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Abstract
The unconventional hydrogen bond involving the amino group as proton donor and
benzene ring as proton acceptor was studied on the BBLSPG level. Medium effects
were simulated by the Polarisable Continuum Model of Tomasi et al. Obtained results
(hydrogen bond energyl.28 kcal/mol, nitroger benzene distance 3.85 A) were discussed
and compared with the data from the literature. To our knowledge this is the first attempt of
treating the amino/benzene hydrogen bond with the inclusion of the medium.

Introduction

Hydrogen bonding plays an important role in the structure and function of
biological molecules. Traditionally it involves an essentially electrostatic interaction
between a proton attached to an electronegative atom (O, N or C) and another oxygen
or nitrogen atom (acting as a proton acceptor). These interactions are usually termed
conventional hydrogen bond§he evidence for aromatic rings acting as hydrogen bond
acceptors was first discovered by spectroscopy. Infrared spectra of N—ethylacetamide in
various solvents revealed that the NH-stretching frequency was the lowest when
benzene was used as a solvent [1]. The authors suggest tiagldoerons of benzene
ring act as a base. The teamconventional hydrogen bomduld be used for this type
of interaction. When the donating proton is attached to a nitrogen atom the interaction

is described as amino/aromatic hydrogen bond. The existence of such unconventional
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hydrogen bonding is well established at least for complexes of small molecules.
Examples are the water/benzene [2] and ammonia/benzene complexes [3] which both
show unconventional hydrogen bonding. Structures were determined experimentally by
spectroscopic techniques and theoretically by ab initio calculations. However, it is not
yet clear how important the unconventional hydrogen bonding is in the biochemical
processes. Perutz [4] concludes at the end of his paper: “The chemical literature
contains many more examples of interaction between proton donors and aromatic
acceptors, but the ones quoted here are sufficient to show that such interactions are of
biologically significant strength, that they play an importate m synaptic and cellular

signal transduction and also contribute to the stability of certain protein structures.” On
the other hand Mitchell et al. [5] argued that although some gas phase calculations do in
fact favour amino/aromatic hydrogen bonded structures such structures are remarkably
rare. In their study they considered 55 high—resolution protein chain structures and
evidenced 1108 nitrogen/aromatic ring interactions but only 30 (or 2.7%) of them are
amino/aromatic hydrogen bonds according to the predefined criteria.

However, some papers appeared recently indicating that aromatic hydrogen
bonds can substitute conventional hydrogen bond in some specific protein — DNA
interactions. Parkinson et al. [6] studied the bindingEs€herichia colicatabolite
activation protein (CAP) to DNA [7,8]. CAP, also referred as cAMP (cyclic adenosine
monophosphate) receptor protein CRP, is a transcription activator protein. The
complex of CAP and cAMP stimulates transcription by binding to specific DNA sites at
or near promoters. Authors substituted the carboxylate side chain of Glu by the
aromatic chains of Phe, Tyr and Trp. Unexpectedly they found that this substitution did
not reduce the DNA binding affinity, presumably due to the formation of aromatic
hydrogen bonds. We decided to model this specific part of interaction between the

DNA and protein by ab initigalculation.

Computational
Escherichia colicatabolic activation protein (CAP) binds to DNA as a dimer of

two identical protomers. The atomic coordinates of the CAP-DNA complex were



495

obtained from the Brookhaven Protein Data Bank (accession number 1RUQO). The
complete arrangement of 4433 atoms can be seen on Figure 1. Thirty—six water
molecules are included. The unconventional hydrogen bond that we are interested in is
established between the DNA cytosine 7 (C 7) and the CAP phenylalanine 181 (Phe
181).
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Figure 1: Structure of the CAP—DNA complex (Raswin picture using the

coordinates from PDB)

The enlarged view on that part of complex in which the hydrogen bonded
molecules can be seen is on the Figure 2. To make the calculations feasible and to retain
all the essential interactions we substituted the phenylalanine molecule by
methylbenzene. Figure 3 shows the molecules considered for calculations. The
optimized geometry of the hydrogen bonded system was computed using the ab initio
theory on the HF/6-31G level with the Gaussian 98 suite of programs [9]. To include

some of the correlation energy the calculation was done with the density functional
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Figure 2: Enlarged view on the part of the CAP—DNA complex
with the cytosinand phenylalanine molecules
(hydrogen atoms are not shown)

theory (DFT) with the same basis set and Becke’s three parameter hybrid functional
using the LYP correlation functional (B3LYP/6-31G). There are several fliassib

how to include the interaction with the medium to model the real situation as good as
possible. We choose the Polarized Continuum Model (PCM) of Tomasi and coworkers
[10-12] which is included in the Gaussian 98 suite of programs and performed the total
geometry optimization with the vale=20 for the dielectric constant of the solvent.
Different values for the dielectric permitivity of protein are used in the literature,
ranging from 2 to 80. For there is no reliable experimental technique to detegntine

is usually calculated theoretically. Because of its polar groups the dielectric constant of
protein should be at least 10. Molecular dynamics simulations for two proteins [13]
gave the values 30 and 36. The vaks20 that we used could be taken as a
compromise. To study the influence of the guanine molecule bonded with the three
hydrogen bonds to cytosine we modeled also this interaction on the B3LYP/6-31G
level. Treating the systems with several hydrogen bonds one must be aware of the

nonadditivity of the hydrogen bond energies because of cooperative effects. However,
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the overall geometry of the cytosine—methybenzene pair did not change significantly
when the model guanine molecule was included in the calculation. This is the reason
why we decided to consider only the cytosine—methybenzene complex. The results for

the guanine—cytosine—methybenzene system are not reported here.
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Figure 3: Cytosine and methybenzene molecules

Results and discussion

The numerical results including the hydrogen bond energies and geometric
parameters are presented in Table 1. The B3LYP/6—-31G calculation using the Polarized
Continuum Model (PCM) of Tomasi is denoted as B3LYP/6-31G—Tom, for all other
cases standard abbreviations are used. The approximate relative orientation of both
interacting species is characterized by two parameters (Figure 4). R is the distance
between the -NK nitrogen of cytosine and the centre of the benzene ring of
methylbenzene whiler is the angle between R and the 6—fold symmetry axis of the
benzene ring. Results show that rather small shortening také? placevhen thdevel
of calculation is changed from HF to DFT. The same is true for the inclinationangle
which changes from 16 to about 23 degrees. In all geometries the direction efrthe N
bond (involved in the hydrogen bonding) points towards some of the carbon atoms
which form the benzene ring because of the toroidal form ofeteéectron density. As
expected the hydrogen bond energy tends to become lower with inclusion of the
solvent. Let us discuss the valde.28 kcal/mol, obtained for the B3LYP/6-31G—Tom

calculation. Conventional hydrogen bonds have the energies in the range from 2 to 20
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kcal/mol [14]. The value obtained presently is less than the lowest end of the range

commonly accepted for

hydrogen bonding. Several theoretical studies of
unconventional (aromatic) hydrogen bonds can be found in the literature. Suzuki et al.
[2] studied the benzene — water complexes on the MP2/6-31G** level with basis set
superposition error corrections. The theoretical aromatic hydrogen bond energy they

obtained is-1.78 kcal/mol while the distance between the water oxygen atom and the

Figure 4: Geometry of the cytosine—methylbenzengptex

(R — distance bea&n the nitrgen atom andhe centre of the
benzene ringy — angle between R and the 6—fold symmetry
axis of the benzene ring)

Table 1: Geometric parameters and hydrogen bond endvigig$or the cytosine—
methylbenzene complex calculated on the different levels of theory. Forfithtodeof
R anda see Figure 4.

theory geometry R o AEp,
optimization (10"°m) | (degrees)| (kcal/mol)
6-31G 6-31G 3.90 16.0 -3.08
B3LYP/6-31G B3LYP/6-31G 3.84 23.8 -3.51
B3LYP/6-31G-Tom B3LYP/6-31G 3.84 23.8 -1.78
B3LYP/6-31G-Tom | B3LYP/6-31G-Tom 3.85 22.8 -1.28

#B3LYP/6-31G calculation with the Tomasi PCM [10-12]

center of the benzene ring is 3.159 A (the value deduced from experiment is 3.374 A
[2]). The benzene — ammonia dimer was studied by Rodham et al. [3] on the same level

of theory (MP2/6-31G**). Values of2.4 kcal/mol and 3.43 A were obtained for the
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bonding energy and the nitrogen — benzene distance, respectively. It is quoted in the
paper concerning the binding of CAP to DNA [6] that the aromatic hydrogen bond Phe
181 — C 7 (DNA) contributes about 0.8 kcal/mol per CAP protomer to the binding free
energy. According to the crystal structure of CAP — DNA complex the benzene ring is
perpendicular to the cytosine >N bond and the distance of the nitrogen atom from
the benzene ring is 3A. We believe that our study of aromatic hydrogen bond supports
the opinion that although its strength is relatively low it is important at least in some

specific protein — DNA interactions.
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Povzetek

Z metodo B3LYP/6—-31G smo Studirali nekonvencionalno vmgikvez, pri kateri je bila
amino skupina donor, benzenabro¢ pa akceptor protona v veAkljucili smo tudi vpliv
okoliSkega medija pomocjo Tomasijevega modela polarizirnega kontinuuma. Kolikor
vemo je to prvi poskusklju¢itve okolice priteorctiénem obravnavanju tovrstne vodikove
vezi. Dobljene rezultate (—1.28 kcal/mol za energijo vodikove vezi ter 3.85 A za razdaljo
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