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Bilayer Interactions of Indolicidin, a Small Antimicrobial Peptide Rich in
Tryptophan, Proline, and Basic Amino Acids
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ABSTRACT Tryptophan, proline, and basic amino acids have all been implicated as being important in the assembly and
structure of membrane proteins. Indolicidin, an antimicrobial 13-residue peptide-amide isolated from the cytoplasmic
granules of bovine neutrophils, is highly enriched in these amino acids: five tryptophans, three prolines, three basic residues,
and no acidic residues. Consistent with the likely importance of these amino acids in membrane protein assembly, indolicidin
is known to be highly membrane-active and is believed to act by disruption of cell membranes. We have, therefore, examined
the interactions of native indolicidin with large unilamellar vesicles (LUV) formed from palmitoyloleoylphosphatidylcholine
(POPC), and palmitoyloleoylphosphatidylglycerol (POPG), in order to use it as a model system for studying membrane protein
insertion and for evaluating the relative contributions of hydrophobic and electrostatic forces in peptide-bilayer interactions.
Equilibrium dialysis measurements indicate that indolicidin binds strongly, but reversibly, to both neutral POPC and anionic
POPG vesicles with free energies of transfer of —8.8 = 0.2 and —11.5 + 0.4 kcal/mol, respectively. The extremely strong
partitioning into POPG vesicles necessitated the development of a new equilibrium dialysis method that is described in detail.
Tryptophan fluorescence measurements show that indolicidin is located in the bilayer interface and that indole fluorescence
is affected by the type of lipid used to form the LUVs. Circular dichroism (CD) measurements reveal unordered conformations
in aqueous and bulk organic solutions and a somewhat more ordered, but not a-helical, conformation in SDS micelles and
lipid bilayers. Fluorescence requenching measurements (Ladokhin et al. 1995. Biophys. J. 69:1964-1971) on vesicles loaded
with the fluorophore/quencher pair 8-aminonapthalene-1,3,6 trisulfonic acid (ANTS)/p-xylene-bis-pyridinium bromide (DPX),
show that indolicidin induces membrane permeabilization. For anionic POPG, leakage is graded with a high preference for the
release of cationic DPX over anionic ANTS. For neutral POPC vesicles no such preference is observed. Leakage induction is
more effective with POPG vesicles than with POPC vesicles, as judged by three quantitative measures that are developed in
the Appendix.

INTRODUCTION

Indolicidin is a positively charged antimicrobial tridecapep-
tide-amide isolated from the cytoplasmic granules of bovine
neutrophils (Selsted et al., 1992). Its primary structure is re-
markable because of its high content of tryptophan (five resi-
dues), proline (three residues), and arginine (two residues):

Ile-Leu-Pro-Trp-Lys-Trp-Pro-Trp-Trp-Pro-Trp-Arg-Arg-Amide

The basis for its antimicrobial action is believed to be
membrane disruption because aggregated indolicidin
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(concentrations >30 uM) causes lysis of red blood cells
(Ahmad et al., 1995). Indolicidin’s membrane-active nature,
and its rich content of tryptophan, proline, and basic amino
acids, make it an intriguing peptide for study because all of
these amino acids have been implicated as important in the
assembly and structure of membrane proteins (von Heijne,
1989; Williams and Deber, 1991; Wimley and White,
1993a; Schiffer et al., 1992).

As we demonstrate in this paper, indolicidin has a largely
unordered conformation when free and when bound to
bilayers. This makes it a good peptide for testing the addi-
tivity of single-residue hydrophobicity parameters which
can only be done for peptides that form no secondary
structure when bound (Wimley and White, 1996). Because
indolicidin is simultaneously hydrophobic due to its trypto-
phan residues and charged due to its basic residues, its
interactions with a broad range of lipids can be examined
and compared. These features make indolicidin a useful
model system for understanding the relative contributions of
hydrophobic and electrostatic interactions in peptide-bilayer
interactions. Other natural peptides, such as melittin (Demp-
sey, 1990; Sessa et al., 1969), can also be useful in this
regard, but indolicidin’s small size, its lack of secondary
structure, and the relative ease with which variant peptides
can be synthesized, make it especially useful. Furthermore,
the five tryptophans provide a unique opportunity to exam-
ine the role of tryptophan in the insertion of proteins into
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membranes (Wimley and White, 1993a). As a first step
toward understanding its possible interactions with natural
membranes and toward using it as a model for studying
general peptide-bilayer interactions and membrane protein
insertion, we have examined the interactions of native in-
dolicidin with lipid bilayers formed from neutral and an-
ionic lipids. Our goals were to characterize its binding and
conformation and to examine its effect on bilayer structure
through its ability to induce leakage of vesicle contents. A
preliminary account of this work has been presented
(Ladokhin et al., 1996).

We find strong indolicidin partitioning into unilamellar
vesicles (LUV) formed from either neutral POPC or anionic
POPG. The peptide at relatively low concentrations induces
leakage of the fluorophore/quencher pair ANTS/DPX from
both systems, but by apparently different mechanisms. The
application of the fluorescence requenching technique
(Ladokhin et al., 1995) indicates that the leakage from
POPG vesicles is graded with a strong preference for DPX
release. Requenching data for POPC vesicles are consistent
with several release mechanisms, none of which, however,
has a preference for DPX. Because the kinetics of indolici-
din-induced leakage are complex and affected by lipid com-
position, we define in the Appendix three quantitative mea-
sures of the effectiveness of release. These measures
indicate that the overall induction of leakage from POPG
vesicles is more efficient than from POPC vesicles. This is
consistent with differences in the organization of leakage
pathways in two lipid systems.

Bilayer partitioning increases the quantum yield of in-
dolicidin’s fluorescence and induces a blue shift in the
spectrum. The blue shift is greater and the quantum yield
lower for POPG than for POPC. Similar spectral differences
are seen for the well-characterized model compound tryp-
tophan octyl ester (TOE) (Ladokhin and Holloway, 1995b).
This suggests that the fluorescent tryptophan(s) of indolici-
din are located in the vicinity of the bilayer interface.
Circular dichroism (CD) spectroscopy indicates that in-
dolicidin adopts an unordered conformation in both aqueous
and organic (trifluoroethanol, methanol) solutions. In SDS
micelles, indolicidin adopts a slightly more ordered (but not
an a-helical) structure and, in addition, exhibits a strong
negative band at 230 nm, attributed to tryptophans with
restricted conformations. CD spectra of indolicidin in POPC
and POPG bilayers are very similar to each other and to
those observed using SDS micelles.

MATERIALS AND METHODS
Materials

Lipids were obtained from Avanti Polar-Lipids (Birmingham, AL), ANTS
and DPX from Molecular Probes (Eugene, OR), and tryptophan, TOE, and
FD-4 from Sigma (St. Louis, MO). Indolicidin was purified from bovine
neutrophils (Selsted et al., 1992) or was synthesized by solid-phase tech-
niques according to the methods of Van Abel et al. (1995). Melittin was a
gift of Dr. E. Habermann. The buffer solution (pH 7.0) used for most
experiments contained 10 mM HEPES, 50 mM KCI, 1 mM EDTA, and 3
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mM NaN,,. For the melittin experiments, S mM EDTA was used. To reduce
the UV absorbance in CD measurements, a 50-mM potassium phosphate
buffer (pH = 7.0) was used instead of HEPES. The concentration of
indolicidin was never >30 uM to avoid aggregation.

Preparation of vesicles

Large unilamellar vesicles (LUV) of ~0.1 um diameter were formed by
extrusion under N, pressure through Nucleopore polycarbonate mem-
branes, using the method of Mayer et al. (1986). To prepare LUV with
entrapped ANTS and DPX, the lipid was suspended in buffer containing
the solute and then frozen and thawed 20 times before extrusion. Lipid
solutions were prepared at 100 mM to maximize entrapment. The total KC1
concentration in ANTS- and DPX-containing vesicles was adjusted so that
the entrapped solutions had the same osmolarity as the external 50-mM
KClI buffer. Unencapsulated ANTS and DPX were separated from encap-
sulated material using Sephadex G-100 packed in a 2.5-ml Pasteur pipette.
A detailed description of the procedure has been presented by Wimley et
al. (1994).

Partition coefficients

Partition coefficients are often determined by measuring the change in
some optical property, such as fluorescence, as a peptide solution is titrated
with lipid vesicles. The primary data then consist of titration curves from
which partition coefficients are determined from the change in the optical
property. A difficulty with this approach is that the amount of peptide
bound per lipid changes dramatically with the titration, which makes it
difficult to detect concentration-dependent changes in partitioning. This
particular problem can be overcome by working at very low peptide
concentrations, but then the changes in the optical property can be difficult
to quantitate. To avoid these problems, we use mole-fraction partition
coefficients determined using equilibrium dialysis and quantitative reverse-
phase HPLC as described in detail elsewhere (Wimley and White, 1993b).
The primary data in this case consist only of measurements of the concen-
trations of lipid and peptide in the two halves of a dialysis cell at equilib-
rium. Briefly, a suspension of lipid vesicles was placed in one-half of an
equilibrium dialysis cell (Spectrum Medical Industries, Houston, TX) that
was separated from the other half by a semi-permeable cellulose mem-
brane. A solution of peptide was placed in the other half-cell. With constant
rotation of the cells in a thermostat, indolicidin equilibrated across the
membrane in <12 h. We generally allowed the system to equilibrate for 24
or more hours at 25°C. The mole-fraction partition coefficient (K,) is given
by

_ [Plw/(L] + [Plw)
K = IPlaaed TW] F [Ploner) )

where [P]p; and [Pl are the bulk molar concentrations of peptide
attributable to peptide in the bilayer and water phases, respectively (Wim-
ley and White, 1993b). In the vesicle-containing half-cell, [Pl,m =
[Ploin + [Plyaer [L] and [W] are the molar concentrations of lipid and
water. Equation 1 assumes that all lipid is accessible to the peptide. If only
the outer leaflet of the bilayer is accessible, then one should replace [L] by
[L}/2. Unfortunately, there is no way to establish with certainty the trans-
bilayer distribution of the peptide. The practical consequence of this
uncertainty is that the absolute value of the free energy of transfer is
uncertain (see below). Our experience is that most membrane-active pep-
tides induce some leakage from vesicles, which suggests significant per-
turbation of the bilayer that could lead to transbilayer redistribution. We
have chosen to use [L) rather than [L]/2 as standard practice.

It is always true in our measurements that (W] = 553 M >> [P] .
and generally one keeps the concentration of peptide in the bilayer low to
avoid anti-cooperative behavior of charged peptides, so that {L] >> [P];.
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Therefore, to high accuracy one may write

[Pl[L]
5 PloaedlW] @

There is an upper limit on the value of X, that can be determined under the
conditions of Eq. 2 because of the inherent conflict between low bilayer
concentrations on the one hand and peptide detectability by HPLC on the
other. Very strong partitioning requires that the lipid concentration be kept
low so that the aqueous concentration of peptide does not drop below the
level that can be measured accurately. However, it also requires low
aqueous peptide concentrations to keep the bilayer concentration of peptide
in the dilute range. The end result is that HPLC instrumental sensitivity
prevents determination of values of X, that are greater than a particular
value that depends on the detectability of a given peptide. The upper limit
for indolicidin is 3 X 107.

The partitioning of indolicidin into POPG vesicles was so strong that
these limitations were exceeded. No free peptide could be detected over the
range of lipid concentrations (0.05-5 mM) normally used for POPC par-
titioning. We therefore developed a new procedure for determining the
partitioning into POPG vesicles. Instead of equilibrating POPG vesicles
against a simple peptide solution, we equilibrated them against a solution
containing POPC vesicles whose peptide partition coefficient K*OFC had
been determined using the standard scheme. Because the unbound indolici-
din concentrations [P],,,., must be equal in the half-cells at equilibrium
and are known from measurements with POPC, one may write

([P ]POPG - [P ]waler)/[POPG]
([P ]POPC - [P ]water)/[POPC]

where the concentration of peptide in the buffer is calculated from

(W]
[P ]water = [P ]POPC( Kl;OPC[POPC] + [W]) (3b)

[Plpopc and [Plpopg are the concentrations of peptide in the POPC and
POPG half-cells, respectively. Manipulation of the lipid concentrations,
[POPC), and [POPG]), allows one to overcome the limitations of the
standard scheme and thereby quantitate accurately strong partitioning. We
found that these measurements did not depend on whether indolicidin was
initially placed on the POPC or POPG side, indicating reversibility of
binding. However, because of the low fraction of free peptide (<5%), the
equilibration was slow. Therefore an equilibration time of 72 h was used
for these measurements.

K3 = K%

(3a)

Free energies of transfer

Mole-fraction free energies of transfer (kcal/mol) were determined from
the partition coefficients using AG = —RT In K where i = POPC or
POPG. We have chosen to use total lipid concentration in K, determina-
tions as described above. If one wishes to assume that indolicidin does not
penetrate the inner leaflet, one should add —0.41 kcal/mol to the AG values
reported here.

Leakage experiments

A small volume (10-25 pl) of a concentrated stock solution of vesicles
with entrapped ANTS/DPX was quickly added into 1 ml buffer containing
peptide and immediately stirred. In some cases, the procedure was re-
versed: a concentrated peptide solution was added to a dilute vesicle
suspension. For the quantitative analysis of leakage kinetics, only the
former approach was used. Leakage assays were performed with a SPEX
Fluorolog spectrofluorometer that was upgraded and interfaced to a com-
puter by OLIS, Inc. (Jefferson, GA). The excitation and emission wave-
lengths were kept at 380 and 520 nm with slits of 20—40 nm to increase the
signal. The contribution of light scattering was negligible in all cases. We
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limited the leakage study to peptide concentrations not higher than 30 uM
because the aggregated form of the peptide appeared to interfere with the
leakage assay, possibly due to binding of ANTS. Light scattering experi-
ments (data not shown) suggest the formation of large aggregates at
indolicidin concentrations >30 uM, which is consistent with result of
Ahmad et al. (1995) reported for a somewhat different buffer system.

Fusion assay

Fusion was studied by a standard 7-nitro-benzoxadiazole-PE/rhoda-
mine-PE fluorescence energy transfer method as described by Wimley et
al. (1994) using an SLM-8100 fluorimeter (SLM/Aminco, Urbana, IL).
Excitation and emission wavelengths were 468 nm and 535 nm, with slits
of 2 nm and 8 nm, respectively. To reduce possible contributions from
scattering, a polarizer transparent for horizontally polarized light was
introduced into the emission path.

UV Fluorescence Measurements

Tryptophan fluorescence measurements were performed using the SLM-
8100 spectrofluorometer. Polarizers in the magic-angle configuration were
used to exclude artifacts associated with dynamic depolarization. Spectral
measurements were performed at an excitation wavelength of 270 nm, with
excitation and emission slits set to 4 nm. Averaged emission spectra were
obtained from multiple scans (5-15) from 290 to 500 nm with a 1-nm
increment. After the spectrum for the blank was subtracted, the spectrum
was fitted to a log-normal distribution as described by Ladokhin et al.
(1991) to obtain the position of the maximum and the area under the curve.
The latter was used to calculate the relative quantum yield by comparing its
value with the one for an aqueous solution of tryptophan. The intensity data
were corrected for membrane scattering using tryptophan with the same
concentration of lipid as in the peptide sample. Equilibrium dialysis par-
titioning experiments indicate that tryptophan does not bind to vesicles
under our experimental conditions (Wimley and White, unpublished). The
correction factor did not exceed 12%. All measurements were performed at
25°C.

Fluorescence anisotropy was determined from intensities measured at
350 nm (8-nm slits) with a vertical (V) and horizontal (H) position of the
polarizer (first subscript) and analyzer (second subscript):

Iyw— G+ Ly

r=—m—m—————
IVV +2G - IVH

where the correction factor G = Iy/Iyy Was determined by averaging a

series of experiments. Samples for fluorescence measurements contained

2-5 pM indolicidin or TOE, and 0.6 mM lipid.

Circular dichroism and absorbance spectroscopy

CD measurements were performed using a Jasco-720 spectropolarimeter
(Japan Spectroscopic Company, Tokyo, Japan). Normally, 50-250 scans
were recorded between 185 and 260 nm. Samples contained 10-25 uM
indolicidin and 1.1 mM lipid. A 1-mm optical path was used. UV absor-
bance was measured with a Cary 3E spectrophotometer (Varian Analytical
Instruments, Sugar Land, TX). No smoothing of the data was performed.

Fluorescence requenching

The mechanism of leakage induction by indolicidin was determined by
fluorescence requenching (Ladokhin et al., 1995; Wimley et al., 1994).
Briefly, after partial leakage of vesicle contents (ANTS/DPX) has oc-
curred, the vesicle solutions are titrated with DPX to determine the degree
to which the dye molecules remaining in the vesicles are quenched. If the
quenching inside, Q;,, does not change with the fraction of dye released,
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four the mechanism is all-or-none. For graded release, the quenching inside
changes (Ladokhin et al., 1995) according to

0 =[(1 + K, + [DPX, * (1 = fou)") @
L+ K, - [DPX], + (1 = fo))]!

The parameters K, K, and [DPX], are defined below. The fraction f2FX

of DPX released is assumed to be related to the fraction £, = fANTS of
ANTS released according to
oDul:x =1- (1 _f;)ut)a (5)

which defines the preferential-release parameter . For the simplest case of
exponential leakage, « coincides with the ratio of kinetic rates of DPX and
ANTS release.

The values for the quenching constants for the ANTS/DPX pair, K; =
50 M~' and K, = 490 M ™!, were determined previously (Ladokhin et al.,
1995). The initial concentration of DPX inside the vesicles, [DPX],, and
the preferential release parameter, a, can be obtained by fitting the exper-
imental data to Eq. 4, which can also be used to distinguish all-or-none
from graded release. Values of & = 1, < 1, and > 1 indicate, respectively,
nonpreferential release of ANTS and DPX, preferential release of ANTS,
and preferential release of DPX. All-or-none release is nonpreferential by
definition, but mathematically it coincides with a limiting case of « = 0
with Q;, becoming independent of f,,,, in Eq. 4. The derivation of Eq. 4 and
details of the experimental determination of Q,, and f,,,, have been given
elsewhere (Ladokhin et al., 1995). Nonlinear least-squares analyses and
data simulations were performed with the software package Origin 3.5
(MicroCal, Inc., Northampton, MA).

Kinetic analysis

The fraction of dye released f£,,(#) as a function of the time ¢ that elapsed
after mixing of marker-loaded vesicles with indolicidin is described by

Soult) = Ag + Ay - [1 — exp(—k1)] (6)
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where Ag, A,, and k, are parameters determined by nonlinear-least-squares
methods. Conversion of efflux of markers into fluorescence kinetics was
performed as described by Ladokhin et al. (1995; also see Appendix for
more details).

RESULTS

Partitioning of indolicidin into POPC and
POPG vesicles

The primary data from the equilibrium dialysis measure-
ments are summarized in Table 1. Note that a wide range of
lipid and peptide concentrations have been used in order to
be certain that the reported partition coefficient and free
energy values are independent of the concentration of bound
peptide. Partition coefficients and free energies of transfer
were determined from these data as described in Methods.
Indolicidin partitions strongly into POPC LUV (square
symbols, Fig. 1) with a mole-fraction partition coefficient of
2.9 = 0.9 X 10°% which yields a water-to-bilayer free energy
of transfer AG = —8.8 = 0.2 kcal/mol. The partition
coefficient for POPG LUV (triangles, Fig. 1) was found to
be 2.8 = 1.5 X 108 corresponding to AG = —11.5 * 0.4
kcal/mol. Fig. 1 shows that these values are independent of
peptide/lipid ratio [P]y,/[L] over a wide range of concen-
trations. At extremely high [P],;/[L] ratios, however, parti-
tioning decreases (open symbols), probably because of anti-
cooperative effects due to electrostatic repulsion of peptide
molecules. Note that the effect occurs at a higher [P],;/[L]
ratio for POPG than for POPC, presumably because of the
lipid charge.

TABLE 1 Partitioning of indolicidin into POPC and POPG vesicles determined by equilibrium dialysis

Left half-cell* Right half-cell*
Lipid Lipid (mm)* Indolicidin (um)* Lipid Lipid (mm)* Indolicidin (pm)M

1 POPC 0.05 0.81 None 0.15

2 POPC 0.05 57 None 51

3 POPC 0.07 1.6 None 2.6

4 POPC 0.12 0.31 None 0.02

5 POPC 0.12 3.6 None 0.82

6 POPC 0.13 0.09 None 0.01

7 POPC 0.13 29 None 0.34

8 POPC 0.44 0.48 None 0.02

9 POPC 0.77 0.63 None 0.03
10 POPC 1.10 1.5 None 0.04
11 POPG 0.005 36 None 2.1
12 POPG 0.005 4.5 POPC 0.35 58
13 POPG 0.005 0.68 POPC 0.38 0.53
14 POPG 0.010 0.26 POPC 0.75 0.21
15 POPG 0.054 0.22 POPC 1.85 0.06

*Equilibrium dialyses apparatus is described by Wimley and White (1993b) and consists of two half-cells separated by a semipermeable membrane. The

designations of half-cells as “left” or “right” is arbitrary.

*#Lipid concentrations were determined by dilution of stock solutions for which concentrations were determined by a phosphate analysis. Experimental
uncertainty in concentrations listed is +5uM for POPC and *1uM for POPG.
$Indolicidin concentrations were determined by HPLC as described by Wimley and White (1993b). Injection volumes varied from 0.05 to 1.0 ml.

Experimental uncertainties are nominally *10% (range: 3-30%).

ICorresponds to [P),;, + [Plyater for use in Eq. 2 for rows 1-11 and [Plpopg for use in Eq. 3 for rows 12-15.
ICorresponds to [Plyacer for use in Eq. 2 for rows 1-11 and to [Plpopc for use in Eq. 3 for rows 12-15.
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FIGURE | Partition coefficients as functions of the mole ratio of bound

indolicidin to lipid for LUV formed from POPC (squares) or POPG
(triangles). Horizontal lines correspond to error-weighted average values
of 2.9 X 10° and 2.8 X 10® for POPC and POPG, respectively. Partition
coefficients are independent of the peptide/lipid ratio over a broad range.
At very high ratios (open symbols), indolicidin partitions to a significantly
lower extent, probably due to the anti-cooperativity arising from unfavor-
able electrostatic interactions.

Indolicidin-induced leakage of vesicle contents

Lipid dependence of leakage rates from
DPX/ANTS-loaded vesicles

The release of the contents of ANTS/DPX-loaded vesicles
induced by indolicidin was monitored by following the
increase in fluorescence as illustrated in Fig. 2 for POPC
LUYV. The release in this case is very slow; the fluorescence
increase does not reach the level obtained following disrup-
tion with Triton X-100 even many hours after mixing with
high indolicidin concentrations. Although the extrusion
technique is known to produce homogeneous unilamellar
vesicles (Mui et al., 1993; Mayer et al., 1986), such a result
could occur if the vesicle preparation had been contami-
nated with high amounts of multilamellar vesicles. To ex-
clude such a possibility, we compared the action of indolici-
din with that of the peptide melittin, which causes fast and
complete leakage of vesicle contents at low concentrations
without causing fusion or micellization (Benachir and
Lafleur, 1995; Schwarz et al., 1992). We see complete
release (Fig. 2) at a melittin/lipid ratio of 0.3%,which is well
below the ratios at which micellization (~5%) or fusion
(>0.5%) occur [see review by Dempsey (1990)]. Melittin
also causes complete leakage of the contents of POPG
vesicles (data not shown). Because the melittin-induced
leakage involves pore formation or membrane perturbations
of some sort that should also be affected by significant
populations of multi-lamellar vesicles, we conclude that our
vesicles are unilamellar.

The indolicidin-induced leakage from anionic POPG ves-
icles is very fast and effective (Fig. 3). The same concen-
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FIGURE 2 Fluorescence of ANTS/DPX-loaded POPC LUV (0.6 mM
lipid) in the absence and presence of leakage-inducing agents. Leakage of
contents leads to a dilution of quencher (DPX) around the dye molecule
(ANTS) and thereby increases fluorescence. POPC vesicles containing
ANTS/DPX (@) in the absence of disrupting agents show a stable fluores-
cence signal. Disruption of vesicles with Triton X-100 (W) causes maximal
fluorescence increase. The lytic peptide melittin ([]) causes rapid and
complete release of ANTS/DPX as indicated by the fluorescence increase
that is the same as for Triton X-100. Indolicidin (O), even at the very high
concentration used here, does not lead to the complete release of markers
even after several hours of incubation.

tration of indolicidin (30 M), that caused only one-third of
the total fractional fluorescence change for POPC vesicles
in 30 min, caused maximum possible fluorescence increase

Fractional Fluorescence Change

PR ST PR |  PYNS O IO S O T I N

01 F 30.0uM indolicidin (POPC)
0.0 2 ] M 1 " 1 1 1 A 1 L 1 N
0 5 10 15 20 25 30 35
Time (min)

FIGURE 3 Normalized fluorescence increase of ANTS/DPX-loaded
POPG () and POPC (A) LUV (0.6 mM lipid) after the addition of
indolicidin at the concentrations indicated on the figure. To allow a better
comparison, the fluorescence increase of ANTS is normalized so that the
absence of leakage corresponds to 0 and the fluorescence increase observed
with Triton X-100 corresponds to 1. Curves through the points correspond
to fit with Eq. 6 in combination with Eq. Al. Parameters of the fits are
presented in Table 2. The leakage caused by indolicidin from anionic
POPG vesicles is more effective than from neutral POPC vesicles.
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of POPG LUV in 3 min. Such a significant qualitative
difference in dose-response dependence strongly suggests a
difference in the structural organization of indolicidin com-
plexed with neutral and anionic bilayers. No significant
fusion of vesicles could be detected at the indolicidin con-
centrations used. A quantitative analysis of the kinetics,
which requires a prior determination of mechanism of leak-
age, is presented below.

Determination of the mechanisms of leakage

The fluorescence requenching technique was used to estab-
lish the nature of the leakage induced by indolicidin
(Ladokhin et al., 1995; Wimley et al., 1994). The internal
quenching (Q;,) as a function of ANTS released (f,,,) that
results from the action of indolicidin on POPC and POPG
LUV is presented in Fig. 4. To distinguish among the
possible mechanisms of leakage, two “landmarks” are es-
tablished in each case. The first landmark, shown by the
dashed line labeled AON, represents all-or-none leakage for
which @;, is independent of £, and is established by simply
passing a horizontal line through the value of Q,, for f,,, =
0. The second landmark, shown by the dotted curve labeled
GNP, represents graded nonpreferential release of ANTS/
DPX. This curve is established using Eq. 4 with « = 1 and
a value of [DPX], chosen to make Q,, equal the value
observed for f,,, = 0. We note that the trapping efficiency
of vesicles for DPX depends strongly on lipid composition
as indicated by the different values of [DPX], for POPG and
POPC vesicles (Fig. 4, legend).

The two lipid systems clearly exhibit very different be-
haviors relative to the GNP and AON landmarks. For
POPG, Q,, increases strongly with £, ,, and thereby indicates
graded release. Because all values of Q,, are substantially
above the dotted GNP reference line, the leakage is selective
for DPX. For POPC, Q,, depends weakly, if at all, on f,,
and could be due to one of several mechanisms, as discussed
below. The selectivity of the graded leakage from POPG
vesicles can be determined quantitatively by finding the
value of « that gives the best nonlinear least-squares fit of
Eq. 4 to the experimental values of Q,,. This procedure
yields @ = 3.1 = 0.4, which means that the leakage path is
highly selective for DPX. The plot of Eq. 4 obtained using
this value of « is shown by the solid line labeled GPD in the
POPG panel of Fig. 4.

As shown in the bottom panel of Fig. 4, release from
POPC vesicles is consistent with several possibilities in-
cluding all-or-none (dashed line labeled AON) and nonpref-
erential graded release (dotted line labeled GNP) as limiting
cases. The area between the two curves can be explained by
numerous possibilities that include graded preferential re-
lease of ANTS (with apparent a = 0.63 determined by the
best fit to Eq. 4, data not shown) or some combination of
graded and all-or-none mechanisms (Ladokhin et al., 1995).
In any case, the leakage from POPC vesicles is clearly not
consistent with graded preferential DPX release (solid line
labeled GPD) as observed for POPG vesicles.
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FIGURE 4 Plots of internal quenching (Q;,) of ANTS inside vesicles as
a function of the ANTS released (f,,) by indolicidin from POPG and
POPC vesicles. POPG: Solid curve (GPD) is the best fit to the data using
Eq. 4 (a = 3.1 = 0.4, [DPX], = 6.1 * 0.2 mM) suggesting that release is
graded with strong preferential leakage of DPX. The other two curves, also
calculated using [DPX], = 6.1, correspond to all-or-none release (dashed
curve, AON) and graded non-preferential with a = 1 (dotted curve, GNP).
POPC: Dashed curve (AON) and dotted curve (GNP) correspond, respec-
tively, to all-or-none and to graded nonpreferential release with @ = 1. The
graded preferential release with @ = 3.1 is not consistent with the data
(solid curve, GPD). [DPX], = 30 mM in all cases. The requenching data
do not allow unique assignment of mechanism of leakage for POPC.
However, it is clear that the mechanism is different for anionic and neutral
vesicles.

Kinetics of the indolicidin-induced leakage

Fluorescence kinetics do not follow the release-of-contents
kinetics unless the release is all-or-none (Schwarz and Ar-
buzova, 1995; Ladokhin et al., 1995). The deviation be-
tween the kinetics depends strongly on the parameter of
preferential release o and therefore should be significant for
the ANTS/DPX efflux from POPG vesicles. The procedure
that accounts for the kinetic difference for preferential re-
lease of either DPX or ANTS is described in detail in the
Appendix. Briefly, the time-dependent fluorescence F(r) is
related to Q;, and to the efflux of dye f,,, through Eq. Al,
with f,,,.() being described by the empirical multi-exponen-
tial release model (Eq. 6). The dependence of Q,, on « given
by Eq. 4 allows one to account for the effects of graded
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release on fluorescence kinetics. The results of nonlinear
least-squares fits of Egs. 6 and Al to the fluorescence
kinetics accompanying indolicidin-induced leakage are pre-
sented in Table 2 and Fig. 3. The effective parameters of
leakage derived from the empirical kinetic parameters A,
A,, and k; and the parameter « (Eqs. A4—A6) indicate that
the release of both markers from POPG LUV is faster and
more efficient than release from POPC vesicles.

Spectroscopic characterization of free and
membrane-bound indolicidin

Tryptophan absorbance and fluorescence

The near-UV absorbance spectrum of free or bound in-
dolicidin was found to be equivalent to the superposition of
its five tryptophan residues corresponding to a molar ex-
tinction coefficient of 28 X 10° M~! cm™! at 280 nm. In
solution, indolicidin exhibits a fluorescence with maximum
at 348 nm, characteristic of water-exposed tryptophans (Ta-
ble 3; Fig. 5, top). The average quantum yield of the five
tryptophan residues reaches only 38% of that of the trypto-
phan zwitterion in aqueous solution.

Consistent with the observations of Ahmad et al. (1995),
the fluorescence of indolicidin is sensitive to membrane
binding. The data of Table 3 and Fig. 5 show that indolici-
din partitioning into bilayers leads to blue shifts of the
spectra and increases in quantum yields. Compared with
POPC, binding to POPG results in a greater spectral shift,
but with lower quantum yield. Such differences could be
due to differences in the structure of the indolicidin in the
two membranes, a general effect of lipid type on the fluo-
rescence of the indole fluorophore, or a combination of the
two. To investigate these possibilities, we examined the
effect of lipid composition on the fluorescence of the model
compound TOE, which has proven useful for modeling
tryptophan fluorescence in membranes (Ladokhin and Hol-
loway, 1995b). TOE binds equally strongly to both POPC
and POPG LUV with partition coefficients of 6.4 = 0.7 10°
(data not shown). The data in Table 3 and the bottom panel
of Fig. 5 show that the fluorescence spectral changes of
TOE parallel those of indolicidin. Furthermore, the quantum
yield of POPG-bound TOE is smaller than POPC-bound
TOE with the difference being even greater than for in-
dolicidin. Therefore, regardless of the possible structural
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TABLE 3 Fluorescence parameters of indolicidin (Ind) and
the model compound, tryptophan octyl ester (TOE), in
solution and when bound to POPC or POPG vesicles

Quantum yield Spectral Fraction
(rel. to free Trp) maximum  Anisotropy  bound*
Indolicidin 38% 348 nm 0.032
Ind + POPC 56% 338 nm 0.053 97%
Ind + POPG 47% 335 nm 0.060 100%
TOE 41% 350 nm 0.005
TOE + POPC 78% 337 nm 0.086 99%
TOE + POPG 48% 335 nm 0.088 99%

*Fraction of bound molecules calculated from the equilibrium dialysis
binding studies.

differences between POPC- and POPG-bound indolicidin,
the fluorescence differences are influenced to a large extent
by the effects of the membrane on the fluorophore itself.
The cause of such generic effects is uncertain, but they
might possibly be due to changes in the natural lifetime
and/or quenching rates caused by differences in the chem-
ical structures and hydration of the lipids.

We performed fluorescence polarization measurements
that are sensitive to both rotational movement and energy
transfer between fluorophores. The membrane-bound in-
dolicidin has a lower anisotropy than the much smaller TOE
molecule (Table 3) suggesting that the fluorescence is partly
depolarized by energy transfer occurring between some or
all tryptophan residues. The difference in anisotropy be-
tween POPC- and POPG-bound indolicidin is insignificant.

We found that all of the fluorescence changes that oc-
curred upon partitioning into either POPC or POPG LUV
were complete by the time the data could be acquired (<1
min after mixing) and no further changes could be detected
during prolonged incubations (up to 10 h). This indicates
that the leakage kinetics (Fig. 3) are most likely due to the
peculiarities of the structural rearrangements of peptide
already bound to vesicles rather than to time-dependent
binding of the peptide. Such rearrangements often do not
result in measurable changes in intrinsic fluorescence unless
some specific quenching technique is used (Ladokhin and
Holloway, 1995a,b; Matsuzaki et al., 1995). Unfortunately,
the probable existence of energy transfer between indolici-
din’s tryptophans precludes the application of such techniques
to indolicidin.

TABLE 2 Kinetic parameters for the leakage of ANTS and DPX from POPC and POPG vesicles

Indolicidin
concentration Empirical kinetic parameters* Effective parameters of leakage®
+ Lipid (0.6 mM) Ap A, k, (1073 sec™) ALNTS | (% per uM) ADPX 4 (% per uM) kg (1073 sec™")
30 uM + POPC 0.11 0.27 0.86 1.3 1.3 1.21
5.6 uM + POPG 0.11 0.07 1.06 33 8.5 2.64
13 uM + POPG 0.24 0.17 1.09 32 6.2 2.60

*Empirical kinetic parameters were recovered by fitting fluorescence kinetics data from Fig. 3 with Eq. 6 together with Eq. Al.
#Effective parameters of leakage are calculated from kinetic parameters and parameters of preferential release, e, according to Eqs. A4—A6.
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FIGURE 5 Fluorescence of indolicidin and the model tryptophan deriv-
ative TOE in buffer and bound to POPC and POPG LUYV. The fluorescence
of indolicidin is sensitive to whether it binds to neutral or anionic mem-
branes. However, changes in TOE fluorescence are similar to those of
indolicidin (see also Table 3). This leads to the conclusion that regardless
of the possible structural differences between POPC- and POPG-bound
indolicidin, the difference in their fluorescence is strongly influenced by
lipid headgroup effects on the fluorophore itself.

Circular dichroism spectroscopy

The far-UV CD spectrum of indolicidin in aqueous buffer
and in trifluoroethanol (Fig. 6) or methanol (data not shown)
is characterized by a minimum at 200 nm that is usually
considered characteristic of an unordered backbone struc-
ture (Park et al., 1992; Perczel et al., 1991; Brahms and
Brahms, 1980). However, the low ellipticity of the peak
resembles the signal from peptides containing a S-turn
(Blanco et al., 1994; Sieber and Moe, 1996). The near-UV
CD spectrum (not shown) contains relatively small negative
peaks corresponding to L,, L, (270-290 nm) and, probably,
By, (240 nm) transitions of the indole chromophore.
Addition of the highly scattering vesicles impaired our
ability to measure CD spectra at wavelengths shorter than
195 nm. Nevertheless, upon membrane partitioning, we can
detect changes in the position of the main band and also the
appearance of an extra negative peak at ~230 nm (Fig. 6 A).
Although we cannot rule out entirely a change in backbone
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FIGURE 6 CD spectrum of indolicidin in (A) aqueous buffer, POPC
bilayers, and POPG bilayers, and (B) in two model systems used to emulate
membrane environments. (A) CD spectra for indolicidin in buffer, POPC,
and POPG are indicated on the figure. Expressed as a per residue elliptic-
ity, all CD spectra are consistent with unordered backbone structures. The
negative bands seen in the POPG and POPC spectra are due to tryptophan,
and are commonly observed in tryptophan-containing peptides that are
partitioned into bilayers (see text). The narrowing of the negative 200-nm
band in the bilayer spectra suggests that the conformational states available
to indolicidin are restricted compared to aqueous buffer. (B) CD spectra of
indolicidin in trifluoroethanol (TFE) and 10 mM SDS micelles are indi-
cated in the figure. Indolicidin in TFE has a spectrum similar to that
observed in aqueous buffer. Notice that the SDS spectrum shows a strong
negative band at 230 nm similar to, but stronger than, the one observed for
POPC and POPG. Also notice that the negative band at 200 nm is narrower
in the SDS spectrum which, as for the POPC and POPG spectra in (A),
suggests restriction of conformational states.

conformation as an explanation of the new band, it is very
probably due to changes in the tryptophans’ environment as
suggested by model studies and calculations discussed by
Woody (1994) and studies of gramicidins (Woolley et al.,
1992; Sawyer et al., 1990). Furthermore, membrane-bound
tryptophan-containing short peptides show a similar peak
(data not shown). A similar negative peak is also present in
the CD spectrum of indolicidin bound to SDS micelles (Fig.
6 B). For that case, the differences observed at shorter
wavelengths are even more pronounced compared with the
vesicle-bound form, suggesting additional changes in the
backbone structure. The spectrum in SDS was found to be
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independent of indolicidin concentration, at least between
0.5 and 50 uM, indicating that aggregation is unlikely to be
involved. Because of the strong tryptophan contribution and
the absence of standard spectra for short peptides in mem-
brane environments, we did not attempt to deconvolute the
CD spectra of indolicidin into individual components rep-
resenting different types of secondary structures.

DISCUSSION

Disposition of indolicidin in POPC and
POPG bilayers

Indolicidin partitions strongly, but reversibly, into both neu-
tral POPC and anionic POPG bilayers as determined by
equilibrium dialysis measurements (Fig. 1). Ahmad et al.
(1995) also concluded that indolicidin partitions strongly
into POPC bilayers. The calculated free energies of transfer
are AG = —8.8 * 0.2 kcal/mol for POPC and —11.5 = 0.4
kcal/mol for POPG LUV. These numbers are obtained un-
der the assumption that both leaflets are accessible to in-
dolicidin. If only the outer leaflets participate in binding, the
values for free energies should be increased by 0.41 kcal/
mol (see Methods). There is presently no unambiguous
method for establishing the transbilayer distribution of
bound peptides. We make the assumption that indolicidin is
distributed equally across the membrane, since membrane
permeabilization is consistent with significant perturbation
of both leaflets.

The partitioning into POPG is so strong that a new
method of determining partition coefficients was developed
that involves measuring partitioning relative to POPC LUV
rather than to buffer (see Materials and Methods). This
approach broadens the range of partition coefficient values
that can be determined by equilibrium dialysis methods.

The partitioning of indolicidin into neutral POPC vesicles
is probably driven primarily by the hydrophobic effect
operating on the five tryptophans (Wimley and White,
1996). Electrostatic interactions among indolicidin’s four
basic groups (one Lys, two Arg, and the amino terminus),
on the other hand, may dominate binding to POPG vesicles.
This possibility can be examined through calculations of
electrostatic binding using the equations of Ben-Tal et al.
(1996). Assuming only electrostatic (ES) interactions, we
calculate AGgg = —10.2 kcal/mol using mole-fraction units
and our experimental conditions. Thus, electrostatic inter-
actions can account for most, but not all, of the transfer free
energy into POPG. Presumably hydrophobic interactions
occur in addition, but to conclude that the difference of
— 1.3 kcal/mol represents the full extent of the hydrophobic
contribution would be premature because the behavior of a
charged hydrophobic peptide at the POPG interface is likely
to be more complex than assumed in the Ben-Tal et al.
(1996) model for binding. The model specifically assumes
that the peptides do not penetrate the polar headgroup
region. Ben-Tal et al.’s experimental measurements using
hydrophilic Lys peptides were entirely consistent with that
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assumption. For peptides such as indolicidin that are rich in
both charged and hydrophobic residues, one can reasonably
assume that the disposition of the peptides in the bilayer
interface is much more complex. One can easily imagine a
compromise structural arrangement such that neither hydro-
phobic nor electrostatic interactions are expressed fully.
Studies of synthetic variants of indolicidin may allow the
relative contributions of hydrophobic and electrostatic in-
teractions under various conditions to be sorted out.

CD and fluorescence spectroscopy measurements of in-
dolicidin bound to both POPC and POPG bilayers are
generally consistent with a largely unordered backbone con-
formation of indolicidin located in the interfacial regions.
The CD measurements indicate that indolicidin adopts an
unordered conformation in POPC and POPG vesicles as
well as in isotropic homogeneous solvents based upon a
characteristic minimum at ~200 nm (Fig. 6). However, the
per-residue ellipticity is much smaller than reported for
random-coil peptides (Brahms and Brahms, 1980) or unor-
dered conformations of water-soluble (Perczel et al., 1991)
and membrane proteins (Park et al., 1992). The reduced
ellipticity may be due to contributions from the tryptophans
which are especially abundant in indolicidin and are ex-
pected to have higher contribution in peptides with lower
helical content (Woody, 1994). In several recent publica-
tions a similarly shaped spectrum with low per-residue
ellipticity was reported for peptides containing a $3-hairpin
structure as determined by NMR (Sieber and Moe, 1996;
Blanco et al., 1994). Falla et al. (1996) have observed CD
spectra similar to ours for an indolicidin-like compound
(indolicidin without the C-terminus amide) bound to bilay-
ers and concluded that polyproline II helices are formed.
The characteristic features of polyproline II helices are a
negative peak at ~205 nm and a positive peak at ~230 nm
(Ronish and Krimm, 1974). Although our negative peak at
~200 nm represents a shift to longer wavelengths relative to
the expected value of 197 nm for pure random coil, we
suggest that this evidence alone does not support the exis-
tence of polyproline II helices; such a shift could be due to
other conformations (e.g., B-hairpins). In any case, there is
certainly no a-helical structure because of the complete
absence of characteristic minima at 208 and 222 nm. An
important feature of the CD spectra of indolicidin bound to
both POPC and POPG membranes, that is also observed for
indolicidin in SDS micelles, is a strong negative peak at 230
nm that is characteristic of tryptophan-containing peptides
that partition into bilayers without forming a-helices
(Woolley et al., 1992; Sawyer et al., 1990). This negative
peak makes it impossible to observe a positive peak at 230
nm due to polyproline II helices, if they exist.

The fluorescence measurements indicate that indolici-
din’s five tryptophans are sensitive to membrane binding as
indicated by an increased quantum yield and a blue-shifted
spectrum (Fig. 5, top; Table 3). Such changes are generally
observed when tryptophan is transferred into an environ-
ment that is less polar or motionally more restricted than
water. Binding to POPG causes a greater spectral shift, but
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smaller intensity increase, compared with binding to POPC.
A similar pattern was reported for fluorescence changes in
melittin upon binding to neutral and anionic lipids (Du-
fourcq and Faucon, 1977). However, these differences do
not necessarily indicate differences in membrane location of
indolicidin or melittin because similar differences are ob-
served for TOE (Fig. 5, bottom; Table 3) whose “structure”
in the two types of vesicles is expected to be very similar.
Whatever the explanation is for the difference in fluores-
cence properties between POPC- and POPG-bound indolici-
din, the difference appears to arise primarily from the in-
fluence of the lipid environment on the indole chromophore
rather than from differences in peptide conformation.

Existence of the radiationless energy transfer between the
tryptophans of indolicidin results in lower polarization of
the fluorescence as compared with a model compound TOE
(Table 3) and impairs our ability to use such measurements
for structural studies. Nevertheless, the positions of the
spectra of membrane-bound indolicidin and membrane-
bound TOE are very similar. This indicates that emitting
tryptophans in indolicidin are located in an environment
similar to that of the tryptophan of TOE whose transverse
distance from bilayer center in neutral lipids is ~11 A
(Ladokhin and Holloway, 1995b).

Indolicidin-induced leakage of vesicle contents

Our data demonstrate that indolicidin causes leakage of the
contents of LUV loaded with the fluorophore/quencher pair
ANTS/DPX (Figs. 2 and 3), consistent with the hypothesis
that its in vitro antimicrobial action is related to membrane
permeabilization. We found that indolicidin is much more
efficient against anionic POPG LUV than against neutral
POPC LUV. Ahmad et al. (1995) found hemolytic activity
at relatively high indolicidin concentrations that was corre-
lated with its aggregation in buffer. We restricted our atten-
tion to comparatively low concentrations of indolicidin
(<30 uM) to characterize its behavior in the monomeric
state. Our results indicate that monomeric indolicidin can
cause significant, if not complete, release of contents of
POPG LUV. Multimeric indolicidin will presumably act
differently.

One of the principal problems of leakage studies is the
determination of the mechanism by which release occurs.
Generally, leakage can be a graded process in which all of
the vesicles release portions of their contents, or it can be
all-or-none, in which different populations of vesicles either
lose all of their contents or lose none. Our results clearly
demonstrate that for anionic vesicles formed with POPG,
the leakage occurs via a graded mechanism with a high
preference for the release of DPX over ANTS (Fig. 4 A).
For neutral POPC vesicles, the ANTS/DPX requenching
data are ambiguous (Fig. 4 B) because the requenching
technique does not allow all-or-none release to be distin-
guished from preferential release of ANTS in the present
case (Ladokhin et al., 1995). However, it is quite clear that
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release from POPC is not characterized by a preference for
DPX. There is a possibility that, unlike for POPG, an
all-or-none mechanism contributes to the release of ANTS/
DPX from POPC.

The kinetics of leakage caused by indolicidin are com-
plex and depend on the type of lipid used in the formation
of the vesicles. An empirical kinetic model for multi-expo-
nential release (Eq. 6) can be used to quantitate the time-
dependent fluorescent changes and to convert them into the
effluxes of ANTS and DPX (see also Appendix). The three
parameters of the model quantitate the fraction of dye that is
released immediately (4,), the subsequent fraction of dye
released with the measurable rate (4,), and the rate with
which the latter fraction is released (k;). These parameters
can be used to define three independent measures of overall
effectiveness of leakage (Appendix, Eqs. A4—A6) which,
when combined with results of the requenching analysis,
permit a good assessment of leakage effectiveness. The
measures include the amount of ANTS released per unit of
peptide concentration, the concentration-normalized
amount of DPX released, and the effective rate of dye
release.

Application of these measures to our data shows that
anionic POPG vesicles are induced to release more of both
cationic DPX and anionic ANTS and to do it at a higher rate
than POPC vesicles (Table 2). This could be related to the
difference in the organization of the leakage pathway in two
lipid systems. The observation that graded release of ANTS/
DPX caused by indolicidin in POPG is more effective than
possible all-or-none release in POPC is not surprising when
considered in the context of the behavior human neutrophil
defensin peptide HNP-2 that has a compact $-sheet struc-
ture stabilized by three disulfide bonds [see review by
White et al. (1995)]. Reduced and denatured HNP-2 causes
more effective release via a graded mechanism than native
HNP-2 does via an all-or-none mechanism (Wimley et al.,
1994). One can speculate that formation of a stable struc-
tured leakage path that causes all-or-none release may re-
quire more peptide than a fluctuational destabilization of a
bilayer presumed to be responsible for graded release.

Use of indolicidin variants for studies of
peptide-bilayer interactions

We suggested in the introduction to this paper that indolici-
din is a useful starting peptide for general studies of peptide-
bilayer interactions. Although one can in principle design
peptides de novo to examine such things as relative contri-
butions of hydrophobic and electrostatic interactions, a
more economical approach is to begin with a natural peptide
whose physical behavior is commensurate with the design
objectives. In addition to the obvious objectives of good
aqueous solubility and membrane partitioning, a particu-
larly important objective for our work is lack of secondary
structure in the bound and free states. This is essential for
the first step of understanding the energetics of secondary
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structure formation in peptides bound to bilayers, and more
generally for protein folding in membranes (Wimley and
White, 1996). The 26-residue bee venom peptide melittin,
for example, partitions strongly into neutral and charged
bilayers as an amphipathic helix, whereas in the free state it
is largely unordered (Vogel, 1981). To quantitate the ener-
getics of helix formation, one must be able to calculate the
free energy of transfer of melittin in the unfolded form,
because the energetics of folding are revealed by the differ-
ence in the free energy of partitioning the folded and un-
folded peptide. In their simplest form, such calculations
require linearly additive and sequence-position independent
free-energy-of-transfer scales for single amino acid residues
that account for both hydrophobic and electrostatic interac-
tions. Wimley and White (1996) have recently published a
POPC-based interfacial “hydrophobicity” scale for this pur-
pose derived from partitioning studies of pentapeptides.
Some important next steps are to test the additivity of the
scale for larger peptides and to sort out the relative contri-
butions of hydrophobic, electrostatic, and bilayer-effect
contributions to partitioning (White and Wimley, 1994).

We have demonstrated in this paper that indolicidin is
largely unordered in both the bilayer-bound and free forms
and that it interacts strongly with both neutral and cationic
membranes. Indolicidin’s five tryptophans provide a unique
opportunity to examine the role of tryptophan in the inser-
tion of proteins into membranes (Wimley and White,
1993a) and we have found that indolicidin variants are easy
to synthesize without compromising solubility. Thus, in-
dolicidin’s amino acid sequence appears to be an ideal one
to use as a starting point for understanding the interactions
of unfolded peptides with lipid bilayers.

APPENDIX
Kinetic model of leakage

The relation between fluorescence changes, F, and the fraction of dye
which is released, f,,, as a function of the time ¢ that elapsed after mixing
of marker-loaded vesicles with leakage-inducing agent, is described by
(Ladokhin et al., 1995)

F()=F™ X {ﬁ)ut(t) + 0n0 - 1 —f;aut(t)]}

where F™* is the maximal fluorescence observed when vesicles are
disrupted with Triton X-100. Q;, is independent of f,, for all-or-none
release or described by Eq. 4 when release is graded. Equation Al can be
used for fitting experimental data only when a kinetic model of leakage that
describes the time dependence of f,,,,(?) is introduced. For that purpose, we
utilize an empirical multi-exponential release model:

fu®=1—2A

where 3A; = 1. For simplicity, we assume that only three components are
present in the sum and that one of them has an infinitely high rate (k, = ;
in computations the value of 10° s~! was used) and another component has
a zero rate (k, = 0). Because of these choices, only three independent
parameters are necessary: the fraction A, that can be released immediately,
the fraction A, that can be released with a measurable rate, and the rate

exp(—k;?) (A2)
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itself (k,). These choices simplify Eq. A2 to

foul®) = Ao+ Ay + [1 — exp(—k,1)]

The three parameters of this equation can be obtained by fitting the
experimentally observed fluorescence kinetics to Eq. A1 after substituting
Q;, obtained from Eq. 4, and f,,,, obtained from Eq. A2, or its simplified
form Eq. A3. First, however, the mechanism of release must be established
and, in case of graded release, the value of a must be estimated by the
fluorescence requenching method by means of Eq. 4 (Ladokhin et al.,
1995). Once this is accomplished, the overall effectiveness of leakage of
ANTS and DPX can be characterized separately. For that purpose, three
independent measures that utilize both kinetic and requenching data can be
used as follows.

1. Effectiveness of ANTS leakage is characterized by the ratio of the
amount of ANTS that can be released according to Eq. 6 to the concen-
tration of the bound peptide:

AANTS = f;)ul(w) _ AO + Al
released ™ [Peptide] ~ [Peptide]

(A3)

(A4)

2. Effectiveness of DPX leakage is characterized by the ratio of the
amount of DPX that can be released according to Eq. 5 to the concentration
of the bound peptide which for all-or-none release coincides with the
effectiveness of ANTS leakage. For graded release

ADPX 1= (1~ foul®)* 1= (1—-A,—A)
elesed ™ [Peptide] ~~ [Peptide]

(A5)

3. The effective rate of ANTS leakage is a reciprocal of an A-weighted
average correlation time of the release of the portion of ANTS that can be
released according to Eq. A3:

= (Acko) + (Avk) ] Ao + A,
off Ay + A, A

“ ki (A6)

Note that the effective rate of DPX leakage is not truly an independent
parameter because the kinetics of DPX are related to the kinetics of ANTS
(Eq. 5).

We chose the multi-exponential release model because of its apparent
simplicity (only three fitting parameters are sufficient to get an adequate fit
as shown in Fig. 3) and because it does not require the assumption that the
contents are fully released at infinite time. That assumption is utilized in
the widely used model of Schwarz and co-workers (Schwarz and Robert,
1992; Schwarz and Arbuzova, 1995; Schwarz et al., 1992) but apparently
is not valid in the case of indolicidin (see Fig. 2). Furthermore, the
multi-exponential release model covers the situation of rapid equilibrium
between free peptide and different forms of bound peptide that might each
cause leakage with different rates as for magainin 2a (Grant et al., 1992).
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