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Lasioglossins, a new family of antimicrobial peptide, have been shown to have strong antimicrobial activ-
ity with low haemo-lytic and mast cell degranulation activity, and exhibit cytotoxic activity against var-
ious cancer cells in vitro. In order to understand the active conformation of these pentadecapeptides in
membranes, we have studied the interaction of Lasioglossin II (LL-II), one of the members of Lasioglossins
family with membrane mimetic micelle Dodecylphosphocholine (DPC) by fluorescence, Circular Dichro-
ism (CD) and two dimensional (2D) 'H NMR spectroscopy. Fluorescence experiments provide evidence of
interaction of the N-terminal tryptophan residue of LL-II with the hydrophobic core of DPC micelle. CD
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l[\)/[;,cce”e results show an extended chain conformation of LL-II in water which is converted to a partial helical con-
D formation in the presence of DPC micelle. Moreover we have determined the first three-dimensional NMR
NMR structure of LL-1I bound to DPC micelle with rmsd of 0.36 A. The solution structure of LL-II shows hydro-
pUC19 DNA phobic and hydrophilic core formation in peptide pointing towards different direction in the presence of

DPC. This amphipathic structure may allow this peptide to penetrate deeply into the interfacial region of
negatively charged membranes and leading to local membrane destabilization. Further we have eluci-
dated the DNA binding ability of LL-II by agarose gel retardation and fluorescence quenching

experiments.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Antimicrobial resistance (AMR) is a global concern for treat-
ment of infectious diseases in recent years. Infections caused by
resistant microorganisms often fail to respond to conventional
treatment, resulting in prolonged illness and greater risk of death
(ref). To treat infections caused by multidrug-resistant micro-
organisms, searching for new antibiotics has become inevitable
and urgent which has stimulated interest in the development of
anti microbial peptides (AMPs) as human therapeutics [1].

Naturally occurring AMPs represent one of the first evolved and
successful forms of chemical defense of eukaryotic cells against
bacteria, protozoa, fungi, and viruses [2]. Unlike currently available
conventional antibiotics, which typically interact with a specific
target protein, most of these cationic AMPs target the cell mem-
brane of invading microorganisms and leading to cell lyses and
death [3,4]. Thus, AMPs offer the possibility of a new class of ther-
apeutic agents, which are complementary to existing antibiotics,
and to which bacteria may not be able to develop resistance.
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In addition to antibacterial and anti viral activities of AMPs, re-
cent studies show evidences on anticancer activities of some AMPs
as well [5]. Though it is believed that the electrostatic attraction
between the negatively charged components of bacterial and can-
cer cells and the positively charged AMPs play a major role in the
strong binding and selective disruption of bacterial and cancer cell
membranes, respectively. It is not clear whether the molecular
mechanism(s) underlying the antibacterial and anticancer activi-
ties of AMPs are the same or different. While in most of the cases
the bactericidal activity of AMPs is due to the disruption of the
membrane integrity via various mechanisms that lead to leakage
of ions and metabolites, there are reports where AMPs interact
with intracellular targets like DNA in bacteria with or without dis-
rupting the cell membrane [6]. AMPs having the ability to interact
with double stranded DNA under physiological condition may
show anticancer activity as the interaction between these AMPs
and DNA in cancer cells can cause DNA damage in cancer cells,
blocking the division of cancer cells and resulting in cell death
[7]. To have more insights on the antibacterial and anticancer
mechanism of AMPs, studies on membrane bound structures and
DNA binding ability of AMPs those are potent against both bacteria
and cancer cells but not against normal mammalian cells are
highly needed.
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Lasioglossins, a new family of antimicrobial peptides, have
strong antimicrobial activity with low haemo-lytic and mast cell
degranulation activity, and exhibit cytotoxic activity against vari-
ous cancer cells in vitro[8]. These pentadecapeptides are found in
the venom of wild bees. The coupling constant 3JNH,D(H and chemi-
cal shifts of Hy, protons data of Lasioglossins in trifluoroethanol/
water indicated a curved a-helical conformation with a concave
hydrophobic and convex hydrophilic side [8]. However there is
no report on the detailed three dimensional structure of Lassio-
glossins in the presence of membrane mimetic micelles till date
which is important to understand the mode of action of Lasioglos-
sins for antimicrobial and anti cancer activity.

We have studied the interaction of Lasioglossin II (LL-II), one of
the members of Lasioglossins family with membrane mimetic mi-
celle, Dodecylphosphocholine (DPC) and plasmid DNA. We report
here the fluorescence and CD spectroscopic studies on the interac-
tion of LL-II with DPC micelle and the high-resolution NMR struc-
ture of LL-II complexed with DPC micelles. Moreover we have
studied the DNA-binding property of this peptide by agarose gel
retardation assay and fluorescence experiments.

2. Materials and methods
2.1. Materials

98% pure LL-II (H-Val-Asn-Trp-Lys-Lys-Ile-Leu-Gly-Lys-lle-lle-
Lys-Val-Ala-Lys-NH,) was purchased from GL Biochem (Shanghai)
Ltd and used without further purifications. Sodium dodecyl sulfate
(SDS) and DPC were obtained from Avanti Polar Lipids. Perdeuter-
ated DPC-dsg was purchased from Cambridge Isotope Laboratories
(CIL Inc). pUC19 plasmid DNA was purchased from Invitrogen and
used without further purification. Ethidium bromide was
purchased from Sigma. All other reagents and solvents were of re-
agent grade and used without further purification unless otherwise
specified.

2.2. Fluorescence spectroscopy

Intrinsic fluorescence measurements were recorded using Per-
kin Elmer LS55 fluorescence spectrophotometers. Peptide fluores-
cence was measured by exciting peptide samples at 280 nm and
scanning emission between 300 and 500 nm using a slit width of
3 nm at room temperature (~25 °C) and baseline corrected using
proper control. After addition of the peptide, the system was equil-
ibrated for 5 min before fluorescence was measured for every
experiment.

2.3. CD spectroscopy

The secondary structure of LL-II in DPC micelle was recorded in
a Jasco J810 spectropolarimeter (Jasco Corp., Tokyo, Japan) at room
temperature (~25 °C) using 0.1 cm path length cuvette and base-
line corrected using proper control. All samples were prepared in
Millipore water (pH 4.3, adjusted with HCI) for recording the CD
spectra in DPC micelle. The peptide concentration was maintained
at 20 uM in all cases, and the concentration of the micelle was
maintained well above the critical micelle concentration (CMC).

2.4. NMR spectroscopy

NMR measurements were performed on a Bruker Avance
DRX800 operating at 800 MHz with cryo-probe and Bruker Avance
DRX400 operating at 400 MHz. The sample temperature was main-
tained at 298 K. The samples were prepared with 2 mM peptide,
120 mM dsg- DPC (CIL, Cambridge, MA, USA) and 10% D,O in

Millipore water (pH 4.3 adjusted using dil HCl). 2D TOCSY spectra
(spin-lock time of 100 ms) were acquired using the MLEV- 17 pulse
sequence [9]. 'H 2D NOESY spectra were acquired using a 150 ms
mixing time [10]. Water suppression was achieved using the
WATERGATE technique [11]. The NMR spectra were collected with
4096 and 512 data points in the direct and indirect dimensions,
respectively, with 16 transients. The raw data were processed
using TopSpin 2.1 (Bruker Scientific Inc), and resonance assign-
ments were done using the Sparky [12].

To determine the sites of interaction between the peptide side
chains and DPC, 2 mM LL-II in 9:1 H,O0/ D,O was mixed with
50 mM protonated DPC ['H DPC] micelles. Two-dimensional 'H
NOESY spectra were acquired at 298 K, with mixing times of
150 ms on a Bruker Avance DRX 800 MHz NMR spectrometer
equipped with a cryo-probe. Spectra were acquired and processed
as described above.

2.5. Structure calculation

The 3D structures of LL-II bound to DPC were calculated based
on NOE derived distance constraints from 2D NOESY spectra and
dihedral angle constrains obtained from TALOS [13]. Assignment
of the proton spectra of Lassioglossin in the presence of membrane
mimetic solvent (DPC) was accomplished using the technique of
sequence-specific resonance assignments developed by Wiithrich
[14]. On the basis of cross-peak intensities NOEs were qualitatively
categorized to strong, medium and weak and then translated to
upper bound distance limits to 2.5, 3.5 and 5.5 A, respectively.
The lower bounds for all NOE restraints were set to 2.0 A. Initial
structures were generated by backbone torsion angle restraints
and distance geometry using CYANA-2.1 [13,14]. A total of 100
structures were calculated, and 20 lowest-energy structures with
no distance violations greater than 0.2 A or dihedral angle viola-
tions larger than 2 A were selected. All the structures were ana-
lyzed using Pymol program (http://pymol.sourceforge.net).

2.6. DNA gel retardation assay

The pUC19 DNA was mixed with increasing amounts of pep-
tides in 15 pl of 10 mM Tris, 50 mM NaCl, 1 mM EDTA buffer, pH
7.6 and the mixtures incubated at room temperature for 5 min,
and subsequently subjected to electrophoresis on a 1% agarose
gel in the TBE buffer.

3. Results and discussion
3.1. Interaction of LL-II with lipid micelles

3.1.1. Tryptophan fluorescence

The change in fluorescence intensity and the shift in maximum
emission wavelength of tryptophan (Trp) fluorophore at the N-ter-
minus of LL-1I in the presence of SDS and DPC was examined which
provides information about the environment of the Trp fluoro-
phore. The maximum emission wavelength of LL-II in aqueous
solution is 360 nm. A blue shift of approximately 27 nm was ob-
served in the presence of SDS and DPC micelles (Fig. 1) indicating
a significant interaction between the peptide and the hydrophobic
core of the lipids.

The maximum fluorescence intensity of Trp in LL-II increased
significantly in the presence of DPC micelles (Fig. 1) which indi-
cates the insertion of the N-terminal tryptophan residue into the
hydrophobic core of the lipid bilayer [15].

Although both the surfactants (SDS and DPC) promote a blue
shift in the Trp fluorescence spectra, the fluorescence intensity
was only increased significantly in DPC which indicates a more
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Fig. 1. Tryptophan (Trp) fluorescence emission spectra of LL-1I (4 uM) (A) in buffer,
(B) in the presence of 40 mM DPC and, (C) in the presence of 40 mM SDS micelles.

extensive partition to DPC and/or a more hydrophobic local micro
environment for the tryptophan residue in DPC [15].

3.1.2. Circular Dichroism (Cd) analysis

The secondary structure of LL-II in the presence of DPC micelle
was investigated by CD spectroscopy. In Millipore water (pH 4.3,
adjusted with HCI) solution LL-II exhibits spectral characteristics
of an unstructured peptide with a broad minimum at 198 nm
(Fig. 2). The CD spectra underwent a considerable change in the
presence of DPC micelle demonstrating a predominantly o-helical
structure as indicated by the appearance of double minimum
bands at 225 and 208 nm and positive CD band at 195 nm
(Fig. 2). These data clearly indicate that LL-II interacts with DPC
micelles undergoing conformational transitions from a prevalently
random coil state to a-helical state. A similar a-helical structure
formation was reported for LL-II in the anisotropic environment
of the SDS micelles [8].

3.1.3. NMR structure of LL-1I in the presence of dsg-DPC micelle
Cefovsky et.al reported the coupling constant *Jyy 4 and chem-
ical shifts of H, protons data of LL-II in water which were very
close to the random coil values [8]. We have studied the structure
of the LL-II in the presence of d3;s-DPC micelles by 2D TOCSY and
homonuclear NOESY spectroscopy. We assigned ~100%NOE peaks
in the 2D TOCSY and NOESY spectrum and obtained 300 unambig-
uous NOEs. An ensemble of 100 structures for LL-1I in DPC was cal-
culated using Cyana-2.1 and best 20 structures were chosen for
analysis. The complete chemical shift assignments of LL-II in pres-
ence of DPC micelle at 298 K is given in Supplementary Table 1.

Supplementary Fig. 1 shows that the difference in the chemical
shift of peptide H, vs random coil Hy, is consistently negative al-
most throughout the peptide sequence in DPC micelles which sug-
gests that the entire stretch of the peptide is helical or structured.

Supplementary Figs. 2 and 3 shows a summary of the backbone
NOEs for the secondary structure assignment with a histogram
indicating the number of NOEs per residue. We have detected sev-
eral dNN (i, i+ 1) and daN (i, i+ 1), as well as dNN(i, i + 2), through-
out the entire peptide backbone. Also, several daN (i, i + 3) and daN
(i, i+4) NOE correlations diagnostic of o-helical conformation
were detected from residues Val1 through Val13. While the highest
density of NOE correlations was located between Asn2 and Leu7,
there were a significant number of NOEs throughout the whole se-
quence of the peptide.

Structure calculations were based primarily on the NOESY spec-
tra (Supplementary Figs. 4 and 5). The intra residue cross peaks are
more intense from residue 2 to 14 (Supplementary Figs. 2 and 3)
indicating the stretch of helical structure. Medium range NOE con-
nectivities 11 dNN (i, i +2), 7 daN (i, i + 2), along with 7 daN (i,
i+3) and 5 daN(i, i + 4) support the presence of 3-10-helix from
residue 4 to 10. Presence of daN (i, i +4) NOEs from residues
Val1 to Lys12 suggests existence of some population of a-helix in
this region. N-terminus is characterized by the presence of 7 daN
(i, i+ 2) NOEs. The propensity of half-turn seems to be more pro-
nounced towards N-terminus as seen by the absence of dof (i,
i+ 3) cross peaks. A summary of the constraints used for each res-
idue is provided in Supplementary materials. The individual helical
structure of LL-II spans from residues Val1 to Ala14 (Fig. 3A).

The superposition of the backbone atoms (Cao, C' and N) of the
20 lowest energy structures of LL-II revealed that the peptide
adopts a defined structure in DPC micelles (Fig. 3A and B). The
structural statistics based on the 20 lowest energy structures for
LL-II in DPC is shown in Table 1. The RMSD values are calculated
for the well-structured helical portion of the peptide using MolMol
viewing program [16]. The backbone pair wise RMSD values for all
residues are 0.36 + 0.20 A and for all heavy atoms are 1.14 + 0.40 A.
Moreover, the Ramachandran plot analysis using Procheck NMR
[17] software tool showed that 83% of the residues were in favored
or allowed regions and no residue is in disallowed region. The
backbone dihedral angles (@, ¥) were clustered mostly at the fa-
vored regions of the Ramachandran plot for all the residues in
LL-II (Table 1).

Fig. 3C and D shows the surface diagram of LL-II bound to DPC
micelle as well as charged and hydrophobic residues of the average
structure of the peptide in lipid environment.

The hydrophobicity topography of LL-II clearly shows that the
hydrophobic residues (Vall, Trp3, Val6, Leu7, Ile10, Val13, Ile11

Molar Ellipticity

Wavelength (nm)

Fig. 2. Circular Dichroism spectra of the LL-II (A) in buffer and, (B) in the presence of 40 mM DPC micelle.
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Fig. 3. (A) Ribbon representation of a representative monomeric helical structure of the LL-II in DPC micelle derived from structure calculation. The side chain of the amino
acids is represented as sticks. (B) Superposition of backbone atoms of the twenty lowest energy structures of LL-1I in DPC micelle. (C-D) Hydrophobicity topography for LL-II.
The structures have the same relative orientation to each other. Red color denotes increasing hydrophobicity, while blue denotes hydrophilicity.(For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

and Ala14) cluster in one segment forming a hydrophobic patch.
Vall is found at the edge of a hydrophobic patch in LL-II. Trp3 at
the N-terminus of LL-II is found to have its side chains protruding
out which preferentially inserts into the lipid bilayer. Tryptophan
residues have the unique ability to reside at the lipid water inter-
face of a plasma membrane and the tryptophan fluorescence re-
sults demonstrate that the side chain of Trp3 interacts with lipid
micelle. The hydrophobic side chain of Ile11 and Leu7 side chains
likely inserts into the hydrophobic core of the membrane and both
of these residues serve to anchor LL-II to the plasma membrane.
The positively charged residues in the helical region, namely
Lys4, Lys5, Lys9, Lys12 and Lys15 are oriented opposite to the
hydrophobic patch due to which the helical portion of LL-II bound
to DPC displays an amphipathic structure. From the structure of LL-
Il bound to DPC it can be suggested that the amphipathic o -helix
of LL-II interacts with anionic membrane components via its basic
amino acid residues. This type of binding mechanism is also found
in cecropin B, an AMP with anticancer properties and derived from
insects, where this binding mechanism mediates cytotoxic activity
against cancer cells [5].

3.1.4. Intermolecular interaction between LL-II and protonated DPC
micelle

The assignment of the DPC proton resonances was adapted from
the published chemical shifts [18]. Quite a number of intermolec-
ular NOEs between LL-II and DPC were observed, which clearly
demonstrate complexation between LL-II and the micelles. NOE
cross peaks observed between DPC (C2 and C4) protons with
Asn2 and Trp3 groups of LL-II suggested possible N-terminal bind-
ing of the peptide with DPC micelle (Supplementary Fig. 6A and B).
It should be noted that there were no NOE cross-peaks between the
peptide and the buried terminal methyl group of protonated DPC
(protons of C15). This confirms that the peptide does not pass
through the micelle, but instead is localized to the surface of the
micelle (Supplementary Fig. 8).

3.2. Interaction of LL-II with DNA
Since LL-II has been reported to act as an anti-cancer peptide

[8], the interaction of LL-II with DNA was evaluated by Gel retarda-
tion assay and fluorescence quenching experiments. Using similar
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Table 1
NMR statistics for the twenty lowest energy structures of LL-Il bound to DPC micelle.

NOE distance constraints

Intra residue (i—j)=0 300
Sequential (]i—j|=1) 101
Medium range (2 < |i—j| > 4) 190

Long range 9

Angle constraints

() 10

b g 11
Distance restraints violations

No. of violations (>0.25 A) 0

Distance restraints violations

No. of violations (>2 A) 0
Deviation from mean structure

Backbone RMSD (N, Ca, C') (A) 0.36 £0.20
Heavy atoms (A) 1.14 £0.40
Ramachandran plot analysis (%)

Most favored and allowed region 83
Generously allowed region 17
Disallowed region 0

experiments several DNA peptide interactions has been previously
reported [6,19].

Different amount of peptide was mixed with a fixed amount
(0.5 pg) of pUC19 plasmid DNA at a peptide/DNA weight ratio 0,
1, 2, 4, 6, 8, 10, 20, 30 and the complexes were electrophoresed
on a 1% agarose gel (Fig. 4). At a peptide/DNA weight ratio of
two, a fraction of the plasmid DNA was still able to migrate into
the gel in the same way as non-complexed DNA, whereas, at a
weight ratio of four, a significant retardation of the DNA was ob-
served which increases with increasing amount of peptide showing
that the DNA was aggregated by LL-II. The observation of DNA
binding of LL-II is of interest for anti cancer activity of Lassioglosins
peptide family. The peptide — membrane interaction represents the
initial step of penetrating cell wall to reach the inner structure of
the cell followed by the interaction of peptide with intercellular
target like DNA which might play a part in the overall anticancer
activity. The binding mode of the peptide with DNA was further
supported by the fluorescence experiments, which might illustrate
its anticancer mechanism.

To examine whether the DNA binding imparts conformational
changes in LL-II peptide, quenching of the intrinsic tryptophan
fluorescence of LL-II on addition of pUC19 DNA was studied. The

Fig. 4. Gel retardation analysis of the binding of LL-Il to pUC19 DNA. Band 1, free
DNA (0.5 pgm); and Bands 2-8, DNA with increasing amounts of LL-II (0.5, 1, 2, 3, 4,
5,10, 15 pgm).

intensity and the emission maximum of tryptophan fluorescence
spectra changes when different conformations are observed on
the surroundings of the indole ring of the tryptophan under differ-
ent environment [19]. As shown in Supplementary Fig. 7, LL-II
exhibited a fluorescence emission maximum at 360 nm in the ab-
sence of pUC19 DNA. Addition of DNA caused the fluorescence
intensity to decrease and the emission maximum to shift from
361 to 359 nm, showing that conformational changes occurred in
the environment of tryptophan residues on DNA binding which
also provides evidence of direct interaction of DNA and the Trp res-
idue of the peptide.

In summary we have provided the evidences for the interaction
of the N-terminal tryptophan residue of LL-II with the hydrophobic
core of DPC micelles, and reported the first NMR structure of LL-II
complexed with DPC micelles. This structure indicates that LL-II
adopts an ampipathic o -helical conformation in the presence of
DPC micelles where the hydrophobic residues cluster in one seg-
ment forming a hydrophobic patch and the positively charged res-
idues are oriented opposite to the hydrophobic patch. The ability of
LL-II to form a well defined ampipathic o -helix in the presence of
DPC micelles is responsible for high antimicrobial and low hemo-
lytic activity of LL-II. Moreover the gel retardation and fluorescence
quenching experiments confirmed the DNA-binding ability of LL-II
which may mediate cytotoxic activity of LL-II against various can-
cer cells in vitro. Knowledge of the micelle bound structures and
DNA binding ability of LL-II will lead to understand the mechanism
of action of the anti cancer activity of this antimicrobial peptide.
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