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Background: The anionic DCD-1L is an antimicrobial peptide active in human sweat.

Results: DCD-1L forms cation stabilized oligomeric ion channels.

Conclusion: DCD-1L kills bacteria by forming oligomeric ion channels.

Significance: The anionic antimicrobial peptide DCD-1L is optimally adapted to the conditions in human sweat.

Dermcidin encodes the anionic amphiphilic peptide DCD-1L,
which displays a broad spectrum of antimicrobial activity under
conditions resembling those in human sweat. Here, we have
investigated its mode of antimicrobial activity. We found that
DCD-1L interacts preferentially with negatively charged bacte-
rial phospholipids with a helix axis that is aligned flat on a lipid
bilayer surface. Upon interaction with lipid bilayers DCD-1L
forms oligomeric complexes that are stabilized by Zn>*.
DCD-1L is able to form ion channels in the bacterial membrane,
and we propose that Zn>*-induced self-assembly of DCD-1L
upon interaction with bacterial lipid bilayers is a prerequisite for
ion channel formation. These data allow us for the first time to
propose a molecular model for the antimicrobial mechanism of
anaturally processed human anionic peptide that is active under
the harsh conditions present in human sweat.

Antimicrobial peptides (AMPs),” also called host-defense
peptides, are important effector molecules of the innate
immune defense of diverse species protecting epithelial barri-
ers. Several AMPs show a antimicrobial spectrum against a
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wide range of pathogens including bacteria, fungi, and envel-
oped viruses (1). The mode of action of most AMPs is not fully
understood. The majority of known AMPs are cationic, and
there is compelling evidence that electrostatic interactions
facilitate the initial binding of the positively charged peptides to
the negatively charged bacterial membrane. Additionally, the
amphiphilicity of most AMPs promotes their integration into
lipid bilayers, leading to membrane disintegration and finally to
cell death (2, 3). However, bacteria have developed resistance
mechanisms toward cationic AMPs (CAMP), for example by
incorporation of positively charged polymers into the cell wall
to reduce the net negative charge of the bacterial surface (4).

Anionic antimicrobial peptides (AAMP) are very rare, espe-
cially in humans, and it is thought that these peptides were
developed in response to the bacterial resistance mechanisms
toward CAMPs and have a different mechanism of action (5, 6).
Examples of AAMPs are bovine kappacin, the proenkephalin-
derived peptides peptide B and enkelytin, maximin H5 from the
amphibian Bombina maxima, and lysenins from the earth-
worm Eisenia fetida (5, 7-10). It has been suggested that these
peptides may synergistically enhance the action of CAMPs or
other antimicrobial factors in the first line of defense against
microbial infection (11). Furthermore, CAMPs are generally
ineffective in body fluids of high salt concentrations, whereas
several AAMPs require metal ions or salt for their optimal anti-
microbial activity (9, 12). Therefore, it appears that AAMPs
complement CAMPs in body locations that are unfavorable for
these.

In humans, only a few AAMPs are found, and their mecha-
nism of action is still unclear. Dermcidin (DCD) is one of the
best studied human AAMPs. It was discovered by our group as
an AMP with no homology to other known AMPs. DCD
expression is restricted to human skin, where it is constitutively
expressed in eccrine sweat glands, secreted into sweat and
transported to the epidermal surface (13). The 110-amino acid
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precursor is proteolytically processed in sweat, giving rise to
several truncated DCD peptides differing in length and charge
(14-16). Evidence for a clinical relevance of DCD peptides
came from our previous studies indicating that patients with
atopic dermatitis have a reduced amount of DCD peptides in
sweat which contributed to the high susceptibility of these
patients to skin infections and to altered bacterial skin coloni-
zation (17).

The most abundant DCD peptide in sweat is the anionic
DCD-1L (48-mer, net charge —2), which is able to kill patho-
genic microorganisms such as Staphylococcus aureus, Esche-
richia coli, Enterococcus faecalis, Staphylococcus epidermidis,
methicillin-resistant S. aureus, rifampin- and isoniazid-resis-
tant Mycobacterium tuberculosis, Pseudomonas putida, Liste-
ria monocytogenes, Salmonella thyphimurium, and Candida
albicans (13, 18 -20). Remarkably and untypical for an AMP,
the antimicrobial activity of DCD-1L is maintained over a
broad pH range and at high salt concentrations that resemble
the conditions in human sweat (13). This remarkable activity
suggested that the functional mechanism of DCD-1L might be
different from most other AMPs. Our previous studies showed
abinding of DCD-1L to the bacterial surface and an interaction
with bacterial membrane phospholipids (6, 21). However, we
could not find evidence for membrane permeabilization (21,
22). In this work, we elucidated the mode of antimicrobial
action of the anionic DCD-1L by describing (i) the secondary
structure and alignment of DCD-1L upon contact with bacte-
rial membrane phospholipids, (ii) the oligomerization tendency
of DCD-1L and the influence of cationic divalent ions on self-
assembly as well as antimicrobial activity, and (iii) the ability of
DCD-1L to form ion channels in planar lipid bilayers. None of
these mechanistic aspects has been reported before, and these
findings promote a better understanding of a human AAMP in
harsh and variable salt conditions as found in sweat.

EXPERIMENTAL PROCEDURES

Bacterial Strain and Peptide—The S. aureus strain 113
(ATCC35556) was used in the antimicrobial assay. The bacteria
were grown in Luria-Bertani medium at 37 °C and 150 rpm
overnight. The culture was then diluted 1:100 in the same
medium and bacteria grow to midexponential phase. DCD-1L
was purchased from peptide 2.0 (Chantilly, VA) with >95%
purity or synthesized utilizing the Fmoc (N-(9-fluorenyl)me-
thoxycarbonyl)/tBu chemistry, using the peptide synthesizer
Syro II (MultiSynTech, Witten, Germany). After cleavage, the
peptide was purified as described previously (21).

CD Spectroscopy—The phospholipids 1,2-diphytanoyl-sn-
glycero-3-phosphatidylcholine (DPhPC), 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
were purchased from Avanti Polar Lipids (Alabaster, AL).
POPG and POPE were mixed thoroughly in a glass vial to obtain
the POPG/POPE 3:7 (mol/mol) mixture. DCD-1L was added to
the phospholipids in a peptide:lipid ratio of 1:50. Chloroform
was removed by evaporation under nitrogen and placed under
vacuum overnight to remove residual solvent. The peptide/
lipid films were resuspended in 50 mM sodium phosphate (pH
6.0) and 20 mm NaCl and vortexed vigorously for the CD meas-
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urements. The detergent lauryldimethylamine-oxide (LDAO)
or dodecyl-B-maltoside (DDM) was dissolved in water (0.3%).
40 um DCD-1L was added to the solution and mixed by vortex-
ing. CD spectra of DCD-1L were recorded in a Jasco spectropo-
larimeter model J-810 (JASCO, Gross-Umstadt, Germany) at
195-250 nm and 25 °C. Ten scans were recorded and averaged
at a scanning rate of 200 nm min !, 2-s response time, and
1-nm bandwidth.

OCD Measurements—The peptide reconstitution into
oriented lipid bilayers consisting of POPG, as well as 1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyris-
toyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG) are des-
cribed in supplemental Methods.

NMR Sample Preparation and Measurement—NMR sam-
ples of 0.5 mm were prepared by drying aliquots of DCD-1L in
2,2,2-trifluoroethanol (Sigma-Aldrich) under nitrogen flow
then further dried under vacuum overnight and resuspending
in either deionized water containing 10% deuterium oxide
(*H,O 99.9%; Sigma-Aldrich) or deionized water containing
20-70% deuterated 2,2,2-trifluoroethanol (TFE-*H, 99%;
Cambridge Isotope Laboratories) resulting in an end volume of
0.5 ml for each sample. Similar samples containing 5 mm ZnSO,,
were prepared by dissolving the peptide together with the salt in
the corresponding volume of deionized water or deionized
water containing 20-70% TFE-’H,. All NMR spectra were
acquired at 298.15 K on a 600-MHz Bruker US Plus Avance III
NMR spectrometer equipped with a 5-mm triple-resonance
inverse TXI probe (*H, **C, *°N) mounted with a z axis gradient
coil. Data processing and analysis were performed using the
Topspin software (Topspin V. 2.1.1; Bruker). The translational
diffusion coefficient of DCD-1L was investigated by diffusion-
ordered spectroscopy (DOSY-NMR) using standard Bruker-
stimulated echo sequences with bipolar gradient pulse pair (24).
The stebpgpls pulse program was used for water diffusion
measurements, and stebpgp1s19 thatincludesa WATERGATE
water suppression was used in the case of protein diffusion
measurements.

The calibration of BO field gradient strength, the estimation
of the translation diffusion coefficient, and the estimation of the
molecular mass are described in detail in supplemental
Methods.

Atomic Force Microscopy (AFM)—Exponential phase bacte-
ria (2 ml of S. aureus 113, Miller-Luria-Bertani medium) was
washed and redissolved in buffer (10 mm Na,HPO, (pH 7.0)) to
a final concentration of 6'10% cells/ml. The bacteria were incu-
bated alone (control) or with 62.3 um DCD-1L at 37 °C for 30
min and were placed on mica afterward. Excess liquid was
removed with filter paper, and the bacteria were air-dried at
room temperature (21 °C) for 24 h. Dried bacteria were imaged
with a MFP-3D atomic force microscope (Asylum Research,
Santa Barbara, CA). Imaging in air was performed in contact
mode using CSG11-A cantilever (k= 0.1 N/m; NT-MDT, Mos-
cow, Russia). The set point was adjusted to guarantee applying
minimal forces to the sample. Further image editing (flattening)
was done with the MFP-3D software under IGOR Pro (Lake
Oswego, OR). Images shown are representative of the overall
measurements.
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Solid supported bilayers were prepared using vesicle spread-
ing. Briefly, 100 ul of sonicated POPC vesicles (0.1 mg/ml) were
added on the freshly cleaved mica. After 30 min, 2 ml of buffer
(30 mm Na,HPO,, 20 mm NaCl (pH 6.0)) was added. AFM
imaging was performed in AC mode using OMCL RC800 PSA
cantilevers (Olympus). DCD-1L was added during the experi-
ments to a final concentration of 10 ug/ml.

Single Channel Conductance Measurements—Bilayer mem-
branes were prepared by the painting method as described pre-
viously (25). A 1% (w/v) solution of DPhPC in 1:1 (v/v) metha-
nol/chloroform was applied to a 150-um aperture of the
septum of a Teflon cuvette separating both the cis and the trans
compartment. After evaporation of the solvents, the chambers
were filled with 1 ml of 1 m KCI, 10 mm MES (pH 6.0). 4 ul of
DCD-1L (100 ng/ml) was added to the cis chamber, and the
solution was shortly stirred. A 1% (w/v) solution of DPhPC in
9:1 n-decane/butanol (v/v) was painted across the 150-um
aperture. Single-channel conductance was measured over a
range from —100 mV to +100 mV with a pair of Ag/AgCl elec-
trodes to test whether the peptides show directionality. Electri-
cal currents were recorded using a BLM work station (Warner
Instruments, Hamden, CT) with a BC-535 amplifier and an
LPF-8 Bessel filter connected to an Axon Digidata 1440A dig-
itizer. Data analysis was evaluated with pCLAMP10.0 software
(Molecular Devices, Sunnyvale, CA). A minimum of 75 events
per measurement was analyzed. Ion selectivity was measured
by exchange of 1 m KCI with either 1 m LiCl or 1 M potassium
acetate.

Statistical Analysis—Two concurrent models were fit to the
conductance measurements and compared with each other.
The first model assumes a simple Ohmic relation between volt-
age and current. The second model accounts for saturation at
larger voltages. The first model is a straight line passing through
the origin, its slope being the only free parameter. The second
model is a hyperbolic tangent describing a sigmoidal curve that
is symmetric about the origin; the sigmoid has two free param-
eters, an amplitude and a scale.

Western Blot Analysis—The influence of lipids on DCD-1L
conformation was analyzed by Western blotting (21). The pro-
cedure is described in supplemental Methods.

Antimicrobial Assay—Antimicrobial assays were performed
using the cfu assay as described previously (22). A culture of S.
aureus 113 in the exponential phase was harvested, washed
twice with the indicated buffer, and suspended in the same
buffer. The cells were diluted to a final concentration of 10°
cfu/ml in buffer. The bacteria were incubated at 37 °C for 2 h
with the respective peptide, and a 1:100 dilution of the samples
was plated in triplicate on Luria-Bertani agar. After incubation
for 20 h at 37 °C the surviving S. aureus 113 colonies were
counted.

The influence of monovalent or divalent ions on antimicro-
bial activity of DCD-1L was tested by addition of 10 um salts
(either NaCl, ZnCl,, MgCl,, or CaCl,) to 10.3 um DCD-1L.
Both were incubated for 1 h at 25 °C and then tested against S.
aureus in 33.3 mm sodium phosphate (pH 6.0) in the cfu assay
and as control only against the buffer with the additional salts.
Inasecond step,4.15 um DCD-1L was preincubated with 50 um
EDTA for 1 h at 25°C, tested against the bacteria in 25 mm
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Tris-HCI (pH 6.5) as well as buffer with EDTA alone. The data
shown are the mean values of at least three independent
experiments.

RESULTS

Secondary Structure of DCD-1L upon Contact with Mem-
brane Phospholipids—Analysis of the primary structure and
physicochemical properties shows that DCD-1L has a net
charge of —2 at neutral pH. It consists of 29 polar amino acids
(~60%, including Gly) and 19 nonpolar ones (~40%), with sev-
eral charged residues (7 Lys, 3 Glu, 6 Asp), 1 His, and 8 Gly (Fig.
1A). DCD-1L does not contain Cys, Pro, Arg, or any aromatic
amino acids. Chou-Fasman predictions suggest three potential
a-helical regions and an overall low hydrophobicity. A helical
wheel analysis (performed with Heliquest) (26) implies that the
hydrophobic amino acids are concentrated on one side of a
continuous helix, whereas the charged and hydrophilic amino
acids are on the other side. The hydrophobic side contains
essentially four types of amino acids (Leu, Ala, Val, Gly) (Fig.
1A).

Many CAMPs are known to adopt an a-helical structure
upon interaction with bacterial membrane phospholipids or
detergents (27). To analyze the secondary structure of DCD-1L
and whether it is influenced by these agents in a similar manner,
we performed CD spectroscopy using phospholipids with
either neutral or negatively charged lipid head groups, resem-
bling those present in eukaryotic and bacterial membranes,
respectively.

DCD-1L dissolved in water (Fig. 1B) or in buffer (50 mm
sodium phosphate (pH 6.0), 20 mm NaCl) (Fig. 1C) shows a
characteristic minimum at 198 nm, indicating a random coil
conformation. Incubation of DCD-1L with the detergents
LDAO or DDM, whose micelles are known to mimic a mem-
brane environment, induce an «-helical conformation with
spectral minima at 208 nm and 222 nm (Fig. 1B). Incubation
with the phospholipids DPhPC (zwitterionic), POPG (anionic),
ora 7:3 mixture of POPE (zwitterionic)/POPG at a peptide:lipid
ratio of 1:50 also induced an a-helical conformation of DCD-1L
(Fig. 1C). Here, the negatively charged POPG membrane was
more effective than DPhPC or POPE/POPG. These observa-
tions indicate that interaction of DCD-1L with bacterial mem-
brane phospholipids induces a change in the secondary struc-
ture from random coil to an a-helical conformation.

Characterization of DCD-1L in Oriented Lipid Bilayers by
OCD—When applied to macroscopically oriented lipid bilayer
samples, OCD spectroscopy reveals the alignment of a-helical
peptides with respect to the membrane normal (23, 28 -32).
This method allows us to distinguish clearly different charac-
teristic helix alignments, such as surface-bound, obliquely
tilted, or membrane inserted. The relative intensity of the neg-
ative “fingerprint” band around 208 nm is directly indicative of
the helix tilt angle. When the 208 nm band is more negative
than the 222 nm band, it indicates a helix alignment in plane of
the lipid layer, whereas zero intensity at 208 nm indicates an
upright transmembrane helix.

Because DCD-1L showed the most pronounced a-helical
conformation in POPG vesicles (see Fig. 1C), the same lipid was
used to prepare oriented bilayers at a peptide:lipid ratio of 1:50
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FIGURE 1.Secondary structure and orientation in bilayers. A, prediction of the secondary structure by the Chou-Fasman algorithm of DCD-1L is based on the
amino acid sequence. There are three potential a-helical regions (amino acids 1-13, 26 -31, 37-45; 28/48 amino acids (58%)). Prediction analyses by the
PSIPRED and JNET algorithms gave similar results, however, with slightly extended «-helical regions (37/48 (77%) and 32/48 (67%), respectively. The helical
wheel plot (26) indicates a partitioning into a hydrophilic and a hydrophobic face, as typical for amphiphilic peptides. B, CD measurements of DCD-1L in water
show an unstructured conformation, which changes into an a-helix in the detergents LDAO or DDM. C, CD measurements of DCD-1L in buffer (50 mm sodium
phosphate buffer, 20 mm NaCl, pH 6.0) show unstructured conformation, butin the presence of different phospholipid vesicles (DPhPC, POPG, POPE/POPG 7:3),
DCD-1L shows that it generally folds as an a-helix in membranes (approximately up to 23%). D, oriented CD spectra of DCD-1L in oriented lipid bilayers of POPG
and DMPC/DMPG (1:1) reveal an orientation of the amphiphilic helix in the plane of the bilayer. E, because there is a lot of scattering due to peptide
self-assembly in DMPC/DMPG, the OCD spectra are normalized to the same intensity (at 222 nm) to illustrate the similarity of the line shapes in both lipids.

(mol/mol). The distinct OCD band at 208 nm with a more neg-
ative intensity compared with 222 nm clearly shows that
DCD-1L is aligned parallel to the membrane surface (Fig. 1D).
This finding is fully consistent with the expected behavior of a
long amphiphilic helix bound to a lipid bilayer. A second OCD
sample was prepared with DMPC/DMPG (1:1 mol/mol)
because this widely used lipid system has been repeatedly
shown to form stable high quality oriented samples with a wide
range of different peptides (27). In DMPC/DMPG the OCD
spectrum has a much lower intensity than in POPG, despite the
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same peptide content being present in the two freshly prepared
samples. The loss of spectral intensity is attributed to light scat-
tering due to enhanced peptide-peptide interactions, suggest-
ing a tendency of DCD-1L to self-assemble in the membrane.
For a better comparison of the two lipid systems, the OCD
spectra have been normalized to the same ellipticity value at the
minimum around 222 nm (Fig. 1E). The very similar line shapes
suggest that the peptide has essentially the same helical surface
alignment in DMPC/DMPG as in POPG, irrespective of its olig-
omeric state.
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FIGURE 2. Oligomerization and ions increase antimicrobial activity of DCD-1L. A, Western blot analysis of a native PAGE indicates an oligomerization of
DCD-1L in POPG vesicles (phospholipid (L), POPG; peptide (P), DCD-1L; P/L, 1:50). B, DOSY-NMR of DCD-1L with or without ZnSO,, is shown as is the extent of
oligomerization before and after the addition of increasing concentrations of TFE-*H,. Error bars reflect the S.D. obtained per sample. The S.D. were obtained
from the analysis of 813 different peaks per sample. Outliers were discarded after applying robust statistics analysis, and peaks that could not be fitted to a
single exponential decay were not included in further analysis. C, addition of different ions (10 um) increased the antimicrobial activity of DCD-1L (10.3 um)
against S. aureus 113. Buffer: 33.3 mm sodium phosphate (pH 6.0). *, p < 0.05. D, in contrast, after cation depletion by addition of 50 um EDTA, the antimicrobial
activity against S. aureus 113 was lost. Buffer: 25 mm Tris-HCl (pH 6.5), DCD-1L (4.15 um). *, p < 0.05.

Structure-Function Relationship of Antimicrobial Activity—
DCD-1L is known to oligomerize (21), it binds to bacterial mem-
brane phospholipids (6), and our OCD results have implied that
oligomerization can also take place in membranes (see Fig. 1D).
Therefore, we examined directly whether bacterial membrane
phospholipids influence oligomerization of DCD-1L as a function
of time. As illustrated in Fig. 24, binding of DCD-1L (peptide, P) to
POPG (phospholipid, L) induces a time-dependent oligomeriza-
tion of the peptide. Furthermore, DOSY-NMR of DCD-1L in
increasing concentrations of the membrane-mimetic solvent
TFE-’H, indicates oligomerization of the peptide (Fig. 2B).
Because divalent cations can stabilize bacterial membranes by
forming ion bridges to the phosphate groups of phospholipids
(33), we analyzed the effect of the divalent cation Zn>" on the
oligomerization behavior of DCD-1L in the structure-inducing
solvent TFE. We incubated DCD-1L with increasing percentages
of TFE-’H; and analyzed in each of these samples the influence of
TFE with or without Zn®" on the extent of oligomerization (Fig.
2B). Addition of up to 30% TFE increased the extent of DCD-1L
self-assembly, which was slightly more pronounced for peptides in
the absence of Zn>". At TFE concentrations above 30%, oligomer-
ization decreases again, but interestingly a higher degree of self-
assembly is maintained in the presence of Zn>*. Thus, at higher
TFE concentrations, the presence of Zn>" appears to stabilize the
oligomeric state of DCD-1L.
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The anionic DCD-1L is highly bactericidal against the Gram-
positive pathogen S. aureus 113 (22). We noticed that addition
of divalent (Zn®", Ca*>*, Mg>") and monovalent (Na*) ions
enhances the antimicrobial activity of DCD-1L against S.
aureus 113 significantly (Fig. 2C). In line with these results,
depletion of divalent ions by the addition of EDTA resulted in
the loss of antimicrobial activity of DCD-1L (Fig. 2D). Our data
suggest that not only the environment of a bacterial membrane
but also divalent ions such as Zn>" affect the extent of oligo-
merization and that this correlates with the antimicrobial
activity.

DCD-1L Changes Bacterial Surface Morphology and Induces
a Destabilization of Lipid Bilayers—AFM was used to visualize
the morphological changes in the cell envelope upon interac-
tion with DCD-1L. Typical images of untreated S. aureus are
presented in Fig. 3, A and B, with a conglomerate of several
bacterial colonies surrounded by slime or extracellular matrix
components. The close up view displays single S. aureus with a
size of ~1 wm? with a smooth, unruptured surface (Fig. 3B).
DCD-1L-treated bacteria showed a strong modification of the
surface topography and the surrounding matrix and an increase
in the surface roughness of S. aureus with a number of bleb-like
structures (Fig. 3, C and D). In addition, the surrounding extra-
cellular matrix changed from a smooth, regular type to a
grained type. These changes of the bacterial cell surface mor-
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FIGURE 3. AFM images of DCD-1L-treated bacteria. AFM images of height (left) and deflection (right) are bundled for measurements, each of which was
performed in contact mode in air. A, untreated S. aureus 113 as control. B, higher resolution of the untreated bacteria. C, DCD-1L (62.3 um)-treated S. aureus 113.
D, higher resolution of the treated bacteria. £, image of solid supported lipid bilayers composed of POPC without DCD-1L imaged in bufferin AC mode at room
temperature. The height images of one position are shown. F, image of POPC bilayers with DCD-1L measured in buffer in AC mode at room temperature.

phology suggest that DCD-1L interferes with the bacterial
membrane stability (34, 35). Indeed, AFM images of membrane
phospholipids (POPC) incubated with DCD-1L showed a
destabilization of the lipid bilayer (Fig. 3, E and F). The images
clearly show the appearance of defects within the lipid bilayer
after addition of DCD-1L. These defects might be induced
solely by the peptides or by the force applied by the cantilever
tip. However, they were only observed in case of peptide-
treated membranes.

DCD-1L Forms Ion Channels in Lipid Bilayer—Pore forma-
tion in bacterial membranes is a very common mechanism of
antimicrobial peptides and proteins. We thus examined the
pore forming properties of DCD-1L with single-channel con-
ductance measurements in DPhPC black lipid bilayers. The
results clearly show that DCD-1L is very potent in ion channel
formation after an initial reconstitution, which takes several
minutes. An example for a recording at 50 mV is illustrated in
Fig. 44, showing the initial reconstitution of a peptide channel
in the black lipid bilayer. Once inserted into the membrane, the
current increases stepwise until the membrane finally breaks.
The insertion of the first channel appears to trigger subsequent
insertions and suggests a self-enhancing, cooperative mecha-
nism of pore formation. We then studied whether the conduct-

BsE
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ance measurements are better explained by the Ohmic model
or by the sigmoidal model. Fig. 4B shows the models obtained
by fitting all data. The estimated slope of the linear model is
0.029 pA mV . The estimated scale and amplitude of the sig-
moid are 0.028 mV ' and 2.14 pA. The sigmoidal is clearly
preferred over the Ohmic model. The sum of absolute devia-
tions S is significantly smaller for the sigmoid (S = 1384) than
for the Ohmic model (S = 1558) and the Bayesian information
criterion (BIC) also shows that the sigmoidal model (BIC =
2782) is preferred over the Ohmic model (BIC = 3123). Conse-
quently, the channel conductance of DCD-1L shows a voltage-
dependent decline (Fig. 4C). The highest conductance was
observed at membrane potentials of 10 mV (98 pS) and —10 mV
(151 pS). With increasing voltages (up to 100 mV and —100
mV), the conductance decreased to ~20 pS to 30 pS, indicating
that only a limited number of ions can cross the channel per
time. These observations are in agreement with the previously
observed slow kinetics of the membrane potential breakdown,
and consequently, killing of the bacteria by DCD-1L (22).

To test for possible ion selectivity, we performed conduct-
ance measurements with other electrolytes than KCI. As shown
in Fig. 4D, the average conductance in 1 m KCl is ~60 pS at 20
mV. The replacement of potassium or chloride with large and
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FIGURE 4. Electrophysiological characterization of DCD-1L. A, representative current trace of DCD-1L at 50 mV showing an initial channel insertion followed
by others leading to a stepwise increase of the current. B, evaluation of DCD-1L single-channel conductance in DPhPC black lipid bilayers. Measurements were
carried out with 1 m KCI, 10 mm MES (pH 6.0), and 400 pg/ml DCD-1L; at least 75 insertion events per voltage were evaluated. Shown are the fitted models
obtained with all data (blue, Ohmic model; green, sigmoid). The gray dots are the raw measurements (random noise was added to the X values for better
visibility of the data which otherwise fall onto vertical lines). Black dots indicate the median of the measurements at each voltage. C, voltage-dependent decline
of the channel conductance of DCD-1L. An increase in voltages leads to a saturation of conductance at 20-30 pS. D, histograms of measured single-channel
conductances observed for DCD-1L, measured at 20 mV using different electrolytes. The average conductance of at least 75 reconstitution events was 60 pS in
1 M KCl and was reduced to 40 pS in 1 m LiCl or potassium acetate, respectively.

less mobile ions (lithium cations or acetate anions) resulted in a
decreased channel conductance (40 pS) which is highly signifi-
cant (p < 0.001). Due to the comparable conductance in either
LiCl or potassium acetate, we conclude that the DCD-1L chan-
nel is neither anion- nor cation-selective.

DISCUSSION

In this study, we show that the anionic dermcidin-derived
peptide DCD-1L, present in human eccrine sweat, adopts an
a-helical structure upon interaction with bacterial mem-
brane phospholipids and can form ion channels in black lipid
bilayers. Western blotting, OCD, and DOSY-NMR analyses
indicate that DCD-1L has a tendency to oligomerize and that
this assembly is promoted by Zn>"* and/or a membrane-mi-
metic environment. Furthermore, Zn?" and other divalent
cations are found to enhance the antimicrobial activity of
DCD-1L.

Single channel conductance analyses with planar lipid bilay-
ers showed that DCD-1L can form ion channels in membranes.
The conductance behavior indicated that only a comparably
low number of ions can pass the channel, which is in good

8440 JOURNAL OF BIOLOGICAL CHEMISTRY

agreement with the observed slow kinetics of changes in the
bacterial membrane potential and killing of the bacteria (22). In
our previous experiments, using electron microscopy or pro-
pidium iodide staining of the bacteria, we could not detect pore
formation in the bacterial membrane (21, 22). Based on the new
electrophysiological data, especially the saturation of the pore
conductance at only slightly elevated voltages and the decrease
of conductance using bigger ions, it appears that the pores
formed by DCD-1L are too small to be detected using electron
microscopy or staining methods. Comparison of the conduct-
ance with typical values measured for known cationic pore-
forming peptides (like magainin-1, Pep5, NP-1, melittin) sug-
gests that the DCD-1L channel size is probably in the range or
even beneath that of these peptides (36-39). We have no evi-
dence that the ion channel is anion- or cation-selective because
we did not observe differences in conductance when using dif-
ferent electrolytes. This finding contrasts the properties of ion
channels formed by other AMPs. For example, cationic
magainin-1 from Xenopus laevis forms anion-selective chan-
nels in patch-clamped lipid bilayers with defined conductances
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FIGURE 5. Functional model for the mechanism of antimicrobial activity of DCD-1L. A, anionic DCD-1L is unstructured in aqueous solution according to CD
and NMR. B, upon binding to a bacterial membrane the peptide folds into an amphiphilic a-helix, which is aligned parallel to the membrane surface according
to OCD. DCD-1L can self-assemble into higher order oligomers according to DOSY-NMR and OCD, and it can form ion channels according to electrophysi-
ological analysis. However, when the 48-mer peptide is folded as a helix, it is twice as long as the thickness of a lipid bilayer. C, we thus propose that the
monomer could fold into a helical hairpin that would perfectly match the membrane thickness and neutralize most charges. D, alternatively, the cationic N
terminus might participate in a toroidal pore. Self-assembly in either form would support the formation of transmembrane ion channels, which would lead to

bacterial cell death.

of 366 pS and 683 pS (36). Binding of magainin-1 to phospho-
lipid vesicles, where the peptide self-assembles, inserts, and
form largely pentameric pores, induces the leakage of cellular
material. We speculate that in vivo, the channel formed by
DCD-1L functions as a proton channel as suggested for kappa-
cin,an AAMP from bovine milk (9, 10). For kappacin it has been
proposed that it forms ion channels with a proton influx at
acidic pH, which slowly results in bacterial cell death by reduc-
ing intracellular pH (9).

DCD-1L is an amphiphilic peptide with a cationic N-termi-
nal region (amino acids 1-23) and an anionic C-terminal part
(amino acids 24 —48). The net charge at neutral pH is —2 and
becomes less charged under acidic conditions (pI = 5.07). Cat-
ionic peptides are known to bind to the anionic bacterial sur-
face by electrostatic interactions, which facilitates their entry
into the bacterial cell or results in pore formation and finally in
bacterial death. The net negative charge of DCD-1L renders an
attachment of the peptide via electrostatic interactions diffi-
cult. We presume that the cationic N-terminal part is mainly
responsible for the binding of DCD-1L to the bacterial surface
and to the negatively charged bacterial phospholipids. This
view was recently proposed by Jung et al. who used liquid state
NMR to solve the structure of DCD-1L in 50% TFE and to
characterize its interaction with phospholipid vesicles (40).

The analysis of transposon mutants of S. aureus showed that
DCD-1L interacts directly with the phospholipids in the bacte-
rial membrane (6). In the present study, we demonstrate by CD
spectroscopy that DCD-1L adopts an a-helical structure pref-
erentially in the presence of anionic POPG compared with
zwitterionic phospholipids. OCD indicates that the «-helix
binds parallel to the plane of the lipid bilayer. A flat alignment of
the DCD-1L helix within the membrane surface is perfectly
compatible with the amphiphilic structure of the monomer.
Such binding has also been described for many helical CAMPs
that form a carpet on the membrane surface at low concentra-
tions (23).

OCD also showed that phospholipids can promote self-as-
sembly of DCD-1L, supporting previous observations of oligo-
meric complexes in vitro and in vivo in human sweat, although
without previously analyzing the factors influencing oligomer-
ization (21). The DOSY-NMR analyses clearly indicate that the
membrane-mimetic solvent TFE favors oligomer formation.
Complex formation of DCD-1L is increased up to a TFE con-
centration of 30%, whereas at higher TFE concentrations com-
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plex formation is reduced again. In the comparatively hydro-
philic environment of =30% TFE, we may speculate that this
helix-promoting solvent induces the formation of amphiphilic
helices that would cluster together via their hydrophobic faces.
At higher TFE concentrations, the complexes can disperse
again as they become better soluble in the more hydrophobic
environment. Interestingly, at high TFE levels, the presence of
Zn>" tends to promote the self-assembly, presumably via the
hydrophilic face of the amphiphilic helices. These findings sug-
gest that DCD-1L oligomer formation is influenced by the gen-
eral environmental conditions (hydrophobicity, pH, concentra-
tion of salt and divalent ions), as well as by the local peptide
concentration when bound to a lipid membrane.

It is known that the pH has an effect on solubility and self-
association of peptides, as shown for clavanins (41). Acidic pH
seems functionally similar to Zn>" because it increases the pos-
itive charge on peptides with basic amino acids as histidines,
arginines, or lysines. It has been shown that this leads to
enhanced antimicrobial activity of histidine-rich peptides (42).
Likewise, metal ions such as Zn>" could increase the interac-
tion of DCD-1L with the bacterial surface by forming peptide-
lipid salt bridging as described for other AAMPs as kappacin or
surfactant-anionic peptides (SAAPs) (9). Alternatively, the
divalent metal ions could also promote the self-assembly of
DCD-1L by forming peptide-peptide salt bridges via histidine,
aspartate, or glutamate side chains. In any case, the harsh con-
ditions in eccrine sweat with an acidic pH (pH 5-6.5) and sev-
eral mono- and divalent ions seem to optimally promote the
interaction of monomeric DCD-1L with bacterial membranes.
Our data imply that self-assembly of DCD-1L can lead to the
formation of ion channels, with a diameter similar to or even
smaller than the barrel-stave model of CAMPs (43). Several
studies have previously shown that peptide self-assembly in the
membrane-bound state correlates with antimicrobial activity
(30), whereas complex formation in an aqueous environment
had no effect on antimicrobial activity (44).

Taking all of our data together, we may propose a functional
model for the mechanism of antimicrobial activity of DCD-1L.
The peptide is initially unstructured and presumably mono-
meric when secreted in human sweat (Fig. 54). In the presence
of a negatively charged bacterial surface, the cationic N termi-
nus probably gets attracted electrostatically, such that DCD-1L
binds to the membrane surface as an amphiphilic a-helix (Fig.
5B). Upon interaction with the bacterial membrane it self-as-
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sembled into a higher oligomeric state as a function of time.
Structurally, the most intriguing aspect in the case of DCD-1L
oligomerization is the fact that the 48-mer peptide has a length
of >7 nm when folded as a continuous a-helix. This helix is
twice as long as the thickness of a typical membrane with only
about 3 nm. A transmembrane insertion as a continuous helix,
as one may simplistically envisage, would thus imply that half of
the molecule sticks out of the membrane, which is unreason-
able. It is also unlikely that a full-length helix would span the
membrane with an obliquely tilted angle. We thus propose two
possible scenarios for the functionally active state of mem-
brane-bound DCD-1L. In analogy to other CAMPs, Fig. 5C
illustrates that the cationic N terminus might be able to fold
back onto its anionic C-terminal region to form an intramolec-
ular hairpin, in which most charges are compensated. Alterna-
tively, Fig. 5D suggests that the cationic N-terminal region of
DCD-1L might form a toroidal pore across the lipid bilayer,
while the amphiphilic C terminus remains floating on the
membrane surface. The secondary structure prediction of
DCD-1L as well as the experimental NMR structure in 50% TFE
(40) had shown an intrinsically flexible amphiphilic structure
with three distinct a-helical regions, which would readily allow
asharp turn in the middle of the sequence. By forming either an
intramolecular helical hairpin (Fig. 5C) or a kinked structure
(Fig. 5D), the resulting DCD-1L bundle would have the perfect
height to span the bacterial membrane. Nevertheless, the two
functional models are based on speculation and still need to be
confirmed and/or rejected experimentally by solid-state NMR
and site-directed mutagenesis in the a-helical regions. Our
OCD analysis has so far shown only a surface alignment of
DCD-1L under equilibrium conditions. It may be a challenge to
trap the proposed membrane-immersed form for structural
analysis, as it might only be present as a transient state or in the
presence of a transmembrane voltage. Nevertheless, the pres-
ent study has provided unambiguous evidence for amembrane-
perturbing function of DCD-1L, an unusually long anionic pep-
tide that is ideally adapted to the acidic and salty conditions in
human sweat to fulfill its role in host defense.
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