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ABSTRACT. Cell-penetrating peptides (CPPs) comprise a group of arginine-rich oligopeptides that are able
to deliver exogenous cargo into cells. A first step in the internalization of CPPs is their binding to the cell
surface, a reaction likely to involve membrane phospholipids and/or heparan sulfate proteoglycans (HSPGs).
The present work characterizes the interaction §fdRe of the most efficient CPPs, with either heparan
sulfate (HS) or lipid vesicles composed of 1-palmitoyl-2-olesiylglycero-3-phosphatidylcholine (POPC)

and 1-palmitoyl-2-oleoysnglycero-3-phosphatidylglycerol (POPG). Isothermal titration calorimetry shows
that R binds to HS with high affinity. Assuming that HS hasndependent and equivalent binding sites

for Ry, we find an association constant of 3x110° M~1 at 28 °C. At this temperature, the reaction
enthalpy isAHZ,, = — 5.5 kcal/mol and~7 Ry molecules bind per HS chain, which is equivalent to
~0.95 cationic/anionic charge ratiaHy, decreases in magnitude upon an increase in temperature, and
the reaction becomes entropy-driven at higher temperatet®8 {C). The positive heat-capacity change
entailed by this reactiorAC} = +167 cal mot! K1) indicates the loss of polar residues ogTRIS
binding, suggesting that hydrophobic forces play no major role on binding. Calorimetric analysis of the
interaction of B with POPC/POPG (75:25) vesicles reveals an association constant ef BX2M 1 at

28°C. Using a surface partition equilibrium model to correct for electrostatic effects, we find an intrinsic
partition constant of~900 M1, a value that is also confirmed by electrophoretic mobility measurements.
This corresponds to an electrostatic contribution-@83% to the total free energy of binding. Deuterium
nuclear magnetic resonance (NMR) shows no change in the headgroup conformation of POPC and POPG,
suggesting that binding takes place at some distance from the plane of the polar R 0MR indicates

that the lipid bilayer remains intact upory Binding. The fact that Rbinds with greater affinity to HS

than to anionic lipid vesicles makes the former molecule a more likely target in binding this CPP to the
cell surface.

New therapeutic approaches such as gene- or protein-basetdydrophilic macromoleculegl{-8). Two of the best studied
therapies rely on the efficient uptake of exogenous macro- CPPs include the peptide derived from the transcriptional
molecules by living cells. Because of their size and hydro- activator of the HIV-1 virus, commonly referred to as Tat
philicity, most macromolecules of therapeutic interest are peptide, and theDrosophila Antennapedia homeodomain
unable to cross biological membranes by passive diffusion. peptide, known as penetratin. Both peptides represent the
As a consequence, the success of such therapies depends, transduction domain of the proteins from which they derive
a great extent, on the development of efficient macromo- (9, 10). The high arginine content of these peptides appears
lecular delivery systems. to be related with their membrane translocation properties,

Cell-penetrating peptides (CPPs),group of oligopeptides  because deletion (or replacement by alanine) of a single

capable of introducing proteins and peptides into cells, are arginine results in severely reduced internalizati®ni().
a promising class of molecular transporters (for recent This is further supported by the enhanced uptake of arginine
reviews, see ref$—3). Their transport properties have been homopolymers, whose levels of translocation are increased
demonstrated botln witro and in vivo for a variety of several fold over those of Tat when the oligoarginine contains
6—12 arginines 12, 13). Medium-length polymers of argi-
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sulfate; HSPG, heparan sulfate proteoglycan; POPC, 1-palmitoyl-2- .
oleoyl-snglycero-3-phosphatidylcholine; POPG, 1-palmitoyl-2-oleoyl- Despite the general acceptance of CPPs as macromolecular

snglycero-3-phosphatidylglycerol; NMR, nuclear magnetic resonance. transporters, their mechanism of internalization remains
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poorly understood. Earlier work reports an energy-indepen- phosphatidylglycerol (POPG)]. In both cases, the association
dent, nonendocytic pathway of cellular uptake, suggesting reaction is also followed with static light-scattering measure-
that these peptides are able to translocate across the celinents. In addition, the structure of the lipid bilayer in the
membrane passively, driven by their concentration gradient presence of Rwas studied with phosphorus-31 nuclear
(9, 10, 16). Such observations have, however, been ques-magnetic resonance (NMR) spectroscopy, combined with
tioned by recent work showing that cell fixation, a typical deuterium NMR of selectively deuterated lipids.

procedure used in the previous studies, causes relocation of

the peptides to the cytoplasm and nucleus and results inMATERIALS AND METHODS

apparent cell-membrane translocatidi7,(18). Since then, . . . .
a number of other studies have reexamined the internalization, Ma;erlals. HS, fraction 1, sodium sal'g [from porcine
mechanism of CPPs using living cells, demonstrating that mtgstlnal mucosa, averagoe molecular weight (MW), 14 200
endocytosis is definitively one of the pathways of cellular Da; S””“F content, 6'4.4 %] was purqhased_ from Celsus
uptake (9—23). On the other hand, it is also becoming Laboratones (Cincinnati, OH). Th.e ohgoargmm_eg was .
clearer that the internalization mechanism may depend Onprepared using standard Fmoc-solid-phase peptide synthesis

the chemical nature of the peptide and that some of these(37)' POPC and POPG were obtained from Avanti Polar

CPPs may use more than a single mechanism of internalizaL1P1dS Inc. (Alabaster, AL). For solid-state NMR measure-

tion. In a study using analogues of several well-known CPPs, me”ts- the lipids were deuterqted at the headgroup moiety
Thoren et al. é/4) shgw that,gwhile the Tat analogue is taken (|.e:, at thea. carbon of thg choline (POPC) and.the glycerol
up by living cells mainly via endocytosis, the oligoarginine resuldl::e (FOPG)' res;pect:jvel)_/r)._AltI) oftfher igemlggls Vll’/le;e. of
analogue appears to use an alternative pathway, because i na:jy Ica orﬂ:elagen gr?h €. ”Sd lljogr (M l\cl)rCI :n H 7”31
uptake is observed at€ and in the presence of metabolic ydroxymethyl)aminoethane an m aCl at pH 7.4)

inhibitors, two conditions that are known to abolish endocy- V&5 prepared from 18 8 water obtained from a NANOpure
tosis. A filtration system.

The efficient internalization of retroinverso peptides and ~ Preparation of Lipid VesiclesPOPC was dried from a
peptoids shows that the cellular uptake of CPPs is not stock solut|on_|n chloroform unde_ragentle stream of nitrogen
mediated by a chiral receptat, 12, 25, 26). When this is followeq by high vacuum o_vernlght_. The amount of POPC
combined with the ability of CPPs to translocate into a large Was weighed and mixed with a defined volume of a POPG
variety of cell types, it suggests that an ubiquitous, nonspe- sto_ck solution in chloroform to yield a POPC/P_OPG molar
cific molecular target mediates the binding of these molecules fatio of 75:25. The solvent was removed in a rotary
to the cell surface. Heparan sulfate proteoglycans (HSPGs),evaporator, and the thin lipid film was exposed to high
a group of sulfated polysaccharides anchored to cell-surfacev@cuum overnight and weighed again. The lipids were
polypeptides, are potential receptors for CPPs. Present at thé€Suspended in buffer (50 mM Tris and 100 mM NaCl at
surface of most eukaryotic cells and in the extracellular PH 7-4) with gentle vortex mixing leading to multilamellar
matrix, these polyanionic molecules mediate the interaction Vesicles (MLVs) with a final lipid concentration of 2(80
of many pathogens with their host cel&7-29). They have ~ MM. Small unilamellar vesicles (SUVs) were produced by
been implicated in the internalization of several CPPs, Sonication of the lipid suspension using a fitanium-tip
including the full Tat proteing0, 31) and the oligoarginine ~ Ultrasonicator (Branson Sonifier, Danbury, CT) under a
Re (22), although there is also evidence showing that their Nitrogen atmosphere (at°€), until an almost clear solution
presence is not required for the uptake of the Tat peptide Was obtained (2630 min). Titanium debris from the
(32, 33). Another possible target for CPPs are the lipids found Sonicator tip was removed by sedimentation in an Eppendorf
in the cell plasma membrane. Anionic phospholipids have 2415 C benchtop centrifuge (Vaudaux-Eppendorf AG,
been suggested to form a complex with penetratin leading Schonenbuch, Switzerland) at 16@0€r 5 min. Large
to its import via the formation of inverted micelle® 34). unilamellar vesicles (LUVs) were prepared by extrusion of
In addition to their potential involvement in binding CPPs MLV suspensions using a hand extruder (Avanti). After five
to the cell surface, anionic phospholipids may also be consecutive freezethaw cycles, MLVs were extruded 11
involved in the escape of the peptide and its cargo from times t_hrough two stacked polycarbonatt_e membranes with
endosomal compartments. These lipids have been shown td?0re diameters of 100 nm (Whatman, Clifton, NJ).
mediate DNA release from cationic lipidNA complexes Right-Angle Light Scatteringstatic light-scattering mea-
at the endosome leveB%), thereby avoiding enzymatic —surements were performed in a Jasco FP 777 spectrofluo-
degradation of DNA in lysosomes. In a similar manner, they rimeter (Japan-Spectroscopic, Tokyo, Japan). Typically, a
could mediate the release of the CPP cargo before reaching?-8 mL solution of B was titrated with HS or anionic lipid
lysosomal compartments and explain the well-documentedVvesicles, at 1 min intervals, under constant stirring. In the
biological effects of CPPs. In another model, the formation HS measurements, a 2 Ry solution was titrated with 5
of a transient transmembrane pore-like structure has beenuL aliquots of 500uM HS. For the lipid titrations, 1Q«L
proposed for the cell-penetrating peptide Pep-1 (36). aliquots of POPC/POPG (75:25) sonicated vesicles (26 mM

In the present study, we use isothermal titration calorimetry total lipid) were injected into R(8 uM). In both cases, the
(ITC) to characterize the thermodynamic equilibrium be- scattering intensity at 365 nm (with the excitation wavelength
tween the oligoarginine §kthe most efficient CPP presently ~ set to 350 nm) was measured and recorded as a function of
known, and the two classes of molecular targets mentionedtime. The temperature was set to the values indicated in the
above, namely, heparan sulfate (HS) and membrane phoscaptions of the figures.
pholipids [1-palmitoyl-2-oleoykn-glycero-3-phosphatidyl- ITC. All measurements were made with a MicroCal VP-
choline (POPC) and 1-palmitoyl-2-oleogh+glycero-3- ITC calorimeter (MicroCal, Northampton, MA). To avoid
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air bubbles, all solutions were degassed under vacuum prior Time, min

to use. Lipid titrations were performed by injecting 4D 0 50 100 150
aliquots of POPC/POPG (75:25) sonicated vesicles (18.2 mM : : : :
total lipid) into the calorimeter cell\(iey = 1.4037 mL) 0.0 me

containing R (40—60 «M), at constant time intervals of 5 ° 01 (

min. For the HS titrations, the fkconcentration in the T

calorimeter cell was typically 9aM and 5uL aliquots of ; 02

200 uM HS were injected every 6 min. To minimize the 2 43

error associated with diffusion from the syringe during =

baseline equilibration, the first injection was set to 215 T 04

and the associated heat was not included in the data analysis. 05 A
A control titration, in which lipid vesicles or HS were titrated o

into pure buffer, was used to correct for the heat of dilution.
Raw data were processed using Origin graphing software
provided with the instrument. The temperature was set as
indicated in the captions of the figures. At all temperatures,
the binding of R to lipids and HS is reflected in a strong
exothermic reaction. Near the end point of the titration
(approximate charge neutralization of)Ran additional small
endothermic peak is observed, which is less than 10% of
the exothermic reaction. At low temperatures or high salt

Integrated Heat, pcal
o

B
01 23 456 7 8 9 101112

concentrations$200 mM NaCl), no such effect is seen. We Molar Ratio, POPG, /R,
attribute this additional reaction to the formation of larger Ficure 1: Titration of anionic lipid vesicles into & (A) Calori-
aggregates3g). metric trace obtained at Z& by titration of POPC/POPG (75:25)

. sonicated vesicles (18.2 mM total lipid) into a solution af (R0
NMR SpectroscopyAll spectra were acquired at a ,\y Each peak corresponds to the injection (at 5 min intervals)

magnetic field strength of 9.4 T. For tA NMR measure-  of 10 uL of lipid vesicles into the calorimeter ceN/ = 1.4037

ments, a quadrupole echo sequence was employed using &L), except for the first peak where only 2.8 was injected. (B)

recycle delay of 250 ms$!P NMR spectra were recorded Heats of reaction (integrated from the calorimetric trace) plotted
as a function of the POPG{Rnolar ratio. Only the POPG in the

using a Hahn echo sequence with broadband proton decoupbuter monolayer of the lipid vesicles (67% 3.08 mM) is

ling (WALTZ-16) and a recycle delay of 6 s. The chemical- considered to be available for binding. The solid line is the best fit
shielding anisotropyAo, was measured as full width at 10%  to the experimental data#) using the complex formation model,
maximum intensity. Multilamellar lipid samples were pre- and the dashed line corresponds to the surface partition equilibrium
pared using typically 25 mg of total lipids and 10050 L model (cf. Table 1 for parameters). Buffer, 50 mM Tris and 100

of deuterium-depleted water. The peptide was added beforem'vI NaCl at pH 7.4.

vortexing the “P'd fllm: . . . shown in Figure 1A and are corrected for the heats of dilution
Electrophoretic Mobility The electrophoretic mobilityy, of the lipid vesicles € —1.3 ucal) obtained in a separate
of POPC/POPG (75:25) MLVs was measured in a Rank jisid-into-buffer titration (not shown).
Brothers Mark Il instrument (Bottisham, Cambridge, U.K.),
in the presence of various concentrations gf Rhe lipid
vesicles (1.25 mM total lipid) were inserted into the
cylindrical cell Veey = 4 mL), and 10ulL aliquots of a R
lution (188.84M) wer regular time intervals. . L X
?’?1: E%Ot(erﬁilla\lfvas) caelzcﬁla?ti((jjef?oﬁu;g; 'iletHeelmhtgltza > _relatlvgly constant h_eat of bmdmg(—lSycal) IS observed
Smoluchowski equatior8@). Samples were prepared in Tris in the first few injections, which, when normalized per mole

buffer (10 mM Tris and 100 mM NaCl at pH 7.4), and all Zbeooulndtlri]pid, is eqtjal to the :ipit?] mglglggnci"tﬁ enthfalpy, .
measurements were done at room temperaturé @33 iip- N e present case, only the P al In€ surtace o
the sonicated vesicles is assumed to bind d§:Rle infra)

RESULTS and aAHj, = —0.45 kcal/mol is found. As the titration
proceeds, the freegRoncentration decreases and the binding
Binding of R to Anionic Lipid Vesicles: Calorimetric  heats decrease in parallel. At the inflection point of the
StudiesThe interaction of Rwith anionic lipid vesicles was titration curve, approximately half of the total lipid and
studied by ITC. After the usual protocol for lipid-into-peptide peptide are in the bound state, and the ratio of the added
titrations @0), a diluted solution of R(60 uM) was filled POPG (outside) to total peptide is therefore a good estimate
into the calorimeter cell\(cey = 1.4037 mL) and small  of the binding stoichiometry. In Figure 1B, the inflection
aliquots (10uL) of a concentrated vesicle suspension (18.2 point occurs at a PORGidRy molar ratio ofn = 5.5.
mM total lipid) were injected at regular time intervals (5 Finally, saturation of Ris eventually achieved, and further
min). Figure 1A shows a representative calorimetric trace injections entail no more heat events besides the heat of
obtained at 28C by titration of R with POPC/POPG (75:  dilution of the lipid vesicles. Under such conditions, the
25) sonicated vesicles. The corresponding titration curve is peptide molar-binding enthalpyAHg,, is easily deter-
shown in Figure 1B, where the reaction heats are plotted asmined from the total heat released in the titration and the
a function of the lipid/peptide molar ratios. The heats of amount of peptide in the calorimeter cell. XH7, = —2.4
reaction were obtained by integration of the titration peaks kcal/mol is determined from Figure 1B. As expected, a

The sigmoidal shape of the titration curve lends itself to
a simple interpretatiordQ, 41). Initially, a large excess of
free Ry is present in the calorimeter cell, and most of the
injected lipid binds to the peptide. As a consequence, a
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Table 1: Thermodynamic Parameters fay Binding to POPC/
POPG (75:25) Sonicated Vesicles at 28

Complex Formation Model

binding

stoichiometry K AH? AG? TA
(n) (MY (kcalfmol)  (kcal/mol) (kcal/g;r?pol)
49+07  (82+06)x10¢ —25+03 —68+01 4.3+0.3
Surface Partition Equilibrium Model
peptide Kp AH? AG;, TA
charge #) (MY (kcalfmol)  (kcal/mol) (kcaﬁﬁ?&)
3.9+ 0.6 900+ 82 —23+03 —65+£01 4.2+0.3

a Data represent the averagestandard deviation of-35 measure-
ments. Buffer, 50 mM Tris and 100 mM NaCl at pH 7.4.

similar value is obtained wheAHg, is multiplied by the

binding stoichiometry AHg., = NAH}, = —2.5 kcal/mol).

Analysis of the Titration Cure with Specific Binding
Models. While simple and straightforward, the previous

Biochemistry, Vol. 44, No. 7, 200822695

model assumes that the peptide (Rytitionsinto the lipid
membrane (M) according to

3)

where [P} is the concentration of boundoR[M]: is the
concentration of total accessible membrane lipid (POPC and
POPG), [P]is the concentration of freegrat thesurfaceof

the membrane, anidp is the chemical partition coefficient.
This model has the advantage that, by replacing thieuik
concentration, [P], by its interfacial concentration, [R{
accounts for the enhanced 8urface concentration induced
by the negative electrostatic potential of the lipid membrane.
Using the Gouy-Chapman theory of the electrical double
layer (for reviews, see ré&f2), it is possible to calculate [P]
for each point of the titration curve and to determine the
partition constantKp, and the effective charge of,Rensed

analysis does not provide a full thermodynamic characteriza- at the membrane surfaca,. Our calculations also include
tion of the binding event. For that reason, the data have to Na* binding and pH changes at the membrane surfagg (
be treated with appropriate binding models. The first model The dashed line in Figure 1B is the best theoretical fit to the

considered here is@mplex formation modgh which each
POPG molecule acts as a ligand (L) and the peptigésR
assumed to haveequivalent and independent binding sites.
This can be described according #2{-44)

L]y nK[L] )
Pl 1+KL]

In eq 1, [L] and L]y, are the concentrations of free and bound
POPG lipid, respectively, [P]s the total concentration of
Re, andK is the microscopic binding constant. Because of
the lack of evidence showing translocation gfdross the
lipid membrane gide infra), only the POPG in the outer
leaflet of the lipid bilayer is considered to be available for

binding. On the basis of simple geometric considerations,

experimental data witAHg., = —2.3 kcal/mol,Kp = 900
M™%, andz = +3.9. The free energy of peptide bindint,
Gpep Can be calculated from the partition coefficiei
according tAAGg,,= —RTIn 55.%p, where the factor 55.5
represents the molar concentration of water and corrects for
the cratic contribution to the binding even#2j. The
thermodynamic analysis is summarized in Table 1. Two
conclusions may be taken from Table 1: (i) the effective
charge of R is lower than the theoretical value ef9; this

is in parallel to the binding stoichiometry given by the
complex formation model, which indicates an average of 4.9
+ 0.7 POPG molecules bound peg, Rihereas the effective
electric charge of Rat the membrane surface found with
the surface partition equilibrium modelizs= +3.9+ 0.6;

and (ii) the partition constantKp, in the electrostatic
attraction/chemical partition model is approximately 2 orders

this is assumed to represent 67% of the total POPG presenbf magnitude smaller than the microscopic binding constant,

in sonicated vesiclesAb). Because of mass conservation,
[L]p = [L] — [L] can be expressed as a function of the total
(accessible) POPG, [l Jand the total Rconcentrations, [P]
(38), which, in turn, may be linked to the calorimetric data
using the following equation:

0Q = AH®, O[L]p;V = ({AH® J/{n}) O[L], vV (2)

lip

wheredQ; is the heat released in injectiond[L]y; is the

change (increase) in the bound POPG concentration upo

injectioni, andV is the volume of the calorimeter ce#§).
The solid line in Figure 1B is the best least-squares fit to

the data using eqs 1 and 2 and the following set of

parameters:n = 5.5,K = 7.5 x 10* M1, and AHRp =

—2.6 kcal/mol. A summary of the thermodynamic parameters

found with this binding model is presented in Table 1.

n

K, in the complex formation model. Because electrostatic

effects were taken into account in the determinatioiKgf

this indicates thaelectrostaticsplay a major role in the

interaction between Kand POPC/POPG (75:25) vesicles.
Electrophoretic Mobility StudieSThe¢ potential, defined

as the electrostatic potential at the hydrodynamic plane of

shear (2 A from the membrane surface), can be calculated

from the measured values of electrophoretic mobilityhy

the Helmholtz-Smoluchowski equation39). Because€ is

related to the surface charge density of the lipid membrane,

it decreases wheng®inds to the membrane and neutralizes

the anionic lipid charges. Such declinefimay be predicted

using the Gouy-Chapman theory and the surface partition

equilibrium model presented above4j. We measured the

¢ potential of POPC/POPG (75:25) MLVs in the presence

of various amounts of  and we obtain a good agreement

between the experimental results and the theoretical predic-

Despite the good agreement between the experiment andion using the parameters derived from the calorimetric

theory, the complex formation model does not take into

studies (results not shown).

consideration the electrostatic effects sensed at the membrane Static Light-Scattering StudiesA turbid solution is
surface. To account for such effects, we have treated theobtained when sonicated POPC/POPG (75:25) vesicles are

data with an alternative binding model, tharface partition
equilibrium modelUsed to describe the binding of a variety
of other charged molecules to lipid membrangs«51), this

mixed with R,. Upon addition of the peptide, the lipid
vesicles aggregate and/or fuse and the increase in turbidity
may be used to follow the association reaction. Figure 2
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FiGure 2: Right-angle static light scattering obtained by titration
of lipid vesicles into B. Each data point corresponds to the injection
of 10 uL of POPC/POPG (75:25) sonicated vesicles (26 mM total
lipid) into a solution of B (8 uM). Only the POPG in the outer
monolayer of the lipid vesicles (67% 4.4 mM) is assumed to be
available for binding. The open symbols represent a control titration
where the same suspension of sonicated vesicles is injected into
pure buffer (10 mM Tris and 100 mM NaCl at pH 7.4). The —
injections were done at 1 min intervals, at room temperature, under 10 0 10 kHz
constant stirring. Quadrupole splitting

shows scattering intensity data when small aliquots of lipid C

vesicles (26 mM total lipid) are titrated into a8V Re

solution @) or into pure buffer ). As in the studies

described above, the POPG/Rolar ratios were calculated

assuming that only the POPG at the outside of the vesicles

binds to the peptide. The scattering intensity of the R

solution increases almost linearly upon addition of sonicated

vesicles, reaching a maximum value at a PQR&Ry molar T 0 10 Kz
ratio of 12.3+ 0.7. Interestingly, a decrease in scattering is Quadrupole splitting

observed beyond this point, indicating that some of the larger . .
: . Ficure 3: Solid-state NMR spectra of multilamellar POPC/POPG
aggregates/complexes are brought back into solution upon(65:35) dispersions in the prezence of Rhe POPG/Rmolar ratio

addition of more lipid. The residual scattering intensity can s 6:1 in all spectra. (AP NMR spectrum. (BJH NMR spectrum
be attributed to the intrinsic scattering of the lipid vesicles, where POPC is selectively deuterated at thesegment of the
because a similar increase is observed when sonicateccholine moiety (POCBCH,N(CHj)s), while POPG remains pro-

i ; i tonated. (C)?H NMR spectrum where POPG is selectively
Ve?'ﬁles ar? tltratﬁdhltnto ptlt'"e. buffep]. tap ~ IR deuterated at the. segment of the glycerol headgroup (POED
e maximum light scattering occurs at a PQR$JR, CHOHCH,OH), while POPC remains protonated (see the text for

molar ratio, which is more than twice as large as the numerical values of quadrupole splittings and chemical-shielding
stoichiometry derived from the complex formation model anisotropies). The exact composition of sample B was 1684l
with n = 5.5. As mentioned above,sRarries 9 positive  0of POPC, 10.24«mol of POPG, 1.7umol of Ry and 100uL of
charges and only about 60% of those are electrically deuterium-depleted 4@, leading toaPQPGIJ—“molar ratio of 6.02. _

: . o The NMR samples were prepared without salt, and electrostatic
neutralized withn = 5.5. A full neutralization on theame

e . ‘ ; attraction is high. Under these conditions, virtually all of the peptide
phospholipid vesicle may not be possible for steric reasons, is bound to the membrane surface and the extent of birding
because the guanidinium side groups of an extended chaim2/n® is 0.55 if n? denotes the total number of bound arginine
alternate in opposite directions. However, intervesicle bridges residues ana denotes the total number of lipid molecules.

may be formed at sufficiently high lipid concentrations,
exg':&?g?utrzeasnzagirég%m?ﬁg?;f] I\?I;{/IPRquttlgfgng|d1§a?e Thellipid—peptide interaction was further s_tgdied with
NMR was used to get further structural information about deuterium NMR and headgroup deuterated lipi@<CD,-

the interaction between qRand anionic lipid membranes POPC (POCBCH;N(CHs)s) or o-CD,POPG (POCR
(Figure 3). NMR spectra were obtained with POPC/POPG CHOHCHOH) were mixed at the above-mentioned ratio
(65:35) suspensions mixed withy Rt a POPG/Rratio of with their nondeuterated counterpart. The deuterium NMR
6:1, which is close to the stoichiometric parameters deducedspectra of the multilamellar liposomes in the presencegof R
above. The phosphorus-31 NMR spectra shown in Figure (POPG/R = 6) are shown for membranes withCD,POPC/
3Ais typical for a lipid bilayer with a separation &c = POPG (POP@-CD,POPG) in Figure 3B (and Figure 3C).
—47.5 ppm between the low- and high-field edges. This The quadrupole splittings, i.e., the separations between the
chem|cal—sh|eld|ng anisotropy is not different from that of a \,qst intense peaks in the powder-type spectra|/rg| =
POPC/POPG (65:35) bilayer in the absence ¢WRh Ao 9.4 and 10.7 kHz fora-CD,POPC anda-CD,POPG,

= —45 ppm at 25°C (59). Despite the strong electrostatic respectively. Surprisingly, these values are virtually identical

interaction between Rand POPG, it is still possible to h b di | ) in the ab f
resolve two separate resonances for POPG and POPC at th{ those observed in control experiments in the absence o

90° edge of the spectrum. peptide 66). The deuterium spectra thus support the above
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Time, min the lipid-into-R titration, nearly constant heats are observed
0 30 60 90 120 150 180 at the beginning of the titration{(—70ucal). They indicate
: : : : . . . an almost complete binding of the injected HS caused by
0.01 ’Tﬂm( the large excess of freg i the calorimeter cell. The molar
o -0.5- heat of reaction isAH}g = —70 kcal/mol. On the other
] 0] hand, at the end of the titration, virtually allyis in the
;f ’ bound state, because the heats measured for the last injections
2 -1.59 are very small and reflect the heat of dilution of HS. Under
T -20. these conditionsAH?, = —9.0 kcal/mol is determined by
£ dividing the total heat released in the titration { 1200ucal)
-2.51 A by the total amount of peptide in the calorimeter cell (133.4
ol . nmol). The ratioAH}J/AH,, = 7.8 yields the number of
G ’ Ry peptides bound to 1 HS molecule.
‘% 204 A long polymer such as HS may be described as a
] macromolecule witin independent and equivalent binding
T -401 sites for a ligand like R Referred to as theomplex
2 formation modein the previous section, this model is again
> -60- > described mathematically by eq 1, where, in the present case,
E ¢ B L represents Rand P represents the HS polymer chain. A
-80

full thermodynamic analysis of the HRg binding equilib-
rium was done using this binding model. The solid line
Molar Ratio, HS/R, shown in Figure 4B is the best least-squares fit to the
FicURe 4: Titration of HS into R. (A) Calorimetric trace obtained ~ experimental data€) using egs 1 and 2 with the following
at 5°C by titration of HS (20QuM) into Ry (95 uM). Each peak set of thermodynamic parametens:= 7.0,K = 3.8 x 10°
corresponds to the injection (every 6 min) ofib of HS into the M-, and AHS,, = —10.3 kcal/mol. As in the previous

calorimeter cell Ycen = 1.4037 mL), except for the first peak, where . P - . .
only 2.5 uL was injected (see the text). (B) Heats of reaction studies, the binding stoichiometny, is defined as the number

(integrated from the calorimetric trace) plotted as a function of the Of ligand molecules bound per macromolecule; it is ap-
HS/R, molar ratio. The solid line is the best fit to the experimental proximately equal to the inverse of the H3/Rolar ratio

data @) using the binding model described by eq 1 with the found at the midpoint of the titration curve-Q.15 in Figure
parameters listed in Table 2. Buffer, 10 mM Tris and 100 mM 4B). The thermodynamic parameters obtained with this
NaCl at pH 7.4. binding model are summarized in Table 2.

The influence of temperature on the HRg interaction
was also investigated (cf. Table 2). The enthalpy of binding,
. ] AHg, is exothermic at all temperatures investigated, but it
It should also be realized that the deuterium NMR spectra gecreases in magnitude with increasing temperature as
are much more sensitive to conformational changes thangyemonstrated in Figure 5A. As a consequence, while driven
phosphorus-31 NMR. Because exactly the same quadrupoleOy enthalpy at low temperatures=28 °C), the reaction
splittings are recorded with and withoute,Rit can be becomes entropy-driven at higher temperatuee37(°C);
concluded that no conformationa_l changes occur in. the _POPCthis is confirmed by the observed increase in entropy with
and POPG headgroups upon binding of Rs detailed i temperature (Table 2). The slope of the straight line shown
the caption to Figure 3, the ratio of bound arginine residues j,, Figure 5A describes the heat capacity chany€s, of
to total lipid molecules is about 0.55; i.e., each second lipid the Hs-R, interaction, which is equal te-167 cal mot?
headgroup should see a cationic arginine. For a large varietyk -1 (with respect to B. As expected for a charge neutral-
of cationic molecules, including amphipathic peptides, quite jzation reaction ACS is large andpositive (58, 59). Inspec-
dramatic changes in the quadrupole splittings of the choline tion of Table 2 further reveals that the binding constant
headgroup were observed, even at much smaller bindinggecreases with temperature, as a consequence of the exo-
ratios. For example, the adsorption of the monovalent cationic thermic character of the HSR, interaction. The solid line
local anesthetic dibucaine to a POPC membrane changes the, Figure 5B describes the predicted temperature dependence
quadrupole splitting linearly fromt6 to —3 kHz as the extent  of the microscopic binding constar, based on the van't
of binding increases from 0 ¥, ~ 0.3 57). The strong  Hoff relation d InK/d T = AHZ/RT? and taking into
binding of R to the lipid membrane without eliciting a  gccount the temperature depengencaﬁgep(pigure 5A).
corresponding response of the choline dipole is not causedyithin the accuracy of the measurements, a good agreement
by a lack of sensitivity in the measurement but reveals a petyween experimental data and theory is obtained.

000 005 010 015 020 025

conclusion that the lipids remain organized in a bilayer
structure.

new type of binding mechanism (cf. below). Smooth titration curves as shown in Figure 4 are obtained
Binding of R to HS: Calorimetric StudiesITC was at low temperatures or at high salt concentrations (e.g., 15
further used to study the interaction betweepaRd HS. °C and 250 mM NaCl). Under some conditions, a small

Figure 4 shows a representative calorimetric trace (Figure endothermic reaction was found to be superimposed, starting
4A) and the corresponding titration curve (Figure 4B) at the end of the exothermic complex formation. It can be
obtained at 5C by titration of R (95uM) with 5 uL aliquots attributed to an aggregation of thg-RHS complex, presum-

of HS (200uM). The integrated heats shown in Figure 4B ably caused by cross linking of HS molecules vigbiRdges.
represent the net heats of each injection obtained afterAggregation is reflected by a turbidity increase in static light
subtracting the heats of HS injected into pure buffer. As in scattering (data not shown) and has been observed before
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Table 2: Thermodynamic Parameters fay Binding to HS

temperature°C) binding stoichiometryr() K(M™ AHg,, (kcal/mol) AGp,, (kcal/mol) TAS. (kcal/mol)
5 744+0.8 (4.1+0.8) x 1¢° —95+13 —-8.4+0.1 -1.1+13
15 7.9+ 0.5 3.1+ 0.2) x 1¢° —6.7+0.4 —-8.6+0.1 1.8+ 0.3
28 6.9+ 0.8 (3.1+0.8) x 1¢¢ —-55+1.2 —8.9+0.2 3.4+0.1
37 10.2+ 0.9 (1.3+0.2) x 1C° —-3.0+£0.3 —-8.7+0.1 5.7+ 0.3
45 8.7+ 0.8 (1.8+£0.1)x 1¢¢ —-29+0.3 —-9.1+0.1 6.2+ 0.3

@ Data represent the averagestandard deviation of-35 measurements. Buffer, 10 mM Tris and 100 mM NaCl at pH 7.4.

o1A
24
g ”
=
°C -84
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Ficure 5: Temperature dependence of (A) the reaction enthalpy,
AHp., and (B) the binding constank, for Ry binding to HS.
Linear regression analysis of the experimental data in A yields
AHp, (kcal/mol) = —9.854+ 0.167T (°C) (—). The solid line in

B is the predicted temperature dependenc& afsing the above
regression formula foAHZ.(T).

only a few reports exist38, 64). This is surprising because
heparin is located mainly in the cell interior, whereas HSPGs
are ubiquitously distributed across the outer surface of cell
membranes. The two species will exhibit different binding
properties because HS has a lower extent of sulfation than
heparin (heparin- 2.7 sulfate groups per disaccharide, and
HS ~ 1.0 sulfate per disaccharidgg5).

The calorimetric data presented here shows thaid® a
strong affinity for HS. A binding constant of 3.4 10° M1
is found at 28°C (Table 2), which is equivalent to a
dissociation constant of 0.8M. Although this value is
slightly higher than théq = 0.1 uM measured by affinity
chromatography for thedR heparin binding equilibrium22),
this difference can be explained by the lower extent of
sulfation of HS when compared to hepartb).

As anticipated from the structure of the reacting molecules,
electrostaticgs a major component of thesRHS interaction.
Binding stoichiometries close to charge neutrality are
obtained when the molargf}S ratios are converted to charge
ratios. Relying on the sulfur content (6.44%) provided by
the manufacturer to estimate the number of sulfates and
considering that one carboxylate group is present per HS
disaccharide 85), we estimate an average of60 anionic
charges per HS molecule. As a consequence, the melar R
HS ratios of 5 and 7 found in the static light scattering (data

for the reaction of the TAT protein transduction domain with not shown) and calorimetric studies (Table 2) correspond to
HS (38). Titration isotherms, which displayed an endothermic electric charge ratios of 0.75 and 1.05, respectively, values
contribution were therefore evaluated up to the midpoint of that are very close to charge neutralization. Also supporting
the exothermic complex formation. This was possible the involvement of electrostatics in the association reaction
because of the large binding constant, producing a sharpis the large and positive change in heat capacity of this
titration midpoint. reaction AC3 = +167 cal mot® K™2) (58, 59).

The HS employed in this study has a MW of 1422
kDa, corresponding to about 3046 4.3 disaccharide units

The present work characterizes the interaction ivith (MW ~ 464). Because each HS molecule binds87Re
HS and lipid vesicles at the thermodynamic and mechanistic peptides, the arginine/disaccharide ratio is in the rage of 1.9
level. The bilayer membrane is composed of POPC and 2.7. If each disaccharide unit carries 1 sulfate and 1 carboxyl,
POPG, two phospholipids commonly found in biological an arginine/HS ratio of 2 would lead exactly to charge
membranes. Both HS and POPG are potential cell-surfaceneutralization. A ratio of 2 has been found in early circular
targets for the cationic fxand investigating the underlying  dichroism (CD) studies for the polylysirgdS system §2).
binding equilibrium is relevant for an overall understanding However, for the polyarginineHS system, the same study
of the internalization mechanism of CPPs. reports a ratio of~1 only. The authors indicate that the

Thermodynamics of &RBinding to HS.In comparing evaluation of the CD spectra was difficult because of turbid

arginine-rich CPPs with their lysine-rich analogues, it was Ssolutions.

concluded that "arginine thus appears crucial for the cell- Electrostatics is not the only force providing stability to
surface binding and internalization of CPPs, and there existsthe R—HS complexes. Considering the well-known ability
a specific interaction between the guanidinium group of of the guanidinium group to form hydrogen bonds with
arginine and a hydrogen-bond acceptor moiety in the plasmasulfate and carboxylate group66], it is very likely that
membrane” 24). This is supported by the rather extensive hydrogen bondings the second major type of interaction
literature, which exists on the interaction of polycationic taking place in the R-HS binding equilibrium. This would
peptides with different types of glycosaminoglycaBé-{ explain the favorableAH?, found at all temperatures
63). However, the available quantitative data are mainly (Table 2), a fact that is not commonly observed in purely
concerned with the interaction with heparin, whereas for HS, electrostatic interactions involving polyelectrolytes. As a

DISCUSSION
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result of an increase in entropy because of counterion releasetion of Ry at the surface of the anionic lipid membrane, and
these are usually accompanied by small and, in manythe partition coefficient is calculated with the enhanced
instances, unfavorable binding enthalpieg?)( We are surface concentration. For POPC/POPG (75:25) membranes
presently studying the salt dependence of the-IRS at 28°C, the partition coefficient was found to lke= 900
association constant to discriminate the electrostatic from theM 2.

nonelectrostatic component of this reaction. Related studies have been performed for shorter polyargin-
In a related study, synthetic peptides having the generalines measuring the change in thgotential of phosphati-

sequence RV were titrated with heparin (MW 480054). dylserine vesicles. The measured or extrapolated concentra-

For R\W, a binding constant of 7.6& 10° M~* was found, tions of R;, Rs, and R required to reverse the charge of a

rather similar to the results observed for the binding ef R PS vesicle were % 104, 3 x 1073, and 3x 1072 M (70).
to HS. As the number of arginines decreased, the binding If the ¢ potential is reduced to zero, the concentrations of
affinity remained fairly constant untit = 4. In parallel, the the polycation in the diffuse double layer and in bulk solution
maximum number of ligands}, per heparin increased, and are approximately equal and the partition coefficient is given
the product of the two numbers remained also constant.as the inverse of the corresponding concentration,K.e=,
Independent of the length of the polycatiofVR the same 5000 M (330 and 33 M?) for Rs (Rs and R). Increasing
number of arginine residues was always bound at thethe chain length of the Rcation hence increases the
saturation limit. While R is an excellent CPP, shorter, R association constant. The results obtained ibotential
such as Ror Rs are not. Because the binding affinities of measurements refer to pure PS vesicles and are thus not
these molecules to heparin are very similar, the differencesdirectly comparable to the measurements presented here.
in their transport affinity cannot be explained by simple However, the same authors have shown for polylysine and
thermodynamic arguments. Using confocal microscopy, we mixed PC/PS and PC/PG vesicles that a reduction in the
have shown for mouse fibroblasts that the transport of the surface charge reduces the association constants by up to 2
TAT protein transduction domain across the biological orders of magnitude.
membrane is coupled with an aggregation phenomenon or Knowledge of the intrinsic partition constant and the R
patch formation at the membrane surface and that HS issurface concentration allows a discrimination between the
necessary for this processg]. electrostatic and nonelectrostatic components of the reaction.
Even though not the primary purpose of this work, we Such an analysis is readily made using the following
may speculate thatdhas the right length to link together a  relationship:
sufficient number of HS-carrying membrane proteins. This
may induce aggregate formation on the surface of the living AG® o, 1= —RTIn Kp — RTIn([PI/[P]) 4)
cell, followed by a still unknown translocation mechanism.

Shorter arginine chains do not seem to have this capability, where AG;,, ; represents the total free energy of binding,

but this has yet to be tested undervivo conditions. We —RT In Kp is the nonelectrostatic (hydrophobic and/or
are presently studying the effect of 8in vivo cell cultures. hydrogen-bonding) component &Gg,, and — RT In-

A purely physicat-chemical mechanism has been pro- ([P]J[P]) is the electrostatic component &GS, . On the
posed for the transport ofgRicross the lipid membrané9). basis of the data shown in Table 1, we find tdB;, + =

In these experiments, the polarity of the arginine residues —6.1 + 0.05 kcal/mol, which can be divided into an
was attenuated by ion-pair complex formation. In addition, electrostatic binding affinity of-2.1 4+ 0.09 kcal/mol and a
an electric gradient was postulated to drive the complex nonelectrostatic component of4.1 4+ 0.05 kcal/mol.
across the membrane. Calculated for a kM bulk concentration of R these values
Thermodynamic and Structural Aspects gfBinding to show that only~33% of the total binding free energy has
Anionic Lipid VesiclesThe characteristic sigmoidal shape an electrostatic origin. This contrasts with the data published
of the calorimetric titration curve (Figure 1) and the increase earlier for the Tat peptide, where77% of the free energy
in scattering intensity observed when, B mixed with of binding is attributed to electrostatic§1). Two possible
POPC/POPG (75:25) vesicles (Figure 2) are unequivocal reasons may explain such difference. Firstjsinherently
evidence that Rbinds to anionic lipid vesicles. Treating the more hydrophobic than the Tat peptide. This is explained
calorimetric data with the complex formation model used in by the greater hydrophobicity of arginine than lysine, and it
the analysis of the & HS equilibrium, we find an associa- is a consequence of the higher arginine contentgoivRen
tion constant of 8.2x 10* M~* at 28°C (Table 1). This compared to Tat (9 versus 6 arginines). Second, it may also
value is 2 orders of magnitude smaller than that found for reflect the already mentioned special hydrogen-bond proper-
the R—HS interaction (Table 2), and binding to HS is thus ties of the guanidinium group, which will contribute to a
strongly favored if both HS and POPG should be present at greater nonelectrostatic free energy of binding by interacting
the cell surface. A similar conclusion has been made for the with the membrane hydration layeride infra).
Tat peptide, which also binds with greater affinity to HS In addition to the partition constanip, the surface
than to anionic lipid vesicles3g, 51). partition equilibrium model estimates the effective charge
Further thermodynamic characterization of the interaction of the peptideze. As shown in Table 1, @& ~ +4 is found
of Ry with lipid membranes was achieved by treating the for Ry; this value is smaller than the formal charge-69
data with a surface partition equilibrium model. More calculated based on the number of charged residues in the
realistic than the previous one, this model considers that R peptide. Different effective and formal charges have also
partitions into the membrane from its surface, without been reported for other CPPs1( 71), demonstrating that
assuming a specific interaction between the peptide andnot all of the charges in these peptides are available for
lipids. It takes into consideration the electrostatic accumula- binding. It reflects the polyelectrolyte behavior of, Recause
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the closely spaced arginines in the peptide attract counteriongphysiometer. We have applied this method previously to
to its vicinity (counterion condensation), which may not be study the metabolic influence of the TATPTD peptide and
fully released if the alternative ions bind with moderate or observed a concentration-dependent inhibition of the cellular
relatively weak affinity. In addition, the high curvature of metabolic activity 68). Analogous experiments with sR
the sonicated vesicles may prevent a simultaneous approacheveal a similar activity of this peptide on the extracellular
of all arginines to the membrane surfa&)( acidification rate. Control experiments to prove the specificity

Even though Rbinds tightly to anionic lipid vesicles, the  of Ry binding to HS on the membrane surface are in progress.
deuterium NMR data show no change of the POPC and ConclusionsRy is the chemically simplest and, at the same
POPG headgroup conformation whegiRadded to POPC/  time, one of the most efficient CPPs. Two different mech-
POPG (65:35) membranes (parts B and C of Figure 3). This anisms have been investigated for the translocation of CPPs
is quite a surprising result, because it is well-known that across the cell membrane, namely, (i) the binding of the
charged molecules shift te"—N* dipole of the phospho-  cationic CPPs to negatively charged lipids, inducing the
choline headgroup away or toward the aqueous phasedisruption of the membrane integrity by formation of
depending on whether they are negatively or positively nonbilayer structures and (ii) the complex formation of CPPs
charged 72). Documented for a large number of chemically with HS.

distinct compounds, this effect is easily revealegHINMR The ITC experiments reveal a strong binding of &
spectra by a change in the quadrupole splittings of the anionic lipid vesicles, while, on the other hand, the deuterium
specifically deuterated phospholipid headgroup3—(75). and phosphorus NMR studies demonstrate that the bilayer

Until now, only two exceptions to this general rule have been remains intact. In agreement with earlier results obtained with
reported, one being pentalysingg} and the other beingthe  the TAT protein transduction domairgg 51), it can be

Tat peptide §1). In both cases and similarly to what we show  concluded that a passive diffusion of CPPs through the lipid
here for R, the cationic peptides bind to the lipid membrane pjjayer is highly improbable.

but binding is not accompanied by a reorientation of  ginding of R to HS is characterized by a binding constant
phosphocholine headgroupX 76). This suggests thatthese  ha s 2 orders of magnitude larger than that associated with
polycationic molecules interact differently with the lipid he binding to POPG. Complex formation is driven by
membrane than, for example, amphipathic peptides such asjectrostatics, and the HS employed in this study can bind
melittin (74, 77) and that the charged guanidinium residues up to 7 molecules of R Consequently, the microscopic
cannot interact with the phosphocholine dipole. As an pinging constants for the individuabRill vary for statistical
alternative mechanism, we therefore suggest hydrogen bondyga50ns with the degree of saturatioaccording toK; =

ing of Ry and its analogues to the hydration layer around ¢y + 1 — i)}/i. Hence, the ratio between the first and last
the lipid headgroup. This hydration layer has an extension binding constant will be K.} /{K.} = n2 However, R will

of about -3 nm, and detailed analysis of the related ping sequentially only at very low HS concentrations. At
hydration forces with osmotic experiments has been given pigh HS concentrations, as probably encountered on the cell-
by Parsegian and co-worker#g. The hydration layer is  memprane surface,sRan cross link several HS molecules
also reflected in th_e rate of motion of the phosphollp|d inducing capping phenomena or protein clustering. R
headgroups, which is almost a factor of 100 times slower pinging on the cell surface is also not limited to HS but may
than the motion of the free headgroup molecules in bulk oceyr also with other glycosaminoglycans. Because of the

water (79). To reconcile the strong binding ok the lipid high affinity of Ry for HS, this could constitute the first step
membrane deduced from ITC with the unchanged headgroup;, 5, endocytic or related pathway of Ranslocation.

conformation, we suggest that Bannot penetrate between

the lipid headgroups but binds at some distance from the ACKNOWLEDGMENT

headgroups to the hydration layer. ) ) ) ]
Further structural information regarding the,—Ripid We are grateful to Xiaochun Li Blatter for assistance with

NMR. This technique is highly sensitive to lipid polymor- ~for helpful comments on this manuscript.
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