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Introduction
Although the three−dimensional structure of a protein is determined by its covalent structure, i.e.
its amino acid sequence, the forces responsible for the folding and stabilization of the structure
are mainly non−covalent in nature. These non−convalent interactions include hydrogen bonds
(H−bonds), van der Waals interactions and the so−called hydrophobic effect. Classical H−bonds,
which involve electronegative atoms such as N and O, are well established in biological systems.
A set of somewhat weaker interactions has also been recognized to play an important role in
protein structure and stability. This set includes N−H and O−H...π−contacts, interactions between
aromatic side−chains and C−H...O−interactions. The even weaker C−H...π−interactions have also
been described to occur. These interactions can be characterized by a close to negligible
contribution of the electrostatic energy term to the overall stabilization energy, whereas the
delocalization energy term far outweighs all other energy terms. As a consequence,
C−H...π−interactions are stable in both polar and non−polar solvents. The overall stabilization
energy of about 0.5−1.0 kcal/mol per interaction is enough to make it a potentially important
contributor to the overall protein stability, which in many cases is not more than a few kcal/mol
itself. The cases in which C−H...π−interactions have been described in proteins include the
formation of complexes of proteins with special ligands or cofactors such as the heme group,
pyridoxal−5’−phosphate, protein−nucleotide and protein−carbohydrate interactions, bound
peptides, or special geometric circumstances, for instance between neighboring side−chains
around a cis−peptide bond. The importance of this interaction has also been recognized in the
design of serine protease inhibitors, but no study exists to date that deals with the occurrence of
C−H...π−interactions within the protein context itself. In contrast to the situation involving
biological systems, C−H...π−interactions have been well established in organic chemistry since
1952 when Tamres observed that benzene and analogous compounds dissolve exothermically in
chloroform [1]. Here, we report on an analysis of a non−redundant set of 1154 protein
structures from the Protein Data Bank (PDB) with respect to close interactions between
C−H−donor and π−acceptor groups [2].

Method
A non−redundant data set of 1154 protein structures from the
PDB has been generated according to the following criteria:
no theoretical and incomplete entries, only crystal structures
with a resolution of 3.0 Å or better, minimum chain length: 40
aa, maximum amino acid identity between two chains: 25%.
This structure set has been analyzed with respect to
C−H...π−interactions using a gawk script written for this
purpose and adopting the geometrical criteria defined in the
Figure 1a: distance C−X < 4.5 Å; angle C−H−X > 120˚;
distance Hp−X < 1.2 Å (6−rings and arginine side chain) or
1.0 Å (5−rings, carbonic acid and amide groups) (X −
center−of−mass of the π−system). As donor groups have been
taken into account: Cα−donors (Cα−H), aliphatic
C−H−donors (Cali−H), aromatic C−H−donors (Caro−H). As
π−acceptors have been taken into account: aromatic
π−systems (Aro−π), side−chain amide groups (Am−π),
side−chain carboxylate groups (Ac−π), guanidinium groups
(Arg−π). In Figure 1b the geometrical parameters for the
identification of classical H−bonds are given for comparison.

Results
Table 1. The number of C−H...π−interactions in the different interaction classes.

Donor/Acceptor Aro−π Am−π Ac−π Arg−π Total
Ca−H 1,832 (1.01) 437 (0.34) 568 (0.31) 712 (0.99) 3,549
Cali−H 14,487 (1.95) 2,638 (0.51) 3,861 (0.52) 2,584 (0.88) 23,570
Caro−H 2,687 (3.43) 361 (0.66) 608 (0.77) 312 (1.00) 3,968
Total 19,006 3436 5037 3608 31,087

The numbers in parentheses are the observed frequencies of the respective contacts divided by the expected
frequencies based on the fractions of the donor or acceptor groups.

Table 2. Number of C−H...π−interactions in proteins.

PDB code Chain Residues Protein (SCOP class) C−H...π−interactions/
100 Residues

2end − 138 endonuclease V (all α) 22.6
1ceo − 343 cellulase (CelC) (α/β) 21.0
1ah7 − 245 phospholipase C (all α) 20.4
1wdc A 64 regulatory domain of scallop myosin (not processed) 20.3
1fce − 629 cellulase (CelF) (all α) 20.0
1mty D 512 methane monooxygenase (all α) 19.7
1vjs − 483 alpha−amylase (α+β, all β) 19.7
1bc8 C 93 serum response factor accessory protein 1A (all α) 19.4
1t1d A 100 shaker potassium channel (α+β) 19.0
1amm − 174 γB−crystallin (all β) 19.0
2hmz A 113 hemerythrin (all α) 18.5
1mty G 162 methane monooxygenase (all α) 18.5
1bsm A 201 superoxide dismutase (all α, α+β) 18.4
1tf4 A 605 endo−1,4−beta−D−glucanase (all α, all β) 18.3
1nsg B 94 FKBP−rapamycin associated protein (all α) 18.1
3seb − 238 staphylococcal enterotoxin B (all β, α+β) 18.1
1lts A 185 heat−labile enterotoxin (α+β) 17.8
1mro C 247 methyl−coenzyme M reductase (α+β) 17.8
1vn − 609 chloroperoxidase (all α) 17.7
8prk A 282 inorganic pyrophosphatase (all β) 17.7

1a2x B 47 fragment of troponin I (peptides) 0.0
1aon O 97 chaperonine CPN10 (all b) 0.0
1vdf A 46 extracellular matrix protein (coiled coil) 0.0

Conclusions
C−H...π−interactions have been identified to occur ubiquitously in almost all proteins. The
most prominent representatives are the interactions between aromatic C−H−donor groups and
aromatic π−acceptors and the interactions between aliphatic C−H donor groups and aromatic
π−acceptors, although the other ten classes occur quite frequently as well.
The geometric parameters calculated for these interactions suggest that C−H...π−interactions
can be classified as weak H−bonds, rather than relatively unspecific hydrophobic interactions.
C−H...π−interactions involving aromatic π−systems as acceptor groups are generally found
closer to the center of the protein than the interactions with the more polar π−systems, the
amide, the acid, and the guanidium groups. No such distinction can be made on the basis of
the different C−H−donor groups.
C−H...π−interactions appear to occur relatively frequently between side−chains of residues
that are not very far apart in sequence. In some cases they might even be responsible for the
stabilization of structural elements such as α or 310−helices or non−proline cis−peptide
bonds.
The conservation of amino acid residues with π−systems may in some cases be linked to their
involvement in C−H...π−interactions and to the stability or the function of the protein.
These results foster a newly emerging general concept of hydrogen bonding in biopolymers,
which not only involves N−H and O−H as donor groups, but also C−H, and not only N and O
as acceptor groups, but also π−systems. We postulate that the incorporation of the entirety of
these interactions leads to a more complete description of biopolymer structure, stability and
function, and that this may provide new perspectives and possibly new answers [3].
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Figure 2. Examples of C−H...π−interactions. PDB codes are given in parentheses.

Cα−H donors Cali−H donors Caro−H donors

Figure 3. Occurrence of local
C−H...π−interactions as a function of the
sequence distance between the donor and
acceptor groups.
a. total number of C−H...π−interactions;
b. total number of conventional H−bonds

involving side−chain atoms;
c.−n. number of C−H...π−interactions in

the 12 interaction classes.

Figure 1. Geometrical
criteria for identifying
C−H...π−interactions (a) and
conventional H−bonds (b).

Figure 4. Schematic view of the backbone of
the linker peptide and the C−terminal domain
(residues 80−176) of γB−eye−lens−crystallin
(PDB code: 1amm).
Cα−H...π−interactions (dark green),
Cali−H...π−interactions (red,
Caro−H...π−interactions (light green).
(1) Phe−98...Tyr93, (2) Tyr139...Tyr134,
(3) Tyr154...Trp157, (4) Arg115...Phe116,
(5) Leu133...TRp157, (6) Tyr139...Tyr134,
(7) Leu146...Tyr151, (8) Arg152...Phe98,
(9) Ala159...Tyr144, (10) Arg169...Phe88,

(11) Arg169...Trp131, (12) Leu127...Arg91,
(13) His84...Phe88, (14) Tyr134...Gln143.
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