Biophys. Struct. Mechanism 1, 113-—120 (1975)
© by Springer-Verlag 1975

Stacking Interactions of Nucleobases: NMR-Investigations
I. Selfassociation of N°,N’-Dimethyladenine
and N°-Dimethyl-N’-Ethyladenine* **

W. Schimmack, H. Sapper, and W. Lohmann

Abteilung fiir Biophysikalische Chemie, GSF, D-8042 Neuherberg,
and Institut fir Biophysik der Universitéit, D-63 Giessen,
Fed. Rep. Germany

Received July 16, 1974

Abstract. The selfassociation of N&,N-dimethyladenine and N8-dimethyl-N®-ethyladenine
has been studied by means of NMR technique. The thermodynamic quantities have been
calculated using an isodesmic NMR model with three NMR parameters (the monomer shift a
and two complex shifts 4, and 4;).

The dependence of the thermodynamic quantities on the NMR parameters is discussed.
Special attention is given to the determination of d» and its temperature dependence.

Calculations with Ag = 2. A4, and 8y taken independently of temperature result in an
average entropy A4S = — 17.9 + 1.8 e.u. for N¢,N°-dimethyladenine and 48 = — 16.7 = 1.7
e.u. for Né-dimethyl-N°-ethyladenine and in an average enthalpy AH = — 7.2 £ 0.6 keal -
mol~! for both substances investigated.
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Introduetion

The selfassociation of nucleobases in aqueous solution represents a special case
of the so-called stacking interaction, which has been studied by several authors
using different experimental techniques (Antonovsky et al., 1973 ; Bretz ef al., 1974;
Dimicoli and Helene, 1973 ; Lawaezeck, 1972; Marenchic and Sturtevant, 1973;
Pérschke and Tggers, 1972; Ts’o, 1970). The determination of the thermodynamic
quantities of this interaction requires however, certain simplifications in regard to
the thermodynamic model applied and the characteristic parameters of the
technique used.

In the nuclear magnetic resonance (NMR) technique these parameters are the
chemical shifts of a proton of a monomer (monomer shift) and of the various
associates existing in the solution (complex shift).

For the explanation of the selfassociation phenomena the application of the
isodesmic model seems to be most appropriate (Bretz ef al., 1974; Porschke and
Eggers, 1972). This model is based on the assumption that an infinite number of
equilibria exists in the solution which all have the same [or two at the most
(Pérschke and Eggers, 1972)] equilibrium constant. The corresponding NMR
model exhibits, then, an equivalent number of complex shifts as equilibria exist.

* Part of the Ph.D. Theses of W. Schimmack and H. Sapper.
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Obviously, it is necessary to simplify the model. The most simple assumptions
consider the existence of only one chemical shift as average of all possible shifts in
the associate (Antonovsky et al., 1973) or two chemical shifts (Dimicoli and
Helene, 1973) resulting from the protons of both molecules at the ends of an
associate (dimer shift) and from the protons in the other (n-2) molecules of the
associate (trimer shift).

In this study, an isodesmic NMR model with two complex shifts is used. The
quotient of these shifts is varied since there is no physical reason for keeping it
constant. Some of the models proposed previously are special cases of this model. A
trimer-to-dimer shift quotient of 2 corresponds to the model applied by Dimicoli
and Helene (1973) while a quotient of 1 means the existence of only one chemical
shift taken as average of all possible chemical shifts (Antonovsky et al., 1973). The
model is tested on the selfassociation of N¢N°-dimethyladenine and N¢-dimethyl-
N®-ethyladenine.

R = H: N%N*-dimethyladenine
R = CHy: N5-dimethyl-N°-ethyladenine

The dependence of the thermodynamic quantities on the NMR parameters is
discussed. Because of the importance for the evaluation of NMR data of self-
association, special attention is given to the determination of the monomer shift
and its temperature dependence.

Materials and Methods

N¢,N°-dimethyladenine (mfm®Ade) and Né-dimethyl-N°-ethyladenine (mSe?Ade)
have been purchased from Cyclo Chemical Company, Los Angeles, USA, and used
without further purification. D,0, the reference substance TPA (2,2,3 3-tetra-
deutero-3-(trimethylsilyl)-propionic acid Na-salt), and the buffer components have
been purchased from Merck, Darmstadt, Germany.

Eight samples of each, m®m®Ade and mge?Ade, in the concentration range
between 0.002 and 0.2 M have been measured relative to the lock H,O (8%) at
pD 7.4 (phosphate buffer, ionic strength 0.3) at six various temperatures between
2 and 88° C.

All spectra have been taken on a Varian HA-100 spectrometer equipped with a
variable temperature system. The temperatures have been calculated from the
methanol- and glycol-shifts (Van Geet, 1963 and 1970).

All calculations have been performed on a Wang computer 600-14.

In this paper, the determination of the thermodynamic quantities of self-
association is based on the isodesmic model: each attachment of a monomer 4,
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(concentration a,) to an associate A, (concentration a,) of #» molecules 4, has the
same equilibrium constant K.

A+ A= Apa

An41

= const. n=1,2,3,...

@n @y

With two additional assumptions: n— co and 2= K., <1 K and z are
related according to
g=t._=®= )

a, (1-—2)?
1 R
x=1—|—2——(1—— ]/1-[—49:0) (3]
Zo

whereas xy== K - a, (a,: total concentration).

A difficulty occurring in thermodynamic NMR studies is the calculation of x
using the observed chemical shift § observed for a proton which, normally, is the
average of the individual chemical shifts of that proton in all associates A,. This
problem may be simplified by considering only three different chemical shifts:

d=g,0,+ 9305+ 9595
or, since >g;=1:

A=g, A5+ g3 44

with A =§—6,, 4;=8;— d;, and &, = Sy (“monomer shift”). 4, is the relative
chemical shift in the dimer complex (“dimer shift”’). The protons in both of the
molecules at the ends of an associate 4, have the same complex shift A,; there-
fore,

n=2 %
The protons in the other (n— 2) molecules in the associate have the average
complex shift A, (“trimer shift™) resulting from the additive superposition of the
magnetic anisotropy of the neighbouring molecules:

fs= 3 (n—2) =

n=2 0
Antonovsky ef al. (1973) suppose Az= A, that is, they assume an average
chemical shift As of the protons in all of the associates while Dimicoli and Helene
(1973) consider the special case of A3= 2 A4,.
Using « = A/4, and y = A4/, the following equations can be derived:

x=2Z—=y)+ 2—2—y) @+ Uz)]- @ (3)
CCirisEeae @

According to Egs. (1) and (4) K can be calculated from the chemical shift §
observed for a proton if the following three NMR parameters of that proton are
known: the monomer shift dys, the dimer shift 4,, and the quotient y (o the trimer
shift). Whereas dyr can be determined, to a certain degree, by graphical extra-
polation, a prediction for the absolute size of A, and 4; as well cannot be given. The
quotient y, however, should not be too large since a value near two seems to be
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reasonable according to the considerations of Dimicoli and Helene (1973). Ob-
viously, the dimer shift A, is, like K, a free parameter and was used, therefore, in
this study for minimizing the average deviation F of the shifts caleulated from the
observed values at each temperature measured according to Egs. (2) and (3):

1[& RE
F (6m, 4,, y, K):= v ugl ( g@served—AE:ﬁculated)z] .
N: number of samples.

The minimum of F determines the K values. The temperature dependence of
these has been used for calenlating the enthalpies and entropies according to the
van’t Hoff equation.

An exact determination of chemical shifts requires an appropriate reference
substance. Using an internal reference the frequencies of reference and solute as
well are altered due to interactions between them. When the frequencies are
measured relative to an external standard changes of the susceptibility of the
solution caused by the solute must be taken into account. In order to avoid inter-
actions between reference and solute the chemical shifts observed in this in-
vestigation have been measured relative to the H,O lock and, then, have been
reduced to shifts relative to TPA. measured in a separate probe.

Results and Discussion

The chemical shifts of the various protons of a compound are differently
influenced if the concentration of the compound and/or the temperature of the
sample are varied. The evaluation according to the model used results then,
generally, in temperature dependent values of 4, and K which are different for the
various protons observed. '

The temperature dependence of A, can be approximated, in general, by linear
functions (max. 0.3 Hz deg~!). Furthermore, the absolute size of 4, depends on the
values of y and dy as well. At =2 and 0° C the 4, values vary from 10 Hz
(CH,-10 of mie?Ade) to 60 Hz (H-2 of m®m®Ade). The relative size of 4, of the
various protons of one molecule seems to reflect the different. sensitivities of the
protons (Liidemann and von Goldammer, 1973).

The temperature dependence of K satisfies the van’t Hoff equation (correlation
factors > 0.99). Therefore, it is possible to caloulate the enthalpy AH and the
entropy A48 from the chemical shifts of each proton. K, AH, and A8 depend on the
values of y and dyr as well.

When the quotient y is varied, at a constant oy, AH as well as K depend on y
as shown in Fig. 1 for the H-2 proton of mém®Ade. Qualitatively, the same curves
have been obtained for all of the protons of mém®Ade and mge?Ade. K increases
almost linearly with y, whereas AH and (not shown) A8 increase up to y~ 2 and
are about constant for 2 < y < 4. In this region of y also the average deviation F
is about constant and is considerably less than for y < 2. Therefore, the enthalpy
and the entropy are calculated aty = 2. It should be emphasized, however, that the
K values depend strongly on y.

Tf, on the other hand, dys is varied at a constant value of y, K increages and AH
decreases with increasing 0y (Fig. 2). The deviation F has a pronounced minimum.
Similar curves have been obtained for all of the other protons of the compounds if
the parameter 0z was chosen independently of temperature and, then, was varied.
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Fig. 1. BEnthalpy AH and apparent equilibrium constant K at 25° C of the H-2 proton of
mdm® Ade versus y at dur = 8.302 ppm. F: average deviation of the fit

Tig. 2. Enthalpy AH and apparent equilibrium constant K at 25° C of the H-2 proton of
m®m® Ade versus du at y = 2. F: average deviation of the fit. §77: monomer shift extrapolated
at 88°C

The monomer shift dps is usually obtained by graphical extrapolation to zero
concentration. This is, however, very difficult in the case of a strongly curved
function é(a,) in the lower concentration range (that is large K values). Therefore,
dar has been varied in order to obtain an optimum fit according to Eq. (3) using a
computer. For some protons, these dyr values shifted 0.2 Hz - deg—! or more down-
field with increasing temperature. Since this temperature dependence was related
to the concentration range selected for the extrapolation the assumption seems to
be reasonable that the effect can be simulated by the evaluation method. This has
been confirmed by measurements concerning the temperature dependence of d.

Like in the case of the other NMR parameters also the monomer shift dy
seems to be temperature dependent. Since water interacts, at least, with the
solute by hydrogen bonds the 87 values are the chemical shifts of monomers
complexed with surrounding water molecules. These complex shifts will be
dependent on temperature, especially, when the observed proton is directly
involved in a hydrogen bond.

In order to determine the influence of bound water, mSm?Ade and mie®Ade have
been measured in methanol. A concentration dependence of the chemical shifts
(i.e. stacking) could not be detected. Since the solvent shifts of m®m°Ade and
mae?Ade relative to CCl, in phosphate buffer (pD 7.4) and in methanol are of the
same direction and order of magnitude (Table 1) it can be concluded that the
solvent-solute ‘interactions in water and methanol are similar. Therefore, the
temperature dependence of the chemical shifts in methanol should resemble that
one of the monomer shifts in water.

As can be seen from Fig. 3 only the chemical shift of H-8 of mfm3Ade and
mie?Ade is moved upfield 0.1 to 0.2 Hz - deg—! while the one of NCH;-6 of m®m?Ade



118 W. Sehimmack ef al.

Table 1. The monomer shifts of mém® Ade and m,%® Ade, resp., in methanol and phosphate
buffer (pD 7.4) relative to the chemieal shifts in CCl,

mbmiade | H-2 H-8 | NcHs-8 | cHy-9
cel, 8.185 | 7.486 | 3.201 | 3787 |ppm
Methanol +6.3 +51.3 -84 +1.6 Hz
D40 17 [ +s51 | -70 +27 |Hz

mbeSade | H-2 | H-B  |NiCHgy-6] CHp9 | CHy-10
ccly, 8.099 | 7512 | 3.495 | 4191 | 1.508 |ppm
Methanol +103 +50.0 ~0.4 +5.7 ~4.7 Hz
D,0 +133 | +56.6 | 41 | +49 | <41 |Hz
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Fig. 3. Temperature dependence of the chemical shifts of m®m® Ade (3a) and m,%° Ade (3b) in
methanol relative to chemical shifts at — 20° C

is moved downfield 0.1 Hz - deg~! with increasing temperature. The chemical
shifts of the other protons are more or less independent of temperature. The
response of the H-8 shift confirms the suggestion of Hruska ef al. that this proton
is directly hydrogen bonded to solvent molecules (Hruska ef al., 1968). The down-
field shift of the NCH,-6 protons results from hydrogen bonds of the neighbouring
NH-6 to the solvent.

In any case, it is evident that downfield shifts of about 0.2 Hz - deg™ or more
with increasing temperature are caused by the computer extrapolation. Therefore,
the thermodynamic quantities have been calculated, in general, with das values
independent of temperature and extrapolated at the highest temperature used as
has been done e.g. by Antonovsky et al. (1973). Only those protons whose dr has
been observed to be temperature dependent in methanol have been evaluated with
dur dependent and independent of temperature.

The thermodynamic quantities of mém®Ade and mie?Ade calculated with y = 2
are summarized in Table 2. The apparent equilibrium constants K calculated from
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Table 2. Apparent equilibrium constant K at 25° C and enthalpy AH of selfassociation of
mSm® Ade and m,%e? Ade in phosphate buffer (pD 7.4) aty = 2. {(T'): the monomer shift §i taken
as temperature dependent

mbmiAde| H-2 H-8 NCH;-6 CHy9
Sulppm] | 8302 | 8037 | €1 | 3431 | (M | 3814
K25CmY| 328 221 | 5094 230 | 148 | 185
icatma]| -7 | -70 | -61 | -7.7 |-65 | -7.1
mSeAde | H-2 H-8 NCHalp-6 | CHy9 | CH10
swlppmi| 8.232 | 8.078 | fT) | 3454 | 420 | 1.468
kBTl 734 421 11079 | 473 41,6 29.2
Hicalmdl]| =75 | -7.4 |-71 | -68 | -73 7.2

the chemical shifts of different protons of the same molecule disagree by a factor
of two or more. The corresponding enthalpies, however, are about — 7 keal - mol—?
for all protons of both of the substances. The enthalpy of a proton is slightly less if
du depends on the temperature. The entropies of the different protons of mém®Ade
and mie?Ade are about — 18 e.u. and — 17 e.u., resp.

Whereas the thermodynamic quantities of mie®Ade, to our knowledge, have not
yet been measured those of m®m®Ade have been determined by several authors
using different experimental techniques. Porschke and Eggers (1973) have obtained
the values AH= —8.7 + 1.5 kecal - mol~! and 48= —21.6 + 3 e.u. for m*m®Ade
using vapor pressure osmometry; similar values were obtained by Bretz ef al.
(1974) using equilibrium ultracentrifugation. Antonovsky ef al. (1973) have
obtained AH = —8.2 + 0.6 kcal - mol~! and AS= —21.0 e.u. by means of NMR
technique but at y = 1.

The errors of AH and AS calculated from the chemical shift of one proton are
caused mainly by the error of the dur value. Considering also all of the other
experimental errors depending essentially on the range of the saturation factor s
(as defined in analogy to Deranleau (1969) s: = complex concentration to weighted
concentration) the average error of AH of one proton is about + 15% and that of
A8 is about + 20%. The errors of AH and A8 averaged from the values of the
various protons are about + 8% and + 10% resp. Therefore, the enthalpy of
selfassociation of m®m°Ade as well as of mie®Ade as determined in the present
investigation is AH = —7.2 + 0.6 kcal mol-?, the entropies are 48= —17.9 +
1.8 e.u. for m®m®Ade and A8 = —16.7 £ 1.7 e.u. for mSe? Ade.

Conclusions

Using NMR data for evaluating the selfassociation of nucleobases in aqueous
solutions each proton of a substance has to be considered separately. The tem-
perature dependence of the monomer shift dy may be simulated by the evaluation
method and has to be confirmed by separate experiments. The values of 4, and K
are different for the various protons of a molecule. The temperature dependence
of these K values, however, satisfies the van’t Hoff equation and yields an enthalpy
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AH and an entropy AS which remain about constant for all protons observed
within the experimental errors.

The average deviation I of the fit is minimal for 2 < v < 4. Whereas K depends
strongly on o, AH and AS are about constant in this region of p. Therefore, the
thermodynamic quantities AH and A48 can be calculated according to the model of
Dimicoli and Helene (1973) using y = 2.
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