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1) The self-association of both caffeine (Cf) and S-adenosine monophosphate (AMP) in aqueous solution has been re- 
investigated by ‘H NMR. The self-association process is characterized by an isodesmic model. The apparent self-association 
constants of the vertical stacking process are Kcf = (10.6 i 1.0) M-’ and K&fp = (1.67 5 0.17) MS’_ The arrangement of 
the monomeric units in the stacked aggregates is discussed in terms of isoshielding curves theoretically calculated by 
Giessner-Prettre and Pullman. Models are proposed which are consistent with these and further previous NMR data. 

2) The interaction of Cf and AMP has been studied by ’ H NMR. The apparent association constant of the complex Cf- 
AMP is KC-A = (7.3 i 1.2) M-l_ Two models of the mutual arrangement of AMP and Cf in the complex are proposed on 
the basis of the calculated isoshielding curves considering both ring current and local atomic diamagnetic anisotropy effects. 

3) The interaction of Cf and poly(riboadenylate), (rA),, is indicated by a downfield shift of the H-8 line but an upfield 
shift of the H-2 line in the ‘H NMR spectra of (rA), -The concentration dependence of the ‘H NMR shifts of both Cf and 
(rA), can be explained by the existence of two binding mechanisms. \Ve suggest (I) partial insertion of Cf between adjacent 
base residues of ordered singlestranded regions of (rA)n and (ii) outside biding of Cf in form of monomeric Cf as well as 
of self-associated aggregates The complex geometry of insertion proposed on the basis of the calculated isoshielding curves 
is characterized by a stronger overlapping of the Cf ring and the H-2 proton of (rA),, as compared to the H-8 proton. 

1. introduction 

Caffeine (Cf, I) is a well-known co-mutagenic agent 
and a repair inhibitor in bacterial systems [l] _ In the 

presence of Cf the repair system of UV-irradiated bac- 
teria is inhibited and thus mutagenic events can be in- 
duced_ 

OH OH 
(1) W 

* institute of Microbiology Prague of *&k Czechoslovakian 
Academy of Sciences. 

The previous hypothesis of an enzymatic inactiva- 
tion by Cf [2,3] has been refuted by Witte and Biihme 
[4] who have demonstrated the DNA-Cf interaction 
as the basis of the repair inhibition. Therefore our in- 
terest has been focused on the Cf-nucleic acid interac- 
tion. previous results [S--7] have given some insight 
in the binding process. In this study the NMR is chosen 
as a method to give detailed information on mobility 
and mutual arrangement of Cf and nucleic acids in- 
cluding son-.? model systems. Our 1H N?vlR results of 
the interaction of Cf with nacleotides and polynucleo- 

List of abbreviations: 
DNA: sodium salt of deoxyribonucleic acid; Cf: caffeine, 
AMP: S’adenosine monophosphate; dAMP: S’-deoxyadeno- 
sine monophosphate; GMP: 5’-guanosine monophosphate; 
(rA)n: potassium salt of poly(riboadenyIate); EDTA:. ethyl- 
enediamine tetmacetic acid; W:.ultraviolet; NMR: nuclear 
magnetic resonance. 
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tides, respectively, are interpreted in tern-s of both 
quantitative and qualitative aspects of the interaction. 

The aim of this paper and the succeeding paper in 
this series [S] is to find out the structure and stability 
of the complex formed between Cf and nucleic acids. 
Until now we have little knowledge concerning the 
detailed structure of the related complexes on the nu- 
cleotide and polynucleotide level, respectively. The 
nucleoside-Cf association has been investigated pre- 
viously [93 - 

MHz instrument working in the Fourier-transform 
mode. Some spectra were recorded earlier by a 
Varian HA-l 00 and a Tesla BS487 A (80 MHz) spec- 
trometer both working in the continuous-wave mode, 

The knowledge of the self-association of the inves- 
tigated compounds is a prerequisite to evaluate the 
interaction between Cf and nucleotides (polynucleo- 
tides)_ Thus we have studied by NIMR the self-associa- 
tion of Cf and the nucleotide 5’-adenosine monophos- 
phate (AMP, II), respectively. 

Similarly to recent findings of other authors [ 1 OJ 1: 
we observed a small shift of the common reference 
compound sodium 3-(trimethylsilyl)- [2H4 J propionate 
(TSP) in aqueous solution which is dependent on nu- 
cleotide concentration. Therefore, a small amount 
(Oo.003 M) of tert-butanol was added to the solution 
as standard. A constant increment of 6 = 1.266 ppm 
was added to these figures thus enabling a comparison 
to the common chemical shift scale. 

2. Experimental and theoreticA part 

The assignment of the caffeine 1 H NMR lines fol- 
lows the studies of Hanna and Sandoval [I 2]- The as- 
signment of the N-7 methyl protons was confirmed 
by their splitting due to a long-range coupling of 4J 
= (0.65 f 0.05) Hz between the N-7 methyl and H-8 
protons (cf. succeeding part in this series). 

2.2. Materials 2.3. Models 

Caffeine (pure, VEB Arzneimittelwerk Dresden, 
GDR), 5’-adenosine monophosphate, 5’guanosine 
monophosphate, 5’-deoxyadenosine monophosphate 
(all in their disodium salts) and poly(riboadenylate) 
sodium salt (all from Ream& Hungary) have been 
used without further purification. The solvent zH20 
(isocornmen, GDR) has an isotopic purity of 99.6% 
2H. 

2-2. Methods 

The 2H20 solutions have been prepared without 
any buffer or salt except in the caffeine-5’-deoxyade- 
nosine monophosphate experiment in which cacody- 
late buffer p2H 6.3 was used. 1 O4 M EDTA was ad- 
ded to remove divalent metal ions. The 1 II NMR spec- 
tra were recorded by a 100 MHz spectrometer KRH 
100 R (constructed by “Zen&urn fur Wissenschaft- 
lichen Getiteba:; der Akademie der Wissenschaften 
der DDR”, Berlin, GDR) working in the continuous- 
wave mode. The temperature in the probe was 
(33 -t I”)_ In several spectra the signal-to-noise ratio 
was enhanced by a the-average computer Spectrostore 
SPT-I (ZWG der Akademie der Wissenschaften der 
DDR, Berlin, GDR). The S’deoxyadenosine mono- 
phosphate-Cf spectra were run on a JEOL FX-60 ’ 

All the 1 H NMR shifts of AMP, Cf and the AMP-Cf 
mixture, respectively, were each collected to a matrix, 
In the paper of Weller et al. [ 13) the applicability of 
the matrix rank analysis to NMR spectra is outlined. 
The rank of the spectra of AMP self-association as well 
as of Cf self-association was found to be 2. In the case 
of mixed association of AMP and Cf, the matlrix of 
the AMP protons exclusively as well as of the Cf pro- 
tons exclusively shows the rank of 3. The rank of the 
full matrix of all proton shifts is 5. We made the two 
assumptions: (i) the interaction shifts in the aggregates 
are limited to the influence of the nearest neighbours; 
(ii) the influences of both neighbours are independent 
and additive. 

Thus we can distinguish between the following 
spectroscopic components: (i) chemical shifts of free 
AMP molecules in solution; (ii) chemical shifts of free 
Cf molecules in solution; (iii) interaction shifts of 
AMP protons caused by one neighbouring AMP mole- 
cule in the aggregate; (iv) the analogous interaction 
shift of Cf protons; (v) interaction shifts of AMP pro- 
tons caused by a neighbouring Cf and of Cf protons 
caused by a neighbouring AMP assigned to a AMP-Cf 
or a Cf-AMP neighbourhood, respectively. 

The assumptions concerning the association models 
are analogous to those of the sef-association, i.e. the 
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interaction free energy of an associate is the sum of 
free energies of nearest neighbour interactions. The 
number of monomer units in the associate or aggregate 
is unlimited. This isodesmic model [I 4] is used to de- 
scribe the self-association of both AMP and Cf charac- 
terized by the association constants K,,p and KCf, 
respectively. The validity of this model has been tested 
by Solie and Schellman [IS] for the interaction of nu- 
cleotides in aqueous solution. The model for mixed 
association is a generalized isodesmic model. The asso- 
ciation is unlimited, all types of mixed associates are 
allowed. The statistical weight of an aggregate with izA 
molecules AMP, izc molecules Cf, ~ZAA neighbour- 
hoods AMP-AMP, ncc neighbourhoods Cf-Cf, rzAc 
neighbourhoods of AMP-Cf, and ?zCA neighbourhoods 
Cf-AMP is given by 

c denotes concentration, K,_, is the formation con- 
stant for mixed association_ Details of the model are 
described in the paper of Weller et al. [ 13]_ The dif- 
ference between concentrations and activities is ne- 
glected in our calculations. 

Admittedly, the differences between activities and 
concentrations are not zero, but it should be kept in 
mind that aggregation models are phenomenological 
to a high extent. In our opinion they allow appropri- 
ate extrapolation to the final levels of the curves and 
an estimation of the interaction shifts. One should 
particularly exercise caution in comparing K values 
when covering a broad concentration range using the 
same measurement technique, and, also, when results 
from altogether different methods of analysis are com- 
pared even in the same concentration range. 

2.4. CakuIatiorzs 

A general curve fitting program ALAU (Schiitz, un- 
published) of the Gauss-Newton type is used com- 
bined with a subroutine MST specific for measure- 
ments by spectroscopic titrazions as described by 
Schatz [ 16]_ The model specific part of the program 
for parameter estimation by a least square fit is 
formed by MST and the models described above. The 
common procedure consists of selecting protons which 
determine the system unambiguously by their chemi- 
cal shifts. In the first step the concentration depen- 
dence of the chemical shifts of the selected protons is 

fitted with respect to the chemical shifts of those prc- 
tons in the free molecule, their association (interac- 
tion) shifts, and the parameters of the model of the 
system behaviour. 

3. Results 

3.1. Seif-associatiozz of caffeiize mzd S-udezzosiize 
monophosphates 

In spite of numerous studies of the self-association 
both of Cf [ 17,l S] and AMP [l S-241 we have rein- 
vestigated the 1 H NMR chemical shifts as a function 
of concentration. It is well known that the self-associ- 
ation of nucleic acid bases in aqueous solution consists 
in vertical stacking [ 18,191. The data are fitted to an 
isodesmic mode1 in agreement with recent studies of 
AMP by 2H hmR [24], of N1-oxide of AMP [25] and 
ATP by 1 H NMR [ 10,111, and to the results of kinet- 
ic studies [26]. Table 1 shows the self-association con- 
stants KCf and KA,p, respectively, and the extrapo- 
lated chemical shifts 6 of the free and associated spe- 
cies as well as the interaction shifts A5 (shift per asso- 
ciation step), respectively. 

Though the NMR data are not sufficient to assign 
unambiguous models of the stacking arrangements in 
the associated aggregates, we have ascertained the ar- 
rangements which are compatible to the isoshielding 
curves calculated by Giessner-Prettre and Pullman 
127-291. The isoshielding curves of Cf [30] taking 
into consideration only the ring current effect have 
been corrected to the effect of local atomic diamag- 
netic anisotropies in analogy to the corrections of the 
four nucleic acid bases [29] _ The isoshielding curves 
of adenosine regarding both ring current and local ani- 
sotropy effects [29] are used for AMP as well as for 
poly (riboadenylate). It should be emphasized that the 
following assumptions are implicit in the shift calcula- 
tions: (i) the complex structure is a static one; (ii) the 
molecules are parallel with interplanar distances of 
0.34 nm; (iii) the main contributions to the chemica1 
shifts &e the ring current and the local magnetic aniso- 
tropy. 
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Table 1 
Extrapolated r H NMX shifts 6 and self-association amstants Kcf of caffeine (CT) and Km of S’adenosine monophosphate 
(Am), respectively, in neutral aqueous (zH~O) solution <T= 33°C) under the assumption of an isodesmic association process. 
The chemical shifts are calibrated in respect to the internal reference reti-butane1 (6 = 1.266 ppm). “Associated” denotes the 
shifts of a molecule included by at least two molecules in the stacked associate. Error in the interaction shifts: 5%. 

Caffeine 
(0.01-0.08 &I) 

free 
associated 

shift per 
association 
(interaction shift) 

Chemical shifts 6, ppm K& M-r 

Ii8 H7 H3 Hl 

7.914 3.983 3.565 3.385 
7.832 3.744 3.170 3.022 10.6 

-0.041 -0.139 -0.198 -0.181 = 1.0 

S’adenosine 
monophosphate 
(0.01-0.30 ivl) 

free 
asscdated 

shift per 
association step 
(interaction shift) 

Chemical shifts 6, ppm 

H8 HZ 

8.642 8.296 
8.235 7.348 

-0.204 -0.474 

H--1; H-l+, 

6.192 6.133 
5.894 5.855 

-0.149 -0.139 

KAMp, &l-r 

1.67 

-F 0.17 

3.2. Mixed association of caffeine and nucleotides 
(deoxynucleotidesj 

The chemical shifts of AMP and 5’-deoxyadenosiue 
monophosphate (dAMP) are influenced by addition of 
Cf and, vice versa, the chemical shifts of Cf are shifted 
by both nucieotides (Eg. 1). Similarly, addition of 
0.1 M 5’guanosine monophosphate (GMP) to a 0.07 M 
Cf solution induces shifts of the NMR hues of the H8, 
H7, H3 and HI protons of Cf by 0.054,0.035,0.025 
and 0.013 ppm, respectively_ These shifts are through- 
out smaller than those induced by addition of 0.1 M 
AMP to the same Cf solution which results in upfield 
shifts of 0.075,0.044,0.041 and 0.023 ppm, respec- 
tively. On the contrary, Cf induces no shifts in the 
NMR spectra of either S’-cytidine monophosphate 
(CMP) or 5’-uridine monophosphate (UMP). The shifts 
in the IH NMR spectra suggest a decrease of rhe inter- 
action of Cf and the nucleotides in the order AMP x 
dAMP > GMP > CMP, UMP. The preference of adenine 
as the caffeine binding site in nucleic acids has been 
confirmed by Ts’o et al. 1311 in their NMR study of 
Cf interaction to a self-complementary ohgonucleotide 
AAGCUU. 

The self-association of the purine nucleotides in- 

aqueous solution by stacking interaction [ 191 com- 
petes with the formation of mixed Cf-nucleotides 
complexes. The formation constant &_A of the com- 
plex AMP-Cf has been calculated on the basis of an in- 
definite stacking model described above (cf_ section 2). 
Complications arose due to small fluctuations of the 
NMR reference shifts in different sets of measurements 
Mixed association was measured by two titrations with 
a fured concentration of AMP and Cf, respectively_ 
The chemical shifts of the free forms of AMP as web 
as of Cf (table 3) were correlated from these titrations. 
This procedure enables the determinatiou of KC_A 
and the association shifts (interaction shifts) of the 
AMP protons caused by a neighbouring Cf and vice 
versa (table 2). 

3.3. Interaction of caffeine and poiy friboadenyiate) 

The interaction studies between Cf and polynucleo- 
tides were restricted to poly (nboadenylate), (rA), , 
regarding the preferred interaction AMFCf on the nu- 
cleotide level. 

The IH NMR chemical shifts of both (rA), and Cf 
are more or less infhrenced by their interaction in 
aqueous solution (fig. 2) In comparison to the AMP 
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Fii. 1. Chemical shifts 6 in ppm of the protons of caffeine-nucleotide mixtures. Solvent *HzO, 33°C p2H8. (a) hfixtures of S- 
adenotie monophosphate and caffeine (0.13 hf) versus concentration of nucleotide. Circles: experimental values; drawn lines: 
calculated values by the parameters of tables 1 and 2. (b) Mixtures of S-deoxyadenosine monophosphate (0.01 M) and caffeine 
versus concentration of caffeine. 

Table 2 
Extrapolated rH 
aqueous (2H20) 

?&SIR shifts 6 and formation constant KC-A of the caffeine-5’-adeuosine monophosphate complex in neutral 
solution (T= 33°C) under the assumption of an indefinite isodesmic stacking process. The chemical shifts are 

calibrated in respect to the internal reference terr-butanol (S = 1.266 ppm). “Complex” denotes the shifts of a molecule included 
by two molecules of the other complex partner. Error in the interaction shifts: < 10%. 

Caffeine 0.13 M Chemid shifts 6, ppm 
AMP o-o.2 M 

KC-A. M-l 

AMP Cf 

HS H2 Hl H8 H7 H3 Hl 

free 8.642 8.296 6.163 7.914 3.983 3.565 3.385 
complex 8.356 7.602 5.695 7.549 3.661 3.158 3.071 7.25 

shiit per 

association step -0.143 -0.347 -0.234, -0.183 -0.161 -0.204 -0.157 * 1.19 
(interaction shift) 
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3ai1 
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F@. 2. Chemical shifts 6 in ppm of the protons of caffeine- 
poly(riioadenylate) mixtures. Solvent *HzO, 33”C, p2H 8.5. 
Circles: experimental values; drawn lines: calculated values on 
fle basis of the parameters Kr = IO-‘, K2 = 25.3 hl-’ ) 7 = 
0.53 (cf. table 3). As already mentioned (cf. sect. 3), the 
least square t%s on the basis of the other parameter sets of 
table 3 are nearly identical to the drawn lines presented in this 
figure. 

chemical shifts in the AMP-Cf complex, the strikingly 
different behaviour of the H-8 line of (rA), is evident. 
In contrast to the upfield shift of AMP (fig. 1) the 
H-8 of (rA), shifts downfield with increasing Cf con- 
centration. Furthermore the concentration dependence 
of the chemical shifts of the H-Z line of (rA), and of 
some other lines suggests the superposition of two or 
more binding mechanisms_ We suggest two binding 
mechanisms for the Cf-(rA), interaction: (i) Insertion 
of Cf molecules between two adjacent bases of the 
polyribonucleotide. This non-cooperative mechanism 
is described by a binding constant K, _ (ii) Outside- 
binding of Cf aggregates including monomers. The 

first attachment of a Cf aggregate to (rA), is described 
by the binding constant K2, further attachments of 
the same aggregate by K27_ The number of Cf mole- 
cules per polynucleotide base is denoted by n. The 

treatment of this model is given by Weller et al. [ 131 
according to the method of sequence generating func- 
tions of Lifson [32). 

In the system Cf-(rA), all attempts of re-scaling 
were unsuccessful due to the mentioned fluctuations 
between different NMR measurement sets. Neither a 
free-of-model analysis described independently by 
Halfman and Nishida 1331 and Reinert [34,35] nor 
an exploration of the binding behaviour based upon 
the most probable model described above yield con- 
sistent results. 

On account of sterical restriction of the Cf insertiol 
between bases of (rA), the value of the ratio 

(Q-*)21KAMP valid for nonrestricted insertion of a 
Cf in an AMP dirner is the upper limit of K, _ There- 
fore we estimated K2, T, and all interaction shifts cor- 
responding to both binding mechanisms by a least 
square fit assuming a number of II= 2 outside-bound 
Cf per adenine residue of (rA), at fmed values of K, 
(K1 = 10,20,30 and 60 M-l ; table 3). The least 
square criterium is without any significant depen- 
dence on the selected K1 values. 

4. Discus!Sion 

The self-association of AMP has been studied ex- 
tensively both by osmometric [36] and NMR measure 
ments [20-24,36,373 _ Our data support an essocia- 
tion to aggregates higher than dimers assuming an iso- 
desmic association process [ 14,261. The association 
constant KAhlp = 1.67 M-l (table 1) describing the 
associaiion of AMP to indefinite aggregates is in good 
agreement with the data of lmoto [22] (dimerization 
constant of 0.77 M-l ; assuming dimerization only, 
we got a corresponding constant of 0.84 M-l). We 

are in apparent fair agreement with Egan [24], who 
observed the 2H8 spin lattice relaxation time T1 of 
8-deuterioadenosine 5’-monophosphate and got a 
dimerization constant of 2.1 M-l. It should be noted 
that although Egan got indications to aggregates highe 
than dimers, he fitted the T1 values by the assumptior 

of dimerization only. To get an equilibrium constant 
on the basis of his measurements comparable with our 
KASe one has to do the following: 

i) Beside Tr , Tf (for the monomer and the dimer 
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Table 3 
~ak~kted shifts and binding parameters of the Cf-(IA), interaction assuming the two biding processes of(i) insertion and (ii) 
outside binding. A6hs are the shifts of the protons induced by insertion of one Cf between two adjacent adenines of (rA),. In an 
A proton chemical shift, insertion of ff introduces a contribution which is the twofold of A6 - ms because each inserted Cf is neigh- 
boured by two adeuine residues. A&o-b_ are the shifts of the protons induced by an attachment of Cf aggregates bound outside 
under the assumption of n = 2 Cf per adenine residue. The calculations are carried out using reaSonable values of 10,20,30 and 
60 M-’ of the bind- constant K1 of the insertion process. 

K1, M-l A6ins, PPm A6 o.b.7 PPm 
- -- 
10 20 30 60 10 20 30 60 

HSA -0.05 -0.05 -0.05 -0.07 0.25 0.29 0.31 0.37 
H2A -0.22 -0.13 -0.11 -0.08 -0.02 -0.01 0 0.01 

Hl’A 0.06 0.04 0.03 3.02 0.02 0.02 0.01 0.01 

HSC -0.44 -0.23 -0.16 -0.06 -0.19 -0.22 -0.24 -0.29 
H7C -0.60 -0.31 -0.21 -0.08 -0.09 -0.13 -0.16 -0.24 
H3C -0.79 -0.40 -0.27 -0.09 -0.04 -0.10 -0.15 -0.27 
HlC -0.66 -0.32 -0.21 -0.06 -0.03 . -0.09 -0.13 -0.24 

K2. M-’ 25.3 31.7 38.0 59.1 

r 0.53 0.37 0.30 0.18 

form, respectively) one has to introduce one (or more) 

Tf for higher aggregate form(s); 
ii) Ty observed) must be formulated as a function 

of Tm 6 1 , Tl , TF depending on the equilibrium concen- 
trations of the monomer, the dimer, and the aggregate 
form(s) according to the isodesmic model; 

Somewhat regrettably curves like those published 
by Egan (or measured by us) allow the determination 
of three parameters only. 

iii) One has_to find out one (or more) relation(s) 
between the Ti (j E (m, d, a)) to reduce the nuqber 
of the independent measurement parameters Ti to two. 

At this stage some arbitra&ess is inevitable, be- 
cause any quantitative relationship between the equi- 
librium parameters Kisodesnic and Kdimer depends 
strongly on the relations chosen between the measure- 
ment parameters. Our assumption that the interaction 
shift of the tier members of an aggregate is the sum of 
the interaction shift caused by the left hand neighbour 
plus the interaction shift caused by the right hand 
neighbour has some justification_ Only for this type of 
assumption does the relation &ima = f 15-riisod-ic [43] 
hold_ 

if (i)-(iii) is carried out, the model is ready for use. 

K jsodesmic can be estimated on the basis of Egan’s mea- 
surements. Without doing (i)-(Z) we can only say that 
his vatiJe is still in the right order of magnitude. 

Furthermore the isodesmic association constants of 

FiE. 3. Model illustrating the proposed arrangement of S- 
adenosine monophosphate molecules in the stacked self-asso- 
ciated species. Upper, middle and lower nucleotides are drawn 
with heavy, medium and light lines, respectively. 

indeftite linear self-association of both adenosine 
S’-triphosphate (K = 0.9 M-l and 1.3 M-l, respec- 
tively) [ 10,111 and of Nl -oxide 5’-AMP (K = 2.48 
M-l) 1251 are very similar to our result of AMP. 

Our proposed model of the stacking geometry of 
AMP aggregates in aqueous solution (fig. 3) is based 
on the calculated isoshielding curves 127-291 and on 
the HS-H2 distance of 0.36 nm evaluated by Imoto 
[22] using the so-called Desert NMR method [38]. 

We find the best fit of experimenral and calculated 
shielding data assuming a head-to-tail arrangement of 
the bases with tr,ns position of the ribose moieties 
and a winding angle of approximately 4S”_ This mod- 
el is in contradiction to the head-to-head arrangements 
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of Schweizer et al. 1361 and Evans and Sarma [ZO] 
but in agreement with the findings of G&ron et al. 
121 J and Zens et al. 1233 _ The essential features of 
the proposed model should be valid in spite of small 
deviations in the figures of botb the isoshielding curves 
and the H8-H2 distance between jnteracting nucleo- 
tides. Very recently Poltev and Shulga [39] calculated 
the most favoured positions of stacked adenines. 
Their type 1 is in satisfactory agreement with our mod- 
el. The winding angle of approximately 50” is very 
near to our figure (45O) but the translational figures 
of the mutual arrangement differ slightly. It should be 
emphasized, however, that their calculations have been 
done neglecting the influence of ribose and phosphate 
moieties as well as the influence of water. 

4.2. SeZf<ssociation of caffeine 

Thakkar et al. [I 71 calculated the dimerization 
constant of Cf in aqueous solution from the lH NMR 
data. We, on the contrary, fitted the data assuming 
the formation of indefinite linear aggregates with 
equal energy and entropy per step (isodesmic model) 
in agreement with the results of other methods [40] _ 

Gill et al. 141 J as well as Schi-mmack et al. 1423 
interpreted the self-association of Cf in aqueous solu- 
tion by an isodesmic model of indefinite stacking in- 
teraction. They report association constants of Kcf 
= 15 M-l (25°C) [41] andKcf = 9 M-l (25OC) 1421, 
respectively, which are in good agreement with our re- 
sult (I& = 10 6 M- l, 33°C; table 1). The dimeriza- 
tion constant of Thakkar et al. [I71 (S-6 M-l) is like- 
wise near these values for the relation Kdimer = 

5 Kisodesmic [431- 
The self-association of Cf is characterized by a very 

weak association shift of the H8 protcns as compared 
to the shifts of the methyl protons of N7 (table 1). 
Therefore all models witi a strict head-to-head arrange- 
ment like the model of Thakkar et al. [I 71, as well as 
with a strict head-to-tail arrangement, conflict with 
the data. The data can be fitted satisfactorily assuming 
an approximately orthogonal arrangement (fig. 4). 
Our proposed model is ambiguous as far as the rota- 
tion of one of the Cf by 1 SO0 in respect to the ring 
centre results in an arrangement which also fits the 
data. Nevertheless the model proposed by Thakkar et 
al. 1173 results in a strict disagreement between mea- 
sured NMR shifts and calculated isoshielding curves 
of cf [303. 

Fig. 4. Model illustrating the arrangement of caffeine mole- 
cules in the dacked self-associated species. Upper, middle and 
lower caffeine are drawn with heavy, medium and liiht lines, 
respectively. 

4-R Association of caffeine and 5’-adenosine 
monophosp?zare 

The association constant Kc_-A = 7.3 M-1 of the 
Cf-AMP mixed association (table 2) is in the same 
range as the self-association constants of both AMP 
and Cf discussed above, but appreciably lower than 
those found for adenine-caffeine (45.1 M-l) and 
adenosine-caffeine (39.4 M-l) reported by Nakano 
and Igarashi IS]*. 

* Nakano and Qarashi [91 measured the enhancement of the 
solubility of adenine and adenosine as a function of the 
concentration of added caffeine. They estimated their K 
values by assuming an soluble 1:1 complex. In AMP, how- 
ever, the charged polar phosphate group is present, and it 
has a large influence on solubility as well as on aggregation 
behaviour. No systematic comparison between theiz K val- 
ues and our Kc-A is possible. 

Fig. 5. Models illustrating the proposed arrangement of the 
mixed stacking complex between caffeine and S-adenosine 
monophosphate. Upper caffeine, middlenucleotide and 
lower caffeine are drawn with heavy, middle and light lines, 
respectively. Right: model (a), N9 of both czffeine and nu- 
cleotide are on the same side of the stack. Left: model (b), 
N9 of caffeine axed nucleotide are opposite to each other in 
the stack. 
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The model of the mutual arrangement of Cf and 
AMP in the mixed associates (fig. 5) is characterized 
by the head-to-tail arrangement of the purine rings. 
The experimental data are compatible with the calcu- 
lated shifts in two arrangements differing in their rela- 
tive arrangement in respect to the N9 position: in the 
model (a) are the related N9 of Cf and AMP on alter- 
nating positions but in model (b) on the same side of 
the stack. A discrimination should be poss!ble by in- 
troduction of a paramagnetic label (Mn2*) into the 
AMP. However, the results of Evans and Sarma [20] 
demonstrate the ambiguity of the interpretation of 
this type of experiments. 

4.4. Interaction of caffeine and poZy(riboadenylate) 

Poly(riboadenylate) (rA), forms in neutral aque- 
ous solution single-stranded regions by stacking of ad- 
jacent adenine residues [44--461. The shifts of the 
1H NMR lines as a function of the Cf concentration 
(frg. 2) are interpreted by the existence of two mech- 
anisms of the binding of Cf to (rA), : insertion of Cf 
between adjacent adenines and outside binding of Cf 
aggregates. 

Common to both mechanisms is the tendency to 
destack the ordered regions of (rA), to facilitate the 
binding of Cf to the polynucleotide. Obviously the 
outside binding of dyes to nucleic acids is different 
from the outside binding suggested for the Cf-(rA), 
complex. In contrast to the former, the W spectra 
do not indicate any interaction between polyphosphate 
and Cf (G- Limber, unpublished results). 

The insertion process is characferized by a stronger 
influence of the inserted Cf to the H2 protons of 
(rA), compared to the H8. The insertion process in- 
volves an increase of the distance of two adjacent ade- 
nines. The increasing distance is accompanied by de- 
stacking of the adenines as indicated by downfield 
shifts of the proton NMR lines. The vertical interac- 
tion between the inserted Cf and the adjacent adenines 
is indicated by upfield shifts of the proton NMR lines 
of both Cf and adenines involved in the interaction. 
Whether the resulting shift of a proton is upfield or 
downfield depends on the mutual arrangement of Cf 
and adenine residues. 

We interpret the second binding process as an out- 
side binding of Cf aggregates including monomers. Ob- 
viously this horizontal interaction is favoured by de- 

stacking of adjacent adenine residues, too, monitored 
by the monotonous downfield shift of the H8 line of 
adenine. 

As mentioned above (cf. section 3) the two com- 
peting binding processes cannot be separated unambi- 
guously. Therefore we calculated the binding param- 
eters of both processes under the assumption of a num- 
ber of n = 2 outside-bound Cf per adenine residue of 
(rA), and a set of reasonable values of K, , the binding 
constant of the insertion mechanism_ The upper limit 
of KI is given by (KC_A)2/KAMp which results in a 
value of 31 M-1 (table 1 and 2). A rough estimation 
inspecting the concentration dependence of the H2 
line of (rA), (fig. 2) results in a somewhat higher val- 
ue of circa 60 M-1 _ However, the most reasonable val- 
ue may be expected to be in the region of K, = 20 M-l _ 

The calculated shifts (table 3) of both binding pro- 
cesses under the assumption of K, = 10,20,30 and 
60 M-l allow some speculations about the arrange- 
ment of Cf in the two types of binding. The insertion 
of Cf can be described by a model fitting the interac- 
tion shifts ASins corresponding to K, = 10 M-r in re- 
spect to the calculated isoshielding curves (fig. 6). In 
this model we assume that the increase of the distance 
between adjacent adenines is not accompanied by a 
change of their mutual arrangement which is described 
by Saenger et al. [47] on the basis of X-ray studies. 
As demonstrated in table 4, the AS values of the 
proposed insertion model (fig. 6) and of the model 
calculation agree very well for K, = IO M-l. The de- 
viation between the two sets of A6 values does not 

Fig. 6. Model illustrating the proposed arrangement of caffeine 
insertion between adjacent bases of poly(riboadenylateJ. Up 
per and lower base are drawn with solid and broken Sine, re- 
spectively. The inserted caffeine is sketched by the position 
of its methyl protons (circles) and H8 proton (triangle). It is 
assumed that the increase of the distance of the adjacent 
bases which insert caffeine is not accompanied by any signif- 
icant change of their mutual arrangement in respect to a view 
along the screw axis [47]. 



Table 4 
hsertion shifts A6ins of the model of Cf insertion between 
bases of stacked regions of (rA),. The ASins values of the 
structure model (fig. 6) are estimated on the basis of the cal- 
culated isoshielding curves of adenine [ 291 and Cf [ 301, re- 
spectively. In comparison with these data, the calculated 
Agins values are included in the table; they are calculated on 
the basis of the binding model described above (cf. section 
2.3) with a presumed value of K1 = 10 hi’ (cf. table 3). 

‘H NMR line A%ns, PPm 

structure model c&T. (K1 = 10 M-‘) 

HSA -0.10 -0.05 
H2A -0.20 -0.22 
HI’A circ. 0 H-06 

HSC -0.40 -0.44 
H7C -0.65 -0.60 
H3C -0.75 -0.79 
H1C -0.65 -0.66 

exceed f 0.05 pprn whick is within the precision of 
the isoshielding fit procedure- 

Outside-bound Cf influences the H2 of adenine, 
counterbalancing the downfield shift induced by the 
increase of the distance between adjacent adenines. 

The result is a A6,_,_ of nearly zero. On the other 
hand the H8 of adenine is far from the outside-stacked 
Cf aggregates_ The As,_, of H8 (adenine) indicate the 
destacking effect. The Cf proton NMR lines are shifted 
~pfield by the outside binding which may indicate a 
!&vourable position in respect to magnetic shielding 
by ring current or local magnetic anisotropies com- 
pared to the association shifts of Cf in its self-associ- 
ated amegate (table 1). The favoured position of H8 
in respect to H3 and Hl is the most striking result. 
Obviously the five-membered imidazole cycle of Cf is 
more engaged in the outside binding to (rA),, than the 
six-membered pyrirnidine cycle. 

5. Conclusions 

1) The interaction of caffeine and the four nucleo- 
tides decreases in the order AMP, GMP, CMP, UMP, 
as evidenced by 1H NMR. 

2) The self-association of both caffeine and 5’-ade- 
nosine monophosphate has been reinvestigated. The 
1 H NMR shif’ts have been fitted under the assumption 

of an indefinite isodesmic association process result- 
ing in association constants of XCf = (10.6 5 1.0) M-l 
and ir,, = (1.67 + 0.17) M-1 _ The geometry of the 
stacked associates has been obtained by iitting the 
extrapolated NMR shifts to the magnetic isoshielding 
curves calculated by Giessner-Prettre and Pulhnan. 

3) The formation constant of the complex Cf-AMP 
results to KC__A = (7.3 t l-2) M-l. In the complex 
the purine cycles are stacked in a head-to-tail arrange- 
ment. 

4) The interaction of Cf and poly(riboadenylate) 
is characterized by two binding processes: the inser- 
tion of Cf between adjacent adenines and the outside 
binding of Cf aggregates including monomers. Assum- 
ing a value of K, = 10 M-1 of the insertion process a 
model has been proposed fitting the calculated inser- 
tion shifts to the isoshielding curves mentioned above. 
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