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Abstract | III 

ABSTRACT 

The plasma membrane acts as the barrier and interface between the intracellular compartment and the 

extracellular environment. There are a variety of physical and chemical stimuli that are transmitted over 

the plasma membrane by means of integrated biomolecules, e.g. membrane proteins and peptides.  

To elucidate such processes in more detail, the development of artificial biomimetic membrane 

systems has been a focus during the last decades. In this work, the multiple mechanisms of interactions 

between peptides and proteins with membranes have been investigated by utilizing a previously 

established tethered bilayer lipid membrane (tBLM) system. This tBLM was assembled on a 

nanostructured gold electrode and surface-enhanced infrared (SEIRA) spectroscopy was applied under 

control of electrical potentials to mimic the transmembrane potential.  

Antimicrobial peptides (AMPs), synthesized by a wide range of organisms, target and disrupt the 

negatively charged bacterial cell membrane due to their positive charge. However, the exact mode of 

action of AMPs still remains elusive. The development of resistances against antibiotics becomes a 

major issue in the clinical treatment of bacterial infections, making AMPs interesting targets of study.  

The human AMP LL-37 as well as its mutated fragments LL-32 and LL-20 were analysed using a 

tBLM comprised of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-

2oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG). To obtain information about the secondary 

structure of these peptides in solution IR measurements were conducted. The analysis of the peptide 

backbone amide modes revealed an α-helical structure of all peptides. The same result was obtained by 

molecular dynamics (MD) simulations of the peptides in solution. Based on the surface-selection rules 

and the distance dependence of SEIRA, the orientation and location of the peptides within the tBLM 

was determined. These measurements revealed that LL-37 incorporates horizontally with its N-terminus 

into the hydrophobic core of the membrane, whereas LL-32 adsorbs horizontally onto the hydrophilic 

headgroups and LL-20 does not interact with the system. The same conclusion was drawn from MD 

simulations of 300 ns, in agreement with the previously described importance of the amino acid residues 

17 - 29 for the peptide function, since LL-20 lacks this region. 

The AMP alamethicin (ALM), comprised of a N-terminal α-helix and C-terminal 310-helix, interacts 

with bacterial membranes in response to the transmembrane potential. The conducted voltage-dependent 

SEIRA study, using a tBLM composed of POPC:POPG, was combined with density functional theory 

(DFT) calculations resulting in the development of a kinetic integration model of ALM. After its 

adsorption on the bilayer surface the peptide incorporates via its N-terminus. This leads to a reorientation 

with respect to the surface normal, between 78° - 69° in the horizontally adsorbed state to 21° in the 

transmembrane-incorporated state. 

The bacterial Complex I (CpI) couples the electron transfer between nicotinamide adenine 

dinucleotide (NADH) and ubiquinone resulting in their respective oxidation and reduction. This process 

allows the transmembrane translocation of protons, making CpI an essential membrane protein in the 

energy production of bacterial cells. CpI was incorporated into a supported lipid membrane system based 

on a (de)protonable 4-aminothiophenol (4-ATP) SAM, POPC:POPA phospholipids and a quinone. 

4-ATP serves not only as linker molecule to a nanostructured gold-surface but also as pH sensor, as 

indicated by concomitant DFT calculations. In this way, the transmembrane proton translocation was 

observable via the protonation state of 4-ATP depending on the net orientation of CpI molecules induced 

by two complementary approaches. An associated change of the amide I/amide II band intensity ratio 

indicates conformational modifications upon catalysis which may involve movements of 

transmembrane helices or other secondary structural elements as suggested in literature.  
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ZUSAMMENFASSUNG 

Die Plasmamembran fungiert als äußere Grenzschicht und Schnittstelle zwischen dem intrazellulären 

Kompartiment und der extrazellulären Umgebung. Integrierte Biomoleküle, wie z.B. Proteine und 

Peptide, übertragen unterschiedliche physikalische und chemische Reize an der Plasmamembran. Die 

Entwicklung künstlicher biomimetischer Membransysteme ermöglicht die Aufklärung dieser Prozesse. 

In dieser Arbeit werden trägerfixierte Lipiddoppelschichtmembranen (tethered bilayer lipid membrane 

– tBLM) genutzt, um die Interaktionsmechanismen von Peptiden sowie Proteinen mit Membranen zu 

untersuchen. Es wurde eine tBLM auf einer nanostrukturierten Goldelektrode aufgebaut und die 

oberflächenverstärkte Infrarot-Spektroskopie (surface-enhanced irfrared absorption - SEIRA) wurde 

unter Kontrolle des elektrischen Potentials zur Nachbildung des Transmembranpotentials angewendet.  

Die rasante Entwicklung antibiotikaresistenter Bakterienstämme stellt eine wachsende 

Herausforderung für die Behandlung von Infektionen dar. Antimikrobielle Peptide (AMP), hergestellt 

durch eine Vielzahl an Organismen, wirken aufgrund ihrer positiven Ladung destruktiv auf die negativ 

geladene Bakterienmembran, wobei der genaue Wirkmechanismus nicht abschließend geklärt ist.  

Das humane AMP LL-37 und dessen synthetisch hergestellte Fragmente LL-32 und LL-20 wurden 

mit Hilfe einer tBLM, welche aus 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) und 

1-palmitoyl-2oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) besteht, analysiert. Mit Hilfe von 

IR-Messungen wurde die Sekundärstruktur in Lösung ermittelt. Die Analyse der Amid-Banden des 

Peptidrückgrats ergab für alle Peptide eine α-helikale Struktur. Molekulardynamische (MD) 

Simulationen der Peptide in Lösung bestätigten dieses Ergebnis. Auf Grundlage der 

Oberflächenauswahlregeln und Abstandsabhängigkeit von SEIRA wurde die Orientierung und Lage der 

Peptide innerhalb der tBLM bestimmt. LL-37 inkorporierte horizontal mit dem N-Terminus in den 

hydrophoben Membranteil, LL-32 adsorbierte horizontal auf der hydrophilen Membranaußenseite, 

während LL-20 nicht mit dem System interagierte. Dieselbe Schlussfolgerung wurde aus MD 

Simulationen (300ns) gezogen, welche die zuvor beschriebene Bedeutung der Aminosäurereste 17-29 

für die antimikrobielle Aktivität des LL-37 bestätigen. Diese Sequenz ist im Fall von LL-20 nicht intakt.  

Das AMP Alamethicin (ALM), aufgebaut aus einem α-helikalen N-Terminus und einer C-terminalen 

310-Helix, interagiert in Abhängigkeit des Transmembranpotentials mit Bakterienmembranen. Unter 

Nutzung einer tBLM (POPC:POPG) wurde eine potentialabhängige SEIRA-Studie mit 

Dichtefunktionstheorie (DFT) Rechnungen kombiniert, um ein kinetisches Model der Integration von 

ALM in Membranen zu beschreiben. Das Peptid inkorporiert nach Adsorption mit Hilfe des N-Terminus 

in die Doppelmembran. Dies führt zu einer Reorientierung bezüglich der Oberflächennormalen von 

einem Winkel von 78° - 69° in der horizontal adsobierten Form hin zu 21° im inkorporierten Zustand. 

Als Teil der Atmungskette koppelt der bakterielle Complex I (CpI) den Elektronentransfer zwischen 

Nicotinamidadenindinukleotid (NADH) und Ubichinon resultierend in einer Oxidation bzw. Reduktion. 

Die darauf folgende Protonenübertragung über die Bakterienmembran hat eine wichtige Funktion für 

die Energiebereitstellung der Bakterienzelle. CpI wurde in ein Lipidmembransystem inkorporiert, das 

auf einer selbstassemblierten Monolage aus (de)protonierbarem 4-Aminothiophenol (4-ATP), einem 

POPC:POPA Lipidgemisch und Ubichinon zusammengesetzt ist. Neben seiner Funktion als Linker-

Molekül, dient 4-ATP ebenso als pH Sensor, wie ergänzende DFT Rechnungen bestätigten. Somit 

wurde die Protonentranslokation über die Membran mittels des Protonierungsgrades von 4-ATP in zwei 

komplementären Ansätzen abhängig von der Proteinorientierung ermittelt. Die induzierte Änderung des 

Quotienten der Amid I/Amid II Bandenintensität zeigte katalytische Konformationsänderungen, die eine 

mögliche Bewegung von Transmembranhelices oder anderer Sekundärstrukturelemente einschließen. 
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1 INTRODUCTION AND MOTIVATION 

The plasma membrane is of fundamental importance as barrier and interface between the 

extracellular environment and intracellular cytosol. In this role it provides the necessary stability 

as well as flexibility, due to the amphipathic character of phospholipids and their property to 

assemble energetically favorable structures. Moreover, it protects the cell from chemical and 

physical stimuli that are toxic in high dosages, e.g. reactive oxygen species or UV radiation. 

Due to the fast adaptation of pathogens to changed environmental conditions, resistance 

mechanisms against conventional antibiotics, discovered for the first time in 1928,1 appeared 

already after a short time of use in clinics. Currently, different man-made factors, e.g. misuse of 

antibiotics in the treatment of patients and agriculture, accelerate this process leading to a 

precarious worldwide health threat. The lack of effective antibiotics causes high economical costs 

and the spread of multiple drug resistant microbes. Thus, there is a general demand for substances 

using alternative antimicrobial mechanisms. Besides their effectiveness, a rational design of 

antibiotics needs to consider the requirement of a high specificity by inhibiting pathogens, while 

protecting commensal bacteria and preventing lysis of host cells.2  

Antimicrobial peptides (AMPs), which are constituted by 10 - 100 amino acid residues, interact 

with different bacterial cell wall components, e.g. lipopolysaccharide and especially the plasma 

membrane. In general, AMPs are evolutionary conserved in a multitude of organisms and have 

been isolated from bacteria, fungi, plants amphibians and mammals. The physicochemical 

properties of these molecules are defined by the amino acid composition, resulting in specific 

functional properties. AMPs are mostly cationic and contain a high percentage of hydrophobic 

amino acids (> 30%).3 This allows the formation of diverse amphipathic secondary structures. 

This leads to a variety of modes of action on the basis of electrostatic and hydrophobic 

interactions which are often related to the target cell’s transmembrane potential.4 That allows 

protecting the host from pathogenic infections at micromolar concentrations.  

Simultaneously, the plasma membrane is the site of signal transduction, ion transport and energy 

production facilitated by integrated membrane proteins, which are interconnected and 

concentrated in microdomains named lipid rafts.5,6 In case of the electron transport chain, an 

assembly of respirasomes or supercomplexes suggests the direct interaction of the involved 

respiratory proteins.7  

 

These examples illustrate the potential of and the need for biophysical investigations on lipid 

bilayer properties in relation to membrane-interacting molecules. Probing such processes 

demands reproducible platforms that ensure a high stability over a time range of hours or even 

days. Metal electrodes coated by membrane models represent such platforms since they mimic 

essential features of natural membranes but are sufficiently simplified in their composition to 

allow for structural analyses. Specifically such devices offer the possibility to combine 

electrochemistry with vibrational spectroscopy, surface plasmon resonance, sum-frequency 

vibrational spectroscopy Raman and IR spectroscopy. 

Such biomimetic membrane systems provide the opportunity to study the AMP-membrane 

interaction and enable the incorporation of membrane proteins in-situ in an environment that 

stabilizes the peptide structure. In this approach that was employed in the present thesis, a 

nanostructured Au surface was functionalized by a variety of self-assembled monolayer (SAM) 

compositions and three different biomimetic membrane systems were assembled. Such devices 
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allow employing surface-enhanced infrared absorption (SEIRA) spectroscopy under 

electrochemical control. 

 

The tethered bilayer lipid membrane (tBLM) was based on a mixed SAM comprised of the 

linker [(β-cholestanoxy)ethoxy)ethoxy)ethanethiol] (WK3SH)8 and the spacer 

6-mercaptohexanol (6MH). The adsorption of POPC:POPG phospholipids led to an assembly of 

lipid bilayer compartments covering an aqueous reservoir alternating with lipid monolayer 

islands. In contrast, a lipid monolayer was assembled using a pure WK3SH-SAM coating, 

corresponding to the tethered hybrid lipid membrane (tHLM). The supported lipid membrane 

(SLM), however, required the pH sensor 4-aminothiophenol (4-ATP) SAM and the addition of 

POPC:POPA vesicles including the quinone 2,3-dimethyl-1,4-naphthoquinone (DMN).9 

The present study focuses on two AMPs. First, the α-helical human AMP LL-37, a member of 

the cathelicidin family, exhibits pleiotropic functions with respect to immune modulation, e.g. 

regulation of chemotaxis, apoptosis and wound healing processes, but also interacts with cellular 

membranes. Interestingly, a variant of LL-37 comprising the residues 17-29 was defined as 

peptide core owing to a high antibacterial activity10 and the C-terminal residues 32-27 were 

described to be unstructured.11 These hypotheses were tested by means of two C-terminally 

mutated fragments LL-32 and LL-20, which were compared to LL-37 regarding their relation 

between structure and function. A previous study revealed decisive differences in the secondary 

structure in solution, where LL-32 and LL-20 were unstructured in bulk water.12 Furthermore, 

LL-32 exhibited a higher antibacterial activity compared to LL-37 while LL-20 did not show any 

antibacterial activity. The interactions of these peptides with membranes are, however, not yet 

understood on a molecular level. 

The second AMP, alamethicin (ALM), is an amphipathic peptide, which was shown to form ion 

channels in bacterial membranes consisting of 4-12 monomers. The assembly is controlled by the 

transmembrane potential and barrel-stave model of integration was proposed. An interaction of 

the hydrophobic membrane core with the hydrophobic side of ALM was observed, whereas the 

hydrophilic patch pointed to the inside enabling a water-filled pore.13,14 However, the kinetics and 

exact mechanism of the voltage-dependent integration process still remains elusive. 

The first objective of this work is, therefore, to contribute to a better understanding of the 

molecular processes associated with the interactions of these AMPs with membranes. To achieve 

this goal, primarily vibrational spectroscopic methods combined with electrochemical techniques 

were employed, complemented by theoretical methods carried out by collaboration partners. This 

integral approach was also applied to elucidate a second biophysical problem, i.e., the molecular 

mechanism of the redox-linked proton transfer of the membrane-bound bacterial complex CpI. 

The protein was immobilized on membrane models to probe simultaneously proton translocation 

and redox transitions by SEIRA spectroscopy and electrochemistry, respectively. 
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2 THEORETICAL BACKGROUND 

2.1 Vibrational Spectroscopy 

The discovery of infrared (IR) radiation in the electromagnetic spectrum of the sun by William 

Herschel two centuries ago was the prerequisite for the development of vibrational spectroscopy 

as one of the oldest spectroscopic methods. In early studies the focus laid on the interaction of 

electromagnetic radiation with matter and first vibrational spectra were obtained. In 1928, the 

Indian scientist Chandrasekhara V. Raman set the foundation for the widely used Raman 

spectroscopy by discovering the Raman effect. In the beginning, these two spectroscopic methods 

were used to investigate inorganic materials and small molecules due to limitations regarding the 

sensitivity of the instruments.15 Technical innovations during the second half of the 20th century 

led to the development of lasers, interferometers as well as methods to purify biological 

compounds enabling life scientists to apply vibrational spectroscopy in studies of highly complex 

biomolecules.16 

Today, vibrational modes of single bonds of molecular structures can be analyzed by use of the 

resonance Raman (RR) effect and the difference mode in IR spectroscopy in high resolution. In 

particular time-resolved measurements allow to study dynamic biological processes even in a 

femtosecond time scale.17,18 Furthermore, vibrational spectroscopy is progressively applied to 

solubilized, crystallized and especially immobilized molecules. Surface-sensitive techniques, 

namely surface-enhanced Raman (SER) and surface-enhanced infrared absorption (SEIRA) 

spectroscopy proved to be highly suitable techniques to study adsorbed macromolecules at metal 

surfaces, which utilize the surface-enhancement effect and serve as electrodes at the same 

time.19,20 

The present work describes a spectroelectrochemical approach linking SEIRA spectroscopy with 

electrochemistry to investigate the interaction between peptides and proteins with model 

membrane systems. 

2.1.1 Theory of Vibrational Spectroscopy 

The interaction of electromagnetic radiation with matter which induces transitions between 

different vibrational modes of molecules provides the basis of vibrational spectroscopy. These 

transitions rely on inelastic scattering or resonant absorption of IR radiation (10 – 12500 cm−1). 

The latter takes place when the energy of a photon hνIR of the polychromatic IR radiation matches 

the energy difference between an initial and final vibrational state (hνi and hνf, respectively) and 

is the basis of IR spectroscopy: 

 ℎ𝑣IR = ℎ𝑣𝑓 − ℎ𝑣𝑖  (2.1) 
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On the other hand, Raman spectroscopy is characterized by inelastic scattering induced by 

monochromatic light. The photon scattering leads to an energy difference between scattered 

photons hνR and incident photons hν0, which is attributed to transitions of vibrational states: 

 

 ℎ𝑣0 − ℎ𝑣R = ℎ𝑣𝑓 − ℎ𝑣𝑖  (2.2) 

These characteristics might be related to rotational transitions that appear as a fine structure of 

the vibrational transition which are observable only in high-resolution spectra in the gas phase 

showing no relevance for investigations in a biomolecular context. IR absorption and Raman 

scattering differ regarding their fundamental mechanisms and thus exhibit, to a certain extent, 

complementary information. Vibrational transitions are IR-active, if the excited vibrational mode 

goes along with a change of the dipole moment and Raman-active due to a change of the 

polarizability. On that account, the relative band intensities of IR and Raman spectral 

contributions are generally different. 

Molecular Vibrations 

An eligible model to specify molecular vibrations is the harmonic oscillator where atoms are 

treated as point masses connected by mass-less springs.21 The simplest case is the vibration of a 

diatomic molecule with its masses m1 and m2. The displacement along the x-axis from their 

equilibrium position by ∆x induces a restoring force described by Hooke’s law 

 𝐹𝑥 = −𝑓∆𝑥. (2.3) 

where the force constant f represents the strength of the bond. This assumption results in the 

potential energy V of the vibrational movement 

 
𝑉 =

1

2
𝑓∆𝑥2 . (2.4) 

Considering the reduced mass 𝜇 of the atoms 

 𝜇 =
𝑚1 ∙ 𝑚2
𝑚1 +𝑚2

 (2.5) 

and the motion velocity d∆𝑥 d𝑡⁄  the kinetic energy T is obtained 

 
𝑇 =

1

2
𝜇 (
d∆𝑥

d𝑡
)
2

 . 
(2.6) 

The model of a harmonic oscillator presumes that the energy of an undamped vibration is 

conserved. Therefore, the sum of the derivatives of the potential and kinetic energy is equal to 

zero 

 
0 =

d𝑉

d𝑡
+
d𝑇

d𝑡
= 𝑓∆𝑥 + 𝜇

d2∆𝑥

d𝑡2
  (2.7) 

 

which leads to the Newton equation of motion 

 
0 =

𝑓

𝜇
∆𝑥 +

d2∆𝑥

d𝑡2
 . (2.8) 

The solution of equation (2.8) requires the application of a cosine function 

 ∆𝑥 = 𝐴 ∙ cos (𝜔𝑡 + 𝜃)  (2.9) 
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where A denotes the amplitude, ω the circular frequency and θ the phase of the vibrational motion. 

Introducing equation (2.9) into (2.8) results in the following description of the circular frequency 

 

𝜔 = √
𝑓

𝜇
. (2.10) 

The commonly used expression of the circular frequency in wavenumbers (cm-1) is obtained by 

dividing equation (2.10) by 2πc, where the velocity of light is represented by c 

 

 

𝜈̃  =   
1

2𝜋𝑐
  √
𝑓

µ
∙ 

 

(2.11) 

Equation (2.11) shows that the wavenumber (or frequency) of a vibration increases with a higher 

bond strength and decreasing mass of the corresponding atoms. 

 

Normal Modes 

The extension of the model to molecules that consist of more than two atoms requires a more 

complex mathematical treatment. A molecule with N atoms possesses 3N degrees of freedom in 

a Cartesian coordinate system, as each atom can be displaced in x-, y- and z-direction. 

Translational and rotational displacements, however, do not contribute to vibrational degrees 

reducing the total number by 6 degrees of freedom in case of nonlinear molecules (3N-6). The 

number of vibrational degrees of freedom of linear molecules is 3N-5 due to their limited rotation 

along two axes. 

To estimate the frequencies of these vibrations, termed normal modes, the displacement of the 

Cartesian coordinates of each atom of the molecule has to be contemplated and the kinetic energy 

is obtained by: 

 

𝑇 =   
1

2
∑𝑚𝛼

𝑁

𝛼=1

  [(
𝑑∆𝑥𝛼
𝑑𝑡

)
2

+ (
𝑑∆𝑦𝛼
𝑑𝑡

)
2

+ (
𝑑∆𝑧𝛼
𝑑𝑡

)
2

] 

 

(2.12) 

Here, the use of mass-weighted Cartesian displacement coordinates are required that are given as 

 𝑞𝑖 = √𝑚𝑖∆𝑥𝑖,  𝑞𝑖+1 = √𝑚𝑖∆𝑦𝑖,         𝑞𝑖+2

= √𝑚𝑖∆𝑧𝑖     (𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑎𝑡𝑜𝑚 𝛼 = 𝑖). 
(2.13) 

 

that leads to the following description of the kinetic energy: 

 

𝑇 =
1

2
∑(

𝑑𝑞𝑖
𝑑𝑡
)
23𝑁

𝑖=1

. (2.14) 
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The term for the potential energy V implies the consideration of all possible interactions between 

individual atoms of a molecule, i.e. covalent bonding, as well as electrostatic and van-der-Waals 

interactions and can be represented as a Taylor series: 

 

𝑉 = 𝑉0∑(
𝜕𝑉

𝜕𝑞𝑖
)
0

𝑞𝑖 + 

3𝑁

𝑖=0

1

2
∑ (

𝜕2𝑉

𝜕𝑞𝑖𝜕𝑞𝑗
)
0

𝑞𝑖𝑗 +⋯

3𝑁

𝑖,𝑗=1

   

 

(2.15) 

Since solely changes of the vibrational potential energy due to displacement of atoms need to be 

taken into account, the potential energy at the equilibrium, represented by the first term, equals 

zero. The same applies to the second term expressing infinitesimal changes of qi from the 

equilibrium position which do not lead to changes of V.  

In case of small displacements qi within the harmonic approximation, higher order terms do not 

affect the potential energy and can be neglected, thus V denotes as 

 

𝑉 ≅  
1

2
∑ (

𝜕2𝑉

𝜕𝑞𝑖𝜕𝑞𝑗
)
0

𝑞𝑖𝑞𝑗 = 

3𝑁

𝑖,𝑗=1

1

2
∑ 𝑓𝑖𝑗𝑞𝑖𝑞𝑗

3𝑁

𝑖,𝑗=1

 .   

 

(2.16) 

The derivative of the kinetic and potential energy results in Newton´s equation16 of motion (analog 

to equation (2.8) 

 

0 =
d2𝑞𝑗

d𝑡2
+∑𝑓𝑖𝑗𝑞𝑖 

3𝑁

𝑖=1

 
(2.17) 

comprised of 3N linear second order differential equations and its general solution 

 𝑞𝑖 = 𝐴𝑖 cos(√𝜆𝑡 + 𝜃) . (2.18) 

This system of differential equations has 3N solutions for λ that illustrate 3N frequencies 𝜆
1

2, 

whereas 6 solutions (or 5 in case of linear molecules; see above) are equal to zero as they are 

attributed to translational and rotational motions of the molecule. Hence, there are 3N-6 (or 3N-5, 

respectively) non-zero values for 𝜆 yielding the frequencies of the normal modes. The information 

about all frequencies allows to calculate the amplitude of the displacement of each atom Ai for 

every normal mode. Thus, a normal mode describes an in-phase-oscillation of an entire molecule 

with a given frequency, however certain segments of the molecule exhibit significantly different 

amplitudes. In this approximation it appears useful to reduce the normal modes to the part of the 

molecule with distinct motions, e.g. specific group vibrations with dominant coordinates. The 

representation of the probability of vibrational transitions can be simplified by conversion of the 

mass-weighted Cartesian coordinates qi into normal coordinates Qk (for k normal modes) using 

an orthogonal transformation 

 

𝑄𝑘 =∑𝑙𝑖𝑘𝑞𝑖.

3𝑁

𝑖=1

 
(2.19) 

The transformation coefficient lik is chosen in such a way that T and V take the shape of equations 

(2.14) and (2.15). The potential energy does not depend on the cross products 𝑄𝑘 × 𝑄𝑘′ (𝑘 ≠

𝑘′) resulting in the following solution of the Newton equation: 

 𝑄𝑘 = 𝐾𝑘 ∙ cos(√𝜆𝑡 + 𝜃𝑘). (2.20) 
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Infrared Absorption 

The extent of the IR absorption is depicted as the absorbance A (in OD = optical density) by the 

use of the Lambert-Beer law: 

 
𝐴 = −𝑙𝑔 (

𝐼

𝐼0
) = ε ∙ [𝐽] ∙ 𝑙. 

(2.21) 

In this relation the IR radiation after passing through an analyte solution is represented by I and 

the reference intensity by I0. The obtained absorbance is dependent on the molar concentration 

[J] of the absorbing species J, the optical path length l. The molar absorption coefficient 𝜀 takes 

into account the quantum mechanical probability of the transition between the initial and final 

vibrational state (see equation 2.1) and leads to the transition dipole moment: 

 [𝜇𝑞]𝑓𝑖
= ⟨𝜓𝑓

∗|𝜇�̂�|𝜓𝑖⟩. (2.22) 

The wave functions of the initial (𝜓𝑖) and final (𝜓𝑓) vibrational state are represented as well as 

the electric dipole moment operator �̂�𝑞 

 �̂�𝑞 =∑ 𝑒𝛼 ∙ 𝑞𝛼
𝛼

 (2.23) 

using 𝑒𝛼 as the charge of an atom α and 𝑞𝛼 as distance to the center of gravity of the molecule. 

The information, if a normal mode is IR active can be received by expanding the operator of the 

electric dipole moment �̂�𝑞 in a Taylor series with respect to the normal coordinates 𝑄𝑘. In case of 

a harmonic oscillator only the linear terms need to be contemplated 

 

�̂�𝑞 = 𝜇𝑞
0 + ∑ �̂�𝑞

𝑘

3𝑁−6

𝑘=1

∙ 𝑄𝑘 
(2.24) 

with 

 
�̂�𝑞
𝑘 = (

𝜕𝜇𝑞
𝜕𝑄𝑘

)
0

 

 

(2.25) 

Hence, the transition probability transforms into equation 

 

[𝜇𝑞]𝑓𝑖 = ⟨𝜓𝑓
∗|𝜇�̂�|𝜓𝑖⟩ = 𝜇𝑞

0⟨𝜓𝑓
∗|𝜓𝑖⟩ + ∑ �̂�𝑞

𝑘

3𝑁−6

𝑘=1

⟨𝜓𝑓
∗|𝑄𝑘|𝜓𝑖⟩. 

(2.26) 

The first term of equation (2.26) equals zero based on the orthogonality of the wavefunctions 𝜓𝑓 

and 𝜓𝑖. As an IR-active transition is related to a non-zero transition probability the second term 

has to take a value different from zero provided that two prerequisites are fulfilled:  

First, the electric dipole moment of the molecule needs to change during the vibrational 

displacement of the atoms (�̂�𝑞
𝑘 ≠ 0). Second, the quantum number between the states i and f differ 

by one within the harmonic approximation (⟨𝜓𝑓
∗|𝑄𝑘|𝜓𝑖⟩ ≠ 0). These considerations apply to all 

three Cartesian coordinates (q = x, y, z), so that the absorbance A of unpolarized light of randomly 

oriented molecules arises from the sum of the transition probabilities along all three components:  

 𝐴 ∝ ([𝜇𝑥]𝑖𝑓
2 + [𝜇𝑦]𝑖𝑓

2
+ [𝜇𝑧]𝑖𝑓

2 ) . (2.27) 

However, using linear polarized light on an oriented sample allows to address the individual 

components of the transition dipole moment [µq]if and, by this, to receive more detailed 

information about the studied system. 
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2.1.2 Infrared Spectroscopy 

2.1.2.1 Fourier Transform Infrared Spectroscopy 

Nowadays modern IR spectrometers operate based on the principle of the Fourier Transform (FT) 
IR Spectroscopy. This method is advantageous over the previously applied dispersive technique 
using a monochromator as light filter, due to the reduced measuring time and an improved signal-
to-noise ratio, since the complete light intensity of a light source is detected. 

The Michelson Interferometer is a central unit of a FTIR spectrometer (Figure 2.1) and 
consists of a beam splitter and a fixed as well as a movable plane mirror, both oriented 
perpendicularly to each other. The irradiated polychromatic IR light is transmitted and reflected 
by the beam splitter onto the two mirrors. Afterwards, both beams are recombined again in one 
beam and are directed at the sample. Assuming an optical path difference of δ = 0, there is an 
equal distance between both mirrors and the beam splitter, hence the phase difference between 
both beams is zero leading to equal outgoing and incoming radiation. A change in the position of 
the movable mirror leads to an interference of the beams. Each wavelength λ encounters 

alternating constructive (δ = 2n ·
1

2
λ) and destructive interference (δ =  (2n + 1) ·  1

2
λ) and 

results in a δ-dependent cosinusoidal modulation reflecting the respective wavelength λ.  

The signal which is accumulated on the detector is a superposition of the cosine functions of all 
frequencies of the polychromatic IR radiation and is referred to as an interferogram (Figure 2.1). 

Figure 2.1 Scheme of a Michelson Interferometer. The irradiated IR light splits after passing a beamsplitter into two 
beams that are reflected at a fixed and movable mirror and merged before passing the sample and detector. The created 
interferogram depicts the optical path difference δ of the movable mirror. Reprinted with kind permission from Jacek 
Kozuch (2013). Structure-Function Relationships of Membrane Proteins - Spectroelectrochemical Investigation of 

Artificial Membranes, Technische Universität Berlin, Fakultät II.134 
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Eventually, by use of the Fourier transform, this optical path length dependent interferogram (time 

domain) is then transformed into an IR spectrum (frequency domain) 

 

𝐼(𝜈̃) = ∫ 𝐼(𝛿)

+∞

−∞

cos(2𝜋𝜈̃)d𝛿. 
(2.28) 

This integral takes an infinite motion of the movable mirror into account. The effective optical 

path difference is restricted to a few centimeters, therefore the interferogram has to be multiplied 

with an appropriate apodization function (i.e. a triangular function) to bring the edges of the 

interferogram smoothly to zero. This treatment, on the one hand, reduces artifacts in the spectrum, 

on the other hand there is also an impact on the shape of spectral bands that needs to be considered 

during the data analysis. 

 

2.1.2.2 Attenuated Total Reflectance Infrared Spectroscopy 

In this paragraph the attenuated total reflection (ATR) setup is described, since it is the foundation 

for the investigations conducted by surface-enhanced infrared absorption (SEIRA). The central 

unit of the technique is the internal reflection element (IRE) or ATR prism depicted schematically 

in Figure 2.2. At the interface to an optically less dense medium at an angle of incidence higher 

than the critical angle θc total reflection occurs. The refractive index of biological systems lies 

typically in the region of n1 ∼ 1.44.22 Therefore, silicon (nSi = 2.34), germanium (nGe = 4.0), or 

zinc selenide (nZnSe = 2.4) are used as materials for the IRE.16  

Additionally to the total reflection an evanescent wave is propagated through the interface into 

the less dense medium without carrying any energy. In this process, the amplitude of the electric 

field decays exponentially in perpendicular direction to the surface (i.e. in z-direction): 

 
𝐸 = 𝐸0𝑒𝑥𝑝(−

𝑧

𝑑𝑝
) 

 

(2.29) 
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The penetration depth dp describes the distance at which the amplitude decayed to ca. 37 % (∼ e−1) 
of its initial value. It depends on the angle of incidence θ, the wavelength of the radiation λ and 
the ratio of the refractive indices n1/n0 (of the IRE and the optically less dense medium, 
respectively): 

 𝑑𝑝 =
𝜆

2𝜋√𝑠𝑖𝑛2𝜃−(
𝑛1
𝑛0
)
2
. 

 

(2.30) 

The wavelength of the incident radiation and the penetration depth are approximately in the same 
order of magnitude. In this work, a Si prism is used with an incident angle of 60° and a spectral 
region of 1000 to 4000 cm−1 (10 - 2.5 µm). That leads to a penetration depth of the evanescent 
wave between 2.6 and 0.7 µm, respectively. An absorbing medium deposited onto the surface of 
the IRE can couple with the electric field of the evanescent wave and absorb energy of the 
radiation leading to an attenuation of the total reflected beam. The perpendicular (s-polarized) and 
parallel (p-polarized) components of the incident radiation with respect to the plane of incidence 
(Figure 2.2) cause a polarization of the evanescent wave in the x- y- and z-directions. The decisive 
advantage of the ATR technique is the accessibility to the sample that is adsorbed on top of the 
IRE. That allows binding studies of substrates, cofactors and ligands and effects of different 
experimental conditions (e.g. pH, ionic strength and electrical potential) as the supernatant buffer 
solution can be exchanged very easily.22 Furthermore, samples such as membrane proteins can be 
oriented preferably on the IRE to obtain information about the orientation of structural elements 
by the use of polarized light.23 

2.1.2.3 Surface-enhanced Infrared Absorption Spectroscopy 

The surface-enhanced infrared absorption (SEIRA) effect that exhibits mechanistic similarities to 
surface-enhanced Raman scattering (SERS) was first observed in ATR-IR experiments of organic 
compounds adsorbed to Ag and Au films.24 This method paves the way for studies of adsorbed 
species in the vicinity of up to 8 nm to a nanostructured metal surface yielding enhancement of 
about two orders of magnitude.25 Beyond that, the Au film is also an eligible working electrode 
for electrochemical investigations. This combination offers diverse opportunities to obtain 

Figure 2.2. Schematic description of attenuated total reflection-infrared (ATR-IR) spectroscopy. The IR beam 
approaches the ATR prism in an angle θ that depends on the used material. It is composed of a perpendicular and 
parallel component (s-polarized and p-polarized) in respect to the plane of incidence of the electromagnetic field. Total 
reflection at the interface to an optically less dense medium (n1<n0) requires a higher incident angle than the critical 
angle θc. Reprinted with kind permission from Jacek Kozuch (2013). Structure-Function Relationships of Membrane 

Proteins - Spectroelectrochemical Investigation of Artificial Membranes, Technische Universität Berlin, Fakultät II.134 
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information about the functionality of biomolecules by means of SEIRA spectroscopy.26 So far, 
a variety of proteins were adsorbed on nanostructured Au surfaces and studied spectro-
electrochemically applying different approaches. A widely used procedure is the immobilization 
on SAM coatings on the Au film used to investigate [NiFe] hydrogenases,27,28 bacterial complex 
I,29 sensory rhodopsin II30 and cellobiose dehydrogenase,31 respectively. Yamakata et al. achieved 
to bind the KcsA potassium channel32 directly on the Au film via terminal cysteine residues 
introduced by site-directed mutagenesis. Furthermore, elaborate artificial membrane systems 
were33,34 developed and applied to the voltage-dependent membrane-bound anion channel 
hVDAC135 and cytochrome bo3,

8 respectively.  

2.1.2.4 Surface-Enhancement mechanism 

A nanostructured surface containing metal islands is an essential prerequisite for the enhancement 
effect of SEIRA equivalent to the SERS mechanism.16 In Figure 2.3 this surface is shown as an 
apposition of ellipsoidal metal particles. The total surface-enhancement in SEIRA, however, is a 
combination of independent effects:36,37 

2.1.2.5 Electromagnetic (EM) mechanism - plasmon resonance 

This mechanism is based on the excitation of collective electron resonances within the metal 
islands, known as localized plasmon modes. The electric field of the incident IR radiation 
polarizes the metal and evokes a dipole p which generates a local EM field surrounding the 
particles. A specific characteristic is the perpendicular polarization to the surface at every point 
of the metal particle (surface selection rule).  

The magnitude depends on the sixth power of the distance to the metal surface d 

 
|𝐸𝑙𝑜𝑐𝑎𝑙|

2 =
4𝑝2

𝑑6
. 

 

(2.31) 

Figure 2.3 Electromagnetic enhancement mechanism (EM) of surface-enhanced infrared absorption (SEIRA) based on 
ellipsoidal metal particles. Due to the polarization of the metal islands by the electric field component of the incident 
IR radiation the dipole p induces an enhanced local electric field around the particles. This leads to the excitation of the 
vibrations of molecules adsorbed on the surface. Additionally, these molecular vibrations induce a dipole δ p interfering 
with the optical metal properties. Reprinted with kind permission from Jacek Kozuch (2013). Structure-Function 

Relationships of Membrane Proteins - Spectroelectrochemical Investigation of Artificial Membranes, Technische 
Universität Berlin, Fakultät II.134 
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This explains the short-range enhancement of this mechanism (up to ca. 8 nm from the surface). 

In this way, the enhancement factor F at a distance d to the surface of a nanoparticle with a radius 

of a0 can be determined by 

 
𝐹(𝑑) = 𝐹(0) ∙ (

𝑎0
𝑎0 + 𝑑

)
6

. 

 

(2.32) 

Molecules adsorbed on the surface can interact with this enhanced EM field and generate 

transitions between vibrational states. The extent of the enhancement depends on the dimensions 

as well as shape of the particles. Calculations using the Bruggemann effective medium theory 

have shown that ellipsoidal particles (high 
𝑎

𝑏
 > 1; Figure 2.3) lead to a high enhancement.38 

2.1.2.6 Electromagnetic (EM) mechanism – effect on the optical properties of the 

metal 

Additionally, the oscillating dipoles of adsorbed molecules can induce dipoles in the metal 

particles δ p. This implicates the change of the dielectric function of the metal and modulates the 

transmittance as well as reflectance of the metal film at the frequencies of the vibrations. Due to 

the larger absorptivity and volume fraction of metals compared to the surface molecules, this will 

determine an effective enhancement of the IR absorption. 

2.1.2.7 Chemical mechanism - donor-acceptor interaction and charge transfer 

In comparison to physical adsorption (physisorption), chemisorbed molecules display larger 

enhancements. This effect relies on a donor-acceptor interaction between the adsorbate and the 

metal which alters the vibrational polarizability of the molecules. In addition, a charge transfer 

exhibited by charge oscillations between the molecular orbitals and the metal might increase the 

absorption coefficient. 

2.1.2.8 Uniformal orientation 

The described processes chemisorption and physisorption often entail an alignment of the 

molecular dipoles with a preferential orientation in respect to the metal surface. Due to the surface 

selection rule, vibrations perpendicularly oriented to the surface causes a three times higher IR 

absorption compared to a parallel or randomly oriented situation. 

The SEIRA method utilized in the ATR mode exhibits a strong dependence on the angle of 

incidence and the polarization of the IR radiation.39 As shown in Figure 2.2, s-polarized IR 

radiation gives rise to strongly enhanced IR signals that increase further using higher angles of 

incidence. However, the interaction between the adsorbed species and s-polarized IR radiation, 

does not yield any effective signal, as described by Osawa.40 
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2.2 Electrochemical Impedance Spectroscopy 

The development of new technologies in the last decades, e.g. solid-state batteries and fuel cells, 

increased the interest in application of the electrochemical impedance spectroscopy (EIS) as 

analytical method. It allows the characterization of the electrical properties at the interface 

connecting solid-solid and solid-liquid materials as well interfaces with electronically conducting 

systems.41 

In the beginning, the application of this method concentrated on material sciences. Nowadays it 

is widely used for label-free studies making fluorescent dyes or radioactive labels redundant. 

Interesting research fields are for example cancer research,42,43 neuroscience44 or chemical 

catalytic reactions.45 

The investigation of artificial biomimetic membrane systems by EIS is a further important 

topic46,47 that importance increased with the aim of a biosensor development and the study of 

biomolecules, like proteins48–50 and peptides51 specifically interacting with lipid membranes. 

2.2.1 Electrode Interfaces 

A metal surface that is in contact to an aqueous medium containing an electrolyte exhibits a 

redistribution of charges resulting in a charged interface.16 There is an increase or decrease of the 

electron density of the metal resulting in an excess concentration and even adsorption of 

oppositely charged ions to the electrode surface. This process even takes place at open circuit 

potential without any application of external potentials. The charge distribution in the bulk 

solution (Figure 2.4), can be understood on the basis of the electrical double layer model which 

combines the approaches of the Helmholtz and the Gouy-Chapman concept. The layer that is in 

direct contact to the electrode is composed of a compact film of specifically adsorbed ions 

combined with a highly ordered water matrix. This structure is characterized by a thickness of 

less than 1 nm and known as inner Helmholtz or Stern layer. Its formation requires a gain in free 

energy that compensates the partial loss of the hydration shell and usually countervails the charge 

of the electrode resulting in a sharp potential drop. Adjacent to the inner Helmholtz layer is the 

outer Helmholtz or diffuse double layer. Here, the ions can diffuse freely still adopting to a 

concentration gradient determined by the interfacial electric field. The potential distribution in the 

proximity of a metal can be described on the basis of a simple electrostatic model in which the 

charge densities σi at each interface have to be considered.52 The charge density of the metal σM 

is given by Gauss’ law using the potential difference between the metal φM and the inner 

Helmholtz layer φC: 

σM =
ε0εC
𝑑C

(φ𝑀 −φ𝐶). 

 

(2.33) 

In equation (2.33) ε0 represents the permittivity, εC and dC the dielectric constant and thickness of 

the inner Helmholtz layer, respectively. The decay of the charge density inside the outer 

Helmholtz layer σS is dependent on the potential difference between the inner Helmholtz layer 

and the bulk solution at an infinite distance to the electrode φS: 

 

σ𝑆 = ε0ε𝑆κ
2𝑘𝑇

𝑒
𝑠𝑖𝑛ℎ (

𝑒

2𝑘𝑇
(φ𝐶 − φ𝑆)) 

 

(2.34) 
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In this equation, which is derived from the Gouy-Chapman theory, εS is the dielectric constant of 
the solution, T the temperature, and k and e the Boltzmann constant and the elementary charge, 
respectively. The thickness of the outer Helmholtz layer is given by the Debye length κ that 

defines the exponential decay of the potential to ca. 37 % (∼ e−1) of its initial value and depends 
on the ionic strength of the solution I: 

𝜅 = √
ε0ε𝑆𝑘𝑇

𝐼
. 

 

(2.35) 

The charge density of the inner Helmholtz layer σC can be calculated under consideration of the 
charge neutrality of the complete system: 

𝜎𝑀 + 𝜎𝐶 + 𝜎𝑆 = 0. (2.36) 

The application of an external potential difference to the metal electrode changes the potential of 
the metal φM. A particularly interesting state, the potential of zero charge (EPZC), is achieved when 
φM equals φS and the absolute charge density on the metal surface and the effective electric field 

perturbing the solution becomes zero. 

Coating the electrode with an amphipathic self-assembled monolayer (SAM), as described in 
Figure 2.4B, introduces a hydrophobic layer with a decreased dielectric constant (εr ∼ 2 − 3) and 
with neutral, positively or negatively charged headgroups. Along this layer, the potential drops 
linearly according to this simple model. More elaborate models contain an additional component 
which is the dipole potential ψD generated by the polar headgroups (Figure 2.4C).53 The profile of 

the potential is described more precisely and resembles a model of the potential distribution across 
a phospholipid membrane. 

2.2.2 Theory of electrochemical impedance spectroscopy 

This electrochemical method is used to investigate the dielectric properties of a medium in a 
frequency-dependent manner. An externally applied and alternating electric field interacts with 
the electric dipole moments of the analyte or of a dielectric medium, e.g. a self-assembled 
monolayer (SAM) or phospholipid membrane. In general, during an EIS experiment an 
alternating voltage of small amplitude is applied to an electrode and the phase shift (real part) and 
amplitude (imaginary part) of the resulting current are recorded. An EIS spectrum can be obtained 
by measuring the frequency range between 1 mHz and 1 MHz.

Figure 2.4 Depiction of the potential distribution in the electrical double layer. A: Metal surface with adsorbed ions, 
B: simplified model of a surface containing a self-assembled monolayer (SAM) with polar headgroups and C: elaborate 
model of a SAM adsorbed surface. Reprinted with kind permission from Jacek Kozuch (2013). Structure-Function 

Relationships of Membrane Proteins - Spectroelectrochemical Investigation of Artificial Membranes, Technische 
Universität Berlin, Fakultät II.134 
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2.2.2.1 Electrical impedance 

The frequency-dependent resistance is called electrical impedance 𝑍(𝜔)54 that is defined 

according to Ohm’s law as the ratio of the alternating voltage and the resulting current: 

 
𝑍(𝜔) =  

𝑈(𝜔)

𝐼(𝜔)
 

 

(2.37) 

The application of a monochromatic signal 𝑈(𝑡) = 𝑈0 sin(𝜔𝑡) with a single frequency of ν = 2πω 

leads to a current 𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝛩(𝜔)) with a phase shift Θ.41,54 Therefore, the impedance 

can be described as: 

 
𝑍(𝜔) =  

𝑈(𝑡) = 𝑈0 sin(𝜔𝑡)

𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝛩(𝜔)) 
. 

 

(2.38) 

Provided that there is an entirely resistive behavior the phase shift Θ is zero, and the responses of 

capacitive and inductive elements are 𝐼(𝑡)  =  [𝑑𝑈(𝑡)/𝑑𝑡]𝐶 and 𝑈(𝑡)  =  [𝑑𝐼(𝑡)/𝑑𝑡]𝐿, 

respectively, where C is the capacitance and L the inductance. The analysis of a system using 

these differential equations can be very complex. However, the use of the Fourier transform 

simplifies this treatment by conversion into the frequency domain (which is also the variable in a 

EIS measurement). This results in a voltage and current of 𝑈(𝜔)  =  𝑈0𝜋 and I(ω)  = 𝐼0𝜋𝑒
𝑖𝜔, 

respectively, and in the solution of the differential equations for a resistive (2.39), capacitive 

(2.40) and inductive (2.41) behavior (i = √−1): 

 𝑍𝑅(𝜔) = 𝑅          𝑤𝑖𝑡ℎ          𝛩 = 0 

 

(2.39) 

 𝑍𝐶(𝜔) = (𝑖𝜔𝐶)
−1  𝑤𝑖𝑡ℎ          𝛩 =  −

𝜋

2
 

 

(2.40) 

 𝑍𝐿(𝜔) = 𝑖𝜔𝐿           𝑤𝑖𝑡ℎ          𝛩 =  +
𝜋

2
 

 

(2.41) 

2.2.2.2 Complex Impedance 

The impedance is a complex quantity and, therefore, can be described as: 

 𝑍(𝜔) = 𝑅(𝜔) + 𝑖𝑋(𝜔) = Re(𝑍(𝜔)) + 𝑖Im(𝑍(𝜔))          

 

(2.42) 

where the real part R and the imaginary part X refer to the resistance and reactance, respectively. 

The reactance is the quantity offering information about the capacitive and inductive properties 

of a system (see equations 2.40 and 2.41).  

The two coordinate values of the impedance vector illustrated in a Cartesian coordinate system 

can be represented as:  

 Re(𝑍) = 𝑅 = |𝑍|𝑐𝑜𝑠𝛩          𝑎𝑛𝑑          Im(𝑍) = 𝑋 = |𝑍|𝑠𝑖𝑛𝛩 (2.43) 

considering the phase angle Θ and the magnitude of the impedance |Z| 

 
𝛩 =  arctan

𝑋

𝑅
          𝑎𝑛𝑑          |𝑍| =  √𝑅2 + 𝑋2. 

 

(2.44) 

The application of the Euler rule allows the conversion of the impedance Z in polar coordinates:  
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 𝑍(𝜔) = |𝑍|(𝜔)𝑒−𝑖𝛩(𝜔)         
 

(2.45) 

2.2.2.3 The Admittance 

Comparable to the rearrangement of the resistance yielding the conductance, the admittance Y is 
the inverse of the impedance: 

 𝑌 = 𝑍−1 = 𝐺 + 𝑖𝐵. 
 

(2.46) 

The real part represents the conductance G and the imaginary part B the susceptance and can be 
obtained using the partial fraction decomposition: 

 
𝑌 = 𝑍−1 =

1

𝑅 + 𝑖𝑋
=

𝑅

𝑅2 + 𝑋2
+ 𝑖

−𝑋

𝑅2 + 𝑋2
         

 

(2.47) 

The impedance 𝑍 and the admittance 𝑌 can be presented by differentiation of resistive and 
capacitive components in series 𝑍 =  𝑅𝑆(𝜔) − 𝑖𝑋𝑆(𝜔) or in parallel 𝑌 = 𝐺𝑃(𝜔) − 𝑖𝐵𝑃(𝜔). This 
calculation leads to the following quantities for the reactance and susceptance: 

 𝑋𝑆(𝜔) = (𝜔𝐶𝑆(𝜔)) 
−1        𝑎𝑛𝑑         𝐵𝑃 (𝜔) = 𝜔𝐶𝑃(𝜔) (2.48) 

2.2.2.4 Graphical representation of impedance data 

The mathematical expressions of the impedance that are presented in the previous chapter can be 
visualized in the following graphical representations based on the equivalent circuit depicted in 
Figure 2.5.54 This circuit is a suitable model of the electrical properties of a functionalized 
electrode harboring a tBLM that is in contact to an electrolyte. In this concept, the quantity 
RElectrolyte is the resistance of the electrolyte. Furthermore, the capacitance and resistance of the 
bilayer (CBilayer/RBilayer) and spacer region (CSpacer/RSpacer) of the corresponding tBLM are depicted 
(Figure 2.5). The most common ways of presenting impedance data are the Nyquist plot, Bode 
plot and Cole-Cole plot, which is used for the interpretation of the data in this work (see Figure 
2.6). 

The Nyquist plot relies on the complex impedance Z = R + iX. In this case, the imaginary 
part of the impedance Im(Z(ω)) = X(ω) is plotted against the real part Re(Z(ω)) = R(ω) as a 
function of the angular frequency ω = (2π)−1ν.  

Figure 2.5 Tethered bilayer lipid membrane (tBLM) assembled on an electrode represented as an electrical circuit. The 
resistances RElectrolyte, RBilayer and RSpacer depict the resistances of the electrolyte in contact with the hydrophilic 
phospholid headgroups, of the hydrophobic acyl chains combined with the cholestanol headgroup as well as the 
hydrophilic spacer, respectively. The quantities CBilayer and CSpacer are the corresponding capacitances. Adapted with 
kind permission from Jacek Kozuch (2013). Structure-Function Relationships of Membrane Proteins - 

Spectroelectrochemical Investigation of Artificial Membranes, Technische Universität Berlin, Fakultät II.134 
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The Bode plot visualizes the magnitude of the impedance |Z| and the phase difference Θ as a 
function of the frequency ν. A Bode plot of the described circuit can be divided in three spectral 
regions. Region I and III represent very high and low frequencies. The impedance is frequency-
independent and displays a pure resistive behavior (Θ = 0). At high frequencies (region I) the low 
resistance RElectrolyte (~100 Ω) is visible, whereas at low frequencies (region III) the summation of 
all resistances appears (similar to the Nyquist plot). Region II shows the transition between the 
described regions I and III. Due to the capacitances CBilayer and CSpacer there is a frequency-
dependence of the impedance. Referred to equation 2.40 the phase difference approximates the 

value of Θ =
−π

2
, and the total capacitance can be determined by C = (ω|Z|)−1. 

Cole-Cole plot The admittance can be depicted in the Cole-Cole plot. For this representation a 
division of the imaginary and real part by the angular frequency ω is necessary (Figure 2.6). This 
representation allows the direct description of the capacitance (comprised of CBilayer and CSpacer) 
either by the use of the point of intersection with the −Im(Y )ω−1 axis or the radius of the half 
circle (equivalent to ½ C). The latter is used in this work to obtain information about the stability 
of the used tBLM systems. 

2.2.2.5 Evaluation of impedance data in tBLM systems 

A membrane system is characterized by two physical quantities, namely the capacitance and 
resistance. Additionally, the resistance of the electrolyte needs to be taken into account for the 
description. Due to its low magnitude (~100 Ω) it is monitored at high frequencies. However, by 
means of EIS, the capacitance of the electrode, the properties of the Helmholtz layer and the ionic 
reservoirs beneath the bilayer can be investigated. These parts of the system are usually not 
observable in the same frequency range as the resistance and capacitance of the membrane. Thus, 
they are not considered in the analysis of the modeled system. The presence of defects or pores, 
however, can increase the influence of the sub-membrane region of tBLMs.55 Information about 
these electrical properties can be obtained by manual analysis of the impedance spectrum on the 
basis of the different representations or by modeling of the studied system.56 The latter can be 
performed with the aid of the continuum theory41 or using semi-empirical methods. In both cases, 

Figure 2.6 Schematic representation of the Cole-Cole plot. Reprinted with kind permission from Jacek Kozuch (2013). 
Structure-Function Relationships of Membrane Proteins - Spectroelectrochemical Investigation of Artificial 

Membranes, Technische Universität Berlin, Fakultät II.134 
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the system is approximated by an equivalent circuit that provides the mathematical equations for 

a fit to the data. Semi-empirical methods have the advantage of using already established and 

optimized models for certain properties of the system. In this work the following concepts were 

used to investigate the tBLM system.  

 

Ohmic Resistance of a Membrane A lipid bilayer is a barrier for ions and a variety of other 

molecules owing to its hydrophobic core. This property allows to treat a membrane as an isolator 

with the Ohmic resistance R. 

Capacitance of a Membrane Moreover, the description of a lipid bilayer as a capacitor leads 

to the capacitance C: 

𝐶 = ε𝑟ε0
𝐴

𝑑
. 

 

(2.49) 

In this equation the area and the thickness of the membrane are described by the quantities A and 

d, respectively. Whereas A depends on the dimensions of the experimental assembly, the 

thickness of a bilayer is influenced by the phospholipid composition and in a range of 4 - 6 nm.57 

The dielectric constant of the hydrophobic core is εr = 2.1 - 2.8. The hydrophilic headgroup region 

exhibits a value of ca. εr = 20 assuming a thickness of 0.6 - 1 nm.58 However, subject to the level 

of solvation this value can increase up to the dielectric constant of water (εr = 80). Neglecting this 

contribution, the specific capacitance of a membrane with a hydrophobic part of 4 nm amounts to 

the value shown in equation 2.50, which is consistent with experimentally obtained values: 

𝐶 =
ε𝑟ε0
𝑑
 ≈  0.5 −  0.6 µF cm−2. 

 

(2.50) 
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2.3 Theoretical calculations 

2.3.1 Molecular Dynamics Simulations 

2.3.1.1 Molecular mechanics force field 

Due to a high complexity many biomolecules are inaccessible to experimental studies. In order 

to overcome this issue, molecular dynamics (MD) simulations can complement experimental 

studies.59 Hence, the analysis of MD trajectories is an efficient, atomistic approach to obtain 

information about the molecular mechanism of the interaction between AMPs and membrane 

mimics.60  

MD simulations are based on classical mechanics, concisely on the Newton's second equation of 

motion using a classical molecular mechanics (MM) force field (FF). A force field is an assembly 

of equations and related constants, which reproduce the structural properties of a system 

describing its energy as a function of its atomic coordinates. Commonly, it is interpreted by means 

of a combinatorial description of two terms: the internal/bonded (intramolecular) and external/ 

non-bonded (intermolecular) forces within the system. 

The bonded energy is constituted by the contribution of the bond stretching, angle bending, 

dihedral and improper torsions as well as the Urey-Bradley term and the correction map CMAP. 

Hooke’s law is used to describe the bond stretching for the interaction between pairs of bonded 

atoms as the difference of the square of the displacement from the reference bond length. The 

energy is represented by a harmonic potential and the shape of the harmonic potential well is 

described by the force constant. The angle bending is obtained using a harmonic potential that is 

specified by the force constant and the difference between the angle to its equilibrium value. The 

bond torsions (dihedrals), evaluate the role of each bonded quartet of atoms in the system. The 

periodic potential exemplifying the bond torsions is defined throughout the force constant, the 

torsion, the phase shift together with the multiplicity. Improper torsions are usually known as out-

of-plane bending and consequently defined by harmonic potentials in analogy to the bond 

stretching and angle bending functions. The Urey-Bradley term is used in specific cases to 

optimize the fit to vibrational spectra and out-of-plane motions. This component accounts for the 

cross-term for angle bending using 1.3 non-bonded interactions. Herein the force constant and the 

separation between the 1.3 atoms in the harmonic potential are reflected. The CMAP term is a 

numerical correction to overcome the inaccuracies of the conformational energetics in the 

backbone of the peptides. These defects were initially reflected by a high proportion of π-helical 

conformations for helical peptides. 

The non-bonded interactions encompass pairs of atoms, which are separated by three or more 

bonds in the same molecule or between separated molecules. These regions are comprised of the 

electrostatics and Van der Waals interactions described by the 12-6 Lennard-Jones (L-J) potential. 

Coulomb’s law is used to compute the electrostatic interactions between two atoms. The 

electrostatic potential depends on the partial charges, the distance between both atoms and the 

dielectric constant in vacuo. The electrostatic interaction between two charged particles decays 

slowly with the interatomic distance. 

A variety of biomolecular protein FFs have been developed in the past years. In this work, a 

Chemistry HARvard Molecular Mechanics - CHARMM FF61 was used because it is improved to 

fit accurately to the experimental studies. To run all simulations, a parallel MD code designed for 
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high-performance simulations of large biomolecular systems, named Nanoscale Molecular 

Dynamics (NAMD), was applied.62  

2.3.1.2 Classical MD simulations 

Through the integration of Newton’s second equation of motion using a classical MM FF, the 

MD simulations are computed. Concisely, if the force acting on each atom of the system is known, 

the acceleration of a specific system can be calculated. Afterwards, the equations of motion are 

integrated resulting in a trajectory describing the progress of positions, velocities and 

accelerations of each particle in the studied system as a function of time. 

If the potential energy of the system is known, such as in case of CHARMM,61 the force on each 

atom of mass at its position can be computed. Subsequently, the new positions of the particles can 

be calculated as a function of time. 

Herein, the trajectory of the particle is directly defined by its initial coordinates, initial velocities 

and initial acceleration. In the Protein Data Bank (PDB),63 the crystallographic structure is 

available and employed for defining the initial coordinates. Additionally, the acceleration can be 

directly computed as the derivation of the potential energy function. While the initial distribution 

of velocities has to be estimated, usually the Maxwell-Boltzmann distribution is employed at a 

defined temperature 𝑇.  

2.3.1.3 MD simulations protocol  

The standard protocol used for the performance of the MD simulations can be divided in the 

following stages: preparation of the system, dynamics and analysis of the trajectories.  

Using the starting configuration taken from the PDB63 possible lacking information, e.g. 

protonation state of the residues or missing atoms were added. Afterwards, the system has to be 

solvated and ionized according to the experimental conditions of interest and an energy 

minimization of the system is required in order to avoid possible steric instabilities. For that 

purpose, an extension of the steepest descend algorithm was applied, named the conjugate 

gradient method.64,65 Once that energy minimization is achieved, the equilibration phase allows 

the system to reach a thermal equilibrium. In the second stage, the production run is executed 

with the aim of determining the dynamic properties of the system. The output of a classical MD 

simulation is a trajectory describing the time dependent evolution of all atoms of the system in a 

defined period of time. Different macroscopic properties such as energy, temperature, pressure or 

volume can be evaluated according to statistical mechanics. Additionally, the post-processing of 

the collected data allows the evaluation of interaction energies, distances and angles and many 

more properties of interest which can be calculated by the use of plug-ins. In this thesis, properties 

such as monitoring of the secondary structure and the calculation of the dipole moment (μ) have 

been applied for an analysis of the trajectories of the AMPs. Besides these properties also root 

mean square deviation (RMSD), root mean square fluctuation (RMSF), the interaction energy 

(IE) and time-dependent contact map (TdCM) as well as radial distribution function (RDF) can 

be used for detailed investigations. 

2.3.1.4 Properties computed for the analysis of the trajectories 

To monitor the secondary structure, the program STRIDE66 was used. It is based on a knowledge-

algorithm taking into account the combination of the hydrogen bond energy and statistically 

derived backbone torsional angle information. 



Theoretical Background | 21 

The calculation of the dipole moment leads to information regarding the separation between the 

positive and negative charges in the system is determined. It serves as reference for the calculation 

of the distance of the protein to the center of mass (COM). It takes into account the mass per 

atom, the total mass of the protein as well as the coordinates per particle. Once this is defined, 

together with the partial charges defined from the force field, and the distance per atom, to the 

reference point is known, it is feasible to compute the dipole moment. 

2.3.2 DFT calculations 

In the density functional theory (DFT), the total energy E of an electronic system is determined 

by its electron density r. The total energy is written in terms of the energy of n non-interacting 

electrons and a term Eex that takes into account the complicated correlated motion of the electrons.  

The calculations were performed on the BP86 level of theory and the 6-31g* basis set for all 

atoms and the implemented polarizable continuum model simulating water as the solvent. During 

the investigation of alamethicin, DFT is used to calculate a primary structural model of the 

α-helix/310-helix and alternative α-helix/α-helix structures, respectively as well as vibrational 

frequencies of alamethicin (see chapter 6.3.3) The calculation of 4-aminothiophenol was obtained 

using the 6-31g* basis set for C, H, N, and O atoms, for the heavier S the TZVP basis set, and for 

Au LanL2DZ (using a pseudo core potential) were applied (see chapter 8.2.3). All geometry 

optimizations were performed using the keywords “opt=tight” and “int=ultrafine”. 
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3 BIOLOGICAL MEMBRANES 

3.1 Phospholipids 

The cellular plasma membrane constitutes the outer barrier of eukaryotic and prokaryotic cells as 

well as cellular compartments, e.g. mitochondria. It contains two leaflets of lipids and has a 

thickness of 4 nm.67 Glycerophospholipids are the most abundant class of lipids present in plasma 

membranes of eukaryotic and prokaryotic cells. These amphipathic molecules are comprised of 

two hydrophobic acyl chains (sn-1 and sn-2 residue) that are connected to glycerol forming the 

diacylglycerol backbone (DAG).68,69 A phosphate group bound to DAG is the basis of the 

hydrophilic head group in the simplest structure leading to phosphatidic acid (PA). Its 

esterification to a choline (phosphatidylcholine, PC), glycerol (phosphatidylglycerol, PG), 

ethanolamine (phosphatidylethanolamine, PE), serine (phosphatidylserine, PS) or inositol 

(phosphatidylinositol) results in zwitterionic or charged head groups at physiological pH. The 

saturated or cis-unsaturated acyl chains exhibit different lengths. 

The combination of these properties leads to a rich variety of phospholipids70 forming different 

assemblies in aqueous phases.71 Besides lipid-specific parameters, i.e. location and number of 

double-bonds, head group charge and size, acyl chain length and branching, extrinsic conditions 

like temperature and concentration determine the fluidity.72–74 The transition temperature Tm 

represents the transition from the gel phase (quasi-crystalline; Lβ) below Tm to the fluid phase 

(liquid-crystalline phase; Lα) above Tm that is conceded by unsaturated acyl chains.75 

This results in the formation of mesophase structures, while the formation of monolayers and 

bilayers are distinguished from non-bilayer phases, like hexagonal and cubic phases.68 These 

latter assemblies are relevant in transient biomembrane states, e.g. fusion, fission and pore 

formation.75 

Figure 3.1 shows the phospholipid structures of 1-palmitoyl-2-oleyl-sn-glycero-3-

phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

(POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA) that were used in this work. 

These lipids contain a saturated 16:0 acyl chain in the sn-1 position and an unsaturated 18:1 chain 

in the sn-2 position. The cylindrically shaped and zwitterionic POPC is a bilayer-forming lipid 

due to its spontaneous curvature close to zero.76 The transition temperature Tm of -2 °C leads to 

the liquid state at room temperature. For that purpose POPC was used in all presented studies as 

main lipid component. The negatively charged POPG is characterized by Tm of -2 °C as well. Due 

to the conical shape with a small head group the anionic POPA is a non-bilayer forming lipid 

resulting in a negative curvature of the membrane. Furthermore, the lipid is characterized by a 

transition temperature of 28 °C.77–79 
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3.2 Fluid Mosaic model of biomembranes 

In 1972, Singer and Nicolson introduced the “fluid mosaic model” of bilayer membranes on the 

basis of thermodynamic data.80 In their concept, a fluid bilayer matrix comprised of phospholipids 
harbors integral as well as peripheral proteins and glycoproteins. The model considers rapid and 
dynamic lateral movements of membrane components and changes of their topographic 
distribution, which was confirmed by subsequent structural, spectroscopic and physical 
investigations of protein rotation and motion.80–84 

During the last 40 years this concept was further improved.85–87 In particular, Simons and Ikonen 
added knowledge about the role of the protein arrangement within bilayer membranes by the 
discovery of lipid rafts.5 These nanoscale (10-100 nm) assemblies88 are highly dynamic, 
asymmetric and contain phosphatidylcholine in the outer and sphingolipids in the inner leaflet, 
whereas sterols are equally distributed on both sides. Different studies proved the existence of 
lipid rafts in mammalian cells,89 plants90 as well as in gram-positive91 and gram-negative92 
bacteria. The resultant membrane segregation facilitates signal transduction,93 apoptosis,94 protein 
sorting,95 cell recognition96 and other functions. 

In 2014, the refined “Fluid-Mosaic Membrane Model” (F-MMM)6 was presented, which includes 
the recent advances. This concept emphasizes the mosaic structure of membranes with different 
domains and aspects of lateral protein mobility. In the following section the structural similarities 
and differences of eukaryotic and bacterial membranes are illustrated. 

3.3 Eukaryotic membranes 

The outer leaflet of eukaryotic membranes is mainly composed of PC and sphingomyelin 
representing 80% of the lipid components. The aminophospholipid PE exists in the both layers, 
however, occurrence in the inner leaflet is higher and PE is the main lipid besides anionic PS.97,98 
AMPs show a low affinity to eukaryotic membranes due to the high amount of zwitterionic lipids, 
the absence of a strong transmembrane potential and especially the existence of cholesterol in 
both leaflets.4,99,100 

Figure 3.1 Chemical structure of the phospholipids 1-palmitoyl-2-oleyl-sn-glycero-3-phosphatidylcholine (POPC), 
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphate (POPA). The hydrophobic acyl chains, glycerol backbone and polar head group are specified. The charge at 
neutral pH and chain length as well as number of double bonds are indicated. 
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3.4 Bacterial membranes 

Bacterial plasma membranes as well as the surrounding cell wall exhibit a different composition 

for gram-positive and gram-negative bacteria (Figure 3.2). In the following section these 

structural differences are described. 

3.4.1 Gram-negative bacteria 

The cell envelope of gram-negative bacteria is composed of the inner (cytoplasmic) membrane 

(IM) and the outer membrane (OM) (Figure 3.2 left). The periplasm in between these two barriers 

is comprised of a peptidoglycan (PGN) layer of a thickness of 7-8 nm.101 

The IM of the bacterial strains E.coli and P. aeruginosa are composed of the zwitterionic 

phospholipid PE (ca. 60-75%), negatively charged PG (ca. 20-25%) and in the latter case also the 

anionic cardiolipin (CL, ca. 11%).102–105 The OM contains negatively charged lipopolysaccharide 

(LPS) leading to a strong negative surface charge.106 Due to transmembrane β-barrel proteins 

named porins or outer membrane proteins it is permeable to hydrophilic molecules of a size up to 

600 Da.107 

3.4.2 Gram-positive bacteria 

Gram-positive bacteria are surrounded by a plasma membrane that is covered by many PGN 

layers of 40-80 nm in thickness (Figure 3.2 right).108 The cytoplasmic membrane of S. aureus 

comprises PG (ca. 57%), Lysyl-phosphatidylglycerol (LPG, ca. 38%), and CL (ca. 5%).109,110 In 

contrast the membrane composition of B. subtilis includes PG (ca. 70%), PE (ca. 12%) and CL 

(ca. 4%) in its plasma membrane.111–113 

A further characteristic component of the gram-positive cell wall is lipoteichoic acid (LTA). It 

consists of a glycerol/ribitol phosphate polymer named teichoic acid, which is connected to the 

plasma membrane by a lipid anchor (diglycosyl-1,2, diacylglycerol).114 

Figure 3.2 Representation of gram-negative (left) and gram-positive (right) cell envelopes. Reproduced with 

permission from Malanovic, N. and Lohner, K. Gram-positive bacterial cell envelopes: The impact on the activity of 

antimicrobial peptides Biochimica et Biophysica Acta 1858, 936–946 (2016).108 
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3.5 Transmembrane potential 

The passage of the membrane barrier requires a variety of carriers embedded in the bilayer 

membrane, e.g. ion-channels. These molecules conduct the transmembrane ion transport leading 

to an imbalanced ion concentration and thus, to an electrical potential difference ∆ψM between 

the N-side and P-side of the membrane. The magnitude of the transmembrane potential is in the 

range of 10-100 mV.115 

Due to the structural arrangement of bilayer membranes combining zwitterionic or charged head 

groups, with a hydrophobic membrane core and oriented water dipoles the potential distribution 

is not linear, instead it shows a characteristic profile (Figure 3.3). 

Most of the cellular membranes are characterized by a negative surface potential ψS due to an 

amount of 10-20% of lipids with negatively charged head groups.115,116 In eukaryotic cells 

phosphatidylserine contributes to the overall charge, bacterial cell envelopes contain 

phosphatidylglycerol and cardiolipin (vide supra).117–119 The surface potential can be described 

by the Gouy-Chapman-Stern model.119–121 

The alignment of lipid residues and water dipoles cause a sharp increase in the dipole potential 

ψD within the lipid head group region. In the hydrophobic membrane core, the potential decreases 

linearly by the transmembrane potential difference ∆ψM. 

Experimental estimations and MD simulations for saturated phosphatidylcholines led to an 

estimation of ψD in a range of of 200 - 500 mV122,123 and 300 - 1,000 mV, respectively.124,125 The 

associated electric fields have a magnitude of 108 and 109 V m−1. 

 

  

Figure 3.3 Electrical potential distribution over a phospholipid bilayer membrane. ∆ψM represents the 

transmembrane potential, ψS the surface potential and ψD the dipole potential. The relative permittivity εr is 

indicated for water and the lipid bilayer. (Reprinted with kind permission from Jacek Kozuch (2013). Structure-

Function Relationships of Membrane Proteins - Spectroelectrochemical Investigation of Artificial Membranes), 

Technische Universität Berlin, Fakultät II.134 
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3.6 Biomimetic membrane systems 

Structural and functional investigations of membrane proteins and dynamic peptide-membrane 
interactions in a systematic way require stability and the flexibility of fluid bilayer membranes at 
the same time. 

Biomimetic membrane systems adsorbed on metal interfaces are two-dimensional planar 
constructs, which are widely used to monitor peptide and protein incorporation into bilayer 
membranes by spectro-electrochemical approaches.30,48,51,126–130 For that purpose, nanostructured 
Au electrodes are functionalized by organic self-assembled monolayer (SAM) molecules, that are 
connected to the metal by a thiol-group. Due to the specific SAM head-groups hydrophobic, 
hydrophilic and/or charged surfaces are provided.131–133 On this basis lipid bilayers and 
monolayers can be assembled by spreading of unilamellar liposomes on top of the SAM.134 

Figure 3.4 A: Tethered bilayer lipid membrane (tBLM). B: Tethered hybrid lipid membrane (tHLM). 
C: WK3SH monolayer providing a hydrophobic surface as reference. Nanostructured Au surfaces are covered 
by a mixed self-assembled monolayer of hydrophobic WK3SH (D) and hydrophilic 6-Mercaptohexanol 
(E, 6MH) or a WK3SH monolayer, respectively. Spreading of POPC:POPG (90:10) liposomes leads to 
alternating lipid bilayer/monolayer islands (A) or a lipid monolayer (B). Adapted with permission from 
Wiebalck, S., Kozuch, J., Forbrig, E., Tzschucke C. C., Jeuken L. J. C., Hildebrandt P. Monitoring the 
Transmembrane Proton Gradient Generated by Cytochrome bo3 in Tethered Bilayer Lipid Membranes Using 
SEIRA Spectroscopy. J. Phys. Chem. B 129, 2249–2256 (2016). Copyright (2016) American Chemical 
Society.325 
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In this work, different biomimetic constructs were used to investigate biomolecules by SEIRA 

spectroscopy in combination with electrochemistry. The established tethered bilayer membrane 

system (tBLM)8,35,134 was optimized for the study of cationic AMPs by introduction of negatively 

charged phospholipids (Figure 3.4A). The assembly required a mixed SAM comprised of the 

hydrophobic cholestanyl-linker [(β-cholestanoxy)ethoxy)ethoxy)ethanethiol] (WK3SH, Figure 

3.4D)8 and the hydrophilic 6-mercaptohexanol (6MH, Figure 3.4E). This surface was covered by 

alternating islands of bilayers and monolayers of POPC:POPG phospholipids in a molar ratio of 

90:10, resulting in an anionic surface. In between the 6MH-spacer and the hydrophilic headgroups 

of the lower membrane leaflet, an aqueous reservoir avoids the contact of the bilayer with the 

metal electrode. Furthermore, this allows for the investigation of proteins and peptides that 

incorporate in a transmembrane arrangement. 

In comparison, a tethered hybrid lipid membrane (tHLM) based on a pure WK3SH monolayer 

was constructed on a nanostructured Au surface (Figure 3.4B). The POPC:POPG (90:10) lipid 

monolayer was connected by the hydrophobic acyl chains to the hydrophobic cholestanyl-

headgroup. This system restricted a transmembrane incorporation of biomolecules. It represented 

a suitable reference system to study differences in the insertion process of peptides in lipid 

bilayers and monolayers. The construction of a pure WK3SH monolayer enabled the study of 

peptide attachment on hydrophobic surfaces compared to hydrophilic lipid surfaces. 

The investigation of the bacterial Complex I (CpI) was conducted using a supported-lipid 

membrane (SLM) that allowed the monitoring of the transmembrane proton translocation by 

means of SEIRA (Figure 6.22). A 4-aminothiophenol (4-ATP) SAM was adsorbed to the 

nanostructured Au surface. 4-ATP was used to observe a protonation or deprotonation of the 

surface, since it can exist in two different forms (depicted in Table A7 in chapter 8.2.3). The 

adsorption of POPC, POPA and the quinone DMN9 in a ratio of a 80:10:10 lipid mixture led to  

lipid membranes, that allowed the protein incorporation and functional assays.
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4 ANTIMICROBIAL PEPTIDES AND MEMBRANE PROTEINS 

Antimicrobial peptides (AMPs) and membrane proteins are two classes of biomolecules that are 

involved in the processes at cellular plasma membranes with contradictory effects. On the one 

hand, AMPs belong to the host defense mechanisms protecting it by collective binding and 

disruption of pathogenic membranes or its translocation to target intracellular sites. Currently, the 

construction of novel AMPs on the basis of natural templates represents a promising approach for 

developing future antibiotics. 

On the other hand, the interplay of specialized membrane proteins stabilizes the cellular 

homeostasis due to versatile functions. The signal transduction at the membrane, proton and 

electron transfer, potential dependent ion translocation and enzymatic reactions are facilitated by 

these proteins. 

The study of such biomolecules needs the use of non-invasive methods in a “native-like” 

environment that can be provided by artificial membrane systems. Especially, the application of 

SEIRA spectroscopy proved to be a suitable method to relate structural and functional information 

of peptides as well as membrane proteins embedded in biomimetic membrane systems even under 

consideration of potential-dependent processes.8,30,49,135 This chapter provides information about 

the general structure of proteins peptides. Furthermore, the AMPs cathelicidin LL-37 and 

alamethicin as well as the membrane protein bacterial Complex I are introduced.  

4.1 Structure of peptides and proteins 

Peptides and proteins are composed of 20 different proteinogenic and a variety of non- 

proteinogenic (e.g. in case of alamethicin) L-α-amino acids, which are connected via a peptide 

(amide) bond. The primary structure of a protein is characterized by its amino acid sequence that 

determines intramolecular interactions, i.e. hydrogen bonding processes. This leads to folding of 

the primary structure into defined secondary structures, e.g. α-helix, β-helix, β-sheet, turns, and 

random coils (Figure 4.1). 

The hydrogen bonds between the C=O and N-H group of the third succeeding neighbor leads to 

right-handed spiral-like α-helices. In this structure, each helix turn is comprised of 3.6 amino 

acids. The amide C=O bonds are aligned in parallel and directed towards the helical C-terminus 

(Figure 4.1). For that reason, the amino acid residues are oriented externally resulting in 

hydrophobic, hydrophilic or amphipathic α-helices depending on the polarity of the residues. 

Membrane proteins are composed of helices with hydrophobic moieties, which permit protein 

incorporation and structural stabilization within the hydrophobic membrane part of the bilayer. 

The parallel or antiparallel arrangement of linear peptide chains known as β-strands results in the 

formation of β-sheet structures (Figure 4.1). The amino acid residues are located at both sides of 

the β-strand, since all amide C=O bonds are aligned antiparallel to each other within each strand. 

This structure is characterized by hydrogen bonds between opposing peptide bonds. In parallel 

sheets the orientation of these hydrogen bonds are oriented at distorted angles to the sheet 

direction. However, antiparallel sheets possess hydrogen bonds that are normal to the sheet 

direction and parallel to each other. 
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Turns are segments that are comprised of a maximum number of five amino acids. They show a 
U-like conformation changing the direction of propagation by 180°.The formation of α-, β-, or 
γ-turns is dependent on the position of the hydrogen bonds. Random coils do not exhibit regular 
structural elements.  

β-helices originate from an association of β-strands to a β-sheet that propagates in a helical 
pattern. One can distinguish between parallel and antiparallel β-helices which differ substantially 
and can occur, both, in a left and right-handed manner.136,137 

The combination of different secondary structures characterizes the tertiary structure of proteins. 
The main factors, which stabilize this arrangement are electrostatic and hydrophobic interactions 
as well as covalent and hydrogen bonds. The further assembly of tertiary structural elements leads 
to the quaternary structure. 

 

Table 4.1 Assignment of amide vibrations associated with the peptide and protein backbone. The group 
vibrations are depicted in Figure 4.1. Reprinted with kind permission from Jacek Kozuch (2013). Structure- 

Function Relationships of Membrane Proteins - Spectroelectrochemical Investigation of Artificial 

Membranes, Technische Universität Berlin, Fakultät II.134 

  

Designation Wavenumber [cm-1] Group vibrations 

Amide A 3310-3270 N-H stretching 

Amide B 3010-3030 N-H stretching 

Amide I 1700-1600 
C=O stretching, minor contribution of N-
H bending 

Amide II 1580-1480 combined C-N stretching/N-H bending

Amide III 1300-1230 
combined C-N stretching/N-H bending 
(different proportions and signs) 

Figure 4.1 Scheme of the amide vibrations of the peptide and protein backbone. Top: Orietation and spectral 
wavenumber of amide I and amide II vibration in a α-helix (left), β-helix (middle) and β-sheet). The C=O bonding of 
the amide I (red) and the C-N bonding of the amide II mode (blue) are shown. Bottom: Scheme of the amide modes of 
the peptide and protein backbone. Reprinted with kind permission from Jacek Kozuch (2013). Structure-Function 

Relationships of Membrane Proteins - Spectroelectrochemical Investigation of Artificial Membranes, Technische 
Universität Berlin, Fakultät II.134 
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A loss of these structural conformations due to external factors, e.g. high temperatures or 

non-physiological pH values, leads to irreversible denaturation and malfunction of 

proteins, which is related to several diseases.138,139 

4.1.1 Infrared spectroscopic properties 

By means of IR spectroscopy peptides and proteins can be investigated by specific spectral 

contributions of the polyamide backbone (i.e. secondary and tertiary structure) and of amino acid 

side chain residues.140 The examination of side chain modes is still a challenge due to a small 

number of contributing vibrations.141 However, the protein backbone amide modes (Figure 4.1 

and Table 4.1) cover the complete molecule and indicate comparably strong vibrational 

intensities. Information about the secondary and tertiary structure of proteins can be achieved by 

analysis of amide I and amide II modes. These modes are dominated by the C=O stretching (with 

minor contributions of the N-H bending), and a combination of N-H bending and C-N stretching, 

respectively. The amide I position is highly dependent on the hydrogen bonds and thus the 

frequency of this mode can be related to structural elements, e.g. α-helices, β-helices, β -sheets, 

turns, and random coils.  

Moreover, transition dipole moment coupling within structural elements can result in a separation 

of amide bands into symmetric and asymmetric components (in-phase and out-of-phase vibration) 

with different frequencies and polarizations.140,142 This allows theoretical and experimental 

studies on the spectral composition of the amide I band envelope providing information about the 

protein backbone.140,143,144 The amide II band was also investigated by theoretical calculations that 

resulted in information about the position and polarization as well.145 In the following the amide I 

and amide II positions are described for common secondary structures depicted in Figure 4.1. 

α-helix The amide I IR absorption of α-helical structures is located at frequencies between 

1657 cm−1 and 1648 cm−1. The transition dipole moment is oriented in parallel to the helix axis. 

The amide II band position is at ca. 1545 cm−1 with a perpendicular polarization. 

β -sheet The amide I band exhibits two components because of dipole moment coupling.140 The 

main absorption at ca. 1630 cm−1 has a transition dipole moment that is oriented perpendicular to 

the propagation direction of the chain. The second absorption located at ca. 1685 cm−1 has a 

direction of the transition dipole moment along the chain. The amide II band is also characterized 

by a main component at ca. 1524 cm−1 and a weaker component at ca. 1555 cm−1 with parallel 

and perpendicular polarizations.145 

β -helix This structural element reveals a main amide I component at ca. 1635 cm−1 and a minor 

component at 1690 cm−1.136 The orientation of the transition dipole moment is perpendicular and 

parallel to the helix axis for these components, due to the helical structure. 

Turn The amide I band absorption of turns ranges from 1690 to 1630 cm−1, due to their hydrogen 

bonds, but it is mostly observed at 1686 and 1662 cm−1. 

SEIRA spectroscopy is sensitive to IR absorptions of molecules in close vicinity ( 8 nm) to the 

nanostructured Au film, while contributions from the bulk solution can be neglected. 

Furthermore, on the basis of the surface-selection rule, particularly strong signals are recorded for 

IR modes with transition dipole moment changes perpendicular to the surface.36 This fact can be 

used for an estimation of the orientation of ordered transmembrane helices of membrane proteins 

or enzymes. Whereas the modes in the amide II region result from dipole moment changes along 

the membrane plane and perpendicular to the helix axis, the amide I modes are preferentially 

polarized along the helix axis.146,147 Thus, the ratio of amide I to amide II band intensity provides 
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a quantity describing the orientation of peptides and proteins at SEIRA-active surfaces. In the 

case that this ratio is higher than the isotropic/non-polarized ratio a preferential orientation of 

helices perpendicular to the surface is expected, whereas in the opposite case of smaller ratios 

helices are aligned preferentially along the surface.8,25,29,30,148 

4.2 Antimicrobial peptides 

The development of modern antibiotics in the first half of the last century was a mile stone 

in the history of medicine and allowed the treatment of many infectious diseases transmitted 

by bacteria. However, very soon after introducing these drugs into clinics, first antimicrobial 

resistances started to develop. Bacterial resistance is a naturally occurring adaption of 

pathogens to antibiotics that are mostly produced by other microorganisms. An important 

example are the widely used ß-lactam antibiotics, which undergo an enzymatic cleavage of 

the ß-lactam ring by ß-lactamases resulting in a dysfunction.149 Genetic studies revealed that 

the responsible resistance genes already exist for 100 million years without development of 

resistances.150 This finding clearly shows that emergence of multi-drug resistant pathogens151 

in the last decades is attributable to different manmade factors, e.g. increasing prescription of 

antibiotics in therapies, their use in agriculture, migration and environmental pollution. 

According to the World Health Organization this is one of today’s major global health 

threats.151,152 Within the next decades an “antibiotic crisis” can be the consequence, in case 

there is a lack of substitutes.153 A subsequent increase of the probability of morbidity and 

mortality results also in vastly rising economic costs each year. Novel antibacterial substances 

need to fulfill the requirements of a high toxicity against microbes, by being non-toxic to host 

cells at the same time. 

The research field investigating antimicrobial peptides (AMPs), a highly promising class of 

amphipathic, short peptides (10-100 amino acids),154 aims to develop alternatives to 

conventional antibiotics using a completely different approach. AMPs belong to the natural 

defense system of many organisms, ranging from microorganisms over plants to the innate 

immune system of humans.155 

AMPs are mostly cationic, composed of L-amino acids and adopt linear, α-helical (e.g. 

cathelicidin, alamethicin and magainin156) or β-sheet (e.g. defensins)157 secondary structures, 

which can be stabilized by different numbers of disulphide bonds formed by cysteine 

residues.158,159 

These molecules exhibit a broad-spectrum activity being bactericidal and bacteriostatic against 

gram-negative and gram-positive bacteria.114 Moreover, activity against fungi, parasites, viruses 

and even tumor cells is reported.160 In higher eukaryotic organisms, AMPs are also known as 

“host defense peptides,” a term that highlights the pleiotropic functions and additional 

immunomodulatory activities”.161 An interesting subgroup are also cell penetrating peptides.162 

They are able to pass the plasma membrane without disturbing its structural integrity to target 

intracellular sites, offering their use as transporters for therapeutic substances, e.g. drugs, nucleic 

acids or chemotherapeutics.163–165 
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However, AMPs also exhibited to some extent hemolytic activity.166–168 Therefore, it is crucial to 

increase the understanding of the overall mechanisms of action. On this basis, natural templates 

can be used for the synthesis of target specific mutated peptides, which are non-hemolytic and 

result in future antibiotic drugs. 

4.2.1 Modes of peptide-membrane interaction 

The main mode of action of AMPs is based on their specific but diverse interactions with the 

cellular membrane of the infectious invader. Figure 4.2. illustrates different modes of action of 

α-helical peptides.162 In many cases these molecules show a disordered secondary structure in 

solution and the formation of the α-helical structure after membrane binding. According to Sani 

et al. this leads to a higher rigidity of the peptide amide backbone. Hydrogen bonds between the 

N−H group and C=O group allow for a disruption of the surface tension and structural 

stabilization even in a fluid membrane environment.162 

In contrast to eukaryotic membranes, that exhibit a neutral net charge at the outer leaflet of the 

cell membrane, bacterial plasma membranes are anionic due to the phospholipid composition. 

This leads to an electrostatic attraction of cationic AMPs and a high attachment affinity. After 

secondary structure formation hydrophobic forces trigger the further steps due to a high amount 

of hydrophobic residues in the peptide. The exact mechanism of insertion and disruption depends 

on the peptide’s structural properties, that determine its charge, amphipathicity, hydrophobicity 

as well as three-dimensional characteristics, i.e. polar angle and stereo geometry.4 

Figure 4.2 Scheme of mode of interaction between α-helical AMPs and bilayer membranes of bacterial and eukaryotic 

cells. After peptide binding induced by electrostatic forces the peptides adopt an amphipathic secondary structure and 

further interact due to hydrophobic forces. Different pore models and non-pore models are represented. Adapted with 

permission from Sani, M.-A. & Separovic, F. How Membrane-Active Peptides Get into Lipid Membranes. Acc. Chem. 

Res. 49, 1130–8 (2016). Copyright (2016) American Chemical Society 162 
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Several models have been proposed and involve the formation of barrel-stave or wormhole-like 

(toroidal) pores spanning the membrane as well as lysis according to the carpet model.161,169 

However, the detailed underlying mechanisms proved to be very complex and non-identical even 

within certain structural classes of AMPs.4  

The Shai-Huang-Matsuzaki model combines several pore models shown in Figure 4.2.170–173 It 

proposes a carpet-like attachment, lipid displacement and to some extent an integration into 

the target cell membrane.174 Moreover, non-pore forming models that consider membrane 

aggregation175 and thinning,176,177 cell permeation and internal target binding162,165,178,179 as well 

as depolarization of the transmembrane potential180 are stated in literature. However, for 

many peptides the exact mechanism of action remains elusive. Thus, predicting activity of 

AMPs for the design of novel drugs is still a major challenge.  

4.2.2 Human Cathelicidin LL-37 and the fragments LL-32 and LL-20 

The human antimicrobial peptide (AMP) LL-37 belongs to the family of cathelicidins. The 

precursor is called human 18-kDa cationic antibacterial protein (hCAP18). It contains a 

N-terminal signal cathelin (cathepsin L inhibitor) domain181 that is highly conserved.182 The 

C-terminal cleavage of the protein by proteinase 3, a serine proteinase, results in the formation of 

the mature peptide composed of 37 amino acid moieties.183  

LL-37 is produced by neutrophils at epithelial surfaces, e.g. skin and mucosa, in concentrations 

of ca. 2-5 µg/mL.184,185 Different investigations revealed a significant inflammation dependent 

up-regulation leading to concentrations between 15 µg/mL and 1.5 mg/mL to protect the host 

from invading pathogens.185–187 Besides the antimicrobial activity and ability to inhibit biofilm 

formation188–190 it displays diverse immunomodulatory functions.191,192 Furthermore, LL-37 plays 

a role in wound healing,193 chemotaxis of neutrophils as well as mast cells194,195 and regulates 

apoptosis.196-198 Interestingly, it becomes evident that binding of LL-37 to membrane proteins of 

eukaryotic cells, e.g. G-protein coupled receptors or receptor tyrosine kinases triggers signaling 

cascades.199  

A very important mechanism of action is the interaction of LL-37 with bacterial cell wall 

compartments and the plasma membrane. The study by Sochacki et al. showed that the AMP 

saturates and passes the outer membrane of gram-negative E. coli and accumulates in the 

periplasmic space where it interacts with LPS and the inner membrane.200 
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LL-37 is a cationic (+6) and amphipathic AMP containing charged, hydrophobic and hydrophilic 
amino acids. Studies in SDS micelles revealed that the residues 2-31 form an α-helical secondary 
structure with a bend between the residues G14 and E16 and a disordered C-terminus (residues 
32-37; Figure 4.3).11  

Besides D-amino acid substitutions,201 the synthesis, isolation and investigation of peptide 
fragments of LL-37 is a promising approach for the development of therapeutic analogs that are 
active against different bacterial strains.10,11,194,202–205 The fragment FK 13, investigated by Li 
et al., is comprised of residues equivalent to the amino acid chain F17- R29 of LL-37 and is 
referred as “core peptide”, due to its high antibacterial activity (see Figure 4.3).10,11 In a previous 
study Dannehl et al. synthesized LL-37 and the fragments LL-32 as well as LL-20, which did not 
contain the complete peptide core region. Each peptide contained an amidated C-terminus and an 
unstructured N-terminus. The physical-chemical characteristics were analyzed by Infrared 
reflection absorption spectroscopy, X-ray scattering and Circular dichroism spectroscopy in 
aqueous solution leading to an unstructured conformation.  

In this work an approach combining infrared spectroscopy and MD simulations is addressed to 
investigate LL-37, LL-32 and LL-20. First, the secondary structure of the peptides in solution, 
that sets the foundation for studies using artificial membranes, is determined by FT-IR 
spectroscopy. To study the peptide-membrane interaction the tBLM was constructed as described 
in section 3.6 and SEIRA spectroscopy was applied.  

The distance-dependent signal attenuation (up to 8 nm) is an important characteristic of this 
technique that allows the distinction of the vibrational modes of the tBLM as well as peptides 
from the bulk solution. Moreover, it offers necessary information about the position of the 
peptides during their membrane interaction. Another specificity of SEIRA is the enhancement of 
transition dipole moments of the amide I and amide II modes depending on the peptide’s 

orientation within the membrane.206  

These aspects were analyzed by incubation of LL-37, LL-32 and LL-20 into a negatively charged 
lipid membrane consisting of POPC:POPG (90:10). The obtained SEIRA spectra allowed for the 
calculation of the amide I/amide II ratio leading to information about the orientation of all 
peptides. Moreover, the peptide position with regard to the bilayer surface can be estimated.   

Molecular Dynamics (MD) simulations were conducted taking the experimental conditions into 
account and provide information about the structure of LL-37, LL-32 and LL-20 as well as their 
interaction with a simulated POPC:POPG (90:10) membrane. Eventually the obtained 

Figure 4.3 Scheme of the amino acid chain of cathelicidin LL-37 and the fragments LL-32 and LL-20. The peptide 
core between the residues F17 and R29 is highlighted. There are non-polar (red), polar charged (blue) and polar non-
charged (black) residues depicted. The previously described peptide core is comprised of the residues F17 – R29. 
Adapted with kind permission from Alejandra de Miguel (2017). Elucidating the Mechanism of Action of Antimicrobial 

Peptides by means of Computational Approaches, Technische Universität Berlin, Fakultät II.287 



Antimicrobial Peptides and Membrane Proteins | 35 

experimental and theoretical data are rationalized in the context of the peptide’s primary structure 

and the role of the “core peptide” will be analyzed.  

4.2.3 Alamethicin 

The information presented in this section are reproduced from Forbrig et al.206 Alamethicin 
(ALM) is a 20-amino acid long AMP and was isolated for the first time from Trichoderma 

viride.207 It belongs to the class of peptaibols, a group of fungal secondary metabolites.13 
It has been studied thoroughly due to its antibacterial and antifungal activity, and provided 
valuable insight into the antibiotic membranolysis by AMPs.13 At the same time, due to its 
property of transmembrane potential-induced ion channel formation, it is predestined as a 
model system to improve the mechanistic understanding of voltage-dependent ion 
channels in general.208 The amino acid sequence of ALM is characterized by a large 
number of hydrophobic residues, in particular the non-proteinogenic amino acid 
2-aminoisobutyric acid (Aib), an acetylated N-terminus, the C-terminal phenylalaninol 
(Pheol), and a proline at position 14 (Figure 4.4). As shown by X-ray crystallography,209 
NMR210 and optical spectroscopy,211 ALM adopts a helical structure with a Pro-14-induced 
bend resulting in an α-helical N-terminal part and a 310-helical or α-helical C-terminal 
fragment. This causes alignment of the few polar amino acids Glu-18, Gly-11 and Gln-7 
on one side of the helix and thus renders ALM amphipathic with a hydrophobic and 
hydrophilic patch, and a strong dipole moment corresponding to a net negative charge at 
the C-terminus (see illustration in Figure 6.16 in chapter 6.3.3).212 Due to its amphipathic 
nature, ALM can interact either with the membrane surface in a horizontal manner or get 
inserted into the membrane vertically to form voltage-dependent ion channels according 
to the barrel-stave model.13 In this model, a cylindrical array of 4-12 parallel ALM helices 
is established, in which the hydrophobic sides face the hydrophobic membrane core, while 
the hydrophilic parts create a water-filled conductive pore with a diameter of ca. 1.8 to 
2.6 nm.213 The process of insertion into the membrane is either induced by high ALM 
concentrations in solution and on the membrane surface214 or governed by interaction of 
the strong dipole moment with the interfacial electric field.208,215 In both cases, not only 
the structure, but also the peptide-membrane interactions and the resulting orientation and 
positioning within the membrane play a central role for the activity. This is not only true 
for ALM but for AMPs in general. Therefore, many attempts were made to gain insight 
into the orientation of ALM210,216–219 and other AMPs in phospholipid bilayer systems.220–

223 However, monitoring these processes in situ and under control of the electrochemical 
potential is accompanied by many technical difficulties. In this respect, IR spectroscopy is 
a particularly appropriate method since it can be combined with electrochemical 
approaches and does not rely upon peptide labeling due to the intrinsic anisotropy of 
peptide backbone vibrational modes, i.e. the amide I and amide II normal modes.146  
These normal modes are composed mainly of the amide group’s C=O stretching [ν(CO)] and a 

combination of the N-H bending [δ(NH)] and C-N stretching [ν(CN)] coordinates, respectively. 

The transition dipole moments (TDM) of the amide I and II modes were shown to be oriented ca. 
29° - 40° and 77° - 79° with respect to the main helix axis for model helices.224–226 Accordingly, 
IR spectra of helical peptides or proteins are frequently interpreted by assuming the TDM vectors 
of the amide I and amide II as being approximately parallel and perpendicular to the helix axis.30,34 

Figure 4.4 Primary structure of alamethicin containing the non-proteinogenic amino acids 2-aminoisobutyric acid (Aib) 
and phenylalaninol (Pheol). 
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However, the above estimates have to be considered with caution. First, they refer to a linear 

conformation of the helix and, second, they lack the information about the direction to which the 

TDM vectors are inclined. A linear conformation of the helix is, however, only a crude 

approximation in many cases such that the contributions of TDM vectors with different 

inclination angles to the IR spectrum are not considered. Thus, if more exact and quantitative 

spectral analyses are required, the orientation of the TDM vectors of the amide I and amide II 

have to be determined specifically for individual peptides or proteins. Computational methods 

provide an elegant way of obtaining this information, which otherwise are very difficult to access 

experimentally, given that the structure of the peptide or protein can be simulated appropriately. 

Density functional theory (DFT) calculations have been shown to describe the IR spectra of 

peptides with increasing accuracy,227–229 although computational costs currently restrict this 

approach to peptides or small protein fragments. These limitations can be overcome by using 

other theoretical methods.230,231 

In this work, the spontaneous and potential-induced incorporation of ALM into a tethered hybrid 

lipid membrane (tHLM) and tethered bilayer lipid membrane (tBLM) was monitored in-situ in 

order to determine the structure and orientation of the peptide during these processes (Figure 1). 

The tethering offers a higher stability compared to other commonly used supported membrane 

systems when assembled on nanostructured surfaces for spectroelectrochemical studies.33,34 For 

that purpose, potential-controlled surface-enhanced infrared absorption (SEIRA) spectroscopy 

was employed, using an Au-coated attenuated total reflection (ATR) element.232 The coated ATR 

element serves as the support for a new class of tBLMs lacking IR signals in the amide region,8 

and also acts as the working electrode to control the electrochemical potential. At the same time, 

it amplifies the IR signals of molecules in the direct vicinity to the Au surface (up to ca. 8 nm) 

and thus selectively probes the tBLM as well as attached or incorporated peptides without 

interference of spectral contributions from the bulk solution.  

The key feature of SEIRA for this work is the polarization of the enhanced IR radiation along the 

surface normal. In this way, vibrations with TDMs oriented in parallel to the surface normal 

(surface-selection rule)232 were observed and thus the (re-)orientation of molecules in the 

membrane system can be determined. In order to obtain the vectors of TDMs for ALM, the IR 

spectrum was calculated using DFT and a new and more exact mathematical model for re-

orientation of peptides detected by SEIRA spectroscopy was applied. By combining the results 

from experiment and theory, information about the dynamics of orientational changes of ALM 

during the spontaneous incorporation and upon interaction with a transmembrane potential was 

obtained. In this way, information about the directionality of ALM incorporation into the tBLM 

were obtained. In conclusion, the quantitative determination of the orientation of a peptide using 

SEIRA is demonstrated. This paves the way for studying further AMPs and testing novel 

derivatives for potential antimicrobial activity. 
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4.3 Bacterial respiratory electron transport chain 

Cellular organisms harvest and transform energy obtained from the environment and store it in 

form of adenosine triphosphate (ATP) to stabilize homeostasis. For that purpose carbohydrates 

are used as energy source that are metabolized in the glycolysis and are forwarded to the Krebs 

cycle.233 In this step succinate and NADH are formed that originates from the reduction of 

nicotinamide adenine dinucleotide (NAD+). The redox molecules enter the respiratory chain and 

induce an electron-transport between carriers of different redox-potentials. This process 

establishes a transmembrane proton-motive force by membrane bound respiratory complexes that 

translocate protons. In adaptation to the environmental conditions, specific respiratory 

components, i.e. dehydrogenases, quinones, cytochromes, reductases, and terminal oxidases are 

combined to facilitate an optimal respiration and energy conservation. In prokaryotic organisms 

either dioxygen serves as terminal electron acceptor (aerobic respiration), or inorganic molecules, 

e.g. sulfate, carbon dioxide, nitrate or nitrite (anaerobic respiration). The electrochemical gradient 

is used by the F1Fo ATPase to couple the transmembrane H+ translocation to the synthesis of 

ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi). To stabilize the membrane 

potential exchange proteins transport anions and protons against OH- and H+-gradients, 

respectively. A further prerequisite is that these processes occur at membranes that exhibit a low 

permeability for protons and ions.235-237 

4.3.1 Bacterial Complex I 

The respiratory complex I (CpI, NADH:quinone oxidoreductase) of aerobic organisms 

plays an important role in the energy transduction processes, being the main entry point to 

the respiratory chain of mitochondria and many bacteria.237–239 It catalyzes the two electron 

oxidation of NADH and the reduction of quinone, coupled to charge translocation from 

the negatively charged side (N-side, prokaryotic cytoplasm or mitochondrial matrix) to the 

positively charged side (P-side, prokaryotic periplasm or mitochondrial intermembrane 

space) of the respective membrane (Figure 4.5).240 The charge translocation results in the 

formation of a transmembrane potential difference, fostering endergonic processes such as 

ATP synthesis, active transport or motility and is thus essential for life.241 The 

mitochondrial and bacterial CpI share 14 subunits, which compose the “minimal functional 

unit”. The mitochondrial complex also harbors several accessory subunits, summing up to 

45 subunits.242,243 

 

CpI contains two structural/functional domains: the hydrophilic peripheral arm, 

responsible for the catalytic activity and the membrane part in which ion translocation 

takes place.241,244–247 In bacteria, the latter has a curved shape with a total length of 180 Å 

and is constituted by seven hydrophobic subunits. The peripheral arm has a Y shape, a 

length of 130 Å and is composed of seven hydrophilic subunits.248 It also contains from 8 

to 10 iron-sulphur clusters responsible for the electron transfer over nearly 100 Å from a 

flavin mononucleotide (FMN), which receives the electrons directly from NADH, to the 

quinone binding sites.248–251 Currently, one of the key questions about CpI function is how 

this coupling of electron transfer and proton translocation occurs, since the two processes 

take place in different parts of the enzyme, separated by large distances. This is suggested 

to be related to conformational changes involving shifts of helices at the quinone binding 

site at the interface of the peripheral and membrane domains and a movement of the 

peripheral arm.248,252–256 The aim of this work is to monitor the process involved in this 

coupling mechanism by SEIRA spectroscopy. The reconstitution of purified membrane 
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enzymes on surfaces modified with biomimetic membranes allows to study both, the 

catalytic process and associated structural rearrangements by a combination of 

methodologies.33 In a previous study the entire respiratory CpI was functionally 

reconstituted from Rhodothermus marinus in a biomimetic SLM on a 4-ATP SAM.50 The 

enzyme’s activity with respect to both of its functions (NADH:quinone oxidoreduction 

and proton translocation) was maintained. Here, this investigation is extended using the 

technique of SEIRA spectroscopy in combination with electrochemistry to provide 

additional structural insights into the previously applied electrochemical approach.  

 

Previously, the more elaborate tethered bilayer lipid membrane system was used to 

investigate the peptide incorporation of the voltage-dependent peptide alamethicin (see 

chapter 6.3) into membranes and the generation of a transmembrane potential by 

cytochrome bo3 by Wiebalck et al.8 However, this study is based on a more simple setup 

for several reasons: (a) the possibility to obtain a much higher protein coverage, (b) less 

spatial restrictions of the aqueous reservoir that allows more efficient orientational control 

of CpI with its protruding arm and (c) the ability of 4-ATP to act as a spectroscopic pH 

sensor with much less spectral overlay than quinone/quinol difference bands in another 

approach.8 SEIRA spectroscopy is particular advantageous since structural and 

orientational changes in the protein and its surrounding can be readily monitored. The 

methodology has also been successfully applied in studies of several membrane 

proteins8,34,49,135 including CpI.29 However, in the study of Kriegel et al., CpI was 

immobilized with the hydrophilic domain facing the flat gold electrode,29 in an opposite 

orientation compared to the electrochemical reference study used as basis for this work,50 

by an engineered His-tag at a peripheral subunit or a NADH-SAM.  

Figure 4.5 Redox-linked proton translocation by complex I including an electron transfer from the NADH oxidation 

site to the ubiquinone reduction site via a chain of iron–sulfur clusters; residues of the ubiquinone reduction site are 

shown in green. The membrane-bound arm contains three antiporter type subunits with discontinuous helices (marine; 

cyan; pink) regulating the proton translocation (black arrows). Further helices in the proximal part of the membrane 

arm are highlighted in orange and red. A forth proton pathway is depicted by a dashed arrow. In the center of the 

membrane arm a series of protonable residues (basic, blue; acidic, red) terminates below the ubiquinone reduction site 

with a loop comprising a cluster of highly conserved acidic residues. Conformational changes linked to the redox 

chemistry of ubiquinone are proposed to induce an electric pulse that ultimately triggers proton translocation events in 

the membrane arm. Reprinted from Biochimica et Biophysica Acta, 1857, Wirth, C., Brandt, U., Hunte, C.,  

Zickermann, V., Structure and function of mitochondrial complex I, 902-914, Copyright (2018), with permission from 

Elsevier.
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5 EXPERIMENTAL SECTION 

5.1 Surface-enhanced Infrared Absorption (SEIRA) 

Spectroscopy 

SEIRA spectra were recorded using a Bruker IFS 66 v/s or Tensor 27 FTIR-spectrometer 
equipped with a MCT (Mercury Cadmium Telluride) photo-conductive detector cooled with 
liquid N2. The Michelson interferometer, the globar, as well as the detector of the spectrometer 
were used under vacuum. The sample chamber was purged with nitrogen gas to achieve a water-
vapor free atmosphere. A homemade Kretschmann-ATR setup was adjusted to an angle of 
incidence of 60° leading to an effective measuring area of 7 mm × 3 mm. For each spectrum, 400 

scans were accumulated in the spectral range of 4000 to 1000 cm−1 and at a spectral resolution of 

4 cm−1. SEIRA spectra were analyzed using an OPUS 7.0 software (Bruker) and Origin 2017 
(OriginLab). 

5.1.1 Preparation of the spectroelectrochemical cell 

An Au-covered ATR Si prism was inserted into a homemade spectroelectrochemical SEIRA cell 
as illustrated in Figure 5.1. Electrochemical treatments were performed using a three-electrode 
configuration: the Au film (real area of ca. 1.65 cm2; geometric area of 0.79 cm2 corrected by the 
roughness factor of 2.1 - vide infra; newly determined for each Au film using the Au-oxide 
reduction charge density method), a Pt-wire, and an Ag/AgCl (3 M KCl) electrode serving as 
working, counter, and reference electrodes, respectively (all potentials are referred to the Ag/AgCl 
electrode).  

Figure 5.1 Representation of the spectroelectrochemical SEIRA cell. three-electrode system. The nanostructured Au 
metal-film serves as signal amplifier and working electrode in a three-electrode system with counter and reference 
electrode. The incident IR beam irradiates the silicon prism in an angle of 60° with respect to the surface normal. 
Reprinted with kind permission from Barbara Gonzalez (2018). Spectroelectrochemical study of biomolecules in 

artificial membrane systems, Technische Universität Berlin, Fakultät II.329  
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5.1.2 Electroless Au deposition 

The silicon prism was prepared by electroless deposition of a nanostructured Au film as described 

by Miyake et al.257 In a first step, the surface of the ATR Si prism was polished by means of 

alumina powder (Microgrit WCA-9, grain size: ca. 6 µm) and rinsed with water to achieve a 

hydrophobic surface. The prism was immersed into a 400 g/L NH4F solution for 2 min to remove 

the oxide layer on the Si surface. The Au film was deposited at a temperature of 65 °C by adding 

the Au plating solution onto the Si surface. After 1 min, the Au deposition was aborted by dilution 

with water. The plating solution is composed of an aqueous 1:1:1 (volume ratio) admixture of a 

2 % (w/w) HF solution, a 0.03 M NaAuCl4·2H2O solution, and reduction solution comprised of 

0.3 M Na2SO3, 0.1 M Na2S2O3·5H2O, and 0.1 M NH4Cl. The deposition is due to the reduction 

of AuIII and the oxidation of the Si surface: 

𝑆𝑖0(𝑠) + 6𝐹−(𝑎𝑞) → 𝑆𝑖𝐹6
2−(𝑎𝑞) + 4𝑒− (4.1) 

𝐴𝑢𝐶𝑙4
−(𝑎𝑞) + 3𝑒−(𝑎𝑞) → 𝐴𝑢0 (𝑠) + 4𝐶𝑙−(𝑎𝑞) (4.2) 

5.1.3 Electrochemical cleaning of the Au surface  

The deposited Au film was cleaned electrochemically by performing cyclic voltammetry. 

Six oxidation/reduction cycles between the potentials of 0.1 and 1.4 V in a 0.1 M H2SO4 solution 

were conducted. To avoid the generation of reactive oxygen species, O2 was removed from the 

solution by purging constantly with an Ar stream. The voltammogram was characterized by an 

Au oxidation at potentials above 1.1 V and a single reduction peak centered at ca. 0.92 mV. The 

reduction peak was used to estimate the real area of the Au electrode by the Au-oxide reduction 

charge density method. The necessary charge to reduce the surface Au-oxide was determined 

from the peak and compared with the specific charge density of 400 µC cm−2.258 

The electrochemical cleaning (in 0.1 M HClO4) leads to a surface area of 1.65 cm2. Due to a 

geometric area of 0.79 cm2 there is an estimated roughness factor of 2.1. In the course of the study 

three different biomimetic membrane systems were constructed (see. chapter 5.2). For that 

purpose, distinct self-assembled monolayer (SAM) were adsorbed on the nanostructured Au 

surface.  

5.1.4 Adsorption of the SAM on the Au surface 

To obtain a tBLM system a mixed SAM comprised of 

[(β-cholestanoxy)ethoxy)ethoxy)ethanethiol] (WK3SH) (synthesized according to ref.8) and 

6-mercaptohexanol (6MH, Sigma Aldrich) was formed on the Au surface by incubation for 14 h 

in 1-propanol (Merck) at 4 °C. As shown previously, taking a WK3SH/6MH mixture with a molar 

ratio of 60:40, a mixed and phase-separated SAM is formed with ca. 80 % being occupied by 

WK3SH.8 The tHLM system, however, is based on a pure monolayer of WK3SH diluted in 

1-propanol and formed following the same incubation protocol. To stop the incubation the surface 

was rinsed with 20mM Tris/100mM NaCl pH 7.4 buffer three times. 

For the SLM assembly, a 0.13 mg/mL 4-aminothiophenol (4-ATP) solution in ethanol was 

incubated for 14 h at 4 °C.259 After the incubation the SAM was removed by washing with 

100 mM phosphate-buffered saline (PBS) pH 5.8 for three times. Buffer solutions were prepared 

using Milli-Q-water with a resistance of > 18 MΩ cm. 
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5.2 Assembly of biomimetic membrane systems 

5.2.1 Liposome preparation and tBLM / tHLM formation 

In this procedure 9µl of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in 

chloroform (25 mg/mL, Avanti Polar Lipds) and 1µl of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (sodium salt) (POPG) in chloroform (25 mg/mL, Avanti Polar Lipids) 

were diluted in a mixture of 50µL methanol and 50µL chloroform. The solution was dried under 

a nitrogen stream and traces of solvent were removed under vacuum overnight. After addition of 

0.5 mL of buffer the solution underwent 3 cycles of 10 min incubation and 1 min of vortexing. 

The obtained phospholipid solution possessed a concentration of 0.5 mM and was extruded with 

an extruder (Avanti Polar Lipids) equipped with polycarbonate filters (100 nm pore diameter) 

leading to unilamellar liposomes. 

The freshly prepared unilamellar POPC:POPG (90:10) liposomes were added onto the mixed 

WK3SH/6MH SAM or pure WK3SH in 20mM Tris/100mM NaCl pH 7.4 buffer for 2-3 h to form 

the tBLM or tHLM, respectively. The formation was monitored by SEIRA spectroscopy and all 

experiments were carried out at 25 °C.  

5.2.2 Liposome / proteoliposome preparation and SLM formation 

This preparation protocol was adapted from Gutiérrez-Sanz et al.50 For the liposome preparation 

a volume of 200 μL of POPC in chloroform (10 mg/mL, Avanti Polar lipids) was mixed with 

180 µL of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (sodium salt) (POPA, 1 mg/mL, Avanti 

Polar Lipids) solvent and with 35 μL of 1.5 mg/mL 2,3-dimethyl-1,4-naphthoquinone (DMN)9 in 

a 50/50 chloroform/methanol (Sigma Aldrich) mix. This step was repeated three times followed 

by evaporation of the solution under a N2 stream and under vacuum overnight to remove traces 

of solvent. The addition of 100mM PBS, pH 5.8 was added to form a 2 mg/mL suspension of 

phospholipids that was extruded with an extruder (Avanti Polar lipids) equipped with a porous 

membrane (100 nm pore diameter) leading to unilamellar liposomes.  

Two types of proteoliposomes were used: POPC:POPA (90:10) liposomes with and without DMN 

(50 µg/mL). In both cases, CpI was inserted in the same way: 10 μL a of 6.2 mg/mL CpI was 

added to 500 μL of the liposome suspension and stirred by vortexing, adding 15 mg of 

CALBIOSORB adsorbent biobeads (Calbiochem) every 45 min of stirring. The biobeads were 

added to remove the detergent from the complex I sample, thus facilitating its reconstitution in 

the liposomes. The biobeads were washed with 100mM PBS, pH 5.5 before use. 

The freshly prepared unilamellar liposomes were added onto the 4-ATP SAM in 100mM PBS 

pH 7 buffer for 2-3 h to form the SLM respectively. The addition of the proteoliposomes in the 

same way led to the construction of the SLM with incorporated CpI (1-step-procedure in chapter 

6.4.2). 

5.3 Electrochemistry 

Electrochemical measurements were conducted using a μAutolabIII/FRA2 instrument (Metrohm 

Autolab) and controlled with the FRA and GPES software packages (Metrohm Autolab). In a 

three-electrode configuration comprised of a homemade Pt-counter electrode and an Ag/AgCl 

(3 M KCl) reference electrode (World Precision Instruments, Inc.), the Au film served as the 

working electrode (Figure 5.1; real area of 1.65 cm2, determined from the Au-oxide reduction 

charge; roughness factor and geometrical area were 2.1 and 0.79 cm2, respectively).  
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Electrochemical impedance spectroscopy (EIS) was recorded in the frequency range from 

0.05 Hz to 100 kHz at a potential of 250 mV (vs Ag/AgCl) and amplitude of 25 mV (rms). EIS 

measurements yielded capacitances of ca. 1.2 - 1.3, 0.8 - 0.9, and 0.7 - 0.8 µF⋅cm−1 for the mixed 

WK3SH/6MH SAM, the pure WK3SH-SAM, and the tHLM/tBLM system, respectively (see 

Figure 6.2)8 The 4-ATP SAM and SLM exhibited both a capacitance of 8.1 µF⋅cm−1 (Figure 6.3). 

5.4 Voltage-dependent incorporation of alamethicin into 

tBLM/tHLM systems 

Addition of ALM (Sigma Aldrich) in a concentration of 1 µg/mL led to coverage of the membrane 

surface of the tHLM and incorporation into the lipid bilayer islands of the tBLM. Potentials were 

applied between +500 and −400 mV. SEIRA spectra were acquired after 6 min of equilibration 

at the respective potential. At this time point no further potential-induced spectral changes were 

detected. All amide I/amide II intensity ratios were determined based on integrated intensities of 

the amide bands unless stated otherwise. In this way, all components of the spectra contributing 

to the intensity were taken into account and errors based on differences in relative spectral 

positions are avoided. Experiments were performed in H2O (instead of D2O) to prevent 

complications in relating amide I/amide II ratios to tilt angles due to changes in position, 

composition and transition dipole orientation of the amide II (vs. amide II’). Due to the selection 

rules of SEIRA, bulk H2O display only a minor contribution in the spectra (see Figure A2). 

5.5 Cathelicidin LL-37 and the fragments LL-32 and LL-20 

5.5.1 Peptide synthesis 

The peptides were kindly provided by Prof. Dr. Thomas Gutsmann, Research Center Borstel, 

Germany. In the following the synthesis protocol reported by Dannehl et al. will be presented.12  

The peptides were synthesized with C-terminal amidation by the solid-phase peptide synthesis 

technique on an automatic peptide synthesizer (model 433 A; Applied Biosystems) on Rink amide 

resin according to the fastmoc synthesis protocol of the manufacturer, including the removal of 

the N-terminal Fmoc-group. The peptide was cleaved from the resin and deprotected with 90% 

trifluoroacetic acid (TFA), 5% anisole, 2% thioanisole, 3% dithiothreitol for 3 h at room 

temperature. After cleavage the suspension was filtered and the soluble peptides were precipitated 

with ice-cold diethylether followed by centrifugation and extensive washing with ether. Peptides 

were purified by RP-HPLC using a Jupiter 4µ Proteo column (Phenomenex). Elution was done 

by using a gradient of 0–70% acetonitrile in 0.1% (TFA) to purities above 95%. The purity was 

determined by analytical reversed-phase HPLC (UV 214 nm) and matrix-assisted laser-

desorption-time-of-flight mass spectrometry (MALDI-TOF MS, Bruker). The masses were 

4492 Da (LL-37), 3922 Da (LL-32) and 2465 Da (LL-20), respectively. The peptides were 

dissolved in buffer with 20 mM Tris 100 mM NaCl at pH 7 to a concentration of c = 1 mg/mL. 

The aqueous solutions were prepared using ultrapure water (specific resistance of 18.2 MΩcm) 

produced by a Millipore reverse osmosis unit.  

5.5.2 Fourier transform infrared spectroscopy 

Up to 3 µL of a peptide sample of LL-37, LL-32 and LL-20 at a concentration of 5 mM were 

deposited on a CaF2 window with a 2 µm deepening. The sample was homogenously distributed 

over the whole surface within the deepening. The hydrated sample film was then sealed with a 
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plain CaF2 window. To avoid further sample dehydration, additional isolation of the sample was 

provided by a thin layer of silicone grease between both windows. The CaF2 sandwich was placed 

in a suitable window holder. IR samples were measured at room temperature. Infrared spectra 

were recorded in a Bruker IFS66v/s spectrometer equipped with a liquid-nitrogen-cooled MCT 

detector (J15D series, EG&G Judson). 

5.5.3 SEIRA spectroscopic investigation 

The peptides LL-37, LL-32 and LL-20 were incubated on the tBLM in 20 mM Tris 100 mM NaCl 

pH 7 leading to a concentration of 1-10 µg/mL. Furthermore, the peptides were incubated on the 

pure WK3SH-SAM in 20 mM Tris 100 mM NaCl pH 7 in a final concentration of 1-60 µg/mL. 

The incubation was observed by SEIRA difference spectroscopy, where the tBLM or WK3SH 

spectrum served as reference spectrum, respectively.   

5.6 Bacterial complex I 

Bacterial respiratory NADH:menaquinone oxidoreductase (complex I, CpI) isolated from 

Rhodothermus marinus was kindly provided by Manuela M. Pereira from Instituto de Tecnologia 

Química e Biológica António Xavier, Universidade Nova de Lisboa, Lisbon, Portugal. Bacterial 

strains and growth conditions as well as membrane preparation and solubilization are described 

based on the protocol established by Pereira et al.260  

5.6.1 Bacterial strains and growth conditions 

 A spontaneous nonpigmented mutant of R. marinus, strain PRQ-62B, was used. This strain, 

isolated from the beach Praia da Ribeira Quente at the island of Sao Miguel, Azores, was shown 

to be almost identical to the type strain DSM 4253.261 The cells were grown on Degryse 

medium 162,262 supplemented with 0.25% yeast extract, 0.25% tryptone, 1% NaCl, and 100 mM 

glutamate at 65 °C and pH 7.5. Reactors of 30 L or 300 L were used, at the IBET/ITQB 

Fermentation Plant, usually with an aeration of 380 L/min and 42 rpm stirring. Different aeration 

conditions were also tested. Cell density, dissolved oxygen, and pH were continuously monitored. 

The cells were harvested at the midexponential phase, at the beginning of the stationary phase, or 

at the late stationary phase, by microfiltration on a Sartocon II system and subsequently 

centrifuged at 10000g and frozen at -70 °C until use. 

5.6.2 Membrane preparation and solubilization 

Frozen cells were thawed and suspended in 20 mM Tris-HCl, pH 8, and then disrupted by passing 

through a Manton-Gaulin pressure cell at 12 000 psi. Unbroken cells were separated by 

centrifugation at 10000g for 15 min and the suspension obtained was then centrifuged at 200000g 

for 1 h at 4 °C. The membranes were successively washed with 1 mM EDTA in 20 mM Tris-HCl, 

pH 8, then 1.5 M NaCl in 20 mM Tris- HCl, pH 8, and finally 20 mM Tris-HCl, pH 8. The 

supernatants as well as the membrane pellets after each step were studied by visible and EPR 

spectroscopies. The membranes were resuspended in the last buffer with a concentration of 

approximately 20 mg/mL. The membrane fraction thus obtained was solubilized with dodecyl 

β-D-maltoside in the proportion of 2g of detergent/g of protein. This suspension was centrifuged 

at 200000g for 1 h at 4 °C. 



Experimental Section | 44 

5.6.3 Protein purification 

This step was performed based on an optimized protocol by Fernandes et al.263 that was described 

by Gutiérrez-Sanz et al.50  

The sample was submitted to two successive high performance Q-Sepharose columns, using 

20 mM Tris-HCl (pH 8.0), 1 mM phenylmethanesulfonyl fluoride (PMSF, Roth), and 0.1% 

n-dodecyl-b-D-maltoside (DDM, Glycon Biochemicals GmbH) as buffer, and was eluted in a 

linear gradient, 0-1 M NaCl. The fraction containing CpI was then applied to a gel filtration S200 

column, eluted with 20 mM Tris-HCl (pH 8.0), 1 mM PMSF, 0.1% DDM, and 150 mM NaCl, 

and finally applied on a Mono-Q column (GE Healthcare) using 20 mM Tris-HCl (pH 8.0), 1 mM 

PMSF, and 0.1% DDM as buffer. CpI was again eluted in a linear gradient, 0-1 M NaCl. 

5.6.4 SEIRA spectroscopic analysis of CpI activity 

In the 2-step procedure, the constructed SLM (see chapter 5.2.2) was washed with 100 mM PBS 

pH 5.8. After a buffer exchange to 100 mM PBS pH 7, 8µL of a 26mg/mL solution of CpI was 

incubated in 5 mL with 15 mg CALBIOSORB adsorbent biobeads (Calbiochem) in a metal net. 

Before, the biobeads were sonicated for three times in ethanol for 5 min and rinsed for three times 

with 100 mM PBS pH 7. CpI was incubated for 2 h and the process was monitored with SEIRA. 

The solution of 60 µM NADH was added to the system. The incubation was observed by SEIRA 

difference spectroscopy, where the spectrum of the SLM including CpI served as reference 

spectrum, respectively. In parallel chronoamperometry at a stable voltage of 200 mV was 

conducted to measure the current. 

A pH titration of 100 mM PBS in the range of pH 3 to pH 9 was conducted. The solution was 

acidified by 85 (wt%) phosphoric acid (Sigma Aldrich) and the pH was measured using a pH 

electrode inside the SEIRA cell. SEIRA difference spectra were calculated using the spectrum of 

pH 7 as reference spectrum.   

5.7 Density Functional Theory (DFT) calculations 

5.7.1 DFT-IR spectra of alamethicin  

Geometry optimization and normal mode analysis were performed using Gaussian 09 

(Revision D.01)264 on the BP86 level of theory,265,266 the 6-31g* basis set for all atoms and the 

implemented polarizable continuum model simulating water as the solvent. As a primary 

structural model an “α-helix/310-helix” structure was calculated. As initial geometry chain B of 

the crystal structure of ALM (PBD ID 1amt)209 was used with dihedral angles of the backbone 

adjusted to the ones obtained from recent molecular dynamics simulations performed by Nagao 

et al.210 Alternatively, to account for the “α-helix/α-helix” conformation of ALM chain C of the 

crystal structure was optimized, which is reported in the Appendix with the entire evaluation 

performed in this work yielding analogous results. Further structures were optimized as well (e.g. 

chain B of crystal structure without changing the dihedral angles, structure with prototypical α-

helix dihedral angles, or with α-helical and 310-helical angles for the N-terminal and C-terminal 

part, respectively), but were not in agreement with the structures reported in literature. In analogy 

to the work of Keiderling and co-workers,267,268 the backbone dihedral angles were constrained to 

the adjusted starting values to reduce the degrees of freedom and thus facilitate the calculation of 

the 288 atom-sized molecule. Transition dipole moments (TDMs) were extracted from the 

frequency calculation and treated manually using GNU octave269 to derive the polarized 
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theoretical spectra as well as to simulate amide I/amide II ratios for different orientations. 

Assignment of the normal modes to vibrations was performed by evaluation of potential energy 

distribution of the normal modes using a homemade script.270,271 

5.7.2 DFT-IR Spectra of 4-ATP  

To understand the two different pH regimes observed in the SEIRA difference spectra, various 

4-ATP structures were calculated using DFT. Thereby, the thiol hydrogen was substituted by an 

Au atom to account for structural changes upon binding to the Au surface. Geometry optimization 

and vibrational analysis were performed on the BP86 level of theory265,266 using Gaussian 09.272 

For C, H, N, and O atoms the 6-31g* basis set was chosen, for the heavier S the TZVP basis set, 

and for Au LanL2DZ (using a pseudo core potential) were employed.273,274 Geometry 

optimization using periodic boundary conditions (PBC) was performed by specifying two 

translation vectors that span the plane parallel to the supporting surface. As expected, imaginary 

frequencies (between 0 and -100 cm-1) resulted from the normal mode analysis based on this 

procedure, which were identified as torsional movements of whole 4-ATP molecules. However, 

this is comprehensible and unavoidable because normal mode analysis cannot be performed 

together with PBC. Furthermore, the low value (> -100 cm-1) of these frequencies shows that the 

frequency region of interest (1400 – 1800 cm-1) can be reliably evaluated. Assignment of the 

calculated normal modes was obtained by evaluating the respective potential energy 

distributions.270,271 

5.8 Molecular Dynamics (MD) simulations 

5.8.1 All-atom MD simulations of LL-37 and its fragments LL-32 and LL-20 

in solution 

The starting geometry for LL-37 was extracted from the Protein Data Bank (PDB-entry: 2K6O).11 

Consequently, employing this structure as template, the initial configurations for the fragments 

were developed. 

The three peptides were modeled with a neutral N-terminus and an amidated C-terminus yielding 

an overall charge of +6, +6, and +4 for LL-37, LL-32 and LL-20, respectively. In order to 

reproduce the used experimental conditions, the protonation states of all ionizable groups were 

set according to the physiological pH 7.  

Afterwards, a two-step protocol was performed in order to solvate and ionize the systems using 

the SOLVATE and IONIZED plugins of the VMD software:275 i) the peptides were individually 

solvated in cuboid boxes of TIP3P water molecules276 (of around 80 x 50 x 50 Å3 per system) 

and ii) in order to reproduce the experimental conditions, a sufficient amount of ions was added 

to the solvated system mimicking an ionic strength of 100 mM NaCl buffer. Subsequently, the 

systems underwent 20000 steps of energy minimization followed by a thermal equilibration at 

300 K. Heavy-atoms were initially constrained, followed by unconstrained MD simulations. The 

thermally equilibrated peptides in aqueous solution were simulated for 100 ns at 300 K in a NPT 

ensemble under constant atmospheric pressure and temperature using the Langevin Piston 

method.277,278 With the purpose of obtaining the equilibrium structure of the three peptides, the 

production run was done under periodic boundary conditions with extended electrostatics using 

Particle Mesh Ewald Summation279 and a cutoff distance of 12 Å for the Van der Waals 

interactions. SHAKE algorithm280 was used to constrain all bond lengths between heavy and 

hydrogen atoms assuring a time step of 2 fs. 
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5.8.2 All-Atom MD simulation of LL-37 and its fragments LL-32 and LL-20 

interacting with lipid membranes  

In order to explore the peptide attachment to the membrane surface at atomistic resolution, the 

individually equilibrated peptide monomers were studied in a complex simulation system 

including a lipid bilayer. 

In agreement with the experimental setup, a biological membrane was modeled by a mixture of 

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2oleoyl-sn-glycero-

3-phosphoglycerol (POPG) molecules in a 90:10 proportion. The POPC:POPG bilayer with a 

surface area of 80 x 80 Å2 was constructed with CHARMM-GUI.281 

To investigate the individual peptide-membrane interactions, three systems were generated. The 

three peptides were initially placed 10 Å above the lipid bilayer. The membrane-peptide systems 

were solvated in 80 x 80 x 400 Å3 TIP3P box and ionized following the same guideline as 

explained before (vide supra). 

In the course of the study the production run was extended until 300 ns in the NPT ensemble 

under constant atmospheric pressure and temperature using the Langevin Piston method and 

300 K, together with a constant cell size along the surface area.277,278 The strength of the peptide-

membrane interaction was evaluated by computing the number of contacts. A contact between 

two atoms is defined by an interatomic distance below 3 Å. 
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6 RESULTS AND DISCUSSION 

The following section describes the results obtained in a combined experimental approach using 

SEIRA and EIS. For that purpose, the previously described tBLM8,34 and SLM systems50 were 

constructed on nanostructured Au surfaces. Additional DFT calculations and MD simulations 

complement the experimental results. First, the interactions of the human cathelicidin LL-37 and 

its derivatives LL-32 and LL-20 with a tBLM system were characterized 

spectroelectrochemically. In addition, MD simulations with the same parameters were processed. 

In a second project, the voltage-dependent and pore-forming AMP alamethicin was incorporated 

into the tBLM under application of electrochemical potentials to achieve information about the 

incorporation kinetics and angle of the peptide with respect to the bilayer normal.  

Furthermore, the bacterial Complex I (CpI) was embedded into the SLM system in two different 

approaches to study the NADH dependent transmembrane proton translocation. For that purpose, 

a (de-)protonable SAM was chosen for the assembly that was employed as pH sensor affording 

information about the orientation of the protein on the electrode. 

6.1 Assembly of biomimetic membrane systems 

6.1.1 Tethered bilayer lipid membrane (tBLM) and tethered hybrid lipid 

membrane (tHLM) system  

For the tBLM construction a mixed SAM consisting of the two surface-active molecules, i.e. 

[(β-cholestanoxy)ethoxy)ethoxy)ethanethiol] (WK3SH)8 and 6-mercaptohexanol (6MH), was 

adsorbed on a nanostructured Au electrode. The tHLM assembly, however, required a pure 

monolayer of WK3SH.8 Afterwards, POPC:POPG (90:10) liposomes were spread on top of the 

SAM layer leading to a lipid layer of alternating lipid bilayer and lipid monolayer areas (tBLM) 

or exclusively a lipid monolayer (tHLM). Figure 6.1 shows the SEIRA difference spectrum of the 

Figure 6.1 SEIRA difference spectrum of POPC:POPG (90:10) liposome spreading on top of a 

WK3SH/6MH self-assembled monolayer (SAM) surface in H2O. The respective SAM spectrum was 

used as reference (n = 2 independent experiments).  
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POPC:POPG (90:10) membrane taking the spectrum of the mixed SAM as reference. Vibrational 

modes with positive intensity are characteristic of lipids, which are deposited onto the SAM, e.g. 

the v(C=O) stretching vibration at 1738 cm-1 and the symmetric (s) and antisymmetric (as) 

vibrational CHn bands (νs(CH2), νas(CH2), and νas(CH3)) at 2854 cm-1, 2925 cm-1 and 2957 cm-1,224 

and thus indicate the successful tBLM formation. In addition, the negative bands at ca. 3400 cm-1 

and 1647 cm-1 can be assigned to water molecules that are removed from the SAM interface at 

the same time. This process was also monitored using electrochemical impedance spectroscopy 

(EIS) which proves a successful assembly of the tBLM system as shown in a frequency-weighted 

Cole-Cole-plot (Figure 6.2) and previously described for the tHLM system.8 The capacitance was 

estimated by reading out the radius of the first semicircle and calculation of its diameter. The 

capacitance of the mixed WK3SH/6MH SAM (CWK3SH/6MH) was determined to be 1.22 µF*cm-2 

(Figure 6.2 blue circles). Upon addition of the POPC:POPG (90:10) liposomes the capacitance of 

the assembled tBLM (CWK3SH/6MH) decreased to 0.76 µF*cm-2 (Figure 6.2 red squares). This value 

is in concordance with data by Wiebalck et al., showing a similar of value CtBLM = 0.76 µF*cm-2 

for a tBLM using POPC phospholipids and thereby confirms a successful tBLM formation.8,126 

The capacitance values for the pure WK3SH monolayer and tHLM system were estimated to be 

0.9 µF*cm-2 and 0.7-0.8 µF*cm-2, respectively.8 

6.1.2 Supported lipid membrane (SLM) system 

The SLM system required the functionalization of the nanostructured Au surface by a 

4-aminothiophenol (4-ATP) SAM, which was formed by overnight incubation. 

Additionally, liposomes consisting of POPC:POPA:DMN (80:10:10) were adsorbed on 

the 4-ATP modified surface. The SEIRA difference spectrum is depicted in Figure 6.21B 

for better comparison.  

The capacitance of 4-ATP obtained by EIS is shown in Figure 6.3 (CATP, blue circles). A value of 

8.1 µF*cm-2 is determined that is equal to the capacitance of the SLM (CSLM, red squares). In 

Figure 6.2 Frequency-weighted Cole-Cole plot of impedance spectra of WK3SH/6MH SAM (blue circles) and tethered 

bilayer lipid membrane (tBLM, red squares) in the range of 0.05 Hz to 100 kHz at a constant potential of 250 mV. The 

value C1/2 (dashed line) and the capacitances of the mixed SAM (CWK3SH/6MH) and tBLM (CtBLM) are indicated. (n = 2 

independent experiments). 
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comparison to the tBLM system (see Figure 6.2 in chapter 6.1.1) this value is more than six times 

higher than CWK3SH/6MH and even more than ten-fold of CtBLM. This leads to a much lower 

resistance of the system and to a less stable SLM system. Therefore, the qualitative analysis yields 

to the assumption that intact vesicles and lipid fragments are adsorbed on the SAM surface. 

6.2 Cathelicidin LL-37 and its derivatives LL-32 and LL-20 

In this interdisciplinary project IR spectroscopic experiments were combined with MD 

simulations to provide insights into the relation between structure and function as well as the 

resulting mode of interaction of LL-37, LL-32, and LL-20 with different environments. 

First, transmission FT-IR experiments of the three peptides in buffer were performed to evaluate 

the secondary structure in solution. Second, the incorporation of the peptides into the tBLM 

constituting a hydrophilic, negatively charged POPC:POPG (90:10) lipid surface was monitored. 

SEIRA spectroscopy allowed to track spectral changes associated with mechanistic details of the 

peptide-membrane interaction. As reference, the peptides were incubated on a layer of pure 

cholestanyl-headed WK3SH-SAM to obtain information about the interaction with a hydrophobic 

surface. Furthermore, a comparison of both experimental approaches led to information about the 

peptides’ position related to the bilayer membrane.  

In addition, Dr. Alejandra de Miguel working in the group of Prof. Dr. Maria-Andrea Mroginski, 

Technische Universität Berlin, Germany, simulated the secondary structure of the peptides in 

solution. In a next step, the peptide-membrane interaction was investigated by simulating a 

POPC:POPG (90:10) membrane together with each peptide for 300 ns. 

  

Figure 6.3 Frequency-weighted Cole-Cole plot of impedance spectra of 4-aminothiophenol SAM (4-ATP) and the 

supported lipid membrane (SLM) system in the range of 0.05 Hz to 100 kHz at a constant potential of 0 mV (n = 2 

independent experiments). Adapted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; 

Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton 

Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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6.2.1 Determination of the solution structure by Fourier Transform IR 

Spectroscopy 

The investigation of LL-37, LL-32, and LL-20 by FT-IR transmission in buffer solution leads to 

very similar spectra (Figure 6.4). The band assignment of the amide I and amide II region requires 

a modeling of the spectra with four and two Lorentzian functions, respectively. LL-37 and LL-32 

exhibit centered amide I and amide II vibrations visible at 1652 cm-1 and 1550 cm-1 (Figure 6.4A 

and Figure 6.4B) that indicate an α-helical secondary structure.140 Furthermore, contributions of 

amino acid side chains can be assigned to bands at 1681 cm-1, 1666 cm-1, 1637-1634 cm-1 as well 

as 1531 cm-1.140 Even though an exact assignment in general turns out to be complicated due to 

the overlap of spectral contributions, it can be estimated that these components originate 

especially from Arg (R) and Lys (K) residues (see Figure 4.3). On the one hand the guanidinium 

group of Arg (R) entails very intense asymmetric and symmetric vibrations at 1695-1652 cm-1 

and 1614-1663 cm-1, respectively; on the other hand Lys (K) gives rise to an asymmetric and 

symmetric ammonium vibration at ca. 1630 cm-1 and 1530 cm-1. Moreover, the backbone amide 

vibrations of Asn (N) and Gln (Q) arise at ca. 1680 cm-1 and in the range around 1610 cm-1, alike 

the asymmetric COO- mode of Glu (E) and Asp (D) that can be observed.140 Both spectra show 

similar amide I/amide II ratios with values of 2.1 ± 0.2 for LL-37 and 2.0 ± 0.1 for LL-32. The 

investigation of LL-20 leads to an IR spectrum exhibiting a much worse signal-to-noise ratio. The 

reason is a decreased solubility as many charged amino acid residues are missing in comparison 

to the other variants (Figure 6.4C). The main amide I and II vibrations are ascribed at 1649 cm-1 

and 1556 cm-1. The side chain vibrational modes at ca. 1681, 1666, 1634, and 1531 cm-1 can be 

assigned in this case to Arg (R), Lys (K), Glu (E) and Asp (D).140 Since the amide I and II are less 

clearly pronounced due to the shorter peptide sequence, the amide I/amide II ratio of 1.8 ± 0.1 is 

somewhat lower.  

Figure 6.4 FT-IR transmission spectra in 20mM Tris/100mM NaCl buffer at pH 7.4 at 25°C. A: LL-37, B: LL-32, and 

C: LL-20. By means of four and two Lorentzian functions absorptions in the amide I and amide II region were 

determined (n = 2 independent experiments). Adapted with kind permission from Alejandra de Miguel (2017). 

Elucidating the Mechanism of Action of Antimicrobial Peptides by means of Computational Approaches, Technische 

Universität Berlin, Fakultät II.287 
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6.2.2 Surface-enhanced IR spectrocopical investigations using tethered 

bilayer lipid membranes 

The peptide-bilayer membrane interaction of cationic LL-37 and its derivatives LL-32 and LL-20 

was investigated by means of a tethered bilayer membrane (tBLM) system,34 which consisted of 

negatively charged POPC:POPG (90:10) lipids.  

The peptide incubation on the tBLM and, in separate experiments, on the hydrophobic WK3SH-

surface was monitored using SEIRA resulting in the spectra plotted in Figure 6.5. There are clear 

differences in the adsorption process of the peptides onto the negatively charged membranes 

observable. Again, LL-37 and LL-32 are characterized by similar spectra with sharp and 

pronounced amide I and II bands at ca. 1655 cm-1 and 1550 cm-1 (red traces in Figure 6.5A and 

Figure 6.5B). The additional spectral contributions observed in the transmission IR experiment 

can be detected as well at 1681 cm-1, but with much less relative intensity. This is due to the 

surface selection rule in SEIRA that allows detecting solely normal modes with a transition dipole 

moment perpendicular to the surface. Also, due to this effect, the amide I/amide II ratio is changed 

in the SEIRA spectra and determined to be 0.6 ± 0.1 for LL-37 and LL-32, which is in line with 

a uniform horizontal orientation of both α-helical peptides when bound to the membrane. 

However, while LL-37 shows amide mode intensities of ca. 2 mOD and 4 mOD (for amide I and 

amide II) (Figure 6.5A red trace and Figure 6.6A), the intensities of LL-32 are smaller by a factor 

of ca. 10 (0.3 and 0.6 mOD for amide I and amide II) (Figure 6.5B red trace and Figure 6.6C). 

This suggests an enhanced binding of LL-37 or its deeper incorporation into the membrane core 

(based on the distance dependence of SEIRA with d-6).  

Furthermore, as shown in Figure 6.6B, the amide I/amide II ratio of LL-37 changes during the 

process of membrane binding from ca. 0.4 to 0.6. The value for LL-32, however, stays constant 

Figure 6.5 A: Incubation of 1 µg/mL LL-37 on tBLM consisting of POPC:POPG in a ratio of 90:10 (red) and 

incubation of 1µg/mL LL-37 in on pure hydrophobic WK3SH-SAM (blue). B: Incubation of 1 µg/mL LL-32 on 

tBLM consisting of POPC:POPG in a ratio of 90:10 (red) and incubation of 60 µg/mL LL-32 on pure hydrophobic 

WK3SH-SAM (blue). C: Incubation of 10 µg/mL LL-20 on tBLM consisting of POPC:POPG in a ratio of 90:10 (red) 

and incubation of 10 µg/mL LL-20 on pure hydrophobic WK3SH-SAM (blue). All experiments were done in in 20 

mM Tris/100 mM NaCl buffer at pH 7.4 at 25 °C (n = 2 independent experiments). Reprinted with kind permission 

from Alejandra de Miguel (2017). Elucidating the Mechanism of Action of Antimicrobial Peptides by means of 

Computational Approaches, Technische Universität Berlin, Fakultät II.287 
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at a value of ca. 0.6 (Figure 6.6D). This may reflect that LL-32 experiences a rather simple one-

step process of direct binding to the membrane surface. Binding of LL-37, however, involves a 

process including more steps, which may explain the 10-times higher intensity. Binding of both 

peptides to the hydrophobic WK3SH-SAM leads in both cases to very similar spectra with 

intensities of ca. 2 and 4 mOD (blue traces in Figure 6.5A and Figure 6.5B) despite the use of a 

60 times higher concentration for LL-32. The amide bands exhibit a ratio of ca. 0.6. In both cases 

there is a strong influence of hydrophobic interactions during the adsorption process of the 

peptides on the SAM surface.  

In contrast, incubation of LL-20 shows barely any intensity of amide I and amide II modes even 

though a ten-fold concentration compared to the other derivatives was applied. Thus, a very weak 

attraction towards the lipid surface due to the absence of many charged residues can be concluded. 

Binding studies using the WK3SH-SAM surface, however, reveals a spectrum with comparable 

intensities as described for LL-37 and LL-32 (as well as a similar amide I/amide II ratio of 0.5) 

demonstrating a strong tendency for hydrophobic interactions (blue trace in Figure 6.5C).  

  

Figure 6.6 Development of amide I (red) and amide II (blue) band intensities (at maximum) over an incubation time 

of 70 min for LL-37 (A) and LL-32 (C) on lipid bilayer membrane consisting of POPC:POPG (90:10) in 20mM 

Tris/100mM NaCl buffer at pH 7.4 at 25 °C. The related amide I/amide II (AI/AII) ratios are depicted in B and D. 

Incubation of 1µg/mL LL-37 and LL-32 (n = 2 independent experiments). Reprinted with kind permission from 

Alejandra de Miguel (2017). Elucidating the Mechanism of Action of Antimicrobial Peptides by means of 

Computational Approaches, Technische Universität Berlin, Fakultät II.287 
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6.2.3 Molecular Dynamics Simulations 

6.2.3.1 Solution structure of LL-37, LL-32 and LL-20  

The three-dimensional structures of LL-37 in complex with SDS micelles,10 DPC micelles282 
and to D8PG (bacterial membrane model)11 have been determined by NMR spectroscopy in 
earlier studies. Here, LL-37 adopts an -helical arrangement of variable length, depending on 
the nature of the interacting membrane model (residues 2-31 in SDS and D8PG or residues 4-

33 in DPC). The interaction of LL-37 with DPC micelles results in breakage of the -helical 
secondary structure at residue K12. More detailed studies focusing on the structure and 
dynamics of isolated LL-37 and its variants in solution, however, have not been conducted so 
far. 

In order to determine the equilibrium structure of the three peptides, 100 ns long all atom MD 
simulations were carried out in aqueous solution. A steady Root-Mean-Square-Deviations 
(RMSD) value of the backbone heavy atoms was calculated for LL-37 and LL-32 (ca. 3 Å) as 
well as for LL-20 (ca. 1.5 Å). This reflects a thermal stability of the secondary structure. For 

LL-37 and LL-32, the −helical region covers residues 1 to 31, which is in line with NMR 
observations, while the remaining residues form an unstructured VPRTES-terminus (Figure 6.7A 

and Figure 6.7B). In case of LL-20, the -helical motif includes the entire peptide chain (Figure 
6.7C). Deviations from the steady behavior of the RMSD plots are mainly due to a prompt 

bending of the -helical backbone. LL-37 and LL-32 exhibit a breakage of the -helix between 
the residues K8-K12 (α-helical structures shown in Figure 6.8: B, C, D, E and G), which is in line 
with previously obtained experimental data.282 Another bending site is located within the peptide 
core region at the positions R19-R23 (Figure 6.8: A, B, F, H). Both positively charged bending 
regions contain hydrophilic amino acids, i.e. S9 and Q22, respectively (Figure 4.3). However, 

LL-20 contains only one hinge region within the -helix structure between the residues K8-K12 
(Figure 6.8: I, J, K, and L).  

Even though LL-37 and LL-32 possess an equivalent charge (+6) the calculations revealed 
varying average dipole moments of 256 Debye (LL-37) and 135 Debye (LL-32) and thus 
distinct orientations of the polar side chains. Due to a lower number of positively charged 

Figure 6.7 Monitoring of the secondary structure of LL-37 (A), LL-32 (B) and LL-20 (C). The structural elements are 
depicted by different colors: α-helix - pink, 310-helix - blue, isolated bridges - green, extended configuration - yellow, 
turns - teal, π-helix - red, coil - white. Reprinted with kind permission from Alejandra de Miguel (2017). Elucidating the 

Mechanism of Action of Antimicrobial Peptides by means of Computational Approaches, Technische Universität Berlin, 
Fakultät II.287 
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residues, LL-20 exhibited a dipole moment of only 50 Debye. Previous investigations showed, 

that the formation of inter- and intra-molecular salt bridges were an important factor for the 

secondary structure stabilization in physiological buffers, where ions serve as quenchers.283,284 

Based on this information, the dynamics of the salt bridge formation was analyzed in the 

course of all-atom simulations (100 ns).  

Additionally to LL-37 and the described fragments, a LL-20 mutant, which includes a 

substitution of valine at position 9 by a serine and is named S9V-LL-20, was investigated. This 

led to a specific validation of the dynamics of the first twenty amino acids allowing a direct 

comparison with the results received by Wang et al.285 in experiments with LL-23V9. Figure 

6.9 displays the probability of the salt bridge formation between the amino acid side chain 

residues. A direct comparison of LL-37 and LL-32 reveals for both peptides that the residues 

D4-R7, D4-K8, E11-K8, E11-K15 and E16-R19 are significantly involved in salt bridge 

formation (Figure 6.9A). An additional salt bridge between the moieties D26-R29 existed in 

LL-32. Two further salt bridges between R34-E36 and E36-K8 contributed to the secondary 

structure formation of LL-37. The peptide core region (residues F17-R29), however, lacks a 

salt bridge formation in both peptides. The fragment LL-20 and the mutant S9V-LL-20 

indicate a similar salt bridge formation compared to LL-37 and LL-32 resulting in salt bridges 

between the side chain residues D4-R7, D4-K8, E11-R7, E11-K8, E11-K15, E16-K12 and E16-

R19 (Figure 6.9B).  

Figure 6.8 Visualization of the peptide bending site of LL-37 (top), LL-32 (middle) and LL-20 (bottom). LL-37 and 

LL-32 bend at the residues L1-K12-V32 (black traces) and (blue traces). LL-20 bends at the positions L1-K12-I20 

(black trace). Reprinted with kind permission from Alejandra de Miguel (2017). Elucidating the Mechanism of Action 

of Antimicrobial Peptides by means of Computational Approaches, Technische Universität Berlin, Fakultät II.287 
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Interestingly, all peptide studies showed the formation of salt bridges involving mainly the 

residues 1 to 19 with strong contributions of the moieties D26, R29, R34 and E36 for LL-37 

and LL-32, respectively. Furthermore, by comparison of LL-20 and its mutant a very similar 

behavior was observable. In conclusion, MD simulations in an aqueous environment indicate 

a lack of salt bridges in the peptide core region, which hypothesizes the presence of unique 

properties in this region. 

  

Figure 6.9 Probability of side chain salt bridge formation of LL-37 and LL-32 (A) as well as LL-20 and S9V-LL20 

(B). The amino acid chain 1-19 and the VPRTES-terminus exhibit the highest number of salt bridges. Reprinted with 

kind permission from Alejandra de Miguel (2017). Elucidating the Mechanism of Action of Antimicrobial Peptides by 

means of Computational Approaches, Technische Universität Berlin, Fakultät II.287 
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6.2.3.2 Determination of trajectories for monomers of LL-37, LL-32 and LL-20 in a 

lipid membrane environment 

So far, the mechanism and dynamics of peptide attachment of LL-37 and its derivatives to 

membrane surfaces has not been investigated at atomic resolution. Therefore, 300 ns long all-

atoms MD simulations of the three peptides in the presence of mixed POPC:POPG (90:10) lipid 

bilayers were performed. The peptides were initially placed 10 Å above the lipid surface to assure 

an unbiased attachment. 

The different length of LL-37, LL-32 and LL-20 led to differences in the dynamic behavior and 

adsorption process. Figure 6.10 depicts the number of average contacts of the three peptides with 

the membrane surface. The analysis showed that LL-37 interacted during the whole simulation 

time with the membrane and there was a significant increase of the contact number after ca. 200 ns 

(Figure 6.10 purple trace). Meanwhile, LL-32 exhibited a rather modest, but stable number of 

membrane contacts during the entire simulation (Figure 6.10 orange trace), with five-fold less 

contacts in comparison to LL-37 (Table 6.1). The shortest fragment LL-20 revealed a few contacts 

in the beginning, however after 50 ns desorption from the surface took place (Figure 6.10 green 

trace). 

There are several reasons explaining this observation. First, only the residues 17-20 of the 

essential peptide core are conserved in this fragment (see Figure 4.3). Second, the salt bridge 

formation of the charged moieties (Figure 6.9B) that stabilizes the secondary structure blocks the 

interaction of these residues with the membrane. Moreover, the decreased binding affinity 

correlates with the shorter peptide length due to entropic reasons.286  

The adsorption mechanism was analyzed in more detail by measuring the distance between the 

center of mass (COM) of the peptides (COMpeptide) and membrane (COMmembrane) visualized in 

Figure 6.11. Based upon these calculations, distinct modes of attachment of LL-37 and LL-32 in 

  

Figure 6.10 Monomer-membrane interaction of LL-37 (purple trace), LL-32 (orange trace) and LL-20 (green trace) 

analyzed by the number of contacts during 300 ns of all-atom MD simulations. LL-37 and LL-32 a reveal distinct 

interaction behavior with the membrane surface, whereas LL-20 does not adsorb to the surface. Reprinted with kind 

permission from Alejandra de Miguel (2017). Elucidating the Mechanism of Action of Antimicrobial Peptides by means 

of Computational Approaches, Technische Universität Berlin, Fakultät II.287 
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Table 6.1 Number of hydrophobic and electrostatic interactions during the attachment process of peptide monomers 

and POPC:POPG (90:10) membranes represented for LL-32 and LL-37. Reprinted with kind permission from 

Alejandra de Miguel (2017). Elucidating the Mechanism of Action of Antimicrobial Peptides by means of 

Computational Approaches, Technische Universität Berlin, Fakultät II.287 

 Hydrophobic interactions Electrostatic interactions 

LL-32 5 32 

LL-37 120 90 

 

a lipid environment were observed. While LL-37 immersed into the membrane (Figure 6.11 

left purple trace), LL-32 adsorbed stable on the surface (Figure 6.11 left - orange trace). 

Compared to the average distance of COMmembrane to the membrane surface (20 Å), the distance 

COMLL-37 to COMmembrane is about 5 Å shorter. 

Moreover, there are differences in the forces driving the adsorption process (Table 6.1). The 

attachment of LL-32 to the surface is predominantly mediated by electrostatic interactions. 

On the other hand, a combination of electrostatic and hydrophobic forces accounts for 

stronger interactions between LL-37 and the membrane. This information is in line with 

experimental data previously presented by Henzler-Wildman et al.288  

A detailed analysis of the insertion of LL-37 suggested a stepwise process. The core residues 

(F17-R29) played an essential role for the approach of the peptide anchoring to the anionic 

membrane by residue R23. By means of the moiety R34 a transient attachment of the 

VPRTES-terminus (residue 32-37) was induced, which destabilized the initial arrangement. 

This promoted the immersion of LL-37 into the surface of the membrane by its hydrophobic 

N-terminus. In its final state after 300 ns of simulation, the peptide is completely immersed 

in the interface between the hydrophobic core and hydrophilic headgroups. Thus, the 

hydrophilic side of the peptide but also its loose VPRTES-terminus pointed towards the 

solution. 
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In contrast, MD simulations of LL-32 showed the adsorption of the peptide on the membrane 
surface instead of its immersion. Similar to LL-37, the core residues of LL-32 (F17-R29) steer 
the interactions with the surface using the residue R23 as an anchor. However, after 
stabilization on the top of the lipid bilayer ca. 30 Å away from COMmembrane, the peptide 

exhibits about 37 contacts with the POPC:POPG surface (Table 6.1) without any immersion 
into the membrane. 

6.2.4 Conclusion 

The antibiotic activity of LL-37 is closely related to its interaction with the cellular membrane 
of infectious pathogens. However, due to diverse modes of action, not only their inherent 
structure, but also the dynamics leading to specific orientations and locations within the 
membrane are essential. Although several efforts have been made during the last years to gain a 
detailed understanding of the mechanism of action of LL-37, a lot of aspects still remain elusive.  

According to the experimental results obtained in transmission measurements all three peptides 
adopt an α-helical structure in solution, since the amide bands of LL-37 and LL-32 appear at the 
same position. Indeed, MD simulations of LL-37 in solution also predict an α-helical structure of 
the peptide but also an unstructured VPRTES -terminus (residues 32-37).284 The amide I position 
of LL-20 is downshifted by ca. 2 cm-1, which is not in line with a general upshift of the amide I 
band of shorter α-helical fragments.141 This may be explained on the basis of a straighter, more 
rigid α-helix associated to stronger H-bonds within the amide backbone. On the other hand, MD 
simulations also confirmed, that salt bridge formation leads to a pronounced curvature of the 
α-helices of LL-37 and LL-32. 

The peptide adsorption on a POPC:POPG (90:10) membrane demonstrated major differences in 
their activities. First, SEIRA spectra of LL-20 showed barely any peptide signals and thus, no 
binding to the membrane surface. In agreement with the experimental observation, the MD 
simulation proved only very weak interaction of LL-20 with the anionic surface. This can be 
rationalized based on the fact that many charged residues have been removed (in total 3 Arg, 
1 Lys, 1 Asp, 1 Glu) by truncating LL-37. Although still seven positively charged and three 
negatively charged amino acids are present in LL-20, these are engaged in salt bridge formation. 

Figure 6.11 Left: Representation of the distance between the center of mass (COM) of peptides and membrane during 
300 ns of all-atom MD simulations. LL-37 inserts (purple trace) in the interface between hydrophilic POPC:POPG 
headgroups and hydrophobic membrane core, while LL-32 remains over the surface (orange trace). The blue trace 
depicts the average z-coordinates of the phosphate headgroups of the membrane (upper leaflet) as reference point for 
immersion. Side chains of both peptides are not displayed for clear visualization. Right: Visualization of the attachment 
process of LL-37 (pink/green) and LL-32 (yellow/green). After incorporation the distance between LL-37 and the 
surface is about 5Å. Reprinted with kind permission from Alejandra de Miguel (2017). Elucidating the Mechanism of 

Action of Antimicrobial Peptides by means of Computational Approaches), Technische Universität Berlin, 
Fakultät II.287 
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Thus, the secondary structure is stabilized and most of the charge is compensated. Interestingly, 

stable salt bridges are only formed between charged side chains located within the 20 first 

residues. Most charged side chains of the remaining residues (20-37) are not involved in salt 

bridges. Furthermore, LL-20 lacks the moiety R23 which has been identified as an anchor during 

the adsorption process of LL-37 and LL-32.  

This suggests that the peptide core (residues 17-29) is determined by the dynamics of salt bridge 

formation. The lack of salt bridges in the cathelicidin core leads to flexible cationic side chains, 

which are available for the interaction with an anionic surface and are responsible for a five-fold 

increase of the total dipole moment of the peptide.  

In agreement with this conclusion, LL-37 and LL-32 display binding to the membrane while 

maintaining their helical structure. However, LL-37 binds to a much higher extent, i.e. with ca. 

10 times higher intensity of the amide bands. This can be explained either by a 10-fold higher 

concentration of adsorbed peptides or based on the distance dependent surface enhancement effect 

in SEIRA. Hence, it is hypothesized that LL-37 was located closer to the Au surface and thus, 

immersed more deeply into the membrane. These results are consistent with the MD simulations 

of LL-37 and LL-32 in a lipid environment, which showed the preservation of the secondary 

structure of both peptides upon adsorption to the POPC:POPG surface.  

During the incubation of LL-32 the amide I/amide II ratio stayed constant at a value of ca. 0.6. 

These distinct amide I/amide II ratios suggested a one-step adsorption process for LL-32, where 

the peptide adopted a horizontal orientation with a side-on binding to the membrane. However, 

LL-37 showed an evolution of the amide I/amide II ratio from ca. 0.4 to 0.6 and the insertion 

process involved several steps. In a first step, there is an insertion into the membrane in a tilted 

orientation. Afterwards, the peptide adopts an orientation parallel to the surface within the 

membrane characterized by the increase of the amide ratio.  

MD simulations supported these data. In case of LL-32, a one-step process is predicted where the 

peptide directly adsorbs on the anionic surface primarily via electrostatic interactions. LL-37 

incorporated in a two-step process, initiated by the electrostatic attachment of the peptide on the 

surface. The following immersion was induced by hydrophobic forces. In studies using model 

peptides based on magainin, Dathe et al. also showed the importance of electrostatic interactions 

in the initial phase of peptide-membrane attachment. At the same time it was demonstrated that 

membrane binding and immersion needed a fine balance of electrostatic attraction to the lipid 

headgroups and hydrophobic interaction with the membrane core.289,290 

During this insertion process, especially the residue R34 of the VPRTES-terminus is responsible 

for the destabilization of the initial electrostatic arrangement and promotion of the parallel 

membrane insertion via the hydrophobic N-terminus. Due to the parallel orientation of LL-37 and 

its derivatives the barrel-stave model of integration can be ruled out, which is in agreement with 

previous investigations using 15N solid-state NMR site-specifically labeled LL-37.291  

These findings increase the knowledge regarding the mechanism used by LL-37 and its interplay 

with bacterial cell membranes. In the literature conflicting data are discussed suggesting the carpet 

model or toroidal pore model.288,291–293 The difference in the results depends on different 

conditions such as the membrane composition. Hence, both pathways could represent different 

stages of peptide attachment, as stated by Wang.293 The presented experimental data and 

computational trajectories support the carpet model mechanism, which could be a part of a 

complex process combining different mechanistic hypotheses.  
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6.3 Voltage-dependent incorporation of alamethicin into a 

tethered lipid bilayer membrane system 

This section describes and discusses the results of the investigation of the potential-

dependent peptaibol alamethicin (ALM) in two different artificial membrane systems, 

namely tethered hybrid lipid membrane (tHLM) and tethered bilayer membrane (tBLM). 

Furthermore, the angles of ALM in its horizontally adsorbed and vertically incorporated 

state were calculated by density functional theory (DFT), carried out by Dr. Jacek Kozuch, 

Department of Chemistry, Stanford University, Stanford, USA. The presented results are 

reproduced from Forbrig et al.206 

6.3.1 SEIRA spectroscopic analysis of ALM adsorption and incorporation 

Figure 6.13 shows SEIRA spectra of the incubation of ALM separately incubated on a tHLM (A) 

and a tBLM (B; see Figure 6.12 for graphical description) at open circuit potential (EOCP ~ 

+70 mV). These two systems have been chosen, since the tHLM system does not provide any 

space for incorporation of ALM into the hydrophobic membrane core due to the rigid cholestanyl-

headed WK3SH-SAM. However, the peptide can incorporate into lipid bilayer fragments of the 

tBLM system. The surface-enhancement of the IR absorption scales with d-6.40 This enables only 

a detection of molecules adsorbed or removed from the surface as positive or negative peaks in 

the difference spectra.34 In both systems, the positive bands in the spectral range between 

1800  cm-1 and 1500 cm-1 clearly show amide bands proving the adsorption of the peptide.34 After 

incubation with tHLMs (Figure 6.13A), these bands are centered at 1660 and 1550 cm−1 with 

shoulders at 1678 cm-1, 1639 cm-1, 1619 cm-1, and 1532 cm-1. Based on DFT calculations, which 

will be discussed in detail later, the bands at 1660 cm-1 and 1639 cm-1 are assigned to both the 

N-terminal and the C-terminal helices of ALM, since considerable intensities were predicted at 

both positions. The shoulders at 1678 cm-1 and 1619 cm-1 can be assigned to the C=O and the 

asymmetric COO- stretching modes [ν(C=O) and νas(COO−)] of Gln and Glu, respectively.141 In 

addition, there is a contribution by the C-terminal helix to the component at 1678 cm-1 due to 

absent or weak intramolecular hydrogen bond (H-bond) interactions. The signals at 1550 cm-1 and 

1532 cm-1 are due to the amide II bands of the N-terminal and C-terminal helix fragments, 

respectively, and the band at 1742 cm-1 can be assigned to the ν(C=O) stretching mode of 

lipids.34,224 Additionally, the absorption at 3319 cm-1 represents the amide A band of ALM.141  

 

Figure 6.12 Schematic cross-section of tethered hybrid lipid bilayer membrane (tHLM, A) and tethered bilayer lipid 

membrane (tBLM, B). Whereas the tHLM contains a SAM layer of the cholestanyl-linker WK3SH covered by a lipid 

monolayer, the tBLM system additionally comprises 6-mercaptohexanol spacer molecules allowing the formation of 

lipid bilayer islands over an aqueous compartment and full incorporation of transmembrane peptides. . Reprinted with 

permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  

Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 

2373-2385. Copyright (2018) American Chemical Society.206 
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The incubation of ALM with tBLMs (Figure 6.13B) leads also to positive amide A, amide I, and 

amide II bands, which proves the adsorption of ALM. The amide I band is centered at 1665 cm-1, 

which is still in line with the previous assignment, and the high-frequency shoulder is shifted to 

1674 cm-1. These shifts can be rationalized based on different orientations, which enhance 

different amide vibrations to a different extent (vide infra), and minor structural changes of the 

peptide. This is in line with published MD simulations that did not show significant 

conformational changes upon insertion of ALM.294 

Interestingly, there is a significant difference in the amide I/amide II SEIRA intensity ratio 

(RSEIRA; integrated absorption) of ca. 1.15 for tHLMs and 4.5 for tBLMs under saturated 

adsorption conditions. In contrast, in isotropic transmission IR experiments ALM showed an 

amide I/amide II ratio (Riso) of 2.55 (see Figure 6.17; according to peak intensity the ratios are 

0.7, 4.6, and 2.0, respectively).211 To rationalize these findings it has to be considered that the 

SEIRA intensity of a mode scales with the square of the cosine of the tilt angle of its TDM 

with respect to the surface normal.232 The TDMs of amide I and amide II of an α-helix are 

reported to be oriented approximately along (α = 29° - 40°) or perpendicular (β = 77° - 79°) to 

the helix axis, respectively.146,224 Therefore, the calculated RSEIRA values can be ascribed to 

different orientations of ALM: (1) a horizontal adsorption of ALM on top of the tHLM and (2) 

a vertical transmembrane orientation of ALM in tBLMs, as observed by Yang et al. in 

experiments and Mottamal et al. in simulations.214,294 By this means, either the amide I or the 

amide II mode of ALM is preferentially enhanced, as visible in the SEIRA spectra. This 

explanation is further supported by the overlapping broad adsorption band at ca. 3400 cm-1 that 

can be assigned to the stretching mode of water. 

During the adsorption of ALM on tHLMs, this band leads to a negative signal in the SEIRA 

difference spectrum due to the removal of water from the lipid/solution interface upon interfacial 

Figure 6.13 SEIRA difference spectra representing the incubation of ALM with tHLMs (A - black) and tBLMs 

(B - red), using the tHLM and tBLM spectra as the reference, respectively. The intermediate spectra refer to 1.5, 25, 

30, 60, 120, 180, and 240 min after addition of ALM to the bulk buffer solution (n = 2 independent experiments). 
Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. 

Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 

2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 
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ALM binding. In the study using tBLMs, a positive signal appeared, which leads to the 

assumption of a water channel formation across the membrane by transmembrane ALM helices. 

Figure 6.14 shows time traces of the amide I and amide II intensities along with the corresponding 

RSEIRA values after correction for the spectral contribution of water (bending mode at ca. 

1650 cm−1; Figure A2 and Figure A1). The adsorption on tHLMs (Figure 6.14, black traces) leads 

to an increase of both intensities in a roughly mono-exponential manner associated with a slight 

increase of RSEIRA from ca. 0.95 to 1.15. This behavior indicates the direct adsorption of ALM 

onto the membrane surface associated with only a slight reorientation of the peptides. On tBLMs 

(Figure 6.14, red traces), the data indicate a more complicated kinetic that levels off after ca. 

80 min. In particular, RSEIRA changes considerably from ca. 2 to 4.5 demonstrating an adsorption 

process with a subsequent major reorientation of ALM. The kinetic traces of the SEIRA intensities 

were simulated on the basis of a three-step process (3-step-model depicted in the box in Figure 

6.14) that will be described in the next chapter. 

  

Figure 6.14 Time-dependent evolution of the integrated intensities of the amide I and II bands of ALM (left) and the 

amide I/amide II intensity ratio (right) when incubated on tHLMs (black) and tBLMs (red). The adsorption onto tHLMs 

and the incorporation into tBLMs was described using a set of differential equations representing a three-step process 

of adsorption (Langmuir kinetic), dimerization (second-order reaction) and incorporation (Langmuir kinetic, gray lines) 

depicted in the box below. In the case of tHLMs only the first two processes were considered. The gray dashed lines 

refer to the amide I and II intensities, and its ratio of membrane-incorporated components of ALM resulting from the 

fitting. The blue trace (bottom right) represents the intensity ratio corrected for non-incorporating, horizontally 

adsorbed ALM molecules in the tBLM system (n = 2 independent experiments). Reprinted with permission from 

Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational 

Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. 

Copyright (2018) American Chemical Society.206 
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6.3.2 3-step kinetic model of incorporation 

The incorporation process into tBLMs follows a three-step-process:  

Step 1: a direct adsorption of ALM onto the membrane surface: 

𝑃𝑆𝑜𝑙    
𝑘𝐴𝑑𝑠

                    
→        𝑃𝐴𝑑𝑠 

(PSol : peptide in solution) 

(PAds : peptide adsorbed to membrane surface) 

(kAds : rate constant for adsorption) 

Step 2: peptide-peptide interaction on the surface yielding dimers170 

𝑃𝐴𝑑𝑠   
𝑘𝐷𝑖𝑚

                    
→        𝑃𝐷𝑖𝑚 

(PDim – peptide dimers)  

(kDim – rate constant for the dimerization) 

Step 3: reorientation to incorporate into the membrane core leading to a transmembrane 

arrangement  

𝑃𝐷𝑖𝑚   
𝑘𝑀𝑒𝑚

                     
→        𝑃𝑀𝑒𝑚 

(PMem – incorporated peptide)  

(kMem – rate constant for incorporation) 

 

Step 1 can be described by the Langmuir adsorption model, due to spatial restrictions on the 

surface 

𝑑𝑃𝑆𝑜𝑙

𝑑𝑡
= −𝑘𝐴𝑑𝑠 ∙ 𝑃𝑆𝑜𝑙 ∙ (𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 − 𝑃𝐴𝑑𝑠)      (6.1) 

(𝑃𝑆𝑜𝑙  : concentration of peptide in bulk solution) 

(𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 : maximum amount of peptide adsorbed on membrane surface) 

(𝑃𝐴𝑑𝑠 : amount of peptide adsorbed on the membrane surface) 

(𝑘𝐴𝑑𝑠 : rate constant for adsorption) 

In total this leads to a second-order reaction: a first-order reaction with respect to the peptide in 

solution (𝑃𝑆𝑜𝑙) and a first-order reaction with respect to the free binding sites on the surface 

(𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 − 𝑃𝐴𝑑𝑠 − 𝑃𝐷𝑖𝑚). 𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 is a variable value, since in the beginning 100% of the 

surface area can be occupied, but after incorporation of ALM the maximum surface area is 

reduced. Based on the SAM composition of 20% 6MH (𝑥6𝑀𝐻 = 0.2) and the maximum 

concentration of incorporated peptide (𝑃𝑀𝑒𝑚,𝑚𝑎𝑥), 𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 is multiplied by: 

𝑓 =  1 − 𝑥6𝑀𝐻
𝑃𝑀𝑒𝑚

𝑃𝑀𝑒𝑚,𝑚𝑎𝑥
          (6.2) 

(𝑃𝑀𝑒𝑚: amount of peptides in membrane core) 

(𝑃𝑀𝑒𝑚,𝑚𝑎𝑥 : maximum amount of peptide incorporated into membrane core) 
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Combining equation 
𝑑𝑃𝑆𝑜𝑙

𝑑𝑡
= −𝑘𝐴𝑑𝑠 ∙ 𝑃𝑆𝑜𝑙 ∙ (𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 − 𝑃𝐴𝑑𝑠)     

 (6.1 and  6.2 leads to the rate of adsorption  

𝑑𝑃𝑆𝑜𝑙

𝑑𝑡
= −𝑘𝐴𝑑𝑠 ∙ 𝑃𝑆𝑜𝑙 ∙ (𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 (1 − 𝑥6𝑀𝐻

𝑃𝑀𝑒𝑚

𝑃𝑀𝑒𝑚,𝑚𝑎𝑥
) − 𝑃𝐴𝑑𝑠)    (6.3) 

 

Step 2 is a second-order reaction, since a dimerization of peptides is proposed as a time-dependent 

step. Consequently, the change in concentration of adsorbed peptide depends on −
𝑑𝑃𝑆𝑜𝑙

𝑑𝑡
 and the 

dimerization process: 

𝑑𝑃𝐴𝑑𝑠

𝑑𝑡
= −

𝑑𝑃𝑆𝑜𝑙

𝑑𝑡
− 𝑘𝐷𝑖𝑚 ∙ 𝑃𝐴𝑑𝑠

2        (6.4) 

(𝑘𝐷𝑖𝑚 : rate constant for dimerization) 

𝑑𝑃𝐴𝑑𝑠

𝑑𝑡
= +𝑘𝐴𝑑𝑠 ∙ 𝑃𝑆𝑜𝑙 ∙ (𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 (1 − 𝑥6𝑀𝐻

𝑃𝑀𝑒𝑚

𝑃𝑀𝑒𝑚,𝑚𝑎𝑥
) − 𝑃𝐴𝑑𝑠) − 𝑘𝐷𝑖𝑚 ∙ 𝑃𝐴𝑑𝑠

2   (6.5) 

 

Step 3 The final incorporation into the membrane core, again goes along with limited space. 

Therefore a Langmuir-like kinetic can be employed. Thus, the concentration of the dimerized 

adsorbed peptides increases due to dimerization and decreases due to incorporation: 

𝑑𝑃𝐷𝑖𝑚

𝑑𝑡
= +𝑘𝐷𝑖𝑚 ∙ 𝑃𝐴𝑑𝑠

2 − 𝑘𝑀𝑒𝑚 ∙ 𝑃𝐷𝑖𝑚 ∙ (𝑃𝑀𝑒𝑚,𝑚𝑎𝑥 − 𝑃𝑀𝑒𝑚)     (6.6) 

(𝑃𝐷𝑖𝑚 : amount of peptide dimerized from adsorbed species) 

𝑃𝑀𝑒𝑚,𝑚𝑎𝑥 : maximum amount of peptide incorporated into membrane core) 

𝑘𝑀𝑒𝑚 : rate constant for incorporation) 

 

The rate of incorporation is given by: 

𝑑𝑃𝑀𝑒𝑚

𝑑𝑡
= 𝑘𝑀𝑒𝑚 ∙ 𝑃𝐷𝑖𝑚 ∙ (𝑃𝑀𝑒𝑚,𝑚𝑎𝑥 − 𝑃𝑀𝑒𝑚)       (6.7) 

For the conversion into SEIRA intensities, the concentrations are multiplied by species-specific 

factors. These factors combine the extinction coefficients of the amide I or amide II normal mode, 

the orientation of the species, and the effective surface-enhancement. 

𝐼𝑆𝐸𝐼𝑅𝐴 = 𝐹𝐴𝑑𝑠 ∙ 𝑃𝐴𝑑𝑠 + 𝐹𝐷𝑖𝑚 ∙ 𝑃𝐷𝑖𝑚 + 𝐹𝑀𝑒𝑚 ∙ 𝑃𝑀𝑒𝑚      (6.8) 

𝐹𝐴𝑑𝑠 : surface-enhancement factor for adsorbed species 

𝐹𝐷𝑖𝑚 : surface-enhancement factor for dimerized species 

𝐹𝑀𝑒𝑚 : surface-enhancement factor for membrane-embedded species 

 

As starting parameters, 𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 and 𝑃𝑀𝑒𝑚,𝑚𝑎𝑥 were estimated from the crystal structure and 

literature values,14,209 as 7.08·10−2 nmol and 1.86·10−2 nmol, respectively, taking into account an 

electrode surface area of 1.5 cm2 and 𝑥6𝑀𝐻 = 0.2. These values relate to specific areas of 360 Å2 

and 280 Å2 per adsorbed or incorporated molecule, respectively. Furthermore, at t = 0, the 

concentration of 𝑃𝑆𝑜𝑙 was set to 10-6 M (with a volume of V = 1 mL), while 𝑃𝐴𝑑𝑠, 𝑃𝐷𝑖𝑚 and 𝑃𝑀𝑒𝑚 

were set to 0 mol/cm2 – similar to the conditions used in the experiment. In order to fit the kinetic 
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equations to the experimental results on tHLMs, kMem was fixed to kMem = 0, since no incorporation 

was possible.  

Table A2 as well as Figure A5 – Figure A7 represent the results of the simulation. The graphs 

and the associated χ2 values show a very good fit in all cases. The most intuitive values in the 

model are displayed by 𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 and 𝑃𝑀𝑒𝑚,𝑚𝑎𝑥, since there is a relation to the size and distribution 

of ALM in the described membrane system. Interestingly, regardless of tHLMs or tBLMs and 

amide I or amide II mode, 𝑃𝐴𝑑𝑠,𝑚𝑎𝑥 did not change considerably from the theoretical value of a 

fully densely packed layer of ALM molecules. For a surface of 1.5 cm2, the estimation of this 

value led to 7.08·10−2 nmol from a specific area of 360 Å2 per vertically adsorbed ALM. First, 

this supports the validity of our kinetic model and points to a high density of peptide adsorbed to 

the membrane surface. The variable 𝑃𝑀𝑒𝑚,𝑚𝑎𝑥 also provides a similar value of 4.37·10−5 nmol (on 

0.2·1.5 cm2) for all fits, which is, however, diminished by a factor of ca. 400 from a theoretical 

densely packed arrangement of transmembrane ALM helices. Again, the fact that this value does 

not exceed the theoretical maximum value supports and validates the described model of ALM 

incorporation. Furthermore, it indicates the formation of channels in the membrane according to 

the barrel-stave model and neglects an “unlimited” and more random incorporation of peptide 

into the membrane interior.  

In this kinetic model consisting of three states (adsorbed, dimerized and incorporated ALM), the 

initial assumption is that principally each state has a constant orientation (with the associated 

RSEIRA value), when the kinetic parameters are equal for amide I and amide II. This situation is 

displayed in Table A2 using the fitting results with the headers “Amide I” and “Amide II*” – in 

this case the values of the variables kAds, kDim, kMem, PAds,max, and PMem,max from the fit of the amide I 

intensity were adopted for the amide II. However, allowing these parameters to vary in the fit, 

provides an indirect description of the reorientation of each species, since amide I and amide II 

may change with different kinetic constants (pair of data with headers “Amide I” and “Amide II”). 

As this is only an indirect description of the reorientation, a detailed discussion of the differences 

of the kinetic parameters is not provided, instead the amide I/amide II ratios that result from this 

fit are described (Figure A7). In particular, the investigation is focused on the modelled 

amide I/amide II ratios of each component of ALM at the end of the incubation.  

On tHLMs (Figure A7, left), the kinetic model provides a very good assessment of the time trace 

of the RSEIRA value; only during the first 10 min a considerable deviation is observed. From the 

experiment, RSEIRA changes from ca. 0.95 to 1.15, which was tentatively ascribed to the adsorbed 

and dimer species, respectively. Our kinetic model provides very similar RSEIRA values for these 

two components of 0.85 and 1.16, which in this case even maintain relatively unchanged during 

the course of immobilization. It is understandable that the value for the adsorbed species differs 

more notably, but still within a reasonable range (0.95 vs. 0.85), as this species appears only 

temporarily.  

In case of tBLMs, the overall evolution of measured RSEIRA values is also modeled very well, but 

displays a slightly different shape in particular in the beginning of the incubation. This is due to 

the complicated trace of the amide I intensity on tBLMs, which was fitted with good but 

somewhat larger errors in all fits (Table A2 and Figure A6). This again can be rationalized on the 

basis that a simplified model was used consisting of three species without a direct description of 

reorientation processes. Thus, in Figure A7 (right), the RSEIRA values show a rather complex time 

course, which equilibrate at 0.8, 1.3, and 8.2 for the adsorbed, dimer and incorporated species. 

The first two values match very well with those obtained using tHLMs (0.85 and 1.16), supporting 

the validity of this approach and as well as kinetic model. In this way, the third value of 8.2 offers 
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a prediction of the amide I/amide II ratio of the incorporated transmembrane helices that is 

otherwise directly inaccessible. 

The blue data set in Figure A7 (right) demonstrates the time course of RSEIRA after the SEIRA 

spectra were corrected for horizontally adsorbed ALM species on tHLM-like fragments of the 

tBLM using the SEIRA spectra measured of tHLMs. Intriguingly, this correction results in a final 

RSEIRA value of ca. 8.5 that is in line with the expected value of 8.2, as obtained from the kinetic 

model. 

As shown in Figure 6.14, this model provides a very good description of the experimental data 

for both tHLMs (taking only step 1 and step 2 into account) and tBLMs. This description 

indirectly supports a mode of action of ALM, in which it forms distinct ion channels of 4–12 

molecules as described by the barrel-stave model in literature.13,14 As explained in detail, the 

3-step-model yields a maximum coverage of ca. 50 pmol cm-2 of horizontally adsorbed ALM 

molecules on the membrane surface and of ca. 150 fmol cm-2 of transmembrane incorporated 

ALM helices. These values correspond to a densely packed monolayer of ALM on the membrane, 

and transmembrane ALM ion channels occupying ca. 0.25 % of the possible area of the 

membrane, respectively. The latter value may be slightly underestimated, since in previous work 

similar amide intensities of proteins were estimated to yield a coverage of ca. 1–10 %.8,49 The 

gray dashed lines in Figure 6.14 display the SEIRA intensities and the ratio of the transmembrane-

incorporated ALM fraction resulting from the kinetic model. Accordingly, ALM starts 

incorporating into the membrane core only after a time offset of ca. 20 min due to the required 

peptide-peptide interactions and reaches a predicted final amide I/amide II ratio of ca. 8.2. This 

value differs from the observed value of 4.5, since the tBLM is composed of a considerable 

amount of WK3SH-supported fragments, analogous to the tHLM, so that the SEIRA spectrum of 

the ALM/tBLM system reflects also a significant portion of ALM adsorbed on the membrane 

Figure 6.15 Left: Potential-dependent SEIRA difference spectra of ALM initially incubated at +500 mV onto tBLMs, 

taking the potential of +500 mV as a reference. Black and red difference spectra refer to potentials at +400 and -

400 mV, respectively, while blue spectra refer to the intermediate potential (in steps of 100 mV). The gray spectrum 

shows the absolute ALM SEIRA spectrum at +500 mV taking the tBLM spectrum as a reference. Right: Amide I/amide 

II ratios of the difference spectra without correction (top, red) and after correction for horizontally bound ALM (bottom, 

blue) (n = 2 independent experiments). Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; 

Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during 

Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American 

Chemical Society.206 
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surface, which cannot incorporate into the membrane. To correct for this contribution, the SEIRA 

data from the experiments with tHLMs were used (no incorporation; Figure 6.12 and Figure A2). 

Then the corrected RSEIRA values, as shown by the blue trace in Figure 6.14 (right), increase from 

3 to 8.5, which is in line with the final RSEIRA value of 8.2 predicted by the kinetic model.  

Thus, it can be concluded that the corrected trace of RSEIRA describes the ALM fraction that 

incorporates into the tBLM and forms ion channels very well. 

The most intriguing property of ALM is its potential-dependent formation of ion channels 

due to the interaction of the dipole moment of ALM with the interfacial electric fields.208,215 

In a separate experiment, the adsorption was aborted at an early stage with RSEIRA ≈ 2.4 (Figure 

6.15). Then the potential was decreased gradually from +500 mV to -400 mV (vs. Ag/AgCl 3M 

KCl) to induce incorporation into the membrane via the transmembrane potential. Prior to 

measuring each spectrum, the respective potentials were applied for 6 min, after which no 

further spectral changes were detected. SEIRA difference spectra show clear indications of a 

reorientation of ALM, i.e. positive amide I and negative amide II difference signals. This 

results in a change of RSEIRA from 2.4 to 3.5, which reflects the adoption of a more vertical 

orientation within the membrane. In consideration of the WK3SH-supported fraction, the 

same correction of the data as described above was employed to the spectra yielding an even 

more pronounced increase of RSEIRA from ca. 3.5 to 8. Interestingly, RSEIRA does not increase 

linearly with more negative potentials. Instead there are two regimes, i.e. a plateau regime 

above ca. +200 mV and a steep increase towards negative potentials. At the same time, no 

sharp difference bands or peak shifts are detectable in the difference spectra. This behavior 

indicates a stiff structure of ALM that is not significantly altered upon the incorporation and 

channel formation.  

6.3.3 DFT calculations and vibrational analysis of ALM 

DFT calculations and normal mode analysis of ALM have been performed using the approach 

previously reported by Keiderling and coworkers.227,228,295 Due to the size of peptides such as 

ALM (e.g. 288 atoms) and the resultant difficulty to perform DFT calculations, the torsion angles 

of the backbone were fixed to reduce the degrees of freedom in the calculations. To account for 

the two possible ALM structures, the primary structural model (the α-helix/310-helix conformer) 

was calculated using the dihedral angles obtained from a recent NMR/MD study by Nagao et 

al.210 to the crystal structure of ALM (chain B; PBD ID 1amt)209 as starting geometry. In an 

alternative calculation chain C of the crystal structure was directly used for the α-helix/α-helix 

conformation and the analogous evaluation led to similar results (see Appendix). Prototypical 

α-helix and 310-helix dihedral angles, as used by Keiderling et al., were avoided, since the kink-

inducing Pro-14 leads to a non-prototypical H-bond pattern, particularly in the C-terminal 

fragment of the ALM helix.  

It was shown experimentally and theoretically that ALM adopts similar conformations in different 

environments, i.e. in water, organic solvents or in vesicles.209,211,294,296 Such an intrinsically stable 

structure is consistent with the present SEIRA results, which provide no indication for 

perturbations of the helical structures upon spontaneous and potential-induced incorporation 

(Figure 6.13 and Figure 6.15), thereby further justifying the conformational constraints. Thus, the 

DFT-optimized structures are assumed to be maintained during the entire process of membrane 
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binding and incorporation. The calculation was performed in an isotropic environment of water 

as a solvent using the polarizable continuum model implemented in Gaussian09.272 It should be 

noted that specific interactions with the membrane surface, the membrane core or other ALM 

molecules are not taken into account in this way. However, the structural rigidity of ALM 

discussed above seems to justify this simplified approach that may not be applicable for other 

peptides with a strong conformational plasticity. To account for more specific interactions either 

(i) a complex anisotropic dielectric environment or (ii) explicit lipid or ALM molecules must be 

added to the system. 

Both extensions of the approach would complicate the DFT calculation severely, since 

(i) membranes and their interface to water show a very complex anisotropic distribution of the 

dielectric constant (ranging from 2–350)297,298 and (ii) including more molecules in the calculation 

would again increase the computational costs substantially. The optimized structure of the “α-

helix/310-helix” ALM conformer is displayed in Figure 6.16 showing the peptide from the “side” 

so that the axes of both helices lie in the yz-plane (analogous “α-helix/α-helix” structure is shown 

in Figure A11). 

In this way, the hydrophobic patch is oriented to the left side, while the hydrophilic side with the 

residues of Glu-18 and Gln-7 faces to the right side. The two helical parts are kinked by ca. 23° 

(see Table A3) due to Pro-14 that impedes amide H-bonds, which is in line with MD simulations 

and crystal structures (ca. 20°).209,210 The N-terminal part adopts a regular α-helical structure (ca. 

Figure 6.16 ALM structures obtained from DFT calculations for a α-helix/310-helix conformation of ALM (see section 

8.1.4 for the alternative α-helix/α-helix conformation). The structure is shown from the “side” (hydrophobic and 

hydrophilic side of ALM on the left and right, respectively). The cyan and magenta ribbons and lines underlying the 

structures indicate the orientation of the N-terminal and C-terminal helix axes, respectively. The light red and light 

green circles highlight the position of Glu-18 and Gln-7; the orange arrows depict the vector of the dipole moments of 

the entire structure (thin arrows, 212 D) or of the backbone (bold arrows, 100 D) in the yz-plane. The red and blue 

arrows refer to the vectors of the TDMs of the amide I and amide II modes of ALM, respectively. Reprinted with 

permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  

Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 

2373-2385. Copyright (2018) American Chemical Society.206 
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3.4 residues per turn, radius of ca. 2.3 Å, translation per residue of 1.5–1.6 Å), while the 

C-terminus is structured as a narrower α-helix that is distorted towards a 310-helix conformation 

(3.3 residues per turn, radius of 2.0 Å, translation per residue of 1.3 Å; Table A3). As expected 

for a helix, the dipole moment (Figure 6.16, thin orange arrow) is oriented approximately along 

the helix axes with an inclination of ca. 11° from the N-terminal α-helix axis towards the 

C-terminal helix. Schwarz et al. reported an experimentally obtained dipole moment of 

ca. 75 D,299 which disagrees with the value of 212.3 D obtained from the optimized structure. 

However, it must be taken into account that the experimental value results from ALM dissolved 

in octanol/dioxane, where the charge of Glu-18 may be shrouded due to H-bonds, and the solvent 

compensates the helix dipole. In fact, the dipole of the backbone yields a magnitude of 100 D at 

a tilt of 2°. Thus, the 212 D can be rationalized mainly as a superposition of the helix dipole (ca. 

100 D) and the contribution of Glu-18 (charge difference of 1 e− over 3 nm corresponding to ca. 

144 D). 

This is further supported by the alternative α-helix/α-helix structure (see Table A4 and Figure A11 

to Figure A13) where a similar backbone dipole is observed, but the total dipole is 57 D and 

positioned almost perpendicular to both helices due to a different positioning of Glu-18 and 

intramolecular H-bonding with Gln-19. This observation clearly demonstrates that constrained 

movement or extended flexibility of the side chain can be crucial for the function of peptide 

antibiotics. 

The groups of arrows in Figure 6.16 represent the TDM vectors of the amide I (red) and amide II 

(blue) normal modes. In general, the components of the amide II are oriented within a plane 

Figure 6.17 Left: Comparison of transmission IR spectrum of ALM in aqueous solution (A) and the simulated DFT-

IR spectrum of α-helix/310-helix structure of ALM (B, half width set to 12 cm−1). Red bands in A indicate the Gaussian 

fit to the experimental spectrum, while the spectra in cyan, magenta, blue and gray refer to the combined spectral 

components originating from the N-terminal α-helix, C-terminal 310-like helix, amino acid side-chains, and unassigned 

components, respectively. These components were derived from evaluating the potential energy distribution of the 

normal modes. Right: Simulated polarized DFT-IR spectra of ALM referring to the axes shown in Figure 6.16. Gray 

traces represent the isotropic spectra (n = 2 independent experiments). Reprinted with permission from Forbrig, E.; 

Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of 

Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright 

(2018) American Chemical Society.206 
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approximately perpendicular to the helix axes, while the amide I components display a 

considerably larger scattering, albeit with a preferential orientation along the helix axes. In both 

cases, the multiple normal modes arise from different couplings of TDMs. The averaged TDM 

vectors of the amide I and II manifolds are inclined by ca. 7° and 101° from the α-helix axis, 

respectively (see Appendix), and are oriented almost orthogonally (90° ± 8.5°) to each other. 

These values differ from the values reported previously,146,224 which can be rationalized on basis 

of the kinked helix structure of ALM. The alternative α-helix/α-helix structure affords similar 

results with deviating tilt angles by 2°–5°, which are within the experimental accuracy of the 

present approach. Thus, this alternative structure along with the associated theoretical IR spectra 

provides an equivalent picture for the following evaluation of the SEIRA spectra as summarized 

in Figure A11 to Figure A13. 

The resulting calculated IR spectrum (DFT-IR spectrum; Figure 6.17B)227 of the α-helix/310-helix 

structure is in very good agreement with the transmission IR spectrum of ALM measured in 

aqueous solution (Figure 6.17A).211,300 The calculations afford several partially overlapping 

amide I components for each of the two secondary structure elements as shown by the intrinsic 

calculated spectra for the N-terminal α-helix (cyan) and C-terminal helix segment (magenta). As 

a consequence, the DFT-IR spectrum displays a maximum at 1663 cm−1 in the overall amide I 

profile, which largely albeit not exclusively originates from the most intense components of the 

short N-terminal α-helix. The shoulder at 1645 cm−1 can be ascribed as well to the N-terminal 

α-helix and is shifted due to the lack of H-bonds of the peripheral amides of the helix. The 

positions of these maxima agree very well with those of the experimental IR spectrum at 1660 

and 1642 cm−1. The good agreement also holds for other experimental IR bands at 1679, 1623, 

and 1603 cm−1 that can be assigned to side chain modes of Gln-7, Glu-18, and Gln-19 (blue 

spectrum; 1699, 1629, 1590 cm−1). The notable deviation of up to 20 cm-1 of the IR bands of the 

Gln residues is due to H-bonds in aqueous solution, which are not considered in the DFT 

calculation.  

The maximum intensity of the C-terminal 310-like helix is predicted at 1672 cm−1 in the DFT-

spectrum and thus may contribute to the component at 1679 cm−1 in the experimental spectrum. 

The pronounced upshift of this mode compared to the corresponding mode of the prototypical 

helix (vide supra) can be ascribed to the shortness of this helix fragment and its distorted H-bond 

pattern. Also, in the amide II band region experimental and calculated spectra agree very well. 

The maximum, located at 1530 cm−1 in both spectra, is again ascribed to the N-terminal α-helix. 

The shoulders at 1549 and 1508 cm−1 in the experimental IR spectrum correspond to the two 

components of the C-terminal helix in the DFT spectra at 1548 and 1503 cm−1. IR intensity below 

1500 cm-1 originates from CHn bending modes of the amino acid residues. In total, the DFT-IR 

spectrum yields an amide I/amide II ratio of 2.58, which agrees very well with the value of 2.55 

determined from the transmission IR spectrum in solution and is also in line with literature values 

of ca. 2.4–2.7 determined from organic solvents and vesicle dispersions.211 The comparison of 

the experimental IR spectrum and the DFT-IR spectrum of the α-helix/α-helix structure is shown 

in Figure A12. While the overall shapes of the amide bands are in general less well reproduced, 

a similar assignment can be made, which is in line with the IR spectroscopic similarity of α-helices 

and 310-helices.268 

Figure A5 (right) displays the polarized DFT-IR spectra along the axes defined in Figure 6.16, 

i.e. the α-helix axis being parallel to the z-axis and the y-axis traversing ALM from the 

hydrophobic to the hydrophilic side. As a result of the orientations of the TDMs, the z-polarized 
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spectrum shows a prominent amide I mode, but almost negligible intensity of amide II, resulting 

in an intensity ratio of ca. 27.5. For the x- and y-polarization, ratios of ca. 0.68 and 1.28 are 

obtained. Interestingly, the amide I and II band shapes change depending on the polarization, 

which is in line with the SEIRA spectra (Figure 6.13). For ALM in tBLMs and tHLMs the 

experimental maximum intensity is found at 1665 and 1660 cm−1, respectively, suggesting that 

the amide I components of the α-helix are more prominent in the vertical orientation while losing 

their impact when oriented horizontally – similar to the z-polarized and the x-polarized DFT-IR-

spectrum.  

6.3.4 Theoretical analysis of the reorientation of ALM monitored by SEIRA 

spectroscopy 

Due the SEIRA selection rules,36 it is possible to determine the orientation of a peptide with 

respect to the surface based on the intensities of the amide I and amide II modes. It has to be noted 

that the following treatment only holds when the molecule does not rotate around its own axis (no 

twist), but a pure inclination in one plane may take place (here, defined as the yz-plane; see inset 

in Figure 7). Such a rotation around its own axis would involve a change of the projections of the 

TDM vectors onto the plane of interest. Since ALM has a defined hydrophobic and hydrophilic 

side, no rotation around its own axis is expected, as the hydrophobic side will stay in contact with 

the membrane core and does not turn towards the bulk solution or the interior of the ion channel. 

In the simplest case of two normal modes, the SEIRA intensities are determined by their 

extinction coefficients ε1 and ε2, and the orientation of their TDM vectors given by the angles 

α and β with respect to the main molecule axis. In this way, the intensity ratio R is related to the 

tilt angle θ by: 

𝑅 =
𝐼1

𝐼2
=
𝜀1

𝜀2
∙
𝑐𝑜𝑠2(𝜃+𝛼)

𝑐𝑜𝑠2(𝜃+𝛽)
         (6.9) 

As shown in Figure A8 (black curve), the intensity ratio varies according to this equation between 

+∞ and 0, when 𝜃 takes the values −𝛼 or −𝛽, respectively. For the amide I/amide II ratio based 

on the DFT calculation (red curve), however, only a finite maximum and a minimum > 0 is 

reached, since both bands display intensities for all orientations in space (Figure 6.16, right). In a 

more elaborate model, the intensities of all amide I and amide II normal modes are summed up. 

The total orientation-dependent amide I intensity can be obtained by: 

𝐼aI = ∑  𝑓aI,i ∙ 𝜀aI,i ∙ cos2(𝜃 + 𝛼i)i         (6.10) 

where i denotes the ith normal mode of the amide I component “aI”. Here, the factor 𝑓aI,i is the 

fraction of the extinction coefficient observed in the plane of orientation, i.e. the yz-plane. This 

expression can be simplified by separating the sum into two fractions consisting of an orientation-

dependent and an orientation-independent (offset) term: 

𝐼aI ≈ 𝑓aI ∙ 𝜀aI ∙ [(1 − 𝑎) ∙ cos2(𝜃 + 𝛼) + 𝑎]       (6.11) 

where 𝑎 denotes the fraction of the orientation-independent offset contributing to the intensity 

and 𝑓aI and 𝜀aI denote the averaged extinction coefficient fraction and the total extinction 

coefficient of the amide I, respectively. The quantity 𝛼 is the inclination angle of the orientation-

dependent total amide I with respect to the peptide axis. In this way, the intensity ratio yields: 

𝑅 =
𝐼aI

𝐼aII
= 𝑓 ∙ 𝑅iso ∙

[(1−𝑎)∙cos2(𝜃+𝛼)+𝑎]

[(1−𝑏)∙cos2(𝜃+𝛽)+𝑏]
       (6.12) 
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with 𝑓 = 𝑓aI 𝑓aII⁄  being the ratio between extinction coefficient fractions, 𝑅iso = 𝜀aI 𝜀aII⁄  the 

intensity ratio determined from an isotropic IR experiment in solution, while 𝑏 and 𝛽 refer to the 

respective quantities of the amide II intensity. 

 

Based on its structural features, ALM binds to a membrane surface with its hydrophobic side 

facing the membrane core and the hydrophilic part facing the bulk solution. When reorienting 

into the membrane to form ion channels, the hydrophobic side stays attached to the membrane 

core, while the hydrophilic part faces the channel center. Consequently, no internal rotation of 

ALM is needed for the incorporation and equation 6.12 can be applied. This is also true for a 

transmembrane potential-induced incorporation, as the dipole moment of ALM is oriented along 

the helical structure (vide supra).206 

Simulating this process based on the DFT-IR spectra of the α-helix/310-helix structure yields 

orientation-dependent amide I/amide II ratios shown in Figure 6.18. These values were calculated 

neglecting the contribution of the amino acid residues which, in the experiment, do not adopt a 

single orientation with respect to the helices as obtained by DFT, but reorient based on rotation 

around single bonds. Using 𝑅𝑖𝑠𝑜 = 2.58 determined from the DFT-IR spectrum of ALM, a highly 

accurate fit to the data obtained from reorienting the DFT-optimized structure can be calculated. 

The amide I and amide II modes are oriented by 5.4° and 100.6° towards the hydrophilic side (in 

the plane of reorientation or yz-plane) and thus mostly along and perpendicular to the N-terminal 

α-helix, respectively. For the alternative α-helix/α-helix structure angles of 7.7° and 94.9° are 

obtained, again within the experimental accuracy (Figure A13). Moreover, the fractions of 

isotropic intensities are 0.25 and 0.1, which reflect the stronger scattering TDM vectors of the 

amide I components compared to the amide II (Figure 6.18). These values vary from 0.260 to 

Figure 6.18 Simulated amide I/amide II ratios of ALM α-helix/310-helix structure during reorientation, i.e. as a function 

of the tilt angle  as displayed in the top left inset. ALM reorients such that the hydrophobic side faces downwards (but 

not sideways) to match the hydrophobic interaction with a horizontally oriented membrane surface; red and blue arrows 

indicate the orientation of amide I and amide II TDMs. The abscissa (tilt angle) is flipped, so that the angles match the 

image in the inset. The red line and the inset on the right display the results of fitting equation 6.12 to the data. Reprinted 

with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  

Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 

2373-2385. Copyright (2018) American Chemical Society.206 
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0.109, and 0.129 to 0.099 along with α and β (−7° < α < 6° and 79° < β < 101°; see Table A5) 

when the reorientation is performed in a plane different from the yz-plane, and thus underpin the 

importance of knowing the orientation of the TDMs with respect to the exact helix structure. For 

the chosen orientation, 𝑓 is determined to be 1.34 and varies between 1.3 and 1.35 for other planes. 

6.3.5 Determination of tilt angles of ALM in membranes 

In view of the very good agreement of calculated and measured IR spectra, the isotropic offset 

values and the extinction fraction obtained from the DFT-IR spectra for the analysis of the 

SEIRA spectra can be adopted, since these values are not experimentally accessible. In 

addition, the spectroscopically determined amide I/amide II ratio of 2.55 was used and the tilt 

angles of both ALM structures were determined based on equation 𝑅 =
𝐼aI

𝐼aII
= 𝑓 ∙ 𝑅iso ∙

[(1−𝑎)∙cos2(𝜃+𝛼)+𝑎]

[(1−𝑏)∙cos2(𝜃+𝛽)+𝑏]
       (6.12 for the adsorption 

on tHLMs, tBLMs and the potential-induced incorporation (Figure A13). Figure 6.19 shows 

the averaged tilt angles along with the deviation between the two structures as error bars 

demonstrating that both structures yield similar results within the experimental accuracy. 

During binding to tHLMs, ALM initially adopts an orientation of ca. 78° for the first 10 min 

and then slightly reorients to 69°.  

According to the kinetic model used above, this can be ascribed to individual ALM molecules 

bound to the membrane surface that reorient upon interaction with or in proximity to other 

ALM molecules (Figure A5 and Figure A7). The deviation from a “perfect” horizontal 

orientation of 90° is reasonable based on the negatively charged Glu-18 residue at the 

hydrophilic side of the peptide and the kink of the C-terminal helix and is in line with MD 

simulations.294 Although this part of the peptide faces the bulk solution, it is likely to 

experience a substantial repulsion from the negatively charged membrane surface (10% 

POPG), inducing a slight tilt up to 78° in the initial phase of binding (Figure 6.20). Upon 

increasing peptide density and potential interaction among the adsorbed ALM molecules, this 

repulsion increases as reflected by the final tilt angle of 69°.214 This process may be associated 

with an increased, thermodynamically unfavorable exposure of the hydrophobic side of the 

peptide (including the phenyl group of Pheol-20) to the hydrophilic membrane surface. 

Therefore, the driving force for the incorporation into lipid bilayers may involve the 

optimization of hydrophobic interactions.  
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Upon binding to tBLMs, the tilt angle of ALM changes from initially 43° to 21° after correction 

for the horizontally bound ALM fraction on cholestanol-supported membrane fragments (or 

50° to 34° averaged 

over the entire 

tBLM surface, 

see Figure 6.19). 

It needs to be 

considered that these angles, even after the correction, reflect the mean orientation of an 

ensemble of ALM molecules in different (meta)stable states and not the true re-orientation 

process of single ALM molecules (Figure A6 and Figure A7).294,301 According to the described 

kinetic model (Figure 6.14 and a study by Guidelli,301 these states involve horizontally 

adsorbed ALM molecules (e.g. monomers and/or oligomers), and vertically incorporated ALM 

helices (Figure A5 - Figure A7). Although the exact orientation of these states can change 

during the incorporation process, the main contribution to changes of the measured tilt angle 

is represented by a shift of the molar fractions between these states (Figure A9).  

On tBLMs, the present time resolution did not allow detecting ALM molecules bound to the 

membrane surface in an early state. However, using the experiment on tHLMs, a tilt angle of 

ca. 78° as the starting orientation prior to incorporation into the bilayer can be estimated and 

the change of angles between 43° and 21° can be rationalized in terms of differing ratios 

between the initial horizontal and the final incorporated species. After ca. 1 h of incubation 

a plateau is reached with  = 21° for membrane incorporated ALM molecules (Figure 6.19). 

This is in line with previous results obtained by ATR-IR, MD simulations, NMR and EPR 

spectroscopy210,216,217,219,294,302 and thus represents the orientation of transmembrane helices 

that allow the formation of ion channels. Figure values (10°–35°) can be attributed to different 

lipid compositions, phase of the lipid molecules and ALM concentrations, as well as the 

underlying structural model. 

Figure 6.19 Left: Tilt angles of ALM calculated using equation 6.12 for the incubation on tHLMs (black) and 

tBLMs (red – before correction; blue – after correction for horizontally adsorbed species). Right: Potential-

dependent tilt angles of ALM after initial incubation on tBLMs. Red and blue data points refer to uncorrected 

and corrected angles; the blue line represents the fit using equation 8.1 (EΔ = -3 mV ± 17 mV; dkT/Δµ = 152 mV 

± 10 mV; χ2 = 7.8·10-5; see Figure A9 for further details; n = 2 independent experiments). Reprinted with 

permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring 

the  Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 

34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 
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Figure 6.19 (right) shows the calculated angles when the incorporation is induced by applying 

a potential at the supporting electrode. Overall, the plot shows two approximately linear 

regimes. At potentials above ca. 200 mV, the orientation is almost unchanged with ca. 38° 

(corrected value), while below this potential the tilt angle decreases to 22° at −400 mV and 

thus reaches a similar value as for spontaneous incorporation. More negative potentials were 

not accessible (and thus a putative plateau at negative potentials was not detected) due to the 

onset reductive desorption of the SAM and formation of reactive oxygen species which 

decrease the stability of the tBLM. 

Among the functional IR studies on ALM in membranes,214,216,218,219,303 in particular the 

concurrent spectroelectrochemical study on solid-supported BLMs127 and tBLMs304 by the 

Lipkowski group is mostly related to our present data.  

Despite several differences in the experimental design and evaluation that can affect absolute 

orientations, a very similar behavior of ALM is observed. First, a similar gradual potential-

induced reorientation of ALM to yield ca. 15° is observed over a broad potential difference of 

up to ca. -500 mV.127 In the follow-up paper of the authors, a tBLM was formed on a DPTL 

thiolipid SAM (analogous to the present tHLM) from vesicles of different ALM/lipid ratios.304 

Interestingly, up to a content of 10 mol% ALM, the peptide maintains in a rather horizontal 

state with a gradual reorientation by ca. 10°, which resembles the trace of ALM on tHLMs in 

Figure 8 (black squares). Accordingly, since in our experiments the surface concentration of 

ALM increases steadily over the period of the reorientation (Figure 3 top, left), it is likely that 

both our and Lipkowski’s work demonstrates a similar reorientational process.  

This in line with an estimated surface coverage of 60 % at a content of 10 mol% ALM (based 

on the area of 360 Å2 for horizontally adsorbed ALM and 68 Å2 for a POPC lipid)49,209 that can 

still accommodate ALM on the membrane surface. Only a further increase of the ALM 

content (15 mol%, equivalent to ca. 94% surface coverage) leads to a more drastic 

reorientation towards a vertical state. However, either due to a not high enough 

Figure 6.20 Schematic representation of the orientation of ALM when adsorbed on tHLMs (top) or incorporated into 

tBLMs (bottom); the electrode is situated below the lipid membranes. Insertion into the tBLM happens spontaneously 

or controlled by the potential when the electric field vector points from the solution to the metal corresponding to 

E < E0. The structures are depicted according to Figure 6.16 and the dipole moment of the backbone is represented by 

orange vectors. ). Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, 

P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid 

Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 
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concentration of ALM in the supernatant solution or a more rigid cholestanyl-SAM of the 

tHLM system, this is not observed. 

6.3.6 Spontaneous insertion of ALM into membranes 

It was shown previously that the horizontal state of ALM is more stable than the vertical state by 

ca. ΔG0 ≈ 5 kJ/mol294,301 (when the degeneracy factor is taken into account by Guidelli et al.) in 

absence of an electric field associated with a transmembrane potential. Here, experiments without 

application of an external potential were carried out at open circuit, corresponding to EOCP ~ 

+70 mV. Taking into account the potential drop over the 6MH SAM, the actual transmembrane 

potential difference is likely to be small (see next section) and thus, these experiments primarily 

refer to the spontaneous incorporation of ALM. The separate potential-dependent experiments 

shown in Figure 6.19 (right) confirm this observation, since an application of ca. +70 mV did not 

lead to an efficient introduction into the membrane (vide infra).  

In general, the main potential-independent contribution to the free energy for ALM binding to 

and integration into the bilayer originates from minimizing the exposure of the hydrophobic 

peptide surface area to a polar environment providing a high entropy gain (hydrophobic effect). 

Additional contributions to the free energy of adsorption on the surface may result from 

electrostatic (Glu-18) and dipole-dipole interactions with the POPC head groups. Support for such 

dipole-dipole interactions may be derived from the orientation of the dipole moment of the choline 

head group, which was found to be inclined by ca. 70° with respect to the membrane normal for 

DMPC.305 As shown in Figure 6.20, in the horizontal conformation, the dipole moment of ALM’s 

backbone adopts a similar inclination angle (ca. 74°), but with opposite direction, thus, enabling 

optimal anti-parallel dipole-dipole interaction. Incorporation may be achieved in particular by 

increasing the density of surface-bound species, which would lead to an increased negative charge 

density on the membrane interface and thus a stronger contribution of repulsive interactions in-

between ALM molecules and with negatively charged lipids (10% POPG in this work). To 

compensate for this, ALM molecules would alter their orientation on the membrane (as observed 

in our experiments from 78° to 69°), which according to previous MD simulations294 would 

energetically approach the transition state orientation leading to incorporation (see Figure A9). 

Here, unfavorable intermolecular contacts of the hydrophobic residues can be, to some extent, 

reduced via dimer formation as suggested by the kinetic analysis.  

6.3.7 Potential dependence of ALM binding to membranes 

To rationalize the results depicted in Figure 6.20 (right), the potential-dependent 

contributions to the energy balance of ALM integration into the membrane need to be taken 

into account. The main driving force for the potential-controlled insertion results from the 

interfacial electric field �⃗� that is perpendicular to the membrane surface. This electric field 

interacts with the peptide´s dipole moment 𝜇 (according to convention a parallel 

arrangement leads to stabilization) resulting in an alteration of the difference in free energy 

between the vertical and horizontal states according to 

 ∆𝐺 = −∆𝜇 ∙ 𝐹 + ∆𝐺0         (6.13) 

Here Δµ, F and ΔG0 are the difference of the dipole projections onto the electric field vector 

�⃗�, the magnitude of the electric field, and the difference of free energy in absence of an 

electric field. The tBLM system allows controlling the electric field using the applied potential 



Results and Discussion | 78 

according to F = (E – E0)·d-1, where E and E0 represent the applied electrochemical potential 

and the potential associated with F = 0 (vs. the reference electrode), so that ΔG can be 

expressed as 

∆𝐺 = −
∆𝜇

𝑑
(𝐸 − 𝐸0) + ∆𝐺0        (6.14) 

In the simplest picture, d stands for the thickness of the hydrophobic core of the bilayer (ca. 

3 nm), while in a more elaborate model it would be equal to a complex factor modeling the 

dielectric layers of the membrane as derived by Staffa et al.306 From equation 6.13 and 6.14 it 

is visible that application of an electric field of at least FΔ = ΔG0·Δµ-1, which is equivalent to an 

electrode potential of EΔ = E0 + ΔG0·d·Δµ-1, can efficiently stabilize the vertical state incorporated 

in the membrane (see graphic representation of this model in Figure A9). According to this model 

and analogous to Guidelli et al.,301 the change in orientation can be modeled using a Boltzmann 

distribution of these two states (see Figure A9 and Figure A10). It can be assumed that at 

negative potentials an angle of 21° will be adopted by ALM molecules, as determined from 

the potential-independent experiments as the final incorporated state.  

The blue curve in Figure 6.19 (right) depicts the fit and demonstrates a very good match of 

this simple model with the experiment and thus complements the accordance of this model 

with electrochemical data301 and theoretical findings294 (Figure A9). Under the assumption d 

= 3 nm, as suggested by Guidelli et al.,301 a dipole moment difference of −24 D for the 

transition between horizontal and vertical states can be calculated (the negative sign is due to 

the orientation of the dipole moment towards the electrode). This is a reasonable value 

considering the commonly accepted absolute dipole moment of ALM of ca. 75 D299 or the 

computationally determined value of 100 D for the ALM backbone. The inflection point is 

determined to be EΔ = −3 mV. This quantity is associated with a substantial error since it 

strongly depends on the plateau value at negative potentials, which could not be detected due 

to restrictions of the system (vide supra). Based on ΔG0 ≈ 5 kJ/mol,294,301 one obtains EΔ – E0 = 

ΔG0·d·Δµ−1 ≈ −270 mV, implying that EΔ is distinctly more negative than E0. The potential E0 

refers to the transmembrane potential of zero (vs. 3 M KCl Ag/AgCl), which is related albeit 

not identical to the effective potential of zero charge Epzc,eff of the Au/tBLM system. The 

difference between both quantities arises from the asymmetry of the tBLM and the restricted 

aqueous reservoir between bilayer and 6MH head groups that may distort the typical potential 

distribution across a membrane.307 Therefore, for 6MH-supported membrane fragments, E0 is 

expected to lie in a range between the Epzc,eff of Au/6MH and Epzc,eff of Au/tBLM, as previously 

suggested by Jeuken.308 To estimate both Epzc,eff values, EIS was employed to determine the 

potential of minimum capacitance.309  

The EIS results agree well with literature obtained by different techniques (see section 0). 

Despite the low capacitance of the tBLM system, the presence of a minimum of capacitance 

in the SEIRA-tBLM system can be understood based on the flexibility of the constituents 

when affected by an electric field49,308 and the roughness of the electrode. Accordingly, E0 is 

expected to lie in a potential range from 140 to 300 mV, which is somewhat higher than the 

potential of zero charge for pure polycrystalline Au (+10 mV) due to the contribution of the 
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dielectric coating.310,311 The value EΔ = -3 mV derived from the fit in Figure 6.19 falls into this 

range taking EΔ – E0 ≈ -270 mV into account. This potential shift implies that electric fields 

of |�⃗�| > 108 Vm-1 are required to incorporate ALM into the membrane core. These fields are 

in the same range as those determined at membrane model interfaces such as at the head 

group region of metal-supported SAMs using the vibrational Stark effect.306,310 However, it 

should be noted that this model does not consider potential-induced changes of specific 

interactions due to conformational or orientational changes of lipid head groups or side 

chains, which may exert very high local electric fields.312 Accordingly, for E < E0, the direction 

of the membrane-spanning electric field vector points from the solution to the metal surface 

such that ALM must intrude into the bilayer via its N-terminus (Figure 6.20) as reported 

previously,208 if compensated for the interaction energy at the membrane interface. 

Conversely, in case of E > E0, the direction of the electric field vector is reversed and insertion 

of ALM should occur via its C-terminus. Here, however, Glu-18 needs to pass through the 

hydrophobic part of the membrane, a process that should involve a very high activation 

barrier and thus would be kinetically hindered. Our data support the hindered intrusion via 

the C-terminus, since for E > E0 (i.e. +400 mV) incubation of ALM onto tBLMs did not yield 

any considerable amide intensity in the SEIRA spectrum (Figure A4), pointing at a strongly 

hindered adsorption and incorporation.  

Taking into account that the angles derived from the SEIRA data reflect the change in the 

equilibrium between the stable horizontal and vertical species (ca. 74°, 66° and 20°, 

respectively; vide supra), it is furthermore surprising that for E > E0 the apparent angle did 

not change towards 74° or 66° for the horizontal orientation but remained at ca. 38°. This 

suggests that incorporation into the membrane is not an entirely reversible process under the 

present conditions and in the potential range used in this work, possibly due to channel 

formation that perturb the capacitive behavior of the membrane. 

6.3.8 Directional control of ALM oligomer insertion into bilayers 

In general, the direction of ALM insertion into bilayers may be different if it occurs spontaneously 

(potential-independent) or under potential control. Previous investigations on the interaction of 

ALM with phospholipid vesicles provided evidence for insertion via the N-terminus (Figure 

6.20).13,208 However, since the kinetics of spontaneous incorporation demonstrated the importance 

of peptide-peptide interactions, incorporation as anti-parallel dimers or oligomers is conceivable. 

In fact, MD simulations have shown that both parallel ALM channels as well as anti-parallel 

bundles are possible stable transmembrane states of ALM.313,314 Although the mechanism of their 

formation remains still elusive, such anti-parallel assemblies were previously suggested for the 

non-conducting channel state. In contrast, channel opening was attributed to the potential-induced 

transition to parallel bundles, in which widening of the pore results from repulsive dipole-dipole 

interactions and a stabilization is accomplished by the net dipole of water molecules within the 

channel.296 

In the presence of potential differences across the bilayer, an additional determinant for the 

directionality of peptide integration is the direction of the electric field, which for the present 

Au-tBLM system depends on E0 (vide supra). Accordingly, these data indirectly suggest that both 

the spontaneous and potential-induced incorporation occurs preferentially over the N-terminal 
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helix, whereas C-terminal incorporation generally is strongly impeded by the charged Glu-18 

group. This conclusion is supported by the fact that in case of E > E0 no considerable incorporation 

of ALM into tBLMs was observed, even though the resulting electric field provided a driving 

force for integration via the C-terminus based on a favorable alignment of the ALM’s dipole 

moment. Generally, the existence of ALM in different forms prior to incorporation can be 

expected, i.e. as monomers, parallel and anti-parallel oligomers (where the negative charge of the 

COO- group can be screened by e.g. H-bonds). However, based on our data, the applied electric 

field at E > E0 did not facilitate binding and reorientation with transmembrane alignment of any 

of these ALM forms. Therefore, conversely, it can be assumed that for anti-parallel oligomers the 

same should hold true at E < E0 (Glu-18 impedes the incorporation) and the oligomer is hindered 

from incorporation by the reversed electric field. Consequently, it can be rationalized that ALM 

primarily incorporates into membranes via its N-terminus both spontaneously and potential-

dependent. Such a mechanism does not strictly exclude the existence of anti-parallel 

transmembrane bundles. As reported previously, the initial directionality of ion conductance of 

ALM channels is lost in the course of experiments,315 which may imply flipping of ALM 

molecules after parallel ion channels are established. POPC molecules that are structurally 

unrelated to ALM but also amphipathic, have been shown to have a high barrier for flipping 

motions between bilayer leaflets (t1/2 > 1000 h) unless water-filled defects emerge in membranes 

that facilitate such motion.316 ALM channels show a high flexibility in their composition (4–12 

ALM helices) and ability to transform between these forms. Therefore, it is conceivable that a 

transformation or transient collapse of channels induces defects in the bilayer that lower the 

barrier for flipping events of ALM when already incorporated in the membrane. 

6.3.9 Conclusions 

For the investigations of the interaction between ALM and artificial membranes a combined 

SEIRA-tBLM methodology, augmented with the presented theoretical approach using DFT 

calculations and an extended mathematical model, provides insight on a qualitative and 

quantitative level. The interplay between ALM and membranes demonstrated a rigid helical 

structure that is maintained during spontaneous and transmembrane potential-induced 

incorporation. ALM adopts inclination angles of ca. 69° - 78° and 21° in its horizontally adsorbed 

and transmembrane incorporated states, respectively. Further evaluation of the complex 

incorporation kinetics confirms the importance of initial peptide-peptide interactions. 

Specifically, the data indicate that anti-parallel oligomers of ALM are excluded from 

incorporation into membranes, regardless of the presence or direction of the transmembrane 

potential. Consequently, primarily monomers or parallel ALM bundles are incorporated via their 

N-terminus when ALM reaches a critical concentration on the membrane surface or the membrane 

is polarized so that the dipole moment of ALM is stabilized. Thus, initially ion channels composed 

of parallel helices are established, which is in line with the commonly proposed barrel-stave 

model. The presented DFT-IR spectra are in good agreement with the experimental spectra and 

the very good fit of the described mathematical model validates the theoretical calculations. 

However, extending the current approach to the analysis of AMPs that show considerable 

structural plasticity and major changes in the secondary structure upon binding to membranes 

requires further refinements. In these cases, more elaborate theoretical approaches (e.g. in 

combination with MD simulations) must be employed for a more accurate description, in 

particular considering structural dynamics of specific peptide-peptide and peptide-lipid 

interactions.   
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6.4 Complex I activity incorporated in a supported lipid 

membrane system by (de-)protonation of 4-amino-

thiophenol 

The experimental data presented in this section were obtained in collaboration with Dr. 

Oscar Gutiérrez-Sanz, Instituto de Catalisis y Petroleoquimica, Madrid, Spain and DFT 

calculations were conducted by Dr. Jacek Kozuch, Department of Chemistry, Stanford 

University, Stanford, USA. The presented results are reproduced from Gutiérrez-Sanz 

et al.328 

Bacterial Complex I (CpI) shuttles protons from the N-side to the P-side of prokaryotic 

cell membranes, as well as along the mitochondrial inner membrane to maintain a proton 

gradient that is essential for the synthesis of ATP.241 This work focuses on the mechanistic 

coupling of the electron transport within the peripheral arm of CpI and the subsequent proton 

gating within in the membrane bound arm. Based on the incorporation of CpI into a supported 

lipid membrane (SLM) system, its activity was investigated by means of SEIRA spectroscopy 

combined with electrochemistry. A nanostructured Au electrode was functionalized by the self-

assembled monolayer 4-aminothiophenol (4-ATP), which on the one hand exhibits a 

(de)protonable amino group as well as characteristic IR active vibrational modes. These 

properties allow its use as pH sensor. The NADH-induced opening of the TM domains of 

CpI can be indirectly analyzed by measuring pH changes at the SAM/membrane interface 

(see Figure 6.25, Figure A17 and Table A7).317 

First, the 4-ATP SAM assembly was monitored in ethanol. SEIRA difference spectra revealed 

characteristic bands that were assigned to 4-ATP (Figure 6.21A) and its protonated form 

4-ATP-H+ (see Figure 6.25, Figure A19, Figure A20 and Table A7). The bands at 1488 cm-1 

and 1595 cm-1 exhibit major contributions of aromatic ν(CC) and δ(CH) vibrational 

modes. Furthermore, the δ(NH2) mode of 4-ATP and a combination of δ(NH3) and δ(CH) 

modes of 4-ATP-H+ are visible. An overlap of the δ(NH2) and δ(NH3) modes of the 

protonated and deprotonated form is depicted by the band at 1628 cm-1. 

The incorporation of CpI into a SLM system was realized by two different approaches leading to 

complementary results, namely the 1-step and 2-step approach. First, the construction and 

acquired results of the latter approach will be described in detail.  

 

6.4.1 2-step approach of adsorption 

The successful assembly of a biomimetic SLM system was the prerequisite for the subsequent 

membrane integration of CpI. Figure 6.21 shows the respective difference spectra of the 

construction process, where the corresponding SEIRA spectrum of the 4-ATP SAM in 100 mM 

phosphate buffered-saline (PBS) solution (pH 7) was chosen as reference. 

To obtain a lipid membrane, preformed large unilamellar vesicles consisting of a mixture of 

ca. 80:10:10 POPC:POPA:DMN were spread on top of the surface of the 4-ATP SAM. The 

related SEIRA difference spectrum (Figure 6.21B) shows low intensity spectral 

contributions of the lipids, i.e. the ν(CO) stretching vibration at 1732 cm-1 and the 

corresponding symmetric (s) and antisymmetric (as) aliphatic adsorption bands found at 

2854 cm-1 (νs(CH2)), 2924 cm-1 (νas(CH2)), and 2958 cm-1 (νas(CH3)). The band positions indicate 
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a high fraction of gauche conformers as well as a high fluidity of the bilayer.224 The rather low 

band intensities can be interpreted by the distance dependence of the SEIRA effect.232 The 

spectrum reveals a combination of a significant amount of intact vesicles (size of about 100 nm) 

together with the existence of fragments of a bilayer membrane that formed on the SAM. 

Exclusively, the small lipid fraction in the vicinity of the 4-ATP SAM interacts directly with it 

and contributes to the SEIRA spectrum, affecting also the described vibrational modes of 4-ATP 

at 1595 cm-1 and 1488 cm-1. Furthermore, there is a replacement of water molecules on the surface 

by lipids, which is ascribed by a negative band at 3500 cm-1 (νs(OH) stretching mode of water).49 

The corresponding weaker δ(OH) bending mode at ca. 1650 cm-1 overlaps with the δ(NH) of 

4-ATP at about 1630 cm-1, resulting in a negative band around 1610 cm-1. In the following step, 

CpI was added to the bilayer fragments. The spectrum in Figure 6.21C represents a 

considerable increase of the lipid bands between 2800-3000 cm-1, as well as the 

appearance of the protein backbone related amide I band at 1657 cm-1 and amide II band 

at 1550 cm-1.  

These bands are the marker bands demonstrating CpI incorporation into the SLM system. 

In comparison to the CH2/CH3 stretchings there is a low relative intensity of ν(CO) at 1732 cm-1. 

Perhaps the presence of CpI leads to an unfavourable orientation of this lipid vibrational mode 

for a SEIRA spectroscopic detection.49 The subsequent exchange of buffer solution induces a 

substantial intensity increase of the amide I band up to ca. 2.5 mOD and amide II band to 2 mOD. 

However, the band positions remain stable and an intensity decrease of characteristic lipid bands 

occurs (Figure 6.21D).318 This can be explained by the removal of residual detergent traces, 

leading to a reorganization of CpI within the SLM system with a higher content of adsorbed 

protein at the SAM surface. In comparison,  Kriegel et al. observed amide I band intensities of ca. 

3 mOD and concluded a high CpI protein density.29 Furthermore, the utilization of the described 

tBLM system (vide supra) leads to a phospholipid band intensity of ca. 4 mOD at 2926 cm-1.8,49 

Based on these studies, the combination of the low intensity of lipid signals (ca. 0.6 mOD at 

2924 cm-1) and a high protein density indicates a coverage of ca. 80 % of the respective protein 

monolayer. This argumentation is in line with the impedance spectra showing a capacitance value 

of 8.1 µF*cm-2 (see Figure 6.3) that is about ten times higher than in case of the tBLM system 

(Figure 6.2 in chapter 6.1.1) and other biomimetic membrane systems that provide a more 

efficient insulation and less defects.8,34,319 However, this approach allows adsorbing proteins at a 

much higher density and, more importantly, utilizing the pH sensing ability of 4-ATP.  

The amide I band intensity in Figure 6.21D is larger than the corresponding amide II absorption, 

revealing a ratio of ca. 1.26. A single helix oriented perpendicularly to the Au surface can yield a 

value of up to 16.34 It needs to be taken into consideration that these values were calculated using 

SEIRA spectroscopic data. This method differs from other polarized IR techniques due to the 

distinct distance (d) dependent surface enhancement scaling with a value of d-6 and may provide 

different values for the amide band ratio.  
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In contrast, complex membrane proteins include further structural elements, e.g. turns between 

the helices. Therefore, an oriented immobilization on an Au surface leads to lower ratios in a 

range between ca. 1.2 (photosystem I,147 cytochrome bo3
8 or the membrane-bound 

hydrogenase)27,148 and 2.2 (sensory rhodopsin30). This observation is further supported by results 

obtained during orientation inversion of a highly oriented cytochrome c oxidase sample 

immobilized via an N-terminal or C-terminal His-tag and reconstituted into a SLM system, where 

the detected ratio changes within this range. This leads to the estimation that a ratio between ca. 

1.2 and 0.8 (≈ 1/1.2) indicates a helical protein with low preferential or random orientation, while 

for a ratio < 0.8 the helices are oriented preferentially in parallel to the surface.  

Consequently, it can be deduced that the here observed ratio of 1.26 reflects a preferentially 

perpendicular orientation of the transmembrane α-helices of CpI with respect to the surface. This 

reveals a functionally relevant orientation of the transmembrane α-helices of CpI in the SLM 

system with the peripheral arm facing the bulk solution as represented in Figure 6.22.  

Figure 6.21 Difference spectra of: (A) 4-ATP SAM after overnight incubation using bare gold as reference (both in 

ethanol at 25 °C); (B) Supported lipid membrane (SLM) minus 4-ATP SAM (both in 0.1 M PBS at pH 5.8); (C) 

Incubation of Cpl for 90 min minus SLM (both in 0.1 M PBS, at pH 7); (D) CpI after exchange with fresh 0.1 M PBS 

at pH 7. (E) Proteoliposomes harboring CpI after overnight SAM incubation at 4 °C using 4-ATP as reference. B to 

D were recorded at 25 °C. For a better comparison traces B and E were multiplied by a factor of 4 and 2, respectively 

(n = 2 independent experiments). Adapted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; 

Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and 

Proton Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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6.4.2 1-step approach of adsorption 

In this procedure, the formation of the biomimetic SLM construct was achieved by overnight 
incubation of CpI containing PA:PC-proteoliposomes in presence of Bio-Beads. Figure 6.21E 
depicts the SEIRA spectrum obtained after the deposition of the proteoliposomes using the 
spectrum of the 4-ATP SAM as a reference. The decrease of the absorbance in the region of ca. 
3500 cm-1 is in agreement with the removal of adsorbed water molecules (vide supra).49 The 
positive bands at 1654 cm-1 and 1552 cm-1 represent the amide I and amide II bands of CpI. The 
shift of the position of the amide bands by 2-3 cm-1 in comparison to the 2-step approach might 
be explained by different orientations of the protein on the SAM surface, which results in SEIRA 
spectra of different CpI subunits. This reasoning is supported by the absence of characteristic lipid 
IR bands, e.g. ν(CH2/CH3) and ν(CO) stretchings at 2800-3000 cm-1 and ca. 1730 cm-1. The 
negligible intensity of the lipid bands leads to the conclusion that the bilayer is located in a larger 
distance relative to the surface. This could be rationalized by a distribution of the two possible 
orientations of CpI, i.e. with the peripheral arm facing either the bulk solution (Figure 6.22A) or 
the SAM (Figure 6.22C), respectively. In this case the perpendicularly oriented transmembrane 
helices would contribute less to the spectral intensity due to the limited detection of SEIRA 
spectroscopy up to a distance of 8 nm. The spectrum rather illustrates secondary structure 
elements of the peripheral arm. This is supported by lower amide I and II band intensities of 1.1 
and 1.2 mOD, respectively. Furthermore, the amide I/amide II ratio of 0.93 is in a range that 
represents randomly oriented helices.  

Figure 6.22 Biomimetic supported lipid membrane construct harboring bacterial Complex I (CpI) adsorbed on a 
nanostructured Au electrode that is functionalized by a 4-aminothiophenol SAM (4-ATP). The orientation of CpI 
determines the catalytic NADH oxidation-induced net proton flow resulting in (A) acidification or (C) alkalization of 
the space between bilayer membrane and SAM (by nH+ or -(n+1)H+ per NADH, respectively, with n considered to be 
4, based on studies of the mitochondrial enzyme).327 Reoxidation of the quinone (B) presumably leads to a simultaneous 
acidification by 1H+ per e-. Adapted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; 
Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton 
Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 
Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328
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6.4.3 Investigation of CpI function in biomimetic supported lipid 

membranes 

A successful incorporation of CpI in a functional relevant conformation within the biomimetic 

SLM system using the 2-step approach needs to be demonstrated. For that purpose, the enzyme’s 

electro-catalytic and proton translocation activity were analyzed.  

6.4.3.1 Spectroelectrochemical measurement of NADH induced CpI activity 

First, chronoamperometry that was recorded at 200 mV (vs. 3 M KCl Ag/AgCl) exhibited an 

increase of the oxidative catalytic current of ca. 0.4 µA after addition of NADH (60 µM). This 

observation proves that the protein exchanges electrons with the electrode via the DMN pool 

distributed within the lipid layer (see Figure 6.23 left).50 The measured activity of CpI is 

complemented by SEIRA data, which offer further information regarding (re)orientation as well 

as protonation changes of the SAM. The large distance of the respective substrate binding sites to 

the metal surface impeded the detection of direct spectral fingerprints of NADH or DMN binding. 

Instead there is a positive difference band at 1591 cm-1 and a negative difference band at 

1489 cm-1 which can be assigned to reversible protonation of 4-ATP (Figure 6.23 right, Figure 

6.24B and Figure 6.24C) induced by a proton translocation of CpI. Spectral side chain 

contributions of specific amino acids, e.g. aspartate or glutamate in this region141 can be excluded 

due to the larger distance of the enzyme to the surface compared to the SAM or bilayer. In 

different control experiments the addition of NADH to pure 4-ATP, to the SLM without DMN 

and CpI and to the SLM with DMN but without CpI, respectively, did not lead to any spectral 

changes (Figure A16).  

Figure 6.23 (A) Chronoamperometric trace recorded at 200 mV on the stepwise assembled supported lipid membrane / 

CpI construct. The subsequent addition of 2x 60 µM NADH solution in PBS 0.1 M pH 7 to the CpI / SLM system leads 

to a significant increase of the catalytic current. (B) SEIRA difference spectrum taken after first addition of a 60 µM 

NADH solution in PBS 0.1 M pH 7. The bare CpI / supported lipid membrane system incubated in the same buffer was 

used as reference (n = 2 independent experiments). Adapted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; 

Batista AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity 

and Proton Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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6.4.3.2 pH titration of the 4-ATP-SAM 

Another important aspect of the investigation is the verification of 4-ATP as a pH-dependent 

proton sensor by means of a pH-titration of 4-ATP from pH 9 to pH 3 that was conducted in 

parallel to SEIRA measurements in the difference mode (see Figure 6.25). To allow a comparison 

with the NADH-induced spectral changes of the CpI-bilayer system, which were measured at a 

bulk pH of 7, also a reference spectrum at pH 7 was recorded. In general, the difference spectra 

collected during the pH titration exhibit changes of the 4-ATP SAM related IR bands at 

ca. 1590 cm-1 and 1485 cm-1, and a broad difference band of the H2O related δ(OH)-bending 

vibration at ca. 1650 cm-1. 

Under alkaline pH conditions in the range from pH 9 to pH 7, a negative difference band at 

1591 cm-1 and a positive band at 1487 cm-1 can be observed. However, acidic conditions between 

pH 7 and pH 5 lead to reversed spectral changes and a positive difference band at 1591 cm-1 

accompanied by a negative difference band at 1487 cm-1.  

These bands indicate a protonation of the 4-ATP SAM at decreased pH values. As shown in 

Figure A17, the band intensities of the 1591 cm-1 absorption follow a broadened sigmoidal shape, 

revealing a pKa value of 6.4 ± 0.1. This is in line with a pKa value of 6.9 ± 0.5 that was determined 

by capacitance measurements.320 A further decrease of the pH values below pH 5, implicates 

spectral changes showing a negative band at 1596 cm-1 and a positive band at 1484 cm-1. Hence, 

two protonation states of 4-ATP can be deduced, i.e. in the ranges of 5  pH < 9 and pH < 5. On 

a molecular level these spectral changes are based on a competition involving two processes: 

a) a structural variation due to a loss of coupling between the ATP molecules of the SAM upon 

protonation (Δstructural; ca. 1610 cm-1(+) / 1494 cm-1(-); see Figure A22) and b) the actual 

Figure 6.24 SEIRA difference spectra of stepwise procedure: Difference spectra of (A) 90 min incubated Cpl in 0.1 M 

PBS minus bare SLM in 0.1 M PBS, at pH 7 (see also Figure 6.21D); (B) NADH addition to CpI after buffer exchange 

in 0.1 M PBS minus SLM in 0.1 M PBS, at pH 7; (C) NADH addition to CpI after buffer exchange in 0.1 M PBS minus 

CpI after buffer exchange in 0.1 M PBS, at pH 7; (D) water spectrum on bare Au surface scaled to match the ν(H2O) 

band at ca. 3500 cm-1; (E) 4-ATP SAM in PBS 0.1 M at pH 5 minus 4-ATP SAM in PBS 0.1 M at pH 7 (n = 2 

independent experiments). Reprinted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; 

Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton 

Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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pH-dependent difference spectrum of single ATP molecules (Δprotonation; ca. 1611 cm-1(-) / 

1481 cm-1(+); see Figure A21). 

Both effects reveal similar spectral features, but with opposite signs of intensity changes likewise 

to the observed spectra in the pH-titration (Figure 6.25). Assuming a completely deprotonated 

4-ATP SAM as initial scenario, at first the protonation leads to only a few protonated molecules 

(minor contribution of Δprotonation). A more pronounced effect is a severe perturbation of the 

structural homogeneity of the SAM (major contribution of Δstructural). The following increased 

number of protonated molecules, results in a dominant spectral contribution of Δprotonation and a 

superposition of the spectral effect called Δstructural. This transition is apparent in the difference 

spectrum of pH 4 vs. pH 7, where both 4-ATP peaks exhibited first-derivative shaped difference 

bands. The 4-ATP difference bands related to the NADH-induced spectral changes shown in 

Figure 6.24C (positive band at 1591 cm-1 / negative band at 1489 cm-1) are compared with those 

spectra obtained in the 4-ATP titration experiment depicted in Figure 6.25 at moderate pH values 

of 5-9 (positive band at 1591 cm-1/ negative band at 1487 cm-1) and at strong acidic conditions at 

pH < 5 (negative band at 1596 cm-1 / positive band at 1484 cm-1). Taking this into account, the 

spectral variations after NADH addition (Figure 6.24E) are in agreement with the spectra that 

indicate a protonation equivalent to pH 5-6 (see Figure 6.25). The described observations are 

comprehensible, as a pH change by more than two units due to the CpI-induced proton 

translocation is not very probable. In conclusion, the SEIRA difference spectra of the CpI-bilayer 

system with positive and negative intensities of the difference bands at 1591 cm-1 and 1489 cm1 

prove a NADH-induced protonation of the 4-ATP SAM.  

It needs to be considered that the low insulation of the membrane system, allows the detection of 

this pH change only under turnover conditions. The proton translocation includes two different 

sources, namely the enzyme and quinone pool.8 The exact stoichiometry of transmembrane proton 

translocation by bacterial CpI is still under discussion. At the moment, the number of translocated 

protons is known to be n = 4 per NADH molecule.321 Therefore, one fraction that contributes to 

Figure 6.25 SEIRA spectroscopic pH-titration of the 4-ATP SAM in the range of pH 3 to pH 9 in 0.1 M PBS using the 

spectrum at pH 7 as reference. Phosphoric acid was used to acidify the bulk solution. The pH was measured with a pH 

electrode. The corresponding black colored spectra are IR spectra calculated by a DFT approach (low vs. high pH) 

demonstrating the related spectral effects of the loss of vibrational coupling, or protonation of single 4-ATP molecules. 

The spectral region < 1550 cm-1 of the difference spectrum Δstructural was magnified by a factor of 20 for better 

visualization (n = 2 independent experiments). Adapted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista 

AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity 

and Proton Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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the pH change originates from the net proton translocation of CpI towards the SAM. This supports 

the hypothesis of a preferential orientation of CpI within the biomimetic membrane system with 

the peripheral arm directed to the bulk solution. In this case the transferred proton number per 

NADH at the SAM/bilayer interface is +4H+ or +nH+, Figure 6.22A. The addition of CpI to a 

preformed bilayer membrane/liposome system is in concordance with its incorporation into the 

biomimetic SLM system in such a preferential orientation due to spatial restrictions. If the 

contributions of a quinol reoxidation are excluded, a 50:50 mixture of both orientations of CpI 

within the bilayer membrane would lead to an alkalization (-1 H+ per NADH; Figure 6.22) at the 

CpI-bilayer membrane/4-ATP SAM interface.8 

A further fraction of the proton translocation is added by DMN. After reduction by the protein 

(and uptake of two protons), a specific amount of DMN will pass the electrons to the electrode 

and stabilize its previously established redox equilibrium. This oxidation is accompanied by a 

maximum release of two protons per DMN molecule (DMNH2 → DMN + 2 e- + 2 H+; Figure 

6.22B) at the bilayer membrane/SAM interface augmenting the acidification.  

The interdependence between these processes relies on the ratio of protein to DMN (ca. 1:1.34) 

and the proportion of both protein orientations, as well as the rate of DMNH2 oxidation at the 

electrode. Besides this, the SEIRA spectra reveal a concurrent increase of the amide I and amide II 

band intensities with a mutual change of the amide I/amide II ratio from 1.26 to 1.34 (Figure 

6.24B).  

Since the amide I band can overlap with the O-H vibrational modes of water, a reference spectrum 

of water is represented in Figure 6.24D for comparison to exclude these effects. The spectrum, 

which is scaled to the O-H-stretching region at 3500 cm-1 (Figure 6.24C) clearly indicates that the 

corresponding O-H-bending mode at 1650 cm-1 is not observable. Therefore, the broad positive 

band at ca. 1650 cm-1 in Figure 6.24B can be ascribed to a rising intensity in the amide I region.  

Figure 6.26 Difference spectra related to the reconstitution of a supported lipid membrane (SLM) system with CpI by 

the 1-step procedure. (A) Addition of proteoliposome solution to the ATP-SAM surface using it as reference; (B) 

Addition of NADH to reconstituted SLM with 4-ATP SAM as reference; (C) B minus A (D) 4-ATP at pH 8 minus 

4-ATP at pH 7, multiplied by a factor of 2 for better visualization (n = 2 independent experiments). Adapted with 

permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De 

Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton Translocation of Reconstituted Respiratory Complex 

I monitored by Surface-enhanced Infrared Absorption Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright 

(2018) American Chemical Society.328 
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Theoretical calculations of Di Luca et al. verified a relation between the described amide band 

increase and a reorientation of the α-helical and/or other secondary structural components of CpI, 

which presumably play a role in a proton-channel formation.254 In addition to conformational 

changes within the integral transmembrane domains, charge-induced movements of the whole 

peripheral arm or its structural elements upon NADH and quinone binding is discussed.253,256 

A further investigation of possible conformational changes in the future will require a detailed 

analysis of a series of CpI mutants. The 1-step formation of the biomimetic membrane/CpI 

construct and the previous interpretation obtained by the 2-step procedure lead to complementary 

information. Upon addition of NADH a slight decrease of the amide I band intensity at 1654 cm-1 

is detectable (Figure 6.26B) and the amide II band intensity at 1552 cm-1 remains unchanged. The 

slight observable change of the amide I/amide II ratio from 0.93 to 0.88 induced by NADH 

addition notifies an enzyme incorporation that is preferentially in a reverse orientation in 

comparison to the 2-step procedure. Furthermore, the changes occur more distant from the 

electrode and indicate that a larger fraction of CpI interacts with the SAM via the peripheral arm 

as illustrated in Figure 6.22C. In comparison, Kriegel et al. also presented a SEIRA study using 

an immobilization of CpI in a reversed orientation with its peripheral arm bound via a His-tag to 

a Ni-NTA SAM and NADH SAM, respectively. This investigation revealed an amide I/amide II 

ratio in the range of 1.29 

Analogous to the evaluation of the 2-step procedure, the SEIRA difference spectra after NADH 

addition are compared with the spectral pH titration data of the 4-ATP SAM. There are distinct 

spectral changes after addition of NADH at 1591 cm-1 (negative) and at 1487 cm-1 (positive) 

visible, see Figure 6.26A to Figure 6.26C. This observation confirms the difference spectra of the 

basic pH regime taken during the pH titration (Figure 6.26D and Figure 6.25). Thus, a net proton 

translocation in direction of the bulk solution can be deduced that has an alkalizing effect on the 

SAM. Additionally, the alkalization hints at a diffusion of NADH through the bilayer membrane 

to the SAM surface, due to defects in the lipid membrane system implicated by a small resistance 

that is shown in the impedance spectra in Figure 6.3. These effects fit unambiguously into the 

previously described context of an intensity ratio change and the shifted amide I and amide II 

band positions. Taken all information together, a preferential “upside-down” orientation of CpI 

within the reconstituted SLM construct can be reasoned (Figure 6.22.C).  

An important indicator supporting this explanation is the net proton translocation via the protein, 

which results in -5H+ or -(n+1)H+ per NADH at the SAM/bilayer membrane interface for an 

“upside-down” orientation. Therefore, it exceeds the effect of re-oxidation of DMN at the 

interface and more than 50% of the CpI molecules appear to be oriented with the peripheral arm 

towards the SAM surface. In a previous study by Gutiérrez-Sanz et al., which is the basis of the 

current work, a 1-step formation was developed on an Au(111) surface. This allowed the 

investigation of an electrochemically induced protonation of the 4-ATP SAM. The authors 

concluded a net orientation of active protein with the peripheral arm directed to the bulk solution, 

as depicted Figure 6.22A.50 Therefore, the observed difference in orientation might be explained 

by the nanostructured surface of the SEIRA Au electrode. That is the reason for a less 

homogenously ordered biomimetic membrane system adsorbed on 4-ATP and residual intact 

vesicles. 
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6.4.4 Conclusions 

The complementary results of this work demonstrate that CpI incorporated into the biomimetic 

SLM system is catalytically active and translocates protons. It also shows the capability of the 

used SEIRA (spectroelectrochemical) approach to monitor these two processes simultaneously. 

Depending on the type of construction procedure used for the biomimetic membrane system, i.e. 

the approach applying an incorporation of CpI into a bilayer membrane/liposome layer (2-step) 

or the assembly using CpI-containing proteoliposomes (1-step), the preferential orientation of the 

protein was obtained while maintaining its electro-catalytic activity. Based on 4-ATP as a 

spectroscopic pH sensor, the NADH-induced catalytic transmembrane proton transfer leads to an 

acidification of the 4-ATP SAM when CpI was incorporated in a 2-step process and thus oriented 

preferentially with the peripheral arm upwards. Adsorbing proteoliposomes directly onto the 

SAM provides a major CpI-fraction that is oriented upside-down resulting in an alkalinization of 

the SAM under turn-over conditions. Importantly, the two constructs report changes of the 

amide I/amide II band intensity ratio, which may reflect structural changes of CpI upon catalysis 

and proton translocation. Based on recent literature reports248,252–255 both transmembrane α-helices 

and the interfacial region to the peripheral arm are proposed to experience pronounced structural 

changes. Thus, this work will pave the way for future structural and functional studies on the 

activity of CpI reconstituted in bilayer lipid membranes. 
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7 CONCLUSIONS  

Biomimetic membrane systems  In this work, different lipid membrane systems were 

constructed to relate the structural properties of AMPs and the bacterial Complex I (CpI) with 

their molecular mechanisms of interaction with lipid membranes by means of SEIRA 

spectroscopy. 

AMPs were studied applying a tBLM system that was assembled by functionalization of a 

nanostructured Au surface with a WK3SH:6MH (80:20) SAM. A further spreading of 

POPC:POPG (90:10) liposomes led to a system comprised of alternating islands of lipid bilayer 

areas, including an aqueous reservoir underneath, and lipid monolayer compartments. This 

construct was suitable, since it provided the necessary flexibility and space to incorporate peptides 

in their transmembrane state. Also, the stability of the tBLM, analyzed by EIS measurements, 

corresponds to the requirements. The determined capacitance value of 0.76 µF*cm-2 is in the 

range of previously described EIS studies using POPC membranes.  

A pure layer of rigid hydrophobic cholestanyl-headed WK3SH-SAM adsorbed on the Au 

surface served as reference to study hydrophobic interactions of the amphipathic AMPs with the 

surface. The addition of POPC:POPG (90:10) liposomes onto the SAM surface resulted in a lipid 

monolayer assembly. This tHLM system served as another reference system due to the spatial 

restrictions.  

To monitor the transmembrane proton translocation of CpI, the protein was embedded into a 

SLM system. The SAM 4-aminothiophenol (4-ATP), adsorbed on the nanostructured Au 

electrode, provided the ability of a protonation and deprotonation. A mixture of 

POPC:POPA:DMN (80:10:10) liposomes were adsorbed on the SAM surface to complete the 

SLM. Interestingly, EIS measurements revealed a ten-fold higher capacitance value of 

8.1 µF*cm-2, which provides the qualitative indication of intact vesicles and adsorbed lipid 

fragments on the SAM surface and is in line with a low bilayer resistance.  

 

Peptide-membrane interaction of cathelicidin derivatives  The human AMPs LL-37 

and the mutated fragments LL-32 and LL-20, derived by C-terminal deletion of amino acid 

residues, were analyzed regarding different structural and functional properties. Complementary 

IR spectroscopic studies and MD simulations in solution obtained an α-helical secondary structure 

of the investigated peptides stabilized by salt bridge formation of charged residues. However in 

the peptide core (residues 17-29) there was no salt bridge formation detectable. 

There is a significantly higher enhancement of normal modes with transition dipole moments 

perpendicularly oriented in respect to the SEIRA Au surface. Thus, a comparative SEIRA study 

adsorbing the peptides on the tBLM system and the hydrophobic WK3SH-headed SAM led to 

information about the orientation of the peptides. The obtained amide I/amide II ratio of 0.6 ±0.1 

is in line with a uniform horizontal orientation of LL-37 and LL-32 with respect to the surface 

plane of both, the tBLM and WK3SH-SAM. However, over time LL-37 undergoes a change of 

the ratio from 0.4 to 0.6 indicating a multi-step process of interaction, whereas LL-32 adsorbs 

rather in a 1-step process due to a stable ratio. Interestingly, LL-20 adsorbs on the SAM surface 

in the same way, whereas it does not interact with the tBLM surface.  

Taking into account the different thickness of the WK3SH-SAM and the tBLM the distance 

dependence of SEIRA offered information about the position of the peptides adsorbed onto or 

integrated into both systems by the intensity of the amide modes. Each peptide stayed on the 

WK3SH surface that is in a comparable distance to the Au surface like the hydrophobic core of 
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the membrane. For both systems, adsorption studies of LL-37 showed intensities for the amide I 

mode of 2 mOD and the amide II mode of 4 mOD. Hence, LL-37 adsorbs not only onto the 

WK3SH-SAM but also into the hydrophobic membrane core. The comparison of the amide mode 

intensities reveals for LL-32 comparable values during the interaction with WK3SH, but about 

ten-fold lower intensities in the peptide-tBLM interaction.  

MD simulations (in a time range of 300 ns) proved the spectroscopic results by simulation of a 

POPC:POPG (90:10) bilayer membrane. LL-37 incorporates in a multi-step process that is mainly 

driven by insertion of the N-terminus into the membrane core induced by the VPRTES-terminus 

(residues 32-37). However, LL-32 adsorbs onto the membrane surface interacting with the 

phospholipid headgroups and LL-20 does not interact with the membrane. Detailed analysis of 

the peptide amino acid residues clarified that the peptide core comprised of residue 17-29 of 

LL-37 and LL-32 is essential for the interaction of the peptides with the studied lipid membrane. 

As LL-20 does not possess the residues 21-29, its α-helix is more rigid and a peptide-membrane 

interaction is inhibited. 

 

Alamethicin  The interaction of the AMP alamethicin (ALM) with biomimetic membranes was 

studied by incubation onto tBLMs, using tHLMs as a reference system. These processes were 

observed by SEIRA, monitoring the N-terminal α-helix and the C-terminal 310-helix of ALM by 

the amide I mode. 

The investigation of the ALM-tHLM interactions led to a horizontal adsorption with respect to 

the surface plane. However, its transmembrane integration was spatially restricted. The 

interaction between ALM and the tBLM first started by a horizontal adsorption with an inclination 

angle of 69°-78° in respect to the surface normal. In dependence of the concentration and/or under 

control of the electrical potential a reorientation and transmembrane incorporation occurred 

resulting in an angle of 21°. 

The developed kinetic model of peptide incorporation hypothesizes a 3-step process, 

highlighting the relevance of an initial peptide-peptide interplay. Anti-parallel peptide oligomers 

are not assumed to integrate in a voltage-dependent manner. But rather monomers and parallel 

oligomers are expected to incorporate with its α-helical N-terminus into the transmembrane part, 

if the dipole of ALM is stabilized due to membrane polarization. The obtained data is in line with 

the barrel-stave model that suggests an ion-channel formation by 4-12 ALM monomers.  

DFT-calculated IR spectra complemented the experimental spectra. The α-helix/310-helix 

structure of ALM was calculated and the validity was proved by an extended mathematical model. 

As ALM is characterized by a rather rigid secondary structure the applied model was suitable. 

The calculation of more flexible peptides and proteins comprised of different secondary structure 

elements makes more complex theoretical methods, e.g. quantum mechanics/molecular 

mechanics or MD simulations, necessary. 

 

Bacterial Complex I  The catalytic activity and proton translocation of Complex I (CpI), 

embedded into the biomimetic SLM system, was shown by SEIRA combined with 

electrochemistry.  

The study compassed two different procedures leading to preferential orientations of CpI on the 

SAM surface. In a 1-step procedure proteoliposomes including CpI were added to the 4-ATP 

SAM and functional CpI proteins were oriented preferentially with the peripheral arm directed to 

the surface. During the 2-step approach, CpI incorporation followed a previous assembly of the 

SLM by spreading of liposomes. In this construct CpI was preferentially oriented with its 

peripheral arm towards the bulk solution. 
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The (de)protonable pH sensor 4-ATP allowed the spectroscopic observation of an NADH induced 

proton translocation depicted in a pH change. Dependent on the orientation an alkalinization 

(1-step process) or acidification (2-step approach) was monitored. These data were validated by 

DFT calculations of 4-ATP. 

Furthermore, spectral changes of the amide I/amide II band intensity ratio were noticeable. Such 

effects that can point to previously suggested structural changes of transmembrane α-helices in 

the interfacial region to the peripheral arm of CpI induced by catalysis and proton translocation. 

This work showed that spectroelectrochemical studies of reconstituted membrane proteins like 

CpI allow to correlate structural and functional aspects provided that the stability of the SLM will 

be improved systematically.  

 

Outlook  This work revealed in a direct comparison of the SLM and tBLM system that the latter 

biomimetic construct is characterized by better insulating properties, mechanical stability and thus 

higher quality as a membrane model. Moreover, its suitability for the investigation of membrane-

acitve AMPs was proven. Therefore, it can be emphasized that this system is advantageous for 

more elaborate investigations of biomolecules comprised of different secondary structure 

elements, e.g. proteins. Especially, the opportunity to combine the SEIRA approach with the 

application of electrical potentials is beneficial. The elucidation of processes dependent on the 

transmembrane potential, e.g. the gating mechanism of proton-channels or ion channels, based on 

the secondary structure is an important research field for the future.  

However, to fully understand the potential-dependence of the underlying processes, it is 

necessary to determine the potential distribution from the electrode over the SAM, aqueous 

reservoir and bilayer membrane to the hydrophilic surface and the solution phase. In future 

investigations, the associated electric fields can be estimated on the basis of the vibrational Stark 

effect. The implementation of Stark-active chemical groups by labelling of the SAM or 

phospholipids can shed light on this issue. This allows to monitor the potential for each state of 

the system. 

Furthermore, the phospholipid composition of the tBLM needs to be adapted to the composition 

of bacterial or eukaryotic cells, depending on the natural target of peptides or the native 

environment of proteins. For that purpose, isolated cell lipid extracts can be deployed to mimic 

the respective cell type. However, for the subsequent probing of membrane proteins a high purity 

is required, since a superposition of spectral features of residual proteins and the protein of interest 

has to be considered. 

Another interesting research topic is the interaction of peptides and solubilized proteins with 

membrane proteins, i.e. G-protein coupled receptors that play an important role in the cellular 

signal-transduction. Based on the SEIRA difference mode, the addition of the binding partner to 

the tBLM and the subsequent interaction with the integrated membrane protein could be 

monitored in-situ. 

The use of optimized biomimetic membrane models in collaboration with theoretical research 

methods has been demonstrated to be a powerful approach. Depending on the molecular 

properties and the specific targets of the system, DFT calculations, MD simulations or QM/MM 

simulations may represent the method of choice. By this means, the presented tBLM helps to 

increase the knowledge about fundamental processes at the cellular plasma membrane. 
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8 APPENDIX 

8.1 Voltage-dependent incorporation of alamethicin into 

tethered bilayer lipid membranes 

The information presented in this chapter are reproduced from Forbrig et al.206 

8.1.1 Correction of SEIRA spectra 

 

Figure A2 Left: Correction of water contribution (gray line) in the SEIRA spectra of tHLMs (A) and tBLMs (B). 

Right: SEIRA spectra of ALM incubated on tHLMs (A) and  tBLMs (B) corrected for water contribution (see left panel 

and Figure 6.12), and on tBLMs with further correction for horizontally adsorbed ALM molecules (C; see Figure 6.12) 

using the spectrum of ALM on tHLMs (n = 2 independent experiments). Reprinted with permission from Forbrig, E.; 

Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of 

Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright 

(2018) American Chemical Society.206 

Figure A1 Presentation analogous to Figure 6.14 and Figure 6.19 displaying the impact of the correction depicted in 

Figure A2 on amide I/amide II ratios (left) and tilt angles (right). Black, red and blue traces represent the same traces 

as shown in chapter 6.3.5 with the same color code as in Figure A2 right. The faint colors (gray, light red, light blue) 

show the respective traces without correction for the contribution of water, leading to a negligible change for the tBLM 

system (Δθ ≈ 1○) and a small change for tHLMs (Δθ ≈ 3○ - 4○). (n = 2 independent experiments) Reprinted with 

permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  

Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 

2373-2385. Copyright (2018) American Chemical Society.206 
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Figure A3 Potential-dependent capacitances of 11-mercaptoundecanoic acid (MUA), 11-mercaptoundecanol 

(MUOL), 6-mercaptohexanol (6MH), WK3SH, WK3SH/6MH, and the tBLM on SEIRA Au electrodes determined by 

electrical impedance spectroscopy. While the first two SAMs were measured in 50 mM NaClO4, the latter four in were 

observed in buffer solution at pH 7. Red lines represent fits using a skewed distribution to determine the minimum of 

the capacitance (n = 3 independent experiments). Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, 

J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during 

Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American 

Chemical Society.206 

Figure A4 Comparison between SEIRA spectra of ALM after incubation on tBLMs under open circuit conditions (red) 

and under constant application of +400 mV (black). (n = 2 independent experiments) Reprinted with permission from 

Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational 

Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. 

Copyright (2018) American Chemical Society.206 
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8.1.2 Estimation of the potential of zero charge 

Table A1 Capacitance and potential of zero charge estimates of 11-mercaptoundecanoic acid (MUA), 

11-mercaptoundecanol (MUOL), 6-mercaptohexanol (6MH), WK3SH, and the tBLM obtained by electrical impedance 

spectroscopy and comparison with previous data (vs. 3 M Ag/AgCl). In this work, the potential of zero charge was 

estimated from determining the minimum in capacitance (see Figure A3).309 (n = 3 independent experiments) 
Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. 

Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 

2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 

SAMs SEIRA Au electrode – this work Au(111) - Literature 

 Capacitance 

µF/cm² 

Minimum of 

capacitance 

mV 

Capacitance 

µF/cm² 

Epzc 

mV 

MUA 1.7 25 ± 100 2a -30a 

MUOL 1.9 60 ± 100 1.2a 70a 

6MH 3.4 145 ± 100 4.5b -10 ± 130b 

WK3SH 0.9 285 ± 100    

WK3SH/6MH 1.4 250 ± 100   

tBLM 0.8 295 ± 100  300 ± 30c (DPTL-

based tBLM) 

 

a data determined using immersion technique by Ramirez et al.311 Values for MUA vary by up to 

500 mV dependent on the pH. 
b data determined using electro-wetting technique by Jeuken et al.308,319 

Other OH-terminated SAMs yielded values that scattered in a range of 600 mV, based on the 

applied technique, presumably due to different H-bonding situations in the respective reference 

state.  
c data determined using immersion technique by Su et al.127  

 

Considering the intrinsic inaccuracy involved with the determination of Epzc values, the values 

presented in this work determined using electrical impedance spectroscopy lie in a range spanned 

by the values obtained by other techniques. The concordance of these values is particularly 

remarkable, since it was demonstrated in literature that values determined using different methods 

(capacitance measurements,309 electrowetting,322 immersion technique311) vary increasingly with 

an increasing extend of H-bonds with the SAM head groups. For instance, while for C11CH3 a 

value of ca. -0.4 ± 0.1 V was determined independently using all three techniques,309,311,322 for 

CxOH SAMs values differed by ca. 0.6 V (-0.03 V for C11OH using capacitance309; -0.01 ± 0.13 V 

for C6OH using electrowetting/contact angle measurements308; 0.54 V for C12OH using 

electrowetting322; 0.07 V for C10OH using the immersion technique on Au(111)).311 For tBLM 

systems only the Lipkowski group127 reported a value of ca. 300 mV. Although their system is 

based on the DPTL tether, their Epzc and the value estimated in this work are in line with each 

other and suggest that the Epzc of our tBLM system lies in the region of ca. 300 mV. 
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8.1.3 3-step kinetic model of incorporation 

Table A2 Results of fitting the differential equation system to the data shown in Figure 6.14. All values refer to an 

electrode surface of 1.5 cm2 and starting conditions of 1 nmol of ALM in 1 mL of solution. The columns “Amide II*” 

display the fitting results fixing kAds, kDim, kMem, PAds,max, and PMem,max to the fitting results for the corresponding Amide I 

data set (grayed out – not shown graphically). The graphical presentations of the fits are shown in Figure A5 to Figure 
A7. The unit “int” represents the integrated intensity of the respective bands (n = 2 independent experiments). 
Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. 

Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 

2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 

 tHLM tBLM 

 Amide I Amide II Amide II* Amide I Amide II Amide II* 

kAds 

(nmol-1min-1) 

7.54·10-5 7.90·10-5 7.54·10-5 2.00·10-4 2.66·10-4 2.00·10-4 

kDim 

(nmol-1min-1) 

1.28 1.15 1.28 2.67·10-1 3.42·10-2 2.67·10-1 

kMem 

(nmol-1min-1) 

- - - 6.92·10-1 4.97 6.92·10-1 

PAds,max 

(nmol) 

7.07·10-2 7.07·10-2 7.07·10-2 7.13·10-2 7.11·10-2 7.14·10-2 

PMem,max 

(nmol) 

4.37·10-5 4.37·10-5 4.37·10-5 4.37·10-5 4.37·10-5 4.37·10-5 

FAds 

(int nmol-1) 

7.76·102 8.44·102 8.58·102 6.10·102 2.10·102 2.07·102 

FDim 

(int nmol-1) 

2.20·103 1.89·103 1.88·103 6.10·102 1.13·103 3.91·102 

FMem 

(int nmol-1) 

- - - 4.92·106 6.02·105 7.66·105 

χ2 2.21·10-2 2.64·10-2 2.64·10-2 2.16·10-1 1.15·10-3 5.76·10-3 
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Figure A6 Results of fitting equation 6.8 to the time traces of the SEIRA intensities of amide I and amide II of ALM 
on tBLMs (red squares in A and B, respectively). The black lines represent the overall fit to the data, while the green 
full and dashed lines refer to the modeled intensities of the dimeric (dim.) and adsorbed (ads.) species. The magenta 
line depicts the intensities of incorporated (inc.) transmembrane ALM helices. Reprinted with permission from Forbrig, 
E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of 
Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright 
(2018) American Chemical Society.206 

Figure A7 Amide I/Amide II ratios (RSEIRA) of ALM from the SEIRA experiments and calculated from fitting the 
differential equation system. Left: tHLMs: black squares and the red line refer to the results of the experiment and the 
fitting, respectively. Right: tBLMs: red squares and black line display the results of the experiment and the fitting, 
respectively; the blue squares refer to the values after correction for the vertically adsorbed ALM fraction. Green full 
and dashed lines as well as the magenta line in both graphs depict the modeled intensity ratios of the dimeric, adsorbed, 
and incorporated species, respectively. Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski 
MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into 
Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 

Figure A5 Results of fitting equation 6.8 (including step 1 and step 2 of the differential equation system) to the time 
traces of the amide I and amide II SEIRA intensities of ALM on tHLMs (black squares in A and B, respectively). The 
red lines represent the overall fit to the data, while the green full and dashed lines refer to the modeled intensities of the 
dimeric and adsorbed species. Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; 
Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer 
Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 
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8.1.4 DFT optimization of ALM structures 

Table A3 Data on the secondary structure of ALM α-helix/310-helix structure optimized by DFT, extracted from fitting 

two helix functions through the C-α atoms of the backbone of ALM. The angles are determined based on the helix axes 

obtained from the fit. Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; 

Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer 

Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 

 N-terminal helix 

Aib-1 → Aib-13 

C-terminal helix 

Aib-13 → Pheol-20 

Residues per turn 3.38 ± 0.01 3.32 ± 0.02 

Radius / A 2.28 ± 0.02 2.0 ± 0.1 

Translation per residue / A 1.5 ± 0.1 1.3 ± 0.1 

Angle vs N-terminal helix - 23.4° 

Angle of total dipole 

moment (212.3 D) vs helix 

fragments 

10.8° 17.8° 

Angle of back bone dipole 

moment (100.2 D) vs helix 

fragments 

2.9° 21.5° 

 

Table A4 Data on the secondary structure of ALM α-helix/α-helix structure optimized by DFT, extracted from fitting 

two helix functions through the C-α atoms of the backbone of ALM. The angles are determined based on the helix axes 

obtained from the fit. Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; 

Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer 

Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 

 N-terminal helix 

Aib-1 → Aib-13 

C-terminal helix 

Aib-13 → Pheol-20 

Residues per turn 3.42 ± 0.02 3.4 ± 0.02 

Radius / A 2.35 ± 0.09 2.32 ± 0.07 

Translation per residue / A 1.60 ± 0.05 1.56 ± 0.03 

Angle vs N-terminal helix - 25.1° 

Angle of total dipole 

moment (56.8 D) vs helix 

fragments 

83.5° 86.3° 

Angle of back bone dipole 

moment (96.8 D) vs helix 

fragments 

7.3° 18.5° 
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8.1.5 Theoretical analysis of the reorientation of ALM monitored by SEIRA 

spectroscopy  

8.1.5.1 Double-well potential model for ALM 

According to the model described in Figure A9 and equations 6.13 and 6.14 in chapter 6.3.7 and 

analogous to Guidelli et al.,301 the molar fraction xv of vertical incorporated ALM molecules is 

given by the Boltzmann distribution according to 

𝑥𝑣 =
1

1+
𝑠𝑖𝑛𝜃𝐻
𝑠𝑖𝑛𝜃𝑉

·𝑒𝑥𝑝(−
𝐸−𝐸∆
𝑑𝑘𝑇

∆𝜇⁄
)

         (8.1) 

where the factor sinθH/sinθV reflects the ratio of the degeneracies of the horizontal and vertical 

orientations. Using the potential-dependent trace of the orientation in Figure 6.19, the 

applicability of this model can be tested assuming that at negative potentials an angle of 21° will 

be assumed by ALM molecules, as determined from the potential-independent experiments as the 

final incorporated state.  

 

  

Figure A8 Intensity ratios comparing equation 6.9 (black) and equation 6.12 (red), using the same values for the 

respective constants. Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; 

Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer 

Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 
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Figure A9 A: Double-well potential model for the incorporation of ALM in membranes dependent on the orientation 

of ALM. B: According to Mottamal et al.,294 the horizontal state is more stable by ΔG0 ≈ 5 kJ mol-1 than the vertically 

incorporated state with a transition state at intermediate tilt angles. C: During spontaneous incorporation the horizontal 

species becomes less stable due to increasing repulsive interactions. D: When applying electrochemical potentials to 

the electrode (analogously to equation 6.13), the two stable states become (de)stabilized due to interaction with the 

associated electric field. Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; 

Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer 

Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 
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Figure A10 Plot of molar fraction of vertical ALM species xv against the applied potential (vs. 3 M KCl 

Ag/AgCl). Molar fractions were estimated using a sum of weighted vectors 𝑻ሬሬ⃗ = (𝟏 − 𝒙𝒗)𝑯ሬሬሬ⃗ + 𝒙𝒗𝑽ሬሬ⃗  where 𝑻ሬሬ⃗  is 

the vector of the averaged vector, and 𝑯ሬሬሬ⃗  and 𝑽ሬሬ⃗  are the unit vectors representing the orientation of horizontal 

and vertical species, respectively. The projection on the membrane normal yields the final relation between 

averaged, effective angle θ and xv: 𝒄𝒐𝒔𝜽 =
(𝟏−𝒙𝒗)

|𝑻ሬሬ⃗ |
𝒄𝒐𝒔𝜽𝑯 +

𝒙𝒗

|𝑻ሬሬ⃗ |
𝒄𝒐𝒔𝜽𝑽 with θV and θH being the tilt angles of 

vertical and horizontal species, respectively. The red line represents a fit using the Boltzmann equation 𝒙𝒗 =

𝒙𝒗,𝒑𝒐𝒔 +
𝒙𝒗,𝒏𝒆𝒈−𝒙𝒗,𝒑𝒐𝒔

𝟏+
𝒔𝒊𝒏𝜽𝑯
𝒔𝒊𝒏𝜽𝑽

𝐞𝐱𝐩(−
𝑬−𝑬∆
𝒅𝒌𝑻

∆𝝁⁄
)

, which is equal to equation 8.1 augmented by an offset accounting for a fraction of 

vertically incorporated ALM prior to application of potentials. The result of the fit is: xv,neg = 1 (constraint); 

xv,pos = 0.621 ± 0.007; EΔ = -3 mV ± 17 mV; dkT/Δµ = -152 mV ± 10 mV; χ2 = 7.8·10-5. Reprinted with 

permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring 

the  Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 

34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 

Figure A11 ALM α-helix/α-helix structure obtained from the DFT calculations, shown from the “side” 

(hydrophobic and hydrophilic side of ALM on the left and right, respectively), analogously to Figure 6.16. The 

cyan and magenta ribbons and lines underlying the structure indicate the orientation of the N-terminal α-helix 

and C-terminal α-like helix axes, respectively. The light red and light green circles highlight the position of 

Glu-18 and Gln-7, respectively; the thin orange arrow depicts the vector of the total dipole moment (56.8 D – 

arrow is directed from negative to positive and has a major component along the x-axis), while the bold orange 

arrow represents the dipole of the back bone (96.8 D). The red and blue arrows refer to the vectors of the TDMs 

of the amide I and amide II modes of ALM, respectively. Reprinted with permission from Forbrig, E.; Staffa, 

JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of 

Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. 

Copyright (2018) American Chemical Society.206 
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Figure A12 Presentation analogous to Figure 6.17: Left: Comparison of transmission IR spectrum of ALM in aqueous 

solution (A) and the simulated DFT-IR spectrum of ALM’s α-helix/α-helix structure (B, half width set to 12 cm-1). Red 

bands in A indicate the Gaussian fit to the experimental spectrum, while the spectra in cyan, magenta, blue and gray 

refer to the combined spectral components originating from the N-terminal α-helix, C-terminal α-helix, amino acid side 

residues, and unassigned components, respectively. These components were derived from evaluating the potential 

energy distribution of the normal modes. Right: Simulated polarized DFT-IR spectra of ALM referring to the axes 

shown in Figure 6.16. Gray traces represent the isotropic spectrum (n = 2 independent experiments). Reprinted with 

permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  

Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 

2373-2385. Copyright (2018) American Chemical Society.206 

Figure A13 Left: Presentation analogous to Figure 6.18: Simulated amide I/amide II ratios of ALM’s α-helix/α-helix 

structure during reorientation, i.e. as a function of the tilt angle θ as displayed in the inset in Figure 6.18. ALM reorients 

such that the hydrophobic side faces downwards (but not sideways) to match the hydrophobic interaction with a 

horizontally oriented membrane surface. The red line and the inset on the right display the results of fitting 

equation 6.12 to the data. Right: Overlay of simulated amide I/amide II ratios for both structures in the relevant region 

between 0 and 90○. Reprinted with permission from Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, 

P.; Kozuch, J. Monitoring the  Orientational Changes of Alamethicin during Incorporation into Bilayer Lipid 

Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright (2018) American Chemical Society.206 
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8.1.6 Theoretical analysis of the reorientation of ALM monitored by SEIRA 

spectroscopy  

 

  

Figure A14 Amide I/amide II ratios (black squares) calculated different reorientations and twisting of ALM α-helix/310-

helix structure, i.e. upon twisting ALM around its own axis before reorientation is performed. The colored lines 

represent the fit using equation 6.12. Table A3 summarizes the results of the fit. Reprinted with permission from 

Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational 

Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. 

Copyright (2018) American Chemical Society.206 
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Table A5 Results of fitting equation 6.12 to the curves depicted in Figure A8. The entries “yz-plane” and “xz-plane” 

indicate when the fit was performed to a reorientation within these planes. Reprinted with permission from Forbrig, E.; 

Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational Changes of 

Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. Copyright 

(2018) American Chemical Society.206 

 Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

(yz-plane) 

0 1.34 0.251 0.102 5.4 100.6 -95.2 

1 1.34 0.250 0.102 5.3 100.6 -95.3 

2 1.34 0.249 0.101 5.2 100.7 -95.4 

3 1.34 0.247 0.101 5.1 100.7 -95.6 

4 1.34 0.246 0.101 5.0 100.7 -95.7 

5 1.34 0.245 0.101 4.9 100.7 -95.8 

6 1.34 0.243 0.100 4.8 100.8 -95.9 

7 1.33 0.242 0.100 4.7 100.8 -96.0 

8 1.33 0.240 0.100 4.6 100.8 -96.1 

9 1.33 0.239 0.100 4.5 100.8 -96.3 

10 1.33 0.237 0.100 4.4 100.8 -96.4 

11 1.33 0.235 0.099 4.3 100.8 -96.5 

12 1.33 0.234 0.099 4.2 100.8 -96.6 

13 1.32 0.232 0.099 4.1 100.8 -96.7 

14 1.32 0.230 0.099 4.0 100.8 -96.8 

15 1.32 0.228 0.099 3.9 100.8 -96.9 

16 1.32 0.227 0.099 3.8 100.8 -96.9 

17 1.32 0.225 0.099 3.7 100.7 -97.0 

18 1.32 0.223 0.099 3.6 100.7 -97.1 

19 1.31 0.221 0.099 3.5 100.7 -97.2 

20 1.31 0.219 0.099 3.4 100.7 -97.3 

21 1.31 0.217 0.099 3.3 100.6 -97.4 

22 1.31 0.215 0.099 3.2 100.6 -97.4 

23 1.31 0.213 0.099 3.1 100.6 -97.5 

24 1.30 0.211 0.099 2.9 100.5 -97.6 

25 1.30 0.209 0.099 2.8 100.5 -97.6 

26 1.30 0.207 0.099 2.7 100.4 -97.7 

27 1.30 0.204 0.100 2.6 100.4 -97.8 

28 1.30 0.201 0.100 2.5 100.3 -97.8 

29 1.30 0.197 0.100 2.4 100.3 -97.9 

30 1.30 0.194 0.100 2.3 100.2 -98.0 

31 1.30 0.190 0.101 2.1 100.2 -98.0 

32 1.30 0.187 0.101 2.0 100.1 -98.1 

33 1.30 0.184 0.102 1.9 100.0 -98.1 

34 1.30 0.181 0.102 1.8 100.0 -98.2 

35 1.30 0.177 0.102 1.7 99.9 -98.2 

36 1.30 0.174 0.103 1.6 99.8 -98.3 

37 1.30 0.171 0.103 1.5 99.7 -98.3 

38 1.30 0.168 0.104 1.3 99.7 -98.3 

39 1.30 0.165 0.104 1.2 99.6 -98.4 

40 1.30 0.162 0.105 1.1 99.5 -98.4 

41 1.30 0.159 0.105 1.0 99.4 -98.4 
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 Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

42 1.30 0.156 0.105 0.9 99.3 -98.4 

43 1.30 0.153 0.106 0.8 99.2 -98.5 

44 1.30 0.150 0.106 0.7 99.1 -98.5 

45 1.30 0.148 0.107 0.5 99.0 -98.5 

46 1.30 0.145 0.107 0.4 98.9 -98.5 

47 1.30 0.143 0.108 0.3 98.8 -98.5 

48 1.30 0.140 0.108 0.2 98.7 -98.5 

49 1.30 0.138 0.109 0.1 98.6 -98.5 

50 1.30 0.136 0.110 0.0 98.5 -98.5 

51 1.30 0.133 0.110 -0.1 98.4 -98.5 

52 1.30 0.131 0.111 -0.2 98.3 -98.5 

53 1.30 0.129 0.111 -0.3 98.2 -98.5 

54 1.30 0.127 0.112 -0.4 98.1 -98.5 

55 1.30 0.125 0.112 -0.5 98.0 -98.5 

56 1.30 0.124 0.113 -0.7 97.8 -98.5 

57 1.30 0.122 0.113 -0.8 97.7 -98.5 

58 1.30 0.120 0.114 -0.9 97.6 -98.5 

59 1.30 0.119 0.114 -1.0 97.5 -98.4 

60 1.30 0.118 0.115 -1.1 97.3 -98.4 

61 1.30 0.116 0.115 -1.2 97.2 -98.4 

62 1.30 0.115 0.116 -1.3 97.1 -98.4 

63 1.30 0.114 0.116 -1.4 96.9 -98.3 

64 1.30 0.113 0.117 -1.5 96.8 -98.3 

65 1.30 0.112 0.117 -1.6 96.7 -98.3 

66 1.30 0.112 0.118 -1.7 96.5 -98.2 

67 1.30 0.111 0.118 -1.8 96.4 -98.2 

68 1.30 0.110 0.119 -1.9 96.3 -98.1 

69 1.30 0.110 0.119 -2.0 96.1 -98.1 

70 1.30 0.110 0.120 -2.1 96.0 -98.1 

71 1.30 0.109 0.120 -2.2 95.8 -98.0 

72 1.30 0.109 0.121 -2.3 95.7 -98.0 

73 1.30 0.109 0.121 -2.4 95.5 -97.9 

74 1.30 0.109 0.122 -2.5 95.4 -97.8 

75 1.30 0.110 0.122 -2.6 95.2 -97.8 

76 1.30 0.110 0.123 -2.7 95.1 -97.7 

77 1.30 0.110 0.123 -2.8 94.9 -97.7 

78 1.30 0.111 0.123 -2.9 94.7 -97.6 

79 1.30 0.112 0.124 -3.0 94.6 -97.5 

80 1.30 0.112 0.124 -3.1 94.4 -97.5 

81 1.30 0.113 0.125 -3.1 94.3 -97.4 

82 1.30 0.114 0.125 -3.2 94.1 -97.3 

83 1.30 0.115 0.125 -3.3 93.9 -97.3 

84 1.30 0.116 0.126 -3.4 93.8 -97.2 

85 1.30 0.117 0.126 -3.5 93.6 -97.1 

86 1.30 0.119 0.126 -3.6 93.4 -97.0 

87 1.30 0.120 0.126 -3.7 93.3 -97.0 

88 1.30 0.122 0.127 -3.8 93.1 -96.9 

89 1.30 0.123 0.127 -3.9 92.9 -96.8 
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 Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

(xz-plane) 

90 1.30 0.125 0.127 -4.0 92.7 -96.7 

91 1.30 0.127 0.127 -4.1 92.6 -96.6 

92 1.30 0.129 0.128 -4.1 92.4 -96.5 

93 1.30 0.131 0.128 -4.2 92.2 -96.4 

94 1.30 0.133 0.128 -4.3 92.0 -96.3 

95 1.30 0.135 0.128 -4.4 91.9 -96.3 

96 1.30 0.137 0.128 -4.5 91.7 -96.2 

97 1.30 0.139 0.128 -4.6 91.5 -96.1 

98 1.30 0.142 0.128 -4.6 91.3 -96.0 

99 1.30 0.144 0.128 -4.7 91.1 -95.9 

100 1.30 0.147 0.128 -4.8 91.0 -95.8 

101 1.30 0.149 0.129 -4.9 90.8 -95.7 

102 1.30 0.152 0.129 -5.0 90.6 -95.6 

103 1.30 0.155 0.129 -5.0 90.4 -95.4 

104 1.30 0.157 0.129 -5.1 90.2 -95.3 

105 1.30 0.160 0.128 -5.2 90.0 -95.2 

106 1.30 0.163 0.128 -5.3 89.8 -95.1 

107 1.30 0.166 0.128 -5.3 89.7 -95.0 

108 1.30 0.169 0.128 -5.4 89.5 -94.9 

109 1.30 0.172 0.128 -5.5 89.3 -94.8 

110 1.30 0.175 0.128 -5.6 89.1 -94.7 

111 1.30 0.178 0.128 -5.6 88.9 -94.5 

112 1.30 0.181 0.128 -5.7 88.7 -94.4 

113 1.30 0.185 0.127 -5.8 88.5 -94.3 

114 1.30 0.188 0.127 -5.8 88.4 -94.2 

115 1.30 0.191 0.127 -5.9 88.2 -94.1 

116 1.30 0.194 0.127 -6.0 88.0 -93.9 

117 1.30 0.197 0.127 -6.0 87.8 -93.8 

118 1.30 0.201 0.126 -6.1 87.6 -93.7 

119 1.30 0.203 0.126 -6.1 87.4 -93.6 

120 1.30 0.206 0.126 -6.2 87.2 -93.4 

121 1.30 0.208 0.126 -6.2 87.1 -93.3 

122 1.31 0.210 0.126 -6.3 86.9 -93.2 

123 1.31 0.212 0.126 -6.4 86.7 -93.0 

124 1.31 0.214 0.125 -6.4 86.5 -92.9 

125 1.31 0.216 0.125 -6.5 86.3 -92.8 

126 1.31 0.218 0.125 -6.5 86.1 -92.6 

127 1.32 0.220 0.125 -6.5 86.0 -92.5 

128 1.32 0.221 0.125 -6.6 85.8 -92.4 

129 1.32 0.223 0.124 -6.6 85.6 -92.2 

130 1.32 0.225 0.124 -6.7 85.4 -92.1 

131 1.32 0.227 0.124 -6.7 85.3 -92.0 

132 1.32 0.229 0.124 -6.7 85.1 -91.8 

133 1.33 0.231 0.123 -6.8 84.9 -91.7 

134 1.33 0.232 0.123 -6.8 84.7 -91.5 

135 1.33 0.234 0.123 -6.8 84.6 -91.4 

136 1.33 0.236 0.122 -6.8 84.4 -91.2 
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 Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

137 1.33 0.237 0.122 -6.9 84.2 -91.1 

138 1.33 0.239 0.122 -6.9 84.1 -90.9 

139 1.34 0.241 0.121 -6.9 83.9 -90.8 

140 1.34 0.242 0.121 -6.9 83.7 -90.6 

141 1.34 0.244 0.120 -6.9 83.6 -90.5 

142 1.34 0.245 0.120 -6.9 83.4 -90.3 

143 1.34 0.246 0.119 -7.0 83.2 -90.2 

144 1.34 0.248 0.119 -7.0 83.1 -90.0 

145 1.34 0.249 0.119 -7.0 82.9 -89.9 

146 1.35 0.250 0.118 -7.0 82.8 -89.7 

147 1.35 0.251 0.118 -7.0 82.6 -89.6 

148 1.35 0.252 0.117 -7.0 82.5 -89.4 

149 1.35 0.253 0.117 -6.9 82.3 -89.3 

150 1.35 0.254 0.116 -6.9 82.2 -89.1 

151 1.35 0.255 0.116 -6.9 82.1 -89.0 

152 1.35 0.256 0.115 -6.9 81.9 -88.8 

153 1.35 0.257 0.115 -6.9 81.8 -88.7 

154 1.35 0.257 0.114 -6.9 81.7 -88.5 

155 1.35 0.258 0.114 -6.8 81.5 -88.4 

156 1.35 0.258 0.113 -6.8 81.4 -88.2 

157 1.35 0.259 0.113 -6.8 81.3 -88.1 

158 1.35 0.259 0.112 -6.7 81.2 -87.9 

159 1.35 0.260 0.111 -6.7 81.1 -87.8 

160 1.35 0.260 0.111 -6.7 80.9 -87.6 

161 1.35 0.260 0.110 -6.6 80.8 -87.5 

162 1.35 0.260 0.110 -6.6 80.7 -87.3 

163 1.35 0.260 0.109 -6.5 80.6 -87.2 

164 1.35 0.260 0.109 -6.5 80.5 -87.0 

165 1.35 0.260 0.108 -6.4 80.4 -86.9 

166 1.35 0.260 0.108 -6.4 80.3 -86.7 

167 1.35 0.260 0.107 -6.3 80.2 -86.6 

168 1.35 0.260 0.107 -6.3 80.2 -86.4 

169 1.35 0.259 0.107 -6.2 80.1 -86.3 

170 1.35 0.259 0.106 -6.1 80.0 -86.1 

171 1.35 0.258 0.106 -6.1 79.9 -86.0 

172 1.35 0.258 0.105 -6.0 79.9 -85.9 

173 1.35 0.257 0.105 -5.9 79.8 -85.7 

174 1.35 0.257 0.104 -5.9 79.7 -85.6 

175 1.35 0.256 0.104 -5.8 79.7 -85.5 

176 1.35 0.255 0.104 -5.7 79.6 -85.3 

177 1.35 0.254 0.103 -5.6 79.6 -85.2 

178 1.35 0.253 0.103 -5.6 79.5 -85.1 

179 1.34 0.252 0.102 -5.5 79.5 -84.9 

 

  



Appendix | 109 

 

Table A6 Results of fitting equation 6.12 to the curves depicted in Figure A8. The entries “yz-plane” and “xz-plane” 

indicate when the fit was performed to a reorientation within these planes. 

Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

(yz-plane) 

0 1.20 0.334 0.107 7.7 94.9 -87.2 

1 1.20 0.334 0.107 7.6 94.9 -87.3 

2 1.20 0.334 0.107 7.5 94.9 -87.4 

3 1.20 0.333 0.107 7.3 94.8 -87.5 

4 1.20 0.333 0.107 7.2 94.8 -87.6 

5 1.20 0.332 0.108 7.0 94.7 -87.7 

6 1.20 0.331 0.108 6.9 94.7 -87.8 

7 1.20 0.331 0.108 6.8 94.6 -87.9 

8 1.20 0.330 0.108 6.6 94.6 -88.0 

9 1.20 0.329 0.108 6.5 94.5 -88.1 

10 1.19 0.328 0.108 6.3 94.5 -88.2 

11 1.19 0.327 0.108 6.1 94.4 -88.3 

12 1.19 0.326 0.108 6.0 94.4 -88.4 

13 1.19 0.325 0.108 5.8 94.3 -88.5 

14 1.19 0.324 0.108 5.7 94.2 -88.6 

15 1.19 0.323 0.108 5.5 94.2 -88.7 

16 1.19 0.322 0.108 5.3 94.1 -88.8 

17 1.19 0.321 0.108 5.2 94.1 -88.9 

18 1.18 0.320 0.108 5.0 94.0 -89.0 

19 1.18 0.318 0.108 4.8 93.9 -89.1 

20 1.18 0.317 0.108 4.7 93.9 -89.2 

21 1.18 0.315 0.108 4.5 93.8 -89.3 

22 1.18 0.314 0.108 4.3 93.7 -89.4 

23 1.18 0.313 0.108 4.2 93.7 -89.5 

24 1.17 0.311 0.108 4.0 93.6 -89.6 

25 1.17 0.309 0.108 3.8 93.5 -89.7 

Figure A15 Amide I/amide II ratios (black squares) calculated different reorientations and twisting of ALM α-helix/α-

helix structure, i.e. upon twisting ALM around its own axis before reorientation is performed. The colored lines 

represent the fit using equation 6.12. Table A4 summarizes the results of the fit. Reprinted with permission from 

Forbrig, E.; Staffa, JK.; Salewski, J.; Mroginski MA.; Hildebrandt, P.; Kozuch, J. Monitoring the  Orientational 

Changes of Alamethicin during Incorporation into Bilayer Lipid Membranes Langmuir 2018 34 (6), pp 2373-2385. 

Copyright (2018) American Chemical Society.206 
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Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

26 1.17 0.308 0.108 3.6 93.4 -89.8 

27 1.17 0.306 0.108 3.5 93.4 -89.9 

28 1.17 0.305 0.108 3.3 93.3 -90.0 

29 1.16 0.303 0.108 3.1 93.2 -90.1 

30 1.16 0.301 0.108 2.9 93.1 -90.2 

31 1.16 0.300 0.108 2.8 93.1 -90.3 

32 1.16 0.298 0.108 2.6 93.0 -90.4 

33 1.16 0.296 0.108 2.4 92.9 -90.5 

34 1.15 0.294 0.108 2.2 92.8 -90.6 

35 1.15 0.293 0.108 2.1 92.7 -90.7 

36 1.15 0.291 0.108 1.9 92.6 -90.8 

37 1.15 0.289 0.108 1.7 92.6 -90.9 

38 1.15 0.287 0.108 1.5 92.5 -90.9 

39 1.15 0.285 0.108 1.4 92.4 -91.0 

40 1.14 0.284 0.108 1.2 92.3 -91.1 

41 1.14 0.282 0.108 1.0 92.2 -91.2 

42 1.14 0.280 0.108 0.8 92.1 -91.3 

43 1.14 0.278 0.108 0.7 92.1 -91.4 

44 1.14 0.277 0.108 0.5 92.0 -91.5 

45 1.13 0.275 0.108 0.3 91.9 -91.6 

46 1.13 0.273 0.107 0.2 91.8 -91.6 

47 1.13 0.271 0.107 0.0 91.7 -91.7 

48 1.13 0.270 0.107 -0.2 91.6 -91.8 

49 1.13 0.268 0.107 -0.3 91.5 -91.9 

50 1.12 0.266 0.107 -0.5 91.5 -92.0 

51 1.12 0.265 0.107 -0.7 91.4 -92.0 

52 1.12 0.263 0.107 -0.8 91.3 -92.1 

53 1.12 0.261 0.107 -1.0 91.2 -92.2 

54 1.12 0.260 0.107 -1.2 91.1 -92.3 

55 1.12 0.258 0.107 -1.3 91.0 -92.3 

56 1.12 0.257 0.106 -1.5 90.9 -92.4 

57 1.11 0.255 0.106 -1.6 90.8 -92.5 

58 1.11 0.254 0.106 -1.8 90.8 -92.6 

59 1.11 0.253 0.106 -2.0 90.7 -92.6 

60 1.11 0.251 0.106 -2.1 90.6 -92.7 

61 1.11 0.250 0.106 -2.3 90.5 -92.8 

62 1.11 0.249 0.106 -2.4 90.4 -92.8 

63 1.11 0.248 0.106 -2.6 90.3 -92.9 

64 1.10 0.246 0.105 -2.7 90.2 -93.0 

65 1.10 0.245 0.105 -2.9 90.2 -93.0 

66 1.10 0.244 0.105 -3.0 90.1 -93.1 

67 1.10 0.243 0.105 -3.2 90.0 -93.2 

68 1.10 0.242 0.105 -3.3 89.9 -93.2 

69 1.10 0.241 0.105 -3.5 89.8 -93.3 

70 1.10 0.241 0.105 -3.6 89.7 -93.3 

71 1.10 0.240 0.105 -3.8 89.6 -93.4 

72 1.10 0.239 0.105 -3.9 89.6 -93.5 

73 1.10 0.239 0.104 -4.1 89.5 -93.5 
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Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

74 1.10 0.238 0.104 -4.2 89.4 -93.6 

75 1.10 0.237 0.104 -4.3 89.3 -93.6 

76 1.09 0.237 0.104 -4.5 89.2 -93.7 

77 1.09 0.237 0.104 -4.6 89.1 -93.7 

78 1.09 0.236 0.104 -4.7 89.1 -93.8 

79 1.09 0.236 0.104 -4.9 89.0 -93.8 

80 1.09 0.236 0.104 -5.0 88.9 -93.9 

81 1.09 0.236 0.104 -5.1 88.8 -93.9 

82 1.09 0.235 0.103 -5.3 88.7 -94.0 

83 1.09 0.235 0.103 -5.4 88.6 -94.0 

84 1.09 0.235 0.103 -5.5 88.6 -94.1 

85 1.09 0.236 0.103 -5.7 88.5 -94.1 

86 1.09 0.236 0.103 -5.8 88.4 -94.2 

87 1.09 0.236 0.103 -5.9 88.3 -94.2 

88 1.09 0.236 0.103 -6.0 88.2 -94.3 

89 1.09 0.237 0.103 -6.2 88.2 -94.3 

(xz-plane) 

90 1.09 0.237 0.103 -6.3 88.1 -94.4 

91 1.09 0.237 0.103 -6.4 88.0 -94.4 

92 1.10 0.238 0.103 -6.5 87.9 -94.5 

93 1.10 0.238 0.103 -6.6 87.9 -94.5 

94 1.10 0.239 0.102 -6.8 87.8 -94.5 

95 1.10 0.240 0.102 -6.9 87.7 -94.6 

96 1.10 0.241 0.102 -7.0 87.6 -94.6 

97 1.10 0.241 0.102 -7.1 87.6 -94.6 

98 1.10 0.242 0.102 -7.2 87.5 -94.7 

99 1.10 0.243 0.102 -7.3 87.4 -94.7 

100 1.10 0.244 0.102 -7.4 87.3 -94.8 

101 1.10 0.245 0.102 -7.5 87.3 -94.8 

102 1.10 0.246 0.102 -7.6 87.2 -94.8 

103 1.10 0.247 0.102 -7.7 87.1 -94.9 

104 1.11 0.248 0.102 -7.8 87.0 -94.9 

105 1.11 0.249 0.102 -7.9 87.0 -94.9 

106 1.11 0.251 0.102 -8.0 86.9 -94.9 

107 1.11 0.252 0.102 -8.1 86.8 -95.0 

108 1.11 0.253 0.102 -8.2 86.8 -95.0 

109 1.11 0.254 0.102 -8.3 86.7 -95.0 

110 1.11 0.256 0.102 -8.4 86.6 -95.1 

111 1.12 0.257 0.102 -8.5 86.6 -95.1 

112 1.12 0.259 0.102 -8.6 86.5 -95.1 

113 1.12 0.260 0.102 -8.7 86.4 -95.1 

114 1.12 0.262 0.102 -8.8 86.4 -95.1 

115 1.12 0.263 0.102 -8.8 86.3 -95.2 

116 1.12 0.265 0.102 -8.9 86.3 -95.2 

117 1.12 0.266 0.102 -9.0 86.2 -95.2 

118 1.13 0.268 0.102 -9.1 86.1 -95.2 

119 1.13 0.269 0.102 -9.1 86.1 -95.2 

120 1.13 0.271 0.102 -9.2 86.0 -95.2 
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Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

121 1.13 0.273 0.102 -9.3 86.0 -95.2 

122 1.13 0.274 0.102 -9.4 85.9 -95.3 

123 1.14 0.276 0.102 -9.4 85.8 -95.3 

124 1.14 0.278 0.102 -9.5 85.8 -95.3 

125 1.14 0.279 0.102 -9.5 85.7 -95.3 

126 1.14 0.281 0.102 -9.6 85.7 -95.3 

127 1.14 0.283 0.102 -9.6 85.6 -95.3 

128 1.15 0.284 0.102 -9.7 85.6 -95.3 

129 1.15 0.286 0.102 -9.7 85.5 -95.3 

130 1.15 0.288 0.102 -9.8 85.5 -95.3 

131 1.15 0.290 0.102 -9.8 85.4 -95.3 

132 1.15 0.291 0.102 -9.9 85.4 -95.3 

133 1.16 0.293 0.102 -9.9 85.4 -95.3 

134 1.16 0.295 0.102 -9.9 85.3 -95.3 

135 1.16 0.296 0.102 -10.0 85.3 -95.2 

136 1.16 0.298 0.103 -10.0 85.2 -95.2 

137 1.16 0.299 0.103 -10.0 85.2 -95.2 

138 1.16 0.301 0.103 -10.1 85.2 -95.2 

139 1.17 0.303 0.103 -10.1 85.1 -95.2 

140 1.17 0.304 0.103 -10.1 85.1 -95.2 

141 1.17 0.306 0.103 -10.1 85.0 -95.1 

142 1.17 0.307 0.103 -10.1 85.0 -95.1 

143 1.17 0.309 0.103 -10.1 85.0 -95.1 

144 1.18 0.310 0.103 -10.1 85.0 -95.1 

145 1.18 0.312 0.103 -10.1 84.9 -95.0 

146 1.18 0.313 0.103 -10.1 84.9 -95.0 

147 1.18 0.315 0.103 -10.1 84.9 -95.0 

148 1.18 0.316 0.104 -10.1 84.9 -94.9 

149 1.18 0.317 0.104 -10.1 84.8 -94.9 

150 1.19 0.319 0.104 -10.1 84.8 -94.9 

151 1.19 0.320 0.104 -10.0 84.8 -94.8 

152 1.19 0.321 0.104 -10.0 84.8 -94.8 

153 1.19 0.322 0.104 -10.0 84.8 -94.7 

154 1.19 0.323 0.104 -9.9 84.7 -94.7 

155 1.19 0.324 0.104 -9.9 84.7 -94.6 

156 1.19 0.325 0.104 -9.9 84.7 -94.6 

157 1.19 0.326 0.105 -9.8 84.7 -94.5 

158 1.20 0.327 0.105 -9.8 84.7 -94.5 

159 1.20 0.328 0.105 -9.7 84.7 -94.4 

160 1.20 0.329 0.105 -9.6 84.7 -94.4 

161 1.20 0.330 0.105 -9.6 84.7 -94.3 

162 1.20 0.331 0.105 -9.5 84.7 -94.2 

163 1.20 0.331 0.105 -9.5 84.7 -94.2 

164 1.20 0.332 0.105 -9.4 84.7 -94.1 

165 1.20 0.333 0.105 -9.3 84.7 -94.0 

166 1.20 0.333 0.106 -9.2 84.7 -94.0 

167 1.20 0.334 0.106 -9.1 84.7 -93.9 

168 1.20 0.334 0.106 -9.0 84.8 -93.8 
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Twisted 

around z-

axis by 

( °) 

f a b α (°) β (°) α – β (°) 

169 1.20 0.334 0.106 -9.0 84.8 -93.7 

170 1.20 0.335 0.106 -8.9 84.8 -93.7 

171 1.20 0.335 0.106 -8.8 84.8 -93.6 

172 1.20 0.335 0.106 -8.7 84.8 -93.5 

173 1.20 0.335 0.106 -8.6 84.9 -93.4 

174 1.20 0.335 0.106 -8.4 84.9 -93.3 

175 1.20 0.335 0.107 -8.3 84.9 -93.2 

176 1.20 0.335 0.107 -8.2 84.9 -93.2 

177 1.20 0.335 0.107 -8.1 85.0 -93.1 

178 1.20 0.335 0.107 -8.0 85.0 -93.0 

179 1.20 0.335 0.107 -7.9 85.0 -92.9 
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8.2 Complex I activity incorporated in a supported lipid 

membrane system by (de-)protonation of 

4-aminothiophenol 

8.2.1 Electrochemical control experiments 

SEIRA spectroscopic control experiments were performed by adding NADH onto the SLM 

system in absence of both, CpI and DMN, the SLM including DMN but no CpI and the pure 

4-ATP-SAM, whereby no spectral changes were observed (Figure A16). Therefore, NADH does 

neither interact with the SAM, nor with the SLM. 

 

To investigate the electrical properties of the SLM impedance spectroscopy has been performed 

of the 4-ATP SAM before and after addition of vesicles (Figure 6.3). The frequency-weighted 

Cole-Cole plot does not exhibit changes between the two steps. In both cases a capacitance of 

8.1 µF/cm2 can be determined from the half-circles (see previous studies),8,34,49,323 which relates 

to the capacitance of the 4-ATP SAM and is in line with the data reported in literature.324 This 

can be explained based on intact vesicles adsorbed to the surface (as deduced from the SEIRA 

data described in the main text), which represents a negligibly small electrochemical resistance 

so that the SLM capacitance does not exert any influence. Furthermore, due to this small 

resistance, molecules such as NADH can diffuse towards the SAM surface. 

 

 

 

 

Figure A16 A: Difference spectrum after addition of 0.2 µg/mL NADH solution in PBS 0.1 M, pH 7 using the 

bare SLM system without DMN and CpI in PBS 0.1 M, pH 7 as reference. B: Difference spectrum after addition 

of 0.2 µg/mL NADH solution in PBS 0.1 M, pH 7 using the SLM system with DMN but without CpI in PBS 

0.1 M, pH 7 as reference. C: Difference spectrum after the addition of 0.2 µg/mL NADH solution in PBS 0.1 M, 

pH 7 with 4-ATP SAM solution in PBS 0.1 M, pH 7 as reference. Reprinted with permission from Gutiérrez-

Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; 

Kozuch, J.; Zebger, I. Catalytic Activity and Proton Translocation of Reconstituted Respiratory Complex I 

monitored by Surface-enhanced Infrared Absorption Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. 

Copyright (2018) American Chemical Society.328 
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8.2.2 pH-Titration of the 4-ATP-SAM 

Since all functional spectroscopic experiments with CpI were conducted with a PBS solution at 

pH 7, a pH titration of the 4-ATP SAM was performed in the SEIRA difference mode choosing 

the corresponding spectrum recorded at pH 7 as the reference (Figure 6.25). In the range from 

pH 9 to pH 5, two prominent difference bands can be observed at 1591 cm-1 and 1487 cm-1 with 

increasing and decreasing intensity, respectively. These specific signatures can be assigned to the 

protonation of the 4-ATP SAM, as displayed in Figure 6.25. Thereby, the corresponding 

intensities of the 1591 cm-1 band follow a broadened sigmoidal shape with a respective pKa value 

of 6.4 ± 0.1 as displayed in Figure A17, found in a similar range as determined by capacitance 

measurements (6.9 ± 0.5).320 At more acidic pH values of (pH < 5), the difference spectrum is 

further modified and now displays a negative band at 1596 cm-1 together with a positive band at 

1484 cm-1, which can be potentially related to the difference spectrum of the (almost) fully 

protonated 4-ATP-H+ species vs. 4-ATP (see next section for the DFT based calculation of IR 

spectra). The corresponding spectroscopic band pattern in the pH range of 5 - 9, however, can be 

ascribed to the decrease in transition dipole moment coupling between the 4-ATP SAM molecules 

upon protonation. 

 

 

 

 

 

 

  

Figure A17 Shown is the pH-dependent SEIRA intensity of the 1591 cm-1 band in the related difference spectra 

choosing those at pH 7 as reference. A broadened sigmoidal function can be fitted to the data, thereby revealing a pKa 

value of 6.4 ± 0.1 for the 4-ATP SAM. Adapted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; 

Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and 

Proton Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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8.2.3 DFT IR spectra of 4-ATP 

Geometry optimization using periodic boundary conditions (PBC) was performed by specifying 
two translation vectors that span the plane parallel to the supporting surface. As expected, 
imaginary frequencies (between 0 and -100 cm-1) resulted from the normal mode analysis based 
on this procedure, which were identified as torsional movements of whole 4-ATP molecules.  
 

 Table A7 Overview of calculated structures of 4-ATP and its protonated species 4-ATP-H+ with and without H-bonds 
to explicit water molecules. Reprinted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; 
Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton 
Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 
Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 

Abbreviation Molecular structure Optimized geometry 

4-ATP 
 

 

4-ATP-H+ 

 

 

4-ATP·3H20 

 

 

4-ATP-H+·3H20 

 

 

 
This, however, is comprehensible and unavoidable because normal mode analysis cannot be 
performed together with PBC. Furthermore, the low value (> -100 cm-1) of these frequencies 
shows that the frequency region of our interest (1400–1800 cm-1) can be reliably evaluated. 
Assignment of the calculated normal modes was obtained by evaluating the respective potential 
energy distributions.270,271 4-ATP and its protonated form 4-ATP-H+ were optimized as isolated 
molecules and in the presence of three explicit water molecules to form H-bonds with the amino 
or ammonium group, respectively (Table A7). 
 
To account for transition dipole moment coupling (TDC) of normal modes within the formed 
SAM, a 4-ATP SAM fragment was calculated using PBC. However, using an Au(111) surface or 
other metals as supporting material was not feasible in the DFT-PBC calculation and led to 
problems for the total charge of the system. Therefore, a graphane sheet (planar sp3 lattice of 
(CH)n in chair configuration) was used instead. This appeared to be a good alternative, since 
calculation times remained low. Moreover, positioning of 4-ATP molecules in a √3x√3 R30 SAM 

arrangement by replacing up-facing graphane hydrogens by 4-ATP resulted in a distance 
of 4.57 Å between the SAM molecules. In comparison, on Au(111) this distance is 4.98 Å. The 
DFT-PBC calculation was performed in the following way (various calculated structures are 
depicted in Table A8): 
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1. A C6H6 fragment was optimized using PBC (see Figure A18). 

2. A hydrogen was replaced by the 4-ATP molecule (using its sulphur) and the coordinates 

of the remaining C6H5 fragment were fixed, so that only 4-ATP was optimized using 

PBC. 

3. The C6H5 fragment was replaced by an Au atom and only the Au-S bond distance was 

optimized in a conventional calculation. In this way, the PBC-optimized structure of 

4-ATP was maintained (the PBC-optimized 4-ATP structure will be referred in the 

following as 4-ATP’). 

4. 4-ATP’ molecules were arranged based on the translation vectors of the PBC geometry 

optimization and a normal mode analysis was performed to visualize the effect of TDC 

on the resulting IR spectra.  

 

  

Figure A18 Optimized structure of a graphane sheet (left) and of 4-ATP bound to graphane (right). Reprinted with 

permission from Gutierrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De 

Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton Translocation of Reconstituted Respiratory Complex 

I monitored by Surface-enhanced Infrared Absorption Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright 

(2018) American Chemical Society.328 
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Table A8 Overview of various calculated structures of 4-ATP and its protonated species 4-ATP-H+ using periodic 
boundary conditions (PBC). In structure (4-ATP’+H+)1, the central 4-ATP molecule of (4-ATP’)7 was protonated and 
a geometry optimization was performed under maintenance of the structure from the outer six 4-ATP molecules. The 
aromatic ring in the molecular structure is “distorted” due to a “from top view” to ease the representation of the 

arrangement of the molecules. Reprinted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira 
MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton 
Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 
Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 

 

Abbreviation Molecular structure Optimized 

geometry (side 

view) 

Optimized 

geometry (top 

view) 

(4-ATP’)1 
 

 

 

(4-ATP’)2 

   

(4-ATP’)6 

   

(4-ATP’)7 

  
 

(4-ATP’+H+)1 
 

 

 

 

Since the DFT IR difference spectra are calculated as protonated vs. deprotonated species, they 
are compared to SEIRA difference spectra of the pH titration using the spectrum at pH 9 as 
reference, i.e. the condition where full deprotonation can be assumed (Figure A19). 
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8.2.4 Assignment of SEIRA bands of 4-ATP 

Figure A20A shows the SEIRA spectrum of the ATP 4-SAM using the spectrum of ethanol on 

the bare gold electrode as reference. Three pronounced bands of the 4-ATP SAM are detected at 

1630, 1593, and 1488 cm-1. Based on the normal mode analysis these bands can be assigned to a 

mixture of the deprotonated and protonated species of 4-ATP, since ethanol, as a protic solvent, 

can also provide protons, see Figure A20B and Figure A20C. The band at 1630 cm-1 can be 

ascribed to δ(NH2) and δas(NH3) of both species. Its broad shape can be related to H-bonding 

Figure A20 Comparison of SEIRA difference spectrum of 4-ATP SAM with DFT calculated IR spectra. (A): 4-ATP 

SAM in ethanol recorded using pure the Au surface ethanol as reference; (B): DFT-IR spectra of the corresponding 

4-ATP (blue) and 4-ATP+H+ (red, Table A7); C: DFT-IR spectra of (4-ATP’)1 and (4-ATP’+H+)1
 using PBC 

optimization (blue and red, respectively; Table A8). Reprinted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; 

Batista AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic 

Activity and Proton Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared 

Absorption Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 

 

Figure A19 SEIRA spectroscopic pH-titration of the 4-ATP SAM in the range of pH 3 to pH 9 with the spectrum of 

pH 9 as reference spectrum. Reprinted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; 

Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton 

Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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effects (Table A9). The most prominent band at 1593 cm-1 is assigned to a combined 

δ(NH2)+ν(CC) vibrational mode of the deprotonated 4-ATP. The absorption at 1488 cm-1 results 

from a potential overlap of both species, where the major contribution is based on a combination 

of δs(NH3) and/or δ(CH) of the protonated molecule. The deprotonated species displays hardly a 

δ(NH2)+ν(CN) absorption in this region. 

Table A9 Assignment of SEIRA bands in the 4-ATP SAM spectrum based on the DFT calculation of unconstraint 

4-ATP and its protonated species as well as based on the calculation using periodic boundary conditions (n.d. = not 

detected). Percentage of the contributions of vibrations to each normal mode are obtained from analyzing the potential 

energy distribution. Reprinted with permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; 

Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton 

Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced Infrared Absorption 

Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical Society.328 
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8.2.5 Acidic pH range (pH < 5) 

Figure A21 shows the comparison of the experimentally derived “pH 3 vs. pH 9” SEIRA 

difference spectrum (spectrum A; taken from Figure A19) and three different DFT-calculated IR 

difference spectra of 4-ATP and its corresponding protonated species. These DFT-calculated IR 

difference spectra correspond to: (also see Table A7 and Table A8) 

B) 4-ATP-H+ vs. 4-ATP (unconstrained),  

C) 4-ATP-H+·3H2O vs. 4-ATP·3H2O (unconstrained, explicitly added water molecules), and 

D) (4-ATP’+H+)1   vs. (4-ATP’)1  (constrained, as calculated under PBC).  

In addition, B’, C’ and D’ display the corresponding absolute spectra for comparison and 

completeness. 

All of these difference spectra show the same pattern of negative δ(NH)+ν(CC) bands of the 

4-ATP molecule at ca. 1600 cm-1 and positive δ(NH3)+δ(CH)+ν(CN) bands at ca. 1500 cm-1 

assigned to the protonated 4-ATP+H+. These bands correspond to the difference bands at 1596 

and 1484 cm-1 in the experimentally derived “pH 3 vs. pH 9” SEIRA difference spectrum of the 

4-ATP SAM. The δ(NH) vibration of 4-ATP centered at ca. 1640 cm-1 (DFT-IR spectra B and B’) 

is not appreciable in the recorded SEIRA difference spectrum (spectrum A) due to H-bonds to 

water molecules and/or steric distortions of 4-ATP within the SAM. In the first case (DFT-IR 

spectrum C), this vibration is blue-shifted, split in coupled δ(NH)+δ(OH) vibrations, and 

decreased in its intensity, which can be detected as broadened band as in the SEIRA spectrum. In 

the latter case (DFT-IR spectrum D), the structural distortions decrease the intensity of δ(NH) 

vibration of 4-ATP. Also the split δ(NH3)+δ(CH)+ν(CN) bands at ca. 1500 cm-1 in DFT-IR 

spectrum B are reduced to one band due to the H-bonds with water and distortions.  

Figure A21 Left: Experimentally derived “pH 3 vs. pH 9” SEIRA difference spectrum of 4-ATP SAM (A) compared 

with DFT-IR difference spectra of 4-ATP and its protonated species obtained from different calculations (B – 4-ATP-

H+ vs. 4-ATP; C – 4-ATP-H+·3H2O vs. 4-ATP·3H2O; D - (4-ATP’+H+)1   vs. (4-ATP’)1; see above). Middle(’): absolute 

DFT-IR spectra related to the difference spectra in the left graph (4-ATP in blue; protonated species in red). Right(‘’): 

depiction of the corresponding DFT-calculated structures. Reprinted with permission from Gutiérrez-Sanz, O.; 

Forbrig, E.; Batista AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De Lacey, AL.; Kozuch, J.; Zebger, I. 

Catalytic Activity and Proton Translocation of Reconstituted Respiratory Complex I monitored by Surface-enhanced 

Infrared Absorption Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright (2018) American Chemical 

Society.328 
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The recorded “pH 3 vs. pH 9” SEIRA difference spectrum of the pH-titration, see Figure A19, is 

thus in line with an (almost) fully protonated SAM. Therefore, below pH 5 pH-dependent SEIRA 

difference spectra are dominated by spectra of 4-ATP and its protonated species. 

 
 

3.3 “Physiological” pH range (pH 9 - 5) 

The SEIRA difference spectra in the physiological range of pH 9 to pH 5 show an inverted band 

pattern compared to very acidic conditions with slightly shifted bands: a positive difference band 

at 1591 cm-1 and a negative band at 1487 cm-1 (Figure A19; Figure A22A). Since the pKa value 

of ca. 6.5, obtained by analysis of this region is in line with experiments using other techniques,320 

the changes in the experimentally derived SEIRA difference spectra are in principle still related 

to the protonation of 4-ATP molecules, but dominated by concomitant effects. As shown by the 

following DFT-IR spectra, the prevailing effect is the annihilation of transition dipole moment 

coupling (TDC) in between the 4-ATP molecules upon protonation. Figure A22 demonstrates this 

effect by a comparison of the “pH 5 vs. pH 9” SEIRA difference with the following DFT-IR 

difference spectra: 

B) 2·(4-ATP’)1 vs. (4-ATP’)2 (constrained, obtained from PBC-calculations) and 

C) (4-ATP’)6 vs. (4-ATP’)7 (constrained, obtained from PBC-calculations). 

Again B’ and C’ display the corresponding absolute spectra. 

DFT-IR difference spectrum B displays the spectral changes when (4-ATP’)2 is calculated as a 

coupling “dimer” (blue spectrum B’) or split into two non-coupling single molecules (4-ATP’)1 

(red spectrum B’). Clearly, annihilating the TDC leads to a change in the relative intensities of 

the 4-ATP vibrations. In the present case the δ(NH2) band at 1641.1 cm-1 is not affected, but the 

δ(NH2)+ν(CC) absorption at 1611.8 cm-1 increases by ca. 30 % upon removal of the TDC leading 

to a positive difference band in spectrum B at ca. 1610 cm-1. The intensity of the δ(NH2)+ν(CN) 

band at 1496.8 cm-1, although with very low absolute intensity (therefore shown multiplied 

by 20), is decreased by about 20 %, resulting in a weak negative difference band at 1494 cm-1 

(difference spectrum B). This band pattern is in line with the experimentally observed behavior 

within the SEIRA spectra recorded in pH-dependence, see Figure 6.25 in chapter 6.4.3. Difference 

spectrum C emphasizes this effect even more and displays the impact of removing the central 

4-ATP from an arrangement of seven stacking 4-ATP molecules. Normally the removal of one 

molecule would result in a decrease of all IR bands by a factor of ca. 14 %. However, in this case 

difference spectrum C shows a similar band pattern with a positive difference band at 1612 cm-1 

(increase of 12 %) and a negative one at 1494 cm-1 (decrease of 30 %). Therefore, one can assume 

that, in the range between pH 9 and pH 5, SEIRA spectra are mainly perturbed by the loss of TDC 

upon protonation. This contribution in the “4-ATP-H+ vs. 4-ATP” difference spectrum becomes 

more pronounced/stronger the more 4-ATP molecules are protonated, i.e. below pH 5. What has 

not been taken into account, yet, is the structural and orientational perturbation of 4-ATP 

molecules that encompass one protonated 4-ATP. Such a disturbance will emphasize the loss 

effect of TDC even more. 
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Figure A22 Left: Experimentally derived “pH 5 vs. pH 9” SEIRA difference spectrum of 4-ATP SAM (A) compared 

with DFT-calculated IR difference spectra of 4-ATP in different structural arrangements. Difference spectra B and C 

display the spectral changes related to a vibrational decoupling of two ATP’ molecules and the corresponding spectral 

variations after removing the central 4-ATP’ molecule from (4-ATP’)7, respectively. (B - 2·(4-ATP’)1 vs. (4-ATP’)2, 

C - (4-ATP’)6 vs. (4-ATP’)7; see above). Middle(‘): absolute DFT-IR spectra related to the difference spectra in the left 

graph (red vs. Blue, respectively). Right(‘’): depiction of the corresponding DFT-calculated structures. Reprinted with 

permission from Gutiérrez-Sanz, O.; Forbrig, E.; Batista AP.; Pereira MM.; Salewski, J.; Mroginski MA.; Götz, R.; De 

Lacey, AL.; Kozuch, J.; Zebger, I. Catalytic Activity and Proton Translocation of Reconstituted Respiratory Complex I 

monitored by Surface-enhanced Infrared Absorption Spectroscopy. Langmuir 2018 34 (20), pp 5703-5711. Copyright 

(2018) American Chemical Society.328 
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