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Conspectus   

It is a textbook knowledge that charges of the same polarity 

repel each other. For two monovalent ions in the gas phase 

at a close contact this repulsive interaction amounts to 

hundreds of kilojoules per mole. In aqueous solutions, 

however, this Coulomb repulsion is strongly attenuated by 

a factor equal to the dielectric constant of the medium. The 

residual repulsion, which now amounts only to units of 

kJ/mol, may be in principle offset by attractive interactions. 

Probably the smallest cationic pair, where a combination of 

dispersion and cavitation forces overwhelms the Coulomb 

repulsion, consists of two guanidinium ions in water. 

Indeed, by a combination of molecular dynamics with electronic structure calculations and electrophoretic 

as well as spectroscopic experiments we have demonstrated that aqueous guanidinium cations form 

(weakly) thermodynamically stable like-charge ion pairs.  

The importance of pairing of guanidinium cations in aqueous solutions goes beyond a mere physical 

curiosity, since it has significant biochemical implications. Guanidinium chloride is known to be an efficient 

and flexible protein denaturant. This is due to the ability of the orientationally amphiphilic guanidinium 
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cations to disrupt various secondary structural motifs of proteins by pairing promiscuously with both 

hydrophobic and hydrophilic groups, including guanidinium-containing side chains of arginines. 

The fact that the cationic guanidinium moiety forms the dominant part of the arginine side chain 

implies that the like-charge ion pairing may also play a role for interactions between peptides and proteins. 

Indeed, arginine-arginine pairing has been frequently found in structural protein databases. In particular, 

when strengthened by a presence of negatively charged glutamate, aspartate, or C terminal carboxylic 

groups, this binding motif helps to stabilize peptide or protein dimers and is also found in or near active 

sites of several enzymes. 

The like-charge pairing of the guanidinium side chain groups may also hold the key to the 

understanding of the arginine “magic”, i.e., the extraordinary ability of arginine-rich polypeptides to 

passively penetrate across cellular membranes. Unlike polylysines, which are also highly cationic but lack 

the ease in crossing membranes, polyarginines do not exhibit mutual repulsion. Instead, they accumulate 

at the membrane, weaken it, and might eventually cross in a concerted, “train-like” manner. This behavior 

of arginine-rich cell penetrating peptides can be exploited when devising smart strategies how to deliver 

in a targeted way molecular cargos into the cell.   
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Introduction  

The term arginine “magic”1 poetically describes the unusual ability of positively charged arginine rich 

(Arg-rich) peptides to easily penetrate across cellular membranes. This makes arginine the primary choice 

as the building block of cell penetrating peptides.2–6. Arginine “magic” is related to the presence of the side 

chain of this amino acid containing the guanidinium cation (Gdm+) group, which holds a number of 

fascinating chemical properties. 

Gdm+ is an intriguing chemical species composed of three amino groups bound to the central carbon 

atom, belonging thus to the class of planar Y-conjugated quasi-aromatic structures (Figure 1).7 Its pKa value 

in water is 13.6, which renders it fully protonated in practically all biological contexts.8 Gdm+ acts as a 

hydrogen bond donor interacting strongly with water only in the molecular plane, whereas its faces remain 

hydrophobic, as suggested by neutron diffraction techniques and molecular dynamics simulations.9,10 It is 

thus appropriate to call Gdm+ an orientational amphiphile.11 Hydration of Gdm+ depends also on the local 

environment with small Gdm+ water clusters exhibiting a stronger hydrogen bonding to water molecules 

than large Gdm+ water clusters, as suggested by infrared photodissociation spectroscopy.12 

The unique hydration pattern of Gdm+ is also related to the fact that guanidinium salts serve as potent 

protein denaturants. In particular, the hydrophobic faces of Gdm+ interact preferably with other planar 

aromatic amino acids such as tryptophan,13 destabilizing thus hydrophobic cores of proteins. At the same 

time, Gdm+ forms strong hydrogen bonds with negatively charged amino acids, as well as with oxygen 

atoms in the protein backbone.14 As revealed also by 2D infrared spectroscopy,  Gdm+ in this way induces 

breaking of salt bridges in folded protein conformations,15 leading again to efficient protein denaturation.  

Arguably the most striking molecular property of Gdm+ is its ability to form contact like-charge ion 

pairs in water despite the obvious electrostatic repulsion.16 This unusual behavior has been predicted by 

molecular dynamics (MD) and Monte Carlo simulations.16–19 Not all experiments, notably dielectric 

relaxation spectroscopy,20 directly confirm self-association of Gdm+ cations. Quantitatively, the stability of 

cation-pairs relative to their ion- and water- separated forms was predicted by simulations as the 

experimental determination is still challenging.20,21 

Nevertheless, mounting experimental evidence shows that Gdm+ like-charge pairing is a real effect22,23 

being present in a number of different chemical environments, ranging from adenoviruses,24 over 

antimicrobial polyelectrolytes,25 to aqueous guanidinium salt solutions.26 For completeness, we note that 

some degree of like-charge ion pairing has been computationally predicted (without direct experimental 

evidence) also for certain aqueous anions, in particular fluorides,27 chlorides,28 hydroxides,29 and more 

complex oxoanions.30 

In this Account, we review results of computational and experimental studies aimed at unraveling 

“arginine magic” using a bottom-up approach. We start with computational studies of the simplest system, 

i. e., a Gdm+ pair in aqueous solutions.16,31–33 Next, we present MD simulations and an analysis of the 

Protein Data Bank (PDB)32 together with electrophoretic mobility studies of short Arg-rich peptides in 

water.22 As a next step, we present results of small angle X-ray (SAXS) and NMR spectroscopies, as well as 

MD simulations, concerning aggregation of longer Arg-rich peptides in water.34 Finally, we discuss the 

behavior of long Arg-rich peptides in the context of fluorescence spectroscopy measurements of liposomes 

and biomimetic control assays,35 as well as similar studies on supported lipid bilayers36 corroborated by 

molecular dynamics (MD) simulations of peptide/bilayer systems.35,36 The principal aim of these studies 
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has been to elucidate the molecular mechanism of self-aggregation of polyarginines as an important step 

in understanding the translocation process across cellular membranes.37  

 

 

 

Figure 1. Chemical structures of the guanidinium cation and of the arginine amino acid in a polyarginine peptide 

chain. 

 

Guanidinium like charge ion pairing in water  

The simplest system exhibiting the occurrence of the like-charge ion pairing is an aqueous solution of a 

Gdm+ salt. Based on MD simulations employing both non-polarizable and polarizable force fields, the like-

charge pairing of Gdm+ has been predicted to exist with the stabilization free energy of the guanidinium 

pair ranging from units to tens of kJ mol-1, depending on the particular potential model.17 Quantum-

chemical calculations with polarizable continuum solvent models have also shown the existence of the 

like-charged pair, with a stabilization energy in the range of 4 – 12 kJ mol-1.18,19 The molecular origin of the 

association has been rationalized recently in terms of a combination of several effects – screening of the 

electrostatic repulsion by the high dielectric constant medium augmented with cavitation and dispersion 

stabilization, together with favorable quadrupole-quadrupole interactions.16 Although all of these effects 

are present also in other solvated ion pairs at a close contact, such as NO3
- or NH4

+, it seems that only in 

the case of Gdm+ the total free energy balance tips toward stabilizing the like-charge ion pair.16 

Both force field MD simulations and quantum-chemical calculations with polarizable continuum 

models qualitatively captured the essence of the like-charge pairing. Nevertheless, we double-checked the 

stability of the Gdm+ ion pair using a method free of potential artifacts arising from the use of empirical 

force-fields or the implicit description of water. To this end, we performed electronic structure calculations 

evaluating stabilities of a series of Gdm+ dimers hydrated by an increasing number of water molecules. We 

showed that a Gdm+ pair with 12 surrounding water molecules (Figure 2) is thermodynamically stable with 

a complexation energy of -4.6 kJ mol-1 at the BLYP-D/cc-pVDZ level of theory.32  
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Figure 2. The optimized structure of the guanidinium dimer with twelve water molecules shown in different views, 

as obtained at the BLYP-D/aug-cc-pVDZ level of theory. The distance between central carbon atoms is given in Å. 

Hydrogen bonds are indicated with thin lines. Adapted with permission from Ref. 32. Copyright 2011 American 

Chemical Society. 

 

Next, we utilized ab initio molecular dynamics (AIMD) simulations to verify the thermal stability of 

the Gdm+ like-charge ion pair. We performed AIMD with the dispersion corrected BLYP-D density 

functional and the DZVP-MOLOPT-GTH basis set showing that the Gdm+ pair surrounded by several 

solvation shells of explicit water molecules is thermodynamically stable. This is in contrast to control 

simulations of a hydrated NH4
+ dimer, where no pairing occurs. In addition to the stacked Gdm+ pair (Figure 

3), we also observed a T-shaped structure of the dimer where two Gdm+ ions are oriented perpendicularly 

to each other.31 We performed analysis of the electronic density of the systems, which revealed that the 

attractive interaction between Gdm+ ions is dominantly of a van der Waals nature, whereas no such 

attraction exists in the case of the NH4
+ dimer (Figure 3). 

 

 

Figure 3. Selected snapshots from ab initio molecular dynamics simulations showing interactions between a pair of 

Gdm+ cations (upper panel) or a pair of NH4
+ cations (lower panel) in water. Gradient isosurfaces (s = 0.6 au) are 
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shown in color representing different types of interaction, ranging from attractive (blue) to repulsive (red) 

interactions. Adapted with permission from Ref. 31. Copyright 2012 American Chemical Society. 

 

 

As a final task in establishing the stability of the like-charged Gdm+ pair, we also performed extensive 

AIMD simulations with umbrella sampling in order to extract the free energy of the stabilization. Figure 4 

depicts a comparison between free energy profiles obtained by an empirical force field MD (blue line) and 

AIMD (red line), demonstrating that both computational approaches yield a thermodynamically stable 

Gdm+ ion pair. Namely, empirical force field MD predicts a weakly stabilized pair with a free energy 

minimum of ca. -1.5 kJ mol-1, while (the necessarily less statistically converged) AIMD gives a deeper free 

energy minimum of about -5 kJ mol-1. Also, AIMD predicts that T-type Gdm+ dimers are slightly more stable 

than stacked Gdm+ dimers.33 Note that T-type dimers are not identified as stable in force field MD, thus 

showing the importance of explicit electronic structure treatment for a quantitative determination of the 

like-charged ion pair geometry and stability.  

 

 

 
 

Figure 4. Free energy of stabilization of a Gdm+ pair in water obtained by the OPLS-AA empirical force field MD (blue) 

and ab initio MD with the BLYP-D/TZVP-GTH level of theory (red), together with selected snapshots from MD 

trajectories representing different interaction geometries. Standard deviations for ab initio MD simulations are 

indicated by grey lines. Adapted with permission from Ref. 33. Copyright 2016 American Chemical Society. 

 

Short arginine-rich peptides in water  

In the previous Chapter we showed that the computational evidence for the existence of Gdm+ like-

charged ion pairs is qualitatively robust, regardless of the particular computational method used. In this 
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Chapter we extend the investigation of Gdm+ ion pairing to short aqueous peptides containing Arg amino 

acids. First, simulations of diarginines in water have demonstrated association of the side chains bearing 

Gdm+ ions, in stark contrast to dilysines which have not shown any sign of attractive interactions between 

side chains containing NH4
+ ions.16 The results from MD simulations are supported by a survey of the PDB 

database, which reveals a number of structures with a pair of arginines in a close contact, indicating that 

whenever two Gdm+
 ions are sterically allowed to be in a vicinity of each other they easily form a like-

charged ion pair.32,38–40 Also, the unusually large number of ligands containing Gdm+ groups interacting 

with Arg amino acids in receptors indicates a potential importance of the like-charge pairing in drug design 

as well.41 

 At the same time, Gdm+ ion pairing has also been demonstrated by a combination of capillary 

electrophoresis and MD simulations. Namely, in electrophoresis experiments it has been observed that 

addition of GdmCl to the solution of tetraarginine (Arg4) leads to an increased mobility of Arg4, while upon 

addition of NaCl no mobility enhancement has been observed (Table 1). In contrast, control experiments 

with tetralysine (Lys4) have not shown any difference in mobilities of Lys4 upon addition of GdmCl vs. 

NaCl.22 This effect has been rationalized with the help of MD simulations in terms of formation of the like-

charged ion pair between Gdm+ ions in solution and the Gdm+ moieties in Arg4 (Figure 5), which effectively 

increases the charge and thus the electrophoretic mobility of the peptide.  

Table 1. Electrophoretic mobilities  ( × 10-9 m2 V-1 s-1) in 50 mM GdmCl and NaCl aqueous salt solutions. Adapted 

with permission from Ref. 22. Copyright 2011 American Chemical Society. 

 GdmCl NaCl 

Arg4 34.13 ± 0.06 31.89 ± 0.09 

Lys4 35.31 ± 0.10 35.27 ± 0.06 
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Figure 5.  Distribution of Gdm+ cations (red), Na+ cations (not present in the vicinity of the side chains), and Cl- anions 

(gold) around the side chains of (a) Arg4 in GdmCl(aq), (b) Lys4 in GdmCl(aq), (c) Arg4 in NaCl(aq), and (d) Lys4 in 

NaCl(aq). Adapted with permission from Ref. 22. Copyright 2011 American Chemical Society. 

 

Long arginine-rich peptides in water    

In this Chapter, we present the results concerning the behavior of longer Arg-rich peptides in aqueous 

solutions, in particular concerning the self-association of deca-arginines.34 We have performed extensive 

MD simulations of Arg10 and Lys10 in aqueous NaCl solutions of increasing ionic strength. Figure 6a shows 

a typical MD snapshot of two Arg10 peptides in a close contact. The mutual attraction of these two 

positively charged peptides is due to a combination of two factors. First, Gdm+ of the Arg residues of the 

two peptides interact with each other, forming like-charged ion pairs. In addition, Gdm+ of the ninth Arg 

residues also forms an intermolecular salt bridge with the negatively charged C-terminus of the other 

peptide. This newly discovered binding motif acts as an adhesive patch between the two polyarginines. 

Umbrella sampling simulations (Figure 6 b-d) have shown that this binding is present at varying ionic 

strengths, being most stable (-10 kJ mol-1 at 298 K, Figure 6c) at a NaCl concentration of cs = 0.07 mol dm-

3. No such binding motif is present for a pair of Lys10. Moreover, mutation in Arg10 of the ninth Arg residue 

to Lys leads to disappearance of the free energy minimum (Figure 6e, red line), which points to the 

importance of the Gdm+ like-charge ion pairing in this binding motif. Interestingly, the association free 

energy between shorter peptides, in particular between Arg4 peptides at cs = 0.07 mol dm-3 (Figure 6f) is 

smaller than for the longer Arg10 peptides at the same ionic strength (Figure 6c), suggesting that Arg 

residues contribute in an additive fashion to lowering of the mutual electrostatic repulsion between Arg-

rich peptides. In contrast, interactions between Lys-rich peptides are purely repulsive; these control 

systems thus behave as classical Debye-Hückel (poly)electrolytes.   
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Figure 6. (a) Left, a snapshot from MD simulations illustrating the interaction between two Arg10 peptides at a close 

separation; right, a close-up view at the ninth and tenth residues involved in the newly discovered binding motif; b)–

d) potentials of mean force (PMFs) calculated from umbrella-sampling MD simulations for pairs of Arg10 molecules 

at ionic strength, cs, of 0.01 M (b), 0.07 M (c), and 0.32 M (d) as a function of the separation between the central 

Gdm+ carbon atoms of the ninth residues (CZ9–CZ9). (e) PMFs for pairs of Arg8LysArg (R8KR, red line) and Arg10 (R10, 

blue line) molecules as a function of the separation between the central Gdm+ carbon atoms of the eighth and tenth 

residues (CZ10–CZ8). (f) PMF for pairs of Arg4 (R4) molecules as a function of CZ9–CZ9. Shaded areas along the PMFs 

represent standard deviations (SD) of bootstrapped free energy profiles. (b–f) Abscissa labels represent CZ9–CZ9 or 

CZ10–CZ8 separations between two peptides where +, ±, and K represent arginine, C-terminal arginine, and lysine 

residues, respectively. Adapted with permission from Ref. 34. Copyright 2017 National Academy of Sciences. 

 The above results obtained from MD simulations have been confirmed experimentally. Namely, SAXS 

experiments show a very different aggregation behavior of Arg10 peptides compared to Lys10. This is 

evidenced in the dependence of the normalized SAXS diffraction intensity I(q) on the peptide 

concentration cp which differs significantly for Arg10 vs. Lys10 (Figure 7a-c). In particular, the increase of the 

normalized intensity maximum with increasing concentrations of Arg10 in the low q-range corresponds to 

the increase in osmotic compressibility indicating an attraction between Arg10 peptides, which is 

particularly pronounced for lower ionic strengths. These large and increasing (with peptide concentration) 

SAXS intensities for Arg10 indicate that there is a fraction of Arg10 which self-associate. In contrast (Figure 

7d), we see a decreasing trends of normalized SAXS intensities with peptide concentration for Lys10, as well 

as mutated peptides Arg8LysArg and Lys8ArgLys, demonstrating thus repulsion between these peptides as 
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expected for standard positively charged polyelectrolytes in water. Moreover, the experiments with 

mutated peptides point to the fact that the ninth Arg residue is pivotal for aggregation of Arg10. As an 

additional experimental support of the self-association predicted by MD simulations, 2D 1H-13C HSQC NMR 

spectra for Arg10 (Figure 7e) exhibit changes in NMR chemical shifts with increasing peptide concentration, 

consistent with attractive intermolecular interaction between peptides due to like-charge ion pairing. In 

contrast, for Lys10 the NMR chemical shifts at varying peptide concentrations almost perfectly overlap, 

indicating no attractive intermolecular interactions (Figure 7f). Finally, the computationally predicted 

binding motif responsible for self-association of two positively charged Arg10 peptides, consisting of a Gdm+ 

like-charge ion pair and two salt bridges with the carboxylic group, is amply represented in the PDB 

database where 231 X-ray structures with at least one like-charged Gdm+ ion pair interacting with 

aspartate or glutamate residues have been identified. 

 

 
Figure 7. (a–c) Concentration-normalized SAXS  intensities for Arg10 (R10, solid lines) and Lys10 (K10, dashed lines) at 

various peptide concentrations, cp, in 0.020 M Tris buffer solutions of a 0.060 M (a), 0.150 M (b), and 0.300 M (c) 

ionic strength, cs. (d) Extrapolated I(0)/cp values for samples of Arg10 (R10), Lys10 (K10), Arg8LysArg (R8KR), and 

Lys8ArgLys (K8RK) of increasing cp at cs =0.150 M. (e and f) Regions corresponding to correlations between Cα and Hα 

atoms of 2D 1H-13C HSQC NMR spectra of Arg10 (R10, e) and Arg8LysArg (R8KR, f) at various cp, pH 5, and cs=0.025 

M. Adapted with permission from Ref. 34. Copyright 2017 National Academy of Sciences. 
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Membrane aggregation and cell penetration of arginine-rich peptides  

In the previous Chapters, we showed that like-charge Gdm+ pairing is operative also in polypeptides, as 

demonstrated for Arg10 in aqueous solutions. As already mentioned in the Introduction, there is a vast 

number of studies dedicated to cell membrane penetration properties of Arg-rich oligo- or polypeptides, 

the so-called arginine “magic”. However, the molecular details of the onset of peptide penetration 

properties and the effects of the Arg-rich peptide self-aggregation are still not completely understood.42 

What has been firmly established is the fact that in addition to the ATP fueled active process of endocytosis 

a passive ATP-free entry mechanism is operative as well.43,44 Computational studies of Arg-rich peptides 

have shown that the ease of the first step of this passive mechanism is related to the effectiveness of the 

peptide adsorption at the bilayer surface,45 which is dependent on the size, shape, and chemical 

composition of the adsorbed species.46  

 MD simulations of polyarginines at phospholipid bilayers have shown that in addition to adsorption, 

they also strongly self-aggregate at the bilayer surface in contrast to polylysines which show no sign of 

aggregation.35,36 This is illustrated in Figures 8c and 8d, where an Arg9 dimer is formed at the POPC bilayer, 

as also evidenced by the analysis of the corresponding radial distribution functions with Gdm+ groups in a 

close contact (Figure 8a). In contrast, there are no close contacts between NH4
+ groups in Lys9 peptides 

(Figure 8b). In addition to association and aggregation of Arg-rich peptides at phospholipid membranes, it 

has been suggested that formation of transient pores in the bilayer, which usually occurs spontaneously 

or upon lipid flip-flop process,47 is also facilitated by the Gdm+ like-charge ion pairing in the bilayer core.33 

These pores are predicted to be strongly kinetically stabilized by Arg-rich peptides, while no such effect 

occurs for Lys-rich peptides.48–50   

 Simulation results are supported by a number of experimental studies. For example, time 

fluorescence shift measurements have shown that longer polypeptides penetrate deeper than shorter 

peptides in the bilayer. Also, biomimetic color assays have demonstrated that polyarginines induce strong 

interactions in the membranes, in contrast to polylysines.35 Experimental studies on supported lipid 

bilayers have also revealed that polyarginines bind two orders of magnitude more strongly to the bilayer 

than polylysines.36 This is illustrated in Table 2, where dissociation constants KD and Hill indexes of 

cooperativity n are presented for Arg9 and Lys9 at neutral POPC and negatively charged mixed POPC and 

POPG lipid bilayers. In the case of Arg9, the Hill cooperativity index is close to unity at higher peptide 

concentrations at negatively charged bilayers, indicating effectively no mutual repulsion of positively 

charged Arg9 peptides at the bilayer. Conversely, Lys9 peptides have cooperativity values significantly 

smaller than one, which points to their mutual repulsion at the bilayer.  
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Figure 8. (a) Radial distribution functions (RDFs) between central carbon atoms of Gdm+ in different Arg9 peptides at 

the POPC + POPG bilayer. The RDF peak marked by arrows denotes a direct contact pairs between central carbon 

atoms in Gdm+ moieties present in Arg9-Arg9 aggregates. (b) The same plot as (a) for the central nitrogen atoms of -

NH3
+ moieties on different Lys9 peptides. A snapshot of (c) a top-down view and (d) a side view at two individual 

peptides (in red and blue) forming an aggregate at the POPC + POPG system. The Gdm+ groups in close contact are 

shown in the van der Waals representation. Adapted with permission from Ref. 36. Copyright 2016 American 

Chemical Society. 
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Table 2. Apparent dissociation constants (KD) and Hill coefficients of cooperativity n for Arg9 and Lys9 at POPC lipid 

bilayers with varying concentrations of POPG lipids with a ortho-rhodamine B probe (oRB). Adapted with permission 

from Ref. 36. Copyright 2016 American Chemical Society. 

mol% POPG + mol% oRB 
Lys9 Arg9 

KD (µM) n KD (µM) n 

0 + 0 NA NA 70 ± 19*† 0.75* 

0 + 0.5 NA NA 0.89 ± 0.38* 0.39* 

5 + 0.5 77 ± 20* 0.12* 0.46 ± 0.047* 0.68* 

10 + 0.5 55 ± 3 0.22 0.12 ± 0.016 0.73 

20 + 0.5 2.5 ± 0.5 0.24 0.039 ± 0.005 1.0 

30 + 0.5 2.1 ± 0.8 0.19 0.029 ± 0.007 1.0 

*assay performed at pH 6.4; all others performed at pH 6.8 

†assay performed with TAMRA dye labeling 

 

 Taken together, the combination of calculations and experimental results presented here points to 

the importance of membrane affinity and self-aggregation of Arg-rich peptide for their passive 

translocation across the bilayer. MD simulations also predict that Arg-rich peptides stabilize transient 

pores and aggregate inside in the bilayer.35,49 This is corroborated with several experimental studies 

showing deep penetration of long Arg-rich peptides, which are not mutually repulsive due to the Gdm+ 

like-charge ion pairing, despite the inevitable electrostatic repulsions.35,36 The present findings thus 

represent important pieces in the mosaic of the complex mechanism of passive cell penetration of Arg-

rich peptides and thus help to provide a molecular interpretation of the empirical observations of arginine 

“magic”.  

 

Conclusions and outlook  

In this Account, we have presented in the broader context of arginine “magic” our work focused on the 

molecular understanding of the like-charge ion pairing of guanidinium cations, ranging from salt ions in 

water to polyarginine peptides in solution and at biological membranes. We have unraveled the molecular 

mechanisms of this counterintuitive, “Coulomb-defying” interaction. Using experimental techniques 

supported by extensive MD simulations, we have shown that like-charge Gdm+ pairing is responsible for 
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aggregation of Arg-rich peptides in different environments. Moreover, aggregation of Arg-rich peptides at 

biological membranes is likely one of the key ingredient in the molecular explanation of how Arg-rich cell 

penetrating peptides passively translocate to the cell interior.51–54 Our findings may also help to 

understand at a molecular level how the efficacy of cell penetrating peptides can be improved, for 

example, by methylation of arginines,55,56 or by imposing the steric constraints by peptide cyclization57. 

Finally, we would be happy if the results presented here contribute in the future to a more rational design, 

based on molecular understanding, of cell penetrating peptides for efficient transport of therapeutic 

molecules or markers into the cell. 

 

Author Information 

*Mario Vazdar; E-mail: mario.vazdar@irb.hr; Web: https://vazdar.wordpress.com/ 

*Pavel Jungwirth; E-mail: pavel.jungwirth@uochb.cas.cz; Web: http://jungwirth.uochb.cas.cz/ 

 

Acknowledgments 

M.V. thanks the Croatian Science Foundation, Project No. UIP-2014−09−6090. C. A. thanks the Minerva 

Foundation for a postdoctoral fellowship. M.L. thanks the Swedish Research Council, the Swedish 

Foundation for Strategic Research, the Science Faculty project grant program for research with neutrons 

and synchrotron light, Lunarc in Lund for computational resources, and ESRF for providing beam time. P.J. 

acknowledges support from the European Regional Development Fund OP RDE (project ChemBioDrug no. 

CZ.02.1.01/0.0/0.0/16_019/0000729). 

 

Biographical Information  

Mario Vazdar 

(*1979) is a Laboratory Head at the Rudjer Bošković Institute in Zagreb, Croatia. He obtained his PhD 

degree at Faculty of Science at University of Zagreb in 2008 and was a postdoc in the group of Pavel 

Jungwirth in Prague from 2010 to 2012. His interests include simulations and experiments in model 

biological systems, in particular those associated with chemistry in model biological membranes. 

 

Jan Heyda  

(*1983) is an Assistant Professor at the University of Chemistry and Technology, Prague. He obtained his 

MSc.s in chemistry and mathematics in 2008 and Ph.D. in theoretical physical chemistry at Charles 

University in 2011 supervised by Pavel Jungwirth. He was a post-doc and Alexander von Humboldt fellow 

with Prof. Joachim Dzubiella at HU and HZB Berlin from 2011 to 2014. His interests include simulations, 

statistical thermodynamic modelling, and experiments of ternary aqueous solutions. 

 

Philip E. Mason  

mailto:mario.vazdar@irb.hr
https://vazdar.wordpress.com/
mailto:pavel.jungwirth@uochb.cas.cz
http://jungwirth.uochb.cas.cz/


15 
 

(*1972) is a ‘hands on’ scientific researcher.  He started working on guanidinium in ~2000 at Cornell 

University, and now continues to work on similar systems at the Czech Academy of Science. He has 

popularized some of his research topics, such as the unexpected reason why alkali metals explode in water, 

on his youtube channel ‘Thunderf00t'. 

 

Guilio Tesei  

(*1989) is a Ph.D. student in the group of Mikael Lund at Lund University, Sweden. He received his M.Sc. 

from the University of Rome Tor Vergata, Italy in 2013. His scientific interests include the development of 

all-atom and coarse-grained force fields for molecular simulations and the investigation of biomolecular 

interactions in bulk solutions as well as at interfaces. 

 

Christoph Allolio  

(*1983) is currently a postdoc in the group of Daniel Harries at the Fritz Haber Research Center of the 

Hebrew University Jerusalem, Israel. He obtained his PhD in 2014 from the Martin-Luther University in 

Halle. His research interests include the adsorption of ions at interfaces, cell penetrating peptides, and 

curvature elasticity of biological membranes. A major goal of his research in this field is to integrate 

molecular dynamics with (continuum) theoretical models. He believes that this approach will give rise to 

intuitive interpretations as well as a bridging of scales. 

 

Mikael Lund 

(*1974) is an Associate Professor at Lund University where he’s working with numerical simulations, 

statistical thermodynamics, and bio-molecular interactions.  

 

Pavel Jungwirth 

(*1966) is a Distinguished Chair at the Institute of Organic Chemistry and Biochemistry of the Czech 

Academy of Sciences and a full professor in physics (External Faculty) at the Charles University in Prague. 

His scientific interests involve modeling of ion−protein interactions, solvated electrons, and molecular 

processes in cellular membranes. Demystifying the arginine “magic” has been one of his latest obsessions. 

 

 

 

References 

 

(1)  Sakai, N.; Matile, S. Anion-Mediated Transfer of Polyarginine across Liquid and Bilayer 
Membranes. J. Am. Chem. Soc. 2003, 125, 14348–14356. 



16 
 

(2)  Mitchell, D. J.; Steinman, L.; Kim, D. T.; Fathman, C. G.; Rothbard, J. B. Polyarginine Enters Cells 
More Efficiently than Other Polycationic Homopolymers. J. Pept. Res. 2000, 56, 318–325. 

(3)  Wender, P. A.; Mitchell, D. J.; Pattabiraman, K.; Pelkey, E. T.; Steinman, L.; Rothbard, J. B. The 
Design, Synthesis, and Evaluation of Molecules That Enable or Enhance Cellular Uptake: Peptoid 
Molecular Transporters. Proc. Natl. Acad. Sci. 2000, 97, 13003–13008. 

(4)  Wender, P. A.; Galliher, W. C.; Goun, E. A.; Jones, L. R.; Pillow, T. H. The Design of Guanidinium-
Rich Transporters and Their Internalization Mechanisms. Adv. Drug Deliv. Rev. 2008, 60, 452–472. 

(5)  Stanzl, E. G.; Trantow, B. M.; Vargas, J. R.; Wender, P. A. Fifteen Years of Cell-Penetrating, 
Guanidinium-Rich Molecular Transporters: Basic Science, Research Tools, and Clinical 
Applications. Acc. Chem. Res. 2013, 46, 2944–2954. 

(6)  Futaki, S.; Nakase, I. Cell-Surface Interactions on Arginine-Rich Cell-Penetrating Peptides Allow for 
Multiplex Modes of Internalization. Acc. Chem. Res. 2017, 50, 2449–2456. 

(7)  Gund, P. Guanidine, Trimethylenemethane, and “Y-Delocalization.” Can Acyclic Compounds Have 
“Aromatic” Stability? J. Chem. Educ. 1972, 49, 100. 

(8)  MacCallum, J. L.; Bennett, W. F. D.; Tieleman, D. P. Distribution of Amino Acids in a Lipid Bilayer 
from Computer Simulations. Biophys. J. 2008, 94, 3393–3404. 

(9)  Mason, P. E.; Neilson, G. W.; Enderby, J. E.; Saboungi, M. L.; Dempsey, C. E.; MacKerell, A. D.; 
Brady, J. W. The Structure of Aqueous Guanidinium Chloride Solutions. J. Am. Chem. Soc. 2004, 
126, 11462–11470. 

(10)  Mason, P. E.; Neilson, G. W.; Dempsey, C. E.; Barnes, A. C.; Cruickshank, J. M. The Hydration 
Structure of Guanidinium and Thiocyanate Ions: Implications for Protein Stability in Aqueous 
Solution. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 4557–4561. 

(11)  Wernersson, E.; Heyda, J.; Vazdar, M.; Lund, M.; Mason, P. E.; Jungwirth, P. Orientational 
Dependence of the Affinity of Guanidinium Ions to the Water Surface. J. Phys. Chem. B 2011, 115, 
12521–12526. 

(12)  Heiles, S.; Cooper, R. J.; Ditucci, M. J.; Williams, E. R. Hydration of Guanidinium Depends on Its 
Local Environment. Chem. Sci. 2015, 6, 3420–3429. 

(13)  Mason, P. E.; Brady, J. W.; Neilson, G. W.; Dempsey, C. E. The Interaction of Guanidinium Ions 
with a Model Peptide. Biophys. J. 2007, 93, L04–L06. 

(14)  Heyda, J.; Kožíšek, M.; Bednárova, L.; Thompson, G.; Konvalinka, J.; Vondrášek, J.; Jungwirth, P. 
Urea and Guanidinium Induced Denaturation of a Trp-Cage Miniprotein. J. Phys. Chem. B 2011, 
115, 8910–8924. 

(15)  Meuzelaar, H.; Panman, M. R.; Woutersen, S. Guanidinium-Induced Denaturation by Breaking of 
Salt Bridges. Angew. Chemie - Int. Ed. 2015, 54, 15255–15259. 

(16)  Vondrášek, J.; Mason, P. E.; Heyda, J.; Collins, K. D.; Jungwirth, P. The Molecular Origin of Like-
Charge Arginine - Arginine Pairing in Water. J. Phys. Chem. B 2009, 113, 9041–9045. 

(17)  Soetens, J. C.; Millot, C.; Chipot, C.; Jansen, G.; Angyan, J. G.; Maigret, B. Effect of Polarizability on 
the Potential of Mean Force of Two Cations. The Guanidinium-Guanidinium Ion Pair in Water. J 
Phys Chem B 1997, 101, 10910–10917. 



17 
 

(18)  No, K. T.; Nam, K. Y.; Scheraga, H. A. Stability of like and Oppositely Charged Organic Ion Pairs in 
Aqueous Solution. J. Am. Chem. Soc. 1997, 119, 12917–12922. 

(19)  Masunov, A.; Lazaridis, T. Potentials of Mean Force between Ionizable Amino Acid Side Chains in 
Water. J. Am. Chem. Soc. 2003, 125, 1722–1730. 

(20)  Hunger, J.; Niedermayer, S.; Buchner, R.; Hefter, G. Are Nanoscale Ion Aggregates Present in 
Aqueous Solutions of Guanidinium Salts? J. Phys. Chem. B 2010, 114, 13617–13627. 

(21)  Hunger, J.; Neueder, R.; Buchner, R.; Apelblat, A. A Conductance Study of Guanidinium Chloride, 
Thiocyanate, Sulfate, and Carbonate in Dilute Aqueous Solutions: Ion-Association and Carbonate 
Hydrolysis Effects. J. Phys. Chem. B 2013, 117, 615–622. 

(22)  Kubíčková, A.; Křížek, T.; Coufal, P.; Wernersson, E.; Heyda, J.; Jungwirth, P. Guanidinium Cations 
Pair with Positively Charged Arginine Side Chains in Water. J. Phys. Chem. Lett. 2011, 2, 1387–
1389. 

(23)  Shih, O.; England, A. H.; Dallinger, G. C.; Smith, J. W.; Duffey, K. C.; Cohen, R. C.; Prendergast, D.; 
Saykally, R. J. Cation-Cation Contact Pairing in Water: Guanidinium. J. Chem. Phys. 2013, 139. 

(24)  Sumowski, C. V.; Schmitt, B. B. T.; Schweizer, S.; Ochsenfeld, C. Quantum-Chemical and Combined 
Quantum-Chemical/Molecular-Mechanical Studies on the Stabilization of a Twin Arginine Pair in 
Adenovirus Ad11. Angew. Chemie - Int. Ed. 2010, 49, 9951–9955. 

(25)  Zaki, A. M.; Troisi, A.; Carbone, P. Unexpected Like-Charge Self-Assembly of a Biguanide-Based 
Antimicrobial Polyelectrolyte. J. Phys. Chem. Lett. 2016, 7, 3730–3735. 

(26)  Biswas, B.; Singh, C. The Unusual Visible Fluorescence Violating the Kasha’s Rule Suggests the 
Aggregation of Guanidinium Carbonate in Its Aqueous Medium. J. Mol. Liq. 2018, 253, 211–216. 

(27)  Zangi, R. Attraction between Like-Charged Monovalent Ions. J. Chem. Phys. 2012, 136, 184501. 

(28)  Pettitt, B. M.; Rossky, P. J. Alkali Halides in Water: Ion–solvent Correlations and Ion–ion Potentials 
of Mean Force at Infinite Dilution. J. Chem. Phys. 1986, 84, 5836–5844. 

(29)  Ghosh, M. K.; Choi, T. H.; Choi, C. H. Like-Charge Ion Pairs of Hydronium and Hydroxide in 
Aqueous Solution? Phys. Chem. Chem. Phys. 2015, 17, 16233–16237. 

(30)  Mata, I.; Molins, E.; Alkorta, I.; Espinosa, E. The Paradox of Hydrogen-Bonded Anion-Anion 
Aggregates in Oxoanions: A Fundamental Electrostatic Problem Explained in Terms of 
Electrophilic⋯nucleophilic Interactions. J. Phys. Chem. A 2015, 119, 183–194. 

(31)  Vazdar, M.; Uhlig, F.; Jungwirth, P. Like-Charge Ion Pairing in Water: An Ab Initio Molecular 
Dynamics Study of Aqueous Guanidinium Cations. J. Phys. Chem. Lett. 2012, 3, 2021–2024. 

(32)  Vazdar, M.; Vymětal, J.; Heyda, J.; Vondrášek, J.; Jungwirth, P. Like-Charge Guanidinium Pairing 
from Molecular Dynamics and Ab Initio Calculations. J. Phys. Chem. A 2011, 115, 11193–11201. 

(33)  Allolio, C.; Baxova, K.; Vazdar, M.; Jungwirth, P. Guanidinium Pairing Facilitates Membrane 
Translocation. J. Phys. Chem. B 2016, 120, 143–153. 

(34)  Tesei, G.; Vazdar, M.; Jensen, M. R.; Cragnell, C.; Mason, P. E.; Heyda, J.; Ske O, M.; Jungwirth, P.; 
Lund, M. Self-Association of a Highly Charged Arginine-Rich Cell-Penetrating Peptide. Proc. Natl. 
Acad. Sci. 2017, 114, 11428–11433. 



18 
 

(35)  Vazdar, M.; Wernersson, E.; Khabiri, M.; Cwiklik, L.; Jurkiewicz, P.; Hof, M.; Mann, E.; Kolusheva, 
S.; Jelinek, R.; Jungwirth, P. Aggregation of Oligoarginines at Phospholipid Membranes: Molecular 
Dynamics Simulations, Time-Dependent Fluorescence Shift, and Biomimetic Colorimetric Assays. 
J. Phys. Chem. B 2013, 117, 11530–11540. 

(36)  Robison, A. D.; Sun, S.; Poyton, M. F.; Johnson, G. A.; Pellois, J. P.; Jungwirth, P.; Vazdar, M.; 
Cremer, P. S. Polyarginine Interacts More Strongly and Cooperatively than Polylysine with 
Phospholipid Bilayers. J. Phys. Chem. B 2016, 120, 9287–9296. 

(37)  Macchi, S.; Signore, G.; Boccardi, C.; Di Rienzo, C.; Beltram, F.; Cardarelli, F. Spontaneous 
Membrane-Translocating Peptides: Influence of Peptide Self-Aggregation and Cargo Polarity. Sci. 
Rep. 2015, 5, 16914. 

(38)  Magalhaes, A.; Maigret, B.; Hoflack, J.; Gomes, J. N. F.; Scheraga, H. A. Contribution of Unusual 
Arginine-Arginine Short-Range Interactions to Stabilization and Recognition in Proteins. J. Protein 
Chem. 1994, 13, 195–215. 

(39)  Pednekar, D.; Tendulkar, A.; Durani, S. Electrostatics-Defying Interaction between Arginine 
Termini as a Thermodynamic Driving Force in Protein-Protein Interaction. Proteins Struct. Funct. 
Bioinforma. 2009, 74, 155–163. 

(40)  Lee, D.; Lee, J.; Seok, C. What Stabilizes Close Arginine Pairing in Proteins? Phys. Chem. Chem. 
Phys. 2013, 15, 5844. 

(41)  Yang, Y.; Xu, Z.; Zhang, Z.; Yang, Z.; Liu, Y.; Wang, J.; Cai, T.; Li, S.; Chen, K.; Shi, J.; et al. Like-
Charge Guanidinium Pairing between Ligand and Receptor: An Unusual Interaction for Drug 
Discovery and Design? J. Phys. Chem. B 2015, 119, 11988–11997. 

(42)  Brock, R. The Uptake of Arginine-Rich Cell-Penetrating Peptides: Putting the Puzzle Together. 
Bioconjugate Chemistry. 2014, pp 863–868. 

(43)  Duchardt, F.; Fotin-Mleczek, M.; Schwarz, H.; Fischer, R.; Brock, R. A Comprehensive Model for 
the Cellular Uptake of Cationic Cell-Penetrating Peptides. Traffic 2007, 8, 848–866. 

(44)  Nakase, I.; Takeuchi, T.; Tanaka, G.; Futaki, S. Methodological and Cellular Aspects That Govern 
the Internalization Mechanisms of Arginine-Rich Cell-Penetrating Peptides. Adv. Drug Deliv. Rev. 
2008, 60, 598–607. 

(45)  Yesylevskyy, S.; Marrink, S. J.; Mark, A. E. Alternative Mechanisms for the Interaction of the Cell-
Penetrating Peptides Penetratin and the TAT Peptide with Lipid Bilayers. Biophys. J. 2009, 97, 40–
49. 

(46)  Vácha, R.; Martinez-Veracoechea, F. J.; Frenkel, D. Receptor-Mediated Endocytosis of 
Nanoparticles of Various Shapes. Nano Lett. 2011, 11, 5391–5395. 

(47)  Bennett, W. F. D.; Sapay, N.; Tieleman, D. P. Atomistic Simulations of Pore Formation and Closure 
in Lipid Bilayers. Biophys. J. 2014, 106, 210–219. 

(48)  Sun, D.; Forsman, J.; Lund, M.; Woodward, C. E. Effect of Arginine-Rich Cell Penetrating Peptides 
on Membrane Pore Formation and Life-Times: A Molecular Simulation Study. Phys. Chem. Chem. 
Phys. 2014, 16, 20785–20795. 

(49)  Sun, D.; Forsman, J.; Woodward, C. E. Atomistic Molecular Simulations Suggest a Kinetic Model 
for Membrane Translocation by Arginine-Rich Peptides. J. Phys. Chem. B 2015, 119, 14413–14420. 



19 
 

(50)  Sun, D.; Forsman, J.; Woodward, C. E. Current Understanding of the Mechanisms by Which 
Membrane-Active Peptides Permeate and Disrupt Model Lipid Membranes. Curr. Top. Med. 
Chem. 2016, 16, 170–186. 

(51)  McKinlay, C. J.; Waymouth, R. M.; Wender, P. A. Cell-Penetrating, Guanidinium-Rich 
Oligophosphoesters: Effective and Versatile Molecular Transporters for Drug and Probe Delivery. 
J. Am. Chem. Soc. 2016, 138, 3510–3517. 

(52)  Herce, H. D.; Garcia, A. E.; Cardoso, M. C. Fundamental Molecular Mechanism for the Cellular 
Uptake of Guanidinium-Rich Molecules. J. Am. Chem. Soc. 2014, 136, 17459–17467. 

(53)  Brooks, H.; Lebleu, B.; Vivès, E. Tat Peptide-Mediated Cellular Delivery: Back to Basics. Adv. Drug 
Deliv. Rev. 2005, 57, 559–577. 

(54)  Fernández-Carneado, J.; Van Gool, M.; Martos, V.; Castel, S.; Prados, P.; De Mendoza, J.; Giralt, E. 
Highly Efficient, Nonpeptidic Oligoguanidinium Vectors That Selectively Internalize into 
Mitochondria. J. Am. Chem. Soc. 2005, 127, 869–874. 

(55)  Kaneb, H. M.; Dion, P. A.; Rouleau, G. A. The FUS about Arginine Methylation in ALS and FTLD. 
EMBO J. 2012, 31, 4249–4251. 

(56)  Tsai, W. C.; Gayatri, S.; Reineke, L. C.; Sbardella, G.; Bedford, M. T.; Lloyd, R. E. Arginine 
Demethylation of G3BP1 Promotes Stress Granule Assembly. J. Biol. Chem. 2016, 291, 22671–
22685. 

(57)  Lättig-Tünnemann, G.; Prinz, M.; Hoffmann, D.; Behlke, J.; Palm-Apergi, C.; Morano, I.; Herce, H. 
D.; Cardoso, M. C. Backbone Rigidity and Static Presentation of Guanidinium Groups Increases 
Cellular Uptake of Arginine-Rich Cell-Penetrating Peptides. Nat. Commun. 2011, 2, 453. 

 

 


