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other co-solutes. Significant effects were already reported for
concentrations below 1 mol/L 13 , although also concentrationdependent effects were found 14,24,32 . Due to these reasons,
it is of utmost importance to achieve deeper insights into the
underlying interaction mechanisms. A useful tool are atomistic
molecular dynamics (MD) simulations, which were already
performed for several aqueous ILs 35–43 . Noteworthy, most of
these studies focused on hydration and binding properties of
the proteins, whereas the stability of protein conformations in
presence of aqueous ILs was only sparsely investigated 40,42,43 .
The pronounced interaction between cations and anions and
the resulting effect on the unfolding mechanism was discussed
in more detail in recent publications 10,11,40,44–47 . Thus, the
combined interplay between cation and anion effects has a significant influence on the protein stability. In view of these findings,
one can assume the existence of a more complex interaction
mechanism than known for standard co-solutes 1,48–51 . With
regard to the denaturation and stabilization effects, co-solutes
can be distinguished by their accumulation behavior around
the protein. Here, it was found that biological denaturants like
urea and guanidinium chloride strongly bind to protein surfaces,
whereas protectants like TMAO and ectoine, which stabilize
protein structures, are preferentially excluded 1,50 . Slight modifications of this simple picture were introduced by recent findings
on concentration-dependent effects 48,52–55 , solute-dependent
binding behavior 56,57 , and preferential hydration mechanisms 58 .
In order to establish a statistical mechanical description for these
findings, the Kirkwood-Buff theory 11,48,59–65 can be used to
rationalize the underlying physical mechanisms.
In this article, we study the properties of 1-ethyl-3methylimidazolium (EMIM) with different anions, namely
chloride (CL), tetrafluroborate (BF4) and acetate (ACE), with
respect to their influence on the stability of a single β -hairpin
peptide. Thus, we significantly extend our previous communication article on aqueous EMIM/ACE 40 and verify the presence
of anion-specific effects in terms of the stability of peptide
conformations. In more detail, we investigate the hydration
properties and the binding mechanism of the ions with regard of
the Kirkwood-Buff theory. Moreover, we compute the local/bulk
partition coefficients, which provide insights into the accumulation behavior of the individual ion species around different
peptide conformations. In addition, we present the results of
metadynamics simulations, which allow us to determine the energetically most stable peptide conformation. The obtained free
energy landscapes demonstrate the influences of the individual
IL species, and are in qualitative agreement with the outcomes of
the Kirkwood-Buff theory.
The article is organized as follows. In the next two sections, we
present the theoretical background and the simulation details.
The results will be be discussed in the fourth section. We briefly
conclude and summarize in the last section.

2

Theoretical Background:
Preferential
Binding Coefficient And Preferential Hydration Parameter

The Kirkwood-Buff (KB) theory provides a statistical mechanical
description for molecular solutions and co-solute effects 59 . Thus,
well-defined expressions for thermodynamic quantities can be derived, which is of particular importance for the understanding of
co-solute effects 11 . The central expression of the KB theory is the
KB integral, which reads 59,60
Gαβ = 4π

Z ∞
0

µV T

r2 [gαβ (r) − 1] dr

in the grandcanonical µV T ensemble. A useful approximate expression for the KB integral in the canonical NV T or isothermalisobaric N pT ensemble is
Gαβ ≈ Gαβ (rc ) = 4π

Z rc
0

r2 [gαβ (r) − 1] dr,

1–11

(2)

where it is assumed that the radial distribution function between
the molecular species β and α approaches unity for distances
larger or equal than the cut-off distance rc 63,65,66 , i. e. gαβ (r ≥
rc ) = 1. In more detail, rc thus denotes the distance where the KB
integrals converge to constant values. As a standard convention,
the solvent (water) is denoted by α, β =‘1’, the solute (peptide) by
‘2’ and the co-solutes (EMIM and anions) by ‘3’. The value of the
KB integral can be interpreted as the excess volume of the considered species β around the solute α when compared to an ideal
solution 59,60,65,67,68 . Furthermore, it has to be mentioned that
Eqn. (2) relies on a spherical approximation. For non-spherical
solutes, certain deviations occur, which can be taken into account
by Voronoi tesselation techniques 69 . Nevertheless, recent publications verified the usage of the standard approach for macromolecules 40,53,58 .
In order to study the binding properties between solute and cosolutes, the preferential binding coefficient for uncharged species
at constant temperature T and pressure p can be defined as follows 63,66,70
!


∂ µ20
∂ m3
ν23 = −
(3)
=
∂ µ3
∂ m2 p,T,µ3
p,T,ρ2 →0

where µ20 denotes the chemical potential of the solute at infinite
dilution (bulk number density ρ2 → 0), µ3 the chemical potential of the co-solute and mγ denotes the molality of the individual
tot
species γ = 2, 3 according to mγ = ntot
γ /n1 with the total number
of considered molecules ntot
divided
by
the total number of solγ
vent molecules ntot
.
Thus,
the
preferential
binding coefficient can
1
be interpreted as an expression for the increase or decrease in the
number of co-solute or water molecules around a solute at infinite dilution. A further expression in order to evaluate the preferential binding coefficient in Eqn. (3) at finite distances 11,62,64,65
with regard to the KB integrals reads
ν23 (rc ) = ρ3 (G23 (rc ) − G21 (rc )) = n23 (rc ) −

2|

(1)

ρ3
n21 (rc ),
ρ1

(4)
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n2β (r) = 4πρβ

Z r
0

r2 g2β (r) dr

(5)

where ρβ denotes the co-solute or solvent bulk number density.
For a fixed number of co-solute and solvent molecules, for instance as in computer simulations, and in presence of charged
species 63,65 , a refined version of Eqn. (4) reads
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n± ν23 (rc ) = n23 (rc ) −

ntot
3 − n23 (rc )
n21 (rc ) − Z
ntot
1 − n21 (rc )

(6)

with the net charge Z of the peptide (here Z = −4e) and the prefactor n± , which accounts for the number of ions in the molecular
formula (here n± = 2) 11,65 . Herewith, the indistinguishable ion
approach is used, such that anion and cation species are considered as equivalent 68,70 , which was shown to be a useful approximation for ILs 71,72 . In particular, a preferential binding of the
co-solute can be observed for ν23 (rc ) > 1, whereas a preferential
exclusion is evident for ν23 (rc ) < 1.
With regard to the fact that the presence of co-solutes significantly
changes the local hydration shell around the solute, one can calculate the preferential hydration parameter 73,74
!
∂ µ20
Γ21 = −
= ρ1 (G21 − G23 ),
(7)
∂ µ1
T,p,ρ2 →0

which reads for finite distances
Γ21 (rc ) = −

ρ1
ν23 (rc ),
ρ3

(8)

in order to identify a preferential hydration mechanism 75 , as implied by Γ21 (rc ) > 0, or a dehydration effect for Γ21 (rc ) < 0.
Moreover, the preferential binding coefficient is proportional to
the transfer free energy, which estimates the excess energy that
is needed to transfer a co-solute species from infinite distance to
close vicinity around the solute 56
∗
F23
(rc ) = −RT ν23 (rc ),

(9)

where R denotes the molar gas constant in combination with the
temperature T .
Most importantly, the preferential binding coefficient contains information about the influence of the co-solute on the chemical
equilibrium constant denoted by Kcs = ([D]0 /[N]0 ) Kapp = K0 Kapp .
Here, [D]0 and [N]0 represent the number of peptides in the native (N) and denatured (D) conformation in the absence of cosolutes, and Kapp the apparent reaction constant in the presence
of co-solutes 11 . From the definition of the chemical potential 76 ,
it follows that
∆µ20 ∝ ln Kcs ,
(10)
where ∆µ20 is the difference between the chemical potentials of
denatured and native peptide conformations, i.e. ∆µ20 = (µ20 )D −

(µ20 )N . Insertion of the above expression into Eqn. (3) gives


∂ ln Kapp
D
N
= ∆ν23 = ν23
(rc ) − ν23
(rc )
(11)
∂ µ3
p,T,ρ2 →0
D (r ) to the denatured
with the preferential binding coefficients ν23
c
N
and ν23 (rc ) to the native peptide conformation in presence of cosolutes 64,65 . Eqn. (11) can be interpreted as a modification of
the chemical equilibrium and therefore a stabilization of the denatured state (∆ν23 > 0) or the native state (∆ν23 < 0).
In order to study the individual ion distributions around
the peptide, one can compute the local/bulk partition coefficient 53,58,74,77,78 according to

K p (r) =

(n2c (r)/n21 (r))
.
tot
(ntot
c /n1 )

(12)

Here, n2c (r) and ntot
c denote the cumulative and the total number
of ions of species c around the peptide in analogy to the respective
numbers of solvent molecules n21 (r) and ntot
1 . In contrast to the
expressions derived from the KB theory, the local/bulk partition
coefficient has no statistical mechanical interpretation, such that
it can be only used in order to study the local densities around the
solute. Thus, this quantity allows one to assess the accumulation
behavior of cations and anions separately, which makes it more
operational in the present study when compared to the indistinguishable ion approach in the KB theory. In particular, a preferential exclusion behavior of a given ion species at short distances
(r ≤ 1 nm) can be observed for K p (r) < 1 in contrast to a preferential binding behavior for K p (r) > 1. For a detailed discussion on
the differences between the local/bulk partition coefficient and
the preferential binding coefficient and the corresponding thermodynamic implications, we refer the reader to Refs. 73,74. A
more rigorous formulation of the KB theory in terms of co-solute
induced denaturation/stabilization effects can be found in Refs.
11,65.

3

Numerical Details

All MD simulations were performed with the GROMACS 4.6.7
package 79,80 , and in agreement with our previous study 40 , a
combination of the OPLS-AA (peptide) 81 , TIP3P (water) 82 and
CL&P forcefields (ILs) 83–86 was used. Apart from the β -hairpin
peptide (amino acids 41 − 56 of Protein Data Bank entry 2GB1 87
with net charge Z = −4e), the cubic simulation box contained
250 IL ion pairs and roughly 22000 water molecules, leading to
a final box length of about 9 nm and an IL concentration around
0.57 mol/L after equilibration. The initial structures were generated by usind standard Gromacs tools (editconf and g_solvate).
We inserted the β -hairpin peptide without further modification
into the middle of the cubic simulation box. Hereafter, we added
the corresponding number of IL ions in order to adjust the envisaged concentration. In addition, four sodium ions were added to
neutralize the net charge of the peptide. Water molecules were
then inserted randomly in order to initiate an aqueous IL solution. For all three ILs (EMIM/ACE, EMIM/BF4, EMIM/CL), we
performed two kinds of simulation after energy minimization: in
order to study the unfolding free energy landscape of the peptide,

1–11 | 3
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Simulation Results

4.1 Preferential binding mechanism and preferential hydration effects
We start with the values for the preferential binding coefficient
ν23 (r), which were obtained by averaging over both the restrained
native structure and the corresponding IL-dependent global minimum free energy conformation of the peptide (Fig. 1). The values
for ν23 (r) provide an estimate for the transfer free energy according to Eqn. (9), allowing us to study the affinity of the individual
ILs to the peptide. All distances r were calculated between the
Cα atoms of the peptide and the centers-of-mass for both ions
and water molecules, respectively. As can be seen, for large dis4.5
4
3.5
3
2.5
2
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BF4
CL

1.5
0

0.5
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1.5

2
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4

Fig. 1 Preferential binding coefficient ν23 (r) for the different ILs
according to Eqn. (6) with n± = 2 and Z = −4e. The corresponding
values for ν23 (r) were obtained by averaging over all restrained
configurations of the peptide, and by summing over all cation and anion
species. The limiting value for ν23 (rc ) can be determined for rc ≥ 4 nm.
The black line illustrates the results for EMIM/CL, whereas the blue and
the red line depict the preferential binding coefficients for EMIM/BF4 and
EMIM/ACE, respectively.

tances r ≥ 4 nm, the preferential binding coefficient and the underlying KB integrals approach a constant value, such that we
can set rc = 4 nm and ν23 (rc ) = ν23 . Based on the corresponding
values for ν23 , one can observe distinct binding strengths of the
ILs according to EMIM/ACE ≫ EMIM/BF4 > EMIM/CL. Due to
the fact that the cation (EMIM) is identical for all ILs, one can
assign the observed difference to the distinct anion species. It
becomes evident that the order of the binding strength coincides
with the molecular size of the anions. A comparable behavior was
also found for the solvation and accumulation properties around
model spheres in pure ILs 97,98 . Thus, EMIM/CL with chloride as
the smallest anion reveals the weakest binding strength, followed
by tetrafluoroborate in contrast to acetate with the largest size
and the highest value for the preferential binding coefficient. The
transfer free energies according to Eqn. (9) imply moderate val∗ (r ) between −2 kcal/mol and −2.8 kcal/mol at r = 4
ues of F23
c
c
nm for all three ILs, which is of the same order as calculated for
the binding energy between ion pairs in pure ILs 99 . In terms of
the preferential hydration coefficient (Eqn. (7)), it becomes ev-
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we first performed standard metadynamics simulations 88,89 using
the PLUMED 2.1.1 package 90 , and hereafter independent simulations of selected peptide configurations with position restraints
to study the binding behavior of the individual ILs. As in the
previous study 40 , the absolute end-to-end vector Re and the rootmean-square deviation (RMSD) from the energy-minimized native structure were chosen as collective variables for the metadynamics simulations. The height and the width of the individual biasing potentials were 0.1 kJ and 0.1 nm, and the deposition stride
was one picosecond. In order to provide a sufficient sampling of
the reaction coordinate space, we ensured that the trajectories for
both collective variables displayed at least two folding-unfolding
cycles. Thus, the metadynamics simulations of the β -hairpin peptide in pure water had a length of 45 ns, whereas all other systems
were simulated for 100 ns. We verified the proper convergence of
the corresponding free energy landscapes by a time series analysis as discussed in more detail in the supplementary material.
Furthermore, we monitored the trajectories of the collective variables and their evolution in time. The corresponding data, which
are also included in the supplementary material, reveal a sufficient sampling of the accessible phase space. For the simulations with position restraints, we used the native structure of the
peptide in pure water as an identical reference conformation for
all ILs as well as the corresponding global free energy minimum
conformations extracted from the metadynamics simulations. All
heavy backbone atoms of the peptide were constrained to their
initial positions by an harmonic potential with a force constant of
1000 kJ mol−1 nm−2 . Both the native structure and the conformation corresponding to the global free energy minimum were
simulated for 100 ns, where the first 10 ns were discarded to ensure proper equilibration. Configurations were stored all 2 ps. In
all simulations, the temperature was maintained at T = 298 K
by the Berendsen thermostat 91 , using a coupling time constant
of 1 ps, and the pressure was kept constant at p = 1 bar by the
Berendsen barostat 91 (coupling time constant 2 ps, compressibility 4.5 · 10−5 bar−1 ). Electrostatic interactions were treated by
the Particle Mesh Ewald (PME) method 92,93 , where a real-space
cut-off of 1.2 nm and a grid spacing of 0.1 nm with sixth-order interpolation was used. Lennard-Jones interactions were truncated
at 1.2 nm and shifted to zero. The equations of motion were integrated by the Leapfrog algorithm with an elementary time step
of 1 fs. All bonds involving hydrogen atoms were constrained by
the LINCS algorithm 94 .
We calculated the accessible surface area of different peptide conformations by a spherical approximation for the ions and the water molecules 95 . The corresponding radii rsphere were estimated
from the molecular volume based on the atomic van-der-Waals
radii 96 with rsphere = 0.489 nm for EMIM, rsphere = 0.376 nm for
ACE, rsphere = 0.363 nm for BF4, rsphere = 0.17 nm for CL and
rsphere = 0.14 nm for water molecules.
Hydrogen bonds were defined by a standard criterion, that the
donor-acceptor distance is shorter than 0.35 nm and the actual
angle does not exceed 30◦ .

ν23(r)
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In order to analyze the ion-specific accumulation behavior, we
calculated the local/bulk partition coefficients for the individual
ion species around the aforementioned two different peptide conformations. The global free energy minimum conformation will
be referred to as "denatured state" in the following. The corresponding results for EMIM/ACE are shown in Fig. 2. It can clearly
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Fig. 2 Local/bulk partition coefficient for the individual ion species of
EMIM/ACE (cations (red) and anions (blue)) around the native (circles)
and the corresponding denatured state (solid lines).

be seen that EMIM accumulates strongly around both peptide
configurations due to positive values for K p (r) at short distances
r ≤ 3 nm. Hence, EMIM reveals a preferential binding behavior
to both conformations with a slightly higher binding strength to
the denatured state. In contrast, ACE is preferentially excluded
from the native state, whereas it binds strongly to the denatured
state. These findings are in good agreement with our previous results 40 , where it was already shown that the strong accumulation
of EMIM around the native state due to dispersion interactions
results in a preferential attraction of oppositely charged acetate
ions, in order to compensate the net charge of the cation layer.
The strong accumulation of both ion species to the denatured
state rationalizes the large values for the preferential binding coefficient as shown in Fig. 1. According to Eqn. (11), it can thus
be concluded that EMIM/ACE favors a denaturation of the native
peptide structure, as it was also reported in Ref. 40.
The results for EMIM/BF4 (Fig. 3) differ from the previous findings for acetate ions, although the corresponding EMIM accu-

2
1.5
Kp(r)

1

3

EMIM(denatured)
CL(denatured)
EMIM(native)
CL(native)

0
0.5

2.5

initial EMIM shell around the native state, as it was also discussed
in Ref. 40, is a common feature for both ILs. Despite the agreement for EMIM, a preferential exclusion for BF4 around both peptide conformations at short distances r ≤ 3 nm can be observed.
Finally, we also studied the local/bulk partition coefficient for
EMIM/CL (Fig. 4). In agreement with EMIM/BF4, a preferen-

2

0

2
r [nm]

Fig. 3 Local/bulk partition coefficient for the individual ion species of
EMIM/BF4 (cations (red) and anions (blue)) around the native state
(circles) and the corresponding denatured state (solid lines).
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Fig. 4 Local/bulk partition coefficient for the individual ion species of
EMIM/CL (cations (red) and anions (blue)) around the native state
(circles) and the corresponding denatured state (solid lines).

tial exclusion of chloride ions from both peptide conformations
can be observed.
Apparently, small and non-coordinating anions show a strong
exclusion effect, whereas the EMIM accumulation behavior is
roughly comparable for all ILs. Furthermore, it has to be noticed
that the first peak for chloride ions in Fig. 4, corresponding to the
first anion shell, is located at shorter distances when compared
to BF4 and ACE. This finding can be attributed to the small size

1–11 | 5
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mulation behavior around both peptide conformations is roughly
comparable. Hence, it can be assumed that the formation of the

4.2 Individual binding properties of the ions

Kp(r)
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ident that EMIM/ACE induces the strongest dehydration of the
peptide (Γ21 (rc ) ≈ −175), followed by EMIM/BF4 (Γ21 (rc ) ≈ −95)
and EMIM/CL (Γ21 (rc ) ≈ −90). These values indicate that large
anions in combination with a pronounced accumulation behavior
induce a strong dehydration, as one would expect. As it was discussed elsewhere 1 , dehydrated protein structures favor unfolded
conformations, which points to the assumption that the studied
ILs act as protein denaturants. We will characterize this effect in
more detail in the remainder of this article.
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Fig. 5 Top: Potential energies between the peptide in its denatured
state and the individual ion species for EMIM/ACE, EMIM/BF4 and
EMIM/CL. The interaction energies are separated into Lennard-Jones
(LJ), electrostatic (Coulomb) and total (total) energies as given by the
sum of Lennard-Jones and Coulomb energies between the peptide and
EMIM (EMIM) or the corresponding anion (Anion) species, respectively.
The red bar reveals the total potential energy (total (IL)) between the
peptide and both ion species. Bottom: Potential binding energies
between the IL anions and cations, respectively, and the peptide in its
native and denatured conformation. The values for V (d) −V (n) denote
the potential energy difference between the denatured and the native
state for the anions, the cations and the sum of both ion species (IL).

cations and by electrostatic interactions for the anions.
4.3 Spatial distribution of the ions around the peptide
In order to study the local ion coordination around the peptide,
we calculated the spatial distribution functions of the individual ion species around the native and the denatured states. The
results for EMIM/ACE, EMIM/BF4 and EMIM/CL are shown in
Fig. 6. As it was found for the local/bulk partition coefficients for
both conformations, EMIM cations (occurrence probability shown
as red clouds) reveal a strong tendency to accumulate at close
distances around the peptide for both conformations. The findings for the anions reveal some differences. The appearance of
distinct EMIM regions can be mainly attributed to diverse poten-
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-20
V [kcal/mol]

of the chloride ions, which facilitates a short range accumulation
behavior around the peptide without a significant perturbation of
the EMIM layer. In addition, it has to be pointed out that the native and the denatured state are nearly indistinguishable in terms
of the chloride ion accumulation behavior.
Hence, with regard to the above-discussed results, we conclude
that the preferential binding of the EMIM cations does not depend on the anion species, and that the differences in the binding
behavior can be attributed to anion-specific effects. Precisely, for
ILs with larger anions like ACE, both ion species reveal a preferential binding behavior to the denatured state, whereas the combined influence is significantly smaller for size-asymmetric ILs like
EMIM/CL. With regard to Eqn. (11), it can be therefore assumed
that size-symmetric ILs tend to be stronger denaturants than sizeasymmetric ILs. An explanation for these observations can be
provided by the analysis of the interaction energies between the
ion species and the peptide in its denatured and its native conformation (Fig. 5). Herewith, a stronger energetic binding to the
denatured state becomes evident, which supports our previous
assumption that all ILs act as denaturants. The numerical values
and corresponding error estimates of the individual interaction
energies can be found in the supplementary material. Here, we
only note that all error estimates for the total interaction energies,
as obtained by a jack-knife analysis, are ∆Vtotal ≤ 6.3 kcal/mol,
whereas for the Coulomb interaction and the Lennard-Jones interaction energies all error values are ∆VCoulomb ≤ 5.6 kcal/mol
and ∆VLJ ≤ 1.1 kcal/mol, respectively. The strongest potential
binding energy between the peptide and the IL can be observed
for EMIM/ACE. In contrast, the binding energies of the other IL
species are significantly smaller with total energy differences to
EMIM/ACE around ∆V ≈ 60 kcal/mol. The larger binding energy
for EMIM/ACE can be mainly attributed to strong electrostatic
interactions, whereas all other energetic contributions for the different ion species in terms of Coulomb and Lennard-Jones interactions are roughly comparable. Hence, the large value of the
preferential binding coefficient for EMIM/ACE in Fig. 1 is induced
by electrostatic interactions between the anion and the peptide.
Furthermore, the Lennard-Jones interactions between the peptide
and all considered anions are negligible, whereas values of about
−30 kcal/mol can be observed for EMIM.
With regard to the binding energies to the different peptide conformations (bottom of Fig. 5), one can observe that the interaction between the peptide and the EMIM cations for all ILs results in an energy gain in the range of 7 − 17 kcal/mol for the
denatured state. In contrast, the conformation-dependent energy
difference for the anions is considerably higher in case of ACE
(total energy difference of about −55 kcal/mol upon unfolding),
but only marginal for the other two anion species. A closer inspection reveals that the large energy gain when comparing the
different conformations as induced by EMIM/ACE mainly stems
from electrostatic interactions between the peptide and the anions (−52 kcal/mol). Due to the high net values of the potential energy, we conclude that the specific binding behavior of the
distinct IL species and therefore the unfolding of the peptide is
mostly governed by enthalpic contributions, that is by a combination of Lennard-Jones and electrostatic interactions for the EMIM

V [kcal/mol]
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Fig. 7 Free energy landscape with global energetic minimum
conformation of the peptide (native state) in pure water. As collective
variables, the end-to-end distance Re and the root-mean square
deviation (RMSD) with respect to the energetically minimized structure
are chosen.

with previous findings 40 , and indicate that the hairpin structure
in pure water is the energetically most stable state.
The results change drastically in presence of the aqueous
EMIM/ACE solution. The corresponding results are depicted in
Fig. 8. The global energetic minimum is significantly shifted to

Fig. 8 Free energy landscape with global energetic minimum
conformation of the peptide (denatured state) in aqueous EMIM/ACE
solution. As collective variables, we chose the end-to-end distance Re
and the root-mean square deviation (RMSD) to the energetically
minimized structure.

larger end-to-end distances and larger root-mean-square deviations (RMSD) when compared to pure water. In detail, we found
a slightly stable conformation at Re ≈ 3 nm and RMSD≈ 1 nm.
The corresponding structure can be associated with a fully denatured configuration as shown in the inset. The broad free energy
basin can be attributed to the absence of intramolecular hydrogen bonds, such that a large number of conformations are energetically accessible. These findings complement the previous
results and verify a strong denaturation mechanism induced by
EMIM/ACE, as it was already discussed in Ref. 40.
In contrast, different results can be observed for EMIM/BF4 as
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Fig. 9 Free energy landscape with global energetic minimum
conformation of the peptide (denatured state) in aqueous EMIM/BF4
solution. As collective variables, we chose the end-to-end distance Re
and the root-mean square deviation (RMSD) to the energetically
minimized structure.

of a single well-defined free energy minimum can be recognized.
As shown in the inset, the corresponding conformation is characterized by a short distance between the terminal groups, which
roughly resembles the structure of a strongly distorted planar
hairpin configuration. In accordance with the local/bulk partition coefficient for EMIM/BF4 as shown in Fig. 4, it can be
concluded that a fully denatured configuration is less favorable
when compared to EMIM/ACE. This feature can be rationalized
by the preferential exclusion of the BF4 anions, such that relevant configuration-dependent binding effects are absent. Hence,
only the EMIM cations contribute to the denaturation mechanism,
such that the corresponding global free energy minimum state is
less distorted when compared to EMIM/ACE.
Comparable findings can be also observed for EMIM/CL in
Fig. 10. The free energy minimum is located near the native state
and reveals two well-defined local minima. Due to the exclusion of chloride ions from both peptide conformations (Fig. 4),
the weak denaturation is induced solely by the EMIM cations. As
a result, the corresponding peptide conformation in presence of
EMIM/CL largely resembles the native state found in pure water.
In total, the results of the binding analysis are in reasonable
agreement with the calculated free energy landscapes. It is worth
mentioning that a comparable size-dependent behavior was also
found for the solvation of neutral spheres in pure ILs 98 , where an
increased solubility was observed for more size-symmetric cations
and anions.

5

Summary and Conclusion

We studied the influence of different aqueous ILs on the stability
of a small hairpin peptide in terms of atomistic molecular dynamics simulations in combination with metadynamics and KirkwoodBuff theory.
Our findings reveal an anion size-dependent denaturation and
dehydration mechanism. In more detail, atomistic molecular dy-
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shown in Fig. 9. In agreement with pure water, the existence
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As a side remark, our results are in good agreement with experimental findings in terms of the IL denaturation properties 13,14,47 .
In summary, our results highlight the benefits of designer cosolutes, whose properties can be individually tuned by specific
ion compositions. We hope that our findings provide new insights
into the underlying interaction mechanisms for this interesting
class of co-solutes.
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conformation of the peptide (denatured state) in aqueous EMIM/CL
solution. As collective variables, we chose the end-to-end distance Re
and the root-mean square deviation (RMSD) to the energetically
minimized structure.

namics simulations in combination with metadynamics verify that
the global energetic minimum state of the peptide is significantly
modified in presence of alkylimidazolium-based ILs. We found
that large coordinating anions like acetate impose a stronger
unfolding tendency than smaller anions like chloride. In combination with the results of the Kirkwood-Buff theory, we conclude that mainly the anions influence the strength of the unfolding mechanism. In particular, larger anions impose a significant
conformation-dependent binding behavior, which in case of acetate can be attributed to anion-specific chemical interactions. In
contrast, our results reveal that smaller anions, which are preferentially excluded from the peptide, only lead to a minor distortion
of the native structure due to the small ion size and weaker interactions with the peptide.
The general unfolding mechanism can be described as follows:
In agreement with previous results 40 , strong dispersion interactions between the bulky EMIM cations and the peptide favor a
pronounced accumulation of the EMIM cations around the native
state of the peptide. The formation of the EMIM shell is accomplished by electrostatic interactions with the oppositely charged
anions, which compensate the net charge of the first EMIM shell.
Since the EMIM shell is roughly comparable for all studied ILs,
the additional anion accumulation around the peptide ultimately
induces the unfolding of the hairpin structure. Consequently, the
magnitude of the unfolding is essentially governed by the size of
the anion: For large anions, favorable electrostatic interactions
with the EMIM cations and the peptide induce a broadening of
the co-solute-accessible surface area of the peptide, leading to
a strong denaturation effect as it was found for EMIM/ACE. In
contrast, smaller anions like BF4 and CL only weakly interact
with the peptide surface as can be seen by a preferential exclusion behavior, such that the accessible surface area is only slightly
broadened. In addition, specific chemical interactions of the anions with the peptide might also influence the denaturation tendency 8,9,14–16 . In accordance with the binding properties, we verified a significant dehydration effect in presence of larger anions.
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The influence of different aqueous ionic liquids on peptide conformations is studied by a
combination of atomistic molecular dynamics simulations, Kirkwood-Buff theory and
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