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This ^ - N M R study provides experimental evidence for an intermolecular interaction between
the dipeptide carnosine (yS-alanyl-L-histidine) and the purine nucleoside 5'-m onophosphates
5'-AM P, 5'-IMP and 5'-GM P. From the observed upfield shifts o f the purine nucleotide and
im idazole proton resonances it is concluded that the interaction is o f the stacking type and that it
involves the purine base o f the nucleotide and the histidine m oiety o f carnosine. Apparent
microscopic equilibrium constants and com plex shifts are obtained with a m icroscopic m odel,
which considers the formation o f both 1:1 and 1 :2 complexes. The stacking pattern for com plex
formation between the histidine m oiety o f carnosine and the adenine m oiety o f 5'-AM P is con
structed by fitting the experimental 5'-AM P com plex shifts to the calculated isoshielding contours
for histidine.

Introduction
The specific recognition of particular base se
quences in nucleic acids by proteins is one of the
central problem s in m olecular biology. It has been
suggested that arom atic am ino acid side chains of
proteins may play a special role in this recognition
phenomenon through stacking interaction with nu
cleic acid bases [1], Indeed, it has been shown that
the simple tripeptide Lys-Trp-Lys is able to discrim 
inate between double- and single stranded nucleic
acids by a stronger binding to the latter [2] and
moreover, that the binding is sequence dependent
[3]. CD studies have suggested th at the binding of
gene 5 protein o f phage fd and o f gene 32 protein of
phage T4 to single stranded nucleic acids involves an
intercalation of tyrosine residues between nucleic
acid bases [4, 5]. W ith stacking interactions favoured
in single stranded over double stranded DNA, this
type of interaction could be im portant for anchoring
proteins to single stranded regions in a nucleic acid.
While the stacking association o f tryptophan and
tyrosine, or their derivatives, with nucleotides or
nucleic acids has been extensively studied by dif
ferent experim ental techniques [6 -1 0 ], we have
recently shown that the arom atic am ino acid histi
dine itself, as well as the histidine moiety in thyro
tropin-releasing horm one (TRH ), is also able to
interact specifically via base stacking with nucleic
acid bases [11]. In order to investigate the stacking
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properties of histidine further, we have studied the
intermolecular interaction of the dipeptide carnosine
(/?-alanyl-L-histidine) with purine nucleotides in
aqueous solution.
Experimental procedures
Materials and sample preparation

All biochemicals were commercial products of the
highest available purity. L-Carnosine was from
Sigma, adenosine 5'-m onophosphate, inosine 5'-monophosphate and guanosine 5'-m onophosphate (di
sodium salts), were from Boehringer, M annheim.
Nuclear magnetic resonance samples were prepared
in 99.8% D 20 at pH 7.4 (m eter reading), containing
10 m M phosphate buffer, 1 m M NaCl, 50 h m EDTA
and 1 m M ter/-butanol. The carnosine concentration
varied from about 50 to 500 m M , while the concen
tration of the nucleotide component was kept con
stant at 50 m M .
Nuclear magnetic resonance measurements

The *H N M R spectra were obtained in the
Fourier transform mode at 100 MHz on a Varian
X L -100/12 spectrometer, digital resolution 0.0025
ppm, 90° pulse time 20 (is. The probe tem perature
was 30 °C. All samples were examined in 5 mm
tubes, the sample volume was 0.4 ml. Typically
three, but at least two independent m easurements
were made for each sample. All proton chemical
shifts were measured with respect to tert- butanol as
internal reference. For the evaluation of binding
parameters a PD P8/I com puter was used.
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Theory

A ^ AB ^ AB2, one obtains the following equation:

The interaction between the arom atic purine base
o f a nucleotide and the side chain o f an arom atic
amino acid can be conveniently studied by *H NMR.
The arom atic protons of molecules engaged in a
base stacked complex experience an increased
shielding due to the large magnetic anisotropy of
arom atic ring systems and therefore show upfield
shifts in the *H N M R spectrum. If the rate of ex
change between free and complexed molecules is
rapid on the proton N M R tim e scale, only a single
resonance is observed for each proton and the
measured chemical shift is the weighted average of
chemical shifts for the free and complexed mole
cules. The concentration dependence of the m agni
tude of these upfield shifts for different protons of
the same molecule, in principle, allows the deter
m ination of association constants, and the stereo
chemistry of the complexes.
*H N M R chemical shift data have usually been
analyzed according to relationships derived for 1:1
complex form ation, however, complexes with a stoichiometry different from 1:1 should be considered
as well. For the analysis o f chemical shift data in the
present work, we have therefore used the m icro
scopic model o f D eranleau [12], which takes into ac
count the form ation o f both 1:1 and 1:2 complexes,
as represented by the following scheme:

BA

where A represents the dilute component, to which
two molecules o f the excess component B can bind.
In our case, A stands for the purine nucleotide, i. e.
5'-AMP, 5'-IMP or 5'-GM P, and B for carnosine.
The individual K ’s represent the microscopic equi
librium constants for the association processes
shown. It is im plied that there are two microscopi
cally distinct species AB and BA, each of which can
bind another molecule B. It is further assumed that
the two binding sides on molecule A are independ
ent, with K 12 = K 2 and K 21 = K x and that they are
characterized by the same microscopic constant,
i. e., K x = K 2 = K and the same complex shift
A o a b = A o b a . Thus, for the overall equilibrium

A o /C = - K ( A o - A o b a b )

( 1)

where A a = a - a 0, and represents the difference in
chemical shift of a proton of the dilute component A
in the presence (a) and absence (<t0) of the excess
component B. K is the microscopic equilibrium con
stant and C the total concentration of the excess
component B. A plot o f A o /C versus A o will then
give straight lines, from the slope of which the ap 
parent microscopic equilibrium constant K can be
obtained, while the .x-intercept yields the complex
shift A ctbab = 2A oAB.
Results
Complex formation between carnosine and adenosine
5'-monophosphate

We were particularly interested in the interaction
of carnosine with 5'-AM P under physiological con
ditions and have therefore carried out such studies
at neutral pH and 30 °C. To probe this interaction,
we have used the two adenine proton resonances H2
and H8, as well as the ribose proton resonance H I',
which have been unequivocally assigned in the
literature [13].
We have monitored these three proton resonances
in the presence of an increasing am ount of carnosine.
As shown in Fig. 1., upfield shifts were observed for
all three resonances. U pfield shifts (/. e., increased
shielding) were also observed for the H2 and H4
imidazole proton resonances of carnosine in the
presence of 5'-AMP. The association therefore must
be due to base stacking between the purine base of
the nucleotide and the histidine moiety of the
dipeptide. Carnosine alone did not show any concentration-dependent variation of the chemical shift
for the imidazole proton resonances H2 and H4.
Thus, under the experimental conditions used in the
present study, the dipeptide carnosine does not self
associate via base stacking.
The JH NMR chemical shift data were then
analyzed according to equation (1). Fig. 2 shows a
plot of A o /C versus A o for the three 5'-AMP
protons H2, H8 and H I'. The apparent microscopic
equilibrium constants and complex shifts character
izing the interaction of carnosine with 5'-AMP were
obtained from the slopes and the .v-axis intercepts of
the linear traces in Fig. 1 and are listed in Table I.
Note that the complex shifts in this table are for 1:2
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Table I. Apparent m icroscopic equilibrium constants (in
M_1), standard G ibbs energy changes (in kJ m ol-1) and
com plex shifts (in Hz) for the association o f carnosine with
purine nucleotides a.
N ucleotide
5'-AM P
tf(H 2 )
tf(H 8 )
tf( H l')
K
AG0
^ öbab (H 2)
^ öbab (H 8)
^ oBa b (H I')

5'-IMP

5'-GMP

3.3
5.2
4.7
4.4

3.5
4.2
5.6
4.4

6.8
4.5
5.7

- 3 .7

- 3 .7

- 4 .4

7.5
7.5
4.6

5.5
3.9
2.2

3.9
2.3

_

_

a All data refer to 30 °C and pH 7.4. Estimated errors in K
are ± 10%, barred values indicate proton averaged con
stants.

complexes with A ctB a b = 2/4 c A b , and that the com
plex shifts in a 1:1 complex are half those in a 1:2
complex. The equilibrium constants obtained from
the individual 5'-AM P protons are slightly different,
a phenom enon observed in most NM R studies
dealing with stacking interactions. This may arise
from the fact that equilibrium constants derived
from N M R data are determ ined for different posi
tions within the molecule, rather than for the
molecule as a whole.

Fig. 1. JH N M R chem ical shift differences (Aa) for the H 2
(■ ), H 8 (A) and H I' ( • ) protons o f 50 m M 5'-AMP (see
inset) as a function o f carnosine concentration, at 30 °C
and pH 7.4.

Com plex form ation o f carnosine with inosine
5'-monophosphate and guanosine 5'-monophosphate

We have also investigated the association o f car
nosine with these two purine nucleotides, and have
carried out such studies under conditions identical to
those used in the experiment with 5'-AMP. As a
probe of the interm olecular interaction, we have
used the H8, H 2 and H I ' proton resonances o f 5'IMP and the H8 and H I ' proton resonances o f 5'GMP, respectively, which also have been assigned
unequivocally in the literature [14]. These proton
resonances were monitored in 50 m M 5'-IMP and
50 m M 5'-G M P in the presence of an increasing
am ount of carnosine. Upfield shifts were observed in
all cases, indicating that these two purine nucleotides
are also able to engage in base stacking associations
with the histidine moiety of carnosine. The
NMR
chemical shift data were analyzed according to
equation (1). The apparent microscopic equilibrium

1 tg. 2. Uruplucul e\aluation, according to Eqn (1), o f the
stacking association between carnosine and 5'-AM P at
30 °C and pH 7.4. Shown are the plots obtained for the
three 5'-AM P protons H 2 (■ ), H 8 (A) and H I' ( • ) . A p 
parent m icroscopic equilibrium constants are obtained
from the slopes o f the linear traces, w hile the .x-intercepts
yield the corresponding com plex shifts.
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constants and complex shifts, obtained from linear
plots similar to those in Fig. 2, are listed in Table I
along with the corresponding G ibbs energy changes.
Discussion
The results of the present investigation show that
the dipeptide cam osine interacts with purine nucleo
tides in aqueous solution. The upfield shifts ob
served for the nucleotide and im idazole proton
resonances indicate that the association is due to
base stacking, and that it involves the arom atic
purine base of the nucleotide and the histidine
moiety o f camosine. The data in Table I reveal that
although the individual microscopic equilibrium
constants are slightly different, if averaged over all
the observed protons, the complex form ation of
camosine with 5'-AMP and 5'-IMP is characterized
by the same equilibrium constant and G ibbs energy
change, while the association with 5'-G M P is found
to be slightly stronger. In all three purine nucleotides
the coupling constant 3J r2' was found to decrease
with increasing cam osine concentration. This pheno
menon has also been observed for the complex for
mation o f tryptam ine with 5'-AMP and 5'-G M P [15]
and for the self-association o f nucleotides [16, 17],
and is due to a shift in the 2E - 3E sugar pucker
equilibrium towards the 3E form with increasing
base stacking [18].
The *H N M R complex shifts, as listed in Table I,
for the individual nucleotide protons allow, in prin
ciple, the determ ination o f the stereochemistry o f the
complexes, if these values are fitted to theoretically
computed isoshielding contours. Isoshielding con
tours for the imidazole moiety o f histidine, based on
the ring current effect, have been com puted by
Giessner-Prettre and Pullm an [19]. The shielding
effects o f the imidazole m oiety are rather small due
to the low intensity o f the imidazole ring current and
the small size o f the ring. Fig. 3 shows a model of
the stacking pattem for the interaction of the histi
dine moiety o f cam osine with the adenine moiety of
5'-AMP, as obtained from fitting the complex shifts
of the protons H2 and H 8 in Table I to the iso
shielding contours o f G iessner-Prettre and Pullman
[19]. Because of the different sizes o f the overlapping
imidazole and adenine rings, the adenine ring
protons are located far from the imidazole shielding
centre, that is they lie within the third isoshielding
contour, which explains the rather small upfield

/?-alanine), as obtained from fitting the experimental com 
plex shifts for 5'-AMP to the isoshielding contours o f the
histidine ring in camosine. The isoshielding contours were
computed by Giessner-Prettre and Pullman [19] and re
present the shielding (in ppm) experienced by the base
protons o f the adenine m oiety o f 5'-AMP due to the ring
current effect o f the histidine moiety o f cam osine in
a plane 0.34 nm above and below the histidine ring.

shifts observed for the nucleotide protons in the
presence of camosine. Fig. 3 displays a 1:1 complex,
however, a 1:2 complex is obtained if a further
camosine molecule is added to the stack onto the
other side of the adenine moiety.
The amino acid histidine is known to be involved
in a variety of biological functions, including such
functions as a hydrogen bonding agent, a ligand in
histidine-metal complexes in certain metalloproteins,
or an acid base catalyst in proton transfer reactions
in the active site of many enzymes [20]. The present
study shows that the histidine moiety in a peptide,
such as camosine, is also able to engage in vertical
base stacking interactions with nucleic acid bases,
emphasizing the remarkable versatility of this am ino
acid.
Camosine is present in the olfactory epithelium
and olfactory bulb in higher concentrations than
anywhere else in the m am m ilian central nervous
system [21]. Despite extensive studies [22, 23], its
function in the olfactory pathway is still unknown.
However, there is strong biochemical evidence, sug
gesting that camosine may be the principal neuro
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transm itter released by olfactory nerve terminals
[24], The binding o f camosine to bovine serum
album in, as studied by
N M R spectroscopy [23],
revealed the histidinyl side chain of the dipeptide to
be responsible for prim ary recognition by the bind
ing site. Thus, besides other interactions, a stacking
interaction o f the histidine moiety o f camosine may
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be involved in its specific recognition by the re
ceptor.
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