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Abnormalities in the transition between a-helices and g-sheets (a-§ transition) may lead to devastating neu-
rodegenerative diseases, such as Parkinson’s syndrome and Alzheimer’s disease. Ionic liquids (ILs) are potential
drugs for targeted therapies against these diseases because of their excellent bioactivity and designability of ILs.
However, the mechanism through which ILs regulate the a-f transition remains unclear. Herein, a combination
of GPU-accelerated microsecond molecular dynamics simulations, correlation analysis, and machine learning
was used to probe the dynamical a-f transition process induced by ILs of 1-alkyl-3-methylimidazolium chloride
([C,mim]Cl) and its molecular mechanism. Interestingly, the cation of [C,mim]* in ILs can spontaneously insert
into the peptides as free ions (n < 10) and clusters (n > 11). Such insertion can significantly inhibit the a-g, tran-
sition and the inhibiting ability for the clusters is more significant than that of free ions, where [C;,mim]* and
[C;,mim]* can reduce the maximum f-sheet content of the peptide by 18.5% and 44.9%, respectively. Further-
more, the correlation analysis and machine learning method were used to develop a predictive model accounting
for the influencing factors on the a-g transition, which could accurately predict the effect of ILs on the «-f tran-
sition. Overall, these quantitative results may not only deepen the understanding of the role of ILs in the a-f

transition but also guide the development of the IL-based treatments for related diseases.

1. Introduction

a-helices and f-sheets are the main secondary structures of proteins
[1-3], and the a-p transition is associated with the processes of signal
transduction, membrane fusion, and the transcription and translation of
genetic material [4-7]. The correct a-# transition is required for main-
taining normal activity, e.g., Alzheimer’s and Parkinson’s syndromes are
caused by an abnormal transition of amyloid in the brain from a struc-
ture with a high a-helix content to a structure with a high p-sheet con-
tent [8,9]. In addition, a-helices are highly stable biomechanical struc-
tures that are the basis of the material of the cytoskeleton, hair, and nails
[10]. Silk fibronectin, which is rich in a-helices, has excellent toughness
and tensile strength and is widely used in medical functional materials,
including medical hydrogels and stents [11,12]. Therefore, the influ-
ence and mechanism of the a-f transition in proteins need to be better
understood.

Considering the importance of the a-§ transition, the molecular
mechanism of the a-f transition and how to achieve precise regulation
of the transition process is of interest in medicine, chemistry, biology,
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and materials science. Numerous experimental and theoretical studies
of the a-p transition of proteins have been performed. Circular dichro-
ism and chemical cross-linking studies have shown that coiled coils may
be intermediate structures in the a-f transition [13]. Multi-scale anal-
ysis has indicated that the retractive elastic force in the a-f transition
was not governed by entropy but was mainly the result of internal en-
ergy changes associated with conformational changes [14]. In general,
the a-p transition can be easily regulated using external stimuli, such
as the peptide concentration and pH [15-17]. Moreover, fluorinated
amino acids have been shown to promote the conformational transi-
tion of a protein from an a-helix to a f-sheet [18]. These studies have
preliminarily indicated the mechanism of the - transition and laid the
foundation for further research.

Ionic liquids (ILs) have attracted great interest in life sciences, emerg-
ing as active drug ingredients [19-21], delivery agents [22,23], and an-
timicrobial agents [24] because of their excellent bioactivity and sur-
face activity [25]. It has been shown that because of the hydrophobic
and electrostatic interactions between ILs and proteins, ILs adsorb to
protein surfaces [26], which would contribute to protein solubilization;
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therefore, ILs can serve as storage media for proteins [27]. Furthermore,
a combination of UV-Vis spectroscopy and molecular dynamics (MD)
simulations has shown that ILs can modify the water structure on a pro-
tein surface to modulate the interfacial properties of the protein [28,29].
Importantly, ILs can alter the permeability and mechanical properties of
cells [30], which can have impacts on the a-f transition. It can be con-
cluded that ILs can directly or indirectly affect the structure and function
of proteins, which in turn regulate cellular activity. However, the mech-
anism by which ILs affect the a-p transition is unclear because of the
slow structural evolution between ILs and the a-f transition.

Molecular dynamics and machine learning have been employed for
the recognition of protein secondary structures, relying on spectroscopic
descriptors [31]. To elucidate the mechanism of the control of the a-
p transition by imidazole ILs and to overcome the corresponding slow
rate, all-atom us-long steered molecular dynamics (SMD) simulations
were performed with the help of graphics processing units (GPU) ac-
celeration technology. We found that ILs inserted between the peptides
in the form of free ions and ionic clusters, and the inserted ILs occu-
pied the hydrogen bonding sites and reduced the number of hydrogen
bonds (HBs) between the peptides, thus hindering the formation of -
sheets. The stretching rate (v), initial length (L,), and surface charge of
the peptides, together with the alkyl chain length (n) and cluster state of
the ILs, affected the a-p transition. Finally, through machine learning,
these descriptors were modeled using neural network algorithms, with
Pearson correlation coefficient (r) reaching 0.951. These results will be
useful for understanding the interaction process of ILs with proteins at
the molecular level and for developing the application of ILs in disease
treatment.

2. Models and methods
2.1. Atomic structures

We used the structural models of vimentin (1gk4), geminin (1luii
and 1t6f), tumor suppressor protein (1deb), voltage-gated proton chan-
nel (3vmx), and leucine zipper (1zik). These a-helix-coiled coil pro-
teins were immersed in a water solution with ILs at 0.136 mol/L.
The PACKMOL package was used to build the initial configuration
[31]. As shown in Fig. 1a, the typical ILs, 1-alkyl-3-methylimidazolium
chloride, namely, [C,mim][Cl] (n = 4, 6, 8, 10, 12, 14, 16), were
used because they are widely used in biomedicine and materials sci-
ence [32,33]. The size of the simulated system was approximately
5.1 nm x 5.1 nm x 29.7 nm. The periodic boundary condition was ap-
plied in three directions.

All simulations were performed via GPU-accelerated Amber18 us-
ing a timestep of 2 fs [34]. The protein.ff14SB force fields were used
for peptides, and the general amber force field was adopted to describe
the interaction within the ILs [35,51]. Water molecules were described
by transferable interatomic potential with a three-point model (TIP3P)
[36]. Non-bonding interactions included electrostatic and van der Waals
forces, where the long-range Coulombic interaction was computed us-
ing the particle-mesh-Ewald algorithm [37], and the van der Waals force
was described using the Lennard-Jones potential with a cutoff of 1.0 nm.
The Lorentz-Berthelot mixing rules were used to model the parameters
between different atom types, and the SHAKE algorithm was used to
reduce high-frequency vibrations of hydrogen [38,52]. The Berendsen
thermostat [39] and Berendsen barostat [40] were used to fix the tem-
perature at 310 K and control the pressure at 1 bar with a coupling con-
stant of 1.0 ps. The system was first equilibrated at 310 K and 1 bar in
the NPT (constant-pressure, constant-temperature) ensemble for 50 ns.
After equilibration, each structure was stretched in the NVT (canonical)
ensemble by SMD. The two Ca atoms at the left end of the peptide were
fixed to a harmonic spring, with a spring constant of 2 kcal/mol/AZ,
while the two Ca atoms at the right end of the peptide were linked to a
harmonic spring, with a spring constant of 10 kcal/mol/A2. The springs
were pulled at different speeds (v = 0.02-0.4 m/s) along the axial di-
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rection, ¢ = AL/Ly, where AL is the tensile strain and L, is the initial
end-to-end length of the peptide. For each peptide, the stretching simu-
lations were repeated at least five times.

2.2. Correlation analysis

Correlation analysis was performed using the Statistic Package for
the Social Science (SPSS) to correlate the stretch velocity (v), the char-
acteristics of the peptides [the initial length of the peptide (L,) and the
negatively charged (Pp,,) and the non-polar (P,,,) amino acid content
of the peptide] and the state of the ILs [alkyl chain length (n) and the
proportion of large clusters (Py; » 16) and free ions (Py; _ ;)] for the
maximum f-sheet formation (Pj_p,y)-

2.3. Model training

The model training used Scikit-learn [41] and TensorFlow [42]. The
dataset contained 29 IL-peptide complexes, randomly divided into two
groups: 80% for model training and 20% for model testing. A neural
network algorithm [43] was used for mapping descriptors to the target
Pj.max- The neural network consisted of one input layer, four hidden
layers, and one output layer. The four hidden layers each contained
64, 64, 128, and 64 neurons, respectively; and the rectified linear unit
activation function was used for each hidden neural network layer [44].

3. Results and discussion
3.1. Dynamical stretching behavior of the a-f transition in proteins

Proteins play essential roles in cellular metabolism, and during
metabolism, cells generate tensile forces that induce a-f transitions. To
simulate the force applied by the cells, a peptide was placed horizontally
and a 2 kcal/mol/A? constraint was applied to the left end, and a har-
monic spring of 10 kcal/mol/A? was applied to the right end, which was
used to make the peptide stretch uniformly (Fig. 1a). The main sub-level
bonds maintaining a-helices are intra-chain HBs, while the main sub-
level bonds that maintain p-sheets are inter-chain HBs (Fig. 1b). Under
tensile force, the intra-chain HBs break, leading to the decomposition of
the a-helices and the formation of a disordered peptide conformation.
Next, the disordered peptide self-assembles to form f-sheets under the
interaction of inter-chain HBs.

Considering the stretching speed appreciably affects the transforma-
tion process [45], we first used different speeds (v = 0.02-0.4 m/s) to
stretch the peptide at physiological saline concentrations. This stretch-
ing allowed the peptide (pdb: 1gk4) to deform and force-strain (f-¢)
curves were obtained (Fig. 1c), where ¢ = AL/L, and L is the initial
length of the peptide, and AL is the tensile strain. As the speed was
reduced, the f-e curve shifted downward as a whole, and the curve con-
verged when v = 0.04 m/s. The tensile process can be divided into three
stages [46]. The first stage (0 < & < 0.2) was the elastic deformation
phase, where the peptide underwent elastic deformation, f increased lin-
early with ¢ and satisfied the equation: f = k; Ae. The second stage was
the plastic deformation phase (0.2 < ¢ < 1.25), f remained unchanged
during the stretching process, f = 0.2 nN. The force fin the plastic phase
had a linear relationship with the logarithm of the stretching velocity
(Inv), which was in good agreement with previous work [45]. When &
continued to increase, ¢ > 1.25, the peptide underwent non-linear de-
formation, f = k, Ae2.

Ramachandran plot analysis is a visual representation that reflects
the secondary structure of a protein by calculating the distributions of
the dihedral angles (y, @) of the peptide backbone. We performed a
Ramachandran plot analysis of the structures of the peptide before and
after stretching (Fig. 1d) and found that the distribution of the dihedral
angle of the peptide changed. Before stretching (¢ = 0), the dihedral
angles of the peptide were mainly distributed in the region “A”, corre-
sponding to a high a-helix content; however, when ¢ = 1.25, the dihe-
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Fig. 1. (a) Model for studying the a-p transition. (b) Schematic diagram of a-helix and g-sheet. (c) Force f-strain e curves of the peptide at different stretching speeds.
The inset plots represent the relationship of f vs. Inv. (d) Dihedral angle distribution (Rasch diagram) of peptide before and after stretching using 1gk4 as an example.
(e) The relationship between Py max and Iny. The inset plots represent the content of g-sheet (Pﬁ) as a function of strain for v = 0.04 m/s. (f) Evolution of the content
of various secondary structures during stretching. (g) Simulation snapshots of the a-f transition during stretching.

dral angles were mainly distributed in region “B”, corresponding to a
high p-sheet content, indicating that stretching led to the transition of
the peptide from an a-helix to g-sheet. The stretching process was also
accompanied by the generation and decomposition of other secondary
structures (Fig. 1f), the content of [Bend], [Turn] [3-10], and [Disor-
der] were 3.2%, 10.1%, 17.1%, and 30.4%, respectively, for ¢ = 0.6.
These results also suggested that a-helix and g-sheet were the two most
dominant secondary ordered structures (Fig. 1f); therefore, we recorded
the content of f-sheet Pp) and the maximum Py (Py.max) values during
the stretching process (Figs. 1e, S1).

The P, value increased overall as the stretching speed was reduced
and converged at v = 0.04 m/s, which was consistent with the trend in
the change of the f-¢ curve with different values of v. Combined with
the snapshots of the peptide during the simulated process (Fig. 1g), it
was found that when ¢ reached 0.2, the stretching entered the plastic
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phase and f-sheets began to appear at both ends of the peptide, which
was in complete agreement with the results observed for the stretch-
ing of horse hair [47]. The Py value showed a trend of first increasing
and then decreasing, and at all the different stretching speeds, f-sheet
formation reached a maximum of approximately 1.25. For example,
Pj_max = 40.0% (e = 1.25) at v = 0.04 m/s. Because we fitted and aver-
aged the f-sheet curve, there was a difference between the Py, value
and the instantaneous content Py, ; = 69.1% (¢ = 1.25). When entering
the non-linear stretching phase, the f-sheets started to decompose from
the middle of the peptide, with P; = 27.2% (e = 1.5). Thus, the stretching
led to the rearrangement of HBs and dihedral angles to achieve the tran-
sition from a-helix to f-sheet in the peptide, and v = 0.04 m/s was the ap-
propriate stretching speed. Therefore, a stretching velocity of 0.04 m/s
was used in subsequent simulations.
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strain after addition of different ILs.

3.2. Molecular mechanism of the regulation of the a-f transition by ILs

To investigate the mechanism by which ILs regulated the «-f transi-
tion, we added 0.136 mol/L of imidazolium chloride ILs with different
alkyl chain lengths [C,mim][Cl] (n = 4, 6, 8, 10, 12, 14, and 16) to
the system (pdb:1deb) as shown in Fig. 2a. The results indicated that
ILs spontaneously inserted between the peptides as free ions or clus-
ters. For ILs with short alkyl chains (n < 10), the ILs mainly inserted
between the peptides vertically in the free ion state (Fig. 2b). When the
alkyl chain had greater than 10 carbons, ILs mainly inserted between
the peptides in the form of clusters. The inserted ILs occupied the HB
sites between the peptides and formed a complex HB network with the
peptides (Figs. 2b, S2). However, the inserted clusters not only occu-
pied the HB sites but also made the peptide chain ectopic. These two
different insertion modes resulted in different levels of inhibition of the
formation of p-sheets during the a-f transition (Fig. 2c-d).

Compared with a pure water system (Pj.pax = 40.3%), the Py oy
value decreased when ILs were added. For short-chain ILs (4 < n < 10)
with predominantly free-ion insertion, the Py, value was approxi-
mately 32%, while for the long-chain ILs (n > 10), which inserted mainly
as clusters, the inhibition of g-sheet formation was more pronounced,
for instance, Pj_p,, = 20.8% for the IL with n = 12. The inserted ILs oc-
cupied HB sites between the peptides, reducing the number of HBs be-
tween the peptides (Fig. 2e), which in turn impeded p-sheet formation.
The clusters occupied more HB sites and were more stable, compared
with the free ions, which resulted in a stronger inhibition of g-sheet
formation by ILs with long alkyl chains compared with ILs with short
chains. However, different chain lengths of the ILs had little effect on
the decomposition of the a-helix and the breaking of the intra-chain HBs
(Fig. S3).
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It is known that ILs are inserted between peptides in the form of free
ions and clusters to hinder the formation of g-sheets during stretching.
Because of the existence of extensive negatively charged and non-polar
regions on the peptide surface (Fig. S4), the content of IL cations was
enriched on the surface of the peptides, and this phenomenon became
more pronounced with increasing alkyl chain lengths (Fig. S5). Hence,
we analyzed the clustering of ILs with different alkyl chain lengths
(Fig. 3). With the stretching of the peptide, the state of the ILs will
change. The size distribution of the IL clusters in the system (Figs. 3b, S6)
indicated that the proportion of free ions decreased with an increase in
the alkyl chain length. For example, the proportion of free ions (M = 1)
for ILs with n = 4, 10, and 16 under £ = 1.5 was 95.3%, 39.3%, and
0.0%, respectively. The content of small clusters (5 > M > 2) showed a
trend of first increasing and then decreasing, for instance, the propor-
tion of small clusters was 4.7%, 18.7%, and 6.0% for ILs with n = 4, 10,
and 16 under £ = 1.5, respectively. In addition, medium-sized clusters
(15 > M > 6) and large clusters (M > 16) also showed the same trend,
and the proportions of medium and large clusters peaked for ILs with
n =14 and 12, respectively.

Interestingly, with increased stretching of the peptide, the clus-
ters of [Cgmim][Cl] dissociated, the proportion of small clusters
(5 > M > 2) gradually decreased, and the proportion of free ions in-
creased, Py, = 59.7%, 67.3%, and 80.0% at € = 0, 0.3, and 1.5, re-
spectively (Fig. 3b). In detail, the number of ILs forming clusters on
the surface of the peptide Ny 5 Was 9 at € = 0, and as ¢ increased,
Nipciuster = 8 and 7 for € = 0.9 and 1.5, respectively, and the small clus-
ters were gradually dispersed. In contrast to [Cgmim][Cl], there was
clear cluster formation by ion aggregation for [C;,mim][Cl], with a de-
crease in medium-sized clusters (15 > M > 6) and an increase in the
proportion of large clusters. This result suggested that peptide stretch-
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Fig. 3. (a) Simulation snapshots of the evolution of [Cgmim]* and [C;,mim]* clusters on the surface of peptides and trajectory density distribution of the cations.

(b) The size distribution of the clusters in systems with ILs with different chain lengths.
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ing altered the interfacial clustering of ILs and transmitted this effect to
the entire system.

From the above cluster analysis, we can correlate the cluster state of
ILs with their ability to inhibit g-sheet formation. When 4 < n < 10, the
system was dominated by free ILs and mainly free ions were inserted
between the peptides, resulting in less inhibition of g-sheet formation
because relatively few HB sites were occupied by the free ions. When
12 < n < 16, the ILs were inserted between the peptide chains as large
clusters, the inserted IL clusters occupied more HB sites, the interaction
was more stable, and the hindrance of f-sheet formation was greater,
compared with ILs with 4 < n < 10. For ILs with 12 < n < 16, the
proportion of large clusters decreased as n increased, and this decreasing
trend coincided with a decrease in the ability of the ILs to inhibit g-
sheet formation, demonstrating that the insertion of large clusters was
the main reason why long chain (12 < n < 16) ILs hindered pg-sheet
formation. That is, the surface force of the peptide stretching drove a
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change in the interfacial state of the ILs, and in turn, the interfacial
state of the ILs affected the transition process of the peptides.

3.3. Correlation analysis and machine learning-based predictive model of
the a-f transition

To account for the effect of the initial length of the peptide (number
of amino acids, N) on the a-f transition, we used peptides with different
lengths in stretching experiments (Figs. 4a and S7-S10). The maximum
value of the f-sheet content Py ., gradually increased with increasing
values of L, in the control groups. For instance, the values for Py .y
were 20.0%, 28.7%, and 40.0% for 1zik (N, = 60), 3vmx (N, = 96),
and 1 gk4 (N, = 158), respectively, which was consistent with previous
work [48]. However, 1deb (N, = 107) showed a higher Pjmax because
the formation of g-sheets was not only related to the peptide length but
was also closely related to the type of amino acids and their arrangement
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in the peptide. Furthermore, [C;qmim][Cl], and [C;,mim][Cl] both in-
hibited the formation of g-sheets during the transformation of different
peptides. Hence, we also calculated the values for AP, ., the reduction
of the Pj max value by [C;omim][Cl] and [C;,mim][Cl] (Fig. 4b). The
effect of [C;,mim][Cl] was more pronounced than for [C;ymim][Cl]
for all the peptides, which again indicated that inserted clusters had a
greater effect on the - transition than free ions.

It can be concluded that the a-f transition was mainly influenced
by the stretching velocity (v), the character of the peptides, including
the initial length of the peptide (L,), the negatively charged amino acid
(Pneg), and non-polar amino acid (Pyyon,) content of the peptide (Fig. S11),
and the states of the ILs including alkyl chain length (n), the proportion
of large clusters (P 5 ;) and free ions (Py; _ ;). Therefore, we selected
these descriptors for a typical correlation analysis with Py ., and ob-
tained the correlation equation given below (Fig. 5b).

Ul = 0.752Ly — 0.7570 — 0.361 Py, 5 16 — 0.348n
~0.297 Py, — 0.151 P,y — 0.058Py, _ |

neg non

(O]

Ul 0.901P; . )

U1 was set as 1 and represents the factors affecting the transition. The
positive or negative value of the correlation coefficient (R) represents
the positive or negative correlation between the variables, and when
|R| is close to 1, the linear relationship is strong. As shown in Eq. 2, the
value of R between U1l and Py ,,, was 0.901, indicating that there was
a significant correlation between U1 and Py ... Therefore, combined
with Eq. 1 where R = 0.752 between L, and U1, these results showed
that L, contributed to the formation of g-sheets, while v and Py, 5 14
distinctly inhibited the formation of p-sheets with R values of -0.757
and -0.297, respectively. The R of large clusters was larger than for
free ions, indicating that large clusters had a significant effect on the
formation of f-sheets. These results were in good agreement with our
SMD simulations.

Machine learning was further used to predict the values for Py. .y,
and the model was trained using the neural network algorithm (Fig. 5a),
where the descriptors were selected from SMD simulations and typical
correlation analysis. After 300 iterations, the loss functions of the train-
ing and test sets were < 0.005 as shown in Fig. S12. Finally, a Pearson
correlation coefficient (r) of 0.951 was achieved for the test set (Fig. 5¢),
indicating that the model could accurately predict the effect of ILs on the
a-p transition, although the plotted data clearly showed a slight over-
estimation at low values and an underestimation at high values, which
is potentially because of the lack of data with an extremely high Py .«
value accentuated by the fact that only four data points were originating
from a Py ., value above 35%. This imbalance in the dataset led to an
imbalance in the predictions [50]. Adding more data with high Py .,
values could potentially reduce this effect. To test the generalization of
our model, we used the model to predict the effect of 0.181 mol/L ILs
with n = 10 and 12 on the a-f transition (Figs. 5d and S13), which was
not considered in the previous dataset. Excitingly, the simulated values
Of Py max for n =10 and 12 were 27.9% and 24.4%, respectively, while
the predicted values from the machine learning model were 31.3% and
26.7%, respectively. These results indicated that our model had a good
generalization performance, especially considering the small sample size
of the training set. It is worth noting that the selection of descriptors also
has certain limitations. Our descriptors are solely derived from the MD
simulations, which would restrain the applicability of the model. In the
future, the property of ILs, the effect of concentration of ILs, and other
descriptors related to a-f transition should be added to enhance the per-
formance of the ML-based predictive model.

4. Conclusion
This work elucidated the mechanism by which ILs inhibit the a-g

transition using a multi-technique investigation (SMD, correlation anal-
ysis, and ML). We demonstrated that stretching led to the rearrangement
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of HBs and dihedral angles in the peptide to achieve the transition from
an a-helix to g-sheet. Upon the addition of ILs, the content of ILs was
enriched on the peptide surface by electrostatic and hydrophobic inter-
actions, and the interfacial clustering state of the ILs changed as the
peptide stretched. Stretching led to the dissociation of [Cgmim]™* clus-
ters, as well as the formation of [C;omim]™* clusters. The inserted ILs
occupied the HB sites and decreased the number of HBs between the
peptides, thus, hindering the formation of g-sheets. Specifically, the in-
serted large clusters were a greater obstacle to f-sheet formation than
the free ions, which can be attributed to the fact that the ionic clusters
occupied more HB sites and interacted with the peptides more perma-
nently, compared with the free ions, which caused misalignment of the
peptides. Correlation analysis showed that the stretching speed (v) to-
gether with the characteristics of the peptide and the state of ILs affected
the a-p transition. We also applied machine learning techniques to the
proteins, showing that the neural network algorithm is a powerful tool
for investigating the a-p transition. These results showing how ILs reg-
ulated the a-f transition will be useful in future medical research appli-
cations, including developing treatments for destructive neurodegener-
ative diseases, such as Parkinson’s syndrome and Alzheimer’s disease.
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