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ABSTRACT. The interaction ofr- andj-oligoarginine amides and acids andoepolyarginine with anionic

lipid vesicles was studied. Th#oligoarginines used werg*-homologues of the-oligoarginines. Lipid
bilayers were composed of POPC (1-palmitoyl-2-olesiyglycero-3-phosphocholine) and POPG (1-
palmitoyl-2-oleoylsnglycero-3-[phosphaac-(1-glycerol)]) containing 5 mol % pyrene-PG (1-hexade-
canoyl-2-(1-pyrenedecanoy)rglycero-3-[phosphaac-1-glycerol]). Kinetic analysis of the binding process
onto large unilamellar POPC/POPG (3:7, molar ratio) vesicles (100 nm diameter) shows biphasic time
courses for all tested peptides. The first binding step is fast and takes placewiihismwith no disruption

of the membrane as indicated by corresponding calcein release measurements. The second binding phase
is slow and occurs within the next 3@00 s with substantial membrane disruption. In this conf&xiexa-

and octaarginine amides possess higher second half-times thgsthe- and octaarginine acids of the
same chain length. Furthermagfeoctaarginine amide induces a calcein release approximately twice as
large as that of thg-octaarginine acid. Thermodynamic analysis of the binding process, using the complex
formation model that assumes that each peptide binds independentR@& G lipids, reveals apparent
binding constantsKppy) Of ~5 x 10°f — 108 M~ andn-values from 3.7 fo3-hexaarginine acid up to

24.8 fora-polyarginine. Although th&ap,rvalues are similar, the number of binding sites clearly depends
on the chemical nature of the oligoargining:oligoarginine amides and-oligoarginine acids interact

with more lipids tharg-oligoarginine acids of the same length. Calculation of the electrostatic contribution
to the total free energy of binding reveals that for all oligoarginines onty3®4% has electrostatic origin.

The remaining~70—75% is nonelectrostatic, corresponding to hydrogen bonding and/or hydrophobic
interactions. From the obtained data, a mechanism is suggested by which oligoarginines interact with
anionic vesicles: (1) initial electrostatic interaction that is fast, nonspecific, and relatively weak; (2)
nonelectrostatic interaction that is rate-limiting, stronger, and induces bilayer rigidification as well as
release of aqueous contents from the vesicles.

Developing technologies that allow the enhanced transport Two of the best-characterized CPPs are thesskat
of hydrophilic and charged molecules across the hydrophobic transduction domain derived from the transcriptional activator
plasma membrane into living cells are of substantial interest of the HIV-1 virus and theDrosophila Antennapedia
for biomedical applications such as the delivery of genes or homeodomain peptide, penetrats 9). Both peptides have
proteins {, 2). Cell-penetrating peptides (CPP®r arecent  a high proportion of arginine residues in their sequence.
review see refd) belong to a class of oligopeptides that Recent reports show that the guanidine-moiety of the
efficiently mediate the transport of extracellular cargo into arginine-residue is critical to observe substantial peptide
cells. Such transport properties were demonstrated duringinternalization: (i) replacing all nonarginine residues in Tat
the past decade for a number of hydrophilic molecules suchwith arginine resulted in superior cellular uptake (factor of
as oligonucleotides, RNA, short interfering RNA, peptides, 20-100) (L0); (ii) oligoarginines enter cells more efficiently
proteins, and even vesicle4<7). than cationic homopolymers of lysine, ornithine, and histidine
of the same lengthl(); (iii) inverting the absolute config-
; *%.G.Racknowrl]egg_es finantéi@rl SuhppCIth from ﬁtldNe;N Z??'ﬁ“d thunﬁla' uration of the arginine residues in the peptide chain does
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cell uptake 14). Corresponding cell uptake data for free acids Scheme 1: Chemical Structures of theand

are not available. B-oligoarginine Amides and Acids Used in This Study
Despite the importance of CPPs as efficient delivery

vectors and the important role of the guanidinium-moiety \(

for peptide transduction, the mechanisms of cellular uptake NH

2 Y 2
NH
remain elusive. It has become increasingly clear that more
than one mechanism is responsible for peptide internalization 0
depending on the chemical nature of the peptides and cell H\{\” ~OH H\{\” -
o}

lines. In general, two different pathways are observed,
endocytotic and/or nonendocytotic uptake. Internalization

HNENH HN S NH,

n=6: 1, H-(Arg)s-OH n=6, R = OH: 4, H-(BArg);-OH

studies with live cells and bacterial cells lacking the n=82 H(Argl-OH  n=8, R=OH: 5, H-(BArg)-OH
possibility of endocytosis suggest thatands- oligoargin- n=~56: 3, polyarginine  n=6, R = NH: 6, H-(BArg)s-NH,
ines use alternative mechanisms to the endocytotic uptake n=8 R=NHy: 7, H-(BArg)s-NH,

(15, 20, 21). Wender and co-worker22) proposed a possible ) ]
nonendocytotic pathway that could explain such observations.Palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine) and

It is argued that first the oligoarginines form bidentate Nnegatively charged POPG (1-palmitoyl-2-olesykglycero-
hydrogen bonds with H-bond acceptors on the cell surface. 3-[Phosphorac-(1-glycerol)]) but lacks proteoglycand§,
These complexes are assumed to partition into, and migrate26)- ) ) . )

across, the membrane bilayer proportional to the membrane N the present study, we investigate the interactioncof
potential. This conclusion is compatible with the observed and/-oligoarginine amides and of the corresponding acids
increased uptake of H3{Arg)s-OH with increased membrane ~ (Scheme 11-7), with anionic lipid vesicles composed of
potential. Recent studies indicate that complex formation POPC (1-palmitoyl-2-oleoysn-glycero-3-phosphocholine)
between oligoarginines and cell surface proteoglycans (i.e.,and POPG. By using pyrene-labeled PG-lipids (pyrene-PG,
heparan sulfate) is favored over a peptide binding onto 1-hexadecanoyl-2-(1-pyrenedecanayijglycero-3-[phospho-
anionic lipids @3, 24). However, in an endocytotic pathway ~ac-1-glycerol]) and encapsulated calcein, we compared the
where heparan sulfate is degraded by heparanases, hydrogdRteraction of oligoarginined—7 on a thermodynamic and
bonding with anionic lipids on the inner leaflet of the Mechanistic level, as studied by fluorescence spectroscopy.
endocytotic vesicle may become more important in allowing Pyrene-labeled phospholipids have previously been used to
the peptide and its cargo to escape. For example, it has beefnonitor the interaction of several proteins and peptides with
shown that anionic lipids such as phosphatidylserine mediate@nionic vesicles Z7—30). These probes respond in a
the release of DNA from cationic liposome/DNA complexes Characteristic manner to phase separation and changes in the
in the endosomal compartme@8j. Interactions with anionic ~ 1ateral mobility of phospholipids caused by peptide associa-
phospholipids may also play an important role in the tion (31). Circular dichroism (CD) spectroscopy was applied
observed uptake of oligoarginines into Gram-negative bacte-t0 monitor possible structural changes of the vesicles-bound
rial cells, since the inner membrane contains POPE (1- Peptides.

1 Abbreviations: CPP, cell penetrating peptide; POPC, 1-palmitoyl- MATERIALS AND METHODS
2-oleoylsnglycero-3-phosphocholine; POPG, 1-palmitoyl-2-olesry- Lipids, Peptides, and General ChemicaBOPC and

glycero-3-[phosphoac-(1-glycerol)]; pyrene-PG, 1-hexadecanoyl-2- . .
(1-pyrenedecanoyBn-glycero-3-[phosphaac-1-glycerol]); HEPES, POPG were purchased from Avanti Polar Lipids (Alabaster,

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; EDTA, ethylene- AL); pyrene-PG was from Molecular Probes (Eugene, OR).
diaminetetraacetic acid; LUV, large unilamellar vesicle; CD, circular - Calcein (for fluorescence), 4-(2-hydroxyethyl)piperazine-1-

dichroism; DLS, dynamic light scattering; Cryo-TEM, cryo transmission - athanesulfonic acid sodium salt (HEPES-Na), sodium chlo-
electron microscopy; RRl fluorescence intensity of the pyrene-PG

monomer in the presence of peptides relative to the fluorescenceide (NaCl), ethylenediaminetetraacetic acid disodium salt
intensity of the pyrene-PG monomer in the absence of peptides; RFIdihydrate (EDTA disodium salt), and Triton X-100 were
fluorescence intensity of the pyrene-PG excimer in the presence of hyrchased from Sigma Aldrich (Buchs, Switzerland). Peptide

peptides relative to the fluorescence intensity of the pyrene-PG excimer 0 . .
in the absence of peptidek;, fluorescence intensity of pyrene-PG 1 (> 88%, supplied as trifluoroacetate salt) was from Bachem

monomer; lg, fluorescence intensity of pyrene-PG excimetle, (Bubendorf, Switzerland). Peptid@sind4—7 were prepared
observed increase in fluorescence intensithna, observed maximal using Fmoc solid-phase peptide synthesis98%, trifluo-

increase in fluorescence intensity; P, peptide;o.fPiotal peptide . ;
concentration; [P], concentration of peptide in the bulk solution; L, roacetate salts)1€, 32, 33, see below and Supporting

accessible negatively charged phospholipid (POPG)j[Liotal Information). Peptide3 (polyarginine, polye-arginine hy-
concentration of accessible, negatively charged phospholipids (POPGdrochloride, P-4663, Lot 122K5116; degree of polymeriza-
molecules present in the outer leaflet of the bilayer)number of tion and relative molar mass as determined by multi angle

negatively charged phospholipids bound to one peptidg; oncentra- : ; _
tion of accessible peptide binding sites, composec afegatively laser light scattering measurements, 39 and 7540, respec

charged phospholipids; [l total concentration of accessible binding ~ tively; d_egree Of'p0|ymerizaﬁ0n and relative molar mass as
sites for the peptide; [ L], concentration of bound peptide, equal ~ determined by viscosity measurements, 72 and 14 000) was
to the concentration of occupied peptide binding sites;tMiotal from Sigma Aldrich (Buchs, Switzerland). For peptiglean

concentration of accessible membrane lipids (PGPBOPG present L .
in the outer layer of the vesicleS{ayps apparent binding constant for ~ 2Verage degree of polymerization of 56, corresponding to a

peptide binding to peptide-free (charged) vesiclks;,s apparent relative molar mass of 10 770 was used for concentration
binding constant for peptide binding to vesicles that are just saturated calculations.

with peptides (no surface charge); SD, standard deviation; peptide ; ; _ ;
H-(Arg)e-OH: peptide2, H-(Arg)s-OH: peptide3, polyarginine: peptide Synthesis of Peptidésand 4—7. For a general article on
4, H-(BArg)s-OH; peptides, H-(BArg)s-OH; peptided, H-(3Arg)e-NH:: ﬂ-_peptldes and their nomenclatu_re,_ see3&fln the text of
peptide7, H-(BArg)s-NH.. this paper, the short form descriptions for the peptides are
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used, for example, H5@Arg)s-OH (4) which is H-(3%hArg)s-
OH (4) (see below).

1. Abbreiations Used for This Sectior, flow rate;
HPLC, high-performance liquid chromatography; MALDI,
matrix-assisted laser desorption ionization; TFA, trifluoro-
acetic acid. Anal. reversed-phase (RP) HPLC: Merck/Hitachi
HPLC system (LaChrom, L-7150 pump, UV detector
L-7400, Interface D-7000). Column: Nucleosil 100-5 C18
(250 x 4 mm, Macherey-Nagel). HPLC analysis: with a
linear gradient of A (0.1% TFA in kD) and B (acetonitrile)
at a flow rate of 1 mkmin~? with UV detection at 220 nm.
Retention time tg) in minutes. Prep. reversed-phase (RP)
HPLC: Merck/Hitachi HPLC system (LaChrom, L-7150
pump, UV detector L-7400, Interface D-7000). Column:
Nucleosil 100-7 C18 (250« 21 mm, Macherey-Nagel).
Crude products were purified with a gradient of A (0.1%
TFA in H,O) and B (acetonitrile) at a flow rate of 17
mL-min~1, with UV detection at 220 nm, and subsequently
lyophilized (Hetosicc cooling condenser with a hi-vacuum
pump). UV-grade TFA$99% GC) was used for RP-HPLC.

2. Peptide2, 4, and 5. H-(Arg)s-OH (2), H-(3*hArg)s-
OH (4), and H-{3°hArg)s)-OH (5) were prepared by solid-

Biochemistry, Vol. 45, No. 18, 2006819

with 5 mol % pyrene-PG were hydrated with 5 mM HEPES,
0.1 mM EDTA, and 150 mM NacCl, pH 7.4, in a 25 mL
round-bottom flask. A heterogeneous vesicle suspension was
formed by vortexing. This suspension was frozen 10 times
in liquid nitrogen (195 °C) and thawed in a water bath at
40 °C. To decrease the vesicle size and lamellarity, the
vesicle suspension was repeatedly passed through two
Nucleopore polycarbonate membranes from Sterico AG
(Dietikon, Switzerland) with mean pore diameters of 400
nm (10 times), 200 nm (10 times), and 100 nm (10 times)
using The Extruder (from Lipex Biomembranes, Inc., Van-
couver, Canada)3@). Homogeneous size distribution and
unilamellarity of the obtained vesicles was confirmed by
dynamic light scattering (DLS) and cryo transmission
electron microscopy (cryo-TEM).

DLS and Cryo-TEMDLS analysis was performed on a
BI-200SM equipment from Brookhaven Instruments Limited,
with an argon-ion laser (M95-2, Lexel) operating at a
wavelength of 514.5 nm (green) or 488 nm (blue) and a
goniometer in the angle range from 15 to 15Gryo-TEM
analysis was carried out by Dr. Martin'Mer at the Institute
of Applied Physics, Department of Physics, ETHri¢h, as

phase peptide synthesis (SPPS) using Wang resin and Fmocpreviously described36). The analyzed vesicles had a

protecting group strategy in a manner similar to that

diameter between 90 and 120 nm, and their size was stable

previously described for the corresponding amide derivatives for at least 2 month in buffer (5mM HEPES, 0.1 mM EDTA,

(14); see Supporting Information for details.

2.1 H-(Argk-OH (2). A total of 66 mg of the crude peptide
TFA salt of 2 was purified by RP-HPLC (5% B for 5 min,
5—-15% B in 30 min,F = 17 mL-min~!) to give 8.1 mg of
pure H-(Argy-OH (2) as a TFA salt, white solid. RP-HPLC
(5% B for 5 min, 5-15% B in 30 min): tr = 18.7, purity>
98%. ESI-MS 1266.01 (M- H), MALDI-MS 1291.8 (12),
1290.8 (18), 1289.8 (36, [M- NaJ), 1269.8 (19), 1268.8
(68), 1267.8 (100, [M+ H]"). HR-MS: 1267.8290
([C43H93N3209]+; calcd 12678273)

2.2 H-(3°hArg)-OH (4). A total of 55 mg of the crude
peptide TFA salt o# was purified by RP-HPLC (5% B for
5 min, 5-15% B in 30 min,F = 17 mL-min~%) to give 14
mg of pure H-(°hArg)s-OH (4) as a TFA salt, white solid.
RP-HPLC (5% B for 5 min, 515% B in 30 min): tg 16.5,
purity > 98%. MALDI-MS 1178.1 (10, [M+ K]*), 1062.7
(11, [M + NaJ"), 1061.7 (23), 1041.7 (17), 1040.7 (51),
1039.7 (100, [M+ H]T), 1022.7 (22), 980.7 (10), 844 (6),
764 (7), 661.0 (10), 520.9 (11), 520.4 (17), 506.0 (16), 456.
0 (20), 413.3 (14), 317.0 (17). HR-MS: 1039.7184
([C42H87N2407]+; calcd 10397189)

2.3 H-(3%hArg))-OH (5). A total of 130 mg of the crude
peptide TFA salt o6 was purified by RP-HPLC (5% B for
5 min, 5-15% B in 30 min,F = 17 mL-min™Y) to give 32
mg of pure H-3*hArg)s-OH (5) as a TFA salt, white solid.
RP-HPLC (5% B for 5 min, 515% B in 30 min): tg 27.3,
purity > 98%. MALDI-MS 1403.9 (3.5), 1402.9 (8), 1401.9
(10, [M + NaJ]*), 1382.0 (28), 1381.0 (72), 1380.0 (100,
[M + H]%), 1363.9 (15), 1362.9 (21), 1321.9 (11), 1320.9
(15), 1279.9 (4), 1278.9 (6), 1262.8 (4), 1261.8 (6), 1245.8
(3), 1244.8 (4), 691.0 (2), 690.6 (2). HR-MS: 1379.9549
([C56H115N3209]+; calcd 13799525)

3. Peptidess and 7. Peptides H{°hArg)s-NH, (6) and
H-(3°hArg)s-NH, (7) were prepared according to previously
published procedured4).

Preparation of Large 100 nm Unilamellar Vesicles
(LUVs).Dried films of POPC and POPG (molar ratio3:7)

and 150 mM NacCl, pH 7.4).

Fluorescence Measuremenfiguorescence measurements
were performed on a Spex Fluorolog 2 instrument from Jobin
Yvon (U.K.) using 1 cm quartz cells equipped with a
magnetic stirrer bar and thermostated at°25 In general,
prior to the peptide addition, the cells were filled with the
appropriate vesicle suspensions and incubated under stirring
in the dark at 25°C for at least 10 min.

Kinetic Analysis of Peptide Binding\ volume of 5uL
of concentrated peptide solutions—R.4 mM) was added
under constant stirring to 3 mL of POPC/POPG vesicle
suspensions (molar rat® 3:7, 10uM with 5 mol % pyrene-
PG), and the measurement was immediately started. All
experiments were performed in 5 mM HEPES, 0.1 mM
EDTA, and 150 mM NaCl, pH 7.4. The excitation wave-
length @ey) was 344 nm and the emission wavelendth
376 nm (signal of the pyrene-PG monomer). The fluores-
cence intensity reported in the figures is relative to the
fluorescence intensity in the absence of peptides: yRFI

The observed biphasic fluorescence increase with time was
fit with the following equation that contains two exponential
terms for two consecutive first-order processes (see Sup-
porting Information):

F(t) = A1 — expCkit)] + A1 — exp(kyt)] + F, (1)

whereF(t) is the measured fluorescence as a function of time
and Fo the measured fluorescence at time0 s; k; andk;
are the rate constants for the fast and the slow phases. The
corresponding half-timefs,—; are given by In 24, with i =
1, 2.A; andA; represent the amplitudes of the fast and slow
phases. Curve fitting was performed using nonlinear least-
squares regression and the Software Origin from OriginLab
Corp. (Northampton, MA).

Calculation of the Excimer to Monomer Ratio of Pyrene
FluorescenceDirectly after the kinetic measurements, emis-
sion-spectra of peptide-containing vesicle suspensions were
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recorded fex = 344 nm, lem = 360-520 nm). The knowing [L],t and [Plot. [Pl Stands for the total peptide

fluorescence-intensity ratidsgonm /l1376nm Was utilized to concentration. [Px L] can be calculated frorapp: andn

monitor the excimer-to-monomer ratio of pyrene in pyrene- for any given [P} and [L}o: (See Supporting Information).

PG as a function of the peptide concentration. PresentedKa.pp: describes the binding of the peptides to peptide-free

excimer-to-monomer ratios are expressed relative to thevesicles.

signal in absence of peptide: RFRFIy. Thermodynamic Analysis with the Partitioning Modebr
Thermodynamic Analysis with the Complex Formation quantifying the interaction of the peptides with vesicles that

Model. The maximum of the fluorescence increase observed already contain some bound peptides, the partitioning model

in the kinetic measurementaAlrnay Was averaged over 20  was also considere@7). The peptide is assumed to partition

s for each peptide concentration. Thesemacvalues were between a bulk aqueous phase and a lipidic membrane phase

utilized to monitor the binding onto the anionic POPC/POPG (the outer layer of the vesicles). The degree of binding is

vesicles at equilibrium. We assume that oligoarginines attach defined as follows ¥8):

only to negatively charged POPG and only the outer leaflet

of the bilayer is available for bindinge( 54% of the total [PxL,

POPG present in 100 nm-vesicles). The apparent constant X, = ML (7

of binding (Kapp) Was calculated for the following complex tot

formation model &1, 36): [M] ot is the total concentration of accessible membrane lipids

P+L,=PxL, (2) (POPC+ POPG present in the outer layer of the vesicles).
X, was plotted as a function of [P], the equilibrium
where P stands for peptide, L for the negatively charged concentration of the peptide in the bulk aqueous phase, and
phospholipid POPG, and for the number of POPG-lipids  the apparent partition coefficient was calculated for condi-
bound to one peptide. Therefore, the binding site to which tions under which the vesicle surface was almost saturated
one peptide binds consists BfPOPG-lipids. Px L is the with peptides, yielding the apparent partition coefficient
complex formed between one peptide amdPOPG mol-

ecules. The equilibrium constaiiyp: (M 2) is given by the Xf,at
following equatior? Kp = Kape = @t (8)
[PxL,]
appl™ —[P] x IL,] 3) For a direct comparison &€,ppwith mole fraction partition

coefficients Kappohas to be multiplied by the factor 55.5 M

It is assumed that the observed increase in pyrene fluores<(39)° . . . .
cence Q) divided by the maximally observed fluorescence ~ Calculation of the Effectie Peptide Charge,ZThe vesicle
change Alemay) is directly proportional to the concentration  Surface charge density( of POPC/POPG membranes is
of the binding sites occupied divided by the concentration 9iven by @0)

of all available binding sites. This leads to the following

relationship 81): —Xea(1 = Xyar) T2, X X,

1+ (AJA) x X
(4)

Fmax  [Lnliot Wheree, is the elementary chargéy is the lateral cross

. _ sectional area per lipid molecule-72 A2 (41)), Xpc is the
[P x L] corresponds to the concentration of bound peptide, ygje fraction of anionic POPG ([POPG]/([POPE]POPG])
which is equal to the concentration of occupied binding sites. — 0.7), Xxa is the mole fraction of Na associated with
[I__n]t(?t cor_responds_, to the concentratiqn of all acce_ssible POPG z, is the effective peptide chargk, is the degree of
binding sites and is equal to [kn. In this study, [L is binding obtained from the complex formation model, and
e_qual to the POPG con_centratlon in the outer Igaflet of the Ais the effective area of the peptide at the membrane surface
bilayer. The concentration of the unbound peptide [P] and (assumed to be-100 A2 (42)). Xya* is 20, as calculated by
the concentration of the available (un-occupied) binding sites assuming a Langmuir adsorption isotherm and an association
[Ln] during the binding process are given by the following gnstant of 0.6 M! for Na+ to POPG 43); see Supporting

o= (&/A) 9)
Ale  [PxLg]

Al

mass balances: Information.
— _ Assuming that at the lowest total peptide concentration at
P]=[P PxL . LS e
[PT= [Ploc = [P x Lol ) which saturation is observed (no significant further change
Ll=[LJw—[PxL,] (6) in fluorescence intensity observed after adding more peptide)
nMto

the surface charge density)(is zero,z, was calculated for

When egs 3-6 are combined, it is possible to evaluate (by the different peptides (see Supporting Information).

fitting) Kappz and n by measuringAlr and Algmay and by Calculgtion .of_ the Nqne_lect_ros_tatic Contribu_tion to
the Peptide BindingFor distinguishing electrostatic from

2 Note that every thermodynamic equilibrium constant is defined by
AG°® = —RTIn K, whereby the equilibrium constaKtis without any 3 The mole fraction partition coefficielity is defined as</Xw, where
units. However, for the sake of comparison with literature, all X, andX, are the mole fractions of the peptide in the membrane and
equilibrium constants defined in this work have units, e.g., for the in water, respectively. In the case Kf,, = Xy/[P], the equilibrium
peptide-vesicle binding equilibrium formulated with eq 2, the unit is concentration of the peptide in water, [P], is given as a mole per liter
M-L solution containing 55.5 mol of water as the dominant species.
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nonelectrostatic contributions to the bindindGnonel =
—RTIn Kyppowas calculated as well @8Ge = —RT IN(Kappd
Kaped (38).

Vesicle LeakageAn 80 mM calcein solution in 5 mM
HEPES, 0.1 mM EDTA, and 30 mM NacCl, pH 7.4, was
added to a vacuum-dried lipid film composed of POPC and
POPG (molar ratio= 3:7) and incubated for 5 min with
shaking to entrap calcein in the formed vesicles. Vesicles
homogeneous in size (100 nm in diameter on average) and
unilamellar were prepared according to the method men-
tioned above. Vesicles with entrapped calcein were separated
from nonentrapped calcein by size exclusion chromatography , , , ‘ : : ;
(Sepharose 4B from Amersham Biosciences AB, Uppsala, 0 20 40 60 & 100 120
Sweden) using 5 mM HEPES, 0.1 mM EDTA, and 150 mM Time (s)

NaCl, pH 7.4, as eluate buffer. The estimated entrapmentFicure 1: Binding kinetics of polyarginin& onto 100 nm POPC/
yield was~1% and the internal voluma/¢;) ~3.7 L mot2, POPG (3:¥|,urgroelg(r: éﬁtclg)(%ﬁ morneiaoeregeby Ttﬁee fclrf:glnggn%fe %xt/rr:ne

; ; monomer -PG. -
Leak_age expgrlments were performed by addmgLSqf tion of 3 was (a) 0uM, (b) 0_05%/" (c) 0.084M, (d) 0.124M,
peptide solution to 3 mL 1Q«M POPC/POPG vesicle a4 (e) 0.424M. The total lipid concentration was 1@M in 5
suspension in 5 mM HEPES, 0.1 mM EDTA, and 150 MM mM HEPES, 0.1 mM EDTA, and 150 mM NaCl, pH 7.4. Presented
NaCl, pH 7.4. Maximal leakage was determined by adding curves are mean curves of at least three measurements. The

5 uL of Triton X-100. Calcein release was determined by theoretical solid curve shown for curve e corresponds to a fit with
measuring the fluorescence intensity at 513 nm (excitation €4 1 €0mbining two exponential terms.

496 nm), and %-leakage was calculated after 1200 s
(arbitrarily chosen) according to

polyarginine, it was not possible to give a precise value for
this peptide, a;,-1 was belov 2 s and beyond the limit of
[(11200— 10)/(I1siton — 10)] x 100 (10) the measurement resolution. Clearly, the kinetics of the first
phase is of the same order of magnitude for all oligoarginines
where l1200 denotes the fluorescence intensity determined (tu-1 = 3—5 s); however, the kinetics of the second phases
after 1200 slo the intensity at = 0 s, and rin the intensity differ significantly. A minimal half-time is obtained for
after adding Triton X-100. peptide4 (H-(BArg)e-OH, t>-» = 16 + 3 s), and a maximal
CD SpectroscopyCD-spectra were recorded on a Jasco half-time for peptide7 (H-(BArg)s-NHz, ti2-» = 150 &+ 21
J-715 spectropolarimeter (Tokyo, Japan) connected to as). Furthermore thg-oligoarginine amide$ and 7 show
thermostat (Jasco PTC-348WI) with 1 mm quartz cells at higher second half-times than tifeoligoarginine acidst
25°C. Spectra were measured with a bandwidth of 1 nm, a and5 of the same chain length.
sensitivity of 10 mdeg, and a response time of 2 s, with a  Analysis of the Peptide Binding with the Complex Forma-
scan speed of 50 mmin~*, and were accumulated at least  tion Model and Calculation of the Effect Peptide Charge.
twice. To investigate the thermodynamic binding parameters of the
different peptides to the anionic vesicles, the fluorescence
RESULTS increase ARFIly) was plotted against the peptide concentra-
Binding of Oligoarginines onto Negagly Charged Lipid tion and analyzed with the complex formation model (Figure
Vesicles: Kinetic Analysig.o investigate the kinetics of the ~ 4). From this model, the apparent binding consta@b,
peptide binding process to negatively charged POPC/POPGsee Materials and Methods) and the number of POPG lipids
(3:7, molar ratio) vesicles, the fluorescence intensity of (n) bound to one peptide can be obtained. The determined
monomeric pyrene in pyrene-PG (Rfflwas recorded as a  binding constants are given in Table 2. The results show
function of time after addition of one of the peptides. Results that, while the binding constants are of the same order of
are presented in Figures-B. The RF|;-signal increases with ~ magnitude for the short oligoargininés2, and4—7 (5.0 x
time as a result of the peptide-vesicle association. Peptide 10°to 1.1x 10’ M~1), peptide3, with ~56 arginine residues,
(polyarginine, Figure 1) induces the strongest signal responsewas found to have a binding constant of x810° M1,
of all oligoarginines. The octaarginines (peptid$, and which is larger by a factor of10 than the constants obtained
7, Figure 3) lead to a stronger fluorescence increase, asfor 1, 2, and4—7. The stronger binding @ is also reflected
compared to the hexaarginines (peptided, and6, Figure in the free energy of bindingAG°®) that is~1.7—2.1 kcal
2). On the basis of a mathematical fit of the experimental mol~* lower than theAG°-values of the shorter oligoargin-
curves, it was found for all peptides that the fluorescence ines (Table 2). The oligoarginines studied differ strongly in
increase was biphasic with a fast first phase and a slowtheirn-values, ranging from 3.7 for peptidieup to 24.8 for
second phase (Figures—38). In general, higher peptide peptide3. Furthermore, thg-oligoarginine amide$ and7
concentrations lead to a stronger fluorescence increase. Undepossess higher-values than thg-oligoarginine acidgt and
conditions of maximal fluorescence increase (saturation 5 of the same chain lengtiA = 4). Also, the experimentally
response), the increase was analyzed by applying eq 1 whichdeterminedn-values of thea-oligoarginine acidsl and 2
contains two exponential terms. From this analysis, the half- are higher than the-values of the corresponding-oli-
times (1/,) of the two phases can be obtained. The fast initial goarginine acidgl and5 (An = 3—4). This suggests that
phase witht;,—; = 2—5 s is followed by the slower second o-and g-oligoarginines containing the same number of
phase witht;,—, = 16—150 s (Table 1). In the case of guanidinium groups interact differently with anionic vesicles.
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FiGURe 2: Binding kinetics of (A) H-BArg)sNH. (6), (B) Time (s)
H-(8Arg)e-OH (4), and (C) H-(Arg}-OH (1) onto 100 nm POPC/ Ficure 3: Binding kinetics of (A) H-Arg)s-NH, (7), (B)
POPG (3:7, molar ratio) LUVs monitored by the change of pyrene H-(8Arg)s-OH (5), and (C) H-(Arg}-OH (2) onto 100 nm POPC/
monomer fluorescence (Rl in pyrene-PG. The final concentra-  POPG (3:7, molar ratio) LUVs monitored by the change of pyrene
tions of the added peptides were (ajBl, (b) 0.1 M, (c) 0.24 monomer fluorescence (Rk) in pyrene-PG. The final concentra-
uM, (d) 0.5uM, and (e) 4uM. The total lipid concentration was  tions of the added peptides were (a)Ml, (b) 0.1uM, (c) 0.24
10uM in 5 mM HEPES, 0.1 mM EDTA, and 150 mM NaCl, pH  «M, (d) 0.54M, and (e) 4uM. The total lipid concentration was
7.4. Presented curves are mean curves of at least three measuréOuM in 5 mM HEPES, 0.1 mM EDTA, and 150 mM NaCl, pH
ments. The theoretical solid curve shown for curve e corresponds7.4. Presented curves are mean curves of at least three measure-
to a fit with eq 1 combining two exponential terms. ments. The theoretical solid curve shown for curve e corresponds
to a fit with eq 1 combining two exponential terms.

The determined values for the effective peptide chazge ( — — _
sensed at the membrane surface are presented in Table 2. | able 1: Kinetic Parameters for the Binding of the Different
was found that alg,-values are smaller than the correspond- ligoarginines to 100 nm POPC/POPG (3.7, molar ratio) LUVs in
P 5 mM HEPES, 0.1 mM EDTA, and 150 mM NaCl, pH 7.4, 26

ing number of POPG lipidsnj bound to one peptide and

also smaller than the formal peptide charge$. (n this compound tl’é’)la tl(’g’)z

context, polyarginine3) displays the greatest difference in —

z- and z-values. The calculated, of the -oligoarginine ﬂ?%f%g_ﬁ_ﬁ)m 32405 aE3

amides 6 and 7 are higher than thez,-values of the H-(BArg)s-OH (5) 3.0+ 04 64+ 13
correspondings-oligoarginines4 and 5 possessing a C- H-(Arg)e-OH (2) 3.0+0.7 36+ 5

terminal acid Az, = 2.5-3.5). Furthermore, the-oligoargi- ::gﬁﬁggg:gﬂzéﬁ) g:gi 2'8 fgi %8

nine acidsl and 2 have higherz-values than thgs-oli- H-(Arg)s-OH (1) 4.04£0.9 20+ 4
goarginine acidgl and5 of the same chain length\g, = aTo obtain the kinetic parameters, the fluorescence increase (Figures
2-3). 1-3) was fit to eq 1 containing two exponential terms (see Materials

Analysis of the Vesicle Bilayer Fluidity and Permeability and Methods).
Changes upon Binding of the Peptid&ghen the relative
fluorescence intensity of the excimer and monomer, that is, PG as a function of the peptide concentration is analyzed, it
the RFE/RFIy-ratio of the pyrene fluorescence in pyrene- is possible to investigate the vesicle bilayer fluidity change
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Ficure 4: Concentration dependencies of the peptide binding onto
100 nm POPC/POPG (3:7, molar ratio) LUVs. (A) Polyarginine
(3); (B) hexaargininesM, H-(8Arg)s-NH (6); a, H-(BArg)s-OH

(4); O, H-(Arg)s-OH (1)); (C) octaargininesM, H-(5Arg)s-NH,

(7); A, H-(BArg)s-OH (5); O, H-(Arg)s-OH (2)). The total lipid
concentration was 1AM in 5 mM HEPES, 0.1 mM EDTA, and
150 mM NaCl, pH 7.4. Each data point corresponds to three to
five independent measurements with S05.5% for polyarginine

3, SD < 2.5% for the octaarginines, and with SB 2% for the
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Table 2: Thermodynamic Parameters for the Binding of the
Different Oligoarginines to 100 nm POPC/POPG (3:7, molar ratio)
LUVs in 5 mM HEPES, 0.1 mM EDTA, and 150 mM NacCl, pH

7.4, 25°C
Ka\ppla AG®
compound M™Y n? zP z°  (kcal mol?)d

polyarginine B) 1.8x 10 24.8 14.1-18.0 ~56  —11.27
H-(BArg)s-NH, (7) 1.1x 107 10  5.7-7.0 9 -961
H-(BArg)sOH (5) 5.6x 10° 6  3.4-4.2 9 -9.20
H-(Arg)sOH (2) 89x10° 9 57-7.0 9  -947
H-(BArg)s-NH, (6) 8.9x 10° 7.8 4.5-5.5 7 —947
H-(BArg)s-OH (4) 5.0x 1° 3.7 2.3-3.0 7 -9.13
H-(Arg)e-OH (1) 7.8x 10° 7.9 4555 7 —-9.39

a Obtained from the complex formation model, which assumes that
the peptides (P) bind independentlyrtd®OPG lipids (L): P+ L, =

P x Ln. Kapp1represents the binding constant for the binding of the
peptides to peptide-free vesicléCalculated effective peptide charge
(z,) required to reduce the charge of the negatively charged vesicles at
saturation by 86:100%.¢ Formal peptide charge (equals number of
Arg-residuest positively chargedN-terminus).4 Obtained according

to AG® = —RTIn Kappz

stronger decrease of the RRFIy-ratio than the hexaargin-
ines1, 4, and6: —20 to —25% (octaarginines) versusl2

to —18% (hexaarginines). This indicates that the octaargin-
ines more strongly rigidify the membrane bilayer than the
hexaarginines do. In line with this finding, polyarginir® (
clearly leads to the strongest bilayer rigidificatioh(RFIe/
RFIv): —35 + 1.5%).

To investigate the permeability change of the anionic
vesicle bilayer, calcein was entrapped inside the anionic
vesicles and the release measured upon addition of the
peptides (Figure 6, Table 3). The addition of the hexaargin-
ines1, 4, and6 to the vesicles did not induce a significant
leakage. In contrast, the octaarginir®$, and7 increased
the permeability of the vesicle bilayer toward calcein (leakage
= 13—27% after 1200 s). Among the series of octaarginines
tested,7 (H-(8Arg)s-NH,) was found to induce a calcein
release approximately twice that determinedZand5 (H-
(Arg)s-OH and H-BArg)s-OH) (Table 3). Polyarginine3)
induced the strongest measured leakage of all peptides
(~60% after 1200 s).

Comparison of the Peptide/esicle Binding Kinetics with
the Calcein Release Kineticg/e found sigmoidal calcein
release kinetics from the anionic vesicles (insets of Figure
7A,C). Aiming at better understanding the relationship
between the binding- and leakage kinetics, we compared the

hexaarginines. The solid, dotted, and dashed lines correspond WO time progresses for the peptides that showed the strongest
the theoretical binding curves that were obtained according to the interaction with the anionic lipid bilayer (i.e3 and 7).

complex formation model (see Materials and Methods).

induced by the addition of the peptides. A decreased-RFI

RFIv of symmetrically labeled vesicles (outer and inner
leaflet) is usually attributed to a decreased mobility of the
pyrene-PG lipids within the lipid bilayer (smaller lipid lateral

diffusion coefficient resulting in less excimers formed by
collisions). This corresponds to a rigidification of the lipid

bilayer. All peptides decrease the RMRFIy-ratio signifi-

Within the initial phase of bindingt{,-; = <2-5 s) there

is no peptide-induced leakage. In the following second phase
of binding ¢12-2, See Table 1), the leakage increased up to
~15% for 7 (after 300 s) and up te-30% for 3 (after 120

s). This observation indicates that binding of the peptide
directly induces calcein release from the vesicles. The,RFI
signal reached equilibrium, and calcein is slowly and
continuously released from the vesicles (slow increase of
the leakage kinetic curves).

cantly, suggesting that vesicle-bound peptides reduce the Structural Analysis of Vesicle-Bound AArg)s-NH, with

lateral diffusion of the lipids in the membrane (Figure 5).
Mean values foA(RFIg/RFly) observed after the saturation
response are given in Table 3. TNERFIe/RFly)-values vary
between—12 + 2% for H-(BArg)s-OH (4) and—35+ 1.5%
for polyarginine 8). The octaarginineg, 5, and7 induce a

CD SpectroscopySince peptide/ promoted the strongest
leakage of all tested hexa- and octaarginines, possible
conformational changes of the peptide upon binding to the
vesicles were studied by CD. HArg)s-NH, (7) adopts a
helical secondary structure, an (Myshelix, in methanol
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Ficure 5: Effect of the peptide concentration on the excimer-to-
monomer ratio RR/RFIy of pyrene fluorescence in pyrene-PG.
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Table 3: Influence of the Vesicle Binding of the Different
Oligoarginines on the Bilayer Fluidity and Permeability: LUVs,
POPC/POPG (3:7, molar ratio), 5 mM HEPES, 0.1 mM EDTA, and
150 mM NaCl, pH 7.4, 25C

A(RFIlg /RFly) leakage
compound (%0)2 (%0)°

polyarginine 8) —35+15 60.0
H-(BArg)e-NH; (7) —25+15 26.6+ 5.1
H-(BArg)s-OH (5) —-23+3 13.3+ 2.6
H-(Arg)s-OH (2) —20+1 17.3+ 1.6
H-(BArg)s-NH: (6) —-18+15 3.0
H-(BArg)s-OH (4) —-1242 0
H-(Arg)e-OH (1) -16+2 0.3

aMean relative decrease of the RIRFIy-ratio at saturation.
b Calcein release determined for peptide concentrations at saturation
(2—5 uM).
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FiIGURe 6: Calcein release from 100 nm POPC/POPG (3:7, molar
ratio) LUVs as a function of the peptide concentratioa, (
polyarginine 8); O, H-(BArg)g-NH, (7); B, H-(3Arg)s-OH (5); v,
H-(Arg)s-OH (2); ®, H-(BArg)e-NH (6); O, H-(BArg)e-OH (4);

v, H-(Arg)s-OH (1)). The presented leakage values were obtained
after 1200 s incubation with the peptides. The total lipid concentra-
tion was 10uM in 5 mM HEPES, 0.1 mM EDTA, and 150 mM
NaCl, pH 7.4.

le ~m]+

|

8). Higher [L}o/[Plworratios could not be analyzed, as the
vesicle suspensions became too turbid.

DISCUSSION

In the present study, we have investigated the interaction
of a- andf-oligoarginine acids and amides and of polyargi-
nine (Scheme 11—7), with anionic lipid vesicles composed
of POPC and POPG at pH 7.4. The goal was to compare
the thermodynamic and kinetic parameters for the interaction
of these cationic peptides with negatively charged membrane

The peptides were added to 100 nm POPC/POPG (3:7, molar ratio)pjlayers. At present, we are not aware of any reports that

LUVs. (A) Polyarginine B8); (B) hexaargininesl, H-(5Arg)s-NH,
(6); A, H-(3Arg)e-OH (4); O, H-(Arg)s-OH (4)); (C) octaarginines
@, H-(BArg)e-NH; (7); A, H-(BArg)e-OH (5); O, H-(Arg)e-OH (2)).
The total lipid concentration was 1M in 5 mM HEPES, 0.1
mM EDTA, and 150 mM NaCl, pH 7.4. Each data point corre-
sponds to three to five independent measurements witk D4
for polyarginine3, SD < 0.04 for the octaarginine2(5, 7), and
with SD < 0.02 for the hexaarginined,(4, 6).

(44, 45). A negative Cotton effect near 215 nm and a
0-passage at207 nm in the CD-spectrum are characteristic
of this kind of helical structure (Figure 8). The CD-spectra
give no indication that HAArg)s-NH, (7) adopts a helical
conformation in buffer, or in the presence of anionic vesicles
(POPC/POPG= 3:7, molar ratio). The tested molar lipid-
to-peptide ratios ([L}/[Plwy) were 2.5/1 and 10/1 (Figure

compare such oligoarginines with respect to vesicle binding.
In addition, the unusual properties@foligoarginines, such
as their stability against peptidases, their outstanding meta-
bolic stability, and lack of antibiotic activity, make them of
interest with respect to vesicle binding and permeatid-(
48). With respect to the biological activity of oligoarginines
as CPPs, the formation of complexes between the positively
charged guanidinium groups and negatively charged groups
on the cell surface, such as membrane PG-lipids and heparan
sulfate proteoglycan28), is most likely an important initial
step for transport across the hydrophobic barrier of a lipid
bilayer.

Binding and Leakage KineticBinding kinetics of all
oligoarginines are biphasic (Figures-3, Table 1). The
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Ficure 7: Comparison of the calcein release kinetics from 100 nm POPC/POPG (3:7, molar ratio) LUVs with the corresponding peptide
binding kinetics. (A) Calcein release kinetics after addition of Q:M2 polyarginine @) and (B) the corresponding binding kinetics. (C)
Calcein release kinetics after addition ofiMl H-(5Arg)s-NH, (7) and (D) the corresponding binding kinetics. The total lipid concentration
was 10uM in 5 mM HEPES, 0.1 mM EDTA, and 150 mM NaCl, pH 7.4. The two insets in panels A and C represent zoom-ins.

250001 a this time period, the bilayer structure remains mostly intact.
Within the second binding phase @0—300 s), the peptides
g 20000+ attach more strongly, the bilayer becomes rigidified (see
° b Figure 5), and calcein is released. Sigmoidal leakage time
~g 15000 courses were also observed by Matile and co-worké®s (
> c when studying the interaction of polyarginine (molecular
S 10000 weight 14 000, degree of polymerization 72) with egg yolk
= 5000 d POPC/egg yolk POPG (1/1) LUV49). On the other hand,
2 Y in a study of the membrane destabilizing properties of
odl..” "y AR i g G arginine-rich CPPs with DOPC/DOPG (60:40) vesicles,
Thoren et al. §0) did not find significant leakage, although
~5000 membrane aggregation and fusion was induced by the tested

195 210 225 240 255 270 285 300

peptides. These contradicting results lead to the conclusion
Wavelength (nm)

) that the chemical nature of the lipid and/or the mole fraction
Ficure 8: Normalized CD spectra of H3Arg)s-NH, (7). (a) 80

uM in methanol: (b) 80«M in buffer (5 mM HEPES, 0.1 mM of anionic lipid determine thg extent of leakage of aqueous
EDTA, and 150 mM NaCl, pH 7.4); (c) 80M in the presence of  content from dye-loaded vesicles. To further test this point,
POPC/POPG (3:7, molar ratio) LUVs (2@ total lipid concen- we investigated the interaction of oligoarginines with POPC/
tration) in buffer; and (d) 5@M in the presence of POPC/POPG  POPG (molar ratie= 7:3) lipid bilayers that are considerably
(3:7, molar ratio) LUVs (S0@M total lipid concentration) in buffer.  |ess negatively charged than the vesicles composed of POPC/
Evgﬁgr:gtme mean residue ellipticitP]ur as a function of the POPG at a molar ratio of 3:7. We found that cationic
polyarginine3 and peptid& bind to the vesicles and induce
second binding step is 1 order of magnitude slower with vesicle aggregation with no measurable release of calcein
respect to the first and is therefore rate-limiting. The (data not shown). This finding suggests that a certain amount
corresponding leakage kinetics (especially for polyarginine of negative charge on the vesicle surface is necessary to
3 and peptide’) show sigmoidal initial time courses (Figure promote calcein-release from lipid-bilayers with associated
7). During the first binding phase, no calcein is released from oligoarginines. Interestingly, the two oligoarginine amides
the vesicles, whereas during the second binding phase6 and7 havet;,.-values that are-23 times larger than the
calcein begins to leak out. This behavior suggests that theti»-, of the corresponding oligoarginine acidnd>5. This
interaction of the cationic peptides with the anionic POPC/ finding leads us to conclude that the terminal amide group
POPG (3:7, molar ratio) vesicles must reach a certain strengthincreases the interaction of the cationic peptides with the
in order to disrupt the bilayer structure. From a mechanistic anionic vesicles. In comparison, the half-time of polyargi-
point of view, this indicates that during the first5—10 s nine 3 (ti-2 = 21 £+ 3 s) is rather short. This low value
the peptides bind loosely to the anionic lipid bilayer. During may have its origin in the higher number of positive charges
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(Zf ~ 56) _posse_ss_ed by pOIyarginim\’ith respect to the Table 4: Nonelectrostatic and Electrostatic Contributions of the
shorter oligoargininesg(= 7—9). This may lead to a faster  pifferent Oligoarginines to the Total Free Energy of Binding onto
overall association process. Biphasic time courses were als®OPC/POPG (3:7, molar ratio) LUVs in 5 mM HEPES, 0.1 mM

reported for the interaction of cationic annexins with anionic EDTA, and 150 mM NaCl, pH 7.4, 25C

POPC/ POPG vesicles and for the anionic assembly factor Kappo AGqy Aol ;
P17 (net charge of-7 at pH 7.2) with cationic vesicles compound (M7)*  (kcalmol)> (kcal mol™)¢ %-AGei
composed of phosphatidylcholine, phosphatidylethanol- polyarginine 8)  6.1x 10° —3.38 —7.88 30
amine, and sphingosine lipid§k, 52). In both cases, the :'(ﬂArg)s-NHz (7) 8.9x10 —2.86 —6.75 30
. L -(BArg)g-OH (5) 8.3 x 10* 2.49 6.71 27
bilayer association was completed after250—500 s. H-(Arg)s-OH (2) 89x 10*  —2.73 —6.75 29
In general, it is suggested that the binding of charged H-(8Arg)s-NH2 (6) 1.0 x 12 —2.66 —6.82 28
i i i i _H-(BArg)s-OH (4) 1.0x1 -2.28 -6.85 25
proteins to oppositely charged vesicle membranes is com H-(Arg)g—GOH M) 9.4x 10t eyt e 7m P

posed of at least two stepS§3). The initial binding step is g :
mainly driven by electrostatic interactions that result in an  ° Calculated according &, = Kappz = Xy/[P]. [P] is the bulk

P . - i 4im < €quilibrium concentratiorKagpowas calculated at saturation, where the
overall charge neutralization at the contact side. This binding oncentration directly above the bilayer surface is approximately equal

step takes place near the imerface and leads to a thinning Ofo the bulk equilibrium concentration [P]The electrostatic free energy
the membrane (ShaMatsuzaki-Huang model) %4). The of the peptide bindingXGe)) was calculated according teRTIN(Kappd

second step may also involve hydrophobic interactions and/Kapd. © The nonelectrostatic contributiom\Gnone) can be obtained
or hydrogen bonding, including a significant disruption of according to-RTIn Kappa ¢ %-AGe = (AGe/(AGei + AGnone)) x 100.
the membrane. According to this premise, the first peptide
binding phase reported herein most likely corresponds to of H-(Arg)e-OH onto POPC/POPG (7:3) vesicles and for
electrostatic attraction that neutralizes the peptide charge neaother CPPsZ3, 42, 57). It is argued that this phenomenon
the interface, whereas the second binding phase also involveseflects the polyelectrolytic behavior of such cationic pep-
nonelectrostatic forces, which cause leakage of the bilayer.tides. In buffer, such components will attract counterions that
To further explore this possibility, we analyzed in more detail will not be fully released when peptideresicle association
the energetic contributions of the binding event to the total occurs. Accordingly, we find for all oligoarginines that
free energy of binding. < z (Table 2). Interestingly, the difference betwegrand
Thermodynamic Analysidnitial analysis revealed the z is larger for the investigatefl-oligoarginine acid<} and
binding constanti{spp) of polyarginine3 to be approximately 5 (z/z = 0.45) than fora-oligoarginine acid4 and2 (zy/z
1 order of magnitude larger than tKg,,rvalues calculated = 0.78). This finding suggests that eithg@mligoarginines
for the oligoarginines, corresponding to a difference in the more strongly attract counterions from the aqueous surround-
free energy of binding of~ —1.7 to —2.1 kcal/mol (Table ing and/or a-oligoarginines better expose their positive
2). CalculatedK,pp1 values for the hexa- and octaarginines charges to the vesicles. This would also explain the higher
were shown to be of the same order of magnitug® (x number of bound lipids per peptide observed towoli-
10°to 100 M), indicating similar binding strengths for the goarginines (see Table 2).
anionic vesicles. A related study has recently been performed Strong differences concerning time and z,-values were
for the association of H-(ArgDH with anionic POPC/POPG  also observed betweefioligoarginine acids and amides
(7:3, molar ratio) vesicles; a binding constant of &21.0* (Table 2). Thes-oligoarginine amide§ and7 possess larger
M~! was reported33). This is approximately 2 orders of n- andz;-values than the corresponding acidsind5. This
magnitude lower than the binding constants reported hereinobservation indicates that the terminal amide group interacts
for the association onto POPC/POPG (3:7, molar ratio) with the membrane surface and/or that the acid group reduces
vesicles with the opposite lipid ratio. Similar observations the number of bound lipids due to charge repulsion with
have been made for the binding of heptalysine onto POPC/phosphate-anions of POPG. In terms of the hydrogen-
POPS vesicles. A reduction of POPS from 17% to 4% molar bonding properties of amides, the additional interaction by
reduced the molar partitioning coefficient by a factor of the amide group may involve hydrogen bonding near the
~1000 65). interface at the membrane hydration layer.
The stronger peptide-vesicle interaction of polyarginine  To distinguish electrostatic from nonelectrostatic energetic
(3) is also reflected in a higher number of bound POPG lipids contributions to the total free energy of bindiny@°), we
per peptider) and in a higher effective peptide charge value calculatedK,pp, at the saturation response for all peptides
(z) sensed at the membrane surface. This is reasonable, sincéTable 4). The determineldap,zvalues (8.3x 10*to 6.1 x
this polyarginine possesses-¥0 times the number of 10° M~1) are about 2 orders of magnitude smaller than the
guanidinium groups per peptide chain as compared to theKapprvalues, the binding constants describing the association
oligoarginines1, 2, and 4—7. However, the determined onto peptide-free vesicles. Assuming that the surface poten-
n-value of polyarginine 3) is rather low (¢25). As3 has a tial is reduced to zero when reaching saturation response,
formal charge %) of ~ +56, this indicates that only about  Kagp2 represents the binding constant onto a neutral vesicle
45% of this charge is electrically neutralized with= 25. and hence thaonelectrostatienergetic contributionAGnonel
A similar phenomenon was observed by Hartmann and Galla= —RTIn Kapp2 The electrostaticcontribution to the free
(56) for polylysine. Their investigation showed that only energy of binding can therefore be estimated by the following
every second lysine-residue was bound to a lipid. The equation: AGe = —RTIN(Kapp?Kappd (38). Data for the
calculatedz, of 3 for complete charge neutralization at energetic contributions are given in Table 4. Analysis reveals
saturation is even lowerz{ = 14—18, Table 2). Lower that only about 2530% of the total free energy of binding
effective peptide chargez{) with respect to the formal has electrostatic origin. A similar value has also recently been
charge %) has also recently been observed for the binding reported for H-(Argg-OH binding onto POPC/POPG vesicles
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(23). The authors calculated a %G, of 33% for a peptide 100 nm become permeable. For polyarginine, efficient
concentration of kM. In contrast, studies investigating the leakage £60%, Figures 6 and 7) is already observed at a
binding of cell-penetrating peptide H-(Arg)p-OH onto [L] o/ [Piot-ratio of ~100 and matches the [LJ[P]irratios
DOPC/DOPG vesicles reported electrostatic contributions of of known pore-forming peptide$®). Also, the octaarginine
more than 50%X57). Strong nonelectrostatic contributions amide7 induces significant leakage 0f20% at a [L]o/
can be explained by the hydrogen-bonding properties of the[P],r-ratio of 10. As mentioned previously, the interaction
bivalent guanidinium group of arginine that allows strong of oligoarginines with cell surface GAGs such as heparan
interaction with the membrane hydration layer, which extends sulfate is most likely necessary in order to observe efficient
1-3 nm into the aqueous phas23]. On the other hand, internalization. A possible explanation is the very high
high nonelectrostatic contributions are also indicative of a affinity that oligoarginines, such as H-(AgPH, show
transfer from the aqueous phase into the less polar environ-toward heparan sulfate. In recent studies, association con-

ment of the lipid bilayer %8). stants in the range of10° M~ were determined for the
Analysis of Vesicle Bilayer Destabilizatiomhe investi- binding to heparin and heparan sulfate. This is in agreement

gated oligoarginines decrease the BRFly-ratio of pyrene with the binding constants obtained in this study for the

fluorescence in pyrene-PG in the following orded:(~56 binding of oligoarginines onto strongly negatively charged

Arg residues)> 2, 5, 7 (eight Arg residuesy 1, 4, 6 (six vesicles (POPC/POPG 3:7, molar ratio). Such strong
Arg residues). Since the vesicles are labeled symmetrically, binding may lead to significant membrane disruption allow-

it is unlikely that the signal change arises from a flip-flop ing arginine-rich CPPs to cross the vesicle bilayer in a
mechanism of the POPG lipids. It is more likely that the nonendocytotic manner. Also, the escape from endocytotic
adsorbed peptides decrease the lateral mobility of the vesicles requires the membrane bilayer to become permeable,
phospholipids. Such observations have also been reportedhereby permitting the CPP to enter into the cytoplasm of
for other basic peptides and proteins such as polylysine,the cell @, 24).

cytochromebs, histones, and H-(Lys3OH (27, 55, 59). Although it was not the focus of the present work, the
Domain formation of negatively charged POPG lipids would  thermodynamics of binding of the amino cationic polylysine
require an increased R#ARFly-ratio, a phenomenon thatwas  to anionic POPC/POPG vesicles (7:3, molar ratio) containing
not observed in the present Study. The membrane rlgldlfl- pyrene_PG was Compared with the b|nd|ng of the guani_
cation is directly correlated to the determined Ieakage (Table dinium cationic po|yarginin6 (see Supporting |nformati0n)_
3): 3>7>2=z=5>1 4 6. None of the hexaarginines  Although both polypeptides had a similar degree of polym-
induce significant calcein release, although th&iysvalues  erization,3 led to a stronger increase of the monomer pyrene
are of the same order of magnitude as those of the fluorescence ARFIM) than po]y]ysine (see Figure S-2,
octaarginines. It is likely that the somewhat stronger mem- Sypporting Information). Furthermore, a preliminary analysis
brane rigidification induced by the octaarginines is necessarywith the complex formation model showed thag; is about

to induce leakage of the anionic vesicles, possibly by three times larger thalapp for polylysine, and3 binds to

promoting a positive curvatur@(@). Interestingly, the calcein  twice as many POPG molecules than polylysine.
release data obtained f6rand7 correlate well with the cell-

uptake efficiency determined for corresponding fluorescein- CONCLUSIONS
labeled derivatives1{): increased calcein release corre-
sponds to a more efficient cell uptake. Also of importance ~We have shown, for a range of-and $-oligoarginines
is that 8-peptide 7, which possesses a C-terminal amide (see Scheme 1) with C-terminal amide and acid end-groups,
group, induces approximately twice as much calcein releaseclear differences in their interaction with anionic lipid
as p-peptide 5 with C-terminal acid group. This finding  Vvesicles (POPC/POP& 3:7, molar ratio): (i) polyarginine
suggests that the ability of the amide-form of fweeptide (3) binds with an association constant approximately 1 order
7 to interact with more POPG lipids than the acid fofm  of magnitude higher than those of the shorter oligoarginines
(see Table 2) leads to a stronger membrane disruption, andl, 2, and4—7, and polyarginineJ), leads to the strongest
therefore, more calcein is released from the vesicles. bilayer rigidification and induces the largest membrane
Analysis of Peptide StructurRecent studies have shown disruption (leakage); (i) all octaarginines (pepti@$, and
that cationig3-peptides containing cyclic amino acid residues 7) induce significant vesicle leakage (330%), whereas
are potent bilayer-disrupting agents and that 14-helix forma- hexaarginines (peptidds 4, and6) do not; (iii) s-oligoargi-
tion in the presence of anionic vesicles is necessary for Nine amides (peptidedand?) interact with more lipids and
bilayer disruption 1). However, our CD analysis of induce a stronger bilayer disruption than the corresponding
oligoarginine 7 (H-BArg)s-NH,) in the presence of anionic ~ acids (peptidest and 5); and (iv) a-oligoarginine acids
POPC/POPG vesicles shows that the formation of a 14-helix (Peptidesl and 2) interact with more lipids and expose a
conformation is not required for membrane permeabilization higher effective peptide charge to the anionic vesicles than
(Figure 8). Similar observations have recently been reportedthe corresponding-oligoarginine acids (peptidesand5).

for the cell-penetratingt-peptide H-(Arg)Trp-OH, which We calculate that for all oligoarginines significantly less
was also shown not to adopt an ordered structure in thethan 50% of the total free energy of binding has electrostatic
presence of anionic vesicles for an {l{]P]i.: of 100:1 7). origin. Such observations are supported by the finding that

Another interesting aspect of our investigations relates to the stronger vesicle association of polyarginine with respect
the observedonendocytotiaiptake of oligoarginines into  to the oligoarginines has nonelectrostatic origins. Kinetic
live cells (L5, 20, 21). Our binding studies show that, if the analysis of the binding processes shows biphasic time
interaction is strong enougK{y,= 10°—10° M1, significant courses. We suggest that the first fast processl(s)
membrane rigidification), LUVs with a mean diameter of corresponds to weaker electrostatic attraction, whereas the
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Ficure 9: Proposed mechanism for the binding of oligoarginines
onto anionic POPC/POPG vesicles. |@jial electrostatic interac-
tion that is fast, nonspecific, and relatively weak (& ~ 25—
30% of the total free energy of binding) followed by (b)
nonelectrostatic interactiotthat is rate-limiting and stronger (%-
AGponel ~ 70—75% of the total free energy of binding) and leads
to bilayer rigidification and disruption allowing release of aqueous
content from inside the vesicle (shown as dotted arrows).

second slower binding step (3300 s) involves stronger
nonelectrostatic forces and membrane disruption (for a
schematic presentation of the binding events, see Figure 9).
Such observations are relevant to (i) the general question of
how arginine-rich CPPs may enter the cell via a nonendocy-
totic mechanism and (ii) how arginine-rich CPPs may escape
from endocytotic vesicles into the cytosol.
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