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ABSTRACT 
Peptide-lipid interactions play an important role in maintaining the integrity and function of the cell 
membrane. Even slight changes in these interactions can induce the development of various diseases. 
Specifically, peptide misfolding and aggregation in the membrane is considered to be one of the trig
gers of Alzheimer’s disease (AD), however its exact mechanism is still unclear. To this end, an increase 
of amyloid-beta (Ab) peptide concentration in the human brain is widely accepted to gradually pro
duce cytotoxic Ab aggregates (plaques). These plaques initiate a sequence of pathogenic events end
ing up in observable symptoms of dementia. Understanding the mechanism of the Ab interaction 
with cells is crucial for early detection and prevention of Alzheimer’s disease. Hence, in this work, a 
comprehensive Raman analysis of the Ab42 conformational dynamics in water and in liposomes and 
lipodiscs that mimic the membrane system is presented. The obtained results show that the secondary 
structure of Ab42 in liposomes is dominated by the a–helix conformation, which remains stable over 
time. However, it comes as a surprise to reveal that the lipodisc environment induces the transform
ation of the Ab42 secondary structure to a b-turn/random coil. Our Raman spectroscopy findings are 
supported with molecular dynamics (MD) and density functional theory (DFT) simulations, showing 
their good agreement.
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1. Introduction

Recent advances in the development of experimental and 
theoretical approaches for studying various molecular sys
tems have largely accelerated new fundamental research. 
Considerable effort in this research area is being expended 
on the revealing interaction mechanisms between molecules 
and cell membranes as well as investigating their conform
ational transformations and structural changes. Amyloid-beta 
peptide derived from a transmembrane protein is one of the 
most intriguing molecular objects to understand its reci
procity with the cell membrane. Since the discovery of so- 
called ‘neurofibrils’ in the brain of patients suffering from 
dementia by Alois Alzheimer (Stelzmann et al., 1995) and fur
ther recognition of similar microscopic structural characteris
tics of amyloid proteins regardless of their different origins 
(Cohen & Calkins, 1959), the Ab peptide has been under 
close attention of the scientific and medical community. A 
considerable attention upon seeking the effective AD early 
recognition and prevention methods is paid to dissolution or 
lessening the number of the existing fibrils. However, such 
an approach has never been favored to reduce the AD symp
toms. Ab is produced from proteolytic cleavage of amyloid 

precursor protein (APP) by b- and c-secretase, which results 
in formation of a long amphiphilic Ab peptide composed of 
37–49 amino acid residues (Chen et al., 2017). These residues 
simultaneously exist in the human body, but Ab40 is domin
ant in a healthy organism. After cleavage, the resulting 
monomeric Ab peptides can leave the bilayer and come 
together to form oligomers, which are known to be unstable 
(Sakono & Zako, 2010). At the same time, if Ab peptides do 
not leave the lipid bilayer after cleavage, the presence of 
monomeric peptides can influence the structure and dynam
ics, and hence the functionality of the cell membrane. It is 
generally accepted that the Ab40 peptide does not nega
tively affect the human body, since it is free of amino acid 
residues that have pathogenic properties (Harrison et al., 
2007). On the contrary, Ab42 peptides are extremely toxic 
and considered to be a hallmark of Alzheimer’s disease 
(Harrison et al., 2007). Such peptides accumulate in the brain, 
form b-folds, aggregate to fibrils, and subsequently turn into 
amyloid plaques.

It is believed that the fibrillization process occurs as a 
result of Ab peptide and cell membrane interaction in the 
brain (Straub & Thirumalai, 2014). That is why the 
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relationship between the membrane and Ab peptides has 
been studied quite extensively (Picone et al., 2020). As of 
today, it is generally accepted that Ab peptide can interact 
with the phospholipid membrane in two ways (Niu et al., 
2018). The first one considers insertion of the Ab peptide 
into the membrane leading to its permeabilization and the 
cell death. The other type of interaction goes via binding Ab 

peptide on the lipid layer surface, which causes compression 
and thinning the cell membrane. It should be noted that the 
binding of a-helical structure onto the membrane is more 
typical at high lipid/peptide ratios while lower ratios result in 
an oligomer with a trans-membrane pore-like structure 
(Wong et al., 2009). In addition to the lipid/protein ratio, the 
surface charge of the membrane also affects the Ab peptide 
membrane interaction and can provoke a transformation of 
the peptide secondary structure (Bokvist et al., 2004). In 
more detail, a negatively charged membrane facilitates elec
trostatic binding of Ab peptide through positively charged 
sites. As the membrane surface charge increases, hydropho
bic effects play a dominant role in determining the inter
action character when the hydrophobic segment of the 
peptide is incorporated into the membrane.

Despite numerous Ab-cell interaction mechanisms have 
already been deciphered to some degree, capturing the 
moment of the Ab release from the cell membrane and 
understanding their conformation transformations are still 
unclear. Overcoming this issue may be a small yet important 
step towards shedding the light on such complex bioorganic 
processes. A long-term objective is to yield a full Ab–cell 
interaction model that would open the door to AD control 
and prevention.

Different membrane mimetics such as bicelles, micelles, 
liposomes, and nanodiscs have been reported to study the 
structure of transmembrane proteins in experiments and the
oretical calculations (Majeed et al., 2021). The use of a 
copolymer of styrene and maleic acid (SMA) is known as one 
of the novel methods for isolating membrane proteins (D€orr 
et al., 2016). This amphipathic copolymer can be incorpo
rated into cell membranes and easily disrupt them. As a 
result, discoid membrane fragments surrounded by a copoly
mer belt are produced with a typical size of 10–40 nm. These 
particles are known as SMALP (SMA lipid particles) or lipo
discs (Craig et al., 2016; Wheatley et al., 2016).

It is believed that lipodiscs preserve native membrane- 
protein complexes for structure-function analysis (Chorev & 
Robinson, 2020; Vargas et al., 2015). Hence, in our experi
ment, SMA is utilized for purification and study of membrane 
proteins while preserving the biological lipid environment.

Modern computer modeling methods fruitfully contribute 
to an in-depth understanding of the interaction mechanisms 
of Ab with cells. Such methods can gain insights into 
molecular processes at the microscopic level, which is rather 
difficult or completely impossible to do experimentally.

Molecular dynamics is one of the most powerful theoret
ical tools that is effectively used to simulate physical and 
biological systems (Allen & Tildesley, 1989). MD provides 
high spatiotemporal resolution and enables simulation of 
atomic and molecular scale processes that occur during neg
ligibly short times from tens to hundreds of nanoseconds. 

This method facilitates versatile characterization of molecular 
systems, which can hardly be achieved with other theoretical 
techniques (Berkowitz, 2009; Mezei & Jedlovszky, 2007; H. L. 
Scott, 2002; Vigh et al., 2005). In addition, MD is a common 
choice for investigating the process of peptides embedding 
into biological membranes (Efremov et al., 2012; Gumbart 
et al., 2005; Khandelia et al., 2008; Killian & Nyholm, 2006). It 
should be noted that the exact mechanism of the peptide- 
membrane complex formation remains unclear. To this end, 
studying the interaction of peptides with membranes using 
all-atom molecular modeling methods is relevant from both 
fundamental and applied perspectives.

Despite the proven robustness of MD for dynamic and 
conformational structure investigation of bioorganic systems, 
its key limitation is the fact that these calculations are based 
on classical mechanics. Indeed, such important molecular 
processes as polarization, chemical reactions, and molecular 
vibrations cannot be explained accurately by laws of classical 
mechanics. Simulation of these properties requires precise 
description of a system electronic structure. In the classical 
MD formulation, the effect of electrons is usually averaged 
out in terms of introduction of specific force fields. These 
forces are usually defined empirically or in terms of quantum 
mechanical calculations (Leach, 2001). However, the repre
sentation of only one state of the system (usually ground 
state) is possible by these approaches. Therefore, when a 
more detailed system description or simulation of vibrational 
dynamics is required, quantum mechanical methods, such as 
density functional theory (Born & Oppenheimer, 1927; Burke, 
2012; Sholl & Steckel, 2009), are utilized.

DFT approach is a computer simulation method for deter
mination of an electron ground state energy in the consid
ered many-atom system. However, owing to the complexity 
of the method, the calculation of dynamic systems contain
ing 500–1000 atoms remains challenging in terms of compu
tational costs required to solve the system of Kohn-Sham 
equations (Kohn & Sham, 1965). Although the calculation of 
a ground state energy for such relatively large systems as 
peptides, proteins, and DNA is currently feasible (Cole & 
Hine, 2016), the computational time required to find their 
vibrational dynamics drastically grows with the number of 
atoms. Calculations may last for months or even years 
depending on the available computing power because—in 
addition to the total electron energy—the simulation of mol
ecule vibrations requires finding first (for simulation infrared 
absorption spectra) or second (for simulation of Raman scat
tering spectra) energy derivatives (Herrmann & Reiher, 2006). 
Therefore, the development of strategies that can reduce the 
computational time needed to explore electronic properties 
of large substances has recently attracted a great attention. 
In these methods, the big molecule is split into one or sev
eral smaller entities that are subjected to a full DFT charac
terization, while the remaining part is fixed. For example, 
utilizing such an approach, Berhanu et al. (Berhanu et al., 
2010) have calculated Raman spectra for hexapeptides of 
glutamic acid and lysine in three different conformations. In 
another study, the authors have calculated full electronic 
energy of Ab (28–35) and its mutated forms in several 
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different conformations. A good agreement between calcula
tions and experiments has been reported. Marino et al. have 
also investigated structural and energetic transformations of 
Ab after addition of Cu2þ and Zn2þ ions to reveal their role 
in formation of toxic Ab plaques (Marino et al., 2010).

The proposed strategies to reduce computational time 
required to compute electronic energy of macromolecules by 
DFT are useful for investigation of different molecular confor
mations. However, the accuracy of IR or Raman spectra calcu
lated this way is uncertain because only part of the molecule 
electronic structure is fully simulated by DFT. This problem 
has been recently addressed by P. Bour and colleagues by 
proposing a new fragmentation technique named Cartesian 
Tensor Transfer Method (CTTM) (Bou�r et al., 1997; Collins & 
Bettens, 2015; Gordon et al., 2012; Kessler et al., 2015; 
Raghavachari & Saha, 2015). It relies on the same principle of 
full DFT calculations for molecule fragments but introduces 
additional steps of combining the obtained results and trans
lating them back onto the big molecule. In this method, DFT 
calculations of first and second energy derivatives are per
formed for small molecular parts, while the Hessian matrix 
required for vibrational spectrum calculations is constructed 
from these parts for the entire molecule, reducing the com
putational time significantly. The CTTM approach has been 
applied for Raman (Bou�r et al., 2001, 2000), IR (Bou�r et al., 
2000; Grahnen et al., 2010; R. Huang et al., 2007; J. Kubelka & 
Keiderling, 2001; Mazaleyrat et al., 2003), and Raman optical 
activity (Hudecov�a et al., 2010; Kapit�an et al., 2006, 2008; 
Sebek et al., 2009; Zhu et al., 2008) spectrum calculations of 
various substances, including insulin (Yamamoto et al., 2012), 
b-peptide (Kapit�an et al., 2008), valinomycin (Yamamoto 
et al., 2010, 2011), bovine a-lactalbumin, concavalin-A, lyso
zyme from chicken egg white, human lysozyme, human 
serum albumin (Kessler et al., 2015), and other polypeptides 
(Mensch et al., 2019). This broad application range along 
with performed reliability tests (Bieler et al., 2011) and acces
sibility of a computer code for the public (Neese, 2012; 
Neese et al., 2020) makes the CTTM method an ideal candi
date for investigation of bioorganic macromolecule vibra
tional properties by DFT.

We thus study molecular systems based on model cell 
membranes and Ab42 by Raman scattering spectroscopy, 
MD and DFT simulations to reveal their conformational trans
formations. A schematic representation of this approach is 
depicted in Figure 1.

Firstly, we perform a Raman spectroscopy study of native 
Ab42 in an aqueous environment, a 1,2-dimyristoyl-sn-glyc
ero-3-phosphocholine (DMPC) liposome, and a SMA/DMPC 
lipodisc. Specifically, we record the time evolution of con
formation-sensitive Raman vibrational bands, namely peptide 
Amide I region, to reveal the degree and kinetics of the 
molecular structure transformation. Next, we launch massive 
MD simulations for the same molecular systems to elucidate 
the Ab42 structure evolution from a theoretical point of 
view. Simulation results obtained this way are then corre
lated with experimental Raman data acquired at the previous 
study step. Finally, we conduct the first principle calculations 
of Raman spectra utilizing the DFT approach augmented by 

the CTTM method (Bou�r et al., 1997). The input molecular 
structures of Ab42 for DFT are those obtained after MD simu
lations. Consequently, by sequentially linking all study steps 
together, we produce a solid and correlated multi-level the
oretical dataset to support our experimental observation of 
Ab42 conformation transformations in various environments.

2. Methods and experiments

2.1. Synthesis of liposomes (DMPC) and lipodiscs

2.1.1. Liposomes
Phospholipid powder, 1,2-dimyristoyl-sn-glycero-3-phospho
choline (DMPC), (Avanti Polar Lipids, USA), and chloroform 
(Sigma Aldrich, USA) were used for liposome synthesis. The 
phospholipid powder was dissolved in chloroform at a con
centration of 3.4 mg/mL. Next, 20 lL of the prepared solution 
was applied dropwise to the conductive side of an indium 
tin oxide (ITO) glass slide. The solvent was subsequently 
evaporated under vacuum for 60 min. The obtained dry 
phospholipid layer was then surrounded by a 16 mm rubber 
O-ring, redispersed in the 250 ml drop of double distilled 
water, and placed in the electroforming chamber of the 
Vesicle Prep Pro device (VPP, Nanion Technologies GmbH, 
Germany). Before launching liposome synthesis, the O-ring 
was covered by a second ITO glass slide. The VPP device was 
run at a voltage of 3 V and a frequency of 5 Hz for 60 min at 
37 �C. Finally, synthesized liposomes were carefully trans
ferred into an Eppendorf tube and stored at room tempera
ture before use.

2.1.2. Lipodiscs
Lipodiscs were synthesized by adding aqueous solution of 
the SMA copolymer (3.4 mg/ml, Sigma Aldrich, USA) to the 
liposome suspension, obtaining the following SMA/DMPC 
molar ratios: 0.16, 0.32, 0.64, and 1.28. In accordance with 
the method outlined in Zhang et al. (2015), the mixtures 
were allowed to stabilize for 16 h at room temperature to 
create lipodiscs. The lipodisc solution was extruded by filter
ing via a 50 nm pore membrane filter (Avanti Polar Lipids, 
USA) for 11 times.

2.2. Synthesis of liposome/peptide and lipodisc/peptide 
systems

2.2.1. Liposome/peptide systems
First, a solution of 1 mg/mL of Ab42 (Abbiotec, USA) in dou
ble distilled water was prepared. Next, the same electrofor
mation technique was used to produce liposome/peptide 
systems, adding 250 lL of Ab42 solution to a vacuum-dried 
phospholipid on an ITO glass slide instead of water. The pep
tide concentration within the liposome/peptide system was 
3% molar.

2.2.2. Lipodisc/peptide systems
A lipodisc/peptide system was obtained by introducing SMA 
with concentration of 3.4 mg/ml to the liposome/peptide 
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suspension, at the molar ratio of SMA/DMPC equal to 1.28. 
The mixture was allowed to stabilize at room temperature 
for 16 h before being passed through an extruder 11 times 
using a 50 nm pore diameter membrane filter.

2.3. Molecular dynamics

CHARMM-GUI Membrane Builder (Jo et al., 2007, 2008, 2009, 
2014; Wu et al., 2014) was used to build liposome and lipo
disc systems for the following MD simulations. A molecular 
structure of Ab42 was taken from RCSB Protein Data Bank 
(1IYT, PDB, http://www.rcsb.org/) (Berman et al., 2000; 
Crescenzi et al., 2002) (Figure 2).

Additional simulation packages, such as VMD, Chimera, 
and Pymol were used for the visualization and timeline ana
lysis of the liposome and lipodisc systems (DeLano, 2020; 
Humphrey et al., 1996; Pettersen et al., 2004).

GROMACS 5.1.3 package (Abraham et al., 2015) with 
CHARMM36m force field (J. Huang et al., 2016) was utilized 

for the MD simulation of liposome and lipodisc systems. 
Ab42 was embedded into a base membrane system consist
ing of 114 DMPC molecules. To build an SMA polymer and 
produce configuration of a lipodisc, we used an additional 
python script (https://github.com/Tarasovk49/2018_lipodisk_ 
md/).

MD simulations were performed at an ambient tempera
ture of 294.15 K. Ab42 was solvated in a cubic box of TIP3P 
water molecules, where each side of the box is 12 nm. To 
neutralize the system total charge, counter-ions (Naþ and 
Cl−) were added to the box, whereas the protonation state 
of the peptide was −3.

The energy of the system was minimized using 5,000 
steps of the steepest descent algorithm. The electrostatics 
calculations were performed by the Ewald method with a 
cut-off radius of 12 Å. The periodic boundary conditions were 
used in all three dimensions. In the system balancing step, 
we have used a Berendsen thermostat at a temperature of 
294.15 K for the NVT and NPT ensembles, as well as a semi- 
isotropic Berendsen barostat for a pressure balancing at 
1 bar for the NPT ensemble.

The system was equilibrated in two phases. In the first 
phase, equilibration was conducted for 0.375 ns under an 
NVT ensemble (constant number of particles, volume, and 
temperature). The temperature was maintained with a 
V-rescale thermostat. In the second phase, equilibration was 
conducted for 1.5 ns under an NPT ensemble (constant 
number of particles, pressure, and temperature). Pressure 
was maintained at 1 bar using a Parrinello–Rahman barostat. 
Bond lengths were constrained using the linear constraint 
solver (LINCS) algorithm. Short-range interactions were trun
cated at 14 Å and long-range ones were handled with the 
particle mesh Ewald (PME) method.

Figure 1. Schematic representation of model cell membrane and Ab42 systems studied by Raman scattering spectroscopy, MD and DFT simulations.

Figure 2. PDB structure of 1IYT.
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Finally, the production simulations were carried out in the 
NPT ensemble with a Nose-Hoover thermostat at 294.15 K 
and a Parrinello-Rahman barostat at 1 bar for 100 ns. The 
temperature and pressure of the entire system (membrane 
and water solvent) were connected independently to each 
other. All simulations were carried out assuming the full 
hydration state by introducing more than 40 water mole
cules per lipid.

2.4. Density functional theory

All quantum-mechanical calculations were performed by the 
DFT method implemented in ORCA 5.0.1 software package 
(Neese, 2012). The chosen molecular structures of Ab42 are 
visualized via Avogadro software and depicted in Figure 3. 
The structure displayed in Figure 3(a) was obtained from the 
NMR structure 6SZF taken from PDB. Meanwhile, the struc
tures in Figure 3(b,c) were generated through our MD simu
lation of the Ab42 interaction with liposomes and lipodiscs, 
respectively. PDB geometry was additionally corrected using 
the tleap module of Amber software (Case et al., 2005) to 
include missed heavy and hydrogen atoms.

Following the procedure described elsewhere (Kessler 
et al., 2015), the chosen Ab42 structures were cut into 39 
small fragments, each consisting of 4 amide (3 amino acid) 
residues (Figure 4). The ends of polypeptide fragments were 
terminated by methyl groups, forming CH3–NH–CO– … and 
… –NH–CO–CH3 connections from both sides. Each subse
quent fragment of Ab42 was constructed with a shift by one 
amide residue relative to the previous fragment.

The normal mode method (Bou�r & Keiderling, 2002) was 
used to optimize the fragment geometries. This method 
allows for the complete relaxation of the most critical vibra
tional modes while keeping the overall molecular structure 
relatively unperturbed. As a result, the normal mode method 
helps to calculate the Raman spectra without significantly 
compromising the correlation of molecular conformation 
with experiments or MD simulations.

The initial guess of the Hessian matrix is required before 
starting the normal mode optimization. DFT calculations 
were performed using a low theoretical level (B3LYP (Becke, 
1993; Lee et al., 1988; Parr, 1980)/STO-3G) to make this 

guess. The resulting matrix was then utilized to search for 
the minimum system energy on a higher DFT level (B3PW91 
(Perdew et al., 1996)/6-31þþG��) while keeping vibration 
modes fixed within the −100 - 300 cm−1 range. This range 
corresponds to the skeletal (main polypeptide chain) vibra
tions of the molecule. All DFT calculations were conducted 
by accounting for the effect of an environment with the help 
of a polarizable continuum model (PCM) (Klamt et al., 1998; 
Mennucci et al., 2011) and water as a solvent.

To calculate the Raman spectrum of the molecule, the 
mass-weighted Hessian matrix and electrical dipolar-elec
trical dipolar polarization tensor were obtained for each 
fragment utilizing the same DFT parameters as on the step 
of the normal mode optimization. They were next trans
ferred on the initial Ab42 molecule structure by the CCTM 
method (Bou�r et al., 1997), producing one composite matrix 
and tensor.

Next, the obtained molecular properties were utilized to 
calculate vibrational frequencies and Raman activities 
(Barron, 2004; Nafie, 2011; Polavarapu, 1990). We applied the 
orca_vib supplementary code for this purpose (Neese, 2012). 
Finally, the realistic Raman spectrum for Ab42 was acquired 
with orca_mapspc supplementary code. The Voight function 

Figure 3. Ab42 structure acquired from (a) PDB database (6SZF) and after MD simulation of interaction with (b) liposome and (c) lipodisc.

Figure 4. Example of Ab42 fragment utilized in CTTM calculations.
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and peak full-width half-maximum of 10 cm−1 were selected 
for vibrational modes convolution. In addition, we adjusted 
the vibrational frequencies by a factor of 0.97 to avoid the 
common overestimation error (https://cccbdb.nist.gov/vibsca
lejustx.asp). This error arises from various DFT approxima
tions, such as the harmonic oscillator model, calculations at 
absolute zero temperature, the use of an unknown form of 
exchange-correlation energy functional, and a finite set of 
basis functions.

2.5. Raman spectroscopy and instrumentation

In this work, a scanning confocal laser microspectrometer 
‘Confotec CARS’ (SOL Instruments LLC, Belarus) combined 
with a NIKON TE2000-E inverted microscope was used for all 
Raman measurements. We utilized a diode-pumped single- 
frequency laser at a wavelength of 532 nm with adjustable 
output power (model SLM-417-20) for sample excitation. The 
laser beam was focused on the sample to a spot with a 
diameter of �1 lm using an Olympus 40� (NA-0.6) objective. 
Samples were placed on a motorized stage (Prior Scientific, 
H117TE).

All Raman spectra were collected in a backscattering 
geometry and dispersed by a MS520 monochromator 
equipped with a 600 gr/mm diffraction grating. Spectra were 
recorded by a Peltier-cooled charge-coupled device (CCD) 
camera (ProScan HS-101H).

3. Results and discussion

3.1. Raman spectroscopy measurements

3.1.1. Native Ab42 in water
The Raman spectra of Ab42 were collected in water over 
24 h, with measurements taken every two hours during the 
first five hours. The purpose was to study the kinetics of 
alternating the Amide I band (1620–1690) cm−1 positions, as 
shown in Figure 5(a,b). This spectral region is sensitive to 
changes in the peptide’s secondary structure (Bunaciu et al., 
2015). Figure 5b shows that for the first five hours, a-helix 
(1657 cm−1) is the dominant conformation of Ab42, as indi
cated by the normalized Raman frequencies. However, sig
nificant changes in the secondary structure of the peptide 
were observed in Raman spectra measured 24 h later. The 
spectral marker for a-helices at 1657 cm−1 was less pro
nounced compared to the 1671 cm−1 Raman band, indicating 
the dominance of b-turn/random coil conformation in the 
secondary structure. This transformation can be caused by 
partial peptide denaturation due to adsorption to the air- 
water interface (D’Imprima et al., 2019) and attributed to the 
formation of Ab aggregates, which are the precursor to 
Alzheimer’s disease (Harrison et al., 2007).

3.1.2. Ab42 in the presence of liposomes
Raman spectra of the Ab42/liposome system collected for two 
days are depicted in Figure 6(a,b). The following Raman bands 
are observed in the spectral fingerprint region of phospholi
pids: C–N oscillation of the phospholipid headgroup 

(717 cm−1), C–C backbone stretching (1060–1180 cm−1), CH3– 
twisting (1250–1300 cm−1), and CH2 scissor oscillations (1400– 
1500 cm−1). The vibrational modes at 1062 and 1127 cm−1 are 
due to asymmetric and symmetric C-C vibrations of the trans 
conformer in the phospholipid tail, while the 1088 cm−1 vibra
tional band corresponds to vibrations of single gauche defects 
and/or different gauche isomers (Bunow & Levin, 1977; Bush 
et al., 1980; Fasanella et al., 2018; Spiker & Levin, 1975). 
Raman frequencies at 1295, 1437, and 1458 cm−1 are evident 
in the spectra of both the peptide and phospholipid, while 
the C¼O stretching mode at 1656 cm−1 is observed only for 
Ab42 in the Amide I region.

Figure 6(b) shows that the spectral weight ratio of a-helix 
(1656 cm−1) to b-turn/random coil (1671 cm−1) does not sig
nificantly change after 48 h of exposure. This suggests the 
conformational stability of the peptide’s secondary structure 
in the liposome/peptide environment. The temporal stability 
of a-helical secondary structure in the lipid bilayer environ
ment is confirmed by our MD simulation and reported previ
ously by another group (Poojari et al., 2013). These results 
suggest that the liposome/peptide system formed in this 
work closely resembles the natural state.

Raman measurements were then conducted for lipodiscs 
both in the presence and without Ab42. Figure 7(a,b) shows 
typical spectra of lipodiscs in the absence of Ab42 for four 
different SMA/DMPC molar ratios: 0.16, 0.32, 0.64, and 1.28. 
The normalized spectra in the 1040–1140 cm−1 region dem
onstrate the intensity variation of vibrational bands associ
ated with the trans (1062 and 1127) cm−1 and gauche 
1088 cm−1 conformation of the phospholipid (Figure 7b).

Figure 7(b) also shows that the increase of the SMA/ 
DMPC molar ratio produces a higher intensity of 1127 cm−1 

vibrational band of the trans component. This observation is 
in accordance with our previous studies (Zavatski et al., 
2022), and suggests ordering in the carboxyl chains of the 
phospholipid bilayer. Meanwhile, the intensity of the gauche 
conformation decreases with increasing SMA/DMPC ratio. 
Quantitative estimates of the effect of the SMA/DMPC ratio 
on the degree of ordering of the phospholipid bilayer are 
summarized in Table 1. The ratios were obtained by fitting 
spectra using the Gaussian function.

Figure 8 shows the Raman spectra of the lipodisc/peptide 
system measured at day 1, day 2, and day 3 after formation. 
It can be seen from 8(b) that the system is as stable as the 
liposome/peptide system, but the Amide I band region is 
dominated by the b-turn/random coil conformation at 
1671 cm−1.

To illustrate the comparison of the obtained Raman spec
tra, Figure 9(a) shows the spectra of the liposome/peptide, 
lipodisc/peptide systems, and SMA.

The most intense and narrowest Raman line at 1002 cm−1 

corresponds to the breathing mode of the phenylalanine 
benzene ring and the copolymer. Similarly, to the liposome/ 
peptide system, we also analyze the spectral region of the 
Amide I band in the lipodisc/peptide system (red line in 
Figure 8a).

Figures 9(b,c) show the deconvolved spectra in the Amide 
I region for the liposome/peptide and lipodisc/peptide sys
tems. These figures suggest the dominance of the a-helix 
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fraction in the liposome/peptide system with the calculated 
spectral weight of 62.3%, and of the b-turn/random coil frac
tion in the lipodisc/peptide system with the calculated spec
tral weight of 72.1%.

We thus may assume that the copolymer girdling the 
lipodisc/peptide system leads to the ordering of the carb
oxyl chains in the bilayer, and thus affects the secondary 
structure of the Ab42 peptide. This assumption is also 

Figure 5. (a) Raman spectra of the peptide in aqueous medium by hours, and (b) normalized spectra of the peptide in the Amide I region.

Figure 6. (a) Raman spectra of the liposome/peptide system by day, (b) normalized spectra of the peptide in the Amide I region.

Figure 7. (a) Raman spectra of lipodiscs in the absence of peptide with different molar ratios of SMA/DMPC, and (b) normalized spectra in the range (1040–1140) 
cm−1 after subtraction of the SMA copolymer spectrum.

Table 1. Spectral weight ratios of trans/gauche conformations in lipodiscs in the absence of peptides as a function of SMA/DMPC 
molar concentration.

Trans/gauche band ratio Liposome DMPC

SMA/DMPC molar ratio:

0.16 0.32 0.64 1.28

I1062/1088 0.76 ± 0.07 1.10 ± 0.11 1.16 ± 0.11 1.03 ± 0.1 1.39 ± 0.13
I1127/1088 0.23 ± 0.02 0.37 ± 0.03 0.53 ± 0.05 0.52 ± 0.05 0.75 ± 0.07
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supported by our MD and DFT simulation results presented 
further.

3.2. ffb42 Conformational change due to the 
surroundings

We also simulate liposome/peptide and lipodisc/peptide sys
tems by the MD approach. The corresponding structures of 
the ffb42 peptide embedded in the liposome and in the lip
odisc are demonstrated in Figure 10 (a,b) and Figure 10 (c,d), 
respectively.

Figure 10(a) shows the structure of peptide before the 
equilibration step, which is mainly in the a-helix 

conformation with a small fraction of b-turn conformation. 
The corresponding data are summarized in Table 2.

Figure 10(b) shows the simulation results for the peptide 
embedded in the liposome after the equilibration process. 
These results indicate that the liposome/peptide system 
preserves the a-helical conformational structure. Figure 
10(d) shows the simulation results for the peptide 
embedded in the lipodisc after the equilibration process. In 
this case, we observe the transformation of the peptide sec
ondary structure dominated by the b-turn conformer. The 
results from both simulated systems are in a good agree
ment with the measured Raman spectra (Figures 6, 8, 
and 9).

Figure 8. (a) Raman spectra of the lipodisc/peptide system by day, (b) spectra of the peptide in the Amide I region.

Figure 9. (a) Raman spectra of SMA (blue line), liposome/peptide (black line), and lipodisc/peptide (red line) with a molar ratio (SMA/DMPC) of 1.28. Deconvolved 
Raman spectra of the peptide in the Amide I region: (b) in liposome/peptide, (c) in lipodisc/peptide. Red line - fitted curve, filled areas - deconvolved spectra by 
Gaussian function. ah – a-helix, bt/r.c. – b-turn/random coil, bs – b-strand.
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3.3. Theoretical Raman spectra for ffb42 in different 
conformations

3.3.1. CCTM method verification
Before proceeding with DFT calculations of Ab42 Raman 
spectra, we verify our implementation of CTTM method 
(please see SI). Similarly to the previously established proce
dures (Bieler et al., 2011; Bou�r et al., 1997), we take a N- 
methylacetamide (NMA) trimer as a test molecule (Figure S1). 
We next partition this molecule into two identical fragments, 
each containing two N atoms (N1/N2 or N2/N3, respectively) 
and methyl groups CH3 from both ends of the molecule 
(Figure S2). The Raman spectrum for the NMA trimmer is cal
culated by launching a full DFT simulation with the parame
ters indicated in the experimental section. This spectrum is 
next compared to those obtained by CTTM approach, where 
geometry of NMA fragments is first optimized by a normal 
mode method (Bou�r & Keiderling, 2002) and then subjected 
to the DFT simulation. Finally, DFT simulated electronic prop
erties of fragments are transferred onto the geometry of the 
NMA trimmer by CTTM approach.

3.3.2. CCTM calculations for isolated ffb42
Figure 11 shows CTTM simulated Raman spectra for different 
conformations of Ab42, including experimental results pre
sented previously (Figure 4): experimental Raman spectrum 
of Ab42 immediately after dissolution in water; simulated 
Raman spectrum of Ab42 with the structure obtained from 
the PDB database; simulated Raman spectrum of Ab42 after 

the interaction with the liposome as predicted by MD; simu
lated Raman spectrum of Ab42 after the interaction with the 
lipodisc as predicted by MD; experimental Raman spectrum 
of Ab42 after 24 h in water. Figures 11(b), respectively 11(c), 
compare experimental and calculated Raman spectra for the 
structures of Ab42 in the liposome, respectively the lipodisc.

To obtain the theoretical Raman spectrum of Ab42 in 
water (see Ab42 NMR CTTM in Figure 11a), we use the PDB 
molecular structure that is transitional between a-helix and 
b-turn conformations (code 6SZF) measured by NMR in 50% 
HFIP and 50% water solutions (Santoro et al., 2021). We 
choose this structure because it closely correlates with the 
early stage of Alzheimer’s disease, and thus is crucial for 
unveiling mechanisms of its progression and developing effi
cient early detection protocols and therapies. Figure 11(a)
also depicts the experimental Raman spectra of Ab42 meas
ured after 0 h and 24 h of peptide dissolution in pure water. 
It is seen from the figure that the experimental Raman spec
tra are in a good agreement with the CTTM calculated ones. 
Since the NMR Ab42 structure represents the early stage of 
conformational transformation, it is reasonable to observe 
that the theoretical vibrational bands in the Amide I region 
(1600–1800 cm−1) of the NMR amyloid spectrum correlate 
stronger with the experiment performed immediately after 
dissolution of Ab molecules in water. It should be noted that 
we do not expect to achieve a complete correspondence 
here between our CTTM calculations for the NMR Ab struc
ture and Raman measurements in water, because this would 
require the utilization of the same HFIP–water medium or 
another molecular structure from the PDB database. The for
mer strategy is irrelevant in terms of repeating the physio
logical conditions for studying Alzheimer’s disease 
progression, while the latter is impossible due to the lack of 
NMR Ab studies in pure water.

At this stage of our research, we correlate the vibrational 
modes obtained theoretically for the NMR Ab structure with 
those observed in experiments at the initial stage of peptide 
dissolution in water (Figure 11 and Table S1). The obtained 

Figure 10. 3D structure of 1IYT ffb42 peptide embedded in liposome and lipodisc obtained using Charmm Gui membrane builder (water and ions excluded for 
clarity): (a,b) liposome/peptide, (c,d) lipodisc/peptide, respectively. (a,c) - before, and (b,d) - after equilibration step in the MD simulation.

Table 2. Secondary structures of amino acid residues of peptide Ab42 in % 
ratio.

Secondary  
structure

Pedtide’s initial  
structure, %

Peptide in  
liposome, %

Peptide in  
lipodisc, %

Random coil 4.76 19.61 12.02
ß-turn 21.42 7.94 71.4
A-helix 73.81 69.93 14.2
others – 2.52 2.38
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results show that most experimental vibrational bands 
located in the amide I, amide II, and extended amide III 
regions, are reasonably well reproduced by the CTTM DFT 
method. Nevertheless, some differences are noticeable: we 
calculate 1677 and 1694 cm−1 vibrational modes in Amide I 
region after scaling, while the measurements reveal the 
same modes at 1657 and 1677 cm−1 for Raman shifts. We 
may connect this discrepancy with the harmonic approxima
tion underlying DFT calculations of Raman spectra, which 
sets the uncertainty range for the amide I region within 
approximately 100 cm−1 of Raman shifts (Kubelka & 
Keiderling, 2001). This uncertainty can be partially reduced 
by accounting for the environment, which is done in this 
work. Besides, a common practice to enhance the calculation 
agreement with experiments is to apply carefully chosen 
scaling factors (Merrick et al., 2007; A. P. Scott & Radom, 
1996; Sinha et al., 2004). However, it has been previously 
demonstrated (Kubelka & Keiderling, 2001) that even with 
the utilization of these approaches, Raman vibrational modes 

in the Amide I region are usually overestimated compared to 
experimental values. This is attributed to the incorrect DFT 
prediction of the C¼O bond length in molecules (Kubelka & 
Keiderling, 2001; Torii et al., 1998).

Figure 11 and Table S1 also show that the CTTM 
approach provides a modest reproducibility of vibrational 
frequencies in the amide III spectral region when compared 
to the experiment. For example, the calculated spectrum 
depicts additional vibrational bands at 1237, 1265, 1327, and 
1373 cm−1, which are not detected in experiments. 
Moreover, there is a significant difference in the Raman scat
tering activity of coinciding bands. We cannot attribute these 
errors solely to the harmonic approximation. We assume that 
this is the result of the interplay between inherent errors in 
DFT and CTTM, as we demonstrated when verifying the 
accuracy of CTTM.

Based on the obtained results and understanding of pos
sible sources for the detected discrepancy between calcula
tions and experiments, we can cautiously conclude that the 

Figure 11. (a) Raman spectra for different Ab42 systems. Experimental and calculated Raman spectra for Ab42 after interaction with (b) liposome and (c) lipodisc.
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Ab42 conformation in water at the initial stage of dissolution 
is transitional from a-helical to b-turn/random coil. 
Significantly, these results also suggest the robustness of the 
CTTM approach for investigating the vibrational dynamics of 
large polypeptide structures. Therefore, it is tempting to 
apply CTTM for the investigations of more complex situa
tions, such as Ab42 conformation changes caused by inter
action with liposomes or lipodiscs.

CCTM calculations for ffb42 after the interaction with lipo
some or lipodisc. Figures 11(b), respectively 11(c) compare 
experimental Raman spectra with CTTM calculations for Ab42 
after the interaction with liposome, respectively lipodisc. To 
obtain CTTM Raman spectra in this case, we use the Ab42 
structure obtained by MD simulations (Figures 10b,d). Figure 
11 shows that all characteristic Raman modes and corre
sponding activities are accurately reproduced by the CTTM 
approach. However, aiming the investigation of the Ab42 
conformational state, we focus only on the extended amide I 
region. The CTTM approach predicted the vibrational modes 
at 1649, 1662, and 1651 cm−1, 1671 cm−1 after scaling for the 
MD Ab structure after the interaction with the liposome and 
lipodisc, respectively. Following a common notation (Bunaciu 
et al., 2015), the mode at a lower Raman shift (1649 and 
1651 cm−1) is attributed to the a-helical conformation, while 
the mode at a larger shift (1662 and 1671 cm−1) is attributed 
to the b-turn/random coil.

Figure 11 also reveals the variation in Raman activities of 
these bands: a-helical vibration mode dominates the Raman 
spectrum of Ab in the liposome, while the interaction of 
Ab42 with the lipodisc leads to the b–turn/random coil con
formation. Significantly, the same changes are observed in 
experimental Raman spectra, indicating the possibility of 
using theoretical results (MD and DFT) to reveal the mecha
nisms responsible for the conformation change of Ab42 mol
ecules in different environments.

4. Conclusion

In summary, we have conducted an experimental study on 
the conformational dynamics of Ab42 in water and its inter
action with lipid membrane mimetics using Raman spectros
copy. Our findings have indicated that the secondary 
structure of Ab42 in liposomes is dominated by the time-sta
ble a-helix conformation. Interestingly, yet we have expected 
to observe the same peptide conformation presented in lipo
disc, it has surprisingly been revealed to turn to the b-turn/ 
random coil. These experimental findings have been vali
dated by the MD and DFT simulations, demonstrating good 
agreement. The copolymer surrounding the lipodisc-peptide 
system has been interpreted as causing ordering in the carb
oxyl chains of the bilayer, which in turn affects the secondary 
structure of the Ab42 peptide.

Although comparisons between proteomic compound 
conformations in mimetics and real structures should be 
made with caution, the results of the Raman study have 
shown that Ab42 peptides presented in liposomes maintain 
their native form, unlike lipodiscs. The copolymer affects the 
lipid bilayer, altering its conformation and preventing the 

peptide from maintaining its original structure. In the future, 
it is recommended that the SMA copolymer should not be 
used in lipid-protein systems when characterizing peptides 
that are sensitive to conformational changes.

Therefore, the combination of insights from MD, DFT, and 
Raman studies is a promising and reliable approach to pro
vide a more complete understanding of the physicochemical 
processes occurring in living organisms. This conclusion is 
based on the high correlation observed between experimen
tal data and theoretical modeling, both for simple systems 
such as Ab molecules in water and for more complex interac
tions of peptide molecules with artificial cellular components 
in the form of lipodiscs. This combination allows monitoring 
of process products and provides insight into their mecha
nisms. It also enables theoretical prediction of results for 
complex biological processes without the need for expensive 
experimental facilities.
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