Biochemistry2007,46, 11253-11262 11253

Self-Promoted Cellular Uptake of Peptide/DNA Transfection Complexes

Lydia Prongidi-Fix¥ Masae SugawaraPhilippe Bertanf, Jesus RayaChristian Leborgné,Antoine Kichler® and
Burkhard Bechinger*

Universite Louis Pasteur/CNRS, UMR 7177, Institut de Chimie de Strasbourg, 4, rue Blaise Pascal, 67070 Strasbourg, France,
and Gexgthon—Centre National de la Recherche Scientifique, UMR 8115, 1 Rue de I'Internationale, F-91802FEance

Receied April 24, 2007; Reised Manuscript Recee¢d June 20, 2007

ABSTRACT: The designedt-helical amphipathic peptide LAH4 assembles several properties, which makes

it an interesting candidate as a gene-delivery vehicle. Besides being short and soluble in aqueous solutions,
LAH4 presents cationic residues, which allow for efficient complexation of DNA. In addition, this peptide

is poorly hemolytic at neutral pH, while it is able to destabilize biological membranes in acidic conditions.

In this study, the structure of the peptide/DNA transfection complex was examined by circular dichroism
and solid-state nuclear magnetic resonance spectroscopies and the thermodynamics of its formation and
disassembly was monitored in a quantitative manner as a function of pH by isothermal titration calorimetry.
Notably, the number of peptides within the complex considerably decreases upon acidification of the
medium. This observation has direct and important consequences for the mechanism of action because
the acidification of the endosome results in high local concentrations of free peptide in this organelle.
Thus, these peptides become available to interact with the endosomal membranes and thereby responsible
for the delivery of the transfection complex to the cytoplasm. When these data are taken together, they
indicate a dual role of the peptide during the transfection process, namely, DNA complexation and
membrane permeabilization.

Recombinant viruses are the most studied vectors totion with membrane-destabilizing capabilities. To our knowl-
transfer DNA into cells, and they form the basis of the vast edge, KALA was the first efficient synthetic transfection
majority of ongoing clinical trials X). Furthermore, our  peptide @), a tetrameric repeat that was later improved by
growing knowledge of how these biological vectors function replacing the lysines by argininesd). Furthermore, several
has permitted the development of gene-delivery systemspeptides of the LAH4 family, which we have investigated
made of greatly simplified components that mimic the in this work, have proven to be efficient transfection agents
advantageous aspects of viral transfection without its apparent(15). We will illustrate that they use a mechanism of
side effects. Increasing the efficiency and reducing the vectorization quite different from other known transfection
cytotoxicity of gene-delivery systems remain major chal- agents, when at the same time, they show low cytotoxicity
lenges but offer high benefits for basic research, RNA and high bacteriotoxic activityl@). The parent peptide
interference, and gene therapy. (LAH4)! with the sequence KKALL ALALH HLAHL

Nonviral gene delivery has been performed using a variety ALHLA LALKK A was initially designed as a model peptide
of compounds of unrelated structure, such as dendrir@prs ( to study the interaction contributions that determine the
polylysine conjugates3], linear and branched polycations membrane topology and the membrane-disrupting properties
(4, 5), block copolymers &), cationic lipids ¢, 8), and of some a-helical amphipathic peptides, including the
peptides 9, 10). Among these compounds, synthetic peptide- antibiotics magainins, cecropins, and the human peptide LL-
based gene delivery is the least explored, although it has37 (17—19). The helical wheel projection shows that LAH4
great biotechnological potential. Indeed, in contrast to most is characterized by the separation of polar and hydrophobic
polymers, key parameters, such as product identification, residues at opposite helical surfaces (Figure 1). Whereas the
large-scale production and quality control, are possible. cationic charge at physiologic pH confers nucleic-acid-
Peptides were initially used as cell-targeting moieties,( condensating properties in aqueous solutiaf),(the hy-
membrane-destabilizing agenfi?(13), or nuclear-localiza-  drophobic face of the peptide allows for efficient membrane
tion elements 14). However, cationic peptides are of interactions. In contrast to previous studies, where the
particular interest because they can combine DNA condensa-interaction of LAH4 with membranes was investigaté®, (

21), the present investigation focuses on biophysical param-
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structure, charge, and composition, as well as the resultingFiGure 2: Transfection efficiency of various cationic compounds
characteristics of the disassembly process. [the monocationic lipid DOTAP 39), the linear polymer PEI of
Isoth | titrati lorimet ITC) h b d 22 kDa @0), and the cationic peptides KALAJ, TAT47-57 Q9),
sothermal ‘titration calorimetry ( _) as been use ppTG20 B0), Vpr55-91 69), and LAH4] on human hepatocarci-
successfully in previous studies to elucidate peptiD&lA noma cells (HepG2) are compared to each other. The best mixture
(22—24) or peptide-membrane associatio2%, 26). It has is shown for each compound. The amounts of cationic agent used
also been used to better understand the association of DNAgre indicated in the figure (agg/4 ug of DNA. The error bar for
with cationic lipids used in transfection experimer2g, 28). the TAT peptide is too small to be visible in this logarithmic

. . - e representation.
Here, we characterize for the first time the composition, P I

association, and disassembly of a peptide transfection Vectohain Germany), ppTG2(B() (GLFRALLRLLRSLWR-
with DNA as a function of environmental conditions. This LLLR A Neosyster'n Strasbourg, France), and Vpr5531) (

quantitative analysis is indicative of how the transfection (TGVEALIRILQQLLFIHFRIGCRHSRIGIIQQ RRTRN, Syn-
complex is released into the cytoplasm. Furthermore, cwculartem) were from the commercial sources indicated.

dichroism (CD) and solid-state nuclear magnetic resonance Test of Transfection EfficiencieBNA was purified using

'(r’::‘(l\)/lr?atsgscot:lotshcgc)f; Téov'?ﬁeCeonn;'gﬁE}gn;?%:t,{:iuggls the Plasmid Mega Kit (Qiagen, Courtaboeuf, France). The
Ito astr (I:t ral and f nct'[;na)flldescr' tion of the m It!J le roles PUYy Of the DNA was checked by measuring thedAzao
uctu unctl Pt uitip ratio (which was around 1.8) and by agarose gel electro-

(r)efstSI(teinLA::g d%?ptrlg\i ddel;rlggsi::]a?jfggggg' tl :%‘:?;fgg’i tzeof phoresis. The transfection efficiencies were tested by mixing
novel trgansfectign peptides orp the inter%retation of ?nu increasing amounts of t_ransfection agent with a constant
tagenesis” data of such transfection peptides amount of reporter plasmid ¢y of CMV-Luc per duplicate).
' The complexes were incubated fh in serum-free medium,
MATERIALS AND METHODS with cells placed in 24-well plates the day before (250 000
cells/well). The luciferase activity was measured 30 h post-
Materials. All chemicals were purchased at the highest transfection as described in 182 The luciferase background
purity from commercial sources. was subtracted from each value, and the protein content of
Peptide Synthesihe peptide (KKALL ALALH HLAHL the transfected cells was measured by Bradford dye-binding
ALHLA LALKK A) LAH4 was synthesized by solid-phase  using the BioRad protein assay. The transfection efficiency
peptide synthesis on a Millipore 9050 automatic peptide is expressed as total light units (105{mg of proteiny?,
synthesizer by using standard synthesis cycles. A 4-fold and the average of duplicates is shown. Only the best
excess of Fmoc-protected amino acids (Calbiochéiuelfan- formulation for each compound is shown in Figure 2.
gen, Switzerland) was used during chain elongatiofQy- Sample Preparation and Proton-Decoupfé@ CP/MAS
labeled Fmoc-protected alanine analogue (Calbiochem,NMR. Dry powders of LAH4 peptide, salmon sperm low-
Laufelfingen, Switzerland) was incorporated at either position molecular-weight DNA (Fluka, Buchs, Switzerland), or
6 or 13, respectively (underlined in the sequence shown complexes thereof were inserted into 4 mm MAS rotors. For
above). After cleavage from the resin with trifluoroacetic complex formation, LAH4 peptide and DNA were first
acid, the identity and purity of the peptides was verified using dissolved in a minimum amount of water, mixed at the ratio
matrix-assisted laser desorption/ionization mass spectrometryof 1.2/1 (wt/wt), and lyophilized.
(MALDI —MS) and reverse-phase high-performance liquid  To record proton-decoupled solid-state NMR spectra, a
chromatography (HPLC). The HPLC chromatograms were commercial double-resonance probe operating on a 11.7 T
recorded at 214 nm using an acetonitrile/water gradient in Bruker Avance spectrometer was used. Typical acquisition
the presence of 0.1% trifluoroacetic acid (TFA). parameters of the cross-polarization sequeB8gWere the
The other peptides KALAY) (WEAKLAKALAKALA- following: 5 s recycle delay*H B; field, 72 kHz (during
KHLAKALAKALKA CEA; Synt:em, Nimes, France), preparation, cross-polarization and decouplif#J;B; field,
TAT47-57 29 (YGRKKRRQRRR, Bachem, Weil-am- 62 kHz, and spinal 64 proton-decoupling during acquisition;
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number of scans, 10 000. The cross-polarization contact timelnstruments, Munich, Germany). The optical densities of the
of 0.5 ms was optimal for the imidazonium resonances. supernatants showed no trace of DNA in solution. The LAH4
Samples were spun at a 10 kHz MAS rate. All experiments concentrations of the supernatants were calculated from the
were performed at ambient temperature. An exponential optical densities at 214 nm. All steps were performed at room
apodization function corresponding to a line broadening of temperature.
50 Hz was applied before Fourier transformation. The spectra DNA Retardation AssayDNA binding was studied by
were referenced relative to solid adamantane (38.2 ppm) andmeans of an agarose gel retardation assay. Briefly, plasmid
assigned using literature datd4(-37). DNA (1 «g) and increasing amounts of LAH4 (from 1 to
Circular Dichroism.For CD measurements, peptide and 3 ug) were each diluted in 25L of either a citric acid buffer
DNA were dissolved in 10 mM phosphate buffer or at pH 5, a Hepes-buffered saline (HBS) at pH 6 or 6.5, or a
phosphate-buffered saline (PBS, Fluka) at pH 7.5 or 5.5, PBS buffer at pH 7.5. DNA and the peptide were then mixed,
respectively. The LAH4 samples were prepared at concentra-and after a period of 15 min, samples (2Q) were
tions of 0.2 mg/mL for use in a cell wita 1 mmpath length, electrophoresed through a 1% agarose gel using—Tris
corresponding to a mean residual concentration of 1.57 mM borate-ethylenediaminetetraacetic acid (EDTA) buffer at pH
or of 0.05 mg/mL (0.392 mM) for a two-compartment cell 7.4, The DNA was visualized after ethidium bromide (EtBr)
with a 2 x 4.25 mm optical path length (Helma France, staining.
Paris). The DNA concentration was fixed at 0.044 mg/mL
(2 mm cell) and 0.011 mg/mL (two-compartment cell), RESULTS

tively. . - ,
respecively Transfection Efficiency of LAH4/DNA Complexiesa first

CD spectra of LAH4 and its complex with DNA were . v
measured on a JASCO J-810 dichrometer using a SWeeIOstep,we have compared the transfection efficiency of LAH4

width of 190-260 nm, a scan speed of 20 nm/min, and to other known DNA transfection agents, including cationic

0.2 nm step resolution. For each sample, two spectral scané'p'dS (39), polymers 4.0)’ and peptlples% 30, 41), as well
were accumulated. All spectra were converted to molar as 1o the cell-pen_etratlng TAT peptidey). Figure 2 as well
ellipticity units by using LAH4 mean residual concentrations. as results shown in rdf5_|nd|cate that the aqt|V|ty of LAR4
Secondary-structural elements of the peptide were estimate ompares very well W'th other transfection com.ppunds.
by using the CDSSTR program in the CDPro packef. ( hese r_e_sults, together with the fact that LAH4 gxh|b|ts Iqw
The normalized root-mean-square difference (NRMSD) cytotoxicity (15), underscores the high potential of this

values were typically around 0.05, with a valg®.1 being peptide. .
indicative of a good fit of the spectrum. CD Spectroscopyto follow the conformational changes

Isothermal Titration Calorimetry|TC was performed ~ ©f the peptide during complex formation, CD spectroscopy
using a VP-ITC instrument with a cell volume of 1.4192 Was performed. The spectra shown in Figure 3 were acquired
mL (MicroCal, Northampton, MA). The peptide and the 2S @ function of pH as well as in the absence and presence
salmon sperm low-molecular-weight DNA (Fluka, Buchs, ©f DNA. Control experiments indicate that the dichroism of
Switzerland;<5% protein;Axed/Aozo ~ 1.4) were dissolved ~ DNA can be neglected in the spectral regieB60 nm (data
in phosphate saline buffer (137 mM NaCl, 2.7 mM Kcl, not shown), and the spectra are therefore directly indicative
10 mM NaHPQ,, and 2 mM KHPQy) at pH 7.5 or 5.5, of the polypeptide secondary structures.
respectively. Care was taken to prepare the DNA and peptide The quantitative analysis of the CD spectral line shapes
solutions from the same batch of buffer to minimize mixing Shows that, in the absence of DNA, LAH4 is predominantly
artifacts. All solutions were degassed under vacuum prior Fandom coil at low pH (5%« helix) but adopts 41% helicity
to use. At 240 s intervals, 8L of a 1 mM peptide stock ~ When the pH is increased (Figure 3A). This is in excellent
solution was injected into a solution of Q&1 DNA and agreement with previous data). The data are suggestive
the heat of association was measured. The stirring rate waghat, at neutral pH and in analogy to the concentration-
300 rpm. The starting solutions in the calorimeter cell and dependent formation of helical aggregates of melit4@, (
in the syringe were kept at the same temperature (288, 29843) or LL-37 (19, 44), LAH4 also associates into small
or 308 K, respectively). Control experiments were carried oligomers for the peptides to mutually cover their hydro-
out under identical experimental conditions by injecting the Phobic surfaces. This oligomerization is concomitant with
peptide into PBS or by injecting PBS into DNA solutions. the formation of amphipathia-helical structures.

The results of the titration experiments were analyzed using The CD spectra of LAH4 recorded in the presence of DNA
the MicroCal Origin software of the ITC instruments. show the characteristic minima near 208 and 222 nm; again,
Centrifugation AssaySolutions of LAH4 peptide and thisis indicative of am-helical secondary structure. Whereas

Escherichia colgenomic DNA were prepared in PBS buffer at pH 7.5, the helicity of LAH4 is maintained upon
at pH 7.5, mixed to yield g of LAH4 and 3ug of DNA association with DNA (41%), it increases considerably at
in 500 uL, incubated for 20 min at room temperature, and PH 5.5 from 5% when free in solution to reach 35% upon
centrifuged for 10 min at 140@0 The supernatant of this the addition of DNA. Notably, these values reflect the
first centrifugation was kept for UV spectrometry measure- average helix content of peptides associated with the complex
ments, while the pellet was resuspended in PBS at differentand peptides that remain in solution.

pH values. The suspensions were incubated at room tem- Figure 3B shows the results of a titration experiment where
perature durig 1 h and then centrifuged for 10 min at LAH4 was added to a DNA solution in a stepwise manner.
1400@. The supernatants of both centrifugations were tested At pH 7.5, the changes are small, indicating that the
UV spectrophotometrically in the range of 19800 nm secondary structure of LAH4 remains similar at all LAH4/
using a UVIKON 922 spectrometer (BIO-TEK Kontron DNA molar ratios tested. However, at pH 5.5, the LAH4
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Ficure 3: CD spectra of (A) LAH4 with or without DNA (300 bp) in 10 mM phosphate buffer at the indicated pH values. The peptide
concentration was 0.05 mg/mL. After the addition of DNA (0.11 mg/mL), the molar ratio of LAH4/DNA was 240. (B) Titration of increasing
amounts of LAH4 into a 0.2aM DNA solution at the pH values indicated. The molar ratio of LAH4/DNA is equal to 72 (light gray line,

light green line), 121 (gray line, green line), and 168 (black line, dark green line). At pH 5.5, the LAH4/DNA complex precipitated within
the quartz cell, thereby displaying increased light scattering. It should be noted that the concentrations of the transfection complex are
increased when compared to A. (C) lonic force inducing spectral changes of the LAH4/DNA complex at pH 5.5. The sample concentrations
were fixed at 0.2 mg/mL LAH4 and 0.044 mg/mL DNA (as in B) to respect the molar ratio of LAH4/DNA equal to 240.

signal was lost when the LAH4/DNA molar ratio was was recorded in the solid state (Figure 4B), and the peaks
increased. In parallel, the optical density of the sample were assigned using literature da®¥,(49).
augments (data not shown), indicating that particles several Figure 4C shows th&C CP/MAS spectrum of the LAH4/
100 nm in size are formed that scatter the incident light beam. DNA complex. When compared to a spectrum obtained by
Subsequently, the particles precipitate and are therebythe summation of the individual recordings from the peptide
removed from the light path. Notably, this latter effect is and DNA (parts A and B of Figure 4), the chemical-shift
reduced by increasing the salt concentration (Figure 3C). peak positions of the complex remain largely unaltered,
Magic Angle Spinning Solid-State NMR Spectroscdpeg. although some subtle changes, such as line broadening, are
secondary structure analysis by CD spectroscopy works wellalso observed. The obvious similarity of th& chemical
for polypeptides or LAH4/DNA complexes that, in aqueous shifts obtained from the peptide alone (Figure 4A) or within
solution, remain dissolved or dispersed as small assembliesthe transfection complex (Figure 4C) indicates that its
In contrast, the method fails when large macromolecular predominantlya-helical character is preserved during its
structures form. Therefore, we studied the LAH4/DNA association with DNA. This is confirmed by NMR spectra
transfection complexes by proton-decouptéd solid-state obtained from single-site-labeled peptides, which exAfl
NMR spectroscopy. Numerous proteins and peptides haveresonances at 15.6 ppm (Ala 6) and 15.9 ppm (Ala 13) as
been investigated using NMR techniques, and correlationswell as CO peaks at 176.2 ppm (not shown). These values

have been established between the CQ, &d G °C are very similar to those observed before the complex
chemical shifts and the secondary structure of the polypeptideformation.

chain @5, 46). For example, the spectra afhelical domains Composition of the Transfection Complex as a Function
exhibit CO intensities at 176 1 ppm, whereas the carbonyls of pH. As the imidazole groups of the histidine residues

of pleated sheet structures resonate at £71.5 ppm 4, become protonated at acidic pH, we asked whether the
45, 46). Similarly the chemical-shift values of the AlgsC  quantity of peptides in the transfection complexes changes
intensities occur at 15.5 3 or 21+ 1 ppm fora-helical with pH. To address this point, we determined, in a first

and f-sheet conformations, respectiveB4( 45—48). experiment, the amount of peptide required to prevent

Proton-decoupleéfC solid-state NMR spectra of LAH4,  penetration of plasmid DNA into the agarose mesh and
DNA, and the complex are shown in Figure 4, including the migration of the complex toward the cathode during gel
assignments of resonances that have been performed acelectrophoresis. The results of the gel-shift experiments
cording to literature dataB@—37). Figure 4A indicates that  indicate that, for complexes prepared at neutral pH, a w/w
LAH4 exhibits a well-defined peak intensity at 15.6 ppm, ratio of approximately 2.8 (LAH4/plasmid DNA) is required
comprising the @ chemical shift of eight alanines of the for the formation of large complexes and the concomitant
LAH4 sequence that add up to a maximum, while the signal inhibition of plasmid DNA migration through the gel (Figure
intensities of the carbonyl carbons are characterized by an5). This corresponds to a molar ratio of 0.6 peptides/bp.
unresolved line situated at 176.1 ppm. We also prepared twoWhen DNA complexes were generated at pH 5, the amount
peptides, where thegCarbons of either alanine-6 or alanine- of LAH4 needed for complete retardation is only about half
13 were selectively enriched witfC, and these sites exhibit ~ of this value. This observation is highly relevant to the
resonances at 15.1 and 15.2 ppm, respectively. These dat&ransfection mechanism because the complexes are formed
indicate that the core region of the LAH4 peptide and the at neutral pH but are exposed to the acidic environment of
backbone of residues 6 and 13, in particular, adopt predomi-endosomes during the transfection procdd$s. (
nantly a-helical structures in the peptide lyophilizate. Therefore, we tested if association is reversible and if the

Furthermore, the proton-decoupfé@ MAS NMR spectra complexes formed at high pH release significant amounts
of low-molecular-weight DNA at natural isotopic abundance of peptide when the pH is decreased. A centrifugation assay
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Ficure 4. Proton-decoupledfC MAS solid-state NMR spectra recorded at ambient temperature. Lyophilized powders of (A) the LAH4

peptide, (B) sonicated salmon sperm DNA (average size of 4 kbp), and (C) a complex of LAH4 and DNA (solid line). The sum of spectra

A and B is also shown for a comparison (red dashed line). SS#inning side band. (*) Resonances from;CBOOH (spectrum A) or
Tris—EDTA buffer (spectrum B), respectively.

was designed in which complexes are formed at pH 7.4 from is observed in the gel-shift experiments (Figure 5). This is
LAH4 and large DNA fragments under conditions where the probably due to a better definition of the environmental pH
binding sites on the DNA strands are saturated by peptides.in the presence of the bulk solutions of the centrifugation
The complexes are precipitated, which allows us to remove assay.

the excess peptide, which remains in solution. In a next step, Calorimetric Analysis of LAH4/DNA Interactiondaving

the complexes were resuspended in buffer of variable pH, established that the pH-dependent changes in the composition
the complexes were precipitated, and the amount of peptideof the transfection complexes are reversible, ITC was used
that is released into the supernatant was monitored in ato investigate the equilibrium thermodynamics of complex
quantitative fashion. The resulting composition of the formation as a function of pH. In these experiments, the heat
complexes can thus be evaluated as a function of pH (Figurechanges are directly measured upon the addition of small
6). The centrifugation assay confirms a significantly reduced volumes of concentrated LAH4 to the reaction cell containing
number of binding sites on the DNA when the pH is the DNA solution (Figure 7). Integration yields the calori-
decreased from 7.5 to 5.5. Whereas in the centrifugation metric binding enthalpyAH) as a function of the peptide
assay, the decrease is stepwise when tevgdues of the concentration. In control experiments, the enthalpy of the
histidines are reached (Figure 6); a more continuous changeLAH4 dilution was determined?5, 50) and subtracted from
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LAH4 / DNA The thermodynamic parameters thus obtained at 298 K at

two pH values are shown in Table 1. The value\& are

DNA ] negative under all conditions tested, favoring association, and

pH 5 in all cases, this association process is entropy-driven.
However, the reaction is exothermic at pH 7.5 and endot-
hermic at pH 5.5. This strong pH dependence is indicative
of significant differences when the interaction contributions
at neutral and low pH are compared with each other.
Although the enthalpy and entropy changes during associa-

pH 6 tion vary considerably under the different conditions tested,
this variation is counter-directional, such that the free-energy
values AG) remain roughly constant (Table 1). Such
entropy-enthalpy compensation has been described for other
biological systems and is discussed in5&f The ITC data
confirm in a quantitative manner that there are about twice

pH 6.5 as many binding sites on the DNA at pH 7.5 than at pH 5.5
at room temperature and at millimolar concentrations of the
peptide.

DISCUSSION

Transfection complexes composed of the amphipathic
peptide LAH4 and DNA were formed, and their size and
structure were investigated by a variety of biophysical
methods, including-potential measurement52) and CD
and solid-state NMR spectroscopies. The data indicate that

Ficure 5: Gel retardation experiment of LAH4/DNA mixtures the peptidg maintains its strong prop‘?”s"y to farrhelical
performed at pH 5, 6, 6.5, and 7.5, respectively. The DNA-binding Structures in the presence of DNA (Figures 3 and 4) as well
assay was performed as described in the Materials and Methodsas in membrane environments and in solution at neutral pH

The following amounts of LAH4 were used withdg of DNA (16). The best transfection efficiency is obtained when LAH4
(from left to right): 1,1.2,1.4,1.6,1.8,2.0,2.2,2.4,2.8,and 3.0 i mixed with DNA at a ratio of 6:1 (wt/wt, or 1.42 peptides/
#g- bp); i.e., the number of lysine residues exceeds by far the
04 - number of phosphate4X). Although our data indicate that
not all of the peptide that has initially been added for complex

pH 7.5

0.35

formation also stably associates with DNA (Figure 5), it is
0.3 - not surprising that a large complex is formed, exhibiting an
overall positiveZ potential of 10 mV in the presence of 150
=2 mM NaCl (52). The zetasizer measurements also indicate
) that, at pH 7, the complexes reach several micrometers in
diameter when generated in 150 mM salt solutions, while
: they are in the 100 nm range when assembled in a salt-free
I solution (5% glucose). Interestingly, such a salt-dependent
5 5.5 6 6.5 7 7.5

peptide/bp
(=] o
s o (%]
w M [4:]

o
-
L

aggregation was also described for other transfection agents,
in particular, for the cationic polymer polyethylenimirsy.
At the present time, the structural details of the transfection
complex, such as the interaction surface between DNA and
peptide, are unknown because classical structural techniques
pPH are hampered by the large size and noncrystalline nature of
Ficure 6: Composition of the precipitated transfection complexes the complexes.
after incubation in PBS buffer of variable pH. In a next step, gel-shift experiments, a centrifugation assay,
. . and ITC were used to analyze in quantitative detail the
the total change in enthalpy because of the formation of the yemodynamic contributions during complex formation as
LAHA4/DNA complex. In contrast, DNA dilution results in 6| a5 the stoichiometry at low and neutral pH (Table 1).
negligible heat changes under all conditions tested. These experiments indicate that, at neutral pH, about one
The resulting titration curves were analyzed assuming a peptide/2 base pairs reversibly associates with DNA and the
single type of binding site, directly providing both the thermodynamic signature, with the enthalpic contribution
association constanKj and the number of peptides per close to zero, suggests that peptid®NA association is
300 bp DNA fragmentN). The free-energy changé\G) governed by electrostatic interactio22(25, 27). When the
and the entropy chang@®) during complex formation are  transfection complexes are formed in the presence of excess
obtained using standard thermodynamic relationships. Ti- amounts of peptide [ratio of 6:1 (wt/wt) or LAH4/bp of 1.42
trations were performed in the temperature range of 15 (mol/mol)], it is ensured that, at pH 7.5, most, if not all, of
35 °C, in which both the peptide and the DNA are thought the available binding sites on the DNA molecules are
to undergo only limited conformational chang@,(24). occupied. The data also indicate that the capacity of DNA
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Ficure 7: Isothermal titration of low-molecular-weight salmon sperm DNA (ca. 300 bp) with the LAH4 peptide. (a) pH 7.5 and (b) pH
5. Titration of 0.5uM DNA with 1 mM LAH4 (upper panel). The peptide was added in 40 aliquots pf.&ach, in phosphate-buffered

saline at 25C. Integration of these peaks and subtraction of the heats of dilution produces the binding isotherm shown in the lower panel.
The points are fitted to a model for a single type and independent binding sites.

Table 1: ITC Thermodynamic Parameters Describing the peptides on the DNA double helix (Figure 6) seems clearly

Interaction of LAH4 with DNA as a Function of pH too large to account for a tight and specific interaction of
temp conen . AH TAS AG Ka all p(_eptldes or fto .correlate .Wlth a model where the helix is
(K) pH (mM) (kd/mol) (kJ/mol) (kd/mol) (uM~Y N n well-inserted within the major groove of the DNA. Instead,
298 75 051 —6+1 2542 -31+2 30+16 148+39 4 one could imagine that several layers of peptides reside
298 55 051 51+9 82+8 —31+1 28+10 98+10 3 around the DNA, possibly by interacting with each other

2 The binding enthalpy was determined directly from the ITC titration  through their hydrophobic surfaces. Alternatively, a high
curves. From these experimentally determined parameters, the freedensity of peptides can be created by end-on association of

energy of bindingAG) and the entropy changa§) are obtained using  the peptides with the DNA double helix. In this case, one
the standard thermodynamic relationsiifs = —RT In K = AH — charged peptide terminus is in contact with the DNA,
TAS The experiments were performedtimes, and average values . . !
are given as well as standard deviations. whereas the other one is oriented away from the double helix.
In both models, the DNA is covered by peptides exposing a

to associate with the LAH4 peptide only slightly exceeds positively charged surface. These charges are available for
the level of charge neutrality, in excellent agreement with [Ntéractions with neighboring DNA strands, thereby condens-
the small positivet potential £2). ing the elongated DNA double helix into large globular
This peptide load decreases by about half when the pH is299regates. The charged surface permits the complex to stay
lowered to 5.5 (Figure 6). The thermodynamic signature, " SUSpension and helps association with negatively charged
encompassing both significant entropic and enthalpic con- Piomolecules, for example, at the cellular outer layers.
tributions (Table 1), suggests that electrostatic and other Notably, DNA condensation has been demonstrated to be a
interactions, such as hydrophobic and van der Waals critical feature for DNA stability and enhanced transfection

contribute @5, 54). This is probably due to a closer "efficiency @0). Clearly, although the above-mentioned

association of the remaining peptides with DNA. We have Models provide an explanation of how the high peptide
also performed experiments where the complexes weredensity can be accommodated, experimental data, such as
formed at neutral pH and the release of peptide was measured/'termolecular distance measurement within the complexes
when the pH decreases (Figure 6). This approach tests thafcduired using solid-state NMR techniques, are required to
peptide association is indeed reversible and at the same timé/nderstand the pepti®NA interactions in detail.
provides a closer match to the processes that occur in the The gel retardation data (Figure 5), the centrifugation assay
endosome. (Figure 6), and the ITC studies (Figure 7) all indicate a high
In comparison to polypeptides that bind to specific DNA density of peptides on the DNA and a significantly decreased
sequences (e.g., re®2 and 50), the results shown here capacity of binding following acidification of the environ-
indicate that a very high molar ratio of LAH4 is required to ment. This latter observation is easily explained by consider-
saturate the binding sites of DNA. The high density of ing that, at pH 7.5, the LAH4 lysines and the N terminus
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Ficure 8: Mechanism of transfection of eukaryotic cells by the LAH4/DNA complexes. (a) Complex formation and compaction of the
DNA molecules by interactions with LAH4, (b) endocytosis of the large LAH4/DNA complexes, (c) acidification of the endosome concomitant
with the release of LAH4, (d) partitioning of the free LAH4 peptides into the membrane and lysis, (e) complex delivery to the cytoplasm
and intracellular routing, transport to the nucleus, and expression. The image shows the following cellular compartments: nucleus (dark
blue), endoplasmic reticulum and vesicles (gray), and mitochondria (dark pink). The enlargement to the top left shows the formation and
disruption of endosomes carrying transfection complexes. The proton channels are shown in pink, and the LAH4 peptides are shown in
yellow.

are the only positively charged amino acids, conferring a residues by lysines, are much less actiu®)( Notably,
nominal charge oft5 to the peptide, whereas at pH 5.5, doubling of the number of lysine residues at the termini
protonation of the histidines increases the peptide nominal results in a sharp drop in transfection efficien®g)( which
charge tot+9. More peptides are therefore required at neutral can be explained by a reduction of the number of peptides
conditions before the negative charges on the DNA becomereleased upon acidification.
saturated. Although the net charge of the complex does not A number of cationic, highly amphipathic peptides have
change much during this process, these modifications inbeen shown to be membrane-active and to efficiently
composition lead to structural alterations and a reduction in partition into phospholipid bilayerd 6, 55). LAH4 has been
the solubility of the complex (Figure 3B). demonstrated to exhibit membrane-partitioning constants in
A model summarizing the data is shown in Figure 8: The the 16—10* M~! range for palmitoyloleoylphosphatidyl-
LAH4 peptides bind to DNA by nonspecific interactions, choline (POPC) or mixed zwitterionic/acidic liposomes,
generating large complexes in the presence of salt. After cellrespectively 16), indicating good to high affinity also for
binding, the LAH4/plasmid complexes enter the cell via an the endosomal membranes. Considering the approximate
endosomal pathwaylp). To achieve good transfection geometries of the transfection complexes?)( and the
efficiency, the proton pumps of the endosome have to be endosomes, it is possible to estimate that the number of
active (L5). The resulting drop in pH inside the endosome liberated peptides greatly exceeds the number of endosomal
liberates a major fraction of peptides, which are free to lipids. It has previously been shown that, at low pH,
interact with the endosomal membrane. Indeed, when amphipathic helices, including peptides of the LAH4 family,
“mutants” of LAH4 were investigated, the best transfection preferentially associate with negatively charged lipids and
activities are observed for those peptides that change theircause significant disordering of their fatty acyl chain packing
membrane alignment from transmembrane to in-plane atand this effect correlates with transfection efficien&g,(
about pH 6 15), whereas peptides that exhibit a constitutively 57). These data are therefore suggestive that the detergent-
high amphipathic moment, e.g., by replacing the histidine like amphipathic properties of LAH4 provoke openings in
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or lysis of the endosomal membranés5,(58). With the 14.
disruption of the endosomal membrane, the peptide ensures
access of the transfection complex to the cytoplasm.

With the model shown in Figure 8, three fundamental
requirements can be defined for the design of new transfec-
tion molecules that use similar cellular pathways: First,
complex formation by electrostatic interactions is a first
requirement, easily accomplished by cationic functional
groups. Second, the release of the molecules from the
complex upon acidification requires titration of some of these
groups, concomitant with a significant modification of the
electrostatic interactions between neutral and acidic pH.
Third, the liberated molecules should exert a detergent-like
action on the endosomal membranes, i.e., adopt an amphi-
pathic structure. Other processes, which are thus far much
less well-understood, help in the transfer of DNA to the
nucleus, where the genetic information is expressed.
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