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ABSTRACT: It is widely recognized that solvation is one of the Veryhigh <+—— Surface Propensity ——  Very low
major factors determining structure and functionality of proteins and
long peptides, however it is a formidable challenge to address it both
experimentally and computationally. For this reason, simple peptides
are used to study fundamental aspects of solvation. It is well

Unstructured «—— Peptide in Bulk —— Alpha-Helical

established that alcohols can change the peptide conformation and = ¢ %,

tuning of the alcohol content in solution can dramatically affect - 2~

folding and, as a consequence, the function of the peptide. In this A

work, we focus on the leucine and lysine based LKa14 peptide ~ ,{x%; t‘i{l ‘W

designed to adopt an a-helical conformation at an apolar—polar s %f : LT e
Water Ethanol

interface. We investigate LKal4 peptide’s bulk and interfacial
behavior in water/ethanol mixtures combining a suite of
experimental techniques (namely, circular dichroism and nuclear magnetic resonance spectroscopy for the bulk solution, surface
pressure measurements and vibrational sum frequency generation spectroscopy for the air—solution interface) with molecular
dynamics simulations. We observe that ethanol highly affects both the peptide location and conformation. At low ethanol content
LKal14 lacks a clear secondary structure in bulk and shows a clear preference to reside at the air—solution interface. When the
ethanol content in solution increases, the peptide’s interfacial affinity is markedly reduced and the peptide approaches a stable a-
helical conformation in bulk facilitated by the amphiphilic nature of the ethanol molecules.

H INTRODUCTION conformational behavior and stability of biomolecules® ™3
which, in turn, may influence both biomolecular activity and

The importance of protein—solvent interactions can hardly be o
functions.” " For instance, Met-enkephalin and the C-peptide

overestimated since solvation governs biological systems. The

solvent is not a passive medium, but plays a role in determining fragment of ribonuclease A have been studied in water,
both the protein conformation and function, and to study methanol, and ethanol, and it has been observed that the
protein solvation, both experimental and simulation techniques alcohols promote folding into structures with intramolecular
have been used. However, understanding the protein—solvent hydrogen bonds (such as an a-helix), that in alcohol the
interactions is problematic due to the complexity of these solvation free energy is not very sensitive to changes in peptide
systems. Thus, peptides are frequently studied instead of big conformation, and that the degree of the induced secondary
proteins because of their own importance but also because structure increases as the bulkiness of hydrocarbon group of
they can be used as model systems to understand bigger and alcohol increases.” Gerig has reported an excess solvation of
more complex proteins.2_4 [valS]angiotensin in 35% aqueous ethanol with ethanol over

For obvious biological reasons, a particular emphasis has water which is particularly apparent for side chains of valine,
been given to the role of water in peptide conformational tyrosine, and phenylalanine as a result of their hydrophobicity.’
behavior at the microscopic level with a special focus on the Moreover, the author has also observed a preferential
examination of the hydrophobic effect at the solvation orientation of ethanol molecules at the peptide surface, both

interface. In a study, the 21-residue polyalanine-based F;
peptide has been shown to exhibit complex conformational
preferences depending on the character of the local solvation
interface.” The addition of alcohol into the aqueous solution is
a powerful tool to modify the peptide/protein solvation. For
instance, the combination of hydrophobicity and hydrophilicity
intrinsic to the amphiphilic nature of the ethanol molecule, can
facilitate its interactions with peptides/proteins resulting in an
excess solvation by ethanol over water. In fact, it has been
reported that aqueous ethanol solutions can change the

at the backbone and hydrophobic side chain positions.
Chattoraj and co-workers found that differences in ethanol
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content generate oscillations in the structure and dynamics of
lysozyme, providing a potential way to control the structure
and, as a sequence, the biological activity of the protein by
regulating ethanol content.”

Understanding the fundamentals of peptide/solvent inter-
actions provides principles for rational peptide design.
DeGrado and Lear synthesized LK peptides consisting of
only two types of amino acid residues, hydrophobic leucine
(L) and hydrophilic lysine (K).'* By design, the peptides can
fold at the apolar—polar interface into a- or f-motifs with
hydrophobic residues accumulating on one side of the
structure. The secondary structure has been found to depend
on the hydrophobic periodicity and the chain length. These
authors also found that the secondary structure in bulk and at
the apolar—water interface, as well as the bulk association, are
determined mainly by hydrophobic interactions.'* Such highly
ordered structures carry great potential for use in molecular-
scale surface design. DeGrado and co-workers further
developed the concept of creating model structures following
minimal complexity approach and using simple amino acid
sequences. By understanding the factors stabilizing the a-
helical conformation and contributing to helixes packing, these
authors were even able to design a-helical coiled coils
resembling an ion channel.'®

In this work we focus on the LKal4 peptide, LKKLLKL-
LKKLLKL, designed by DeGrado and Lear to fold into an a-
helical conformation at the apolar/polar interface'* with
hydrophobic L residues generally oriented toward the apolar
and K residues in contact with polar phase.'®'” The system has
been well characterized in aqueous solutions and at the air—
water interface. Specifically for the air—water interface, it has
been shown that the vibrational sum frequency generation
(SEG) spectrum for LKa14'® is similar to that obtained for L
residues'~ which is consistent with the interfacial ordering of
the L residues excluded from the aqueous phase. The
secondary structure of LKa14 at the air—water interface was

robed by means of SFG using chiral polarization combina-
tions’””" and was also addressed in MD simulations.””~** It
has been further shown that the peptide’s a-helical axis is
almost parallel to the air—water interface and that the N-
terminus points toward the water subphase.” Interestingly, a
similar orientation was reported for LKal4 at a buried
hydrophobic-solid—water interface.'” The peptide behavior,
including conformation and aggregation analysis, has also been
extensively studied in bulk. In contrast to the interface with air,
LKal4 lacks well-defined secondary structure in bulk
water'#”° as it samples several conformations in the dilute
regime.””~>* LKa14 peptide’s conformational preferences and
interfacial adsorption affinity has also been investigated in less
conventional solvent environments, but the results further
confirm the importance of the solvent environment for peptide
location and folding. For instance, it has been reported that
LKal4 a-helical secondary structure can be stabilized in bulk
by adding fluorinated alcohols into the aqueous solution*® or
by using ionic liquids.””

In this study, surface-sensitive and bulk experimental
techniques have been combined with MD simulations in
order to investigate the LKal4 peptide bulk-interface affinity
and conformation in water/ethanol mixtures. We show that the
aqueous ethanol solvent environment has a substantial
influence on the LKal4 peptide’s location and folding.
Ethanol is amphiphilic and thus facilitates the stabilization of
the LKal4 a-helical conformation by hydrophobic and/or
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hydrogen bonding interactions in bulk, similarly to what
happens at the air—water interface. However, in pure water
solutions the a-helical structure is observed exclusively at the
air—water interface. We believe that our results highlight the
role of solvent in determining the solvated peptide’s behavior
and will contribute to a deeper understanding of peptide
solvation. It is also worth mentioning that the widely exploited
ability of alcohols to denature proteins®*’ appears to be
strongly dependent on the protein structure, in fact what we
observe is that ethanol promotes structure formation for the
LKal4 peptide in bulk solution.

B EXPERIMENTAL SECTION

Sample Preparation. LKa14 peptide (with the acetylated N-
terminus) was purchased from GenScript Biotech (peptide purity
96.4%) and used as received. Purified water (H,0O) was obtained from
a Millipore Milli-Q system (resistivity >18 MQ-cm) and ethanol
(EtOH) was purchased from Sigma-Aldrich (p.a., absolute, > 99.8%).
To prevent evaporation especially when EtOH was present in the
mixture, the trough was cooled down to 278 = 1 K and the
temperature constantly monitored.

Sum Frequency Generation Spectroscopy. Sum frequency
generation (SFG) is a second-order nonlinear optical spectroscopy
which is surface specific and sensitive to the molecular order thanks to
symmetry selection rules, and chemically specific as different
molecular vibrational modes present different characteristic frequen-
cies.

The SFG laser system consists of a seed and pump laser, a
regenerative amplifier, and an optical parametric amplifier (OPA). As
a seed, a Ti:sapphire laser (Mai Tai, Spectra Physics) is used. Pulses
coming from the Mai Tai (~40 fs duration) are stretched in time.
Selected pulses are then directed into the regenerative amplifier
(Spitfire Ace, Spectra Physics). A Nd:YLF laser (Empower 45, Spectra
Physics) pumps the Ti:sapphire crystal in the amplifier. After
amplification selected pulses are guided in the compressor which
shortens them in time close to their original duration. Afterward the
pulses (1 kHz repetition rate, ~800 nm wavelength) are directed out
of the Spitfire Ace. The output beam (~S mJ) is divided in two
beams. One beam passes through the etalon (SLS Optics) to produce
a narrowband visible (VIS) beam (fwhm ~15 cm™). The other beam
is used to pump the OPA (TOPAS-C, Light Conversion) where by
difference frequency generation the broadband infrared (IR) beam is
generated. The IR and VIS are then focused and overlapped in space
and time at the air—solution interface. The reflected SFG signal is
collimated, and directed on the spectrometer slit (Acton SpectraPro
300i, Princeton Instruments). The SFG signal is finally detected by an
electron-multiplied charge coupled device camera (Newton EMCCD
971P—BV, Andor Technology). The polarization state of all beams is
controlled by polarizers and half-wave plates. In all experiments ssp (s-
polarized SFG, s-polarized VIS, p-polarized IR) polarization
combination was used (where p/s denotes the polarization parallel/
perpendicular to the plane of incidence defined by the direction of
incidence of the beam and the perpendicular to the interface).

For SFG experiments the sample was held inside an enclosed box
continuously flushed with nitrogen to prevent absorption of the
infrared radiation by air. For each sample, first the spectrum for the
mixture without the peptide (10 min acquisition time) was acquired.
Following the injection of the peptide and a 30 min equilibration
period, another spectrum was acquired (10 min acquisition time) in
the presence of the peptide. Afterward, the IR beam was blocked and
a 10 min background spectrum was collected (mainly, for the
correction of the CCD camera offset). Correction for the spectral
shape of the infrared beam was performed by dividing each
background corrected SFG spectrum by that of a background
corrected spectrum of a z-cut quartz crystal.

For SFG experiments 5.1 mg/mL peptide stock solutions was
prepared in various H,O/EtOH ratios and 0.1 mL of such solution
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was added to the trough already containing 5 mL of H,O/EtOH
mixture as to a final peptide concentration of 58 uM (0.1 mg/mL).

Surface Pressure Measurements. For the surface pressure (SP)
measurements a DeltaPi tensiometer (KBN 315 Sensor Head, Kibron
Inc.) was used. Surface pressure curves were collected up to the
moment when the surface pressure stabilized. The sample preparation
procedure and concentrations were the same as reported above for
the SFG experiments.

Circular Dichroism Spectroscopy. For circular dichroism (CD)
experiments’® 58 uM solutions of the peptide in various H,O/EtOH
mixtures were prepared. Measurements were performed using a Jasco
J-1500 CD spectrometer at room temperature (295 + 2 K) using
cuvettes made of quartz SUPRASIL (Hellma Analytics, light path
length 1 = 1 mm).

Nuclear Magnetic Resonance Spectroscopy. All experiments
reported here were recorded on a BRUKER 850 MHz Avance III
system equipped with a S mm triple resonance TXI 'H/“®C/"N
probe with a z-gradient at 278.0 = 0.1 K. The temperature was
calibrated with a standard 1H methanol NMR sample using the
TopSpin software (Bruker). Through-bond connectivity was obtained
from a 2D Total Correlation Spectroscogy (TOCSY) spectrum
recorded with the MLEV-17 mixing scheme’" with H,O suppression
using 3—9—19 pulse sequence with gradients,”>** using a 13 ps 90°
pulse and a 80 ms mixing period. NMR spectra were processed using
Topspin 3.6. Solutions of the peptide were prepared in water (H,0/
D,0 = 9:1 vol/vol mixture) and in totally deuterated ethanol. D,O
was purchased from Eurisotop (99.9% D) and totally deuterated
ethanol (CD;CD,0D) was purchased from Roth (Ethanol D6, 99
Atom% D). The peptide concentration was 2.9 mM, as the signal
from the 58 uM solutions was too low.

B MOLECULAR DYNAMICS SIMULATIONS

The simulations were done with the Gromacs suit of programs
(versions 5 and later).”*** The peptide was described with the
Amber ff03 force field®® with a torsional correction for TIP4P/
2005 water.”” All six LYS residues were charged and chloride
counterions were used for charge neutralization. The general
amber force field GAFF***” was used for EtOH and for the
counterions, and H,O molecules were described with TIP4P/
2005.*” All nonpolar hydrogen atoms were described as virtual
sites, and all remaining bond lengths were constrained using
the LINCS algorithm."" The long-range electrostatic inter-
actions were calculated using smooth particle-mesh Ewald
(PME) summation* with a grid spacing of 0.12 nm and
fourth-order interpolation, and the Lennard-Jones interactions
were smoothly cut off at a distance of 1.0 nm.

Two types of simulations were performed: bulk simulations
and simulations in which a liquid—air interface was present. In
both cases 12 different mixtures were simulated with EtOH
volume fractions fg,oy between 0 and 1 as presented in Table
1. The bulk simulations were performed at a temperature of
300 K and an isotropic pressure of 1 bar using a stochastic
velocity-rescaling thermostat”™ and a Parrinello—Rahman
barostat,** both with time constant of 1 ps, and the time
step was 5 fs. The total simulation time was 10 us. Cubic boxes
with a box length of S nm that contained one LKa14 peptide
molecule were studied. Two simulations were performed for
each composition, one starting from a helical conformation of
the peptide and one starting from a disordered conformation.
These two conformations took S ys to converge to the same
secondary structure distribution at each fgoy and as such only
the last S ps were used for secondary structure analysis. Bulk
simulations were also performed at a reduced temperature of
278.15 K to match the experimental conditions. These
simulations had a length of 900 ns. No difference was seen
between the two temperatures except in equilibration speed.
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Table 1. H,O/EtOH Mixtures Studied in MD Simulations”

bulk interface
Sron XEtOH Neon Nino NEon Nino
0.0 0.0 0 3912 0 31299
0.100 0.033 112 3538 976 28 304
0.264 0.1 330 2970 2643 23787
0.447 0.2 554 2216 4435 17 740
0.581 0.3 720 1680 5754 13 426
0.682 0.4 842 1263 6740 10 140
0.764 0.5 938 938 7503 7503
0.829 0.6 1023 682 8178 5452
0.883 0.7 1085 465 8647 3707
0.921 0.8 1128 282 9024 2256
0.987 0.9 1179 131 9419 1043
1.0 1.0 1253 0 10 024 0

a . . .

Volume fractions fg,op, and corresponding molar fractions xg,op, of
EtOH in H,O/EtOH mixtures and the respective number of
molecules in the bulk and interface simulations.

Since the secondary structure equilibrates faster at the higher
temperature and even at 300 K equilibrating the secondary
structure is quite resource intensive, simulations at 300 K were
used to analyze the secondary structure. For all simulations the
secondary structure of the peptide was analyzed using
STRIDE."

Simulations of the air—liquid interface were performed at a
temperature of 300 K using a stochastic velocity-rescaling
thermostat™’ with time constant of 1 ps. The time step was 2.5
fs. 900 ns were simulated. The PME calculation was done
using a correction for slab geometry.*® For each simulation a
10 nm X 10 nm X 10 nm box of solution containing 20
peptides was equilibrated at 300 K and 1 bar using a stochastic
velocity-rescaling thermostat™ and a Parrinello—Rahman
barostat."* The equilibrated box was then inserted into the
middle of a 10 nm X 10 nm X 30 or 10 nm X 10 nm X 40 nm
simulation box with vacuum on either side.

For the simulations of the interface, the secondargr structure
of every peptide was determined using STRIDE.” For each
helix an axis was fitted through this helix'”*® and the average
angle @ between this axis and the interfacial plane was
determined. The partial density of each component was
determined along the surface normal (z-axis). From the
density profile of the peptides, a surface region thickness of 1.5
nm was chosen. The average number of peptides and their
average tilt angle relative to the surface, ¢, were determined for
the bulk region and for the surface region based on the
geometrical center of the peptide.

B RESULTS AND DISCUSSION

LKa14 Location. We have employed SP measurements
and MD simulations to find the preferential location (bulk
solution or air—liquid interface) for the different H,0/EtOH
mixtures. The same amount of LKa14 peptide stock solution
was injected in solutions containing different ratios of H,O/
EtOH as reported in Figure la. The point in time at which the
injection was performed has been chosen as t = 0. The surface
pressure value has been set to zero for each mixture before the
injection of the peptide. In the case of pure H,0 (fpon = 0)
an instantaneous jump of ~10 mN/m in surface pressure is
observed upon injection indicating fast adsorption of LKa14 to
the air-H,O interface. When EtOH is present in the mixture
we still observe a jump in the surface pressure upon peptide
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Figure 1. (a) Surface pressure curves for the LKa14 peptide in different H,O/EtOH mixtures with froy = (red) 0, (orange) 0.1, (green) 0.2,
(purple) 1. The peptide was injected at t = 0. The surface pressure was set to zero before the peptide injection and the curves are vertically offset for
clarity. (b) Partial densities of the LKa14 peptide and the solvent components obtained from MD simulations for frou= (top) 0, (middle) 0.45,
and (bottom) 1. (c) Fraction of LKal4 peptide molecules located in (filled circles) bulk or (empty circles) at the air—solution interface for

different EtOH volume fractions, fg,op, according to MD simulations.

injection, which after some time stabilizes at ~6 mN/m
(relative to that of the subphase) for the fg,oy = 0.1 mixture.
This value is lower than that observed for the pure H,O
subphase. Interestingly, if the relative content of EtOH in the
mixture is further increased, as for instance observed for fr. oy
= 0.2, at the moment of the LKa14 peptide injection a fast
increase in surface pressure is observed; however, in a short
time, the surface pressure decreases and stabilizes at the end of
the equilibration process at ~0 mN/m, which suggests that the
peptide leaves the interface and goes into the solution bulk. In
the case of pure EtOH (fgoy = 1) no change of surface
pressure is observed upon injection of the peptide, suggesting a
very low propensity of LKa14 for the EtOH—air interface.
The different location of the peptide (bulk vs interface) is
also captured in the MD simulations. The partial density in a
pure H,O (top), pure EtOH (bottom), and in a mixture with
an EtOH volume fraction of fyoy = 0.45 are reported in
Figure 1b. The preferential location at the solution—air
interface is very prominent in H,O, where high peaks in the
two interfacial regions are present. Following the interfacial
adsorption peaks, distinct depleted regions show up before the
bulk solution state in the center of the slab is reached. In pure
EtOH, no distinct surface population of the peptide is present:
the peptide density increases continuously until the bulk
solution is reached approximately 4 nm beyond the interface,
where the peptide density is maximal. We note at this point
that our simulations, in which two interfaces are present,
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should yield symmetric density profiles. This is qualitatively
the case, but a quantitative match is very difficult to achieve
because of slow relaxation times. Therefore, we averaged over
both interfaces for the quantitative analysis. For H,O/EtOH
mixtures, the situation becomes more complicated, because
EtOH itself is enriched in the interfacial region, consistent with
reported results.*”>° For the density profile of the peptide, we
observe an intermediate behavior between that in pure H,O
and that in pure EtOH. At a volume fraction of fg,oy = 0.45,
the interfacial adsorption peaks are less pronounced and the
bulk density increases accordingly. These peptide density
distributions for various H,O/EtOH mixtures were further
used to calculate the fraction of peptide molecules present at
the air—liquid interface and in bulk solution (see Figure 1c).
The data clearly show that the LKal4 peptide’s interfacial
adsorption decreases upon increase of EtOH fraction in
solution.

The consistent results from SP measurements and MD
simulations suggest that solvation of LKa14 is more favorable
in EtOH than in H,O: This result can be understood looking
at the amphiphilicity of the peptide. In pure H,O, the
hydrophobic leucine (L) residues of LKa14 drive the peptide
to the air—solution interface, while in EtOH the amphiphilic
nature of the solvent favors the residence of the amphiphilic
peptide in bulk solution.

LKa14 Secondary Structure. CD, 2D TOCSY and MD
simulations were used to study the LKal4 conformation in

https://dx.doi.org/10.1021/acs.langmuir.0c03132
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Figure 2. "H'H-TOCSY NMR spectra showing the crosspeak region of the backbone amide protons with the H, and side-chain protons of LKa14
(a) in fully deuterated ethanol and (b) in water (H,0/D,0 = 9:1). (c) CD spectra for different H,0/EtOH mixtures; the different colors indicate
fron = (red) 0, (orange) 0.1, (green) 0.2, (blue) 0.5, and (purple) 1 solutions. (d) Probabilities of different secondary structural motifs in bulk
solution for different mixtures as obtained from MD simulations: (green) a-helix, (blue) random coil, and (black) other structures.
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probability of different secondary structures (empty circles) at the interface and (filled circles) in bulk for different mixtures as obtained from MD

simulations.

bulk solution. The 2D TOCSY spectrum of LKal4 in pure
fully deuterated ethanol in Figure 2a shows a broad signal
distribution (8—8.6 ppm) indicating a highly organized and
stable structure. This becomes even more evident when
compared to the 2D TOCSY spectrum of LKa14 in H,0/D,0
= 9:1 water (7.98—8.18 ppm) in Figure 2b, where the presence
of small signal distributions and highly overlapping crosspeaks
indicate a random-coil like structure.

The CD spectra for the LKal4 in various H,O/EtOH
mixtures are shown in Figure 2c. In agreement with TOCSY
the CD spectra of LKal4 in pure H,O bulk solution (red
curve) shows that LKal4 assumes a mostly random coil
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conformation while in EtOH (purple curve) an a-helical one.
For the mixtures it is observed that the fraction of a-helical
conformation increases considerably up to froy = 0.5. Above
frou = 0.5, when the EtOH content in solution is further
increased, a much smaller change is observed. The
experimental results are also supported by the MD simulations
(Figure 2d) where it is observed that the secondary structure
in bulk is dominated by the random-coil conformation only in
pure H,O while the a-helical conformation is the most
frequent conformation in the presence of EtOH. Already at the
very low EtOH content of fgoy = 0.1, the probability of
finding the peptide in an a-helical conformation in bulk
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solution is 0.8. Thus, only at very low EtOH content (fgon <
0.1) it is possible to observe a predominant unfolded
conformation. We conclude that our MD force field predicts
the unfolding transition to occur at a slightly lower EtOH
content relative to the experimental results.

In order to study the conformation of LKal4 at the
solution—air interface we used SFG spectroscopy.”’ >* The
acquired SFG spectrum for LKal4 in pure D,O in the CH-
stretching region (see Supporting Information (SI) Figure S1)
is similar to that reported for leucine molecules at the air—
water interface’” in agreement with previous studies.'® In
Figure 3a the SFG spectra in the amide I region acquired after
equilibration (~30 min) are reported for different mixtures.
The amide I vibrational response (being mostly from the
carbonyl stretch of the amide bond) originates from the
peptide/protein backbone® and carries information about the
secondary structure of the interfacial peptide/protein mole-
cules.*>*® A pronounced amide I signal is observed for LKa14
in pure H,O (red curve) at ~1650 cm™' which has been
assigned to the a-helical conformation of the peptide at the
air—H,O interface.'® This peak is also observed when the
peptide is injected in H,O/EtOH mixture with fpoy = 0.1
(orange curve) and is due to the LKa14 peptides that reside at
the air—solution interface. As expected, based on the surface
pressure results, no amide I signal is observed in pure EtOH
(purple curve), as LKar14 is not present at the interface and the
same holds true for mixtures with froy = 0.5 and 0.2. When
comparing the spectra, the amide I peak position for the H,O/
EtOH mixture corresponding to fpoy = 0.1 appears red-
shifted compared to that in pure H,O. However, by fitting the
data (see SI Table S1 and Figure S2) it can be seen that the
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peak position does not shift and that it is instead an effect due
to the higher background present at high frequency in pure
H,0 compared to the fg,oy = 0.1 mixture (see the comments
on the high-frequency shoulder contribution in SI Section S2).
Therefore, it is not possible to conclude whether the presence
of 10% EtOH in the mixture affects the conformation of the
LKal4 peptides present at the solution—air interface, and this
is further complicated by the fact that the random-coil
conformation peak would appear at the same frequency as
that of the a-helix.”"*® The interfacial MD simulations show
that unfolded peptides are rarely present in the bulk interior
(Figure 3b, filled circles). However, since the simulation times
of the interfacial system might be smaller than the folded state
lifetimes, we cannot exclude that unfolding can occur both in
the bulk interior and at the interface.

Based on the collected data, we propose that EtOH is not
only a good choice of solvent for LKa14, but its presence in
the mixture also allows the stabilization of the peptide in an a-
helical conformation similarly to what happens in the case of
pure H,O only at the interface with air.

LKa14 Orientation. MD simulations were used to
calculate the angle of the a-helical axis with respect to the
interface. In pure H,O there is a sharp difference in the
orientation between the surface and the bulk. At the air-H,O
interface the helix orients with the helix-axis at an angle of ~8
degrees (Figure 4a) with the plane of the interface, while in
bulk there is no preferential orientation observed. Further-
more, longer bulk simulations show that in H,O bulk the helix
unfolds. The surface region in which the angle is ~8 degrees
extends 1.5 nm away from the interfacial plane. In pure EtOH
there is no sharp transition from the surface peptide population
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to the bulk population (Figure 4b). In pure EtOH, there is no
distinct surface population with a distinctly oriented helix
which can be observed in Figure 4c. The drops of the average
angle in Figure 4b when the interfaces are approached are
merely a consequence of the helices’ positional assignment
based on their center of mass, which can only be consistent
with a parallel alignment of molecules at the interface. Due to
the very low density of peptides at the interfaces, the low
average orientations are insignificant. Finally, we note that the
peptides” N-terminus in H,O preferentially points away from
the interface toward the bulk solution (see SI Figure S3),
which well matches the experimental results previously
reported.”’

B CONCLUSIONS

The conformation of peptides/proteins can be strongly
affected by solvation and can be substantially changed by
regulating the content of alcohol in solution. In this work, we
show that ethanol has a significant impact on the interfacial
and bulk behavior of LKa14 affecting both the peptide location
and folding. The water/ethanol ratio has been systematically
varied and the behavior of the peptide has been compared to
that in the pure solvents. First, we studied the interface/bulk
affinity of LKr14 in the different mixtures. Based on the SP
measurements and MD data, we can conclude that an increase
of the ethanol content in the aqueous solutions decreases the
peptide propensity for the interface in favor of the bulk. CD
spectroscopy, NMR TOCSY, and MD simulations suggest that
the conformation in pure water lacks any defined structure;
however, as the content of ethanol increases, the peptide
adopts an oa-helical conformation. These results suggest that
the a-helix stabilization is facilitated by hydrophobic/hydro-
philic interactions between the peptide and the amphiphilic
ethanol molecules. The bulk analysis of the peptide’s behavior
was complemented by SFG studies at the air—solution
interface. In pure water, the observation of a spectrum in the
amide I region suggests an a-helical conformation and a net
ordering of the LKal4 peptide molecules at the air—water
interface consistent with previous studies."**>*> When 10%
(vol) ethanol is present in solution, the SFG spectrum is quite
similar to that observed in pure water, even though the signal
intensity is lower consistent with a depletion of peptide
molecules at the air—solution interface as suggested by the SP
results. The information on the peptide molecular orientation
at the interface was obtained by MD simulations. For the air—
water interface, the helix-axis was found to be tilted ~8 degrees
relative to the surface with the N-terminus pointing toward the
water phase, which is in agreement with the earlier reported
result.”> We further found that the angle between the helix and
the air—solution interface has a general tendency to increase
when the content of ethanol increases. This effect can have
different origins that are related to the molecular structure of
the mixed solution interface. Though, we have detected some
nonmonotonicity in the dependence of the tilt angle on the
ethanol content. Such behavior could be related to complex
aggregate formation in the mixed solution, which is not further
addressed in this work.

From our results, it is apparent the importance of solvation.
In fact, along with the amino-acid sequence, amino acid
hydrophobicity, and the hydrophobic periodicity, the solvent
determines the behavior of proteins/peptides in solution.
Thus, the solvent cannot be treated as a passive bystander in
inter- and intramolecular interactions, but is an active player
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which is able to change the interactions in the system to a
substantial extent. In our work, we show for the model LKa14
peptide that ethanol can strongly affect the location and
conformation of the peptide. We hypothesize that the high
sensitivity of the peptide behavior to ethanol originates from
the amphiphilic nature of the ethanol. The presence of ethanol
in solution can stabilize particular structures in solution by
hydrophobic and/or hydrogen bonding interactions. In our
study we observe that ethanol promotes the secondary
structure (a-helical) conformation of LKal4. Our work thus
sheds light on how a combination of physical—chemical
parameters can tip the equilibrium structure of a peptide/
protein to the folded/unfolded state.
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