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Abstract

Many classical antimicrobial peptides adopt an amphipathic helical structure at a
water-membrane interface. Prior studies led to the hypothesis that a hinge near the
middle of a helical peptide plays an important role in facilitating peptide-membrane
interactions. Here, dynamics and vibrations of a designed hybrid antimicrobial pep-
tide LM7-2 in solution were simulated to investigate its hinge formation. Molecular
dynamics simulation results on the basis of the CHARMMS36 force field showed that
the a-helix LM7-2 bent around two or three residues near the middle of the peptide,
stayed in a helix-hinge-helix conformation for a short period of time, and then returned
to a helical conformation. High resolution computational vibrational techniques were
applied on the LM7-2 system when it has a-helical and helix-hinge-helix conformations
to understand how this structural change affects its inherent vibrations. These stud-
ies concentrated on the calculation of frequencies that correspond to backbone amide
bands I, II, and III: vibrational modes that are sensitive to changes in the secondary
structure of peptides and proteins. To that end, Fourier transforms were applied to ther-
mal fluctuations in C-N—H angles, C-N bond lengths, and C=0O bond lengths of each
amide group. In addition, instantaneous all-atom normal mode analysis was applied to
monitor and detect the characteristic amide bands of each amide group within LM7-2
during the MD simulation. Computational vibrational results indicate that shapes and
frequencies of amide bands II and especially III were altered only for amide groups
near the hinge. These methods provide high resolution vibrational information that
can complement spectroscopic vibrational studies. They assist in interpreting spectra
of similar systems and suggest a marker for the presence of the helix-hinge-helix mo-
tif. Moreover, radial distribution functions indicated an increase in the probability of
hydrogen bonding between water and a hydrogen atom connected to nitrogen (HN) in
such a hinge. The probability of intramolecular hydrogen bond formation between HN
and an amide group oxygen atom within LM7-2 was lower around the hinge. No cor-
relation has been found between the presence of a hinge and hydrogen bonds between

amide group oxygen atoms and the hydrogen atoms of water molecules. This result



suggests a mechanism for hinge formation wherein hydrogen bonds to oxygen atoms of

water replace intramolecular hydrogen bonds as the peptide backbone folds.

Introduction

The resistance of bacteria and fungi against conventional antibiotics is increasing. ™ Studies
show future potential of Anti-Microbial Peptides (AMPs) as applicable antibiotic drugs based
on two main features: their unique mechanism of action®® and rapid killing of bacteria.®
The interactions between an AMP and a bacterial membrane play a crucial role in the
AMP mechanism, »*7 % and design principles have recently been reviewed.'® Although several
experimental and computational studies have tried to propose models to explain AMPs

mechanisms of action and have explored some details of AMP-membrane interactions, 313

there is still much uncertainty in why and how these interactions occur. 1214
AMPs that disrupt a bacterial membrane generally take the shape of an a-helix.!! Some
helical AMPs have a potential to bend into a helix-hinge-helix conformation when next to a

15,16 or when dissolved in a membrane-mimicking solvent.!”!® Some studies

lipid membrane
have led to the hypothesis that a flexible loop or hinge in the middle of a helical peptide
increases its antibacterial activity possibly by allowing either or both of the C- and N-terminal

18,19 which consequently facilitates the process of the

groups to be bound to the membrane,
peptide penetrating into lipid bilayers.'® A flexible hinge structure in the middle of the
peptide can also contribute to the C-terminal group spanning the lipid bilayer.?°

Potential for a hinge to form, within the ensemble of conformations available to the
peptide, is related to the amino acid sequence. Proline is the most common amino acid
known to promote 3-turns,?! which can initiate formation of a hinged region, and studies have
demonstrated the key role of proline in the antibiotic activities of many AMPs.17:18:20,22,23

It has been observed that sequences such as Lys-Phe-Gly-Arg,!® Val-Gly,%?* Gly-Ile-Gly, ?°

and His-His-Leu-Ala'® in the middle of different AMPs formed hinged regions that led to



better AMP-membrane binding or AMP insertion into the target membranes.

Although most studies on helix-hinge-helix AMPs have demonstrated that existence of
a hinged region plays a crucial role in AMP antibacterial activity, other studies indicated
that the existence of a hinge is not important for that activity.?>2% For example, a molecular
dynamics study of Cecropin B-membrane interactions suggested that the flexible hinge region
(Ala22-Gly23-Pro24) contributes to the insertion of Cecropin B into the membrane by either
or both terminal groups.!® However, Wang et al. demonstrated experimentally that deleting
this hinge did not affect AMP antimicrobial activity.?® The molecular dynamics study of Sun
et al.?> demonstrated that activity of melittin as an antimicrobial peptide was retained when
Pro was replaced with Ala. They indicated that a hinge region around Pro does not play
the key role in the antibacterial activity of melittin.?> Therefore, the mechanism of action of
helix-hinge-helix-capable anti-microbial peptides has not been fully understood yet.?

It would be desirable to monitor changes in the secondary structure of AMPs. Experi-
mental methods such as crystallographic analysis, NMR, circular dichroism, and vibrational
spectroscopy techniques have been used to study the structures and conformations of pro-
teins and peptides, including AMPs.?" 33 Among these methods, NMR is the most detailed
method for studying the structure of AMP-membrane interactions in solution. However, a
high peptide concentration is needed for NMR studies, which can lead to possible protein
or peptide aggregation. In addition, NMR can only probe protein or peptide structures and
measure peptide dynamics over time scales longer than pus. Hence, short-time kinetic stud-
ies are difficult to carry out by NMR. Although vibrational studies provide low-resolution
structural information compared to NMR, they can provide insight into unfolded and folded
peptide conformational changes, such as in the secondary structure, over quite a range of
time scales (from fs to s) and in either dilute solution or the presence of a membrane. 30:32:3441

Several bands measured via vibrational spectroscopy can be used for analyzing protein
and peptide structures. The most characterized and commonly used vibrational modes to

probe protein secondary structure are the backbone amide bands of the polypeptide. Amide



I (AmlI, around 1600-1700 cm ™) results mainly from the carbonyl C=0 stretching vibration
in amide groups; amide IT (AmII, around 1480-1580 cm™!) is an out-of-phase combination
of both C-N-H in-plane bending and C-N stretching; and amide III (AmIII, around 1230-
1340 cm™?) is an in-phase combination of C-N-H in-plane bending and C-N stretching. 4247
In some studies, three different frequency ranges have been considered for the AmIII band
(AmIII;, AmIIl,, and AmIII3).3"4851 In this work, we use the general phrase AmlII to refer
to the AmlIII; band.

One objective of spectroscopic studies is to identify changes in conformation or local
environment through a change in the spectrum. Vibrational studies such as infrared (IR),*
Raman, 652 Raman optical activity (ROA),361243:46 and Ultraviolet Resonance Raman
(UVRR), 4112464753 demonstrate ways that amide bands are sensitive to the secondary struc-
ture of proteins. Lednev et al. probed thermal unfolding of an a-helical peptide by comparing
amide UVRR bands over different temperatures.?* Some UVRR studies demonstrated that

3554 with a vibrational fre-

the AmlIII band is sensitive to the peptide secondary structure
quency that depends mostly on ¢ and less on the ¢ angle of a peptide.3*3%5% Oladepo et
al. distinguished between a-helix-like states such as 7w and 3;y by monitoring the AmlIII3
and C,-H UVRR vibrational frequencies and their dependence on peptide bond v angles.*°
UVRR studies pointed out the frequency dependence of amide bands on hydrogen bond-
ing of amide groups of a peptide with water or with other peptide amide groups.*® Fourier
Transform IR (FTIR) results showed frequency differences of the Aml band and especially
the AmlIII region among an a-helix, a (-sheet, and a random coil protein, which helped
to predict protein secondary structure from the IR spectrum.®® Schweitzer-Stenner et al.
studied AmlIII bands for diverse dipeptides by combining polarized Raman spectra, FTIR
spectra, and quantum calculations, and they showed the dependence of AmIII on torsion
angle 1. They also demonstrated interaction of AmIII bands with side chain vibrations.?®

Off-diagonal peaks in two-dimensional infrared (2D IR) spectroscopy of peptides arose due

to anharmonic overlaps between Aml vibrations. Peak positions and shapes enabled distin-



guishing a-helical and 3;¢-helical configurations. 335758

Several studies that have been done on AMPs contributed to better understanding of
AMP-membrane interactions.?® For instance, UVRR was applied on three different AMPs
in two different unfolded and fully folded (a-helix) environments and also in the presence
of zwitterionic lipids. Comparing these spectra helped to find the helical percentage of
each AMP when they were bound to lipids.® Isotope labeling of specific amide groups with
13C=180 has enabled 2D IR results to distinguish which amide groups of an AMP were
immersed in more polar vs less polar regions of a lipid bilayer.3?

Computational methods invoke various approaches to predict a vibrational spectrum.
All-atom normal mode analysis (NMA) obtains amide vibrational bands from an optimized

56,61-64 Some theoretical stud-

(minimum energy) structure within a harmonic approximation.
ies have focused on amide vibrational bands of N-methylacetamide, as a simple amide group,
using gas phase or solution ab initio calculations®® that are sometimes aided by estimates
from molecular dynamics (MD) of solvent locations.®? The structural sensitivity of AmIII
was studied for diverse isolated dipeptides by DFT.% Peptide conformation and solvent
environment can serve as inputs to such calculations.

Some theoretical studies have considered peptides larger than a few amino acids. Hahn
studied amide bands of poly-L-alanine peptides with two to five residues in assorted, well-
defined secondary structures. Normal mode results of ab initio calculations were used to
investigate local vibrational amide modes through all these poly-L-alanine peptides.%* Ya-
mamoto et al. computed the basis of ROA spectra by DFT for hydrated and unhydrated
a-helical (Ala);g. They proposed that changes in solvent environment rather than in protein
conformation are the main reason for intensity changes of the AmIII band.® Mensch et al.
studied the conformational dependency of amide bands of poly-L-alanine by a combination
of Raman and ROA spectra and quantum calculations. They developed a database that
helps to interpret ROA patterns of different proteins. %

6

Peptide conformation fluctuates around its stable structure in a realistic system,®® and



spectra obtained by experimental vibrational techniques are averages over many molecule
conformations in solution. Some studies calculated overall averaged vibrational spectra by
applying a combination of Raman and ROA spectra with computational methods.®"% For
example, Furuta et al.%” have done a computational study on a tetra-L-alanine in solution in
addition to experimental Raman and ROA. The tetra-L-alanine solution was heated gradually
in a classical MD simulation, quantum mechanical/molecular mechanical ONIOM calcula-
tions were applied on 250 MD snapshots to simulate the overall ROA spectra, and then
the overall averaged harmonic vibrational spectra were calculated and used for vibrational
studies. On the basis of this study, a marker for poly-L-proline II helix type conformation
was proposed. %7

Vibrational spectra can also be determined using configurations from classical MD sim-
ulations with a vibrational frequency map, summarized in a recent review.% For example,
Woys et al. used solvent positions from MD to calculate electric fields; then they computed
Aml absorption frequencies using a linear correlation.?? Malolepsza and Straub developed
two correlations between (carbon, nitrogen, oxygen) positions and AmlI IR peaks.™ Cunha et
al.™' compared several methods for determining local electrostatic fields and coupling models
on the basis of protein conformations from MD simulations that used different force fields.
Aml peaks needed to be shifted in each case in order to match experimental 1D or 2D IR
data.

Instantaneous NMA refers to computing vibrational modes for molecules along a se-
quence of configurations, regardless of whether or not each configuration is at a local po-
tential energy minimum. Applying instantaneous NMA on the results of MD simulations
can imitate the realistic vibrational spectra of molecules although it is an expensive compu-
tational method.” Some studies have implemented instantaneous NMA on small systems,
which included only one amide group. Farag and Bastida applied this method through
Born-Oppenheimer MD simulation to study the Aml vibrational relaxation mode of N-

methylacetamide-D.% Instantaneous NMA was used to study vibrational relaxation of the



AmI mode of N-methylacetamide-D™ and alanine dipeptide™ in solution. In a previous
computational study, we applied instantaneous NMA on systems of tryptophan and tyrosine
in solution and studied out-of-plane vibrations of atoms in the rings of these aromatic amino
acids.™

The vibrational spectrum of a peptide system is a combination of all possible vibrational
modes, and several similar modes can overlap around similar frequencies.3¢414* Such a spec-
trum of the whole molecule is quite complex. The hypothesis of this work is that if we can
study the vibrational spectrum locally around a specific part of a protein or peptide in more
detail, then more information about the local conformational dependency of amide bands
can be revealed.

Experimental vibrational techniques can be a suitable tool for monitoring the process of
the hinge formation in peptide because of amide band sensitivity to backbone conformation,
especially when the process is fast. But these experimental tools provide low resolution struc-
tural information about the peptide, and interpreting the complex spectra of a peptide has
been challenging. Amide bands obtained by experimental vibrational tools are a summation
of coupled modes of all amide bands through the peptide. 36454 Contributions of individual
amide groups have been identified through isotope studies, which create separable peaks for
the altered amide group.®*" In the absence of such significant chemical synthesis efforts, it
is very challenging to investigate changes of amide bands because of small changes in the
conformation of a subset of peptides for a short time.

The present work focuses on conformations of a hybrid AMP LM7-2, which was designed
using combinations of naturally occurring Dermaseptin and Pleurocidin AMPs by Martin’s
group.”” LMT7-2 is similar to the P-DER AMP of Hancock and co-workers.™ LM7-2 has
27 amino acids (H-ALWKTMLKKAAHVGKHVGKAALTHYLN-NH2) with an N-terminal
amide. Ryder and Martin stated that this peptide has an amphipathic a-helical structure
on a water-cell membrane surface.”” By using the Chou-Fasman algorithm,™ they predicted

that LM7-2 has a noteworthy hinge region. LM7-2 has an acceptable activity against four



bacteria: E. coli and P. aeruinosa as gram-negative bacteria, and E. faecalis and S. aureus
as gram-positive bacteria.

In this work, we seek to apply statistical sampling over thermal fluctuations while also
noting frequency changes that arise when one of many similar functional groups under-
goes conformational change. To imitate the realistic vibrational behavior of molecules and
to study local vibrational spectra in more detail, we apply instantaneous NMA using the
results of molecular dynamics (MD) simulations of LM7-2 fluctuations about an a-helical
conformation in solution.

First, we studied the geometry of the peptide to recognize occasional presence of a hinge.
Then we applied computational vibrational methods of Fourier transform and instantaneous
NMA to understand how these spontaneous changes in the peptide conformation affect pep-
tide vibrations. We investigated these complex amide bands at high structural resolution
during short time periods and determined differences in vibrations between the helix and
hinge states of LM7-2. By implementing these methods, we locally studied amide bands
of each amide group through LM7-2 in extended detail, and we quantified local changes in
amide bonds between the helical and the hinge conformations.

Our results demonstrate a relation between the hinge formation and local amide band
shifts, and we identify amide band frequency shift markers for the temporary transforma-
tion of an a-helix to a helix-hinge-helix conformation. Intermolecular and intramolecular
hydrogen bonding of LM7-2 around the hinge were also studied. Our results contribute to
interpretation of vibrational techniques for monitoring folding and unfolding processes of

peptides in similar systems.



Methodology

Simulations

An a-helical structure of LM7-2 was built in VMD?® software by using the Molefacture
plugin. Default a-helix torsion angles of p = —57° and ¢ = —47° were chosen for all residues
of the peptide; torsion angles of 0° correspond to cis. LM7-2 has an amidated C-terminus
and protonated N-terminus. On the basis of the experimental environment,”” both nitrogen
atoms of all histidine (His) rings and the amine group of all lysines (Lys) were protonated
for the simulation. Hence, LM7-2 has 9 positive charges in total. LM7-2 was solvated with
31784 water molecules in a box with an initial dimension of 100 x 100 x 100 A* by VMD
software.®® Since the desired NaCl concentration was 0.15 M according to the experimental
condition,”” 87 Na™ and 96 Cl~ ions were added to the system, which made the Na* and
Cl™ concentrations around 0.145 M and 0.152 M in solution.

The NAMD package® was used for minimization and MD simulation. At first, 5000
steps of conjugate gradient energy minimization were applied on the system. Then, 100 ns
of NPT MD simulations were performed on the system with a time step of 1 fs. The first
30 ps of this time period were considered for equilibration. The CHARMMS36323 force
field was implemented for minimization and MD simulation. The TIP3P model® was used
for water molecules. Three-dimensional periodic boundary conditions were applied. For
nonbonded interactions, neighbor lists were updated every 10 steps, the cutoff was 12 A, the
switch distance was 10 A, and a pair list distance was 14 A for all simulations. Particle mesh
Ewald® was used for long range electrostatic interactions. To maintain the temperature at
310 K and pressure at 1 atm, Langevin dynamics with a damping coefficient of 100 fs and
Nose-Hoover Langevin piston pressure control with barostat oscillation and damping time
scales of 200 fs and 100 fs were used.®"®® Conformations were saved in pdb format every
100 fs. Collective Variables Module®® (colvar) of NAMD was used to store bond lengths,

bond angles, and backbone torsion angles every 1 fs over 100 ns of MD simulation for peptide

10



vibrational analysis.

Vibrational Analysis

Fourier Transform method. Applying Fourier transformation (FT) to time-dependent
internal coordinates (C=0 and C-N bond lengths and C-N—H angles of each amide group in
LM7-2) converts the time domain into the frequency domain and provides their vibrational
frequencies. To that end, we used the Octave package® for fast FT (FFT). As we explain in
the results section, LM7-2 experienced helical and helix-hinge-helix conformations. Hence,
we applied FFT on C=0 and C-N bond lengths and C-N-H angle of all amide groups of
LMT7-2 for four selected 200 ps time periods in which LM7-2 has either a helical or a helix-
hinge-helix conformation. Wavenumbers computed from FFT spanned n/[cNdt] = 0.167 to
33400 cm! for n = 1 to N = 2 x 10° steps, and c indicates the speed of light. These

I enable us to

calculated vibrational spectra over the more narrow range 1100 to 1800 cm™
compare amide band vibrations among these states of LM7-2.

All-atom normal mode analysis. We implemented all-atom normal mode analysis
(NMA) as another method for vibrational studies. NMA provides all vibrational frequencies
of a system within a harmonic approximation, and atom vibrational motions correspond to
each frequency (“normal modes”). Hence, we could investigate details of vibrational motions
of LM7-2 that go beyond information available from the FT method. We explained our
implementation of NMA previously. ™ Briefly, we calculate analytically the Hessian matrix

(H ), which is the second derivative of potential energy with respect to Cartesian coordinates.

A force-constant matrix (F') is calculated by

F=M*'HM /? (1)

11



where M is a diagonal matrix containing the atomic masses. Then, we solve
FV,=\V; (2)

so all eigenvalues \; and their orthonormal eigenvectors V; are calculated. By assuming an

oscillatory solution to the equations of motion, vibrational frequencies (v;)

are obtained. If N is the number of atoms, there are 3N frequencies (v;) and 3N sets of normal
vectors (V;); each normal vector specifies vibrational movements of atoms that correspond
to its frequency. Since six calculated eigenvalues are zero, which represent translation and
rotation of the system, there are 3N-6 vibrational modes in total.

We modified our previously developed NMA package™ for the current study. In this
version, to accelerate solving eigenvalue-eigenvector problems numerically, cuSOLVER of
NVIDIA CUDA toolkits?! was used instead of the C++ LAPACK library.?? Potential en-
ergy o and 1) crossterms were included in addition to the expressions for all bonds, angles,
torsions, improper torsions, Urey-Bradley, and nonbonded (Lennard-Jones and Coulomb)
interactions for building the Hessian matrix. CHARMMS36 considers ¢ and ¢ crossterm
extension potential energies for the peptide backbone.?*%* As we explained previously, ™ we
neglected the long range electrostatic interactions in NMA because the second derivatives of
this potential energy term are close to zero. We implemented the same cutoff and switch func-
tions and the same potential energy equations that are defined in NAMD?®! software. To use
the same force field parameters for building the Hessian matrix, we amended the NAMD3!
source code to export all force field parameters at the beginning of an MD simulation. The
Hessian matrix was calculated analytically except for crossterm potentials. NAMDB3! uses
CMAP for crossterm calculations and calculates the first derivatives of the crossterm poten-

tial energy with respect to ¢ and ¢ numerically. Hence, we amended the NAMD?®! source

12



code to calculate the second derivatives and mixed derivatives of the crossterm potential
energy with respect to ¢ and . These calculated derivatives were generated and stored by
the amended NAMD3! for each MD step and were read to build the Hessian matrix.

Among all vibrational modes of LM7-2 that were obtained by NMA, we are interested
in amide group vibrations: AmlI, AmlII, and AmIII. As explained in the introduction, these
amide bands are sensitive to the secondary structure of the peptide.30:36:41-47:52,53 T find
these specific modes, orthonormal eigenvectors of these three modes are needed. Hence, we
designed an alanine (Ala) dipeptide (AA) as a reference molecule to find these three modes.

An AA dipeptide with neutral amine N-terminus and neutral carboxyl C-terminus was
built in Avogadro software.® The automatic psf builder of VMD?®® software was used to
create force field parameters on the basis of the CHARMMS3652 3 force field.

The AA dipeptide was minimized in vacuum and NMA was applied. Our NMA package
supplied an animation of each mode that can be viewed by VMD?®® software. By watch-
ing animations, we determined three reference eigenvectors that represented Aml, AmlI,
and AmlII vibrational modes. To investigate the effects of end group type and charge on
amide bands, NMA was applied on two alternative structures: minimized helical AA with
a carboxylate (COO™) and a protonated amine (NHj), and minimized helical AA with
methylamide terminal groups. Modes were compared with those of the amine-acid case.

Backbone torsion angles of minimized structures of the AA dipeptide deviated from a-
helix torsion angles. To confirm that changes in backbone torsion angles ¢ and ¢ only
affect amide band frequencies and that amide band vibrational movements are independent
of these changes, NMA was implemented on neutral and zwitterionic AA dipeptides with
torsion angles of ¢ = —57° and ) = —47°. These dipeptides were built in VMD? software
by using the Molefacture plugin.

Instantaneous normal mode analysis. For LM7-2, NMA was applied over the same four
selected 200 ps time periods that exhibited helical or helix-hinge-helix conformations. In this

instantaneous NMA approach, we analyzed all conformations within 2000 MD steps (pdb
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files) that were stored for each time period. There are 95980 atoms in the system; therefore,
the Hessian matrix has a size of N2 ~ (95980 x 3)2. Although our package could analytically
build this large Hessian matrix very quickly, calculating eigenvalues and eigenvectors is
expensive because these calculations scale as ~ N3. On the other hand, we cannot apply
instantaneous NMA only on atoms of the peptide and omit ions and water molecules. Water
molecules in the neighborhood of amine and carbonyl groups of the peptide affect vibrational
frequencies.® Hence, water molecules and ions whose atoms are closer than 4 A to nitrogen
and oxygen atoms of all LM7-2 amide groups were considered for instantaneous NMA.
There are 26 amide groups between residues of LM7-2, and each amide group has its own
amide bands. Because these vibration calculations are performed on detailed configurations
from a molecular dynamics simulation, computations enable amide bands of each amide
group in a single molecule to be distinguished among all vibrational frequencies obtained by
instantaneous NMA.
Normal modes within instantaneous NMA. To monitor distinct amide group contribu-
tions and to assign labels for all amide bands within the peptide, a dot product technique was
implemented for each MD step (pdb file). A flowchart that explains this method is provided
in Figure S1. First, the minimized reference AA was aligned on each amide group of LM7-2.
Carbon (C), oxygen (O), and nitrogen (N) atoms in the amide group of the reference and
the amide groups of LM7-2 were used as basis points for this alignment, and orthonormal
eigenvectors were oriented accordingly. As explained earlier, there is an eigenvector set for
each amide band. Atoms C, N, and O of amide groups are involved in AmI bands, and C, N,
and hydrogen (HN) connected to N of amide groups are involved in AmII and AmIII bands.
Hence, we reduced the eigenvectors of reference modes by keeping (x, y, z) components of
atoms C, N, O for AmI and atoms C, N, HN for AmII and AmIII and removing components
of all other atoms. For each current snapshot of the LM7-2 system and for each studied
amide group of LM7-2, we reduced all orthonormal eigenvectors by this same method. The

magnitudes of remaining components of the LM7-2 eigenvectors were calculated and named

14



a “participant fraction” for the specific amide band. These participant fractions were used
later during final averaging. Then, the reduced eigenvectors of the reference molecule and
the LM7-2, which now have the same number of elements, were renormalized. To find the
most similar vibrational amide band for the current studied amide group, the dot products
of the reduced reference eigenvector with all reduced eigenvectors of the LM7-2 system were
calculated. If a dot product was more than 0.9, the corresponding mode and frequency
were saved because vectors with a greater dot product are more similar. These analyses of
instantaneous NMA calculations were repeated for all amide groups of LM7-2 to find amide
band frequencies of each amide group and were repeated for all studied pdb files to calculate
an arithmetic average of amide band frequencies of each amide group through LM7-2 during
each time period. The averaging method is explained more easily in the context of results
for the normal modes of individual amide groups. Thus the details of the averaging process

are described in the next section.

Results and Discussion

Geometric Analysis

MD simulations were performed on LM7-2 in solution to sample its conformation fluctua-
tions. Temperature, total energy, and volume fluctuations equilibrated after approximately
30 ps. Torsion angles ¢ and ¢ were calculated throughout the peptide at each fs. Figures 1la
and 1b provide a heatmap of calculated torsion angles ¢ and 1, respectively, over 100 ns
MD simulations. The y axis of each graph shows the position of a calculated torsion angle
through the peptide. While VMD® employs defaults of —57° and —47°, Ulo et al. report
that ¢ and ¢ are —64 + 7° (deep teal color) and —41 + 7° (light green color), respectfully,
for all residues of an a-helical peptide.?® As shown in Figures la and 1b, torsion angles ¢
and v of LM7-2 are mostly within these a-helix criteria over 100 ns MD simulation, which

indicates that LMT7-2 experienced a helical conformation most of the time. There are some
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Figure 1: Heatmap of (a) ¢ and (b) ¢ for all residues of LM7-2 over 100 ns MD simulation.
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Figure 2: Torsion angles ¢ of (a) Lys15-His16 and (b) Lys8-Lys9 and v of (c¢) Lys15-His16
and (d) Lys8-Lys9 as a function of simulation time. A 1000-point moving average is shown
in (a,b) light blue and (c,d) light green.
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Figure 3: LM7-2 has (a) a helical conformation at ~40 ns, (b) a helix-hinge-helix at ~9.5 ns
with a hinge around Lys15-Vall7, (c) a helix-hinge-helix at ~60.7 ns with a hinge around
Lys15-Vall7, and (d) a helix-hinge-helix at ~75.9 ns with a hinge around Alal1-Vall3. Deep
teal and blue colors indicate helical and loop regions, respectively.
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blue regions in the p-map or light green to yellow colored regions in the -map around
residues Lys15-Vall7 at 9, 27, and 60 ns, and around residue Alall-Vall3 at 75 ns.

The color changes in Figure 1 show that their corresponding torsion angles ¢ and 1
deviate from the a-helix criteria, while ¢ and 1 of other residues remain in the a-helix
range. As an example, we provide Figure 2 to show calculated torsion angles ¢ and ) for
Lys15-His16 and Lys8-Lys9 residues over 100 ns MD simulations. There are some short
period of times that ¢ and 1 of Lys15-His16 deviated significantly from the ideal a-helix
torsion angle, while these deviations are not observed for ¢ and v of Lys8-Lys9. These results
demonstrate that LM7-2 differs from a helical conformation in the Lys15-His16 position for
some short periods of time.

In Figure 3, the conformation of LM7-2 is shown at some specific MD times. At many
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times such as ~40 ns (Figure 3a), LM7-2 has a helical conformation. As shown in Figure 1,
torsion angles ¢ and 1 of all residues are in the a-helix criteria at this time. Figures 3b
and 3c show LM7-2 bent around Lys15-Vall7 residues at ~9.5 and ~60.7 ns. ¢ and 1 of
these residues deviated from a-helix criteria at these time points (Figure 1). This curved
geometry is called helix-hinge-helix, which means a random coil (non-helical conformation)
exists in the middle of a helical peptide. As indicated in Figures 1 and 2, LM7-2 reached
a helix-hinge-helix conformation around Lys15-Vall7 residues and stayed in that state for a
short time. Figure 3d shows LM7-2 bent around Alall-Vall3 near 75 ns. Both Figures 1la
and 1b demonstrate a lot of non-helical regions at both terminal groups of LM7-2. Since
atoms at both ends of LM7-2 have more freedom to move, LM7-2 experienced a random coil
conformation at both terminal residues. These random coil regions are shown in thin blue
color in Figure 3.

End-to-end distances and radii of gyration (r,) were calculated over 100 ns MD simulation
and are plotted in Figure 4. The distance between nitrogen atoms of terminal amide groups
was used for end-to-end calculations. As shown in Figure 4a, end-to-end distance fluctuated
mostly around 40A and decreased exactly when ¢ and ¢ deviated from the a-helix crite-
ria (Figure 1). The minimum end-to-end distance (~12.6A) happened at ~60.7 ns, which
means LM7-2 has the most bent conformation around Lys15-Vall7 at this time (Figure 3b).
Movie Hinge (Supporting Information) is an animation of the most bent hinge formation
around Lys15-Vall7 during 59-62 ns. Similarly, r, fluctuated around an average of 13 A, and
the minimum r, was at ~60.7 ns (Figure 4b). End-to-end distance and r, results confirm
that a helical LM7-2 could bend in the middle and stay in a helix-hinge-helix conformation
for a short time period. This helix-hinge-helix conformation is unstable and it returns to a
fully helical LM7-2. These results confirm Ryder and Martin’s prediction” about a possible
hinge in LM7-2.
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Vibrational Analysis

To study and compare amide band frequencies between a-helical and helix-hinge-helix con-
formations for LM7-2, we applied vibrational studies on four different 200 ps time periods:
40 to 40.2 ns (71) as a helix, 9.4 to 9.6 ns (72) and 60.6 to 60.8 ns (73) as a helix-hinge-helix
with a hinge around Lys15-Vall7 residues, and 75.7 to 75.9 ns (74) with a hinge around
Alall-Vall3 residues. The 60.6 to 60.8 ns time period was chosen because LM7-2 has the
most bent conformation in this time period. Geometries at each time step (1 fs) were avail-
able for vibrational studies (2 x 10° pdb files per period). We chose a 200 ps time period for
vibrational studies because LM7-2 with a hinged conformation was unstable and it appeared

for only a short time.

Fourier Transformation Method

Fourier Transformation (FT) was applied on C-N-H angles, C-N distances, and C=0 dis-
tances of all 26 LM7-2 amide groups over the four selected 200 ps time periods. 100-point
(0.1 ps) moving averages were applied on FT results. Figures 5, S2, and S3 provide results
of FT on C-N-H angles, C-N distances, and C=0 distances of all amide groups during four
different time periods. The frequency-dependent magnitude of each Fourier component re-
sembles an infrared or Raman spectrum because it indicates the vibrational contributions at
each frequency. It lacks the dipole-specific factors that dictate spectroscopic selection rules.
These pseudo-spectra can be computed for individual amide groups because separable angle
and distance fluctuations are obtained from the simulations.

First we consider C-N—H angles, which are described as components of AmIII and AmII
modes. 424447 As shown in Figure 5, the highest peaks for C-N-H are at 1200-1250 cm ™!
and 1550-1600 cm ™! for all spectra of all time periods. According to the same literature,
these peak frequencies are in the range of AmIII and AmII modes, respectively. These peaks
indicate that Fourier analysis identifies AmIII and AmlI frequencies. In addition, AmIII

and AmlI include C-N stretching. The spectra of Figure S2 were obtained by applying
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FFT on C-N distances. Both of these amide peaks are observed though with different ratios
of intensities around similar frequencies. Comparisons of absolute magnitudes between FT
spectra are less meaningful because of differences in physical units (degrees or A).

Bond length fluctuations between C and O atoms provide the main vibration of the
Aml band. Results from FFT in Figure S3 show sharp peaks for all residues around 1680-
1720 cm™!, which are in the range of the AmI band according to prior studies.*?” In both
Figures 5 and S2, there is a low intensity peak around 1680-1720 cm~! that belongs to
Aml. Changes in C-N-H bending and C-N stretching have a minor effect on the position
of C and O, and consequently they lead to very small AmI band contributions. In addition,
some studies described that although AmII and AmIII are mainly combinations of C-N-H
bending and C-N stretching, a small amount of R—-C=0O in-plane bending also happens in
these modes.*> The presence of C=0 vibrational frequencies within C-N-H angle and C—
N distance fluctuations demonstrates that the classical force field CHARMM incorporates
anharmonic overlaps among AmIII, AmII, and Aml normal modes.

By comparing the calculated spectra of these four time periods, we can find how small
conformational changes of LM7-2 affect frequencies of amide bands. We concentrated on
interpreting the spectra of residues between Thr5-Thr23. As shown in Figure 1, residues
located in both terminal groups of LM7-2 experienced different random conformations during
each of these four time periods. LMT7-2 was covered with more water molecules at both
terminal groups, and atoms of these residues fluctuated more randomly among different
conformational states.

The comparisons consider differences in group- and internal-coordinate-specific contribu-
tions to AmlIII, AmII, and AmI modes for helical or helix-hinge-helix conformations. All
major contributions to the three amide bands, AmIIl and AmlII in Figures 5 and S2 and
Aml in Figure S3, have the same frequencies and similar shapes for residues Met6 to Alal0
and Gly18 to Thr23 during all four selected time periods. LM7-2 around all of these residues

remained in a helical conformation, and both torsion angles ¢ and 1 fluctuated around the
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Figure 5: Vibrational spectra of amide group angle bending in LM7-2 for four selected
time periods, provided by Fourier Transformation of C-N-H angle fluctuations for each
amide group. Here, AmIII bands are within 1200-1250 cm™!, AmII bands are within 1550-
1600 cm~!, and AmI bands are within 1680-1720 cm ™.
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a-helix criteria (Figure 1).

On the basis of geometric analysis, LM7-2 has a hinge conformation around Alal1-Vall3
during period 74 and a helical conformation during other time periods. This geometric change
imposes changes on vibration contributions that vary among internal coordinates. As shown
in Figure 5, C-N-H contributions to AmIII bands around Alal0-Alall and Alall-His12
during period 74 have a different shape compared to AmIII bands of other time periods. Also,
the AmIII band around His12-Vall3 shifted to a lower frequency during period 74 compared
to the other three time periods (Figure 5 and Figure S2). The shape of C-N-H contributions
to the AmlII band around Alall-His12 during period 74 differs compared to AmII bands of
other time periods (Figure 5 and Figure S2). In contrast to C-N-H contributions (Figure 5),
in which the AmII band around His12-Vall3 during period 74 shifted to a lower frequency
compared to other time periods, only the shape of C-N contributions to this AmII band
during period 74 differs from other time periods in Figure S2. The spectra of Figure S3 show
that C=0 contributions to AmI bands have similar shapes and frequencies around residues
Alal0-Gly14 for all time periods. The helix-hinge-helix conformation of LM7-2 during period
74 causes changes in pattern and frequencies of AmIII and AmlII bands, which indicates the
sensitivity of AmIII and AmII to the hinge around Alal0-Gly14 residues. Aml vibrations at
the hinge were not impacted as much by this local change. These differences in shape and
frequencies of AmIII and AmlII bands can be used to detect and monitor the hinge.

LM7-2 is bent more often around Lys15-VAI17 residues. Periods 7, and 73 are examples
of this geometry, and the most bent conformation was observed during the 73 time period.
Exactly around Lys15-His16 and His16-Vall7, shapes and frequencies of AmIIl and AmlII
bands differed during periods 7 and 73 compared to periods 7; and 74, when LM7-2 has a
helical conformation around Lys15-His16 and His16-Vall7 residues (Figure 5). Less intense
and broader peaks were observed for AmlIIl bands around Lys15-His16 during periods 7
and 73. AmlII bands also shifted to lower frequencies around Lys15-His16 during periods

7o and 73, and the largest shift was around His16-Vall7 (Figure 5 and S2). The AmlII band
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of Lys15-His16 shows two peaks during period 73 (the most bent one) with one shifted to a
higher and another one shifted to a lower frequency compared to other time periods. During
period 7, the AmII band shifted slightly to a higher frequency around Lys15-His16 (Figure 5
and S2), and there is a slight shoulder in the right hand side of the peak (Figure 5). As
shown in Figure 5, AmII band of His16-Vall7 shifted to a lower frequency during time period
73, and there is a shoulder in the left hand side of the peak. This shoulder indicates the
possible existence of another peak that has a higher frequency compared to periods 7, and
74. The existence of two peaks is confirmed by the AmII band around His16-Vall7 during
period 73 in Figure S2. The AmlII band around His16-Vall7 during periods 75 and 74 shifted
to a lower frequency as shown in Figure 5 but in Figure S2, which represents frequencies of
C-N stretching, this band is only wider around the similar frequency of periods 7, and 73.

Aml bands around the hinge during periods 7 and 73 had fewer changes compared to
AmIIT and AmII bands. As shown in Figure S3, AmI bands around Gly14-Lys15 and His16-
Vall7 shifted slightly to higher frequencies during periods 7, and 73. This contrasts with
the absence of a shift around Alal0-Gly14 for 74. Due to their larger changes, we can state
that AmlII and especially AmIII are more sensitive amide bands compared to Aml for this
conformational change of making a hinge in LM7-2.

Although we can recognize local differences in shapes and frequencies of individual amide
bands between the hinge and helical conformations in molecular simulations, it could be
challenging to observe these differences in the Raman and IR spectra of the whole peptide.
Amide bands in experimental spectra combine contributions from all amide bands in the
peptide. 36454 If we sum all spectra in Figures 5, S2, and S3, the result will be similar
to a combination of Raman and IR spectra. However, experimental spectra include other

364144 and lack peaks

possible vibrational modes that could overlap with these amide bands
that are forbidden by selection rules. Real spectra also weight the helix and helix-hinge-helix
contributions by their relative probabilities of occurring within the many peptide molecules

that are analyzed simultaneously.
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in the presence of a hinge. The right inset of (c), which is available for all amide groups in

Figure S3, shows that Aml bands for period2% and 73 shifted to higher frequencies around
the hinge (Gly14-Lys15).



The summation of all bands in a single time period are represented by the summation
label in Figures 5, S2, and S3 and also are plotted at a higher resolution in Figures 6a-c re-
spectively. The impact on cumulative vibrations varied with the type of internal coordinate.
The combined AmIII bands show some slight differences mostly on the peak widths. The
peak is slightly more narrow during period 7, when the whole LM7-2 had a helical confor-
mation, and slightly wider during period 73, when LM7-2 had the most bent conformation
(Figures 6a and 6b). The width of the combined AmIII band during period 7, a less bent
hinge, increases less than during periods 7, and 73. The widths of the combined contributions
to AmlII bands by C-N—H angles are similar in helix and helix-hinge-helix conformations,
as shown in Figure 6a, though there are slight differences especially at the tops of peaks.
The top of the C-N-H AmlII peak points slightly to a higher frequency (~1587 cm™!) during
period 71 and to a lower frequency (~1577 cm™!) during period 73. LM7-2 has the most bent
conformation during period 73 and the most helical during period 7;. As shown in all of these
figures, and especially Figure 6¢, which directly represents C=O stretching, the combined
Aml bands have a similar shape and width, while the frequency shifted slightly higher for
periods 75 and 3.

The changes in peak width, shape, and frequency suggest opportunities to identify the
presence of multiple conformations in sufficiently sensitive experiments. In a complete helical
state (period 71), AmII band had a frequency at 1587 cm™! and a strong contribution above
1570 cm™! that appears as a shoulder (see fig 6a inset). In the most bent conformation
(period 73), the 1587 cm™! peak became a shoulder while the peak around 1577 cm™! domi-
nated. The top of the AmII band during period 7, split into two frequencies: one frequency
is close to the frequency of period 7; (~1587 cm™!) and another to the frequency of period
73 (~1577 cm™1). LM7-2 during period 7, bent less compared to during period 73. Since the
structure of LM7-2 is between the most bent and the most helical conformation, its AmII
peak shows a combination of peaks of periods 7 and 73. We can state that LM7-2 dur-

ing period 75 is a mid-phase conformation in the transition of LM7-2 from complete helical
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conformation to the most bent conformation. AmlIl band during period 74 covers both of
these split frequencies with a peak close to that of the 73 period. The trend of changes in
the combined AmIII band from the most narrow peak during period 7; to the widest peak
during period 73 could help to monitor a transition between helical and helix—hinge—helix
conformations. The Aml band shifted rather than changed shape in the presence of a hinge
(right inset of Figure 6¢, Figure S3).

A bending transition of a helical LM7-2 around Lys15-Vall7 (from 7y to 75 and then to
73) can be monitored by combined AmII and AmIIT bands. The exact position of the hinge
cannot be determined by combined bands. However, our results in Figures 5, S2, and S3,
which show each amide band of each amide group, suggest that separating individual amide
group spectra can clarify possible positions of the hinge.

The sensitivities of changes in peak width, shape, and frequency are consistent with
prior observations in experiments. While sensitivity of Aml to slight changes of helical
peptides has been identified and used in experimental studies, some studies suggest that
AmIII can be even more sensitive. Frey and Tamm®" applied polarized attenuated total
reflection IR to parallel and perpendicular orientations of a-helical melittin in a membrane.
Spectra showed that the Aml band was similar between these two orientations. Zhang et
al.%® studied FTIR spectra of an a-helical Lys2-Gly-Leu24-Lys2-Ala-amide peptide during
the phospholipid phase transition from liquid-crystalline to gel phase. The AmI band shifted
slightly from ~1655 to ~1658 cm™!, which they explained as an increase of intramolecular-
helical hydrogen bond lengths, and thus a stretch of the helical peptide, in the gel-phase.
Xiong and Asher® applied temperature-jump UVRR from 10 to ~50°C to study (un)folding
of poly-L-lysine. The a-helix melted with increasing temperature and the Aml band shifted
to slightly higher frequency, while significant changes were observed around the AmIII band.
Ma et al.*® applied this method to a similar system at different salt concentrations; they
found that the AmIII band was the most sensitive to the conformational changes at different

salt concentration.
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Isotope labels have enabled spectroscopists to distinguish contributions from different
amide groups. Maekawa et al. brought about distinct Aml shifts and slight AmlII shifts in 2D
IR for a hydrogen bonded 3C='30- .. H-'°N pair in a 31y helix.”® Woys et al. applied 2D IR
on specially formulated AMPs with *C=180 labeling on one amide group.*? A comparison
of results from all possible single-site labels showed that the inhomogeneous linewidth in
2D IR was sensitive to the local polarity environment. This indicated which groups of the
AMP faced the nonpolar tail or the polar head group when it was immersed in a lipid
bilayer. These works support the idea that an amide group-specific measurement can yield
information about molecular-scale changes, such as hydrogen bonding and local polarity. We
suggest that local conformation may alter peak position and shape in a detectable manner.

Investigating the position or even the existence of a hinge for a helical peptide from typ-
ical Raman or IR spectra is more difficult. The spectra obtained by Raman or IR are more
complicated around AmII and AmIII bands because other kinds of vibrational modes may
overlap these amide bands. Another challenge for detecting a hinge by experimental vibra-
tional spectroscopy is its unstable conformation and its appearance for only a short time
period, which make a hinge conformation rare among the many molecules whose vibrations
are measured simultaneously. For example, Hawrani et al. report that high peptide and lipid
concentrations are required to detect AMP conformation effects near a lipid bilayer when
using circular dichroism.3! Still, such measurements may be possible. Venanzi et al.®® con-
sidered an AMP that contains an a rare aminoisobutyric acid residue, which sterically altered
peptide dynamics. By measuring fluorescence lifetime and computing quench lifetimes for
different conformations, they identified forward and reverse rate constants of 1/(320 ns) and
1/(58 ns) for conversions from an a-helix to a helix-turn-helix conformation, which indicates
a long-lived turn compared to the hinge lifetimes of under 0.2 ns found here for LM7-2. Their
results suggest that presence of a hinge can be measurable if its lifetime is sufficiently long

compared to an experiment.
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Normal Mode Analysis (NMA) Methods

Ala-Ala (AA) dipeptide was used as a reference molecule to characterize the vibrational
movements of amide bands. NMA was applied on the minimized structure of AA dipeptide
with a neutral amine N-terminus and neutral carboxyl C-terminus. By watching anima-
tions of AA vibrations that were obtained on the basis of eigenvectors, we could specify
AmlI at 1689.12 ecm™! (Movie AmlI), AmII at 1579.81 cm™! (Movie AmII), and AmIII at
1220.28 ecm ™! (Movie AmIII). The eigenvectors of these three modes were considered as ref-
erence vectors for monitoring these amide bands in LM7-2 over MD time steps and in other
AA dipeptide structures. Moreover, NMA was implemented on a minimized AA dipeptide
with protonated amine (NH3") and carboxylate (COO™) terminal groups, a minimized AA
dipeptide with methylamide terminal groups, and neutral and zwitterionic AA dipeptides
with helical torsion angles. The dot product method was used to identify amide bands among
the eigenvectors. Although all amide bands shifted to lower or higher frequencies via various
terminal groups and various torsion angles, the movements of atoms in these bands were the
same as for the minimized AA dipeptide with neutral end groups. Table S1 provides v, ¢,
and amide band wavenumbers for these five AA dipeptide structures.

With the LM7-2 system, we first applied NMA at ~40 ns (Figure 3a) and ~60.7 ns
(Figure 3b) as examples of helical and most bent helix-hinge-helix conformations, respec-
tively. The number of normal modes within each 5 cm™' was tabulated for NMA results of
each conformation. Figure 7 shows this number of normal modes vs. wavenumber for each
conformation. There were some negative eigenvalues, which we show at their corresponding
wavenumbers v by a negative sign. Since LM7-2 was not in its minimum energy structure
over the MD simulation, the existence of negative eigenvalues was expected. This graph
is similar to vibrational spectra such as Raman or IR that include all possible vibrational
information of the whole peptide.

Investigating this kind of computed complex spectra is always challenging because, sim-

36,41,44

ilar to experimental spectra, there are several overlapping bands such as overlap of
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Figure 7: Normal mode spectra of LM7-2 at ~40 ns and ~60.7 ns in which LM7-2 has helical
and helix-hinge-helix conformations, respectively.

side chain vibrations with AmIII modes.?6** In addition, because each amide band is the
summation of coupled modes of all amide groups through the peptide backbone,** and most
amide groups retain similar geometries in these conformational states on the basis of Fig-
ure 1, interpreting and comparing the spectra of these two states of LM7-2 are even more
challenging. Finding differences between the spectra of these two states relies on differences
due to the hinge around Lys15-Vall7 at ~60.7 ns.

Identifying amide band contributions from each amide group of LM7-2 by investigating
all eigenvectors or watching the animation of each mode is inconvenient. Hence, we applied
the dot product technique, explained in the methodology, to find amide modes for each
amide group of LM7-2. To clarify this method, we illustrate an example of finding the AmlI
mode between residues His16 and Vall7 at ~40 ns. First, the reference AA dipeptide was
aligned on the amide group between His16 and Vall7. On the basis of this alignment, all

eigenvectors were oriented. Then, the reference Aml eigenvector was reduced by keeping (x,
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y, z) components of only atoms C, N, and O of the AA amide group. All 3N eigenvectors of
LM7-2 were reduced by keeping (x, y, z) components of only atoms C, N, and O of the amide
group between His16 and Vall7. Since eigenvectors are orthonormal, the magnitude of each
unreduced eigenvector is one. Hence, the magnitude of each reduced eigenvector, which is
a fraction between zero and one, indicates the participation of atoms C, N, and O of the
His16-Vall7 amide group in that mode. We called this magnitude of a reduced eigenvector
the “participant fraction”. Then, the reduced reference eigenvector and all LM7-2 reduced
eigenvectors were renormalized. Next, the dot products of the reduced reference eigenvector
with all ~2000 eigenvectors of LM7-2 and the neighboring ions and water molecules were
calculated. If the dot product was more than 0.9, we considered that mode as a contributor to
Aml for His16-Vall7. For instance, our calculations show that 33 modes have a dot product
of more than 0.9 yet also unique frequencies and different participant fractions. These results
demonstrate that Aml vibrations of His16-Vall7 are distributed over some normal modes
and frequencies. In animations of these modes, other atoms of LM7-2 vibrate besides the
Aml band around His16-Vall7. Finally, these calculations were repeated for each amide
group of LM7-2. Similar calculations were done to monitor AmII and AmIII through LM7-2
at ~40 ns. According to these results, amide bands of each amide group were distributed
over diverse frequencies and modes. Such involvement of similar atom vibrations in multiple
normal modes is consistent with the anharmonic mixing among modes that is observed in
2D IR experiments. 32:33:57:58,76

To perform sampling that monitors each amide band in solution, instantaneous NMA
was applied on the LM7-2 system including neighboring ions and water molecules for all four
selected time periods. There are 2000 saved conformations (pdb files) in each time period.
NMA was applied on each conformation (pdb file) of each time period. The dot product
technique was implemented on each conformation to find Aml, AmII, and AmIII modes of
all 26 amide groups of LM7-2. The wavenumbers and participant fractions of a similar mode

were stored for each amide mode, each amide group, and each conformation.
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As explained earlier, each amide mode (I, II, or III) of each LM7-2 amide group of
each conformation might be distributed over different frequencies and modes. Hence, we
calculated an average wavenumber and variance by assigning participant fractions as weights.
For each conformation, each amide mode, and each LM7-2 amide group, we calculated the

averaged wavenumber and its corresponding variance
n
>_Pivs
j=1
V)i=-—F—
P
j=1
n
> pily = ()
j=1

2 __
g; n
>
j=1

where (v); and o? are respectively the averaged wavenumber and its corresponding variance

(5)

of conformation ¢ that has n similar modes with wavenumbers v;. p; is the participant
fraction of each mode; note that these do not necessarily sum to 1 over all modes. Then,
for each selected time period, we averaged these averaged wavenumbers over 2000 time steps

(pdb files), and calculated the overall standard deviation,

]_ Nconf

<V> B Nconf Z <V>Z (6)

=1

where (v) and S are respectively the average and standard deviation of the mode of interest
over Neonr—2000 conformations.
The average wavenumbers for all amide bands of all amide groups and for all time pe-

riods are shown in Figure 8. Standard deviations are indicated by error bars. The average
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wavenumber and standard deviation can be interpreted as a peak and its width, respectively.
We note a very narrow distribution for Aml and broad distribution for AmIII at the chain
start for all four periods and at the chain end for a helix. Residues in the terminal groups of
LMT7-2 moved more freely, and torsion angles ¢ and 1) around terminal residues experienced
random coil conformations that were not in the a-helix criteria.

To consider helical and helix-hinge-helix geometries, we focused comparisons on residues
between Thr5-Thr23. Amide modes for groups within Lys4-Alall and Gly18-Leu26 have
similar average frequencies and standard deviations among all four time periods because
LMT7-2 had a helical conformation around these residues throughout the MD simulation.

LM7-2 had a helix-hinge-helix conformation around Alal1-Vall3 during period 74 and a
helical conformation around this position during other time periods. As shown in Figure 8,
the AmIIT mode around Alall-His12 and His12-Vall3 during period 74 shifted to a lower
frequency compared to other time periods. The AmII mode of these residues during period
74 shifted slightly to a lower frequency and had broader standard deviations around Alall-
His12 and His12-Vall3. The frequency and the standard deviation of the AmI mode of these
residues were similar for all four time periods. These results are in good agreement with
FT method results in Figures 5, S2, and S3, where similar shifts for AmIIIl and AmlII were
observed. During periods 75 and 73, LM7-2 had a helix-hinge-helix conformation around
Lys15-Vall7. In both time periods, the AmIII mode shifted to a lower frequency around
Lys15-His16 and His16-Vall7. The shift was more significant around His16-Vall7. During
both periods 7, and 73, the standard deviations of the AmIII mode around Lys15-Vall7
and the AmII mode around Lys15-His16 were broader, which shows that AmIIl and AmlII
modes experienced wider frequency ranges. Average AmlIl modes of periods 7, and 73 were
shifted to a lower frequency compared to two time periods of helical conformations. Similar
shifts were also observed in Figures 5 and S2. Moreover, the Aml band was slightly wider
around Gly14-His16 during periods 75 and 73 compared to periods 7, and 74 (Figure 8),

and it was tighter during period 73 around His16-Vall7, when LM7-2 had the most bent
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Figure 8: Instantaneous NMA results of each amide band and each position through LM7-2
for all selected four time periods.
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conformation. The instantaneous NMA results confirm the dependency of amide bands —
especially AmIl and AmIIT — on the secondary structure of LM7-2. Changes in average
and standard deviation of AmII and AmIIT modes could help to identify the presence and
position of the hinge. These results are in good agreement with the results of the F'T method.

To confirm that 2000 conformations are adequate for averaging wavenumbers of each
amide mode obtained by instantaneous NMA, we repeated the averaging process over a
range of 20 to 1000 conformations. Each new set of conformations was selected by applying
different intervals to these same 2000 conformations. For example, 1000 conformations were
selected with an interval of 2 among 2000 conformations. Figure S4 demonstrates these
averages of AmlII at His17-Vall8 for each of four time periods. In all time periods, the
averaged wavenumbers and standard deviations were the same for the range of 500-2000

conformations, which validates that 2000 conformations are reliable in terms of averaging.

Hydrogen Bonding

One crucial effective force in the formation of secondary structure of proteins or peptides and
in their folding process is hydrogen bonds.!'% Peptides or proteins can have intramolecular
hydrogen bonds (HBs) mostly between hydrogen (HN) of an amide group and nitrogen (N)
or oxygen (O) of another amide group. In addition, they can have intermolecular HBs
between HN and oxygen (OH2) of water molecules or O of amide and hydrogen (H) of water
molecules. ! To compare and investigate HBs of LM7-2 with helical and helix-hinge-helix
conformations, the radial distribution function g(r) was calculated with VMD®® software
between HN and OH2, HN and O, and O and H during four selected time periods.

Figure 9 shows the results of these calculations for two amide groups: Leu7-Lys8 as a
region that remained in a helical conformation during 100 ns MD simulation, and His16-
Vall7 that experienced a helix-hinge-helix conformation during short time periods such as
7o and 73. As implied in Figure 9a, ¢g(r) between atom HN of the amide group in Leu7-Lys8

and OH2 atoms of water molecules retained a similar shape during the four different time
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periods. It demonstrates that the concentration of water molecules closer than ~10 A to
atom HN at Leu7-Lys8 is less than average during MD simulation while LM7-2 remained
in a helical conformation. The water concentration is essentially zero closer than ~3-4 A.
However, as shown in Figure 9b, differences were observed for equivalent g(r) in His16-Vall7
during the four time periods. In the presence of a hinge, there are separations between
HN and OH2 atoms at 2.25 A during period 75 and at 4.0 A during periods 7 and 73 that
are in the possible hydrogen bond range. These peaks did not exist in periods 7 and 74,
when His16-Vall7 was a helix. The presence of a hinge during periods 7 and 73 enables
intermolecular hydrogen bonding of OH2 of water molecules with HN of the amide group in
His16-Vall7.

For intramolecular peptide associations, g(r) between atom HN of the amide group in
Leu7-Lys8 and atom O of other LM7-2 amide groups, shown in Figure 9¢, demonstrates
only small differences among all four time periods, which indicates a similar distribution of
O atoms with respect to atom HN in Leu7-Lys8. In comparison, for the same g(r) calculation
around His16-Vall7 (Figure 9d), sharp peaks around 2 A were observed only during periods
71 and 74 when LM7-2 had a helical conformation. Only then did HN between these residues
have access to O atoms of neighboring amide groups in the range of possible hydrogen
bonding. This chance was almost zero when LM7-2 had a hinge around atom HN. The
extreme magnitude of g(r), with peaks above 500 compared to the average density at g(r) =
1, indicate the precision of these hydrogen bond locations within a helical conformation.

Changes in g(r) when a helix transforms to a helix-hinge-helix are found in other amide
groups as well. Figures S5 and S6 present g(r) between atoms HN and OH2 and ¢(r) between
atoms HN and O, respectively, for all amide groups in LM7-2. On the basis of Figures S5,
intermolecular HN-OH2 peaks at 7 of less than 4 A were observed around residues from
His16 to Lys19 only during periods 7 and 73 when LM7-2 had a hinge around Lys15-Val7.
For His16 to Lys19, ¢g(r) between HN and O in Figure S6 shows sharp intramolecular peaks

around 2 A during periods 7, and 74 when LM7-2 has a helical conformation. However,
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Figure 9: Radial distribution functions that compare (a,b) intermolecular peptide-water and
(c,d) intramolecular peptide-peptide hydrogen bonds for amide groups that (a,c) remain
helical or (b,d) experience a transition to a helix-hinge-helix.

these peaks do not exist during periods 75 and 73 when LM7-2 has a hinge around Lys16-
Vall7. It confirms that HN atoms of these residues do not have access to O atoms of
other amide groups in the range of hydrogen bonding during periods 7 and 73. During
period 74 when LM7-2 has a hinge around Alal0-Vall3, g(r) peaks between atoms HN and
OH2 with 7 of less than 4 A were observed around His12-Gly14 (Figure S5). These peaks
were not observed for other time periods, when LM7-2 remained in a helical conformation.
Around His12-Gly14, g(r) between atoms HN and O (Figure S6) show peaks around 2 A
for all time periods except 74; however, peaks are sharper during time period 71, especially
around Vall3-Glyl4 compared to time periods 7o and 73 when these residues are located

close to the hinge. It indicates that close access of atom HN in His12-Gly14 residues to
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neighboring O atoms is almost zero during 74. These results confirm that when LM7-2 has
a helix-hinge-helix conformation, atoms HN of amide groups at residues around the hinge
are more likely to make intermolecular hydrogen bonds with water molecules rather than
intramolecular hydrogen bonds with O atoms of neighboring amide groups. HN atoms of
these residues tended to make intramolecular rather than intermolecular hydrogen bonds
when LM7-2 experiences a helical conformation.

The local changes in N-H---O hydrogen bonding between intramolecular (helix) and
intermolecular (hinge) neighbors are consistent with shifts in the frequency results. In 2D
IR experiments on a short isotope-substituted peptide, an AmII red shift of ~30-50 cm™!
was found when intramolecular hydrogen bonding decreased. ™ In spectra from both FT and
instantaneous NMA, we found a similar red shift for the hinge compared to the helix. For
the most bent case, the AmII peak decreased in FT from 1590 (period 71) to 1560 cm™!
(period 73) around His16-Vall7 in Figures 5 and S2. In NMA, the decrease was from 1570
to 1546 cm™! around Gly14-Lys15 and 1578 to 1555 cm™! around Lys15-His16 in Figure 8.
In the presence of a hinge, and the corresponding loss of intramolecular hydrogen bonding,
the AmI peak shown by C=0O bond fluctuations shifts to higher frequency under the same
conditions that the AmlII peak shown by C-N bond and C-N-H angle fluctuations shifts to
lower frequencies.

Figure S7 presents calculated g(r) between O of each amide group and H of water
molecules for each amide group through LM7-2 during all selected time periods. On the
basis of these g(r) results, this pairwise interaction does not show consistent correlation with
the existence of the hinge. For example, there is not any hinge around Ala20-Ala21 for these
time periods; however, a peak at 7 of less than 4 A was observed for all time periods except
period 7y, in which LM7-2 has a similar conformation to period 73. ¢(r) around Gly14-Lys15
are similar at r of less than 4 A for all time periods, yet there is not any hinge around
these residues during time periods 7, and 74. In some cases we can see correlation to some

extent. For instance, LM7-2 has a hinge around Lys15-His16 during periods 75 and 73, and
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g(r) showed a sharper peak at 7 of less than 4 A around Lys15-His16 during these time peri-
ods compared to other periods 73 and 74. These observations indicate that hydrogen bonds
between O atoms of all amide groups through the peptide and atom H of water molecules
were not dependent only on the helical or helix-hinge-helix conformation. At most of the
positions through the peptide, hydrogen bonds between atoms O and H were possible, as
shown by peaks around 1.8 A during all time periods. However, the intensity of these peaks
were different for each time period and each amide group.

As shown in Figure S5, significant sharp peaks around residues Alal to Lys4 and Lys26-
Asn27 demonstrate high access of HN atoms in terminal groups to OH2 atoms of water
molecules. These sharp peaks also were observed in Figures S7 for Alal-Leu2 residue and
residues Thr23 to Asn27, which show high access of O atoms of amide groups in LMT7-
2 terminal groups to H atoms of water molecules. As shown in Figure S6, the access of
HN atom of amine group at the beginning of LM7-2 to O atoms of other amide groups is
low during all time periods. However, this access is different for other residues in LMT7-
2 during different time periods. Since both terminal groups experienced different random
conformations, they have access to water molecules to make intermolecular hydrogen bonds
rather than intramolecular hydrogen bonds with other amide groups in LM7-2.

In summary, hydrogen bonding trends for amide-water within the peptide show relations
to the presence or absence of a hinge. Around the hinge, intermolecular hydrogen bonds
between atom HN and oxygen of water molecules are more probable, and intramolecular
hydrogen bonds between atom HN and atom O of other amide groups are less probable
compared to within a local helical conformation. No relationship was found for amide groups
near the start or end of the peptide. These findings suggest a mechanism for hinge formation
wherein hydrogen bonds to oxygen atoms of water replace intramolecular hydrogen bonds

as the peptide backbone folds.
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Conclusions

Molecular dynamics (MD) simulations were conducted on a helical designed hybrid antimi-
crobial peptide (AMP) LM7-2 in solution. A geometric analysis of torsion angles ¢ and ¢
pointed out that the a-helix LM7-2 bent at its middle mostly around residues Lys15-Vall7
and also around residues Alall-Vall3 for a short period of time and then returned to its
helical conformation. A helix-hinge-helix conformation of LM7-2 is unstable because LM7-2
would stay at this state for only a short period of time. End-to-end distance and radius of
gyration results confirmed the existence of a rare hinge conformation for LM7-2 and indi-
cated that LM7-2 had its most bent conformation during a 100 ns MD simulation around
Lys15-Vall7 residues.

To investigate how a small change in peptide conformation will affect the fluctuations
of its atoms, we studied computationally the inherent vibrations of LM7-2 in both an a-
helix and in three helix-hinge-helix conformations. We applied two vibrational computation
methods, Fourier Transform (FT) and instantaneous all-atom normal mode analysis (NMA),
on selected time periods that arose in a 100 ns molecular dynamics simulation using a classical
force field (CHARMMS36). The base case was one of many periods when LM7-2 formed an
a-helix (7). Comparisons were made with infrequent cases of a helix-hinge-helix around
Lys15-Vall6 (72 and 73) and a helix-hinge-helix around Alall-Vall3 (74). LM7-2 had the
most bent conformation during period 73. For consistency, each time period was 200 ps. Since

30,36,41-47,52,53

amide bands are sensitive to the secondary structure of peptides, we focused in

this study on AmI, AmlII, and AmIII.

Distances C=0 and C-N and angle C—N-H of each amide group in LM7-2 were calculated
for each fs of the MD simulation. FT was applied on these results to calculate local C=0
stretching, C-N stretching, and angle C-N—H bending vibrational frequencies of each amide
group in LM7-2. Comparing the FT spectra of each time period indicated that the peak
shapes and frequencies of AmII and especially AmIII varied around the hinge. AmlII and

AmlIT shifted to a lower frequency for an amide group at the position of a hinge: at His12-

40



Vall3 when LM7-2 had a hinge around Alall-Vall3 residues (74) and at His16-Vall7 when
LM7-2 had a hinge around residues Lys15-Vall7 (72 and 73). The shape of AmIII changed
around residues Lys15-His16, and also the shape of AmII changed at positions Lys15-His16
and His16-Vall7 during periods 7 and 73 compared to other time periods. Aml showed less
sensitivity to the conformational change of LM7-2.

Our FT results provide local vibrational amide bands in high resolution and detail; how-
ever, amide bands of an experimental vibrational spectrum of a peptide are summations of
all amide bands through the peptide. Hence, we compared the combination of each amide
band through LM7-2 during each time period. The combined spectra demonstrated very
slight differences around AmII and AmIII bands such that it may be possible to detect the
presence of a hinge with infrared or Raman spectroscopy. The width of combined AmlIII
bands were slightly different between helix and helix-hinge-helix time periods. AmlII bands
occurred at a similar frequency but differences were found at the top of combined peaks.
The combined spectra provide more pure amide bands compared to experimental vibrational
spectra because amide bands could overlap with other vibrational modes.

NMA was applied on an a-helix and on the most bent LM7-2 in solution. Since we were
interested in amide bands, we used a dot product method to focus on their changes over
time during molecular dynamics simulations. NMA was applied on a minimized isolated
Ala-Ala dipeptide to specify three reference amide modes. These reference modes were used
for monitoring and detecting amide bands. Instantaneous NMA was applied on the LMT7-
2 system during all four time periods to monitor each amide band and to average each
frequency over each time period. The instantaneous NMA results were in agreement with
FT results. AmII and AmIII bands showed the most sensitivity to conformational changes of
LM7-2. AmII and AmlIII bands shifted to lower frequencies around the hinge, and standard
deviations of each frequencies for these two bands were wider for the local hinge conformation
compared to the local helical conformation.

Radial distribution functions g(r) were calculated between atom HN of amide groups and
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oxygen of water molecules, atom HN and O of amide groups, and atom O of amide groups and
hydrogen of water molecules. The results indicated that the probability of intermolecular
hydrogen bonds between atom HN and oxygen of water molecules is higher in the local
hinge conformation compared to the local helical conformation, while the probability of
intramolecular hydrogen bonds between atom HN and atom O of other amide groups is
lower. Although hydrogen bonding of atom O of amide groups and hydrogen of water
molecules differed for each amide group and during all time periods, there were not relations
between this type of hydrogen bonding and the presence of a hinge. The hydrogen bonding
results are consistent with a hinge formation mechanism in which HN hydrogen bonds to
amide oxygen atoms are replaced with hydrogen bonds to oxygen atoms of water.

In this vibrational study, we provided high resolution vibrational spectra and focused on
separate contributions to vibrational spectra that arise from distinct changes in amide group
conformation — the presence of a hinge — within the same molecule in classical molecular
dynamics simulations. We extracted specific amide modes computationally from the overall
spectrum of vibrations and studied the effect of conformational change on the mode of inter-
est. Identifying modes at this level of resolution, especially for small changes in the peptide
conformation, is challenging for current experimental tools because there are several over-
laps among diverse vibrational modes. We hope that this vibrational study can contribute

to interpreting the complex vibrational spectra measured for similar peptide systems.
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Supporting Information: Table S1 provides amide band frequencies and backbone tor-
sion angles of five different AA dipepetide structures. Figure S1 presents a flowchart of
how instantaneous NMA was applied. Figures S2 and S3 show FT results of C-N and
C=0 distances of all amide groups through LM7-2, respectively. Figure S4 provides
frequency averages for the AmIII mode at His16-Vall7 position for different numbers
of MD steps. Figures S5, S6, and S7 provide radial distribution functions between
hydrogen (HN) connected to the nitrogen of each amide group and oxygen of water
molecules, HN of each amide group and oxygen of amide groups, and oxygen of each

amide group and hydrogen of water molecules, respectively.

Movies AmI.mpg, AmIl.mpg, and AmIIl.mpg show animations of the amide bands.

Movie Hinge.mpeg shows an animation of LM7-2 hinge formation.
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