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Abstract: The effects of temperature and organic solvents on the association between catecholamines and ATP or divalent
metal ion-ATP chelates have been investigated by means of 'H NMR chemical-shift and line-width measurements. The aver-
age thermodynamic parameters for the association of catecholamines with ATP, either in the absence or in the presence of di-
valent metal ions, are found to be —5.0 £ 0.5 kcal/mol, =11.1 £ 1.5 eu, and —1.7 kecal/mol for AH°, AS®, and AG® (300 K),
respectively. These data, coupled with the observations that organic solvents which are less polar than water or possess large
electric-dipole moments disrupt the catecholamine-ATP association, are interpreted in terms of possible mechanisms for the
complexation between catecholamines and ATP. It is suggested that van der Waals-London interactions provide the major
stabilizing force for the ring stacking involved in the complex formation. Hydrophobic and charge-transfer interactions, as well
as hydrogen bond formation and an electrostatic interaction, are also considered to contribute to the stability of the association.
An upper limit of 3 X 1076 s is derived for the mean residence time in the complexed state of catecholamines.

Recent NMR studies!-# have established that at the re-
gion of neutral pH catecholamines bind to ATP, either in bi-
nary complexes or in ternary complexes with divalent metal
ions, mainly through stacking between the catechol and the
purine rings. This interaction was found to be augmented by
hydrogen bond formation involving the catecholamine hy-
droxyls and by an electrostatic interaction between the pro-
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tonated ammonium group and the negatively charged phos-
phate moiety. The specific interactions between aromatic
moieties are of great importance in biological systems. Nu-
merous experiments have provided evidence that parallel base
stacking is the major stabilizing force for the self-association
of purine and pyrimidine nucleosides and nucleotides, the
folded structure of oligo- and dinucleotides, and the secondary

© 1978 American Chemical Society
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Table I. Formation Constants (K;) and Bound State Shifts (3,) for the 1:1 Complexes of Catecholamines with ATP or MATP at
0and 52 °C
temp, 61, Hz
complex pD °C K, M1 Hg Hs H, Hj H,
DA-ATP 6.9 0 49 + 3 46 43 42 24 16
52 11 +2 31 26 24 15 8
DA-MgATP 6.5 0 3543 42 39 37 25 17
52 842 27 24 22 16 7
DA-CoATP 6.5 0 37+3 425 320 348 637 502
52 842 225 154 158 293 264
NE-ATP 6.9 0 50+3 33 31 22 a 9
52 1242 20 18 9 a 3
NE-MgATP 6.5 0 4243 29 27 22 a 8
52 9+2 18 16 9 a 3
NE-CoATP 6.5 0 48 +3 382 282 282 636 575,922
52 10+2 198 125 125 250 250; 318
@ Obscured by the HDO signal.
45 T T T T T T Table II. Thermodynamic Parameters for the Formation of the |:1
( Complexes of Catecholamines with ATP or MATP
40F -
AH®, AG® (300 K),
351 B complex kcal/mol AS®, eu kcal/mol
DA-ATP -49+05 -105+1.5 -1.75
_ 30k - DA-MgATP -50+05 -—114+15 —1.58
’: DA-CoATP -50+£05 ~-114+15 -1.58
- 25 4 ° 7 NE-ATP -49+£05 -102+15 -1.84
NE-MgATP -48+05 -—-108+1.5 —-1.56
2or 7 NE-CoATP -53+£05 -120%1.5 -1.67
1.5~ -
Results
10 ! 1 L L 1 | 1
30 3 32 33 3™ 3 36 37 Temperature Effects. The chemical shifts and line broad-
10%/7 (°k™ ening induced in the proton resonances of DA and NE by

Figure 1. van't Hoff plots for the association constants of NE (triangles)
and DA (circles) with ATP (filled symbols) and CoATP (open sym-
bols).

structure of nucleic acids.5-¢ It is the purpose of the present
study to examine the effects of temperature variation and of
organic solvents on the interactions between catecholamines
and ATP in aqueous solution. An attempt is made to gain some
insight into the factors which govern their association. Ther-
modynamic data obtained from the NMR studies are com-
pared with the results of related studies and are discussed in
terms of possible mechanisms for the association.

Experimental Section

Dopamine (DA) and norepinephrine (NE) as hydrochlorides, and
ATP as the sodium salt, of highest purity, were obtained from Sigma.
The metal salts Co(NO3),.6H,0 and MgCly»6H,0 were obtained
from Merck and were dried in vacuo with slight heating before use.
Deuterium oxide (99.7% D) and deuterated organic solvents were
purchased from Roth, Karlsruhe, West Germany. Experimental so-
lutions were made up by dissolving the materials in DO or in D,O-
solvent mixtures.2:3

'H NMR spectra were recorded on a Bruker HFX-10 spectrometer
operating at 90 MHz. The deuterium signal of the solvent was used
for a field-frequency locking. A trace of dioxane in the experimental
solutions served as internal standard. The error in the diamagnetic
chemical shifts was estimated as 0.5-1.0 Hz. In the paramagnetic
shifts, depending on the line width of the signal, the error was 3-7%
of the measured shift. Temperature variations were effected by al-
lowing dried nitrogen to flow in the annular space between the sample
tube and a Dewar. The temperatures were kept constant to within
0.5 °C by a Bruker’s B-ST 100/760 control unit and were calibrated
by measuring the peak separation of ethylene glycol or methanol
samples. The notation of the proton resonances of the studied cate-
cholamines is as given in Table I of ref 1.

varying concentrations of ATP or 1:1 M2*-ATP (MATP)
chelates (M = Mg?+ Co2™) were measured in the temperature
range 0-52 °C. Appropriate concentrations were used to en-
sure the formation of catecholamine complexes with 1:1 stoi-
chiometry.23 The data were analyzed by employing a proce-
dure described elsewhere.? Calculated formation constants
(K1) and intrinsic shifts (8;) for the temperatures 0 and 52 °C
are given in Table I. Evidently the association is significantly
enhanced as the temperature is lowered, whereas at elevated
temperatures the complexes are subjected to disruption.
The standard free-energy change, AG®, given by:

AG° = -RTIn K, (1)

is related to the standard enthalpy change, AH®, and to the
standard entropy change, AS®, through the equation:

AG° = AH° — TAS? (2)

van’t Hoff plots for the association constants were constructed
{Figure 1) and the values of AH® and AS® were calculated
from the slopes and intercepts of the straight lines through the
experimental points, obtained by a least-squares analysis. It
was assumed that AH®° and AS® do not vary with temperature.
The thermodynamic parameters are given in Table II.
Paramagnetic line broadening induced in the resonances of
ligand molecules depends in principle on two factors: the
fractional concentration of the complexed molecules and the
rate of exchange of the ligand between the bound and the free
states.” An analysis®? for the exchange contribution to the line
broadening of catecholamines complexed with CoATP re-
vealed that throughout the whole temperature range the ex-
change was too fast to produce a measurable effect on the line
widths. An upper limit for the mean residence time of the
catecholamines in the paramagnetic environment can be cal-
culated with the relation 7y < Avan/Awym?, where Avay de-
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Table ITI. Chemical Shifts (Aé) Induced by ATP in the Proton Resonances of DA in Aqueous Solution and in Organic Solvent-D,O
Mixtures, and Electric-Dipole Moments, Dielectric Constants, and Polarity Parameters for the Solvents
Ad, Hz solvent parameters®
solvent system Hs H, He Hg H, eq Z value® E1(30) ug
D,0O 24 22 28 16 9 77 94.6 63.1 1.85
methanol-d4~D,0°% 19 17 22 12 7 33 83.6 55.5 1.70
ethanol-dg-D,0% 19 17 21 12 7 24 79.6 51.9 1.69
acetone-dg~D,0? 18 16 19 10 6 21 65.7 422 2.88
Me,SO-dg-D,0? 16 14 17 9 6 47 71.3 45.0 3.96
dioxane-dg-D,0°% 11 9 13 8 5 2 36.0 0

a [DA] = 0.13 M, [ATP] = 0.27 M. ¢ Solvent-D,0, 25%:75%, v/v. ¢ The values given below are for nondeuterated solvents. ¢ Dielectric
constant of the solvents (from ref 11). ¢ Solvent polarity parameters (from ref 12)./ Solvent polarity parameters (from ref 13). £ Electric-dipole

moment of the solvent molecules (from ref 14).

notes the net paramagnetic contribution to the line width in
the bound state, which was suitably corrected for diamagnetic
and bulk-susceptibility contributions, and Awym = 276;. At 300
K we get 7 < 3 X 10-6s. Since the association of catechol-
amines in the ternary complexes was demonstrated to be in-
dependent of the type of the metal ion,3 this limit is relevant
to other metal-ion ternary complexes of catecholamines and
actually to the binary catecholamine-ATP complexes as
well.

The paramagnetic contribution to the line width in the
bound state can be expressed as:10

Avav = DR_GTS 3)

where D is a constant of the system, R is the distance between
the metal ion and the proton under consideration, and rs is the
relaxation time of the unpaired electrons of the metal ion. The
temperature dependence of rs follows the Arrhenius expres-
sion:

TS = Tso CXp(VS/RT)

where Vi is the activation energy for the electronic relaxation.
Typical line-broadening data are depicted in Figure 2 as a
semilogarithmic plot vs. the reciprocal of the temperature.
From the slopes of the lines through the experimental points,
an average value of 5.1 kcal/mol was obtained for V.

Solvent Effect. The effects of several organic solvents such
as methanol, ethanol, acetone, dioxane, and dimethyl sulfoxide
on the association between DA and ATP were studied. Due to
the low solubility of ATP in these solvents, mixtures of deu-
terium oxide-solvent had to be used. The chemical shifts of DA
were measured in the absence and presence of ATP, at pD 7.0.
The association shifts are summarized in Table IIL. In addition,
several parameters which characterize the solvents, such as
electric-dipole moments, dielectric constants, and polarity
parameters, are also included. The latter parameters consist
of the Z values derived by Kosower!? and the E(30) param-
eter proposed by Dimroth et al.,!? both of which serve as a
measure for the solvent polarity.

The association shifts of DA in the DA-ATP complex are
significantly reduced in the organic solvent-D,O mixtures
relative to those in the aqueous solution. This effect may
originate either due to disruption of the binary complex or due
to changes in the geometry of the complex. Yet, inspection of
the data in Table III reveals that within experimental error the
shift ratios of the DA protons are unmodified throughout the
series of solutions used in the study. Since the chemical shifts
of DA are induced by ring-current effects,!-2 this implies that
the binary DA-ATP complex essentially retains its geometry.
The observed effect on the chemical shifts can thus be attrib-
uted predominantly to disruption of the DA-ATP complex.

Discussion

Inspection of Table II shows that the complex formation
between catecholamines and either ATP or MATP chelates
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Figure 2. Semilogarithmic plot of Avym against the reciprocal temperature
for the Hs (circles) and H (triangles) resonances of NE (filled symbols)
and DA (open symbols) bound to CoATP.

is characterized by the same changes (within experimental
error) in the thermodynamic parameters. This is compatible
with the former conclusion? that catecholamines bind in the
ternary complexes only through their association with ATP,
which is similar to the association in their binary complexes.
The negative values obtained for both AH® and AS® indicate
that the driving force for the formation of the complexes is the
favorable enthalpy term which more than compensates for the
entropy term. Similar magnitudes and signs for the changes
of the enthalpy and entropy have been found also for the as-
sociations of epinephrine with nucleic acid bases!® and of
tryptophan with ATP,!6¢ AMP, and nucleic acid,'” for self-
association of purines,!® and for intramolecular association
(“folding up™) of dinucleotides.!® 1t appears that these asso-
ciations, all of which involve ring stacking, are stabilized by
similar interactions. The exact nature of the specific interac-
tions which govern the stacking of aromatic rings is unclear.
Yet certain conclusions with regard to the major stabilizing
forces can be drawn.

The disruption of the DA-ATP complex upon addition of
organic solvents can be interpreted by considering a hydro-
phobic driving force for the stacking interaction. However, the
negative values for AS® which characterize the association of
catecholamines and ATP in aqueous solution are not consistent
with the classical concept of hydrophobic interactions. Due to
the reduced amount of ordering of the water molecules around
the complex, relative to the free molecules, the entropy is ex-
pected to increase.20.2! Furthermore, a hydrophobic interaction
by itself cannot account for the observed changes in the en-
thalpy of formation. It has been found that formation of hy-
drophobic bonds in aromatic systems is accompanied by little
change in AH®.22:23 A suggestion has been made that the ab-
sence of the stacking interaction in nonaqueous solvents could
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be partially due to specific solvent-solute interactions, which
compete with the forces that cause the stacking.>24 This would
be true in particular in the case of stacking of polar rings such
as adenine. The solvent effects on the DA-ATP association
shifts follow the sequence dioxane > dimethyl sulfoxide >
acetone > ethanol ~ methanol. A similar trend is observed by
comparison of the dielectric constants of these solvents, with
the exception of dimethyl sulfoxide. A somewhat better cor-
relation is obtained between the trends of the experimental data
and the solvent polarity parameters. The data in Table 11
appear to imply that the effects of two properties of the sol-
vents, namely low polarity and large electric-dipole moment,
may be responsible for disruption of the DA-ATP complex.
Thus, due toits low polarity, dioxane has a large effect on the
DA-ATP association. On the other hand, although dimethyl
sulfoxide is much more polar, it also produces a rather large
effect, apparently due to its relatively large electric-dipole
moment. By means of this dipole moment the dimethyl sulf-
oxide molecules can interact directly with the solute molecules
and consequently disturb their associations. From this dis-
cussion it follows that the disruption of the DA-ATP complex
by organic solvents does not necessarily indicate involvement
of hydrophobic bonds in the association. On the basis of the
thermodynamic data, especially the negative value of AS®, and
the above considerations it is therefore concluded that although
the presence of a hydrophobic interaction cannot be ruled out,
apparently it does not play a major role in stabilization of the
catecholamine- ATP association.

Theoretical studies and experimental investigations of re-
lated systems®13:25-2% imply the possible importance of ring
interactions which consist of van der Waals-London and
charge-transfer forces, in the stabilization of the catechol-
amine-ATP association. At a vertical separation of ca. 3.4 A
between the catechol and the adenine rings,? the distances
between the atoms of the respective rings will be close to their
van der Waals contact distances. Therefore, this interaction
will be highly effective. As the van der Waals bond energy for
a pair of atoms is about 1 kcal/mol, the possible formation of
this bond between several pairs of ring atoms can have signif-
icant contribution to AH®. The ring separation in the cate-
cholamine-ATP complexes is also in the region of typical
distances between molecules which form charge-transfer
complexes.?? The contribution of charge-transfer interactions
to the stability of complexes depends on the ionization potential
of the molecule donating the electron charge, and on the
electron affinity of the acceptor molecule. It is generally ac-
cepted that both the adenine®26 and the catechol3! rings are
strong electron donors. The data presently at hand do not allow
conclusive determination of their relative strengths as donors
or acceptors. However, in view of their similar properties it
seems most probable that charge-transfer interaction between
catechol and adenine will not be strong. It is therefore rea-
sonable to assume that the van der Waals-London interactions
provide the major stabilizing force for the association between
the rings of catecholamines and ATP.

In addition to the interactions considered above, the for-
mation of hydrogen bonds between the hydroxyl groups of the
catecholamines and suitable acceptors in the ATP molecules,
as well as the electrostatic interaction between the protonated
ammonium group and the negative phosphate moiety, con-
tribute also to the enthalpy of formation of the catecholamine
complexes. These interactions affect also the entropy term and
can account for its observed negative value. The change in
entropy upon complex formation can be described in terms of
two major contributions: the solvent entropy and the config-
urational entropy. The first contribution, as noted above, is
positive. The change in the configurational entropy originates
from the decrease in the amount of degrees of freedom, prin-
cipally due to restriction of the rotations about single bonds,
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upon formation of the complex. Hydrogen bonds and elec-
trostatic interactions, and to a lesser extent hydrophobic bonds,
increase the effective height of the potential barrier for internal
rotations. The loss of configurational entropy was estimated
to vary from ca. —1 eu (per bond whose rotation is restricted)
for an increase of 1-2 kcal/mol in the rotational potential
barrier3? to ca. —5 eu (per bond) for complete freezing of the
rotation about single C-C bonds.?? It should be noted that in
the case of associations of small molecules, the entropy loss due
to changes in the translational rotational degrees of freedom
of the molecules as a whole may not be insignificant.

It is worth noting the relatively small values of the free-
energy change, of ca. —1.7 kcal/mol at 300 K, associated with
the formation of the catecholamine complexes. Evidently these
complexes could be easily subjected to disruption by thermal
energy. As it is generally accepted that association of cate-
cholamines with ATP (either in the presence or in the absence
of divalent metal ions) plays a role in the biological mecha-
nisms of catecholamine action, this property may be of im-
portance, particularly in view of the fact that after termination
of their actions the catecholamines are taken up again in their
storage sites. This process obviously requires disruption of the
association between the catecholamines and their effector
sites.

Finally, some remarks are to be made with regard to the
effect of temperature on the chemical shifts and line widths
of the complexed catecholamines. The value of 5.1 kcal/mol
for the activation energy for the relaxation of the unpaired
electrons of Co2*, obtained under the assumption that only rg
is temperature dependent, is larger than the values reported
previously, e.g., for Co?* in aqueous solutions.?4-3¢ This dis-
crepancy can be interpreted by considering an additional
temperature-dependent effect on the line widths. It is plausible
to attribute this effect to variations in the metal ion-proton
distances. Due to the sixth power dependence (eq 3), small
changes in R will introduce large changes in Avym. Accord-
ingly, it then follows from the experimental results that as the
temperature is lowered the metal ion and the catecholamine
molecule come closer to one another. The variations of the
shifts induced in the catecholamine-CoATP complexes are
found to decrease with temperature faster than the expected
1/T dependence.” These pseudocontact shifts vary with R=3,
and thus will be also affected by changes in R. The ring current
shifts induced in the binary catecholamine-ATP complexes
have the same spatial dependence as the pseudocontact shifts
but are intrinsically independent of the temperature.?® The
similar trends in the observed variation of both these shifts with
temperature substantiate the conclusion that the intermolec-
ular geometries, and most probably also the intramolecular
conformations, vary systematically with temperature.
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Communications to the Editor

Isolation and Identification of Thymine Products
from DNA v Irradiated in Oxygen-Free
Aqueous Solutions

Sir:

It has been suggested! -3 that the response of living cells to
ionizing radiation involves different classes of DNA damages,
in aerated and deaerated conditions.? In deaerated solutions
the radiation-induced degradation of free pyrimidine bases has
been well studied. However, the actual isolation and identifi-
cation of bases damaged in the DNA chain in oxygen-free so-
lutions has not been accomplished. It should be noted that the
radiation chemistry of the free bases may be quite different
from that of bases covalently linked to the phosphate-sugar
backbone of the DNA chain.’ We report the successful char-
acterization of thymine fragment derivatives formed in the
polymer chain by ¥ irradiation of oxygen-free DNA solu-
tions.

In a first step, Escherichia coli DNA “CHj labeled in the
thymine moiety was obtained from the mutant 15 T~A~U~.6
The DNA solution (500 ug/mL) in 103 M phosphate buffer
deaerated under vacuum by repeated cycles of freezing and
pumping was irradiated in sealed vials by 69Co v rays with a
dose rate of 70 Gy/min at 1000 Gy (gy = gray). After irra-
diation, the polymeric material was separated from the low-
molecular-weight material by dialysis.

The low-molecular-weight 14C material was fractionated
by silica gel thin layer chromatography® and shown to be free
thymine and its radiolysis products.” It may be postulated that
the release of the thymine fragment® involves OH radical at-
tack at C-4’ and C-1". These compounds of low molecular
weight will not be discussed further because they are of lesser
biological interest than the modified DNA chain.

In a second step, the high-molecular-weight material, i.e.,
modified DNA chain, was treated at 90 °C with 95% formic
acid for 16 h.? The 14C labeled products liberated from the
DNA chain by this acid hydrolysis have been shown to be
thymine (I), 5,6-dihydrothymine (II), cis- (III) and trans-
5,6-dihydroxy-5,6-dihydrothymine (IV), and 5-hydroxy-
5,6-dihydrothymine (V) (Figure 1).

The structure of compound II was supported by its trans-
formation into 2-methyl-3-ureidopropionic acid in alkaline
solution.'0 The oxidation of products 11l and IV!! by potassium
periodate gave N!-formyl-5-hydroxy-5-methylhydantoin,!2
which suggested the presence of a glycol group, in agreement
with the expected structure. 2-Hydroxy-2-methyl-3-ureido-
propionic acid, which gave a colored spot with p-dimethyl-
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Figure 1. Unaltered thymine fragment (I) and modified thymine fragments
(I1-VII) in DNA chain produced by v irradiation of DNA in deaerated
agueous solutions.
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aminobenzaldehyde,!? was obtained by alkaline solvolysis of
derivative V which is consistent with the properties of S-hy-
droxy-5,6-dihydrothymine.!2 The drastic conditions of formic
acid hydrolysis did not allow the isolation of 6-hydroxy “hy-
drate’’;14b however, isolation of VI and VII could be obtained
using an enzymatic method. The polymeric material resulting
from the irradiation of DNA incubated with crude enzymatic
extracts of E. colil® for 2 h at 37 °C at pH 7.2 released the
products I to V and in addition cis- (VI) and trans-6-hy-
droxy-5,6-dihydrothymine (VII).1¢ The products I to VII were
separated from the reaction mixture by dialysis against water
and then chromatographed in the usual manner.69 As expected
VI and VII gave rise to thymine on warming for 10 min at 100
°C in aqueous acid solution at pH 1. Treatment of VI and VII
with H;0; as described previously causes their transformation
to cis- and trans-6-hydroperoxy-5,6-dihydrothymine, through
nucleophilic substitution of 6-OH by OOH group.!6 These
peroxides were stereospecifically reduced to VI and VII. In this
way VI and VII were interconverted. Finally, the structure of
the products I1-VII was confirmed by chemical synthesis of
reference samples which were characterized by UV, IR, 'H
NMR, and mass spectrometry.!6-18

On the basis of studies performed on model compounds,!®
a mechanism for the formation of these radiation products on
the DNA chain may be postulated. When water absorbs v
rays, it decomposes to OH radicals, H atoms, and €~,4 which
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