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ABSTRACT 
 
 
 
The behavior, secondary structure, and orientation of a recently discovered bacteriocin-like 

peptide BacSp222 in a lipid model system supported at a gold electrode was investigated by 

chronocoulometry, polarization modulation infrared reflection absorpt ion spectroscopy 

(PM-IRRAS) and attenuated total reflectance infrared (ATR-IR) spectroscopy. The IR spectra 

show that the secondary structure of BacSp222 is predominantly α-helical. Analysis of the 

spectra in the amide I region shows that the α-helical fragment of the peptide is inserted into 

bilayer at the potential range at which the bilayer is stable and attached to the Au(111) surface, 

i.e., from -0.5 to 0.3 V vs. Ag/AgCl. Insertion of BacSp222 to the membrane significantly 

changes the conformation of the acyl chains of lipid molecules, from all-trans to partially melted, 

however the chains become less tilted. Based on these results, we propose that BacSp222 

interacts with the DMPC bilayer through the barrel-stave pore formation. In this model, α-helix 

of BacSp222 inserts into the membrane with an angle between the α–helix axis and membrane 

normal equal to ~18°. The changes in orientation of the α-helical fragment of the peptide 

indicate that the orientation of BacSp222 with respect to the bila yer surface is 
 
potential-dependent. The peptide is inserted into the membrane driven by the electrostatic field 

generated by negative charge at the metal surface. It is not inserted at negative potentials where 

the membrane is detached from the metal and no longer exposed to the electrostatic field of the 

metal. 
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INTRODUCTION 
 

Antimicrobial peptides (AMPs) are promising candidates as potential alternatives for 

antibiotics, due to their unique properties such as amphipathicity, bioactivity, and non-specific 

interaction with bacteria cell membranes.1 These small (6 to 100 amino acids) molecules play an 

important role in the innate immune system of almost all living organisms.2 AMPs possess 

biocidal activities against Gram-negative and Gram-positive bacteria,3 fungi,4 viruses,5 

parasites,6 and even tumor cells.4, 5 

AMPs are considered for therapeutic use, drug delivery systems, bio-sensors and bacteria 

detection.7 For instance, linear peptides based on the human cathelicidin LL-37 were utilized to 

promote skin wound healing,8 cyclic peptides like MOG3 were employed in the treatment of 

multiple sclerosis in a mouse model,9 melimine was immobilized onto contact lenses to provide 

antibacterial properties,10 nanoparticles of poly(lactic-co-glycolic acid), PLGA, with 

encapsulated LL-37 were applied as a drug delivery system to promote wound healing.11 

Natural AMPs are usually cationic with an average net charge of +4.6.12 They usually interact 

with a cell membrane through non-specific mechanisms resulting in membranolytic activity.13 

Positively charged peptides interact with the negatively charged bacterial membranes mostly 

through electrostatic interactions. However, the mechanism of the membrane damage remains 

under debate. The mechanism of AMPs action depends on their properties, like secondary 

structure, amino-acid sequence, and in consequence amphipathicity. For instance magainin 2 

(Mag 2), human LL-37, and alamethicin (Alm), disrupts bacterial membranes through the 

formation of toroidal (Mag 2 and LL-37) and barrel-stave pores (Alm).14, 15, 16 Protegrin I, a β- 

hairpin AMP, acts by forming toroidal pores in lipid bilayers that mimic either the bacterial or the 

red blood cell membrane.17 Dermaseptin and cecropin disintegrate the bacteria cell membrane 
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through the carpet-like model.18, 19 Understanding the mechanism of AMPs action is of great 

importance for application of AMPs as a new kind of therapeutics. A variety of techniques have 

been utilized to study the interaction of AMPs with either artificial or natural cell membranes. 13 

BacSp222 is a recently discovered unique peptide, possessing features characteristic both for 

bacteriocins (the ability to kill bacteria) and virulence factors (toxicity toward host cells and the 

ability to modulate the host immune system activity).20 The peptide is produced and excreted in 

high quantities by Staphylococcus pseudintermedius strain 222 isolated from dog skin lesions. 

The bacteriocin is a plasmid-encoded 50-amino acid long linear peptide, formylated on the N- 

terminus. BacSp222 is rich in tryptophan, lysine and arginine residues but its sequence dissimilar 

to all other known peptides or proteins. However, the biological activity, the size of the molecule, 

formylation, lack of cysteines, abundance in tryptophan and cationic residues makes it similar to 

a typical class II bacteriocins, which include aureocin A53,21 epidermicin NI01,22 and lacticin 
 
Q23 as well as lacticin Z.24 BacSp222 kills Gram-positive bacteria at MIC doses ranging from 0.1 

to several µM and is inactive toward Gram-negative bacteria and fungi. In addition to 

bactericidal properties BacSp222 demonstrates significant activities toward eukaryotic cells. It is 

cytotoxic and also possesses immunomodulatory properties, efficiently enhancing IFNɣ-induced 

NO release in murine macrophage-like cell lines.20 BacSp222 was able to effectively release 

green fluorescent protein (GFP) from transformed bacterial cells indicating that the action of this 

peptide is related to massive disruption of cell membrane but, to date, nothing is known about the 

detailed mechanism of action of this bacteriocin. Moreover, immunomodulatory activities of 

BacSp222 suggest that it is able also to act on cells via specific protein receptor. 

The objective of this study is to understand the mechanism of interaction of BacSp222 with a 

model biological membrane under electrochemical conditions. The ability to monitor the model 
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membrane with adsorbed peptides in situ under potential control allows for better mimic the 

electric field acting on a cell membrane.25 In the present work chronocoulometry, PM-IRRAS, 

and ATR-IR measurements were performed to reveal the secondary structure of BacSp222 bound 

to the 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer supported at a gold 

electrode surface. Although DMPC is not a good mimic of a bacterial membrane, this study 

sheds light on the interactions of BacSp222 with phospholipids. It is relevant for the design of 

the peptide delivery system and the understanding of its cytotoxic and immunomodulatory 

properties. The antimicrobial application depends on the balance between the amount of AMPs 

needed to kill the bacteria and amount causing cytotoxicity toward mammalian cell. Hence, it 

requires an understanding of the mechanism of the AMPs interaction with the membrane, such as 

that presented in this study. 

DMPC is a suitable phospholipid for the PM-IRRAS measurements due its relatively low 

transition temperature (Tc) of 24 °C for DMPC and 21 °C for deuterated DMPC-d54. This feature 

easily allows for experiments below Tc. Orientational and conformational changes to both the 

DMPC acyl chains and the α-helical part of BacSp222, induced by the applied potential, were 

monitored using these techniques. A significant result of this study is the demonstration that the 

insertion of BacSp222 is initiated by the penetration of its α-helical part into the bilayer. This 

result indicates that BacSp222 is able to form a pore in a biological membrane. In addition, this 

work provides unique information about the impact of the peptide insertion on the membrane 

structure. Another important result is the determination of the secondary structure of BacSp222. 
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EXPERIMENTAL SECTION 

Chemicals 

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-d54-sn-glycero-3- 

phosphocholine (DMPC-d54) were purchased from Avanti Polar Lipids. Potassium perchlorate 

(Bioultra, 99%) and deuterium oxide (D2O, 99.99 atom % D) were from Sigma-Aldrich. All 

aqueous solutions were prepared with the use of ultrapure water (resistivity > 18.2 MΩ·cm) 

purified by a Milli-Q UV plus (Millipore) water system. 

Bacteriocin BacSp222 was purified from Staphylococcus pseudintermedius 222 culture 

supernatant as described in detail elsewhere.20 In brief, the deprived of bacteria post-culture 

medium was precipitated with ammonium sulphate, the precipitated material was redissolved and 

subjected to two steps of reverse-phase high pressure liquid chromatography (RP-HPLC) on a 

C18 and C8 columns, in turn. The fractions containing BacSp222 were collected, dried in a 

centrifugal evaporator, and stored at –20 °C until further use. The identity of the purified peptide 

was confirmed by mass spectrometry and Edman sequencing while the concentration of prepared 

solutions was determined by amino acid analysis as described previously.26 The trifluoroacetic 

acid (TFA) was used during peptide purification. The TFA has IR band at 1673 cm-1 which may 

constitute a spectral interference for the analysis of the Amide I band of the peptide. The ATR 

spectra shown in Figure S5 demonstrated that the IR bands of TFA are very weak and that 

BacSp222 was effectively purified from TFA (Figure S5 and comments in the Supporting 

Information). 

Sample Preparation 
 

The vesicle fusion approach was utilized to deposit both DMPC and DMPC-d54/BacSp222 (9:1 

molar ratio) bilayer on the Au(111) surface. This approach was chosen because of BacSp222 is 
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soluble in water and due to limited amount of peptide we were unable to introduce it into the 

subphase of a Langmuir trough, in order to use the Langmuir-Blodgett and Langmuir-Schaefer 

approach to deposit the bilayer. Instead, Barenholz method was used to prepare small unilamellar 

vesicles (SUVs) of DMPC or DMPC-d54.27 In brief, a solution of DMPC in chloroform was 

added to a test tube. Next, chloroform was evaporated from the test tube using a stream of argon 
 
while the solution was being vortexed. After evaporation, the test tubes were stored in a 

desiccator under vacuum for at least 24 h prior to use. Then, a volume of ultrapure Milli-Q water 

or D2O was added to dry lipid film such that a ~1 mg/mL suspension was obtained. The mixture 

was sonicated for 30 min at ~40 °C. To prepare DMPC-d54/BacSp222 vesicles, an appropriate 

amount of 200 µg/mL solution of BacSp222 was added to the solution of DMPC-d54 vesicles and 

the solution was vortexed for 20 min. The DMPC bilayer was deposited by immersing the 

Au(111) electrode in the suspension of vesicles for 2 hrs. After vesicles deposition, the Au(111) 

electrode was removed from the solution and rinsed with ultrapure Milli-Q water. 

For ATR-IR experiments, dry multibilayers of DMPC or DMPC-d54/BacSp222 were deposited 

by drop-casting the vesicles dispersed in D2O on a ZnSe internal reflection element. Then, D2O 

was evaporated under a stream of nitrogen. 

Chronocoulometry Measurements 
 

The chronocoulometry measurements were carried out in an all-glass three-electrode cell with 

the hanging meniscus configuration using the procedure described elsewhere.28 All 

measurements were performed at 18 °C. The cell was equipped with a single-crystal Au(111) 

working electrode (WE), which was grown, cut, and polished as described in the literature 29 and 

a gold wire counter electrode (CE), both of which were annealed using a hydrogen-oxygen flame 

and quenched with Milli-Q water to ensure that the surface was free from contamination. A 
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saturated calomel electrode (SCE) was used as the reference electrode (RE). The measurements 

were conducted with a HEKA PG 590 potentiostat/galvanostat and a lock-in amplifier (EG&G 

Instruments 7265 DSP). All data were acquired via a plug-in acquisition board (National 

Instruments NI-DAQ) using custom written software provided by Prof. Dan Brizzotto 

(University of British Columbia). 

The RE used in the infrared cell was a Ag/AgCl electrode (with a potential of -42 mV with 

respect to the SCE electrode). Unless otherwise stated, all potentials are quoted with respect to 

the Ag/AgCl reference electrode. 

Chronocoulometry was used to determine the charge density at the electrode surface by 

measuring the difference between the charge density at a potential Ei, where the bilayer lipid 

membrane is adsorbed onto the Au(111) surface, and at a potential Edes, where total desorption of 

the film takes place. First, the gold electrode was held at a base potential, Eb, of -0.1 V for 120s. 

The potential was then stepped to a variable potential of interest, Ei, where the electrode was 

held for 120 s. Next, the desorption potential, Edes, of -1.2 V was applied for 0.15 s and the 

current transient corresponding to desorption of the film and recharging of the interface was 

recorded. The integration of the current transients gives the difference between charge densities 

at potentials Ei and Edes.30 This procedure was repeated two times for each point of the 

chronocoulometric curve with a freshly prepared bilayer. To determine the absolute charge of the 
 
bilayer, the same measurements were performed for the bare Au(111) electrode in the same 

supporting electrolyte. The absolute charge densities of bare Au(111) electrode were then 

calculated using the independent determined potential of zero charge (Epzc) value of 0.215 V vs. 

Ag/AgCl.31 
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PM-IRRAS experiments 
 

The PM-IRRAS experiments were performed using the procedure described previously.29 The 

all glass spectroelectrochemical cell was equipped with a 1" CaF2 equilateral prism (Janos 

Technology), a single-crystal Au(111) working electrode (WE), a Pt foil (Alfa Aesar, 99.99%) 

counter electrode, and a Ag/AgCl reference electrode. PM-IRRAS experiments were performed 

on a Nicolet Nexus 870 spectrometer (ThermoNicolet), equipped with an external tabletop 

optical mount (TOM) box, a mercury-cadmium-telluride (MCT-A) detector (TRS 50 MHz 

bandwidth, Nicolet), a photoelastic modulator (PEM) (Hinds Instruments PM-90 with a II/ZS50 

ZnSe 50 kHz optical head), and a synchronous sampling demodulator (SSD) (GWC 
 
Instruments). Figure S1 of the Supporting Information shows a schematic of the PM-IRRAS set- 

up. The electrode potentials were controlled via a potentiostat (EG&G, PAR Model 362) using 

in-house software, an Omnic macro, and a digital-to-analog converter (Omega). In addition, 

Omnic Macro was used to collect and to save spectra. The CaF2 prism was washed in water and 

methanol and then cleaned in an ozone UV chamber (UVO-cleaner, Jelight) for 20 min before 

being assembled in the cell. The electrode with assembled bilayer, was transferred to the cell, the 

cell was filled with 0.1 M KClO4 solution, and argon (Linde) was gently bubbled for ~1 h to 

deaerate the solution. Then, the TOM box was purged for ~6 h prior to and throughout the entire 

experiment using CO2 and H2O-free air. First, the potential of the WE was set at -0.2 V vs. 

Ag/AgCl, and then spectra were acquired at a series of potentials, which were programmed as an 

increase of potential toward positive direction up to the potential of 0.3 V with 0.1 potential step. 

Then, the spectra were collected for potential starting from -0.3 V down to -0.8 V with -0.1 

potential step. For each spectrum, 6000 scans were collected and averaged using an instrumental 

resolution of 4 cm−1. This procedure was repeated two times with a freshly prepared bilayer. 
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When spectra are recorded with a resolution 4 cm-1 the data points are computed every 2 cm-1. 

Since the bands are plotted by interpolation between these points the band centre position can be 

determined with uncertainty of 0.5 cm-1.32 All measurements were performed at 18 °C. PM- 

IRRAS measurements for each spectral region of interest were optimized by using an appropriate 

solvent, angle of incident, as well as electrolyte thickness between the IR prism and the 

electrode. The parameters used for spectra collection are listed in Table S1 of the Supporting 
 
Information. 

 
ATR-IR Spectroscopy 

 
To prepare multibilayer lipid films, vesicle suspension was deposited on a ZnSe-diamond ATR 

 
crystal under a stream of dry nitrogen gas. ATR-IR spectra were recorded on a Bruker Vertex 70 

 
FTIR spectrometer equipped with an MCT-A detector and a zinc selenide wire-grid polarizer 

(Pike Technologies) using an incident angle of 45°. All measurements were performed at 18°C. 

The spectra were acquired at a resolution of 4 cm-1 as an average of 6000 scans. The ATR-IR 

spectra are expressed in absorbance units defined as A = -log(I/I0), where I and I0 are the infrared 

single beam intensities of the film and bare ATR crystal background, respectively. The 

absorbance spectra recorded for both p- and s-polarizations (Ap and As, respectively) were 

baseline-corrected, typically with a quadratic function, before further analysis. For quantitative 

calculations of molecular orientation, the following refractive indices were used: 2.44 for the 

ZnSe-diamond ATR crystal, 1.42 for DMPC acyl chains, and 1.00 for air. 

Spectra Deconvolution and Peak Assignment 
 

Combination of Fourier self-deconvolution (FSD), second derivative (SD), and generalized 

two-dimensional correlation spectroscopy (2D-COS)33 were utilized to determine the number 

and position of peaks under the broad envelope of IR spectra. FSD (values of 17 cm-1 for the full 
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bandwidth at half maximum (fwhm) and 1.7 for the resolution enhancement factor were usually 

set) and SD (seven-data-point Savitzky-Golay algorithm was used) analysis were performed with 

the use of OMNIC v 6.0a (Thermo software). 2D-COS analysis was performed using the 

freeware 2DShigev v 1.3 (Shigeaki Morita). In our case, the external perturbation consisted of a 

variable potential applied to the electrode. The reference spectrum for all experiments was 

collected at 0.3 V vs. Ag/AgCl, which corresponds to the most positive potential of each set. 

From this analytical procedure, one obtains a synchronous and an asynchronous spectrum. We 

have used both components for peak determination. Once the number of peaks and their 

positions agree for the three independent determinations, FSD, SD, and 2D-COS, the peaks were 

assigned to their corresponding modes of vibration based on published literature.29 Then, using 

PeakFit v 4.12 (Seasolve software), the spectral region was deconvoluted using mixed 

Lorentzian (DMPC-d54 spectra) or Gaussian (BacSp222 spectra) band shapes with an R2 value of 

at least 0.99. The positions for all peaks were restricted to ±2cm-1 of the initial value determined 

from FSD, SD and/or 2D-COS, which is usually the variation between the values determined 

using the three procedures. 

RESULTS AND DISCUSSION 
 

1. Electrochemical behavior of the DMPC bilayer with incorporated BacSp222. 
 

Before the PM-IRRAS study, both the DMPC and DMPC/BacSp222 bilayers supported on an 

Au(111) electrode were characterized using chronocoulometry. This technique was employed to 

determine the charge density at the electrode surface. The effect of peptide insertion into the 

DMPC bilayer on the potential-dependent properties of the bilayer and the potential range for 

which the bilayer is attached to the electrode surface were assessed. Figure 1 plots the charge 

density curves for the bare Au(111) electrode in a 0.1 M KClO4 solution (curve 1) and for the 
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σ 
µ 

electrode with the DMPC (curve 2) and DMPC/BacSp222 bilayer (curve 3) deposited at 

Au(111). The bottom horizontal axis plots the potential applied to the Au(111) electrode vs. 

Ag/AgCl. The top horizontal axis plots the potential drop across the membrane (E - Epzc) which 

is the equivalent to the transmembrane potential.29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Charge density curves for a bare Au(111) electrode (curve 1) and the Au(111) 

electrode covered with the DMPC (curve 2) and DMPC/BacSp222 bilayer (curve 3) in a 0.1 M 

KClO4 supporting electrolyte. The bottom horizontal axis plots the potential applied to the 

Au(111) electrode vs. Ag/AgCl. The top horizontal axis plots the potential drop across the 

membrane (E - Epzc), which is an equivalent to the transmembrane potential. 

 
 
 

The gold-electrolyte interface can be considered as a capacitor in which the gold surface can 

be charged by applying potential.25 This charge on the metal surface is the physical variable 

associated with the electric field acting on the membrane. By applying potential in the range of 

-0.4 to 0.4 V vs. Ag/AgCl, at which the ~5 nm thick DMPC bilayer is adsorbed at the Au(111) 
 
electrode, the electric field acting on the bilayer is changed in the range of -1.0×108 to 2.0×107 V 
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m–1.34 These conditions mimic the transmembrane potential observed in a real biological cell 

membrane.35 Figure 1 shows that by scanning the potential from zero charge (Epzc) toward 

negative or positive direction, the gold-electrolyte interface is charged negatively or positively, 

respectively. The adsorption of both the DMPC and DMPC/BacSp222 bilayer decreases the 

charge stored at the gold-electrolyte interface. Consequently, the capacitance of the metal- 

electrolyte interface decreases upon organic molecules adsorption at the metal surface (when the 

metal is covered by a dielectric).36 In the potential window from -0.7 to -0.2 V vs. Ag/AgCl 

(corresponding to transmembrane potentials between -0.75 and -0.15 V) less charge is stored by 

the interface when the electrode is covered by the DMPC/BacSp222 bilayer. This property 

indicates that this film has less defects or a thicker bilayer is formed in the presence of the 

peptide in the bilayer. PM-IRRAS experiments described in the next section will provide 

additional information concerning the impact of the peptide on the structure of the bilayer. 

Moreover, a small ~0.16 V negative shift of Epzc is observed after adsorption of the films on 

the electrode surface. The shift is due to the change of surface potential induced by oriented 

dipole moments which possess component in the direction normal to the electrode surface. This 

shift is comparable to the dipole potential measured in free standing phospholipid bilayers in 

vesicles37. The main contribution to the dipole potential is coming from differences in the 

hydration of the two leaflets of the bilayer37. In fact, neutron reflectivity36 and ATR-IR 

measurements38 demonstrated that the polar heads of lipids in contact with the metal are 

hydrated. The difference between hydration of the polar regions of the two leaflets of the gold 

supported bilayer may be seen as the origin of the measured dipole potential.  Interestingly, there 

is no significant difference in the shift between the DMPC and DMPC/BacSp222 bilayers. Based 

on the amino acid sequence of BacSp222, it is a cationic peptide possessing positive charge.20 
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Insertion of positively charged BacSp222 into the DMPC bilayer would charge it positively. In 

that case the Epzc should shift in the positive direction. The absence of the shift in the pzc 

between the DMPC and DMPC/BacSp222 bilayers indicates that BacSp222 does not possess a 

net charge at these conditions. It may also indicate that the factual isoelectric point (pI) of 

BacSp222 is equal to the pH of 0.1 M KClO4 being 6.0. 

The charge density curves recorded for the Au(111)/DMPC and Au(111)/DMPC/BacSp222 

electrodes change slowly from -10 to 5 µC cm-2 in the applied potential range from -0.3 to 0.2 V 

vs. Ag/AgCl corresponding to transmembrane potentials between -0.35 and -0.15 V. For more 

positive or more negative potentials, the change in the charge density curves is more rapid 

suggesting de-wetting of the bilayers.39 Moreover, at potentials more negative than -0.7 V vs. 

Ag/AgCl (transmembrane potential is more negative than -0.75 V), the charge density curves 

corresponding to the electrodes covered with the bilayers (curves 2 and 3) merged with the curve 

for the bare Au(111) electrode (curve 1). It indicates that both the DMPC and DMPC/BacSp222 

bilayers are detached from the metal surface. This behavior of the DMPC bilayer desorption was 

previously investigated by chronocoulometry,40 elastic light scattering,41 and neutron reflectivity 

measurements.39 These studies showed that the DMPC bilayer is desorbed at negative potentials 

but remains in the close proximity, ~1 nm, to the electrode surface. The 1 nm gap between the 

Au(111) electrode and DMPC bilayer is filled with the solution. It was shown that the potential- 

induced changes of the charge density of the metal-solution interface are correlated with the 

orientational and conformational changes of the DMPC molecules.30 
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2. PM-IRRAS measurements of the DMPC and DMPC/BacSp222 bilayer. 
 

2.1. Acyl Chain Region. 
 

One of the most significant benefits of the PM-IRRAS measurements is the ability to 

determine changes in the conformation and orientation of molecules which are the building 

blocks of biological membranes.35, 42 For membranes supported at a metal surface, these changes 

can be induced by an external electric field or interaction between components of the film.43 In 

the present studies the tilt angle of the DMPC-d54 molecules in the presence of the BacSp222 

molecules was determined by measuring IR spectra characteristic for the C−D stretching region 

(2000 and 2300 cm−1). Deuterated DMPC (DMPC-d54) was used to avoid spectral overlap with 

C-H stretching bands arising from BacSp222. Figure 2A shows the PM-IRRAS spectra of the 

C−D stretching region of DMPC-d54, in the presence of BacSp222, centered at 2100 cm−1 

recorded for the selected potentials applied to the Au(111) electrode as well as the calculated 

spectrum of randomly oriented molecules determined from optical constants (see details in the 

Supporting Information). Similar spectra recorded for DMPC-d54 without adsorbed BacSp222 

are plotted in Figure S9 of the Supporting Information. Figure 2A shows that both the intensity 

and position of the bands change as a function of the applied potential. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 2.  (A) C−D stretching region of PM-IRRAS spectra of the DMPC alkyl chains, in the 

presence of BacSp222 recorded at selected potentials vs. Ag/AgCl. The spectral deconvolution 
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(Lorentzian fit) of the calculated randomly oriented film and the experimental film measured at 
 
0 V are shown in panels B and C, respectively. 

 
Quantitative analysis of the PM-IRRAS spectra requires the deconvolution of the spectra into 

individual component bands (for details see Experimental Section). An example of the spectral 

deconvolution (Lorentzian fit) of the C−D stretching region is presented in Figures 2B and 2C 

for randomly oriented molecules calculated from the optical constants and the experimental data 

recorded at 0 V, respectively. The deconvolution of the spectra detected at selected potentials, for 

DMPC-d54 both in the presence and absence of BacSp222, are shown in the Supporting 

Information (Figs. S10 and S11, respectively). The deconvolution of the PM-IRRAS spectra 

allowed to localized the asymmetric, νas(CD2), and symmetric, νs(CD2), methylene stretching 

vibrations, located at ~2096 and ~2196 cm−1, respectively.44 Other bands corresponding to the 

CD3 asymmetric, νas(CD3), and symmetric, νs(CD3), stretching observed at 2214 and 2115 cm-1, 

respectively, were also deconvoluted. The two bands at ~2069 and ~2152 cm-1 correspond to the 

Fermi resonances of the bending modes of CD3 and CD2.45 Both the position and intensity of 

these bands can be used for quantitative analysis of the bilayer in terms of the packing and 

conformation of the phospholipid tails within the membrane, as well as calculation of the 

average tilt angle of the acyl chains.29 

 
Figure 3A shows the change of the νas(CD2) and νs(CD2) vibrations band as a function of 

potentials for DMPC-d54 both in the absence (curves 1 and 1') and presence (curves 2 and 2') of 

BacSp222. The position of νas(CD2) does not change significantly within the entire potential 

window either in the absence or in the presence of BacSp222 (curves 1 and 2, respectively). The 

average values of these positions are equal to ~2196 cm-1. For an all-trans conformation, the 

positions of the νas(CD2) is ~2191 cm-1.43 The blue shift of the band position suggests that the 
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acyl chains of DMPC-d54 are partially melted and contain gauche conformations. The position of 

the νs(CD2) band for the DMPC-d54 in the absence of BacSp222 (curve 1’) is also constant and 

equal to ~2092 cm-1 for the potential range between -0.4 and 0.3 V. For all-trans conformation 

the frequency of this band is expected to be 2088 cm-1.43 Therefore, the position of the νs(CD2) 
 
band also indicates that the chains are partially melted. Then, for potentials more negative than 

 
-0.4 V, a shift of ~4 cm-1 towards higher frequency is observed. The blue shift of the νs(CD2) band 

position suggests that a further melting of the acyl chains (increase in the density of gauche 

conformations in the chains) occurs at these negative potentials. These changes in the νs(CD2) 

band position are accompanied by the broadening of the band. Such changes are characteristic of 

hydrocarbon chain-melting observed at the gel to liquid-crystalline phase transition of hydrated 

phospholipid bilayers.46 The νs(CD2) band position for DMPC-d54 in the presence of BacSp222 

(curve 2’) is constant for the entire potential window. Its average value equals to 2096 cm-1 and is 

approximately equal to the band position in the absence of BacSp222 (curve 1’), at potentials 

more negative than -0.4 V. It indicates that the interaction of the peptide with the hydrophobic 

core of the lipid membrane leads to an increase in disorder of the acyl chains.47 Similar behavior 

was observed for gramicidin A, Alm, and bacteriorhodopsin upon interaction with a DMPC 

bilayer.43 Above Tc of DMPC and at higher concentration these peptides caused an increase in 

the lipid chain gauche conformers. The PM-IRRAS results correspond very well with the 

chronocoulometric measurements which showed that the presence of BacSp222 leads to a 

decrease of the capacitance of the interface (smaller slope of charge density vs. potential (curve 3 

in Figure 1) at E>-0.4 V). A liquid crystalline-like bilayer, in which the lipid molecules are more 

mobile, is expected to have less defects and hence to form more compact film. 
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Figure 3.  (A) Peak positions of the νas(CD2) and νs(CD2) bands in the absence (curves 1 and 1') 

and in the presence (curves 2 and 2') of BacSp222; (B) The tilt angle of the trans fragment of the 

DMPC alkyl chains plotted as a function of the applied potential for a DMPC bilayer in the 

absence (curve 1) and presence (curve 2) of BacSp222. 

 
 
 

Quantitative analysis of the orientation of the DMPC-d54 in the absence and presence of 

BacSp222 in a membrane were performed by calculating the tilt angle of the acyl chains of the 

DMPC-d54 molecules (ΘDMPC), using the procedure described elsewhere.39 Details concerning 

the calculations are described in the Supporting Information. 

Figure 3B shows the dependence of the average tilt angle of the trans fragments of acyl chains 

of DMPC-d54 on the applied potential both in the absence (curve 1) and presence (curve 2) of 

BacSp222. It should be emphasized that acyl chains receive gauche conformations and are not 

fully stretched as it is in case of trans conformation. That is why one can only determine the 

average angle between the direction normal to the plane of the CH2 moieties and surface normal 

which corresponds to the average tilt of trans fragments of the chains. This number is used as a 

measure of the tilt of the chains. There is no significant change in the tilt angle of acyl chains in 

the potential range from 0.3 to -0.4 V vs Ag/AgCl. This behavior indicates that electrostriction 
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has little effect on the orientation of the lipid molecules. This conclusion is consistent with 

detailed discussion of the impact of electrostriction on the orientation of lipids in the metal 

supported bilayer, given elsewhere.34 Its value is approximately equal to 37° and 23° in the 

absence and presence of BacSp222, respectively. The average tilt angle is much lower in the 

presence of BacSp222. Clearly, adsorption of BacSp222 significantly changes not only 

conformation but also orientation of the DMPC-d54 molecules. After adsorption of BacSp222 the 

acyl chains of DMPC-d54 are less tilted. As expected,34 for potentials less negative then -0.6 V 

the tilt angle decreases for both films but still it is lower for the DMPC-d54/BacSp222 bilayer. 

2.2. Amide Stretching Region of BacSp222 
 

The amide I band is the most valuable vibration band of the protein backbone providing 

information about the protein secondary structure.48-49 This band originates from the C=O 

stretching vibration of the amide group (~80%)48-49 and gives rise to IR bands in the region from 

~1700 to ~1600 cm-1. For complex peptides which consist of a variety of structural elements 
 
such like α-helices, β-sheets, β-turns, and non-ordered structures the amide I band is composed 

of sub-bands, which have characteristic frequencies. These bands overlap forming a complex 

amide I band envelope. The resulting amide I band is broad and its analysis requires 

deconvolution.49 Figure 4 shows the PM-IRRAS spectra for the amide I band of BacSp222 

incorporated into the DMPC-d54 bilayer measured at various potentials and for a randomly 

oriented BacSp222. The spectrum for a randomly oriented BacSp222 was calculated from optical 

constants (Figure S3 of the Supporting Information). Since DMPC-d54 molecules do not absorb 

IR photons between 1600 to 1700 cm-1 region,42 the IR band in Figure 4 originates from 

BacSp222 present in the bilayer. 

http://rcin.org.pl



20  

∆ 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  PM-IRRAS spectra for the amide I band of the BacSp222 for selected potentials 

versus Ag/AgCl. 

The intensity of the amide I bands recorded for the selected potentials are much higher than 

that for the calculated spectrum. In the random DMPC-d54/BacSp222 film, two peaks at ~1654 

and ~1673 cm-1 are clearly visible. The position of these peaks are characteristic for α-helical 

and β-turn secondary structures, respectively. These structures are dominant in the IR spectrum 

of BacSP222 molecules. In the spectra measured for BacSp222 in the bilayer supported at a gold 

electrode, the peak at 1673 cm-1 is much weaker. The α-helix is the most pronounced structural 

component contributing to the IR spectra of BacSp222. In the PM-IRRAS spectra, the band 

intensity does not change significantly in the potentials region from 0.3 to -0.5 V vs. Ag/AgCl. 

However, a significant change is observed for more negative potentials than -0.6 V vs. Ag/AgCl. 

At these negative potentials the DMPC-d54/BacSp222 film is detached from the surface of 

Au(111) (curve 3 in Figure 1). The band intensity dramatically decreases for spectra recorded at 

-0.7 and -0.8 V (Figure 4). It suggests that both orientational and conformational changes occur 

at this potential range. These changes can be visualized with the help of two -dimensional 

correlation spectroscopy (2D-COS), described in details in the Supporting Information.50 
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The 2D correlation spectroscopy revealed that at least three bands at ~1641, ~1655, and 
 
~1674 cm-1 can be identified in the broad envelope of the Amide I spectrum (Figure S4 of the 

Supporting Information). The position of the component bands were additionally confirmed by 

performing both SD and FSD of the spectra. Then, the positions of the individual bands obtained 

from 2D-COS, SD and FSD were used for the deconvolution of the amide I band. The SD and 

FSD data processing revealed that sub-bands centered at ~1635, ~1654, and ~1674 cm-1 can be 

identified for randomly oriented BacSp222 (Figure S12 of the Supporting Information). The 

amide I band of randomly oriented BacSp222 was deconvoluted using a Gaussian fit assuming 

that the three bands are present in the region (Figure 5A). The band at ~1635 cm-1 corresponds to 

the β-sheet structure.51 The two dominant bands centered at 1654 and 1674 cm-1 can be assigned 

to the α-helical and β-turns structures, respectively.51, 52, 53, 54, 55 The fwhm was 22.5, 16.9, and 

15.9 cm-1 for bands centered at 1654, 1634, and 1674 cm-1, respectively. Assuming that the 
 
absolute value of the transition dipole of the amide I band has the same value for different 

secondary structures,55 the integrated band intensity can be used to estimate that the BacSp222 

molecule is predominantly α-helical (58%) but β-turn (32%) and β-sheet (10%) secondary 

structures are also present. 
 
 
 
 
 
 
 
 
 

α  α  β 
α 

β  β  β 
β 

 

 
 
 
 
 
Figure 5.  Deconvolution of the amide I band of BacSp222 (A) random film and incorporated in 

the DMPC bilayer recorded at the potential of (B) 0.1 and (C) -0.8 V. 
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A similar deconvolution procedure was performed for the amide I band for the PM-IRRAS 

spectra of the DMPC-d54/BacSp222 film recorded at the selected potentials (depicted in Figure 

S12 of the Supporting Information). Figure 5B and 5C show deconvolution of the amide I band 

recorded at the potentials 0.1 and -0.8 V vs. Ag/AgCl, respectively. Those spectra were chosen to 

show changes in the amide I band of BacSp222 caused by the change of the applied potential. 

Three sub-bands were fitted to the experimental data with the help of the SD and FSD data 

analysis. The spectra recorded for a potential range from 0.2 to -0.5 V vs. Ag/AgCl did not 

change significantly. The band at ~1654 cm-1 is dominant with the fwhm between 21 and 

23 cm-1. The two other bands at ~1635 (fwhm ~19 cm-1) and ~1678 cm-1 (fwhm ~22 cm-1) are 
 
much smaller than the band at ~1654 cm-1. Importantly, positions of bands determined by using 

FSD and SD correspond very well with bands determined by using 2D correlation spectroscopy. 

The decrease of potential to -0.8 V vs. Ag/AgCl leads to significant changes in the structure of 

the amide I band. That is, the intensity of the α-helix band decreases in favor of a new band at 

~1649 cm-1 (fwhm ~14 cm-1). The new band at 1649 cm-1 can be assigned to the random 
 
structure48, suggesting that potential smaller than -0.6 V induces slow unfolding of the BacSp222 

molecules. 

The α-helical part of the peptide is mainly responsible for insertion into the DMPC bilayer. 

Therefore it was chosen to determine the possible orientation of BacSp222 in the phospholipid 

bilayer. The band arising from the α-helix secondary structure was used to calculate the angles 

between the transition dipole moment of the α-helical part of BacSp222 and electrode surface 

normal, Θ , (Eq. S5 of the Supporting Information). Figure 6A shows the calculated angles of the 

transition dipole as a function of applied potential. The tilt angle of the transition dipole moment 
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α
 

α
 

of the α-helix of BacSp222 is potential independent between -0.5 to 0.3 V and equal to 39º 

(Figure 6A and Table S2 of the Supporting Information). But for the potentials at which the 

bilayer is detached from the electrode surface the angle increases to the value of 61º. This clearly 

indicates that the potential changes induce orientational changes in the helical part of the 

BacSp222 secondary structure. Using the calculated angle between the transition dipole moment 

and surface normal, the average tilt angle of the helices, γ, with the respect to the surface normal 

was calculated (Eq. S7 of the Supporting Information). The angle between the α-helix long axis 

and the transition moment of the amide I vibration (reference angle), α , was determined to be 

between 34° and 38°56, 57, 58, 59. The tilt angle of the α-helix was calculated according to the 

procedure described elsewhere 60 and details of these calculations are given in the Supporting 

Information. 
 
 
 
 
 
 
 
 
 

Au (111) 
 
 

Au (111) 
 
 
 
 
 
 
 
 
 
Figure 6.  Tilt angle of (A) the transition dipole moments and (B) the major axis of the α-helix 

component of BacSp222 as a function of the electrode potential vs. Ag/AgCl. The tilt angle of 

the α-helix was calculated for reference angle of 34º (●) and 38º (■). The cartoons show how the 
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lipids and BacSp222 molecules are arranged on the electrode surface when the bilayer is 

adsorbed and desorbed from the electrode. 

 
 
 

Figure 6B plots tilt angles of the α-helical part of BacSp222 as a function of the applied 

potential calculated for two reference angles of 34° and 38°. For potentials at which the film is 

stable and attached to the Au(111) surface, i.e., from -0.5 to 0.3 V, the α-helix is inserted into the 

bilayer. The average tilt angle for this potential window is equal to either 24° or 12° depending 

on the value of the reference angle (either 34° or 38°) used in the calculations, respectively. 

These values are characteristic for the inserted state. But at potentials more negative than -0.6 V 

the orientation of the α-helix changes to 70-75° with respect to the normal to the surface which 

can be considered as the surface state. 

These results provide direct evidence that the BacSp222 molecule interacts with the DMPC-d54 

bilayer by inserting α-helices into the membrane when it is exposed to the static electric field 

provided by the charge on the metal. It is significant to note that the peptide is not inserted when 

the bilayer is detached from the metal at the negative end of potentials where it is floating in the 

vicinity of the metal surface on a ~1 nm thick cushion of electrolyte. At that state the electrostatic 

field is not acting on the bilayer. This behavior indicates that the insertion is field-driven and the 

peptide may discriminate between negatively charged bacterial cell bilayers and bilayers made of 

zwitterionic phospholipids present in mammalian cells.  This behavior is characteristic for 

peptides which form pores in the phospholipid bilayer.13 It was shown that lacticin Q, which is 

similar to BacSp222, forms pores in a negatively charged phospholipid bilayer described by the 

toroidal model.61 In the toroidal model the lipid molecules undergo significant reorientation to 

form the pore leading to an increase of the tilt of their lipid chains. In our studies, the tilt angles 
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of the acyl chains decreases in the presence of BacSp222 (Figure 3B). This result excludes a 

possibility of the toroidal pore formation and indicates that the barrel-stave model may be 

applied in the present case. 

We have also performed ATR-FTIR studies of BacSp222 in a dry DMPC multibilayer-film. 

These experiments are described in the Supporting Information. The order parameters for the 

acyl chains and the α-helix determined from these experiments (Table S3) show that the order of 

the lipid chains in the multibilayer film is not affected by the presence of BacSp222, however, 

the secondary structure of BacSp222 is changed. The amide I band shows presence of α-helix, β- 

turns, and β-sheets structures. However, the percentage of the α-helix structure to the overall 

band intensity is lower than in the hydrated state investigated by PM-IRRAS.  The calculated tilt 
 
angle of the α-helical part of BacSp222, with respect to the surface normal, for dry multibilayer 

film is equal to 62°. This number indicates that the peptide is in the surface state.  These results 

suggest that the hydration level of the bilayer has a significant influence on the orientation of the 

BacSp222 molecules. 

 
 
 

Conclusions 
 

In conclusion, this work shows how a new bacteriocin-like peptide named BacSp222 interacts 

with DMPC bilayers. The structural composition of adsorbed BacSp222 is predominately α- 

helical (58%), but other components like β-turns (32%) and β-sheets (10%), are also present. 

Similar values have been obtained for the secondary structure of BacSp222 determined in 

solution using CD.20 This strongly suggests that the peptide is intrinsically ordered and its 

conformation does not change significantly upon adsorption to the membrane. Interestingly, the 
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majority of α-helical antimicrobial peptides generally do not have ordered structures in solution, 

and only fold gradually to form helices upon interaction with membranes.62 

PM-IRRAS results show that adsorption of BacSp222 significantly changes not only the 

conformation of the DMPC molecules, from predominantly trans to partially melted, but also 

their orientation. The DMPC acyl chains are less tilted after insertion of BacSp222. The potential 

applied to the electrode induce orientational changes of the helical part of the secondary structure 

of BacSp222. Moreover, at potentials lower than E = -0.6 V slow unfolding of the BacSp222 

molecules occurs. At potentials higher than E = -0.6 V, the BacSp222 molecule is stable and its 

α-helical part inserts into the DMPC bilayer. Inserted state of the BacSp222 molecules may 

indicate that these peptides interact with a biological membrane via barrel-stave pore formation. 

The combination of PM-IRRAS and ATR-IR experiments shows that hydration level of the 

DMPC bilayer strongly affects the secondary structure and orientation of BacSp222 in the 

membrane. That is, for dry multibilayer system, the peptides are in the surface state with respect 

to the plane of the membrane. 

 

 
 
 
 
 
ASSOCIATED CONTENT 

Supporting Information 
 

Details of experimental procedures and methods are presented. Table S1 contains a summary 

of the conditions used to obtain the PMIRRAS spectral regions for the various functional groups 

of the DMPC-d54/BacSp222. Table S2 contains values of order parameters and corresponding 

angles of transition dipole moments, Θ, and α-helix long axes, γ , vs applied potential. Table S3 

lists the lipid acyl chain order parameters and corresponding tilt angles for DMPC multibilayers 
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in the absence and presence of BacSp222. Figure S1 shows the experimental PM-IRRAS set-up. 

Figures S2 and S3 correspond to the optical constants for the C-D stretching region of the 

phospholipid bilayer and the amide I band of BacSp222. Figure S4 depicts synchronous and 

asynchronous 2D correlation spectra of the amide I band of BacSp222 recorded at selected 

potentials. Figure S5 shows ATR-IR spectra with wavenumbers characteristic for TFA. Figures 

S6-S8 show the ATR-FTIR spectra of BacSp222 in a dry DMPC multibilayer-film. Figure S9 

shows the PM-IRRAS spectra for the C−D stretching region of the DMPC-d54 alkyl chains in the 

absence of BacSp222 for selected potentials vs. Ag/AgCl and the spectral deconvolution of the 

calculated randomly oriented film and the experimental film measured at 0 V. Figures S10 and 

S11 show deconvolution of the C−D stretching bands of DMPC-d54 in the presence and absence 

of BacSp222. Figure S12 shows deconvolution of the amide I band of BacSp222 together with 

the Fourier Self-deconvolution and second derivative data processing. This material is available 

free of charge via the Internet at http://pubs.acs.org. 
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