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Introduction

Fluoroalcohols are effective cosolvents widely used for
the secondary structure stabilization of peptides.'” In
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Influence of aqueous solutions of 2-
(tetrafluoro(trifluoromethyl)-Aé-sulfanyl-ethan-1-ol (CF;SF;-
ethanol) on the stabilization of the secondary structure of
melittin: Comparison with aqueous trifluoroethanol using
molecular dynamics simulations and circular dichroism
experiments.

Samadrita Biswas,*@ Nilavra Pathak ®, Leah Sutherland?, Alan A Chen¢ and John T Welch@

The influence of aqueous solutions of 2-(tetrafluoro(trifluoromethyl)-A8-sulfanyl-ethan-1-ol (CF;SF4-ethanol) and
2,2,2-trifluoroethanol (TFE), on the secondary structure of melittin was studied using circular dichroism (CD) and
molecular dynamics (MD) simulations. In water, melittin transitions to a random coil. However, on the addition of
even as little as 1% by volume of CF;SF4-ethanol, the secondary structure of melittin stabilizes as helix. Contrarily,
the addition of 40% by volume of TFE is required for the greatest helicity . Fluoroalcohols stabilize melittin's
hydrophobic side chain residues thereby enhancing the helical structure. Locally alcohol concentrations approach
nearly 70-90% in the near vicinity of the hydrophobic side chains increasing hydrophobic interactions and reducing
water-peptide hydrogen bonding. Using the Molecular Mechanics-Poisson Boltzmann Surface Area method
(MMPBSA), the free energy of binding between the peptide and fluoroalcohols highlighted the role of nonpolar
residues on stabilization of the secondary structure. Secondary Structure Content Analysis (SESCA) validated the
simulation results, confirming CF;SF;-ethanol as an effective, eco-friendly enhancer of helicity at low
concentrations. The far UV circular dichroism (CD) of melittin in solutions containing TFE corroborate previous
findings and likewise affirm that the addition of CF;SF4-ethanol to an aqueous solution can enhance helicity. The
agreement between experimental and calculated helicities highlights the potential of CF;SF,-ethanol. This study
offers insights into peptide stabilization by fluoroalcohols, with implications for peptide-based therapeutic design.

hydrogen bonds with the backbone of the protein.2®
Molecular dynamics simulations indicated a cosolvent
induced a coating effect on the simulated peptides as a
possible mechanism of peptide stabilization. The coating
effect is favored by the tendency of the fluorinated

particular, 2,2,2-trifluoroethanol (TFE) was one of the
most effective helix-inducing and stabilizing cosolvents.":
812 Mechanism of peptide stabilization by fluorinated
solvents has been investigated experimentally using
circular dichroism, NMR and by molecular dynamics
simulations.’> 4 7. 1224 These studies highlight the
complex interactions that involve a combination of
different effects. As a solute TFE can perturb the
structure of water, dramatically lowering the dielectric
constant of the solution while promoting preferential
hydrophobic solvation.25 Additionally, it can form
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solvents to form large clusters in aqueous solution.'? The
cosolvent layer surrounding the peptide decreases the
exposure of the backbone hydrogen bonds to the water,
which, in turn, reduces bonding between water and the
peptide backbone.’? Because of this plethora of effects
on the solution structure and interactions, the role of TFE
on the stabilization of helices is difficult to rationalize.

Among the peptides used to experimentally study the
effects of fluorinated solvents, melittin (MLT) was one of
the most frequently investigated. Melittin is a 26-amino
acid amphiphilic peptide,
GIGAVLKVLTTGLPALISWIKRKRQQ, which is as a
prominent venom component in the honeybee Apis
mellifera.2” The toxic effect of melittin induces the lysis of
red blood cells in the human bloodstream. Melittin is a
highly soluble AMP (antimicrobial peptide) with a
molecular weight of 2.86 KD with antitumor activity as
well as the microbial action. Melittin has nonpolar
residues such as lle-17, Leu-6, Leu-13, lle-2, Leu-9, Leu-



Physical.Chemistry Chemical Physics

16, Val-5 and lle-20 on the hydrophobic side. The polar
residues are Lys-21, Lys-7, Arg-22, GIn-25, GIn-26, Thr-
10 and Thr-11, and Ser-18 are present on the hydrophilic
side. The cationic residues Arg 24 and Lys 23 reside at
the interface of hydrophilic and hydrophobic surfaces.
The nonpolar residues as Ala-4, Ala-15, Pro-14 and Val-8
are aligned on the hydrophilic side. In aqueous solutions
at low pH and with a low ion concentration of 0.01 M,
melittin exists as a monomeric peptide that assumes a
random coil conformation.'"-28 The presence of lipid
micelles or bilayers can induce assumption of an a-helical
conformation by the peptide thereby enabling pore
formation in membranes. Similarly, the addition of TFE
as a cosolvent also triggers the adoption of an a-helical
structure. The effect of cosolvents on the stability of the
melittin a-helix has been investigated by different others
using molecular simulation methods. It was found that in
a TFE-water system melittin the experimentally observed
a-helical structure was preserved, whereas in water the
peptide began to bend and unfold.”- 8. 15. 23, 29-31

The utility of TFE as a cosolvent motivated the study of a
novel hydrophobic fluorinated alcohol, 2-
tetrafluoro(trifluoromethyl)-A8-sulfanylethan-1-ol (CF3SF,-
ethanol).25 CF3SF,-ethanol exhibited the properties akin
to well-known fluorinated alcohols. The polar
hydrophobicity associated with the CF;SF,4 group was
retained by CF3;SF,-ethanol. In contrast with TFE, even
though the more hydrophobic and lipophilic, CF3;SF4-
ethanol exhibits similar solution-phase dynamics and
properties. CF3SF4-ethanol displayed a heightened
propensity for aggregation at significantly lower
concentrations. Due to this hydrophobicity-driven
tendency to aggregate, CF3;SF4-ethanol could serve as an
excellent co-solvent for enhancing the stability of the
secondary and tertiary structures of proteins and peptides
in aqueous solutions. The amphiphilic nature of
fluoroalcohols, characterized significant hydrophobicity,
likely influences molecular structures. The
electronegativity of fluorine increases the acidity of the
OH group, rendering the alcohol an effective proton donor
but a poor proton acceptor. This property results in the
tendency of the fluoroalcohols to interact with a protein
surface displacing the water that disrupts peptide
intramolecular hydrogen bonds.

In this research, molecular dynamics simulations of
melittin in both CF;SF4-ethanol-water and TFE-water
systems enabled comparison of the effects of CF3;SF4-
ethanol relative to TFE. The role of Van der Waals
interactions, differences in electrostatic energy, polar and
non-polar solvation energies, and binding energy
between the peptide backbone and alcohol molecules
were examined to understand the mechanism by which
these alcohols interact with melittin. Additional insights
into the mechanism were derived from the intra-peptide
and inter-molecular hydrogen bonding. Theoretical
ellipticity and helicity were computed for the simulated
systems to ascertain the helix stability. To tie our
observations together, data from far UV circular dichroism
measurements were collected to validate the molecular
dynamics simulations with empirical data. Analyses
indicated that the helicity of the peptide preserved with
significantly lower concentrations of CF3;SF,-ethanol than
that required with TFE.
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Experimental methods
Molecular dynamic simulations

The initial melittin conformation employed in the
simulation experiments was taken from a 0.2-nm-
resolution single crystal X-ray diffraction structure (PDB
entry 2MLT).32 The single crystal Xray diffraction
structure is referred to as MLT throughout the paper. All
simulations were performed using GROMACS
(v2019.4).33 The peptide was centered in a cubic box and
solvated with two solvents-TIP4P water,34 8, 10, 20, 30,
40% (v/v) TFE-TIP4P water and 0.5, 1.0, 2.5, 4.5, 6 and
8% (v/v) CF3SF4-ethanol-TIP4P water. The solvent
systems were randomly placed in an 11.6 nm3 cube.3
Here, we will focus our discussion on 1% and 8%
CF3SF-ethanol -water system, and 8% and 40% TFE-
water system. The number of fluoroalcohol and water
molecules involved in simulation are listed in Table 1.

Table 1: Total Number of Alcohol/waters used for Melittin

simulation.

Y% (vIv) Nreewater Ncr3sFa-ethanoliwater
0.5 - 50/51354
1.0 - 100/50979
2.5 - 200/50191
4.5 - 400/48690
6.0 - 500/47945
8.0 1000/47586 700/46653
10.0 1400/45872 1000/44147

20.0 2600/41118 -
25.0 3400/37954 -
30.0 4200/34973 -
40.0 5150/31526 -

All solvent molecules with any atom within 0.15 nm of the
peptide were removed. Five chloride counter-ions were
added to neutralize the total charge of the systems by
replacement of water molecules at the most positive
potential. The previously proposed models of the CF3;SF,-
ethanol and TFE, were utilized.25 These models had been
optimized to reproduce the physio-chemical properties of
the pure liquid and aqueous solutions. The model was in
good agreement with the experimental data derived from
dynamic light scattering (DLS) experiments. OPLS-AA
force field parameters were utilized.25 35 All the systems
were initially energy-minimized with the steepest descent
method for 1000 steps followed by two 1 ns simulations of
equilibration at NVT and NPT ensembles. During the MD
simulations, the peptides and the rest of the systems
were coupled separately with the temperature bath. The
temperature was maintained at 300 °K by weak coupling
to an external temperature bath using a coupling time tr=
0.1 psec.?® The simulations were performed at a
constant pressure of 1 bar using the Parrinello-Rahman
algorithm37 with a relaxation time of 2 ps and isothermal
compressibility of 4.5 x 105 bar.”" A stochastic velocity-
rescaling thermostat was used to control the temperature
with a 0.1 ps period.3® Periodic boundary conditions were
applied, with a cutoff of 1.4 nm used for short-range
interactions. Long-range electrostatic interactions were
calculated by the Particle-Mesh Ewald (PME)37

This journal is © The Royal Society of Chemistry 2024
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summation method with a fourth-order interpolation and a
grid spacing of 0.16 nm. All bonds involving hydrogen
atoms were constrained with the LINCS algorithm.2® To
integrate the equations of motion, the leap-frog algorithm
was used with a time step of 2 fs. For the water
molecules, the SETTLE algorithm*° was applied. No
reaction field corrections beyond the long-range cutoff
were included in the cutoff simulations. Interactions
within the short-range cutoff were updated at every time
step, whereas interactions within the long-range cutoff
were updated every five-time steps together with the pair-
list. All atoms were given an initial velocity obtained from
a Maxwellian distribution at the desired initial
temperature. All the simulations were equilibrated by 50
ps of MD runs with positional restraints on the peptide to
allow the relaxation of the solvent molecules. These first
equilibration runs were followed by another 50-ps run
without position restraints on the peptide. The production
runs, after equilibration, were 50 ns long.

To prevent potential bias in understanding the
mechanism from pre-folded helical structures
(PDB:2MLT), we initiated our study with perturbed helical
conformations obtained from melittin simulations in pure
water.32 41 The structure was validated by utilizing
Chimera.*2 The perturbed structure of melittin (19.2%
helicity) was denoted as RMLT throughout the paper.
The partially unfolded structure that was obtained has
only 19.2 % helicity. The same simulation systems were
run with the above-mentioned parameters.

The secondary structure of the peptide was analyzed
using the RMSD and RMSF tools from GROMACS.33 The
simulation trajectory file was read by gmx do_dssp tool.33
The secondary structure was computed for each time
frame over the course of the simulation. For this study,
the secondary structure count with function of time
achieves equilibrium in last 10 ns (S.I. Fig.S1-S4).

The time average of the a-helicity is reported for all the
simulations by utilizing gmx_helix33 tool. The local alcohol
concentration was derived by gmx select tool, to obtain
the number of water and alcohol molecules present
around the peptide, within 0.6 nm.

H-bonding was calculated by gmx H-bond tool of
GROMACS.33 All simulation snapshots were generated
by utilizing PyMOL software.*3

Calculation of the free energy of binding

Calculation of the free energy of binding provides insight
into the polar and nonpolar interactions between the
peptide and the fluoroalcohols. The g_mmpbsa tool was
used to calculate the free energy of binding by MM-PBSA
method.#4+4% The total free energy of binding (AG) was
computed by summing the difference of polar free energy
(AGpoiar) and the free energy of non-polar interactions (A
Gron—polar) Which can be expressed as,

AC"Total = AGpolar +AGnon—polar (1)

AGpoiar is summation of the electrostatic energy (AGeiec)
and the polar solvation energy (AGys)

AGpolar = AGelec +AGps (2)

This journal is © The Royal Society of Chemistry 20xx
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The difference of Van der Waals interaction (AGyaw) and
the difference of nonpolar solvation energy (AGys)
summed up to contribute to the nonpolar binding energy.

AGnonpolar = AGyaw +Aans (3)

Circular dichroism

Melittin, obtained from Sigma-Aldrich, was purified by
dialysis. To compare the effect of different fluoroalcohols,
TFE and CF3SF4-ethanol, the far-UV CD spectra were
measured with a Jasco spectropolarimeter at 20 °C with 1
mm pathlength cell. Samples of a stock solution of 1 mM
melittin was prepared by dissolution in 10 mM HEPES
(Sigma-Aldrich) and 0.5 M NaCl at a pH of 7.5. Samples
were prepared from 20 pL of melittin stock solution and
the appropriate volume of alcohol-buffer so that the
melittin concentration was maintained across all the
alcohol-water systems. TFE and CF3;SF4-ethanol water
systems were prepared at concentrations (% v/v) of 10 %,
20 %, 30 % and 40 %; and 0.5 %, 1 %, 2.5 %, 4.5 %, 6
%, 8.0 %, and 10 % respectively. Data were expressed
as molar residue ellipticity (6) which is defined as

(8) = 100 Bps/lc, where 6,5 is the observed ellipticity in
degrees, c is the concentration in residue moles per liter,
and | is the length of the light path in centimeters. Alcohol
induced transitions are rapid, so the measurements were
taken immediately after preparation of the solutions.

Calculation of peptide ellipticity

The theoretical circular dichroism (CD) spectra of the
peptide in CF3SF4-ethanol and TFE as calculated with
SESCA%6 and were compared with experimental results.
Theoretical spectra were calculated with recommended
basis set contributions of the backbone and side chains
(DSSP-1SC3, DISICL-dTSC3, and HBSS-3SC1 bases
set). The theoretical and experimental CD were in good
agreement for the HBSS-3SC1 basis set for all
calculations.

Result and discussion

Preservation of helicity

As indicated by the simulation snapshots shown in Fig. 1,
the initial crystal structure of melittin (2MLT) utilized for
MD simulation, after 10 ns in water, the peptide loses its
helical structure and adopts a random coil conformation.
This phenomenon has been extensively studied by
others. 1. 15.30.47 \When the peptide structure was
simulated in CF3SF4-ethanol, the helix structure was
preserved.(See S.l., Fig. S5) At lower CF3;SF4-ethanol
concentrations, in first 10 nanoseconds, the peptide lost
the helical confirmation but at longer simulation times the
structure regained helicity. At 8% concentrations of
CF;SF4-ethanol, CF;SF4-ethanol aggregates readily
around the peptide with no loss of helicity over the course
of the simulation. The TFE-water system has similarly
demonstrated the preservation of helicity over the course
of the simulation. The simulation results for TFE-water
closely replicated findings from previous studies (S.1., Fig.
S6).

J. Name., 2013, 00, 1-3 | 3
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(a) (b)

(©) (d)

(e) )

Figure 1. Representative snapshot of simulation within a distance
of 0.6 nm from the melittin backbone a) PDB: 2MLT of crystal
melittin in pure water at the beginning of simulation, b) random coil
structure of melittin after 50 ns simulation in water system, c) PDB:
2MLT of melittin in 40% TFE-water system at the beginning of
simulation, d) a-helix of melittin after 50 ns simulation in 40%TFE-
water system, e) PDB: 2MLT of melittin in 8% CF3;SF, -ethanol at
the beginning of simulation and f) a-helix of melittin after 50 ns
simulation in 8% CF;SF -ethanol-water system.

Promotion of helicity

To better understand how fluoroalcohols influence the
transition from a random coil structure to a helical
conformation, the simulation studies were extended to
begin with melittin in a random coil. Pre-folded helical
initial structures (PDB:2MLT) could bias the mechanistic
investigation, whereas perturbed helical conformations
could overcome this bias. The partially unfolded starting
conformation (19.2 % helicity) (RMLT) was known to
perturb the helical structure of melittin'-32 when the
OPLS-AA force field was used.

Experimental evidence was strongly supportive of the role
of fluoroalcohols in helix stabilization.1.3.4.13.14.18, 20,21
Computational analyses were necessary to provide the
mechanistic details at the molecular level. The
simulations were performed at a series of different
fluoroalcohol concentrations (S.I. Fig. 7. and 8). It was
found that mixtures of 1 % and 8 % CF3SF4- ethanol
concentrations was particularly informative.

4 | Physical Chemistry Chemical Physics., 2024, 00, 1-3
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(] (d)

Figure 2. Representative snapshot of simulation within a distance of
0.6 nm from the melittin backbone a) random coil structure of
melittin(RMLT) in 1% CF3;SF,-ethanol-water system at the beginning of
simulation; b) a-helix of melittin after 50 ns simulation in 1% CF3;SF,-
ethanol -water system; c) random coil structure of melittin in 8%
CF;SF,-ethanol -water system at the beginning of simulation; d) a-helix
of melittin after 50 ns simulation in 8% CF;SF,-ethanol-water system.

In 1 % of CF3;SF4-ethanol aqueous solutions, melittin
assumed the a-helical structure shown in Fig. 2(d). At8
% of CF3SF4-ethanol, melittin had a very high helicity
(Fig. 3 (h)). In contrast with the newly synthesized
alcohol, simulations at 8 % and 40 % by volume TFE-
water were investigated. At 8 % TFE, the peptide does
not regain helicity,as shown in Fig. 3 (b), however at 40 %
TFE concentration the peptide reaches the highest
helicity (Fig. 3 (d)).

Simulation times of 50 ns were used to model systems
with 1 % and 8 % by volume of CF3;SF,4-ethanol-water and
8 % and 40 % by volume TFE respectively (See S.I., Fig.
9). The RMSD of melittin backbone in each system was
compared with the peptide backbone fluctuation that
occurred in pure water.(See S.1., Fig. S10-S13) In each
system, the fluctuation of the peptide backbone in the
fluoroalcohols is lower than in that which occurs in pure
water. In Fig. SCC, with CF3;SF,-ethanol, in as low as 1
% by volume and at higher concentration, 8 % by volume,
the “plateau” (convergence in 50 ns) was achieved.

To confirm the relative convergence of the backbone
movement invoked at 50 ns, the simulation was extended
to 100 ns. (See S.1., Fig. S11) The results from the
additional simulation time are consistent with those found
at 50 ns.(For additional insights please see S.1., Fig. S14,
a video that clearly illustrates the motion of the melittin
backbone on exposure to 8 % CF3;SF,4- ethanol.) The
structure stabilizes with an RMSD around 0.7 for last 10
ns. On the other hand, in water, the increase of RMSD
values to 0.98 nm over the course of the simulation is
indicative of the loss of helicity over time. In case of

This journal is © The Royal Society of Chemistry 2024
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water, the plateau for last 10 ns is consistent with the
equilibrated state of random coil structure of melittin.
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Figure 3. Representative snapshot of simulation within 0.6 nm from the
melittin backbone a) random coil structure of melittin (RMLT) in 8%
TFE-water system at the beginning of simulation b) a-helix of melittin
after 50 ns simulation in 8% TFE-water system c) random coil structure
of melittin in 40% TFE-water system at the beginning of simulation d)
a-helix of melittin after 50 ns simulation in 40% TFE -water system.

In TFE at the lower concentration of 8 % by volume
convergence never occurs. This is consistent with the
inability of TFE to stabilize the helical structure at a
volume as low as a concentration of CF;SF4-ethanol of 1
%. At 40 % by volume of TFE, after 20 ns, the structure
stabilizes at 0.8 nm. RMSD calculation establishes that
the helices deform in water, but the peptide is more stable
in the presence of TFE or CF3SF4-ethanol.

Root mean square fluctuation (RMSF).

RMSF, the root mean square fluctuation, a measure of
individual residue flexibility or how much a particular
residue moves (fluctuates) during a simulation was
plotted vs. residue number at various alcohol
concentrations. The RMSF findings established that the
peptide residues in water have higher fluctuations than
when the peptide is exposed to various TFE and CF3SF;-
ethanol concentrations. In S.I. Fig. S15, it is evident that
the hydrophobic side chains of RMLT peptide backbone
fluctuate most in water from 0.3 t0 0.8 nm. In 1 %
CF3SF,4-ethanol, the fluctuation ranges from 0.2 to 0.6
nm, and in 8% CF3SF4-ethanol the movement is on
average of 0.17-0.6 nm. On the other hand, in 8% by
volume of TFE, the fluctuations are closer to those found
with CF3SF,-ethanol solutions. It is noteworthy that in
CF3;SF4-ethanol solutions, the hydrophobic sidechains,
represented by residue numbers 2, 4, 5, 6, 8, 9, 13, 15,
16, 17 and 20 have fewer fluctuations.'"” The probable
hydrophobic interactions between the hydrophobic side
chains of peptides and highly hydrophobic functional

This journal is © The Royal Society of Chemistry 20xx
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CF3SF,4 group of CF3SF4-ethanol,25 play an important role
in stabilizing the secondary structure of the peptide.?!
The N-terminal and C-terminal segments of the peptide
were observed to exhibit flexibility.'® (See S.I. Figs. S13-
S16) This flexibility can be attributed to the absence of
neighboring amino acids that would otherwise constrain
the movement of the terminal segments.
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Figure 4. Time average of a-helicity per residue of Melittin for
last 10 ns of equilibrated simulation in 1%, and 8% CF3;SF,-
ethanol-water and 8% and 40% TFE-water system with respect
to residue number.

Time average of the a-helicity of secondary structure.

The time average of the a-helicity is reported for TFE and
CF3;SF4-ethanol in Fig. 4. (see also S.1. Figs. S20-S23)
An extensive NMR spectroscopic analysis of melittin's
structure in a fluoroalcohol/water environment revealed
the presence of a bent structure with two fluctuating a-
helices in melittin.3° The boundaries of the first helix are
between amino acids 3 and 8 for the TFE and CF3SF;-
ethanol simulations. The second helix starts at residue 12
for the TFE and CF3;SF4-ethanol and it extends up to
residue 24.
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Figure 5. The influence of increasing alcohol concentration on
local TFE and CF3;SF4-ethanol concentration around individual
melittin residues.
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Local Alcohol Concentration around the peptide.

The fluoroalcohols were placed randomly around melittin
in the simulation box. During the simulation the alcohols
interact with one and another through strong hydrogen
bonding interactions that results in aggregation.259 These
simulations indicate accumulation of the fluoroalcohols
around melittin is site-specific. The concentration of
CF3;SF4-ethanol molecules was higher in the regions of
the hydrophobic side chains than the areas around the
hydrophilic side chains. Previous studies have shown the
aggregation of TFE molecules around the region of the
peptide in turn stabilized the secondary structure of
melittin. Similar to TFE, CF3SF4-ethanol molecules
aggregate around the solute preventing the formation of
hydrogen bonds with water that can disrupt an a-helical
structure.” 1. 48. 49 The interactions between the peptide
and CF;SF4-ethanol do not displace the peptide—peptide
interactions that stabilize the secondary structure. In the
case of CF3SF4-ethanol, the greater occuppied volume
can further minimize the possible interactions of CF3;SF4-
ethanol with the backbone melittin atoms, enhancing the
a-helix stabilization.

The origins of stabilization may be both entropic and
enthalpic. It was determined the hydrophobic cosolvent
tends to cluster around regions of the peptide that are rich
in hydrophobic side chains (Fig. 5). This effect tends to
displace ordered water molecules from the vicinities of
both fluoroalcohols and the hydrophobic side chains of
the peptide. The increased concentration of
fluoroalcohols surrounding the hydrophobic side chains of
the amino acids notably contributed to the occurrence of
helicity. The hydrophobic side chains of residue numbers
2,4,5,6, 8,9, 13, 15, 16, 17, and 20 acted as anchors,
are embedded within the alcohol aggregates. These
interactions had the effect of reducing the fluctuations.
This phenomenon demonstrates how the alignment of
hydrophobic residues within the alcohol aggregates plays
a crucial role in the stabilization of the helical structure.
The concentration of CF3SF4-ethanol and TFE molecules
around the peptide residues, that is the local alcohol
concentration (LAC), was established by determining the
total number of water molecules nw (r) and fluoroalcohol
ny(r) molecules present within a distance r from the a-
carbons of individual amino acid residues using the
following relation:”- 11

Vinu(r)
Vinu(r)+ Vi, (r)

LAC(r) = x 100 4)
where V= 0.1 and V%= 0.019 L/mol are the average
excluded volumes for alcohol and water molecules,
respectively.” The local CF3;SF4-ethanol molecule
concentration (LAC) around a hydrophobic residue are in
range of 57-90 % and 71-92 % at 1 % and 8 % CF3;SF,-
ethanol by volume respectively. The CF3SF4-ethanol
concentration around the hydrophilic side chain is around
12 % and 29 %, respectively. In the case of TFE, at
lower concentrations, TFE is abundant around both the
hydrophilic and hydrophobic side chains of the peptide.
On the contrary in 40% TFE, the TFE molecules clustered

6 | Physical Chemistry Chemical Physics., 2024, 00, 1-3

around the hydrophobic side chain in 63-92%
concentration. It can be argued that the more
hydrophobic CF3;SF4-ethanol interacts more strongly with
the hydrophobic side chains of melittin, particularly at low
concentrations. In contrast at low TFE concentrations,
there is evidence for more amphipathic behavior.

Intrapeptide and intermolecular hydrogen bonding.

Once water is excluded from the immediate environment
of the peptide, intra-molecular hydrogen bonds can form.
To learn more about the interactions between the peptide
and the alcohols, the number of hydrogen bonds between
the alcohols and between peptides and the water
molecules was determined. The structure of an alpha
helix is maintained by a network of hydrogen bonds
between the carboxyl oxygen of the peptide backbone
and amino group of 4 next amino acid (n to n+4) in the
primary structure. The number of hydrogen bonds
formed during the simulation was computed with the
GROMACS H-bond tool. A cutoff value of 0.3 nm for the
distance between acceptor and donor and the cut off
angle of 120° was established. In CF3;SF4-ethanol
solutions the network of hydrogen bonds between the
carboxyl oxygen of the backbone and amino group of 4th
next amino acid (n to n+4) forms more hydrogen bonds
than it is in TFE alcohol solutions. (Fig. 6 (a), (b), (c)).
The average number of intrapeptide H-bonds in 1%
CF3SF4-ethanol is 9.02, 8% CF3;SF4-ethanol is 9.94
whereas in 8 %TFE 4.31 and 40% TFE is 4.82. Intra
peptide H-bonds determine the stability of an a-helix. In
water, the number of hydrogen bonds significantly
decreases as the highly ordered structure of the crystal
structure is denatured and then upon partial refolding the
number of in intrapeptide bonds increases with partial
recovery of helicity as seen in RMLT. Additionally,
previous research has demonstrated the formation of
strong intermolecular hydrogen bonds between water and
melittin lead to a loss of the a-helical structure.23 50 The
loss of helical peptide structure can be driven by the
formation of intermolecular hydrogen bonds between the
peptide backbone and the water.4” Fig. 6 (d) and (e)
show the number of intermolecular H-bonds in 8 % in
CF3;SF,-ethanol-water and 40 % TFE-water system
decreases in the presence of alcohol molecules than it is
in pure water. In pure water, the number of intermolecular
H-bonds range between 35-40 and in TFE-water the
number is in the 18-20 range. In the CF3SF4-ethanol-
water system, a more substantial decrease was
observed, ranging from 14 to 18 hydrogen bonds. This
decrease can be attributed to the potential steric
hindrance that results from the steric demand of CF3;SF,-
ethanol molecules around the peptide. This hindrance
could limit the accessibility of water molecules to the
peptide's surface.(Fig. 7) The influence of the alcohol
concentration and hydrogen bonding between the alcohol
and the peptide is shown in Fig. S24. There is little to no
change in hydrogen bonding between the alcohol and the
peptide with increasing alcohol concentration.

This journal is © The Royal Society of Chemistry 2024
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Figure 7. Inter molecular H bonding between water and
peptide in a) 1% CF3SF4-ethanol, b) 8% CF3;SF4-ethanol, c)
8% TFE, and d) 40% TFE

The free energy of binding calculation.

The stabilization of secondary structure by fluoroalcohols
established the contribution of different interactions.
Those interactions include Van der Waals, hydrophobic
and electrostatic interactions, polar and SASA energy, as
well as H-bonding. The computation and decomposition
of the free energy of binding, AGy,;n4, between the peptide
and fluoroalcohols can be determined using MMPBSA
(Molecular Mechanics-Poisson Boltzmann Surface Area)
method.4445 In MM-PBSA methods, the free energy of
binding was estimated from molecular mechanical
energies and solvation free energies for an ensemble of
molecular configurations to include water, aqueous
fluoroalcohols in the presence of melittin can be obtained
from molecular dynamics simulations. The energetics
underlying the binding of fluoroalcohols, and the peptide
obtained from MMPBSA calculations are listed in Table 2
that lists the summary of energies for 8 % CF3;SF4-ethanol
and 40 % TFE.

The total free energy of binding has values between -
725.3 KJ / mol and -629.9 KJ / mol and the intermolecular
electrostatic interactions are -467.5 KJ / mol and -288.6
KJ / mol respectively for CF;SF4-ethanol and TFE water
systems. The contributions that favor binding are Van der
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Physical.Chemistry Chemical Physics

Table 2. Energy Contributions in KJ / mol for 1%, 8% CF3;SF4-ethanol and 8%, 40% TFE in simulation.

1% CF3SF4-ethanol 8% CF3SF4-ethanol 8% TFE 40% TFE
VdW Energy?2 -620.1 -607.2 -590.2 -582.4
Electrostatic Energy? -460.2 -467.5 -300.5 -288.6
Polar Solvation Energy? 440.7 442.0 350.5 320.7
SASA Energy? -90.2 -92.6 -85.3 -79.6
Binding Energy? -710.0 -725.3 -650.1 -629.9
a. KJ/mol

Waalls interactions between the interacting partners in the
range of -607.22 KJ / mol and -582.4 KJ / mol for CF3SF,-
ethanol and TFE water systems respectively. The
nonpolar interactions with the solvent including the
contribution from the hydrophobic effect yield
contributions in the range of -92.5 KJ / mol for CF3SF,-
ethanol and -79.6 KJ / mol for TFE, which is opposed by
an unfavorable desolvation of polar groups yielding
contribution of 442.0 KJ / mol and the 320.7 KJ / mol for
CF3;SF4-ethanol and TFE respectively. The Van der
Waals energy and nonpolar interactions are more
favorable in CF3SF4-ethanol than in TFE. The
simulations indicate that the OH group of fluoroalcohols
have electrostatic interactions with amino groups of
melittin.

This analysis was also used to estimate the free energy
of binding and the contributions of each amino acid in the
interactions between melittin and fluoroalcohols. This
method utilizes a series of optimized snapshots of the
trajectory to calculate the contribution to the overall
energy. The result is represented in Fig. 8. From all
simulations the nonpolar residues contribute more to the
peptide alcohol interactions and are responsible for
stabilization of secondary structure of melittin.

8% CF;SF,-ethanol 40% TFE
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Figure 8. Representation of contribution energy in 8%

CF3;SF4-ethanol-water and 40% TFE-water system with
respect to melittin residue.

Circular dichroism (CD) experiment.

In neat buffer, low ionic strength and a melittin
concentration of 1.0 mM, the peptide predominantly exists
in monomeric random coil structure. Melittin becomes
dissociated to a monomer with the addition of TFE,
CF3;SF4-ethanol as cosolvent. The helical secondary
structure of melittin was maintained by introduction of
fluorinated alcohols was confirmed using circular
dichroism (Fig. 9). The minima at 208 nm and 222 nm are
characteristics of a—helices. Small additions of

b.

8 | Physical Chemistry Chemical Physics., 2024, 00, 1-3
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Figure 9. Far UV CD spectra of melittin for a) CF3SF,-
ethanol-water system and b) TFE-water system.

CF3;SF4-ethanol even as little as 0.5 % (v/v) as cosolvent
the helical content increased slightly, as shown in Fig. 11
(a). The gradual addition of a synthetic alcohol can
disturb the

random coil structure and promote the a-helical
monomer. The a-helical secondary structure remained
stable with 0.5-8.0 % by volume solutions of CF3SF,-
ethanol and decreases with 10 % CF3;SF4-ethanol. The
decrease in helicity observed in computational analysis2®
of solutions of 10 % CF3;SF,-ethanol likely results in
phase separation.

These results indicate that CF3SF4-ethanol and other
fluorinated alcohols surround the peptide because of a
propensity to aggregate. As reported by other
researchers, the highest helicity in melittin is found in 40
% (v/v) of TFE and has been validated by the findings
from CD measurements.”

Circular dichroism determination by SESCA.

The a-helical melittin structures in TFE-water and in
CF;SF4-ethanol-water system obtained from 50 ns
simulation were employed in SESCA computed circular
dichroism (CD) spectra.*®-26 The calculated CD spectra
were compared with the experimental results. There was
no difference in the theoretical helicity computed from the
100 ns simulation and the 50 nanosecond experiment.
SESCA can successfully extract information for CD
spectra and is especially informative in establishing a
quantitative link between structural configuration and the
observed spectra.

This journal is © The Royal Society of Chemistry 2024
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Figure 10. Theoretically calculated CD spectra of melittin
for a) CF3SF,-ethanol-water system and b) TFE-water
system.

The effects of conformational flexibility are addressed
using structural ensembles during CD predictions that
consider the contribution of natural amino acid side
chains. Inclusion of these contributions increases the
prediction accuracy. In Fig. 10 the similarity between our
experimental and theoretical CD results can be seen.

Comparison in helicity calculation.

The helicity was calculated from both the experimental
and theoretical circular dichroism findings. For helicity
calculations, ellipticity data at 222 nm where helical
structure exhibits a characteristic minimum in ellipticity,22
are commonly used to quantify the helical content of
protein (i.e., 222 nm method). The a-helix content was
calculated based on the algorithm developed for coiled-
coil proteins developed by Holtzer et al. 51

2.55 I (Opoo
Oy = O — g+ 2200 (5)

where, ®,, = fraction of residues in an a-helical
conformation, Gre = mean residual ellipticity at 222 nm
for a-helix of infinite length, 8. = mean residual ellipticity
for a random coil at 222 nm, I is the average number of
helical segments per chain, n is the number of peptide
bonds, and q is the mean residual ellipticity at 222 nm.
The calculated helicities determined by the are in good
agreement with those experimentally. (See Table 3)

Table 3. Comparison between helicity of melittin obtained from
experimental and calculated by SESCA in 8% and 40% TFE and
1% and 8% CF;SF,-ethanol.

Helicity Alcohols at 222 nm

Alcohol Concentration Experimental Theoretical
(viv)a Helicity? Helicity?
TFE 40 53 54
TFE 8 19 22
CF3SF;-ethanol 1 37 42
CF3SF;-ethanol 8.0 54 62%

a. Inpercent

Conclusions

CD experiments and molecular dynamics simulations of
the influence of aqueous solutions of CF;SF,4-ethanol and
aqueous solutions of TFE show consistent results. In
water, melittin assumes a random coil conformation.
However, on exposure to aqueous CF3;SF,-ethanol, the
helical structure of melittin stabilizes, even at
concentrations as low as 1% CF3SF;-ethanol in water.
The highest helical content for melittin occurs with
concentrations of 8% by volume CF3;SF4-ethanol. In
contrast, TFE added to water does not induce the

This journal is © The Royal Society of Chemistry 20xx
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assumption of a helical structure at 8% concentration.
The folding of melittin to assume a helical conformation
requires the addition of 40% by volume of TFE to achieve
maximum helicity for melittin. These findings were
consistent with published findings.

The calculations of RMSD and RMSF provide insights
into fluctuations of the peptide backbone when exposed
to pure water, CF3;SF,-ethanol-water, and TFE-water.
Fluoroalcohols stabilize the hydrophobic side chain
residues of melittin, and consequently promote the
assumption of helical structure. Calculation of local
alcohol concentrations around the peptide reveal
concentrations ranging as high as 70-90% near the
hydrophobic side chains of melittin. These
concentrations lead to increased hydrophobic interactions
between the peptide and fluoroalcohols, thereby
displacing water molecules from the surface of the
peptide. Disruption of water-peptide intermolecular H-
bonding is a critical factor in driving peptide folding.

Both TFE and CF3;SF4-ethanol promote intramolecular-
peptide H-bonding, stabilizing helix formation.
Fluoroalcohols engage in various interactions, including
Van der Waals, hydrophobic, electrostatic, polar, and H-
bonding. Using the MMPBSA method, the binding free
energy, AGying, Was calculated for the interactions
between the peptide and fluoroalcohols. Our findings
suggest that nonpolar residues play a major role in
peptide-alcohol interactions and are key to stabilizing
melittin's secondary structure. Emphasizing the
importance of hydrophobicity, the SESCA method was
used to derive the helicity of melittin from the simulated
system and to validate those findings with experimental
outcomes. CD results for melittin in TFE align with past
findings and validate the role of CF3;SF,4-ethanol to bolster
helicity. The experimental and calculated helicities are
closely aligned. CF3;SF4-ethanol is an eco-friendly option
for enhancing the helical structure of peptides and
proteins, even at concentrations as low as 1%.

J. Name., 2013, 00, 1-3 | 9
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