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ABSTRACT: We report a first test of the hypothesis that the mechanism of antimicrobial, cytolytic, and
amphipathic cell-penetrating peptides in model membranes is determined by the thermodynamics of insertion
of the peptide into the lipid bilayer from the surface-associated state. Three peptides were designed with minimal
mutations relative to the sequence of TP10W, theY3Wvariant of transportan 10, which is a helical, amphipathic
cell-penetrating peptide previously studied. Binding to 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) mem-
branes and release of dye from those vesicles were assessed by stopped-flow fluorescence, and the secondary
structure of the peptides on the membrane was determined by circular dichroism. The Gibbs energy of binding
determined experimentally was in excellent agreement with that calculated using the Wimley-White interfacial
hydrophobicity scale, taking into account the helical content of the membrane-associated peptide. Release of dye
from POPC vesicles remained graded, as predicted by the hypothesis. More significantly, as the Gibbs energy of
insertion into the bilayer became more unfavorable, which was estimated using the Wimley-White octanol
hydrophobicity scale, dye release became slower, in quantitative agreement with the prediction.

We have proposed the hypothesis that the mechanism of
membrane interaction and perturbation by amphipathic, R-
helical peptides with antimicrobial, cytolytic, or cell-penetrating
properties is determined by the thermodynamics of insertion into
the lipid bilayer from the surface-associated state (1). A more
precise formulation, which reveals the implications of the hypothe-
sis regarding both the mechanism of membrane interaction and
the rates of dye release, requires the definition of some terms. The
concept is illustrated in Figure 1. In water, an equilibrium exists
between helical and unfolded conformations of the peptide, which
favors the unfolded state. Upon binding to the bilayer-water
interface, the peptide folds to an R-helix. The Gibbs energy of
binding to the interface is ΔGif

o.1 If we ignore the free energy of
folding in water, which is typically small compared to the other
terms (1), the Gibbs energy of insertion, from the surface-bound
state, should be approximately given by ΔGoct

o - ΔGif
o = ΔGoct-if

o ,
whereΔGoct

o is theGibbs energy of transfer fromwater to octanol.

The use of ΔGoct
o is justified because it provides a reasonable

estimate for the transfer of anR-helical polypeptide fromwater to
the bilayer hydrophobic interior (2). Those Gibbs energies can be
calculated using the interfacial and octanol hydrophobicity scales
of White and Wimley (3-5). The idea is that ΔGoct-if

o provides a
tool for predicting the behavior of the peptides. We found that,
for peptides that cause graded dye release, such as δ-lysin,
transportan 10 (TP10), mastoparan, and melittin, ΔGoct-if

o ≈ 20
kcal/mol or less. Further, the kinetic mechanism proposed
required translocation of the peptide across the bilayer (6-9),
but for peptides that cause all-or-none release, such as cecropin A
andmagainin 2,ΔGoct-if

o > 23 kcal/mol and no peptide transloca-
tion needed to be included in the kinetic mechanism (10, 11). This
seems to indicate that insertion is easier for peptides that cause
graded release (1). The correlation observed between ΔGoct-if

o and
the kinetic mechanism of dye release suggests a more quantitative
formulation of the hypothesis. If ΔGoct-if

o e 20 kcal/mol, the
peptides can translocate across the bilayer and cause graded
release as a consequence of the transient membrane perturbation
that occurs concomitant with translocation. IfΔGoct-if

o > 23 kcal/
mol, the energy barrier for translocation is prohibitively large, and
the peptides accumulate on the membrane surface until, in a
stochastic manner, the membrane yields, releasing the vesicle
contents in an all-or-none manner. A “gray zone” may exist for
ΔGoct-if

o between ∼20 and 23 kcal/mol, in which either mecha-
nism may prevail (1).

This hypothesis also makes definite predictions regarding the
rate of release. If a pore has formed in the membrane, release of
dye from a large unilamellar vesicle (LUV) is a very fast process,
on the order of milliseconds (1). Hence, it appears that the time of
release from an LUVmainly reflects formation of this porous, or
leaky, state, and not diffusion of dye to and through the pore.
(This assumption may not be correct for GUVs or cells.) The rate
of insertion of the peptide into the bilayer is determined by the free
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energy of the transition state, ΔG‡. The large values of
ΔGoct-if

o indicate that insertion of an amphipathic peptide into
the bilayer is associated with a large free energy increase.
According to the postulate of Hammond (12), as a high-free
energy state, the inserted peptide should lie close to the
transition state in the translocation or pore formation path-
way, which corresponds to the greatest perturbation of the
bilayer. Therefore, we suggested that ΔGoct-if

o ≈ ΔG‡ (1).
Whereas perturbation of the bilayer by the peptide will most
certainly lower those free energies, ΔGoct-if

o provides a quanti-
tative measure of the difficulty of insertion. The hypothesis
that the mechanism of dye release is determined by the
thermodynamics of insertion of the peptide from the surface-
bound state predicts that the rate constant of dye release
(k) should be larger the more negative the binding Gibbs
energy (ΔGif

o) and the smaller the Gibbs energy of insertion
(ΔGoct-if

o ≈ ΔG‡) become; that is, k ∼ e-ΔGif
o/RTe-ΔG‡/RT.

TP10 has been designed as a cell-penetrating peptide (13, 14).
Previously, we examined the kinetics of binding tomembranes and
induced dye release for a few TP10 variants (8, 15). Now, on the
basis of TP10W (the Y3W variant of TP10), mutants TPW-1,
TPW-2, and TPW-3 were designed to test some of the predictions
of the hypothesis (Table 1). First, if graded release indeed
correlates with translocation, then dye release should remain
graded because ΔGoct-if

o < 20 kcal/mol for all these peptides.
Second, the better the binding and easier the insertion, the faster
dye release should be. Formationof salt bridges (hydrogen-bonded
ion pairs) by the residue side chains favors partitioning into
octanol (16). We suggested they may also form at the membrane
interface, improving binding and translocation in a way consistent
with the hypothesis (1). In TPW-3, residue Lys-7 of TP10W was

changed to Asp, to allow formation of one intramolecular salt
bridge with Lys-11. Salt bridges in which Asp is located four
residues before Lys are expected to be especially favorable (17).
In TPW-1, Lys-11 was also changed to Asp, eliminating the
possibility of intramolecular salt bridges. Membrane binding
should not differ much from that of TP10W. Finally, if the
thermodynamics of binding and insertion are all that matters,
the detailed sequence should not change the mechanism of
these peptides. TPW-2 was designed to test this idea. With a
minimal number of mutations, the sequence was modified to
contain only Gly, Ala, Leu, Lys, and Trp, eliminating Asn and
Ile from TP10W.

MATERIALS AND METHODS

Chemicals. TPW-1 (98% pure) was purchased from from
Genscript (Scotch Plains, NJ), TPW-2 (95% pure) from New
England Peptide (Gardner, MA), and TPW-3 (95% pure) from
Bachem (Torrance, CA). Their identity was ascertained by mass
spectrometry, and the purity was determined by HPLC, both
provided by the manufacturer. We prepared the stock solutions
bydissolving the lyophilizedpeptide in deionizedwater or a 1:1 (v/v)
water/ethanol mixture (AAPER Alcohol and Chemical, Shelby-
ville, KY). Stock peptide solutions were stored at-80 �C and kept
on ice during experiments. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati-
dylethanolamine (POPE), and 1-palmitoyl-2-oleoyl-sn-glycero-
3-[phospho-rac-(1-glycerol)] (POPG), in chloroformsolutions,were
purchased from Avanti Polar Lipids (Alabaster, AL). 7-Methox-
ycoumarin-3-carboxylic acid (7MC) succinimidyl ester, 8-amino-
naphthalene-1,3,6-trisulfonic acid (ANTS) disodium salt, p-xylene
bispyridinium bromide (DPX), and carboxyfluorescein (CF) were
purchased from Molecular Probes/Invitrogen (Carlsbad, CA).
Organic solvents (high-performance liquid chromatography/Amer-
ican Chemical Society grade) were purchased from Burdick &
Jackson (Muskegon, MI). Lipids and fluorophores were tested by
thin layer chromatography (TLC) and used without further
purification.
Synthesis of Fluorescent Probes. The syntheses of fluo-

rescent probes, using POPE and a fluorophore attached through
an amide bond to the amino group of the ethanolamine, were
performed as previously described in detail (10, 18, 19), following
the method of Vaz and Hallmann (20).
Preparation of Large Unilamellar Vesicles. Large uni-

lamellar vesicles (LUVs) were prepared as previously de-
scribed (7, 10, 11). Lipids were mixed in chloroform in a round-
bottom flask, and the solvent was rapidly evaporated in a rotary
evaporator (R-3000, B€uchi Labortechnik, Flawil, Switzerland) at
60-70 �C. The lipid film was placed under vacuum for 4 h and
hydrated by the addition of buffer containing 20 mM MOPS

FIGURE 1: Thermodynamic cycle for peptide binding to the mem-
brane interface and insertion into the bilayer.The folding equilibrium
inwater lies toward the unstructured state and is determined byΔGf

o,
which is typically small in comparison with the other terms. The
Gibbs energy of binding to the interface (ΔGif

o) includes contributions
from the hydrophobic effect and secondary structure formation.
Transfer, as an R-helix, from water to the bilayer interior is approxi-
mated by transfer to octanol (ΔGoct

o ). The Gibbs energy of transfer
from the surface to the interior of the bilayer is approximately
ΔGoct

o - ΔGif
o = ΔGoct-if

o . Modified with permission from ref 8.
Copyright 2007 Elsevier.

Table 1: Peptide Sequences of TP10W and Its Mutantsa

peptide

charge

(pH 7)

length

(no. of

residues) sequence

TP10W þ5 21 AGWLLGKINLKAL-AALAKKIL-amide

TPW-1 þ1 21 AGWLLGDINLDAL-AALAKKIL-amide

TPW-2 þ5 21 AGWLLGKLALKAL-AALAKKLL-amide

TPW-3 þ3 21 AGWLLGDINLKALAALAKKIL-amide

aThe changes to the sequence of TP10W are underlined.
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(pH 7.5), 0.1 mM EGTA, 0.02% NaN3, and 100 mM KCl or
appropriatelymodified as indicated below. In themodified buffers,
containing carboxyfluorescein (CF) or ANTS/DPX, the KCl
concentration was adjusted to yield the same measured osmolarity
as in this buffer. The suspension of multilamellar vesicles that form
was subjected to five freeze-thaw cycles and extruded 10 times
through two stacked polycarbonate filters with a 0.1 μm pore size
(Nuclepore,Whatman, Florham, NJ) using a water-jacketed high-
pressure extruder (Lipex Biomembranes, Vancouver, BC) at room
temperature. For membranes containing 7MC-POPE, the probe
was added in chloroform solutions together with the lipids. Lipid
concentrationswere assayedby theBartlett phosphatemethod (21),
modified as previously described (6).
Circular Dichroism. Peptide secondary structure was assessed

by circular dichroism (CD). The measurements were performed on
a Chirascan circular dichroism spectrometer (Applied Photophys-
ics, Leatherhead, Surrey, U.K.), in rectangular, 1 mm path length
quartz spectrophotometer cells (Starna Cells, Inc.), in 1.0 nm steps,
with 2.0 s/step, from 190 to 260 nm. CD spectra were recorded in
aqueous solution, with 1-5 μM peptide, in 10 mM phosphate
buffer (pH7.5) in the presence of POPCvesicles, under two types of
concentration regimes: at low concentrations, with 5 μM peptide
and 300 μMPOPCLUVs, and at high concentrations, with 20 μM
peptide and 5 mM POPC LUVs. A lipid baseline spectrum was
subtracted from all peptide/lipid spectra. The resulting trace was
smoothed while random residuals were maintained, using Chiras-
can Pro-Data. Additionally, in some cases at low concentrations,
two to four spectra were averaged. The final helicities were obtained
fromthe averageof two independent samples at high concentrations
and two to six independent samples at low concentrations.

The use of LUVs inCDmeasurements of amphipathic peptides
has recently been discussed in detail and shown to yield results
equivalent to those obtained with small unilamellar vesicles
(SUVs), even at lipid concentrations of 3-7 mM (22). Using
low lipid concentrations has several disadvantages. To obtain the
helicity of the bound peptide, the helicity in solution and the
dissociation constant (KD) for dissociation from the membrane
are necessary. The helicities in aqueous solution have a significant
error because of the low peptide concentrations used, which were
chosen to minimize aggregation and to match approximately the
peptide concentration in equilibrium with the peptide/lipid sam-
ples. The concentration range that can be used in the peptide/lipid
samples is also limited by the need to keep the peptide:lipid ratio
(P:L) sufficiently low to avoid vesicle micellization by the peptide,
or the production of lipid/peptide structures that do not corre-
spond to the surface-bound peptide. The use of high LUV
concentrations (g10KD) has the advantage that all the peptides
are bound, and therefore, it is not necessary to correct the
observed helical content by the fraction of bound peptide.
Furthermore, it allows the use of much higher peptide concentra-
tions, which results in CD spectra with higher signal:noise ratios.
The determinations of helicity on the membrane and the binding
affinity are then truly independent. For those reasons, we relied
on the determinations at high concentrations for the calculation
of peptide helicity on the membrane. However, the two types of
determinations actually yielded peptide helicities on the mem-
brane that differ by only 5-10% helical content.

The fractional helicity on the membrane (fH) was calculated
using the method of Luo and Baldwin (23)

fH ¼ θobs - θC
θH - θC

ð1Þ

where θH, the ellipticity of the full helix at 222 nm, is given by

θHðTÞ ¼ θHð0ÞþT
dθH
dT

� �
ð1- x=NresÞ ð2Þ

in units of degrees per square centimeters per decimole, whereT is
the temperature in degrees Celsius, dθH/dT = 250, θH(0) =
-44000, x=2.5,Nres is the number of residues, and θC (=1500)
is the ellipticity of the random coil (23).
Membrane Binding Kinetics. The kinetics of binding

of the peptide to lipid LUVs were measured in a stopped-
flow fluorimeter (SX.18MV, Applied Photophysics), as pre-
viously described (10, 11, 19). The fluorescence signal
recorded was the emission of 7MC-POPE incorporated into
the bilayer at 1 mol %, upon F€orster resonance energy
transfer (FRET) from a Trp residue on the peptide. The
Trp was excited at 280 nm, and the emission of 7MC
(maximum at 396 nm) was measured with a cutoff filter
(GG-385, Edmund Industrial Optics, Barrington, NJ). After
mixing in the stopped-flow system, the peptide concentrationwas
0.5-1 μM and the lipid concentration varied between 25 and
400 μM. The kinetics of binding of the peptide to membranes
were analyzed as previously described in detail (10, 11, 19).
Briefly, each kinetic trace (see Figure 3A-C), or the average of
several traces from the same sample, was fit with a single-
exponential rising function of the form

FðtÞ ¼ 1- expð- kapptÞ ð3Þ

where t is time and kapp is the apparent rate constant. This rate
constant contains contributions from the on- and off-rate con-
stants (kapp= kon[L]þ koff, where [L] is the lipid concentration).
A linear fit to the plot of kapp as a function of lipid concentration
yields kon as the slope and koff as the y-intercept.

An additional estimate of koff was obtained by measuring
the kinetics of dissociation more directly, as previously
described (10, 11, 19). The peptide was first allowed to bind
to donor POPC vesicles labeled with 1 mol % 7MC-POPE,
which were then mixed with an excess of unlabeled acceptor
POPC vesicles in the stopped-flow instrument. After donors
and acceptors had been mixed in the stopped-flow system,
the peptide concentration was 0.5 μM, the donor vesicle
concentration varied between 50 and 300 μM, and the
acceptor concentration was 500 μM. The decrease observed
in the magnitude of the FRET signal, as the peptide disso-
ciates from the donors and associates with the acceptor
vesicles, yields the kinetics of dissociation (10, 11). The
curves obtained in this experiment are typically double-
exponential (see Figure 3D). The apparent koff was obtained
from a weighted average involving the two time constants
(τ1 and τ2) determined from a double-exponential fit to
the experimental curves (10, 11). Two possible averages
can be formed, using either the average of the apparent rate
constants (1/τ)

koff ¼ R1

τ1
þR2

τ2
ð4Þ

or the average of the time constants

koff ¼ 1

R1τ1 þR2τ2
ð5Þ
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where the R factors are the amplitudes of the two exponential
functions in the fits. Previously, we have used eq 5, but this
provides only the lower bound on koff; the upper bound is
provided by eq 4. We have now used the average of the two
bounds as the best estimate from this method.
ANTS/DPXRequenchingAssay. Steady state fluorescence

measurements were performed in a spectrofluorimeter (8100
SLM, Aminco, Urbana, IL) upgraded by ISS (Champaign,
IL), as previously done for the original peptides (7-11). In the
ANTS/DPX assay (24-26), excitation was at 365 nm (8 nm slit
width) and emission at 515 nm (16 nm slit width). The solution
encapsulated in the LUV contained 5 mM ANTS, 10 mM
DPX, 20 mM MOPS (pH 7.5), 0.1 mM EGTA, 0.02% NaN3,
and 70 mM KCl. The titrating solution contained 45 mM
DPX, 20 mM MOPS (pH 7.5), 0.1 mM EGTA, 0.02% NaN3,
and 30 mM KCl. Following extrusion, the LUVs with
encapsulated ANTS and DPX were passed through a Sephadex
G25 column to separate the dye in the external buffer from the
vesicles. Typical concentrations were as follows: 0.1-2 μM
peptide and∼600 μM lipid. The data were analyzed as described
in detail by Ladokhin et al. (26). The curve for graded release is
given by

Qin ¼ Fi

Fmax
i

¼ 1=f½1þKdyn½DPX�0ð1- foutÞR�½1þKsta½DPX�0ð1- foutÞR�g
ð6Þ

where Fi and Fi
max are the fluorescence intensities from the vesicle

interior with and without quencher (DPX), respectively, [DPX]0
is the initial concentration ofDPXencapsulated, fout is theANTS
fraction outside the vesicles, Kdyn is the dynamic quenching
constant, fixed at 50 M-1 in the fits, Ksta is the static quenching
constant, and R is the ratio of the rates of release of DPX to
ANTS (25, 26).
Carboxyfluorescein Release Kinetics. Carboxyfluorescein

(CF) release kinetics were measured as previously described
(7, 8, 10, 11, 19). LUVs were prepared by hydration of the lipid
film in 20mMMOPSbuffer (pH 7.5) containing 0.1mMEGTA,
0.02% NaN3, and 50 mM CF, to give a final lipid concentration
of 10 mM. Following extrusion, CF-containing LUVs were
passed through a Sephadex G25 column to separate the dye in
the external buffer from the vesicles. For fluorescence measure-
ments, the suspension was diluted to the desired lipid concentra-
tion in buffer containing 20 mMMOPS (pH 7.5), 100 mMKCl,
0.1 mM EGTA, and 0.02% NaN3. The kinetics of CF release,
measured by the relief of self-quenching of CF fluorescence,
were recorded in a stopped-flow fluorimeter (SX.18MV,
Applied Photophysics), with excitation at 470 nm and emis-
sion recorded through a long-pass filter (OG 530, Edmund
Industrial Optics). The peptide concentration was 1 μM after
mixing, in all experiments. The fraction of CF released was
determined by comparison of the fluorescence with that
obtained upon addition of 1% Triton X-100, which releases
all the dye. To characterize the efficiency of dye release
quantitatively in a model-free way, the average time constant
of dye release (τ) was calculated (27, 28)

τ ¼
R
tf ðtÞ dtR
f ðtÞ dt ð7Þ

where f(t) = dF(t)/dt, the time derivative of the fractional
release as a function of time F(t), behaves as a probability
density function (29, 30).

RESULTS

Peptide Secondary Structure on the Membrane. The
secondary structure of the peptides in aqueous solution and on
themembranewas determined byCD.All peptides were helical in
POPC LUVs (Figure 2). The percent helicity of the membrane-
associated peptides was obtained from the ellipticity at 222 nm, at
a high lipid concentration (5 mM » KD), so that all peptides were
fully bound. The values obtained for TPW-1 and TPW-3 are
similar to those for the original TP10W, but TPW-2 is more
helical both on the membrane and in solution (Table 2). For
comparison, the peptide helicity in solution was also calculated
with AGADIR (31-36). The results are in good agreement with
experiment for TP10W, TPW-1, and TPW-3 (Table 2). For
TPW-2, the experimental helicity in solution has a considerable
uncertainty but is still close to the value from AGADIR within
experimental error.
Peptide Binding to POPC Membranes. The Gibbs free

energy of binding of the peptide to the membrane surface was
estimated by measuring the kinetics of binding to POPC LUVs
(8-11, 15). The binding kinetics were measured by stopped-flow
fluorescence, using the change inFRET fromaTrp residue on the
peptide to a lipid fluorophore (7MC-POPE) incorporated in the
bilayer (Figure 3A-C). These measurements were performed on
a very short time frame, to capture only the binding event and not
the slower processes associated with membrane perturbation by
the peptides. The apparent rate constant for binding, kapp, was
determined from a fit of a single-exponential function (eq 3)
to the experimental data, which is the expected functional
form (8, 10, 11). The fits are very good for TPW-1 and TPW-3
(Figure 3A,C). For TPW-2, there is a slight deviation from single-
exponential behavior at the beginning of the trace, but this
approximation clearly captures the main component of the
kinetics (Figure 3B). This experiment was performed as a
function of lipid concentration [L] to yield the on- and off-
rate constants, kon and koff, respectively, from the relationship
kapp= kon[L]þ koff. Plots of kapp as a functionof [L] are shown in

FIGURE 2: CDspectraof the peptides (20μM) in5mMPOPCLUVs:
(A) TP10W, (B) TPW-1, (C) TPW-2, and (D)TPW-3. Below 200 nm,
the high LUV concentration has a pronounced effect on the spectra.
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Figure 4A-C for TPW-1, TPW-2, and TPW-3, respectively. The
equilibrium dissociation constants were calculated from the
relationship KD = koff/kon. The rate and equilibrium constants
obtained are listed in Table 2.

In the case of TPW-2, the value of koff obtained from the
binding kinetics has a considerable uncertainty because the y-
intercept occurs very close to the origin (Figure 4B). Therefore, a
dissociation kinetics experiment was performed to better deter-
mine koff (Figure 3D). TPW-2 was pre-equilibrated with POPC
LUVs labeled with 7MC-POPE (donor vesicles), which were then
mixed in the stopped-flow system with an excess of unlabeled
POPC LUVs (acceptor vesicles). As the peptide dissociates from

the donors and binds mainly to the acceptors, the magnitude of
the FRET signal decreases. In the limit of zero donor concentra-
tion, the peptides cannot reassociate with the donors, and the
apparent rate constant kapp ≈ koff (10, 11). These kinetic
dissociation curves, however, are generally double-exponential
decays.Upper and lower bounds on kapp were calculated from the
averages of the rate or time constants (eqs 4 and 5). These bounds
are shown in Figure 4D (symbols) together with their mean (line),
as a function donor concentration. Extrapolation of the mean to
zero donor concentration yields a koff of 0.19 s

-1 for TPW-2. This
value compares with the value of 0.55 s-1 obtained in the binding
kinetics. The average of these two determinations provides our

Table 2: Thermodynamic, Kinetic, and Structural Parameters for Interaction of the Peptide with POPC Bilayers at Room Temperaturea

TP10W TPW-1 TPW-2 TPW-3

% helicity

aqueous solution (exptl) 28 ( 4 27 ( 2 38 ( 9 28 ( 6

aqueous solution [AGADIR (31-36)] 23 27 27 28

POPC membrane (exptl) 57 ( 2 50 ( 4 75 ( 1 57 ( 2

binding and insertion in POPC

kon (M
-1 s-1) (9.4 ( 0.7) � 104 (4.0 ( 0.3) � 104 (1.6 ( 0.6) � 105 (7.8 ( 1.2) � 104

koff (s
-1) 13 ( 1.6 16 ( 0.8 0.37 ( 0.25 25 ( 2.7

KD (μM) 140 ( 20 400 ( 50 2.3 ( 1.5 320 ( 60

ΔGbind
o (exptl) (kcal/mol) -7.7 ( 0.1 -7.0 ( 0.1 -10.1 ( 0.4 -7.1 ( 0.1

ΔGif
o (calcd) (kcal/mol) -7.5 -6.5 -9.8 -7.3

ΔGoct-if
o b (kcal/mol) 17.0 18.0 18.7 17.3

dye release kinetics and mechanism

release τ (s)c 18.5 220 0.7 3.8

ANTS/DPX mechanism gradedd graded gradede graded

aThe results for the original TP10Wwere previously published (15) but are supplemented with newmeasurements. bCalculated using the experimental value
ΔGbind

o for the free energy of binding to the interface. cThe values of themean time of dye release τ have a relative error of∼20%. dThemeasurement was taken
with TP10 in an 80:20 POPC/POPSmixture (8) instead of TP10W, but the two peptides differ only in the replacement of one Tyr with Trp and have very similar
properties. eAll-or-none release in an 80:20 POPC/POPG mixture.

FIGURE 4: (A-C)Kinetics of binding of the peptide to POPCLUVs.
The apparent rate constant (kapp) obtained from binding kinetics is
plotted vs the lipid concentration for (A)TPW-1, (B) TPW-2, and (C)
TPW-3. The points represent mean values and standard deviations
from two to four independent experiments, and the lines are linear
regressions,which yieldkon (slope) andkoff (y-intercept). (D)Kinetics
of dissociation of TPW-2 from POPC LUVs. The kapp for dissocia-
tion fromPOPCLUVs is plotted as a functionof concentration (after
mixing in the stopped-flow) of the donor vesicles. The concentration
of the acceptors was constant (500 μM).The upper and lower bounds
on kapp are shown (3, 4), which are means and standard deviations
from two independent experiments. The extrapolation of themean of
the two bounds (;) to zero concentration of the donor vesicles
provides the best estimate of koff in the dissociation experiment.

FIGURE 3: (A-C) Examples of kinetics of binding of the peptides
(1 μM) to POPC LUVs (100 μM lipid): (A) TPW-1, (B) TPW-2, and
(C)TPW-3.The signal (gray traces) is the fluorescence emissionof the
lipid fluorophore 7MC-POPE incorporated in the membrane, which
results fromFRET, upon excitationof theTrp residue on the peptide.
The lines are single-exponential fits to the data. (D) Kinetics of
dissociation of TPW-2 from POPC. TPW-2 (1 μM) was pre-equili-
brated with POPC LUVs containing 7MC-POPE (donor vesicles,
100 μM lipid), which were mixed in the stopped-flow system with an
excess of unlabeled POPC LUVs (acceptor vesicles, 1000 μM). After
the LUVs had been mixed, the concentrations were halved: 0.5 μM
peptide, 50 μM donors, and 500 μM acceptors. The signal recorded
(gray trace) is the decrease in FRET as the peptide dissociates from
the labeled POPCmembranes. The black line is a double-exponential
fit to the data.
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best estimate of koff (0.37 s-1), which was used to calculate KD

(Table 2).
In summary, the values of kon are similar for all TP10W

variants, but koff for TPW-2 is ∼2 orders of magnitude smaller
than for the other variants. Because of that, TPW-2 binds much
better than the other peptides to POPC membranes.
Kinetics of Dye Release Induced by Mutant Peptides.

Examples of curves of peptide-induced release of carboxyfluor-
escein (CF) from POPC vesicles are shown in Figure 5. TPW-1
(dashed-dotted line) and TPW-3 (dashed line) are less and more
efficient, respectively, than TP10W (dotted line). TPW-2 (solid
line) is much more efficient than all the others, and the curve has
an unusual shape. The efficiency of dye release was quantitatively
characterized, in a model-free way, by the average time constants
of dye release τ (eq 7), which are listed in Table 2.
Dye Release: Graded or All-or-None. To determine if

graded or all-or-none release occurred, the conventional ANTS/
DPX requenching assay (24-26) was performed with the mutant
peptides, as previously conducted with the original TP10. Briefly,
if release is all-or-none, ANTS fluorescence inside the vesicles
does not change. A plot of the fluorescence inside the vesicles
versus the fraction of ANTS released yields a horizontal line. But
if release is graded, the degree of quenching inside the vesicles
decreases as DPX (quencher) leaks out, resulting in a rising curve
(Figure 6A). The results of the ANTS/DPX assay are shown in
Figure 6B-G. The solid lines represent the best fits to the
equation for graded release (eq 6), and the dashed lines represent
all-or-none behavior. The assay for TP10 in 80:20 POPC/
1-palmitoyl-2-oleoylphosphatidylserine (POPS) LUVs is shown
in Figure 6B for comparison (8). All TP10W variants cause
graded release from POPC vesicles (Figure 6, filled symbols, left).
TPW-1 and TPW-3 cause graded release from POPC (Figure 6E,
G) and, even more pronouncedly, from 80:20 POPC/POPG
LUVs (Figures 6F,H). TPW-2 causes graded release from POPC
(Figure 6C) but all-or-none release from 80:20 POPC/POPG
LUVs (Figure 6D). The shape of the curves in graded release
depends especially on the parameter R, which is the ratio of the
rates of release of DPX to ANTS. If DPX is released very slowly
(Rf 0), the curves can look almost like all-or-none release curves.
The results of the fits of eq 6 to the data points are listed inTable 3,
including those for the original TP10 (8), for comparison. The rate

of release of DPX always increases, relative to that of ANTS, in
the presence of POPG, as observed for indolicidin by Ladokhin
et al. (37), probably because cationic DPX accumulates at the
negatively charged membrane and is released first.
Gibbs Free Energy of Binding to Membranes. The Gibbs

free energies of binding to POPC were derived from KD by the
relationshipΔGbind

o =RT lnKD-RT ln[W], where [W] (55.5M)
is the molar concentration of water. The correction term RT ln
55.5 = 2.4 kcal/mol (at room temperature) is necessary to
convert KD to a partition coefficient for the peptide between
lipid andwater, where the concentrations are expressed in units of

FIGURE 5: Kinetics of CF release induced by the peptides (1 μM)
from POPC LUVs (50 μM): TP10W ( 3 3 3 ), TPW-1 (- 3-), TPW-2
(;), and TPW-3 (---). The curves were acquired for longer times
(except for TPW-2) but are shown in the time frame that allows the
best comparison.

FIGURE 6: ANTS/DPX requenching assay for the mutant peptides.
Experiments in pure POPC LUVs are shown on the left side with
filled symbols; experiments in 80:20 POPC/POPG LUVs are shown
on the right with empty symbols. (A) Schematic of typical curves for
graded (;) and all-or-none (---) behavior. (B) TP10 in 80:20 POPC/
POPS LUVs (8) (C and D) TPW-2. (E and F) TPW-1. (G and H)
TPW-3. The solid lines in panels B-H are fits to the equation for
graded release (eq 6). The fit parameters are listed in Table 3. The
dashed horizontal lines represent the behavior expected for all-or-
none release.

Table 3: Parameters for theANTS/DPXAssay, Obtained from aFit of eq 6

to the Dataa

peptide lipid R Ksta (M
-1)

TP10 20:80 PS/PC 0.548 181

TPW-1 POPC 0.170 84

TPW-1 20:80 PG/PC 1.670 216

TPW-2 POPC 0.241 62

TPW-2 20:80 PG/PC -b -
TPW-3 POPC 0.265 75

TPW-3 20:80 PG/PC 0.315 157

aR is the ratio of the rates of release of DPX to ANTS, and Ksta is the
dynamic quenching constant. PC is POPC, PG POPG, and PS POPS. bAll-
or-none release.
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mole fraction. These are the units used on the Wimley-White
interfacial scale and must be used here for consistency in the
calculations (3, 5). The values of ΔGbind

o obtained are listed in
Table 2. Also listed areΔGif

o values, the Gibbs energies of binding
calculated with the Wimley-White interfacial scale, extended to
different types of amino- and carboxy-terminal groups (38),
assuming a free energy ΔGhb

o of -0.4 kcal/mol for formation of
a hydrogen bond between the backbone amide groups in a helix
at the membrane interface (39). Calculation of ΔGif

o requires the
helicity of the peptide on the membrane, which was determined
by CD. These calculations were performed with Membrane
Protein Explorer, MPEx (40). As shown in Table 2, the Gibbs
energies of binding to the membrane interface determined from
experiment (ΔGbind

o ) are in excellent agreement with those
calculated from the Wimley-White interfacial scale (ΔGif

o).

DISCUSSION

We have begun testing the predictions of our hypothesis (1) by
examining the effects of a fewmutations in the sequence of the cell-
penetrating peptide TP10. TP10W, the Y3W variant of TP10, was
chosen as the basis for the design of three variants. In TPW-3, a
Lys residue was changed to Asp, which would allow formation of
an intramolecular salt bridge (from Asp-7 to Lys-11). In TPW-1,
both Lys-7 and Lys-11 were switched to Asp; therefore, no
intramolecular salt bridges should form. As such, TPW-1 was
expected to bind worse than TP10W, because transfer to the
membrane interface is less favorable for Asp than for Lys (3).
TPW-3 was expected to bind better than TP10W to POPC
membranes if a salt bridge formed on the membrane, but worse
if it did not. TPW-2, on the other hand, was designed as a
minimalist version of TP10W. The only changes were two Ile
residues mutated to Leu, and one Asn to Ala. Those changes are
very conservative in terms of the polarity of the residues according
to the Wimley-White hydrophobicity scales (3). In all cases,
insertion from the membrane interface into the bilayer corre-
sponds to aΔGoct-if

o of<20 kcal/mol, so no changes were expected
in the type of release, which should remain graded at least in
POPC vesicles.
Binding to POPCMembranes.There is excellent agreement

between the experimentally determined Gibbs free energies of
binding (ΔGbind

o ) and those calculated using the Wimley-White
interfacial scale (ΔGif

o), taking into account the helical contents of
the membrane-associated peptides determined by CD (Table 2).
As expected, TPW-1 binds worse than TP10W to POPC mem-
branes.2 TPW-3 binds as predicted by the Wimley-White scale,
indicating that a salt bridge betweenAsp-7 and Lys-11 either does
not form or has no effect on binding. TPW-2 binds to POPC
vesicles much better than TP10W and thus appears to contradict
the prediction because the minimal changes in sequence are not
sufficient to change the hydrophobicity in any appreciable
manner. The reason, however, is that TPW-2 is 75% helical on
the membrane whereas the other TP10 variants are only 50-60%
helical. This difference alone, which results in the contribution
of -0.4 kcal/mol to ΔGif

o for each additional backbone hydrogen
bond (39), quantitatively explains the improved binding of
TPW-2 (Table 2).

Relation between the Dye Release Mechanism and the
Gibbs Energy of Insertion. The type of dye release was
determined with the ANTS/DPX requenching assay, and the
predictions of our hypothesis were confronted with the results.
The calculated values of the Gibbs energy of insertion, estimated
by ΔGoct-if

o , where the experimental value of ΔGbind
o was used for

the Gibbs energy of binding to the interface, are listed in Table 2.
Graded release was previously observed for the original TP10 (8).
For TPW-1 and TPW-3, dye release remained graded, as
predicted (ΔGoct-if

o < 20 kcal/mol). TPW-2 induced graded
release from POPC, which is according to prediction, but all-
or-none release from 80:20 POPC/POPG LUVs. It is possible
that the peptide binds better to 80:20 POPC/POPG LUVs
because of an electrostatic component, which could render
ΔGbind

o more negative and consequently increase ΔGoct-if
o beyond

the threshold for graded release. If so, TPW-2 is themost likely of
the mutants for which this may happen because it has the most
negative ΔGbind

o in POPC. Be that as it may, this result is
unexpected because, to the best of our knowledge, this is the
first peptide observed to change to all-or-none behavior when
negatively charged lipids are incorporated in the membrane. This
probably deserves more investigation in the future. In summary,
the release results are consistent with the hypothesis regarding the
threshold value of 20 kcal/mol for graded release in POPC.
However, because the type of release did not change, the test is
not very stringent, and we do not consider the support of the
hypothesis by this experiment to be very strong. An all-or-none
result in POPC would have disproved the hypothesis, or at least
the conjecture that graded release is indicative of peptide
translocation across the bilayer.
Relation among Release Kinetics, Binding, and Insertion

into the Membrane. We now compare the effects of muta-
tions on the rate of dye release. The peptide activity toward
model membranes was characterized by the kinetics of release
of CF from LUVs, under similar conditions for all peptides
(P:L ≈ 1:50, with peptide and lipid concentrations of 0.5-1
and 30-50 μM, respectively). The release kinetics were
quantified by calculating the average characteristic time
constants τ (Table 2). To understand the results in a global
way, we needed to take peptide binding and insertion into
account together. We assume that the rate-limiting step in
dye release is the formation of the leaky state of the
membrane, which results from peptide insertion, and not
the efflux of the dye through that perturbed state, be it a pore
or just a small membrane perturbation. This is the most
conservative assumption because diffusion of the dye to the
pore is very fast in an LUV and diffusion through the pore is
probably fast as well (1). Hence, the apparent rate constant of
dye release (k), which is the reciprocal of the mean time
constant (τ), should depend on the Gibbs energies of binding
(ΔGbind

o ) and insertion in the bilayer (ΔG‡) through an
Arrhenius equation

k ¼ 1=τ ¼ Aoe
-ΔGo

bind
=RTe-ΔG‡=RT ð8Þ

The pre-exponential factor Ao depends in general on the lipid
and peptide concentrations, and on their ratio, because that
determines the peptide concentration on the membrane.
However, because all dye release measurements were taken
under similar conditions, we can consider Ao to be approxi-
mately constant in this analysis; this is especially true after

2In TPW-1, two intermolecular salt bridges could be in principle be
established if an antiparallel dimerwere to form, but the good agreement
between experimental and calculated binding Gibbs energies argues
against this possibility.
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taking logarithms of eq 8. According to the hypothesis, ΔG‡

≈ ΔGoct-if
o , and because ΔGbind

o = ΔGif
o for all these peptides,

eq 8 is simplified to

1=τ ¼ Aoe
-ΔGo

oct=RT ð9Þ

The prediction embodied in this equation is easy to test.
Let us first consider the effect of ΔGbind

o alone. There is a
correlation between RT ln ΔGbind

o and RT ln τ (Figure 7A),
showing that the rate of release increases as binding affinity
increases.However, at least four peptides have similarΔGbind

o values
but τ values that differ by orders of magnitude. Thus, ΔGbind

o is not
the only important factor in dye release. Taking logarithms of eq 9
and multiplying by -RT, we obtain

ΔGo
oct ¼ RT ln τþ const ð10Þ

which indicates that a plot of ΔGoct
o versus RT ln τ should yield a

straight line with a slope of 1. The data are plotted in Figure 7B
according to eq 10. The solid line is a linear fit to the data for the
TP10 family (b) with a slope of 1. The good agreement with the
data supports the prediction of the hypothesis. Equation 10 also
provides a very simple tool for predicting the efficiency of amphi-
pathic peptides on model membranes, because ΔGoct

o can easily be
calculated for any peptide. Thus, both peptide binding and
efficiency are entirely ascribed to the thermodynamics of binding

to the membrane and solubility in octanol, as a mimic for the
membrane interior.
Importance of a Detailed Sequence. Finally, let us consider

the importance of a detailed sequence in peptide binding and
efficiency. The attempt at engineering a salt bridge in TPW-3
failed, suggesting that the structure of even these simple peptides is
less malleable than we conceived (or the salt bridge has no effect
on binding). In TPW-2, the simplified sequence results in a
peptide that binds much better to POPCmembranes and is much
more efficient in releasing dye from those vesicles. This may
appear surprising because the changes to the sequence of TP10W
were not such that the thermodynamics of binding and insertion
should have changed, yet once the increased helical content of this
peptide on the membrane is taken into account, both binding and
activity are in excellent agreement with the predictions from the
Wimley-White scales and our hypothesis. The replacement of
Asn, one of the residue typeswith the least helical propensity, with
Ala, the residue with the greatest helical propensity (31-36),
appears to be largely responsible for the increased helical content
of TPW-2. It is interesting that Asn is the residue type that has
been recently noted to be under-represented in a library of
peptides selected to be active toward lipid vesicles (41) but over-
represented in a library selected for activity against bacteria (42).
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