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ABSTRACT

Indolicidin, a I3-residue antimicrobial peptide-amide,
which is unusually rich in tryptophan and proline,
is isolated from the cytoplasmic granules of bovine
neutrophils. In this study, the structures of indolicidin
in 50% Ds-trifluoroethanol and in the absence and
presence of SDS and Dsg-dodecylphosphocholine
were determined using NMR spectroscopy. Multi-
ple conformations were found and were shown to be
due to different combinations of contact between the
two WPW motifs. Although indolicidin is bactericidal
and able to permeabilize bacterial membranes, it
does not lead to cell wall lysis, showing that there
is more than one mechanism of antimicrobial action.
The structure of indolicidin in aqueous solution was
a globular and amphipathic conformation, differing
from the wedge shape adopted in lipid micelles, and
these two structures were predicted to have different
functions. Indolicidin, which is known to inhibit DNA
synthesis and induce filamentation of bacteria, was
shown to bind DNA in gel retardation and fluores-
cence quenching experiments. Further investiga-
tions using surface plasmon resonance confirmed
the DNA-binding ability and showed the sequence
preference of indolicidin. Based on our biophysical
studies and previous results, we present a diagram
illustrating the DNA-binding mechanism of the anti-
microbial action of indolicidin and explaining the
roles of the peptide when interacting with lipid
bilayers at different concentrations.

INTRODUCTION

A rapid increase in the emergence of microbes resistant to
conventionally used antibiotics has occurred in recent years
(1). This has not only made treatment of infectious diseases
more problematic, but has also resulted in the reappearance of
many diseases that were thought to be under control. To treat
infections caused by multidrug-resistant micro-organisms,
searching for new antibiotics has become inevitable and
urgent.

Antimicrobial cationic peptides, isolated from a wide range
of animal (2), plant (3) and bacterial (4,5) species, are ubig-
uitous in nature and are thought to be an important component
in innate host defenses against infectious agents (4,5). There
are four structural classes of cationic antimicrobial peptides:
the amphipathic o-helical peptides, such as the cecropins and
melittins; the disulfide-bonded B-sheet peptides, including the
defensins; the loop-structured peptides, such as bactenecin (6);
and the extended peptides, which often have a predominant
amino acid (e.g. indolicidin).

Indolicidin (ILPWKWPWWPWRR-NH,), isolated from
cytoplasmic granules of bovine neutrophils, has a unique com-
position consisting of 39% tryptophan and 23% proline (7),
and the native peptide is amidated at the C-terminus. Indoli-
cidin is the smallest of the known naturally occurring linear
antimicrobial peptides, contains the highest percentage of
tryptophan of any known protein and consists of only six
different amino acids. Owing to the presence of tryptophan
residues interspersed with proline residues throughout the
sequence, it probably assumes a structure distinct from the
well-described o-helical and B-structured peptides. Indoli-
cidin has been shown to be a fairly potent antimicrobial pep-
tide active against a variety of microorganisms (7), fungi (8)
and protozoa (9). Direct viral inactivation of HIV-1 (10) and
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strong cytotoxicity for rat and human T lymphocytes (11) by
indolicidin have also been described.

Most studies on indolicidin have focused on its membrane
permeability and have shown that it has a tendency to partition
into lipid bilayers of various compositions (8,12,13). Although
it is presumed to act by disrupting membranes (8), its mecha-
nism of action remains to be established. Many cationic
antimicrobial peptides have been extensively studied in
terms of their ability to form pores in membranes, and the
killing mechanism for the majority of these peptides has been
shown to be the attack on the outer and cytoplasmic mem-
branes, leading to target cell lysis. Interestingly, indolicidin
has also been shown to permeabilize the outer and cytoplasmic
membranes of Escherichia coli, but is distinct from other
cationic peptides in that the membrane permeabilization does
not lead to lysis (14). Furthermore, the minimal inhibitory
concentration (MIC) of indolicidin leading to a gradual loss
of viability on treatment of susceptible cells at 0.4 uM is lower
than the minimal hemolytic concentration causing membrane
leakage at 15.6 uM (15-17). Further investigations showed
that indolicidin mainly reduces synthesis of DNA, rather than
RNA and protein, and that inhibition of DNA synthesis causes
E.coli filamentation and contributes to the antimicrobial activ-
ity of indolicidin (15). Thus, it is conceivable that indolicidin
uses its membrane binding properties so as to enter the cyto-
plasm and exert its antimicrobial activity by attacking targets
other than the membrane.

In the present study, with the aim of elucidating the antimi-
crobial mechanism of indolicidin, we examined its solution
structure using circular dichroism (CD) and nuclear magnetic
resonance (NMR). The DNA-binding ability of the peptide
was also studied by gel retardation, fluorescence measurement,
and surface plasmon resonance (SPR) to study in relationship
to inhibition of DNA synthesis (15). Here, we report the first
demonstrations for the relationship of indolicidin and DNA.
Furthermore, we provide the new insight of the antimicrobial
action of indolicidin.

METHODS
Sample preparation

Indolicidin ILPWKWPWWPWRR-NH,) was synthesized in
automated mode by Fmoc [N-(9-fluorenyl)methoxycarbonyl]
chemistry on a solid-phase synthesizer (model 431 A; Applied
Biosystems, Foster City, CA). The synthetic peptide was
cleaved from the resin with trifluoroacetic acid and purified
by gel filtration, followed by reverse-phase high-pressure liq-
uid chromatography and lyophilization. Electrospray mass
spectrometry and amino acid analysis were used to confirm
the peptide sequence. Ds-trifluoroethanol (TFE), D,5-SDS and
D3g-dodecylphosphocholine (DPC) were purchased from
Cambridge Isotope (Woburn, MA). Unless otherwise speci-
fied, all reagents and solvents were of reagent grade and used
without further purification.

CD experiments

CD data were recorded on an AVIV CD 202 spectrometer
(AVIV, Lakewood, NJ) calibrated with (+)-10-camphorsulfo-
nic acid at 25°C using a 2 mm path-length cuvette. The CD
spectra of 100 uM indolicidin were recorded at molar ratios

of 1:100 (peptide/SDS) in 20 mM phosphate buffer containing
0, 10, 30 or 50% TFE at different pH values (pH 3.5-9.0). The
CD data are the average of three scans with a 1 nm bandwidth.
The spectra were recorded from 180 to 260 nm at a scanning
rate of 38 nm/min with a wavelength step of 0.5 nm and a time
constant of 100 ms. After background subtraction and smooth-
ing, all CD data were converted from CD signal (millidegrees)
into mean residue ellipticity (deg cm?® dmol ™).

NMR experiments

NMR spectra were recorded on a Bruker AMX-500 or an
Avance-600 spectrometer. Samples of indolicidin in a
membrane-mimicking environment (~0.35 ml of 2 mM pep-
tide; peptide/detergent ratio 1:100) were prepared by adding
solutions of perdeuterated SDS-d,s or DPC-dsg in 20 mM
sodium phosphate buffer, pH 3.5, containing 10% D,0, to
lyophilized indolicidin. Samples in TFE were dissolved in
TFE-d3/H,O (1:1 v/v) at pH 3.0. pH values were measured
using a pH meter (DO microelectronic pH-Vision, model
PHB-9901) equipped with a 4 mm electrode; all reported pH
values were direct readings from the pH meter without cor-
rection for the isotope effect. To monitor the exchange rates
of labile protons, the concentrated sample in H,O was lyo-
philized once and re-dissolved in D,O (99.99% D), and NMR
spectra were acquired immediately and thereafter at appro-
priate time intervals. All chemical shifts were externally
referenced to the methyl resonance of 2,2-dimethyl-2-
silapentane-5-sulfonate (0 p.p.m.). DQF-COSY (18), TOCSY
(19) and NOESY (20) spectra were collected with 512 £
increments with 2K complex data points. All spectra were
recorded in time-proportioned phase-sensitive mode (21).
Low temperature studies employed a temperature-controlled
stream of cooled air generated using a Bruker BCU refrigera-
tion unit and a B-VT 2000 control unit. Water suppression was
achieved by 1.4 s presaturation at the water frequency or by the
gradient method (22). All spectra were collected with 6024.1
or 7788.16 Hz spectral widths for the AMX-500 or AVANCE-
600 spectrometer, respectively.

The data were transferred to an SGI O, workstation
(200 MHz R5000SC, Silicon Graphics, CA) for processing
and further analysis using Bruker XWINNMR and AURELIA
software packages (Karlsruhe, Germany). All datasets
acquired were zero-filled to equal points in both dimensions
prior to further processing. A 60°-shifted skewed sine bell
window function was used for all NOESY and TOCSY spec-
tra, while a 20° or 30°-shifted skewed sine bell function was
used for all COSY spectra. To help resolve spectral overlap,
data were collected at different temperatures.

Structure calculations

Distance restraints of indolicidin were derived primarily from
the 200 ms NOESY spectrum recorded at 310K in TFE/H,O
(1:1 v/v), pH 3.0, or in membrane-mimicking detergents (DPC
and SDS), pH 3.5; this was compared with the 100 ms NOESY
spectrum to assess possible contributions from spin diffusion.
Peak intensities were classified as large, medium, small and
very small, corresponding to upper bound interproton distance
restraints of 2.5, 3.5, 4.5 and 6.0 A, respectively. An additional
correction of 1.0 A was added for methylene and methyl
groups. Backbone dihedral restraints were inferred from
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3Jnta coupling constants, with restrained to —120 + 40° for
3 o > 8 Hz and to —60 + 30° for *Jyue < 6 Hz. Three-
dimensional structures were generated using a simulated
annealing and energy minimization protocol in the program
X-PLOR 98 (23). Hydrogen bond restraints were included
only in the final stage of refinement. Average structures
were calculated using the final set of refined structures and
were further energy minimized to ensure correct local geome-
try. The INSIGHTII (Molecular Simulation Inc., San Diego,
CA), MOLMOL (24) and GRASP (25) software programs
were used to visualize sets of structures and to calculate
and draw the electrostatic surface potential of the final 3D
models. The convergence of the calculated structures was
evaluated in terms of the structural parameters, i.e. the root-
mean-square deviation (RMSD) from the experimental
distance and dihedral constraints, the values of the energy
statistics (Foe, Fior and Freper), and the RMSD from the ide-
alized geometry. The distributions of the backbone dihedral
angles of the final converged structures were evaluated by the
representation of the Ramachandran dihedral pattern, indicat-
ing the deviations from the sterically allowed (¢, ) angle
limits, using PROCHECK-NMR (26).

DNA/RNA gel retardation assay

Plasmid PET-16b was purified using a QIAprep Spin Miniprep
Kit (Qiagen, GMbH). Yeast RNA was resuspended in RNase-
free water. The plasmid DNA (200 ng) or yeast RNA (10 ng)
was mixed with increasing amounts of peptides in 15 pul of
10 mM Tris, 1| mM EDTA buffer, pH 8.0, and the mixtures
incubated at room temperature for 2 min, then subjected to
electrophoresis on a 0.5 or 1% agarose gel in the TBE buffer
provided with the kit.

Tryptophan fluorescence measurements

Intrinsic fluorescence changes of indolicidin on addition
of plasmid DNA were recorded using an F-4500 fluorescence
spectrophotometer (Hitachi, Japan). The emission spectra were
recorded from 300 to 400 nm with excitation at 295 nm. The
fluorescence spectra of indolicidin (0.10 mg/ml in 50 mM
Tris—HCI, pH 8.0, 10 mM MgCl, and 150 mM NaCl) were
determined at 25°C alone or in the presence of different
amounts of plasmid DNA pET21a.

Surface plasmon resonance

The following four DNA hairpins and four single-strand
DNAs with PAGE-purified and 5'-biotin-labeled (MDBio
Inc, Taiwan) were used (hairpin loop underlined): d(biotin-
CATATATATCCCCATATATATG) (ds[AT]); d(biotin-
CGCGCGCGTTTTCGCGCGCG) (ds[GC]); d(biotin-CAGA-
GAGAGTTTTCTCTCTCTG) (ds[AG]); d(biotin-CGTGTGT-
GTCCCCACACACACGQG) (ds[GT]); d(biotin-CATAATATTC)
(ss[AT]); d(biotin-CGCGGCGGCT) (ss[GC]); d(biotin-
CAGAGAGAGT) (ss[AG]); and d(biotin-CGTGTGTGTC)
(ss[GT]).

SPR measurements were performed on a BIAcore X instru-
ment (BIAcore AB, Uppsala, Sweden) using the BIAlogue
kinetics evaluation program (BIAEVALUATION V.3.1,
Pharmacia Biosensor). Samples of hairpin DNA oligomers
or single-strand DNA (25 nM) in HBS-EP buffer (0.01 M

Nucleic Acids Research, 2005, Vol. 33, No. 13 4055

HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA and 0.005%
surfactant P20) were applied to flow cells in streptavidin-
derivatized sensor chips (BIAcore SA chips) in a BIAcore
X optical biosensor system at a flow rate of 2 ul min~' to
achieve long contact times with the surface and to control the
amount of DNA bound to the surface. The sensor chips were
conditioned with three consecutive 1 min injections of 1 M
NaCl in 50 mM NaOH followed by extensive washing with
HBS-EP buffer. Similar amounts of each oligomer were
immobilized on the surface by non-covalent capture. The
DNA ligand-modified chip surface was regenerated by inject-
ing 20 ml of 1 M NaCl in 50 mM NaOH. The sensor chip
surface without a DNA ligand coating was used as the control
and was injected with indolicidin simultaneously for each
binding experiment. Steady-state binding analysis was per-
formed at 25°C by sequential injection of different concentra-
tions of indolicidin over the immobilized DNA surfaces, each
for a 10 min period at a flow rate of 20 pl min~". Solutions of
known concentrations of indolicidin were prepared in filtered
and degassed HBS-EP buffer by serial dilutions from a stock
solution in HBS-EP buffer and were injected from 7 mm
plastic vials with pierceable plastic crimp caps (BIAcore
Inc.). The results were plotted on a sensorgram and expressed
as resonance units against time.

RESULTS

Indolicidin has an unordered conformation in aqueous
and bulk organic solutions and a somewhat more
ordered, but not alpha-helical, conformation in

SDS micelles and DPC vesicles

In order to investigate the secondary structure of indolicidin,
CD experiments were carried out under several conditions.
The CD spectra of indolicidin were recorded in 20 mM
phosphate buffer alone and in the presence of different
concentrations of TFE (0-50% v/v) at pH 7. Intriguingly,
as shown in Figure 1, the CD spectrum of indolicidin in aque-
ous buffer alone showed a single negative band with a mini-
mum at ~202 nm, which is normally assigned to unordered

0% TFE
=== 30% TFE
""" 0% TFE

Molar Ellipticity [0] (deg cnt” dmol™) x 107

190 200 210 220 230 240 250 260
Wavelength (nm)

Figure 1. CD spectra of indolicidin in 0, 30 and 50% TFE.
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peptides, but has also been observed for poly-L-proline II (27)
and for B-turns (28). On increasing the percentage of TFE,
the negative band shifted from 202 to 200 nm. Thus, the
similar CD spectra for indolicidin indicate that there is no
dramatic conformational change between 0 and 50% TFE at
pH 7.0. In addition, the spectra in 50% TFE at different pH
values were almost the same (data not shown).

The CD spectrum at pH 7.0 of indolicidin in SDS micelles
was similar to that in DPC vesicles (data not shown). Com-
pared with the spectrum in 50% TFE at pH 7.0, an additional
negative band was seen at 225-227 nm, and the minimum at
202 nm shifted to 205 nm due to light scattering caused by
large unilamellar vesicles (29). This additional band has been
attributed to the tryptophan side chains of indolicidin (12),
which interact with the lipid bilayer, and indicates the forma-
tion of a B-turn with the B-type topology (30).

Comparison of CD spectra in water, in 50% TFE, and in
SDS and DPC micelles suggest that indolicidin adopts diverse
conformations at these different conditions, but it is not easy
to make conclusion for the small peptide with irregular sec-
ondary structure. The further NMR determinations of indoli-
cidin in several environments would provide more structural
information to elucidate the arduous question.

NMR spectral evidence for multiple conformations
of indolicidin in aqueous solution and
membrane-mimicking environments

To investigate the conformation of indolicidin, NMR experi-
ments were carried out in water, 50% TFE (31) and in
membrane-mimicking detergents (SDS and DPC) (32). The
NMR signals of indolicidin in water were severely overlapped
and the sensitivity of NOESY experiment is quite poor. There-
fore, we did not attempt to determine the structure of indoli-
cidin in water. The downfield region (~9.5-11 p.p.m.) of the
1D NMR spectrum of indolicidin represents the indole HY of
tryptophan; however, the number of peaks in this region was
greater than the number of tryptophan residues (data not
shown), indicating multiple conformations of indolicidin in
all determined conditions.

In the fingerprint region of the NMR spectrum of indolicidin
in 50% TFE (Figure 2A), it was apparent that, besides a major
set of proton resonance, there were additional minor signals,
most of which were assigned to at least the amino acid type.
At the peptide termini, a doubling or tripling of the proton
resonances was observed, whereas most of the central proline
and tryptophan residues showed no or one additional set of
signals. Even though the spectra of indolicidin in 50% TFE,
DPC and SDS were complicated, resonance assignment of the
major peaks was accomplished using standard procedures
(33). The TOCSY and DQF-COSY spectra were used to assign
the spin systems and NOESY spectra were used to make
sequential connections between spin systems. In addition,
NMR experiments at 285, 295 and 310K at different pH values
allowed the complete assignment of the overlapping peaks
(the proton chemical shifts are shown in the Supplemental
Material). Figure 2B shows the NOESY spectrum at pH 3.0
in 50% TFE, illustrating sequential amino acid assignments
of the major species using cross-peaks between a backbone
amide proton and the ca-proton of the preceding reside.
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Figure 2. Portions of the 2D proton NMR spectra of indolicidin in 50% TFE at
pH 3.0 and 310K, illustrating resonance assignments. (A) TOCSY spectrum
showing the backbone amide side-chain region. Individual amino acid spin
systems are indicated by the vertical lines. (B) NOESY spectrum showing
sequential amino acid residue assignments using cross-peaks between a back-
bone amide proton and the o-protein of the preceding residue. (C) NOESY
spectrum showing the strong NOE cross-peaks between the 6-protons of proline
and the o-protons of the preceding residue (connected by a horizontal line) that
indicate the all-trans conformation of proline resides.

Interruptions in the ‘sequential walk’ occur at proline residues
due to the absence of a backbone amide proton. The sequential
resonance assignments of indolicidin in DPC and SDS at
pH 3.5 have also been completed (data not shown). In 50%
TFE, the proline residues were in the trans-conformation, as
evidenced by strong NOE contacts between the §-protons of
proline and the o-protons of the preceding tryptophan residue
(Figure 2C). Cross-peaks between the o-protons of proline
and the preceding residue of the minor species, indicating
the cis-proline isomer, were not observed.
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Indolicidin in 50% TFE shares similar Trp-Pro-Trp
motif structures with those in SDS and DPC, but
different modes of combination of these two motifs

Previous structural analysis of indolicidin based on CD data
has been somewhat controversial. While an unordered struc-
ture was detected in aqueous solution, either a poly-L-proline
type I helix (34) or a B-turn conformation had been proposed
for the lipid-bound molecule (12,30). NMR structures of
indolicidin in TFE and in lipid model systems would provide
a more definite answer to this question.

While our study was in progress and the assignments of the
NMR spectra at different conditions were finished, an inde-
pendent report appeared on the structure of indolicidin bound
to DPC and SDS micelles at pH 4.5 (35). The results of this
study are in good agreement with our own observations on the
behavior of indolicidin in membrane-mimicking environments
at pH 3.5 and are discussed below.

The structures of indolicidin in 50% TFE were computed
using 76 NOE-based distance restraints, including 34 intra-
residue NOEs and 42 inter-residue NOEs in which there is no
long-range NOE greater than (7, i + 4). Interestingly, the cal-
culated structures could be divided into two groups, the back-
bone in both being rigid between residues 5 and 11 and the
RMSDs being 0.59 + 0.23 A and 1.03 + 0.37 A, respectively
(Figure 3B and C), whereas the four N-terminal residues
were poorly defined. The previous report for residues 5-11

A
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of indolicidin in DPC and SDS (35) is also presented in
Figure 3D and E, respectively. The assembly structures of
these four groups (TFE group 1, TFE group 2, DPC and
SDS) are best fitted as shown in Figure 3A. The statistics
of the calculated structures for indolicidin in the presence
of 50% TFE or SDS or DPC micelles are listed in Table 1.
The number of inter-residues restraints for the structure cal-
culation in the different environments is almost the same
except indolicidin in DPC micelles. In all four subgroups,
the backbones of the four N-terminal and two C-terminal
residues were flexible and extended, and the well-
characterized central region (5-11) adopted a rigid, but
slightly different, conformation dominated by two WPW
motifs (Figure 3A—E). Interestingly, in the structures of TFE
groups 1 and 2, the central region contained two turns (Trp4-
Lys5-Trp6-Pro7 and Trp9-Prol0-Trpl1-Argl2), whereas, in
those in DPC and SDS, it contained two half-turns (Trp4-
Lys5-Trp6 and Pro7-Trp8-Trp9) (Figure 4A). The presence
of more turns in TFE results in a more compact structure
than in the lipid environment. Among the turns, hydrogen
bonds between the amide proton of Argl2 and carbonyl oxy-
gen of Trp9 in group 1 as well as the amide protons of Trp8 and
Trp6 and/or the carbonyl oxygens of Argl2 and Trp9 in group
2 are observed in some of the NMR structures. Compared
among the NMR structures in 50% TFE and DPC as well
as SDS, indolicidin undergoes significant conformational
rearrangement upon micelles interaction. It is reasonable

D E

Figure 3. Backbone superposition and surface potential representation of the calculated NMR structures under different conditions. (A) TFE group 1, (B) TFE
group 2, (C) SDS, (D) DPC. (E) Total assembly of the four subgroups shown with 5-11 overlaid. Two opposite surfaces of (F) TFE group 1, (G) TFE group 2,
(H) SDS; (I) DPC are shown with the positively charged residues labeled in yellow.
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Table 1. Statistics for the calculated structures for indolicidin in the presence of 50% TFE or SDS or DPC micelles

50% TFE SDS* DPC?*
Group 1 Group 2
No. of NOE-based inter-residue distance restraints 42 42 47 61
Mean global RMSD (A)
Backbone (N, Ca, C’) residues (5-11) 0.59 £ 0.23 1.03 £ 0.37 0.68 + 0.23 0.10 = 0.05
Heavy atom residues (5-11) 1.62 £ 0.45 2.36 £ 0.97 1.91 £ 0.63 0.51 = 0.19
Ramachandran data (%)
Residues in most favored region 535 45.0 42.5 72.5
Residues in allowed region 35.0 52.5 57.5 12.5
Residues in generously allowed region 7.5 2.5 0.0 15.0
Residues in disallowed regions 0.0 0.0 0.0 0.0

“Data taken from Rozek et al. (35).
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Figure 4. Average dihedral angles and stick models of the WPW motifs of the four subgroups. (A) Average dihedral angles ¢ and y of TFE group 1, TFE group 2,
SDS and DPC. (B-E) Stick models of the two WPW motifs in TFE group 1 (B), TFE group 2 (C), SDS (D) and DPC (E) with the residues labeled.

that the central Trp/Pro-rich region should assume a linear
structure for hydrophobic interaction with lipid, whereas an
amphipathic and globular structure is suited to an aqueous
environment or the docking molecules. These multiple con-
formers of the central region were formed by different side-
chain contacts of the tryptophans in the two WPW motifs
(Figure 4B and C). The distances between Trp and Pro are
closed. Thus, most of the contacts between Trp and Pro should
be van der Waals. No Trp/Trp stacking interaction is obviously
seen, but one possible pseudo-stacking interaction between
Trpll and ProlO is observed in group 1. The structure of
indolicidin bound to SDS micelles showed close contact of
the side chains of W8 and W9 and contact of W8 and P10,
which extends the backbone to form a B-structure (Figure 4D).
The bend at residues 7-9 seen in indolicidin in DPC was
absent in the SDS-bound molecule, probably because of the
long distance between the side chains of W8 and W9, and the
side-chain contacts of W9 and W11 with P10 seen in DPC
(Figure 4E) were replaced with W8-P10 contacts in SDS
(Figure 4D). Furthermore, the NOEs between P7 and W8
were stronger in DPC than in SDS. In aqueous solution, the
side chains of the tryptophans in the WPW motifs exhibited
at least two contact modes. Figure 4B shows the stick model
for the indolicidin structure of TFE group 1, with contacts
between W6 and P7 and between W9, P10 and W11. The
close proximity of the side chains of W6 and W9 showed

that the two WPW motifs interacted. The central WPW struc-
tures for TFE group 2 exhibit contact of P7 and W8 with W6
and of W9 and W11 with P10 (Figure 4C). Interestingly, these
two WPW motifs seem to be the symmetric enantiomers of
each other. The different combinations of contacts between
the tryptophan side chains result in multiple conformations
of the two WPW, as evidenced by the similarity of the dihedral
angles, but large differences in the P7 y and W8 ¢ angles
(Figure 4A).

The electrostatic potential maps of the contact surface of the
calculated structures of the four indolicidin subgroups were
computed using the GRASP program (25). Figure 3F and G
shows the surface structures of TFE group 1 and TFE group 2,
respectively. These amphipathic and globular structures would
be suitable for an aqueous environment and for contact with
macromolecules waiting to be docked. In contrast, a wedge
shape structure, with most of the tryptophan indole rings
packed against the backbone of the peptide, was seen in
SDS and DPC. The charge distribution showed a hydrophobic
core, flanked by positively charged regions located near both
peptide termini. Furthermore, the wedge shape of indolicidin
bound to SDS (Figure 3H) or DPC (Figure 3I) appears to be
ideal for intercalation between the lipid molecules of a bilayer.

It would be very interesting that such large discrepancies
between the structures of indolicidin in TFE and in DPC or
SDS micelles are observed, since the TFE-stabilized peptide
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structure is similar to the micelles-induced conformation in
general membrane-associated peptide, such as antimicrobial
(36), disease-related (37) or fusion peptide (38). However,
TFE is known as an intra-molecular hydrogen bond enhancer
and protects exposed hydrophobic residues from aggregation
(31), which is applied more like as a structural stabilizer.
Several cases of N- and C-terminal peptides of histone were
studied and indicated that the peptides become fully structured
either in TFE solution or upon interaction with the DNA
(39,40). Furthermore, the conformation of the helical peptide
from random coil, which is induced by TFE and determined by
CD and NMR, is considerably similar to the DNA-induced
peptide structure (41). The different conformations of indoli-
cidin in TFE compared with that of micelles indicate that it
might be the other molecule-induced form and the result
encourages us to investigate the other possible antimicrobial
action.

Indolicidin binds DNA in gel retardation
experiments

Since the NMR structures of indolicidin in aqueous and lipid
environments showed multiple conformations, the structural—
functional relationship of indolicidin against microbes is
clearly more complicated than that of other cationic antimi-
crobial peptides. The multiple conformations of indolicidin in
different environments suggest that each conformation may
play a different functional role. Since indolicidin has been
reported to inhibit DNA synthesis (15), its DNA binding abil-
ity was evaluated in a gel retardation assay. Peptide (0-200 ng)
was mixed with a fixed amount (200 ng) of plasmid DNA and
the complexes electrophoresed on a 0.5% agarose gel
(Figure 5). At a peptide/DNA weight ratio of 0.2, a fraction
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Figure 5. Gel retardation analysis of the binding of indolicidin to DNA. The top
panel shows different mixtures of DNA (200 ng) and indolicidin (0, 40, 80, 120,
160 and 200 ng) run on a gel; the bottom panel shows the unshifted fraction of
DNA versus the same peptide/plasmid weight ratio.
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of the plasmid DNA was still able to migrate into the gel in the
same way as non-complexed DNA, whereas, at a weight ratio
of 0.4, almost all of the DNA remained at the origin. At higher
weight ratios, complete retardation of the DNA was observed,
showing that the DNA was aggregated by indolicidin. Similar
patterns of migration were observed with K5 (the fusion pep-
tide analog of influenza virus with the primary sequence:
GLFKAIAKFIKGGWKGLIKG), except that free DNA was
still seen at a weight ratio of 1.25-2.5 (C. H. Hsu et al.,
unpublished data). RNA-binding ability of indolicidin
was also evaluated by gel retardation (Supplementary
Material 2). Yeast RNA was aggregated by indolicidin
above the peptide/RNA weight ratio of 6.0, which indicates
the poor affinity of indolicidin bound to RNA. These results
show that indolicidin has intrinsic DNA-binding but not
RNA-binding ability.

DNA binding causes conformational changes

within indolicidin

We propose that the DNA binding of indolicidin is regulated
by conformational changes within the peptide. The intrinsic
tryptophan fluorescence spectrum was used to examine the
conformational changes and the interactions between DNA
and indolicidin, since the intensity and the emission maximum
depend on the surroundings of the indole ring of the tryptophan
residue and change when different conformations are observed
under different environments. The fluorescence maximum
shifts to longer wavelength and the intensity of the fluores-
cence decreases as the polarity of the solvent surrounding the
tryptophan residue increases (42). Since indolicidin contains
three tryptophan residues and DNA binding would be expected
to increase the polarity of the environment around these resi-
dues, we examined whether addition of DNA resulted in
quenching of tryptophan fluorescence. As shown in Figure 6,
in the absence of DNA, indolicidin exhibited a fluorescence
emission maximum at 360 nm, and addition of DNA caused
the fluorescence intensity to decrease and the emission maxi-
mum to shift from 360 to 362 nm, showing that conformational
changes occurred in the environment of tryptophan residues on
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Figure 6. Quenching of the intrinsic tryptophan fluorescence of indolicidin on
addition of DNA. The inset shows the quenching fraction as a function of the
peptide/plasmid weight ratio.
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Figure 7. SPR sensorgrams for the binding of indolicidin to (A) ds[AT], (B) ds[GC], (C) ds[AG] and (D) ds[GT] hairpin oligomers in HBS-EP buffer at 25°C.
The concentration of the unbound ligand in the flow solution varies from 10 uM in the lowest curve to 40 uM in the top curve. RU denotes response units.

DNA binding. The inset in Figure 6 is a plot of peptide/DNA
weight ratio versus DNA quenching ratio. The results of the
quenching experiment are in agreement with our previous gel
retardation assay, which showed that retardation was first seen
at a peptide/DNA weight ratio near 0.3.

DNA-binding sequence preference of indolicidin

The above gel retardation and fluorescence spectra data indi-
cate that indolicidin interacts with DNA. To further evaluate
the sequence selectivity of indolicidin, DNA hairpin oligomers
with four alternating ds[AT], ds[GC], ds[AG] or ds[GT] base
pair duplex sequences were separately immobilized on BIA-
core SA sensorchips and SPR experiments were performed at
25°C. The experiments were based on the SPR optical phe-
nomenon, which would result in light extinction if indolicidin
bound to a DNA duplex; this process, detected as a change in a
particular angle, is recorded in a sensorgram. A typical set of
sensorgrams (response units versus time) at different peptide
concentrations for indolicidin binding to the ds[AT], ds[GC],
ds[AG] and ds[GT] oligomers is shown in Figure 7. In all the
cases, the DNA surface was regenerated by buffer flow with-
out additional regeneration agents. The individual binding and
dissociation curves were all aligned at # = 0 (the start of each
injection) and the background noise removed to give the final
dataset, which consists of a set of curves showing association
and dissociation at several different peptide concentrations.
Indolicidin bound rapidly to the ds[AT], ds[GC] and
ds[AG] sequences and reached a stable steady-state plateau
(Figure 7A—C), but only bound poorly to ds[GT] (Figure 7D).
Moreover, the dissociation rates were quite different depend-
ing on the sequence, since the SPR sensorgrams for binding of
indolicidin to ds[AT] and ds[GC] revealed that it took a long
time to wash off the peptide from the DNA. The set of curves

Table 2. Kinetic and affinity constants for the interaction of indolicidin with
various double-strand and single-strand DNA sequences

DNA sequences K, M 's™h Ky(s™h Kp (UM)
ds[AT] 4.77 x 10° 0.190 39.8
ds[CG] 4.67 x 10° 0.197 422
ds[AG] 3.56 x 10° 0.156 43.8
ds[GT] 7.61 x 10? 0.146 191.9
ss[AT] 1.06 x 10? 0.221 2090
ss[CG] 1.27 x 102 0.195 1530
ss[AG] 7.25 % 10 0.177 2440
ss[GT] 1.42 x 10° 0.163 115

was used to mathematically fit association and dissociation
rates and the dissociation constant calculated using the
equation Kp = kg/k,; the results are shown in Table 2. Visual
inspection of the binding sensorgram in Figure 7D was suf-
ficient to conclude that indolicidin exhibited poor binding to
GT compared with the other three DNA sequences. The equi-
librium binding constants clearly indicated that the affinity of
ds[GT] for indolicidin was much lower than those of ds[AT],
ds[GC] and ds[AG]. The kinetic parameters also reflect this
behavior.

It would be meaningful on the binding comparison of indoli-
cidin bound to duplex and single-strand DNAs with similar
sequences. Single-strand DNA oligomers with four alternating
[AT], [GC], [AG] or [GT] sequences were separately immo-
bilized on BIAcore SA sensorchips and SPR experiments were
then performed at 25°C.

Figure 8 shows the sensorgrams at different peptide con-
centrations for indolicidin binding to the ss[AT], ss[GC],
ss[AG] and ss[GT], respectively. The apparent response
curves with higher peptide concentrations and rapid asso-
ciation/dissociation indicate that indolicidin seems to bind
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Figure 8. SPR sensorgrams for the binding of indolicidin to (A) ss[AT], (B) ss|GC], (C) ss[AG] and (D) ss|GT] hairpin oligomers in HBS-EP buffer at 25°C.
The concentration of the unbound ligand in the flow solution varies from 10 UM in the lowest curve to 40 uM in the top curve. RU denotes response units.

single-strand DNA weakly. The mathematic fittings and
calculations of the curves also present the low affinity between
single-strand DNA and indolicidin, as shown in Table 2. Strik-
ingly, the Kp value of ss[GT] is lower than ss[AT], ss[GT],
ss|AG] and even ds[GT] that showed the poorest duplex DNA-
binding property among four duplex DNAs tested. Together,
the SPR experiments demonstrated indolicidin prefers to bind
duplex DNA than single-strand DNA generally.

DISCUSSION

Many different types of organisms use antimicrobial peptides,
typically 2040 amino acids in length, for defense against
infection. Most are capable of rapidly killing a wide range
of microbial cells. It is not yet clear how these peptides kill
bacterial cells, but it is widely believed that some cationic
antimicrobial peptides kill by disrupting bacterial membranes,
allowing the free exchange of intra- and extra-cellular ions.
Indeed, many antimicrobial peptides isolated from a variety of
sources have been shown to have a membrane-permeabilizing
mode of action.

Although short, indolicidin resembles the Pro/Arg-rich pep-
tides, as it is highly cationic and rich in proline. It induces a
voltage-dependent current across planar lipid bilayers (14,16)
and has been shown to permeabilize both the outer and inner
membrane of E.coli, but is distinct from other amphiphilic
peptides in that the membrane permeabilization does not
lead to lysis (14,15). Indolicidin fails to fully dissipate the
cytoplasmic membrane potential even at concentrations four
times higher than the MIC, and the concentration-dependency
is very flat; in addition, treatment of susceptible cells with
indolicidin at the MIC results in loss of viability without
cell lysis; in addition, contrary to expectations, an increase

in the optical density of the cell is seen (16). These results
point to a mechanism of action that is different from well-
defined channel formation. Indeed, indolicidin inhibits DNA
synthesis in E.coli, leading to filamentation (15), which would
require the peptide to be present in the cytoplasm. The mecha-
nism may be dependent on the presence of a ‘docking mole-
cule’ or receptor-like molecule present in susceptible bacteria
and which is required for full antimicrobial activity.

The structure—function relationship of indolicidin has been
examined using several biophysical methods. Solution struc-
tures of indolicidin in different environments have been
determined by fluorescence, CD and NMR spectroscopy, as
presented in this paper and elsewhere (12,14,30,35). The fluo-
rescence spectra of indolicidin in aqueous solution or bound to
different lipid and detergent particles revealed a blue shift in
the emission maximum with a concomitant increase in inten-
sity, indicating that the tryptophan side chains of indolicidin
have moved into a more hydrophobic environment. The CD
spectrum of indolicidin changes upon partitioning into bilayers
(12,14), but the interpretation in terms of secondary structure
formation is problematic because of the unusual composition
of this peptide. The NMR spectra of indolicidin showed mul-
tiple conformations of the peptide in both aqueous solution and
lipid environments. Bound to SDS micelles or DPC vesicles,
indolicidin adopted a wedge shape comprising a hydrophobic
core flanked by two positively charged regions, which appears
ideal for intercalation between the lipid molecules of a bilayer.
However, spin-label experiments (35) showed that an interfa-
cial membrane location was preferred by indolicidin, and it
was speculated that a bilayer-spanning orientation of indoli-
cidin may be transitional and a way of redistributing the antibi-
otic onto the inner leaflet of the cytoplasmic membrane, from
where it can diffuse to other sites in the cell. The ability to
cross the membrane would explain the bactericidal activity of
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indolicidin and the observed transient perturbation of planar
membranes (16).

In addition, in aqueous solution, indolicidin adopted a
globular and amphipathic conformation, which should be suit-
able for interaction with macromolecules in the cytoplasm of
the cell. Since indolicidin is a relatively symmetric macromol-
ecule, particularly in the region Lys5 to Argl2, which includes
the two WPW motifs, different combinations of contacts
between the two motifs can result in multiple conformations,
as shown by the NMR spectra. Thus, previous studies using
retro-indolicidin (43) and our structural approach indicate that
plasticity in structure and interactions is critical for the action
of indolicidin. These results provide a new insight into the
more efficient mechanism of antimicrobial action of indoli-
cidin. To test our hypothesis that indolicidin bound to DNA,
gel retardation and fluorescence experiments were carried out
and confirmed that a complex was formed when the weight

Indolicidin
Concentration

ratio of indolicidin to DNA was ~0.3. This is the first time that
the mechanism of the DNA-binding action of indolicidin has
been investigated. Furthermore, different duplex and single-
strand DNA sequences were immobilized on a biosensor sur-
face and the association/dissociation of indolicidin monitored.
The sensorgrams clearly showed that indolicidin bound
strongly to ds[AT], ds[CG] and ds[AG], but only weakly to
ds[GT]. Interestingly, the SPR experiments demonstrated the
higher affinity of duplex DNA than single-strand DNA with an
exception of [GT] sequence.

Together, the SPR studies and structural studies also support
the idea that the cluster of positively charged amino acids is the
structural character responsible for the ability of indolicidin to
bind to nucleic acid and thus kill bacteria. The fact that a two-
state reaction model is the best possible fit to the experimental
data suggests the mechanism of action of indolicidin involves
an initial step of electrostatic binding to the phosphate groups

g
d

Lipid Bilayer

Indolicidin/protein
interaction

Indolicidin/DNA
interaction

Figure 9. Cartoon representation showing the DNA-binding mechanism of the antimicrobial action of indolicidin and the roles of the peptide interacting with the
lipid bilayer at different concentrations. At a concentration higher than the MIC indolicidin perturbs and lyses the cell membrane like normal cationic antimicrobial
peptides. However, when the peptide concentration is lower (‘lower concentration’), indolicidin mainly kills bacteria by other processes, such as binding to DNA (full
lines) and by docking with proteins (dotted lines). The inset show the CPK presentation of indolicidin, colored for different amino acid types. It can be reasonably
assumed that indolicidin enters the cytoplasm to exert its action and that the changes in cytoplasmic permeability reflect the transport of the peptide across the
membrane. After the transient perturbation and transfer to the cytoplasm, indolicidin then performs other functions. The multiple conformers of indolicidin can act as
DNA synthesis inhibitors by binding to DNA or proteins involved in the process. Indolicidin may also have targets in other biosynthesis pathways or cell cycle signal

transduction.
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of the DNA duplex, followed by insertion into the DNA
groove. Intuitively, indolicidin should prefer to bind strongly
to phosphate groups via its positively charged amino acids and
the tryptophans should stack between the nucleotide bases or
deoxyriboses in each strand of the DNA duplex. Further inves-
tigations of DNA binding by indolicidin and the structure
determination of the indolicidin/DNA complex are in progress
in our laboratory.

In conclusion, we present the first evidence for multiple
conformations of indolicidin and for its binding to DNA,
which may explain its known ability to inhibit DNA synthesis
and to perturb membranes. Recently, indolicidin was shown to
bind to calmodulin (44). As shown in Figure 9, higher con-
centrations of indolicidin may perturb and even lyse the cell
membrane, but when the MIC is lower than the lytic concen-
tration, indolicidin mainly kills bacteria by other processes. It
can be reasonably assumed that indolicidin enters the cyto-
plasm to exert its action and that the changes in cytoplasmic
permeability may reflect the transport of the peptide across
the membrane. After the transient perturbation and transfer to
the cytoplasm, indolicidin then performs other functions in the
cytoplasm. The multiple conformers of indolicidin can act as
inhibitors of DNA synthesis by binding to DNA or a protein
involved in the process. Other biosynthesis pathway or signal
transduction pathways may be binding targets for indolicidin,
which appears to exert its antimicrobial action by a mechanism
different from that used by the well-studied lytic peptides.

Antimicrobial peptides are attractive candidates for clinical
development because of their selectivity and speed of action
and because bacteria may not easily develop resistance to
them. The multiple conformations of indolicidin have many
highly desirable structural characteristics, which are respon-
sible for the broad spectrum of activity, including against most
pathogenic bacteria, fungi and even viruses, an ability to kill
known antibiotic-resistant clinical isolates, synergy with con-
ventional antibiotics and an endotoxin neutralization activity.
Knowledge of the multiple functions and structures of indoli-
cidin may not only result in an understanding of the mecha-
nism of action of this antimicrobial peptide family, but also
provide a new lead in the design of potent antimicrobial
peptides with therapeutic application.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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