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a b s t r a c t

Defensins are small effector molecules of the innate immune system that are present in almost all or-
ganisms including plants and animals. These peptides possess antimicrobial activity against a broad
range of microbes including bacteria, fungi and viruses and act as endogenous antibiotics. a-Defensins
are a subfamily of the defensin family and their expression is limited to specific tissues. Equine DEFA1 is
an enteric a-defensin exclusively secreted by Paneth cells and shows an activity against a broad spectrum
of microbes, including typical pathogens of the horse such as Rhodococcus equi, various streptococci
strains, Salmonella choleraesuis, and Pasteurella multocida. Here, we report the three-dimensional
structure of DEFA1 solved by NMR-spectroscopy and demonstrate its specific function of aggregating
various phospholipids.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Antimicrobial peptides (AMPs) are small proteins, consisting of
ten to fifty amino-acid residues and are ancient weapons against
pathogens. AMPs belong to the innate immune system. They are
largely abundant in nature (in both animal and plant kingdom) and
are typically of cationic nature [1].

Several antimicrobial peptides (AMPs) of equine origin have
been identified either at mRNA and/or on protein level in many
tissues of the horse [2]. Seven families of antimicrobial peptides
were identified, namely lysozymes [3], cathelicidins [4], hepcidins
[5], neutrophil antimicrobial peptides [6], NK-lysin [7], psoriasin [8]
and defensins [9]. The first equine defensin (DEFB1) was charac-
terized by Davis et al. [10]. Its sequence is similar to the human
HBD-2 and showed the typical b-defensin arrangement of disul-
phide bonds [7]. DEFB1 is expressed in many organs such as lung,
spleen, kidney, liver, small intestine and heart [7].

By transcriptional analysis Bruhn et al. [11] showed that an
equine small intestine transcript might be a potential equine a-
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defensin (DEFA1) based on its high sequence similarity to Paneth-
cell a-defensins (HD5) of primates and rodents.

Rhodococcus equi is a severe pathogen of foals and the causal
agent of R. equi infection, pneumonia or associated diseases. The
pathogen is often found together with Klebsiella pneumoniae or
Streptococcus zooepidemicus. Moreover, R. equi becomes increas-
ingly pathogenic to humans, in particular to immunocompromised,
e. g. HIV infected persons/patients [12,13]. Therefore, the ability of
DEFA1 to kill these pathogens was evaluated in vitro, revealing a
potential as an alternative drug to antibiotherapy against R. equi
and S. zooepidemicus [14]. A recent study provided evidence that
DEFA1 could be a promising candidate with reduced cytotoxicity at
bacteriolytic concentration in vitro [15]. However, assessment of its
in vivo tolerance remains to be investigated as DEFA1 displays
cytotoxicity at higher concentrations.

In a previous study, DEFA1 was expressed in E. coli and its
antimicrobial activity against different microorganisms was deter-
mined [11]. Its mode of action was investigated by studying the
membrane-permeabilizing activity using viable bacteria and
membrane models. Interestingly, the peptide showed an unusual
mode of interaction with liposomes. Whereas most antimicrobial
peptides form pores or lesions into the targetedmembranes, DEFA1
lead to aggregation of liposomes containing negatively charged
lipids.
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In order to understand the structural traits of this unusual mode
of action we solved the three-dimensional structure of this peptide
in solution by NMR-spectroscopy and analysed its aggregating
function in the presence of lipid vesicles.

2. Materials and methods

2.1. Peptide

The DEFA1 peptide was prepared as described previously [15].
For NMR-spectroscopy the protein was dissolved in 20 mM phos-
phate buffer pH 5.7. The final concentration was 0.3 mM.

2.2. NMR spectroscopy

NMR measurements were performed on a Bruker Avance 600-
MHz spectrometer equipped with a z-gradient triple-resonance
cryoprobe. Sequence-specific backbone resonance assignments of
DEFA1 were established using two-dimensional DQF-COSY-,
TOCSY- (mixing times: 60 ms) and NOESY-spectra (mixing times:
100, 150, 200 and 250 ms). The spectra were acquired at 298 K and
referenced to the water resonance at 4.75 ppm. All spectra were
processed with NMRPipe [16] and analysed with NMRViewJ [17].

2.3. Structure calculation

Structure calculations were performed using the program
CYANA [18]. The structure calculation was based on 230 NOE dis-
tance restraints derived from the two-dimensional NOESY experi-
ments. Distances were calibrated using an r6 function. Three
disulphide bonds were defined as 18 distance restraints ranges as
follows: 2.0 � d(Sig, Sjg) � 2.1 Å; 3.0 � d(Cib, Sjg) � 3.1 Å; 3.0 � d(Sig,
Cj
b) � 3.1 Å. 100 structures were independently calculated and

subsequently refined in explicit solvent with the CNS program
using the RECOORD protocol and parameters [19]. The ten ener-
getically best structures were selected as the final refined structural
ensemble and were deposited (protein data bank accession code:
2mxq). All molecular graphical representations were generated
using the programs RIBBONS [20] and GRASP2 [21].

2.4. Fluorescence spectroscopy

Tryptophan-emission fluorescence measurements were per-
formed on a Hitachi F-2500 fluorescence spectrometer (Tokyo,
Japan) with an excitation wavelength of 280 nm at 20 �C. 15 ml of
LUV lipid suspensions were added from stock solutions of 6.5 mg/
ml to a solution of DEFA1 (0.2 mg/ml final concentration) in 50 mM
sodium phosphate buffer, pH 5.2 into quartz cuvettes of 1 cm path
length (Hellma Analytics, Müllheim, Germany). Emission and
excitation bandwidth were set to 10 nm, with the photomultiplier
tube voltage of 400 V. Emission spectra were recorded after short
incubation from 300 to 400 nm with a scanning speed of 60 nm/
min and averaging three scans. Spectra were corrected for baseline
and dilution after adding lipid vesicles for each measurement. The
data of the tryptophan emission were depicted using Origin 6.0.

2.5. Vesicle preparation

For vesicle preparation lipids composing PE (L-a-phosphatidyl-
ethanolamine), PG (L-a-phosphatidyl-DL-glycerol), PS (L-a-phos-
phatidylserine) or PC (L-a-phosphatidylcholine, Avanti Polar Lipids,
Alabaster, USA) were dissolved in chloroform and subsequently
evaporated under a nitrogen stream to obtain a thin lipid film.
Residual solvent was removed by lyophilisation, followed by
rehydration through 2 h shaking in 50 mM sodium phosphate
buffer, pH 5.2. The suspension was subjected to three cycles of
freezing in liquid nitrogen and thawing in a water bath of 37 �C.
Finally, large unilamelar vesicles (LUV) were produced by sonicat-
ion until the suspension was clear and subsequent size exclusion
chromatography using NAP-5 columns (GE-Healthcare, Freiburg,
Germany), following the manufacturer's instructions.

2.6. Dynamic light scattering (DLS) measurements

Dynamic light scattering measurements were performed on a
Laser-Spectroscatter 201 (RiNA, Berlin, Germany) at an angle of 90�

and 20 �C. 10 ml LUV suspensions were diluted twofold and applied
to 6 mM DEFA1 in 50 mM sodium phosphate buffer, pH 5.2 mixed
carefully and incubated for 3 min at RT. Subsequently, 10 ml were
subjected to a quartz cuvette and the size distribution was moni-
tored in 10 subsequent measurements. For data interpretation
particles with an occurrence <0.12 were neglected.

2.7. Fluorescence microscopy

The fluorescence microscopic analysis was performed on a
CKK41 microscope (Olympus, Hamburg, Germany). The DEFA1
peptide sample (24 mM) was incubated with 1 ml Calcein-loaded
LUV suspension composed of PG in 50 mM sodium phosphate
buffer, pH 5.2 at RT. Samples were shaken at 1400 rpm for 1 min
and incubated for different time periods. After 5 or 30 min, 1 ml of
the reaction suspension was transferred onto an object slide, dried
in the dark until liquid was evaporated and subsequently analysed
under the microscope.

3. Results

3.1. The solution structure of DEFA1

By the use of 2D-TOCSY and NOESY spectra 30 of expected 34
spin-systems were identified. Fig. 1A shows the identified
sequential, short and medium contacts. The pattern of these con-
tacts is typical for a b-sheet containing peptide. Fig. 1B shows the
number of short, medium and long range contacts identified for
each amino-acid residue (Table 1). Most of the long-range contacts
are present in the amino- and carboxy-terminal regions suggesting
that these two parts build the core of the protein. Fig. 2A shows a
representative structure out of the ensemble of the 10 energetically
best structures. The structure contains three b-strands (T3eR6;
R15eS17; L30eC32) connected by flexible regions as expected for
a-defensins. Fig. 2B shows the ensemble of DEFA1 structures. The
disulphide linkages were derived in analogy to the reported
structures of other a-defensins.

3.2. Comparison with other a-defensins

Sequence analysis of DEFA1 with other a-defensin family
members revealed that DEFA1 is the orthologue to human Paneth-
cell-specific a-defensin 5 (HD5) [11]. As shown in Fig. 3AeC, the
tertiary structure of DEFA1 shows a high similarity to the tertiary
structure of human neutrophil peptide 3 (HNP3) and a-defensin 5
(HD5). Like HNP3 and HD5, DEFA1 has a short unstructured N-
terminal region, followed by the first b-strand (b1), a first loop
connecting b1 to b2 and a second loop connecting b2 and b3.
Compared to HD5 and HNP3, the second loop in DEFA1 is more
extended. The termini of DEFA1 are further apart from each other
compared to the termini of HD5 and HNP3. Fig. 3DeF compares the
surface properties of DEFA1, HD5 and HNP3. The distribution of
positive charged residues (arginine and lysine) and hydrophobic
residues on the surface of DEFA1, HD5 and HNP3 is completely



Fig. 1. A) Sequential plot of the identified contacts. Bars represent the correlation between neighbouring protons, e.g. HN
(i)eHN

(iþ1). The thickness of the bars corresponds to the
intensities of the resonances. B) Sequence distribution of the distance restraints. Bars represent intra-residual- (white), sequential- (light grey), medium range (dark grey) and long
range (black) contacts.
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different. DEFA1 displays an amphipathic structure with hydro-
phobic residues forming two hydrophobic areas. Positively charged
residues form a hydrophilic belt around themiddle of themolecule,
separating the two hydrophobic areas. In HD5 and HNP3 this
charged belt does not exist and the positive charges are distributed
around the whole molecules.
3.3. Lipid interaction of DEFA1

To analyse the lipid interacting properties of DEFA1, tryptophan
emission fluorescence spectroscopy was performed. The two
tryptophan residues (W8, W12) represent adequate probes for the
investigation of lipid interactions, as emission fluorescence spec-
trum of the indole rings depends on the polarity and refractive
index of the environment. In the presence of LUVs composed of PG
and PS, the emission spectrum of DEFA1 showed pronounced shifts
of 10.5 and 9.5 nm, respectively (Fig. 4A). In contrast, upon addition
Table 1
Structural statistics for the best 10 structures of DEFA1. No distance constraint
was violated by more than 0.5 Å in any structure. Rmsd ¼ root mean square
deviation.

Distance restraints Number

Intraresidual (ji-jj ¼ 0) 87
Sequential (ji-jj ¼ 1) 64
Medium range (2 � ji-jj � 4) 13
Long range (ji-jj � 5) 48
Disulphide bonds 18
Total 230
Pairwise rmsd
Mean global backbone rmsd 1.13 ± 0.19 Å
Mean global heavy atom rmsd 1.87 ± 0.23 Å
Pairwise rmsd for secondary structure
Mean global backbone rmsd 0.63 ± 0.11 Å
Mean global heavy atom rmsd 1.43 ± 0.21 Å
Ramachandran plot (for average structure out of 10 structures)
Most favoured regions (%) 42.4%
Additional allowed regions (%) 52.4%
Generously allowed regions (%) 4.8%
Disallowed regions (%) 0.3%
of PC or PE vesicles, no shifts were observed, indicating the absence
of interaction between DEFA1 and zwitterionic phospholipids.

To test whether the interaction of DEFA1 towards lipid vesicles
caused aggregation, DLS measurements were performed (Fig. 4B).
In the presence of LUVs composed of PG and PS, aggregates with six
and four times the size compared with vesicles in the absence of
peptide were observed, respectively. Upon longer incubation times,
aggregation was even more pronounced, observing with 9 and 7
fold size increase in the vesicle radii. Similar to previous experi-
ments, DEFA1 did not show any lipid interaction nor aggregation of
vesicles composed of zwitterionic PC.

To verify vesicle aggregation calcein-loaded LUVs composed of
PG were incubated with DEFA1 and analysed under the fluores-
cence microscope (Fig. 4C). Compared with the vesicle suspension
in the presence of the peptide after 5 min incubation, larger ag-
gregates were observed after 30 min.
Fig. 2. A) A representative solution structure of DEFA1. Side chains of the disulphide
bridges are depicted in yellow and side chains of tryptophan and tyrosine residues in
grey. B) Spaghetti representation of the calculated ensemble of DEFA1 structures.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 3. Comparison of the DEFA1 structure with other a-defensins. Ribbons repre-
sentations are depicted for A) DEFA1, B) HD5 (Human paneth-cell specific a-defensin,
and C) HNP3 (human neutrophil peptide 3). Comparison of the molecular surface
properties of D) DEFA1, E) HD5, and F) HNP3. Positive charged residues (Arg and Lys)
are coloured blue, whereas hydrophobic areas are coloured yellow.
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4. Discussion

Antimicrobial peptides (AMPs) display their bacteria killing
functionalities by membrane permeabilization and subsequent
breakdown of the membrane potential. By forming stable or tran-
sient pores in the membranes' interfacial and hydrophobic regions,
the dissipation of essential factors such as ions or small molecules
leads to the death of the attacked prokaryotic cell. This function is
Fig. 4. Lipid interaction of DEFA1 towards phospholipid vesicles. A) Tryptophan emission
presence of 0.25 mg/ml LUV suspensions composed of various phospholipids. B) DLS measure
of 6 mM DEFA1 after 3 min of incubation are shown for ten measurements (open circles)
Microscopic analysis of Calcein-loaded PG vesicles in the presence of DEFA1 after 5 min (to
often described by the barrel-stave or toroidal pore model,
respectively [22,23]. Other AMPs disturb the membranes’ integrity
by concentration-dependent micellisation of certain membrane
compartments after binding to the lipid bilayer in a carpet-like
manner [24].

Recently, SWTK/R-motifs were identified in the structure of
hydramacin-1 (HM1), a host defence peptide of Hydra magnipa-
pillata, which facilitate aggregation of phospholipid vesicles and
viable bacteria by surficial binding in the membranes' interfacial
head-group region [25]. These motifs are located on the surface of
the protein and consist of aromatic, cationic and polar amino-acid
residues enabling stable binding to phospholipids by electrostatic
interaction and hydrogen bonding [25]. These findings led to a new
interpretation of the mode of action of such antimicrobial peptides,
since aggregation and precipitation of bacteria constitute a function
of peptides, described as the barnacle model [26]. Together with
the finding that neuromacin, another member of the macin family,
aggregates liposomes and bacteria, although containing less pro-
nounced SWTK/R-motifs compared with HM1, the complexity of
amino-acid residues that induce aggregation is extended [27].
Similar to HM1, the primary structure of DEFA1 contains trypto-
phan and tyrosine residues directly flanked by positively charged
and polar amino-acid residues. The solution structure of DEFA1
revealed that these aromatic residues (W8, W12, Y28) are located
on one half of the peptides’ surface and are surrounded by serine
(S26), threonine (T27), lysine (K19) and arginines (R5, 6, 11, 29). On
the opposite side of DEFA1, amino-acid residues such as histidine
(H16), lysines (K19, 24), arginines (R15, 34) and serines (S1, 17)
build a conceivable second site for the aforementioned interaction
with the head-group regions of biological membranes. This ring-
like distribution of amino-acid residues is comparable to what
has been shown for the solution structures of HM1 or neuromacin
[26,27].

This prompted us to analyse the lipid aggregating property of
DEFA1 at pH 5.2, where antimicrobial activity was maximal [11].
DEFA1 showed a lipid binding specificity for anionic phospholipids
due to its cationic character, which has been reported for several
antimicrobial peptides before [28]. Lipid interaction of DEFA1 was
accompaniedwith aggregation, whichwas also shown for HM1 and
spectra of 0.2 mg/ml DEFA1 in 50 mM sodium phosphate buffer, pH 5.2 and in the
ments of LUV suspensions composed of PG, PS and PC in the absence or in the presence
and the median (thick bar). Longer incubation periods are depicted (þDEFA1 (30)). C)
p) and 30 min incubation (bottom). The white bar corresponds to a size of 200 mm.
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neuromacin. Since DEFA1 is highly positively charged unlike other
a-defensins, absorption of the peptide on the membranes’ surface
becomes feasible. The ring-like distribution of cationic amino-acid
residues facilitates electrostatic interaction with different phos-
pholipid vesicles. This mode of action, termed barnacle model,
finally results in extensive peptide-liposome complexes. The data
presented here show that membrane interaction is mainly an effect
of surface property, i.e. charge and amino-acid distribution, and not
a consequence of the common fold of the a-defensin peptide family.
This observation was also described for members of the macin or
saposin-like protein family [27,29].

The antimicrobial activity of DEFA1 ranges from Gram-negative
to Gram-positive bacterial strains and fungi at very low concen-
trations [11]. Membrane permeabilization was observed against
B. megaterium and pore formation was postulated to be the key
event of cell killing. However, the aggregating activity of DEFA1 in
the presence of PG liposomes was shown by CD measurements
previously [15] so that the antimicrobial peptide's mode of action
appears more complex. It appears feasible that after accumulation
on the membranes' surface, DEFA1 induces cell aggregation and
finally reaches a threshold concentration, at which membrane
permeabilization is achieved and the breakdown of the membrane
potential and cell death is accomplished.
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