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ABSTRACT: We have been examining the mechanism and kinetics of the interactions of a selected set of peptides
with phospholipid membranes in a quantitative manner. This set was chosen to cover a broad range of
physical—chemical properties and cell specificities. Mastoparan (masL) and mastoparan X (masX) are two
similar peptides from the venoms of the wasps Vespula lewisii and Vespa xanthoptera, respectively, and were
chosen to complete the set. The rate constants for masX association with and dissociation from membranes
are reported here for the first time. The kinetics of dye efflux induced by both mastoparans from phospholipid
vesicles were also examined and quantitatively analyzed. We find that masL and masX follow the same graded
kinetic model that we previously proposed for the cell-penetrating peptide transportan 10 (tp10), but with
different parameters. This comparison is relevant because tp10 is derived from masL by addition of a mostly
nonpolar segment of seven residues at the N-terminus. Tpl0 is more active than the mastoparans toward
phosphatidylcholine vesicles, but the mastoparans are more sensitive to the effect of anionic lipids.
Furthermore, the Gibbs free energies of binding and insertion of the peptides calculated using the
Wimley—White transfer scales are in good agreement with the values derived from our experimental data

and are useful for understanding peptide behavior.

During the past several years, we have been examining the
mechanisms of a set of antimicrobial, cytolytic, and cell-pene-
trating peptides using a unified approach that includes a quanti-
tative analysis of their function on phospholipid large unilamellar
vesicles (LUVs).! In this manner, all peptides can be directly
compared and the origin of the differences and similarities in their
mechanisms better rationalized. This set of peptides includes
0-lysin, magainin (1, 2), cecropin A (3), magainin 2 (4), and the
cell-penetrating peptide transportan 10 (tp10) (3, 6), all of which
form amphipathic a-helices when bound to membrane surfaces.
These peptides vary in length from 21 to 37 residues, which is
enough to span the lipid bilayer if inserted perpendicularly to the
membrane surface, and their net charges vary from 0 to +7 at
pH 7.5. Thus, they cover a broad range of physical—chemical
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! Abbreviations: LUV, large unilamellar vesicle; tp10, transportan 10;
masL, mastoparan from Vespula lewisii; masX, mastoparan from Vespa
xanthoptera; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; POPE,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; DMPC, dimyristoylpho-
sphatidylcholine; DMPG, dimyristoylphosphatidylglycerol; PC, phos-
phatidylcholine; PS, phosphatidylserine; PG, phosphatidylglycerol;
CF, carboxyfluorescein; 7MC, 7-methoxycoumarin-3-carboxylic acid;
ANTS, 8-aminonaphthalene-1,3,6-trisulfonic acid; DPX, p-xylenebis-
(pyridinium bromide); FRET, fluorescence resonance energy transfer;
NMR, nuclear magnetic resonance; CD, circular dichroism; TLC, thin-
layer chromatography; MPEX, membrane protein explorer; AG®, Gibbs
energy of peptide binding to the membrane/water interface as a helix;
AG°;, Gibbs energy of folding to an a-helix in water; AG® ., Gibbs energy
of transfer of the peptide from water to octanol; AG®yq—ir = AGoet —
AG®; ko, On-rate constant; kg, off-rate constant; Kp, equilibrium
dissociation constant; kyp,, apparent binding rate constant; kg, efflux
rate constant.
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properties. Tpl0 is a man-made, 21-residue, chimeric construct
obtained by linking the 6 residues of the neuropeptide galanin,
through an extra lysine residue, to the 14 residues of mastoparan
from Vespula lewisii, which becomes the C-terminal segment of
tpl0 (7, &). Previously, we investigated the kinetics of tpl0
binding to phospholipid membranes, the kinetics of tp10-induced
dye efflux from vesicles, and its mechanism of dye release (5).
Tpl0 causes graded release of lipid vesicle contents, and its
interaction with membranes is consistent with peptide transloca-
tion across the bilayer (5), which is essential for its function (8).

To complete our set of peptides, we wanted to include one that
was too short to span the bilayer. Mastoparan (masL) from V.
lewisii was the obvious choice because it can be directly compared
with tp10 regarding the effects of a relatively simple modification.
However, masL does not contain a tryptophan residue, which is
necessary to measure the binding kinetics by fluorescence. There-
fore, in addition to masL, we decided to examine mastoparan X
(masX) from Vespa xanthoptera, which is very closely related in
sequence to masL (Figure 1 and Table 1). Using masX, an
estimate of the binding and dissociation rates for masL can be
obtained. Thus, this report completes the work designed for this
set of peptides.

Mastoparan, first isolated from the venom of the wasp V.
lewisii, owes the name to its function as a mast cell degranulating
peptide (9, 10). It is largely unstructured in water but forms an a-
helix when bound to membranes (/7). Judging from published
circular dichroism (CD) spectra, the structure is about 55—65%
helical on Iysophosphatidylcholine micelles and on phospholipid
bicelles (//—13). The a-helical structure is corroborated by the
periodicity of the NMR chemical shifts of the amide protons, and
the peptide lies parallel to the bicelle surface (12). More recently,
an NMR study of masL on SDS micelles reveals an a-helix from
residues 3 (or 4) to 12, thus about 70—75% helicity (/3). When
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Mastoparan X

Mastoparan Tp10

FiGURE 1: Helical wheel projections of mastoparan X (masX), mastoparan (masL), and tp10. The helices are drawn in a way that the 14 C-
terminal residues of tp10 are shown in the same positions as the mastoparan sequence, from which it is derived, and mastoparan X is also shown in
the same orientation, for ease of comparison. The residues are shaded according to the Wimley—White whole-residue, water/octanol
hydrophobicity scale (30). White residues are hydrophilic, black are cationic, and gray are hydrophobic.

Table 1: Peptides Examined and Discussed

peptide charge (pH 7) length sequence
mastoparan (masL)” +4 14 INLKALAALAKKIL-amide
mastoparan X (masX)” +4 14 INWKGIAAMAKKLL-amide
Tpl0 +5 21 AGYLLGKINLKALAALAKKIL-amide
TplOW +5 21 AGWLLGKINLKALAALAKKIL-amide
Tpl0-7MC +4 21 AGYLLGK(-7MC)INLKALAALAKKIL-amide

“From V. lewisii. ® From V. xanthoptera.

masL is added to phospholipid vesicles of dimyristoylphosphati-
dylcholine (DMPC)/dimyristoylphosphatidylglycerol (DMPG),
70:30, at a peptide-to-lipid ratio of about 1:10, two populations
appear to exist, with about 90% of the peptide parallel and 10%
perpendicular to the membrane (/3). There is also evidence that
masL causes separation of lipid domains in membranes of
DMPC/DMPG, 70:30, at 35 °C (13).

Mastoparan X, from the venom of the wasp V. xanthoptera,
also forms an amphipathic o-helix when associated with mem-
branes (/4), but the orientation appears to be parallel to the
surface in DMPC and perpendicular in DMPC/dimyristoylpho-
sphatidylserine, 75:25, bicelles, at 40 °C, as judged by high-
resolution and solid-state *H NMR (15). It is suggested that
masX may be associated with the PS in the high-curvature region
of the bicelle (15). More recently, masX was shown to lie parallel
to the membrane by magic-angle spinning solid-state NMR (76),
and the detailed structure obtained indicates the formation of an
a-helix between residues 3 and 14, corresponding to about 86%
helicity (/7). In both masL and masX, the first few N-terminal
residues are the most disorganized (/3, /7). All mastoparans are
amidated at the terminal carboxylic group. It appears that this
C-terminal amidation helps to maintain a helical structure, since
a free carboxylic version of another member of the mastoparan
family shows considerably more C-terminal disorder than the
amidated version (18).

Binding of masX to lipid bilayers and dye efflux induced by the
peptide from lipid vesicles have been previously examined by other
researchers. MasX binds weakly to POPC LUVs, with an
equilibrium dissociation constant Kp = 250 uM (19, 20), but it
binds strongly to anionic vesicles, for example, of egg PC/PG,
70:30, with Kp < 10 uM (21). Kinetics of masX binding to POPC
have been examined before with the goal of separating the
contributions of binding and folding as an a-helix on the
membrane (22), but the apparent rate constants were not decom-
posed into on- and off-rate constants. MasX causes graded release
from LUVs of POPC (23, 24) and egg PC/phosphatidylglycerol

(PG), 70:30 (21I), and several lines of evidence indicate that the
peptide translocates across the membrane of the vesicles (19, 21).
The kinetics of carboxyfluorescein (CF) efflux induced by masX
have been analyzed, most notably by Schwarz’s group (19, 20, 23,
24), using an approach developed in the early 1990s (25, 26). The
strength of that work is that it provided an analytical method to
extract information on pore opening events on the membrane
from CF efflux kinetics experiments. Though remarkable, it shares
with other analytical approaches the inability to deal with time-
dependent, reversible peptide oligomerization on the membrane,
which results in nonlinear effects. Furthermore, it did not accom-
modate incomplete dye release at infinite time, a situation that
occurs very often in practice. This problem is a consequence of
postulating a rate of pore formation that does not vary appreci-
ably during the time frame of the experiment (26). A modification
was later introduced to deal with this shortcoming, by operation-
ally expressing the rate of pore formation as a multiexponential
decay in time (27), but as long as this rate does not decay to zero,
complete CF release always results. To avoid those difficulties, we
turned instead to a numerical approach, where the mechanism is
expressed as a set of differential equations, which are integrated
and used to analyze the kinetics of CF efflux by a direct fit to the
experimental time-dependent data. We have used this approach
to understand the mechanisms of d-lysin (Z, 2), cecropin A (3),
magainin 2 (4), tpl0 (5), and now the mastoparans masL and
masX. This approach has the advantage that it explicitly
incorporates the occurrence of incomplete dye release, which
appears naturally in the model as a consequence of peptide
translocation across the bilayer. The concept of a cationic peptide
translocating across a lipid bilayer may appear unlikely. Yet, it
has been suggested by experiment in the case of masX (19, 21),
and there is convincing experimental evidence that supports it for
oligoarginine peptides on anionic membranes (28, 29). To further
assess the likelihood of translocation, we discuss the thermo-
dynamics of peptide binding and insertion in the membrane
based on the approach of White and Wimley (30).
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Materials. Mastoparan and mastoparan X were purchased
from American Peptide Co. (Sunnyvale, CA). A stock solution
was prepared by dissolving lyophilized peptide in deionized water/
ethyl alcohol, 1:1 (v/v) (AAPER Alcohol and Chemical Co.,
Shelbyville, KY). Stock peptide solutions were stored at —20 °C
and kept on ice during experiments. 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine (POPS), and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) in chloroform solution were
purchased from Avanti Polar Lipids (Alabaster, AL). 7-Methoxy-
coumarin-3-carboxylic acid (7MC), 8-aminonaphthalene-1,3,6-
trisulfonic acid (ANTS) disodium salt, and p-xylenebis-
(pyridinium bromide) (DPX) were purchased from Molecular
Probes/Invitrogen (Carlsbad, CA). Carboxyfluorescein (99%
pure, lot A015252901) was purchased from ACROS (Morris
Plains, NJ). Organic solvents (high-performance liquid chro-
matography/American Chemical Society grade) were pur-
chased 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 synthesis of POPE
labeled with 7MC, through an amide bond to the amino group of
the ethanolamine headgroup (7MC-POPE), was performed as
described in detail before (3). The extinction coefficients of 7TMC
and 7MC-succinimidyl ester are ¢ = 20000 and 26000 M~ cm ™",
respectively, in methanol (3/). We determined a similar value,
¢ = 25000 M~" cm ™! for 7MC-POPE (in chloroform).

Preparation of Large Unilamellar Vesicles. Large uni-
lamellar vesicles (LUVs) were prepared as previously described
(1, 5). POPC and POPS were mixed in chloroform in a round-
bottom flask. For vesicles containing 7MC-POPE, the probe was
added to the same chloroform solution at a concentration of
1—-2mol % of the lipid. The solvent was rapidly evaporated using
a rotary evaporator (Buchi R-3000, Flawil, Switzerland) at 60—
70 °C. The lipid film was then placed under vacuum for 4 h and
hydrated by the addition of buffer containing 20 mM MOPS,
pH 7.5, 0.1 mM EGTA, 0.02% NaNj3, and 100 mM KCI or
appropriately modified as indicated below. The suspension of
multilamellar vesicles was subjected to five freeze—thaw cycles to
increase encapsulation of dye (CF or ANTS/DPX). The suspen-
sion was then extruded 10x through two stacked Nuclepore
polycarbonate filters of 0.1 um pore size (Whatman, Florham,
NJ), using a water-jacketed high-pressure extruder from Lipex
Biomembranes, Inc. (Vancouver, Canada) at room temperature.
Lipid concentrations were assayed by the Bartlett phosphate
method (32), modified as previously described (/).

Circular Dichroism Spectroscopy. CD spectra of masX
and tplOW were recorded on a Chirascan instrument (Applied
Photophysics, Leatherhead, Surrey, U.K.) in potassium phos-
phate buffer, 10mM, pH 7.5, using a | mm path length quartz cell
(Starna Cells, Atascadero, CA). The spectra were measured in the
presence of POPG/POPC, 50:50, LUVs, with a lipid concentra-
tion of 200 uM and a peptide concentration of 5—15 uM. The
percent helical content was calculated according to Luo and
Baldwin (33).

Kinetics of Binding to Lipid Vesicles. The kinetics of masX
association with POPC/POPS LUVs were recorded on an
Applied Photophysics SX.18MV stopped-flow fluorometer at
room temperature (about 22°C). After mixing, the concentration
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of peptide was 0.5—1 uM, and the lipid varied between 25 and
400 uM. Fluorescence resonance energy transfer (FRET) be-
tween the intrinsic Trp residue of masX and 7MC-POPE
incorporated in the membrane (at a concentration of 1—2 mol
% of the lipid) was used to monitor peptide association with and
dissociation from LUVs. Trp, excited at 280 nm, transfers energy
to 7MC-POPE, which absorbs maximally at 348 nm. The
emission of 7MC, with a maximum at 396 nm, was measured
using a GG-385 cutoff filter (Edmund Industrial Optics, Bar-
rington, NJ). Alternatively, binding was measured by the change
in the fluorescence emission intensity of the Trp residue of masX
using a WG-320 cutoff filter (Edmund Industrial Optics, Bar-
rington, NJ). If the dissociation curves are measured over very
long periods of time, other, very slow processes are detected,
including photobleaching of the fluorophores and, if PS-rich
vesicles are used, some vesicle fusion. Under those experimental
conditions, these processes can be described by an exponential
decay with a characteristic time constant of about 1000 s.
Therefore, the longer time dissociation curves were corrected
by subtracting a slow trace with a time constant of 1000 s.
Dissociation itself occurs at least 10 times faster than those slow
processes, so the error involved in this correction is small.

ANTS/DPX Assay. Steady-state fluorescence measure-
ments were performed in a SLM-Aminco 8100 spectrofluorom-
eter (Urbana, IL) upgraded by ISS (Champaign, IL). The ANTS/
DPX assay (34—36) was performed as described before (3).
ANTS was excited at 365 nm (8 nm slit width), and its emission
was recorded at 515 nm (16 nm slit width). The solution
encapsulated in the LUVs contained 5 mM ANTS, § mM
DPX, 20 mM MOPS, pH 7.5, 0.1 mM EGTA, 0.02% NaN3,
and 70 mM KCI. The titrating solution contained 45 mM DPX,
20 mM MOPS, pH 7.5, 0.1 mM EGTA, 0.02% NaNj, and
30 mM KCI. Following extrusion, the LUVs with encapsulated
ANTS and DPX were passed through a Sephadex G-25 column
to separate the dye in the external buffer from the vesicles.
Typical concentrations were about 0.1-2 uM peptide and
500 uM lipid.

Carboxyfluorescein Efflux Experiments. LUVs for CF
efflux kinetics measurements where prepared by hydration of the
lipid film with 20 mM MOPS buffer, pH 7.5, containing 0.1 mM
EGTA, 0.02% NaNj, and 50 mM CF, to give a final lipid
concentration of 10 mM. For fluorescence measurements, the
suspension was diluted to the desired lipid concentration in buffer
containing 20 mM MOPS, pH 7.5, 100 mM KCl, 0.1 mM EGTA,
and 0.02% NaNjs, which has the same osmolarity as the CF-
containing buffer. Following extrusion, CF-containing LUVs
were passed through a Sephadex G-25 column to separate the dye
in the external buffer from the vesicles. The kinetics of CF efflux,
measured by the relief of CF self-quenching, were recorded in a
Applied Photophysics SX.18MV stopped-flow fluorometer. The
excitation of CF was at 470 nm, and the emission, which has a
maximum at 520 nm, was recorded through a long-pass filter GG
530 (Edmund Industrial Optics). The peptide concentration was
0.5 uM 1in all experiments. The final fraction of CF release was
determined by comparison of the fluorescence with that obtained
by addition of the detergent Triton X-100 (1%). The experiments
were performed at room temperature (about 22 °C).

Analysis of Mastoparan Binding Kinetics. The kinetics of
association of masX with lipid vesicles were analyzed as described
before (3). Briefly, when peptide binds to the lipid vesicles, energy
transfer occurs from the Trp residue to 7MC-POPE incorporated
in the bilayer, resulting in an increase of the fluorescence emission
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of the probe as a function of time. A single-exponential rising
function, of the form F(f) = 1 — e "', was fit to the experi-
mental data. The apparent rate constant k,y, is related to the
on- and off-rate constants by k,pp, = kon[L] + kofr. A plot of kypy
against the lipid concentration [L] yields a straight line with slope
konand y-intercept k. In the dissociation kinetics experiments, a
decrease in the fluorescence of 7MC-POPC is observed as masX
dissociates from the membrane surface. The fluorescence time
course should follow a single-exponential decay (3, 4), with an
apparent rate constant that approximates kg (3), but in some
cases this did not yield an acceptable fit. Rather than using a more
complicated analysis, the approximate lifetime of the peptide on
the membrane was obtained from the weighted average of the
characteristic times of a double-exponential decay, as described
before (3), and k¢ was taken as the inverse of the lifetime.

Analysis of Carboxyfluorescein Efflux Kinetics. The
experimental data of CF efflux kinetics were analyzed with the
model described in detail for tpl0 (5). Briefly, in this model, the
peptides bind to the membrane surface, thus generating a mass
imbalance across the bilayer. This perturbation is relieved by
peptide insertion into and translocation across the bilayer, until
its concentrations on both sides of the membrane are equal. To
model this, the apparent rate “constant” for insertion (k;,s) was
made to depend on the difference in the concentrations of peptide
[P] bound to the outer and inner leaflets of the lipid bilayer, k;,,; =
k¥l [Plouter — [Plinner|- Unlike kin, k¥4 18 @ true constant. The
rate constant for the dissipation of the peptide-inserted state is
kgins. Efflux of CF is “catalyzed” by the peptide in the inserted
state and is characterized by another rate constant, k.p,. Since
mastoparans, like tp10, cause graded dye release, partially empty
vesicles also contribute to the fluorescence, especially at later
times. Therefore, the theoretical kinetic curves of CF efflux were
corrected for this effect as described in detail before (2).

The model was represented by a set of coupled, nonlinear
differential equations, which were solved by numerical integra-
tion with a fifth-order Runge—Kutta method with constant step
size (37). The numerical solution was fit directly to the experi-
mental data with a simplex algorithm (37). In the analysis of
carboxyfluorescein efflux, k,, and k. obtained from the binding
kinetics were used as fixed parameters. In case of masX, k.nx was
fixed at the value used for tpl0, but this was not possible for
masL. The other constants (k*;,, k4ins, and, in the case of masL,
kenx) were adjusted by a global fit to all data sets of different lipid
compositions. This global fit was performed in two stages. First, a
simultaneous fit to all data for each vesicle composition was
performed. Then, a 30% variation was allowed on the adjustable
parameters (two for masX and three for masL), and the curves
were fit individually. In addition, an amplitude factor (0.8—1.2)
was allowed for each curve. This corrects for an experimental
uncertainty of about 20% in the determination of the maximum
dye release.

RESULTS

Binding of Mastoparans to Membranes. In order to
quantitatively analyze the kinetics of dye efflux induced by
mastoparans, it was necessary to determine also the binding
kinetics. This is because the on- and off-rate constants (k,, and
kogr), which describe association with and dissociation from the
membrane, are used as parameters in the analysis of dye efflux.
Binding to lipid vesicles was measured by stopped-flow fluores-
cence using FRET from the intrinsic Trp residue of masX to a
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FIGURE 2: Kinetics of association of mastoparan X (masX) with
vesicles of POPC (A, B), POPS/POPC, 20:80 (C, D), and POPS/
POPC, 50:50 (E, F) at room temperature (about 22 °C). The left
panels show FRET from the Trp residue of the peptide to 7MC-
POPE incorporated at 2 mol % in the membrane as a function of
time. The signal recorded is the fluorescence emission of 7MC-POPE,
which increases upon mixing of masX with lipid vesicles reflecting
peptide binding. The experimental data are shown in gray (the
examples shown are averages of 3—10 traces of 100 uM total lipid),
and the solid black line is a one-exponential fit. The signal-to-noise
ratio is larger the better the binding, as the content of PS in the vesicles
increases (A < C < E). On the right panels, the apparent rate
constant (k,pp,) is plotted against lipid concentration to yield &, from
the slope and k¢ from the y-intercept. These points correspond to
data pooled from four experiments using FRET or just the Trp
fluorescence.

lipid fluorophore, 7TMC-POPE, incorporated at 2 mol % in the
membrane. In another set of experiments, the change in fluores-
cence emission of the Trp residue of masX was used to monitor
binding. The data obtained using the Trp fluorescence alone have
significantly more noise than the FRET data, as found before for
cecropin A (3), but the association kinetics obtained by the two
methods are identical within experimental uncertainty. The
association kinetics were measured for POPC, POPS/POPC,
20:80, and POPS/POPC, 50:50, as a function of lipid concentra-
tion (Figure 2). As masX binds to the membrane, the fluorescence
emission from 7MC-POPE increases, reflecting the increase in
energy transfer from the Trp residue. The curves are well
described by a single-exponential function, as expected
(Figure 2A,C,E). The time frames of binding are similar to those
reported by others (22). A plot of the apparent rate constant
against lipid concentration yields &, as the slope of the straight
line and kg as the y-intercept (Figure 2B,D,F). If this intercept
occurs very close to the origin, k.g has a large uncertainty
(Figure 2D,F). Therefore, we also measured the dissociation rate
more directly, as previously described in detail (3), by first
allowing peptide to bind to vesicles labeled with 7TMC-POPE
(2 mol % of the lipid) and then mixing those vesicles, in the
stopped-flow system, with an excess of unlabeled POPS vesicles,
to which the peptide binds better. This leads to quasi-irreversible
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FiGure 3: Kinetics of dissociation of mastoparan X (masX) from vesicles of POPC (A), POPS/POPC, 20:80 (B), and POPS/POPC, 50:50 (C) at
room temperature (about 22 °C). The signal shows the decrease in FRET from the Trp of the peptide to 7MC-POPE as masX dissociates from the
membrane. The experimental data are shown in gray (the examples in panels A and B are averages of four to seven traces of 50 uM total lipid; in
panel C, one trace is shown). The signal-to-noise ratio is larger the better the binding, as the content of PS in the vesicles increases (A < B < C).
The solid black line is a single-exponential fit in panels A and C and a double-exponential fit in panel B. The mean, apparent rate constant provides
an estimate of kg For dissociation from POPS/POPC, 50:50 (C), because of the long measurement time, other, much slower processes are also
detected, probably including photobleaching and vesicle fusion, which is more likely if the anionic lipid content is high. These slow processes can be
well described by an exponential decay with a time constant of about 1000 s, which was subtracted from the curve shown.

dissociation of the peptide from the donor vesicles, resulting in a
decrease in energy transfer as a function of time (Figure 3).
Dissociation from POPC and POPS/POPC, 20:80, is rapid, and
the curves do not deviate appreciably from single-exponential
functions (Figure 3A,B), as expected (3), but dissociation from
POPS/POPC, 50:50, is much slower (Figure 3C). The apparent
rate constants derived from the fits provide a reasonable estimate
of kogr (3). For masX binding to POPC the value of kg is about
half that obtained from the association kinetics, a slight dis-
crepancy we have found before and have tentatively attributed to
peptide translocation across the bilayer during the preequilibra-
tion in the dissociation kinetics experiment (3, 4). The values of
kon and ko obtained by both methods and the equilibrium
dissociation constants (Kp = kogt/kon) are listed in Table 2.

Binding of masL to membranes cannot be measured by
fluorescence because it does not have a Trp residue. However,
on the basis of calculations of binding to a POPC membrane
(Table 4), using the Wimley—White interfacial hydrophobicity
scale (30), which were performed with the program Membrane
Protein Explorer (MPEX) (38), we estimate that masL binds to
POPC about 30 times worse than masX. This is a consequence of
the lower hydrophobicity of masL and, to a lesser extent, of its
lower helical content. On membranes and membrane-mimetic
surfaces, masX is about 86% helical based on the NMR
structure (/7). Our CD measurements (not shown) yield about
72% helical content on POPG/POPC, 50:50, LUVs, but the
NMR data are probably more accurate. MasL is only about 70%
helical, taking into account several estimates (//—13). We assume
that the weaker binding reflects faster dissociation, keeping the
association rate constant, an assumption based on our observa-
tion that, for most cationic peptides, binding increases with the
anionic lipid content of the membrane mainly because of a
decrease in the off-rate, with relatively little change in the on-
rate (3,4, 6). This yields an off-rate constant of masL from POPS/
POPC, 50:50, of koy = 0.45 s, 30 times larger than what we
determined for masX (koy = 0.015 s~'). Other forces have
shorter ranges than the electrostatic field, and since the two
mastoparans have the same charge, only small differences in their
kon are to be expected. In any case, if the opposite assumption
were made, that the weaker binding of masL was a consequence
of a smaller k,,, the dye efflux kinetics analysis would only be
minimally affected.

Mastoparans Cause Graded Release from LUVs. The
ANTS/DPX requenching assay (34—36) was used to determine

Table 2: Rate and Equilibrium Constants for Mastoparan X Binding to
LUYVs at Room Temperature (about 22 °C)

lipid composition kg, (M_]s_]) kot (s_]) kot (s_]) Kp© (uM)

POPC (8.6 £ 1.5) x 10° 3243 16+£3 300
POPS/POPC, 20:80 (7.2 £0.3) x 10° 744 035+0.15 0.5
POPS/POPC, 50:50 (1.0 £ 0.01) x 10° <1  0.015£0.002  0.015

“From association kinetics. ” From dissociation kinetics. Calculated
using k,, from association experiments and k. from dissociation experi-
ments except for pure POPC where the average (24 + 8 s ') of the values
from association and dissociation was used. In the case of POPC we feel
confident about the k. obtained from the association kinetics, but in the
mixtures the uncertainty in ko is too high, so we used only the value from
the dissociation kinetics.

whether masL causes graded or all-or-none release from vesicles.
In the ANTS/DPX assay, a fluorophore (ANTS) and a quencher
(DPX) are initially coencapsulated in the vesicles. Addition of the
peptide causes release of both. The fluorescence from ANTS
released to the outside is requenched by additional DPX, so that
the fluorescence originating from the inside of the vesicles is
obtained. Because it is a bimolecular process, quenching de-
creases as DPX leaks out, and the fluorescence from the inside
increases. In graded release, some time after addition of peptide,
most vesicles in the population have released some of their
contents. This yields a rising curve in the ANTS/DPX assay. In
all-or-none release, the population consists of vesicles that either
released essentially all their contents or released none. This yields
a horizontal line because the fluorescence from the inside of intact
vesicles remains constant. The result obtained clearly shows that
masL causes graded release (Figure 4). Graded release of con-
tents from POPS/POPC, 20:80, LUVs is observed for tpl0 (5)
and, from pure POPC (23, 24), for masX and Polystes mastopar-
an (from Polystes jadwigae). Determining whether release is
graded or all or none is essential for choosing the appropriate
kinetic model to analyze the carboxyfluorescein efflux data.
Efflux Kinetics: Experiment and Theory. MasL induces
essentially no CF release from POPC or POPS/POPC, 20:80,
using 0.5 uM peptide and 30—200 «M lipid (not shown). Under
the same conditions, masX induces about 10% release in 1 h from
POPC vesicles (not shown) but significantly higher CF release
from POPS/POPC, 20:80, vesicles (Figure SA, gray traces). When
the anionic lipid content is increased to 50 mol % (POPS/POPC,
50:50), the rate and extent of CF efflux induced by both peptides
are even larger and comparable (Figures 6 and 7, gray traces).
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FiGure 4: ANTS/DPX assay demonstrating that mastoparan
(masL) induces graded dye release from POPS/POPC, 50:50, LUVs.
The quenching function inside the vesicles (Q;,) is plotted against the
ANTS fraction released. The data are pooled from two independent
experiments. The dashed horizontal line represents the result ex-
pected for all-or-none release, and the solid line represents a fit of the
equation for graded release (36) to the data points. The experiments
were performed at room temperature (about 22 °C).

Since mastoparans, like tpl0, cause graded release of vesicle
contents, we used the same kinetic model developed for tp10 (3)
to analyze the experimental rates of CF efflux induced by masL
and masX. The mathematical details of the model were previously
described (5). This kinetic model was translated into a set of
coupled differential equations (5), which was solved numerically
and directly fit to the experimental data. The fits obtained, which
are shown as black lines in Figures 5, 6, and 7, represent a
good approximation to the data. Systematic deviations occur in
Figures 6 and 7, particularly at low peptide-to-lipid ratios,
suggesting that some additional detail is missing from the model.
However, we should note that those fits are very constrained. The
idea was not so much to obtain the best possible determination of
the parameters, but rather to see if the model as a whole could
describe the data. Thus, k., and k. for masX were held fixed at
the values independently determined from the binding and
dissociation kinetics experiments. For masX, kq, was fixed at
the value previously used for tp10 (5), leaving only two parameters,
k*ns and kgne, to be determined from the fits. When kepy is
sufficiently large, there is a strong correlation with kg;,,s because the
shorter the lifetime of the pore, the less efflux occurs (/—3, 5). In
those cases it is possible to fix k.q, at a sufficiently large value
during the fitting procedure. Since we wanted to compare efflux
induced by mastoparans and tp10, k.n, for masX was held at the
same value used for tp10 (5). However, for masL, k., could not be
set at the value for tpl10, and a value about 50 times smaller was
necessary. The small efflux rate produces efflux curves that are
slightly sigmoidal, with a short lag that is visible in the experi-
mental traces (Figure 7). (The curves for masX (Figure 6) do not
have this feature.) It is worth stressing that the kinetic model used
is exactly the same and can fit efflux caused by both peptides
(Figures 6 and 7), which shows that the shape of the curves can be
misleading in ascertaining (dis)similarities of mechanisms. For
masL, k., was set to the same value as for masX, and kg was set as
30 x ko of masX, as explained above. The lack of a direct
measurement of the on- and off-rate constants is a weakness in the
masL fits. Fortunately, in POPS/POPC, 50:50, mastoparan bind-
ing occurs on a time scale that is so much faster than efflux that the
uncertainty in the off-rate constants has little impact on the fit
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FIGURE 5: Carboxyfluorescein (CF) efflux induced by mastoparan X
(masX) from LUVs of POPS/POPC, 20:80, at room temperature
(about 22 °C). (A) Direct addition of masX (0.5 uM) to vesicles with
encapsulated dye with lipid concentrations of 30, 50, and 100 uM
(fastest to slowest). (B) “Reverse experiment”, where masX was first
incubated with empty vesicles and then mixed with CF-loaded
vesicles of POPS/POPC, 20:80 (final peptide and lipid concentrations
are 0.5 and 50 uM). The gray lines are experimental data (averages of
two to five traces in two independent samples), and the thin solid lines
are the fits of the graded kinetic model to the data. The fits use the on-
and off-rate constants listed in Table 2 and the insertion and efflux
parameters listed in Table 3.
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FIGURE 6: Carboxyfluorescein (CF) efflux induced by mastoparan X
(masX) from LUVs of POPS/POPC, 50:50, by direct addition of
masX (0.5 uM) to vesicles with encapsulated dye with lipid concen-
trations of 30, 50, and 100 uM (fastest to slowest). The gray lines are
experimental data (averages of three to six traces in three independent
samples), and the thin solid lines are the fits of the graded kinetic
model to the data. The fits use the on- and off-rate constants listed in
Table 2 and the insertion and efflux parameters listed in Table 3. The
experiments were performed at room temperature (about 22 °C).

parameters obtained for the efflux process. The insertion rate
constants (k*,;) of masX and masL are comparable, but masL
remains inserted longer, so that more dye leaks out per insertion
event. The two effects largely compensate each other, so that the
overall efficiencies of masX and masL toward POPS/POPC, 50:50,
vesicles are similar and efflux occurs within the same time frame
(Figures 6 and 7).
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FiGure 7: Carboxyfluorescein (CF) efflux induced by mastoparan
(masL) from LUVs of POPS/POPC, 50:50, by direct addition of
masL (0.5 uM) to vesicles with encapsulated dye with lipid concen-
trations of 30, 50, and 100 M (fastest to slowest). The gray lines are
experimental data (averages of two to five traces in two independent
samples), and the thin solid lines are the fits of the graded kinetic
model to the data. The fits use the same k,, as for masX, a kg 30
times larger than for masX (Table 2), and the insertion and efflux
parameters listed in Table 3. The experiments were performed at
room temperature (about 22 °C).

To further test the model, a CF efflux “reverse experiment” (/)
was performed, where empty vesicles of POPS/POPC, 20:80
(donors), were preequilibrated with masX and then mixed in the
stopped-flow system with vesicles loaded with CF (acceptors).
The resulting CF efflux kinetics are much slower (Figure 5B, gray
curve) than when the peptide is mixed directly with the CF-
loaded vesicles, to the same final peptide and lipid concentrations
(compare with middle curve in Figure 5A). For the fit of the
reverse experiment, the initial conditions were calculated from
the integrated equations in the forward reaction, for a period
equal to the preincubation time of masX with empty vesicles, as
previously described (2, 3, 5). A fit to the rate of CF release, with
parameters constrained as above from the fits in the forward
efflux experiments, yields a line closely matching the experimen-
tal trace (Figure 5B, black line). The values obtained for the efflux
rate constant (k.qy) and the constants for formation and dissipa-
tion of the transient pore (k*;,s and kg;,) are listed in Table 3.

Finally, it should be mentioned that a model involving
formation of mastoparan dimers on the membrane as a required
step for efflux could also fit the data, perhaps even a little better
than the monomer-only model used here. However, it involves
two additional parameters, the improvement in the fits is not
great, and, most of all, there is no experimental evidence for
mastoparan dimerization. The same considerations apply to
higher oligomers. Therefore, we have not pursued this alternative
further, in keeping with choosing the simplest plausible model
that describes the data.

DISCUSSION

The same model that we used to describe the efflux kinetics
induced by the cell-penetrating peptide tp10 (5) fits the efflux data
of the wasp mastoparans masX and masL. To summarize the
model (Figure 8), peptide binding to the outer monolayer of the
membrane, determined by &, and kg, creates a mass imbalance
across the lipid bilayer. This imbalance perturbs the membrane
and thus enhances the probability of a peptide transiently
inserting into the bilayer, with an apparent rate constant for
insertion k.. In the model, &, is not a true constant but is
assumed to be proportional to the absolute value of the gradient
of bound peptide across the bilayer, ks = &5l [Plouter — [Plinner!»

Yandek et al.

Table 3: Rate Constants for Carboxyfluorescein Efflux Induced by masL
and masX at Room Temperature (about 22 °C)*

peptide and lipid ke M7Us™) ke M7T ST gins 571
mastoparan (masL)

POPS/POPC, 50:50 0.09+0.02 0.5+0.1 0.005 +0.001
mastoparan X (masX)

POPS/POPC, 20:80 5.0 0.074+0.02 0.94+0.10

POPS/POPC, 50:50 5.0 0.37+0.14 1.1+£0.2
Tpl0

POPS/POPC, 20:80 5.0 1.4+0.5 0.26 £0.05

POPC 5.0 22409 0.40+ 0.15

“The values for tp10 (5) are listed for easy comparison.
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FIGURE 8: Model of graded release induced by amphipathic pep-
tides. The peptides are unstructured in solution and form o-helices on
the membrane, which are shown as viewed from one end of the helix.
The dark half of the circle represents the hydrophobic face of the
helix, and the light half represents the hydrophilic face. Reproduced
from ref 5, as modified in ref 4, with permission from Biophysical
Journal[Elsevier.

where k*;, is a constant. In the bilayer-inserted state, which is
effectively the “pore”, the peptide catalyzes dye efflux from the
vesicle. The peptide can then move back to the outer monolayer
or complete the crossing of the bilayer with a rate constant k.
As peptide translocation proceeds, the mass imbalance across the
bilayer is dissipated; efflux slows down, and eventually stops,
when the bound peptide concentration is the same on both sides
of the bilayer. This accounts for the fractional release observed.
In this model we used the simplest assumption about the insertion
rate constant: that it depends on the difference between the
peptide concentrations on the two sides of the membrane. This
operational assumption, which also worked well to model the
mechanism of -lysin (7, 2), was based on the hypothesis that the
mass imbalance generated by peptide binding creates a stress
across the membrane. This stress may be mediated by the bilayer
elastic properties. As peptide binds, the area increase in the outer
leaflet of the membrane leads to an imbalance of the relaxed areas
of the two leaflets, resulting in an increase of the stretching or
bending energy of the membrane, which may be the real
transducer of the mass imbalance into larger translocation rates
of the peptides. If the primary effect were on the stretching
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Table 4: Gibbs Free Energy of Peptide Binding and Insertion into POPC Bilayers at 25 °C

peptide Kp® AG°hing” (kcal/mol) AG®%¢ (kcal/mol) helicity (%) AG® o (kcal/mol) AG®ei—ir (keal/mol)
mastoparan X (masX) 300 uM =72 —6.9 86 8.7 15.6
—6.1 72 8.7 14.8
mastoparan (masL) ~ImM¢ -4.9 70 8.3 13.2
tplOW 140 M -7.6 -75 607 9.3 17.1
tpl0 —6.9 10.7 17.6
tp10-7MC¢ 20uM —8.7 —8.8 7.2 16.0

“ Kp is expressed in terms of lipid, not vesicle, concentration. There are approximately 10° lipids per LUV. ? AG®nq = RTIn Kp —2.4 keal/mol, where the —
2.4 kcal/mol is the so-called cratic correction, which we use for consistency with the calculations of White and Wimley (30). ¢ Estimated by adding 2 kcal/mol to
AG®ing of masX, which is the difference between the AG® values for the two mastoparans. “There are no helicity measurements on tp10 and most of its
variants. We expected a value of about 60%, based on 53% for transportan (53), the parent peptide from which tp10 is derived (by a deletion of the six N-
terminal residues), and 70% for mastoparan (//—13), which provides the 14 C-terminal residues of tp10. We have now measured the CD spectrum of tpl0W on
LUVs of POPG/POPC, 50:50, 200 uM (not shown), and calculated the helical content (33) to be about 60%, which is the value used here for all tpl0
variants. “The AG® calculated for tpl0-7MC are only rough estimates based on replacing Lys-7 by Tyr to mimic the aromatic coumarin (6). With this
replacement the calculated AG®;; = —8.8 kcal/mol matches the experimental value of AG®;,q = —8.7 kcal/mol. Replacement by Trp would yield AG®%; = —9.7

kcal/mol.

energy, we might expect that the apparent rate constant for
insertion would depend on the square of the peptide concentra-
tion difference across the bilayer, kins = k*ins([Plouter — [Plinner)>
in accordance with Helfrich (39), instead of the linear dependence
we used. We have verified that such a model would provide fits of
comparable quality but with slightly different values of the free
parameters. On the other hand, we have recently found that, for
O-lysin, the rate of efflux seems to depend on the bilayer bending
modulus, rather than on the stretching modulus (40). The effect
on bending, however, is probably local and much harder to
model. We think that, eventually, a model of the effect of mass
imbalance on peptide translocation rate should be based on this
type of physical consideration. This is, however, beyond the
scope of this paper.

Comparison of the kinetics of interaction of masX and tpl10
with membranes is fairly straightforward. Binding of tp10itself to
membranes cannot be determined by fluorescence because it does
not have a Trp residue, but we have previously measured binding
of two tp10 variants that contain fluorophores: tp10—7MC binds
to POPC, POPS/POPC, 20:80, and POPS/POPC, 50:50, with
Kp = 20,9,and 3.5 uM, respectively (3, 6), and tplOW binds with
Kp = 140, 3, and 0.5 uM, respectively, to the same set of
mixtures (6). Binding of masX to the same lipid mixtures shows a
steeper variation with anionic lipid content: Kp = 300, 0.5, and
0.015 uM, respectively (Table 2). With regard to CF efflux, since
the efflux rate constant (keqy) for masX can be fixed at the same
value used for tpl0, only two parameters were determined by
fitting, k*,,s and kgins. MasX inserts more slowly in the bilayer
and remains inserted for shorter time periods than tpl0; it is
therefore significantly less effective. The case of masL is less
straightforward. It does not induce dye release from POPC at the
peptide concentrations used here, whereas masX releases small
but measurable amounts (about 10% release after 1 h). The main
reason masL does not cause release is because it probably binds
very poorly to POPC, with a Kp 30 times larger than masX
(Table 4), as estimated by calculations with MPEX (38). Accord-
ing to these calculations, masX binds better than masL to the
POPC interface by a Gibbs free energy difference AAG®; =
—2 keal/mol. This difference arises mainly because masX is more
hydrophobic, which contributes ~—1.3 kcal/mol, but also
because masX is more helical, which may contribute up to
~—(0.7 kcal/mol if the helical contents of masX and masL are
taken as 86% (17) and 70% (11—13), respectively, on a mem-
brane surface. The weaker binding of masL to POPC explains

why even addition of 20% anionic lipid is insufficient to render
masL active (in POPS/POPC, 2:8). But in POPS/POPC, 50:50,
the differences in binding of the two peptides to POPC are
overshadowed by the effect of 50% anionic lipid content, and
masL becomes actually slightly more effective than masX in
inducing efflux.

The mastoparans are much less active than tpl0 regarding
peptide-induced CF efflux. But of the two, masX behaves more
similarly to tp10, although tp10 is actually based on masL, whose
sequence constitutes the C-terminal 14 residues of the 21-residue
tpl0 (Table 1). While all three peptides function in a manner
consistent with the same mechanism, the length of tpl0 is
sufficient to span the bilayer but the length of the mastoparans
is not. This suggests that peptide insertion in a membrane-
spanning manner is not essential to their mechanism. The
thermodynamics of binding and insertion of tp10 and the masto-
parans into the bilayer are also not very different. We have
calculated the Gibbs free energy of binding to the membrane
interface (AG°y) with the program MPEX (38), which uses
the Wimley—White interfacial hydrophobicity scale (4/) supple-
mented with the free energies of transfer of end groups (42) and
the contribution of the peptide a-helical content (43). As shown in
Table 4, the calculated values (AG®) are in very good agreement
with those derived from the experimental binding kinetics
(AG®ping).- We have also included in Table 4 the calculated Gibbs
energy of transfer of the peptides from water to octanol (AG®,),
based on the Wimley—White octanol transfer scale (44), which
provides a reasonable estimate of the transfer of an o-helical
peptide from water to the bilayer interior (45). Finally, we also
calculated the Gibbs energy of peptide transfer from the interface
to octanol (AG®,¢—j) for mastoparans and tpl0 variants. This
should provide an estimate of the Gibbs energy of insertion of the
peptide in a helical conformation. This is not to say that simple
insertion of masX and masL into the bilayer occurs. We expect
that the peptides will perturb the membrane significantly as they
sink into the bilayer (Z, 2, 5). This perturbation will cause, for
example, increased bilayer curvature (46, 47) and thinning (48—
51) or other general kinds of membrane perturbations (52). For
the mastoparans the calculation yields AG®,—ir & 15 kcal/mol.
In the actual mechanism, where a significant membrane perturba-
tion must occur, the value for insertion should be significantly
smaller. Nevertheless, the value of AG®,—;r provides a simple
and easily accessible tool to predict which peptides are likely to
cause the largest membrane perturbations. Among all of the
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peptides that we have examined, tp10 (5, 6) and the mastoparans
have small and similar values of AG°,.;r and thus are likely to
cause the least bilayer perturbations. Thus, the idea that cationic
peptides can translocate across membranes appears at least
plausible. In fact, translocation of cationic peptides across anionic
membranes has received convincing experimental support (28,
29), and molecular dynamics simulations have provided sugges-
tions for detailed molecular mechanisms (54, 55). Finally, in
eukaryotic membranes, a lipid asymmetry exists, with most
anionic lipids present in the inner leaflet of the bilayer. It has
been suggested that, as cationic peptides bind to the outer leaflet,
an electrical field thereby develops across the membrane that
enhances the peptide internalization rate (56).
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