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Abstract Protegrin pore formation is believed to occur in
a stepwise fashion that begins with a nonspecific peptide
interaction with the negatively charged bacterial cell walls
via hydrophobic and positively charged amphipathic sur-
faces. There are five known nature protegrins (PG1-PGS5),
and early studies of PG-1 (PDB ID:1PG1) shown that it
could form antiparallel dimer in membrane mimicking
environment which could be a first step for further oligo-
meric membrane pore formation. Later, we solved PG-2
(PDB ID:2MUH) and PG-3 (PDB ID:2MZ6) structures
in the same environment and for PG-3 observed a strong
d,, NOE effects between residues R18 and F12, V14, and
V16. These “inconsistent” with monomer structure NOEs
appears due to formation of an additional antiparallel
B-sheet between two monomers. It was also suggested that
there is a possible association of protegrins dimers to form
octameric or decameric B-barrels in an oligomer state. In
order to investigate a more detailed oligomerization process
of protegrins, in the present article we report the monomer
(PDB ID: 2NC7) and octamer pore structures of the prote-
grin-5 (PG-5) in the presence of DPC micelles studied by
solution NMR spectroscopy. In contrast to PG-1, PG-2, and
PG-3 studies, for PG-5 we observed not only dimer NOEs
but also several additional NOEs between side chains,
which allows us to calculate an octamer pore structure of
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PG-5 that was in good agreement with previous AFM and
PMF data.
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Introduction

Innate immune systems response on the pathogens was
formed by evolution and habitation in different environ-
ments necessitates the production of defensive molecules
which are important for survival. Some of these signifi-
cant components of the innate immune systems of numer-
ous animal species, where they act as a first line of defense
against invading pathogens produced by the host cell hin-
der the growth of or kill the invading organisms, and they
have been named “antimicrobial peptides (AMPs)” (Niu
et al. 2015; Sharma et al. 2016).

Evolved resistance mechanism of pathogens is one
of the major cause for development a new antibiotics for
effective treatment of bacterial infections and results in
hospital-acquired infections. AMPs could be potentially
useful as antibiotics due to their properties such as broad-
spectrum antibacterial activity, high selectivity, disruption
of bacterial cell membranes, being more active against
pathogens compared to host cells, and reduced possibility
for the development of bacterial drug resistance (Kohan-
ski et al. 2007; Peschel and Sahl 2006; Zasloff 2002). In
contrast to most antibiotics, most AMPs display hydropho-
bic and positively charged amphipathic surfaces, which
facilitates their binding to the negatively charged bacte-
rial cell walls. AMPs seem to have a generalized mecha-
nism of action targeted towards basic structural features of
pathogens, so structural studies of AMPs are crucial for the
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investigation of their folding and function at high resolu-
tion and for their structure modification in order to increase
their potency and selectivity (Ma et al. 2015). The most
widely accepted mechanism of AMP action is their inter-
action with pathogenic membranes. AMPs contain at least
two types of positively charged residues [arginine (Arg)
and lysine (Lys)] that enable them to directly act on the
cell wall and phospholipid membranes of microorganisms,
which are negatively charged (Borkar et al. 2015). Finally,
an accumulation of the AMPs on the membrane surface
causes displacement of native Ca>" and Mg”" ions. AMPs
also have the hydrophobic portion of the peptide, which
interacts with hydrophobic components of the membrane
and together with the positive charges is responsible for
the disruption of the membrane, leading to bacterial death
(Epand and Vogel 1999; Hancock 1997; Nguyen et al.
2011; Powers and Hancock 2003). There are differences in
the composition of the membrane between prokaryotic and
eukaryotic membranes. Eukaryotic membranes are mostly
enriched in neutral lipids (phosphocholine, phosphatidyle-
thanolamine, and sphingomyelin) and sterols (cholesterol
and ergosterol) (Sharma et al. 2016; Yeaman and Yount
2003). Bacterial membranes are more electronegative,
owing to the presence of lipids that impart a net-negative
charge and to be believed that a non-specific, non-receptor-
mediated interaction between AMPs and their target mem-
branes is electrostatic in nature owing to their mutually
opposite net charges, leading to attraction (Bessalle et al.
1990; Sharma et al. 2016; Wade et al. 1990).

After the initial interaction with membranes, the AMPs
undergo self-association, multimerization, and peptide—
peptide and/or peptide-lipid associations to form structures
like Barrel Stave, Toroidal pore, and Carpet mechanisms
(Panchal et al. 1996; Shai 1999; Matsuzaki et al. 1994).
A very interesting class of AMPs is protegrins, which can
form ion channels or pores upon interacting with target
membranes, which cause the pathogen killing (Capone
et al. 2010; Sokolov et al. 1999; Steinberg et al. 1997; Yang
et al. 2000). Protegrins are small peptides about 16-18
amino acid residues in length, isolated from porcine leu-
kocytes with a high content of positively charged arginine
(Arg) and cysteine (Cys) residues, has a p-hairpin structure
that is stabilized by disulfide bonds linking Cys-6 and Cys-
15, and Cys-8 and Cys-13 (Capone et al. 2010; Langham
et al. 2008). Protegrins have a broad spectrum of activ-
ity against both Gram-positive and Gram-negative bacte-
ria, as well as the fungus Candida albicans, HIV-1 virus,
and obtained a microbicidal activity against both log- and
stationary-phase cultures of methicillin-resistant Staphy-
lococcus aureus (MRSA) and Pseudomonas aeruginosa
(Brogden 2005; Chen et al. 2000; Fahrner et al. 1996;
Kokryakov et al. 1993; Mosca et al. 2000; Steinberg et al.
1997). There are five known naturally occurring porcine
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protegrins: PG-1 (RGGRL’CYCRR!’RFCVC'SVGR'®),
PG-2 (RGGRL’CYCRR'’RECIC’V!®), PG-3 (RGGGL-
SCYCRR'’RFCVCPVGR'™), PG-4 (RGGRL’CYCRG-
OWICFCVGR'®), and PG-5 (RGGRL’CYCRP!‘RF-
CVC!*VGR!®), with a high content of cysteine (Cys) and
several positively charged arginine (Arg) residues.

Protegrins studies have revealed a number of the key
steps in their action: protegrin monomers dimerize in vari-
ous types of lipid environment; protegrin peptides interact
strongly with lipid bilayer membranes, particularly those
that contain anionic lipids; and protegrins form pores in
lipid bilayers, which results in uncontrolled ion transport
and may be a key factor in bacterial death (Bolintineanu
and Kaznessis 2011; Niu et al. 2015). Recent evidence has
suggested that increased amounts of such cytotoxic pep-
tides like amyloids (AP) are not only toxic to its host tar-
get cells but also possess antimicrobial activity due to the
ability to form pores in lipid bilayers and biological mem-
branes and have a possible antimicrobial effect, similary as
PG-1 form amyloid-§ peptide like fibrils (Jang et al. 2011;
Usachev et al. 2014).

The most studied is the protegrin-1 (PG1) (PDB ID:
1PG1, 12Y6) and supposed that it forms ion channels in
rich zwitterionic membranes, octameric f-barrels, and
tetrameric arcs with anionic lipid bilayer membranes,
which mimic the inner membrane of Gram-negative bacte-
ria (Langham et al. 2008; Mani et al. 2006). Roumestand
et al. 1998 reported that PG-1 adopts a dimeric structure
when it binds to dodecylphosphocholine micelles (DPC),
which is frequently used as a model membrane mimetic
(Usachev et al. 2015a, b) and suggested the possibility of
an association between several dimers. Later, molecular
dynamic simulation, atomic force microscopy (AFM), and
electrical conductance studies showed that PG-1 forms
lipid-dependent ion channels or pores similar to amyloid
channels and other B-sheet pore formers, including bacte-
rial toxins and other AMPs (Capone et al. 2010). However,
even for PG-1 there are many experimental 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. Oligomerization and pore formation pro-
cesses of PG-2-PG-5 are also poorly investigated. In con-
trast to PG-1, for PG-2 (PDB ID:2MUH) in the presence
of DPC micelles, no intramolecular NOEs were observed
(Usachev et al. 2015a). Partially this may be due to the
close values of the V14 and V16 CH* chemical shifts. For
PG-3, we demonstrated that it forms an antiparallel NCCN
dimer with a possible association of these dimers to form
octameric or decameric B-barrels (Usachev et al. 2015b).
In order to investigate other nature protegrins structure and
for more detailed process of protegrins oligomerization and
pore formation which was observed for PG-1 (Roumestand
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et al. 1998; Vivcharuk and Kaznessis 2010a) and PG-3
(Usachev et al. 2015b), in the present paper we used high-
resolution NMR spectroscopy for structure determination
of PG-5 (RGGRL’CYCRP!’RFCVC'>VGR'?) in the pres-
ence of perdeuterated DPC micelles. Further research of
other protegrins structure and their oligomerization into
pores would unravel the mechanism of action of AMPs,
which would be helpful in the development of pharmaceu-
tically potent super antibiotics. A detailed structural and
mechanistic knowledge of ion channel/pore forming pep-
tides is required in order to tap the maximum use of these
agents (Sharma et al. 2016).

Experimental
Materials

The synthesis and purification procedures of PG-5 peptide
was done by Dr. Andrey Filippov (Chemistry of Interfaces
Laboratory, Lulea University of Technology) and have been
previously described (Usachev et al. 2015a). The purity of
the peptide was estimated as better than 95 %. The sam-
ple was lyophilized and stored at a temperature of 193 K
before use.

The NMR samples of PG-5 were prepared as previously
described for PG-1 (30), PG-2 (Usachev et al. 2015a) and
PG-3 (Usachev et al. 2015b) in DPC micelles. The pep-
tide (4 mg) was solubilized in an aqueous solution (H,O or
?H,0, 500 1) containing 20 mg perdeuterated DPC (molar
ratio ~1:12). 3-(trimethylsilyl)-propionic-2,2,3,3->H, acid
(TMSP-2,2,3,3-2H,) (98 % atom *H, Aldrich) was added as
an internal chemical shift standard for '"H NMR spectros-
copy. Perdeuterated d;3 DPC (98 % “H) and TSP-d, were
purchased from Aldrich.

NMR spectroscopy and spatial structure calculations

NMR experiments were carried out at 293 K on Bruker
Avance IITHP 700-MHz spectrometer equipped with quad-
ruple resonance (IH, 3¢, 5N, and 31P) CryoProbe. The pro-
ton 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 ¢; x 4096 t, complex points
and 32 transients per complex #; 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 experi-
ments (Hwang and Shaka 1995). TOCSY spectra were
obtained with a mixing time of 80 ms and NOESY spectra

with a mixing time of 400 ms. Chemical shifts of PG-5
were deposited in the BioMagResBank database under the
accession number 26009.

NMR spectra were processed by NMRPipe (Dela-
glio et al. 1995) and analyzed using SPARKY. Sequence-
specific backbone resonance assignments and side-chain
assignments for all residues were obtained using a com-
bination of 2D COSY, TOCSY, and NOESY experiments.
Inter-proton distances obtained from analysis of intensities
of cross-peaks from NMR NOESY spectra were used as the
primary data for the calculations by the molecular dynam-
ics method (Efimov et al. 2016; Khodov et al. 2015, 2016).
Following structural calculations, the ensemble of struc-
tures was subjected to restrained molecular dynamics using
the Xplor-NIH (Schwieters et al. 2003; Ayupov and Akber-
ova 2015). 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. A total of 1000 structures
were calculated and 20 with minimal energy were chosen.
None of the 20 structures had any violated nuclear Over-
hauser effect (NOE) distances. The atomic coordinates of
final PG-5 monomer structure have been deposited in the
Protein Data Bank (PDB code: 2NC7). To calculate the 3D
structures of the PG-5 octamer pore 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
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-5 peptide structures were visualized
with CHIMERA (Pettersen et al. 2004).

Results and discussion

In this study, a 2D NMR 'H-'H COSY, 'H-'H TOCSY
and 'H-"H NOESY methods of protein NMR spectroscopy
approaches was used for sequential assignment of the back-
bone and sidechain resonances for antimicrobial peptide
protegrin-5 in the presence of DPC micelles (detergent/pro-
tein ratio of ~1:12) as a membrane mimicking environment
(Table 1). Final chemical shifts values were deposited in
the BioMagResBank database (http://www.bmrb.wisc.edu)
under accession number 26009.

On the basis of sequential dNN;; ), daN; ; ), medium-
range, and long-range NOEs (Fig. 1) and two disulfide
bonds (Cys6-Cys13 and Cys8-Cysl5) secondary struc-
ture of PG-5 peptide in DPC micelles was identified as a
B-hairpin. These data are summarized in Table 2.

A total of 164 distance constraints derived from NOE
experiment recorded in H,O and D,0 were used for
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Table 1 'H chemical shifts Residue NH CH CH CH C,H CH
in ppm measured in water
forgG;Sr;?;él% I‘i‘)fésxzzl?efs RI - 3.97 1.83 1.58 3.10 7.38
?gét;l;:nt/peptide molar ratio G2 8.98 3.89
~1:12) at 293 K G3 8.46 3.89
R4 8.65 4.20 171 1.53 3.04 7.52
LS 8.54 421 1.62 1.51 0.83,0.77
c6 8.01 4.8 273
Y7 8.07 4.43 2.97,2.82 7.05 6.74
Cs 7.88 435 2.74
R9 8.40 4.25 1.75, 1.64 1.52 3.03 7.53
P10 - 4.8 1.93 1.64 377, 3.46
RI1 8.20 4.07 1.67, 1.53 1.47 3.00 7.42
F12 8.00 445 3.06, 3.00 7.22 7.15
C13 8.20 428 278
Vi4 791 4.02 2.05 0.85
C15 8.29 435 2.80
Vi6 7.95 4.09 2.05 0.79
G17 8.33 3.87
RIS 8.02 4.17 1.79 1.60,1.50  3.05 7.42

structure calculations by molecular dynamics method in the
Xplor-NIH program (Schwieters et al. 2003) (Table 2). A
total of 1000 structures were calculated and 20 with mini-
mal energy were chosen. None of the 20 structures had any
violated NOE distances. The final NMR ensemble of 20
structures has been deposited in the Protein Data Bank with
the code 2NC7. Superimposed conformations of the mini-
mized structures for the PG-5 in a solution of H,O 4 D,0
with DPC micelles are shown in Fig. 2. The overall qual-
ity of the structures was assess by the program MolProbity
(Chen et al. 2010; Davis et al. 2007). The Ramachandran
analysis of the best 20 structures showed that all ¢ and
Y angles were localized to allowed (100 %) and favored
(72.8 %) areas of the Ramachandran plot. The mean value
of the overall backbone root-mean-squared deviation
(RMSD) for backbone was 0.53 + 0.21 A and for heavy
atoms 1.34 & 0.27 A.

Analysis of PG-5 monomer structure shows that the
side chains of Leu5, Phel2, Vall4, and Vall6 form an apo-
lar cluster (Fig. 2c), the same as was previously shown
for PG-2 and PG-3, and this area could bind to the bacte-
rial cell walls via hydrophobic (Val, Phe, Leu residues)
and positively charged (Arg residues) amphipathic sur-
faces (Aminova et al. 2013; Usachev et al. 2014, 2015a, b;
Kolosova et al. 2016). As mentioned above, after the ini-
tial interaction with membranes, the AMPs undergo self-
association, multimerization, and peptide—peptide and/
or peptide-lipid associations to form structures like Bar-
rel Stave, Toroidal pore, and Carpet mechanisms (Panchal
et al. 1996; Shai 1999). Protegrin dimerization in the pres-
ence of DPC micelles was observed for PG-1 (Roumestand
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et al. 1998) and PG-3 (Usachev et al. 2015b) from 2D
'H-'"H NOESY spectra, where there were observed sev-
eral additional NOEs between side chains, which appear
inconsistent with the B-sheet structure, and it was assumed
that these NOEs appear due to formation of an additional
antiparallel pB-sheet between two monomers. In contrast to
PG-2, such “inconsistent” NOEs were not observed due to
only 16 residues in its length (no G17 and V18 residues)
and close values of V14 and V16 C*H chemical shifts
(Usachev et al. 2015a). Nevertheless, the dimeric structure
by PG-2 in a lipid environment can take place due to its
antimicrobial activity similarly as for other protegrins or
for the human defensin HNP-3 (Hill et al. 1991). In the pre-
sent paper, we also observed such “inconsistent” NOEs for
PG-5 between V'*C,H and Y'®C_H (Figs. 1b, 3b), ¢'"C ,H
and “*NH, V'°C_H and “"NH, *C{H and Y'C;H, *C;H
and Y'C H, ®*CyH and “®NH, which are an indication that
PG-5 also adopts an antiparallel dimer. Protegrin has been
hypothesized to kill bacteria by permeabilizing their mem-
branes due to the formation of ion channels in membranes.
Several experimental and computational studies (Bolint-
ineanu and Kaznessis 2011; Capone et al. 2010; Lazaridis
et al. 2013) shown by potentials of mean force (PMF) cal-
culations and atomic force microscopy (AFM) that prote-
grins could associate and insert into an anionic membrane
forming an octameric or decameric p-barrels. According to
PMF data (Lazaridis et al. 2013), octamers were more sta-
ble and exhibit a favorable binding energy to the pore so we
used this model for our further calculations of pore struc-
ture for PG-5 based on the observed intermonomer NOEs
(the final structure presented in Fig. 3). In contrast to the
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Fig. 1 Fragments of the 2D NMR 'H-'H NOESY spectrum (mix-
ing time 400 ms) acquired at 700 MHz with cryoprobe for the PG-5
in the presence of DPC micelles recorded at 293 K in H,O + D,0.
a NH-C_H region, sequential NOE connectivity shown as dashed
lines. b C,H-C,H region. Intermonomer ¥ 4C H-Y'°C_H NOE signal
marked by arrow. ¢ Summary of the sequential and medium-range

Table 2 Structural statistics for the NMR structure of dimer PG-5 in
a solution of H,O + D,0O with DPC micelles

Distance restraints used for structure calculation Total
Intraresidue (li — jl = 0) 89
Sequential (Ii — jl =1) 65
Medium range (1 <li —jl <4) 5
Long range (li — jl > 4) 5
Total intramonomer contacts 164
Total intermonomer contacts 6

proposed structure of the octamer pore for PG-3 (Usachev
et al. 2015b), in the present paper by molecular dynamic
calculations based on the experimental NOEs we calcu-
lated a PG-5 octamer pore structure, which was is in good

NOE:s for the PG-5 in a solution of H,O + D,0O 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. The two
disulfide bonds are displayed in red

agreement with previous PMF calculations for PG-1 (Laza-
ridis et al. 2013).

Conclusions

Finally, we can summarize all available structural informa-
tion for PG-1, PG-2, PG-3, and PG-5 to formulate a model
of protegrin pore formation that is believed to occur in a
stepwise fashion that begins with a nonspecific peptide
interaction with the bacterial cell walls via hydrophobic
and positively charged amphipathic surfaces (Fig. 4). Then
the dimer formation by the protegrin occurs as the first step
of further oligomerization. Dimerization is followed by oli-
gomer formation and oligomers assemble into an octameric
pore structure, which is responsible for the disruption of

@ Springer
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Fig. 2 Spatial structure of protegrin-5. a Overlay of the ensemble
of 20 final energy-minimized XPLOR structures in stereo (PDB ID:
2NC7). The main and side chains are shown in black and light gray,
respectively. b Ribbon diagrams of the lowest energy structure. Ali-
phatic amino acid residues are marked in red (Leu and Val), polar
residue (Tyr) are marked in green, phenylalanine residue is marked in

A

Fig. 3 Structure of the transmembrane pore of protegrin-5. a Top
view. The pore is composed of eight identical protein chains. Lipid
molecules are not shown. b Side-view of the pore. Intermonomer
NOEs are shown in boxes. ¢ Coulombic surface of the outer surface
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Hydropathy index

magenta, and positively charged residues (Arg) are marked in cyan.
¢ Kyte-Doolittle hydrophobicity surface structural model for PG-5:
from blue for the most hydrophilic, to white, to red for the most
hydrophobic (Kyte and Doolittle 1982). An apolar cluster (Leu$,
Phel2, Vall4, and Vall6) marked by a dotted line. The structures
were drawn using Chimera [https://www.cgl.ucsf.edu/chimera/]

of the pore. The color gradient from red to blue represents negative
(—10 kT) to positive electrostatic potentials (+10 kT). d Electrostatic
potential in the lumen of the pore. The membrane region is repre-
sented in gray
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Protegrin
Membrane \/ﬁé*
binding
Monomer

Fig. 4 Model for pore formation by protegrin in biological mem-
branes. Protegrin pore formation is believed to occur in a stepwise
fashion that begins with a nonspecific peptide interaction with the
bacterial cell walls via hydrophobic and positively charged amphip-

the membrane, leading to a bacterial death (Epand and
Vogel 1999; Hancock 1997; Nguyen et al. 2011; Powers
and Hancock 2003).
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