Biochemical and Biophysical Research Communications 427 (2012) 261-265

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Membrane interaction and secondary structure of de novo designed
arginine-and tryptophan peptides with dual function

Hanna A. Rydberg, Nils Carlsson, Bengt Nordén *

Department of Chemical and Biological Engineering/Physical Chemistry, Chalmers University of Technology, Kemivdgen 10, S-412 96 Gothenburg, Sweden

ARTICLE INFO ABSTRACT

Article history:
Received 3 September 2012
Available online 16 September 2012

Cell-penetrating peptides and antimicrobial peptides are two classes of positively charged membrane
active peptides with several properties in common. The challenge is to combine knowledge about the
membrane interaction mechanisms and structural properties of the two classes to design peptides with
membrane-specific actions, useful either as transporters of cargo or as antibacterial substances. Mem-
brane active peptides are commonly rich in arginine and tryptophan. We have previously designed a ser-
ies of arg/trp peptides and investigated how the position and number of tryptophans affect cellular
uptake. Here we explore the antimicrobial properties and the interaction with lipid model membranes
of these peptides, using minimal inhibitory concentrations assay (MIC), circular dichroism (CD) and linear
dichroism (LD). The results show that the arg/trp peptides inhibit the growth of the two gram positive
strains Staphylococcus aureus and Staphylococcus pyogenes, with some individual variations depending
on the position of the tryptophans. No inhibition of the gram negative strains Proteus mirabilis or
Pseudomonas aeruginosa was noticed. CD indicated that when bound to lipid vesicles one of the peptides
forms an a-helical like structure, whereas the other five exhibited rather random coiled structures. LD
indicated that all six peptides were somehow aligned parallel with the membrane surface. Our results
do not reveal any obvious connection between membrane interaction and antimicrobial effect for the
studied peptides. By contrast cell-penetrating properties can be coupled to both the secondary structure
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and the degree of order of the peptides.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cell-penetrating peptides (CPPs) and antimicrobial peptides
(AMPs) belong to the same group of membrane active peptides
(MAPs). CPPs are positively charged peptides with the ability to
cross cell membranes and deliver macromolecular cargo. AMPs
are positively charged peptides with the ability to kill or inhibit
the growth of bacteria. Because of their different functions, the
fields of CPPs and AMPs have until quite recently been separated,
but light has now been shed upon the strong resemblance between
these peptide classes [1,2]. Several CPPs, including penetratin [3],
pVEC [3,4], TP10 [4] and Tat [5], have been shown to have antimi-
crobial properties. Likewise AMPs, for example Magainin [6], Lacto-
ferrin [7] and LL-37 [8] have been shown to be cell-penetrating.

MAPs can be either cell-penetrating or bactericidal depending
on the lipid composition of the target plasma membrane [9] and
on the amino acid sequence of the MAP [10-12]. Therefore, one
way to distinguish between CPPs and AMPs could be to look at cell
selectivity and therapeutic index for different cell types and pep-
tides. By changing the peptide sequence it would then be possible
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to fine tune the function in accordance with the target cell mem-
brane. Pep-1, for example, is a very effective CPP with a moderate
antibacterial efficiency. By modifying the Pep-1 amino acid
sequence with Glu to Lys substitutions, derivates have been made
that were both highly bactericidal and cell selective [13,14]. Also,
the insertion of one or several tryptophan moieties into peptide se-
quences has been shown to affect both the cell-penetrating effi-
ciency [15,16] as well as the anti bacterial effect [17-19].
Tryptophans are, together with arginines, often found in naturally
occurring CPPs and AMPs [20,21] and short synthetic peptides rich
in these two amino acids have been proven effective as both trans-
porters and antibacterial agents [15,22,23]. However, systematic
investigations of how tryptophans affect the therapeutic index of
tryptophan/arginine rich peptides are still scarce.

To date, the effect of tryptophans on antimicrobial activity has
been mostly studied in the form of end-tagging and single moiety
insertions. We have previously shown that the number and posi-
tion of tryptophan in the amino acid sequence affect cell internal-
ization efficiency of CPPs consisting of eight arginines and one to
four tryptophans at different positions [16]. In the light of the
strong resemblance found between CPPs and AMPs, we investigate
whether our de novo designed CPPs (Table 1) also have antimicro-
bial properties. We have also evaluated if the tryptophan number
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Table 1
Peptide sequences, uptake efficiency and cytotoxicity.

Peptide Sequence Charge Hydrophobicresidues Uptake efficiency CHO-cells® Cytotoxicity CHO-cells®
WRg WRRRRRRRR +8 1 + -

W5Rg WWRRRRRRRR +8 2 + -

W;Rg WWWRRRRRRRR +8 3 + +

W4Rg WWWWRRRRRRRR +8 4 + 4+

RWR RRRRWWWWRRRR +8 4 ++ +

RWmix RWRRWRRWRRWR +8 4 . +

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ +5 16 No data No data

¢ Uptake efficiency of 5-FAM labeled peptide in live CHO-cells (Chinese Hamster Ovarian cells) measured with flow cytometry [16].

b Ppeptide induced cytotoxicity of CHO-cells measured with flow cytometry [16].

and position affect the membrane interaction and induction of sec-
ondary structure upon binding, and if variations in such interac-
tions would be reflected in the antimicrobial function.

2. Materials and methods
2.1. Chemicals

The RW-peptides (>95% purity) were purchased from Innov-
agen (Lund, Sweden). Melittin was purchased from Sigma-Aldrich
(Stockholm, Sweden). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoglycerol (POPG) were purchased from Larodan Fine Chemicals
(Malmo, Sweden).

2.2. Minimal inhibitory concentration

Minimal inhibitory concentration (MIC) was measured using
standard procedure. Four bacteria strains were used: Staphylococ-
cus aureus, Pseudomonas aeruginosa, Proteus mirabilis and Staphylo-
coccus pyogenes. Bacteria colonies were picked from a fresh (18 h to
24 h) agar plate and dispensed in 0.9% NaCl followed by vortexing.
The bacteria concentration was matched to McFarland standard 0.5
(1.5 x 108 CFU/ml), whereafter the bacteria suspension was
diluted in water supplemented with 0.02% Tween 80 to final
concentration of 1 x 10°-5 x 10° CFU/ml. A micro dilution tray
was prepared for each bacterial strain, with cation-adjusted Muel-
ler-Hinton broth (CAMHB) and the peptides (64, 32, 16, 8, 4, 2, 1,
0.5, 0.25 and 0.125 pg/ml). 0.01 ml of bacteria suspension was
added to each well of the micro dilution tray, followed by incuba-
tion for 24 h at 35 °C. As negative control CAMHB only was used.
Also, purity plates were inoculated for each bacteria strain. The
bacterial growth was determined measuring OD at 600 nm.

2.3. Liposome preparation

POPC and POPG, dissolved in chloroform, were mixed in a round
bottom flask to a molar ratio of 80/20. The solvent was evaporated
under reduced pressure using a rotary evaporator. The remaining
lipid film was placed under vacuum over night to remove any sol-
vent traces. The liposomes were formed by vortexing the lipid film
with 10 mM phosphate buffer (supplemented with sucrose for LD
measurements) for 5 min, followed by five freeze-thaw cycles (li-
quid nitrogen/50 °C) and extrusion 21 times through Nucleopore
polycarbonate filters with pore diameter of 100 nm using an extru-
der (LiposoFast-Pneumatic, Avestin, Canada).

2.4. Circular dichroism spectroscopy

Circular dichroism (CD) [24] was used to study the secondary
structure of the peptides in phosphate buffer (10 mM, pH 7.4)

and when bound to LUVs. Spectra were recorded between
185 nm and 270 nm on a Chirascan Circular Dichroism Spectrom-
eter (Applied Photophysics, UK) and the time per point was
0.500 s. The samples were measured at 20 °C in a 2 mm pathlength
quartz cell. For each sample 20 scans were recorded and averaged.
Spectra were corrected for background contributions by subtrac-
tion of appropriate blanks. The peptide concentration was 5 pM
and the peptide-to-lipid molar ratio was 1:100. The peptide sec-
ondary structure was evaluated by comparison with standard ref-
erence spectra [25,26].

2.5. Linear dichroism spectroscopy

Linear dichroism (LD) is defined as the differential absorption of
linearly polarized light parallel and perpendicular to an orientation
axis [24]. In our liposome system the unique axis is the membrane
normal. The transition moment related to a positive LD signal in
this system is perpendicular to the normal and hence parallel to
the liposome surface and vice versa for a negative signal [27]. By
normalizing the LD spectrum with respect to the isotropic absorp-
tion (Ajs), the concentration- and pathlength-independent quan-
tity reduced linear dichroism (LD") is obtained. For the LD
measurements a Chirascan Circular Dichroism Spectrometer fitted
with a Linear Dichroism detector (Applied Photophysics, UK) was
used. The samples were oriented by shear flow using an outer-
rotating quartz Couette cell with a light path of 1 mm under a
shear flow of 3100 s~!. Spectra were corrected for background con-
tributions by subtracting the corresponding spectrum without
rotation of the Couette cell (isotropic sample). Isotropic absorption
measurements on all samples were made with a Varian Cary Bio 50
(Agilent Technologies, USA) using a 4 mm pathlength quartz cuv-
ette. In order to reduce light scattering from the LUVs and to im-
prove the macroscopic orientation [28], 50% sucrose by weight
was used in the buffer in all LD measurements. 24 uM of the pep-
tide was mixed with LUVs to a peptide-to-lipid ratio of 1:100.

3. Results
3.1. MIC

To investigate whether the RW-peptides are bactericidal, MIC
(minimum inhibitory concentration) measurements were per-
formed. Four bacterial strains, two gram positive (S. aureus and S.
pyogenes) and two gram negative (P. aeruginosa and P. mirabilis),
were assessed. The RW-peptides inhibit bacterial growth of the
two gram positive strains at levels similar (S. aureus) and somewhat
superior (S. pyogenes) to melittin (Table 2). The MIC values for melit-
tin are in accordance with previous results [29]. For S. aureus, W4Rg
and RWR both show a minimal inhibitory concentration of around
4 uM, and W3Rg, W3Rg and RWmix all show MICs of between 5 M
and 6 pM. For S. pyogenes W4Rg is evidently superior to the other
peptides at inhibiting the bacterial growth, with MIC values almost
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Table 2
MIC values in pg/ml and pM of the tryptophan/arginine peptides and melittin.
S. aureus P. aeruginosa P. mirabilis S. pyogenes

MIC pg/ml  pM  pg/ml  puM  pg/ml M pgiml pM
WRg 32 21 >64 >43  >64 >43 4 2.7
W3Rg 9 54 >64 >38 >64 >38 1 0.59
W3Rg 10 54 >64 >34 >64 >34 0875 047
W4Rs 9 44 >64 >31  >64 >31  0.25 0.12
RWR 8 39 >64 >31  >64 >31 1625 0.79
RWmix 12 58 >64 >31 >64 >31 1 0.49
Melittin 16 56 64 22 >64 >22 4 14

" MIC, minimal inhibitory concentration required for total growth inhibition in
liquid medium. The values represent mean values from two (S. aureus and S.
pyogenes) or one (P. aeruginosa and P. mirabilis) independent experiment(s) with
four replicates each. Complete MIC results are found in Supplementary material.

10 times lower than for melittin. For both of the gram positive
strains, the WRg peptide is evidently less potent than the other five
peptides. The RW-peptides do not inhibit the bacterial growth of
the two gram negative bacteria P. aeruginosa and P. mirabilis within
the concentration regime tested, while melittin shows MIC values
of 22 uM approximately as expected [29,30].

3.2. Circular dichroism

Circular dichroism measurements were performed in order to
reveal differences in secondary structure between the peptides in
solution and when interacting with the lipid membranes of lipo-
somes. In Fig. 1B, a CD spectrum is seen consistent with RWmix
adopting an o-helical like structure, but not a perfect helix, when
interacting with liposomes, with positive maximum below
200 nm and negative troughs at around 205 nm and 222 nm [24].
In buffer RWmix has a random-coil structure. WRg shows a ran-
dom-coil like structure, both in solution as well as when bound
to liposomes (Fig. 1G). The other RW-peptides mainly showed CD
spectra that were assigned as random coil structures, but with
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the addition of a negative trough at 228 nm, both when bound
and when free in solution (Fig. 1C-F). Melittin was, as previously
shown by others [31-33], adopting an evident helical structure
when binding to the lipid membrane and random-coil in solution
(Fig. 1A).

3.3. Linear dichroism

To further examine the peptide-membrane interactions flow LD
spectroscopy applied to shear-deformed liposomes was performed.
The peptide backbone absorption in the far-UV can be used to
determine the orientation of the peptide relative to a lipid surface.
Because of exciton coupling, the m—n* transition moments of the
neighboring peptide bonds will in an o-helix split into two transi-
tion moments, one parallel to the helix (200 nm to 210 nm) and
one perpendicular to the helix (<200 nm). Further, the LD signal
from the aromatic tryptophan residues can give additional infor-
mation about their orientation. The indole of tryptophan has three
transition moments in this region, B, at 215 nm to 240 nm, L, at
around 270 nm and L, at around 290 nm [34,35]. Fig. 2 shows
the LD (A) and LD" (B) for peptides in presence of 80/20 mol%
POPC/POPG liposomes. For simplicity only the three RW-peptides
containing four tryptophans are shown. The LD' signals for RWmix
are relatively strong, compared to the other peptides, meaning that
this peptide thus has a better orientation than the other peptides,
both regarding allowed electric dipole transitions of the a-helix
structure (around 209 nm for the long axis polarized transition)
and the transition moments of tryptophan (around 225 nm,
270nm and 290 nm). RWR shows an intermediate LD signal,
whereas the signal for W4Rg is very small suggesting a poor orien-
tation. The other peptides, WRg, W,Rg, W3Rg and melittin show LD
signals of the same spectral shape and with LD" amplitudes be-
tween those of RWR and W,4Rs. The LD" spectra also show that
the absorption peak at 209 nm (o-helix long axis) appears to have
a positive sign, meaning that the peptides should be oriented par-
allel rather than perpendicular relative to the membrane surface
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Fig. 1. Circular dichroism (CD) spectra of the RW-peptides free in solution (red) and when associated with POPC/POPG 80/20 mol% liposomes (black). The peptide
concentration was 5 uM and the lipid concentration was 0.5 mM. The spectra presented are averages of 20 repeated scans, and each measurement was performed in two

(melittin) or five (RW-peptides) replicates.
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Fig. 2. Linear dichroism (LD) spectra (A) and reduced linear dichroism (LD") (B) of
W,Rg (solid), RWmix (dashed) and RWR (dotted) when associated to liposomes
consisting of 80/20 mol% POPC/POPG. The peptide concentration was 25 uM and
the lipid concentration was 2.5 mM.

[36]. However, the signals at 209 nm are, with the exception of
RWmix, very weak and the significance of this assignment of orien-
tation, therefore, can be discussed.

4. Discussion

In a previous work, we have shown that uptake efficiency of six
RW-peptides into mammalian cells was the highest when the try-
ptophans were positioned in the middle or scattered along the se-
quence [16]. Further, the uptake efficiency did not coincide directly
with increased cytotoxicity and only one of the peptides, W4Rg,
was clearly toxic to mammalian cells. We hypothesized that the
observed differences between the peptides might be caused by dif-
ferences in membrane interactions and changes in secondary
structure upon membrane binding. In the light of the high resem-
blance between CPPs and AMPs, we wanted to examine if the pep-
tides might also be antibacterial.

The combination of charges and hydrophobicity is considered to
be the basis of the antimicrobial effect. AMPs normally have a net
charge of +4 to +6 and up to 50% of the amino acid residues are
hydrophobic [2]. When exploring our MIC results, it is suggested
that the position more than the number of tryptophans determine
the effect against S. aureus and S. pyogenes. For S. aureus, W4Rg and
RWR both show minimal inhibitory concentrations of around
4 uM, whereas the MICs for W5Rg, W5Rg and RWmix are somewhat
higher. For S. pyogenes, W4Rg is evidently superior to the other pep-
tides at inhibiting the bacterial growth. WRg is for both strains
evidently inferior as antibacterial agent. These results suggest that
in addition to the amount of hydrophobic residues in a sequence,

the position may also affect the antimicrobial function. The effect
tends to be higher when the hydrophobic tryptophan resides are
placed next to each other, and even higher when the accumulation
of tryptophans is placed at the N-terminal end of the sequence. A
possible explanation could be that when separating the hydropho-
bic and charged residues, the amphipathicity becomes pro-
nounced, rendering a more membrane active peptide. The two
gram negative bacteria strains investigated in this work where
not inhibited by the peptides in the concentration regime tested.
This could hypothetically be explained by that interaction with
the thick outer peptidoglycan layer of the gram positive bacteria,
possibly resulting in increased local peptide concentration at the
surface, is needed for efficient antibacterial effect.

When looking at the induction of secondary structure, it is seen
that the RW-peptides interact differently with the lipid membrane.
RWmix adopts a structure with elements similar to that of an a-
helix. The weak helical signal may be caused by the short peptide
length. WRg shows the lowest CD signal with a vague random coil-
like structure. The other four RW-peptides also show random coil
structures, but with the addition of negative peaks at around
228 nm, which are very probably interactions between adjacent
tryptophan residues [18]. When bound to liposomes, the signal
for W4Rg is unfortunately hard to evaluate, possibly because of
aggregation of the lipid vesicles.

From linear dichroism we receive further information about the
peptides’ interactions with lipid surfaces. In accordance with the
CD results, the higher orientation of RWmix, both of the trypto-
phans and the long helical axis, points to the possibility that this
peptide has a partly a-helical structure with the tryptophans being
oriented in the same direction. Since it takes slightly more than 3
amino acids for one turn in a helical wheel, it is thus only when
the tryptophans are positioned at every third position, as in
RWmix, that they can be fully oriented. For the other peptides,
the number of tryptophans and/or the lack of tryptophan orienta-
tion might cause the weak LD signals observed for the tryptophan
transition moments. The lower degree of orientation seen when
the tryptophans are placed next to each other in the amino acid se-
quence, might be caused by steric hindrance. The results from the
LD measurement also point to the possibility of the RW peptides
being situated horizontally at the membrane, probably with one
or more of the tryptophans inserted into the membrane.

Combining these observations, no clear connection between
secondary structure and bacterial growth inhibition efficiency
could be monitored. RWmix has the most pronounced secondary
structure and the highest degree of orientation, but is not the most
prominent antibacterial agent in the group. The antibacterial effect
seems instead to depend on the amphipathicity. In contrast, the
secondary structure and degree of orientation seem to be directly
connected to the cell-penetrating properties, with RWmix and
RWR having the highest degree of orientation and being superior
CPPs (Table 1). Regarding therapeutic index, W4Rg is the best anti-
bacterial agent but it is also toxic to mammalian cells. The peptide
that has the best ratio is W,Rg, which is not more toxic than buffer
(Table 1) and fairly effective as AMP. W;Rg also has lower internal-
ization efficiency into cells in comparison with the other RW-pep-
tides. These results show that the position of the tryptophan
residues in a sequence may regulate the therapeutic index and tun-
ing the peptide function between CPP and AMP, properties that
may be useful in the design of better CPPs and AMPs in the future.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.09.030.

References

[1] S.T. Henriques, M.N. Melo, M. Castanho, Cell-penetrating peptides and
antimicrobial peptides: how different are they?, Biochem J. 399 (2006) 1-7.

[2] K. Splith, I. Neundorf, Antimicrobial peptides with cell-penetrating peptide
properties and vice versa, Eur. Biophys. ]. 40 (2011) 387-397.

[3] C. Palm, S. Netzerea, M. Hallbrink, Quantitatively determined uptake of cell-
penetrating peptides in non-mammalian cells with an evaluation of
degradation and antimicrobial effects, Peptides 27 (2006) 1710-1716.

[4] N. Nekhotiaeva, A. EImquist, G.K. Rajarao, M. Hallbrink, U. Langel, L. Good, Cell
entry and antimicrobial properties of eukaryotic cell-penetrating peptides,
FASEB ]. 18 (2004) 394-396.

[5] HJ. Jung, KS. Jeong, D.G. Lee, Effective antibacterial action of tat (47-58) by
increased uptake into bacterial cells in the presence of trypsin, J. Microbiol.
Biotechnol. 18 (2008) 990-996.

[6] K. Takeshima, A. Chikushi, K.K. Lee, S. Yonehara, K. Matsuzaki, Translocation of

analogues of the antimicrobial peptides magainin and buforin across human

cell membranes, J. Biol. Chem. 278 (2003) 1310-1315.

F. Duchardt, LR. Ruttekolk, W.P.R. Verdurmen, H. Lortat-Jacob, J. Burck, H.

Hufnagel, R. Fischer, M. van den Heuvel, D. Lowik, G.W. Vuister, A. Ulrich, M. de

Waard, R. Brock, A cell-penetrating peptide derived from human lactoferrin

with conformation-dependent uptake efficiency, J. Biol. Chem. 284 (2009)

36099-36108.

[8] X.A. Zhang, K. Oglecka, S. Sandgren, M. Belting, E.K. Esbjorner, B. Norden, A.
Graslund, Dual functions of the human antimicrobial peptide LL-37-target
membrane perturbation and host cell cargo delivery, Biochim. Biophys. Acta-
Biomembr. 1798 (2010) 2201-2208.

[9] Q. Wang, G.Y. Hong, G.R. Johnson, R. Pachter, M.S. Cheung, Biophysical
properties of membrane-active peptides based on micelle modeling: a case
study of cell-penetrating and antimicrobial peptides, ]. Phys. Chem. B 114
(2010) 13726-13735.

[10] DJ. Shang, X. Li, Y. Sun, C. Wang, L. Sun, S. Wei, M. Gou, Design of potent, non-
toxic antimicrobial agents based upon the structure of the frog skin peptide,
temporin-1ceb from chinese brown frog, Rana chensinensis, Chem. Biol. Drug
Des. 79 (2012) 653-662.

[11] P. Staubitz, A. Peschel, W.F. Nieuwenhuizen, M. Otto, F. Gotz, G. Jung, R.W. Jack,
Structure-function relationships in the tryptophan-rich, antimicrobial peptide
indolicidin, J. Pept. Sci. 7 (2001) 552-564.

[12] Y.H. Nan, LS. Park, K.S. Hahm, S.Y. Shin, Antimicrobial activity, bactericidal
mechanism and LPS-neutralizing activity of the cell-penetrating peptide pVEC
and its analogs, J. Pept. Sci. 17 (2011) 812-817.

[13] W.L. Zhu, H.L. Lan, LS. Park, J.I. Kim, H.Z. Jin, K.S. Hahm, S.Y. Shin, Design and
mechanism of action of a novel bacteria-selective antimicrobial peptide from
the cell-penetrating peptide Pep-1, Biochem. Biophys. Res. Commun. 349
(2006) 769-774.

[14] S. Bobone, A. Piazzon, B. Orioni, J.Z. Pedersen, Y.H. Nan, K.S. Hahm, S.Y. Shin, L.
Stella, The thin line between cell-penetrating and antimicrobial peptides: the
case of Pep-1 and Pep-1-K, J. Pept. Sci. 17 (2011) 335-341.

[15] J.R. Maiolo, M. Ferrer, E.A. Ottinger, Effects of cargo molecules on the cellular
uptake of arginine-rich cell-penetrating epeptides, Biochim. Biophys. Acta-
Biomembr. 1712 (2005) 161-172.

[16] H.A. Rydberg, M. Matson, H.L. Amand, E.K. Esbjérner, B. Nordén, Effects of
tryptophan content and backbone spacing on the uptake efficiency of cell-
penetrating peptides, Biochemistry 51 (2012) 5531-5539.

(7

[17] B. Deslouches, S.M. Phadke, V. Lazarevic, M. Cascio, K. Islam, R.C. Montelaro,
T.A. Mietzner, De nova generation of cationic antimicrobial peptides: influence
of length and tryptophan substitution on antimicrobial activity, Antimicrob.
Agents Chemother. 49 (2005) 316-322.

[18] A. Walrant, I. Correia, C.Y. Jiao, O. Lequin, E.H. Bent, N. Goasdoue, C. Lacombe,
G. Chassaing, S. Sagan, 1.D. Alves, Different membrane behaviour and cellular
uptake of three basic arginine-rich peptides, Biochim. Biophys. Acta-
Biomembr. 2011 (1808) 382-393.

[19] AA. Stromstedt, M. Pasupuleti A. Schmidtchen, M. Malmsten,
Oligotryptophan-tagged antimicrobial peptides and the role of the cationic
sequence, Biochim. Biophys. Acta-Biomembr. 1788 (2009) 1916-1923.

[20] F. Heitz, M.C. Moirris, G. Divita, Twenty years of cell-penetrating peptides: from
molecular mechanisms to therapeutics, Br. ]. Pharmacol. 157 (2009) 195-206.

[21] D.I Chan, EJ. Prenner, HJ. Vogel, Tryptophan- and arginine-rich antimicrobial
peptides: structures and mechanisms of action, Biochim. Biophys. Acta-
Biomembr. 1758 (2006) 1184-1202.

[22] S.E. Blondelle, E. Takahashi, K.T. Dinh, R.A. Houghten, The antimicrobial
activity of hexapeptides derived from synthetic combinatorial libraries, J. Appl.
Bacteriol. 78 (1995) 39-46.

[23] M.B. Strom, O. Rekdal, ].S. Svendsen, Antimicrobial activity of short arginine-
and tryptophan-rich peptides, J. Pept. Sci. 8 (2002) 431-437.

[24] B. Nordén, A. Rodger, T.R. Dafforn, Linear Dichroism and Circular Dichroism - A
Textbook on Polarized-Light Spectroscopy, RSC Publishing, Cambridge, UK,
2010.

[25] S. Brahms, ]. Brahms, Determination of protein secondary structure in solution
by vacuum ultraviolet circular-dichroism, J. Mol. Biol. 138 (1980) 149-178.

[26] S.M. Kelly, T.J. Jess, N.C. Price, How to study proteins by circular dichroism, BBA
Proteins Proteom. 1751 (2005) 119-139.

[27] M. Matson, N. Carlsson, T. Beke-Somfai, B. Nordén, Spectral properties and
orientation of voltage-sensitive dyes in lipid membranes, Langmuir 28 (2012)
10808-10817.

[28] M. Ardhammar, P. Lincoln, B. Norden, Invisible liposomes: refractive index
matching with sucrose enables flow dichroism assessment of peptide
orientation in lipid vesicle membrane, Proc. Nat. Acad. Sci. USA 99 (2002)
15313-15317.

[29] E. Urban, E. Nagy, T. Pal, A. Sonnevend, ].M. Conlon, Activities of four frog skin-
derived antimicrobial peptides (temporin-1DRa, temporin-1Va and the
melittin-related peptides AR-23 and RV-23) against anaerobic bacteria, Int. ].
Antimicrob. Ag. 29 (2007) 317-321.

[30] J. Andra, L. Jakovkin, ]J. Grotzinger, O. Hecht, A.D. Krasnosdembskaya, T.
Goldmann, T. Gutsmann, M. Leippe, Structure and mode of action of the
antimicrobial peptide arenicin, Biochem. J. 410 (2008) 113-122.

[31] RA. Yunes, A circular-dichroism study of the structure of apis-mellifera
melittin, Arch. Biochem. Biophys. 216 (1982) 559-565.

[32] M. Vanveen, G.N. Georgiou, A.F. Drake, RJ. Cherry, Circular-dichroism and
fluorescence studies on melittin - effects of C-terminal modifications on
tetramer formation and binding to phosphoipid-vesicles, Biochem. ]. 305
(1995) 785-790.

[33] AF. Drake, R.C. Hider, Structure of melittin in lipid bilayer membranes,
Biochim. Biophys. Acta 555 (1979) 371-373.

[34] T.R. Dafforn, J. Rajendra, D.J. Halsall, L.C. Serpell, A. Rodger, Protein fiber linear
dichroism for structure determination and kinetics in a low-volume, low-
wavelength couette flow cell, Biophys. ]J. 86 (2004) 404-410.

[35] E.K. Esbjorner, C.E.B. Caesar, B. Albinsson, P. Lincoln, B. Nordén, Tryptophan
orientation in model lipid membranes, Biochem. Biophys. Res. Commun. 361
(2007) 645-650.

[36] F.R. Svensson, P. Lincoln, B. Nordén, E.K. Esbjoérner, Tryptophan orientations in
membrane-bound gramicidin and melittin - a comparative linear dichroism
study on transmembrane and surface-bound peptides, Biochim. Biophys. Acta-
Biomembr. 2011 (1808) 219-228.


http://dx.doi.org/10.1016/j.bbrc.2012.09.030

	Membrane interaction and secondary structure of de novo designed  arginine-and tryptophan peptides with dual function
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Minimal inhibitory concentration
	2.3 Liposome preparation
	2.4 Circular dichroism spectroscopy
	2.5 Linear dichroism spectroscopy

	3 Results
	3.1 MIC
	3.2 Circular dichroism
	3.3 Linear dichroism

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


