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Temperature induced effects on the structure of Gramicidin S
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ABSTRACT: We report on the structure of Gramicidin S (GS) in a model membrane mimetic environment represented by the amphipathic
solvent 1-octanol using 1D and 2D IR spectroscopy. To explore potential structural changes of GS we also performed a series of spectroscopic
measurements at differing temperatures. By analysing the amide | band and using 2D-IR spectral changes results could be associated to
disruption of aggregates/oligomers, as well as structural and conformational changes happening in concentrated solution of GS. The ability
of 2D-IR to enable differentiation in melting transitions of oligomerised GS structures is attributed to the sensitivity of the technique to
vibrational coupling. Two melting transition temperatures were identified; at Tz in the range 41 —47 °C where the GS aggregates disassemble
and at Tmz = 57 £ 2 °C where there is significant change involving GS B-sheet-type hydrogen-bonds whereby there is proposed to be loss of
interpeptide hydrogen-bonds of smaller oligomers. Further analysis with QM/MM simulations and 2" derivative results highlighted
participation of active GS side chains. Ultimately, this work contributes towards understanding GS structure and the formulation of GS

analogues with improved bioactivity.

1. INTRODUCTION

Gramicidin S (GS) [cyclo-(L-Val-L-Orn—L-Leu—-D-Phe—L-Pro);] is an
amphipathic  cyclic cationic  decapeptide  produced by
Aneurinibacillus migulanus, formerly known as Bacillus brevis. * The
secondary structure of GS has an intrapeptide B-sheet conformation
formed by two antiparallel B-strands from the tripeptide sequences
(Val-Orn-Leu) interconnected at both ends by two type II' B-turns
formed by D-Phe-Pro residues Figure 1. The GS molecule is
amphiphilic, with the two charged Orn side chains and the two D-Phe
rings projecting from one side of the molecule while the four
hydrophobic Val and Leu side chains project from the other side. 2 As
an antimicrobial peptide (AMP), the spatial structure of GS is
important in its interaction with target cell membranes. The main
target of cationic amphiphiles is the bacterial membrane. 3 In its
working mechanism, the cationic amino acid residues interact with
the outer leaflet of the bacterial membrane, enabled by penetration
of the hydrophobic amino acid residues into the lipid bilayer. 3 This
action compromises the structural integrity of the phospholipid
bilayer, inducing pores or forming channels that consequently
disrupt the electrical insulation properties of the lipid membranes. 34
There is considerable evidence that GS permeabilises the lipid bilayer
of bacterial membranes. >7 However, a recent study concluded that
mode of action of GS is primarily focused on the bacterial membrane,
but also entails other targets such as membrane proteins and DNA
packing. 8

Due to its well-defined structure, GS has been utilised as a model
peptide antibiotic possessing high antibacterial activity against a
broad range of Gram-negative and Gram-positive bacterial strains. 82

No resistance has been observed for GS towards its clinical use in
treating infections, which makes GS an ideal peptide to address the
rise in bacterial resistance towards conventional drugs. 1° However,
due to its high haemolytic activity it has been limited to topical
applications although some efforts have been made towards
generating GS analogues with increased antimicrobial activity and
lower toxicity. 11713 Given the importance of GS structure in relation
to its biological activity we seek to better understand the GS solution
structure and relate it to activity, providing information to guide the
design of GS analogues with improved selectivity.

The goal of this work is to understand the structure of GS in a model
membrane mimetic environment, 1-octanol, using one and two
dimensional (1D and 2D) IR spectroscopy. The solvent octanol as an
amphipathic alcohol complements the amphipathic nature of GS, in
addition to its properties such as high temperature stability, lack of
significant spectral interference/overlap with the GS amide | mode
and the solubility of GS. Studies have shown that physicochemical
properties are important in correlating bioactivity and chemical
structure 4. In early 1960s, Corwin Hansch et al. first determined the
octanol/water partition coefficient system (log P) which became a
standard system for the description of lipophilicity for reasons; 1)
octanol serves as a good mimic for the long hydrocarbon chains with
a polar headgroup found in membranes, 2) octanol dissolves water
thus, emulating the aqueous component of biological hydrophobic
regions such as membranes and 3) octanol is cheap, easy to purify
and lacks a chromophore, which would interfere with the
spectroscopic determination of compound concentrations 1419,



In this study we showed that temperature induced changes in the GS
2D-IR spectra can be correlated to the two steps disruption of
aggregates/oligomers in a concentrated solution of GS. Analysis of
the amide | band of GS enabled insights into the conformational
behaviour of GS in solution alongside identification of structural
changes in GS and GS oligomers/aggregates. A conformational
change of GS, which possibly involved a hydrogen bonded network,
was previously proposed in aqueous solutions and it was observed
that an increase in GS concentration and a longer time in solution
causes unusual changes in surface tension and spectrophotometric
character. 20 Generally, biological temperatures are considered to be
in the range 35 — 45 °C where most proteins/peptides are stable.
However, to identify the potential of IR/2D-IR to resolve structural
changes of GS temperatures used in this study were chosen to
maximise disruption. We therefore report the use of temperature to
perturb the structure of the peptide sequence and demonstrate the
ability of 2D-IR to observe these differences and to show that the
structure was disrupted. Furthermore, the information obtained on
the GS model cyclodecapeptide system, will assist in the
development of ab initio predictions of peptide structure, and so
facilitate 2D-IR simulations on more complex members of the
cyclodecapeptide group, in particular promoting developments of
advanced antimicrobial agents.

D-Phe' @\ LProz Vel

H o]
NH HN—>’//

NH;3
/ d o
HN
NH
L-Lew’

0:& O O HNﬂ

~—NH HN >—/ o

N %z
D-Phe®

L-Pro”

L-Om*

+

a) L-val®

Hydrophilic side

Figure 1. Structure of gramicidin S with monoisotopic Mr of 1140.7059. The
primary structure of GSis shown in a). Residues are referred to using standard
three letter amino acid abbreviations with Orn representing ornithine.
Residues are numbered according to their order of incorporation during
biological synthesis. A modelled low energy 3D structure of GS is shown in b)
indicating the optimal arrangement of residues and the intra hydrogen bond.
In c) the 3D structure of GS shows the hydrophobic side (top) and hydrophilic
side which make up the amphipathic structure of the GS monomer. The low
energy GS structure is courtesy of M. Rautenbach and was modelled utilising
Yasara 11.3.2 and its crystal structure reported by Saiz et al. 2

2. METHODS

2.1. Materials

GS (>99% purity as determined with mass spectrometry) was
purchased from Sigma Aldrich (St. Louis, MO, USA). 1-octanol (299%,
1-octanol) was purchased from Sigma Aldrich (Gillingham, UK) and
used without further purification.

2.2. Sample preparation

A volume of 30 uL of a solution of GS in 1-octanol at a concentration
of 5 mg/mL (4.38 mM) was prepared and contained between two
calcium fluoride (CaF,) windows separated by a 50 pum
polytetrafluoroethylene (PTFE) spacer and housed in a temperature-
controlled transmission (Harrick) cell accurate to *1 °C, for
temperatures between 20 — 80 °C. For analysis purposes, a solution
of 1 mg/mL (876 nM) was also prepared and measured using 2D-IR.

2.3. FTIR spectroscopy

FTIR absorption spectra were obtained using a Bruker Vertex 70v
spectrometer with a resolution of 1.0 cm™ and each acquired FTIR
spectrum was an average of 20 co-added scans in the spectral range
400 - 4000 cmL. At each temperature measurements were done in
triplicate and the spectra presented is the average.

2.4. 2D-IR spectroscopy

2D-IR measurements were acquired using the Lifetime (100 kHz)
laser system at the STFC Rutherford Appleton laboratory, using a
methodology that has been described elsewhere. 2223 Briefly, the
experiment is based on three mid-IR laser pulses arranged in a pump-
probe geometry. The first two pump pulses, which are separated by
time, T, interact and excite the sample; therefore the excitation or
pump frequency axis results from Fourier transforming the signal as
a function of the time delay between the two pump pulses. The
timing between the two pulses can be controlled and varied by use
of a pulse shaper. The third pulse which is the probe pulse which
follows after a waiting time, T, interacts with the sample resulting
in emission of a signal, known as the photon echo, after a time, t. This
signal is emitted in a direction collinear with the probe pulse, it is self-
heterodyned. When this signal is spectrally dispersed via a diffraction
grating then proceeds onto a liquid nitrogen cooled detector array
which forms the probe axis of the 2D-IR spectrum with a spectral
resolution of 1.5 cm™.24-26 2D-IR spectra were recorded at T, values
of 250 fs, using parallel pump-probe polarization relationship. Signals
are averaged for 50 000 shots, which at a repetition rate of 100 kHz,
meant that measurements can be done in a minute. 23

2.5. Infrared spectroscopy data analysis

At each temperature, the solvent spectrum was subtracted from the
GS solution spectrum, ensuring that only temperature changes to the
peptide are measured. FTIR and 2D-IR absorption spectra were also
analysed using difference spectroscopy and principal component
analysis (PCA), with PCA available from Origin 2018b. For
temperature studies, difference
subtracting the spectrum at 20 °C (native state) from the spectrum

spectra were obtained by

at elevated temperatures to obtain thermally induced structural



changes of the peptide from its native state. The use of 2D-IR
difference spectra is standard 228 and the need for phasing is
removed by use of pump-probe geometry which collects phasing and
non-rephasing spectra simultaneously. In 2D-IR, pulse shaping assists
further in terms of pump-pulse phase control. Fluctuations are dealt
with by averaging, which is improved significantly in pulse high
repetition rate laser systems like Lifetime (100 kHz) laser system and
ULTRA at the STFC Rutherford Appleton laboratory 2°-33,

Data was normalised to the maximum intensity to eliminate minor
fluctuations due to electronic noise, sample variation and signal
intensity. Normalisation of spectra was performed as a standard,
using peak maxima, irrespective of frequency. Normalising with
respect to peak maxima or at constant frequency gave comparable
and, in some cases, similar results, by analysing the integral area
under the curve for both methods Figure S-1. Band profiles were
checked similarly, and they did not change significantly with the peak
intensity variations indicating that our approach of normalising was
valid in order to compare data sets.

PCA was performed after solvent subtraction and normalisation. PCA
as used in our analysis shows variance and identifies spectral
and it
chemical/structural. PCA was applied to scrutinise the data and

differences does not provide anything specifically
identify variations between data sets. The use of PCA is well
established in spectral analysis to provide a means to make
visualisation of spectral differences easier where differences in
spectral profiles are observed and where the modes showing
differences can be assigned and can provide first insights into
possible differences in molecular structure to focus on in drawing up
hypothesis. Standard second (2"d) derivative spectral analysis was

performed and is explained in Supporting Information.

2.6. Simulation of a GS trimer model and QV/MM
simulations

A GS trimer model was considered for QM/MM simulations to
represent GS at high concentration Figure S-2b. A GS monomer
model with two intact B-turns and an intact intramolecular
antiparallel B-sheet was derived from X-ray structures with reference
to crystal structure reported by Saiz et al 2! Figure S-2a. Modelling of
the GS structure was done utilising YASARA version 11.2.18 (YASARA
Biosciences GmbH, Vienna, Austria, www.yasara.org 34). A YASARA
protocol from Rautenbach et al. 3> was utilised to create a low energy
B-sheet type GS dimer and trimer. The protocol entailed molecular
docking followed by mechanistic molecular dynamic simulations to
remove conformational stress and test stability of the selected low
energy B-sheet type GS dimer and GS trimer.

Spectral simulations of the infrared absorption on the model GS
trimer were performed using Gaussian 09 package made available
through the Centre for High Performance Computing in Cape Town
was used for the calculations. In the simulations, quantum
(QM/MM)
accounted for neighbour-neighbour interactions and the influence of

mechanical/molecular mechanics level of theory

H-bonding on the eigenmodes obtainable from the peptides, which
was implemented through the ONIOM framework available in

Gaussian 09. Relative to the experimental spectra, the best ONIOM
framework for the exchange-correlation energy/basis set was found
to be B3LYP/6-31g(d,p):UFF. The GS structure was subjected to
simultaneous optimisation of the atomic redundant coordinates and
frequency calculations for the infra-red spectra. Octanol as a solvent
was modelled through the framework of polarizable continuum
model (PCM) with a dielectric constant of 9.86. The force field and
the cavity provided by the solvent ensured stability and electronic
charge balance during optimization and the subsequent vibrational
frequency calculation. The bulkiness of the structure required a
solvent in-order to get reasonable results. The solvent was also a
guide to replicating real life solvent-solute hydrogen bonding
interactions. The calculations were done progressively from a
monomer to a trimer to mimic the concentration level used in the
experiment and to see other interactions between the QM and MM
structural ensembles.

Band assignments of vibrational modes in the trimer model spectra
were done by visually observing the structural groups and modes of
vibration using GaussView 5 software and assigning to the spectral
feature which the vibrating mode contributes to. Viewing the
vibrating modes in GaussView 5 software enabled the assignment of
the calculated peaks with the contributing amino acid. In the
QM/MM simulations a trimer model was chosen because we expect
stacks to be present at the GS concentrations used in the
experiments. For the QM/MM simulations we wanted to consider
the influence of constraining the motion of a single peptide in space,
and a trimer model is the smallest structure to accomplish this.

3. RESULTS

3.1. FTIR Absorption Spectroscopy

The infrared absorption spectrum of GS in 1-octanol features a broad
band centred at 1645 cm?, which can be assigned to the amide |
mode. As the temperature was increased from 20 - 80 °C, the peak
maximum shifted to 1647 cm™ Figure 2a, however, this was not due
to a simple change in frequency of the band as an isosbestic point is
observed at 1650 cm™.
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Figure 2. (a) FTIR absorption spectra of the amide | region of 5 mg/mL GS in
1-octanol measured over the temperature range 20 — 80 °C. The spectra were
solvent subtracted and an average from triplicate measurements. (b)
Difference spectra obtained by subtracting the normalised spectrum at 20 °C
from normalised spectra obtained at elevated temperatures. The black
dashed line shows the PC 2 contribution obtained following PCA.

Difference spectra calculated relative to the spectrum of GS at 20 °C
Figure 2b, showed that at elevated temperatures a reduction in
absorption intensity from the amide | band occurs near 1645 cm!
and at 1666 cm™L. The spectral features near 1620 cm! and at 1680
cm observed at elevated temperatures Figure 2a are consistent
with those expected from the amide | mode of an antiparallel B-sheet
structure 3638, The feature appearing near 1620 cm™ is consistent
with bands which appear in the presence of aggregation 3240,

The temperature-dependent spectroscopy data was inspected
further using PCA. The total variance is well represented by two
principal components, PC 1, correlating to 99.8 % of the total
variance, was found to be invariant with temperature, while the
minor contribution of PC 2 (0.2 %) varied with temperature. Although
the PC 2 contribution is minor, features of the spectral distribution
of PC 2 correlated well to those observed in the difference spectra
(black spectrum Figure 2b and Figure S-3. Features of PC 1 obtained
using Gaussian fitting of the IR spectra also correlated well with the
FTIR spectra Figure S-4.

3.2. 2D-IR Spectroscopy of GS in 1-octanol

2D-IR spectra measured at temperatures between 20 °C and 80 °C
are shown in Figure S-5. At 20 °C the 2D-IR spectrum of GS in 1-
octanol features a positive peak (red) located on the diagonal at a
pump and probe frequency of 1650 cm-1, which is assigned to the v =
0 — 1 transition of the amide | mode of GS Figure 3a. A negative off-
diagonal peak assigned to the accompanying v = 1 — 2 transition is
located at the same pump frequency (1650 cml) but a probe
frequency of 1635 cm™. This peak is shifted along the probe axis
direction by the anharmonicity of the amide | mode. By fitting two

Gaussian functions to each of the slices taken through the 2D-IR
spectrum at pump frequencies of 1640, 1650 and 1660 cm! showed
that the anharmonic shift of the amide | band was not constant, with
shift values of 16, 16 and 13 cm! obtained at each pump frequency,
respectively Figure S-8. In Figure S-8, a third Gaussian was fit to the
the slice at 1660 cm! at 20 °C and this did not change the profile.

At 80 °C, the diagonal peak v = 0 — 1 transition was present at pump
and probe frequencies of 1651 cm! while the off-diagonal v=1-2
transition was located at probe frequency 1636 cm! Figure 3b. Again,
for slices taken at pump frequencies of 1640, 1650 and 1665 cm-! at
high temperature, the anharmonic shift at each of the same three
pump frequency positions was observed to increase to non-constant
anharmonic shifts of 21, 19 and 16 cm-l, respectively. These shifts
indicate a progressive change in the anharmonicity which can be
ascribed to complex bands with more than one underlying
contribution. The smaller anharmonicity values observed at the
lower temperature are completely consistent with a greater degree
of coupling in the system because large coupled secondary structure
units show smaller anharmonicities, which is consistent with our
intermolecular interactions at high

assignment to loss of

temperature 23,

An off-diagonal peak with a pump frequency of 1650 cm™ and a
probe frequency near 1660 cm-! was observed in the 2D-IR spectrum
of GS at 20 °C Figure 3a. This feature disappeared as the temperature
was raised to 80 °C Figure 3b. Difference 2D-IR spectra obtained as a
function of temperature are shown in Figure S-6. The overall
difference 2D-IR spectrum 80 —20°C, Figure 3c shows three distinct
peaks, all with a pump frequency close to 1650 cm-. An intense
positive peak is located at a probe frequency of 1646 cm (red
arrow), while two negative peaks occur at probe frequencies of 1613
cm?t (blue arrow) and 1666 cm! (black arrow). Using this difference
spectrum representation, the negative peak at a probe frequency of
1666 cm indicates a reduction in intensity of the (positive) v=0-1
signal between 20 and 80 °C. This is likely to be due to the combined
effects of a reduction in overall peak intensity and the loss of the off-
diagonal feature located at pump, probe position 1650, 1660 cm!
with increasing temperature. The positive peak at 1646 cm!
indicates a reduction in size of the negative v = 1 - 2 peak identified
above. Finally, the feature at 1613 cm! (orange arrow) is indicative
of an increase in the v = 1 - 2 peak. The latter two observations are
consistent with the observed increase in anharmonicity at higher
temperatures, which shifts the negative v=1 - 2 peak to lower probe
frequencies Figure 3c.
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Figure 3. 2D-IR spectra of GS in 1-octanol averaged from triplicate
measurements at (a) 20 °C and at (b) 80 °C. The 2D spectra denoted 80 - 20
°C (c) is the difference spectra showing the temperature induced changes
between 20 and 80 °C, and (d) is the PC 2 spectral distribution showing
spectral signatures similar to those in the difference spectra. Arrows indicate
specific spectral features discussed below.

Applying PCA to the 2D-IR data revealed that two PCs were required
to describe 99.9% of the observed variance. PC 1 (96.2 %, Figure S-
7a) was temperature independent and contained the larger part of
the variance while PC 2 (3.7 %, Figure 3d) showed a strong
temperature dependence. The spectral distribution of PC 1
resembled the average 2D-IR spectrum for all temperatures Figure S-
7b, while PC 2 showed temperature dependent variations very
similar to those described in the difference spectra Figure 3d. Given
the close agreement between results obtained from analysis using
difference spectroscopy and PCA, further interpretation focussed on
the PCA results alone. The fact that the data can be represented by
only two PCs suggests that the changes observed are not spurious
but are related to reproducible structural changes.

For the 1D absorption spectra in Figure 2 below three consecutive
temperature ramp measurements were made on each sample, giving
a standard deviation of area under the absorption curve within + 1.7
%. Furthermore, 3 different samples were measured each with a
fresh peptide sample and spectra were reproducible within + 3.9 %.
Likewise, for 2D-IR, measurements were repeatable within + 2.0 %
and reproducible within 6.1 %. For spectra measured at 20 °C before
heating and another measured after cooling back to 20 °C, spectra
differed by £2.3 %. In general, data from samples is normalised to
account for variations arising from the sample path length, laser
intensity and concentration of the sample, but reproducibility in both
1D and 2D from sample-to-sample may present larger errors as it is
harder to reproduce absolute concentrations in different samples.
Additionally, the use of PCA is advantageous in noise reduction, as
variations from random instrumental or sample-related noise will be
in other PCs which are not the first two PCs.

3.3. QM/MM simulations

Band assignments were obtained by visualising the vibrational
modes from the calculated spectra in GaussView 5 software for the
GS trimer model. Between 1670 - 1700 cm?, the amide | mode, a few
strong vibrations were observed Figure 4.
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Figure 4. IR spectra for GS trimer model in octanol simulated using QM/MM
calculations with assigned bands contributing to amide | mode, with (a) the
simulated IR spectrum and (b) the 2" derivative spectrum. The labelled bands
are allocated in Table 1, as identified using the GaussView software.

There was a good correlation of bands observed for GS in octanol
(experiment) and the GS trimer model as determined with
GaussView. (Table 1, Figure 4, Figure S-9). The bands at 1669 cm
and 1690 cm? in the model and 1670 cm? and 1685 cm™
(experiment) are attributed to by carbonyl (C=0) stretch of the B-
turns, which is vibrationally coupled (anharmonic coupling) to the
Orn amino side chain. Orn is one of the residues in the two identical
B-turns. At 1634 cm bands from the B-sheet carbonyls were also
experimentally observed and this band is observed at 1639 cm? in
the GS trimer model in octanol. Bands from B-sheet and NH bending
modes at 1652-1658 cm?, also correlated between the GS trimer
model and experimental spectra. Good correlation bands at 1616,
1626 and 1608/9 cm™ in octanol and was linked to C-C stretch of Phe.
A prominent vibration at 1714 (model) and 1717 cm! (experiment)
was attributed to C=0 stretch of the Pro amide I. The proposed band
assignments of GS in Table 1 are also in general agreement with GS
literature 4! and those which have been made from DFT calculations
on dipeptides %2 and other compounds such as methylacetamide and
polycyclic aromatic hydrocarbons. 4344

4. DISCUSSION

4.1. Extent of vibrational coupling
To gain a deeper insight into changes in secondary structure
occurring within the GS system, we combined the results of linear



absorption and 2D-IR measurements as a function of temperature to
extract transition dipole spectra. This follows the approach first
devised by Grechko and Zanni 4346 and adapted by Minnes et al. 33
for temperature dependent studies of secondary structure. The
method uses the premise in linear spectroscopy that the size of the
amide | absorption band of a given system is independent of changes
in vibrational coupling because the signal scales as the transition
dipole moment squared (|u|2). In contrast, for 2D-IR spectroscopy,
the transition dipole moment scales as (|p|#) and so the size of the
diagonal peak will change to reflect changes in transition dipole
moment caused by modified couplings.®>=*7 This can be envisaged
through the ratio of the signal of 2D diagonal spectrum shown in
Figure 5b and the IR absorption spectrum in Figure 5a in the amide |
region, where, the 2D diagonal signal increases relative to that of the
FTIR when there is an increase in vibrational coupling.33

The relative changes in transition dipole moment, denoted as d(w)",
with reference to the initial temperature of 20 °C were obtained
using the following equation (1):

ZD'IRT((,()) ODZO

d rel —
(@) FTIRy(w) AOD,,

(1)

Where d(w)r represents the ‘spectrum’ of the relative transition
dipole strength and is a function of frequency, w. 2D-IRt(w) and
FTIRr(w) are functions of frequency (w) for the absolute values of the
2D diagonal and the 1D absorption spectral signals, respectively, at
different temperatures (T). ODyo and AODy are the maxima of the
1D absorption spectrum and the 2D diagonal signal, respectively at T

=20 °C which in this case is the reference temperature. The results
of the transition dipole analysis are shown in Figure 5c. The
calculated integral area for the amide | peak in the linear absorption
spectrum did not change as the temperature increased, as expected.
However, that of the 2D diagonal decreased strongly with increasing
temperature, as shown in Figure 5d.%¢ The calculated transition
dipole spectra reflect these effects via a significant decrease in
intensity of the transition dipole spectra between 20 and 80 °C in
Figure 5c. This is consistent with observations derived from the
difference spectra in 2D-IR analysis presented above, which showed
reduction in the size of the v = 0 — 1 peak amplitude over the same
temperature range.

Examining the transition dipole spectrum in more detail, the
observed decrease in intensity is focused upon the 1630 cm to 1660
cm region which encompasses the lower frequency portion of the
amide | band, though changes in the transition dipole strength are
observed right across the region studied. This strongly indicates that
with increasing temperature, the strength of vibrational coupling of
the elements linked to the amide | band of GS decreases and this is
evidenced in the observed spectrum in Figure 5c 464849 Such
observations have previously been attributed to loss of secondary
structure or self-association in protein and peptides and could be
consistent with loss of inter or intra-molecular interactions of GS. The
decrease in coupling at high temperature is also consistent with the
observed increase in anharmonicity, which scales inversely with the
extent of coupling in secondary structures #54¢ as well as the
disappearance of the off-diagonal peak illustrated in Figure 3d.

Table 1 Summary of simulated GS amide | spectra in octanol and experimental FTIR amide | spectra for 1 and 5 mg/mL
GS in octanol. Wavenumbers are shown in cm™, numbers in brackets have peaks only in 2" derivative spectra at all
concentrations, * and * indicated linked vibrational modes, numbers in italics have ambiguous assighments to two
modes. The model spectrum and 2" derivative spectrum from which the model data were derived can be found in
Figure 4.The experimental spectra and 2" derivative spectra from which the data were derived can be found in Figure

S-9.
Structure or Absorbing Literature Gs' GS/Octanol Trimer GS/Octanol
amino acid Group Models 3¢ model& Experimental
Cc=0
Pro stretching 1714 1717
(amide 1)
1700 1700 1699 (1701, 1705)
1695-97 1696
B -sheet Stretching 1691-93 1690*
c=0 1641-43 1643 (1642)
(amide 1) 1630-39 1639 1634, 1636
1624-29
1683-91 1690* 1685
1678-82 1682
B-turn Stretching 1670-75 1674, 1676
C=0 1666-74 1669* 1670
(amide 1) 1659-65
1654-58 1655 (1655) 1652, 1653, 1656

1672-73




Orn Bendin ) 1690 1685
& 1667 1669* 1670
NHz* 1660
(amide 1) 1659 (1658) 1656
1647 1645, 1647
Stretching - (1617) 1616
. 1621
Phe C-C (ring) - (1626) 1626
) 1595
(amide land Il 1602 1601 1609 1608

2 Krimm et al. (1983); ®Venyaminov & Kalin (1990); ¢ Barth (2007); 9Barth (2000); eKong et al. (2007); Naik et al. (1984)

At 20 °C, the linear absorption spectra for GS in Figure 5a highlights
the main peak near 1645 cm and a high frequency peak near 1670
cml, which is indicative of B-sheet and B-turn structures,
respectively. The cross peaks observed in two-dimensional spectra in
Figure 3 are also an indication of the presence of antiparallel B-sheets
36,50,51 The shifting of the strong absorption band to higher energy,
from 1645 — 1647 cm! suggests B-sheet structures 3259, At the 80 °C,
weak peaks appear in the FTIR absorption spectra near 1620 and 1680
cml. However, these peaks in Figure 5b are not strongly represented
in the two-dimensional spectra.

Peptide structure calculations have been done on GS in gas phase
and three GS conformers have been highlighted 3%40, These
conformers mainly result from interactions of Phe chromophores
which are weakly coupled to each other, and Phe chromophores
which interact strongly with charged Orn side chains. Furthermore,

the structures are dominated by side chain-backbone coordination

of the -NHs;* group from the charged Orn side chains and the
backbone Phe C=0 group. It is further explained that the amide |

band maxima band position is influenced by solvents of different
polarity, and the spectral signatures depend on the environment. In

condensed phase, a band position of 1633 cm™ is suggested for B-
sheets which are embedded in large networks; 1640 cm! for beta-
sheet sections which interact with polar solvents; and 1616 cm™ a

band which appears when aggregation occurs 3240, From our results,

the structure of GS is considered in condensed phase, and it is

influenced by three factors; concentration, temperature and solvent

environment. At 5 mg/mL GS is probably aggregated while in solution

with octanol. The influence of heat in the considered temperature

range does not, in this case, denature the peptide, but only
maximises the disruption of the GS aggregates. From our result we

can highlight three conformers contributed to the main band from -
sheet structures centred near 1645 cm-, a high frequency peak near

1670 cm? from B-turns and the 1620 cm™ peak which can be

attributed to presence of aggregated structures 340, In addition,

since the main absorption band is not shifting to lower energy *° and

the heating process was reversible, it indicates that extended sheets

are not present in the system, and if present, their signal contribution

would be minimal as these may only be represented by a small

fraction of the bulk GS. This data and that of PCA show consistent

differences.
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Figure 5. Comparison of FTIR and 2D-IR spectra that were plotted for GS in 1-
octanol from 20 - 80 °C. (a) is the FTIR absorption spectra (b) are the 2D-IR
diagonals (absolute values from raw data) and (c) shows the calculated d(w)"
spectra, (d) shows the integral area under the graphs for 1D and 2D. Data
points for area under graph in for FTIR in (d) are averages from the triplet
measurements done at each temperature. The error bars indicate the
variation in the area at each temperature.

4.2. Temperature profile of GS in 1-octanol

From the analysis above, the increase in anharmonicity which
correlates with an observed loss of coupling shows that changes in GS
are consistent with a loss either of oligomers/aggregates and/or
intramolecular hydrogen bonding at elevated temperature. In this
section we focus on the temperature profile of these changes in-
order to shed more light on the molecular origins of the spectroscopic
changes. Both PCA and difference spectroscopy analyses indicated
the reduction in size of the v = 0 - 1 peak of GS at (pump, probe)
frequencies of (1650, 1666 cm) in the 2D-IR data. This can be
attributed to the effects of reduced coupling on modes contributing
to the amide | profile, and the loss of an off-diagonal peak observed
in the 2D-IR spectrum at 20 °C. Examining the temperature
dependence of this feature shows that the changes are gradual from
20 - 55 °C but with a significant loss in amplitude occurring above 55
°C, depicted in Figure S-6.

The results of PCA were used to produce a thermal profile for the
temperature-dependent component (PC 2) determined for each of
the IR absorption in Figure 6a and 2D-IR studies in Figure 6b.
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Figure 7 Melting curves (Boltzmann sigmoidal profiles) of the peak maxima
shift of the main infrared absorption band near 1645 cm™. Band positions
were obtained from the 1t derivative spectra, and are in Table S-1. In a) is the
melting curve for temperature range 20 - 80 °C showing the two profiles and
in b) the separate profiles are shown more clearly; for the transition from 20
— 58 °C with Tm1 =43 £ 2 °C (black) and the transition 52 — 80 °C with Tm2 = 59
+2°C (red). Spectra c) and d) are 2" derivative profiles for the melting curves
in b) with arrows indicated the said melting temperatures.

This approach confirms the two transition temperatures near 43 + 2
°Cand 59 + 2 °Cfor both FTIR and 2D-IR, and changes follow a bimodal
profile. Additionally, from an analysis of the band maxima position for
the infrared absorption spectra in Figure 7a, again two transition
temperatures are evidenced from fitted melting curves in Figure 7b.
From the Boltzmann sigmoidal melting curves, the corresponding 2"
derivative spectra in Figure 7c and d showed the transition
temperatures Tr; =43 £ 2 °C and Tz = 59 + 2 °C, confirming the 2D-
IR and PCA results. Tz was also further defined using area under the
2D-IR diagonal curves and was obtained as 57 + 2 °C from fitted
melting curve in Figure S-10.

Although both FTIR and 2D-IR data highlight the same two
transitions, only the 2D-IR spectral response is sensitive to changes
in vibrational coupling. It is therefore interesting that the second
transition temperature in range 57 - 60 °C dominates in the PC 2

profile of the 2D-IR data in Figure 6b whereas the lower temperature
transition appears more dominant in the FTIR data in spectra of
Figure 7. Taken together, this suggests a greater loss of coupling at
high temperature. However, the presence of two transitions in both
FTIR and 2D-IR show that the molecular changes do influence both
measurements, as would be expected. Furthermore, the fact that
both transitions appear in a single PC, indicate that they have similar
spectroscopic therefore a similar
interpretation. We therefore conclude that the loss of coupling
observed in the 2D-IR spectrum at higher temperature is associated
with redistribution of oscillator strength in the FTIR data, whereas

origins and molecular

the lower temperature transition leads to changes in both datasets,
but with a lesser emphasis on loss of coupling. The cross peak
observed in the 2D-IR spectrum at 20 °C of Figure 3a shows that the
bulk of the non-covalent structural elements that we are observing
in the amide | region is the C=0 vibrations of B-sheets (inter- and
intrapeptide H-bond) and the intrapeptide B-turns. Therefore, we
attribute the first melting transition, Tmi1, to changes in interpeptide
H-bonding within aggregates/oligomers undergoing partial
dissociation to smaller oligomers. These oligomers can then undergo
further dissociation to monomeric structures as the dominant
structure during the second melting transition. The monomeric GS
structure only has intrapeptide B-sheet and B-turn hydrogen bonds
in its structure, as is also indicated by the shifts in the relevant amide
bands. Simulations for monomeric GS are illustrated in Figure S-11.
From the profiled dissociation process of aggregated/oligomeric GS,
transitions can be identified within two temperature ranges; at 40 -
55 and 48 - 80 °C. T,; was identified as 45 * 2 °C from Figure 6a; 41
+ 2 °Cfrom Figure 6b and 43 + 2 °C from Figure 7b. This gave a broad
range of values from 41 - 47 °C for Tp; from data obtained from
different methods. T,,, was calculated as 59 + 2 °C from Figure 6,
Figure 7b, Figure S-10 as well from the transition dipole spectra.
Overall, even though there are slight discrepancies in the exact
temperatures of the transitions and that the different analysis
methods show the transitions to different degrees, it seems
reasonable to conclude that both spectroscopy experiments are
reflecting the same molecular changes and the two transitions are
unequivocal.

In an aqueous solution, the GS aggregation/oligomerisation process
is driven by hydrophobic forces due to the amphipathic nature of the
molecule. 2052 The GS monomers cluster in a such a way that the
hydrophobic groups face each other, reducing their exposure to
polar solvent groups/molecules and assembling into larger
structures. 53756 Hydrophobic residues in GS such as Leu and Val lack
repulsive electrostatic interactions and cluster through Van der
Waals interactions, > while aromatic residues such as Phe can
partake in aromatic stacking stabilised by London dispersion forces.
However, as in the experiments reported here, in the more non-polar
1-octanol, hydrophobic interactions will be dispersed by the
limiting  hydrophobic

tail, clustering.

intrapeptide hydrogen bonds will be

hydrophobic octanol

Conversely, inter- and
supported as there will be less competition for hydrogen bonds and

dipole-interactions in octanol than in water. The inter-peptide



hydrogen bonds are lost at increasing temperature, as shown from
our results.

Tm1 was more evident from the PC 2 of FTIR absorption spectra. This
melting point could be related to the loss of hydrogen bonded
oligomers, loss in interactions with the Orn amino group, as well as
loss of aromatic stacking of Phe, summarised in Table 2. The role of
Phe in oligomerisation has been illustrated by Helle et al. 2° and in
the study, the UV absorption at 257 nm decreased over time and with
the increase in concentration. This indicated that Phe groups were
either exposed to a polar environment or have polar interactions
with the Orn residues or Phe-Phe stacking interaction in the
oligomer/aggregates in this study. The spectroscopic response of the
system changes after Tz andis better described by the 2D-IR analysis
of GS in octanol. Changes in intramolecular structure occurs at 57+2
°C whereby conformations with hydrogen-bonds, such as inter-
peptide H-bonds and the two intra-peptide B-turns and antiparallel
B-sheet are either revealed or melted away. Structures, which were
buried/obscured in aggregates/oligomers, emerged with the
increase in temperature. Ty, could therefore relate to the demasking
of intra-peptide structures by loss of interpeptide interactions. FTIR
as well as 2D-IR analysis indicated that changes in B-sheet structures
occur at Tmy.

Second derivative spectral analysis has been extensively used as a
data analysis method in protein and peptide studies. 5758 Peaks
identifiable in a 2" derivative spectra of FT-IR absorbance spectra
can be assigned to the secondary structures in the region of amide I,
Iland lll following reference data 5992 and significant information can
be obtained on the stability and structural details of proteins and
peptides in various environments. 5! Results from the 2@ derivative
analysis in Figure 8 confirmed the structures identified from the
infrared spectral simulations and could be compared, as well as
discussed according to Figure 9.

Tmz uncouples the C=0 groups of the B-sheets and turns in the
smaller oligomeric structures. In Figure 9 and Table 2 there is
significant decrease in C=0 stretch vibrations of B-sheets at 1642 and
1650 cm™ near 45 °C. There is loss of C=0 stretching of the B-sheet
at 1642 cm. There is loss of C=0 stretch vibration of B-sheets near
1650 cm™ at a higher T, of 45 °C, which also exhibited as an off-
diagonal peak in 2D-IR. We relate this to loss of interpeptide H-
bonding, resulting in smaller more stable oligomers. Equally, there is
an increase in C=0 stretch vibrations of B-sheets at 1696 and 1699
cm® around 45 °C, as well as those of the B-turns at 1685 cm. At
high concentration, the vibrations of these structures increases and
at high temperature, the decrease in vibration suggests disruption of
some of the B-sheet structures vibrating at the lower wavenumbers,
implying that the carbonyl groups are possibly involved in
intrapeptide oligomers/aggregates. This will be further illustrated in
section 4.3.
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Figure 8 The 2" derivative spectra of the two extreme temperatures 20 °C
and 80 °C, showing wavenumbers (cm™) of the prominent peaks related to
the prominent peptide structures. Spectra from 20—80 °C are shown in Figure
S-12.
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Figure 9. Melting curves of spectral structure components present in GS at
5.00 mg/mL solution, identified in Figure 8 and summarised in Table 2. The
melting temperature (Tm) was determined for each curve using an adapted
Bolzman  sigmoidal curve fit to the following equation:
Y=Lowest signal +(Highest signal - Lowest signal)/(1+signal((Tm-X)/Slope)). All
curve fits were R220.97. The axis on the left is for the data with legend on the
left and the axis on the right is for the data with legend on the right.

4.3. Further analysis and discussion on the effects of
concentration and temperature on structural changes

To compare the effect of concentration and the effect of
temperature induced structural changes, 1D absorption and 2D-IR
spectra of a 1 mg/mL sample of GS in 1-octanol were taken under the
same experimental condition at 20 °C, shown in Figure S-13.
Structural changes which occur with increasing concentration from 1
- 5 mg/ml are narrowing and shifting of the band maxima from 1649
cm?® (1.00 mg/mL) to lower frequency of 1647 cm™ (5.00 mg/mL)
suggesting more dominant structures forming in octanol as peptide
concentration increases.

Table 2. The spectral structure components present in GS at 5.00 mg/mL
solution, identified in Figure 8. The identified structures are labelled



according to the contributing groups and their response (increase or
decrease) to increasing temperature. Values for melting temperature
tstandard deviation are given.

WaveT\umber Group Signal Tm (°C)
+1cm? Response 2
1617 Phe ring Increase 44
1642 B-sheet C=0 Increase >40 °C 55
1642 B-sheet C=0 Decrease <40 °C 40
1645 Orn NH3* Increase 46
1647 Orn NHs* Increase 43
1650 B-sheet C=0 Decrease 45
1685 B-turn C=0 Increase 44
1696 B-sheet C=0 Increase 47
1699 B-sheet C=0 Increase 42

Higher order structures are also present evidenced from the blue-
shifted depicted Figure S-13. Comparing the
concentration and temperature induced structural changes in 2D-IR

shoulder as
spectra, with increase in concentration there is loss of diagonal and
off-diagonal structures, indicated by blue and black arrow in Figure
10a. The fine structure present at low GS concentrations observed in
FTIR, is lost as aggregates form with increasing concentration, as
further indicated in Figure S-13 from 2D-IR by loss of the off-diagonal
structure related to intermolecular B-sheet-like structures and turns
at high frequency. Comparing a 1.00 and 5.00 mg/mL spectra showed
that the main absorption band shifted with increasing concentration,
which could be an indication of the interactions of a H-bonded
network, strengthening the aggregated structures centred near
1640/5 cm™? in Figure 10a, Figure S-13. Heating the aggregated
structures at 5.00 mg/mL disrupted the aggregates, and they
disassemble to reveal/unmask the fine structural details of less
aggregated forms and GS monomers presented in Figure 10b. These
fine structural details are also observed in octanol at low GS
concentration. Therefore, with increasing concentration, the amide |
signal is lost as the fine structures of GS are masked within a network
While with increasing temperature, the
interpeptide hydrogen bonds and other weak non-covalent

of GS aggregates.

interactions are lost revealing the fine structural details of small GS
oligomers and monomers. As previously discussed, this is evidenced
by an increase in anharmonicity at high temperature showing
reduced coupling, as further shown by the transition dipole analysis.

The thermal event centred at Tm2 =59 + 2 °C for GS is analogous to
the transition temperatures observed in melting of protein
structures. %370 Depending on the solvent system, it has been
observed for proteins that the T, of B-sheet structures varies from
60 - 70 °C. 71773 In an FTIR temperature dependent study by Lewis et
al., 7 the GS amide | band of the phospholipid membrane-bound GS
was invariant for low temperature range of 20 — 48 °C, however,
upon thermal increase and for temperatures above 52 °C there was
identified a shift in the amide | band of GS to high wavenumbers
which corresponded to shifts in carbonyl and methylene stretches of
the lipid matrix. 74
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Figure 10. Comparison features of (a) GS difference spectra
concentrations 5.00 - 1.00 mg/mL and (b) difference spectrum
temperatures 80 - 20 °C at 5.00 mg/mL.

The conformation of the GS molecule (monomer) has been proposed
to remain unchanged under varying conditions, such as high
temperatures, solvent variations with different polarity, in micelles,
phospholipid bilayers or detergents and even when agents which
alter conformation are present. 11.20.69.75 No significant conformation
change of the GS monomer was exhibited in the considered
temperature range of 20 - 80 °C. In our study, the full denaturation
involving breaking of intramolecular H-bonds was not accomplished
considering the selected temperature range. In the rigid GS backbone
structure, the peptide bonds are buried and involved in
intramolecular H-bonds, giving a conformation corresponding to a
two-fold B-hairpin with B-sheet configuration. 76 However, at increase
of temperatures above Tn, 2D-IR spectral features revealed an
intense elongated feature indicated as a red arrow Figure 10b. This
could indicate the loss of some of the intrapeptide H- bonds, but to
obtain a fully denatured GS without any intra-peptide H-bond a T,
higher than 80 °C is expected. Therefore, we apply schema 2 below
to show changes in oligomeric state which influence the changes in

coupling which are temperature dependent;

Tmi1 Tm2
GS aggregates < GS oligomers < GS monomers 2)

Tm3
& GS denatured

where values for Ty between 41 - 47 °C, T2 59 + 2 °C were
determined in this study. Our study correlated with other IR studies
on GS. A thermally induced solvent study on GS and its derivatives
reported that the peptide molecules gain kinetic energy and
overcome hydrophobic interactions within their aggregates.”’
Spectral features from a- or 340 helices in the region 1650-1660 cm-!
for GS at native and at high temperature are absent, as expected for
cyclic GS. The presence of B-sheet structures were clearly defined by
both 1D and 2D-IR spectroscopy, ’®7° correlating well with our
observed results for GS in 1-octanol.

5. CONCLUSIONS

Different data analysis methods of our FTIR and 2D-IR analyses of GS
in 1-octanol have produced corroborating results between 1D and 2D
IR techniques, showing that increasing temperature leads to spectral
changes stemming from GS aggregation / oligomerisation. 2D-IR



enabled analysis of the complex aggregated/oligomerised structures
of GS in solution due to the better structural resolution it provides
and its sensitivity to coupling. The solvent 1-octanol served as a good
mimic for membranes, emulating the lipid environment. The results
showed the influence of peptide concentration on conformational
behaviour; that increasing concentration does not affect the anti-
parallel B-sheets buried inside the GS monomer structure and that
aggregates start forming from low concentrations. At high
concentrations, the self-assembly of GS aggregates is driven by the
hydrophobic effect and at a temperature of Tm; = 572 °C the
temperature induced melting of the aggregates/oligomers results in
a rapid and significant change of the GS conformation. Two melting
scenarios are identified; at Ty, disassembly of oligomers/aggregates
reliant on aromatic stacking, interactions with Orn side chain and h-
bonds occur, whilst at Ty, there is significant loss of inter-peptide B-
sheet-type H-bonds. QM/MM simulations and 2" derivative results
revealed additional interactions in which the amino acid side chains
of GS partake. Intra- and inter-molecular coupling has a major effect
on vibrations of the monomeric GS antiparallel B-strands and B-turns
and these are revealed elevated temperatures. This 1D and 2D
infrared study contributes to the understanding of GS and its
aggregation/oligomerisation state in a membrane-mimicking solvent.
Whilst the temperature values for aggregated transitions obtained in
1-octanol are higher than GS would encounter in its natural functional
environment, the results demonstrate the ability of FTIR and 2D-IR to
accurately differentiate between the different forms of GS. This is the
most important characteristic in the GS membrane activity. In order
to improve GS activity and selectivity the modulation of the GS
oligomerisation by formulation or structure modification must be
considered in future studies.

6. Associated Content

Supporting Information

Comparison of normalisation methods for 1D and 2D spectra;
normalisation using peak maxima and normalisation at constant
frequency (section S1). Docking and simulation of the trimmer
model (section S2). Principal Component Analysis (PCA) of FTIR
absorption spectra PC1 and PC2 (section S3). Gaussian Peak
fitting to FTIR absorption spectra (section S4). 2D-IR spectra and
2D-IR difference spectra for the selected temperature range
(section S5). Gaussian peak fittings to 2D-IR slices at 20 and 80
°C with varying anharmonicities (section S6). 2" derivative
spectral analysis of IR absorption band at 1 and 5 mg/mL
(section S7). Area under 2D-IR diagonal curves plot (section S8).
QM/MM spectra for GS monomer model and band assignment
(section S9). Concentration effects on structure of GS (section
$10). Concentration effects of the structure of GS (section 11).
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