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SUMMARY

MooN, B. H., V. S. PA!, AND E. W. MAYNERT. Ring stacking in solutions of

norepinephrine and the 4:1 norepinephrine.ATP complex. Mol. Pharmacol. 19:44-

48 (1981).

In D20 (pD 6.8), increasing concentrations of norepinephrmne were accompanied by an

upfield shift of the phenyl proton signal. At all concentrations the addition of 1 mole of
ATP for 4 moles of the amine caused the signal to move further upfield. To delineate

stacking from other electronic processes in solutions of norepinephrmne, dimethyl sulfoxide
(DMSO), a pure hydrogen bond acceptor, was utilized. In this solvent, increasing concen-
trations of norepinephrine were accompanied by a downfield shift of the phenyl proton
signal, whereas phenylethylamine, a compound incapable of hydrogen bonding, showed

no change. The downfield shift observed with norepinephrmne was explained by increased
hydrogen bonding between catechol OH groups in the more concentrated solutions. If
hydrogen bonding were the only factor influencing the magnetic field, the replacement of
DMSO by D20, a hydrogen bond donator and acceptor, should cause a continuous
downfield shift of the phenyl proton signal. In 0.5 M norepinephnne the signal moved

downfield until the D20 reached 80 volumes/100 volumes but then reversed its course.
The upfield shift was attributed to stacking of the aromatic rings. In all mixtures of
DMSO and D20, the phenyl proton signal of norepinephrine was moved upfield by the
addition of adenosine. These shifts were explained by the formation of complexes between
the adenine and catechol rings. In D2O, ATP produced a greater upfield shift than did
adenosine. This observation indicated augmented ring stacking in the catecholamine.

ATP complexes. In D20, increasing the temperature of the norepinephrine . ATP complex

from 28#{176}to 80#{176}caused a downfield shift of the phenyl-H and ademne 2H signals,
whereas the adenine 8H showed no change. The phenyl-H signal of norepinephrine

alone was not affected by temperature. These observations are in harmony with a
Dreiding model of the 4: 1 norepinephrine . ATP complex in which the adenine 2H is
located between two catechol rings.

INTRODUCTION

Earlier research from this laboratory (1, 2) has estab-

lished that norepinephrine reacts with ATP at pH 7.0 to
form a complex containing the amine and the nucleotide
in the molar ratio of 4:1. The bond formed between the

catecholamine cation and the nucleotide anion appears
to owe some of its stability to the formation of hydrogen
bonds between the enthanolamine OH groups and P=O

moieties of ATP, an interaction indicated by both in-
frared and NMR2 spectroscopy (1, 3). Another factor
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which might serve to increase the stability of the complex
is orientation of the aromatic rings in stacks. This phe-
nomenon can be detected by upfield shifts of the proton
magnetic signals generated by the rings (4-7).

MATERIALS AND METHODS

Crystalline 2Na� . ATP, norepinephrine . HC1, and
adenosine were obtained from Sigma Chemical Com-
pany, St. Louis, Mo. NMR spectra were recorded with a
Varian A-60 spectrometer equipped with a variable tem-
perature probe which was calibrated to the accuracy of
±0.2#{176}.Chemical shifts were measured in parts per mfflion
relative to benzene as an external standard by using

Wilmad coaxial inner cells. Inasmuch as the methylene
protons generating the norepinepb.rine peaks were found
to be independent of solute concentration, the bulk mag-
netic susceptibility differences were considered negligi-
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FIG. 3. Structural formulae designed to illustrate the effects of hydrogen bonding on the electronegativity of the 3r-electron cloud of the

catechol ring of norepinephrine

The structure on the left depicts maximal negativity in dilute solutions in DMSO. The formula in the center portrays the hydrogen bonding

between catechol OH groups expected to occur in concentrated solutions in DMSO. The structure on the right depicts the catechol OH group as

a hydrogen bond acceptor in aqueous solutions.
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FIG. 1. Chemical shifts in the phenyl proton NMR signal of nor-

epinephrine with changes in concentration and the addition of ATP

D20 solutions (pD 6.8), 1.0 M in norepinephnne (#{149} #{149})or 1.0 M

in norepinephrine and 0.25 M in ATP (A-A), were measured and

then diluted with D20.

ble, and no corrections of chemical shifts were made. In
the variable-temperature study, dioxane was used as an
internal standard. All pH measurements were made on
a Beckman Expandomatic meter equipped with a

Thomas universal glass electrode. Solutions of norepi-
nephrine . HC1 and 2Na� . ATP in D20 were neutralized
with NaOD. A pD of 6.8 was assigned to solutions with

meter readings of 6.4 (8).

RESULTS

The first experiment involved a comparison in D20 at
pD 6.8 of the phenyl proton resonance in norepinephrmne

and 4:1 molar mixtures of the amine and ATP. The
results in Fig. 1 show that increasing concentrations of
norepinephrine from 0.05 to 1.0 M were accompanied by

an upfield shift from -0.37 to -0.30 ppm. In the presence
of ATP the phenyl proton signals were consistently lo-
cated at higher magnetic fields. For example, in 0.5 M

norepinephrmne the presence of ATP caused an upfield
shift amounting to 0.13 ppm.

The increased magnetic fields associated with in-

creased concentrations of norepinephrmne are consistent
with augmented vertical stacking of the planar rings as
the molecules are brought closer together (6, 7). However,
the participation of electronic effects such as increased
hydrogen bonding of catechol OH groups to H2O, a
process which would increase the negativity of the elec-
tron cloud, had to be considered (9). The large upfleld
shift produced by the addition of ATP could be explained

a 0.2 0.4 0.6 08 1.0
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Fic. 2. Chemical shifts in the phenyl proton NMR signal with

changes in the concentration of norepinephrine . HCI (#{149} #{149})or

phenylethylamine HCI (L�-�) in DMSO

by the formation of catecholamine . nucleotide complexes
and consequent orientation of the rings in vertical stacks.
However, the data are consistent with other formula-
tions. For example, hydrogen bonding of the catechol OH
groups to the phosphate groups of ATP might cause a
large increase in the negativity of the electron cloud.
Thus, it appeared advisable to devise experiments to
delineate NMR effects of ring stacking from those in-

duced by other electronic changes. This can be done by
utilizing a solvent such as DMSO, which is a pure hydro-

gen bond acceptor (5, 7).
In DMSO, increasing concentrations of norepinephrine

caused a downfield shift in the phenyl proton signal
which ranged from -0.12 ppm at 0.05 M to -0.22 ppm at

1.0 M (Fig. 2). In contrast, phenylethylamine exhibited

no alterations in its phenyl signal as the concentration
was varied. The shifts in magnetic resonance observed
with norepinephrine can be interpreted in terms of elec-
tronegativity of the catechol oxygen atoms (Fig. 3). In
very dilute solutions, practically all of the catechol OH

groups are bonded to the oxygen atoms of DMSO. This
process increases the negativity of the electron cloud of
the catechol ring. As the concentration of norepinephrine
is increased, the molecules of this compound are brought
together close enough to form hydrogen bonds between

catechol OH groups. This interaction reduces bonding to
the solvent and thereby diminishes the electronegativity
of the electron cloud. The constant phenyl proton signal
observed with phenylethylamine was expected, since the
aromatic ring in this compound is devoid of groups which
can form hydrogen bonds with the solvent.
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FIG. 4. Chemical shifts in the phenyl proton NMR signal of 0.5 M

norepinephrine (#{149} #{149})or 0.5 M norepinephrine and 0.125 M aden-

osine (U U) in mrxtures ofDMSO and D20

The next series of experiments involved the gradual
replacement of DMSO by D2O in solutions kept 0.5 M in

norepinephrine. This procedure causes three changes.

First, it substitutes a hydrogen-donating and hydrogen-
accepting solvent for a pure acceptor. Second, it leads to
a kind of hydrogen bonding of the catechol OH groups
which has a greater electronic effect than intermolecular
interactions of norepinephrine (Fig. 3). Finally, it dimin-
ishes electronegativity through a direct action of D2O on

the electron clouds of the aromatic rings (10). Thus, as
the concentration of D20 is increased and that of DMSO
is decreased, if only hydrogen bonding influenced the
phenyl proton signal in norepinephrine, a continuous

downfield shift would be expected. The experimental
results (Fig. 4) show that the signal moved downfield
until the D20 reached a concentration of 80 volumes/100
volumes but then reversed its course. Inasmuch as this
change in direction of the signal cannot be attributed to

hydrogen bonding, it must represent some other phenom-
enon such as ring stacking.

The insolubility of ATP in DMSO precluded the sys-
tematic study of norepinephrine . ATP complexes in mix-
tures of this solvent and D2O. Therefore, adenosine was
substituted for ATP. The data (Fig. 4) show that, under
all conditions investigated, 0. 125 M adenosine caused an

upfield shift in the phenyl proton signal generated by 0.5
M norepinephnne. Increasing concentrations of D2O
caused a sharp downfield shift up to 40 volumes/100
volumes and a more gradual decline up to 80 volumes/
100 volumes. Higher concentrations of D2O resulted in

an upward shift. These results indicate increased ring
stacking in the presence of the nucleotide.

If the augmented ring stacking reflects organization of
the aromatic rings of the catecholamine and the nucleo-
tide in the form of intermolecular complexes, downfield

shifts of the phenyl proton signal should accompany
increases in temperature that increase dissociation of the

complex. The experimental approach was to compare
D2O solutions of norepinephrine alone and in the 4:1

ratio with ATP at temperatures of 28#{176}and 80#{176}. As shown

in Table 1, the phenyl proton signal from a mixture 1 M

in norepinephrine and 0.25 M in ATP was shifted 0.12

ppm downfield at the higher temperature. In contrast, a

solution containing the same concentration of norepi-
nephrine but no nucleotide gave the same signal at both
28#{176}and 80#{176}.At the lower temperature, a 1:2 dilution of

the catecholamine . ATP mixture had a phenyl proton
signal 0.05 ppm below that of the concentrated solution,

and the downfield shift produced by heat amounted to
only 0.05 ppm. These data indicate decreased complexa-
tion in dilute solutions.

Extension of the measurements to the adenine 2H and

8H signals was undertaken to provide information on the
interaction of the catechol rings with these regions of the

nucleotide. As shown in Table 1, elevation of the tem-
perature of solutions of the 4: 1 norepinephrine . ATP
complex caused a downfield shift of the 2H signal amount-
ing to 0. 10 to 0. 13 ppm. In contrast, the 8H resonance was

not changed. Control experiments on the effect of ele-
vated temperature on the same concentrations of ATP

in the absence of the catecholamine revealed downfield
shifts of the 2H but not the 8H signal. The magnitude of
the changes in the 2H resonance was only slightly smaller

than that observed in the 4:1 norepinephrine . ATP com-
plex. This finding was anticipated in view of published
work (5) on vertical stacking in solutions of purines.

At 28#{176}, dilution of ATP from 0.25 M to 0.125 M resulted

in a 0.08 ppm downfield shift of the 2H signal, whereas
similar trqatment of a solution containing 4 Eq of nor-
epinephrine showed no change (Table 1). Likewise, the

catecholamine CH2 resonance observed in the complex

was not shifted by a 1:2 dilution. These findings indicate
that the catecholamine . nucleotide complexes have
greater stability than do intermolecular associations of
ATP.

DISCUSSION

The phenyl proton NMR signal generated by norepi-
nephrine is probably influenced by many factors, includ-

TABLE 1

Temperature-induced chemical shifts of various proton resonances in norepinephrine, ATP, and a 4:1 complex

The observations were made in D,O, pD = 6.8, and are expressed in parts per million relative to dioxane, used as an internal standard. All of

the values reported are averages of several observations agreeing within ±0.01 ppm.

ATP concen- NE concen- ATP-2H ATP-8H
tration tration

28#{176} 800 28#{176} �O

NE-�H NE-CH2

28#{176} 800 28#{176} 800

M M

0.25 -4.47 -4.57 -4.82 -4.80

0.125 -4.55 -4.60 -4.83 -4.82

1 -3.27 -3.27 ±0.37 +0.35

0.5 -3.25 -3.27 +0.37 +0.35

0.25 1 -4.45 -4.58 -4.80 -4.82 -3.08 -3.20 +0.43 +0.35

0.125 0.5 -4.45 -4.55 -4.78 -4.77 -3.13 -3.18 +0.43 +0.37
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FIG. 5. A Dreiding model ofthe 4:1 norepinephrine .ATP complex compatible with data on ring stacking, charge neutralization interaction,

and the formation of hydrogen bonds between ethanolamine OH groups and the P=O moieties
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ing the donation and acceptance of hydrogen bonds,
electrostatic repulsion between cationic heads, complex

formation with proton-donating solvents, and the stack-
ing of aromatic rings. Under experimental conditions
designed to reduce continuously the negativity of the
electron cloud of norepinephrine (viz., a solvent change
from DMSO to D2O), the signal reversed its course. The
only factor which could readily account for the upfleld

shift of the magnetic field is ring stacking.
In a solution of D20, increasing concentrations of nor-

epinephrine produced an upfield shift in the phenyl pro-

ton signal. That this response cannot be attributed sim-
ply to a greater number of aromatic rings per unit volume
of solvent is indicated by the observation that, in DMSO,

phenylethylamine showed no change in phenyl proton
resonance as the concentration was varied. In DMSO,
norepinephrine exhibited a continuous downfield shift as
the concentration was increased. Inasmuch as ring stack-
ing is minimal in infinitely dilute solutions, this downfield
shift cannot be explained by reduced stacking and must

be attributed to other electronic alterations. The primary
process would appear to be intermolecular hydrogen

bond formation between catecholamine OH groups, an
interaction which diminishes the electronegativity of the
it-electron cloud as compared with the situa�tion where
all of the OH groups are bonded to the solvent. Undoubt-

edly, bonding between catechol groups brings the phenyl
rings closer together, but such association would lead to
negligible ring stacking if the major species were planar,

such as that depicted in Fig. 3. Whether vertical stacking
of aromatic rings is more prominent in aqueous solutions

of norepinephrine cannot be decided on the basis of the

present data. However, an important feature of water is
its strong tendency to associate with itself and thereby
cause solute-solute interaction. Under such conditions,

ring stacking may occur to a greater extent than in
solvents such as DMSO.

The adenosine-induced upfleld shift of the phenyl pro-
ton signal of norepinephrine indicates that this nucleo-
side enhances the orientation of the catechol rings in

vertical stacks. The underlying mechanism would appear
to be intercalation of the purine ring between catechol
rings. The ability of purine derivatives to form complexes
with other aromatic compounds has been observed pre-

viously (11).
Compared with adenosine, ATP had a larger effect on

the phenyl NMR signal. For example, in 0.5 M solutions

ofnorepinephrine in D20, 0.125 M ATP shifted the phenyl

signal upfield by 0. 12 ppm, whereas an equivalent amount
of adenosine changed it by only 0.07 ppm. Thus, ATP
appeared to induce more vertical stacking of catechol
rings than did adenosine. This finding suggested that

ionic bonding between amine cations and nucleotide
anions (1) as well as hydrogen bonding between ethanol-
amine OH groups and PO moieties (2) in mixtures of
norepinephrine and ATP orient the ring systems of the
two components appropriately for participation in ring
stacking. Therefore, attention was given to constructing
a model incorporating all of these features.

The stereochemical feasibility of ring stacking in the 4:
1 norepinephrine . ATP complex is illustrated in Fig. 5. In
this model constructed from Dreiding components, the
adenine ring is juxtaposed between two catechol rings.
On the opposite side of the molecule, the other two
catechol rings also assume an appropriate position for
#{182}-complex interaction. This model incorporates nicely
the other features mentioned above. The four cationic
heads of norepinephrine are located near enough to the

four P-O bonds of ATP to form ionic bonds. Likewise,
the ethanolamine OH groups are situated appropriately

to form hydrogen bonds with the P0 groups.
A new point revealed by this model was that the

adenine 2H is shielded by the catechol ring, whereas the

adenine 8H is not. Experimental support along these lines
was obtained by the observation that heating the 4:1
mixture of norepinephrine . ATP caused the adenine 2H

and phenyl proton signals to move downfield, whereas
the adenine 8H signal was not affected. The model shown
in Fig. 5 represents an advance over earlier formulations
(3, 12-15) of catecholamine . ATP complexes in that it
incorporates ring stacking and excludes metals. Infrared

spectroscopy of intact adrenal medullary granules ( 1) has
proved that the concentration of divalent metals in the
vicinity of the complexes must be quite low. Although

Weiner and Jardetzky (3) denied ring stacking, their data
as well as those of other investigators (13, 14, 16) show
ATP-induced upfield shifts in the phenyl proton signal
of catecholamines. In the past, little attention has been
given to distinguishing ring stacking from other electronic
interactions that could cause upfield shifts in the phenyl
proton resonance. Daniels et al. (13) and Tuck and Baker
(14) have regarded ring stacking as a feature of catechol-
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amine . ATP complexes, but their models incorporate
metals. Daniels et al. (13) suggested that the phenyl ring
was located over adenine 8H, but this arrangement is

certainly the result of added manganese. This group (13)
interpreted NMR measurements on adrenal medullary
granules as indicating ring stacking, but Sharp and Rich-
ards (17) denied this. Granot and Fiat (18) stated that

the stacked rings in catecholamine . ATP complexes are
approximately centered, but these authors did not test
the stereochemical feasibility of this arrangement.

If the model shown in Fig. 5 is the thermodynamically
favored form in 4: 1 mixtures of norepinephrine and ATP,

hydrophobic forces consequent to ring stacking might
play a substantial role in stabilization of the complex.
Weiner and Jardetzky (3) speculated that the dissocia-

tion constant for the ionic bonds in catecholamine . ATP
complexes would be approximately 10’. They did not
consider a role for ring stacking, and it remains possible
that formation and breaking of ionic bonds may not
extensively disrupt the complex. On the other hand,
Steffen et al. (19) concluded from fluorescence measure-

ments that nucleotides do not markedly hinder the mo-
tiity of catecholamines. Other lines of research have
shown that mixtures of catecholamines and ATP form

high molecular weight aggregates that are sedimentable
by ultracentrifugation (20), exhibit low osmotic pressure
(21), and resist diffusion through lipid barriers (21).
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