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Biological context

Today, the use of maggot debridement therapy has

undergone a renaissance as it is increasingly being used

when treating chronic wounds. However, it has also

become a target in the search for new antibiotics as the

disinfecting abilities of L. sericata maggots also apply to

multidrug-resistant bacteria, such as methicillin-resistant

Staphylococcus aureus (MRSA) (Kerridge et al. 2005). The

wound healing properties of the larvae occurs mainly

through debridement and disinfection (Dumville et al.

2009). The removal of bacteria occurs through ingestion

and degradation of the bacteria, however, the larvae also

produce excretions/secretions (ES) which confer reduction

in the amount of especially Gram positive bacteria (Jaklic

et al. 2008).

Recently a 40 residue antimicrobial peptide (lucifensin)

has been found in various tissues and the extracellular

secretion (ES) of L. sericata, isolated and sequenced

(Čeřovský et al. 2009). It was found by studying radial

diffusion assays (RDA) of fractions from reverse phase

high-performance liquid chromatography (RP-HPLC) and

size exclusion chromatography. The peptide has high

sequence similarity with insect defensins from other

insects. The sequences of insect defensins are highly

conserved, especially the 6 cysteines which have the

pairing Cys1–Cys4, Cys2–Cys5 and Cys3–Cys6 of which

the first connects the loop and second b-strand while

the two remaining pairs connect the a-helix and first

b-strand.

Sapecin from Sarcophaga peregrina (Hanzawa et al.

1990, PDB entry: 1L4V) and insect defensin A from

Phormia terranova (Cornet et al. 1995, PDB entry: 1ICA)

are two well studied insect defensins, for which the 3D

structure has already been determined. Many of the studies

have focused on elucidating the defensin-membrane inter-

actions as these are believed to cause antimicrobial activ-

ity, which for insect defensins primarily is observed against

Gram-positive bacteria. A study of the effect of insect

defensin A on Micrococcus luteus revealed that the de-

fensin permeabilized the cytoplasmic membrane leading to

loss of cytoplasmic potassium, partial depolarization of

the inner membrane and decrease in cytoplasmic ATP

(Cociancich et al. 1993). It was proposed that the cause of

these effects is a pore formation in the cytoplasmic mem-

brane by defensin A oligomers. However, a recent study of

the fungal defensin plectasin, which also has an insect

defensin motif, showed that it had a bacterial killing

mechanism which did not involve membrane permeabili-

sation (Schneider et al. 2010). Instead plectasin was found

to target the cell wall precursor lipid II, which it binds to,

thus inhibiting synthesis of cell walls. In the same study it

was also found that lucifensin is able to bind to lipid II in a

stoichiometric ratio and therefore possibly has two mech-

anisms of action.
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Methods and results

Lucifensin was expressed and purified according to

(Andersen et al. 2010). A lyophilised sample of lucifensin

was resuspended in 0.1% acetic acid, adjusted to pH 5.0 with

NaOH, added 5% D2O and loaded into a 5 mm Shigemi tube.

The final concentration of lucifensin was found to be 2 mM

using a NanoDrop 1000 Spectrophotometer (Thermo Sci-

entific) and a calculated molar extinction coefficient of

1,865 L mol-1 cm-1 (ProtParam, expasy.org).

Two sets of NMR spectra were recorded on the sample,

one at 10�C and one at 25�C. The spectra at 10�C were

recorded using a BRUKER 600 MHz spectrometer with a

5 mm TXI(H/C/N) probe. TopSpin v. 1.3 was used for

recording and processing NMR data. The following spectra

were recorded at 10�C: 1H–1H-TOCSY with 90 ms mixing

time, 1H–1H-NOESY with 75 ms mixing time and 13C-

HSQC (at natural abundance). WATERGATE was used for

water suppression. The spectra at 25�C were recorded

using a BRUKER 800 MHz NMR spectrometer equipped

with a TCI cryogenic probe. TopSpin v. 2.1 was used for

recording and processing NMR data. The following spectra

were recorded at 25�C: 1H–1H-TOCSY with 90 ms mixing

time, 1H–1H-NOESY with 120 ms mixing time and
1H–13C-HSQC at natural abundance. Excitation sculpting

was used for water suppression. The 800 MHz NOESY

spectrum is shown in Fig. 1.

The individual spin systems were assigned in the
1H–1H-TOCSY spectrum using CARA v. 1.8.4 with the

aid of the COSY and HSQC spectra. All backbone signals

were assigned except for HN of Cys30. Subsequently,

NOE cross-peaks were identified and assigned in the
1H–1H-NOESY spectra using CARA v. 1.8.4 (Keller

2004). The NOE-peak intensities were found by integrat-

ing the peaks in NEASY. The NOE cross-peak intensities

were then converted to distance restraints in the CYANA

v. 2.1 software (López-Méndez and Güntert 2006). Ca and

Cb chemical shifts were obtained from the HSQC spectra

and used to calculate backbone torsion angle restrains

using the program TALOS? (Shen et al. 2009). On the

basis of the distance constrains and angle restrains the

structure of lucifensin was calculated using CYANA v

2.1. The structure was calculated from 100 random start-

ing conformers from which the 20 with the lowest target

Fig. 1 800 MHz NOESY NMR

spectrum used for structure

determination. The mixing time

was 120 ms, water suppression

was achieved by Excitation

Sculpting
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function values were chosen for energy minimization in

YASARA. The statistics from the structure calculation are

listed in Table 1.

The 20 structures were energy minimized with

YASARA (Krieger et al. 2002) through two steps. First in

vacuo with the YASARA force field (Krieger et al. 2009)

and then second with water as explicit solvent using the

particle mesh Ewald method (Essmann et al. 1995) and the

YASARA force field. The statistics from the energy min-

imization are listed in Table 1.

Disulfide topology was initially left undefined in the

structure calculation. However, the structure calculation

quickly showed that only one disulfide topology was

possible based on the observed NOEs. This topology

is identical to the disulfide topology published ear-

lier (Čeřovský et al. 2009). During further structure

calculations, the disulfide topology was defined

beforehand.

The bundle of 20 structures is shown in Fig. 2. From

these structures it becomes obvious, that lucifensin has a

characteristic insect defensin motif: a loop (residues 1–12),

followed by an a-helix (residues 13–23), a turn, a b-strand

(residues 28–31), a turn and a b-strand (residues 34–38). In

the structure, the cysteines follow the pairing pattern Cys3–

Table 1 Structural statistics of

lucifensin
Lucifensin before

energy-minimization

Lucifensin after

energy-minimization

NOE derived distance constraints

Intra-residue 169

Sequential (i - j = 1) 99

Medium-range (1 \ i - j \ 5) 41

Long-range 55

Total distance constraints 364

TALOS? derived dihedral angle restraints

u Angles 21

W Angles 21

Total number of dihedral angle restraints 42

CYANA residual target function (Å2) 0.30 ± 0.06

Average energy results (kJ/mol)

Total energy -15,135 ± 53

Restraint violation energy 3.9 ± 2.1

Distance restraints 3.9 ± 2.1

Dihedral angle restraints 0.1 ± 0.0

Force field energy -15,139 ± 55

Internal solute energy -8,669 ± 25

Electrostatic solv. energy -6,279 ± 69

Van der Waals solv. energy -194 ± 7

RMSD for residue 2–39

Average backbone (N ? Ca ? C) 0.98 ± 0.45 A 0.25 ± 0.09 A

Average heavy atoms 1.40 ± 0.44 A 0.32 ± 0.08 A

RMSD for residue 14–39

Average backbone (N ? Ca ? C) 0.36 ± 0.06 A 0.21 ± 0.08 A

Average heavy atoms 1.00 ± 0.08 A 0.29 ± 0.07 A

Residual violations

No of NOE constraint violations [ 0.1 Å 0.65 pr. structure

Maximum NOE violation 0.13 Å

No of Dihedral angle restraint violations [ 5� 0.25 pr. structure

Ramachandran plot statistics

Residues in favoured regions 80.5% 87.0%

Residues in additional allowed regions 18.9% 13.0%

Residues in generally allowed regions 0.0% 0.0%

Residues in disallowed regions 0.6% 0.0%
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Cys30, Cys16–Cys36 and Cys20–Cys38. The 3D-structure

of lucifensin can be classified as a CSab (cysteine-stabi-

lized ab) fold.

The 20 structures coincide well. There is some struc-

tural flexibility in the two turns and at the N-terminus, and

there is a larger flexibility in the loop region from residues

4–12. This is also reflected in the average backbone

RMSD, which for residues 2–39 is 0.25 ± 0.09 Å, while

for residue 14–39 it is 0.21 ± 0.07 Å. PROCHECK_NMR

(Laskowski et al. 1996) was used to determine the dis-

tribution of u/w angles in the different regions of the

Ramachandran plot. 87.0% of the residues were in the

most favored regions, 13.0% were in additionally allowed

regions and there were no residues in generously allowed

or unfavorable regions. The u/w angles of residue 32, 33

and 34 (data not shown), which are involved in the turn

between the two b-strands, show that the turn follows the

characteristic and common 3:3 aRaRaL turn and that it is a

type I b-turn.

The hydrophobic and charged residues are highlighted

in Fig. 2. Among the hydrophobic residues, only the cys-

tines are located in the core of lucifensin while the rest is

solvent exposed.

Atomic coordinates of lucifensin have been deposited at

the Protein Data Bank (PDB ID 2lld). Assignment of NMR

resonances has been deposited at the BioMagResBank

(BMRB ID 18043).

Discussion and conclusion

Lucifensin has a high sequence similarity of 90.0 and

87.5% with the two insect defensins sapecin (Hanzawa

et al. 1990) and insect defensin A (Cornet et al. 1995),

respectively. Also the tertiary structure of lucifensin is very

similar to the structures of the two insect defensins. When

performing pairwise structural alignment with the MUS-

TANGPP method (Konagurthu et al. 2006) implementation

in YASARA, lucifensin and sapecin have an RMSD value

of 1.41 Å (using Ca of residues 1–3, 5–8 and 13–40), while

lucifensin and plectasin (Mygind et al. 2005, PDB entry

1ZFU) show an RMSD of 1.68 Å (using Ca of residues 1–8

and 13–40).

The high sequence similarity suggests that lucifensin has

the same mode of action as reported for sapecin (Takeuchi

et al. 2004) and insect defensin A (Cociancich et al. 1993).

In the study of sapecin, changes in NMR chemical shifts

were examined and a model was proposed for sapecin in

which it forms membrane pores by formation of oligomers.

In the proposed model, the hydrophobic residues of the

loop and a-helix of sapecin are buried in the phospholipid

membrane. Furthermore, it was also found that the two

charged residues Asp4 and Arg23 were of high importance

for the pore forming ability. These residues are highly

conserved in the sequences of insect defensins (Bulet et al.

1992), which further supports their importance for the

mechanism of action. When comparing the sequence of

lucifensin to those of sapecin and insect defensin A

(Fig. 3), it is seen that they are completely identical in the

a-helix region. The only difference in the loop is a con-

servative mutation of Ile11 to Val11 in lucifensin. Fur-

thermore, as Asp4 and Arg23 also are conserved in

lucifensin, it supports that membrane pore formation may

be a possible mechanism of antimicrobial activity for

lucifensin.

However, a different study demonstrated that lucifensin

and the fungal defensin plectasin each form an equimolar

stoichiometric complex with the cell wall precursor lipid II

(Schneider et al. 2010). NMR experiments showed that

plectasin binds to a membrane-mimicking micelle of DPC

(dodecylphosphocholine), and that the micelle bound

plectasin further binds lipid II. Interestingly, plectasin did

not exhibit the rapid lytic behavior expected from mem-

brane channel formers, but instead showed a killing

kinetics as determined via timekill assay, similar to cell

wall synthesis interfering agents (Schneider et al. 2010).

The lack of membrane channel forming ability of plectasin

was further corroborated by potassium efflux experiments.

This difference in mechanism of action can be explained

from the structure and sequence alignment: plectasin does

not contain amino acids equivalent to Asp4 and Arg23, the

residues essential for membrane channel formation of

Fig. 2 Stereo views of the bundle of 20 structures of lucifensin:

a cartoon showing regular secondary structure elements and disulfide

bridges; b stick representation with all side chains (blue: basic

(including His), red: acidic, green: polar, orange: apolar, grey:

backbone)
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sapecin, at comparable positions in the sequence (Fig. 3).

Furthermore, plectasin lacks most of the hydrophobic

amino acids at the surface exposed side of the a-helix, that

are thought responsible for the hydrophobic a-helix of sa-

pecin being buried in the phospholipid membrane. When

examining the a-helical wheel projection of plectasin and

sapecin (Fig. 3), it is evident that plectasin only has one

hydrophobic residue facing away from the cystines,

whereas sapecin has 5. Further, although plectasin on the

one hand and lucifensin and sapecin on the other hand have

near-identical folding motifs, their sequence similarity is

low (27.5% between plectasin and lucifensin and 30.0%

between plectasin and sapecin).

As lucifensin also has the ability to form a complex with

the cell wall precursor lipid II, it is possible that it has two

mechanisms of antimicrobial activity. In the study of plec-

tasin, an NMR based model of the plectasin-lipid II complex

was presented (Schneider et al. 2010). In this model the

pyrophosphate moiety forms hydrogen bonds to Phe2, Gly3,

Cys4, and Cys37, and the D-c-glutamate of Lipid II forms a

salt bridge with the N terminus of plectasin and the sidechain

of His18. Lucifensin also contains a histidine (His 19) at the

equivalent position of the structure. The N-terminal residues

of plectasin, which were also involved in lipid II binding,

are, however, not conserved in lucifensin.

The N-terminal part of the sequence is highly conserved

between lucifensin and other insect defensins (Bulet et al.

1992). Furthermore, the spatial location of histidine 18 (or

equivalent position) in the a-helix of lucifensin and plec-

tasin are also highly conserved throughout the insect

defensins. Therefore, it is likely that many insect defensins,

including lucifensin, have both the bacterial membrane and

lipid II as targets for their antimicrobial activity.
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