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a b s t r a c t

Antimicrobial peptides participate in the first line of defence of many organisms against pathogens. In
humans, the family of b-defensins plays a pivotal role in innate immunity. Two human b-defensins,
b-defensin-2 and -3 (HBD2 and HBD3), show substantial sequence identity and structural similarity. How-
ever, HBD3 kills Staphylococcus (S.) aureus with a 4- to 8-fold higher efficiency compared to HBD2, whereas
their activities against Escherichia (E.) coli are very similar. The generation of six HBD2/HBD3-chimeric
molecules led to the identification of distinct molecular regions which mediate their divergent killing
properties. One of the chimeras (chimera C3) killed both E. coli and S. aureus with an even higher efficacy
compared to the wild-type molecules. Due to the broad spectrum of its antimicrobial activity against
many human multidrug-resistant pathogens, this HBD2/HBD3-chimeric peptide represents a promising
candidate for a new class of antibiotics. In order to investigate the structural basis of its exceptional anti-
microbial activity, the peptide’s tertiary structure was determined by NMR spectroscopy, which allowed
its direct comparison to the published structures of HBD2 and HBD3 and the identification of the activity-
increasing molecular features.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The first (passive) line of defence of an organism against patho-
gens is the physical barrier of the epidermis. The second (active)
line of defence is constituted by epithelial cells, which are able to
produce and secrete antimicrobial peptides (AMPs), and thereby
prevent the infiltration of pathogens into the organism [1]. The in-
nate immune system of invertebrates and vertebrates is armoured
with a large group of antimicrobial peptides, often also called host
defence peptides [2–5]. One important group of AMPs consists of
the defensins, which contain six cysteine residues arranged in three
intramolecular disulphide bonds [5]. Due to the localization and
pairing of these six cysteine residues, the defensins are classified
into three subgroups, namely the a-, b-, and h-defensins [5].

The human b-defensins HBD2 and HBD3 were primarily iso-
lated from keratinocytes of patients with psoriasis [6,7]. Apart
from the skin, they are also present in heart and skeletal muscle,
placenta, epithelia of the trachea and lung tissues [8]. Both pep-
tides are inducible by bacterial challenge and proinflammatory
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cytokines such as tumour necrosis factor-a (TNF-a,) interferon-c
(IFN-c) and interleukin-1b (IL-1b) [6,9–11].

HBD2 and HBD3 share a characteristic fold composed of three-
stranded anti-parallel b-sheets and a short N-terminal a-helix
[12,13]. The tertiary structures of both peptides have been deter-
mined, but their mechanism of bacterial cell membrane permeabil-
isation is still not known in detail. Structural studies have shown
that both HBD2 and HBD3 can form dimers in solutions, albeit at
high concentrations in the case of HBD2 [12,13]. Dimers of HBD2
were proposed to form an octamer, which does not seem to gener-
ate membrane-spanning pores but rather disrupts the bacterial cell
membrane by electrostatic interactions [12]. Furthermore, HBD3
was shown to generate ion channels in oocytes of Xenopus laevis
[14]. Although both peptides show substantial sequence identity
and structural similarity, they clearly differ in their antimicrobial
activity with respect to the target pathogens. HBD3 kills Staphylo-
coccus aureus with a 4- to 8-fold higher efficiency compared to
HBD2, whereas their activities against Escherichia coli are very sim-
ilar [15].

Recently, we generated six chimeric HBD2/HBD3 molecules
(C1–C6) and studied their antimicrobial activity against E. coli
and S. aureus strains [15]. The chimera C3 showed a drastically
enhanced activity compared to its parent molecules and even
killed a broad panel of multidrug-resistant pathogens [15]. In order
to investigate the structural basis of its improved function in
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comparison to the parent peptides, the chimera’s tertiary structure
was determined by NMR spectroscopy in the present study. It facil-
itated the identification of the activity-increasing molecular traits
of C3 by comparison with the wild-type peptides HBD2 and
HBD3. These results provide the basis for a complete understand-
ing of the mechanism of action of human b-defensins and for the
improvement of designer HBD2/HBD3 chimeras.
2. Materials and methods

2.1. Peptide synthesis

The chimera C3 was chemically synthesized by Biosyntan (Ber-
lin, Germany) using standard Fmoc-based solid-phase synthesis
according to the method of Jung et al. [15]. The lyophilised peptide
was reconstituted in 10 mM HCl with a final peptide concentration
of 1 mg/ml. This stock solution was diluted 1:40 in refolding buffer
(50 mM Tris–HCl, 1 M guanidine hydrochloride, 4 mM reduced glu-
tathione, 0.4 mM oxidised glutathione, pH 8.5) and incubated at
37 �C overnight. After incubation, the buffer was exchanged to
50 mM sodium phosphate (pH 6.0) by dialysis. The renaturated
C3 was purified by reverse-phase high-performance liquid chroma-
tography (RP-HPLC) using C18 columns (Macherey–Nagel, Düren,
Germany) and acetonitrile–trifluoroacetic acid in the mobile phase.
The fraction containing C3 was freeze-dried.

2.2. Circular dichroism spectroscopy

Circular dichroism (CD) measurements were performed on a Jas-
co J-720 spectropolarimeter (Japan Spectroscopic, Tokyo, Japan)
using quartz cuvettes with specific path lengths (Hellma, Müllheim,
Germany). The spectropolarimeter was calibrated according to the
method of Chen and Yang [16]. Each CD spectrum represents the
mean of three scans at a bandwidth of 2 nm and a data pitch of
1 nm. The scanning speed was adjusted to 5 nm/min with a re-
sponse time of 8 s. Heat stability of C3, which was dissolved in
20 mM sodium phosphate (pH 4.6), was determined by recording
the CD signal at 230 nm and by changing the temperature from
20 to 90 �C and vice versa. All other CD spectra were recorded at
20 �C.

CD experiments were also performed in the absence or presence
of liposomes in order to compare the secondary structure of C3 in
aqueous and hydrophobic environments. Liposomes were prepared
essentially as described by Pick et al. [17] using defined phospholip-
ids and 50 mM sodium phosphate buffer (pH 5.2). Initially, crude
liposome samples were refined by passing them over a NAP-5 col-
umn (GE Healthcare, Freiburg, Germany). The eluate served as a
stock suspension for the subsequent experiments and was stored
at 4 �C. L-a-phosphatidyl-DL-glycerol (PG) phospholipids were
purchased from Avanti Polar Lipids (Alabaster, AL). Due to the net
negative charge at the membrane surface, PG liposomes serve as
highly simplified models for bacterial membranes. Liposome sus-
pension diluted 1:100 in 50 mM sodium phosphate buffer (pH
7.0) was applied to one chamber of a tandem quartz cuvette
(2 � 4.375 mm) to a final volume of 800 ll. The other chamber
was filled with the same volume of peptide sample (16 lg/ml) dis-
solved in the same buffer as the liposomes. After initial measure-
ment of separated peptide and liposome samples, the tandem
cuvette was inverted 40� to mix the samples. Spectra of the mixed
samples were recorded after 20 min of incubation.

2.3. Sample preparation and NMR experiments

Freeze-dried C3 was dissolved in 20 mM sodium phosphate
(pH 4.6) in 93% (v/v) H2O and 7% (v/v) D2O. For determination of
hydrogen bonds by hydrogen–deuterium exchange, freeze-dried
C3 was dissolved in 20 mM sodium phosphate (pH 4.6) in 100%
(v/v) D2O. NMR measurements were performed on a Bruker Avance
600-MHz spectrometer equipped with a z-gradient triple reso-
nance cryoprobe using matched microtubes (Shigemi, Allison Park,
PA). Sequence-specific backbone resonance assignments of the
peptide were established using the following spectra: two-dimen-
sional total correlation spectroscopy (TOCSY) with mixing times of
60, 85, and 120 ms, respectively, and nuclear Overhauser effect
spectroscopy (NOESY) with mixing times of 60, 80, 100, 120, 150
and 200 ms, respectively. All spectra were acquired at 298 K, pro-
cessed with the software NMRPipe [18], referenced to the water
resonance at 4.75 ppm, and analysed with the software NMRView
[19]. The chemical shift data were deposited in the University of
Wisconsin Biological Magnetic Resonance Bank database under
accession number 18684.
2.4. Structure calculations

Structure calculations were performed using the software CYA-
NA [20]. The calculations were based on 517 interproton con-
straints derived from the NOESY experiment with a 120 ms
mixing time. Distances were calibrated so that the median NOE
intensity corresponded to a distance of 2.7 Å with a tolerance of
0.125 � the bound-squared. Methyl intensities were divided by
2.0. All lower bounds were set to 1.8 Å. Furthermore, three disul-
phide bonds were defined as nine distance restraints ranges as fol-
lows: 2.0 � d(Sc

i , Sc
j ) � 2.1 Å; 3.0 � d(Cb

i , Sc
j ) � 3.1 Å; 3.0 � d(Sc

i ,
Cb

j ) � 3.1 Å. In addition, 12 distance restraints ranges from 6 hydro-
gen bonds were set to 1.8–2.0 Å between the donor hydrogen atom
and the acceptor oxygen atom and 2.7–3.0 Å between the donor
nitrogen atom and the acceptor oxygen atom. Two hundred struc-
tures were calculated, of which twenty structures with the lowest
target functions were selected as the final structural ensemble and
were deposited (Protein Data Bank code 2lxo). The average struc-
ture was calculated from the ensemble of these 20 structures using
the software WHAT IF [21] and subsequently energy minimised
using the GROMOS force field [22].
2.5. Graphic representations

All molecular graphical representations were generated using
the software MOLMOL [23] and GRASP2 [24].
3. Results

3.1. CD spectroscopy

The shape of the CD spectra of C3 is characteristic for peptides
containing b-sheets (Fig. 1). The thermal stability was examined by
increasing the temperature stepwise and recording the CD signal at
230 nm. As shown in Fig. 1, the CD signal decreased slightly but
continuously with increasing temperature. We observed no dis-
tinct transition point, which would indicate denaturation. Further-
more, CD-spectra at 20 �C, recorded before and after heating,
exhibited the same shape (Fig. 1). Therefore, C3 possesses high
temperature stability. In the presence of model membranes (PG
liposomes) mimicking bacterial cell membranes with a net nega-
tive surface charge, C3 undergoes a conformational change. The
maximum at 230 nm, which is typical for b-sheet peptides, was
drastically changed (Fig. 1). Due to the interaction with mem-
branes, C3 exhibited a CD spectrum characteristic for peptides of
partial a-helix content with minima around 222 nm and 208 nm.



Fig. 1. Heat stability of chimera C3 and its interaction with model membranes. The
elipticity is depicted as a function of wavelength from 205 to 250 nm. (A), CD
spectra from heat stability measurements both recorded at 20 �C. Black, CD
spectrum of C3 before heating to 90 �C. Red, CD spectrum of C3 after heating to
90 �C and cooling down. Inset, elipticity measured at 230 nm while increasing
temperature from 20 to 90 �C. (B), CD spectra of C3 in the absence (black) or
presence (red) of PG liposomes serving as model membranes.
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3.2. Tertiary structure of chimera C3

The structural statistics for the calculation of the structure of C3
are summarised in Table 1.

Like its parental peptides HBD2 and HBD3, C3 folds into a cys-
teine-stabilized a/b fold and adopts an overall similar conforma-
tion. C3 contains an N-terminal a-helix followed by a double-
stranded b-sheet (Fig. 2A). The chimera’s N-terminal segment,
i.e., its primary structure, is identical to that of HBD3. Therefore,
it is not surprising that this part of C3 resembles more HBD3
(Fig. 2B) than HBD2 (Fig. 2C). However, the structure of C3 also
shows several differences to the respective regions and overall
structures of HBD2 and HBD3. The a-helical region of C3 is less
pronounced than those of HBD2 and HBD3. Moreover, the longitu-
dinal axis of the helix of C3 appears to be rotated by about 90�. In
contrast to HBD2 and HBD3, which both contain a three-stranded
b-sheet, C3 features only a double-stranded b-sheet. The corre-
sponding backbone region is orientated in a perpendicular manner
to the b-strands of C3, whereas in HBD2 and HBD3, the three b-
strands exhibit a tilt angle of approximately 30� each. However,
in all three peptides, the C-terminal b-strand is the central core re-
Table 1
Structural statistics of the ensemble of 20 structures of chimera C3. None of the
distance restraints was violated by more than 0.5 Å in any structure. rmsd, root mean
square deviation.

Distance restraints Number

Intraresidual (|i � j| = 0) 136
Sequential (|i � j| = 1) 164
Medium range (2 � |i � j| � 4) 91
Long range (|i � j| � 5) 126
Disulphide bonds (included) 24
Hydrogen bonds 18
Total 559

Pairwise rmsd for all residues 1–44
Mean global backbone rmsd to mean 1.71 ± 0.27 Å
Mean global heavy rmsd to mean 2.28 ± 0.30 Å

Pairwise rmsd for residues 6–11 and 17–42
Mean global backbone rmsd to mean 0.62 ± 0.13 Å
Mean global heavy rmsd to mean 1.07 ± 0.12 Å
gion of the molecule. Moreover, in all peptides the three disulphide
bridges show the same spatial arrangements.

The chimera C3 also contains structurally less defined regions.
These are the peptide’s N- and C-terminal regions as well as the
segment between the first and the second cysteine residue
(Fig. 2A and D). Interestingly, these regions are located on the same
side of the molecule, whereas the opposite side is structurally
much more closely defined. A fourth less defined region is localised
within the small loop connecting the two b-strands.

The most prominent novel structural feature of C3 is its reduced
anionic charge compared to its parental peptides (Fig. 3). The sur-
face of C3 exhibits a large uncharged area, which is comparable to
HBD2 (Fig. 3A–C, left column). However, the peptide’s opposite
surface possesses mainly cationic charges, a feature which is less
pronounced in both HBD2 and HBD3 (Fig. 3A–C, right column).
Similar to HBD3, the chimera’s N-terminal region protrudes from
the core of the peptide and is mainly uncharged (Fig. 3A and B).
Altogether, C3 exhibits a more pronounced amphipathic character
than its parental peptides.
4. Discussion

The HBD2/HBD3-chimeric peptide C3 exhibits a strongly in-
creased antimicrobial activity and a substantially broader activity
profile compared to its parental peptides [15]. Determination of
the chimera’s tertiary structure was performed to elucidate the
structural causes for this increased activity. The solution structure
of C3 showed the same characteristic overall fold of b-defensins.
However, C3 clearly deviates from HBD2 and HBD3 in several
regions. The most striking differences are the orientation of the
a-helix and its reduced length and additionally the absence of
one of the b-strands in C3. The changes in the a-helix might be a
consequence of differences in the experimental conditions, which
have been described to influence the length and regularity of the
N-terminal helix in b-defensins. For example, a-helical content
was found to be much more pronounced in X-ray structures com-
pared to NMR structures [25]. However, the N-terminal region of
C3 was identified as the functional epitope mediating the pathogen
specificity of HBD3 against S. aureus and E. coli [15]. Although the
contribution of the a-helix is not clear, it was described to be
important for the initial interaction with bacterial membranes
[26,27]. In this context, the N-terminal a-helix of HBD3 becomes
stabilised when exposed to a lipid environment [28]. This is in
agreement with the results from our CD-spectroscopy analyses,
where a higher a-helical content of C3 was induced by the interac-
tion with PG-liposomes mimicking bacterial membranes.

The third b-strand of HBD2 and HBD3 is replaced in C3 by a less
defined loop region between the first and second cysteine residue.
This structurally less defined region is a unique feature of the chi-
mera, whereas all others are also observed in HBD2 and HBD3
[29,30]. Interestingly, HBD3 was shown to exhibit higher antimi-
crobial activity in its non-cysteine containing (linearised) form,
which was assumed to originate in the peptide’s increased flexibil-
ity [28]. However, the linearised molecule still contained some sec-
ondary structure [28,31]. Therefore, the increased antimicrobial
activity of the chimera C3 appears to be a consequence of its in-
creased flexibility in that specific region.

Another parameter correlating with the peptides’ antimicrobial
activity is the molecular surface electrostatic potential. Here, the
charge distribution or regional charge density on the molecule’s
surface appears to be more important for the antimicrobial activity
than the overall net charge [15,31,32]. Both HBD2 and HBD3 show
clear correlations between charge and antimicrobial activity or
membrane permeabilisation [12,31,32]. Interestingly, C3 exhibits
a much more pronounced amphipathic character compared to its



Fig. 2. Tertiary structures of chimera C3 and its parent molecules HBD2 and HBD3. The chimera’s average structure (A), and the tertiary structures of HBD3 (B), and HBD2 (C),
are depicted as ribbon presentations. Disulphide bonds are displayed in grey and yellow balls and sticks. Blue arrows represent b-strands, whereas the a-helices are depicted
in blue and yellow. N and C denote N- and C-termini, respectively. (D), spaghetti presentation of the ensemble of 20 structures of C3 with the lowest target functions (same
orientation as A).

Fig. 3. Molecular surface properties of chimera C3 and its parent molecules HBD2
and HBD3. Depicted are the molecular surface electrostatic potentials of chimera C3
(A), HBD2 (B), and HBD3 (C). Blue, red and white coloured surface areas represent
regions of cationic, anionic or no charge, respectively. The right column shows the
molecules after 180� rotation around the vertical axis. N and C denote N- and C-
termini, respectively.
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parental molecules. It is has been described that the local amphi-
pathic character of the N-termini of HBD2 and HBD3 mediates
membrane insertion of the peptides [26,27]. The increased overall
amphipathicity of C3 appears to support the subsequent step of
membrane permeabilisation even more efficiently compared to
the parental molecules.

Finally, a clear correlation exists between both the increased
flexibility and amphipathicity and increased antimicrobial activity
of C3. Both traits in combination appear to mediate the striking
antimicrobial activity of the peptide. These results clearly show
the direction for future approaches in antimicrobial peptide design.
In that concern, the high temperature stability of chimera C3 is a
very useful feature expanding its manageability, for example with
respect to synthesis and storage.
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