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Dual mechanism of ionic liquid-induced protein unfolding†

Onkar Singh,a‡ Pei-Yin Lee,b‡ Silvina Matysiak,∗c and Harry Bermudez∗a

Ionic liquids (ILs) are gaining attention as protein stabilizers and refolding additives. However, vary-
ing degrees of success with this approach motivates the need to better understand fundamental
IL-protein interactions. A combination of experiment and simulation is used to investigate the ther-
mal unfolding of lysozyme in the presence of two imidazolium-based ILs (1-ethyl-3-methylimidazolium
ethylsulfate, [EMIM][EtSO4] and 1-ethyl-3-methylimidazolium diethylphosphate, [EMIM][Et2PO4]).
Both ILs reduce lysozyme melting temperature Tm, but more gradually than strong denaturants.
[EMIM][Et2PO4] lowers lysozyme Tm more readily than [EMIM][EtSO4], as well as requiring less
energy to unfold the protein, as determined by the calorimetric enthalpy ∆H. Intrinsic fluorescence
measurements indicate that both ILs bind to tryptophan residues in a dynamic mode, and fur-
thermore, molecular dynamics simulations show a high density of [EMIM]+ near lysozyme’s Trp62
residue. For both ILs approximately half of the [EMIM]+ cations near Trp62 show perfect alignment
of their respective rings. The [EMIM]+ cations, having a "local" effect in binding to tryptophan,
likely perturb a critically important Arg-Trp-Arg bridge through favorable π −π and cation-π inter-
actions. Simulations show that the anions, [EtSO4]

– and [Et2PO4]
– , interact in a "global" manner

with lysozyme, due to this protein’s strong net positive charge. The anions also determine the local
distribution of ions surrounding the protein. [Et2PO4]

– is found to have a closer first coordination
shell around the protein and stronger Coulomb interactions with lysozyme than [EtSO4]

– , which
could explain why the former anion is more destabilizing. Patching of ILs to the protein surface is
also observed, suggesting there is no universal IL solvent for proteins, and highlighting the complexity
of the IL-protein environment.

Introduction
Due to the importance of proteins in food, catalysis1, and
biomedicine2, many efforts in recent years have explored ionic
liquids (ILs) to modulate protein behavior3,4. There is also in-
terest in the long-term preservation of proteins without refriger-
ation5. To this end, substantial efforts have been undertaken to
explore protein behavior in IL-water mixtures, usually with a fo-
cus on model globular proteins such as lysozyme6,7, ribonuclease
A8,9, cytochrome c10,11, hemoglobin12, and lipases13,14. In spite
of these efforts no general trend has emerged for how ILs modu-
late protein stability, suggesting the need for a closer examination
of specific protein-IL pairings.

It is important to note that in many reports the amount of
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IL15–17 and/or the protein concentration8,10,18 can be quite low,
such that the solutions are largely dilute and aqueous. One ben-
efit of such conditions is that changes in protein stability can be
interpreted within the context of Hofmeister series19 and/or elec-
trostatic screening effects. However, when the goal is to enhance
ambient and long-term protein stability, it is questionable if dilute
conditions are relevant.

Several recent works examined lysozyme behavior specifically
with significant IL content. Most notable is the early work by
Byrne et al.20 who demonstrated multi-year structural stabiliza-
tion, as confirmed by calorimetry, by using a mixture of 27 wt%
sucrose and 31 wt% ethylammonium nitrate. Mann et al.18 stud-
ied the ability of several related ammonium formate ILs to pro-
mote lysozyme refolding after thermal denaturation. Ethanolam-
monium formate performed particularly well at this task, and
when at concentrations greater than 50 wt% it also improved
lysozyme thermal stability. Weaver et al.21 studied the effect of
choline dihydrogenphosphate and found an increase in lysozyme
thermal stability with increasing concentration (up to 40 wt%).
The above papers suggest an important role for the hydroxyl
group of the cation (ethanolammonium and choline), and yet an-
ions are well known to contribute to protein behavior3,8,22. In-
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deed, Rodrigues et al.23 used ILs of choline paired with various
anions to show that lysozyme thermal stability could be strongly
affected (either increase or decrease) depending on the anion. It
becomes clear that there is a need for closer examination of both
IL ions on protein behavior, and a focus on either cation or anion
alone is likely to be insufficient.

Another limitation to our understanding is that molecular in-
sights are often still lacking, especially in the cases where pro-
teins are destabilized. For example, the details of the unfolding
process also remain largely unexplored: do proteins partially un-
fold? Is the unfolding process cooperative, reversible? Consider-
ing specific pairings of proteins and ILs, what molecular interac-
tions are responsible for the observed behavior? These types of
questions can be answered more thoroughly through a combina-
tion of experiment and simulation, taking advantage of the bene-
fits from each approach. Molecular dynamics (MD) simulation is
uniquely suited to provide a wealth of detailed information, such
as atomic-scale structure and microscopic kinetics. MD also al-
lows us to study the IL organization near the protein surface, as
well as short and long-range interactions between the ions and
the protein.

Towards the goal of understanding the effect of ILs on protein
stability, here we use a combination of experiment and simula-
tion to investigate the behavior of a model protein, lysozyme, in
the presence of two different ILs, 1-ethyl-3-methylimidazolium
ethylsulfate and 1-ethyl-3-methylimidazolium diethylphosphate.
These ILs are chosen due to their miscibility with water and be-
cause sulfate and phosphate anions have relevance to protein-
protein interactions24.

Experimental

Materials and Methods

1-ethyl-3-methylimidazolium ethylsulfate [EMIM][EtSO4]
(≥ 95%), 1-ethyl-3-methylimidazolium diethylphosphate
[EMIM][Et2PO4] (≥ 98%), and lysozyme (≥ 90%) from chicken
egg white were purchased from Sigma-Aldrich. All chemicals
were used as received.

Sample Preparation

Lysozyme solutions (10 wt%) were prepared by dissolving 30 mg
of lysozyme in 270 mg of various IL-water (17 to 75 wt%) mix-
tures.

Calorimetry

Differential scanning calorimetry (DSC) measurements were per-
formed with a TA Q100 with refrigerated cooling system. Ap-
proximately 10 mg of solution was hermetically sealed in an alu-
minum pan and an empty pan used as a reference. For measur-
ing the unfolding temperature Tm, samples were heated from 293
to 373 K with a heating rate of 2 K/min. The instrument was
calibrated using sapphire and indium. Every experiment was re-
peated thrice, and average value reported.

Fluorescence Spectroscopy
A photoluminescence spectrometer from Photon Technology In-
ternational was used for the fluorescence measurements. The in-
trinsic fluorescence of lysozyme was monitored with an excitation
wavelength of 280 nm in quartz cuvette having a path length of
10 mm. The emission spectra were recorded between 285 to 485
nm keeping the excitation and emission slit widths at 0.5 mm. All
above experiments were performed at room temperature.

Simulations
Three systems containing lysozyme (water, 25 wt%
[EMIM][EtSO4] and 25 wt% [EMIM][Et2PO4]) were simu-
lated with all-atom molecular dynamics using Gromacs 2018
package25. For the starting protein structure, the coordinates
of chicken egg white lysozyme of Protein Data Bank (PDB)
entry 1AKI was taken with all crystallographical water molecules
removed. OPLS-AA force field26 was used for lysozyme, water
and chloride ions. A non-polarized force field developed by
Canongia et al27, which was compatible with the OPLS-AA force
field was used for [EMIM]+ and [EtSO4]– ions. LigParGen
server was used to generate force field parameters that were
also compatible with OPLS-AA forced field for [Et2PO4]– 28. The
details of validation of these parameters are described in the
supplemental information. The pH of the systems were set at 7
to match experimental conditions of water. For the water system,
lysozyme was solvated in a 7.01×7.01×7.01 nm3 cubic box with
10636 SPC water molecules and 8 chloride ions to neutralize
the system. For the 25 wt% [EMIM][EtSO4] system, lysozyme
was solvated in a 8.50 × 8.50 × 8.50 nm3 cubic box with 9041
SPC water molecules, 8 chloride ions, 230 [EMIM]+ ions and
230 [EtSO4]– ions. For the 25 wt% [EMIM][Et2PO4] system,
lysozyme was solvated in a 8.00 × 8.00 × 8.00 nm3 with 8456
SPC water molecules, 8 chloride ions, 192 [EMIM]+ ions, and
192 [Et2PO4]– ions. The molecular structures for all IL ions are
shown in Figure 1.

Fig. 1 Molecular structures of (a) [EMIM]+ cation, (b) [EtSO4]
– an-

ion, and (c) [Et2PO4]
– anion. White: hydrogen; cyan: carbon; blue:

nitrogen; red: oxygen; yellow: sulfur; and tan: phosphorus. The marked
atoms are for the identification purpose in Figure 7.

Prior to production runs, the energy of the system was mini-
mized using the steepest descent method, followed by isochoric-
isothermal (NVT) and isobaric-isothermal (NPT) ensemble runs
of 100 ps each and at 300 K. Pressure for NPT equilibration was
set at 1 bar. The volumes of the simulation boxes after initial
equilibration were 6.96×6.96×6.96 nm3, 7.12×7.12×7.12 nm3,
and 6.98 × 6.98 × 6.98 nm3 for water, 25 wt% [EMIM][EtSO4],
and 25 wt% [EMIM][Et2PO4] system, respectively. As for the
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production run, a total of 9 trajectories have been run for 1 µs
for the three systems and at 3 temperatures (300 K, 370 K, and
400 K). All production runs were run with NPT ensemble with a
time step of 2 fs and pressure at 1 bar. Linear Constraint Solver
Algorithm (LINCS) was used for the constraint algorithm and all
bonds involving hydrogens were constrained. The cutoff for both
short range Coulomb and van der Waals interactions was 1.0 nm.
These cutoff values were also used to calculate the short range in-
teractions between lysozyme and ILs. Typically a cutoff between
0.8 to 1.2 nm is used. Although longer cutoff values are desir-
able, 1.0 nm is chosen because of the desire of better sampling.29

The particle-mesh Ewald method30 was used for the long-range
electrostatic interactions. Parrinello-Rahman barostat31 and V-
rescale thermostat were used to control pressure and tempera-
ture, respectively. The compressibilities of the system were set to
4.50×105 bar−1, 4.23×105 bar−1, and 4.23×105 bar−1 for water,
25 wt% [EMIM][EtSO4], and 25 wt% [EMIM][Et2PO4] systems,
respectively, to reflect different solvent compressibility between
water and IL/water mixtures32.

The last 800 ns data were used for analysis. Native contact
pairs were first determined by selecting two atoms that are more
than four residues away but less than 0.75 nm in distance from
1AKI.pdb structure. The pair list was then used to determine the
fraction of native contacts of a structure with the same cutoff of
0.75 nm. Potential mean force (PMF) was calculated based on
eq.1, where W (rxn) is the PMF of a reaction coordinate (rxn) and
P is the probability distribution of that rxn.

W (rxn) =− lnP(rxn) (1)

The probability distribution of the absolute cosine angle be-
tween the normal of [EMIM]+ rings near Trp62 and the normal
of Trp62 ring is also calculated. An [EMIM]+ is considered to
be near Trp62 if its CR atom (Figure 1) is within a cutoff of
0.4 nm from either the Cδ2 atom or Cε2 atom of Trp62. This
cutoff is justified by the RDF between [EMIM]+ CR and Trp62
Cδ2 or Cε2, where the maxima occur at around this value (Fig-
ure S1). For the spatial distribution function figures, isovalues
used for cation and anion in [EMIM][EtSO4] are -0.01285 and
-0.000586, respectively; isovalues used for cation and anion in
[EMIM][Et2PO4] are -0.019402 and 0.009118, respectively. All
other analyses along with SDF were done with the inbuilt tools
in Gromacs or VMD33. All structure images were rendered from
VMD.

Results and Discussion
Calorimetric scans of lysozyme in IL-water solutions provide a
great deal of information regarding the protein state and its tran-
sitions. A representative scan is shown in Figure S2. Upon heat-
ing, lysozyme shows a well-defined endothermic peak, consistent
with thermally-induced protein unfolding. The location of this
peak corresponds to the melting temperature Tm. Second, with
appropriate baseline correction34, the enthalpy of the transition
∆H is directly given by the area under the curve. Third, integra-
tion of the curve allows us to determine the transition width ∆T ,
an important parameter of the unfolding process35.

Fig. 2 Effect of IL concentration on lysozyme melting temperature Tm
from calorimetry. For comparison, data for the effect of [Gdm][Cl] is also
shown36.

Figure 2 shows how the lysozyme melting temperature Tm

varies in the presence of both ILs. There is an initial linear regime,
followed by a stronger decrease at higher IL content. This trend
indicates a gradual effect of the ILs on lysozyme stability and
is in contrast to strong denaturants, such as guanidinium chlo-
ride, which causes a rapid decrease in Tm and complete unfolding
near room temperature36–38. Comparing the effect of the two
ILs, [EMIM][Et2PO4] lowers the lysozyme Tm more readily than
[EMIM][EtSO4], with the difference most noticeable above 30
wt% IL.

The thermal denaturation of lysozyme in other IL-water mix-
tures has been previously reported3,9,39,40. Specifically, calori-
metric determinations of lysozyme Tm can either show a decrease
or an increase with added IL. Such variation is not limited to
lysozyme, as there are similar instances for RNaseA in IL-water
mixtures8,22. It seems clear that there is no simple rule to ex-
plain such effects and instead we must turn attention to specific
interactions between the IL ions and protein functional groups.

Fig. 3 Effect of IL concentration on the lysozyme (a) transition en-
thalpy ∆H and (b) effective transition enthalpy ∆Hv from the van’t Hoff
equation.

The energy required for protein transitions can be directly
measured by DSC. Figure 3 (a) shows how the lysozyme tran-
sition enthalpy ∆H varies in the presence of both ILs. With
added [EMIM][EtSO4], ∆H first gradually decreases and then
reaches a plateau at intermediate concentrations. With added
[EMIM][Et2PO4], ∆H decreases continuously with IL concentra-
tion. As with Tm, the difference between [EMIM][EtSO4] and
[EMIM][Et2PO4] is most noticeable above 30 wt% IL. The lower
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values of ∆H indicates less heat (energy) is required to unfold
lysozyme in [EMIM][Et2PO4], and the relative impact of this IL is
more clearly seen in ∆H as compared to Tm.

The melting temperature Tm of a protein is often quoted as a
measure of thermal stability, but from the relation Tm = ∆H/∆S it
is seen that Tm reflects two quantities. In both [EMIM][EtSO4]
and [EMIM][Et2PO4] solutions, the decrease in lysozyme ∆H
(Figure 3 (a)) is accompanied by a decrease in ∆S. Specifically for
[EMIM][Et2PO4], the small ∆S at high IL concentrations is con-
sistent with a smaller difference between the initial (folded) and
final (unfolded) states, and suggests a "loose" initial structure.

The shape of the melting curve determines if the thermal transi-
tion reflects "all-or-none", partial, or aggregate unfolding35,41,42.
Intuitively it is understood that a small transition width ∆T is in-
dicative of high cooperativity, whereas a large ∆T is indicative
of low cooperativity, aggregation, or polymorphism. The van’t
Hoff equation ∆Hv/RT 2 = d lnK/dT , where R is the gas constant
and K is the equilibrium constant, is used to calculate the transi-
tion enthalpy as ∆Hv = 4RT 2

m/∆T . If the calculated ∆Hv equals the
calorimetrically-measured ∆H, then the assumption of a two-state
equilibrium is satisfied and the protein melts as a single cooper-
ative unit. Comparing ∆H and ∆Hv (Figure 3), we conclude that
lysozyme in [EMIM][EtSO4] melts nearly as an all-or-none pro-
cess, whereas lysozyme in [EMIM][Et2PO4] melts in a complex
fashion, possibly as aggregates43. We note here that turbidity is
observed for samples having very high IL content (> 66 wt% for
[EMIM][EtSO4] and > 40 wt% for [EMIM][Et2PO4]), however,
these samples remain indefinitely stable suspensions (observed
for several weeks).

Computationally, we observe a similar trend for lysozyme sta-
bility as with experiments. Figure 4 shows the fraction of na-
tive contacts, C-alpha root-mean-square-deviation (Cα RMSD),
and radius of gyration (Rg) time series for water, 25 wt%
[EMIM][EtSO4], and 25 wt% [EMIM][Et2PO4] at three temper-
atures. The starting configurations are folded structures taken
right after NPT equilibration for each system. From fraction of
native contacts and Cα RMSD at 300 K we see that lysozyme is
folded at all times in all systems with RMSD staying at around
0.2 nm. Indeed, lysozyme is very stable thermally considering its
rather small size44–48. The reason why lysozyme in water has
slightly lower fraction of native contacts can be attributed to the
more flexible movements from the loops and turns as seen in the
C-alpha root-mean-square-fluctuation (Cα RMSF) analysis (Fig-
ure S3). The suppression of RMSF of a protein in aqueous IL
mixtures has also been found for xylanase in [EMIM][EtSO4]49.

When the temperature increases to 370 K as shown in Figure 4
(b) and (e), destabilization of lysozyme is observed starting from
around 250 ns for both ILs. This temperature is also the tempera-
ture where we start to see different states occur for water system
and IL systems kinetically, i.e., lysozyme is partially unfolded in
ILs, but still folded in water at around 250-400 ns. A Cα RMSD
cutoff of 0.4 nm is used to distinguish folded states and not folded
states. This cutoff can be seen more clearly from the PMF plots
at 370 K (Figure S4), where the folded basins and the interme-
diate basins50 51 are separated by this cutoff. As the simulation
time becomes longer, lysozyme in water also starts to partially un-

Fig. 4 Fraction of native contacts, RMSD, and Rg time series for water
(black), 25 wt% [EMIM][EtSO4] (red), and 25 wt% [EMIM][Et2PO4]
(blue) systems. The first column is at 300 K, the second column is at
370 K, and the third column is at 400 K.

fold, while lysozyme in [EMIM][Et2PO4] further unfolds to have
a fraction of native contacts of around 0.3. When temperature
increases to 400 K, ILs still destabilize lysozyme faster than water
does, as evident from the fraction of native contacts time series.

For Rg at 300 K, lysozyme in water has a slightly higher value
compared to the other two systems, again possibly due to larger
fluctuations in the loops and turns. At elevated temperatures,
[EMIM][Et2PO4] has larger fluctuation in Rg compared to other
two systems. This indicates that lysozyme in [EMIM][Et2PO4]
samples more swollen conformations in not folded states.

As an experimental method to follow changes in lysozyme
structure, we used intrinsic protein fluorescence. Lysozyme’s
fluorescence emission is predominantly due to tryptophan (Trp)
residues52. Out of the six Trp residues, only two of these (Trp62
and Trp108) are thought to contribute16, the others (Trp28,
Trp63, Trp111, and Trp123) are either buried within the hy-
drophobic core or quenched by nearby cysteine residues. Trp62
is especially important for lysozyme stability, since its mutation
to glycine results in a lysozyme variant with disrupted long-range
interactions53.

Fig. 5 (a) Stern-Volmer plot and (b) Lineweaver-Burk plot from fluo-
rescence quenching of lysozyme with added IL.

The fluorescence data are presented in two ways: Stern-Volmer
and Lineweaver-Burk plots (Figure 5 (a) and (b), respectively).
In this manner we can discriminate between dynamic and static
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quenching. Both the Stern-Volmer equation F0/F = 1 + KSV [C]

and the Lineweaver-Burk equation 1/(F0−F) = 1/F0+1/KLBF0[C]

give their corresponding binding constants from the slopes of
appropriate fits to the data. The fits to the experimental data
are good, and Table 1 reveals that KSV > KLB, indicating a pre-
dominantly dynamic binding interaction between the ILs and
lysozyme. This result is in contrast to a related study by Guo
et al. 16 , who used [BMIM][BF4] and [BMIM][X] where [X]– are
halides. They found predominantly static binding with lysozyme,
presumably due to the increased cation hydrophobicity in their
study.

System KSV , M−1 KLB, M
[EMIM][EtSO4] + lysozyme 4.3 1.1
[EMIM][Et2PO4] + lysozyme 14.5 7.3

Table 1 Binding constants obtained from Stern-Volmer and Lineweaver-
Burk plots.

Table 1 shows that [EMIM][Et2PO4] has a larger binding con-
stant than [EMIM][EtSO4]. Although the effects of the IL cation
and anion are complex, as we will discuss below, at least part of
their destabilizing effect on lysozyme stability can be attributed
to their difference in binding affinity with Trp. Indeed, the im-
portance of Trp62 to lysozyme stability is thought to occur via
a "sandwich-type" interaction between itself and two arginines
(Arg73 and Arg113)53,54. A plausible mechanism of interaction
between the ILs and Trp62 is through π-π and cation-π stacking
between the [EMIM]+ cation’s imidazolium ring and Trp62’s in-
dole ring. Such an interaction would compete with the native,
and stabilizing, Arg-Trp-Arg sandwich.

Simulations allow us to directly observe the interactions of IL
cations and anions at Trp62, and to confirm the competitive bind-
ing mechanism. Figure 6 shows the probability distribution of
the absolute cosine angle between the normal of the [EMIM]+

ring and the normal of the Trp62 ring within a cutoff of 0.4 nm.
The details of the calculation are described in the Experimental
section. If the absolute cosine angle value equals to one, that
means the rings are perfectly aligned with each other, and if the
value equals to zero, that means the rings are perpendicular to
each other. If we define the existence of the ring-ring alignment
to have an absolute cosine angle value larger than 0.75, then
for 25 wt% [EMIM][EtSO4] is 89.80% aligned and for 25 wt%
[EMIM][Et2PO4] is 83.91% aligned, which both indicate strong
interaction between rings. The insets in Figure 6 show the spatial
distribution function (SDF) of [EMIM]+ near lysozyme for the
two ILs. From these figures the high density region of [EMIM]+

near Trp62 can be seen more readily.
The importance of Trp62 in lysozyme stabilization has been

previously established both experimentally53 but also in molec-
ular dynamics simulations55 54. As mentioned earlier, our fluo-
rescence data (Figure 5) lead us to presume that local π-π and
cation-π stacking between [EMIM]+ and Trp62 disturbs the na-
tive Arg73-Trp62-Arg113 interaction. Our simulation results di-
rectly confirm this IL-protein interaction (Figure 6). Furthermore,
this mechanism explains why lysozyme is destabilized in both ILs
studied here: both ILs share the same [EMIM]+ cation. This in-

Fig. 6 The probability distribution of absolute cosine between the normal
of [EMIM]+ ring and the normal of Trp62 ring within a cutoff of 0.4 nm.
The insets are SDF (200 ns–1 µs) of [EMIM]+ near the average structure
of Trp62 (200 ns–1 µs). (a) is in 25 wt% [EMIM][EtSO4] and (b) is in
25 wt% [EMIM][Et2PO4]. Trp62 is shown in purple CPK representation.

terpretation is also consistent with the effect of [EMIM][Cl] on
lysozyme40, which also reduces the Tm and hence destabilizes the
protein (although to a lesser degree than either of the ILs here).

The significant role of the IL anions is clearly seen in Figure
2, and simulation provides additional evidence as to why anions
are important in a global fashion. Because lysozyme is a highly
charged basic protein with an isoelectric point pI ≈ 1156,57, it
is expected that electrostatic interactions would be prominent in
the protein’s solubility and stability. Figure S5 shows the ratio
between ILs and H2O near protein and in bulk. The ratio between
anions and H2O near protein is greater than that in bulk in both
IL systems, which indicates that more anions will partition to the
protein surface. In contrast, the ratio between [EMIM]+ and H2O
does not change that much near the protein and in bulk.

We next investigated how the specific anion contributes to the
difference in lysozyme stability. Figure 7 shows the radial dis-
tribution function (RDF) between selected atoms of ILs and the
whole protein. An illustration of the selected atoms is shown in
Figure 1. A nearly identical trend is observed for [EMIM]+ in
both IL systems, indicating the similar distribution of [EMIM]+

near lysozyme and that the global distribution of [EMIM]+ is not
affected by the difference in anions. In addition, the cation peaks
are less distinct compared to the anion peaks, indicating the dis-
tribution of [EMIM]+ with respect to the protein surface is more
delocalized. For the anions, [Et2PO4]– shows a strong orienta-
tional effect with phosphorous pointing towards the protein sur-
face (Figure 7(b)), while for [EtSO4]– the peaks are less distinct
(Figure 7(a)), reflecting this anion’s smaller dipole moment. For
the same reason, the first coordination shell of [Et2PO4]– is closer
to the lysozyme surface than [EtSO4]– .

The short-range interaction energies between ILs and the pro-
tein are further examined in Table 2. The cutoff of these two
short-range interactions is set at 1 nm. Again, there is no clear
difference in Coulomb and Lennard-Jones (LJ) interactions be-
tween [EMIM]+ and protein in the two IL systems. However,
the Coulomb short-range interaction is more than two times
stronger between [Et2PO4]– and protein than between [EtSO4]–

and protein, which agrees with the observation in RDF that
[Et2PO4]– has a closer first coordination shell. The two IL anions
[EtSO4]– and [Et2PO4]– differ in several ways, including that
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Fig. 7 RDF between selected atoms of ILs and the whole protein in (a) 25
wt% [EMIM][EtSO4] and (b) 25 wt% [EMIM][Et2PO4]. An illustration
of the marked atoms is shown in Figure 1.

[Et2PO4]– has less charge delocalization and greater hydropho-
bicity than [EtSO4]– , providing greater driving forces for interac-
tions with both the protein surface charges and the hydrophobic
interior. Since the interaction between the anion and the protein
is stronger in [EMIM][Et2PO4] than in [EMIM][EtSO4], this is
another contribution causing the former system to be more desta-
bilizing than the latter one.

Having identified important roles for both the IL cations and
the IL anions, we turn our attention to their roles when to-
gether. Figure 8 shows the SDF of ILs near lysozyme, where
lysozyme is shown in gray, red regions correspond to high den-
sity of [EMIM]+ and cyan regions correspond to high density of
[EtSO4]– or [Et2PO4]– . We observe that instead of being a ho-
mogeneous mixture like the bulk solution, the IL ions distribute
in patches across different parts of the lysozyme surface. In both
IL systems, positive residues attract anions and negative residues
attract cations. In addition, some hydrophobic residues on the
protein surface also attract both cations and anions, possibly due
to the fact that both the cations and anions have at least one hy-
drophobic alkyl chain. This non-uniform distribution of ions near
the protein surface suggests that there is no "universal" IL solvent
for proteins, but rather, that each protein will need a uniquely
tailored IL for optimum solubility and stability.

Conclusions
The interactions between lysozyme and two ILs, [EMIM][EtSO4]
and [EMIM][Et2PO4], are investigated with a combination of ex-
periment and simulation. We find that lysozyme is destabilized

Energy Type Average (kJ/mol) Standard Deviation (kJ/mol)
25 wt% [EMIM][EtSO4]

Coulomb (SR)
Protein-EMIM -40.96 35.87

LJ (SR)
Protein-EMIM -274.78 43.72

Coulomb (SR)
Protein-EtSO4

-1389.5 230.15

LJ (SR)
Protein-EtSO4

-575.76 74.33

25 wt% [EMIM][Et2PO4]
Coulomb (SR)
Protein-EMIM -57.15 40.03

LJ (SR)
Protein-EMIM -225.21 42.04

Coulomb (SR)
Protein-Et2PO4

-3082.48 383.67

LJ (SR)
Protein-Et2PO4

-450.96 85.35

Table 2 Short-range interaction between ILs and lysozyme.

Fig. 8 SDF of ILs near lysozyme where red represents [EMIM]+ and
cyan represents anions: [EtSO4]

– in (a), (b) and [Et2PO4]
– in (c), (d).

Trp62 is shown in purple CPK representation. Panels (b) and (d) are
after a rotation of approximate 180◦ of (a) and (c), respectively.

in the presence of ILs due to contributions from both the cations
and anions, acting in local and global manners, respectively. The
[EMIM]+ cation exerts its effect locally by binding to tryptophan
and presumably competing with a native Arg-Trp-Arg bridge that
is critical to lysozyme stability, via favorable π-π and cation-π
interactions. The anions [EtSO4]– and [Et2PO4]– , exert their
effects globally through electrostatic effects, with the latter hav-
ing the stronger short-range interaction. The differences due to
the anions are likely due to the lower charge delocalization and
greater hydrophobicity of [Et2PO4]– . The protein surface het-
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erogeneity is reflected in IL patterning, indicating no universal
IL solvent for ILs, but rather, the need for each protein to have
tailored ILs. Future investigations will benefit from combinated
experiment and simulation, both to guide designer ILs but also to
understand why some ILs outperform others.
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