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a b s t r a c t

In this article, we describe the mutual structural effect of the interaction between the model membranes
and polylysine and poly-L-arginine. Vibrational circular dichroism (VCD), a method exceptionally sensi-
tive to the polypeptide structure that has not been established in such studies before, was the primary
method of this study. A complementary technique, electronic circular dichroism, was applied to verify
the newly obtained results and as a bridge to the previous studies. We used micelles composed of sodium
dodecyl sulfate (SDS) as a monolayer membrane model and large unilamellar vesicles composed of
phospholipids as a bilayer membrane model. We describe the conformational changes of the polypep-
tides caused by the interaction with the model membranes. Among others, the presence of the liposomes
in the solution generated special conditions for the formation of the a-helical structure of poly-L-
arginine; the presence of SDS induced the formation of the b-structure of polylysine. From a methodolog-
ical point of view, we emphasize the advantages of infrared spectroscopic techniques for the liposomic
membrane studies as well as the preference of ultraviolet techniques for smaller micellar systems.

� 2012 Elsevier Inc. All rights reserved.

The function of the membrane proteins and biological mem-
branes is closely connected to their structure influenced by their
mutual interaction. Moreover, the induction of a specific structure
of a peptide on the interaction with a lipid surface has been estab-
lished as a requirement for lytic and antimicrobial activity to occur
[1].

Unfortunately, the protein–membrane systems are complex
and not easy to characterize. Hence, many different spectral meth-
ods and their combinations have been used to characterize these
complexes, including nuclear magnetic resonance [1–7], fluores-
cence spectroscopy [1,8,9], absorption and attenuated total reflec-
tion infrared (IR)1 spectroscopy [7,9–12], and electronic circular
dichroism (ECD) [1–3,8,10,13,14]. Among them, IR spectroscopy
and the ECD technique have been used especially for the determina-
tion of the peptide secondary structure. Although these techniques
are conventionally used, they cannot distinguish among all the types
of secondary structure. Furthermore, the unsuitable optical proper-
ties of the solutions of the model membranes give rise to scattering
by which ECD, using radiation of a shorter wavelength than IR
spectroscopy, is more influenced. On the other hand, a much more

sensitive method [15] with enormous potential considering the
determination of the peptide structure, vibrational circular dichro-
ism (VCD) [16,17], has been scarcely used in these kinds of study
[10,12].

In contrast to the widespread ECD spectroscopy, the comple-
mentary VCD technique is particularly suited for studying the
membrane proteins because nearly no scattering complications
persist at the long wavelengths and it does not suffer from the dis-
advantages characteristic of the ultraviolet (UV)/visible region
[18]. Especially, the semiempirical structural studies of polypep-
tides and proteins represent a distinct group of the VCD applica-
tions (for reviews, see Refs. [19–21]). VCD measures the
rotational strengths of the vibrational transitions and is sensitive
to the short-range ordering, thereby allowing discrimination be-
tween the b-sheets and all types of the helices as well as the disor-
dered structures [22]. Here, the analysis of the spectra is usually
based on the known correlation between the spectral shape of
the amide I vibrational mode (predominantly the C@O stretch of
the peptide bond with participation of the NH out-of-plane bend
and minor contribution from the C–H stretch) and the secondary
structure. The amide I transition is very sensitive to the structure
of biopolymers alone but also enables the observance of subtle
changes in the local structure caused by biologically important
interactions [23,24]. However, this advantage of the VCD technique
also brings some limitations. In particular, the range of the condi-
tions acceptable for the measurements is more specific and
narrower than in conventional spectroscopies. In addition, the
absorption must be neither too high nor too small and is gained
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by the optimal combination of the concentration, path length, and
solvent.

In this study, the poly-L-lysine (PLL) and poly-L-arginine (PLAG)
homopolypeptides were studied as appropriate model systems for
antimicrobial and cytolytic peptides. Both PLL and PLAG have pos-
itively charged side chain groups at physiological pH, but these
groups differ especially in their binding properties. Hence, we
studied their interactions with the zwitterionic and negatively
charged liposomes and with the negatively charged micelles to
clarify their similarities and diversities using the advantages of
the VCD method complemented by ECD and IR spectroscopy. We
show that VCD spectroscopy provided specific results concerning
the structure of both partners in the studied systems and that
the use of this spectroscopy is more convenient when compared
with ECD spectroscopy because of the optical properties of the
model membrane systems. One of the main limitations of VCD
spectroscopy, the necessity of high concentrations, was applied
as an advantage for modeling in vivo membrane systems with local
high concentrations of biomolecules.

Materials and methods

Materials

The 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dipalmitoyl-sn-glycero-3-phospho-(10-rac-glycerol) sodium
salt (DPPG) phospholipids were purchased from Avanti Polar Lipids
(USA). The sodium dodecyl sulfate (SDS) surfactant and the PLL
hydrobromide (�219 amino acid units), poly-D-lysine (PDL) hydro-
bromide (�283 amino acid units), and PLAG hydrochloride (�184
amino acid units) polypeptides were purchased from Sigma–
Aldrich (USA). All of the chemicals were used without further puri-
fication. See Fig. S1 in supplementary material for the structures of
the polypeptides, lipids, and SDS.

Preparation of large unilamellar vesicles

The liposomes were prepared by standard procedures [25]. The
appropriate amount of dried lipid was weighed and dissolved in
chloroform or a chloroform/methanol mixture (2:1, v/v) and vor-
texed for 5 min. The sample was dried under low pressure to form
a thin film on the vial wall, after which it was left under high vac-
uum for 4 h. The film was then hydrated via the addition of 10 mM
phosphate buffer with 150 mM NaCl (pH 7.2) and vortexed exten-
sively. The resulting multilamellar liposome suspension was then
reduced to uniform large unilamellar vesicles (LUVs) by passing
17 times through a polycarbonate membrane with a mean pore
diameter of 100 nm using a Mini-Extruder (Avanti Polar Lipids).
The dynamic light scattering (DLS) method confirmed the quite
narrow size distribution of the LUVs with the maximum at
110 ± 3 nm. After the extrusion, the LUVs were allowed to equili-
brate for at least 2 h before use. The final lipid concentration was
calculated based on the weight of the dried lipid [26–30]. For the
VCD measurements, a deuterated phosphate buffer was used. Dur-
ing the liposome preparation, the D–H exchange, observed in the
mid IR, took place.

Samples for spectral measurements

The spectral measurements were done in the solutions of a
phosphate buffer (deuterated for VCD). The polypeptides were dis-
solved in 10 mM phosphate buffer with 150 mM NaCl (pH 7.2). The
polypeptide stock solution was then slowly added to the solution
of the lipid LUVs or SDS micelles. Afterward, the mixture was
mildly vortexed and allowed to equilibrate. After the sample

preparation, the DLS measurements were used to confirm the size
distribution of LUVs.

For the VCD measurements, the polypeptide concentration
was 6.5 g/L, which represented the molar concentrations of 5.1
and 4.2 � 10�2 M for PLL and PLAG, respectively. Within the
article, the polypeptide molar concentration is expressed
per amino acid residuum. For the ECD measurements, the
concentrations were 7.8 and 6.4 � 10�4 M for PLL and PLAG,
respectively.

For the VCD measurements, the concentration of the lipids was
1.4 � 10�1 M and that of the surfactant was 5.6 � 10�1 M. For the
ECD measurements, the concentration of the lipids was
2.8 � 10�3 M and that of the surfactant was 1.1 � 10�2 M, which
is 48% above the critical micellar concentration (CMC) of SDS
(7 � 10�3 M).

For the VCD measurements, the lipid-to-peptide residue molar
ratios (lipid/peptide) were 2.8 and 3.4 for PLL and PLAG, respec-
tively, and the surfactant-to-peptide residue molar ratios were
11 and 13 for PLL and PLAG, respectively. These values were ob-
tained by search ECD experiments performed for the lipid/peptide
residue molar ratios 0 to 9 and the DPPG/(DPPG + PMPC) ratios 0 to
1 (see example in Fig. S2 of supplementary material). The lipid/
peptide residue ratio restricted the polypeptide concentration
used, which was approximately five times lower than that usually
employed for the VCD study of peptides and proteins. The DPPG-
to-peptide residue molar ratio Ri (DPPG/peptide residue) was var-
ied during the measurements from 0 to 3.4 at the constant lipid/
peptide ratio.

Electronic circular dichroism

The ECD spectra were measured in a quartz cuvette with an
optical path length of 1 mm (Starna, USA) using a J-810 spectro-
polarimeter (Jasco, Japan). The conditions of the measurements
were as follows: a spectral region of 200 to 260 nm, a scanning
speed of 5 nm/min, a response time of 16 s, a resolution of
0.5 nm, a bandwidth of 1 nm, and a sensitivity of 100 m deg.
The final spectrum was obtained as an average of five accumula-
tions. The spectra were corrected for a baseline by subtracting
the spectra of the corresponding polypeptide-free solutions.
The ECD measurements were conducted at room temperature
(25 �C).

VCD and transmission Fourier transform IR spectroscopy

The VCD and IR absorption spectra in the 1800 to 1400 cm�1

region were measured on a Fourier transform IR (FTIR) IFS 66/S
spectrometer equipped with a PMA 37 VCD/IRRAS module (Bruker,
Germany).

The samples were placed in a demountable cell (A145, Bruker)
composed of CaF2 windows separated by a 50-lm Teflon spacer
that was suitable for the used low-peptide concentration.

All of the VCD spectra were recorded at a spectral resolution of
8 cm�1 and are the averages of the 10 blocks of 3686 scans. OPUS
6.5 software (Bruker) was used for the VCD spectra calculations.
The VCD and IR spectra were corrected for a baseline, which was
obtained as a spectrum of the polypeptide-free solution measured
under the same experimental conditions. The composition of the
mixture of deuterated and nondeuterated phosphate buffer used
as a solvent for the baseline correction corresponded to the
H-to-D exchange during the extrusion and was obtained from
the IR absorption spectra. An example of the impact of the baseline
correction and the standard deviation of the VCD spectra is demon-
strated in Fig. S3.
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