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The role of aromatic rings as hydrogen-bond
acceptors in molecular recognition

By M. F. PErurTzZ
MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, U.K.

Observations of phenol-benzene and ammonia—benzene complexes in the gas phase
show that hydrogen bonds link their proton donors to the m electrons of the
benzene with a bond energy of between 2 and 4 kcal mol™, large enough to be
biologically significant. Intramolecular hydrogen bonds between OH and NH donors
and aromatic acceptors have also been found in crystal structures of organic
compounds. NH—aromatic interactions stabilize a-helices if donors and acceptors
occur at successive turns of the helix. These interactions also contribute to the
stability of several proteins and play an important part in cellular and synaptic
signal transmission.

Some years ago my colleagues and I studied the stereochemistry of drug binding by
haemoglobin (Perutz et al. 1986). We found that haemoglobin has a high affinity for
the antilipidaemic drug bezafibrate. X-ray analysis showed that bezafibrate bound
to the walls of the water-filled cavity that runs through the centre of the
haemoglobin molecule. Among the nine amino acid residues in contact with the drug
was an asparagine whose amino group pointed at the plane of one of the drug’s two
benzene rings, suggestive of a hydrogen bond with the ring’s © electrons, but the
resolution was not good enough to measure the N----C distances sufficiently
accurately to be sure of their being shorter than the van der Waals distance
(figure 1).

All the same, the observation was interesting enough to make me ask whether such
hydrogen bonds are known to exist, what their energy is, what role they play in the
recognition of substrates and transmitters, and in stabilizing protein structures.

Unsurprisingly, evidence for aromatic rings acting as hydrogen bond acceptors
was first discovered by that superb chemist, the late George Pimentel. He measured
the lowering of the infrared NH-stretching frequency of N-ethylacetamide in various
solvents and found that ‘benzene appears to interact with the amide hydrogen to a
considerable extent, since the free NH frequency is lowest where benzene is used as
a solvent’. He suggested that the © electrons of benzene act as a base (Klemperer et
al. 1954).

In recent years clear evidence for the acceptance of hydrogen bonds by aromatic
rings has come from spectroscopic studies of the association of benzene with phenol
and ammonia in the gas phase and from the crystal structures of compounds
containing intramolecular hydrogen bonds between benzene rings and proton
donors.

McPhail & Sim (1965) reported an intramolecular hydroxyl-benzene hydrogen
bond at an oxygen to benzene-plane distance of 3.1 A in a cyclic peptide structure
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Figure 1. Stereoview of the interactions of AsnG10(108)p with the chlorobenzene ring of the drug
bezafibrate bound to human deoxyhaemoglobin. (Reproduced, with permission, from Perutz et al.
(1986).)

Figure 2. Phenol-benzene binding geometry in the gas phase. The phenol donates a proton to
the 7 electrons of the benzene ring. (Reproduced, with permission, from Knee et al. (1987).)

determined by X-ray crystallography. Zewail and others at CalTech studied the
dissociation of the tyrosine-benzene complex by picosecond photofragment spec-
troscopy and estimated the energy of the hydrogen bond between the hydroxyl and
the m-electrons at room temperature in vacuo to be about 4 kcal mol™ (figure 2; Knee
et al. 1987). In carbon tetrachloride solution, measurements of the association
constant of the tyrosine-benzene complex led to an enthalpy of association of
—4 kcal mol™, but the loss of rotational and translational entropy on association
reduced the binding energy to about 1 keal mol™.

High resolution optical and microwave spectra of benzene—ammonia dimers in the
gas phase showed that ammonia forms a hydrogen bond with the aromatic ring with
a bond energy of 2.4 kcal mol™, and with a nitrogen to plane of the ring distance of
3.6 A. The ammonia molecule rotates freely about its threefold symmetry axis
(figure 3; Rodham et al. 1993).

A search of the crystallographic data base for NH-benzene interactions by Michael
Levitt revealed a peptide that contains two intramolecular NH-benzene bonds with

Phil. Trans. R. Soc. Lond. A (1993)
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Aromatic rings as hydrogen-bond acceptors 107

Figure 3. Ammonia—benzene binding geometry in the gas phase. (Reproduced, with permission,
from Rodham et al. (1993).)

(benzyloxycarbonyl-1-amino-
cyclohexyl-1-carboxylic acid)2 - O

Figure 4. Stereoview of internal hydrogen bonds between two NH groups and two benzene rings

in (benzyloxycarbonyl-1-aminocyclohexyl-1-carboxylic acid),-O. (By courtesy of Dr David
Watson, University Chemical Laboratory, Cambridge, U.K.)

distances from the nitrogen to the plane of the benzene of only 2.8 A, much shorter
than the sum of the van der Waals radii which would lie between 3.5 and 4.0 A (figure
4; Valle et al. 1988).

These data leave no doubt that the bond exists and has physiologically significant
strength. How large a role does it play in protein structure and function ? Burley &
Petsko (1986) made a computer search for interactions between amino groups and
aromatic rings in 33 highly refined protein structures and concluded that they occur
more frequently than random and may contribute to the enthalpy of protein
stability. J. M. Thornton ef al.s (this volume) detailed structural analysis has shown
that few of these interactions really include hydrogen bonds from the donors to the
aromatic rings, because competition from nearby stronger hydrogen bond acceptors
draws them away even if they are close to the rings. All the same, several well-
documented cases of such stabilizing interactions have come to light.

The first such evidence came from the high resolution structure of the pancreatic
trypsin inhibitor, where Tiichsen & Woodward (1987) found the benzene ring of
tyrosine 37 sandwiched between the NH of Gly 37 and the NH, of Asn 44, each of

Phil. Trans. R. Soc. Lond. A (1993)
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27 -(b)

-[8],,,x10°* (deg cm?/dmol)
-lel,,, x10° (deg cm?/dmol)

pH pH
Figure 5. pH dependence of the mean residue ellipticity of peptides (1) F12 H16 (e), (2) F11 H16
m) and (3) H16 (a), (2) in 10 mm NaCl and (b) in 1 m NaCl. (Reproduced, with permission, from
Armstrong et al. (1993).)

them closer to the ring than the van der Waals distance. Nuclear magnetic resonance
spectra of the inhibitor show the resonances of the peptide proton of Gly 37 and the
N, proton of the amide of Asn 44 to be shifted upfield by the ring current of the
Tyr 35 aromatic ring. Tiichsen & Woodward’s accurate measurements enabled
Levitt & Perutz (1988) to calculate the likely free energy of such a bond from the
partial negative charges centred on the ring carbons and the partial positive charges
centred on the amide hydrogens. They arrived at an energy minimum of about
3 kecal mol™!, at a nitrogen to ring centre distance of 3.4 A, similar to the
ammonia—benzene bond in the vapour.

Armstrong et al. (1993) measured the interaction between a histidine and a
phenylalanine separated by one turn of an a-helical peptide. They synthesized the
peptides with the sequence:

123456789 10111213 14 15 16 17
1 AcYAAKAAFAKAHAAKAA A-NH,
2 AccYAAKAFAAKAHAAKA A A-NH,
3 AcYAAKAAAAKAHAAZKA A A-NH,.

(1) contains a phenylalanine and a histidine four residues apart, optimally spaced for
interaction in an o-helix. In (2) they are spread five residues apart, too far for
interaction. (3) lacks the phenylalanine.

Circular dichroism at 222 nm showed peptide 1 to be more helical than 2; the
helicity of (1) rises strongly at low pH as its histidine becomes positively charged,
while the helicities of (2) and (3) rise only weakly as their o-amino groups become
charged; after that the curves remain flat. Curves (1) and (2) show less helicity than
(3), except below pH 6.2 (figure 5). This is due to the intrinsic destabilizing effect of
histidines in the middle of a-helices; they only confer stability at the C-termini of
a-helices where they compensate the helix dipole. When Armstrong et al. replaced
the phenylalanine with the non-aromatic cyclohexylphenylalanine, the histidine no
longer stabilized the a-helix. Increasing ionic strength has little effect on the helix-

Phil. Trans. R. Soc. Lond. A (1993)
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Figure 6. Stereoview of the interaction between His 18 and Trp 94 in Barnase; J. Cameron & H.
Kendrick, unpublished crystal structure at pH 6. (Reproduced, with permission, from Loewenthal
et al. (1992).)
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Figure 7. Binding of phosphocholine to the mouse immunoglobulin McPC603, showing the contacts
between the tertiary ammonium group and the aromatic rings surrounding it. (Reproduced, with
permission, from Dougherty & Stauffer (1990).)

stabilizing effect of the histidine-phenylalanine interaction. These results proved
that the histidine stabilizes the a-helix by acting as a hydrogen bond donor to the
phenylalanine, but they left the free energy of stabilization open.

Barnase (bacterial ribonuclease) is a small protein from Bacillus amyloliquefaciens.
It contains a four-turn a-helix stabilized at its C-terminus by histidine 18. Facing
the edge of the histidine ring is tryptophan 94, such that its N;H points at the
n-electrons of the indol ring (figure 6). Loewenthal et al. (1992) determined the
interaction between the two rings (1) by measuring the change of pk, of the histidine
when the tryptophan is replaced by other residues, (2) by measuring the difference
in stability of barnase at pH 5.8 when the histidine is protonated and at pH 9 when
it is unprotonated, and (3) by double mutant cycles: measuring the free energy of
unfolding in urea of the wild-type protein, of the mutants Trp94-—Leu and
His18 - Gly, and of the double mutant Trp94 — Leu and His18 - Gly. The results

Phil. Trans. R. Soc. Lond. A (1993)
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Figure 8. Synthetic model for the binding of a positively charged tertiary ammonium group (R,N)*
to a synthetic acceptor made of six aromatic rings joined in a circle. The dotted lines indicate the
stabilizing cation—m interactions. (Reproduced, with permission, from Dougherty & Stauffer
(1990).)

show that the free energy of interaction between the tryptophan and the protonated
histidine amounts to 1.4 kcal mol™, and with the unprotonated histidine to
0.4 kecal mol™, relative to solvation with water.

Other observations concern the role of aromatic hydrogen bond acceptors in the
binding of choline to immunoglobulins, enzymes or synaptic receptors. Phospho-
choline is bound as a hapten by the F,, fragment of a mouse lymphoma protein
(Satow et al. 1986). Its positively charged tertiary ammonium group is not
compensated by anionic side chains; instead it donates hydrogen bonds to the
aromatic rings of a tryptophan and two tyrosines (figure 7).

This observation stimulated Dougherty and Stauffer to synthesize a quaternary
ammonium-binding model made of six aromatic rings joined in a circle (figure 8).
This model binds acetylcholine with a dissociation constant Ky, = 50 pm, a value
comparable to those of biological recognition sites. Its primary binding force must
come from cation—T interactions, because the positively charged tertiary ammonium
group was found to be bound in preference to an uncharged tertiary butyl group.

Dougherty and Stauffer therefore proposed that the electron-rich aromatic rings
of tyrosine and tryptophan, rather than anionic groups, bind acetylcholine in
acetylcholinesterase and in cholinergic receptors. Their prediction, made in 1990, was
confirmed by the recently solved structure of acetylcholinesterase (Sussman et al.
1991). Its active site lies at the head of a 20 A long gorge whose floor and walls are
lined with aromatic side chains. The active site itself lacks any anionic amino acid to
compensate the positive charge of the tertiary ammonium group. Instead the group
is well placed to form hydrogen bonds with the indole ring of a tryptophan (figure 9).

Opening and closing of the ion channel in the nicotinic acetylcholine receptor is
effected by an allosteric transition of its five subunits. The opening is triggered by the
binding of acetylcholine to a site that is widely separated from the channel. Photo-
affinity labelling of the acetylcholine-binding site led to the labelling of two cysteines,
two tryptophans and possibly two tyrosines, but of neither a glutamate nor an
aspartate. This suggests that here again the tertiary ammonium group donates
hydrogen bonds to aromatic rings (Dennis et al. 1988; Galzi et al. 1990).

Tyrosine kinases are vital in cellular signal transduction. Cellular forms of the
Rous sarcoma (rsc) tyrosine kinase are either transmembrane growth hormone
receptors or cytosolic non-receptor proteins associated with the inner plasma

Phil. Trans. R. Soc. Lond. A (1993)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

Aromatic rings as hydrogen-bond acceptors 111

// \\ \\

o A

=
>~ P
olm
23]

R~
= O
um @, Figure 9. Stereoview of a theoretical model of acetylcholinesterase showing the hydrogen bonding
=w of the acetyl group to polar groups of the enzyme and the probable interaction of the tertiary
:tlu; ammonium group with Trp 84. (Reproduced, with permission, from Sussman et al. (1991).)

4
=0
St _[Axg_ 175
s HN CH TS CH,
Q<o N N B 0 ST
82 w2 B
— I3 #7127 N
T | (3.2) fo) 27, -
B = ~712.6)

377 V38 ls30 0\\ 28
3.4 ‘\(3.3>| 3.0 \\‘1')
\

RN o=
!
—CHZ—N\HJ |Ser 177| Thr 17
\ 29
\\‘(x,n
HO.

Thr 180

Figure 10. Diagrammatic view of the phosphotyrosine-binding site in the SH2 domain of the viral
Rous sarcoma oncogene which forms part of a tyrosine kinase. Note the short distance between N
of Arg 155 and the plane of the benzene ring. (Reproduced, with permission, from Waksman et al.
(1992).)

membrane. Activation of the growth hormone receptor causes autophosphorylation
of tyrosines on its cytoplasmic side. This is recognized as a signal by protein domains
known as rsc-homology-2, or SH2 domains, which then transmit the signal to other
proteins in the signal transduction pathway.

J. Kuriyan and his colleagues have crystallized the complex of the SH2 domain of
the viral Rous sarcoma protein kinase with a pentapeptide from the platelet-derived
growth factor. This peptide has a phosphotyrosine at its amino terminus. The
phosphotyrosine is bound to the protein by hydrogen bonds from the guanidinium
group of an arginine the plane of the phenol ring at the short distance of 3.1 A,
clearly indicating hydrogen bonding. There is also a more distant interaction with
the ammonium group of a lysine (figure 10) (Waksman et al. 1992).

The chemical literature contains many more examples of interactions between
proton donors and aromatic acceptors, but the ones quoted here are sufficient to
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show that such interactions are of biologically significant strength, that they play an
important role in synaptic and cellular signal transduction and also contribute to the
stability of certain protein structures.
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