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What Are the Preferred Horizontal Displacements of 
Aromatic-Aromatic Interactions in Proteins? 
Comparison with Calculated Benzene-Benzene  
Potential Energy Surface 

Dragan B. Ninković,a Jelena M. Andrić,a Saša N. Malkovb and Snežana D. 
Zarić*c,d 

The data from protein structures from the Protein Data Bank 

and quantum chemical calculations indicate the importance 

of aromatic-aromatic interactions at large horizontal 

displacements (offsets). In the proteins stacking interactions 

of phenylalanine residue show preference for large offsets 

(3.5-5.0 Å), while the calculations show substantially strong 

interactions, about -2.0 kcal/mol.  

Introduction  

The aromatic-aromatic interactions have been intensively 
studied because of their importance in numerous molecular 
systems from biomolecules to materials.1,2 These interactions 
are of great  importance in proteins, since they play a role in 
protein folding,  stability, protein-protein and protein-ligand 
recognition.3-12  
 A great deal of experimental and theoretical work has 
focused on studying aromatic interactions.13 The calculations 
on benzene dimer show that there are two minima: parallel 
stacking and T-shaped (edge-to-face) orientations. The 
calculated interaction energies for these two orientations are -
2.73 and -2.84 kcal/mol respectively.14  
 Although aromatic-aromatic interactions have been 
extensively studied, parallel interactions at large horizontal 
displacements (offsets) have been reported recently.15 
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 Statistical analysis of the data from the Cambridge 
Structural Database has showed that in crystal structures 
preferred parallel benzene-benzene and pyridine-pyridine 
interactions are at large offsets (3.5-5.0 Å). By calculations 
substantial interaction energies around -2.0 kcal/mol have been 
obtained for large offsets of 3.5-5.0 Å.15 For benzene-benzene 
dimer this is 71% of the stacking interaction energy at the 
minimum, which is stronger than the interaction at face-to-face 
orientation. 
 More than three decades ago aromatic-aromatic interactions 
were recognized to stabilize protein structures.3 Studies on 
aromatic-aromatic interactions in proteins4-9 show that T-
shaped orientations are preferred3-7 in all classes of proteins.7 

However, parallel stacking orientations also appear in 
proteins.5,9,11 Aromatic residues show a high tendency towards 
forming clusters beyond the dimer which has a significant 
influence on protein folding, structure, and stability.7,10 
 Herein we present the results on the interactions between 
aromatic rings of phenylalanine in protein structures including 
interactions at large horizontal displacements (offsets). We 
have also calculated benzene-benzene potential energy surface 
in order to understand data from protein structures. To the best 
of our knowledge this is the first study comparing the 
interactions of phenylalanine aromatic rings in proteins with 
accurate quantum chemical calculations of benzene-benzene 
potential energy surface, including interactions at large 
horizontal displacements (offsets).  
    

Results and discussion  

Interactions in protein structures   

 For the purposes of this study, we used the Protein Data 
Bank`s (PDB`s), release from December 2013. The full protein 
set is filtered to reduce the redundancy, using PDBSELECT 
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(Novembar, 2012)16 list of nonredundant protein chains, with 
the threshold 25% and a resolution of 3.0 Å or better.  
 In the interaction of two phenyl rings of phenylalanine 
residues one can recognize an acceptor and a donor ring. The 
acceptor ring has R1 shorter than R2 (Fig. 1), while it is opposite 
in case of the donor ring.  
 The PDB search yielded 6 919 contacts where centers of 
donor phenyl rings were found within the area that corresponds 
to the ellipsoid (r = 7.0 Å and R = 6.0 Å) around an acceptor 
phenyl ring (Fig. S1). 
 
 
 
 
 
 

 

 

 

 
 
Fig. 1 Geometrical parameters used for describing interactions between benzene 

rings. The distance between the centers of the interacting pyridine rings is d. The 

R1 is the normal distance between center of the ring C2 and the plane P1. The R2 is 

the normal distance between center of the ring C1 and the P2. The r1 and r2 

(offsets) are the distances from the projection of one ring center on the average 

plane of another ring and the center of that ring. The P1/P2 is tilt (dihedral) angle. 

 The distribution of tilt angle between two planes P1/P2 (Fig. 
1) for the contacts in ellipsoid is shown in Fig. 2. At low values 
of tilt angle two aromatic rings form a stacking interaction, 
while at the values above 60º two aromatic rings are in edge-to-
face (T-like) orientation forming CH/π interactions. The data in 
Fig. 2 show that a large number of phenyl-phenyl contacts in 
proteins have tilt angles above 60º. This is in agreement with 
previous data on aromatic interactions in proteins.3-6,9 
 
 

 
 
 
 
 
 
  
 
 
 
 
Fig. 2 The distribution of the tilt (dihedral) angle between planes P1/P2 of 

interacting phenylalanine aromatic rings 

We have separately analyzed the distribution of offset value r for 
various values of tilt angle (Fig. 3). For the tilt angles in the 
range 0-10º, the distribution of offset shows a slight preference 
for the values above 3.0 Å. For the tilt angles in the range 10-50º 

(Fig. 3a) the distributions show a large number of interactions 
with higher offset values, over 50% of the interactions have 
offsets above 3.5 Å. This is similar to the previous results on 
Phe-Phe interactions in proteins5,11 and to the results from crystal 
structures from the Cambridge Structural Database showing that 
two stacking benzene rings prefer large offsets.15 For the tilt 
angle above 50º (Fig. 3b)the number of structures with smaller 
offset values increases. However, fraction of the structures with 
large offset values is still substantial. We have also presented the 
distribution of mean force (according to Boltzmann law) for 
different r values in ESI (Fig. S4).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Distributions of offset value r for various tilt angles: a) for the tilt angles in 

the range 0-50º, b) for the tilt angles in the range 50-90º 

Quantum chemical calculations of benzene-benzene potential 

energy surface  
  
 In order to better understand interactions of phenylalanine 
aromatic ring we have performed calculations on benzene 
dimer. All calculations have been done in ORCA (version 2.8) 
program17 using B2PLYP-D218,19 method and def2-TZVP20 
basis set. This method, without correction for basis-set 
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superposition error, gives results that are in excellent agreement 
with the very accurate CCSD(T) data for benzene 
interactions.21 

 For four benzene-benzene orientations, A, B, C and D (Fig. 
4), the interaction energy curves were calculated for tilt angles 
0º, 20º, 40º, 60º and 90º. For every tilt angle the monomer 
geometries were kept rigid while offset r and normal distance R 
were systematically varied. The calculations were done for the 
offset values in the range of 0.0 to 6.0 Å. An offset value of 0.0 
Å corresponds to the conformation with the centers of the rings 
above another. 
  
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 The top and the side view of A, B, C and D orientations at the offset of  1.5 

Å and tilt angle of 20º    

  
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Calculated interaction energy curves of orientation A (Fig. 4) for tilt angles 

of 0º, 20º, 40º, 60º and 90º presented on 2-D (down) and 3-D (up) diagrams.  

The curve for angle 0º was calculated in previous work.15  

Table 1. Calculated interaction energies at minima of potential curves (Fig. 
5, 6, S8, S12) in kcal/mol  

a The calculated minima for tilt angle  0° is at the 1.5 Å in all studied 
orientations. For orientations A and B for tilt angles  20°, 40°,  60° and 90° 
minima are at offset 1.5, 1.5, 1.0 and 0.0Å respectively. For C and D for tilt 
angles 20°, 40°, 60°, and 90°, minima are at offset 1.5, 1.0, 1.0 and 0.0 Å 
respectively 

 For orientation A the calculations show that energy curves 
(Fig. 5) for tilt angles of 0°, 20°, and 40° have minima with 
energies of -2.84, -2.72 and -2.89, respectively (Table 1). 
Interaction energies are quite strong even at large offsets of 3.5 
Å; they are about -2 kcal/mol (Table 2). The interactions for 
larger tilt angles (60° and 90°) are somewhat stronger at the 
minima of potential curves (-3.02 kcal/mol), however, they are 
much weaker at the large offsets. The results of the calculations 
on orientation B are very similar to the results for the 
orientation A. (Tables 1 and 2,  Fig. S8). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 
 
 
 
Fig. 6 Calculated interaction energy curves of orientation C (Fig. 4) for tilt angles 

of 0º, 20º, 40º, 60º and 90º presented on 2-D (down) and 3-D (up) diagrams.  

The curve for angle 0º was calculated in previous work.15  

Tilt angle  a 0        20 40 60 90 

A -2.84     -2.72 -2.89 -3.02 -3.02 

B -2.85 -2.73 -2.90 -3.02 -3.02 

C -2.84 -2.64 -2.45 -2.48 -2.56 

D -2.85 -2.64 -2.45 -2.49 -2.57 
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Table 2. Calculated interaction energies in kcal/mol at large offsets (Fig. 5, 6, 
S8, S12) 

aThe interaction energies at offset 4.5 Å for tilt angle 90° are omitted because 
the donor and acceptor molecules swap the roles.   

 For orientation C the energy curves (Fig. 6) for tilt angles 0° 
and 20° are similar to the curves for orientation A, while the 
curves for angles  40°, 60° and 90° are quite different. For tilt 
angle 40° the most interesting feature is a small difference in 
the energies at the minimum (-2.45 kcal/mol) and at large 
offsets (-2.09 kcal/mol). For tilt angle 60° and 90° the minima 
at the curves are -2.48 and -2.56 kcal/mol, which is weaker than 
in case of orientation A.   
 The results of calculations on orientation D are very similar 
to the results for orientation C (Tables 1 and 2, Fig. S11). 
Interestingly, for orientations A and B, the edge-to-face 
geometry (tilt angle above 50º) is more stable than the stacking 
geometry (tilt angle below 50º), whereas for orientations C and 
D it is the opposite (Table 1).   
 The calculated data are in agreement with the data on 
phenyl-phenyl geometries in proteins. Calculated energies at 
large offsets for stacking interactions (tilt angles below 50°) are 
stronger than for edge-to-face orientations (tilt angles above 
50°) (Fig. 5 and 6, Table 2). It is in agreement with the 
difference in the distribution of offsets for tilt angles below 50° 
and above 50° observed in the protein structures (Fig. 3). Also, 
by calculations we have obtained a small difference in the 
energies at the minima and at the larger offsets for tilt angles 
20° and 40° for orientations C and D which can explain a 
preference for large offsets for tilt angles 20°-50° observed in 
proteins.  
 The relatively strong stacking interactions at large offsets 
are a consequence of attractive dispersion and electrostatic 
interactions. We have compared B3LYP22 (without dispersion 
interactions) and B3LYP-D19,22 energies (with dispersion 
interactions). At a large offset (5.0 Å) dispersion is substantial, 
although it is half of the dispersion at the offset 1.5 Å. 
However, the repulsion is even more reduced, resulting in a 
substantial attraction at a large offset. Electrostatic potential of 
benzene molecule (Fig. S13) indicates attractive electrostatic 
interaction at large offsets. Namely, at a large offset (about 3.0 
Å) the potential changes from negative to positive, forming a 
local dipole. When two benzene rings overlap at the large 
offsets the dipole-dipole electrostatic interaction is very 
favourable.   

 The preference for phenyl-phenyl interactions at large 
offsets in protein structures is also caused by additional 

simultaneous interactions of aromatic rings that can 
be achieved at large offsets. Namely, in the 
interactions at large offsets faces of phenyl rings can 
simultaneously form interactions with other groups 
in proteins. In our previous work we showed 
simultaneous additional interactions for 
aromatic/aromatic interactions at large offsets.15  

Conclusions 

 The data from the Protein Data Bank (PDB) and quantum 
chemical calculations indicate importance of aromatic-aromatic 
interactions at large horizontal displacements (offsets). The 
statistical analysis of the data from the PDB on aromatic-
aromatic interactions of phenylalanine residues shows a 
preference for large offsets in stacking interactions. 
Calculations show that stacking interactions at large offsets are 
substantially strong, around -2 kcal/mol. Calculations also show 
that for some benzene-benzene orientations the difference in 
energy between minimum on the potential curve and large 
offsets is relatively small (< 0.5 kcal/mol). The preference for 
large offsets is also caused by additional simultaneous 
interactions that faces of aromatic rings can form at large 
offsets.    
 These results can be very important in recognizing the 
significance of aromatic-aromatic interactions at large 
horizontal displacements (offsets) in proteins.   
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Stacking interactions of phenylalanine residues show preference for large offsets (3.5-5.0 Å), while the 

calculations show substantially strong interactions, about -2.0 kcal/mol. 
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