have investigated the 
interaction between common ions or small molecules with proteins or 

water molecules [34], there is little insight into how ILs interact with 
proteins at the atomic level. 

To date, significant progress has been made in developing IL systems 
for modulating protein behaviour, usually focusing on model globular 
proteins such as lysozyme, ribonuclease A, cytochrome c, hemoglobin, 
and lipases [15,17,25,35–38]. In particular, hen egg white lysozyme is a 
frequently used model in studies of protein crystallization, protein 
binding, direct and reverse Hofmeister Series, and amyloid formation, 
since it is a well-folded and monomeric protein with distinct phase 
behaviour [12,39]. The protein phase separation and metal ion (e.g., 
Ca2+)-binding sites in eukaryotes have been extensively studied [40], 
however, with the simple lysozyme model, current understanding of 
specific ion effects on protein properties, interactions and ion binding is 
limited. 

Here, we investigate lysozyme crystallization and phase behaviour, 
conformational changes, size and shape changes and aggregation in 
dilute to highly concentrated IL solutions as well as ion binding in 
crystallographic structures. To gain comprehensive insights, we have 
used a multi-technique biophysiochemical approach, combining spec
troscopic methods, activity assays, X-ray crystallography and SAXS. Our 
focus centers on two ILs, namely EAN and ethanolammonium formate 
(EtAF), with other salts and ILs included for comparison. The crystal
lographic structures unveil the molecular mechanisms underlying the 
interaction and ion binding between the ILs and protein, providing un
precedented insights into the interfacial phenomena associated with 
protein ion binding. We emphasize the specific ion effects and the effect 
of ion binding on the protein biochemical properties. 

2. Results and discussion 

2.1. Phase diagram and crystallization of lysozyme in ILs 

The four key IL-water states are highlighted in Fig. 1a, since water 
addition is important to hydrate proteins. We classify IL-water systems 
as dilute, intermediate, hydrated, and neat, based on IL concentrations. 
To consider the total ion numbers in the whole system, we present the 
unit of molar percent for all ILs, which can be converted to molarity and 
weight percent (Table S1). However, it should be noted that the concept 
of pH is only valid in dilute and intermediate IL concentrations (i.e., low 
concentrations) with up to ~ 17 mol% IL. The two main ILs, namely EAN 
and EtAF, were used in this work (Fig. 1b), since they have simple ion- 
combinations and can maintain lysozyme activity and structure 
[23,26,41]. The pH of low concentrations of EAN and EtAF was 5 and 8, 
respectively, and both were adjusted to 8. For the acid-base properties of 
hydrated or neat ILs (i.e. high concentrations), EAN is slightly acidic and 
EtAF is neutral [42,43]. 

The phase diagram and the solubility of lysozyme in the two IL-water 
mixtures was determined at various protein and IL concentrations 
(Fig. 1b and Table S2). The results show that the two ILs are effective 
crystallizing agents, in contrast to previous studies using ILs as co- 
precipitants [28,44]. Since the solubility line is commonly in the 
metastable zone [45], it divides the phase diagram into soluble, nucle
ation, metastable and precipitation zones. 

Lysozyme had a consistent solubility of 220 ± 15 mg/mL in water 
and 258 ± 17 mg/mL in buffers at pH 4–8 (control samples, Table S2). In 
the low IL concentration range of 1–5 mol% EAN, the lysozyme solu
bility decreased significantly to 8–15 mg/mL (Fig. 1b). The solubility 
then increased until a maximum of ~ 300 mg/mL was reached in the 
highly hydrated IL state, i.e., ~33 mol% EAN, which corresponds to two 
water molecules for one ion pair. Remarkably, this molar ratio of 2:1 is 
the highest ionic strength for protein crystallization reported in the 
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literature, although we noted some lysozyme aggregates (Fig. S1). 
Further increasing the EAN concentration to 50–100 mol% IL caused a 
decrease in protein solubility to ~100 mg/mL, with only lysozyme 
precipitates observed. Note that lysozyme solubility was determined 
using the Protein A280 method only at low IL concentrations (red points, 
Fig. 1b) owing to IL-induced high 260/280 values at higher IL concen
trations (Table S2). 

In contrast, the EtAF solutions led to a relatively constant lysozyme 
solubility of ~ 10 mg/mL across all IL concentrations (Fig. 1b). The EtAF 
concentration limit for lysozyme crystallization was 33 mol%, similar to 
EAN. We also found that the solubility of lysozyme in 5 other ILs at 17 
mol% was between 50 and 164.4 mg/mL (Table S2), which was lower 
than EAN, and no lysozyme crystals were observed. Owing to the 
remarkable changes in lysozyme solubility, the two ILs acted as strong 
precipitants. In both low and high protein concentrations, the two ILs 
affected the protein aggregation kinetics and crystal morphology 
(Fig. 1c). At 17 mol% and over, the crystal packing became inhomoge
neous, and aggregates were present (Fig. S1). This possibly led to the 
aggregation and nucleation in a protein-rich dense droplet. We also 
found that pH was not critical for lysozyme crystallization, with crystals 
still forming in EAN solutions of pH 2 (Fig. S1), suggesting that high IL/ 
salt concentrations are critical. 

Overall, the crystallization and nucleation process in ILs at low 
lysozyme concentrations is consistent with classical nucleation theory, 
including the IL-dependent saturation, formation of unstable and or
dered clusters, nucleation, and crystallization [46]. However, at high 
protein concentrations, the process is related to two-step nucleation 
theory, comprised of formation of an aggregated protein-rich dense 
droplet, followed by nucleation inside the droplet and crystallization 
[46]. Note that this protein-rich dense droplet is unstable, and under a 
higher free energy than a dilute droplet. We observed that both ILs at 
dilute, intermediate and hydrated concentrations promoted the aggre
gation during the nucleation, when the protein concentration was above 
the solubility limit. 

2.2. Lysozyme activity, size and structure changes at low and high IL 
concentrations 

Next, we evaluated lysozyme activity in different solvents. To 
compare the anion and cations, we introduced two other cations of 
butylammonium (BA) and hexylammonium (HA) coupled with the ni
trate anion (Fig. 2a), along with sodium salts (NaNO3, NaCOOH and 
NaCl), for comparing a metal cation with protic ammonium cations. The 
six PILs include EAN, BAN, ethanolammonium nitrate (EtAN), HAN, 
EtAF and ethylammonium formate (EAF). The relative lysozyme activity 
was mostly maintained in 0.25 mol% IL or salt solutions, within the first 
10 min (i.e., initial rate) compared to buffer, except for EAF with only ~ 
10% activity (top panel, Fig. 2b). However, no activity was detected 
within 10 min in 1 mol% solutions and higher, indicating even dilute IL 
concentrations inhibit the enzyme activity. We then monitored the ac
tivity assay for 10 h for both 0.25 and 1 mol% solutions (Fig. S2). The 
assay was completed within 2 h for lysozyme in 0.25 mol% ILs. In the 1 
mol% IL solutions, it was significantly longer, with the relative activity 
of the four nitrate-based ILs close to 50 %, and the activity in NaNO3 
comparable to the buffer (bottom panel, Fig. 2b). This suggests that the 
cation has a significant effect, especially when comparing the ammo
nium cation with a metal cation, as discussed in previous work [6]. 
Conversely, there was little difference in lysozyme activity when 
comparing ILs with different alkyl chain lengths on the ammonium 
cation, namely EAN, BAN and HAN, consistent with the maintained 
lysozyme structure at dilute IL concentrations [47]. Again, a remarkable 
difference in lysozyme activity in EtAF (~75%) and EAF (~20%) 
highlights the cation effect. The hydroxyl group present on EtAF may aid 
in maintaining the activity of lysozyme, while EAF tends to denature the 
lysozyme [24,41]. Interestingly, the activities in EtAN with EAN were 
comparable, suggesting that the nitrate ion has a dominant effect. The 
enzyme showed the highest activity in 1 mol% solutions of EtAF and the 
three sodium salts. 

To verify the different effects of EAN, EtAN, EtAF, EAF and three 
common salts, we studied the size and structural change of lysozyme 
using SAXS. The radius of gyration (Rg) of lysozyme in the seven solu
tions at 0.25 and 1 mol% were compared with buffer (Fig. 2c and S3). 

Fig. 1. (a) Four key IL-water states, different units correlated with IL concentrations, and their acid-base properties. (b) Lysozyme phase diagram in EAN and EtAF as 
a function of IL concentration. (c) Microscopy images of lysozyme crystals in IL-water mixtures with low and high protein concentrations. Scale bar, 1 μm. 
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Fig. 2. (a) Cations of butylammonium (BA) and 
hexylammonium (HA) to form BAN and HAN. (b) 
Relative activity of lysozyme in PILs and salts 
compared to buffer (100%). Different letters on bars 
indicates significant difference (p < 0.05). (c) The Rg 
values (Å) of lysozyme in buffer, PILs and salts. (d) 
SAXS patterns of lysozyme in buffer, ILs at 1 mol% 
overlaid with SREFLEX fitting curves using PDB 
7JMU. The insert shows the SREFLEX models and 
their χ2 and Rg values. The red arrow shows a small 
upturn in low q region of EAF pattern, while grey 
arrows indicate the significant conformational 
changes in loop regions. (e) The Kratky plots and (f) 
p(r) plots and Dmax values of lysozyme in the 
solutions.   

Fig. 3. (a) SEC-SAXS profiles with the average 
SAXS intensity and the Rg corresponding to each 
pattern as a function of time. The colored arrows 
show the lysozyme species with their Rg values 
for further analysis. (b) SAXS patterns and (c) 
Kratky plots of EAN or EtAF-treated lysozyme 
species collected from SEC. (d) The p(r) plots of 
lysozyme species and GASBOR models (solvents 
shown in grey mesh) with their Dmax values 
provided. The two EtAF-treated species in blue 
and purple color cannot generate meaningful p 
(r) and Dmax data.   
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The Rg values in EAN, EtAN and NaNO3 were around 15.5 at 0.25 mol% 
and over 16 Å at 1 mol%. The values in EtAF (14.6 and 14.8 Å at 0.25 
and 1 mol% EtAF, respectively) were similar to that in buffer (14.3 Å), 
while in EAF, NaCOOH and NaCl it increased by approximately 1.5 Å. 
The amount that Rg changed follows the order of EtAF, NaCOOH, NaCl, 
EtAN, NaNO3 and EAN, which is likely to correlate to lysozyme size and 
structural changes. The Rg changes in EAN and EtAN may also be due to 
the nitrate binding in the hydration layer of the protein [26]. As re
ported, SAXS measures the hydrated protein molecules (generating an 
~ 3 Å layer of water with higher density) as a complete object[48]. 

The SAXS patterns of lysozyme in EAN, EtAF and EAF were further 
fitted and refined based on lysozyme structure (PDB 7JMU) using 
SREFLEX [49], revealing that the lysozyme structures were generally 
maintained in the three ILs (inset, Fig. 2d). EAF resulted in more 
conformational rearrangement in the loop regions and a small degree of 
aggregation (a small upturn in low q region of EAF SAXS pattern). The 
bell-shaped distribution of the Kratky plots show that lysozyme has 
similar flexibility and globular structure in the buffer and three IL so
lutions (Fig. 2d), while the extended tail of the distance distribution 
functions (p(r)) plot in all three IL samples demonstrates that lysozyme 
was more elongated with ILs present (Fig. 2e). Lysozyme in EAN and 
EAF both have the longest tails in the high r region in p(r) plot (Fig. 2f), 
consistent with their extended structure in the SREFLEX models. How
ever, the lysozyme activity loss in EAF can be related to the changes in 
loop regions and a small degree of aggregation rather than the small Rg 
change, since Rg changes in EAF were smaller than that in EtAF and EAN. 

To explore the effect of highly concentrated ILs, a further SAXS study 
was conducted by incubating lysozyme in neat ILs (EAN or EtAF- 
treated), and then subsequently running them through size-exclusion 
chromatography (SEC)-SAXS with buffer. Species were present with 

different Rg values, varying from ~ 10 to 17 Å for EAN-treated lysozyme, 
and 12 to 14 Å in EtAF-treated lysozyme (arrows, Fig. 3a). This indicates 
that some of the protein aggregation and structural changes are irre
versible, and lysozyme can be more aggregated and unfolded in neat 
EAN than EtAF. FTIR and circular dichroism spectra further showed that 
neat EtAF had less effect than EAN on the secondary structure of lyso
zyme with 1 and 7-days incubation (Fig. S4). Additionally, neat EAN 
with two apparent pH values showed a similar effect on lysozyme 
structural changes, confirming the EAN effect was primarily due to the 
IL nature rather than the apparent pH, and that the structural changes 
induced by EAN were irreversible (Fig. S4). The different lysozyme 
species were then analyzed based on their SAXS patterns (Fig. 3b). The 
Kratky plots of lysozyme species with Rg 14–16 Å showed standard bell- 
shapes in both EAN and EtAF (black and red curves, Fig. 3c). However, 
species with lower Rg values (<14 Å) had increased intensity in the high 
q region in both ILs, indicating the species were unfolded, and was much 
more remarkable in EtAF. Note that the Rg values calculated by Guinier 
method is restricted to the data in the low q region, leading to the 
smaller Rg for some lysozyme species. However, the maximum dimen
sion Dmax obtained from a p(r) plot utilizes the entire dataset to consider 
the real space electron density, and hence gives more insight into shape 
changes. The p(r) data was employed for ab initio reconstruction of the 
protein structure by a chain-like ensemble of dummy residues using 
GASBOR [50] (Fig. 3d and Fig. S5). The protein species in EAN were all 
elongated with Dmax between 46 and 63 Å (top panel, Fig. 3d), while the 
two lysozyme species in EtAF maintained a globular shape (Dmax ~43 Å) 
(bottom panel, Fig. 3d). A small portion of species with significant 
structural changes are noted, suggesting EtAF still induced irreversible 
aggregation and structural loss (Fig. S5). 

Table 1 
Details of crystallography parameters of lysozyme crystallized in the presence of ILs.  

ILs EAN 1 mol% 
(ca. 6 wt%) 

EAN 5 mol% 
(ca. 24 wt%) 

BAN 1 mol% 
(ca. 7 wt%) 

EtAN 1 mol% 
(ca. 7 wt%) 

EtAF 5 mol% 
(ca. 20 wt%) 

EtAF 7 mol% 
(ca. 30 wt%) 

EtAF 17 mol% (ca. 
50 wt%) 

PDB ID 7JMU 7RXY 7RYD 7RYK 7RZ2 7RZ0 7RZ1 
Resolution range (Å) a 43.23–1.20 

(1.22–1.20) 
29.84–1.60 
(1.64–1.60) 

17.09–1.18 
(1.20–1.18) 

29.75–1.76 
(1.80–1.76) 

24.29–1.07 
(1.10–1.07) 

38.40–1.38 
(1.42–1.38) 

54.20–2.05 
(2.10–2.05) 

Space group P1211 P1211 P1211 P1211 P41 21 2 P41 21 2 P41 21 2 
Cell dimensions a, b, c 

(Å) 
27.58, 62.64, 
59.65 

27.53, 62.48, 
59.64 

27.64, 62.45, 
59.78 

27.46, 62.35, 
59.47 

76.76, 76.76, 
38.57 

76.79, 76.79, 
38.31 

76.65, 76.65, 38.29 

Unit cell angles α, β, γ(◦) 90.00, 90.54, 
90.00 

90.00, 90.26, 
90.00 

90.00, 90.21, 
90.00 

90.00, 90.57, 
90.00 

90.00, 90.00, 
90.00 

90.00, 90.00, 
90.00 

90.00, 90.00, 90.00 

Number of unique 
reflections a 

60,485 (2781) 26,661 (179) 67,030 (415) 19,931 (158) 50,880 (371) 23,925 (199) 7645 (127) 

Rsym or Rmerge 
a 0.043 (0.313) 0.509 (0.060) 0.090 (0.029) 0.053 (0.017) 0.096 (0.066) 0.113 (0.070) 0.270 (0.050) 

Multiplicity or 
redundancya 

6.9 (6.0) 6.3 (5.1) 2.0 (1.7) 1.9 (1.8) 13.4 (10.2) 13.9 (10.0) 19.2 (14.1) 

Completeness (%) a 95.5 (85.2) 99.9 (97.9) 99.8 (97.6) 99.9 (99.0) 99.4 (98.3) 100.0 (99.7) 100.0 (99.8) 
Mean I/σ a 19.5 (3.9) 10.1 (16.7) 5.4 (13.7) 8.5 (18.5) 14.3 (28.9) 16.2 (26.8) 11.3 (24.4) 
Mean CC (1/2) a 0.999 (0.938) 0.999 (0.999) 0.992 (0.995) 0.996 (0.998) 0.999 (0.993) 0.998 (0.998) 0.981 (0.999) 
Refinement statistics 
Rwork 0.145 0.140 0.203 0.137 0.150 0.144 0.160 
Rfree 0.179 0.207 0.233 0.226 0.172 0.176 0.243 
Number ofnon- 

hydrogen atoms 
2781 2245 4332 4286 2509 2209 2240 

protein 4060 2049 4145 4075 2366 2075 2111 
water 254 144 139 163 123 114 106 
nitrate ion 60 52 48 48 19 19 23 
Protein residues 254 254 254 254 127 127 127 
RMS (bonds) 0.0196 0.0136 0.0151 0.0111 0.0195 0.0163 0.013 
RMS (angles) 2.19 1.85 2.02 1.64 2.38 1.98 1.75 
Ramachandran favored 98.08% 97.24% 96.06% 97.24% 98.43% 98.43% 95.28% 
Ramachandran allowed 1.57% 2.76% 3.94% 2.76% 1.57% 1.57% 4.72% 
Ramachandran outliers 0.39% 0% 0% 0% 0% 0% 0% 
Rotamer outliers (%) 0.46 1.39 0.9 2.28 1.55% 1.79 5.31 
Clashscore 0.97 2.94 3.09 2.43 4.54 3.31 6.48 
Average B-factor 15.71 21.59 14.02 19.94 8.02 8.4 15.76 
macromolecules 16.03 24.24 15.74 22.21 10.1 11.13 18 
nitrate ion 28.56 42.67 28.19 38.24 14.99 17.77 30.61 
water 24.61 35.46 25.44 30.94 22.22 23.64 32.67  

a Highest resolution shell shown in parentheses. 
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2.3. Ion binding of ILs 

Given that EAN and EtAF showed contrasting effects, we employed 
crystallography to understand the structural changes and IL-protein 
interactions in detail. We determined the lysozyme structure in 5 mol 
% EAN, 1 mol% EtAN and BAN, and 5, 7 and 17 mol% EtAF at resolu
tions between 1 and 2 Å (Table 1 and Fig. 4). Our recent lysozyme 
structure in 1 mol% EAN was included for comparison [26]. Firstly, we 
note that only EAN induced a precipitation-dissolution-crystallization 
process (Fig. S6a, b). In the four lysozyme structures with nitrate- 
based ILs present, more than 10 nitrate ions were identified in mole
cules A and B of the asymmetric unit. Interestingly, no cations were 
found (Fig. 4a), indicating nitrate binding is dominant. Ten binding sites 
were identified as occurring 3 or 4 times across all four structures, i.e., 
3/4 or 4/4, indicating a high degree of conservation. These sites were 
defined as specific nitrate binding sites (red labels, Fig. 4a, b). Most of the 
nitrate ions preferred the positively charged side chains (R114, K33, 
R14, H15) and aromatic side chains, (F34, Y23, F38, F3, Y53, W62, W63, 
W111, W123). These interactions with aromatic side chains explain the 
quenched fluorescence of lysozyme and green fluorescence protein 
[26,27], and possibly led to Trp degradation [51] as a yellow colored 
solution was noted in EAN (Fig. S6c). It is intriguing that three specific 
binding sites including A2/B2, A5/B6, and A6/B7 were also conserved 
when compared the two molecules (A and B) in the unit cell, for the four 
structures (Fig. 4a). Importantly, the first two selectively bound to all 
four structures with the same side chains, i.e., Q121, I124 and S24 for 
A2/B2 and F3, R14, H15 and D87 for A5/B6 (Fig. 4b). On the other 
hand, we identified five formate anions in three lysozyme structures 
crystallized with EtAF (Fig. 4c). In contrast to EAN, we identified at least 
one ethanolammonium cation in the structure (4 and 5). Interestingly, 

the cations all presented as an ion pair with the formate anion inter
acting with negatively charged side chains, E7, E35 and D52 (Fig. 4d). 
Moreover, the EtAF ion pair was in the cleft of the active site, namely, 
E35, D52, R63 and A107, though this binding did not affect its enzyme 
activity. Regarding the formate anion, most formate anions generally 
interacted with positively charged arginine groups in lysozyme, i.e., R5, 
R14, R114, R128. Two specific formate bindings, namely 1 and 4, are 
identical to the nitrate bindings of A2/B2 and A5/B6, respectively (blue 
and orange frames, Fig. 4b and d). When superimposing all the 11 protein 
molecules from the 7 PDB structures, three conserved specific binding 
sites for nitrate and formate is noted (A2/B2/1, A5/B6/7 and A9/B8/6, 
Fig. 4e). 

Further, the electrostatic surface graphs show that the binding 
generally favors the concavities, especially positively charged areas 
(Fig. 4f and S7). Specifically, polar residues of Ser (S), Tyr (Y) and Asn 
(N) and positively charged residues, particularly Arg (R), are preferred 
for interactions. The hydrophobic or basic residues also participated in 
the interactions, including Ile (I), Ala (A), Phe (F), Trp (W), Gly (G) and 
Pro (P) with nitrate ions, and I, Val (V), A and W with formate ions. 
Notably, both nitrate and formate anions perturb a universally 
conserved salt bridge in close proximity to R14, H15, and D87, consis
tent with phosphate binding, which is known to be kosmotropic [52]. 
Overall, over 50% of the anion-lysozyme contacts comprise hydrogen 
bonds or electrostatic interactions involving the basic R, polar N, and 
aromatic W residues (specifically for nitrate), indicating that these res
idues provide favorable environments for these anions. 

Additionally, a comparison of interactions between the water mol
ecules and ILs, that are tightly bound on the protein surface (in the first 
hydration layer), shows that not all ions were participating in hydrogen 
bonding with water molecules, but that all ions interacted with the 

Fig. 4. (a) Lysozyme structures in nitrate-based ILs with omit maps (green) of the nitrate ions. Specific binding occured 3 or 4 times in the four structures (3/4 or 4/ 
4) = red, binding of 2/4 or 1/4 = blue. (b) The specific nitrate binding (3/4 or 4/4) interactions with lysozyme side chains. (c) Lysozyme structures in EtAF with omit 
maps (green) of the ions. (d) Specific interactions between formate (3/3, orange) and ethanolammonium (3/3, purple) with lysozyme side chains. (e) Superimposion 
of all 11 lysozyme molecules and the specific anion binding sites (blue, orange and green frames and labels in b and d). (f) Electrostatic lysozyme surface potential 
with the omit maps of ions in EAN and EtAF at 5 mol%. Red = negative potentials, blue = positive potentials. (g). Hydrogen bonding of ILs with water molecules 
(blue dots). Green arrows = ions without interaction with water molecules. 
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protein backbone or side chains mainly by hydrogen bonds (Fig. 4g and 
S8). This suggests a preferential binding of ions to the protein surface 
rather than the hydration layer, similar to the behaviour of GuaCl, which 
minimally disrupts the water structure [53]. The observed number of 
water molecules in lysozyme-EAN structures was ~ 150, and lysozyme- 
EtAF structures had ~ 120 (Table 1). This difference may be because of a 
moderate favoring of water by the nitrate anions and the effect of crystal 
packing forces. An evident decrease of water molecules from 123 to 106 
was observed with increasing the EtAF concentration from 5 to 17 mol 
%, indicating a slight disturbance from IL ions on the first hydration 
layer as a function of ion concentration. This is consistent with previous 
literature showing mobile ions compete with lysozyme for water, thus 
altering the availability of water in the first hydration layer at high ionic 
strength [54]. However, crystallographic water molecules may not be an 
accurate representation of the dynamic hydration layers that exist in 
solution. It is important to note that increasing IL concentration can 
dramatically increase protein solubility and even promote crystalliza
tion, which was unattainable with common or buffer salts. Thus, it is 
highlighted that ILs can be used in protein crystallization, not only as 
additives, but also as a co-solvent with water, and are able to drive, 
favor, and sustain protein crystallization. 

We then superimposed all 11 protein molecules and observed that 
the specific ion binding of ILs had minimal effect on protein structural 
changes (Fig. 5a). The helical and beta regions were well-preserved, 
consistent with the SREFLEX models (Fig. 2d). However, slight confor
mational changes in loops I near R128 and loops II (residues 41–79, 

particularlly N65, N74 and S81) were observed in the presence of 
nitrate-based ILs, which possibly resulted from ion binding of nitrate A1 
and A7 and B7. Further, we compared 9 additional PDB structures and 
the ion binding patterns on 23 lysozyme molecules (Fig. 5b and c), in the 
presence of chloride [55–57], nitrate [58,59], sulfate [60], phosphate 
[52], along with cations such as sodium and guanidium [61]. Notably, 
these studies employed dilute salt solutions along with complex crys
tallization agents, which differ from our study that solely utilized ILs. 
Despite these variations, the overall structure of lysozyme remained 
largely conserved across all 23 structures (Fig. 5b). Intriguingly, only 
nitrate induced the changes in loops I and II when using NaNO3, EAN, 
EtAN, or BAN, owing to the interactions with the charged and polar side 
chains in those regions. By examining the occurrence of ions in the 
respective structures, we identified eight specific anion binding sites and 
one cation binding site (1–9, Fig. 5b-d and S9). These anion binding sites 
consisted of three sites for NO3

− (coresponding to A3, A7 and B7 sites in 
Fig. 4b), four for other anions (primarily NO3

− , HCOO− and Cl− , corre
sponding to binding sites of A2, A5, A4, A9 and 4 (Fig. 4b and d). A 
summary of ion binding on the side chains is presented in Fig. 5d. 
Notably, except for site 4, all anion binding sites included nitrate ions, 
and hence nitrate had more binding sites than other ions, with its 
preferential interactions involving charged and polar residues of W, R, S, 
Q and N. 

Furthermore, we observed that the salts and ILs affected the crystal 
packing in a similar way, regardless of ion concentration. Specifically, 
NaCl and EtAF generally led to tetragonal lattices (P43212), whereas 

Fig. 5. (a) Superimposed 11 lysozyme molecules reported in tihs work. (b) Superimposed 23 lysozyme molecules from 16 PDB structures showing 9 specific ion 
binding sites labelled by colors. The dashed line indicates cation binding, and the solid lines refer to anions. (c) Lysozyme PDB structures and their statistics, 
including space group and amount of ion binding. (d) Summury of primary ion binding in the nine binding sites. (e) Ion binding analysis for 19 human lysozyme, 9 
bovine trypsin and 6 bovine β-lactoglobulin molecules, and the summary of primary ion binding sites. The numbers in the bracket refer to the times ions appeared 
among the number of PDB structures with corresponding ILs/salts. 
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nitrate and sulfate led to monoclinic (P1211) or triclinic (P1) lattices 
(Fig. 5c). However, most previous studies utilized complex additive 
formulations, leading to the variations of space groups. In contrast, 
when only using ILs, lysozyme had a monoclinic lattice (P1211) in 
nitrate-based ILs, consistent with a previous study showing monoclinic 
packings were favored with large monovalent ions of low charge density 
such as I− , NO3

− and SCN− [62]. This indicates that anions generally 
modify intermolecular contacts and crystal packing in liquid/solid forms 
of the protein. 

Since the specific ion binding of lysozyme is dominated by the an
ions, we further investigated this phenomenon in other proteins by 
analyzing reported PDB structures of human lysozyme, bovine trypsin 
and bovine β-lactoglobulin, which have different isoelectric point (pI) 
and thereby different surface charges (Fig. 5e, S10 and Table S3). Two 
binding sites of NO3

− and Na+ are both noted in human lysozyme. Three 
SO4

− and one Ca2+ binding sites are found in trypsin, while one SO4
− and 

one anion binding in β-lactoglobulin. Although human lysozyme has a 
similar surface charge as hen egg white lysozyme, it displayed less 
specific binding for nitrate. However, similar binding sites for anions 
and Na+ were identified, indicating the binding pattern may be protein- 
independent. When comparing the two types of lysozyme (~60% 

sequence similarity), the interactions between nitrate and side chains of 
R (positively charged), S and N (polar) are generally preferred. For 
example, nitrate binding on S24 is conserved. Trypsin can be slightly 
alkaline, and three SO4

− and one Ca2+ binding on polar residues (e.g, K 
and S) were observed. Although β-lactoglobulin can be mostly nega
tively charged, the electrostatic interactions of SO4

− and anions Cl− / 
SO4

2− /CH3COO− with positively charge residue K were noted, along with 
a few cation interactions. Overall, anion binding appeared to be domi
nated by polar contacts and favored electrostatic interactions, irre
spective of pH and pI. it is important to note that the existing literature 
on ion binding is limited, and nitrate binding was not found in trypsin 
and β-lactoglobulin. Further studies investigating ion binding modula
tion with a wider range of ion combinations and concentrations, 
particularly for ILs, are warranted to expand our understanding in this 
area. 

2.4. Specific ion effects, hydration and interactions 

Based on the anions evaluated in Fig. 5 and the previously estab
lished specific ion effects, the order of anions is SO4

2− > CH3COO− , 
HCOO− > Cl− > NO3

− (Fig. 6a). However, there is no obvious trend for 

Fig. 6. Scheme of the correlation of specific ion binding of proteins with specific ion effects, hydration and inter-species interactions.  
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cations, since there was less binding observed for common metal cations 
like Na+ and Ca2+ with the proteins. We highlight that the anion-binding 
is critical to the series where Kosmotropes induced less specific binding 
and Chaotropes had more binding. It is worth noting that lysozyme, 
being a well-studied model protein, exhibits an inverse anionic Hof
meister series at very low ion concentrations (typically < 0.1 or 0.2 M, 
ca. 0.25 mol%). This is attributed to dominant nonspecific electrostatic 
interactions with the protein/water interface [39,63]. Such interactions 
can be relatively strong and saturated after the addition of ~ 0.5 M salts 
(ca. ≥ 1 mol%) [39]. This attribution can also be applied to ILs, since 
they can exhibit high dissociation similar to conventional salts at low 
concentrations [64]. Considering we used relatively high salt/IL con
centrations, we focus discussion on the direct Hofmeister series herein. It 
is generally accepted that small ions with high charge density (e.g., 
SO4

2− , carboxylate) are strongly hydrated (kosmotropes) and result in 
the salting out of proteins [65]. Direct interaction of these small ions 
with charged groups requires desolvation which is enthalpically unfa
vorable, although these ions may have an indirect effect mediated by 
intervening water molecules[53]. Consequently, small ions with high 
charge density interact minimally with proteins and encourage the 
protein to minimize its solvent accessible surface area. Previous studies 
have shown that strongly hydrated SO4

2− and PO4
3− are preferentially 

excluded from the surface of proteins, with only one phosphate ion 
binding site reported on lysozyme [52,66]. However, monovalent ions 
of low charge density (e.g., Cl− , NO3

− ) are weakly hydrated (chaotropes) 
and are likely to directly bind to proteins thereby decreasing the net 
charge of the positively charged lysozyme. This results in salting in 
behaviour, with direct interactions occurring primarily with charged 
groups of amino acids and influencing the intermolecular forces among 
protein molecules. However, when correlating the effect of specific ion 
binding of ILs with the specific ion effects, hydration and interactions in 
this study, several points should be considered, as illustrated in Fig. 6. 
Note that we use specific ion effects instead of Hofmeister series in the 
following context, due to the controversy associated with the Hofmeister 
series origin and applicability for ILs [15]. 

For the ion binding in the hydration layers of the protein, the 
interfacial water surrounding a protein can be divided into three layers: 
the solvation layer, the transition layer, and the bulk layer [65]. The 
solvation layer and bulk layer are determined by protein nature and 
specific ion effects, respectively. However, ions and solvent molecules 
interact more strongly with the protein in the solvation layer. The spe
cific ion binding we observed in crystallographic structures is in the 
solvation layer, and the ion molecules may not be an accurate repre
sentation of the dynamic hydration layers in solution, and can be 
affected by crystal packing forces. Nonetheless, the ion binding in pro
tein hydration layers can be critical, as evidenced by the high number of 
specific ion-protein binding of nitrate, which likely contributes to the 
enhanced solubility, crystallization behaviour and destabilizing effect in 
EAN compared to EtAF (Fig. 2). In solutions, measurements of Rg and 
Dmax by SAXS consider protein hydration layers, and we observed higher 
Rg values and flexible loop regions in SREFLEX models in the presence of 
EAN and NaNO3 (Fig. 2), as well as larger Dmax values with extended 
shape (GASBOR model) of lysozyme treated by neat EAN (Fig. 3). As 
discussed above, the flexible and elongated loop regions observed in 
solution can be largely attributed to the specific ion binding in loop I and 
II within the solvation layer. Conversely, EtAF exhibited less ion bind
ing, although its ion pair was identified for the first time in the protein, 
interfering with a salt bridge in lysozyme and potentially playing a role 
in antigen–antibody interactions [67]. Furthermore, we observed that 
lysozyme in 5 mol% EtAF had similar ion binding as it had in 17 mol% 
EtAF, with increasing ion concentration slightly reducing the number of 
water molecules in the hydration layer observed in the crystal struc
tures. This suggests that the ion binding in the solvation layer can be 
saturated at around 1 and 5 mol% with a slight disturbance in protein 
hydration with 17 mol% EtAF present. Further increasing the ion con
centration can cause ions to compete with protein for water in the bulk 

phase, thus leading to a new effect (e.g., decrease in the interfacial 
tension) [39,54,68] and irreversible aggregation was observed in over 
30 mol% ILs and neat ILs (Fig. 2 and 3). 

Regarding interactions of ion binding, we highlight that the ion 
binding, especially for anions, on the protein surface are primarily 
driven by polar contacts including hydrogen bonding and electrostatic 
interactions. Nitrate ions exhibit more binding sites than formate and 
other ions in lysozyme, with important residues possessing charged, 
polar, and aromatic side chains. Similar specific ion binding is observed 
in other proteins with different isoelectric points (pI). However, the 
specific ion effects do not directly correlate with the amount of ion 
binding in different proteins, likely due to the limited availability of PDB 
structures with ions and the non-specific and unobserved nature of most 
ion binding in crystallographic structures, which mainly capture strong 
ion-protein interactions. In solution, especially at low and medium ion 
concentrations, the nonspecific interactions (mostly electrostatic) can be 
important [39]. Thus, the IL effect on lysozyme is attributed to the net 
effect of nonspecific protein-solvent interactions and the strong ion 
binding observed in crystal structures. Furthermore, as the lysozyme 
surface is overall positively charged and anions tend to interact more 
with the positively charged residues, the surface potential (i.e., effective 
surface charge density) of the protein/water interface can be reduced, 
known as the electrostatic screening effect of anions on the protein. In 
contrast, cations exhibit weaker binding, even for Ca2+ which gave the 
highest binding among the metal cations [69]. 

The effects of ion concentration on protein-ion binding and inter
molecular interactions, and consequently protein phase behavior, vary 
depending on the concentration range. (1) At very low ion concentra
tions, both charge screening and ion binding are generally nonspecific 
and impact protein electrostatic interactions, with saturation occurring 
at approximately 1 mol% [39]. (2) In the medium and high ion con
centration range (above 1 mol%), most charges on proteins are effec
tively screened, resulting in reduced electrostatic interactions. Specific 
ion effects in this range are related to specific ion binding and protein 
hydration [39,63,70]. Our observations revealed that the chaotropic 
nitrate anion can bind to the protein surface, promoting aggregation and 
crystallization at 1 mol%. The increase in lysozyme solubility in 1–20 
mol% EAN can be attributed to reduced intermolecular protein in
teractions, which is associated with indirect water-mediated effects, 
where ions compete for interfacial water in the transition and bulk 
layers. However, by the crystallographic structures, we only observed 
saturated ion binding of nitrate and formate from 1 mol% to 5 or 17 mol 
% in the hydration layer. (3) In the presence of hydrated ions, which 
have limited free water, the specific ion effects involve factors such as 
ion size, ion hydration, ion dissociation and pairing, and surface tension 
effects [54]. For instance, the large weakly hydrated thiocyanate ion can 
bind strongly to positive charges on proteins and nonpolar surfaces 
through surface tension effects [71]. The interplay between attractive 
intermolecular interactions, particularly nonelectrostatic dispersion 
forces, and surface tension contributes to the overall process of protein 
aggregation and denaturation [17]. It is important to note that the ion 
concentration can significantly affect the pH of IL solutions, which must 
be considered when using ILs as solvents [72]. Other theories should 
also be taken into consideration. (a) The preferential interaction theory 
explains that certain solutes have a higher affinity for specific compo
nents of the solvent compared to other solutes [73,74]. Kosmotropic 
anions, for example, are excluded from the protein surface, leading to 
preferential binding of water, increased surface tension, and reduced 
protein solubility. Conversely, chaotropic anions preferentially bind to 
the surface, resulting in preferential exclusion of water and increased 
protein solubility. (b) Factors such as solvation, the law of matching 
water affinities, polarizability, ion size, shape and hydrophobicity and 
Viscosity B-coefficients should be considered [70]. (c) The ion pair 
dissociation in aqueous solution can be complicated yet critical, as ions 
or ion pairs can interact with proteins directly or indirectly through 
mediation by water molecules [64]. In this study, the contact ion pair 
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interactions of EtAF with protein surfaces indicated that ion hydration in 
the bulk phase mediated the interactions. Most ILs exhibit lower degrees 
of dissociation (low ionicity), while EtAF and EAF are much less disso
ciated than most ILs [75]. On the other hand, conventional salts 
generally completely dissociate in water [64]. While the dissociated 
anions have a dominant effect for ILs, the ion pair and its dissociation 
can also have a destabilizing effect, which explains the loss of activity 
observed in EAF compared to EAN, EtAN, and EtAF. Overall, protein- 
water interfacial tension, excluded volume, ion pairs, and specific ion 
binding at the protein surface all play important roles in the complex 
behavior of proteins in solution. 

3. Conclusions 

We conducted an in-depth investigation of the effects of ILs on the 
behaviour and structure of the model protein hen egg white lysozyme, 
which involved a comprehensive analysis of the solubility, activity, size, 
shape, structure, and ion-protein binding of the protein with a focus on 
using two ILs, ethylammonium nitrate (EAN) and ethanolammonium 
formate (EtAF). Importantly, we probe the specific ion-binding at the 
protein interface at the molecular level and emphasize the effect of 
specific ion binding of ILs on the modulation of protein properties. Re
sults show that the protein in EAN solutions had high solubility, but low 
enzyme activity and larger size changes, unlike EtAF, in both low and 
high concentrations. We observed more size and shape changes, elon
gated species, and irreversible aggregates in neat EAN than in neat EtAF. 
More anion binding sites of nitrate than formate, and an ion pair of EtAF 
were identified based on seven crystal structures with ILs present. A 
comparison of ion binding from a wide range of PDB structures in the 
presence of other anions revealed that ions, particularly anions, had 
direct electrostatic interactions with the positively charged side chains 
(especially R) and hydrogen bonding with polar residues (K, S and N) 
and aromatic residue (W for nitrate). It is highlighted that the specific 
ion binding on the protein observed in crystallographic structures is in 
the solvation layer, and it can induce more flexible loop regions in 
lysozyme. It should be noted that the ion binding in the solution phase 
can be more complex and dynamic. Interestingly, the ion binding in the 
solvation layer were saturated at 1 or 5 mol% ILs, with EAN having more 
ion binding sites than EtAF, which explains why EAN induced more 
lysozyme activity loss and larger size change at 1 mol%. However, the 
protein behaviour depends on the net effect of nonspecific intermolec
ular interactions and specific ion binding. There are a few conserved 
specific ion binding sites, which are reported for the first time in this 
work. Notably, the ion binding is clearly related to specific ion effects. 
The chaotropic nitrate anion acts to solubilize proteins and interacts 
more with proteins, compared to the kosmotropic formate anion which 
salts out proteins, but tends to reduce protein denaturation and interacts 
less with proteins. This finding is similar to the previously reported ef
fect of salts with common anions [52,62,71,76] and metal ions 
[40,69,76], but here more specific ion binding was observed and higher 
ion concentrations were studied. Our study highlights the importance of 
combining phase behaviour determination, enzyme activity assays, and 
structural and ion binding analysis to gain a comprehensive under
standing of the role of ILs, and their constituent ions, on proteins. We 
also show that the ion binding effect can slightly vary with the amino 
acid composition and pI of the proteins, and hence an in-depth, atom-by- 
atom inspection of ion binding for not only metal ions and common 
anions but also a broader range of ions and proteins, will benefit protein 
structure–property-based development and research, especially when 
designing solvents for protein stabilization and crystallization, control
ling phase behaviour, biochemical processes, and investigating the 
biological function of proteins including protein aggregation-related 
disease. Overall, our findings provide further confirmation that under
standing the interfacial behaviour of proteins in ILs is critical for opti
mizing their use in various applications. 

4. Experimental section 

4.1. Materials: Ethylamine (70% in H2O), ethanolamine (99%), n- 
butylamine (99.5%), hexylamine (99%), nitric acid (70%), formic acid 
(≥98%), and lysozyme from chicken egg white powder (E.C. 3.2.1.17) 
were obtained commercially from Sigma Aldrich and were all used 
without further purification. 

4.2. IL preparation The ILs were synthesized as reported previously 
[4,26]. In brief, the ILs were synthesized by neutralizing equimolar 
amounts of the corresponding acid and base at <5 ◦C. Excess water was 
removed under reduced pressure using a rotary evaporator followed by a 
freeze dryer. The water content of the ILs 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 aqueous ILs, a specified amount of the ILs were gravimetri
cally mixed with MilliQ water to reach the required concentration 
(Table S1). The pH of the aqueous IL solutions (1–17 mol%) was 
measured using a pH meter (Mettler Toledo) and then adjusted to a pH 
of 8 ± 0.2 by titrating with 2 M Tris [72]. The apparent pH of hydrated 
and neat ILs (greater than 17 mol%) was estimated by measuring the pH 
of their diluted aqueous solutions (~1 mol% or 10 wt%). 

A Tris buffer (100 mM, pH 8) was used in all tests, unless otherwise 
stated. Lysozyme stock solutions were prepared by dissolving corre
sponding amount of lysozyme lyophilized powder in Tris buffer. Por
tions of this stock solution was added to the IL-water mixtures to obtain 
the final protein concentration for each test. 

4.3. Phase diagram: Crystallization screening of lysozyme was 
performed at various concentrations of EAN and EtAF, and lysozyme 
concentrations, using the microbatch method. The solutions were pre
pared as follows. 100 μL of each IL solution was mixed with a specified 
amount of lysozyme powder in a vial. From this, one drop was added to 
the reservoir of a 96-well plate. The solutions were maintained at 20 ◦C, 
while the imaging of the protein crystals/aggregates in plates was car
ried out after 1 day using an Olympus IMT-2 microscope. Four possible 
phase states were classified from visual observations: soluble (clear so
lution), crystalized, precipitated (crystallization with precipitation), and 
insoluble (precipitation only), and these were used to construct phase 
diagrams. In highly concentrated lysozyme solutions, the gelation with 
insoluble protein powder was noted, while the edge of droplets was 
examined. 

Solubility curves were determined by measuring the protein con
centration in the supernatant of prepared lysozyme samples using the 
protein A280 method. After 2 h of incubating of lysozyme in saturated IL 
solutions, the samples were centrifuged, and 1 μL taken from the su
pernatant and analyzed using a NanoDrop 2000c spectrophotometer. 
The mass extinction coefficient of lysozyme is 2.64 mL mg− 1 cm− 1 at 
280 nm. 

4.4. Activity assay: The lysozyme activity was assayed based on 
turbidity change during the hydrolysis of 1,4-β-linkages in the cell wall 
of suspended Micrococcus lysodeikticusce cells using a Perkin Elmer 
EnSight Multimode Plate Reader. Cell suspensions was added into buffer 
or IL-water mixtures with a final cell concentration of 0.3% (w/v) and an 
initial absorbance of ~ 1.0 ± 0.1 at 450 nm at 20 ◦C. Lysozyme solution 
(5 mg/mL, 100 μL) in Tris buffer was added to the cell suspension, to 
have a final concentration of 0.1 mg/ml. The absorbance was then 
measured at 450 nm as a function of time. Control solutions of the cell 
suspension and IL without lysozyme produced a constant absorption 
signal. The relative activity was calculated based on the turbidity change 
in the IL solutions relative to the Tris buffer. Statistical analysis of 
relative activity was performed using the Student’s t-test (P < 0.05). 

4.5. SAXS: SAXS experiments were carried out at the SAXS/WAXS 
beamline at the Australian Synchrotron, Melbourne, Australia. The 
SAXS data were recorded on a Pilatus2-1 M silicon photon counting 
detector with an incident beam of wavelength λ = 1.033 Å (12.0 keV) 
and typical flux of around 1013 photons/s. The sample to detector dis
tance was 2.4 m, with a q-range 0.005 to 0.55 Å− 1 as described 
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previously [24]. Lysozyme-IL samples (5 mg/mL, 100 μL) were loaded 
into the 96-well plate used for the automated sampling with a capillary 
and were equilibrated for about 10 h before measurement. Ten succes
sive frames of 1 s exposure were collected for each sample and buffer 
and these were then averaged before further data processing. The SEC- 
SAXS setup was used with size-exclusion column GE Healthcare® 
Superdex S200 5 × 150 and high-performance liquid chromatography 
(HPLC, Agilent 1260). In each measurement, HPLC column was equili
brated with buffer for ~ 30 min, and then lysozyme-ILs samples (5 mg/ 
mL, 50 μL) were injected with a flow rate of 0.40 mL/min. The UV 
absorbance at 280 nm and SAXS patterns were continuously acquired for 
15 min. For the study of neat IL-treated lysozyme in, 5 mg/mL lysozyme 
was incubated in neat EAN or EtAF for 1 day and then ran through SEC- 
SAXS. To identified the space group of lysozyme crystals, the crystals 
were prepared with 20 mg/mL lysozyme and ran through plate trans
mission mode of SAXS[24]. 

Scatterbrain 2.82 was used for averaging and solvent subtraction of the 
SAXS data, and the ATSAS software package was used for SAXS data 
analysis [49]. Specifically, SAXS patterns are presented as the average of 
the measurements after accurate blank subtraction of the corresponding 
solvent [22]. The Rg for lysozyme was calculated using the Guinier 
approximation (where qRg < 1.3 Å) through the ATSAS package. Kratky 
plots were plotted as q2I against q, where q is the scattering vector, and I the 
scattering intensity. The distance distribution function P(r) and the 
maximum diameter (Dmax) were obtained using the ATSAS software, 
refering to the radius at which p(r) approaches to zero. The patterns are 
presented with offset for comparison in the figures. CRYSOL was used to 
compare experimental SAXS scattering with the model scattering of lyso
zyme crystal structure PDB ID 7JMU [26]. Subsequently, SREFLEX was 
used for refinement and normal mode analysis from the initial structure 
7JMU [49], and the best refined models in different ILs were selected based 
on the discrepancies χ2 value. GASBOR program was used for ab initio 
constructing an ensemble of 90 dummy residues equivalent to the molec
ular mass of the lysozyme. Open-source PyMOL v. 1.8.4.0 (https://pymol. 
org/) was used to visually analyze and generate figures. The surface elec
trostatic representation was prepared using APBS [77]. Crystal phases 
were identified by visual comparison with known PDB structures. 

4.6. Crystallography: For the crystallography experiment, a stock 
solution of 200 mg/mL lysozyme in Tris buffer was prepared and diluted 
10-fold in IL-water mixtures (pH 8), resulting in a final concentration of 
20 mg/mL. The crystals were prepared in 5 mol% EAN (ca. 20 wt%), 1 
mol% EtAN and BAN (ca. 6 wt%) using microbatch method, and in 5, 7 
and 17 mol% (ca. 20, 30 and 50 wt%, respectively) using vapor diffusion 
method. The lysozyme solutions were crystallized and kept for 1 week to 
obtain large crystals. A routine crystallography experiment was carried 
out. One 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 
(for EAN/EtAN/BAN structures) or MX1 (for EtAF structures) macro
molecular beamline at the Australian Synchrotron. Data collection was 
carried out at 100 K. X-ray diffraction patterns were collected using a 
Dectris Eiger 16 M detector for MX2 and a Dectris Eiger2 9 M detector 
for MX1 [78]. Data reduction and integration were performed using XDS 
[79]. Merging, indexing and scaling was done using Aimless and the 
CCP4 suite [80], and 5% of the reflections were used for the Rfree cal
culations. Phaser was used to phase the model using the molecular 
replacement approach with 1dpw used as the search model [81]. Iter
ative cycles of model building and refinement were performed with Coot 
[82] and Phenix v1.8 [83], respectively. Data collection and refinement 
statistics can be found in Table 1. The protein isoelectric point (pI) was 
calculated by Compute PI/MW tool. 
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Surfing the third wave of ionic liquids: a brief review on the role of surface-active 
ionic liquids in drug development and delivery, Chemmedchem 16 (2021) 
2604–2611. 

[38] Z. Li, Q. Han, K. Wang, S. Song, Y. Xue, X. Ji, J. Zhai, Y. Huang, S. Zhang, Ionic 
liquids as a tunable solvent and modifier for biocatalysis, Catal Rev Sci Eng (2022) 
1–47. 

[39] Y. Zhang, P.S. Cremer, The inverse and direct Hofmeister series for lysozyme, Proc 
Natl Acad Sci USA 106 (36) (2009) 15249–15253. 

[40] T. Dudev, C. Lim, Principles governing Mg, Ca, and Zn binding and selectivity in 
proteins, Chem Rev 103 (3) (2003) 773–788. 

[41] E.C. Wijaya, F. Separovic, C.J. Drummond, T.L. Greaves, Activity and conformation 
of lysozyme in molecular solvents, protic ionic liquids (PILs) and salt–water 
systems, Phys Chem Chem Phys 18 (37) (2016) 25926–25936. 

[42] R. Kanzaki, H. Kodamatani, T. Tomiyasu, H. Watanabe, Y. Umebayashi, A pH Scale 
for the Protic Ionic Liquid Ethylammonium Nitrate, Angew Chem Int Ed 128 (21) 
(2016) 6374–6377. 

[43] D.R. MacFarlane, J.M. Pringle, K.M. Johansson, S.A. Forsyth, M. Forsyth, Lewis 
base ionic liquids, Chem Commun 18 (2006) 1905–1917. 

[44] N. Byrne, C.A. Angell, The solubility of hen lysozyme in ethylammonium nitrate/ 
H2O mixtures and a novel approach to protein crystallization, Molecules 15 (2) 
(2010) 793–803. 

[45] N. Asherie, Protein crystallization and phase diagrams, Methods 34 (3) (2004) 
266–272. 

[46] D. Erdemir, A.Y. Lee, A.S. Myerson, Nucleation of crystals from solution: classical 
and two-step models, Acc Chem Res 42 (5) (2009) 621–629. 

[47] Q. Han, H.C. Broomhall, N. Vieira Veríssimo, T.M. Ryan, C.J. Drummond, J.F. 
B. Pereira, T.L. Greaves, Protic Ionic Liquid Cation Alkyl Chain Length Effect on 
Lysozyme Structure, Molecules 27 (3) (2022) 984. 

[48] D. Svergun, S. Richard, M. Koch, Z. Sayers, S. Kuprin, G. Zaccai, Protein hydration 
in solution: experimental observation by x-ray and neutron scattering, Proc Natl 
Acad Sci USA 95 (5) (1998) 2267–2272. 

[49] A. Panjkovich, D.I. Svergun, Deciphering conformational transitions of proteins by 
small angle X-ray scattering and normal mode analysis, Phys Chem Chem Phys 18 
(8) (2016) 5707–5719. 

[50] D.I. Svergun, M.V. Petoukhov, M.H.J. Koch, Determination of domain structure of 
proteins from X-ray solution scattering, Biophys J 80 (6) (2001) 2946–2953. 

[51] S. Bellmaine, A. Schnellbaecher, A. Zimmer, Reactivity and degradation products 
of tryptophan in solution and proteins, Free Radic Biol Med 160 (2020) 696–718. 

[52] M. Plaza-Garrido, M.C. Salinas-Garcia, A. Camara-Artigas, Orthorhombic lysozyme 
crystallization at acidic pH values driven by phosphate binding, Acta Crystallogr D 
Struct Biol 74 (5) (2018) 480–489. 

[53] E.P. O’Brien, R.I. Dima, B. Brooks, D. Thirumalai, Interactions between 
hydrophobic and ionic solutes in aqueous guanidinium chloride and urea solutions: 
lessons for protein denaturation mechanism, J Am Chem Soc 129 (23) (2007) 
7346–7353. 

[54] H.-X. Zhou, X. Pang, Electrostatic interactions in protein structure, folding, 
binding, and condensation, Chem Rev 118 (4) (2018) 1691–1741. 

[55] M.S. Weiss, G.J. Palm, R. Hilgenfeld, Crystallization, structure solution and 
refinement of hen egg-white lysozyme at pH 8.0 in the presence of MPD, Acta 
Crystallogr D Biological Crystallogr 56 (8) (2000) 952–958. 
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[82] A. Casañal, B. Lohkamp, P. Emsley, Current developments in Coot for 
macromolecular model building of Electron Cryo-microscopy and Crystallographic 
Data, Protein Sci 29 (4) (2020) 1069–1078. 

[83] D. Liebschner, P.V. Afonine, M.L. Baker, G. Bunkoczi, V.B. Chen, T.I. Croll, 
B. Hintze, L.-W. Hung, S. Jain, A.J. McCoy, N.W. Moriarty, R.D. Oeffner, B.K. Poon, 
M.G. Prisant, R.J. Read, J.S. Richardson, D.C. Richardson, M.D. Sammito, O. 
V. Sobolev, D.H. Stockwell, T.C. Terwilliger, A.G. Urzhumtsev, L.L. Videau, C. 
J. Williams, P.D. Adams, Macromolecular structure determination using X-rays, 
neutrons and electrons: recent developments in Phenix, Acta Crystallogr D Biol 
Crystallogr 75 (10) (2019) 861–877. 

Q. Han et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0021-9797(23)01294-8/h0390
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0390
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0390
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0400
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0400
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0400
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0405
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0405
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0405
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0410
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0410
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0410
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0415
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0415
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0415
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0415
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0415
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0415
http://refhub.elsevier.com/S0021-9797(23)01294-8/h0415

	Probing ion-binding at a protein interface: Modulation of protein properties by ionic liquids
	1 Introduction
	2 Results and discussion
	2.1 Phase diagram and crystallization of lysozyme in ILs
	2.2 Lysozyme activity, size and structure changes at low and high IL concentrations
	2.3 Ion binding of ILs
	2.4 Specific ion effects, hydration and interactions

	3 Conclusions
	4 Experimental section
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	Appendix A Supplementary material
	References


