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Abstract A tendency to dimerize in the presence of lipids

was found for the protegrin. The dimer formation by the

protegrin-1 (PG-1) is the first step for further oligomeric

membrane pore formation. Generally there are two distinct

model of PG-1 dimerization in either a parallel or an-

tiparallel b-sheet. But despite the wealth of data available

today, protegrin dimer structure and pore formation is still

not completely understood. In order to investigate a more

detailed dimerization process of PG-1 and if it will be the

same for another type of protegrins, in this work we used a

high-resolution NMR spectroscopy for structure determi-

nation of protegrin-3 (RGGGL-CYCRR-RFCVC-VGR) in

the presence of perdeuterated DPC micelles and demon-

strate that PG-3 forms an antiparallel NCCN dimer with a

possible association of these dimers. This structural study

complements previously published solution, solid state and

computational studies of PG-1 in various environments and

validate the potential of mean force simulations of PG-1

dimers and association of dimers to form octameric or

decameric b-barrels.
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Introduction

Protegrins are a potent antimicrobial, b-hairpin, cationic
peptides isolated from porcine leukocytes (Fahrner et al.

1996; Jenssen et al. 2006; Kokryakov et al. 1993). These

small b -sheet antimicrobial peptides (AMPs) are members

of the cathelicidin family (Zhao et al. 1994, 1995), a large

group of structurally diverse AMPs whose precursors con-

tain a highly conserved cathelin domain (Zanetti et al. 1995).

Naturally occurring AMPs probably represent one of the

very first evolved forms of chemical defense of living

eukaryotic cells against invasion by bacteria, protozoa,

fungi, and virus. AMPs are less susceptible to the develop-

ment of bacterial resistance because they disrupt the mem-

brane of bacteria through non-specific peptide–lipid

interactions. The urgent need for new antibiotics has

stimulated interest in the development of AMPs as human

therapeutics and amplified interest in the development of

biophysical approaches to probe their mechanism (Ra-

mamoorthy 2009). Natural AMPs have such properties as the

broad spectrum antibacterial activity, high selectivity, and

the disruption of bacterial cell membranes, what allow to

suggest that these molecules are potentially useful as an-

tibiotics; so it is important to investigate their structure and

function at high resolution in order to increase their potency

and selectivity (Porcelli et al. 2008; Ramamoorthy 2009).

Therefore, high-resolution structures of these peptides in a

suitable membrane environment and characterization of the
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oligomerization of membrane-associated peptides are im-

portant to understand the folding and function of biomole-

cules like AMPs, fusion peptides, amyloid peptides, toxins,

and ion channels (Ramamoorthy et al. 2008). Despite the

wealth experimental approaches available today such as

X-ray diffraction, solid state NMR and high-resolution so-

lution NMR studies, the amphipathic properties of the cell

membrane components are not suitable for most biophysical

techniques. Particularly, lipids and membrane-associated

peptides and proteins are difficult to solubilize in water for

high-resolution solution NMR studies and difficult to crys-

tallize for X-ray diffraction studies. Therefore, there is a

significant need for the development of new high-resolution

techniques to probe lipid-peptide and peptide–peptide in-

teractions that lead to the oligomerization process (Porcelli

et al. 2008; Ramamoorthy et al. 2008). Previously several

NMR structural studies of oligomeric forms of suchAMPs as

MSI-78 (Ramamoorthy et al. 2008), LL-37 (Porcelli et al.

2008) and PG-1 (Mani et al. 2006) have been reported.

In order to understand mechanisms of action, atomic-

resolution structures of oligomeric forms of AMPs in lipid

environments (either in micelles or in bilayers), are highly

necessary (Saravanan and Bhattacharjya 2011). The

oligomerization of AMPs on contact with their target

membranes is known to be crucial to their biological action

(Gottler et al. 2008; Epand et al. 2006; Papo and Shai

2004). But despite that lipid bilayers are closer mimic to

the native cellular membranes, the atomic resolution

structures of AMPs in such systems are difficult to obtain

due to the large sizes (Haney et al. 2009; Ramamoorthy

2009). Recently several solid state NMR studies have been

reported a successful determination of oligomerization and

structural studies of AMPs in lipid bilayer (Hong 2006;

Ramamoorthy et al. 2008; Afonin et al. 2011). And on the

other hand, atomistic resolution structures, by use of so-

lution NMR techniques, of AMPs are mostly determined in

the context of small and fast tumbling detergent micelles

[Sodium dodecyl sulfate (SDS), dodecylphosphocholine

(DPC) or dioctanoyl phosphatidylglycerol (D8PG) mi-

celles] (Chan et al. 2006; Powers et al. 2005; Wang 2007).

Although in a large number of studies suggest that these

lipid micelles predominantly favor monomeric structures

of AMPs, oligomerization or dimerization for some AMPs

also have been detected in DPC micelles e.g. helical dimers

of magainin analog MSI-78 (Porcelli et al. 2008), prote-

grin-1 (Roumestand et al. 1998), arenicins (Ovchinnikova

et al. 2008) and pleurocidin (Syvitski et al. 2005). DPC

micelles also are more frequently used, as compared to

SDS micelles, as a model membrane mimic for structural

studies of membrane proteins (Hiller and Wagner 2009;

Arora and Tamm 2001; Zamoon et al. 2005).

Protegrins (PG-1–PG-5) are antibacterial peptides of

16–18 residues whose structure has been shown to be a b-

hairpin stabilized by two disulfide bonds (Fahrner et al.

1996). The most studied of these is the protegrin-1 (PG1)

which is composed of 18 amino acids residues (PDB ID:

1PG1, 1ZY6) and supposed that PG-1 forms ion channels

in membranes and kills bacteria involves oligomeric pep-

tide toroidal pores in anionic lipid bilayer membranes,

which mimic the inner membrane of Gram-negative bac-

teria (Langham et al. 2008; Mani et al. 2006). Also have

been developed several synthetic mimetics of protegrins,

there linear analogs and one variant named IB-367 or

Iseganan HCl has been considered for the treatment of

various conditions over the last 15 years, but a drug has not

yet been approved. (Elad et al. 2012; Lazaridis et al. 2013;

Loury et al. 1999; Trotti et al. 2004).

Several experimental and computational structural

studies of PG in monomer and oligomer forms were re-

ported (Buffy et al. 2003; Fahrner et al. 1996; Jang et al.

2006, 2007; Lazaridis et al. 2013; Mani et al. 2006; Rou-

mestand et al. 1998; Usachev et al. 2014a; Vivcharuk and

Kaznessis 2010; Yamaguchi et al. 2002). Protegrin

monomers interact very weakly with the surface of the

zwitterionic membranes, but adsorb readily on the surface

of anionic membranes (Lazaridis et al. 2013). It was found

that the protegrin has a tendency to dimerize in the pres-

ence of lipids. The dimer formation by the PG-1 is the first

step for further oligomeric membrane pore formation, since

the dimer can be regarded as the primary unit for assembly

into the ordered aggregates (Jang et al. 2007).

Generally there are two distinct model of PG-1 dimer-

ization in either a parallel (have been observed on the

surface of cholesterol-containing zwitterionic lipid bilay-

ers) or antiparallel b-sheet orientation (observed on the

surface of DPC micelles) (Mani et al. 2006; Roumestand

et al. 1998). The structure of a parallel PG-1 dimer has

been determined by solid-state NMR and deposited with

PDB code 1ZY6, but currently there is no atomistic

resolution structure of the antiparallel dimer structure.

Although solid-state NMR revealed a parallel NCCN ori-

entation is dominant in water, in the transmembrane in-

serted state was found that a parallel NCCN dimerization is

not favorable for interaction with either flat membranes or

pores (Lazaridis et al. 2013). The results of molecular

dynamics simulations to calculate potential of mean force

(PMF) are consistent with the results of NMR experimental

observations which determined that the PG-1 dimer adopts

an antiparallel structure upon binding to DPC micelles

(Roumestand et al. 1998; Vivcharuk and Kaznessis 2010).

The different alignment likely results from the significant

curvature difference between the small-radius micelles

and the flatter and more biological lipid bilayers. The dif-

ferent packing motifs of PG-1 between the lipid bilayer

and the micelle underscore the importance of the envi-

ronment for the oligomerization of membrane peptides
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and the plasticity of the PG-1 structure (Mani et al.

2006). Nevertheless despite the wealth of data available

today, protegrin pore formation is still not completely

understood.

However, even for PG-1 there are a lot of ex-

perimental and theoretical studies, for another protegrins

(PG-2, PG-3, PG-4, PG-5) structural studies are almost

have not been investigated and biological functions

among the different protegrins is also still limited (Choi

et al. 2014; Kokryakov et al. 1993; Zhao et al. 1994,

1995). Amino acid sequences of these five protegrins are

almost identical, except for 1–3 amino acid substitutions.

Cho et al. (1998) found that both PG-1 and enantiomeric

PG-1 (composed exclusively of D-amino acids) were

potently fungicidal for yeast-phase Candida albicans. The

protegrins PG-2, -3, and -5, but not PG-4, were as ef-

fective as PG-1. These studies suggest that only 12

residues are needed to endow protegrin molecules with

strong antibacterial activity and that at least 4 additional

residues are needed to add potent antifungal properties.

Thus, the 16-residue protegrin PG-2 likely represents the

minimal structure needed for broad-spectrum antimicro-

bial activity encompassing bacteria and fungi. In order to

investigate a more detailed dimerization process of PG-1

and if it will be the same for another type of protegrins,

in this work we used a high-resolution NMR spec-

troscopy for structure determination of protegrin-3

(RGGGL-CYCRR-RFCVC-VGR) in the presence of

perdeuterated DPC micelles (Roumestand et al. 1998).

This protegrin substitutes a glycine for an arginine at

position 4 and it has one less positive charge than PG-1.

Materials and methods

Sample preparation

PG-3 peptide was synthesized by Dr. Andrey Filippov in

Chemistry of Interfaces laboratory at the Luleå University

of Technology as previously described (Usachev et al.

2014a). The purity of the peptide was estimated as better

than 95 %. The sample was lyophilized and stored at a

temperature of 193 K before use.

The NMR samples of PG-3 were prepared as previously

described for PG-1 in DPC micelles (Roumestand et al.

1998). The peptide (4 mg) was solubilized in an aqueous

solution at pH 3.5 (H2O or 2H2O, 500 ll) containing 20 mg

perdeuterated DPC (molar ratio *1:12). 3-(trimethylsilyl)-

propionic-2,2,3,3-2H4 acid (TMSP-2,2,3,3-2H4) (98 % atom
2H,Aldrich) was added as an internal chemical shift standard

for 1HNMRspectroscopy. Perdeuterated d38DPC (98 % 2H)

and TSP-d4 were purchased from Aldrich.

NMR spectroscopy and spatial structure calculation

All data were acquired at 700 MHz (Bruker Avance III

HD) NMR spectrometer equipped with quadruple reso-

nance (1H, 13C, 15N and 31P) CryoProbe. The sample

temperature was set to temperature 293 K. The proton

chemical shifts were referred to the TMSP-2,2,3,3-2H4.

Two-dimensional (2D) experiments (DQF-COSY,

TOCSY, and NOESY) spectra were acquired in the phase-

sensitive mode using the States-TPPI method and using a

time domain data size of 512 t1 9 4096 t2 complex points

and 32 transients per complex t1 increments. The water

resonance was suppressed by ‘‘3-9-19’’ pulse sequence

with gradients using flip-back pulse in COSY experiments

(Piotto et al. 1992; Sklenar et al. 1993) and using excitation

sculpting with gradients in TOCSY and NOESY ex-

periments (Hwang and Shaka 1995). TOCSY spectra were

obtained with a mixing time of 80 ms and NOESY spectra

with a mixing time of 200 ms.

2D 1H-13C HSQC, 1H-13C HSQC-TOCSY, 1H-13C

HMBC and 1H-15N HSQC spectra were recorded with 512

(1H) 9 4096 (13C and 15N) complex points, respectively,

for spectral widths of 13 (1H), 35 (15N), and 200 ppm

(13C). The 1H, 13C, and 15N chemical shifts of PG-3 are

available in the BioMagResBank (BMRB ID 25474).

Spectra were processed by NMRPipe (Delaglio et al.

1995) and analyzed using SPARKY. Sequence-specific

backbone resonance assignments and side-chain assign-

ments for all residues were obtained using a combination of

2D COSY, TOCSY and NOESY experiments for 1H sig-

nals, by 2D 1H-13C HSQC, 1H-13C HSQC-TOCSY, 1H-13C

HMBC for 13C signals and by 1H-15N HSQC for 15N.

Inter-proton distances obtained from analysis of inten-

sities of cross-peaks from NMR NOESY spectra were used

as the primary data for the calculations by the molecular

dynamics method. Following structural calculations, the

ensemble of structures was subjected to restrained mole-

cular dynamics using the Xplor-NIH (Schwieters et al.

2003). A total of 1000 structures were calculated and 20

with minimal energy were chosen. None of the 20 struc-

tures had any violated nuclear Overhauser effect (NOE)

distances. Individual structures were minimized, heated to

1000 K for 6000 steps, cooled in 100 K increments to

50 K, each with 3000 steps, and finally minimized with

1000 steps of the steepest descent, followed by 1000 steps

of conjugate gradient minimization. Starting with a family

of 1000 structures, approximately 200 were subjected to

subsequent molecular dynamics calculations and, finally,

the 20 lowest energy structures were retained. To calculate

the 3D structures of the PG-3 dimer the same protocol was

used where the distance restraints were used as input in the

standard distance geometry (DG)/simulated annealing (SA)

refinement and energy minimization protocol (Schwieters

J Biomol NMR (2015) 62:71–79 73

123



et al. 2003). The program MolProbity (Chen et al. 2010;

Davis et al. 2007) was used to assess the overall quality of

the structures. The PG-3 peptide structures were visualized

with CHIMERA (Pettersen et al. 2004).

Results and discussion

Proton chemical shift assignments of PG-3 in DPC micelles

were obtained using standard methods of protein NMR

spectroscopy by 2D NMR 1H–1H TOCSY and NOESY

experiments; by 2D 1H–13C HSQC, HSQC-TOCSY and

HMBC experiments for carbon and by 1H–15N HSQC ex-

periment for nitrogen nuclei (Table 1). Due to natural

abundance of the 13C and 15N nuclei in peptide only

*72 % of 13C and 15N signals were assigned. Chemical

shifts were deposited in the BioMagResBank (BMRB ID

25474).

Figure 1 shows the fingerprint region of the 1H-1H

COSY, 1H-1H NOESY, 1H-13C and 1H-15N HSQC spectra

of PG-3 at 293 K in H2O solution and in the presence of

DPC at a detergent/protein ratio of *12. The presence of

numerous well-resolved cross-peaks in the NOESY spectra

along with the significant degree of spectral dispersion in

the amide region and the presence of dNN(i,i?1) and

daN(i,i?1) medium range NOE connectivities (Fig. 2) in 2D

NOESY NMR spectra of PG-3 in DPC micelles is a strong

indication that the peptide is at least partially folded, as a

completely disordered structure would have both poor

chemical shift dispersion due to the similarity of chemical

shift values in the random coil state and poor NOE cross-

peak intensity due to the high mobility of the structure

(Khayrutdinov et al. 2009; Kim et al. 2011; Usachev et al.

2013, 2014b).

Two disulfide bonds (Cys6-Cys13 and Cys8-Cys15) and

summary of the sequential and medium-range NOEs allow

us to suggest that the PG-3 adopts a b-hairpin in the

presence of DPC. Similarly, the nine amide protons po-

tentially involved in H-bonds in the b-sheet were found as

slowly exchanging protons, whereas they were exchanging

in less than 5 min in D2O solution (indicated with a filled

circle in Fig. 2). Exchange rates between water and HN

protons were analysed by detection of peaks in 1H and
1H–1H TOCSY spectra and observed cross-peaks were

treated as an indication of water-exposed amide groups. In

NOESY NMR spectra of PG-3 besides the b-sheet regular
NOEs we also observed some additional NOEs between

sidechains which appear inconsistent with the b-sheet
structure (see Figure 1S and Table 1S). For example there

were 8 NOE effects observed between residues F12 and

F16, V14 and C15, V14 and V16, C15 and V16 which are

far apart in the b-sheet structure. We assume that these

Table 1 1H, 13C and 15N chemical shifts in ppm measured in water for PG-3 in the presence of predeuterated DPC micelles (detergent/peptide

molar ratio *12) at 293 K

Residue Chemical shift (ppm)

NH CaH CbH CcH CdH CeH N Ne Ca Cb Cc Cd

R1 – 4.03 1.87 1.62, 1.53 3.14 7.35 – – 52.99 28.05 23.56 40.52

G2 8.94 4.02 – – – – 111.6 – 42.61 – – –

G3 8.48 3.94 – – – – 109.0 – 42.73 – – –

G4 8.82 3.87 – – – – 110.4 – 43.71 – – –

L5 8.66 4.13 1.67 1.54 0.88, 0.83 – 122.9 – 54.44 39.03 24.46 22.41, 21.43

C6 8.31 4.64 2.87 – – – 118.7 – 58.78 24.37 – –

Y7 8.01 4.23 3.07 – 7.05 6.71 120.1 – 57.82 40.69 – 130.6

C8 8.10 4.03 3.01, 2.69 – – – 117.5 – 52.87 24.84 – –

R9 8.33 3.94 1.92, 1.76 1.59 3.10 7.49 120.0 – 56.41 27.47 24.68 40.67

R10 7.90 4.04 1.76 1.61, 1.52 3.09 7.21 – 84.83 55.60 27.48 23.64 40.53

R11 7.96 3.99 1.76 1.53, 1.25 2.97, 2.87 7.40 117.4 – 54.35 27.48 24.05 39.94

F12 8.14 4.35 3.19, 2.98 – 7.05 7.14 – – 56.97 36.98 – 126.6

C13 8.05 4.16 2.96, 2.89 – – – 119.9 – 58.49 24.43 – –

V14 7.84 3.93 2.06 0.92, 0.87 – – – – 61.05 29.86 18.77 –

C15 8.05 4.28 2.85, 2.81 – – – 117.2 – 57.86 25.19 – –

V16 7.74 4.08 2.03 0.72 – – – – 59.49 29.63 – –

G17 8.00 3.86 – – – – 110.4 – 42.78 – – –

R18 7.87 4.24 1.85 1.60, 1.53 3.10 7.35 121.9 – 53.06 28.54 24.66 40.64
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Fig. 1 Fingerprint regions of 2D NMR spectra (a 1H–1H COSY; b 1H–1H NOESY; c 1H–15N HSQC; d 1H–13C HSQC) acquired at 700 MHz

with cryoprobe of PG-3 in a solution of H2O ? D2O with DPC micelles

Fig. 2 Summary of the sequential and medium-range NOEs for the

PG-3 in a solution of H2O ? D2O with DPC micelles. The relative

intensity of NOEs is represented by the thickness of the bars. When

an unambiguous assignment was not possible due to peak overlap, the

NOEs are drawn with gray shaded boxes. Slowly and intermediate-

exchanging protons are identified by filled and empty circles,

respectively. The two disulfide bonds are displayed in red
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NOE are not intramolecular but intermolecular effects and

that two monomers of protegrin-3 adopt an antiparallel

NCCN b-sheet (Roumestand et al. 1998).

A total of 167 interproton NOE distance constraints

were determined for the structural calculations of PG-3

(see Table 2). At the first stage the 3D structure of PG-3

monomer in the presence of DPC micelles was constructed

by molecular dynamics method calculations of the Xplor-

NIH program (Schwieters et al. 2003). The 20 lowest-en-

ergy structures of PG-3 were used for the final analysis.

Then the obtained monomer structure was used for further

PG-3 dimer 3D structure calculation by the protocol where

the distance restraints were used as input in the standard

DG/SA refinement and energy minimization protocol

(Schwieters et al. 2003). The final low-energy dimer that

agrees with all of the intermolecular distance constraints

have been deposited in the Protein Data Bank with the code

2MZ6. Superimposed conformations of the minimized

structures for the PG-3 in a solution of H2O ? D2O with

DPC micelles are shown in Fig. 3. Most of the structure is

well defined with a an overall backbone root mean squared

deviation of 1.37 Å. As expected from the NOE crosspeak

patterns, PG-3 adopted an anti-parallel NCCN b sheet from

residues 4–9 and 12–17 (Fig. 4). The overall quality of the

structures was assess by the program MolProbity (Chen

et al. 2010; Davis et al. 2007). 77.8 % for monomer and

93.8 % for dimer of all residues were in favored (98 %)

regions and 100.0 % of all residues were in allowed

([99.8 %) regions. None of the 20 structures had any

violated NOE distances.

Despite the NOE effects observed between residues F12

and F16, V14 and C15, V14 and V16, C15 and V16 which

were explained by the formation of an additional antipar-

allel b-sheet between the two monomers, there were sev-

eral signals in NOESY spectra between residues L5 and C8

(L5 CaH and C8 CbH; L5 CaH and C8 HN; L5 CdH and C8

CbH) (see Figure 1S and Table 1S). More over the slow

exchange exhibited by the amide protons of residues C6

and C8 suggests a possible dimers association because

these residues are located on the outer strands of the large

four-stranded b-sheet formed by the dimer, and their cor-

responding NH protons are not involved in the regular

H-bond pattern of the dimer. Based on the data mentioned

above we could assume that these NOEs might stabilize

further association of protegrin-3 dimer. This is consistent

with such models like the octamer formation in membrane

pores (Lazaridis et al. 2013) and ‘‘carpeting’’ model (Shai

2002) that describes the initial association of AMPs with

the membrane surface prior to membrane disruption;

essentially the membrane surface is saturated with peptide.

Such inter-dimer NOEs were expected but not observed

previously for PG-1 dimer, so our data complements pre-

viously published solution structure of PG-1 dimer and

validates the antiparallel NCCN model (Roumestand et al.

1998). Two valine residues, at positions 14 and 16, together

with Phe12 form a hydrophobic cluster that contributes to

the amphipathic character of the peptide (Gottler et al.

2008). Likewise in our dimer structure of PG-3 the hy-

drophobic cluster and SS bonds line are oriented in oppo-

site directions. Due to that fact that a membrane surface

with positive curvature allows the hydrophobic cluster to

be buried while the charged residues remain solvated in

water here we speculate that hydrophobic cluster residues

are oriented toward the micelle (Galiullina et al. 2012;

Blochin et al. 2013) and the SS bonds line oriented in

opposite direction inside the toroidal pore, as shown by

explicit simulations in previous works (Jang et al. 2008;

Langham et al. 2008; Lazaridis et al. 2013). Proposed

conformation of protegrin-3 octamer in membrane pores is

present in Fig. 5. Generally our data are in a good

Table 2 Structural statistics for the NMR structure of dimer PG-3 in

a solution of H2O ? D2O with DPC micelles

Distance restraints used for structure calculation Total

Intraresidue (|i - j| = 0) 54

Sequential (|i - j| = 1) 90

Medium-range (1\ |i - j| B 4) 11

Long-range (|i - j|[ 4) 0

Total intermonomer contacts 155

Total intramonomer contacts 12

Fig. 3 Superimposed conformations of the 50 minimized structures

for the PG-3 in a solution of H2O ? D2O with DPC micelles. a Only

backbone atoms shown as sticks; b the backbone is shown in ribbon

representation, the side-chains in stick representation, hydrophobic

residues and disulfide-bonded Cys residues are shown in white, a

polar residue (Tyr) are shown in green, and positively charged

residues (Arg) are shown in blue
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agreement with PMF calculation which shown that the

antiparallel NCCN octamers are stable and exhibit a fa-

vorable binding energy to the pore (Lazaridis et al. 2013).

Conclusion

In this article, we report the monomer and dimer (2MZ6)

conformation of the PG-3 in the presence of DPC micelles

studied by 2D NMR spectroscopy. Our results demonstrate

that PG-3 forms an antiparallel NCCN dimer in the pres-

ence of DPC micelles, and suggest that there is a possible

association of these dimers which corresponded with the

evidence for the existence of the antiparallel state of a PG-

1 dimer on the surface of the membrane. This structural

study allow to validate the antiparallel NCCN model for

PG-1 and complements previously published solution

NMR study of PG-1 in DPC micelles (Roumestand et al.

1998) and PMF simulations (Vivcharuk and Kaznessis

2010) which found that the peptide forms antiparallel

Fig. 4 Cartoon of PG-3 dimer

(2MZ6) in stereo view,

representing the NMR structure.

Hydrophobic residues and

disulfide-bonded Cys residues

are shown in white, a polar

residue (Tyr) are shown in

green, and positively charged

residues (Arg) are shown in

blue. The intermonomer NOEs

(dimer contacts) are shown as

magneta dotted lines

Fig. 5 The secondary structure of PG-3 in the presence of DPC

micelles. The filled arrows indicate intermolecular NOEs efects which

might stabilize further association. In the cartoon hypotitazes

conformation of protegrin-3 octamer in membrane pores is present.

Hydrophobic residues and disulfide-bonded Cys residues are shown in

white, a polar residue (Tyr) are shown in green, and positively

charged residues (Arg) are shown in blue
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NCCN dimers and association of dimers to form octameric

or decameric b-barrels.
We believe our results, presented in this paper, provide a

foundation for further studies of protegrins PG-1-PG-5

structure, the mechanism of pores formation and a ra-

tionalization for the peptide’s cytotoxicity.
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