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Abstract

Cell-penetrating peptide€CPP9 are able to translocate and carry cargo molecules across cell membranes. Using
fluorescence techniquégolarization and quenchingand CD spectroscopy we studied the interaction, conformation
and topology of two such peptides, transportan and ‘penetrgtithtp), and two variants of differing translocating
abilities, with small phospholipid vesicles of varying charge density. The induced structure of transportan is always
helical independent of vesicle surface charge. pAntp and its two variants interact significantly only with negatively
charged vesicles. The induced secondary structure depends on membrane charge /aegfiigédratio. The degree
of membrane perturbation, evidenced by fluorescence polarization, of pAntp and its variants is related to their
secondary structure. In the helical state, the peptides have little effect on the membrane. Under conditions where
pAntp and its variants are converted iriestructures, they cause membrane perturbation. Oriented CD suggests that
the two CPP<pAntp and transportanin their helical state lie along the vesicle surface, while the two pAntp variants
appear to penetrate deeper into the membrane.
© 2002 Published by Elsevier Science B.V.
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1. Introduction the most widely studied of the CPR&ig. 1).
Penetratin, denoted pAntp, has a sequence corre-
Cell-penetrating peptidd<CPP3 are a new class  sponding to the 16 residues of the thisdhelix
of natural and synthetic water-soluble peptides, (residues 43—580f the Antennapedia homeodo-
which are capable of translocating various cell main protein of Drosophila [3-5]. Residues 48
membranes with high efficiency and low lytic and 56 are tryptophanéTrp), which are useful
activity. The mechanism is considered not to be fluorescent probes in pAntp. This third helix was
endocytosis, and seems not to involve receptors orfound to be responsible for not only interaction
transporters[1,2]. The ability of the CPPs to  with DNA by binding specifically to cognate sites
translocate when covalently linked with a ‘cargo’, in the genome[6], but also the translocation of
including polypeptides and oligonucleotides many the entire protein across cell membrarigk The
times their own molecular mass, renders them of pAntp peptide alone retains its membrane translo-
interest, both scientifically and biotechnologically. cation properties and has therefore been proposed
CPPs have so far been extensively used as vectorsas a universal intercellular delivery vecfds. The
for the delivery of hydrophilic biomolecules and pls| peptide(Fig. 1) is a newly discovered CPP
drugs into cytoplasmic and nuclear compartments from the homeodomain of another transcription
of cells, both in vivo and in vitrd1,2]. factor (Isl-1), with a sequence homologous to
The growing list of peptides classified as CPPs pAntp, but with only one Trp residue, namely that
is large and varied. It includes so-called Tat- corresponding to W48 in pAntf7].
derived peptides, peptides based on signal sequenc- The mechanisms of translocation for the CPPs
es, as well as purely synthetic or chimeric peptides are still unknown. For instance, while it is clear
[1,2]. A large branch of the CPP family is com- that the peptide—membrane interactions must be
posed of peptides with sequences derived from of fundamental importance for the translocation
homeodomains of certain transcription factors. The process, it is as yet unclear what role, if any, the
first to be discovered of the homeodomain-derived secondary structure plays in the translocation pro-
translocating peptides is ‘penetratin’, which is also cess, particularly since we have recently found

Peptide Origin Sequence Translocation
pAntp Antennapedia HD RQIKIWFQNRRMKWKK yes
(penetratin) (homeotic family)
residues 43-58
W48F pAntp variant RQIKIFFQNRRMKWKK n.d.
W48 replaced with F
2W2F pAntp variant RQIKIFFQNRRMKFKK no
both W48 and W56
replaced with F
plsl Isl-1 HD RVIRVWFQNKRCKDKK yes
(LIM family)
residues 45-60
Transportan Chimera WTLNSAGYLLGKINLKALAALAKKIL yes

(galanin-mastoparan)

Fig. 1. The origin, amino acid sequence and translocation ability of the peptides studied. The tryftaghtia) and charged
residueS(underlined) are highlighted.



M. Magzoub et al. / Biophysical Chemistry 103 (2003) 271-288 273

: -
POPG/POPC S
g POPG/POPC
[30/70] [30/70]
2 2 _
1 | 1 | 1 | 1 | 1 |
0 0 ] ] ] | ] ] ] ] ] ]
0 0.02 0.04 0.06 0.08 0.1
0 0.02 0.04 0.06 0.08 0.1
QM]
Q M]
3 T T T T T T T
B L/P =200 ]
L/P =100

L/P=125

FO/F

0 ) ] 1 | 1 ] 1

0 0.02 0.04 0.06 0.08
Q M]

Fig. 2. Stern—Volmer plots for acrylamide quenching of the intrinsic Trp fluorescen€a) gfAntp and(b) W48F in the absence
and presence of vesicles. Increasing concentrations of acrylamide, from a 1 M stock solution, were addei tof 16e peptide

in the presence of either buffer or vesicles, composed of 1 mM phospholipid mixtures of different/POPG contenfL/P=
100). The samples contained buffer alofl), and vesicles from POPC), POPGPOPC[30:7Q (<), or POPG(#). The
medium was 50 mM phosphate buffgrH 7.0). (¢c) Stern—Volmer plots for acrylamide quenching of the Trp fluorescence of pAntp
in 1 mM POPGPOPC[30:7Q vesicles, at three different/P ratios: 12.5v), 100 (<) and 200(A). The medium was 50 mM
phosphate buffetpH 7.0). The spectra were recorded at ambient temperdapprox. 20°C).
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Table 1 action of the peptides with phospholipid vesicles
Acrylamide quenching of the intrinsic tryptophan fluorescence ¢ varying charge density. An estimate of the

of pAntp and its variant, W48F, with wavelength of the Trp . . .
fluorescence maximumy,,, and the Stern-Volmer constant, topology of the peptldes in the vesicles was also

Ksy obtained. Circular dichroisn{CD) spectroscopy
was used to characterize the corresponding second-
Medium L/P  pAntp W48F ary structures induced. Oriented CD spectroscopy
New Ksv e Key (OCD) was also used to give information on the
nm MY (m) (MY helical orientation of all the peptides when residing
Buffer (pH 7) vy p—— 354 35 in the bilayer in their mainly helical state. The
POPC /P 100 354 34 353 34 results show that the two CPPs, pAntp and tran-
POPG L/P 100 338 14 339 15 sportan, lie close to the bilayer surface and with
POPG/POPC[30/70] 200 339 18 - - their helices preferentially perpendicular to the
POPGPOPC[30/70] 100 339 16 339 16 bilayer normal. The variants, W48F and 2W2F, on

POPGPOPC[30/70] 12.5 338 11 - - the other hand, appear to be inserted more parallel

Measurements were made at an ambient temperature ofto the bilayer normal. These differences may be

approximately 20°C. Peptide concentrations were fd4, in related to the varying translocation ability of the
the presence of SUVs prepared from 1 mM phospholipids peptides

P=100), pH 7.0. The effect of the fP ratio is also included '
for pAntp with POPGPOPC[30:7Q vesicles.

2. Materials and methods

that the induced secondary structure of pANtp is 2 7. Materials
highly dependent on the environmeg9].

' The aim of the present Stuqy.is to shed more The peptides were produced by Neosystem
light on any common characteristics of some CPPs | ahoratoire, Strasbourg. The identity and purity
upon membrane interactions. We have comparedere controlled by amino acid, mass spectral and

pAntp with ‘transportan’, another CPP with good HPLC analysis. The peptides were amidated in the
vectorial properties(Fig. 1). Transportan is a N-terminus.

chimeric fusion product between an N-terminal  1-pPalmitoyl-2-oleoyl-phosphatidylcholine
fragment from the galanin neuropeptide and the (POPQ, 1-palmitoyl-2-oleoyl-phosphatidylglycer-
mastoparan peptidéwasp venom, with an extra ol (POPG, and 1-palmitoyl-25- or 10-dox-
lysine residue inserted between the two fused yl)stearoylsn-glycero-3-phosphocholine (5- or
sequence$l0]. We have also studied two variants 10-SLPQ were purchased from Avanti Polar Lip-
of pAntp, denoted 2W2F and W48F, with different ids, Alabaster, of the best quality, and used without
translocating abilities. The 2W2F variant, in which  further purification. Acrylamide was purchased
both Trp48 and Trp56 are replaced with phenylal- from Kebo AB, Stockholm. DPH and the 5- and
anines, has been shown to have no significant 12-doxyl stearic acids were from Sigma.
translocating ability[3]. The W48F variant, in
which the Trp48 has been replaced with phenyl- 2.2. Preparation of vesicles
alanine, is expected to have reduced translocating
ability [1,4]. Reduction in translocation has been  Vesicles were prepared by initially dissolving
reported for peptides where this Trp residue has the phopholipids at the desired concentratiosith
been replaced by alanif&1,13. The homologous  the chosen POP@OPC molar ratip in chloro-
plsl peptide(Fig. 1), with an excellent translocat- form to ensure complete mixing of the compo-
ing ability, has only one Trp residue, corresponding nents, and then removing the solvent by placing
to Trp48 in pAntp. the sample under high vacuum for 3 h. The dried
We have used fluorescence techniques, including lipids were then dispersed in 50 mM potassium
qguenching with various types of quenchers, and phosphate buffepH 7.0). In some experiments
static fluorescence polarization to study the inter- the effect of the salt was also tested with the
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presence of 150 mM potassium fluorid&F) in (L: POPC angor POPQ; L/P=100. For the Trp
the medium. For the topology experiments, phos- fluorescence quenching experiments, acrylamide
pholipids were mixed with the following molar was added from an aqueous 1 M stock solution,
ratio POPGPOP{/SLPC[30:60:1Q, i.e. with 10 resulting in concentrations between 4 and 100
mol.% of 5- or 10-SLPC, and 30% negative mM. For samples containing vesicles, the back-
surface charge densityPOPQ. The ice-cooled  ground intensity was subtracted from the peptide-
dispersion was sonicated, using a Heat Systemcontaining sample. Quenching constakity, were
model 350 A sonifier, under nitrogen until the determined by a linear regression with the Stern—
transparency was maximized. The duration of son- Volmer equation for a dynamic procegs4:

ication was approximately 30 min, with the micro-

tip at a low output controlsetting 4 and 50% ﬁ=1+ Ksv[O] (D
duty cycle. Titanium particles and lipid debris F
were removed by centrifugation at 25 00Q. whereF andF, is the fluorescence intensity in the

Ultracentrifugation was also used, but did not presence and the absence of acrylamide, respec-

improve the light-scattering properties. This prep- tively, and [Q] is the total molar concentration of
aration procedure should result in vesicles of the the quencher in the sample.

small unilamellar type(SUVs), with dimensions The ability of spin-labels to act as a fluorescence

of less than 100 nm in diametgt3]. quencher was also employed to give information
on the accessibility of the tryptophans within the

2.3. Determination of peptide concentrations lipid bilayer. A 20 uM concentration of the pep-

o . ~ tides was added to vesicles composed of 2 mM
After weighing on a microbalance, the peptide phospholipid mixture of different POPBOPC
concentrations in the stock solutions were deter- content. Either 5-doxyl or 12-doxyl stearic acid
mined by light absorption on a CARY 4 spectro- was added from a 5 mM ethanolic stock solution,
photometer using cuvettes with a 2-mm light path. resulting in concentrations between 25 and 200
All the spectra were baseline-corrected. A molar ;,M of the spin label. After allowing the system
absorptivity of 5600 M* cm' for one Trp to equilibrate, the intrinsic Trp fluorescence of the

residue was applied. peptide was measured. The quenching constants
K<y were again determined by a linear regression
2.4. Fluorescence spectroscopy with the Stern—Volmer equatiofEq. (1)]. By the

degree of quenching that has taken place, it is also
Fluorescence was measured on a Perkin EImerpossible to judge the proximity of the Trp residue
LS 50B luminescence spectrometer with of the peptide relative to the spin label at the 5-
WINLAB software. All measurements were made in and 12-doxyl positions. However, for that purpose
2X10-mm cuvettes at an ambient temperature of we employed spin-labeled phosphatidylcholines

approximately 20°C. For Trp fluorescence exci- (SLPOQ) instead of the free fatty acidside infra).
tation was at 280 nm and the emission wavelength

scanned from 300 to 500 nm. For DPH, fluores- 2.6. Determination of the topology of the peptides
cence was excited at 340 nm and the emission in vesicles

scanned from 400 to 550 nm. Scans were recorded

with 4-nm excitation and emission bandwidths and  To estimate the distance of the Trp residues from
a scan speed of 250 nm mih . Three scans werethe center of the bilayer, the peptides were added

recorded and averaged for each sample. to vesicles composed of POPBOPC[30:7q (i.e.
with 30% surface charge densifywith or without
2.5. Acrylamide and spin-probe quenching 10 mol.% 5- or 10-SLPC, at an/IP of 100. The
distances of the Trp residues of the peptides from
The concentration of peptidd®) was 10u.M, the center of the bilayer were then calculated using

in the presence of SUVs from 1 mM phospholipids the parallax equatiofil5,14:
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(—In(Fy/Fz)/mC—L3)
2L,

Z=L,+ 2
whereZ is the average distance of the fluorophore
from the center of the bilaye#’, is the relative
fluorescence ratio(F/F,) reduction due to the
shallow quenche¢5-doxyl), F, is the fluorescence
ratio of the deeper quenchét0-doxyl), L, is the
distance of the shallow quencher from the center
of the bilayer,L, is the distance between the two
quenchers and is the average surface concentra-
tion of the quenche(SLPC) in molecules A2,

or mole fraction of SLPZ70 A2 [15]. The cross-
section of a phosphatidylcholing®C) headgroup
was assumed to be approximately 78 A , resulting
in a SLPC surface concentration of @7D=
1.4x10°2 A2 in the present case. The values
used for the distances of the two spin-label groups
from the center of the bilaye{Z,) were 7.7 and
12.2 A for 10- and 5-doxyl, respectivelt5,16.
Hence,L,=4.5 A.

2.7. Fluorescence polarization

Labeling the vesicles with the membrane-bound
probe DPH, we monitored the membrane pertur-
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ponents of fluorescence of the probe with horizon-
tally polarized excitation.

2.8. Circular dichroism spectroscopy

CD measurements were made on a Jasco J-720
CD spectropolarimeter with 0.5- and 1-mm quartz
cuvettes. Spectra were measured from 190 to 250
nm, with 0.2-nm step resolution at 100-nm min
scan speed. The response time was 4 s, with 50
mdeg sensitivity and 2-nm bandwidth. The tem-
perature was regulated with a PTC-343 controller
set at 20°C. Spectra were collected and averaged
over 40 scans. Contributions from background
signals were subtracted from the CD spectra
acquired for the peptide. Computer fittings using
the vArRseLEC program [17] were performed to
estimate the contributions of spectral components
from different secondary structures. For a short,
flexible peptide, these estimations should not be
taken as exact evaluations of secondary structure
contribution, but rather reflecting relative changes
under varying conditions.

2.9. Oriented circular dichroism

OCD measurements were made on a Jasco J-
720 CD spectropolarimeter, with a standard cylin-
drical cuvette of 2 cm in diameter. The spectra

bation upon addition of the peptides. To prepare Were measured by use of oriented multibilayers,

the samples, 2.M DPH (from a 1 mM ethanolic
stock solution was added to SUVs composed of
1 mM phospholipid mixtures of different PORG

following the procedures of Huang and co-workers
[18—24. Peptide and lipid were co-dissolved in
methanol at 40pM and 14 mM, respectively.

POPC content. The samples were allowed to standAPProximately 40ul of this stock solution(with

for 10 min before measurement. Increasing con-
centrations of peptides, from a 1 mM stock solu-
tion, were added to the samples. A polarization
attachment(Shimadzy was adapted to the spec-

L/P=100) was carefully layered onto one of the

cylindrical cuvette surfaces. Solvent was removed
under a stream of nitrogen, followed by hydration
of the samples by placing a drop of water at the

trometer. The steady-state polarization was deter-P0ttom of the cuvette before sealing. The cuvette

mined using the following equatiofi4]:

Iy —Glyy

= 3
Iy +Glyy ®

where I, is the emission intensity of vertically
polarized light parallel to the plane of excitation
and I, is the emission intensity of horizontally
polarized light perpendicular to the plane of exci-
tation. The instrumental facto6 (G=1I.y /)

was then placed in a holder in the spectrometer,
with the sample surface perpendicular to the opti-

cal axis. The background signal correction was
determined with the same amount of lipid, but

without peptide, and subtracted.

3. Results

3.1. Acrylamide fluorescence quenching

The intrinsic Trp fluorescence of pAntp and its

was determined by measuring the polarized com- variant W48F (sequences in Fig.)lwas studied
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in various solvent media, including small, unila- sponding decrease in th&;, value to 16 M? in
mellar phospholipid vesicles with varying negative POPGPOPC [30:7(0 vesicles, and 14 M' in
charge. pAntp has two Trp residuedrp48 and 100% POPG vesicles. These values also suggest
Trp56) whereas W48F has only or@rp56). The that the Trp residues are slightly better protected
Trp fluorescence from both peptides obeys the from the quencher with the fully charged vesicles.
linear Stern—Volmer equation with acrylamide as There is no indication from the Stern—Volmer

a neutral hydrophilic quencher. graphs that the two Trp residues in pAnt@/ in
In aqueous buffer alone, pAntp has an overall Fig. 1) respond differently to the quenching.
wavelength of Trp fluorescence maximu(i,,,) The behavior of pAntp is mirrored by its variant

of 354 nm, and a Stern—Volmer quenching con- W48F, with its single Trp56(Fig. 2b). In buffer,
stant (Kg,) of 35 M~! (Fig. 2a and Table WA48F has\.,, of approximately 354 nm andf s
identical to the values measured for monomeric of 35 M~ (Table 1. In the presence of neutral
(free) Trp itself in buffer [8]. In the presence of POPC vesicles there is no wavelength shift and
neutral POPC vesicles, pAntp has approximately therefore, again, no evidence for binding. With
the same values as in buffer, and therefore does30% and 100% charged vesicles,, is blue-
not appear to associate to the vesicles, in agree-shifted to approximately 339 nm and&s, is
ment with our earlier study8]. In the presence of reduced to approximately 16 and 15 M , respec-
negatively charged POPG containing vesicles, the tively. This means that both pAntp and WA48F
peptide behaves in the same manner at both 30%interact similarly with vesicles, and that the
and 100% surface charge density, wkk,, being membrane association is charge-dependent. From
shifted to approximately 338 nm, accompanied by the acrylamide quenching it is clear that the fluo-
increased fluorescence intensity. This shift rophores of the two peptides reside in approxi-
towards a shorter wavelengtfiblue shift) is mately the same region, since there is no
representative of the Trp residues being partitioned significant distinction between the two Trp residues
into a more hydrophobic environmefit4]. This of pAntp and the single Trp of W48F. Accordingly,
also indicates that the Trp residues are only par- We previously observed similar values of,, and
tially buried in the vesicles, even at the higher Ksv for the single Trp of DOPG-bound plgtor-
lipid charge density, since a moiety fully protected responding to W48 in pAnip([8].
from water is expected to have emission at approx-  The acrylamide quenching properties of pAntp
imately 320 nm[14]. Partial protection from the bound to POPGPOPC[30:70 vesicles, in the
aqueous solvent is further supported by the corre- P range 12.5-200, are shown in Fig. 2c and Table
o 1. A low L/P condition makes the fluorophores
Twhile this manuscript was under review, a study was less accessible to the quencher. We have observed
publis_,hed on the interaction of pAntp with ve§icles cqmprised [9] that the different /P ratios give rise to
of mixtures of neutral egg yolk phosphatidylcholine and ifferent secondary structural states of bound

negatively charged bovine brain phosphatidylsefeChris- . . L
tiaens, S. Symoens, S. Vanderheyden, Y. Engelborghs, A. pAntp: at high L/P, pAntp adopts a dominating

Joliot, A. Prochiantz, J. Vandekerckhove, M. Rosseneu, B. helical conformation, Wh“e_ at low [P it adopts
Vanloo, Tryptophan fluorescence study of the interaction of mostly a B-structure, possibly as a result @F

penetratin peptides with model membranes, Eur. J. Biochem. sheet aggregation. The different secondary struc-
269 (2002 2918-2926. The authors observed that the reg may be correlated with varying exposure to

binding of the peptide to the vesicles was accompanied by a . . .
decrease in the fluorescence intensity, and suggested variousthe quencher, i.at the low L/P with a dominating

explanations for this. In view of our present observation of B-Structure, the Trp moieties are more hidden from
increased fluorescence intensity of pAntp interacting with the quencher.

POPGPOPG mixed vesicles, we would support the suggested
explanation of specific quenching of Trp fluorescence by the

serine headgroups, rather than internal peptide quenching. This
explanation is also supported by our observation of pAntp . . . .
fluorescence quenching by free serine in aqueous soluton 10 obtain more information about the location

(data not shown of pAntp, W48F and transportan within the vesi-

3.2. Fatty acid spin-probe fluorescence quenching
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cles, spin-labeled fatty acid probds- and 12- Table 2 _ S

doxyl stearic aciyl were used to quench the Stern—\Volmer constarits, for quenching of the intrinsic Trp
S . fluorescence of the transportan, pAntp, and W48F peptides by
intrinsic Trp quc_)rescen_ce of the peptides from_ the spin-labeled fatty acids

inside of the bilayer(Fig. 3a,h. 5-Doxyl stearic

acid has its fluorescence-quenching paramagneticMedium Peptide  Ksy (M)

doxyl group close to the surface of the bilayer, 5-Doxyl  12-Doxyl
whereas 12-doxyl stearic acid has its doxyl group stearic acid stearic acid
buried more deeply in the bllay¢15,16. Table 2 POPGPOPC30.70 pAnp 82 22

gives the Stern—Volmer quenching constekit,) WASE 74 17
derived for both quenchers with two different Transportan 5.2 0.8
vesicles preparations, with/P=100. Even with POPG pAntp 5.1 1.0

this type of quencher, linear Stern—Volmer rela- W48k 53 0.5
tionships are obtained for the peptides. Transportan 4.8 0.9

For all three peptides, the shallow 5-doxyl probe  An ambient temperature of approximately 2& was
guenches the Trp fluorescence more effectively employed. Peptide concentrations werey2d in the presence
than the deeper 12-doxyl probe. This indicates that ©f SUVs prepared from 2 mM phospholipids /P=100), pH
Trp moieties of these peptides should reside near %
the surface of the bilayer, i.e. close to the head-
groups. As also suggested by the acrylamide
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Fig. 3. Stern—Volmer plots of the spin-labeled stearic acid quenching of the intrinsic Trp fluorescence of trand@dr@Antp
(@), and W48F(A) in the presence of SUVs composed of 2 mM(ej POPGPOPC[30:7Q, or (b) POPG. The I/P ratio was
100. Increasing concentrations of 5-doxyllled symbols) or 12-doxyl (open symbols) stearic acid were incorporated into the
vesicles. The medium was 50 mM phosphate bufféd 7.0). The spectra were recorded at ambient temperdapprox. 20°C).
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Table 3

Estimation by the parallax methdd5,1§ of the depth of the
Trp residues of transportan, pAntp and its variant W48F, and
plsl in SUVs

Peptide F, F, Z (A)
pAntp 0.75 0.85 13.0
WA48F 0.79 0.96 14.5
Transportan 0.80 0.89 12.5
plsl 0.78 0.86 12.3

The phospholipid vesicles were prepared from PQPG
POP@5- or 10-SLPC[30:60:1Q (L/P=100). Given in the
table areF;, the relative fluorescence rati@/F,) reduction
due to the shallow quenché&s-doxyl), andF, the fluorescence
ratio of the deeper quenché&t0-doxy)). The average distance
of the Trp from the center of the bilayé#) was calculated
[with Eq. (2)] for a 5- or 10-SLPC concentration of 10 mol.%,
with L,=12.2 A (the distance of the shallow quencher from
the center of the bilaygrandL,=4.5 A (the distance between
the two quencheds The Z-value is the average of three read-
ings. The relative uncertaintyestimated by comparison of
results from repeated experiments approximately+0.5 A

guenching results, the two Trp residues of pAntp
reside in the same region.

Interestingly, the quenching constants for the
pAntp and its variant are lower for the 100%
POPG vesicles, compared to vesicles with only
30% POPG, at the same/P ratio of 100(Table
2). This is in agreement with the acrylamide
guenching results, which indicate that at the higher
lipid charge density, the two Trp residues are
hidden further from the quenchers, possibly related
to aggregation of the peptide infastructure state.

3.3. Determination of the topology of the peptides
in vesicles

For vesicles containing 10 mol.% of 5- or 10-
SLPC at a 30% surface charge dendiBOPG
POPC/SLPC [30:60:1Q) and an L/P value of
100, the distances of the Trp residues of the
peptides from the center of the bilayer were esti-
mated using the parallax methdi5,16. Table 3
shows the positions obtained by E@®) for the
Trp residues of transportan, pAntp, W48F and plsl.
The relative uncertaintyestimated by comparison
of results from repeated experiments of the
order of +0.5 A. Taking the average length of the
acyl chains of the membrane bilayer to be 15 A

279

[15], the results show that the Trp residues of all
three peptides are located below the membrane
head groups. The average position for the two Trp
residues of pAntp is at 13. G A from the bilayer
center. The single Trp of the plsl CRIFig. 1) is
calculated to be somewhat more deeply inserted
into the bilayer than the single W56 of the W48F
peptide.

3.4. Fluorescence polarization

The effect of pAntp, its variants and transportan
on the membrane order and dynamidtuidity’ )
was studied by fluorescence polarization. Vesicles
with varying charge density were labeled with
DPH as a membrane fluorescence probe. Upon
addition to a membrane suspension, DPH dissolves
completely in the bilayer core, with no significant
emission from the probe in the aqueous environ-
ment[14]. The polarization of the probe upon the
addition of increasing concentrations of the pep-
tides to phospholipid vesicled mM) was meas-
ured. When a change was observed it was linearly
dependent on the peptide concentration, with L
P>10.

Fig. 4a shows the polarization effect of tran-
sportan and the pAntp peptides on neutral POPC
vesicles. pAntp and its variants do not affect the
DPH polarization significantly, confirming that no
interaction of pAntp takes place with neutral ves-
icles [8]. This is also supported by the quenching
results(Fig. 23.

Fig. 4b shows the effect of the peptides on
POPGPOPC[30:7Q vesicles. pAntp again induc-
es no significant change in the DPH fluorescence
polarization. This means that although pAntp does
interact with the vesicles with 30% surface charge
[9], in contrast to the case of neutral POPC, it
does not appear to perturb the membranes to a
great extent. With the two pAntp variants, a slight
increase in the polarization is observed, probably
due to the higher hydrophobicity of the peptides,
with the effect being more prominent with the
2W2F variant than with WA48F.

With 1 mM POPG vesicles, pAntp and its
variants cause a considerable increase in the DPH
polarization (Fig. 40, suggesting significant
membrane perturbation at the very high surface-
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charge density. Reducing the effect of electrostatics percentageg55%), followed by W48F(50%) and
by adding salt(150 mM KF) results in a reduced pAntp (45%). In the presence of 1 mM POPG
effect on the DPH polarizatiofFig. 4d). vesicles with 150 mM KF added to the medium
Transportan, on the other hand, causes the sameFig. 5d), pAntp and its variants revert to a more
degree of increase in DPH polarization, regardless helical state. Transportan adopts a helical structure
of the membrane charge density. Transportan, with in the presence and absence of salt, with the same
its highly hydrophobic mastoparan C-terminus, degree of helicity induced in pure POPG vesicles
does not require a charged membrane in order toas with POPGPOPC[30:7( vesicles, indicating
interact [8], and its stabilized helical structure is that no lipid charge-dependent structural conver-

insensitive to the charge densityide infra). sion of the peptide takes pla¢€ig. 5c,0.
CD studies of transportan at/P ratios varying
3.5. Circular dichroism spectroscopy between 12.5 and 100, with 100% POPG vesicles,

gave no conclusive evidence of afiR-dependent

The structure induced in pAntp and its two «— structure conversion, although the helicity
variants, as well as transportan, in the presence ofwas somewhat lower at the lowesfP ratio(data
vesicles of different compositions was studied by not shown. This is contrast to the strong structural
CD spectroscopy. Fig. 5a shows the CD spectra of L /P dependence of the observad- B structure
the peptides in buffer alonéH 7). The varying conversion with pAntg9].
components of secondary structures were evaluated
by computer fitting to sums of pure, B and 3.6. Oriented circular dichroism
random-coil component spectfa?7]. Transportan
is largely unstructured with a smatthelix contri- Fig. 6 shows the OCD spectra of the peptides
bution (approx. 30%. pAntp and its two variants  in oriented POP@POPC [30:70 multibilayers,
are mostly unstructuredrandom coi), although where the peptides should have a variable degree
some-structure contribution exists. of helical structure(cf. Fig. 5b). The spectrum for

Fig. 5b shows the CD spectra of the peptides in pAntp has the characteristic shape and extreme
the presence of 1 mM PORBOPC[30:7( ves- positions expected for a peptide-helix lying
icles, with L/P=100. Transportan adopts a mainly along the surface, i.e. perpendicular to the bilayer
a-helical conformation(approx. 60%, as does normal[18-21. The spectrum for transportan also
pAntp, but with a somewhat lesser helicity5%). resembles that of a surface helix. The spectra for
The two variants are even less helical. TheW48F the two pAntp variants, W48F and 2W2F, are quite
variant has approximately 40%&helix. The 2W2F different. They may show effects of aggregation,
variant has only 25% helix, and the remaining but are also quite similar to the spectrum of a
components are 60% random coil and 13 helix oriented perpendicular to the membrane
structure. However, in aqueous 30% HFP solvent [20,2]], suggesting that the helical moieties of the
the 2W2F and W48F variants both show a high variants might insert more parallel to the bilayer
degree of helicity(data not showh comparable  normal. The insert in Fig. 6 shows the spectra of

to that of pAntp. helices in the two extreme orientations, after Wu
Fig. 5c includes the CD spectra of the peptides et al. [20]. However, the low inherent helicity of
in the presence of 1 mM POPG vesicles dP:= the variants(in particular 2W2F in the presence

100. pAntp and its variants now adopt predomi- of vesicles with 30% charge densityFig. 5b)
nantly B-structures, with 2W2F giving the highest makes the analysis complicated, since the OCD

Fig. 4. Fluorescence polarizatid®) of DPH-labeled vesicles as a function of peptide concentration. Increasing concentrations of
the peptides—transportai), pAntp (@), W48F (A) and 2W2F(A)—were added to SUVs composed of 1 mM phospholipid
samples of different POPBOPC content, and containinguM DPH. The sample containe@a) POPC;(b) POPGPOPC[30:7(Q;

(c) POPG; andd) POPG+ 150 mM KF. The medium was 50 mM phosphate bufieid 7.0). The spectra were recorded at ambient
temperaturgapprox. 20°C).
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method applies for a predominating helical struc- Thus, the structural changes observed all take place

ture [20Q]. with the peptides fully bound to the vesicles, i.e.
the structural changes are not simply due to dif-
4. Discussion fering degrees of binding of the peptides to vesicles

with different charge density. The CD resu(tg.

Despite numerous studies on the CPPs, very 5afcb show that the transportan pept_i(_ie is mainly
little is known about their translocation mecha- helical when bound, and ne— @ transition could
nisms in membrane model systems. In recent P& observed when varying the membrane compo-
reports, one group observed pAntp translocation in Sition or L/P ratio (in the range 12.5-100This
giant unilamellar vesiclesSGUVs) [22], while in contrast to the S|tu_at|or_1 with pAntp, where its
another group observed that translocation of pAntp S€condary structure is highly dependent on the
does not take place with small or large unilamellar Surface charge density, as well as on thlratio.
vesicles[23]. It has been suggested that the pep- AN «—f transition can take place. A high
tide—lipid interaction is only the first step of a Membrane charge, in particular with a low'®
translocation mechanism, which may involve other Value, promotes @-structure with pAntp[9]. The:
non-identified protein-mediated transfer processes 2W2F variant has a lower degree of helicity with
in cellular systemg24,25. Whether or not this is ~ vesicles of a low surface charge dendiBig. 5b).
the case, the molecular details of the interactions ON the other hand, 2W2F exhibits a higher degree
of the CPPs with membrane model systems should f B-structure than pAntp at vesicles with a higher
provide a valuable basis for understanding the surface charge densitiFig. 50).
translocation processes. From the effect of the non-charged quencher

The present study concerns two types of CPPs, acrylamide, we can observe that for pAntp, as well
pAntp and transportan, interacting with SUVs of as its variant, W48F, there is no interaction with
different composition. In order to correlate the neural(POPQ vesicles(Table 1; Fig. 2 a,h With
behavior with the translocation properties, we have negatively charged vesicles of 30% and 100%
also compared pAntp with two variantsutants surface charge density, the peptides exhibit almost
with different translocating ability in cellular sys- the same quenching constants and wavelength of
tems, as well as with the CPP plsl with a single the Trp fluorescence maximum, indicating the
Trp. The pAntp variants are denoted here as W48F same nature of interaction. However, the accessi-
and 2W2F, where only the first peptide has a bility of the Trp residues of pAntp to the quencher
remaining tryptophan residu@rp56 in pAntp. also appears to be affected by the lifpetptide

Both pAntp and transportan were found to molar ratio(L/P). At low L/P, where a dominat-
interact with negatively charged membranes, in ing B-structure is observed for pAntp, the Trp
agreement with previous studid8]. We have residues are less accessible to the quenCrednle
found that at a lipidpeptide molar ratio K 1).

P=100, pAntp is fully bound to POPMPOPG A similar trend is observed with the quenching
vesicles with surface charge densi#20%. Using  effect of free spin-labeled fatty acidSTable 2;
Trp fluorescence we have established that this is Fig. 3a,b. At the highest surface-charge density
also the case for transportan and W4@rata not (100% POPG, there is a considerable reduction
shown). Transportan exhibits different behavior. In in the quenching constants with pAntp and W48F,
spite of the net charge of the peptide, the interac- indicating that the Trp residues are more hidden
tion of transportan is mainly charge-independent, from the quenchers at vesicles composed of pure
requiring only a hydrophobic environmeng]. POPG than with only 30% POPG. The results

Fig. 5. CD spectra of 1Q.M peptides in the presence of different media} buffer; (b) 1 mM POPGPOPC[30:7( vesicles;(c)
1 mM POPG vesicles; an@l) 1 mM POPG vesicles with 150 mM KF added to the buffer. The medium used was 50 mM phosphate
buffer (pH 7.0) and the temperature was set at “Zi
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optical axis. The temperature was set at°20 Insert: the OCD spectra of helices in the two extreme orientations, after Wu et al.

(20].

with different quenchers suggest an aggregation of quenching constant at the highest surface-charge
pAntp at high vesicle surface-charge density and density.
low L/P, which makes the Trp residues within a In terms of the membrane perturbati¢orden
B-state less accessible to any quencher. as revealed by the DPH polarization, again we
This picture is different for transportan. From observe differences between the two CPPs, pene-
an earlier study we know that the interaction of tratin and transportan. In the case of pAntp there
transportan is not dependent on the charge of theis a structure-dependent membrane effect. With
bilayer, with no difference observed by the acry- POPGPOPC [30:70 vesicles, pAntp does not
lamide quenching for neutrdlPOPQ and fully significantly affect the DPH polarizatiofFig. 4b).
charged (POPQ vesicles [8]. From the spin-  This shows that pAntp does not perturb the
labeled fatty acid quenching experimefigble 2; membrane order when the peptide is bound with
Fig. 3a,b, we can observe that in this case there an a-helical conformation(Fig. 5b). This is sup-
is also no further significant reduction in the ported by an earliet* P-NMR study, which report-
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ed that pAntp interacts with phospholipid vesicles were chosen to secure tight binding with a pref-
of approximately 20% charge density, without erentially a-helical structure. The spectrum for
changing the bilayer organizatid@6]. With 100% pAntp (Fig. 6) is characteristic of a helix lying
charged vesicles the situation is quite different, perpendicular to the bilayer normal, i.e. parallel to
and here a strong perturbation of the membranethe bilayer surface[20,2]. Transportan also
order is observedFig. 40. pAntp then adopts a appears to be oriented parallel to the bilayer
more B-like conformation, possibly in an aggre- surface, although a difference from the pAntp OCD
gated form (Fig. 50. Screening the effect of spectrum is observeFig. 6). It is possible that
electrostatics by adding salt50 mM KP) shifts this difference is due to spectral distortions caused
the structure towards a more helical structure, with by considerable random-coil contributions. Alter-
a corresponding reduction in the membrane pertur- natively, it could be due to a small tilt angle
bation (Fig. 4d and Fig. 58 The 2W2F variant  resulting from the highly hydrophobic mastoparan
always perturbs the membrane to a greater extentcomponent of transportan. Similarly, mastoparan
than pAntp, at all lipid charge density valu€sig. has recently been studied by NMR in a bicellar
4a—0. solvent, and was shown to lie perpendicular to the
Transportan induces the same of degree of bilayer normal in zwitterionic bicelles, while in
increase in DPH polarization, regardless of the anionic bicelles it inserts parallel to the bilayer
lipid charge densityFig. 4a—d. The almost con-  normal [32]. The OCD spectra for the two pAntp
stant increase in the DPH polarization is probably variants are quite different. Assuming that they are
due to higher ordering in the membrane caused by helical, they may insert more parallel to the bilayer
similar interaction of a transportan moiety, result- normal (i.e. perpendicular to the bilayer surface
ing in a similar degree of perturbation, regardless This unexpected difference may be related to the
of the lipid charge density. Since DPH is buried different membrane translocation abilities.
deeply within the acyl region of the bilayer, an A study of phospholipid monolayers with sur-
increase in the polarization should report on face infrared(IR) spectroscopy has suggested that
decreased acyl-chain mobility and increased chain pAntp is preferentially adsorbed onto charged
order in the hydrophobic corf27]. The increase  phospholipids parallel to the surfa¢g3]. Recent-
in DPH polarization is to be expected for a ly, neutron reflectivity was applied in order to
hydrophobic peptide such as transportan. Suchlocate the pAntp molecule with phospholipid
changes have also been observed with the insertiondeposits[34]. The low resolution only allowed
of other hydrophobic peptides into a membrane localization of peptide particles near the headgroup
[28]. region of the membrane. Molecular modeling cal-
An increase in the DPH polarization anisotropy culations indicate that pAntp remains at the surface
due to peptide aggregation has been reported forof the vesicle[23]. This is to be expected, since it
the B-amyloid peptide(AB) [29,3d, as well as  has generally been found that cationic peptides
for the functional variant OmpA signal peptides initially bind at the interface perpendicular to the
[31]. With the AB, the aggregated form of the bilayer normal[35].
peptide was found to increase DPH anisotropy as We have estimated the position of the Trp
opposed to the unaggregated form, which had no residues of the peptides relative to the center of
effect. Based on our results, it is possible that the bilayer, applying the parallax fluorescence
pAntp behaves similarly. method [15]. As for the OCD studies, sample
The lack of distinction of fluorescence behavior conditions favoring anx-helical bound state were
between the two Trp residues of pAntp indicates employed. The values obtainé@lable 3 indicate
that they reside in the same region within the that the Trp residues of the peptides studied are
vesicles. This suggests that pAntp lies flat, parallel all close to the surface, just below the headgroups.
to the bilayer near the surface. This is supported This is in agreement with the results with acrylam-
by our OCD experiments, in which conditions ide and spin-labeled fatty-acid quencher.
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The Trp48 residue is conserved between all the peptide in the charged membrane may be crucial
homeodomains, including Isl-i36]. Trp residues  for the bilayer destabilization and the translocating
have also been suggested to be crucial for the properties.
translocation of homeodomains and derived CCPs Penetratin and transportan can be considered as
[37]. In the case of 2W2F, where both Trp residues being two types within the CPP family, not nec-
have been replaced by phenylalanine, the translo-essarily following the same translocation phenom-
cation ability has been completely abolishis]. enon in detail. Whether any secondary structure is
It has been reportedll] that the translocation involved in the transient permeation of a CPP is
ability of pAntp and variants is more affected by still an open question. There is no evidence for
truncations and modifications in the C-terminal the formation of any defined oligomeric structures,
segment, compared to the N-terminus. It has beensuch as pores, within the membrane. Such a state
suggested that the Trp48 residue of pAntp acts aswill hardly be compatible with the great diversity
an anchor to the surface of the bilayi@l. In the in the nature and size of the ‘cargo’ which the
model proposed for the translocation mechanism, CPPs is able to pull through a cell membrane,
the whole process begins with destabilization of with the mechanisms still being some kind of
the lipid bilayer by Trp48. The concept of an mystery and a biophysical challenge.
anchor residue appears not to be restricted to CPPs;

it has even been suggested for antimicrobial pep-
tides. In a study on a synthetic antimicrobial
peptide chimerdcecropin—magainin it was pro-
posed that a Trp residue functions as an anchor,
playing a role in the primary binding of the peptide
to the membrang38g].

With transportan, it has been shown that a
segment in which six residues at the N-terminus
have been deleted still translocate89]. In this
shorter peptide there is no Trp residue. This means
that the necessity of a Trp anchor does not apply
to transportan, and perhaps the whole or part of
its N-terminal sequence, derived from galanin,
fulfills the role of an anchor(cf. Ohman et al.
[40], who showed that the full galanin peptide is
located very close to the surface of an SDS
micelle).

It is between pAntp and its non-translocating
variant, 2W2F, that several significant differences
are observed in the membrane interaction charac-
teristics. 2W2F, with no translocating ability, is
more hydrophobic than pAntp, and may insert
more deeply into the bilayer, more parallel to the
bilayer normal according to the OCD result. This
would explain the greater degree of membrane
perturbation. pAntp, on the other hand, appears to
lie perpendicular to the bilayer norméilong the
surface, probably anchored by its Trp48 just
below the headgroups, until such conditions are
created that the translocation transiently can take
place. This metastable positioning of the pAntp

Acknowledgments

This study was supported by grants from the
Swedish Science Council and from the EU Pro-
gram Contract No MAS3-CT97-0156.

References

[1] D. Derossi, G. Chassaing, A. Prochiantz, Trojan pep-
tides: the penetratin system for intracellular delivery,
Trends Cell Biol. 8(1998 84-87. )

M. Lindgren, M. Hallbrink, A. Prochiantz, U. Langel,
Cell-penetrating peptides, Trends Pharmacol. Sci. 21
(2000 99-103.

D. Derossi, A.H. Joliot, G. Chassaing, A. Prochiantz,
The third helix of Antennapedia homeodomain translo-
cates through biological membranes, J. Biol. Chem. 269
(1994 10444-10450.

D. Derossi, S. Calvet, A. Trembleau, A. Brunissen, G.
Chassaing, A. Prochiantz, Cell internalization of the
third helix of the Antennapedia homeodomain is re-
ceptor-independent, J. Biol. Chem. 2711996
18188-18193.

A. Prochiantz, Homeodomain-derived peptides in and
out of the cells, Ann. NY Acad. Sci. 88641999
172-179.

I. Le Roux, A.H. Joliot, E. Bloch-Gallego, A. Pro-
chiantz, M. Volovitch, Neurotrophic activity of the
Antennapedia homeodomain depends on its specific
DNA-binding properties, Proc. Natl. Acad. Sci. USA 90
(1993 9120-9124. )

K. Kilk, M. Magzoub, M. Pooga, G. Eriksson, U.
Langel, A. Graslund, Cellular internalization of a cargo
complex with a novel peptide derived from the third
helix of the islet-1 homeodomain. Comparison with the

(2]

(3]

(4]

(5]

(6]

(7]



(8]

(9]

(10

(11

(12

(13

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22)

M. Magzoub et al. / Biophysical Chemistry 103 (2003) 271-288

penetratin peptide, Bioconjugate Chem. 12001
911-916.

M. Magzoub, K. Kilk, L.E.G. Eriksson, U. Langel, A.
Graslund, Interaction and structure induction of cell-
penetrating peptides in the presence of phospholipid
vesicles, Biochim. Biophys. Acta 151&001) 77-89.

M. Magzoub, L.E.G. Eriksson, A. Graslund, Confor-
mational states of the cell-penetrating peptide penetratin
when interacting with phospholipid vesicles: effects of
surface charge and peptide concentration, Biochim. Bio-
phys. Acta, 15632002 53-63.

M. Pooga, M. Hallbrink, M. Zorko, U. Langel, Cell
penetration by transportan, FASEB J. (1899 67-77.
P.M. Fischer, N.Z. Zhelev, S. Wang, J.E. Melville, R.
Fahraeus, D.P. Lane, Structure—activity relationship of
truncated and substituted analogues of the intracellular
delivery vector penetratin, J. Peptide Res. &®00
163-172.

G. Drin, M. Mazel, P. Clair, D. Mathieu, M. Kaczorek,
J. Temsamani, Physico-chemical requirements for cel-
lular uptake of pAntp peptide. Role of lipid-binding
affinity, Eur. J. Biochem. 2682001 1304-1314.

B.-M. Backlund, G. Wikander, T. Peeters, A. Graslund,
Induction of secondary structure in the peptide hormone
motilin by interaction with phospholipid vesicles, Bioch-
im. Biophys. Acta 11901994 337-344.

J.R. Lakowicz, Principles of Fluorescence Spectroscopy,
2nd ed., Kluwer Academic, New York, 1999.

A. Chattopadhyay, E. London, Parallax method for
direct measurement of membrane penetration depth
utilizing fluorescence quenching by spin-labeled phos-
pholipids, Biochemistry 261987 39-45.

F.S. Abrams, E. London, Analysis of protein and peptide
penetration into membranes by depth-dependent fluores-
cence quenching: theoretical considerations, Biochem-
istry 32 (1993 10826-10831.

P. Manavalan, W.C. Johnson Jr, Variable selection meth-
od improves the prediction of protein secondary struc-
ture from circular dichroism spectra, Anal. Biochem.
167 (1987) 76-85.

G.A. Olah, H.W. Huang, Circular dichroism of oriented
helices. I. Proof of the exciton theory, J. Chem. Phys.
89 (1988 2531-2538.

G.A. Olah, H.W. Huang, Circular dichroism of oriented
helices. Il. Electric field-oriented polypeptides, J. Chem.
Phys. 89(1988 6956-6962.

Y. Wu, H.W. Huang, G.A. Olah, Method of oriented
circular dichroism, Biophys. J. 571990 797-806.

W.C. Wimley, S.H. White, Designing transmembrane
alpha-helices that insert spontaneously, Biochemistry 39
(2000 4432-4442.

P. Thoren, D. Persson, M. Karlsson, B. Norden, The
Antennapedia peptide penetratin translocates across lipid
bilayers—the first direct observation, FEBS Lett. 482
(2000 265-268.

(23]

[24]

(28]

(28]

[27]

(28]

[29]

[30]

(31]

[32]

(33

[34]

(35]

(36]

287

G. Drin, H. Deniene, J. Temsamani, R. Brasseur, Trans-
location of the pAntp peptide and its amphipathic
analogue AP-2AL, Biochemistry 4@®001) 1824-1834.

A. Scheller, J. Oehlke, B. Wiesner, et al., Structural
requirements for cellular uptake afhelical amphipath-

ic peptides, J. Peptide Sci.(3999 185-194.

J. Oehlke, A. Scheller, B. Wiesner, et al., Cellular
uptake of ana-helical amphipathic model peptide with
the potential to deliver polar compounds into the cell
interior non-endocytically, Biochim. Biophys. Acta
1414(1998 127-139.

J.-P. Berlose, O. Convert, D. Derossi, A. Brunissen, G.
Chassaing, Conformational and associative behaviours
of the third helix of Antennapedia homeodomain in
membrane-mimetic environments, Eur. J. Biochem. 242
(1996 372-386.

B.R. Lentz, Use of fluorescent probes to monitor molec-
ular order and motions within liposome bilayers, Chem.
Phys. Lipids 64(1993) 99-116.

J.M. Mancheno, M. Gasset, J.P. Albar, et al., Membrane
interaction of a beta-structure-forming synthetic peptide
comprising the 116—-139th sequence region of the cyto-
toxic protein alpha-sarcin, Biophys. J. 681995
2387-2395.

J.J. Kremer, M.M. Pallitto, D.J. Sklansky, R.M. Murphy,
Correlation ofg-amyloid aggregate size and hydropho-
bicity with decreased bilayer fluidity of model mem-
branes, Biochemistry 362000 10309-10318.

J.J. Kremer, D.J. Sklansky, R.M. Murphy, Profile of
changes in lipid bilayer structure caused fyamyloid
peptide, Biochemistry 412001) 8563—-8571.

D.W. Hoyt, L.M. Gierasch, Hydrophobic content and
lipid interactions of wild-type and mutant OmpA signal
peptides correlate with their in vivo function, Biochem-
istry 30 (1991 10155-10163.

J.A. Whiles, R. Brasseur, K.J. Glover, G. Melacini, E.A.
Komives, R.R. Vold, Orientation and effects of masto-
paran X on phospholipid bicelles, Biophys. J.@D01)
280-293.

E. Bellet-Amalric, D. Blaudez, B. Desbat, F. Graner, F.
Gauthier, A. Renault, Interaction of the third helix of
Antennapedia homeodomain and a phospholipid mono-
layer, studied by ellipsometry and PM-IRRAS at the
air—water interface, Biochim. Biophys. Acta 1467
(2000 131-143.

G. Fragneto, F. Graner, T. Charitat, P. Dubos, E. Bellet-
Amalric, Interaction of the third helix of Antennapedia
homeodomain with a deposited phospholipid bilayer: a
neutron reflectivity structural study, Langmuir 16
(2000 4581-4588.

L. Zhang, A. Rozek, R.E.W. Hancock, Interaction of
cationic antimicrobial peptides with model membranes,
J. Biol. Chem. 2762001 35714-35722.

O. Karlsson, S. Thor, T. Norberg, H. Ohlsson, T. Edlund,
Insulin gene enhancer binding protein Isl-1 is a member



288

(37]

(38

M. Magzoub et al. / Biophysical Chemistry 103 (2003) 271-288

of a novel class of proteins containing both a homeo-
and a Cys—His domain, Nature 342990 879-882.

A. Prochiantz, Getting hydrophilic compounds into

cells: lessons from homeopeptides, Curr. Opin. Neuro-
biol. 6 (1996 629-634.

D. Oh, S.Y. Shin, S. Lee, et al.,, Role of the hinge

region and the tryptophan residue in the synthetic
antimicrobial peptides, cecropin(A—8)-magainin 21—

12) and its analogues, on their antibiotic activities and
structures, Biochemistry 32000 11855-11864.

(39

[40]

U. Soomets, M. Lindgren, X. Gallet, et al., Deletion
analogues of transportan, Biochim. Biophys. Acta 1467
(2000 165-176.

A. Ohman, P.-O. Lycksell, A. Jureus, U. Langel, T.

Bartfai, A. Graslund, NMR study of the conformation
and localization of porcine galanin in SDS micelles.
Comparison with an inactive analog and a galanin
receptor antagonist, Biochemistry  37(1999
9169-9178.



	Comparison of the interaction, positioning, structure induction[fjand membrane perturbation of cell-penetrating peptides an ...
	Introduction
	Materials and methods
	Materials
	Preparation of vesicles
	Determination of peptide concentrations
	Fluorescence spectroscopy
	Acrylamide and spin-probe quenching
	Determination of the topology of the peptides in vesicles
	Fluorescence polarization
	Circular dichroism spectroscopy
	Oriented circular dichroism

	Results
	Acrylamide fluorescence quenching
	Fatty acid spin-probe fluorescence quenching
	Determination of the topology of the peptides in vesicles
	Fluorescence polarization
	Circular dichroism spectroscopy
	Oriented circular dichroism

	Discussion
	Acknowledgements
	References


