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ABSTRACT 

 

The biophysical properties of a designed bioreducible oligourea foldamer, which shows 

excellent transfection activities in its dimeric form are presented. Binding isotherms of the 

monomer as well as of the dimer to both DNA and lipid membranes were determined by 

indole fluorescence. Comparing the monomer with the dimer allows both a precise 

biophysical characterization of the role of dimerization and how the covalent linkage between 

two monomers affects the transfection activity. The results indicate that dimerization results 

in pronounced changes in the thermodynamics of different steps of the transfection process, 

which extend well beyond simple steric effects within the dimer. A model emerges where the 

imidazole-containing polymers compact DNA at neutral pH, but liberate the polyurea from 

the DNA complex at low pH thus being able to rupture acidified endosomes. Indeed, the 

dimerization inverts the pH dependence of the binding affinities towards the requirements 

suggested by this model for efficient transfection.  

 

 

ABBREVIATIONS 

 

CPP  cell-penetrating peptide 

DNA  deoxyribonucleic acid 

DPC  dodecyl phosphocholine 

EDTA  ethylenediaminetetraacetic acid 

FWHM full width at half maximum 

ITC  isothermal titration calorimetry 

NMR  nuclear magnetic resonance 

PCA  principal component analysis 

PISEMA polarization inversion spin exchange at magic angle 

POPC  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

POPG  1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

SEMA  spin exchange at magic angle 

siRNA  small interfering ribonucleic acid 
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INTRODUCTION 

Nucleic acids, polypeptides and drugs are molecules of high therapeutic interest, but their use 

in biomedical applications remains often limited by their hydrophilic character which prevents 

them of passing across cellular membranes 
1-2

. Therefore, the discovery of cell-penetrating 

peptides (CPP) more than two decades (rather 3 since discovery of tat) ago has raised 

considerable interest. By helping in the transfer of proteins and drugs into the cell interior 

they enable valuable applications in biomedical research and bear great promise for 

pharmacological treatments 
3-4

. Indeed, with several CPP-conjugated compounds being 

evaluated in clinical trials 
5-6

 the use of CPPs carries big hopes also for gene therapy and gene 

silencing approaches where DNA and siRNA have to cross the cytoplasmic or endosomal 

membranes. Arginine-rich CPPs are commonly used in current applications and this class of 

peptides in most cases uses endosomal pathways. Unfortunately, it is often observed that the 

arginine-rich peptide/cargo complexes (or conjugates) are taken up rather efficiently by the 

cells but then endosomal escape is poor limiting their therapeutic use 
7-8

.  

Alternatively, cationic amphipathic peptides have been designed for cell-penetrating 

applications 
9-10

. Among those, the histidine-containing polypeptides of the LAH4 family 

enable gene transfection in a highly efficient manner 
11-12

. The LAH4 peptide sequence was 

originally designed using cationic antimicrobial peptides as templates 
13-14

, numerous 

modifications were tested and the underlying mechanisms investigated by cell biological, 

biophysical and structural approaches in order to further improve the gene transfection 

efficiency 
12, 15

. In comparison with other non-viral transfection compounds the LAH4 

peptides reach high cell penetration activities for nucleic acids and a wide variety of other 

cargo, including plasmid DNA and proteins of 0.5 MDa in size 
12

. Furthermore, LAH4 

peptides have been used to improve the transfer of genetic material by lenti- or adeno 

associated viruses 
16-21

. 

Previous studies focused on the improvement of the amino acid sequence in the 

context of -helical peptides and to ameliorate the protocols used for cell penetration 

activities. Biophysical investigations revealed that the combination of four lysines, that 

remain positively charged throughout the transfection process, and four histidines that 

increase the cationic character in the endosome, is an essential feature that assures the 

endosomal escape of the highly efficient LAH4 peptides 
12, 22-23

.  

Recently, oligourea foldamers were designed and tested that followed the same 

concepts which helped to develop the LAH4 transfection compounds 
24,25

. Oligourea 

foldamers are characterized by a pronounced propensity to form stable helices in both organic 
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26
 and aqueous environment 

27,28
 whereas polypeptides are more apt to adopt a variety of 

secondary structures. The foldamer sequence 3 (nomenclature taken from reference 
24

) (iPr-

V
U
-H

U
-W

U
-V

U
-H

U
-W

U
-R

U
-V-NH2) is inspired by antimicrobial oligourea 

29,30
 and the His-

rich composition of LAH4 peptide. Its homodimer derivative dim3 was prepared by N-

terminal thiol modification and disulfide bond formation (scheme 1 for structures). When 

transfection of several cell lines was tested, monomer 3 exhibited relatively low transfection 

activities in the absence of helper agents (such as DOPE or ZnCl2) whilst the thiol modified 

monomer displayed promising gene delivery capabilities even though lower than that of the 

LAH4 template. The homodimer dim3 however reached similar, if not better, activities than 

LAH4 without apparent toxic effects on the cells 
24

 (see Figure S3 in the supporting 

information).  

 
Scheme 1: Oligourea sequences of the monomer 3 and the dimer dim3 used during the 

investigations. 
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The oligourea sequence 3 has been designed carrying imidazole side chains because in 

the LAH4 peptide the histidine residues have been shown to be essential for transfection 

activity 
12, 23, 31

.The cationic nature of the foldamers 3 and dim3 enables the formation of 

compact complexes with DNA (referred as foldaplexes), a requirement for DNA uptake via 

the endosomes 
11, 24

. Similar to LAH4, the imidazole moieties in the cell-penetrating 

foldamers provide an additional feature by acquiring a positive charge when the endosomes 

acidify and less cationic peptide is needed to neutralize the negative charges of nucleic acids. 

As a consequence acidic pH is expected to promote the liberation of peptides/oligoureas from 

the nucleic acids thus they are available to disrupt the endosomal membranes 
22, 31

. Hence, 

according to this mechanism, an optimal transfection agent should preferably associate with 

DNA at high pH and be able to associate with the endosomal lipids at low pH.  

Because the original LAH4 peptides lack an intrinsic fluorophore, the membrane and 

DNA affinities are difficult to measure by fluorescence spectroscopy and require alternative 

approaches 
32

. In contrast, the presence of indole rings (i.e. tryptophan-like urea-building 

blocks; Trp
U
) in the foldamers allows one to investigate their association with both DNA and 

lipid membranes, and to compare those data with their transfection activity 
24

. Furthermore, 

the membrane topology of the foldamers was investigated by solid-state NMR spectroscopy 

33
. To this end, 3 and dim3 were prepared carrying 

15
N at specific sites and the foldamers 

reconstituted into uniaxially oriented membranes. Of these samples one and two-dimensional 

15
N solid-state NMR spectra were recorded. The chemical shift and dipolar couplings thus 

determined provide a direct indicator of the membrane topology of polypeptides 
33-34

 and of 

peptide-like oligoureas 
35

.  

The foldamer was investigated in its monomeric (3) and its dimeric form (dim3) after 

disulfide bridge formation. This allows for the first time to compare the geometric effect of 

two foldamers which differ only in their size by correlating their different biological activities 

24
 with their pH-dependent membrane and DNA interactions. Because during the transfection 

process the pH of the environment changes from neutral during the formation of the 

transfection complexes to acidic in the endosomal compartment these conditions were taken 

into consideration.  

 

MATERIALS AND METHODS 
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The preparation of oligoureas is described in reference 
24

 where the monomer corresponds to 

molecule 3 and the dimer to dim3. 

Fluorescence measurements  

Vesicle preparation: a lipid solution in chloroform / methanol 2/1 v/v (POPC or POPC/POPG 

2/1 mole/mole) was dried along the walls of a glass tube to form a film using a stream of 

nitrogen gas and by exposure to high vacuum overnight. 10 mM phosphate buffer of the 

indicated pH containing either 1 mM EDTA or ZnCl2 at the concentration indicated was 

added and the resulting lipid suspension homogenized by vortexing and four freeze thaw 

cycles. Small unilamellar vesicles were formed by extrusion through a polycarbonate film of 

100 nm pore size using an Avanti mini extruder (Avanti Polar Lipids, Alabaster, AL USA). 

The lipid vesicles were titrated to the poly-urea solution during the experiment. 

Fluorescence measurements were performed on a Horiba FluoroLog FL3-22 

photospectrometer (Horiba, Kyoto, Japan). An integration time of 0.1 s was used with an 

excitation and emission slit width of 3 nm. The polarizer of excitation and emission were set 

to 0° and 55°, respectively. The oligourea concentration was 10 µM for the monomer and 

5µM for the dimer in all titration experiments. The samples were buffered with 10 mM 

phosphate buffer of the indicated pH. 1 mM EDTA was present in the samples except for the 

samples containing ZnCl2 as indicated. EDTA was used to neutralize metal ion impurities that 

may be left over even in the highest grade chemicals.  

The titration spectra were corrected for dilution. For each titration series a principal 

component analysis 
36

 was performed in the following manner. Using Matlab (MathWorks, 

Natick, MA), the Eigen matrix of the covariance matrix was calculated and the component 

with the highest eigenvalue was normalized and interpreted as binding isotherm. In some 

cases, a second component was obvious, a feature that is described separately. The 

normalized isotherms were fitted with the equation: 

 
1

1





tit

tit

c

k
cS    equ. 1,  

where k is the apparent association constant and ctit the concentration of lipid or DNA, 

respectively, added to the oligourea solution in a step-wise manner. In some cases, a linear 

baseline was subtracted in the fitting process.  

 

Preparation of samples for solid-state NMR spectroscopy  

Uniaxially oriented samples for solid-state NMR spectroscopy were prepared, as described in 

detail previously 
37

, by co-dissolving 3.9-4.5 mg of 
15

N-labelled oligourea (Scheme 1) and 
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150 mg of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in ~ 1 mL 

trifluoroethanol. Most of the organic solvent was slowly evaporated under a stream of 

nitrogen and the remaining volume of about 200 L was spread onto ultra-thin cover glasses 

(8 × 11 mm, thickness 00, Marienfeld, Lauda-Königshofen, Germany). After drying on air, 

the samples were exposed to high vacuum overnight to remove all traces of organic solvents. 

The membranes were equilibrated at 93% relative humidity, before stacking the glass-plates 

on top of each other. Finally, the stacks were stabilized with Teflon tape, sealed with an escal 

NEO™ (MITSUBISHI gas chemical company, Tokyo, Japan) plastic wrapping 
38

 and 

inserted into a commercial flat coil 
39

 e-free double-resonance probe head (Bruker Biospin 

Rheinstetten, Germany) in such a manner that the glass plate normal is oriented parallel to the 

magnetic field direction of the NMR spectrometer (B0).  

 

Solid-state NMR measurements 

The one-dimensional proton-decoupled 
15

N solid-state NMR spectra were obtained using an 

Avance wide-bore spectrometer operating at 11.8 Tesla (Bruker Biospin Rheinstetten, 

Germany) and cross-polarization with B1 fields of 41 kHz. The 
1
H-

15
N cross polarization was 

applied for 800 µs.  

Two-dimensional chemical shift/heteronuclear dipolar coupling spectra were recorded 

on an Avance wide-bore spectrometer operating at 9.4 Tesla (Bruker Biospin Rheinstetten, 

Germany) using the polarization inversion spin exchange at the magic angle (PISEMA) pulse 

sequence 
40

. Briefly, after a cross polarization contact time of 800 ms in which polarization is 

transferred from 
1
H to 

15
N, the 

1
H-

15
N dipolar coupling is encoded during the application of a 

SEMA series of frequency- and phase-switched 2 pulses. The 
1
H- and 

15
N- B1 fields during 

cross polarization were 83 kHz. Within the SEMA pulse train the effective 
1
H/

15
N fields were 

70 kHz using a 
1
H frequency offset of ±40.415 kHz. The scaling factor of the PISEMA 

experiment (0.82) was taken into account during spectral processing 
40

. 

 

Restriction analysis of solid-state NMR data  

Contour plots of orientational constraints from the solid-state NMR were analysed following 

reference 
35

 using the Mathematica 3.1 software (Wolfram Research, Champaign, Il, USA). 

The tensor for the labeled nitrogen 
35

 was positioned inside the pdb coordinate system. To test 

all possible alignments in space the molecules were first rotated around the helix long axis (z-

axis) and thereafter around the y-axis at a step size of 2
o
 around each axis 

41
. For each 

alignment the chemical shift or dipolar coupling were calculated for a B-field in z-direction as 
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a function of the tilt/pitch angular pairs tested in this manner. The contour plot function of 

Mathematica shows the orientations, where the solid-state NMR parameters agree with the 

measured values. 

 

pH titration by solution NMR spectroscopy 

1.5 mg of the monomer and 70 mg of deuterated dodecylphosphocholine (DPC; Cambridge 

Isotopes, Tewksbury, MA, USA) were dissolved in 500 µl 10 mM deuterated citric acid 

(Isotec/Sigma Aldrich Miamisburg OH, USA) in the presence of 10% D2O and 0.02% NaN3. 

The chemical shift of the imidazole 5 position was first identified from a TOCSY spectrum 

and followed during titration by one-dimensional 
1
H spectroscopy using Watergate solvent 

suppression 
42

. The titration curves were fitted with the function: 

 

a

a

pKpH

pKpH

deprotprot










101

10
    equ. 2,  

where prot and deprot are the chemical shifts of the protonated and deprotonated histidine 

NMR signal, respectively, pKa represents the acid dissociation of the histidine and pH the pH 

value of the bulk solution.  

 

RESULTS 

Monomer and dimer binding to DNA and lipid vesicles monitored by tryptophan fluorescence  

In a first step, nucleic acids were added to the monomer and the changes in tryptophan 

fluorescence characterized. Upon addition of DNA the fluorescence spectral intensities are 

quenched (Fig. 1A,B) probably due to stacking of the tryptophan aromatic rings and the bases 

of the nucleic acid 
43

. Whereas under most conditions the peak position and line shape of the 

emission spectra are not significantly modified (Figure 1A) the titration of the monomer 3 

with DNA at pH 5 reveals a more complex behavior (Figure 1B). At moderate ratios of 

DNA/3 (~2/1 bp/oligourea) the emission spectrum is first blue-shifted from 360 nm to 340 nm 

before the emission maximum returns to about 355 nm when the concentration of DNA is 

further increased (Figure 1B). The series of spectra results in two non-vanishing components 

in a principal component analysis (PCA, Fig. S1) 
36

 where the dominant component was fit by 

equation 1 (Figure 2). The analysis is indicative of an intermediate state with maximal 

abundance at around 20-30 µM DNA (oligourea/base pair of 1/2-1/3). The kink in the titration 

curve when the normalized intensities of the tryptophan fluorescence of the oligourea 
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monomer are shown at pH 8 (Figure S2, diamonds) suggests the presence of an intermediate 

state also at pH 8, albeit not directly detectable in Figure 2A. 

Titration of both the monomer 3 and the dimer dim3 with POPC and POPC/POPG 

lipid vesicles results in an increased blue shifted emission signal (from 350 nm to 330 nm, 

Figure 1C,D) reflecting the insertion of the indole ring into the apolar environment of the 

lipids. The titration series with POPC and POPC/POPG vesicles were again analyzed by PCA 

36
. Binding of 3 to POPC is higher at pH 8 when compared to pH 5 (Fig. 2C). The differences 

are enhanced by Zn
2+

 which lowers association at low pH but increases binding at high pH, 

where the curve is complex suggesting multiple equilibria and intermediate states (Fig. 2C). 

In the absence of Zn
2+

 binding of the monomer 3 is much increased in the presence of anionic 

lipid (Fig. 2C,E).  

The membrane association of the dim3 in the absence of Zn
2+

 is reduced when 

compared to 3 and pH has little influence (Fig. 2D,F). However, in the presence of Zn
2+

 much 

higher affinities are observed (Fig. 2D,F). The presence of POPG increases membrane affinity 

also in the case of the dimer (Fig. 2D,F). 

Part of the binding isotherms show features which are not well-described by equation 

1 which is based on a simple membrane partitioning equilibrium (e.g. the kinks or 

discontinuities in Figures 2A-C, S1 and S2). Despite such insufficiencies equation 1 gives 

reasonable fits and good approximations of the different affinities. The resulting apparent 

association constants are compared in Figure 3. For the urea-based foldamer 3 the affinity to 

DNA is increased at low pH whereas for lipids the affinity increases with pH value (Figure 

3A). Astonishingly this property is inverted for the dimer (dim3) where the affinity for DNA 

is increased at high pH and the affinity for lipids is increased at low pH (Figure 3B).  

The bivalent cation Zn
2+

 is used to enhance DNA transfection activities 
44-45

 and has 

also helped to significantly increase the activities of the oligourea 3 to reach almost the level 

of transfection capacity of its dimer dim3 
24

. Interestingly when ZnCl2 is added to the 

DNA/foldamer formulation, the pH dependence of affinities of 3 to DNA are inverted when 

compared to the presence of EDTA (Figure 3A). When oligourea association with lipids is 

tested, ZnCl2 has barely an effect for the dimer and/or when the negatively charged lipid 

POPG is present in the membranes (Fig. 3). In contrast Zn
2+

 enhances the pH dependence of 

the POPC- monomer 3 interactions (Fig. 3A). Finally, when membranes made of POPC are 

compared to its mixture with anionic lipids (POPC/POPG) an increased affinity of the 

cationic oligoureas (3 and dim3) to the negatively charged membrane becomes evident (Fig. 

3). 
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Figure 1: Titration experiments of 10 µM monomer 3 with DNA (A,B) or POPC (C,D) at pH 

8 (A,C) and pH 5 (B,D). The increase in intensity < 300nm is due to light scattering in the 

presence of POPC vesicles.  
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Figure 2: First component resulting from the PCA analysis of the titration experiment of 10 

µM monomer 3 (A,C,E) and 5µM dimer dim3 (B,D,F) in the presence of increasing amounts 

of DNA (A,B), POPC (B,C) and POPC/POPG 2/1 mole/mole (E,F). Closed symbols are 

recorded in the presence of EDTA and open symbols in the presence of 1 mM ZnCl2. Black 

symbols are recorded at pH 8 and red symbols at pH 5. 
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Figure 3: Binding constants of the monomer (A) and the dimer (B) to DNA (left), POPC 

(middle) and POPC/POPG 2/1 mole/mole (right) in presence and absence of ZnCl2. Points in 

black are recorded at pH 8 and points in red are recorded at pH 5. 

 

Solid-state NMR of oligoureas in oriented POPC lipid bilayers 

In a next step monomer 3 was reconstituted into uniaxially oriented POPC bilayers and the 

membrane topology of the oligoureas was investigated using static solid-state NMR 

spectroscopy 
35

. In a related fashion to methods that are well-established for 
15

N-labelled 

peptide bonds, the 
15

N chemical shift and the 
1
H-

15
N dipolar couplings of oligourea 

15
3, 

locally 
15

N-labelled in position of the Val
U
 residue, directly correlate with the approximate tilt 

angle of helical structures 
33-35

. For oligoureas chemical shifts < 110 ppm are indicative of 

helices parallel to the surface whereas values > 130 ppm come with transmembrane 

orientations 
35

.   

When the samples have been prepared at pH 4.5 a sharp (FWHM ~250 Hz) peak at 

66.5 ppm is observed (Figure 4A). The corresponding PISEMA spectrum, correlating the 
15

N 
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chemical shift with the 
1
H-

15
N dipolar coupling shows a single peak with a 

1
H-

15
N dipolar 

coupling of 3.77 kHz (Figure 4E) 
38

. These parameters together with energetic considerations 

are indicative of an alignment of the oligourea 3 long axis parallel to the membrane surface 

(Figure 5). 

Increasing the pH to 7 results only in small changes in the spectrum (68.5 ppm / 350 

Hz FWHM data not shown). However, an increase of the pH to 8 (Figure 4B) results in 

considerable spectral alterations, with a 
15

N chemical shift maximum at 82 ppm and a 

broadening of the peak to 900 Hz FWHM. Hence only at pH 8 but not at neutral pH a 

significant change of the orientation of the oligourea can be detected. The addition of ZnOAc 

to 
15

3 incorporated into POPC at pH 5 results in only a modest broadening of the peak (Figure 

4C).  

 
Figure 4: Proton-decoupled 

15
N cross polarization (A-D) and PISEMA solid-state NMR 

spectra (E,F) of oligoureas reconstituted into POPC bilayers oriented with the membrane 

normal parallel to the field of the NMR spectrometer. A and E. 4.5 mg 3 in 150 mg POPC at 

pH 4.5 B. 4.5 mg 3 in 150 mg POPC at pH 8, C. 3.9 mg 3 in 150 mg POPC in the presence of 

zinc acetate at pH 5 D and F. 2.5 mg dim3 in 150 mg POPC at pH 4.5. 
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The spectrum of the 
15

dim3 reconstituted into uniaxially oriented POPC shows a well-

resolved peak at 68 ppm (400 Hz FWHM; Figure 4D). This is confirmed by the PISEMA 

spectrum with a 
15

N-
1
H dipolar coupling of 3.07 kHz (Figure 4F). 

The thus obtained NMR data are dependent on the alignment of the molecules relative 

to the direction of the membrane normal (which coincides with the magnetic field direction) 

33, 35
. In order to evaluate which membrane topologies agree with the measured 

15
N chemical 

shift and 
15

N-
1
H dipolar coupling (Fig. 4A,E) a restriction analysis was performed. For all 

possible orientations of the oligourea helix of 3 these two measurables were calculated and 

compared to the experimental data. All alignments that agree with the 
15

N chemical shift are 

labeled blue in the restriction plot shown in Figure 5A while agreement with the dipolar 

coupling is indicated by red traces. Only four topologies fit to both measurements and these 

are represented in Figure 5B. Orientation 2 represents best the amphipathic separation of the 

hydrophobic residues inserted into the membrane and the hydrophilic being in contact with 

the water phase. 

 
Figure 5: A: restriction plot of a helical model of the monomer 3 considering 66.5 ppm 

chemical shift (blue) and N-H dipolar coupling of 3.77 kHz (red). The alignments 

corresponding to the different intersections are shown in B (red/hydrophilic Arg
U
, His

U
, 

grey/neutral Trp
U
, blue/hydrophobic Val

U
).  

 

 

DISCUSSION 

 

Previously, using cationic amphipathic antimicrobial peptides as a template, histidine-rich 

peptides have been designed to investigate the energetic contributions that determine if a 

helical peptide is aligned in transmembrane fashion or along the surface 
13, 46, 47

. As expected 

from their design these peptides have been shown to exhibit antimicrobial 
14, 48

, but also 
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potent cell-penetrating activities 
12

 including the transfection of DNA 
11

 and siRNA 
15

. In 

order to make such transport processes into the cell interior efficient a composition of stable 

lysine cationic side chains and titratable histidine groups has been found important thus the 

overall charge changes upon endosomal acidification 
12, 23

. In order to make the same concept 

more amenable to in vivo applications oligourea structures more resistant to proteolytic 

degradation have been designed and prepared 
24

. Whereas monomer 3 combined with ZnCl2 

showed some promising transfection efficacy given its size, its dimerization to form dim3 via 

disulfide bridge formation resulted in an 8-fold improvement of activity (when comparing 3 

with dim3 at the same mass ratio to DNA (12); see Figure S3 in the supporting information) 

without the need of adding ZnCl2 during foldaplex assembly. The possibility exists that 

disulfide bonds are reduced already at the cellular surface 
49

, however, the much higher 

activity of dim3 suggests that such reactions are limited in foldaplex-type assemblies (Fig. 

S3). Indeed, recently it has been demonstrated that related disulfide-conjugated complexes 

exhibit increased stability in biological fluids 
25

. In contrast, a high density of free -SH during 

the foldaplex assembly process may even result in a templating effect that trigger its oxidation 

into dimer 
50

 thereby explaining the much higher activity of 3-SH when compared to 3 at high 

3-SH/DNA mass ratio (Figure S3). 

Here we investigated the DNA and membrane affinities of the oligourea sequences 

that showed the best activities in biological assays namely sequence 3 and its dim3 dimer 

(Scheme 1). Data were collected at neutral pH and under acidic conditions as they occur in the 

endosomes. Furthermore, the influence of Zn
2+

 was investigated because it has been used to 

enhance the transfection activities of peptides and of the oligoureas studied here 
24

.  

Previous experiments using ITC showed that the capacity of the parent LAH4 peptide 

to bind DNA increases when the pH drops below 6, i.e. when the histidines become charged 

23
. Whereas at pH 7.4 four lysines and the amino-terminus assure electrostatic interactions 

with the negatively charged nucleic acid polymer, an additional four histidines carry a 

positive charge at pH 5.5. Therefore, under acidic conditions charge neutrality of the complex 

is reached with about only half the amount of peptides suggesting that many of them are 

released when the endosome acidifies 
23

. The underlying complexes were formed at pH 7.4 in 

the presence of excess amounts of peptide. The oligoureas investigated here (Scheme 1) carry 

a guanidinium and two imidazole side chains (exhibiting pK-values of about 7; see SI of 

reference 
24

) which suggests that a similar mechanism enabling endosomal escape may also 

apply here.  
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Although the fluorescence data shown in Figures 1 and 2 do not provide information 

about the stoichiometry of association, the presence of indole groups in the sequence of 

oligoureas 3 and dim3 offers the possibility to measure binding isotherms of these molecules 

to DNA and lipid bilayers by fluorescence spectroscopy, results that can then be correlated to 

the transfection efficiency of the molecules 
24

. The comparison of the dimer and the monomer 

of the same oligourea sequence allows one to reveal structural and biophysical differences 

which are due to the covalent conjugation of two molecules. From comparing Figure 3A and 

B it becomes obvious that the dimerization leads to more than just a slight modification of the 

binding behavior to DNA and lipid bilayers. Indeed, the pH dependence of the dimer for 

binding is inverted when compared to the monomer.  

In the absence of Zn
2+

 the monomer has a higher affinity to DNA at low pH consistent 

with the binding of the cationic oligourea with the anionic DNA being driven by electrostatic 

interactions (Figure 3A). In the hydrophobic/interfacial environment of the DPC micelles the 

apparent pK is around 7 
24

, a value that is expected to be even higher in the proximity of the 

anionic DNA polymer. Therefore, it seems reasonable to assume that not only the 

guanidinium but also the imidazole side chains carry cationic charges already at neutral and at 

acidic pH.  

The dimer on the other hand shows the opposite pH dependence in its DNA 

association (Figure 3B). Thus, it is released from the DNA upon acidification of the 

endosome and becomes available to interact with the membrane of this organelle. As a 

consequence the cargo is released into the cytoplasm, in agreement with previous models and 

data obtained for LAH4 peptides 
12, 22

. For this latter peptide a model was established where 

the DNA negative charges are saturated by the positive charges of the histidines. Less peptide 

is required when the LAH4 histidines take up a positive charge at the low pH of the 

endosomes thus fewer peptides are necessary to match the negative charges of the DNA. The 

amphipathic peptides released are then available to lyse the endosomal membranes and to 

assure escape of the cargo into the cytoplasm 
22-23

. 

Following a similar model, the pH-dependent differential affinity may also explain 

why dim3 is more efficient during transfection experiments when compared to its monomer 

counterpart 
24

. At the low endosomal pH the association of the amphipathic oligourea 3 does 

not decrease, thus molecules are not liberated from DNA to interact with the membranes 

which is required to ensure the best escape or DNA from this organelle 
23

 (Figure 6A). At the 

present time the molecular nature of the difference in affinity remains unknown, but the 

interactions of monomer 3 probably involve additional energetic contributions such as 
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hydrophobic and van der Waals contacts that invert the pH dependence when compared to the 

dimer.  

Notably, the transfection efficiency of monomer 3 reaches almost that of the dimer in 

the presence of 135 M Zn
2+

 ions 
24

. At the same time the addition of Zn
2+

 inverts the pH 

dependence of the affinity between the oligourea and DNA, i.e. the affinity of the oligourea 3 

is decreased when the pH is lowered, similar to the dimer in the absence of Zn
2+

 albeit with 

about 5-fold lower overall affinity (Figure 3). In contrast, the addition of ZnCl2 modifies the 

binding of the dimer with DNA in the opposite manner (Figure 3B) albeit without effects in 

the transfection assays 
24

. This parallels observations with LAH4 peptides where it has been 

shown that Zn
2+

 only has a beneficial effect under suboptimal conditions but did not affect 

transfection under conditions and for polypeptide sequences where high efficiencies were 

already observed without the bivalent cation 
44, 45

. Thus, the Zn
2+

 ions must enhance a step 

which is not a rate limiting one in the more powerful transfection settings. The Zn
2+

 ions have 

been suggested to improve gene transfer by interactions with the phosphate group of 

phospholipids, thereby dehydrating the membrane and promoting membrane fusion 
45, 51, 52

. 

Furthermore, Zn
2+

 ions have been shown to chelate imidazole groups 
53, 54

, to interact with 

DNA and stabilize DNA transfection complexes 
54, 55

, to promote the nuclear localization of 

proteins 
56

 and to act as intracellular messenger 
57

, all of which can have an effect on 

transfection processes.  

 

Figure 6. Model summarizing the pH-dependence of the membrane and DNA association of 

A. monomer 3 and B. the disulfide-conjugated dim3. The helical monomer unit is sketched by 

a yellow cylinder, the DNA by the black coil in the top part of the Figure. 
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When lipid association is studied, interesting differences are observed between the 

monomer and the dimer. The monomer 3 exhibits a significantly higher association to neutral 

POPC at pH 8 when compared to pH 5 (Figures 3A and 6A) suggesting that hydrophobic 

interactions are important but the apparent binding is modulated by repulsive interactions 

once a first layer of the cationic peptides is associated with the membrane surface. Notably 

the alignment of the peptide is not altered by the pH (Figure 4). Such behavior has been 

analyzed by the Gouy-Chapman formalism where the surface charge density depends on the 

amount of surface-associated cationic oligourea (or peptide) 
58

. Indeed, for the binding to 

anionic membranes (POPC/POPG) this pH dependence is almost completely abolished 

(Figure 3A) because peptides or the oligoureas studied here are initially attracted by charge 

complementarity up to the point when charge neutrality at the surface is achieved.   

Again, dim3 shows the opposite behavior, by binding better to zwitterionic 

membranes at low pH, a pH dependence that is conserved also for the anionic membranes 

(POPC/POPG 2/1 mole/mole) (Figures 3B and 6B). When compared with the monomer, the 

adsorption of the dimer to the membranes is reduced at pH 8 but increased at pH 5 (Figure 3). 

This indicates that at high pH the membrane adsorption is limited by an additional process 

which is independent from the previously described electrostatic interactions. It seems 

plausible that the hydrophobic faces of the two oligourea segments are folded onto each other 

and become only available for membrane association through conformational re-

arrangements.  

In contrast, at low pH dim3 is driven to the membrane probably because it already 

adopts a more extended (rather than a hairpin) conformation and membrane-association 

occurs by cooperative insertion of the two subunits (Figure 6B). Once dim3 is bound to the 

endosomal membrane at low pH an extended topology similar to that of the monomer is 

privileged (Figures 4A,E and 6). Thereby, in the context of the common model for peptide-

assisted transfection 
23, 31

 the behavior of dim3 fits better since it is less membrane active at 

high pH and hence doesn’t perturb the membrane before the endosome gets acidified.  

Notably, dimerization of 3 via disulfide bridge formation changes the properties of the 

oligourea in a comprehensive manner, which goes well beyond purely geometric 

considerations. The titration series contains some indication of the more complex nature of 

the binding events (Figs. 2, S1, S2). Clearly the fluorescence spectra of the monomer 3 in the 

presence of increasing amounts of DNA at pH 5 (Figure 1B) cannot be described by simply 

adding contributions of a free and a bound fraction. Indeed, an intermediate population is 
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revealed by principal component analysis (Figure S1). Probably this “intermediate” state 

(open symbols) reflects a more condensed structure of the DNA-oligourea complex at high 

polyurea/DNA ratio, whereas in the presence of an excess amount of DNA a transition to a 

more open structure occurs. Indeed, the blue shift in the fluorescence spectra indicates a more 

tightly packed conformation at high oligourea concentration where the indole rings are less 

exposed to the polar water environment (Figure 1B).  

According to the oriented solid-state NMR data at low pH both the monomer and the 

dimer are aligned parallel to the bilayer surface with no significant difference (Figures 4A,D 

and 5). At higher pH (Figure 4B) the resonances are slightly shifted to increased 
15

N chemical 

shift values, however, the oligourea helix does not adopt a transmembrane configuration. 

Also, the addition of zinc acetate seems to result in only a slight broadening of the peak 

towards higher chemical shift values (Figure 4C). Hence, knowing that the structures of these 

foldamers are rather stable in a multitude of environments 
59

 and in view of the little 

topological changes reflected in the oriented 
15

N solid-state NMR spectra, the difference in 

transfection efficiency is likely not linked to structural changes of the membrane-associated 

oligourea. The data presented in this paper rather suggest that the pronounced differences in 

how the mono- and dimeric oligourea reversibly associates with DNA contributes to the 

differences in transfection. They are suggestive that electrostatic complexation of the nucleic 

acids together with an equilibrium between stable and pH-dependent charges of the oligourea 

in the physiological range of the endosome, make important contributions, that are further 

modulated by the presence of bivalent Zn
2+

 ions.  

 

CONCLUSIONS 

The data presented in this paper clearly show that increased affinity for DNA at high pH and 

increased affinity for lipids at low pH correlate well with the transfection efficiency 
23

. On the 

one hand, this validates a physico-chemical approach for the rational development of 

optimized vectors for gene transfection. On the other hand, the data is in line with the 

previously established model where the disruption of acidified endosomes has been suggested 

to explain the very efficient transfection of nucleic acids and endosomal escape of other cargo 

when LAH4 peptides are used 
12,16,22,23

. 

However, the data shows that the adsorption process of the foldamers to both DNA 

and lipids is complex and difficult to predict. The binding isotherms suggest the presence of 

intermediate states and saturation is difficult to achieve in both cases. Therefore, at the present 
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state it is necessary to experimentally measure the binding affinities of new transfection agent 

candidates in order to verify that the rational design generates the desired results. 

 

SUPPORTING INFORMATION: monomer 3 association with DNA at pH 5, normalized 

emission signal of 3 upon DNA titration, transfection of HEK293 cells with p-luc with 

different vectors. 
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