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Abstract 

 

 

 Pairing of guanidinium moieties in water is explored by molecular dynamics simulations of short 

arginine-rich peptides and ab initio calculations of a pair of guanidinium ions in water clusters of 

increasing size. Molecular dynamics simulations show that in aqueous environment the di-arginine 

guanidinium like-charged ion pairing is sterically hindered, while in the Arg-Ala-Arg tripeptide this 

pairing is significant. This result is supported by the survey of protein structure databases where it is 

found that stacked arginine pairs in dipeptide fragments exist solely as being imposed by the protein 

structure. In contrast, when two arginines are separated by a single amino acid their guanidinium 

groups can freely approach each other and they frequently form stacked pairs. Molecular dynamics 

simulations results are also supported by ab initio calculations, which show stabilization of stacked 

guanidinium pairs in sufficiently large water clusters. 
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Introduction 

 

 Ions play a ubiquitous role in all biological systems as essential components of intra- and extra-

cellular fluids.
1
 Interactions between ions and proteins, influencing proceses such as salting-in and 

salting-out effects,
2-4

 as well as enzymatic activity in different ionic solutions,
5-8

 show a high level of 

ion specificity. An interesting manifestation of ion-specific effects are "electrostatics-defying" 

structures such as anions bound to nucleic acids
9
 or arginine-arginine pairs in proteins.

10-12
 

Interactions between guanidinium moieties of arginines may also mediate protein-ligand interactions, 

protein folding, and molecular recognition.
13-18

 This seemingly counterintuitive like-charge ion 

pairing of guanidinum ions has attracted a considerable interest among computational chemists and 

numerous studies have been performed including ab initio,
19,20

 Monte Carlo
21

 and molecular 

dynamics simulations,
20,22

 which support the fact that a guanidinium homo-ion pair is formed in a 

water solution. A combined experimental andcomputational study by Mason et al. also showed that 

guanidinium ions in a water solution stack parallel to each other.
23

 A recent investigation using 

dielectric relaxation spectroscopy did not show signs of ion-pairing in guanidinium chloride 

solutions, however, this may be due to the insensitivity of this technique to short-lived transient ion 

pairs.
24

   

The key to the peculiar behavior of the guanidinium ion is its structure. Guanidinium ion is planar 

and shows a substantial aromatic character which makes it a member of the so called "Y-

aromatics".
25

 However, even though it is an ion, its planarity together with charge distribution results 

in weak hydration of guanidinium faces, with strong hydrogen bonding taking place only in the 

guanidinium plane.
26

 Guanidinium salts are potent protein denaturants since guanidinium ion can 

readily stack to the hydrophobic protein surfaces, reducing thus the cost of hydration of hydrophobic 

groups.
27

 At the same time, guanidinium ion can also make hydrogen bonds with the protein 

backbone in the unfolded state and stabilize it.
28
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In this study, we performed molecular dynamics (MD) simulations with different force fields in 

order to test the robustness of guanidinium-guanidinium pairing in isolated di-arginine and arginine-

alanine-arginine peptides with respect to the empirical potential employed. We also surveyed 

different sets of protein structures from Protein Data Bank (PDB) at www.pdb.org, searching for 

stacked arginine arrangements in proteins. In addition, we performed ab initio calculations of 

microhydrated (with up to 14 water molecules) stacked guanidinium ion pairs. Such a combined 

approach is needed in order to establish with confidence the existence of guanidinium-guanidinium 

pairing in aqueous arginine-rich peptides.  

 

Computational Details 

 

We performed 50 ns molecular dynamics simulations (after 1 ns of equilibration) of di-arginine, 

di-lysine dipeptides, arginine-alanine-arginine (Arg-Ala-Arg) and lysine-alanine-lysine (Lys-Ala-

Lys) tripeptides in water with parameters taken from nonpolarizable parm99,
29

 parm99SB,
30

 

parm03,
31

 or parm10
32

 force fields. In the case of parm99 force field, its polarizable variant, denoted 

here as pol-parm99, was used as well. All peptides were terminated with acetyl and N-methyl 

residues at the N-terminus and C-terminus, respectively. Each of the studied peptides was neutralized 

with two chloride counterions (without or with polarizability)
33

 and solvated in approximately 700 

SPC/E
34

 nonpolarizable or POL3
35

 polarizable water molecules. 3D periodic boundary conditions 

were used with long range electrostatic interactions beyond the nonbonded cutoff of 10 Å accounted 

for using the particle-mesh Ewald procedure.
36

 The Berendsen thermostat and barostat with 

temperature of 300 K and pressure of 1 atm  was  used.
37

 The SHAKE algorithm
38

 was employed to 

constrain all bonds containing hydrogen atoms. The time step used in all simulation was set to 1 fs 

and geometries were collected every 1 ps, which provided 50 000 frames for consequent analysis. 

The simulation time was long enough to observe several tens of side chain flips, and thus to obtain 



4 

 

statistically converged results concerning the structural distributions of the peptides. Molecular 

dynamics calculations were performed with the AMBER 11 program.
32

 

We analyzed the spatial distribution of side chains in dipeptide and tripeptide protein fragments 

containing arginines in different protein sets from PDB. The fragments in question were Arg-Arg and 

Arg-X-Arg where X stands for any non-charged aminoacids (i.e., all aminoacids except Arg, Lys, 

Asp and Glu). As a reference point for the analysis, the distance between the carbon (CZ) atoms of 

arginine guanidinium groups was chosen. The secondary structure assignment and evaluation of 

Ramachandran's dihedral angles φ and ψ populations were performed using the DSSP program.
39

 The 

statistics was collected for three independent protein sets in order to estimate bias in PDB database 

and the overall reliability of our observations. The first set consists of 691 automatically selected X-

ray structures with high resolution (<1.5 Å), low R factor (<1.8 Å) and low sequence homology 

(<30%) (abbreviated as Set1 in the further text). The second set – the Top500 database
40

 (abbreviated 

as Top500 in the further text) includes 500 high quality X-ray structures provided by Richardson’s 

lab (http://kinemage.biochem.duke.edu/databases/top500.php). The third set was taken from the 

Dynameomics project
41

 (abbreviated as Dyn in the further text) and the extracted structures represent 

the majority of the known protein folds. It should be mentioned that this set contains also NMR 

characterized structures. 

Ab initio calculations were performed for guanidinium dimers with increasing number of water 

molecules. We carried out geometry optimizations of clusters with two guanidinium cations (Gdm
+
) 

with increasing number of waters around them, starting from three up to fourteen water molecules 

using the B-LYP-D/aug-cc-pVDZ method. Vibrational analysis for all clusters was performed in 

order to verify that a minimum on the potential energy surface was obtained. Single point 

calculations at the MP2/aug-cc-pVDZ//B-LYP-D/aug-cc-pVDZ levels of theory were performed for 

comparison. Basis set effects were assessed employing B-LYP-D and MP2 geometry optimizations 

with aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ basis sets for the cluster containing the guanidinium 

dimer with three water molecules. Complexation energies of Gdm
+
-water clusters were obtained 
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using the supermolecular approach,
42

 i.e., the dimer
 
was decomposed into two fragments with halved 

number of water molecules around it (or roughly halved for odd number of water molecules). The 

interaction energy was then calculated as the difference between the dimer energy and the sum of 

energies of the two individual fragments. The basis set superposition error (BSSE) was corrected by 

the counterpoise procedure
43

 (for the B-LYP-D calculations). Density functional calculations with 

dispersion correction (B-LYP-D),
44,45

 were performed using Turbomole 6.2.
46

 MP2 calculations were 

performed employing Gaussian09.
47

 

 

Results and discussion 

Molecular dynamics simulations 

 

We investigated pairing of guanidinium moieties by performing MD simulations of di-arginine 

and Arg-Ala-Arg tripeptide in water with different non-polarizable force fields - parm99, parm99SB, 

parm03, and parm10 and a polarizable pol-parm99 force field. Pairing was quantified in terms of 

radial distribution functions (RDFs). The corresponding carbon-carbon RDFs of the Gdm
+
 groups in 

arginine side chains are shown in Fig. 1. Inspection of Fig. 1 clearly shows that a strong first peak in 

RDFs, which corresponds to the formation of a contact pair of Gdm
+
 groups, is present in the case of 

nonpolarizable parm99 and polarizable pol-parm99 force fields. In the case of the pol-parm99 force 

field, the height of the peak maximum is somewhat higher with g(r) = 10, in comparison to the 

nonpolarizable parm99 force field, where g(r) = 7.5 for the Gdm
+ 

- Gdm
+ 

distance of ca. 4 Å. The 

second peak maximum, which describes a formation of a solvent-separated ion pair, occurs at the 

Gdm
+ 

- Gdm
+
 distance of ca. 7 Å for both force fields. In contrast, there is no contact peak in the 

Gdm
+ 

- Gdm
+ 

RDFs in simulations of aqueous di-arginine with newer parm99SB, parm03 or parm10 

force fields.  
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 This dependence of results on potential parameters is further exemplified in Fig. 2 which shows 

spatial distributions of the Gdm
+ 

group, water molecules, and chloride counterions around the other 

Gdm
+
 moeity in di-arginine side chain for parm99 and parm99SB force fields. We can see from Fig. 

2 that in parm99 force field simulations, diffuse lobes corresponding to the other Gdm
+ 

group are 

present above and below the plane of Gdm
+
. In parm99SB simulations there are no such lobes present 

reflecting the lack of Gdm
+ 

-
 
Gdm

+ 
pairing.  

 Naturally, the question arises why newer force fields like parm99SB, parm03 and parm10 do not 

predict the Gdm
+ 

-
 
Gdm

+ 
pairing? Is the like-charge pairing only an artifact of intermolecular 

nonbonding parameters which tend to overemphasize guanidinium stacking or is the problem in 

intramolecular bonding parameters which prevent pairing? In order to resolve this issue, we 

performed further analysis and additional MD simulations parm99 and parm99SB force fields. Since 

the results for parm99SB, parm03 and parm10 force fields are quantitatively almost identical, we will 

not consider any further the results obtained with the parm03 and parm10 force fields. Also, for the 

sake of simplicity, we will only compare results obtained with parm99SB force fields with results 

obtained with the nonpolarizable parm99 force field.  

We constructed the Ramachandran plots for Arg residues in the dipeptide which show the 

populations of the two backbone dihedral angles (torsion angles) φ and ψ in each of the two arginine 

residues during the MD simulation. A definition of backbone angles φ1,2 and ψ1,2 is given in Fig. 3. 

Results of the Ramachandran analysis for parm99 and parm99SB force fields are shown in Fig. 4. It 

is clearly visible that completely different basins of the Ramachandran plots for the two arginine 

residues are populated in simulations with the two force fields. For the parm99 force field, the -

helical region is predominantly occupied, whereas in the case of parm99SB force field, the -

extended region is predominantly occupied. This unambiguously points to the reason for obtaining 

different results for Gdm
+
-Gdm

+
 pairing with ff99 and ff99SB force fields, i.e., the different 

parametrization of the dihedral backbone angle parameters in arginine is responsible for this 

difference.  
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 Analysis of the Ramachandran plot thus points to the fact that for parm99SB sidechains in di-

arginine are located on the opposite side of the backbone and they actually do not have the 

opportunity to interact with each other. As a further check, we restrained the two backbone dihedral 

angles (φ and ψ) in two arginine residues to values for which Gdm
+
 - Gdm

+
 pairing can occur, i.e., we 

placed the two side chains on the same side of the backbone. These restrained values for dihedral 

angles were 1 = -50°, 1 = 0°, 2 = -150° and 2 = 0°. We then performed MD simulations with both 

parm99 and parm99SB force fields with these restraints. Fig. 5 shows carbon–carbon radial 

distribution functions of guanidinium groups in di-arginine with the above restraints. The first peak in 

RDFs is strong and clearly shows the like-charge ion pairing for restrained simulations with either 

parm99 or parm99SB force fields. Therefore, the fact that unconstrained simulations with parm99SB, 

parm03 and parm10 force field do not reveal like-charge ion pairing is solely due to the backbone 

dihedral angle parametrization; like-charge guanidinium ion pairing occurs whenever two side chains 

have a chance to interact with each other. 

 In order to demonstrate that the restraining procedure does not artificially produce like-charge ion 

pairs in dipeptides, we also performed MD simulations with parm99 and parm99SB force fields for 

di-lysine (without and with restraining). Results of MD simulations for di-lysine are shown in Fig. 6. 

The nitrogen-nitrogen radial distribution functions for unrestrained di-lysine (left panel), do not show 

any sign of like-charge pairing, in agreement with previous simulations.
20

 The first peak maximum 

for parm99 force field occurs at the NH3
+
 - NH3

+ 
distance of ca. 8 Å which corresponds to solvent 

separated ammonium groups. In the parm99SB force field this peak is not present, which is due to the 

dihedral parametrization preventing the two side chains to approach each other. Most importantly, 

there is no pairing in di-lysines (i. e. no N-N peak at 4 Å) even after the restraining procedure (right 

panel of Fig. 6). Only the height of peak maximum which occurs at the NH3
+ 

- NH3
+ 

distance of 8 Ǻ is 

now somewhat higher since we have restrained the dihedral backbone angles and thus forced two side 

chains to be at the same side of the backbone. Therefore, we can conclude that backbone dihedral 

restraining is not enforcing like-charge ion pairing of NH3
+
 cations in di-lysine in any way.  
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 As a final test of our assumptions that differences in guanidinium pairing are due to the different 

parametrization of the dihedral backbone angles, we performed molecular dynamics simulation of the 

tripeptides Arg-Ala-Arg and Lys-Ala-Lys with parm99 and parm99SB force fields. In the left panel 

of Fig. 7 RDFs for the arginine central carbon atoms in the tripeptide are shown. Interestingly, we see 

the opposite to the situation in di-arginine – with parm99 force field there is no pairing, while with 

parm99SB force field the guanidinium the pairing is present! It is not as strong as in the constrained 

dipeptide which is due to the fact that it is harder for side chains to mutually interact when alanine 

residue is inserted between two arginines and keeps the preference for -helical region to be 

dominantly occupied (Fig. 8), nevertheless, it is still sizable. Notably, the different parametrization of 

dihedral backbone angles now prevents the Gdm
+ 

-
 
Gdm

+ 
pairing in MD simulations with parm99 

force field, while it is feasible for the parm99SB force field. The analysis of Ramachandran plots for 

the Arg-Ala-Arg tripeptide showed no significant differences in comparison to those for dipeptides, 

implying hindered Gdm
+
-Gdm

+
 pairing in the di-peptide but not in the tripeptide (for parm99SB) or 

vice versa (for parm99). This is illustrated in Fig. 8 where representative snapshots from two different 

simulations are presented. In addition, RDFs for the Lys-Ala-Lys tripeptide shown in the right panel 

of the Fig. 7 demonstrate that there is no pairing of the ammonium groups for either of the force 

fields under consideration.  

 In a recent experimental study, infrared and Raman spectra of capped amino acids have been used 

to determine relative populations of backbone conformations for a series of dipeptides. It was shown 

that di-arginine occupies mainly the -extended conformational basin, with the -helical basin being 

only weakly populated.
48

 This is in accordance with results shown in bottom part of Fig. 4, showing 

the Ramachadran plot for di-arginine with parm99SB force field. Therefore, we can deduce that 

parm99SB reflects the experimental reality better than parm99 and it is adequate to use it for the 

conformational sampling of the di-arginine phase space. As a result, we can conclude that Gdm
+ 

-
 

Gdm
+ 

pairing in di-arginine is weaker than previously reported (based on calculations using 

parm99)
20

 due to sterical dihedral constraints. Nevertheless, like-charge guanidinium pairing is 
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observed even with the newer force fields like parm99SB in systems without such constraints, such 

as the Arg-Ala-Arg tripeptide.  

 

Protein database survey 

 

 We performed an extended search through three PDB derived protein structure sets, analyzing the 

spatial distribution of side chains in short protein fragments containing arginine residues. Figure 9 

shows the guanidinium carbon-guanidinium carbon distance distribution for two Arg residues in 

dipeptide protein fragments (left panels) and tripeptide protein fragments (right panels) for each 

protein set.  The top panels show all contacts, while the bottom panels depict only situations where 

the two guanidinium groups are in a parallel (stacked) geometry. We see that close contacts occur 

both for dipeptide and tripeptide fragments, being more pronounced in the latter case, particularly for 

stacked geometries.  

 

Most importantly, a detailed analysis of individual structures with two Arg residues in a close 

contact (below 5 Å) and stacked Gdm
+
 groups shows that such arrangements occur in Arg-Arg 

protein fragments only when at least one residue occupies a -helical region (see Table 1),  which is 

in accord with the restrained molecular dynamics simulations presented above. In other words, the 

stacking of Gdm
+
 groups in Arg-Arg protein fragments is solely due to the protein environment and it 

is the structured protein context which drives Gdm
+
 groups in a close contact. In contrast, for Arg-X-

Arg protein fragments, the same analysis shows that guanidinium pairing is not limited to the -

helical region (Table 1), which agrees with the above parm99SB MD results. 

 

Ab initio calculations 
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 In order to further examine Gdm
+ 

-
 
Gdm

+ 
pairing as revealed by the MD simulations and the 

database search, ab initio calculations for the guanidinium dimer with an increasing number of water 

molecules were performed. We chose guanidinium cations as the model for the guanidinium side 

chain subunit in arginine since ab initio calculations for di-arginine clusters with a large number of 

explicit water molecules are rather impractical. In Table 2, complexation energies for guanidinium 

dimer with three to fourteen solvating water molecules are shown while Figure 10 presents the 

corresponding optimized geometries. Not surprisingly, guanidinium dimer without water is not stable 

due to the electrostatic repulsion between two guanidinium cations. Addition of one or two water 

molecules did not yield stable complexes either. It is, however, striking, that only three water 

molecules are necessary to obtain a locally stable gas phase dimer. Inspection of data presented in 

Table 2 reveals that dimer complexation energies with respect to individual fragments obtained at the 

B-LYP-D/aug-cc-pVDZ level with counterpoise correction are decreasing from a strongly 

destabilizing value of 58.6 kcal mol
-1 

for the cluster with three water molecules, to a marginally 

stabilizing value of -1.1 kcal mol
-1 

for the cluster with twelve water molecules. Complexation 

energies for clusters with thirteen and fourteen water molecules are almost identical to those of the 

twelve water cluster being -1.0 and -0.3 kcal mol
-1

, respectively.  

The effect of electron correlation on the dimer complexation energy is clearly visible upon 

comparing HF and MP2 energy values (for geometries at the B-LYP-D level of theory). Since 

counterpoise correction significantly depends on the geometry of the dimer, it is not included in the 

single point MP2 calculations and it is calculated only at the B-LYP-D level of theory. The 

uncorrected complexation energy for the twelve water cluster for the HF method is 22.6 kcal mol
-1

 (in 

comparison with -1.4 kcal mol
-1

 at the MP2 level and -4.9 kcal mol
-1

 for the B-LYP-D method). This 

is not surprising, since a significant part of complexation energy is due to the dispersion interaction, 

which is not accounted for at the Hartree-Fock level.
20,49,50

 

  In order to study basis set effects on the complexation energy of guanidinium dimers, we 

performed geometry optimizations of a guanidinium dimer with three water molecules using B-LYP-
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D and MP2 methods with different basis sets (Table 3). For the MP2 method, complexation energies 

are not very sensitive to basis set extensions. The energy difference between cc-pVDZ and aug-cc-

pVTZ basis sets is only 2.4 kcal mol
-1

. In the case of B-LYP-D calculations this difference is slightly 

larger and equals to 5.6 kcal mol
-1

. Nevertheless, for augmented basis sets, this difference in 

complexation energies between aug-cc-pVDZ and aug-cc-pVTZ is only 2.4 kcal mol
-1

. This indicates 

that the aug-cc-pVDZ basis set is adequate for B-LYP-D calculations of larger microhydrated clusters 

which are difficult to calculate with more extended basis sets. 

 The ab initio calculations show that one of the reasons behind the stabilization of guanidinium 

dimer by water molecules is the fact that number of hydrogen bonds between each guanidinium ion 

and water molecules is increasing fast with the number of water molecules in the cluster. For the 

cluster with twelve water molecules, presented in Fig. 11, each guanidinium cation is hydrogen 

bonded with six water molecules. Six pairs of water molecules are also mutually hydrogen bonded 

(top view of Fig. 11). Moreover, three of the water pairs at each of the guanidinium cations are 

additionally hydrogen bonded (side view of Fig. 11). The twelve water cluster thus represents an 

exceptionally symmetric and well interconnected structure. Adding one or two water molecules to the 

second solvation shell does not influence the stability of the cluster resulting in little change in 

complexation energies. The remarkable stability of the guanidinium dimer in water is also due to the 

cavitation and dispersion effects, as exemplified in previous Polarizable Continuum Model (PCM) 

calculations.
20

 

 The equilibrium distance between central carbon atoms in the cluster with twelve water molecules 

equals to 3.37 Å which is similar to the value of 3.32 Å obtained in PCM optimization of the 

guanidinium dimer.
20

 In comparison, in MD simulations of guanidinium chloride in water solutions 

the first peak maximum in the radial distribution function corresponds to the distance of ca. 3.75 Å.
20

 

The difference is mainly due to the fact that B-LYP-D optimized structure represents a minimum on 

the potential energy surface, while MD dimers at 300 K exhibit somewhat elongated distances due to 

temperature effects. This qualitative agreement between ab initio and MD simulations further 
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supports the conclusion that like-charge pairing of guanidinium groups is not just a simulation 

artifact. While it is not possible to directly compare cluster ab initio calculations with MD 

simulations in liquid water, it is encouraging that the strength of Gdm
+ 

- Gdm
+
 pairing is comparable 

within these two approaches.  

 

Conclusions 

 

 In the present computational study we explored pairing between guanidinium moieties in small 

arginine-rich peptides. We showed that guanidinium like-charged ion pairing is not present in di-

arginines in a water solution in MD simulations with the newer parm99SB, parm03 and parm10 force 

field, whereas older parm99 and pol-parm99 force fields exhibit this pairing due to different 

parametrization of the backbone dihedral angles. However, upon overruling the dihedral constraints 

this pairing is reestablished in parm99SB force field as well. This supports the conclusion that two 

guanidinium ions tend to pair in water if they are not sterically prevented from being close to each 

other. In contrast, no MD simulation showed any of NH3
+
-NH3

+
 pairing in di-lysine or in Lys-Ala-

Lys.  

 Results for conformational dynamics of short peptides obtained with parm99SB force field are in  

qualitatively good agreement with experimental IR and Raman studies
48

 contrary to those obtained 

using parm99. This implies that Gdm
+ 

-
 
Gdm

+ 
pairing is likely not to be present in di-arginine due to 

steric backbone constraints. Nevertheless, in the Arg-Ala-Arg tripeptide the backbone steric 

constraints in newer force fields like parm99SB do not prevent Gdm
+ 

-
 

Gdm
+ 

pairing and, 

consequently, this like-charge pairing is observed in simulations using these potentials. These 

simulation results are also supported by a survey of three experimental protein structure sets. This 

search shows that stacking of Gdm
+
 groups in Arg-Arg fragments in proteins is a consequence of 

structured -helical protein environment which drives them close together. In contrast, stacking of 
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guanidinium groups in Arg-X-Arg protein fragments is possible also in structures without -helical 

restraints. 

 Further support for the MD results is provided by ab initio calculations of clusters containing a 

guanidinium dimer with increasing number of solvating water molecules. We showed that locally a 

stable cluster is obtained already for three water molecules. The calculations also demonstrate the 

gradual increase of the stability of the Gdm
+ 

-
 
Gdm

+ 
pair with increasing number of water molecules 

all the way to globally stable cluster with twelve water molecules. The B-LYP method in conjunction 

with dispersion correction, gives complexation energy of guanidinium dimer with twelve water 

molecules with respect to two fragments, containing the cation with six water molecules, of -1.1 kcal 

mol
-1

. This value suggests that such a system could be stable at very low temperatures.  
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Table 1. Numbers of stacked conformations with CZ – CZ distance in Gdm
+
 groups below 5 Å vs. 

total number of conformations for all regions and -extended region only of Ramachandran plots in 

Arg-Arg and Arg-X-Arg fragments in proteins extracted from the three protein databases.  

 

 
all regions

 

 

 

 -extended 

region
 

        Arg-Arg – Dyn 1 / 1 0 / 1 

        Arg-Arg – Set1 6 / 6 0 / 6 

        Arg-Arg – Top500 2 / 2 0 / 2 

        Arg-X-Arg – Dyn 4 / 4 0 / 4 

        Arg-X-Arg – Set1 2 / 10 8 / 10 

Arg-X-Arg – Top500 0 / 4 4 / 4 
 

 

 

 
 

Table 2. Complexation energies Es for guanidinium dimer clusters with different number of 

water molecules (given in kcal mol
-1

) calculated by B-LYP-D/aug-cc-pVDZ (B-LYP-D), HF/aug-cc-

pVDZ (HF) and MP2/aug-cc-pVDZ//B-LYP-D/aug-cc-pVDZ (MP2) levels of theory.  

 

 number of water molecules   

Es 3 4 5 6 7 8 9 10 11 12 13 14 

B-LYP-D 56.6 50.5 48.9 46.4 38.8 31.2 23.6 16.4 7.0 -4.9 -4.9 -4.4 

HF 61.9 -
 a
 -

 a
 52.4 46.5 40.6 34.7 34.1 30.5 22.6 20.4 18.5 

MP2 47.9 51.9 47.9 46.0 38.5 30.8 23.3 17.3 9.3 -1.4 -2.3 -2.7 

CP
b
 2.0 2.0 1.9 2.1 1.9 2.0 2.1 3.2 3.8 3.8 3.9 4.1 

B-LYP-DCP
c
 58.6 52.6 50.8 48.6 40.7 33.1 25.7 19.6 10.9 -1.1 -1.0 -0.3 

 

a) Not locally stable at the HF/aug-cc-pVDZ level of theory. 

b)  Counterpoise correction is calculated at the B-LYP-D/aug-cc-pVDZ level of theory. 

c)  Complexation energies with counterpoise correction. 
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Table 3. Complexation energies Ec for guanidinium dimer clusters with three water molecules 

(given in kcal mol
-1

) calculated by B-LYP-D and MP2 levels of theory with different basis sets.  

 

Ec MP2 B-LYP-D 

cc-pVDZ 55.5 51.5 

aug-cc-pVDZ 54.8 56.6 

cc-pVTZ 56.7 54.7 

aug-cc-pVTZ 57.2 57.1 
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Figure Captions 

 

Figure 1. Radial distribution functions g(r) for the central carbon atoms of the Gdm
+
 groups in the 

arginine residues of di-arginine for different force fields. 

 

Figure 2. Spatial distributions of the carbon of the guanidinium group (cyan cloud), water oxygen 

(red cloud), water hydrogen (gray cloud), and chloride counterions (golden cloud) around the other 

guanidinium group in diarginine for MD simulations with parm99 vs. parm99SB force fields. This 

side chain is shown in space-filling representation, while the rest of the dipeptide is depicted in 

licorice representation. The snapshots represent typical geometries of diarginine within given the two 

force fields. 

 

Figure 3.  A schematic representation of dihedral backbone angles (torsion angles) 1, 1, 2, and 

2 for di-arginine. 

 

Figure 4.  Ramachandran plots of populations of dihedral backbone angles 1, 1, 2, and 2 for 

two arginine residues obtained with parm99 and parm99SB force field simulations. 

 

Figure 5.  Radial distribution functions g(r) for the central carbon atoms of the Gdm
+
 groups in 

the arginine residues of di-arginine with restrained (-r) backbone dihedrals. 

 

Figure 6.  Radial distribution functions g(r) for the central nitrogen atoms of the NH3
+ 

groups in 

the lysine residues of di-lysine without (left) and with (right) restrained (-r) backbone dihedrals. 
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Figure 7.  Radial distribution functions g(r) for the central carbon atoms of the Gdm
+
 groups in 

the arginine residues in the Arg-Ala-Arg tripeptide (left) and for the central nitrogen atoms of the 

NH3
+ 

groups in the lysine residues of the Lys-Arg-Lys tripeptide (right). 

 

Figure 8.  Representative snapshots of tripeptides Arg-Ala-Arg from molecular dynamics 

simulations with parm99 (left) and parm99SB (right) force fields.  

Figure 9.  Numbers of counts in three protein structure sets vs. distance of the central carbon 

atoms of the Gdm
+
 groups in the Arg-Arg protein fragments (upper left panel) and Arg-X-Arg protein 

fragments (upper right panel). Also shown are the numbers of counts for Arg-Arg protein fragments 

(lower left panel) and Arg-X-Arg protein fragments (lower right panel) of structures which fall 

outside the helical region in Ramachandran plots. 

 

Figure 10.  Optimized structures of the guanidinium dimer with increasing number of water 

molecules from three to fourteen (3W - 14W). 

 

Figure 11.  The symmetric optimized structure of the guanidinium dimer with twelve water 

molecules in three different perspectives with hydrogen bonding underscored by thin lines. 
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Figure 6. 
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