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Translocation of the pAntp Peptide and Its Amphipathic Analogue AP12AL
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ABSTRACT. The pAntp peptide, corresponding to the third helix of the homeodomain of the Antennapedia
protein, enters by a receptor-independent process into eukaryotic cells. The interaction between the pAntp
peptide and the phospholipid matrix of the plasma membrane seems to be the first step involved in the
translocation mechanism. However, the mechanism by which the peptide translocates through the cell
membrane is still not well established. We have investigated the translocation ability of pAntp through a
protein-free phospholipid membrane in comparison with a more amphipathic analogue. We show by
fluorescence spectroscopy, circular dichroism, NMR spectroscopy, and molecular modeling that pAntp is
not sufficiently helically amphipathic to cross a phospholipid membrane of a model system. Due to its
primary sequence related to its DNA binding ability in the Antennapedia homeodem&iA complex

the pAntp peptide does not belong to the amphipathitelical peptide family whose members are able

to translocate by pore formation.

Homeoproteins belong to a class of transactivating factors shown that the pAntp peptide enters into cells atGl
that bind to DNA through a specific sequence of 60 amino demonstrating that peptide import does not involve endocy-
acids, the homeodomain. This latter sequence is structuredosis @, 5). Indeed, the internalization of pAntp is a receptor-
in threea-helices with ongs-turn between helixes 2 and 3  independent process as indicated by the efficient cellular
(2). Internalization experiments indicated that the home- uptake of retro-, enantio-, and retro-inverso forms of this
odomain of Antennapedia is able to translocate across thepeptide 6, 7). Others studies have shown that pAntp is
plasmic membrane of nerve cells by a non-energy-dependeninternalized in vitro by several other cell lines comprising
mechanism and to reach the nucle@s Mutations within lymphocyte cells or aortic endothelial cel 9), suggesting
the third helix of the homedomain suppress its internalization that internalization is cell type-independent. Finally, it was
(3), and it has been established that a 16-amino acid longindicated that pAntp, which is amphipathic, interacts with
peptide, pAntg, corresponding to this helix, is the minimal phospholipid membranes and adopts a partighelical
segment of the homeodomain capable of translocating structure in a membrane mimetic environmefD)( In
through cell membranes4). Further investigations have addition, the induction of a slight lamellar-to-inverted
hexagonal phase transition by pAntp upon binding of a
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NBD-PE, N-{[7-nitrobenz-2-oxo-1,3-diazol-4-yl]dipalmitdy -a-phos- . - . -
phatidylethanolamine; NMR, nuclear magnetic resonance; POPC, by eukaryotic cells by a nonendocytic mechanism similar to
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snglycero-3-phosphoglycerd®/L, peptide-to-lipid molar ratio; pAntp, . ; . - - |
ROIKIWFONRRMKWKK-amide: AP-2AL. ROIKIWFOAARMLWKK- prop_ensmes of designed helical amph|path|c cell _perme_at_)le
amide: RET, resonance energy transfer: SUVs, small unilamellar P€Ptides cannot be correlated to their translocation activity

vesicles; TFE, 2,2,2-trifluoroethanol. (5). It was suggested that peptidkpid interaction may only
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be the first step of a translocation mechanism which may Peptide Synthesi3he peptides were synthesized accord-
involve other nonidentified proteic components, (9). ing to the Fmoc-tBu strategy using an AMS 422 apparatus
Understanding the internalization mode of pAntp could help (ABIMED). Resin was washed with DMF and treated with
shed light on the mechanism used to import these amphip-a deprotecting mixture to cleave peptides from the resin and
athic peptides into cells. deprotect the side chains. Peptide purification was ac-
We have, therefore, investigated the translocation ability complished by reverse phase high-performance liquid chro-
of pAntp through a protein-free phospholipid membrane, i.e., matography (Water-prep LC 40, Waters) under 0.01% TFA/
the movement of this peptide from the outer to the inner acetonitrile gradient conditions. The level of purification, as
leaflets. It was shown recently that several shwottelical assessed by reverse phase analytical chromatography (Beck-
amphipathic peptides, including mastoparan-X, a cell-perme- man Gold equipped with a diode array detector), w&5%
able peptide, are able to translocate through phospholipidfor both peptides by the criterion of UV absorbance at 220
membranes by transiently forming pepticlgoid supramo- and 280 nm. The molecular masses were validated by
lecular poresZ1—23). Another translocation mechanism has MALDI-TOF spectrometry (Voyager Elite, Perseptive Bio-
been described for the presequence of mitochondrial importsystems).
of the cytochrome oxidase IV (p25) which crosses phos- Vesicle Preparationk-or preparation of small unilamellar
pholipid membranes in a potential-dependent mangér ( vesicles (SUVs), a lipid film with the desired composition
25). was dried fo 3 h and then suspended in buffer [20 mM Tris,
In this study, we have designed a peptide named AP-2AL 150 mM NaF, and 0.1 mM EDTA (pH 7.4)] to give a final
by mutation of pAntp. This design was motivated by the concentration between 25 and 30 mM. The suspension was
necessity of having an analogue with physicochemical sonicated in ice-cold water for 25 min using a titanium tip
features similar to those of previously described translocating ultrasonicator. Titanium and lipid debris were removed by
peptides. We have examined the lipid binding affinity, the centrifugation at 1000@D Dynamic light scattering measure-
membrane permeabilizing activity, and the translocation ments (Brookaven Instruments Ltd.) confirmed the existence
potency of pAntp and this analogue. Furthermore, we have of a single population of vesicles (mass content@5%)
investigated the secondary structure of both peptides bywith a mean diameter of 3 1 nm. For preparation of large
circular dichroism (CD) in membrane environments. The unilamellar vesicles (LUVs), the lipid suspension in buffer
structure of the pAntp peptide and the AP-2AL peptide in [20 mM Tris, 150 mM NacCl, and 1 mM EDTA (pH 7.4)]
SDS micelles was further examined Hy NMR spectros- was frozen and thawed for five cycles and then extruded
copy. Finally, to explain the experimental results that were through polycarbonate filters (0/Am pore size) 21 times.
obtained, we have simulated the insertion and orientation of The lipid concentration was determined in duplicate by
both peptides in a membrane using the IMPALA procedure, phosphorus analysis as described in2@f
a Monte Carlo method associated with a restraint force field  Binding IsothermFluorescence measurements were per-
(26). formed in 3 mL quartz cells at 2% 0.1 °C under constant
We report that pAntp cannot destabilize phospholipid magnetic stirring using a SLM AB-2 fluorometer (SLM
membranes and cannot cross them at a low lipid-to-peptideInstruments, Inc., Urbana, IL). For measurement of the extent
molar ratio. The observed translocation of the analogue AP- of peptide binding, excitation and emission wavelengths were
2AL which is more ordered i-helix than pAntp suggests  set at 280 and 340 nm, respectively. Excitation and emission
that the latter is not sufficiently helically amphipathic to cross band-pass were set at 4 nm for both cases. Aliquots of a
phospholipid membranes. Molecular modeling calculations concentrated stock solution of LUVs (30 mM) were added
confirm that pAntp remains at the surface of the membrane to the peptide solution (kM). Each measurement was
because it is not hydrophobic enough to penetrate deeplyperformed after the equilibrium had been reached. The
into the hydrophobic part of the membrane. contribution of scattered light to the observed signal was
subtracted. The inner filter effect due to light scattering of
MATERIALS AND METHODS the vesicles was corrected by the method of Lakowa8). (
Fmoc-PAL-PEG-PS (High Load) and 9-fluorenylmethy- The binding isotherms were analyzed as a partition equilib-
loxycarbonyl (Fmoc) amino acids were purchased from rium using the following formula:
Perseptive Biosystems (Hamburg, Germany). Other reagents
used for peptide synthesis includBgN'-diisopropylcarbo- X, = KCt
diimide (DIPCDI, Fluka), 1-hydroxybenzotriazole (HOBT,
Perkin-Elmer),N,N-diisopropylethylamine (DIEA, Fluka), whereX; is defined as the molar ratio of bound peptide per
and dimethylformamide (DMF, Perseptive Biosystems).  total lipid, K, corresponds to the partition coefficient, and
The lipid POPC (1-palmitoyl-2-oley$n-glycero-3-phos-  C; represents the equilibrium concentration of the free peptide
phocholine) and POPG (1-palmitoyl-2-olest-glycero-3- in the solution. The curve resulting from plotting versus
phosphoglycerol) were obtained from Avanti Polar Lipids the free peptide concentratio;, is referred to the conven-
(Alabaster, AL). NBD-PE N-[(7-nitrobenz-2-ox0-1,3-diazol-  tional binding isotherm. To calculat¥,, the fraction of
4-yl)ydiplamitoyl]-L-a-phosphatidylethanolamiheDNS-PE membrane-bound peptidgis determined with following the
(N-{[5-(dimethylamino)naphthyl]-1-sulfonytlipalmitoyl.- formula:
a-phosphatidylethanolamine) and calcein were obtained from
Molecular Probes (Eugene, OR). Sodium dithionite, 2,2,2- f,=(F — F)/(F,, — Fp)
trifluoroethanol (TFE), and SDS were supplied by Sigma
(St. Louis, MO). Sephadex G75 was purchased from Phar-whereF, is the fluorescence of the unbound peptiBehe
macia Biotech (Uppsala, Sweden). fluorescence of the bound peptide, g@ndthe fluorescence
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signal obtained when all the peptide is bound to lipid. This
latter value is extrapolated from a double-reciprocal plot of

Drin et al.

eter with a'H frequency of 400.130 MHz. Each peptide was
dissolved in a HOPH,O (9:1, viv) or HOPH,O (9:1 viv)/

F (total peptide fluorescence) versGs (total concentration
of phospholipid). Withf, known, theC; value as well as the
extent of peptide bindingX) could be calculated. Surface
partition coefficients were calculated from the initial slope
of each conventional binding isotherms (for details of the
calculation, see re29).

Dye ReleaseDye-entrapped LUVs were prepared with a
lipid film with the desired composition by using 70 mM  (31) in association with water flip-back technique32).
calcein in buffer (the pH was adjusted to 7.4 with 1 M TOCSY @33, 34), NOESY (35), and COSY experiments
NaOH) as a hydrating solution. Calcein-entrapped vesicleswere recorded at 50C in the phase-sensitive mode. The
were separated from free calcein on a Sephadex G75 columnTOCSY experiments used a mixing time of 50 ms, and the
(18 cm x 1 cm). The release of calcein from LUVs was NOESY experiment used a mixing time of 60 or 100 ms.
monitored by fluorescence at an emission wavelength of 520 pata processing was performed on a HP workstation using
nm (excitation wavelength of 490 nm). The maximum G|FA (36). Prior to Fourier transformation, the FID was
fluorescence intensity corresponding to 100% leakage wasmyltiplied by a shifted sine-bell function in both dimensions

determined by the addition of 10% (w/v) Triton X-100 (10 and zero-filled to a final matrix of 51 1024 complex
uL) to 3 mL of the sample. The apparent percent leakage points.

value was calculated according to the equation EGO )/
(Fmax — Fo). F and Fmax correspond to the fluorescence
intensity before and after the addition of detergent, respec-
tively. Fo represents the fluorescence of the intact vesicles.
The temperature was monitored at 250.1 °C.
Measurement of TranslocatiorSymmetrically labeled
LUVs were prepared by hydrating the lipid film compose
of POPC, POPG, and DNS-PE (70:15:15 molar ratio). The
observation of the fluorescence intensity of the Trp residue
(336—340 nm) upon excitation at 280 nm allows us to
monitor the resonance energy transfer (RET) from the Trp

residue of the peptide to the dansyl fluorophore in the X 3 e
membrane. The temperature was controlled at-251°C. by a Monte Carlo procedure using a simple restraint field

Dithionite lon Permeability.A lipid film composed of (26). Thg Iipid—lwater interface; are described by a function,
POPC, POPG, and NBD-PE (7:3:0.05 molar ratio) was C(2), which varies along t_hi_eaX|s perp_endlcular to the plane
resuspended with the buffer and frozen and thawed for five ©f the membrane (the origin of teeaxis is the center of the
cycles. Small aliquots of the multilamellar vesicles (MLVs) bilayer).
were added to the buffer (control) or injected into a peptide
solution in the presence of 10 mM sodium dithionite [freshly C(2) =05— 1
prepared at 1 Mri 1 M Tris (pH 8.8)]. The fluorescence 1+ @2
intensity of NBD at 530 nm (excited at 450 nm) was
monitored at 25+ 0.1 °C. C(2) is an empirical function where andz, are mathematical

Circular Dichroism MeasurementPeptide CD spectra  parameters calculated assum@g-13 s4) = 0.49 andC—1s4
were obtained on a Jobin Yvon CD6 spectropolarimeter. The = 0.49 and that this symmetrical function is approximately
spectra were scanned at room temperature in a quartz opticatonstant from—o to —18 A (hydrophilic phase):-13.5 A
cell with a 0.02 cm path length. Baseline spectra for each to 13.5 A (hydrocarbon core), and 18 A ¢o (hydrophilic
solvent or vesicle suspension were obtained prior to the phase). The molecule is translated so that this interface stays
peptide spectra. Each peptide was at a concentration of 1.5tz = 13.5 A. A standard Monte Carlo procedure is applied
x 107° M in buffer (150 mM NaF, 20 mM Tris, and 0.1  at 308 K for 16 steps by randomly translating (maximum
mM EDTA), in a TFE/buffer mixture (1:1, v/v) or in the  of 1 A) and rotating (maximum of 9 the peptide. The
presence of SDS (0.5%). To record spectra with SUVs, the membrane-peptide interaction is estimated at each step by
peptide concentration was decreased o B0 °Mto ensure  the restraint energy that is the sum of two terrfs; (@nd
complete saturation with SUVs and to reduce the levels of Eip). The first one Ei) increases when accessible hydro-
absorption and diffusion caused by the presence of phos-philic atoms (i.e.,E; > 0) penetrate the membrane and
pholipid vesicles. The helical content was determined from gecreases when accessible hydrophobic atoms do. This
the mean residue ellipticityd] at 222 nm according to the  gepends on the accessible surface in the pep&ethe
relation hydrophobicity E«(i)], and the positionZ) of each atom:

[2H25|SDS mixture (100 mM) at pH 4.5. Measurements were
performed at a peptide concentration of 3 mM. Formation
of the peptide-micelle complex was monitored by the
changes in chemical shifts of the peptide upon addition of
the detergent to the peptide solution. All experiments were
acquired with the transmitter set on theCQHresonance.
Solvent suppression was achieved by Watergate method

Molecular Modeling.Peptides were built up using Hy-
perChem (HyperCube, Inc.) assuming a peréebelix along
the sequence. Molecules were energetically optimized using
a conjugated gradient algorithm (rnss0.1 kcal/mol) after
a short MD simulation in vacuo (11 ps at 300 K, including
d 1 ps of a heating phase) using the all atom AMBER force
field (37). The coordinate positions of atoms constituting the
backbone were frozen to keep constantghendi angles
associated with the helical conformation and to relax only
the side chains during MD calculations. The penetration of
the peptide into the phospholipid membrane was calculated

[©],,, = —30300p] — 2340 N
Bine = —ZS(i)Etr(i)C(Zi)
where pJ is the amount of helix J0). =
'H NMR SpectroscopylThe two-dimensional NMR ex-
periments were performed on a Bruker AMX-400 spectrom- Ej, accounts for the perturbation of the lipid bilayer due to
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Ficure 2: (A) Conventional binding curve of the pAntp peptide
(®) and the AP-2AL peptided) on POPC/POPG (70:30) LUVs
N in buffer [20 mM Tris, 150 mM NaCl, and 1 mM EDTA (pH 7.4)]
. at 25°C. (B) Binding isotherm of pAntp®) and AP-2AL ©) on
Eip = OL"pZS(I)C(;) POPC/POPG (70:30) LUVs derived from the binding curve as
1= described in Materials and Methods.

peptide insertion. It is defined as

where aip is an empirical factor fixed at-0.018. Eip  regpectively. This indicates that the lipid-binding affinity of
increases with the ;urface of thg peptides in contact with ApoAL is higher than that of the pAntp peptide. We
lipids. Each calculation was carried out three times. observed that the kinetics of lipid association of pAntp was
RESULTS instantaneous. However, the kinetics of lipid association of
AP-2AL was biphasic with a rapid phase followed by a slow
Design of the pAntp Analogu&he helical hydrophobic  one when the lipid/peptide molar ratio was low (data not
moment of the pAntp peptide (RQIKIWFQNRRMKWKK-  shown). The difference in the kinetics of binding between
amide) was calculated in seven-residue segments followingpAntp and AP-2AL peptides could not be due to a difference
the Eisenberg formula3g), with the hydrophobic scale of in oligomerization state prior to binding since both peptides
Fauchee and Pliska, based on the octanafater partitioning are at a monomeric state at concentrations<@B80 uM in
of individual N-acetyl amino acid residue8%) and plotted buffer (data not shown). It is possible that the AP-2AL
versus sequence position (Figure 1). The region of the pAntp peptide interacts rapidly with the outer leaflet of LUVs and
peptide with the maximal hydrophobic moment is the slowly crosses the membrane to interact with the inner leaflet.
N-terminal half of the peptide. The hydrophobic moment However, it should be noted that the value Kf is
decreases abruptly at position 7. On the basis of the proportional to the amount of accessible lipi@8)( Thus,
observation that natural or designed membrane-active am-the higher lipid binding affinity of AP-2AL with respect to
phipathic peptides21—23, 40) have a helical hydrophobic  the lipid binding affinity of pAntp could reflect the fact that
moment approximately constant along their sequences, weAP-2AL interacts with both leaflets of phospholipid vesicles
have designed a mutant, named AP-2AL (RQIKIWFQAARM- and that pAntp interacts only with the outer leaflet.
LWKK-amide), with this characteristic. This peptide has a  PermeabilizationThe membrane permeabilizing activity
higher helical hydrophobic moment in the carboxy-terminal of both peptides was examined by a dye release assay. An
half than pAntp, resulting in a high helical hydrophobic increase in fluorescence intensity due to the relief from the
moment along the sequence (Figure 1). self-quenching of the dye molecule concentrated (70 mM)
Interaction with the Membranelhe change in the Trp  within the LUVs indicates dye release (Figure 3A). The
fluorescence intensity upon binding to phospholipid vesicles relation between the apparent percent leakage and the
was used initially to demonstrate the interaction of the pAntp peptide/lipid molar ratio was reported in Figure 3B and
peptide with phospholipidslQ) and to measure, in general, indicated that only AP-2AL induces a significant leakage of
the lipid binding affinity of amphipathic peptides by deter- calcein from vesicles. Even at a very high peptide/lipid molar

mining their surface partition coefficientgl@ 41). Small ratio (> 1), pAntp cannot significantly permeabilize vesicles
aliquots of a concentrated stock solution of POPC/POPG (70:as indicated by a low percentage of leakagd @%).
30 molar ratio) LUVs were added to the peptideu{d) in Peptide TranslocationThe translocation was detected by

buffer, and the resulting increase in fluorescence intensity measuring the amount of untranslocated peptides remaining
was plotted as a function of the lipid/peptide molar ratio in the membrane outer leaflet of the membrane, according
(Figure 2A). The curves obtained by plottiXg (the fraction to the protocol described by Matsuzak?21-23). The

of bound peptide per lipid) versu€: (the equilibrium untranslocated peptides can be readily removed from the
concentration of the free peptide in solution) are referred to vesicle surface by extraction with a large excess of a second
the conventional binding isotherm (Figure 2B). The surface population of vesicles. The RET from the Trp residues of

partition coefficients ) of pAntp and AP-2AL were the peptide to the dansyl chromophore (DNS-PE) incorpo-

determined and were-13 x 10° and 106 x 10° M1, rated into the membrane of the first population of vesicles
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and AP-2AL ©) was plotted against the peptide/lipid molar ratio. 04 i
Each value represents the average of triplicate experiments.
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allows us to determine the unremovable fraction. At time Time (min)

zero, when dansyl-labeled vesicles (/M) were added to  Ficure 4: Detection of the peptide translocation. AP-2AL (A) or
a peptide solution (M), it resulted in a decrease in Trp  pAntp (B) was mixed with dansyl-LUVs (70:15:15 POPC/POPG/
fluorescence, indicating RET due to peptide binding to the DNS-PE) at time zero. The peptide concentration was/l and

; ; ; ; the lipid concentrations were 70 and 3aM for AP-2AL and
membrane (Figure 4A). After incubation for 1 min, a second pAntp, respectively. The fluorescence of Trp at 335 nm (excited at

population of dansyl-free vesicles (DNS-PE was substituted 584 nm) was measured. The peptide binding to the vesicle reduced
with POPG) was added in large excess (more than 5-fold). the intensity fronF, to F; due to RET. At various incubation times
The peptide molecules, which had been bound to the outer(l, 2, 5, and 10 min, traces-5, respectively), a large excess (final

leaflet, were redistributed between the two vesicle popula- gosl%%'géagggu?;gn@gfc‘;gfnsAy'T}%&LL%]SSZ(-%.?%“ﬂ)g’lggﬁ%pgé’; was
tions, resultlng Ina .rellef from RET and a rapid mt;rease N “added as indicated by the arrows. An increaée in intensity indicates
fluorescence intensity. In the case of AP-2AL, the increased he relief from RET caused by the redistribution between the two

fluorescence intensity was, however, smaller than the vesicle populations of the peptide molecules which had been bound
intensity obtained when both vesicle populations were to the outer surface of the first vesicle. The difference (as labeled
simultaneously added o the peptide soluton at time zero Y ) etveen T ey Toovssesrce imensilang e
(as I.ndlcated byAF). This suggests that a fraction of the simultaneously added at time zero indicates the fraction of peptide
peptides became unexposed to the outer leaflet and thereforhich is translocated into the inner leaflet during the incubation
could not be transferred to the second vesicles. The final time. The trace is representative of five independent measurements.
fluorescence decreases with the incubation time, indicating
a time-dependent peptide translocation. It should be notedthat addition of sodium dithionite, a membrane-impermeable
that the slow increase in fluorescence observed after additioncompound, to NBD-PE-containing MLVs quenches irrevers-
of the second vesicle population could be attributed to the ibly the probe localized on the outermost leaflet. The addition
cross-back of peptides through the membrane of the first of AP-2AL allowed the reducing ion to react with more than
vesicle populationdl, 22). 85% of the NBD group within 6 min. If the peptide had
The translocation assay of pAntp showed that no changepermeabilized only the outermost bilayer, the reagent could
in fluorescence was observed as a function of time (Figure have reacted with the fluorophore facing the first interlamel-
4B), implying that pAntp remains on the outer leaflet of the lar space, having resulted in a level of quenching<@b%
first population of vesicles and does not translocate through (22, 23). This suggests that the AP-2AL molecule translo-
the phospholipid bilayer. This assay was carried out at a lipid/ cates across the outermost bilayer to destabilize the inner
peptide molar ratio that was higher for pAntp than for AP- bilayer.
2AL to ensure that the fraction of lipid-bound peptide Secondary Structure of PeptidéBhe CD spectroscopy
(calculated from binding experiment to be equal to 0.83) is was used to determine the secondary structure of pAntp and
similar to those calculated for the AP-2AL peptide (equal AP-2AL in different media. In buffer, both peptides adopt a
to 0.89). We also obtained a similar result at a lower peptide/ random conformation as indicated by a minimum at 198 nm
peptide molar ratio (data not show). (data not shown). In the presence of TFE (1:1 in buffer, v/v),
To ensure the existence of AP-2AL translocation, we used the CD spectra of each peptide exhibited minima at 208 and
a second protocol to demonstrateZp(23). Figure 5 shows 222 nm and a maximum at 193 nm, characteristic of a right-
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Ficure 5: Detection of AP-2AL translocation. Small aliquots of
MLVs composed of POPC, POPG, and NBD-PE (7:3:0.05) were
added to buffer (trace 1) or to AP-2AL solution (trace 2) in the
presence of 10 mM sodium dithionite. The membrane-impermeant
S04~ quenches irreversibly NBD fluorescence by chemical
reduction. The fluorescence at 530 nm (excitation at 450 nm) was
normalized to the initial fluorescence in the absence of dithionite.
The lipid concentration was 42M; the peptide concentration was

3 uM.

handeda-helical conformation (Figure 6A). However, the
intensity of the band at 208 and 222 nm in the CD spectrum
of pAntp was much reduced compared to the intensity of
these bands in the CD spectrum of AP-2AL. We determined
that the helical contents of pAntp and AP-2AL were equal
to 34 and 43%, respectively. In the presence of SDS micelles
(Figure 6B), the helical contents of pAntp and AP-2AL were
equal to 40 and 49%, respectively. Finally, the secondary
structure of the peptide upon binding to lipid vesicles was
investigated by recording their CD spectra in the presence
of POPC/POPG (70:30 molar ratio) SUVs (Figure 6C). In
this environment, the helical content of both peptides was
higher than those determined in other environments, indicat-
ing that the presence of phospholipids favors thbelix
conformation of these peptides. The helical contents of pAntp -2e+4 1 o
and AP-2AL were equal to 39 and 56%, respectively, ' ' v
indicating that the lipid-bound AP-2AL is more ordered in 200 220 240 260
a-helix than the lipid-bound pAntp. However, the fractions

of lipid-bound pAntp and AP-2AL at the lipid to peptide ) )

molar ratio used in the CD experiments, as estimated from FIGURE 6: ?ggge"t.ra”m) I?hSO% Tt|ij (1:1, V/‘{) ";‘.”d (B) "&zé%e
I presence 0 micelles. The peptide concentration wag

the binding measurements, are equal to 0.82 an_d 1, respect, pffer [20 mM Tris, 150 mM NaF, and 0.1 mM EDTA (pH

tively. Thus, the helical content of pAntp peptide corre- 7 4] and the SDS/peptide molar ratio was 150. (C) CD spectra in

sponds, after correction, to 47%. the presence of POPC/POPG (70:30 molar ratio) SUVs with a lipid/

IH NMR AnalysisAddition of SDS led to a drastic change peptide molar ratio of 325 (peptide concentration of80; lipid
in the IH chemical shift and line widths of both peptide Cconcentration of 16.3 mM): pAntp~) and AP-2AL (- — ).
proton resonances at 2C. The temperature of the peptide of the NOESY spectrum of each peptide in the presence of
micelle complex was increased to 30 to obtain peaks with ~ SDS micelles.
acceptable line widths. We have carried out the sequential Due to the particular broad line width observed with both
assignment of all the proton resonances following the peptides in the presence of SDS, thky-cnu coupling
standard method proposed by "Woh (42) for two- constant, useful for conformational analysis, could not be
dimensional NMR data analysis. TOCSY spectra were usedascertained. Then, regular structure has been identified on
to define the spin system, and NOESY spectra were used tothe basis of the observation of sequential and medium-range
identify inter-residue connectivities and to distinguish be- NOEs and on the chemical shift variation oft@ protons.
tween equivalent spin systems. Assignments were obtainedn the presence of SDS micelles, medium-rang€iH-Hg-
with the help of sequential NH—NH(i+1), Ho(i)—NH- (i+3) and Hx(i)—NH(i+3) NOEs, corresponding to struc-
(i+1) NOEs and NOE connectivities characteristic of the turation of the peptide im-helix, were observed for the
o-helical conformation. Figure 7 shows thetHNH region amino-terminal half of the pAntp peptide from residues 3 to
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FIGURE 7: CaH—NH regions of the 60 ms mixing time NOESY (ppm) o
spectrum of the pAntp peptide (A) and the AP-2AL peptide (B) in R
SDS micelles at pH 4.5 and 5€. Intraresidue NH-CaH cross- 4%

peaks are labeled with a single number. Medium-range and Ficure 8: Summary of NMR data for the pAntp peptide (A) and
sequential NOE cross-peaks are labeled with two numbers indicatingthe AP-2AL peptide (B) in SDS micelles at pH 4.5 and B0.
the residues contributing theo®l (F1 dimension) and NH (F2  Sequential and medium-range NOE contacts observed in the 60
dimension) protons, respectively. Sequential NOE cross-peaks arems mixing time NOESY spectra of the peptide in SDS micelles
specifically indicated by the line joining cross-peaks due to are indicated by solid bars. NOEs corresponding to dashed bars
consecutive residues (with the exception of the cross-peak betweerare only observed for a mixing time of 100 ms. Asterisks denote
residues Argl and GIn2 and those which can be assessed unamNOEs whose presence or absence cannot be assessed due to overlap.
biguously due to overlap). Tﬁe r_ovvI Ie;]pgle%Aé sh(;)v_vs érlsesdiff_ere‘ilnce b((ajtv'\[/ﬁen thgm@ '
: . : 3 mi I rvi n mi n ranaom |
9 (Figure 84).In the same environment, we have idenified SETICS) St sbsenied i SO el ana the fandom co
for the AP-2AL peptide numerousdfi)—HpA(i+3) NOEs
in the segment of residues-32 and several &(i)—NH- Simulation of Insertion of Peptides in the Membravée
(i+3) NOEs for the segment of residues¥5 (Figure 8B). have simulated the insertion of both peptides in the mem-
However, several expectedoil)—NH(i+3) NOEs which brane using the IMPALA procedur@®). To analyze the
could indicate theo-helical conformation of the peptide results of simulations, we have represented the energy as a
cannot be distinguished from sequentiatt(j—NH(i+1) function of the weight center of the molecule and the angle
NOEs (Figure 7B). The &€H proton chemical shift values between the helix axis and surface plane (Figure 9). The
were used additionally to analyze the peptide structure. For pAntp peptide does not penetrate deeply into the membrane
both peptides, in the presence of SDS micelle, the deviationsas indicated by a unique energy minimum corresponding to
of the GaH chemical shift value from random coil values the localization of its weight center at 21.5 A from the bilayer
(43) are given in Figure 8 as a function of residue number. center associated with an angle of I2(bigure 9A). The
An a-helix structure is indicated by an upfield chemical shift insertion of this peptide in the hydrophobic phase is
of more than 0.1 ppm with respect to the random coil energetically disfavored. In contrast, the AP-2AL peptide
chemical shift value. The negative values were consistentadopts several energetically favored configurations in the
with a helical conformation for residues-32 of the pAntp membrane as indicated by the four energetic local minima
peptide. For the AP-2AL peptide, the negative values reflect (states a, b, ¢, and d) shown in the energy contour map
the fact that this peptide adopts arhelical structure from (Figure 9B). The best configuration corresponds to state c.
residue 3 to the C-terminus. These data suggest that the APFurther analysis revealed that insertion of AP-2AL in the
2AL peptide is more ordered in an-helix in a membrane-  membrane from 22.25 (state a) to 6.25 A (state d) is linked
mimicking environment than pAntp and particularly in the to the rotation of the peptide helix from 24.3 te67.5.
carboxy-terminal half. Figure 10A shows a molecular representation of the different
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Ficure 9: Energy contour maps of the peptide simulation by ﬁ?j}g&

IMPALA. The energetic contour map corresponds to the miminal
restraint energy (along treaxis in kilocalories per mole) obtained  Fgure 10: Molecular representation of peptide configurations in
during Monte Carlo vs peptide insertion (localization of the weight the membrane determined using IMPALA. (A) The best configu-
center) and peptide orientation defined by the angle between theration of the pAntp peptide in the membrane. (B) Configurations
helix axis and surface plane. The helix axis is subtended by two of the AP-2AL peptide in the membrane, each one corresponding
specified Nx atoms of the backbone (Natom of residue lle3 and o a local minimum (a, b, ¢, or d).

Now atom of residue Trp14) represented by the solid black circle

on the molecular representation of AP-2AL. (A) Energy contour DISCUSSION

map of pAntp. The solid dot represents the energetic minimum . . .
found for this peptide during calculations. (B) Energy contour map | € Cellular uptake of pAntp peptide is a rapid and

of AP-2AL. Each solid dot corresponds to a local energetic efficient process that does not involve the endocytosis
minimum [state a (insertion;-22.25 A; angle, 243, state b pathway and chiral receptod{6, 8, 9). On the basis of
(insertion,—17 A; angle, 9), state c (insertion-15.25 A; angle,  previous investigations, it was proposed that the pAntp
—37.8), and state d (insertion;6.25 A; angle,~67.50)] peptide crosses rapidly the phospholipid matrix of the plasma
configurations adopted by AP-2AL in the membrane and membrane via a transient membrane destabilization $6p (
indicates that the carboxy-terminal half of AP-2AL penetrates 12). We have, therefore, investigated the pAntp translocation
first in the hydrophobic phase. The best configuration of potency using protein-free phospholipid vesicles, a suitable
pAntp corresponds to a localization of the peptide at the model membrane for assessing the translocation of amphi-
lipid—water interface, lying parallel to the membrane surface. pathic helical peptide2(—25).
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We have designed an analogue named AP-2AL with a that AP-2AL should be ordered ine&helix from residue 3
higher helical hydrophobic moment and a higher hydropho- to the C-terminus in SDS micelles. Thus, structural differ-
bicity than pAntp. The former is more similar in terms of ences determined Y NMR between pAntp and AP-2AL
amphipathicity to well-known membrane-active peptide$ ( peptides suggest that substitution of three polar residues with
than the latter. We report first that both pAntp and AP-2AL hydrophobic ones, which increases the helical hydrophobic
interact with phospholipid vesicles. However, pAntp does moment of the carboxy-terminal half of the peptide, results
not significantly modify the membrane permeability, even in an increase in the helicity of this segment in a membrane-
at low lipid/peptide ratios, indicating that pAntp cannot either mimicking environment. SDS micelles are amphiphilic
form pores or destabilize membranes by acting as a detergentstructures comparable to liposomes and are well-suited for
In contrast, the AP-2AL analogue induces dye leakage of the determination of the secondary structure of membrane-
negatively charged vesicles at a similar lipid/peptide molar bound amphipathic peptidedq, 50). For each peptide, the
ratio found for peptides such as mastoparar2®).(Indeed, helical content determined upon binding of negatively
the first translocation assay allowed us to show that AP- charged vesicles and in the presence of SDS micelles differs
2AL rapidly crosses the phospholipid membrane as con- slightly, indicating that the structure of both peptides
firmed by the second translocation assay. In contrast, thedetermined byH NMR spectroscopy is comparable to the
pAntp peptide does not translocate through the phospholipid structure of membrane-bound peptides. Thus, the permeabi-
bilayer. The higher lipid binding affinity of the AP-2AL  lization and translocation activity of AP-2AL could be
peptide with respect to pAntp may reflect the fact that the correlated to its secondary structure.
former interacts with both leaflets of the membrane and that To further understand the observed experimental differ-
the latter interacts only with the outer leaflet. Thus, these ences between pAntp and AP-2AL peptides, we have
data suggest that the realized mutations allow pAntp to crosssimulated the penetration of both peptides into a phospholipid
the phospholipid bilayer. membrane using IMPALA. This procedure gives relevant

It could be envisaged that the AP-2AL peptide translocates insight on the energetically favored localization of amphi-
through the membrane by pore formation. First, a significant pathic peptides in membranes]. Simulations indicate that
permeabilization occurs at a relatively high lipid/peptide AP-2AL could penetrate deeper than pAntp into the mem-
molar ratio. In addition, the S0ight scattering measured at  brane, the latter remaining at the watéipid interface. The
400 nm increases by only a few percent at the lipid/peptide energetically favored configuration determined for both
molar ratio in which permeabilization and translocation occur peptides is linked to the insertion of Trp residues in the
(data not shown). These observations prove that membranenembrane, corroborating well the fluorescence measure-
permeation does not involve micellization of the lipid bilayer ments. Analysis of the energy contour map of the AP-2AL
and does not correspond to a “carpet” model. This latter peptide revealed the existence of a transition from a surface-
model assumes the disintegration of the membrane after thdying state to a membrane-spanning state during the insertion
formation of a peptide layer covering entirely the outer leaflet of the peptide into the membrane. This transition was
of the vesicle 45, 46). However, it is possible that AP-2AL  described for pore-forming peptides such as melittin and
permeabilizes and crosses the membrane following a mechimagainin 2 26). Thus, the simulated transition agrees with
anism close to the carpet mechanism by forming a transientthe pore formationtranslocation model that implies the
toroidal pore 46—48). Indeed, the relationship between transition between these two statd8)( In addition, it could
membrane permeabilization kinetics and translocation (databe envisaged that the energetic cost of the reorientation of
not shown) implies that AP-2AL peptide translocation the peptide in the membrane observed in our simulation could
depends on the pore formation as described for several helicabe compensated by an energetically favorable peptide
pore-forming peptides2(—23). Finally, light scattering peptide interaction involved in the formation of multimeric
experiments mentioned above indicate that translocation andpores. We conclude that these calculations are in agreement
permeabilizing activity of the AP-2AL peptide cannot be with the experimental observations and suggest that the low
related to membrane fusio23). hydrophobicity of pAntp does not allow its insertion in the

We have then investigated the influence of mutations on phospholipid bilayer. This is in agreement with a recent study
the structure of membrane-bound pAntp. First, structural that shows that the pAntp peptide interacts with the polar
investigations point out the fact that the pAntp (biotinylated head of the negatively charged phospholipids but does not
at the N-terminus) adopts, in SDS micelles, a partial insert deeply into the lipid bilayei5().
secondary structure, namely, a stable helix from the N- Taken together, these results indicate that the repartition
terminus up to amino acid 8 and an unordered structure frombetween polar and hydrophobic amino acids along the third
residue 9 to the C-terminusl@. Our structural data  helix of the Antennapedia homedomain, related to its DNA
concerning pAntp (free at the N-terminus) in the same binding ability, does not allow this segment to translocate
membrane-mimicking environment corroborate this observa- through phospholipid membranes via a lipid-destabilizing
tion. mechanism. Two of the three substituted residues (Asn9 and

The loss of structure in the middle of the peptide sequencelLys13) that block the translocation of the pAntp peptide are
seems to be related to the decrease in the amphipathidnvolved in molecular interactions with nucleotides in the
hydrophobic moment starting at this point. Determination Antennapedia homeodomaiDNA complex 62). Therefore,
of the helical content of AP-2AL by CD with respect to the expected translocation of pAntp does not occur when
pAntp indicated that mutations increase the helical contentthe peptide interacts with the phospholipid membrane
of pAntp in a membrane mimetic environment or in the because it is not sufficiently structurally amphipathic. Then,
presence of negatively charged phospholipid vesicles. Ourthe helical amphipathicity, a structurally dependent param-
structural investigations bYH NMR spectroscopy revealed eter, does not seem to be related to the cell uptake of pAntp
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peptide. This supports the demonstration that the helical 2.
structure is not required for cellular uptake of pAnt).(
Indeed, this means that pAntp does not enter into cells by
the translocation mechanism proposed for the cell-permeable
mastoparan-X22). 4
Our data agree with previous work in which it was reported
that pAntp interacts with phospholipid vesicles without
changing the bilayer organizatiori@). Berlose and co-
workers have indicated, however, that pAntp could induce 6
a lamellar-to-hexagonal inverse lipid phase transition upon
interacting with a lipid brain extract. This observation has
been associated with the translocation ability of pAntp, and
it was proposed that the cell membrane lipid compositionis g
a triggering factor for pAntp translocation into cells0j.
However, until now, the lipid composition appeared only as 9.
a modulator of membrane-destabilizing activity of positively
charged amphipathic peptides3( 54). The permeabilizing
potency of the AP-2AL peptide is effectively modulated by
lipid composition as indicated by the calceine assay with a 11,
POPE/POPG instead of a POPC/POPG mixture. In contrast, 12.
the various vesicle phospholipid compositions that were
tested do not allow us to observe a significant destabilizing 13.
activity associated with the pAntp peptide (data not shown). 4,

It was demonstrated recently that although the nonen-
docytotic cellular uptake of designed amphipathic peptides
requires helical amphipathicity as an essential property, the
modulation of amphipathically associated parameters does
not modify translocation activity of these peptidé&s. (The 16
helical amphipathicity is a common feature of the membrane-
destabilizing peptidest, 45, 55). However, the modification 17.
of amphipathically associated parameters is known to influ-
ence the activity of these peptide43( 55). It was then
suggested that entry of the peptide into cells does not imply
membrane destabilizatioB)( Our results confirm that pAntp
interacts with phospholipid membranes but suggest that 19
pAntp cannot translocate by itself through a phospholipid
membrane by pore formation. The partial amphipathicity of
pAntp is probably only required for the interaction of this 21
peptide with the phospholipid matrix of cell membranes.
Thus, it may be envisaged that undefined factors are involved 22.
in the cellular uptake of the pAntp peptide as was proposed
recently by another grougb(9).
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