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Dermcidin is a human antibiotic peptide that is secreted by the
sweat glands and has no homology to other known antimicro-
bial peptides. As an initial step toward understanding dermci-
din’s mode of action at bacterial membranes, we used homo-
nuclear and heteronuclear NMR to determine the conforma-
tion of the peptide in 50% trifluoroethanol solution. We found
that dermcidin adopts a flexible amphipathic a-helical struc-
ture with a helix-hinge-helix motif, which is a common molec-
ular fold among antimicrobial peptides. Spin-down assays of
dermcidin and several related peptides revealed that the affin-
ity with which demrmcidin binds to bacterial-mimetic mem-
branes is primarily dependent on its amphipathic o-helical
structure and its length (> 30 residues); its negative net charge
and acidic pl have little effect on binding. These findings sug-
gest that the mode of action of dermcidin is similar to that of
other membrane-targeting antimicrobial peptides, though the
details of its antimicrobial action remain to be determined [BMB
reports 2010; 43(5): 362-368]

INTRODUCTION

Antimicrobial peptides are produced in a wide range of ani-
mals for innate host defense and show a broad spectrum of an-
timicrobial activity (1-4). Despite the remarkable diversity of
their amino acid compositions, antimicrobial peptides show
several common features, including the presence of multiple
basic amino acids and amphipathic structures with clusters of
hydrophobic and hydrophilic amino acids (5-8). Recent studies
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of the modes of action of various antimicrobial peptides have
revealed that their cationic nature contributes to their initial
binding to negatively charged bacterial membranes through
electrostatic interaction, while their amphipathic structures en-
hance peptide-lipid interactions at the water-bilayer interface,
ultimately leading to cell death via pore formation or mem-
brane disintergration (9-14).

Dermcidin (DCD) is an antimicrobial peptide found in hu-
man sweat. It is produced through proteolytic processing of a
110-amino acid precursor protein that has no homology to
other known antimicrobial peptides (15, 16). The processed
peptide, DCD-1, has 47 amino acids and shows a broad spec-
trum of antimicrobial activity against a variety of pathogenic
microorganisms (15, 17, 18). Using immune-EM, it was re-
cently shown that the antimicrobial activity of DCD-1 origi-
nates with its binding to the bacterial membrane, and that it ef-
fectively kills Staphylococcus epidermidis (18).

DCD-1L, which is produced by adding a leucine residue to
the C-terminus of DCD-1, shows stronger antimicrobial activity
than the parent peptide (15). It is especially noteworthy that
DCD-1L exhibits activity against drug-resistant S. aureus, as
well as other Gram-positive and Gram-negative bacterial strains
(17). In the present study, we used nuclear magnetic reso-
nance (NMR) spectroscopy to determine, for the first time, the
solution structure of DCD-1L in a bacterial membrane- mim-
etic environment. In addition, to investigate the interaction be-
tween DCD-1L and bacterial membranes, we synthesized a set
of six DCD-derived peptides, including DCD-1 and five frag-
ments, and then performed spin-down assays to assess their
binding to bacterial-mimetic membranes. Our findings suggest
that the affinity with which DCD binds to bacterial membranes
reflects its amphipathic helical content and its length (>30 res-
idues); its negative net charge and acidic pl had little effect on
binding.
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RESULTS AND DISCUSSION

Expression and purification of DCD

To investigate the solution structure of DCD using NMR spec-
troscopy, DCD-1L was produced and labeled with a stable iso-
tope using an E. coli expression system. Synthetic DNA encod-
ing DCD-1L was cloned into pET31.b(+) expression vector, al-
so encoding a ketosteroid isomerase (KSI) fusion partner, and a
methionine residue for CNBr cleavage was inserted between
the KSI and DCD-1L. Although DCD-1L shows cytotoxic activ-
ity against E. coli, SDS-PAGE showed that formation of a re-
combinant KSI fusion protein enabled its expression in an in-
clusion body. Thereafter the inclusion bodies were collected,
and the fusion protein was cleaved using CNBr with 70% for-
mic acid. Release of DCD-1L from the fusion protein was con-
firmed by SDS-PAGE, and the peptide was then purified using
RP-HPLC. To label DCD-1L with a stable isotope, these opti-
mized processes were performed in M9 minimal medium con-
taining ""NH,Cl. Both DCD-1L and uniformly '°N-labeled
DCD-1L showed the expected molecular masses in matrix-as-
sisted laser desorption/ionization time-of-flight mass spectrom-
etry (MALDI-TOF MS) analyses (4818.5 Da and 4875.5 Da, re-
spectively).
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Structural analysis of DCD using CD spectroscopy

The secondary structure of DCD-1L was analyzed using circu-
lar dichroism (CD) spectroscopy. CD spectra were collected in
50 mM sodium phosphate buffer, 20 mM SDS and 50% tri-
fluoroethanol (TFE) (Fig. TA). In the sodium phosphate buffer,
the DCD-1L spectrum had a broad negative band at about 200
nm, which is frequently observed in random coil or B-sheet
structures with no a-helix. In the presence of either SDS mi-
celles or TFE solution, however, the CD spectra for DCD1L ex-
hibited a typical a-helical CD pattern, with minimal mean resi-
due molar ellipticity values of 208 and 222 nm. Although
there was an appreciable difference between the CD helical
contents of DCD-1L in 20 mM SDS micelles and 50% TFE, it is
noteworthy that the peptide has no homology to other known
antimicrobial peptides, yet in membrane-mimetic environ-
ments it showed a typical o-helical structure, which is charac-
teristic of a variety of antimicrobial peptides (19-22).

NMR analysis and structural calculation of DCD

To overcome ambiguity in the CD analysis, we next carried
out an NMR structural analysis of DCD-1L. We chose to use
50% TFE as the solvent over 100 mM SDS micelles because all
of the signals were well dispersed, without severe overlapping
of the NMR peaks. Complete sequence-specific resonance as-
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signments (Fig. 1B) were established from 3D "N-TOCSY-HSQC
and "N-NOESY-HSQC, combined with a series of 2D analyses
(DQF-COSY, TOCSY and NOESY). Identification of the amino
acid spin system was based on scalar coupling patterns ob-
served in 3D 15N—TOCSY—HSQC, 2D DQF-COSY and 2D
TOCSY. The identified spin systems were arranged along the
primary structure of the peptide using interresidue sequential
NOEs observed in the "N-NOESY-HSQC spectrum, and the
pattern of observed NOEs was ultimately interpreted in terms
of the secondary structure of the molecule. As summarized in
Fig. 1C, the small “June coupling constants, dw(i,i+2),
dan(i,i+3), dani,i+4), and strong dwn(i,i +1) NOE connectivity
indicate that DCD-1L contains four a-helices as secondary
structural elements: Glu5-Gly7, Gly10-Lys12, Glu27-Ser31
and Val37-Val43.

To calculate the 3D structure of DCD-1L, we used a total of
273 constraints that included 256 interresidue distance con-
straints from NOE cross peaks and 17 dihedral angle con-
straints from the coupling constants, which correspond to a
poor average of 5.8 constraints per residue. After carrying out
the simulated annealing calculations starting with 100 random
structures, the 20 final structures were selected based on the
lowest CYANA target function and were further refined using
CNS with a water shell refinement protocol. The average
CYANA target function for the 20 final structures was 0.12 +
0.0779 A. With the exception of two helical segments (Asp24
to Ser31 and Ala36 to Ser46), the molecule was little affected
by the NMR constraints, reflecting the randomness of the con-
formationally disordered backbone (Fig. 2A, B). The structural
statistics for the 20 lowest energy structures indicated that the
atomic root mean square deviations for the mean coordinate
positions for residues Asp24 to Ser31 and Ala36 to Ser46 were
0.79 + 0.24 A and 0.79 + 0.21 A, respectively, for the back-

bone atoms (N, C% and C) and 1.73 + 0.26 A and 1.82 +
0.32 A, respectively, for all heavy atoms. In a Ramachandran
analysis using the program PROCHECK-NMR, the backbone
dihedral angles for all of the residues in the 20 final structures
fell either in most favored regions or in additionally allowed
regions. On the basis of these findings, we suggest that the
DCD molecule is highly flexible, even in membrane-mimetic
TFE solution, and this inherent flexibility of the DCD-1L mole-
cule is likely reflected by the absence of medium- and long-
range NOE constraints.

Molecular profile of DCD
The molecular structure of DCD-1L shows an overall topology
that consists of four a-helices and several turns (Fig. 2C). The
four o-helices are formed by residues Glu5 to Gly7 (a-helix 1),
Gly10 to Lys12 (o-helix 1), Glu27 to Ser31 (o-helix 1ll) and
Val37 to Val43 (o-helix 1V), and several type IV B-turns
(miscellaneous type) were observed in the regions that involve
residues Glu5 to Leu8, Gly17 to Lys20, Lys20 to Lys23, Leu21
to Asp24 and Gly33 to Ala36. Among the 20 final structures,
o-helixes I-IV occurred in only 8, 14, 13 and 11 structures, re-
spectively, which is consistent with the DCD molecule’s high
degree of flexibility. Within the solution structure, the N-termi-
nal half of DCD-1L (Ser1 to Lys23) was less restricted by the
NMR constraints than the C-terminal half (Asp24 to Leu48).
The primary sequence of the N-terminal half of DCD-1L con-
tains six glycines (Gly7, Gly10, Gly16, Gly17, Gly19 and
Gly22), which likely explains the flexibility of the N-terminal
portion of DCD-1L. By contrast, the C-terminal half of DCD1L
has only two glycines (Gly33 and Gly35), which form a type
IV B-turn connecting o-helix 1l (Asp24 to Ser31) and a-helix
IV (Ala36 to Ser46).

The amphipathic nature of the helix in DCD-1L is repre-
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Fig. 2. Structure of DCD-1L in 50% TFE. The backbone heavy atoms of 20 converged DCD-1L structures are superimposed at residues
24-31 (A) and 36-46 (B). (C) Ribbon model of the structure of DCD-1L. a-helixes I, II, Ill and IV are shown in red, orange, purple and

green, respectively. All figures were generated using MOLMOL.
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sented as three separated regions in Fig. 3. The first region
(Ser1-Leu18) includes helixes I and Il (Fig. 3A), which are rela-
tively short helixes, while the second (Gly19-Val32) and third
(Gly33-Leu48) regions include helix 1l (Fig. 3B) and helix IV
(Fig. 3C), respectively, which are relatively long. As shown in
Fig. 3, it is clear that the charged residues are clustered on one
side of helix, while the hydrophobic residues are clustered on
the other side; thus the structure of DCD-1L is amphipathic in
an environment mimicking the bacterial membrane (23-25).

Membrane interaction of DCD and its fragments

DCD-1 is comprised of 47 amino acids and shows antimic-
robial activity against a variety of pathogenic microorganisms
(15, 17, 18). It was recently reported that although the anti-
microbial activity of DCD-1 originates with its binding to bac-
terial membranes, the bacterial membrane not very permeable
to DCD-1 (18). To investigate the interaction between DCD-1
and the bacterial membrane in more detail, we carried out
structure-based analysis using the NMR solution structure as a
model and synthesized seven DCD-derived peptides, includ-
ing DCD-1, DCD-1L and five DCD fragments (Table 1).
Among the fragments, DCD (1-16) included helixes | and I
(Fig. 3A); DCD (17-32) and DCD (33-47) included helixes IlI
(Fig. 3B) and IV (Fig. 30), respectively; DCD (1-32) consisted
of the sequences of DCD (1-16) plus DCD (17-32); and DCD
(17-47) consisted of the sequences of DCD (17-32) plus DCD
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(33-47). In spin-down assays, we then analyzed the membrane
partitioning of each peptide in bacterial-mimetic model mem-
branes (POPC : POPG, 1 : 1 molar ratio). As shown in Fig. 3D
and E, the model membrane was very effective for assessing
peptide binding to lipid vesicles in the aqueous phase. The
partition coefficients (Ky) for DCD-1L and DCD-1 were 5.11 x
10° and 1.67 x 10°, respectively (Table 1). Although the
DCD-1L sequence only adds a C-terminal leucine residue to
the DCD-1 sequence, DCD-1L binds to the bacterial-mimetic
membranes with about three-fold greater affinity than DCD-1.
By contrast, with K, values of 9.38 x 10°, 6.67 x 10’ and
2.65 x 10°, respectively, DCD (1-16), DCD (17-32) and DCD
(33-47) showed significantly less affinity for bacterial-mimetic
membranes than wild-type DCD (Table 1). Notably, DCD
(1-32) and DCD (17-47) exhibited similar K values (1.05 x
10° and 2.17 x 10°, respectively) that were also similar to the
Kx of full-length DCD-1.

It is well known that the functional activity of antimicrobial
peptides against bacterial strains is determined by complex in-
teractions involving their cationicity, hydrophobicity, a—helix-
ity and amphipathicity. Although DCD has a net charge of —2
and an acidic pl value, we found that neither of these charac-
teristics significantly affected its binding to bacterial-mimetic
membranes. Our findings thus suggest that the binding of
DCD to bacterial membranes is dependent on the peptide’s
amphipathic structure, its length (>30 residues) and its helical
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Fig. 3. Regional surface models of DCD-1L in 50% TFE and its interaction with lipid vesicles. (A-C) Surface profiles the regions spanning
Ser1-Leu18 (A), Gly19-Val32 (B) and Gly33-Leu48 (C) are shown. The hydrophobic, basic and acidic residues are shown in green, blue
and red, respectively. (D) RP-HPLC traces showing the levels of DCD-1L in supernatant after ultracentrifugation of DCD-1L suspensions in
the absence (black) and presence of 0.3 mM POPC : POPG (1 : 1) lipid vesicles (red). (E) Fraction of DCD-1L (blue), DCD (17-47) (red)
and DCD (33-47) (green) partitioned into vesicles (Fp) plotted as a function of the concentration of available lipid. Smooth curves were
obtained by fitting with the equation presented in the Materials and Methods.
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Table 1. Amino acid sequences, net charge/pl values, and partition coefficients (Kx) of DCD-1L and its fragments

Name Sequence Charge/pl K«
DCD-1L SSLLEKGLDGAKKAVGGLGKLGKDAVEDLESVGKGAVHDVKDVLDSVL —2/5.07 5.11 x 10°
DCD-1 SSLLEKGLDGAKKAVGGLGKLGKDAVEDLESVGKGAVHDVKDVLDSV —2/5.07 1.67 x 10°
DCD (1-16) SSLLEKGLDGAKKAVG +1/8.22 9.38 x 10°
DCD (17-32) GLGKLGKDAVEDLESV —2/4.32 6.67 x 10°
DCD (33-47) GKGAVHDVKDVLDSV —1/5.30 2.65 x 10°
DCD (1-32) SSLLEKGLDGAKKAVGGLGKLGKDAVEDLESV —1/4.99 1.05 x 10°
DCD (17-47) GGLGKLGKDAVEDLESVGKGAVHDVKDVLDSV —3/4.59 217 x 10°

content; not its net charge or pl. This is consistent with an ear-
lier report suggesting the antimicrobial activity of DCD pep-
tides is independent of their net charge (18).

The structure of DCD includes a highly flexible N-terminal
helical region and a relatively ordered C-terminal helical
region. A structural homology search based on the helix-hinge-
helix motif suggests DCD resembles a variety of antimicrobial
peptides, including cecropin A, gaegurin 4 (GGN4) and SMAP-
29 (23, 26, 27). DCD-1L shows particular similarity to SMAP-
29, an antimicrobial peptide from sheep (27) that presents a
flexible N-terminal region (residues 1 to 6), a helical region
(residues 8 to 17), a C-terminal helical region (residues 20 to
28) and a hinge segment (Gly18 and Pro19). Interestingly,
both the N- and C-terminal regions of SMAP-29 participate in
binding to lipopolysaccharide (LPS) on the bacterial surface
membrane. Although DCD’s antibacterial mechanism of ac-
tion remains unknown, it is unlikely that the flexible N-termi-
nal region of DCD-1L is directly involved in LPS-binding, as
DCD (1-32) and DCD (17-47) partitioned similarly. Still, our
structural analysis suggests DCD likely acts in a manner similar
to that of other membrane-targeting antimicrobial peptides that
adopt amphipathic o-helical structures with helix-hinge-helix
motifs, which is a common molecular fold among anti-
microbial peptides, irrespective of their amino acid sequences
and net charges.

MATERIALS AND METHODS

Cloning and purification of uniformly ">N-labeled DCD-1L

A synthetic DNA fragment encoding DCD-1L was cloned into
PET31.b(+) expression vector (Novagen), and the recombinant
protein, along with a ketosteroid isomerase (KSI) fusion part-
ner, was expressed in E. coli BL21 (DE3) strain (Novagen) (28).
The cells were cultured in 50 ml of Luria-Bertani (LB) medium
containing ampicillin (100 mg/ml) until transferred to 1 L of
M9 minimal medium containing ""NH4Cl. After induction with
IPTG (100 mg/L) for 5 h at 37°C, the cells were harvested,
lysed and spun down. The resultant pellets, which included
the recombinant fusion protein, were collected and treated
with CNBr cleavage buffer, after which the cleaved sample
was diluted 10-fold in deionized water. DCD-1L was then pu-
rified from the sample using reverse phase-high performance
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liquid chromatography (RP-HPLC) with an ODS (C-18) column
(4.6 x 250 mm, Shimadzu), and its molecular weight was
confirmed using MALDI-TOF MS (Shimadzu).

Synthesis of DCD-1 and its fragments

DCD-1 and its fragments were synthesized using the solid
phase method with Fmoc (fluoren-9-yl-methoxycarbonyl)-chemistry.
Fmoc-protected peptides were deprotected and cleaved using
a mixture of TFA (trifluoroacetic acid), phenol, water, thio-
anisole and 1,2-ethandithiol (82.5 : 5 : 5 : 5: 2.5, v/v) for 4 h
at room temperature. The synthetic peptides were then puri-
fied by RP-HPLC using an ODS column (4.6 x 250 mm,
Shimadzu), after which the purity (~98%) of the peptides was
confirmed by analytical HPLC, and the molecular weights of
the synthetic peptides were confirmed by MALDI-TOF MS
(Shimadzu).

CD spectra

CD spectra were recorded using a J-715 CD spectropho-
tometer (Jasco) with a 1-mm path length cell. Wavelengths
were measured from 190 to 250 nm at 50 nm/min, with a step
resolution of 0.1 nm, a response time of 0.5 s and a bandwidth
of 1 nm. The CD spectra were collected and averaged over 4
scans in 50 mM sodium phosphate buffer (pH 5.8), 20 mM
SDS or 50% TFE. The mean residue ellipticity [0] (given in
deg - cm? - dmol™) was calculated as [0] = [0]lobs (MRW/
10lc), where [0]obs is the ellipticity measured in millidegres,
MRW is the mean residue molecular weight of the target pro-
tein, ¢ is the concentration of the sample in mg/ml, and | is the
optical path length of the cell in cm. The spectra were plotted
as molar ellipticity [0] against wavelength.

NMR experiments

For the NMR experiments, samples were dissolved with 100
mM SDS buffer or 50% TFE, and all experiments were con-
ducted on a Bruker AVANCE 600 spectrometer at 298 K and
pH 4.2. For 2D NMR, samples were prepared at a concen-
tration of 1 mM, and their 2D standard spectra (DQF-COSY,
TOCSY, NOESY) were measured. TOCSY and NOESY spectra
were recorded with mixing times of 80 and 100-200 ms. For
3D NMR, "N-labeled samples were dissolved to 0.5 mM in
each buffer, and 2D 'H-""N HSQC, 3D "’N-TOCSY-HSQC and
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3D "N-NOESY-HSQC spectra were recorded. The mixing times
for 3D ">N-TOCSY-HSQC and "°N-NOESY-HSQC spectra were
80 ms and 150 ms. The *Junno values were obtained from the
3D HNHA spectrum. TSP was used as a reference for 'H
chemical shifts, and "°N chemical shifts were calculated from
the '"H frequency. All spectra were processed using XWIN-
NMR 3.5 and analyzed using SPARKY.

Structure calculation

The distance and dihedral angle constraints used for structure
calculation were obtained from the 3D "N-NOESY-HSQC and
3D HNHA spectra. The backbone NH-C*H coupling constants
were converted to backbone torsion angle © constraints using
the following rules. For *Jnncor values <5.5 Hz, the 8 angle
was constrained in the range of —60° + 30°% for *Jnr.con val-
ues >8.0 Hz, it was constrained in the range of —120° + 40°.
On the basis of these constraints, structure calculations were
carried out using CYANA 2.1 with torsion angle dynamics
(29). Twenty structures were calculated from 100 randomized
structures based on the target function and processed with wa-
ter refinement and molecular dynamics simulations using CNS
(30). The qualities of the 20 final structures were analyzed us-
ing PROCHECK_NMR and PROMOTIF, and visualized using
MOLMOL and PyMOL. Finally, the atomic coordinates for the
converged structures of DCD-1L were deposited in the Protein
Data Bank (PDB ID: 2ksg)

Spin-down assays

The interactions of DCD and its fragments with small uni-
lamellar vesicles (SUVs) were evaluated using spin-down
assays. Phospholipids [POPC/POPG (1 : 1)] were dissolved in
chloroform and then converted to a thin lipid film by drying
overnight in a stream of nitrogen gas under vacuum. The phos-
pholipid was then resuspended an aqueous buffer containing
10 mM Tris (pH 7.4), 0.1 mM EDTA and 150 mM NaCl by
vortex mixing. To calculate the partition coefficients (Ky) of the
peptides in spin-down assays, various amounts of SUVs were
incubated in an aqueous solution of DCD-1L or one of its frag-
ments (2 mg/ml) for 1 h at room temperature, after which the
lipid vesicles were separated by centrifugation (1 h, 100,000 g).
The amount of peptide remaining in the aqueous phase was
determined by RP-HPLC. K values were calculated as F, =
(Kdllipid])/(K([lipid] + [water]), where F, = ([Peptidewn] —
[Peptidesee])/[Peptideroal.
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