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ABSTRACT
The ability of aromatic rings to act as acceptors in hydrogen bonds
has been demonstrated extensively both by experimental and by
theoretical means. Countless examples of D-H‚‚‚π (H‚‚‚π, D ) O,
N, C) interactions have been found in the three-dimensional
structures of proteins. Much less is known with regard to the
occurrence of other possible noncovalent interactions with aromat-
ics in macromolecular structures, those with a geometry that points
oxygen lone pairs into the face of a π system. There has been a
growing interest in such lp‚‚‚π interactions in recent years, but the
binding energies have mostly been studied using small-molecule
model systems. We have conducted a survey of lp‚‚‚π interactions
in crystal structures of DNA, RNA, and proteins and used ab initio
calculations to estimate their energies. Our results demonstrate that
such interactions are more common in nucleic acids and that
significant binding energies only result when the aromatic system
is positively polarized, for example, due to protonation of a
nucleobase.

I. Introduction
Noncovalent interactions form the backbone of supramo-
lecular chemistry and include hydrogen bonds (H-bonds),
stacking, electrostatic, hydrophobic, and charge-transfer
interactions as well as metal ion coordination.1 Among
these interactions, H-bonds play a central role in the
structure, function, and dynamics of chemical and bio-
logical systems.2 A “conventional” H-bond may be rep-
resented as D-H‚‚‚Α whereby D (donor) and A (acceptor)
are both electronegative atoms (usually N and O). How-
ever, H-bonding is not restricted to N and O, but may also

involve less electronegative donor or acceptor function-
alities. These “non-conventional” H-bonds have attracted
enormous interest in chemistry and structural biology,3

and interactions such as C-H‚‚‚O,4 C-H‚‚‚π,5 and N-
H‚‚‚π6 (H‚‚‚π) are ubiquitous in the structures of macro-
molecules (Figure 1A).

Whereas H‚‚‚π interactions are expected simply from
electrostatic arguments, a stabilizing effect of the interac-
tion between a lone pair of electrons and the face of the
π system (lp‚‚‚π interaction) appears counterintuitive. Ab
initio calculations (counterpoise-corrected, cc, MP2(full)/
6-31G**) revealed that for the water-hexafluorobenzene
system the magnitude of the lp‚‚‚π interaction (-2.1 kcal/
mol) is comparable to that of the H‚‚‚π interaction
between water and benzene (-1.8 kcal/mol) (ref 7 and
cited lit.). A more recent report using the cc-LMP2/6-
31+G* level of theory compared the H‚‚‚π and lp‚‚‚π
interactions for the water-benzene complex; the energies
are -2.7 and -0.6 kcal/mol, respectively.8 Clearly, the
higher stability of the lp‚‚‚π interaction between water and
hexafluorobenzene as compared to the water-benzene
system is due to the presence of electron-withdrawing
fluorine atoms. In the case of water-aromatic systems,
the H‚‚‚π arrangement is stabilized mainly by the interac-
tion between the LUMO of water and the aromatic
HOMO. On the other hand, the lp‚‚‚π arrangement is
stabilized by the interaction between the HOMO of water
and the aromatic LUMO. The switch-point between these
two arrangements occurs at molecular electronegativities
somewhere between 0.125 and 0.162 atomic units (au).8

Besides these theoretical data, the relative orientations of
carbonyl groups and arene rings in crystal structures
provide evidence for potentially stabilizing lp‚‚‚π interac-
tions.9

We had previously referred to the close contact be-
tween a lone pair of 2′-deoxycytidine O4′ and the adjacent
guanine base at CpG steps in left-handed Z-DNA as an n
f π* interaction.10 In the present Account, we will use
the term lp‚‚‚π interaction to describe noncovalent con-
tacts between oxygen lone pair(s) and aromatics inde-
pendent of the covalent chemical environment of the
oxygen atom. Thus, the lone pair can be contributed by
water,7,11 ether,10 or carbonyl12 moieties, or even anions.13,14

The aromatic moiety may exhibit a range of polarities or
carry a positive charge. Ab initio calculations have pro-
vided evidence that lp‚‚‚π interactions can afford a
significant degree of stability when the aromatic moiety
is protonated.15 Thus, the interaction energy between
water and protonated imidazole (Im+) obtained at the
MP2/6-31+G** level of theory was -8.1 kcal/mol.

Theoretical studies regarding lp‚‚‚π interactions pub-
lished to date7,8,12-16 have been limited to simple model
systems and have largely ignored the existence of such
interactions in macromolecules (i.e., ref 10). In RNA
U-turns,17 a backbone phosphate group is positioned
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above a nucleobase, and a lone pair from the phosphate
oxygen is directed into the aromatic system (Figure 1B).
The observation of a water molecule sitting on top of a
functionally important, protonated cytosine in the crystal
structure of a luteoviral RNA pseudoknot provides un-
equivocal evidence for the existence of an lp‚‚‚π interac-
tion (Figure 1C).11 An inspection of atomic-resolution
crystal structures of proteins found that in quite a few

cases the contacts between water molecules and the π
faces of aromatic amino acids were seemingly inconsistent
with an H‚‚‚π interaction.18 However, the author did not
explicitly imply the existence of water-amino acid lp‚‚‚π
interactions in these structures.

In this Account, we will discuss the experimental
evidence for the occurrence of lp‚‚‚π interactions in the
crystal structures of macromolecules. To assess whether
the lp‚‚‚π interactions seen in the structures actually
contribute to stability or are merely tolerated short
contacts, we have carried out ab initio calculations (equi-
librium geometry or point-energy) at the MP2/6-31G* level
of theory for simplified model systems in selected cases.
A geometric analysis of the interactions between carbonyl
groups and aromatics in small-molecule crystal structures
deposited in the Cambridge Structural Database (CSD)
provides further support for the existence of lp‚‚‚π inter-
actions. The combined experimental and theoretical data
allow conclusions with regard to the chemical environ-
ment conducive to lp‚‚‚π interactions as well as their
geometry and interaction energies.

II. Carbonyl‚‚‚π Interactions: CSD Analyses
We searched the Cambridge Structural Database (version
5.26, Nov. 2004) for CdO‚‚‚π contacts using the following
distance and angle constraints: The distance D between
the carbonyl oxygen atom and the ring-centroid M had
to be between 2.8 and 3.8 Å, and the dihedral angle ω
between the planes defined by the OdCX2 moiety and the
aromatic ring had to be 90° or smaller (Figure 2). Any
atoms were allowed in the aromatic ring; however,
structures that contained H-bonds D-H‚‚‚A (D, A ) N/O)
were excluded to ascertain that the weaker CdO‚‚‚π
contacts did not merely exist due to the presence of their
stronger counterparts. Hits with 2.8 Å e D e 3.8 Å and R
e 180° (Figure 2) were grouped into three regions: 0° e

ω e 24° (region 1; 1191 hits), 25° e ω e 64° (region 2;
329), and 65° e ω e 90° (region 3; 240) (Figure 3A-C).
Region 1 represents cases where the carbonyl group is
stacked on the ring plane. In region 2, the carbonyl group
takes an angular approach towards the ring, and in region
3, the carbonyl oxygen heads directly into the ring plane.

FIGURE 1. H‚‚‚π versus lp‚‚‚π interactions (indicated by an arrow).
(A) H‚‚‚π interaction between the ε-methyl group of Met146 and
AMPPnP at the active site of death-associated protein kinase (PDB
ID 1ig1). The Cε‚‚‚centroid (solid dot) distance is 2.86 Å. (B) lp(anion)‚
‚‚π interaction in the Ψ-turn of tRNAPhe (PDB ID 1ehz). The distances
between phosphate oxygens of me1A58 and G57 (phosphorus atoms
highlighted in orange) and N3 and ring centroid of Ψ55 are 2.77
and 2.92 Å, respectively. (C) lp(water)‚‚‚π interaction in the C-turn
of the RNA pseudoknot from Potato Leaf Roll Virus (PDB ID 2a43).
Note that C at the beginning of the turn is protonated. The distance
between OW and ring centroid is 2.92 Å.

FIGURE 2. Various parameters used for characterizing X2CdO‚‚‚π
interactions retrieved from the CSD. The six-membered ring repre-
sents an aromatic system. X denotes any atom, and M is the ring
centroid. The CSD search allowed for any atom in all positions of
the aromatic system. ω is the dihedral angle between the planes
defined by X2CdO and the aromatic system.
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An orientation of the carbonyl group more or less
parallel to the ring plane (region 1) renders the oxygen
lone pairs available for H-bond donors. However, because
our search criteria excluded structures featuring conven-
tional H-bonds, this stacked orientation of the carbonyl
group is probably a consequence of the interaction of the
π-orbital of the CdO bond with the π-face of the aromatic
ring. Such a π-π interaction between the (carboxylate)
carbonyl group and the phenyl ring was thought to be
responsible for weakening of H-bonds, thermal dehydra-
tion behavior, and for preventing formation of new Cu-O
bonds in the crystal lattice of [Cu2(sgly)2(H2O)]-1H2O.19

The mean distance D and angular distribution (deviation
of R from 120°; Figure 2) are 3.58 Å and 30.6°, respectively
(Figure 3A). By comparison, the mean distance D and
angular distribution in region 2 are 3.54 Å and 16.8°,
respectively (Figure 3B). The correlation for the scatter plot

of d versus r for such an orientation of the carbonyl group
(Pearson r ) -0.646) is marginally higher as compared
to the data for region 1 (Pearson r ) -0.556). This suggests
that as the carbonyl oxygen gets closer to the ring plane,
it tends to be pushed away from the center (Figure 3D).
The significant angular preference of such an approach
is noteworthy; the mean deviation of 16.8° from the ideal
geometry of 120° is almost one-half of that observed in
region 1. For region 3, with the carbonyl group taking a
more or less head-on approach towards the ring centroid,
the mean distance D is 3.56 Å with a mean angular
distribution of 25.0° about the ideal geometry (Figure 3C).
The d versus r scatter plot for region 3 shows a correlation
of -0.622 (Pearson r); although the correlations for regions
2 and 3 are significant, they do not exceed that for region
1 by much.

FIGURE 3. Histograms and scatter plots for X2CdO‚‚‚π interactions retrieved from the CSD. (A) Region 1, (B) region 2, and (C) region 3. For
explanations, see main text. (D) Scatter plot of dihedral angle ω versus angle (120 - R) for regions 1, 2, and 3.
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The relatively low correlations imply that the contacts
do not have strict directional preferences, as one would
expect for a weak interaction. In a recent survey of the
environment of amide groups in protein-ligand com-
plexes, the authors noted that such contacts are actually
avoided because the electron-rich CdO oxygen and the
aryl ring π electrons should repel each other.20 The smaller
number of hits for this type of contact (region 3) as
compared to the number of hits in regions 1 and 2 appears
to support the authors’ conclusion, and it is also consistent
with the results of possibly the earliest analysis of the
oxygen environment of phenylalanine aromatic rings in
protein structures.21 Interestingly, another report relying
on crystallographic data provides direct evidence of
energetically and structurally significant interactions be-
tween CdO groups and arene rings, where the carbonyl
group points toward the centroid of the aromatic ring with
O‚‚‚centroid distances between 2.8 and 3.2 Å.9 At first
sight, the results of the two studies appear to contradict
each other. However, it may be possible to reconcile them
if we consider that the molecular electronegativities of
aromatic rings can vary considerably in the individual
structures. Accordingly, aromatic systems with a molecular
electronegativity of <0.15 au tend to favor an H‚‚‚π
contact, whereas the lp‚‚‚π interaction is preferred for
molecular electronegativities >0.15 au.8

In light of these observations, it is worth discussing
another class of interactions that at first appears coun-
terintuitive but has now been well documented, the anion‚
‚‚π interaction. Based on crystallographic evidence, anion‚
‚‚π interactions have been shown in Ag(I)-aromatic
complexes,14 between s-triazine and chloride,22 and be-
tween s-tetrazine and the AsF6

- ion.23 In addition, crystal-
lographic and computational studies have established that
isocyanuric acids are suitable binding units for anions.13

Recent reports regarding interactions in solution have
highlighted halide recognition through aromatic receptors
based on anion‚‚‚π interactions24,25 and anion binding at
the peripherial nitrogen of a C6F5-substituted N-fused
porphyrin.26,27 The stability of anion‚‚‚π interactions is
derived from electrostatic and ion-induced polarization
forces. The former is represented by the permanent and
positive quadrupole moment of the aromatic system,28

whereas the latter depends on the molecular polarizability
of the system.29

III. H‚‚‚π versus lp‚‚‚π Interactions in
H2O-Aromatic Amino Acid and
H2O-Nucleobase Systems
Using ab initio calculations, Scheiner et al. compared the
relative energies of various types of H-bonds involving
aromatic amino acids.15 Model systems for the side chains
of Phe, Tyr, Trp, and His with water H-bonding either in
the plane of the aromatic moiety or pointing into the face
of the π system with lone pair or hydrogen were treated
at the cc-MP2/6-31+G** level of theory. For imidazole (Im;
His model), the H‚‚‚π and lp‚‚‚π interaction energies were
-3.1 (Im) and -8.1 kcal/mol (Im+), respectively (Figure

4A, REF ∆E). Provided that the His side chain is proto-
nated, the lp‚‚‚π interaction is similar in stability to that
of a standard (water) O-H‚‚‚Ν (Im) H-bond (-6.0 kcal/
mol, Figure 4A). We used the published data for the Im/
Im+‚‚‚water system to calibrate our ab initio calculations.
Equilibrium geometry calculations in Spartan (Spartan ’04
for MacIntosh, Wavefunction Inc., http://www.wavefun-
.com)30 performed at various levels of theory indicated
reasonable correspondence between the published inter-
action energies and those from MP2/6-31G*-type calcula-
tions (Figure 4A). The aim here was not to use the highest
level of theory available but one that has been demon-
strated to be competent and handle the water-aromatic
systems reasonably well (i.e., refs 7 and 15).

One noteworthy insight from the theoretical analysis
concerns the different relative energies afforded by H‚‚‚π
and lp‚‚‚π interactions between water and uracil (U) or
cytosine (C; Figure 4B and C, respectively). Thus, the
interaction energy of the lp‚‚‚π water-U complex is
comparable to that of the H‚‚‚π water-C and water-Im
complexes. U appears to be more positively polarized than
either of the other aromatic systems. However, like His,
C can be protonated (Figure 1C)11 and the energy of the
lp‚‚‚π interaction between water and C+ matches that of
a strong H-bond (Figure 4C). Another difference that is
apparent from the calculations concerns the distance
between water oxygen and the centroid of the aromatic
ring. This distance is typically somewhere between 2.7 and
3.1 Å for lp‚‚‚π interactions and between 3.2 and 3.5 Å
for H‚‚‚π interactions. Consistent with the higher stabiliza-
tion of the lp‚‚‚π interaction for the water-U as compared
to the water-C complex, the distance between OW and
the ring plane is considerably shorter in the former (2.85
vs 3.13 Å, respectively).

IV. Lone Pair‚‚‚π Interactions in Nucleic
Acids
A. Observations in Crystal Structures of Oligonucle-
otides. In the canonical right-handed double helical
conformations, the nucleobases are stacked in the core
and are typically unavailable for H‚‚‚π and lp‚‚‚π interac-
tions. However, structural motifs such as bulged nucleo-
sides or hairpin loops render the bases available for
interactions other than stacking. The Z-DNA duplex differs
from the A- and B-form duplexes not only because it is
left-handed, but it also exhibits an unusual “stacking” of
the cytidine 2′-deoxyribose on G. This leads to the
aforementioned lp‚‚‚π interaction between O4′ (C) and the
guanidinium moiety of G (Figure 5A).10 Close contacts
between sugars and nucleobases are not uncommon in
the structures of nucleic acids. Except for the 2′-OH group
in RNA, the sugar-phosphate backbones of oligonucle-
otides are devoid of H-bond donors. Packing interactions
between duplexes can be mediated by metal ions, H-
bonding between bases, end-to-end base stacking, and
close contacts between sugars and bases, among others.
As expected purely from electrostatics, the close spacing
of sugars and bases typically involves H‚‚‚π interactions
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(i.e., ref 31). However, lp(O4′)‚‚‚A interactions with dis-
tances similar to the those for the lp(O4′)‚‚‚π interactions
in Z-DNA duplexes (2.78-2.96 Å)10 were also observed in
the crystal structure of cyclic r(ApAp) (see Figure 5A in
ref 32). In the crystal structure of a DNA dodecamer
complexed with propamidine, the minor groove binder
displaces the spine of water molecules in the central
A-tract and establishes H-bonds with its amidinium
groups to the DNA bases and deoxyribose sugars.33 The
O4′ atoms lie as close as 3.2 Å from the centroids of the
positively polarized aromatic moieties of the drug mol-
ecule and may favorably affect the stability of the complex
through lp‚‚‚π interactions.

RNA molecules exhibit intricate tertiary structural
motifs, and the so-called uridine turn (U-turn) is among
the most common building blocks in RNA.17 It was first
identified in the pseudouridine (Figure 1B) and anticodon
loops of tRNAPhe 34 and is also present in the structure of
the hammerhead ribozyme.35-37 At U-turns, the RNA

backbone makes a sharp turn between the first and the
second nucleotide of the UNR sequence (N ) any base,
R ) purine; Ψ55-C56-G57 in Figure 1B). The turn is
stabilized by two H-bonds, between the 2′-OH of Ψ55 and
N7 of G57 and between the N3 of Ψ55 and the phosphate
of me1A58, as well as stacking between the bases of the
second and third residues (Figure 1B). Another conserved
feature of the U-turn is the close contact between the
phosphate group of the third residue and the face of the
nucleobase of the first (G57 and Ψ55, respectively, in the
pseudouridine turn of tRNAPhe; Figure 1B) that can be
classified as an lp‚‚‚π interaction. Model systems for the
theoretical analyses that contain the phosphate-base lp‚
‚‚π interaction and/or the phosphate-base “pair” are
depicted in Figures 5B and 6B, respectively. Subsequently,
it was found that the ubiquitous RNA GNRA-tetraloops
also make a U-turn.17 In the structure of the hammerhead
ribozyme published by Scott et al., the sequence of the
tetraloop is GUAA37 and the phosphate of the first A stacks

FIGURE 4. Equilibrium energies in kcal/mol and distances in Å for H‚‚‚π and lp‚‚‚π interactions between water and (A) imidazole, (B) uracil,
and (C) cytosine calculated at various levels of theory. REF values refer to published data.15
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on G. A model system for this lp‚‚‚π interaction is depicted
in Figure 5C.

In the initial crystal structures of hammerheads,36,37

residue C17 in the substrate strand whose 2′-OH attacks
the 3′-adjacent phosphate, subsequently resulting in
strand cleavage, pairs with C3 from the ribozyme strand
near the U-turn of the latter. Although the pairing clearly
involves two H-bonds judging from the N3(C17)-O2(C3)
and N4(C17)-N3(C3) distances in the structures, both
author teams assigned only a single H-bond to the C17:
C3 pair (N4-N3; see, i.e., Figure 5b in ref 36). Thus, they
may have overlooked that C17 is protonated. Protonation
is consistent with the base-pairing mode, the presence of
a phosphate at H-bonding distance from N4 and C5 of
C17, an lp‚‚‚π interaction involving O2 of a neighboring
U and the face of C17 (see Figure 4a of ref 37), and the
pH conditions used in the crystallization experiments (6-

6.5; Figure 5D). The pairing mode of C is a reliable
indicator of its protonation state and initially led us to
conclude that a functionally important C in the structure
of a frameshifting RNA pseudoknot is protonated and
engages in an lp‚‚‚π interaction (Figure 1C; ref 11 and cited
lit.).

B. Results of Ab Initio Calculations. To assess the
stabilities of the lp‚‚‚π interactions described above, we
calculated point-energies at the DFT/6-31G* level for
model systems (Figure 5) based on the crystallographic
coordinates retrieved from the Protein Data Bank (http://
www.rcsb.org).38 The stacking of a deoxyribose on the
guanine base as observed in Z-DNA is practically neutral
in terms of the interaction energy (Figure 5A, ∆E(lp-π)).
However, a cooperative effect by a modulator such as
Mg2+ coordinated to N7 of G results in a sizeable stabiliza-
tion (ca. -2 kcal/mol). Not surprisingly, a hypothetical

FIGURE 5. Point-energies of lp‚‚‚π interactions in kcal/mol calculated at the DFT/6-31G* level of theory using crystallographic coordinates.
The four systems analyzed are (A) the 2′-deoxyribose sugar of C stacked on the 3′-adjacent G in Z-DNA,10 (B) the Ψ-turn in tRNAPhe,41 (C) the
GUAA-turn in the structure of the all-RNA hammerhead ribozyme,37 and (D) the protonated C adjacent to the cleavage site in the same
hammerhead ribozyme. π refers to the aromatic system (nucleobase) and lp and M (modulator) to the moieties interacting with the nucleobase
face-on and in-plane, respectively. In the model shown in panel A, both protonation of G and a Mg2+ coordinated to N7 were assessed as
modulators, and the energy ∆E(lp-πM) is for the complex with G+. In the model shown in panel D, only C17 (thick lines) was considered in
the calculation, but C3 is included to show the formation of the putative C+:C base pair with two H-bonds. The phosphodiester moiety in DNA
and RNA was modeled as a dimethyl phosphate anion.
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protonation of G at O6 leads to even higher stability of
the lp‚‚‚π interaction (>-5.6 kcal/mol; Figure 5A). Simi-
larly, the lp‚‚‚π interaction between phosphate and
pseudouridine in the U-turn is stabilizing when consid-
ered alone (Figure 5B). However, the in-plane H-bond
between a phosphate group and Ψ diminishes the strength
of the lp‚‚‚π interaction. This is not surprising, as one
would expect a H-bond between the aromatic moiety and
a strong acceptor such as a phosphate to exert a negative
cooperative effect on the lp‚‚‚π interaction. In some ways,
this scenario constitutes the opposite of the coordination
of a metal cation to guanine in Z-DNA, which leads to a
positive polarization of the nucleobase and thus enhances
the lp‚‚‚π interaction. Cooperative effects of conventional
and unconventional hydrogen bonds involving imidazole
have recently been analyzed in detail with theoretical
means.39

Ab initio equilibrium geometry calculations (MP2/6-
31G*) indicate that the “pairing” between a phosphate
group and U virtually matches the base pairing energy of
A and U (Figure 6). The close correspondence of the
binding energies in the two pairs is noteworthy. In light
of this observation, it is probably reasonable to view the
stacking of the phosphate on uracil (or Ψ) in the RNA
U-turn as an interaction that is tolerated rather than
significantly stabilizing. Clearly, as compared to the
contributions to stability of the turn due to base stacking
and H-bonds, the phosphate-base sandwich is of sec-
ondary importance. This is consistent with the results of
the point-energy calculations for the lp‚‚‚π interaction

between phosphate and G in the model system for the
GUAA tetraloop, which actually indicate a destabilizing
effect (Figure 5C). On the contrary, the lp‚‚‚π interaction
between O2(U) and C+ near the scissile bond in the
structure of the hammerhead ribozyme makes a favorable
contribution to stability, although the in-plane H-bond
to a phosphate group again leads to a reduced net stability
of the interaction between carbonyl oxygen and base
(Figure 5D). While the numerical data certainly need to
be treated with the necessary caution, it is probably
justified to conclude that lp‚‚‚π interactions in nucleic
acids can make significant contributions to stability when
the nucleobase is positively polarized due to the particular
chemical environment or when it involves protonated
cytosine. By analogy, the presence of an lp‚‚‚π interaction
in the structures of DNA and RNA may serve as a reporter
of an unusual polarization or protonation state of a
nucleobase.

V. Lone Pair‚‚‚π Interactions in Proteins
Steiner inspected 75 protein crystal structures at resolu-
tions <1.1 Å with the goal to establish OW-H‚‚‚π interac-
tions between water and aromatic residues.18 The posi-
tions of water hydrogen atoms cannot be reliably deter-
mined in X-ray crystal structures of proteins even at high
resolution. Therefore, the local environment of water was
screened in the hope of confirming the existence of an
H‚‚‚π interaction based on the distribution of acceptor and
donor atoms around the water molecule. Of the 18 water
molecules found in close contact with Phe, Tyr, or Trp,
five were deemed to be “likely” engaged in an H‚‚‚π
interaction, and two were deemed “unlikely” cases. For
the majority of the remaining cases (9), it was concluded
that it was impossible to determine whether the close
water-aromatic contact corresponded to an H‚‚‚π inter

FIGURE 6. Comparison between the equilibrium interaction energies
in kcal/mol (distances in Å) obtained at the MP2/6-31G* level for
(A) a Watson-Crick A:U base pair and (B) an in-plane uracil-
phosphate interaction (P:U). The P:U “pair” is a component of the
RNA U-turn motif (see Figures 1B, 5B).

FIGURE 7. Dependence of the point-energies ∆E obtained from
ab initio calculations at the MP2/6-31G* level on the distance
between oxygen (water) and the ring centroid of Tyr or Trp (five-
membered ring) for H‚‚‚π (Tyr b, Trp O)- and lp‚‚‚π (Tyr 9, Trp
0)-type interactions. Only the side chains of Tyr (p-cresol, 4-meth-
ylphenol) and Trp were considered in the calculations. The water
molecule approaches along the normal to the ring plane with either
an O-H bond or the oxygen lone pairs pointing into the face of the
π system. The lower curves (Tyr 2, Trp 4) show values for ∆∆E )
∆E(H‚‚‚π) - ∆E(lp‚‚‚π).
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action; only in two cases the possibility of an H‚‚‚π
interaction was rejected.18

We revisited the water coordination in each case and
also looked into the second and third coordination shells
to see if these would shed light on the orientation of the
water molecule relative to the aromatic moiety. Indeed,
the H-bonding environment of water alone cannot estab-
lish whether the water engages in an H‚‚‚π or an lp‚‚‚π
interaction. However, the distance between OW and ring
centroid is g3.1 Å in all cases, and none of the contacts
involves His. In all instances of experimentally observed
lp‚‚‚π interactions discussed before, the distance between
oxygen and ring centroid is clearly below 3 Å. This
distance range is confirmed by the results of ab initio
calculations (Figure 4).7,15 Therefore, the distances of OW‚
‚‚π interactions observed in the protein structures argue
against an orientation of the water with either one or both
lone pairs directed into the face of Phe, Tyr, or Trp. Point-
energies calculated for H‚‚‚π and lp‚‚‚π interactions
between water and either Tyr or Trp as a function of the
distance between water oxygen and ring centroid es-
sentially support this conclusion (Figure 7). Neither Tyr
nor Trp exhibit a polarization that is conducive to forma-
tion of an lp‚‚‚π interaction, contrary to a protonated His
that favors interaction with a lone pair (Figure 4A).

What about the two cases for which Steiner had
deemed the formation of an lp‚‚‚π interaction impossible?
Figure 8 depicts the two water‚‚‚Τyr contacts, with the
water molecule surrounded by two or more conventional
H-bond acceptors in both cases. The most obvious
scenario is that water donates in H-bonds; therefore, it
appears likely that the water directs a lone pair into the
ring. However, in both cases it is possible to orient the
water molecule in a way that both satisfies the surround-
ing acceptors (i.e., by sharing a water hydrogen atom) and
allows formation of an H‚‚‚π interaction (data not shown).
As pointed out above, the OW‚‚‚centroid distances are
considerably longer than expected for an lp‚‚‚π interac-
tion. On the other hand, not every short contact observed
in a crystal lattice needs to be stabilizing. Accordingly, in
both examples shown in Figure 8, it is possible that water
forms strong H-bonds to the different acceptors even if
that resulted in a destabilizing lp‚‚‚π interaction with Tyr.

Irrespective of such considerations, we can infer that the
formation of an lp‚‚‚π interaction between amino acids
and water in the structures of proteins occurs only very
rarely.

VI. Conclusions
We have reviewed known and potential lp‚‚‚π interactions
in the crystal structures of small molecules, oligonucle-
otides, and proteins. Ab initio calculations provide evi-
dence that among the aromatic moieties encountered in
biomacromolecules, U (and Ψ), C+, and His+ are the most
likely to engage in an lp‚‚‚π interaction. When the interac-
tion involves a positively charged aromatic system, the
resulting binding energy can match that of a strong
hydrogen bond. Although there are examples of oxygen
lone pairs interacting with the π face of U (or Ψ; carbonyl,
phosphate anion) and C+ (water), the experimental ob-
servation of an lp‚‚‚His+ contact remains elusive. The
different distances between oxygen and the aromatic
plane for lp‚‚‚π (,3 Å) and H‚‚‚π interactions (.3 Å)
render the distinction between them quite straightforward.
The decision whether the interaction is of the lp‚‚‚π or
the H‚‚‚π type can be challenging when the oxygen atom
approaching the aromatic system belongs to a water
molecule. This is because the location of hydrogen atoms
is not reliably known in crystal structures of proteins even
at very high resolution. The renewed interest in neutron
macromolecular crystallography should prove helpful in
this respect and may lead to the identification of lp(water)‚
‚‚His+ interactions. At the very least, the reader should
appreciate that not every close contact between an oxygen
atom and the π face of an aromatic moiety represents an
H‚‚‚π interaction. Clearly, stabilizing lp‚‚‚π interactions are
going to be more common with nucleic acids than with
proteins because nucleobases can be positively polarized
(unlike Phe, Tyr, and Trp) and the backbone of the former
is devoid of potential H-bond donors except for the RNA
2′-hydroxyl group. Unfortunately, a systematic search of
the structures of nucleic acids and nucleic acid-protein
complexes stored in the Protein Data Bank with the goal
to retrieve additional examples of lp‚‚‚π interactions is
currently impossible as search tools such as Relibase40 are
only designed to handle protein-protein and protein-
water interactions.
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Deyà, P. M. A topological analysis of the electron density in
anion-π interactions. ChemPhysChem 2003, 4, 1344-1348.

(30) Hehre, W. J. A guide to molecular mechanics and quantum
chemical calculations; Wavefunction: Irvine, CA, 2003.

(31) Li, F.; Sarkhel, S.; Wilds, C. J.; Wawrzak, Z.; Prakash, T. P.;
Manoharan, M.; Egli, M. 2′-Fluoroarabino- and arabinonucleic acid
show different conformations, resulting in deviating RNA affinities
and processing of their heteroduplexes with RNA by RNase H.
Biochemistry 2006, 45, 4141-4152.

(32) Frederick, C. A.; Coll, M.; van der Marel, G. A.; van Boom, J. H.;
Wang, A. H.-J. Molecular structure of cyclic deoxyadenylc acid
at atomic resolution. Biochemistry 1988, 27, 8350-8361.

(33) Nunn, C. M.; Neidle, S. Sequence-dependent drug binding to the
minor groove of DNA: crystal structure of the DNA dodecamer
d(CGCAAATTTGCG)2 complexed with propamidine. J. Med.
Chem. 1995, 38, 2317-2325.

(34) Quigley, G. J.; Rich, A. Structural domains of transfer RNA
molecules. Science 1976, 194, 796-806.

(35) Wedekind, J. E.; Kay, D. B. Crystallographic structures of the
hammerhead ribozyme: relationships to ribozyme folding and
catalysis. Annu. Rev. Biophys. Biomol. Struct. 1998, 27, 475-502.

(36) Pley, H. W.; Flaherty, K. M.; Kay, D. B. Three-dimensional structure
of a hammerhead ribozyme. Nature 1994, 372, 68-74.

(37) Scott, W. G.; Finch, J. T.; Klug, A. The crystal structure of an all-
RNA hammerhead ribozyme: a proposed mechanism for RNA
catalytic cleavage. Cell 1995, 81, 991-1002.

(38) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.;
Weissig, H.; Shindyalov, I. N.; Bourne, P. E. The Protein Data Bank.
Nucleic Acids Res. 2000, 28, 235-242.

(39) Kar, T.; Scheiner, S. Cooperativity of conventional and uncon-
ventional hydrogen bonds involving imidazole. Int. J. Quantum
Chem. 2006, 106, 843-851.

(40) Bergner, A.; Günther, J.; Hendlich, M.; Klebe, G.; Verdonk, M. Use
of Relibase for retrieving complex three-dimensional interaction
patterns including crystallographic packing effects. Biopolymers
(Nucleic Acid Sci.) 2002, 61, 99-110.

(41) Shi, H.; Moore, P. B. The crystal structure of yeast phenylalanine
tRNA at 1.93 Å resolution: a classic structure revisited. RNA 2000,
6, 1091-1105.

AR068174U

Lone Pair-Aromatic Interactions Egli and Sarkhel

VOL. 40, NO. 3, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 205




